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Abstract
Although liver fatty acid binding protein (L-FABP) binds fibrates and PPARα in vitro and
enhances fibrate induction of PPARα in transformed cells, the functional significance of these
findings is unclear, especially in normal hepatocytes. Studies with cultured primary mouse
hepatocytes show that: 1) At physiological (6 mM) glucose, fibrates (bezafibrate, fenofibrate) only
weakly activated PPARα transcription of genes in LCFA β-oxidation; 2) High (11–20 mM)
glucose, but not maltose (osmotic control), significantly potentiated fibrate-induction of mRNA of
these and other PPARα target genes to increase LCFA β-oxidation. These effects were associated
with fibrate-mediated redistribution of L-FABP into nuclei—an effect prolonged by high glucose
—but not with increased de novo fatty acid synthesis from glucose; 3) Potentiation of bezafibrate
action by high glucose required an intact L-FABP/PPARα signaling pathway as shown with L-
FABP null, PPARα null, PPARα inhibitor-treated WT, or PPARα-specific fenofibrate-treated
WT hepatocytes. High glucose alone in the absence of fibrate was ineffective. Thus, high glucose
potentiation of PPARα occurred through FABP/PPARα rather than indirectly through other
PPARs or glucose induced signaling pathways. These data indicated L-FABP’s importance in
fibrate-induction of hepatic PPARα LCFA β-oxidative genes, especially in the context of high
glucose levels.
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INTRODUCTION
Resolving linkages between fatty acid and glucose signaling pathways is of great importance
to our understanding of metabolic disorders such as diabetes mellitus, associated
dyslipidemia (hypertriglyceridemia, decreased HDL cholesterol, increased small dense
LDL), and increased cardiovascular disease (CVD) risk [1,2]. While statins lower LDL
cholesterol and improve LDL subclass distribution in diabetics, they have limited
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effectiveness on hypertriglyceridemia and low HDL cholesterol levels—independent
predictors of adverse cardiovascular events [2,3]. The liver has a key role in maintaining
homeostasis of long chain fatty acid (LCFA) and glucose metabolism [4,5]. Hepatic
peroxisome proliferator activated receptor-α (PPARα) is a major transcription factor
controlling genes directing LCFA and lipoprotein metabolism [6–9]. Fibrates were first
developed as less toxic analogues of branched-chain fatty acids—potent natural activators of
PPARα [10–16]. A major beneficial effect of fibrate PPARα agonists is their effectiveness
in treating hypertriglyceridemia [2,3,17–19]. Fibrates lower plasma triglyceride in large part
by inducing hepatic PPARα transcription of key proteins in hepatic LCFA uptake (L-FABP,
FATP) and LCFA β-oxidation (CPT1, CPT2, ACOX1) as well as proteins that increase
lipolysis of plasma very low density lipoprotein (VLDL) triglyceride (LPL, apoAV, apoCIII,
and others) [20–23]. Although not uniformly lowering triglyceride and CVD risk in all
clinical studies, analysis of patient subgroups indicated that fibrate PPARα agonists lowered
coronary heart disease events 2–6 fold more in diabetics with the most severe
hypertriglyceridemia [2,3,17–19]. While PPARα agonists are also effective in reversing
hepatic steatosis in various mouse models of NAFLD and NASH, their efficacy in human
subjects has not yet been conclusively established due to limitations of existing studies such
as small sample size, incomplete data and the use of agonists in combination with other
strategies [24]. Understanding the processes accounting for the greater efficacy of fibrate
triglyceride lowering therapies in the context of high glucose should significantly impact
therapeutic approaches to treatment and prevention of accelerated CVD in diabetes.

Our and other labs have resolved a new pathway of PPARα regulation whereby liver fatty
acid binding protein (L-FABP) facilitates not only rapid cellular LCFA uptake but also
targeting into nuclei (rev. in [25–31]). Within nuclei L-FABP binds PPARα to deliver
bound LCFA which in turn induce PPARα in transcription of enzymes in LCFA β-oxidation
(rev. in [25–31]). Although L-FABP expression level correlates with fibrate induction of
PPARα in HepG2 cells, a transformed liver-derived cell line cells [25,32], the physiological
significance of these findings to normal liver hepatocytes is unclear. While important
information has been gained with immortalized human and murine hepatocyte-derived cell
lines, hepatoma lines differ significantly from normal hepatocytes in expressing no or less
L-FABP [32–34] as well as being much less responsive to fibrates [35–38]. Further,
hepatoma cells express only low Km glucose transporter GLUT1 and low Km hexokinase-1
—opposite to normal hepatocytes, indicating potential differences in response to high
glucose [39–41]. Critical studies demonstrated that PPARα activators such as bezafibrate
are high affinity ligands of both PPARα [4,25,42] and L-FABP {Chuang, 2009 6264 /
id;Chuang, 2008 6583 /id;Wolfrum, 2000 4496 /id;Di Pietro, 2000 4506 /id;Velkov, 2013
6944 /id} and that high glucose enhances L-FABP/PPARα interaction in vitro [29,30].
Glucose concentration in liver (~4mM) [48–50] is uniquely higher than in peripheral cells,
and liver cytoplasmic glucose levels are more responsive to high extracellular glucose (20–
30 mM) [48,49,51]. These data suggest that L-FABP-mediated fibrate signaling to PPARα
in hepatocytes may be particularly sensitive to hyperglycemia [48,50].

Despite the importance of L-FABP and PPARα in hepatic LCFA and glucose metabolism,
the extent to which L-FABP impacts fibrate-mediated PPARα transcriptional activity in
liver hepatocytes, especially in the context of high glucose, is unknown (rev. in [25,29]. The
present study used cultured primary hepatocytes from wild-type, L-FABP null, and PPARα
null mice as well as wild-type hepatocytes treated with the PPARα inhibitor MK886 to
determine: i) L-FABP’s role in fibrate-mediated activation of PPARα at physiologically
normal glucose; ii) impact of high glucose on L-FABP mediated fibrate activation of
PPARα; iii) extent to which fibrate and high glucose induced L-FABP targeting to the
nucleus.
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EXPERIMENTAL

Materials—Albumin fraction V-fatty acid-free (10% solution for tissue culture), stearic
acid (C18:0), insulin from bovine pancreas, dexamethasone, sodium DL-lactate, D(+)
glucose, D(+) maltose monohydrate, and collagen type I from rat tail were from Sigma-
Aldrich (St. Louis, MO). Bezafibrate and fenofibrate were from Santa Cruz Biotechnology
(Santa Cruz, CA). Collagenase B was purchased from Roche (Life technologies, Carlsbad,
CA). MK886 was from Cayman Chemical (Ann Arbor, MI). Dulbecco’s modified Eagle
medium DMEM/F12 (1:1), glucose-free DMEM, standard Williams medium E, Hank’s
balanced salt solution free of calcium and magnesium (HBSS), fetal bovine serum, and
gentamycin were from Gibco/Invitrogen (by Life Technologies, Carlsbad, CA). Glucose-
free Williams medium E was custom made by Gibco, Invitrogen Corporation (Carlsbad,
CA). RNA-easy kit and RNA-ase free DNA-ase set were from Qiagen Sciences (Maryland,
USA) and Qiagen GmbH (Hilden, Germany), respectively. TaqMan, One-Step RT-PCR
Master Mix reagents, TaqMan Gene Expression Assays for carnitine-palmitoyl-transferase 1
A (CPT1A), carnitine-palmitoyl-transferase 2 (CPT2), acyl-coenzyme A oxidase 1
(ACOX1), liver fatty acid binding protein (L-FABP), acyl CoA binding protein (ACBP),
peroxisome proliferator activated receptor-α (PPAR-α), hepatocyte nuclear factor 4α
(HNF4α), and hepatocyte nuclear factor 1α (HNF1-α) were purchased from Applied
Biosystems (by Life Technologies, Carlsbad, CA). [1-3H]-glucose (8.00 Ci/mmol) was from
Amersham/GE Healthcare (Piscataway, NJ). [9,10-3H]-stearic acid (1m Ci/ml in EtOH) was
from Moravek Biochemicals (Brea, CA, USA). Rabbit polyclonal antibody against rat L-
FABP was produced in our laboratory as described [52]. TO-PRO-3 monomeric cyanine
nucleic acid stain and SlowFade reagent were from Invitrogen, Molecular Probes (Eugene,
OR). Goat anti-rabbit IgG conjugated to FITC was from Sigma-Aldrich (St. Louis, MO). For
immunogold EM localization experiments, LR White resin, donkey anti-rabbit IgG
conjugated to 15 nm gold were from Electron Microscopy Sciences (Hatfield, PA).

Animals—All mice were on the C57BL/6N background. Wild-type C57BL/6N mice from
Charles River Laboratories (Wilmington, MA) were obtained through the National Cancer
Institute (Frederick Cancer Research and Development Center, Frederick, MD). Congenic
L-FABP null mice were bred in-house to greater than N10 (99.9% homogeneity) backcross
from N2 generation L-FABP gene-ablated (−/−, null) mice [53]. PPARα null mice >N10
backcross generation on the C57BL/6N background were generously provided by Dr. Frank
Gonzalez (National Institutes of Health, Bethesda, MD). Livers were collected from male
mice aged 3–6 mo. for hepatocyte isolation. All animal protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) at Texas A&M University. Animals
were kept under constant 12:12 light-dark cycles and had access to food and water ad
libitum.

Methods
Hepatocyte isolation, culture and treatments—Primary hepatocytes, isolated from
livers of wild type (WT), L-FABP null, and PPARα null mice, were cultured and viability
determined as described previously by our lab [52,54,55]. Since expression of some
proteins, enzymes, and receptors may be lost with increasing time in culture, it was
important to assure that the expression of those key in glucose and LCFA uptake/
metabolism was maintained during the time period of the experiments. Western blotting
established that expression of GLUT2, GLUT1, glucokinase, and insulin receptor in these
primary hepatocytes was similar to that in liver and was constant for ≥ 3 days in culture
[56]. The levels of L-FABP, SCP-2, and membrane LCFA transporters (FATP5, GOT,
FATP2, FATP4) were also similar to those in liver and remained constant for 2–3 days in
culture [54–56]. Likewise, expression of proteins involved in hepatic cholesterol uptake and
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efflux (SRB1, ABCA1, ABCG1, ABCG5, ABCG8, and NPCL1) were constant for 2–3 days
in culture [56]. Finally, expression of nuclear receptors (PPARα, PPARβ, LXR, ChREBP,
and SREBP) involved in expression of these proteins was also similar to that in liver and
constant for 2–3 days in culture (not shown)—consistent with findings of others [57].
Therefore, all experiments were performed with mouse primary hepatocytes maintained in
culture ≤ 2 days.

Hepatocyte culture with PPARα ligands at physiological and high glucose—
Hepatocytes were first plated on collagen type I coated dishes (6 well- or 100 mm tissue
culture dishes for RNA analysis, or 2-well chamber glasses for immunostaining and
confocal imaging [54], or slides for immunostaining and electron microscopy [29,30]. Cells
were then incubated in DMEM/F12 (1:1) supplemented with 10 mM HEPES pH 7.4, 0.1
mg/ml gentamycin sulfate and 5% fetal bovine serum, overnight at 37°C, 5% CO2. The
medium was changed the next morning to glucose-free Williams’ medium E supplemented
as described previously [58]. After further incubation in this medium for 1hr, glucose (6, 11,
20 or 30 mM) and either 40 μM albumin alone or in complex with bezafibrate (200 μM),
fenofibrate (40 μM), or stearic acid (C18:0, 200 μM) were added to the culture medium, and
incubated for 5 h. At these levels bezafibrate and fenofibrate exhibit little toxicity to
hepatocytes [59]. Hepatocytes were collected for RNA isolation as described in below.
Fibrate and stearic acid complexes with albumin were prepared as described earlier [60].
The range of glucose concentrations chosen was based on previously established levels in
mouse serum under the following conditions: 5–6 mM, similar to the effect of overnight
fasting (normal), 9–11 mM postprandial (transient normal; diabetic), 14–25 mM overnight
fasting (high fat diet induced obese; ob/ob; diabetic) or uncontrolled diabetes (Jackson Labs
mouse genome database, http://phenome.jax.org/). The lipid ligand concentration of 200 μM
was based on previously established concentrations for maximal LCFA activation of
PPARα in hepatocytes [58]. The 5 h incubation time was chosen based on prior studies
showing maximal LCFA induction of PPARα regulated gene transcription in cultured
primary hepatocytes [58].

RNA isolation and gene expression analysis by quantitative real time PCR—
Hepatocytes were cultured for 5 hr as above in glucose-free Williams’ medium E
supplemented as described previously [58] to which glucose (6, 11, or 20 mM) and either 40
μM albumin alone or albumin complexed with fenofibrate, bezafibrate, or stearic acid were
added. Hepatocytes were then collected for total RNA isolation using the RNA-easy mini kit
from Qiagen Sciences (MD, USA) according to the manufacturer’s instructions. RNA
concentrations were determined spectrophotometrically. Total RNA isolated from either
wild-type (WT), L-FABP null, or PPARα null hepatocytes as well as from wild-type
hepatocytes treated with MK886, a PPARα inhibitor [61], was used to measure the relative
level of mRNA expression for CPT1A, CPT2, ACOX1, L-FABP, ACBP, PPARα, HNF4α,
and HNF1α genes by quantitative real time PCR using an ABI PRISM 7000 Sequence
Detection System (SDS) from Applied Biosystems (Foster City, CA) with the following
thermal protocol: 48°C for 30 min, 95°C for 10 min before the first cycle, 95°C for 15 sec,
and 60°C for 60 sec, repeated 40 times. The reverse transcription and PCR reagents
[TaqMan One-Step Master Mix and Gene Expression Assays for mouse CPT1A (Mm
00550438_m1), CPT2 (Mm00487202_m1), ACOX1 (Mm00443579_m1)], L-FABP
(Mm00444340_m1), ACBP (Mm03048192_g1), PPARα (Mm00440939_m1), HNF4α
(Mm00433959_m1), and HNF1α (Mm00493434_m1) were from Applied Biosystems (Life
Technologies, Carlsbad, CA). Experiments were performed in triplicate and analyzed with
ABI PRISM 7000 SDS software (Applied Biosystems) to determine ΔCt for each well of a
96 well plate, relative to 18S as a housekeeping gene used as positive control. The relative
abundance of CPT1A, CPT2, ACOX1, L-FABP, ACBP, PPARα, HNF4α, and HNF1α
mRNA was calculated for each glucose and albumin/fibrate or albumin/stearic acid
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treatment of hepatocytes, as compared to the mRNA levels in hepatocytes treated with 6
mM glucose and albumin only. The comparative 2−ΔΔCt calculation method was used as
described in the manufacturer’s User Bulletin 2, ABI Prism 7000 SDS (Applied Biosystems)
and earlier [62].

Intracellular glucose concentration measurements—Hepatocytes were isolated
from livers of wild-type C57BL/6N mice and plated at 2×105 hepatocytes per well in the 12-
well tissue culture plates (Becton Dickinson, Franklin Lakes, NJ) as described above. The
plates were coated with collagen the night before. Hepatocytes were incubated with DMEM/
F-12 media supplemented with 5% fetal bovine serum at 37°C, 5% CO2 overnight. Media
were removed, hepatocytes were washed with PBS three times, and cells further incubated at
5% CO2 for 1 hour at 37°C with glucose-free DMEM (instead of Williams medium E)
supplemented as indicated previously [58] plus 6, 20, or 30 mM glucose. Hepatocytes were
washed quickly with ice old solution of MgCl2 (100 mM) with 0.1 mM phloretin, a glucose
transport inhibitor [63]. Hepatocytes were then quickly scraped from the dishes with PBS
and protease inhibitor at 4°C followed by disruption of hepatocytes at 4°C with a probe
sonicator (Sonic Dismembrator 550, Fisher Scientific, Waltham, MA). Samples were
centrifuged at 10,000 g, 4°C, for 20 min and supernatant used for glucose analysis as in [63].
Glucose quantitation was done with Amplite™ Glucose Quantitation Kit (AAT Bioquest,
Inc. Sunnyvale, CA) according to the manufacturer’s instructions. Glucose concentration
was calculated based on comparing hepatocyte protein to a standard curve of a known
number of hepatocytes and known hepatocyte cell volume (i.e. 7.4×10−12 liter/cell) [64].

[1-3H]-Glucose-derived radioactivity incorporation into de novo synthesized
fatty acids, triglycerides and total lipid mass—Mouse hepatocytes were cultured as
above with glucose-free DMEM/F12 supplemented with fatty acid-free BSA (40 μM) and 6
or 20 mM glucose to which tracer amounts of [1-3H]-glucose were added at the same
specific activity. At 0, 1, 2, and 6 hours incubation, medium and cells were collected to
determine cytosolic glucose as described above and earlier [63], 3H incorporation into
triacylglycerols (TG) and unesterified LCFAs as shown previously [52], and mass of TG
and unesterified LCFAs as described [52].

Bezafibrate- and glucose-induced alterations in uptake, oxidation, and
esterification of stearic acid by wild type and L-FABP null hepatocytes—
Isolated primary wild type (WT) or L-FABP null (LKO) hepatocytes were plated on
collagen-coated 6 well dishes at 1×106 cells/well and incubated overnight in complete D-
MEM:F12 media. The medium was then removed, the cells washed twice with PBS, and
incubated for 24 hours in PBS supplemented with 40 μM BSA or 200 μM bezafibrate/40
μM BSA with 6 mM or 20 mM glucose. The media was removed, the cells washed twice
with PBS, and incubated for additional 24 hours in PBS supplemented with 200 μM cold
stearate/40 μM BSA and 0.01 nmol/well 3H-stearate (1nmol/63.5 μCi stearic acid
[9,10-3H], Moravek Biochemicals, Brea, CA) with 6 mM or 20 mM glucose. Medium was
removed and saved, the cells were washed twice with PBS, and the washes pooled with the
appropriated medium samples. The cells were snap frozen with liquid nitrogen, scraped in a
hexane: isopropanol (3:2, v/v) mixture, centrifuged at 1500 rpm for 15 minutes, and the lipid
extracts transferred to acid-washed glass tubes. The precipitated protein samples were dried
overnight at room-temp, dissolved overnight in 1 ml/sample of 0.2 M KOH, and quantified
by Bradford colorimetric assay for protein concentration. Cellular lipids were dried under
nitrogen gas, resolved by TLC using silica gel G plates (Analtech, Inc., Newark, DE) and a
petroleum ether: diethyl ether: methanol: acetic acid (180:14:4:1, v/v/v/v) solvent system,
and individual lipid bands were identified with lipid standards (TLC 18.5A, Nu-Chek Prep,
Inc., Elysian, MN) then removed from the plate for DPM quantification by scintillation
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counting. An extraction using a chloroform: methanol (2:1, v/v) solution and a 30 min, 1500
rpm centrifugation was used to separate radiolabeled aqueous (oxidation products) and
organic (excreted lipids and excess labeled probe) phases from the medium/wash samples.
The organic phase samples were dried under nitrogen gas, resolved by TLC, and individual
lipid bands as well as the aqueous oxidation product samples were quantified for DPM as
above and as described earlier for other radiolabeled LCFAs [52]. Samples extracted from
cell-free wells and unlabeled feedings were used to control for loss/precipitation of the
labeled probe and label specificity/background respectively.

Nuclear distribution of L-FABP: confocal microscopy and image analysis—
Freshly isolated mouse hepatocytes were plated in LabTek chamber slides (Nalgene Nunc
International, purchased from VWR) as described above. After incubation with glucose and
BSA/lipidic ligand complexes, the cells were quickly washed with Hanks’s balanced salt
solution (HBSS) 3 times, and fixated with 3.3% paraformaldehyde in HBSS (Electron
Microscopy Sciences, Hatfield, PA) for 1 hr at room temperature (RT); the excess
paraformaldehyde was washed with HBSS and neutralized with ammonium chloride (50
mM NH4Cl for 15 min at RT). The cells were then blocked against nonspecific protein
binding with 5% fetal bovine serum in HBSS for 30 min at RT, and immunolabeled by
incubation with L-FABP rabbit polyclonal serum for 1 hr, followed by goat anti-rabbit IgG
conjugated to FITC for 1 hr. Nuclei were counterstained by further incubation of fixed cells
with 1 μM of TO-PRO-3 monomeric cyanine nucleic acid stain from Invitrogen, Molecular
Probes (Eugene, OR) for 30 min. Cells were extensively washed with HBSS, air-dried and
treated with SlowFade reagent from Molecular Probes (Eugene, OR). Immunofluorescence
labeled L-FABP and the nuclear stain TO-PRO-3 localization in hepatocytes was observed
simultaneously through two separate photomultipliers with an MRC-1024 Bio-Rad laser
scanning confocal microscopy (LSCM) system (Carl Zeiss Micro Imaging, LLC, One Zeiss
Drive, Thornwood, NY 10594 USA). Excitation of FITC at 488 nm, and TO-PRO-3 at 647
nm with a krypton/argon ion laser resulted in fluorescence images that were detected in
separate PMTs equipped with 540/30 (for FITC) and 680/32 (for TO-PRO-3) emission
filters. The confocal images were analyzed with Image J program (http://rsbweb.nih.gov/ij/).
Fluorescence intensities of nuclei and cytoplasmic areas of hepatocytes were obtained as
average of fluorescence intensity per surface unit, and nuclear versus cytoplasmic ratios of
these were plotted for various treatments of cells with glucose, long chain fatty acids and
PPAR ligands.

Nuclear distribution of L-FABP: immunogold electron microscopy—Cultured
primary hepatocytes freshly isolated mouse hepatocytes were plated on slides for electron
microscopy as we described earlier [29,30]. After incubation with glucose and BSA/lipidic
ligand complexes as above, the cells were quickly washed with Hanks’s balanced salt
solution (HBSS) 3 times, and fixated by immersion in 4% formaldehyde, 0.1%
glutaraldehyde in 0.1M sodium phosphate buffer (pH 7.4) for 20 h at 4 °C. The fixed
hepatocytes were then washed with 0.1M sodium phosphate, dehydrated in an ethanol series
then embedded in LR White resin at 48 °C for 2 days. Ultrathin sections (60 to 80 nm) were
placed on Formvar-coated nickel grids and immunogold labeled with donkey anti-rabbit IgG
conjugated to 15 nm gold [29]. L-FABP null hepatocytes incubated with anti-L-FABP
hepatocytes and hepatocytes without primary antibodies were used as controls. Sections
were briefly post stained with aqueous 2% uranyl acetate and Reynold’s lead citrate
followed by imaging with a Zeiss 10c TEM (Carl Zeiss Micro Imaging Inc., Thornwood,
New York). Anti-L-FABP labeling particle density in whole cell, nucleoplasm and
cytoplasm were determined [29] and statistically analyzed [65]. Identification and manually
counting of the gold particles in the cytoplasm and nucleoplasm was done using Meta
Morph Image Analysis Software (Molecular Devices, Sunnyvale, CA).
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Statistical Analysis—The data values were expressed as mean ± standard error with
sampling size for each experiment as indicated. Statistical variance between mean values
within groupings of three or more were performed using one-way ANOVA and a Newman-
Keuls post-hoc test or otherwise unpaired t tests with a level of significance of P ≤ 0.05.
GraphPad Prism (GraphPad Software Inc., La Jolla, CA) was used for all statistical analysis.

RESULTS
High glucose potentiated the ability of fibrates to induce PPARα transcription of LCFA β-
oxidative genes in wild-type (L-FABP+/+) but not L-FABP null (L-FABP−/−) mouse
hepatocytes

Since most prior studies of ligand-induced transcription of PPARα-regulated genes LCFA
β-oxidation in cultured primary hepatocytes were performed with culture media containing
high (11–28 mM) glucose, it was important to first resolve the extent to which glucose level
itself influences fibrate induced PPARα transcriptional activity in hepatocytes cultured
[28,58,66]. Therefore, the impact of glucose level on the ability of bezafibrate (pan-PPAR
agonist), fenofibrate (strong PPARα agonist), and C18:0 (not agonist) to enhance
transcription of three key LCFA β-oxidative genes regulated by PPARα, but not by
SREBP1 or ChREBP (rev. in [67], was examined: carnitine palmitoyl transferase 1A
(CPT1A, rate limiting in mitochondrial LCFA β-oxidation), mitochondrial carnitine
palmitoyl transferase 2 (CPT2), and peroxisomal acyl CoA oxidase 1 (ACOX1, rate limiting
in peroxisomal LCFA β-oxidation).

To determine the extent to which L-FABP contributes to basal PPARα transcription of
LCFA β-oxidative enzymes, basal levels of CPT1A, CPT2, and ACOX1 mRNAs were
determined at 6 mM glucose in hepatocytes from L-FABP(+/+) WT and L-FABP(−/−) null
mice. As compared to wild-type hepatocytes, L-FABP null hepatocytes exhibited small (15–
30%) decreases in basal PPARα transcription of the rate-limiting enzymes in mitochondrial
(CPT1A) and peroxisomal (ACOX1) LCFA β-oxidation, but not that of CPT2 (Table 1).
Thus, PPARα transcriptional activity of rate limiting enzymes in LCFA β-oxidative
enzymes was dependent at least in part on L-FABP expression.

To determine the impact of L-FABP expression on fibrate-induced PPARα transcription of
LCFA β-oxidative enzymes at normal physiological (6 mM) glucose, the above experiments
were repeated with bezafibrate (pan-PPAR agonist) and fenofibrate (PPARα specific
agonist). Bezafibrate (Fig. 1A–C; black bars) and fenofibrate (Fig. 1D–F, black bars) only
weakly enhanced CPT1A, CPT2, and ACOX1 mRNAs by 1.5–2.3 fold while stearic acid
(C18:0) did not affect transcription of these genes in L-FABP(+/+) hepatocytes (Fig. 1A–C;
black bars). Confirmation that the modest bezafibrate-mediated activation of PPARα at
normal physiological (6 mM) glucose was dependent at least in part on L-FABP was
performed using studies with L-FABP (−/−) hepatocytes. L-FABP gene ablation decreased
bezafibrate-mediated PPARα transcription of the rate-limiting enzyme in peroxisomal
LCFA β-oxidation (ACOX1), but not that of CPT1A or CPT2 (Table 1). L-FABP null
hepatocytes cultured with stearic acid (C18:0) also exhibited decreased PPARα transcription
of CPT1A and ACOX1, but not CPT2 (Table 1).

In contrast, when L-FABP(+/+) hepatocytes were cultured similarly except at high (11–20
mM) glucose, an interesting synergistic effect of glucose with fibrate on PPARα target gene
expression was found. At 11–20 mM glucose, bezafibrate (Fig. 1A, white and cross-hatched
bars) and fenofibrate (Fig. 1D; cross-hatched bar) enhanced PPARα transcription of CPT1A
mRNA more strongly as compared to effect of bezafibrate (Fig. 1A; black bar) and
fenofibrate (Fig. 1D; black bar) at 6 mM glucose. Likewise, at 20 mM glucose bezafibrate
(Fig. 1B; cross-hatched bar) and fenofibrate (Fig. 1E; cross-hatched bar) enhanced PPARα
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transcription of CPT2 mRNA more strongly as compared to their effects at 6 mM glucose
(Fig. 1B and E; black bars). Finally, 20 mM glucose also potentiated the effects of
bezafibrate (Fig. 1C; cross-hatched bar) and fenofibrate (Fig. 1F; cross-hatched bar) on
PPARα transcription of ACOX1 mRNA. Since the ΔCt values from qPCR measurements
indicated that ACOX1 mRNA was much more abundant than those of CPT1A and CPT2 in
hepatocytes, this fact may explain the much smaller impact on message upregulation of this
particular gene in L-FABP(+/+) WT hepatocytes. Importantly, as shown with L-FABP (−/−)
hepatocytes, the ability of high glucose to potentiate bezafibrate-induction of PPARα was
highly dependent on L-FABP. L-FABP gene ablation completely abolished the ability of
high glucose to potentiate bezafibrate-mediated transcription of CPT1A (Fig. 1G vs 1A),
CPT2 (Fig. 1H vs 1B), and ACOX1 (Fig. 1I vs 1C). In contrast, stearic acid (C18:0) was
ineffective in inducing transcription of CPT1A (Fig. 1G vs 1A), CPT2 (Fig. 1H vs 1B), and
ACOX1 (Fig. 1I vs 1C) in either L-FABP(+/+) WT (Fig. 1A,B,C) or L-FABP(−/−) (Fig.
1G,H,I) hepatocytes, regardless of glucose level. Thus, high glucose did not confer on
stearic acid (C18:0) the ability to induce transcription of PPARα-regulated LCFA β-
oxidative enzymes (Fig. 1A–C; C18:0, open or cross-hatched bars vs black bars).

In summary, the modest impact of fibrates on PPARα transcription of CPT1A, CPT2 and
ACOX1 in L-FABP (+/+) hepatocytes cultured with physiological 6 mM glucose was
significantly potentiated in the presence of high glucose. In contrast, the negative control
saturated fatty acid stearic acid (C18:0) is weakly bound by PPARα [42,68] and did not
stimulate PPARα transcription of CPT1A, CPT2, or ACOX1 in hepatocytes regardless of
the glucose level in the culture medium. It is important to note, that the high glucose
potentiation of fibrate ligand-induced PPARα transcription of LCFA β-oxidative enzymes
required the presence of L-FABP and correlated with the ability of high glucose to increase
L-FABP/PPARα binding affinity [29,30]. Finally, high glucose potentiation of fibrate-
mediated PPARα transcription was not due to high glucose itself, since incubating
hepatocytes with high glucose (11 to 20 mM) in the absence of lipidic ligand did not induce
or potentiate endogenous fatty acids to stimulate PPARα transcription of CPT1A, CPT2, or
ACOX1 at any glucose level examined (Fig. 1A–F; Alb).

High glucose potentiated bezafibrate-mediated PPARα transcription of genes in LCFA/
LCFA-CoA intracellular transport (L-FABP, ACBP) in L-FABP(+/+) but not L-FABP(−/−)
mouse hepatocytes

L-FABP and ACBP are PPARα-regulated cytosolic proteins with important functions in
hepatic LCFA and/or LCFA-CoA uptake and transport to LCFA β-oxidative organelles
[52,69–72]. Therefore, the impact of glucose level in the culture medium on the ability of
bezafibrate and stearic acid to impact PPARα transcription of L-FABP and ACBP was
examined.

Increasing glucose level in the culture medium differentially altered bezafibrate-mediated
PPARα transcription of L-FABP and ACBP in L-FABP(+/+) hepatocytes. In L-FABP(+/+)
hepatocytes cultured with normal physiological glucose (6 mM), bezafibrate weakly
stimulated transcription of L-FABP (Fig. 2A), but not ACBP (Fig. 2B). In contrast, high
glucose (20 mM) potentiated the ability of bezafibrate to stimulate transcription of L-FABP
(Fig. 2A) and conferred near equal enhancement of transcription of ACBP (Fig. 2B). In
contrast, glucose did not impact the ability of stearic acid, a very weak/poor PPARα ligand
[42,68], to induce PPARα transcription of L-FABP and ACBP in L-FABP(+/+) hepatocytes.
In L-FABP(+/+) hepatocytes cultured with normal physiological glucose (6 mM), stearic
acid induced transcription of ACBP (Fig. 2B), but not L-FABP (Fig. 2A). However, high
glucose (20 mM) did not further increase the ability of stearic acid to stimulate transcription
of ACBP (Fig. 2B) or alter transcription of L-FABP (Fig. 2A).
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These effects of glucose and bezafibrate on PPARα transcription of ACBP were highly
dependent on the presence of L-FABP. Ablation of L-FABP completely abolished the ability
of bezafibrate to induce transcription of ACBP, regardless of glucose level in the culture
medium (Fig. 2C).

Taken together, these data show that high glucose not only potentiated bezafibrate-mediated
transcription of L-FABP but also ACBP, a protein not induced at normal physiological
glucose. In contrast, high glucose did not potentiate or confer on stearic acid the ability to
induce either L-FABP or ACBP. Interestingly, the synergistic effect of high glucose/
bezafibrate on the expression of ACBP mRNA was abolished in L-FABP(−/−) mouse
hepatocytes, underscoring the critical role of L-FABP in glucose/fibrate-initiated signal
transduction and transcription regulation of another important PPARα controlled gene such
as ACBP.

High glucose potentiated the ability of bezafibrate to induce PPARα mediated transcription
directly through PPARα rather than other key nuclear receptors (HNF4α and HNF1α)
known to induce PPARα and L-FABP in wild-type L-FABP(+/+) but not L-FABP(−/−) null
mouse hepatocytes

Consistent with the presence of a DR1 response element in the PPARα promoter,
transcription of PPARα itself is regulated by PPARα ligands and by HNF4α [73]. Further,
PPARα regulated genes such as L-FABP are also induced by HNF1α, albeit through a
different response element [74–76]. Therefore, the possibility that high glucose potentiated
transcription of PPARα directly and/or indirectly through HNF4α and/or HNF1α was
examined.

Bezafibrate differentially impacted transcription of PPARα as compared to HNF4α and
HNF1α. Bezafibrate induced transcription of PPARα at low glucose (Fig. 2D; black) but
not in the absence of L-FABP (Fig. 2E, black). In contrast, bezafibrate decreased
transcription of HNF4α (Fig. 2F; black) and HNF1α (Fig. 2G; black). High glucose
potentiated bezafibrate-mediated transcription of PPARα itself (Fig. 2D; white) but not in
the absence of L-FABP (Fig. 2E; white). In contrast, high glucose did not enhance
transcription of HNF4α (Fig. 2F; white) and only weakly increased that of HNF1α—but not
to basal level in the absence of bezafibrate (Fig. 2G; white).

Taken together these findings showed that high glucose synergized with bezafibrate to
induce transcription of PPARα as long as L-FABP was present. However, this was not due
to indirect upregulation of HNF4α and/or HNF1α.

Potentiation of bezafibrate-mediated PPARα transcription of LCFA β-oxidative genes in
cultured primary mouse hepatocytes was not due to an osmotic effect

To determine if high glucose enhancement of fibrate-mediated PPARα transcription was
due to higher osmolality, glucose was replaced with maltose—a disaccharide sugar not taken
up [77]. Hepatocytes were incubated with medium containing either albumin or albumin-
bezafibrate complex to which was added 6 mM glucose or [6 mM glucose + 14 mM
maltose] as described in Methods. Incubation with [6 mM glucose + 14 mM maltose] did
not potentiate transcription of CPT1A, CPT2, or ACOX1 (Suppl. Fig. 1A–C). Finally,
incubation with medium containing either alb or albumin-C18:1 complex to which was
added 6 mM glucose or [6 mM glucose + 14 mM maltose] also did not potentiate
transcription of CPT1A, CPT2, or ACOX1 (Suppl. Fig. 1A–C). Taken together, these
findings suggested that high glucose did not potentiate bezafibrate-mediated PPARα
transcription of LCFA β-oxidative enzymes due to increased osmolality at high glucose.
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High glucose potentiation of bezafibrate-mediated transcriptional of LCFA β-oxidative
genes was primarily regulated through PPARα isoform in liver hepatocytes

In liver hepatocytes CPT2A is regulated by PPARα while CPT1A and ACOX1 are
regulated by both PPARα and PPARβ [78]. Thus, it is essential to examine if the ability of
high glucose to potentiate L-FABP mediated fibrate induction of CPT1A, CPT2, and
ACOX1 transcription is facilitated primarily by PPARα. This issue was addressed in a four-
fold approach.

First, in the absence of bezafibrate the presence of high (20 mM) glucose in the culture
medium had no effect on basal PPARα transcription of CPT1A, CPT2, and ACOX1 in
either wild-type L-FABP (+/+) (Fig. 1A, B, C; alb), wild-type PPARα (+/+) (Fig. 3A, C, E;
Alb), or PPARα (−/−) (Fig. 3B, D, F; Alb) hepatocytes.

Second, high (20 mM) glucose in the culture medium potentiated the ability of the PPARα-
specific agonist fenofibrate to induce PPARα transcription of CPT1A, CPT2, and ACOX1
in wild-type L-FABP (+/+) hepatocytes (Fig. 1D, E, F; FF).

Third, the impact of ablating or inhibiting PPARα on the ability of high glucose to
potentiate bezafibrate-mediated transcription of LCFA β-oxidative genes was examined in
cultured primary hepatocytes from PPARα(+/+) and PPARα(−/−) mice. Again, to facilitate
comparisons, the basal (albumin only) levels of CPT1A, CPT2, and ACOX1 mRNA were
set as 1 in both wild-type (Fig. 3A, C, E) and PPARα null (Fig. 3B, D, F) hepatocytes.
PPARα gene ablation abolished or diminished basal bezafibrate induction of PPARα
transcription of CPT1A, CPT2, and ACOX1 at both 6 mM glucose (Fig. 3B, D, F vs 3A, C,
E; BZ, black bars) and even more so at high (20 mM) glucose (Fig. 3B, D, F; BZ, white
bars). Again, stearic acid (C18:0), a weak PPARα ligand, did not induce transcription of
these enzymes in PPARα (−/−) hepatocytes regardless of glucose concentration (Fig. 3B, D,
F; C18:0).

Fourth, treatment of wild-type PPARα (+/+) mouse hepatocytes with MK886, an inhibitor
of PPARα [61], prevented bezafibrate-induced transcription of CPT1A, CPT2, and ACOX1
at physiological (6 mM), and even more so at high (20 mM) glucose (Fig. 3A, B, C; BZ
+MK).

Taken together, these data indicate that the ability of high glucose to potentiate transcription
of LCFA β-oxidative enzymes such as CPT1A, CPT2 and ACOX1 was primarily mediated
through PPARα.

Impact of high glucose and bezafibrate on uptake of 3H-stearic acid in cultured primary
hepatocytes from wild-type and L-FABP null mice

While overexpression of L-FABP, a PPARα-regulated cytosolic protein, enhances LCFA
uptake in transformed cells, L-FABP antisense treatment or L-FABP gene ablation inhibits
LCFA uptake in cultured hepatocytes and in vivo [12,31,32,52,53,79]. As shown in Fig. 2A,
bezafibrate enhanced PPARα transcription of L-FABP in cultured primary mouse
hepatocytes from wild-type L-FABP(+/+) mice–especially in the context of high glucose.
Therefore, the effect of bezafibrate (BZ) and high glucose on uptake of exogenous 3H-
stearic acid was determined in cultured primary hepatocytes preincubated 24 h with [6 or 20
mM glucose + BSA/BZ] followed by 24 h incubation with [6 or 20 mM glucose + 40 μM
BSA/200 μM C18:0 containing tracer amount of 3H-stearic acid] as described in Methods.

At normal physiological (6 mM) glucose, bezafibrate significantly increased the uptake
of 3H-stearic acid in an L-FABP dependent manner in cultured primary mouse hepatocytes.
Bezafibrate increased the uptake of 3H-stearic acid 2-fold in cultured primary hepatocytes
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from wild-type L-FABP (+/+) mice (Fig. 4A; BZ, open vs black bars). L-FABP gene
ablation abolished this increase in 3H-stearic acid uptake as shown in hepatocytes from L-
FABP(−/−) mice (Fig. 4A; BZ, open vs black bars).

High glucose (20 mM) potentiated the ability of bezafibrate to enhance 3H-stearic acid
uptake, again in an L-FABP dependent manner. In wild-type L-FABP(+/+) hepatocytes
cultured with high glucose (20 mM), bezafibrate stimulated the uptake of 3H-stearic acid by
4.3-fold (Fig. 4B; BZ, open bar) as compared to culturing with normal physiological (6mM)
glucose (Fig. 4A; BZ, black bar). L-FABP gene ablation markedly reduced these effects as
shown in hepatocytes from L-FABP(−/−) mice.

Since stearic acid in the presence of high glucose (20mM) also trended to increase
transcription of L-FABP slightly (not statistically significant), it was expected that in the
presence of high glucose (20 mM) the 200 μM stearic acid/BSA in the incubation medium
could perhaps increase 3H-stearic acid uptake. Indeed, high glucose (20 mM) together with
40 μM BSA/200 μM stearic acid complex also increased uptake somewhat (Fig. 4B; BSA,
black bar) as compared to culturing at normal physiological (6 mM) glucose (Fig. 4A; BSA,
black bar).

Thus, bezafibrate significantly enhanced the uptake of 3H-stearic acid which in turn was
potentiated by high glucose. These effects were both highly dependent on L-FABP
expression.

Impact of high glucose and bezafibrate on β-oxidation of 3H-stearic acid in cultured
primary hepatocytes from wild-type mice

L-FABP overexpression in transformed cells enhances while L-FABP gene ablation inhibits
LCFA β-oxidation in cultured primary hepatocytes and in vivo [12,31,52]. L-FABP directly
transports bound LCFA-CoA to CPT1A (rate limiting enzyme in mitochondrial β-oxidation)
[71] as well as enters nuclei to facilitate ligand-mediated PPARα transcription of CPT1A
[25,27,28,31]. Therefore, the effect of bezafibrate (BZ) and high glucose on LCFA β-
oxidation was determined in cultured primary hepatocytes preincubated 24 h with [6 or 20
mM glucose + BSA/BZ] followed by 24 h with [6 or 20 mM glucose + 40 μM BSA/200 μM
C18:0 containing tracer amount of 3H-stearic acid] as detailed in Methods.

When cultured primary hepatocytes were incubated with glucose at normal physiological
concentrations (6 mM), bezafibrate increased the β-oxidation of 3H-stearic acid by 53 ± 1 %
in hepatocytes from wild-type L-FABP(+/+) but not L-FABP(−/−) mice (Fig. 4C; BZ).
These data correlated with bezafibrate induction of LCFA β-oxidative enzymes in wild-type
L-FABP(+/+) hepatocytes at normal physiological 6 mM glucose level (Fig. 1).

In L-FABP(+/+) but not L-FABP(−/−) hepatocytes cultured with both high (20 mM) glucose
and bezafibrate, LCFA β-oxidation was induced to the highest extent. 3H-stearic acid β-
oxidation was increased 3.1 ± 0.2 fold vs BSA at 6 mM glucose (Fig. 4D vs 4C) and to even
higher level at 20 mM glucose (Fig. 4D). Again, these data correlated with bezafibrate
induction of LCFA β-oxidative enzymes in wild-type L-FABP(+/+) hepatocytes at high (20
mM) glucose level (Fig. 1).

As expected, at high (20 mM) glucose together with 200 μM stearic acid/BSA complex also
increased β-oxidation of stearic acid oxidation by 65 ± 2 % (Fig. 4D; BSA vs 4C; BSA).
This effect was reduced by L-FABP gene ablation. These findings were consistent with 200
μM stearic acid/BSA complex directly being transported to mitochondria for β-oxidation by
L-FABP at high glucose in wild-type L-FABP (+/+) hepatocytes.
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Taken together, these data support the qPCR data indicating that high glucose potentiated
LCFA β-oxidation in cultured primary hepatocytes. In contrast, these effects were not
observed or markedly reduced with similarly treated cultured primary hepatocytes from L-
FABP gene ablated mice. The latter finding was consistent with fibrates not inducing the
levels of mRNAs (Fig. 1) encoding LCFA β-oxidative enzymes in L-FABP(−/−) null
hepatocytes.

Effect of bezafibrate on esterification of 3H-stearic acid in primary hepatocytes cultured in
the presence of normal or high glucose

L-FABP directly transports/targets LCFA-CoA to microsomal esterification enzymes: i)
glycerol-3-phosphate acyltransferase (GPAT)—the rate limiting hepatic enzyme in
incorporation of LCFA into glycerides [80–82], and ii) acyl CoA cholesterol acyltransferase
(ACAT) [83,84]. Since bezafibrate, especially in the context of high glucose, increased
PPARα regulated transcription of L-FABP (Fig. 2A), their impact on 3H-stearic acid
esterification into glycerides and cholesteryl ester was determined in cultured primary
hepatocytes preincubated 24 h with [6 or 20 mM glucose + BSA/BZ] followed by 24 h
incubation with [6 or 20 mM glucose + 40 μM BSA/200 μM C18:0 containing tracer
amount of 3H-stearic acid] as described in Methods.

In terms of 3H-stearic acid incorporation into total esterified lipids (cellular + secreted),
primary hepatocytes cultured with normal physiological (6 mM), bezafibrate increased 3H-
stearic acid esterification 2.4-fold in hepatocytes from wild-type L-FABP(+/+) but much
less so in hepatocytes from L-FABP(−/−) mice (Fig. 4E; BZ). High glucose (20 mM) and
bezafibrate potentiated 3H-stearic acid esterification by 5.2-fold in hepatocytes from wild-
type L-FABP(+/+) but very little in hepatocytes from L-FABP(−/−) mice (Fig. 4F; BZ). As
expected, high (20 mM) glucose together with 200 μM stearic acid/BSA complex also
increased total esterification of 3H-stearic acid by 1.7-fold (Fig. 4F; BSA vs 6E; BSA). This
effect was abolished by L-FABP gene ablation (Fig. 4E, F). Taken together, these data
showed that at both physiological 6 mM glucose and at high glucose the basal (no
bezafibrate) proportion of 3H-stearic acid appearing oxidized and esterified was similar. In
contrast, although bezafibrate increased 3H-stearic acid, it increased 3H-stearic acid
esterification even more. Thus, in the presence of bezafibrate the proportion of 3H-stearic
acid appearing esterified was about 2-fold higher than that oxidized regardless of glucose
level in the culture medium. These effects were highly dependent on L-FABP expression.

To determine the relative contribution of cellular lipids to esterified 3H-stearic acid in
response to high glucose and bezafibrate, lipids were extracted separately from the primary
hepatocytes cultured with normal physiological (6 mM) or high (20 mM) glucose in the
presence of bezafibrate as above. In the lipids of L-FABP(+/+) primary hepatocyte cultured
with normal physiological (6 mM) glucose, 3H-stearic acid was esterified primarily into
triglycerides (Fig. 5C; TG) > phospholipids (Fig. 5A; PL) > cholesteryl-esters (Fig. 5E; CE).
At physiological glucose (6 mM), bezafibrate stimulated esterification of 3H-stearic acid
modestly about 2-fold into each lipid class. High (20 mM) glucose potentiated bezafibrate
stimulated esterification of 3H-stearic acid into each lipid class about 5–6 fold into each lipid
class. As expected, high (20 mM) glucose together with 200 μM stearic acid/BSA complex
also increased esterification of 3H-stearic acid into these lipid classes (Fig. 5B, D, F; BSA vs
7A, C, E; BSA), but much less so than with bezafibrate or bezafibrate/high glucose. This
effect was also markedly diminished by L-FABP gene ablation.

A small amount of 3H-stearic acid esterified by hepatocytes appeared secreted into the
culture medium, but in very different proportion than 3H-stearic acid appearing in the
cellular esterified lipids. In the lipids secreted by L-FABP(+/+) primary hepatocyte cultured
with normal physiological (6 mM) glucose, 3H-stearic acid appeared primarily into
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cholesteryl-esters (Fig. 6E; CE) ≫ triglycerides (Fig. 6C; TG) > phospholipids (Fig. 6A;
PL ), essentially opposite to the order in the cellular lipids. Bezafibrate did not increase
esterification of 3H-stearic acid into any of these secreted lipid classes at physiological (6
mM) glucose (Fig. 6A, C, E; BZ) nor did high (20 mM) glucose potentiate bezafibrate
action (Fig. 6B, D, F; BZ). However, high (20 mM) glucose together with 200 μM stearic
acid/BSA complex increased esterification of 3H-stearic acid into secreted PL and TG, but
not CE (Fig. 6B, D, F; BSA vs 7A, C, E; BSA). L-FABP gene ablation reduced this effect.

Since neither GPAT nor ACAT are regulated by PPARα [85,86], the bezafibrate-mediated
increase in LCFA esterification (especially in the context of high glucose) was associated at
least in part with: i) bezafibrate-mediated PPARα transcription of L-FABP (Fig. 2A)—
which in turn enhanced delivery of LCFA/LCFA-CoA to the endoplasmic reticulum for
esterification; ii) high glucose itself inducing lipogenic enzymes including GPAT and
ACAT [85,86].

Lipidic ligands (bezafibrate, stearic acid), but not glucose, increased the nuclear
distribution of L-FABP in cultured primary hepatocytes: immunofluorescence confocal
imaging and immunogold electron microscopy (EM)

Although L-FABP enhances the distribution of bound lipidic ligands to the nucleus, it is not
known if the converse is true (rev. in [28,31,87]. Therefore, the impact of bezafibrate and
stearic on L-FABP distribution to the nucleus was examined by immunolabeling confocal
microscopy and immunogold EM of cultured primary mouse hepatocytes cultured with
physiologically normal (6 mM) and high (20 mM) glucose medium with BSA, bezafibrate/
BSA, or stearic acid/BSA.

Confocal microscopy revealed that L-FABP was highly prevalent not only in cytosol, but
also in nuclei, of mouse primary hepatocytes. Representative confocal fluorescence images
of L-FABP in hepatocytes (Suppl. Fig. 2A–D; 1st columns), nuclei (Suppl. Fig. 2A–D; 2nd

columns), and colocalized pixels of both L-FABP and nuclei (Suppl. Fig. 2A–D; 3rd

columns) are shown for hepatocytes incubated with albumin without exogenous lipidic
ligands for 1hr (Suppl. Fig. 2A, C) and 24 hr (Suppl. Fig. 2B, D). Qualitative analysis of
confocal images showed that hepatocytes cultured with 6 mM glucose and albumin (as
negative control) in the absence of BZ or C18:0 for 1 h (Suppl. Fig. 2A, B; upper row of
pictures) and 24 h (Suppl. Fig. 2C–D; upper row of pictures) had the lowest degree of L-
FABP colocalization with nuclear stain, primarily in the perinuclear region. Quantitative
analysis of multiple confocal images of hepatocytes showed that the nuclear/cytoplasmic
ratio of L-FABP distribution (i.e. L-FABP localizing with the nuclear dye/L-FABP not
localizing with the nuclear dye) was near 0.72 when cells were treated with 6 mM glucose
and lipid-free albumin as negative control (Fig. 7A; Alb).

Due to the much lower limit of resolution of confocal microscopy near 2000 nm potentially
resulting in overestimation of the nuclear/cytoplasmic ratio of L-FABP, the distribution of
L-FABP in nuclei was also examined by immunogold EM, a technique with higher limit of
resolution < 0.05 nm. The anti-L-FABP antibody used was relatively specific for L-FABP
since labeling was observed only in WT hepatocytes, but very little in hepatocytes from L-
FABP null mice [29]. Immunogold EM detected L-FABP in both the cytoplasm and nucleus
—again at slightly lower level (Fig. 7C; Alb). The L-FABP nuclear/cytoplasmic ratio
calculated from the immunogold EM data was near 0.8 (Fig. 7C; Alb)—close to that
obtained from confocal immunofluorescence imaging near 0.72 (Fig. 7A; Alb). Thus, the
nuclear/cytoplasmic distribution of L-FABP determined by confocal imaging of fluorescent-
labeled L-FABP colocalizing with the nuclear dye/L-FABP was basically confirmed by
higher resolution immunogold EM—consistent with an earlier study from our lab [29].
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Lipidic ligands (bezafibrate, stearic acid) elicited a higher level of colocalization of L-FABP
with nuclear stain in hepatocytes cultured with normal physiological (6mM glucose) for 1 h,
(Suppl. Fig. 2A; middle row). Interestingly, this effect of BZ on L-FABP nuclear
translocation appeared qualitatively reversed by 24 h (Suppl. Fig. 2B; middle row).
Quantitative analysis of multiple hepatocytes showed that bezafibrate and stearic acid
rapidly (within 0.5 h) increased the nuclear/cytoplasmic ratio of L-FABP distribution (i.e. L-
FABP localizing with the nuclear dye/L-FABP not localizing with the nuclear dye) from
near 0.72 to 0.83 and 0.87, respectively (Fig. 7A; Alb). However, by 24 h this ratio returned
to baseline value of 0.71 in bezafibrate treated hepatocytes while that of stearic acid treated
cells was even further reduced to 0.62 (Fig. 7A). Immunogold EM established that
bezafibrate increased the amount of immunodetectable cellular L-FABP (Fig. 7C)—
consistent with L-FABP being induced by PPARα ligands such as bezafibrate [4,9,88].
Further, immunogold EM showed that bezafibrate preferentially increased the level of
immunodetectable L-FABP in hepatocyte nuclei more so than in cytosol (Fig. 7C). Thus,
both immunofluorescence confocal microscopy and immunogold EM showed that
bezafibrate increased the L-FABP nuclear distribution.

High (20 mM) glucose itself (i.e. in absence of lipidic ligand) much more weakly and
transiently increased L-FABP nuclear distribution. When mouse hepatocytes were treated
with high (20 mM) glucose and albumin with no lipidic ligands present in the medium for 1
h (Suppl. Fig. 2C; upper row) and 24 h (Suppl. Fig. 2D; upper row), L-FABP was again
more cytoplasmic with lower colocalization of L-FABP with nuclear stain. Quantitative
analysis of multiple hepatocytes incubated without lipidic ligand at 20 mM glucose (Fig.
7B) showed that the nuclear/cytoplasmic ratio of L-FABP distribution (i.e. L-FABP
localizing with the nuclear dye/L-FABP not localizing with the nuclear dye) was slightly
increased versus incubation at 6 mM glucose (Fig. 7A). Again, this increase was also
transient with increasing incubation time.

High glucose did not further exacerbate, but extended for longer time the lipidic ligand
(bezafibrate, stearic acid) induced redistribution of L-FABP into hepatocyte nuclei. Upon
addition of bezafibrate/albumin to 20 mM glucose in the cell culture medium, L-FABP was
largely detected inside nuclei at 1h (Suppl. Fig. 2C; middle row) and even after 24 h
incubation (Suppl. Fig. 2D; middle row). Quantitative analysis of multiple hepatocytes
incubated with 20 mM glucose showed that the nuclear/cytoplasmic ratio of L-FABP
distribution (i.e. L-FABP localizing with the nuclear dye/L-FABP not localizing with the
nuclear dye) increased from near 0.67 in the absence of lipidic ligand (Fig. 7B; Alb) to
maximum near 0.86 and 0.82 for longer time (e.g. 24h) in the presence of bezafibrate (Fig.
7B; BZ) and prevented inhibition by stearic acid at longer time of 24h (Fig. 7B; C18:0),
respectively.

Taken together, these findings indicated that at normal physiological (6 mM) glucose the
lipidic ligands bezafibrate and stearic acid induced rapid L-FABP nuclear translocation for a
relatively short amount of time, up to 4 h, after which a homeostasis process brings the L-
FABP from nuclei back into cytoplasm to return the nuclear/cytoplasmic L-FABP ratio back
to near. In contrast, for cells incubated with high (20 mM) glucose and lipidic ligand
(bezafibrate, stearic acid), the nuclear/cytoplasmic L-FABP ratio rapidly increased to a
higher maximum of 0.83 at 1 h, and stayed above its negative control (20 mM glucose and
lipid-free albumin) level near 0.7 for all time points up to 24 h. These data suggest that high
glucose may affect the interaction of L-FABP with nuclear import and export proteins—
analogous to high glucose impacting L-FABP/PPARα binding [29,30]. Since a slower rate
of increase in the nuclear/cytoplasmic L-FABP ratio was measured for 20 mM glucose as
compared to 6 mM, it is more plausible to hypothesize that higher glucose concentration
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impaired the export of L-FABP from nuclei into the cytoplasm. However, a further
investigation of this molecular mechanism was beyond the scope of the current study.

Cytosolic glucose levels increased with increasing extracellular glucose
Although glucose levels in liver and liver derived hepatoma cells are about 80% of
extracellular, near 4 mM, and responsive to extracellular glucose [48–51], it is not known if
these properties are maintained in cultured primary hepatocytes. To address this issue, the
uptake of 3H-glucose uptake and intracellular glucose levels were determined in cultured
primary mouse hepatocytes as described in Methods.

Uptake of 3H-glucose by mouse hepatocytes was rapid, half-maximal within minutes,
reaching an intracellular level of 2.4 mM and 10.5 mM when extracellular glucose was 6
and 20 mM, respectively (Fig. 8A). This pattern was very similar to that determined by non-
invasive imaging of hepatic cells with glucose nanosensors [51]. Results obtained with 3H-
glucose were confirmed by chemical analysis of intracellular glucose mass. Incubating
mouse primary hepatocytes with high 20 mM glucose increased intracellular glucose from
3.0 mM to 12 mM (Fig. 8B). Thus hepatocyte cytosol was 40–50% that of extracellular
glucose and highly responsive to extracellular glucose. Interestingly, glucose nanosensors
also showed that nucleoplasmic and cytoplasmic glucose levels were very similar
[30,89,90].

De novo LCFA synthesis from high glucose did not significantly contribute to PPARα
activation

Our finding that high glucose without exogenous lipidic ligand did not induce PPARα
transcription of fatty acid β-oxidative enzymes (Fig. 1A–C; albumin only) suggested that de
novo synthesis of LCFAs from high glucose did not likely account for glucose potentiation
of bezafibrate-induction of transcription. To further establish this possibility hepatocytes
were cultured with 6 or 20 mM glucose containing trace amounts of 3H-glucose.
Incorporation of 3H-glucose-derived 3H into hepatocyte lipids was then determined with
increasing incubation time as described in Methods.

Incubating hepatocytes with 6 mM 3H-glucose resulted in very little 3H-glucose-derived
radioactivity appearing in lipids and that within lipids was primarily incorporated into
triglycerides (Fig. 9A; inverted open triangles) rather than in LCFAs (Fig. 9A; open
diamonds). Less than 3% of LCFA and TG mass was derived from 3H-glucose after 6 h
(Fig. 9A–B). While 6 h incubation with high glucose (20 mM) increased 3H-glucose
incorporation into LCFAs 2-fold (Fig. 9A; solid squares vs open diamonds), incorporation
into triglycerides was not increased (Fig. 9A; solid circles vs inverted open triangles). Most
importantly, incubation for 6 h with high (20 mM) glucose did not increase the total mass of
LCFAs or triglycerides (Fig. 9B). Almost no 3H-glucose-derived lipid was detected in the
medium. These data indicated short-term incubation (6 h) did not increase de novo LCFA
synthesis from glucose.

DISCUSSION
Since nearly 30% of diabetics are poorly compliant with glucose lowering therapy, serum
glucose levels remain elevated in these individuals [91–93]. Paradoxically, the fibrates
[2,3,17–19] and other lipidic [94–99] PPARα agonists may be more effective in lowering
serum triglycerides in diabetics with the most severe hypertriglyceridemia [91–93].
However, the role of high glucose in impacting the effects of fibrate PPARα agonists under
normal physiologic conditions, much less diabetic states, is not clear. Studies with cultured
primary hepatocytes from normal mice have also not addressed the role of high glucose
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alone since the culture media used contained high (11–28 mM) glucose without comparisons
to normal physiological glucose [28,58,66]. Thus, little is known regarding the molecular
mechanism(s) whereby high glucose may contribute the effectiveness of fibrates even under
normal physiological conditions. The results presented herein with bezafibrate and
fenofibrate treated primary mouse hepatocytes cultured with normal physiological (6 mM)
or high (11–20 mM) glucose tested the hypothesis that: i) fibrate PPARα agonists are more
effective in inducing transcription of LCFA β-oxidative enzymes in the context of high
glucose than normal physiological glucose, ii) this effect requires an intact L-FABP/PPARα
signaling pathway. The following new insights were obtained:

First, fibrates such as bezafibrate (pan-PPAR agonist) and fenofibrate (PPARα-specific
agonist) only weakly/modestly stimulated PPARα transcription of mitochondrial (CPT1A,
CPT2) and peroxisomal (ACOX1) LCFA β-oxidative enzymes when primary mouse
hepatocytes were cultured with normal physiological (6 mM) glucose. This stimulation
required an intact L-FABP/PPARα signaling pathway—consistent with in vivo studies of
control-chow fed L-FABP(−/−) mice [15,31,52,53,100,101] and PPARα (−/−) mice [102].

Second, the ability of bezafibrate to induce transcription of PPARα-regulated LCFA β-
oxidative enzymes (CPT1A, CPT2, ACOX1) and other PPARα-regulated proteins (L-
FABP, ACBP, PPARα) was dramatically enhanced in the context of high glucose. High
glucose potentiation of fibrate-mediated PPARα transcription of these enzymes and proteins
was mediated primarily through L-FABP and PPARα as it was not observed with L-
FABP(−/−) or PPARα(−/−) hepatocytes and not with L-FABP(+/+) hepatocytes treated with
the PPARα inhibitor MK886. Although other nuclear receptors such as HNF4α (regulates
transcription of PPARα itself) and HNF1α (induces PPARα regulated genes through a
different response element) also influence expression of PPARα regulated genes [73–76],
bezafibrate inhibited transcription of HNF1α and HNF4α which were only partially or not
restored, respectively, by high glucose. These findings may be explained by the impact of
high glucose on the L-FABP/PPARα signaling pathway where L-FABP binds fibrates [43–
45,103–106], directly interacts with PPARα to transfer bound ligand {Hostetler, 2009
5158 /id;Hostetler, 2010 6409 /id;Velkov, 2013 6944 /id}, and high glucose enhances this L-
FABP/PPARα interaction [30]. The data presented herein show for the first time that L-
FABP is important for fibrate signaling to and activation of PPARα in primary hepatocytes
—especially in the context of high glucose.

Third, high glucose potentiated LCFA β-oxidation. By enhancing bezafibrate mediated
PPARα transcription of L-FABP as well as LCFA β-oxidative enzymes, LCFA β-oxidation
was increased. These findings were consistent with the literature showing that mRNA and
protein levels of PPARα regulated genes (CPT1A, CPT2, ACOX1, L-FABP, PPARα)
directly correlate with LCFA uptake, targeting to mitochondria for oxidation, and targeting
to the nucleus for increasing transcription of LCFA β-oxidative enzymes [31,69,70,107].
Further, high glucose alone (without bezafibrate) did not induce PPARα transcriptional
activity—indicating that potentiation of bezafibrate action by high glucose was not
indirectly due to high glucose activating other signaling pathways.

Fourth, high glucose also potentiated esterification of exogenous LCFA. This was despite
the fact that neither glycerol-3-phosphate acyltransferase (GPAT) nor acyl CoA cholesteryl
acyltransferase (ACAT) are directly regulated by PPARα [85,86]. However, the activities of
these enzymes may be stimulated indirectly through increased expression of L-FABP in
response to bezafibrate induced PPARα transcription of L-FABP, especially at high glucose.
Consistent with this possibility, in vitro studies show that L-FABP directly stimulates
LCFA-CoA utilization by glycerol-3-phosphate acyltransferase (GPAT, rate limiting in
hepatic glyceride formation) [80–82]. While fibrates are thought to lower serum
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triglycerides at least in part by inducing hepatic PPARα transcription of LCFA β-oxidative
enzymes, effects on liver triglyceride level are dose dependent since fibrates also induce
transcription of enzymes in de novo LCFA synthesis, desaturation, elongation, and
triglyceride synthesis [20–23,108]. Partitioning of LCFA- or glucose-derived acetyl-CoAs
toward oxidative vs synthetic paths determines net effect on hepatic triglyceride level and
treatment outcome [20,109].

Fifth, bezafibrate induced L-FABP redistribution to the nucleus. Our and other labs have
shown that L-FABP binds fibrates [43,44], binds PPARα in vitro and in vivo [29,30], and
stimulates bezafibrate-mediated PPARα transcription in HepG2 cells directly proportional
to L-FABP protein expression level [26]. Our confocal anti-L-FABP immunofluorescence
colocalization with DNA dye and immunogold EM imaging showed that in cultured primary
mouse hepatocytes the ratio of L-FABP protein in the nucleus/cytoplasm was near 0.8—
confirming our earlier immunogold electron microscopic findings of L-FABP distribution in
mouse liver hepatocytes [29]. As shown herein, fibrate induced L-FABP translocation to
nuclei and maintained increased L-FABP distribution to the nuclei for hours—especially in
the context of high glucose. Since the concentration of L-FABP in hepatocytes is quite high,
i.e. in the 200–400 μM range [110] and at high glucose bezafibrate maximally shifted the
nuclear/cytoplasmic ratio by as much as 25%, significant amounts of L-FABP protein were
redistributed to nuclei. The bezafibrate-induced redistribution of L-FABP to nuclei did not
require high affinity ligand binding by PPARα since both high (bezafibrate) and very weak
[stearic acid (C18:0)] affinity ligands of PPARα equally well induced L-FABP
redistribution to cultured primary hepatocyte nuclei. Since stearic acid is very weakly bound
by PPARα, stearic acid did not significantly increase the transcriptional activity of PPARα.
These findings suggest that fibrates may ‘piggy-back’ on the recently-discovered L-FABP-
mediated LCFA signaling pathway for uptake, cytosolic transport, and nuclear targeting to
PPARα (rev. in {Schroeder, 2008 5775 /id;Wolfrum, 2001 4357 /id;Velkov, 2013 6944 /
id}).

Sixth, high glucose in the culture medium increased intracellular glucose level in cultured
primary hepatocytes. Cytosolic glucose concentration is determined by type and number of
glucose transporters and hexokinases, insulin responsiveness, and metabolic activity
[48,50,90,111,112]. In most peripheral cells, cytosolic glucose is >100-fold lower than
extracellular [63,89,111,113]. Due to higher Kms of GLUT2 and glucokinase as well as
different insulin sensitivity and metabolic activity, liver cytosolic glucose is in the mM
range (~4 mM) (p. 59, ref. [48–50]) as confirmed herein with cultured primary hepatocytes.
Further, non-invasive glucose nanosensors showed that nucleoplasmic and cytoplasmic
glucose levels were similar and responsive to extracellular glucose in living cells [90,112].
Finally, L-FABP directly interacts with PPARα and L-FABP/PPARα binding affinity is
enhanced at high glucose [29,30]. By enhancing L-FABP binding to PPARα, high glucose
may further facilitate L-FABP-mediated signaling of bezafibrate to PPARα. These key
differences between liver and most peripheral tissues suggest that fibrate-mediated PPARα
signaling in hepatocytes may be particularly sensitive to hyperglycemia—consistent with the
data presented herein. While we recognize that there are other possible events whereby high
glucose could potentiate L-FABP-mediated fibrate signaling to PPARα (e.g. by post-
translational modifications such as phosphorylation, ubiquitinylation, and sumoylation),
there is no current evidence for L-FABP posttranslational modification by these processes
[81,114]. Although increased serum insulin is known to increase PPARα phosphorylation
and transcriptional activity [115], the level of insulin in the hepatocyte culture medium was
not increased in the current studies. While PPARα can be targeted for degradation by
ubiquitinylation, a high glucose diet in mice increased rather than decreased PPARα mRNA
and protein (not shown). Likewise, although sumoylation results in transcriptional
repression of PPARα [116], our studies indicate that high glucose increased rather than
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decreased PPARα transcriptional activity. Our finding that high glucose alone without
exogenous lipidic (fibrate, LCFA) ligand did not induce PPARα transcription further
suggested that potential post-translational modifications of PPARα induced by high glucose
alone were insufficient to affect PPARα transcriptional activity. Thus any potential
contribution of PPARα post-translational modification (especially phosphorylation) remains
to be elucidated.

In summary, the present work examined the effect of glucose, L-FABP, and PPARα on the
expression of PPARα target genes in cultured primary mouse hepatocytes in response to
activation by bezafibrate. While bezafibrate only modestly induced PPARα transcription of
CPT1A, CPT2 and ACOX1 at physiological normal (6 mM) glucose, high glucose markedly
potentiated bezafibrate-mediated PPARα transcription of these enzymes and other PPARα
regulated proteins (L-FABP, ACBP, and PPARα itself). These effects, especially
potentiation by high glucose, required expression of both L-FABP and PPARα (or
functional PPARα). Whether these findings represent a normal physiological mechanism
which may be less functional in diabetic livers remains to be addressed.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACBP acyl CoA binding protein

ACOX1 acyl-CoA oxidase 1, palmitoyl

ACAT acyl CoA cholesterol acyltransferase

BZ bezafibrate

CPT1A carnitine palmitoyl transferase IA, liver

CPT2 carnitine palmitoyl-CoA transferase II

C16:0 palmitic acid

C16:0-CoA palmitoyl CoA

GPAT glycerol-3-phosphate acyltransferase

HNF1α hepatocyte nuclear factor 1α

HNF4α hepatocyte nuclear factor 4α

L-FABP liver fatty acid binding protein or FABP1

LCFA long chain fatty acids, unesterified

LCFA-CoA long chain fatty acid-CoA thioester

L-FABP(−/−) L-FABP knock out mouse genotype

PPARα,β/δ,γ peroxisome proliferator-activated receptors alpha, beta/delta, and gamma

PPARα(−/−) PPARα knock out mouse genotype
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WT wild type mouse genotype
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Highlights

• Bezafibrate weakly activates PPARα transcription at 6mM glucose.

• Bezafibrate markedly activates PPARα transcription at 20mM glucose.

• Bezafibrate action (20mM glucose) required intact L-FABP/PPARα signaling
pathway.

• High glucose without bezafibrate was ineffective in the primary mouse
hepatocytes.
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Figure 1. High glucose enhances fenofibrate- and bezafibrate-induced expression of fatty acid
oxidation genes at the transcriptional level in wild-type L-FABP (+/+) but not L-FABP (−/−)
mouse hepatocytes
Fold-change in mRNA levels for CPT1A (A, D, G), CPT2 (B, E, H), and ACOX1 (C, F, I)
in WT L-FABP (+/+) hepatocytes (A, B, C and D, E, F) and L-FABP (−/−) hepatocytes (G,
H, I) were determined by qPCR in hepatocytes incubated with serum-free medium
containing 6, 11 or 20 mM glucose and fatty acid-free albumin (Alb, 40 μM) or Alb
complexed with bezafibrate (BZ, 200 μM), fenofibrate (FF, 40 μM), or stearic acid (C18:0,
200 μM) as indicated. At these levels bezafibrate and fenofibrate exhibit little toxicity to
hepatocytes [59]. Mean ± standard error (SE), n= 3–4. * = p<0.05 for lipid ligand treatment
vs. albumin at each glucose concentration; # = p<0.05 for 11, 20 mM glucose treatments vs.
6 mM glucose concentration within each group of lipid.
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Figure 2. Impact of high glucose on bezafibrate-mediated transcription of LCFA/LCFA-CoA
binding proteins (L-FABP, ACBP) and nuclear receptors (PPARα, HNF4α, HNF1α)
WT (A, B, D, F, G) and L-FABP (−/−) (C, E) mouse hepatocytes treated with albumin only
(Alb, 40 μM), bezafibrate (BZ, 200 μM), or stearic acid (C18:0, 200 μM) and 6 or 20 mM
glucose for 6 hrs as described in Methods. Total RNA was extracted and analyzed by qPCR
as described in Methods to determine transcription of L-FABP (A), ACBP (B, C), PPARα
(D, E), HNF4α (F), or HNF1α (G) mRNAs. L-FABP mRNA was not detected in L-FABP
(−/−) hepatocytes as expected (not shown). Mean ± SE, n=4, p < 0.005. (*), significant
difference between ligand/albumin and albumin at constant concentration of glucose; (#),
significant difference between 6 and 20 mM glucose for the same ligand.
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Figure 3. PPARα inhibitor MK886 treatment of L-FABP (+/+) hepatocytes and PPARα gene
ablation reduced or abolished the ability of bezafibrate to induce fatty acid oxidation gene
expression in PPARα (−/−) mouse hepatocytes
CPT1A (A,B), CPT2 (C,D), and ACOX1 (E,F) mRNA levels were measured in PPAR (+/+)
hepatocytes without or with MK886 treatment and in PPARα (−/−) mouse hepatocytes
treated with 6 or 20 mM glucose and fatty acid-free albumin (Alb, 40 μM) or Alb
complexed with bezafibrate (BZ, 200 μM) or stearic acid (C18:0, 200 μM). Mean ± SE, n=
3–4. * = p<0.05 for lipidic ligand treatment vs. albumin at each glucose concentration; # =
p<0.05 for 20 mM vs. 6 mM glucose concentration within each group.
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Figure 4. Total uptake, oxidation, and esterification of stearate by mouse hepatocytes
Total uptake (A, B), oxidation (C, D), and esterification (E, F) of stearate by L-FABP (+/+)
and L-FABP (−/−) hepatocytes after pretreatment with BSA (black bars) or bezafibrate/BSA
(open bars) and 6 mM (A, C, and E) or 20 mM (B, D, and F) glucose as described in
Methods. Values shown as mean nmol stearate per mg protein (x104) ± standard error (n = 4
to 6). * = P<0.05 BSA vs. Bezafibrate/BSA; $ = P<0.05 L-FABP (+/+) vs. L-FABP (−/−);
@ = P<0.05 6 mM glucose vs. 20 mM glucose.
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Figure 5. Esterification and retention of stearate after uptake by mouse hepatocytes
Incorporation of stearate into cellular phospholipids (A, B), triacylglycerides (C, D), and
cholesteryl ester (E, F) by L-FABP (+/+) and L-FABP (−/−) hepatocytes after pretreatment
with BSA (black bars) or bezafibrate/BSA (open bars) and 6mM (panels A, C, and E) or 20
mM (panels B, D, and F) glucose as described in Methods. Values shown as mean nmol
stearate per mg protein (x102) ± standard error (n = 4–6). * = p<0.05 BSA vs. Bezafibrate/
BSA; $ = p<0.05 L-FABP (+/+) vs. L-FABP (−/−); @ = p<0.05 6 mM glucose vs. 20 mM
glucose.
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Figure 6. Esterification and secretion of stearate after uptake by mouse hepatocytes
Incorporation and secretion of stearate in phospholipids (A, B), triacylglycerides (C, D), and
cholesteryl ester (E, F) by L-FABP (+/+) and L-FABP (−/−) hepatocytes after pretreatment
with BSA (black bars) or bezafibrate/BSA (open bars) and 6 mM (A, C, E) or 20 mM (B, D,
F) glucose as described in Methods. Values shown as mean nmol stearate per mg protein ±
standard error (n = 4 to 6). * = p<0.05 BSA vs. Bezafibrate/BSA; $ = p<0.05 L-FABP (+/+)
vs. L-FABP (−/−); @ = p<0.05 6 mM glucose vs. 20 mM glucose.
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Figure 7. Quantitative analysis of shows that bezafibrate significantly increases nuclear
distribution of L-FABP in cultured mouse hepatocytes
Panels A and B: WT mouse hepatocytes were cultured overnight, washed, and further
incubated for 0.5–24 h with serum-free, glucose-free Williams’ medium E plus 6 mM (A) or
20 mM (B) glucose, insulin, dexamethasone, and LCFA-free BSA (Alb) or BSA/bezafibrate
(200 μM) as described in Methods. Cells were fixed, labeled with FITC-anti L-FABP and
TO-PRO DNA dye, and multiple cells analyzed by confocal microscopy to determine
nuclear and cytoplasmic L-FABP labeling intensity in order to calculate the nuclear/
cytoplasm L-FABP ratio (Nucl/Cyto FI L-FABP) described in Methods [29,30,117]. Means
± SEM, n = 40. *p < 0.05 vs albumin; # p < 0.05 as compared at 0.5 h within each group. C:
WT hepatocytes were cultured as above and incubated with 6mM glucose and either LCFA-
free BSA or BSA/bezafibrate (200 μM) for 24 hrs, fixed, anti-L-FABP immunogold labeled,
and antibody-L-FABP labeling particle density in the whole cell, nucleoplasm and
cytoplasm determined as we described [29]. Statistics was performed using a one-way
ANOVA and a Newman-Keuls post-test. Mean ± SEM, n = 20 @ p<0.05 vs Alb whole cell;
# p<0.05 vs Alb nucleus; $ p<0.05 vs Alb cyto; ^ p<0.05 vs BZ whole cell; & p<0.05 vs BZ
nucleus.
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Figure 8. Intracellular glucose level in cultured mouse primary hepatocytes is proportional to
extracellular concentration
(A), Hepatocytes from wild type L-FABP (+/+) mice were treated with fatty acid-free Alb
(40 μM), 6 (open symbols) and 20 mM (solid symbols) glucose, and a tracer amount of
[1-3H]-glucose at the same specific activity for up to 6 hr. A: at indicated time points,
medium and cells were collected to determine cytosolic glucose concentration as described
in the Methods. B: L-FABP (+/+) hepatocytes were treated with 6, 20, and 30 mM glucose
for 1 hr, and intracellular glucose concentrations were determined as described in Methods.
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Figure 9. Effect of high glucose on de novo synthesis (A) and mass (B) of LCFAs and
triglycerides (TG) in cultured mouse primary hepatocytes
Wild-type L-FABP (+/+) hepatocytes were incubated with fatty acid-free Alb (40 μM) and 6
mM (open symbols) or 20 mM (solid symbols) glucose to which tracer amounts of [1-3H]-
glucose were added at the same specific activity. At indicated times, medium and cells were
collected for quantitation as described in Methods: A, 3H incorporation into TG (open
triangles, closed circles) and LCFAs (open squares, closed diamonds) [52]; B, mass of TG
(open triangles, closed circles) and LCFAs (open squares, closed diamonds). Values
represent the mean ± SE (n = 3).
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Table 1
Impact of L-FABP gene ablation on bezafibrate-mediated PPARα target gene expression
in cultured mouse primary hepatocytes

Mouse primary hepatocytes were cultured in 6 mM glucose media as described in legend to Fig. 1, total RNA
was extracted from the hepatocytes and mRNA levels of CPT1A, CPT2, and ACOX1 were determined
relative to an internal house-keeping gene as described in Methods. The relative impact of L-FABP gene
ablation on the respective CPT1A, CPT2, and ACOX1 mRNA levels in response to each treatment was then
calculated as the ratio of [mRNA in L-FABP (−/−)/mRNA in L-FABP (+/+)] for CPT1A, CPT2, and ACOX1,
respectively.

Treatment Ratio of [mRNA for L-FABP (−/−)]/[mRNA for L-FABP (+/+)]

CPT1A CPT2 ACOX1

Albumin 0.85 ± 0.09* 1.25 ± 0.15 0.79 ± 0.08*

Bezafibrate (BZ) 1.05 ± 0.14 1.14 ± 0.13 0.71 ± 0.08*

Stearic Acid (C18:0) 0.71 ± 0.08* 1.04 ± 0.15 0.57 ± 0.07*

Mean ± standard error (SE), n= 3–4.

*
p<0.05.
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