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Abstract

The overconsumption of both saturated fats and fructose in the modern society has been related to
the development of non-alcoholic fatty liver disease (NAFLD). However, the specific contribution
of individual dietary components on the progression of NAFLD to non-alcoholic steatoepatitis
(NASH) has been poorly investigated.

Therefore, the aim of our study was to investigate the dissimilar effects of these two dietary
components on selected proinflammatory and antioxidant pathways in the liver of C57BL/6 mice
fed a standard (SD), a 45% saturated fat (HFAT), or a 60% fructose (HFRT) diet for 12 weeks.
HFAT diet evoked systemic metabolic alterations and overweight, not observed in HFRT mice.
However, HFRT mice had a greater hepatic triglyceride deposition with increased ratio of
triacylglycerols containing the palmitic acid compared to HFAT, as assessed by LC-MS analysis.
This effect is due to the higher activation of the SCAP/SREBP1c lipogenic pathway by HFRT
feeding. In addition, we found inhibition of Keapl/Nrf2 antioxidant signaling and more robust
stimulation of the NIrp3 inflammasome pathway in the livers of HFRT-fed mice when compared
with HFAT-fed mice, which is consistent with the recent finding that palmitate and SREBP1c are
implicated in hepatic oxidative stress and inflammation. These effects were associated with
increased hepatic inflammation, as confirmed by high expression of markers of leukocyte
infiltration in the HFRT group. Thus, we hypothesize an amplifying loop among lipogenesis,
palmitate, Nrf2 and NIrp3 that leads to a higher risk of NAFLD progression to NASH in a high-

fructose diet compared to a high-saturated fat intake.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most frequent chronic liver disease, affecting
about 25% of the western world population [1], and represents the hepatic manifestation of the
metabolic syndrome, also characterized by insulin resistance, dyslipidemia, hypertension, type 2
diabetes and overweight [2,3] . The prevalence of both metabolic syndrome and NAFLD is rapidly
increasing in western countries due to changes in dietary habits, that comprise the rising
consumption of saturated fats and fructose [4,5]. Consistently, general over-nutrition, particularly
when rich in fats and/or sugars, is being discussed to be a key factor in the development of NAFLD
[6]. Although it is reasonable to propose that over-consumption of either fats or carbohydrates is an
important threat that may promote the development of NAFLD [7], a lot of studies reported that
dietary composition may be critical in hepatic fat deposition [8-10]. In NAFLD the characteristic
hepatic accumulation of lipids is mainly due to (i) excessive influx of fatty acids in the liver from
endogenous fat depots, (ii) excess dietary fat intake and (iii) de novo lipogenesis [7]. In this regard,
dietary fats and carbohydrate contribute to lipid deposition in the liver through direct lipid influx
and de novo lipid synthesis from sugar, respectively. These different mechanisms for lipids
accumulation induced by fats or sugars may in turn differently affect other events which have been
recently involved in insulin resistance and NAFLD onset, such as mitochondrial dysfunction and
endoplasmic reticulum stress [11].

A relevant aspect to be taken into consideration is that 5-10% of NAFLD evolve in non-alcoholic
steatohepatitis (NASH). To date, the molecular mechanisms and pathological events underlying the
progression of NAFLD to NASH are still not completely cleared. However, most recently evidence
suggests a key role for the activation of selective molecular pathways leading to development of an
excessive inflammatory response [12]. One of the molecular factors recently demonstrated to be

involved by both in vitro and in vivo models is the nuclear factor E2-related factor 2 (Nrf2) [13,14].



It is known that Nrf2 regulates antioxidant genes, as well as those for detoxifying enzymes. In
addition, Nrf2 has been recently suggested to have a role in the prevention of NASH by both
repressing the expression of genes involved in lipid synthesis and enhancing p-oxidation [15-17].
The activity of Nrf2 has been in turn linked to that of the NOD-like receptor family pyrin domain-
containing protein inflammasome (NIrp3), a multi-protein platform responsible for the activation of
early innate inflammatory processes. Indeed, very recent studies have reported a tight correlation
between enhanced activity of Nrf2 and inhibition of NIrp3 signaling in the liver, and this Nrf2-
mediated inflammasome modulation has been proved to reduce both acute toxic liver injury and
fibrosis [18-20].

However, the specific contribution of individual dietary components on the modulation of these
selected molecular pathways and, thus, the progression of NAFLD to NASH have been poorly
investigated, so far. In this perspective, the present study aims to highlight the different impact of
two relevant components of the western diet, saturated fats and fructose, on hepatic lipid
metabolism and fatty acids deposition, focusing on the Nrf2 and NIrp3 molecular pathways

activation.

2. Materials and Methods

2.1 Animals and treatments

Male C57BI/6j mice (Charles River Laboratories, Calco, Italy) of 4 weeks of age were cared for in
compliance with the European Council directives (No. 86/609/EEC) and with the Principles of
Laboratory Animal Care (NIH No. 85-23, revised 1985). The scientific project was approved by the
Ethical Committee of the Turin University (permit number: D.M. 94/2012-B). Mice were fed a
standard diet (SD group, n = 8), a 45% fat diet (HFAT group, n = 10) or a 60% fructose diet (HFRT
group, n = 10) for twelve weeks. Standard diet (Research Diets, New Brunswick, NJ, USA,
D12450K) composition was: 70% of calories in carbohydrates (55% from corn starch and 15%

from maltodextrin), 10% of calories in fat (5% from soybean, 5% from lard), and 20% of calories
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from proteins. High-fat pelleted chow (Research Diets, D12451) composition was: 35% of calories
in carbohydrates (7% from corn starch, 10% from maltodextrin, and 17% from fructose), 45% of
calories in fat (5% from soybean, 40% from lard), and 20% of calories from proteins. High-fructose
pelleted chow (Research Diets, D02022704) composition was: 70% of calories in carbohydrates
(10% from corn starch and 60% from fructose), 10% of calories in fat (5% from soybean, 5% from
lard), and 20% of calories from proteins. All groups received drink and food ad libitum.

2.2 Oral Glucose Tolerance Test

One day before the mice were due to be killed, the oral glucose tolerance test (OGTT) was
performed after a fasting period of 6 h by administering glucose (2 g/kg) by oral gavage. Once
before administration and 15, 30, 60, and 120 min afterward, blood was obtained from the
saphenous vein, and glucose concentration was measured with a conventional Glucometer
(GlucoGmeter, Menarini Diagnostics, Florence, Italy).

2.3 Procedures and plasma analyses

Body weight and food intake were recorded weekly. Fasting glycemia was measured at the start of
the protocol and every 4 weeks by saphenous vein puncture using a glucometer (GlucoGmeter,
Menarini Diagnostics). After 12 weeks, mice were anesthetized and Kkilled by cardiac
exsanguination. Blood was collected and the liver was rapidly removed. Plasma and tissue lipid
profile was determined by standard enzymatic procedures using reagent kits (Hospitex Diagnostics,
Florence, Italy). Plasma insulin level was measured using an enzyme-linked immunosorbent assay
(ELISA) kit (Mercodia AB, Uppsala, Sweden).

A portion was cryoprotected in OCT (Optimal Cutting Temperature) compound (VWR, Milan,
Italy) and frozen in N2 for cryostatic preparations. Other portions were frozen in N2 and stored at -
80°C for protein analysis.

2.4 Oil Red O staining

Liver lipid accumulation was evaluated by Oil Red O staining on 7um cryostatic sections. Stained

tissues were viewed under an Olympus Bx4l microscope (20x magnification) with an
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AxioCamMR5 photographic attachment (Zeiss, Gottingen, Germany).

2.5 HPLC-HRMS settings for TAGs analysis

An Ultimate 3000 Dionex, Thermo Scientific (Milan, Italy) HPLC instrument coupled through an
APCI source to an LTQ Orbitrap Thermo Scientific mass analyzer were used.

TAGs analysis were performed as previously described [20].

Briefly a first method involves the use of two Luna C18(2) (Phenomenex) columns (150 x 2.1
mm,3 pum particle size) in series and a gradient of acetonitrile (solvent A) and dichloromethane
(solvent B).

The second separation method make use of a Develosil C30 column (150 x 2.0 mm, 5 pum particle
size, Phenomenex) with acetonitrile and dichloromethane as eluents. The LC column effluent
entered the APCI source with nitrogen as the sheath and auxiliary gas. The source voltage was set to
4.1 kV. The heated capillary temperature was maintained at 250 °C. The main parameters adopted
were: vaporizer temperature 450 °C, discharge current 5.00 pA, capillary voltage 10.00 V, tube lens
40 V. High resolution accurate mass analysis (HRAM) was used to reliably identify precursor ions
of different TAGs and to characterize their neutral losses. High resolution spectra were acquired
with a resolution of 60000 (FWHM) and the mass accuracy of recorded ions (vs. calculated) was +
2 millimass units (without internal calibration). MS" spectra were acquired in the range between the
ion trap cut-off and precursor ion m/z values. Triacylglycerols (TAGs) were identified as reported
[21] and quantified using a triacylglycerol standard curve .

2.6 Preparation of tissue extracts

Cytosolic and nuclear extracts were prepared as previously described [22]. Briefly, livers were
homogenized at 10% (wt/vol) in a Potter Elvehjem homogenizer (Wheaton, Millville, NJ) using a
homogenization buffer containing 20 mM HEPES (pH 7.9), 1 mM MgCI2, 0.5 mM EDTA, 1%
Nonidet P-40, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 5 pg/ml aprotinin, 2.5 pg/ml leupeptin
and 2 mM NaVO3. Homogenates were centrifuged at 1000g for 5 min at 4°C. Supernatants were

removed and centrifuged at 105,000g at 4 °C for 40 min to obtain the cytosolic fraction. The
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pelleted nuclei were resuspended in extraction buffer containing 20 mM HEPES (pH 7.9), 1.5 mM
MgCI2, 300 mM NaCl, 0.2 mM EDTA, 20% glycerol, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 5
pg/ml aprotinin, 2.5 pg/ml leupeptin and 2 mM NaVO3 and incubated on ice for 30 min for high-
salt extraction, followed by centrifugation at 15,0009 for 20 min at 4 °C. The resulting supernatants
containing nuclear proteins were carefully removed. Protein content was determined using the
Bradford assay (BioRad, Hercules, CA, USA). Protein extracts were stored at —80°C until use.

2.7 Western blotting

Equal amounts of proteins were separated by SDS-PAGE and electrotransferred to nitrocellulose
membrane (GE-Healthcare Europe, Milano, Italy). Membranes were probed with primary
antibodies, listed in Supplemental material, followed by incubation with appropriated HRP-
conjugated secondary antibodies (BioRad).

Proteins were detected with Clarity Western ECL substrate (BioRad) and quantified by
densitometry using analytic software (Quantity-One, Bio-Rad). For each analyzed protein western
blotting was peformed in duplicate for all the available samples (SD = 8; HFAT = 10; HFRT = 10).
Results were normalized with respect to densitometric value of mouse anti-GAPDH (Santa Cruz
Biotechnology) for cytosolic and mouse anti-histone H3 (Abcam) for nuclear proteins and then
expressed as fold of SD value.

2.8 Respiratory complex activities

The mitochondrial respiratory chain complexes enzymatic activities were checked on liver
homogenates by spectrophotometric assays as described by Spinazzi et al. [23] and the results were
normalized to the protein content. Briefly, the activity of complex | (NADH:ubiquinone
oxidoreductase) was evaluated by using ubiquinone as the electrons acceptor and NADH as donor
and following the decrease of absorbance at 340 nm for 5 min resulting from the oxidation of the
ubiquinone. The assay for activity of complex 11 (succinate dehydrogenase) involves
dichlorophenolindophenol (DCPIP) as the electrons acceptor and succinate as donor. The activity is

then evaluated by the decrease of absorbance at 590 nm for 20 minutes. For complex IlI
7



(decylubiquinol cytochrome ¢ oxidoreductase) the oxidized cytochrome ¢ was used as the electrons
acceptor and decylubiquinol as donor and the assay was performed following the increase in
absorbance at 550 nm resulting from the reduction of cytochrome c. Finally, the activity of complex
IV (cytochrome c oxidase) was checked following the decrease in absorbance at 550 nm resulting
from the oxidation of reduced cytochrome c, which is the electrons donor, and was expressed as
nmol min—1 mg—1 of total proteins (extinction coefficient for reduced cytochrome ¢ 18.5 mM—1
cm—1). The specificity of complex IV activity was confirmed by the inhibition with potassium.

2.9 RT-PCR analysis

Total RNA was extracted from liver samples using the AllPrep® DNA/RNA/protein Kit (Quiagen,
Hilden, Germany), according to the manufacturer’s instructions. The total RNA concentration
(ug/mL) was determined by the fluorometer Qubit and the Quant-iT™ RNA Assay Kit (Invitrogen,
Milano, Italy). A total of 500 ng of RNA was reverse-transcribed using QuantiTect Reverse
Transcription Kit (Qiagen), The synthesized cDNA was used for real-time polymerase chain
reaction (PCR). The cDNA was amplified by real-time PCR using SsoFast™ EvaGreen (Bio-Rad,)
and primers (Sigma) specific for glutathione S-transferase class Alpha (Gstal and Gsta2),
glutamate-cysteine ligase catalytic (GCLC) and modifier (GCLM) subunits, NAD(P)H:quinone
oxidoreductase-1 (Ngol), acetyl coenzyme A carboxylase (ACC), fatty acid synthase (FAS), and
hydroxyl methyl glutaryl coenzyme A reductase (HMG-CoA-R). Primers sequences are listed in
Supplemental material. The PCR reaction was performed at 95°C for 30s followed by 40 cycles of
95°C for 5s, 55°C for 10s. All samples were run in duplicate. At least two nontemplate controls
were included in all PCR. The transcript of the reference gene ribosomal RNA 18S
(Mm_Rn18s_3 SG, cat. no. QT02448075) was used to normalize mRNA data, and the
quantification data analyses were performed by using the Bio-Rad CFX Manager Software, version

1.6 (Bio-Rad) according to the manufacturer’s instructions.



2.10 Glutathione assay

Oxidized-to-reduced glutathione ratio (GSSG/GSH) was assessed by the method of Owens and
Belcher [24]. A mixture was directly prepared in a 96-wells microplate: 0.05 M Na-phosphate
buffer (pH 7.0), 1 mM EDTA (pH 7.0), and 10 mM dithionitrobenzoic acid plus an aliquot of the
sample. GSH content was evaluated after 2 min at 412 nm and expressed as ug/mg protein. Suitable
volumes of diluted glutathione reductase and of reduced nicotinamide adenine dinucleotide
phosphate were then added to evaluate the total glutathione level. The difference between total
glutathione and GSH content represents the GSSG content (expressed as pg/mg protein).

2.11 Immunofluorescence

Nrf2 subcellular localization was analyzed by immunofluorescence on 7 um liver cryostatic
sections. After blocking, sections were incubated overnight with a rabbit anti-Nrf2 (Thermo
Scientific, Code# PA5-27889) and subsequently for 1h with TRITC-conjugated secondary
antibody. Nuclei were counterstained with Hoechst dye. Sections were visualized using an Olympus
epifluorescence microscope (Olympus Bx4l1) at 40x magnification, digitised with a high resolution
camera (Zeiss), and colour-combined with Adobe Photoshop (Adobe System, San José, CA, USA).
2.12 Immunohistochemistry

Neutrophils infiltration was analyzed by immunohistochemistry on 7 pm liver cryostatic sections.
After blocking, sections were incubated overnight with a rabbit anti-MPO antibody (Abcam, Code#
9535) and subsequently for 1h with HRP-conjugated secondary antibody. Immunoreactivity was
evidenced by reaction with 3,3'-diaminobenzidine substrate and nuclei were counterstained with
hematoxylin. Micrographs were acquired using an Olympus microscope at 10x/20x magnification.
2.13 Statistical analysis

The Shapiro-Wilk test was used to assess the normality of the variable distributions. One-way
ANOVA followed by Bonferroni’s post-hoc test were adopted for comparison among the four

groups of animals. Data were expressed as mean + standard deviation. Threshold for statistical



significance was set to P<0.05. Statistical tests were performed with GraphPad Prism 6.0 software
package (GraphPad Software, San Diego, CA, USA).

2.11 Materials

All compounds were purchased from Sigma Chemical Co. (St. Louis, MO, USA), unless otherwise

stated.

3. Results

3.1 General parameters

Although in the three groups of animals no difference in food intake was detected (Table 1), the
HFAT diet supplied a significantly higher daily calories intake, which was in great part due to the
contribution of saturated fats (lard), even if a little percentage of calories was derived from sugars
(sucrose). Instead, in the HFRT diet the daily calories intake was almost exclusively derived from
fructose (Table 1).

At the end of the experimental protocol, only HFAT mice showed a marked increase in body
weight, epididymal adipose tissue weight, and insulinemia in association with a significant
reduction in liver weight, in comparison to SD and HFRT mice (Table 2). While, both the HFAT
and the HFRT diets induced significant increases in plasma fasting glucose, triglyceride and
cholesterol levels (Table 2) and altered OGTT curve (Fig. 1), in comparison to SD. Nevertheless, all
these parameters were altered to a larger extent by the HFAT diet.

3.2 HFAT and HFRT diets altered hepatic lipid content.

In liver slices from HFAT and HFRT mice we detected a relevant lipid deposition compared to SD
(Fig. 2a), with a diffuse microvescicular distribution in the HFAT group and a macrovescicular
periportal distribution in HFRT group. Consistently, although both diets significantly increased TG
liver content with respect to SD, HFRT mice liver accumulated more TG compared to HFAT mice
(+25%), whereas hepatic cholesterol levels slightly increased in both diets, without reaching

statistical significance (Fig. 2b).
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3.3 HFAT and HFRT diets differently affected liver fatty acids export and oxidation

ApoB100 protein level was measured in liver as a marker of VLDL assembly (Fig. 3a). No
significant difference was seen in HFAT diet, while a significant increase in HFRT livers (+60% vs
SD; +45% vs HFAT) indicated enhanced VLDL production, resulting in increased TAGs export. In
contrast, HFAT mice showed decreased intensity in the expression of CPT1-L (-20% vs SD)
indicating reduced rate of p-oxidation (Fig. 3b), of PGC-1a (-40% vs SD), the major regulator of
mitochondrial biogenesis (Fig. 3c), and of the enzyme SDH-A (-20% vs SD), part of complex Il in
the mitochondrial respiration (Fig. 3d), while the enzyme COX-1 (Fig. 3d), a component of
complex 1V, was upregulated (+120% vs SD). HFRT diet induced in liver a significant increase in
mitochondrial B-oxidation (Fig. 3b), and SDH-A and COX-1 expression (+20% and +160%,
respectively, vs SD) (Fig. 3d), without affecting mitochondrial biogenesis (Fig. 3c).

3.4 HFAT and HFRT diets differently impaired mitochondrial respiratory complex activity

To thoroughly investigate the different impact of the HFAT and HFRT diets on mitochondrial
efficiency, we analyzed the enzymatic activities of the four complexes of the mitochondrial
respiration. The HFAT diet downregulated only complex | when compared to SD (-22%) (Fig. 4a),
whereas HFRT diet significantly upregulated all the examined complexes (Fig. 4a-d), indicating an
enhancement of mitochondrial respiration.

3.5 HFAT and HFRT diets altered triacylglycerols (TAGS) composition

LC-MS analysis on liver homogenates did not detect significant alterations in the relative
proportion of different TAGs in the HFAT group, whereas an altered ratio between TAGs
containing saturated (palmitic and stearic) or unsaturated (oleic, linoleic, linolenic) fatty acids was
found in HFRT mice (Table 3). Most notably, in HFRT mice the TAGs containing the unsaturated
oleic acid were decreased (L-Ln-O: -30% vs SD, -40% vs HFAT; O-0-S: -21% vs SD, -36% vs

HFAT), while many of those containing the saturated palmitic acid were significantly increased (P-
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L-O: +180% vs SD and HFAT; O-O-P: +50% vs SD and HFAT; P-O-S: +20% vs SD; +10% vs
HFAT).

3.6 HFAT and HFRT diets differently impact on lipogenesis

Since in HFRT mice we observed an increase in TAGs containing the palmitic acid, which is the
primary fatty acid produced during de novo lipogenesis, we assessed the expression and the
activation of the transcription factors SREBP1, that regulates fatty acids synthesis, and SREBP2,
that regulates cholesterol synthesis, and the expression of their main target genes. In HFRT mice the
SREBPs activating protein SCAP was markedly upregulated (+90% vs SD; +80% vs HFAT) (Fig.
5a). Moreover, the HFRT diet induced the 125-kDa precursor of SREBP1c upregulation (+65% vs
SD) and the cytosolic 68-kDa active form was decreased in intensity (-53% vs SD) paralleled by the
increase in the nuclear active form (+52% vs SD), indicating a marked activation of SREBP1
signaling (Fig. 5b). We then analyzed two of the main SREBP1c target genes. As a consequence of
SREBPI1c activation, we observed in HFRT mice a significant hyperexpression and activation of
ACC, as revealed by mRNA and protein levels, and by the ratio ACC/pACC (with pACC
representing an inactive post-translationally modified form), and increased mRNA and protein
expression of FAS (Fig. 5c). Conversely, HFAT mice showed a slight, but not significant, increase
in SREBP1 expression (+33% vs SD) and translocation from cytosol to nucleus (nuclear active
form +15% vs SD) (Fig. 5b), that barely affected FAS expression (Fig. 5¢).

The HFAT diet was able to induce cholesterologenesis through the activation of SREBP2 (nuclear
active form +20% vs SD) and the hyperexpression of the rate-limiting enzyme of
cholesterologenesis HMG-CoA-R. However, activation of SREBP2 was markedly higher in the
HFRT diet (nuclear active form +60% vs SD; +33% vs HFAT), as well as the mRNA and protein
expression of HMG-CoA-R (Fig. 5e).

3.7 HFAT and HFRT diets differently affect antioxidant response

The upregulation of mitochondrial oxidative metabolism observed in HFRT mice could suggest

alterations in oxidative markers and mitochondrial antioxidant defenses.
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We thus evaluated the hepatic activation level of the antioxidant transcription factor Nrf2 and the
expression of its inhibitor Keapl. Since Nrf2 is reported to migrate with an apparent molecular
weight of 110 kDa, even though it has a calculated molecular mass of about 68 kDa [25], we
reported a representative blot that encompasses the 50-kDa through to 150-kDa range to allow all
possible candidate bands to be viewed (Fig. 6a). The robust hyperexpression of Keapl in the HFRT
mice (+55% vs SD and HFAT) is likely to retain Nrf2 in the cytosol, as shown by the band at 110
kDa. Accordingly, in the nuclear extracts we detected a reduced intensity of both the bands at 110
and 68 kDa in the HFRT group. The reduced nuclear translocation of Nrf2 evoked by the diets,
especially by the HFRT diet, was confirmed by immunofluorescence analysis (Fig. 6b). In the liver
sections from SD mice Nrf2 was mainly localized in the nuclei, with a partial diffused distribution
in the cytosol. In contrast, the Nrf2 nuclear localization was reduced in the HFAT, and almost
completely disappeared in the HFRT mice liver. Interestingly, in both HFAT and HFRT mice livers
Nrf2 was accumulated along the plasmamembranes. As consequence of inhibited Nrf2 nuclear
translocation, the gene expression of the main targets of Nrf2 (Gstal, Gsta2, GCLC, GCLM, and
Ngol) was downregulated, achieving statistical significance only in the HFRT mice (Fig. 6c¢).
Moreover, since Nrf2 target genes are involved in GSH-recycling, we observed an increased ratio of
GSSG/GSH, index of oxidative imbalance, that was significant only in HFRT mice (+43% vs SD;
+12% vs HFAT) (Fig. 6d).

3.8 HFAT and HFRT diets differently induced inflammatory response

We finally investigated NIrp3 expression and its downstream signaling, shown by pro-caspase-1
cleavage and IL-1p production, that were upregulated in both diets (Fig. 7a-c). However, NIrp3 was
markedly hyperexpressed in HFRT liver compared to both SD and HFAT (+100% vs SD; +54% vs
HFAT) (Fig. 7a), as well as the downstream signaling (active caspase-1: +50% vs SD; +25% vs
HFAT; IL-1 B: +90% vs SD; +46% vs HFAT) (Fig. 7b-c). Conversely, NFKB p65 was largely
translocated from cytosol to nucleus in the liver of both HFAT and HFRT group (Fig. 7d). As

consequence of proinflammatory signaling, the hepatic level of ICAM-1 was significantly increased
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only in the HFRT mice (+40% vs SD; +27% vs HFAT) (Fig. 8a), and the neutrophils infiltration
evaluated by immunohistochemistry for MPO on liver sections was evidenced in both diets, but to a

larger extent in the HFRT group (Fig. 8b).

4. Discussion

Several epidemiological studies have revealed that a diet rich in fat and cholesterol may increase the
odds to develop NAFLD [26]. Most recently, similar data have also been reported for a high dietary
intake of sugar and in particular of fructose [27]. For this reason, the role of the rising consumption
of fats and fructose in human diet in the development of NAFLD and insulin resistance has recently
attracted much interest [28-30]. A recent work showed that both diets rich in fat and fructose lead to
liver steatosis over time [10] and a combined feeding of these two macronutrients was found to
exacerbate the damaging effect of the single components [7].

We must underlie that in the present study the higher caloric contribution of the HFAT diet
compared to the HFRT diet may account for the greater weight gain and adipose tissue expansion.
The different caloric intake of the two diets may thus affect some of the systemic parameters here
analyzed. However, when considering the hepatic outcomes of dietary manipulation, despite lower
caloric intake, the HFRT diet led to a more severe steatosis and more pronounced pro-oxidant and
pro-inflammatory signaling activation with respect to the HFAT diet. Indeed, we here demonstrate
that the HFAT diet alters the systemic glucose and lipid metabolism to a greater extent than the
HFRT diet, whereas a greater hepatic TG deposition is detected in HFRT mice when compared to
HFAT mice. This is in agreement with ours and other authors studies showing the induction of
ectopic tissues lipid deposition by fructose, both in human and in rodent, without affecting body
weight and adiposity [22,31-34].

Our results indicate that saturated fats and fructose in the diet exert dissimilar effects on liver lipid
metabolism. We show that hepatic lipid accumulation in HFAT mice is due to the lack of induction

of both mitochondrial oxidation and lipid export in response to increased dietary lipids supply that
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mainly accumulate in adipose depots and increase plasma TG and cholesterol levels, and finally
reach the liver in a moderate amount. In contrast, the increased mitochondrial metabolism and
ApoB100 hyperexpression induced by HFRT diet do not explain the relevant liver lipid deposition
detected, which is consequence of a local alteration in hepatic lipid metabolism only partially
affecting systemic parameters. In animal models of obesity a reduced rate of fatty acid oxidation is
frequently reported [35,36] and it is largely demonstrated that activating B-oxidation decreases
hepatic lipid accumulation and improves insulin sensitivity [37]. Conversely, mice subjected to a
long-term high-fructose feeding showed an increase in skeletal muscle mitochondrial efficiency,
with our results in agreement with previous studies [38]. Additionally, in a human study that
enrolled ninety-seven subjects to consume beverages sweetened with increasing concentrations of
high-fructose corn syrup, an increased fasting and/or postprandial plasma concentration of ApoB
was observed [39], indicating enhanced export of triglycerides from liver to plasma.

Furthermore, it has been demonstrated that if a high-fat feeding induces a direct extrahepatic lipid
supply, paralleled by reduced fatty acids export and metabolism, high-fructose intake strongly
increases hepatic lipogenesis [11]. We have previously documented this paradoxical stimulation of
lipogenesis by fructose, showing that the dysregulation of the SREBP signaling was related to the
glycation of SCAP induced by fructose-derived advanced glycation end-products [22,31]. Here we
evaluated the contribution of the de novo lipogenesis to the liver fatty acids deposition through the
analysis of the SCAP/SREBP lipogenic pathway in the two diets and the results confirmed that
fructose has a higher lipogenic power than fats, being both SREBP1c and SREBP2 pathways
activated to a greater extent in the liver of fructose-fed mice compared to fat-fed mice.

An original contribution of the present study is the LC-MS analysis of TAGs in liver homogenates
showing that the levels of many TAGs containing the palmitic acid were drastically higher in liver
of HFRT mice when compared to liver of both SD and HFAT littermates. This observation
strengthens the differences we recorded in terms of lipogenesis as palmitate (C16:0) is the primary

fatty acid endogenously synthesized through the de novo lipid synthesis regulated by SREBP1c
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activation [40], and it can activate in turn cholesterol synthesis via SREBP2 stimulation in HepG2
cells [41]. High levels of palmitic acid have been also reported to induce inflammation, ER stress
and insulin-resistance [42,43]. For instance, a human research on 3004 randomly sampled healthy
people positively linked circulating palmitic acid to adiposity, triglycerides, inflammation
biomarkers, and insulin resistance [44]. Palmitic acid is one of the most well characterized DAMPs
leading to NIrp3 inflammasome activation in the liver, which significantly contributes to the
progression of the diet-induced steatohepatitis [45,46]. One of the major pathways so far implicated
in hepatic NIrp3 inflammasome activation involves the recruitment of different types of TLRs and
MyD88, the common TLR adaptor. Besides, the TLR4/MyD88-mediated activation of NIlrp3
inflammasome has been recently demonstrated to be critical for the development of dietary
steatohepatitis [47]. We previously documented that the pharmacological inhibition or the genetic
ablation of NIrp3 reduces liver and kidney dysfunctions and fibrosis markers in mice fed fructose-
containing diets [48,49]. Here we demonstrated, for the first time, that HFRT diet induced markedly
increased hepatic levels of NIrp3, caspase-1 and IL-1f, ICAM-1 and neutrophils infiltration, while
in HFAT diet inflammasome signaling was activated to a significantly lesser extent accompanied by
less intense inflammatory response. Intriguingly, recent studies have suggested a new role for
SREBPs in the induction of inflammasome, but the molecular mechanisms by which SREBPs
regulate the inflammasome and innate immunity remain to be elucidated [50,51]. In particular
macrophages from SREBP-1a deficient mice failed to activate lipogenesis as well as inflammasome
hallmarks, caspase-1 activation and IL-1B secretion [50]. Moreover, in human umbilical vein
endothelial cells the SREBP2-activated NIrp3 inflammasome causes functionally disturbed
endothelium with increased inflammation [51].

SREBP1 was also associated to the Nrf2-regulated antioxidant response. Nrf2 seems to protect the
liver against steatosis by inhibiting lipogenesis and promoting fatty acid oxidation [52]. In fact,
Nrf2-KO mice have increased mRNA expression levels of cholesterologenic transcriptional factors

and lipogenesis related genes, including SREBP1, FAS, and ACC in the liver, compared to wild
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type mice fed a high-fat diet for 16-20 weeks, and are thus prone to develop diet-induced
hepatosteatosis and progress to a more severe NASH [13]. On the other hand, saturated fatty acids,
in particular palmitate, modulate Nrf2 expression and activation. A dose- and time-dependent
increase in Nrf2 protein level has been observed in two different studies on cultured hepatocytes
exposed to palmitate, correlated with proliferation and abnormal hepatic metabolizing enzymes
[53,54], although no information on nuclear activation was reported. However, in human umbilical
vein endothelial cells, as well as in primary human hepatocytes, palmitate treatment markedly
inhibited Nrf2 nuclear translocation and transcriptional activity [14,55]. Consistently, in our model
of diet-induced NAFLD, we observed increased levels of cytosolic Nrf2 and of its inhibitor Keapl,
paralleled by impaired Nrf2 nuclear translocation in the HFRT group, where a greater activation of
the SCAP-SREBP lipogenic pathway was also detected. As previously demonstrated in the liver of
Nrf2”" mice, the loss of Nrf2 transcriptional activity leads to the downregulation of genes
specifically involved in GSH-mediated detoxification processes and GSH recycling, exposing mice
to increased oxidative stress damage [56]. Accordingly, the lower Nrf2 nuclear translocation
observed in the liver of HFRT mice was paralleled by reduced expression of its target genes Gstal,
Gsta2, GCLC, GCLM, and Ngo1l, and increased GSSG/GSH ratio, and was related to the higher
SREBP1c activation and palmitate-containing TAGs accumulation, in comparison to HFAT mice.
In addition, Nrf2 may play a pivotal role in the progression to NASH, because it not only represses
the expression of genes involved in fatty acids synthesis [15], but also antagonizes inflammation
[57,58]. Indeed, studies conducted on various animal models have indicated that the induction of
Nrf2 counteracts alcoholic and nonalcoholic liver disease by decreasing early inflammatory
response [58,59].

Although a recent work on Nrf2” macrophages have highlighted that Nrf2 is essential for Nlrp3
activation [60], it could be argued from many other literature data that a defective activity of the
protective signaling pathway regulated by Nrf2 leads to enhanced NIrp3 activation [19,20,61]. This

inverse correlation between Nrf2 and NIrp3 activation may thus play a role in the onset of chronic
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inflammation contributing to the progression of NAFLD to NASH. Consistently, in HFRT fed mice
we have found Nrf2 inhibition that could account, at least in part, for the observed NIrp3 activation.
Thus, an amplifying loop evoked by high-fats and high-sugars intake could be hypothesized to exist
among SREBP, palmitate, Nrf2 and NIrp3 that participate in the progression of liver diseases. On
the basis of the above considerations, we can conclude that the peculiar alterations induced by fats
and fructose on lipid metabolism differently affect antioxidant and proinflammatory pathways. In
particular, the stronger SREBP1c activation induced by dietary fructose with respect to saturated
fats, and the consequent palmitate production, are the leading factors responsible for the greater
Nrf2 inhibition and NIrp3 activation observed in HFRT mice livers, resulting in a more intense
hepatic inflammatory response. These observations suggest that fructose may evoke a more rapid
progression of NAFLD to NASH than fats, confirming that high fructose intake in western diet

represents an important risk factor for health.
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Table 1. Characteristics of diet intake of mice fed a standard (SD), a high-fat (HFAT), and a

high-fructose (HFRT) diet for 12 weeks. Data are means * s.e.m. Statistical significance: *P<0.05,

bP<0.001 vs SD; °P<0.05, “P<0.001 vs HFAT.

SD HFAT HFRT

(n=8) (n=10) (n=10)
Diet energy supply
(Kcal/g) 385 +70 >
Food intake 2 48 + 0.09 258 +0.15 2.65 +0.07
(9/day/mouse)
Total calories intake 9.6+0.4 12.1+0.7° 10.2 +0.3°
(Kcal/day/mouse)
Fat calories intake 0.43 +0.05 5.46 + 0.32° 0.46 +0.01¢
(Kcal/day/mouse)
Sugar calories intake 0.00 + 0.00 206 + 0.12° 6.13 + 0.26"¢
(Kcal/day/mouse)
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Table 2. Physiological parameters of mice after 12 weeks of standard, high-fat, and high-

fructose diet. Data are means + s.e.m. Statistical significance: ®P<0.05, °P<0.001 vs SD; “P<0.05,

9P<0.001 vs HFAT.

SD HFAT HFRT

(n=8) (n=10) (n=10)
Body weight increase 85+16 172+ 4.6 8.3+ 150
@ S5+1. 24, 3+l
Liver weight b d
(% of body w.) 35+0.2 27+04 36+0.1
Epididimal weight b d
(% of body w.) 1.2+04 6.1+0.9 1.5+04
Systolic pressure 112 + 7 106 + 11 113 + 3
(mm Hg) B B ~
Fasting glyceamia 69 + 19 120 + 21° 91 + 113¢
(mg/dL) ~ — —
Insulinemia 85.8 + 53 106.0 + 12.6° 86.6 +7.1°
(mg/dL)
Plasma TG 30.7 + 6.6 86.3 + 27.8" 455 +5.0°
(mg/dL)
Plasma cholesterol 772457 26714946° 1153+ 125

(mg/dL)
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Table 3. TAGs composition evaluated by LC-MS analysis on liver homogenates. Data are

means + s.e.m. Statistical significance: ®P<0.05, "P<0.001 vs SD; °P<0.05, “P<0.001 vs HFAT.

Fatty acids identification: L: linoleic; Ln: linolenic; M: myristic; O: oleic; P: palmitic; Po:

palmitoleic; S: stearic.

TAGs SD HFAT HFRT
(% of total) (n=8) (n=10) (n=10)
L-Ln-O 413 +0.41 4.86 +0.23 2.96 + 0.28%¢
L-L-O 14.07 +2.43 12.91 + 051 10.13 + 1.06
Po-O-M 0.48 + 0.06 0.45 +0.01 0.36 + 0.06
Po-S-Ln 3.11+0.69 4.28 +0.07 3.12 +0.56
0-O-L 22.19+2.22 21.51+0.89 19.87 + 1.50
P-L-O 7.11+0.60 7.09 +0.40 19.92 + 2.32°¢
M-P-O 0.95+0.17 0.98 + 0.04 0.68 +0.11
0-0-0 26.84 +3.33 27.61+1.02 20.03 +2.92
P-P-O 3.18+0.21 2.48 +0.07° 2.26 +0.22°
0-0-P 8.27 +0.87 7.41 +0.20 12.14 + 1.16°
P-O-S 2.66 + 0.08 2.85+0.11 3.16 £ 0.15°
0-0-S 2.55 +0.23 3.18+0.07 2.01+0.2°
5-5-0 4.49 +0.51 439+0.17 3.36 +0.60
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Figure legends

Figure 1. Oral glucose tolerance test (OGTT). Oral glucose tolerance test performed on mice fed
a standard (SD), a high-fat (HFAT) or a high-fructose (HFRT) diet. Data are mean % s.e.m of 8-10
mice for group. Statistical significance: *P<0.05 vs SD; °P<0.001 vs SD; °P<0.05 vs HFAT;

9P<0.001 vs HFAT.

Figure 2. Lipids deposition in liver. (a) Representative 20X magnification photomicrographs of
Oil Red O staining on liver sections from SD, HFAT and HFRT fed mice. (b) Triglyceride (TG)
and cholesterol content in mice liver. Data are mean * s.e.m of 8-10 mice for group. Statistical

significance: ®P<0.05 vs SD; "P<0.001 vs SD; “P<0.001 vs HFAT.

Figure 3. Markers of TG export and mitochondrial biogenesis and p-oxidation in liver.
Representative western blotting analysis performed in liver cytosolic extracts for ApoB (a), CPT1-I
(b), PGC-1a (c), SDHA and COX1 (d). Histograms report densitometric analyses normalized for
the relative GAPDH content. Data are mean + s.e.m of 8-10 mice for group. Statistical significance:

P<0.05 vs SD; "P<0.001 vs SD; °P<0.05 vs HFAT; “P<0.001 vs HFAT.

Figure 4. Activities of mitochondrial respiration complexes in liver. Mitochondrial respiration
complexes enzymatic activities were assessed in liver homogenates from SD, HFAT and HFRT
mice. (a) complex I, ubiquinone oxidoreductase; (b) complex Il, succinate dehydrogenase; (c)
complex 111, decyl ubiquinol cytochrome ¢ oxidoreductase; (d) complex 1V, cytochrome ¢ oxidase.
Data are mean + s.e.m of 8-10 mice for group. Statistical significance: °P<0.001 vs SD; °P<0.05 vs

HFAT: 9P<0.001 vs HFAT.

Figure 5. Analysis of SCAP/SREBP pathway. Representative western blotting analysis performed

in liver cytosolic and nuclear extracts for (a) SCAP and (b) SREBP1c. (¢) mMRNA expression levels
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of ACC and FAS, and western blotting for protein levels of ACC, pACC and FAS. (d)
Representative western blotting for cytosolic and nuclear levels of SREBP2. (e) mRNA expression
levels and western blotting for protein levels of HMG-CoA-R. For RT-PCR analysis histograms

report 2744

values normalized for the relative RNR18S housekeeping gene. For western blotting
analysis histograms report densitometric analyses normalized for the relative GAPDH and histone
H3 content, in cytosolic and nuclear extracts, respectively. Data are mean = s.e.m of 8-10 mice for

group. Statistical significance: ®*P<0.05 vs SD; °P<0.001 vs SD; “P<0.001 vs HFAT.

Figure 6. Analysis of Keapl/Nrf2 pathway. Representative western blotting analysis performed in
liver extracts for (a) cytosolic Keapl and Nrf2 protein expression, and nuclear Nrf2 content.
Histograms report densitometric analysis of Keapl and of the 110-kDa band for Nrf2, normalized
for the relative GAPDH and histone H3 content, in cytosolic and nuclear extracts, respectively. (b)
Representative 40x micrographs of immunofluorescence analysis for subcellular localization of
Nrf2 (red fluorescence) in liver cryostatic sections. Nuclei are stained in Hoechst blue dye. Enlarged
details are shown in square boxes. (c) RT-PCR analysis on Nrf2 target genes performed in liver

mRNA extracts. Histograms report 244"

values normalized for the relative RNR18S housekeeping
gene. (d) GSSG/GSH ratio assessed in cytosolic liver extracts. Data are mean + s.e.m of 8-10 mice

for group. Statistical significance: °P<0.001 vs SD; °P<0.05 vs HFAT; “P<0.001 vs HFAT.

Figure 7. Analysis of NIrp3 inflammasome signalling. Representative western blotting analysis
performed in liver for (a) NIrp3 expression, (b) Pro-Caspasel expression and cleavage, (c) active
IL-1B, and (d) NFkB cytosolic and nuclear levels. Histograms report densitometric analysis
normalized for the relative GAPDH and histone H3 content, in cytosolic and nuclear extracts,
respectively. Data are mean + s.e.m of 8-10 mice for group. Statistical significance: "P<0.001 vs

SD: °P<0.05 vs HFAT: “P<0.001 vs HFAT.
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Figure 8. Markers of hepatic inflammation. (a) Representative western blotting analysis
performed in liver cytosolic extracts for ICAM-1 protein levels. Histogram reports densitometric
analysis normalized for the relative GAPDH. Data are mean = s.e.m of 8-10 mice for group.
Statistical significance: *P<0.05 vs SD; °P<0.05 vs HFAT. (b) Representative 10/20X magnification

photomicrographs of immunohistochemistry for MPO on 10 pum cryostatic liver sections.
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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