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Abstract. Degradation of serum amyloid A (SAA) was studied in isolated perfused livers 
of mice treated with either a single injection of casein to induce an acute phase response 
or with 14 daily casein injections to maintain chronic inflammation. Littermates admin- 
istered sterile saline served as controls. Radioiodinated SAA and apolipoprotein A-I, 
reconstituted with high-density lipoproteins in vivo, were studied in parallel. Degradation 
was monitored by appearance of acid-soluble radioactivity in the perfusate. 

Induction of an acute phase response reduced hepatic catabolism of SAA by 14% 
(from 8.6 f 1.2% to 7.4 f l.l%/g liver in 3 hr, P < 0.05, n = 16). The acute phase 
response had no effect on apolipoprotein A-I degradation or bile production. Livers from 
animals receiving 14 daily injections of casein were 31% less active than control livers 
at degrading SAA (8.1 f 1.6%/g/3 hr for treated group vs. 11.7 f 2.3%/g/3 hr for control 
group, P < 0.025). Apolipoprotein A-I degradation was decreased but differences were 
not statistically significant and bile production was the same in both treatment groups. 
However, livers from treated animals were larger (mean weight 1.8 g) than those from 
controls (1.5 g) (P e 0.05), although amyloid fibrils were not detected by Congo red 
stain. 

The size of the degradation products was analyzed by column chromatography. 
Elution profiles of perfusates from livers of chronically inflamed animals contained a 
peak corresponding to the molecular weight of amyloid A which was not present in 
perfusates from control liver. 

We conclude that hepatic catabolism of SAA is decreased both early and late in an 
inflammatory response and intermediate degradation products corresponding in size to 
amyloid A are released into the circulation following prolonged inflammation. 

[P.S.E.B.M. 1990, Vol194] 

erum amyloid A (SAA) is an acute phase reactant 
( 1,2) related to amyloid A (AA), the fibril protein S of secondary amyloidosis (3-5). The mouse has 

been used extensively as a model in the study of sec- 
ondary amyloidosis since both SAA synthesis and amy- 
loid deposition can be readily induced by administra- 
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tion of casein or endotoxin (6). SAA is detectable in 
plasma within 3 hr of casein injection and reaches 
maximum levels approximately 18 hr postinjection (7). 
Daily injections of casein can lead to the deposition of 
AA in the spleen, liver, intestine, and kidney (8). Both 
indirect and direct evidence support the hypothesis that 
AA is derived from SAA by proteolytic cleavage (3-5, 
9, 10). 

The liver appears to be involved in both normal 
catabolism of SAA and in amyloid formation. We have 
shown that the isolated perfused mouse liver degrades 
SAA (1 1) and Fuks and Zucker-Franklin (12) have 
demonstrated degradation of SAA by isolated Kupffer 
cells. Furthermore, Kupffer cells from normal mice 
degraded SAA completely, whereas cells from animals 
receiving eight or more daily casein injections produced 
an intermediate product with the characteristics of AA 
( 12). 

In the current study we have used the isolated, 
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perfused mouse liver to study the effect of the acute 
phase response and prolonged inflammation on catab- 
olism of AA. Isolated liver perfusion has several advan- 
tages over isolated cells or whole animals: (i) the per- 
fusate content can be controlled, (ii) the integrity of 
intracellular functions and hepatocyte polarity are 
maintained since the hepatic circulation remains intact, 
and (iii) extrahepatic metabolism is not a confounding 
factor ( 13). We have investigated the catabolism of SAA 
by livers from animals receiving 1 and 14 daily injec- 
tions of casein. SAA is transported in plasma in asso- 
ciation with the high-density lipoproteins (HDL). How- 
ever, we have shown that SAA degradation by rat liver 
is independent of HDL catabolism ( 1  1). Therefore, 
HDL apoproteins were studied in parallel as a measure 
of nonspecific changes in degradation rate. 

Materials and Methods 
Preparation of Lipoproteins and Apolipopro- 

teins. Plasma obtained from The Miriam Hospital 
Hematology Laboratory was screened for SAA and used 
for isolation of human SAA and apolipoproteins. SAA5 
( 14) and apolipoprotein A-I (apo A-I) ( 17) were purified 
from apo HDL by methods previously described in 
detail. 

Preparation of Tracer. Isolated apo A-I and SAA5, 
one of the major forms of SAA (14) (also termed SAAz 
(15) and SAA, des arg (16) in other nomenclature 
systems), were radioiodinated using commercial lacto- 
peroxidase reagents (Bio-Rad enzymobeads). Since 
SAA5 is often contaminated with apo A-11, the radio- 
labeled SAA was absorbed with anti-apo A-I1 bound to 
protein A Sepharose CL-4B (Pharmacia P-L Biochem- 
icals). All immunoprecipitable 1251-ap0 A-I1 was re- 
moved by this procedure. 

We have previously shown that biologic screening 
is necessary to remove a form of '251-SAA which is 
easily dissociated from HDL and rapidly degraded (1 1). 
Therefore, labeled proteins ('"I-SAA and '3'I-apo A-I) 
were injected into mice through a jugular vein cannula, 
the animals were exsanguinated 30 min later and SAA 
and apo A-I incorporated into HDL (1.08 < density < 
1.2 1 g/ml) were recovered by ultracentrifugation. Gel 
filtration chromatography and agarose electrophoresis 
indicated that both tracers were HDL associated. Vali- 
dation of tracer has been described in detail (1 1). 

Induction of the Acute Phase Response. Swiss 
Webster mice (Charles River Laboratories) weighing 
19-39 g and fed standard Punna Chow and water ad 
libitum, were used in all experiments. Mice were in- 
jected intraperitoneally with 0.50 ml of 10% casein 
(Sigma Chemical Co.) to induce an acute phase re- 
sponse (7). Development of an acute phase response 
was verified by analyzing for SAA in plasma HDL by 
polyacrylamide gel electrophoresis at acid pH ( 14, 18). 
Littermates were injected with an equal volume of 

sterile saline to serve as controls. Livers from a control 
animal and its experimental littermate were perfused 
simultaneously approximately 18 hr postinjection. It is 
important to note that paired comparisons were always 
made between littermates since there is considerable 
interlitter variation in SAA degradation rates. 

Chronic inflammation was induced by 14- 15 daily 
injections of casein. Congo red staining confirmed that 
amyloid had not deposited in either spleen or liver of 
these animals. Amyloid was demonstrable if injections 
were continued for 18-2 1 days. Littermates receiving 
an equal number of saline injections served as controls. 

Liver Perfusion. A modification (11) of the 
method of Mortimore ( 19) was used for the perfusions. 
Livers were perfused at a rate of 2 ml/min/g liver with 
Eagle's basal medium (Gibco Laboratories) supple- 
mented with 4% bovine serum albumin (Sigma Chem- 
ical Co.) and 20% washed human red blood cells. The 
pH of the perfusate was adjusted to 7.35 and was 
oxygenated with 95% 0 2 - 5 %  C02. Temperature was 
maintained at 37°C. Liver viability was assessed by 
color, visual appearance, and volume of bile produc- 
tion. Tracer was added to the perfusate and samples 
were taken from the recirculating perfusion system at 
8, 12, 20, 30, 60, 90, 120, and 180 min. The 8-min 
sample was used as an indicator of baseline concentra- 
tions assuming that mixing and equilibration with tis- 
sue spaces were complete. A second 8-min sample was 
placed in the perfusion chamber for the duration of the 
perfusion to test for degradation by the perfusion me- 
dium. Experiments were excluded when degradation 
by the medium exceeded 7%. Perfusate samples were 
radioassayed in a Packard Multi Prias 4 Gamma Coun- 
ter. Protein-bound radioactivity was determined by tri- 
chloroacetic acid precipitation as described previously 
(11). Protein degradation was monitored by the ap- 
pearance of acid-soluble radioactivity. Degradation by 
control and experimental livers was compared using a 
paired t test. 

Column Chromatography. Tracer and perfusate 
samples were analyzed by gel filtration chromatography 
on a 150- X 1.2-cm column of Bio-Gel A-0.5 M equil- 
ibrated with 0. I5 MNaCl and 0.05 MNH4HC03. Low- 
density lipoprotein (LDL), HDL, SAA, monomeric apo 
A-11, and dinitrophenyl-lysine (DNP-lys) were used as 
molecular weight markers. 

Statistical Analysis. Comparisons between control 
and experimental groups were made using paired t tests. 

Results 
Effects of Acute Phase Response on Degrada- 

tion of SAA. SAA degradation by livers from mice 
undergoing an acute phase response was compared with 
that of normal littermates. SAA catabolism was de- 
creased 14% (from 8.6 k 1.2% to 7.4 f l.l%/g liver in 
3 hr, y1 = 16, P < 0.05) in animals receiving a single 
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injection of casein (Fig. 1 A). Apo A-I degradation meas- 
ured simultaneously was not decreased by the acute 
phase response (Fig. 1 B). Livers from control and acute 
phase mice degraded 2.0 f 1.5 and 2.5 f 0.9%/g ( n  = 
7), respectively, of the labeled apo A-I during the 3-hr 
perfusion period. The ability of the liver to secrete bile 
was unchanged by the induction of an acute phase 
response (0.8 1 f 0.40 pl/min vs 0.72 k 0.26 pl/min in 
control livers) and the mean liver weights were 1.61 f 
0.44 g for control and 1.59 k 0.43 g for acute phase 
animals. 

Effect of Chronic Inflammation on SAA Degra- 
dation. Mice received daily injections of casein for 14 
days and paired comparisons were made with litter- 
mates receiving daily saline injections. No amyloid 
deposits were detected by Congo red staining in the 
treated animals. Longer protocols (1 8-2 1 days) led to 
development of amyloidosis in these animals; however, 
we experienced difficulty in perfusing amyloid-laden 
livers. Therefore, experiments were conducted after 
only 14 days of casein injection. Repeated casein injec- 
tion led to a 3 1 % reduction in SAA catabolism, from 

1 2 3 
Time (h) 

11.7 f 2.3%/g/3 hr to 8.1 f 1.6%/g/3 hr (n = 8, P <  
0.025, Fig. 2). 

Repeated administration of casein reduced apo A- 
I degradation from 2.6 f 0.61 to 1.4 f 0.4%/g ( n  = 8) 
but the decrease was not statistically significant (Fig. 2). 
Mice treated with casein had larger livers, 1.8 g vs 1.5 
g for control littermates, P < 0.025. Bile production 
was not altered by chronic inflammation, 0.73 f 0.28 
vs 0.72 & 0.26 pl/min in control livers. 

Size of the Degradation Products. The medium 
perfusing the experimental (14 casein injections) and 
control livers was applied to a Bio-Gel A-0.5 M column 
to determine the size of the degradation products. The 
starting material introduced into the perfusion is also 
shown for comparison in Figure 3. Three major peaks 
were present in the control perfusate. These included 
the void volume (corresponding to the LDL marker), 
"'I-SAA bound to HDL and free "'I (corresponding to 
DNP-lys peak). The medium perfusing the experimen- 
tal livers contained an additional peak of radioactivity 
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Figure 1. Effect of acute phase response on degradation of lz5I-SAA 
(A) and 1311-apo A-I panel (8) by isolated, perfused mouse liver. Mice 
received 0.50 ml of sterile saline (0) or 10% casein 0 18 hr before 
sacrifice. Bars represent mean k SE. (A) n = 16. (B) n = 8. P < 
0.05, difference between saline and casein curves. 
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Figure 2. Effect of chronic inflammation on degradation of '251-SAA 
(A) and '311-apo A-I (B) by isolated, perfused mouse liver. Mice 
received 14 daily injections of sterile saline @) or 10% casein (W) (n  
= 8). Bars represent mean f SE. * P  < 0.05, difference between 
saline and casein curves. 
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Figure 3. Gel chromatography elution profiles of '251-SAA starting 
material (-) and perfusates of livers from control (- - -) and chron- 
ically inflamed (. . . . .) mice. Aliquots of perfusate were applied to a 
1.2- x 150cm column of Bio-Gel A-0.5 M and eluted with 0.1 5 M 
NaCI, 0.05 M NH4HC03. Elution weights of molecular weight markers, 
LDL, HDL, M, 150,000, SAA, M, 12,000, monomeric carboxymethy- 
lated apo A-ll (CM-apo A-11, M, 8000). and dinitrophenyl lysine (DNP- 
lysine) are indicated. 

which eluted in the size range of amyloid A (Mr 8500 
corresponding to CM-apo A-11) (20). The area under 
this peak represented 26% of the total recovered radio- 
activity compared with 19% in the profile from control 
livers and 7% in the starting material. The control 
chromatogram contained a shoulder on the salt (DNP- 
lys) peak which overlapped into the amyloid A size 
range. This peak probably represents degradation prod- 
ucts with a range of molecular weights smaller than 
amyloid A. The elution weight for glucagon, M, 3550, 
for example, is 163 g compared with 143 g for CM-apo 
A-I1 (M,  8000) and 185 for DNP-lys. The control 
perfusate may also have contained lipid-free Iz5I-SAA 
which eluted as a shoulder on the HDL-bound SAA 
peak. HDL-bound '"I-SAA comprised 93%, 18%, and 
32% of the recovered radioactivity in the starting ma- 
terial and control and experimental perfusates, respec- 
tively, and free iodine accounted for 0%, 39%, and 24% 
of the recovered radioactivity. 

Discussion 
The liver is a major organ in SAA metabolism. In 

addition to synthesizing SAA (2 I), the liver degrades 

SAA (1 1) and is a site of amyloid deposition (22). We 
have estimated that the liver accounts for at least 16% 
of SAA catabolism in studies with partially hepatectom- 
ized rats (1 1). Previously, our laboratory used the iso- 
lated, perfused rat liver to characterize SAA degradation 
in normal animals (1 1). We found that SAA is catabo- 
lized independently of the HDL on which it is camed, 
that binding to lipoproteins protects SAA from degra- 
dation, and that degradation occurs at least in part 
through a specific cell-associated mechanism. In the 
current study, we sought to determine the effect of the 
acute phase response and chronic inflammation on the 
rate of SAA degradation by isolated perfused mouse 
liver. 

The rate of SAA degradation was decreased 14% 
by a single injection of casein. Bile production and 
appearance of the liver were normal. Furthermore, the 
degradation rate of apo A-I did not change. Thus, the 
decreased rate of SAA catabolism could not be ex- 
plained by nonspecific changes in liver metabolism. 

Administration of casein for 14 days resulted in a 
3 1 % decrease (P < 0.05) in SAA degradation after 3 hr. 
The livers were larger (P C 0.05) in the casein-treated 
animals. Fuks and Zucker-Franklin ( 12) have reported 
increased recoveries of Kupffer cells in animals receiv- 
ing 8-25 injections of casein. Since our animals showed 
no evidence of amyloid formation, increased cell num- 
ber may account for the enlarged livers. Bile production 
was maintained at control levels indicating that liver 
function was not severely compromised. However, the 
reduction in apo A-I degradation, although not statis- 
tically significant, suggests some nonspecific effects on 
liver metabolism during chronic inflammation. One 
explanation for the reduction of SAA degradation 
might be that endogenous SAA was saturating the 
enzymes/receptors responsible for degradation. How- 
ever, we have shown in experiments with animals in- 
fused intravenously with radioactive tracers before per- 
fusions that all residual blood is removed before the 
perfusate is connected for recirculation. Furthermore, 
we calculate a maximum concentration due to SAA 
synthesis during the perfusions of only 0.5 pg/ml com- 
pared with 120-150 pg/ml in serum at the peak of the 
acute phase response (23). The data are consistent with 
a specific decrease in SAA degradation during both 
short- and long-term inflammation. It would be of 
interest to compare degradation rates in amyloidotic 
livers. However, we have found that livers from mice 
with amyloidosis are very difficult to perfuse for 3 hr. 

Analysis of the perfusates of livers from chronically 
inflamed animals revealed the presence of an interme- 
diate degradation product which corresponded in size 
to amyloid A although AA deposits were not detected 
in the liver. This observation is consistent with the data 
of others showing production of AA by monocytes from 
humans with amyloidosis (24, 25) and by Kupffer cells 
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from amyloidotic and preamyloidotic mice (12). Ben- 
son et d. (7) have postulated that stimulants of the 
acute phase response may specifically or nonspecifically 
alter the function of the reticuloendothelial system re- 
sulting in incomplete hydrolysis of SAA. Others ( 1  2, 
24, 25) have suggested that two enzymes or enzyme 
systems are involved. The first converts SAA to AA 
and the second degrades AA. Activities of both enzyme 
systems appear to be affected by inflammation since 
both AA and SAA accumulated in the cultures of 
affected cells. 

One surprising result of our study was that the AA- 
sized intermediate was released into the circulation. AA 
has not been found in blood of either preamyloidotic 
or amyloidotic animals, and it is generally assumed that 
once AA is derived from SAA it is deposited locally. 
Studies of cells in culture indicate that SAA is converted 
to AA by elastases on the cell surface since the AA is 
recovered in the medium (12, 24, 25). The fate of AA 
in vivo is not known nor is the mechanism by which 
AA is deposited in fibrillar form. 

It is also noteworthy that the AA-like material in 
the perfusate was not bound to the HDL despite the 
fact it was derived from HDL-bound SAA. In a previous 
study of SAA degradation by isolated, perfused rat liver, 
we concluded that SAA was catabolized independently 
of the HDL because SAA was degraded more rapidly 
than the HDL apoproteins A-I, A-11, and C-I11 and 
because excess normal HDL in the perfusate was less 
effective at inhibiting SAA degradation than SAA-rich 
HDL. Two observations in the current study are con- 
sistent with this hypothesis. First, the fact that the AA 
is not recovered with HDL suggests that the SAA is 
dissociated from the HDL before proteolysis. Second, 
apo A-I degradation rate is not affected by the acute 
phase response, indicating that SAA and apo A-I catab- 
olism are under separate regulation. 

SAA degradation by mouse liver is decreased 
within 24 hr of induction of an acute phase response 
and remains depressed for at least 14 days with chronic 
inflammation. An intermediate corresponding in size 
to amyloid A is produced by livers from chronically 
inflamed animals. This intermediate is released into the 
circulation and is no longer HDL bound. 
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