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Abstract The glycolytic enzyme, L-pyruvate kinase (L-PK),
plays an important role in hepatic glucose metabolism. In-
sulin and glucose induce L-PK gene expression, while gluca-
gon and polyunsaturated fatty acids (PUFA) inhibit L-PK
gene expression. We have been interested in defining the
PUFA regulation of L-PK. The 

 

cis

 

-regulatory target for
PUFA action includes an imperfect direct repeat (DR1) that
binds HNF-4. HNF4 plays an ancillary role in the insulin/glu-
cose-mediated transactivation of the L-PK gene. Because the
fatty acid-activated nuclear receptor, peroxisome proliferator-
activated receptor (PPAR

 

a

 

), binds DR1-like elements and
has been reported to interfere with HNF4 action, we exam-
ined the role PPAR

 

a

 

 plays in the regulation of L-PK gene
transcription. Feeding rats either fish oil or the potent
PPAR

 

a

 

 activator, WY14,643, suppressed rat hepatic L-PK
mRNA and gene transcription. The PPAR

 

a

 

-null mouse was
used to evaluate the role of the PPAR

 

a

 

 in hepatic transcrip-
tional control of L-PK. While WY14,643 control of L-PK
gene expression required the PPAR

 

a

 

, PUFA regulation of L-
PK gene expression was independent of the PPAR

 

a

 

. Trans-
fection studies in cultured primary hepatocytes localized the

 

cis

 

-regulatory target for WY14,643/PPAR

 

a

 

 action to the L-PK
HNF4 binding site. However, PPAR

 

a

 

/RXR

 

a

 

 heterodimers
did not bind this region. Although both WY14,643 and PUFA
suppress L-PK gene transcription through the same ele-
ment, PUFA regulation of L-PK does not require the
PPAR

 

a

 

 and PPAR

 

a

 

/RXR

 

a

 

 does not bind the L-PK pro-
moter.  These studies suggest that other intermediary fac-
tors are involved in both the PUFA and PPAR

 

a

 

 regulation
of L-PK gene transcription.

 

—Pan, D. A., M. K. Mater, A. P.
Thelen, J. M. Peters, F. J. Gonzalez, and D. B. Jump.
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Liver-type pyruvate kinase (L-PK) plays a central role in
glycolysis by regulating the flux through the phospho-
enolpyruvate/pyruvate cycle. Acute control of L-PK in-
volves phosphorylation and allosteric factors. Chronic
control involves changes in gene expression mediated by
both hormones and nutrients (1). Although insulin and
glucose augment L-PK gene expression, the role of insulin
in this process is to increase glucokinase levels and stimu-
late glucose metabolism (2, 3). Enhanced glucose metabo-
lism, possibly through the pentose phosphate pathway,
may also be important for induction of hepatic L-PK gene
expression (2, 3).

Studies in primary hepatocytes have identified a 

 

cis

 

-
regulatory region within the L-PK promoter required for
glucose-mediated transactivation. This region is located
between 

 

2

 

183 and 

 

2

 

96 bp upstream from the L-PK tran-
scription start site and is termed glucose (or carbohydrate)
response region [GlRR/CHORR] (4–7). The GlRR con-
tains binding sites for 3 classes of transcription factors.
Two E-boxes (CANNTG) separated by 5 nucleotides bind
USF-related transcription factors. Mutational analyses
have shown that the E-boxes are critical for glucose induc-
tion of L-PK gene transcription. However, studies using
USF1 or USF2-null mice and dominant negative versions
of USF1 and USF2 in primary hepatocytes have not clari-

 

Abbreviations: L-PK, liver type pyruvate kinase; GlRR, glucose re-
sponse region; CHORR, carbohydrate response region; PUFA, polyun-
saturated fatty acids; MLTF, major late transcription factor; HNF4,
hepatocyte nuclear factor 4; LF-A1, liver factor activator 1; NF1, nu-
clear factor 1; PPAR, peroxisome proliferator-activated receptor; RXR,
retinoid X receptor; CYP4A2, cytochrome P450 A2; CAT, chloram-
phenicol acetyltransferase; AOX, acyl CoA oxidase; AOX-PPRE, acyl-
CoA oxidase peroxisome proliferator response element; IVTT, in vitro
transcription translation; EMSA, electrophoretic mobility shift assays;
DR1, direct-repeat-1.
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fied the role these transcription factors play in the glucose
control of this gene (8, 9). The identity of the glucose-
regulated transcription factor controlling L-PK gene tran-
scription is unknown.

Mutational analyses have identified a second region
that plays a key ancillary role in glucose-mediated transac-
tivation of L-PK (5–7). This region, located between 

 

2

 

145
and 

 

2

 

120 bp, contains an imperfect direct repeat of
TGAACT separated by one nucleotide and is termed a
DR1. This region binds HNF4 and NF1 (4, 9, 10). HNF4
has a stimulatory role, while NF1 may be inhibitory to L-PK
gene expression (10). NF1 also binds at 

 

2

 

115/

 

2

 

97 bp .
L-PK gene expression is suppressed by diabetes, gluca-

gon, and polyunsaturated fatty acids [PUFA] (1–4, 11, 12).
Highly unsaturated fatty acids like eicosapentaenoic acid
(20:5, n–3) are particularly strong suppressors of L-PK
gene expression (11, 12). PUFA-regulated factors interfere
with the glucose-mediated transactivation of L-PK by target-
ing the 3

 

9

 

 region of the GlRR. This PUFA-response region
(PUFA-RR) is located between 

 

2

 

145 and 

 

2

 

120 bp and con-
tains the DR1 binding site for HNF4 (12).

We have been interested in defining the molecular basis
of PUFA control of L-PK gene expression. A likely candi-
date for this control is the peroxisome proliferator-acti-
vated receptor (PPAR)

 

a

 

. This view is based on the follow-
ing evidence. First, the PPAR

 

a

 

 is the principal PPAR
subtype expressed in liver and its activity is controlled by
structurally diverse hydrophobic molecules, including fatty
acids (13–15). Previous studies in our lab have shown that
the PPAR

 

a

 

 is required for PUFA-mediated induction of the
peroxisomal enzyme acyl CoA oxidase and the microsomal
enzyme CYP4A2 (16). Second, the PPAR

 

a

 

 forms het-
erodimers with RXR

 

a

 

 that bind DR1-type elements in pro-
moters of regulated genes (13, 16, 17). The PPAR

 

a

 

/RXR

 

a

 

heterodimer can induce the expression of multiple hepatic
genes involved in fatty acid transport, binding, and oxida-
tion (13, 18–20). Finally, Hertz et al. (21, 22) have reported
that the PPAR

 

a

 

 competes with HNF4 for binding a DR1 el-
ement within the apoC-III and transferrin promoters. Their
studies showed that while HNF4 binding supports apoC-III
promoter activity, the PPAR

 

a

 

 suppresses promoter activity.
Based on this evidence and the fact that PUFA regulation

of L-PK targets a region containing a DR1 (12) there is the
possibility that PPAR

 

a

 

/RXR

 

a

 

 may compete with HNF4
binding the DR1 to suppress L-PK gene transcription. We
have tested this hypothesis by evaluating the effect of
PPAR

 

a

 

 activators, i.e., WY14,643, gemfibrozil, clofibrate, on
L-PK gene transcription and mRNA levels in rat and mouse
liver and rat primary hepatocytes. These studies will show
that while PPAR

 

a

 

 activators affect L-PK gene expression in
vivo and in primary hepatocytes, this effect does not involve
direct interaction of PPAR

 

a

 

 with the L-PK promoter.

MATERIALS AND METHODS

 

Animals and diets

 

Male Sprague-Dawley rats (125–150 g) were obtained from
the Charles River Breeding Laboratories (Kalamazoo, MI). He-

patic RNA samples from male C57BL/6N X Sv/129 mice (25–35
g), F6 homozygote wild-type (

 

1

 

/

 

1

 

) or PPAR

 

a

 

-null (

 

2

 

/

 

2

 

) mice
were obtained from two previous feeding studies (14, 16). Rats
were housed in the Michigan State University Animal facility,
and all experimental protocols were approved by the All Univer-
sity Animal Use Committee at Michigan State University. With
the exception of mice fed clofibrate or WY14,643, the animals
were trained to a meal-feeding regimen of a high carbohydrate
diet (16, 23). Test diets for rats consisted of a high carbohydrate
(58% glucose) diet (ICN, Cleveland, OH) supplemented with
either 10% (w/w) of complex fats (triolein, olive oil, fish (men-
haden) oil), 0.1% WY-14,643 (ChemSyn Laboratories, Lenexa,
KS) or 0.2% gemfibrozil (Sigma, St. Louis, MO) for 5 days. Diets
were supplemented with 0.1% butylated hydroxytoluene as an
antioxidant. Mice were fed clofibrate or WY14,643 at 0.5% or
0.1% (w/w) in a chow control diet for a 2-week period.

 

Northern and nuclear run-on analysis

 

Total RNA from rat and mouse livers and from cultured rat
hepatocytes was isolated and used for Northern analysis (12, 23).
Hybridization was quantified using a Molecular Dynamics phos-
phorimager (Sunnyvale, CA). The cDNA probes used for L-PK,
microsomal cytochrome P450 4A2 (CYP4A2), fatty acid synthase,
and 

 

b

 

-actin were described previously (12, 23). PO (Genbank ac-
cession # Z29530) encodes a highly conserved rodent ribosomal
phosphoprotein. The human version of this sequence is 3B64. A
PO cDNA was prepared by RT-PCR of rat liver RNA using the fol-
lowing sense and antisense primers: [sense: ATATATGAATTCC
GTGATG CCCAGGGAAGACAGGCGA; antisense:ATATATGGA
TCCTCATCGG ATTCCTCCGACTC]. PO was used in place of

 

b

 

-actin in some studies to monitor the specificity of drug effects
on hepatic gene expression.

Rat liver nuclei were extracted and used for nuclear transcrip-
tional run-on analysis as previously described (11). cDNAs used in
this analysis included L-pyruvate kinase [L-PK] (11, 12), fatty acid
synthase [FAS] (11), acyl CoA oxidase [AOX] (16), cytochrome
P450 4A [CYP4A2] (16), and 

 

b

 

-actin (11). Hybridization signals
were quantified using a Molecular Dynamics Phosphorimager.

 

Preparation and transfection of hepatocytes

 

Primary rat hepatocytes were isolated by a modified collage-
nase perfusion method as described by Mater, Thelen, and Jump
(23). For RNA studies, primary hepatocytes were plated onto
100-mm Primaria plates at 10

 

7

 

 cells/plate in Williams E medium
containing 10 m

 

m

 

 lactate, 10% fetal bovine serum, 200 n

 

m

 

 insu-
lin, 10 n

 

m

 

 dexamethasone, 100 U penicillin/ml, and 100 

 

m

 

g
streptomycin/ml. For transfection studies, hepatocytes were
plated on 60-mm Primaria plates at 3 

 

3

 

 10

 

6

 

 cells/plate in the
same medium. After an attachment period of approximately 6 h,
the cells were washed with phosphate-buffered saline (PBS),
switched to serum-free Williams E media containing 10 m

 

m

 

 lac-
tate, and transfected with cesium chloride-purified reporter plas-
mids. The construction of the chloramphenicol acetyltransferase
(CAT) reporter plasmids used in this report were described pre-
viously (12, 16). LPK-CAT-2800 contains the L-PK promoter ex-
tending from 

 

2

 

2800 to 

 

1

 

12 bp; PKCAT-197 contains the L-PK
promoter extending from 

 

2

 

197 to 

 

1

 

12 bp; LPK-CAT-96 con-
tains the L-PK promoter extending from 

 

2

 

96 to 

 

1

 

12 bp; LPK-
CAT-LS4 and LPK-CAT-LS5 contain linker scanning mutations
within the 

 

2

 

197/

 

1

 

12 region at 

 

2

 

143/

 

2

 

135 and 

 

2

 

130/

 

2

 

123
bp. The TK223 construct contains the rat AOX-peroxisome pro-
liferator response region fused upstream from the thymidine ki-
nase promoter [TK] (16).

Cells were transfected using Lipofectin (Life Technologies,
Inc., Grand Island, NY) at a ratio of 6.6 

 

m

 

g of Lipofectin to 1 

 

m

 

g
of reporter plasmid DNA. Two micrograms of reporter construct
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were added per 60-mm plate. After overnight transfection, cells
were treated for 48 h with serum-free Williams E containing 50

 

m

 

m

 

 albumin (ALB) and 10 m

 

m

 

 lactate or 25 m

 

m

 

 glucose. Cells
were also treated with either oleic acid (18:1, n–9) or arachi-
donic acid (20:4, n–6) at 300 

 

m

 

m

 

 in 25 m

 

m

 

 glucose media (11,
12). Alternatively, the cells were treated with either DMSO as ve-
hicle or 100 

 

m

 

m

 

 WY14,463 or 100 

 

m

 

m

 

 gemfibrozil in 25 m

 

m

 

 glu-
cose media. CAT activity and protein concentration was mea-
sured (16, 23) and results are expressed as CAT activity in units
[1 unit of CAT activity 

 

5

 

 1 CPM [

 

14

 

C]acetylated chlorampheni-
col/h/100 

 

m

 

g protein].

 

Electrophoretic mobility shift assays (EMSA)

 

The PPAR

 

a

 

 and the RXR

 

a

 

 were synthesized in vitro using
TNT

 

®

 

 T7 coupled reticulocyte lysate (IVTT) system (Promega,
Milwaukee WI). HNF4 was synthesized in vitro using a T3 cou-
pled IVTT and the plasmid BL-rHNF4 [obtained from F. M.
Sladek] (24). These expression plasmids produce a single pro-
tein using [

 

35

 

S]methionine labeling. EMSA was carried out as
described (25) using 

 

32

 

P-labeled DNAs (

 

,

 

20,000 cpm) and in
vitro synthesized PPAR

 

a

 

, RXR

 

a

 

, or HNF4 (2 

 

m

 

l each) in 25 m

 

m

 

Tris-Cl, pH 7.5, 40 m

 

m

 

 KCl, 0.1% Nonidet P-40, 1 

 

m

 

g of
poly(dI:dC), 10% glycerol. After incubation at room tempera-
ture, samples were electrophoretically separated in 10% acryla-
mide:bisacrylamide (BioRad) with 90 m

 

m

 

 Tris borate, pH 8.3, 2.5
m

 

m

 

 EDTA as buffer (150 V for 1 h). In binding competition
studies, 1 fmol to 1 pmol (in 10-fold increments) of competitor
DNA (non-radioactive) was preincubated with IVTT nuclear re-
ceptors for 20 min at room temperature prior to the addition of

 

32

 

P-labeled DNA. After electrophoretic separation, the gels were
dried and exposed to X-ray films. The sense oligonucleotides
used in the competition studies were:

5

 

9 to 39 CCGAACGTGACCTTTGTCCT [AOX-PPRE] (24);
59 to 39 AGCTTGCAGGTGACCTTTGCCCAGCGCCA

[ApoCIII-DR1] (22);
59 to 39 CTCCCGTGGTTCCTGGACTCTGGCCCCCAGTG

TACAA [L-PK-LFA1] (12);
59 to 39 GATCCTCAGGTCAAAGGTCAGAG [DR-1] (26).

Statistical analysis
All data are presented as either mean 6 SD or mean 6 SE.

Statistical comparisons were made by a single-factor factorial
analysis of variance (ANOVA; a 5 0.05) using Microsoft Excel
version 7.

RESULTS

Effects of dietary fat and WY14,643 on liver L-PK
and CYP4A2 mRNA abundance

The PPARa is activated in vivo by both WY14,643 and
fish oil feeding (14, 16). The effects of these compounds
on rat liver mRNAs encoding L-PK, FAS, CYP4A2, and
b-actin were compared (Fig. 1). CYP4A2 was used as a pos-
itive control for PPARa activation (16) while b-actin was
used to assess the specificity of the treatment effect. Ani-
mals were meal-fed high carbohydrate diets supplemented
with triolein or fish oil at 10% (w/w) or WY14,643 at 0.1%
(w/w) for 5 days. When compared to triolein-fed animals,
fish oil and WY14,643 suppressed L-PK by 81 and 83%, re-
spectively. FAS mRNA was suppressed 70% by fish oil, but was
not significantly affected by WY14,643. While mRNACYP4A
was induced 3.7- and 6.7-fold, respectively, b-actin was not
significantly affected by these treatments.

To determine whether the effects of fish oil and
WY14,643 on L-PK mRNA were due to changes in gene
transcription, transcriptional run-on analysis of nuclei iso-
lated from livers of the animals described in Fig. 1A was
performed. Run-on results for FAS, CYP4A, and b-actin
are presented for controls for the specificity of response.
Figure 1B is a representative autoradiogram illustrating
the run-on data for L-PK, FAS, b-actin, CYP4A, and AOX.
L-PK, CYP2A, and b-actin run-on activity in rat liver is low
relative to FAS. L-PK run-on activity was suppressed 73%
and 84% by fish oil and WY14,643 treatment, respectively.
FAS run-on activity was suppressed 85% after fish oil feed-
ing, but was not significantly affected by WY14,643 feed-
ing. CYP4A run-on activity was marginally (20%) induced
by fish oil and induced 2-fold after WY14,643 feeding.
b-Actin run-on activity was not significantly affected by fish
oil or WY14,643.

Comparing the effect of both fish oil and WY14,643 on
the suppression of mRNALPK (Fig. 1A) and run-on activity
(Fig. 1C) indicates that the principal mechanism for
WY14,643 and fish oil control of L-PK gene expression is
at the transcriptional level. While FAS transcription was
suppressed by fish oil ingestion, feeding WY14,643 did not
significantly affect FAS gene transcription or mRNAFAS.
The pronounced effect of both fish oil and WY14,643 on
mRNACYP4A, with marginal effects on run-on activity, may
indicate that these treatments may affect mRNACYP4A sta-
bility, as well as CYP4A gene transcription.

WY14,643 and clofibrate, but not PUFA, require
the PPARa to suppress L-PK gene expression

Finding that both fish oil and WY14,643 regulate L-PK
gene transcription is consistent with a role for PPARa as a
regulator of L-PK gene expression (Fig. 1). To determine
whether PPARa is required for the transcriptional effects
of fish oil and WY14,643 on L-PK, we took advantage of
the PPARa-null mouse (14). In the first study, wild-type
(1/1) and PPARa-null (2/2) mice were fed a high car-
bohydrate diet supplemented with either olive or fish oil
at 10% w/w for 5 days (Fig. 2A). Interestingly, mRNALPK
levels in livers of olive oil-fed animals were increased
2-fold in the PPARa-null mice when compared to the wild-
type animals. When compared to olive oil-fed animals, he-
patic mRNALPK was suppressed 50% in the wild-type
animals and 70% in the PPARa-null mice with fish oil feed-
ing. By comparison, fish oil induced mRNACYP4A2 6.2-fold
in the wild-type, but had no significant effect on CYP4A
expression in the PPARa-null mice. b-Actin remained un-
affected by these treatments. These results indicate that
while the PPARa is required for PUFA induction of
mRNACYP4A2, it was not required for the PUFA-mediated
suppression of mRNALPK.

A similar analysis was performed with two hypolipi-
demic drugs, i.e., clofibrate and WY14,643. Mice were fed
diets supplemented with clofibrate (0.5%, w/w) or
WY14,643 (0.1%, w/w) for 2 weeks (Fig. 2B) (14). As be-
fore (Fig. 2A), L-PK mRNA was increased 50% in the
PPARa-null mice when compared to wild-type mice. In
wild-type mice, both clofibrate and WY14,643 suppressed
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mRNALPK by >80%. Drug treatment of the PPARa-null
mice had no significant effect on hepatic mRNALPK levels.
mRNACYP4A was induced 28- and 81-fold by clofibrate and
WY14,643, respectively, in wild-type mice but was not sig-
nificantly affected by either compound in livers of the
PPARa-null mice. mRNAPO, (encodes a ribosomal phos-
phoprotein) was not significantly affected by these treat-
ments. These results indicate that PPARa is required for
the clofibrate and WY14,643 regulation of both L-PK and
CYP4A gene transcription.

Localization of the cis-regulatory target for the 
PPARa action on the L-PK promoter

As WY14,643 suppression of L-PK gene transcription re-
quires PPARa (Figs. 1 and 2), the next step was to localize
the cis-regulatory target for this control. Primary hepato-
cytes have been used previously to assess the role of PUFA
on L-PK gene expression (12). To assess PPARa activator
control of L-PK gene expression in primary hepatocytes,
cells were treated with gemfibrozil or WY14,643 at 100 mm
for 48 h. These treatments suppressed mRNALPK levels by
45 and 80%, respectively (Fig. 3). mRNACYP4A2 was in-

duced 8.4- and 33-fold by these same treatments, while b-
actin was unaffected. Clearly, these PPARa activators act
directly on primary rat hepatocytes to promote a robust
gene-specific response, a response that parallels the one
seen in vivo (Fig. 1).

Our next objective was to establish that WY14,643 could
activate the endogenous PPARa and control the expres-
sion of a transfected reporter gene in primary hepato-
cytes. Accordingly, primary hepatocytes were transfected
with TK223, a reporter plasmid containing the AOX-PPRE
linked to the thymidine kinase (TK) promoter (Fig. 4).
CAT activity in cells transfected with TK223 was induced
.3.2-fold by WY14,643. More robust transactivation of
TK223 was achieved by co-transfecting a PPARa expres-
sion vector (25).

LPK-CAT reporter plasmids were transfected into pri-
mary hepatocytes to assess their responsiveness to
WY14,643. Our initial test used a deletion analysis to local-
ize the cis-regulatory region for WY14,643 control. Be-
cause L-PK gene expression and LPK-CAT activity is in-
duced by insulin/glucose (5–9), cells were treated with
lactate (10 mm), glucose (25 mm), or glucose (25 mm) plus

Fig. 1. Effect of dietary fat and WY14,643 on rat he-
patic L-PK, FAS, CYP4A, and b-actin gene expression.
Rats were meal fed a high carbohydrate (HiCHO) (58%
glucose) diet supplemented with either triolein [10%,
w/w] (open bars), fish oil [10%, w/w](black), or
WY14,643 [0.1% w/w] (gray bars) for 5 days. A: Effect
of dietary fat and WY14,643 on L-PK gene expression.
Total hepatic RNA was prepared and analyzed by North-
ern analyses for the effect of feeding on L-PK, FAS,
CYP4A, and b-actin mRNA abundance. Hybridization
was quantified by phosphorimager analysis and normal-
ized against the level of expression of each mRNA in
liver of triolein-fed rats. Results are presented as mean
6 SE with 4 animals/group (n 5 4). The results of this
analysis are representative of 3 separate studies. (*) des-
ignates a statistical difference (P < 0.05) between the

triolein and fish oil-fed animals or the triolein and the WY14,643-fed animals. The mean 6 SE phosphorimager units from the Northern
analysis for the L-PK, FAS, CYP4A, and b-actin in triolein-fed rats are: 36569 6 8009; 36723 6 8190; 542311 6 68589; 36806 6 5923, respec-
tively. B and C: Transcriptional run-on analysis. Run-on analysis was preformed on nuclei derived from the same animals as described in Fig.
1A (11). Fig. 1B is a representative hybridization dot blot illustrating the level of hybridization for L-PK, FAS, CYP4A2, AOX, and b-actin. Fig.
1C represents the quantified data for L-PK, FAS, CYP4A, and b-actin. AOX is not illustrated because it displays the same control as CYP4A.
The level of hybridization was quantified by phosphorimager analysis and normalized against the level of run on activity in the triolein meal-
fed rats. The mean 6 SD phosphorimager units from the run-on analysis for the L-PK, FAS, CYP4A, and b-actin in triolein-fed rats are: 5042 6
561; 39705 6 7153; 2549 6 956; 5262 6 411, respectively. Results are presented as mean 6 SD with 4 animals/group. (*) designates statisti-
cally significant difference (P < 0.05) between the triolein and fish oil-fed animals or the triolein and the WY14,643-fed animals.
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WY14,643 (100 mm). LPK-CAT reporter genes with 59 end
points at 22800, 2197, and 296 bp upstream from the L-
PK transcription start site were used. Glucose induced
LPK2800 and LPK197 4.8- and 6.5-fold, respectively. How-
ever, glucose did not significantly induce LPK96 or
TK223. The lack of a glucose effect on TK223 indicates
the specificity of the glucose effect. The lack of a glucose
effect on LPK96 is consistent with the deletion of the glu-
cose response region (GlRR) located between 2197 and
296 bp in the LP-K promoter (7).

When compared to the glucose-treated cells, the glu-
cose-WY14,643 treatment suppressed LPK-CAT2800 and
LPK197 CAT activity by 40 and 50%, respectively. A similar
analysis of cells receiving only lactate showed that
WY14,643 had no effect on LPK-CAT activity (not shown).
This indicates that WY14,643 interfered with the glucose/
insulin-mediated transactivation of L-PK. This notion is re-
inforced by the absence of a significant WY14,643 effect
on LPK-96, a reporter plasmid containing no GlRR. Based
on this deletion analysis, the cis-regulatory target for
WY14,643 action is between 2197 and 296 bp, the puta-
tive GlRR.

The GlRR contains two functional regions (Fig. 4B), a
USF region binding E-box-related proteins like USF1 and
USF2 and a direct repeat (DR1) element binding HNF4 (2–
8). Previous studies had established that the cis-regulatory

Fig. 2. Effect of dietary fat and hypolipidemic drugs on L-PK and CYP4A2 gene expression in wild-type (1/1) and PPARa null (2/2)
mice. A: Effect of fish oil on L-PK and CYP4A expression in wild type and PPARa null mice. Mice from each genotype were meal-fed high
carbohydrate (HiCHO) diets supplemented with 10% (w/w) olive or fish oil for 5 days. At the conclusion of the dietary treatment, liver RNA
was extracted and assayed for the expression of L-PK and CYP4A2 as described in Fig. 1. The effects of this feeding protocol on mRNAs en-
coding b-actin, AOX, CYP4A, S14, and FAS from wild-type and PPARa-null mice was reported previously (16). b-Actin expression was not
significantly affected by olive or fish oil feeding (16). The CYP4A data is shown here for comparison. The level of expression is normalized
against the level of expression in livers of olive oil-fed wild-type mice. The phosphorimager units for L-PK, CYP4A, and b-actin in the olive
oil-fed wild-type mice are: 907514 6 170647, 1025984 6 112813, and 20407 6 6854, respectively. Results are expressed as mean 6 SE with 4
animals/group. The statistical comparisons (ANOVA) were: (*) olive oil wild-type versus fish oil-fed wild-type mice (P < 0.1); olive oil wild-
type vs. olive oil PPARa-null type (P < 0.1); (**) olive oil-PPARa null type vs. fish oil-PPARa null type (P < 0.05). No other comparisons were
significant. B: Effect of clofibrate and WY14,643 on L-PK, CYP4A2, and PO gene expression in wild-type (1/1) and the PPARa-null (2/2)
mice. PO (a ribosomal phosphoprotein) is used here instead of b-actin, to assess the specificity of the treatment as well as to assess RNA load-
ing of the agarose gels. Mice of each genotype were fed a chow diet [Bioserve, NJ] supplemented with 0.5% (w/w) clofibrate or 0.1% (w/w)
WY14,643 for 2 weeks, ad libitum (14). Total liver RNA was prepared and examined by Northern blot analysis for L-PK, CYP4A2, and PO
mRNA levels. The effects of this feeding protocol on mRNAs encoding b-actin, AOX, and CYP4A from wild-type and PPARa-null mice was
reported previously (14). b-Actin expression was not significantly affected by clofibrate or WY14,643 (14). The results were quantified and
normalized against the level of hepatic mRNA expressed in control-fed rats. The phosphorimager units for L-PK, CYP4A, and PO in the
control-fed wild type mice are: 7278 6 621, 90270 6 42745, and 10925 6 627, respectively. These results are represented as mean 6 SD with
3 animals/group. The statistical comparisons (ANOVA) were: (*) 1/1 control versus 1/1 clofibrate or 1/1 WY14,643-fed mice (P < 0.1).
No other comparisons were significant.

Fig. 3. Effect of gemfibrozil and WY14,643 on L-PK, CYP4A, and
b-actin mRNAs in primary rat hepatocytes. Primary rat hepatocyte
cultures were fed Williams E media containing 25 mm glucose,
200 nm insulin, 10 nm dexamethasone. Control cultures received
DMSO (0.1%), the vehicle for gemfibrozil and WY14,643. Treated
cultures received gemfibrozil or WY14,643 at 100 mm for 48 h. All
cultures received one media change. At the end of the treatment
period, total RNA was isolated and analyzed by Northern blots for
L-PK, CYP4A2, and b-actin mRNA. The results were quantified
and normalized against the level of expression of each mRNA in
vehicle (DMSO) treated cells. The phosphorimager units for L-
PK, CYP4A, and b-actin of vehicle-treated cells are: 22808 6 2671,
12957 6 745, and 316050 6 14187, respectively. Results are pre-
sented as the mean 6 SD, with 3 plates of cells/group. Results are
representative of 2 separate experiments. The statistical compari-
sons (ANOVA) were: (*) vehicle vs. gemfibrozil or WY14,643 (P <
0.02).
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Fig. 4. Localization of the cis-regulatory target for WY14,643 regulation of L-PK gene transcription. A: Localization of the WY14,643 cis-regu-
latory region within the L-PK promoter. A schematic illustrates the reporter plasmids. TK223 contains the acyl CoA oxidase PPRE fused up-
stream of the thymidine kinase (TK) promoter (25). LPK-2800, LPK-197, and LPK-96 are LPK-CAT reporter plasmids with 59 end points at
22800, 2197, and 296 bp. Each has a common 39 end point at 112 bp. The construction of these plasmids was described previously (7, 12).
Cultured primary hepatocytes are treated with medium containing 10 mm lactate, 25 mm glucose, or 25 mm glucose plus 100 mm WY14,643. All
cultures received insulin at 200 nm. After 48 h in culture with one media change; cells were harvested for measurement of protein and CAT
activity. CAT activity for each plasmid is normalized to the level of expression in the lactate-treated cells. CAT activity (Units, see Materials and
Methods) in the lactate-treated hepatocytes transfected with TK223, LPK2800, LPK197, and LPK96 was: 96 6 20, 49 6 5, 92 6 20, 212 6 26
units, respectively. Results are presented as Relative CAT Activity-% of Control [mean 6 SE]. The control is the lactate-treated group. The
number of plates of cells/treatment were: 12, 6, 24, 6 for TK223, LPK-2800, LPK-197, and LPK-96, respectively. The data presented is pooled
data from 2 or more different studies with 3 plates of cells/group within each study. The statistical comparisons (ANOVA) were: (1; P , 0.01)
lactate vs. glucose; (*; P , 0.05) glucose vs. glucose plus WY14,643. B: Linker scanning analysis of the L-PK promoter. Schematic of the L-PK
promoter illustrating the location of the TATA box (at 228/223 bp) and binding sites for HNF1 (294/276), NF1 (2115/297), HNF4 bind-
ing a DR1 at (2145/2120), and USF related factors binding E-boxes (CANNTG). The schematic denotes the location of the glucose re-
sponse region (GlRR), and the PUFA-response region (PUFA-RR). LPK-LS4 has a linker scanning mutations at 2143/2135 bp while LPK-LS5
has a linker scanning mutation at 2130/2123 bp (boxed X). The construction of these plasmids was described previously (7, 12). Primary rat
hepatocytes were transfected with the various reporter plasmids, fed media, harvested, and assayed for protein and CAT activity as described
above. Results are presented as Relative CAT Activity, % of the Control [mean 6 SE]. The control is the lactate-treated group. CAT activity
(Units, see Materials and Methods) in the lactate-treated hepatocytes transfected with LPK-197, LPK-LS4, and LPK-LS5 was: 92 6 20, 249 6
28, 530 1 143 units, respectively. Results are presented as mean 6 SE. The number of plates of cells/treatment were: 24, 6, and 6 for LPK-197,
LPK-LS4, and LPK-LS5, respectively. The data presented are pooled data from 2 or more different studies with 3 plates of cells/group within
each study. The statistical comparisons (ANOVA) were: (1; P , 0.01) lactate vs. glucose; (*; P , 0.05) glucose versus glucose plus WY14,643.
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target for PUFA control of L-PK gene transcription was
the 39-half of the GlRR, i.e., between 2145 and 2120 bp, a
region binding HNF4 (12). Here we asked whether
WY14,643 targeted the same regulatory elements as PUFA.
The LPK-CAT reporter plasmids containing linker scan-
ning mutations, LPK-LS4 (at 2142 to 2135 bp) and LS5
(at 2130 to 2123 bp), span the HNF4 binding site (2144
to 2126 bp). CAT activity in cells transfected with LPK-
CAT-LS4 did not respond to glucose or WY14,643. CAT ac-
tivity in cells transfected with LPK-CAT-LS5 was marginally
(68%) induced by glucose, but was not affected by
WY14,643 treatment. This loss of response cannot be ex-
plained by low CAT activity because CAT activity in cells
transfected with either LPK-LS4 and LPK-LS5 was higher
than LPK197 (Fig. 4 legend). Other linker scanning muta-
tions both upstream and downstream of the LS4 and LS5
mutations did not affect WY14,643-regulated CAT activity
(not shown). These studies indicate that activated endoge-
nous PPARa targets the same region within the L-PK pro-
moter as PUFA, i.e., the PUFA-regulatory region.

The PPARa does not bind the L-PK promoter
WY14,643, acting through PPARa (Fig. 2), targets the 39

end of the L-PK GlRR (Fig. 4), a region binding HNF4 (2–
8). The HNF4 binding site is a direct repeat with a single
nucleotide spacer, i.e., a DR1. PPARa/RXRa heterodimers
bind DR1-like elements in the AOX, apoC-III, and trans-
ferrin promoters (21, 22, 25). PPARa/RXR heterodimers
compete with HNF4 for the DR1 site in the apoC-III and

transferrin promoters (21, 22). To determine whether
WY14,643 regulation of L-PK gene transcription was anal-
ogous to that reported for apoC-III, electrophoretic mo-
bility shift analysis was used.

PPARa, RXRa, and HNF4 were prepared by in vitro
transcription/translations (see Materials and Methods).
SG5 was used as a control for an unprogrammed transcrip-
tion/translation. Direct binding of these receptors to the 39
end of the L-PK GlRR, i.e., (LFA1), the AOX-peroxisome
proliferator response element (AOX), the apoC-III HNF4
binding site (apoC-III) and an artificial direct repeat
(DR1) was tested (Fig. 5A). HNF4 bound the LFA1, AOX,
apoC-III, and the DR1 elements. RXRa alone bound only
the artificial DR1 element, while PPARa alone did not
bind any element. The combination of PPARa/RXRa
bound both the AOX and apoC-III element. However,
PPARa/RXRa did not bind the LPK-LFA1 element. The
binding activity in the PPAR/RXR for DR1 probably rep-
resents the RXR homodimer.

To verify that PPARa/RXRa did not bind the L-PK
LFA1, competition gel shift analysis was used (Fig. 5B). In
the left panel, PPARa/RXRa heterodimer binding to the
32P-AOX-PPRE was tested with increasing concentration
of non-radioactive AOX-PPRE. Quantitation of the inhibi-
tion of PPARa/RXRa binding yielded a Kd 5 ,4 nm. A
similar result was obtained with the apoC-III element as
competitor. However, the L-PK LFA1 element failed to
compete for PPARa/RXRa binding to the AOX element,
even at a 1000-fold molar excess. HNF4 bound the LFA1

Fig. 5. Electrophoretic mobility shift analysis of PPARa binding to DNA. A: Direct electrophoretic mobility shift assays. Direct binding of
in vitro synthesized HNF4, PPARa, RXRa, or PPARa/RXRa heterodimer was assessed using 32P-DNAs: the LPK-LFA1 [LFA1], the AOX-
PPRE [AOX], the ApoCIII-DR1 [ApoCIII] or an artificial DR-1, as described in Materials and Methods. SG5 was used to program the in vitro
transcription/translation reaction and provides a control for background binding from the reticulolysate. Labeled DNAs were incubated in
a 20 ml reaction for 20 min with 2 ml of lysate programmed with SG5, RXRa, PPARa, the PPARa/RXRa heterodimer, or HNF4. The arrow at
the right indicates the location of the nuclear receptor-DNA complex. Free probe is not shown in the figure. Faint bands detected in the
SG5 lane that correspond to bands seen in other lanes are considered to be derived from the unprogrammed reticulolysate. The results are
representative of 4 separate studies. B: Competitive electrophoretic mobility shift assays. Competitive EMSA was per formed using a 32P-
labeled acyl-CoA oxidase–peroxisomal proliferator response element (AOX-PPRE) oligonucleotide and in vitro transcribed/translated
PPARa and RXRa. Competition assays were performed in the presence of 0 to 100-fold molar excess (0–1 pmol) of unlabeled AOX-PPRE,
apolipoprotein C-III (ApoCIII), and LPK LF-A1. The LF-A1 element spans nucleotides 2156 to 2120 bp and contains the PUFA-RR. The se-
quence of oligonucleotides used in this analysis is shown in Materials and Methods. The results are representative of 3 separate studies.
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with a Kd of ,5 nm (not shown). If these binding relation-
ships prevail in vivo, then it is highly unlikely that PPARa/
RXRa binds the L-PK DR1. This finding indicates that
WY14,643 suppression of L-PK gene transcription, a
PPARa-dependent event, does not involve direct interac-
tion with the L-PK promoter. Thus, WY14,643/PPARa reg-
ulation of L-PK gene transcription involves some interme-
diary factor(s).

DISCUSSION

L-pyruvate kinase (L-PK) is a glycolytic enzyme that
plays an important role in glucose metabolism (1–4). In
addition to acute regulation by phosphorylation and al-
losteric factors, L-PK gene expression is regulated by hor-
mones (insulin, glucagon) and nutrients (glucose, ala-
nine, and PUFA). The cis-regulatory targets for insulin,
glucose, and PUFA regulation have been localized to the
GlRR between 2183 and 2125 bp upstream from the
transcription start site (Fig. 4B). Insulin-stimulated glu-
cose metabolism regulates the activity of transcription
factors, possibly USF-related factors, that bind E-boxes
within the GlRR. HNF4 plays an important ancillary role
in this regulatory process.

Our studies show that the PPARa activators, WY14,643,
gemfibrozil, and clofibrate, induce hepatic mRNACYP4A2
and suppress mRNALPK through a transcriptional regula-
tory mechanism both in vivo and in cultured primary
hepatocytes (Figs. 1–4). While PPARa is required for the
WY14,643 suppression of L-PK, PPARa is not required for
the PUFA suppression of L-PK gene transcription (Fig. 2).
Thus, PPARa is not a mediator of PUFA regulation of L-
PK gene transcription despite the fact that both WY14,643
and PUFA target the same cis-regulatory element within
the L-PK promoter (Fig. 4). This cis-regulatory target is
the 39 end of the GlRR, a region containing an imperfect
direct repeat (2143TGGACTCTGGCCC2131) that binds
HNF4. Similar DR-like elements are recognized by a num-
ber of orphan nuclear receptors including PPAR, RXR,

CoupTFI, and CoupTFII (27). Neither PPARa, RXRa or
the PPARa/RXRa heterodimers bound the L-PK LFA1
(Fig. 5). In studies not reported here, CoupTF1 or CoupT-
FII (apoA-I) failed to bind the L-PK LFA1 site.

In addition to the L-PK LFA1 element, HNF4 also
bound the AOX and apoC-III DR1-like elements (Fig. 5).
While the effect of HNF4 on AOX has not been estab-
lished, Hertz et al. (21, 22) reported that PPARa/RXR het-
erodimers competed with HNF4 for binding the apoC-III
DR1. HNF4 binding stimulated apoC-III promoter activity,
while PPARa/RXRa binding inhibited apoC-III promoter
activity. Clearly, WY14,643/PPARa regulation of L-PK
through an HNF4 binding site does not parallel the mech-
anism described for apoC-III.

The fact that PPARa/RXRa heterodimers do not di-
rectly interact with the L-PK promoter suggests that
WY14,643 regulation of L-PK gene transcription through
PPARa involves some intermediary mechanism (Fig. 6).
Studies will need to establish whether HNF4 binding the
L-PK LFA1 is affected after fish oil or WY14,643 feeding of
animals. Interestingly, NF-1-related factors also bind the 39
end of the L-PK GlRR (10). Several NF1 subtypes have
been described including NF-1L and NF1/Red1. Yamada
et al. (10) have suggested that NF1 binding the L-PK pro-
moter inhibits L-PK activity. Thus, one attractive scenario
would involve PUFA and WY14,643 control of hepatic
HNF4 abundance, its DNA binding activity or its capacity
to transactivate. A decline in HNF4 activity or abundance
might increase binding of other factors, like NF1, to the L-
PK LFA1 and inhibit L-PK gene transcription. In this
regard, Hertz et al. (28) have reported that fatty acyl CoA
thioesters affect HNF4 binding and transactivation on the
apoC-III promoter. We have been unable to extend this
observation to the L-PK promoter.

Interestingly, peroxisome proliferators have been re-
ported to augment rodent hepatic D6-desaturase activity
(29). D6-Desaturase is required to convert 18:2, n–6 to
20:4, n–6 and 22:5, n–6. 20:4, n–6 is a potent suppressor
of L-PK gene transcription. There are, however, two lines
of evidence that argue against this mechanism to explain

Fig. 6. PUFA and PPARa regulate L-PK gene transcrip-
tion through separate mechanisms. A schematic of the L-
PK promoter is shown illustrating the targets for USF-re-
lated proteins and HNF4 within the GlRR. Both PPARa
and PUFA-regulated factors act on the L-PK DR1. Fibrates
are strong activators of the PPARa, while n–3 PUFA are
weak activators (25). N–6 PUFA do not activate PPARa
under the experimental conditions used in this study.
PPARa does not bind the L-PK DR1 suggesting an inter-
mediary component is involved in the PPARa regulation
of L-PK through the PUFA-RR. The intermediary compo-
nent remains to be identified.
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WY14,643 control of L-PK gene transcription. First,
highly unsaturated fatty acids suppress nuclear levels of
sterol response element binding protein, SREBP1c (30 –
32). SREBP1c is involved in the coordinate control of
multiple hepatic lipogenic genes (33). While SREBP1c
binds E-boxes and SREs in specific promoters of PUFA-
regulated genes, such as ACC, FAS, and S14 (32, 34), it
does not bind the L-PK promoter at either the E-boxes
or the LFA1 region (32). Second, fatty acid synthase ex-
pression, a sensitive index for hepatic PUFA suppression
through SREBP1c, was not significantly affected by
WY14,643 feeding (Fig. 1). Moreover, peroxisome prolif-
erators have no effect on SREBP1 mRNA or its nuclear
content (32, 35)

An alternative explanation for the WY14,643 effect on
L-PK may rest in the growth-promoting effects of this com-
pound on the liver (14). WY14,643 along with other perox-
isome proliferators induce two mitogen-activated protein
kinases (MAPK), e.g., ERK1 and ERK2, in immortalized
mouse liver cells (36). Inhibition of MAPK signaling path-
ways increase HNF4 abundance and possibly its activity in
HepG2 cells (37). Whether WY14,643 regulation of L-PK
involves the suppression of HNF4 abundance/activity will
require additional study.

Finally, as an important glycolytic enzyme, suppression
of L-PK gene expression by PUFA and hypolipidemic
drugs might be expected to affect hepatic glucose metab-
olism. Indeed, pyruvate kinase activity as well as the
ATP:ADP ratio are lower in clofibrate-treated rats (38).
However, clinical studies have indicated that glucose tol-
erance or insulin resistance is unaffected in hypertriglyc-
eridemic patients treated with the hypolipidemic drug,
gemfibrozil (39). It is noteworthy that the PPARa-null
mice exhibit a phenotype with altered metabolic charac-
teristics. L-PK mRNA is elevated in null mice compared
to wild-type mice (Fig. 2). This represents a critical parti-
tioning between gluconeogenesis and fatty acid oxida-
tion and the relationship between fuel oxidation and
storage. In contrast to saturated fats, PUFA are readily
oxidized (40). Nevertheless, PUFA also constitute struc-
tural membrane lipid components whereby increased
amounts of PUFA are associated with reduced insulin
resistance (41). When the PPARa is eliminated from
the system, as is the case in the PPARa-null animals, a
major lipid handling system is negated and glycolysis is
switched on, a compensatory process in keeping with the
Randle cycle (42). Isolating the mechanistic details of di-
etary fat handling, be it as fuels in oxidation, as struc-
tural components, or as regulators of gene expression, is
an area that requires elucidation not only for basic un-
derstanding but also in the amelioration of numerous
metabolic diseases including obesity and Type II diabetes
mellitus.
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