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Abstract Expression of the glucose-6-phosphate dehydro-
genase (G6PD) gene is inhibited by the addition of polyun-
saturated fatty acids to the medium of primary hepatocytes
in culture. To define the regulated step, we measured the
abundance of G6PD mRNA both in the nucleus and in total
RNA and measured the transcriptional activity of the G6PD
gene. Insulin and glucose stimulated a 5- to 7-fold increase
in G6PD mRNA in rat hepatocytes. This increase was atten-
uated by 60% due to the addition of arachidonic acid.
These changes in mRNA accumulation occurred in the ab-
sence of changes in the rate of transcription. Amounts of
precursor mRNA (pre-mRNA) for G6PD in the nucleus
changed in parallel with the amount of mature mRNA. The
decrease in G6PD pre-mRNA accumulation caused by
arachidonic acid was also observed with other long chain
polyunsaturated fatty acids but not with monounsaturated
fatty acids. In addition, this decrease was not due to a gen-
eralized toxicity of the cells due to fatty acid oxidation.
These changes in G6PD expression in the primary hepato-
cytes are qualitatively and quantitatively similar to the
changes observed in the intact animal due to dietary carbo-
hydrate and polyunsaturated fat. Regulation of G6PD ex-
pression by a nuclear posttranscriptional mechanism repre-

 

sents a novel form of regulation by fatty acids.—

 

Stabile,
L. P., S. A. Klautky, S. M. Minor, and L. M. Salati.
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Glucose-6-phosphate dehydrogenase (G6PD, EC 1.1.1.49)
is the rate-determining enzyme of the pentose phosphate
pathway, which provides a source of NADPH for many bio-
synthetic reductive reactions and ribose-5-phosphate for
nucleic acid synthesis. The reaction catalyzed by G6PD
provides 50–75% of NADPH needed for fatty acid biosyn-
thesis in rat liver (1). All cell types contain G6PD activity;
however, regulation of the enzyme only occurs in liver and

 

adipose tissue (2, 3). G6PD activity in the regulated tissues
correlates with the rate of fatty acid biosynthesis and thus
it is a member of the lipogenic family of enzymes. Like
other lipogenic enzymes, G6PD is regulated by both nutri-
tional and hormonal stimuli. For example, when rodents
are fed a high-carbohydrate, low-fat diet after a period of
starvation, G6PD activity increases 10- to 16-fold (3, 4).
Conversely, G6PD activity decreases 80% in mice and rats
consuming a high-fat diet versus those fed a low-fat diet
(5, 6). Hormonal aspects of G6PD regulation include a
decrease in G6PD activity in diabetic and adrenalecto-
mized rats that is restored by hormone replacement (7).
In addition, in primary rat hepatocytes, insulin increases
G6PD activity in a dose-dependent manner (8). Curiously,
treatment of rat hepatocytes with dexamethasone does
not change G6PD activity (8), suggesting that the effect of
adrenalectomy is indirect.

Regulation of G6PD by nutritional factors occurs at a
nuclear posttranscriptional step. In this regard, the 80%
decrease in G6PD mRNA amount is accompanied by an
80% decrease in nuclear precursor mRNA (pre-mRNA)
for G6PD in the nucleus. Similarly, the increase in G6PD
mRNA due to refeeding starved mice is accompanied by
comparable increases in the amount of G6PD pre-mRNA
(9). Nevertheless, the rate of transcription of the G6PD
gene is not altered despite large changes in the abun-
dance of pre-mRNA (5). Further characterization of the
regulation of the G6PD gene indicates that transport of
the mRNA from the nucleus to the cytoplasm and splicing
of the primary transcript are not regulated steps in its ex-
pression. Thus, regulation of the amount of G6PD pre-
mRNA probably occurs very soon after transcription of
the primary transcript.

 

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; TBA,
thiobarbituric acid; RPA, ribonuclease protection assay; PEPCK, phos-
phoenolpyruvate carboxykinase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; pC3, stearoyl-CoA desaturase I; FAS-17, fatty acid syn-
thase; pre-mRNA, precursor mRNA; UTR, untranslated region.
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The nuclear posttranscriptional regulation of G6PD
contrasts with the large changes in transcriptional activity
observed with other lipogenic enzymes, such as fatty acid
synthase and stearoyl-CoA desaturase I (10, 11). However,
changes in pre-mRNA stability may be a common mecha-
nism for all these genes. In this regard, S14, a protein of
unknown function that is thought to be involved in lipo-
genesis, undergoes large transcriptional changes in re-
sponse to dietary carbohydrate and polyunsaturated fatty
acids (10). In addition to these transcriptional changes,
dietary carbohydrate enhances the accumulation of pro-
cessing intermediates of S14 pre-mRNA (12,13) suggest-
ing that enhanced expression of the S14 gene involves in-
creased efficiency of the processing of its pre-mRNA.

The goal of these studies is to further analyze the mech-
anism by which polyunsaturated fat inhibits G6PD expres-
sion. Studies in the intact animal are hampered by an
inability to distinguish a direct effect of fatty acids on ex-
pression of a gene from an indirect effect due to changes
in the hormonal environment of the animal. Cell culture
models provide a mechanism to control the hormonal
environment while examining the action of fatty acids.
Incubation of primary rat hepatocytes with polyunsatu-
rated fatty acids mimics the effect of dietary fat on the trans-
cription of S14 and pyruvate kinase (14, 15). The ability
of this cell model to mimic posttranscriptional actions
of polyunsaturated fatty acids has not been described.
In this paper we demonstrate that the action of poly-
unsaturated fatty acids on G6PD pre-mRNA accumulation
in rat hepatocytes mimics the action of dietary fat in the in-
tact animal both qualitatively and quantitatively.

MATERIALS AND METHODS

 

Materials

 

Williams’ medium E (Gibco-BRL), newborn calf serum
(Gibco-BRL), fatty acids (Nu-Chek Prep), collagenase H (EC
3.4.99.5, Boehringer Mannheim), insulin (Eli Lilly Research Lab-
oratories), Matrigel (Collaborative Biomedical Research), Per-
coll (Sigma), pBluescriptKS+ (Stratagene), RNase-free DNase I
(Gibco-BRL), and RPA II kit (Ambion) were obtained from the
indicated sources. Bovine serum albumin fraction V (fatty acid-
free), 

 

a

 

-[

 

32

 

P]UTP, 3000 Ci/mmol and 

 

a

 

-[

 

32

 

P]dCTP, 3000 Ci/
mmol were from ICN Biochemicals. Other chemicals were from
Fisher Biotech or of the highest purity commercially available.
Rats were purchased from Harlan Laboratories (Indianapolis,
IN). Standard chow diet was Harlan Teklad and the fat-free, high-
glucose diet was from Purina Mills. Rat genomic DNA was ob-
tained from Clontech.

 

Animal care and cell culture

 

Male Sprague-Dawley rats (approximately 200 g) fed a stan-
dard chow diet were used for all experiments. Rats used for di-
etary experiments were starved for 24 h or starved for 24 h and
then refed a high-glucose, fat-free diet (5) for 15 h prior to kill-
ing. Rats were starved for 48 h prior to use as hepatocyte donors.

Hepatocytes were isolated by a modification of the technique
of Seglen (16). The livers were perfused with 350 ml of calcium-
free buffer (0.14 

 

m

 

 NaCl, 6.7 m

 

m

 

 KCl, 0.02 

 

m

 

 HEPES, pH 7.4, 25
m

 

m

 

 glucose, 250 

 

m

 

m

 

 EGTA) at 40 ml/min followed by 100 ml of a

 

buffer containing collagenase (67 m

 

m

 

 NaCl, 6.7 m

 

m

 

 KCl, 0.1 

 

m

 

HEPES, pH 7.4, 6 m

 

m

 

 CaCl

 

2

 

?

 

2H

 

2

 

O, 25 m

 

m

 

 glucose, 1 mg/ml col-
lagenase H, 0.05 mg/ml trypsin inhibitor). The hepatocytes were
then teased from the capsid of the liver and washed into cold,
well-oxygenated Williams’ medium E supplemented with 23 m

 

m

 

HEPES, pH 7.4, 26 m

 

m

 

 sodium bicarbonate, penicillin (100 U/
ml), streptomycin (100 

 

m

 

g/ml), and gentamicin (50 

 

m

 

g/ml).
Glucose was added to a final concentration of 27 m

 

m

 

. The cells
were spun through a Percoll gradient for 10 min at 50 

 

g

 

 to re-
move non-parenchymal cells (17). Hepatocytes (4 

 

3

 

 10

 

6

 

) were
placed in 60-mm Primaria dishes preincubated (37

 

8

 

C, 5% CO

 

2

 

)
with medium containing 5% newborn calf serum. Cell viability in
all experiments was 90% or greater as estimated by Trypan Blue
(0.4%) exclusion. After 4 h, the medium was replaced with
serum-free medium. After an additional 16 h of incubation, the
medium was replaced with medium containing the treatments
indicated in the figure legends and a Matrigel overlay (0.3 mg/
ml) (18). Subsequently, the medium was changed every 12 to 24
h to one of the same composition but without Matrigel. The
hepatocytes were maintained in a humidified chamber at 37

 

8

 

C in
5% CO

 

2

 

/95% air. Fatty acids were bound to bovine serum albu-
min (19). The fatty acid (4 m

 

m

 

)–albumin (1 m

 

m

 

) stocks con-
tained butylated hydroxytoluene (0.01%) and Williams’ medium
E contains 

 

a

 

-tocopherol phosphate, disodium (10 

 

m

 

g/L) to min-
imize oxidation of fatty acids.

 

Thiobarbituric acid (TBA) assay

 

The TBA assay was performed as described by Hostmark and
Lystad (20) with minor modifications. Phenol red typically found
in cell culture medium interfered with this assay, thus for these
experiments Williams’ medium E without phenol red was used.
To measure TBA-reactive material in the cell culture medium,
4.5 ml of a 0.4% TBA solution in water was mixed with 0.4 ml of
medium from hepatocytes incubated with various fatty acids. Gla-
cial acetic acid (100 

 

m

 

l) containing 0.5% butylated hydroxytolu-
ene was added, the mixture was vortexed vigorously, and heated
to 100

 

8

 

C for 20 min. Insoluble material was removed by extrac-
tion with 3 ml of chloroform–methanol 5:1 (v/v). The absor-
bance at 532 nm of the aqueous phase was determined. The
amount of TBA reactive material was calculated using the molar
extinction coefficient (156,000 

 

m

 

2

 

1

 

cm

 

2

 

1

 

).

 

Measurement of G6PD activity

 

Hepatocytes were prepared as described above and incubated
72 h with the treatments indicated in the figure legends. Cells
were washed one time with phosphate-buffered saline, and lysed
by three cycles of freezing and thawing in 0.5 ml of buffer (50
m

 

m

 

 Tris-acetate, pH 7.4, 300 m

 

m

 

 mannitol, 5 m

 

m

 

 dithiothreitol)
per 60 mm Primaria plate. The lysates were centrifuged for 10
min at 11,000 

 

g

 

. Supernatants were used for measurement of
G6PD enzyme activity (8) and total protein concentration (21).
G6PD activity is reported as mU/mg protein in the cell superna-
tant; 1 mU equals 1 nmol of NADPH produced per minute. Sta-
tistical analysis was with ANOVA and 

 

t

 

-test.

 

Isolation of total RNA and Northern analysis

 

Total RNA from 2–3 plates per treatment was isolated by the
method of Chomczynski and Sacchi (22). The denatured cell
mix was forced through an 18-gauge syringe two to three times to
sheer genomic DNA. Quantitation of RNA using Northern analy-
sis was done as previously described (5).

 

Isolation of nuclear RNA

 

Nuclei from hepatocytes were isolated by a modification of the
method of Leppard and Shenk (23). Hepatocytes and medium
from 15–20 plates per treatment were collected into 50-ml centri-



 

Stabile et al.

 

Fatty acids inhibit glucose-6-phosphate dehydrogenase expression 1953

 

fuge tubes and the cells were pelleted in a Beckman JS 4.2 rotor
at 490 rpm (50 

 

g

 

) for 5 min. The cell pellet was washed two times
with ice-cold phosphate-buffered saline, then homogenized in 3
ml of isotonic buffer (10 m

 

m

 

 Tris, pH 7.5, 150 m

 

m

 

 NaCl, 1.5 m

 

m

 

MgCl

 

2

 

, 175 

 

m

 

g phenylmethylsulfonylfluoride/ml, 0.6% nonidet
NP-40) by 12 strokes in a Dounce homogenizer using a tight-fit-
ting pestle. The homogenate was incubated on ice for 5 min. Nu-
clei were pelleted in a Beckman JS 4.2 rotor at 2000 rpm (800 

 

g

 

)
for 5 min at 4

 

8

 

C and washed one time with 2 ml of isotonic buffer
without nonidet NP-40. RNA was purified from the final nuclear
pellet by the method of Chomczynski and Sacchi (22); 3 ml of
denaturing solution were used per nuclear pellet. The denatured
nuclear RNA mix was forced through an 18-gauge syringe five
times to sheer genomic DNA. In experiments using intact rat
liver (Fig. 2), nuclei were purified through a 2 

 

m

 

 sucrose cushion
as previously described (5) prior to isolation of nuclear RNA.

 

Nuclear run-on assays and DNA probes

 

 Nuclei were isolated from hepatocytes using the method of
Leppard and Shenk (23) as described above. In one experiment,
nuclei were isolated by the method of Milsted, Cox, and Nilson
(24). The same results were obtained in the run-on assays regard-
less of the method of nuclei preparation. The final nuclear pellet
was resuspended and washed into nuclei storage buffer (50 m

 

m

 

HEPES, pH 7.4, 75 m

 

m

 

 NaCl, 0.1 m

 

m

 

 EDTA, 5 m

 

m

 

 dithiothreitol,
0.12 m

 

m

 

 phenylmethylsulfonylfluoride, and 50% glycerol). Nu-
clei were purified from intact rat liver by centrifugation through
a 2 

 

m

 

 sucrose cushion as previously described (5). The nuclei
were stored at 

 

2

 

70

 

8

 

C in 100 

 

m

 

l of storage buffer prior to use in a
nuclear run-on assay.

The nuclear run-on assay was performed on both hepatocyte
and liver nuclei as previously described (5, 25). DNA used as
probes were obtained as follows: mouse G6PD cDNA (pMZ3)
from M. Zollo (26), rat phosphoenolpyruvate carboxykinase
(pPCK10) cDNA from R. Hanson (27), mouse albumin cDNA
(pmalb-2) from S. Tilghman (28), rat glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) cDNA (pRGAPDH1) from F.
Rottman (29), mouse stearoyl-CoA desaturase I cDNA (pC3)
from J. Ntambi (30), rat fatty acid synthase cDNA (pFAS-17)
from S. Clarke (31). The G6PD cDNA probe is the BamHI (exon
2) to XbaI (exon 13) fragment of pMZ3 which was subcloned
into pBluescriptKS

 

1

 

 thereby eliminating exon 1 which is GC-
rich, and most of exon 13 which is dissimilar between rats and
mice.

 

Probe design for ribonuclease protection assay (RPA)

 

Two probes were designed for use in the ribonuclease protec-
tion assay (

 

Fig. 1

 

). The first probe, intron 3–exon 4, was derived
from PCR amplification of rat genomic DNA using primer 1, 5

 

9

 

-

GGGGTACCGGTAATATCTCTACACTACCCCCCAATC-3

 

9

 

 and
primer 2, 5

 

9

 

-GGAATTCGCTCACTCTGTTTGCGGATGTC-3

 

9

 

.
Primer 1 contained a KpnI restriction site at its 5

 

9

 

 end (under-
line) for subcloning of the PCR amplified product into
pBluescriptKS

 

1

 

 and the remaining sequence is from intron 3.
Primer 2 contained an EcoRI site at its 5

 

9

 

 end (underline) and
the G6PD sequence begins 11 nt from the end of exon 4. The
second probe, exon 9–intron 9, was derived from PCR amplifica-
tion of rat genomic DNA using primer 3, 5

 

9

 

-GGGGTACCCAG
AGGTGGAAACTGACAACGTG-3

 

9

 

 and primer 4, 5

 

9

 

-GGAATTC
TAGCCCTCCTTCTCCAGCATTC-3

 

9

 

. The same restriction sites
are present as for the previous probe. Primer 3 contained exon 9-
specific sequences beginning 22 nt 3

 

9

 

 from the start of exon 9.
Primer 4 contained intron 9-specific sequences.

The DNA fragments, after PCR amplification, were subcloned
into pBluescriptKS+ and the authenticity of these sequences was
verified by sequencing. The subclones were linearized with
HindIII and used in an in vitro transcription reaction. The tran-
scripts produced with T7 polymerase were designed to be larger
than the protected fragments so that incompletely digested
probe could be differentiated from the target signal in the ribo-
nuclease protection assay. As a control for strand-specific hybrid-
ization, RNA probes were also generated from the T3 promoter
in pBluescriptKS

 

1

 

 which resulted in a probe whose sequence
was identical to G6PD mRNA (sense probe) and thus should
not hybridize to cellular RNAs. No bands were detected in a ri-
bonuclease protection assay using these probes (data not
shown) therefore only T7-generated probes could hybridize to
G6PD mRNA.

 

Ribonuclease protection assay

 

Antisense RNA probes were synthesized in an in vitro tran-
scription reaction. Template DNA (0.5 g) was added to a reaction
mixture containing 40 m

 

m

 

 Tris-HCl, pH 7.5, 6 m

 

m

 

 MgCl

 

2

 

, 2 m

 

m

 

spermidine, 10 m

 

m

 

 NaCl, 10 m

 

m

 

 dithiothreitol, 14 U RNasin, 400

 

m

 

m

 

 each ATP, CTP, and GTP, 20 

 

m

 

m

 

 cold UTP, 20 U T7 RNA poly-
merase and 50 

 

m

 

Ci 

 

a

 

-[

 

32

 

P]UTP (sp. act. 3000 Ci/mmol) and in-
cubated at 37

 

8

 

C for 1 h. RNase-free DNase I (100 U) was added
and the reaction was incubated for 15 min at 37

 

8

 

C. The probes
were purified in a 5% denaturing polyacrylamide gel and eluted
overnight at 37

 

8

 

C in 0.5 

 

m

 

m

 

 ammonium acetate, 1 m

 

m

 

 EDTA, and
0.2% SDS.

Ribonuclease protection assays were performed using the RPA
II kit. Nuclear or total RNA (25 or 30 

 

m

 

g) was hybridized to 2 

 

3

 

10

 

4

 

 cpm of 

 

32

 

P-labeled RNA in 20 

 

m

 

l of hybridization solution
(80% deionized formamide, 100 m

 

m

 

 sodium citrate, pH 6.4, 300
m

 

m

 

 sodium acetate, pH 6.4, 1 m

 

m

 

 EDTA) at 45

 

8

 

C for 16 h. After
hybridization, the solution was treated with a mixture of 0.5 U
RNase A and 20 U RNase T

 

1

 

 for 30 min at 37

 

8

 

C. The resulting

Fig. 1. Probes and predicted fragments for the ribonuclease protection assay. The top line represents a simplified diagram of the G6PD
primary transcript showing three of the genes 13 exons. The lower lines represent G6PD specific mRNA fragments that are detected in the
ribonuclease protection assays by specific G6PD probes. Two probes were designed to hybridize across intron–exon boundaries of target
mRNA such that pre-mRNA with and without introns could be detected in the assay. The first probe (intron 3–exon 4) was designed to cross
the intron 3–exon 4 boundary and protects a 204 nt fragment of pre-mRNA containing intron 3. In addition, this probe recognizes pro-
cessed transcripts (97 nt fragment) that have undergone splicing of intron 3. The second probe (exon 9–intron 9) spans the exon 9–intron
9 boundary. It protects a 286 nt fragment of the transcript containing intron 9, and nuclear mRNA without intron 9 (165 nt fragment).
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hybridization products protected from RNase digestion were
separated in a 5% denaturing polyacrylamide gel. The gel was
dried and placed in a storage phosphor cassette for 1 to 3 days.
Images were quantified using ImageQuaNT software by Molecu-
lar Dynamics.

 

RESULTS

 

Effect of starvation and refeeding on transcriptional
activity of G6PD in rat

 

Refeeding starved mice results in a 15-fold or more in-
crease in G6PD mRNA, while the addition of polyunsatu-
rated fat to a high-carbohydrate diet results in an 80% de-
crease in G6PD mRNA (5). In mice, dietary-induced
changes in G6PD mRNA accumulation are caused by
changes in the amount of pre-mRNA for G6PD via a post-
transcriptional regulatory mechanism in the nucleus (9).
Mouse hepatocytes in primary culture do not provide a
hormonally responsive system to study the molecular basis
for this regulation (32; S. A. Klautky and L. M. Salati, un-
published results). In contrast, G6PD activity is regulated

by both insulin and fatty acids in rat hepatocytes in pri-
mary culture (8). Prior to choosing rat hepatocytes as a
model to further define the molecular basis of G6PD reg-
ulation, we verified that regulation of G6PD expression by
diet occurred by a posttranscriptional regulatory mecha-
nism as observed in mice. No difference in G6PD tran-
scription was observed in rats that were starved versus
starved and then refed a high-carbohydrate diet (Fig. 2A).
In contrast, refeeding increased the transcription of the
stearoyl-CoA desaturase I (pC3) and fatty acid synthase
(FAS) genes, by 85- and 77-fold, respectively, and tran-
scription of the phosphoenolpyruvate carboxykinase gene
was inhibited by 93%. Thus, the expected transcriptional
changes were observed for genes regulated at the level of
transcription while regulation of G6PD expression oc-
curred primarily at a posttranscriptional step in rats as in
mice.

We next measured nuclear pre-mRNA for the G6PD
gene using a ribonuclease protection assay and probes
that hybridized across two different intron/exon bound-
aries in the G6PD primary transcript (Fig. 1). Because the
G6PD gene contains 13 exons and the primary transcript

Fig. 2. Effect of starvation and refeeding on expression of G6PD
in the rat. (A) Nuclei were isolated from the pooled livers of two
rats that had been starved for 15 h or from the livers of two rats that
had been starved for 24 h followed by refeeding a high-glucose, low-
fat diet for 15 h. Nuclear run-on assays were performed as described
in Materials and Methods. Hybridization to the probes was quanti-
fied using ImageQuaNT. Quantitation of the hybridization signals
for G6PD, vector (pBluescriptKS1), and b-actin are listed below
each strip. The values are the integration units (31022) from
ImageQuaNT. cDNA clones for fatty acid synthase (FAS) and
stearoyl-CoA desaturase I (pC3) were used as positive controls to

show transcriptional activation due to refeeding a high-carbohydrate diet. A PEPCK cDNA probe was used as a negative control to show tran-
scriptional inhibition by refeeding. b-Actin, glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), albumin, and phosphoenolpyruvate car-
boxykinase (PEPCK) cDNA probes were used as controls for selectivity of the response. The assay was done in duplicate with identical re-
sults. (B) Nuclear RNA was isolated from the same batch of nuclei as described above. G6PD nuclear RNA (25 mg) was analyzed using a
ribonuclease protection assay and two G6PD specific probes. M, RNA Century marker (Ambion); U, undigested probe (hybridization of
probes to 25 mg yeast RNA without subsequent RNase digestion); D, digested probe (hybridization to 25 mg yeast RNA followed by RNase diges-
tion); S, nuclear RNA isolated from livers of starved rats; R, nuclear RNA isolated from livers of refed rats. (C) Quantitation of the signals was
done using ImageQuaNT. The values shown in the table are the integration units (31022) and the calculated fold-increase due to refeeding.
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is 18 kb in length it cannot be examined in total. The
probes represent discrete locations within the primary
transcript and permit quantitative analysis of the amount
of pre-mRNA. The intron 3–exon 4 probe hybridized
across a 39-splice site and the exon 9–intron 9 probe hy-
bridized across a 59-splice site. RNase digestion of each hy-
brid of probe and target RNA resulted in two protected
fragments. These included RNA containing the intron
and RNA from which the intron had been spliced. The
204 and 286 nt bands represented pre-mRNAs that con-
tained introns 3 and 9, respectively (Fig. 2B). The 97 and
165 nt bands represented pre-mRNAs from which introns
3 and 9, respectively, had been spliced. Protected frag-
ments representing only intron 9 (121 nt, closed arrow)
and the exon 4 and intron 3 lariat (33; 133 nt, open ar-
row) also appeared to be detected. The relative intensity
of these fragments was much less than the bands contain-
ing exon sequences. This may reflect that introns, once
spliced, were rapidly degraded in the nucleus. In some ex-
periments (Fig. 2B and 6A) a doublet in the intron 3–
exon 4 band was observed. The sequence at one end of
the intron 3–exon 4 probe is AU-rich which may allow lo-
cal denaturation of the hybrid making it susceptible to ribo-
nuclease digestion. This doublet disappeared when the
RNase digestion conditions were altered to use either 50%
less RNase A and RNase T1 or only RNase T1 (data not
shown) confirming that the doublet was due to “breath-
ing” at the ends of the hybrid.

To determine whether the abundance of G6PD pre-
mRNA was regulated in the rat, RNA was isolated from the
nuclei of the same rats as were used for transcriptional
measurements (Fig. 2B). In the livers of rats that had been
starved for 24 h, G6PD pre-mRNA was barely detectable.
G6PD pre-mRNA was 18.9- and 19.5-fold higher as de-
tected by the exon 9–intron 9 and intron 3–exon 4 pro-
tected fragments, respectively, in the livers of rats that had
been refed a high-carbohydrate, low-fat diet relative to the
rats that had been starved. Pre-mRNAs in which introns 9
and 3 had been spliced were increased 17.3- and 18.9-fold,
respectively. The changes in amount of exon-only pro-
tected fragments were similar to the full-length protected
fragments, suggesting that splicing was not a regulated
step. Thus, refeeding starved rats increased the abun-
dance of pre-mRNAs for G6PD in the nucleus in the ab-
sence of an observable change in transcriptional activity of
the gene. Thus, the regulated step mediating the effects of
starvation and refeeding on G6PD expression in the rat
appears to be the same as that in the mouse. Rat hepato-
cytes should provide a useful model system for further
characterizing the molecular mechanisms involved in reg-
ulation of G6PD expression.

Regulation of enzyme activity and mRNA accumulation
by glucose, insulin, and fatty acids in rat hepatocytes
in primary culture

G6PD activity has been shown to be maximally in-
creased by insulin, and this increase is attenuated by
arachidonic acid in rat hepatocytes (8). To determine
whether fatty acids regulated G6PD at a pretranslational

step, mRNA accumulation and enzyme activity were mea-
sured in rat hepatocytes incubated with insulin or insulin
and arachidonic acid. Incubation with insulin (0.1 mm or 1
mm) for 72 h resulted in a 5.7- to 5.9-fold increase in G6PD
activity (Fig. 3A). Coincubation with arachidonic acid sig-
nificantly inhibited (P , 0.05) the insulin-dependent in-
crease in G6PD activity by 56% and 51%, for 0.1 mm and 1
mm insulin, respectively. These results are consistent with a
previous report (8). G6PD mRNA accumulation was ex-
amined using Northern analysis. The increase in G6PD ac-
tivity in hepatocytes incubated with insulin was accompa-
nied by a 4.2-fold increase in mRNA for G6PD (Figs. 3B
and 3C). This increase in G6PD expression was not exclu-
sively due to the addition of insulin. In this regard, incuba-
tion with 27 mm glucose in the medium for 48 h resulted
in a 2.9 6 0.5-fold increase in G6PD mRNA (n 5 6); the
addition of insulin (0.1 mm) resulted in a further increase
in G6PD mRNA of 1.6 6 0.06-fold (n 5 6; Fig. 3B). Incu-
bation with 250 mm arachidonic acid or eicosapentaenoic
acid decreased the amount of G6PD mRNA by approxi-
mately 50% relative to hepatocytes incubated with glucose
and insulin (Fig. 3C). The concentration of arachidonic
acid used in these experiments has previously been shown
to maximally inhibit G6PD expression (8). Arachidonic
acid or eicosapentaenoic acid did not inhibit the increase
in G6PD mRNA caused by 27 mm glucose alone (data not
shown) suggesting that inhibition of G6PD expression by
fatty acids may be caused by an inhibition of the action of
insulin. Thus, changes in G6PD enzyme activity due to
long chain polyunsaturated fatty acids were accompanied
by comparable changes in the amount of mRNA for G6PD
indicating that regulation was pretranslational.

To determine whether the effect of glucose, insulin,
and arachidonic acid on G6PD expression was specific, we
also measured the amount of GAPDH and b-actin mRNA
with these treatments. Expression of GAPDH mRNA was
consistently increased 2-fold by insulin and glucose, but the
amount of GAPDH mRNA was not changed by incubation
with polyunsaturated fatty acids indicating that the effect of
fatty acids was specific (Fig. 3B). Further, the amount of b-
actin mRNA did not change with any of the treatments
(data not shown) indicating that insulin, glucose, and long
chain polyunsaturated fatty acids do not have generalized
positive or negative effects within the hepatocytes.

Time course of the effect of arachidonic acid on
G6PD mRNA accumulation

In the intact mouse, inhibition of G6PD mRNA amount
by dietary fat is very rapid; a 20% decrease is observed
within 4.5 h after providing a high-fat diet compared to
mice consuming a low-fat diet (5). To test whether inhibi-
tion by fatty acids in culture was as rapid as the inhibition
by dietary fat, hepatocytes were incubated in the presence
of glucose and insulin for 48 h to induce the amount of
G6PD expression prior to the addition of arachidonic acid
(Fig. 4A). Incubation of hepatocytes for 48 h with 27 mm
glucose in the medium increased the expression of G6PD
mRNA 4.1-fold, compared to time 0. Insulin further en-
hanced this accumulation 1.5-fold relative to glucose-
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treated cells. Within 2 h after the addition of arachidonic
acid, the amount of G6PD mRNA was decreased 13.8%
(average of 2 experiments). The maximum decrease of
50% in G6PD mRNA abundance was observed by 8 h. This
decrease in mRNA was similar to the 60% decrease ob-
served in hepatocytes incubated with arachidonic acid co-
incidentally with glucose and insulin for the entire period
(Fig. 4A, 48 h lane). The expression of GAPDH and b-
actin were not affected by arachidonic acid in these cells
(Fig. 4A). The inhibition of G6PD mRNA accumulation
was also rapid when arachidonic acid was added coinci-
dentally with glucose and insulin (Fig. 4B). The amount
of G6PD mRNA was decreased 52% within 12 h of treat-
ment in the absence of changes in the expression of
GAPDH and b-actin (Fig. 4B). Thus, polyunsaturated fatty
acids inhibit the insulin stimulation of G6PD mRNA accu-
mulation when added coincidentally with insulin and glu-
cose, or when added to cells that were previously incu-

bated with insulin and glucose for 48 h. Further, the
kinetics of inhibition by polyunsaturated fatty acids in
hepatocytes in culture was similar to the kinetics of inhibi-
tion by dietary polyunsaturated fat in the intact mouse.

G6PD is regulated at a posttranscriptional step in
the nucleus of rat hepatocytes

We next tested whether fatty acids regulated G6PD ex-
pression by a posttranscriptional mechanism. Nuclei were
isolated from hepatocytes and transcriptional activity of
the G6PD gene was measured using nuclear run-on assays.
Transcriptional activity of the G6PD gene was low in rat
hepatocytes and little or no change was observed due to
either glucose and insulin or arachidonic acid (Fig. 5A).
The apparent increase in G6PD transcription due to glu-
cose and insulin shown in Fig. 5A was only observed in this
experiment. In multiple experiments, transcriptional ac-
tivity of the G6PD gene was not significantly increased by

Fig. 3. Effect of insulin, glucose, and arachidonic acid on G6PD
enzyme activity and mRNA accumulation in cultured rat hepato-
cytes. (A) Rat hepatocytes were cultured in serum-free Waymouth’s
752/1 medium (27 mm glucose). Twenty four h after the cells were
plated, the medium was changed to one containing various concen-
trations of insulin and arachidonic acid (250 mm, premixed, at a 4:1
ratio with BSA) or a control–BSA solution (BSA prepared without
fatty acid). Matrigel (0.3 mg/ml) was added at the same time. Sub-
sequently, the media was replaced every 24 h with one of the same
composition but without Matrigel. After 72 h of incubation, the
cells were harvested, lysed by freeze-thaw, and G6PD enzyme activity
was measured in the soluble protein extracts. The results are pre-
sented as mU/mg soluble protein and are the mean 6 SD of n 5 2
independent experiments each of which had 2 plates per culture
treatment. Time 0 represents the activity in hepatocytes prior to the
addition of insulin and fatty acids (24 h after plating the hepato-
cytes). (B) Rat hepatocytes were isolated and cultured in Williams’
medium E (11 mm glucose) as described in Materials and Methods.
Twenty four h after plating, the medium was replaced with one con-
taining 0.1 mm insulin, 27 mm glucose or 250 mm fatty acids as indi-
cated. After 48 h in culture with the indicated treatments, total
RNA was isolated from the hepatocytes. The amount of G6PD and
GAPDH mRNA in total RNA was analyzed by Northern analysis.
The first two lanes without treatment represent RNA isolated from
hepatocytes after 24 h of incubation, prior to the addition of the

treatments (time 0). The signal for GAPDH was enhanced 1.5-fold over the signal for G6PD using ImageQuaNT. The size of the mRNAs for
G6PD and GAPDH are 2.3 and 1.8 kb, respectively. Part B is a representative Northern analysis and part C is the mean 6 the SE of n 5 8 ex-
periments for the time 0, insulin (0.1 mm insulin and 27 mm glucose), and arachidonic acid (20:4; 250 mm) treatments and n 5 3 experi-
ments for the eicosapentaenoic acid (20:5; 250 mm)) treatment. Quantitation was done using ImageQuaNT analysis and the results are ex-
pressed as relative amounts where the amount of RNA at time 0 was set to one.
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glucose and insulin (Fig. 5B). In the same preparation of
cells, the abundance of G6PD mRNA was increased 5-fold
by glucose and insulin, whereas arachidonic acid attenu-
ated this increase by 47% (Fig. 5B). Expression of the b-
actin gene was not regulated by any of the treatments
(Figs. 5A and 5B), thus, the transcriptional activity of the
other genes was expressed relative to transcription of the
b-actin gene. Transcriptional activity of the GAPDH gene
was increased 3-fold by glucose and insulin, consistent
with the change in accumulation of GAPDH mRNA. Al-
though PEPCK transcriptional activity was low in the ab-
sence of transcriptional activators such as cAMP, PEPCK
transcription was still decreased 31–94% in hepatocytes in-
cubated with glucose and insulin. Arachidonic acid did
not change the transcriptional activity of the PEPCK gene
and had only a minor effect on transcription of the
GAPDH gene which was not reflected by a change in its
mRNA. In one experiment (shown), glucose and insulin
caused a 2-fold increase in G6PD transcription; this was
not consistently observed. Thus, we conclude that tran-
scription of the G6PD gene is not regulated by polyunsatu-
rated fatty acids.

Posttranscriptional regulation of G6PD by diet in the in-
tact mouse and rat involves changes in pre-mRNA accu-
mulation in the nucleus. We tested whether arachidonic
acid inhibited G6PD expression in rat hepatocytes by
changing the amount of pre-mRNA for G6PD in the nu-
cleus or by changing the amount of mRNA for G6PD in
the cytoplasm. Nuclear RNA was purified from hepato-
cytes treated with glucose and insulin with or without

arachidonic acid. G6PD pre-mRNA was measured using
the ribonuclease protection assay as previously described.
Hybridization of each probe in the assay with nuclear
RNA resulted in two protected fragments corresponding
to the full-length protected fragment and the exon-only
protected fragment (Fig. 6A). Incubation of the hepato-
cytes with glucose and insulin for 48 h resulted in a 3- to 4-
fold increase in pre-mRNA for G6PD. This increase was
observed with both the exon 9–intron 9 and intron 3–
exon 4 probes. Inhibition of G6PD pre-mRNA accumula-
tion by arachidonic acid was approximately 60% as quan-
tified with each of the protected fragments (Fig. 6B). The
increase in signal intensity observed in protected frag-
ments representing pre-mRNA without the intron versus
pre-mRNA with the intron may reflect either the detec-
tion of cytoplasmic RNA co-purifying with the nuclei. Us-
ing more highly purified nuclei, the difference in these
signals decreased (data not shown). Both pre-mRNA and
mature mRNA was decreased by arachidonic acid to a sim-
ilar extent suggesting that regulation occurs early in the
nuclear processing pathway, perhaps prior to splicing.

To determine whether changes in the pre-mRNA pool
could account for the changes in mRNA for G6PD, total
RNA was prepared from the same hepatocytes and the
amount of G6PD mRNA was measured using the ribonu-
clease protection assay (Fig. 6A). Total RNA is primarily cyto-
plasmic RNA (9). The amount of mature G6PD mRNA was
increased 3- to 4-fold by incubation with glucose and insulin,
and the inhibition of G6PD mRNA amount was 50% or more
(Fig. 6B). Thus changes in the amount of pre-mRNA for

Fig. 4. Time course of the inhibition of G6PD mRNA accumulation by arachidonic acid. Rat hepatocytes were isolated and cultured as de-
scribed. (A) Twenty four h later, the medium was replaced with one containing 0.1 mm insulin, 27 mm glucose, and Matrigel (0.3 mg/ml).
The medium was replaced every 24 h with one of the same composition but without Matrigel. Arachidonic acid (250 mm) was added after 48
h of incubation with hormones. RNA was isolated at the indicated times (2–24 h) after the addition of fatty acid. The 48-h lane represents
RNA isolated from hepatocytes in which arachidonic acid was added with glucose and insulin after 24 h in culture. In addition, cells prior to
treatment (control), cells incubated with glucose alone for 48 h, and cells incubated with glucose plus insulin for 48 h were harvested and to-
tal RNA was isolated. Northern analysis was performed as described and results were quantified using ImageQuaNT. The signal for b-actin
was enhanced 4 times over the signals for G6PD and GAPDH. Similar results were obtained in two independent experiments. (B) Twenty
four h after hepatocyte isolation, the medium was replaced with one containing 0.1 mm insulin, 27 mm glucose, 250 mm arachidonic acid, and
Matrigel (0.3 mg/ml). The medium was replaced every 12 with one of the same composition but without Matrigel. At the indicated times,
RNA was isolated and G6PD mRNA was measured by RNase protection assay as described. GAPDH and b-actin were measured by Northern
analysis. Quantitation was done using ImageQuaNT and the results are expressed as relative amounts where the amount of the specific
mRNA in cells incubated without fatty acid was set to 100 (0 h). The data are representative of two separate experiments with similar results.



1958 Journal of Lipid Research Volume 39, 1998

G6PD due to insulin, glucose, or arachidonic acid can ac-
count for all of the change in G6PD mature mRNA.

Effect of monounsaturated versus polyunsaturated
fatty acids on G6PD expression

Two characteristics of the inhibition of gene expression
by fatty acids are that 1) only polyunsaturated fatty acids of
the n–6 and n–3 families of fatty acids are inhibitors, and
2) the inhibition is not a consequence of toxic actions
such as an increase in peroxide formation. We tested
whether the inhibition of G6PD expression by fatty acids
fulfilled these two criteria. Hepatocytes were incubated
with glucose and insulin, or glucose, insulin and various
fatty acids for 48 h. RNA was isolated from nuclei and cells
and the amount of pre-mRNA for G6PD was measured us-
ing the ribonuclease protection assay (Fig. 7A). Arachido-
nate (n–6) and eicosapentaenoate (n–3) inhibited G6PD
pre-mRNA amount by 88% and 57%, respectively. In con-
trast, oleate (n–9 and one double bond) had little or no
effect. A 45% inhibition was observed with a-linolenate
and g-linolenate, the metabolic precursors of arachido-
nate and eicosapentaenoate, respectively. The lower po-
tency of these 18 carbon fatty acids as inhibitors was not
unexpected. Previous work has shown that conversion of

a-linoleate to arachidonate is attenuated in primary hepa-
tocyte cultures (34). Thus, inhibition of G6PD expression at
a nuclear posttranscriptional step is specific for long chain
polyunsaturated fatty acids of the n–3 and n–6 classes.

Long chain polyunsaturated fatty acids can be subject to
oxidation within cells releasing toxic peroxides into the
medium (35). Thus we determined whether the inhibi-
tion of G6PD expression was due to a specific action of
long chain polyunsaturated fatty acids or a more general-
ized effect due to toxicity of these fatty acids. Toxicity was
assessed by measurement of TBA-reactive substances in
the medium of the hepatocytes. TBA-reactive materials
provide an estimate of malondialdehyde levels in the cul-
ture medium, a primary product of peroxidation of poly-
unsaturated fatty acids. The amount of TBA-reactive mate-
rial was 1.44 nmol and 2.1 nmol/plate after 24 and 48 h of
incubation, respectively, in the absence of fatty acids. Re-
gardless of the presence or the degree of unsaturation of
the fatty acid, little or no change in the amount of TBA-re-
active substances was observed in the medium of the
hepatocytes (range of 1.24–1.75 nmol/plate at 24 h and
1.09–1.87 nmol/plate at 48 h). These results coupled with
the lack of change in the expression of GAPDH and b-ac-
tin (Fig. 7B) indicate that the effects of long chain polyun-

Fig. 5. G6PD is regulated at a posttranscriptional step in rat hepatocytes. (A) Hepato-
cytes were isolated and maintained in culture as described in the legend to Fig. 3B. Nuclei
were isolated from 16 plates per treatment and nuclear run-on assays were performed as
described in Materials and Methods. Lane 1 represents nuclei isolated from hepatocytes at
24 h after isolation of the cells. Lanes 2 and 3 represent the results from nuclei isolated af-
ter 48 h of incubation with 27 mm glucose and 0.1 mm insulin (lane 2), or 27 mm glucose,
0.1 mm insulin, and 250 mm arachidonic acid (lane 3). The amount of hybridization of the
transcripts to the DNA probes was quantified using ImageQuaNT. Part A is a representative
blot. (B) Quantitative results of 3 independent experiments comparing transcriptional ac-
tivity with mRNA abundance (n 5 2 plates per treatment per experiment) within the same
hepatocyte population. Transcriptional activity of the G6PD, GAPDH and PEPCK genes
are expressed relative to the transcriptional activity of the b-actin gene, which was not reg-
ulated by these treatments. Fold increase is the amount of mRNA in hepatocytes treated
with glucose and insulin divided by the amount of mRNA in hepatocytes prior to these
treatments. The % decrease is the amount of mRNA in hepatocytes treated with arachi-
donic acid divided by the amount of mRNA in hepatocytes that were not incubated with
arachidonic acid 3100.
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Fig. 6. Posttranscriptional regulation of G6PD by arachidonic acid occurs in the nucleus. Hepatocytes were
isolated and incubated with 27 mm glucose, 0.1 mm insulin with or without 250 mm arachidonic acid (20:4) as
described in Fig. 5. The lane indicating the absence of these additions represents RNA from cells prior to the
addition of these treatments (time 0; 24 h after hepatocyte isolation). After 48 h of treatment, nuclear RNA
was isolated from 17 plates per treatment as described in Materials and Methods. Total RNA was isolated
from 2 plates per treatment within the same experiment. G6PD mRNA in nuclear and total RNA was ana-
lyzed using a ribonuclease protection assay. (A) Representative experiment; U, undigested probe; D, RNase
digested probe. (B) Quantitative results of 4 independent experiments (mean 6 SE). Hybridization to the
G6PD probes was quantified using ImageQuaNT analysis. Fold increase is the amount of mRNA in hepato-
cytes treated with glucose and insulin divided by the amount of mRNA in hepatocytes prior to these treat-
ments. The % decrease is the amount of mRNA in hepatocytes treated with arachidonic acid divided by the
amount of mRNA in hepatocytes that were not incubated with arachidonic acid 3100.

saturated fatty acids on G6PD expression are not due to a
generalized toxicity within the cells.

DISCUSSION

G6PD activity and mRNA accumulation undergo large
changes with starvation/refeeding and during consump-
tion of a high-fat diet versus a low-fat diet in rats and mice
(5, 36). Transcription rate of the gene does not change
under these conditions (5; Fig. 2A) and thus, regulation is

posttranscriptional. Further, this regulation occurs in the
nucleus at an early step, perhaps prior to processing
events (9; Fig. 2B). In the present report we present sev-
eral lines of evidence that fatty acids directly mediate the
effect of dietary fat on the expression of G6PD. First, long
chain polyunsaturated fatty acids inhibit the expression of
G6PD in primary hepatocyte cultures at the same post-
transcriptional step observed with dietary fat in the intact
animal. In this regard, G6PD expression was inhibited by
arachidonic acid by decreases in the amount of pre-mRNA
for G6PD in the nucleus in the absence of transcriptional
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regulation of the G6PD gene. Second, the inhibition of
G6PD expression by arachidonic acid in hepatocyte cul-
tures occurs rapidly. A decrease in G6PD mRNA was de-
tected as early as 2 h after the addition of fatty acid and
the decrease was maximal by 8 h, identical to the time
course of the decrease of G6PD mRNA observed with the
intact animal (5). Last, the specificity of the effect of fatty
acids on G6PD expression is the same as that observed in
the intact animal. For example, polyunsaturated fatty ac-
ids but not monounsaturated fatty acids inhibit G6PD in
intact animals and in primary rat hepatocyte cultures (6,
8; Fig. 7).

Our observations with respect to posttranscriptional
regulation by fatty acids are very similar to the observa-
tions with respect to transcriptional regulation by fatty ac-
ids. Transcriptional activities of the genes for fatty acid
synthase, S14, and pyruvate kinase are inhibited by poly-
unsaturated fatty acids in intact animals or in hepatocytes
in primary culture (10, 14, 15). The differential effect of
polyunsaturated fatty acids versus monounsaturated fatty
acids is observed for these genes. These similarities be-
tween the transcriptional and posttranscriptional regula-
tion by polyunsaturated fatty acids suggest that a common
fatty acid metabolite is involved in both modes of regulation.

Glucose and insulin increase G6PD expression 5- to 7-
fold in the hepatocytes. This change is similar to the in-
crease in G6PD mRNA and pre-mRNA abundance that is

observed in mice during their typical feeding cycle (9). In
mice consuming a high-carbohydrate, low-fat diet ad libi-
tum, the amounts of G6PD mRNA and pre-mRNA in-
crease 7-fold from a low level prior to the onset of the
dark or feeding cycle to the highest level observed 8 h into
the dark cycle (9). Thus, factors needed for the positive
regulation of G6PD expression appear to be present in
the hepatocyte system. Arachidonic acid inhibited G6PD en-
zyme activity and mRNA accumulation by 50–60%. These
changes are somewhat smaller than the 80% decreases ob-
served in the intact animal. The attenuated effect of fatty ac-
ids may indicate that the effect of dietary fat is not exclu-
sively due to the fatty acids in the diet but may also involve
hormonal regulation. Alternatively, this may indicate an
absence of some of the regulatory factors in primary hepa-
tocyte cultures needed to observe the maximal effect.

The inhibition of G6PD expression by arachidonic acid
was only observed in cells treated with both glucose and
insulin. Arachidonic acid does not decrease the amount
of G6PD mRNA in hepatocytes treated only with glucose.
The simplest interpretation of these observations is that
polyunsaturated fatty acids inhibit signal transduction by
insulin. As insulin is also thought to stimulate glucose me-
tabolism in hepatocytes and generation of the glucose-
signal (37), the step in signal transduction inhibited by
arachidonic acid must be downstream of the step involved
in glucose utilization. Alternatively, separate signalling

Fig. 7. Effects of polyunsaturated fatty acids and monounsat-
urated fatty acids on inhibition of G6PD pre-mRNA accumula-
tion. (A) Hepatocytes were isolated and incubated in Williams’
Medium E as described in Materials and Methods. Twenty-four h
after plating the hepatocytes, the medium was replaced with one
containing 0.1 mm insulin and 27 mm glucose with or without
250 mm fatty acids as indicated in the figure. After 48 h in culture
with the indicated treatments, nuclear RNA was isolated from 12
plates/treatment. G6PD RNA in nuclear RNA was analyzed us-
ing the ribonuclease protection assay. U, undigested probe; D,
RNase digested probe. (B) Hepatocytes were isolated and main-
tained as described in part (A). Messenger RNA for GAPDH and
b-actin was measured by Northern analysis.
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pathways may be involved in insulin stimulation of glucose
metabolism and insulin stimulation of G6PD expression.
Formal proof of this hypothesis will require the identifica-
tion of the specific signals involved in regulation by insulin
and fatty acids. It is not clear whether all genes inhibited
by arachidonic acid will share a similar signal transduction
pathway. In this regard, the activity of fatty acid synthase is
inhibited by polyunsaturated fat in diabetic rats (38) sug-
gesting a mechanism independent of insulin. Inhibition
of fatty acid synthase by fatty acids with and without insu-
lin has not been tested in primary hepatocyte cultures.

Examples of nutrient regulation at posttranscriptional
steps indicate that cytoplasmic mRNA stability is the pri-
mary process involved. For example, excess cellular iron
leads to a decrease in stability of the transferrin receptor
mRNA which is mediated by the binding of an iron regula-
tory protein to the iron response element in the 39-UTR
of the transferrin receptor mRNA (39, 40). Glucose in-
creases the stability of the fatty acid synthase mRNA. Incu-
bating HepG2 cells with increasing concentrations of glu-
cose stimulates a 5-fold increase in fatty acid synthase
mRNA in the absence of transcriptional regulation (41).
The mechanism for this stability appears to involve a dif-
ferential partitioning of the cytoplasmic mRNA between a
translated pool protected from degradation and a decay
compartment (42). Fatty acids also act posttranscription-
ally by decreasing the stability of glut-4 (43) and stearoyl-
CoA desaturase I (44) mRNAs in the cytoplasm of 3T3-L1
adipocytes. In contrast, the posttranscriptional mecha-
nism involved in the regulation of G6PD by nutrients is
quite different in that it occurs in the nucleus and involves
the pre-mRNA (Fig. 6B).

Regulation of pre-mRNA in the nucleus could result
from a change in the rate of processing of the pre-mRNA,
stability of pre-mRNA in the nucleus, or a block in trans-
port of mRNA from the nucleus to the cytoplasm. Post-
transcriptional regulation in the nucleus has been re-
ported for several genes. The putative lipogenic protein,
S14, is regulated partly by a nuclear posttranscriptional
mechanism which involves enhanced splicing of S14 pre-
mRNA during consumption of a high-carbohydrate diet
or after insulin administration (12, 13). Fibronectin and
liver/kidney/bone alkaline phosphatase genes are both
regulated by accumulation of the pre-mRNA for these
genes in the nucleus. The fibronectin gene is regulated by
dexamethasone (45) or by transformation of TE-85 cells
with Ha-ras (46), whereas alkaline phosphatase is regu-
lated in a tissue-specific manner (47). Changes in expres-
sion of fibronectin and the alkaline phosphatase genes are
not mediated by changes in transcription, splicing or poly-
adenylation. In both of these cases, nuclear stability of the
pre-mRNA is the postulated mechanism, although this has
not been tested experimentally.

Regulation of G6PD pre-mRNA accumulation most
likely occurs early after transcription of the gene, perhaps
prior to processing. Accumulation of G6PD mRNA in the
cytoplasm due to consumption of a high-carbohydrate
diet occurs shortly after an increase in pre-mRNA is ob-
served in the nucleus thereby ruling out nuclear–cytoplasmic

transport as a potential regulatory mechanism (9). Whether
regulated by diet or nutrients in cultured hepatocytes, the
similarity in the rate of change of pre-mRNAs both with
and without introns suggests that the efficiency of splicing
is also not a regulated step. Regulation could, however, in-
volve any of the other processing reactions occurring
within the nucleus such as capping or polyadenylation.
Deadenylation and decapping of pre-mRNA can function
as a regulatory mechanism in the nucleus (48) but are
most often associated with the presence of nonsense
codons (49). In previous work (9) we detected a selective
disappearance of the 39-most portion of G6PD pre-mRNA
as a result of dietary manipulation.

We hypothesize that nuclear posttranscriptional regula-
tion of G6PD occurs early after transcription by differen-
tial partitioning of the pre-mRNA into various compart-
ments in the nucleus. This idea is not without precedent.
For example, processing of pre-RNAs is thought to occur
in close association with the nuclear matrix (50–52). Fur-
ther, this type of compartmentalization has been sug-
gested for the regulation of the alkaline phosphatase gene
by retinoic acid (53). Stabilization of the nascent alkaline
phosphatase mRNA by retinoic acid is hypothesized to oc-
cur by enhanced processing of the pre-mRNA in the nu-
clear matrix compartment thereby facilitating movement
through the nucleus to the cytoplasm. Preliminary evi-
dence from our laboratory suggests that this is also the
case for G6PD (B. Amir-Ahmady and L. M. Salati, unpub-
lished results). The amount of G6PD pre-mRNA on the
nuclear matrix is increased in livers of fed mice relative to
livers of mice that have been starved. Perhaps a protein is
induced during high-carbohydrate feeding that facilitates
the movement of the pre-mRNA through the nuclear pro-
cessing reactions, thus protecting it from degradation. In
the starved animal or animal fed a high-fat diet, the activ-
ity or amount of this protein may be decreased and thus
association with the nuclear matrix would not occur. Pre-
mRNA not associated with the nuclear matrix would be
more susceptible to degradation by RNases in the nucleus.

In summary, regulation of G6PD by polyunsaturated
fatty acids in primary rat hepatocytes is mediated by a nu-
clear posttranscriptional mechanism. This mechanism of
regulation by fatty acids has not previously been described
for other genes. However, nuclear posttranscriptional reg-
ulation may be common mechanism for all lipogenic
genes. The data with carbohydrate regulation of S14 (12)
suggests that such a regulatory mechanism occurs in a gene
that also undergoes transcriptional changes to the same
stimulus. G6PD provides an ideal model to examine this
form of regulation because of the absence of transcrip-
tional changes that would confound the interpretation of
nuclear events. Experiments are currently in progress
aimed at determining the cis -acting elements within the
G6PD pre-mRNA sequence involved in regulation by poly-
unsaturated fat using this cell culture system.

We gratefully acknowledge M. Zollo, R. Hansen, and F. Rott-
man for the kind gifts of cDNAs for G6PD, PEPCK, and



1962 Journal of Lipid Research Volume 39, 1998

GAPDH, respectively. We thank Dr. F. Bradley Hillgartner for
critically reading the manuscript, and Drs. Howard Towle and
Donald Jump for helpful discussions. This work was supported
by Grant DK 46897 from the National Institutes of Health, the
WVU Medical Corporation, the NIH Biomedical Research
Grant No. 2S07RR05433-31, and by Grant IRG-181B from the
American Cancer Society.

Manuscript received 27 February 1998 and in revised form 7 May 1998.

REFERENCES

1. Rognstad, R., and J. Katz. 1979. Effects of 2,4-dihydroxybutyrate on
lipogenesis in rat hepatocytes. J. Biol. Chem. 254: 11969–11972.

2. Glock, G. E., and P. McLean. 1954. Levels of enzymes of the direct
oxidative pathway of carbohydrate metabolism in mammalian tis-
sues and tumours. Biochem. J. 56: 171–175.

3. Tepperman, J., and H. M. Tepperman. 1958. Effects of antecedent
food intake pattern on hepatic lipogenesis. Am. J. Physiol. 193: 55–64.

4. Kletzien, R. F., C. R. Prostko, D. J. Stumpo, J. K. McClung, and
K. L. Dreher. 1985. Molecular cloning of DNA sequences comple-
mentary to rat liver glucose-6-phosphate dehydrogenase mRNA.
Nutritional regulation of mRNA levels. J. Biol. Chem. 260: 5621–
5624.

5. Stabile, L. P., D. L. Hodge, S. A. Klautky, and L. M. Salati. 1996.
Posttranscriptional regulation of glucose-6-phosphate dehydroge-
nase by dietary polyunsaturated fat. Arch. Biochem. Biophys. 332:
269–279.

6. Clarke, S. D., D. R. Romsos, and G. A. Leveille. 1977. Differential
effects of dietary methyl esters of long-chain saturated and polyun-
saturated fatty acids on rat liver and adipose tissue lipogenesis. J.
Nutr. 107: 1170–1181.

7. Berdanier, C. D., and D. Shubeck. 1979. Interaction of glucocorti-
coid and insulin in the responses of rats to starvation–refeeding. J.
Nutr. 109: 1766–1771.

8. Salati, L. M., B. Adkins-Finke, and S. D. Clarke. 1988. Free fatty
acid inhibition of the insulin induction of glucose-6-phosphate de-
hydrogenase in rat hepatocyte monolayers. Lipids. 23: 36–41.

9. Hodge, D. L., and L. M. Salati. 1997. Nutritional regulation of the
glucose-6-phosphate dehydrogenase gene is mediated by a nuclear
posttranscriptional mechanism. Arch. Biochem. Biophys. 348: 303–
312.

10. Blake, W. L., and S. D. Clarke. 1990. Suppression of rat hepatic
fatty acid synthase and S14 gene transcription by dietary polyunsat-
urated fat. J. Nutr. 120: 1727–1729.

11. Ntambi, J. M. 1992. Dietary regulation of stearoyl-CoA desaturase I
gene expression in mouse liver. J. Biol. Chem. 267: 10925–10930.

12. Burmeister, L. A., and C. N. Mariash. 1991. Dietary sucrose en-
hances processing of mRNA-S14 nuclear precursor. J. Biol. Chem.
266: 22905–22911.

13. Walker, J. D., L. A. Burmeister, A. Mariash, J. F. M. Bosman, J. Har-
mon, and C. N. Mariash. 1996. Insulin increases the processing ef-
ficiency of messenger ribonucleic acid-S14 nuclear precursor. En-
docrinology. 137: 2293–2299.

14. Liimatta, M., H. C. Towle, S. Clarke, and D. B. Jump. 1994. Dietary
polyunsaturated fatty acids interfere with the insulin/glucose acti-
vation of L-type pyruvate kinase gene transcription. Mol. Endo-
crinol. 8: 1147–1153.

15. Jump, D. B., S. D. Clarke, O. MacDougald, and A. Thelen. 1993.
Polyunsaturated fatty acids inhibit S14 gene transcription in rat liver
and cultured hepatocytes. Proc. Natl. Acad. Sci. USA. 90: 8454–8458.

16. Seglen, P. O. 1973. Preparation of rat liver cells. III. Enzymatic re-
quirements for tissue dispersion. Exp. Cell Res. 82: 391–398.

17. Kreamer, B. L., J. L. Staecker, N. Sawada, G. L. Sattler, M. T. S.
Hsia, and H. C. Pitot. 1986. Use of a low-speed, iso-density percoll
centrifugation method to increase the viability of isolated rat hepa-
tocyte preparations. In Vitro Cell. & Dev. Biol. 22: 201–210.

18. Shih, H. M., and H. C. Towle. 1995. Matrigel® treatment of pri-
mary hepatocytes following DNA transfection enhances respon-
siveness to extracellular stimuli. Biotechniques. 18: 813–816.

19. Mooney, R. A., and M. D. Lane. 1981. Formation and turnover of
triglyceride-rich vesicles in the chick liver cell. J. Biol. Chem. 256:
11724–11733.

20. Hostmark, A. T., and E. Lystad. 1992. Growth inhibition of human
hepatoma cells (HepG2) by polyunsaturated fatty acids. Protection
by albumin and vitamin E. Acta Physiol. Scand. 144: 83–88.

21. Bradford, M. M. 1976. A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 72: 248–254.

22. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA
isolation by acid guanidinium thiocyanate–phenol–chloroform ex-
traction. Anal. Biochem. 162: 156–159.

23. Leppard, K. N., and T. Shenk. 1989. The adenovirus E1B 55 kD
protein influences mRNA transport via an intranuclear effect on
RNA metabolism. EMBO J. 8: 2329–2336.

24. Milsted, A., R. P. Cox, and J. H. Nilson. 1987. Cyclic AMP regulates
transcription of the genes encoding human chorionic gonadotro-
pin with different kinetics. DNA. 6: 213–219.

25. Salati, L. M., X-J. Ma, C. C. McCormick, S. R. Stapleton, and A. G.
Goodridge. 1991. Triiodothyronine stimulates and cyclic AMP in-
hibits transcription of the gene for malic enzyme in chick embryo
hepatocytes in culture. J. Biol. Chem. 266: 4010–4016.

26. Zollo, M., M. D’Urso, D. Schlessinger, and E. Y. Chen. 1993. Se-
quence of mouse glucose-6-phosphate dehydrogenase cDNA. J.
DNA Sequencing & Mapping. 3: 319–322.

27. Yoo-Warren, H., J. Monahan, H. Short, A. Short, A. Bruzel, A. Wyn-
shaw-Boris, H. Meisner, D. Samols, and R. W. Hanson. 1983. Isola-
tion and characterization of the gene coding for cytosolic phos-
phoenolpyruvate carboxykinase (GTP) from the rat. Proc. Natl.
Acad. Sci. USA. 80: 3636–3660.

28. Kioussis, D., F. Eiferman, P. van de Rijn, M. B. Gorin, R. S. Ingram,
and S. M. Tilghman. 1981. The evolution of a-fetoprotein and al-
bumin. II. The structures of the a-fetoprotein and albumin genes
in the mouse. J. Biol. Chem. 256: 1960–1967.

29. Piechaczyk, M., J. M. Blanchard, L. Marty, C. Dani, F. Panabieres,
S. E. Sabouty, P. Fort, and P. Jeanteur. 1984. Posttranscriptional
regulation of glyceraldehyde-3-phosphate dehydrogenase gene ex-
pression in rat tissues. Nucleic Acids Res. 12: 6951–6963.

30. Ntambi, J. M., S. A. Buhrow, K. H. Laestner, R. J. Christy, E. Sibley,
T. J. Kelly, and M. D. Lane. 1988. Differentiation-induced gene ex-
pression in 3T3-L1 preadipocytes. J. Biol. Chem. 263: 17291–17300.

31. Neprokroeff, C. M., K. Adachi, C. Yan, and J. W. Porter. 1984.
Cloning of DNA complementary to rat liver fatty acid synthase
mRNA. Eur. J. Biochem. 140: 441–445.

32. Hillyard, L. A., C. Y. Lin, and S. Abraham. 1988. Lipogenic enzyme
activities in primary cultures of adult mouse hepatocytes. Lipids.
23: 242–247.

33. Green, M. R. 1991. Biochemical mechanisms of constitutive and
regulated pre-mRNA splicing. Annu. Rev. Cell. Biol. 7: 559–599.

34. Strum-Odin, R., B. Adkins-Finke, W. L. Blake, S. D. Phinney, and
S. D. Clarke. 1987. Modification of fatty acid composition of mem-
brane phospholipid in hepatocyte monolayer with n–3, n–6 and n–
9 fatty acids and its relationship to triacylglycerol production. Bio-
chim. Biophys. Acta. 921: 378–391.

35. Kosugi, H., T. Kojima, and K. Kikugawa. 1989. Thiobarbituric acid-
reactive substances from peroxidized lipids. Lipids. 24: 873–881.

36. Tomlinson, J. E., R. Nakayama, and D. Holten. 1988. Repression of
pentose phosphate pathway dehydrogenase synthesis and mRNA
by dietary fats in rats. J. Nutr. 118: 408–415.

37. Shih, H. M., and H. C. Towle. 1992. Definition of the carbohydrate
response element of the rat S14 gene. Evidence for a common fac-
tor required for carbohydrate regulation of hepatic genes. J. Biol.
Chem. 267: 13222–13228.

38. Volpe, J. J., and P. R. Vagelos. 1974. Regulation of mammalian
fatty-acid synthetase. The roles of carbohydrate and insulin. Proc.
Natl. Acad. Sci. USA. 71: 889–893.

39. Casey, J. L., D. M. Koeller, V. C. Ramin, R. D. Klausner, and J. B. Har-
ford. 1989. Iron regulation of transferrin receptor mRNA levels re-
quires iron-responsive elements and a rapid turnover determinant
in the 39 untranslated region of the mRNA. EMBO J. 8: 3693–3699.

40. Haile, D. J., M. W. Hentze, T. A. Rouault, J. B. Harford, and R. D.
Klausner. 1989. Regulation of interaction of the iron-responsive el-
ement binding protein with iron-responsive RNA elements. Mol.
Cell. Biol. 9: 5055–5061.

41. Semenkovich, C. F., T. Coleman, and R. Goforth. 1993. Physiologic
concentrations of glucose regulate fatty acid synthase activity in
HepG2 cells by mediating fatty acid synthase mRNA stability. J.
Biol. Chem. 268: 6961–6970.

42. Semenkovich, C. F., T. Coleman, and F. T. Fiedorek, Jr. 1995. Hu-
man fatty acid synthase mRNA: tissue distribution, genetic map-



Stabile et al. Fatty acids inhibit glucose-6-phosphate dehydrogenase expression 1963

ping, and kinetics of decay after glucose deprivation. J. Lipid Res.
36: 1507–1521.

43. Tebbey, P. W., K. M. McGowan, J. M. Stevens, T. M. Buttke, and
P. H. Pekala. 1994. Arachidonic acid down-regulates the insulin-
dependent glucose transporter gene (GLUT4) in 3T3-L1 adipo-
cytes by inhibiting transcription and enhancing mRNA turnover. J.
Biol. Chem. 269: 639–644.

44. Sessler, A. M., N. Kaur, J. P. Palta, and J. M. Ntambi. 1996. Regulation
of stearoyl-CoA desaturase I mRNA stability by polyunsaturated fatty
acids in 3T3-L1 adipocytes. J. Biol. Chem. 271: 29854–29858.

45. Ehretsmann, C. P., L. A. Chandler, and S. Bourgeois. 1995. A nu-
clear post-transcriptional mechanism mediates the induction of fi-
bronectin by glucocorticoids. Mol. Cell. Endocrinol. 110: 185–194.

46. Chandler, L. A., C. P. Ehretsmann, and S. Bourgeois. 1994. A novel
mechanism of Ha-ras oncogene action: regulation of fibronectin
mRNA levels by a nuclear posttranscriptional event. Mol. Cell. Biol.
14: 416–426.

47. Kiledjian, M., and T. Kadesh. 1991. Postranscriptional regulation
of the human liver/bone/kidney alkaline phosphatase gene. J.
Biol. Chem.  266: 4207–4213.

48. Murphy, D., K. Pardy, V. Seah, and D. Carter. 1992. Posttranscrip-

tional regulation of rat growth hormone gene expression: in-
creased message stability and nuclear polyadenylation accompany
thyroid hormone depletion. Mol. Cell. Biol. 12: 2624–2632.

49. Cheng, J., and L. E. Maquat. 1993. Nonsense codons can reduce
the abundance of nuclear mRNA without affecting the abundance
of pre-mRNA or the half-life of cytoplasmic mRNA. Mol. Cell. Biol.
13: 1892–1902.

50. Verheijen, R., W. Van Venrooij, and F. Ramaekers. 1988. The nu-
clear matrix: structure and composition. J. Cell Sci. 90: 11–36.

51. Blencowe, B. J., J. A. Nickerson, R. Issner, S. Penman, and P. A.
Sharp. 1994. Association of nuclear matrix antigens with exon-con-
taining splicing complexes. J. Cell Biol. 127: 593–607.

52. Mortillaro, M. J., B. J. Blencowe, X. Wei, H. Nakayasu, L. Du, S. L.
Warren, P. A. Sharp, and R. Berezney. 1996. A hyperphosphory-
lated form of the large subunit of RNA polymerase II is associated
with splicing complexes and the nuclear matrix. Proc. Natl. Acad.
Sci. USA. 93: 8253–8257.

53. Zhou, H., S.S. Manji, D. M. Findlay, T. J. Martin, J. K. Heath, and
K. W. Ng. 1994. Novel action of retinoic acid. Stabilization of newly
synthesized alkaline phosphatase transcripts. J. Biol. Chem. 269:
22433–22439.


	1998
	Polyunsaturated fatty acids inhibit the expression of the glucose-6-phosphate dehydrogenase gene in primary rat hepatocytes by a nuclear posttranscriptional mechanism
	L P Stabile
	S A Klautky
	S M Minor
	L M Salati
	Digital Commons Citation


	tmp.1536249250.pdf.N61hJ

