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Abstract

I.  ABSTRACT

Minor bioactive triterpene compounds of extra virgin olive oil, including the
dialcohol, erythrodiol, and hydrocarbon, squalene, have shown significant biological
effects in animal studies. For further characterization of changes through the hepatic
transcriptome, both compounds have been studied in different animal models using
RNA sequencing.

Long term administration of 10 mg/kg erythrodiol in a purified Western diet to Apoe-
deficient mice significantly upregulated 68 and down-regulated 124 hepatic genes at the
level of 2-fold change. These genes belonged to detoxification processes, protein
metabolism and nucleic acid related metabolites. Confirmation by reverse transcription
and quantitative real-time PCR showed significant changes by erythrodiol. When some
of them were analyzed in female Apoe-deficient mice, no change was observed. Likewise,
no significant variation was observed in Apoe-deficient mice receiving doses ranging
from 0.5 to 5 mg/kg erythrodiol. These results provide evidence that erythrodiol has a
selective role in regulating hepatic gene expression, depending on sex and dose.

The effect of squalene was assessed in two groups of male New Zealand rabbits fed
either a diet supplemented with 1% sunflower oil or the same diet supplemented with
0.5% squalene for 4 weeks. The gene ontology of the altered hepatic transcriptome was
classified into: protein and sterol transport, lipid metabolism, lipogenesis, anti-
inflammatory and anti-neoplastic actions. Confirmation by reverse transcription
quantitative real-time PCR showed that rabbits receiving squalene showed a marked
hepatic expression of PNPLA3, GCK, TFCP2L1, ASCL1, ACSS2, OST4, FAM91A1, MYHS,
LRRC39, LOC108176846, GLT1D1 and TREH. Squalene also accumulated in the livers so
did its post-squalene metabolites of cholesterol biosynthesis, including lanosterol,
dihydrolanosterol, lathosterol, zymostenol and desmosterol. The effect of lanosterol,
dihydrolanosterol, zymostenol and desmosterol, tested in the mouse liver 12 cell line
(AML12), reproduced the same expression pattern of the rabbit liver for Acss2, Fam91al

and Pnpla3. Taken together, the results suggest that squalene and its metabolites are key
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Abstract

molecules for the hepatic transcriptional changes required to protect the liver
dysfunction.

The effect of squalene on the hepatic transcriptome was also tested in two groups of
male Large White x Landrace pigs developing non-alcoholic steatohepatitis by feeding
with a steatotic diet high in fat/cholesterol/fructose and low in methionine and choline,
or the same diet supplemented with 0.5% squalene for a month. In pigs receiving the
squalene-containing diet, PPP1R1B, OASL, PPP4R4, NEURL3, TMEM45B, AFP, ENPEP,
LOC110256649, LOC100526118, SPRY3, SQLE and CHL1 were significantly modulated.
These pigs also had lower hepatic triglycerides and lipid droplet areas and higher
cellular ballooning. Strong correlations were identified between these parameters and
the modified transcripts. Moreover, the expression of PPP1R1B, TMEM45B, AFP and
ENPEP followed the same pattern in vitro using human hepatoma (HEPG2) and mouse
liver 12 (AML12) cell lines incubated with squalene, indicating a direct effect of squalene
on these expressions. Overall, these data indicate that squalene is able to modulate gene

expression changes that may influence the progression of non-alcoholic steatohepatitis.

I.  RESUMEN

Los compuestos minoritarios triterpénicos bioactivos del aceite de oliva virgen extra,
incluidos el dialcohol, eritrodiol, y el hidrocarburo escualeno, han mostrado efectos
biologicos significativos en estudios con animales. Para una mejor caracterizacion de los
cambios a nivel del transcriptoma hepatico, ambos compuestos se han estudiado en
diferentes modelos animales mediante secuenciacion de ARN.

La administracion a largo plazo de 10 mg/kg de eritrodiol en una dieta occidental
purificada a ratones carentes de Apoe aumento significativamente 68 genes y redujo 124
genes hepaticos con un nivel de cambio de 2 veces. Estos genes pertenecian a procesos
de desintoxicacion, metabolismo de proteinas y metabolitos relacionados con acidos
nucleicos. La confirmacion mediante transcripcion inversa y PCR cuantitativa en tiempo
real mostré cambios significativos por eritrodiol. Cuando se analizaron algunos de ellos
en ratones hembra deficientes en Apoe, no se observé ningin cambio. Asimismo, no se
observaron variaciones significativas en ratones deficientes en Apoe que recibieron dosis

que oscilaban entre 0,5 y 5 mg/kg de eritrodiol. Estos resultados demuestran que el
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eritrodiol desempena un papel selectivo en la regulacion de la expresion génica hepatica,
en funcion del sexo y de la dosis.

El efecto del escualeno se evalu6 en dos grupos de conejos machos de Nueva Zelanda
alimentados durante 4 semanas con una dieta suplementada con un 1% de aceite de
girasol o con la misma dieta suplementada con un 0,5% de escualeno. La ontologia
génica del transcriptoma hepatico alterado se clasific en: transporte de proteinas y
esteroles, metabolismo lipidico, lipogénesis, acciones antiinflamatorias y
antineoplasicas. La confirmacién mediante transcripcion inversa y PCR cuantitativa en
tiempo real mostrd que los conejos que recibian escualeno presentaban una marcada
expresion hepatica de PNPLA3, GCK, TFCP2L1, ASCL1, ACSS2, OST4, FAM91A1, MYH6,
LRRC39, LOC108176846, GLT1D1 y TREH. El escualeno también se acumuld en los
higados, al igual que sus metabolitos de la cascada biosintética del colesterol, incluidos
el lanosterol, el dihidrolanosterol, el lathosterol, el zymostenol y el desmosterol. El efecto
del lanosterol, el dihidrolanosterol, el zimostenol y el desmosterol, probado en la linea
celular 12 de higado de raton (AML12), reprodujo el mismo patrén de expresion del
higado de conejo para Acss2, Fam91al y Pnpla3. En conjunto, los resultados sugieren que
el escualeno y sus metabolitos son moléculas clave para los cambios transcripcionales
hepaticos necesarios para proteger la disfuncion hepatica.

El efecto del escualeno sobre el transcriptoma hepatico también se comprobd en dos
grupos de cerdos machos Large White x Landrace que desarrollaban esteatohepatitis no
alcoholica al ser alimentados con una dieta esteatdsica rica en grasa/colesterol/fructosa
y pobre en metionina y colina, o con la misma dieta suplementada con un 0,5% de
escualeno durante un mes. En los cerdos que recibieron la dieta con escualeno, PPP1R1B,
OASL, PPP4R4, NEURL3, TMEM45B, AFP, ENPEP, LOC110256649, LOC100526118,
SPRY3, SQLE y CHL1 se modularon significativamente. Estos cerdos también
presentaban menores areas de triglicéridos y gotas lipidicas hepaticas y un mayor
ballooning celular. Se identificaron fuertes correlaciones entre estos parametros y los
transcritos modificados. Ademas, la expresion de PPP1R1B, TMEM45B, AFP y ENPEP
siguié el mismo patron in vitro utilizando lineas celulares de hepatoma humano
(HEPG2) y de higado de raton 12 (AML12) incubadas con escualeno, lo que indica un

efecto directo del escualeno sobre estas expresiones. En conjunto, estos datos indican que
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el escualeno es capaz de modular los cambios de expresion génica que pueden influir en

la progresion de la esteatohepatitis no alcohdlica.
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Introduction

II. INTRODUCTION

The Biology of Liver Cells

The liver is the largest solid organ in the body and the second largest organ-after the
skin (1, 2), accounting for approximately 2% of an adult's body mass and 1.5-2.5% of lean
body mass (3, 4). More than 12% of blood volume is in the liver (5). The liver has a double
simultaneous blood supply, with about 25% coming directly from the aorta via the
hepatic artery, while the remaining 75% is nutrient-rich and comes from various organs
in the gastrointestinal system via the portal vein (3, 6). The functional unit of the liver is
the lobule (Figure 1). Each lobule is made up of hexagons and central veins located in
the center of the lobule, while the portal triad including the portal vein, bile duct and
hepatic artery are located at the border of the liver lobule (2, 3). Within the lobule, the
primary cell types are parenchymal hepatocytes, bile duct cells and nonparenchymal
cells (2, 7). The non-parenchymal cells comprise 40% of the cell population, of which
approximately 40% are sinusoidal cells, 30% are Kupffer cells, 10-25% are hepatic stellate
cells (HSCs) and the remaining 5% are other cells (8, 9). Sinusoidal cells are endothelial
cells involved in endocytosis, blood clearance, filtration and transport of nutrients from
the bloodstream, secretion of cytokines and interferons, and adhesion for leukocytes (10-
12), Kuptffer cells are phagocytic macrophages (4, 12) and HSCs are fibroblasts involved
in lipid and vitamin storage, extracellular matrix (ECM) turnover and fibrogenesis (11,
13, 14). 30-50% of total liver lymphocytes are natural killer cells (15) with a primary role
in the immune response (16). Bile duct cells play a key role in the production and
secretion of bile and the excretion of circulating xenobiotics, as well as a crucial role in
forming a barrier to the diffusion of toxins from the bile into the interstitial tissue of the
liver (17). Hepatocytes are epithelial cells that make up about 60% of the total cell
population (18) and 80% of the cytoplasmic mass of the liver (19). Multifunctional
hepatocytes are the major site of protein synthesis, bile formation, detoxification and
metabolic conversion for a variety of physiological functions including carbohydrate,

lipid and lipoprotein (LP) homeostasis (5, 7, 20).
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Figure 1. Biological structure of hepatic lobules (A) and hepatocytes (B). Adapted from (21).

The Metabolic Functions of Hepatocytes

Metabolism of Proteins

The high hepatic content of ribosome-containing rough endoplasmic reticulum
(RER) reflects an important function of these cells in protein metabolism (22).
Hepatocytes orchestrate protein metabolism using amino acids derived from dietary and
muscle proteins as building blocks, as well as producing new amino acids by
transamination of amino acids to a-keto acids via transaminase, except for the
deamination of glutamate, which ends up as ammonia via glutamate dehydrogenase,
while the remaining amino acids containing carbon and hydrogen atoms are used in the

hydrolysis of glucose and lipid molecules to produce energy. Due to the toxicity of

ammonia, it is converted to urea via the ornithine cycle (4) (Figure 2).

Bile Secretion

Hepatocytes secrete bile containing acids, bilirubin, water, electrolytes,

phospholipids and cholesterol (Chol). Bile secretion helps to excrete endogenous
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substances such as bilirubin, steroid hormones and calcium, as well as exogenous
substances such as drug metabolites. Some are reabsorbed from the small intestine into

the bloodstream to be excreted by the kidneys (4).

Blood Detoxification

Hepatocytes are organized into plates separated by sinusoids. This structure is key
to directing the excretion of detoxification products from the hepatocytes into the bile
and blood circulation. In addition, the extensive meshwork of the endoplasmic reticulum
(ER) contains large amounts of detoxification enzymes, in addition to the cytosol (22).
Hepatocytes detoxify endotoxins and exotoxins. Lipophilic toxins are metabolized in
phase I by oxidative and reductive reactions by cytochrome P450 enzymes embedded in
the ER membranes. Many of the phase I products become substrates for phase II
enzymes that catalyze conjugation reactions. Overall, endogenous cofactors are used to

produce water-soluble waste products that are excreted in bile, urine or sweat (22-24).

Carbohydrate and Lipid Homeostasis

Characteristic of hepatocytes include round nuclei and numerous mitochondria,
suggesting that these cells play a crucial role in energy metabolism (22). In the fed state,
excess glucose entering the bloodstream via the portal vein is sequestered in the cytosol
by glycogenesis via glycogen synthase to form glycogen (4, 25, 26). This process is
stimulated by insulin released from pancreatic cells (4).

In the fasting state, glucose is released by the breakdown of glycogen by
glycogenolysis via glycogen phosphorylase stimulated by glucagon released from
pancreas cells, and by gluconeogenesis, where glucose is synthesized from pyruvate
derived from lactate as an anaerobic product, and from glycerol released from lipolysis
(27), as well as from amino acids entering gluconeogenesis via the tricarboxylic acid
(TCA) cycle (4, 25, 28). Gluconeogenesis is stimulated by glucagon, growth hormone,
epinephrine, and cortisol (25, 29).

Glucose is metabolized by cytosolic glycolysis to pyruvate, which is oxidized to
adenosine triphosphate (ATP) via the TCA cycle and mitochondrial oxidative

phosphorylation. Prolonged fasting promotes lipolysis of triglycerides (TGs) in
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adipocyte lipid droplets (LDs) to glycerol and fatty acids (FAs) by adipocyte lipases (4,
25).

Short and medium-chain non-esterified fatty acids (NEFAs) enter into the hepatocyte
cytosol, via protein-mediated FA translocases or FA-binding proteins. NEFAs are then
converted to fatty acyl coenzyme A (CoA) molecules by acyl-CoA synthetase. Fatty acyl-
CoA is transported across the outer mitochondrial membrane by carnitine
palmitoyltransferase I to form fatty acyl-carnitine, which is then transported across the
inner membrane into the mitochondrial matrix by carnitine acyl translocase to be
converted back to fatty acyl-CoA by carnitine palmitoyltransferase II, which is now
ready for oxidation. In B-oxidation, fatty acyl-CoA molecules are broken down by the
removal of two carbons to form acetyl-CoA, which then enters the TCA cycle to produce
ATP (Figure 2). In addition to hepatocytes, B-oxidation also occurs in adipocytes and
muscle cells (30).

When excessive acetyl CoA is produced by FA oxidation and the TCA cycle is
overloaded, acetyl CoA is diverted to ketone bodies, including acetoacetate, 3-
hydroxybutyrate and acetone, which serve as a fuel source when glucose levels are too
low during prolonged starvation. This process takes place in the mitochondria of

hepatocytes (31, 32).
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As for the glycerol molecules, they undergo gluconeogenesis to produce glucose or

they are involved in glycolysis to produce ATP (4, 25, 30).
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Figure 2. Metabolic functions of hepatocytes.

Lipids Synthesis

Lipids are heterogeneous hydrophobic or amphipathic molecules (33) that serve as

building blocks for cell membranes, energy storage, cellular signaling and hormone

precursors. The maintenance of lipid homeostasis requires the coordination of lipid

uptake, distribution, storage and utilization in cells and organs (33).

o Fatty acids (FAs): Long hydrocarbon chains with a carboxyl group. The
carbon chain is linked by double bonds, as in unsaturated FAs, or by
single bonds, as in saturated FAs. Hepatic FAs are derived from the diet
(15-30%) or are released from adipocytes during fasting and transported
to the liver or via de novo lipogenesis (DNL) in the cytoplasm of
hepatocytes (almost 30% during feeding) by the addition of two-carbon
units to acetyl-CoA derived from carbohydrate glycolysis (34). Long-
chain FAs are then incorporated into triacylglycerols (TAG),

phospholipids and cholesterol esters and then secreted into the
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circulation as very low-density lipoprotein (VLDL) particles, oxidized in
mitochondria or stored in membrane structures and LDs (34).
Triglycerides (TGs) (triacylglycerol, (TAGs)): TGs are synthesized in the
ER of hepatocytes by esterification of three FAs to a glycerol molecule.
These lipids act as transporters of FAs and as a source of ATP (34). 60-
80% of hepatic TG is derived from circulating NEFA, while around 25%
is derived from increased DNL. When catabolized to FAs and glycerol,
both products serve as substrates for ATP production and metabolic
pathways (34).

Phospholipids (PLs): PLs contain a phosphate group and two
hydrophobic tails derived from two FAs esterified by a glycerol molecule.
These lipids are synthesized at high levels in the ER of hepatocytes via a
complex and multi-branched process initiated by the condensation of two
molecules of acyl-CoA with glycerol to form phosphatidic acid, the
precursor of all phospholipids. PLs maintain the permeability barrier of
membranes and serve as a support matrix for membrane-associated
proteins and as a surface for many catalytic processes in addition to signal
transduction (34).

Cholesterol (Chol): a sterol alcohol. Approximately 70% of its content is
obtained by endogenous synthesis, mainly in the cytoplasm and smooth
ER (SER) of hepatocytes and in the intestine, while the rest is obtained
from the diet (35-37). Lipid synthesis starts with acetyl-CoA (37, 38)
Hepatic Chol is packaged with LPs and made available to the rest of the
body. The rest is excreted in the bile as Chol or after conversion to bile
acids (4). Chol forms the backbone of steroid hormones and vitamin D
analogues. It also stabilizes cellular plasma membranes and regulates
membrane fluidity and permeability for gene transcription (39).
Lipoproteins (LPs): LPs are complexes of lipids and apolipoproteins (34,
40) that are synthesized in the cytoplasm of hepatocytes and enterocytes
(5). LPs function to transport lipids in the circulation. The major lipids

transported by LPs are Chol, TGs and phospholipids. The structure of LPs
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includes a nucleus and a cortex. The nucleus contains esterified Chol and

TGs, whereas the cortex contains phospholipids, non-esterified Chol and

apolipoproteins (34, 40):

Chylomicrons are the largest and least dense LPs with a density of
less than 1,000 g/ml and are highly enriched in TGs. They contain
several apolipoproteins, including APOB-48, APOA1, APOC2,
APOC3 and APOE. These LPs originate in the intestine and transport
TGs to adipocytes and muscle cells.

Very low-density lipoproteins (VLDLs) are large LPs with a density
of less than 1,006 g/ml, highly enriched in TGs, with an apolipoprotein
composition similar to that of chylomicrons, but lacking APOA1 and
expressing APOB100 instead of APOB-48. VLDL transports TGs from
the liver to adipocytes and muscle cells. VLDL metabolism produces
low-density lipoprotein (LDL) and intermediate-density lipoprotein
(IDL).

Intermediate-density lipoproteins (IDLs) are a smaller group of
lipoproteins with a density of less than 1.019 g/ml and greater than
1.006 g/ml and an apolipoprotein composition similar to VLDL, but
smaller in size, with fewer TGs and containing APOE. Half of IDLs
are captured by hepatic receptors that recognize APOE, while the rest
are further processed to become LDLs.

Low-density lipoproteins (LDLs) have a density of less than 1.063
g/ml and greater than 1.019 g/ml. They contain APOB100 and
cholesteryl esters as their major lipid component, and function to
transport Chol to peripheral tissues and hepatocytes.

High-density lipoproteins (HDLs) have a density of less than 1.21
g/ml and greater than 1.063 g/ml. The LP contains APOA-I and Chol
esters, and functions to transport Chol from peripheral tissues to
hepatocytes where it is secreted into the bile as free Chol or bile salts

via reverse Chol transport (40, 41).
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Lipid Droplets

In the 1890s, LDs were defined as fat droplets inside cells (42). In 1991, these droplets
were defined as organelles containing proteins involved in lipid and LDs homeostasis
(42). LDs are now known as lipid-rich cytoplasmic organelles (43, 44) consisting of a
hydrophobic core of neutral hydrophobic lipids, predominantly TAG and sterol esters,
surrounded by a polar PL monolayer (33, 45) that acts as a surfactant between the
hydrophobic core and the hydrophilic aqueous plasma or cytosol. Embedded within this
monolayer are heterogeneous sets of proteins and enzymes responsible for neutral lipid
metabolic reactions, membrane trafficking and protein degradation (33, 45-47). Proteins

access the LD surface by relocalization from the ER bilayer or from the cytosol (42).

LDs Formation

LDs are formed by lipogenesis from the ER by means of acyltransferases (45, 48, 49) in
three steps (Figure 3):

o Lens formation: Neutral lipids aggregate due to thermal fluctuations and
electrostatic interactions with integral membrane proteins or lipids (66). Once
the accumulated lipids reach a critical concentration, cytoplasmic distension
of the outer leaflet of the ER bilayer occurs, followed by the formation of an
oil lens (50, 51). No enzyme is directly linked to lens formation (44), but
perilipin3 (PLIN3) binds and stabilizes nascent lenses (51).

o Drop formation: the oil lens grows and deforms the ER bilayer membrane
until it reaches a critical size that triggers budding of mature LDs into the
cytoplasm (51, 52) via a dewetting pathway. The nascent droplet may remain
attached to the ER or be completely shed (51). This step is promoted by fat
storage-inducing transmembrane 2 (FIT2) (44, 51) and it is dependent on the
level of TGs in the ER bilayer, with the LD lens being formed when the level
of TGs is between 5-10 mol% (46). Seipin is required for the correct budding
of LDs (44) and facilitates their initial growth (51).

o Fusion processes: initially, almost all cell types form small droplets with a
diameter of 300-800 nm, called initial LDs (iLDs) (53). Later during LD

formation, some iLDs are transformed into larger ones, called expanding
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LDs, with a diameter greater than 1 um (54). LDs in hepatocytes and
adipocytes can be up to tens of um in diameter and are therefore known as
giant or supersized LDs (42). These droplets are formed by fusion processes
including ripening, where neutral lipids from one LD diffuse into a larger LD
(47, 55, 56) or by rapid fusion of LDs in a process called coalescence (56),
although this process is rare due to the presence of phosphatidylcholine (PC)
on the surface of LDs, which acts to reduce surface tension and stabilize LDs
against coalescence (44, 57). Among the enzymes required for the fusion
process, CTP: maintains

phosphocholine  cytidylyltransferase-a

phospholipid homeostasis, while the coat protein, COP], facilitates the fusion

of LDs (44).
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Figure 3. The process of LD formation. Figure was adapted from (50).

LDs Breakdown

e Lipolysis: LDs are broken down by lipolysis mediated by cytosolic neutral lipases

(68), which removes one FA at a time from the glycerol backbone of the TAG

stored in the LDs (Figure 4). First, TAG is hydrolyzed to diacylglycerol (DAG)

and NEFA by adipose triglyceride lipase (ATGL), which is the rate-limiting

enzyme of lipolysis. The DAG is then hydrolyzed to monoacylglycerol (MAG)
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and NEFA by hormone-sensitive lipase (HSL). The MAG is finally hydrolyzed to
glycerol and NEFA by monoacylglycerol lipase (MAGL) (59, 60).

e Lipophagy: LDs are degraded by bulk microlipophagy, in which lysosomes
directly engulf LDs, or by selective autophagy (45, 61, 62), in which a specialized
autophagic membrane called phagophores is formed around LDs, called
autophagosomes, which selectively target LDs for degradation in lysosomes (63)
(Figure 4). Subsequent transfer of lysosomes to the autophagosome results in
lipid degradation by acid lipases (42, 45, 58).

The morphology of LDs influences their degradation pattern; lipolysis targets large

LDs, whereas autophagy targets small LDs with a diameter of less than 1 um (64).

Furthermore, reduced autophagy leads to the accumulation of small LDs (64).

Microlipophagy

C-O-

Autophagosome

Lipolysis
Autolysosome

Selective Autophagy

Figure 4. LDs Breakdown. LDs lipolysis (A), Microlipophagy (B), Selective Autophagy (C). B &
C were adapted from (60).

LD Functions

Metabolic Homeostasis and Stress Management: LDs store neutral lipids
essential for energy metabolism (65) and can adapt their size, abundance, lipid
composition and organelle interactions according to metabolic changes (33).
Degradation of TGs by lipolysis or autophagy provides essential FAs for
membrane synthesis (46) and for energy production (45). Meanwhile, TG

biosynthesis and aggregation in LDs prevents excessive lipid accumulation and
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protects against hepatotoxic FAs (51) and ER stress (65). During hypoxia,
ischemia or stress, and in response to aberrant FAs oxidation or accumulation,
hepatic FAs move from the cytoplasm to the LDs to provide as little energy as
possible to reduce consumption, which then limits oxidative stress (55, 65-67).
During fasting, LDs undergo lipid catabolism via lipolysis and lipophagy to
provide FAs for B-oxidation (68, 69). In the fed state, LDs catabolism prevents
lipid accumulation (42). LDs also reduce the damage caused by reactive oxygen
species (ROS) by scavenging 4-hydroxynonenal, a product of lipid oxidation that
causes protein damage, from the cell membrane (70).

o Cellular detoxification of endogenous or exogenous lipid-soluble compounds
(65).

o Accumulation of intercellular signaling precursors, such as steroid hormones
and FA signals (65).

o In LDs, cyclooxygenase (COX)-2 promotes the synthesis of prostaglandin E:
(PGE2), which acts as an immunosuppressive factor against T-cells. High LD
levels are associated with high PGE:synthesis (70).

o Synthesis of phospholipid monolayers through the accumulation of
monoalk(en)yl diacylglycerol as an ether phospholipid precursor (65).

o HSCs LDs store 70-80% of vitamin A (retinol), while smaller amounts are stored

in hepatocyte LDs (65).

Non-Alcoholic Fatty Liver Disease

The terminology of metabolic syndrome (MetS) encompasses several correlated
metabolic alterations implying hepatic inflammation, insulin resistance, overproduction
and secretion of VLDL, reduced clearance of TG-rich lipoproteins (TRLs),
hypertriglyceridemia, increased NEFAs and dyslipidemia (71). Non-alcoholic fatty liver
disease (NAFLD) is the most chronic liver disease (72) characterized by steatosis, in the
absence of alcohol consumption or the use of steatogenic drugs (73) and is determined
by estimating the proportion of hepatocytes containing LDs (74). Steatosis is
characterized by the accumulation of significant amounts of neutral lipids, typically
TAG and Chol esters in more than 5% of hepatocytes (45, 75). Pathologically, steatosis is

classified as microvesicular steatosis, in which small LDs accumulate while cellular
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architecture is preserved. This contrasts with macrovesicular steatosis, in which larger
droplets displace the cell nucleus (76).

The global prevalence of NAFLD is currently estimated to be 24% (77). About 90%
of NAFLD patients have more than one aspect of MetS, while about 33% have three or
more aspects (78). Two primary components of MetS including glucose and TGs are
overproduced in NAFLD and both share a similar background of low-grade chronic
inflammation (78). Due to the close association of NAFLD with MetS, the increasing
tendency of MetS is expected to cause an increasing tendency in NAFLD incidence (79,
80). Consequently, in 2020, a consensus of twenty-two countries redefined NAFLD as

metabolically associated fatty liver disease (81).
The Pathogenesis of Non-Alcoholic Fatty Liver Disease

Insulin Resistance

Insulin normally inhibits the production of VLDL. Once impaired, with unchanged
VLDL clearance, this results in hypertriglyceridemia and low HDL levels (82, 83).
Chronic hyperinsulinemia also stimulates hepatic DNL (84) and NEFA uptake from
plasma and adipocytes and a dysregulation of intracellular lipid partitioning in which
oxidation of NEFAs is impaired and their esterification is enhanced (85, 86). The excess
NEFAs mediate the hepatic inflammatory response and increased insulin resistance,

hepatic glucose and VLDL production, and lipolysis of adipocyte TG stores (78, 87).

Alteration of Lipid Homeostasis

e Hepatic TG accumulation is caused by an imbalance in FA delivery to
hepatocytes, lipid synthesis, TG oxidation and transport from hepatocytes in
the form of VLDL (31, 33, 88). Both VLDL secretion and {-oxidation are
increased in the early stages of NAFLD to compensate for the high influx of
FAs into the hepatocytes. If the influx is sustained, lipotoxicity will result (30)

e Formation of very large LDs in hepatocytes is the hallmark of NAFLD and is
primarily caused by LD-localized triglyceride synthesis (54) by flux of
dietary, hepatocyte and adipocyte FAs (42) exceeding their lipid storage

capacity (85, 89), in conjunction with LD biogenesis or growth, or due to
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decreased LD catabolism by reduced FA oxidation or by decreased
mobilization of TGs or impaired TG or VLDL secretion, defective lipolysis or
lipophagy, or fusion (42).

e (Catabolism of TGs and other esterified neutral lipids from LDs generates
metabolites that alter cell homeostasis, leading to organelle dysfunction, cell
injury, dysfunction and ultimately death (46).

e Excessive lipolysis and lipophagy lead to lipid overload and cell damage by
increasing NEFAs and altering signaling pathways involved in oxidative
metabolism and membrane homeostasis (90, 91).

e During ER stress, cytosolic Ca? accumulation inhibits LD lipophagy by
down-regulating autophagosomal fusion, resulting in ubiquitinated proteins
and LD accumulation, which increases ER stress and ROS production (92, 93),

leading to hepatic inflammation and NAFLD progression (46).

Oxidative Stress

The hepatocyte contains between 500-4000 mitochondria, occupying 18% of the cell
volume (94). Mitochondria are essential for ATP production, p-oxidation, ROS
production (95-97) (superoxide anion radicals and hydrogen peroxide) (98),
inflammasome activation and apoptotic response (99).

In general, oxidative stress is caused by an imbalance between ROS production and
the scavenging capacity of the antioxidant defense system (100). This pathway is
triggered by increased production of pro-oxidant products, dysfunction of the
antioxidant system (100), and lipid accumulation in hepatocytes, which affects metabolic
organelles, leading to lipotoxicity, lipid peroxidation, chronic ER stress, and
mitochondrial impairment (101). The latter also induces ROS production (102). High
levels of ROS cause oxidative modifications to nucleic acids, lipids and proteins involved
in lipid metabolism, insulin signaling and inflammation. The accumulation of these
damaged macromolecules is a major factor leading to the inflammation and fibrogenesis

involved in the progression of NAFLD (103-105).
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Progression of Non-Alcoholic Fatty Liver Disease

Depending on pathogenesis, NAFLD can be primary or secondary. Primary NAFLD
is associated with abnormalities in carbohydrate and lipid metabolism (78, 83, 106, 107).
In secondary NAFLD, the liver becomes an ectopic site of lipid storage for reasons other
than MetS, including chronic use of steatogenic drugs, viral infections, endocrine
disorders, parenteral nutrition, inherited conditions or surgery (107-110). As highlighted
by the "two-hit hypothesis”, NAFLD includes a broad histological spectrum of liver
damage ranging from simple macrovesicular steatosis to non-alcoholic steatohepatitis
(NASH), advanced fibrosis, cirrhosis (83) and malignancy (111) (Figure 5). The "first hit"
is lipid load and IR as risk factors for steatosis. The “second hit” is induced by oxidative
stress, mitochondrial dysfunction, lipid peroxidation, pro-inflammatory cytokines and

adipokines causing hepatocyte injury, inflammation and fibrosis (78, 83).

Non-alcoholic steatohepatitis (NASH)

Approximately 20-30% of NAFLD patients progress to irreversible NASH (112).
NASH is a severe and chronic mixed hepatic inflammation and cellular infiltration and
ballooning degeneration of hepatocytes, with or without fibrosis (77), ultimately leading
to cirrhosis, end-stage liver failure and hepatocellular carcinoma (HCC) (112).
Ballooning hepatocytes that characterize NASH are apoptotic, swollen and enlarged
cells with dilated ER and clear, flocculent, non-vacuolar, ballooning cytoplasm (113-116),
substantial accumulation of LDs, cytoskeletal damage with Mallory-Denk bodies and

parenchymal lesions (46).

Prolonged lipid overload leads to adipocyte insulin resistance (IR) and systemic
inflammation. Together with ectopic lipid accumulation, this leads to IR in the liver and
muscle. IR causes an imbalance in glucose and lipid homeostasis. As a result, more
NEFAs are released from adipocytes into the circulation (60% of total lipids). At the same
time, dietary carbohydrates are converted to NEFA by DNL (40% of total lipids). NEFA
overload overwhelms the mitochondria, leading to mitochondrial uncoupling and ROS
production. The prolonged and uncontrolled stimulation of ROS production leads to a

pro-inflammatory response in addition to apoptosis and thus to NASH. Kupffer cells
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take up large amounts of NEFA, triggering an inflammatory response that activates the
immune system via Kupffer cells for phagocytosis and inflammatory cells, including
infiltrating macrophages, T lymphocytes, neutrophils and dendritic cells (DCs),
culminating in the secretion of cytokines such as interleukins (IL-6 and IL-10) and tumor

necrosis factor (TNF)-a have been implicated in the progression of NASH (73).

Fibrosis

Approximately 25-33% of NAFLD patients (117) and 30-50% of steatohepatitis
patients develop fibrosis. Fibrosis is an abnormal proliferation of connective tissue in the
liver (118). Chronic inflammation in NASH activates hepatocyte death and apoptosis,
which triggers signals including nucleic acids, intracellular proteins and ATP molecules,
thereby activating hepatic progenitor cells (HPCs). At the same time, apoptotic bodies
are phagocytosed by HSCs and Kupffer cells, inducing a pro-fibrogenic response.
Nucleic acids from apoptotic hepatocytes activate the immune response via Toll-like
receptor (TLR)-9 on HSCs and collagen production. Immune cell infiltration activates
the trans differentiation of HSCs into collagen-producing myofibroblasts, leading to the
production and accumulation of ECM, followed by fibrous scar formation (73, 119).
Advanced fibrosis is associated with a high risk of liver-related mortality, vascular

disease and non-hepatic malignancies (120, 121).

Cirrhosis

Approximately 5-15% of NAFLD patients progress to cirrhosis (46) and 9-25% of
NASH patients develop cirrhosis within 10-20 years (122). Cirrhosis is characterized by
the transformation of normal architecture into nodules of regenerating hepatocytes with
reduced blood supply. Long-term fibrogenesis leads to encapsulation of injured
hepatocytes by a collagenous scar that separates hepatocytes from the central vein,
creating islands of hepatocytes. In addition to vascular changes, including loss of
sinusoidal fenestrae and appearance of basal membrane. These changes increase the
intravascular resistance within the portal system and decrease hepatic perfusion.

Overall, this leads to a loss of liver function (73).
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Hepatocellular Carcinoma (HCC)

HCC is the fifth most common cancer and the third leading cause of cancer-related
deaths worldwide (123, 124). In NAFLD, around 2-5% progress to HCC (46), while
cirrhosis remains a major risk factor for the development of 13% of HCCs (125, 126).
Hepatocarcinogenesis involves chronic inflammation, p53 inactivation, oxidative stress
and telomere shortening, which cause genomic instability and activate various
oncogenic signaling pathways (127). The process mediating the interaction between
NAFLD and HCC is not fully understood, but essentially lies in the second hit, allowing
progression from steatosis to cirrhosis (128, 129). The deposition of ECM in fibrosis
modulates multiple signaling pathways by binding directly to specific receptors or by
forming complexes with ligands that enhance their activity and promote binding to their
receptors (130), ultimately stimulating the growth and survival of transformed cells
(131). In addition, elevated leptin levels (132) lead to angiogenesis and vascular

invasiveness (133).
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Figure 5. Progression of NAFLD from Steatosis to HCC. Adapted from (102, 134-136).

The Mediterranean Diet

The Mediterranean diet (MD) is a dietary model that originated in the early
civilizations around the Mediterranean Sea. The MD is a plant-based diet, rich in olive
oil, especially virgin and extra virgin olive oil, as the main source of lipids, together with
nuts, and fiber, mainly from vegetables, whole grains, legumes and fruits, with a high
intake of fish and seafood, and limited red meat, processed meat, dairy products, sweets

and wine (137-141) (Figure 6).
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Figure 6. The Mediterranean Diet Pyramid.

The diet has attracted the attention of researchers by demonstrating widespread
health benefits, starting with Ancel Keys' seven-country study in Finland, Greece, Italy,
Japan, the Netherlands, the United States and Yugoslavia in the 1960s. This study
showed a significant reduction in the risk of cardiovascular disease in people living in
Greece and in certain parts of Italy and Yugoslavia compared with other populations in
response to dietary patterns (141-144).

Since then, numerous studies have demonstrated the health-promoting effects of
MD on a wide range of chronic metabolic disorders, including type 2 diabetes (145-147),
hypertension (148), obesity (145), NAFLD (149), and cancer (150, 151), thereby increasing
longevity (139). These effects are attributed to the anti-inflammatory, antioxidant and
lipid-lowering properties of the dietary components (140, 152-154). The main
characteristics of MD are a high lipid content of 36-40% of total energy intake (TEI),
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consisting of a high proportion (19-25%) of monounsaturated fatty acids (MUFA) to a
low proportion (7-10%) of saturated fatty acids (SFA), and a balanced proportion (3-6%)
of polyunsaturated fatty acids (PUFA) with an adequate ratio of omega-3 to omega-6
fatty acids. Carbohydrates and proteins, which make up 35-40% and 15-20% of the TEI
respectively, and a high fiber content (137, 155), together with a low intake of water,
nitrogen and carbon (139). The low intake of saturated fats reduces plasma total Chol,
LDL and TG (140).

The high MUFA content and balanced omega-6/omega-3 (w6/w3) PUFA ratio are
based on a high intake of vegetables, legumes, nuts, olive oil and fish instead of red meat
(140). EVOO is the main source of MUFA and fish is the main source of w-3 PUFA (155).
MUFA intake inhibits metabolic risk factors by reducing lipid accumulation, including
the proportion of lipids in NAFLD (156), and by reducing postprandial adiponectin
expression, thereby reducing hepatic glucose production (140). PUFA regulate key
transcription factors in hepatic carbohydrate and lipid metabolism via activation of
hepatic peroxisome proliferator-activated alpha (PPARca), which is involved in FA
oxidation, and inhibition of sterol regulatory element binding protein-1 (SREBP-1) and
carbohydrate regulatory element binding protein (ChREBP)/Max-like factor X (MLX),
thereby suppressing glycolysis and DNL. As such, PUFA promote a shift in metabolism
towards the oxidation of FAs and away from the synthesis and storage of FAs (140).
PUFA also activate an anti-inflammatory response by suppressing TNFs and IL-6 (140).
This is in contrast to w-6 PUFA, which have pro-inflammatory functions by regulating
the production of inflammatory cytokines (140). Vitamins and phenolic compounds
found in whole grains, vegetables and fresh fruit, olive oil, nuts and red wine have anti-
inflammatory and antioxidant effects (140). Water-soluble fiber, mainly from vegetables,
whole grains and legumes, increases the rate of bile excretion and reduces serum total

and LDL Chol (140).

Extra Virgin Olive Oil

The olive tree (Olea europaea L.) is a small tree that was first cultivated in Asian
countries 6000 years ago. Later it spread to all continents, but Mediterranean countries
remained the main olive producers, led by Spain, Italy and Greece, which produce about

70% of the world's olives (144). Extra virgin olive oil (EVOO) is extracted mechanically
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by washing, decantation, centrifugation and filtration under thermal conditions that do
not modify the oil's composition. EVOO content varies according to the genotypic
characteristics of the plant, olive variety, ripeness of fruit, time of harvest, environmental
factors, agricultural factors, and the conditions of extraction and storage. EVOO, as pure
fruit juice, is considered the highest quality oil, with acidity < 0.8 g per 100 g (141, 144).
The health properties of EVOO are derived from its unique composition; as lipid profile
and bioactive compounds (144).

Olive pomace oil also named Orujo olive oil (acidity <1 g per 100 g (144)), is a blend
of refined oil from olive residues (pomace oil) and virgin olive oil obtained by
centrifugation process (157, 158). The oil is a good dietary source of triterpenic

compounds and has anti-inflammatory (158) and lipid-lowering effects (159).

Main Components of EVOO (the Saponifiable Fraction)

TAGs make up a high percentage of the saponifiable fraction of EVOO. FA make up
97-99% of lipids and 65.2-80.8% are MUFA (144), particularly oleic acid, which makes up
49-83% of total FA (160) and is correlated with EVOO acidity. Low acidity ensures a
high-quality oil produced from healthy fruit under ideal conditions (141, 144). PUFAs
make up about 14% of the oil composition (144). The PUFA content is mainly linoleic
acid (18:2 w-6) (6.6-14.8% total FA) and a-linolenic acid (18:3 w-3) (0.46-0.69% total FA)
(144, 160). About half of the total TAG in EVOO is oleic-oleic-oleic, in addition to
palmitic-oleic-oleic, oleic-oleic-linoleic, palmitic-oleic-linoleic and stearic-oleic-oleic.

DAGs and MAGs are present in concentrations of 1-2.8% and 0.25% respectively (144).

Minor Bioactive Compounds (the Unsaponifiable Fraction)

The minor components of EVOO account for 1-3% of its composition (144). These
include hydrocarbons, phytosterols, triterpenes, phenolic compounds and tocopherols,
among others (141, 144).

With regard to hydrocarbons, squalene accounts for more than 90% of hydrocarbons
and is the most abundant compound in the unsaponifiable matter, ranging from 200 to

7500 mg/kg of oil, while B-carotene pigment accounts for 0.15-0.67 mg/kg of oil (144).
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The total phytosterol content of EVOO varies between 1000 and 2000 mg/kg. [3-
Sitosterol is the main sterol fraction with values between 75-90%, while A5-Avenasterol
is between 5-20% (144).

Triterpenes represent a primary fraction and are divided into dialcohols and triterpenic
acids (141). The most important dialcohols are erythrodiol and uvaol (141, 144). Both
make up 0.9-2.8% of the total sterol fraction (144). Triterpenic acids include oleanolic (17-
344 mg/kg) and maslinic (19-250 mg/kg), with traces of ursolic acid, compared to higher
levels in olive pomace oil (141, 160)

Phenols are hydrophilic compounds present in the range of 50-1000 mg/kg of oil and
include hydroxytyrosol, oleuropein and tyrosol. Phenols impart aroma and flavor to
EVOO (144). In pomace oil, this fraction is lost through chemical processes (161).
Tocopherols (vitamin E) are methylated phenols. a-tocopherol accounts for more than
90% of tocopherols (156), ranging from 191.5 to 292.7 mg/kg compared to 10 mg/kg, 20
mg/kg of 3-tocopherol and y-tocopherol (144).

Biological Features of EVOO

EVOO reduces risk factors for MetS, including type 2 diabetes and NAFLD, by
suppressing lipogenic, ROS and pro-inflammatory genes and by reducing levels of IL-6,
TNF-a and C-reactive protein (CRP) (144). A dose of 20 g/d may reduce the degree of
fatty liver (156). EVOO also has atheroprotective properties. A dose of 10-50 ml/day
reduces diastolic blood pressure by up to 0.73 mm Hg. In addition to antimicrobial, anti-
tumor and anti-cancer properties. Oil consumption is inversely associated with any
pattern of carcinogenesis (34% lower risk with EVOO consumption) (144).

For MUFAs, oleic acid promotes pancreatic cell secretion and bile secretion in
hepatocytes (160). It also improves blood pressure, carbohydrate, lipid and LP
metabolism, and has anticoagulant, anti-inflammatory and antioxidant effects (160).

Among PUFAs, linoleic acid and linolenic acid are crucial elements in cell structure
(160). Linoleic acid reduces LDL (144) but is metabolized to arachidonic acid, which has
proinflammatory, prothrombotic and pro-aggregatory properties. On the other hand, a-
linolenic acid is metabolized to eicosapentaenoic acid and docosahexaenoic acid and
both metabolites modulate hepatic lipid composition, increase anti-inflammatory
mediators and decrease IR (156). Therefore, the w6/w3 PUFA ratio protects against
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autoimmune and inflammatory diseases (144), together with [-oxidation, tipping the
balance towards DNL (156). In addition, oleanolic acid, maslinic acid and dialcohols
have anti-inflammatory, anti-diabetic, hypolipidemic, hepatoprotective, anticancer,
antiviral, antimicrobial and antifungal properties (141, 160).

[-Sitosterols are effective in reducing total and LDL Chol levels, and stimulating
apoptosis of cancer cells (160).

Tocopherols are important natural lipophilic antioxidants (162, 163). These
compounds modify the expression of homeostatic genes involved in the prevention of
lipid peroxidation (160) and protect against inflammatory and oxidative processes (144,
160), including degenerative diseases and cancer (160), in addition to antimicrobial and
antitumor effects.

Phenolic compounds reduce Chol, LDL, HDL, lipopolysaccharides and pro-
inflammatory factors such as CRP and IL-6 (144), in addition to strong antioxidant and
free radical scavenging activity (141). Phenolics and tocopherols are responsible for olive
oil's oxidative stability (164). Carotenoid pigments are precursors of vitamin A and have

antioxidant and anti-cancer properties (160).

Essential Minor Bioactive Compounds

Squalene

Squalene  (2,6,10,15,19,23-hexamethyl-6,6,10,14,18,20-tetracosahexane, =~ C30HS50)
(Figure 7), is a polyunsaturated linear terpenoid with six double bonds (165-168) and a
molecular mass of 410.3913 (166, 169). The double bonds allow squalene to exist in
various conformations, including symmetrical, stretched and coiled forms (170), in

addition to the sterol form, which allows it to be accommodated in membranes (165).
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Figure 7. Squalene chemical structure. Adapted from (171).

Squalene was discovered in 1916 by the Japanese scientist Mitsumaru Tsujimoto,
who described the compound as highly unsaturated and named it after the genus of
shark from which it was extracted (Squallus spp, Centrophorus squamosus) (172, 173).

Squalene is highly abundant in shark liver oil, where it constitutes almost 40-70% of
the oil weight (174), but the intense fishing for this isoprenoid and the presence of
organic pollutants, including organochlorine pesticides, polycyclic hydrocarbons,
dioxins and heavy metals, have provided compelling motivation to search for alternative
sources of squalene, particularly from the plant kingdom (165, 168, 175). Among the
plant sources, detectable amounts of squalene are found in wheat germ and rice bran
oils (0.1-0.7% of oil content) (176), as well as in palm oil, soybean 0il (9.9 mg/100 g), grape
seed oil (14.1 mg/100 g), peanut (27.4 mg/100 g), maize, amaranth (5942 mg/100 g) and
olive oil (564 mg/100 g) (165, 177).

In EVOQO, squalene is present at a concentration of 1.5 to 10.1 g per kg, depending
on the variety, agronomic issues such as region, climate, crop, harvesting method and
olive processing (166). Where consumption of EVOO is high, such as in Mediterranean
countries, intake of squalene is increased to 200-400 mg/day (178).

In humans, squalene is secreted by the sebaceous glands and makes up 10-15% of

the lipids at a concentration of 300-500 ug/g. The triterpenoid is also present in the liver
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and small intestine, but at much lower levels than in the skin (less than 75 ug/g) (172,
173, 179). The squalene content represents a balance between dietary intake and
endogenous synthesis in the intestine and hepatocytes (180). Approximately 60-85% of
dietary squalene is absorbed and distributed to the different tissues (181, 182).
Exogenous and intestinal squalene is transported into the bloodstream by chylomicrons,
followed by hepatic uptake for conversion to sterols and bile acids (182), or is re-secreted
(183) together with hepatic-synthesized squalene into VLDL and LDL for distribution to
various tissues (180). Endogenous squalene is synthesized via de novo mevalonate
(MVA pathway) (184) in which acetyl-CoA is converted to 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) and then reduced to MVA by HMG-CoA reductase (HMGR),
followed by phosphorylation and decarboxylation of MVA to isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP), accompanied by subsequent
condensation with another IPP to form farnesyl pyrophosphate (FPP) (185-187).
Squalene synthase (SQS) then combines two FPP molecules to form squalene (188-190).

The terpenoid is a structural and regulatory component of eukaryotic cell
membranes and plays a key role as an intermediate in sterol metabolism (160, 165, 168),
in which the cyclization of squalene via squalene epoxidase (SQLE) and lanosterol
synthase (LSS) leads to lanosterol (191), followed by the enzymatic conversion of
lanosterol to Chol via the parallel Bloch and Kandutsch-Russell (K-R) pathways (191)
(Figure 8). The Bloch pathway consists of a subsequent side-chain of unsaturated
intermediates ending in desmosterol, which is then reduced to Chol via 24-
dehydrocholesterol reductase (DHCR24) (192), whereas the K-R pathway involves the
reduction of the A% bond of lanosterol and the conversion of dihydrolanosterol to Chol
via 7-dehydrocholesterol reductase (DHCR7?) using the same enzymes as in the Bloch
pathway (193).
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Figure 8. Bloch and K-R pathways in Chol biosynthesis.

The six double bonds in the isoprenoid structure protect cells from oxidative damage
and microbial infection (177, 194). In the skin, squalene absorbs almost a quarter of its
weight in oxygen, protecting against cutaneous flora and peroxidases (195), and
reducing ultraviolet (UV)-induced nucleic acid damage (160).

In addition, squalene has anti-cancer activity by down-regulating HMGR towards
Chol synthesis, as well as intermediate steps via MVA, where FPP is involved in the
farnesylation and geranylgeranylation of proteins, including small guanosine
triphosphate (GTP)-binding proteins such as Ras (196-198), by suppressing these
proteins, which then inhibit the signaling involved in the proliferation and

differentiation of malignant cells (168, 178, 199), or by regulating the metabolism of
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carcinogenic xenobiotics, or by preventing mutagenesis and carcinogenesis caused by
nucleic acid oxidation by scavenging free radicals and ROS (178). Squalene may also
inhibit NASH-related HCC (200, 201), which is interrupted by elevated cholesteryl ester
concentrations.

Squalene also retains detoxifying activities via stimulation of hepatic P450 enzymes
(202), together with the non-polar nature of the triterpene which provides an affinity for

detoxification of non-ionized xenobiotics (194).

Erythrodiol

Erythrodiol (5a-olean-12-ene-3(3, 28-diol, homo-olestranol, C30H5002) (Figure 9), is

a pentacyclic triterpene with a molecular mass of 442.7.

Figure 9. Erythrodiol chemical structure. Adapted from
(https://chemfaces.com/natural/Erythrodiol-CFN98914.html)
(https://www.molinstincts.com/molar-mass/Erythrodiol-mowt-CT1001736412.html)

In olive oil, the concentration of erythrodiol varies depending on the cultivation,
quality and handling of the olive oil (161, 203) in a range of 26-90 mg/kg (204, 205), with
higher levels in olive pomace oil (158, 161), where the dialcohol is 500 mg/kg compared
to 75 mg/kg in EVOO (206, 207). Erythrodiol is also present in olive leaves and its content
varies during leaf ontogeny (208), ranging from 0.6-1.8 mg/g (209), representing
practically 60% of the their triterpenic content (207). In addition, the triterpenoid is
widely distributed from other plant sources, including leaves of Ficus mysorensis (210),
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Celastrus kusanoi stems (211), stem bark of Erythrina indica (212), birch bark trees (213)
and leaves of Maytenus ilicifolia (214).

Erythrodiol is an oxygenated derivative of 3-amyrin and a precursor of oleanolic and
maslinic acids by cyclization of 2,3-oxidosqualene via the non-steroidal triterpenoid
biosynthetic pathway (215, 216).

The triterpenoid is involved in antioxidant activities and ROS production (217) by
modulating primary proteins of oxidative stress and inflammation including nuclear
factor kappa B (NF-kB) and COX-2, as well as the non-enzymatic antioxidants
glutathione and nicotinamide adenine dinucleotide phosphate hydrogen (NADPH),
and antioxidant enzymes including glutathione peroxidase, glutathione reductase,
glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase (215,
218). In addition to its anticarcinogenic and antiproliferative properties (215). Its pro-
apoptotic potential associated with ROS and c-Jun N-terminal kinase (JNK) activation
has also been reported (211, 219, 220). Other biological activities include anti-
inflammatory potentials via modulation of cytokine secretion (158).

The triterpene also protects against portal vein thrombosis and has vasorelaxant
activities (221-223) and may improve endothelial function (157, 224, 225).

In addition, the triterpene promotes wound healing by increasing the production of
actin filopodia, lamellipodia and stress fibers through the activation of Rho GTPases
(213), and has antiplatelet properties by suppressing adenosine diphosphate (ADP)
activity (226).

Animal Models

Mus musculus (NCBI: txid39442)

The domestic mouse has been associated with humans since the beginning of
civilization and has become the model animal of choice in several fields of research (227).
The model has several intrinsic advantages over other models, including low cost, ease
of maintenance, rapid reproductive rates (228-230), short life cycles (231, 232), the small
size of animal (227), which is 2500 times smaller than humans, resulting in the mouse
having a basal metabolic rate seven times faster than an average sized human (228). Mice

fall under the jurisdiction of the local ethics committees (233). For the mouse genome, an
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extensive amount of data is available for chromosomal mapping and gene linkage
analysis (228-230) and the draft sequence of the mouse genome is now available (227).
The mouse is the most widely used mammalian model for studying genetic
interactions and pathogenesis in human disorders. Data from the Human Genome
Project and the sequencing of the Mus musculus genome, followed by comparative
analysis of the genomes of the two models (228), all showed outstanding genetic
homology between humans and mice (228). Both models share almost 99% of genes and
gene expression is quite similar, with an average of 85% identical protein-coding regions
(227), while there is considerable variation in the regulatory networks that modulate
immune response, stress and metabolic functions and human physiology (228, 234, 235).
Chol transport and metabolism are relatively similar between the two species (236).
Mice are therefore used to study obesity, hypertension and MetS. However, some strains
do not develop all the components (237). In particular, wild-type mouse LP profiles
contain atheroprotective HDL, whereas normal human LP profiles contain atherogenic
LDL (234). In particular, the wild-type mouse has a high HDL/LDL ratio, which is
maintained even when mice are fed a high-fat diet (HFD). Unlike humans, who have the
majority of their plasma Chol in LDL (236). Also, the adipokine adipsin, which is
elevated in human MetS, is lower in rodents (234). Mice do not always develop
hypertension (234), making the translation of rodent data to humans difficult. However,
this discrepancy can be overcome using biotechnology by genetic manipulation to
develop a variety of knockout and transgenic strains (228) in a reasonable amount of

time (229).

Apolipoprotein E knock-out (Apoe KO), Apoe (-/-)) mice

APOE is a 34 kDa polymorphic glycoprotein synthesized by the liver (238-240) and
various peripheral tissues and cell types, including macrophages. The most common
isoforms of APOE are APOE2, APOE3 and APOE4 (240).

The apolipoprotein is a major component of TG and Chol-rich LPs, VLDL and
chylomicron, and HDL (240, 241). APOE has two main structural features, an LDL
receptor (LDLR)-binding domain at the amino-terminus and a lipid-binding domain at

the carboxy-terminus (239).

41



Introduction

Functionally, APOE is a ligand for cell surface receptors involved in the removal of
chylomicrons and VLDL remnants after lipolysis in the circulation (241), including
LDLR, VLDL receptor (VLDLR), LDL receptor-related protein (LRP) and heparan
sulphate proteoglycan (HSPG) receptor. These receptors then mediate the endocytosis
and degradation of LPs, releasing Chol and TGs into the hepatocytes, thereby reducing
their levels in the plasma (238-240, 242-244).

In 1992, Apoe-KO mice were generated in embryonic stem (ES) cells by gene
targeting via homologous recombination. This model has defective clearance of plasma
LPs and their plasma Chol levels are 5 times higher than those of wild-type animals.
When fed standard chow, they develop spontaneous hypercholesterolemia and
atherosclerosis that is similar to that in humans (241, 245). A HFD can further exacerbate
and accelerate this process (246), as well as hepatic inflammation with mild steatosis
(247).

Although these mice lack ligands to remove remnant LPs, a HFD affects gene
expression and the Chol balance is normal. This is because induced hepatic lipase

mediates the uptake of LPs in Apoe-deficient mice (241).

Apolipoprotein Al knock-out (KO) mice (Apoal (-/-)) mice

APOAT1 is a 28 kDa apolipoprotein (239) that is synthesized in both the intestine and
the liver (248, 249). It consists of ten transmembrane amphipathic a-helices (239) and
serves as a recognition site for most proteins that interact with HDL, including ATP-
binding cassette A1 (ABCA1) (250) and scavenger receptor BI (SR-BI) (251). APOAL1 is a
major structural component of HDL (252) and accounts for approximately 70% of HDL
proteins (248, 249). Functionally, it mediates the reverse efflux of Chol and
phospholipids from cells via the ABCA1 transporter (239, 253). Accordingly, the LP
plays a key role in the biogenesis, remodeling and catabolism of HDL (254), as well as in
the inflammatory and immunoregulatory response (255). The Apoal gene has the same
evolutionary origin as the Apoe gene, due to duplication and diversification of a basic
genetic motif (256-259).

Apoal KO mice were developed in ES cells by gene targeting (260, 261). Mutations in
human APOA1 reduce circulating HDL levels (262). Also, Apoal KO mice fail to produce
normal HDL particles and show a 70-80% reduction in plasma Chol and HDL levels.
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These mice also show increased diet-induced TG deposition, IR and a high risk of
NAFLD (263).

HDL are amphipathic LPs with lipid-loaded and hydrophobic agent-incorporating
properties, in addition to protein-protein interactions, heterogeneity and small size, and
are therefore used as efficient drug delivery vehicles (264) This structure lends itself well
to carrying cholesteryl esters and lipophilic substances, including drugs, in its core
compartment (264). In this sense, the APOA1-laking model can be used to study the

effects of HDL deficiency on drug delivery.

Oryctolagus cuniculus (NCBI: txid9986)

Rabbits are an economical, non-aggressive animal model (233), easy to handle (265)
of medium size and with a short life cycle (233). They have a longer life span than rodents
and are more genetically related to humans (266). In addition to their ability to carry
some pathogens, they are therefore more susceptible to simulating human pathogen
infections (267, 268).

Oryctolagus cuniculus is the scientific name for the European rabbit, also known as
the domestic rabbit. The New Zealand rabbit is a strain of domestic rabbit. It is the most
commonly used strain in the laboratories. The animal weighs between 2-5 kg (269) and
is less aggressive with fewer health problems compared to other rabbit strains (233). This
strain can be genetically modified (269). They are actively used as animal models for
human disease research, including cardiovascular disease, cancer (270) and metabolic
disorders (271). Both have similar LP metabolism and chemical composition of
apolipoprotein APOB100, as well as high baseline levels of cholesteryl ester transfer
protein (CETP) and high LDL levels (166, 272). Rabbits have high absorption and hepatic
accumulation of dietary Chol (269, 273). As a result, the liver produces high levels of
LDL and VLDL that remain in the circulation for a prolonged period, and the lack to
increase sterol excretion, results in hypercholesterolemia after a few days of dietary
administration, with early progression to macrophage-induced lesions similar to those
seen in humans, although in rabbits the lesions do not develop as tissue plaques (269).
On the other hand, hepatotoxicity induced by long-term high Chol diets leads to animal
mortality, limiting the usefulness of the animals. In addition, the massive inflammatory

response in the rabbit body does not reflect human pathophysiology (269).
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Sus scrofa (NCBI: txid9823)

Pigs belong to the genus Sus and the family Suidae (274). They are one of the most
common domestic animals in the world. Compared with other domestic animals and
primates, the pig model has a rapid growth rate and short generation intervals (275).
Pigs are classified as large animals, which require additional approval from central
ethics committees (233). The pig model is inextricably linked to humans through
anatomical and physiological similarities, as well as similar body and organ sizes (276,
277). In addition, the pig genome is more comparable to the human genome than the
mouse genome. The complete pig genome sequence is now available (Sus scrofa Build
10), allowing gene manipulation. In addition, naturally occurring and genetically
modified pig models are used by the biomedical community as human models. All this
makes the pig the animal model for human health and disease (276). A disadvantage is
their high cost compared to small animals, which can limit experimental sample sizes
(234). In terms of metabolic properties, pigs show all the clinical signs of carbohydrate
and lipid metabolic diseases (278) in a short period of time (279), in addition to the
analogy of lipid disposition (280), as well as LP metabolism and the physiopathology of
liver lesions (281). MetS can be induced in variant strains of pigs, with overt symptoms
appearing within 12 weeks of feeding a high-fat, high-sugar diet (282) and adipose
lesions appearing within about 6 months (283, 284). Porcine models account for about
10% of publications on metabolic disorders (234). They are also the non-rodent model of
choice for toxicological research, particularly because of their close response to drugs
and because both oral and parenteral dosing are similar to humans (276). The
crossbreeding system of Large White x Landrace domestic pigs is used to produce a
strain with good fertility (285, 286). Despite the genetic resistance of commercial crosses
to the production of NAFLD as a result of extended selection to convert all intake to
muscle weight gain (287). Nevertheless, this strain was able to develop NAFLD that

progress to NASH using a short-term steatosis diet (279, 288).

Cell Culture

Cell culture refers to the in vitro growth of cells under controlled physiological

conditions (289, 290). This assay was first tested on chicken embryos maintained in warm
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saline for several days (290). Some cells require liquid suspension culture (291) to grow

without attaching to a surface, while others are adherent cells that require a solid or

semi-solid growth substrate (289).

Culture cells are categorized as:

Primary cell lines are finite cells obtained from a precise tissue biopsy and are
the best model of the tissue of origin (289). They therefore more closely
resemble in vivo cells (292, 293). These cells are the standard model for
studying hepatocyte morphology (292), regulation of carbohydrate and lipid
metabolism (293) and pharmacotoxicology (294). Disadvantages include
limited availability, especially from human sources (293, 294), short time
span (293, 294), variability in preparation (293), limited in vitro proliferative
capacity, instability (293) and eventual loss of hepatic phenotypes (292).

Transformed cell lines are genetically engineered immortalized cells with
high growth rates, produced spontaneously or by genetic manipulation (289).
Several immortalization strategies are available, including viral oncogenes,
human telomerase reverse transcriptase, plasmid transfection, viral
transduction and human artificial chromosomes (294). Cells offer many
advantages, including the ability to manipulate genes and molecular
pathways, and the homogeneity of cell line populations, which eliminates
genotypic or environmental variation, resulting in highly reproducible and
consistent results. However, 15-35% of cell lines are cross-contaminated with
other cell lines and mycoplasmas, and high serial passage numbers can cause
genetic and phenotypic changes (289, 295). Immortal hepatocyte cell lines
model exhibit liver-like functions (292) and are used to study gene function
(296), gene therapy (294), drug metabolism, hepatotoxicity (294, 296), protein
synthesis (296), carbohydrate and lipid metabolism (292, 293), fatty liver
disease (294) and neoplasia (294, 296). However, the metabolic gene
expression profile and phenotypes of neoplastic-derived cells such as HepG2
differ from those of healthy hepatocytes (292, 293) and are closer to liver

cancer than primary cells (292), and HepG2 is derived from a Caucasian male,
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which alters glucose and FA metabolic pathways (293). Immortalized hepatic

cell lines derived from healthy liver have more advantages than HepG2 cells

in terms of metabolic functions. The murine hepatocyte cell line AMLI12 is

derived from the livers of transgenic mice overexpressing transforming

growth factor (TGF) and is used to study lipid metabolism and NAFLD

progression, but the expression of gluconeogenic and hepatokine genes differ

from in vivo cells (293).

Analytical Procedures

BAM

l||
|
.

s 3 |FASTQ
Y — j
“a, RNASeq :
p g
/’A 9 ";:v" )
3 o
’ =® @ @ s 1
RNA POl g
Gene expression : I
RT-qPCR —

LDs Inflammation Ballooning Cirrhosis

[ Histological analysis |

Figure 10. Summary of techniques used

Histological Analysis

GC-Ms

SEER T T

Spectrophotometry

%

Squalene

o g e

o g

Chol precursors
(sterols)

;C>

Chol

@

TGs
X a4
Free Esterified

I Enzymatic assays ‘

Histological analysis is a microscopic study that allows visualization of the structure

(297, 298) and any characteristic changes in the tissue (298), by chemical fixation to

preserve the tissue formation and protect it from irreversibly cross-linked proteins,

followed by dehydration to further harden the tissue. The tissue is then embedded to

optimize the extraction of cellular structures prior to light microscopy (297, 298). Antigen

retrieval is sometimes performed to retrieve antigens that may have cross-linked during

the fixation and embedding steps (297, 298). In terms of proper histological staining, one
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of the most common stains is hematoxylin and eosin (H&E), the hematoxylin is a blue
basic dye that targets acidic structures called basophils, which stand for nucleic acid and
RER, followed by the pink acidic eosin dye that targets basic structures called
eosinophils, including cytoplasm. Another common stain is Masson’s trichrome, which
stains collagen fibers blue. In microscopy, the light microscope is used for the
examination of live or dead specimens. The electron microscope is used to view
intracellular components that are not visible by light microscopy, with a 100 to 300 times

higher magnification (298).

Functional Analysis

Functional analysis predicts pathogenesis and response to stimuli by examining
diagnostic markers, such as RNA levels via gene expression assays and metabolite

networks via metabolomics (299).

Transcriptomics

The process of transcription gives rise to different cell sets and activities from the
same set of genes. The transcriptome is the sum set of all RNA transcripts, including
coding and non-coding regions. RNAs can be broadly classified into protein-coding
RNAs and non-protein-coding RNAs (ncRNAs). In the case of the human genome, more
than 93% is transcribed into RNAs, of which only 98% is noncoding regions. Noncoding
regions includes house-keeping and regulatory regions. House-keeping ncRNAs
include transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), involved in protein
synthesis, small nuclear RNAs (snRNAs) involved in pre-messenger RNA (mRNA)
splicing, small nucleolar RNAs (snoRNAs) involved in rRNA modification and
processing and guide RNAs (gRNAs) involved in RNA editing. Regulatory ncRNAs are
divided into small ncRNAs of 17-35 base pair (bp), including microRNAs (miRNAs),
which regulate gene expression, and small interfering RNA (siRNA) and piwi-
interacting RNA (piRNA), which are involved in gene regulation and genomic stability,
while long ncRNAs (IncRNAs) (>200 bp) regulate gene expression (300).

The transcriptome profile reflects the transient state of the cell (301). Transcriptomics
is the study of an organism's transcriptome, which involves determining the structure of

genes in terms of post-transcriptional modifications, mainly start sites, 5’ and 3" ends and
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splicing patterns, and quantifying the change in expression of each transcript under
specific biological conditions (302), providing information on the regulation of gene
expression and the function of gene products, followed by further insights into the
regulatory network of biological processes involved in areas of diagnosis and therapy
(300). A number of high-throughput technologies have been developed to analyze the
transcriptome (302):

Early sequencing techniques used Sanger sequencing technology and expressed
sequence tags (ESTs) generated from a single RNA transcript, but due to low
throughput, digital tag-based sequencing approaches using optimized double-stranded
oligodeoxynucleotide tags, adapters and PCR primers were developed (301-303),
including serial analysis of gene expression (SAGE) by Sanger sequencing of long
strands of concatenated 3’ complementary DNA (cDNA) tags fragmented by restriction
enzymes (301, 304), cap analysis of gene expression (CAGE) which is a variant of SAGE
that sequences tags from the 5" end of transcripts (300, 304) and massively parallel
signature sequencing, where transcripts are captured on single microbeads by short
cDNA signature sequences generated by restriction and ligation reactions (300),
although short-tag sequencing assays may not be specific particularity for isoforms (302).
These methods have largely been replaced by high-throughput whole transcript
sequencing, which provides additional information on genome structure (301). Initially,
the microarray or chip method was used (300). This method is based on cDNA
hybridization to a large set of complementary oligonucleotide probes attached to a solid
support to simultaneously quantify the expression of specific transcripts (301).
Advanced arrays have been developed that detect different spliced isoforms using
probes spanning exon junctions, while whole genome mapping is achieved using tiling
arrays. However, this approach relies on existing knowledge of the genome sequence
and has limited dynamic range due to high background from cross-hybridization and

signal saturation at high expression levels (302).

RNA Sequencing (RNA-seq)

RNA-seq uses massively parallel sequencing, also known as next-generation
sequencing (NGS) (305, 306) to map and characterize the abundance of the entire

transcriptome (307), to determine post-transcriptional modifications and single
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nucleotide polymorphisms (SNPs), for simultaneous high-resolution RNA editing (305,
308), and for computational reconstruction of RNA by aligning reads to a reference
genome or aligning reads to each other (de novo assembly) without the use of a reference
genome (301).

RNA-seq offers several key advantages, most notably high sensitivity, which can be

increased by enriching classes of target RNAs and depleting unwanted RNAs (301),
excellent reproducibility, a large dynamic range not limited by signal saturation, and the
ability to reconstruct known and novel transcripts at the single base level and to detect
transcripts from organisms with previously undetermined genomic sequences (305,
309). In addition, mapping the RNA sequence to the target genome removes
experimental noise (309).
Sequencing is divided into paired and single end sequencing. The former involves
sequencing both ends of the cDNA rather than just one end (310), which allows the size
of the gap between the two ends to be estimated, providing an accurate alignment (311).
However, paired-end sequencing requires twice as much sequencing as single-end
sequencing (312).

In brief, long RNAs are first converted into a library of cDNA fragments by either
DNA fragmentation or RNA fragmentation and cDNA synthesis. Approximately 50 bp
reads are sufficient for mapping mammalian RNA, but longer reads increase the
likelihood of capturing splice sites within the reads (313). The average length is around
100 bp, depending on the method (301). This step is followed by end repair of the cDNA
library and ligation of adaptors. The short reads are then amplified by clonal PCR to
produce tens of thousands to millions of bundles of the same sequence, followed by
sequencing from random positions of the input RNA using a high-throughput platform.
The resulting sequence reads are demultiplexed, aligned and computationally mapped
against the reference genome and classified as exonic reads, junction reads and
polyadenylated (poly-A) end reads to generate a base-resolution expression profile for
each gene (302, 305, 314). Analysis of the raw reads requires a combination of
bioinformatics software tools. For quality control, the raw data is checked for base call
scores, guanine-cytosine distribution, k-mers and read duplication rates. Sequence

aligners control alignment speed, intron splice detection and read mapping.

49



Introduction

Quantitative tools use dedicated software at the gene, exon or transcript level.
Differential expression is determined by normalization, modelling and statistical

analysis (301).

Reverse Transcription Quantitative Real-time PCR (RT-qPCR)

RT-qPCR is the preferred method for quantifying steady-state mRNA levels (315) of
a small number of genes (316), and can provide a rapid, sensitive and accurate
assessment of changes in gene expression (315, 317), which can be used to measure
responses to experimental stimuli. It is also used to confirm data obtained from high-
throughput transcriptomics (316), including microarray (318) and RNA seq, when the
number of biological replicates used is small or when gene expression levels or
differences in expression levels are small (316).

The assay quantifies the initial amount of nucleic acid by its amplification and by
monitoring the amplicon at the end of each cycle using fluorogenic probes. If the reaction
efficiency is optimal, twice the amount of amplicon will be present after each PCR cycle.
The final product is exposed to increasing temperatures to determine when the double-
stranded product melts. This melting point depends on the length of the amplicon and
its nucleotide content (315). The fluorescence emitted is measured after each cycle and is
proportional to the amount of amplicon synthesized (319). Amplification curves are
plotted to determine the cycle time (CT) at which fluorescence reaches a threshold value.
The CT value is inversely related to the concentration of the target sequence (315). There
are two common methods for quantification: relative and absolute quantification.
Relative quantification uses the AACT method to measure changes in steady-state levels
of a gene of interest normalized to the expression ratio of a reference gene (320, 321).
Absolute quantification uses a standard curve where a series of dilutions of known
template concentration and unknown samples are compared to the standard curve (274,
322).

Several probes are available: SYBR green I, which fluoresces when it binds to
double-stranded DNA (dsDNA), absorbing light at 480 nm and emitting light at 520 nm
(315). It binds to the minor groove of dsDNA and emits 1,000 times more fluorescence
than when it is free in solution (315). Specificity is a primary concern with SYBR Green

fluorescence, but this drawback can be identified by determining the melting point of
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the amplicon using the amplicon dissociation curve. Several compatible sequence-
specific hydrolysis probes, also known as 5-nuclease probes, are inherently less prone
to non-specific amplification. They consist of two fluorophore-labelled DNA
oligonucleotides, called a quencher and a reporter. Prior to amplification, the
fluorophores are attached in close proximity to the same short oligonucleotide. During
amplification, they move away from each other, releasing the reporter from the quencher
and allowing measurable fluorescence (315). Other classes are hybridization probes,
which use donor and acceptor fluorophores (315). The most common are hairpin
oligonucleotide probes called molecular beacons, which show distinct fluorescence in
the presence and absence of the target sequence, and binary probes, which consist of two
fluorescently labelled oligonucleotide strands that bind to adjacent regions of their target
and produce distinct fluorescence (323). Another is a peptide nucleic acid (PNA) probe,
to which thiazole orange fluorophores are attached to give a stronger signal when DNA

binds (315).

Metabolite Analysis

Metabolites are intermediates of cellular metabolism (324) that are involved in
biological activities such as signaling, stimulatory and inhibitory functions (325).
Metabolite analysis is the identification and quantification of a metabolite and the
relative analysis of the correlation between that metabolite and biological changes (326,
327). Recent analytical platforms include gas chromatography-mass spectrometry (GC-
MS), high-performance liquid chromatography (HPLC), ultra-performance liquid
chromatography (UPLC), capillary electrophoresis coupled with nuclear magnetic

resonance and mass spectrometry (MS) methods (327).

Spectrophotometry Based Techniques

Spectrophotometry measures the electromagnetic radiation absorbed or reflected by
analytes in relation to the intensity of light at a specific wavelength (328). The primary
spectrophotometric techniques are based on the absorption of radiation at specific
wavelengths of light to obtain the absorption spectrum, or depend on the reflectance of
specific spectra of a given material within the UV and visible (VIS) regions of the

electromagnetic radiation spectrum (328). In terms of wavelength, spectrophotometry is

51



Introduction

divided into two types: UV-VIS spectrophotometers, which use light in the UV (185 - 400
nm) and VIS (400 - 700 nm) regions of the electromagnetic spectrum, and infrared
spectrophotometers (328, 329). Inorganic analysis uses the UV-VIS region, while organic
analysis uses the UV region (329). The main components of UV-VIS spectrophotometers
are a beam in the 190-800 nm spectral range, a monochromator, a sample holder, a
detector and an interpreter (330). In most cases, the resulting measurements are

determined using the standard curve technique (329).

Chromatography Based Techniques

Chromatography is a biophysical technique to separate, identify and purify analyte
components for qualitative and quantitative analysis. The principle is based on the
separation of components of a mixture by transfer from a stable solid or liquid stationary
phase to a liquid or gaseous mobile phase, depending on adsorption, partitioning,
affinity or molecular weight. Because of these differences, some components stick more
to the stationary phase and take longer time to pass through the system, while others are

more soluble in the mobile phase and exit the system more quickly (331).

Mass Spectrometry

MS determines the mass-to-charge ratio of ions. A beam of high energy electrons is
used to ionize the analyte and produce these ions. The mass analyzer then receives the
gas phase ions and separates them - in space or time - based on their mass-to-charge ratio
(m/z). An ion detector measures the separated ions in space or time and generates
electrical signals. These signals are processed to produce mass spectra, which reveal the
number of ions with different m/z values that correspond to the original molecules, their

fragments or other species formed during the ionization process (332).

Gas Chromatography-Mass Spectrometry (GC-MS)

GC is a method of separating different types of molecules on the basis of their weight
(333). The technique consists of a liquid stationary phase adsorbed on the surface of an
inert solid column, while the mobile phase is an inert gas, such as nitrogen, helium or

hydrogen, which is passed through the column under high pressure. When a mixture of
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substances is injected at the column inlet, it is vaporized and is carried towards the
detector by the mobile carrier gas (334).

GC-MS identifies different analytes by combining the volatile separation properties
of GC based on retention time, with the mass-based fragmentation detection properties
of MS (333). This spectrometry is one of the most effective and consistent analytical
platforms for volatile (335) and low molecular weight metabolomics via various
derivatization approaches. The technique typically employs electron impact (EI) and
chemical ionization approaches (333). High reproducibility of retention time and mass
spectra, improved molecular ion and increased sensitivity, especially for difficult
analytes, are the main advantages of GC-MS (333, 336). Results are usually expressed in

mass units (333).
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III. OBJECTIVES

As shown, erythrodiol and squalene are supposed to play important biological actions
in vivo. To characterize in further detail using hepatic transcriptomic changes, the

following objectives have been established:

1. Analyze the long-term administration of erythrodiol on hepatic transcriptome
through RNA sequencing approach. Establish the influence of sex, dose and

genetic background.

2. To assess the effect of squalene on the hepatic transcriptome through RNA
sequencing in male New Zealand rabbits. Verify the impact of post squalene

metabolites on the gene expression changes.

3. To evaluate the effect of squalene on the hepatic transcriptome by using RNA
sequencing in two groups of male Large White x Landrace pigs developing

nonalcoholic steatohepatitis.
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III. OBJETIVOS

Como se ha mostrado, el eritrodiol y el escualeno pueden desempenar importantes
acciones bioldgicas in vivo. Para caracterizar con mayor detalle mediante los cambios

transcriptémicos hepaticos implicados, se han establecido los siguientes objetivos:

1. Analizar la administracion a largo plazo de eritrodiol en el transcriptoma
hepatico mediante la secuenciacion del ARN. Establecer la influencia del sexo, la

dosis y el fondo genético.

2. Evaluar el efecto del escualeno sobre el transcriptoma hepatico a través de la
secuenciacion de ARN en conejos machos de Nueva Zelanda. Verificar el
impacto de los metabolitos post escualeno sobre los cambios en la expresion

génica.
3. Evaluar el efecto del escualeno sobre el transcriptoma hepatico mediante

secuenciaciéon de ARN en dos grupos de cerdos machos Large White x Landrace

que desarrollaron esteatohepatitis no alcohdlica.
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IV. MATERIALS AND METHODS

i.  Biological Samples

1. In Vivo Experiments

& In vivo experiments used in this thesis were carried out in accordance with the
Guidelines for Laboratory Animals (European Union Directive 2010/63) for the
protection of animals used for scientific purposes and the ARRIVE guidelines.

& The study protocols were approved by the Animal Research Ethics Committee
of the University of Zaragoza (PI43/15, 9 October 2015 and PI35/18, 4 October
2018).

I. Animal Models

& The Apoe- and Apoal- deficient mouse strains were 2-month-old, C57BL/6]
genetic background, both bred at the Centro de Investigacion Biomédica de
Aragén. Apoe-KO mice were obtained from Charles River Laboratories
(Barcelona, Spain) and Apoal-deficient mice were obtained from Dr Nobuyo
Maeda, University of North Carolina at Chapel Hill.

# o6-month-old New Zealand White rabbits, wild type, were obtained from the
Animal Research Support Service (University of Zaragoza).

& Large White x Landrace pigs were produced by artificial insemination at the
Cooperativa Ganadera de Caspe (Zaragoza, Spain) and transferred to the
facilities of the Servicio General de Apoyo a la Investigacion, Division de

Experimentacion Animal, Facultad de Veterinaria, Universidad de Zaragoza.

II.  Experiment Design

2

<% Mice

The mice were housed in sterile filter-top cages in rooms with a controlled 12-hour
light/12-hour dark and a controlled microclimate, with a minimum temperature of 20 °C
and a maximum temperature of 23 °C, a minimum humidity of 50% and a maximum

humidity of 60%. They had ad libitum access to food and water. The diets tested were
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well tolerated. Fresh diets were prepared weekly, stored in an N2 atmosphere at -20 °C

and replaced daily.

Quality Control Management

Blood samples taken from the facial vein 4 hours after fasting were used to establish
experimental groups with similar baseline plasma Chol levels. This was used as a rapid
quality control for mouse identification. In this sense, Apoe-deficient mice were
hypercholesterolemic and their plasma levels should be higher than 5 + 1 mmol/l
compared to 2.9 + 0.5 mmol/l for the wild type (337). In the case of Apoal-deficient mice
and due to their hypocholesterolemia, they should have values of 0.8 + 0.4 mmol/I (338).
Any mouse that did not have these values was genotyped and excluded if not correctly
identified (339). The absence of hepatic expression of Apoe and Apoal in the
corresponding mice was also verified by analyzing their presence or absence by RT-PCR.
Animals with liver dysfunction as determined by histological analysis (cirrhosis,

necrosis, hepatitis, etc.) were excluded.

Effect of Dietary 10 mg/kg Erythrodiol in a Western Diet on Apoe- and Apoal-
Deficient Mice

4 groups of Apoe-deficient mice were established: female (n =12) and male (n =14) control
groups received a purified Western diet containing 0.15% Chol and 20% refined palm oil
(Gustav Heess, S.L., Barcelona, Spain), and the other two groups, female (n =13) and
male (n=15), received the same diet supplemented with 0.01% erythrodiol
(Extrasynthese, Genay, France). At a daily intake of 3 g per mouse, this corresponds to a
dose of 10 mg/kg per mouse. This dose was chosen on the basis of that previously used
for oleanolic acid (340), which did not alter body weight while inducing liver gene
expression. The animals were fed the experimental diets for 12 weeks. In Apoal-deficient
mice, the intervention lasted 4 weeks and included female (n =9) and male (n =14) control

groups and female (n =9) and male (n =15) erythrodiol groups.

Effect of Different Doses of Erythrodiol in Western Diets on Male Apoe-Deficient
Mice

4 groups were established. The control group (n =17) received the Western diet and 3

groups received the same diet formulated to provide doses of 0.5 (n=16), 1 (n=17) and
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5 mg/kg erythrodiol (n =17). These doses, corrected for the metabolic rate of the mice,

would correspond to the amount of erythrodiol ingested by humans consuming extra

virgin olive oil or olive-pomace oil. The animals were fed the experimental diets for 12

weeks.

Diet Composition of Purified diets

Percentage of total diet content:
Chol 0.15%
Fat (soybean & palm oil): 20.0%
Soybean oil 4%
Corn starch 46.57%
Casein 14%
Maltodextrin 15.5%
Sucrose 10%
Vitacel 5%
Minerals mix 3.5%
Multivitamins 1%
Choline 0.25%
Cystine 0.18%
FAs
Caprylic acid (C8:0) 0.01%
Capric acid (C10:0) 0.01%
Lauric acid (C12:0) 0.15%
Myristic acid (C14:0) 0.85%
Palmitic acid (C16:0) 38.5%
Palmitoleic acid (C16:1) 0.16%
Stearic acid (C18:0) 4.4%
Oleic acid (C18:1) 38.1%
Linoleic acid (C18:2 né6) 15.5%
Linolenic acid (C18:3 n3) 1.1%
Arachidic acid (C20:0) 0.6%
Gadoleic acid (C20:1) 0.22%
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Somatometric Analyses

Body mass, diets consumption and survival rates were monitored throughout the
experiment on weekly basis. At the end of the experiment, after a 4-hour fast, the mice
were euthanized by CO:inhalation and the livers were removed and weighed. An
aliquot was stored in neutral formaldehyde and the remaining organ was frozen in

liquid nitrogen. Plasma samples were stored at -80 °C.
< Rabbits

Rabbits were housed in individual cages in rooms with a controlled 12-hour light/12-
hour dark cycle with a controlled microclimate. They had ad libitum access to food and
water. The diets were well tolerated. Fresh diets were prepared weekly, stored in an N2

atmosphere at -20 °C and replaced every 2 days.

Quality Control Management

Animals with body weight of 1485 + 201 g were used in the experiment. Blood
samples were collected through the lateral ear vein. Animals with liver dysfunction were

excluded as mentioned before.

Effect of 0.5% Squalene in a Control Diet Enriched with 1% Sunflower Oil

Animals were divided into two groups, the first receiving a control regular diet
supplemented with 1% sunflower oil (n=5) and the second receiving the diet
supplemented with 1% sunflower oil and 0.5% squalene (Sigma-Merck, Darmstadt,
Germany) (n=5). 1% sunflower oil was used to dissolve the squalene and was found to
incorporate perfectly into the diet. The initial body weights of the control and
experimental groups were 1560 + 201 g and 1410 + 203 g, respectively. Taking into
account food consumption and body weight, the squalene dose was equivalent to 0.6

mg/kg/day (341). The animals were fed the experimental diets for 4 weeks.

Control Diet Composition

59



Materials and Methods

Amounts of total diet content:

Proteins 15.9%
Total oils and fats 3.62%
(Sunflower and olive)

Ash 7.36%
Fibers 18.6%
Calcium 0.9%
Phosphorus 0.6%
Sodium 0.2%
Lignin 0.68%
Methionine 0.28%
Vitamin A 7,934 UD kg
Vitamin D 1,014 UD kg
Vitamin E 20 ppm
Iodine 0.5 ppm
Cobalt 3.24 ppm
Copper 13 ppm
Magnesium 15 ppm
Zinc 49 ppm
Selenium 0.10 ppm
Lysine monohydrochloride 0.05%
Ethoxyquin 124 ppm
FAs

Myristic acid (C14:0) 0.1%
Palmitic acid (C16:0) 6.4%
Palmitoleic acid (C16:1) 0.1%
Heptadecanoic acid (C17:0) <0.05%
Stearic acid (C18:0) 3.9%
Oleic acid (C18:1) 23.6%
Linoleic acid (C18:2) 64.2%
Linolenic acid (C18:3) 0.1%
Arachidonic acid (C20:0) 0.3%
Eicosenoic acid (C20:1) 0.2%
Behenic acid (C22:1) 0.7%
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Lignoceric acid (C24:0) 0.3%

Somatometric Analyses

Body mass, food consumption and survival rates were checked every 2 days. After
the dietary intervention, the rabbits were fasted for 18 hours. Time was selected
according to previous studies carried on these animals (341). Then they were weighed
and euthanized by cervical dislocation, and the livers were collected. An aliquot of each
sample was stored in neutral formaldehyde and the remainder immediately frozen in

liquid nitrogen. Plasma samples were stored at -80 °C.

< Pigs

Pigs were housed in the facilities of the Animal Experimentation Unit of the General
Research Support, of the University of Zaragoza. They had ad libitum access to food and
water. The diets were well tolerated. Fresh diets were prepared monthly, stored in an N2

atmosphere at -20 °C and replaced on weekly bases.

Quality Control Management

To establish the study groups, fasting blood samples were collected and animals were
assigned to groups so that all had similar basal plasma Chol levels. Biopsies were taken
under Propofol® (B/Braun-Vetcare, Rubi, Barcelona, Spain) induced and maintained

anesthesia. Animals with liver dysfunction were excluded as mentioned before.

The Effect of 0.5% Squalene in a Steatotic Diet on the Progression of NASH

The experimental animals used were 24 male Large White x Landrace pigs. The pigs,
weighing 38 + 2.8 kg, were fed a steatotic diet, high in cholate, Chol, fructose and
saturated fat and low in methionine and choline. The diet was prepared by the
Veterinary Unit of the University of Zaragoza, and pigs were fed for one month (279).
They were then biopsied and divided into two groups with equal hepatic TG and Chol
levels. The first group (n = 12) was fed the steatotic diet and the second group (n = 12)
was fed the same diet enriched with 0.5% squalene. Both groups continued on their diets

for a further month. Taking into account the amount consumed and body weight, the

61



Materials and Methods

dose was equivalent to 135 mg/kg of squalene per animal per day. Squalene was

purchased from the Molekula Group (Darlington, UK).

Steatotic Diet Composition

Percentage of total diet content:
Chol 2%
Proteins 8.5%
Fibers 10%
CHO 53.2%
Sugars 33.4 %
Minerals mix 2.2%
Vitamins 0.4%
Choline 0.016%
Methionine 0.1%
Sodium cholate 0.5%
Fat: hydrogenated palm &
sunflower oil 25.7%
FAs
Caprylic acid (C8:0) 0.1%
Capric acid (C10:0) 0.04%
Lauric acid (C12:0) 0.5%
Myristic acid (C14:0) 1.0%
Palmitic acid (C16:0) 39.0%
Palmitoleic acid (C16:1) 0.2%
Stearic acid (C18:0) 8.7%
Oleic acid (C18:1) 32.7%
Linoleic acid (C18:2 n6) 12.6%
Linolenic acid (C18:3 n3) 0.1%
Arachidic acid (C20:0) 0.4%
Gadoleic acid (C20:1) 0.14%

Somatometric Analyses
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Body weight, dietary consumption and survival were recorded on weekly basis. Liver

and plasma samples were collected at the beginning and end of the experiments after an

overnight fast. At termination, all pigs were euthanized with an overdose of propofol

(B/Braun-Vetcare, Rubi, Barcelona, Spain). Liver biopsies were obtained by laparotomy.

An aliquot of all liver samples was stored in neutral formaldehyde and the remainder

were immediately frozen in liquid nitrogen. Plasma samples were stored at -80 °C.

2.

In Vitro Assays

Both AML12 and HEPG2 cell lines were obtained from the ATCC collection (Manassas,

VA, USA).

7
L

I. Cell Culture Conditions

Preparing Strict Aseptic Environment

Working area: All procedures were performed under laminar hood.

Equipment and materials: To prevent microbial growth in the cell culture, all
media, reagents and supplements were sterile; if not supplied sterile, filter
sterilization was required. Pipette tips were purchased pre-autoclaved and
DNA/RNA free and glass items used (Pasteur pipettes, flasks and bottles) were
autoclaved before use.

Handling procedures: Exposure of the cell culture to air was minimized. All
surfaces were pre-sprayed with 70% ethanol prior to use. Pouring of media and
reagents directly from bottles and flasks was avoided. Liquid waste and tips were
discarded into a waste pot containing approximately 100 ml of 10% sodium
hypochlorite, into which liquid waste and tips were carefully disposed of to

prevent dripping and minimize the risk of contamination.

Growth and Maintenance of the Cell Lines

Fresh culture media components and reagents used were warmed in a 37 °C
water bath for at least 30 minutes.

Cells were maintained at 37 °C in a humidified atmosphere of 95% air and 5%
COn.

Culture media changes were every 2-3 days.
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# Hepatic cell lines were grown on T25 flasks with a vented cap without the need

for a specific matrix. This flask has a surface area of 25 cm? and is optimal for

seeding a density of 0.7 x 10° cells in a final volume of 5 ml. The average yield

was approximately 2.5 x 10 cells. A 1:10 split (0.07 x 10° cells) was 90-100%

confluent in 4-5 days.

& The experiments were performed in 6-well plates with a surface area of 9.6 cm?

per well. The seeding density was 0.3 x 10¢ cells per well and the average yield

was 1.2 x 106 cells.

IL.

Hepatocytes Cell Lines

<% AML12 Cell Line Growth Medium

Reagents

1:1 Dulbecco’s modified Eagle’s minimum essential medium (DMEM) with
glucose (4.5 g/l) (Thermo Fisher Scientific) and F12-Ham’s medium with 1
mM L-glutamine (GE Healthcare Life Science)

10% fetal bovine serum (FBS) (Thermo Fisher Scientific)

1:500 insulin-transferrin-selenium (Corning, Bedford)

40 ng/ml dexamethasone (Sigma-Aldrich; Merck Millipore)

1% non-essential amino acids (Thermo Fisher Scientific)

100 U/ml penicillin (Thermo Fisher Scientific)

100 pg/ml streptomycin (Thermo Fisher Scientific)

2.5 pg/ml amphotericin B (Thermo Fisher Scientific)

< HEPG2 Cell Line Growth Medium

Reagents

DMEM (4.5 g/1) (Thermo Fisher Scientific)

10% FBS (Thermo Fisher Scientific)

2% of 4 mM glutamine (Thermo Fisher Scientific)

1% of 100 mM sodium pyruvate (Thermo Fisher Scientific)
1% non-essential amino acids (Thermo Fisher Scientific)

100 U/ml penicillin (Thermo Fisher Scientitic)

64



Materials and Methods

III.

100 pg/ml streptomycin (Thermo Fisher Scientific)

2.5 pg/ml amphotericin B (Thermo Fisher Scientific)

Observing Cells

Optical microscopy was used to monitor cell viability, growth and contamination

every 2-3 days:

& Healthy hepatocytes were typically found adherent to the bottom of the flask

IV.

and had a bright and translucent appearance with a spherical, cuboidal or
polygonal shape and a well-contrasted border.
Damaged hepatocytes, on the other hand, formed dark, small, shrunken,

round detached blebs in the plasma membrane.

Subculture by Trypsinization

When cells reached 90-100% of confluence, they were sub-cultured to 6 well plates.

Reagents

Phosphate buffered saline (PBS) (1 x):
PBS (10 x) (Thermo Fisher Scientific)

Fresh autoclaved distilled water

Trypsin (1 x):

7.7 ml of 10 mM ethylenediaminetetraacetic acid (EDTA) (372 mg in 100 ml)
filtered through sterile Millex® PVDF syringe filters (pore size 0.22 um,
diameter 33 mm, sterile, hydrophilic) (Sigma Aldrich, Merk Milipore).

5.5 ml of PBS (10 x) (Thermo Fisher Scientific).

7.7 ml of 2.5% trypsin, 10 x (Thermo Fisher Scientific).

56.1 ml fresh autoclaved distilled water.

The cells were washed twice with 3 ml PBS (1 x).

1.5 ml of 1 x trypsin solution was added to the flask. It took almost 5 minutes
at 37 °C with gentle agitation for the cells to detach.

Once detached, the cells were homogenized in 5 ml of culture medium (FBS

inactivates trypsin) and centrifuged at 300 g for 5 minutes.
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# The culture medium was then removed by aspiration and the cell sediment
was homogenized with fresh culture medium.

& The cell suspension was diluted (approximately 0.1 x 10¢ cells per well). The
required volume of cells was aspirated into a 6-well plate with a final volume

of 3 ml. It took approximately 4-5 days to reach 90-100% confluence.

V.  Cell Freezing

Reagents
e Dimethyl sulfoxide (DMSO) (Sigma Aldrich; Merck Millipore)
e Fresh cell culture medium

& Steps were similar to those for trypsinisation.

& The cell pellet (with a maximum concentration of 2.5 x 10¢ cells) was
resuspended in 1 ml of media to which very cold 10% DMSO was added drop
by drop.

& The mixture was stored in freezing 2 ml microtubes and progressively frozen at
-80 °C in an isopropanol container (5100 Cryo 1 °C freezing container, Mr

Frosty).

& The vials were then stored in nitrogen liquid until needed.

VI.  Cell Thawing

& Tubes of frozen cells were removed from the liquid nitrogen storage container
and the cap was slightly reduced to lower the internal pressure.

& Cells were thawed in a 37 °C water bath for 1-2 minutes.

& Cells were then resuspended at high density in T25 flask to optimize recovery
and pre-warmed growth medium was slowly added.

# The next day, two 1 x PBS washes followed by fresh growth medium were

required to remove DMSO.

VII.  The Effect of Cholesterol Precursors on Hepatic Gene Expression (AML12
Cell Lines):

Reagents
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e 200 uM squalene (Sigma-Merck) in ethanol.

e 200 nM lanosterol, 200 nM dihydrolanosterol, 200 nM zymostenol, 200 nM
desmosterol (Avanti Polar lipids, Alabaster, AL, USA) in ethanol.

e Fresh prepared culture media without FBS, insulin-transferrin-selenium or
amphotericin B

e 1xPBS

e Absolute ethanol

Protocol

L]

When the cells reached 90-100% confluence, the medium was removed and the
cells were washed twice with 1 x PBS. The cells were then starved for 48 hours
by adding medium without FBS, insulin-transferrin-selenium or amphotericin B.
Cells were washed twice with 1 x PBS and then were incubated for 6 hours with
200 pM squalene, 200 nM lanosterol, dihydrolanosterol, zymostenol or
desmosterol versus ethanol as a negative control.

Each condition was tested in 6 replicates.

Media was removed and cells were washed twice with PBS.

Total RNA was extracted using Tri-Reagent solution (Ambion).

DNA contaminants were removed by TURBO deoxyribonuclease (DNAse)
treatment using a DNA Removal kit (Ambion).

Squalene and sterol effects were investigated at the mRNA level by RT-qPCR

assays.

VIII.  The Effect of Squalene on Hepatic Gene Expression (AML12 and HEPG2

Cell Lines):

Reagents

e 0.1% polylactic-co-glycolic acid (PLGA) nanoparticles
e 30 uM squalene (Sigma-Merck) carried in 0.1% PLGA nanoparticles
e 1xPBS

e Fresh prepared culture medium without FBS and amphotericin B

Preparation of PLGA-Based Squalene-Loaded Nanoparticles

e Pluronic powder (F68) (Nanoscience Aragon)

e Ethyl acetate (99.6% ACS reagent) (Sigma-Aldrich, Merck Millipore)
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Resomer RG 503 H (PLGA-COOH, Mw 24-38 kDa) (Sigma-Aldrich; Merck
Millipore)

2.05 M squalene (Sigma-Aldrich, Merck Millipore)

Milli-Q water

Sterile 1 x PBS (Thermo Fisher Scientific)

Protocol

L)

In two sterile beakers, 50 mg of PLGA and 150 mg of Pluronic powder were
dissolved in 5 ml of ethyl acetate per beaker and then were placed in an
ultrasonic bath to complete the dissolution.

For the PLGA with squalene preparation, 50 uL of 2.05 M squalene was
added to one of the beakers.

10 ml of Milli-Q water was added to both beaker and the contents were
sonicated in an ice bath for 25 seconds at 80% amplitude.

The organic solvent was evaporated under sterile conditions for 3 hours of
rotating at 600 rpm with beakers open.

Nanoparticles were transferred to sterile Falcon tubes and centrifuged at
12,350 x g for 15 min at 10 °C and the supernatant was collected in sterile
Falcon tubes and then re-centrifuged at 15,000 x g for 15 min at 10 °C and the
supernatant was dissolved in sterile PBS in an ultrasonic bath.

20 pl of both PLGA and PLGA with squalene were saved for quantification.
Nanoparticles were aliquoted to 1 ml per Eppendorf tube and frozen at -20

°C.

Cellular Incubations

& When the cells were 90-100% confluent, the medium was removed and the cells

were washed twice with 1 x PBS. The cells were then starved by adding medium

without FBS and amphotericin B for 48 hours.

& Cells were washed twice with 1 x PBS and then were incubated for 72 hours with

30 uM squalene (Sigma-Merck) carried in 0.1% PLGA versus unloaded PLGA

nanoparticles as a negative control.

& Each condition was tested in triplicate in two experiments.
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# Media was removed and cells were washed twice with 1 x PBS and cells were
collected.

# Total RNA was extracted using Tri-Reagent Solution (Ambion).

# DNA contaminants were removed by TURBO DNAse treatment using DNA
Removal Kit (Ambion).

& Squalene effect was investigated at the mRNA level by RT-qPCR assays for target

genes.

ii.  Gene Expression Experiments

1. Good Laboratory Practices for RNA Extraction and Handling

Reagents

e RNAase free water or diethylpyrocarbonate (DEPC)-treated water. Water
treated with 0.05% (v/v) DEPC, autoclaved for 1 hour at 100 °C

e 70% Ethanol in DEPC-treated water

Practices

# Reagents used were free of ribonucleases (RNases) to prevent degradation of
RNA and interference with the analysis.

& Work surfaces, instruments and equipment were disinfected and wiped with
70% ethanol and RNaseZap™ RNase Decontamination Solution (Invitrogen).

# Sample handling equipment were cleaned between samples with 70% ethanol,
DEPC-treated water and RNaseZap™.

& Commercially available consumables such as pipette tips, PCR tubes,
microcentrifuge tubes were sterile and free of nuclease.

& All samples, including tissues, cells and extracted RNA, were kept on ice to

prevent RNA degradation.
2. Total RNA Extraction

% Extraction by Phenol-Guanidine Isothiocyanate (GITC)-Based Solution

Reagents
e Phenol- GITC-based solution. TRI Reagent (Life Technologies)

e Chloroform
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e Absolute isopropanol
e 70% Ethanol in DEPC-treated water
e RNAase free water.

e DEPC-treated water

Samples Preparation

& For liver samples, a frozen aliquot of approximately 50 mg was immediately
homogenized with 1 ml of TRI Reagent in a sterile and RNase-free ULTRA-
TURRAX® homogenizer, followed by incubation for 5 minutes at 2-8 °C for
complete degradation of nucleoproteins.

& For cell culture, cell pellet was homogenized in TRI Reagent by repeated pipetting
(Iml TRI Reagent/ 5-10 x10¢ cells), followed by incubation for 5 minutes at 2-8 °C.

Phase Separation

& 0.2 ml of chloroform was added to each ml of TRI reagent used, the samples
were shaken vigorously by inversion for 15 seconds and allowed to stand for 10-
15 minutes.

# The samples were then centrifuged at 12,000 x g for 15 minutes at a temperature
of 2-8 °C. Centrifugation separates the mixture into 3 phases: a reddish organic
phase containing protein, a whitish intermediate phase containing DNA and a
colorless upper aqueous phase containing RNA.

RNA Precipitation

& The aqueous phase was transferred to a new Eppendorf tube, to which 0.5 ml of
isopropanol was added. The mixture was then thoroughly mixed by inverting
the tube and was incubated for 10 minutes at 2-8 °C. The mixture was then
centrifuged at 12,000 x g for 10-15 minutes at same temperature.

& The RNA pellet was collected and washed with 1 ml of 75% ethanol.

& The RNA pellet was air dried or subjected to vacuum for 5-10 minutes, then
dissolved by adding the required volume of RNAse-free water, and gently
mixing by pipetting.

& Average RNA yields ranged from 6-10 mg RNA per mg tissue to 8-15 mg RNA
per 10¢ cells.
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# RNA samples were used immediately or stored frozen at -80 °C.

% Silica-Membrane Based Spin Column Technology (Quick-RNA™ Miniprep
Kit)

Reagents

¢  Quick-RNA™ Miniprep Kit (ZYMO Research):

« RNA lysis buffer

« 24 ml RNA wash buffer: 96 ml absolute ethanol

+ RNA preparation buffer

« 250 U lyophilized DNase I: 275 pl nuclease-Free Water
« DNA digestion buffer

« RNAse free water

Samples Preparation

L)

For liver samples, a frozen aliquot of approximately 50 mg was immediately
homogenized with 600 pl of RNA Lysis Solution in a sterile and RNase-free
ULTRA-TURRAX® homogenizer.

For cell culture, cell pellet was homogenized in RNA Lysis solution by repeated
pipetting (600 pl ml RNA Lysis Solution / 5 x10°-107cells).

The lysed homogenate was centrifuged at 16,000 x g for 1 minute at 2-8 °C to

remove debris and the supernatant was transferred to a new Eppendorf tube.

RNA Purification

L)

The lysed sample was transferred to a Spin-Away™ filter in a Collection Tube
and centrifuged at 16,000 x g for 1 minute at 2-8 °C to remove the DNA.

600 ul of absolute ethanol was added to the pass-through, mixed well by
pipetting and transferred to a Spin™ IIICG column filter in a Collection Tube at
16,000 x g for 1 minute at 2-8 °C.

400 ul of RNA Wash Buffer was added to the column filter and the column was
then centrifuged for 1 min at room temperature.

5 ul DNase: 75 ul DNA Digestion Buffer was added to the column filter and
allowed to stand at 20-30 °C for 15 minutes.

400 pl of RNA Preparation Buffer was added to the column filter and the column

was then centrifuged for 1 min at room temperature.
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& The filter was washed twice with 700 ul followed by 400 ul RNA Wash Buffer
and centrifuged for 1-2 minutes to remove residual ethanol.

& >50 ul of RNAase-free water was added directly to the filter and centrifuged at
2-8 °C for 1 minute.

# RNA samples were used immediately or stored frozen at -80 °C.

3. RNA Quantification

# The RNA concentration was determined using a Nanodrop ND-1000 UV/Vis
Spectrophotometer by analyzing the absorbance at 260 nm and 280 nm. The
concentration was calculated based on the Beer-Lambert law, according to the
equation: RNA concentration (ug/ml) = (optical density at 260 nm (OD260)) x
(dilution factor) x (40 ug RNA/ml) / (1 OD260 unit).

# RNA purity was assessed using the 260/280 and 260/230 ratios. Pure RNA had
a 260/280 ratio between (1.8 to 2.0. In general, a high ratio indicates a poor-
quality blank. A low 260/280 ratio is due to contamination with proteins, phenol,
guanidine. Pure RNA had a 260/230 ratio between (2.0 to 2.2). A higher ratio
indicates contamination with guanidine isothiocyanate or very diluted RNA

and a lower ratio indicates contamination with organic compounds.

4. Gel Electrophoresis

The quality of the extracted RNA was validated by size-based separation of RNA
by agarose gel electrophoresis
Reagents

e UltraPure Agarose (Thermo Fisher Scientific)

1% Tris-borate-EDTA (TBE) buffer (9 mM Tris base, 50 mM EDTA (pH 8) and

90 mM boric acid)

e DEPC-treated water

e 10 mg/ml ethidium bromide (EtBr) stock solution (Sigma Aldrich; Merck
Millipore)

¢ Nucleic acid ladder 1000 bp (Thermo Fisher Scientific)

e 6X DNA loading Dye (containing bromophenol blue and xylene cyanol FF

dyes) (Thermo Fisher Scientific)
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Gel Preparation

& 1% Agarose gel. 0.5 g of agarose in 1X TBE (50 ml) was heated to dissolution,
then cooled for a few seconds and mixed with 2-3 ul of EtBr stock solution.

# The mixture was then poured into a gel mold using combs to make wells
sufficiently large to contain at least 10 pl of samples. The gel was then allowed
to solidify.

# The gel was assembled in the tank, and then covered with 1X TBE running buffer
until to a depth of a few mms above the gel. Once the gel had solidified, the
combs were then removed.

Loading of Samples

& The wells were loaded with 1X loading dye and 500 ng of RNA.

& 5 pul of 1000 bp nucleic acid ladder was loaded into one well of each lane of the
gel.

Running the Gel

& Electrophoresis was run at 70-80 V for 20-25 minutes until the bromophenol blue

(a fast-tracking dye) had migrated two-thirds of the length of the gel.
RNA Imaging by UV Transilluminator

& The stained gel was then visualized under UV light. The different size fragments
for ribosomal RNA (rRNA) 5S, 185 and 28S are approximately 0.12, 1.9 and 5.0
kb respectively.

# Intact total RNA has sharp 28S and 18S bands and the 28S band is 2:1 more
intense than the 185 band.

& Slightly degraded RNA exhibits a smeared appearance, with a 2:1 ratio of 28S to
18S bands.

# Fully degraded RNA exhibits a very low molecular weight smeared

appearance.

5. Removal of DNA Contamination

Reagents
e TURBO DNA-free™ Ki TURBO DNA-free™ Kit (Thermo Fisher Scientific):
« TURBO DNase™ Enzyme (2 units/ul)
o 10 x TURBO DNase™ Buffer
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« DNase Inactivation Reagent

« RNase-free water

Protocol

& If the RNA samples contained > 200 pg of RNA, they were diluted to <200 pg
before use (Up to 50 ug DNA/mI RNA).

& Ina0.5mltube, 5 ul of 10 x TURBO DNase™ Buffer and 1 ul of TURBO DNase™
Enzyme were gently mixed with 10 ug of RNA in a 50 ul reaction volume and
incubated at 37° C for 20-30 minutes.

# DNase Inactivation Reagent was resuspended by vortexing and 5 ul was added
to the previous mixture and mixed well to be then incubated for 5 minutes at
ambient temperature, with flicking 2-3 times to keep the DNase Inactivation
Reagent suspended.

# The tubes were centrifuged at 10,000 x g for 1.5 minutes and the supernatant
containing the RNA was transferred to another tube.

& The concentration, purity and integrity of the cleaned RNA sample were
reassessed.

6. RNA Sequencing
Library construction and sequencing (RNA-seq) was carried out by BGI service
(Shenzhen, China)

I.  Experiment Workflow
< Assessment of Total RNA Quality and Integrity (Agilent 2100 Bio analyzer).
Reagents
e Agilent RNA 6000 Nano Kit (Agilent Technologies)
Concept

# The RNA integrity number (RIN) algorithm produces an
electropherogram of the length (peak intensity) of RNA subunits (28S,
and 18S) over time. If the RNA is highly intact, the RIN value will be
between 8 and 10. For moderately intact RNA with some degradation, the
RIN value is between 6 and 8. Highly degraded RNA is typically

associated with RIN values between 1 and 5.
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The 28S/18S ratio measures the relative abundance of the two subunits.
The ideal ratio is 2:1.
The fragment length distribution provides information about the size and

abundance of each rRNA subunit.

% Library Construction

L]

mRNA enrichment: poly-A-containing mRNA was purified using poly-
T oligo-attached magnetic beads.

RNA fragmentation: mRNA was fragmented into small pieces using
divalent cations at elevated temperatures.

Reverse transcription: cleaved RNA fragments were copied into first-
strand cDNA using reverse transcriptase and random primers, followed
by second-strand cDNA synthesis using DNA polymerase I (Pol I) and
RNase H.

End repair: by filling in the sticky ends of any single strand fragment.
3'Adenylation (A tailing): by adding a single adenine ('A’) base at the 3'
end.

Adaptor ligation: adaptors containing a single thymine ('T") were ligated
to the ends of these 3' adenylated cDNA fragments.

PCR amplification: multiple rounds of PCR amplification were
performed to enrich the purified cDNA template.

Cyclization: the PCR product was denatured by heating and the DNA
was cyclized using splint oligo and DNA ligase.

The PCR product was quantified using the Qubit Fluorometer and then
pooled to form a single-stranded DNA (ssDNA) circle, which gave the
final library.

Synthesis of DNA nanoballs (DNBs): DNBs were generated from the
ssDNA circle by Rolling Circle Replication (RCR) to enhance fluorescence
signals during sequencing.

Sequencing on the DNBSEQ platform: DNBs were loaded onto the
patterned nanoarrays and pair-end reads of 100 bp were read on the

DNBseq platform.
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II.

Bioinformatics Workflow

L)

Reads filtering: Sequencing reads containing low quality reads, reads
with adapters and reads with unknown (N) bases were removed to obtain
the clean reads, which were stored in FASTQ format (342).

Genome mapping: Clean reads were mapped to the reference genome
(Mus musculus, GRCm39) (Oryctolagus cuniculus GCA_000003625.1) (Sus
scrofall.l (GCA_000003025.6)) using hierarchical indexing for spliced
alignment of transcripts (HISAT2) (343). Bam files were used for the
genome mapping result.

Prediction of novel transcripts: Transcripts were reconstructed using
StringTie (344) and the reconstructed transcripts were compared to the
reference annotation using Cuffcompare (CPC) (345). CPC was used to
predict the coding potential of novel transcripts, followed by merging
coded novel transcripts with reference transcripts to obtain a complete
reference.

SNP and INDEL detection: GATK (346) was used to call SNP and INDEL
and the unreliable sites were filtered.

Detection of differentially spliced genes (DSGs): After genome
mapping, rMATS (347) was used to detect DSGs between samples. DSGs
were regulated by alternative splicing events, including skipped exon
(SE), alternative 5' splicing site (A5SS), alternative 3' splicing site (A3SS),
mutually exclusive exon (MXE) and retained intron (RI), which allow the
production of multiple isoforms of a single gene. False discovery rate
(FDR) <0.05 was defined as a significant difference.

Gene expression analysis: After novel transcript detection, transcripts
were merged with reference transcripts to obtain a complete reference,
then clean reads were mapped using Bowtie2 (348), then gene expression
levels were calculated for each sample using RSEM (349).

The complete databases have been deposited in the Gene Expression

Omnibus (GEO) database (GSE155163), (GSE191236) and (GSE214732).
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# Gene ontology (GO) classification and functional enrichment of
DEGs: GO included the molecular biological function, the cellular
component and the biological process. Significant enrichment was

defined as FDR <0.01.

7. Reverse Transcription

e PrimeScript™ reverse transcription (RT) Reagent Kit: (Components per
sample in a 10 ul volume reaction)
o 2 ul of 5 x PrimeScript Buffer containing deoxynucleotide triphosphates
(dNTPs) and Mg?*
o 0.5 pl PrimeScript RT and RNase Inhibitor
e 0.5ul50 uM Oligo dT Primer
e 0.5pul 100 pM Random 6 mers
« Nuclease Free water
Protocol
# The above reaction mixture was prepared on ice.
# 10% extra volume was prepared to allow for pipetting errors.
& Approximately 500 ng RNA/10 ul reaction was gently mixed with the premix

and then was incubated in a thermal cycler as follows:

Step Temperature | Time

RT 37 °C 15 minutes
RT inactivation 85°C 5 second
Hold 4°C

8. Good Laboratory Practices for PCR Work

& Reagents used were free of DNase, which can degrade DNA and interfere with
the analysis.
& Work surfaces, instruments and equipment were disinfected and wiped with

70% ethanol.

77



Materials and Methods

& DNA-OFF was used to eliminate DNA from work surfaces, instruments, and
equipment. DNA contamination in PCR work area can cause DNA amplification
artifacts.

# Consumables used were sterile and nuclease-free, e.g., pipettor tips, PCR tubes,
microcentrifuge tubes.

& When working with SYBR Green, light exposure was minimized before and
during the reaction to ensure accurate results. This is because SYBR Green is a

fluorescent dye that intercalates between DNA bases.

9. Primer Design and Optimization

& For primers design, the RNA transcript sequence was selected to have an exon-
to-exon spanning region of 70-300 bp in length, the primer length was 18-24
bases, the GC content was 40-60% and the difference in melting temperature (Tm)
between forward and reverse primers was + 5 °C.

& Primers were designed using NCBI. Gene specificity and full variant coverage
were checked using basic local alignment search tool (BLAST) (NCBI), Kyoto
encyclopedia of genes and genomes (KEGG) and Ensemble genome browser.
(Tables 1,2,3).

# On completion of RT, a pool of cDNA samples was prepared and serial dilutions
(1:2, 1:4, 1:8, 1:16, 1:32, 1:64) were performed to generate a standard curve for
primer optimization. The cDNA dilution factor for each primer was chosen to
give Ct values between 24 and 29 in response to the standard curve of the pool
serial dilution. Primer efficiency should be in the range of 90-110%. The
characteristics of the primers used in RT-quantitative PCR (qPCR) were in
accordance with the minimum information for publication of quantitative real-

time PCR experiments (MIQE) guidelines (350).

10. Real-Time Quantitative PCR

Reagents
e Half volume of (2X) Power Up™ SYBR™ Green Master Mix (Thermo Fisher

Scientific)
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e Forward and reverse primers (amount depends on primer optimization in
the range (0.05-0.2 uM))

e Fresh autoclaved distilled water

e 96-well reaction optical plates (Thermo Fisher Scientific)

e 384-well reaction optical plates (Thermo Fisher Scientific)

Assay

& Each qPCR reaction was run in duplicate.

# To detect contamination, the non-template control was run in duplicate.

# The reaction mixture was prepared on ice.

& An additional 10% volume has been prepared to allow for pipetting errors.

& For 96-well reaction plate: 2 ul cDNA and 18 ul premix were added per well

& For 384-well reaction plate 1 ul cDNA and 9 ul premix were added per well

& Plate was sealed with optical adhesive cover.

& Components were mixed thoroughly and the plate was spined down to eliminate
air bubbles.

& The real-time instruments used were the Step One Plus Real-Time PCR System

for 96-well plates and the ViiA7 Real-Time PCR System for 384-well plates.

& The plate was loaded into the real-time PCR instrument using the following
programs:
Conditions for thermal cycling
Step Temperature | Time N of cycles
Uracil-DNA glycosylase activation 50 °C 2 minutes 1
DNA polymerase activation 95 °C 10 minutes 1
Denaturation 95 °C 15 seconds 40
Annealing 60 °C 1 minute
Melting curve conditions

Ramp rate Temperature | Time

1.6 °C/second 95 °C 15 seconds

1.6 °C/second 60 °C 1 minute

0.15 °C/second 95 °C 15 seconds
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& The SYBR Green, once bound to the minor groove of the DNA double helix, emits
a fluorescent signal at 520 nm when excited at 497 nm. The intensity of the
emitted fluorescence is proportional to the number of copies of the amplicon.

# Ct values for amplification curves were calculated using the qPCR instrument
software. Non-specific amplification was defined using dissociation curves.

& Relative quantification was calculated using the comparative Ct method (224
method), which compares the Ct values of target and reference genes between
different samples.

# Relative expression values were normalized by dividing their values by the
average relative expression of the control group.

& Reference genes were selected as those whose expression does not change under
different study conditions, including Ppib and Tbp for mice, Ppib for the AML12
cell line, GAPDH for the HEPG2 cell line, PPIB and GAPDH for rabbits and
UBA5?2 for pigs.

iii.  Histological Examination of the Liver

1. Preparation of liver tissue blocks

Reagents
e 10% paraformaldehyde in PBS (40 g paraformaldehyde powder was
dissolved in 800 mL pre-warmed 1 x PBS, 1 N NaOH was added drop by
drop until the solution was clear. The solution was cooled, filtered and made
up to 1 L with 1 x PBS.
e Absolute ethanol
e Paraffin
e Distilled water
e Tissue Cassettes
Protocol
+ Histological analysis was performed on liver samples from all animals.
+ Fixation to preserve morphology and chemical composition of cells and tissues:

Immediately after obtaining the samples, they were fixed in 10%
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paraformaldehyde for 1-4 days, depending on the size of the piece, to avoid
autolysis. The volume of fixative was twenty times that of the fixed sample.

& Sections no thicker than 1 cm were cut with a scalpel blade and placed in
cassettes. Sections were washed in running water for 30 minutes.

# Using an automated tissue processor, samples were embedded in liquid paraffin,
with a melting point of 56 °C, which was then solidified. This process included:

+» Samples were dehydrated gradually with increasing concentration of ethanol
(40%, 50%, etc.) until 100% was reached. For at least 1 hour each time.

# Alcohol clearance was achieved by immersing the samples in 1:1 ethanol: xylene
for 1 hour followed by 2 hours of xylene twice.

+ The samples were transferred to the liquid paraffin, which gradually replaced
the bleaching agent and filled all intra- and extracellular spaces.

+ After removal from the processor, the samples were placed in a paraffin station
(57-60 °C) for approximately 3 hours to allow complete paraffin infiltration of the

tissue sections.

2. Deparaffinization of Liver Tissue Sections

Reagents
e Xylene
e Absolute ethanol
e Distilled water
e Slides and coverslips
Protocol
& Paraffin-embedded blocks were placed on ice before prior to sectioning, which
allowed thinner sections to be obtained. The microtome was used to trim 10-30
um to expose the tissue surface, then sections of approximately 4-5 um thickness
were cut, with the first section discarded due to holes created during trimming.
& Sections were removed with tweezers, softened and flattened out in a 37 °C
water bath and then cut into individual sections.
& After dehydration, the sections were placed on numbered slides, which had

previously been coated with Mayer albumin.
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Slides were stored upright in a slide rack which was then placed in an oven and
sections dried at 37 °C overnight or 60 °C for 30 minutes to evaporate water.
Specimens were prepared for deparaffinization, hydration and staining with the
stain of interest.

Sections were washed twice for 10 minutes in a xylene bath.

Sections were hydrated twice in absolute ethanol followed by 95%, 90%, 85%,
70%, 50% and 30% ethanol. Each step was carried out for 3 minutes at room
temperature.

Sections were washed twice in running distilled water for 5 minutes.

Slides were then ready for further processing such as staining.

After staining, very clean coverslips, with a drop of mounting medium on each
were placed on the section to prevent the formation of air bubbles. The most
commonly used mounting medium is balsam of Canada. The balsam was

allowed to dry and the specimen can now be viewed under the microscope.

Hematoxylin and Eosin Staining

This staining (H&E) staining was used to quantify LDs in the liver of the animal models

in all experiments and to estimate the activity index and SAF score of NASH in porcine

samples.

Reagents

Hematoxylin stain (0.5 g hematoxylin, 0.1 g potassium iodate, 25 g potassium
alum (Aluminum potassium sulfate may also be used), 100 ml glycerol, 400 ml
distilled water). Potassium alum was dissolved in 200 ml of boiled distilled
water, followed by haematoxylin and stirred until dissolved. Potassium iodate
and the remaining water were added to the mixture. Finally, glycerol was added
and the mixture was allowed to cool.

Eosin stain (1% eosin in distilled water)

Protocol

& Deparaffined sections attached to slides were placed in a metal staining rack.
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4.

These slides were immersed in filtered haematoxylin stain for 15 minutes,
followed by a low flow of distilled water for 10 minutes to remove excess
haematoxylin.

Slides were then immersed in a rack of filtered eosin stain for approximately 15
seconds and then washed in running water as above.

Slides dehydrated by rapid immersion in 96% ethanol, absolute ethanol, then
cleared by rapid immersion in xylene. Twice for each step.

Stained slides were observed using a Nikon light microscope (Eclipse E200) and
were photographed with a Nikon digital camera (DS-Fil) attached to the

microscope.

LD Area

Protocol

L)

Using these photographs, LDs were selected from the toolbar of Adobe
Photoshop CS3 (Adobe Inc., San Jose, CA, USA) and their areas were measured.
The percentage of LDs was calculated by dividing the total area of the selected

droplets by the total area of the liver section and then multiplying by 100%.

NASH Activity Index and SAF Score

Steatosis was based on the percentage of hepatocytes containing large and
medium-sized lipid droplets, using a scale of 0 to 3 (0: < 5%; 1: 5-33%; 2: 34-66%
and 3: > 67%).

Ballooning was graded on a scale of 0 to 2 (0: normal hepatocytes; 1: groups of
rounded hepatocytes with pale cytoplasm and size similar to normal
hepatocytes; and 2: as grade 1, but with at least one enlarged ballooned
hepatocyte (2 times the size of normal cells within a group of grade 1
hepatocytes)).

The inflammatory response was assessed by counting the number of
inflammatory foci (= 2 cells per lobule) at 20 x magnification. Inflammation was
scored as 0 for none, 1 for less than 2 foci per lobule and 2 for at least 2 foci per
lobule.

Activity score is the sum of the ballooning and lobular inflammation grades.
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# Fibrosis was graded on a scale of 0 to 4 based on the location and number of

fibers present. Grade 0 indicates the absence of fibrosis, grade 1 indicates the

presence of fibrosis confined to the perisinusoidal or periportal regions, grade 2

indicates the presence of perisinusoidal and periportal fibrosis without flange,

grade 3 indicates the presence of flanged fibrosis and grade 4 indicates the

presence of cirrhosis.

The Steatosis Activity Fibrosis (SAF) score is the sum of the steatosis, activity

and fibrosis scores.

6. Masson's Trichrome Stain

The stain was used to quantify the area in the liver where collagen fibers were stained

dark blue.

Reagents

Wiegert haematoxylin stain (1:1 of A and B):

A:1 g of haematoxylin in 1 ml of 96% ethanol

B: 4 ml of 29% ferric chloride, 1 ml hydrochloric acid and 95 ml distilled water

1% fuchsin

5% phosphotungstic acid

1% aniline blue

1% acetic acid (10 g of glacial acetic acid in 1000 ml water)

e Distilled water
Protocol

& Slides with sections were placed in a metal staining rack.

# Slides were immersed in filtered Wiegert haematoxylin for 5 minutes,
followed by a low flow of distilled water for 10 minutes.

& Slides were dipped in 1% fuchsin for 15 minutes and washed in 1% acetic
acid solution for 5 minutes.

# Slides were immersed in 5% phosphotungstic acid for 5 minutes and then in
1% acetic acid solution for a further 5 minutes.

& Sections were immersed in 1% aniline blue for 30 seconds to 1 minute and
washed again with 1% acetic acid as before.

# Finally, the sections were dehydrated.
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# Stained slides were viewed using a Nikon light microscope as for H&E.

iv.  Enzyme-Based Hepatic Lipid Assays

Reagents

1% PBS buffer (pH 7.4) (136 mM NaCl, 0.2 g/l KCl, 1.44 g/l Na2HPOs and 0.24
g/l KH2POs and autoclaved distilled water)

2:1 Chloroform: Methanol solvent

Infinity™ Cholesterol Liquid Stable Reagent (Thermo Fisher Scientific)

Infinity™ Triglycerides Liquid Stable Reagent (Thermo Fisher Scientific)

1. Lipids Extraction

Protocol

& A frozen aliquot of approximately 20 mg was weighed and then

homogenised in 1 ml PBS using a potter's homogeniser until complete
disintegration of the tissue and then transferred to a glass tube.

Lipid extraction: 3 ml of 2:1 chloroform: methanol solvent was mixed with
lysate and then was centrifuged at 500 g for 5 minutes according to Folch's
method (351).

After centrifugation, the lower organic phase containing solubilized lipids,
was collected with sterile Pasteur pipette and then transferred to a glass tube.
This extraction procedure was repeated with 1.5 ml of the chloroform:
methanol mixture and centrifuged as before, with the remaining organic
phase collected and added to the previous extraction from the previous
centrifugation.

The chloroform was evaporated in a bath at 50 °C under a nitrogen stream to
prevent oxidation of the lipids, which were then dissolved in 200 ul of
isopropanol.

The extracted lipids were available for the determination of TG and Chol

levels.

2. Cholesterol Quantification
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# The protocol used was based on enzymatic reactions involved in the
conversion of cholesterol to a coloured quinone with a maximum absorbance
of 550 nm.

# Enzymatic reaction used to assay Chol:

Cholesterol esterase  hol + FA
(CE)

Cholesterol esters

Chol + O, Cholesterol oxidase, Cholest-4-en-3-one + H,0,
(CO)

2H,0, + Hydroxybenzoic acid + 4-aminoantipyrine Peroxidase = Quinoneimine dye + 4H,O
(HBA) (4-AAP) (PO)

# Each unknown and control sample was run in duplicate.

& For quality control, Chol calibrator with a concentration of 200 mg/dl was
included, in addition to a sample without Chol as a negative control.

& 2 ul of each sample was incubated with 100 pl of Chol reagent for 30 minutes
at room temperature.

& Absorbance at 510 nm was performed using the SPECTRO star Nano
Microplate Reader (BMG Labtech).

# Background was corrected by subtracting the values obtained from the

negative control.

3. Triglyceride Quantification

# Protocol and absorbance reading conditions were the same as for Chol. In
addition to a glycerol calibration curve with concentrations from 0.625 to 10
mM.

& Enzymatic reaction used to assay TGs:
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TGs+H,0 _P35€, Glycerol + FFA

Glycerol + ATP W Glycerol-3-phosphate + ADP

Glycerol-3-phosphate + O, Glycerol phosphate oxidase | pyjhydroxyacetone phosphate (DAP) + 2H,0,
y phosp (GPO) y Y phosp

H,0, + 4-aminoantipyrine + 3,5 dichloro-2-hydroxybenzene sulfonate Leroxidase ~ Quinoneimine dye +2H,O
(4-AAP) (DHBS) (PO)

4. Unesterified and Esterified Fractions of Cholesterol

Reagents

e Amplex® Red Chol Assay Kit:

20 mM Amplex® Red Reagent Stock Solution in DMSO.

e 200 U/ml horseradish peroxidase (HRP) in 1 x reaction buffer.

o 1/5 of 5 x reaction buffer (0.5 M potassium phosphate, pH 7.4, 0.25 M NaCl,
25 mM cholic acid, 0.5% Triton® x -100) with deionized water.

e 20 mM H20: in deionized water.

e 200 U/mL Chol oxidase solution in 1 x reaction buffer.

o 200 U/mL Chol esterase solution in 1 x reaction buffer.

o 2mg/ml (5.17 mM) Chol reference standard.

Protocol

& For the Chol standard curve, the reference standard was diluted with 1 x
buffer to give concentrations of 0.25-10 uM and 0 uM for the negative control.
For the positive control 20 mM H:0: was diluted with 10 uM in 1 x reaction
buffer.

& Samples and controls were run in duplicate.

# All samples were diluted in 1 x reaction buffer.

& For total Chol: the working solution contained 300 pM Amplex® Red
Reagent containing 2 U/ml HRP, 2 U/ml Chol oxidase and 0.2 U/ml Chol
esterase.

# For non-esterified Chol: the working solution was as above but without Chol

esterase.
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L]

50 ul of the diluted samples and the control were added to the wells of the
microtiter plate, and mixed with 50 ul of the master mix and then incubated
for 30 minutes at 37 °C in the dark and the fluorescence was measured in a
fluorescence microplate reader (Spectrostar OMEGA instrument) using
excitation at 550 nm and emission detection at 590 nm.

A standard curve was generated and background fluorescence for both
calibrators and samples and sample dilution factors were corrected.
Esterified Chol was calculated by subtracting unesterified Chol from total

Chol.

v.  Analyses of Metabolites

1. Squalene

IL.

Reagents

o
[ ]
Protocol

L]

Squalene Extraction

1 mM 5a-cholestane sigma (Sigma) dissolved in cyclohexane
Cyclohexane (Honeywell)

Sterile 1 x PBS (Thermo Fisher Scientific)

5 g silica

50 uM squalane (Merck) dissolved in in cyclohexane

Sterile glass tubes

Hamilton syringes and needles

2 ml glass screw-necked vials with 200 pl inner vial.

All reagents used were GC-MS qualified.

100 mg aliquot of the frozen liver was weighed using a precision balance,
transferred to a sterile falcon tube and homogenized in 1 ml PBS, 10 pl of 1
mM 5a-cholestane (50 uM) as internal standard solution to determine the

efficiency of the extraction.
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# 2ml of cyclohexane was added to the mixture and vortexed for 1 minute until
an emulsion of the organic and inorganic phases was obtained, then
centrifuged at 2200 g for 10 minutes.

# The organic phase was transferred to a new Falcon tube.

# This process was repeated with the addition of 1.5 ml more cyclohexane to
recover the remaining organic phase for efficient extraction.

& 0.5 g of silica was used to prepare a highly porous and partially hydrated
silica gel, previously activated at 160 °C for at least 1 night, to remove other
lipids and thus reduce the chromatogram background, especially for samples
with low squalene concentrations and those with high lipid content. The
silica was loaded in Falcon tube.

# The collected organic phases and the silica were vortexed and centrifuged as
above
# The extract was transferred to a sterile glass tube and dried in a thermostatic

bath at 55 °C under a stream of Noa.

& The dried sample was dissolved in 200 ul of 50 uM squalane as a secondary
internal standard solution using a precision Hamilton syringe, the tube was
capped and completely dissolved by sonication in an ultrasonic bath for 3
minutes.

& Samples were transferred to the 200 ul inner vials of the 2 ml glass screw-
necked vials for chromatographic analysis or were frozen at -20 °C until
further processing.

& For accurate squalene quantification, it was important to consider the amount
of extract used and recovered.

# A standard calibration line was prepared using squalene at concentrations of
0,1, 10, 100 and 1000 uM and the two internal standards at a concentration of

50 uM using a precision Hamilton syringe.
III.  Gas Chromatography-Mass Spectrometry (GC-MS)

Squalene was analysed using 7890A GC and a 5975C MS acquisition parameter

unit (Agilent Technologies).
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GC-MS Parameters

Injector

7683B

Carrier Gas

Helium

Flow Rate 1 ml/minute
Column J&W122-5532
Nominal Length 30 m
Diameter 0.25 mm
Width 0.1 pm

Oven Temperature

From 280 to 290 °C in 15
minutes with a ramping time

(5-13 minutes)

Retention Time

Squalane (9.8 minutes)
Squalene (11.3 minutes)

5a-Cholestane (12.2 minutes)

Ion Mass Patron

Squalane (113 m/z)
Squalene (69.1 m/z)
5a-Cholestane (217.2 m/z)

Peak identification is achieved
by comparing the retention
times of sample peaks with the
external and internal standards

used (squalene, squalane, and

Analysis 5a-cholestane)
The linear calibration curve for
the determination of squalene
consisted of the 0, 1, 10, 100,
and 1000 uM concentrations.
2. Sterols

l. Sterol Extraction
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Reagents

1 M NaOH

Distilled tertiary butyl methyl ether (TBME)

5 mg primary-secondary amine (PSA)

10 pg/ml 5a-cholestane

N-trimethylsilylimidazole (TSIM)

9:1 N-methyl-N-trimethylsilyltrifluoroacetamide: trimethylsilylimidazole
Hamilton syringes

Sterile glass tubes

2 ml glass screw-necked vials with 200 uL inner vial.

All reagents used are GC-MS qualified.

Protocol

% In a sterile Falcon tube, a 100 mg sample aliquot was homogenized in 1 ml
PBS and the homogenate was mixed with 1 ml of 1 M NaOH and incubated
at 70 °C for 1 hour.

& 50 pl of 10 ug/ml cholestane internal standard and 700 ul TBME were added
to the previous Falcon tube and mixed vigorously for 1 minute and then
centrifuged at 9200 x g for 5 minutes.

# The extraction was repeated as before using 750 ul of TBME.

# The supernatant was mixed vigorously with 35 mg sodium sulphate and 5
mg PSA and centrifuged as before.

% The organic extract was transferred to a glass tube and then was dried under
a stream of N2 and then dissolved in 950 pl of TBME and 50 pl of TSIM,
followed by silylation (9:1 N-methyl-N-trimethylsilyltrifluoroacetamide:
trimethylsilylimidazole) for 1 hour at room temperature.

& Samples were transferred to the 200 pl inner vials of the 2 ml glass vials and

were now ready for chromatographic analysis or frozen at -20 °C.

II. Gas Chromatography-Mass Spectrometry (GC-MS)

Sterols were analysed using 6890N GC and 5975 MS equipments (Agilent

Technologies).
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GC-MS Parameters

Injector Spitless (injection volume 2 ul)
Carrier Gas Helium

Flow Rate 1 ml/minute

Column DB-5 ms

Nominal Length 30 m

Diameter 0.25 mm

Width 0.1 um

Inlet Temperature | 260 °C

55 °C for 2 minutes
Oven 260 °C for 10 minutes at a rate of 55
°C/minute

310 °C at a rate of 7 °C/minute

MS Detector Selective ion monitoring (SIM) mode

Retention Time/ Ion | MS is operated in full scan mode 7-
mass Patron 9.5 minutes 60-450 m/z and 9.5-12.0
minutes 100-550 m/z and 70 electron

volts (eV)

Peak identification was done by
Analysis comparison of retention with that of
individual standards and normalized

to internal standard (5-a Cholestane)

vi.  Quality Control and Statistics

& Samples in the quantitative assays were run in duplicate and the coefficient of
variation was calculated for each. Duplicates with a coefficient of variation of
higher than 3% were discarded and retested.

& Statistical analyses were performed using GraphPad Prism (GraphPad Software,
San Diego, CA, USA). The Shapiro-Wilk test was used for the analysis of

distribution type and the Bartlett's F test for the analysis of homogeneity of
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variance. When any of these parameters failed, the results were analyzed using
the non-parametric one-tailed Mann-Whitney's U test. Differences between the
two groups were considered significant when p <0.05.

Correlations between all parameters tested were analysed using the two-tailed
Spearman correlation coefficient according to the Statistical Package for Social
Sciences version 25 (IBM, Armonk, NY, USA), and those with p < 0.02 were
considered.

Receiver operating characteristic (ROC) curves were generated using GraphPad
Prism 8.0 for quantitative values. This software also reports the area under the
curve (AUC), which defines how well the measured parameter can discriminate

between the groups tested for each parameter.
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Characteristics of primers used in RT-qPCR according to MIQE guidelines

Primers used in manuscript 1

Gene symbol Accession Sequence Amplicon Exons [uM] Efficiency

length

Mus musculus

H4c17 NM_001195421.1 Sense CAAAGTGCTGCGCGATAACA 83 1 0.2 94%
Antisense AGATGCGCTTCACTCCTCC
LOC100862456  XM_006537451.3 Sense TTGTGGAGAGTGTCACACCG 121 1 0.05 92%
Antisense TCGAGCATCAAAAACCACCA
Ccl19-ps2 XM_006536385.3 Sense GTAGGAGCCTCGACCTCTCA 142 1 0.2 94%
Antisense GGAAGGTCCAGAGAACCAGC
Ctrbl NM_025583.2 Sense CACCACCATGGCATTCCTTT 126 1/2 0.075 94%
Antisense GCATCCTCTCCGTTGACGAT
Cyp2b10 NM_009999.4 Sense ATGTTTAGTGGAGGAACTGCGG 81 3/4 0.1 103%
Antisense ATATTGGCCGTGATGCACTG
Zfp969 XM_017319408.2 Sense ATGAAAGAGAAACCCTATGAATGC 112 1 0.2 96%
Antisense ACACCCCTGTATCCTCTTGA
Zfp965 NM_001242944.1 Sense CTTCACTCAGGAAGAGTGGGC 243 2/4 0.1 95%
Antisense TGCCTTTGACTACGACTCTGA
Ttn NM_011652.3 Sense GCCACTGCTGTGGTAGAAGT 129 245/246 0.2 98%
Antisense CTTAGACCCGCCATCGTCTC
Rbm14-rbm4 NM_001290127.1 Sense AATGTCGATGGGGCGGATAC 74 1 0.2 106%
Antisense CAGCTCATGACCGTGCCATA
Sec6lg XM_003085302.1 Sense TTGTTGAGCCAAGTCAGCGG 120 1/2 0.05 105%
Gm15266 Antisense TGATAGCAAATCCTATCGTTGTGG
LOC102637269
Rbm24 NM_001081425.1 Sense TGCAGCCAGGTTTTGCCTTT 166 2/4 0.2 95%
Antisense ATGTACGGTGTGGTGGAAGCC
Tmem81 NM_029025.3 Sense TGGCCTTGGCTACAAGGAAG 266 2 0.1 93%
Antisense AATTGGCTCGGAAGGGTCTG
Rnase2a NM_053113.2 Sense GAGCCTATCCCCGATGTGATG 218 2 0.1 93%
Antisense ATGACTGGCCGGAGTTGTG
Sult2a2 NM_009286.2 Sense ACCTCCCATCTTCCCATCCA 73 2/3 0.1 95%
Antisense TCATGAGATAGATCGCCTTGG
Ndufv4b XM_001478443.6 Sense TGAAAATCCCGGGGAGTCAA 102 1 0.2 94%
Antisense CGGAGACACGTCATACTCGG
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Dmbtl NM_001347632.2 Sense CACCACCAATCTCCTTTGTCAG 207 44/46 0.1 99%
Antisense GTCTCGTTGTCAGCCTGTTTGA
Cyp2b13 NM_007813.2 Sense CTCATGCTGAGTCACTTCCCTCTT 52 9 0.1 91%

Antisense ACAGACCACAGAGTGTGAAGTTGG
Prtn3 NM_011178.2 Sense CAATTACAACCCCGAGGAGAAC 51 3/4 0.1 95%
Antisense TTTAGCTGGAGGAGAAGCACGT

Amy2a5 NM_001042711.2 Sense TGCTTTCCCTCATTGGGTTC 101 1 0.1 93%
Antisense AATATCAACCCAGCGCCACT
Cyp2b9 NM_010000.2 Sense ACCAGATCTACTTCTTAGCCCGCT 151 9 0.1 104%

Antisense  GAGAACAACAGTAGAAGGAAGGGTG

Mup1 NM_001163011.1 Sense TAAGAACAAGCAAAGGGGCTGG 127 1 0.1 97%
Antisense TCAGTCCCAAACACAGCAGCA
Apoal NM_009692. 4 Sense GCTGAACCTGAATCTCCTGGAA 52 3/4 0.1 93%

Antisense ACTAACGGTTGAACCCAGAGTGTC

Apoe NM_009696. 4 Sense CTTGTTTCGGAAGGAGCTGACT 92 1/3 0.1 97%
Antisense AGGCATCCTGTCAGCAATGTG
Top NM_013684.3 Sense GTGAGTTGCTTGCTCTGTGC 359 8 0.2 104%
Antisense GCTGCGTTTTTGTGCAGAGT
Pipb NM_011149 Sense GGAGATGGCACAGGAGGAA 72 3/4 0.1 103%

Antisense =~ GTAGTGCTTCAGCTTGAAGTTCTCAT
|

95



Materials and Methods

Primers used in manuscript 2

Gene symbol Accession Sequence Amplicon  Exons [uM] Efficiency
length
Oryctolagus cuniculus
LOC100344375 XM_017339423.1 Sense GTTGAGAAGGGCTCAACCGT 126 4/5 0.3 97%
Antisense CAGACGTCTCAACACAAGCC
LOC100344884 XM_017339724.1 Sense CCTTCTACGGGGAGCATGAC 169 5 0.3 96%
Antisense TACCCGCGAACGCATATCTC
GCK XM_008261818.2 Sense AGACATCGACAAGGGCATCC 79 4/5 0.3 90%
Antisense CCCCACGATGTTGTTCCCTT
LOC103351691 XR_001795369.1 Sense AACCAGCCCAGAAGATGACTG 136 NA 0.3 100%
Antisense CCTGTGGTCTTCCTTTGCTCT
TFCP2L1 XM_008251077.2 Sense CGAAGAGACGCTGACCTACC 212 2/4 0.3 93%
Antisense CAATGTCCAGGATGCGGTCT
ACACB XM_017339196.1 Sense GGCCATCCGGTTTGTAGTCA 125 3/4 0.3 99%
Antisense CCACGTTGGCGTAGTTGTTG
ASCL1 XM_002711229.3 Sense TTGGTGCGAATGGACTTTGG 70 1/2 0.3 94%
Antisense CGTCACTGACCAGAAAGCAC
ACSS2 XM_002710791.3 Sense AACAGGGCATTCGAAAGGGT 127 4/5 0.3 98%
Antisense GCAGAGAAGCCTGCAAACAC
LOC108177690 XM_017346007.1 Sense CTGTGTGGAGGCAGTGTAGG 113 1 0.3 98%
Antisense GAGAACGACGAGCAGGAAGA
FAM91A1 XM_002710763.3 Sense CAAGGTGGACTTGCAGCATT 236 20/22 0.3 99%
Antisense CAAGAGGAACCCAGTCTGCC
MYH6 XM_017348206.1 Sense GACACTGGCAAAGGCAAAGG 234 NA 0.3 104%
Antisense CTTCCTGCAGATGCGAATGC
OMD NM_001101695.1 Sense TCAACCCCTGAAAACTAACGC 157 1/2 0.3 103%
Antisense CCTCACTTGGGTCTTGGTCAT
LRRC39 XM_002715469.3 Sense ACGAGGGAGGATGGAAGAGT 219 3 0.4 96%
Antisense AGTGAGCAGTCCAATTCCTCG
LOC108176846 XR_001793580.1 Sense TCTGGGGACCTTACGGAGTC 107 NA 0.3 93%
Antisense TCAGCTCCTGAGAAAGTGCG
TIN XM_017343215.1 Sense TGCCAAGTGACCAACCTTGT 186 271/272 0.3 93%
Antisense GGCTAAGGTCGCACTGTTCT
GLT1D1 XM_008251202.1 Sense AGAGTCAAGGCATCACCACG 89 2/4 0.3 91%
Antisense GTCGTCAGCACTCCGGTTTA
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TREH NM_001082290.1 Sense CACCCTGTGAGAGCCAGATT 81 1/2 0.3 99%
Antisense GCITATCGTCCGGGTAGAGC
GAPDH NM_001082253.1 Sense TCGGAGTGAACGGATTTGGC 146 NA 0.3 105%

Antisense GCCGTGGGTGGAATCATACT
PPIB XM_002718143.4 Sense TCCCAGTTCTTCATCACCACAG 83 4 0.3 94%

Antisense TCCATGCCCTCCAGAAACTTT
]

Mouse AML12 cell line

Fam91al NM_145959.3 Sense TGGCGCCTCTTACCAATGAG 124 16/17 0.1 99%
Antisense CCTTGCCCAGTGACATGGTA

Acss2 NM_019811.3 Sense GCCATATGCTGACCCCTCTC 103 12/13 0.3 100%
Antisense TCCCCGGACTCATTCAGGAT

Pnpla3 NM_054088.3 Sense CTTCCTGGGCTTCTACCACG 152 1/2 0.3 103%
Antisense CCATTATACGGCCGAGAGGG

Pipb NM_011149.2 Sense GGAGATGGCACAGGAGGAA 72 3/4 0.1 103%

Antisense GTAGTGCTTCAGCTTGAAGTTCTCAT
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Primers used in manuscript 3

Gene symbol Accession Sequence Amplicon Exons [uM] Efficiency
length
Sus scrofa
PPP1R1B XM_021067044.1 Sense GGCACCACCTCAAGTCGAAG 99 NA 0.08 99%
XM_021067045.1  Antisense TGATGGACTGCAGGTGAGAC
XM_021067046.1
XM_021067047.1
OASL NM_001031790.1 Sense GTGTGGTTGGTCGAGGAAGT 98 2 0.08 101%
Antisense CTGTAGGCAGGCATGATGGT
PPP4R4 XM_021099655.1 Sense ATATGCCTGTCTCCCACACG 115 NA 0.2 97%
XM_021099656.1  Antisense TGAAGCTGCCTTTTGCACAG
XM_021099657.1
XM_021099658.1
XM_021099659.1
XM_021099660.1
XM_021099661.1
XM_021099662.1
HES4 XM_003481929.4 Sense GAAAGAGAGTTCCCGCCACT 181 NA 0.2 99%
Antisense GACCAGGAATCGGTTCACCT
NEURL3 XM_003124839.5 Sense CATGGATCCTACAGCCAGCG 203 NA 0.2 102%
Antisense GGCATTTGGCCGTGTCTTTG
HTD2 XM_003132274.4 Sense GTGGGGTTGGACTGAATGCT 97 NA 0.2 98%
XM_021069097.1  Antisense ATGTCCAAGGGTAAGGCAGC
XM_021069098.1
XM_003132275.4
CYP2C32 XM_013983597.2 Sense GCCCGCATGGAGCTATTTTT 115 NA 0.08 96%
Antisense CGTGGCTGAACCCACTATAAA
AFP NM_214317.1 Sense AGAGGAACAACTTGAGGCCG 107 13/14 0.1 101%
Antisense TCAGTGCTGGACCCTCTTCT
TMEM45B XM_021063152.1 Sense TTGTGCTGGAGCTTTTCCGA 109 NA 0.2 98%
XM_021063153.1  Antisense TTCTGGTCCCATTCAGGTGC

XM_021063154.1
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ENPEP

LOC110256649

CYP2J34

LOC100526118

S5100A2
SPRY3
FOXG1

GTSF1

SQLE

CHL1

UBA52

XM_021063155.1
XM_021063156.1

NM_214017.1

XM_021072807.1

NM_001244633.1

XM_003128792.4

XM_001929556.5
XM_013986552.2
XM_021099188.1

XM_003126205.6
XM_005663861.3
NM_001101026.1

XM_021069243.1
XM_021069244.1
XM_021069246.1
XM_013981901.2
XM_021069247.1
XM_021069248.1
XM_021069249.1
XM_021069250.1

NM_214211.1

Sense
Antisense
Sense

Antisense

Sense
Antisense
Sense

Antisense

Sense

Sense

Sense

Sense
Antisense
Sense
Antisense
Sense

Antisense

Sense

Antisense

TATCTGTGCAGCGGTAGTGG
GGAGATGTTCACTGTCCCCG
ACAACACGGCTGAAGGTAGG
TCTGAGGTGGGATCAAAAGG

AGCGGTTTGACTACCAGGATG
AGCTGGACCTGCACTGATGTG
GGTTATCCGGTGGCTTCTGG
TCTGGACCAACTTCATGCCA

GGTTGCCACCTITCCACAAGTA

CAGCATTACGCCCTCACCTT

TATGAGAAGCCGCCGTTCAG

AGCCCTGCAAGCAACATAGT
TGGCAGAACATACGGCAGAG
GCAGCTATTCTCCAGGCCAA
AGCGCAACTGGACCACTAAT
CTGCAAACAATGACCCTGTGT
GGAGGCAGCCCAGAAAGAAT

CTGCCGCAAGTGTTATGCTC
TTTGACCTTCTTCTTGGGGCG

286

199

152

203

96

171

87

191

154

100

NA

4/5

NA

NA
NA
NA

NA

8/10

NA

4/5

0.1

0.2

0.2

0.1

0.08
0.2
0.2

0.2

0.2

0.2

0.2

99

102%

102%

100%

101%

102%

100%

100%

98%

99%

102%

102%
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Homo sapiens cell line

PPP1R1B

AFP

TMEM45B

ENPEP

SPRY3

SQLE

GAPDH

NM_032192
NM_181505

NM_001134.3
NM_001354717

NM_001331210.2
NM_138788.5
NM_001331211.2
NM_001331212.2

NM_001977 .4
NM_001379611.1
NM_001379612.1
NM_001379613.1

NM_005840.4
NM_001304990.2
NM_001394353.1
NM_001394354.1
NM_001394355.1

NM_003129.4

NM_002046.7
NM_001256799.3
NM_001289745.3
NM_001289746.2

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense
Antisense
Sense

Antisense

GGGCACCATCTCAAGTCGAA
TGAGGCCTGGTITCTCATTCA

CTITTGGGCTGCTCGCTATGA
ATGGCTTGGAAAGTTCGGGT

CTCTGTTCGGAGGGTGTGTT
GTCCCATTCGGGTGTTCCAA

GAAGAGCTTACCCCCAGCAG
GACTTGTCCGTTCTCCGTGT

TGAACAGCTGCGCTCTACTC
GCAGTGGTGCTATGGGACAT

GCCTGCCTTTCATTGGCTTC
TTCCTTTTCTGCGCCTCCTG
CAAATTCCATGGCACCGTCA
GACTCCACGACGTACTCAGC

126

176

158

120

237

90

132

4/5

5/6
6/7

5/6
4/5
5/6
5/6

N N N I N

1/2

4/5
3/4
4/5
3/4

100

0.2

0.2

0.2

0.4

0.4

0.2

0.2

92%

91%

95%

100%

98%

99%

95%
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Mouse cell line

Ppp1r1b

Afp

Tmem45b

Enpep

Spry3

Sqle

Ppib

NM_144828.2
NM_001313970.1

NM_007423.4

NM_144936.1

NM_007934.3

NM_001030293.3
NM_001401849.1
NM_001401850.1
NM_001401851.1

NM_009270.3

NM_011149.2

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

CCCAACCCCTGTGCCTATAC
TCCCGAAGCTCCCCTAACTC

AGTTTCCAGAACCTGCCGAG

ACCTTGTCGTACTGAGCAGC

TCGGGATAACATCGTGCTGG

GTCCCATTCTGGCCITCCAA

GCAAACCCACTCGTGACCTA
CAGCCGATAGACACTGTCCC

GCTCTCCCACGCAGTATCAG
TTGATCAGAGGCAGTGGTGC

TACCTCAGTGTCGACCTCGT
TGGAGAGAACTGCTGCCAAG

GGAGATGGCACAGGAGGAA

GTAGTGCTTCAGCTTGAAGTTCTCAT

119

145

115

188

111

92

72

4/5

4/5

4/5

3/4

0.3

0.1

100

0.2

0.2

0.2

0.1

101

90%

100%

0.2%

97%

98%

99%
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V. RESULTS

i. Dietary Erythrodiol Modifies Hepatic Transcriptome in Mice in a Sex and Dose-
Dependent Way

Abstract: Erythrodiol is a terpenic compound found in a large number of plants. To
test the hypotheses that its long-term administration may influence hepatic
transcriptome and this could be influenced by the presence of APOA1-containing high-
density lipoproteins (HDL), Western diets containing 0.01% of erythrodiol (10 mg/kg
dose) were provided to Apoe- and Apoal-deficient mice. Hepatic RNA-sequencing was
carried out in male Apoe-deficient mice fed purified Western diets differing in the
erythrodiol content. The administration of this compound significantly up- regulated 68
and down-regulated 124 genes at the level of 2-fold change. These genes belonged to
detoxification processes, protein metabolism and nucleic acid related metabolites. Gene
expression changes of 21 randomly selected transcripts were verified by RT-qPCR.
Ccl19-ps2, Cyp2b10, Rbm14-rbm4, Sec61g, Tmem81, Prtn3, Amy2a5, Cyp2b9 and Mupl
showed significant changes by erythrodiol administration. When Cyp2b10, Dmbtl,
Cyp2b13, Prtn3 and Cyp2b9 were analyzed in female Apoe-deficient mice, no change was
observed. Likewise, no significant variation was observed in Apoal- or in Apoe-deficient
mice receiving doses ranging from 0.5 to 5 mg/kg erythrodiol. Our results give evidence
that erythrodiol exerts a hepatic transcriptional role but this is selective in terms of sex
and requires a threshold dose.

Keywords: erythrodiol; mice; liver; apolipoprotein E; olive oil; transcriptome
1. Introduction

A preeminent health-promoting traditional eating pattern commonly known as The
Mediterranean diet (MedDiet) has occupied a wide framework of global research efforts
for decades due to the very low-cardiovascular disease mortality rates regardless of
lifestyle, poverty or any geographical differences between countries who have
traditionally consumed as was evidenced by The Seven Countries study [1]. Further
epidemiological studies revealed that this pattern was also associated with lower

mortality rates and thus provided a healthy and extended life-span [2]. Recent evidence
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has proved that an intervention using this diet is able to reduce cardiovascular mortality
[3]. A review of these aspects can be found in [4].

Virgin olive oil, directly extracted from fresh olive fruits, stands out as the major
source of lipids in the MedDiet [5, 6]. Pomace olive oil is a blend obtained from
remainder of the olives, skin, and pits used organic solvents [7] and is also consumed in
this geographical area. Both have similar fatty acid composition [5, 8], but vary in
phytosterols, waxes, tocopherols and triterpenes (uvaol, maslinic and erythrodiol) with
higher content in pomace than in virgin olive oil [9]. Several recent studies have shown
that continuous consumption of pomace olive oil protects against carcinogenic activities
[10], hepatic steatosis [9], atherosclerosis [6], cardiovascular problems (CHD and stroke),
inflammation and type 2 diabetes mellitus [5]. The latter was associated with positive
antioxidant properties [11] or reduction in blood pressure [5].

Erythrodiol (18b-olean-12-ene-3b,28diol) [7], a 30-carbon atom pentacyclic triterpene
(Figure 1) is biosynthesized by a cascade of cyclizations and rearrangements from
oxidosqualene [10, 12, 13]. The alcohol is present in virgin olive oil at a concentration of
75 mg/kg [9, 13], with more presence in the unsaponifiable fraction of this oil [14] at a
concentration of 500 mg/kg [9]. Erythrodiol is also detected in olive leaves [10, 15],
leading to approximately 60% of their triterpenic content [13]. This alcohol is widely
distributed through other plant species including leaves of Ficus mysorensis [12], Conyza
canadensis [16], Celastrus kusanoi stems [17], stem bark of Erythrina indica [18], birch bark

trees [19] and leaves of Maytenus ilicifolia [20].

HsC \CH3

Figure 1. Erythrodiol chemical structure.
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Several studies have shown favorable properties of erythrodiol including diverse
endogenous anti oxidative activities [11], antiproliferative, proapoptotic actions against
colon adenocarcinoma HT-29 cells [10], histolytic lymphoma (U937) cells [21], breast
cancer [21], gastric cancer [16] and astrocytoma [22]. The triterpenoid is also related to
several antioxidant, antithrombotic and vasorelaxant benefits against cardiovascular
problems [23, 24], combined with the ability to reduce cardiac hypertrophy and block
profibrotic effects of angiotensin II [24]. Other biological activities include anti-
inflammatory, immunomodulatory and anti-edematous properties by reducing
neutrophil infiltration [8, 14, 25] and its ability to protect from neuroinflammation [25].
Erythrodiol was found to induce wound healing by increasing the production of actin
filopodia, lamellipodia and stress fibers through activating Rho GTPases [19] and has
provided antiplatelet properties when inhibiting ADP-induced activation [15].

Significant modifications on hepatic gene expression were found after long-term
administration of pomace olive oil fraction-enriched diets with erythrodiol among other
compounds [9]. Since the changes were not observed by its single administration, a new
experiment was required to single out its action. In this regard, the long-term effect of
erythrodiol needed to be addressed in order to understand and assess molecular
functions and pharmacogenetic pathways of this triterpene.

2. Results
2.1. Somatometric Parameters

A long-term administration of a 10 mg/kg erythrodiol-supplemented Western diet
was carried out in two mouse models of both sexes: Apol- and Apoe-deficient mice. In
the former group, erythrodiol administration for 4 weeks significantly increased body
weight gain in males (4.2 £+ 1.6 vs. 59 + 1.4 g, p< 0.01 for control and erythrodiol,
respectively). In contrast, in the second model, the administration of the triterpene for
12 weeks caused a decrease in body weight gain (4.5 + 5.0 vs. 3.1 £ 3.3 g, p < 0.05 for
control and erythrodiol, respectively) with a marked decrease in liver mass (1.6 + 0.6 vs.
1.3+£0.5 g, p <0.05 for control and erythrodiol, respectively). No effect was observed in
females of both genetic models.

2.2. Histological Analyses
Mice lacking APOE are models of spontaneous hepatic steatosis as shown in Figure
2A. To explore the influence of erythrodiol administration on this parameter, histological
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analyses of livers were carried out. Male Apoe-deficient mice consuming 10 mg/kg
erythrodiol-enriched Western diet for 12 weeks showed decreased lipid droplets (Figure
2B). When the fat areas were quantified, the group receiving erythrodiol exhibited a non-

significant (P<0.06) trend to a lesser accumulation than control group, as shown in Figure

2C.
A B C
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Figure 2. Hepatic histological analyses in male Apoe-deficient mice fed the different
diets. Representative liver micrographs at x400 magnification from consuming Western
diet (A) and consuming 10 mg/kg erythrodiol-containing Western diet (B). Liver
sections (4 pm) from each mouse were stained with hematoxylin and eosin and blind
evaluated. Morphometric changes of hepatic fat surface in mice consuming the different
diets (C) where data are means + SD for each group (n= 14 and n=15, respectively for
control and erythrodiol). Statistical analyses were done according to Mann-Whitney’s
U-test.

2.3. Hepatic Gene Expression of Apoe-Deficient Male Mice Fed for 12 Weeks on a 10
mg/kg Erythrodiol-Containing Western Diet

To determine the impact of erythrodiol intake on hepatic transcriptome, seven RNA
pools from fifteen animals receiving the above diet and another seven from fourteen
mice receiving the Western control diet were sequenced using next generation
sequencing. From each library, clean reads sequences (46765 x 10° + 7189 x 109), filtered
from contaminants, adaptors, low quality regions, and reads with unknown bases, were
mapped onto reference genome, followed by gene prediction. In both groups, the
mapping ratio was 74% for a transcript number of 31,369 + 3,051. Splicing patterns
contributed to a variety of differentially splicing genes with a total of 14,920 novel
transcripts, 13,439 coding and 1,481 non coding transcripts. Coding genes showed 11,605
previously unknown splicing events for known genes and 1,834 coding transcripts
previously unknown. Globally, the erythrodiol administration did not significantly

modify single nucleotide polymorphisms. In this regard, transversions A-G were 3172 +
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1019 vs 3835 + 155 for control and erythrodiol groups, respectively and those
corresponding to C-T were 3113 + 1024 vs 3787 + 133. No significant changes were
observed for transversions either (A-C, 609 + 209 vs 743 + 47; A-T 796 + 335 vs 988 + 61;
C-G, 576 + 217 vs 726 + 23 and G-T, 578 + 200 vs 708 + 28 for control and erythrodiol
groups, respectively).

When alternative splicing events were screened, erythrodiol administration had no
significant effect. Skipped exons were 6432 + 1526 vs 7178 + 344 for control and
erythrodiol groups; alternative 5' splicing sites, 1568 + 368 vs 1789 + 42; alternative 3'
splicing sites: 2181 + 522 vs 2503 + 62; mutually exclusive exons, 696 + 102 vs 732 + 48 and
retained introns, 1504 + 265 vs 1688 + 20 in control and erythrodiol groups, respectively.

Differentially expressed genes, shown in Figure 3A, were 554 in the control and 488
in the erythrodiol group. According to their gene ontology classification, Figure 3B, all
kinds of biological processes were involved, being cellular processes the category that
included the highest number of genes. Using more stringent criteria of 2-fold change and
false discovery rate of P < 0.001, 68 up- regulated genes and 124 down-regulated as
reflected in the volcano plot of Figure 4A. As reflected in Figure 4 panels B, C and D,
these genes were sorted into three main categories: detoxification processes, protein
metabolism and nucleic acid related compounds. An example of genes modified at the
level 2.9-fold change (log: fold change 1.5 or -1.5) is reflected in Tables 1 and 2. Twenty-
nine transcripts were up-regulated (Table 1) and sixty-three were down-regulated

according to this criterion (Table 2).
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Figure 3. Differentially expressed genes. A, Venn diagram analysis. Control expressed 17064

while erythrodiol 16998 genes. Functional enrichment analysis of differentially expressed genes.

B, Gene ontology (GO) classification of biological processes of liver transcriptome by erythrodiol
administration. X axis represents GO term. Y axis represents the amount of up/down-regulated

genes. DEGs, differentially expressed genes.

107



>

-Log a-value

I e -

Log, foldchange

P<0.01

P < 0.05

Figure 4. Significant expression changes and major networks involved. A, Volcano plot
representing control vs erythrodiol differentially expressed genes. 68 up regulated genes and 124
down-regulated with q < 0.001. 16.375 no change with 2-fold change. B, network of genes
involved in detoxification, C, network of genes involved in protein metabolism and D, network
associated with DNA. Red color denotes up-regulation while blue corresponds to down-
regulation. E, significant association of genes expressions assayed with RT-qPCR.

Table 1. Hepatic transcripts differentially up-regulated by the administration of
erythrodiol at the level of signal log: ratio (SL2R) > 1.5 and false discovery rate < 0.001
in male Apoe-deficient mice according to RNAseq.

Biological Process = GenBank Name Gene Symbol  SL:R  P-value
Nucleosome NM_00119 . H4c17/
assembly 54011 H4 clustered histone 17 Hist1hdm 4.8 0.0001
DNA-directed RNA
- X
Trar;z Z:guon 1\;;: 10 253 polymerases, Il and ~ LOC100862456 4.5  0.001
' III subunit RPABC4
Chemokine (C-C
X
Immune response 1\6/13_ 5(3): 253 motif) ligand 19, Ccl19-ps2 4.4 0.001
' pseudogene
Xndcl-transient
Ion transport NM_01164 receP tor potential Xntrpc 4.0 0.000
4.3 cation channel,
subfamily C, member 2
Cell
differentiation, NM£128328 Actin-like 9 Actl9 3.1 0.0003
signaling activity )
Proteolysis NM_02535 Pancreziltlc Cpal 29 0.001
0.4 carboxypeptidase Al
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NA

Chromosomal
stability
Aminopeptidase
activity
G protein-coupled
receptor signaling

Proteolysis

NA

Ton
transmembrane
transport

Cell adhesion

Short-term
neuronal synaptic
plasticity

Regulation of
immune response

Chromatin
organization

Transcription
factor
Ubiquitin-protein
transferase activity

Protein
glycosylation and
carbohydrate
metabolism
G protein-coupled
receptor
NA

Cell adhesion
Metal ion binding

NA

P450 pathways

XM_01732
1851.2

NM_17821
23

NM_02900
8.1

NM_14633
7.1

NM_02558
3.2

XM_01731
3070.1

NM_00109
9298.3

NM_00103
3364.3

NM_17273
74

NM_17878
6.4

NM_13921
8.1

NM_00102
9933.3

NM_02770
8.1

NM_00805
1.6

NM_00101
1852.2

NA
NM_17868
5.5
NM_00122
0499.3
NM_02960
8.1

NM_00999
9.4

Extensin-like isoform
X2

H2A clustered histone
19

Laeverin
Olfactory receptor 1396

Chymotrypsinogen Bl

Predicted gene/ coiled-
coil domain containing
168

Sodium channel,
voltage-gated, type II,
alpha
Cadherin-related
family member 2

Shisa family member7

Selection and upkeep
of intraepithelial T cells
4

Developmental
pluripotency-
associated 3

Zinc finger protein 114

F-box protein 24

Fucosyltransferase 1

Olfactory receptor 1029
Predicted gene, 40600

Protocadherin 20

Ring finger 223

Family with sequence
similarity 209
Cytochrome P450,
family 2, subfamily b,
polypeptide 10

Gm40365

H2ac19/Hist2h?2
aa?

Lorn
Olfr1396
Ctrbl

Gm8251/Ccdcl6
8

Scn2a

Cdhr2

Shisa7

Skint4

Dppa3

Zfp114

Fbxo24

Futl

Olfr1029
Gm40600

Pcdh20
Rnf223

Fam209

Cyp2b10

2.7

25

25

24

2.2

2.0

2.0

1.9

2.0

1.9

1.8

1.8

1.7

1.7

1.7

1.7

1.6

1.6

0.000

0.000

0.001

0.001

0.000

0.000

0.000

0.000

0.0003

0.001

0.001

0.001

0.0002

0.000

0.001
0.0001

0.000

0.001

0.0003

0.000
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NA NM_02751 Histidine I'TCh carboxyl Hretl 16 0.001
1.1 terminus 1
Cell adhesion NM_03358 Protocadhe.rm gamma Pcdhga? 1.5 0.000
5.2 subfamily A, 2
Retinoicacid - NM_02995 Lipocalin 12 Leni? 15  0.0001
binding 8.1
NA, not available.

Table 2. Hepatic transcripts differentially down-regulated by the administration of
erythrodiol at the level of signal logz ratio < -1.5 and false discovery rate <0.001 in male
Apoe-deficient mice according to RNAseq.

Gene

Biological Process GenBank Name SL:R P-value
Symbol
Transcription factor XM_017319408.2  Zinc finger protein Zfp969 -6.7 0.0000
969
Transcription factor NM_001242944' Zinc fmgz; protein Zfp965 -6.5 0.0000
Muscle structure NM_011652.3 Titin Ttn -5.8 0.0000
RNA binding motif
protein 14(Rbma4)
1290127. Rbm14-
Transcription factor NM_00 1 90 and RNA binding fbr:ln 4 -5.2 0.0000
motif protein 4
(Rbm4)
Protein
Transl 1
transmembrane NM_011343.3 ransiocase Secé Sec61g -5.1 0.0000
.. gamma subunit
transporter activity
Cell differentiation  NM_001081425 </ pinding motif = pp ) 49 00001
protein 24
NA NM_0200253 ~  ensmembrane e 47 00002
protein 81
Nuclear body protein  LOC1052
NA NA SP140-like 47075 45 0.001
Ribonuclease, RNase
Metalionbinding,  \j\r os3193, A family, 2a(iver, o e 45 0.001
nucleic acid eosinophil-derived
binding neurotoxin)
Sulfotra.m.sferase NM._009286.2 Sl.ﬂfotransferase Sult2a 44 0.001
activity family 2A, member 2
Predicted
Resp.onse to XM._001478443.6 NA[?H:ub1qu1none Ndufbdb 43 0.0000
oxidative stress oxidoreductase
subunit B4B
Sulfation of
steroids and bile NM_001111296. Sulfotransferase Sult2al 40 0.0000

acids

2

family 2A, member 1
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Hydrogen peroxide
catabolic process
and oxygen
transport

NA

Ion transport

Cell differentiation
and protein
transport

P450 pathway

G protein-coupled
receptor signaling
pathway

Cation transport

Regulation of
GTPase activity

Ions and reactive
oxygen species
responses

NA

Cell adhesion and
blood coagulation

NA

Signaling pathway

Regulation of
transcription

Carbohydrate
catabolism

Cell-matrix
adhesion

Transcription

NM_001278161.
1

NA

XM_006509537 .4

NM_001347632.
2

NM_007813.2

NM_010999.3

NM_172583.3

NM_011178.2

NM_134066.3

NA

NM_001001999.
1

NM_001013773.

3

NM_001101656.
2

NG_065348.1

NM_001042711.
2

NM_080457.3

Hemoglobin, beta
adult major chain

Small nuclear
ribonucleoprotein F
Predicted solute
carrier family 5
(sodium iodide
symporter),

Deleted in malignant
brain tumors 1

Cytochrome P450,
family 2, subfamily b,
polypeptide 13

Olfactory receptor
56p

Transmembrane
protein 63c

Proteinase 3

Aldo-keto reductase
family 1, member
C18
Circumsporozoite
protein-like

Glycoprotein Ib, beta
polypeptide

Neurexophilin and
PC-esterase domain
family, member 5
CD300 molecule like
family member D4
Coiled-coil-helix-
coiled-coil-helix
domain containing 2,
pseudogene on
chromosome 4

Amylase 2a5

Mucin 4

Predicted gene 3055

Hbb-b1

Gm13092

Slc5a5

Dmbtl

Cyp2b13

Olfr56

Tmemb63c

Prin3

Akrlcl8

LOC10816
7857

Gp1bb

Naxpeb

Cd3001d4

Chchd2-ps

Amy2ab

Muc4

Gm3055

0.0000

0.0000

0.0002

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0007

0.0001

0.0005

0.0000

0.0000

0.0000

0.0006

0.001
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G-protein coupled
receptor signaling
pathway

Immune response
Signaling pathway

Cell growth and
differentiation

Regulation of cell
adhesion

Ion transport

Oxidoreductase
activity

P450 pathway

Ion binding

Immune response

Proteolysis

Oxidation process

Visual perception.

Iron-binding
Glycolytic process

Chromatin
organization
Signaling pathway
and hydrogen
peroxide
catabolism

mRNA splicing

Cytoplasmic
translation

Keratinization

NM_001346707

NM_013564.7

NM_011280.2

NM_010014.3
NM_010052.5

NM_001351947.

1

NM_172469.3

NM_021509.5

NM_010000.2

NM_009789.2

NM_001013832.

2

NM_010810.5

NM_019545.4

NM_021352.3

NM_008522.3

NM_001025388.

2

NM_178187.4

NM_001362755.

1

NM_183024.1

NM_026517.3*

NM_009264.2

Insulin-like 3

Tripartite motif-
containing 10
Disabled 1
Delta like non-
canonical Notch
ligand 1

Olfactomedin 4

Chloride intracellular

channel 6

Monooxygenase,
DBH-like 1

Cytochrome P450,

family 2, subfamily b,

polypeptide 9

5100 calcium binding

protein G

G protein-coupled
receptor 31,
D17Leh66b region

Matrix
metallopeptidase 7

Hydroxyacid oxidase

2
Crystallin, beta B3

Lactotransferrin
Enolase 1B

H2A clustered
histone 8

Dual oxidase 2

Ribonucleoprotein,
PTB-binding 2
Ribosomal protein
L22 like 1
Small proline-rich
protein 1A

Insl3
Trim10

Dab1

DIk1

Olfi4

Clic6

Moxdl

Cyp2b9

S100g

Gpr31b

Mmp7
Hao?2

Crybb3

Lif
Enolb

Hist1h2ae

Duox2

Raver2
Rpl2211

Sprrla

-1.9

-1.9

1.7

-1.7

-1.7

-1.6

0.0000

0.0001

0.0000

0.0002

0.0000

0.0000

0.0000

0.0000

0.0000

0.0003

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.00000

0.0000
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Carbohydrate and Killer cell lectin-like
MHC class I NM_133203.5 receptor, subfamily Klral7 -1.6 0.001
protein binding A, member 17
Modulation of
Tubulin, beta 2B cl
synaptic NM_0237162 oo HeBa OS5 Tubb2p 16 0.0000
transmission
Gamma-
I . I
on transmembrane NM. 1460173 aminobutyric acid Gabrp 16 0.0002
transport (GABA) A receptor,
pi
in- 1 1104614. 12
G protein COI'J}IT ed NM_0011046 Vomeronasal 2, Vinn2r3 16 0.0000
receptor activity 1 receptor 3
Sulfotra.m.sferase NM_001184981. Sl.ﬂfotransferase Sult2ar 16 0.0000
activity 2 family 2A, member 7
T cell ific GTP.
Interferon response ~ NM_011579.3 Speci icGTPase oy 15 0.0000
NM_001033123.
Transcription factor - 3 Predicted gene 14288  Gm14288 -1.5 0.0000
Binding ‘ NM_001134644. Major u‘rmary Mup13 15 0.0000
monosaccharides 1 protein 13
Regulation of gene . .
NM_001163011. M
expression, protein - ajor urhaty Mup1 -1.5 0.0000

kinase B signaling

1

protein 1

NA, not available.

To confirm the RNAseq data carried out on seven hepatic RNA pools of each group,

21 transcripts were randomly chosen from Tables 1 and 2 to design their RT-qPCR
assays. The latter were carried out on individual hepatic RNA samples of each mouse.
Selected transcripts were: H4c17, LOC100862456, Ccl19-ps2, Ctrbl, Cyp2b10, Zfp969,
Zfp965, Ttn, Rbm14-rbm4, Sec61g, Rbm24, Tmem81, Rnase2a, Sult2a2, Ndufb4b, Dmbtl,
Cyp2b13, Prtn3, Amy2a5, Cyp2b9 and Mupl. The expression of these transcripts
normalized to the average of Ppib and Tbp reference genes is depicted in Table 3. Only 9
(Ccl19-ps2, Cyp2b10, Rbm14-rbm4, Sec61g, Tmem81, Prtn3, Amy2a5, Cyp2b9 and Mup1) out
of 21 showed significant changes by the administration of erythrodiol. Association
analyses of individual values obtained by RT-qPCR of these genes (Figure 4E) revealed
a significant association between Cyp2b13 and Cyp2b9 and between Cyp2b13 and Prtn3,

suggesting a certain co-regulation or overlapping in biological activities.
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Table 3. Changes in selected hepatic gene expressions of male Apoe-deficient mice
receiving 10 mg/kg erythrodiol according to RT-qPCR assay.

Control Erythrodiol

Gene Symbol Fold Change SL:R
(n=14) (n=15)

Hacl7 11405 10203 0.85 -0.23
LOC100862456 1.0+03 11+09 11 0.13
Cel19-ps2 1.0£0.2 0.7 +0.3* 0.67 0.58
Chb1 25434 100 + 341 40 532
Cyp2b10 15+14 23 +54% 1.46 0.55
Zfp969 19420 25+13 1.34 0.42
Zfp965 12+0.6 15407 155 0.63
Ttn 13+08 11+07 0.90 -0.16
Rbm14-rbmd 10202 0.8+03* 0.77 -0.37
Sec61g 46+9.4 0.1+0.01* 0.01 -6.54
Rbm24 19434 0.8+0.7 0.44 -119
Tmem81 11+05 0.6+ 0.2* 0.49 -1.02
Rnase2a 18422 14415 0.79 -0.34
Sult2a? 46+13 21439 0.45 -1.15
Ndufb4b 1106 11+05 0.97 -0.04
Dmbt1 14220 0.01+0.01 0.01 -6.81
Cyp2b13 46 + 105 6.2+19 0.14 -2.89
Prin3 74417 03+0.2* 0.04 479
Amy2a5 11+04 0.4 +0.1* 0.41 128
Cyp2b9 21431 1.0+ 1.9* 0.05 436
Mup1 14408 0.6 +0.5* 0.44 -1.19

Results are expressed as means and standard deviations normalized to the average of Ppib and
Tbp as reference genes. Statistical analysis was carried out according to Mann-Whitney U-test and
*, P<0.05.

Using the log: ratio of fold changes obtained by RNAseq and RT-qPCR for the

twenty-one selected transcripts, a correlation analysis was carried out. As shown in
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Figure 5A, a non-significant low correlation coefficient of 0.3 was obtained. Indeed, as

shown in Figure 5B, there were important discrepancies between both methods. To

explore the reason of such lack of agreement, both methods were critically revised. When

transcripts of RNAseq showing either zero counts or without counts in more than 60%

of samples were excluded, a significant agreement (r = 0.9, P < 0.0008) between both

methods was observed (Figure 5C) and all samples were properly categorized (Figure

5D). Only 9 out the 21 chosen genes tested by RT-qPCR show good correlation with the

RNA seq data.
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Figure 5. Concordance between used methods of RNA analysis. A) Correlation analysis
of 21 selected genes between RNAseq and RT-qPCR normalized to the invariant Pipb
and Tbp genes. The mean values obtained for signal log: ratio (SLzR) from individual
analyses (Table 3) were plotted against the RNAseq which used partially pooled
samples (Tables 1 and 2). Poor agreement between the procedures was seen (r= 0.3,
P<0.18). B) Changes in values of SL2R expression of both methods for the 21 selected
genes. C) SL2R correlation analysis between between RNAseq and RT-qPCR results
normalized to the invariant Pipb and Tbp of 9 filtered genes after excluding those
without counts in more than 60% of samples. Good agreement between the procedures
was observed (r= 0.9, P<0.0008). D) Changes in values of SL:R expression of both
methods for the 9 after removing those with low counts.

2.4. Hepatic Gene Expression in the Livers of Female Apoe-Deficient Mice Fed on a 10
mg/kg Erythrodiol-Containing Western Diet for 12 Weeks

To explore, a sex-related response, five transcripts (Cyp2b10, Dmbt1, Cyp2b13, Prin3

and Cyp2b9) showing high expression changes in male Apoe-deficient mice were used as
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subrogated markers of erythrodiol administration and quantified their expression in the
female livers. Results showed no significant changes (Table 4). This finding points out to

a sex-specific hepatic gene expression in response to erythrodiol.

Table 4. Hepatic changes in selected gene expressions of female. Apoe-deficient mice
receiving 10 mg/kg erythrodiol.

Control Erythrodiol
Gene Symbol
(n=12) (n=13)
Cyp2b10 16+14 1415
Dmbt1 1.9+28 6.5+9.6
Cyp2b13 19+18 17£17
Prtn3 14+14 1.5+1.0
Cyp2b9 57+4.1 52+43

Results as arbitrary units according to RT-qPCR assay normalized to Ppib and Tbp are expressed
as means and standard deviations. Statistical analysis was carried out according to Mann-
Whitney U-test.

2.5. Influence of Erythrodiol Dose on Selected Hepatic Gene Expressions in Male
Apoe-deficient Mice Fed on Erythrodiol-Containing Western Diets for 12 Weeks.
A putative dose-response relationship was examined in males for the five selected

genes, Cyp2b10, Dmbt1, Amy2a5, Prtn3 and Cyp2b9. Several doses ranging from 0.5 to 5
mg/kg were tested in male Apoe-deficient mice. Interestingly, none showed a significant
change in gene expression (Table 5). Genes such as Cyp2b10 at 0.5 mg/kg and Dmbt1 at 1
mg/kg showed no normal distributions with individual highly responders that skew the
standard deviation and force the statistical analysis to a non-parametric approach.
Despite the significant odd increases of Cyp2b9 at 0.5 mg/kg and Prtn3 at 1 mg/kg, no
general trend of more pronounced changes was observed when a higher dose was used.
These results suggest that 10 mg/kg is the lower effective dose contributing to induce

hepatic gene expression changes.
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Table 5. Hepatic changes in selected gene expressions of male Apoe-deficient mice
receiving different doses of erythrodiol.

5 k 1 mg/k k

Gene Control 05 oo 8 mg/ & 5 mg/ 8
erythrodiol erythrodiol erythrodiol
Symbol (n=17)

(n=16) (n=17) (n=17)
Cyp2b10 12+0.7 11.1+41.3 16+1.1 1.7+1.8
Dmbt1 45+15 25+43 8.5+27.0 1.7+25
Amy2a5 1.0+0.2 13+02 1.1+0.2 1.1+04
Prtn3 19+29 11+12 32+7.8* 12+1.0
Cyp2b9 1.6+1.3 3.0 +2.6* 22+19 21+1.7

Results are expressed as means and standard deviations according to RT-qPCR assay normalized
to Ppib and Tbp. Statistical analysis was carried out according to One-way ANOVA and Mann-
Whitney’s U-test for pair wise comparisons. *, P <0.05 vs control.

2.6. Influence of Apoal-Deficiency on Selected Hepatic Gene Expressions on Mice
Consuming the 10 mg/kg Erythrodiol-Containing Western Diet for 4 weeks.

Absence of APOAI1 is a genetic model of HDL deficiency. In mice lacking this
protein from both sexes, the impact of erythrodiol-containing Western diet on hepatic
gene regulation was assessed by measuring the expressions of Cyp2b10, Dmbt1, Cyp2b13,
Prtn3 and Cyp2b9 as subrogate genes. Results showed no significant change in any of the
genes in either sex following erythrodiol administation (Table 6). These results may
imply that APOA1-containing HDL may not participate in delivering erythrodiol to the

liver.

Table 6. Effect of 10 mg/kg erythrodiol on selected gene expressions in Apoal-deficient
mice according to sex.

Males Females
Control Erythrodiol Control Erythrodiol
(n=14) (n=15) (n=9) (n=9)
Cyp2b10 30+110 1.2+1.8 72+19 09+09
Dmbt1 50+108 7.3+19 9.8+21 87 + 156

Cyp2b13 42+6.3 45£98 1.3+x09 19+11
Prtn3 12+0.8 1.1+0.8 1.2+0.9 53+8.1
Cyp2b9 24+38 1.6+1.9 1.1+0.5 1.2+0.7
Results are expressed as means and standard deviations according to RT-qPCR assay normalized

to Ppib and Tbp. Statistical analysis was carried out according to One-way ANOVA and Mann-
Whitney’s U-test for pair wise comparisons. *, P <0.05 vs control.

Gene Symbol

3. Discussion

The present nutrigenomic approach was carried out to determine the effect of

erythrodiol on hepatic transcriptome in male Apoe-deficient mice as a hepatic
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steatosis-prone model. Using RNAseq, erythrodiol administration did not modify
single nucleotide polymorphisms, nor created errors in transcription, nor influenced
global alternative splicing events. Results indicate that this compound mainly
modified hepatic expression of clusters of genes involved in xenobiotics, protein and
nucleic acid metabolisms. These findings were accompanied by a trend to decrease
accumulation of lipids in cytoplasmic lipid droplets and decreased hepatic mass. A
comparison between RNAseq and RT-qPCR revealed that due to their different
methodological approaches, special care should be applied in order to compare their
outcomes. Nine randomly selected genes (Ccl19-ps2, Cyp2b10, Rbm14-rbm4, Sec61g,
Tmem81, Prtn3, Amy2a5, Cyp2b9 and Mup1) showing good agreement between both
methods were significantly modified in males by the administration of erythrodiol.
An association of expressions among Cyp2b13, Cyp2b9 and Prtn3 was observed.
When these gene expressions together with that of Cyp2b10 and Dmbt1 were tested
in female mice receiving erythrodiol, a different sex-response was observed. Used
to explore the minimal required dose, they evidenced a minimum 10 mg/kg, to
observe male responses. Used as markers of erythrodiol delivery to the liver in
absence of APOA1-HDL, no influence was observed in this setting. Overall, dietary
erythrodiol administration is safe and induces hepatic gene changes that are sex-
specific and dose-dependent and APOA1- containing HDL may not participate in

its delivery to the liver.

Due to the fact that the high-throughput sequencing technology for
transcriptomic purposes provides huge amounts of data about differentially
expressed genes and additional analyses including polymorphisms, alternative
spliced variants, low-expressed genes, and novel transcripts, has been proposed as
an attractive choice, superseding quantitative transcript profiling by microarray
[26]. Using this approach, we have proved that erythrodiol administration induced
differentially expressed genes without modifying single nucleotide polymorphisms,
creating errors in transcription or influencing global alternative splicing events. This
fact, the lack of death mice receiving this agent at 10 mg/kg for 12 weeks and the
normal hepatic morphology indicate that erythrodiol administration is safe for

males and females.
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In our technical approach for RNA seq, a strategy of pooling was adopted. This
may raise two drawbacks, bias and loss of biological variability, but it also has
advantages in terms of cost and complexity of analysis [26,27]. Undoubtedly, this
approach requires confirmation by an independent procedure, and RT-qPCR was
selected and applied to 21-randomly chosen genes that were analyzed using
individual samples. The initial correlation between RNAseq and RT-qPCR was
rather poor (Figure 5A). A profound analysis of both methods considering primer
design used in RT-qPCR that corresponded to most read exons, and establishing an
unambiguous limit of detection in RNAseq showed a robust agreement between
both procedures (r=0.9, P<0.0008) (Figure 5C). Thereby, pooling assays are a reliable
screening approach that saves samples, is more economic and straightforward as it
was for microarrays [9,28,29] and in this particular case it also facilitates the finding
of targets of erythrodiol. RNAseq provides an unsurpassed overview of genome
activity. Although preliminary, this finding is also suggesting that bioinformatic
tools for analyzing RNAseq data should be refined to reinforce its specificity
displaying quantified transcripts and taking into consideration their limits of
detection. One potential limitation of our approach is the search in the range of the
highest changes where some control samples did not express and did contribute to
an increased erythrodiol/control ratio. For that reason, only 9 out 21 chosen genes
show good correlation. Furthermore, it should also be taken into consideration that
depending on the chosen primers, different transcripts are analyzed [30]. These

caveats warrant more research in the future.

A cluster of genes involved in xenobiotics metabolism has been influenced by
erythrodiol administration. In this regard, one gene with induced expression was
Cyp2b10. It belongs to cytochrome P450 components of phase I response involved in
NADPH-dependent electron transport. It oxidizes steroids, fatty acids, and
xenobiotics, leading to detoxification of approximately 10% of drugs [31].
Erythrodiol as an alcohol was able to induce it, as did ethanol [32]. However, other
members of phase I response, Cyp2b9 and Cyp2b13, were found decreased by
erythrodiol administration. This represents a unique pattern differing from the

response to oleanolic acid-diet that also induced Cyp2b9 expression [28] and that of

119



Results

maslinic acid administration that induced the triad (Cyp2b9, Cyp2b10 and Cyp2b13)
[29] or the lineal triterpene, squalene (Cyp2b10 and Cyp2c55) [33]. These facts clearly
indicate different responses depending on the administered triterpene. This
particular hepatic response to erythrodiol may escape of the consequences observed
when these three Cyp genes were deleted, namely fatty liver disease progression
[34]. Indeed, our results do not support an increased lipid droplet accumulation in

the liver.

Regarding protein metabolism, particularly interesting are the findings of Prtn3
changes and their association with those of Cyp2b9 and Cyp2b13 (Figure 4E). Prtn3
encodes for a proteinase 3 with proteolytic activities and reactive oxygen species
responses. Ptrn3 deficiency is strongly correlated with fewer incidences of liver
steatosis and adipose tissue inflammation and thus reduced risk of NAFLD and
obesity-related steatosis [35]. High PRTN3 levels are also correlated with poor
survival rates in pancreatic cancer [36]. In this regard, Ptrn3 suppression by
erythrodiol may be a potent hepatic therapy against steatosis. Mup1 is a member of
the lipocalin family that regulates metabolic homeostasis by controlling expression
of gluconeogenic and lipogenic genes in the liver. Its down-regulation has been
shown to induce hyperglycemia, impaired insulin secretion, glucose intolerance and
hyperlipidemia [37, 38]. Accordingly, erythrodiol could carry deleterious effects
when repressing MUP1 gene. On the other hand, SEC6lg over-expression is
considered a parameter of bad glioblastoma prognosis [39]. TMEMS1 is
overexpressed in hepatocellular carcinoma [40]. In addition, a frameshift deletion
mutation of RBM14-RBM4 chimera was screened in liver cancer, considering this
mutation a putative marker for hepatic neoplasia [41]. The decreased expressions of
these three genes by erythrodiol might contribute to explain its antineoplastic

properties [22].

When comparing gene expression patterns of our study with those observed
using olive oil components, Dmbt1, an extracellular receptor, showed reduced
expression in animals consuming a pomace olive diet [9]. This pattern was

reproduced by erythrodiol but not by other terpenic compounds. Thus, the gene
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could be a unique marker for erythrodiol intake. Its significance on liver damage

needs to be explored [42].

The sex-differences noted in gene expression changes observed by erythrodiol
administration are particularly striking. Our results again reinforce the previously
noted differences between sexes in the liver [43], particularly when a Western diet
was administered [30]. Indeed, Cyp2b9 gene expressions have been particularly
sensitive to sex differences [34,44,45], (-estradiol [46] and prolactin [47]. Thus,
hepatic drugs should be specially tested for females. A threshold dose was also
required to elicit male hepatic changes in gene expression confirming a dose-
dependent pattern of other erythrodiol-related actions [10, 25], and a potential
cytotoxic effect at high doses [48]. APOAT1 is the most abundant protein constituent
of HDL produced by the liver and the intestine [49]. To test the hypothesis whether
this type of HDL could be involved in delivering erythrodiol to the liver, mice
lacking Apoal gene were used as models of HDL absence. As suspected, no notable
changes were observed for tested genes. The same results were obtained with
oleanolic acid administration [28], which is consistent with the fact that both
triterpenes may not be vehicled by APOA1-containing HDL in their route to the
liver. Overall, the hepatic gene expression profile induced by erythrodiol is a
multistep, complicated process of integrated factors, particularly dose and sex. To
translate these results into humans, its bioavailability has to be proved, something
that has only been observed in rats [50]. Based on the present work and the different
metabolic rates of mice and humans a 1 mg/kg dose should be explored in the latter.
Consuming a daily 50 ml of extra-virgin olive oil, a human would be exposed to a
53 ug/kg erythrodiol dose, but using the same amount of pomace olive oil [51] the
exposition would be 500 ug/kg, close to the predicted active dose in humans. A

potential sex-differential response is required to be tested in our species.
4. Materials and Methods

4.1. Animal Models

The experimental animals used were two-month-old, homozygous Apoe-

deficient mice on C57BL/6] genetic background, obtained from Charles River
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Laboratories (Barcelona, Spain) and Apoal-deficient mice on C57BL/6] genetic
background, generously provided by Dr. Nobuyo Maeda from the University of
North Carolina at Chapel Hill. Both were bred at the Centro de Investigacion Biomédica
de Aragon. Blood samples obtained from the facial vein 4h after a fasting period were
used to establish experimental groups with similar baseline plasma cholesterol. This
was used as a quick additional quality control of mouse identification. In this sense,
Apoe-deficient mice on C57BL/6] background are hypercholesterolemic and their
plasma levels should be higher than 5 + 1 mmol/L [52] compared to 2.9 + 0.5 mmol/L
for wild-type. Any mouse not showing these values were genotyped and if their
identification was correct were excluded due to hepatic dysfunctionality. In the case
of Apoal-deficient mice and due to their hypocholesterolemia [53], they should show
values of 0.8 + 0.4 mmol/l [54]. As in the case of Apoe-deficient mice, any discrepant
mouse is genotyped as described [55]. The lack of Apoe and Apoal hepatic
expressions in these mice, respectively, was also verified by analyzing their presence

or absence by RT-PCR (Supplementary Figure 1).

Ppib primers

Apoe primers Apoat primers
1 2 3 M

1 2 3 1 2 3 M

bt

100 bp — e 100 bp

Supplementary Figure 1. PCR products obtained from hepatic RNA by RT-PCR. Apoal-
deficient mice do not express Apoal and Apoe-deficient mice do not express Apoe. Lane 1,
Apoal-deficient mice; lane 2, Apoe-deficient mice and lane 3, negative control, no cDNA
input. M, DNA ladder. PCR products were run into a 2% agarose gel and stained with
ethidium bromide.

Mice were housed in sterile filter-top cages in rooms supplied with monitored
12-hour light/12-hours dark cycle and had ad libitum access to food and water. The
experiments were carried out in accordance with the EU Directive 2010/63 on the

protection of animals used for scientific purposes and the study protocol was
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approved by the Ethics Committee for Animal Research of the University of
Zaragoza (PI43/15 and PI35/18).

4.2. Experimental Designs

4.2.1. Effect of Dietary 10 mg/kg Erythrodiol in a Western Diet on Apoe- and
Apoal-Deficient Mice.

Four study groups were established: female (12) and male control (n=14) groups
received a purified Western diet containing 0.15% cholesterol and 20% refined palm
oil (Gustav Heess, S.L., Barcelona, Spain), and the other two groups female (13) and
male (n = 15) were fed with the same diet containing 0.01% erythrodiol
(Extrasynthese, Genay, France). Assuming a daily intake of 3 g for each mouse, this
is equivalent to a dose of 10 mg/kg mouse. This dose was chosen based on that
previously used of oleanolic acid [28] that did not modify body weight and elicited
hepatic gene expressions. Fresh diets were prepared weekly, kept under N:
atmosphere at — 20 °C and replaced daily. The animals were fed the experimental

diets for 12 weeks and both were well tolerated.

A similar design was used for Apoal-deficient mice, the size of groups was
female (9) and male (14) controls and female (9) and male (15) erythrodiol groups.

In this case, the intervention lasted for 4 weeks.

4.2.2. Effect of Different Doses of Erythrodiol in Western Diets on Male Apoe-
Deficient Mice.

Four groups were established. Control group (17) received the Western diet and
three groups receiving the same diet formulated to receive lower doses of 0.5 (n =
16), 1 (n = 17) and 5 mg/kg erythrodiol (n = 17), respectively. As mentioned above
and once corrected by mouse metabolic rate, these doses would represent the
amount of erythrodiol received by humans consuming extra-virgin olive oil or

pomace olive oil. The animals were fed the experimental diets for 12 weeks.

4.3. Somatometric Analyses

During the experiment, body weight and survival rate were monitored. At the

end of the experiment, following 4-hour fast mice were euthanized by CO:
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inhalation, and the livers obtained and weighed. An aliquot was stored in neutral

formaldehyde and the remaining organ frozen in liquid nitrogen.

4.4. Liver Histology Analyses

Sections (4 um) of the livers stored in neutral formaldehyde were stained with
hematoxylin and eosin and observed using a Nikon microscope. Hepatic fat content
was evaluated by quantifying the area of lipid droplets in each section and

expressed as percentage of total liver section [56].

4.5. RNA Isolation

Total RNA of each liver was isolated using Tri Reagent from Ambion® (Life
Technologies, Carlsbad, CA, USA) following the manufacturer’s instructions. DNA
contaminants were removed by TURBO DNAse treatment of 5 pug of total RNA
using the DNA Removal Kit from Invitrogen (Cat.No:AM1907, Carlsbad, CA, USA).
RNA was quantified by absorbance at A260/280 wusing Nanodrop
Spectrophotometer and the ratio was greater than 1.75. The integrity of the 28S and
18S ribosomal RNAs was verified by 1% agarose gel electrophoresis followed by

ethidium bromide staining and the 285/18S ratio was greater than 2.

4.6. RNAseq and Data Analyses

For RNA sequencing, 6 pools of control mice were prepared using equal
amounts of hepatic total RNA of two mice and in the seventh the total RNA from
three mice was used. Another 7 pools were prepared for erythrodiol-treated mice
combining total RNA from two or three mice per pool. The resulting 14 samples
were sent to BGI (Shenzhen, China) service. Their total RNA quality was tested
using Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit, Santa Clara, CA, USA),
then library construction was initiated by purifying the poly-A containing mRNA
molecules using oligo-dT attached to magnetic beads. The mRNA was fragmented,
copied into cDNA, linked to an adapter, purified and amplified by PCR. PCR yield
was quantified by Qubit, and pooled samples together to make a single strand DNA
circle (ssDNA circle), which gave the final library. DNA nanoballs (DNBs) were

generated with the ssDNA circle by rolling circle replication (RCR) to enlarge the
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fluorescent signals at the sequencing process, the DNBs were loaded into the
patterned nanoarrays and pair-end reads of 100 bp were read through the BGISEQ-
500 platform. Sequencing reads which contained low-quality, adaptor-polluted and
high content of unknown base reads were removed before downstream analyses.
After read filtering, genome mapping of clean reads to reference genome was
performed wusing HISAT (Hierarchical Indexing for Spliced Alignment of
Transcripts) generating a Bioinformatics flow of about 4.73 Gb per sample with an
average genome mapping rate of 92.76%. After genome mapping, StringTie was
used to reconstruct transcripts [57], with genome annotation information, novel
transcripts were identified by using Cuffcompare (a tool of Cufflinks) [58] and the
coding ability of those new transcripts was predicted using Coding Potential
Calculator [59]. In total, 14,920 novel transcripts were identified. GATK (Broad
Institute, Inc, Boston, MA, USA) was then used to call SNP and INDEL variants for
each sample. RMATS [60] was used to detect differentially splicing genes between
samples. After novel transcript detection, novel coding transcripts were merged
with reference transcripts to get complete reference, then clean reads were mapped
to it using Bowtie2 [61]. Then gene expression level for each sample was calculated
with RSEM [62]. The complete datasets were deposited in the GEO database
(Accession number GSE155163).

4.7. Quantification of mRNA

To verify the most striking observed changes by the administration of
erythrodiol using RNAseq, represented by signal log. ratio > 1.5 or <-1.5 and false
discovery rate <0.001 for up-regulated and down-regulated, respectively, 21 genes
fulfilling these criteria were chosen. Their gene structure was analyzed using
Ensembl Genome Browser and primers representative of the main hepatic
transcripts according to Mouse Genome Informatics were prepared. The reverse
transcriptase quantitative PCR (RT-qPCR) assays of these transcripts were
optimized in terms of primer and input cDNA concentrations to obtain similar
efficiencies and analyzed on individual samples. Basically, equal amounts of DNA-
free RNA (500 ng) from each liver were reverse transcribed into cDNA using

PrimeScript RT Reagent Kit (Cat. No: RR037A, Takara, Kutsatsu, Shiga, Japan). The
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used primers were designed using NCBI and Primer 3 software [63] and checked by
BLAST (NCBI) and KEGG to verify gene specificity and coverage of all variants for
a specific gene. Tables for the primers in the Material and Method section show their
characteristics. Quantitative real time was carried out according to manufacturer’s
instructions (SYBR Green PCR Master Mix, Applied Biosystems, Foster city, CA,
USA) on a Step One Real Time PCR System (Applied Biosystem). The relative
amount of mRNA was calculated using the comparative 2444 method and
normalized to the reference Ppib and Tbp expressions and reported as signal log:

ratio of erythrodiol/control.

4.8. Quality Control and Statistics

PCR duplicates for samples were carried out and their coefficient of variation
obtained. Samples displaying values higher than 3% were discarded and assayed
again. Statistical analyses were performed using GraphPad Prism (GraphPad
Software, San Diego, CA). Data were checked for normal distribution by Shapiro-
Wilk test and homogeneity of variance by Bartlett F-test. When any of these failed,
results were analyzed by Mann-Whitney U test. Differences between both groups
were considered significant when P < 0.05. Correlation between gene expressions

was analyzed using Spearman correlation coefficient.

5. Conclusion

Through transcriptomic profiling and selecting a procedure previously
validated by our group, erythrodiol has proved to act as a transcriptional modulator
of hepatic gene expression dependent on sex. At 10 mg/ kg, erythrodiol modulates
expression of hepatic genes involved in detoxification and tumor processes, and
shows a trend to decrease the percentage of area occupied by lipid droplets. In this
aspect, erythrodiol could be a potential candidate to halt the evolution of fatty liver

into hepatocarcinoma.

Supplementary Materials: The following are available online at
https://www.mdpi.com/1422-0067/21/19/7331/s1. Figure S1 and Table S1.
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ii. Squalene through its Post-Squalene Metabolites is a Modulator of Hepatic
Transcriptome in Rabbits.

Abstract: Squalene is a natural bioactive triterpene and an important intermediate in
the biosynthesis of sterols. To assess the effect of this compound on the hepatic
transcriptome, RNA-sequencing was carried out in two groups of male New Zealand
rabbits fed either a diet enriched with 1% sunflower oil or the same diet with 0.5%
squalene for 4 weeks. Hepatic lipids, lipid droplet area, squalene, and sterols were also
monitored. The Squalene administration downregulated 9 transcripts and upregulated
13 transcripts. The gene ontology of transcripts fitted into the following main
categories: transporter of proteins and sterols, lipid metabolism, lipogenesis, anti-
inflammatory and anti-cancer properties. When the results were confirmed by RT-
qPCR, rabbits receiving squalene displayed significant hepatic expression changes of
LOC100344884 (PNPLA3), GCK, TFCP2L1, ASCL1, ACSS2, OST4, FAM91A1, MYH6,
LRRC39, LOC108176846, GLT1D1 and TREH. A squalene-enriched diet increased
hepatic levels of squalene, lanosterol, dihydrolanosterol, lathosterol, zymostenol and
desmosterol. Strong correlations were found among specific sterols and some squalene-
changed transcripts. Incubation of the murine AML12 hepatic cell line in the presence
of lanosterol, dihydrolanosterol, zymostenol and desmosterol reproduced the observed
changes in the expressions of Acss2, Fam91al and Pnpla3. In conclusion, these findings
indicate that the squalene and post-squalene metabolites play important roles in

hepatic transcriptional changes required to protect the liver against malfunction.

Keywords: squalene; virgin olive oil; rabbits; murine; AML12 cell line; lipid droplets;
transcriptome; liver; hepatic; RNA sequencing

1. Introduction

The Seven Countries Study and subsequent epidemiological studies have linked
the Mediterranean diet to natural occurring longevity, welfare and low rates of
metabolic disorders [1,2]. There are some geographical modifications in the pattern of
the Mediterranean diet; however, all of them use virgin olive oil (VOO) as a principal
source of energy and as a health-promoting component [3]. Briefly, the consumption of

VOO positively modulates the lipid metabolism, lipogenic response, insulin resistance,
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immune-inflammatory pathways, antithrombotic effect, blood pressure control,
detoxification of reactive species and endothelial functions [3-6]. A substantial part of
this effect has been attributed mainly to the minor unsaponifiable fraction [7,8], which
represents about 0.5 to 1.5% of the oil and is composed of phytosterols, phenolic
compounds, triterpenes and hydrocarbons. The latter accounts for almost 50% of the
unsaponifiable composition [9,10], with squalene as the preeminent component [7]. This
polyunsaturated terpenoid is made up of six units of isoprene (Figure 1) and is present
in VOO at a concentration of 1.5 to 10.1 g per kg depending on cultivars, agronomical

issues and olive fruit processing [11].

Figure 1. Squalene chemical structures.

Obtained from: https://pubchem.ncbinlm.nih.gov/compound/638072#section=2D-
Structure, and
https://www lipidmaps.org/databases/Imsd/LMPR0106010002?LMID=LMPR01060100
02, accessed on 9 February 2022.

Several assays have tested favorable properties of squalene as a strong antioxidant,
anti-inflammatory and highly effective oxygen scavenger against cell deterioration,
senescence, neoplasm and chemotherapy-induced side-effects and as an enhancer of
immune response to various associated antigens [11,12]. In humans, the estimated
squalene intake ranges from 30 to 400 mg per day [13], with high oral absorption
efficiency at rates from 60 to 85% compared to 42% in animals [14,15]. Dietary squalene
is transported by chylomicrons into circulation, followed by hepatic uptake prior to
conversion into sterols and bile acids or re-secreted into the bloodstream into very low-
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density lipoproteins (VLDL) and low-density lipoproteins (LDL) and distributed to

various tissues [15].

Oryctolagus cuniculus represents an excellent laboratory model for its high
absorption and responsiveness to dietary cholesterol [16] and its high cholesteryl ester
transfer protein activity [17]. In addition, the liver secretes apolipoprotein APOB100 [18]
and plasma APOB100-containing particles have similar chemical components to humans
[11]. Several studies have tested the hepatic biological effects caused by dietary squalene.
Kritchevsky et al. [19] were the first to prove that a diet enriched in squalene caused an
increase in mass and unsaponifiable material in the liver. Recently, it has been observed
that exogenous squalene fed to these animals results in an increase in the hepatic content
of squalene in the rough endoplasmic reticulum, the nucleus and expanded lipid vesicle
size [20,21]. These authors have also found a hepatic accumulation of non-esterified
cholesterol and of sterol precursors in the modified Kandutsch-Russell pathway [21].
This initial complexity may point out a complex network of gene expressions being
involved. To address this hypothetical setting, an RNA-sequencing approach was
tackled in rabbits consuming squalene and murine cell lines treated with cholesterol
precursors were used in an attempt to clarify sterol’s ability to modulate in vivo gene
expression changes.

2. Results

2.1. Body Weight and Hepatic Parameters
Rabbits receiving the squalene-supplemented diet did not change body weight,

despite a slight decline in food intake (Supplementary Figure S1). In addition, hepatic
lipid droplet area was augmented (p < 0.01) (Figure 2), with an increase in the contents
of non-esterified cholesterol content (p < 0.02), squalene (p < 0.01) and sterol metabolites
such as lanosterol, dihydrolanosterol, zymostenol, lathosterol and desmosterol (for all p
< 0.01), however, no significant change in triglycerides nor in esterified cholesterol was

detected (Figure 3).
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Supplementary figure 1. Body weight difference in response to dietary consumption. A, Food
consumption of both groups. Statistical analysis was done according to Mann-Whitney’s U-test.
P>0.05. B. Body weight for control and squalene groups was compared among different days of
assay.
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Figure 2. Hepatic histological analyses in rabbits fed with different diets. Representative liver
micrographs when consuming control containing sunflower-oil diet (A) vs. 0.6 g/kg squalene-
enriched control diet (B). Liver sections from each animal were stained with hematoxylin and
eosin and evaluated blindly. Morphometric difference in amount of lipid droplet area in both
control and squalene groups (C). Data are means and 10-90 percentiles for each group. Statistical
analyses were performed according to Mann-Whitney’s U-test. **, p < 0.01.

136



Results

>
8
w

1200 *%

OControl .

mSqualene g
qh’ 20 q = 800 -
> Y
= o
(T

o
o 10 1 ~ 400 -
o o
~ * =1
(=]
€ o li =] | s 0 ]
Triglyceride Total Non-esterified Esterified Control Squalene
cholesterol cholesterol cholesterol q
C * %
300 -
1Y
(]
2
« 200 -
“6 % %
=]
g * %
(<]
c
100 A * %
— | ] i
0 == T L T
Lanosterol Dihydrolanosterol Zymostenol Lathosterol Desmosterol

Figure 3. Hepatic lipid composition. (A) Triglyceride and cholesterol. (B) Squalene
level. (C) Cholesterol biosynthesis intermediate sterols. Unfilled bar, control diet; filled
bar, squalene-supplemented diet. Data are means + SD. Statistical analyses were
performed according to Mann-Whitney’s U-test. * p < 0.05, ** p <0.01 vs. control.

2.2. Hepatic Gene Expression

To determine the response of squalene intake to the hepatic transcriptome, RNA
was extracted from five animals receiving the squalene-supplemented diet and from five
receiving the control diet and sequenced by next-generation sequencing using the
DNBseq platform. From each library, clean read sequences represented an average of
45.8 + 26 x 10° with a ratio of coverage of 91.60%. On average, 87.69% of the reads were
mapped with the reference genome, and the uniformity of the mapping results for each
sample suggests that the samples were uniform. In total, 19,163 genes were identified, of
which 18,561 were known and 720 were new. Dietary squalene did not influence single
nucleotide polymorphisms. Regarding transition, A-G were 55.6 + 5.4 vs. 50.9 + 5.9 and
C-T were 55.7 +5.5 vs. 50.9 £ 5.9 for control and squalene groups, respectively. Regarding
transversions, A-C were 9.2 + 0.9 vs. 8.6 + 0.7; A-T were 6.6 + 0.8 vs. 6.4 + 0.4; C-G were
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10.8 +1.1 vs. 9.9 + 1.0 and finally, G-T were 9.2 + 1.0 vs. 8.6 + 0.6 for control and squalene
groups, respectively.

When alternative splicing events were tested, squalene administration had a
significant influence on splicing events, alternative 5’ splicing, alternative 3’ splicing site
and retained introns (data not shown), while no effect was found on skipped exons or
mutually exclusive exons. Splicing patterns led to a variety of differentially splicing
genes and a variety of different isoforms from one gene, with a total of 10,924 novel
transcripts, of which 8562 were previously anonymous splicing events for known genes,
720 were novel coding transcripts without any known features, and the rest were 1642
long noncoding RNA. Differentially expressed genes were 18,485 in the squalene group
and 18,186 in the control group as shown in Figure 4A. Gene ontology of upregulated
and downregulated genes involves molecular, biological functions and cellular
components. The latter required a larger number of genes, as revealed in Figure 4C.
Summary of DEGs and volcano plot show DEGs distribution are displayed in Figure 4B,
D. Using more stringent conditions (log: fold change higher than 1.5 or less than —1.5)
and a false discovery rate of p <0.001, nine transcripts were downregulated (Table 1) and
13 transcripts were upregulated (Table 2). The biological function of some of these genes
fitted into the following five main categories: hepatic transport of sterols and proteins,

lipid metabolism, lipogenesis, anti-inflammatory and anti-cancer processes.
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Figure 4. Differentially expressed genes (A) Venn diagram analysis. Control expressed 18,186
transcripts vs. 18,485 in squalene group. (B) Pathway classification of DEGs, X axis; number of
DEG. Y axis; functional classification of KEGG. (C) GO classification of DEGs, axis represents
number of DEG. Y axis represents GO term. (D) Volcano plot of DEGs. X axis, log2 transformed
fold change. Y axis; -log10 of false discovery rate.

Table 1. Hepatic transcripts differentially downregulated by the administration of squalene
at the level of signal log2 ratio < -1.5 and false discovery rate < 0.001 in male Oryctolagus
cuniculus according to RNAseq.

Biological Signal
& GenBank Name Gene Symbol log:  p-Value
Process .
Ratio
Intracellular B-cell receptor-associated
i X . 2. .
protein M_017339423.1 protein 29, BCAP29 LOC100344375 2.8 0.00000
transport
XM_017339724.1 Patatin-like
X .
Hydrolysis of M_008252198.2 phospholipase domain- ~ LOC100344884
. . XM_008252200.2 . . -1.9 0.00018
triglycerides containing protein 3, (PNPLA3)
XM_017339725.1 PNPLA3
XM_008252201.2
Glucose 51 0082618182 Glucokinase GCK 1.7 0.00061
metabolism
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LncRNA

Regulation of
transcription

Fatty acid
biosynthesis

Transcription
activity

NA

Acetate-CoA
ligase activity

XR_001795369.1
XR_001795370.1
XR_519422.2

XM_008251077.2

XM_017339196.1

XM_002711229.3

XM_017348395.1

XM_002710791.3
XM_002710792.3

Uncharacterized
LOC103351691

Transcription factor CP2

like 1

Acetyl-CoA carboxylase

beta

Achaete-scute family
bHLH transcription factor

1

E3 ubiquitin-protein

ligase HERC2-like

Acyl-CoA synthetase

short chain family
member 2

LOC103351691

TFCP2L1

ACAB

ASCL1

LOC108178363

ACSS2

-1.6

-1.5

-1.5

-1.5

0.00026

0.00001

0.00004

0.00246

0.00225

0.00273

Table 2. Hepatic transcripts differentially upregulated by the administration of squalene at

the level of signal log: ratio > 1.5 and false discovery rate <0.001 in male Oryctolagus cuniculus

according to RNAseq.
; . Signal
Biological GenBank Name Gene Symbol log: p-Value
Process i
Ratio
Dolichyl-
Protei iphosphooli haride-- LOCI108177
rotem' XM_017346007.1 dip osphooligosacc aride 0C108177690 25 2 607
glycosylation protein glycosyltransferase (OST4)
subunit 4, OST4
Intracellular XM_002710763.3
protein transport, XM_008255883.2 Family with sequence
FAM91A1 2. 4.39-¢
vesicle tethering XM_008255884.2  similarity 91 member Al M9 3 39
to Golgi XM_017341515.1
Uncharacterized
NA XR_515397.2 LOC103345531 LOC103345531 2 0.00009
Actin binding, .
XM_017348206.1 - YH 1. .00041
ATP binding M_017348206 Myosin-6 MYHb6 8 0.000
Regulate bone .
. .. NM_001101695.1 Osteomodulin OMD 1.8 0.00013
mineralization
ReNliigai?(:]rf of Eukaryotic translation
S NM_001204114.1 initiation factor 4E binding EIF4EBP3 1.7 0.00046
translational .
T protein 3
initiation
component of ~ XM_017337996.1 ezcme re retp'?a, an ) &  LINGOT 17 0.00022
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XM_008249193.2
XM_008249194.2

NA XM_002715469.3

Nucleoside
triphosphate XM_008263526.2
catabolic process, XM_017345377.1
immune response

XR_001793580.1

IncRNA XR_001793581.1
Muscle XM_017343215.1
contraction

Glycosylation ~ XM_008251202.1

Trehalose

. NM_001082290.1
metabolism

Leucine rich repeat
containing 39

Ectonucleotide
pyrophosphatase/phosphod
iesterase 3

Uncharacterized
LOC108176846

Titin

Glycosyltransferase 1
domain containing 1

Trehalase

LRRC39

ENPP3

LOC108176846

TTN

GLT1D1

TREH

1.6

1.6

1.6

1.6

1.5

1.5

0.00086

0.00022

0.00009

0.00133

0.00002

0.00057

To confirm the RNAseq data, 17 transcripts with log: fold change higher than 1.5 or

lower than —1.5 were randomly selected from Tables 1 and 2, including LOC100344375,

LOC100344884 (PNPLA3), GCK, LOC103351691, TFCP2L1, ACAB, ASCL1, ACSS2, OST4,

FAM91A1, MYH6, OMD, LRRC39, LOC108176846, TTN, GLT1D1 and TREH. Their RT-

qPCR assays were set up and verified on individual hepatic samples. A correlation study

between RNAseq and RT-qPCR by assessing log: fold change values of transcripts

showed a significant agreement (r = 0.8, p < 0.0001) (Figure 5A) and all samples were

properly classified (Figure 5B). In rabbits receiving squalene (Table 3), twelve transcripts

displayed significant expression changes (LOC100344884 (PNPLA3), GCK, TFCP2L1,

ASCL1, ACSS2, OST4, FAM91A1, MYH6, LRRC39, LOC108176846, GLT1D1 and TREH).
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Table 3. Changes in selected hepatic gene expressions of male Oryctolagus cuniculus
receiving 0.5% squalene according to RT-qPCR assay for genes with signal log: ratio < -1.5

or >1.5.
Signal
Gene Symbol Control (1 =5) Squalene (1 = 5) Fold Change log:
Ratio

ASCL1 24+34 0.1+0.2% 0.1 —4.2
ACAB 23+33 05+0.3 0.2 -2.3
GCK 15+14 03+02% 0.2 2.2
LOC100344884

(PNPLA3) 1.2+0.6 03+03* 0.3 -1.9
ACSS2 1.0+0.2 0.3+0.2** 0.3 -1.8
TFCP2L1 1.0+£0.2 04+0.2* 04 -1.3
LOCI00344375 1.5+1.1 09+05 0.6 -0.7
LOC103351691 20x21 19+1.7 1.0 0.0
FAM91A1 1.1+£0.6 20+09% 1.8 0.8
LOC108177690 (OST4) 1.1+05 22+08* 2.0 1.0
LRRC39 1.1+04 20+09*% 1.9 1.0
LOC108176846 14+1.2 3.6+£19% 2.6 14
GLT1D1 14+1.2 44+23* 3.2 1.7
MYH6 22+19 11.2+9.7* 5.1 23
OMD 4156 19.7 2822 48 2.3
TTN 1.0+21 58+5.3 5.6 2.6
TREH 14+1.1 16.3+15.2* 11.7 3.6

Results are expressed as means and standard deviations normalized to PPIB and GAPDH.
Statistical analyses were carried out according to Mann—-Whitney U-test and *, p <0.05, ** p <0.01
vs. control.
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Figure 5. Concordance between used methods of RNA analysis. (A) Correlation analysis of 17
selected genes between RNAseq and RT-qPCR normalized to the invariant PIPB and GAPDH
genes. The mean values obtained for signal log: ratio (SL2R) from individual analyses (Table 3)
were plotted against the RNAseq which used partially pooled samples (Tables 1 and 2). Good
agreement between the procedures was observed (r = 0.8, p < 0.0001). (B) Difference in results of
SL2R expression of both procedures of the 17 selected genes.

Network correlations obtained from RT-qPCR results revealed significant
association among key transcripts (Figure 6). OST4 and TFCP2L were hubs and
correlated with LOC100344884 (PNPLA3), GCK, ACSS2, MYH6, LRRC39, LOC108176846,

GLT1D1 and TREH.
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Figure 6. Network of hepatic transcripts. A, Association among transcript changes assayed
by RT-qPCR. Red, up regulation. Blue, down regulation. Significant Spearman’s correlations
(p<0.02).

Likewise, significant associations were observed among several transcripts and the
hepatic content of metabolites in cholesterol biosynthetic pathways, including
lanosterol, dihydrolanosterol, and desmosterol (Figure 7A). In this regard, down
regulations of TFCP2L1 and ACSS2 were associated with sterols in the Kandutsch—
Russell pathway and with increased hepatic lipid droplet area (Figure 7B). The increase
in FAM91A1 and the decrease in LOC100344884 (PNPLA3) were associated with sterols

in the Bloch pathway.
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Figure 7. Correlation between hepatic transcripts and biological parameters in response
to squalene intake. (A) transcripts associated with sterol precursors in the Kandutsch-
Russell pathway. (B) transcripts related to lipid droplet area. Red; up regulation. Blue;
down regulation. Significant (p < 0.02) Spearman’s correlations are shown.

To verify those associations, a murine AML12 hepatic cell line was incubated with
200 uM squalene and 200 nM of lanosterol, dihydrolanosterol, zymostenol or
desmosterol for 6 h. In the assayed conditions, only Acss2, Fam91al and Pnpla3

expressions reproduced the pattern observed in rabbit’s livers (Figure 8).
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Figure 8. Effect of in vitro incubation of cholesterol precursors on selected gene expressions.
AMLI12 cells were incubated in presence of 0.1% ethanol (control) or 200 uM squalene, 200 nM
lanosterol, dihydrolanosterol, zymostenol or desmosterol dissolved in 0.1% ethanol for 6 h. The
experiment was performed in triplicate, with n = 6 in each experiment for control and treated
cells. Panels (A-C) correspond to Acss2, Fam91al and Prnpla3 mRNA levels normalized to Pipb by
RT-qPCR, respectively. Data are means and 10-90% percentiles. Statistical analyses were
performed according to Mann-Whitney’s U-test. * p < 0.05, ** p < 0.01 vs. control.

3. Discussion

The nutrigenomic approach was carried out through transcriptomic analysis of the
liver in male wild-type white rabbits (Oryctolagus cuniculus) following 0.5% squalene
intake (0.6 g/kg). The administration induced increased hepatic squalene accumulation
and elevated levels of post-squalene metabolites of cholesterol biosynthesis, lanosterol,
dihydrolanosterol, lathosterol, zymostenol and desmosterol. Using RNA sequencing,
squalene intake did not modify single nucleotide polymorphisms; however, the terpene
induced alternative splicing patterns, both at 5" and 3’ sites and retained introns. Rabbits

receiving squalene displayed significant hepatic expression changes of LOC100344884
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(PNPLA3), GCK, TFCP2L1, ASCL1, ACSS2, OST4, FAM91A1, MYH6, LRRC39,
LOC108176846, GLT1D1 and TREH. Post-squalene metabolite levels were also associated
with transcript levels. Moreover, the modified expression of Acss2, Fam91al and Pnpla3
was modified in the murine AML12 hepatic cell line by incubation with squalene and
post-squalene intermediates in cholesterol biosynthesis such as lanosterol,
dihydrolanosterol, zymostenol and desmosterol. These findings indicate that
transcriptional changes are not only dependent on squalene but also its downstream

metabolites.

The absence of changes in body weight in animals receiving dietary squalene
compared to control rabbits and the normal histomorphometric evaluation of
hepatocytes (Figure 2) implies the nontoxic accumulation of the triterpene in small lipid
droplets, unlike mice, where it accumulates in larger droplets [20,21]. Interestingly, a
similar pattern of droplets was observed with oleanic acid triterpene [22]. These droplets
could accumulate lipids in the form of non-esterified cholesterol [21], acting as energy
storage depots and barriers against lipotoxicity, preventing cellular membrane defects,
mitochondrial dysfunction, and errors in signaling pathways [23]. In contrast to previous
studies in mice, squalene administration in rabbits did not decrease hepatic triglyceride
content. Nor were there observed changes in CYP2B and CYP2C expressions (data not
shown) using a similar dose to mice [9]. The length of treatment, animal model and
experimental designs are crucial differences that could be responsible for the discrepant

results.

Squalene mainly modified the hepatic expression for gene clusters involved in the
hepatic transport of lipids and proteins, lipid metabolism, lipogenesis, protective effects
against inflammation and neoplasm. These findings might contribute to explaining the
absence of inflammation even in the presence of increased content of non-esterified
cholesterol and increased caspasel levels [21].

FAM91A1, a poorly understood gene, seems to play a regulatory role in golgin-
mediated vesicle capturing in order to process, package and transport proteins and lipid
molecules [24,25]. FAM91A1 expression was not correlated to the increased squalene
content (data not shown), which might be explained by the fact that this triterpene is also

distributed in further subcellular organelles, including nuclear and plasma membranes
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and rough endoplasmic reticulum [20]. The reduced expression of ACSS2 and TFCP2L1
was associated with elevated lipid droplet areas in the liver (Figure 7B). The reduced
expression of GCK, ACSS2 and LOC100344884 and the increased expression of TREH are
of interest regarding the squalene-modified hepatic lipid profile. GCK activates
lipogenesis, increases cellular triglyceride content, and regulates glucose disposal
[26,27]. Reduced-GCK activity lowers mRNA levels for triglyceride synthesis enzymes
but also for insulin receptors, leading to insulin resistance [27,28,29], suggesting that
GCK inhibition by squalene may be useful in the treatment against fatty liver. ACSS2 is
a metabolic gene that promotes fat storage. ACSS2 deficiency inhibits activity of lipid
transporters and fatty acid oxidation genes, which then lowers dietary lipid absorption,
reduces triglyceride content [29], and lessens hepatic fibrosis [30]. LOC100344884, the
ortholog for Pnpla3, expresses lipase activity towards triglycerides in hepatocytes and
retinyl esters in hepatic stellate cells [31] and was strongly associated with hepatic
cholesterol content (Figure 7), fibrosis and steatosis [31,32]. TREH is the least studied
membrane-bound a-glucosidase that hydrolyzes trehalose. Its transcript is normally
expressed in intestine [33,34] and to a lesser amount in liver
(https://gtexportal.org/home/gene/TREH, accessed on 1 March 2022). Squalene
increased expression of TREH that could drive glucose metabolism [35]. Regarding
protein modification, squalene-upregulated OST4 may play a key role in promoting co-
translational N-glycosylation by stabilizing STT3A-containing OST isoforms present in
high amounts in liver cells [36]. Glycosylation deficiency interferes with protein
functions and drug disposition [37,38] and reduces low-density lipoprotein cholesterol
[39]. Two transcripts, MYH6 and LRRC39, mainly expressed in muscle, were
upregulated in the liver in response to squalene intake. Hepatocytes showed very low
expression (1.6 transcripts per million vs. a median of 3.3) [40]. Interestingly, both
transcript levels were associated (Figure 6) and share a function in cell signaling by
protein dephosphorylation. Overexpression of (Myh6/Ghrl) in transgenic rats lessened
oxidative stress and prevented fat dietary—induced hyperglycemia [41]. Squalene might

modulate lipid and glucose metabolism through the expression of these genes.

Rabbits receiving squalene increased the hepatic content of cholesterol precursors

including lanosterol, dihydrolanosterol, lathosterol and zymostenol via the Kandutsch—
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Russell path and desmosterol via the Bloch path. In addition, strong correlations linked
squalene-modified transcript levels with increased hepatic quantities of cholesterol
precursors. In this sense, the reduced expression of TFCP2L1 was strongly associated
with the accumulation of lanosterol and dihydrolanosterol, as did ACSS2 in regard to
lanosterol. The increased expression of FAM91A1 and the decreased expression of
LOC100344884 were associated with desmosterol. These associations indicate that the
observed actions of squalene could be executed through its post-squalene precursors in
the cholesterol biosynthesis pathway and may differ from those observed when
squalene is not metabolized [42]. Squalene accumulation in cholesterol auxotrophic
lymphomas prevents oxidative cell death [42]. To solve this dilemma, the AML12 hepatic
cell line was incubated with lanosterol, dihydrolanosterol, zymostenol or desmosterol,
followed by analyses of Acss2, Fam91al and Pnpla3 transcripts. Obtained results (Figure
8) displayed the same expression changes that those observed in vivo by squalene
administration. In consequence, a direct hepatic transcriptional effect of lanosterol,

dihydrolanosterol, zymostenol and desmosterol is involved.

Previous studies have demonstrated that squalene shows protective anti-tumor
activities [43]. ACSS2 captures acetate as a carbon source for the proliferation of
hepatocellular carcinoma [28,29]. Adult mice lacking ACSS2 exhibit reduced hepatic
tumor burdens [29]. TFCP2L1, a transcription factor required in germ cell specification
and cholangiocyte-to-hepatocyte differentiation [44], is strongly correlated with several
transcripts modulated by squalene, including OST4, TREH, GCK, ACSS2, MYH6 and
LRRC39 (Figure 6). TFCP2L1 is down regulated in renal and thyroid cancer cells [45].
Besides, GLT1D1 is a tumor suppressor gene and is highly expressed in hepatocellular
carcinoma [46].

In conclusion, dietary squalene accumulates in the liver and functions as a
modulator of the hepatic transcriptome in wild-type Oryctolagus cuniculus.
Concomitantly, increased levels of post-squalene metabolites of cholesterol biosynthesis,
including lanosterol, dihydrolanosterol, lathosterol, zymostenol and desmosterol, were
noted. Significant hepatic expression changes of LOC100344884 (PNPLA3), GCK,
TFCP2L1, ASCL1, ACSS2, OST4, FAM91A1, MYH6, LRRC39, LOC108176846, GLT1D1

and TREH were observed in rabbits receiving squalene. Many of these changes were
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correlated with post-squalene metabolite levels. Furthermore, incubation of the murine
AML12 hepatic cell line in the presence of lanosterol, dihydrolanosterol, zymostenol and
desmosterol modified Acss2, Fam91al and Pnpla3 expressions. These findings indicate
that squalene and post-squalene metabolites play important roles in hepatic
transcriptional changes.

4. Materials and Methods
4.1. Animal Models and Experimental Design

The experimental animals used were 10 male wild-type New Zealand white rabbits
obtained from Servicio de Apoyo a la Investigacion Animal (Universidad de Zaragoza).
Animals were divided into two groups, the first fed a control diet enriched with 1% of
sunflower oil (n = 5) and the second fed a diet containing 1% of sunflower oil and 0.5%
of squalene (Sigma-Merck, Darmstadt, Germany) (n = 5). Initial body weight for control
and experimental groups was 1560 + 201 and 1410 + 203 g, respectively. Taking into
account consumed food and body weight, the dose was equivalent to 0.6 mg/kg/day [20].
Fresh diets were prepared weekly and changed each 2 days to reduce oxidation of
squalene. The animals were fed the experimental diets for 4 weeks and they were well

tolerated.

Body mass and dietary intake were recorded every 2 days. After dietary
intervention, rabbits were starved for 18 h, then weighed and euthanized by cervical
dislocation, and livers were obtained. An aliquot of each sample was stored in neutral
formaldehyde and the remaining was frozen immediately in liquid nitrogen.

4.2. Liver Histology Analyses

The liver samples stored in formaldehyde were then embedded in paraffin wax 4
um sections were stained with hematoxylin and eosin and observed under Nikon
microscope. Lipid droplets were estimated by quantifying as percentage of total liver
section with Adobe Photoshop CS3 (Adobe Inc., San Jose, CA, USA).

4.3. Quantification of Hepatic Lipids

10 mg sections of liver were used to extract and quantify lipids as previously
mentioned [21].

4.4. Quantification of Hepatic Sterols

Sterol extraction and quantification by as chromatography and mass spectrometry
was performed as previously described [47].
4.5. Quantification of Hepatic Squalene
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Squalene was isolated and quantified by solid phase extraction, gas
chromatography and mass spectrometry (GC-MS) as mentioned [20].

4.6. RNA Extraction
Total liver RNA was extracted using Quick-RNA MiniPrep Kit (Cat. No: R1055,

ZYMO Research, Irvine, CA, USA) following manufacturer’s instructions. Extracted
RNA was quantified by absorbance at Azeo/250 with Nanodrop Spectrophotometer. The
purity was determined by analysis of absorbance at A260/A280 the ratio was ~2. The
integrity of both 285 and 18S ribosomal RNAs was verified by agarose gel
electrophoresis followed by ethidium bromide staining and the 285/18S ratio was higher
than 2.

4.7. RNAseq and Data Analyses
4.7.1. Library Construction and Sequencing Was Carried Out by BGI (Shenzhen,
China) Service

Briefly, poly-A containing mRNA molecules were purified using poly-T oligo-
attached magnetic beads. Following purification, mRNA was fragmented into small
pieces using divalent cations under elevated temperatures. Cleaved RNA fragments
were copied into first-strand cDNA using reverse transcriptase and random primers.
This was followed by second-strand cDNA synthesis using DNA polymerase I and
RNase H. These cDNA fragments then have the addition of a single ‘A’ base and
subsequent ligation of the adapter. The products were then purified and enriched with
PCR amplification. Then PCR yield was quantified using Qubit samples then pooled
together to make a single-strand DNA circle (ssDNA circle), which gave the final library.
DNA nanoballs (DNBs) were generated with the ssDNA circle by rolling circle
replication (RCR) to enlarge the fluorescent signals at the sequencing process. The DNBs
were loaded into the patterned nanoarrays, and pair-end reads of 100 bp were read
through on the DNBseq platform for the following data analysis study. For this step, the
DNBseq platform combines the DNA nanoball-based nanoarrays and stepwise
sequencing using Combinational Probe-Anchor Synthesis Sequencing Method.

4.7.2. Bioinformatics Workflow

Sequencing reads containing low-quality, adaptor-polluted and high amounts of
unknown base reads were removed, then these reads were mapped onto reference
genome (Oryctolagus_cuniculus GCA_000003625.1) using HISAT2 followed with novel

gene prediction using StringTie to reconstruct transcripts, and Cuffcompare to compare
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reconstructed transcripts to reference annotation. Moreover, CPC was used to predict
coding potential of novel transcripts, followed by merging coding novel transcripts with
reference transcripts to obtain a complete reference. With genome mapping results,
GATK was used to call SNP and INDEL for each sample, then filter out the unreliable
sites results in final SNP and INDEL report. RMATS was also used to detect differentially
splicing genes (DSG) between samples. After novel transcript detection, novel coding
transcripts were merged with reference transcripts to obtain complete reference, then
clean reads were mapped to reference using Bowtie and gene expression level for each
sample was calculated with RSEM. This was followed by clustering analysis and
functional annotations. The complete database was deposited in the GEO database
(GSE191236).

4.8. Quantification of mRNA
RNAseq transcripts displaying signal log: ratio > 1.5 or <-1.5 and false discovery

rate <(0.001 were selected for confirmation and 18 out of 22 genes fulfilling these criteria
assayed by reverse transcriptase quantitative PCR (RT-qPCR) assay. Primers for specific
sequences were designed using NCBI and then were checked for gene specificity and
full variant coverage by BLAST (NCBI), KEGG and Ensemble Genome Browser. Equal
amounts of (500 ng) DNA-free RNA was used to synthesize complementary DNA using
PrimeScript RT Reagent Kit (Cat. No: RR037A, Takara, Kutsatsu, Shiga, Japan) following
manufacturer’s instructions. Primers’ concentrations and cDNA input were optimized
to obtain efficiencies in the range of 90% to 110%. Primer characteristics are listed in the
primer tables shown in section of Materials and Methods. Quantitative real-time was
carried out using SYBR Green dye master mix (Applied Biosystems, Foster City, CA,
USA) according to manufacturer’s instructions, utilizing Step One Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). Analysis of relative gene expression
data was calculated using the 224D method and normalized to the average of both
reference genes PPIB and GAPDH for rabbits. Ppib was used as a reference gene for the
murine AML12 cell line.

4.9. AML12 Cell Culture

Hepatic cell line of murine origin was grown in a humidified atmosphere of 5% CO:z
at 37 °C in DMEM (Thermo Fisher Scientific, Waltham, MA, USA): F12-Ham’s medium

(GE Healthcare Life Science, South Logan, UT, USA) enriched with fetal bovine serum
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and insulin/transferrin/selenium. When cells reached a confluence of 90-100%, medium
was removed, cells were washed twice with phosphate buffered saline followed by
addition of medium free of fetal bovine serum, insulin, transferrin and selenium. Cells
were then incubated for 6 h with 200 uM squalene (Sigma-Merck, Darmstadt, Germany)
or with 200 nM lanosterol, dihydrolanosterol, zymostenol or desmosterol (Avanti Polar
lipids, Alabaster, AL, USA). Each condition was tested in six replicates. Media were
removed, cells were washed twice with phosphate buffered saline then collected and
total RNA was extracted using Tri-Reagent Solution (Ambion, Austin, TX, USA). DNA
contaminants were removed by TURBO DNAse treatment using DNA Removal Kit
(Ambion, Austin, TX, USA). Squalene and sterol effects were investigated at mRNA level
by RT-qPCR assays. Primers are included in Materials and Methods.

4.10. Quality Control and Statistics

Samples in quantitative real time were tested in duplicate and their coefficient of
variation obtained. Duplicates showing coefficient of variation higher than 3% were
discarded and tested again. Statistical analyses were performed with GraphPad Prism
(GraphPad Software, San Diego, CA, USA). Data was analyzed for normal distribution
by Shapiro-Wilk’s test and homogeneity of variance by Bartlett’s F-test. When any of
these parameters failed, results were analyzed by Mann-Whitney’s U test. Differences
in both groups were considered significant if p < 0.05. Correlation among tested results

was analyzed using Spearman’s o correlation coefficient.
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iii. Differentially Expressed Genes in Response to a
Squalene-Supplemented Diet Are Accurate Discriminants of Porcine Non-Alcoholic
Steatohepatitis

Abstract: Squalene is the major unsaponifiable component of virgin olive oil, the fat
source of the Mediterranean diet. To evaluate its effect on the hepatic transcriptome,
RNA sequencing was carried out in two groups of male Large White x Landrace pigs
developing nonalcoholic steatohepatitis by feeding them a high fat/cholesterol/fructose
and methionine and choline-deficient steatotic diet or the same diet with 0.5% squalene.
Hepatic lipids, squalene content, steatosis, activity (ballooning + inflammation), and SAF
(steatosis + activity + fibrosis) scores were analyzed. Pigs receiving the latter diet showed
hepatic squalene accumulation and twelve significantly differentially expressed hepatic
genes (log: fold change > 1.5 or <-1.5) correlating in a gene network. These pigs also had
lower hepatic triglycerides and lipid droplet areas and higher cellular ballooning.
Glutamyl aminopeptidase (ENPEP) was correlated with triglyceride content, while
alpha-fetoprotein (AFP), neutralized E3 ubiquitin protein ligase 3 (NEURL3), 2'-5'-
oligoadenylate synthase-like protein (OASL), and protein phosphatase 1 regulatory
inhibitor subunit 1B (PPP1R1B) were correlated with activity reflecting inflammation
and ballooning, and NEURL3 with the SAF score. AFP, ENPEP, and PPP1R1B exhibited
a remarkably strong discriminant power compared to those pathological parameters in
both experimental groups. Moreover, the expression of PPP1R1B, TMEM45B, AFP, and
ENPEP followed the same pattern in vitro using human hepatoma (HEPG2) and mouse
liver 12 (AML12) cell lines incubated with squalene, indicating a direct effect of squalene
on these expressions. These findings suggest that squalene accumulated in the liver is
able to modulate gene expression changes that may influence the progression of non-

alcoholic steatohepatitis.

Keywords: squalene; virgin olive oil; pigs; murine AMLI12 cell line; human HEPG2 cell

line; transcriptome; hepatic; RNA sequencing; AFP; ENPEP; PPP1R1B

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), characterized by an imbalance between
hepatic lipid output and input resulting in lipid droplet deposition [1], is the most
common chronic liver metabolic disorder, with an estimated prevalence range of 6-35%
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worldwide and 25-26% in Europe [2]. Between 15% and 20% [3] or 15.9% and 68.3% [4]
of NAFLD patients progress to nonalcoholic steatohepatitis (NASH). NASH, an
inflammatory disease, is characterized by a combination of three histological features:
fat ac-cumulation or steatosis, ballooning of hepatocytes, and lobular inflammation, with
or without fibrosis [5,6]. Approximately 20% of patients with chronic NASH develop
cirrhosis [7] and about 85% of cirrhosis patients evolve to hepatocellular carcinoma
(HCC) [8], leading to 12 times more HCC than in NAFLD [9]. In this metabolic disorder,
hepatic gene transcriptome changes have been found to be involved [10,11].

Since the 1960s, the Mediterranean diet has been recognized as a healthy choice
against major chronic degenerative diseases [12,13]. Virgin olive oil (VOO) is the main
fat component in this diet [14]. VOO is not only composed of triglycerides containing
monounsaturated fatty acids, but also of minor bioactive phytochemicals that have
important health benefits [15]. The terpene squalene is one of the most abundant minor
components present in a wide range (2.4 to 9.3 g/kg of VOO) depending on cultivar,
climate, and ripeness of olive fruit [16]. This hydrocarbon is a precursor in the cholesterol
biosynthesis [17], and its administration has been shown to exert anti-neoplastic, anti-
inflammatory, and antioxidant properties, and to control glucose and lipid metabolisms
[18,19].

Squalene received its name because it was first discovered in the livers of sharks [20].
Some species belonging to the family Squalidae can accumulate this compound in their
livers up to 50-82% of their liver weight [21]. The lifespan of these sharks is currently
unknown. Other sharks, such as Somniosus microcephalus, are known for having one
of the longest lifespans among vertebrates (392 + 120 years) [22]. However, the amount
of squalene in their livers has not been measured [23]. In this way, the impact of squalene
on hepatic content and lifespan remains uncertain. Thus, the effect of squalene on NASH
pathogenesis also requires further investigation. Kritchevsky et al. [24] were the first to
prove that dietary squalene accumulated in the rabbit liver. Recent studies, utilizing
mouse and rabbit models, have shown distinct subcellular accumulation de-pending on
the experimental model [25]. The first model accumulated squalene in large lipid
droplets and smooth reticulum fractions, whereas the second did so in small-size

vesicles and the rough endoplasmic reticulum. Furthermore, squalene modulated
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hepatic lipids, particularly triglycerides and cholesterol, with different outcomes in both
models. In mice, hepatic triglyceride content was reduced, whereas this effect was not
observed in rabbits [19,26]. Squalene administration induced important changes in
hepatic proteins involved in lipid metabolism, oxidative stress, and lipoprotein
secretion, which could explain the observed reduction in hepatic triglycerides in mice
[27]. The accumulation of squalene in the liver of mice was associated with complex
transcriptional and post-translational changes in gene expressions, including of Mat1,
Acox1, Caspl, Cyp2b10, Cyp2c55, Cptla, and Txndc5 [27-29]. In contrast, the hepatic
changes in rabbit involved PNPLA3, GCK, TFCP2L1, ASCL1, ACSS2, OST4, FAM91A1,
MYH6, LRRC39, LOC108176846, GLT1D1, and TREH [30]. These discrepant findings in
animal models need further confirmation in different models and might indicate varied
metabolic responses in humans. In this regard, the swine model represents an interesting
approach due to its metabolic and physiological similarities to humans [31]. Our group
has recently developed a model of porcine NASH using a dietary manipulation [32], and
squalene has been shown to improve steatosis in this model despite an increase in the
ballooning score. Furthermore, there were no changes in inflammation or fibrosis [33].
This experimental design provides an interesting approach to discover specific gene
expression changes involved in controlling ballooning and steatosis. The current study
was designed to identify the responsible molecular candidates through high-throughput
RNA sequencing.

2. Results
2.1. Hepatic Histological Analyses
Pigs receiving both diets developed hepatic steatosis, as depicted in Figure 1A, B.

The pigs receiving the squalene diet showed significantly decreased lipid droplet areas
(Figure 1C). Likewise, the animals receiving squalene displayed a higher number of
ballooned hepatocytes than the control group (Figures 1D and 1E respectively), with all
animals reaching a value of 2 (Figure 1F). No significant changes were observed in
tibrosis (Figure 1G-I) or in the presence of inflammatory foci by squalene administration
(Figures 1J-L). When the latter parameter was considered together with ballooning as
the activity index [5], the group of animals receiving squalene showed a significant in-
crease (Figure 1M) due to the increase in the ballooning score. According to the fatty

liver inhibition of progression (FLIP) algorithm [5], all the animals exhibited NASH.
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When using a semi-quantification of steatosis, activity, and fibrosis as the SAF score [5],

the pigs consuming squalene showed a significantly increased SAF score (Figure 1N).
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Figure 1. Histological analyses of male swine livers fed different diets. Representative hepatic
micrographs of hematoxylin-eosin-stained sections (4 pm) from control (A) and squalene (B)
groups. Bar denotes 50 pm. Morphometric changes in lipid droplet area expressed as percentage
of total liver section (C). Selected fields displaying ballooned hepatocytes from control (D) and
squalene (E) groups and quantification of ballooning (F). Bar denotes 50 um. Representative liver

micrographs of Masson'’s trichromic-stained slides from control (G) and squalene groups (H). The
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scale bar represents 200 um. Changes in fiber area (I) were assessed morphometrically and are
expressed as a percentage of total liver section. Selected fields displaying inflammatory foci in
control (J) and squalene (K) groups and quantification in all animals (L). Bar denotes 50 pm. The
activity index (ballooning and inflammation) (M). The SAF score (steatosis grading, ballooning,
inflammation, and fibrosis) (N). Lipid droplets, ballooned hepatocytes, and inflammatory foci are
represented by yellow, red, and blue arrows, respectively. Data are individual results and their
means and standard deviations of 12 pigs per group. Statistical analyses were performed
according to the one-tailed Mann-Whitney U-test.

2.2. Hepatic Gene Expression
To investigate the effect of squalene intake on the hepatic transcriptome of pigs with

NASH, total RNA was extracted from twelve animals receiving the squalene-enriched
steatotic diet and the other twelve receiving the steatotic diet. Four pools made up of
three samples for each condition were prepared and analyzed by next generation
sequencing using the DNBseq platform. Clean reads (on average 45.8 x 10°) were
obtained from each library with a coverage of 91.60%. The resultant average mapping
ratio with the reference genome (Sus scrofall.l1 (GCA_000003025.6)) was 93.51%. On
average, 4.33 Gb bases per sample were generated and mapping results for each pool
indicated that samples were uniform. A total of 20,430 genes were identified, out of

which 20,331 were known and 104 were not previously characterized.

The analysis of transitions showed that A-G were 35,438.5 + 1884.6 vs. 33,354 +
1187.5, and C-T were 35,351.8 + 1844.2 vs. 33,152.3 + 1089.4 for the control and squalene
groups, respectively. Regarding the transversions analyzed, the A-C transversions were
6252 + 318.6 for the control group and 5886.5 + 274.0 for the squalene group; A-T
transversions were 4462.3 + 249.5 for the control group and 4111.8 + 154.7 for the
squalene group; C-G transversions were 6728.8 + 384.0 for the control group and 6297.3
+208.2 for the squalene group; and, finally, G-T transversions were 6272.5 + 312.0 for the
control group and 5884.3 + 260.2 for the squalene group. In quantitative terms, the
number of SNPs did not show a significant difference between both groups, thus
suggesting that the level of these changes was not influenced by squalene
administration.

Alternative splicing (AS) analyses evidenced five events were significantly
modified, namely, 5 splicing (AS5SS), 3" splicing site (A3SS), retained introns (RI),
skipped exons (SE), and mutually exclusive exons (MXE) (data are not shown). Splicing

patterns led to differential splicing of genes (DSGs), resulting in a variety of different
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isoforms from the same gene. Using reference genome annotation, a total of 10,973 novel
transcripts were identified. Of these, 9866 represented previously unknown splicing
events for known genes, 104 were novel coding transcripts without any known features,
and the remaining 1003 were long noncoding RNA. Considering gene expression levels,
the control group expressed 18,602 genes compared to 18,659 in the squalene group.
There were 100 up-regulated and 40 down-regulated differentially expressed genes
(DEGs) in control versus squalene groups (Figure 2A). The gene ontology (GO)
classifications of DEGs/up- and down-regulated genes corresponding to biological and
cellular processes are displayed in Figures 2B and 2C, respectively. According to the
biological classification of GO, the main changes in expression corresponded to 116
genes involved in the cellular process, biological regulation, and its control
(Supplementary Table S1). Based on the GO cellular classification, the main changes in
expression corresponded to 95 genes involved in cellular anatomical entity, intracellular,
and protein-containing complex (Supplementary Table S2). Pathway enrichment of
DEGs analyzed according to the Kyoto encyclopedia of genes and genomes (KEGG)
(Figure 2D and Supplementary Table S3) showed the main categories corresponding to
genes involved in viral and anti-inflammatory responses. The volcano plot of statistical
significance against log:-fold change between the tested groups is displayed in Figure
2C. Using stringent conditions of signal log: ratio (SL2R) above 1.5 or less than -1.5 with
a false discovery rate (FDR) of p < 0.001, sixteen transcripts were up-regulated, namely,
PPP1R1B, OASL, PPP4R4, HES4, NEURL3, HTD2, CYP2C32, TMEM45B, AFP, ENPEP,
LOC110256649, CYP2]34, LOC100526118, S100A2, SPRY3, and FOXGI1, and three were
down-regulated, namely, GTSF1, SQLE, and CHL1 (Table 1). The biological function of
some of these genes could be classified in categories such as metabolism of lipids and

xenobiotics, transmembrane transporters, and anti-inflammatory responses.
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Figure 2. DEGs by the administration of squalene according to RNAseq of livers from
a porcine model of dietary NASH development. (A) Venn diagram analysis showing
the transcripts expressed in control and squalene groups on the steatotic diet with a fold
change > 2 and false discovery rate FDR < 0.001. (B) Gene ontology (GO) classification
of biological processes of up-regulated and down-regulated genes following squalene
administration. The x-axis illustrates the GO term. The y-axis represents the number of
up-/down-regulated genes. DEGs, differentially expressed genes. (C) GO classification
of cellular processes of up-regulated and down-regulated genes by squalene
administration. (D) Pathway enrichment of DEGs expressed as the log [-P] analyzed by
KEGG. (E) Volcano plot representing DEGs. Each condition was performed on four
pools, each pool consisting of three pig livers. Red and blue squares represent the

selected genes shown in Table 1.

164



Results

Supplementary Table S1. Genes comprised in the main categories displayed in Figure 2B of gene
ontology classification of biological processes of up- and down-regulated genes.

GO term

Regulation

Number of
annotated

genes

Gene symbols

Cellular process

Up

36

AFP, ANO3, BORCS6, CBLC, CCL20, CDK1,
CDK3, CLDN6, CXCL10, CXCL8, ENPEP,
FOXGI1, HTRAS3, IFIT2, IFIT3, INHBB, ISG15,
KCTD14, LIF, LOC100157935, LOC100516302,
LOC110255217, MLC1, PKP3, PLP1, PLPPR?,
PPPI1R1B, RGS5, RSAD2, SDCBP2, SEMA3A,
SERPINB2, SLITRK5, SPRY3, SYCEIL,
TMIGD3

Down

10

APOD, CA3, CRABP1, DEFB1, KCNJ3,
LOC100621701, NPSR1, PIWIL2, RASLIO0A,
SYT17

Biological regulation

28

AFP, ANO3, CBLC, CCL20, CDK1, CDK3,
CXCL10, CXCLS, ENPEP, FOXG1, HTRAS,
IFIT3, INHBB, ISG15, LIF, LOC100516302,
LOC110255217, MLC1, PKP3, PLP1, PLPPR?,
RGS5, ~ RSAD2, SEMA3A, SERPINB?2,
SLITRKS5, SPRY3, TMIGD3

Down

APOD, CRABP1, DEFB1, NPSR1, PIWIL2,
RASL10A, SYT17

Regulation of
biological process

Up

26

AFP, CBLC, CCL20, CDK1, CDK3, CXCL10,
CXCLS8, FOXGI1, HTRAS, IFIT3, INHBB, ISG15,
LIF, LOC100516302, LOC110255217, MLCI,
PKP3, PLP1, PLPPR2, RGS5, RSAD2,
SEMA3A, SERPINB2, SLITRK5, SPRYS3,
TMIGD3

Down

APOD, CRABP1, DEFB1, NPSR1, PIWIL2,
RASL10A, SYT17

Response to stimulus

Up

25

AFP, CBLC, CCL20, CDK1, CDK3, CXCL10,
CXCLS, FOXGI, IFIT2, IFIT3, INHBB, ISG15,
LIF, LOC100153139, LOC106504372,
LOC110255217, MLC1, OASL, PLP1, PLPPR?,
RGS5, RSAD2, SEMA3A, SLITRKS, SPRY3

Down

APOD, CRABP1, DEFB1, LOC100525396,
RASL10A

Metabolic process

Up

20

AFP, CBLC, CCL20, CDK1, CDK3, CXCLS,
ENPEP, FOXG1, INHBB, 1ISG15, LIF,
LOC100157935, LOC100516302,
LOC100526118, MMP1, PKP3, PLP1, PLPPR?2,
RSAD2, TMIGD3

Down

APOD, CA3, CRABP1, PIWIL2, SQLE

Localization

Up

18

AFP, ANO3, BORCS6, CCL20, CDK1, CXCL10,
CXCL8, ENPEP, FOXGI1, INHBB, LIF,
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LOC100157935, MLC1, PKP3, RSAD2,
SEMA3A, SYCE1L, TMIGD3

Down 5 APOD, DEFB1, KCNJ3, NPSR1, SYT17
Multicellular Up 16 AFP, CDK1, CDK3, CXCL10, CXCL8, ENPEP,
organismal process FOXG1, GUCA1A, INHBB, ISG15, LIF, PLP1,
RSAD2, SEMA3A, SLITRK5, SPRY3
Down 6 APOD, CRABP1, DEFB1, LOC100621701,
PIWIL2, SYT17
Signaling Up 17 AFP, CBLC, CCL20, CDK3, CXCL10, CXCLS,
INHBB, LIF, LOC110255217, PLP1, PLPPR2,
PPPI1R1B, RGS5, RSAD2, SEMA3A, SLITRK5,
SPRY3
Down 5 APOD, CRABP1, DEFB1, LOC100621701,
RASL10A
Developmental Up 14 AFP, CDK1, CDK3, CXCL10, CXCL8, FOXG1,
process INHBB, ISG15, LIF, PLP1, RSAD2, SEMA3A,
SLITRK5, SPRY3
Down 6 APOD, CRABP1, DEFB1, LOC100621701,
PIWIL2, SYT17
Positive regulation of Up 16 CCL20, CDK1, CDK3, CXCL10, CXCLS,
biological process FOXG1, INHBB, ISG15, LIF, LOC110255217,
MLC1, PKP3, PLP1, RSAD2, SEMA3A,
SLITRK5
Down 4 DEFB1, NPSR1, PIWIL2, SYT17
Negative regulation Up 16 CBLC, CDK1, CXCL10, CXCL8, FOXG1, IFIT3,
of biological process INHBB, 1SG15, LIF, LOC100516302, PKP3,
RGS5, RSAD2, SEMA3A, SERPINB2, TMIGD3
Down 3 APOD, NPSR1, PIWIL2,
Immune system Up 11 CCL20, CXCL10, CXCLS8, IFIT3, ISG15, LIF,
process LOC100153139, LOC106504372,
LOC110255217, OASL, RSAD2
Down APOD, DEFB1, LOC100525396
Interspecies Up CCL20, CXCL10, CXCL8, IFIT3, 11SG15,
interaction = among LOC110255217, OASL, RSAD2, SYCEIL
organisms Down 1 DEFBI1
Locomotion Up 7 CCL20, CXCL8, CXCL10, ENPEP, FOXGI,
SEMAS3A, TMIGD3
Down 2 APOD, DEFBI1
Reproduction Up 5 AFP, CDK1, INHBB, LIF, SEMA3A
Down 2 DEFB1, PIWIL2
Reproductive process Up 5 AFP, CDK1, INHBB, LIF, SEMA3A
Down 2 DEFBI1, PIWIL2
Multi-organism Up 4 AFP, CDK1, INHBB, LIF
process Down 2 DEFBI1, PIWIL2
Growth Up 2 HTRA3, SEMA3A
Down 2 APOD, SYT17
Biological adhesion  Up 1 CXCL8
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Down 2 APOD, LOC100621701
Behavior Up SLITRK5

Down - -
Biomineralization Up 1 ISG15

Down - -
Rhythmic process Up 1 AFP

Down - -

Supplementary Table S2. Genes comprised in the main categories displayed in Figure 2C of gene
ontology classification of cellular processes of genes.

GO term

Regulation

Number of
annotated

genes

Gene symbols

Cellular
anatomical
entity

Up

41

AFP, ANO3, BORCS6, CBLC, CCL20, CDKI1,
CDK3, CLDN6, CXCL10, CXCLS8, ENPEP, FOXGI,
GUCA1A, HTRA3, IFIT3, INHBB, ISG15, LIF,
LOC100153139, LOC100157935, LOC100516302,
LOC106504372, LOC110255217, MLC1, MMP1I,
NRM, PI15, PKP3, PLP1, PLPPR2, RGS5, RSAD2,
SDCBP2, SEMA3A, SERPINB2, SERPINB7,
SLITRKS5, SPRY3, SYCE1L, TMEMA45B, TMIGD3

Down

15

APOD, CA3, CPNE4, CRABP1, DEFB1, KCNJ3,
LOC100525396, LOC100621701, NPSR1, PIWIL2,
RASL10A, SHISA3, SQLE, SYT17, TECTB

Intracellular

Up

21

AFP, BORCS6, CBLC, CCL20, CDK1, CDK3,
CXCLS8, ENPEP, FOXGI1, IFIT3, INHBB, LIF,
LOC100157935, LOC110255217, MLC1, NRM,
PKP3, RGS5, RSAD2, SDCBP2, SYCEIL

Down

APOD, CA3, CRABP1, DEFBI1, PIWIL2, SQLE,
SYT17

Protein-
containing

Up

BORCS6, CDK1, CDK3, LOC100153139,
LOC100157935, LOC106504372, PKP3, SLITRK5

complex

Down

APOD, KCNJ3, PIWIL2
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Supplementary Table S3. Genes comprised in the main categories displayed in Figure 2D
according to Kyoto encyclopedia of genes and genomes (KEGG).

Number of

Pathways
y annotated genes

Differentially expressed genes

Viral myocarditis
LOC110256649, LOC106504372, LOC100153139),

> LOC110258821 and BGI_novel_G000045
Hepatitis C
5 IFIT1, IFIT3, IFIT2, CXCL8 and CLDN6
Chemokine signaling
6 CXCL10,  BGI_novel_G000048, = LOC100525396,
CCL20, CXCL8 and LOC110255211
Herpes infection
8 IFIT1, IFIT3, IFIT2, LOC106504372, LOC100153139,
CDK1, MAP3K7CL and SHISA3
NOD-like receptor
5 GVIN1, BGI_novel_G000048, LOC100525396, CXCL8
and MAP3K7CL
Influenza A
5 CXCL10, RSAD2, LOC106504372, LOC100153139

and CXCL8

Table 1. The most striking hepatic transcripts regulated by 0.5% squalene in male pigs
consuming the steatotic diet according to RNAseq.

Log: Fold
. Control  Squalene  Change
Function Gene ID Name Symbol (EPKM) (FPKM)  Squalene/
Control
Up-regulated
. Protein phosphatase 1
Signal 10073696 . latory inhibitor  PPPIRIB 63 785 3.7
transduction 6 .
subunit 1B
Signal - gg5yyg  ZOoligoadenylate g g gy 3611 30
transduction synthase-like protein
S1gnal. 10073757 Protein phosphata.se 4 PPPARA 59 314 04
transduction 6 regulatory subunit 4
Transcription 10073926  Hes faiun.lly bHLH HES4 569 2853 93
factor 4 transcription factor 4
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Protein 10052479 Neuralized E3 ubiquitin

C - NEURL3 98 456 22
ubiquinization 7 protein ligase 3
_ Hydroxyacyl-thioester LOC10051
F 10051557
bioft}r'l:;;is 0059 57 Jehydratase type2, 5579 259 1155 2.2
Y mitochondrial (HTD2)
Metabolism of
. 403106 Cytochrome P450,2C32 CYP2C32 2165 8633 2.0
xenobiotics
Membr.ane 10051699 Transmembrane protein TMEM45 37 85 18
protein 1 45B B
Fattyacid 307586 Alpha-fetoprotein AFP 77 268 1.8
transport
Peptide hormone. 5qqq, Glutamyl ENPEP 191 647 18
metabolism aminopeptidase
Endogenous 11025664 Porcine endogenous LOCI11025
. . . 337 1071 1.7
retrovirus C 9 retrovirus C gag protein 6649
Metabolism of 10052475\ o\ ome P450, 2134 CYP2j34 414 1249 1.6
xenobiotics 0
Metabolism of 10052611 Glutathione S-transferase LOC10052
xenobiotics 8 Al-like 6118 o125 15029 1.6
Cell cyc.le 10015272 S100 ca1c1u.m binding S100A2 1817 5171 15
progression 9 protein A2
ERK signaling 001202 Sprouty RTKsignaling g0y 5 50 848 15
1 antagonist 3
franseription 1026157 ¢y head box GI FOXGI 134 376 15
factor 9

Down-regulated

Control of 10052149  Gametocyte specific

. GTSF1 543 182 -1.6
transcription 5 factor 1
Sterol 10011340
1 LE 464 112 -2.
biosynthesis 9 Squalene monooxygenase SQ 6 0
Slgnal. 10051178 Cell adhesw.n molecule CHL1 570 34 41
transduction 0 L1 like

Data are fragments per kilo base per million mapped (FPKM) reads. Only genes with SL2R higher
than 1.5 or lower than -1.5, FDR < 0.0001, and counts in more than 75% of samples have been
taken into consideration. Annotations were carried out using
https://www.ensembl.org/Pig/Search/Results?q=;site=ensembl;facet_species=Pig (accessed on 30
May  2023), https://www.rnaatlas.org/  (accessed on 30 May 2023), and
https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 30 May 2023) against Sus scrofa 11.1
reference annotation release 106 biological function obtained from https://www.genecards.org/
(accessed on 30 May 2023) and https://www.uniprot.org/uniprot/ (accessed on 30 May 2023).

To confirm sequencing results, all transcripts were individually tested by their

corresponding reverse transcriptase quantitative PCR (RT-qPCR) assays (Table 2).

169



Results

Table 2. Changes in selected hepatic gene expressions in response to 0.5% squalene in male pigs
consuming the steatotic diet according to RT-qPCR assay

Gene Svmbol Control Squalene Fold Signal log:

v (n=12) (n=12) Change  Ratio (SL:R)
PPPIRIB 22431 9.0+10.5 * 42 21
OASL 08+07 25+14% 31 16
PPP4R4 11+08 674132 % 6.1 26
HES4 13+13 7.2+202 54 24
NEURL3 1.8+22 11.3+23.6* 6.2 26
LOC100515579 (HTD2) ~ 1.1+04 1108 1.0 0.05
CYP2C32 28+47 152+ 24.6 53 24
TMEM45B 25447 111+158*% 44 21
AFP 13+09 54485 % 41 2.0
ENPEP 1307 6397 49 2.3
LOC110256649 16417 37+32% 24 1.2
CYP2J34 20+1.6 49+96 25 1.3
LOC100526118 14+16 35+48% 25 13
S100A2 19+19 44170 23 1.2
SPRY3 12407 43+52* 35 1.8
FOXG1 19+22 68+117 37 1.9
GTSF1 40457 17+17 0.4 12
SQLE 51+145 27+19* 05 0.9
CHLI 65+11.9 02+02% 0.03 438

Results are expressed as means and standard deviations normalized to UBA52. Twelve samples
per group. Statistical analysis was carried out according to the Mann—-Whitney U-test; *, p <0.05
and **, p <0.01.

A correlation study between RNAseq and RT-qPCR methods using the log: fold
change of both procedures resulted in an excellent agreement (r =0.90, p <0.0001) (Figure
3A). Furthermore, all samples were correctly classified (Figure 3B). In pigs receiving
squalene (Table 2), twelve transcripts (PPP1R1B, OASL, PPP4R4, NEURL3, TMEM45B,
AFP, ENPEP, LOC110256649, LOC100526118, SPRY3, SQLE, and CHL1) underwent

significant expression changes.
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Figure 3. Concordance between used methods of RNA analysis. (A) Correlation
analysis of 19 selected genes between RNAseq and RT-qPCR normalized to the
constitutive UBA52. The mean values of SL2R of selected genes from RT-qPCR
individual analyses (Table 2) were plotted against SL2R from RNAseq using pooled
samples (Table 1). Twelve samples per group. Excellent agreement between assays was
observed (r = 0.90, p < 0.0001). (B) Difference in expression of the 19 selected genes
between both assays.

Network correlations obtained from RT-qPCR results revealed significant complex
relationships among transcripts (Figure 4), particularly for PPP1R1B, OASL, PPP4R4,
NEURL3, TMEM45B, AFP, ENPEP, and SPRY3.

Figure 4. Network of hepatic transcripts in male swine consuming different diets. Significant
bilateral Spearman’s correlations of gene expressions analyzed by RT-qPCR. Red, up-regulation
and blue, down-regulation. Solid line arrow, p <0.01 and dotted arrow, p <0.02.

2.3. Association among Gene Expression Changes and Pathological Features of
NASH
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In order to explore the relevance of these gene changes in relation with the hallmarks
of NASH, including lipid deposition, ballooning, and inflammation assessed as activity
index, and steatosis, activity, and fibrosis as SAF score, correlation and receiver
operating characteristic (ROC) curve analyses were carried out. Hepatic triglycerides
were negatively associated (o = -0.487, p < 0.025) with ENPEP (Figure 5A) and lipid
droplet areas were negatively associated (o = —0.473, p < 0.026) with LOC100526118
expression (Figure 5D). Furthermore, changes in ENPEP and LOC100526118 displayed
higher discriminant power according to their area under the curve (AUC) values in their
ROC curves compared to triglycerides (Figure 5B, C) and lipid droplet areas (Figure 5E,
F). The activity index, reflecting the sum of ballooning and inflammation, was found to
be positively associated with AFP, NEURL3, OASL, and PPIR1B and SAF score was
positively associated with NEURL3 (Figure 6A). Compared to the discriminant power
indicated by their AUC values, either activity or SAF scores (Figure 6B, C) were
surpassed by the values obtained for PP1R1B and AFP gene expression changes (Figure
6F, G).
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Figure 5. Association among hepatic triglycerides, lipid droplets, and gene expressions in
response to squalene administration in pigs. Significant bilateral Spearman’s correlations (p
<0.02). Red, up-regulation (A, D). ROC curves of hepatic triglycerides (B), ENPEP (C), lipid
droplets (E), and LOC100526118 (F).
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Figure 6. Histological findings and gene expressions in the livers of pigs receiving
different diets. Association of NASH parameters with gene expressions (A). Significant
Spearman’s correlations (p < 0.02) are shown. ROC curves of activity index (B), SAF
score (C), hepatic expression of OASL (D), NEURL3 (E), PPP1R1B (F), and AFP (G).

2.4. Squalene Accumulates in the Liver and Is Responsible for the Changes in Gene
Expressions

Pigs fed the squalene diet consumed, on average, more solid food than expected,
resulting in a squalene intake per animal ranging from 135 to 240 mg/kg per day. The
diet enriched with squalene led to a significant accumulation of this triterpene in swine
livers (Figure 7A). The squalene content was found to be significantly associated with

changes in PPP1R1B, ENPEP, SPRY3, AFP, and TMEM45B gene expressions, as shown
in Figure 7B.

(A) (B)
2000+

1500+ &
500- -4

Control group Squalene group

Hgl g of liver

Figure 7. Squalene analyses in male swine consuming different diets. (A) Squalene
content following dietary regimens. Data are means and 5-95 percentiles for each group
of 12 pigs. Statistical analyses were performed according to the one-tail Mann-Whitney
U-test. ***, p < 0.0001. (B) Correlations of hepatic squalene content with gene
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expression. Red; up-regulation. Significant Spearman’s correlations. Solid line arrows,
p <0.01; dotted arrow, p <0.02.

2.5. Squalene Is Responsible for the Changes in Genes Expression in Human
Hepatoma G2 (HEPG2) and Murine Alpha Mouse Liver 12 (AML12) Cell Lines

To verify whether those changes and associations were a direct response of
squalene, the human HEPG2 and the murine AML12 cell lines were incubated in the
presence of 30 uM squalene for 72 h. This concentration carried in nanoparticles was
particularly effective in controlling reactive oxygen stress in cell cultures [34].
Transcripts displaying significant correlation were assayed. Consistently, in the HEPG2
cell line, PPP1R1B, TMEM45B, AFP, ENPEP, and SPRY3 matched the expression pattern
observed in the livers of pigs consuming the squalene-enriched diet (Table 3). The same
expression changes were observed in the AMLI12 cell line, except for Spry3, which

showed the opposite expression pattern (Table 4).

Table 3. Changes in selected hepatic gene expressions in response to 30 UM squalene in
HEPG2 cell line according to RT-qPCR assay.

Control  Squalene (n

Gene Symbol Fold Change Signal log: Ratio
(n=6) =6)
PPPIRI1B 07+02 09+02* 1.3 0.4
TMEM45B 1.0+01 13+01* 1.3 0.4
AFP 0.8+0.2 1.0+0.1* 12 0.2
ENPEP 08+02 15+03* 1.9 0.9
SPRY3 08+03 1.4+03* 1.8 0.8

Results are expressed as means and standard deviations normalized to GAPDH. Six replicates
per group. Statistical analysis was carried out according to Mann-Whitney U-test. ¥, p <0.05 and **, p
<0.01.

Table 4. Changes in selected hepatic gene expressions in response to 30 pM squalene in
AML12 cell line according to RT-qPCR assay.

Control Squalene . .
Gene Symbol Fold Change Signal log:Ratio
(n=6) (n=6)

Ppplrib 1.0+0.1 15+05* 15 0.6

Trmem45b 1003 30+1.7* 3.0 L6

Afp 1.00.1 16+08* 16 0.7

Enpep 1.00.1 14+05* 14 0.5

s \ ~0.6
pry3 12+01 0.7+0.1 0.7

Results are expressed as means and standard deviations normalized to Ppib. Six replicates each
group. Statistical analysis was carried out according to Mann-Whitney U-test; *, p <0.05.
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3. Discussion

The nutrigenomic approach aimed to characterize the hepatic transcriptomics of
Large White x Landrace pigs developing a reproducible and reversible NASH following
a steatotic diet and the changes induced by including 0.5% squalene in the diet. Pigs
receiving the latter diet exhibited a noticeable squalene accumulation in their livers
(Figure 7A) and significantly increased hepatic expressions of PPP1R1B, OASL, PPP4R4,
NEURL3, TMEM45B, AFP, ENPEP, LOC110256649, LOC100526118, and SPRY3, as well
as significantly decreased expressions of CHLI and SQLE. All of these transcripts were
found to strongly interact in a complex hepatic network of gene expressions (Figure 4).
These findings were accompanied by decreased hepatic triglycerides and lipid droplet
areas, and an increased cellular ballooning, resulting in a higher NASH activity index
and SAF score. However, there were no changes observed in inflammation or fibrosis.
The DEGs were notably associated with some of these pathological parameters. In this
sense, ENPEP was associated with hepatic triglyceride content; LOC100526118 was
associated with lipid droplet areas; OASL, AFP, PPP1R1B, and NEURL3 were associated
with activity index; and NEURL3 was associated with activity and SAF score.
Furthermore, AFP, ENPEP, and PPP1R1B ROC curves showed a great discriminant
power according to their areas under the curves. Moreover, the squalene-dependent
expression of PPPIR1B, TMEM45B, AFP, ENPEP, and SPRY3 followed the same pattern
in vitro using the human HEPG2 hepatic cell line incubated with squalene (Table 3). In
murine AMLI12 cells, squalene induced the same expression profile for selected
transcripts, except for Spry3 (Table 4). These consistent findings suggest a direct effect of
squalene on these hepatic transcripts, independent of the studied species. This
represents a unique and uncharted territory of gene expression in liver pathology where
ballooning is dissociated from steatosis.

The high-throughput RNA-sequencing technology provides raw data about DEGs
in addition to polymorphisms, alternative splicing events, and low-expression and novel
transcripts [35]. The squalene-modified DEGs were influenced by global alternative
splicing events, including 5 and 3’ sites, retained introns, skipped and mutually
exclusive exons, with no change on single nucleotide polymorphisms. RNA pooling

assay can be used as an effective tool to reduce the cost of large-scale assays. However,
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this may lead to random experimental errors in the forms of bias and loss of biological
variability [35-37]. Therefore, this approach was confirmed by RT-qPCR using
individual samples. Nineteen transcripts were analyzed using the stringent criteria of
SL2R more than 1.5 or less than —1.5 with a false discovery rate (FDR) of p < 0.0001. The
robust linear association (r = 0.90, p < 0.0001) (Figure 3A) and the similitude of response
(Figure 3B) verify the concordance between the two technologies and the high reliability

of the results.

The steatotic diet used employs high amounts of saturated fat, cholesterol, cholate,
and fructose, with low levels of methionine (1.1 g/kg) and choline (50 mg/kg), which are
crucial for hepatic B-oxidation and the synthesis of very low-density lipoprotein (VLDL)
[33,38]. In this way, the impairment of both metabolic pathways was critical to overcome
the natural resistance of pig to develop fatty liver. Moreover, methionine-choline-
deficient (MCD) diets lower glycogen stores and induce hepatic oxidative stress,
apoptosis, and steatosis [38,39]. In the porcine model used in this study, the
administration of the diet over a short period promoted NASH with an identical
distribution of cellular ballooning grades 1 and 2, as determined by the steatosis activity
fibrosis (SAF) score and FLIP algorithm [32]. The amount of squalene chosen was similar
to that administered to rabbits, which induced changes in the hepatic transcriptome [30].
This amount would also represent an adapted metabolic rate of the 1% squalene-
containing diets used in mice [29,40].

The porcine model has been used as a human alternative for studying NASH
pathogenesis due to their high physiological, anatomical, metabolic, genetic, and liver
size similarities [31,41]. The porcine expression map revealed global liver protein-coding
and gene expression similarity for both species [42]. Squalene administration to the
porcine model reproduced the accumulation seen in the liver of mice [29] and rabbits
[25]. However, the latter models showed no change in hepatic triglyceride content
despite a higher area of lipid droplets [25], in contrast to the results seen in male pigs. In
the pig model, the squalene effect has been tested in animals with established non-
alcoholic steatohepatitis. In cultured human hepatocytes, squalene modified the
expression of lipid metabolism genes, leading to crucially lower triacylglycerols and

cholesterol content, when cellular uptake of fatty acids was increased [43]. In other
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models, squalene has been found to influence a cluster of genes related to lipid content
[29,30]. The difference in responses could be related to species-specific expression

patterns or to experimental settings.

To address the meaning of these gene expressions, correlation analyses were
conducted, revealing several pathological findings. In this regard, increased ENPEP
expression was inversely related to the hepatic triglyceride level (Figure 5A).
Controversial findings have been described regarding ENPEP. It codifies for a
membrane glutamyl aminopeptidase whose hepatic levels increase with the progression
of NAFLD and decrease upon treatment [44]. However, PPARa modulators that are
used as triglyceride-lowering agents induce hepatic expression of ENPEP [45,46] and
ENPEP peptidase protects against hypertriglyceridemia [47]. Interestingly, ENPEP was
associated with squalene levels and showed the same expression profile in hepatocytes,
indicating a direct squalene effect. This was not the case of LOC100526118, which
codifies for a glutathione S-transferase Al-like that is highly expressed in the liver. This
is a highly polymorphic transcript that was activated in response to squalene and was
associated with a reduced area of lipid droplets (Figure 5B), probably due to its
triglyceride metabolic and antioxidant activities [48-50], in addition to detoxification
properties due to conjugation of hydrophobic and electrophilic compounds with
reduced glutathione (GSH). Decreased GSH has been linked to diminished lipid droplets
[51]. PPP4R4 over-expression was found to activate glucose metabolism [52], leading to
lessen triglyceride content [53]. On the other hand, the squalene-reduced expression of
CHL1 impairs insulin secretion [54,55], thus activating the production of hepatic
triglyceride-rich lipoproteins [56] and consequent NAFLD [57,58]. Considering the
decreases in lipid droplet areas and triglyceride accumulation observed in squalene
administration, these gene changes would be offset by the expression of other genes.
These findings demonstrate the important involvement of all these genes in hepatic lipid
metabolism and their intertwined network to achieve an effect in response to squalene

administration.

The squalene accumulation was associated with the ballooning score and, in this
way, with NASH activity and SAF score [33]. For this reason, the association of gene

expressions with these indexes was examined. As shown in Figure 6, several genes,
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including PPP1R1B, AFP, OASL, and NEURL3, showed a significant association with
those parameters. All these transcripts were noticeably interacting in a complex network,
thus suggesting a functional association (Figure 4). PPPIR1B suppresses protein
phosphatase 1 [59] and induces glycogenosis [60]. Glycogenosis in NAFLD patients is
associated with higher ballooning score, despite the lower steatosis and fibrosis scores
[61]. The same profile was observed in NASH liver in response to squalene. Furthermore,
AFP is a fatty acid binding protein. Fatty acid composition triggers different responses
to NAFLD and its synthesis is correlated with ballooning score [62]. In the liver, a lower
estearic/palmitic fatty acid ratio and a higher palmitoleic/palmitic ratio increase
ballooning and fibrosis scores [62], while the serum level of palmitoleic fatty acid is
negatively correlated with NAFLD activity and ballooning scores [63]. Interestingly, in
the squalene-NASH swine model, the plasma lipidomic showed a consistent decrease in
palmitic fatty acid [33]. Moreover, AFP is essential in the SMADS signal transduction
pathway against hepatic fibrosis, particularly for SMAD2 [64,65]. Both PPPIR1B and
AFP showed the same expression profile in vitro in hepatocytes, indicating a direct
squalene effect. Furthermore, OASL represses interferon type 1 activity [66], therefore
reducing the polarization of macrophages, and consequently suppressing inflammation
of NAFLD [67], reinforcing the anti-inflammatory role of intervention. Notably, OASL is
positively regulated by PPAR«, which is inversely related to NAFLD activity score [68].
Finally, NEURL3 enables ubiquitin protein ligase activity 3, which is involved in down-
regulating NAFLD gene clusters [69,70], thus alleviating the progress of NAFLD. The
combined induced expression of PPP1R1B, AFP, OASL, and NEURL3 may play an
important role in the development of this ailment. In fact, the obtained ROC curves
suggest that AFP and PPPIRIB have a stronger discriminating value than classical
indexes of NAFLD activity and SAF score. In humans, PPP1R1B and AFP are positively
associated with ballooning score [60-62]. In this way, this model reproduces the human
situation, but the expression of ENPEP, which lowers triglyceride levels [45-47], and that
of NEURL3 and OASL, which suppress inflammatory response [66,67], would create a
unique setting of ballooning and no inflammatory or fibrotic changes, which merit

further research.
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Previous studies showed that squalene exerts anti-neoplastic effects [30,71].
PPPIR1B is activated in colorectal liver metastasis [72]. SPRY3 is a negative regulator of
the RTK/Ras/MAPKS pathway. However, unlike SPRY1, SPRY2, and SPRY4, and
despite its positive linkage with SPRY1, the expression level in HCC is not modified [73].
TMEM45B is a hub gene in hepatic differentiation [74] and is up-regulated in response
to cirrhosis [75]. In addition, it has distinct neoplastic expression patterns, although none
are of hepatic origin [76-79], so further studies are required to demonstrate the effect of
TMEM45B on hepatic neoplasia. Both SPRY3 and TMEM45B were induced by squalene
administration (Table 2). On the other hand, CHLI is a modulator of the cell cycle
through the p53 pathway, with frequent overexpression in liver cancers [80]. In this case,
squalene administration decreased its expression, a phenomenon that seems to be
independent of the previous expression since they were not connected in the proposed
gene network (Figure 4). Therefore, the phenotype could be a balance of expression
among these genes, which could play a role in the progression of NASH to cirrhosis and
cancer.

In conclusion, feeding male Large White x Landrace pigs a squalene-supplemented
steatotic diet resulted in squalene accumulation in the liver and acted as a modulator of
the hepatic transcriptome. Transcripts including PPP1R1B, OASL, PPP4R4, NEURL3,
AFP, TMEM45B, ENPEP, LOC110256649, LOC100526118, SPRY3, CHL1, and SQLE
experienced significant changes, and their expression was significantly associated,
suggesting an interacting network. Concomitantly, these findings were accompanied by
decreased hepatic levels of triglycerides and lipid droplets, whereas cellular ballooning
score, NASH activity, and SAF score increased. The associations of gene expression with
pathological features indicate that LOC100526118 was associated with hepatic lipid
droplet areas; ENPEP with hepatic triglycerides; OASL, AFP, and PPP1R1B with NASH
activity; and NEURL3 with NASH activity and SAF scores. Moreover, AFP, ENPEP,
LOC100526118, and PPP1R1B showed a strong discriminant power compared to those
pathological parameters. Several transcripts, namely, PPP1R1B, TMEM45B, AFP, and
ENPEP, showed the same expression pattern in vitro in a human cell line, indicating a

hepatic direct relationship between squalene and these gene expressions. Overall, these
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findings indicate that squalene accumulates in the liver and is able to modulate gene

expression changes that may influence the fate of NASH.

4. Materials and Methods
4.1. Animal Models and Experimental Design

The experimental animals were 24 male Large White x Landrace pigs generated by
artificial insemination at Cooperativa Ganadera de Caspe (Zaragoza, Spain). After one
month of acclimation in the facilities of Servicio General de Apoyo a la Investigacion,
Division de Experimentacion Animal, Facultad de Veterinaria, Universidad de
Zaragoza, pigs, weighing 38 + 2.8 kg, received a steatotic diet of high cholate, cholesterol,
fructose, and saturated fat, and low methionine and choline content, for 1 month [32].
Then, they were liver biopsied and divided into two groups of equal hepatic triglyceride
and cholesterol contents. The first group (1 = 12) was fed with the steatotic diet and the
second (n = 12) was fed with the same diet enriched with 0.5% squalene. Both groups
received their diets for one additional month. Dietary consumption was monitored on a
weekly basis. Taking into account the amount consumed and body weight, the dose was
equivalent to 135 mg/kg dose of squalene per animal per day. Squalene was purchased
from Molekula Group (Darlington, UK). Animals had ad libitum access to feed and
water. Following the experimental period and after an overnight fast, all pigs were
euthanized by an overdose of Propofol (B/Braun-Vetcare, Rubi, Barcelona, Spain) and
biological specimens were collected. Experiments were carried out according to the
European Union guidelines for laboratory animals (Directive 2010/63/UE) and in
compliance with ARRIVE guidelines. Study protocols were authorized by the Ethics
Committee for Animal Research of the University of Zaragoza (PI43/15).

4.2. Liver Histological Analyses

A sample from each liver was stored in neutral formaldehyde and embedded in
paraffin wax. Sections (4 um) were stained with hematoxylin-eosin or with Masson’s
trichrome staining and then images were captured using a Nikon microscope. Lipid
droplet and fiber areas were quantified and expressed as percentage of total liver section
with Adobe Photoshop CS3 (Adobe Inc., San Jose, CA, USA). Liver sections were blindly
assessed by a single qualified pathologist. The fatty liver inhibition of progression (FLIP)
algorithm and SAF score were used to categorize the histological stages of NASH [5].
Briefly, steatosis was based on the percentage of hepatocytes that contained large and
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medium lipid droplets, but no microvesicles, using a scale of 0 to 3 (0: <56%; 1: 5-33%, 2:
34-66% and 3: >67%). Ballooning was graded on a scale from 0 to 2 (0: normal
hepatocytes; 1: groups of rounded hepatocytes with pale cytoplasm and the size similar
to that of normal hepatocytes; and 2: as for grade 1, but where there was at least one
enlarged ballooned hepatocyte (2-fold size compared with that of normal cells within a
cluster of grade 1 hepatocytes)). Inflammation was assessed by counting the number of
inflammatory foci ((2 or more cells)/lobule) at 20x magnification. The inflammation was
graded 0 for none, 1 for less than 2 foci per lobule, and 2 for at least 2 foci per lobule. The
activity score was calculated by adding the grades of ballooning and lobular
inflammation. Fibrosis was classified on a scale from 0 to 4 based on the location and
number of fibers present. Grade 0 indicated no fibrosis present, grade 1 indicated the
presence of fibrosis limited to the perisinusoidal or periportal regions, grade 2 indicated
the presence of perisinusoidal and periportal fibrosis without flanges, grade 3 indicated
the presence of flanged fibrosis, and grade 4 indicated the presence of cirrhosis. The
steatosis activity fibrosis (SAF) score was calculated by adding together the scores for
steatosis, activity, and fibrosis.

4.3. Quantification of Hepatic Lipids and Squalene

Hepatic cholesterol and triglyceride extraction and analyses were carried out as
previously described [32]. Squalene was extracted and quantified by solid phase
extraction, gas chromatography, and mass spectrometry (GC-MS), as mentioned [25].

4.4. RNA Extraction
Total liver RNA was extracted using the Quick-RNA MiniPrep kit (Cat. No: R1055,

ZYMO Research, Irvine, CA, USA), following the manufacturer’s instructions. Both
RNA quantity and purity were assessed using a Nanodropl000 Spectrophotometer
(Thermo Scientific, Waltham, MA, USA). RNA was quantified by measuring the
absorbance at 260 nm. Purity was determined by analysis of the absorbance at
A260/A280. The ratio was ~2. The integrity for both 285 and 18S ribosomal RNAs was
verified by agarose gel electrophoresis with the 285/18S ratio being greater than 2. The
quality of RNAseq samples (RQI > 9) was checked using Bio-Rad Lab Chip technology
(Hercules, CA, USA).

4.5. RNAseq and Data Analyses
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For both animal groups, four pools of three animals each were prepared using equal
amounts of hepatic total RNA. RNA quantity and quality were tested by RIN value,
285/18S, and fragment length distribution using an Agilent 2100 Bio analyzer (Agilent
RNA 6000 Nano Kit, Santa Clara, CA, USA). Library construction and sequencing were
carried out at the BGI service (Shenzhen, China) as previously described [81].
Sequencing reads containing low-quality, adaptor-polluted, and unknown base reads
were filtered to obtain clean reads. These reads were mapped onto the reference genome
(Sscrofall.l (GCA_000003025.6)) using HISAT2. The detailed bioinformatics workflow
was previously described [32]. The complete database was deposited in the GEO
database with the accession number GSE214732.

4.6. Reverse Transcriptase-Quantitative PCR (RT-qPCR)
RNAseq transcripts displaying a signal logz ratio > 1.5 or <-1.5 and FDRs lower than

0.001 were selected for confirmation in individual samples by RT-qPCR. Primers were
designed using NCBI and then checked for gene specificity and full variant coverage by
BLAST (NCBI), KEGG and Ensemble Genome Browser. The primers are shown in the
Materials and Methods. Equal amounts (500 ng) of DNA-free RNA were used to
synthesize complementary DNA (cDNA) using PrimeScript RT Reagent Kit (Cat. No:
RRO37A, Takara, Kutsatsu, Shiga, Japan) following the manufacturer’s instructions.
Primer concentrations and cDNA input were optimized to obtain efficiencies between
95 and 105%. Quantitative real-time analysis was carried out using SYBR Green dye
master mix (Applied Biosystems, Foster city, CA, USA) according to the manufacturer’s
instructions, utilizing a ViiA7 Real-TIME PCR System (Life Technologies, Carlsbad, CA,
USA). Analysis of relative gene expression data was conducted using the 2-2A¢T method
and normalized to the most stable reference genes: UBA52 for swine samples, GAPDH
for the HEPG2 cell line, and Ppib for the AML12 cell line.

4.7. AML12 Cell Culture

The murine hepatic cell line was obtained from the ATCC collection (Manassas, VA,
USA) and was grown in a humidified atmosphere of 5% CO: at 37 °C in DMEM with
glucose (4.5 g/L) (Thermo Fisher Scientific Waltham, MA, USA), F12-Ham’s medium
with 1 mM Il-glutamine (GE Healthcare Life Science, South Logan, UT, USA) enriched
with 10% fetal bovine serum (Thermo Fisher Scientific Waltham, MA, USA), 1:500

insulin-transferrin-selenium (Corning, Bedford, MA, USA), 40 ng/mL dexamethasone
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(Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), 1% non-essential amino acids
(Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin; Thermo Fisher
Scientific), 100 pg/mL streptomycin; Thermo Fisher Scientific, Waltham, MA, USA), and
2.5 pg/mL amphotericin B (Thermo Fisher Scientific, Waltham, MA, USA). When cells
reached a confluence of 90-100%, the medium was removed and cells were washed twice
with phosphate buffered saline followed by addition of medium free of fetal bovine
serum and amphotericin B. Cells were then incubated for 72 h with 30 uM squalene
(Sigma-Merck, Darmstadt, Germany), carried in 0.1% poly lactic-co-glycolic acid (PLGA)
versus non-loaded PLGA nanoparticles as control [34]. Each condition was tested in
triplicate in two experiments. Media were removed, and cells were washed twice with
phosphate buffered saline and collected. Squalene effect was investigated at mRNA level
for genes (Ppplrlb, Enpep, Afp, Tmem45b, and Spry3), showing a significant association
with hepatic squalene content in the swine model. The primers are shown in the
Materials and Methods.

4.8. HEPG2 Cell Culture
The human hepatic cell line was obtained from the ATCC collection and was grown

in a humidified atmosphere of 5% CO: at 37 °C in DMEM (4.5 g/L) (Thermo Fisher
Scientific Waltham, MA, USA) supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific, Waltham, MA, USA), 2% of 4 mM glutamine, 1% of 100 mM sodium
pyruvate, 1% non-essential amino acids (Thermo Fisher Scientific, Waltham, MA, USA),
100 U/mL penicillin; Thermo Fisher Scientific), 100 pg/mL streptomycin; Thermo Fisher
Scientific, Waltham, MA, USA), and 2.5 pug/mL amphotericin B (Thermo Fisher Scientific,
Waltham, MA, USA). When cells reached 90-100% confluence, the medium was
removed and cells were washed twice with phosphate buffered saline followed by
addition of the medium free of fetal bovine serum and amphotericin B. Cells were then
incubated for 72 h with 30 uM squalene (Sigma-Merck, Darmstadt, Germany), carried in
0.1% poly lactic-co-glycolic acid (PLGA) versus non-loaded PLGA nanoparticles as
control [34]. Each condition was tested in triplicate. Media were removed, and cells were
washed twice with phosphate buffered saline and collected. Squalene effect was
investigated at mRNA level for genes (PPP1R1B, ENPEP, AFP, TMEM45B, and SPRY3).
The primers are shown in the Materials and Methods.

4.9. Quality Control and Statistics
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Samples in quantitative real-time analysis were run in duplicate and their coefficient
of variation was obtained. Duplicates showing a coefficient of variation greater than 3%
were discarded and repeated. Statistical analyses were carried out with GraphPad Prism
8.0 for Windows (GraphPad Software, San Diego, CA, USA). Data were analyzed for
normal distribution using the Shapiro-Wilk test and for homogeneity of variance using
Bartlett’s F-test. In most cases, the outcome of these parameters failed, and results were
analyzed by the nonparametric one-tailed Mann-Whitney U-test. p < 0.05 was
considered significant. Receiver operating characteristic (ROC) curves were generated
using GraphPad Prism 8.0 for quantitative values. This software also reports the area
under the curve (AUC), which defines how well the measured parameter can
differentiate between tested groups for each parameter. Correlations among all
parameters were analyzed using two-tailed Spearman’s correlation coefficient according
to the Statistical Package for Social Sciences version 25 (IBM, Armonk, NY, USA), and

those with p <0.02 were considered.

Supplementary Materials: The supporting information can be downloaded at:
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VI. DISCUSSION

The present Thesis uses RNA sequencing approaches to widen the knowledge of
biological properties of minor components of EVOO such as erythrodiol and squalene
on the liver of several animal models (mice lacking Apoe and Apoal, rabbits and pigs).
These findings led our research group to identify the mechanisms by which these
compounds exert their effects. Minor triterpenic components of EVOO, including
erythrodiol and squalene, were found to modulate the expression of several genes
involved in complex hepatic metabolic pathways, such as lipogenesis and the
metabolism of nucleic acids, proteins, xenobiotics, carbohydrates and lipids and to alter
the hepatic lipid profile as well as the lipid droplet area occupied in hepatocytes. Several
of these genes interact with each other and with the hepatic lipidomic changes to form a
metabolic network of transcriptomic and post-transcriptional changes in response to
these triterpenes in liver cells. Hepatocytes as main functional units of the liver are
responsible for the major metabolic functions (2). Among the broad beneficial effects of
the Mediterranean diet explained by the small fraction of EVOO, these terpenic
compounds improve the metabolic properties of hepatocytes and protect against

oxidative stress, malignancy and inflammatory responses (352, 353).

The first objective of analyzing the long-term administration of erythrodiol on
hepatic transcriptome through RNA sequencing approach was addressed in the first

manuscript of this Thesis entitled:

i.  Dietary Erythrodiol Modifies Hepatic Transcriptome in Mice in a Sex and Dose-
Dependent Way

Erythrodiol was used as a nutrigenomic approach to determine its effect on the
hepatic transcriptome in male Apoe-deficient mice, an animal model prone to hepatic
steatosis. The results indicate that this compound altered the hepatic expression of
clusters of genes involved in xenobiotic, protein and nucleic acid metabolisms. These
findings were accompanied by a trend to decrease accumulation of lipids in cytoplasmic

LDs and decreased hepatic mass. A comparison between RNA-seq and RT-qPCR
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showed that special care should be taken when comparing results from different
methods. The randomly selected genes (Ccl19-Ps2, Cyp2b10, Rbm14-Rbm4, Sec61g,
Tmem81, Prtn3, Amy2a5, Cyp2b9 and Mupl) (Table 3, manuscript 1) showed good
agreement between the two assays (Figure 5C & D, manuscript 1). A complex network
of Cyp2b13, Cyp2b9 and Prtn3 was defined by correlation assays (Figure 4E, manuscript
1). When these genes were tested together with Cyp2b10 and Dmbt1 in female Apoe KO
mice on the same diet, a different sex response was observed (Table 4, manuscript 1). A
dose-response study showed that a minimum of 10 mg/kg was required to observe male
responses in male Apoe KO mice (Table 5, manuscript 1). Erythrodiol administration was
tested in the absence of APOA1 and showed no differences (Table 6, manuscript 1).

Erythrodiol administration induced DEGs without altering SNPs, causing
transcriptional errors or affecting the global profile of alternative RNA splicing events.
This, together with the absence of mortality and the normal morphology of liver samples
at a dose of 10 mg/kg for 12 weeks, suggests that erythrodiol intake is safe for both sexes.

The utility of the RNA sample pooling strategy has been adopted for RNA-seq to
optimise sample cost and minimise the complexity of analysis (206, 340, 354), despite
the bias and loss of biological variability (355, 356). RT-qPCR was selected as an
independent method and used to confirm the result for 21 randomly selected genes
tested as individual samples. Initial correlation between RNAseq and RT-qPCR was
poor (Figure 5A & B, manuscript 1). A more detailed analysis of both methods, taking
into account the primer design used in RT-qPCR, which corresponded to the most read
exons, and the establishment of a clear limit of detection in RN Aseq, showed a robust
agreement between the two methods (r = 0.9, p < 0.0008) (Figure 5C, manuscript 1) and
the similarity of the response (Figure 5D, manuscript 1). The results show that the
pooling assay is a good way of screening the samples. They also show that the two
methods agree with each other and that the results are very reliable. A potential
limitation of our approach is the search in the top highest expressed changes, where
some control samples did not show any expression and contributed to an increased
erythrodiol/control ratio.

Erythrodiol modulated the expression of cytochrome P450 components of the phase

I response, which are involved in NADPH-dependent electron transport that oxidizes
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steroids and FAs and detoxify about 10% of xenobiotics (357, 358). A gene with induced
expression was Cyp2b10, as was induced by ethanol administration (359), while Cyp2b9
and Cyp2b13, were found to be down expressed. This is a unique pattern that differs
from the response to dietary oleanolic acid, which induced Cyp2b9 expression (340), and
maslinic acid, which induced the triad (Cyp2b9, Cyp2b10 and Cyp2b13) (354), whereas
squalene induced Cyp2b10 and Cyp2c55 (360). This suggests a different gene expression
profile for different EVOO triterpenes.

Cyp2b genes are also involved in lipid metabolism. Their deletion led to an imbalance
in lipid homeostasis (361). The Cyp2b profile in response to erythrodiol did not show
signs of lipid accumulation, as indicated by a lower percentage of LDs, smaller liver size
and lower body weight, which could be a cumulative effect of the modulated transcripts.
Cyp2b9 correlated with all of the above, while Cyp2b10 correlated with LD area. In
addition to the Cyp2b genes, Ccl19-ps2 was also associated with LD area (Figure 11). The
suppression of gene encoding CCL19 induced NAFLD by inhibiting TLR4/NF-xB p65
signalling (362). While MUP1, a member of the lipocalin family, regulates glucose and
lipid metabolism by controlling the expression of gluconeogenic and lipogenic genes in
the liver, its downregulation induces beta-cell dysfunction, glucose intolerance,
hyperglycaemia and hyperlipidaemia (363, 364) and was associated with reduced liver
size in response to erythrodiol. This again suggests a combined effect of genes that

modulate lipid accumulation in the liver.
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Figure 11. Network of association among hepatic transcripts and biological parameters in
response to erythrodiol intake. Significant (p < 0.02) Spearman’s correlations are shown.

In terms of protein metabolism, the finding of decreased Prtn3 and its correlation
with Cyp2b9 and Cyp2b13 is particularly interesting (Figure 4E, manuscript 1). Prtn3
encodes a proteinase 3 with proteolytic activities and reactive oxygen species responses.
Ptrn3 deficiency was associated with a lower incidence of hepatic steatosis and adipose
tissue inflammation, and thus a reduced risk of NAFLD and obesity-related steatosis
(365). In this context, Ptrn3 suppression by erythrodiol may be a potent hepatic therapy
against steatosis.

In terms of malignancy, Sec61g is overexpressed in hepatocellular carcinoma (366),
while the frameshift deletion mutation of the Rbm14-rbm4 chimera was also investigated
in liver cancer cells, as a putative marker of malignancy (367). The reduced expression
of these three genes by erythrodiol may help to explain its antineoplastic properties
(220).

Comparing the gene expression patterns of our study with those observed using
olive oil components, Dmbt1, an extracellular receptor, showed reduced expression in
animals consuming an olive pomace diet (206). This pattern is reproduced by erythrodiol
but not by other terpenic compounds. Thus, Dmbtl may be a unique marker of
erythrodiol intake. The gene was associated with liver damage, cancer and the repair

mechanism (368). In cancer, Dmbt1 is involved in the malignant transformation of
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hepatic progenitor cells (369). Therefore, its relevance to liver damage needs to be
investigated.

The sex differences in gene expression in response to erythrodiol are dramatically
different. The results for those genes with high changes in expression confirm the
previously observed sex differences in the liver (370), especially when a Western diet
was administered (371). Studies have shown that Cyp2b9 gene expression is particularly
sensitive to sex differences (361, 372, 373), B-estradiol (374), and prolactin (375). It is
therefore recommended that liver drugs be pre-tested for females.

A threshold dose was also required to induce hepatic gene expression changes in
male mice, confirming a dose-dependent pattern of other erythrodiol-related effects
(216, 376) and a possible cytotoxic effect at high doses (218).

Mice lacking the Apoal gene were used as a model of HDL deficiency to test the
hypothesis that APOA1 is required for the delivery of erythrodiol to liver cells. The
results showed that there were no significant changes in the genes tested. The same
results were obtained with oleanolic acid administration (340), consistent with both
triterpenes being carried by non APOA1-containing HDL for transfer to the liver.

Overall, erythrodiol induces a dose- and sex-dependent hepatic transcriptome. To
determine the hepatic gene expression pattern of erythrodiol in humans, it is first
necessary to test its bioavailability, which has only been observed in rats (377). It is also
necessary to test for a sex-specific response in our species. Consumption of 50 ml of
EVOO per day would expose a person to a dose of 53 ug/kg erythrodiol. Using the same
amount of olive pomace oil (378), the exposure would be 500 ug/kg. A general overview

of the findings is given in Figure 12.
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The second objective of assessing the effect of squalene on the hepatic transcriptome
through RNA sequencing in male New Zealand rabbits was addressed in the second

manuscript of this Thesis entitled:

ii. Squalene through its Post-Squalene Metabolites is a Modulator of Hepatic
Transcriptome in Rabbits.

Dietary squalene was used as a nutrigenomic approach to determine its effect on the
hepatic transcriptome in male wild-type white rabbits (Oryctolagus cuniculus) following
a 0.5% squalene intake, equivalent to 0.6 g/kg. In general, the diet induced increased
hepatic squalene accumulation (Figure 3B, manuscript 2) and increased levels of post-
squalene metabolites of Chol biosynthesis including lanosterol, dihydrolanosterol,
lathosterol, zymostenol and desmosterol (Figure 3C, manuscript 2). Using RNA-seq,
squalene administration did not alter SNPs; however, the terpene induced AS events at
both 5" and 3’ sites and Rls. Rabbits treated with squalene showed significant changes in
the hepatic expression of 12 transcripts: LOC100344884 (PNPLA3), GCK, TFCP2L1,
ASCL1, ACSS2, OST4, FAM91A1, MYH6, LRRC39, LOC108176846, GLT1D1 and TREH
(Table 3, manuscript2). These transcript levels correlated with hepatic LDs area and post-
squalene metabolite levels (Figure 7, manuscript 2). Furthermore, incubation of murine
hepatic AML12 with squalene and post-squalene intermediates of Chol biosynthesis,
including lanosterol, dihydrolanosterol, zymostenol and desmosterol modified the
expression of ACSS2, FAM91A1 and PNPLA3 (Figure 8, manuscript 2). These results
indicate that the changes in transcriptional changes are not only dependent on squalene,
but also on its downstream metabolites.

The utility of the RNAseq results was verified by RT-qPCR assay. The high
correlation between the analyzed transcripts (r = 0.8, p <0.0001) (Figure 5A, manuscript
2) and the similar pattern of the response (Figure 5B, manuscript 2) indicate that the two
methods are consistent and the results are reliable.

The non-toxic accumulation of a similar dose of squalene in Apoe-KO mice has been
demonstrated previously (341) and corresponds to the low toxicity of 90% w/w squalene
in shark livers (379, 380). In rabbits, the absence of changes in body weight in animals

receiving dietary squalene compared with the control group (Supplementary Figure S1,
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manuscript 2) and the normal histomorphometric assessment of hepatocytes (Figure 2,
manuscript 2) suggest the non-toxic effect of the triterpene, which accumulates in small
LDs, unlike in mice where it accumulates in larger droplets (341, 381). A similar droplet
pattern has been observed for the triterpene oleanolic acid (340). These droplets
accumulate lipids in the form of unesterified cholesterol (381) and thus act as energy
stores and barriers against lipotoxicity, preventing cell membrane defects, mitochondrial
dysfunction and errors in signalling pathways (33). In contrast to mice, squalene intake
did not reduce hepatic TG levels in rabbits. Nor did it alter the expression of CYP2B and
CYP2C (data not shown) at the same dose in mice (360). The duration of treatment,
animal model and experimental design may explain these differences.

Squalene mainly altered the hepatic expression of gene clusters involved in lipid and
protein transport, lipid metabolism, lipogenesis, anti-inflammatory effects and
neoplasia. These findings may help to explain the absence of inflammation even in the
presence of elevated levels of non-esterified Chol and increased levels of caspasel (381).
FAM91A1, a poorly understood gene, appears to play a regulatory role in Golgi-
mediated vesicle capture for the processing, packaging and transport of proteins and
lipids (382, 383). FAM91A1 expression did not correlate with hepatic squalene
accumulation (data not shown), possibly because the triterpene is distributed in other
subcellular organelles, including nuclear and plasma membranes and the RER (341).
With regard to LDs, the lower expression of ACSS2 and TFCP2L1 correlated with an
increase in the hepatic area occupied by LDs (Figure 7B, manuscript 2). Regarding the
liver lipid profile, the decreased expression of GCK, ACSS2 and LOC100344884 and the
increased expression of TREH are of interest. GCK activates glycolysis, glycogen
synthesis and lipogenesis and facilitates hepatic glucose uptake in hyperglycaemia.
Suppression of GCK downregulates genes for TG synthesis enzymes, but also insulin
receptors, leading to insulin resistance (384), suggesting that GCK inhibition by squalene
may be useful in the treatment of NAFLD. ACSS2 is a metabolic gene that induces lipid
storage. When ACSS2 is deficient, the activity of lipid transporters and FA oxidation
genes is reduced. This in turn leads to reduced dietary lipid absorption, lower TG levels
and reduced liver fibrosis (385, 386). LOC100344884, an ortholog of Pnpla3, shows lipase

activity against hepatic TGs and retinyl esters in HSCs (387) and is strikingly correlated
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with hepatic Chol content (Figure 7A, manuscript 2), fibrosis and steatosis (387, 388).
TREH is the least studied of the membrane-bound alpha-glucosidases that hydrolyse
trehalose. Its transcript is typically expressed in the intestine (389, 390) and to a lesser
extent in the liver (https://gtexportal.org/home/gene/TREH, accessed 1 March 2022).
Trehalose inhibits cellular glucose and may be useful in the treatment of NAFLD via
solute carrier family 2-member (SLC2A) transporters as a pathway for trehalose to
stimulate autophagy via adenosine monophosphate activated protein kinase (AMPK)
(391).

In terms of protein modification, OST4 is an oligosaccharyltransferase subunit
involved in the N-glycosylation of polypeptides in the lumen of the ER. Squalene-
overexpressed OST4 may promote co-translational N-glycosylation by stabilising
STT3A-containing OST isoforms available in liver cells (392). Impaired glycosylation
affects protein function and drug disposition (393, 394) and lowers LDL (395). MYH6
and LRRC39, transcripts primarily expressed in muscle cells (396, 397), with very low
expression (398, 399), were also overexpressed in the liver in response to squalene.
Remarkably, both transcript levels were associated (Figure 6, manuscript 2) and share a
function in cell signalling via protein dephosphorylation

http://www.ensembl.org/Homo sapiens/Gene/Ontologies/molecular function?g=ENS

G00000197616;r=14:23381982-23408273, LRRC39 Gene - GeneCards | LRC39 Protein |

LRC39 Antibody. Overexpression of (Myh6/Ghrl) in transgenic rats reduces oxidative
stress and prevents high-fat diet-induced hyperglycaemia (400). Through the expression
of these genes, squalene appears to modulate lipid and glucose metabolism.

Squalene intervention increased hepatic levels of Chol precursors including
lanosterol, dihydrolanosterol, lathosterol and zymostenol via the Kandutsch-Russell
pathway and desmosterol via the Bloch pathway (Figure 3C, manuscript 2), all of which
interestingly correlated strongly with squalene-modified transcript levels (Figure 7A,
manuscript 2). In this sense, reduced TFCP2L1 expression was strongly correlated with
increased lanosterol and dihydrolanosterol accumulation, as was ACSS2 for lanosterol.
The increased expression of FAM91A1 and the decreased expression of LOC100344884
were associated with desmosterol. These associations suggest that the effects of squalene

may be mediated by its post-squalene precursors in the Chol biosynthetic pathway, and
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that these effects may be different from those seen when squalene is not metabolised
(401). The accumulation of squalene in Chol auxotrophic lymphoma alters the cellular
lipid profile and prevents oxidative stress of cell death (401). To address this dilemma,
the AML12 liver cell line was incubated with lanosterol, dihydrolanosterol, zymostenol
or desmosterol, followed by analysis of Acss2, Fam91al and Pnpla3 transcripts. The
results (Figure 8, manuscript 2) showed the same expression pattern as observed in vivo
by squalene intake. This suggests that lanosterol, dihydrolanosterol, zymostenol and
desmosterol have a direct hepatic transcriptional response.

With regard to the anti-cancer properties of squalene, previous studies have shown
that squalene has these properties (178). ACSS2 scavenges acetate as a carbon source for
the proliferation of HCC (385, 402). Liver tumour burden was reduced in adult mice
lacking ACSS2 (385). TFCP2L1, a transcription factor required for germ cell specification
and cholangiocyte-to-hepatocyte differentiation (403), was strongly associated with
several transcripts modulated by squalene, including OST4, TREH, GCK, ACSS2, MYH6
and LRRC39 (Figure 6, manuscript 1). TFCP2L1 expression is reduced in neoplastic
kidney and thyroid cells (404). In addition, GLT1D1 is a tumour suppressor gene and is
highly expressed in HCC (405).

Overall, squalene accumulates in liver cells and modulates the hepatic transcriptome
in wild-type Oryctolagus cuniculus. It also increases the levels of post-squalene
metabolites of Chol biosynthesis, which are also able to modulate hepatic expression in
the same pattern as squalene. The bioavailability of squalene has been demonstrated in
cell culture, animal models and humans (168). It is recommended that the 0.5% dose of
squalene be studied in humans. Consumption of 50 ml of EVOO per day would expose
a person to a dose of 75 to 505 pg/kg. Itis also necessary to test for a sex-specific response

in our species (406). A general overview of what was found is given in Figure 13.

200



Discussion

&

TR
ek

e

pra—

~dolo wfo~fo~fo

R

Figure 13. Summary of findings in this objective
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The third objective of evaluating the effect of squalene on the hepatic transcriptome
by using RNA sequencing in two groups of male Large White x Landrace pigs
developing nonalcoholic steatohepatitis was addressed in the third manuscript of this

Thesis entitled:

iii.  Differentially Expressed Genes in Response to a Squalene-Supplemented
Diet Are Accurate Discriminants of Porcine Non-Alcoholic Steatohepatitis

A 0.5% dietary squalene was used as a nutrigenomic approach to determine its effect
on the hepatic transcriptome of Large White x Landrace pigs that developed
reproducible and reversible NASH following a steatotic diet. Using RNA-seq, the
modified DEGs were influenced by global AS events, including 5" and 3’ sites, Rls, SEs
and MXEs, with no change in SNPs. Pigs on this diet showed marked accumulation of
squalene in their livers (Figure 7A, manuscript 3) and significantly increased hepatic
expression of PPPIR1B, OASL, PPP4R4, NEURL3, TMEM45B, AFP, ENPEP,
LOC110256649, LOC100526118 and SPRY3, and significantly decreased expression of
CHL1 and SQLE (Table 2, manuscript 3). All these transcripts were part of a complex
network of gene expression in the liver (Figure 4, manuscript 3). In addition to a reduced
hepatic TG content and LDs areas and an increased cellular ballooning, results included
increased NASH activity index and SAF score. There were no inflammatory responses
or fibrotic changes (Figure 1, manuscript 3). Some of these changes were found to be
particularly correlated with DEGs.  ENPEP correlated with liver TG levels,
LOC100526118 with LD area, OASL, AFP, PPP1R1B and NEURL3 with activity index and
NEURL3 with activity and SAF score. The ROC curves and areas under the curves of
AFP, ENPEP and PPP1R1B showed a high discriminant power (Figure 5 & 6, manuscript
3). Furthermore, the modified transcripts that were correlated with hepatic squalene
accumulation, including PPP1R1B, TMEM45B, AFP, ENPEP and SPRY3 (Figure 7B,
manuscript 3), followed the same pattern in vitro using the human hepatic HEPG2 cell
line incubated with squalene (Table 3, manuscript 3) and in mouse AML12 cells without
Spry3 (Table 4, manuscript 3). This is an indication of a direct effect of squalene on these

liver transcripts, independent of the species studied. Overall, this represents a unique
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and unexplored area of gene expression in liver pathology where ballooning is

dissociated from steatosis.

The RNA pooling strategy for the RNAseq assay was confirmed by individual
sample RT-qPCR. The robust linear association for the analyzed transcripts (r =0.90, p <
0.0001) (Figure 3A, manuscript 3) and the similarity of the response (Figure 3B,
manuscript 3) confirm that pooling is a reliable assay and demonstrate the concordance

between the two methods and the high reliability of the results.

In terms of diet, the steatotic diet used was high in saturated fat, Chol, cholate and
fructose and low in methionine (1.1 g/kg) and choline (50 mg/kg), which are essential for
hepatic (-oxidation and VLDL biosynthesis (200, 407). Impairment of these two
pathways was therefore critical in overcoming the natural resistance to the development
of fatty liver. In addition, methionine-choline-deficient (MCD) diets reduce glycogen
stores and induce hepatic oxidative stress, apoptosis and steatosis (407, 408). In the
animal model studied, short-term administration of this diet induced NASH with an
equal distribution of grade 1 and 2 hepatic ballooning as determined by the fatty liver
inhibition of progression (FLIP) algorithm and SAF score (279). Regarding the level of
squalene, the choice of 0.5% was similar to that tested in the rabbit model, which
modulated gene expression and lipid profile in hepatocytes (409). This level would also
represent an adapted metabolic rate of the 1% squalene diets used in the mouse model

(338, 360).

The porcine model was used as a human alternative to test the squalene-induced
transcriptome profile in NASH. This was due to the high physiological, anatomical,
metabolic, genetic and liver size similarities (274, 410), as well as the similar hepatic

transcriptomic and protein coding pattern with the human species (411).

In pigs with established NASH, the administration of 0.5% squalene reproduced the
hepatic accumulation observed in mice (360) and rabbits (341). However, in contrast to
pigs, both models didn't show any change in hepatic TG content, despite a higher area
of LDs (341). In cultured human hepatocytes, squalene altered the expression of genes

correlated with hepatic TG content (Figures 5A, manuscript 3) and activity index
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(Figures 6A, manuscript 3). In a previous study using the same cell type, squalene
modified the expression of lipid metabolism genes, resulting in significantly lower TAG
and Chol levels when FA uptake was increased (412). In other models, squalene
modulated a cluster of genes that correlated with hepatic lipid content (360, 409). These
differences in response may be due to species-specific expression differences or

experimental conditions.

Correlation analyses were performed to determine the significance of the modulated
gene expression. These analyses revealed various hepatic pathological findings. In this
sense, ENPEP, a membrane glutamylaminopeptidase

(https://www.ncbi.nlm.nih.gov/gene/397080), was inversely correlated with hepatic TG

levels (Figure 5A, manuscript 3). PPARa modulators used as TG-lowering agents induce
hepatic expression of ENPEP (413, 414). The peptidase then protects against
hypertriglyceridemia (415). However, it is controversial that its hepatic levels increase
with progression of NAFLD and decrease upon treatment (416). Interestingly, ENPEP
was related to squalene levels (Figure 7B, manuscript 3) and shared the same expression
profile in hepatocytes (Tables 3 & 4, manuscript 3), suggesting a direct effect of the
triterpene. However, LOC100526118, which encodes glutathione S-transferase Al-like

(https://www.ncbi.nlm.nih.gov/gene/?term=LOC100526118+pig) and is highly

expressed in the liver, was upregulated in response to squalene and was linked with
reduced of LDs area (Figure 5D, manuscript 3), probably due to its TG metabolic and
antioxidant properties (417-419), in addition to detoxification activities via conjugation
of the hydrophobic and electrophilic compounds with reduced glutathione (GSH).
Decreased GSH has been linked to diminished LDs (420). With regard to PPP4R4, which
encodes for protein phosphatase 4 regulatory subunit 4
(https://www.ncbi.nlm.nih.gov/gene/100737576), its overexpression has been found to
activate glucose metabolism (421), leading to lower TG levels (422). On the contrary,
squalene reduced the expression of CHL1, which codifies for the cell adhesion molecule
L1-like. This transcript impairs insulin secretion (423, 424), thereby promoting the
production of hepatic TG-rich lipoproteins (425) and consequent NAFLD (426, 427). In
view of the decrease in LD areas and TG accumulation observed with squalene

administration, these gene changes would be compensated by the expression of other
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genes. The results indicate that all of these genes play a crucial role in the hepatic lipid
metabolism and are interconnected to produce an effect in response to squalene

administration.

In the context of NASH, squalene accumulation correlated with the ballooning score
and thus with NASH activity and the SAF score (200). The correlations between the
genes affected by squalene and these indexes were tested and found that some of them,
including PPP1R1B, AFP, OASL and NEURL3, had a significant direct correlation with
these parameters (Figure 6, manuscript 3). As shown in (Figure 4, manuscript 3), these
transcripts form a complex network of interactions, indicating that they are functionally
related. PPP1R1B is a protein phosphatase 1 regulatory subunit that suppresses protein
phosphatase 1 activity (428) and induces glycogenosis (429). This condition was
associated with a higher ballooning score in NAFLD patients, despite a lower level of
steatosis and fibrosis (430). A similar pattern was observed in the NASH liver when
exposed to squalene. Regarding AFP, the alpha fetoprotein binds to FAs (431) and their
composition affects the progression of NAFLD. FA synthesis in liver cells was correlated
with the ballooning score (432). For example, a lower estearic/palmitic acid ratio and a
higher palmitoleic/palmitic acid ratio worsen ballooning and fibrosis scores (432), while
blood levels of palmitoleic acid are negatively associated with NAFLD activity and
ballooning scores (433). It is interesting to note that in the squalene NASH pig model,
blood levels of palmitic acid are consistently lower (200). In addition, AFP plays a key
role in the SMADS signaling pathway that protects against liver fibrosis, in particular
for SMAD?2 (434, 435). The expression of PPP1R1B and AFP in hepatocytes in vitro was
similar, suggesting a direct effect of squalene (Tables 3 & 4 manuscript 3). In addition,
OASL inhibits the activity of type 1 interferons (436), which are involved in macrophage
polarization and the inflammation in NAFLD (437). This suggests that the intervention
has an anti-inflammatory effect. Notably, OASL is a target gene of PPAR«, which was
negatively correlated with NAFLD activity score (438). Finally, NEURL3 activates
ubiquitin protein ligase activity 3, an enzyme that helps to reduce the expression of genes
associated with NAFLD (439, 440). This may slow the progression of NAFLD. The
increased expression of the four genes: PPP1R1B, AFP, OASL, and NEURL3, may have a

significant impact on the progression of this disease. In fact, the ROC curves show that
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AFP and PPPIR1B discriminate between different stages of NAFLD better than
conventional measures of NAFLD activity and the SAF score. In humans, both PPP1R1B
and AFP were positively associated with ballooning score (429, 430, 432), so this model
mimics the human condition but also has some unique features. ENPEP, which reduces
TG levels (413-415), and NEURL3 and OASL, two genes that reduce inflammatory
responses (436, 437). These genes may create a unique environment for ballooning
without inflammatory or fibrotic changes. This is an interesting situation that requires

further investigation.

Squalene has been shown to have anti-cancer properties (178, 409). PPP1R1B is
turned on in colorectal liver metastasis (441). SPRY3 (sprouty RTK signaling antagonist

3) ( https://www.ncbi.nlm.nih.gov/gene/?term=SPRY3+pig) acts as a negative feedback

regulator of the receptor tyrosine kinase (RTK)/ Ras GTPase/ MAP kinase (MAPK)
(RTK/Ras/MAPKS) signaling pathway that is involved in cell growth and survival.
However, unlike SPRY1, SPRY2 and SPRY4, and despite its positive association with
SPRY1, its expression level is not altered in HCC (442). TMEM45B (transmembrane

protein 45B) (https://www.ncbi.nlm.nih.gov/gene/?term=TMEM45B++pig) plays a

central role in hepatic differentiation (443) and its expression is increased in cirrhosis
(444). Also, the expression of this gene is not the same in all types of cancer, but none is
of hepatic origin (445-448). Therefore, more research is needed to understand how
TMEM45B affects liver cancer. PPP1R1B, SPRY3 and TMEM45B were all induced by
squalene administration (Table 2, manuscript 3). On the other hand, CHLI (cell adhesion

molecule L1 like) (https://www.ncbi.nlm.nih.gov/gene/?term=CHIL1+pig) affects the cell

cycle through the p53 pathway, and it is often overexpressed in liver cancer (449).
Squalene administration reduced its expression, a phenomenon that seems to be
independent on the previous expression levels, as they are not connected in the gene
network we proposed (Figure 4, manuscript 3). The phenotype may be a balance of the
expression pattern of these genes that could be involved in the progression of NASH to
cirrhosis and cancer. Collectively, the results indicate that squalene accumulates in the
liver of male Large White x Landrace pigs and is able to modulate expression changes

of a network of genes that may influence the fate of NASH via reduced TG content and
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LDs area, while cellular ballooning score, NASH activity and SAF score increased.

Figure 14 provides a general overview of all the findings.
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Figure 14. Summary of findings observed in this objective.
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VII. CONCLUSIONS

1. The administration of 0.01% erythrodiol (10 mg/kg) in the Western diet to Apoe-
deficient mice for 12 weeks significantly upregulated 68 and down-regulated 124
hepatic genes at the level of 2-fold change. These genes belonged to detoxification
processes, protein metabolism and nucleic acid related metabolites. Gene
expression changes of 21 selected transcripts were verified by RT-qPCR. Ccl19-
Ps2, Cyp2b10, Rbm14-Rbm4, Sec61g, Tmem81, Prtn3, Amy2a5, Cyp2b9 and Mupl
showed significant changes by erythrodiol administration. When Cyp2b10,
Dmbt1, Cyp2b13, Prtn3 and Cyp2b9 were analyzed in female Apoe-deficient mice,
no change was observed. Likewise, no significant variation was observed in
Apoal- or in Apoe-deficient mice receiving doses ranging from 0.5 to 5 mg/kg
erythrodiol. Our results give evidence that erythrodiol exerts a hepatic
transcriptional role, but this is selective in terms of sex and requires a threshold

dose.

2. The squalene administration downregulated 9 transcripts and upregulated 13
transcripts in the liver of male New Zealand rabbits fed either a diet enriched
with 1% sunflower oil or the same diet with 0.5% squalene for 4 weeks. The gene
ontology of transcripts fitted into the following main categories: transporter of
proteins and sterols, lipid metabolism, lipogenesis, anti-inflammatory and anti-
cancer properties. When the results were confirmed by RT-qPCR, rabbits
receiving squalene displayed significant hepatic expression changes of
LOC100344884 (PNPLA3), GCK, TFCP2L1, ASCL1, ACSS2, OST4, FAM91A1,
MYH6, LRRC39, LOC108176846, GLT1D1 and TREH. A squalene-enriched diet
increased hepatic levels of squalene, lanosterol, dihydrolanosterol, lathosterol,
zymostenol and desmosterol. Strong correlations were found among specific
sterols and some squalene-changed transcripts. Incubation of the murine AML12
hepatic cell line in the presence of lanosterol, dihydrolanosterol, zymostenol and

desmosterol reproduced the observed changes in the expressions of Acss2,
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Fam91al and Pnpla3. In conclusion, these findings indicate that the squalene and
post-squalene metabolites play important roles in hepatic transcriptional

changes required to protect the liver against malfunction.

The effect of squalene on the hepatic transcriptome, RNA-sequencing was
carried out in two groups of male Large White x Landrace pigs developing
nonalcoholic steatohepatitis by feeding them a high fat/cholesterol/fructose and
methionine and choline-deficient steatotic diet or the same diet with 0.5%
squalene for 1 month. Hepatic lipids, squalene content, steatosis, activity
(ballooning + inflammation) and SAF (steatosis + activity + fibrosis) scores were
analyzed. Pigs receiving the latter diet showed hepatic squalene accumulation
and significant twelve differentially expressed hepatic genes correlating in a gene
network. These pigs also had lower hepatic triglycerides and LD areas and higher
cellular ballooning. Glutamyl aminopeptidase (ENPEP) was correlated with
triglyceride content, while alpha-fetoprotein (AFP), neuralized E3 ubiquitin
protein ligase 3 (NEURL3), 2'-5'-oligoadenylate synthase-like protein (OASL),
and protein phosphatase 1 regulatory inhibitor subunit 1B (PPPIR1B) were
correlated with activity reflecting inflammation and ballooning, and NEURL3
with the SAF score. AFP, ENPEP and PPPIR1B exhibited a remarkable strong
discriminant power compared to those pathological parameters between both
experimental groups. Moreover, the expression of PPP1R1B, TMEM45B, AFP
and ENPEP followed the same pattern in vitro using human hepatoma (HEPG2)
and mouse liver 12 (AML12) cell lines incubated with squalene, indicating a
direct effect of squalene on these expressions. These findings suggest that
squalene accumulated in the liver is able to modulate gene expression changes

that may influence the progression of non-alcoholic steatohepatitis.
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VIIL

CONCLUSIONES

La administracion de eritrodiol al 0,01% (10 mg/kg) en la dieta occidental a
ratones deficientes en Apoe durante 12 semanas reguld significativamente al alza
68 y reguld a la baja 124 genes hepaticos a un nivel de cambio de 2 veces. Estos
genes pertenecian a procesos de desintoxicacion, metabolismo de proteinas y
metabolitos relacionados con los dcidos nucleicos. Los cambios en la expresion
génica de 21 transcritos seleccionados se verificaron mediante RT-qPCR. Ccl19-
Ps2, Cyp2b10, Rbm14-Rbm4, Sec61g, Tmem81, Prtn3, Amy2a5, Cyp2b9 y Mupl
mostraron cambios significativos por la administracion de eritrodiol. Cuando se
analizaron Cyp2b10, Dmbt1, Cyp2b13, Prtn3 y Cyp2b9 en ratones hembra con
deficiencia de Apoe, no se observd ningtin cambio. Asimismo, no se observo
variacion significativa en ratones con deficiencia de Apoal o Apoe que recibieron
dosis que oscilaron entre 0,5 y 5 mg/kg de eritrodiol. Nuestros resultados
evidencian que el eritrodiol ejerce una funcién transcripcional hepética, pero ésta

es selectiva en funcion del sexo y requiere una dosis umbral.

La administracion de escualeno regulé a la baja 9 transcritos y al alza 13
transcritos en el higado de conejos machos de Nueva Zelanda alimentados con
una dieta enriquecida con aceite de girasol al 1% o la misma dieta con un 0,5%
de escualeno durante 4 semanas. La ontologia génica de los transcritos se
encuadro en las siguientes categorias principales: transportadores de proteinas y
esteroles, metabolismo lipidico, lipogénesis, propiedades antiinflamatorias y
anticancerigenas. Cuando los resultados fueron confirmados por RT-qPCR, los
conejos que recibieron escualeno mostraron cambios significativos en la
expresion hepatica de LOC100344884 (PNPLA3), GCK, TFCP2L1, ASCL1, ACSS2,
OST4, FAM91A1, MYH6, LRRC39, LOC108176846, GLT1D1 y TREH. Una dieta
enriquecida con escualeno aument6 los niveles hepaticos de escualeno,
lanosterol, dihidrolanosterol, lathosterol, zymostenol y desmosterol. Se
encontraron fuertes correlaciones entre esteroles especificos y algunos transcritos

modificados por escualeno. La incubacion de la linea celular hepatica murina
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AML12 en presencia de lanosterol, dihidrolanosterol, zymostenol y desmosterol
reprodujo los cambios observados en las expresiones de Acss2, Fam91al y Pnpla3.
En conclusidn, estos hallazgos indican que el escualeno y los metabolitos post-
escualeno juegan un papel importante en los cambios transcripcionales hepaticos

necesarios para proteger el higado contra el mal funcionamiento.

El efecto del escualeno sobre el transcriptoma hepatico, la secuenciacion del ARN
se llevd a cabo en dos grupos de cerdos machos Large White x Landrace que
desarrollaron esteatohepatitis no alcohodlica alimentdndolos con una dieta
esteatotica alta en grasas/colesterol/fructosa y baja en metionina y colina o la
misma dieta con 0,5% de escualeno durante 1 mes. Se analizaron los lipidos
hepaticos, el contenido de escualeno, la esteatosis, la actividad (ballooning +
inflamacion) y las puntuaciones de SAF (esteatosis + actividad + fibrosis). Los
cerdos que recibieron esta ultima dieta mostraron una acumulacion hepatica de
escualeno y doce genes hepaticos expresados diferencialmente que se
correlacionan en una red de genes. Estos cerdos también tenian niveles mas bajos
de triglicéridos hepaticos y dreas de gotas de lipidos y un mayor ballooning
celular. La glutamil aminopeptidasa (ENPEP) se correlaciond con el contenido de
triglicéridos, mientras que la alfa-fetoproteina (AFP), la proteina ligasa 3 de
ubiquitina E3 neuralizada (NEURL3), la proteina similar a la 2'-5'-oligoadenilato
sintasa (OASL) y la subunidad 1B (PPP1R1B) del inhibidor regulador de la
proteina fosfatasa 1 se correlacionaron con la actividad que refleja la inflamacién
y el abombamiento, y NEURL3 con la puntuacion SAF. AFP, ENPEP y PPP1R1B
mostraron un notable poder discriminante en comparacion con esos parametros
patoldgicos entre ambos grupos experimentales. Ademds, la expresién de
PPP1R1B, TMEM45B, AFP y ENPEP sigui6 el mismo patron in vitro utilizando
lineas celulares de hepatoma humano (HEPG2) e higado de ratéon (AML12)
incubadas con escualeno, lo que indica un efecto directo del escualeno sobre estas
expresiones. Estos hallazgos sugieren que el escualeno acumulado en el higado
es capaz de modular los cambios en la expresion génica que pueden influir en la

progresion de la esteatohepatitis no alcohdlica
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