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Deprivation of cultured H4 rat hepatoma cells for an essential amino acid (leucine, methionine, tryptophan 
or phenylalanine) under conditions in ~'hich the cells remain highly viable leads to a decrease in cytoplasmic 
albumin mRNA. The magnitude of this decrease is greatest in tD'ptophan-deprived and phenylalanine-de- 
prived cells. In the lD'ptophan-deprived cells there is approximately a 15-17-fold decrease in albumin mRNA 
relative to total cytoplasmic RNA, and a 7-8-fold specific decrease in albumin mRNA relative to a-tubulin 
mRNA. Deprivation of the H4 cells for leucine or tD'ptophan causes approximately a 40-45% decrease in 
albumin gene transcription; however, this effect does not account for the 15-17-fold decrease in albtunin 
mRNA abundancy caused by tD'ptophan limitation, or the greater effect of tD'ptophan limitation as 
compared to leucine limitation on albumin mRNA. Therefore, the decrease in albumin mRNA caused by 
tD, ptophan limitation is caused primarily by a post-transcriptional regulatoD' mechanism. 

Nutrition is a major regulator of the synthesis 
of serum albumin in the liver [1-5]. In humans 
with kwashiorkor (protein-energy malnutrition), a 
reduction in plasma albumin is the most con- 
sistently observed biochemical feature [1]. A num- 
ber of studies have indicated that dietary intake of 
essential amino acids is the major nutritional regu- 
lator of albumin synthesis [2-5]. In rats, lowering 
of protei n in the diet causes a decrease in albumin 
synthesis, which is restored toward normal follow- 
ing administration of amino acids [2]. The role of 
amino acids in regulation of albumin synthesis has 
been further demonstrated from other feeding 
studies with rats, in which hypoalbuminemia is 
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associated with a diet deficient in protein but 
adequate in energy [3]. Among the essential amino 
acids, t ryptophan appears to be the limiting sub- 
strate a n d / o r  exert a specific regulatory effect on 
albumin synthesis in the liver [4]. 

Very little is known about the molecular mech- 
anism(s) that cause the reduction in albumin 
synthesis under conditions of protein malnutri- 
tion. A recent report has suggested that the reduc- 
tion in albumin synthesis observed in young grow- 
ing rats fed a protein-deficient diet is associated 
with a reduction in albumin mRNA [5]. However, 
in this study the level of albumin mRNA was not 
compared to the level of any other control mRNA; 
thus, it was not clear whether albumin mRNA was 
specifically decreased relative to other mRNAs. In 
addition, albumin gene transcription was not mea: 
sured, so that the effects of protein limitation on 
albumin mRNA may have been mediated either 
by a transcriptional or post-transcriptional mecha- 
nism. 
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In a recent study of the effects of insulin on 
albumin m R N A  levels in cultured H4 rat hepatoma 
cells, we obtained indirect evidence suggesting that 
essential amino acids exerted a regulatory effect 
on albumin m R N A  levels in these cells [6]. Other 
cell culture studies have also suggested a regu- 
latory effect of amino acids on albumin synthesis 
in hepatocytes [7] and mouse hepatoma cells [8]. 
However, the molecular mechanism for this regu- 
lation is unknown. In the present study we di- 
rectly examined the effect of amino acid limitation 
on albumin and a-tubulin m R N A  levels in the H4 
rat hepatoma cells. Nuclear transcription assays 
were also performed to determine whether the 
specific changes observed in albumin m R N A  levels 
reflect specific changes in gene transcription. 

For amino ac id  deprivation experiments, the 
H4 cells were plated at a density of 2.0- 10 6 cells 
per 75 cm 2 culture flask in minimal essential 
medium (MEM) plus 10% fetal bovine serum. 
After 3 days at 37 ~ the medium was aspirated 
and the cells were washed once with serum-free 
MEM. Serum-free F 1 2 / D M E  (a 1 :1  mixture of  
Dulbecco's modified Eagle's medium (DME) and 
Ham's  F12 medium, Ref. 6) was then added to 
each flask, and the incubation was continued for 
an additional 3 days. At this time, the cells had 
grown to form densely confluent monolayers. The 

medium was then changed to 10 ml serum-free 
MEM supplemented with 0.1 mM nonessential 
amino acids, or the same medium minus an essen- 
tial amino acid, and incubation was continued for 
24 h. Cytoplasmic R N A  was extracted in the 
presence of 10 mM vanadyl ribonucleoside com- 
plex as described previously [6]. For Northern blot 
analysis, total cytoplasmic RNA (10 #g) was elec- 
trophoresed in 1% agarose gels containing 2.2 M 
formaldehyde. RNA was transferred to nitrocel- 
lulose filters, and the filters were hybridized over- 
night with 32p-labeled pRSA13 serum albumin 
c D N A  or 32p-labeled kcd a-tubulin c D N A  probe, 
as described previously [6]. Autoradiograms were 
scanned with an LKB UltroScan laser densitome- 
ter. Image density units represented integrated 
peak area in absorption units • ram. Nuclear tran- 
scription elongation assays were performed as de- 
scribed previously [6], except that the hybridiza- 
tion results were quantified by liquid scintillation 
counting rather than by autoradiography. 

To analyze the effect of amino acid limitation 
on serum albumin m R N A  levels, H4 cells were 
cultured in serum-free MEM or MEM minus a 
single essential amino acid (leucine, methionine, 
t ryptophan or phenylalanine) for a period of 24 h. 
A Northern blot showing albumin m R N A  levels 
in cells cultured in complete MEM or amino 
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Fig. 1. Northern blot of cytoplasmic RNA from control and amino acid-deprived cultures. Ceils were cultured for 24 h in serum-free 
MEM (lanes 1-3), MEM minus leucine (lanes 4-6), MEM minus methionine (lanes 7-9), MEM minus tryptophan (lanes 10-2), or 
MEM minus phenylalanine (lanes 13-15), as described in the text. Blots were hybridized with [32P]-labeled pRSA13 rat serum 
albumin cDNA (upper) or kal a-tubulin cDNA (lower). Cell survival relative to control cells cultured in complete MEM (determined 
from counts of cells remaining on monolayers) was 89% (-Leu cultures), 84% (-Met cultures), 98% (-Trp cultures) and 95% 

( -  Phe cultures). 



acid-def ic ient  m e d i u m  is shown in Fig. 1. A 
s u m m a r y  of  dens i tomet r ic  scans of  this gel is 
shown in Tab le  I. L imi ta t ion  of  the H4  cells for 
t r yp t ophan  or  pheny la l an ine  caused a 15 -18- fo ld  
decrease  in a lbumin  m R N A ,  whereas  l imi ta t ion  
for  meth ion ine  or  leucine caused on ly  a 2 - 3 - f o l d  
decrease.  The  effect of  amino  acid  l imi ta t ion  on 
the m R N A  for an  unre la ted  ' housekeep ing '  gene, 
the gene encoding  a - tubul in ,  was also s tudied.  In  
con t ras t  wi th  the results  ob ta ined  with  a lbumin  
m R N A ,  l imi ta t ion  for any  of  the  four amino  acids  
caused a 2 -3 .5 - fo ld  decrease  in a - t ubu l in  m R N A  
(Fig.  1, Tab le  I). Norma l i z ing  the changes in al-  
b u m i n  m R N A  levels to changes in ct-tubulin 
m R N A  levels, l imi ta t ion  for leucine or  me th ion ine  
d id  not  decrease  a lbumin  m R N A  relat ive to a -  
tubu l in  m R N A .  In  contras t ,  l imi ta t ion  for t ryp-  
tophan  caused an  8-fold decrease,  and  l imi ta t ion  
for pheny la lan ine  caused  a 5-fold decrease  in al-  
b u m i n  m R N A  relat ive to a - tubu l in  m R N A  (Table  
I). These  results  suggest  a specific regula tory  effect 
of  t r yp tophan  and  pheny la l an ine  ava i lab i l i ty  on  
the abundance  of  a lbumin  m R N A .  Cel lu lar  viabi l -  
i ty  r emained  high dur ing  the 24 h amino  acid  
l imi ta t ion  exper iments  (Fig.  1 legend);  thus, the 
effects on m R N A  were not  s imply  a nonspeci f ie  
result  of  cell death .  

The  effects of  l imi ta t ion  for  di f ferent  a m i n o  
ac ids  on a lbumin  m R N A  levels were very repro-  
ducible .  F o r  example ,  in ano the r  exper iment  in 
which cells were l imi ted  for t r y p t o p h a n  or  leucine,  

TABLE I 

SUMMARY OF DENS1TOMETRIC SCANS OF NORTH- 
ERN BLOT SHOWN IN FIGURE 1. 

Results are expressed as integrated image density units. All 
results represent the mean of three different RNA preparations 
+ S.E. The albumin/a-tubulin ratios shown in the third col- 
umn of the table represent the mean of the albumin/tubulin 
mRNA ratios calculated for the three different RNA prepara- 
tions + S.E. 

mRNA species Albumin 

albumin ct-tubulin a-tubulin 
- -  ratio 

Control i 3.00 + 1.09 8.25 + 1.60 1.67 + 0.24 
-Leu  4.85+1.13 3.25+1.17 2.13+0.90 
-Me t  5.55+1.91 3.13+0.16 1.78+0.59 
- Trp 0.87 + 0.04 4.03 + 0.49 0.22 -t- 0.03 
-Phe  0.73+0.15 2.30+0.39 0.33+0.08 
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Fig. 2. Effect of amino acid deprivation on transcription of the 
albumin and a-tubulin genes. H4 cells were cultured in medium 
containing 10% serum for 3 days and then transferred to 
serum-free medium for an additional 3 days. The medium was 
then changed to serum-free MEM (bars A and D), MEM 
minus leucine (bars B and E), or MEM minus tryptophan (bars 
C and F), and incubation was continued for an additional 24 h. 
Nuclei were then isolated, and nuclear transcription assays 
were performed as described in the text. Bars A-C, albumin 
gene transcription; bars D-F, a-tubulin gene transcription. 
Each bar represents the average of determinations performed 
with nuclei from three different cultures, mean+S.E. The 
radioactivity from pUC18 control hybridizations has been 

subtracted from each set of data. 

l imi ta t ion  for  t r y p t o p h a n  caused a 17-fold de-  
crease  in a l bumin  m R N A  relat ive to total  cy to-  
p lasmic  R N A  and  a 7-fold decrease  in a l bumin  
m R N A  rela t ive  to a - t u b u l i n  m R N A .  In contras t ,  
l imi ta t ion  for leucine  caused  on ly  a 3-fold de- 
crease in a l bumin  m R N A  relat ive to to ta l  cy to-  
p l a smic  R N A  and  essent ia l ly  no  decrease  in al-  
b u m i n  m R N A  rela t ive  to  ct-tubulin m R N A  (re- 
suits no t  shown).  

To  de t e rmine  whe the r  the negat ive  effect of  
a m i n o  ac id  l imi t a t ion  on  a lbumin  m R N A  was 
caused  by  a decrease  in a l b u m i n  gene t ranscr ip-  
t ion,  the  effect  of  24 h depr iva t ion  for leucine or  
t r y p t o p h a n  was examined  in nuclear  t ranscr ip t ion  
e longa t ion  assays  (Fig.  2). L imi ta t ion  for leucine 
o r  t r y p t o p h a n  caused  a 40 -45% inhib i t ion  of  al-  
b u m i n  gene t r ansc r ip t ion  bu t  had  l i t t le  or  no  
effect on a - t u b u l i n  gene t ranscr ip t ion ,  which 
served as an  in te rna l  control .  The  inh ib i t ion  of  
a l b u m i n  t r ansc r ip t ion  was thus specific,  in that  
a - t u b u l i n  gene t r ansc r ip t ion  was not  affected.  
However ,  the m a g n i t u d e  o f  the decrease  in gene 
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transcription did not early account for the 15-17- 
fold decrease in albumin m R N A  caused by limita- 
tion for tryptophan, nor the specificity of the 
effect of t ryptophan limitation as compared with 
leucine limitation on albumin m R N A  levels. 
Therefore, the decrease in albumin mRNA caused 
by tryptophan limitation was produced primarily 
by a post-transcriptional mechanism. 

The present study sheds new light on the regu- 
lation of albumin m R N A  by essential amino acids. 
We demonstrate here that deprivation of the H4 
cells for different amino acids has different effects 
on albumin and a-tubulin m R N A  levels. In par-  
ticular, limitation for t ryptophan or phenylalanine 
but not methionine or leucine causes a specific 
reduction in albumin m R N A  relative to c~-tubulin 
mRNA.  The magnitude of the effect of the differ- 
ent amino acids on albumin mRNA was not corre- 
lated in an obvious way with their representation 
in the translated sequence of rat pre-pro-albumin 
[9]. For example, the pre-pro-albumin sequence [9] 
contains 59 leucine residues but only two tryp- 
tophan residues. It is of interest that limitation for 
t ryptophan had the greatest specific effect on al- 
bumin mRNA in view of previous observations 
suggesting that t ryptophan is the limiting sub- 
strate for, or exerts a specific regulatory effect on 
albumin synthesis in the liver of fasting animals 
[4]. The observation that t ryptophan limitation 
had the greatest specific effect on albumin m R N A  
levels relative to a-tubulin m R N A  levels in the 
present study suggests that the cell culture model 
system may mimic events occurring in the liver in 
vivo under conditions of dietary protein restric- 
tion. 

The reduction in the level of albumin m R N A  
produced by limitation for t ryptophan results 
primarily from regulation at a post-transcriptional 
step. Post-transcriptional regulation of albumin 
m R N A  levels has also been observed previously in 
normal rat hepatocytes cultured in medium with 
serum as compared with serum-free medium [10], 
and in the liver of Xenopus treated with estrogen 
[11]. Albumin m R N A  is known to be relatively 
stable in vivo [12]. The post-transcriptional reg- 
ulation of albumin m R N A  observed in the present 
study, in Xenopus liver [11], and in cultured 
hepatocytes [10], might involve changes in al- 
bumin m R N A  stability. In regard to the effects of 

nutrition on albumin mRNA,  fasting has been 
shown previously to cause a shift of liver m R N A  
f r o m  p o l y s o m e s  to the free m e s s e n g e r  
ribonucleoprotein (mRNP)  pool [13]. It is possible 
that this shift could result in a specific destabiliza- 
tion of albumin mRNA.  

Limitation for amino acid has two well-known 
regulatory effects on gene expression in bacteria: 
attenuation [14] and the stringent response [15]. 
Amino acid limitation also regulates the expres- 
sion of a number  of genes in yeast [16]. In the 
present study, we report a novel finding that limi- 
tation of cultured rat heptoma cells for certain 
amino acids, especially tryptophan, exerts a 
specific post-transcriptional regulatory effect on 
albumin mRNA.  The molecular mechanism by 
which this regulation is accomplished remains to 
be elucidated. 

We thank Dr. T.D. Sargent for providing us 
with the rat serum albumin cDNA. This research 
was supported by a grant from the American 
Diabetes Association. 
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