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Administration of Fe z '-citrate complex (50 mg/kg of FeSO 4 or Fe('I: plus 25t'1 mg/kg of sodium citrate) subcutanccmsly in the 
thigh or Escherichia coli lipopolysaccharide (LPS, i mg/kg) intraperitoneally, (i.p.) to mice induced NO formation in the livers in 
vivo at the rate of 0.2-0.3 p.g/g wet tissue per 1'1.5 h. Thc NO synthesized was specifically trapped with Fc ~ "-dicthyldithio- 
carbamate complex (FcDETCz), formed from endogenous iron and diethyldithiocarbamatc (DET(') administered i.p. 0.5 h 
before decapitation of the animals. NO bound with this trap resulted in the formation of a paramagnctnc mononitrosyl iron 
complex with DETC (NO-FeDETC2), characterized by an EPR signal at g ,  = 2.035. t: = 2.112 with Iriplct hypcrfinc structure 
(HFS) at g i .  This allowed quantification of the amo.mt of NO formed in the li,~crs. An inhibilor ol enzymatic NO synthesis 
from t,-arginine, NG-nitro-u.-arginine (NNLA, 50 mg/kg) attenuated the NO synthesis in vivo. t-Argininc (500 mg/kg,~ reversed 
this effect. Injection of ~,-[guanidineirnino-X~Nz]arginine combined with FeZ~-citratc or LPS led to thc formation of thc EPR 
signal of NO-FeDETC~ characterized by a doublet HFS at g . demonstrating that the NO originates from the guanidino 
nitrogens of L-arginine in vivo. 

Introduction 

It is now generally accepted that nitric oxide (NO) is 
synthesized in biological systems as a result of the 
NO-synthase-catalyzed guanidino-nitrogen oxidation of 
L-arginine [1-10]. However, this has not been clearly 
demonstrated due to equivocal methods used for NO 
detect ion.  Exper iments  with L-[guanid ine imino-  

~SN,]arginine as a nitric oxide source are required for 
final verification of this proposed pathv, ay for endoge- 
nous NO production. Such experiments have been 
performed [2-6]; howeve|,  tSN was det' .ctcd only in 
nitrite and nitrate, stable products of tl,e cnz).'matic 
oxidation of t-arginine. Direct incorporation of ~'N 
into NO has not been demonstrated in animal ti.~sucs 
in vivo, 

Recently. the iron(ll) diethyldithiocarban~atc com- 
plex ( F e D E T C , )  has been used 'o  specifically trap and 

Abbrevialions: DETC. dicthyidithk~carbama~¢; FeL:E ]r(" , .  

Fe z- DETC complex: I.PS. E ct,h IlF, c~ptd~'.a~ch~ridc: NO n~trl: 
oxide: NO-FeI)ET('.. mononilrosyl iron complex ~ith U|-IC. 
NNDA. NC;-nitro-~-arginine; NNL-'k. 5,'t'-ni,rc~-t-argtnmc. 

Corresl~mdcnce: A.I-~ Vanm. in,,lilute of Chemical Ph~sic,~. US:~.R 
Ac~tdem~ of Sciences. Ko:vgin Sir 4. 117334 Mo~'ow. USSR 

detect NO formed in animal tissues in ,Avo from exoge- 
nous and endogenous sources [10-15]. Free NO bound 
with this trap resulted in the formation of a stable 
paramagnetic mononitrosyl iron complex with dieth- 
yldithiocarbamate ( N O - F e D E T ( ' , I ,  which is charac- 
terized by an EPR signal a~ g = 2.1135. ~ = 2.020 
with triplet hyperfinc structure (Ht:St at g_ The 
latter originated from the interaction of the unpaired 
electron with the ~N nucleus of the NO gr~up (~N 
nuclear spin. / = I). If NO is produced from the guani- 
dino nitrogens of t-arginine, the injection of J~-[ guanid- 

ineimino-~~N_,]argininc into organisms should result in 
an EPR signal for N O - F c D E T C ,  ~,ith a doublet HFS 
at .~ due t~ the ~'N nuclear spin ( I ~  1,/2), This 
stud~ was undertaken to obtain direct evidence tot NO 
production from i.-[ guanidineimino- n-~ Nz ]argininc using 
F e D E T C .  a,, a specific trap for free NO and EPR as a 
probe for-15N incorporation in N O - F e D E T C , .  

Materials and Methods 

~lateriat.~ 

Lipopotysaccharidc ~LPS) from Ewherichia coli 

~scrotype 01_S. Bl2k FeSO~.TH~O. FeCI . 4 H . O ,  
CaC! ~. and NaNO,  were obtaincd from Sigma Chemi- 
cal Co. L-Argininc. Sr '-nitro-arginine (NNLAJ . .V  ~ 
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nitro-i~-argininc (NNI )A ) .  s,ltlitinl ,citr:llc :llld sod,tiirl 
diethvtdithiocarbamate ( I )E I ( ' ) v+ , : i , :  t~htiiincd l lom 
Serva. i - [ . t , , t u m i d i m ' i m i n o - I ' N . , i A r T i n i n c  " (tjlj atorqt7 
t~N) v,;.t,, purclla~ed from M,~I) l~ll<lt~_'~. 

Sat,,,::[, in~.7:~araliO/l 
The experiments wcrc conducted on rllongrcl iriillc 

whitc mice (20-22 g) in ,xintcr (December - Janua ry  
1990-F901) or spring (March-Apri l .  19Ol). All agents 
wcrc injected into mice in 11.2 ml of physiological .<;all 
solution intrapcrittmeally (i.p.) {c'iccpl t : c : - c i t r a t e  
complex and Cil('l ,. which were adrl inistercd subcuta- 
nconsly in the thigh) at the fothming doses: IPS.  ! 
ing/kg.  1t.5 or 3.5 h bclbre decapilalion of the animals: 
i-[ gtm.~mti#,,eimi,'m,- ~< N~ ]argininc. 6(1 nlg/k,~. ! h bch~rc 
decapitation: i -argininc. 500 mg/kg :  NN I.A. 5() mg/kg :  
NNDA. 5() mg/kg:  I)ET( ' .  5tl() mg/kg :  ( ' a ( ' [ , .  75 
ing/kg;  and l:c: "-citrate complex..'411 ilsg.,,kg of l:cS()i 
• 7H :O or Fc( ' I ."  4li 2()-+ _. I) mg,/kg ot .,>odium cit- 
rate. all administered 11.5 1t bcli)ie tlecapilatii ln, t -c( ' l ,  
• 4 i t 2 0  was used in the cxpcriment,~ with {'aCl~ in.ice- 
lion. The c~mliot mice ~cr~." injeclclt with 1 )E l ( "  slltu- 
lion onl). A f lc r  dcalh, the 1i~:1- aiid t, lhcr orl;.ailS 
(kidney. heart, spleen, lung) wcrc isolated, l'lozcn in 
liquid nitrogen, and analyzed with ,in [!SI{-V (t!.',;Sl,',t 
or an ESR-'" Rad iopan '  (Poland) radiospcciromctcr.  

Solutions of N O - F c D E T C ,  in ,iimcthylsulphoxidc. 
containing ~N(_./or ~sNO v,cre prepared quantitatively 
as described elsewhere [14]. tlSUlg N~i4NO, arid 
N;I~NO.  (Rcachim. USSR) as a sources of N(). 

I;'I~'R ,,llcclrotllclrv 
F.I'R spectra ~crc recorded :it 77 K. a micr, w~,lvc 

frequency of 9.3311 ( i l l / .  a microu,avc pt;wcr of 5 rn~,V 
and modulation anip[itudc ill (I.3 roT. Ouuntification ~,I 
the N O - F c D E T ( ' ,  concentration,, v+a,, :iccomplishcd 
using the method of double integration of the EPR 
,,ignals with the nitroxyl radical. 2.2'X,.O-tciramcthbi- 
pipcridol-l-oxvi, as a standard p,iiamagilclic slimplc. 

t :PR spcctr;l of N()-Fcl)I{T( ". u. ilh ~arioti,, ratio, 
i~N() ;ind I ;N( )  ~crc gcilcratcd by ct~nll)titc'r xinluht. 
lion. 

Resu l t s  

As previously reported (Ill-15], atlnlinistration of 
i )E I ' ( "  alone io test animals is sutficicnt lor the lorma- 
tion of FcDt-:TC, and N O - F c I ) E T ( ,  in all lissue.~ 
examined with the exception or blo~d. [:.ndt~gCilOU.,. 
iron from pool of free iron and fronl ltlc iloil-dcpt',.,,it- 
ing .,,ystenls reacts with cxogenotis I)FT(" to f~tli,: 
I : c D t - I ( ' ,  ,~hich binds N() to produce Ihc inononitro- 

. .  

syl iron complex. N O - I : c D E T ( , .  
In the current study, the fi~rm:ttion of such com- 

plexes in the li,,crs of control mice 3t) rain aflcr admin- 
isr;ltiorl of DI,{TC" xv;is observed. The :lnlotiil i ~1 N(). 

-I \BI.t: 1 

7hc qt,t,m'.iu<~+ of mlr.,~ ott~h' traplwd h'c /el}El(  ", in the rite:; o/'micc 
t )1 I H ¢) 

All ;ll2¢ntx ~,¢1¢ ill.lL'cled 3[1 mill bclor¢ d¢capitalion of lhc animals. 
lhc  tJ,f l~i ~,hi1%',ll itrL" exprcss¢~, a~ the 111¢;ffl ~r .~.[;.. Pl l t . ' { t l l  I)l" /r  l l l l s t .~ l -  

~,ltions tnllll dJllt,'rcni anmlais. IDrlthahilil~ levels of less lhan 11.05 
l ~ . ' r t "  l~ lkC' i l  t i t  indiealc significance Ii1 all c a s e s  

"lrllllt' I'Jl Animals ~cnc injected NO (alg/# Number tll 
c\pl.'lilllenl,~ ~iih i)I:T(" + of liv~:r) ;illimais (#l) 

March- conlrol mice hml~, I)ET(') Iq)()+ I(I 20 
Amil ~- Fc-( 'it " 270+ 7tl 20 

+ Fc-('il +NNI.A 50_4- 5 20 
+ t:c-Cit + NNI)A 220+ 3(I 20 
* Fc-('il + NNLA + LA" 140 y ~,(I l(I 

March COllll't$1 mice (only DF.T(') IIft)-~ Ill I() 

April * I.PS IOft + 20 16 
+ I.PS ~' 320+40 19 

l)cccmbcr cOllll"ol mice ionl~ I)ET('i 20 + I 41 
.t',llnuar) ' Ca(q. 21)+ 5 Ill 

+ t-c-(it 2111) + 20 f+7 

-~ Fc-(.'il + (';K'I, 311(t-!- 25 4X 

" Abhrcsiatiuns: Fc-('it. Fc'-"-citrate c, mff, lcx: I.A. i-mginin¢. 
~' In Ihe',e cxperunenls I.I'S ~sa,, injected 3.5 h bel<u'c dcc~,pit~ltion of + 

the animM,~ 

t r a p p e d  as NO-FeDETC,, was  d e p e n d e n t  on  the  s ea -  

son u.hcn the animals were subjected to the experimen- 
tal procedures (Table I). 

When the animals were trealed with DETC and 
Fe-"-ci t rate  simultaneously, the format(on of NO- 
t : e l ) t iT( ' ,  in liver was sharply augmented (Table I). in 
the tissues of other organs of lhese animals, the con- 
tent of N O - F c D E T C ,  was 5-1()-times lower. There 
~,,,as no diffcrcnce between the effects of FcSO4 or 
FcCI, .  When DET(" and [:c ~'-citrate complex were 
administered together with N N I . A .  an attenuation of 
the Icw:l of N ( ) - F e l ) E T C ,  was observed (Table I). 
lhi~, decrease ,,sas more pronounced (up to total inhibi- 
lion) v<ith increasing NNLA doses (up to 350 m g / k g .  
data nol sho~xn). Similar effects of NNLA were also 
ot',,erscd in the control animals (data not shown). 
NNI)A (u~-isemler of NNLA) did not affect the produc- 
tion o f  N ( ) - F e I ) E T ( ' ,  in the animal ti.'ssues examined 
(Fable i). Combined administration of NNLA and l.- 
arginine restored the level of N O - F e D E T C ,  induced 
by Fe-"-ci t rate  (Table 1), but this effect was achieved 
only svith a high dose of L-arginine (51~! m g / k g )  and  a 

dose of NNLA producing incomplete suppression of  
NO-Fel)FJI ' ( ' ,  fi,rmation (50 mg/kg) .  These results 
ure consistent ~ith Fe:  "-citrate induced enzymatic for- 
mation o f  N ( )  from I-arginine in the tissues examined. 
The competitive inhibitor of NO-synthase. NNLA, re- 
versible inhibits this process. When all chemicals used 
(DETC. CaCI, .  F e " - c i t r a t c .  and LPS)were  mixed in 
aqueous solution, no N{}-FeDET{'~ signals were ob- 
served in the t-PR '.pectrum of the solutions. 
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Fig. 1. The EPR spectrum (in lid:. magnetic field range) of lh¢ 
Cu-" "-DETC comph;x (a). "A. B. C. D" Ilop) indicale the potdtitm ol 
the flmr comp(menls of the I-JFS at ,V. of lhe Cu e -DET(" ct,mplcx. 
Typical I:iPR spectra of mouse liver preparations ~1 control animal,. 
injected with DETC only (b). animal.,, injected ~tlh iS, iLl C-: Fc: "- 
citrate (c). animals injected with DE1"('+ Fc2"-¢itratc, i- 
[guamdmnmmo-~Nz]arginine !d). animal~ injected ~ith I)ET(- 
LPS+ i-[guanhlmeimmo-:~Nelarginine (e). Spcclrornctcr gz, r, ~, 
showo tm lhc right (arbilraD' units). Recording,, were made al -~ K. 
p= 5 roW. f =  9.331t Gltz. modulation amplitude ~: 0.3 mI. lh¢ 

spcclra were redrawn b~ hand 

To confirm that the NO trapped b v FeDE'F( ' :  origi- 
nated directly from L-arginine and not nitrite which 
accumulated during the reaction, the animals ,,~crc 
injected with N a N O ,  at doses up to 15 mg/kg .  Even at 
this concentralion, which was 50-times greater than the 
NO concentration detected in the liver (0.3 # g / k g  of 
wet tissue). N O - F e D E T C ,  was not detected in these 
animals. 

Typical EPR spectra from mouse liver are shown in 
Fig. 1. In addition to the EPR signal.,, which are due to 
free radicals, Mo~'-complcxcs, and reduced iron- 
sulphur proteins with g-factors 2.(.I. 1.97, and 1.94 
respectively, the livers of control animals (treated with 
DETC only) showed the characteristic EPR signal of 

= . . (L{I)and the EPR N O - F e D E T C ,  ( g .  = 2.1135. g ~ " 

signal ~tl DE ' f ( "  C~mlplcxcs ~,vith cndogemtus c~lppcr 
(( 'u ~ i (Fig. lh). i11 thi.,, magnetic field range the latter 
is characterized tb quartet Iti+.",; (A. B. ('. 1) at ,.,, in 
t:ig. la i  or iginating tram the intcractum of the un- 
paired electron with the copper nucleus ( I = 3 /2 ) (F ig .  
la). "l'hc g and h~perfine splitting (.,t) ~.alues of this 

'3 3 I signal are _.iL and 4- I t )  cm . respectively, l 'hc 
seccmd c~)mp~mcnt of this HFS supcrirnposcs and par- 
tiallv masks the EPR signal of NO-FcDE'I'(_', in the 
livers of conrail animals, ttow'ever, its intensity can Be 
estimated by using the third (high-field) tIFS c{tmpo- 
nent which is not overlapped by tee components of the 
EPR signal from Cu e* -DErC  complex. This is not thc 
case for the EPR signal from the livers of mice trcalcd 
vdth DETC and Fc2"-citralc Because of the high inten- 
sity of this signal (Fig. lc). It is charactcrizcd by triplet 
HFS duc to the interaction of the unpaired electron 
with the J4N nucleus of the NO group of the mon(mi- 
trosyl ir{m complex. 

When DETC with f-c-"-citrate were administered 
30 rain afterl-[guanidmeimin,-~rN:)arginine (l h be- 
fore dccapitalionl lhe EPR signal (,t" NO-t -eDETC.  
was characterized by doublct HFS at g (Fig. ld). 
Comparison of this signal with the computer-simulated 
EPR spectra of NO-FcDET( '~  with various ratios of 
JsNO and 14NO shov.n in Fig. 2 (spectra a and b are 
the experimental spectra, spectra c - f  are the com- 
puter-generated :;urns of speclra a and b in varying 
ratios), reveals ,tF.p, ox. 80% enrichment of '~NO in 
NO-FcDEI"C,  in livers of animals treated with i- 
[~,,uanidineimino- '~'N: ]arginine. This result is consistent 
with NO production from the guanidino nitrogens ~f 
~.-arginine. 

The injection of (TaCI e alone had no direct effect on 
NO synthesis in mouse liver, bul did enhance the effect 
of exogenous Fez -c i t ra te  (Table It. These experiments 
were conducted during the ,,,,'inter season (December-  
January) and this might explain the attenuation ~t NO 
synthesis in the livers of control animals due to re- 
duced metabolic actb,'ity as compared 1o animals in the 
spring (Table !). Despite this apparent seasonal attenu- 
ation. Fe~"-cilratc stimulated NO formation in the 
li~,ers of these mice to the same extent at, ~,as (tbscrxcd 
for "spring" mice. 

Bacterial LPS did not stimulate N( ) - | - eDEIC~ for- 
mation in mouse lker  by 30 rain after administration; 
hov, e~,er. NO-FeDETC~ forma!ion was observed at 
3-4 h after this treatment. This result is in line with 
recent data obtained in Moncada's laboratoD [16] and 
indicates the inducible type of NO synthase responsi- 
ble for N() and mononitros.~J iron c,~mplcx f(~rmation 
in the livers of mice treated with LPS. As shown earlier 
with the EPR method [15]. i.-arginine participated in 
this process and its inhibitor3 analog. NNLA. reversibl,. 
blocked NO s vnlhc,d.,, stimulated b.'. LPS in mouse li~,er 
in vi,,o. 
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Fig. 2. The shaper, of EPR signals of NO-FeDETC, including laNO 
{al and >N() {b} only. or al the various ratios of these ligands: IsNO: 
t 4 N O = 3 : 7  {c). 1:1 (d), 2:1 (ok 4:1 if). The EPR signals a and b 
,~cre recorded at 77 K, p =  5 roW, .t"=9.3311 Gtiz. modulation 
amplitude = 0.3 roT. The concentrations of NO-FeDETC: responsi- 
ble for the EPR sigmds a trod b were equal. The EPR signals c--f 
v, erc cumpuler simulated b} summing the EPR signals a and b in 

'~arious ratios. 

The EPR signal of NO-FeDETC 2 recorded in mouse 
liver after LPS injection (not shown) was identical to 
thc spectrum of NO-FeDE]'C, observed for micc 
treated with Fc: +-citrate, shown in Fig. lc. The admin- 

lg, • • istration of l_-[guanidmeimmo " N2]argmme (1 h bcforc 
decapitation) aftcr LPS injection led to an EPR signal 
in the liver which was a supcrposition of EPR signals 
with triplet and doubtet HFS (Fig. Ic). A comparison 
of this signal with the simulated EPR signals presented 
in Fig. 2 revealed approx. 30% enrichment of ~SN in 
NO-FcDETC~ in livcrs of animals treated with I, PS 
and L-[ guanidmeimino- ~s~ N2]arglnme." " 

Discussion 

To date, two types of NO synthasc have bccn de- 
scribed [16-21]. '['he type 1 cnzyme is induced by a set 
of cytokines and bacterial products and is functional in 
the macrophages, neutrophils, hepatocytes, tumor and 
endothelial cells, The type 2 NO synthase acts in 
response to iigand-reccptor-coupling reactions and is 
localizcd in the cndothcliai and ccrcbellar cells, 

platclets, and adrcnal gland tissue. In contrast with the 
inducible typc of enzyme, the secord constitutive type 
of NO synthase displays Ca 2+ dependence. Appar- 
ently, both types of NO synthase were dealt with in our 
cxpcriments on mice. The first type was induced with 
bactcrial LPS, the other type was activated in response 
to Fe 2 ~-citrate. In the latter experiments this activation 
seemed to be connected with prooxidant action of iron 
on the cell membranes. This resulted in a membrane 
lesion with subsequent uptake of extracellular Ca 2+ by 
cells. These Ca 2+ ions activated NO synthase. The 
observed increase in NO-FeDETC 2 formation under 
the combined action of Fe2+-citrate and CaCI z is con- 
sistent with this hypothesis. It is noteworthy that the 
inhibitory effect of phenozan, an antioxidant agent, on 
Fe2+-citrate activation of NO synthase in mouse liver 
in vivo has been described elsewhere [13]. This type of 
NO synthasc is probably functional in vascular en- 
dothelial cells of liver. Another type of NO synthase 
induced by LPS seems to be localized in hepatocytes or 
Kuppfer cells [16]. 

In a previous study [13], it was demonstrated that 
the administration of DETC alone to control animals 
resulted in the formation of sufficient FeDETC 2 in the 
liver to trap up to 2 #g NO per g of wet tissue. 
Consequently, the amount of FeDETC 2 formed en- 
dogenously from the pool of free iron and from the 
iron-depositing systems in the test animals did not limit 
the production of NO-FeDETCz in this study. The 
enhanced formation of NO-FeDETC 2 in mouse liver 
induced by the administration of FeZ +-citrate was due 
only to enhanced formation of NO, not to an increase 
in the amount of FeDETC: available to trap it. 

The data reported herein demonstrate that L- 
arginine functions as the substrate of NO synthase in 
animal tissues in vivo and NO originates from one of 
two equivalent guanidino nitrogens of this amino acid. 
ttowever, we can not yet say that L-arginine is the only 
source of NO in vivo since we failed to observe an EPR 
signal of NO-FcDETC, with "pure" doublet HFS. It is 
likely that incomplete absorption of L-arginine by the 
tcst animals made it difficult to obtain such results. 
Weak absorption of L-arginine might also explain the 
incomplete restoration of NO-FeDETC 2 after com- 
bined injection of NNLA and l_-arginine (Table I). 

lyenger et al. [2] reported the formation of tsNO- 
morpholine by activated macrophages treated with 
morpholine and t-[guanidineimino-LSNz]arginine. This 
observation may not be considered as sufficient evi- 
dence for the appearance of NO in the cells in a free 
form. Nitrosomorpholine might have been formed as a 
result of reactions not involving the participation of 
tree NO. Since FeDETC, is known to trap free NO 
[1I.-15], the formation of LsNO-FeDETC, observed in 
this study may be taken as sufficient evidence for the 
appcarance of free NO in our animal model. 
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