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Nonalcoholic fatty liver disease (NAFLD) is a significant
public health burden in Western societies. NAFLD is defined as excess accumulation of liver fat (hepatosteatosis),
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mainly as neutral lipids consisting of triacylglycerols, cholesterol esters, and diacylglycerols. NAFLD ranges in severity
from benign hepatosteatosis to nonalcoholic steatohepatitis (NASH) (1). NASH is defined as hepatosteatosis with
inflammation and hepatic injury (2). Although simple
hepatosteatosis is considered clinically benign, NASH is
the progressive form of the disease that can lead to significant changes in hepatic morphology (hepatocyte ballooning) and injury (cell death and fibrosis).
The incidence of NAFLD has increased in parallel with
the obesity epidemic in Western societies. In the general
population, the prevalence of NAFLD is estimated to
range from 6 to 33% (3), and ⵑ30–40% of individuals
with hepatic steatosis progress to NASH (4). The prevalence of NASH ranges from 3 to 5% in the general population (3). NAFLD and NASH have high prevalence (⭓60%)
in patients with type 2 diabetes (5). Additionally, NASH
patients have higher mortality rates than NAFLD patients
(6–8), and over a 10 year period, cirrhosis and liver-related
death occurs in 20 and 12% of NASH patients, respectively
(9). Because NASH can progress to cirrhosis, hepatocellular cancer, and liver failure (4, 10–14), it is the third most
common cause for liver transplantation. NASH is projected
to be the leading cause of liver transplantation in the United
States by 2020 (15).
Hepatic fibrosis involves the increased production of extracellular matrix (ECM) from activated hepatic stellate
cells and myofibroblasts infiltrating the liver. The liver has
an underlayment of connective tissue composed of several
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Abstract DHA (22:6,3), but not EPA (20:5,3), attenuⴚ/ⴚ
ates Western diet (WD)-induced hepatic fibrosis in a Ldlr
mouse model of nonalcoholic steatohepatitis. We examined
the molecular basis for the differential effect of dietary
EPA and DHA on WD-induced hepatic fibrosis. DHA was
more effective than EPA at preventing WD-induced effects
on hepatic transcripts linked to fibrosis, including collagen
1A1 (Col1A1), transforming growth factor- (TGF) signaling and proteins involved in remodeling the extracellular matrix, including metalloproteases, tissue inhibitors of
metalloproteases, and lysyl oxidase subtypes. Examination of the TGF pathway showed that mice fed the WD
supplemented with either olive oil or EPA had a significant
(艌2.5-fold) increase in hepatic nuclear abundance of phospho-mothers against decapentaplegic homolog (Smad)3
when compared with mice fed the reference diet (RD);
Smad3 is a key regulator of Col1A1 expression in stellate
cells. In contrast, mice fed the WD supplemented with DHA
had no increase in phospho-Smad3 when compared with
mice fed the RD. Changes in hepatic phospho-Smad3 nuclear content correlated with proCol1A1 mRNA and protein
abundance. Pretreatment of human LX2 stellate cells with
DHA, but not other unsaturated fatty acids, blocked TGF1In conclusion, DHA
mediated induction of Col1A1.
attenuates WD-induced fibrosis by targeting the TGFSmad3-Col1A1 pathway in stellate cells.—Lytle, K. A., C. M.
Depner, C. P. Wong, and D. B. Jump. Docosahexaenoic acid
/
attenuates Western diet-induced hepatic fibrosis in Ldlr
mice by targeting the TGF-Smad3 pathway. J. Lipid Res.
2015. 56: 1936–1946.
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MATERIALS AND METHODS
Animals and diets
All procedures for the use and care of animals for laboratory
research were approved by the Institutional Animal Care and
Use Committee at Oregon State University. Male Ldlr⫺/⫺ mice
(C57BL/6J background, Jackson Laboratories) at 2 months
of age were fed one of the following four diets ad libitum for
16 weeks; each group consisted of 8 male mice (17). The reference diet (RD) (Purina chow 5053) consisted of 13.5% energy as
fat, 58.0% energy as carbohydrates, and 28.5% energy as protein.
The WD (D12079B; Research Diets) consisted of 17% energy as
protein, 43% energy as carbohydrate, and 41% energy as fat; cholesterol was at 1.5 g%. The WD was supplemented with olive oil
(WD + O), EPA (WD + E), or DHA (WD + D). WD supplementation with olive oil, EPA, or DHA increased total fat energy to
44.7% and reduced protein and carbohydrate energy to 15.8%
and 39.5%, respectively. Olive oil was added to the WD to ensure
a uniform level of energy from fat, protein, and carbohydrate in
all WD diets. Preliminary studies established that the addition of
olive oil to the WD had no effect on development or progression
of diet-induced NAFLD in Ldlr⫺/⫺ mice. The C20-22 3 PUFA in
the WD + E or WD + D diets were at 2% total energy. This dose of
C20-22 3 PUFA is comparable to the dose consumed by patients
TM
taking Lovaza
(GlaxoSmithKline) for treating dyslipidemia
(38), and this dose increases plasma C20-22 3 PUFA in mice to
levels seen in humans consuming 4–6 g/d of C20-22 3 PUFA (39–
41). A description of the diets and diet effects on mouse plasma
and liver lipid composition was previously reported (17). At the
end of the 16 week feeding period, all mice were fasted overnight
(18:00 to 08:00 the next day) and euthanized at 08:00 for the collection of blood and liver (17, 28).

Measurement of plasma adipokines and proinflammatory
cytokines
Plasma adipokines (leptin and adiponectin) were quantified by
ELISA (R and D Systems). Plasma proinflammatory cytokines were
quantified using a cytometric bead array mouse inflammation kit
(BD Biosciences, San Jose, CA). Quantitative measurements of
IL-12, TNF␣, IFN␥, MCP-1, IL10, and IL6 were determined by flow
cytometry per the manufacturer’s protocol. Data were acquired
using FACSCalibur (BD Biosciences), and data analyses were done
using FCAP Array Software version 3.0 (BD Biosciences). Plasma for
these assays was obtained from mice described previously (17, 18).

Analysis of plasma Toll-like receptor-2 and -4 activators
Plasma levels of Toll-like receptor (TLR)-2 and TLR-4 activators used Hek-BlueTM mTLR2 and Hek-blueTM mTLR4 cells (Invivogen), respectively. Cells were grown in 96 well cell culture
plates overnight in 200 l of Hek-Blue Detection mediumTM
(Invivogen) and 10 l of plasma from the previous study (17).
The formation of a blue color, reflecting activation of the TLRNFB pathway, was quantified by absorbance at 620 nm. Standard
curves with authentic TLR2 (PAM3SK4) and TLR4 (LPS-B5) agonists are shown in supplementary Fig. 1.

RNA extraction and quantitative RT-PCR
Total RNA was extracted from liver, and specific transcripts
were quantified by quantitative RT-PCR (qRT-PCR) (17, 42).
Primers for each transcript are listed in supplementary Table 1.
Cyclophilin was used as the internal control for all liver transcripts, and hydroxymethyl bilane synthase was used as the internal control of RNAs isolated from LX2 cells in culture. Transcripts
were also quantified by qRT-PCR using the mouse fibrosis array
(PAMM-120ZE; SABioscience-Qiagen). Hsp90ab1 was used as
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collagen subtypes (16). Fibrosis resulting from hepatic
damage is linked to increased extracellular deposition of
type 1 collagen [collagen1A1 (Col1A1)], smooth muscle
actin, elastin, fibronectin, and other proteins. Fibrosis is
also associated with increased production of proteins from
stellate cells and macrophages that are involved in ECM
remodeling; these proteins include lysyl oxidase and lysyl
oxidase-like subtypes involved in collagen cross-linking,
metalloprotease subtypes (MMPs), and tissue inhibitors of
metalloproteases (TIMPs). The relative abundance of these
proteins affects fibrosis progression and severity.
We previously reported that Ldlr⫺/⫺ mice fed a Western
diet (WD) develop a NASH phenotype that recapitulates
human NASH in obese patients, including obesity, hyperlipidemia, hyperglycemia, hepatic damage, hepatosteatosis, induction of multiple markers of inflammation,
oxidative stress, and fibrosis (17, 18). The WD is moderately high in saturated fat and trans-fat (43% total calories), and simple sugar (30% total calories), and cholesterol
(1.5 g%) and reflects a modern, but unhealthy, diet (19).
Dietary (fat, cholesterol, and fructose), metabolic (hepatic
or plasma NEFA, hepatic ceramide), endocrine (insulin
and leptin), gut (endotoxemia and the microbiome),
and genetic (patatin-like phospholipase domain containing three polymorphisms) factors have been implicated
in the progression of benign hepatosteatosis to NASH
(20–27).
We also reported that adding EPA (20:5,3) or DHA
(22:6,3) to the WD affected diet-induced hepatic fibrosis.
DHA was more effective than EPA at attenuating WD-induced hepatic fibrosis (17, 18, 28). Although EPA and
DHA attenuated WD-induced dyslipidemia, neither EPA
nor DHA affected WD-induced body weight, the percent
of body fat, blood glucose, or plasma endotoxin. The effect of C20-22 3 PUFA on hepatic fibrosis was established
by histology and quantifying the expression of fibrosis
markers (i.e., Col1A1 and TIMP1) (17, 18). DHA and EPA
are known to attenuate inflammation, decrease fatty acid
synthesis, and increase fatty acid oxidation (29). The finding that DHA attenuated WD-induced hepatic fibrosis in
obese mice was unexpected.
Several clinical trials have reported that dietary 3 PUFA
supplementation lowered hepatic fat in obese children
and adults with NAFLD (30–37), whereas other investigators report that dietary supplementation with fish oil (36)
or EPA-ethyl esters (37) does not attenuate the histological
features of the disease, like fibrosis. As such, human studies using 3 PUFA to treat NAFLD/NASH have yielded
mixed results. Our studies have established a difference in
how specific 3 PUFAs affect clinical features associated
with NASH. Herein, we examined potential mechanisms to
explain how DHA and EPA differentially affect WD-induced
hepatic fibrosis. Our findings establish that dietary DHA
interferes with the TGF␤-mothers against decapentaplegic
homolog (Smad)3 signaling pathway in vivo and attenuates
TGF␤-mediated induction of Col1A1 expression in human
stellate cells. The outcome of these studies has the potential to influence the design of clinical studies in children
and adults with NAFLD/NASH.
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the internal control for array analysis. Transcripts and their acronyms are provided in supplementary Table 2. Results from these
studies were analyzed online using RT2 Profiler PCR Array Data
Analysis version 3.5 (SABioscience).

Immunoblot analysis
The quantitation of hepatic proteins by immunoblotting
was previously described (17). The antibodies used to detect
Smad2/3, Smad4, phospho-Smad2/3, and GAPDH were obtained from Cell Signaling Technologies. The antibody for procollagen 1A was obtained from Santa Cruz Biotechnologies.

Hydroxyproline
Hepatic hydroxyproline was quantified using the Hydroxyproline Kit (Sigma, MAK008). The colorimetric assay was carried out
according to the manufacturer’s instructions.

LX2 cells

Statistical analysis
Statistical analysis of data used one-way ANOVA and TukeyHSD to detect significant differences between groups. Data were
analyzed for homogenous variances by the Levine test. If unequal
variances were detected, data were log-transformed. ANOVA
analysis was performed on both transformed and untransformed
data. The hydroxyproline data were analyzed by Student’s t-test.
Values are reported as mean ± SD. A P value ⭐0.05 was considered significantly different.

Effects of WD and 3 PUFA on the expression of genes
involved in fibrosis
Feeding Ldlr⫺/⫺ mice the WD elevated hepatic expression of Col1A1, TGF␤1, and Timp1, and dietary C20-22 3
PUFA attenuated this effect (17). Herein, we used the SABioscience qRT-PCR fibrosis array to get a broad assessment of the impact of diet on hepatic fibrosis. The heat
map (Fig. 2) illustrates the results with samples from livers
of mice fed the RD, WD + O, WD + E, or WD + D (8 mice/
group). The pie charts represent quantitation of transcripts that changed significantly. When compared with
the RD group, 38, 28, and 12 transcripts were significantly
induced by the WD + O, WD + E, and WD + D diets, respectively. Only two transcripts [metalloprotease-3 (Mmp3)
and caveolin1] were significantly suppressed by the WD +

RESULTS
Effect of the WD and 3 PUFA on plasma factors linked
to hepatic inflammation and fibrosis
Toll-like receptors (TLR2 and TLR4) have been linked
to hepatic inflammation and fibrosis (47–50). We previously reported that feeding Ldlr⫺/⫺ mice the WD increased
plasma endotoxin (18), a gut-derived microbial factor that
activates the TLR4 pathway (51). WD-induced endotoxinemia was associated with increased hepatic nuclear content of NFB as well as multiple NFB-regulated transcripts
linked to hepatic inflammation (17, 18). EPA or DHA supplementation of the WD did not attenuate WD-induced
plasma endotoxin (18). Herein, we use a cell-based approach
to quantify plasma levels of bioactive TLR2 and TLR4
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Fig. 1. Inflammatory and endocrine factors affecting liver fibrosis. Plasma levels of TLR2 (A) and TLR4 (B) activators were quantified using a cell-based assay as described in Materials and Methods.
Results are represented as TLR activation units (U)/ml (n = 8;
mean ± SD). The feeding groups were RD, WD + O, WD + E, and
WD + D. Plasma TNF␣ (C) and leptin (D) were quantified as described in Materials and Methods. Results are expressed as pg/ml
and ng/ml, respectively (mean ± SD; n = 8). *P ⭐ 0.05 versus RD;
#
P ⭐ 0.05 versus WD + O (ANOVA).
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LX2 cells were obtained from SL Friedman (Mount Sani Medical School) (43, 44). LX2 cells are activated human hepatic stellate cells; they are maintained in DMEM with 5% FCS containing
penicillin, streptomycin, and normocin. Cells were plated on
100 mm plastic petri dishes at ⵑ100,000 cells/plate and grown to
confluence. Cells were treated with fatty acids (at 25 M) in endotoxin-free BSA (at 10 M) during the growth phase. Fatty acids
[oleic acid (18:1,9), arachidonic acid (20:4,6), and DHA
(22:6,3)] were obtained from Nu-Chek Prep. Cells were treated
with 100 pM recombinant-human TGF-␤1 (R and D Systems) in
media containing no fatty acids or BSA for 24 h. RNA was extracted
for qRT-PCR as previously described (18). Human PCR primers
are listed in supplementary Table 1.
For fatty acid analysis, confluent cells were washed twice with
cold PBS. Cells were extracted for fatty acids and quantified by gas
chromatography analysis (17, 45) or applied to a reverse-phase
HPLC system for the quantitation of 14C-labeled fatty acids as described (46).

⫺/⫺

agonist. Feeding Ldlr
mice the WD + O diet increased
TLR2 and TLR4 agonist activity by ⵑ60% (Fig. 1). Although
the WD + D diet significantly lowered TLR2 agonists in
plasma, WD + E and WD + D failed to lower plasma TLR4
agonists. Failure of the 3 PUFA-containing diets to suppress TLR4 agonist is consistent with our previous finding,
which showed that dietary 3 PUFAs do not attenuate
WD-induced endotoxinemia (18).
Hepatic fibrosis is also linked to products derived from
adipose tissue and cells involved in innate immunity, including adipokines and cytokines, respectively (52, 53).
We quantified plasma leptin, adiponectin, IFN␥, interleukins (IL6, IL10, and IL12), monocyte chemoattractant
protein-1 (MCP1), and TNF␣. Of these, WD + O feeding
significantly increased plasma leptin and TNF␣ (Fig. 1).
Addition of EPA or DHA to the WD had no significant effect on plasma levels of TNF␣ or leptin. The effect on
leptin was anticipated because plasma leptin levels parallel
adiposity. WD-fed mice are obese, and including EPA or
DHA in the WD had no effect on adiposity (17).
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O diet when compared with RD-fed mice. As illustrated in
the heat map and in detailed quantitation of transcripts
described below, the WD + D diet was more effective than
the WD + E diet at attenuating WD effects on the expression of genes linked to fibrosis.
Collagen subtypes
Although the liver expresses several collagen subtypes
(Fig. 3), Col1A1 is the major collagen subtype associated
with hepatic fibrosis in WD-fed mice (17) and humans
with NASH (16, 52). In normal mouse liver, Col1A1 and
Col7A1 are expressed at low levels when compared with
Col1A2 or Col4A. Using the qRT-PCR fibrosis array data
(Fig. 2) as well as independent qRT-PCR analysis, WD
feeding induced the expression of Col1A1, Col1A2, and
Col4A1 by 17-, 5-, and 3-fold, respectively. Of these transcripts, only Col1A1 expression was significantly attenuated by dietary DHA. Dietary EPA did not attenuate
WD-mediated induction of any collagen subtype.
ECM remodeling proteins
Fibrosis is associated with the induction of multiple proteins involved in remodeling the ECM, including metalloproteases, protease inhibitors, and enzymes involved in
collagen cross-linking (Fig. 4). The mRNA abundance of
three metalloproteases (Mmp1a, Mmp2, and Mmp13),
four protease inhibitors (Timp1, Timp2, Serpine1, and
Serpinh1), and the cross-linking enzyme lysyl oxidase
(Lox) was significantly induced by WD + O. Although both
WD + E and WD + E significantly attenuated the WD + O

effect on the hepatic abundance of these transcripts, the
WD + D diet was more effective than WD + E at attenuating
expression of Mmp1a, Mmp2, Timp2, Serpinh1, and Lox.
Collagen crosslinking
Lox mRNA was induced by WD + O feeding and attenuated by WD + D > WD + E (Figs. 4 and 5). Lox is one of
several enzymes involved in collagen crosslinking. Lox and
the lysyl oxidase-like (LoxL) family of enzymes are expressed
in stellate cells and portal fibroblast (54). Accordingly, we
quantified the effects of diet on the expression of Lox and
LoxL subtypes (LoxL1, LoxL2, and LoxL3). In RD-fed
mice, hepatic LoxL1 and LoxL3 are more abundant than
Lox and LoxL2. Lox and all LoxL subtypes were induced
(⭓4-fold) by WD + O feeding. Feeding mice the WD + D
diet attenuated the expression of Lox, LoxL1, and Loxl2
but not LoxL3. Expression levels of Lox and all LoxL subtypes in WD + O- and WD + E-fed mice were not different.
We also quantified hepatic levels of the product of Lox
and LoxL1-3 activity (i.e., hydroxyproline) (Fig. 5C). Hydroxyproline levels were highly variable in livers from WD +
O-fed mice. Hydroxyproline increased in three of the
eight mice to levels >6-fold above the mean value quantified in RD-fed mice and mice fed WD + E or WD + D. WD +
E and WD + D attenuated hepatic hydroxyproline content
when compared with mice fed WD + O.
TGF- Superfamily
TGF-␤ plays a major role in promoting fibrosis (48). Accordingly, we examined the TGF␤ superfamily for diet
DHA attenuates TGF expression in fatty livers
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Fig. 2. Diet effects on the expression of genes involved in fibrosis. The mouse fibrosis array was used to
quantify expression of 84 transcripts linked to fibrosis. The method uses a qRT-PCR approach. The heat map
was generated using Qiagen online software and represents the relative abundance of transcripts. Each
group had eight mice per group, and the groups were RD, WD + O, WD + E, and WD + D. The magnitude
of gene expression was represented by green and red bars, indicating decreased and increased expression,
respectively. The pie plots represent the number of transcripts affected by diet and the relative change in
transcript abundance (fold change). Detailed analysis of transcripts is provided in Figs. 3–6 and supplementary Fig. 3.
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WD + O diet also increased expression of the TGF␤ receptor subunit-2 (Tfgbr2, 2-fold), Smad 6 (Smads are
transcription factors and downstream targets of TGF␤ signaling) (ⵑ2-fold), and two proteins that regulate TGF␤
function [thrombospondins (Thbs1, Thbs2), 3- to 5-fold].
No significant difference was detected in the expression of
these transcripts in mice fed the WD + O and the WD + E
diets. Feeding mice the WD + D diet, however, significantly
attenuated expression of all TGF␤ subtypes, both TGF␤
receptor subunits, Smad6, Thbs1, and Thbs2 when compared with WD + O-fed mice. As such, DHA, but not
EPA, attenuates multiple transcripts associated with TGF␤
signaling.

effects on gene expression (Fig. 6). Mice fed the RD express three TGF␤ subtypes in liver; the relative abundance
of the three transcripts is: TGF␤1, 1.0 ± 0.1; TGF␤2, 0.031 ±
0.01; TGF␤3, 0.06 ± 0.013. Of these, TGF␤1 is the predominant hepatic TGF␤ subtype. Feeding mice the WD + O
diet induced all three TGF␤ subtypes (2- to 3-fold). The

Fig. 4. Diet effects on expression of remodeling enzymes. Transcript abundance of proteins involved in extracellular matrix remodeling was quantified using data from the qRT-PCR array
described in Fig. 2. Results are represented as mRNA abundance#
fold change (mean ± SD; n = 8). *P ⭐ 0.05 versus RD; P ⭐ 0.05
versus WD + O.
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DHA attenuates TGF induction of Col1A1 in LX2 cells
The induction of Col1A1 expression in stellate cells is in
response to increased production of TGF␤ and cytokines
(e.g., IL-1␤) from hepatocytes, Kupffer cells, macrophages, and T-cells (53, 56–59). Herein, we determine
whether DHA can act directly on stellate cells to regulate
TGF␤1 control of Col1A1. LX2 cells are a human activated
stellate cell line (43, 44). We first determined if LX2 cells
assimilate and metabolize exogenous fatty acids. Accordingly, LX2 cells were treated with 25 M fatty acids for 96 h
to enrich cellular lipids (Fig. 8A). Treatment of cells with
fatty acids (at 25 M) had no adverse effects on cell growth
or morphology. Fatty acid analysis shows that treatment of
cells with fatty acids increased the cellular content of fatty
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Fig. 3. Diet effects on hepatic collagen subtype expression. Expression of hepatic collagen subtypes used qRT-PCR and primers
listed in supplementary Table 1. The upper panels represent relative mRNA abundance of the collagen subtypes in mice maintained
on the RD; cyclophilin was the reference transcript. The lower
panel represents the fold change in hepatic expression of the collagen subtypes of mice fed the RD or the WD + O, WD + E, or WD +
D diets. Results are expressed as fold change (mean ± SD; n = 8).
#
*P ⭐ 0.05 versus RD; P ⭐ 0.05 versus WD + O.

TGF Signaling
To further explore the impact of the WD and 3 PUFA
on TGF␤ signaling, we examined the pathway for TGF␤
induction of Col1A1 expression. TGF␤ binds to type 1 and
type II TGF␤ receptors; TGF␤ binding promotes recruitment
of Smad2 and Smad3 to the TGF␤ receptor complex where
Smad2 and Smad3 are phosphorylated (55–60) (Fig. 7A).
Smad2 is phosphorylated at S465 and S467, whereas Smad3
is phosphorylated at S423 and S425. Phospho-Smads move
from the cytosol to the nucleus in association with Smad4.
Binding of phospho-Smad3 to the Col1A1 promoter is associated with increased Col1A1 gene transcription and the
accumulation of Col1A1 mRNA and protein (59).
Total and phosphorylated Smad2 and Smad3 were
quantified in cytosol and nuclear extracts from livers of
mice fed the RD or the WD + O, WD + E, or WD + D diets.
Total hepatic Smad2 and Smad3 levels remained unchanged
by diet. Although the antibody for phospho-Smads recognized both phospho-Smad 2 and phospho-Smad3, the
position of the phosphorylated protein in the immunoblot corresponded to phospho-Smad3. Feeding mice the
WD + O and WD + E diets significantly increased cytosolic
and nuclear phospho-Smad3, reflecting activation of the
TGF-␤ pathway. Feeding mice the WD + D diet, however,
showed no increase in cytosolic or nuclear phospho-Smad3.
Changes in nuclear phospho-Smad3 paralleled changes in
Col1A mRNA (Fig. 3C) and proCol1A protein abundance
(Fig. 7B and D). Although the WD + O and WD + E diets
activate the TGF␤-Smad3 pathway and promote fibrosis,
feeding mice the WD + D diet attenuates this pathway.
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acids used to treat cells; 18:1,9, 20:4,6, and 22:6,3 increased ⵑ2-, 3-, and 5-fold, respectively. Treatment of cells
with 20:4,6 increased LX2 cell levels of 22:4,6 and
22:5,6, whereas treatment of cells with DHA increased
20:5,3 and 22:5,3. The appearance of 22:4,6 and
22:5,6 in cells treated with 20:4,6 is due to elongation,
desaturation, and peroxisomal ␤-oxidation activities in
these cells. The appearance of 20:5,3 and 22:5,3 in
DHA-treated cells is due to retro-conversion of 22:6,3 to
20:5,3, a peroxisome-dependent mechanism, and the

elongation of 20:5,3 to 22:5,3 (61). We also show that
LX2 cells express key enzymes involved in fatty acid synthesis and are capable of de novo lipogenesis and fatty acid
elongation and desaturation of linoleic acid (18:2,6) and
␣-linolenic acid (18:3,3) to generate docosapentaenoic
acid (22:5,6) and DHA (22:6,3), respectively (supplementary Fig. 2). In addition, other investigators have reported
that LX2 and isolated primary rat stellate cells assimilate
exogenous fatty acids into phospho- and neutral lipids
(62). As such, LX2 cells have the capacity to synthesize

Fig. 6. Diet effects on expression of the TGF␤ superfamily. Transcript abundance of proteins involved in
TGF␤ signaling was quantified using data from the qRT-PCR fibrosis array (Fig. 2). Results are represented
#
as mRNA abundance-fold change (mean ± SD; n = 8). *P ⭐ 0.05 versus RD; P ⭐ 0.05 versus WD + O.
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Fig. 5. Diet effects on hepatic expression of Lox and LoxL subtypes and hydroxyproline abundance. A:
The relative expression of hepatic LOX and LOXL subtypes was quantified by qRT-PCR using liver RNA
from mice fed the RD; cyclophilin was the reference transcript. The qRT-PCR primers are listed in supplementary Table 1. B: Effect of diet on LOX and LOXL subtype mRNA abundance. Results are expressed as
#
mRNA abundance-fold change (mean ± SD; n = 8). *P ⭐ 0.05 versus RD; P ⭐ 0.05 versus WD + O. C: Hepatic
hydroxyproline abundance was quantified as described in Materials and Methods and represented as g
hydroxyproline/mg protein (mean ± SD; n = 8). P values were calculated using Student’s t-test.
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fatty acids de novo and to transport exogenous fatty acids
from the media into cells and metabolize these fatty acids.
To assess the impact of fatty acids on stellate cell function, LX2 cells were treated with TGF␤1 (100 pM, overnight) after prior fatty acid treatment, as described above.
TGF␤ treatment of LX2 cells induced Col1A1 expression
4-fold in vehicle-treated cells and cells pretreated with
oleic acid (18:1,9) or arachidonic acid (20:4,6). DHA
pretreatment, however, blocked TGF␤1 induction of
Col1A1 mRNA. Thus, DHA has the capacity to act directly
on human hepatic stellate cells to attenuate TGF␤1mediated induction of Col1A1.

DISCUSSION
The goal of this report was to identify mechanisms that
explain the differential effect of EPA and DHA on WD-induced hepatic fibrosis. This is highly relevant because dietary 3 PUFAs are being evaluated as treatment strategies
for NAFLD/NASH in children and adults (30–35, 63). Although these clinical studies show that dietary 3 PUFAs
reduce liver fat (30–37), some clinical trials have reported
that 3 PUFAs, like fish oil (36) or EPA-ethyl esters (37),
fail to improve fibrosis scores associated with NASH. Our
previous report established that DHA was more effective
than EPA at attenuating WD-induced hepatic fat, inflammation, and fibrosis (17). Hepatic fibrosis in that study
examined hepatic expression of three fibrosis gene expression markers (Col1A1, Timp1, and TGF-␤1) and histology (i.e., trichrome staining of liver).
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In this report, we have expanded our analysis of diet effects on hepatic fibrosis by quantifying 84 gene expression
markers of fibrosis, four plasma markers linked to fibrosis,
hepatic TGF␤-Smad signaling, and fatty acid effects on
TGF␤ signaling in human stellate (LX2) cells. Feeding
Ldlr⫺/⫺ mice the WD supplemented with DHA (WD + D),
but not the WD + E diet, abrogated WD + O-induced accumulation of phospho-Smad3 in hepatic nuclei (Fig. 7).
TGF␤ is a major regulator of hepatic fibrosis (48). TGF␤
binding to the TGF␤ receptor increases Smad3 phosphorylation, and phospho-Smad3 migrates from the cytosol to the
nucleus where it binds the Col1A promoter and induces
transcription of the Col1A1 gene (55, 59). Although TGF␤
signaling is operative in multiple hepatic cell types, including hepatocytes (64), the effect of WD and DHA on phospho-Smad3 correlates with changes in hepatic stellate cell
expression of Col1A1 mRNA and proCol1A1 (Fig. 7). Moreover, we show that DHA acts directly on human LX2 stellate
cells to block TGF␤1 induction of Col1A1 gene expression
(Fig. 8). Taken together, these findings establish DHA as a
regulator of TGF␤ signaling and Col1A1 expression.
Our analysis revealed broad effects of the WD and C20-22
3 PUFA on the expression of genes involved in fibrosis
and TGF␤ signaling (Fig. 2–6). Feeding mice the WD + O
diet induced multiple components associated with TGF␤
signaling, including several TGF␤ subtypes (TGF␤1–3), a
TGF␤ receptor subunit (TGF␤-R2), and two thrombospondins (Thbs1 and Thbs2). Thbs1 and Thbs2 are expressed
in macrophage, whereas Thbs2 is also expressed in endothelial cells (65, 66). Thbs1 induces TGF␤⫺dependent and
TGF␤⫺independent fibrosis. DHA has been reported to
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Fig. 7. Diet effects on Smad3 phosphorylation and Col1A1 precursor protein. Mouse liver cytosolic and
nuclear extracts were prepared for immunoblotting as described (17). Antibodies used to detect total and
phosphorylated Smad2 and -3 are listed in the Materials and Methods section. A: The pathway for TGF␤
regulation of Col1A1 gene transcription (56–59). B: Representative immunoblot of total Smad 2, Smad3,
phospho-Smad3, and proCol1A1. The loading control for phospho-Smad3 was total Smad3; while the loading control for proCol1A1 was GAPDH. The number of independent samples for each group was: RD, 2; WD +
O, 3; WD + E, 3; WD + D, 3. C and D: Results are quantified for phospho-Smad3 (C) and proCol1A1 (D) and
#
expressed as fold change (mean ± SD). *P ⭐ 0.05 versus RD; P ⭐ 0.05 versus WD + O.
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suppress Thbs1 expression in adipose tissue (65). Thbs2, in
contrast, attenuates fibrosis (67, 68). We are unaware of
reports documenting effects of dietary PUFA on Thbs2 expression. The WD + D diet was more effective than the WD +
E diet in attenuating WD + O induction of all TGF␤ subtypes, both TGF␤ subunits (R1 and R2), Smad6, and
Thbs1 and Thbs2.
Our findings go beyond an earlier report by Chen et al.
(69), who showed that DHA attenuated fibrosis in a rat
bile duct ligation model for cholestatic liver injury. Although these investigators showed that DHA targeted
TGF␤, NFB, and Erk signaling, the authors did not assess
effects of other fatty acids, Smad phosphorylation, and cytosolic-nuclear trafficking or TGF␤ control in human hepatic stellate cells. Although cholestatic liver injury has a
different etiology than diet-induced NASH in obese patients, these and other studies (70) suggest that DHA may
have antifibrotic effects in liver and other tissues by controlling TGF␤ signaling.
Regulators of hepatic fibrosis
Factors promoting diet-induced hepatic fibrosis are derived from multiple sources, including the gut (51) and
multiple cell types, such as adipocytes (leptin), macro-

ECM remodeling enzymes
The progression and remission of fibrosis requires a
balance in expression of ECM genes and enzymes that
remodel the ECM. The WD induces expression of several hepatic collagen subtypes (Fig. 3) as well as enzymes
involved in ECM remodeling, including metalloproteases (Mmp1a, Mmp2, and Mmp13), protease inhibitors
[Timp1 and Timp2, serine protease inhibitors (serpine1
DHA attenuates TGF expression in fatty livers
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Fig. 8. TGF␤1 and DHA regulation of proCol1A1 expression
in human LX2 stellate cells. LX2 cells were plated at ⵑ10% confluence on plastic petri dishes in DMEM + 5% FCS and antibiotics.
The next day, cells were treated with vehicle (Veh: fatty acid- and
endotoxin-free BSA at 10 M) or 25 M fatty acids in BSA-containing media. Media was change every third day. This treatment enriches membrane lipids with exogenous fatty acids. A: Cells were
harvested for fatty acid extraction and gas chromatographic quantitation. The results are presented as fatty acid, Mol% (mean ±
range of two separate studies). B: Cells were treated with oleic acid
(OA), arachidonic acid (ARA), or DHA as described above. After
fatty acid pretreatment, cells were treated without or with 100 pM
TGF␤1 overnight in the absence of fatty acids. Cells were harvested
for RNA for qRT-PCR quantitation of proCol1A1 mRNA; hydroxymethylbilane synthase was the reference RNA. Results are presented as Col1A1 mRNA-fold change (mean ± SD; n = 3). *P ⭐ 0.05
#
versus Veh; P ⭐ 0.05 versus 18:1,9 + TGF␤.

phages (TGF␤, PDGF, and IL1␤), and T-cells (IL4, IL13,
and TGF␤) that secret adipokines, growth factors, cytokines,
and chemokines (52, 53). Hyperleptinemia, endotoxinemia,
and increased plasma TNF␣ and TLR agonists are associated with hepatic fibrosis (49, 52). Supplementing the WD
with EPA or DHA had no effect on WD-induced obesity
or plasma levels of glucose, leptin, endotoxin, TNF␣ or
TLR-4 agonist. The WD + D diet, however, attenuated
WD-induced dyslipidemia (17) and TLR2 agonist (Fig. 1).
Although 3 PUFA-containing WD diets reduce blood
lipids, these diets significantly change the blood fatty acid
profiles, leading to enrichment in C20-22 3 PUFA and a
decline in C20-22 6 PUFA. The C20-22 6 and the C20-22 6
PUFA are precursors to proinflammatory and antiinflammatory bioactive lipids, respectively (71). Our studies establish that DHA can act directly on LX2 cells to regulate
TGF␤1 control of Col1A1 expression (Fig. 8). This outcome does not exclude a role for other factors affecting
stellate cell function. In fact, our previous (17) and current studies (supplementary Fig. 3) show WD + O effects
on the expression of multiple hepatic chemokines [monocyte chemoattractant protein-1/Ccl2, Ccl3, Ccl12, and
Cxcr4 (Ccl12 receptor)], cytokines (TNF␣, IL1␣, IL1␤,
and IL10), growth factors (PDGF-A, PDGF-B, and HGF),
and transcription factors (Jun, Myc, and Stat1) linked to
fibrosis. Moreover, we previously reported that the WD + O
diet induced hepatic nuclear abundance of NFB-p50 and
NFB-p65, whereas the WD + D (but not the WD + E) diet
significantly lowered hepatic nuclear content of NFB-p50
(17). Diet-induced changes in hepatic NFB-p50 correlated with the hepatic abundance of downstream targets of
TLR and NFB, including cytokines and chemokines.
Because TLRs and cytokines are expressed in multiple
hepatic cell types, we predict that the in vivo mechanism
for DHA control of Col1A1 expression likely involves both
direct effects of DHA on stellate cells (Fig. 8) and indirect
effects mediated by changes in the function of Kupffer
cells and macrophages and T-cells infiltrating the liver.
Two factors support this hypothesis. First, the level of
TGF␤1-mediated induction of Col1A1 in LX2 stellate cells
is modest (4-fold) when compared with the nearly 20-fold
induction of Col1A1 seen in vivo. Second, DHA is a pleiotropic mediator of cell function affecting multiple pathways, such as membrane composition as well as multiple
cell signaling and transcription regulatory networks (29).
In addition to stellate-macrophage interaction, hepatocyte-stellate cell interaction has been reported (72). As
such, the LX2 cells can serve as a model to investigate how
3 PUFAs regulate factors derived from hepatocytes and
Kupffer cell/macrophage to control stellate cell function.
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Can 3 PUFA be used to treat human NASH?
Our mouse studies provide strong evidence in support
of the use of DHA in the prevention of NAFLD/NASH.
Omega-3 PUFAs have well-defined effects on hepatic lipid
metabolism and inflammation (29, 73), and more recently
their effects on hepatic fibrosis have been noted (17, 28,
69). Although several human studies have provided evidence in support of using supplemental 3 PUFAs to treat
NAFLD (30–37), other studies suggest there may be limitations for their use in NASH treatment (36, 37). In trials
using either fish oil or EPA-ethyl ester supplements, investigators report that 3 PUFA supplements failed to improve fibrosis scores. Because DHA attenuates fibrosis in
two separate rodent models of liver injury and fibrosis
(i.e., WD-fed mice and rats with bile duct ligation) (17, 28,
69), failure of 3 PUFAs to attenuate fibrosis in human
clinical studies may be due to the type and dose of 3 PUFAs used in the study. The finding that DHA suppressed
TGF-␤ signaling and Col1A1 expression in mouse liver
(Figs. 3 and 7) and human stellate cells (Fig. 8) suggests
that DHA likely functions in humans.
DHA is the main 3-PUFA accumulating in human and
rodent tissues. Although ␣-linolenic acid and EPA are converted to DHA in humans, this process is insufficient for the
accumulation of tissue levels of DHA needed to affect disease processes (74, 75). Humans and rodents retro-convert
ingested DHA to EPA. In Ldlr⫺/⫺ mice, for example, WD
supplementation with DHA leads to a 30% and 500% increase in hepatic phospholipid DHA and EPA content, respectively (18). In contrast, phospholipid DHA levels do
not increase in mice fed the WD supplemented with EPA.
Moreover, the JELIS trial, a primary prevention trial for
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cardiovascular disease, clearly showed that feeding humans
EPA did not increase blood DHA (74). In rodents, EPA
and DHA suppress the expression of enzymes involved in
PUFA synthesis (17). This mechanism involves the suppression of sterol regulatory element binding protein nuclear abundance (28), a key transcription factor regulating
de novo lipogenesis and PUFA synthesis (29). As such, this
mechanism lowers the capacity of cells to convert dietary
C18-PUFA precursors to C20-22 3 and 6 PUFAs. Because
dietary DHA is retroconverted to EPA through a peroxisomal mechanism (61) and EPA is not well converted to
DHA in vivo, DHA is a logical choice for usage in clinical
trials.
In a recent double-blind, placebo-controlled trial, NAFLD
patients received placebo or LovazaTM at 4 g/d (ⵑ50:50 mix
of EPA- and DHA-ethyl esters) for 15–18 months (35).
When compared with the placebo-treated group, the
LovazaTM-treated group showed a significant reduction in
liver fat without a significant reduction in fibrosis scores.
In our studies, C20-22 3 PUFA in the WD + E or WD + D
diets was used at 2% total energy. This dose of C20-22 3
PUFA is comparable to the dose consumed by patients taking LovazaTM to treat dyslipidemia (38). The dose used in
our studies increased plasma C20-22 3 PUFA in mice to
levels seen in humans consuming 4–6 g/d of C20-22 3
PUFA (39–41). We also used a combination of EPA and
DHA to mimic LovazaTM treatment (17). Whereas the
overall C20-22 3 PUFA dose was at 2% total energy, EPA
and DHA were at 1% total energy each. The combination
of EPA + DHA was less effective than using DHA alone at
suppressing Col1A1 expression. As such, the preclinical
prevention studies with Ldlr⫺/⫺ mice suggest that DHA (at
4–6 g/d) may be more effective than EPA or fish oil at
preventing diet-induced NASH and fibrosis in humans.
A search of clinical trials (www.clinicaltrials.gov; query
“NASH and DHA”) yields three trials that are recruiting or
active. The outcome of these studies may provide evidence
in support of the use of dietary DHA in the prevention or
treatment of diet-induced fibrosis.
Summary
This study identified mechanisms to explain the differential effects of EPA and DHA on WD-induced hepatic fibrosis. Feeding Ldlr⫺/⫺ mice the WD induced changes in
expression of multiple genes associated with hepatic inflammation and fibrosis. DHA, but not EPA, attenuated
WD-induced hepatic fibrosis by targeting the TGF␤-Smad3Col1A1 pathway. Moreover, DHA acted directly on human
LX2 stellate cells to block TGF␤1-mediated induction of
Col1A1. These outcomes establish DHA as a key regulator
of TGF␤ signaling and hepatic fibrosis.
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Table 1S: qRT-PCR Primers
Mouse
Collagen1A1
Collagen1A2
Collagen 4A1
Collagen7A1
Sm. muscle Actin
Lysyl Oxidase
Lox-Like-1
Lox-Like-2
Lox-Like-3
Cyclophilin

Col1A1
Col1A2
Col4A1
Col7A1
Acta2
Lox
LoxL1
LoxL2
LoxL3

Accession#
NM_007742.3
NM_007743.2
NM_009931.2
NM_007738.3
NM_007392.2
NM_010728.3
NM_010729.3
NM_033325.2
NM_013586.4
NM_008907

Forward Primer
TAGGCCATTGTGTATGCAGC
GTCCTAGTCGATGGCTGCTC
TTTGGCTCGCCACCATAGAG
ACCGCATCTTCTGTTGAGCA
AAGCCCAGCCAGTCGCTGTCA
GGGCCAGAACGGCTTGTGTA
TGTGGGGCTGGCCATGTAAG
AAGTGCAGGAGCCGCTATGA
CAGTGTGTGGTATTGCTGCCC
CTTCTTGCTGGTCTTGCCATTCCT

Reverse Primer
ACATGTTCAGCTTTGTGGACC
AGCACCACCAATGTCCAGAG
GCAGAGGCGAGCATCATAGT
TTCCAAGCCACTCTCACGAC
AGCCCAGAGCCATTGTCGCA
TCTGGGAAAGCGCACAGAGT
AGGACAGGATGGCTCTTCGC
TGCCAAAGCTCGGATGGGAT
TCTGAGAAACCGGGAAGGCG
GATGGCAAGCATGTGGTCTTTG

Col1A1

NM_000088.3

AATGGTGCTCCTGGTATTGC

ACCAGGTTCACCGCTGTTAC

HMBS

NM_000190.3

TCTGCGGAGACCAGGAGTCA

GTAGGCTGTGTGTGGGTGC

Human
Collagen1A1
Hydroxy
methylbilane
Synthase

Table 2S: MOUSE FIBROSIS ARRAY GENE TABLE
Unigene
Mm.213025

GeneBank
NM_007392

Symbol
Acta2

Description
Actin, alpha 2, smooth muscle, aorta

Gene Name
0610041G09Rik, Actvs, SMalphaA, a-SMA, alphaSMA

Mm.301626

NM_007428

Agt

Angiotensinogen (serpin peptidase inhibitor, clade A, member 8)

AI265500, AngI, AngII, Aogen, Serpina8

Mm.6645

NM_009652

Akt1

Thymoma viral proto-oncogene 1

Akt, PKB, PKB, Akt, PKBalpha, Rac

Mm.257460

NM_009741

Bcl2

B-cell leukemia/lymphoma 2

AW986256, Bcl-2, C430015F12Rik, D630044D05Rik, D830018M01Rik

Mm.392150

NM_007557

Bmp7

Bone morphogenetic protein 7

OP1

Mm.28278

NM_007616

Cav1

Caveolin 1, caveolae protein

Cav, Cav-1

Mm.4686

NM_011330

Ccl11

Chemokine (C-C motif) ligand 11

Scya11, eotaxin

Mm.867

NM_011331

Ccl12

Chemokine (C-C motif) ligand 12

MCP-5, Scya12

Mm.1282

NM_011337

Ccl3

Chemokine (C-C motif) ligand 3

AI323804, G0S19-1, LD78alpha, MIP-1alpha, MIP1-(a), MIP1-alpha, Mip1a,
Scya3

Mm.6272

NM_009915

Ccr2

Chemokine (C-C motif) receptor 2

Cc-ckr-2, Ccr2a, Ccr2b, Ckr2, Ckr2a, Ckr2b, Cmkbr2, mJe-r

Mm.439656

NM_009883

Cebpb

CCAAT/enhancer binding protein (C/EBP), beta

C, EBPbeta, CRP2, IL-6DBP, LAP, LIP, NF-IL6, NF-M, Nfil6

Mm.277792

NM_007743

Col1a2

Collagen, type I, alpha 2

AA960264, AI325291, Col1a-2, Cola-2, Cola2, oim

Mm.249555

NM_009930

Col3a1

Collagen, type III, alpha 1

AW550625, Col3a-1, MMS10-W, Ms10w, mKIAA4231

Mm.390287

NM_010217

Ctgf

Connective tissue growth factor

Ccn2, Fisp12, Hcs24, fisp-12

Mm.1401

NM_009911

Cxcr4

Chemokine (C-X-C motif) receptor 4

CD184, Cmkar4, LESTR, PB-CKR, PBSF, SDF-1, Sdf1r

Mm.56769

NM_007833

Dcn

Decorin

DC, DSPG2, PG40, PGII, PGS2, SLRR1B, mDcn

Mm.14543
Mm.252481

NM_010104
NM_010113

Edn1
Egf

Endothelin 1
Epidermal growth factor

ET-1, preproET
AI790464

Mm.225297

NM_007932

Eng

Endoglin

AI528660, AI662476, CD105, Endo, S-endoglin

Mm.3355

NM_010177

Fasl

Fas ligand (TNF superfamily, member 6)

APT1LG1, CD178, CD95-L, CD95L, Fas-L, Faslg, Tnfsf6, gld

Mm.166318

NM_011824

Grem1

Gremlin 1

Cktsf1b1, Drm, Grem, ld

Mm.267078

NM_010427

Hgf

Hepatocyte growth factor

C230052L06Rik, HGF, SF, NK1, NK2, SF, HGF

Mm.240327
Mm.874
Mm.1284
Mm.368330

NM_008337
NM_010548
NM_008355
NM_008356

Ifng
Il10
Il13
Il13ra2

Interferon gamma
Interleukin 10
Interleukin 13
Interleukin 13 receptor, alpha 2

IFN-g, Ifg
CSIF, Il-10
Il-13
CD213a2

Mm.15534

NM_010554

Il1a

Interleukin 1 alpha

Il-1a

Mm.222830

NM_008361

Il1b

Interleukin 1 beta

IL-1beta, Il-1b

Mm.276360

NM_021283

Il4

Interleukin 4

BSF-1, Il-4

Mm.4461

NM_010558

Il5

Interleukin 5

Il-5

Mm.274846

NM_010562

Ilk

Integrin linked kinase

AA511515, ESTM24

Mm.3510

NM_008382

Inhbe

Inhibin beta E

-

Mm.317280

NM_001033228

Itga1

Integrin alpha 1

CD49A, E130012M19Rik, Vla1

Mm.5007
Mm.57035

NM_008396
NM_013565

Itga2
Itga3

Integrin alpha 2
Integrin alpha 3

CD49B, DX5
AA407068, CD49C, GAPB3

Mm.227

NM_008402

Itgav

Integrin alpha V

1110004F14Rik, 2610028E01Rik, CD51, D430040G12Rik

Mm.263396

NM_010578

Itgb1

Integrin beta 1 (fibronectin receptor beta)

4633401G24Rik, AA409975, AA960159, CD29, ENSMUSG00000051907, Fnrb,
Gm9863, gpIIa

Mm.87150

NM_016780

Itgb3

Integrin beta 3

CD61, GP3A, INGRB3

Mm.6424

NM_010580

Itgb5

Integrin beta 5

AA475909, AI874634, ESTM23, [b]-5, [b]5, [b]5A, [b]5B, beta-5, beta5
2210409C20Rik, 4831415H04Rik

Mm.98193

NM_021359

Itgb6

Integrin beta 6

Mm.217000

NM_177290

Itgb8

Integrin beta 8

4832412O06Rik

Mm.275071

NM_010591

Jun

Jun oncogene

AP-1, Junc, c-jun

Mm.488403

NM_010728

Lox

Lysyl oxidase

AI893619, TSC-160, rrg

Mm.269747

NM_019919

Ltbp1

Latent transforming growth factor beta binding protein 1

9430031G15Rik, 9830146M04, Ltbp-1, Tgfb, b2b1000Clo

Mm.5022

NM_008607

Mmp13

Matrix metallopeptidase 13

Clg, MMP-13, Mmp1

Mm.486486

NM_008608

Mmp14

Matrix metallopeptidase 14 (membrane-inserted)

AI325305, MT-MMP-1, MT1-MMP, sabe

Mm.156952

NM_032006

Mmp1a

Matrix metallopeptidase 1a (interstitial collagenase)

Mcol-A, Mcola

Mm.29564

NM_008610

Mmp2

Matrix metallopeptidase 2

Clg4a, GelA, MMP-2

Mm.4993

NM_010809

Mmp3

Matrix metallopeptidase 3

SLN-1, SLN1, STR-1, Stmy1, Str1

Mm.16415

NM_008611

Mmp8

Matrix metallopeptidase 8

BB138268

Mm.4406

NM_013599

Mmp9

Matrix metallopeptidase 9

AW743869, B, MMP9, Clg4b, MMP-9, pro-MMP-9

Mm.2444

NM_010849

Myc

Myelocytomatosis oncogene

AU016757, Myc2, Niard, Nird, bHLHe39

Mm.256765

NM_008689

Nfkb1

Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1,
p105

NF-KB1, NF-kappaB, NF-kappaB1, p105, p50, p50, p105

Mm.2675

NM_008808

Pdgfa

Platelet derived growth factor, alpha

-

Mm.144089

NM_011057

Pdgfb

Platelet derived growth factor, B polypeptide

PDGF-B, Sis

Mm.154660

NM_008872

Plat

Plasminogen activator, tissue

AU020998, AW212668, D8Ertd2e, tPA

Mm.4183

NM_008873

Plau

Plasminogen activator, urokinase

u-PA, uPA

Mm.971
Mm.439692

NM_008877
NM_009243

Plg
Serpina1a

Plasminogen
Serine (or cysteine) peptidase inhibitor, clade A, member 1a

AI649309, Pg
Aat-2, Aat2, Dom1, PI1, Spi1-1, Spi1-3

Mm.250422

NM_008871

Serpine1

Serine (or cysteine) peptidase inhibitor, clade E, member 1

PAI-1, PAI1, Planh1

Mm.22708

NM_009825

Serpinh1

Serine (or cysteine) peptidase inhibitor, clade H, member 1

BERF-1, Cbp1, Cbp2, Hsp47, J6, Serpinh2, gp46

Mm.490934

NM_010754

Smad2

MAD homolog 2 (Drosophila)

7120426M23Rik, Madh2, Madr2, Smad-2, mMad2

Mm.7320

NM_016769

Smad3

MAD homolog 3 (Drosophila)

AU022421, Madh3

Mm.100399

NM_008540

Smad4

MAD homolog 4 (Drosophila)

AW743858, D18Wsu70e, DPC4, Madh4

Mm.325757

NM_008542

Smad6

MAD homolog 6 (Drosophila)

Madh6, b2b390Clo

Mm.34407
Mm.2093

NM_001042660
NM_011427

Smad7
Snai1

MAD homolog 7 (Drosophila)
Snail homolog 1 (Drosophila)

Madh7
AI194338, Sna, Sna1, Snail, Snail1

Mm.4618

NM_013672

Sp1

Trans-acting transcription factor 1

1110003E12Rik, AA450830, AI845540, Sp1-1

Mm.487336

NM_009283

Stat1

Signal transducer and activator of transcription 1

2010005J02Rik, AA408197

Mm.121721

NM_009284

Stat6

Signal transducer and activator of transcription 6

-

Mm.248380

NM_011577

Tgfb1

Transforming growth factor, beta 1

TGF-beta1, TGFbeta1, Tgfb, Tgfb-1

Mm.18213

NM_009367

Tgfb2

Transforming growth factor, beta 2

BB105277, Tgf-beta2, Tgfb-2

Mm.3992

NM_009368

Tgfb3

Transforming growth factor, beta 3

Tgfb-3

Mm.197552

NM_009370

Tgfbr1

Transforming growth factor, beta receptor I

ALK5, AU017191, Alk-5, TbetaR-I, TbetaRI

Mm.172346

NM_009371

Tgfbr2

Transforming growth factor, beta receptor II

1110020H15Rik, AU042018, DNIIR, RIIDN, TBR-II, TbetaR-II, TbetaRII

Mm.101034

NM_009372

Tgif1

TGFB-induced factor homeobox 1

AA959811, AI462167, Tgif
TSP-1, TSP1, Thbs-1, tbsp1

Mm.4159

NM_011580

Thbs1

Thrombospondin 1

Mm.26688

NM_011581

Thbs2

Thrombospondin 2

TSP2, Thbs-2

Mm.8245

NM_011593

Timp1

Tissue inhibitor of metalloproteinase 1

Clgi, TIMP-1, Timp

Mm.206505

NM_011594

Timp2

Tissue inhibitor of metalloproteinase 2

D11Bwg1104e, Timp-2

Mm.4871

NM_011595

Timp3

Tissue inhibitor of metalloproteinase 3

Timp-3

Mm.255607

NM_080639

Timp4

Tissue inhibitor of metalloproteinase 4

TIMP-4
DIF, TNF-a, TNF-alpha, TNFSF2, TNFalpha, Tnfa, Tnfsf1a

Mm.1293

NM_013693

Tnf

Tumor necrosis factor

Mm.282184

NM_009505

Vegfa

Vascular endothelial growth factor A

Vegf, Vpf

Mm.391967

NM_007393

Actb

Actin, beta

Actx, E430023M04Rik, beta-actin
Ly-m11, beta2-m, beta2m

Mm.163

NM_009735

B2m

Beta-2 microglobulin

Mm.304088

NM_008084

Gapdh

Glyceraldehyde-3-phosphate dehydrogenase

Gapd

Mm.3317

NM_010368

Gusb

Glucuronidase, beta

AI747421, Gur, Gus, Gus-r, Gus-s, Gus-t, Gus-u, Gut, asd, g

Mm.2180

NM_008302

Hsp90ab1

Heat shock protein 90 alpha (cytosolic), class B member 1

90kDa, AL022974, C81438, Hsp84, Hsp84-1, Hsp90, Hspcb

N/A

SA_00106

MGDC

Mouse Genomic DNA Contamination

MIGX1B

Supplementary Data
Figure Legends:
Figure 1S. Activation of TLR2 and TLR4 using authentic ligands.
Hek-BlueTMmTLR2 and Hek-blueTMmTLR4 cells (Invivogen) were treated with PAM3CSK4 and LPS-B5,
TLR2 and TLR4 agonist, respectively, overnight as described in Materials and Methods and Fig. 1.
NFκB activation was quantified by absorbance at 620 nm.

Figure 2S. Assessment of fatty acid synthesis in LX2 human stellate cells.
Panels A and B: The relative abundance of mRNAs encoding proteins involved in de novo lipogenesis
[DNL] (acetyl CoA carboxylase-1 [ACC1], fatty acid synthase [FASN]), fatty acid elongation (Elovl2,
Elovl5) and desaturation (FADS1, FADS2); and two transcription factors (SREBP1a, SREBP1c)
controlling expression of these enzymes was quantified by qRTPCR and RNA from human hepatoma
(HepG2) and stellate (LX2) cells as described previously (1). The results are reported as Relative mRNA
abundance, mean + SD, N=3. Panel C: Confluent LX2 wells were treated with
or

14

C-acetate, 14C-linoleate

14

C-α-linoleate for 6 hours as described previously (1, 2). The labeling of cells was terminated by

treatment with 0.4 M KOH in 80% methanol to saponify lipid. The recovered 14C-labeled fatty acids were
separated by RP-HPLC and radioactivity was quantified using an in-line β-scintillation counter. Results
are represented as % Distribution of 14C-fatty acids. Results are representative of 2 separate studies.
This analysis compared the level of expression of enzymes involved in DNL (ACC1, FASN),
elongation and desaturation (Elovl2, Elovl5, FADS1, FADS2) and 2 transcription factors (SREBP1 & 2)
involved in fatty acid synthesis in HepG2 (human hepatoma cells) and LX2 cells. While both HepG2 and
LX2 cells express key enzymes involved in DNL, elongation and desaturation, levels of expression of
these enzymes is different in the two cell types. HepG2 cells appear to have the high capacity for DNL,
while LX2 cells may have higher capacity for long chain fatty acid elongation and desaturation. The
capacity of HepG2 cells to carry out DNL, elongate and de-saturate fatty acids was previously reported

(1). To verify the capacity of LX2 cells to carry out fatty acid metabolism, cells were treated with 14Cprecursors to long chain fatty acids, i.e., acetate, linoleate and α-linolenate. LX2 cells convert 14Cacetate to C16-18 saturated (18:0) and monounsaturated fatty acids (16:1,ω7). Note that 16:0, 18:1,ω7
and 18:1,ω9 co-migrate in the RP-HPLC.

14

C-linoleate was converted to C18-22 ω6 PUFA and 14C-α-

linolenate was converted to C18-22 ω3 PUFA. Thus, LX2 cells have the capacity to synthesize fatty acids
de novo, elongate and de-saturate essential fatty acids and modify fatty acids by peroxisomal βoxidation, i.e., converted exogenous DHA to EPA, see Fig. 8.

Figure 3S: Diet effects on expression of the hepatic chemokines & cytokines, growth factors and
transcription factors.
Transcript abundance of proteins encoding chemokines and cytokines (Panel A), growth factors (Panel
B) and transcription factors (Panel C) was quantified using data from the qRTPCR fibrosis array data
described in Fig. 2. Results are represented as mRNA Abundance-Fold Change, mean + SD, n=8; *,
p<0.05 versus RD; #, p<0.05 versus WD + O.

Literature cited.
1.
2.

Jump, D. B., M. Torres-Gonzalez, and L. K. Olson. 2011. Soraphen A, an inhibitor of acetyl CoA
carboxylase activity, interferes with fatty acid elongation. Biochem Pharmacol 81: 649-660.
Tripathy, S., Lytle, K.A., Stevens, R.D., Bain, J.R., Newgard, C.B., Greenberg, A.S., Huang, L-S.,
and Jump, D.B 2014. Fatty acid elongase-5 (Elovl5) regulates hepatic triglyceride catabolism in
obese C57BL/6J mice J Lipid Res 55: 1448-1464.

Supplement: Fig. 1S
200
Hb-mTLR2
150
Units/ml

NFκB Activation

A.

100
50
Hb-mTLR4
0

PAM3CSK4, µg/ml

200

Units/ml

NFκB Activation

B.

Hb-mTLR4

150
100
50
Hb-mTLR2
0

LPS-B5, µg/ml

B.

0.2

HepG2

0.15
0.1
0.05
0

Relative mRNA Abundance

A.

Relative mRNA Abundance

Supplement: Fig. 2S
0.03

LX2

0.02

0.01

0

% Distribution
of 14C-Fatty Acids

C.
120
100
-18:0

80
60

-22:5,ω6
-22:4,ω6
-20:4,ω6

-16:1,ω7
16:0
18:1,ω9
18:1,ω7

40

-22:6,ω3
-22:5,ω3

-20:3,ω6
-18:3,ω6
-20:2,ω6

-20:5,ω3

-18:2,ω6

-18:4,ω3
-20:3,ω3

20

-18:3,ω3

0
14C-Acetate

14C-Linoleate

14C-α-Linolenate

A. Chemokines & Cytokines
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B. Growth Factors
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C. Transcription Factors
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