
~~BAI~T-INDUCED ALTERATIONS IN PLASMA 
PROTEINS, PROTEASES AND KININ 

SYSTEM OF THE RAT 

THI. FACVI that cobalt produces ;I polycythcmia by initiating II state of histotoxic (tis- 

SLIC) hypoxia has hcen well doc~ln~cl~tcd. ‘I ’ However. the prccisc ~~~ecl~~~~i~s~~ I~> 

which cobalt CYCI‘~S its effects is not 4ct &al-. Levy of ~ri.” and Yustrebo\’ ha~c 
dcmonstratcd cotxilt to inhibit certain osidativc ciuymes of the rat kidney i/l rili~t. 
This obsci.v~~ti~~ll was shown to he associated with decreased l.es~ir~~tion and a fall 
in osidativr: phosphorylation. We have shown. along with other investigators. that 

cobalt caused an increase in plasma erythropoietin (Ep) productiorx5 7 Ep is :I hor- 
monc hclieved to be produced by the illtcr~~ctioI1 of u renal enzyme and a plasma 
z,-globulin.x I0 The newly formed Ep proceeds to stimulate erythl-opoietin-respon- 
sivc cells in the bone marrow with the s~i~~s~ql~~i~t ~roIifer~ttiot1 of new red blood cells. 

Rrad!kinin is a 9-amino acid polypeptide produced by the action of an CIIY) mc 
(kallikrcin. kininogcnasc) on an x,-globulin (bradg;kininogen, kininogen. kalli- 
dinogcn) in the plasma.’ ’ Rocha e Silva’ ’ suggested the name “kinin hormoncs” for 
this clnss of poll pcptidcs which have no spcciaiizcd gland of secretion, being rclcascd 
from inactive precursors in plasma and most tissues including the intestinal tract and 
contra1 llcl-tC)LIS system. 

III that tllc snbstrutc for bradykinin formation and Ep production is an r,-glohu- 

lin. and bccuuse NY have recently supgestcd that hradykininogen might scr\c as a 
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l~ti/ttt// c,.~/,c/.irttcl,tfs. Male Sprague Dawlcy rats (250 350 g) rccci\cd ~111 injection 

ofcobaltottx chloride-hesah~~ir~tt~ (250 ,tmoIcs k, CT. SC. ). The animals L\ crc ucrificcd 

at I. 1. S. 12, 15. IS. 71. 4S 2nd 71 hr after treatnicnt. Kats recei\ ing onl! ml\cnt 

wcrc sacriticcd at the sonic tinic intervals and scr~ed as controls. At c;tcI~ tinic pcri~d. 

the rata \+CI’C bled via aortic puncture with ;I hclxtrinixd plastic s>ringc. The blood 

was pooled in plastic centrifLtgc tubes \vhich contained scwral drops 01‘ licp;irin (30 
units ml). Plasm was prclxtred hi, ccntriltging the ~\:liole blood iit 7000 I’c\’ niin 1‘01 

IO min in an International centrifLtge. The plasma was scpatxtcd t‘ro111 the p;t~kcd 

cell ~olttmc b\ ith ;i plastic s4 ringe. stored in plastic \ ials. and (‘ro/ctl until IISC~. (‘:lrc 

was taken to amid contact betcvccn the plasma and glass. in that glass is ;I I\no\xn 

actiiatnr of kinin fortnation.‘~’ 

I)c~fl’/./trirt~lric,~~ c!f Il,.rril!,lii,tirto!lc,,t iu plawttr. The plasma hradq kininogcn (HK<;) L\ as 

cstimalcd 17~ the amount ol” brad!,kinin liheratcd f’tam denatured plasma hq an cxccs 

of tr! pin. according to the method of Dini, and Car\xIhn.” This method L\ ;I\ 

cniplo~ed in out- laboratory. hccaitsc we wu-c conccrticd bith the c\alu~ttion 01‘ 

plnsn~a in turns of its RKG content. It has been indicated that the hat method lint 

‘ltt;tlitiiication ol‘total plasma kininogcn is the method WC eml~lo~cd in our studic\.’ ’ 

I~i~~/o<gic~// us.ur~~~. Bioassa! 01‘ plasma kinin acti\ ity was pcrl’hmcd OII ;I scymcnt 

01‘ itI1 isol:ttcd utcrit5 prcparatioti niotintcd in a niiisclc 132th ( IO nil) containing tic 

.Ialon solution at 3) and bubbled continuousI! with o\>gcn. The utcrinc prep- 

aration \\;ts taken fl-oni rals (200 275 g) \vhich had rcceibcd ;iii in~t~al7~t.it~)n~aI injcc- 

tion of stilbocstrol (0.1 mg kg) on each of the 2 da\s ptuxditlg IIIC c\pcritmcnt. ,2 

log dose rcsponsc cutw WIS calculated Ihr each prclxtra~ion. Kinin acti\ it) in ~hc 

saml~lcs tested ~V;IS conwrted to hradykinin cqttivalcnts. In sonic C;I\CS. the data v,c’rc 

cxprcsscd as ;I lxrccntagc of control (kinin acti\ it!, in plasma from ttntrcatccl rats). 

H~.trt/~,l,irti~lr/.\c, rrctirif 1‘. Blood saml3lcs of 0.5 ml w;erc cniplo~cd foi- dct~t-min~tlioli 

01‘ pl~rma hininasc actiiit>. T’hc plasma samples wcrc’ incttl~atcd \\ ith 250 ng 01‘ bra- 

d!hinin I3itartr;ttc in I.0 nil 0fO.I M sodium pho~ph~ttc huller. pI{ 7.5. al 37 I;)r I5 
min. The rcactions \vc‘rc tcrminatcd 13~ ininicrsing the inculutc in ;I IO0 \.\atcvlx~th 

for 2 min. The mixture was diluted u ith I ml of glass-distilled v,atcr. and 0.5 ml (0.1 

nil l~l~~sma) of the rnixturc W;IS assayed for brad\ kinin acti\,it> 1,) cmplo\. ing 111~ t-at 

uterus hioassa~. The raponsc 01‘ the rat Lttcrus to the tat wmplc \\;I> con~cr~cd IO 

ng of brad\ kinin from ;I dose rcspona wrvc‘ of kno\\ n concentrations ol‘hrati~ kinin. 

The kinin:& acti\.it! is expressed as ng of’ brad! kinin dcstro!ed min per 0.1. ml 01 

plasma. The suhstratc concentration (brad! hininr v,;t.s it1 L’\CCS~ accc~rding IO the 

defined c~lwinient. 

/l\/(,~.o/~~ic, ctc,/iri[r. The plasnia cstcrasc (~trginin~-e~t~r~ts~) activit! \\;ts dctcr- 

minc4 according to the method of Hummel. I” The substrate cn~pIo!~d 111 thcsc c\- 

pcrinicnts was 7-/)-toliienesiill~hon~ I-r.-arfininc meth! I cstcr liydrochloridc (T:ZM I . 
HC‘I) (Sigma C’hcmical Co.). 

I’~~~t~~j/j,ric, ocfi~.i!j.. An cstiniation of the protcolytic acti\it! in pl~t~nia l‘roni nor- 

mal and cc~halt-trcatcd rats \\as carried out 21s followers: I g 01‘ calcitini caxinatc 
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(Hammersten) was dissolved in 100 ml (IO mg/ml) of 0.15 M sodium borate buffer. 
pH X.0. This solution served as a stock supply and was stable at 0 for a period of 
1 month. For use in the protease assay. the stock solution was diluted IO-fold with 
borate butler (pH X.0) to reach a final concentration of 1.0 mg casein:ml. 

One milliliter of the casein substrate (1 mg,;ml). pH X.0. was added to 0.2-ml sam- 
ples of the plasmas being tested for protease activity. The pH was adjusted to 7.3 
and the reaction mixture was incubated at 25’ for various time intervals. The rcac- 
tion was stopped by immersing the incubation tubes in boiling water for 2 min. and 

then cooled to room temperature. In order to determine the degree of proteasc acti- 
vity. the method of Habeeb” was employed. This procedure involves the use of 2. 
4. 6trinitrobenzenesulfonic acid (TNBS) which reacts specifically and under mild 
conditions with the free amino groups of a protein. polypeptide or amino acid (liber- 
ated by proteolytic activity) to yield trinitrophenyl derivatives (TNP) which can be 
read spectrophotometrically at 340 nm. In these studies. a modified TNBS reaction 
was employed according to the method of Lin c’t al.” One milliliter of O.l”,, TNBS 
and I.0 ml of4”,, NaHCO,, pH X.5, is added to the boiled reaction mixture. The samples 
are stirred and allowed to incubate in the dark for 90 min at 3X At the end of this 
time period. 0.5 ml of I N HCl and 1.0 ml of a sodium dodecyl sulfate solution (SDS) 
(Fisher Scientific Co.) are added to the incubation mixture. The SDS solubilizes the 
protein and prevents its precipitation upon addition of the HCI. The absorbance at 

340 nm was read against a suitable blank. Recordings for the protease and esterase 
experiments were made with a Beckman DB-G spectrophotometer. 

P la.s~~~u /~~trir~. These determinations were made according to the biuret method 

of Gornall cjt trl.. I4 employing crystalline bovine serum albumin as a standard. 
The statistical evaluation of the data was made by the use of Dunnett’s method for 

comparing several treatments with a single control (Fig. 2. 3, 5 and 6),‘” and Dun- 
can’s new multipleerange test (Fig. 1) for comparing each treatment mean with every 
other treatment mean2’ 
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FIG. I. El&r of cobalt on plasma bradqkininogen levels 111 the rat. Each ~aluc rcpresenth the man & 
S.E.M. of seven experiments as indicated by the ntlmhers at the bottom 01 the bars. Control value, 
100 per cent (plasma hradykininogen levels in untreated rats. zero time interval). In these experiments. 
kinin levels are directly proportional to bradykininogen content in the quantitative procedure employed 
for determining bradykininogen levels in plasma. *. Significantly dlffercnt (P < 0.05) from control; a, 
sigmficantly different (P -C 0~05) from 4-hr time mterval: and h. significantly dltferent (P i 0.05) from 

24-hr time interval. 
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Effiu of' cobalt 011 himqcw (Bltrd!~kirli,fog~~~f, BI<(;) ~cw/.\ irl ,‘uf /J/~lS~~lt/. Thcx 
data in Fig. I illustrates the significant (p < 045) increase in circulating Ie~cl\ 
Of BKG at I (40 )xX cctlt) and 3 111. (82 per cctlt) alIn a sul7c‘~1t;ttl~ott’r itiit’ction ~I‘col~al- 

tous chlorid~-h~~;tI1!dr;t~~. The mean values were compurcd to each other ax \\cll 
as to control (zero time) valuex \\ hich wcrc set at 100 per cwt. Thcrc \V;IS ;I significant 

(I’ < 005) decrease in plasma BKG titers at X (-39 per cent). 17 (55 per cent) and I5 
(60 pet- cent) hr after cobalt administt-ation. when these vaIit~s wcrc coinpat-cd to Ihc 
BKG levels at 4 hr. However. lhc HKG titers at thcsc time intcr\als were not stgnifi- 
cantlq diflerent from control \~alues. C’obalt caused a significant (P < 045) it~ctux 
in BKG Icvcls at IX (70 per cent) and 2-l (XX per cent) III- after trcatmcnt as cotnptrcd 

to control levels. The BKG titers rclurncd In control levels het\vcen 4X and 71 hr 
after cobalt administration. H~L~CLW. the BKG concentrations at 1X- and 73-hr iti- 
tcr~als\~eresigiiificantl~, less Ihan the 24hr LYI~LI~S. 

Efl(,c~f of c.o/)tr/l 011 /~/rr.wttr ~~~‘(~i~~i~~~~-~~.sl~~~~~t.\~’ /~,r.c~/.\. The substrate /J-tos! I-1 -~lr~itllllc 

methyl ester (TAME) \+;Is ~tscd to quantitatc plasma argininc-estcr~tse acti\ it). Acti- 
vit\ is expressed as AIM TAME split 60 min pet- IOU III of plasma. Cobalt caused ;I 

significant (P < 04.5) increase in plasma argininc-estcrase activity (Fig. 2) at I. 4. X. 
13. IS. 1X and 24 hr after treatment Lvith maximum activity occurring at the -Lht 

titne inter\xl. 
Pltran~~ h/.ccd!,l\i,li/lll.sr uctiril!‘. Kininase activit\ of the plasma (Fig. 3) was signifi- 

cantly (P < 005) decreased at I. 1. X. 17, I5 and IX hr after cobalt administration. 
Figure 3 illustrates the results of a time study whereby a knocvn concentration of bra- 

dykinin bitartratc (350 ng) was incubated Lvith ;I sample of plasma from normal and 
cobalt-treated (8 hr) rats for 0. 5. IO and I5 min. It is apparent that cobalt C;IUS~ 

;I dccrcasc in the amount of kininase activity in the plasma from the cobalt-trc’alcd 

rats. 
P/tr.witr /wotcww ~rc~lit./t~.. ~crttral protcasc acti\,it! (Fig. 5) \\;ts signitic~rntl! 

(P < 045) incrc~tscd at I-. 4. S- and I?-hr ititcrvals after cobalt trcatnicnt with tiia\t- 

mum activit! ( I30 & IO utiils mf) occurt-in g X hr after cobalt Ircalment as cc~nip;ircci 

to control (zero time) va[uch at 4) _t 5 units mg. 
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FIG. 3. Et%ect offobalt on br~~d~kit~in~lse actlvirj in the plasma ofc~~~llt-treated rats. The quantit!: of hra- 
dykinin remaming after a 1 S-Gin incubation of plasma Rith a known amount of hradykinin standard is an 
indication of hradqkininasc activit). Each value represents the mc;m i_ S.E.M. using uterine muscle 

from six rats. *. Significantly ditrcrcnt (P < 005 I I‘rom control \alu~~ 
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Frc;. 3. Inactivation of bradykinin by plasma from cobalt-treated rats. Each value represents the mean 
+S.E.M. of six experiments. Plasma from normal (0 -0) and 8-hr cobalt-treated (0 0) rats 
was evaluated in this study. The incubations were atopped at S-min intervals and aliquots were taken 

from the reaction mixture and evaluated for brad>kinin actl%ity with the rat uterus bioassay. 

When cobAt (1 x lo-‘M) was added to an incubation mixture of plasma and 
casein substrate. the cobalt failed to produce any effect on the proteolytic activity 
of the plasma. 

EJ%cr oj’cohult 011 plasr~ru protri/z l~~icc~/.s. Cobalt caused a significant (P < @05) in- 
crease in plasma protein concentration (Fig. 6) 18 and 14 hr after treatment. No 
change in protein titers was recorded at any other time interval. 

In the present report, we have shown that cobalt stimulated an increase in plasma 
BKG levels with maximum titers occurring at the 4- and 14-hr time intervals. BKG 
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lcvcis dccrcascd bctwccn 4 and 15 hr after cobalt administration. The return to con- 
trol values occurred 72 hr after the rats rcccived an injection of cobalt. The cyclical 

effect of cobalt on circulating BKG lcvcls might reflect alterations in the synthesis 
or metabolism of BKG. and possibly its rcleasc from tissues which presumably have 

become hypoxicdue to the actions of cobalt. 
The highest levels of ~trginine-esterasc activity arc seen at 4 and again at 24 hr afta- 

cobalt treatment. The substrate employed to evaluate kinin-forming acti\,ith in 
plasma was TAME, and Hamberg and Rocha e Silva”’ have suggested that brady- 
kinin-forming enzymes are capable of cleaving arginine esters. This relationship would 
seem to exist in the plasmas from rats treated with cobalt. Homwer. it sho~~ld bc 
noted that the cstcr substrate used in our studies could conceivably bc h!drolyzcd 
by 21 variety of plasma enzymes. 

Perhaps the point should bc raised that cobalt. by inducing a state of histotoxic 
hypoxia. might in fuct crcato an intraceilular environment similar to that seen L\ ith 
ischcmia. In this situation. a low p0, leads to a drop in the intracellular pH.‘.’ This 
situation causes the lysosomal membranes to labilize. with the cvcntual rclcasc ot 
the enzyme content of the vesicular organelles.” These ewymes then proceed to par- 



ticipate in the mechanism ofcellular autc~lysis.” “’ An cn7yme. kininogenin. demon- 

strated to possess k~nin-forIni~i~ properties. has been localized in the Iysosomal frac- 

tion of the rat kidney.” Cobalt might facilitate the release of kini~lo~enill into the 
plasma whcrc it could then exert its kininogenic role. An alternate possibility is that 
cobalt effects interaction bctwccn “itltracellular” stores of BKG and Iqsosomal- 

bound kininogenin with the subsequent formation of the active polypcptide. The 
polqpcptide would then bc released from its tissue storage site into the circulation. 
Nustnd and Rubin” 3” localized kiIlin~~~~n~~se activity in the microsomal fraction 

of the rat kidne) cortex. Whether or not kiilil~o~~rl~~se and kinino~~llin tire one and 
the same has not as yet been made clcur. However, it is interesting to note that both 
of thcsc en/~mcs have betx~ demonstrated to act upon argininc esters. 

Cob;llt ehcrtcd an inhibitor) eff‘ect on plasma bradykininase activity. Brady 
kininasc ;rctivit\; was low at a time \vhen BKG levels were decreasing after the 
~~dlilil~istr~~tio~i ofcobalt. This observation is i~lt~t-e~tili~ in light of the fact that cobalt 
stimulates the activity of the two known plasma bradykininases (kininase I, kininase 
II). Carboxypeptidase N (kininasc I) inactivates bradykinin by cleaving the car- 
boxjl terminal Phc’- Arg” bond of the nonapeptidc.” ’ The more recently disco\,cred 

kininasc II (pcptidyl peptide hydrolasc) acts as an endopcptidasc by cleaving the bra- 
dykinin pcptidc at the Pro7 Phc’ linkugc.“’ The kidney cortex contains thrci: 
en7ymcs cnpablc of ill~~~ti~~~~till~ br~ld~killii~ : ;t prolidasc (il~idol~~~~tid~~s~). ;I carbo~y- 

peptidase (l~~l~tid~l-~~~iilio acid hydrolusc) and an endopcptidasc (peptidyl pcptidc 
hydrola~c).“. .‘A also referred to as pcptidase P. This latter enzyme has been found 

to he locali/cd in the microsomal fraction of the kidne),, and it is similar in action 
to the plasma bradykininase -kininase II. The kininasc activity described in this 
paper teas studied at pH 7.5. Kininase I. kininase II and the kidney kininases have 

been de~l~onstr~~t~d to act at or near this pH value. Br~~d~kini~l~lse aciivity of splcnic 
origin has been demonstrated. but these enzymes act optimally in acid pH rangcs. 
It is possible. therefore. that we failed to pick LIP this activity in the plasma. if it ~~1s 
indeed prcscnt. One might expect brad!,kininase activity to increase at a time when 
BKG 1cvc1s were falling. but cobalt may stimulate the action of a humoral factor(s) 
which might bc responsible for the fall in HKG titers at the observed time intervals. 
However. if cobalt does stimulate the development of an ischcmic condition. it is 
possible that several of the lysosomal bound enzymes might serve as agents of kinin 
inactivation. It is possible that these protcases might act in a kinin-inactivating capa- 
city if they \verc rclcasod from their tissue sites into the circulation. Several of these 
hydrolases (cathcpsins) have been dcmonstratcd to inactivate bradykinin LIZ 
19lr.0.” ” Indeed. these enzymes might act upon the BKG in the tissue. thus explain- 
ing the decrease in circulating titers. 

Neutral proteasc activity in rat plasma was enhanced after cobalt treatment. It is 
intcrcstinp to noto that proteasc activity is significantly elevated (4 8 hr) above con- 
trol Icvcls at a time when BKG titers are on the decline (4-15 hr) post cobalt. This 
increase in plasma proteolytic activity might explain the decreases in RKG levels. 

Cobalt is known to initiate a hist~~to~i~ hypoxia followed by a pol~~~tlielni~l.‘. ’ 
and red blood cells contain a carboxvpcptidase ivhich will hydrolyze hradykinin.“x 
In addition. quite often crythrocytosis”is accompanied by II leukocytosis. Leukoc!tcs. 

particularly the pol)morl~hon~~clear (PMN) variety. have Ixxn dcmonstratcd to con- 

tain kininascs and ;I protcasc(s) which act at B neutral pH.“” -(I Neutral protatsc 
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activity has been reported in spleen”, A3 as well as liver.” and several investigators 
have indicated that the neutral proteases will attack casein.“‘. 44 ” the substrate 
employed in our studies. Bradqkinin has been demonstrated to induce >I Icukocq- 
tosis.‘- and if increased levels of BKG act to stimulate a Iwkoqtotic condition. it 
ma) very well be that the enqmc content of the erythroqtes and Ieukoqtcs scr\c 

to destroy the circulating kinin and kinin-precursor. 
“. Erdiis vt trl: 3x have shonn cobalt to cnhancc the activity of plasma kininaw 

but bloch kininase activit! in the red blood cell. The tissue kininascs p1;1> ;I more 

important physiological role than do the er! throqte kininascs; i[ ih doubtful. ~hcrc- 
fort. that the fall in plasma kininnse acti\,it> aftc‘r cobalt ~tdministratit~tl 1~~5 due 1~) 
cr~twlt inhibition of crvthrockte kininahc activitb. WC ha\c det~~c~t~~tratccI ~lt;~i ~~olx~l~ 

Ii;14 iii) cllect5 i/r rjtw on pl&ia pi-otcasc acti\ ii\ in the wt. 




