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ChREBP-driven DNL and PNPLA3 Expression Induced by
Liquid Fructose are Essential in the Production of Fatty Liver
and Hypertriglyceridemia in a High-Fat Diet-Fed Rat Model

Ana Magdalena Veldzquez, Roger Bentanachs, Aleix Sala-Vila, lolanda Ldzaro,
Jose Rodriguez-Moratd, Rosa M. Sdnchez, Marta Alegret, Niria Roglans,*

and Juan Carlos Laguna*

Scope: The aim of this study is to delineate the contribution of dietary
saturated fatty acids (FA) versus liquid fructose to fatty liver and
hypertriglyceridemia.

Methods and Results: Three groups of female rats are maintained for 3
months in standard chow (CT); High-fat diet (46.9% of fat-derived calories,
rich in palmitic and stearic FA, HFD); and HFD with 10% w/v fructose in
drinking water (HFHFr). Zoometric parameters, plasma biochemistry, and
liver Oil-Red O (ORO) staining, lipidomics, and expression of proteins
involved in FA metabolism are analyzed. Both diets increase ingested calories
without modifying body weight. Only the HFHFr diet increases liver
triglycerides (x11.0), with hypertriglyceridemia (x1.7) and reduces FA
B-oxidation (x0.7), and increases liver FA markers of DNL (de novo
lipogenesis). Whereas HFD livers show a high content of ceramides, HFHFr
samples show unchanged ceramides, and an increase in diacylglycerols. Only
the HFHFr diet leads to a marked increase in the expression of enzymes
involved in DNL and triglyceride metabolism, such as carbohydrate response
element binding protein § (ChREBPS, x3.2), a transcription factor that
regulates DNL, and patatin-like phospholipase domain-containing 3 (PNPLA3,
x2.6), a lipase that mobilizes stored triglycerides for VLDL secretion.
Conclusion: The addition of liquid-fructose to dietary FA is determinant in
liver steatosis and hypertriglyceridemia production, through increased DNL
and PNPLA3 expression, and reduced FA catabolism.

1. Introduction

NAFLD (non-alcoholic fatty liver disease)
currently affects 25% of the human pop-
ulation, with its prevalence on the rise.
At least a quarter of this population will
evolve from simple steatosis to NASH
(steatohepatitis), increasing the risk of
liver fibrosis and cirrhosis. Liver steato-
sis or fatty liver is reversible and in-
volves the accumulation of TG (triglyc-
erides) in the form of lipid droplets
in at least 5% of the hepatocytes.l!
NAFLD, either in the form of fatty liver or
NASH/cirrhosis, is a risk factor for hep-
atocellular carcinoma.l?l Although fatty
liver can be theoretically prevented or
treated effectively by changes in lifestyle
through addressing dietary habits and
physical activity, these changes are dif-
ficult to maintain over time.l*/ Unfortu-
nately, there is no approved drug ther-
apy for NAFLD, and there is an urgent
need to fill this void therapeutic niche.l]
To this end, experimental animal models
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of NAFLD, mainly rodent models, are essential for research of
new therapeutic approaches.

The fatty acids associated with liver-related lipid metabolism
are, in normal circumstances, provided by the diet, with a small
contribution from DNL (de novo lipogenesis), which accounts for
no more than 5% of the total pool of fatty acids.®] Despite that,
one consistent characteristic found in livers of NAFLD patients
is that DNL contributes up to 30% of the pool of fatty acids that
are processed.l’!

Among experimental animal models of NAFLD, dietary mod-
els mimicking unhealthy dietary patterns in humans, such as the
Western hypercaloric diet that is rich in saturated fat and sim-
ple sugars, are the most useful.l However, these models have
several drawbacks, including the lengthy periods of time needed
to achieve the desired liver pathophysiological changes, difficul-
ties in stablishing a clear-cut separation between a simple fatty
liver and steatohepatitis, and the concomitant appearance of co-
morbidities such as obesity or insulin resistance/type 2 diabetes
that makes it difficult to ascertain if the liver pathology is an in-
dependent entity or a consequence of the associated metabolic
disturbance. The use of palmitic acid (16:0), a saturated fatty acid
with a high pro-inflammatory potential,l”! as almost the sole di-
etary fat source, as well as other factors as the presence of dietary
cholesterol or high proportions of fructose/sucrose incorporated
into solid diets, favoring the early promotion of a liver inflam-
matory process, could be at the basis of these drawbacks, espe-
cially regarding the difficulty to clearly dissociate the appearance
of steatohepatitis from fatty liver.

Based on our previous experience of studying the effects
of liquid fructose supplementation in Sprague-Dawley female
rats,!812] we have developed a dietary rat model of fatty liver that
addresses the above mentioned drawbacks. To do so, we admin-
istered to Sprague-Dawley female rats a high-fat solid diet, sup-
plemented with a solution of liquid fructose as the beverage, for
three months. To avoid a pro-inflammatory effect of the diet, we
used a solid diet: i) enriched in palmitic acid together with stearic
acid (18:0), a saturated fatty acid that is metabolized to oleic acid
(18:1),1131 to counteract the pro-inflammatory effect of palmitic
acid;®! (ii) devoid of dietary cholesterol, which is known to pro-
mote liver inflammation;!'! and (iii) supplemented with liquid
fructose at a low concentration to minimize gut inflammation
and the consequent leaking of pro-inflammatory bacterial toxins
into the portal circulation.l'”! Here, we present data showing that
compared with the high-fat solid diet, the addition of liquid fruc-
tose supplementation led to the appearance of histological and
biochemical signs of fatty liver, hypertriglyceridemia, and early
signs of insulin resistance, without increases in white adipose tis-
sue and body weight as well as in the levels of liver inflammatory
markers. Thus, in a relatively short time (three months), we re-
produced in our model the earliest manifestation of NAFLD, fatty
liver, independently of other metabolic disturbances, such as obe-
sity, liver inflammation, or established type 2 diabetes mellitus.
Furthermore, we present biochemical, gene expression (mRNA
and protein), and lipidomic data from this model, showing the
relevance of fructose-induced alterations in hepatic lipid home-
ostasis in the development of these pathological changes.

Mol. Nutr. Food Res. 2022, 66, 2101115 2101115 (2 of 11)

www.mnf-journal.com

2. Results

2.1. No Dietary Intervention Induced Significant Changes in
Body Weight and Liver Inflammation

Consumption of the HFD rich in palmitic and stearic resulted
in a significant increase (x1.24) in the ingested total calories
with respect to control rats. This increase was even larger when
liquid fructose was added to the solid diet (x1.62, 49,8% of to-
tal calories provided by fructose, equivalent to 29484507 kcal
90 days™ rat™') (Figure 1A). However, total body weight (Fig-
ure 1B1) and the weight of the sSWAT and pWAT (Figure 1B2)
were not modified at the end of the dietary interventions. Only
liver weight was significantly increased (x1.20) in the HFHFr
dietary group (Figure 1B3). We have previously shown that the
HFHFr dietary intervention does not affect the locomotor ac-
tivity of rats in an open field test,'’”] precluding an increased
rate of calorie burning due to increased muscular activity. In-
stead, we found that both dietary interventions increased the pro-
tein levels of B;-AR (B;-adrenergic redeptor, x1.7 and x1.6 for
HFD and HFHFr, respectively), and UCP1 (uncoupling protein
1, x2.7 and x3.9 for HFD and HFHFr, respectively), as well as
PGC-1a (peroxisome proliferator activated receptor-y coactivator-
la) in the case of HFHFr rats (x1.8), in the BAT samples (Fig-
ure 1C). Thus, the lack of an increase in body weight associ-
ated with a high caloric intake can be attributed to increased
thermogenic activity in BAT produced by the HFD and HFHFr
interventions.

Although the livers were enlarged, at least in HFHFr-treated
rats, no sign of liver necrosis could be observed in the analysis of
haematoxylin-eosin-stained liver samples (Figure 1D) from the
dietary groups compared with controls. Moreover, no increase
in serum alanine and aspartate aminotransferase concentrations
was observed (Figure 1E), as there were also no increases in
the liver expression of markers of oxidative stress (catalase, glu-
tathione peroxidase 1, and superoxide dismutase 2) and inflam-
mation (tumour necrosis factor a, and F4/80) (Figure 1F). In ac-
cordance with the lack of changes in the liver inflammatory mark-
ers and with the liver pro-inflammatory activity of dietary choles-
terol, no changes in the liver cholesterol concentration were ob-
served (Figure 1G).

Another possible effect of an excessive consumption of
hyper-caloric diets is the induction of endoplasmic reticulum
stress.['#1%] In the liver samples, only the HFHFr diet signifi-
cantly increased (x5.0) the phosphorylation of IRE-1 (inositol-
requiring enzyme-1) at Ser’>* (Figure 2A), while reducing the
amount of phosphorylated (x0.5) (at Thr*®!) and total (x0.5)
PERK (protein kinase RNA-like endoplasmic reticulum kinase)
(Figure 2B), without significantly affecting the expression of
the precursor and mature forms of ATF6 (activating transcrip-
tion factor 6) (Figure 2C). The HFD had no significant ef-
fect on these parameters. However, the changes in the pro-
tein levels of IRE-1 and PERK in the livers of HFHFr rats
did not translate in any significant changes in the expres-
sion of the markers of their respective signaling pathways
(Figure 2D).
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Figure 1. Effect of HFD and HFHFr on caloric intake, body weight, thermogenic markers in BAT, and inflammatory markers in liver: A) Bar plots showing
the AUC of caloric intake for the full length of the study (3 months) corresponding to the three experimental groups studied: Control (CT), high fat
diet (HFD), and high fat high fructose group (HFHFr) female Sprague-Dawley rats. B) Bar plots showing body weight (B1), subcutaneous (sWAT) and
perigonadal (pWAT) weights (B2), and liver weight (B3) at the end of the experimental period corresponding to CT, HFD, and HFHFr rats. C) Bar plots
showing the content of 3-AR, PGC-1a, and UCP1 proteins in the BAT tissue obtained from CT, HFD, and HFHFr rats (a.u: arbitrary units); in the upper
part of the figure, representative WB bands corresponding to the three different study groups are shown. D) Haematoxylin-Eosin (10x) representative
stained liver samples corresponding to CT, HFD, and HFHFr rats. E) Bar plots showing serum levels of ALT and AST of CT, HFD, and HFHFr rats. F)
Bar plots showing the relative mRNA levels of Cat, Gpx1, Sod2, F4/80, and Tnfa genes of liver samples from CT, HFD, and HFHFr rats. G) Bar plots
showing the total cholesterol content of liver samples from CT, HFD, and HFHFr rats. Each bar represents the mean + SD of 7-8 different samples;
for WB analysis, we used three different pooled samples for each experimental condition, each pool was obtained from mixing equal amounts of 2-3
individual tissue samples. ***p < 0.001, **p < 0.07, *p < 0.05 versus CT; *##p < 0.001, #p < 0.05 versus HFD.

2.2. Only Rats Consuming the HFHFr Showed Significant ues (Figure 3A4, A1-3). Rats fed the HFHFr diet showed in-
Hiperinsulinemia and a Reduced ISI creased serum concentrations of insulin (x1.9) (Figure 3A5) com-

pared to control values and, consequently, a significant reduction
Neither the HFD nor the HFHFr diet significantly affected the  (x0.7) in the insulin sensitivity index (ISI) (Figure 3A6). In the
concentrations of blood glucose, serum adiponectin, leptin, and ~ OGTT (oral glucose tolerance test), blood concentrations of glu-
NEFA (non-esterified free fatty acids) with respect to control val-  cose at different times (Figure 3B1) and the AUC (area under
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Figure 2. Effect of HFD and HFHFr on liver markers of ER stress: A) Bar plots showing the content of phospho®¢7?4 and total IRE-1 proteins in the

liver tissue obtained from CT, HFD, and HFHFr rats (a.u: arbitrary units); in the upper part of the figure, representative WB bands corresponding to the
three different study groups are shown. B) Bar plots showing the content of phospho™981 and total PERK proteins in the liver tissue obtained from
CT, HFD, and HFHFr rats; in the upper part of the figure, representative WB bands corresponding to the three different study groups are shown. C) Bar
plots showing the content of the precursor (pre-) and mature (m-) forms of ATF6 proteins in the liver tissue obtained from CT, HFD, and HFHFr rats;
in the upper part of the figure, representative WB bands corresponding to the three different study groups are shown. D) Bar plots showing the relative
mRNA levels of Bip, BlocTs1, Chop, Col6a1, Gadd34, and Xbp1 (spliced and un-spliced) genes of liver samples from CT, HFD and HFHFr rats. Each bar
represents the mean+SD of 7-8 different samples; for WB analysis, we used four different pooled samples for each experimental condition, each pool
was obtained from mixing equal amounts of two individual liver samples. *p < 0.05 versus CT; #p < 0.05 versus HFD.

the curve) for glucose concentration (Figure 3B2) were unmod- ~ HFHFr rats, which showed Cer concentrations similar to those
ified among the three dietary groups, while insulin concentra-  of control samples (Figure 3C). On the contrary, the HFHFr liver
tion showed an earlier and higher peak in the HFHFr group than ~ samples showed significantly increased levels of most of the DAG
in controls (Figure 3B3) and there was a nonsignificant increase  species analyzed compared with control samples, especially in
(x1.3) in the AUC for insulin concentration (Figure 3B4). Over-  the case of DAG 16:0 (x4.9), DAG 16:0 18:0 (x7.2), DAG 16:1
all, only the HFHFr rats showed significant changes in markers  (x26.7), DAG 18:0 18:1 (x12.6), DAG 18:1 16:0 (x10.0), and DAG
suggesting a mild state of whole-body insulin resistance. Given ~ 18:1 (x15.5). The HED liver samples presented minimal changes
that we observed no changes in WAT weight and serum NEFA  in the concentrations of the different DAG species studied, except
concentrations, we examined samples of liver and skeletal mus-  inthe case of DAG 18:0 18:1, which showed a significant increase
cle tissues from the three groups studied to look for changes in  (x10.6) compared to control values (Figure 3D). When we deter-
molecular markers of insulin sensitivity. mined the degree of activation by phosphorylation of several iso-

Accumulation of DAG (diacylglycerol) and Cer (ceramide) formsof PKC (protein kinase C) in the liver samples (Supplemen-
species in the liver has been linked to increased lived insulin  tal Figure S1, Supporting Information), a process that has been
resistance.[2%2!] Liver samples from the HFD group showed an  directly related to DAG accumulation in the liver and to the in-
increased content in Cer species containing long chain satu-  duction of liver insulin resistance,!?"! the only significant change
rated fatty acids (stearic, arachidic -20:0- and behenic-22:0- acids), =~ we found was a decrease (x0.60) in the amount of phospho-PKCpu
while the content of Cer 24:1 was significantly decreased (x0.60).  (Ser916) (also known as PKD [??]) in the HFHFr liver samples
These changes were completely reverted in samples from the  (Figure 3E). Thus, despite significant increases in DAG concen-
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Figure 3. Effect of HFD and HFHFr on several markers of whole body and liver insulin sensitivity: A) Bar plots showing serum levels of adiponectin (A1),
leptin (A2), NEFA (A3), and insulin (A5), and blood levels of glucose (A4), as well as the ISI index (A6) of CT, HFD, and HFHFr rats. B) Blood glucose
(B1) and serum insulin (B3) values at different times after oral administration of a glucose solution (2 g kg™ body weight), and bar plots showing the
corresponding area under the curve (AUC) for glucose (B2) and serum insulin (B4) in CT, HFD, and HFHFr rats. Bar plots showing the levels of (C)
ceramides and (D) diacylglycerols (DAG) in rat liver homogenates from CT, HFD, and HFHFr rats. Bar plots showing the content of (E) phospho®¢1
and total PKCp proteins, and (F) mature (m-) SREBP1c (F1), IRS2 (F2), and PEPCK (F3) proteins in the liver tissue obtained from CT, HFD, and HFHFr
rats (a.u: arbitrary units); in the right part of the figures (G), representative WB bands corresponding to the three different study groups are shown. Each
bar represents the mean = SD of 7-8 different samples; for WB analysis, we used four different pooled samples for each experimental condition, each
pool was obtained from mixing equal amounts of two individual liver samples. **¥*p < 0.001, **p < 0.01, *p < 0.05 versus CT; ##*#p < 0.001, #p < 0.01,

#p < 0.05 versus HFD.
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Figure 4. Effect of HFD and HFHFr on several markers of whole body and skeletal muscle insulin sensitivity: Bar plots showing (A) the content of IR, (B)
phospho®™73 and total AKT, and (C) phospho™642 and total AS160 proteins in the muscle tissue obtained from CT, HFD and HFHFr rats (a.u: arbitrary
units); in the upper part of the figures, representative WB bands corresponding to the three different study groups are shown. D) Bar plots showing
fatty acid g-oxidation activity and (E) the relative mRNA levels of Aco, Cd36, Cpt1b, Lpl, Gadd34, and VldIr genes of muscle samples from CT, HFD, and
HFHFr rats. Each bar represents the mean + SD of 7-8 different samples; for WB analysis, we used four different pooled samples for each experimental
condition, each pool was obtained from mixing equal amounts of two individual muscle samples. *p < 0.05 versus CT; #p < 0.05 versus HFD.

trations in the livers of HFHFr rats, these changes did not result
in activation of any of the PKC isoforms studied. In the liver, in-
creased insulin signaling has two main effects: increased activa-
tion of SREBP-1c (sterol response element binding protein-1c)-
dependent lipogenesis and the suppression of gluconeogenesis.
The established consensus is that when liver insulin resistance
ensues, the effect of insulin on lipogenesis is maintained, while
the suppression of gluconeogenesis disappears, resulting in an
increased output of newly synthesized glucose by the liver.[}] We
assessed the expression of several key molecular players of liver
insulin signaling. As can be seen in Figure 3F1, the mature form
of the SREBP-1c was increased by both dietary interventions (x1.8
and x2.1 for HFD and HFHFr diets, respectively). Moreover, de-
spite a significant reduction (x0.4) in HFHFr liver samples in the
expression of the IRS2 (insulin receptor substrate 2) (Figure 3F2),
a key transducer of insulin signaling in liver tissue, the ex-
pression of the protein PEPCK (phosphoenolpyruvate carboxyk-
inase), the rate limiting enzyme in the synthesis of glucose, was
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significantly increased by the HFD (x1.5), but decreased (x0.3)
by the HFHFr diet (Figure 3F3). We have consistently reported
the latter effect of liquid fructose supplementation on PEPCK
expression.l'%12 Overall, these data do not support a clear state
of insulin resistance in the livers of rats on the HFD or HFHFr
diet.

In the skeletal muscle samples, neither the HFD, nor the
HFHFr diet significantly altered the expression of the insulin
receptor (Figure 4A), the degree of phosphorylation of the
serine/threonine kinase Akt (Figure 4B), and the degree of phos-
phorylation of AS160 (Akt substrate of 160 kDa) (2] (Figure 4C).
In parallel, fatty acid g-oxidation (Figure 4D) was significantly
increased (x1.25) with respect to the values presented by the HFD
rats, and there were also increases in the mRNA levels of muscle
Ipl (lipoprotein lipase), Aco (acyl-CoA oxidase), Cpt1b (carnitine
palmitoyl transferase 1b), Vldlr (very low density lipoprotein
receptor), and Cd36 (cluster of differentiationCd36, also known
as fatty acid translocase) (x3.2, x3,2, x2.3, x2.2, and x2.3 vs
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control values, respectively) (Figure 4E). This suggested that
muscle metabolism showed increased fatty acid catabolism,
probably at the expense of glucose use as an energy fuel.

2.3. Liquid Fructose Supplementation Strongly Affected Liver
Fatty Acid Metabolism, Increasing DNL, and Decreasing Fatty
Acid p-oxidation Activity, Thereby Resulting in the Development
of Fatty Liver and Hypertriglyceridemia

Although the HFD induced a significant increase in liver TG
levels, as determined biochemically (x1.6 vs control) and with
the ORO histological staining (x1.8 vs control), the induction of
fatty liver was highly enhanced by liquid-fructose supplementa-
tion (Figure 5A1-3). The HFHFr livers showed a significant accu-
mulation of liver TG (x2.3 vs control) and a huge increase in the
ORO:-stained surface of histological samples (x11.0) (Figure 5A1-
3). This clear state of fatty liver disease was accompanied by the
development of significant hypertriglyceridemia (x1.7 vs control)
that was not present in the HFD samples (Figure 5B). As there
was no significant change in serum NEFA concentrations in the
two dietary experimental groups (see Figure 3A3), we investi-
gated the three remaining mechanisms that could be involved in
increased liver TG accretion: liver fatty acid catabolism, dietary
fatty acids, and liver DNL. Liver fatty acid f-oxidation was signif-
icantly reduced (x0.7 vs control, Figure 5C1) in the livers from
HFHFr rats, a consistent effect produced by liquid-fructose sup-
plementation [ that is related mainly to a decreased peroxi-
somal activity. This was shown by a significant reduction (x0.7 vs
control, Figure 5C2) in the expression of the rate-limiting enzyme
of peroxisomal fatty acid f-oxidation, ACO (acyl-CoA oxidase),
without changes in the expression of L-CPT1 (liver-carnitine
palmitoyltransferase 1), the rate limiting enzyme for mitochon-
drial fatty acid p-oxidation (Figure 5C2). The livers from HFD
rats, although presenting a significant increase in the expression
of L-CPT1 (x2.3 vs control, Figure 5C2), probably due to an en-
hanced homeostatic response to the increased amount of dietary
fatty acids, showed unmodified total fatty acid f-oxidation activity
(Figure 5C1). The analysis of the concentrations of the fatty acids
present in liver TG (Figure 5D) indicated that the main change
detected in the HFD samples was an increase in the concentra-
tion of the two saturated fatty acids provided by the diet, palmitic
(x2.6 vs control), and stearic acid (x7.4 vs control). Despite the
HFHFr rats consuming less of the solid diet than the HFD rats,
the HFHFr liver samples showed a marked increase in the con-
centration of several fatty acids such as palmitic (x6.3 vs control),
stearic (x13.9 vs control), oleic (x17.6 vs control), and especially
palmitoleic acid (16:1, x39.2 vs control), pointing to a clear in-
crease in hepatic DNL in these animals. Indeed, the HFHFr diet
led to a marked increase in the mRNA (Figure 5E: Acly (ATP cit-
rate lyase), ChREBPa and f, Dgat2 (diacylglycerol acyltransferase
2), Elovi2 and 6 (elongation of very-long fatty acids-like 2 and
6), Fads2 (fatty acids desaturase 2), Fas (fatty acid synthase), L-pk
(liver-pyruvate kinase), Plin2 (perilipin 2), Scd1(stearoyl-CoA de-
saturase 1), and Pnpla3) and protein (Figure 5F: ACLY, ChREBP«
and f, FAS, PNPLA3) levels of several enzymes and proteins in-
volved in fatty acid synthesis and TG deposition and mobiliza-
tion, as well as in the expression of carbohydrate response ele-
ment binding protein § (ChREBPS, x3.2), a transcription factor
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activated by simple sugars consumption that regulates, among
other processes, DNL.[? These changes were practically not de-
tected in the liver samples from HFD rats. The expression of the
Mittp (microsomal triglyceride transfer protein), Vidlr, and ApoC-
III (apolipoprotein CIII) genes was not modified by the two di-
etary interventions (data not shown). Moreover, the expression of
the PNPLA3 gene, a target gene for ChREBP trans-activating ac-
tivity 2] that encodes a lipase that mobilizes monounsaturated
fatty acid-enriched TG stored in lipid droplets for VLDL forma-
tion and secretion,?®] was significantly increased solely in the
HFHFr livers (x29.2 and x2.6 vs control for mRNA and protein,
respectively), directly linking fructose-mediated ChREBP activa-
tion to the appearance of not only fatty liver, but also hypertriglyc-
eridemia.

3. Discussion

In the present work, we provide experimental data highlighting
the key contribution of fructose to changes in liver fatty acid an-
abolism and catabolism in the development of fatty liver when
supplemented on top of a solid high fat diet (46.9% calories)
rich in palmitic and stearic acid. Moreover, the activation of the
ChREBP pathway in the liver by fructose not only increased DNL,
but also led to hypertriglyceridemia through PNPLA3, increas-
ing the flux of fatty acids to the skeletal muscle, thus resulting
in signs of insulin resistance in this tissue. In our experimental
rat model, these changes were promoted without any manifes-
tation of liver inflammation and no significant changes in total
body weight and white adipose tissue weight, despite the signif-
icant increase in calorie consumption in both dietary interven-
tions (HFD and HFHFr).

In 1979, Rothwall and Stock first described BAT (brown adi-
pose tissue)-driven diet-induced adaptive thermogenesis associ-
ated with the consumption of high calorie diets.*’! Indeed, in our
experimental conditions, both diets increased the expression of
markers of thermogenic activity in BAT (see Figure 1C), without
significantly changing their expression in sWAT (subcutaneous
white adipose tissue) or pWAT (perigonadalWAT) (supplemen-
tal Figure S2, Supporting Information), precluding an increased
browning of WAT cells. Oleic acid has, among fatty acids and es-
pecially saturated ones such as palmitic acid, the highest thermo-
genic capacity.}%3!] As both the HFD and HFHFr interventions
increased the synthesis of oleic acid, at least in liver tissues, as
a consequence of the desaturation of dietary stearic acid,[*] this
effect could partly explain the induction of BAT-related thermo-
genesis markers produced by both dietary interventions. More-
over, HFHFr diet induced hyperleptinemia when compared to
the HED (x1.6 vs HFD, see Figure 3A2). As the effects of leptin
on the central nervous system translate into reduced solid food
intake and increased thermogenesis,*?! the difference in circu-
lating leptin could explain: i) the reduced intake of solid chow
observed in the HFHFr rats, as reflected by a significant reduc-
tion in ingested solid calories (data not shown), and (ii) the fact
that the HFHFr rats, although showing a significant greater in-
crease in total calorie consumption than the HFD rats (x1.30 vs
HFD, see Figure 1A), also managed to keep their body weight
under control.

After 3 months of the dietary intervention, the HFD enriched
in stearic acid and without exogenous cholesterol induced fatty
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Figure 5. Effects of HFD and HFHFr on liver steatosis, blood triglycerides, and liver markers of DNL. A) Bar plots showing the content of triglycerides
as mg/g of liver protein and arbitrary units (a.u.) of Oil-Red O staining of liver samples from CT, HFD and HFHFr rats. Oil-Red O representative stained
liver samples for each experimental condition are shown in the right part of the figure. B) Bar plot showing blood levels of triglycerides of CT, HFD, and
HFHFr rats. C) Bar plots showing fatty acid f-oxidation activity and the relative mRNA levels of Aco, and L-Cpt1 genes of liver samples from CT, HFD,
and HFHFr rats. D) Bar plots showing the concentration of palmitic (16:0), stearic (18:0), palmitoleic (16:1 n-7), and oleic (18:1 n-9) acids present in
liver triglycerides from CT, HFD, and HFHFr rats. E) Bar plots showing the relative mRNA levels of Acly, Chrebpa and f8, Chop, Dgat2, Elovi2 and 6, Fads2,
Fas, L-pk, Plin2, Scd1, and Pnpla3 genes of liver samples from CT, HFD, and HFHFr rats. F) Bar plots showing the content of ACLY, ChREBPa and §, FAS,
and PNPLA3 proteins in the liver tissue obtained from CT, HFD, and HFHFr rats; in the upper part of the figure, representative WB bands corresponding
to the three different study groups are shown. Each bar represents the mean + SD of 7-8 different samples; for WB analysis, we used four different
pooled samples for each experimental condition, each pool was obtained from mixing equal amounts of two individual tissue samples. ***p < 0.001,
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liver accretion without promoting clear signs of liver inflamma-
tion and oxidative stress. However, the degree of fatty liver at-
tained was very mild and there were no changes in the triglyc-
eridemia and glucose homeostasis parameters, although an early
manifestation of liver insulin resistance was detected in the form
of an increased expression of the key gluconeogenic enzyme,
PEPCK, and in the accretion of ceramides in liver (see Figure 3F3
and C, respectively). This suggests that in order to obtain a fully
developed, liver-centered, metabolic disturbance solely with the
HFD, feeding periods longer than three months should be used.

This situation was completely changed when liquid fructose
supplementation was added to the HFD. Liquid fructose supple-
mentation increased hepatic DNL and decreased fatty acid oxi-
dation by increasing and decreasing, respectively, the activity of
two transcription factors, ChREBP and Peroxisome proliferator
activated receptor @ (PPARa), whose fructose-related effects have
been described previously by work of our research group and
others.[*2526] These combined effects, together with the flux of
dietary fatty acids provided by the solid HFD, were probably re-
sponsible for the huge increase in liver TG deposition observed in
the HFHFr rats with respect to the HED rats. Importantly, the de-
velopment of fatty liver by liquid fructose supplementation was
not associated with any manifestation of liver inflammation or
increased oxidative stress. We have previously shown in rat and
murine models that up to a 15% w/w solution of liquid fruc-
tose does not modify plasma endotoxin or lipopolysaccharide-
binding protein levels,1%3] which are markers of alterations in
the intestinal barrier permeability and an increased flux of pro-
inflammatory bacterial endotoxins to the liver.343]

The marked accretion of liver TG observed in the HFHFr
rats occurred despite the presence of hypertriglyceridemia, which
suggests that some of the newly synthetized fatty acids had been
incorporated into VLDL-TG and drained into the blood. The HFD
rats did not show hypertriglyceridemia, indicating that dietary
fatty acids probably do not affect the liver output of VLDL. Thus,
the HFHFr diet not only resulted in fatty liver, but also in a clear
hypertriglyceridemia, which, again, seems to be related to the ef-
fects of fructose decreasing liver PPAR« and increasing ChREBP
transcriptional activities. It is well known that drugs like fibrates,
ligands and activators of PPAR«, reduce VLDL production and
increase its catabolism in the vasculature, thus effectively re-
ducing hypertriglyceridemia.3¢37] Moreover, the gene encoding
the PNAPL3 protein, whose lipase activity facilitates the trans-
fer of fatty acids trapped in liver vesicles for re-synthesis into
TG incorporated into VLDLs,!?8] is under the transcriptional con-
trol of ChREBP.[?7} This fructose-mediated promotion of liver
VLDL production could explain also the selective increased lev-
els of phosphorylated IRE-1 detected exclusively in the liver sam-
ples of HFHFr rats, without eliciting a full unfolded protein re-
sponse. Although the precise molecular mechanism involved it is
not well defined at present, other studies [***% have consistently
shown that IRE-1 activity is directly involved in the production of
liver VLDL. However, in our model, the increased exportation of
VLDL-TG to the blood did not prevent the manifestation of fatty
liver.

Related to the different main fate of de novo versus dietary fatty
acids (exportation to the whole organism in the form of VLDL,
or packed and stored in the form of liver TG deposits, respec-
tively) is the marked difference in the accumulation of liver Cer
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and DAG between the HFD and HFHFr groups. While the flux
of dietary saturated fatty acids provided by the HFD resulted in
an increased accretion of liver Cer, the fructose-related increase
in DNL resulted in an almost normalization of the content of
liver Cer with regard to control values, while the liver content of
several DAG species increased sharply, especially those contain-
ing palmitic, palmitoleic and oleic acids, markers of DNL. Again,
the increase in DAG species containing palmitic acid in the liv-
ers of HFHFr rats points to an increased de novo synthesis of
this fatty acid, as those same DAG species were not significantly
modified in the livers of HFD rats, which obtained palmitic acid
mainly from a dietary origin. DGAT is the last enzyme involved
in the synthesis of TG, incorporating the third fatty acyl chain
into a preformed diacylglycerol molecule. Of the two isoforms of
DGAT expressed in the liver, DAGT1 and DGAT2, DGAT?2 seems
to preferentially use de novo synthetized fatty acids, forming TG
that are packed into newly formed VLDLs for exportation.[*1#?]
We detected a marginally significant increase in the expression of
DAGT?2 in the livers of HFHFr rats, indicating that the increased
amount of newly formed fatty acids is not matched with a cor-
responding increase in DGAT?2 expression/activity, which could
be responsible for the increased accretion of DAG species in the
livers of fructose-supplemented rats.

Despite the increase in liver DAG content, fructose-
supplemented rats did not show a clear state of liver insulin
resistance, presenting a marked reduction in the expression
of liver PEPCK protein, a key enzyme controlling liver gluco-
neogenic activity. Very recently, Smith et al. showed that an
increase in p-oxidation in skeletal muscle is related to mani-
festations of glucose intolerance.[*}] Thus, in our experimental
setting, the mild changes detected in glucose homeostasis, with a
reduced ISI value in the HFHFr rats, could be attributed, at least
partly, to the increased flux of liver TG to the skeletal muscle,
promoting a shift in the energy substrate use from glucose
to fatty acids in these animals. Although we did not analyze
the effects of the different dietary interventions on the lipid
content and composition of skeletal muscle, our data indicated
that, at least for the HFHFr rats, possible alterations in glucose
homeostasis resulting in insulin resistance originate from the
liver.

Overall, our model recreates the first manifestation in NAFLD
development, fatty liver, originated basically from dietary fac-
tors. In our setting, fatty liver derives from a direct alteration of
liver lipid metabolism, without the influence of other metabolic
disturbances, such as obesity, inflammation or type 2 diabetes.
Moreover, fatty liver develops together with hypertriglyceridemia
also of hepatic origin, a dyslipidemia that is often associated to
NAFLD. As fatty liver, contrary to NASH, can be easily reverted,
this model can be useful in the search of effective pharmacolog-
ical therapies for the early stages of NAFLD

In conclusion by combining a solid chow devoid of free choles-
terol and rich in saturated fatty acids (palmitic and stearic acid)
with liquid fructose supplementation (10 % w/w), we charac-
terized in female Sprague-Dawley rats a dietary model of fatty
liver with hypertriglyceridemia that had no manifestations of
liver inflammation or oxidative stress. Moreover, in this model,
changes in liver metabolism were not accompanied by an in-
creased accretion of WAT and body weight, with a minimal effect
on whole body insulin sensitivity. Furthermore, our data clearly
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demonstrated that increased DNL and reduced fatty acid
catabolism, two fructose-related liver metabolic alterations, were
necessary for the rapid manifestation of liver steatosis. Moreover,
the activation of ChREBP was responsible not only for the in-
creased DNL, but also for the appearance of hypertriglyceridemia,
probably mediated by the increased expression of PNPLA3, a
lipase that mobilizes monounsaturated-enriched TG stored in
lipid droplets for VLDL formation and secretion.

4. Experimental Section

Animals:  Two-month-old female Sprague Dawley rats (Envigo,
Barcelona, Spain) were housed two per cage under conditions of constant
humidity (40-60%) and temperature (20-24 °C), with a light/dark cycle of
12 h. Twenty-four female rats were randomly assigned to three groups
(n = 8 in each) and fed ad libitum for 3 months. Female rats were used
because we have previously shown that they are more sensitive to the
deleterious effects of fructose on glucose homeostasis than male rats.[®!
The control group (CT) was fed regular chow diet (2018 Teklad Global,
18% of provided calories as fat), whereas the high-fat diet group (HFD)
was fed an HFD (Teklad Custom Diet TD. 180456, 46.9% of provided
calories as fat, of which 21% w/w is cocoa butter containing 25% of
palmitic acid and 35% of stearic acid). The composition of the two diets is
shown in the Supplementary Material (Table S1, Supporting Information).
Both groups had free access to water. Finally, the high-fat-high-fructose
group (HFHFr) was fed HFD and had free access to a 10% w/v fructose
solution as the drinking beverage. In the CT group, one rat was euthanized
before the end of the experimental period, due to a growing tumor; thus,
the final n for the CT group was 7. All experiments were performed under
the principles and procedures outlined in the guidelines established by
the Bioethics Committee of the University of Barcelona (Autonomous
Government of Catalonia Act 5/21 July 1995). The Animal Experimenta-
tion Ethics Committee of the University of Barcelona approved all the
experimental procedures involving animals (approval no. 10 106).

Oral Glucose Tolerance Test:  An oral glucose tolerance test (OGTT) was
performed in the last week of the treatment as described previously.['”]
Glucose levels were determined in all the blood samples using a hand-
held glucometer (Accutrend Plus System, Cobas, Roche Farma, Barcelona,
Spain). Serum was obtained from blood samples collected at 0, 15, and
120 min, and insulin levels were measured using a rat insulin enzyme-
linked immunosorbent assay (ELISA) kit (Millipore, Billerica, MA, USA).

Sample Preparation: At the end of the treatment, rats were fasted for
2 h and blood samples were obtained from the tail vein to measure TG,
cholesterol, and glucose levels, using an Accutrend Plus system glucome-
ter (Cobas, Roche Farma, Barcelona, Spain). The rats were then immedi-
ately anesthetized with ketamine/xylazine (9 mg 40 ug™" per 100 g of body
weight, respectively) and blood was collected into micro-tubes (Sarst-
edt AG & Co., Niimbrecht, Germany) through cardiac puncture and cen-
trifuged at 10000 X g for 5 min at room temperature. Rats were euthanized
by exsanguination, and the liver, muscle, interscapular brown adipose tis-
sue (BAT), subcutaneous and perigonadal white adipose tissue (sWAT and
pWAT, respectively), were excised and weighed. For the histological stud-
ies, samples of the liver from each animal were fixed overnight in 10%
neutral buffered formalin solution or were embedded in OCT and frozen
quickly in liquid nitrogen and stored at —80 °C. The remaining liver tissues
were perfused, immediately frozen in liquid nitrogen, and stored at —80 °C
until use.

Serum Analysis:  Serum adiponectin, insulin, and leptin concentrations
were determined using specific ELISA kits (EZRADP-62K; EZRMI-13K;
EZRL-83K, respectively) from Millipore (Billerica, MA, USA). The non-
esterified free fatty acids (NEFA) colorimetric kit was from BiooScientific
(Austin, TX, USA) and the kits for alanine (ALT) and aspartate aminotrans-
ferase (AST) kinetics were from SpinReact (Girona, Spain). The insulin
sensitivity index (ISI) was calculated as 2/ [insulin (nM) X blood glucose
(uM) + 17.44]
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Liver Lipid Content: Hepatic TG and cholesterol were extracted as de-
scribed by Qu et al. [*4] and determined using a colorimetric assay kit (Ref:
41030 and MD41021, respectively) from Spinreact (Girona, Spain).

Histological Studies: Paraffin-embedded liver sections were cut to
5 um and stained with hematoxylin and eosin to assess the degree of
necrosis. Lipid accumulation was analyzed in OCT-embedded liver sec-
tions stained with Oil-Red O (ORO). Images were acquired with a Leica
DMSL microscope equipped with a DP72 camera (Leica Microsistemas,
Barcelona, Spain) and analyzed using Image | 1.49 software (National In-
stitutes of Health, Bethesda, MD, USA). The area of positive ORO staining
was calculated as the positively stained area per total area. All procedures
were carried out in the Animal Histopathology Laboratory at the University
of Barcelona.

Lipidomic Analysis in Rat Liver Homogenates:  Fatty acid methyl esters
from liver TG were determined by gas chromatography/electron ioniza-
tion mass spectrometry as described previously.'’l Levels of diacylglyc-
erols (DAG), and ceramides (Cer) in rat livers were determined by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) system as de-
scribed previously.[7]

Fatty Acid p-oxidation: Total fatty acid f-oxidation was determined in
rat livers and muscle, as described by Lazarow,[*] using 30 ug of post-
nuclear supernatant from the liver samples and 40 ug from the muscle
samples.

RNA Preparation and Analysis:  Total RNA was isolated from different
tissues by using the Trisure reagent (Bioline, Meridian Biosciences, Cincin-
nati, OH, USA) according to the manufacturer’s instructions. RNA con-
centration was determined by measuring absorbance at 260 nm, while
the 260/280 nm absorbance ratio was used to analyse RNA quality. Real-
time polymerase chain reaction (RT-qPCR) was performed as described
previously.["!l The TATA box-binding protein (tbp) was used as the house-
keeping gene to normalize the results. The primer sequences, Genbank
TM number, and PCR product lengths are listed in the Supplementary Ma-
terial (Table S2, Supporting Information).

Protein Preparation and Western Blot Analysis: Tissue samples and
western blot analysis were prepared and performed as described
previously.[""l Western blots were performed using four samples per
group, each sample pooled from two animals. A total of 30 ug of protein ex-
tracts (10 pug for PNPLA3 determination) was used. Protein concentrations
were determined by the Bradford method.[*6] To confirm the uniformity of
protein loading, blots were incubated with anti-g-actin, or anti-g-tubulin
antibodies (Sigma-Aldrich, St. Louis, MO, USA) or anti-vinculin antibody
(Santa Cruz Biotech, Dallas, TX, USA), as a control for total protein ex-
tracts, and with anti-TBP antibody (AbCam, Cambridge, UK), as a control
for nuclear protein extracts. A list of antibodies used in western blot anal-
ysis is shown in the Supplementary Material (Table S3, Supporting Infor-
mation).

Statistical Analysis: Results are expressed as mean + standard devi-
ation (SD). Significant differences were established by one-way ANOVA
and Sidak’s post-hoc test for selected comparisons (GraphPad Software
version 8, San Diego, CA, USA). When the SD of the groups was differ-
ent according to Bartlett’s test, the data were transformed into their loga-
rithms and ANOVA was rerun, or the corresponding non-parametric test
was applied. The OGTT curves for glucose and insulin were analyzed by
two-way ANOVA. The level of statistical significance was set at p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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