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Abstract

Accumulation of fat in the liver, also known as steatosis, may lead to inflammation and tissue damage. Kupf-
fer cells (KCs) are the resident macrophages of the liver and have an important role in inflammatory reactions.
The inflammatory response of isolated rat KCs to endotoxin in the presence of lipids was investigated in this
study. KCs were treated with lipopolysaccharide (LPS) and triglycerides (TGs) alone or in combination. TGs
had no effect on the expression of pro-inflammatory mediators, but adding TGs to LPS enhanced the induc-
tion of inducible nitric oxide synthase (iNOS), tumor necrosis factor-a (TNF-a), interleukin-18 (IL-1), inter-
leukin-6 (IL-6), and granulocyte colony-stimulating factor (G-CSF), compared with LPS treatment alone. In-
creased DNA binding of NF-«B transcription factor was seen on simultaneous exposure of the cells to TGs and
LPS, which was accompanied by decreased intracellular ROS production and increased GSH levels. The in-
flammation-potentiating effect of TGs on iNOS expression was abolished on NF-«B inhibition. This enhanced
inflammatory response might indicate a contribution of lipids to the inflammatory conditions in the fatty liver

by increased activation of KCs. Antioxid. Redox Signal. 11, 2009-2022.

Introduction

FAT ACCUMULATION in nonadipose tissues is a prominent
outcome of overnutrition and obesity. Over time, this
lipid overload might be associated with tissue damage and
organ dysfunction (43). Nonalcoholic fatty liver disease
(NAFLD) is a medical condition in which the liver is invaded
with fat and excessive amounts of lipids are present within
hepatocytes, a morbidity known as steatosis. Fatty liver is
the hepatic manifestation of the metabolic syndrome, a grow-
ing problem in the modern Western world, characterized by
insulin resistance, obesity, elevated blood lipids levels, and
high blood-pressure values (7, 49).

NAFLD might worsen into a more serious condition,
known as nonalcoholic steatohepatitis (NASH), in which fat
accumulation is accompanied by an inflammatory process in
the liver. NASH might eventually lead to fibrosis and severe
cirrhosis in some patients. The development of liver inflam-
mation is a crucial rate-limiting step in the progression of

NAFLD and might play a detrimental role in long-term prog-
nosis (49). The inflammatory process may be initiated by
liver resident cells and by recruited inflammatory cells (38).
The pathomechanism dictating development of inflamma-
tion and transition from NAFLD to NASH is not fully un-
derstood and may involve different liver cell populations.
Kupffer cells (KCs) are the resident macrophages of the
liver, located mainly in the lumen of the hepatic sinusoids
(2) and represent the largest population of tissue macro-
phages in the body (5). Besides participation in homeostatic
responses, KCs play essential roles in host defense by con-
stantly contacting the portal blood entering the liver. In ad-
dition to phagocytosis of particulate material, involvement
of KCs in immunologic and inflammatory reactions has been
suggested (2, 3, 38). Activation of KCs, like other macro-
phages, is strongly induced by the bacterial endotoxin
lipopolysaccharide (LPS), which might originate from gram-
negative bacteria found in the gastrointestinal (GI) tract. This
process is associated with increased production and release
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of inflammatory mediators, nitric oxide (NO), cytokines, and
reactive oxygen species (ROS) by the cells (5).

NO is a key player in various hepatic pathologies, released
by different cell types and generated in KCs as an outcome
of strong activation of inducible nitric oxide synthase (iNOS)
under inflammatory conditions (30). During endotoxemia,
released NO is involved in modulation of the immune re-
sponse (13). Pro-inflammatory cytokines released by acti-
vated KCs, including TNF-«, IL-6, and IL-1, are important
regulators of the response during inflammatory activation
(2, 38, 48). Likewise, granulocyte colony-stimulating factor
(G-CSF) is produced by macrophages on LPS stimulation.
G-CSF can modulate the function of immune cells, and local
production of G-CSF serves as recruiting signal for neu-
trophils into the inflammatory foci during infection (23).
Toll-like receptor 4 (TLR4), the transmembrane receptor spe-
cific for LPS, acts together with CD14, a key mediator in the
LPS-signaling pathway in KCs (5, 48). This signal cascade re-
sults in activation of the transcription factor nuclear factor-
kB (NF-kB) and induction of pro-inflammatory mediator
production (48). Proper control over this activation is crucial
to avoid exaggerated response and deterioration of patho-
physiologic conditions (19).

Lipids can alter the immune cells function and responses.
In vitro and in vivo studies of macrophages showed that ex-
posure to various lipids exhibits a variety of influences over
NO production, ROS generation, cytokine-release profile,
adhesion ability, phagocytic activity, and cell viability (4, 8,
12, 16). We hypothesized that increased TGs accumulation
in the liver may stimulate inflammatory response by hepatic
KCs. In this study, KCs were briefly exposed simultaneously
to TGs and endotoxin. The study aimed to analyze the effect
of TGs on the inflammatory activation of KCs, a mechanism
in which lipid-exposed KCs may be involved in the pro-
duction of inflammatory mediators.

Materials and Methods
Animals

Male Sprague-Dawley rats with a body weight of 400 to
500 g were purchased from Harlan-Winkelmann (Borchen,
Germany) and kept under standard conditions with 12-h
light/dark cycles and free access to food and water. All pro-
cedures were performed in accordance with the institution’s
guidelines, the German Convention for Protection of Ani-
mals, and the National Institutes of Health guidelines.

Materials

The materials used were obtained as follows: Pentobarbi-
tal sodium (Narcoren; Merial, Hallbergmoos, Germany); Me-
dia M199 (Biochrom, Berlin, Germany); Nycodenz (Axis-
shield, Oslo, Norway); Agarose, Alexa-labeled secondary
antibodies, HEPES buffer, r-glutamine, MMLV Reverse
Transcriptase, dNTPs, Platinum SYBR Green qPCR Super-
Mix-UDG (Invitrogen, Carlsbad, CA); penicillin-strepto-
mycin (Cambrex, Carlskoga, Sweden); FCS (PAA, Linz, Aus-
tria); Pronase E (Merck, Darmstadt, Germany); BSA (Serva,
Heidelberg, Germany); DNase I (Roche Diagnostics GmbH,
Mannheim, Germany); lipid emulsion (Lipofundin 20% con-
taining 5% 16:0; 2% 18:0; 12% 18:1; 27% 18:2; 4% 18:3 and
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50% medium-chain fatty acids) (B. Braun, Melsungen, Ger-
many); long-chain triglycerides emulsion (ClinOleic emul-
sion 20% containing 13.5% 16:0; 2.9% 18:0; 59.5% 18:1; 18.5%
18:2 and 2% 18:3 fatty acids) (Baxter, Unterschleissheim, Ger-
many); antibody for NF-«B p65 (sc-8008), antibody for TLR4
(sc-30002), antibody for CD14 (sc-5749), antibody for MyD88
(sc-8196) (Santa Cruz Biotechnologies, Santa Cruz, CA); an-
tibody for iNOS (BD Transduction Laboratories, Erem-
bodegem, Belgium); mouse negative control for immunocy-
tochemistry, anti-mouse (HRP labeled) antibody, anti-goat
(HRP labeled) antibody, anti-rabbit (HRP or biotin labeled)
antibodies (DAKO, Glostrup, Denmark); streptavidin (HRP
labeled) (Southern Biotech, Birmingham, AL); oligo (dT);s,
ECL Western blotting detection reagents, x-ray film for
EMSA (Amersham, Buckinghamshire, U.K.); x-ray film for
Western blot (Konica, Munich, Germany); Bradford reagent
(Pierce, Rockford, IL); primary antibody for ED2 (CD163)
(Serotec, Diisseldorf, Germany); DAPI (Molecular Probes,
Leiden, The Netherlands); T4 Polynucleotide Kinase, Kinase
10X Reaction Buffer, NF-«kB Consensus Oligonucleotide
(Promega, Madison, WI); collagenase, lipopolysaccharide
(LPS) from Salmonella minnesota, Nile red, Paraoxon, palmitic
acid, linoleic acid, Zymosan from Saccharomyces cerevisiae,
acrylamide, Triton X-100, primary antibody for B-actin,
EDTA, DTT, PMSF, NP-40 (Igepal), Bay 11-7082 (Sigma,
Steinheim, Germany); blocking reagent for Western blot (Ap-
plichem, Darmstadt, Germany).

Isolation of KCs from rat liver

KCs were isolated according to the method of Knook et al.
(29), as described elsewhere (2) with some modifications. In
brief, after anesthesia, the rat liver was first perfused with
100 ml Gay’s balanced salt solution (GBSS) and then digested
by perfusion with pronase and pronase/collagenase solu-
tions. The liver was then removed and stirred in 200 ml
pronase/collagenase/DNase-solution on a magnetic stirrer
at 37°C for 40 min while the pH was kept between 7.4 and
7.5. The obtained cells were passed through a 12-mm cell
sieve. The hepatocytes were removed by differential cen-
trifugation, and the remaining nonparenchymal cells, were
collected and mixed with a Nycodenz solution to a final con-
centration of 17.5 g/dl. The density-gradient centrifugation
was performed at 1,400 g for 17 min. Thereafter, the inter-
phase was collected, and KCs were separated from other cells
according to size by counterflow elutriation by using a Beck-
man centrifuge (J 2-21, JE-6B rotor; Beckman Instruments,
Munich, Germany). The rotor speed was 2,500 rpm, and the
KCs fraction was collected at a flow rate of 55 ml/min. The
obtained KCs were sedimented, resuspended in culture
medium (M199 supplemented with 15% FCS, 1% L-gluta-
mine, 100 U/ml penicillin, and 100 g/ ml streptomycin) and
counted in a Neubauer chamber after trypan blue staining.
Cells were then plated onto six-well plates (500,000 cells/ml),
and cultures were kept at 37°C in a humidified atmosphere
containing 95% air and 5% CO,.

Immunocytochemistry and culture purity

KCs were plated onto eight-chamber (Lab-tek) slides
(Nunc, Roskilde, Denmark), and medium was replaced
16-18 h after plating. Twelve hours later, cultures were
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washed with phosphate-buffered saline (PBS), pH 7.4, and
fixed with methanol (—20°C for 10 min) and acetone (—20°C
for 10 sec). Then the slides were air-dried and stored at
—20°C until further use. Immunocytochemistry was per-
formed by using an immunofluorescence technique. After
washing with PBS, pH 7.4, cells were covered with FCS/BSA
solution for 1 h, washed again, and then incubated with an-
tibody against ED2 (CD163) (1:150 dilution in PBS) at 4°C
overnight. Then the cells were washed 3 times with PBS and
incubated with secondary Alexa 555-labeled antibody (1:400
dilution in PBS) at room temperature for 1 h. Counterstain-
ing of the nuclei was done by using 4',6-diamidino-2-
phenylindole, dihydrochloride (DAPI), and the cells were ex-
amined with fluorescence microscopy (Axiovert 200 with
apotome function; Zeiss, Gottingen, Germany). To verify
specific binding, mouse negative control serum was used as
a staining control instead of the first antibody, representing
the same immunoglobulin class of the relevant antibody.

Treatment with LPS, lipid emulsions, and free fatty acids

Sixteen to 18 h after plating and 6 h before treatment of
the cells, culture medium was replaced. LPS (3 ug/ml), Zy-
mosan (3 ug/ml), Lipofundin lipid emulsion (LE), ClinOleic
long-chain triglycerides (LCTs) emulsion (to a final concen-
tration of 0.1% TGs), or free fatty acids (FFAs; to a final con-
centration of 10 or 100 uM) were added to the culture me-
dia in the plates for 2 and 6 h, as indicated. Cells were then
washed 3 times with PBS, pH 7.4, and RNA samples, total
cell protein samples, or nuclear extract samples were col-
lected.

In some experiments, the I-«B phosphorylation inhibitor,
Bay 11-7082, was added to the culture media (to a concen-
tration of 1 uM) 1 h before treatment.

Thin-layer chromatography

Culture medium samples were collected from control cells
and from cells treated with LE for 6 h. Samples were ana-
lyzed relative to LE and to TGs and FFAs standards on a sil-
ica gel plate (Merck, Darmstadt, Germany). The solvent sys-
tem comprised petrol ether, diethyl ether, and acetic acid in
a volumetric ratio of 80:19:1. Visualization of the compounds
on the plates was performed with iodine staining.

Nile red staining for detection of intracellular
lipid accumulation

KCs were seeded onto six-well plates (500,000 cells/ml),
and fresh medium was added 16-18 h after plating. Six hours
later, cells were exposed to LPS and /or LE (0.1% TGs), which
were added to the culture medium for up to 12 h. Nile red
staining was performed as it was described by Fowler et al.
(20), with some modifications. For this staining, stock dye
solution was prepared by dissolving Nile red powder in ace-
tone (0.5 ug/ml) and was stored protected from light at 4°C.
Before staining, cells were fixated for 15 min by using 4%
formaldehyde freshly prepared from paraformaldehyde.
Fresh staining solution was made by diluting the stock so-
lution in 75% glycerol (2 ul/ml) and applied to the fixated
cells. After 5 min, the cultures were examined with fluores-
cence microscopy.
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Total RNA isolation and gene-expression analysis with
quantitative real-time RT-PCR

Total RNA was isolated from the cells by using Trizol ac-
cording to the instructions of the manufacturer. cDNA was
generated by reverse transcription of 2 ug of total RNA by
using primer oligo (dT);5. The expression level of mRNA was
quantified with real-time PCR by using Sybr Green qPCR
mix in an ABI Prism 7000 sequence detection system (Ap-
plied Biosystems, Foster City, CA). The results were nor-
malized to the B-actin expression (used as endogenous con-
trol) and fold-change expression was calculated by using Ct
values in comparison with experimental controls that re-
ceived a value of 1. Primer sequences used were as follows:
B-actin, forward primer, 5'-TGT CAC CAA CTG GGA CGA
TA-3', and reverse primer, 5'-AAC ACA GCC TGG ATG
GCT AC-3';iNOS, forward primer, 5'-CAG CGC AGA GGG
CTC AAA GG-3’, and reverse primer, 5-TCG TCG GCC
AGC TCT TTC T-3'; TNF-«, forward primer, 5'-ACA AGG
CTG CCC CGA CTA T-3/, and reverse primer, 5'-CTC CTG
GTA TGA AGT GGC AAA TC-3'; IL-6, forward primer, 5'-
GTC AAC TCC ATC TGC CCT TCA G-3’, and reverse
primer, 5'-GGC AGT GGC TGT CAA CAA CAT-3'; IL-1B,
forward primer, 5'- TAC CTA TGT CTT GCC CGT GGA G-
3’, and reverse primer, 5'- ATC ATC CCA CGA GTC ACA
GAG G -3'; G-5CF, forward primer, 5'-CAC CTA CAA GCT
GTG TCA TCC G-3', and reverse primer, 5'-AGG CAC TTT
GTC TGC CTG CAA G-3'; CD14, forward primer, 5'-CAG
GAA CTT TGG CTT TGC TC-3’, and reverse primer, 5'-CCC
ATT GAG CCA TCT TGA TT-3’; and myeloid differentia-
tion factor 88 (MyD88), forward primer, 5'-GCG AGC TCA
TTG AGA AAA GG-3’, and reverse primer, 5'-CTT GGT
GCA AGG GTT GGT AT-3".

Western blot analysis

Samples were analyzed for protein expression by using
standard Western blot techniques. In brief, protein samples
were denatured in electrophoresis buffer [50 mM Tris-HCl
(pH 6.8), 2% sodium dodecyl sulfate, 10% glycerol, 50 mg/ml
bromphenol blue, 2% B-mercaptoethanol] at 95°C for 5 min
and subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. Proteins were transferred onto nitrocellulose
membranes, and equal loading was confirmed by ponceau-
red staining. The membranes were blocked in Tris-buffered
saline containing 0.1% Tween 20 (TBS-T) containing 5% non-
fat dry milk, 1% BSA (and 1% blocking reagent in the case
of iNOS) for 1 h at room temperature. Immunodetection was
done by using anti-iNOS antibody (1:500 dilution in TBS-T
with 2.5% milk), anti-TLR4 antibody, anti-CD14 antibody, or
anti-MyD88 antibody (1:300 dilution in TBS-T with 2.5%
milk) at 4°C overnight. After a subsequent washing step, bi-
otin-conjugated anti-rabbit immunoglobulin (for iNOS), per-
oxidase-conjugated anti-rabbit immunoglobulin (for TLR4),
or peroxidase-conjugated anti-goat immunoglobulin (for
CD14 and MyD88) was used as a secondary antibody. In the
case of iNOS, the membranes were washed and incubated
with peroxidase-conjugated streptavidin. Visualization of
immunoreactive bands was performed by using ECL detec-
tion reagents, and the signal was detected by short exposure
to x-ray film. To ensure equal loading of proteins, the blots
were stripped and reprobed with anti-B-actin antibody
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(1:5,000 dilution in TBS-T with 2.5% milk; 1 h, room tem-
perature), and peroxidase-conjugated anti-mouse immuno-
globulin was used as a secondary antibody.

Enzyme-linked immunosorbent assay

The concentrations of cytokines in cell-culture media were
determined by using commercially available rat Quantikine
enzyme-linked immunosorbent assay (ELISA) kits provided
by R&D Systems (Wiesbaden, Germany). All samples were
analyzed in triplicate by following instructions of the man-
ufacturer.

Preparation of nuclear extracts

Nuclear extracts were prepared by scraping the cells into
extraction buffer (20 mM HEPES, pH 7.8, 10 mM KCl, 0.1
mM EDTA, 1 mM dithiotreitol (DTT), and 0.5 mM PMSF).
Samples were incubated on ice for 15 min, and then 60 ul of
10% NP-40 was added per each 1 ml of extraction buffer. Af-
ter a quick spin-down, the supernatant was removed, and
the pellet was redissolved in extraction buffer containing 400
mM NaCl. Samples were incubated on ice with agitation for
15 min, and then centrifuged at 15,000 g for 5 min. Super-
natants were collected as nuclear extract, and protein con-
centration was determined by using Bradford reagent with
BSA standards.

Electromobility shift assay

NF-«B consensus oligonucleotide was labeled with 32P by
using T4 polynucleotide kinase. Five micrograms of nuclear
extract and labeled oligonucleotide (10,000 cpm) were used
in each reaction. The negative control sample contained no
nuclear protein extract. The competition sample contained
an equal amount of unlabeled consensus oligonucleotide,
used to compete with the labeled probe. For supershift anal-
ysis, 2 ul of anti-NF-«B p65 antibody was added. Binding re-
actions were performed at 4°C overnight in a 2X binding
buffer (40 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM EDTA,
1 mM DTT, 1 mM PMSF, and 1.28 ug/ml competitor DNA).
Samples were separated by 4% nondenaturing acrylamide
gel electrophoresis in 0.5x TBE buffer at 170 V. After elec-
trophoresis, signal was detected after exposure to develop-
ing film at —80°C.

Estimation of intracellular ROS by using dihydroethidium

ROS levels were detected with dihydroethidium (DHE), a
redox-sensitive probe, as described previously (1). After the
different treatments, KCs were washed with PBS on the plates,
and then incubated with 25 uM DHE in 1 ml PBS for 30 min
at 37°C. The cells were then scraped, centrifuged, resuspended
in PBS, pH 7.4, and fluorescence was detected with flow cy-
tometer (excitation at 488 nm and emission at 575 nm).

Measurement of reduced glutathione

Reduced glutathione (GSH) was measured with high-
pressure liquid chromatography (HPLC), as described pre-
viously (4), with minor modifications. Samples were pre-
pared by scraping the cells into 1% phosphoric acid and
immediate freezing in liquid nitrogen. After thawing, sam-
ples were centrifuged at 23,500 ¢ for 5 min; supernatants
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were collected for HPLC analysis, and pellets were used to
determine protein amounts. Samples and glutathione stan-
dards were run in running buffer (50 mM KH,PO4 and 2%
acetonitrile, pH 2.7) by using a Synergy 4-um Polar-RP 80A
column (Phenomenex, Torrance, CA) when the cell potential
was 850 mV. Detection was made with an electrochemical
detector. The results were adjusted to protein levels of the
samples.

Statistical analysis

Data are expressed as mean *+ SEM of independent cell-
isolation procedures. Comparisons between two groups
were performed with Student’s ¢ test. Differences with a
value of p = 0.05 were considered to be significant. Statisti-
cal comparisons were performed by using GraphPad Prism
4 software (Graphpad Software, San Diego, CA).

Results
Isolation of KCs and LE treatment

The isolation of KCs from other hepatic nonparenchymal
cell populations by counterflow elutriation allows obtaining
a high-purity primary KCs culture. The yield was between
50 and 90 million cells/perfused liver with an average via-
bility rate of 97%. Purity of the isolated cells was determined
by phase-contrast microscopy and indirect immunofluores-
cence staining. Cells were stained against ED2 (CD163), a
KCs marker (2), and purity was confirmed with 92.3% ED2-
positive cells when merged with DAPI nuclear staining (Fig.
1A). Red fluorescence was not detected in negative control-
stained cultures, demonstrating specific binding of antibody
against ED2 (not shown).

Throughout the experiments, KCs were exposed to LE
added to the cell-culture medium as a source of TGs. Thin-
layer chromatography (TLC) analysis shows that TGs were
not decomposed to FFAs in the medium 6 h after the addi-
tion of LE (Fig. 1B).

Nile red staining of the cells was used to detect intracel-
lular lipid droplets. Exposure of KCs to 0.1% TGs for up to
12 h did not result in prominent lipid accumulation, relative
to control cells (Fig. 1C, bottom panels). Corresponding
phase-contrast images of cultures are also shown (Fig. 1C,
top panels), with no evidence of lipotoxicity of TGs at this
concentration. Flow cytometry, after annexin-PI staining of
LE-exposed cells, verified that exposure to 0.1% TGs was not
toxic to the cells up to 48 h (not shown).

Quantitative evaluation revealed no increase in the number
of Nile red—positive cells after exposure to LE alone for 2 h
and for 6 h. However, an increase in the number of stained
cells when adding TGs emulsion to LPS-containing culture
media was observed after 2 h. This increase was found to be
statistically significant after 6 h of treatment (Fig. 1D).

TGs augment iINOS expression in response to LPS

The induction of iNOS, an established marker of inflam-
matory activation, was used to study the effect of TGs on
this response in KCs.

Treatment of the cells with LPS for 2 h induced marked
increase in iNOS mRNA levels. Conversely, TGs alone did
not influence iNOS expression. However, simultaneous ex-
posure of the cells to both LPS and TGs resulted in signifi-
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FIG.1. Isolated KCs cultures, analysis of TGs in the medium, and uptake by the cells. (A) Staining KCs cultures against
CD163 (ED2) indicates high-purity cultures. DAPI fluorescence image of same field is shown on the left panel. (B) As eval-
uated by TLC compared with standards, no detected FFAs have been seen in the LE and in the cell-culture medium col-
lected from control cells (1) and from cells treated with LE for 6 h (2). (C) Nile red staining shows no massive accumula-
tion of lipid droplets in KCs after exposure to TGs for 12 h. Visualization of the same fields as a phase-contrast image is
shown in the upper panels. (D) Increase in number of Nile red-stained cells is shown after simultaneous exposure to LPS
and TGs for 6 h. Positive cells were counted in 10 to 15 different fields for each treatment. Data are presented relative to
control treatment average value, which was normalized to a 100 = SD. N.S., not significant; p (2 h) = 0.12. **p < 0.01. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www liebertonline.com/ars).
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cantly enhanced iNOS induction, compared with only
LPS-treated cells (Fig. 2A). iNOS protein expression was not
detectable with Western blot analysis in any of the samples
at this time point (not shown).

The same effect, of enhanced increase in iNOS mRNA ex-
pression, is shown in the cells after 6 h of the combined treat-
ment (Fig. 2A). At the 6-h time point, enhancement is ob-
served also in iNOS protein expression in cells exposed to
both LPS and TGs, compared with cells exposed only to LPS
(Fig. 2B).

To examine whether the activation of iNOS is affected by
the presence of medium-chain TGs (MCTs) found in Lipo-
fundin, its contribution to iNOS induction was compared
with that of emulsion containing only LCTs (ClinOleic).
LCTs alone were found to enhance the LPS-induced iNOS
mRNA expression (Fig. 2C). Further experiments were per-
formed in the presence of lipase inhibitor (Paraoxon). Inhi-
bition of lipase activity did not prevent the TGs-induced in-
crease in iNOS mRNA expression in response to LPS (not
shown), indicating that the effect was not mediated by li-
pase-dependent TGs hydrolysis. Moreover, addition of
palmitic acid and linoleic acid (to final concentrations of 10
and 100 uM) together with LPS for 6 h did not induce en-
hanced iNOS response (Fig. 2D).

TGs increase mRNA expression and secreted levels of
cytokines in activated KCs

Because iNOS is a proinflammatory gene, the effect of TGs
on proinflammatory cytokines expression was evaluated.
TNF-a, IL-1B, and IL-6 are main participants in the activa-
tion response of KCs and play a major role in inflammatory
processes (2, 5, 38). Expression of all three was induced by
adding LPS to the culture medium for 6 h. Like iNOS, the
induction of these genes was increased by adding TGs with
LPS (Fig. 3A).

G-CSF is a cytokine produced by a variety of immune-sys-
tem cells, among them macrophages (23), and induces dif-
ferentiation of granulocytes. G-CSF expression was also
strongly induced by LPS in KCs, and its induction was sig-
nificantly enhanced by simultaneous exposure to TGs and
LPS for 2 h or for 6 h (Fig. 3B).

The levels of TNF-a and IL-6 secreted by the cells into
culture media were evaluated with ELISA. Increased
concentrations of TNF-a and IL-6 are measured after
exposure of the cells to LPS for 6 h. The addition of TGs
to LPS induced enhancement in the release of both
cytokines (Fig. 3C).

BUDICK-HARMELIN ET AL.

TGs effects on LPS-activated KCs are not mediated by
increased expression of CD14, MyD88, or TLR4 and do
not occur in Zymosan-activated KCs

CD14 acts as a co-receptor of TLR4, the cell-surface recep-
tor responsible for the LPS-responsiveness of the cells (48).
Therefore, the effect of TGs treatment on CD14 expression level
was evaluated. Exposure to LPS for 6 h, but not for 2 h, in-
creased CD14 mRNA expression. The addition of TGs to LPS-
treated cells did not lead to a further increase in CD14 mRNA
expression at the 2-h nor at the 6-h time point (Fig. 4A, top).

The expression level of MyD88 was measured in KCs ex-
posed to LPS and TGs. MyD88 is an adaptor molecule for TLR-
mediated signaling (5), but its mRINA expression level did not
change after treatment of KCs with LPS for 2 h nor for 6 h.
MyD88 mRNA expression also was not affected by adding TGs
with LPS to the culture medium (Fig. 4A, bottom).

Analysis of TLR4, MyD88, and CD14 at the protein level
was performed. According to gene-expression results, the
LPS treatment increased CD14 protein expression after 6 h
(Fig. 4B), yet no enhancement was seen by adding TGs with
LPS. Addition of TGs to LPS did not enhance the protein ex-
pression of TLR4 and MyD88 (Fig 4B).

These data indicate that the additive effect of TGs on the
KCs activation response is not mediated via increased ex-
pression of these TLR4 pathway-related molecules.

To verify whether the TGs effect is TLR4 specific, KCs
were stimulated with zymosan instead of LPS. Zymosan is
a yeast cell-wall polysaccharide that induces proinflamma-
tory cytokines in macrophages by activation of TLR2 sig-
naling (51). KCs express TLR2, yet zymosan induced only
small changes in the mRNA-expression level of iNOS in com-
parison to the increase seen before in response to LPS. Ad-
dition of TGs to zymosan for 2 and 6 h did not induce an
enhancement in iNOS expression level (Fig. 4C). Likewise,
addition of TGs did not enhance the zymosan-induced in-
crease in TNF-a and IL-6 mRNA expression at the 6-h time
point (not shown).

Increased NF-xB activation by TGs in activated KCs

The NF-«B transcription factor is involved in the regula-
tion of many proinflammatory mediators (6). Increased
DNA-binding activity of NF-«B was seen in nuclear extracts
of KCs treated with LPS for 2 h (Fig. 5A). Interestingly, si-
multaneous treatment with LPS and TGs led to stronger ac-
tivation of NF-«B (Fig. 5A). Specific binding was demon-
strated by cold-probe competition, and the presence of the
P65 subunit of NF-«B was confirmed by supershift analysis.

L.

>

FIG. 2. Effect of TGs and FFAs on iNOS expression in the presence of LPS. (A) TGs enhanced the induction of iNOS
mRNA expression when added to the culture medium with LPS for 2 or 6 h. n = 7; *p < 0.05; **p < 0.01. (B) Top: iNOS pro-
tein expression analyzed by Western blot, as shown by a representative gel run of three independent cell-isolation proce-
dures. Bottom: The bar graph shows that TGs added to the culture medium together with LPS enhance the expression of
iNOS protein, relative to LPS alone. Data are presented relative to the corresponding LPS treatment, which was normal-
ized to 100. (C) Comparison between the effect of TGs (Lipofundin emulsion LCTs/MCTs) and only LCT (ClinOleic emul-
sion) on the expression of iNOS mRNA when added simultaneously with LPS for 2 h (top) or 6 h (bottom), as presented by
a representative experiment of two independent cell-isolation procedures * SD; *p < 0.05. (D) The bar graphs show that
addition of palmitic and linoleic acids, in concentration of 10 uM (top) and 100 uM (bottom), to LPS did not enhance the ex-
pression of iNOS protein relative to LPS alone (Dunnett’s test). Data are presented relative to the corresponding LPS treat-
ment, which was normalized to 100. Representative gel run of three independent cell-isolation procedures is shown.
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FIG. 3. Effect of TGs on gene expression and secretion of cytokines in activated KCs. (A) Simultaneous exposure to TGs
and LPS for 6 h synergistically increased the expression level of mRNA of TNF-« (top), IL-18 (middle), and IL-6 (bottom).
n =7 for TNF-a and IL-18, n = 4 for IL-6. *p < 0.05; **p < 0.01. (B) Significant enhancement in G-CSF mRNA expression
levels is seen when adding TGs to the LPS-containing medium for 2 or 6 h. n = 7. *p < 0.05; **p < 0.01. (C) Addition of TGs
enhanced the LPS-dependent release of TNF-a (top) and IL-6 (bottom), as shown in a representative experiment of two in-

dependent cell-isolation procedures * SD; **p < 0.01.

To demonstrate that NF-«B activation, which was poten-
tiated by TGs, mediates the observed upregulation of
inflammatory genes, NF-«B signaling was suppressed. Pre-
treatment with Bay 11-7082, an inhibitor of I-«B phosphory-
lation, abolished the enhanced increase in iNOS protein ex-
pression induced by TGs in LPS-activated KCs (Fig. 5B). The
inhibitor concentration in our experimental system was cal-
ibrated to induce as small effect as possible on the cells
treated with LPS alone (Fig. 5B).

TGs decrease ROS levels and increase GSH levels in
activated KCs

ROS production is a main event in the activation response
of KCs, and NF-«B is known to be a redox-sensitive tran-

scription factor (6, 27). The intracellular levels of ROS were
determined by DHE staining and oxidation followed by
FACS analysis. Interestingly, TGs appeared to induce a
small, yet significant, decrease in ROS levels when added to
the culture media with LPS for 2 and 6 h in comparison with
treatment with LPS alone (Fig. 6A). A decrease in DHE flu-
orescence also was seen after exposure to TGs alone, com-
pared with control cells at the 6-h time point (Fig. 6A).
Thiol status was evaluated in the treated cells with HPLC
analysis of cellular glutathione. The decrease in ROS levels
was accompanied by an elevation in GSH levels in cells ex-
posed to TGs and LPS (Fig. 6B, top). The increase induced
in the levels of this antioxidant by the addition of TGs to
LPS-treated cells was found to be statistically significant at
the 2-h time point. The amount of oxidized glutathione



TGs POTENTIATE KCs ACTIVATION

A |—N.S.—|

2017

B

5_
TLRE D> | G o S — — —
4_
c - -
S
N con bR - B
a8 N.S:
85 24 [l -
- wose | S8 gt . R
3
0- pactin P> | NS S S DD —
TGs + - + + -+
LPS - + + - + + TGs - + - + - + - +
2h 6h LPS - -+ + - -+ +
47 2h 6h
c
S 34
o C
§§ N.S N.S 57
g8 2 ] [
© 4
§§ 1- 55
[9]
= gg 3
0- 55 2
TGs + - + + - + 032
LPS - + 4+ -  + 4 o< 4
2h 6h o
TGs
Zymosan - + + — + +
2h 6h
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with Western blot, as shown by a representative gel run. (C) Addition of TGs to Zymosan-containing medium did not in-
fluence the mRNA expression level of iNOS after 2 or 6 h, as shown by a representative experiment of two independent

cell-isolation procedures * SD; N.S., not significant; p (2 h) =

(GSSG) measured in all samples was negligible, as seen in
the chromatogram (Fig. 6B, bottom).

Discussion

Several different factors have been suggested to contribute
to the process of exacerbation among NAFLD patients and the
development of NASH. Those include oxidative stress, release
of inflammatory cytokines, and liver cells death (7, 15, 49). We
present the potential involvement of KCs in this event under
the influence of exposure to TGs. Lipofundin emulsion is used
for parenteral nutrition in patients, and liver steatosis is the
most common complication of this treatment (22). The uptake
of TGs emulsion by cells was studied and was found to be me-
diated by a coated-pit mechanism (10). An increase in the Nile
red-stained KCs number was noticed after combined treatment
with LPS. One explanation could be the inhibitory effect of LPS
on lipase activity in macrophages (25), which could prevent the
decomposition of intracellular TGs.

KCs are main participators in the immune response to bac-
terial products entering the body, but their function might

0.26; p (6 h) = 0.30.

alter in the setting of liver disease (48). In the fatty-liver en-
vironment, KCs are exposed to excess amounts of TGs, which
are shown here to increase their responsitivity to endotox-
ins. Endotoxins are proposed as contributors to NASH de-
velopment (45), as increased sensitivity to LPS is seen in the
murine model of fatty liver (34). Small intestinal bacterial
overgrowth is found among NASH patients (52), and treat-
ment with antibiotics or probiotics shows a protective effect
(31, 32, 37). Because KCs are the cell type most directly re-
lated to the production of inflammatory mediators in the
liver (19), their enhanced inflammatory response by TGs
might influence the delicate balance between a controlled de-
sirable response and harmful inflammation.

The increased iNOS response shown in our studies might
be part of an exaggerated inflammatory response. Other than
iNOS, stimulation of KCs triggers the expression of various
bioactive molecules. Observations presented herein show
that TGs enhanced the LPS-induced increase in the TNF-«,
IL-1B, and IL-6 mRNA expression levels, as well as the se-
cretion of TNF-a and IL-6. These mediators are the proto-
typical proinflammatory cytokines released in different
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FIG.5. Involvement of NF-«B activation in response to TGs
or LPS treatment or both. (A) Activation of NF-«B is induced
by LPS and potentiated by simultaneous exposure of cells to
LPS and TGs for 2 h. Shown here is a representative EMSA-
gel run of three independent cell-isolation procedures. (B) Top:
Western blot analysis of iNOS protein expression, as shown by
arepresentative gel run of three independent cell-isolation pro-
cedures. Bottom: The bar graph shows that I-«B phosphoryla-
tion inhibitor abrogates the enhancement in iNOS protein ex-
pression, which is induced by TGs in LPS-activated cells. Data
are presented relative to LPS treatment average value, which
was normalized to 100. n = 3; *p < 0.05.
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kinds of liver pathologies (19, 49). TNF-« is the major regu-
lator of liver-disease progression (19, 49). Its critical role in
NASH development is emerging in different studies involv-
ing both genetic and nutritional rodent models of fatty liver
disease (31, 50), as well as from studies revealing enhanced
hepatic TNF-a expression among NASH patients, corre-
sponding to disease severity and benefits of treatment with
TNF-a inhibitor (15, 42). TNF-a induces other cytokines,
such as IL-1 and IL-6 (19, 49), which together act in both au-
tocrine and paracrine fashions regulating the phenotype of
neighboring hepatocytes and other nonparenchymal cells
and the state of the liver as a whole (5, 19). The exposure to
different mixtures of cytokines or endotoxin or both stimu-
lates hepatocytes and endothelial cells, which are also able
to release NO during an inflammatory response (11, 18, 21,
28, 41). Increased NO production is also known as an im-
portant regulator of blood-vessel permeability, facilitating
invasion of immune cells into the inflamed tissue (14). The
inflammatory cytokines TNF-«, IL-18, and IL-6 participate
in the recruitment of immune cells into hepatic blood ves-
sels (7, 26, 49). Leukocytic infiltration, which might aggra-
vate the hepatic inflammatory response, is a classic histo-
logic feature of NASH.

Production of G-CSF, strongly induced in macrophages by
endotoxin or during bacterial infection, leads to neutrophil
chemotaxis (23). The current study indicates enhancement in
G-CSF expression in KCs when TGs are added to LPS-con-
taining media. Apart from its role as a growth factor, in-
ducing differentiation of granulocytes, G-CSF also acts as an
important immunomodulator, reinforcing the inflammatory
response, particularly when it appears adjacent to the in-
flammatory stimulus (23, 36).

A recent study indicated that TLR4 expression on KCs is
a critical component in NASH pathogenesis (40). To eluci-
date the mechanism of TGs contribution to LPS-mediated
KCs inflammatory activation, the expression level of TLR4,
CD14, and MyD88 was measured. TLR4 expression was not
affected by treatment with LPS and TGs. Together with
TLR4, CD14 is responsible for the transmembrane signaling
induced by LPS, and downstream, this signaling occurs via
MyD88 (5). Upregulation in CD14 expression was shown in
fatty livers induced in mice by a methionine-choline—defi-
cient (MCD) diet (40, 50), and LPS can enhance CD14 ex-
pression in KCs (33). However, according to our results, the
addition of TGs does not induce further enhancement in
CD14 expression compared with LPS alone, and MyD88 ex-
pression was not induced in the cells by adding TGs to LPS.
In agreement with that, it was shown previously that TGs
emulsion does not change the in vivo kinetics of LPS uptake
by the liver (39). The lack of effect after Zymosan treatment
indicates the importance of the TLR4 pathway in KCs acti-
vation in our experimental setting. Therefore, the TGs po-
tentiating effect should be explained by the activation of in-
tracellular events downstream to the TLR4 signaling
pathway, which are probably affected by redox changes.

Next, the activation of the transcription factor NF-«B, a key
mediator of the cellular inflammatory responses, was investi-
gated. As seen by the EMSA results, LPS treatment induced
increased NF-«B activation in isolated KCs. This response was
clearly enhanced when co-exposing the cells to TGs and LPS,
indicating a stronger inflammatory activation by this combi-
nation. NF-«B activation is induced downstream of TLR4 and
plays an eminent role in induction of various proinflammatory
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FIG. 6. Intracellular ROS and GSH levels after exposure to TGs or LPS or both. (A) TGs decreased ROS levels in the
cells when added to culture media in addition to LPS for 2 or for 6 h or alone for 6 h. Data presented relative to control
treatment average fluorescence value, which was normalized to 100 = SD. Treatments were performed in triplicate. *p <
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genes, among them, iNOS, TNF-«, IL-18, IL-6, and G-CSF (6,  involvement of increased NF-«B activation, which can be in-
17). It is shown here that the inhibition of NF-«B by Bay 11-  duced by released cytokines (6).

7082 efficiently counteracts the added effect of TGs on LPS-in- Fatty acids are capable of activating TLR4-dependent in-
duced iNOS protein expression. This observation indicates the ~ flammatory signaling in macrophages (44). A direct influ-
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ence of different fatty acids on iNOS expression and NO pro-
duction in response to endotoxin has been previously dem-
onstrated to involve NF-«B activation in a macrophage cell
line (16). We found that TGs augment the iNOS response
and NF-«B activity in activated KCs, but increased iNOS re-
sponse did not appear after the addition of palmitic acid and
linoleic acid to activated KCs. The TGs effect on iNOS ex-
pression was also observed in the presence of lipase inhibi-
tor. Together, these data imply that the potentiation effect
seen in our experiments is mediated by TGs, and not by FFAs
released from the TGs.

Finally, exposure to TGs seemed to decrease ROS pro-
duction and to increase GSH levels in LPS-activated cells. In-
creased capacity to maintain glutathione in the reduced form
is seen in activated KCs and may play an important role in
the protection against ROS (46). GSH was also shown to sup-
port NO production and to be required for full iNOS activ-
ity in macrophages (47). Upregulation of GSH levels is a typ-
ical stress response of cells. This may be the implication of
fat accumulation in KCs. Evidence connecting endogenous
ROS production to inhibition, rather then induction of
NF-«B activation, is reported (24). A possible explanation of
our observations is that decreased oxidative conditions in
LPS-activated cells are facilitated by TGs. This may create a
reductive environment that is favorable for NF-k<B DNA
binding, although LPS stimulus is obligatory for this path-
way activation.

Much remains to be learned about the mechanistic basis of
the interaction between lipids and KCs in NAFLD. Although
accumulation of TGs in the liver results in hepatic steatosis, it
is also an essential component of the hepatic regeneration pro-
cess in vivo. Therefore, steatosis is part of a designed protec-
tive response in the liver (9). Likewise, addition of soybean oil
emulsion to a parenteral nutrition regimen prevented the he-
patic dysfunction associated with this intervention in infant
rats (35). It has been shown that TGs themselves are not he-
patotoxic in MCD diet-induced steatohepatitis in mice (53). In
this model, TGs synthesis actually helps to protect liver cells
from lipotoxicity by buffering the accumulation of FFAs.

Herein it was demonstrated that TGs can induce overac-
tivation of KCs and enhance the release of NO and cytokines.
This activation may contribute to amplification of the in-
flammatory response, which might lead eventually to the de-
velopment of NASH. Therefore, it is important to elucidate
the possible contribution of TGs to these processes.
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