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ABSTRACT Ceruloplasmin, a copper-containing acute
phase plasma protein, has been shown to be regulated by
13-cis retinoic acid in rats. Ceruloplasmin activity was sig-
nificantly increased within 24 h and remained elevated for
at least 72 h after a single injection of 13-cis retinoic acid.
With daily injections of retinoic acid, the ceruloplasmin ac-
tivity continued to increase for at least 4 d. After 4 d, the
activity was four times control levels. In copper-deficient
rats, the ceruloplasmin activity did not increase in response
to retinoic acid unless copper was also given to these rats
8 h after retinoic acid. Actinomycin D blocked the retinoic
acid—induced stimulation of ceruloplasmin activity in cop-
per-sufficient rats, but in copper-deficient rats only about
half of the increase was blocked when the rats were given
copper or copper and retinoic acid. By use of pulse-labeling
techniques, ceruloplasmin synthesis was shown to in-
crease 1.5-fold after retinoic acid and this increase was
blocked by actinomycin D. When vitamin A—deficient rats
were repleted with 13-cis retinoic acid for 3 or 5 d, both
the ceruloplasmin activity and synthesis were significantly
stimulated when compared to the nonrepleted, deficient
rats. Therefore, the dietary components, copper and vita-
min A, play an important role in the regulation of plasma
ceruloplasmin levels. J. Nutr. 117: 1615-1622, 1987.
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Ceruloplasmin is a 132 kDa glycoprotein containing
six copper ions and 7-8% carbohydrate per molecule.
In most species it generally accounts for over 90% of
the plasma copper (1). At least five functions for ce-
ruloplasmin have been proposed (2). These all appear
to relate to the nonexchangeable copper moiety:
1) oxidation of Fe(Il) for incorporation into transferrin,
2) copper transport from the liver to other tissues,
3) oxidation of neurotransmitters for regulation of their
plasma levels, 4) serum antioxidant to scavenge free
radicals and superoxide anions and 5) an endogenous

modulator of the acute phase response. This last func-
tion is probably related to its role as a serum antioxi-
dant or to a combination of the other functions. Serum
ceruloplasmin concentrations, based on oxidase activ-
ity, and serum copper levels appear to increase 50% or
more in response to infection, inflammation or hor-
monally induced stress (1).

Ceruloplasmin synthesis occurs almost exclusively
in the liver and it is only during synthesis that copper
is incorporated into the molecule. Owen and Hazelrig
reported that isolated rat liver accumulated radio cop-
per and then released it as ceruloplasmin (3). Experi-
ments with isolated liver cells supported the relation-
ship between copper uptake and ceruloplasmin (4).
Holtzman and Gaumnitz (5, 6) showed an effect of cop-
per on ceruloplasmin synthesis 2—8 h after an injection
to copper-deficient rats. They showed that apocerulo-
plasmin was released at the same rate as holocerulo-
plasmin in copper-sufficient rats. However, the apo-
ceruloplasmin concentration in deficient rats was about
25% of the normal rat holoceruloplasmin concentra-
tion. Intraperitoneal injections of copper to the defi-
cient rats restored the plasma ceruloplasmin concen-
trations to normal within 24—48 h (6). Evans, Majors
and Cornatzer (7) observed that copper injections in-
creased ['“C]leucine incorporation into ceruloplasmin
synthesis when rats were injected with large doses of
copper. Furthermore, the stimulation of ceruloplasmin
oxidase activity by copper was blocked by actinomycin
D and cycloheximide. They concluded that the action
of copper on ceruloplasmin induction is at the tran-
scriptional level. Linder et al. (8) showed that copper
given orally or intraperitoneally increased [*H]leucine
incorporation into ceruloplasmin in copper-deficient but

'This work was supported by National Institutes of Health Grant
No. DK 31127 from the National Institute of Diabetes, Digestive
and Kidney Diseases and Boston Family Endowment Funds.

2To whom reprint requests should be addressed.

0022-3166/87 $3.00 © 1987 American Institute of Nutrition. Received 29 December 1986. Accepted 26 May 1987.
1615

Downl oaded from https://academni c.oup.confjn/article-abstract/117/9/1615/ 4768558

by guest

on 23 April 2018



1616

not normal rats. They suggested that copper increased
the rate of ceruloplasmin synthesis and stability of the
holoprotein. Furthermore, it was proposed that the in-
creased ceruloplasmin synthesis observed when copper
is administered to copper-sufficient (adequate) rats was
due to copper-induced hemolysis.

Hormonal regulation of serum ceruloplasmin levels
has been demonstrated (reviewed in ref. 1). Many of
these responses appear to be general in nature and in-
fluence all acute phase proteins. In addition, interleu-
kin-1-like endogenous mediators with a wide variety
of actions increase ceruloplasmin levels (9). This sug-
gests that ceruloplasmin induction is a component of
the host defense system and that it is regulated ac-
cordingly. Retinoids have been shown to possess im-
munostimulating properties (10, 11). Specifically, vi-
tamin A deficiency impairs leukocytic functions and
supplementation with vitamin A analogs may reverse
these effects (12, 13).

13-cis Retinoic acid is a derivative of vitamin A that
has been used to treat dermatological and tumorogenic
disorders (14, 15). Given orally, 13-cis retinoic acid was
shown to reduce the inflammation associated with ad-
juvant arthritis and to decrease the amount of colla-
genase secreted by synovial cells (16). Recently, ceru-
loplasmin oxidase activity was also found to be more
than doubled by a 6-d oral treatment of 13-cis retinoic
acid in rats with adjuvant arthritis (17). Because 13-cis
retinoic acid induces serum ceruloplasmin in rats with
adjuvant arthritis, it was used to study the regulation
of ceruloplasmin synthesis and secretion in copper-de-
ficient, copper-sufficient and vitamin A—deficient rats.

MATERIALS AND METHODS

Animals and diets. Male, CD strain rats (Charles River
Breeding Laboratories, Wilmington, MA) were housed
in stainless steel, suspended cages in a temperature-
controlled room with a 12-h light-dark cycle. In some
experiments, rats weighing 170 + 15 g (+ sD) were
used. They were fed commercial, nonpurified diet®
(Purina Rat Chow, No. 5012, Ralston Purina, St. Louis,
MO) and given tap water ad libitum. In other studies,
weanling rats weighing 55 + 4 g (+ sD) were fed a
purified diet based on the AIN-76 formulation (Re-
search Diets, New Brunswick, NJ) (18, 19). In experi-
ments in which copper intake was controlled, the pur-
ified diet contained either 0.6 mg Cu/kg (copper deficient)
or 6 mg Cu/kg (copper sufficient). These rats received
glass-distilled, deionized water. In vitamin A—deficient
purified diets, vitamin-free casein was used as the pro-
tein source and vitamin A was not included in the
vitamin mix. Tap water was given to these rats during
the depletion period. The diets were fed for 3 wk (copper
studies) or 9 wk (vitamin A study). Within these ex-
periments terminal weights were 229 + 45 and 251 *
16 g (= sD), respectively.
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Reagents. All chemicals used were at least reagent
grade and solutions were prepared with glass-distilled,
resin-deionized water. [3,4,5-*H]Leucine (140 Ci/mmol),
Aquosol and Protosol were purchased from New Eng-
land Nuclear, Boston, MA. The 13-cis retinoic acid was
a gift from Hoffmann-LaRoche, Nutley, NJ and was
stored under nitrogen, in a dark bottle at —20°C. Doses
of 13-cis retinoic acid or retinyl acetate (Sigma Chem-
ical, St. Louis, MO) were prepared just before each use
in phosphate-buffered saline (PBS) containing 0.3%
Tween-20. All other chemicals and reagents were from
Fisher Scientific, Pittsburgh, PA, or Sigma Chemical.

Ceruloplasmin isolation. Male rats (200—-250 g) were
injected with 0.5 mL turpentine [intramuscularly (i.m.)]
to cause a sterile inflammation and to increase serum
ceruloplasmin levels. Twenty-four hours later, the rats
were killed and the serum was obtained as described
later. Ceruloplasmin was isolated by a method de-
scribed by Weiner and Cousins (4). Briefly, serum di-
luted fivefold with 50 mM sodium acetate buffer (pH
5.5) and 20 mM e-aminocaproic acid, a protease inhib-
itor, was applied to a DEAE-cellulose column (1.5 X
30 cm). Ceruloplasmin was eluted with 0.5 M NaCl,
and then dialyzed against the acetate buffer. The di-
alysate was applied to a second DEAE-cellulose column
that was eluted with a salt gradient (0-0.3 M NaCl).
The pooled ceruloplasmin fractions, having an A,g/
Ag)o ratio of less than 130, were extracted twice with
an ethanol-chloroform mixture (9:1 vol/vol). The final
pellet from centrifugation at 4000 x g for 30 min at
4°C was dissolved in 50 mM potassium phosphate, 20
mM e-aminocaproic acid, filtered through a 0.22 um
filter, and stored at —70°C. The purity of rat cerulo-
plasmin generated by these steps, as verified by sodium
dodecyl sulfate—polyacrylamide electrophoresis, has been
reported previously (20).

Antibody production to ceruloplasmin. Polyclonal
antibodies to the purified rat ceruloplasmin were raised
in two male New Zealand White rabbits. One milliliter
of the initial emulsion, containing 2 mg ceruloplasmin
and 0.5 ml Freund’s complete adjuvant, was injected
in four to six sites on the back [subcutaneously (s.c.)]
and one site in the back leg (i.m.). Booster injections,
containing 1 mg ceruloplasmin and Freund’s incom-
plete adjuvant, were given 1, 2 and 4 mo after the initial
injection. The rabbits were exsanguinated by cardiac
puncture 2 wk after the final booster injection. The
anti-rat ceruloplasmin antiserum was stored in small
aliquots at — 70°C. The antibody production procedure
followed standard techniques and was described pre-
viously (20).

Ceruloplasmin induction. Rats were injected at ap-
propriate times with 13-cis retinoic acid [up to 150 mg/
kg, intraperitoneally (i.p.)] in PBS containing 0.3%
Tween-20. Vitamin A—deficient rats were repleted with

3Commercial closed formula diet; crude protein >22%, crude fat
>4.0%, crude fiber <5.0%, ash <8.0%.
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100 pg 13-cis retinoic acid or 100 pg retinyl acetate in
PBS/Tween-20 [per os (p.o.)] given every other day for
up to 5 d. Copper-deficient rats also received injections
of copper (1.25 mg/kg, i.p., as copper acetate) at a dif-
ferent site. Actinomycin D was injected at 0.4 or 0.8
mg/kg (s.c.) as described previously (21) either 1 or2 h
before retinoic acid and/or copper.

Measurement of ceruloplasmin activity and serum
copper. The rats were killed by decapitation. The blood
was collected and allowed to clot at 4°C for 2 h or
overnight before it was centrifuged at 4500 x g for 15
min at 4°C. The supernatant was removed and centri-
fuged again (2000 % g for 5 min at 4°C) to remove all
erthrocytes. The serum was then stored at —20 or
—70°C. Serum ceruloplasmin levels were measured by
p-phenylenediamine oxidase method (22) and activity
was reported in international units as defined by Rice
(23). Serum copper levels were determined by flame
atomic absorption spectrophotometry after a fivefold
dilution with 1% hydrochloric acid (21).

Ceruloplasmin synthesis rates. Preliminary studies
showed that the maximal incorporation of ceruloplas-
min and secretion into plasma proteins occurs 2 h after
injection of [*H]leucine. Other plasma proteins are sim-
ilarly labeled with a 2-h pulse labeling period and in-
corporation is interpreted to represent synthesis (24).
For these studies rats were injected as described above
to induce ceruloplasmin. Ten hours later, each rat re-
ceived 100 pCi [*H]leucine in 0.2 mL of PBS and then
was killed 2 h later. Serum was collected as described
above. For immunoprecipitation, 50 pL of labeled rat
serum was combined with 40 pL of Aprotinin (Sigma
Chemical) and 50 pL of rabbit antiserum in sterile mi-
crocentrifuge tubes. The tubes were incubated at 37°C
for 1 h, and then at 4°C for 16—18 h. Buffer A (1%
Triton X-100 + 150 mm NaCl + 10 mM leucine) was added
to each tube. These were then centrifuged at 10,000 X
g for 15 min at 4°C. The pellet was washed with buffer
and recentrifuged as above. It was then suspended in
100 pL of buffer and transferred to the top of a 0.3-mL
two-step sucrose gradient (1.0 and 0.5 M in buffer A)
and centrifuged as before. This pellet was washed once
more to remove excess sucrose. The final pellet was
suspended in 100 pL water and transferred to scintil-
lation vials and 0.5 mL of Protosol (Dupont NEN, Bos-
ton, MA) was added to each vial. The samples were
incubated for 2 h at 50°C before the addition of Aquasol
{(Dupont NEN) counting cocktail, and *H was measured
by liquid scintillation counting.

To measure total plasma protein synthesis, 5 pL of
radiolabeled serum was spotted on 1-cm? pieces of
Whatman No. 3 filter paper. The filters were allowed
to air dry and then were placed in 10% trichloroacetic
acid (TCA) on ice for 10 min, transferred to boiling 10%
TCA for 10 min and then quickly cooled by adding ice.
The filters were washed twice each in water, ethanol
and finally acetone. After air drying, the filters were
counted by liquid scintillation.
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Statistical analysis. A number of statistical tests were
used to analyze the data. These tests included analysis
of variance, Student’s t-test and Duncan’s multiple-
comparisons test, each used where appropriate (25).

RESULTS

A 150 mg/kg dose of 13-cis retinoic acid was deter-
mined to be the lowest single dose that would signifi-
cantly increase (P < 0.05) ceruloplasmin oxidase activity
in rats fed adequate amounts of vitamin A. This was the
dosage used in all but one of the experiments. As shown
in Fig. 1, ceruloplasmin induction by 13-cis retinoic acid
occurred within 24 h and remained elevated for at least
72 h after a single injection. The 24-, 48- and 72-h values
were not significantly different. The serum copper con-
centration paralleled p-phenylenediamine oxidase (pPD)
activity. With data from these and other experiments,
serum oxidase activity (wmol pPD-min~!-L~}), y, was
found to be related to the serum copper concentration
(ng/mL), x, as follows: y=45x-2 (r2=0.76).

When 13-cis retinoic acid was injected daily for up
to 4 d, ceruloplasmin oxidase activity and the serum
copper concentration continued to increase signifi-
cantly (P < 0.05), each to a maximum almost four times
that of control (0 d) after 4 d of treatment (Fig. 2). No
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FIGURE 1 Time course of ceruloplasmin induction by 13-
cis retinoic acid. Rats were injected (i.p.) with 150 mg/kg 13-
cis retinoic acid at 0 h. They were killed 24, 48 or 72 h later,
whereas the 0-h group was killed without injection. Values
shown are means *+ sp (n = 3). Standard deviation bar not
shown is within the datum point symbol. All values are sig-
nificantly different (P < 0.05) from the 0-h controls.
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FIGURE 2 Time course of ceruloplasmin induction after
multiple doses of 13-cis retinoic acid. Rats were injected (i.p.)
at 24 h intervals for 0-4 d. They were killed 24 h after their
last injection. The 0-h rats were killed without an injection.
The values shown are the mean + sp (n = 3). Standard de-
viation bars not shown are contained within the datum point
symbol. All values are significantly different (P < 0.05), ex-
cept the 2,3 and 3,4 d serum copper comparisons.

change in these parameters were observed in rats given
only PBS. The basal level of serum oxidase activity was
found to vary to some degree between experiments.
When copper injections were given to copper-defi-
cient rats, ceruloplasmin oxidase activity at 24 h after
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administration plateaued at a dose of 1.25 mg Cu/kg.
Up to this dose concentration, there was a steady and
fairly linear rise in oxidase activity. In these copper
repleted rats oxidase activity approached that found in
copper-sufficient rats (data not shown). For these rea-
sons this dose level was used for copper repletion stud-
ies. The copper injection significantly (P < 0.05) in-
creased both ceruloplasmin oxidase activity and serum
copper concentrations when given alone or concur-
rently with 13-cis retinoic acid (Table 1). Conversely,
13-cis retinoic acid given alone did not elevate either
ceruloplasmin oxidase activity or the serum copper con-
centration in copper-deficient rats. Delaying the copper
injection until 8 h after the 13-cis retinoic acid dose re-
sulted in significant (P < 0.05) increases in both oxidase
activity and serum copper concentration at 24 h.

Actinomycin D blocked the induction of ceruloplas-
min (oxidase activity) by 13-cis retinoic acid in copper
sufficient rats, but had no significant effect on PBS-
injected (control) rats (Fig. 3). In copper-deficient rats,
actinomycin D had no effect on oxidase activity in con-
trol rats. However, the drug blocked approximately half
of the stimulation observed in copper-deficient rats given
copper alone or with 13-cis retinoic acid. When the dose
of actinomycin D given to the copper-deficient rats was
doubled to match the dose given to the copper-suffi-
cient rats (0.8 mg/kg), half of the copper-deficient rats
died. Of the rats that survived, actinomycin D had a
greater effect. Specifically, ceruloplasmin activity in
these rats was reduced to 22 and 36% of that observed
when copper and copper plus 13-cis retinoic acid were
given (data not shown).

Pulse-labeling with [*H]leucine was used to measure
the rate of ceruloplasmin synthesis (and secretion). After
administration of retinoic acid, incorporation of *H into
immunoprecipitable ceruloplasmin was 150% of that
in the control group (Table 2). Incorporation was sig-

TABLE 1
Effect of copper repletion on retinoic acid stimulation of ceruloplasmin oxidase activity in copper-deficient rats'

Time of
retinoic Time of
acid copper Serum pPD Serum
Condition injection injection oxidase activity copper
h wmol-min-*-L~! ng -mL-!
Control — — 0.12 + 0.24 0.03 = 0.02
13-cis retinoic acid 0 — 0.0 0.03 = 0.02
Copper — 0 28.10 + 4.38* 0.73 = 0.12¢*
Copper + 13-cis retinoic acid 0 0 32.18 + 4.33* 0.80 + 0.09*
Copper — 8 28.48 + 3.38* 0.69 = 0.07*
Copper + 13-cis retinoic acid 0 8 37.32 + 5.16* 0.93 + 0.07*

Rats were fed a copper-deficient diet for 3 wk. Then they were injected with phosphate-buffered saline (PBS) containing 0.3% Tween-20
(control) or 13-cis retinoic acid in PBS/0.3% Tween-20 (150 mg/kg, i.p.) at 0 h. Some rats were also given separate injections of copper (1.25
mg copper/kg as acetate, i.p.) at O or 8 h as indicated above. The rats were killed at 24 h. Each value is the mean * sD (n = 4). *Significantly
different from those groups that did not receive copper injections (P < 0.05). ®*Significantly different from copper only at 8 h (P < 0.05).
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FIGURE 3 Effect of actinomycin D (Act D) and copper (Cu)
on induction of ceruloplasmin by 13-cis retinoic acid (RA) in
copper-deficient and copper-sufficient rats. All rats were in-
jected with either phosphate-buffered saline (PBS) or acti-
nomycin D in PBS (0.8 mg/kg for copper-sufficient rats or 0.4
mg/kg for copper-deficient rats, s.c.). Two hours later they
all were injected with PBS/Tween-20 + 13-cis retinoic acid
(150 mg/kg, i.p.); also some of the copper-deficient rats re-
ceived copper (1.25 mg/kg as copper acetate, i.p.) at this time.
All rats were killed 24 h later. The values shown are means
+ sD (n = 3-4). The 13-cis retinoic acid group was signifi-
cantly different (P < 0.05) from the other copper-sufficient
groups. In the copper-deficient rats, both Act D treatment
groups were significantly lower than their respective control
group, and the Cu + RA group was significantly higher than
the Cu group (P < 0.05).

nificantly (P < 0.05) lower in rats injected with acti-
nomycin D than in the controls. Furthermore, the stim-
ulation observed in the synthesis rate (1.5-fold) caused
by retinoic acid was fully blocked by actinomycin D.

The dose of 13-cis retinoic acid used in the studies
described above was high; however, the rats were fed
diets that provided an adequate supply of vitamin A.
To examine the influence of vitamin A status on serum
ceruloplasmin levels, vitamin A—deficient rats (at weight
plateau stage) were administered 13-cis retinoic acid
(100 pg, p.o., daily). This resulted in a modest increase
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TABLE 2

Inhibition of retinoic acid—stimulated ceruloplasmin synthesis by
actinomycin D in copper-sufficient rats*

Treatment

group [*H]Leucine incorporation
ceruloplasmin dpm-total protein dpm ~*!

Control 48 + 0.7

Actinomycin D 3.6 = 0.2*

Retinoic acid 73 = 0.7*

Retinoic acid 3.0 + 0.2*

+ actinomycin D

1Rats were fed a copper-sufficient diet for 7 d. Actinomycin D (0.8
mg/kg, s.c.) was given 1 h before 13-cis retinoic acid (150 mg/kg) or
PBS (control). The rats were killed 12 h later. Pulse-labeling was with
[*H]leucine given to each rat 2 h before they were killed. Serum
ceruloplasmin was immunoprecipitated as described in the Materials
and Methods section. Each value is the mean + sD (n = 4). *Significantly
different from control at P < 0.05.

in weight gain during the 5-d repletion. As shown by
the data in Table 3, repletion resulted in 35% higher
ceruloplasmin oxidase activity within 3 d (P < 0.05).
This difference went up to 50% after 5 d. Repletion
with retinol for a comparable period produced a com-
parable increase. The absolute oxidase value in control
rats tended to vary somewhat between the experiments
reported here. For example, repletion with retinoic acid
appeared to return activity to normal on the basis of
the experiment reported in Fig. 3, but not with the data
from Fig. 1. Therefore, each experiment must be com-
pared on a relative, individual basis. Pulse labeling with

TABLE 3

Effect of vitamin A deficiency and repletion with retinoic acid or
retinyl acetate on ceruloplasmin oxidase activity and synthesis*

PD oxi tivi
Retinoic  Retinyl PPD oxidase activity
acid acetate 1d2 3d 5d
wmol-min='-L-?!
- 221 +41 240 = 3.1 243 + 4.7
+ 240 38 322 +5.1* 362 % 6.2
+ 330 + 2.6*
[*H]Leucine incorporation
ceruloplasmin dpm-total
protein dpm !
- 30+02 3.1 +05 36 +04
+ 36+10 45 + 4.5 52 + 1.0

'Rats were fed the vitamin A-deficient diet for 9 wk. Repletion
was with 100 pg 13-cis retinoic acid (p.o.) given every other day for
up to 5 d or 100 pug retinyl acetate (p.o.) given every other day for 5
d. Pulse-labeling was with [*H]leucine given to each rat 2 h before
they were killed. Immunoprecipitation and oxidase activity mea-
surements as described in the Materials and Methods section. Each
value is the mean + sp (n = 3-5). *Significantly different from
corresponding retinoic acid group at P < 0.05.

2Days of repletion.
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[*H]leucine demonstrated that administration of 13-cis
retinoic acid stimulated (P < 0.05) the rate of cerulo-
plasmin synthesis and/or secretion. The increase in
synthetic rate was similar to that observed in oxidase
activity. This shows that serum ceruloplasmin levels
are sensitive to the dietary supply of vitamin A.

DISCUSSION

Recently, Brinckerhoff, Coffey and Sullivan (16)
showed that 13-cis retinoic acid acts as an anti-inflam-
matory agent. Oral administration of this vitamin A
metabolite reduced swelling associated with adjuvant
arthritis in rats as well as the amount of collagenase
secreted by synoval cells removed from limbs of these
animals. Subsequently, retinoic acid was shown to more
than double serum ceruloplasmin activity in rats with
an early stage of adjuvant arthritis (17). In those studies
it was suggested that the reduction in arthritic limb
swelling observed in retinoic acid—treated rats was re-
lated to ceruloplasmin’s antioxidant and other poten-
tial host defense properties.

The intraperitoneal dose of retinoic acid used to in-
crease ceruloplasmin activity and secretion in the pres-
ent studies was large and could have caused the in-
crease through secondary effects. 13-cis Retinoic acid
is converted to the more toxic all-trans form in the
intestine and liver (26). Whether this conversion occurs
readily enough to produce effective amounts of all-trans
retinoic acid is yet to be determined. A comparative
chronic dose level (on a body weight basis) in humans
was found to produce hepatotoxicity (15). It is not known
if one acute dose produces similar toxicity in rats. Ret-
inoic acid will cause leukocytes to differentiate, which
could result in release of various mediators including
interleukin-1 (10). This mediator has been shown to
increase the production of acute phase proteins, prob-
ably by causing changes in expression of the genes in-
volved (25, 27).

Whether 13-cis retinoic acid increases ceruloplasmin
levels directly or through secondary effects is not clear
from the data presented here. Nevertheless, a single
dose maintained an elevated serum ceruloplasmin ac-
tivity for at least 3 d. This prolonged effect was similar
to that produced by turpentine or interleukin-1-like
factors, although the magnitude of turpentine stimu-
lation is not as great (1). The fourfold increase in cer-
uloplasmin oxidase activity is as high as has been re-
ported before in rats. The physiological effect of this
huge increase could prove to be of marked significance
because ceruloplasmin may act as an antioxidant sys-
temically.

Vitamin A could influence plasma ceruloplasmin
levels by at least two separate mechanisms. The first
possible mechanism relates to the fact that ceruloplas-
min is a glycoprotein (1) and vitamin A deficiency has
been shown to reduce the glycosylation of proteins. For
example, serum a,-macroglobulin is under glycosy-
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lated in vitamin A deficiency (28) and glycosylation of
hepatic a,,-globulin may regulate serum levels of the
protein (29). A second mechanism of action involves
the regulation of ceruloplasmin gene expression by vi-
tamin A analogs. Retinoids, particularly retinoic acid,
have been shown in cell culture systems to regulate a
variety of genes including alkaline phosphatase (11),
transglutaminase (30) and keratin (31). This mecha-
nism of induction may involve binding to a specific
receptor protein and activating of gene transcription
(32, 33). This is supported by the recent demonstration
that the acute phase protein, a,-macroglobulin, is tran-
scriptionally regulated during experimental inflam-
mation (34). Our current efforts with ceruloplasmin are
being directed toward the mechanism of regulation.

It has been shown that actinomycin D completely
blocked the increase in plasma ceruloplasmin oxidase
activity that occurred in copper-sufficient rats after a
copper injection (7). The present experiments extended
those findings to show, for the first time, that in copper-
sufficient rats, actinomycin D also completely blocked
the stimulation in serum ceruloplasmin activity and
ceruloplasmin synthesis caused by 13-cis retinoic acid.
However, in copper-deficient rats it was not as effec-
tive. Actinomycin D blocked only about half of the
increase in ceruloplasmin activity caused by repletion
with copper alone or copper plus 13-cis retinoic acid.
The dose of actinomycin D given, 0.4 mg/kg, to these
copper-deficient rats was the same as the dose level
used by Evans, Majors and Cornatzer (7). Most studies
in our laboratory have used actinomycin D at a dose
of 0.8 mg/kg (35). On the basis of work by Prosky et
al. (36), this level is necessary for full inhibition of
mRNA synthesis to be observed. However, at this dose,
half of the copper-deficient rats died. The ceruloplas-
min synthesis data did confirm that, as was proposed
earlier (8), there is a basal rate of ceruloplasmin or apo-
ceruloplasmin synthesized even in the copper-deficient
rats. Oxidase activity was not increased, but neverthe-
less apoceruloplasmin contributes to the total pool of
newly synthesized serum ceruloplasmin.

Actinomycin D totally blocked the retinoic acid—
induced increase in the rate of ceruloplasmin synthesis
(Table 2), apparently without affecting the basal syn-
thetic rate. On the basis of this observation, we theorize
that the increase in ceruloplasmin oxidase activity pro-
duced by retinoic acid regardless of dietary copper sta-
tus resulted from increased synthesis of ceruloplasmin
mRNA. The stimulation of ceruloplasmin activity due
to copper repletion of copper-deficient rats was pro-
duced either by translation of existing mRNA or by
incorporation of copper into intracellular apocerulo-
plasmin before secretion of the holoprotein.

The results of the present study are basically similar
to the effects of copper repletion on the inducibility of
ceruloplasmin in copper-deficient rats reported by Lin-
der et al. (8). They concluded that the rate of cerulo-
plasmin synthesis was increased in response to copper.
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Those experiments used a longer time course than that
used by Holtzman and Guamnitz (6), but one that was
less than that reported in the present experiments (12—
24 h). Linder et al. demonstrated that copper admin-
istration to copper-sufficient rats caused hemolysis (8),
and it was proposed that this influenced the cerulo-
plasmin-induction experiments of Evans, Majors and
Comnatzer (7). We used copper injections to replete the
copper status of our copper-deficient rats rather than
refeeding of a diet with adequate copper because an
injection provides a better control of the time course.
However, we used a lower dose of copper than these
other groups (6, 8) and no hemolysis was observed.

Vitamin A appears to have a role in reducing sus-
ceptibility to infection (12), and retinoids are consid-
ered to act as immunostimulants (13). Resistance to
infection requires adequate phagocytic activity, which
gives rise to a variety of free radicals that kill invading
organisms. Ceruloplasmin acting as a free radical scav-
enger could be expected to increase as a response to
minimize uncontrolled free radical damage (1). There-
fore, the increase in de novo ceruloplasmin synthesis
associated with infection and inflammation may be a
homeostatic response to support defensive mecha-
nisms.
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