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Abstract
Saturated free fatty acids (FFA) can activate inflammatory cascades including the toll-like
receptor 4 (TLR4) pathway. TLR4 is expressed by hepatocytes and may help link FFA to altered
hepatic gluconeogenesis in type 2 diabetes mellitus. This study examined the role of TLR4 in
mediating palmitate effects on the expression of phosphoenolpyruvate carboxykinase (PCK1) and
the catalytic subunit of glucose-6-phosphatase (G6PC), rate-determining gluconeogenic enzymes.
Human hepatocellular carcinoma cells (HepG2 and HuH7) were incubated in media including 2%
bovine serum albumin and 250 to 1000 μM palmitate for 24 h. Signaling mediated by TLR4 was
blocked by a TLR4 decoy peptide or small interfering RNA knockdown of TLR4. Palmitate
induced dose-dependent increases in PCK1 and G6PC mRNA abundance, which were prevented
by the TLR4 decoy peptide. Palmitate doubled PCK1 promoter activity, and TLR4 knockdown
ablated this response. Lipopolysaccharide and monophosphoryl lipid A also up-regulated G6PC
and PCK1 transcript abundance in a TLR4-dependent manner. Addition of oleate attenuated
palmitate-induced increases in G6PC and PCK1 mRNA abundance. Palmitate increased nuclear
factor κ-light-chain-enhancer of activated B cells reporter gene activity, which was unaffected by
TLR4 blockade, but increased mRNA abundance of hepatocyte-specific cyclic AMP response
element binding protein, a transcriptional regulator of PCK1, in a TLR4-dependent manner.
Finally, TLR4 activation by palmitate increased subsequent cellular uptake of palmitate, and
inhibiting ceramide synthesis ablated palmitate effects on PCK1 mRNA abundance and promoter
activity. These results suggest that TLR4 signaling could play a critical role in linking elevated
saturated FFA to increased transcription of gluconeogenic genes.

Keywords
Gluconeogenesis; Palmitate; Toll-like receptor 4; Saturated fatty acid; Diabetes

☆Supported by the Kansas Agricultural Experiment Station; contribution no. 12-323-J. The project described was also supported by
award number P20RR016475 from the National Center for Research Resources. The content is solely the responsibility of the authors
and does not necessarily represent the official views of National Center for Research Resources or the National Institutes of Health.
Lipid analysis was performed at the Kansas Lipidomics Research Center, which was supported by NSF grants MCB 0455318 and
0920663 and DBI 0521587, and NSF EPSCoR grant EPS-0236913 with matching support from the State of Kansas through Kansas
Technology Enterprise Corporation and Kansas State University.

© 2012 Elsevier Inc. All rights reserved.
* Corresponding author. Tel.: +1 785 532 7974; fax: +1 785 532 5681. bbradfor@ksu.edu. .

NIH Public Access
Author Manuscript
J Nutr Biochem. Author manuscript; available in PMC 2014 August 01.

Published in final edited form as:
J Nutr Biochem. 2013 August ; 24(8): 1499–1507. doi:10.1016/j.jnutbio.2012.12.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
The pathology of type 2 diabetes mellitus (T2DM) is complex because it involves multiple
organs, dietary factors and inflammatory pathways. Several reports indicate that excessive
gluconeogenesis (GNG) contributes to hyperglycemia in diabetics [1–3], which is caused at
least partially by hepatic insulin resistance [4]. Elevated free fatty acids (FFA), especially
saturated FFA, promote insulin resistance and also increase basal GNG [5,6]. Coupled with
the fact that obesity and high-fat diets increase plasma FFA concentrations, these findings
suggest that FFA may play a causative role in diabetes [7]. In fact, epidemiological studies
have identified high FFA levels [8] and more saturated FFA profiles [9] as independent
predictors of diabetes risk.

In a critical report, Lee and colleagues demonstrated that saturated FFA can activate
inflammatory pathways via toll-like receptor 4 (TLR4) [10], and subsequent findings have
been consistent with the concept that saturated FFA are TLR4 agonists [11,12]. The recent
finding that TLR4 is expressed by hepatocytes [13,14] represents a potential mechanism
linking FFA to altered liver function. In fact, TLR4 has been identified as a critical
component of systemic inflammatory responses to high-fat diets, and the activation of TLR4
signaling may contribute to lipid-induced insulin resistance [15,16]; however, the critical
pathways linking chronically elevated FFA to excessive GNG remain controversial and
elusive. The main objective of the present study was to examine whether TLR4 mediates
saturated FFA effects on the expression of gluconeogenic genes in human hepatocellular
carcinoma cells (HepG2 and HuH7). Our results show that the TLR4 pathway plays a
critical role in linking palmitate to increased gluconeogenic gene transcription.

2. Materials and methods
2.1. Cell culture

HepG2 cells were obtained from American Type Culture Collection (ATCC, Rockville,
MD, USA), and HuH7 cells were a gift from Dr. Kyeong-Ok Chang (Kansas State
University). Hepatoma cells were maintained as a monolayer culture in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen Corp., Grand Island, NY USA) supplemented with
10% fetal bovine serum (FBS) (CELLect Gold; MP Biomedicals, Solon, OH, USA) and 1%
penicillin–streptomycin (Invitrogen Corp.) until 70% confluent. For treatment, medium was
changed to DMEM or M199 (Invitrogen Corp.; 5.6 M glucose in both) with 5% FBS, 1%
antibiotics (including glutamine when M199 medium was used), 2% fatty-acid-free, low-
endotoxin (guaranteed ≤0.1 ng/mg endotoxin) bovine serum albumin (BSA) (A-8806;
Sigma-Aldrich, St. Louis, MO, USA) and treatment compounds as specified below.

2.2. Treatments
The TLR4 decoy peptide (sequence: RQIKIWFQNRRMKWKKLHYRDFIPGVAIAA) used
in this study was designed to interrupt TLR4 signaling by interfering with BB-loop
interactions on the intracellular domain of TLR4 [17]. The TLR4 decoy peptide was
synthesized by the Biopolymer Core Facility of the University of Maryland (Baltimore, MD,
USA). The purity of the peptide was N95% as determined by liquid chromatography–mass
spectrometry, and the peptide was dissolved in dimethyl sulfoxide at an initial concentration
of 10 mM. The relative cytotoxicity of TLR4 decoy peptide and palmitate was determined
by metabolism of alamarBlue (Invitrogen Corp.) over 1 h. HepG2 cells were treated with
different concentrations of TLR4 decoy peptide (1–100 μM) for the viability assay. For the
remaining experiments, the TLR4 decoy peptide was added to appropriate wells at a
concentration of 1 μM 30 min prior to addition of other treatments, including palmitate (0,
250, 500, 750 and 1000 μM), oleate and palmitate (2:1) mixtures (0, 375, 750 and 1125
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μM), lipopolysaccharide (LPS; 10 and 100 ng/ml) and monophosphoryl lipid A(MLA; 0, 1,
10, and 100 μg/ml) and were incubated for 24 h. Fatty acids (N95% purity, Sigma-Aldrich)
were weighed into distilled, deionized water at a final concentration of 100 mM and
incubated at 37°C for 1 h. The solution was then inverted to disperse the lipid, and 1 N KOH
(1% vol:vol) was added to dissolve the fatty acids. LPS (≥500,000 endotoxin U/mg from
Salmonella enteritidis; product L2012) and MLA (from Escherichia coli F583, product
L6638) were purchased from Sigma-Aldrich. For the fatty acid uptake experiment, cells
were treated for 24 h ± palmitate and TLR4 decoy peptide as described above, washed and
then incubated with 1-14C-palmitate (0.1 μCi/ml; Moravek Biochemicals, Brea, CA, USA)
in the same media (free of any treatments) for 30 min to measure palmitate uptake. In the
ceramide inhibition experiment, myriocin (product BML-SL226; Enzo Life Sciences,
Farmingdale, NY, USA) was added at a concentration of 1 μM for 30 min prior to the
addition of 1000 μM palmitate as in previous experiments.

2.3. Quantitative real-time polymerase chain reaction (PCR)
Total RNA and protein were extracted using a PARIS kit following the manufacturer’s
instructions (Applied Biosystems, Carlsbad, CA, USA). Complementary DNA was
synthesized using the High-Capacity cDNA RT Kit according to the manufacturer’s
instructions (Applied Biosystems). Quantitative real-time PCR was performed in triplicate
with 5% of the cDNA product in the presence of 200 nM gene-specific forward and reverse
primers with real-time fluorescent detection (7500 Fast Real-Time PCR System, Applied
Biosystems) using Fast SYBR Green Master Mix (Applied Biosystems). Primers were
designed (http://www.ncbi.nlm.nih.gov/tools/primer-blast) using the GenBank sequences
shown in Table 1. Relative mRNA abundance was quantified by the delta-Ct method with
ribosomal protein subunit 9 (RPS9) used to normalize values. Efficiencies of PCR reactions
were tested on each plate by dilution of a pooled sample, and efficiencies for the various
target genes ranged from 83% to 97%.

2.4. siRNA and luciferase assays
HepG2 cells were transfected in serum- and antibiotic-free OPTI-MEM medium with 100
nM pooled TLR4 siRNA (sc-40260) or scrambled (Scr) siRNA (sc-37007) using siRNA
Transfection Reagent (sc-29528) in siRNA Transfection Medium (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) according to the manufacturer’s
recommendations. Cells treated with siRNA were incubated for 24 h prior to reporter
plasmid transfection. TLR4 knockdown was confirmed by Western blot.

For luciferase assays, HepG2 cells were transfected with 100 ng reporter gene plasmids in
OPTI-MEM reduced serum media (Invitrogen Corp.) using TransIT-LT1 transfection
reagent (Mirus Bio LLC, Madison, WI, USA) and incubated for 16 h prior to treatment. The
PCK1-Luc plasmid encoded the region 1.9 kb upstream to 0.9 kb downstream of the human
PCK1 start site (S114233; SwitchGear Genomics, Menlo Park, CA, USA). Nuclear factor κ-
light-chain-enhancer of activated B cells (NF-κB) activity was determined using the
established pIgκB-Luc reporter construct [18], and a Renilla luciferase vector (pRL-SV40)
was used as a control reporter plasmid (Promega Corp., Madison, WI, USA). Cells were
treated for 24 h as described previously, and luciferase activity was measured using the
luciferase assay system (Promega Corp.) according to the manufacturer’s instructions.

2.5. Western blotting
HepG2 cellular protein was recovered after lysis of cells using the PARIS kit (Applied
Biosystems). Protease inhibitors were added to the lysis buffer (Protease inhibitor cocktail I;
Calbiochem, Gibbstown, NJ, USA). The homogenate was centrifuged at 15,000g for 10 min
at 4°C, and total protein concentration of the supernatant was measured [19]. Forty
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micrograms of total protein was separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis on a 4%–12% Tris–HCl gel and dry-transferred onto nitrocellulose
membranes (iBlot; Invitrogen Corp.). Membranes were blocked in Tris buffer (pH 7.4) with
5% dry milk powder for 2 h at room temperature and then incubated with a rabbit anti-TLR4
antibody (sc-10741 diluted 1:1000; Santa Cruz Biotechnology) for 1 h at room temperature.
After washing, membranes were incubated for 1 h at room temperature with a secondary
antibody (anti-rabbit IgG, sc-2301; Santa Cruz Biotechnology) diluted 10,000-fold in Tris
buffer (pH 7.4). Immunodetection was performed by chemiluminescence (West-Dura;
Thermo Scientific, Waltham, MA, USA), and band images were visualized using a photo
documentation system (ChemiDoc-It Imaging System; UVP Inc., Upland, CA, USA).

2.6. Lipid analyses
Cells incubated with 1-14C-palmitate were washed and harvested for liquid scintillation
counting (LS 6500, Beckman, Brea, CA, USA). Intracellular ceramide concentrations were
determined in separate cell lysate samples by mass spectrometry. Data acquisition, analysis
and lipid quantification in comparison to internal standards, using an automated electrospray
ionization–tandem mass spectrometry approach, were carried out as previously described
[20], except that an aliquot of 2 μl of extract in chloroform was used for analysis, and free
fatty acids and acyl product ions were not analyzed. The molar results were normalized to
the protein content of the sample to produce data in nmol/mg protein.

2.7. Statistics
Results were analyzed by analysis of variance, and pairwise differences were determined by
two-tailed Student’s t tests. Transcript abundance data for 78-kDa glucose-regulated protein
(GRP78) and hepatocyte-specific cyclic AMP response element binding protein (CREBH)
were log-transformed for analysis to achieve normal residual distributions, and reported
means are back-transformed.

3. Results
3.1. Model validation

Prior to beginning investigations into the effects of palmitate on transcriptional control of
GNG, we first verified that this model system did not induce cytotoxicity. Incubating HepG2
and HuH7 cells with 1000 μM palmitate and 2% BSA for 24 h did not decrease cell viability
as assessed by resazurin metabolism (data not shown; P>.24, n=6–8). A small, cell-
permeable peptide that inhibits TLR4 dimerization and subsequent signaling was also used
[17]. Because this peptide had not previously been used in HepG2 cells, the dose-dependent
effects of the TLR4 decoy peptide on HepG2 cell viability were tested using concentrations
ranging from 1 nM to 100 μM. No effects on viability (24 h) with concentrations up to 10
μM were observed, and the 100-μM dose significantly decreased viability (P<.01, data not
shown). Our experiments were conducted using a dose of 1 μM, lower than the doses of 10–
40 μM used to establish the effects of the TLR4 decoy peptide in murine macrophages [17].

3.2. Palmitate increases abundance of gluconeogenic transcripts in a TLR4-dependent
manner

To assess the effects of palmitate on transcriptional regulation of GNG, mRNA abundance
of two rate-determining enzymes in this pathway (PCK1 and G6PC) was measured.
Exposing HepG2 cells to 500, 750 and 1000 μM palmitate for 24 h induced 8.5-, 27.6- and
33.3-fold increases in PCK1 and 4.7-, 12.5- and 21.1-fold increases in G6PC mRNA
abundance, respectively (P<.05 for both PCK1 and G6PC at all concentrations above, Fig.
1A and B). In the presence of the TLR4 decoy peptide, each of these responses was ablated,
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suggesting the involvement of TLR4 in the effects of palmitate on abundance of these
transcripts.

3.3. Oleate attenuates palmitate-induced increases of gluconeogenic transcript abundance
in a TLR4-dependent manner

To determine whether responses to palmitate were specific to this saturated fatty acid or
were a more general response to fatty acids, the effects of a 2:1 mixture of oleate and
palmitate were assessed in HepG2 cells. This 2:1 ratio of unsaturated:saturated fatty acids
approximates physiological ratios [9]. The mixed fatty acids increased PCK1 mRNA at 750-
and 1125-μM concentrations and G6PC mRNA at 1125 μM compared with the control (P<.
05, Fig. 1C and D), although only the G6PC response at 1125 μM was significantly different
than the corresponding TLR4 decoy peptide treatment. More importantly, these responses
were substantially attenuated compared with the effects of palmitate alone. The direct
comparison of 750 μM palmitate vs. 750 μM of the mixed fatty acids showed a response
more than 10-fold greater for palmitate (P<.05). These data indicate that mixtures of
saturated and unsaturated fatty acids do not result in the same induction of gluconeogenic
transcripts as palmitate alone.

3.4. MLA and LPS increase the abundance of gluconeogenic transcripts in a TLR4-
dependent manner

Free fatty acids can alter cell signaling in many ways other than through TLR4. Therefore,
TLR4 agonists LPS and MLA (a nontoxic derivative of LPS [21]) were tested for effects on
gluconeogenic genes. HepG2 cells treated with 1, 10 and 100 μg/ml MLA for 24 h had 3.4-,
11.4- and 27.1-fold increases in PCK1 and 1.3-, 3.5- and 14.8-fold increases in G6PC
mRNA abundance, respectively (Fig. 1E and F). LPS also dramatically increased both PCK1
and G6PC mRNA levels (Fig. 1G and H).These responses were also eliminated in the
presence of the TLR4 decoy peptide.

3.5. Palmitate induces similar increases in gluconeogenic transcripts in HuH7 cells
To determine whether TLR4-mediated induction of gluconeogenic transcripts is an anomaly
found only in HepG2 cells, we evaluated the dose–response to palmitate in HuH7 cells with
and without TLR4 blockade. As in the HepG2 cells, palmitate dramatically increased both
PCK1 and G6PC mRNA levels, with significant responses at doses of 250 μM and above
for PCK1 and 750 μM and above for G6PC (Fig. 2). All responses were again prevented by
the TLR4 decoy peptide.

3.6. Palmitate increases PCK1 promoter activity in a TLR4-dependent manner
To verify that the PCK1 response was mediated by effects on the transcriptional rate rather
than mRNA stability only, the activity of the PCK1 promoter was analyzed by luciferase
assay in HepG2 cells. Consistent with mRNA abundance results, palmitate induced a
twofold increase in PCK1 promoter activity, and this response was blocked by either the
TLR4 decoy peptide or siRNA knockdown of TLR4 (Fig. 3A and B).

3.7. Palmitate induces NF-κB-dependent transcription independent of TLR4
One key mediator of TLR4 signaling is NF-κB, and this transcription factor could mediate
effects on gluconeogenic gene expression. Therefore, NF-κB activity was evaluated using
the pIgκB-Luc reporter construct [18] in HepG2 cells. Palmitate significantly increased NF-
κB reporter activity, but neither the TLR4 decoy peptide nor siRNA knockdown of TLR4
had a significant impact on this response to palmitate (Fig. 3C). Therefore, treatments that
prevented the induction of PCK1 and G6PC gene expression by palmitate failed to alter NF-
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κB responses, suggesting that NF-κB activation alone does not explain the transcriptional
responses.

3.8. Palmitate increases mRNA abundance of transcripts involved in lipid signaling and
endoplasmic reticulum (ER) stress in a TLR4-dependent manner

In addition to activating inflammatory pathways [22], palmitate has been reported to initiate
an ER stress response [23]. Therefore, the mRNA responses to palmitate and TLR4
blockade for ER stress mediators GRP78 and CREBH, as well as for TLR4 and the lipid
scavenger fatty acid translocase (CD36), were also measured in HepG2 cells. Palmitate
significantly increased mRNA abundance of TLR4, CD36, GRP78 and CREBH (Fig. 4).
TLR4 blockade attenuated each of the significant responses to palmitate.

3.9. Activation of TLR4 by palmitate increases subsequent fatty acid uptake by HepG2
cells

Treatment effects on CD36 expression led us to assess fatty acid uptake after HepG2 cells
were preincubated with palmitate for 24 h. Consistent with the observed effects on
expression of the fatty acid transport protein, palmitate exposure increased subsequent
uptake of 1-14C-palmitate, and the response was prevented by the TLR4 decoy peptide (Fig.
5).

3.10. Ceramide signaling is involved in induction of gluconeogenic genes by palmitate
To determine if ceramides are also involved in palmitate-induced gluconeogenic gene
expression, we used myriocin, an inhibitor of serine palmitoyltransferase, to block ceramide
production. HepG2 cells treated with 1000 μM palmitate, palmitate with TLR4 decoy
peptide and palmitate with myriocin had intracellular ceramide concentrations of 3.49, 2.01
and 0.28±0.24 nmol/mg protein, respectively. As shown in Fig. 6, increases in PCK1 mRNA
abundance and PCK1 promoter activity induced by palmitate were ablated by myriocin.
These results indicate that ceramides are involved in palmitate-induced gluconeogenic gene
expression.

4. Discussion
Broad evidence indicates that elevated FFA can promote GNG, which leads to increased
hepatic glucose output. High-fat diets or fasting-induced elevation of plasma FFA increases
hepatic glucose production in rats [5,24]. Increased plasma FFA in fasting humans promote
GNG, whereas this response is blocked by pharmacological suppression of FFA release
[25]. Furthermore, FFA-induced increases in endogenous glucose production in humans are
eliminated by the inhibition of GNG via ethanol infusion [6], indicating that FFA effects are
mediated primarily by enhancement of GNG rather than glycogenolysis. In primary
hepatocytes and HepG2 cells, GNG is increased in the presence of high FFA [26,27].

The mechanism by which FFA promote GNG remains elusive. A growing number of studies
suggest that an important mechanism underlying this response is an increase in transcription
of key gluconeogenic genes, particularly PCK1 and G6PC [26]. Increasing plasma FFA in
rats increase hepatic G6PC mRNA abundance [28], and exposing primary hepatocytes to
elevated FFA enhances mRNA abundance and the promoter activity of both PCK1 and
G6PC [26,29], as well as PCK1 activity [30].We found that exposing HepG2 and HuH7
cells to various concentrations of palmitate for 24 h significantly increased PCK1 and G6PC
mRNA abundance in a dose-dependent manner; PCK1 promoter activity in HepG2 cells was
increased twofold after a 24-h incubation in the presence of 1000 μM palmitate. These
results suggest that saturated FFA can directly promote the expression of genes encoding
gluconeogenic enzymes. It should be noted that mRNA stability was not investigated in this
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study, and a reduction in mRNA degradation rate could also contribute to the increase in
gluconeogenic transcript abundance.

The concentrations of FFA we used were within the physiological range of human plasma
FFA; the reported mean fasting FFA concentration in healthy adults was 578 μM, with a
range from 90 to 1473 μM [31]. Plasma contains a complex array of fatty acids, however,
and the use of palmitate alone does not represent a physiological scenario. Nevertheless, the
induction of gluconeogenic genes with higher concentrations of mixed FFA suggests that
mechanisms identified with palmitate alone are relevant to more physiological scenarios.

The mechanisms linking saturated FFA to gluconeogenic gene expression are not fully
understood. Numerous nuclear receptors, such as peroxisome proliferator-activated
receptors (PPARs) and retinoid X receptor, bind FFA, but unsaturated FFA are generally far
more potent activators of these factors [32], making it unlikely that saturated FFA responses
are mediated solely by direct activation of transcription factors. Many studies have indicated
that reactive oxygen species (ROS) or products of palmitate metabolism such as ceramides
or diacylglycerides are critical mediators of transcriptional responses to saturated FFA. Each
of these bioactive compounds is elevated in hepatocytes exposed to high concentrations of
saturated FFA [7,23,33], and they may play a role in mediating or amplifying the effects of
FFA on GNG gene expression, but no consensus model has emerged. In the present study,
the increased PCK1 and G6PC mRNA abundance and elevated PCK1 promoter activity
induced by palmitate were blocked by either the TLR4 decoy peptide or siRNA knockdown,
suggesting that activation of TLR4 signaling plays a key role in stimulating the expression
of gluconeogenic genes in response to palmitate. In fact, several studies have proposed that
saturated FFA act as agonists for TLR4. Shi et al. [15] demonstrated that FFA are capable of
activating TLR4 signaling and inflammatory responses in adipocytes and macrophages;
deletion of TLR4 not only prevented lipid-induced insulin resistance in muscle and adipose
tissue, but also prevented the increase in hepatic glucose output in response to lipid infusion.
Likewise, Holland and colleagues [34] reported that TLR4-defective mice infused with lard
oil retained the ability to down-regulate hepatic GNG in response to insulin, whereas wild-
type mice infused with lard oil displayed severe hepatic insulin resistance. Perhaps more
convincingly, recent findings suggest that saturated FFA-induced ROS promote TLR4
activation [11] and that TLR4 is required for palmitate-induced ceramide synthesis [35],
which in turn is requisite for TLR4-induced insulin resistance [35]. Several lines of evidence
indicate that ceramides impair glucose metabolism by inhibiting insulin-stimulated glucose
uptake [36,37], and these effects were reversed by myriocin treatment. In the current study,
we found that ceramide is involved in palmitate-induced gluconeogenic gene expression.
Collectively, these data may suggest that ceramide is a key component of the networks that
link saturated FFA-induced inflammatory pathways to both impaired insulin action and
increased basal GNG, contributing the development of T2DM. In addition, we found that
1000 μM palmitate increased mRNA abundance of CD36, a class B scavenger receptor that
facilitates the intracellular uptake and transport of FFA [38]. Coupled with the observation
that palmitate preexposure increased the subsequent uptake of 14C-palmitate, we speculate
that the up-regulation of CD36 may allow greater influx of lipid into the cell, potentially
increasing intracellular products of fatty acid metabolism (e.g., ROS and ceramides) as well.
The fact that a TLR4 blockade attenuated these responses indicates that palmitate induction
of CD36 and FFA uptake may be mediated through the TLR4 pathway. Taken together,
these data indicate that TLR4 might be a central molecular link among FFA, ceramides,
inflammatory mediators and glucose metabolism. Strategies aimed at blocking hepatocyte
TLR4 signaling may improve insulin sensitivity and GNG regulation.

The finding that mixed FFA decreased gluconeogenic gene expression compared with
palmitate agrees with previous results demonstrating that saturated FFA activate TLR4 and
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unsaturated FFA inhibit saturated FFA-induced TLR4 activation and its downstream
signaling pathways[39]. Up-regulation of NF-κB and cyclooxygenase-2 by saturated FFA
and inhibition of this induction by unsaturated FFA are mediated through a common TLR4
pathway [10]. Although the underlying mechanism by which these FFA modulate the
activation of TLR4 remains uncertain, acylation of saturated FA in LPS is absolutely
required for its toxic effects and is critical for TLR4 receptor activation [40]. Thus, animals
might have developed receptors to recognize the FA component of this highly conserved
molecular structure and initiate immune responses [40]. More interestingly, recent evidence
suggests that saturated and unsaturated FFA reciprocally modulate TLR4 activation by
regulating the dimerization and recruitment of TLR4 into lipid rafts [11], which serve as
organizing centers for the assembly of signaling molecules [41] and are essential for TLR4-
mediated signal transduction [11]. Treatment of cells with unsaturated FFA may result in
incorporation of these FFA into saturated FFA-enriched lipid rafts and inhibition of lipid raft
formation, leading to displacement of signaling molecules from lipid rafts and attenuated
TLR4 signaling [11]. Unsaturated FFA may thereby interfere with the ability of TLR4 to
dimerize and signal effectively in the presence of palmitate. Oleate is also a natural ligand of
PPAR-γ [42], which has recently been shown to suppress TLR4-mediated inflammation
[43]; the interaction of this signal with TLR4-induced GNG gene expression would an
interesting subject of future research.

Monophosphoryl lipid A, a derivative of the endotoxin LPS, lacks the toxic properties but
retains the immunostimulatory function of its parent molecule [21,44]. Both MLA and LPS
are ligands of TLR4, which signals through an elaborate downstream cascade initiated
through two distinct adapter protein complexes, TRAM/TRIF (TRIF-related adaptor
molecule/toll–interleukin-1 receptor domain-containing adaptor-inducing interferon-β) and
MAL/MyD88 (MyD88-adapter-like/myeloid differentiation marker 88) [45]. In 2007, Mata-
Haro et al. [21] first reported that MLA induced strong TRIF-associated but weak MyD88-
associated responses through TLR4 when compared with those of LPS; this incomplete
MyD88 signaling is proposed to account for reductions in inflammatory activities, whereas
MLA is still able to trigger adaptive immunity via an almost intact TRIF-dependent pathway
[21]. However, a later study by the same group demonstrated that MLA-induced signaling is
not completely devoid of MyD88 involvement because MLA-induced p38 mitogen-
activated protein kinase(p38 MAPK) activation depends on both MyD88 and TRIF
pathways [46]. Our results showed that both MLA and LPS promoted the expression of
gluconeogenic genes and these responses were TLR4 dependent. Although by which
pathways MLA mediates these changes is not known, our data indicate that the toxic
proinflammatory properties of ligands may not be required for the activation of TLR4-
mediated gluconeogenic gene transcription. Recently, p38 MAPK was identified as a critical
signaling component in FFA-induced transcription of key gluconeogenic genes and
regulators, including PKC1, G6PC and peroxisome proliferator-activated-γ receptor
coactivator α, an important stimulator of hepatic GNG [47] as well as PKC1 promoter
activation [26]. Coupled with the fact that MLA is a potent stimulator of p38 MAPK [46],
we speculate that MLA may promote gluconeogenic gene transcription through p38 MAPK-
mediated signaling. To our knowledge, this is the first study to report the GNG-promoting
potential of MLA. Further studies are needed to determine the specific role of p38 MAPK in
MLA-induced gluconeogenic gene transcription and glucose production.

The potential mediators of the TLR4-dependent induction of gluconeogenic gene expression
by palmitate are unclear. As mentioned above, TLR4 homodimers initiate two distinct
adapter protein complexes, TRAM/TRIF and MAL/MyD88 [45]. These adaptor pairs couple
with two distinct signaling pathways leading to the activation of interferon response factor 3
and NF-κB, respectively [45]. We found that palmitate significantly increased NF-κB
reporter activity, but neither the TLR4 decoy peptide nor siRNA knockdown of TLR4
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affected this response to palmitate. A previous study showed that the TLR4 decoy peptide at
40 μM prevented NF-κB activation by LPS [17]. In our model with a far lower dose of the
TLR4 decoy peptide, TLR4 inhibition may have been inadequate to block the activation of
NF-κB completely, or palmitate may have induced NF-κB activation via TLR4-independent
pathways such as the TLR2 cascade [48]. Either way, the fact that TLR4 blockade
completely eliminated the induction of PCK1 and G6PC by palmitate without preventing
activation of NF-κB suggests that NF-κB activation alone does not explain the increase in
gluconeogenic gene expression. In addition, the activation of two other downstream targets
of TLR4, p38 MAPK and c-Jun NH2-terminal kinase, has been linked to high glucose
production and hyperglycemia [49,50]. Overall, these data do not rule out the possibility that
the response may be NF-κB related, but another transcription factor is almost certainly
involved.

A recently identified regulator of gluconeogenic gene expression is CREBH. Hepatic
CREBH expression is activated by elevated FFA in mice and by palmitate treatment in
mouse primary hepatocytes [51]. Interestingly, CREBH also activates the PCK1 promoter;
the active nuclear form of CREBH enhanced GNG by promoting both PCK1 and G6PC
transcription. Conversely, acute depletion of CREBH leads to the reduction of blood glucose
in mice [52]. Therefore, CREBH is an important physiological regulator of hepatic GNG.
These findings are consistent with the idea that palmitate increases transcription and nuclear
translocation of CREBH, which then acts in concert with other regulators of GNG to
promote PCK1 and G6PC transcription. In addition, CREBH expression also can be
activated by ER stress [53]. Recent studies have shown that ER stress may contribute to
impaired regulation of glucose homeostasis and act as a potential link between obesity,
impaired insulin sensitivity and the development of T2DM [23]. Many physiological and
pathological processes that promote ER stress, including palmitate overloading [23], may
induce metabolic responses through CREBH. Consistent with previous findings [51], we
observed a 20-fold increase in CREBH mRNA in response to 1000 μM palmitate. Use of the
TLR4 decoy peptide treatment significantly decreased this response. This novel observation
suggests that palmitate induction of CREBH is mediated largely by TLR4 signaling, which
agrees with previous reports that CREBH can be activated directly by LPS [54]. Although
our data do not establish a causative role for CREBH in the increased GNG gene expression,
the congruence between PCK1, G6PC and CREBH responses in our model is intriguing.
Another key regulator of ER homeostasis is GRP78 due to its roles in protein folding and
activation of ER stress sensors [55]. We found that palmitate significantly increased mRNA
abundance of GRP78, as previously reported [22]. Similar to the CREBH response, mRNA
abundance of GRP78 was not elevated by palmitate in the presence of the TLR4 decoy
peptide (P=.08 vs. palmitate alone). Collectively, these responses indicate that the activation
of TLR4 by palmitate can promote ER stress.

In conclusion, the present study demonstrates that TLR4 signaling plays a critical role in
linking saturated FFA to increased transcription of gluconeogenic genes, and these effects
are not explained by NF-κB responses. The mixtures of unsaturated and saturated fatty acids
also induced gluconeogenic gene expression, although with far less potency than palmitate
alone. Furthermore, both LPS and the nontoxic derivative of LPS, MLA, also promoted
gluconeogenic gene transcription in a TLR4-dependent manner. Further studies are
warranted to specify the signaling pathways downstream of TLR4 that mediate the effects of
saturated FFA on GNG gene transcription, particularly the involvement of CREBH.
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Fig. 1.
Palmitate, mixed fatty acids, MLA and LPS increase transcript abundance for gluconeogenic
genes via TLR4 signaling in HepG2 cells. HepG2 cells were incubated in M199 medium
with various concentrations of palmitate, mixed fatty acids, MLA or LPS for 24 h, with the
TLR4 decoy peptide (TLR4d; 1 μM) added 30 min prior to addition of lipid treatments. All
wells included 2% BSA. After 24 h, total RNA was isolated for quantitative reverse
transcriptase (qRT)-PCR analysis of PCK1 and G6PC relative to the internal control gene
RPS9. Values are means±S.E.M.; n=3 to 6. Significant differences (P<.05) are indicated as
follows: *, differs from control (no treatment); #, differs between lipid and lipid with TLRd.
(A, B) Palmitate-induced increases in G6PC and PCK1 mRNA abundance are blocked by
TLR4 decoy peptide. (C, D) Mixtures of unsaturated and saturated fatty acids (2:1
oleate:palmitate) increase G6PC and PCK1 mRNA abundance; however, the mixed fatty
acids had significantly less impact on these transcripts than palmitate alone.(E, F) MLA-
induced increases in G6PC and PCK1 mRNA abundance are blocked by TLR4 decoy
peptide. (G, H) LPS increases G6PC and PCK1 mRNA abundance, and these responses are
blocked by TLR4 decoy peptide.
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Fig. 2.
Palmitate increases transcript abundance for gluconeogenic genes via TLR4 signaling in
HuH7 cells. HuH7 cells were incubated in M199 medium with various concentrations of
palmitate for 24 h, with the TLR4 decoy peptide (TLR4d; 1 μM) added 30 min prior to
addition of palmitate. All wells included 2% BSA. After 24 h, total RNA was isolated for
qRT-PCR analysis of PCK1 (A) and G6PC (B) relative to the internal control gene RPS9.
Values are means±S.E.M.; n=4. Significant differences (P<.05) are indicated as follows: *,
differs from control (no treatment); #, differs between lipid and lipid with TLRd.
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Fig. 3.
Palmitate-induced increases in PCK1 promoter activity are blocked by either TLR4 decoy
peptide or TLR4 siRNA, but activation of NF-κB is TLR4 independent. For siRNA
treatments, HepG2 cells were transfected with 100 nM pooled TLR4 siRNA or scrambled
(Scr) siRNA and maintained for 24 h prior to additional treatments. (A) TLR4 knockdown
was confirmed by Western blot. TLR4 protein was detected in untreated cells (Con) and
cells treated with Scr siRNA, but not in cells treated with siRNA targeting TLR4. (B) Cells
were transfected with 100 ng PCK1 or pRL-SV40 (control) luciferase reporter plasmids.
After 16 h, TLR4 decoy peptide (1 μM) was added to appropriate wells 30 min prior to the
addition of 1000 μM palmitate in DMEM with 2% BSA. After 24 h, promoter activity was
quantified by luciferase assay. Palmitate alone significantly increased PCK1 promoter
activity in both experiments (P<.001). (C) Cells were transfected with 100 ng pIgκB-Luc
(NF-kB-binding promoter) or pRL-SV40 (control) luciferase reporter plasmids. After 16 h,
TLR4 decoy peptide (1 μM) was added to appropriate wells 30 min prior to the addition of
1000 μM palmitate in DMEM with 2% BSA. After 24 h, promoter activity was quantified
by luciferase assay. Palmitate alone significantly increased NF-kB activity in both
experiments (P<0.001). Values are means±S.E.M. (n=3 to 6), representing the response to
palmitate relative to controls (Scr alone in the siRNA experiment), which were normalized
to 1. ***P<.001, N.S.=not significant.
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Fig. 4.
Palmitate increases mRNA abundance of transcripts involved in lipid signaling and ER
stress in a TLR4-dependent manner. HepG2 cells were incubated in DMEM±1000 μM
palmitate, with the TLR4 decoy peptide (1 μM) added 30 min prior to palmitate treatment.
All wells included 2% BSA. After 24 h, total RNA was isolated for qRT-PCR analysis of
(A) TLR4, (B) CD36, (C) GRP78 and (D) CREBH relative to the internal control gene
RPS9. Values are means±S.E.M. (n=3 to 6).*P<.05, **P<.01, ***P<0.001, effect of
palmitate compared with control; #P<0.05, †P<0.10, effect of palmitate+TLR4 decoy
peptide compared with palmitate alone.
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Fig. 5.
Palmitate exposure increases subsequent cellular uptake of palmitate in a TLR4-dependent
manner. HepG2 cells were incubated in DMEM with 2% BSA±1000 μM palmitate, with the
TLR4 decoy peptide (1 μM) added 30 min prior to palmitate treatment. After 24 h, cells
were washed, and fresh media (DMEM with 2% BSA) including 0.1 μCi/ml 1-14C-
palmitate were added to all wells for 30 min. Cells were washed and then harvested for
detection of 14C. Values are means±S.E.M. (n=3).*P<0.05, effect of palmitate compared
with control; #P<0.001, effect of palmitate +TLR4 decoy peptide compared with palmitate
alone.
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Fig. 6.
Ceramides are involved in induction of gluconeogenic genes by palmitate. (A) Palmitate-
induced increases in G6PC mRNA abundance are suppressed in a dose-dependent manner
by ceramide synthesis inhibition. HepG2 cells were incubated in DMEM with 2% BSA
±1000 μM palmitate for 24 h, with the ceramide synthesis inhibitor myriocin added 30 min
prior to addition of palmitate.(B) Palmitate-induced increases in PCK1 promoter activity are
blocked by ceramide synthesis inhibition. HepG2 cells were transfected with 100 ng PCK1
or pRL-SV40 (control) luciferase reporter plasmids. After 16 h, myriocin (1 μM) was added
to appropriate wells 30 min prior to the addition of 1000 μM palmitate in DMEM with 2%
BSA. After 24 h, promoter activity was quantified by luciferase assay. Values are means
±S.E.M. (n=3–6). ***P<0.001, effect of palmitate compared with control; #P<.001, effect of
palmitate+myriocin compared with palmitate alone.
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Table 1

Primers used for quantitative real-time PCR gene expression analysis

Genea Sequence of primer (5′ to 3′) Accession numberb

PCK1 Forward, ATCCCCAAAACAGGCCTCA NM_002591.2

Reverse, ATGACGTACATGGTGCGACCT

G6PC Forward, CCCGTGAGACTGGACCAGGGAAA NM_000151.2

Reverse, AGACATTCAGCTGCACAGCCCAG

CD36 Forward, ACCTGGCTCAAGCACAAACCAA NM_001001548.2

Reverse, TGGTCCTGGAGACTGTTGAGCA

TLR4 Forward, AGCCCTGCGTGGAGGTGGTT NM_138554.3

Reverse, GAAGGGGAGGTTGTCGGGGA

GRP78 Forward, TGGTTCGTGGCGCCTTGTGA NM_005347.4

Reverse, GCACAGGAGCACAGCGCAAT

CREBH Forward, AGCTGGTGCTCACCGAGGAT NM_032607.1

Reverse, TGCTTTCTTGCGCCGACTGC

RPS9 Forward, TGAAGCTGATCGGCGAGTATG NM_001013.3

Reverse, CCTTCTCATCAAGCGTCAGCA

a
PCK1: phosphoenolpyruvate carboxykinase; G6PC: the catalytic subunit of glucose-6-phosphatase; CD36: fatty acid translocase; TLR4: toll-like

receptor 4; GRP78: 78-kDa glucose-regulated protein; CREBH: hepatocyte-specific cyclic AMP response element binding protein; RPS9:
ribosomal protein subunit.

b
From NCBI Entrez Nucleotide Database (http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide).
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