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Abstract-The actions of 2,2’-dithiodipyridine (DTP) and dithiothreitol (DTT) on 
glucose utilization and lactate formation by rat diaphragm were studied in vitro. 

The disulfide DTP had no significant effect on glucose utilization in the absence of 
insulin but inhibited the effect of insulin on glucose utilization and increased lactate 
formation and breakdown of glycogen by the tissue. The interference by DTP with the 
action of insulin could be reversed by the sulfhydryl compound DTT. 

D’IT stimulated glucose utilization and net lactate formation by rat diaphragm. This 
effect of the sulfhydryl compound was different from that of insulin in that it com- 
menced not immediately but only after about 30 min of incubation. In contrast to 
insulin, D’IT decreased rather than increased glycogen synthesis. 

When the muscle was under the influence of both insulin and a high concentration 
of DTT, the initial insulin effect was not abolished. However, after about 30 min of 
incubation, the rate of glucose utilization was the same with D’IT alone as with DTT 
plus insulin, and the muscle appeared to be under the influence mainly of DTf. 

AMONG the chemical characteristics of the insulin molecule is the presence of three 
disulfide bridges. There has been considerable speculation that the biological activity 
of insulin, the combination of the hormone with the cell or its subsequent action, is in 
some unknown manner associated with reactions involving these special chemical 
groups. Recently, Lavis and Williams’ reported that various sulfhydryl compounds 
have an insulin-like action on adipose tissue in vitro and Chiba2 observed that various 
sulfhydryl compounds increased the rate of entrance into the cell of non-metabolizable 
sugars in adipose tissue and diaphragm. Haugaard and Haugaard3 found that a 
disulfide, thioctic acid, stimulated glucose utilization by rat diaphragm in vitro. This 
increase in glucose metabolism occurred after a period of incubation and was not 
immediate like that of insulin. The experiments to be presented here are concerned 
with the effect of 2,2’-dithiodipyridine (DTP) and the sulfhydryl compound dithio- 
threitol (DTT) on glucose utilization of the rat diaphragm in the presence and absence 
of insulin. 

METHODS 

Animals. Male Wistar strain rats weighing between 125 and 150 g and fed ad lib. 
were killed by decapitation. Hemidiaphragms were removed and collected in cold 
solution of the composition described below except for the omission of glucose. The 

* The studies reported here were supported by grants from the American Diabetes Association and 
from the Heart and Lung Institute of the National Institutes of Health (HE-01813). 

t Predoctoral trainee supported by USPHS Training Grant 5 TO1 GM 00474. 
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pieces of diaphragm were blotted lightly on filter paper and weighed on a torsion 
balance before the experiment. 

Incubation. The incubation medium contained O-040 M sodium phosphate (pH 7.2), 
0.005 M KCI, 0.004 M MgC12, 0.006 M glucose and 0.080 M NaCI. Each hemi- 
diaphragm was placed in a 25-ml Erlenmeyer flask containing 2 ml of the medium. The 

flasks were oxygenated for 1 min with 100 per cent oxygen and incubated in a Dubnoff 
shaker at 37” for different periods of time. The incubations were done in the presence 
and absence of insulin at a concentration of 0.2 units/ml. DTP and DTT were added as 

indicated. 
Analytical determinations. The initial and final glucose content of an aliquot of the 

medium was determined by the glucose oxidase method after deproteination with 
ZnSO, and Ba(OH),. In the experiments in which DTT or DTP were present in the 
incubation medium, N-ethylmaleimide (NEM) was added to the filtrate before analysis. 
The final concentration of NEM in each tube during the glucose oxidase assay was 
O-4 mM. NEM was found to have no influence on glucose determination by itself but 
it effectively combines with sulfhydryl compounds and prevents the interference of 
these substances with the glucose oxidase method. Lactate was determined by an 
enzymatic method as described by Hohorst.4 Glycogen was measured by the method of 
Montgomery5 after digestion of the tissue in 60 % KOH and precipitation with alcohol. 

Chemicals. The insulin preparation used was Lilly amorphous insulin (lot No. 
192-235B-188); 5,5’-dithio-his-(2-nitrobenzoic acid) (DTNB) and 2,2’-dithiodi- 
pyridine (DTP) were obtained from Aldrich Chemical Co., N-ethylmaleimide (NEM) 
from Nutritional Biochemicals, and dithiothreitol (DTT) from CalBiochem. 

RESULTS 

Action of 2,2’-dithiodipyridine. 2,2’-Dithiodipyridine (DTP) is a disulfide which 
reacts with sulfhydryl groups to form mixed disulfides. The compound has been studied 
extensively by Grassetti et al6 who found that it reacted with tissue sulfhydryl groups 
and inhibited glycolysis and respiration in Ehrlich ascites tumor cells.7 DTP is also a 
potent inhibitor of oxidative phosphorylation and calcium uptake by mitochondria.8 
The action of this substance on glucose utilization and lactate production by rat 
diaphragm and its effect on the action of insulin are shown in the experiments reported 
in Table 1. 

The first group of experiments demonstrates the expected effect of insulin on glucose 
utilization and also a significant stimulation of lactate production by insulin. A 
second group of experiments showed that DTP had no effect on glucose disappearance 
from the medium but increased lactate accumulation. In the presence of 0.2 mM DTP, 
the action of insulin was still present but the effect of the hormone was very much 
smaller than in the absence of the inhibitor. Lactate production in the presence of DTP 
was not further increased by insulin. 

The last series of experiments reported in Table 1 show that the inhibitory effect of 
DTP on glucose utilization can be overcome by the sulfhydryl compound dithio- 
threitol (DTT). This compound was first studied by Clelandg and found to be very 
effective in reducing disulfide bonds. DTT alone had a stimulatory effect on glucose 
metabolism as shown in experiments to be presented subsequently. 

We also carried out experiments with the disulfide 5,5’-dithio-bis-(2-nitrobenzoic 
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acid) (Ellman’s reagent or DTNB). This substance like DTP combines with sulfhydryl 
groupGo and inhibits oxidative phosphorylation. 11*12 It is, however, strongly electro- 
negative and cannot be expected to penetrate easily biological membranes. In experi- 
ments in which diaphragms were incubated in media containing 0.4 mM DTNB, there 
was little or no inhibition of the action of insulin even when the insulin was added 
10 min after the sulfhydryl reagent. At the high concentration of 2.4 mM, DTNB 
caused only a small decrease in the insulin effect on glucose utilization. 

TABLE 1. EFFEC~OF~.~-DITHIODIPYRIDINE(DTP)ONTHEAC~ONOPINSULINONGLUCOSEU~LIZA~ON 

ANDLACTATEPRODUCTIONBYRATDLAPHRAGM iii Vitro* 

Addition to medium 
Glucose utilization Lactate production 

N bmoles/g/2 hr f S.E.M.) (pmoles/g/2 hr f S.E.M.) 

None 
Insulin (@2 units/ml) 
Insulin effectt 
None 
DTP (0.2 mM) 
DTP effectt 
DTP (0.2 mM) 
DTP (0.2 mM)+ 

insulin (0.2 units/ml) 
Insulin effectt 
DTP (0.2 mM)+ 

insulin (@2 units/ml) 
DTP (0.2 mM) + 

insulin (02 units/ml)+ 
DTT (1 .O mM) 
DTT effect? 

14 
14 

6 
6 

9 
9 

I 

7 

14.82 i 1.01 18.98 f 1.24 
31.25 zt 1.24 26.78 k 1.70 

+16.43 (P < O*OOl)t +7*80 (P < OGOl)t 
15.09 + 0.88 21.49 + 1.01 
14.44 + 0.60 26.83 & 1.85 

-0.65 (N.S.)t +5*34 (P < o.ol)t 
13.63 f 1.10 27.06 f 1.80 
16.87 f 1.07 26.42 + 1.14 

+3*24 (P < O.Ol)t -0.64 (N.S.)f 
13.45 f 1.95 29.26 f 1.47 

25.79 5 1.51 31.31 * 2.56 

+12*34 (P < OWl)t +2.05 (N.S.)t 

* Rat hemidiaphragms were incubated at 37” as described in Methods. DTP and insulin were 
present in the medium before the tissue was added. DTT was added 2 min after the hemidiaphragm 
was placed in the medium. 

t Statistical significance of the effects of insulin, DTP or DTT are based on paired differences. 
N.S. = not significant. 

Action of insulin in the presence and absence of dithiothreitol. If the action of insulin 
involves the formation of a disulfide linkage with the cell membrane, one would expect 
that a compound such as dithiothreitol (DTT) that reduces S-S bonds would be 
extraordinarily effective in inhibiting the action of insulin. In liver mitochondria, DTT 
was observed to reverse the inhibition of oxidative phosphorylation produced by 
DTNB.12 We, therefore, studied the effect of this compound alone and in the presence 
of insulin on glucose utilization by the rat diaphragm. Hemidiaphragms were incubated 
for 30, 60, 90 and 120 min, and glucose disappearance from the medium determined. 
Insulin, when present, was added initially and DTT after 2 min of incubation. The 
experiments are reported in Fig. 1. The first panel shows the usual large insulin effect 
on glucose uptake by the tissue. The action of DTT was studied at two different 
concentrations of the compound, 1-O and 2.5 mM. It is seen that DTT itself stimulated 
glucose utilization and that this effect was not immediate but became apparent only 
after about 1 hr of incubation. The higher concentration of DTT had a somewhat 
larger effect than DTT at 1 mM. When insulin and DTT were present together, 
utilization appeared to be stimulated by both substances but the effects of insulin and 
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Fro. 1. Rat hemidiaehra~s incubated at 37” as described in Methods. Insulin (00-2 units/m~) was 
added at zero time, DTT after 2 min of incubation. Each point represents the mean of six or nine 

separate experiments. Bars indicate 5~ S. E. M. 

DTT were not additive. It is important to note that DTT was unable to abolish the 
immediate effect of insulin seen during the first 30 min of incubation. However, 
subsequently the effect of DTT became more pronounced and the diaphragm appeared 
to be mainly under the influence of the stimulatory action of DTT, This is particularly 
evident in the experiments with 2.5 mM DTT. After the first 30 min during which an 
insulin effect occurred, the curves of glucose uptake with time became almost parallel. 

Action of ensuing when added after DTT. In the experiments recorded in Fig. 2, 
insulin when present was added 2 min after DTT. For comparison the control curves 
from Fig. 1 (results in the absence of DTT) are also shown. It is clear that the action of 
DTT appears slowly; the compound has little effect in the first hour of incubation but 

‘INSULIN (OMINI 

- 2.5 mM DTT (0 MINJ 

MINUTES 

FIG. 2. Rat hemidiaphragms incubated at 37’ as described in Methods. DTT (2.5 mM) was added at 
aero time, insulin (0.2 units/ml) after 2 min of incubation. N = 4 for experiments with DIT. N = 9 

for experiments without DTT. Bars indicate + S. E. M. 



Sulfhydryl groups and insulin 521 

TABLET. EFFECTOF DITHIOTHREITOL AND ~XJL~ON LACTATE ACCUMULATTON BY RATDUPHRAGM 
in vitro* 

Addition to medium N 
Lactate accumulation 

@moles/g/Z hr f S. E. M.) 

Signiticance 
of insulin 

effect 

Significance 
of D-I-T 
effectt 

None 9 16.90 f 1.33 
Insulin (0.2 units/ml) 9 22.00 f 1.97 P < 0.05 
DTT (1 mM) 6 21.66 f 1.54 P < 0.05 
DTT (1 mM)+ 9 22.31 + 0.70 N.S.$ 

insulin (0.2 units/ml) 
DTT (25 mM) 6 2856 f 2.97 P < 0.01 
DTT (2.5 mM)+ 6 28.85 f 3.25 N.S.: 

insulin (0.2 units/ml) 

* Rat hemidiaphragms were incubated at 37” as described in Methods, and lactate accumulation in 
the medium was determined after 2 hr of incubation. 

t Significance of differences is based on comparisons of means. 
$ N.S. = not significant. 

TABLE 3. EPFECTOFDTPONTHESYNTHFSISOFGLYCOOEN 

Addition to medium 
Final glycogen* 

N @moles glucose equivalents/g f S. E. M.) 

None 12 2064 f 1.68 
DTP (@2 mM) 12 11.35 f 1.30 
DTP effect -9.29 (P < O*OOl) 
Insulin (0.2 units/ml) 6 28.28 f 2.84 
Insulin (0.2 units/ml)+- 6 15.15 f 1.49 

DTP (0.2 mM) 
DTP effect -13.13 (P < 0.005) 

* After 2 hr of incubation at 37”. 

TABLE 4. EFFECT OF DTT ONCARBOHYDRATEMETAROLISMINRAT DIAPHRAGM 

Addition to medium 

Final glycogen 
Glucose utilization Lactate formation &moles glucose 

N @moles/g/3 hr) &moles/g/3 hr) equivalents/g) 

None 
D’lT (2.5 mM) 
DTI effect 
P* 
+Insulin 
Insulin + DTT (2.5 mM) 
DTT effect 
P+ 

10 24.57 f 1.04 
10 32.85 i 1.29 

+8.28 f 1.58 
<OQOl 

10 47.35 + 1.03 
10 40.77 f 1.47 

-6.58 f 1.70 
< 0.005 

27.11 f 1.47 14.53 * 1.88 
35.42 f 2.37 10.93 f 1.49 

+8.31 f 2.64 -360 f 2.27 
< 0.05 < 0.05 

36.18 f 1.56 25.65 f 1.55 
39.56 f 1.55 17.62 f 1.97 

+3*38 f 2.09 -8.04 f 2.37 
N.S. < 0x01 

* Based on paired differences. N.S. = not significant. 

B.P. 2114-P 
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has a very large effect on glucose utilization in the second hour of incubation. Where 
both insulin and DTT are present the utilization of glucose during the 2-hr incubation 
is not significantly different from that seen with insulin alone. These experiments and 

the results shown in Fig. 1 demonstrate that DTT, whether added before or after 
insulin, does not inhibit the initial action of the hormone on glucose utilization. 

EfSect of DTT and insulin on lactate accumulation by the rat diaphragm. In all experi- 
ments reported in Figs. 1 and 2, the lactate concentration in the incubation medium 
was also determined. There was in all cases a rapid accumulation of lactate during the 
first 30 min of incubation. During the subsequent period of incubation, the formation 
of lactate continued but at a much lower rate than during the first 30 min. There was 
no significant effects of insulin or DTT during the first hour of incubation. The results 
for the entire 2-hr incubation are given in Table 2. It is seen that both insulin and DTT 
caused a significant increase in lactate production. One mM DTT increased lactate 
output to about the same extent as insulin, and at 2.5 mM the effect of DTT was 
greater than that of insulin. When lactate formation was stimulated by DTT, insulin 
caused no additional accumulation of lactate in the incubation medium. 

Efects of DTP and DTT on glycogen metabolism. The observations that DTP as well 
as DTT increased lactate formation made it of interest to determine whether these 
compounds influenced the metabolism of glycogen in the diaphragm. 

The results of experiments in which the final concentration of glycogen in the 
incubated diaphragm was determined are recorded in Table 3. DTP at a concentration 
of 0.2 mM was found to cause a marked depression of glycogen synthesis and also to 
inhibit the stimulation of glycogen formation produced by insulin. The increased 
lactate formation observed in the presence of DTP appears, therefore, to be the result 
of an increased rate of glycogenolysis. 

DTT also interfered with glycogen synthesis as indicated by the results reported in 
Table 4. In order to obtain large effects of DTT, diaphragms were incubated for 3 hr 
and glucose utilization, lactate formation and final glycogen tissue content were deter- 
mined. It is seen that DTT increased glucose uptake and lactate production but 
produced a significant decrease in glycogen content of the tissue. Insulin, like DTT, 

stimulated glucose uptake and lactate output but caused a marked increase in the 
synthesis of glycogen. When DTT was added together with insulin, the action of 
insulin on glucose utilisation and glycogen synthesis was depressed but still highly 
significant. The experiments demonstrate the difference between the action of a 
sulfhydryl compound like DTT and insulin on carbohydrate metabolism in muscle. 
Insulin increases glucose utilization resulting in stimulation of both lactate formation 
and glycogen synthesis. DTT increases glucose uptake and a very large fraction of the 
extra glucose metabolized appears as lactate in the incubation medium. 

DISCUSSION 

The results of the experiments reported here confirm that a sulfhydryl compound 
can exert an insulin-like action on tissue metabolism. However, the action of DTT on 
glucose uptake by rat diaphragm was quite different from that of insulin. The effect of 
the thiol compound commenced not immediately but consisted of maintaining a high 
rate of glucose utilization over a protracted period of time, In addition, DTT caused a 
breakdown rather than an increased synthesis of glycogen. 
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The effects of two disulfides, DTNB and DTP, were studied. Both compounds react 
rapidly with thiols; however, the former is strongly electronegative while the latter is 
not. In their action on mitochondrial metabolism, DTNB inhibits mainly oxidative 
phosphorylation and phosphate transport,“*12 while DTB is less specific and also 
inhibits respiration in the absence of phosphate acceptor.’ With the diaphragm neither 
compound interfered with glucose utilization in the absence of insulin. The insulin 
effect, however, was markedly depressed by the more lipid soluble DTP but not greatly 
influenced by DTNB. The results strongly indicate that free sulfhydryl groups are 
involved at some stage in the metabolic action of insulin. This is further supported by 
the observation that DTT reversed the inhibitory action of DTP on the insulin effect. 

The action of insulin can reasonably be considered to take place in two stages, an 
initial attachment to a receptor probably situated on the cell surface followed by a 
metabolic effect of the hormone consisting of a change in permeability of the cell 
membrane or in the activity of an enzyme. 

Our experiments do not indicate that sulfhydryl groups on the cell surface are 
involved in the initial binding of insulin since if that were so one would have expected 
that the polar disulfide, DTNB, would have inhibited insulin action strongly. If insulin 
combined with cells through formation of disulfide bridges, these should be vulnerable 
to reduction by DTT leading to reversal of the initial action of insulin. We. feel, how- 
ever, that our results give considerable support to the view that cellular sulfhydryl 
groups are of importance in the regulation of tissue glucose utilization and in some 
stage of the action of insulin on this process. DTT markedly stimulates glucose uptake 
by the diaphragm and DTP, a disulfide which combines with SH-groups and can be 
expected to penetrate cell membranes, has a strong inhibitory effect of insulin action. 

Ac/cnowledgement-The authors would like to thank Miss Elaine Serlick for her expert technical 
assistance in these experiments. 
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