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Background/Aims: The differential oxygenation of 
periportal and perivenous hepatocytes has been dem- 
onstrated as a major determinant in the zonated ex- 
pression of certain metabolic pathways in the liver. We 
have searched for novel genes whose expression could 
be modulated by hypoxia in cultured rat hepatocytes. 
Methods: Primary cultures of rat hepatocytes were 
incubated under normoxic (21% oxygen) or hypoxic 
(3% oxygen) conditions for 6 h. Differences in gene 
expression under both conditions were analyzed using 
the technique of differential display by means of PCR. 
Results: We have identified the enzyme argininosuc- 
cinate lyase (ASL) as being downregulated by hyp- 
oxia. ASL is a cytosolic protein which participates in 
urea metabolism. ASL expression was time-depend- 

T” LIVER possesses an enormous and diverse cata- 
lytic potential which is mainly met by the paren- 

chymal cell In spite of the hrstologrcal uniformity of 
this organ, functronal differences have been reported 
for parenchymal cells located m the perlportal and the 
perlcentral or perlvenous areas, leading to the concept 
of the metabolic zonatlon of the liver (1) This zo- 
nation of the liver includes most of the key functions 
of the organ, such as oxrdatrve and carbohydrate met- 
abolism, ammo acid metabolism and ammonia detoxl- 
fication, bile formation, plasma protein synthesis and 
xenobrotlc detoxification (reviewed m 2) Numerous re- 
sults indicate that zonatron of liver tissue 1s attamed 
by the differential expression of key enzymes involved 
m the metabolic pathways mentioned above (1,2) 
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ently reduced in hypoxia. Hypoxia modulated the re- 
sponses of this gene to the two main hormonal signals 
which induce ASL mRNA: glucocorticoids and 
CAMP ASL mRNA levels decreased in response to 
ATP-reducing agents, CoCIZ mimicked the effect of 
hypoxia, suggesting the implication of a hemoprotein 
in this response. Hypoxia did not affect ASL mRNA 
stability, indicating that this effect occurs at the tran- 
scriptional level. 
Conclusions: Our observations suggest that differ- 
ences in oxygen levels across the hepatic parenchyma 
could participate in the zonated expression of ASL. 

Key words: Argininosuccinate lyase; Gene expression; 
Hypoxia; Liver. 

Many of the blologrcal srgnals that modulate the gene 
expression pattern of the drstmctly located hepatrc cells 
are generated by a gradient m the concentratron of 
oxygen, hormones, substrates and blood-borne prod- 
ucts crrculatmg from the perlportal to the perrvenous 
compartments Oxygen tensron m the perlvenous area 
is reduced to about half of that found m the perrportal 
area (35 vs 65 mmHg), and has been ldentrfied as one 
of the major determinants m the zonal expression of 
carbohydrate-metabohzmg enzymes (2) 

Apart from playing a role m the metabolic zonatron 
of the liver, regulation of gene expressron by oxygen 
levels may represent a more general adaptive mechan- 
ism of the cell and the orgamsm to low oxygen supply 
This 1s evidenced by the nature of the different hyp- 
oxia-responsive genes so far identified, which include 
erythropoletm, vascular endothehal growth factor, al- 
dolase A, tyrosme hydroxylase, the glucose transporter 
glut1 gene (3-7) and hypoxra-downregulated genes 
such as methlonme adenosyltransferase (8) 

In order to gam more msrght mto the genetic mech- 
anisms behind this adaptation, we have searched for 
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genes whose expression might be modulated by hyp- 

oxia m cultured rat hepatocytes Our analysis em- 

ploying the technique of differential display by means 

of polymerase cham reaction (PCR) (DDPCR) (9) has 

allowed us now to identify argmmosuccmate lyase (EC 

4 3 2 1, ASL) as a novel hypoxia-regulated gene, which 

IS downregulated by low oxygen levels ASL is d cyto- 

plasmlc enzyme highly expressed m the adult hvel, as 

compared to other tissues, where it plays d role in ured 

synthesis (lo), a metabolic pathway dlfferentidlly ex- 

pressed across the perlportal and perlvenous arens (2) 

We have also addressed the Influence of hypoxia on the 

hormonal regulation of ASL expression m cultured rat 

hepatocytes as well as the mechamsms behind this ef- 

fect 

Materials and Methods 
Materd 
All chernlcals were of reagent grade and obtained from commercial 
suppliers Collagenase, dctmomycm D, cat&se and restrictIon en- 
zymes were from Boehrmger Mannhelm (Mannhelm, Germany) Tri- 
amcmoione, CoCi2 desferrloxamme forskohn, nnd menddione were 
from Slgmn (St LOUIS, MO, USA) 

Isolatton and culture of rat heputoc~ tes 

Liver parenchymal cells were isoldted from male Wlstdr rats (200-250 

g of weight) by collagenase perfusion, as deacrlbed (8) Cell\ were 
plated and cultured as described (8) Cells were mamtdined at 37°C 
in A humidified mcubdtor containing 21% oxygen dnd 5% CO> in dir 
(normoxlc conditions) Hypoxl~ condmons were attamed by exposure 
to 3% oxygen and 5% CO2 with the balance as nitrogen m A hunudi- 
fied Blllups-Rothenbeig Modular Incubdtlon Chamber (MIC-101) 
(Del mdr, CA, LISA) dt 37°C (8) Cell viability wds medsured by try- 
pan blue exclusion, no sigmficdnt chfferences were observed between 
normoxlc and hypoxlc cultures at any Lulture time te$ted 

DDPCR was performed on total cellular RNA, Isolated as described 
(1 I), after DNAsel treatment, using ohgo anchored prlmerq with 
Hieroglyph mRNA Profile Kit (Genomyx Beckman Instruments, 
Fullerton, CA, USA) ds described (9,12) Nucleotlde sequence homo- 
logy search analysis of the EMBL (13) And GeneBank (14) databases 
were performed usmg the program FASTA (15) 

RNA oolrrtron and Northern blot unul_vs~s 

Total hepdtocyte RNA wab isolated by the guamdmlum thiocydnate 
method (16) Electrophoresls of RNA, gel blotting, prehybridlzdtlon 
and hybridization of membranes were carried out as described 
(11,12) The glufl cDNA probe wds the generous gift ot Dr Antomo 
Zorzano (Umversidad de Baicelond, Barcelona, Spain) The probes 
were labeled with [a-3’P] dCTP (Amersham, Little Chalfont, UK) 
using the Megaprlme DNA labeling system (Amersham) Equal load- 
ing of the gels wds dssessed by hybridization with dn 18s ribosomJ 
RNA probe QUdntltdtiOn WAS performed bq acannmg densltometry 
of the X-ray filmy 

When the effect of actmomycm D on the regulation of ASL mRNA 
levels by hypoxia aas studred, hepdtocytes were cultured m the pres- 
ence of 1 pM trlamcmolone to Induce ASL expresslon for 10 h then 
actmomycm D (5 ,&ml) was added dnd after 1 h cell5 were further 
incubated under normoxlc or hypoxlc condltlons for the mdlcdted 
periods of time 

Memuwement oj ASL CIC twltb 

ASL actlvlty was measured on hepatocyte homogenates AS described 
by Tomhson & Westall (17) Results are expressed ds mlcromoles of 

urea formed per hour (units) per mllhgrdm of protein Piotem Len- 
tent m homogenates WAS medsured AS desLrlbed (18) 

Cultured hepdtocytes were lysed ds desLrlbed (I I) Total protem WdS 

determined m the extracts as described (18) Electrophoresi? dnd elec- 
troblottmg were cdrrled out as described (12) Immunodetection of 
the glucocortlcoid receptor (GR) wd$ performed using A polyclondl 
dnti-GR antiserum (Santa Crux Biotechnology Sdnta Crur CA, 
USA) and a horserddish peroxldase-conjugdted seconddiy nntlbod) 
Blots wele developed by enhanced chemolummescence dccordmg to 
the manufacturer’s m<tructlons (DuPont Bocton MA, USA) 

Ddta dre means?SEM of at least four independent expernnents per- 
formed m duphcdte Stdtistical \igmhcance wds estimated \%lth Stu- 
dents t-tert A p-value of <O OS wds considered slgmficant 

Results 
Identljicatlon of ASL CIJ a hvporza-re~ponslve gene 
DDPCR dnalysis was carried out on lat hepdtocytes 

cultured for 6 h m normoxla or hypoxia Several bands 

were dlfferentlally expressed m the two culture con- 

ditions One of the bnnds selected for analysis, which 

was downregulated m the hypoxlc cells (Fig 1A) was 

excised from the gel, amplified and sequenced Se- 

quencing of 0 32 kb of the total 0 6 kb of this clone 

revealed a 100% ldentlty to rat ASL cDNA (nucleo- 

tides 2101 to 2422) (19), and could hybrldlze a 2 4 kb 

mRNA m totnl cellular RNA from hepatocytes (Fig 

IA) The band detected usmg Northern analysis corre- 

sponded m size to that reported for the ASL transcript 

m rat hver (20). and showed a 60% reduction durmg 

hypoxia Hybrldlzatlon with a cDNA probe for the 

glut1 gene, d well-known hypoxia-responsive gene 

which 1s induced by this condltlon (7). was performed 

as a control Ac shown m Fig lB, GLUT-1 mRNA 

showed a sharp increase (6-fold after 6 h of treatment) 

during hypoxld 

We next performed a time course experiment m or- 

der to further characterize ASL mRNA response to 

hypoxia As shown in Fig 1B d reduction m cellular 

ASL mRNA was detected after 3 h of mcubatlon 

under hypoxia, and wds even more pronounced at 12 

h of mcubatlon The concomitant mductlon of GLUT- 

1 mRNA IS also shown As repel ted for other genes 

which dre highly expressed m liver (8,21), ASL mRNA 

levels m normoxla decreased with time m culture, how- 

ever, the effect of hypoxid was still evident even nfter 

longer mcubatlons (up to 17 h, data not chown) 

We also medsured ASL enzymatic activity m hepato- 

cytes mamtamed in normoxia dnd hypoxia Our results 

indicate that after prolonged exposure to hypoxia (17 

h) ASL activity remamed unchdnged (0 2 1 ~fr 0 02 /tmol/ 

h/mg of plotem m normoxld 1’3 0 19-+0 01 /tmol/h/mg 

of protein m hypoxia) 
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Fzg 1 Detection of differential gene expresszon by hypoxia 
zn isolated rat hepatocytes by dzfferentzal mRNA display 
analysis A Sequencing gel electrophoreszs of PCR amplz- 
fied cDNAs performed zn duplzcates, from normoxzc (N) 
and hypoxzc (H) cultures A dzfferentzally displayed frag- 
ment (arrow) was detected, isolated, sequenced and zden- 
tzjied as a 0 6 kb fragment of ASL cDNA The rzght panel 

shows a Northern blot analysis of total RNA from normox- 
zc (N) and hypoxzc (H) rat hepatocytes performed wzth 
ASL cDNA fragment Thzs assay confirmed zts differential 
expresszon between normoxzc and hypoxzc cultures Induc- 
tzon of GLUT-l mRNA expresszon by hypoxia zs also 
shown Hybrzdzzatzon wzth a probe for 18 S rRNA was per- 
formed as loading control B Tzme-course of the response 
of ASL to hypoxia zn cultured rat hepatocytes Asterisks 
zndzcate p<O 05 wzth respect to normoxzc controls Lower 
panel shows a representative Northern blot The tzme-de- 
pendent znductzon of GLUT-l mRNA by hypoxia zs also 
shown Hybrzdzzatzon wzth a probe for the 18 S rRNA was 
performed as loading control 

Hypoxia modulates ASL responses to glucocortzcozds 

and CAMP 

Glucocortlcolds and glucagon have been shown to up- 
regulate ASL mRNA m rat hver and cultured hepato- 

Argmznosuccznate lyase expresszon zn hypoxza 

cytes, and their effect 1s cumulative when added to- 
gether (10) We have tested whether hypoxia could 
modulate the effect of both hormones on ASL express- 
ion As shown m Fig 2, when hepatocytes were treated 
for 6 h with trlamcmolone (1 PM) or the CAMP gener- 
ating agent forskohn (10 ,uM), ASL mRNA levels were 
induced (6-fold and 5-fold, respectively, over control 
levels) As described, the effect of both agents was 
cumulative when used m combmatlon (12-fold mduc- 
tlon) When these treatments were performed m hyp- 
0x1~ condltlons the effects of trlamcmolone and for- 
skohn, alone or m combmatlon, were partially pre- 
vented In order to test whether hypoxia could compro- 
mise the effect of glucocortlcolds on ASL expression 
through the impairment of glucocortlcold receptor 
(GR) expression, we analyzed the levels of GR m 
hepatocytes kept under normoxlc or hypoxlc con- 
ditions for 6 h m culture medium without tnamcmo- 
lone As shown m Fig 3, GR protein levels were up- 
regulated m hypoxia 

Hypoxza senszng and szgnalzng zn ASL mRNA 

regulatzon 

Inhlbltlon of oxldatlve phosphorylatlon and reduction 
of ATP levels are observed m hepatocytes exposed to 

Tnamcinolone - 
Forskolm - 

N H 

+ + 
- - 

N H N H 

- - + + 
+ + + + 

Fzg 2 Modulatzon by hypoxza of ASL response to gluco- 
cortzcozds and the CAMP znduczng agent forskolzn Hepato- 
cytes were mazntazned zn normoxzc (N) or hypoxzc (H) 
condztzons for 6 h zn the presence or absence of trzamczno- 
lone (I pA4), forskolzn (10 PM) or both, and then ASL 
mRNA was quantztated by Northern blotting Asterzsks zn- 
dzcate p<O 05 wzth respect to normoxzc controls 
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Fig 3 Expresscon oj glucocortuold receptor (CR) cn tat 
hepatoqtes kept m normow or hypoxlc tondctlons for 6 h 
as determwed by Western blotting The mlgratlon oj the 
molecular weight malkers 1~ mdccated (MWM) A repre- 
sentative blot I.5 shown 

hypoxia (8,22) Some responses to this condltlon could 
be the consequence of decreased cellular ATP concen- 
tration Thus we wanted to know whether the observed 
changes m ASL mRNA levels could be related to the 
mhlbltlon of oxldatlve phosphorylatlon For this pur- 
pose hepatocytes, cultured m the presence of 1 ,uM tn- 
amcmolone, were treated independently with two m- 
hlbltors of mltochondrlal respiration, dzide and dl- 
mtrophenol (DNP), at concentrations previously dem- 
onstrated to reduce ATP levels m cultured hepdtocytes 
(8) As shown m Fig 4, treatment for 4 h with either 
azide or DNP resulted m a significant reduction m 
ASL mRNA levels (65% and 50% reduction, respec- 
tively) and the concomitant mductlon of GLUT-1 
mRNA as described (23) 

Studies performed on the regulation of different 
genes by hypoxia indicate thdt this condltlon is primar- 
ily sensed by a distinct mechanism, which IS mdepen- 
dent of changes m ATP levels (3,24) Although the pre- 
cise nature of the mammahan oxygen sensor remains 
elusive, the ablhty of certam transition metals, such as 
Co2+, to mlmlc the effect of hypoxia on several hyp- 
oxla-responding genes suggests the lmphcatlon of a 
heme-based sensor (3,24) We have tested this hypo- 
thesis on the expression of ASL mRNA m hepatocytes 
cultured m the presence of 1 PM trlamcmolone When 
cells were treated for 4 h with 50 PM CoC12, a concen- 
tration previously shown to be non-toxic for rat he- 
patocyte cultures (25), a reduction m ASL mRNA 
levels was observed (Fig 4) The concomitant mduc- 
tlon of GLUT-l mRNA m cells treated with CoCI, 
was consistent with previous reports (23) 

Several lines of evidence have shown that changes m 
the intracellular levels of reactive oxygen species (ROS) 
occur during hypoxia, and that ROS could be lmph- 
cated m the signaling of the hypoxlc stimulus 
(3,24,26,27) We have tested whether alterations m the 

cellular ROS levels could affect hepatocyte ASL 
mRNA contents Treatment of cultured hepatocytes 
under normoxlc condltlons with the Hz02 degradmg 
enzyme catalase (2000 units/ml for 6 h) did not affect 
ASL mRNA levels (not shown) Slmllarly the addition 
of desferrloxamme (DFO) (180 PM for 6 h), an iron 
chelator capable of preventing hydroxyl radicdl pro- 
ductlon (28), resulted m no chdnges m ASL mRNA 
levels, either m normoxla or hypoxia (not shown) With 
similar results the opposite mterventlon, namely the m- 
ductlon of mtrdcellular Hz02 production by treatment 
with menadlone dt concentrations which did not com- 
promise ATP levels (50 /lM for 6 h) (29,30) produced 
no changes m ASL expression (not shown) 

Mechmmn of II~IVIU dowmegulatlon of ASL mRNA 

levels 

Hypoxia control of gene expression can be accom- 
plished at the transcrlptlonal and postranscrlptlonal 
levels (24) In order to study the mechanisms Involved 
m hypoxia-mediated downregulation of ASL express- 
ion, we measured ASL mRNA level\ in nolmoxlc and 
hypoxlc cultures of hepatocytes m the presence or db- 
sence of the transcrlptlonal mhlbltor actmomycm D (5 
,ug/ml) As shown in Fig 5A, m the absence of actmo- 
mycm D, hypoxia induced the expected time-dependent 
reduction m ASL mRNA levels However. when the 
same experiment was performed m the presence of dc- 
tmomycm D, the effect of hypoxia wns not observed 
(Fig 5B) After 7 h of actmomycm D treatment, ASL 
mRNA levels m both normoxlc and hypoxlc cultures 

1 

1 
N H 

* ** 
I3 

4nde 

** 

~ 
DNP 

* 

9 ** 
Cdl 2 

i 

Fig 4 Expression of ASL (closed bar71 and GLUT-I 
(open hart) mRNAs 111 rat heputoc l,teJ kept fiw 4 h VI not- 
morla (N) hvpona (H) or m normoxlc (ondltronP plus 2 
mM azde, 50 yM DNP or 50 ,L& CoClz One arterlph 
lndlcater p<O OS nrth ~espec t to the ASL rnRNA value IM 
normoxa, two arter rskr u&ate p<O 05 wrth respect to the 
GLUT-I mRNA value III nor mo~u 
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Fzg 5 Rat hepatocytes were incubated zn normoxzc (open 
trzangles) or hypoxzc (closed squares) condztzons zn the ab- 
sence (A) or presence (B) of 5 ,aglml of the transcrzptzonal 
znhzbztor actznomyczn D ASL mRNA levels were quantztat- 
ed by Northern blottzng at different tzme points Asterisks 
zndzcate p<O 05 wzth respect to normoxzc values 

were similarly reduced to 60% of the levels found at t = 

0 (Fig 5B), mdlcatmg that ASL mRNA decay was not 
affected by hypoxia 

Discussion 
Searching for genes whose expression could be modu- 
lated m rat hepatocytes by hypoxia we have identified 
an mRNA correspondmg to the urea cycle enzyme 
ASL as bemg downregulated by low oxygen levels 
ASL 1s the fourth enzyme of the urea cycle and, al- 
though it IS not a rate-controlhng enzyme, plays a role 
m ammoma detoxlficatlon and m argmme production 
(31) ASL expression m the liver 1s not homogeneous, 
zn sztu hybrldlzatlon has shown that the mRNA for 
ASL 1s present only m the perlportal region of the he- 
patlc parenchyma (32) We have observed that rat 

hepatocytes kept under hypoxia display reduced ASL 
mRNA steady-state levels ASL mRNA downregula- 
tlon seems to be specific and not attributable to a gen- 
eral derangement of cellular metabohsm by hypoxia 
Cellular vlablhty was not compromised under our ex- 
perimental condltlons Furthermore, we could detect 
the concomitant and strong mductlon of the glucose 
transporter glutl, a well-characterized hypoxla-respon- 
slve gene (7,23,33), mdlcatmg that the transcrlptlonal 
machinery of the cell was operative 

In agreement with the remarkably long half-life of 
the urea cycle enzymes, mcludmg ASL, reported to be 
m the range of 3 to 9 days (34,35), we did not detect a 
reduction m ASL enzymatic actlvlty m hypoxia m our 
model of cultured rat hepatocytes The rate of degra- 
dation of a protem can only be determined if steady- 
state condltlons can be mamtamed for a period at least 
2-3 times longer than the expected half-life, and this 
was not possible m our experlmental model Our ob- 
servation suggests that chrome differences m oxygen 
avallablhty, such as those observed across the hepatlc 
parenchyma, rather than acute hypoxia, are more likely 
to modulate ASL expression 

ASL expression m liver 1s under hormonal control, 
this 1s medlated by the positive effects of glucagon and 
glucocortlcolds, which display a cumulative effect 
when added m combmatlon (10,36) We have examined 
whether hypoxia could modulate the hormonal-de- 
pendent mductlon of ASL expression Our results mdl- 
cate that hypoxia was capable of counteractmg the ef- 
fects of both the glucocortlcold trlamcmolone and the 
CAMP mducmg agent forskohn, when added alone or 
m combmatlon We have addressed the posslblhty of 
an unspecific interference of hypoxia with the cellular 
responses to glucocortlcolds through the lmpalrment 
of GR expression Conversely, our results show that 
GR levels m hepatocytes kept m hypoxlc condltlons 
were upregulated This is, to our knowledge, the first 
description of GR mductlon by hypoxia m hepatlc 
cells, although a similar effect had already been re- 
ported m cultured human renal cortex eplthehal cells 
(37) Regarding CAMP slgnahng m hypoxia, protein kl- 
nase A activity has been shown to be decreased m 
PC12 cells m hypoxia, however, this effect was ob- 
served after longer mcubatlon times than those m 
which we observed ASL mRNA downregulatlon by 
hypoxia m the presence of forskohn (38) These obser- 
vations suggest that the different oxygen tensions pres- 
ent across the hepatlc parenchyma could modulate 
ASL responses to the two mam hormones known to 
regulate its expression 

Sensing oxygen levels m bacteria and yeast have 
been well characterized In these organisms the imph- 
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cation of heme proteins 1s central to this process (24) 

In mammalian cells a similar system IS thought to par- 

ticipate m oxygen sensing This has been demonstrated 

by several lines of evidence, which Include the ability 

of certain transltlon metals to mimic the effect of hyp- 

oxia on gene expression (3) TransItIon metals such as 

Co’+ could substitute for n-on m the heme proteins 

and lock the heme group m the “deoxy” conformation 

Mimicry of hypoxid by CoC& has been reported for 

other hepatlc genes which are downregulated by this 

condltlon, such as phosphoenolpyruvate c;lrboxykma- 

se (PCK-1 ) (25) and methlonme adenosyltransferase 

(8) Our observation of ASL mRNA downregulatlon 

by CoC12 treatment suggests that a heme-based sensor 

could participate m this response 

One of the major consequences of hypoxia 1s the m- 

hlbltlon of oxldatlve phosphorylatlon and the con- 

comltant decrease m mltochondrlal ATP production 

For some hypoxia-responsive genes, such as erythropo- 

letm, then response to this condltlon IS not dependent 

on the hmltatlon of mltochondrlal metabolism (39) 

However, other genes modulated by hypoxia are re- 

sponsive to both the reduction m oxygen levels per w 

and the attenddnt mhlbltlon of oxiddtlve phosphoryln- 

tlon The best-characterized example of this dual con- 

trol by hypoxia 1s the expresslon of the glucose trans- 

porter GLUT-1 (23,33) Our data obtained m prlmaly 

cultured hepatocytes confirm the pre\lous obser- 

vations made for g&l expression m transformed or 

lmmortahzed cell hnes, and suggest thdt ASL could 

participate m this dual mechamsm for hypoxia sensmg 

Hypoxia signaling hds been linked to changes in m- 

tracellular ROS levels Enhanced and dlmmlshed ROS 

productlon have been reported to occur durmg hyp- 

oxla, and both condltlons have been proposed to con- 

vey signals to the cell nucleus capable of modulatmg 

gene expression (40) In our hands ASL mRNA levels 

were not sensitive to any mod~ficdtion m cellular ROS 

Perhaps other slgnahng systems such as protem phos- 

phoryldtion/dephosphoryldtion, which are also modu- 

lated by hypoxia (41-43), could be lmphcated m the 

regulation of ASL expression, however, this remams to 

be examined 

Gene transcrlptlon and mRNA stdbihty cdn be 

affected by oxygen concentration (24) Our data show 

that hypoxia regulates ASL expression at the transcnp- 

tlonal level This IS demonstrated by the ldck of effect 

of hypoxia on ASL mRNA levels when cellular tlan- 

scription was blocked by actmomycm D treatment 

Consequently, the decay of ASL mRNA m hepatocytes 

treated with actmomycm D was the same under nor- 

moxlc and hypoxlc condltlons It IS known that mduc- 

tlon of ASL expression by glucocortlcolds dnd CAMP 
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in hepatocytes 1s mainly achieved at the trnnscrlptlonal 

level (10,44) The dbihty of hypoxia to mhlblt the effect 

of these agents strongly suggests that this condltlon 1s 

probably acting nt the lebel of ASL gene transcnptlon 

In this regard, it hds recently been reported that hyp- 

oxia mhlbltlon of glucagon-induced PCK 1 expressIon 

m rat hepatocytes is medlated dt the promoter level 

through the Interaction of two putdtlve CAMP-respon- 

sive elements (45) 

In summary, our results show that the expresslon of 

ASL cdn be downreguldted by low oxygen levels m cul- 

tured rat hepdtocytes We hdve shown that hypoxia cnn 

hmlt the response of this gene to the two hormondl 

signals which dre central to the regulntlon of thl\ gene 

Hence, this cellular response of ASL to reduced oxygen 

dval~dblhty could partlclpdte in the peripol tal express- 

Ion of this enzyme 
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