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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a common liver disorder closely related
to metabolic syndrome. NAFLD can progress to an inflammatory state called non-alcoholic
steatohepatitis (NASH), which may result in the development of fibrosis and hepatocellular carcinoma.
To develop therapeutic strategies against NAFLD, a better understanding of the molecular mechanism
is needed. Current in vitro NAFLD models fail to capture the essential interactions between liver
cell types and often do not reflect the pathophysiological status of patients. To overcome limitations
of commonly used in vitro and in vivo models, precision-cut liver slices (PCLSs) were used in
this study. PCLSs, prepared from liver tissue obtained from male Wistar rats, were cultured in
supraphysiological concentrations of glucose, fructose, insulin, and palmitic acid to mimic metabolic
syndrome. Accumulation of lipid droplets was visible and measurable after 24 h in PCLSs incubated
with glucose, fructose, and insulin, both in the presence and absence of palmitic acid. Upregulation
of acetyl-CoA carboxylase 1 and 2, and of sterol responsive element binding protein 1c, suggests
increased de novo lipogenesis in PCLSs cultured under these conditions. Additionally, carnitine
palmitoyltransferase 1 expression was reduced, which indicates impaired fatty acid transport and
disrupted mitochondrial β-oxidation. Thus, steatosis was successfully induced in PCLSs with
modified culture medium. This novel ex vivo NAFLD model could be used to investigate the
multicellular and molecular mechanisms that drive NAFLD development and progression, and to
study potential anti-steatotic drugs.
Keywords: NAFLD; non-alcoholic fatty liver disease; ex vivo; pathophysiological model;
metabolism; steatosis

1. Introduction
Non-alcoholic fatty liver disease (NAFLD), also known as hepatic steatosis, is a condition in
which there is an abnormally high lipid deposition in the liver that is unrelated to excessive alcohol
intake [1,2]. The severity of NAFLD varies, and an estimated 20% of NAFLD patients develop
non-alcoholic steatohepatitis (NASH), [3] which can progress to liver cirrhosis or hepatocellular
carcinoma [1–4]. NAFLD is strongly associated with metabolic syndrome, in particular the metabolic
abnormalities hyperinsulinemia and hyperglycemia [4–9].
The supraphysiological concentrations of insulin and glucose associated with these pathological
conditions induce lipogenic genes through the action of sterol regulatory element binding protein-1c
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(SREBP-1c), and carbohydrate responsive element binding protein (MLXIPL), respectively. SREB-1c
and MLXIPL induce acetyl-CoA carboxylase 1 (ACC1), which is involved in the synthesis of
malonyl-CoA—a substrate for fatty acid synthesis and inhibitor of fatty acid oxidation. This chain of
reactions results in a misbalance of carbohydrate and lipid metabolism [10–12], and instead of oxidizing
lipids, triglyceride esterification and thus de novo lipogenesis (DNL) is increased [13]. For example,
diabetes mellitus is a major co-morbid disease in NAFLD patients [10,11].
Glucose is not the only saccharide that can induce de novo lipogenesis. Fructose has the same
basic properties [14–17], but a big difference is that fructose is mainly metabolized in the liver, whereas
glucose can be metabolized throughout the whole body [16,18]. Therefore, the negative effects of
fructose consumption, which has increased dramatically over the years, will mostly affect the liver [19].
While de novo lipogenesis is a key source of triglycerides, another source are the lipids that
are present in the liver. Hyperlipidemia, an elevated amount of blood lipids, and especially
hypertriglyceridemia, leads to an increased hepatic uptake of lipids and thereby contributes to hepatic
steatosis [7,20].
Besides increased lipid uptake and lipid synthesis, reduced lipolysis and secretion also play
an important role in the accumulation of fat. Under normal circumstances, long-chain fatty acids
are transported from the cytosol to the mitochondrial matrix where they undergo β-oxidation [21].
Transport to the mitochondrial matrix depends on carnitine palmitoyltransferase 1 (CPT1) and carnitine
palmitoyltransferase 2 (CPT2) [22].
Additionally, lipids are directly involved in lipotoxicity [21,23]. The lipotoxicity has been
extensively investigated in vitro using palmitic acid, which is the most abundant saturated fatty
acid in the human body [24–26]. While the molecular mechanism behind palmitate’s ability to induce
lipotoxic reactive oxygen species is not entirely clear, it is assumed that fatty acid oxidation plays an
important role [27]. Lipotoxicity and disruption of mitochondrial β-oxidation are considered the most
harmful factors in NAFLD development and progression [26].
NAFLD can only partly be managed by modifications in diet and lifestyle [28,29]. To date,
the mechanisms underlying NAFLD development and the progression to NASH remain elusive.
Consequently, there are no approved pharmacological interventions for NAFLD or NASH.
Several in vitro models are used to study the pathogenesis of NAFLD [30,31], but these do
not accurately reflect the pathophysiological status of NAFLD patients since many models do not
recapitulate the multicellular nature of the disease [11,32,33]. In the pathogenesis of NAFLD and
related liver diseases, communication between hepatocytes, Kupffer cells, and hepatic stellate cells is
essential [32,33]. The most prominent advantage of precision-cut liver slices (PCLSs) is the preserved
multicellular environment allowing for the interplay between various liver cell types [31,34]. PCLSs
have previously been shown to be a useful model to study multicellular diseases [35,36], and may be a
useful model to study the pathophysiological processes in NAFLD. Therefore, the aim of this study
was to induce liver steatosis in PCLSs, by using culture conditions that reflect metabolic syndrome.
2. Methods
2.1. Animals
Male Wistar rats, aged 12 to 16 weeks, were purchased from Charles River (Sulzfeld, Germany).
Experiments were approved by the Animal Ethical Committee of the University of Groningen.
2.2. Precision-Cut Liver Slices (PCLSs)
PCLSs, with an estimated thickness of 250–300 µm, were prepared using a Krumdieck Tissue
Slicer (Alabama Research and Development, Munford, AL, USA) [37], and cultured under continuous
supply of 80% O2 and 5% CO2 , as previously described [36]. PCLSs were cultured up to 48 h and
culture media was refreshed every 24 h.
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2.3. Culture Media
Williams medium E with Glutamax (Invitrogen, Bleiswijk, the Netherlands), supplemented
with gentamycin (50 mg/mL; Invitrogen), was used as control medium. To mimic metabolic
syndrome, supraphysiological concentrations of glucose (Merck, Darmstadt, Germany), fructose
(Merck, Darmstadt, Germany), human insulin (Sigma-Aldrich, St. Louis, MO, USA), and palmitic acid
(Sigma-Aldrich, St. Louis, MO, USA) were added to the medium. The experimental concentrations
(Table 1) were based on human serum concentrations [5–7,11,32,33] and in vivo rodent portal vein
concentrations [38–40].
Table 1. Culture media.
Medium

Final Concentration of Additives

Additives

Glucose
CTR
G
F
GF
GFI
GFIP

None
Glucose
Fructose
Glucose and fructose
Glucose, fructose, and insulin
Glucose, fructose, insulin, and palmitic acid

Fructose

Insulin

Palmitic Acid

5 mM
5 mM
5 mM
5 mM

1 nM
1 nM

240 µM

11 mM
25 mM
25 mM
25 mM
25 mM

CTR = control; G = glucose; F = fructose; GF = glucose and fructose; GFI = glucose, fructose and insulin; GFIP =
glucose, fructose, insulin and palmitic acid.

Palmitic acid was solubilized using bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO,
USA). Palmitic acid was briefly dissolved in 0.1 M sodium hydroxide (Merck, Darmstadt, Germany) at
70 ◦ C, and then mixed with preheated BSA solution at 55 ◦ C. The same concentration of BSA (0.04%),
without palmitic acid, was added to media not containing palmitic acid. This concentration of BSA
had no effect on PCLS viability.
2.4. Oil Red O Staining
Cryosections were prepared by embedding fresh PCLSs in KP-cryocompound (Klinipath, Duiven,
the Netherlands) on dry ice. Tissue sections, 4 µm in thickness, were prepared perpendicular to the
surface of PCLSs. Steatosis was evaluated by staining lipid droplets with Oil Red O. Cryosections were
fixed with 4% formaldehyde/PBS for 10 min before staining with Oil Red O solution (0.6% Oil Red O
in 36% 2-propanol) for 10 min at room temperature. Sections were counterstained with haematoxylin
and fixed with Aquatex (Merck, Darmstadt, Germany). Pictures were taken with a BX41 microscope
(Olympus America Inc, Center Valley, PA, USA, 400× magnification), and analyzed using ImageScope
software (v12.3.2.8013, Aperio, Vista, CA, USA). A ratio of red pixels to blue pixels (lipid droplets per
nucleus) was used to examine the change in fat content. Three PCLSs from each treatment were used
per experiment.
2.5. ATP Determination
Viability was assessed by determining ATP content of the slices using a bioluminescence kit
(Roche Diagnostics, Mannheim, Germany) as previously described [37]. Values for each group were
expressed as relative percentage of the 24 h control.
2.6. Protein Estimation
Total protein content of the slices was estimated using a Lowry assay (BioRad DC Protein
Assay, Hercules, CA, USA). Values were expressed as change in protein content as compared to
the 24 h control.
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2.7. Triglyceride Quantitation
PCLSs were snap-frozen and stored at −80 ◦ C. Subsequently, the slices were homogenized in
Tris-buffered saline. Fat was isolated using the Bligh & Dyer method [41]. The amount of triglycerides
was determined using a Trig/GB kit (Roche Molecular Biochemicals, Almere, the Netherlands)
according to the protocol provided by the manufacturer. Values were calculated using the absorption at
540 nm after one hour, and are displayed as the change in percentage as compared to the control (CTR).
2.8. Quantitative Real-Time PCR
Expression of key genes in carbohydrate and lipid metabolism was assessed using quantitative
real-time PCR. For each experiment, three slices were pooled per condition, snap-frozen in liquid
nitrogen, and stored at −80 ◦ C. RNA was isolated using the RNeasy Lipid Tissue Mini Kit (Qiagen,
Venlo, the Netherlands). The Reverse Transcription System (Promega, Leiden, the Netherlands) was
used to reverse transcribe RNA. Expression of genes related to metabolism, inflammation, and ER
stress was determined using TaqMan primers and probes and SYBR Green primers, the sequences of
which can be found in Table S1, Supplementary Materials (ThermoFisher Scientific, Waltham, MA,
USA). Quantitative real-time PCR was performed using a VIIA7 thermal cycling system (Applied
Biosystems, Carlsbad, CA, USA). For TaqMan primers and probes, the 1X FastStart Universal Probe
Master (Roche, Almere, the Netherlands) was used. The thermal cycling conditions were one cycle at
95 ◦ C for 10 min, followed by 45 cycles starting with 95 ◦ C for 15 s, then 60 ◦ C for 30 s, and ending with
72 ◦ C for 30 s. For SYBR Green primers, the FastStart Universal Sybr Green Master (Roche, Almere,
The Netherlands) was used. On the VIIA7 thermal cycling system, the process started with a 10 min
hold at 95 ◦ C, followed by 40 cycles that consisted of 15 s at 95 ◦ C, 30 s at 60 ◦ C, and 30 s at 72 ◦ C.
Ct values were corrected for the Ct values of Ywhaz (∆Ct) and compared to control (∆∆Ct). Results are
displayed as fold induction (2−∆∆Ct ).
2.9. Statistics
For each liver, three PCLSs were used per condition. Each experiment was performed at least
three times. Results are expressed as means ± standard error of the mean (SEM) and compared to the
control group, using a one-way ANOVA with Dunnett’s post hoc analysis, unless specified otherwise.
Results were considered statistically significant when the calculated p-value was smaller than 0.05.
3. Results
3.1. PCLS Characteristics
PCLSs remained viable, as assessed by ATP content, in all conditions and at all time points
(Figure 1A). In control PCLSs, ATP content was lowered from 100% ± 11% at 24 h of incubation to 66%
± 6% at 48 h. This difference was not statistically significant.
Fructose-containing media (F and GF) seemed to reduce ATP content in PCLSs, especially after
48 h. However, this reduction was not significant. After 48 h, ATP content of slices incubated in
medium GFI was not different from the 48 h control, but addition of palmitic acid resulted in a
significantly increased ATP content.
Figure 1B depicts the changes in protein content of PCLSs, as compared to the 24 h control.
Measured protein levels were higher in PCLSs cultured in the insulin-containing media (GFI and GFIP)
after 24 h, as compared to the 24 h CTR. Protein content of other conditions did not differ from control.
The amount of protein in PCLSs was significantly reduced over time, except for PCLSs in GFI and
GFIP media, which retained increased protein levels after 48 h.
Morphology of PCLSs after 24 and 48 h of incubation in the different media compositions is
shown in Figure 2. There are no clear signs of cellular damage in the form of pyknosis and necrosis
after 24 or 48 h.
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3.2. Hepatic Steatosis in PCLSs

Steatosis was evaluated microscopically in PCLSs using an Oil Red O staining. As shown in
3.2.
Hepatic
Steatosis
in PCLSs
Figure
2A, few
lipid-rich
droplets were visible after 24 h of incubation in media that contained glucose
(G), fructose (F), and glucose and fructose (GF). In contrast, an abundance of small-size lipid droplets
Steatosis was evaluated microscopically in PCLSs using an Oil Red O staining. As shown in
was seen in PCLSs cultured in media containing glucose, fructose, and insulin (GFI) as well as in
Figure 2A, few lipid-rich droplets were visible after 24 h of incubation in media that contained
glucose, fructose, insulin, and palmitic acid (GFIP). After 48 h, the pattern of steatosis was similar.
glucose (G), fructose (F), and glucose and fructose (GF). In contrast, an abundance of small-size lipid
No lipid droplets were observed in PCLS cultured in media that contained glucose, fructose and
droplets was seen in PCLSs cultured in media containing glucose, fructose, and insulin (GFI) as well
palmitic acid (Supplementary Figure S1).
as in glucose, fructose, insulin, and palmitic acid (GFIP). After 48 h, the pattern of steatosis was
In order to confirm the microscopic evaluation, liver steatosis was quantified using a fat-to-nucleus
similar. No lipid droplets were observed in PCLS cultured in media that contained glucose, fructose
ratio calculation. From the 24 h- to the 48 h-time point, the fat-to-nucleus ratio did not increase in
and palmitic acid (supplementary Figure S1).
control PCLSs (Figure S2, Supplementary Materials). Figure 2B shows that when compared to control,
In order to confirm the microscopic evaluation, liver steatosis was quantified using a fat-toculturing in medium GFI and in medium GFIP for 24 h resulted in a 20% increase of fat per nucleus.
nucleus ratio calculation. From the 24 h- to the 48 h-time point, the fat-to-nucleus ratio did not
After 48 h, in comparison to the 48 h control, the amount of fat droplets per nucleus increased 15% for
increase in control PCLSs (Figure S2, Supplementary Materials). Figure 2B shows that when
both GFI and GFIP.
compared to control, culturing in medium GFI and in medium GFIP for 24 h resulted in a 20%
Figure 2C shows the level of triglycerides that were measured in PCLSs, as a difference in
increase of fat per nucleus. After 48 h, in comparison to the 48 h control, the amount of fat droplets
percentage of the 24 h control. For conditions G, F, and GF, no difference in the content of triglycerides
per nucleus increased 15% for both GFI and GFIP.
could be determined at either time point when comparing to control PCLSs. After 24 h and
Figure 2C shows the level of triglycerides that were measured in PCLSs, as a difference in
48 h, the triglyceride content was significantly increased in PCLSs cultured in medium containing
percentage of the 24 h control. For conditions G, F, and GF, no difference in the content of triglycerides
saccharides and insulin, both in the absence and presence of palmitic acid (34% and 27%, respectively,
could be determined at either time point when comparing to control PCLSs. After 24 h and 48 h, the
after 24 h, and 52% and 38% after 48 h).
triglyceride content was significantly increased in PCLSs cultured in medium containing saccharides
and insulin, both in the absence and presence of palmitic acid (34% and 27%, respectively, after 24 h,
and 52% and 38% after 48 h).
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Figure 2. (A) Representative Oil Red O stained PCLS sections, cultured in different culture media, for
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Figure 3. Relative mRNA expression of genes related to lipid metabolism, specifically (A) Srebf1,
Figure 3. Relative mRNA expression of genes related to lipid metabolism, specifically (A) Srebf1, (B)
(B) Acaca, (C) Acacb, (D) Mlxipl, (E) Cpt1, (F) Cpt2, and (G) Srebf2. Values are displayed as mean fold
Acaca, (C) Acacb, (D) Mlxipl, (E) Cpt1, (F) Cpt2, and (G) Srebf2. Values are displayed as mean fold
induction ± SEM (n = 3). Significance was determined using a one-way ANOVA comparing conditions
induction ± SEM (n = 3). Significance was determined using a one-way ANOVA comparing conditions
to the 24 h or 48 h control, respectively. * = p-value < 0.05, ** = p-value < 0.01, ns = p-value > 0.05.
to the 24 h or 48 h control, respectively. * = p-value < 0.05, ** = p-value < 0.01, ns = p-value > 0.05. G =
G = Glucose, F = Fructose, GF = Glucose and fructose, GFI = Glucose, fructose, and insulin, GFIP =
Glucose, F = Fructose, GF = Glucose and fructose, GFI = Glucose, fructose, and insulin, GFIP = Glucose,
Glucose, fructose, insulin, and palmitic acid.
fructose, insulin, and palmitic acid.

3.4. Inflammation, Endoplasmic Reticulum Stress, and Fibrosis in PCLSs
3.4. Inflammation, Endoplasmic Reticulum Stress, and Fibrosis in PCLSs
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This toxicity has been observed in vitro as well, and is caused by palmitate-induced mitochondrial
dysfunction [24–26]. There are several possible explanations for the absence of lipotoxicity in our model.
First, the antioxidant glutathione is lacking in many in vitro models, but present in PCLSs [48,49].
Glutathione in PCLSs might be able to counteract palmitic acid-induced reactive oxygen species.
Additionally, the concentration of palmitic acid in this model might have been too low to cause
mitochondrial dysfunction, and was used for cellular energy production (as was found after 48 h in
the slices) [27].
The amount of steatosis that resulted from culturing in different media was determined by means
of Oil Red O staining and triglyceride measurement. In the absence of insulin, no steatosis occurs
in PCLSs regardless of other medium components. This indicates that exogenous insulin promotes
the formation and accumulation of lipid droplets in this pathophysiological PCLS model, which is
in line with other studies [50]. This could be caused by insulin-dependent de novo lipogenesis and
Srebf1 processing [50]. The unaltered Srebf2 gene expression in the PCLSs indicates that there was no
additional cholesterol formation in PCLSs and that lipid droplets therefore most likely consisted of
triglycerides [11].
The lipid droplets that accumulated in PCLSs in this study can be characterized as microvesicular
steatosis. This is in line with other in vitro NAFLD studies [51–53], but differs from the macrovesicular
steatosis found in various in vivo models of NAFLD [30]. A possible explanation for the size difference
in lipid droplets between the models is the difference in the duration of steatosis induction. For in vivo
studies, this timeframe comprises months, while in vitro studies are generally limited to several days.
In shorter in vivo studies, microvesicular lipid droplets have been observed [54].
In this early onset of steatosis, another factor is the different manner of lipid droplet formation,
which may be caused by either reduced mitochondrial β-oxidation or de novo lipogenesis [21].
In this study, gene expression of Srebf1 and Mlxipl and gene expression of their target genes Acaca
and Acacb [11] were used as a measure of de novo lipogenesis. All the aforementioned genes were
upregulated in PCLSs where onset of steatosis was observed. While protein expression for these genes
was not determined, it has been shown that increased mRNA expression of de novo lipogenesis genes
was related to increased protein expression of these genes [55–57].
Previous studies have shown that impaired mitochondrial β-oxidation might be the cause of
microvesicular steatosis in vivo [10,58]. To find out whether mitochondrial β-oxidation plays a role
in steatosis in PCLSs, Cpt1 mRNA expression was examined. CPT1 transports fatty acids from the
cytosol to mitochondria, and thereby catalyzes the rate-limiting step of fatty acid oxidation [11]. CPT1
is inhibited by the substrate that the acetyl-CoA carboxylases (ACC) produce. In line with increased
Acc gene expression, a reduction in Cpt1 gene expression was found. This phenomenon has been
observed in in vivo and in vitro studies [10,11]. Cpt2 expression was not downregulated as CPT2 is
not inhibited by the substrate produced by ACC. Increased CPT2 levels have previously been linked
to stress, which could also be the case in PCLSs [59].
These results indicate that both increased lipid synthesis and reduced lipid breakdown are
connected to the steatosis in this PCLS model, which is in line with in vivo studies [22]. Furthermore,
the results support the idea that acetyl-CoA 1 and 2 inhibition might be an interesting target to halt de
novo lipogenesis [60].
In this study, changes in the expression of Hspa5, also known as glucose-regulated protein,
78kDa/binding-immunoglobulin protein (GRP78/BiP), were observed. HSPA5 is the master regulator
of endoplasmic reticulum (ER) homeostasis and interacts with the three major unfolded protein
response (UPR) branches, which have direct effects on lipid synthesis [61,62]. Over time, expression of
Hspa5 increased in control PCLSs. HSPA5 gene expression is linked to HSPA5 protein expression [63],
and is induced in response to ER stress [62]; these results indicate that PCLS preparation or culturing
leads to ER stress. Increased HSPA5 expression has been shown to protect against hepatic steatosis,
whereas HSPA5 loss induces it [62,64]. Additionally, loss of HSPA5 induces phosphorylation of c-Jun
N-terminal kinases (JNK), which has been linked to NASH [65]. Upon measuring Hspa5 in PCLSs,
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a significant reduction was found when culturing in medium containing sugars, insulin, and fat. While
the exact relationship between UPR signaling and lipogenesis is unknown [66], the decrease might be
linked to increased Acaca expression [65] and increased Srebf1 expression [67], both of which were also
observed in PCLSs. As the HSPA5 decrease in PCLSs is in line with observations in NAFLD/NASH
patients [68,69], it might be interesting to study the relation between ER stress, UPR, and fatty liver
disease in this PCLS model.
NAFLD has different stages, the first being fatty liver. This stage is characterized by a certain
amount of steatosis and an absence of inflammation or fibrosis. A percentage of patients in this first
stage will develop the more harmful condition non-alcoholic steatohepatitis, which is characterized
by inflammation of fatty liver tissue. In this study, steatosis was observed but no inflammation or
fibrosis was measured on a gene level. Therefore, one of the next steps in NAFLD–PCLS is to induce
inflammation. Since it is possible in this PCLS model to control which factors are present and in which
order, it could be used to gain more insight into NAFLD development and progression. For example,
the model could be used to clarify whether there is a specific order in which inflammation and steatosis
drive NAFLD/NASH progression, or whether they work side by side [5,23].
5. Conclusions
In conclusion, microvesicular steatosis was induced in precision-cut liver slices by mimicking
the NAFLD risk factors. Gene expression data suggest that early steatosis was achieved through both
de novo lipogenesis and reduced mitochondrial β-oxidation. While gene expression indicated the
presence of ER stress, the culture media did not have a negative effect on PCLS viability, or induce
an inflammatory or fibrotic response. More studies are needed to determine whether a proper
pathophysiological NAFLD–PCLS model was developed, and the limitations of this PCLS model,
such as the short incubation time and the absence of inter-tissue communication, should be taken into
account. Precision-cut liver slices derived from human tissue would even better enable extrapolation to
the situation in humans. This PCLS model may be pivotal in investigating the multicellular molecular
mechanisms behind NAFLD development and progression to NASH, and in studying potential
anti-steatotic drugs. Additionally, the model could be used to investigate drug-induced hepatic
steatosis, as both micro- and macrovesicular steatosis have been observed after in vitro and in vivo
exposure to drugs such as glucocorticoids and antimicrobials [70].
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/3/507/s1.
Table S1: Primer-probes for lipid metabolism, Figure S1: Morphology of PCLSs incubated in medium without
insulin, Figure S2: Ratio of fat droplets per nucleus in CTR PCLSs over time, Figure S3: Expression of Acaca and
Acacb mRNA in CTR PCLSs over time, Figure S4: Expression of Hspa5 mRNA in CTR PCLS over time.
Author Contributions: Conceptualization, G.H.P. and T.L.; Funding acquisition, P.O.; Investigation, G.H.P. and
T.L.; Methodology, G.H.P. and T.L.; Project administration, P.O.; Resources, D.O.; Supervision, F.J.D. and P.O.;
Writing—original draft, G.H.P. and T.L.; Writing—review and editing, H.A.M.M., F.J.D. and P.O.
Funding: This work is part of the research programme “Meer Kennis met Minder Dieren” under project number
114021010, which is partly financed by ZonMw.
Acknowledgments: The authors thank V. Starokozhko for her help with the Oil Red O staining technique, and
the members of the Department of Pharmacokinetics, Toxicology and Targeting for their help.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

Neuschwander-Tetri, B.A. Non-alcoholic fatty liver disease. BMC Med. 2017, 15, 45. [CrossRef] [PubMed]
Rinella, M.E. Nonalcoholic Fatty Liver Disease. JAMA 2015, 313, 2263. [CrossRef] [PubMed]
Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global
burden of NAFLD and NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol.
Hepatol. 2018, 15, 11–20. [CrossRef] [PubMed]

Nutrients 2019, 11, 507

4.

5.
6.
7.
8.

9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

25.
26.
27.

11 of 14

Sherif, Z.A.; Saeed, A.; Ghavimi, S.; Nouraie, S.-M.; Laiyemo, A.O.; Brim, H.; Ashktorab, H. Global
Epidemiology of Nonalcoholic Fatty Liver Disease and Perspectives on US Minority Populations. Dig. Dis.
Sci. 2016, 61, 1214–1225. [CrossRef] [PubMed]
Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease
(NAFLD). Metabolism 2016, 65, 1038–1048. [CrossRef] [PubMed]
Bhatt, H.B.; Smith, R.J. Fatty liver disease in diabetes mellitus. Hepatobiliary Surg. Nutr. 2015, 4, 101–108.
[CrossRef] [PubMed]
Hazlehurst, J.M.; Woods, C.; Marjot, T.; Cobbold, J.F.; Tomlinson, J.W. Non-alcoholic fatty liver disease and
diabetes. Metabolism 2016, 65, 1096–1108. [CrossRef] [PubMed]
Marchesini, G.; Bugianesi, E.; Forlani, G.; Cerrelli, F.; Lenzi, M.; Manini, R.; Natale, S.; Vanni, E.; Villanova, N.;
Melchionda, N.; et al. Nonalcoholic fatty liver, steatohepatitis, and the metabolic syndrome. Hepatology 2003,
37, 917–923. [CrossRef] [PubMed]
Kumashiro, N.; Erion, D.M.; Zhang, D.; Kahn, M.; Beddow, S.A.; Chu, X.; Still, C.D.; Gerhard, G.S.; Han, X.;
Dziura, J.; et al. Cellular mechanism of insulin resistance in nonalcoholic fatty liver disease. Proc. Natl. Acad.
Sci. USA 2011, 108, 16381–16385. [CrossRef] [PubMed]
Ress, C.; Kaser, S. Mechanisms of intrahepatic triglyceride accumulation. World J. Gastroenterol. 2016, 22,
1664–1673. [CrossRef] [PubMed]
Berlanga, A.; Guiu-Jurado, E.; Porras, J.A.; Auguet, T. Molecular pathways in non-alcoholic fatty liver disease.
Clin. Exp. Gastroenterol. 2014, 7, 221–239. [CrossRef] [PubMed]
Alam, S.; Mustafa, G.; Alam, M.; Ahmad, N. Insulin resistance in development and progression of
nonalcoholic fatty liver disease. World J. Gastrointest. Pathophysiol. 2016, 7, 211. [CrossRef] [PubMed]
Ferramosca, A.; Zara, V. Modulation of hepatic steatosis by dietary fatty acids. World J. Gastroenterol. 2014,
20, 1746–1755. [CrossRef] [PubMed]
Campos, V.C.; Tappy, L. Physiological handling of dietary fructose-containing sugars: Implications for health.
Int. J. Obes. 2016, 40, S6–S11. [CrossRef] [PubMed]
Herman, M.A.; Samuel, V.T. The Sweet Path to Metabolic Demise: Fructose and Lipid Synthesis.
Trends Endocrinol. Metab. 2016, 27, 719–730. [CrossRef] [PubMed]
Jegatheesan, P.; De Bandt, J.P. Fructose and NAFLD: The multifaceted aspects of fructose metabolism.
Nutrients 2017, 9. [CrossRef] [PubMed]
Softic, S.; Cohen, D.E.; Kahn, C.R. Role of Dietary Fructose and Hepatic De Novo Lipogenesis in Fatty Liver
Disease. Dig. Dis. Sci. 2016, 61, 1282–1293. [CrossRef] [PubMed]
Horst, K.W. Fructose Consumption, Lipogenesis, and Non-Alcoholic Fatty Liver Disease. Nutrients 2017, 9,
981. [CrossRef] [PubMed]
Alwahsh, S.M.; Gebhardt, R. Dietary fructose as a risk factor for non-alcoholic fatty liver disease (NAFLD).
Arch. Toxicol. 2017, 91, 1545–1563. [CrossRef] [PubMed]
Assy, N.; Kaita, K.; Mymin, D.; Levy, C.; Rosser, B.; Minuk, G. Fatty infiltration of liver in hyperlipidemic
patients. Dig. Dis. Sci. 2000, 45, 1929–1934. [CrossRef] [PubMed]
Rui, L. Energy metabolism in the liver. Compr. Physiol. 2014, 4, 177–197. [CrossRef] [PubMed]
Ferramosca, A.; Savy, V.; Zara, V. Olive Oil Increases the Hepatic Triacylglycerol Content in Mice by a
Distinct Influence on the Synthesis and Oxidation of Fatty Acids. Biosci. Biotechnol. Biochem. 2008, 72, 62–69.
[CrossRef] [PubMed]
Leamy, A.K.; Egnatchik, R.A.; Young, J.D. Molecular mechanisms and the role of saturated fatty acids in the
progression of non-alcoholic fatty liver disease. Prog. Lipid Res. 2013, 52, 165–174. [CrossRef] [PubMed]
Pardo, V.; González-Rodríguez, Á.; Muntané, J.; Kozma, S.C.; Valverde, Á.M. Role of hepatocyte S6K1 in
palmitic acid-induced endoplasmic reticulum stress, lipotoxicity, insulin resistance and in oleic acid-induced
protection. Food Chem. Toxicol. 2015, 80, 298–309. [CrossRef] [PubMed]
Jiang, X.S.; Chen, X.M.; Wan, J.M.; Gui, H.B.; Ruan, X.Z.; Du, X.G. Autophagy Protects against Palmitic
Acid-Induced Apoptosis in Podocytes in vitro. Sci. Rep. 2017, 7, 1–13. [CrossRef] [PubMed]
Yao, H.R.; Liu, J.; Plumeri, D.; Cao, Y.B.; He, T.; Lin, L.; Li, Y.; Jiang, Y.Y.; Li, J.; Shang, J. Lipotoxicity in HepG2
cells triggered by free fatty acids. Am. J. Transl. Res. 2011, 3, 284–291. [PubMed]
Ly, L.D.; Xu, S.; Choi, S.K.; Ha, C.M.; Thoudam, T.; Cha, S.K.; Wiederkehr, A.; Wollheim, C.B.; Lee, I.K.;
Park, K.S. Oxidative stress and calcium dysregulation by palmitate in type 2 diabetes. Exp. Mol. Med. 2017,
49, e291. [CrossRef] [PubMed]

Nutrients 2019, 11, 507

28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.

39.

40.

41.
42.

43.

44.

45.
46.
47.

12 of 14

Corey, K.E.; Rinella, M.E. Medical and Surgical Treatment Options for Nonalcoholic Steatohepatitis. Dig. Dis.
Sci. 2016, 61, 1387–1397. [CrossRef] [PubMed]
Ganesh, S.; Rustgi, V.K. Current Pharmacologic Therapy for Nonalcoholic Fatty Liver Disease. Clin. Liver
Dis. 2016, 20, 351–364. [CrossRef] [PubMed]
Kanuri, G.; Bergheim, I. In vitro and in vivo models of non-alcoholic fatty liver disease (NAFLD). Int. J. Mol.
Sci. 2013, 14, 11963–11980. [CrossRef] [PubMed]
Chavez-Tapia, N.C.; Rosso, N.; Tiribelli, C. In vitro models for the study of non-alcoholic fatty liver disease.
Curr. Med. Chem. 2011, 18, 1079–1084. [CrossRef] [PubMed]
MacHado, M.V.; Diehl, A.M. Pathogenesis of Nonalcoholic Steatohepatitis. Gastroenterology 2016, 150,
1769–1777. [CrossRef] [PubMed]
Magee, N.; Zou, A.; Zhang, Y. Pathogenesis of Nonalcoholic Steatohepatitis: Interactions between Liver
Parenchymal and Nonparenchymal Cells. Biomed. Res. Int. 2016, 2016. [CrossRef] [PubMed]
Ravi, M.; Paramesh, V.; Kaviya, S.R.; Anuradha, E.; Paul Solomon, F.D. 3D cell culture systems: Advantages
and applications. J. Cell Physiol. 2015, 230, 16–26. [CrossRef] [PubMed]
Westra, I.M.; Hadi, M.; Oosterhuis, D.; de Jong, K.P. Human precision-cut liver slices as an ex vivo model
to test antifibrotic drugs in the early onset and end-stage of liver fibrosis. Precision-cut liver slices an ex vivo
Model early onset end-stage liver Fibros. 2014, 35, 97. [CrossRef]
Olinga, P.; Schuppan, D. Precision-cut liver slices: A tool to model the liver ex vivo. J. Hepatol. 2013, 58,
1252–1253. [CrossRef] [PubMed]
De Graaf, I.A.M.; Olinga, P.; De Jager, M.H.; Merema, M.T.; De Kanter, R.; Van De Kerkhof, E.G.;
Groothuis, G.M.M. Preparation and incubation of precision-cut liver and intestinal slices for application in
drug metabolism and toxicity studies. Nat. Protoc. 2010, 5, 1540–1551. [CrossRef] [PubMed]
Patel, C.; Sugimoto, K.; Douard, V.; Shah, A.; Inui, H.; Yamanouchi, T.; Ferraris, R.P. Effect of dietary fructose
on portal and systemic serum fructose levels in rats and in KHK(−/−) and GLUT5(−/−) mice. Am. J.
Physiol. Gastrointest. Liver Physiol. 2015, 309, G779–G790. [CrossRef] [PubMed]
Daubioul, C.; Rousseau, N.; Demeure, R.; Gallez, B.; Taper, H.; Declerck, B.; Delzenne, N. Dietary fructans,
but not cellulose, decrease triglyceride accumulation in the liver of obese Zucker fa/fa rats. J. Nutr. 2002,
132, 967–973. [CrossRef] [PubMed]
Gauna, C.; Uitterlinden, P.; Kramer, P.; Kiewiet, R.M.; Janssen, J.A.M.J.L.; Delhanty, P.J.D.; Van Aken, M.O.;
Ghigo, E.; Hofland, L.J.; Themmen, A.P.N.; et al. Intravenous glucose administration in fasting rats has
differential effects on acylated and unacylated ghrelin in the portal and systemic circulation: A comparison
between portal and peripheral concentrations in anesthetized rats. Endocrinology 2007, 148, 5278–5287.
[CrossRef] [PubMed]
Bligh, E.G.; Dyer, W.J. A Rapid Method of Total Lipid Extraction and Purification. Can. J. Biochem. Physiol.
1959, 37, 911–917. [CrossRef] [PubMed]
Spreckelmeyer, S.; Estrada-Ortiz, N.; Prins, G.G.H.; van der Zee, M.; Gammelgaard, B.; Stürup, S.; de
Graaf, I.A.M.; Groothuis, G.M.M.; Casini, A. On the toxicity and transport mechanisms of cisplatin in kidney
tissues in comparison to a gold-based cytotoxic agent. Metallomics 2017, 9, 1786–1795. [CrossRef] [PubMed]
Van den Berghe, G.; Bronfman, M.; Vanneste, R.; Hers, H.G. The mechanism of adenosine triphosphate
depletion in the liver after a load of fructose. A kinetic study of liver adenylate deaminase. Biochem. J. 1977,
162, 601–609. [CrossRef] [PubMed]
Starokozhko, V.; Abza, G.B.; Maessen, H.C.; Merema, M.T.; Kuper, F.; Groothuis, G.M.M. Viability, function
and morphological integrity of precision-cut liver slices during prolonged incubation: Effects of culture
medium. Toxicol. Vitr. 2015, 30, 288–299. [CrossRef] [PubMed]
Proud, C.G. Regulation of protein synthesis by insulin. Biochem. Soc. Trans. 2006, 34, 213–216. [CrossRef]
[PubMed]
Biolo, G.; Wolfe, R.R. Insulin action on protein metabolism. Baillieres Clin. Endocrinol. Metab. 1993, 7,
989–1005. [CrossRef]
Han, J.; Back, S.H.; Hur, J.; Lin, Y.; Gildersleeve, R.; Shan, J.; Yuan, C.L.; Krokowski, D.; Wang, S.;
Hatzoglou, M.; et al. ER-stress-induced transcriptional regulation increases protein synthesis leading
to cell death. Nat. Cell Biol. 2013, 15, 481–490. [CrossRef] [PubMed]

Nutrients 2019, 11, 507

48.

49.
50.

51.
52.

53.

54.

55.

56.
57.

58.
59.

60.

61.
62.

63.

64.

65.
66.

13 of 14

Elias, I.; Ferré, T.; Vilà, L.; Muñoz, S.; Casellas, A.; Garcia, M.; Molas, M.; Agudo, J.; Roca, C.; Ruberte, J.; et al.
Alox5ap overexpression in adipose tissue leads to LXA 4 production and protection against diet-induced
obesity and insulin resistance. Diabetes 2016, 65, db160040. [CrossRef] [PubMed]
Garcia, M.C.; Amankwa-Sakyi, M.; Flynn, T.J. Cellular glutathione in fatty liver in vitro models. Toxicol. Vitr.
2011, 25, 1501–1506. [CrossRef] [PubMed]
Titchenell, P.M.; Quinn, W.J.; Lu, M.; Chu, Q.; Lu, W.; Li, C.; Chen, H.; Monks, B.R.; Chen, J.; Rabinowitz, J.D.;
et al. Direct Hepatocyte Insulin Signaling Is Required for Lipogenesis but Is Dispensable for the Suppression
of Glucose Production. Cell. Metab. 2016, 23, 1154–1166. [CrossRef] [PubMed]
Smith, G.; Ritchie, M.G. How might epigenetics contribute to ecological speciation? Curr. Zool. 2013, 59,
686–696. [CrossRef]
Anthérieu, S.; Rogue, A.; Fromenty, B.; Guillouzo, A.; Robin, M.A. Induction of vesicular steatosis by
amiodarone and tetracycline is associated with up-regulation of lipogenic genes in heparg cells. Hepatology
2011, 53, 1895–1905. [CrossRef] [PubMed]
Zhang, D.D.; Zhang, J.G.; Wu, X.; Liu, Y.; Gu, S.Y.; Zhu, G.H.; Wang, Y.Z.; Liu, G.L.; Li, X.Y. Nuciferine
downregulates Per-Arnt-Sim kinase expression during its alleviation of lipogenesis and inflammation on
oleic acid-induced hepatic steatosis in HepG2cells. Front. Pharmacol. 2015, 6. [CrossRef] [PubMed]
Zhang, X.; Yang, J.; Guo, Y.; Ye, H.; Yu, C.; Xu, C.; Xu, L.; Wu, S.; Sun, W.; Wei, H.; et al. Functional proteomic
analysis of nonalcoholic fatty liver disease in rat models: Enoyl-coenzyme a hydratase down-regulation
exacerbates hepatic steatosis. Hepatology 2010, 51, 1190–1199. [CrossRef] [PubMed]
Boden, G.; Salehi, S.; Cheung, P.; Homko, C.; Song, W.; Loveland-Jones, C.; Jayarajan, S. Comparison of In
Vivo Effects of Insulin on SREBP-1c Activation and INSIG-1/2 in Rat Liver and Human and Rat Adipose
Tissue. Obesity (Silver Spring) 2013, 21, 1208–1214. [CrossRef] [PubMed]
Brun, T.; Roche, E.; Kim, K.; Prentki, M. Glucose Regulates Acetyl-coA Carboxylase Gene Expression in a
Pancreatic B-Cell Line (INS-1)*. J. Biol. Chem. 1993, 268, 18905–18911. [PubMed]
Hurtado Del Pozo, C.; Vesperinas-García, G.; Rubio, M.Á.; Corripio-Sánchez, R.; Torres-García, A.J.;
Obregon, M.J.; Calvo, R.M. ChREBP expression in the liver, adipose tissue and differentiated preadipocytes
in human obesity. Biochim. Biophys. Acta Mol. Cell Biol. Lipids. 2011, 1811, 1194–1200. [CrossRef] [PubMed]
Schumacher, J.D.; Guo, G.L. Mechanistic review of drug-induced steatohepatitis. Toxicol. Appl. Pharmacol.
2015, 289, 40–47. [CrossRef] [PubMed]
Yao, M.; Yao, D.; Yamaguchi, M.; Chida, J.; Yao, D.; Kido, H. Bezafibrate upregulates carnitine
palmitoyltransferase II expression and promotes mitochondrial energy crisis dissipation in fibroblasts
of patients with influenza-associated encephalopathy. Mol. Genet. Metab. 2011, 104, 265–272. [CrossRef]
[PubMed]
Jones, J.E.C.; Esler, W.P.; Patel, R.; Lanba, A.; Vera, N.B.; Pfefferkorn, J.A.; Vernochet, C. Inhibition of
Acetyl-CoA carboxylase 1 (ACC1) and 2 (ACC2) reduces proliferation and de novo lipogenesis of EGFRvIII
human glioblastoma cells. PLoS ONE 2017, 12. [CrossRef] [PubMed]
Lee, A.S. The ER chaperone and signaling regulator GRP78 / BiP as a monitor of endoplasmic reticulum
stress. Methods 2005, 35, 373–381. [CrossRef] [PubMed]
Ji, C.; Kaplowitz, N.; Lau, M.Y.; Kao, E.; Petrovic, L.M.; Lee, A.S. Liver-specific loss of GRP78 perturbs the
global unfolded protein response and exacerbates a spectrum of acute and chronic liver diseases. Hepatology
2012, 54, 229–239. [CrossRef] [PubMed]
Qiu, X.; Guan, X.; Liu, W.; Zhang, Y. DAL-1 attenuates epithelial to mesenchymal transition and metastasis
by suppressing HSPA5 expression in non-small cell lung cancer. Oncol. Rep. 2017, 38, 3103–3113. [CrossRef]
[PubMed]
Cook, K.L.; Soto-pantoja, D.R.; Clarke, P.A.G.; Cruz, M.I.; Hilakivi-clarke, L.; Roberts, D.D.; Clarke, R.;
Zwart, A.; Anni, W. Endoplasmic Reticulum Stress Protein GRP78 Modulates Lipid Metabolism to Control
Drug Sensitivity and Antitumor Immunity in Breast Cancer. Cancer Res. 2016, 76, 5657–5671. [CrossRef]
[PubMed]
Henkel, A.; Green, R.M. The Unfolded Protein Response in Fatty Liver Disease. Semin. Liver Dis. 2014, 33,
321–329. [CrossRef]
Gentile, C.L.; Frye, M.; Pagliassotti, M.J. Endoplasmic Reticulum Stress and the Unfolded Protein Response.
Antioxid. Redox. Signal. 2011, 15, 505–521. [CrossRef] [PubMed]

Nutrients 2019, 11, 507

67.

68.

69.

70.

14 of 14

Kammoun, H.L.; Chabanon, H.; Hainault, I.; Luquet, S.; Magnan, C.; Koike, T.; Ferré, P.; Foufelle, F. GRP78
expression inhibits insulin and ER stress–induced SREBP-1c activation and reduces hepatic steatosis in mice.
J. Clin. Invest. 2009, 119, 1201–1215. [CrossRef] [PubMed]
Gawrieh, S.; Baye, T.M.; Carless, M.; Wallace, J.; Komorowski, R.; Kleiner, D.E.; Andris, D.; Makladi, B.;
Cole, R.; Charlton, M.; et al. Hepatic Gene Networks in Morbidly Obese Patients with Nonalcoholic Fatty
Liver Disease. Obes. Surg. 2010, 20, 1698–1709. [CrossRef] [PubMed]
Lee, S.; Kim, S.; Hwang, S.; Cherrington, N.J.; Ryu, D. Dysregulated expression of proteins associated with
ER stress, autophagy and apoptosis in tissues from nonalcoholic fatty liver disease. Oncotarget 2017, 8,
63370–63381. [CrossRef] [PubMed]
Amacher, D.E.; Chalasani, N. Drug-Induced Hepatic Steatosis. Semin. Liver Dis. 2014, 34, 205–214. [CrossRef]
[PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

