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Positional and temporal regulation of lipogenic gene 
expression in mouse liver

Elizabeth F. Cochary,12 Zora Kikinis,1 and K. Eric Paulson13

1 Genetics Laboratory, USDA Human Nutrition Research Center on Aging at Tufts University, Boston, Massachusetts; 
2The School of Nutrition, Tufts University, Medford, Massachusetts; and 3The Departments of Physiology and 
Biochemistry, Tufts University School of Medicine, Boston, Massachusetts

We have exam ined the dynamics of positional gene expression in mouse liver using the carbo
-hydrate induction of lipogenic genes as a model. Using a protocol of fasting and refeeding a high- 
carbohydrate, no-fat diet to obtain maximal induction, we investigated the tem poral expression 
and localization of malic enzyme (ME) and fatty acid synthase (FAS). In situ hybridization showed 
that both ME and FAS were expressed at low basal levels in all hepatocytes in livers of mice fed 
a control diet. Furtherm ore, dietary induction of ME and FAS mRNA occurred in periporta l cells 
within 6 hours. After 12 hours, the portal cells were maximal; and after 24-36 hours, all cells showed 
high levels of message. This was coincident with expression of ME and FAS mRNAs, which ap
peared  to be maximal between 24 and  36 hours. Both steady-state mRNA levels and pericentral 
localization then declined, until only periporta l hepatocytes showed strong expression of ME and 
FAS. Nuclear transcrip tion rates m easured by run-on assay dem onstrated that maximal transcrip
tion rates preceded m axim um  mRNA levels by peaking at 12 hours. Furtherm ore, run-on assays 
showed that the periporta l induction by carbohydrates is prim arily  a transcriptional response for 
FAS, and both transcriptional and posttranscriptional for ME. These results indicate that lipogenic 
gene expression is a tem poral response induced by carbohydrate feeding and is regulated by both 
positional and transcriptional mechanisms.

T he major lipogenic enzymes — malic enzyme 
(ME) and glucose-6-phosphate dehydroge

nase (G6PDH), the donors of the NADPH re
quired for de novo fatty acid synthesis, as well 
as fatty acid synthase (FAS) — are regulated by 
nutritional conditions (Morikawa et al., 1984; 
Laux and Schweizer, 1990; Ma et al., 1990). In 
duction of these lipogenic enzymes by carbo
hydrates is controlled by varying concentrations 
of mRNA (Paulauskis and Sul, 1988; Tomlinson 
et al., 1988; Prostko et al., 1989; Laux and 
Schweizer, 1990; Ma et al., 1990). Regulation of 
ME mRNA levels has both transcriptional and

posttranscriptional components, while FAS has 
been shown to be regulated at the level of tran 
scription (Laux and Schweizer, 1990; Fukada 
and Iritani, 1992). In mammals, for example, 
high-carbohydrate, fat-free diets are thought to 
elevate ME mRNA by a posttranscriptional mech
anism (Dozin et al., 1986). However, several 
studies have shown that dietary fatty acids down 
regulate both mRNA levels and transcription 
rates of lipogenic genes and that, in particular, 
polyunsaturated fatty acids are responsible for 
this down regulation (Nace et al., 1979; Salati 
et al., 1988; Tomlinson et al., 1988; Blake and

Received July 13, 1993; revision accepted November 11, 1993.
Correspondence: K. Eric Paulson, Genetics Laboratory, USDA Human Nutrition Research Center on Aging at Tufts University, 
711 Washington Street, Boston, MA 02111 Tel (617) 556-3112 Fax (617) 556-3344
© 1994 by Finch University of Health Sciences/The Chicago Medical School. All rights reserved. 1052-2166/93/0303/265-14$2.00

265



266 Cochary et a l

Clarke, 1990; Clarke and Hembree, 1990; Wil
son et al., 1990). Thyroid horm one (Ts), a m a
jo r  m odulator of metabolism, transcriptionally 
stimulates both ME and FAS (Dozin et al., 1986; 
Clarke and Hembree, 1990; Stapleton et al., 
1990; Salati et al., 1991). Interestingly, the down 
regulation of FAS by fats is dom inant over the 
induction by T 3 (Clarke and Hembree, 1990).

Several m etabolic processes carried out by 
the liver have been shown to be distributed in 
a heterogeneous pattern within the liver lobule, 
such that enzymes of a particular metabolic sys
tem are grouped together. This compartmen- 
talization of enzymatic activity in different do
mains of the liver, called metabolic zonation, 
is thought to be an effective means of prevent
ing futile cycles and regulating m etabolic ho 
meostasis. For example, the im portant enzymes 
of gluconeogenesis, glucose-6 -phosphatase and 
phosphoenolpyruvate, are localized in the hepa- 
tocytes surrounding the portal vein/hepatic 
artery or periportal region (Katz et al., 1977; 
Fischer et al., 1982; Teutsch, 1988; McGrane et 
al., 1990). Conversely, the key enzymes of gly
colysis are localized in the hepatocytes sur
rounding the central vein or pericentral region 
(Fischer et al., 1982; Zierz et al., 1983; Pilkis et 
al., 1988).

Regulation of nitrogen homeostasis is an
other example of m etabolic zonation. Carba
moyl phosphate synthetase, the rate-limiting en
zyme in the urea cycle that converts blood 
ammonia to urea, is localized exclusively in peri
portal hepatocytes (Moorman et al., 1988; La- 
mers et al., 1989). Conversely, glutam ine syn
thase, the enzyme that converts am m onia to 
glutamine, is found only in pericentral hepa
tocytes (Bennett et al., 1987; Janzen et al., 1987; 
G ebhardt et al., 1988; Kuo et al., 1988; Lamers 
et al., 1989).

Thus, the localization of these specific m eta
bolic systems within the liver acinus appears 
to depend on the proximity of hepatocytes to 
either a portal vein/hepatic artery or a central 
vein. A lthough it is known that the liver is the 
major site of lipogenesis in mammals and birds, 
the specific region within this heterogenous o r
gan where lipogenesis occurs has not been fully 
elucidated. Fat metabolism is probably regulated 
like other m etabolic systems, by restriction to 
specific com partm ents or hepatocytes in the 
liver.

To define the dynamics of m etabolic pa th 

ways within the liver acinus, we studied nu tri
tional regulation of lipogenic gene expression. 
We analyzed the in vivo tem poral regulation 
of lipogenic gene zonation patterns in mouse 
liver and their response to carbohydrates using 
in situ hybridization. In this study, we report 
that the lipogenic genes, ME and FAS, are ex
pressed in all hepatocytes at low levels in livers 
of mice fed a control diet. We also show that 
the effect of fasting, then refeeding a high- 
carbohydrate, no-fat diet induced both ME and 
FAS expression in periportal hepatocytes, but 
even more importantly, that expression oc
curred in all hepatocytes at the peak of carbo
hydrate induction. This is the first time such 
a temporal response has been reported for lipo
genic gene expression. Furtherm ore, based on 
mRNA levels and transcription rate analysis, we 
show that the regulation for this position-specific 
effect is mostly at the transcriptional level.

Materials and methods 

Animals and diets
Young adult (approximately 12-week-old) male 
CD-I mice were random ly divided into three 
groups: (1 ) mice fed a control diet; (2 ) those fed 
a control diet and fasted for 24 hours (0 hours 
refed); and (3) those fed a control diet, fasted, 
then refed a high-carbohydrate, low-fat diet for 
6 , 12, 24, 36, 48, or 72 hours, or for 8  days. The 
carbohydrate-feeding protocol is a modification 
of that used in experiments previously pub
lished by Dozin et al. (1986). Water was avail
able ad libitum. All groups were m aintained 
on the control diet for at least 7 days p rio r to 
the onset of the experiment. Mice were sacrificed 
at the timepoints stated above. Livers were either 
perfused, removed for RNA isolation, or used 
for preparation of nuclei.

The diets were modifications of the 1977 AIN- 
76A diet (American Institute of Nutrition, 1977). 
The control and high-carbohydrate, no-fat diets 
were isocaloric. Composition of the control diet 
was as follows: casein, 200 g/kg; DL-methionine, 
3 g/kg; cornstarch, 145 g/kg; sucrose, 484 g/kg; 
cellulose, 70 g/kg; safflower oil, 50 g/kg; AIN salt 
mix, 35 g/kg; AIN vitamin mix, 10 g/kg; choline 
bitartrate, 2 g/kg. The com position of the high- 
carbohydrate, no-fat diet was modified from the 
control diet as follows: cornstarch, 173 g/kg; su
crose, 577 g/kg; safflower oil, 0  g/kg; and cellu
lose, 0  g/kg.
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RNA analysis
Total RNA was prepared from tissue using a 
guanidinium  thiocyanate and P-mercaptoetha- 
nol extraction (Sambrook et al., 1989), and 
poly(A)+ mRNA was prepared using the Poly
tract System 1000 (Promega). After isolation, 
mRNA purity was assessed by spectrophotomet- 
ric m easurem ent at 260/280 nm, and its integ
rity was assessed by electrophoresis in an aga
rose gel.

Isolated poly(A)+ RNA was applied to n itro
cellulose filters using a Schliecher & Schuell slot- 
blot apparatus (2 ^g per slot) as previously de
scribed (Powell et al., 1984) in order to analyze 
steady-state RNA levels. Prehybridization, hy
bridization, and washing conditions were as pre
viously described (Kuo et al., 1988; Sambrook 
et al., 1989). Mouse cDNA clones for ME and 
FAS were used to make the 32P-labeled probes 
for hybridization (Sambrook et al., 1989). A 
mouse cDNA probe for actin (D. Grayson and
J. E. Darnell, Jr., unpublished results) was used 
as a control, since it did not vary with dietary 
alterations. The nitrocellulose filters were 
washed, autoradiographed, and quantitated 
using a Molecular Dynamics Phosphorimager.

Nuclear run-on transcription assay

Nuclei were isolated from liver tissue, and 32P- 
labeled nuclear RNA was prepared as described 
by Powell et al. (1984). In vitro elongated, n u 
clear RNA was hybridized to cDNA that was 
prefixed on nitrocellulose filters with a slot filter 
apparatus. After washing and RNase treatm ent, 
filters were autoradiographed. cDNA for ME 
and FAS was used on the filters, as were a con
trol for invariant transcription rate (mouse ac
tin), tissue-specific controls (C/EBPa, albumin), 
and a negative control (pBR 322). Q uantitation 
was determ ined with a M olecular Dynamics 
Phosphorim ager. The mouse cDNA for actin 
was used to standardize data, since it did not 
vary with dietary alterations. The rates of tran
scription were presented as a fold change rel
ative to mice fed the control diet.

In situ hybridization

Liver tissue was prepared for cryostat section
ing by perfusion with 4% paraformaldehyde, 
followed by immersion overnight in 4% para
formaldehyde. Tissues were cryoprotected by

im m ersion in 30% sucrose overnight, as de
scribed previously (Kuo et al., 1988; Paulson 
et al., 1990). Sections (7 nm) were prepared on 
a cryostat and hybridized with 35S-labeled anti- 
sense RNA probes for ME and FAS, as described 
previously (Kuo et al., 1988; Paulson et al., 1990). 
Tissue sections were also hybridized with a nega
tive control, the sense strand of ME and FAS. 
The sections were then washed and immersed 
briefly in Kodak NTB-2 emulsion. Slides were 
exposed, developed, and stained with standard 
hematoxylin-eosin stain. Sections were exam
ined by bright- and dark-field microscopy.

Results

Positional and temporal expression of ME and 
FAS mRNA analyzed by in situ hybridization

We investigated the metabolic zonation pattern  
of lipogenic genes by determ ining the d istri
bu tion  of ME and FAS mRNA in mouse liver 
in response to carbohydrate induction. Anti- 
sense probes to ME and FAS were used to carry 
out in situ hybridization on fixed liver sections 
from  mice that had been fed a control diet or 
fasted and refed a high-carbohydrate, no-fat diet 
for different lengths of time in order to stim
ulate lipogenesis. As a control for background 
hybridization, liver tissue sections were also hy
bridized with a sense probe for both ME and 
FAS (Fig. 1).

Both lipogenic enzymes, ME (Fig. 2) and FAS 
(Fig. 3), were expressed at low basal levels in 
all hepatocytes of mice fed a control diet. W hen 
mice were fasted only (0 hours refed), the level of 
expression in all hepatocytes of both  enzymes 
decreased to a level that was barely detectable. 
After only 6 hours of refeeding mice the high- 
carbohydrate, no-fat diet, ME and FAS genes 
were induced significantly in periporta l hepa
tocytes. Periportal expression of ME and FAS 
mRNA continued to increase further, through 
at least 12 hours of refeeding. Between 24 and 
36 hours after refeeding, the level of expression 
o f both  genes was maximal and appeared to 
be m ore uniform  throughout the liver, so that 
even pericentral hepatocytes were induced. 
After 72 hours, expression of ME and FAS had 
declined, especially in pericentral areas, so that 
expression once again appeared to be greater 
in portal cells. These results indicate that the 
tem poral response of hepatocytes to a carbo-
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ME -  100X F A S  -  100X

Figure 1. In situ analysis o f non-specific background hybridization of malic enzyme (ME) and fatty acid synthase 
(FAS) sense-strand probes in livers o f carbohydrate-induced adult male CD-I mice. Liver sections from mice that 
were fasted and refed a no-fat, high-carbohydrate diet for 24 hours were hybridized with 35S-labeled ME (dark-field, 
as indicated) and FAS (dark-field, as indicated) cDNA sense (S) and antisense (AS) probes to dem onstrate nonspecific 
background hybridization. Corresponding bright-fields are shown for ME and FAS, respectively. Magnification ( x 100) 
and exposures were identical for all sections. Fasted: 36 hours no food. Refed: fasted, then fed a high-carbohydrate, 
no-fat diet.
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hydrate stimulus depends on the responding 
cells’ proximity to portal or central veins.

The patterns of expression and tem poral in 
duction by carbohydrates were similar for both 
ME and FAS, as shown in Figures 2 and 3. These 
data confirm results from an earlier experi
m ent carried out in our laboratory. To deter
mine whether the lipogenic genes were co
regulated with respect to hepatocyte position, 
we analyzed adjacent liver sections from a mouse 
that had been fasted and refed for 12 hours. 
In situ hybridization with ME and FAS probes 
(Fig. 4) dem onstrated that the same periportal 
regions exhibit co-induced expression of ME 
and FAS. Interestingly, it also appears that the 
periportal induction is no t an all-or-none re
sponse, but is instead a gradient of expression.

Temporal analysis of steady-state ME and FAS 
mRNA

The stimulatory effect of carbohydrates on lipo
genic gene expression, analyzed by in situ hy
bridization, suggested an increased concentra
tion of mRNA in mouse liver. Such an increase 
has been observed previously for ME (Ma et al., 
1990), FAS (Paulauskis and Sul, 1988), and 
G6PDH (Prostko et al., 1989) mRNA. To verify 
the qualitative temporal response demonstrated 
by the in situ hybridization data, we determ ined 
when mRNA levels were maximal and when lev
els retu rned  to normal. We used 32P-labeled 
cDNA probes that were com plem entary to ME 
or FAS to determ ine the levels of total ME and 
FAS mRNA in control mice, fasted mice, and mice 
that were fasted and refed a high-carbohydrate, 
no-fat diet. The mRNAs of these lipogenic en
zymes were norm alized to actin mRNA, since 
its level rem ained constant during dietary 
changes. The relative mRNA levels for ME and 
FAS are graphed in Figure 5. ME mRNA expres
sion dem onstrates a pattern  similar to that of 
FAS mRNA, but with lower overall induction. 
The steady-state mRNA levels of ME and FAS 
were very low in livers of mice fed a control diet 
and decreased to below ad libitum  fed levels 
when mice were fasted. Parallel to the in situ 
data, carbohydrate induction of expression was 
observed as early as 6 hours after refeeding a 
high-carbohydrate, no-fat diet. Between 6 and 
24 hours, ME mRNA increased approxim ately 
3-fold — significantly less than the simultaneous 
12-fold increase in FAS mRNA levels. The greater 
stim ulation of FAS correlated with the in situ
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results, since FAS periportal expression was 
m ore intense than ME under identical condi
tions (Fig. 4). Levels of mRNA then declined 
until 8 days, when ME returned  almost to basal 
level —though FAS was still elevated (approxi
mately 3-fold). Thus, the overall tem poral pat
tern of steady-state ME and FAS mRNA levels 
correlated well with parallel changes in ME and 
FAS expression during in situ hybridization.

Temporal analysis of ME and FAS gene 
transcription rates

The analysis of RNA levels by slot-blot and in 
situ hybridization suggested possible transcrip
tional controls on the mouse ME and FAS genes. 
FAS mRNA was previously shown to increase 
after refeeding a high-carbohydrate diet, and 
its regulation appears to be transcriptional (Back 
et al., 1986; Laux and Schweizer, 1990). How
ever, ME gene expression has been reported  to 
have both transcriptional and posttranscrip- 
tional regulatory components (Schwartz and 
Abraham, 1983; Dozin et al., 1986). To deter
mine w hether the changes in expression of ME 
and FAS mRNA observed in this study were due 
to altered transcription rates, we used a nuclear 
run-on transcription assay. Figure 6 shows the 
relative transcription rates of the ME and FAS 
genes, which were normalized to actin. The tran
scription of the ME and FAS genes were low 
in livers of control mice. Transcription rates of 
both  genes dropped even further when mice 
were fasted, bu t began to increase significantly 
as early as 6 hours after refeeding a high- 
carbohydrate, no-fat diet. After 12 hours of re 
feeding, transcription rates increased 12-fold 
for ME and 13-fold for FAS. These m axim um  
transcription rates preceded the maximal 
mRNA levels by 12 hours, which suggests that 
regulation is at least partly transcriptional. The 
relative transcription rate of ME was consistently 
lower than the rate of the FAS gene for all time 
points. After 72 hours of refeeding, the rate of 
transcription of both genes had decreased d ra
matically, but FAS rem ained significantly higher 
than control levels. Thus, the nuclear run-on 
assays showed that the periportal induction of 
FAS by carbohydrates is regulated at the level 
o f transcription. However, the increase in tran 
scription rate for ME was not com m ensurate 
with the increase in mRNA, which indicates 
that there is a posttranscriptional as well as a 
transcriptional com ponent to ME regulation.
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Brightfield 100X Darkfield 100X

Figure 2. In situ analysis o f malic enzyme (ME) mRNA localization in livers o f control, fasted, and carbohydrate- 
induced adult male CD-I mice. Control (bright-field and dark-field, as indicated), fasted (bright-field and dark-field, 
as indicated), and fasted and refed a no-fat, high-carbohydrate diet for 6 hours, 12 hours, 24 hours, 36 hours, 48
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Brightf ield 100X Darkfield 100X

ME
36 hr

ME

48 hr

hours, and 72 hours (bright-field and dark-field, as indicated), c: central vein; p: portal vein. Magnification x 100. 
Fasted: 36 hours no food. Representative sections from two experiments, each carried out with two mice, are shown. 
In situ and photographic exposures are identical.
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Brightfield 100X Darkfield 100X
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FAS 

12 hr
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Figure 3. In situ analysis of fatty acid synthase (FAS) mRNA localization in livers o f carbohydrate-induced adult 
male CD-I mice. Control (bright-field and dark-field as indicated), fasted (bright-field and dark-field as indicated), 
and refed a no-fat, high-carbohydrate diet for 6, 12, 24, 36, 48, and 72 hours (bright-field and dark-field as indicated).
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Brightfield 100X Darkfield 100X

FAS 

24 hr

FAS 

36 hr

FAS 

48 hr

FAS 

72 hr

c: central vein; p: portal vein. Magnification x 100. Fasted: 36 hours no food. Refed: fasted, then fed a high-carbohydrate, 
no-fat diet. Representative sections from two experiments, each carried out with two mice, are shown. In situ and 
photographic exposures are identical.
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Figure 4. In situ analysis o f malic enzyme (ME) and fatty acid synthase (FAS) mRNA co-localization in livers of 
carbohydrate-induced adult male CD-I mice. Adjacent liver sections from mice refed for 12 hours were hybridized 
with 35S-labeled ME cDNA probe, bright-field (A) and dark-field (B); or 35S-labeled FAS cDNA probe, bright-field 
(C) and dark-field (D). c, central vein; p, portal vein. Magnification x 100.

Figure 5. The mRNA levels o f malic 
enzyme (ME) and fatty acid synthase 
(FAS) were analyzed in livers from mice 
that were fasted, then refed a high- 
carbohydrate, low-fat diet for 0, 6, 12, 
24, 48, and 72 hours or 8 days. Poly(A)+ 
RNA (2 tig) was attached to n itrocellu
lose using a slot-blot apparatus, as 
described in Materials and Methods. 
RNA was hybridized with 32P-labeled 
DNA probes for ME, FAS, and actin as a 
control. The mRNA levels o f ME and 
FAS are plotted relative to actin. In 
situ and photographic exposures are 
identical.
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Figure 6. Transcriptional analysis 
of the malic enzyme (ME) and fatty 
acid synthase (FAS) genes in livers 
from mice which were fasted, then 
refed a high-carbohydrate, low-fat 
diet for 0, 6, 12, 24, 48, and 72 
hours or 8 days. Nuclei were iso
lated from treated animals, and 
nascent transcripts labeled with 
32p-UTP. cDNA (4 ng) for ME, 
FAS, and actin was attached to 
nitrocellulose with a slot-blot ap 
paratus, as described in M aterials 
and Methods. Labeled nuclear 
RNA (1 x 107 cpm) from each 
sample was used for hybridization. 
The mouse cDNA for actin was 
used to standardize data, since it 
d id not vary with dietary altera
tions. The rates of transcription 
were presented as a fold change 
relative to mice fed a control diet. 
In situ and photographic expo
sures are identical.

Discussion

In this study we dem onstrated that expression 
of the lipogenic genes, ME and FAS, had an u n 
expected positional and temporal response when 
fasted mice were refed a high-carbohydrate, no
fat diet. Initially, there was a dram atic induc
tion of expression of both genes in periportal 
hepatocytes that was maximal at approximately 
12 hours. This was followed by a further increase, 
to which all hepatocytes, including pericentral 
hepatocytes, responded by 24 to 36 hours. There 
have been no previous reports of such a pattern  
of induction in the liver. Since the steady-state 
message levels of both enzymes follow a tran
sient pattern  similar to that observed by in situ 
analyses, and since transcription rates peaked 
about 12 hours earlier than mRNA levels, we 
propose that transcriptional regulation accounts 
for the changes observed in hepatic expression 
of ME and FAS during carbohydrate induction.

There is a high correlation between the ac
tivity of ME and the rate of fatty acid synthesis 
(Wise and Ball, 1964; Goodridge, 1968; Smith 
et al., 1969). The correlation between FAS and 
ME, which provide NADPH for de novo fatty 
acid synthesis (Bartley et al., 1966), suggests that 
ME regulation by dietary fats m ight be similar 
to that observed for FAS (Schwartz and Abra
ham, 1982). Fatty acid synthase, a principal en

zyme of fatty acid synthesis, is stimulated in vivo 
after refeeding, and its regulation is transcrip
tional (Back et al., 1986). It was reported recently 
that nu tritional regulation of the .level of ME 
mRNA in chickens is transcriptional (Ma et al., 
1990). However, several investigators have re
ported  no correlation between the rate of tran
scription and the am ount of mRNA for ME in 
rats (Schwartz and Abraham, 1983; Dozin et al.,
1986). In these studies, the increase in ME 
mRNA was attributed primarily to posttranscrip- 
tional events, such as message stabilization. In 
creases in enzyme activity have been shown to 
correlate with the am ount of mRNA for both  
ME (Katsurada et al., 1982; Fukada et al., 1990) 
and FAS (Fukada and Iritani, 1992). G6PDH, 
another m ajor contributor of NADPH to fatty 
acid synthesis, also dem onstrates increased 
mRNA levels and enzyme activity after refeed
ing a high-carbohydrate diet to a fasted rat (Sun 
and Hoi ten, 1978). Prostko et al. (1989) reported 
that increased transcription and a posttranscrip- 
tional mechanism such as mRNA stability are 
each pardy responsible for regulation of G6PDH 
by diet. In this study, we have shown that al
though the periportal induction of ME by carbo
hydrates is primarily a transcriptional response, 
there is a posttranscriptional com ponent as well. 
However, we found that regulation of FAS ap
pears to be solely transcriptional.
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Several lipogenic enzymes, including the 
three m ajor enzymatic sources of NADPH for 
fatty acid biosynthesis —ME, G6PDH, and 6- 
phosphogluconate dehydrogenase (6PGDH) — 
have been localized in the intermediate and pos
sibly the pericentral hepatocytes (Rieder, 1981; 
Jungerm ann, 1986; Pilkis et al., 1988; Jonges 
and Van Noorden, 1989). These results are con
trary to our observation of periportal-specific 
induction of ME and FAS mRNA in in situ hy
bridization. We would expect G6PDH to be 
localized in regions similar to ME and FAS and 
also be induced in periportal hepatocytes 
(Rieder, 1981; Jonges and Van N oorden, 1989), 
although previous histochemical analysis gave 
inconsistent results. O ur analysis of distribution 
of mRNA by in situ hybridization is much m ore 
accurate than previous histochemical tech
niques; p rio r reports may have been inconsis
tent because the positional response is also a 
tem poral response. Thus, the variability of p re
vious results may have been due to different 
isolated tim epoints chosen for analysis.

Genes that are positionally regulated in the 
liver can be grouped into two classes. The first 
class is distinct because it has both constitutive 
and all-or-none expression. This is exemplified 
by major urinary protein (MUP), which is local
ized exclusively in pericentral hepatocytes (Ben
nett et al., 1987). A second example is gluta
mine synthetase (GS), which is expressed only in 
the single layer of cells surrounding the central 
vein (Kuo et al., 1988). The second class consists 
of genes that are expressed in all hepatocytes 
at low levels, bu t may be induced dramatically 
in specific regions in response to metabolites. 
This pattern of induction-specific expression 
has been reported for several enzymes, including 
PEPCK (McGrane et al., 1990) and glutathione- 
S-transferase (GST; Paulson et al., 1990). Induc
tion-specific positional expression was also 
demonstrated by ME and FAS in this study. How
ever, the pattern  of expression is unique in that 
it transiently broadens from the periportal re
gion into pericentral regions before return ing  
to the periportal region.

Although a position-specific transcriptional 
response for both ME and FAS does appear to 
be strongly indicated upon carbohydrate induc
tion, the mechanisms of positional regulation 
are not well understood. It seems unlikely that 
hepatic positional expression is due to gradi
ents of metabolites, as was previously proposed

(Jungerm ann, 1986), since several experim ents 
have shown that positional expression is in 
dependen t of the special environm ent of the 
liver. For example, co-localization of pericentral 
markers has been observed in cultures of differ
entiating fetal hepatocytes in which no gradi
ents of soluble metabolites exist (Bennett et al.,
1987). Furtherm ore, liver cells explan ted to the 
spleen dem onstrated that pericentral-specific 
cells persisted for m onths adjacent to non- 
pericentral cells (Maganto et al., 1990).

O ther signals, possibly extracellular cell sur
face contacts, are probably responsible for po 
sitional regulation of gene expression. Kuo et 
al. (1988) hypothesized that the pericentral reg
ulation of glutam ine synthetase is controlled 
by the underlying com position of the hepatic 
sinus as the source of cues directing transcrip
tion. This argum ent was later strengthened by 
an analysis of regenerating liver in which peri
central markers were lost by the destruction of 
pericentral hepatocytes. Only when regenerat
ing hepatocytes resum ed contact with pericen
tral veins was m arker expression restored (Kuo 
and Darnell, 1991).

Finally, recent evidence has shown that there 
are differences in the m atrix chemistry in the 
acinus between the portal triads to the central 
vein, suggesting that the varying matrix may con
trol expression by specifying p ro tein-m atrix  
contacts in portal and central areas (Martinez- 
Hernandez and Amenta, 1992). Thus, noncir
culating environm ental factors may play a role 
in the fine differentiation of hepatocytes, result
ing in metabolic zonation.

Acknowledgments
We th an k  Dr. C harles Rubin (A lbert E inste in  College 
o f  M edicine) fo r p rov id ing  th e  m ouse m alic enzym e 
cDNA an d  Dr. H ei Sook Sul (H arvard U niversity) for 
the  m ouse fatty acid synthase cDNA.

This project was funded  by the Digestive Disease C en
ter, N ational Institu tes o f H ealth  (grant P30 DK34928 
to K. E. Paulson) an d  in p a r t by the  U.S. D ep a rtm en t 
o f  A gricu ltu re , A gricu ltu ra l R esearch Service, u n 
d er contract 53-3K06-0-1 (K. E. Paulson). T he contents 
o f this publication  do no t necessarily reflect the views 
o r policies o f the  U.S. D ep a rtm en t o f  A griculture.

The costs o f publishing this article were defrayed in part 
by the payment of page charges. This article must there
fore be hereby marked “advertisement” in accordance with 
18 USC Section 1734 solely to indicate this fact.



G ene expression o f  lip ogen ic  enzym es

References
A m erican  In stitu te  o f N u tritio n  Ad H oc C om m ittee 

on  S tandards for N u tritiona l S tudies (1977), J  
N u tr  107, 1340-1348.

B. W. Back, M. J. G oldm an, J. E. Fisch, R. S. Ochs, 
and  A. G. G oodridge (1986), 1 Biol C hem  261, 
4190-4197.

J. C. Bartley, S. A braham , an d  I. L. C haikoff (1966), 
Proc Soc Exp Biol M ed 123, 670-675.

A. L. B ennett, K. E. Paulson, R. E. Miller, and  J. E.
D arnell, Jr. (1987), J  Cell Biol 105, 1073-1085. 

W. L. Blake and  S. D. C larke (1990), J  N u tr 120, 
1727-1729.

J. M. C hirgw in, A. E. Przybla, R. J. M acDonald, and  
W. J. R u tter (1979), B iochem istry  18, 5294-5299.

S. D. C larke an d  J. H em bree  (1990), J  N u tr 120,
625-630.

B. Dozin, J. E. Rail, an d  V. M. N ikodem  (1986), Proc
N atl Acad Sci USA 83, 4705-4709.

B. Dozin, M. A. M agnuson, and  V. M. N ikodem  (1986),
J  Biol C hem  261, 10290-10292.

W. Fischer, M. Ick, an d  N. Katz (1982), H oppe-Seyler’s 
Z Physiol C hem  363, 375-380.

H. F ukuda and  N. Irita n i (1992), J  B iochem  112, 
277-280.

H. Fukada, A. K atsurada, and  N. Irita n i (1990), E ur 
J  B iochem  188, 517-522.

J. W. G aasbeek Janzen , R. G ebhard t, G. H. J. Ten
Voorde, W. H. Lam ers, R. C harles, an d  A. F. M. 
M oorm an  (1987), J  H istochem  Cytochem  35, 
49-54 .

R. G ebhard t, H.-J. Burger, H. H ein i, K.-L. Schreiber, 
an d  D. Mecke (1988), H epatology 8, 822-830.

A. G. G oodridge (1968), B iochem  J  108, 663-666. 
G. N. Jonges and  C. J. F. Van N oorden  (1989), H is

tochem  J  21, 585-594.
K. Ju n g e rm a n n  (1986), in R egulation  o f  H epa tic

M etabolism  (R. G. T hum an , F. C. K auffm an, and
K. Ju n g e rm an n , eds.), P lenum  Publish ing  Corp., 
New York, pp. 445-472.

A. K atsurada, N. Iritan i, H. Fukada, T. N oguchi, and  
T. Tanaka (1982), B iochem  Biophys Res C om m  
109, 250-256.

N. Katz, H. F. Teutsch, D. Sasse, an d  K. Ju n g e rm a n n  
(1977), FEBS L ett 76, 226-230.

C. F. Kuo a n d j .  E. D arnell, Jr. (1991), Mol Cell Biol
11, 6050-6058.

C. F. Kuo, K. E. Paulson, a n d j .  E. D arnell,Jr. (1988), 
Mol Cell Biol 8, 4966-4971.

W. H. Lam ers, A. H ilberts, E. F urt, J. Sm ith, G. N. 
Jonges, C. J. F. Van N oorden , J. W. G aasbeek J a n 
zen, R. C harles, and  A. F. M. M oorm an (1989), 
H epato logy  10, 72-76.

T. L aux  an d  M. Schweizer (1990), B iochem  J  266,
793-797.

X. -J. Ma, L. M. Salati, S. E. Ash, D. A. M itchell, S. A.

277

Klautky, D. A. Fantozzi, an d  A. G. G oodridge
(1990), J  Biol C hem  265, 18435-18441.

P. M aganto, P. G. Traber, C. Rusnell, W. O. D obbins,
D. K eren, a n d j .J .  G um ucio  (1990), H epatology 
11, 585-592.

A. M artinez-H ernandez and  P. S. A m enta  (1992), in 
Extracellu lar M atrix: Chem istry, Biology, P atho l
ogy (M. Zern an d  L. Reid, eds.), M arcel Dekker, 
NY.

M. M. M cGrane, J. S. Yun, A. F. M. M oorm an, W. H.
Lam ers, G. K. H endrick , B. M. A rafah, E. A. Park, 
T. E. W agner, an d  R. W. H anson  (1990), J  Biol 
C hem  265, 22371-22379.

A. F. M. M oorm an, P. A. J. De Boer, W. J. C. G eerts,
L. V. D. Zande, W. H. Lam ers, an d  R. C harles
(1988), J  H istochem  C ytochem  36, 751-755.

N. M orikawa, R. Nakayam a, an d  D. H olten  (1984),
B iochem  Biophys Res C om m un 120,1022-1029.

C. S. Nace, B. Szepesi, an d  O. E. M ichaelis (1979), J
N u tr  109, 1094-1102.

J. D. Paulauskis an d  H. S. Sul (1988), J  Biol C hem
263, 7049-7054.

K. E. Paulson, J. E. D arnell, Jr., T. R ushm ore, and
C. B. P ickett (1990), Mol Cell Biol 10,1841-1852.

S. J. Pilkis, M. R. El-M aghrabi, an d  T. H. Claus
(1988), A nnu  Rev B iochem  57, 755-783.

A. M. Poliard, D. B ernuau , I. T ournier, L. G. Legres,
D. Schoevaert, G. Feldm ann, a n d j. M. Sala-Trepat 
(1986), J  Cell Biol 103, 777-786.

D. J. Powell, J. M. F riedm an , A. J. O ulette, K. S.
K rauter, a n d j .  E. D arnell, Jr. (1984), J  Mol Biol 
179, 21-35.

C. R. Prostko, R. S. Fritz, an d  R. F. K leitzien (1989), 
B iochem  J  258, 295-299.

H. R ieder (1981), H istochem istry  72, 579-615.
L. M. Salati, B. Adkins-Fink, and  S. D. C larke (1988),

L ip ids 23, 36-41.
L. M. Salati, X.-J. Ma, C. C. M cCorm ick, S. R. S ta

p le ton , and  A. G. G oodridge (1991), J  Biol C hem  
266, 4010-4016.

J. S am brook, E. F. Fritsch, and  T. M aniatis (1989), 
M olecular Cloning: A L aborato ry  M anual, 2nd  
ed., C old S pring  H arb o r L abo rato ry  Press, Cold 
S p ring  H arbor, NY.

R. S. Schwartz and  S. A braham  (1982), B iochim  B io
phys Acta 711, 316-326.

R. S. Schwartz an d  S. A braham  (1983), A rch B iochem
Biophys 221, 206-215.

S. Sm ith , H. T. Gagne, D. R. P itelka, and  S. A braham
(1969), B iochem  J  115, 807-815.

S. R. S tap le ton , D. A. M itchell, L. M. Salati, and  
A. G. G oodridge (1990), J  Biol C hem  265,18442- 
18446.

J. D. Sun an d  D. H o lten  (1978), J  Biol C hem  253, 
6832-6836.

H. F. Teutsch (1988), H epato logy  8, 311-317.



278 Cochary et aL

J. E. Tom linson, R. Nakayam a, an d  D. H olten  (1988), 
J  N u tr  118, 408-415.

M. D. W ilson, W. L. Blake, L. M. Salati, an d  S. D. 
C larke (1990), J  N u tr  120, 544-552.

E. M. W ise and  E. G. Ball (1964), Proc N atl Acad Sci 
USA 52, 1255-1263.

S. Zierz, N. Katz, an d  K. Ju n g e rm a n n  (1983), H oppe- 
Seyler’s Z Physiol C hem  364, 1447-1453.


