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1  | INTRODUC TION

Feeding Atlantic salmon diets with high inclusion of plant ingredi‐
ents, low in nutrients naturally present in animal ingredients, results 
in a more obese salmon with increased visceral and plasma TAG 
(Torstensen, Espe, Stubhaug, & Lie, 2011). Likewise, undernutrition 
of methionine increased visceral mass (Espe, Hevrøy, Liaset, Lemme, 
& El‐Mowafi, 2008) and liver TAG accumulation (Espe, Rathore, Du, 
Liaset, & El‐Mowafi, 2010). These findings indicated that amino 

acid‐imbalanced diets increase adiposity in fish. In humans, obesity 
is associated with non‐alcoholic fatty liver disease (NAFLD) in com‐
bination with insulin resistance, high plasma glucose concentrations 
and increased plasma circulating lipids. Increased liver TAG is widely 
accepted as the onset of NAFLD, and this is strongly associated with 
central obesity and insulin resistance in humans (Cohen, Horton, & 
Hobbs, 2011). In addition, methionine choline deficiency (Chawla 
et al., 1998; Slow & Garrow, 2006) or high‐cysteine diets concomi‐
tantly containing low dietary methionine and choline result in liver 
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Abstract
The following study aimed to develop a fatty liver model in primary hepatocytes 
isolated from Atlantic salmon. In order to induce the fatty liver, oleic acid (OA) at 0.2 
or 0.4 mM was used. Metformin, known to prevent and cure fatty liver in mammalian 
cells, was used at 1 or 10 mM for 24 hr before addition of OA to test possible preven‐
tion effect of metformin on the OA‐induced fatty liver phenotype. Cells grown in 
0.2 mM OA did not increase the mean number of lipid droplets, while cells grown in 
0.4 mM OA increased the number of lipid droplets within the liver cells (p < 0.0001). 
Metformin pretreatment prior to OA supplementation reduced the mean number of 
lipid droplets. Gene expression of ApoB100, CD36 and PPARa increased in cells 
treated with metformin and most so at 10 mM. On the other hand, gene expression 
of LXR, SREBP2 and CPT‐1 decreased at both concentrations of metformin, while OA 
treatment did not affect these genes. Gene expression of IL‐8 increased by 0.4 mM 
OA (p = 0.002). Metformin reduced the gene expression of IL‐8. Thus, metformin ef‐
ficiently enhanced the expression of genes related to transport and oxidation of lipids 
in hepatic cells of salmon, but required higher concentrations of OA and metformin 
than those required in rodent models to increase and prevent lipid accumulation, 
respectively.

K E Y W O R D S

AMPK activation, fatty liver, liver, metformin, TAG

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2019 The Authors. Aquaculture Nutrition Published by John Wiley & Sons Ltd

www.wileyonlinelibrary.com/journal/anu
mailto:￼
https://orcid.org/0000-0002-6593-2824
https://orcid.org/0000-0002-2461-2533
https://orcid.org/0000-0003-2084-1360
mailto:marit.espe@hi.no
http://creativecommons.org/licenses/by-nc/4.0/


738  |     ESPE Et al.

TAG accumulation in rodents (Toohey, 2014). Treatment with oleic 
acid (OA) is a well‐recognized method for experimentally promoting 
the development of fatty liver in rodent models (Lian et al., 2011; 
Vidyashankar, Varma, & Patki, 2013). Whether TAG accumulation 
present in salmon liver is similar to NAFLD described in both rodent 
and human models is not known. Although obesity seems closely re‐
lated to the presence and balance of amino acids, including sulphur 
amino acids, within tissue compartments in salmon (Espe et al., 2010; 
Torstensen et al., 2011), details in its signalling molecules and energy 
regulation promoting TAG accumulation in salmon are still largely un‐
known. Recently, Zhou et al. (2019) reported that high‐fat‐fed liver 
cells had increased TAG and cholesterol as compared to low‐fat‐fed 
cells. Further, cells treated with metformin upregulated AMP‐acti‐
vated protein kinase (AMPK) and had a higher expression of genes 
associated with lipid metabolism.

Metformin has been used to treat diabetes 2 during the past 
50 years (He et al., 2009) as it increases plasma glucose clearance 
(Mazza et al., 2012) and reduces glucose production (Cao et al., 2014). 
Metformin reduced TAG accumulation in diet‐induced fatty liver 
model in rodent (Liu et al., 2014). The reduction in lipid accumulation 
probably occurs through sensing of energy status as metformin phos‐
phorylates and activates AMPK, the main regulator of energy sensing 
inside cells (Viollet et al., 2012). Further, metformin administration 
reduced body weight and obesity in humans. However, the mecha‐
nisms behind this weight reduction are not fully understood (Malin 
& Kashyap, 2014). Additionally metformin administration is reported 
to reduce endoplasmatic reticulum stress (Simon‐Szabó, Kokas, 
Mandi, Keri, & Csala, 2014) which is often associated with increased 
inflammation and lack of appropriate antioxidative compounds 
(Esser, Legrand‐Poels, Piette, Scheen, & Paquot, 2014; Matsunada 
& Shimomura, 2013; Pitocco, Tesauro, Allesandro, Ghirlanda, & 
Cardillo, 2013; Vonghia, Michielsen, & Francque, 2013). Panserat et 
al. (2009) reported that rainbow trout fed high‐carbohydrate diets re‐
duced hyperglycaemia following metformin treatment and had higher 
activities of lipogenic enzymes. Nutrients’ ability to prevent TAG ac‐
cumulation is of high interest in fish nutrition, while treatment of TAG 
accumulation is of lower interest. The following experiments aimed 
at developing a model for TAG accumulation using primary liver 
cells isolated from Atlantic salmon using OA, furthermore, to assess 
whether metformin might have the ability to prevent the OA‐induced 
TAG accumulation in these cells, thus making the model suitable to 
be used in studies evaluating effect of nutrient supply on changes 
leading to liver TAG accumulation.

2  | MATERIAL S AND METHODS

2.1 | Isolation of primary liver cells

The aquarium in Bergen housed the Atlantic salmon used in the cur‐
rent study. The fish were fed the same commercial feed. Primary 
liver cells were isolated from Atlantic salmon as described elsewhere 
(Espe & Holen, 2013). In brief, primary liver cells were isolated from 
Atlantic salmon with an average BW of 512 ± 75 g (two males and 
three females). The liver was perfused with 0.09 M HEPES buffer 
containing 1.4 M NaCl, 0.067 M KCl and 0.03 M EDTA (pH 7.4) 
until free from blood; thereafter, livers were digested with colla‐
genase (0.1% dissolved in the HEPES buffer). Cells were squeezed 
through a Falcon cell strainer, and the isolated cells were dissolved 
in Leibovitz‐15 (L‐15) media and washed three times in L‐15 media. 
Cell viability and counting were done using Trypan blue (Lonzo, 
MedProbe). Before handling, fish were anaesthetized with meta‐
caine (MS222, 5–8 g/L) and killed with a blow to the head before 
liver cells were isolated. The Norwegian Board of Experiments with 
Living Animals approved the protocol applied.

2.2 | Cell studies

The isolated primary liver cells were plated in laminin‐coated 6‐well 
plates at a concentration of 0.8 million/cm2 as described elsewhere 
(Espe & Holen, 2013; Holen et al., 2014). Isolated cells were plated 
and grown in complete Leibovitz‐15 media (cL‐15), that is L‐15, added 
1% glutamax, 1% antibiotics and 10% calf serum (Espe & Holen, 
2013). In the pilot study, the media was supplemented with 1.0 mM 
or 10 mM metformin for 1 or 24 hr prior to OA treatment (0.2 and 
0.4 mM OA). The OA used was a water‐soluble OA from Sigma. All 
cells were harvested 24 hr post‐OA addition. In the main trial, the 
cells were pretreated with metformin at 1 mM and 10 mM for 24 hr 
before the OA was added and harvested 24 hr post‐OA supplemen‐
tation. In both trials, cells added only OA or metformin were included. 
In addition, a negative control grown in the cL‐15 media without ad‐
dition of OA or metformin was included. Plates were incubated in a 
dark normal atmosphere incubator at 9°C (Sanyo Incubator). Mean 
accumulation of lipid droplets and the expression of genes associ‐
ated with lipid metabolism and lipid transport were used to evaluate 
the concentrations and time necessary for the model to work. The 
outlines of the used protocols are shown in Table 1 and Supporting 
Information Figure S1.

Control 
1

1 mM metformin 
2

10 mM metformin 
3

0.2 mM OA 
4

1 mM metformin + 0.2 mM OA 
5

10 mM metformin + 0.2 mM OA 
6

0.4 mM OA 
7

1 mM metformin + 0.4 mM OA 
8

10 mM metformin + 0.4 mM OA 
9

Cells were treated with metformin for 24 hr or not added any metformin before wells were added 
OA at either 0.2 or 0.4 mM. All cells were harvested 24 hr post addition of OA. A total of 9 wells (i.e. 
treatments) and cells isolated from five individual fish were sampled (n = 5).

TA B L E  1   The trial based on the pilot 
results used 0.2 or 0.4 mM oleic acid (OA) 
and 10 or 1 mM metformin following the 
design below



     |  739ESPE Et al.

2.3 | Harvesting of the cells

Monolayer liver cells without media were added 300 µl cold lysis 
buffer (CelLyticTM M cell lysis reagent, Sigma‐Aldrich) of which were 
added protease/phosphatase inhibitor cocktail 100× from Cell 
Signaling (BioNordica#5872) as described by the supplier. The super‐
natant from lysed cells was harvested after centrifugation (15 min 
at 10,000 g).	Supernatants	were	stored	at	−80°C	until	analysed	by	
Western blots. Likewise, monolayer liver cells without media were 
added 600 µl RLT Plus buffer (RNeasy® Plus Kit, Qiagen) as de‐
scribed by the supplier, homogenized using a syringe and frozen at 
−80°C	until	RNA	extraction.

2.4 | Gene expression analysis

RNA was extracted using RNeasy® Plus Kit (Qiagen) according 
to	 the	manufacturer's	 instructions	 and	 frozen	 at	 −80°C	 for	 fur‐
ther processing. The quantity and quality of RNA were tested 
using the NanoDrop Spectrophotometer and the RNA 6000 Nano 
LabChip® Kit (Agilent Technologies, Palo Alto, CA, USA) as de‐
scribed earlier (Espe et al., 2015; Holen et al., 2014). A two‐step 
real‐time quantitative polymerase chain reaction (RT‐qPCR) pro‐
tocol was used to measure the mRNA levels of the target genes in 
liver cells as described elsewhere (Espe et al., 2015; Holen et al., 
2014). The Ct values obtained were normalized using the geNorm 
tool as described (Olsvik, Lie, Jordal, Nilsen, & Hordvik, 2005) and 
presented as mean normalized gene expression (NGE). EGF1a and 
beta‐actin were used as reference genes. Genes involved in lipid 
synthesis, degradation and transport including some markers for 
inflammation were addressed (Holen et al., 2014). The primers 
used are shown in Supporting Information Table S1.

2.5 | Cells for Transition Emission Chromatography

Electron microscopy was used to evaluate structural changes in mi‐
tochondria and counting mean lipid droplets within liver cells follow‐
ing each treatment. Lipid droplets were counted in TEM pictures of 
20 different cells per treatment. Results are presented as mean num‐
ber of lipid droplets/cell. Transmission electron microscope (TEM, 
Jeol JEM‐1230, Molecular Imaging Center, University of Bergen) was 
used to image the cells.

2.6 | Western blot

Western blots were run as described previously (Espe & Holen, 2013) 
with modifications published elsewhere (Espe et al., 2015). In short, 
samples were mixed with Laemmli buffer (1:1) and run on precast 
10% SDS gels using a Bio‐Rad Mini‐PROTEAN® Cell. Thereafter, 
the proteins were blotted on polyvinylidene difluoride (PVDF) 
membranes, blocked and incubated overnight with the respective 
antibodies tested (1:1,000). The following primary rabbit antibod‐
ies from Cell Signaling Technology (BioNordika, Oslo, Norway) 
were used: P‐AMPKα (#2531), AMPKα (#2532), P‐ACC (#11818) 

and ACC (#3662). Then, HRP‐linked anti‐rabbit IgG (Cell Signaling, 
#7074, 1:500) was used as the secondary antibody. Amersham ECL 
Advance™ Western Blotting Detection Kit (GE Healthcare and Chemi 
Chemiluminescence) and Image Capture (Syngene, Cambridge, UK) 
were used to detect the proteins. Results are reported as abundance 
of proteins normalized against actin (Cell Signaling # 4970) and 
shown relative to the negative control.

2.7 | Statistical analysis

Differences in normalized gene expression (NGE) between treatment 
means were analysed by ANOVA followed by Tukey's post hoc test. 
p‐values < 0.05 were accepted statistically different. When the data did 
not fulfil the assumptions for normality and homogeneity in variance, 
the non‐parametric Kruskal–Wallis test was used. Western blot data 
and mean number of lipid droplets per cell were analysed using Dunett 
test (p < 0.05). Values are reported as the means ± standard error (SE, 
6 or 5 individual fish, the pilot and trial, respectively) with exception of 
Western blot analyses that were analysed in three fish per treatment.

3  | RESULTS

3.1 | Determination of time and concentration 
necessary to develop the model

First, a regression using metformin concentration ranging from 0.1 mM 
to 40 mM was run with the aim of testing what concentration of met‐
formin the primary liver cells tolerated. Exceeding 10 mM metformin did 
not give any change in gene expression of the tested gene (Supporting 
Information Figure S2 showing manganese superoxide dismutase, 
MnSOD). A pilot study using OA and metformin at different concentra‐
tions and times of metformin pretreatment was run to address the time 
of pretreatment necessary to affect gene expression in the liver cells of 
salmon. The concentrations and times tested are outlined in Supporting 
Information Figure S2. The pilot model with 1 hr pretreatment with 
metformin (1 mM) followed by 24‐hr OA treatment (0.2 mM) did not 
result in any change in gene expression of genes associated with lipid 
metabolism as compared to the control. Here, it is shown peroxisome 
proliferator‐activated receptor alpha (PPARa, Supporting Information 
Figure S3a) and acetyl CoA carboxylase (ACC, Supporting Information 
Figure S3b). Increasing the pretreatment time of metformin from 1 to 
24 hr prior to the OA supplementation did not result in any difference 
in the gene expression either. However, at 24 hr and 10 mM metformin 
affects the gene expression of (PPARa), while OA concentration at the 
double of the rodent model (0.4 mM) did not affect PPARa, but affect 
the gene expression of ACC. This was also the case of several other 
tested genes (not shown). It was evident that pretreatment with met‐
formin for a longer period than 1 hr was necessary to affect gene ex‐
pression. The experiment therefore used 24 hr pretreatment with 1.0 
or 10 mM metformin, followed by 0.2 or 0.4 mM OA treatment. Cells 
were harvested 24 hr post‐OA addition. Controls not added anything 
as well as controls added only OA or only metformin were included. 
Table 1 shows the arrangement of the wells used in the trial.
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0.2 mM OA

1 mM metformin + 0.2 mM OA

10 mM metformin + 0.2 mM OA

0.4 mM OA
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3.2 | The development the fatty liver model and 
possibly preventive effect of TAG accumulation 
by metformin

Cells grown in 0.4 mM OA had significantly more (p < 0.0001) 
lipid droplets in the liver cells as compared to the negative control 
(Figure 1a). Even though the number of lipid droplets also increased 
in cells grown in 0.2 mM OA, they were not significantly different 
from the control cells. Pretreatment with metformin prior to OA 

supplementation prevented the accumulation of lipid droplets at 
both concentrations tested. However, the TEM pictures showed 
that cells grown in 10 mM metformin seem to have degraded mi‐
tochondria (Figure 1b). Metformin increased phosphorylation and 
thus activation of adenosine monophosphate‐activated protein 
kinase (AMPK) in a dose‐dependent manner (p = 0.041, Figure 2). 
Treatment with the higher metformin concentration (10 mM) prior to 
OA treatment at 0.4 mM tended to increase the amount of P‐AMPK, 
but not significantly. Phosphorylation and thus inactivation of ACC 
were not affected by treatments (p = 0.32, not shown). Neither were 
the respective unphosphorylated proteins affected by treatments 
(p = 0.51 and p = 0.54 for AMPK and ACC, respectively, not shown).

Cells pretreated with 10 mM metformin had higher gene ex‐
pression of PPARa when treated with OA at both 0.2 and 0.4 mM 
(Figure 3a, p < 0.0001 OA versus metformin pretreatment +OA), while 
cells grown in 1 mM metformin did not affect the PPARa gene expres‐
sion. Cells grown without pretreatment with metformin, but added OA 
did not differ from cells grown in the cL‐15 media (the control group). 
Likewise, the gene expression of the cluster of differentiation 36 (CD36) 
increased in cells grown in 10 mM metformin (Figure 3b, p < 0.0001). 
Cells pretreated with 10 mM metformin before OA supplementation 
increased CD36 expression. The gene expression of Apolipoprotein 
B100 (ApoB100) was similar to CD36 as 10 mM metformin pretreat‐
ment increased its expression independent of adding OA at 0.2 or 
0.4 mM (Figure 3c, p = 0.0006). Gene expression of ACC was similar 
to ApoB100 and CD36 as 10 mM metformin pretreatment prior to OA 
supplementation increased its gene expression (Figure 3d, p = 0.02).

On the other hand, both 1 and 10 mM metformin reduced the 
gene expression of liver x receptor (LXR) and this reduced gene expres‐
sion also persisted after OA treatments at both 0.2 and 0.4 mM OA 
(Figure 3e, p < 0.0001). Gene expression of sterol regulatory element‐
binding protein 2 (SREBP2) showed the same trend as LXR expression in 
that metformin decreased its gene expression (Figure 3f, p < 0.0001) at 
both 1 and 10 mM. The gene expression of carnitine palmitoyltransfer‐
ase 1 (CPT‐1) followed the same pattern as LXR (Figure 3g, p < 0.0001). 
Treatment with either 0.2 or 0.4 mM OA had no effect on gene expres‐
sion as compared to the control cells grown in the cL‐15 media. The 
gene expression of caspase‐3, acetyl CoA oxidase (ACO), PPARg and fatty 
acid synthase (FAS) was unaffected by treatments (not shown).

Liver cells treated with OA tended to have higher expression 
of the pro‐inflammatory interleukin‐8 (IL‐8) at both 0.2 and 0.4 mM 
OA, but IL‐8 expression only differed significantly from control 
cells treated with 10 mM metformin (Figure 4, p = 0.0005). Treating 
cells with metformin prior to the OA treatment generally decreased 
the gene expression of IL‐8, but did not reach a statistical differ‐
ence. The gene expression of the pro‐inflammatory interleukin‐1b 
and interleukin‐6 (IL‐1b and IL‐6) was too low to be calculated.

4  | DISCUSSION

Metformin reduces accumulated liver lipids (Kim et al., 2016; Liu et 
al., 2014; Malin & Kashyap, 2014), but is mainly used to treat TAG 

F I G U R E  1    The mean number of lipid droplets following 
the different treatments. Droplets were counted in 20 cells per 
treatment from TEM pictures (a). Cells grown in 0.4 mM oleic acid 
(OA) contained significantly more lipid droplets than the other 
treatments (p < 0.0001, Dunett). Values are mean lipid droplets per 
cell ± SE. The respective TEM from each treatment is shown (b). 
Arrows show lipid droplets. Cells treated with 10 mM metformin 
started to degrade the mitochondria as compared to cells treated 
with 1 mM metformin

1 mM metformin + 0.4 mM OA

10 mM metformin + 0.4 mM OA
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accumulation associated with diabetes and not to prevent lipid ac‐
cumulation in humans (He et al., 2009). The current trial did not use 
metformin to reduce and cure the fatty liver. Metformin was used to 
test whether metformin had the possibility to prevent TAG accumu‐
lation, which is more relevant for fish nutrition as deficiency of nu‐
trients increases TAG accumulation and liver size (Espe et al., 2010; 
Skjærven et al., 2018). The establishment of a fatty liver model using 
OA in primary liver cells isolated from Atlantic salmon succeeded. 
Addition of 0.4 mM OA increased the mean number of lipid droplets 
in the liver cells, while 0.2 mM OA did not differ from the control 
cells (Figure 1a). Our findings are in line with Liu et al. (2014) who 
reported that primary hepatocytes isolated from mice treated with 
OA (0.2 mM and 18 hr) accumulated TAG, while cells grown in media 
pretreated with metformin (0.5 mM and 12 hr) prior to OA treatment 
reduced their TAG content within the cells. Opposite to the rodent 
models (Liu et al., 2014), fish cells needed longer pretreatment time 
with metformin prior to OA treatment to prevent lipid accumula‐
tion within the liver cells. Likewise, Moracova et al. (2015) increased 
OA from 0.1 to 2.0 mM in primary hepatocytes isolated from rats, 
which resulted in a dose‐dependent increase in TAG accumulations. 
These results also are in line with the current study, but HepG2 cells 
needed 0.25 mM OA to induce lipid accumulation (Lian et al., 2011), 
which is less than the 0.4 mM needed by the salmon cells. Lately, 
also Zhou et al. (2019) used 0.4 mM OA and 0.2 mM metformin in 

liver cells isolated from blunt snout bream and found that metformin 
upregulated AMPK and attenuated lipid accumulation in high‐fat‐fed 
cells. Thus, salmon liver cells responded as the rodent model towards 
OA treatment, but needed higher concentration of OA as compared 
to the mammalian models as well as longer pretreatment time with 
metformin to attenuate the OA‐induced TAG accumulation. These 
differences are probably due to the fact that salmon is a cold‐water 
species and cells were incubated at lower temperatures than those 
commonly used for mammalian cells.

As in the mammalian models, metformin administration phos‐
phorylated and activated AMPK, while phosphorylation and inacti‐
vation of ACC did not occur. This is opposite to the results reported 
by Tokubuchi et al., (2017) who reported an increase in both P‐ACC 
and P‐AMPK following OA treatment. Activation of AMPK by phos‐
phorylation promotes ATP‐producing pathways as glycolysis, fatty 
acid oxidation and mitochondrial biogenesis, concomitantly inhibit‐
ing ATP‐consuming pathways as glucogenesis, glycogen synthesis, 
fatty acid synthesis and protein synthesis (Wong, Quinn, & Brown, 
2006). In addition, AMPK activation inactivates ACC and activates 
malonyl‐CoA carboxylase, thereby decreasing fatty acid and cho‐
lesterol synthesis (Choi et al., 2007; Mazza et al., 2012; Wong et 
al., 2006). Furthermore, activation of AMPK is known to activate 
PGC1a, the main mitochondrial biogenesis sensor mirroring mi‐
tochondrial DNA quality and maintenance (Barbieri et al., 2016). 

F I G U R E  2    As in mammalian models, 
metformin phosphorylated and activated 
AMPK (i.e. treatments 1–3; p = 0.041). 
Even though P‐AMPK also increased 
following 0.4 mM OA and metformin, the 
differences were not statistically different 
from the control. Activation of AMPK was 
normalized towards actin and calculated 
relative to the control group (Dunett, 
p < 0.05). Values are mean ± SE, n = 3
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Acetyl CoA carboxylase is a key regulator of mitochondrial fatty acid 
oxidation and is involved in regulating both oxidation and synthesis 
of fatty acids depending on being phosphorylated or not. P‐ACC is 
inactivated, and less malonyl‐CoA is produced. Low malonyl‐CoA 
thus reduces the fatty acid synthesis and increases the fatty acid 
oxidation (Song et al., 2015). The present trial could not report in‐
activation of ACC in salmon, probably due to relative high variations 
between the analysed fish. However, unphosphorylated ACC might 
act opposite to P‐ACC reducing oxidation of fat in line with the 

reduced gene expression of CPT‐1 indicating a reduced fat oxidation 
in the current trial. Inactivation of fatty acid oxidation in the pro‐
posed model following metformin pretreatment was not expected. 
Therefore, more studies testing which protein is activated or not are 
needed to unravel which proteins are present.

The effects observed in expression of genes affecting lipid me‐
tabolism were due to metformin, and minor effects of OA treatments 
were present in the current trial. Woo et al. (2014) reported that gene 
expression in cells isolated from obese mice showed reduced gene 

F I G U R E  3    Metformin increased gene expression of PPARa (a), CD36 (b), ApoB100 (c) and ACC (d) and attenuated gene expression of LXR 
(e), SREBP2 (f) and CPT‐1 (g). All values are means ± SEM, n = 5 (ANOVA, Tukey p < 0.05). 10 mM metformin generally resulted in higher or 
lower response than 1 mM metformin. The supplementation of oleic acid (OA) had low impact on the gene expression of the analysed genes
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expression of ACC, FAS and CPT‐1 in cells pretreated with 0.5 mM 
metformin prior to treatment with 0.25 mM palm oil. Metformin also 
increased the gene expression of PGC1a as well as the diameter of 
the adipocytes (Aatsinki et al., 2014). PGC1a is a master regulator 
of oxidative phosphorylation as well as mitochondrial biogenesis. 
Increased gene expression of PGC1a also increases the expression 
of PPARa also improving the mitochondrial fatty acid oxidation, 
while any increased bile acids will suppress PGC1a through LXR. The 
present study did not find any differences in PGC1a expression, but 
PPARa and ACC both increased following metformin administration, 
which indicates a possible higher oxidation of lipid in these cells. One 
should expect increased expression of CPT‐1 following metformin 
pretreatment, but in the current trial expression of CPT‐1 was re‐
duced in metformin‐pretreated cells, while FAS and ACO were un‐
affected by treatment. The reduced expression of CPT‐1 decreased 
following metformin pretreatment, and no effects on ACO and FAS 
were unexpected. Zhou et al. (2019) reported that the gene expres‐
sion of PPARa, CPT‐1 and PGC1a all was upregulated following met‐
formin treatment in liver cells isolated from blunt snout bream. The 
reason we did not find increased CPT‐1 expression in salmon liver 
following metformin needs to be investigated in more detail. In the 
rodent model, CPT‐1 expression generally increased following treat‐
ment with metformin (Tokubuchi et al., 2017). It should be noted 
that CPT‐1 expression was not significantly affected by treatment 
in the pilot study. Metformin pretreatment at 10 mM significantly 
increased the transcription of PPARa, which is well known for regu‐
lating and increasing several genes in lipid metabolism and increasing 

several genes related to lipid oxidation. The increase in PPARa by 
10 mM metformin was independent of the added concentration of 
OA, while cells grown in either 1 mM metformin or in OA did not 
differ from the controls. This is in line with a previous study involving 
rainbow trout hepatocytes where an increase in PPARa following OA 
(1 mM) treatment was reported (Woo et al., 2014).

ApoB100 is necessary for assembly of VLDL and exports of lipids 
from the liver (Vance, Walkey, & Cui, 1997; Watkins, Zhu, & Zeisel, 
2003). In the current trial, gene expression of ApoB100 was signifi‐
cantly higher following pretreatment with metformin especially at 
the 10 mM concentration. Depletion of CD36 reduced VLDL secre‐
tion from liver in mice (Nassir, Adewole, Brunt, & Abumrad, 2013). 
In the current study, pretreatment with metformin increased the 
CD36 gene expression indicating a possible increased secretion of 
VLDL contributing to the reduced amount of lipid droplet observed 
in these groups. Probably, both ApoB100 and CD36 participated in 
increased export of lipids from the liver cells leading to the low lipid 
phenotype observed in the current trial. The metformin concentra‐
tion needed to prevent lipid accumulation in Atlantic salmon cells 
should be followed up using lower metformin concentrations than 
10 mM. Especially as the TEM pictures indicated that 10 mM might 
have been too high as the mitochondria seem degraded.

SREBP‐2 is known to upregulate genes involved in biosynthesis of 
cholesterol and its uptake, while LXR is a cholesterol sensor known 
to upregulate cholesterol efflux genes (Wong et al., 2006). Both 
SREBP2 and LXR gene expression were significantly downregulated 
following the addition of metformin in hepatocytes from salmon, in‐
dicating that metformin administration reduced cholesterol synthe‐
sis and its efflux from the hepatocytes. This is in line with previous 
studies on metformin treatment of obese children with metabolic 
syndrome, where metformin treatment reduced circulating choles‐
terol (Luong, Oster, & Ashraf, 2015). AMPK activation, as is present 
following metformin administration in the current trial, was reported 
to suppress LXR expression and reducing lipid accumulation in 
HepG2 cells (Lee et al., 2015). As P‐AMPK was higher following met‐
formin treatment in the current trial (i.e. cells incubated in 10 mM), 
this might have influenced the expression of LXR expression.

The increased transcription of the cytokine IL‐8 after OA addi‐
tion indicates a pro‐inflammatory response to the free fatty acid 
supplementation, while the addition of metformin at the higher 
concentration (10 mM) prevented this response. High concentra‐
tion of free fatty acids is toxic to the liver cells, and some of this 
toxicity is expressed through increased inflammatory response 
(Feldstein et al., 2004; Yao et al., 2011). The reduced transcrip‐
tion of cytokines following metformin pretreatment is in line with 
results reported by Aatsinki et al. (2014); Arai et al. (2010), who 
found reduced expression of IL‐1b and IL‐6 following metformin 
treatment. The present study analysed both IL‐1b and IL‐6 together 
with IL‐8. However, only IL‐8 is reported due to the very low gene 
expression of IL‐1b and IL‐6. The lower gene expression of IL‐8 fol‐
lowing metformin treatment at both 1 and 10 mM indicated that 
metformin might have an anti‐inflammatory function also in the 
salmon liver cells. This is in line with a report (Simon‐Szabó et al., 

F I G U R E  4    Addition of oleic acid (OA) increased the gene 
expression of IL‐8 at both 0.2 and 0.4 mM compared to cells grown 
in the respective controls (p = 0.002, ANOVA followed by Tukey, 
p < 0.05), indicating that OA promotes inflammation in primary liver 
cells and metformin has a protective role in reducing inflammation
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2014) where it was observed that metformin influences pro‐in‐
flammatory cytokines and reduced active cleaved caspase‐3 thus 
improving viability of the cells. The active cleaved caspase‐3 was 
not analysed in the present study, only its gene expression of 
which did not change upon treatments; thus, it is not possible to 
conclude whether cell viability was affected in the current study.

5  | CONCLUSION

The present study succeeded in building a model of the fatty liver in 
primary liver cells isolated from Atlantic salmon. The model in question 
seems to be pretty much like the mammalian, though requiring higher 
concentration of OA. Metformin treatment probably reduced liver lipid 
accumulation by increasing PPARa, ACC and transport of lipids out of 
the hepatocytes (ApoB100 and CD36). In addition, OA supplementation 
without any metformin pretreatment increased the gene expression of 
IL‐8 compared to cells treated with 10 mM metformin, probably affect‐
ing inflammation. To prevent accumulation of lipid droplets in liver cells 
of Atlantic salmon, higher concentration of metformin and longer treat‐
ment time are required than the proposed mammalian model.

ACKNOWLEDG EMENT

Ministry of Trade, Industry and Fisheries, Norway, financed the pro‐
ject. The aquarium in Bergen is thanked for housing the experimen‐
tal fish used in the trials. The assistance of Eva Mykkeltvedt during 
gene expression analysis is highly appreciated.

CONFLIC T OF INTERE S T

There is no conflict of interest to report.

AUTHOR CONTRIBUTION

ME planned and ME and EH ran the cell study with the help of SX and 
SC. All authors analysed the samples collected. ME was responsible 
for drafting the manuscript. All authors approved the final manuscript.

ORCID

Marit Espe  https://orcid.org/0000‐0002‐6593‐2824 

Shiwei Xie  https://orcid.org/0000‐0002‐2461‐2533 

Shijun Chen  https://orcid.org/0000‐0003‐2084‐1360 

R E FE R E N C E S

Aatsinki, S.‐A., Buler, M., Salomaki, H., Koulu, M., Pavek, P., & Hakkola, J. 
(2014). Metformin induces PGC1a expression and selectively affects he‐
patic PGC1a functions. British Journal of Pharmacology, 171, 2351–2363.

Arai, M., Uchiba, M., Komura, H., Mizuochi, Y., Harada, N., & Okajima, K. 
(2010). Metformin, an antidiabetic agent, suppresses the production 
of tumor necrosis factor and tissue factor by inhibiting early growth 

response factor‐1 expression in human monocytes in vitro. Journal of 
Pharmacology and Experimental Therapeutics, 334, 206–213. https://
doi.org/10.1124/jpet.109.164970

Barbieri, E., Guescini, M., Calcabrini, C., Vallorani, L., Diaz, A. R., Fimognari, 
C., … Sestili, P. (2016). Creatine prevents the structural and functional 
damage to mitochondria in myogenic, oxidatively stressed C2C12 cells 
and restores their differentiation capacity. Oxidative Medicine and 
Cellular Longevity, 2016, 1–12. https://doi.org/10.1155/2016/5152029

Cao, J., Meng, S., Chang, E., Beckwith‐Fickas, K., Xiong, L., Cole, R. N., 
… He, L. (2014). Low concentration of metformin suppress glucose 
production in hepatocytes through AMPK‐activated protein kinase 
(AMPK). Journal of Biological Chemistry, 289, 20435–20446. https://
doi.org/10.1074/jbc.m114.567271

Chawla, R. K., Watson, W. H., Eastin, C. E., Lee, E. Y., Schmidt, J., & 
McClain, C. J. (1998). S‐adenosylmethionine deficiency and TNF‐ 
in lipopolysaccharide‐induced hepatic injury. American Journal of 
Physiology, 275, G125–G129.

Choi, C. S., Savage, D. B., Abu‐Elheiga, L., Liu, Z.‐X., Kim, S., Kulkarni, 
A., … Shulman, G. I. (2007). Continuous fat oxidation in acetyl CoA 
carboxylase 2 knockout mice increases total energy expenditure, re‐
duces fat mass, and improves insulin sensitivity. Proceedings of the 
National Academy of Sciences, 104(42), 16480–16485. https://doi.
org/10.1073/pnas.0706794104

Cohen, J. C., Horton, J. D., & Hobbs, H. H. (2011). Human fatty liver 
disease: Old questions and new insight. Science, 332, 1519–1523. 
https://doi.org/10.1126/science.1204265

Espe, M., Holen, E., Provan, F., He, J., Chen, L., Øysæd, K. B., & 
Seliussen, J. (2015). Hydrolyzed proteins attenuates activation of 
caspase‐3 in H2O2 induced oxidative stressed liver cells isolated 
from Atlantic salmon (Salmo salar). SpringerPlus, 4, 658. 100.1186/
s40064‐015‐1432‐6

Espe, M., Andersen, S. M., Holen, E., Rønnestad, I., Veiseth‐Kent, E., 
Zerrahn, J.‐E., & Aksnes, A. (2014). Methionine deficiency does not 
increase polyamine turnover through depletion of liver S‐adeno‐
sylmethionine (SAM) in juvenile Atlantic salmon. British Journal of 
Nutrition, 112, 1274–1283.

Espe, M., Hevrøy, E. M., Liaset, B., Lemme, A., & El‐Mowafi, A. (2008). 
Methionine intake affect hepatic sulphur metabolism in Atlantic 
salmon, Salmo salar. Aquaculture, 274, 132–141. https://doi.
org/10.1016/j.aquaculture.2007.10.051

Espe, M., & Holen, E. (2013). Taurine attenuates apoptosis in primary liver 
cells isolated from Atlantic salmon. British Journal of Nutrition, 110, 20–28.

Espe, M., Rathore, R. M., Du, Z.‐Y., Liaset, B., & El‐Mowafi, A. (2010). 
Methionine limitation results in increased hepatic FAS activity, higher 
liver 18:1 to 18:0 fatty acid ratio and hepatic TAG accumulation in 
Atlantic salmon, Salmo salar. Amino Acids, 39, 449–460. https://doi.
org/10.1007/s00726‐009‐0461‐2

Esser, A. J., Legrand‐Poels, S. W., Piette, J., Scheen, A. J., & Paquot, N. 
(2014). Inflammation as a link between obesity, metabolic syndrome 
and type 2 diabetes. Diabetes Research and Clinical Practice, 105, 141–
150. https://doi.org/10.1016/j.diabres.2014.04.006

Feldstein, A. E., Werneburg, N. W., Canbay, A., Guicciardi, M. E., Bronk, 
S. F., Rydzewski, R., … Gores, G. J. (2004). Free fatty acids promote 
hepatic lipotoxicity by stimulating TNFa expression via a lysosomal 
pathway. Hepatology, 40, 185–194.

He, L., Sabet, A., Djedjos, S., Miller, R., Sun, X., Hussain, M. A., … 
Wondisford, F. E. (2009). Metformin and insulin suppress hepatic 
gluconeogenesis through phosphorylation of CREB binding protein. 
Cell, 137, 635–646. https://doi.org/10.1016/j.cell.2009.03.016

Holen, E., Espe, M., Andersen, S. M., Taylor, R., Aksnes, A., Mengesha, 
Z., & Araujo, P. (2014). A co‐culture approach show that polyamine 
turnover is affected during inflammation in Atlantic salmon immune 
and liver cells and that arginine and LPS exerts opposite effects 
on p38MAPK signaling. Fish & Shellfish Immunology, 37, 286–298. 
https://doi.org/10.1016/j.fsi.2014.02.004

https://orcid.org/0000-0002-6593-2824
https://orcid.org/0000-0002-6593-2824
https://orcid.org/0000-0002-2461-2533
https://orcid.org/0000-0002-2461-2533
https://orcid.org/0000-0003-2084-1360
https://orcid.org/0000-0003-2084-1360
https://doi.org/10.1124/jpet.109.164970
https://doi.org/10.1124/jpet.109.164970
https://doi.org/10.1155/2016/5152029
https://doi.org/10.1074/jbc.m114.567271
https://doi.org/10.1074/jbc.m114.567271
https://doi.org/10.1073/pnas.0706794104
https://doi.org/10.1073/pnas.0706794104
https://doi.org/10.1126/science.1204265
100.1186/s40064-015-1432-6
100.1186/s40064-015-1432-6
https://doi.org/10.1016/j.aquaculture.2007.10.051
https://doi.org/10.1016/j.aquaculture.2007.10.051
https://doi.org/10.1007/s00726-009-0461-2
https://doi.org/10.1007/s00726-009-0461-2
https://doi.org/10.1016/j.diabres.2014.04.006
https://doi.org/10.1016/j.cell.2009.03.016
https://doi.org/10.1016/j.fsi.2014.02.004


746  |     ESPE Et al.

Kim, E. K., Lee, S. H., Jhun, J. Y., Byun, J. K., Jeong, J. H., Lee, S. Y., … Cho, M.‐L. 
(2016). Metformin prevents fatty liver and improves balance of white/
brown adipose in an obesity mouse model by inducing FGF21. Mediators 
of Inflammation, 2016, 1–3. https://doi.org/10.1155/2016/58130130

Lee, J., Hong, S.‐W., Park, S. E., Rhee, E.‐J., Park, C.‐Y., Oh, K.‐W., … Lee, 
W.‐Y. (2015). AMPK‐activated protein kinase suppresses the expres‐
sion of LXR/SREBP‐1c signaling‐induced ANGPTL8 in HepG2 cells. 
Molecular and Cellular Endocrinology, 414, 148–155.

Lian, Z., Li, Y., Gao, J., Qu, K., Li, J., Hao, L., … Zhu, H. (2011). A novel 
AMPK activator, WS070117, improves lipid metabolism discords 
in hamsters and HepG2 cells. Lipids in Health and Disease, 10, 67. 
https://doi.org/10.1186/1476‐511X‐10‐67

Liu, F., Wang, C., Zhang, L., Xu, Y., Jang, L., Gu, Y. U., … Li, Q. (2014). Metformin 
prevents hepatic steatosis by regulating the expression of adipose dif‐
ferentiation‐related protein. International Journal of Molecular Medicine, 
33, 51–58. https://doi.org/10.3892/ijmm.2013.1560

Luong, D. Q., Oster, R., & Ashraf, A. P. (2015). Metformin treatment im‐
proves weight and dyslipidemia in children with metabolic syndrome. 
Journal of Pediatric Endocrinology and Metabolism, 28, 649–655. 
https://doi.org/10.1515/jpem‐2014‐0201

Malin, S. K., & Kashyap, S. R. (2014). Effects of metformin on weight loss: Potential 
mechanisms. Current Opinion in Endocrinology Diabetes and Obesity, 21, 
323–329. https://doi.org/10.1097/MED.0000000000000095

Matsunada, M., & Shimomura, I. (2013). Increased oxidative stress in 
obesity: Implications for metabolic syndrome, diabetes, hyperten‐
sion, dyslipidemia, atherosclerosis, and cancer. Obesity Research & 
Clinical Practice, 7, E330–E341.

Mazza, A., Fruci, B., Garinis, G. A., Giuliano, S., Effect of the anti‐diabetic 
drugMalaguarnera, R., & Belfiore, A. (2012). The role of metformin 
in the management of NAFLD. Experimental Diabetes Research, 2012, 
716404. 10:1155/2012/716404

Moracova, A., Cervinkova, Z., Kucera, O., Mezera, V., Rychtrmoc, D., & 
Lotkova, H. (2015). The effect of oleic and palmitic acid on induction 
of steatosis and cytotoxicity on rat hepatocytes in primary culture. 
Physiological Research, 64 (Suppl. 5), S627–S636.

Nassir, F., Adewole, O. L., Brunt, E. M., & Abumrad, N. A. (2013). Cd36 
deletion reduces VLDL secretion, modulates liver prostaglandins and 
exacerbates hepatic steatosis in ob/ob mice. Journal of Lipid Research, 
54, 2988–2997.

Olsvik, P., Lie, K., Jordal, A.‐E., Nilsen, T., & Hordvik, I. (2005). Evaluation 
of potential reference genes in real‐time RT‐PCR studies of Atlantic 
salmon. BMC Molecular Biology, 6, 21–29.

Panserat, S., Skiba‐Cassy, S., Seiliez, I., Lansard, M., Plagnes‐Juan, E., Vachot, 
C., … Moon, T. W. (2009). Metformin improves postprandial glucose 
homeostasis in rainbow trout fed dietary carbohydrates: A link with the 
induction of hepatic lipogenic capacities. American Journal of Physiology, 
297, R707–R715. https://doi.org/10.1152/ajpregu.00120.2009

Pitocco, D., Tesauro, M., Allesandro, R., Ghirlanda, G., & Cardillo, C. 
(2013). Oxidative stress in diabetes: Implications for vascular and 
other complications. International Journal of Molecular Science, 14, 
21525–21550. https://doi.org/10.3390/ijms141121525

Simon‐Szabó, L., Kokas, M., Mandi, J., Keri, G., & Csala, M. (2014). Metformin 
attenuates palmitate‐induced endoplasmatic reticulum stress, serine 
phosphorylation of IRS‐1 and apoptosis in rat insulinoma cells. PlosOne, 
9(6), e97868. https://doi.org/10.1371/journal.pone.0097868

Skjærven, K. H., Jakt, L. M., Dahl, J. A., Espe, M., Adam, A. C., & 
Fernandes, J. (2018). Parental vitamin deficiency changes liver lipid 
regulation in the next generation. Scientific Reports, 8, 3055. 1038/
s4 1598‐018‐21211‐5

Slow, S., & Garrow, T. A. (2006). Liver choline dehydrogenase and kid‐
ney betaine‐homocysteine methyltransferase expression are not 
affected by methionine or choline intake in growing rats. Journal of 
Nutrition, 136, 2279–2283. https://doi.org/10.1093/jn/136.9.2279

Song, Y. M., Lee, Y.‐H., Kim, J.‐W., Ham, D.‐S., Kang, E.‐S., Cha, B. S., … 
Lee, B.‐W. (2015). Metformin alleviates hepatosteatosis by restoring 

SIRT‐1 mediated autophagy induction via an AMP‐activated protein 
kinase‐independent pathway. Autophagy, 11, 46–59. https://doi.org/
10.4161/15548627.2014.984271

Tokubuchi, I., Tajiri, Y., Iwata, S., Hara, K., Wada, N., Hashinaga, T., … 
Yamada, K. (2017). Beneficial effects of metformin on energy me‐
tabolism and visceral fat volume through a possible mechanism of 
fatty acid oxidation in human subjects and rats. PLoS ONE, 12(2), 
e0171293. https://doi.org/10.1371/journal.pone.0171293

Toohey, J. I. (2014). Sulfur amino acids in diet‐induced fatty liver: A new 
perspective based on recent findings. Molecules, 19, 8334–8349. 
https://doi.org/10.3390/molecules19068334

Torstensen, B., Espe, M., Stubhaug, I., & Lie, Ø. (2011). Combined dietary 
plant proteins and vegetable oil blends increase adiposity and plasma 
lipids in Atlantic salmon (Salmo salar L.). British Journal of Nutrition, 
106, 633–647. https://doi.org/10.1017/S0007114511000729

Vance, D. E., Walkey, C. J., & Cui, Z. (1997). Phosphatidylethanolamine 
N‐methyltransferase from liver. Biochimica Et Biophysica Acta, 1348, 
142–150.

Vidyashankar, S., Varma, R. S., & Patki, P. S. (2013). Quercetin ameliorate 
insulin resistance and up‐regulates cellular antioxidants during oleic 
acid induced hepatic steatosis in HepG2 cells. Toxicology in Vitro, 27, 
945–953. https://doi.org/10.1016/j.tiv.2013.01.014

Viollet, B. B., Guigass, B., Sanz Garcia, N., Leclerc, J., Foretz, M., & 
Andrelli, F. (2012). Cellular and molecular mechanisms of met‐
formin: An overview. Clinical Science, 122, 253–270. https://doi.
org/10.1042/CS20110386

Vonghia, L., Michielsen, P., & Francque, S. (2013). Immunological mech‐
anisms in the pathophysiology of non‐alcoholic steatohepatitis. 
International Journal of Molecular Science, 14, 19867–19890. https://
doi.org/10.3390/ijms141019867

Watkins, S. M., Zhu, X., & Zeisel, S. H. (2003). Phosphatidylethanolamine‐N 
methyltransferase activity and dietary choline regulate liver‐plasma 
lipid flux and essential fatty acid metabolism in mice. Journal of 
Nutrition, 133, 3386–3391. https://doi.org/10.1093/jn/133.11.3386

Wong, J., Quinn, C. M., & Brown, A. J. (2006). SREBP‐2 positively regu‐
lates transcription of the cholesterol efflux gene, ABCA1, by generat‐
ing oxysterol ligands for LXR. The Biochemical Journal, 400, 485–491.

Woo, S.‐L., Xu, H., Li, H., Zhao, Y. U., Hu, X., Zhao, J., … … C. (2014). 
Metformin ameliorates hepatic steatosis and inflammation without 
altering adipose phenotype in diet‐induced obesity. PLoS ONE, 9, 
e91111. https://doi.org/10.1371/journal.phone.0091111

Yao, H.‐R., Liu, J., Plumeri, D., Cao, Y.‐B., He, T., Lin, … J. (2011). 
Lipotoxicity in HepG2 cells triggered by free fatty acids. American 
Journal of Translational Research, 3, 284–291.

Zhou, W. H., Rahimnejad, S., Tocher, D. R., Lu, K. L., Zhang, C. X., & Sun, 
Y. Z. (2019). Metformin attenuates lipid accumulation in hepatocytes 
of blunt snout bream (Megalobrama amblycephala) via activation of 
AMP‐activated protein kinase. Aquaculture, 499, 90–100. https://doi.
org/10.1016/j.aquaculture.2018.09.028

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting	Information	section	at	the	end	of	the	article. 

How to cite this article: Espe M, Xie S, Chen S, Pedro A, 
Holen E. Development of a fatty liver model using oleic acid 
in primary liver cells isolated from Atlantic salmon and the 
prevention of lipid accumulation using metformin. Aquacult 
Nutr. 2019;25:737–746. https://doi.org/10.1111/anu.12905

https://doi.org/10.1155/2016/58130130
https://doi.org/10.1186/1476-511X-10-67
https://doi.org/10.3892/ijmm.2013.1560
https://doi.org/10.1515/jpem-2014-0201
https://doi.org/10.1097/MED.0000000000000095
10:1155/2012/716404
https://doi.org/10.1152/ajpregu.00120.2009
https://doi.org/10.3390/ijms141121525
https://doi.org/10.1371/journal.pone.0097868
1038/s41598-018-21211-5
1038/s41598-018-21211-5
https://doi.org/10.1093/jn/136.9.2279
https://doi.org/10.4161/15548627.2014.984271
https://doi.org/10.4161/15548627.2014.984271
https://doi.org/10.1371/journal.pone.0171293
https://doi.org/10.3390/molecules19068334
https://doi.org/10.1017/S0007114511000729
https://doi.org/10.1016/j.tiv.2013.01.014
https://doi.org/10.1042/CS20110386
https://doi.org/10.1042/CS20110386
https://doi.org/10.3390/ijms141019867
https://doi.org/10.3390/ijms141019867
https://doi.org/10.1093/jn/133.11.3386
https://doi.org/10.1371/journal.phone.0091111
https://doi.org/10.1016/j.aquaculture.2018.09.028
https://doi.org/10.1016/j.aquaculture.2018.09.028
https://doi.org/10.1111/anu.12905

