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Serum amyloid protein (SAA) has been reported to be
an apoprotein of high-density lipoprotein (HDL), but
little is known concerning its metabolism. In this study,
apoSAA was induced in nonhuman primate plasma
HDL and thoracic duct lymph chylomicra by over-
night chair restraint of the animals. There was a 3-
6-fold increase in plasma HDL apoSAA in chair-re-
strained animals when compared with caged (control)
animals. Lymph chylomicrons of chaired animals also
contained significant amounts (“20% of total protein)
of apoSAA. For study of the metabolism of HDL
apoSAA, animals were given injections of '*'I-labeled
lymph chylomicrons and autologous I-HDL. HDL
were isolated from the plasma of recipient animals
between 1 minute and 5 days after injection, and the
specific activity of the apoSAA was determined. The
turnover of apoSAA from plasma was biphasic, the ini-

tial phase having a ti; (0.39-0.48 days) similar re-
gardless of the source (chylomicrons versus HDL) of
the injected dose. The second phase of the turnover was
significantly faster (ti2 = 2.5 days) for apoSAA of '*°I-
HDL origin than that of *'I-chylomicron origin (t1; =
4.3 days). This difference also was suggested by the
fractional catabolic rates (FCR) of '**I-HDL and '*'I-
chylomicron apoSAA (1.02 versus 0.74 d™!, respective-
ly). From these studies it was concluded that 1)
apoSAA can be rapidly induced in plasma HDL and
lymph chylomicrons of nonhuman primates by chair
restraint; 2) HDL apoSAA is catabolized more rapidly
than HDL apoA-I and apoA-II; 3) and the catabolic
rate of HDL apoSAA may be determined, in part, by
its lipoprotein origin (chylomicrons versus HDL). (Am
J Pathol 1983, 112:243-249)

HIGH-DENSITY LIPOPROTEINS (HDL) are the
smallest of the plasma lipoproteins and are approxi-
mately 50% protein by mass.! The protein com-
ponent of HDL is heterogeneous with two major
apoproteins, apoA-I and apoA-II, and a number of
minor apoproteins.? Several years ago two new apo-
proteins, called the threonine-poor apoproteins be-
cause of their low content of the amino acid threo-
nine, were described in human and nonhuman
primate HDL.>* The threonine-poor apoproteins
have a molecular weight similar to the C apoproteins
(~v14,000) but a pl that is more basic than other HDL
apoproteins.®* These proteins contain no detectable
sialic acid and have no known cofactor function.*
Recently, Eriksen and Benditt® isolated and char-
acterized serum amyloid proteins (SAA) from human
HDL and found them to correspond to the previous-
ly reported threonine-poor apoproteins.? This assign-
ment was based on amino acid analysis and partial
sequence, isoelectric point, and molecular weight of

the SAA apoproteins. The SAA proteins have been
reported to behave as plasma acute-phase reactants
and can be induced by various stimuli.s®

Little is known about the relative contribution of
different tissues to the whole-body synthesis of
apoSAA or to its catabolic fate. SAA is the presumed
precursor of amyloid protein, which can deposit in
tissues in response to acute and chronic inflammatory
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events.®!° The relationship between apoSAA catabo-
lism and the deposition of amyloid is unknown. One
study has shown that irn vitro proteolytic digestion of
apoSAA by monocytes can lead to amyloidlike inter-
mediates.!* Several potential sites of synthesis of
apoSAA have been identified,®®** and hepatic
apoSAA synthesis has been shown to be stimulated
by a factor released from macrophages that had been
previously exposed to an inflammatory agent.!®1!4
One study has shown a rapid disappearance of
apoSAA-rich HDL from mouse plasma.'s

Because HDL is purported to be a protective factor
for coronary heart disease,® interest in the metabo-
lism of HDL has increased recently. A better under-
standing of the pathogenesis of atherosclerosis and
secondary amyloidosis may be obtained with a more
detailed knowledge of the metabolic fate of HDL
apoSAA. This study was undertaken to characterize
the in vivo metabolism of HDL apoSAA in the non-
human primate. This animal model was chosen be-
cause of its close phylogenetic relationship to man
and its key role as a model for atherosclerosis re-
search. In this animal model apoSAA has been found
to associate with thoracic lymph duct chylomicrons
as well as HDL. The results suggest that HDL
apoSAA is metabolized much more rapidly than
HDL apoA-I and apoA-II and that apoSAA from
two different sources, chylomicrons and HDL, may
have different catabolic rates in the plasma.

Methods
Induction of apoSAA

The experimental animals used for this study were
adult male African green monkeys of the vervet sub-
species (Cercopithecus aethiops). The animals’ diets
were described previously.!” Plasma HDL SAA con-
centrations were induced by placing the animals in
restraining chairs (Plas Laboratories, Lansing, Mich)
for a 16-hour or longer period. All the animals were
previously chair-trained for a total of at least 15 non-
consecutive days. It was found that after this amount
of chair training the urinary 17-hydroxy steroids
returned to normal levels, suggesting that restraint-
induced stress had decreased.!”» Caged animals had
low amounts of HDL apoSAA (see below) and
served as control animals.

Dose Preparation

For metabolic studies, autologous HDL was
isolated from the plasma of 4 chair-restrained ani-
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mals.'®* Chylomicrons (Sf 400-2000) were isolated
from the lymph of thoracic-duct-cannulated animals
who were chair-restrained during the collection of
lymph.*®* Chylomicrons and HDL were iodinated
with '] and '*°I, respectively.'®

Metabolic Studies

Doses of '*'I-chylomicrons and autologous !?°I-
HDL were mixed at 4° C and immediately injected
into the saphenous vein of chair-restrained recipient
animals. Blood samples were withdrawn at various
times (1, 5, 10, 20, and 40 minutes; 1, 3, §, 8, and 12
hours; and 1-6 days) via a femoral artery cannula.®
HDL were isolated from plasma by heparin-man-
ganese precipitation and ultracentrifugation.'®* HDL
were delipidated and analyzed by isoelectric focusing
(IEF) for apoSAA as previously described.!® Stained
gel slices corresponding to these apoproteins were
counted for **'I and ***I. The relative amount of SAA
was found by scanning Coomassie-blue-stained IEF
gels at 550 nm. A linear response of area units to
the amount of purified apoSAA,, or apoSAA,* ap-
plied to the IEF gels was found by this method. Spe-
cific activity was calculated as cpm/area units for
apoSAA,, and apoSAA,.

Kinetic Analyses and Statistics

The specific activity of individual apoproteins of
interest was normalized to the 1-minute specific activ-
ity, since 97% =+ 9% (mean + SEM) of the injected
HDL count was in the plasma 1-5 minutes after in-
jection. Plots of the percentage of 1-minute specific
activity versus time were analyzed by “curve peeling”
(see Figure 2 inset). In this method the log-linear part
of the terminal turnover curve was subjected to log-
linear regression analysis, and the best fit line was
extrapolated back to time zero; the slope of this line
is commonly referred to as 8, and the y-intercept is
called B. Ln 2/8 is equal to the half-life (t,s8) of the
slowly decaying label. Data points at early times were
then subtracted from the extrapolated line and
plotted as a function of time. The slope (a) and
y-intercept (A) of the newly created line was deter-
mined by log-linear regression analysis. Ln 2/a is
equal to the half-life (ty,e) of the rapidly decaying
label. Fractional catabolic rates (FCRs) were calcu-
lated as 100(A/a + B/p)L.*°

Tests for statistical significance were made between
different sources of apoproteins (**'I versus '2°I) or
between different apoproteins (apoSAA,; versus
apoSAA,;) with the use of a paired ¢ test.?°
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Figure 1 —Isoelectric focusing gels of apoHDL and purified HDL apoproteins (pH range, 4-7).

animal).
animal).

B —ApoSAA,. C—ApoA-Il. D — ApoSAA,.

E—ApoCll.
1—Induced HDL (from a chair-restrained animal). Some animals exhibited additional bands (marked by the asterisk in gel I) in
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the basic region of the |EF gels with chair restraint. These bands were presumed to be isoforms of apoSAA, and SAA,.

Results

The isolation and characterization of HDL apoSAA
apoproteins from African green monkeys were re-
ported previously.* In that report the apoSAA pro-
teins were identified as two threonine-poor proteins,
DI-1, and DII-1. This nomenclature identified the
proteins as eluting from a DEAE-cellulose column in
Peaks I and II, respectively. The arabic number in-
dicated the respective proteins as being the slowest
migrating protein on urea polyacrylamide gel electro-
phoresis. To simplify existing nomenclature, we will

Table 1—Percentage Apoprotein Composition of
HDL and Chylomicrons*

Al All SAA; SAA,
HOL (n = 6) 74+1t 1221 41 421
“Induced” HDLY (n = 5) 56 +1 6x04 25+3 122

Chylomicrons (n = 2) 20-23%

(St 400-2000)

11-14 9-10 9-12

* Percentage composition was determined by densitometric scan-
ning of isoelectric focusing gels as described in Materials and
Methods. Other peptides (apoCs) are not included.

t Mean + SEM. ApoA-l and A-ll percentages were significantly
reduced, and SAA percentages were significantly increased for HDL
versus “induced” HDL.

$ HDL samples in which SAA has been “induced” by chair restraint
of the monkeys (see Materials and Methods).

§ values for chylomicrons are the range for 2 animals.

use the names originally proposed by Erikson and
Benditt.’ Thus, DI-1, and DII-1 will be referred to as
apoSAA,, and apoSAA,, respectively. The two apo-
proteins will be collectively referred to as apoSAA.
In our previous study* it was found that the
amount of apoSAA proteins in the HDL fraction was
highly variable (the apoSAA,/apoA-I ratio ranged
from 0.01-0.81). The variability in the amount of the
apoSAA proteins has subsequently been found to
correlate with the chair-restraining of the animals.
Figure 1 shows the IEF gels of apoHDL and purified
HDL apoprotein samples. The amount of individual
proteins in apoHDL was estimated by scanning IEF
gels (Table 1). This method is only semiquantitative,
because a given amount of the various individual
apoproteins may bind different amounts of Coomas-
sie blue. However, a comparison of staining intensity
between caged and chaired animals can be made.
Caged animals contained 4% of their total HDL
apoprotein as apoSAA, or apoSAA, (Figure 1H and
Table 1). Three of the six caged animals had no de-
tectable HDL apoSAA. However, “induced” HDL
isolated from chair-restrained animals had an aver-
age of 25% of the total HDL protein as apoSAA,
and 12% as apoSAA, (Figure 1A and Table 1). This
represented a 3-6-fold increase in the percentage of
HDL apoSAA. In a series of control experiments it
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Figure 2 — Decay of HDL apoSAA after the simultaneous injection of '3'l-chylomicrons and autologous '?%I-HDL into recipient animals. Details
are given in the Materials and Methods section. The time points represent the mean experimental data from 4 animals. The curves represent
the predicted turnover based on the slopes and intercepts derived from the experimental data via curve peeling. The equation for a biexponential
turnover (y = Ae ™ + Be"”‘) was used to predict the curves. The insert shows an example of the curve peeling process for the predicted

turnover of HDL '3'|-SAA.

was found that the dramatic HDL apoSAA induction
was associated with chair restraint of the animals and
not other environmental factors such as ketamine im-
mobilization, type of diet (fat saturation or choles-
terol concentrations), or time after a high-fat meal.
The induction of apoSAA was rapid; the change
from 4% to 25% of the total HDL protein occurred
in less than 16 hours. The amount of apoSAA in
HDL remained elevated for the duration of chair
restraint (up to 6 days).

Polymorphism of apoSAA amino acid sequence
has been reported in the mouse?! and in man.?* Cer-
tain individual animals in this study exhibited ap-
parent microheterogeneity of the apoSAA proteins as
additional bands appeared on IEF gels with chair re-
straint. Figure 1 (Gel I) shows a representative gel of
apoHDL from one such animal. Instead of the usual
two bands representing apoSAA, and apoSAA,,
there were four bands; two of the bands corres-
ponded to the usual pI of the apoSAA proteins; how-
ever, the two additional bands had a slightly more

basic pl. The doublet banding pattern was reproduc-
ible over time for those animals that showed it.

Concomitant with the induction of apoSAA by
chair restraint of the animals was an apparent de-
crease in the percentage composition of the major
apoproteins of HDL, apoA-I and apoA-II (Table 1).
In a larger subset of animals (6 control and 8 chaired)
a similar decrease in the percentage of HDL protein
as apoA-I (43%) and apoA-II (35%) was found by
immunoassay. Per-particle compositions would be
necessary for determination of whether apoA-I and
apoA-II are being displaced from the HDL particle
by apoSAA or are becoming a proportionally smaller
amount of the particle protein mass as a result of the
apoSAA addition.

Thoracic lymph duct chylomicrons were investi-
gated by IEF also. During the collection of thoracic
duct lymph, animals were chair-restrained. Percent-
age composition values for apoA-I, A-II, SAA, and
SAA, are shown in Table 1. Because of the necessity
to chair-restrain animals during collection of lymph,
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Table 2—Half-Life and Fractional Catabolic Rate of HDL apoSAA, and apoSAA, Die-Away*

HDL apoSAA;,

HDL apoSAA,

t1/20 t1/2]3 FCR t1/2a tuzﬁ FCR
Origin of label (days) (days) (days™) (days) (days) (days™)
Chylomicrons (*311) 0.39 43t 0.74 0.31 3.5 0.72

+0.06 +0.3 +0.23 +0.06 +0.9 +0.18
HDL ('251) 0.39 251 1.02 0.48 25 0.68

+0.08 +0.3 +0.36 +0.07 +0.5 +0.15

* 9i|l.chylomicrons and '25|-HDL were injected simultaneously into recipient animals, and HDL were isolated from plasma at various times.
The specific activity was determined (see Materials and Methods) for each protein and plotted versus time on semilog paper. The half-lives
of the first (t12a) and second (t128) exponentials were determined by “curve peeling” (see Materials and Methods). Values are the mean +

SE of 4 animals.

t 125.SAA, t128 is significantly different (P < 0.01) from *1|-SAA, t,28 as determined by a paired t test. No other significant differences in
half-lives of the tracers or FCR were found with SAA, versus SAA, or '3l versus '?5| comparisons.

comparable samples from caged animals were not
collected. These data illustrate that the apoSAA pro-
teins were present on lymph chylomicrons. In fact,
lymph chylomicrons contained nearly equal molar
amounts of apoSAA,, SAA,, A-I, and A-II if dye up-
take was approximately equal for all proteins.

To study the metabolism of the SAA apoproteins,
doses of '3'I-chylomicrons and '**I-HDL were in-
jected, and the specific activity of HDL apoSAA, and
apoSAA, was followed with time. The resulting semi-
log plots, normalized to the percentage of 1 minute
of specific activity, are shown in Figure 2. The 3'I-
specific activity of apoSAA, and apoSAA, in the
HDL fraction peaked within 20 minutes after injec-
tion (time points not shown) and decayed rapidly
thereafter. Thus, the apoSAA label that was injected
on *'I-lymph chylomicrons was rapidly exchanged
and/or transferred to plasma HDL. The HDL SAA
proteins, regardless of the source (chylomicrons or
HDL), had essentially identical kinetic behavior over
the first 24 hours after injection. The initial turnover
of the HDL SAA proteins was rapid, with a half-life
ranging from 0.31 to 0.48 days (tw.a; Table 2).
There was no significant difference in the half-life of
the rapid phase of the turnover (tya) between
apoSAA, and apoSAA, or between the HDL SAA
apoprotein from chylomicrons and that of HDL ori-
gin (**'I versus '2I). The half-life of the slow decay or
second exponential is also given in Table 2. The de-
cay rate of apoSAA, of HDL origin (2.5 days) was
significantly shorter (£<0.01) than apoSAA, of chy-
lomicron orgin (4.3 days). A similar trend was found
for apoSAA,; of chylomicron versus HDL origin in 3
of 4 animals. If a metabolic steady state is assumed,
FCR can be calculated. There was no statistically
significant difference between the FCR for apoSAA
proteins, although the FCR for the !2I-HDL
apoSAA, was greater than that of '**I-HDL apo-
SAA, (Table 2). This was consistent with the shorter

ty values for the *I-HDL apoSAA. The FCR cal-
culated by measuring the area under the turnover
curves?® was within 10% of the values calculated by
curve peeling.

Discussion

Induction of HDL apoSAA concentrations has
been produced in the African green monkey by chair
restraint. The induction of apoSAA was rapid (<16
hours) and was sustained for the duration of chair
restraint. In addition, chair-restrained animals had a
significant amount of apoSAA in thoracic duct
lymph chylomicrons. Presumably the increased levels
of apoSAA were the result of compression trauma at
the point of contact between the skin and chair. After
chair restraint the animals were found to have bruis-
ing at the points of contact between the skin and
chair. Past studies on SAA have relied on invasive
means of induction such as injection of casein,?2425
lipopolysaccharide,?!-* or dextrose.” The nonhuman
primate promises to be a good animal model for
further studies on the metabolism of apoSAA be-
cause of lipoprotein distribution, composition,2¢-?’
and metabolism!® are more similar to those of man
than are those of lower animal forms.

The disappearance of HDL apoSAA from plasma
was biphasic; the rapid initial phase (Figure 2 and
Table 2) was essentially the same for both apoSAA,
and apoSAA, regardless of lipoprotein origin (HDL
versus chylomicrons). The decay of the second
exponential (t»f) was much slower than the first
exponential (t,a). This presumably was due to slow
interchange of apoSAA between the plasma com-
partment and other compartments of the body in
equilibrium with the plasma.?* The metabolism of
apoSAA also has been studied in the mouse, and a
rapid monophasic disappearance (t,» = 38 minutes)
of apoSAA has been found.!* However, the ti; in
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the mouse and that in the monkey are not directly
comparable because of the difference in the basal
metabolic rate. The FCR of vervet HDL apoSAA
(Table 2) was more similar to that of low-density
lipoprotein (LDL) apoB (1.3 d!; see Melchoir and
Rudel?®) than that of HDL apoA-I (0.32-0.38 d™*; see
Parks and Rudel'®) and apoA-II (0.42-0.51 d!; see
Parks and Rudel'®). Thus, the existing data support
the conclusion that monkey HDL apoSAA is metab-
olized more rapidly than the other major apoproteins
of HDL. In addition, the data suggest that the me-
tabolism of HDL, as an intact particle, does not
occur for all HDL subfractions. Rather, the metabo-
lism of individual protein constituents occurs on
different time scales.

Indigenous HDL apoSAA (***I) was found to
decay more rapidly than HDL apoSAA of chylomi-
cron origin (Table 2). These data suggest that there
may be an intrinsic difference between apoSAA of
HDL and chylomicron origin. This hypothetical
difference could occur by at least two mechanisms.
First, apoSAA may be modified while circulating on
plasma HDL; this modification may lead to a de-
creased half-life (increased FCR) in plasma. The
HDL dose was isolated from plasma, and so the
apoSAA may have a shorter ty;, compared with the
apoSAA of the lymph chylomicron dose, which was
not previously exposed to plasma, if this hypothesis
is correct. The second possibility is that the intestine
synthesized chylomicron apoSAA, which is slightly
different from that which exists in plasma HDL.
However, since HDL apoSAA can transfer to chylo-
microns?®* and presumably can transfer from plasma
HDL to lymph chylomicrons, the presence of lymph
chylomicron apoSAA does not necessarily imply in-
testinal synthesis of apoSAA. Additional experi-
ments are necessary for one to determine whether
differences between plasma and lymph apoSAA exist
and whether the intestine is a contributor to the
apoSAA pool.

When HDL apoSAA was induced by chair re-
straint, there was a significant reduction in the per-
centage of HDL apoA-I and apoA-II. ApoSAA may
displace HDL apoA-I and apoA-II and result ‘in a
lower percentage composition of these two proteins.
Another possibility is that apoA-I and apoA-II be-
come a proportionally smaller amount of the total
HDL protein with the addition of large amounts of
apoSAA. If apoSAA were merely added to the HDL
particle with no displacement of apoA-I and apoA-II
or lipid, an increase in the density of the particle
would have resulted. No such shift toward denser
HDL subfractions in the presence of elevated SAA
levels has been found in preliminary studies.?®* How-
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ever, Hoffman and Benditt?® have recently shown
that apoSAA tends to be distributed in the denser
HDL subfractions of the mouse.

HDL has been reported to bind bacterial lipopoly-
saccharides?®3! and to contain elastase type activity>?
in addition to binding apoSAA. These data suggest
that HDL may play an important role in the inflam-
matory response, perhaps in the transportation of
factors to the site of injury. It also has been suggested
that HDL may function to remove nonpolar toxins
or cellular constituents from the site of injury and
transport them to the liver for detoxification.
ApoSAA appears to associate preferentially with
HDL,; regardless of the relative amount of HDL,
subfractions.?® This preferential association of apo-
SAA may relate to the ability of HDL, to be trans-
formed to HDL, like particles by the acquisition of
nonpolar constituents.?®> The transformation of
HDL,; to HDL, could function to increase the capaci-
ty of the HDL particle for transporting nonpolar
constituents back to the liver.
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