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A B S T R A C T The free proline, free glutamic acid, and
total collagen contents of the livers of cirrhotic and non-
cirrhotic patients were determined. The amounts of free
1)roline in the sera of the patients were also determined.
The results indicated that certain metabolic changes oc-
curred in cirrhotic livers of humans that were similar to
the metabolic changes observed previously in CCl4-in-
duced cirrhosis in the rat. The amount of free proline
was coordinate with the increase in total collagen, and
both were inversely related to the amount of free glu-
tamic acid. The average proline concentration in sera of
cirrhotic patients was not higher than that of non cir-
rhotic patients, suggesting that the metabolic alteration
noted above is a local event in the liver related to
fibrogenesis. These and other results suggest that the
pool size of free proline may play a prime role in regu-
lation of collagen biosynthesis in liver cirrhosis.

INTRODUCTION
Work from different laboratories suggests that increased
deposition of collagen (1-6) and not collapse of the pre-
existing reticulum framework (7, 8) is a main factor
in human and experimental hepatic fibrosis. Also, liver
slices from rats made cirrhotic by chronic administra-
tion of CC14 have been shown to incorporate proline-"C
into protein-bound hydroxyproline, while normal rat
liver slices under similar conditions do not produce de-
tectable amounts of radioactive collagen (9).

Recent work from our laboratory (10) has shown
important changes in the free pools of proline and glot-
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tamic acid in rats made cirrhotic by administration of
CC14. These changes precede biosynthesis of collagen,
measured as protein-bound hydroxyproline, and increase
in protocollagen-proline hydroxylase already demonstrated
in experimental hepatic fibrosis (9, 10). Furthermore, in
such animals there was generally good correlation with
respect to increase in the hepatic free pool of proline,
total hepatic collagen, and capacity of the livers to syn-
thesize collagen in vitro.

The experiments described in this communication
were performed with tissues from patients to determine
what early metabolic changes correlate directly with the
extent of hepatic fibrosis.

METHODS
Source of materials. All the liver and blood samples used

in this study were obtained from hospitalized patients.
Control subjects were patients with diseases other than
cirrhosis who showed normal liver function tests. Liver
specimens were taken during exploratory laparotomy or
from autopsy specimens. The latter were used only when
less than 2 hr elapsed between time of death and autopsy.
All samples were kept on ice and used immediately after
they were obtained.

Isolation of free glutamnic acid and proline. Samples cor-
responding to about 1 g of liver were accurately weighed
and homogenized with 3.5 ml of cold Ringer's bicarbonate
buffer (10). Immediately thereafter the protein was precipi-
tated by addition of 3 volumes of absolute ethanol; and
after 1 hr at 4VC, the samples were centrifuged at 700 g
for 15 min. The supernatant fluid containing the free amino
acids was decanted and the precipitate washed three times
with ethanol: water (3: 1). The precipitate was used sub-
sequently for the determination of total collagen. The com-
bined supernatant fractions were pooled and evaporated to
dryness in a rotary evaporator at 40'C. The residue was
suspended in 3 ml of 0.2 M pyridine-formate buffer, pH 3.2,
and centrifuged at 700 g for 15 min to remove undissolved
particles. The clear supernatant fluid was placed on a 1.2
X 40 cm column of AG 50W-X8 (200 400 mesh),' equili-
brated previously with 0.2 M pyridine-formate buffer at 30
ml/hr. Fractions containing 2.4 ml each were collected, and
appropriate aliquots were used for determination of proline
by the method of Troll and Lindsley (11).
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A second sample corresponding to about 1 g of liver was
accurately weighed and treated as previously described except
that the fraction containing the free amino acids was dis-
solved in 3 ml of water instead of pyridine-formate buffer.
The sample then was centrifuged at 700 g for 15 min and the
clear supernatant fluid placed on a 1.2 X 10 cm column of
AG 1-X8 (200-400 mesh)' in acetate form. The column
was washed with 30 ml of distilled water. Glutamic acid was
eluted from the column with 0.5 M acetic acid and collected
in fractions of 2.4 ml each. The amino acid wvas then deter-
mined by the ninhydrin method (12).

A third sample containing 200-300 mg of liver was accu-
rately weighed and dried to constant weight at 104'C. The
wet weights were related to the dry weights and the results
expressed as micromoles of amino acids per gram of dry
tissue.

Determination of total liver collagen. The precipitate ob-
tained after removing the free amino acids was suspended
in 2 ml of water and transferred to an ampule for hydroly-
sis. An equal volume of 12 N HCl was added and the
ampule sealed under vacuum. The sample was hydrolyzed
for 24 hr at 104'C and the excess HCl was removed in a
rotary evaporator. The residue was suspended in 3 ml of
0.2 M pyridine-formate buffer, pH 3.2, and in this form was
placed on a 1.2 X 40 cm column of AG 50W-X8 (200-400
mesh)' previously equilibrated with the same pyridine-
formate buffer. Hydroxyproline was eluted with the same
buffer flowing through at a rate of 30 ml/hr. Fractions
containing 2.4 ml each were collected and appropriate ali-
quots were used for hydroxyproline determination by the
method of Woessner (13). The amounts of collagen was
calculated from hydroxyproline content assuming that 96
mgof collagen contain 100 Amoles of hydroxyproline.

Determination of free proline in serum. 3 ml of serum
were mixed with 3 volumes of absolute ethanol and the
mixture was allowed to stand for 1 hr at 4VC. The proteins
were then removed by centrifugation at 700 g for 15 min.
The supernatant fluid was evaporated to dryness in a rotary
evaporator and the residue was dissolved in 3 ml of 0.2 M
pyridine-formate buffer, pH 3.2. Free proline was separated
by column chromatography as described. Results were ex-
pressed as micromoles of proline per milliliter of serum.

Histological studies. Samples of the livers used in these
experiments were fixed in 10%o formalin and embedded in
paraffin. Thin sections were prepared and stained respec-
tively with hematoxylin eosin, silver, and trichromic stains.
The degree of fibrosis was classified in an arbitrary manner
in the following four grades: grade 1, discrete portal
fibrosis without formation of nodules; grade 2, portal fibro-
sis with subcapsular nodules; grade 3, irregular portal
fibrosis; and grade 4, irregular portal fibrosis with signs of
collapse of reticulum. Histological analysis of the slides was
performed independent of knowledge obtained by chemical
studies.

RESULTS
In agreement with published normal values, the two
normal livers analyzed in the present studies contained
respectively 2.2 mug and 3.0 mg of collagen per g on a
dry weight basis (see Table I). The cirrhotic livers that
were analyzed showed, as expected, an increase in total

'Obtained from Bio-Rad Laboratories, Richmond, Calif.

TABLE I

Pool Sizes of Proline and Glutamic Acid and Total Collagen
Contents of Cirrhotic and Noncirrhotic Patients

Free
Histological Degree of Total Free glutamic

diagnosis fibrosis collagen* prolinet acid:

Normal 0 2.2 1.3 8.7
Normal 0 3.0 1.1 9.5
Portal cirrhosis ++ 7.1 2.8
Portal cirrhosis ++ 7.1 2.9 3.1
Portal cirrhosis ++ 7.2 2.8 2.9
Portal cirrhosis + + + 8.3 2.6 2.9
Portal cirrhosis ++++ 9.4 3.5 1.6
Portal cirrhosis ++++ 10.5 4.6 1.8
Portal cirrhosis ++++ 11.4 5.0 1.4

* mg/g of dry weight of liver.
t Amoles/g of dry weight of liver.

collagen content. As shown in Table I there was a
2.5- to 3.7-fold increase above the normal values.

Histological examination of the liver specimens re-
vealed a portal type of cirrhosis. The degree of fibrosis
determined by histological means correlated well with
the amount of collagen determined by hydroxyproline
analysis (Table I).

Previous work from our laboratory has shown that in
hepatic cirrhosis induced in rats with CCl4, the amounts
of collagen in the liver is coordinate with the concen-
tration of free proline and inversely related to the con-
centration of free glutamic acid (10). As shown in Ta-
ble I, the amounts of free proline and free glutamic acid
in livers of cirrhotic patients follow the same pattern
obtained in experimental cirrhosis. There is also a linear
relationship between the free pool of proline and total
collagen content (Fig. 1).

In order to determine if the increase in free proline
in the liver was reflected in the free proline content of
the blood, serum samples from normal and cirrhotic pa-
tients were analyzed. As shown in Table II, the average
proline concentration in the sera of cirrhotics was not
higher than that of normals.

DISCUSSION

Very little is known about the mechanisms regulating
collagen biosynthesis. Much of the work that has been
done is in relation to the final steps of the process, that
is, the chemical modifications that take place after the
protein has been synthesized (14-18).

Prockop and Juva (14) have suggested that proto-
collagen, a large molecular weight precursor of collagen
in which there is no hydroxyproline and hydroxylysine,
is an obligatory biosynthetic intermediate. In this re-
gard, Takeuchi and Prockop (15) have presented data
to suggest that, in human liver cirrhosis, protocollagen-
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FIGURE 1 A plot of the concentration of free proline versus collagen
content in a group of cirrhotic and noncirrhotic patients. The line
was drawn by the least square method. The Y intercept was -0.0289
at X = 0, and the slope of the line was 0.4331.

proline hydroxylase, the enzyme responsible for the
hydroxylation of protein-bound proline residues, in-
creases in amount or activity before the formation of
extracellular collagen. Goldberg and Green (16, 17)
suggested that in several fibroblastic and nonfibroblastic
cell lines protocollagen may act as an inducer for hy-
droxylase synthesis or that the synthesis of both pro-
teins might be controlled by a single genetic unit
analogous to the operon in bacteria.

Gribble, Comstock, and Udenfriend (18) demonstrated
that fibroblasts in culture are able to accumulate and
secrete a nonhydroxylated "collagen ;" however, their
results suggest that the increase in hydroxylation is a

TABLE I I
Concentrations of Free Proline in Sera of Cirrhotic

and Noncirrhotic Patients

Cirrhotic patients Noncirrhotic patients

pmoles/ml
0.136 0.121
0.142 0.121
0.100 0.094
0.182 0.218
0.075 0.137

0.170
0.093

Mean value ASD Mean value ASD
(0.127 ±0.036) (0.136 ±0.041)

result of activation of an inactive precursor of the
hydroxylase.

Liver cirrhosis induced in rats by chronic administra-
tion of CCl4 is an experimental model for study of the
biosynthesis of collagen and its regulation (9, 10). With
this system one can study the late steps of collagen
synthesis but one can also study the modifications that
take place at earlier stages of collagen biosynthesis.
Accordingly, Rojkind and Diaz de Leon (10) were able
to show that the concentration of free proline in the
liver rose proportionately to the concentration of colla-
gen and was inversely proportional to the concentration
of free glutamic acid. Since the collagen molecule con-
tains 20% of proline plus hydroxyproline and the con-
tent of free proline of the liver was directly related to
the capacity to synthesize collagen, it was suggested
that indeed a limiting condition in the synthesis is the
size of the free proline pool.

The results obtained in the present communication
indicate that human portal cirrhosis of the liver is
accompanied by hepatic metabolic changes similar to
those observed in experimental cirrhosis in the rat.
Thus, the free proline concentration rose proportionately
to the concentration of collagen and was inversely pro-
portional to the concentration of free glutamic acid.

It has been shown that liver slices from cirrhotic rats
accumulate approximately 100 times more proline from
precursor glutamic acid--4C than did liver slices from
normal animals (10). Although the decrease in glutamic
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acid observed in human portal cirrhosis could also be
related to a more active proline biosynthesis from its
precursor glutamic acid, the results cannot be fully
explained by this mechanism. Rojkind and Diaz de Leon
(10) showed in experimental cirrhosis in the rat that
only 5% of the added glutamic acid was converted to
proline. Accordingly, the increase in free proline ob-
served in human portal cirrhosis could be due to active
conversion of glutamic acid to proline, and the decrease
in glutamic acid could be due to the broader effects of
cirrhosis on liver metabolism.

The increase in free proline in the liver was not ac-
companied by an increase in free proline concentration
of the sera of patients, suggesting that this metabolic
alteration was a local event of the liver and was related
to the increase collagen biosynthesis in hepatic fibrosis.

More work has to be done to establish if the amount
of free proline in the liver directly regulates the bio-
synthesis of collagen. At this point one cannot rule out
that the increase in free proline occurs parallel with the
activation of collagen synthesis as a result of a primary
event governing both.
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