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Abstract
Excess fatty acids are closely associated with metabolic dysfunction. The deleterious effects of
fatty acids relate, in part, to their ability to up-regulate proinflammatory cytokines and propagate a
state of systemic inflammation. CREBh is a recently identified transcription factor that appears to
be required for hepatic synthesis of C-reactive protein (CRP). Recent data suggest that fatty acids
can up-regulate CREBh, thus establishing a potential molecular link between fatty acids and
inflammation. The aim of the current study was to examine the nature and mechanisms of fatty
acid-mediated regulation of CREBh. H4IIE liver cells were incubated in the absence or presence
of varying concentrations (50–500 μM) of albumin-bound, long-chain saturated (palmitate,
stearate) or unsaturated (oleate, linoleate) fatty acids (1–16 hours). All fatty acids significantly
increased CREBh gene expression via transcriptional mechanisms, at concentrations as low as 50
μM. Palmitate- or oleate-mediated upregulation of CREBh was not inhibited by triacsin C, an
inhibitor of long-chain fatty acyl CoA synthetase, or by the PPARα antagonist, MK886. Inhibition
of proteasome activity with MG132 or lactacystin, or inclusion of insulin reduced palmitate- and
oleate-mediated increases in CREBh mRNA. Finally, we examined fatty acid regulation of
CREBh in vivo. Male Wistar rats were exposed to a 4-hour pancreatic clamp combined with
infusion of saline or a mixed lipid emulsion. CREBh mRNA and protein were significantly
increased in rats exposed to the lipid infusion compared to the saline group. Collectively, these
results may have important implications for metabolic diseases characterized by excess fatty acids,
insulin resistance and inflammation.
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INTRODUCTION
CREBh is a recently identified, liver-specific, endoplasmic reticulum-localized transcription
factor [1]. Mobilization of CREBh from the endoplasmic reticulum (ER) to the nucleus can
be activated by pro-inflammatory cytokines, and CREBh is required for the hepatic
synthesis of C-reactive protein and serum amyloid P-component [2], suggesting that CREBh
is critical to the acute inflammatory response.

Excess free fatty acids are closely associated with metabolic dysfunction and represent a
putative link between obesity and chronic diseases such as non-alcoholic fatty liver disease
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and cardiovascular disease [3–4]. At least some of the deleterious effects of excess fatty
acids relate to their ability to up-regulate proinflammatory cytokines and propagate a state of
systemic inflammation. Recent data suggest that fatty acids can up-regulate CREBh in
HepG2 cells [5], thus establishing a putative molecular link between fatty acids and
inflammation. However, several questions remain regarding how and under what conditions
fatty acids regulate CREBh. The aim of the present study was to examine these questions by
identifying potential molecular and cellular mediators of fatty acid-mediated regulation of
CREBh, and to determine if this regulation occurs in vivo. Our results demonstrate that up-
regulation of CREBh occurs in vitro and in vivo at fatty acid concentrations within the
physiological range (i.e. 50 μM). This regulation occurs via transcriptional mechanisms that
involve proteasome activity and insulin.

METHODS
Experimental agents

Fatty acids (Sigma Chemical Company, St. Louis, MO) were complexed to bovine serum
albumin (BSA) at a 2:1 molar ratio [6]. Briefly, a 20 mM solution of fatty acid in 0.01 M
NaOH was incubated at 70°C for 30 min. Addition of 1 N NaOH was used to promote
solubilization. Fatty acid soaps were then complexed with fatty acid-free BSA in phosphate-
buffered saline to achieve the appropriate 2:1 (fatty acid-to-albumin) molar ratio. Studies
were performed in the absence or presence of the following compounds (all purchased from
Sigma unless otherwise noted): Actinomycin-D (10 μg/ml), an inhibitor of transcription;
triacsin C (10 μM), an inhibitor of long-chain fatty acyl CoA synthetase; MK886 (10 μM), a
PPARα antagonist; WY14644 (10 μM), a PPARα agonist; lipopolysaccharide (LPS) (100
ng/ml), a toll-like receptor-4 (TLR4) agonist; zymosan (40μg/ml), a toll-like receptor-2
(TLR2) agonist; the proteasome inhibitors, MG132 (20 μM) and lactacystin (10 μM); insulin
(100 nM); and the phosphatidylinositol 3 (PI3) kinase inhibitors wortmannin (1 μM)
(Calbiochem, San Diego, CA) and LY294002 (50 μM) (Millipore, Bellerica, MA).

Cell culture
H4IIE liver cells (American Type Culture Collection, Manassas, VA), a rat liver hepatoma
cell line, were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), and
supplemented with 10% fetal bovine serum, penicillin and streptomycin sulfate.
Experiments were performed at 80–100% cell confluence.

Animals
Male Wistar Crl(WI)BR rats (Charles River, Wilmington, MA) weighing ~180 g upon
arrival (7–8 wks of age) were provided free access to a purified high starch diet (Research
Diets, Inc., New Brunswick, NJ) [7] and water for 1 wk. Rats were housed in pairs in a
temperature- and humidity-controlled environment with a 12-hr light:dark cycle. All
procedures were reviewed and approved by the Colorado State University institutional
animal care and use committee.

Pancreatic clamp with lipid infusion
Following the acclimatization period, 10 rats underwent a pancreatic clamp to examine the
acute effects of fatty acids on CREBh gene and protein expression. Catheters were placed in
the carotid artery and jugular vein under general anesthesia as previously described [7–8].
Experiments were performed following 4–5 days of recovery, by which time body weights
had recovered to at least 95% of their pre-surgery levels. Experiments were performed on
conscious rats that were allowed unrestricted movement.
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On the day of the experiment, extensions were added to the catheters and rats were allowed
to rest for 15 minutes. Following a baseline blood sample (−10 min), a priming infusion of
somatostatin release-inhibiting hormone (SRIF) and insulin was provided for 5 minutes
(−10 to −5 min). Following the priming infusion, SRIF and insulin were infused at constant
rates of 1.2 μg·kg−1·min−1 and 1 mU·kg−1·min−1, respectively, and a variable glucose
infusion (20% dextrose) was used to maintain basal glucose levels. After five minutes, an
infusion of the mixed lipid emulsion, Liposyn II (Hospira, Lake Forest, IL), sufficient to
increase free fatty acid levels ~3-fold (LIPID, n=5), or saline containing glycerol (CON,
n=5) was initiated and maintained, along with the SRIF, insulin and glucose, for 4 hrs (0 to
240 min). Liposyn II is a 20% triglyceride emulsion containing 10% safflower oil, 10%
soybean oil, 1.2% egg phosphatides and 2.5% glycerin, with the following fatty acid
composition: 65.8% linoleic, 17.7% oleic, 8.8% palmitic, 3.4% stearic, and 4.2% linolenic
acid. Blood samples were obtained from the arterial catheter frequently during the first hour
and then at ~10–15 min intervals during the final 3 hours. At the end of the experiment, rats
were deeply anesthetized with sodium pentobarbital and liver samples were processed for
RNA analysis and biochemical assays as described below.

Plasma measures
Blood samples were centrifuged, and plasma was either used immediately for glucose
analysis or stored at −80° C. Glucose was measured with an automated analyzer (Beckman
Instruments, Fullerton, CA); insulin was analyzed by ELISA (Linco Research, St. Charles,
MO), and free fatty acid levels were determined using the WAKO NEFA-C kit (Richmond,
VA).

RNA isolation and analysis
Total RNA was extracted with TRIzol reagent using the manufacturer’s protocol
(Invitrogen, Carlsbad, CA). For Real Time PCR, reverse transcription was performed using
0.5 μg of DNase-treated RNA, Superscript II RnaseH- and random hexamers. PCR reactions
were performed in 96 well plates using transcribed cDNA and IQ-SYBR green master mix
(Bio Rad, Hecula, CA) using the following primer sets designed by the Beacon designer
program version 3.1: 1) CREBh, forward: CGGTCCTTCTGCTGTCCTTC; reverse:
CGTGGTTGTGGAGGGTTCTG; 2) CCAAT/enhancer-binding protein homologous protein
(CHOP), forward: CCAGCAGAGGTCACAAGCAC; reverse:
CGCACTGACCACTCTGTTTC; 3) growth arrest and DNA damage-inducible protein 34
(GADD34), forward: CTTCCTCTGTCGTCCTCGTCTC; reverse:
CCCGCCTTCCTCCCAAGTC; 4) β2-microglobulin(control gene), forward:
GGTGACCGTGATCTTTCTGGTG; reverse: GGATGGCGAGAGTACACTTGAATT; and
5) cyclophilin (control gene), forward: GTCAACCCCACCGTGTTCTTC; reverse:
ACTTTGTCTGCAAACAGCTCGAA.

PCR efficiency was between 90 and 105% for primer and probe sets and linear over five
orders of magnitude. Melting curve analysis and gel electrophoresis was used to examine the
specificity of products generated for each primer set. Reactions were run in duplicate and the
data recorded as the change in cycle threshold (ΔCT) for the target gene compared to the
ΔCT for β2-microglobulin [9]. When cyclophilin was used in place of β2- microglobulin
identical results were observed. The ΔCT ratio was averaged for control samples and the
fold change calculated as the ratio of individual experimental group samples to this average.

Western blot analysis
Tissue or cells were harvested using a lysis buffer containing 20 mM HEPES, pH 7.4, 1%
Triton X-100, 10% glycerol, 2 mM EGTA, 1 mM sodium vanadate, 2 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, 50 mM β-glycerophosphate, 3 mM benzamidine, 10 μM
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leupeptin, 5 μM pepstatin, and 10 μg/ml aprotinin. Equivalent amounts of protein (50–100
μg) were subjected to SDS-PAGE, transferred to Hybond-P membranes (Amersham
Pharmacia Biotech, Piscataway, NJ), and the membranes incubated with antiserum raised in
two rabbits against a peptide consisting of the N-terminal sequence
IAVLLLSFALIILPSISPFNSNKVDSPGDFVPVRVFSRTLHNH of mouse CREBh (Pacific
Immunology, Ramona, CA) and actin (Sigma). Proteins were detected using horseradish
peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence reagent
(Pierce, Rockford, IL). Density was quantified using a UVP Bioimaging system (Upland,
CA).

Tracer studies
Liver cells were incubated with [3H]-oleate or [3H]-palmitate in the presence or absence of
triacsin C. Lipids were extracted as described previously [10]. Oxidation of oleate or
palmitate was estimated as [3H]-H2O production in medium as previously described [11].
Radioactivity was determined in a Liquid Scintillation Counter (Hewlett Packard).

CREBh mRNA stability and transcription
Stability of CREBh mRNA was determined in the absence or presence of Actinomycin-D
(10 μg/ml). Liver cells were harvested for RNA analysis at 3, 5, 7, and 9 hrs. CREBh
transcription was measured by nuclear run-on assay as described previously [12].

Data analysis
For in vitro experiments, data were analyzed using analysis of variance or independent t-
tests. For the clamp experiment, group differences (i.e. control vs lipid) in the dependent
variables were determined by one-or two-way analysis of variance (ANOVA). Changes in
plasma-derived substances (e.g. glucose, insulin) from 0 to 240 min of the clamp were
determined using repeated measures ANOVA. Post-hoc comparisons among means were
made using the Tukey’s test. Statistical significance was set at p<0.05. All data are reported
as the means ± SDEV for 3–8 independent experiments. The specific number of individual
experiments are listed in each figure legend.

RESULTS
Fatty acids increase CREBh expression in vitro at physiologic concentrations

Danno et al. recently demonstrated that palmitate or oleate at concentrations of 200 or 500
μM, and eicosapentanoic acid at concentrations of 100 and 250 μM, increased CREBh
mRNA (100–300%) and CREBh promoter activity (50–100%) in HepG2 cells [5]. To
corroborate and extend these findings, we incubated H4IIE liver cells with varying
concentrations of long chain-saturated (palmitate or stearate) or -unsaturated (linoleate or
oleate) fatty acids for 6 hrs. We found that all fatty acids significantly increased CREBh
mRNA at concentrations as low as 50 μM (Fig. 1a & 1b).

Fatty acids increase CREBh transcription
We next examined whether fatty acid-mediated induction of CREBh mRNA in H4IIE liver
cells involves changes in mRNA stability and/or transcription. Although oleate or linoleate
did not enhance CREBh stability (Fig. 2a), all fatty acids (oleate, linoleate, palmitate and
stearate) increased CREBh transcription by4- to 12-fold at concentrations of 250 and 500
μM (Fig. 2b). These data demonstrate that the observed up-regulation of CREBh mRNA by
fatty acids in H4IIE liver cells occurs primarily through activation of gene transcription.
These experiments also indicate that fatty acids do not differ in their ability to up-regulate
CREBh mRNA; thus subsequent experiments primarily utilized oleate and palmitate.
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Fatty acid induction of CREBh does not require fatty acid metabolism
To examine if the fatty acid-mediated increase in CREBh gene expression required fatty
acid metabolism, H4IIE liver cells were incubated (6 hrs) with [3H]-oleate and albumin-
bound oleate (250 or 500 μM) or [3H]-palmitate and albumin-bound palmitate (250 or 500
μM) in the absence or presence of triacsin C, an inhibitor of long chain acyl CoA synthetase.
Triacsin C reduced tracer estimated fatty acid oxidation and fatty acid incorporation into
total lipid by approximately 75% (Fig. 3a), but did not reduce oleate or palmitate-mediated
up-regulation of CREBh mRNA (Fig. 3b).

PPARα and fatty acid-mediated CREBh gene expression
Recent data suggest that the PPARα agonist, fenofibrate, increases CREBh mRNA in
HepG2 cells [5]. Therefore, we next examined whether PPARα was involved in fatty acid-
mediated regulation of CREBh mRNA. Similar to previously published data., CREBh
mRNA was significantly increased by the PPARα agonist, WY14644, and this increase was
prevented by the PPARα antagonist, MK886 (Fig. 4a). However, despite the well know
ability of fatty acids to activate PPARα [13–14], MK886 did not reduce oleate-mediated
activation of CREBh mRNA (Fig 4b; similar results were found for linoleate and palmitate
(data not shown)). These data suggest that fatty acid regulation of CREBh mRNA does not
involve PPARα signaling.

Like PPARα, toll-like receptors (TLRs) have emerged as important mediators of the
biologic effects of fatty acids. In particular, TLR4 has been shown to mediate the pro-
inflammatory effects of fatty acids in various cell types [15–16]. To begin to elucidate the
role of TLRs in CREBh regulation, H4IIE liver cells were incubated with LPS, an activator
of TLR4, or zymosan, an activator of TLR2. LPS, but not zymosan, significantly increased
CREBh mRNA. These data suggest that TLR4-mediated signaling can regulate CREBh
mRNA (Fig. 4c).

Fatty acid- mediated increase in CREBh gene expression is blocked by inhibitors of
proteasome activity

Previous studies have demonstrated that fatty acid activation of proinflammatory cytokines
and propagation of a systemic inflammatory state involves proteasome activation [17–20].
Therefore, we next examined the effects of inhibitors of proteasome activity, MG132 or
lactacystin, on fatty acid-mediated up-regulation of CREBh mRNA. MG132 or lactacystin
prevented the increase in CREBh mRNA in response to palmitate or oleate (Fig. 5).
Importantly, upregulation of the ER stress related genes, CHOP and GADD34, were not
affected (supplemental Fig. 1), suggesting that these inhibitors did not indiscriminately
reduce overall gene expression. These data suggest that the fatty acid up-regulation of
CREBh mRNA requires proteasome activity.

Fatty acid- mediated increase in CREBh gene expression is blocked by insulin via PI3-
kinase

Recent data indicate that CREBh mRNA is suppressed in the fed state [5]. We hypothesized
that this suppression may be due to postprandial hyperinsulinemia. Indeed, insulin (100 nM)
abolished palmitate- and oleate-mediated up-regulation of CREBh mRNA (Fig. 6a–6b) and
the PI 3-kinase inhibitors, wortmannin (Fig. 6a) or LY294002 (Fig. 6b), interfered with
insulin-mediated suppression of fatty acid up-regulation of CREBh. These data suggest that
insulin-mediated signaling through PI3K is an important determinant of fatty acid-mediated
regulation of CREBh mRNA in liver cells.
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Fatty acids increase CREBh expression in vivo
Our in vitro results indicated that long chain saturated and unsaturated fatty acids increase
CREBh gene expression. To examine fatty acid regulation of CREBh in vivo, a mixed lipid
emulsion (LIPID), containing both saturated and unsaturated fatty acids, or saline + glycerol
control (CON) was infused into rats for 4 hrs. Body weights on the day of the study were not
significantly different between LIPID and CON (242 ± 15 vs. 282 ± 49 g). Pre-infusion
glucose levels were lower in LIPID compared to CON (113 ± 4 mg/dl vs. 131 ± 9 mg/dl;
p<0.05), whereas insulin (0.7 ± 0.2 vs 0.6 ± 0.1 ng/ml) and free fatty acids (0.5 ± 0.4 vs. 0.5
± 0.4 mM) were not significantly different between groups. Insulin values averaged over the
4-hr clamp did not differ between LIPID and CON (0.63 ± 0.10 vs. 0.57 ± 0.05 ng/ml) and
no differences were observed between groups at any time point. Similarly, glucose values
did not differ at any timepoint or when averaged over the duration of the clamp (131.4 ± 7.7
vs. 134.9 ± 8.1 mg/dl). Free fatty acids increased approximately 4-fold in LIPID compared
to CON (p<0.05) (Fig. 7a). CREBh mRNA was undetectable in the heart or kidney (data not
shown), but was increased ~3.5-fold in livers taken from LIPID compared to CON (Fig. 7b).
In agreement with previous reports [2], the newly raised CREBh antiserum detected a single
75 kD protein in whole liver lysates but not in lysates from skeletal muscle or kidney (data
not shown). Importantly, hepatic CREBh protein was significantly increased in LIPID
compared to CON (Fig. 7c). These data suggest that fatty acid regulation of CREBh gene
and protein expression occurs in vivo.

DISCUSSION
Elevated fatty acids are closely linked to metabolic disorders, including obesity, type 2
diabetes, and cardiovascular disease. One putative mechanism by which fatty acids promote
metabolic dysfunction is via propagation of a pro-inflammatory state, although it is presently
not clear how fatty acids promote inflammation. CREBh is a recently identified liver-
specific transcription factor belonging to the CREB/ATF family. Zhang et al., found that
genetically altered mice lacking CREBh have scarcely detectable levels of C-reactive
protein in the basal state and following stimulation with proinflammatory cytokines or
bacterial LPS, suggesting that CREBh is required for initiation of the acute phase response
and systemic inflammation [2]. The aim of the present study was to extend recent findings
linking fatty acids to the regulation of CREBh. Our primary results demonstrate that: (1)
long-chain saturated (palmitate and stearate) and unsaturated (oleate and linoleate) fatty
acids increase CREBh transcription at physiological concentrations; (2) oleate and
palmitate-mediated regulation of CREBh appears to occur independently of fatty acid
metabolism and PPARα signaling; (3) oleate and palmitate regulation of CREBh appears to
be dependent upon proteasome activity; (4) oleate- and palmitate-mediated regulation of
CREBh expression is repressed by PI3 kinase-dependent insulin signaling and (4) fatty acid-
mediated regulation of CREBh occurs in vivo.

Regulated intramembrane proteolysis (RIP) of endoplasmic reticulum membrane-anchored
transcription factors is critical to several cellular processes, including sterol homeostasis
[21]. CREBh is a RIP-regulated liver-specific transcription factor that is required for the
hepatic synthesis of acute phase response genes [2]. Thus, CREBh-mediated outcomes will
be dependent on both the amount of CREBh produced and its cleavage and entry into the
nucleus. Danno et al. recently demonstrated that palmitate or oleate at concentrations of 200
or 500 μM, and eicosapentanoic acid at concentrations of 100 and 250 μM increased CREBh
mRNA (100–300%) and CREBh promoter activity (50–100%) in HepG2 cells [5]. Data in
the present study confirm and extend these data by demonstrating that physiologic
concentrations of long chain saturated or unsaturated fatty acids increase CREBh mRNA
and endogenous transcription. Thus, the ability of fatty acids to increase CREBh
transcription may be an important molecular link to the development of inflammation.
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Very little is known about the regulation of CREBh mRNA. The proteasome is the major
site of cellular protein degradation, and thus, plays an important role in numerous cellular
processes [22]. Recent data suggest that the proteasome inhibitor MG132 prevents fatty acid
induction of the pro-inflammatory enzyme cyclooxygenase-2 in endometrial stromal cells
[23]. In the present study, the role of the proteasome in fatty acid-mediated regulation of
CREBh mRNA was examined using two distinct proteasome inhibitors, MG132 and
lactacystin. Both inhibitors prevented palmitate- and oleate-mediated increase in CREBh
mRNA. Thus, we have identified an integral role for the proteasome in fatty acid-mediated
transcriptional regulation of CREBh.

Recent data indicate that CREBh is suppressed in the fed state, but that this suppression is
mitigated in ob/ob mice [5], suggesting that insulin and insulin action are important
determinants of CREBh expression. To address this issue, we examined the effects of insulin
and PI3-kinase inhibitors on palmitate and oleate regulation of CREBh mRNA in H4IIE
liver cells. Insulin dramatically reduced the fatty acid-mediated increase in CREBh, and this
effect was blocked by two different PI3-kinase inhibitors. These data led to the hypothesis
that the combination of excess lipid delivery and reduced insulin action, as seen in many
obese individuals, may be an environment that promotes elevated CREBh levels, and thus
the capacity to propagate a pro-inflammatory state. This hypothesis predicts that selective
elevation of free fatty acids in vivo should increase CREBh in the liver. Indeed, infusion of a
mixed lipid emulsion that selectively increased free fatty acid levels increased CREBh
mRNA and protein in the liver of rats. It is unclear whether this increase in CREBh
expression was due to elevated fatty acids, per se, or to factors activated consequent to the
lipid infusion. For example, Zhang et al., found that proinflammatory cytokines TNFα and
IL6, which are commonly elevated following lipid infusion, increased CREBh mRNA in
hepatoma cells, and that CREBh cleavage was induced following intraperitoneal injections
of IL6 plus IL1β in wild type mice [2]. Our data in isolated liver cells suggest that fatty acids
can directly regulated the expression of CREBh mRNA, but future studies are needed to
discern the respective effects of fatty acids, cytokines and other factors common to the obese
mileau in the regulation of CREBh in vivo.

Although the present study provides relevant information regarding the mechanisms by
which fatty acids regulate CREBh mRNA, future studies could provide an additional layer
of mechanistic insight. For example, given our results that an intact proteasome was
necessary for CREBh activation, it seems plausible that a transcription factor that requires
the proteasome for transcriptional activity is involved in fatty acid-mediated CREBh
regulation. One such protein is NFκB, since it is sequestered in the cytoplasm by its
inhibitory subunit IκB, and requires proteasome-dependent degradation of IκB for its
activation [24]. Given its importance in regulating inflammatory pathways, the role of NFκB
in fatty acid regulation of CREBh warrants examination in future studies. We also found that
fatty acid metabolism was not required for CREBh induction; thus the proximal target of
fatty acids may include a cell surface factor(s) that acts independently of cellular
metabolism. Recent data suggest that TLRs, in particular TLR4, play a critical role in innate
immunity, and are involved in fatty acid-mediated activation of the inflammatory response
in adipose tissue [16,15]. To begin to examine the role of TLRs in fatty acid-mediated
activation of CREBh, we incubated liver cells with LPS, an activator of TLR4, or zymosan,
an activator of TLR2. We found that LPS, but not zymosan, significantly increased CREBh
mRNA. Thus, future studies will examine the role of TLR4 in fatty acid-mediated regulation
of CREBh.

In summary, data from the current study indicate that fatty acids up-regulate CREBh in vitro
and in vivo. This up-regulation occurs at physiologically relevant fatty acid concentrations
via activation of gene transcription and is dependent on proteasome activity and PI3-kinase-
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mediated insulin signaling. These results may have implications for the development and/or
exacerbation of fatty acid-mediated inflammation in insulin deficient/resistant states.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of fatty acids on CREBh mRNA in H4IIE liver cells. a H4IIE liver cells were
incubated with stearate, linoleate, oleate, palmitate or control media containing 8 mM
glucose (CON) for 6 hr. Data are expressed relative to CON which was set to 1. S250,
stearate at 250 μM (n=4); S500, stearate at 500 μM (n=4); L250, linoleate at 250 μM (n=4);
L500, linoleate at 500 μM (n=4); O250, oleate at 250 μM (n=13); O500, oleate at 500 μM,
(n=32); P250, palmitate at 250 μM (n=16); P500, palmitate at 500 μM (n=32); *,
significantly different from CON. b Effect of physiologic doses of fatty acids (50 and 100
μM) on CREBh gene mRNA in H4IIE liver cells. S50, stearate at 50 μM (n=8); S100,
stearate at 100 μM (n=8); L50, linoleate at 50 μM (n=4); L100, linoleate at 100 μM (n=4);
O50, oleate at 50 μM (n=4); O100, oleate at 100 μM, (n=4); P50, palmitate at 50 μM (n= 8);
p100, palmitate at 100 μM (n= 8); *, significantly different from CON; all data are reported
as the means ± SDEV.
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Figure 2.
Effect of fatty acids on CREBh mRNA stability and transcription in H4IIE liver cells. a
Effect of fatty acids on CREBh mRNA stability in H4IIE liver cells. Cells were cultured in
the presence of oleate (O; 250 μM) or linoleate (L; 250 μM). Transcription was then halted
with the addition of actinomycin D (10 μg/ml), and incubations were continued for 3–9
hours in the presence of oleate (250 μM), linoleate (250 μM) or control media (CON). Data
are expressed relative to the 0 time point (immediately before addition of actinomycin D),
which was set to 100%; n=2–4 for all conditions. b The effect of fatty acids (3 hr) on
CREBh gene transcription, as measured by nuclear run-on assay, in H4IIE liver cells. Data
are expressed relative to control (CON), which was set to 1. O250, oleate at 250 μM; O500,
oleate at 500 μM; P250, palmitate at 250 μM; P500, palmitate at 500 μM; L250, linoleate at
250 μM; L500, linoleate at 500 μM; S250, stearate at 250 μM; S2=500, stearate at 500 μM
*, significantly different from CON; n=3 for all conditions; all data are reported as the
means ± SDEV.
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Figure 3.
The effect of inhibitors of fatty acid metabolism on fatty acid induction of CREBh mRNA. a
Effectiveness of triacsin C (10μM, 6hr) on tracer estimated fatty acid oxidation and labeled
fatty acid incorporation into lipid. O250, [3H]-oleate + albumin-bound oleate at 250 μM;
O500, [3H]-oleate + albumin-bound oleate at 500 μM; P250, [3H]-palmitate + albumin-
bound palmitate at 250 μM; P500, [3H]-palmitate + albumin-bound palmitate at 500 μM; *,
significantly different than without Triacsin C; n=3 for all conditions. b Effect of triacsin C
(10μM, 6hr) on fatty acid-mediated up-regulation of CREBh mRNA. O250, albumin-bound
oleate at 250 μM; O500, albumin-bound oleate at 500 μM; P250, albumin-bound palmitate
at 250 μM; P500, albumin-bound palmitate at 500 μM; n=4 for all conditions; all data are
reported as the means ± SDEV.
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Figure 4.
The effect of PPARα on fatty acid-mediated CREBh gene expression. a Effect of the
PPARα agonist, WY14644 (10μM, 6hr), with and without a 16 hr pre-incubation with the
PPARα antagonist, MK886 (10μM), on CREBh mRNA in H4IIE liver cells. b Effect of 250
μM of oleate (O250, 6hr) with and without a 16 hr pre-incubation with the PPARα
antagonist, MK886 (10μM), on CREBh mRNA in H4IIE liver cells. c Effect of 6hr
incubation with the TLR4 agonist, LPS (100 ng/ml), the TLR2 agonist, zymosan (40 ug/ml)
or oleate (500 μM; O500) on CREBh mRNA in H4IIE liver cells. *, significantly different
from control (CON); n=3 for all conditions; all data are reported as the means ± SDEV.
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Figure 5.
The effect of the proteasome inhibitors MG132 (20 μM, 6 hrs) and lactacystin (10 μM, 6
hrs) on fatty acid-mediated up-regulation of CREBh mRNA. O500, oleate at 500 μM; P500,
palmitate at 500 μM; *, significantly different from same condition without inhibitors; n=3
for all conditions; all data are reported as the means ± SDEV.

Gentile et al. Page 14

Mol Cell Biochem. Author manuscript; available in PMC 2011 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
The effect of insulin and/or inhibitors of PI3K on fatty acid induction of CREBh gene
expression. a Effect of insulin (100nM) and/or the PI3K inhibitor, wortmannin (1 μM), on
fatty acid mediated up-regulation of CREBh gene expression; O500, oleate at 500 μM;
P500, palmitate at 500 μM; *, significantly different from same condition with no additions;
n=3 for all conditions b Effect of insulin (100nM) and/or the PI3K inhibitor, LY294002 (50
μM), on fatty acid mediated up-regulation of CREBh gene expression; All incubations were
6 hr in duration and data are presented relative to the low control (CON); O500, oleate at
500 μM; P500, palmitate at 500 μM; *, significantly different from same condition with no
additions; n=3 for all conditions; all data are reported as the means ± SDEV.
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Figure 7.
Effect of a 4-hr infusion of either a lipid emulsion (LIPID, n=5) or saline + glycerol (CON,
n=5) on a plasma free fatty acids, b hepatic CREBh mRNA and (c) hepatic CREBh protein,
in Male Wistar rats. Baseline blood samples were drawn at −10 min (fasting), after which
time priming infusions of somatostatin and insulin were initiatedfor 5 min (−10 to −5 min).
At −5 min, the infusion rates were reduced to1.2 μg·kg−1·min−1 and 1 mU·kg−1·min−1 for
somatostatin and insulin, respectively, and a variable glucose infusion was initiated. A
mixed lipid emulsion (Liposyn II) or saline infusion was then initiated and maintained,
along with the somatostatin, insulin and glucose, for 4 hours (0 to 240 min); c optical
density represents the ratio of CREBh:actin *, significantly different from control at
corresponding time point; all data are reported as the means ± SDEV.
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