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Abstract-The tosic metal beryllium (Be) can produce hepatic necrosis and is known to he concentrated 
by the liver after i.v. injection ot’ p>lrticulatc and soluble Be compounds. In the present study the 
accumulation and releztse of Be hy :t hepntic Iysosomc fraction of the rat has been examined after i.v. 
~dlnini~tr~iti~)n of sublethal doses of particularc Be phosphate (17.5 and 150 ~moles’kp) or the more 
heparotoxic soluhic B~SOJ (17.5 and 2.5 pmolesihp). Maximal lysosomal Be content is produced within 
2 hr or 5 hr after the injection of Be phosphate or BeSOd respectively and in both cases this is followed 
hy a gradual dccrcasc in the lysoson~al Be concentration OT the next 7 days to 3tHO per cent of the 
maximal values. which is consistent with the Ios’r of Bc observed for whole liver. The release of Be from 
lysosomes ha? been examined by measurement ir! C/m of the liberation of Be into a suitable incubation 
medium from lysosomes prepared from Be treat4 animals. The results indicate that the liberation of 
Be was maximal for Iysosomcs iv)lated 5 hr after injection of either form of Be and was accompanied 
hy ;I signiticant rcleasc of lysosomal ~-~l~lct~r~~n~d~lse activity, p~~r~icul~~rly at the higher doses of Be 
used. and therefore rndicatcs that some loss 01 Iy\osomal tnteg,rity occurred. Rupture of the lysosomal 
membrane could not he demonstrated irz vztro by incubation of Iysosomcc from untreated animals with 
externally added Be compounds. It is concluded. howcvcr, that any rclcasc of hydrolytic enzymes into 
the cytov)l occurring irl \si\,o may not he the m:ljor C~NISC of cell necrosis produced by Be and it is 
suggested. therefore. that the role of Iysosomcs in Be hepatotoxicitv is primarily in the intracellular 
accumulation and subsequent relca>c of Bc and that the main cytotoxk target for Be is proh;hly extra- 
Iysosomal. 

Studies on the cellular toxicity of a wide variety of sively hy other workers to ascertain the extent of 

colloidal metal salts have demonstrated that after lysosomal membrane fragility [ 11, II?]. These experi- 
intravenous (i.v.) ad~linistration to experimental ments have lead us to conclude that whilst Iysosomes 

animals they are taken up from the blood into hepatic play a role in the accumulation and subsequent 

lysosomes [i-4]. The presence of the toxic metal release of Be, the metal induced cell necrosis is 

heryllium (Be) can be shown also in rat hepatic probably not the direct result of lysosomal rupture 
lysosomes after i.v. injection of Be salts [S]. hut thus in the cell although after lethal doses of Be dis- 
far a detailed study of lysosomal Be uptake has not charged hydrolytic enzymes might contribute to the 
been undertaken. Beryllium salts are known to gen- production of hepatocyte damage. 
erate particulate (Be phosphate) and colloidal (Be 
hydroxide) forms in the plasma jfi] and hepatic 
accumulation of Be produces focal liver necrosis 

MATERIALS AND METHODS 

within l-3 days 17. 81 probably after the cells have 
taken up a critical amount of Be [Y]. Furthermore. Estimation of beryllium (Be) 

injected soluble forms of Be (e.g. B~SOJ, LDW ca. 

30 &moles Be/kg) have been found to he propor- 
All Be compounds used for animal injections were 

lahelied with radioisotope ‘Be (Radiochemical 
tionately more toxic than performed particulate Centre. Amersham, U.K.) and administered i.v. 

forms (e.g. Be phosphate, LDsctca. 2OOymoles Be!kg) (0.1-0.2 ml) at doses indicated in the text to male 
19. lO]. However, the importance of any Iysosomal 
damage produced by the Be both with respect to the 

LAC P rats (200 k 5 g) via a tail vein. Suspensions 

chemical form administered and to the necrotic pro- 
of particulate ‘Be phosphate (ca. 0.25 &i/pmole) 

cess itself is uncertain. We have therefore examined 
and ‘BeSO (ca. 0.5 KCiipmole) solutions were pre- 

the time dependent accumulation and loss of Be by, 
pared as previously described 191. The Be content 
of the liver tissues and subcellular fractions after 

hepatic lysosomes after the i.v. administrati(~n of 
sublethal doses of either particulate Be phosphate 

injection was estimated by measuring the ‘Be radia- 

or the more hepatotoxic Be salt BeSOd. In addition. 
tion of a sample in a Packard Auto Gamma Spec- 

the discharge of Be by incubation irl IYtro of lyso- 
trometer, Model 5330, with a sample of the injected 
material as a reference standard. 

somes prepared from treated animals has been meas- 
ured, together with the appearance of /I$glucuroni- Measurement of P-glucuronidase acthit) 

dasc (EC 3.2.1.31) activity in the incubation 
medium. a technique which has been used exten- 

Estimation of the fl-glucuronidase activity in the 
various liver preparations and suhcelluiar fractions 
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was based on the measurement at 420 nm of y-nitro- 

phenol liberated from p-nitrophenol-,Go-glucuron- 
ide 1131. Incubations (I ml) were carried out at 37” 

withshakingin IO Inlconicalflaskscontaining2.5 mM 

I?-nitrophenyl-/%n-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 (hCY0 min) 

such that less than IO per cent of the substrate was 

hydrolysed. The reaction was terminated by the 

addition of 2 ml ice cold 0.2 M glycine. pIl 10.4. the 

mixture centrifuged at 2OOOg for IOmin and the 
absorbance of the supernatant measured at 120 nm 
against an incubation blank stopped at zero time. 

When enzyme preparations were incubated in the 

presence of Be, no inhibition of /?-glucuronidase 
activity could he demonstrated. 

Whole homogenates (IO per cent w/v) were pre- 

pared in 0.25 M sucrose (Analar) as previously 

described 151. filtered through nylon gauze and then 

centrifuged at 270 g for 10 mm (4”) to remove cellular 
debris and nuclei [14]. The supernatant was then 
centrifuged at 3(1.000 R for 20 min (4”) to obtain a 

mitochondria/l~sosome pellet (ML) which could be 
adequately used as a Iysosome preparation in the 

present investigation since. as previously demon- 
strated [S], 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 Bc was indeed present inside the 
lysosomes were not available in the present stud! 

but earlier ultrastructural studies [ 151 have shown 

that vacuolisation and dense deposits. presumabl> 

of Be. can be seen in hepatic Iysosomes after i.v. 

treatment of rats with BeSOJ. The ML pellet was 

resuspended in 50 ml 0.25 M sucrose, 0.1 M Tris+ 
HCI, pH 7.2 at 37‘ and a sample retained tor protein 

determination [ Ih]. 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 [Il. 141. 

Incubation of lysosmes in ,.itro usually in a hyp+ 

osomotic medium followed by measurement of the 

appearance of /rl-glucuronidase activity in the 

medium has been used by several workers to ascer- 

tain lysosomal membrane integrity [I 1, 12). In the 

present study we have used a similar technique. but 
employed a 0.75 M sucrose buffer system which. 

although it elicited a slightly lower release of enzyme 

activity than 0. IX M sucrose [I I]. 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 
release of lysosomal acid phosphatase (EC 3.1.3.2.) 

i- The “particulate” forms of Be formed in the blood 
after i.v. injectwn of B~SO.I arc believed to hc Bc phos- 
phate [BcT(POJ)J]. Be hydroxide [Be (OH):] and po\sihl) 
Bci (POJ): Bc (011:) complcxca. all probably asaociatcd 
with serum gloht~l~ns [h]. The “diffusible” forms of Be art‘ 
thought IO he BC complexed predominantly with the pl;tsma 
organic acid utratc 1 IY] 

activity had been used as an index ot lv~osomal 
damage. but the results were found to .he more 
variable than for /3-plucuronidasc. Thi\ ma! hc 

explained by the recent findings that acid phpha- 
tase activity appears to be closelp associated with the 

lysosomal membrane structure [ 171. 
Duplicate samples (4 ml) of the resuspe~~ded MI_ 

pellet in 0.25 M sucrose. 0. I M ‘l‘ri+l I(‘1 buffer. pf 1 
7.2 at 37” containing approximately 5 mg protcin:ml 

were incubated in IO ml conical flasks at 37” \vith 

gentle shaking for zero time. 15 min and .?O miri. At 

the end of each time period. the incuhatlon mixtures 
were transferred to IO ml MSE p~l~c;~rlxm;~tc tulw. 

immersed in ice and then Immed~atel~~ centrifuyd 

at 30,OOOg for 20 min (-P). The resultant supcrn;l- 
tants were then removed and the pcllct takan up in 

4 ml of the 0.25 M sucrose buffer. The Be content 
and P-glucuronidacc actlvlty of the rcsuspcndetl pcl- 

lets and respective supernatants wcrc then detcr- 

mined as described above. The loss of Iv~o~omal He 
is expressed in the text as pmoles~mg I~sosotnal pro- 

tein and released /%glucuronidase actlvit! ;I\ ;I pet 

cent value of the total Ivsosomal activity. both being 
corrected for any small losses observed from the 
lysosomes at zero time of the incubation. In tht* C;I\C 

of P-glucuronidase activitv measurcmcnt\ the \ alucs 
were also corrected for the per cent acti\ it\ rcIcasc4 

from hepatic lysosomes of untreated rats -untlcr ttrc 
same conditions (viz. 3-5 per cent). In this \+a!. the 
rate of loss of both Be and enqme from lys~~~omcs 

was approximatclv linear o\‘cr the 30 min tncubatic)n 
period after which the rates substantially dcclincd. 

Additional experiments indicated al\cl that appro\- 

imatelv 61) per cent of fhe Be and JO per ccnl of the 
@glucuronidase acti\,itv could 1~ r~lca\cd l’rc~ii 13~ 

containing Iysosomes -b! ;I \iii$e IreeLc-tha\\ ins 

treatment. These value\ thus ga\e ;~n in&\- of the 

maximum ly,sosomal release rit F<c and @-ylucui-ori- 
idase that might be expected for the incubation COP 

ditions employed. The less than maximal I~berat~on 
of Be from lysosomes after the freszc-tha\ving trc;lt- 

ment either indicate incomplete ly\os~mial rupture 
or possibly non-\pecilic association V. ith Iv\o~)mal 

fragments of “colloidal” Be produced ;I\ ;I- result of 

destruction of the internal Iy\osomal a4 en\ ii-oli- 

ment. The limit4 release of ~-glucuronid~lsc acti\ it\ 
probably also indicates not all the cnc\mc i\ .‘un\i- 

dimentable” and that for the condition\ II& \omc‘ 

degree of association of the en~\mo with l!\c~~~mal 

membranes probably occur\ similar to that obscr\cd 

for acid phosphata\c II 71. 

Previous studies have shown that after i.\.. inicc- 
tion into rats particulate Bc phosphate is rcmovcd 

from the blood within I(~-.30 min almost entirely bq 
the liver [Y], In contrast Be derived from injected 

BeSOd, although also taken up principally 1,~ the 
liver. takes several hours to be remo\,cd tram the 
circulation [Y. 181. The rate of disappearance of both 

forms of Be is dose dependent [Y, IX] but the sl()w~t 
hepatic removal of soluble HeSO has been attrl- 
buted to the formation of both “particulate” alld 

“diffusible’? forms of Be in the blood (0. IS\. Figures 
1 and 2 illustrate that the dose-dercll~lcllt IlptXhC 
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Fig. 1. Change of beryllium content with time of liver homogenates and a hepatic lysosome fraction 
isolated from rats injected i.v. with Be phosphate. Rats (200 2 S mg) were injected i.v. with Be 
phosphate (12.5 ~molcsike or 150 @moles/kg) killed at the time indicated and Iysosome fractions (- 
&: -A) isolated from- liver homogen&s (4; -A-) for determination of Be content as 

described in Materials and Methods 

Fig. 2. Change of beryllium content with time of liver homogenates and a hepatic lyaosome fraction 
isolated from rats injected i.v. with BeSOa. Details as given in Fig. I but animals given BeSOl 
(12.5 pmolesikg. A (homogenate). & (Iysosomes) or 25 pmolesikg. -A- (homogenate). 

-A- (lysosomes). 

L--------------- I 

I4 24 48 72 96 120 144 I68 

Hours after injection 

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 BeSOd (12.5 and 25 pmoles Be/kg) the maxi- 
mum lysosomal Be content was not achieved until 
about 5 hr 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 
/3-glucuronidase in the lysosome fractions and the 
total /3-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 viva has been 
to measure the latent release of lysosomal p-glucu- 
ronidase or other enzyme activities from isolated 
lysosomes into a suitable incubation medium in r&o 
[ll, 121. Therefore, this approach was employed to 
monitor both release of /3-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 



or BeSO+ The dat:i indicate that. ~~lth~~~i~h no rnt’or- 
mation could hc gathered regarding its chtxnical 
form. the lihcration of l3e into the ~ncuhation 

medium was patest for Ivsosomes isiokrtecl from the 
livers of rats injected wlrh RL’ 7-14 hr prcv~~nA!; 

(Table 1). The loss. howrtcr. was more marked the 

greater the I;sosomal Rc concrntraticrn. and exti- 
mated never to exceed 5-7 per cent of the initial Bc 

content of the lyaosomes compared with 60 per cent 

which could be ohtaincd by 21 single fret/c-thawing 

treatment (see Matcrial~ and ~lethorls). I’hc cstcnt 

of the lysosomxl rupture 2s inclic:itcd by &~lticu- 

ronidase activity reieasc rhctwcd also that hqxttic 

Iysosomes were most susceptible to daii8ge ~hcn 

prepared from rat\ treated with He 1-5 hr pzviously 
being particularly marked at the higher dose\ of Bc 

used. The release of er~zyne activity then ddiwcl 

to almost insignificant IcwI\ hq _ ’ rla~s after 13e treat- 

ment (Table I ). It is intorcstlrrg to riots that lyso- 

wines derived from animals treated with BcSO4 

showed the more marked fr;lgilit>, which i\ consistent 

with the greater hqxltotoxicit!, of this form of 

administered Be. 

‘The data presented \htm.\ thitt thcrc is ;I gcttxt 

correlation between the time course of the xxx- 
mulation and loss of Be by the liver ;md that ohser~ed 

in hepatic lysosomes from r-ats injcctcd with ;L Gngie 

i.v. dose of Be phosphate or H~SOJ. These: rault\ 

illustrate the central role pla!ccf 1)~ I~~sosc~rne~ in the 

cellular uptake of Be and xc anslstcnt Lvith the 
recent indications from csperiments with li\,cr c~‘Il\ 

in culturu that 13~ probably entctn the cells main/! 
by endocytosis of 2 particulate or colloid;il torn1 
rather than as a soluble comples [X). Earlier WOI-k 

has shown that for the doses u\ed in the prcxnt 

studies. after hcpatic ;Icct(mul;ltio~~. HL* i\ redi>tri- 

buted to the hone tissue ot- the q>leeri [O]. ;tnrl thctc- 
b-e the mechanism t~f htqtic Ik rclcx\c is ot’ par- 

ticular interest. It has twen cstabii+xi Ace that 
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whilst the form of Be derived from injected BeSOl 
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 BeSO in Co. 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 BeSOl treated animals will be that of 
Be in lysosomes of mixed h~patocellular origin 
However, the similar time course patterns in the 
disappearance of Be from lysosomes observed for 
both Be phosphate and BeSOd treated rats might 
suggest a similar process occurs in respect of the 
m~ch~~nisms of release of Be From the lysosomes. 
Since it is known that lysosomes possess an acid 
internal environment [Zl]. 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 (ZO]. 
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 ~-glncuronidase activity from lysosomes incu- 
bated ia v&r>, particularly 2-14 hr after injection of 
the animals with Be, this suggests that the sraduaf 
decrease in lysosomal Be content observed m viva 
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 1211 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 
subleth~~l doses of Be comp~~unds 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 [S]. However, these authors concluded that 
this lysosomai 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 121,231. 
However severe hepatic lysosomal damage together 
with liberation of hydrolytic enzymes can be pro- 
duced, for example, by InJection of I!20 LD>O doses 
of the dye neutral red (400 mgikg i.p.) to rats 1241. 
In the present study also, hepatic lysosomes isolated 

after l-4 hr from similarly treated rats showed a 
release of 20-30 per cent P-gtucuronidase activity 
when incubated in 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 tysosomes 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- 
mutation [S], but preliminary experiments indicate 
that after non lethal doses of Be this may be only 
a smat1 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 [Y] rather than being 
retained within the hepatocytes. 
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