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figuration, rather than the Sulfliydry!
&roup as such, constitutes a mogt im-
Dortant factor affecting carbohydrate
metaholigm.

The rat diaphragm has heen used
extensively in in pitrg metabolic gtr-
dies of the influence of hormones,
drugs and metabolites - on musele.
Knowledge is lacking on the correig-
tion of resting muscle metaholism
with that of the functioning tissne
and varvious facetg of this probhlem
have been reviewed hy Szenb(}yﬁrgyi
(1951). The rat diaphragm wag first
employed by Takane (1926) in rels.
tion to the in wipg effects of insulin
on - carbohydrate metabolism and
later studied jn greater detail by
Gemmill (1940). 1t is'particulaﬂy
snitable for immediate yge withont
-extensive manipulationg because of
its inherent structure, The thickness
of the diaphragm meets the quali-
fieationg hecessary for the rapid ex-
change of gases to and from the eells
and can be determined from the str-
face area and specifie gravity {(Villee
et al., 1949; Umbreit et al, 1951),
The n witro resulis with. rat dia.
phragm mighy correlate closely with
those observed in the 4n, 2400 Tesponse
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because the numbey of intact celig re.
mains high and the structural char.
acteristics, such gag the vital merm-
brane between the medium and the
intraceilnlar fluidg, undergo little
alteration,

The study of Stadie and Zapp
(1947) on the influence of varions
media on glueoge utilization by dia-
Phragm as such and in the presence
of insulin iy classical. In the PH
range of 6.3-7.6, the effect of insulin
Wwas constant. With untreated dija-
pPhragm, OXygen was utilized at 5
steady rate for a period of six hours
and glyeogen synthesis was maximaj
after about one hour. On introdye-
tion of insulin, although the oXygen
consumption remained constang, in-
creased glyeogen synthesis eontinged
for approximately two hours, The
ionie concentration of the medium
likewise affects the exient of glycogen
formation ; magnesinm  and phos-
Phate ions at high levels depressed
glycogenesis in the presence or ah-
sence of insulin and glycogen valneg
were lower on deletion of the cation,
Glyeogen synthesis is affeeted by
diet, sex, ingyulin and time of fasting,
fed rats with an initially high’ glyco-
gen eontent displaying the greatest
amount of glycogenesis (Kcrly_'and
Ottaway, 1954), The metabolie fate
of glucose as well as acetate and
pyruvate utilized by this muscle hag
been elncidated (Villee and Hast-
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ings, 1949a,b; Walaas and Walaas,
1950 ; Foster and Villee, 1954). On
the basis of experiments in- which
dilaphragm was inenbated in the ab-
gence of glueoss, metabolites other
than glyeogen were thought to eom-
prise fhe main sourece of energy
{Haugaard et al,, 1951).

Of the various agents investigated
in relation to carbohydrate metabo-
lism by the rat diaphragm, insulin
is unique in produeing an inerease
in both glucose atilization and glyco-
gen deposition. A direct combina-
{ion ocerrs between ingulin and the
musele (Stadie et al., 1949a,b). The
effect of pituitary jormones, sterols
and epinephrine and other amines
on diaphragm metabolism has been
reported {V arzar and Wenner, 19483 ;
Ti et al., 1943, Stadie et al., 1951;
Ellis, 1952).

Tn a previous gtudy (Spencer et

. al., 1964), the oxygen nptake by rat
tiggue slices wWas ascertained in the
presence of varying soncentrations of
the important thiol, thioglycolie acid
(TG) and under more limited condi-
‘tions, with ,B-mercaptoethanesulfonic
‘aeld (MES). As queh data reflect
over-all tissue Tesponse, it was
thought that more specific effects
attributable to TG might be observed
by a study of musele earbohydrate
metabolism. Accordingly, TG and
several related thiols were compared
by this approa h. The additional
compounds, inelnded in order to de-
duce whether the changes, if any,
‘engendered by TG were specifie for
this molecule alone or would extend
to other thiols, comprised MES,
eysteine and a,g’-dimcreaptoa.dipie
acid (DMA). Pithiodiglyeolic acid
(DTDG), though a disulfide, Wwas
also investigated as it represents the
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readily obtainable oxidation produet
from TG, A statistical analysis was
parried out on the changes ohserved
in glycogen content, glucose untiliza-
tion and oxygen uptake by the re-
speciive rat hemidiaphragms.

EXPERTMENTAL: PROCEDURE

Commercial TG
Chemetics Company Wwas distilled
twice under vacuum (b.p. 105-108°
C at 20 mm; collected in water). The
corresponding disulfide, after twe
recrystallizations from water, melted
at 107-108° C. L-cysteine originated
from Nutritional Biochemicals Cor-
poration and MES and DMA which
were prepared by the Toni Company,
were of high purity. Mhe acids, ex-
eept for Licysteine, were introduced
into water and the pH adjusted to
7.9 with aqueous sodium hydroxide.
The stock solutions contained 200-
300 mg per ml as hased on the free
acid. The medium for the ineuba-
tion of disphragms comprised the one
described  bY Qtadie and Zapp
(1947) : 0.04 M Na,HPO,, 0.005 N
MgCl,.5HU and 0.08 M NaCl; pH
6.8-7.0. (Glucose was used in this
mixture at a level of 110 mg %o.

Male rais averaging 150 gm in
weight at the time of cxperimenta-
tion were of a Wistar and Spraguoe-
Dawley eross. They were gtarved for
94 hr in order o deplete glycogen
and killed by decapitation. The hemi-
diaphragms Wers removed quickly
\with minimum trauma and bleeding,
eare heing exercised to avoid cutting
the inferior vena cava and imime-
diately placed in individual tubes
each containing 2.0 ml of iee-chiltec
medium. The trimmed hemidia
phragms Were blotted, weighed

from Evans
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placed in the individual vegsels con-
taining 1.5 m] test medium and in-.
cubated for 90 min under 100%,
OXygen at 37.5°C. The appropriate
solations withont tisse were simul-
taneously ineubated. In the first
series of eXperiments, beakers of 20
ml capaeity containing the indi-
vidual hemidiaphragms with the re-
spective media were incubated in a
metabolie shakep (Dubneft, 1948),
The chamber was flushed with 10027
oxyzen for g 10 min period at a gas
per hr. During ineu-
the gas flow was reduced to
one eu ft per hr. In the later studies,
a similar procedure was earried out
in the Warburg apparatus equipped
with 18 flasks exeept that the oxygen
uptake was also ascertained,
Dreywood ' anthrone reagent wag
used for the determination of both
glueose and glycogen (Morris, 19483,
After removal of the hemidia-
phragms at the conelusion of the ex-
periment, an aliquot of the mixture
was diluted 1:50 with water and the
glucose analyzed directly. The hemi.
diaphragms were rinsed twice with
Phosphate-saline medium, being
blotted before and after each wagh-
Ing to remove adherent solution.

Rebljeation I

i3

They were then immediately placed
into tubes containing 0.3 ml of 309
potassium hydroxide and digested
for 30 min in a boiling water bath.
Glycogen was precipitated in the
presence of 0.1 m] of 2% sodium
sulfate on addition of 1.2 m] of 90%
ethyl aleohol by the procedure of
Good, Kramer and Somogyi ( 1933)
as modified by Walaas and Walaag
(1950).

In the statistical
as the Warhgr

analysis of data,
g apparatus imposed g
limitation on the number of tissneg
ineubated simult-aneously, the hal.
aneed incomplete block design ag
outlined in Figure 1 was applied
(Cochran and Cox, 1955)., -

Resurrs

Shaker Series. A total
of 50 rats wag equally divided he-
tween the five compounds at eagh of
the following concentrations. Ten
animals were used per day (replica-
tion), alloting two rate to each treat-
ment, : : '

In the firgt experiment, the effect
of the thiols at a level of 5 x 105 N
Was ascertained. The two pairs of
hemidiaphragms under the same

Metabq{ic

Replication VIT

Block

(1) I 5 1 4 (13) 1 4 5 8
Treatments (1.8) )

(2) T 8. 83 & (14) 2 3 8 7

Figure 1—Diagram showing the in,
ineubation study of hemidig
tables, the parts of t
€ number of replieations o
T — 8§, the number of treat
total glycogen content, or
hemidlaphmgm of each pair; k¥ — 4, the
n = 7, the number of Daired hemidiaph

phiragms in the Warburg apparatus,
his design are referr
rdays; B — 14, the ny
mMents, each being the
oxygen wuptake hetwe

ragms used- for

complete block design employed for the
In text ana
the following S8ymbola: R . 7,
mber of blocks or Warburg rung;
difference in glucose utilization,
en the control ang the {reated
number of treatments withip each block;
each treatment.

ed to by
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treatment within replication .epe
assigned to the media in sueh g Wway
that if the Jeft hemidiaphmgm of
one pair were inenbated in the éon-
trol solution and the right in the test
medium, the prder wonld then be
reversed for the second pair. In thig
manner, the same number of ‘right’
and  ‘left’ humidiaphragms were
Subjected to treatment and no sig-
nificant difference Was apparent with
either tissne. A difference in effest
between test compounds an glveogen
eontent, is indieated (Table 1). The
treatments, MES and DIDG, cansed
an apparent decrease in the amount
of glvcogen, while the reverse wag
observed for DA and eysteine,

In the seeond eXperiment, each of
tire paired hemidinphragms twas al-
lotted in & random order directly to
heakers containing  ehilled modia
with or without glueose during the
pre-incubation Deriod, the thioly he.
ing tested at a level of 5 x 10* N
Replicutions again were found to
have a decigive influence upon glu-
. cose utilization, :

Although no difference in treat.
ment effects was shown from the
analysis of variance on glucose p-
take, when the average differences
for TG at 5 x 10> N and 5 x 103 N
are compared to the mean differenee
of zero for a pair of hemidiaphmgms
treated alike, ¢ values significant at
the 5% level of probability result.
This depression of glucose uptake
reflects that of the corresponding
final glycogen cohtent.

Warburg Serics. For the further
study of the contrasting effects be-

tween T@E, MES and cysteine, the

Varburg apparatus was employed,
ellowing for the determination of
PXygen uptake in sddition io the
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glicose and glycogen analyses, Each
of the thiols wag tested at 5x 102 N
and 5 x 1075 N Asg indicated, two
Warbnrg runs were required for
each replication due to the limiteq
eapacity of the apparatus. Two treat.
ments designated ng Controls 1 and 2
were ineluded, hoth consisting of the
differences fonnd between pairy of
hemidiaphmgms ineubated only in
glueose-containing niedium, One side
of each contre] diaphragm was term-
ed the ‘untreated s prior to inenby.
tion. The hemidiaphragms'of: each
Dair were assigned at random to the
respective media ( Figure 1), A tota]

_of 56 rats was equally divided among

the eight treatments, No inerease in
Precigion for the evaluation of gly.

- coseuptake resulted inder thase ex-

Derimental conditions, replications
alone being highly varisble in agree-
ment with the previons resulis, In
regard to the glyeogen'content, dif--
fer'ences'ainong treatments were gyb-
stautiated in the analysis of varianee
{Tableg 2 and' 3}, Unlike glucose
and glycogen, analysis of the OXygen
uptake data shows neither gy in-
fluence of replieations nor 4 diversi-
fication in treatment response, 4
marked decrease is noted with TG
at 5 x 10+ N corresponding to the

“glyeogen depression (t tost; Table
23.

DISOUSSION

In the present serjeg employing a
metaholic shaker, TG and - related
sulfur compounds were compared at
two  separate concentrations, 5 x -
10 N and 5 x 107 N, as to their
effect on the isolated ray diaphragm,
Ten animals were seleeted for each
daily run, therehy allowing for a
duplicate ' comparison of the five
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compounds. No difference was ob-
served between the effect of the sul-
fur compounds within eaeh concen-
tration on the glucose uptake. At
5 x 107 N, only a heterogeneous Ie-
sponse was noted between treatments
on glycogen content only, a slight
clevation resulting with cysteine and
DMA in contrast to a moderate de-
erease in the presence of MES,
DTDG and TG. A marked depres-
gsion in glyeogen eontent with the
higher eoncentration, 5 X 107% N,

- was distinet solely for TG

The ‘paired’ t test is properly
applied in these experiments a$ it
was in the case of the tigsue Tespira-
tion studies (Spencer et al., 1964}.
Glucose uptake in the presence of
5x 107 N TG was slightly decreased,
while at the higher coneentration, &
more significant depression was ob-
served. The average differences in
glyeogen content due 10 the presence
of the five sulfur derivatives do not
parallel the rvespective changes in
glucose uptake except for TG, where
a significant lowering in musele
glycogen was also observed. The two
thiols, MES and TG at a level of
5 x 10 N, behaved differently as
regards glycogen, the former com-
pound in ereaging the over-all content
as shown in Table 1. :

This study was furtber amplified
by the use of the Warburg apparatus
with three of the agents, TG, MES
and cysteine (coneenirations: 5 x
1075 N and 5 x 107 N). The gencral
experimental sonditions. remained
the same except that about 20 min
were required for additional adjust-
ments. Control solutions included
for each test compound served not
only as a check on the glucose con-
centration, but algo toward eorTec-

Academy of Science

tion of the manometric readings. As
more than one Warburg run was
necessary to include all test solu-
tiohs, a balaneed incomplete block
design was gelected as the most suIit-
able for the experiment. An import-
ant feature of this procedure Pro-
vides that each treatment will be
tested an equnal number.of times con-
eurrently with every other one and
that an adjustment be applied to
the treatment averages to correet
for the influence of blocks (rTuns) in
which they appear. Tt should be
pointed ont that no comparison could
be made in the metabolie shaker
geries between the varied responses
by glveogen to the two levels of MES
or TG, both concentrations being
studied separately. In the Warburg
experiments, this effect was duphi-
cated and the difference between the
adjusted treatment averages found
to Dbe significant (¢ - values: 3.14
and 3.77 for MES and TG, respeec-
tively; P < 0.01}.

Control treatments, namely, the’
differences between paired hemidia-
phragms incubated in the abscnee of
any sulfur compound, served to sub-
stantiate the reliability of the results.
The variance or gtandard error at-
ached to these treatments in regard
to glucose uptake proved smaller
than those observed with the test
componnds. This finding would in-
djeate that the response to the
mereapto-acids i8 dependent on the
individual pairs of hemidiaphragms
invertigated.

Glucose determinations Wwere con-
gistently dependent upon replications
in both series. In the metaboli¢
shaker experiment at 5 x 1072 N, the
mean glueose uptake for the eontrol
hemidiaphragms ranged 1.76-2.54 mg
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for the five replications, whereas the
average of the aontrg) hemidia-
phragms for each thiol treatment wag
2.02-2.59 mg. The variability of gly-
cose estimations affected equally all
determinationg Per day, no interge.
tion with treatments (T x R) being
produced. Whethep glucose deter-
minations were sensitive to a tech-
nical factor or to animal variation
(condition} eould not he evaluated
from thoge experiments, The GOTTes-
ponding average glucose uptalee
value was found o be 158 mg by
Villee and Hastings (1949a) ang
Krabl and Cori obtained an average
of 1.93 mg (1947).

~ The results of the Present investi-
gation possibly confirm one of the
published sn vips observations, Thus,
Freeman ang coworkery  ( 1956)
demonstrated that the glycogen con-
tent of liver wag markedly rednead
following the injection of toxic doses
of TG in mige treated with glucoge,
However, rat gastrocneming muscle
underwent little alteration but the
amount of glucoge employed in thig
instance wag much higher, Tt would
be of interest io ascertain whether
an elevation in the amonnt of glucoge
in the ineubation media wonld al.
leviate the depression in diaphragm
glycogen, a point not investigated
in the pregent study. This ig pro-
posed in view of the decreased toxie-
ity noted by the Freaman group
when glucose wag administered to.
gether with TG to intact animals,
Certainly, ne correlation is justified
between the present tissue regutts
and parenteral toxicity data. In faet,
MES, which ig EVeN more toxic than
TG, did not impair glycogenesis but
actually - increasod glycogen tormy-
tion at the higher concentration,
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Although it wag thought that 5
similarity in metaholie action might
exist among the foyp compounds,
T¢, MES, DMA and eysteine, be.
cause of the presence of at Ieast one
sulthydry] group in each, thig Was
not the case when they were eom.
Pared at equivalent concentrations,
Because of theip divergent behavior,
the over-all structure rathep than the
bresence of the SII group as such
must be the responsible factar. Also,
Do gencralization ean pe advanced
48 yet relative to thig] eonufiruration
and musele carbohydrate metaholic
activity." That the observed effects
with TG are algo bound up with the
SH group is evident from the quali-
tative differenees resulting with the
disulfide or oxidized form (DTDG).
Of the sulfur compounds investi-
gated, only cysteine is endogenous
to the cell. From Its innocuous na-
ture at the relatively high level
screened in thig study, a low order
of direet involvement in m vive
musele glyeolysis might be implieq.

SuMymary

The influence of eguivalont con-
centrations of thiog'lycolate, 8-
mercaptoethanesu[fona,te, aa’-d1-
ercaptoadipate, cysteine and dithio.
diglycolate on carbohydrate metah.
olism of the pat diaphragm wag
ascertained. -4 phosphate-saline Tme-
dinm containing 110 my % chicose
was employed throughout, Tuenba-
tion was carried out in a metaboiie
shaker for the comparison of the gnl.
fur compounds gt two levels, 5 x 10
N and 5 x 107 N. At the tormer
toneentration, no decisive difference
between the effects of the sulfur com-
pbounds resulted, Thiog]ycolate, in
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contrast o the other compounds, pro-
duced a definite depression in final
glyeogen content as well as a Jower
olucose uptake. ,(i-Mercaptoethane-
gulfonic aeid &t ihe higher level, ap-
peared to gtimulate 'glycogenesis.
Neither cysteine, dimercaptoadipate
nor dithiodiglyeolate at either con-
centration affected the final glycogen
content or ghueose utilization.

Tn a second series, the effect of
thioglycolate, B-mercapt.oethanesulf-
onate and cysteine were compared at
the two coneentrations employing
the Warburg apparatus. Two eon-
trol treatments were ineluded to as-
certain the normal variation and
average difference between untreated
paired hemidiaphragms. (lyeogen
content and o3Zygen uptake were de-
pressed only in the presence ol thio-
olycolate at 5x 10 N. A difference
in glycogen response to the two levels
gereened was specifie for thioglyeo-

late and ﬁ-mercaptoethanesulfonate._

~ Because of the divergent effects on
garhohydrate metabolic  activity
noted with the snlfur eompounds
tested, the over-all configuration
rather than the guifhydryl group as
guch, eonstitutes a most important
factor. '
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