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Abstract: The rising fructose intake in sugar-sweetened beverages and ultra-processed
foods relates to the high incidence of nonalcoholic fatty liver disease. This study aimed
to examine the effects of long-term high-fructose diet intake (for 16 or 20 weeks) on
progressive hepatic damage, focusing on the endoplasmic reticulum stress markers
and fibrogenesis as possible triggers of liver fibrosis. Forty 3-month-old male C57BL/6)
mice were randomly divided into four nutritional groups: C16 (control diet for 16 weeks),
€20 (control diet for 20 weeks), HFRU16 (high-fructose diet for 16 weeks), and HFRU20
(high-fructose diet for 20 weeks). Both HFRU groups showed oral glucose intolerance
and insulin resistance, but only the HFRU20 group exhibited increased inflammation.
The increased lipogenic and endoplasmic reticulum stress markers triggered hepatic
fibrogenesis. Hence, time-dependent perivascular fibrosis with positive immunostaining
for alpha-smooth muscle actin and reelin in HFRU mice was observed, ensuring
fibrosis development in this mouse model. Our study showed time-dependent and
progressive damage on hepatic cytoarchitecture, with maximization of hepatic steatosis
without overweight in HFRU20 mice. ER stress and liver inflammation could mediate
hepatic stellate cell activation and fibrogenesis, emerging as targets to prevent NAFLD
progression and fibrosis onset in this dietary model.
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glucose, triacylglycerols, non-esterified fatty
acids (NEFA), and lactate, among others (Zhang

The rising intake of fructose-rich foods is
one of the main contributors to the high
incidence of insulin resistance and hepatic
steatosis worldwide (Jegatheesan & De Bandt
2017). Brazilians consume an average of 61
liters of sugar-sweetened beverages per year,
linking increased fructose intake to the high
incidence of cardiovascular, cerebrovascular,
and metabolic diseases (BRASIL 2020). Glucose
transporters (GLUT2 or GLUT5), which do not rely
on insulin, mediate fructose absorption. The
liver metabolizes the fructose excess, producing

et al. 2017), besides decreasing hepatic beta-
oxidation while increasing hepatic lipogenesis
(Lustig et al. 2012). This scenario results in
triacylglycerol deposition within the hepatic
parenchyma, the nonalcoholic fatty liver disease
(NAFLD) (De Minicis et al. 2013), previously
described in high-fructose-fed mice (Magliano
et al. 2015).

Insulin resistance precedes NAFLD and
causes endoplasmic reticulum (ER) stress,
triggered by an imbalance between the
unfolded proteins that enter the ER and the
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cell's ability to process protein folding. If this
imbalance persists, cell death is activated to
protect the organism from the harmful effects
of misfolded proteins (Hummasti & Hotamisligil
2010). Therefore, ER stress establishes a link
between insulin resistance and inflammation.
Proinflammatory signals stimulate hepatic
stellate cell (HSC) differentiation into activated
myofibroblast-like cells by fibrogenic gene
activation (Yang et al. 2015).

In this context, non-alcoholic
steatohepatitis (NASH) is becoming widespread
and encompasses hepatic steatosis and hepatic
inflammation with or without perisinusoidal
fibrosis (Kazankov et al. 2019). HSC activation
and macrophage (Kupffer cells) polarization
are critical factors for the progression of
liver fibrosis (Cao et al. 2022). Preclinical
studies that evaluate NAFLD / NASH in a
translational approach exhibit a wide range of
diet composition and time of administration
variation, compromising data comparison
and reliable conclusions. Saturated fat and
fructose overloads bear more resemblance to
human NAFLD phenotype, but there is a lack of
studies evaluating long-term exposure to these
nutrients (Im et al. 2021). Clinical evidence has
shown that high fructose intake correlates with
increased liver fibrosis in adults, highlighting
the hepatotoxicity of fructose (Abdelmalek et al.
2010). This study aimed to examine the effects
of long-term high-fructose diet intake (for 16
or 20 weeks) on progressive hepatic damage,
focusing on ER stress markers and fibrogenesis
as possible triggers of liver fibrosis.

MATERIALS & METHODS

The study protocol, approved by the Ethical
Committee in Animal Experimentation of the
State University of Rio de Janeiro (CEUA 042/2018),
followed the National Institutes of Health Guide
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for the Care and Use of laboratory animals and
Brazilian Federal Law n® 11.794/2008.

Animals and diet

Forty 3-month-old male C57BL/6) mice were
group-housed in ventilated cages (n=5 per
cage, Nexgen system, Allentown Inc., PA, USA)
with controlled conditions of temperature (21+
20C), humidity (60£10 %), and light (12:12h light-
dark cycle), and unrestricted access to food and
water. Animals were randomly divided into four
nutritional groups (n=10 each):

1) C16 - fed the control diet (C) for 16 weeks
(0% of energy as fructose; 15.88 kJ/g).

2) HFRU16 - fed a high-fructose diet (HFRU)
for 16 weeks (50% of energy as fructose; 15.88
ki/g).

3) C20 - fed the C diet for 20 weeks.

4) HFRU20 - fed an HFRU diet for 20 weeks.

The experimental diets produced by
Prag Solucoes (Jau-SP, Brazil) followed the
recommendations of the AIN-93M for rodents
(Reeves et al. 1993). Supplementary Material
- Table SI details the composition of the
experimental diets. Based on a previous
experiment that found evidence for HSC
activation in this mouse strain after 17 weeks of
the HFRU diet, we defined the two interruptions
of the HFRU diet in this experiment (16 and 20
weeks) (Silva-Veiga et al. 2020).

Food intake, energy intake, and body mass
(BM)

Food intake was obtained daily throughout
the experimental protocol by subtracting the
amounts of feed offered and feed not consumed
after 24 h. Energy intake was the product of food
intake and energy density per gram of each diet
in k). Energy intake was also shown as kJ/100g
BM/day to avoid bias due to different body
masses. Animals’ body masses were measured
weekly.
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Water intake and systolic blood pressure

Water intake was evaluated three times a week by
subtracting the amount offered by the leftovers.
Likewise, energy and water intake were shown
as mL/100g BM/day. Systolic blood pressure
was addressed in triplicate in conscious mice
through non-invasive tail plethysmography
(Insight, Ribeirdo Preto, Sao Paulo, Brazil) at
the end of the experiment. Mice got used to
the method for two weeks before the official
measurements.

Oral glucose tolerance test (OGTT)

In the week prior to euthanasia, mice fasted for
6 hours, and then a solution containing glucose
(25% in sterile saline — 0.9% NaCl) at a dosage of
2g/kg body mass was administered by orogastric
gavage. The animals’ blood was obtained by
milking the tail vein at time 0 and after glucose
overload at times 15, 30, 60, and 120 minutes to
check blood glucose levels using a glucometer
(Accu-Chek, Roche, SP, Brazil). Baseline values
were used as fasting glucose. The area under the
curve (AUC) was calculated to address glucose
tolerance (GraphPad Prism v 8.4.0, San Diego,
CA, USA).

Euthanasia

In the sixteenth and twentieth weeks of the
experimental protocol, animals from the
respective groups were fasted for six hours
and anesthetized with ketamine (240 mg/kg)
and xylazine (30 mg/kg). Blood samples were
obtained by cardiac puncture, centrifuged (712
xg, for 15 minutes), and frozen (-80°C) for further
biochemical analysis. The liver was carefully
dissected, weighed, and fixed in freshly prepared
4% w | v formaldehyde, 01 M phosphate buffer,
pH 7.2 Millonig formalin (for light microscopy
technique), or frozen (-80°C, for molecular
analyses). The epididymal fat pad was dissected,
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weighed, and expressed as a ratio of total body
mass.

Biochemical analyses and FIRI

Plasma insulin and leptin concentrations
were analyzed in duplicate with commercially
available enzyme immunoassay kits (Rat/
Mouse Insulin ELISA kit Cat. #£ZRMI-13K) using
the Fluostar Omega equipment (BMG LABTECH
GmbH, Germany). Fasting glucose and insulin
data were used to calculate the FIRI (Fasting
Insulin Resistance Index) using the formula:
fasting insulin (um/L) x fasting glucose (mmol/L)
/ 25 (Duncan et al. 1995). Liver cholesterol and
triacylglycerol concentrations were measured
in frozen liver samples as described previously
(Catta-Preta et al. 2011).

Light microscopy, stereology, and immunoflu-
orescence

Liver fragments included in paraplast plus
(Sigma-Aldrich, St. Louis, MO, USA) were cut (5
um thickness) and stained with hematoxylin and
eosin. Random fields were photographed using
a light microscope (Olympus BX51, Olympus
America Inc., Miami, USA) and a digital camera
(Infinity 1-5 ¢, Lumenera Co., Ottawa, ON, Canada).
The volume density (V) of hepatic steatosis was
estimated using a 36-point test system defined
by the STEPAnizer program (Tschanz et al. 2011)
by the point counting technique (Catta-Preta
et al. 2011). The Vv [steatosis] was estimated as
follows: W [st] = Pp [st, liver] / PT, where Pp is
the number of points that reach the fat droplets
and PT is the total number of test points. Vv
[steatosis] is considered an appropriate and
reproducible stereological method to address
liver steatosis compared to other methodologies
currently used in rodents (Catta-Preta et al.
2011). Picrosirius red staining was performed to
detect areas of liver fibrosis (Lattouf et al. 2014).
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Regarding immunofluorescence,
deparaffinized liver sections underwent antigen
retrieval (citrate buffer, pH 6.0 at 60 °C for 20
min), followed by blockade with glycine 2% and
the blocking buffer (PBS/BSA5%), and incubation
overnight at 4°C with the primary antibody
(anti-alpha-smooth muscle actin, AB7817, or
anti-reelin, AB78540, Abcam, Eugene, OR, USA),
dilution 1:50 in PBS/BSA 1%. Then, the sections
were incubated with the secondary antibody
conjugated with the fluorochrome Alexa-546 for
alpha-SMA and Alexa-488 for reelin (dilution 1:50
in PBS/BSA 1%) at room temperature for 1 hour.
Slow Fade Antifade (Invitrogen, CA, USA) was
used to mount the slides to keep fluorescence.
The images were obtained using a confocal
microscope (Nikon Confocal Laser Scanning
Microscope, model C2, Nikon Instruments, Inc.).

RT-qPCR

A lysis solution (Trizol Invitrogen, CA, USA)
extracted and isolated the total hepatic
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mRNA. RNA concentration was determined by
spectroscopy, using the Nanovue equipment (GE
Life Sciences) and one ug of RNA and DNAse |
(Invitrogen). Oligo (dT) oligonucleotides for
MRNA and Superscript lll reverse transcriptase
(Invitrogen, CA, USA) were used for cDNA
synthesis. First-strand cDNA synthesis was
performed using oligo (dT) primers for reverse
transcriptase mRNA and Superscript Il (both
from Invitrogen). RT-qPCR was performed using
a CFX96 recycler (Bio-Rad, Hercules, CA, USA) and
SYBR Green mix (Invitrogen, Carlsbad, CA, USA).
The mRNA relative expression ratio (QR) was
calculated using the 2-AACt equation, where ACT
expressed the difference between the number
of cycles (TC) of target genes and endogenous
control. Table | describes sense and antisense
primer sequences used for amplification.

Statistical analysis

Data were expressed as mean and standard
deviation. Student T test with Welch correction

Table I. Forward and reverse sequences of RT-qPCR primers.

Primers Forward
Atfa CCGAGATGAGCTTCCTGAAC
Beta-actin TGTTACCAACTGGGACGACA
Chop CTGCCTTTCACCTTGGAGAC
Coll1a1 TAGGCCATTGTGTATGCAGC
Cidec AGCTAGCCCTTTCCCAGAAG
Gadd4bs GCGAGAACGACATCAACATC
Smad3 GTCAACAAGTGGTGGCGTGTG
Srebp-1c AGCAGCCCCTAGAACAAACA
Tgf-beta ACTGGAGTTGTACGGCAGTG
Yap-1 ACCCTCGTTTTGCCATGAAC
Ppar-gamma ACGATCTGCCTGAGGTCTGT
Alpha-sma CCACCATGTACCCAGGCATT

Reverse
ACCCATGAGGTTTCAAGTGC
GGGGTGTTGAAGGTCTCAAA
CGTTTCCTGGGGATGAGATA
ACATGTTCAGCTTTGTGGACC
TAGAGGGTTGCCTTCACGTT
GTTCGTCACCAGCACACAGT

GCAGCAAAGGCTTCTGGGATAA
TCTGCCTTGATGAAGTGTGG
GGCTGATCCCGTTGATTTCC
TGTGCTGGGATTGATATTCCGTA
CATCGAGGACATCCAAGACA
GTGTGCTAGAGGCAGAGCAG

Abbreviations: Activating Transcription Factor 4 (Atf4), Beta-actin (constitutive gene), C/EBP homologous protein (Chop),
Collagen Type | Alpha 1 Chain (Col1a1), cell death inducing DFFA like effector c (Cidec), Growth Arrest and DNA Damage (Gadd45),
peroxisome proliferator-activated receptor-gamma (Ppar-gamma), SMAD Family Member 3 (Smad3), Sterol regulatory element-
binding transcription factor 1(Srebp-ic), transforming growth factor beta (Tgf-beta), Yes1 Associated Transcriptional Regulator
(Yap-1), and alpha-smooth muscle actin (Alpha-sma).
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was used to address differences between Control
and HFRU groups regarding BM and energy
intake weekly evolution (comparisons between
two groups at the same time point). One-way
analysis of variance (ANOVA) with Brown-
Forsythe and Welch test and Dunnett T3 post-
test was applied to test differences regarding
biochemical, stereological, and molecular
parameters (comparisons among four groups at
different time points). These tests were chosen
as homoscedasticity between groups was not
assumed (Dunnett 1980). The two-way ANOVA
was used to assess the influence of two variables
- diet and time of diet administration - and
their interaction on the evaluated parameters.
The significance index was p<0.05 in all cases
(GraphPad Prism, version 8.4.0, CA, USA).

LONG-TERM FRUCTOSE EFFECTS ON NAFLD PROGRESSION

RESULTS
Excessive dietary fructose reduced body mass
without altering the energy intake
All groups started the experiment with similar
body masses (Figure 1a). From the 2" until the
11" week, the HFRU group showed a smaller body
mass than the C group. However, from the 12" to
the 17" week, there was no difference regarding
body mass between C and HFRU groups. From
the 18" to the 20" week, the HFRU group showed
a lower body mass than the C group (Figure 1a).
Energy intake showed as kJ/animal/day
weekly (Figure 1b) or kJ/100g BM/day (Figure
1c) exhibited no difference between the groups
since the diets are isoenergetic (Table SI).
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Figure 1. Body mass evolution for 20 weeks (a), energy intake from weeks 10 to 20 (b), energy intake - k}/100g body
mass (c), water intake - mL/100g body mass (d), systolic blood pressure (e). Student T test and Welch correction
(mean £ SD, n=5) tested the differences between C and HFRU (* P<0.05) in Figures a, and b. Welch and Brown-
Forsythe one-way ANOVA and Dunnett t3 post hoc test (mean * SD, n=5) tested the differences are indicated: *
P<0.05, ** P<0.01, and **** P<0.0001. Each dark circle represents a C animal, and each white square represents an
HFRU animal. Abbreviations: C (Control diet), HFRU (High-fructose diet).
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Fructose intake increased water intake and
systolic blood pressure

Water intake/100g BM/day increased in fructose-
fed groups independent of age (Figure 1d).
Conversely, fructose intake increased systolic
blood pressure only in the HFRU20 animals.
Aging also influenced systolic blood pressure,
as the C20 mice had higher pressure levels than
the C16 mice (Figure 1e).

Chronicity of the HFRU diet disrupted the adi-
poinsular axis

Figure 2a shows the OGTT curve. The AUC analysis
revealed a significantincrease in the HFRU16 and
HFRU20 groups compared to their age-matched
counterparts. However, the HFRU20 group had a
lower AUC than the HFRU16 (Figure 2b). In line
with the OGTT data, HFRU16 and HFRU20 groups
had hyperinsulinemia (Figure 2c) and, hence,
FIRI confirmed insulin resistance at both times
of administration of the HFRU diet (Figure 2d).
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The epididymal fat/body mass ratio was
lower in the HFRU16 group than in the C16 group.
Conversely, the HFRU20 group increased the
epididymal fat/body mass ratio (Figure 3a). In
Figure 3b, plasma leptin concentrations followed
the epididymal fat data, with increased levels
only in the HFRU20 group compared to the C20

group.

The HFRU diet elicited a time-dependent maxi-
mization of hepatic steatosis

Liver mass/body mass ratio augmented in the
HFRU groups compared to their age-matched
C groups, with a time-dependent increase
between HFRU16 and HFRU20 groups (Figure
3¢). As for hepatic cholesterol, only the HFRU20
group had higher values than the C20 group,
but there was a time-dependent increment in
hepatic cholesterol concentrations between the
HFRU groups (Figure 3d).
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Figure 2. Oral Glucose Tolerance Test (a), Area under the curve (b), Plasma insulin (c), and FIRI (d). Welch and
Brown-Forsythe one-way ANOVA and Dunnett t3 post hoc test (mean + SD, n=5). Differences are indicated: * P<0.05;
** P<0.01; *** P<0.001; and **** P<0.0001. Each dark circle represents a C animal, and each white square represents
an HFRU animal. Abbreviations: C (Control diet), HFRU (High-fructose diet); Fasting insulin resistance index (FIRI).
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Chronic fructose consumption enhanced
lipid deposition in the livers of the HFRU
groups, as shown in Figure 4a. The HFRU16
group had a predominance of macrovesicular
steatosis, whereas the HFRU20 group showed
macrovesicular steatosis coupled with increased
microvesicular steatosis. The control groups
showed preserved liver parenchyma, but the C20
group showed an increase in the space of Disse,
which may be related to the aging process.

Stereology confirmed that both HFRU16 and
HFRU20 groups had higher Vv [steatosis] than
their counterparts (Figure 4b). Interestingly, there
was maximization of hepatic steatosis with the
chronic HFRU diet intake, with a 94% increase
in the Vv [steatosis] in the HFRU20 compared
to the HFRU16. Likewise, hepatic triacylglycerol
concentrations showed a 160% increment in the
HFRU20 group compared to the HFRU16 (Figure
4e).
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Chronic HFRU intake increased lipotoxicity,
inflammation, and ER stress markers
The lipogenic transcription factor Ppar-gamma
showed increased gene expression in both HFRU
groups (Figure 5a). The lipogenic gene Srebp-1c
(Ppar-gamma transcript) was upregulated in
the HFRU20 group compared to the C20 group
(Figure 5b), whereas Cidec (Srebp-1c transcript)
showed higher expression in both HFRU groups
than in their age-matched C groups (Figure 5c¢).
The oral glucose intolerance and enhanced
hepatic lipogenesis upregulated genes related
to ER stress: Atf4 augmented both in HFRU16 and
HFRU20 groups (Figure 5d), while its downstream
gene Chop showed an 849% increase in the
HFRU20 group (Figure 5e). Lastly, Gadd45 was
higher in both groups that consumed the HFRU
diet than in their age-matched C groups (Figure
5f).
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Figure 3. Epididymal fat pad/body mass (a), Plasma leptin (b), Liver mass/body mass (c), and Hepatic cholesterol
concentrations (d). Welch and Brown-Forsythe one-way ANOVA and Dunnett t3 post hoc test (mean * SD, n=5).
Differences are indicated: * P<0.05; ** P<0.01; and *** P<0.001. Each dark circle represents a C animal, and each
white square represents an HFRU animal. Abbreviations: C (Control diet), HFRU (High-fructose diet).
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Figure 5. Liver gene expression of Ppar-gamma (a), Srebp-ic (b), Cidec (c), Atf4 (d), Chop (e), and Gadd45 (f). Welch
and Brown-Forsythe one-way ANOVA and Dunnett t3 post hoc test (mean + SD, n=5). Differences are indicated: *
P<0.05; ** P<0.01; *** P<0.001; and **** P<0.0001. Each dark circle represents a C animal, and each white square
represents an HFRU animal. Abbreviations: C (Control diet), HFRU (High-fructose diet), Ppar-gamma (peroxisome
proliferator-activated receptor-gamma), Srebp-ic (Sterol regulatory element-binding protein), Cidec (Cell Death
Inducing DFFA Like Effector C), Atf4 (Activating Transcription Factor 4), Chop (C/EBP homologous protein), Gadd45
(Growth Arrest and DNA Damage 45).
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The HFRU diet elicited hepatic stellate cell
activation, fibrogenesis, and fibrosis maximi-
zation in the long term

The high fructose intake significantly augmented
the expression of genes related to HSC
activation: Tgf-betal (Figure 6a), Smad3 (Figure
6b), and their transcript Col1a7 (Figure 6c) were
significantly higher in both HFRU groups than
in their counterparts. Moreover, Yap-1 (linked to
NAFLD transition into NASH, Figure 6d) showed a
131% increase in the HFRU16 group and a 265%
increase in the HFRU20 group compared to age-
matched C groups.

To further confirm the activation of HSC, the
photomicrographs of Figure 6e show a marked
collagen deposition in the HFRU20 group,
followed by the HFRU16 group, suggesting a
more pronounced accumulation of extracellular
matrix proteins because of HSC activation.
In line with these observations, the alpha-
SMA protein (Figure 7a, red labeling) and gene
expression (Figure 7b) showed a significant

LONG-TERM FRUCTOSE EFFECTS ON NAFLD PROGRESSION

increase in the HFRU20 group compared to the
C20 group. Furthermore, the HFRU20 group also
showed positive immunostaining for reelin
(Figure 7a, green labeling), a specific marker
for HSC activation, in contrast to negative
immunoreaction for reelin in the C20 group
(Figure 7c).

Two-way ANOVA results

Diet was the factor that exerted the most
significant influence in determining the
parameters: body mass, water intake, systolic
blood pressure, AUC for OGTT, blood glucose,
insulin, FIRI, leptin, hepatic triacylglycerol,
hepatic cholesterol, Vv [steatosis], gene
expression of lipogenic (Ppar-gamma, Srebp-Ic,
and Cidec), ER stress (Atf4, Chop, and Gadd4b5),
and HSC activation (Alpha-sma, Tgf-betal,
Smad3, Collal, and Yap-1) markers.

The duration of diet administration (time)
was the factor that most influenced the liver
mass. Therewas a significantinteraction between
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Figure 6. Liver gene expression of Tgf-beta1 (a), Smad3 (b), Col1a1 (c), Yap-1(d), Picrosirius red staining (e). a-d:
Welch and Brown-Forsythe one-way ANOVA and Dunnett t3 post hoc test (mean & SD, n=5). Differences (P<0.05) are
indicated: * P<0.05; *** P<0.001; and **** P<0.0001. Each dark circle represents a C animal, and each white square
represents an HFRU animal. e: Photomicrographs show noticeable perivascular collagen deposition in livers from
HFRU mice, with exacerbation in the HFRU20 group, scale bar = 10um. Abbreviations: C (Control diet), HFRU (High-
fructose diet), Tgf-beta1l (Transforming growth factor-beta 1), Smad3 (SMAD Family Member 3), Col1a1 (Collagen
Type | Alpha 1 Chain), Yap-1(Yes1 Associated Transcriptional Regulator).
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diet and time on the parameters: body mass,
water intake, epididymal fat, leptin, hepatic
cholesterol, Vv [steatosis], and the expression
of the following genes: Ppar-gamma, Srebp-ic,
Chop, Smad3, and Collal. The two-way ANOVA
results are detailed in Table II.

DISCUSSION

The present results showed that chronic
fructose intake in C57BL/6) mice caused systolic
hypertension, oral glucose intolerance, and
increased intra-abdominal fat percentage
without being overweight. These metabolic
impairments are predictors of hepatic steatosis,
verified after 16 weeks and intensified after 20
weeks of HFRU diet intake. Hyperinsulinemia
increased ER stress markers, hepatic lipogenesis,
and liver inflammation, triggering HSC activation.
Hence, increased fibrogenesis was observed in
the livers of HFRU-fed mice, resulting in time-
dependent perivascular liver fibrosis, indicating

Dapi

Reelin

a-SMA

Merge

--
' 4
)
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a possible progression from NAFLD to NASH
between 16 and 20 weeks of HFRU diet intake.
Control and HFRU groups maintained
similar body masses from the 12" until the 17"
weeks (when most experiments are interrupted).
However, from the 18" to the 20" week, the HFRU
group showed a reduced body mass. Previously,
our group showed that HFRU diet feeding for
20 weeks led to reduced body mass with great
adiposity (de Oliveira Sa et al. 2017), and the
increased obligatory thermogenesis after
fructose intake in comparison with the same
amount of glucose might explain this effect of
the long-term fructose intake (for five months)
(Tappy & Jequier 1993). Conversely, a 12-week
or 16-week high-fructose diet protocol yielded
expressive hepatic steatosis without changing
body mass in C57BL/6 mice (Do et al. 2018, Silva-
Veiga et al. 2020), agreeing with the present
results regarding the HFRU16 group. Liver
fibrosis might mediate the reduction of body
mass between 18 and 20 weeks of the HFRU
diet once cancer-cachexia in mice is associated

b 1
i
il [
A (P

C16 HFRU16 C20
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Figure 7. Inmunofluorescence for Reelin, and a-SMA in HFRU20 group (a), liver gene expression of Alpha-

sma (b), immunofluorescence for Reelin, and a-SMA in C group (c). a: Confocal microscopy showing positive
immunofluorescence for alpha-smooth muscle actin (red labeling) and reelin (green labeling) at the space of Disse
in livers from HFRU20, scale bar = 10pum. This result confirms the activation of the hepatic stellate cell. b: Welch
and Brown-Forsythe one-way ANOVA and Dunnett t3 post hoc test (mean t SD, n=5). The difference is indicated:

* P<0.05. Each dark circle represents a C animal, and each white square represents an HFRU animal. c: Negative
immunoreactions for alpha-smooth muscle actin and reelin in the C20 group. Abbreviations: C (Control diet), HFRU
(High-fructose diet), Alpha-sma (alpha-smooth muscle actin).
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with liver fibrosis through enhanced collagen
deposition, protein turnover, and mitochondrial
quality control (Rosa-Caldwell et al. 2020).

The increased water intake in high-fructose-
fed mice occurs due to diet palatability, and
the consequent hypervolemia causes systolic

Table Il. Detailed two-way ANOVA results.

Interaction
°
Parameters vﬁ r?‘a):ite P value
Energy intake 6.221 NS
Water intake 6.251 0.0103
Final body mass 8.076 0.0421
Liver mass/body mass 0.406 NS
Hepatic cholesterol 23.24 0.00M
Hepatic triacylglycerol 9.515 NS
Epididymal fat pad % 52.32 <0.0001
AUC OGTT 4.818 NS
Vv steatosis 4.374 0.0010
Leptin 13.09 0.0290
Blood glucose 7.591 NS
Systolic blood pressure 2.679 NS
Insulin 0.085 NS
FIRI 0.075 NS
Gene expression
Srebp-1c 6.287 0.0381
Cidec 1.715 NS
Ppar-gamma 7.819 0.0031
Alpha-sma 5177 NS
Atf4 3.494 NS
Chop 13.32 <0.0001
Gaddss 3.828 NS
Tgf-betal 0123 NS
Smad3 3.650 0.0288
Col1a1 4.277 0.0223
Yap-1 0.835 NS

LONG-TERM FRUCTOSE EFFECTS ON NAFLD PROGRESSION

hypertension in the long run, as previously
documented in this mouse strain using the same
HFRU diet (Silva-Veiga et al. 2020, Camelo et al.
2019). Interestingly, the C20 group showed higher
systolic blood pressure than the C16 group. A
previous study confirmed an age-dependent

a; :rr: ﬁigzr(aht?(tm Diet
variance | Pvae | it | Pualue
0.000 NS 3414 NS
0.025 NS 81.90 <0.0001
20.58 0.0028 44.86 <0.0001
38.56 <0.0001 49.08 <0.0001
201 0.0019 33.28 0.0002
4.693 NS 46.22 0.0005
2819 0.0001 1977 NS
24.35 0.0004 50.79 <0.0001
8.266 <0.0001 83.05 <0.0001
8.455 NS 42.04 0.0006
0.319 NS 46.00 0.0010
21.22 0.0018 51.76 <0.0001
16.01 0.0003 71.38 <0.0001
8.938 0.0054 7719 <0.0001
6.559 0.0346 67.48 <0.0001
0.001 NS 81.74 <0.0001
8.128 0.0026 73.76 <0.0001
2218 NS 36.98 0.0049
0.555 NS 57.60 0.0002
14.27 <0.0001 66.27 <0.0001
4.534 0.0462 76.11 <0.0001
0.874 NS 90.94 <0.0001
1.998 NS 84.23 <0.0001
1.291 NS 83.74 <0.0001
1444 NS 66.19 <0.0001

The most potent factor influencing the total variance for each parameter appears in bold, and NS stands for non-significant
influence. Abbreviations: Area under the curve (AUC), Oral glucose tolerance test (OGTT), Volume density (Vv), Fasting insulin
resistance index (FIRI), Activating Transcription Factor &4 (Atf4), C/EBP homologous protein (Chop), Collagen Type | Alpha 1 Chain
(Col1a1), cell death inducing DFFA like effector c (Cidec), Growth Arrest and DNA Damage (Gadd45), peroxisome proliferator-
activated receptor (PPAR), SMAD Family Member 3 (Smad3), Sterol regulatory element-binding transcription factor 1(Srebp-ic),
transforming growth factor beta (Tgf-beta), Yes1 Associated Transcriptional Regulator (Yap-1), and alpha-smooth muscle actin

(Alpha-sma).
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increase in systolic blood pressure in C57BL/6
mice due to increased vascular tone after 28
weeks of age (the C20 group was 32 weeks old)
(Wirth et al. 2016).

Regarding carbohydrate metabolism,
the HFRU diet disrupts glucose homeostasis,
contributing to insulin resistance, inflammation,
and impaired hepatic beta-oxidation while
favoring hepatic lipogenesis (Koo 2013, Silva-
Veiga et al. 2020). Although excessive dietary
fructose promoted oral glucose intolerance in
both HFRU groups, the HFRU20 showed a lower
AUC than the HFRU16, suggesting senescence of
the pancreatic islets with the chronicity of the
HFRU diet. These findings agree with a recent
study, where high fat/high fructose (HF/HFRU)
feeding for 12 weeks caused islet hypertrophy
and hyperinsulinemia in rats, but continuing HF/
HFRU feeding for 18 months caused decreased
islet size and insulin immunostaining (Zhao et al.
2022). Our results suggest that islet exhaustion
may begin between 16 and 20 weeks of HFRU
diet intake in C57BL/6) mice.

In line with the OGTT data, the HFRU groups
had hyperinsulinemia and insulin resistance.
Of note, insulin levels were higher in the C20
than in the C16 group, agreeing with a previous
study that showed that islets from aging mice
exhibit an enhanced basal insulin secretion
compared to adolescent mice (Avrahami et al.
2015). Changes in visceral fat depots and leptin
concentrations were time dependent. The
HFRU20 group had a disrupted adipoinsular
axis, with an augmented epididymal fat pad
and the consequent hyperleptinemia, eliciting
hyperinsulinemia (Kieffer & Habener 2000). It
can be argued that HFRU20 animals had visceral
white adipocyte hypertrophy, as previously
shown in mice fed the same HFRU diet for 11
weeks (Magliano et al. 2015). These results
comply with lipotoxicity, where surplus dietary
fat cannot be stored in the enlarged adipocytes

LONG-TERM FRUCTOSE EFFECTS ON NAFLD PROGRESSION

and diverts to non-adipose sites such as the
liver (Gustafson & Smith 2015).

Ectopic liver fat accumulation causes
intracellular organelles to increase, eliciting
increased liver mass/body mass ratio, besides
a high Vv [steatosis] in both HFRU groups (Pais
et al. 2013, Kim et al. 2015). Even though the C20
group did not show higher Vv [steatosis] than
the C16 group, this group showed an augmented
liver mass/body mass ratio. In agreement,
the liver mass shows a 1.3-fold increase in 19
months-old compared to 3 months-old mice
(Stahl et al. 2020). In the HFRU groups, the
increased lipid deposition in the liver correlated
to augmented hepatic triacylglycerols (Catta-
Preta et al. 2011), regardless of age. Insulin
resistance favors lipolysis in the white adipose
tissue, with a substantial NEFA influx to the liver
(Pais et al. 2013). In contrast, insulin resistance
reduces the liver's capacity to metabolize
the high NEFA influx, resulting in hepatic
triacylglycerol deposition and increased low-
density lipoprotein (Asgharpour et al. 2016). A
previous study from our group characterized
NAFLD with significantly increased Vv [steatosis]
and alanine aminotransferase after an 11-week
dietary protocol using the same HFRU diet and
mice strain (Magliano et al. 2015). Herein, we
observed a maximization of liver steatosis from
the 16" to the 20" week of excessive dietary
fructose intake.

Diets high in simple sugars (>20% kcal)
can result in elevated hepatic triacylglycerols
due to the upregulation of transcription factors
that induce de novo lipogenesis (DNL) in mice
(Vasques-Monteiro et al. 2021). However, a four-
week high-fructose diet (60% w/w) intake in
pigs upregulated DNL genes in the liver, but
not to the same extent as it increased in their
adipose tissue, failing to develop NAFLD as
in rodents and humans (Schmidt et al. 2021).
Hepatic DNL relies on insulin, which activates
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the sterol regulatory element-binding protein
1c (SREBP-1c) maturation initially in the ER
(Herman and Samuel 2016, Ferre and Foufelle
2010). The high insulin concentrations triggered
increased Srebp-1c and the maximization
of hepatic steatosis in the HFRU20 group.
Likewise, cell death-inducing DFFA-like effector
c (Cidec), related to the size of lipid inclusion
within the hepatocyte, was upregulated in both
HFRU groups and agreed with the high hepatic
triacylglycerol concentrations in the HFRU20
group (Aibara et al. 2020, Ito et al. 2010).

The HFRU20 animals had high liver
cholesterol concentrations, a predictor of
liver inflammation (Wouters et al. 2008). In
this context, the increased plasma leptin
concentrations in the HFRU group confirm this
assumption of a pro-inflammatory state in
these animals once hyperleptinemia and leptin
resistance correlates to fatty liver (Lanaspa et
al. 2018). These results suggest a maximization
of hepatic damage in the HFRU20, confirmed
by the interaction between diet x time of
administration by the two-way ANOVA regarding
the Vv [liver steatosis]. In agreement with these
observations, high fructose intake has recently
maximized hepatic steatosis in ovariectomized
female mice through upregulation of tumor
necrosis factor-alpha, macrophage infiltration,
and HSC activation after 12 weeks of dietary
protocol. Inflammation was not detected in
ovariectomized female mice fed with a control
diet, highlighting fructose as a potential trigger
of NAFLD progression through pro-inflammatory
signals (Ohashi et al. 2018).

Impaired glucose homeostasis, lipotoxic,
and pro-inflammatory signals converge to trigger
ER stress. ER comprises a continuous membrane
system with different domains: sheet and
tubule structures with bound ribosomes, rough
endoplasmic reticulum, or without ribosomes,
smooth endoplasmic reticulum (Shibata et al.
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2006). Under stress, an adaptive response, the
unfolded protein response (UPR), is activated
to restore the ER lumen homeostasis. Chronic
ER stress and defective UPR signaling are
surrogates for lipotoxicity in the peripheral
tissues (Han & Kaufman 2016). In this context, out
of the three main UPR branches, the activating
transcription factor 4 (Atf4), upregulated in both
HFRU-fed groups, regulates lipid metabolism
in response to nutritional stimuli. Hence, Atf4
stimulates hepatic lipogenesis through Srebp-
1c and maximizes hepatic steatosis (Xiao et al.
2013). Atf4 ablation in mice with alcohol-induced
hepatic mitochondrial dysfunction improved
mitochondrial biogenesis and respiration owing
to mitochondrial transcription factor A (TFAM)
restoration (Hao et al. 2021). The upregulation
of Atf4 and its downstream gene Chop in the
HFRU20 group explains the 1-fold increase
in Vv [steatosis] in the HFRU20 compared to
the HFRU16 group and implies mitochondrial
damage in long-term HFRU feeding in this
mouse model.

This study showed that Atf4 enhanced its
downstream gene C/EBP homologous protein
(Chop) in the HFRU20 group. Chop is a critical
marker of hepaticinjury because it links ER stress
to hepatic inflammation and lipotoxicity through
lipogenic and adipogenic stimuli (Wang et al.
2013, Rutkowski et al. 2008). Moreover, Chop is
a potent inducer of apoptosis as it disrupts the
cell cycle, resulting in cell death (Fusakio et al.
2016, Fernandes-da-Silva et al. 2021).

Apoptosis aims to protect hepatocytes from
the harmful effects triggered by the action of
unfolded proteins (Galligan et al. 2012, Fusakio
et al. 2016). Likewise, the growth arrest and DNA
damage (Gadd45) exhibited a high expression in
both HFRU groups, indicating increased damage
through diminished cellular proliferation and
favored cell death (Oyadomari & Mori 2004, Tian
& Locker 2013). In this context, a recent study
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showed that old aged C57BL/6 mice (24 months
old) fed a control diet develop initial liver
fibrosis secondary to liver inflammation, present
signs of hepatocyte senescence (increased PAI-1
expression), and increased apoptosis (increased
caspase-3 expression). Inflammatory pathways
such as bacterial endotoxin and toll-like
receptor-4 activation mediated these findings in
aging mice (Jin et al. 2020). In the present study,
fructose may anticipate inflammation-driven
liver fibrosis, observed in the HFRU20 mice that
were eight months old.

The progressive fructose-driven hepatic
damage involved HSC activation and increased
fibrogenesis, indicating NAFLD progression
toward NASH. In this context, the Yesl-
associated transcriptional regulator (Yap-1) is
an early and pivotal regulator of HSC activation,
promoting scarring during NASH. Our results
showed upregulated Yap-1 coupled with a high
percentage of hepatic steatosis and increased
alpha-smooth muscle actin (Alpha-sma, a
myofibroblast marker) expression in the HFRU20
group, reinforcing the suggested transition
from NAFLD to NASH in this HFRU-fed mouse
model (Mannaerts et al. 2015, Machado et al.
2015). A previous study of our group showed a
direct relationship between the activation of
pro-fibrogenic genes with elevated expression
of myofibroblast markers and activated HSC
in the liver of ob/ob mice (Martins et al. 2021),
implying that the present dietary protocol can
cause similar harm to the liver.

Concerning the role of pro-fibrogenic
markers in HSC activation, the transforming
growth factor-beta 1 (Tgf-beta?) is considered
the most potent fibrogenic cytokine, which binds
and phosphorylates the type | receptor triggering
SMAD family member 3 (SMAD3) (Hellerbrand et
al. 1999). Activation of SMAD3 stimulates HSC,
promoting the transcription of type | and Il
collagen (Breitkopf et al. 2006, Friedman 2008),
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causing liver fibrosis. Tgf-beta, Smad3, and
collagen type | alpha 1 chain (Col7a7) increased
in the HFRU groups, characterizing an excessive
deposition of extracellular matrix elements
produced by activated HSC (Sferra et al. 2017).

The Picrosirius staining method, selective
for connective tissue, allows the qualitative
assessment of collagen fiber deposition (Kannt
et al. 2020). In the fibrotic liver, type | and Il
collagen are the most abundant extracellular
matrix components (Smith-Cortinez et al.
2021). Activated HSCs migrate and accumulate
at tissue repair sites, secreting large amounts
of extracellular matrix, mainly type | collagen,
and regulating extracellular matrix remodeling
(Urtasun et al. 2012). In the present study, the
HFRU groups showed perivascular collagen
deposition, an early sign of liver fibrosis (George
et al. 2001), which became more pronounced
after 20 weeks of HFRU feeding.

The same animals with maximized collagen
deposition showed positive labeling for a-SMA
at the space of Disse, confirming the presence
of activated HSC after 20 weeks of HFRU feeding
in this mouse model (Friedman 2008). Reelin,
a marker for activated HSC in hepatotoxic
fibrosis mice model (CCl4), also showed
positive immunoreactions in the HFRU20 group,
confirming the activation of a subset of this
fibrogenic cell (Chen et al. 2022, Lua et al. 2016).
This scenario suggests the accumulation of
extracellular matrix proteins and perivascular
fibrosis due to the stimuli of profibrogenic
genes under ER stress and inflammation in the
liver and the resulting HSC activation by chronic
excessive fructose intake. Of note, at this stage
(featuring cell stress and liver inflammation),
hepatic fibrosis is irreversible. Then, a nutritional
trigger can drive end-stage liver disease in the
long term (Jegatheesan & De Bandt 2017, Lim et
al. 2010).
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Of note, the Taconic mice model of NASH
used a diet comprised of 40% of energy as fat,
20% of energy as fructose, and 2% of energy
as cholesterol to induce substantial hepatic
inflammation after 16 weeks of the dietary
protocol and fibrosis after 26 weeks of feeding
(Radhakrishnan et al. 2021). Our model used
50% of energy as fructose in the HFRU diet.
This fructose overload seems to anticipate the
occurrence of hepatic inflammation and fibrosis
to the 20th week of the dietary protocol. Figure
8 summarizes the main findings of the present
study.

This study has some limitations as we could
not evaluate female mice and two branches
of the UPR due to restrictions imposed by the
pandemic (limited access to the laboratory and
PCR thermocycler, lent for COVID-19 diagnosis).
Also, expansion of this dietary protocol (for
24 or 28 weeks) could maximize the outcomes
observed herein and provide new insights into

HFRU diet
1 (50%energyas [
fructose)
Lean mouse \‘\\
\\
16 weeks 20 weeks
7
//

- 20% steatosis
- ER stress
- Macrovesicular
steatosis
- Fibrogenesis
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liver fibrosis driven by nutritional imbalances
in mice.

In conclusion, excessive dietary fructose
caused ectopic accumulation of lipids in the
hepatic parenchyma after 16 and 20 weeks of
diet administration in C57BL/6) mice, with time-
dependent maximization of hepatic steatosis,
without overweight. Hepatic ER stress markers,
lipogenesis, and inflammation were surrogates
for the upregulation of profibrogenic genes and
HSC activation, resulting in time-dependent
perivascular fibrosis in the liver of HFRU animals.
These results suggest that the intake of 50% of
energy as fructose for 20 weeks promoted liver
inflammation, HSC activation, and perivascular
fibrosis, characterizing the transition from
NAFLD to NASH in C57BL/6J mice. Dietitians
and hepatologists should discourage excessive
fructose intake due to progressive deleterious
effects on the liver.

Figure 8. Summary of the
main results. Lean mice
consumed a high-fructose
diet (HFRU, 50% of energy as
fructose) for 16 or 20 weeks.
HFRU16 mice remained

lean and showed 20% Vv
[steatosis], secondary to
increased lipogenesis and
increased ER stress markers.
This scenario potentiated
hepatic stellate cell
activation with increased
expression of fibrogenic

Lean mouse

\ genes. HFRU20 mice

showed 40% Vv [steatosis],
enhanced by lipogenesis,
ER stress markers, hepatic
inflammation, and activated
hepatic stellate cells
(positive labeling for alpha-
smooth muscle actin and
reelin), besides perivascular
fibrosis, suggesting NAFLD
progression towards NASH in
this dietary mouse model.

- 40% steatosis
- ER stress
- Lipogenesis
- Inflammation
- HSCs activation
- Liver fibrosis
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