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Fig. 2. Lipid accumulation in the liver. (A) Total lipid, (B) TG, and (C) FFA in the
liver were measured and normalized to the tissue weight. (D) Lipid peroxide in
the liver was measured and normalized by each amount of protein. (E) The
hepatic fatty acid composition analyzed by gas chromatography was organized as
follows: SFA, saturated fatty acid; MUFA, cis-monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; n-6, n-6 PUFA; and n-3, n-3 PUFA (n=6 for each
group). *Significantly different from the control group with the same dietary
composition; 'significantly different from the low-fat diet with same dietary oil;
tsignificantly different from LF-C-fed and HF-T-fed group.

terms of linoleic acid (18:2n-6), the precursor of arachidonic acid.
Except for elaidic acid and arachidonic acid, there were no spe-
cific alterations for the HF-T group.

Cytokine-, adipokine- and lipid metabolism-related gene expression
in liver

Real-time RCR showed that TNFa and inducible nitric oxide syn-
thase (iNOS) mRNA expression increased in the HF groups com-
pared to the LF groups by approximately 2-fold when evaluated
for each C or T group (Table 4), while no difference was seen in
IL-6 and transforming growth factor-p (TGF-B) mRNA expression
in liver among all groups. In addition, adiponectin receptor 1 and
2 gene expression was measured as adipokine related genes, but
they did not differ among all groups.

To examine the potential mechanisms of hepatic steatosis by
the TFA-rich diet, we determined the expression of known medi-
ators of lipogenesis, fatty acid oxidation and TG excretion in liver,
the imbalance of which is thought to lead to steatosis. Sterol reg-
ulatory element-binding protein-1 (SREBP-1) induces fatty acid
synthase (FAS) and acetyl CoA carboxylase (ACC), and is impli-
cated in steatosis [27]. In relation to hepatic fatty acid synthesis,
the mRNA expression of SREBP-1 was significantly elevated in the
LE-T, HF-C and HF-T groups when compared to the LF-C group,
whereas FAS and ACC were elevated significantly only in the
HF-T group (Table 4). Peroxisome proliferator activated receptor
v (PPARY) is also implicated in steatosis [33]. The expression of
PPARY1 did not differ among the groups, while PPARy2 was sig-
nificantly elevated 13-fold in the HF-C group and, remarkably,
50-fold in the HF-T group. Although, the expression of PPARY
coactivator-1p (PGC-1p), known to coactivate the SREBP-1 and
stimulate lipogenic gene expression [19], was decreased in HF-
fed mouse livers. The fatty acid oxidation-related genes of PPARa
and carnitine palmitoyl transferase-1, and the TG excretion-
related genes of microsomal triglyceride transfer protein and
apolipoprotein B did not differ among the groups; fatty acid oxi-
dation-related genes showed a tendency to be decreased in the
LE-T group, but without statistical significance.

Concerning cholesterol metabolism-related gene expression
in liver, SREBP-2 was increased in the HF groups, but was not
affected by the dietary lipid sources. Hydroxymethylglutaryl-
CoA synthase-1 and reductase were significantly increased and
apolipoprotein A-1, a component of HDL, was decreased only in
the HF-T group, while they did not change in the LF-T group,
which showed an alteration of plasma cholesterol fraction
(Table 4).

Phosphorylation status of AKT in high-fat diet-fed mice livers

As Koppe et al. suggested that TFA feeding increased insulin resis-
tance in mice [17], and to determine if the exacerbating effects of
TFA intake on liver were associated with increased insulin resis-
tance, we evaluated the hepatic phosphorylation status of AKT
(Fig. 3A). The phospho-AKT(Thr308) level was significantly
decreased (Fig. 3B) and the phospho-AKT(Ser473) level was also
decreased, but without statistical significance (Fig. 3C) as deter-
mined by densitometrical analysis.

TFA increases TNFe: production and alters phagocytotic ability of KCs

The cis- or trans-fatty acid-containing medium showed no cyto-
toxicity towards KCs when compared to the fatty acid-free con-
trol medium (Fig. 4A). TNFa production of KCs induced by LPS
was increased in both the C18:1 and C18:2 TFA-containing
medium compared to that of cis-structural isomer-containing
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Table 3. Individual fatty acid compesition of the liver.
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Low-fat diet High-fat diet
Control oil (LF-C) TFA-rich oil (LF-T) Control oil (HF-C) TFA-rich oil (HF-T)
SFA . - , - 4
Myristic 14:0 0.6+0.1 0.5£0.0 03:0.1% 04+0.1""
Paimitic -16:0 :21.0%1.6 192+ L1 i 121+06°* 187+36"
Stearic 18:0 3.7+038 3.6£0.6 46+06 33212
Arachidic 20:0 06%03 1.0£0.1° =2 0.6+03 0.9£03
MUFA
Palmitoleic 16:1 n-7 6.9+49 79+48 2502 49+10
Oleic 18:1 534+6.7 59.8+23 474+13 572+438""
Elaidic 18:1 (9-trans) 00£0.0 2205 0302 6.2+2.4%
PUFA
Linoleic 18:2 n-6 6.5£2.1 21204 181+ 1.6 2614
a-Linolenic 18:3 n-3 0.6+04 0.0£00 32405 0.2£0.2"
‘Dihomo-y-linolenic 20:3 n-6 0201 02%01 05+0.2¢ 02102
Arachidonic 20:4 n-6 25+09 2205 2606 0.6+03""
-Eicosapentaenoic 20:5n-3 - 04£02 - 01£00 14+0.1° 1.2+09%
Docosapentaenoic 22:5n-3 02+0.1 0.0%0.0 0.8 0.0 0.4+0.3%
Docosahexaenoic 22:6n-3 -30%1.1 1.0£03 S 52104 32+24

The relative percentage (mean + SD) of each fatty acid to the total fatty acids is presented (n =6 per each group).

* Significantly different from the corresponding control group with the same dietary composition; p <0.05.
! Significantly different from the low-fat diet with the same dietary lipid as a source; p <0.05.

T Significantly different from low-fat control diet group; p <0.05.

medium (Fig. 4B). However, IL-6 production by KCs did not differ
between cis- and trans-fatty acid-containing medium for both
C18:1 and C18:2, respectively (Fig. 4C). The phagocytotic ability
of KCs incubated in trans-C18:1-containing medium was lower
than that in cis-C18:1-containing medium (Fig. 4D), while the
influence of the structural difference of C18:2 fatty acid was
small (Fig. 4E).

Discussion

Both of the dietary lipid species [3] and their amounts [6,23] are
known to affect hepatic steatosis and inflammation. TFAs have
been mainly linked with coronary heart disease, possibly by
decreasing HDL-cholesterol and increasing LDL-cholesterol
[20,29]; while little attention has been paid to liver disease, even

Table 4. Cytokine-, adipokine- and lipid metabolism-related gene expression in liver.

Low-fat TFA-rich (LF T) High-fat control (HF-C) High-fat TFA-rich (HF-T)
Cytokine and adipokine ; 3 o ; : :
Tumor necrosis factor TNF 0.98+0.20 2,11£073¢ 1.94+0.77"
Interleukin-6 o 5 SAIEET 130£028 116 +0.14 1.10£0.25
Transforming growth factor-ﬁ TGB-p 0.86£0.17 1.35£050 0.98£0.22
Nitric oxide synthase 2, inducible = “iNOS 129034 2.23+0.75° 269%0.74%
Adiponectin receptor 1 AdipoR1 1.01£0.17 1.29£0.29 1.21£0.25
* Adiponectin receptor2 < - 3 : AdipoR2 - 0.92£0.16 21.20+£022- 1.2820.26
Lipogenesis
- Fatty acid synthase . = - % FAS 1.36%0.21 0.79+0.12 1.69£0.46° -
Acetyl-CoA carboxylase ACC 1.27£0.10 0.80£0.05 1.49 £0.37°1
Sterol regulatory element-binding protein-1 " °. SREBP-1 3.76+0.51" 1.93 +0.23% 4.69£017™M
Peroxxsome proliferator activated receptor y1 PPARY1 1.45£0.42 1.58 £ 0438 1.29£0.26
‘Peroxisome proliferator activated receptor y2 PPARY2 1884033 12.92 £ 6.04° 50.18 £3.617%
PPARY coactivator-1p _ PGC- 1B 0.81+0.10 0.61£0.15 0.59+0.12%
Fatty acid oxidation - i : Sl G L :
Peroxisome pro]nferator activated receptor o PPARG: 0.51+0.23 1.25 +0.48 1.28+041
- Carnitine palmitoy! transferase-1- CPT-1 0.63+0.11 1.03£034 - 1.08 £0.57
Triglyceride excretion
Microsomal triglyceride transfer protein MTP 1.04+0.16 0.92+0.11 091+0.11
Apolipoprotein B ApoB 1.11£0.15 1.20+0.13 1.15+0.09
Cholesterol metabolism : L 3 :
Sterol regulatory element-binding protein-2 SREBP-2 0.87 £0.15 1.66 £0.25 1.69£0.34
Hydroxymethylglutaryl-CoA synthase-1 HMGCs1 11.03£0.11 160026 4.56+0.737"
Hydroxymethylglutaryl-CoA reductase HMGCr 0.99 +£0.13 1224032 2930447
Apolipoprotein A-1 - - . ApoAl 0.93+0.09 1.26£0.21 061 %0117
All results are expressed as the relative fold change compared to the low-fat control diet group £ SD (n= 6 per each group).
° Significantly different from the corresponding control group with the same dietary composition; p <0.05.
! Significantly different from the low-fat diet with the same dietary lipid as a source; p <0.05.
T Significantly different from low-fat control diet group; p <0.05.
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Fig, 3. Effect of excessive TFA consumption of AKT in the high-fat diet-fed mice liver. (A) Representative pictures of phospho-AKT (Thr308 and Ser473), total AKT and
B-actin Western blots as well as densitometric analysis of the (B) pAKT(Thr308) or (C) PAKT(Thr473)/total AKT ratio. “p <0.05.

though a few studies have reported that hepatic steatosis [30]
and ALT elevation [17] were induced by a TFA-rich diet in mice,
the mechanisms remain to be clarified. In agreement with this,
the HF-T group showed severe steatosis with a significant trans-
aminase elevation, while HF-C-fed mice only showed moderate
steatosis without liver injury, in addition we showed that rela-
tively small amounts of TFA-rich oil intake do not induce severe
steatosis and liver injury in the current study. Interestingly, the
plasma cholesterol fraction was significantly altered even in the
LF-T group in association with the elevation of the total: HDL-

cholesterol ratio, a risk factor index of coronary artery disease
[22]. The alteration of the plasma cholesterol fraction might be
partiaily explained by changes in the cholesterol metabolism-
related gene expressions in the HF-T group, but not in the LF-T
group. We could not determine why the cholesterol fraction
was altered in the LF-T group, but it might be partially due to
the modified membrane fluidity induced by TFA intake [14]. That
a relatively small TFA intake could affect the cholesterol fraction
but not the liver might be the reason why less attention has been
paid to the liver until recently.
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Fig. 4. The impact of cis-/trans-fatty acid on the cytokine production and phagocytotic ability of KCs. (A) No fatty acids (200 pM) shows cytotoxicity for primary KCs
after 24 h incubation, but (B) increases TNFo production in both C18:1 and C18:2-TFA-containing medium compared to its cis-structural isomer. (D) IL-6 production
increases in C18:1-containing medium and remains unchanged in C18:2-containing medium, whereas the cis- or trans-structural difference does affect the results. The
influence of the C18:1 (D) and C18:2 (E) cis-/trans-fatty acid on the phagocytotic ability of KCs is measured by flow cytometry analysis. MFI: mean fluorescence intensity

(n =8 for each group, A-C). *p <0.05.
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One of the noted biochemical changes seen in the HF-T group
was the elevation of plasma FFA, almost all of which is derived
from adipose tissue and accumulates in the liver as TG in a
dose-dependent fashion {7]. The increase of plasma FFA might
be due to the TFA incorporation in the adipocyte plasma mem-
brane resulting in decreased membrane fluidity, accompanied
by increased adipose tissue insulin resistance as evidenced by
increased lipolysis, decreased antilipolysis and decreased glucose
uptake in rat adipocytes [14]. In addition, in contrast to TG, the
circulating FFAs [21] and accumulation of FFAs in liver [32] are
known to exert lipotoxicity to hepatocytes, so the significant
increase of the plasma FFA in the HF-T group might affect the
pathophysiology. On the other hand, hepatic FFA was higher in
HF than LF irrespective of the dietary lipid sources, and it was
reported that forced high-fat feeding induced NASH in mice,
while usual high-fat intake does not [6]. Hepatic FFA accumula-
tion remained unaltered among healthy, NAFLD and NASH sub-
jects liver [24], so it might not be necessary for the progression
to NASH but could be a exacerbating factor in the case of excess
fat consumption. Therefore, elevated plasma FFA and accumu-
lated hepatic lipid peroxide [23] would contribute synergistically
to the liver injury in this model.

A previous study reported that TFA intake decreased the
arachidonic acid level and induced insulin resistance in adi-
pose tissue, probably due to the decreased membrane fluidity
[14], and the present study also revealed a decrease of the
arachidonic acid level in the liver and lower phosphorylation
status of AKT which could reflect the hepatic insulin resistant
status in the HF-T group. In addition, a human lipidomic anal-
ysis of NAFLD/NASH liver described a decrease ‘of arachidonic
acid and unaltered levels of precursor linoleic acid, but the
study did not address TFA consumption [24]. Although, the
mechanisms of the arachidonic acid decrease and involvement
in the insulin resistance and progression to NASH remain to
be clarified, these common findings might suggest that TFA
intake influences both the liver and adipose tissue in a some-
what similar fashion in NASH patients and people who con-
sume excess TFAs.

Typical pathological findings in human NAFLD/NASH patients
such as macrovesicular lipid deposit and inflammation are usu-
ally identified around zone 3, though the mice liver showed lipid
deposits around zone 1 even in the control lipid-fed group. Micr-
ovesicular lipid droplets were remarkable in the HF-T group, so it
might be difficult to assess the pathological changes using a
human scoring system such as NAS. The pathological differences
might be due to a specific problem, since the pediatric NAFLD is
known to show histological findings around zone 1 [26], which
might be related to the dietary habit of consuming excess TFAs
from snacks and first food.

Although the expression of proinflammatory cytokines such
as TNFo [30] and IL-1B [17] have been shown to be induced in
the mice liver by TFA-rich diets, this was not the case in the cur-
rent study. However, a previous study reported that, among
hypercholesterolemic subjects, the production of TNFe by cul-
tured mononuclear cells was increased by a TFA-rich soy bean
margarine diet compared with a natural soybean oil diet [12],
and we showed KCs increased TNFo, production in TFA-contain-
ing medium compared to that of cis-structural isomer-containing
medium. Accordingly, pathophysiological conditions induced by
TFA consumption could be partially due to alterations in the
monocyte/macrophage ability in proinflammatory cytokine pro-
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duction and phagocytosis, and KCs in particular may play impor-
tant roles in the local circumstances.

With regard to the adipokines, the adiponectin levels were not
changed between the HF-C and HF-T group, but plasma leptin
was significantly increased in the HF-T group. Leptin is an appe-
tite-suppressing and body weight-regulating adipokine, and is
even related to liver regeneration and fibrosis [13]; hyperleptin-
emia might be related directly to the elevation of type1 collagen
ol mRNA expression in the liver.

In terms of the severe steatosis of the model, the lipogenetic
genes such as FAS, ACC, SREBP-1 and PPARY2 were coordinately
induced, but PGC-1B was not. PGC-1p is known to be induced in
the liver by short term high-fat feeding, to coactivate SREBP-1,
but to reduce hepatic fat accurnulation. However, since it was not
investigated in this study, the decrease of PGC-1p gene expression
might be due to long term feeding or any other factors, such as the
relatively low carbohydrate diet. It was reported that a TFA-rich
diet suppressed the PPARy gene expression in rat adipose tissue
[8], and that lipogenic gene expressions in the liver and the adipose
tissue are reciprocal modulations [4], which might reflect the core
mechanisms of the heterotopic fat accumulation in vivo.

In summary, excess TFA consumption induces significant hepa-
tic steatosis accompanied by augmentation of the hepaticlipogenic
gene expressions, FFA influx into the liver, and the hepatic accumu-
lation of lipid peroxide. The hepatic accumulation of TFA and the
reduction of the arachidonic acid content were the lipidomic prop-
erties in this model. Together with their potential induction of local
cytokines by KCs, lipid species including TFA may play a pivotal
role in the development of non-alcoholic fatty liver diseases.
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