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Tar important réle that sulphur plays in Nature, is evident from the
fact, that it does not only occur in all plants and animals but in both
these kingdoms 1t is absolutely essential for growth and reproduction.
Plants get their suiphur in inorganic forms from the soil whereas all
animals receive theirs from protein synthesis in certain organic forms,
either directly or indirectly, from the plants upon which they feed.
Tt has always been and still is the belief that animals cannot
synthesise any of the organic sulphur compounds (cystine, cysteine or
methionine) so essential for growth but have to take them prefornied
in their food. Counsequently the metabolism of many organic sulphur
compounds has been studied very extensively, whereas only a small
amount of work has been done upon the metabolism of inorganic
sulphur.

Bernheim and Bernheim (1932) found that colloidal sulphur is
reduced to hydrogen sulphide by the liver which first accelerated and
later inhibited the oxygen uptake of this organ. lividently then the
reduction of large amounts of sulphur may have deleterious =fects
upon the organism, and Steyn (1931, 1932), and Lewis and ewis
(1927) have found that sulphur, when fed at high levels to sheep and
10ts, respectively, was definitely toxic, probably due to the formation
of hydrogen sulphide in the intestine.

Some 1nvestigators believe that sulphur has some lence on
carbohydrate and fat metabolism, although lLewis and Lew1s (1927)
did not obtain any difference in the glycogen-content of the livers
of rats to which sulphur had been fed, as compared with control
animals.  Arnoldi and Kucera (1931), on the other hand, found an
inerease 1n the glveogen and a decrease in the fat-content of the
lvers of rats fed a carbohydrate-rich diet, whereas on a protein- and
fat-rich diet there was an increase in the fat and a decrease in the
clycogen-content. Niccolini (1933) noticed that sulphur inhibited
the formation of glycogen in the livers of guinea pigs but had little
effect on that in the muscles. Biirgl and Gordonoff (1926) found that
the livers of rabbits fed sulphur for a long period had a glyc en-
content two or three times that of normal control animals. Toides
(1928) likewise observed an increase in the glycogen-content of the
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livers and hyperplasia of the suprarenals of rabbits inte whose ears
sulphur had heen rubbed, and Kubo (1930) found that = fat and
lipoid-content of rabbits decreased whereas 1n mice the fat-content
of the whole body and some organs increased upon the »dministration
of sulphur. TIn later publications (1932, 1932a), he : o stated that
when adrvenalectomised rats were fed sulphur the body weight
increased more rapidly than in the adrenalectomised controls and the
decrease in the fat-content of the different organs was stopped. Stevn
(1934) likewise mnoticed a ‘‘ striking amount of subcutaneous,
jntramuscular and intra-abdomirel fat’’ in sheep that received
sulphur over prolonged periods. nwever, it is clear that the results
obtained by the different investigators are still too much at variance
to warrant any definite conclusions and more work is mneeded to
elucidate this point.

Sulphur also seems to have definite therapeutic values.
Montgomery (1932) and Burman (1932) have found that the ingestion
of an adequate amount of sulphur served as a good prophylactic in
malaria probably due to the aroma produced in the superficial tissues
which prevented the mosguitoes from settling and sucking blood.
Philips, Carr and Kennard (1921) stated that sulphur when added at
the rate of 2 per cent. by weight to the basal ration offered interesting
possibilities of success 1n raising chicks in confinement possibly due
to the checking of intestinal putrefaction. Ockmanun (1928) obtained
excellent results with sulphur in the treatment of mange in horses,
scab in goats, scaly leg in birds, and pocks in the udder of cattle.
Moreover, Kiriiger (1928) by the parenteral injection of sulphur
(Sufrogel) cured a case of coxitis in a horse, chrouic arthritis in the
shoulder joint of another, and gounitis in a bovine.

Sulphur may also be of importance in certain cases of poisoning.
Menegheth (1928) found colloidal sulphur to be a good antidote for
corrosive sablimate (Hg(Cl,) probably due to the formation of mercuric
sulphide which is less poisonous. Stevn (1929) reported that
favourable results in regard to sulphur as a preventive for the prussic
actd form of °° geilsiekte ”” had been obtained, and in a later
publication (1931) he stated that sulphur is at present heing
recommended as an eflicient preventive for the foregoing sease. He
also found that sulphur-treated rabbits (1932) and sheep (1932)

showed a fair degree of resistance fo potassium cyvanide. 1e Teason
why sulphur- tIedTed rabbits and sheep should Le e resistant to
eyanide poisoning 1s, as mentioned by him, probal - due tn the

formation of thiocy anates which are less toxic. Sandperg and  olly
(1932) in discussing the fate of cyanides in the organism stated: < Tt
18 known that one of the mecbanisms which the body uses in the
detoxication of cyanides 1s transformation into thiocyanates by
combination of the cvanide group with the labile sulphur . Tang
(1933) 1s in agreement with this view and assumes that thiocyanic
acid 1s formed 1n the animal body from sulphur and prussic acid. He
found that the svnthesis of thiocyanates is performed by an enzyme
which is present in practically all the tissues except muscle and blood,
but is particularly abundant in the adrenal gland and the liver.
Smith and Malcolm (1930) likewise believe that thlocvnd’re formation
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1s the principal method of c¢yanide detoxication in the animal body.
Consequently, in cases of acute cyanide poisoning the administration
of a soluble sulphide should be more efficacious.

From a nutritional standpoint elementary sulphur is of no
apparent value. This seems to be especially true of omniverous
animals because (eiling (1917) and Daniels and Rich (1¢ 3) have
shown that elementary sulphur and sulphates, vespectively, could
not serve as substitutes for eystine in the diet of white mice and rats.
It 1s furthermore reported from the Towa Agricultural Experiment
Station (1924) that no favourable or unfavourable effect resulted in
rats from the feeding of less than (-5 per cent. of sulphur.
likewise Livvard, et. al. (192b), (1920a), and Sheeby and Senior
(1930) found no beneficial effect following the addition of inorganic
sulphur to the pig's diet.

With regard to the effect of sulphur on ruminants (sheep) there
prevails some difference of opimion. At the Towa Agricultural
Fxperiment Station (1924) it was observed that daily doses of (-5 oz.
of sulphur had no effect in pregnant ewes or their offspring, ar 1t 13
reported in the Sei. Rep. Govt. Agric. Chem., Coimbatore (1952-33),
that compared withh controls, there wag no material increase in the
Live weight of sheep receiving 0-5 gm. sulphur per head daily.
Furthermore, DPeirce (1933), Seddon and Chamberlin (1933) and
du Toit, et. «l. (1934) could not confirm the results of Stevn (1931),
{1932), who found that the administration of sulphur to Merino sheep
had striking beneficial effects on their weight and wool yield. In a
later paper Steyn (1934) found that the administration of sulphur
had a similar effect on the growth of bovines. However, his
observations are not without support in the literature because
Ramaiyya (1932) has also found that the feeding of sulphur to
Indian (native) sheep resulted in a heavier fleece and a higher cystine
content of the wool as compared with those of the contr anmimals.
If the observations of these two investigators are true and correct,
it 18 evident that inorganic sulphur may still prove itself to be of
great economical value to the various wool producing countries.

In order, therefore, to gain more information on the iunctions
of elementary sulphur, a series of experiments have been staried at
this Inmstitute to study its metabolisin, and it was felt, that in order
to make an extensive study of its metabolism, knowledge concerning
its rate of absorption and excretion, to begin with, is important.

EXPERIN

Rar EXPRRIMENTS.
Absorption of Sulphur.

Because 1t was impossible te obtain a colloidal solution of sulphur
that contained no other toxic substances, and yet was of such a
concentration that the methods of Cori (1925) or Johnston (1932)
could be used in the study of its absorption, the « |y alternative was
to use the method of Bergeim (1926). It should be pointed out,
however, that by means of this method results are obtained at are
only of relative value, yet they may be of such manifestation as to
be of importance. This seems to have been the case with sulphur.
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A group of ten albino male rats of an average weight of 195 gm.
was fed a sulphur-containing, protein-free diet for five days before
they were lilled. This period was deemed necessary in order to
accustom the physiological functions of the organism to this
unnatural diet and to make sure that all the residues of tha former
diet had been swept from the intestines. The composition « the diet
used is given in Table L as Ration I.

TAT E

Composition of Rations Used in Rat Eaperiments

‘ Ration I. “ Ration II. ' Ration LII. ‘ Ration IV.
1

Dextrinized starch.............. \ 60-7 ‘ — } 55 | 40
Powdered sucrose............... 15 25 | 15-5 : 13
Yellow Maize Meal............. i e l 30 | | 30
Whole Wheat Meal ............. — ‘ 25 ‘ — ‘ —
Merck’s casein.................. : | 18 ‘ 10 ‘ 12
Merck’s prepared lard........... | 10 ‘ — l 8 —
Merck’s precipitated sulphur .... | 1 ‘ — — -
Modified Steenbock Salts 40..... 3 | — 4-5 +
CaCOy.iiii i ) — | 1 — —
NACL.........o i ! — ! 1 — —
Cod liver oil................... i 2 i — i 3 : —
Brewer’s yeast........... ..., | — : — i 2 i —
AGAT . i ‘ 6 \ — i 2 ‘ -
Iron oxide (Fe,Og)..oovvuvn... 0-3 — ‘ — —-
Vitamin B, yeast extract equi- — — — (5 gm yeast
valent to | | \ per 100 gm.

| ration)
ToTaLs. oo 100-0 ‘ 100-0 100-0 160-0
Sulphur content (mg. per 100 gm. | —_ 195 108 120

ration) ‘ :

The inorganic salt mixture used was a modifeation of Steenbock
and Nelson salts 40 (1923) in which the Mg SO, ,0 was replaced by
an equivalent amount of Mg CO,. The rats were killed bv a blow on
the head. 'The whole intestinal tract was excised aft tying its
different sections (stomach, small intestine, ete.), and the oesophagus
and rectum. After the excised intestinal tract was cooled on ice, 1t
was divided 1into its different sections and the contents of each
squeezed into about 30 c.c. of a solution containing H per ceut. each
of NaOH and H,0,. Care was taken to keep the open end of the
intestinal loop through which the contents were squeezed submerge
in the solution to prevent the loss of any volatile sulphide. The
contents were then thoroughly mixed with the solution and dried.
The iron was determined as described by Bergeim (1926a) and the
sulphur by the method of Feigl and Schorr (1923). Tixe ent results
were obtained with the latter method whereas several of the recognized
methods for sulphur determination, *hat were tried, gave results that
were too low. These methods mav ¢ e satisfactory results for organic
and inorganic sulphur forms, but not for elementary sulphur. The
sulphur content of a sample of ration to which elementarvy sulphur
was added was found to be 0-423 per cent. with the Feigl  horr and
0-440 per cent. with the combustion method of T.ant-Eekl (1921}, and
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it is obvious, therefore, that the results obtained with the two methods
are In perfect agreement. Moreover, when using 21-1 mg. to 22-3 mg.
sumples of Merck’s sulphur (extra pure crystals) the recoveries of this
element as determined by the Ileigl-Schorr method, were consistently
97-H57 to 99-51 per cent.

The results are given in Table
TABLE 1I.
Percentage Recovery of Sulphur from the Contents of Differont Parts
of the Digestive Tract as Determined by the rgeim™
Method.

Gtrovr L.

Sulphur in | Iron in dry ! Percentage
Contents. dry material Ratio recovery of
material mg per gm. S Fe. S in food.
mg per gm.
Ration T...................... 9-83 1-65 ‘ 5-95 —
Stomach....................... ; 11-11 1-86 5-97 | 100-3
Small intestine................. 19-36 } 3-32 : 583 97-9
Caecum ....cooovvonninn ... 20-59 7-05 ‘ 4-20 . 70-6
Large intestine................. 16-91 ) 4-47 ! 3-78 | 63-5
Grour 11.
Raticn IT..... ... oo ot ' 9-54 ' 1-89 , 5-04 —-
Stomach............c.... ... | 9-91 ‘ 1-95 ‘ 5-08 I 160-7
Small intestine................. . 2528 5-07 498 | c8.8
CACCUM .o\ oo 3100 9-62 | 3.2 63-9
Large intestine................. 21-42 6

.94 3-08 | 61-1

*To a standard protein-free diet was added a definite proportion of iron
oxide which served as a standard for comparison, and flowers of sulphur, the
absorption of which it was desired to studv. The ratios of sulphur to iron
were determined for the calculation. For example, if the S:Fe ratio of the
ration were 10:1 and of the intestinal contents 6:1 then the intestinal contents
would contain 6+10, which would be 0-6 or 80 per cent. of the original sulphur.

It 1s seen that by the time the intestinal contents reached the small
intestine, caecum and large intestine, only 97-9, 70-6 and 63-5 per
cent., respectively, of the original sulphur in the wation were
recovered.  Verv similar results, given in the same table, were
obtained with a second group of rats. Tt is evident, therefore, that
by the time the contents reached the colon, more than 38 per cent.
of the original sulphur in the ration bad disappeared. Whether this
fraction was absorbed or lost as volatile sulphide cannot be
ascertained from these results although one would expect that both
processes took place to a greater or lesser degree.

In order, therefore, to study the transformation of sulphur in
and the probable form(s) in which sulphur is absorbed from the
intestinal tract, an experiment was carried out in which the volatile
and sulphate sulphur were determined in the intestinal contents of
rats on rations with and without sulphur. here were 30 adult
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albino rats to each group and the ration was the same as the foregoing
except that the 1ron oxide was replaced by an equivalent amount of
starch.  After the animals had been on the rations for five davs, they
were killed and the contents of the different sections of the intestinal
tract collected.  The volatile and sulphate sulphur determinations
were made on the fresh pooled material of each group. The volatile
sulphide was determined by the gravimetric method as BaSO, as
described by Heffter and Hausmann (1904). The hyvdrogen peroxide
used wus a H per cent. ammoniacal solution of Merck's perhvdrol.
For the determination of sulphate sulphur the method of Woodman
and Tovans (1923) was used.

The data presented in Table 111 show that not only did the free
sulphide but also the sulphate sulphur of the intestinal contents of
the sulphur-fed rats exceed by tar those of the control group. It i
seen that 1 both groups the highest concentrations of sulphate- and
free sulphide-sulphur were present in the caecum and large intestine.
The lower concentrations of free sulphide-sulpbur in the faeces
(collected on filter paper during the last 12 hours hefore the rats were
killed, and ounly those that were uncontaminated with wrine) ot
both groups asx compared with those in the Targe intestines were
puartially due, no doubt. to the easy escape of this fraction. On the
other hand, the parts of the 1ntestinal tract 1 which the greafest
merease 1 sulphate- and free sulphide-sulphur took place on the
feeding of sulphur were the stomach and small intestine. However,
the values ot the smull 1ntestine were 1nfluenced, no doubt. 1o a large
extent by those of the stomach where no, or very little, absorption
took place; and whenee the sulphide and sulphate were passed on to
the small duntestine.  The average values for the sulphide- and
sulphate-sulphur of the stomach and small intestinal contents of the
sulphur-fed groups were, respectively, 154 and 2-4 times as much
as the corresponding material from the control animals whereas the
respective average values of the caecal and large intestinal contents
were only 3-9 and 1-4 times as much as those from the control group.
That the increase in sulphate-sulphur was not due to the oxidation
of sulphide to sulphate in the course of the determination was
ascertained by the fact that when water, saturated with hy ogen
sulphide, was added to parts of the intestinal contents of another
group of rats on the control diet, and the determinations further
carrled out as before, there was found to be no increase, whatsoever,
in the sulphate contents. This might have Leen due 1o a more copius
flow of Intestinal secretions induced by hydrogen sulphide frritation,
or to a greater contentration of sulphates in the secretions of the
sulphur-fed rats, or to both.

Absorption and Eecretion of Sulplur.

The results obtained so far indicated that elementary sulphuzr
was transformed 1n the digestive tract into an absorbable form, and
that by the time the contents reached the colon about 33 per cent. of
the original sulphur in the ration had disappeared. The extent to
which sulphur is absorhed and excreted by the organism, therefore,
sl remains to he determined.  However. it should be pointed out
that, under the experimental conditions, the absorption of sulphur
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could not be calculated from the difference between the intake of
sulphur in the ration and the output in the faeces in view of the
fact that sulphur was lost in the faeces in the form of hydrogen
sulphide. The only alternative, therefore, was to calculate the
absorption of sulphur from the increase in total sulphur in the urine
during the sulphur period over and above that during the control
period.

The experinment was run in duplicate form with male albino rats
with an average weight of 165 gm. The metabolism cages were of
the same type as described by Falcor-Tesses (1930). The bhasal ration
1s given in Table 1 as Ration 1T. resh distilled water was at all
times available to the animals. Since 1t was found by ewis and
Lewis (1927) that sulphur, when incorporated at 0-5 er cent. and
higher levels in the ration of rats was toxie, 1t was feared that the
animals would suffer from anorexia and subsequent cachexia, and
therefore deemed 1mpracticable to attempt to equate the daily food
mtakes of the rats under the experimental conditions. Consequently
welghed portions of the experimental diets were supplied in such
quantities that the animals could consume the diets ad lZhitum while at
the same time the food intake was accurately known for each period.
However, it will be seen from Table 1V that the average food
consumption per animal per day did not vary very much for the three
periods, being 8-5, 10-0 and 9-3 gm., respectively, for the pre-
sulphur, sulphur and post-sulphur periods. After a preliminary
period of five days commencement was made with the collection of
the excreta of the pre-sulphur period. The transition periods between
the presulphur and sulphur, and the sulphur and post-sulphur periods
were each three days long during which time no excreta were
collected. These three-day transition periods were adopted because
it was found 1n another experiment (lable VI) that after the com-
mencement on a sulphur diet, the total sulphur in the urine of rats
increased until the third day when it reached a more or less constant
level, and it might be assumed, therefore, that by this time the tissues
were saturated with sulphur (H,S and sulphates) and that the
excretion of the latter in the urine was equal to its absorption. The
urine and faeces were collected daily and the latter immediately dried
in a steam oven. At the end of each period the dried faeces were
freed from all hair, weighed and pulverised for analysis. The tot=]

sulphur in the faeces was determined as previously described. 1
collecting the wurine, the metakolism cage, fu I, separator and

bottles placed for collection of faeces and urine, respectively, were
washed down daily with a brush and distilled water. It was preserved
with toluol in a glass stoppered bottle kept in an ice-chest until the
end of each period when 1t was made up to volume and filtered through
filter paper. The total sulphur was determined by the enedict
method as modified by Denis (1910).

The vesults obtained with the 0-5 per cent. sulphur ration are
summarised in Table IV.

Tt will be seen that the extent to which sulphur was ° stored
and lost 7’ daily during the sulphur period was, on the average, 2-8
times as great as during the pre-sulphur ome. The excretion of
sulphur in the faeces for every 100 gm. of food eaten was on the

206






SULPTIUR METABOLISM.

average 33-7, 291-1 and 359 mg. for the pre-sulphur, sulphur and
post-sulphur periods, respectively. 1z clear, therefore, that for
eveyr 100 gm. of food eaten the animals excreted 2-2 mg. more sulphur
in the post- as compared with the pre-sulphur period. Furthermore,
when 1t is remewmbered that the animals consumed on an average
(-8 gm. more food per rat per day during the post- as compared with
the pre-sulphur period with a consequent shorter period of time to
finish 100 gm. of food. it is evident that a transition period of three
days was not long enough to clear the digestive tract of 1ts sulphur
of the previous (sulphur) ration. It will be observed further that
the excretion of sulphur in the urine for every 100 gm. of food eaten
was ot an average 1205, 223-6 and 143-6 mg. for the pre-sulphur,
sulphur and posi-sulphur periods. 1t 1s evident, therefore, {hat
although the average loss of weight during the post-suiphuar period
was no more than that dwrmg the pre-sulphur one, the animals
excreted for every 100 em. of food conswmed about 23 mg. more
sulphur in their urine during the post-sulphur period as compared
with the pre-sulphur one.  This greater excretion of sulphur was
partly due, no doubt, to the absorption and excretion of sulphur
retained in the digestive tract and partly 1o the elimination of sulphur
stored (unpublished data) 1n the body fissues.

The average parts, as percentage, of the total sulphur output n
the urine werve 78-05, £3-50 and 79-95 for the pre-sulphuor, sulphur
and post-sulphur periods vespectively.  This indicates that the extent
to which the sulphur was excreted 1n the urine during the sulphur
period was about 1-8 times lexss than during the pre- and post-sulphur
periods, and suggests that the elementarsy sulphur was metabolised
to a much smaller extent than the food-sulphur of this ration.
However, all these values are slightly too high in view of the fact
that some sulphur was lost 1n the taeces as hydrogen sulphide and a
truer index will therefore be the percentage of the total wulphur
intake, excreted in the urine, These values ran parallel with the
foregoing ones and were 61-75. 36-75 and 79-61 for the respective
periods.

Ifrom the the results given in Table IV the absorption of flowers
of =ulphuwr can roughly be caleulated.  In so doing 1t was assumed
that the percentage of the *° food-sulphur " mmtake, excreted in the
urine during the sulphur period was equal to that dwring the pre-
sulphur one and a correction made accordimely, and further that by
the time of the third day on o sulphur ration the body tissues were
saturated with this element and that, {herefore, the excretion of
sulphur in the wrine was cqual to 1t absorption.  Turthermore, by
disregarding the unequal catabolism of body tissues during the pre-
and sulphur periods, an approximate value of 246 per cent. was
obtained for the abxorption of flowers of sulphur.

However, the high concentration of ** food-sulphur = in the
ration might have mfluenced tle abrorption of elementary sulphur
or rice rersa, and 1t was cousidered mnecessary, therefore, also to
determine the absorption of elementary sulphur on a ration very low
in C food-sulphur 7. TFor this purpose two different m-le rats were
emploved and the composition of the basal ration wuse is given 1n

Table T as Ration ITT.
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The absorption of elementary sulphur, calculated from the results

eiven in Table V (S-ration ITI) as previously described, was 44-6 per
cent. This figure agrees fairly well with the value (4+ 38 per cent.)
given in Table IT but is 20 per cent. higher than that obtained on
S-ration II Ilowever, a comparison of the results given in Tables IV
and V' shows that when elementary sulphur is 11109\ted with a basal
ration that is rich in readily available ¢ food- bulplmr 7 e absorp-
tion of elementary sulphur is low (Table TV), whereas, on the other
hand, when the absorption of “ food-sulphur ”" is low, the organism
compensates by taking in more elementary sulphur with a consequent
higher percentage ubsorption of the latter (Table V). hix view-
point seems to be supported by the fact that the percentage of the
sulphur intake, excreted in the urine, on two rations that were quite
different in their composition and sulphur content, were c¢lose to one
another.  I9vom the results given in Tables 1V and V. it will se seen
that the average for these values were 3675 awd 44-43, or better,
the difference hetween the percentage of the sulphur intake, excreted
in the urine during the two different pre-sulphur periods, was 186
per cent., which was practically equal to the difference (20 per cent.)
in the absorption of elementary sulpbur on the two different sulphwr-
rations.

The level at which the feeding of elementary sulphur (hydrogen
sulphide) turns to be toxic may, therefore. he controlled {0 a certain
extent by the concentration of easily availa + ** food-sulphur ™" in the
ration, and the reason why Lewis and Lewis (1927) found the feeding
of the same level of sulphur with the Oshorne-Mendel low 1)10’(@111
diet to be less toxic than with the Sherman-Merrill (1925) milk
powder-starch diet might probably be explained by the fact that the
former diet did not ()nl,\ contain a slightlv higher proiein content
(food-sulphur) but also 4-5 per cent. of sborne and Mendel salt
mixture (1913) which contains sulphates.  Furthermore, the cause
of the low absorption (10 per cent.) of sulphur. as found by Denis
and Reed (1927) with dogs, acrording to the same method, might
partially be found in the omission of a few davs sulphur-transition
period during which time the percentage of the sulphur taken m,
excreted in the urine, was undoubtedly below that of the succeeding
days on the sulphur-ration, and partially in the high concentration
of “ food-sulphur ’" in their rations.

The Evceetion of Sulphur,

In order 1o determine the forms in which the absorbed sulphur
were excreted in the urine an experiment was performc in which
the total nitrogen, total sulphur, total sulphate and inorganic sulphate
were determined in every 24 howr arine samples.

The difficulty was of courses to acquate the daliy food consump-
tion. This was considered absolutely essential if a clear insight were
to be obtained as to what was happening to the absorbed sulphur in
the animal organismn when fed rations with and without the addition
of sulphur. Preliminary experimentation with rats on Ration IV,
Table I, showed that very soon after a 1 per cent. addition of sulphur
to this diet, the animals began to suffer from anorexia and subsequent
loss of appetite.  However, it was eventually observed that the
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addition of an alcoholic yeast extract (vitamin B;) equivalent to 5 gm.
veast per 100 gm. ration and prepared according to the method of
Guerrant and Dutcher (1932)) the animals did not lose their appetite
as readily and continued to eat about 9-5 gm. of the sulphur-ration
per rat daily. Consequently Ration IV plus the yeast extract was
used in the following experiment with and without the addition of
1 per cent. of Su]phm, and the daily food consumption was kept
constant throughout the entire experiment at 9-5 gm. food per rat
daily.

The experiment was run in duplicate for~1 with three adult albino
male rats to a group kept together in a sing : metabolisimm cage. The
urine was collected as previously described and immediately analyse
for the constituents already mentioned. The sulphur fractions were
determined by the method of Fiske (1921) and the total nitrogen by
the direct Nesslerization method of Koch and Me ekin (1924).

The results obtained with Group I * are given in Table VT.
1 g

It 1s seen that the feeding of 1 per cent. of sulphur in the ration
manifested its effects on the animal organism already on the first
day of its administration when 60-9 mg. of nitrogen were excreted
above the average for the pre-sulphur period. Turthermore, the
effect of sulphur betrays itself right throu~h the 8-day period since
the sulphur was retracted from the diet an  curiously enough, even
on the last day of observation when the animals had recra]ned almost
all of their weight lost during the sulphur period, ihe nitrogen
excretion was still well above the average for the pre-sulphur one.
Unfortunately it cannot very well be ascertained from the results
as to whether the greater excretion of nitrogen during the sulvhur
and post-sulphur perlods was due to a gre eater excretion of organic
bases or to an increased excretion of endogenous nitrogen
(creatinine) in view of the fact that only the fotal nitrogen in
the urine was determined. However, judging from the excretion
of organic sulphur in the urine, which in itself is an index of
endogenous metabolism, it is clear that the increase in total nitrogen
excrefion during the sulphur and post-sulphur periods was in no way
proportional to The increase in organic sulphur excretion and should,
therefore, not be aitributed to an increase in creatinine but to «
greater elimination of some of the other nitrogenous compounds in
the wrine. This observation substantiates to a certain extent the
observations of Cuthbertsen (1931) who found that the rise in the
excretion of total nitrogen during conditions (human) of increased
catabolism due to injury was mainly due to a proportionate increase
n the amount of urea, whereas the creatinine (and neutral sulphur)
showed little or no alteration in the absolute amount passed. TFurther-
more, when 1t is recalled that Lewis and Lewis (1927) observed a
peripheral zonal necrosis in the livers of rats which died as a result
of sulphur toxicosis, it ix most likely that the rise in total nitrogen
excretion in the urine of rats during the sulphur and post- sulphul
periods of the present experiment was due to an enzymic solution of
necrotic tissue, and a large part of its nitrogen was probahly excreted

* The results obtained with Group IT ran parvellel with those of Group T
and are therefore omitted for the sake of space.
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SULPHUR METABOLISM.

It will be seen from Table VIII that the feeding of 5 gm. of
sulphur per sheep daily had no effect on the daily nitrog  balewce
and the percentage of the total nitrogen output in the urine. he
former varied from 1-15 mg. to 1-73 mg. with an average value of
1-52 mg. for the five periods, and the latter varied from 78-16 to

32-77 per cent. with an average value of 79-87 per cent. vidently
then the administration of 5 gm. of sulphur per st daily ad,
under the experimental conditions, no deleterious ect on the
animals.

From Table IX 1t is clear that the greatest positive balance of
sulphur (stored, and lost as H,S) was during the first 7 days on the
sulphur ration, probably due to the saturation of the tissues with
hydrogen sulphide and sulphates whereas an actual negative balance
was observed during the first 7 days after the retraction of sulphur
from the ration due, of course, to the large excretion of sulphur
stored in the tissues and retained in the digestive tract. This
phenomenon 1s further stressed by the fact that the percentages of
the total sulphur intake, excreted in the urine, were 24-16 for the
transition period previous and 53-44 for the one after the sulphur
period, being also the lowest and highest values for all of the five
periods.

The *° Stored ”” sulphur was excreted very slowly because the
average daily excretion of sulphur in the faeces during the pre-
sulphur and post-sulphur periods was 382-7 mg. and 422-4 mg., and
the average daily excretion of total sulphur in e urine was
433-7 mg. and 494-0 nig. during the respective periods. Further-
more, the percentages of the total sulphwr intake, excreted in the
urine, was 35-72 and 4069 during the pre- and post-sulphur periods,
respectively, whereas, as would be expected, only 2969 per cent. was
excreted during the sulphur period.

The absorption of elementary sulphur during the sul; ur period,
caleulated as previously deserihed, was 28-13 per cent. which is
somewhat higher than the values obtained with rats on mixed diets
containing casein- as well as cereal-sulphur.

I'rom the data presented in Table X it might be concluded that
the daily administration of 5 gm. of sulphur per sheep had no effect
on the total nitrogen, creatinine and ethereal sulphate excretion in
the urine. Likewise, except for a few days of high organic sulphur
excretion during periods IT and TIT (which were not observed in the
case of sheep 32871) the feeding of sulphur also seemed to have had
no effect on the excretion of this fraction. Tt is clear, therefore, that,
as with rats, the feeding of sulphur resulted chiefly in an inecrease
in the inorganic sulphate-sulphur in the urine thus substantiating
the observation of Denis and Reed (1927). Tt will be scen that the
inorganic sulphate-sulphur fraction during the sulphur period
(average of the last four determinations of period II) is 77 times as
high as compared with that (average) of period T (basal ration) and,
furthermore, that it took at least 11 davs, after the discontinuation of

sulphur feeding, for the inorganic sulphate-sulphur to return to its
normal level.
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SULPHUR METABOLISM.
In order to see to what extent the retention of sulphur in tihe
digestive tract was responsible for the slow execretion of sulphur in
the urine the experiment was repeated with sheep 32841 on the same
ration and the faeces of only certain days collected. These were
immediately analysed for total sulphur, sulphate sulnhur, ete., as
previously described. 'The vesults arve given in Table .

It will be observed that all of the differen* sulphur fractions in
the faeces during the sulphur period (period -  were much higher
than those during the pre-sulphur one (period 1). The average total
and ‘“ rest 7 sulphur per 100 gm. dry faeces during the sulphur
period were 101 and 12-3 times as great as compared with those
during the pre-sulphur one, and it is evident, therefor~ that a large
amomnt of the sulphur must have passed through the gestive tract
without being affected by the intestinal flora. Turthermore, as was
found with the urine, it took most of the constituents about 11 to 12
days, after the discontinuation of sulphur feeding, to retuin to their
normal level and 1t 1s clear, therefore, that the slow excretion of
sulphur in the urine must have been partially due to the absorption
of retained sulphur before all of 1t was swept out with the food
residues.

With regard to the absoiption of sulphates, Andrews and
Johnston (1933) and Nakashima (1924) have shown that thev are
absorbed with difficulty, and the results presented in this article
showed consistently that they are alsc excreted very slowly from the
animal organism thus substantiating the observations of Dakin (1913),
Denis and Hobson 1923), and Bialaszewicz (1931). Why this should
be the case is not at all clear vet., Cope (1932) in his review of the
literature with regard to the mechanism of inorganie sulphate
excretion pointed out that the weight of opinion seems to be that
sulphates are excreted mainly by the glomeruli aund possibly also
slighlty by the tubules of the kidney. However, whether this is the
case and what bearing 1t has on the slow excretion of sulphates, are
questions which can be answered only by further work.

DIS¢

Evidence to date indicates that elementary sulphur can be
transformed in the digestive tract into hydrogen sulphide in which
form 1t can be absorbed. After having been absorbed it is
subsequently oxidised to sulphate in the tissues and execreted as such
in the urine.

Consequently it is difficult to see whyv the feeding of salphur to
sheep should be of any nutritional value in view of the fact that
Henrien (1932), Askew and Bishop (1932) and nodman and Fvans
(1933) have shown, respectively, that Karo bushes, New Zealand
pastures, and feeding stuffs in general arve fairly rich in sulphates
and total sulphur. However, this does not seem to he universally the
case. It was veported that the sulphur content of pastures in
Coimbatore (1932-33), which ran parallel with that of caleium, was at
all times of the wvear very low, and  ton and Lyons (1932) drew
attention to the fact that the vegetavion in certaln mountainous
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regions in New Zealand is very low in sulphur and that sulphur-
feeding might, therefore, be beneficial under such conditions. The
form(s) in which inorganic sulphur may be beneficially utilised
under those conditions remains to be <een. It may be that the
morganic sulphur is transformed throug the symbiotic action of the
intestinal bacteria, protozoa, etc., into organic sulphur compounds
which in turn can be utilized by sheep in the svnthesis of body tissues
and wool-keratin as suggested by Rimington aund Bekker (1932).
However, if that is the case, one will expect that the soluble hydrogen
sulphide (and sulphates), derived from elementary sulphur, will form
better nutrients for the micro-organisims than the insoluble element.
I'urthermore, the observations of Sugata and IKoch (1926) that
hydrogen sulphide and sulphate sulphur can actually be co  rted
into yeast protein and probably at least in part into cystine, and of
Warth (1932) that part of the sulphates fed to cattle was transformed
into some other form and not lost as H,S, lend support in a way to the
hypothesis of Rimington and Rekker.

On the other hand, it may be quite possible that elementary
sulphur, under certain conditions at least, has a tonic effect on
animals (sheep) and so indirectly influences their growth and well-
being. IFurthermore, when it is recalled that there is evidence to
show that such unrelated substances to keratin structure as iodine
(Veghelyi, 1932), iron (Cunningham, 1932, King, 1933), zinc (Todd
and Elvehjem, 1934) and even lecithin (Rewald, 1933) have somnie
influence on wool- and hair-growth, it may be that elementary
sulphur also belongs to this apparent group of wool and hair growth-
stimulating factors.

However, whatever the case may be, the effect of sulphur, if any,
on growlh and wool production: of sheep remains still to be solved.
This can only be done by careful and diligent experinientation, and
it 1s rather unfortunate that several of the investigators who studied
the effect of sulphur on sheep had planned and controlled their
experiments so unsatisfactorily otherwise their results might have
heen less conflicting and more convineing. The experiment of Steyvn
(1931, 1932, 1934), for instance, ‘“ was planned to determine the
toxic dose and not the nutritional value of sulphur *’, but on obtaining
what appeared to be marked increases in body weight, Stevn was
inelined to conclude that the comparative increases in the weights
of the groups were significant whereas actually his results were only
suggestive and not conclusive.

Larger groups genetically and nutritionally as homogenans as
possible (efficiency quotient: DPalmer and Kennedy, 1931; TTLS
Palmer and Kennedy, 1933) together with data relating to food
consumption and the composition of the basal ration, apart from
considering the advantages of individual feeding of the animals
(Dunlop, 1933), are necessary to derive at more exact conclusions
with regard to the effect of sulphur on body weight and wool growth
of sheep.

SUMN RY AND

1. Experiments have been conducted with rats and sheep to
determine the absorption and excretion of flowers of sulphur, and it
was found that both processes teok place at a relatively slow rate.
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2. The steps in the metabolism of s Hhur were its reduction in the
digestive tract to hydrogen sulphide in which form it was absorbed.
The sulphide absorbed as such was subsequently oxidised to sulphate
and excreted in the urine as inorg: ¢ sulphates.

3. The excretion of the inorganic sulphates took place very
slowly, because 8 days after the discontinuation of sulphur-feeding
(Ration IV, Table I, containing 1 per cent. of elementary sulphur)
the inorganic sulphate in the urine of rats was still 1-6 times as high
as compared with that during the pre-sulphur period. In the case
of sheep, it took 11 to 12 days, after the retraction of sulphur (5 gm.
daily per animal) from the ration, for the inorganic sulphate to
return to its normal level.

4. The slow excretion of sulphates in the urine was not only due
to the storage of sulphuar in the animal body but in part also to the
long retention of sulphur in the digestive tra  whence some was still
absorbed before all of it was swept out of the digestive tract with the
food residues.

5. The rise in the excretior of total sulphur in the urine during
the sulphur period above that during the pre-sulphur one, with due
allowance for a transition period, served as an index of the absorption
of elementary sulphur, and when based on this assumption, the
following absorpiion values were obtained:—24-6, 44-6 and 20-9
per cent. hy rats on mixed Rations 1I, IIT and IV (Table I)
containing 0-5 per cent., 1 per cent. and 1 per cent. of added flowers
of sulphur, respectively. It will be seen that when the buasal ration
was high 1n easily available *“ food-sulphur >’ (Rations Il and 1IV)
the absorption of elementary sulphur was low, whereas when the
absorption of *‘ food-sulphur > was low (Ration ITI) that of the
elementary sulphur was high.

6. Apparently the level at which the administration of
elementary sulphur will commence to show toxic effects, will be
controlled by the concentration of easily available ** food-sulphur ™
in the basal ration. The larger the concentration of ** food-sulphur
the higher will be the toxic level of elementary sulphur, and +ice
versa.

b

7. The absorption of elementary sulphur, as determined by the
Bergeim method on a protein-free diet (Ration I, Table T) containing
1 per cent. of sulphur, was fonund to be about 38 per cent. This
slightly lower value, as compared with that obtained on the low
protein Ration [T, containing 1 per cent. of elementary sulphur,
might probably be explained on the grounds of the incompleteness
of the protein-free ration from a nutritional standpoint, and the
subsequent marked state of constitutional disorder.

8. The absorption of elementary sulphur by sheep when ingested
with the basal ration (200 gmi. cut up lucerne hay, 400 gm. erushed
yvellow maize and 4 gm. NaCl), to the extent of 5 gm. per animal
per day, was found to be 2813 per cent.
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9. At this level the feeding of sulphur had no deleterious effect
on sheep, whereas under the conditions of the rat experiments the
addition of 1 per cent. of sulphur to the basal rations showed d 1ite
toxic symptoms within a relatively short period of time.

10. The symptoms were anorexia and subsequent cachexia durin~
the sulphur periods, and furthermore, an impairment of the norm:
physiological functions of the urinary excretory system.

11. The physiological principles underlying the metabolism of
elementary sulphur would seem to be similar in rats and sheep.
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