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Ahstract-[‘4C]-u-Penicillamine rapidly enters the lymphocytes and freely diffuses out of the cells. Peak 
levels of radioactivity were found in lymphocytes after 15 min of incubation with [i4C]-u-penicillamine 
and no cell associated label was found after 2 hr of incubation. The macrophages take up [I%]-u-peni- 
cillamine in a manner dependent on the drug concentration (range from 50 to 500 pg/ml) and on the 
duration of incubation (up to 24 hr). The drug is firmly bound to macrophages as 40 per cent of the label 
is still cell associated after 24 hr culture in drug-free medium. The bulk of radioactivity is membrane 
associated. The uptake of[‘4C]-u-peniciliamine is significantly increased in NaIO, pretreated macrophages. 

The mode of action of D-penicillamine in rheumatoid 
arthritis still remains obscure. Several investigations 
have been focused on its possible action on immuno- 
logical mechanisms [i-3] and numerous reports 
have described the effects of D-penicillamine on 
lymphocyte functions in oitro [4-83. We have recently 
shown that macrophages preincubated with D-peni- 
ciliamine are able to modulate the response of purified 
lymphocytes tothenon-speci~cmitogencon~navalin 
A [9, lo]. This finding might suggest that the macro- 
phages are target cells for D-penicillamine. 

We have now investigated the uptake of [‘“cl-~- 
penicillamine both in purified lymphocytes and 
macrophages. In addition we have studied the sub- 
cellular distribution of D-~nicillamine in macro- 
phages and assessed its uptake in macrophages whose 
membranes were modified by previous treatment with 
sodium periodate [ 111. 

MATERIALS AND METHODS 

Suspensions of lymph node cells and peritoneal 
macrophages were prepared from inbred, female 
Lewis rats as described previously [7,9]. Lymph node 
cells were depleted of adherent cells (macrophages 
and monocytes) by culture on glass Petri dishes over- 
night and peritoneal macrophages were purified by 
adhesion to 3 cm plastic Petri dishes for 2 hr. The 
purity of the cell populations was checked by morpho- 
logical examination of Giemsa-stained preparations 
and by staining for non-specific esterase of macro- 
phages [12]; less than 1 per cent contaminating cells 
were found in the purified lymphocyte- and macro- 
phage preparations. 

Purified lymphocyte suspensions were adjusted to 
2 x lo6 cells/ml in RPM1 1640 (25 mM Hepes), con- 
taining 2 mM glutamine, 100 units/ml penicillin, 100 
pug/ml streptomycin and 1 per cent fetal calf serum 
(Grand Island Biological Co). After equilibration to 
37”, [i4C]-D-penicillamine in the indicated doses was 
added to 1 ml aliquots of the cell suspension. After 
incubation the cells were rapidly filtered off on Celo- 
tate filter (Millipore type EAWP) and washed on the 

filters with 3 x 10 ml saline containing a large excess 
of unlabel1~ D-penicillamine (10 mg/ml). The material 
on the filters was digested overnight with 0.5 N NaOH 
and counted in 10 ml Dimilume @(Packard Instru- 
ments) in a liquid scintillation counter. Purified 
macrophages adhering to 3 cm Petri dishes (Nunc No. 
1420, Denmark) were incubated at 2 x lo6 cells/ml 
as described for the lymphocytes. After incubation the 
adherent cells were washed with 3 x 1 ml saline, con- 
taining unlabeled o-peniciliamine (10 mg/ml) and 
digested with 0.5 N NaOH. 

Crude plasma membrane fractions were prepared 
from macrophages incubated with [‘4C]-n-penicilla- 
mine for 2 and 24 hr by the method described by Werb 
and Cohn [13]. Uptake of [‘4C]-D-penicillamine was 
determined after digestion with 0.5 N NaOH. 
Aldehyde groups were induced on purified macro- 
phages by treatment for 10min at 22” with 10m3 M 
NaIO, in phosphate-buffered saline at pH 7.2 (PBS), 
as described by Remold [ll]. After washing of the 
cells with 3 x 1 ml culture medium, the cells were 
incubated with [14C]-D-penicillamine (100 ~g/ml) 
for 4 hr. Control macrophages were treated in parallel 
with PBS and the percentage of viable cells was 
estimated by the eosin exclusion method immediately 
after NaIO, treatment and at the end of the experi- 
ment. Both control and treated macrophages were 
more than 90 per cent viable under these conditions. 
The [14C]-D-penicillamine used in the experiments 
was a generous gift from Dr. Maul, Isotopenlabor 
Chemie, Bayer AG. It was supplied as the acetone 
adduct (D-isopropyliden-penicillamine* HCl) at a 
specific activity of 3.2 pCi/mg. Just prior to use the 
adduct was cleaved by heating in distilled water at 
100” for 30 min under nitrogen. The purity of the 
obtained o-~nicillamine.HCl was checked by thin 
layer chromatography in butanol : 100 per cent acetic 
acid:H,O (4:l:l) [14]. No difference was found 
compared to unlabeled D-penicillamine (Sigma). The 
radiochemical purity was assessed by autoradio- 
graphy, using Agfa Osray M-3 X-ray film. [‘“Cl-D- 
Penicillamine was adjusted to the desired concentra- 
tion in RPM1 1640 pH 7.4, calculated on the basis of 
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the weight of free D-penicillamine obtained from the 
original acetone adduct. Uptake of [14C]-D-peni- 
cillamine in lymphocytes, macrophages and macro- 
phage plasma membrane fractions was expressed as 
c.p.m./106 cells f standard error of the mean (S.E.M.). 
Significance of the increase in uptake in NaIO,- 
treated macrophages as compared to controls was 
assessed by Student’s ‘t’ test. All results were corrected 
for blank values, resulting from adsorption of [ 14C]- 
D-penicillamine to Celotate filters or plastic Petri 
dishes. 

RESULTS 

Uptake of [ 14C]-D-penicillamine in lymphocytes und 
mucrophuges. When purified lymphocytes, depleted 
of glass-adherent macrophages and monocytes, were 
incubated with 10 pg/ml of [‘4C]-D-penicillamine at 
37”, a rapid initial uptake of label was seen (Table 1). 
Maximum uptake was observed after 15 min of 
incubation. Longer periods of incubation resulted in 
decreased uptake and after 2 hr of incubation no 
[ “C]-D-penicillamine could be found in association 
with the lymphocytes. Similar kinetics were found 
for lymphocytes incubated at 4” or with higher con- 
centrations of [14C]-D-penicillamine (200 pg/ml) 
(results not shown). 

When purified peritoneal macrophages adhering 
to plastic Petri dishes were incubated with 10 pg/ml 
of [14C]-D-penicillamine a very low uptake of label 
was observed during the initial 2 hr of incubation. 
The uptake showed a 4-fold increase after 24 hr of 
incubation (Table 1). 

In order to study the mechanism of uptake of 
[14C]-D-penicillamine by purified macrophages, in- 
creasing concentrations of [‘4C]-D-penicillamine were 
added to macrophage cultures incubated for 2 and 
24 hr (Fig. 1). A linear uptake of label was found in 
macrophages incubated with 10-500 pg/ml of [‘“Cl- 
D-penicillamine for 2 hr. Incubation for 24 hr resulted 
in linear uptake with concentrations from 10 to 200 

Table 1. Uptake of [‘4C]-o-penicillamine in lymph node 
lymphocytes and peritoneal macrophages from Lewis rats 

Time of 
incubation 

with 
[14C]-DPA, 

min 

Uptake of 
[14C]-DPA in 
lymphocytes, 

C.p.m./106 
lymphocytes, 

Mean f S.E.M. 

Uptake of 
[ 14C]-DPA in 
macrophages, 

C.p.m./106 
macrophages. 

Mean * S.E.M. 

1 32 f 10 
5 496 + 156 

15 514 + 97 
30 254 + 108 
60 94 _I 21 

120 0 
24 hr 0 

n.d. 
12 + 1 

n.d. 
15 * 3 
16 + 3 
16 + 1 
62 f 5 

Lymphocytes, depleted of glass-adherent cells, and puri- 
lied macrophages were incubated at 2 2: lo6 cells/ml with 
[‘4C]-u-penicillamine ([‘%I-DPA, 10 pg/ml) for various 
lengths of time, at 37”. Uptake of radioactivity was deter- 
mined in the lymphocytes by collection of the cells on 
Celotate filters and in the macrophages by digestion of the 
cells with 0.5 N NaOH. Each value represents the mean of 

3 separate determinations. 

Fig. 1. Rate of uptake of [‘4C]-D-penicillamine in peritoneal 
macrophages. Purified macrophages (2 x lo6 cells/ml) were 
incubated with various concentrations of C’4C]-D-penicilla- 
mine (10-500 pg/ml) and the uptake of radioactivity was 
determined after 2 hr (O---O ) and 24 hr (O---Q) of 
incubation. Each point represents the mean of 3 separate 

determinations ( * S.E.M.). 

pg/ml; at higher concentrations of [ “C]-D-penicilla- 
mine the rate of uptake was lower, indicating satura- 
tion of the cell and/or excretion of label. No decrease 
in cell viability of lymphocytes or macrophages was 
found after incubation with [‘4C]-D-penicillamine 
(200 pg/ml) for 24 hr as assayed by the eosin exclusion 
test. 

Releuse of[14C]-D-penicilluminefrom macrophuges. 
When purified peritoneal macrophages were incu- 
bated with [14C]-D-penicillamine for 24 hr, washed 
extensively and reincubated in fresh medium without 
drug, the label was released at a rapid initial rate 
during the first 4 hr in drug-free medium (Fig. 2). This 
rate of release paralleled the initial rate of uptake of 
[14C]-D-penicillamine. During the next 20 hr the 
label was released at a much slower rate and after 24 
hr of incubation 35 per cent of the total label was still 
cell-associated. This material was not released from 
the cells by a 30 min chase with unlabeled D-penicilla- 
mine (10 mgjml). No decrease in the number of viable 
adherent cells was found during the 48 hr of incuba- 
tion, as assayed by the eosin exclusion test. 

Binding of [ 14C]-D-peniCil!0?&e to mucrophuge 
plusmu membrunefruction. Several mechanisms could 
account for the persistence of label in macrophages 
after incubation in drug-free medium: uptake by 

Cell - as5caa- 

ted label 

cpm/l06 
macrophages 

1400- 
:I?\* 1 

200. 

246 10 20 24 hours in 
drug-free medium 

Fig. 2. Release of label from peritoneal macrophagea Puri- 
fied macrophages (2 x lo6 cells/ml) were incubated for 24 
hr with [I‘%]-D-penicillamine (200 pg/ml). The macro- 
phages were washed and incubated in drug-free medium for 
various lengths of time (0, 1, 2,4 and 24 hr) prior to assess- 
ment of the cell-associated label. Each point represents the 

mean of 3 separate determinations ( k S.E.M.). 
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Table 2. Uptake of [‘4C]-D-~ni~llamine in plasma mem- 
brane fraction from peritoneal macrophages 

Time of Uptake in Uptake in % 
incubation unfractionated macrophage radioactivity 

with macrophages membrane in membrane 
[“Cl-DPA, C.p.m./106 fraction fraction 

(hr) cells + S.E.M. C.p.m./106 
cells f S.E.M. 

2 705 + 56 355 + 27 50 
24 1176 + 252 870 k 160 74 

Purified macrophages (2 x lo6 cells/ml) were incubated 
with [“Cl-D-penicillamine (200 pg/ml) for 2 or 24 hr. The 
uptake of radioactivity was determined in whole, unfrac- 
tionated macrophages and in the plasma membrane fraction. 
The uptake in the plasma membrane fraction was calculated 
as percentage, uptake, compared to the uptake in unfrac- 
tionated cells. Each value represents the mean f S.E.M. of 
4 separate determinations. 

diffusion and/or endocytosis followed by binding to 
intracellular structures, and/or binding to binding 
sites or reactive groups on the cell surface membrane. 
Table 2 shows the amount of label associated with a 
crude plasma membrane fraction from macrophages 
incubated with 200 pg/ml of [14C]-D-penicillamine 
for 2 and 24 hr. The membrane fractious were exten- 
sively washed with excess of unlabeled D-penicillamine 
before determination of incorporated label. After 
2 hr of incubation 50 per cent of the label was found 
in the membrane fraction, after 24 hr of incubation 
74 per cent of the label was membrane-associated. 
More than 50 per cent of the membrane associated 
label could be precipitated with trichloroacetic acid, 
indicating association with membrane protein-frac- 
tions. 

Uptake of [‘4C]-D-peniciilamine by NaIO,-treuted 
~c~op~uges. Treatment of purified peritoneal macro- 
phages with 10m3 M NaIO, in PBS for 10 min at 
22” increased the uptake of [‘4C]-D-penicillamine 
(100 pggiml) during a 4-hr incubation by 129 per cent, 
compared to macrophages treated with PBS alone 
(Table 3). NO decrease in viable adherent cells was 
seen under these conditions, as assayed by the eosin 
exclusion test. 

Table 3. Uptake of [14C]-D-penicillamine in NaIO,-treated 
macrophages 

NaIO,- 
treatment 

of 
macrophages 

Uptake of 
[14C]-DPA in 
macrophages 

C.p.m./106 
cells f S.E.M. 

% Increase 
of uptake in 

NaIO,-treated 
macrophages 

0 244 + 23 
1O-3 M 558 * 2.5 12Y{P < O.OOi) 

Purified macrophages (2 x lo6 cells/ml) were pretreated 
with phosphate buffered saline (PBS) or with 10d3 M NaIO, 
in PBS for IO min at 22”. After washing, the cells were incu- 
bated with [“+C]-D-penicillamine (100 pg/ml) for 4 hr and 
the uptake of label was determined after digestion of the cells 
with 0.5 N NaOH. Each value represents the mean f S.E.M. 
of 4 separate determinations. 

DISCUSSION 

[14C]-D-Penicillamine is rapidly taken up by 
purified lymphocytes during the first 15 min of 
incubation, both at 37” and at 4”. These results are 
consistent with an uptake by diffusion, a mechanism 
which may also account for the uptake of D-penicilla- 
mine by erythrocytes [15]. No label was found in 
lymphocytes after 2 hr of incubation. D-Penicillamine 
entering the lymphocytes may be kept in the reduced 
state by the intracellular glutathione system and may 
also be able to freely diffuse out of the cells where it 
would be trapped as disulphide. Jellum and Skrede 
[ 161 have reported that oxidation of D-penicillamine 
to the corresponding disulphi~ occurs in aqueous 
solution at pH 7.4 slowly. As our experiments have 
been performed in presence of fetal calf serum no 
conclusion can be drawn regarding the permeability 
of the lymphocytes to penicillamine disulphide, as 
disulphide formation may also have occurred be- 
tween D-penicillamine and serum protein SH-groups. 

At a concentration where [14C]-D-penicillamine 
(10 &ml) was readily taken up by the lymphocytes, 
virtually no uptake was seen in purified peritoneal 
macrophages. At higher concentrations (> 50 pg/ml) 
a slow uptake was evident, dependent on the concen- 
tration of [‘4C]-D-penicillamine and the length of 
incubation. After 24 hr of incubation with 200 pg/ml 
of ~i4C]-D-penicillamine, lo6 macrophages contained 
approximately 100 ng of D-penicillamine. The profile 
of uptake of [’ 4C]-D-penicillamine by macrophages 
seems to be clearly different from that observed in the 
lymphocytes. 

When the labeled macrophages were exposed to 
medium without D-penicillamine the label wasinitially 
released at a rapid rate comparable to the initial rate 
of uptake, then the release occurred at a slow rate 
and after 24 hr 40 per cent of [‘4C]-D-penicillamine 
was still cell bound. The phagocytic activity is not 
impaircd in cells cultured in the presence of D-peni- 
cillamine [17] and it may be suggested that D-peni- 
cillamine, as disulphide or bound to serum protein, is 
engulfed by peritoneal macrophages. The high levels 
of radioactivity we have found associated with 
macrophage membrane fractions suggest that D-peni- 
cillamine may also bind to reactive groups or binding 
sites at the level of cell membranes. This hypothesis 
is consistent with the finding that 40 per cent of the 
label is still cell-bound after 24 hr of culture in drug- 
free medium. 

One obvious mechanism of binding is via -S-S- 
bridges, generating mixed disulphide with membrane 
thiol-groups. This does not seem to account for a 
substantial amount of membrane-associated D-peni- 
cillamine as extensive equilibration and washing 
with unlabefed D-peni~illamine does not reduce the 
amount of bound label. Another possible binding 
mechanism is the interaction of D-penicillamine with 
aldehyde groups resulting in the formation of thiazo- 
lidine rings [18, 191. Aldehyde groups may originate 
on macrophage membranes from the decarboxylation 
and the deamination of aminoacids by the peroxi- 
dase/H,O, system [20,21] and their number can be 
increased by treatment of the macrophage with 
sodium periodate as described by Remold [ll]. The 
highly significant enhancement of [14C]-D-penicilla- 
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mine uptake by macrophages pretreated with NaIO, 
may suggest that D-penicillamine interacts with 
aldehyde groups on macrophage membranes. It does 
not exclude, however, the possibility that other or 
additional mechanisms are involved. 
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