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Sulphur Metabolism. 

IV. The Oxidation and Reduction of Elemen
tary Sulphur by Animal Tissues in vitro. 

By J. H. KELLElDIAXK, Sedion of Biochemistry and Kuhition , 
Onrlerstepoort. 

IN an art icle on the therapeutic Yalue of sulphm, lhi(lges (1934) 
stated that " sulphur is ·one of the -oldest of drugs and still occupies 
an important place in ou r materia medica . .. Sulphur ha~ played 
an important part in human medi<·ine, and its use iu Yeterinary 
medicine is increasing every clay " . 

U nfortunately , little is as yet known hmY it fun dions thera
peutically . Power (1930; 1902) sh[(lied in some detai l the effects 
of colloidal sulphur inj ections both in man and in rabbits, and f.01.uHl 
that one of i ts most chara cteristic effects appears to he a leu ko('ytosis 
of polymorphonuclear cells in the blood stream. F ur t hermon•, h e 
found that t hese cells exhibit, uncler in 'l:itro condition s. n r-onsi<ler
able rlegree of phagocytic actiYity. HmYever , )Ieyer-Bis<'h ancl 
Basch (1921) observed that marked clifferences exist behYeen the 
effect s of t he ora l and parenteral administration of sulplnu, as 
determined by the composihon of the urine. The fad that the 
lat ter form ·Of administer ing sul phur together " ·ith its external 
application as an ointment in the treatment of eczema, mange, ring
worm, etc . , is used so extensively in medicine , pn>babl.\· lead to the 
stuch .- ·of the factors that influen<'e the redn rtion of elementarY 
sulphur by animal tissues in 1:·itro. The re<1udion of sulplnn· i"s 
most probably the first m etabolic c:hange that sulphnr undergoes in 
its soj·ourn in the organism . EYidently the better th e fnc·tors that 
influence this initial ~ step are 1.m<1ers too<l , the easier it '"ill he to 
study the subsequent h an sf{)rmation of snlphur. 

Ileffter (1904) and I-Ieffter and Hausmann (190-.l:) founcl that m 
the absence ·of bad eria and em~ymes egg \Yhite, bloocl an<l many oth er 
animal tissues, includin g the intestinal mucosa, roulcl form hydrogen 
sulphide from elementar~· sulphur. Ho"·eyer , in a strongl,,- ncid 
solution the pr·oduction of H 2 S was completely inhibi tecl. Sluiter 
(1930) confirmecl the resu lts of H e:ffter ancl heliens th e eondusi·on 
to be juRtified tha t H 2 S procluction in liYin g tissue after a<ldition 
of sulphur is not due to en zyme adiYity . She seems to he of op inion 
that th e sulphide pr{)clurtion can he explained undoubtE'<lly by the 
purely ch emical process : 2 G .SR +S = G .S.S .G. + H 2S, in ;-ie"· of 
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t he Ltd that tis;; ue,;, g lutnih ion e and :1 d ehychoge nase ;;olution, <lS 

t h ree differe n t ~-ourceii of SH u se tl b y h er , a ll y ieldetl ll2 S after 
:Hlcli ti on of snlp h ur. Li ke 11·ise , D i Ca pua (190-t) o l >~ened t h a L 
,; ul p h ur i s retl uce<l to ] f 2 S a t abo u t 00° in t he p ret>en ce of c ·y ~ tine, 
n n<l J ) p .R ey-Pail lwd e ( l !J:29) f.ou n d t h ai H 2 S is eYoh·erl wh e n certai n 
biologit·al m :1ter i:il s :1re mi_-.; e d 11·i t h s ulplnu· at 40°, even i f t h e 
ni hopru ~;;itlt· reac t ion i,.; n o t g iYe n . 

Th e suh~Pq u e n t d e toxication of t h e H 2 S SP<·ms t o b e 1>.)' 0x id :1 tio 11 
to snlp hat e, and th e b loo <l is d-ouhtless i h e lll:lln t ic;,.; ue of t he :1n inwl 
hod y in 11·b i('h oxi d ation takes plaC'P . Th e 1·esults of D eni s and Hee d 
(19:21a ) giYe ~upport to thi s t hem .\. l<' u rthennore, :I L 1gg a 1d ( l !J:! l ) 
fo1 md i Ita ! t he r: l! P of ox id:1t imt uf lLS in ihP h lood is ,.; udt t ha t· i n 
:1 colll}>:n:lt in·ly ~ h ort p e ri o<l m auy t iu)e::; t he J\' tha l a11 1011n t of ;;otli u)ll 
s ul p h ide m:~.1· b e a duti ni c;ter ed in t raYen o usly to :.~ nin 1 als 11· it hou t an y 
;~ pparl:' n t efled . 'l'he h loo<l is r eclu \'ecl by t h e H 2 S [It> a l'Ps ull of tlH· 
\l· ith <h a,Ya l of ox_'l·gen from the 1 orpuscl l:'~ for t h e ox icbt ion of t h e 
s ulp hi d e . Ile fo un<l t bat i he p l·ocl n cis of -oxicbho n , t ho u g h un
<ll:'tennin t><l . ('Omhine in p:u·t \l· it h t h e sodi um of t he pbsn w . 
A noth t> r ti~.~ ut> of importan('e i n t h P oxi <la tion of s ul p ln1r nppears to 
l1e t h e ~upnn ·enaJ g l and :> . L oep er, Gan in mHl Le~ u re ( J D:!(i) h el iev t> 
t ha t t il l:' ~up r:ne n :d s po~~Ps~ :1 <loublt> f un dion . na Ht l:' l.Y, t h iopexi (' a Utl 
t h io-uxi(lizing- in Yie\1' of thf' fad t h :d h loo<l h om t h t> supra renal 
1·e ii1 (·on t nin s 1ll11! ' lt l es,; ~u lp b u 1 · than t h a t hom !h e s upran•n a l a rter y, 
11·herP:t..; hloo!l h -nm t lw s upr:nena] 1·ein contain~ a large r proportion 
of ox idizetl sulphur i h:m d oes t J1at from the s u prarpnal arter y. 
:JioreoYPr, t hP.1· ohst>l'Yt>t! th ;d the supra r Pn als a r e rich er in su lph11r 
t h a n most -o t he r o rg-a n ~, IYhi r-h <· o n nh or:d·es the r e;;nlts of Auhl:'cld 
:111d Dr ies i11g- (1910) 11 lw l 'OJ1~ i ll t> 1' ihP :l! l rrn a l g-l:i n<l s :n.; ihl· regub to1·s 
of flw ~:1 l phm· metaho l i ~m of t h e n n imal hotlY i11sl :1s, fo r instancP, 
t he th~Toid g·lan !l r eg· ulntes i-odi ne m et.11Joli,.;m. 

It is PI i ll en t h olll tl te rPs ults of D enis :lllll H PI:' <l ( L!J27h) , suh
st an t iat ecl Lit e r l>y the 11··ork of t lw au t·h m· (lfn.->) i h :tt· lw a b sorption 
of l:'leuJeut a r.\· su lplnu from t he alimen !:n .'- irad r l:'sults m ain ly i n 
its Pxt·J'I:'tion i n t he uri n e a:; ~ulpha tes . A cC'onl i n g- to th P ohserYa
i ion~ of :JI P_I·P r-Bi s t·h :m d Ra~< · h ( l!J :!1 ) a la rge fra d ion of th e sulphur 
inj edPd JW r i t· oJJP :t ll~· ·01 · in t r:1mus<:ul:n l.1· is :llso t•xcr Ptecl in th P 
~ u lph:~t <> f orm. U nforhma t t>ly , n ot mu ch ro nld h e lea r n ell hom 
tlwse /11 rlro :>tull iec; u;; tn t h t• exte n t t o ,1·h ich eertain f ad.ors 1nigh i 
i nflu e n ce t lw met:~holism of ,.;u l phul'. a111l it >Yas , the rPfor P, !h e object 
-of t-hi ~ p a p e r to in 1·estigate ,;ome of t h e fn ctor.~ th a t m ight influen cl:' 
the l'P<l udi o 11 :m<l espel' i:ill,\- th e o xida t i-o n of elem e nt ary 1w lphur by 
:1ni m a l ti~su l:':; i n ritl'o . 

l 11 :dl of t lw exprr i m en t ~ on the J't><ludion (and ox i<la t ion ) ot 
<cl l <>me n !:ll'Y ~ u lphm· b.\· :lllima l ti c;s u ps In ritl'o , :1 co nh·ol >~· a s :1l11·ay,.; 
run 011 t l1 e sa m e ti:;su l:' \1·it-h nut ti l(, a llll i t iou of S\llplnu , an <l llll(l <> r 
i h t> ~ :llll e l:'spel'.iJ1 11:' 11 t:1l !'OlHl it ion s, in so b r a s ti m e an d tl:'l11]WI'a t m ·p 
\l'<' l'e l'OllCI:'r ned . 'I' hi e; p recaut i on :~r.\· lll e :i ,.;ur t> \\·a s <'~se11 t i:1l in 1·ie11· 
of tlw fact that ( l~hol'll e (1D'2S) lw s sh lJ\\' ll th:~ ! t h e fl esh of se1·t>r a 1 
spel'ie~ of ani m :li ,-;, 1d w n ~,;t~nYe rl -or in an ema ci:~ tell co]l(lihon , 
Pmiti'Pll lCS in mwcliat r l y aftf' r ki ll in g \l·h ereas t·h e fi Psh of \Yell-fe ll 
a n imnb of the sante sp ecies <l id n ot -e1·nh e H 2 S unt i l so m e hom·s. 

?10 



.J . II. K ELLElDU:\1'\ 

preferably twenty-four, after killing. Furthermore, in oruer to 
exclude the possibility of any bacterial achon, the studies \\·ere 
carriecl out in an antiseptic; solution . vYith the exception of one 
experiment where a wea k an tiseptic of 5 gm. bomcic acid per litre 
of ltinger solution was used , all the experiments were carriecl ou t 
"·ith the u se o£ a very stnmg antiseptic of 0 · 83 gm. thymol per litre 
of Ringer solution (Lutman 1929) . 

'l'he producti.on of H 2 S by ani mal tissu es in T .R. solution" IYas 
studie<l uml er se,·en differen t conditions. 'rhe fi1st solution eonsti
tuted a negative control to which no sulphur was added. The next 
two :>erved as sulphur controls bu t the tissue in ·one ·Of them was first 
boiled for 00 minutes in order to destroy all enzyme action. 'l'o the 
four remaining solutions IYere a<lded sulphur plus Yarying amount,; 
·of aci<l and alkali to giYe a solution approximately X /4 · 3 with 
respe<:t to Hrl, ~ / 1· 76 with r espect to KaOH and X / 10 " ·ith 1·espect 
to N a/~'03 all(l ~ aHC03 respeeti.-ely . \Yhen phenolphthalein was 
use<l as in<li eator and the solutions containing beef liYer ,,·ere titra tecl 
hot to end-point ''"ith H C1 or X aOH as necessar:;-, it wn ,; found that 
the first t hree solution,; hacl on the aYerage an a c-id equiYaleuee of 
2 · 23 <;.e. X .HCl, the fourth of 38 ·14 c.e. K .HCl whereas t he last 
t wo had an aYerage base equ inlen ce .of 10·73 c.c. of X.XaOH. 
Almost identical figures 11·ere obtained with beef muscle. The base 
equivalence of the Radium em·bonate and bicarbonate solutions were 
determined hy adding an excess of acid to the solu tion "·hich, 
after being boile<l t o driYe off the ea1·hon dioxide, " ·as then 
titrntefl baek with alkali. 'l'he clifferen('e between the amount 
of ~.I-IC1 added nnrl that of X .XaOH used in th e hack titra tion 
eon stitutes the baHe equiYalence of t he solution. The hase equivalence 
of t he fifth solution, whieh was m a<le st rongly alkaline b:;· t he acld i
tion of K aOH, oould not be determined in Tiew of the fact that n o 
sharp end-point could he obtained . 

'l'he determination of the reduction of elementar~· sulphur by 
animal ti ssues " ·as carried out as foll01n;: !}0 gm . of tissue or 00 <.:.c. 
of bloo<l plus 150 c.c. T. R . solut ion t()gether with the necessa1·y 
chemicals , as th e case may be, ancl to be described shortly, wer e 
introduced into a 700 c.c. Pyrex boiling flask and stoppered ITith 
a tight fitting rubber stopper which was provided " ·ith in and ou t 
leading glass tubes . The end ·of the tuhe through ''"hich air was 
later to he drawn in, 1n1s su ch that its end dipped under t he surbee 
of the soluti·on in the iiask. 'l'o t he ends of the in an d out lrading 
tubes ''"ere attach ecl tight fit t ing rubber tubing, the free ends ot 
whi ch \Yere closed tightly with srre\Y pinch-cocks . The fbsb were 
then kept in an incubator, which \\"U S run at 37°, for twent~·-four 
hours with occasional shaking· after " ·hi ch the free Yolatile sulphide 
was determined bv the metho<l as <lescrihed hv Heffter and Hausmann 
(1904) . HoiYeve~· , an err·or ma)· possiblyv be inho<luced by the 
refluction of elem entary sulphur by the various solu t ions as such , 
that is , " ·ithout the presen ce .of t issue, in Yie'IY of the fa ct that se.-eral 
im·estigat.ors [Geitner, (1864) ; Boehm, (1883); and Cross and Riggin, 
(1883), as quoted by He:ffter and Hausma nn (1904)] haw foun rl that 

------- - --
* T .H . soluti on is an abbreYiation for thymol-Ringer solut ion. 
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small amounts of H 2 S were g1Yen off when sulphur was lJOiled "·ith 
\Yater. Likewise, Heffter (1904) found that sulphide was formed 
"·h en sulphur \Yas h eated at 40° with eith er a sodium hydroxide or 
carbonate solution. 

ln order, therefore, to see \vhether elementar-y sulphur was 
r edueed by the antiseptic solutions as such , t hese \Yer e put through 
th e ,;ame routine as descr ibed above and determ ination;; made of the 
amouu ts of H 2 8 emitted. K ega ti ve r esu lts \Yere found for most of 
th e ;;olutions except for the earbonate and bi carbonate ones from 
which an average of only a small fra ction ·of a milligram of H 2 S-S 
was ·obtained. As a r esult of t hese miuimal values in compari:>on 
with the large amounts of su lphide formed by liver and musde, t hey 
wm·e simply disregarded in t he presentation of the r e::;u lts obtained 
with tissues. The r esults are giYen in T able 1. 

It will be seen that only traces of H 2 S ''"ere emitted by th e 
hloocl in the vari-ous solutions . 'l'he most probable 1·eason for t his 
phenomenon is that the I-!2 8 \Yas eompletely oxidized by the oxygen 
present in the blood corpuscles . HmYever , C] Uite <li:fft>rent result ::; 
" ·e1·e g iYen by th e liYer an cl muscle. H ere the addi tion of su lphur 
alone eau~ed the formation ·of an average increase of 98 · 7 mgm . 
H 2 8-S per cent. over and aboYe the negat iYe con t rol. Hailing causerl 
a great a,-erage decrease of 59 ·86 mgm. H 2 S-S per cenL compared 
11·ith the fresh tissue yet s till 38 ·87 mgm. per cent . h ig her than t h e 
Yalue of the n egative cont rol. The decrease in H 2 S formation after 
boiling· of t he ti sfme can probably he explained on t he grounds t hat 
the SH group "·as decomposed by h eating as was sh own by Sluiter 
(1900) and the 2 G.SH + S = G .S .S .G . + H 2S reaction could, there
fore, no longer bke plaee . In a sh ongly acid or alkaline s·olution 
the amount of H,S emitted \Yas ma1·kedly decr eased . 'fhis sub
stantiates the observations of He:ffter and Hausm aun (1904) and 
Sluiter (1930). In the case of t he acid solution the l iYel· ancl muscle 
g-aYe an aYerage value of onl~- 9 · 3.2 mgm. H 2S-S per cent. "·herea:; 
practically non e was recoYererl from the strongly alkali ne solution. 
Ho\1-e\-er , und er the experim ental conditions, it cannot hE' condu <lerl 
that no 1·edudion took plaee in the strongly alkaline medium, i11 
Yie''" of the fa ct that t he H 2S forme<l m igh t have been eompletely 
homHl by the e:s.<'ess of n 1 kali . Later resu lts seem to give indirect 
tes timon~- to thi s effect. In the pr esence of a weak alkaline solu tion 
~he pro<luetion of H ,S was markedly enhanced. The aYerage 
mereases oYer the sulphur contr·ol were 364 ·2 and 148·7 mgm. 
I-I, S-S per cent. for the so<l imn cm·bonate and b icarbonate solutions, 
respediYely. 

In onler to see to 11·hat ex t t>ut the alkal i as such was responsible 
for the increase iu H 2S formed, a con trol w.as run , simultm1eouls~- , 
for each of t he Yarious solu tions . 'fhe 1·esu lts g iYen in Table II 
sho11· that -only the 1\ aH C03 solution, as su ch , ea11sed an increase 
in th~ anwnnt of H 2 S formerl. In this case t he aver age amount 
(for ln-er and muscle) of H 2 S emitted was only :16 · 3 mgm. H

2
S-S 

more than that of the negat iYe c-onhol . On th e other hand when 
sulphur was added the amounts -of H oS eYolvecl hY the sodium 
h:vrlroxi<l e, carbonate anrl hir·arbonate soiut ions were rtil , 462 · 7 :mel 
202·0 mg. H 2 S-S per cent. more t han t hose of t heir 1·espeetive 
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SULPI-Hilt METABOLISM IV. 

controls. It is evident, therefore, that the large amount of H 2 S 
rendered by the carbonate all!l bicarbonate solutions, eontaining 
elementary sulphur, O\Yes its origin chiefly to the sulphm present 
and only to a very small degree to the reducing effect of the salt 
(bicarbonate) upon th e tissue itself. Neverth eless, t he addition of 
the carbonate and bicarbonate sal ts increased considerably the 
reduction of elementary sulphur by animal tissues. This is clear 
from the fact that the reducti-on of elementary sulphur, as such, by 
tissues in the carbonate and bicarbonate solutions exceeded -on the 
average the reduction of sulphur by the same tissues in an ordinary 
'l' .R. solution by 3G4·0 andl03·3mgm. H 2 S-S per cent., respectively. 

In order to see to what extent various tissues can a lso oxidize 
elementary sulphur, t h e amount of sulphate present in the different 
solutions, after twenty-four hours of incubat ion, was also determined . 
'l'wo different types of solubon ·were employed, one with " ·eak (O· b 
per cent. boracic acid) and the -other with very strong (0 · 083 per 
cent . thymol ) antiseptic properties . 'l'he experimental couditions 
were exactly the same as already described under the determination 
of the reduction -of elementary sulphur, except that the solutions with 
the tissues, chemicals, etc ., \Yere kept in 400 c.c. Gena glass beakers 
and, during incubation, occasionally stirred with glass rods. The 
negative control solutions, that is, those to which no elementary 
sulphur was added, " ·ere ah ·ays incubated in a separate incubator 
in order to prevent the absorption of any volatile sulphide. After 
incubation the solutions were acidified \Yith HCl, autoclaved and the 
sulphate determined gravimetrically, as BaSO.,, by the method as 
rlescribed by the author (193G). However, caution should be 
exercised not to ascribe oxidizing properties to tis ues that actually 
belong to the antiseptic solut ions as su ch. For that reason blank 
<leterminati-ons were made of the amount of sulphates formed by the 
various acid and alkaline solutions, to which sulphur "-.a~ adderl. 
In all of t he solutions, except for the sodium hydroxide 
one, t he amounts of sulphates formed we1·e either nil or so small 
that they might be <lisrep;anlerl. Ho,,·ever, appreciable amount~ of 
sulphate were f01·med in the hydroxide s-olution. For three different 
determinations values 1·anp;ing- from 0 · 0368 g-m. to 0 · 007G g-m . with 
an aYerage -of 0 ·0372 gm. BaS04 \Yer e obtained . 'l'his aYerap;e value 
had of course t-o be rleducted from the amount of BaS04 precipitated 
m each of the tissue-hy(lroxi de solutions.* 

The data presented in Table III show that he bora cic aci d and 
'l' .R. solutions gave parallel ref;ults. Furthermore, comparison of 
the sulphate values in Table III with those of the H 2 S in 'l'able I 
reYeals a close pnralleli sm het,Yet>n these data. This suggests that 
the oxidntion -of elementary sulphur is preceded by its reduction , 
nnd that the same factors whi ch influence its rerluction will, there
fore, als-o sho1Y up in its oxidation, in view of the fact that the 
greater the c-oncentra tion of H 2 S formed the mme of it will be 
available for oxidation anrl n 'ce 1JC?'sa. For the sake of simplicity 
only the average Yalues of tl;!.e various columns will be (liscussed. 

*The values for sulphate-sulphur g ive n nnder t he t issue-hydroxide columns 
in the tables represent those after the necessary corrections had bee n made. 
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ST.:"LPHUR METABOLISM IV. 

'rhe addition of sulphur to the tissues resulted in part in its 
being oxidized to sulphate. 'l'his is eYident from t he fact t hat t he 
tissue-sulphm solutions (sulphur con tr ols) y ielded 11 ·0 mgm. mor e 
sulphate-sulphur per cent. t han those (neg-ative eontr·ols) to "·h ich no 
sulphur was added. Previous boiling of t he tissues, ho,YeYer, reduced 
the oxidizing capacity of the tissue-solut ions because t hose contam
ing tissues so treated only y ielded 3 · OG mgm. mm e sulphate-sulphur 
per cent. than the negative controls . In a strongly acid merlium th is 
oxidizing capacity is completely lost wher eas t he addition of alkalies, 
on the other hand, gTeatly enhanced the oxidation of elementary 
sulpbm by animal tissues. This is eviden t from the fact th at from 
the sodium hy droxide, carbonate and bicarbonate solu t ions an aver 
age of 177· 97, 40 ·45 and 16·63 mgm. more sulphate-sulphur per 
cent. were 1·ecoYered t han from the sulphur controls . 

In order to see to " ·h at ex tent the a.lkalies, as su ch, " ·ere respon
sible for the marked increase in sulphates formed , a control , withou t 
the acldihon of sulphur, was r un for each solution. The results are 
giYen in Table IV. 

It is clear , that the arldit ion of any of the alkalies, increased 
the sulphate content of tissues " ·hen deter mined after an incubahon 
period of twenty-four hours . On the average for boYine blood an d 
li ,.e1· the sodium hy droxide, carbonate a nd bicarbonate solution s 
yielded, respectively, 46 · 9, 6 · 0 and 7 ·1 mgm. more sulphate-sulphur 
per cent. than the control s·olut ions to '"hich no alkali h ad been 
added . HmYeYer , \Yhen sulphm \Yas added in addit ion to the alkalies, 
the <IYerage in creases in sulphate values, as a result of the sulphur 
as such, that is, the incr eases over t he alkali controls to " ·hich no 
sulphm was added, were 243 · 8, 124 · 0 and 54.0 mgm. sulphate
sulphur per cent . for the sodium hydroxid e, carbona te and bic:arbon
ate solutions, respectiYely . These values still exceed the aYerage 
net sulphate increase due to sulphur , withou t the acldihon of alkali, 
by 22G ·O, 10G·2 and 36·2 mgm. sulphate-sulphur per cent. for t h e 
respective alkaline solutions from which it is eYident t hat, although 
alkali in i t self increases the su lphate c-ontent of tissues, it neYerthe
less augments the oxidation of elem entary sulphur by animal tissues 
to a marked extent . 

Exactly how the alk ali facilitates the ·oxidation of elementary 
wlphur by tissues i::; not quite clear . It is eYident th at its action 
is not secondary to any vital entity in the tissue, in Yie \\· of the fact 
that some of th e sturlies were car ried ou t on t issues preYiously 
steamed or dried (see 1'ahle III) and ah ·ays under str ir tl:v an tisep tic 
conditions. The r esults suggest , hmYeYer , th at t he chief effects of 
the alkali in the ·Oxidation of sulphur are to in r r ease th e rerluction 
of snlphur by the tissue and th e subsequen t concen tr ation of sulphi de 
in the solut ion; furthermore, i t is " -ell kno"·n that both sodium and 
hydrogen sulphide are rather unstable iu solution ant! gra dually take 
on atmospheric oxygen to form sulpha t f' . It mig ht he, t herefore, 
that the sole effed of the al kali " ·as to i ncrease the reduetion anrl 
concentration of sulphide in the soluti on where it \Yas oxidized either 
quickly by th e oxygen ·or eorpuscles, in t h e case -of blood , or slo" ·ly 
h)- atmospheri c oxygen , in the case of " blood free " tissues. If 
thi s themy is conect, it sould also follow that th e oxidation of a 
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Sl:LPHUlt METABOLISM: IV. 

" oonstant " supply of H 2 S by an alkaline-tissue solution should be 
the same no matter whether the tissue was fresh, boiled or dried . 
'l'his "·as found to be actually the case, and demonstrated as follows: 
a " constant " stream of H 2 S was passed for exactly fifteen minutes 
through one of each bYo samples of fresh , boiled and dried tissu e in 
150 c.c. of N / 10 (with respect to Ka2 C03 ) 'f.R. solution. The 
H 2 S-treated solutions were then incubated separately from the 
untreated (control) ones and after an incubation period of t 'Yenty
f.our hours, with occasional stirring, the sulphate in each was 
determined as described previously. The difference behYeen the 
sulphate contents of the H 2 S-treated and untreated solutions con
stitu tes the nmount of sulphate formed from t h e oxidation of 
hydrogen sulphide. The results are given in T nble V. 

TABLE V. 

The Oa:idat?.on of Hyd?·o.r;en S ulph1"de By Animal Tiss1tes ~n T.R. 
So l·ution, K / 10 with ?'espect to Sod·iwn Ca1'bonate. 

State of Tissue. Tissue. 

:VIgm. so.-s formed from oxidation of I Beef liver . ... 
H 2S Beef muscle 

Fresh. 

1·63 
1·61 

I 
Boiled. I Deied. 

{30 mins.) (100° C.) 

I 
2·06 I 1 · 79 ---
1 ·39 1 · 2£> 

The simibri ty of th e values obtained with the differently heated 
tissu es is striking. For beef liver th ey varied from 1· G3 to 2 · OG mgm. 
" ·it h an aYerage of 1·83 mgm., and in the cnse of beef muscle from 
1 · 29 to 1· 61 mgm. wi th an aYerage of 1 · 43 mgm. \Yhnt is of 
interest is the fn ct that the amount of sulphnte-sulphur reeoYered 
from three blanks of alkaline (N f 10) 'l'hymol-Ringer Roluhons 
t hrough which H 2 S was also passe<l, etc. ,variecl from 4·206 to 4·479 
mgm. with an average of 4·30 mgm. , which is 1G3 ·8 per cent. more 
t han the grand average of the liver anJ muscle Yalues. A prohnhle 
explanation as to why th e add ition of t issues r eel uce<l the <"ft pa city 
·Of the alkaline solution to oxicli;-:e H 2 S, might be that the form ntion 
of sodium J1roteinates reduced the dissociation of the salt "·ith a 
subsequ ent r eduction in the power of the solution to hind a1Hl con eeu
hate th e volatile sulphide. 

Because of the large amounts of cnrbon:1tes and buffer salts 
present in blood " ·here inj ected (intravenously) sulphur is 
r educed (H effter 1904) ancl then rea<lily oxidi:;:e<l (Hagganl 1921), 
it " ·as thought of interest to study also the influence of th ese salts, 
in the ahsence of tissu es, on the oxidation of H 2 S. This experim ent 
IYas carri ed ·OUt as follows: A " oonstant " stream. of ILS \Yas 
passed for exactly fift een minutes through one of each of two 200 c.c. 
samples of the followin g solutions: thymol-H inger solut ions with and 
with out the addition (to give N / 10 solutions) of soflimn hyfhoxide, 
ca1·bonate and bicarbonate. Similarly, H 2 S was passed through one 
of each <Jf tvvo samples of the follmYing huffer mixtures, li.H2 PO,.
KaOH (Cbrk 1922); Na 2HPO,,-KH2 PO, , and sodium borate and 
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N f lO HCl (Sorensen 1909) . 'l'he pH Yalues of t hese mixtures an' 
7 · 4 , 7 · 34 7 and 7 · G21, respect ively, all of which approximate dosely 
that of blood . The H .,S-treatecl and control solutions \Yere incubated 
separately after whicl:l t he amounts of sulphate were determined . 

'l'ADLE VI. 

The O.vidntion of Hydl-ogen SulzJhicle to SulzJhate ·in 200 c.c . of 
T1 ariou s A lkalt:ne ancl Buffer Solutions . 

I n T .R. So lutions . 

Norma li ty with respect to ~aOH 
Normality with respect t o Na2C03 
Normality with respect to NaH C03 

Saturated with ... ... . . . ..... .. . 
Mgm. 80,1-S in sample .. .. . . .. . . I 

- H2S 
0· 08 0 · 71 

I 

I 

~~- N/10 

H 2S H,S 
1 ·39 I 0·05 O·S1 

I 
I 

X /10 
H.,s 

0 ·069 0·74 

Tn Buffer So lutions . 

KH2 P0 4- NaOH 
:Mixture. 

I 
Na2 HP04- INaboratcandN"/10 

KH2 P04 Mixture. 
1 

Hol :\fixture. 

----------------~~----------~------ -----

11 7 ·621 H ion concentration (pH) .. 7 ·4 
Saturated with . ... . ... . . . H ,S 
Mp:m. 80..-S in sample . .. . 0·05 1· ;)5 

7·347 
H,S 
1·72 0·15 

H,S 
0 · 19 l· 25 

-------

'l'he data presen ted in Table YI sho\1· t h a t. t.he II,S-treal.!ltl 
t.hymol-R inger t>oluhon and t hose made K f lO \Yith 1·espect to sodium 
h ydroxide, carbonate a nd bicarbonate contained, respectiYely, 8 ·87, 
27· 8, 1G·2 and 10·72 times as much sulphate as the con trol solutions 
11·it hout the addition of H , S . It is evident, therefore, t h at the 
oxidation of H,S was m:n kedly i nc1·ease<l by the alkaline salts acldecl. 
'l'hi s wa s mo,.;t probably accomplish ed th1·ough th e formation ·of the 
nou-Yoln t ile sodium su lphi de* \Yhich , like t h e I-I,S, in T.IL solution, 
" ·as slo,dy oxidizetl to sulphate \Yhen exposed t.o atmospheric oxygen. 
Fm· simib r reasons th e oxi<lat ion of H.,S in the buffer solutions \Yf\S 
also g-reatl~· increased. Th e I-I,S-t rea te<l buffer solutions contained, 
in t he order g-iYe n preYiously , :n ·O, 11 ·4G, and G·GH times as much 
sulphate as t he IT,S-frf'e solu tions. 

I£ alkaline salts ca n exert such far reaching effects on the 
r educt ion and subsequen t oxidation of el ementary sulphur, by tissue~:; 
in ?; it?'O, they sh ould also h ave th e same influence on orally 
a<lministe1·ed sulpln1r, in v ie11· ·of t he fa ct that sulphur is rea<lily 
r educed by t he lwcteria and nnwosa of the digestive b ·nrt in whose 
contents oxygen is normally al11·a.vs present . As a matter of fact, 
i t '"as ob~erYed by th e a uthor (J9:J5) that the intestinal conten ts of 
rats, fed elementary sulphur in addit ion to a protein -free mhon, 
were mur h r icher in su1pha tes th an the eontents of animals fe<l the 

·• T hat solu t ions of Na H CO., a re capable of' b inding a nd l·on centrating H ,S 
as Ka ,S 11·a s , a l:corcling to P ohl (l SSG-87) , demonstrated experimentally by 
D: a kon ow . 
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same ration " ·ithout the addition of su lphur. It was suggested <tt 

that time th at the inerease in sulphate " might have been due to a 
more cop ious :flow of .intest inal secr etions induced by hydrogen 
wlphide irritation, or to a greater· concen t ration of sulphates in t he 
secretion of t h e sulphm·-fecl r ats, or to both ' ' . In the light of 
knmdeclge gained later in an i n 'cib ·o study, to be presented J ir ectly , 
it seems as though thi,; theory i;; only partly hue becau se t he gr ea ter 
part of the increase in sulphate conten t most probably h ad i t s origin 
i n t h e lligestiYe tract thr011gh the oxi<lation of H "S to su lphate. 

'l'he in 1:itro study was canieil out as follO\YS: a g-roup of twelve 
adult 1·ats \Tere feel ad lilJ . disti lled water and a protein allU salt free 
ration consisting- of de:s.hinizecl starch G2, sucrose 20, lard 10, c-od 
liYer oil 2, and agar G parts by weight for eigh t days. They were t hen 
kille<l aucl the coutents of t he stomach , small intestine all(l caecum 
remoYed. 'l'he pooled contents of each sechon ''"er e then eli Yi cled , 
::~fter samples fm moisture dete1:minahon had been taken , into three 
parts as neady as possib le of t he same " ·eigh t . 'l'o ·one par t ,,·as 
added elementary sulphur and to another an alkaline salt mixture 
in acltlition to t he sulphur. The salt mixtm e was a m o<li:fication of 
Steenbof"k and Nelson salts 40 (1923) in ''"hich th e )igSO ,7H 2 0 \Yas 
replaced by an eqniYalent an10un t of M:gC03 • After t hy mol-H inger 
~olution was acld ecl to each part , t he.v \Yer·e incuhatPcl at ::no for 
twenty-four hours and their sulphate contents determined. The 
tPsnlts m·e g-iYen in 'l'ahle VII. 

T AJ ILJo VII . 

Th e O.ridation of Elementary S1tlphw· to SulzJhate by t he I ntestinal 
Contents of Rats 1.11 T .R . Sol1ttion . 

- -·=====:========;==== 
-~ontcnts . __ l ____ s_t_on_l_ac-·h_. __ I Small Intest inal. 

:'lfoisture per cent . 
W eigh t of fresh 

sample (gm.) .. 
No. of c.c. T.R. 

solut ion added 
P er ccn t. S added 

on basis of drv 
m aterial. . . .. •. 

P er cent . salts 40* 
added on bas i ~ 
of dry m aterial 

~Igm. SO_-S per 
100 gm. dry 
materia l. . . .. . 

49 ·86 

27 27 27 

65 6.) 65 

3 ·69 3 · 69 

5· 17 

63·13 62 ·52 75 · 30 

84·89 

25 24 21 

20 20 20 

+ · 13 4· 73 

11 · 04 

2R2·3 264· 2 287 · 7 

7 ·5 

20 

Caecal. 

87·16 

8 

20 

8 

20 

J+ ·56 14·56 

33 ·98 

458 ·0 466 ·9 547 ·0 
I 

----------------------------------------------~------------

*The inorganic salt m ixture added was a modification of Stcenbock and Xt-lson r.alts 
40 {1023) in which the MgS0 4 · 7H20 was replaced by an equivalen t a mount of :'lfgC0 3 • 

It " ·ill he seen that th e add ition of sulphur alone to t h e stomach 
material had no effect on its sulphate c-ontent wh ich ,,·as pr obably 
due to the ac icl nature ·Ot the stomach conten ts. On t he oth er h and 
when 5 · 2 per cent. ·of salts were acld ed in a<ldition, the sulphate 
conten t increased 12 ·17 mgm . sulphate-sulphur per cent. , a.s 
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eompm·etl \Yith that of the contr ol solut ion. 'rhe addition of sulphur 
and sulphur plus salts to the contents of t h e small intest ine iurreased 
their sulphate Yalues by 11· 9 and 35· 4 mgm., and when added to 
t he caecal contents by 8 ·9 and 89·0 mgm . su lpha te-sulphur per cen t. 
respectively , whell c-ompared with the sulphate values of their control 
solutions . Furthermor e, t he parallelism bet,Yeen t he amounts of 
salts .acldecl and the subsequent in er eases in sulphates fonnecl, a~ 
('omparerl with those of the sul p hur c-ontrols, is striking-. The 
amount s of salts added to the e-onteu ts of the stomaeh ,sm all intestin e 
anrl caecum. wer e [J- 17, 11 ·04 and 33 · 98 per cent. , respect iYely, and 
the subsequent increases in su lph ate " ·er e 12 · 78, 23 · [J and 80 ·1 mgm . 
sulphate-sulphur. \ Vhen the lo\\·est amount of salts added is taken 
a~ unity, and the t"·o other Yalnes are expressed as multiples th ereof, 
!h eir r elah ou to each other i:; as 1 : 2 ·1 : G·G; similarly, t he relatioll 
of the sub~equent sulphate increases is as 1 : ] ·8 : G·:l to earh oth er 
which sho-n·s hmY closely t he ox irlahon of elemen t:-n y su lphur is 
dependant upon the alkalinity of the medium . 'l'he importan ce, 
therefore, ·of an excess of lwse-fon n iug ele1nents in the diet is eYident, 
especially in cases wh el'e a larg e amou nt of H ):) is forme<l in t he 
digestive tract, in Yie\Y ·of t he fa ct that t hese elements help (o oxirli11e 
and rletoxi cate part oJ the sulphide befor e it reach es th e liYer. On 
t h e ·othe1· hand, it should be mentioned that alkal ie,; also increase 
the r eclurt.ion of elem en tary sul phur " ·hi f'h migh t laJ·gel _,, o:ff;;et t heir 
beuefi<;ial effects when su lphur is in f' orpora (ed in tlw ration. 

DIS CUSSIO::'\f. 

The experiments rl esni becl in this paper shmY th at elementary 
sulphur is first 1·erlucerl to sulphide a nd subsequen t!~- oxidized to 
sulphate by animal tissues 'in Ti tro, and that bot h pnH'esses :n e 
inhibited by acirls but <'nhance!l by alkal ies alHl al kaline salts. In 
Yi ew -of the fact t hat all protein (SII) con ta ining !issues can redm·e 
elementary sulphur, it. is clear th at t he only oth er !'Ondition necessary 
for its subsequent oxidation is that t he t iRS1l e he ba thed in an alkalin e 
(or nllmline buffer) soluti on \Yhi ch is also rieh in ox_,-gen. If tlH; 

oxiclir.in g- an!l reducing reaeti-ons stucli e<l in t he lahora(m~, are 
analogous to those tak ing- plaf'e in li,-ing ()l'gan isms, it is evi dent 
that the essenti al f'o nclitio ns given a how nre exf'ellentl) fulfille !l i 11 

the hlnod stream . ::\l'evertheless, h:v meas1ning th e H 2S content ot 
the expired air, it was fmmcl by For:-;t (1928) that H ,S \\·as formed in 
the lJloorl .in amounts app1·oximai·ing- the fatal dose after the intra
venous inj ection of relatively larg e amounts of coUoidal sulplnu, an !l 
it is plObabl.v fo r that 1·eason t h at at t.hA present t ime the in jection 
of sulphur Aith er suhcTitaneously or intramnsrulad_v is more an d 
more resorted to . 

\'Then sulphur is injected in this -n·a:v, i t is p robably first 
reducerl to sulphitl e, as in the case of hloorl , then partly -oxiclized 
anrl finally, as the r esults of :Meyer-Bisrh and Basch (1921) seem to 
sho"·, e:s.creterl largely as sulph a tes in th e u rine. 'l' h e que•tion now 
arise;; as to how the oxi(lation -of the sulphide to sulph ate is aceom
]llished in t h e organism. P.art of it, no doubt, pas;-;es inio the 
blood sheam Hll<l is oxiclir.ed there wher eas some o f it is m ost probably 
oxidir.erl by the tissue into " ·hi ch it is i nj ecterl \\'it hout the a id of 
the blood stremn, in vie \Y of th e fact " that hychogen per oxide is a 
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product of cell adi\·ity and t hat phosphates are present in all cells " 
(Gm'tner 1929) thereby conta ining in itself t he essen t ial agents for 
the oxidation ·Of sulphide. H owever , t he tissues into which sulphur 
is mmally inj ected are much poor er in oxygen and buffer salts than 
bloocl, and it is there t hat one might be able to enhance the oxidaho11 
and r eduction of elem en tary sulphm· by ihe si multaue.ous injection 
of alkaline sfllts. I£ the en hancing effect ·Of alkaline salts on t h e 
reduction of sulphur by animal t issues in 1:itTo also holds tru e for _its 
red ucti ou in living organism s, the inj ection of a colloidal suspens1on 
of sulphur in an alkaline soluti·on might find special ap plication in 
certain cnses of ncute poisoning . It is r evealed in the literatu re 
(Kellermann 19:35) that colloidal sulphur forms a good antirlote for 
corrosiYe s11blimate and cyanide poisoning iu view of th e formation 
·Of t he less pois·onou::; sulphide and th iocyan ate sa lts, respectively. 
It is e\-i(l en t, therefore, tha t if t he liberation of the labile sulphur 
(sulphi rl e) coulrl he increased and speederl up, it should be possible 
to render a dose of poison , sever al times the lei:hfll amount, quite 
harmless. I£ thi s t heory is correet, it ~Yould help to explain '" hy 
Forst (1928) f·oun(l th e afl ministrat ion of su ch a hn·ge amount (three 
to four t imes l ethal cl ose) ,of IICK harmless when followed up within 
ten to fift een minntes by t he i njeetion of a colloida l suspension of 
sul11hur in a sodium bicarbona t-e solution . 

Sr:iiDIAR Y A='ID C oNCL 'l:STO::"S. 

1. Data are presented on t he oxidation an d redu ction of 
element ary sulphur by ani mal tissues in vitro, an d t he enhan cing 
·or other""·ise effects of cer tain ch emical s on these reactions are also 
shmYn. 

2. All protein t issues seem to be capable of Teclucing sulphur 
to H 2 S . Acid (HC1) inhibits this reaction whereas alkalies and 
alkaline salts enhance it. 

:;. Similarly, acirl inhibits all(l alkal ies and al kaline buffeTs 
increase the oxidation of r educed sulphur to sulphate. An alkaline 
medium, rich in oxygen , is t h erefore essential for t he oxidation and 
detoxication of H 2 S. 1'his is readily accomplish ed in blood where 
these conditions are excellent ly fulfi lled . K everth eless, all tissues 
in the animal organi sm should he a hl e to oxidize sulphirles, in Yie~Y 
of the fact that oxygen (e.g. H ,0 2 ) an d pl1Dsphates (lmffe1·s) are 
present in all tissues . 

4. Th e !'hi ef, if not th e s·ole, effect of alkali on t h e oxidation of 
sulphur seems to be to bind and eoneenhate the r educerl sulphm· in 
th e solution where i t is then oxidized to sulphate by the ox.vgen 
present in t h e c:orpusd es, in the ease of blood , or by atmospheric 
oxygen, in the case of other tissues. F urthermor e, the oxida t ion 
of sulphur bv ti ssues under labor atorv conditions is not influenced 
by enz)·m e a~tivity , in view of the fa ~t t h at n o differ ence "·as foun rl 
in the oxidat ion of lCS by fresh , boilell m 1lried t issue suspensi on:s 
in :m alkaline (Ka,CO") t hy mol-Ringer solu tion . As a matter of 
fact t h e oxida t ion of H,S also took place with relative ease in alkaline 
(:mrl buffer) solutions " ·ithout the prefience of t issu es. 
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6. Similarly, the redu ction .of sulphur by an imal tissues is not 
due to enzyme activi ty because the reacti·on took place in tissues that 
wer e boiled previous to their in cubation with sulpbm· in a Yery 
,;trong antiseptic solut ion. 

(). A d ose par allelism was found to exist, under laboratory 
cond itions, bet\\·een th e increases in the oxidation of ,;ulphur and 
(as a result of) the differ ent percen tages (on the dry basis) of modified 
Steenbock salts 40 aclrled to the in testinal contents of the rat:; fed an 
a;;h and protein-free ration. 1'his suggests tha t a diet with an exces,; 
of base-forming elements may be of importance in the oxidation 
and cl etox icati·on of sulphides in cases " ·here large amounts of H 2 S 
are formed in the digestive tract . 

7 . The possibility of beneficial effects arising from injecting 
(subcutaneously or intramuscularly) a colloidal suspension of sulphur 
in an alkaline solut ion as an autidote in eertain eases of aeute 
poisoning is discussed. 
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