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Abstract—The toxic metal beryllium (Be) can produce hepatic necrosis and is known to be concentrated
by the liver after i.v. injection of particulate and soluble Be compounds. In the present study the
accumulation and release of Be by a hepatic lvsosome fraction of the rat has been examined after i.v.
administration of sublcthal doses of particulate Be phosphate (12.5 and 150 pmoles/kg) or the more
hepatotoxic soluble BeSO4 (12.5 und 25 gmolesikg). Maximal lysosomal Be content is produced within
2 hr or 5 hr after the injection of Be phosphate or BeSOu respectively and in both cases this is followed
by a gradual decrease in the lysosomal Be concentration of the next 7 days to 30-40 per cent of the
maximal values. which is consistent with the loss of Be observed for whole liver. The release of Be from
lysosomes has been examined by measurement in vitro of the liberation of Be into a suitable incubation
medium from lysosomes preparcd from Be treated animals. The results indicate that the liberation of
Be was maximal for lysosomes isolated 5 hr after injection of either form of Be and was accompanied
by a significant release of lysosomal S-glucuronidase activity, particularly at the higher doses of Be
used, and therefore indicates that some loss of lysosomal integrity occurred. Rupture of the lysosomal
membrane could not be demonstrated in vitro by incubation of lvsosomes from untreated animals with
externally added Be compounds. It is concluded. however, that any release of hvdrolytic enzymes into
the cytosol occurring in vivo may not be the major cause of cell necrosis produced by Be and it is
suggested, therefore. that the role of tysosomes in Be hepatotoxicity is primarily in the intracellular
accumulation and subsequent release of Be and that the main cytotoxic target for Be is probably extra-

O006-2932/79-1 2153595 $02.00:0

lysosomal.

Studies on the cellular toxicity of a wide variety of
colloidal metal salts have demonstrated that after
intravenous (i.v.) administration to experimental
animals they are taken up from the blood into hepatic
lysosomes [1-4]. The presence of the toxic metal
beryllium (Be) can be shown also in rat hepatic
lysosomes after i.v. injection of Be salts [5]. but thus
far a detailed study of lysosomal Be uptake has not
been undertaken. Beryllium salts are known to gen-
erate particulate (Be phosphate) and colloidal (Be
hydroxide) forms in the plasma [6] and hepatic
accumulation of Be produces focal liver necrosis
within 1-3 days [7. 8] probably after the cells have
taken up a critical amount of Be [9]. Furthermore,
injected soluble forms of Be (e.g. BeSO., Lbso ca.
30 umoles Be/kg) have been found to be propor-
tiopately more toxic than performed particulate
forms {e.g. Be phosphate, LDsoca. 200 pmoles Be/kg)
[9. 10]. However, the importance of any lysosomal
damage produced by the Be both with respect to the
chemical form administered and to the necrotic pro-
cess itself is uncertain. We have therefore examined
the time dependent accumulation and loss of Be by
hepatic lysosomes after the i.v. administration of
sublethal doses of either particulate Be phosphate
or the more hepatotoxic Be salt BeSOu. In addition.
the discharge of Be by incubation in vitro of lyso-
somes prepared from treated animals has been meas-
ured, together with the appearance of g-glucuroni-
dase (EC 3.2.1.31) activity in the incubation
medium. a technique which has been used exten-

sively by other workers to ascertain the extent of
lysosomal membrane fragility [ 11, 12]. These experi-
ments have lead us to conclude that whilst lysosomes
play a role in the accumulation and subsequent
release of Be, the metal induced cell necrosis is
probably not the direct result of lysosomal rupture
in the cell although after lethal doses of Be dis-
charged hydrolytic enzymes might contribute to the
production of hepatocyte damage.

MATERIALS AND METHODS

Estimation of beryllium (Be)

All Be compounds used for animal injections were
labelled with radioisotope "Be (Radiochermical
Centre, Amersham, U.K.) and administered i.v.
(0.1-0.2 ml) at doses indicated in the text to male
LAC P rats (200 = 5 g) via a tail vein. Suspensions
of particulate 'Be phosphate (ca. 0.25 uCi/umole)
and "BeSO. (ca. 0.5 uCi/umole) solutions were pre-
pared as previously described [9]. The Be content
of the liver tissues and subcellular fractions after
injection was estimated by measuring the "Be radia-
tion of a sample in a Packard Auto Gamma Spec-
trometer, Model 5330, with a sample of the injected
material as a reference standard.

Measurement of B-glucuronidase activity

Estimation of the B-glucuronidase activity in the
various liver preparations and subcellular fractions
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was based on the measurement at 420 nm of p-nitro-
phenol liberated from p-nitrophenol-8-p-glucuron-
ide [13]. Incubations (1 ml) were carried out at 37°
with shakingin 10 mlconical flasks containing 2.5 mM
p-nitrophenyl-B-p-glucuronide (Boehringer Corp.
Ltd). 100 mM sodium acetate buffer, pH 5.0, 0.1 ml
10 per cent Triton X-100 (Koch-Light Ltd) and
0.05 ml test sample for periods of time (60-90 min)
such that less than [0 per cent of the substrate was
hydrolysed. The reaction was terminated by the
addition of 2 ml ice cold 0.2 M glycine. pH 10.4, the
mixture centrifuged at 2000 ¢ for 10 min and the
absorbance of the supernatant measured at 420 nm
against an incubation blank stopped at zero time.
When enzyme preparations were incubated in the
presence of Be. no inhibition of B-glucuronidase
activity could be demonstrated.

Isolation of hepatic lvsosomes

Whole homogenates (10 per cent w/v) were pre-
pared in 0.25M sucrose (Analar) as previously
described [5], filtered through nylon gauze and then
centrifuged at 270 g for 10 min (4°) to remove cellular
debris and nuclei [14]. The supernatant was then
centrifuged at 30,000 g for 20 min (4°) to obtain a
mitochondria/lysosome pellet (ML) which could be
adequately used as a lvsosome preparation in the
present investigation since. as previously demon-
strated [5]. it was shown by a density gradient frac-
tionation that Be was not associated with the mito-
chondrial fraction. Electron micrographic facilities
to ascertain if Be was indeed present inside the
lysosomes were not available in the present study
but carlier ultrastructural studies [15] have shown
that vacuolisation and dense deposits, presumably
of Be. can be seen in hepatic lysosomes after i.v.
treatment of rats with BeSO.. The ML pellet was
resuspended in S0 mi 0.25 M sucrose, 0.1 M Tris—
HCI, pH 7.2 at 37° and a sample retained for protein
determination [16]. The ML pellet prepared in this
way would comprise a proportion of both heavy and
light lysosomes derived from both liver parenchymal
and non parenchymal cells [11. 14].

Incubation of lvsosomes in vitro

Incubation of lysosmes in vitro usually in a hypo-
osomotic medium followed by measurement of the
appearance ot f-glucuronidase activity in the
medium has been used by several workers to ascer-
tain lysosomal membrane integrity [11.12]. In the
present study we have used a similar technique, but
employed a 0.25M sucrose buffer system which,
although it elicited a stightly lower release of enzyme
activity than 0.18 M sucrose [11], in our hands gave
more reproducible results for hepatic lysosomes pre-
pared from Be treated rats and induced less damage
to control lysosomes. In addition, originally the

+ The “particulate”™ forms of Be formed in the blood
after i.v. injection of BeSOu are believed to be Be phos-
phate [Bes(PO4)2]. Be hydroxide [Be (OH):z] and possibly
Bes (PO4):2 Be (OH:) complexces, all probably associated
with serum globulins [6]. The “diffusible™ forms of Be are
thought to be Be complexed predominantly with the plasma
organic acid citrate {19].

D. N. SKILLETER and R. J. Prict

activity had been used as an index of lvsosomal
damage. but the results were found to be more
variable than for B-glucuronidase. This may be
explained by the recent findings that acid phospha-
tase activity appears to be closely associated with the
lysosomal membrane structure [17].

Duplicate samples (4 ml) of the resuspended ML
pellet in 0.25 M sucrose. 0.1 M Tris-HC1 buffer. pH
7.2 at 37° containing approximately 5 mg protein/m|
were incubated tn 10 ml conical flasks at 37° with
gentle shaking for zero time, 15 min and 30 min. At
the end of each time period. the incubation mixtures
were transferred to 10 ml MSE polycarbonate tubes,
immersed in ice and then immediately centrifuged
at 30,000 g for 20 min (4°). The resultant superna-
tants were then removed and the pellet taken up in
4 ml of the 0.25M sucrose buffer. The Be content
and B-glucuronidase activity of the resuspended pel-
lets and respective supernatants were then deter-
mined as described above. The loss of lysosomal Be
is expressed in the text as pmoles/mg lvsosomal pro-
tein and released B-glucuronidase activity as a per
cent value of the total lvsosomal activity, both being
corrected for any small losses observed from the
lysosomes at zero time of the incubation. In the case
of B-glucuronidase activity measurements the values
were also corrected for the per cent activity released
from hepatic lysosomes of untreated rats under the
same conditions (viz. 3-5 per cent). In this way. the
rate of loss of both Be and enzyme from lysosomes
was approximately linear over the 30 min incubation
period after which the rates substantially declined.
Additional experiments indicated also that approx-
imately 60 per cent of the Be und 40 per cent of the
B-glucuronidase activity could be released from Be
containing lysosomes by a single frecze-thawing
treatment. These values thus gave an index of the
maximum lysosomal release of Be and g-glucuron-
idase that might be expected for the incubation con-
ditions employed. The less than maximal liberation
of Be from lysosomes after the treeze-thawing treat-
ment either indicate incomplete lysosomal rupture
or possibly non-specific association with lysosomal
fragments of “colloidal™ Be produced as a result of
destruction of the internal lysosomal acid environ-
ment. The limited release of B-glucuronidase activity
probably also indicates not all the enzyme is “unse-
dimentable™ and that for the conditions used some
degree of association of the enzvme with lvsosomal
membranes probably occurs similar to that observed
for acid phosphatase |17,

RESULTS

Previous studies have shown that after i.v. injec-
tion into rats particulatc Be phosphate is removed
from the blood within 10-30 min almost entirely by
the liver [9]. In contrast Be derived from injected
BeSOus. although also taken up principally by the
liver. takes several hours to be removed from the
circulation [9. 18]. The rate of disappearance of hoth
forms of Be is dose dependent {9, 18] but the slower
hepatic removal of soluble BeSOus has been attri-
buted to the formation of both “particulate™ and
~diffusible ™t forms of Be in the blood [6. 18]. Figures
1 and 2 illustrate that the dose-dependent uptake
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Fig. 2. Change of beryllium content with time of

liver homogenates and a hepatic lysosome fraction

isolated from rats injected i.v. with BeSOu4. Details as given in Fig. 1 but animals given BeSOs
(12.5 umoles/kg. —@— (homogenate). —O— (lysosomes) or 25 umoles’kg. —A— (homogenate).
—A— (lysosomes).

and loss of Be by hepatic lysosomes from non lethal
doses of Be phosphate or BeSO. closely follows the
pattern of the accumulation and subsequent loss of
Be observed in whole liver. The data indicate that
following i.v. administration of Be phosphate (12.5
and 150 wmoles Be/kg) maximum Be content of the
lysosome fraction is reached within 2 hr, after which
there is a gradual fall in the lysosomal Be concen-
tration over the next 7 days to about 30 per cent of
the value at 2 hr (Fig. 1). In the case of rats treated
with BeSOs (12.5 and 25 umoles Be/kg) the maxi-
mum lysosomal Be content was not achieved until
about 5hr after injection and then this also was
followed by a 60~75 per cent decrease in the lyso-
somal Be over the next 7 days (Fig. 2).

The gradual decrease after 2-5 hr in the values of
the lysosomal Be content (Figs. 1 and 2) could be
due either to release of the Be from the lysosomes

per se, or, be a result of some loss of integrity of the
lysosomal membrane. During the course of the
experiments both the specific activity of the enzyme
B-glucuronidase in the lysosome fractions and the
total B-glucuronidase in the corresponding liver
homogenates remained more or less constant, which
might suggest any marked Be induced lysosomal
damage was improbable.

A technique which has been used by other workers
as an index of lysosomal damage in vivo has been
to measure the latent release of lysosomal S-glucu-
ronidase or other enzyme activities from isolated
lysosomes into a suitable incubation medium irn vitro
[11, 12]. Therefore, this approach was employed to
monitor both release of B-glucuronidase activity and
the simultaneous appearance of Be in an incubation
medium for hepatic lysosomes prepared at various
times after i.v. injection of rats with Be phosphate
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or BeSOu. The data indicate that. although no infor-
mation could be gathered regarding its chemical
form. the liberation of Be into the incubation
medium was greatest for lysosomes isolated from the
livers of rats injected with Be 2-14hr previously
(Table 1). The loss, however, was more marked the
greater the lvsosomal Be concentration, and esti-
mated never to exceed 5-7 per cent of the initial Be
content of the lysosomes compared with 60 per cent
which could be obtained by a single freeze-thawing
treatment (see Materials and Methods). The extent
of the lysosomal rupture as indicated by B-glucu-
ronidase activity release showed also that hepatic
lysosomes were most susceptible to damage when
prepared from rats treated with Be 2-3 hr previously
being particularly marked at the higher doses of Be
used. The release of enzyme activity then declined
to almost insignificant levels by 2 days after Be treat-
ment (Table [). It is interesting to note that lvso-
somes derived from animals treated with BeSOq
showed the more marked fragility which is consistent
with the greater hepatotoxicity of this form of
administered Be.

In an attempt to determine if direct action of Be
compounds with the lysosomal membrane could
bring about damage of the organelle, hepatie lyso-
somes from untreated animuls were incubated in
vitro with various cxternally added Be compounds
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{0.1-1.0 mM). No release of g-glucuronidase activity
could be detected under these conditions (Table 1)
and therefore the results indicate that cither the
lysosomal rupture observed for Be treated animals
might be brought about by some other action of Be
or that the lyvsosomal membrane is susceptible to
attack by intralysosomal Be incorporated by endo-
cytosis whilst remaining relatively unaffected by Be
applied to the face of the membranc in vitro.

BISCUSSION

The data presented shows that there is a good
correlation between the time course of the accu-
mulation and loss of Be by the liver and that observed
in hepatic lysosomes from rats injected with a single
i.v. dose of Be phosphate or BeSOu. These results
illustrate the central role plaved by Iyvsosomes in the
cellular uptake of Be and are consistent with the
recent indications from experiments with fiver cells
in culture that Be probably enters the cells mainiy
by endocytosis of a particulate or colloidal form
rather than as a soluble complex [20]. Earlier work
has shown that for the doses used in the present
studies. after hepatic accumulation. Be is redistri-
buted to the bone tissue or the spleen [9]. and there-
tore the mechanism of hepatic Be release is of par-
ticular interest. It has been established also that

Table 1. Liberation ol bervitium and g-glucuronidase activity from hepatic Iysosomes of bervllium treated rats after
incubation i vitro

Dose of Be

Time after injection of Be

to rats 3 min 2hr Shr 4 hr tday 2day 3day Tday
Liberation of Be from vsosomes in 30 min (pmolimg tysosamal protein)
Be phosphate
25pmolestkg 22 = 7 71 ey b 23 o= 63307 4220 230 13 N v
150 pmoles/kg 49+ 10 50696 993 = 124 F06 =92 103 =30 56012 Sip 41N
BeSO:
125pmolesikg 152 4 52204 S =8 46 217 4wl 22006 250 3 22
25 0umoles’lkg 27+ S a0 X0 19T 16 65z l6 60= 5 4710 42+ 8 1t 7
Liberation of g-glucuronidase activity from lysosomes in 3hmin (/)

Be phosphate
125 pmoles/kg 45225 45221 o008 342014 25000 25 0h0 32012 20208 <l
150 umoles’kg 6.7 2 2.6 90228 [22=31 S8+L7 4515 4013 5020 4o+ Lo 2t
BeSO4
125 umoles/kg 2.6 0.7 6.0 £22 85+ 27 44106 45215 32> L1 272009 33+« )2 <ty
25.0 umoles/kg 214 97232 32234 66+20 52006 4115 34013 37204 080l

Rats (200 £ 5 g) were injected iov. with either Be phosphate or BeSOuy, killed at

the times indicated and a tysosome

fraction prepared from a liver homogenate as deseribed in the Materials and Methods section, The isolated fvsosomes
were incubated at 377 in .25 M sucrose 0.0 M Tris. pH 7.2 for 30 min and then the B-glucuronidase activity and Be
released into the medium was measured. All valucs are quoted as Mean £ S.D. (four determinations) after correction
for any small loss of Be or enzyme activity from the lysosomes observed at zero time of the incubation and for g-
glucuronidase activity released from hepatic lysosomes of untreated animals under the same conditions (see Materials

and Methods).

* Data for B-glucuronidase liberation from lysosomes isolated from untreated animals and incubated m virro uader
the same conditions but in the presence of either 10 uM and 1.0 mM Be phosphate (« and b)) or 10 uM and 1.0 mM
BeSOu4 (¢ and d). Similar values (not shown) were obtained when lvsosomes were incubated in the presence of the model

soluble Be complex Be sulphosaticylate (1:2) (20).

The release of B-glucuronidase activity which could be obtained by a single frecze-thawing treatment was H) per cent

{see Materials and Methods).
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whilst the form of Be derived from injected BeSQa
is taken up by both the parenchymal and sinusoidal
cells of the liver. injected Be phosphate is accu-
mulated primarily by the sinusoidal (Kupffer) cells
[9] and this has helped explain the relatively greater
hepatotoxicity of BeSOs in vivo. In the present
investigation, therefore. the changes in lysosomal
Be content observed after Be phosphate treatment
will reflect essentially the behaviour of Be in Kupffer
cell lysosomes, whereas the corresponding changes
measured for BeSOu treated animals will be that of
Be in lysosomes of mixed hepatocellular origin
However, the similar time course patterns in the
disappearance of Be from lysosomes observed for
both Be phosphate and BeSQO. treated rats might
suggest a similar process occurs in respect of the
mechanisms of release of Be from the lysosomes.
Since it is known that lysosomes possess an acid
internal environment [21], it follows from chemical
considerations that Be should be readily liberated
from both Be phosphate or Be hydroxide, the forms
believed to be actually endocytosed into the cell [20].
The chemical form in which the Be might be released
into the cell is uncertain, although in view of the
propensity of Be to form its phosphate in the pres-
ence of inorganic phosphate or hydroxides at neutral
pH, it is likely that these chemical forms could be
regenerated in the cytosol in addition to Be com-
plexed with certain carboxylic acids (e.g. citrate).
Furthermore, in view of the liberation of both Be
and g-glucuronidase activity from lysosomes incu-
bated in vitro, particularly 2-14 hr after injection of
the animals with Be, this suggests that the gradual
decrease in lysosomal Be content observed in vivo
may result from some degree of lysosomal rupture
rather than passage of Be per se through the lyso-
somal membrane. In addition the apparent loss of
Be from lysosomes could in part also reflect either
the normal or an enhanced cellular lysosomal turn-
over [21] during which Be becomes liberated from
the lysosomal population: but more definitive experi-
ments would need to be done to ascertain if this
were the case.

The present results obtained after injection of
sublethal doses of Be compounds contrast with the
earlier study using lethal doses of BeSO. in which
a massive release of acid phosphatase into the liver
cytosol was observed 24 hr after administration of
the Be [8]. However, these authors concluded that
this lysosomal release of hydrolytic enzyme activity
probably reflected the aftermath rather than the
initiation of the hepatic necrosis. These conclusions
raise the general question of the relevance of the
lysosomal release of hydrolytic enzymes to the cyto-
toxicity of Be, since this appears to be important
after the uptake of some substances by cells {21, 23].
However severe hepatic lysosomal damage together
with liberation of hydrolytic enzymes can be pro-
duced, for example, by injection of 1720 Lbs doses
of the dye neutral red (400 mg/kg i.p.) to rats [24].
In the present study also, hepatic lysosomes isolated
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after 1-4 hr from similarly treated rats showed a
release of 20-30 per cent B-glucuronidase activity
when incubated ir vitro for 30 min (unpublished
data), which was more marked than that observed
for Be treated animals. Thus it is suggested that the
cytotoxic target for Be is probably extra-lysosomal,
and that a primary role of hepatic lysosomes in Be
toxicity is in the intracellular accumulation and sub-
sequent release of Be. It is known that Be can be
found associated with cell nuclei after hepatic accu-
mulation [5], but preliminary experiments indicate
that after non lethal doses of Be this may be only
a small proportion of the Be initially taken up into
lysosomes. These results might suggest therefore,
that under these conditions hepatic lysosomal Be is
released, probably to be relocated mainly in the
spleen and skeletal tissue [9] rather than being
retained within the hepatocytes.
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