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hiAIN CZESEAt3Ct.I -. ACCOhlPLISttFdEI4TS \:JITI-i SPECIAL R E F C R E N C E  
7-0 THE OR IGl tJALLY S T A T E 0  OBJECTIVES 

]'his conpreher is ive r e p o r t  i s  submit ted upon  t h e  completion o f  12 years  of 
operat ion o f  th is  con t rac t  b y  the  Pr inc ipa l  Inves t iga tor  at t he  Univer-  
s i t y  o f  Connect icut.  T h e  fou r  object ives o f  t h i s  contract ,  as or ig ina l ly  , . 

s tated in A u g u s t  1968, a re  as follows: 

A. ' E luc idat ion o f  t h e  molecular nechanisms o f  n i cke l  t ox i c i t y  and 
carcinoyenesis; 

l3, Unders tand ing  of t h e  normal physio logical  ro le o f  n i cke l  and i t s  
pathological al terat ions; 

C. Development o f  new methods for prevent ion ,  detection, a n d  Pher- 
apy  o f  po ison ing by n icke l  compounds; a n d  

D. In t roduc t ion  o f  new techniques f o r  rneas~frernont of n icke l  in 
biological materials and environrner? ta l  samples. 

The f i v e  long-ranqe quest ions t o  b e  answered b y  th i s  research program, as 
stated in A u g u s t  1977, a re  as fol lows: 

A. What are  t t ie p r i n c i p a l  mechanisms fo r  detoxif icat ion, ex t ra-  
cel lu lar  t ranspor t ,  a n d  excre t ion  o f  n icke l  compounds? 

I3 . \\/hat a re  t h e  physio logical  func t ions  o f  n ic l te l? 
C .  What are  the  mechanisms .of  n icke l  tox ic i ty ,  carcinogenici ty,  

teratogenic i  ty ,  and  nu tagen ic i  t y  ? 
D. To what degree d o  n icke l  cornpounds represent  toxic, carcino- 

genic, teratogenic, o r  mutagenic hazards in t h e  human envi ron-  
ment?  ancl 

E .  Vii-iat a r e  t h e  optiinal methods f o r  p revent ion ,  detect ion, and  
the rapy  o f  nicl tel  po ison ing? 

'The --- six focuses o f  th is  research program, as stated in A u g u s t  1977, a re  
as fol lows: 

A. t -R I~ I - yo to~ ic i  t y  , teratogenic i  t y  , and mutagenic i ty  o f  n i cke l  car-  
bonyl ; . hletabolism, detoxi f icat ion,  and  excre t ion  o f  n icke l  compounds; 

C .  Studies o f  n icke l  carcinogenesis; 
D. Nickel  analyses in b o d y  f l u i d s  and t issues to  monitor occupa- 

t ional exposures; 
E .  f4ephrotoxici ty o f  n i cke l  compounds; a n d  
F. t ie~natological ef fects o f  n icke l  compounds. 

?-he r:?aia research accomplishments o f  t h i s  p ro jec t  during t h e  p a s t  th ree 
yezrs  are  sur ;~nar ized under  headings vvhlch coi-respond to the  pr inc ipa l  
areas of invest igat ion.  The pub l ica t ions  suppor ted by th is  cont rac t  a r e  
l i s ted a t  the begirrnjncj o f  each section. 



A. ldethods for Nickel  Ana lys is  in E3iological Rlaterials 

( 1) hiikac-L)evi€, U., Sunderman, F. C'J., Jr., a n d  Nornoto, S. : Fur i l d i -  
oxime method f o r  n i cke l  analysis in serum and u r i n e  b y  electro- 
thertnal atomic absorpt ion spectrometry.  Cl in. Chem. - 23 :948-956, 
1977. 

( 2 )  Aciams, U .U., Brown,  S.S., Sunderman, F . W . ,  Jr., a n d  Zachariasen, 
W .  : In te r labo ra to ry  comparisons of n icke l  analyses in u r i n e  by 
atomic absorp t ion  spectrometry. Clin. Chem. E:862-867, 1978. 

( 2 8 )  Grove, I . t i .  and  Sunderman, F.W., Jr.: In ter fe rence by t r i s -  
(hydroxyme~l iy larn ino)methane in n icke l  analyses by electrothermal  
atomic absorpt ion spectrometry. (Abs t rac t ) ,  Ann. Cl in. Lab. 
Sci. 8:495, 1978. 

( 3 )  Brown,  S . S . ,  Idornoto, S . ,  Stoeppler, tbi., a n d  Suna'ercian, F.W., Jr.: 
IUPAC re ference method f o r  analysis o f  n i cke l  in s e r u n  a n d  u r i n e  
b y  e lectrothermal  atomic absorpt ion spect rophotonet ry .  Pu re  
AppI.  Chem. (submi t ted ]  . 

(3U) Brown, S.S., DiMichiel, A., and  Sunderman, F.V/., Jr. : In te r -  
labora tory  con par is or^ o f  n icke l  analyses in serum and u r i n e  b y  
the  IUPAC prov is iona l  re ference method o f  atomic absorp t ion  spec- 
t rophotomet ry  . (Abs t rac t ) ,  In : Proceedings o f  t he  Swansea Con- 
ference o n  Nickel  Toxicology, (S.S. Grown and F.W. Sunderman 
Jr., Eds.), Academic Press, New York ( i n  press) .  

(4) Sunderman, F.W., Jr .  : Analy t ica l  b iochemistry  o f  n ickel .  Pure  
Appl .  Chem. - 52 :529-544, 1981). 

( 5 )  Sunderman, F . W . ,  Jr.: Nickel. In: IJethods o f  Ana lys is  f o r  
I-ieavy Pvletals and i iuman Toxicology (A.  Vercruysse,  Ed.), Elsevier 
~ c i e r i ' t i f i c  Pub l i sh ing  Co., Amsterdam, ( i n  press) .  

A major achievement was to  secure internat ional  consensus r e g a r d i n g  
analyt ica l  methods and re ference values fo r  n icke l  in serum and urirre. k 
new p rocedure  f o r  n icke l  analysis was developed which s ign i f i cant ly  
improved t h e  se:isi t i v i  t y  , accuracy, and  precis ion o f  e lec t ro t i~e rn la i  atom- 
ic absorp t ion  spectrophoton.ietry o f  n icke l  in serum and u r i n e  (1). Two 
inter.national s u r v e y s  were conducted o f  n icke l  analyses in u r i n e  by atom- 
ic absorpt ion spectrophotometry (2 )  . These s u r v e y s  showed, t h a t  widely 
d iscordant  analyt ica l  resu l t s  were b e i n g  obta ined b y  p a r t i c i p a t i n g  
laborator ies in seven countr ies;  t he  s u r v e y s  docunented t h e  need f o r  
improved accuracy o f  n ickel  determinat ions in b o d y  f lu ids.  The Pr inc ipa l  ' 

Inves t iga tor ,  as Chairman o f  t he  Commission on Toxicology of the In terna-  
t ional Un ion o f  P u r e  and App l i ed  Chemis t ry  ( IUPAC) ,  organized a Subcom- 
nittee on Environmental  and ( jccupational Toxicology o f  Nickel. A f t e r  
f i v e  meetings, ex tens ive  evaluations, and  wide consultat ions, t h e  IUPAC 
Nickel Subcommittee formulated a re terence rr~et i iod for n i cke l  analys is  in 
serLrs.1 a n d  urine,  based p r i m a r i l y  upon procedures  developed a t  t h e  Un iver -  
si t y  o f  Connect icut  (3) .  A third inter t la t ional  s u r v e y  was cot,lducted, in 
which laborator ies . in seven count r ies  used t h e  reference method ' t o  



.?. 

analyze serum a n d  u r i n e  specit;iens. T h i s  s u r v e y  demonstrated tha t  the 
reference mettiod harmonized t h e  resu l ts  o f  n ickel  analyses ( 3 U ) .  The 
consequence o f  th is  ac t i v i t y  has been i ~ l p r o v e d  standardizat ion o f  analy- 
t ica l  methods tha t  a re  used to monitor human exposures to  n icke l  com- 
pounds.  As a corre lated e f fo r t ,  comprehensive rev iew ar t ic les o n  the 
analytica; b iochemistry  of n ickel  have been p repared  in o rde r  t o  deline- 
ate (a )  precaut ions in sample collection, ( b  procedures t o  nlinimize 
n icke l  contamination, ( c )  re la t ive  sensi t iv i t ies o f  instrutaental tech- 
r ~ i q u e s  for- n i cke l  analysis, and (dl appl icat ion o f  n ickel  analyses in 
serum, u r ine ,  and  .other b o d y  f l u i d s  fo r  survei l lance o f  human exposures 
to  n i cke l  compounds (4,s) . Work to  achieve internat ional  cooperation and 
agreement upor: analyt ical  methods I s  time-consuming and oftimes f r u s t r a t -  
ing, but the  accomplishments during the past  th ree  years have been con- 
siderable. Formerly, the re  was ten-fc!d d i s p a r i t y  ainong the  reference 
values f a r  n i cke l  concentrat ion in serum and u r i n e  o f  heal thy persons. 
Present ly ,  t h e r e  is  no  serious disagreement r e g a r d i n g  these reference 
values (5). 

L;. Appl icat ions o f  Labora tory  Idlettiods t o  Assess Human Exposures to  Nickel 
Cor;~pounds 

(6) Uerriacki,  E.J., Parsons, G.E., Koy,  C .li., hl ikac-Uevi i ,  PA., Ken- 
nedy, C.U., a n d  Sunderman, F .\.'/. , Jr. : U r i n e  n icke l  concentra- 
t ions in nickel-exposed workers. Ann.  Cl in. Lab. Sci. - 8: 184-189, 
1978. 

(7 )  t jernacki ,  E.J., Zygowicz, E., and Sunderman, F.W., Jr. : Fluctua- 
t ions o f  n icke l  concentrat ions in u r i n e  o f  e lectroplat ing 
workers.  Ann.  Cl in. Lab. Sci. - 10:33-39, 1980. 

( 7 ~ )  Grandjean, P., Sunderman, F. 'J . ,  Jr., Shen, S . K . ,  and Sel ikoff ,  
I .A.: fvleasurements o f  n icke l  in plasma and u r i n e  o f  sh ipya rd  
workers.  (Abs t rac t ) ,  In: Proceedings o f  t h e  Swansea Conference 
on Nic!iel Toxico!ogy, ( S . S .  Grown and F.h .  Sunderrnan Jr., Eds.), 
Acadetxlc Press, tdew Yorlc ( i n  press) .  

(7C) I-lorak, t., Shea, P . t i . ,  Maher, J.F., Kennedy, T .L . ,  Randolph, 
M.T., r,lcLean, X .  t i . ,  and  Sundermar\, F.W., Jr. : Kadioimi;~unoassays 
o f  beta-2 microglobul in  in body  f lu ids  o f  hea l thy  adults,  ch i l -  
d ren,  pa t ien ts  w i t h  reca l  diseases, and nickel-exposed workers. 
(Abs t rac t ) ,  Ann .  Cl in. Lab. Sci. ( i n  p r e s s j .  

S t~ddy  o f  v ~ o r k e r s  in var ious  occupations exposed t o  n icke l  compounds 
revealed s ign i f i cant  increases o f  n icke l  concentrat ions in u r i n e  o f  
n icke l  b a t t e r y  workers, metal sprayers,  n ickel  electroplaters, and p a r t i -  
cu lar ly ,  in n i cke l  r e f l n e r y  worker's (6,7,7A). Invest igat ion o f  n icke l  
e lec t rop la t ing  workers  s t~owed  tha t  n icke l  concentrat ions in u r i n e  samples 
obtained at t h e  edd o f  the  work-sh i f t  were cor re la ted w i t h  exposures t o  
nickel in air ,  determined b y  personal  atrnospheric moni to r ing  w i t h  cas- 
sette samplers (7 ) .  li leasurements o f  beta-2 microglobul in  concentrat ions 
in u r i n e  samples were found to  b e  usefu l  f o r  detect ion o f  rena l  tubu lar  
in jut -y  it7 n icke l  r e f i n e r y  workers (7A) .  The p r i n c i p a l  invest igator  and 
the  technical personnel  suppor ted b y  tl.lis cont rac t  p rov ided  analytica.1 



assistance t o  state a n d  local p u b l i c  hea l th  author i t ies  fo r  invest iga- 
t ions of t he  possib le et iologic ro le  o f  n icke l  carbony l  in the  pathogene- 
sis of the  Legionnaires'  Oisease epidemic in Phi ladelphia. A l  t h o i c ~ h  the 
et iologic agent  was u l t imately  ident i f ied  as Legionella pneumophila, t he  
episode de:.iionstrated t h e  importance o f  n i cke l  analyses f o r  d i f f e ren t ia l  
diagnosis o f  id iopath ic  pneurnonia. T h r e ~  years  ago, the  Un ive rs i t y  of 
Connect icut  was the  o n l y  fac i l i ty  in the  Un i ted  States tha t  regu lar ly  
analyzed n ickel  concentrat ions in b o d y  f lu ids.  Ilow, the re  are  a t  least a 
dozen laborator ies tha t  pe r fo rm n icke l  analyses in o r d e r  to  monitor expo- 
sures of i ndus t r i a l  worke rs  to n i cke l  compounds. 'This research program 
has a s ign i f i can t  ro le  in fos te r ing  such n ickel  analyses. 

C. ~ ! r l b r y o t o x i c i t y  and Teratoqenic i ty  of Nickel  Compounds 

(8) Sunderman, F. VJ . ,  Jr., Shen, S. K., Ll i tchel l ,  J .M . ,  Allpass, P.R., . ' 

and i~arnjanov,  I. : Embryotox ic i ty  and fetal  t ox i c i t y  'of n ickel  in 
ra ts .  Toxicol.  A p p l  . Pharmacol , - i)3 : 38 1-399, 1978. 

(9)  , Sunderman, F.YI., Jr., Allpass, P.R., Mitchell, J.M., Laselt, 
K.C., and  A lber t ,  U.1.1. : Eye malformations in ra ts :  Induct ion  b y  
prenata l  exposure  to n i cke l  carbcny I. Science - 203 : 550-553. 
1979. 

( 1 0  J Sunderman, F.W., Jr., Shen, S.K., Reid, M. C., and  Allpass, P.R. : 
1-eratocjenicity a n d  embryotox ic i ty  o f  n i cke l  carbony l  in Syr ian  
hamsters. Teratogenesis, Carcinogenesis, a n d  Mutagenesis ( i n  
press) .  

In 1977, t h e  Department  o f  Energy 's  sc ient i f ic  p ro jec t  o f f i ce r  f o r  th is  
con t rac t  suggested tha t  t he  p r inc ipa l  inves t iga tor  shou ld  s t u d y  the 
embryotox ic i ty  and teratogenic i ty  o f  n icke l  compounds, in view o f  the 
pauc i t y  o f  in format ion t h a t  was then avai lable 011 t h i s  topic. T h i s  ave- 
nue  o f  inves t iga t ion  p r o v e d  t o  b e  sc ient i f ica l ly  fruitful. In o u r  ini- 
t ia l  s tudy ,  t l-ei ltment o f  p r e g n a n t  r a t s  w i th  fdiCIZ resu l ted  in enbryo-  
tox i c i t y  but did no t  induce fetal  c~alforrnat ions ( 8 ) .  In contrast ,  expo- 
s u r e  o f  p r e g n a n t  r a t s  and hamsters to inhalat ion o f  f4i(CUI4 during 
ear ly  gestat ion resu l ted  in a va r ie t y  o f  congenital  malformations in the 
p rogeny  ( 9  , 1 Ocular  malforrnatiorls were the  p r inc ipa l  congenital  
anonlalies in r a t s  ! 9 ) ;  c y s t i c  l ungs  and exencephaly were t h e  most common 
conyeni  tal  anoinalies in hamsters ( 10) . These observat ions suggest the  
poss ib i l i t y  o f  teratogenic ef fects o f  n i cke l  ca rbony l  upon hurnan fetuses, 
as a consequence o f  accidental exposures o f  p regnan t  women to  n ickel  car-  
bony1 in t i le  workplace. Pvloreover, t h e  finding t h a t  I-Ji ( COJ4 exposure 
resu l ts  in anophtha in ia  and microphthalmia in r a t s  has fu rn i shed  an 
experinlental  model to  inves t iga te  the  behaviora l  ef fects of congenital  
b l indness.  

Explanatory Note; Invest igat ions on niclcel carcinogenesis have been pri- 
c lar i ly  suppor ted  b y  NlESH Grant  ES-01337 ("rJickel Carcinogenesis"),  and 
have received n i n o r  s u p p o r t  by  DOE Cor~Lracl C V-03 140. 



(11) Sunderman, F.W., Jr., ~ a e n z a ,  t?.P.1., Allpass, P.R.,  itche ell, 
J.hl., Damjanov, I., a n d  Goldblatt ,  P.J.: Carc inogenic i ty  of 
n icke l  subsu l f ide  in fiscl. ler r a t s  and Sy r ian  hamsters af ter  
administ rat ion by  var ious routes. In: Inorgan ic  and IJu t r i t iona l  
Aspects o f  Cancer ( G .  rd. Schrauzer, Ed. J., Plenum Pub l i sh ing  Corp., 
t.Je;v York,  1978, Chapter  4, pp.57-67. 

f 321 Damjanov, I., Sundernan,  F.lf/., Ji-. , hiitchell, ,J.ht., a n d  Hllpass, 
P.H.: I nduc t ion  o f  test icu iar  sarcomas in Fischer ra ts  b y  in t ra -  
tes t icu lar  in jec t ion  o f  n icke l  subsulf ide. Czncer Res., %:268- 
276, 1978. 

(13) Swndernarr, F.'ii/., Jr., Trudeau,  E.A., Jr., Horak, E., hiitchell, 
J.M.,  and Allpass, P. H. : Serum cerulcplasmin concentrat ions in 
ra ts  w i th  p r i m a r y  and t ransplanted sarcomas induced b y  r ~ i c k e l  
subsu!.fide. Ann.  Clin. Lab. Sci. - 9:60-67, 1979. 

(14) Costa, M.., fdye, J.S., Sundernan,  F.W., 'Jr., Allpass, P . i < . ,  and 
Gondos, U.: I nduc t ion  of sarcomas in nude  mice by inplantat ion 
of Sy r ian  hamster fe ta l  cells exposed in v i t r o  to  n ickel  
subsul f ide.  Cancer Res. 39:359 1-3597, 1979. 

( 15) Sunderman, F.W., J r .  : Carc inogenic i ty  and  srnt icarcinogenici ty of 
metal compounds. In: Envi ronmental  Carcinogenesis (P. Emne!ot 
and E .  Kr iek ,  Eds.), E l sev ie r /Nor th  t io l land Press, New York, 
1979, pp. 165-192. 

( 1 6 )  Sunclerman, F.W., Jr., f.laenza, I:.hl., t iopfer ,  S.M., Mitchell, J.Al., 
Allpass, P. R., and  Damjanov, I. : Induct ion  o f  rena l  cancers in 
r a t s  by i n t ra rena l  in jec t ion  o f  n icke l  subsul f ide.  J. Env i ron.  
Patt-101. Toxicol .  2: 151 1-1527, 1979. 

(17) . A l b e r t ,  D.hl., Gonder, J.R., Papale, J., Craf t ,  J.L., Dohlman, 
H.G. ,  f ieid, FA.C., and Sundernan,  F.W., Jr.: l nduc t ion  o f  ocular 
neoplasms in Fischer r a t s  b y  in t raocu lar  in ject ion of n icke l  
subsul f ide.  Inves t .  Ophthalnol .  Visual Res. (submi t ted) .  

( 1 8 )  t iu i ,  G. and Sunderman, F.\J., Jr .  : Ef fec ts  o f  n i cke l  compounds on 
incorpora t ion  o f  thymidine-3) i  i n to  DtJA in r a t  l i v e r  and  k idney .  
Carcinogenesis - 1 :297-334, 1980. 

(19 )  Sunderman, F.bV., Jr., ~Y lcCul ly ,  K.S., Taubman, S.D., Allpass, 
P.K., t<eid, M. C., and Rinehimer, L.A. : It'langanese inh ib i t i on  o f  
sarcoma induc t ion  b y  benzo(a)pyrene in rats.  Carcinogenesis ( i n  
p r e s s ) .  

(201  Sunderman, F. W ., Jr. : Mechanisms o f  metal carcinogenesis. Biol. 
Trace Element - Res. 1:63-86, 7979. 

( 2  i 3 Sunderm-an, F. V l . ,  Jr. : Recent research o n  n i cke l  carcinogenesis. 
Env i ron .  t iea l t f i  Perspect.  ( i n  p ress  j .  



A n  impor tant  achieverrcent o f  o u r  research o n  n i cke l  carcinogenesis has 
been demonstrat ior l  t h a t  in v i t r o  exposure  o f  S y r i a n  hamster embryo cells 
to n icke l  subsu l f ide  (aNi3S2) resu l ts  In morphological transforma- 
t ion, and  t h a t  t he  t ransformed cells regu la r l y  induce sarcomas fo l lowing 
sc inplantat ion in n u d e  mice ( 14). O the r  accomplishments have inc luded 
( a )  esiabl ishnlent o f  t h e  dose-response re lat ionship f o r  induct ion  of 
locai sarcomas fo l lowing in in ject ion of ar.li3S2 in r a t s  (151, (b) 
development o f  a new model fo r  i nduc t ion  o f  ocular neoplasms (e.g., mela- 
noma) b y  in t raocu lar  in ject ion o f  aNi3S2 in r a t s  (17), ( c )  dernonstra- 
t iorl tha t  manganese inh ib i t s  t h e  induct ion  o f  sarcomas in r a t s  af ter  im 
in ject ion o f  benzo(a )py rene  as well as a f te r  im in ject ion of ar.li3SZ 
(19), and ( d )  observat ion  t h a t  PJi(CO)4 inh ib i t s  the  incorporat ion o f  
tttyrnidine-3ti i n t o  U!dA in r a t  l i v e r  and k idney  ( 1 8 ) .  Crysta l l ine  n ickel  
n o n s s ~ i l f i d e  {pfJiS), n i cke l  monoselenide ( I ,  n i cke l  subseleniae 
( N i  3 S ~ 2 ) ,  a n d  n icke l  carbonyl-cyclopeniacf iene d i ~ n e r  { ( N i  (COj2 'C5 H,f ,) 
have  been f o u n d  t o  b e  carc inogenic in r a t s  fo l lowing in inject ion; under  
the  same condit ions, ainorphous n icke l  nonosu l f ide  (N iS I  did no t  induce 
any tumors (15) .  O u r  studies indicate tha t  the  phys ica l  form o f  pa r t i cu -  
late n ickel  compounds has a c r i t i ca l  e f fec t  upon the i r  carcinogenic acti- 
v i t ies.  T h e  p r inc ipa l  inves t iga tor  has p repared  rev iew ar t ic les on mech- 
anisms o f  metal carcinogenesis (20) and o n  recent  research o n  n icke l  car-  
c i ~ ~ o g e n e s i s  (2  1 ) . 
E. blematoloqic Ef fec ts  o f  Nickel  Conpounds 

(22) Morse, E.E., Lee, T.Y., Heiss, R.F., and  Sunderman, F.VJ., Jr.: 
Dose-response and  time-response s tudy  o f  e ry th rocy tos i s  in ra ts  
a f te r  i t i t ra rena l  in ject ion o f  n icke l  subsulf ide. Ann.  Clin. 
Lab. Sci., z: 17-24 1977. 

(23) Hoyfer,  S.M. a n d  Sunderman, F.YJ., Jr. : Manganese inh ib i t i on  of 
n icke l  subsu l f ide  i nduc t ion  o f  e ry th rocy tos i s  in rats.  . Hes. 
Commun. Chena. Pathol. Ptiarmacol. =:337-345, 1978. 

(24) I iopfer ,  S.M., Sunderman, F.N. ,  Jr., Fredr ickson,  T.I4., and 
Llorse, E . E . : fJickel-induced e ry th rocy tos i s  : Eff icacies of 
n icke l  compounds and susceptibi l i t ies o f  r a t  strains. Ann. 
Cl in. Lab.  Sci. 8:396-402, 1978. 

( 2 5 )  I-lopfer,. S.M., Sunderman, F.W., Jr., F redr ickson,  T.N., and 
tilorsc, E. E .  : Increased serum e ry th ropo ie t i n  ac t i v i t y  in ra ts  
fo l lowing in t ra rena l  in ject ion o f  n icke l  subsul f ide.  Kes. Com- 
clun. Chen.  Pathol. Pharmacol. 23: 155-170, 1979. 

( 2 6 1  Hopfet-, S.M., ~ u n d e r n a n ,  F.W., Jr., Idorse, E.E., and F red r i ck -  
son, 'T . I d .  : Effects o f  i n t ra rena l  in jec t ion  o f  n icke l  subsul f ide 
in rodents.  Ann.  Cl in. Lab. S c i .  E:S4-64, 1980. 

- 
(27) Oskarsson, A., Reid, L1.C.. and Sunderman, F.W., Jr .  : Comparison 

o f  t h e  ef fects o f  cobalt  chlor ide, n icke l  chlor ide, and  n icke l  
subsu l f ide  u p o n  ery thropo ies is  in rats.  Ann. Clin. Lab.  Sci. 
(submi t ted) .  



(27HJ Sundernan,  F.W., Jr., f<eid, M.C., Delaney, L., Shen, S.l<., and  
t lopfer,  S.M.: Factors which inf luence the  i nduc t ion  of e r y t h r o -  
cytos is  b y  i n t ra rena l  in ject ion o f  n i cke l  subsulf ide. 
(Abs t rac t ) ,  Ann.  Clin. Lab. Sci. ( i n  press) .  

(27B) Sunderman, F . W . ,  Jr .  a n d  Downs, J. Ct. : Assay o f  heme oxygenase 
ac t i v i t y  in k i d n e y  microsomes by gas chromatography o f  released 
carbon monoxide. (Abs t rac t ) ,  Clin. Chem. ( i n  press) .  

(28) Sunder-man, F. W., Jr .  : Ef fects o f  xenobiot ics on heme oxygenase 
ac t iv i ty .  In: T h e  Use o f  Labora tory  Test  Results:  Var iat ions 
Due to  Drug I n take  (G. Siest, Ed.), Ed i t ion  Mar t inus  Nijhoff, 
Luxernbourg ( in press) .  

A series o f  i r ~ v e s  t igat ions has been conducted o n  t h e  pronounced e r y t h r o -  
cytos is  t h a t  develops in roden ts  fo l lowing in t ra rena l  in ject ion of 
u14i3SZ (22-27). S ign i f i cant  d i f ferences were observed betwee.? the 
suscept ib i l i t ies o f  f o u r  r a t  s t ra ins  t o  afdi3S2-induced e ry th rocy tos i s  
(24). Guinea p i g s  were f o u n d  t o  develop e ry t l i r ocy tos i s  a f te r  ir injec- 
t ion  o f  a!4i3S3, but mice, squ i r re ls ,  gerbi ls,  and hamsters did no t  
develop any h&matological. response (27AJ. Several n i cke l  compounds were 
tested in r a t s  by ir in jec t ion  in equal dosages (7 mg N i l r a t ) .  T h e  com- 
pounds  inc luded tJiTi2, NiTe, NiSb, PiiAs, aNi3S2, r.li3Se2, c rys ta l l ine  
@F.liS, amorphous NiS, a n d  I d i  dus t .  Eilood hematocr i t  values became signi-  
f i can t l y  increased on ly  in r a t s  t h a t  received ccNi3S2, c rys ta l l ine  
BEiiS, Ni3Se2, and  Ni  d u s t  (24,27A). Admin is t ra t ion  o f  i f . l i3S2 to 
r a t s  by im, in t rahepat ic ,  o r  in t rasp len ic  routes, and administ rat ion of 
lJiCIZ t o  r a t s  b y  ip in fus ion  did n o t  induce e ry th rocy tos i s  (26,271. 
l n t ra rena l  in jec t ion  has been t h e  on ly  e f fec t ive  route.  aNi3S2- 
induced e ry th rocy tos i s  can b e  p a r t i a l l y  suppressed b y  simultaneous injec- 
t i on  o f  Mn'  d u s t  (23) o r  ip in fus ion  o f  sodium diethyldi thiocarbarnate 
(27AJ.  a F.Ji3S2-induced e ry th rocy tos i s  i s  associated w i th  increased 
plasma concentrat ions o f  e ry th ropo ie t i n  (25). These studies have  i d e i ~ t i -  
i i e d  physio iogical  mechanisms and factors which a f fec t  ar.li3S2- 
induced e r y t t ~ r o c y t o s i s  in rats,  and have establ ished t h e  species-specifi- 
c i t y ,  compound-specif ic i  t y  , a n d  route-specif ic i  t y  o f  t h e  experi tnen tal 
model. This experimental model f u rn i shes  an a t t rac t i ve  avenue to  exp lore  
t h e  ro le  o f  er-ythropoiet in  in t h e  regu la t ion  o f  e r y t h r o c y t e  product ion .  
To determine whether  n i cke l  i nduc t ion  o f  renal  heme oxygenase ac t i v i t y  
i s  i nvo lved  in the  cont ro l  o f  e ry th ropo ie t i n  product ion .  a sensi t ive 
assay f o r  heme oxygenase a c t i v i t y  has been developed (27E). T h i s  method 
i s  c u r r e n t l y  b e i n g  used  to monitor st imulat ion o f  heme oxygenase b y  
n i cke l  compounds. T h e  b a c k g r o u n d  l i t e ra tu re  on e f fec ts  o f  xenobiot ic 
agents on heme oxygenase ac t i v i t y  has been summarized in a rev iew ar t i c le  
( 2 8 )  * 

F .  hletabolism, Tox ic i ty ,  and  Chelat ion o f  Nickel 

( 2 3 )  Kasprzak, K . S .  and  Sundernan,  F.W., Jr. : hlechanisms o f  dissolu- 
t ion  o f  n ickel  subsu l f ide  in r a t  serurn. Res. Conimun. Chem. 
Palhol.  Pharniacol. =:95-108, 1977. 



(30) i i nke l i nx ,  C. and  Sunderman, F.\ir. ; Jr. : Mathematical modell ing o f  
n i cke l [  l l] metabolism. In: I.Jickel in t h e  Env i ronment  (J.0. . 

I . l r iayu, Ed.), Ui ley Interscience, t.4ew York  ( i n  press) .  

(311  Kasprzak, K.S .  and  Sunderman, F.W., Jr.: Radioact ive 6 3 t ~ i  in 
biological research.  P u r e  App l .  Chem. - 51 : 1375-1389, 1979. 

( 3 2 )  blorak, E . ,  Zygowicz, E.K. ,  Tarabishi,  R., Mitchell,, J.f,l., and  
Sutlderrnan, F. \ Y o ,  Jr. : Effects o f  n icke l  ch lor ide  and n i cke l  car -  
b o n y l  upon  glucose metabolism, in rats.  Ann. Cl in .  Lab. Sci. 8: 
476-482, 1978. 

(33) t i o rak ,  E ,  and Sunderman, F . W . ,  Jr .  : ldephrotoxic i ty  ' o f  n ickel  
ca rbony i  in r a t s o  Ann.  C l i n  Lzb. Sci. [in p ress ) .  

(341 Baseit, K.C., Sunderman, F.W., Jr., hiitchell, J.li.4., a n d  Horak, 
E. : Comparisons o f  ant idota l  eff icacy of sodium d ie thy ld i th i c -  
carbarnate, D-penicillarnine and t r i e thy lene te t ran ine  upon  acute 
t o x i c i t y  o f  n i cke l  carbony l  in ra ts .  Res. Conmun. Pathol. Phar-  
tnacol . x:677-688,  1977. 

(35) Shen, S.K., Nilliams, S., Onkel inx,  C., a n d  Sunderman, F . U . ,  Jr. : 
Use o f  implanted m i t~ ipumpr  to  s t u d y  the  e f fec ts  o f  chelat ing 
d r u g s  o n  renal  63t .~ i  clearance in rats.  Toxicol.  App l .  Phar-  
macol. !iJ:209-217, 1979. 

The netabolisrn o f  clPJi3S2 was e luc idated b y  in v i t r o  s t u d y  o f  t he  
m e c l ~ a n i s n  o f  d issolut ion o f  63a14 i3~2 in r a t  serum. The  
w14i3S2 was slowly ox id ized to  c rys ta l l i ne  n i cke l  n~onosu l f ide  (BNiS), 
wh ich  subsequent ly  underwen t  f u r t h e r  ox idat ion to y i e l d  soluble N i [ l l ]  
complexes and re la t i ve l y  insoluble par t ic les  o f  n i cke l  h y d r o x i d e  
l t4 i (01 i )2)  ( 2 9 1 .  The  k ine t ics  o f  6 3 t ~ i  in rodents  have  been sum- 
marized (303, a n d  appl icat ions o f  63~. l i  in biological research have 
Seen rev iewed ( 3 ' 1 ) .  Hyperglucagonemia was ident i f ied  as the  factor  tha t  
induces h y p ~ r g l y c e m i a  in r a t s  fo l lowing administ rat ion of NiC12 and 
N i ( C 0 l 4  (32) .  Exposure  o f  r a t s  t o  inhalat ion o f  t4i(C(i14 was shown t o  . . 

induce nephro tox ic i ty ,  manifested b y  p ro te inu r ia  and arninoaciduria (331. 
The  re la t i ve  ef f icacy o f  che la t ing  agents fo r  t he rapy  o f  l.li(CO14 poi -  
soning was sluciied in ra ts ;  d-penicil lamine and sodium d ie thy ld i th iocar -  
bamate were b o t h  e f fec t ive  antidotes, but tr ieth ylenetetramine was inef- 
fec.t ive (34).  T h e  e f fec ts  o f  che la t ing  d r u g s  o n  rena l  6 3 ~ i  clearance 
was i nves t i  srted in rats;  d-penicil lanline a n d  t r le thy lenete t ramine 
increased 6$Ni clearance, whereas sodium d i e t h y l d i  thiocarbarnate did 
no t  af fect  63tdi clearance (35). A h igh-resolut ion p rocedure  has been 
developed f o r  separat ion o f  63~i-binding pro te ins  in r a t  k i d n e y  cy to-  
so! by a arose ge l  e lectrophoresis and isoelectr ic  focus ing w i t h  detec- 
tion o f  681-4i b y  autoradiography.  T h i s  technique i s  b e i n g  employed t o  
ident i fy p r o t e i n s  tha t  a re  i nvo lved  in renal  up take  and  tubu la r  secret ion 
of 63i'~i [ l I] . 



C;. Other  Studies o f  tdickel l o x i c o l o q y  

(36 )  Sernacki ,  E. J., Parsons, C .E., and  Sunderman, F. \ ' / . ,  Jr. : Invest i -  
gat ion o f  exposure  to n i cke l  and  l u n g  cancer morta l i ty .  Ann. 
Cl in. Lab. Sci. - 8:190-:94, 1978. 

The possib le association between exposure to n ickel -conta in ing compounds 
arrd l i ~ n g  cancer mor ta l i t y  was assessed in workmen a t  a n  a i r c r a f t  engine .- 
factory i r l  Har t fo rd ,  Lonnect icu t .  I h i s  case-control s t u d y  was l imited t o  
men who d ied  p r i o r  t o  re t i rement  from work,  and  hence the  possib le la tent  
p e r i o d  fo r  development o f  l u n g  cancer was res t r ic ted .  T h e  p ropor t i on  o f  
deaths f rom lung cancer in the  cohor t  o f  nickel-exposed workers  was equal 
to t h a t  in a contra!  cohor t  of workers  who h a d  minl9ai  occupational expo- 
sures t o  nicke;. 

Gf tADUATE STUDLTdTS "I-RAlriEU DEGREES GF<AIdTEC, AND ---- 
POST DGCTOKAL TENURES CUI;F,PLETEO 

A. Graduate Students  

( 1  J Sidney Hopfer,  Ph.U., Doctorate in Pathobiology , Un ive rs i t y  of 
Conr~ect icu t ,  1979. Dr. i lop fer 's  doctoral thesis was concerned 
w i t h  - t h e  i nduc t ion  o f  e ry th rocy tos i s  in r a t s  b y  in t ra rena l  injec- 
t ion  o f  n i cke l  subsul f ide.  He col laborated in papers X16, 23- 
26. 

8. i~ ledical  S tudents  

(1) Edward Trudeau,  tkl .O.,  Un ive rs i t y  o f  Connect icut,  1978. D r .  T r u -  
deau worked o n  th is  p rog ram during a three-month s tudent  research 
elect ive. He col laborated in paper  #13. 

( 2 1  Ctan~say Tat-sbishi, f J . L i . ,  Un ive rs i t y  o f  Connect icut,  1979. Dr .  
ra rab ish i  worked on th i s  p rog ram during a three-month student  
research elective. l i e  col laborated in paper  #32. 

( 3 )  Steven Williams, M.D., U n i v e r s i t y  o f  Connect icut,  1980. Dr .  
\'rilliams worked on th is  p rog ram during a three-month s tudent  
research elective. t i e  col laborated in paper  #35. 

C.  - Posdoctoral Tenures  

( 3 J Thomas Grove, P l i  .D., Doctorate in Biochemistry ,  Case-Western 
Reserve Un ive rs i t y ,  1977. Dr .  Grove was a post-doctora l  fellow in 
c l in ica l  chemis t ry  who worked on th is  p r o g r a m  d u r i n g  a three- 
month e lect ive rotat ion.  t ie  col laborated in paper  #2A. 

( 2 )  Elizabeth Zygowicz , Ph .D., Doctorate iri Biochemistry ,  U n i v e r s i t y  
o f  I l l inois, 1976. Dr .  Zygowicz was a post-doctora l  fel low in 
c l in ica l  chemis t ry  who worked o n  th is  p rog ram during a three- 
month e lect ive ro ta  tion. Stie col laborated in paper  #7. 



(3) Llax Costa, PI1 . D . ,  Ljoctorate in Pharmacology, U n i v e r s i t y  o f  Ar izona 
LJedical !~chooI,  1978. From F e b r u a r y  1979 t o  January 1980, Dr .  
Costa was the  rec ip ien t  o f  an  t4IH Post-Doctoral Fel lowship in 
Cancer Researcii in the  Oepartrnent o f  Labora to ry  Medicine and 
I n s t i t u t e  o f  Materials Science o f  t h e  U n i v e r s i t y  o f  Connecticut, 
w i t h  I j r . .  Sunderman as Pilajor Adv isor .  Par t ia l  s u p p o r t  f o r  Dr .  
Costa's exper iments was p r o v i d e d  b y  th is  DUE cont rac t .  He col- 
laborated in p a p e r  #14. 

CUC!I'tENT STATUS OF KldO\JLEhGE - 

When th i s  p rog ram was  in i t ia ted  12 years  ago, t h e r e  was p rac t i ca l l y  n o  
research o n  n i cke l  metabo!lsn~ or toxicology b e i n g  pe r fo rmed  in other  
laborator ies. Cq!ithin the  past  decade, the re  has been steady increase in 
research o n  n icke i  in iaborator ies th roughou t  the  wor ld .  Scient i f ic  
developments and  gover r inenta l  regulat ions have recen t l y  generated an 
exp los ive  expansion o f  in teres t  in bio!ogicai ef fects of nickel, as mani- 
fested b y  t h e  th ree internat ional  conferences o n  n i c k e l  metabolism and 
toxicology t h a t  have taken p lace during 1978-1980. T h e  most important  
recent  con t r i bu t i ons  to  knowledge o f  n icke l  metabolism a n d  toxicology 
t ronl  o the r  laborator ies I iave been the  fol lowing: 

A. Ana ly t ica l  Chemistry  

(37) Flora, C. J. arrd Nieboer, E.: Determinat ion o f  n i cke l  b y  dif- 
fe rent ia l  pu lse  po larography at  a d r o p p i n g  m e r c u r y  electrode. 
Anal. Chern. =:1013-1020, 1980. 

(38) Chen, J.R., Francisco, R.U., and hluller, T.E. : Legionnaires' 
disease: Nickel leveis. Science E:906-908, 1'377. 

(39)  Dornemann, A.  a n d  Kleist,  t l .  : Oestimmunq v o n  Nanospuren Nickel - 
in SIologischer ?.iatrix. Fresenius 2. Anal. Chern. 300: 197-199, 
1980. 

Flora a n d  Fdieboer (37 )  f ound  t h a t  add i t ion  o f  d ime thy lg l yox ine  t o  atnrnoni- . . 

acal t a r t r a t e  or c i t ra te  b u f f e r s  enhanced b y  a factor  o f  15 the  sensi'ti- . 

v i t y  of  d e r i v a t i v e  po la roy raphy  o n  n icke l  at a d r o p p i n g  m e r c u r y  elec- 
t rode.  By  means o f  d i~nethylg lyoxi rne sensit ized d i f fe rent ia l  pulse 
polarograpkry, F lo ra  and Nieboer (37) detected n icke l  concentrat ions as 
low as 2 to  3 u g / l i t r e  in b u f f e r e d  react ion mixtures.  A t  the  Swansea 
L ~ n f e t - e n c e  on rJicttel Toxicology in September 1980, Nieboer w i l l  r e p o r t  
2:tcelleni agreement between ana!yses o f  n icke l  in h u m a n  u r i n e  samples b y  
dimeti. iyIglyoxime-sensit ized po la rog rap l i y  and by t h e  IUPAC reference 
metirod fo r  e lectrothermal  atomic absorpt ion spectropimtornetry. Chen e t  
al. I351 employed par t ic le - induced x - r a y  emission spect romet ry  f o r  mea- 
surements o f  n icke l  concentrat ions in t issue specir,iens obta ined a t  autop- 
sy f rom p a t i e t ~ t s  who d ied  o f  Legionnaires'  desease and  f rom contro l  
pat ients.  T l ~ e  corre'ration coef f ic ient  was  0.936 between n icke l  concen- 
t rat ior is  obtair ied by Chen e t  al. ( 3 8 1 ,  and ti iose ob.tained by Sunderman 
( 5  1 u s i n g  e lec t ro t i~e rma l  atomic absorpt ion spect rop hotornetry.. T h e  
resu l ts  obta ined b y  F lora  and I'.rleboer (37 )  and  Chen et at. (311) us ing  
co~np lo te ly  d i f f e r e n t  analyt ica l  methods have  p r o v i d e d  independent  suppor t  



o f  the  accuracy of resu l t s  obta ined b y  atomic absorp t ion  spectrophoto- 
n e t r y .  Ltornemann and l i le is t  ( 3 9 )  have repor ted  a two-step isolat ion p r o -  
cedure  fo r  assay of n icke l  in biological samples. A f t e r  wet oxidation, 
i r o n  is removed b y  ex t rac t i on  w i t h  c u p f e r r o n  i n t o  chloroform; then  n ickel  
is ex t rac ted  a:; hexamethylenedithiocarbamidate i n to  a m i x t u r e  o f  diiso- 
propyketc jne and xylene, and n icke l  is  measured b y  electrotherrnal atomic 
absorpt ion spectrophotometry. Th is  p rocedure  may fac i l i ta te analysis of 
n icke l  in whole blood, l i ver ,  k i d n e y ,  and o ther  t issues which a re  r i c h  in 
nickel .  The technique is  c u r r e n t l y  b e i n g  evaluated a t  t h e  Un ive rs i t y  of 
Connect icut .  

(40) Uinkc?rt, G., I<lee, &., and Thauer, i i .  K. : Nickel,  a component of 
factor  F-430 f rom rnethancbacteriuin Phernoautotrophicun.  Arch.  
El'licrobiol. E: 103-106, 1986. 

(41) Whitman, W.B. and Wolfe, K.S. : Presence o f  n i cke l  in factor  F-  
430 f rom ~ ~ e t h a n o b a c t e r i u m  b r y a n t i i .  Ciochem. Uiophys. Kes. 
Conixun. %:1196-1201, 1980. 

Ljielcert e t  al. (40) a n d  Whitman and C'Jolfe (41  J have independent ly  dis- 
covered tha t  n i cke l  i s  an essential co~nponent  o f  coenzyme F-430, which is  
requ is i te  f o r  r;lethanogenesis in bacter ia. Factor .  F-430. is t h e  f i r s t  
n ickel -conta in ing b io logical ly  act ive compound o f  low molecular weight  to  
b e  reported.  T h e  s t r u c t u r e  o f  F-430 has no t  ye t  been established, but it 
has phys ica l  p roper t i es  simi lar t o  v i tamin UI2 (40). Th is  d iscovery 
has st i tnulated considerable in teres t  in n.~olecular b ioct iemist ry ,  because 
of t he  specu!ation tha t  F-430 may p r o v e  to b e  a vi tamin. 

(42)  Anke, kl., Kronemann, H., Croppel, U., Idennig, A.,  ldeissner, L). 
and Schneider, H. J. : T h e  inf luence of Ni-def ic iency on growth,  
reprodt lc t ion,  l i f e  expectancy,  and d i f f e r e n t  biochemical para- 
meters in yaats and mini-pigs. ( A b s t r a c t ) ,  In : Proceedings 
Internat ionales Hrsen-  und I-~ickelsymposium ( ! A .  A n k e  a n d  14.i- 
Schneider, Eds. ) , Karl-lvlarx l j n i v e r s i t y  Press, Le ipz ig  [ir, 
p ress ) .  

( 4 3 )  Schnegg, A. and  Kirchgessner,  ti\. : Z u r  Essent ia l i ta t  des Pdicliels 
fur clas t ier ische Viachstum. (Abs t rac t ) ,  In: Proceedings In te r -  
nationales Arsen-  u n d  Nicke lsynpos iun~ (hi. A n k e  and H . J .  Schnei- 
der ,  Eds.), Karl-l;larx Ur l i vers i ty  Press, Le ipz ig  ( i n  p ress ) .  

(44 )  Idielsen, F . H .  : IJickel depr iva t ion  in t h e  r a t :  I t s  effect o n  
t h e  absorp t ion  o f  f e r r i c  ions. (Abst rac t ) ,  In : Proceedings 
1nternat ionai .e~ Arsen- u n d  I.iickelsyrnposium (M. Anke  a n d  H e  J *  
Sc i~ne ide r ,  Eds. ) , Karl-Pi'larx Un ive rs i t y  Press, Le ipz ig  ( i n  
p ress )  . . 

Invest iga t ions  in th'ree laborator ies have independent ly  establ ished t h e  
nu t r i t i ona l  essent ia l i ty  o f  n i cke l  f o r  mammalian species, i r l c lud ing 



goats, swine, and r a t s  (42-44). Nickel appears to b e  invo lved in i ron  
absorpt ion, ca rbohydra te  c~etabol ism, and  osteogenesis, but the  exact 
physio logical  ro le o f  n icke l  remains t o  b e  established. The nut r i t iona l  
requirements for  n icke l  i s  estimated to b e  a p p r o x i ~ r ~ a t e l y  0.5 ppm in food 
o f  man and anirnals (42 ) .  

O. Cardiac Physio logy 

(45 )  l iubai- iy i ,  C .  and  L<ovach, A . L . G . :  T h e  ef fect  o f  n icke l  ions on 
myocarcial con t rac t i l i t y  and co ronary  f low in the  isolated r a t  
hear t .  ( A b s t r a c t ) ,  In : Proceedings Internat ionales Arsen- u n d  
14icke!symposium (PA, H n k e  and t l .  J. Schneider, .Eds. 1 ,  Karl-Rtarx 
U n i v e r s i t y  Press, Le ipz ig  ( i n  p ress ) .  

(46 )  Prasad, C.hl., Edair, K. C . ,  and Snet!?, lJ .K. : Ant iarr ! iy tnmic 
act ion o f  f l ickei ch lor ide.  (Abs t rac t ) ,  In : Proceedings .of  the . . Swansea Conference o n  PJickef T o x i c ~ l c g y  [ S . S .  B r o w n  and  F .V  
Sunderman, Jr., Eds.) , Academic Press, New York  ( i n  press) .  

t i ubany i  a n d  Kovach (45) showed tha t  F J i l l l ]  in concentrat ions as low as 6 
p g l l i t r e  s ign i f i cant ly  i nh ib i t s  myocardial  con t rac t i l i t y  and  increases 
coronary  a r te r i a l  resistance in the  isolated, pe r fused  r a t  heart .  Prasad 
e t  al. (46) f o u n d  t h a t  N i l  1 I ]  ef fec t ive ly  antagonizes digi tal is- induced 
cardiac ar rhy thmias  in in tac t  r a t s  and  in isolated h e a r t  preparat ions.  
Kubany i  and Kowack (45) and Prasad e i  al. ( 4 6 )  have deduced tha t  FJi[ l i ]  
competes w i th  C a l ' l l l  f o r  en t rance in to  cardiac cells and increases the 
i t 1  trace1 lu la r  concentrat ions o f  ma1 ic anci oxaloacetic acids. These 
observat ions have  renewed in te res t  in t h e  c l in ica l  signi.f icance of hyper -  
n icke len ia  .that o f ten  occurs in pat ien ts  fo l l ov~ ing  myocardial  in farct ion,  
as dernonstt-ated 10 years  ago b y  research a t  t he  Un ive rs i t y  o f  Connecti- 
cu t .  

(47) Lu ,  C-C. , /i,\atsumoto, I d . ,  and l i j ima, S .  : l 'eratogenic ef fects o f  
n i cke l  c l i lo r ide  o n  embryonic mice. Teratology 19: 137-142, 
1979. 

(48) Gilani, S .id. and Marano, ril.  : Congenital  abrlormalit ies in nickel 
po ison ing in ch ick  embryos. Arch.  Env i ron .  Contamin. Toxicol. 
9:17-22, 1980. - 

(49)  Schneider, ti. J., Anke, R I . ,  and K l inger ,  G.: T h e  n ickel  s tatus 
o f  human beings. ( A b s t r a c t ) ,  In: Proceedings Internat ionales 
Arsen-  u n d  I.lickelsynposium (1d. Anke and t i .  J. Schneider, Eds.), 
Karl-hiarx Un lve rs l  t y  Press, Leipzig [ i r i  p r ' e s s ) .  

Lu e t  at. ((17 ) observed increased resorpt ions,  decreased fetal weight, 
a n d  cerebral ,  ocuiar; palat ine, and  skeletal  anomalies in mice fol lowing - 
ip i n jec t ion  o f  NiCIZ t o  p r e g n a n t  dams or: days  7 to 11 of gestation. 
Ci lani and hlarano (48) repo r ted  nicrophthalrnia, exencephaly, ever ted  
viscera, ectopia cordis ,  skeletal anomalies, and  in terna l  hemorrhages in 
ch icks  fo l lowing in ject ions o f  NiCIZ in to  the a i r  sac o f  t h e  e g g  on 



days O t o  4 of incubat ion.  These f i nd ings  suggest  t h a t  IJi(CO)4 may n o t  
b e  un ique ly  teratogenic; d iva len  t n i cke l  cornpounds may also pose terato- 
genic hazards.  U n t i l  recent ly  the re  was n o  evidence o f  human teratogenic 
r i sks  f rom exposure  to  n ickel  compounds, but Schneider e t  al. (49) has 
repor ted  increased n icke l  concentrat ions in tissues o f  a malformed human 
i n f a n t  t h a t  d ied  13 days a f te r  de l i ve ry ;  and they  speculated t h a t  p re -  
natal  exposure  to n i cke l  might have beer1 a teratogenic factor.  

(501  I ) i f  aolo, J.A. ar id Casto, B.C. : Quant i ta t ive  studies o f  in v i t r o  
rnorp41o/ogical t ransformat ion o f  S y r i a n  hamster fetal  cel ls b y  
inorganic n~e ta l  salts. Cancer t?es. 2:1008-1013, 1979. 

(51) Rivedal,  E .  a n d  Sanner, I ' . :  Synerg is t ic  e f fec ts  on rnorphologi- 
cal ti-ansfct-raation o f  hamster embryo cells b y  n i cke l  su l fate and 
benzo(a)p\ j rene.  Cancer Le t te rs  5 : 2 C 3 - 2 2 9 ,  1930. 

(52) Cuckle, ti., Doll, R., and  hiorgan, L.G.: A s t u d y  o f  t he  mortai i -  
t y  o f  men w o r k i n g  w i th  soluble .nickel compounds. (Abs t rac t ) ,  
111: Proceedir lgs o f  the  b~vansea Conference o n  lJickel Toxicology, 
(S .Sd B r o w n  a n d  F.CJ. Sunderman Jr., tds. ) ,  Academic Press, fJew 
York ( i n  p r e s s ) .  

(53) Uurges,  D . C . E .  : Mor ta l i t y  s t u d y  o f  n icke l  p laters.  (Abs t rac t ) ,  
in: 1'1-oceedings o f  t h e  Swansea Conference o n  N icke l  Toxicology, 
(S.S. B r o w n  and  F.U. Sunderman Jr.  Eds.), Academic Press, New 
York ( i n  p ress ) .  

UiPaolo and Casto ( 5 0 )  and Rivedal  and Sanner (51) have  independent ly  
r e p o r t e d  f i nd ings  similar to  Costa e t  al. (14) t h a t  in v i t r o  exposures of 
S y r i a n  h a n s t e r  fetal  cells t o  af.li3S2 o r  NiSU4 r e s u l t  in morpho- 
logical t ransformat ion.  Rivedal and  Sanner (51) observed tha t  when cells 
were exposed to combinations o f  NiSU4 and benzo(a)pyrene,  the  t rans for -  
r ,~at ion frequetlcies were much h i g h e r  than when t i le  compounds were tested 
separately. 17ivedal and Sanner's observat ion o f  mutagenic synerg ism 
between n icke l  su l fa te  and benzo(a1pyrene is  consistent  wi t t i  o u r  p rev ious  
observat ions o f  carcinogenic synergism between alJi3S2 and benzo(a t -  
pyrer le  in rats.  A t  t h e  Swansea Conference c n  r l i cke l  Toxicology in Sep- 
ter;lber 1580, Cuckle e t  al. i52) wi l l  r e p o r t  a s ign i f i cant  increzse in 
l u n g  cancer mor ta l i t y  in workers  in a Welsh chemical p l a n t  which manufac- 
tu res  soluble n icke l  salts, a n d  Uurges (53) w i l l  r e p o r t  a s igni f icant  
increase in gas t r i c  cancer in n i cke l  e lectroplat ing workers.  In the 
l i g h t  o f  these observat ions, t h e  r i s k s  o f  carcinogenesis f rom exposure  to 
r ~ i c k e !  compounds may no t  b e  r e s t r i c t e d  to n icke l  r e f i n e r y  workers, as was 
p rev ious l y  bel ieved. 

(54) I.lair.~es, h1.L. and Kappas, A. : rdickel mediated a l terat ions in t h c  
slct iv i ty o f  hepat ic  and  renal  enzymes of heme metabolism and 
herne dependent  cel lu lar  ac t lv l  tles. In: C l i r ~ i c a l  Cl~errris Lr.y a r ~ d  
Chemical Toxicology o f  hlctals, (S.S. Brown, Ed.), Elsevier 
Press, Amsterdam, 1977, pp. 75-81. 



(55) Eyb l ,  V., Kontensl iy,  J., Sykora, J., Mer ty l ,  F., and Svacinova, 
J. : The  in terac t ion  o f  n i cke l  and cadmiur;~ in experimental 
in tox icat ion.  (Abs t rac t ) ,  In : I'roceedinys Internat ionales 
Arsen-  und lJickelsyrnposium (FA. Anke  and H. J. Schneider, i d s .  l , 
}(a,-6-l'.\arx Un ive rs i t y  Press, Le ipz ig  ( i n  press) .  

F~iairles +nd Kappas (54) d iscovered t h a t  ' sc .admin i s t ra t i on  o f  tJiCl2 to 
r a t s  causes a p r c ~ t p t  ten-fold induct ion  o f  heme oxygenase a c t i v i t y  in 
rena! inicrosomes. T h e  effect of IJiC12 upon heme oxygenase in k idney  
w a s  much n o r e  pronounced than  in l i ve r .  These observat ions stimulated 
the  p r i n c i p a l  invest igator 's  i n i e r e s t  in the  molecular mechanisms and 
toxicological importance o f  t h i s  phenonenon. E y b l  e t '  a]. ( 5 5 )  have 
recent ly  obser-wed t ha t  sc i n jec t ion  o f  NiCIZ markedly diminished pheno- 
barb i ta l - induced s leeping t i n e  In rats;  they have postu iated an inhibi- 
t o r y  e f fec t  of n i cke l  on  hepatic rnixed func t i on  oxidase act iv i t ies.  

I. Nep h r o l o c ~  

(56) Vdebster, J .U., Parker ,  T. F., A l f rey ,  A. C., Smythe, W.K., Kubo, 
t i . ,  Neal, G., and Hul l ,  A . R .  : Acute n icke l  i n t ~ x i c a t i o n  b y  
dialysis.  Ann.  In te rn .  rAed. - 93:631-633, 1980. 

(57) Stein, G., Schneider, ti. J., and  Stadie, G. : T h e  inf luence of 
ch ron ic  rena l  insuf f i c iency  and o f  d i f f e r e n t  tumors o f  the  uro-  
geni  til l system on the  P4i-level o f  indicator  organs. (Abs t rac t ) ,  
In: Proceedings I t i ternat ionales Arsen-  und Nickelsymposiurn (G .  
Anl ie  and ti. J . Schneider, Eds. 1 ,  Karl-Marx Un ive rs i t y  Press, 
Le ipz ig  ( i n  p ress ) .  

Xebster e t  al. (56) repo r ted  n icke l  in iox ica t ion  in 23 d ia lyzed pat ients.  
w i th  rena l  insuf f i c iency ,  caused b y  leaching o f  n i cke l  f rom a stainless- 
steel heat ing  tank.  S te in  e t  al. (57) observed substant ia l  increases in 
cerebra l  n ickel  concentrat ions in pat ien ts  w i th  ch ron ic  renal  insuf f i -  

' c iency, most o f  whom vdere b e i n g  t rea ted w i th  extracorporeal  hen~odialysis. , 
These r e p o r t s  raise the poss ib i l i t y  t ha t  n ickel  in tox ica t ion  may cont r i -  
b u t e  t o  t h e  development o f  derr~entia and o ther  CNS manifestations in 
pat ien ts  w i th  renal  insuf f ic iency,  especially during dia lys is  therapy.  

PI<kSEld'T U i Y  ISIOI'4 OF FEUERAL SUPPOf.<T - 
FLIP\ T I i E  OVERALL RESEAKCt-1 PROGRAR4 

Financial  suppor t  for  research in the  p r inc ipa l  invest igator 's  laboratory 
axles from two sources: 

( 1 ;  Department  of Energy  Cont rac t  /'do. EV-03140 on "The  Toxicology and 
Rletabolism of f.4ickel Compounds"; and 

( 2 )  I.4ational I n s t i t u t e  of Envi ronmental  Health Sciences Grant  No. ES- 
0 1337, o n  "Plickel Carciriogenesis"; which was renewed and funded 
on June 1, 1979 f'or 3 years. The at-rriual b u d g e t  during the  c u r -  
r e n t  g r a n t  year is  $72,149; t he  total  b u d g e t  during the  three-  
yea r  pe r iod  is  $213,925. 



'I h e  I\IIESII g r a n t  i s  focused specif ical ly o n  the carc i r logenic i ty  o f  n icke l  
compounds and i t  prov ides  on ly  minor suppor t  for th'e o the r  s tudies in t h e  
invest igator 's  laboratory.  The DOE g r a n t  suppor ts  s tudies o f  t h e  analy- 
sis, metabolisrn, toxicology, teratogenic i  ty ,  and hematological ef fects of 
n icke l  c o m p o ~ ~ n d s  and i t  prov ides  minor s u p p o r t  f o r  t he  carcinogenesis 
studies.  T h e  two research prograrns are d is t inct ,  independent,  and  com- 
pleri ientary; t he re  is n o  sign;ficant over lap  o f  f inancial  suppor t .  The  
p r inc ipa l  inves t iga tor  is  a fu l l - t ime salar ied employee o f  t he  Un ive rs i t y  
o f  Connect icut;  he does 11oi receive any remunerat ion fror,i g r a n t s  o r  con- 
t racts.  

PLANS FOfZ CORTii.1UATlOf.1 Or' PHESEtJI  OBJECTIVES . -.---- 
Ar4D ?JEW OBJEC-1-lVES 

The fo l lowing i s  a b road  out l ine o f  o u r  p lans fo r  cont inuat ion  of t h e  
r-esearch during t h e  n e x t  three years. Specif ic exper inen  ts  and methods 
are descr ibed in t h e  Renewal Proposal t h a t  accompanies th is  repo r t .  

A. Analyses o f  Piickel in Body F lu ids  and Tissues 
\ 

A n  accurate, re l iab le  method fo r  analysis o f  n i cke l  in whole b lood  and 
t issues w i l l  b e  developed, and the  xe thod  wi l l  b e  evaluated by the IUPAC 
procedures  f o r  a t ta in ing  internat ional  concensus. T h e  method wi l l  then 
b e  promulgated as an IClPAC re ference p rocedure  in o r d e r  t o  promote the  
un i fo rm i t y  o f  n icke l  analyses in whole b lood and tissues t h a t  a re  b e i n g  
pe r fo rmed  on a world-wide basis. T h e  va l i d i t y  o f  n icke l  analyses in 
whole b lood as an index o f  occupat ior~al  and environmental exposures to  
n icke l  compounds wi l l  b e  c r i t i ca l l y  assessed. r i i cke l  analyses wi l l  be  
per formed upot-r t issues obtained a t  autopsy f rom persons who d i e  f rom sud- 
den trauma in o rde r  to establ ish reference values. i ' l ickel concentrat ions 
w i l l  b e  determined in b o d y  f lu ids,  excreta, and t issues o f  pa t ien ts  w i th  
acute myocardial  in fa rc t ion ,  b u r n s ,  hepat ic  c i r rhos is ,  ch ron ic  renal  
i r rsuf f ic iency,  and ctl:cr diseases in which d is turbances o f  n icke l  metabo- 
lisrn h a v e  been reported,  in. o r d e r  to e luc idate the  pathophysio logical  
a l terat ions o f  n i cke l  n~etabolism. 

B U  Studies -- o f  the  hietabolism of 6 3 ~ i - ~ a b e l l e d  Compounds 

Separat ion and  speciat ion o f  u l t ra f i l t rab ' le  63Ni-b inding l igands in 
r a t  a n d  r a b b i t  s e r u n  a n d  u r i n e  wi l l  b e  inves t iga tzd  by high-per formance 
l i q u i d  chror r~atography and l i q u i d  sc in t i l la t ion  count ing .  F r a c t i o n a t i ~ n  
antJ character izat ion o f  63~i-b indin CJ macroinoleculcs in r a t  k i d n e y  
v r i i l  be  cont inued b y  colunir~ c i~ t -omatoyraphy,  a arose ge i  electrophoresis, 
and isoelectr ic  focus ing wit11 detect ion o f  Wlli b y  autoradiography.  
1 hese studies wi l l  elucidate the  macromolecules and nletabolites tha t  a r e  
invo lved in rena l  uptake,  tubu la r  t ranspor t ,  and  u r i n a r y  exc re t i on  of 
6 3 ~ i  j: I l l .  Subsequent  studies wi l l  b e  focused u p o n  t r a n s p o r t  of 
6 3 ~ 4 i  1 l I ]  across t h e  placental and b loodbra in  b a r r i e r s ,  Phagocytosis, 
so lubi l izat ion and  el iminat ion of pa r t i cu la te  63!~i -~abel led compounds 
( e = g o ,  6 3 a ! ' ? i 3 ~ 2  , a~norphous 6 3 ~ 4 i ~ )  b y  leukocytes a n d  rnacro- 
p h a ~ j e s  wi l l  b e  intensely i nves t i  ated. I f  coenzyme F-430 f r o m  bacter ia  
can b e  su i tab ly  label led w i th  83Ni and p u r i f i e d  in su f f i c i en t  quant i -  
t ies, in tes t ina l  absorpt ion, t i ssue d is t r ibu t ion ,  k ine t ics ,  a n d  excre t ion  



o f  6 3 1 ~ i - ~ - 4 3 0  wi l l  b e  compared t o  the cor respond ing parameters fo r  
6 3 ~ i [ l ~ , ] .  

C. - Elnbryotox ic i ty  , -1-eratoqenicity, and  I\,lutaqenicity 

- .  
She teratogenic i  t y  o f  d' ivalent n icke l  con~pounds (e.g., NiC12) wi l l  b e  
tested in hamsters. The ef fects o f  P ~ ~ ( C L J ) ~  on male f e r t i l i t y  in ra ts  
wi i l  c o i i t i i ~ u e  to  b e  stt idied. l iesearch in progress  o n  t ransplacenta l  car-  
cir.!ogenici t y  o f  at,li3S2 in r a t s  will be  completed. 

0. Carcinoqenesis Studies 

To establ ish the re lat ionships o t  chemical composition, c rys ta t  s t rwc-  
tu re ,  a n d  phys ica l  proper-ties o f  n icke i  compounds to  t l ie i r  re la t i ve  car-  
cinogenic act iv i t ies, a sei-ies o f  invest igat ions wil!  b e  perforcrred. Some 
o f  these stuciies a re  already in progress .  The  carc inogenic i i ies of 
't4iTi2, PJiI'e, I i iAs ,  f'li3As2, IdiFe, t'di3Se2, NiSe, a N i 3  S2 , B r i i S ,  amorphous 
IJiS, I i iSb,  a n d  rJi d u s t  a re  b e i n g  tested b y  irn i n jec t ion  in male Fischer 
ra ts .  These compounds were p r e p a r e d  o r  evaluated b y  the  Ins t i t u te  o f  
Materials Science at  the  U n i v e r s i t y  o f  Connect icut,  and the i r  purity and 
x - ray  d i f f rac t i on  p a t t e r n s  have been establ ished. Part ic le size d i s t r i -  
bu t i ons  h a v e  been determined b y  ou r  laboratory w i  t i1  scanning electron 
microscopy. T h e  solubi l i t ies o f  these compounds in r a t  serum and r a t  
muscle cytosol  wi l l  b e  determined, as well as the  suscept ib i l i t y  of t h e  
compounds f o r  phagocytosis  and solubi l izat ion by macrophages , T h e  capa- 
b i l i t i es  o f  t he  cornpounds to induce ery t t i rocy tos is  fo l lowing ir in ject ion 
in r a t s  w i i i  b e  measured, to test  the  poss ib i l i t y  tha t  e ry thropo ie t in  
release f rom r a t  k i d n e y  fo l lowing ir i r~ jec t i on  o f  n icke l  compounds may b y  
a manifestat ion o f  neoplast ic t ransformat ion ( i  e . ,  an ear ly  oncofeta! 
mat-l-rer o f  I-er~al neoplasia), 

. --. t i e m a t o u , c a l  .-.. -- Effects o f  i ' i ickel Compounds 

t xpe r i l nen ts  \ ~ i l l  determine whether o r  no t  . a  r4i3S2-induced e r y t h r o -  
cy tos is  in r a t s  is  mediated b y  increased e ry th rogen in  a c t i v i t y  in k idney  
'ncinogenates. Since the re  i s  unce r ta in t y  and d i spu te  about the  methods 
fo r  assay o f  e ry t t -~ rogen in  ac t iv i ty ,  care fu l  pre l i ra inary evaluat ion and  
standardizat ion o f  an e r y t h r o g e n i n  assay w i l l  b e  essential. however,  
t h i s  e f f o r t  is  necessary in o r d e r  to establ ish t i le  mechanisms whereby ir: 
in ject ion o f  ci i'di3S2 stimulates e ry th ropo ie t i n  ac t i v i t y  in r a t  p!asn?a. 
'r i le gas chromatographic technique fo r  assay o f  heme oxyyenase ac t iv i ty  
t h a t  has beer1 developed in o u r  labora tory  wi l l  b e  used to exp lore  the  
mechanisrirr; whereby niclcel cornpoclncfs induce heme oxysenase ac t i v i t y  in r a t  
k i d n e y  microsones, and to determine t h e  re lat ionship o f  th is  phenomenon 
Po t h e  rena l  tox ic i ty  o f  n ickel .  

rdicitel col;~pounds and alioys a re  ub iqu i tous  in c iv i l i zed human conntuni- 
a -  ~ i e s ;  t h e  potent ia l  f o r  n i cke l  t ox i c i t y  , carc inogenic i ty  , a n d  possible 

teratogenic i ty  is  widespread f rom occupational a n d  envi ronmental  expo- 
sures. O u r  nation's er iergy programs, b y  p lac ing  more reliarlce up011 coal 



arrd solar heat  as energy  sources, enhance the potent ia l  hazards  from 
n icke l  tox ic i ty ,  owing t o  ttre presence o f  n ickel  in coal f l y  ash, the  use 
of nickel cata lysts in hydrogenzt ion  processes, . a n d  the  importance of 
n icke l  conlponents in storage bat ter ies.  Knowledge o f  n ickel  metabolism 
ar?d tox icology is  r a p i d l y  expanding,  a t t r i bu tab le  in p a r t  to  t h e  impetus 
of research conducted a t  the  U n i v e r s i t y  o f  Connect icut under  the  auspices 
of th is  I-csearct~ contract .  Despite the progr,ess to date, there  are  abun- 
dant i ~ p o r t a n t ,  i n te rss t i ng ,  a n d  chal lenging areas fo r  f u t u r e  invest iga- 
t ions. 




