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a  b  s  t  r  a  c  t

Normal  liver function  includes  a number  of  metabolic  processes,  secretion  of cellular  mediators  and  its
role  in  immunobiology;  these  require  a high  energy  supply,  which  is further  enhanced  under  adverse
conditions  triggering  hepatic  disorders  or injury  due  to  the  operation  of  counteracting  mechanisms.
Alterations  in  oxygen  availability,  such  as  ischemia-reperfusion  (IR)  leading  to liver  inflammation  and
high-fat  diet  (HFD)-induced  hepatic  steatosis,  are  noxious  responses  encountered  in  hepatic  surgery  and
obesity, respectively.  Several  strategies  have  been  developed  to attenuate  or prevent  these  disorders,
including  thyroid  hormone  (T3), docosahexaenoic  acid  (DHA)  and  extra  virgin  olive  oil  (EVOO).  These
hormetic  agents  that  exert  beneficial  effects  in the  low  dose  range  were  shown  to  abrogate  IR-induced
liver  injury  effectively  in  the  case  of T3, DHA,  or their  combined  administration,  whereas  DHA  plus  EVOO
reconditioning
ocosahexaenoic acid
xtra virgin olive oil
teatosis attenuation
MP-activated protein kinase

attenuate  HFD-induced  hepatic  steatosis,  although  they  can  induce  adverse  effects  in  other  experimental
settings.  The  use  of combined  hepatoprotective  protocols  (DHA  +  T3 or DHA  + EVOO)  using  low  doses
or  reduced  supplementation  periods  is  characterized  by  the  stimulation  of  different  types  of molecular
defensive  mechanisms  and  similar  signaling  processes  that  exhibit  synergism,  thus  constituting  suitable
experimental  liver  pharmacological  preconditioning  strategies  with possible  future  clinical  applications.

©  2017  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

Liver function includes a variety of metabolic processes such as
he majority of the pathways of intermediary metabolism, biotrans-
ormation of xenobiotics and endobiotics, biosynthesis of plasma
roteins, bile production, and the secretion of hepatokines, pro-
eins that influence metabolic processes via autocrine, paracrine,
nd endocrine signaling [1,2]. In addition, functions of the liver in
mmunobiology that are carried out by several immunologically
ctive cells including Kupffer cells involve innate or nonspecific
nd adaptive or specific mechanisms [3]. Therefore, normal liver
unctioning requires an adequate supply of oxygen and nutrients
o energize essential processes, which is primarily met  by fatty acid
FA) oxidation with secondary usage of carbohydrate. Alterations in
xygen availability (ischemia-reperfusion (IR) episodes) [4], nutri-
nt supply (high fat and/or fructose diets [5,6]) or excessive alcohol
onsumption [7] induce adverse conditions in the liver that may
rigger hepatic disorders.

.1. Liver ischemia-reperfusion injury (IRI)

The use of vascular occlusion to prevent haemorrhage during
iver resection leads to IR injury (IRI) [4], a feature that is also
nherent to liver transplantation causing primary non-function or
elayed function of grafts [8]. Hepatic IRI occurs in two  phases,
he first (up to 4 h after reperfusion) is characterized by Kupf-
er cell activation, with release of reactive oxygen species (ROS)
nd pro-inflammatory cytokines (tumour necrosis factor � (TNF-
), interleukin (IL)-1), which upregulate intercellular adhesion
olecule (ICAM) expression in endothelial cells that adhere to

eutrophils. In the second phase of IRI (from 6 h after reperfu-
ion) neutrophils undergo extravasation, adhere to hepatocytes
fter ICAM induction and achieve activation with further ROS
elease, protease production and higher phagocytic capacity, caus-
ng parenchymal cell injury [4,9–11]. Under these conditions, major

olecular mechanisms of liver IRI include (i) lethal oxidative
tress due to higher ROS generation derived from NADPH oxi-
ase, xanthine oxidase, and mitochondrial activity in Kupffer cells,
eutrophils and/or hepatocytes, which trigger lipid peroxidation,
rotein carbonylation and DNA oxidative alterations that cause a
ecrotic response [11]; (ii) ROS-dependent endoplasmic reticulum
ER) stress inducing an apoptotic reaction that is suppressed by
he antioxidant N-acetylcysteine [12]; whereas (iii) liver inflamma-
ion is associated with inflammasome NLRP3 upregulation, which is
rimed by TNF-�/nuclear factor-�B (NF-�B)-mediated expression
f inflammasome components, followed by pro-IL-1� processing
nto IL-1� by caspase-1 activation [13,14], mechanisms that often
roduce hepatic failure [9–11]. Since liver IRI is a major compli-
ation in clinical practice, which can be exacerbated in the case
f old liver donors or the presence of hepatic steatosis in rela-
ion to organ transplantation, several strategies attenuating liver
RI have been developed [8–10,15,16]. These preconditioning (PC)
echniques increase the tolerance of the liver to IRI due to pre-
ious manoeuvres triggering beneficial molecular and functional
hanges, which include gene therapy, surgical strategies, and phar-
acological approaches [11,15,16]. Pharmacological PC is based on

irect interference with the injurious mechanisms underlying IRI
r indirect induction of a low stress level able to trigger defence
echanisms. With the exception of methylprednisolone [4,17],

harmacological PC protocols have not been applied in the clinical
etting due to toxicity, side effects, and/or difficulties in imple-
entation [4,8,11]. Due to these observations, recent work by our
roup addressed the study of experimental liver pharmacological
C strategies with possible clinical applications. These include thy-
oid hormone (3,3′,5-l-triiodothyronine; T3) [18], n-3 long-chain
olyunsaturated fatty acids (n-3 LCPUFAs) [19] and iron [20], essen-
cal Research 132 (2018) 168–175 169

tial biomolecules representing hormetic agents with dose-response
relationships showing beneficial effects in the low dose range and
harmful responses at high doses [21].

1.2. High-fat diet (HFD)-induced liver steatosis

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent
metabolic hepatic disturbance in the world [22]. The development
of NAFLD is directly associated with over-nutrition with excess of
energy and concomitant presence of obesity, which underlies an
important interaction between insulin resistance, oxidative stress
and depletion in the levels of n-3 LCPUFAs [23,24]. NAFLD is charac-
terized by an abnormal fat accumulation in the hepatic tissue (over
5% of total liver weight) [25]; the main lipid molecules present in
liver steatosis are triacylglycerols (TAGs) and ceramides [26]. Sat-
urated FAs, specially palmitic acid (C16:0), are in higher levels in
liver steatosis (TAGs and ceramides), a condition that favours the
development of oxidative stress and lipotoxicity [27,28]. Patients
with NAFLD usually have diets with higher content of energy,
FAs (saturated and n-6 LCPUFAs), and carbohydrates (glucose and
fructose), accompanied by a very low intake of n-3 LCPUFAs and
natural antioxidants (tocopherols and polyphenols) [29]. In accor-
dance with these adaptive-pathological conditions observed in
liver steatosis, today the use of high-fat diet (HFD) models is a
good experimental proposal to understand the metabolic alter-
ations induced and the possible novel dietary and/or nutritional
interventions for prevention or treatment of NAFLD [30,31]. The
HFD model is extensively used in experimental protocols related
to NAFLD, considering that this diet has 60% of its energy as fat
(principally saturated fat) and that is not deficient in macro (pro-
teins and amino acids) and micronutrients (vitamins) [32,33]. Mice
fed a HFD for 12 weeks develop metabolic disturbances similar to
those observed in patients with NAFLD, specifically, overweight,
insulin resistance, oxidative stress (systemic and hepatic), liver
steatosis, pro-inflammatory status and decrease in the synthe-
sis and levels of n-3 LCPUFA (liver and other tissues) [30,31]. In
addition, NAFLD in animal models and human patients showed
similar molecular alterations including upregulation of sterol reg-
ulatory element-binding protein 1c (SREBP-1c) and NF-�B, with
concomitant downregulation of peroxisome proliferator-activated
receptor-� (PPAR-�) and nuclear erythroid 2-related factor 2
(Nrf2), a condition that favours a pro-lipogenic, pro-inflammatory
and pro-oxidant hepatic status [24,31,34,35].

N-3 LCPUFAs, which are depleted in the liver of NAFLD patients
[24] and HFD-fed mice [36], are a family of nine FAs, the most
relevant being eicosapentaenoic acid (C20:5n-3, EPA) and docosa-
hexaenoic acid (C22:6n-3, DHA), since they have the capacity to
modulate lipid metabolism in the liver, principally by activation of
PPAR-� with concomitant downregulation of the activity of SREBP-
1c [31,37]. EPA and DHA can be metabolised to eicosanoids and
docosanoids (resolvins and protectins), molecules that regulate
inflammatory responses inducing down-regulation of NF-�B and
reduction in the expression of inflammatory genes (TNF-�,  IL-1�
and IL-6) [38,39]. In addition, these LCPUFAs can be metabolized
into isoprostanes of the J series (specifically J3 isoprostanes), which
can increase the activity of transcription factor Nrf2 improving the
antioxidant response of the liver under steatotic conditions [40].

Oleic acid (C8:1n-9, OA) is the main FA present in extra virgin
olive oil (EVOO), a monounsaturated FA that enhances the cellu-
lar antioxidant and FA oxidation capacities [41,42]. In addition,
EVOO is rich in natural antioxidants, particularly tocopherols and
polyphenols, bioactive compounds that induced the expression of

antioxidant and anti-inflammatory genes [43,44]. Hydroxytyrosol
(HT), a main antioxidant present in EVOO, induces downregu-
lation of NF-�B activity and expression of inflammatory genes
with upregulation of PPAR-� and Nrf2, improving the antioxidant
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Fig. 1. Molecular mechanisms involved in hepatoprotection induced by thyroid hormone (T3) and n-3 long-chain polyunsaturated fatty acids (n-3 LCPUFAs). (A) T3-dependent
ROS  production representing a non-lethal, moderate oxidative stress, activates (i) redox-sensitive transcription factors nuclear factor-�B (NF-�B: Mn-superoxide dismutase,
inducible nitric oxide synthase, Bcl2 and haptoglobin induction), activating protein 1 (AP-1: cell proliferation), signal transducer and activator of transcription 3 (STAT3:
upregulation of haptoglobin, �-fibrinogen and cell proliferation), nuclear factor erythroid-2-related factor-2 (Nrf2: higher expression of heme-oxygenase-1 (HO-1), glutamate-
cysteine ligase (GCL), thioredoxin, NAD(P)H-quinone oxidoreductase, glutathione-S-transferases (GST) and multidrug resistance proteins 2 and 3); and (ii) AMP-activated
protein kinase (AMPK), an ATP sensor regulating energy dynamics by reducing anabolism and increasing catabolism that enhances ATP availability. In addition to redox
activation, AMPK upregulation by T3 includes higher mRNA expression, threonine-172 phosphorylation by Ca2+-calmodulin-dependent protein kinase kinase-� (CaMKK�)
and  transforming growth factor-�-activated kinase-1 (TAK1) and the allosteric activation by increased cellular AMP/ATP ratios. In addition, T3 also induces (iii) autophagy,
a  stress-related process degrading cellular components to fatty acids (FAs) for ATP generation, and amino acids (AAs) to synthesise proteins for cell survival; and (iv) the
endoplasmic reticulum (ER) unfolded protein response (UPR), which is triggered by T3-induced protein oxidation encompassing protein unfolding, with upregulation of
the  protein kinase RNA-like ER kinase (PERK) and induction of the protein disulphide isomerase-ER oxidoreductin-1� couple (PDI-ERO1�) that achieves proper folding.
In  addition to the hepatoprotective mechanisms related to redox regulation outlined above, T3 confers protection against IRI by suppression of the inflammatory response
associated with inflammasome NLRP3 and interleukin (IL)-1� upregulation, with AMPK playing a causal role controlling energy dynamics. (B) Liver protective mechanisms by
n-3  LCPUFAs include antioxidant, anti-inflammatory and energy-providing responses. (i) Due to the high degree of unsaturations, n-3 LCPUFAs easily undergo peroxidation
with  formation of J3-isoprostanes that promote Nrf2 activation, with induction of HO-1, GCL, GST, catalase, glutathione peroxidase, glutathione reductase and glutathione
repletion, thus inducing an antioxidant response; (ii) the anti-inflammatory actions of n-3 LCPUFAs include interactions with either NF-�B and AP-1 with n-3 LCPUFA-activated
PPAR-�  to form inactive complexes or with G protein-coupled receptor 120 (GPR120 or free-fatty acid receptor 4, FFA4) that inhibits TAK1, thus compromising excessive
NF-�B  activation, as well as oxidation products of n-3 LCPUFAs produced by cyclo-oxygenase-1 (COX-1), 5-lipoxygenase (5-LOX) and cytochrome 450 NADPH-dependent
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poxygenase, attenuate pro-inflammatory mechanisms; and (iii) enhancement in e
ncreasing FA oxidation pathways.

epatic tissue defence [36]. Liver antioxidant responses prevent
he decrease in the synthesis and levels of n-3 LCPUFA, jointly
ith attenuation in the reduction of the activity of PPAR-� and

ncrement in the actions of SREBP-1c [45], metabolic effects that
nduce anti-inflammatory, antioxidant and anti-lipogenic actions
hat overcome those triggered by HFD. Considering these aspects,
he use of n-3 LCPUFA, EVOO, or n-3 LCPUFA plus EVOO protocols
epresent an interesting and possible therapeutic strategy to pre-
ent liver steatosis and other metabolic disturbances induced by
FD.

. Crosstalk mechanisms in hepatoprotection by a
ocosahexaenoic acid (DHA) and thyroid hormone (T3)
ombined protocol in ischemia-reperfusion liver injury

T3-induced liver PC against 1 h ischemia–20 h reperfusion is

ssociated with the calorigenic response elicited, which involves
ow-level ROS generation producing a moderate oxidative stress
tatus within 48 h after T3 treatment [1,18,21] that is able to trig-
er redox regulation [46]. The latter phenomenon promotes cell
 availability is achieved through PPAR-�-dependent n-3 LCPUFA activation, mainly

protection and survival upregulating antioxidant, anti-apoptotic,
anti-inflammatory and cell proliferation responses, with parallel
higher energy supply, detoxification and protein folding poten-
tials (Fig. 1A) [14,47–49]. Additional T3-dependent PC mechanisms
include (i) acceleration of the differentiation of hepatic progenitor
cells into hepatocytes [50]; and (ii) induction of hepatic autophagy
that increases amino acid availability for protein synthesis and
that of FAs for �-oxidation enhancement that support ATP produc-
tion and cell survival [51]. Remarkably, beneficial effects of T3 or
thyroxin (T4) are also observed against IRI in extrahepatic tissues
(heart, kidney, and brain) or against other deleterious stimuli, as
well upon restoration to normal thyroid hormone levels in clinical
conditions exhibiting previous reduced T3/T4 serum levels (for spe-
cific references, see [49]). As shown in Fig. 1, T3 and n-3 LCPUFAs
exert hepatoprotection through different molecular mechanisms,
but they coincide in antioxidant responses triggered by NF-�B

and/or Nrf2 activation, anti-inflammatory effects and higher ATP
availability associated with FA oxidation enhancement, to comply
with the elevated energy demands of the processes involved in liver
protection. The latter feature underlies PPAR-� and AMPK opera-
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Fig. 2. Hepatic signaling mechanisms related to enhancement in energy expenditure via the PPAR-�-FGF21-AMPK cascade elicited by a combined docosahexaenoic acid-
thyroid hormone (DHA-T3) protocol involved in liver preconditioning (A) and in the anti-steatotic effect of DHA-extra virgin olive oil (DHA-EVOO) supplementation in
high-fat diet fed animals (B). Abbreviations: ACC, acetyl-CoA carboxylase; ACOX, acyl-CoA oxidase; CPT-1�,  carnitine palmitoyltransferase-1�; ER, endoplasmic reticulum;
ERK1/2, extracellular-signal-regulated kinase 1/2; FA, fatty acid; FAS, fatty acid synthase; FGF21, fibroblast growth factor 21; FGFR1, FGF receptor 1; FRS2�, FGFR substrate
2�;  HMGCoAS2, hydroxymethylglutaryl-CoA syntase 2; OEA, oleoylethanolamide; pAMPK, phosphorylated AMP-activated protein kinase; PPAR�, peroxisome proliferator-
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ctivated receptor-�; pLKB1, phosphorylated liver kinase B1; pRSK1, phosphorylate

ion (Fig. 1), signaling mediators that are interconnected through
he functioning of hepatokine fibroblast growth factor 21 (FGF21)
Fig. 2A) [52].

Liver PC against IRI was achieved by either a single dose of
.1 mg  T3/kg given 48 h before the IR protocol [18] or by daily
mounts of encapsulated fish oil for 7 days, representing 270 mg
PA/kg plus 180 mg  DHA/kg, 24 h before IR [19], shown by suppres-
ion of IR-induced oxidative stress, recovery of serum transaminase
evels with minimal hepatic lesions and rescue of NF-�B function-
lity loss during IR. In order to reduce n-3 LCPUFA and T3 dosages
o achieve PC conditions suitable for clinical application, rats were
iven daily doses of 300 mg  n-3 LCPUFA/kg for 3 consecutive days
lus 0.05 mg  T3/kg on the fourth day, and the IR protocol was  car-
ied out 24 h later [53]. Under these conditions, lack of protection
gainst liver IRI was observed either after separate n-3 LCPUFA sup-
lementation or 0.05 mg  T3/kg administration; however combining
he two agents elicited significant hepatoprotection. The synergis-
ic action of the combined n-3 LCPUFA-T3 protocol is related to the
evelopment of a suitable oxidative stress status and NF-�B recov-
ry to enhance cytoprotective processes and reduce inflammatory
esponses, thus attaining PC [53]. Synergism in PC mechanisms
ay  include (i) T3-induced activation of the acute-phase response,

ecovery of the basal antioxidant and anti-apoptotic status of
he liver and downregulation of inflammasome NLRP3 induction
Fig. 1A) [53–56]; and (ii) n-3 LCPUFA-mediated enhancement in
ntioxidant and anti-inflammatory potentials (Fig. 1B) [53], the
atter action being possibly associated with resolvin production
57]. In addition to the synergistic effect of n-3 LCPUFA and T3
n liver PC outlined above, a long-term diet rich in n-3 LCPUFA
howed body weight, serum triglycerides and cholesterol reduc-
ions, with comparable serum T3, T4, and thyrotropin levels and

ormal hepatic 5′-deiodinase activity [58]. Under these condi-
ions, greater protein expression of thyroid hormone receptor �1
THR�1) and THR�1-dependent mitochondrial glycerophosphate
ehydrogenase activity were observed; this enzyme is a target for
somal S6 kinase-1; SREBP-1c, sterol regulatory element-binding protein 1c.

T3 genomic action and related to thermogenesis [58]. These data
suggest that n-3 LCPUFA increase T3 signaling in the liver leading
to reduction in serum lipid levels [58], which may  play an alter-
nate role in the crosstalk mechanisms involved in the combined
n-3 LCPUFA-T3 PC protocol.

Recent studies by our group revealed that AMPK upregulation
exhibits a causal role in liver PC against IRI by T3, shown by sup-
pression of T3-induced liver mRNA and protein levels of AMPK,
with concomitant loss of PC [14,59] upon pre-treatment with the
specific AMPK inhibitor compound C [60]. AMPK activation is also
accomplished by DHA, shown by the increase in glucose uptake by
skeletal muscle through a GPR120-mediated AMPK pathway [61]
and the inhibition of proteolytic processing of SREBP-1c in McA  rat
hepatoma cells by AMPK-dependent phosphorylation of SREBP-1c
[62]. In agreement with these views, the combined DHA-T3 protocol
at low dosages elicited AMPK activation by Thr-172 phosphoryla-
tion compared to the respective controls, which is characterized
by the upstream upregulation of PPAR-�-FGF21 signalling (Fig. 2A)
[63]. The contention that liver AMPK activation plays a critical role
in IR injury prevention (Fig. 2A) is strengthened by studies show-
ing alleviation of alcoholic liver injury by betulin, a triterpene that
decreases TAG accumulation by downregulation of lipogenic fac-
tor SREBP-1c via LKB1-AMPK activation in vitro and in vivo [64].
Mechanistically, DHA-T3 supplementation resulted in higher hep-
atic PPAR-� mRNA expression and DNA binding capacity, with
induction of PPAR-� target genes including FGF21 by T3 (Fig. 2A)
[63,65], whereas DHA contribution relates to ligand activation of
PPAR-� (Fig. 1B) [66]. The former mechanism is associated with
the genomic action of T3, which is supported by upregulation of
the expression of thyroid hormone receptor and retinoic X recep-
tor needed for full activation of gene transcription [63]. Liver FGF21

induction by DHA-T3 could also be due to the ER stress-dependent
unfolded protein response (UPR) [67,68], which is triggered by
acute T3 administration via activation of the PKR-like ER kinase
(PERK) branch of the UPR (Fig. 1A) [48].
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Upregulation of liver PPAR-�-FGF21-AMPK signaling by the
ombined DHA-T3 protocol is functionally operative due to the
ssociation with the scaffold proteins �-Klotho, FGFR substrate
� (FRS2�) and sestrin2, which are induced by T3 [69,70]. These
caffolds allow concentration and positioning in close vicinity to
heir regulatory proteins that improves signalling specifically [71].
ctually, FGF21 function involves the interaction with (i) FGF
eceptor-1 (FGFR1) acting as tyrosine kinase [72], which exhibits
n absolute requirement for the scaffold co-factor �-Klotho, the
ssential component for propagation of FGF21 signals [73]; (ii)
he docking/scaffold adaptor protein FRS2� acting as an ampli-
er for the FGF21-FGFR1-�-Klotho complex activity [74]; whereas
iii) sestrin2 favours AMPK activation by phosphorylation (Fig. 2A)
75]. Signalling transduction from the FGF21-FGFR1-�-Klotho com-
lex exhibiting tyrosine phosphorylation activity to AMPK Thr172
hosphorylation for activation was proposed to involve an addi-
ional kinase cascade [70]. This proposal was based on the findings
hat DHA-T3-induced FGF21 activity triggered higher phosphory-
ation of its target extracellular-signal-regulated kinase 1 (ERK1
t Tyr204)-ERK2 (at Tyr187) [70], ERK1/2 being able to activate
ownstream ribosomal S6 kinase-1 (pRSK1 at Ser363) [70,76],
ith pRSK1-depe1ndent phosphorylation of liver kinase B1 (pLKB1

t Ser431) [70,76] for further pLKB1-dependent Thr172 phos-
horylation of AMPK [70,77], as shown in Fig. 2A. Although a
ingle dose of 0.1 mg  T3/kg involving liver AMPK activation and
MPK-dependent phosphorylation of the downstream targets
AMP-response element-binding protein (CREB) and PPAR-� co-
ctivator-1� (PGC-1�) that coordinates with PPAR-�  the induction
f FA oxidation with a ketogenic response [78], assessment of these
daptive changes by the DHA-T3 protocol remains to be studied.

. Crosstalk mechanisms in hepatoprotection by extra
irgin olive oil (EVOO) and docosahexaenoic acid (DHA) in
igh-fat diet (HFD)-induced liver steatosis

The combination of low doses of DHA (50 mg/kg/day) and EVOO
50 mg/kg/day) for 12 weeks concomitantly with a HFD proto-
ol showed a significant decrease in hepatic steatosis compared
o the respective controls [79]. The latter feature of the com-
ined DHA-EVOO protocol may  be attained by potentiation of
nti-lipogenic mechanisms triggered by separate DHA and EVOO
upplementations (Fig. 2B). N-3 LCPUFAs selectively incorporate
nto hepatic phospholipids, inhibit de novo lipogenesis and change
he FA profile in the non-steatotic liver, which may  help to reduce
AG accumulation after HFD [80]. DHA contribution to limit HFD-
nduced hepatic steatosis is related to repletion of n-3 LCPUFA
evels that exerts anti-lipogenic effects through PPAR-� activation
nd SREBP-1c downregulation [31,37], whereas that of antioxidant-
ich EVOO [81] seems to involve actions put forward by several
f its components including HT and OA [82] (Figs. 1 and 2B).
n fact, both EVOO components are able to activate PPAR-� as
hown by (i) HT-induced liver PPAR-� mRNA levels and those
f its target carnitine-palmitoyl transferase 1� (CPT-1�), with
arallel enhancement in acetyl-CoA carboxylase (ACC) phosphory-

ation, suggesting AMPK activation via FGF21 upregulation (Fig. 2A),
nd in FA oxidation with reduced liver steatosis [83]; and (ii)
A-dependent synthesis of oleoylethanolamide (OEA) acting as

 satiety factor reducing food intake and as a PPAR-�  activator
84], with upregulation of the mRNA expression of PPAR-� and of
ts targets fatty acid translocase (FAT/CD36), liver fatty acid bind-
ng protein (L-FABP), intracellular FA transport and oxidation [85]

Fig. 2B).

In addition to PPAR-� activation (higher PPAR-� DNA binding
ith induction of acyl-CoA oxidase (ACOX) and CPT-1�  involved

n FA oxidation), HT exerts alternate anti-lipogenic actions in
cal Research 132 (2018) 168–175

HFD-fed mice, including (i) reduction in the oxidative stress
status of the liver (upregulation of the antioxidant enzymes
glutathione-S-transferase (GST), �-glutamyltranspeptidase (GGT),
glutamyl-cisteine ligase (GCL), superoxide dismutase, catalase, glu-
tathione peroxidase and glutathione reductase via higher Nrf2
DNA binding) thus avoiding excessive n-3 LCPUFA oxidative loss
[36,45]. The latter effect of HT is also observed in rats subjected
to a HFD for 4 weeks, as shown by the decrease in plasma oxida-
tive stress-related indicators, with concomitant enhancement in
the antioxidant capacity of serum [86]; (ii) decrease in the pro-
lipogenic potential induced by HFD (downregulation of SREBP-1c,
ACC and fatty acid synthase (FAS)) [36,45] and (iii) normalization
of the hepatic activity of �5  and �6  desaturases, thus supporting
n-3 LCPUFA biosynthesis and recovery [45] (Fig. 2B).

Proteins undergoing unfolding cause ER stress that activates the
UPR to regain proteome stability, which upon excessive and/or pro-
longed conditions reaches deleterious responses [87]. In the case
of NAFLD, prolonged UPR is achieved in association with devel-
opment of oxidative stress-dependent protein oxidation [23,88]
and higher levels of saturated FAs such as palmitate, leading to
protein palmitoylation and saturation of membrane phospholipids
with a steatotic response [87]. Under these conditions, UPR  induc-
tion activates two pro-lipogenic branches of ER stress, namely,
(i) the PERK/eukaryotic translation initiation factor-1� (eIF2�)
pathway upregulating SREBP-1c and activating transcription fac-
tor 4 (ATF4) which in turn induces the expression of the lipogenic
enzymes ACC, FAS, stearyl-CoA desaturase 1 (SCD1) and diacylglyc-
erol acetyltransferase 2 (DGAT2) [89]; and (ii) the inositol-requiring
enzyme-1� (IRE1�)/X-box binding protein-1 (XBP1) branch upreg-
ulating PPAR-�,  CCAAT/enhancer binding protein �/� (C/EBP�/�)
and enzymes involved in TAG synthesis [90]. Interestingly, obesity
with hepatic steatosis in association with fructose overload also
induces ER stress with an UPR involving PERK/eIF2� activation and
nuclear accumulation of lipogenic factors SREBP-1c and carbohy-
drate response element binding protein (ChREBP) leading to FAS,
ACC, and SCD1 upregulation, which are suppressed by the chemi-
cal ER chaperone phenylbutyric acid [91]. In vitro studies with HT
revealed a significant decrease in makers of ER stress and related
apoptosis, thus improving ER homeostasis with decline in the asso-
ciated steatotic response [92].

According to these considerations, combined DHA-EVOO sup-
plementation attenuates HFD-induced liver steatosis in association
with the central activation of PPAR-� by its components DHA, OA,
and HT, with reinforcement of the downstream effects of PPAR-
� enhancing FA oxidation and decreasing FA incorporation into
TAGs, in view of the deactivating action of both DHA and HT on
the lipogenic action of SREBP-1c (Fig. 2B). Liver PPAR-�  upreg-
ulation by combined DHA-EVOO may  involve activation of the
energy sensor AMPK, as proposed for the combined DHA-T3 pro-
tocol enhancing energy expenditure (Fig. 2A) [70], in agreement
with studies of fish oil supplementation in a fat-free diet for 7 days
revealing increases in AMPK and ACC phosphorylation compared
to fat-free diet alone in the absence of changes in protein phos-
phatase 2A activity that can act on pAMPK [93]. Although these
findings are consistent with a similar effect of DHA in mouse C2C12
and rat L6 myoblasts [61] or McA  rat hepatoma cells [62], and
of secoiridoid polyphenols in EVOO phenolic extracts on JIMT1
breast cancer cells [94], the effect of DHA-EVOO supplementa-
tion on liver AMPK activation in HFD-fed animals remains to be
addressed. Although HT [95,96] and EVOO [97] have been shown to
exert adverse effects in experimental studies, these were reported
in models that are not related to the HFD-induced liver steatosis

discussed here, exhibit controversial results or lack the under-
lying mechanisms. The lack of unanimous consensus regarding
consumption recommendations of monounsaturated FAs such OA
present in EVOO point to the need for further studies to clar-
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fy their potential benefits in primary and secondary prevention
98].

. Conclusions and perspectives

Genomic, redox-independent actions of a single dose of T3
nduce the expression of hepatic genes involved in energy

etabolism, accelerating O2 consumption with consequent ROS
eneration as a primary mechanism of T3 action, a transient hyper-
hyroid state that is not associated with altered liver function
99]. Secondarily, low-level redox upregulation of defensive tran-
cription factors, the energy-sensing AMPK and the proteome
tabilizer UPR is achieved, representing non-genomic mechanisms
f T3 functioning affording hepatoprotection, with the concomi-
ant contribution of T3-induced autophagy, inflammasome NLRP3
eactivation and stimulation of hepatocyte proliferation needed to
void IRI of the liver (Fig. 1A). Hepatoprotection against liver IRI is
lso achieved by DHA, either by binding to PPAR-� and GPR120
r by production of oxidation products that trigger antioxidant,
nti-inflammatory and energy-yielding responses (Fig. 1B), which
re mimicked by the EVOO components HT and OA attenuating
FD-induced hepatic steatosis (Fig. 2B). It is concluded that the
se of combined protocols (DHA + T3 or DHA + EVOO) employing

ower doses of the hormetic agents than those in the single proce-
ures and reduced supplementation periods, trigger both different
olecular defensive mechanisms and similar signaling processes

xhibiting synergism, thus constituting suitable experimental liver
harmacological hepatoprotective strategies with possible future
linical applications. This is particularly important in dietary liver
teatosis, a condition in which lifestyle intervention considering
iet and exercise practice remains the first treatment strategy. Nev-
rtheless, long-term weight loss is not easily attained in NAFLD
atients, primarily due to the low adherence to dietary restrictions
f energy, fat and carbohydrate intake.

The use of combined hepatoprotective protocols in clinical con-
itions underlying crosstalk mechanisms is further supported by
ecent studies showing additional beneficial effects of thyroid
ormones and natural lipids on protective functions. First, 3,5-
iiodothyronine (T2), a metabolite of T3 catabolism, was  shown to

ncrease basal metabolic rate (BMR) with no deleterious effects on
he thyroid axis or at cardiac levels when given to experimental
nimals or humans [100]. T2 decreases adiposity and increases FA
xidation, preventing H2O2 production, the related lipid peroxida-
ion enhancement, and the consequent hepatic steatotic response
nduced by a HFD, with mechanisms involving AMPK coupled to
irt1 upregulation and the resultant deacetylation of SREBP-1c and
GC-1� downregulating lipogenesis [100,101]. Second, antisense
ligonucleotides and T3 conjugates (ASO-T3) in obese mice increase
nergy expenditure and weight loss, with concomitant higher O2
onsumption, CO2 production and FA oxidation [102]. These effects
f ASO-T3 were observed in parallel with enhanced white adipose
issue (WAT) browning and decreased lipogenic gene expression in
iver, thus providing a novel strategy for drug development for obe-
ity treatment [102]. Third, higher serum baseline T3 and T4 levels
ere shown to predict more weight loss, but not weight regain,

n overweight and obese patients with normal thyroid function
ubjected to weight loss diets [103]. Besides this, T3 levels were sig-
ificantly associated with changes in body weight, blood pressure
nd metabolic parameters such as blood glucose, TAGs, insulin, lep-
in and BMR  at 6 and 24 months, suggesting a better benefit from a
iet intervention for weight loss [103]. Finally, further strength-

ning of the data obtained in in vivo studies in animal models
31,37,79], human intervention trials with n-3 LCPUFAs exhibited
eneficial effects on the severity of liver steatosis as demonstrated
y laboratory parameters and imaging determinations [104], with
cal Research 132 (2018) 168–175 173

positive clinical outcomes also being observed in paediatric NAFLD
[105]. However, interventions with combined DHA-T3 or DHA-
EVOO protocols and T2 or ASO-T3 conjugates in humans require
adequate randomized controlled trials with sufficient duration, size
and histological endpoints to determine the long-term safety and
efficacy of these proposed therapeutic approaches for attenuation
or prevention of deleterious conditions in the liver. In agreement
with this proposal, combined drug protocols have been considered
in the case of uncontrolled hypertension as a therapeutic option
over monotherapy treatments [106], in order to normalize blood
pressure and enhance the adherence to therapy [107].
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Espinosa, P. Illesca, P. Muñoz, A. Corbari, N. Romero, D. González-Mañán,
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