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A number of alkyl, aryl, and aralkyl glycosides (mono- and disaccharides) substituted in the aglycon with a primary 
amino group have been found to exert insulin-like activity on rat adipocytes in vitro. Systematic variations in the 
saccharide configuration, glycosidic linkage, aglycon moiety, and sugar substitution pattern were investigated to 
delineate structure-activity relationships. A high degree of structural specificity was observed. Maximal insulin 
mimicking activity was obtained with the 6-aminohexyl 1-thio-D-mannopyranosides; the /3 anomer was more active 
than the a anomer. Modification of the sugar hydroxyl groups resulted, in most cases, in partial or complete loss 
of biological activity at the levels tested; however, in a few instances, sugar-modified derivatives did show enhanced 
insulin-like effects. Specific structural types evaluated are discussed in greater detail. 6-Aminohexyl l-thio-/?-
D-mannopyranoside also exhibited in vivo insulin-like effects on both diaphragm muscle and omental adipose tissues. 
The specificities for the sugar as well as the aglycon portions of these carbohydrate derivatives suggest that both 
parts of the molecule are involved in the expression of the full biological activity observed; their respective roles 
in the mechanism of the insulin-like activity are discussed. 

As part of a research program concerned with the 
synthesis and biological evaluation of novel saccharide 
derivatives designed to selectively affect cell surface 
membranes, we have investigated the interaction of car
bohydrates with rat adipocytes in assays that reflect effects 
on the surface membrane insulin receptor as well as on 
subsequent intracellular events. 

It has been suggested tha t endogenous saccharide 
residues on the cell surface may play a role in the binding 
to insulin.2'5 Such an involvement of carbohydrates in the 
function of the insulin receptor has been inferred from 
studies on the insulin-like properties of plant lectins2'5 and 
on the effects of a few exo-glycosidases on insulin binding 
and biological activity.4 Concanavalin A, wheat germ 
agglutinin, and several other plant lectins have been shown 
to mimic some of insulin's biological activities and binding 
properties.2'5,6 Lectins are plant proteins that can bind to 
specific carbohydrate determinants on the surface of 
mammalian cells. Trea tment of fat cells with neur
aminidase and )3-galactosidase has suggested that galactose 
residues on the insulin receptor may contribute to the 
binding with insulin and that sialic acid residues may be 
involved at some stage in the action of insulin subsequent 
to binding.4 Additional evidence for the importance of 
sugar residues has come from the finding that certain 
monosaccharides and their methyl glycosides can affect 
both the binding of insulin-Sepharose to its receptors on 
fat cells and glucose oxidation by these cells.7 The pos
sibility that low-molecular-weight, substituted saccharides 
might perturb the insulin receptor and give rise to insu
lin-like or insulin-antagonistic activity was therefore 
considered. 

In our laboratories, the interaction between the sac
charide binding sites on Con A and the lectin receptor on 
intact isolated adipocytes has been studied employing the 
affinity buoyant density method.8 Simple saccharides were 
found to block and reverse the binding of Con A-Seph-
arose to the intact cells, and it was subsequently discovered 
that these same saccharides also inhibited the binding of 
insulin-Sepharose to its receptor and that the saccharide 
inhibitory specificity closely paralleled Con A's saccharide 
binding affinity.7 Illustratively, para-substituted phenyl 
a-D-mannopyranosides exhibited a more potent inhibition 
of the binding of insulin-Sepharose to fat cells than did 
the analogous phenyl a-D-glucopyranosides.7 

Of pertinence at this stage was to ascertain whether, in 
addition to the simple glycopyranosides,' structurally more 

complex inhibitors of insulin-Sepharose binding to fat cells 
could also affect the biological activity of insulin. Initially, 
therefore, inhibitors found in the insulin receptor binding 
assay were evaluated in the fat cell in vitro insulin bioassay 
for stimulation or inhibition of glucose utilization (con
version of [14C]glucose to 1 4C02). 

Results and Discuss ion 

On the basis of the inhibitory effects seen in the binding 
assay, it was expected that most of the compounds ex
amined would antagonize insulin's action. However, from 
testing in the fat cell insulin bioassay, we found tha t a 
certain number of these derivatives expressed insulin-like 
effects (i.e., stimulated glucose oxidation in the absence 
of insulin) but at much lower concentrations than the 
simple glycopyranosides. Thus, p-aminophenyl a-D-
mannopyranoside (1) at 3 X 1(T3 M significantly stimulated 

R 

1. R ' 0-/OV*H2 

glucose oxidation in the isolated fat cells (see Table I, 
section 4). 6-Aminohexyl 1-thio-a-D-mannopyranoside (2) 
(hereafter referred to as a-AHTM), having an aliphatic 
stem linking the terminal amino group to the sugar residue, 
was approximately ten times more potent than the 
aminoaryl derivative 1 (see Table I, section 4). a -AHTM 
(2) was subsequently found also to mimic insulin in vitro 
in its ability to stimulate fat cell lipogenesis from [14C]-
glucose and to inhibit epinephrine and cholera toxin 
stimulated lipolysis in rat adipocytes. lb '9 

To evaluate the contribution of the sugar moiety to the 
insulin-like effects observed with a -AHTM (2), the bio
logical activities of three aminohexylthio aglycons, i.e., 
6-mercapto-n-hexylamine (3), 6-methylthio-rc-hexylamine 
(4), and 9,10-dihydroxy-7-thia-n-decylamine (5), were 
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Table I. Effects of Saccharides on in Vitro Glucose Oxidation by Intact Rat Fat Cells 

compd0 
to 

insulin act., 
conversion of 
[I4C]glucose 

14CO,,%± SEMb compd" 

insulin act., 
conversion of 
[14C] glucose 

to 1 4C02 ,%± SEMb 

insuline 

2 
3 
4 
5 

insulin" 
2 
6 
7 
8 
9 
10 

insuline 

11 
12 
13 
14 
15 
2 
16 
17 
18 

section 1. aglycons 
100 ± 
141.0 

15.5 
24.8 

6.9 

2.6 
± 3.1 
± 1.7 
± 0.9 
± 0.9 

section 7. glycosidic linkage (O- vs. S-glycosides) 
insulin 
26 
28 
2 
27 

(3-Glc-S-
/3-Glc-O-
a-Man-S-
a-Man-O-

100 ± 1.3 
64.4 + 2.7 
23.3 ± 2.6 
61.6 ± 2.4 
23.3 ± 0.9 

section 2. terminal substituent Z 

CH2NH2 
C02"Na+ 

CH2CH3 
CH2NHMe 
CH2NMe2 
CH,NMe+I-

100 ± 
40.8 

0 ± 
0± 
0± 
0 ± 
0± 

5.3 
± 9.7 
0.07 
0.01 
0.1 
0.04 
0.09 

section 8. 
insuline 

23 
29 
30 
31 

C-5 
C-6 
C-7 

glycosidic linkage (amide) 
100 ± 1.3 

90.4 ± 0.6 
2.6 ± 0.3 

20.5 ± 0.7 
22.4 ± 11.8 

section 3. length of alkyl chain 

NH2 
CH2NH2 
C-2 
C-4 
C-5 
C-6 
C-7 
C-8 

100 
0± 
0± 
0 + 
0± 
6.1 

40.9 
14.8 

0± 
47.1 

1.8 
0.04 
0.1 

section 9. glycosidic linkage (sulfone) 
insulin** 100 + 9.5 
2 - S - 66.7 ± 4.8 
32 -SO,- 33.3 ± 2.8 

1 
1 
1.9 
1.1 
2.1 
3 
4.2 

insuline 

2 
19 
20 
21 
22 
1 
l c 

insuline 

2 
23 

section 4. aryl and aralkyl spacer arms 

alkyl 
aryl 
aralkyl 
aralkyl 
aralkyl 
aryl 
aryl 

100 
40.9 

0± 
9.2 
0± 
6.4 
2.9 

23.9 

3.6 
± 6.7 
0.07 
± 0.06 
0.07 
± 0.5 
± 0.9 
+ 3.5 

insulin^ 
23 
2 
35 
36 
insulin^ 
23 d 

2d 

37d 

insulin6 

23 
33 
2 
26 
34 

section 10. 

(3-Man 
a-Man 
a-Ido 
(3-Ido 

/3-Man 
a-Man 
a-Tal 

/3-Man 
(3-Gal 
a-Man 
(3-Glc 
(3-GlcNAc 

sugar configuration 
100 ± 11.3 

95.9 
64.5 
63.7 
75.2 

100 ± 
197.3 
132.4 
109.9 
100 ± 

81.3 
68.8 
58.8 

± 6 
± 5 
5.1 
± 5 
± 2 
± 4 

4.8 
3.2 
10.6 
6.6 
3 
1.5 

3 

43.8 ± 1.8 
36.3 ± 3.5 

section 6. 
insulin^ 
23 d 

24d 

25d 

section 5. anomeric configuration 
100 ± 8.3 

a 61.6 ± 2.5 
(3 90.4 ± 0.6 

tautomeric form of saccharide moiety 
100 ± 8.3 

pyranoid 128.7 ± 6.2 
acyclic 0 ± 0.04 
furanoid 93.6 +1.5 

insulin^ 
2 
38 
39 
40 
41 
42 

section 11. disaccharide analogues 

a ( l -
a ( l -
a ( l -
a ( l -
a ( l -

6)-a 
4)-a 
3)-a 
2)-a 
2)-(3 

100 
60.8 
21.6 
37.3 
15.7 
21.6 

0 + 

10.1 
± 2.2 
± 0.3 
± 2.4 
± 0.3 
± 1.7 
0.09 

a For convenience, concentrations of saccharides are listed as Mg/mL, since all compounds were tested on a weight rather 
than on a molar basis. However, since all of the saccharides tested have similar molecular weights, the molar concentrations 
are also similar to each other. Unless otherwise designated, all saccharides were tested at 100 Mg/mL. b Values represent 
the average of three experiments normalized relative to the effect of insulin. Stimulation of 14C02 production from [14C]-
glucose ranged from + 500 to +1100%. This range of biological response is due to the variable sensitivities inherent between 
different preparations of cells and animals. For other details, see the Experimental Section. c At 750 Mg/mL (2.8 x 10"3 

M). d A t 5 0 M g / m L . e 2 5 M U / m L . f 20 MU/mL. 

measured in the fat cell assay. The data obtained for these 
compounds and for a -AHTM (2) are shown in Table I, 
section 1. The very weak responses observed for the three 
aglycons (3-5), as compared to that elicited when a sugar 
residue is attached, as in a -AHTM (2), clearly demon
strated the significant contribution of the carbohydrate 
moiety to the expression of full biological activity by 
a-AHTM. The large differences in activity observed with 
compounds having the same aglycon but chemically 
modified carbohydrate residues (vide infra) also provided 
evidence for the functional role of the carbohydrate moiety 
in the total measured biological effect. 

Following these comparisons, a semiempirical, sys
tematic chemical modification of the lead structure, a-
A H T M (2), was carried out to further enhance biological 
potency. Several routes were pursued, which included 

modification of (a) the sugar and anomeric configurations, 
as well as the tautomeric form; (b) the glycosidic linkage 
X between the saccharide and aglycon portions of the 
molecule; (c) the aglycon spacer arm linking the terminal 
substi tuent Z with the saccharide through X; (d) the 
terminal substituent Z; and (e) the hydroxyl groups on the 
monosaccharide, S^ including disaccharide analogues by 
combination of S2 with Sx (see Chart I). These manip
ulations were performed either individually or in com
bination. Highly specific structure-activity relationships 
were uncovered and are discussed below. 

Structure -Act iv i ty Relat ionships , a. Terminal 
Subst i tuent Z. The first structural parameter to be 
investigated was the terminal functional group on the 
aliphatic stem of a -AHTM (2). Negatively charged, 
neutral, and other positively charged (secondary, tertiary, 
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Chart I 

x-w-z 

s2 

X = glycos idic 1inkage 

W = aglycon spacer arm 

Z = terminal functional substituent 

and quaternary ammonium) groups were introduced into 
the molecule in place of the primary amino group. Ex
amination of the biological data given in Table I, section 
2, clearly reveals that the primary amino group is a re
quisite for stimulation of glucose oxidation. Thus, whereas 
a-AHTM (2) expressed significant activity at a concen
tration of 100 Mg/mL, all other terminal substituents 
abolished the biological activity. This absolute require
ment for a primary amino group is readily understandable 
in light of the mechanism of action discussed below. 

jL, R = C02"Na
 + 

J, R = CH 2CH 3 

£ , R = CH2NHMe 

i , R = CH 2NMe 2 

1Q, R - C H 2 N M e 3
+ I " 

18, R = CH2N C(CH2)6NH2 

b. Length of Alkyl Chain. In order to examine the 
effect of varying the length of the aliphatic stem linking 
the terminal substituent to the sugar residue, the following 
compounds were evaluated in the insulin bioassay: /3-
D-mannopyranosylamine (11), having the amino group 

CH2)n-NH2 

U , R = NH2; R' = H 

1J_, R = H; R' = CH2NH2 

directly attached to the anomeric carbon of the pyranoid 
sugar; l-amino-2,6-anhydro-l-deoxy-D-g/ycero-D-talo-
heptitol (12), with a single methylene group bridging the 
amine function to the sugar; and five additional m-
aminoalkyl 1-thio-a-D-mannopyranosides with n = 2, 4, 5, 
7, and 8 (13-17, respectively). The length of the aglycon 
spacer arm was observed to have a remarkable effect on 
the biological activity (see Table I, section 3). 

At a concentration of 100 /ug/mL, the mannosylamine 
11 and aminoheptitol 12 gave no response. The insu
lin-mimicking activity in the oi-aminoalkyl series peaked 
at n = 6 and fell sharply with either an increase or decrease 
in the chain length. Interestingly, however, 6-(7-amino-
heptanamido)hexyl 1-thio-a-D-mannopyranoside (18), a 
derivative in which the amino group occupies a more 
distant position from the sugar than in the n-octyl ana
logue 17, gave a biological response in the range of a-

AHTM itself (see Table I, section 3). 
c. Other Aglycon Spacer Arms. To test the effect 

of aryl and aralkyl spacer arms, the following four de
rivatives were examined in the fat cell insulin bioassay: 
p-aminobenzyl and p-(aminomethyl)benzyl 1-thio-a-D-
mannopyranoside (19 and 20, respectively); o- and p-(a-

HO 

"X5*\ 
19, 

20, 

21, 

22. 

R = SCHj-^O/-

R = SCH 2 - \0 / 

CH2NH2 

R = 0-\O/~C H ; 

- N H 2 

-CH 2 NH 2 

,NH2 

D-mannopyranosyloxy)benzylamine (21 and 22, respec
tively). With all four compounds, replacement of the 
aliphatic stem with an aryl or aralkyl arm resulted in severe 
loss of biological activity relative to a-AHTM (2) (see Table 
I, section 4). 

d. Anomeric Configuration. 6-Aminohexyl 1-thio-
/3-D-mannopyranoside (/3-AHTM, 23), the isomer of a-

AHTM having the aminohexylthio group in an equatorial 
orientation in the favored 4Ci conformation, was found to 
be considerably more active in the insulin bioassay than 
a-AHTM (axial aminohexylthio group in the preferred 
conformation). Thus, this chemical modification of the 
lead structure afforded significant enhancement of in
sulin-like biological potency. 0-AHTM (23) at 10"4 M 
exhibited approximately the same response as 20 ^U/mL 
of the insulin standard control (~10~10 M) (see Table I, 
sections 5 and 6). For reference, the physiological con
centration of insulin ranges from about 25 to 1000 ^U/mL 
in the serum. 

e. Tautomeric Form of Saccharide. In view of the 
structural requirement for the saccharide moiety, it was 
of interest to compare compounds in the pyranoid ring 
form with the corresponding furanoid and acyclic ana
logues. Whereas l-S-(6-aminohexyl)-l-thio-D-mannitol (24) 

HO OH 

24 , R = 
OH 

OH 

2_5, R = D_-mannofuranosyl 

showed no activity at 50 /ug/mL, 6-aminohexyl 1-thio-
D-mannofuranoside (25), obtained as an anomeric mixture, 
was significantly active at this concentration. However, 
the observed stimulation was somewhat weaker than that 
for /3-AHTM (23) (see Table I, section 6). 

f. Glycosidic Linkage. Thioglycosides were initially 
studied as lead structures (e.g., 2 and 23) since it was 
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Table II. Effect of Sugar Configuration on Insulin-like Activity of Aminohexyl Thioglycopyranosides in Vitro 

compd0 

insulind 

(3-AHTM(23) 
(3-AHTGal (33) 
(3-AHTGlc(26) 
a-AHTM (2)e 

stimulation of glucose oxidation,b 

expt 1 

727 ± 9 
663 ± 5 
498 + 27 
476 ± 29 
467 ± 18 

expt 2 

805+ 21 
630 + 20 
554± 14 
475 ± 18 
472± 21 

% effect + SEM 

expt 3 

886 ± 23 
634 ± 19 

290 ± 22 

av effect 
normalized 
to insulin's 

effect0 + SEM 

100 (n = 6) 
80+ 6 ( n = 3) 
69 + 0.1 (n= 2) 
48 ± 6 ( n = 6) 
65 ± 7 (n= 5) 

a Saccharides measured at 100 Mg/mL. b Percent stimulations represent percent incremental effect of compound above 
the basal level of glucose oxidation. All values listed under each experiment represent results obtained within the same ex
periment run "side by side" at the same time on the same batch of cells and with the same reagents used for each other com
pound in the designated experiment. c "Average percent of insulin's effect" is the average of " n " experiments included 
within the same series of experiments used to calculate each of the other effects in this table; this value represents the effects 
normalized relative to the effect of insulin at 25 /iU/mL, which is assigned a value of 100. d 25 jiU/mL. e a-AHTM (2) 
was included as a control run within the same series of experiments as for the other saccharides. 

anticipated that a thioglycosidic linkage would be relatively 
resistant to enzymatic hydrolysis. In both the a-D-manno 
and /3-D-gluco configurations, the aminohexyl thioglyco
pyranosides (2 and 26, respectively) proved to be more 

X-(CH2)6-NH2 

2 6 , X = S 

2 8 , X = 0 

carbohydrate moiety, the 0-thiomannoside 23 remained 
the most active isomer. This was followed in decreasing 
order by the /3-thiogalactoside 33 and the /3-thioglucoside 

33 3i 
R = (CH 2 ) gNH 2 

HO' H 

HO 

HO 

27 , X = 0 

32 , X = SO, 

X - { C H 2 ) 6 - N H 2 

H 8 
N-C-(CH 2 ) n -NH 2 

potent insulin-like agents than the corresponding O-linked 
derivatives (27 and 28, respectively) (see Table I, seotion 
7). Three analogues with an amide linkage, 6-amino-
hexanoyl-, 7-aminoheptanoyl-, and 8-aminooctanoyl-/3-
D-mannopyranosylamine (29-31, respectively), exhibited 
considerably weaker biological activity than /3-AHTM (23) 
(see Table I, section 8). Within this series, however, the 
biological activities of the aminoheptanoyl (n = 6) and 
aminooctanoyl (n = 7) compounds (30 and 31, respectively) 
were about the same and much greater than that of the 
aminohexanoyl (n = 5) derivative 29. 

Oxidation of the sulfide linkage in a-AHTM (2) to the 
sulfone 32 reduced the activity by half (see Table I, section 
9). 

g. Sugar Configuration. On the basis of the apparent 
significant role of the sugar moiety in the biological activity 
expressed by the aminohexyl thiomannosides (as noted 
above), a more systematic comparison of monosaccharide 
analogues with different sugar configurations was carried 
out. The 6-aminohexyl 1-thioglycopyranosides of five of 
the eight possible D-hexose configurations, as well as that 
of iV-acetyl-D-glucosamine, were evaluated in the bioassay 
(Table II). Consistent with an important role for the 

1 5 , R « H; R' = S - (CH 2 ) 6 -NH 2 

3_6., R = S - ( C H 2 ) 6 - N H 2 ; R' = H 

26. To emphasize the preferential activity of the man-
nosides, the a-thiomannoside 2, which was previously 
found to be less potent than the /3 anomer 23, proved to 
be no less active than the 0-thiogalactoside 33 and, on the 
average, even more active than the /3-thioglucoside 26 
(Table II). 

The bioactivity of 6-aminohexyl 1-thio-a-D-ido-
pyranoside (35) was in the range of that of a-AHTM, 
whereas the iV-acetyl-zS-D-thioglucoside and the a-thio-
taloside (34 and 37, respectively) were somewhat less 
active. The /3-thioidoside 36 appeared more active than 
a-AHTM (2) but still (as all other isomers) less active than 
0-AHTM (23) (see Table I, section 10). Briefly, the above 
compounds may be listed in the following decreasing order 
of activity: /3-Man > 0-Gal = /3-Ido > /3-Glc > /3-GlcNAc; 
a-Man « «-Ido > a-Tal. 

h. Modification of Sugar Hydroxyl Groups. The 
effect of replacing one of the hydroxyl groups with a second 
monosaccharide unit was also studied on the assumption 
that, if the "insulin-like" glycosides function by interacting 
with a native saccharide receptor site on the fat cell surface 
membrane,7 this site would most likely contain an ex
tended carbohydrate binding region. Indeed, this was 
suggested by Goldstein and co-workers10 to be the case for 
the cell surface combining sites of Con A; these authors 
showed that the trisaccharide 0-a-D-man-[l-«-2]-0-a-D-
man-[l->-2]-D-man interacts more strongly with Con A 
than does the disaccharide 0-a-D-man-[l—*2]-D-man, 
which, in turn, interacts more strongly than does D-
mannose.10 
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Table III. Effect of Sugar Substitution on 
Insulin-like Activity of 
6-Aminohexyl 1-Thio-D-mannopyranosides in Vitro 

compd 

insulin 
2 
43 
44 
insulin 
2 
4 5 
insulin 
2 
46 
insulin 
23 
47 

concn 
(per mL) 

25 MU 

100 Mg 
100 Mg 
100 Mg 

20 MU 
100 ng 
100 Mg 

20 MU 

100 Mg 
100 Mg 

20n\J 
50 Mg 
50 ng 

insulin act., con
version of [1 4C]-
glucose to 1 4 C 0 2 , 

% ± SEM a 

100 ± 4.5 
70.0 ± 8.2 

0 ± 0.08 
37.5 ± 11.3 

100 ± 4.7 
52.8 ± 1.6 
64.2 ± 2.1 

100 ± 13.7 
85.3 ± 2.4 

102.9 ± 13.5 
100 ± 4.8 
109.7 - 4.8 
129.0 ± 3.4 

a Values represent the average of three experiments nor
malized relative to the effect of insulin. Stimulation of 
14CO, production from [MC]glucose ranged from 300 to 
650%. For other details, see Table I. 

Derivatives of a- and /3-AHTM, in which one or more 
of the sugar hydroxyls were modified or replaced with 
another substituent, were also investigated. The results 
are given in Table III. For the most part, partial or 
complete loss of activity resulted. As a remarkable il
lustration of the structural specificity, simple introduction 
of a deoxy function at the C-6 position of the sugar moiety 
in a-AHTM (2) [affording the derivative, 6-aminohexyl 
1-thio-a-D-rhamnopyranoside (43)] led to complete loss of 

- R 
R 

HO 

HO 

4 3 , R = H; R' 

S - ( C H 2 ) g - N H 2 

OH 

4 4 , R = OMe; R1 = OH 

4 J , R = OH; R'= 0 C NH2 

0 

46 , R = OC NH2; R' = OH 

The biological activities of the 6-aminohexyl 1-thio-
glycopyranosides of the following mannose disaccharides, 
which contain the more common naturally occurring 
linkages, were evaluated in the insulin bioassay: O-a-
D-man-[l-*6]-0-a-D-man (38), 0-a-D-man-[l--4]-0-a-D-

U> a 

4 2 , 3 

R = ( C H 2 ) 6 N H 2 

man (39), 0-a-D-man-[l—3]-0-a-D-man (40), O-a-D-
man-[l—2]-0-a- and /3-D-man (41 and 42, respectively). 
Although insulin-like effects were observed with most of 
these disaccharide analogues, none was more active than 
the monosaccharide derivatives, a- and /3-AHTM (see 
Table I, section 11). 

S-(CH2)6-NH2 

the insulin-like activity at 100 ^ig/mL. 6-Aminohexyl 
6-O-methyl-l-thio-a-D-mannopyranoside (44) showed 
intermediate behavior between 43 and a-AHTM (2). On 
the other hand, introduction of a carbamate or ureido 
function into the molecule did provide derivatives which 
showed some enhancement of biopotency. Some of the 
compounds evaluated are shown above and the biological 
data given in Table III. 

Other Insulin-like Effects of a-AHTM. In a pre
liminary communication, the ability of a-AHTM (2) to (a) 
enhance conversion of [14C]glucose to [14C]-glycerol/gly-
cerides, (b) enhance conversion of [uC]glucose to fatty 
acids (lipogenesis), and (c) inhibit hormone-stimulated 
lipolysis was demonstrated.lb In an extensive biochemical 
analysis to be published separately, the details of these 
effects will be described.9 

In Vivo Biologic Evaluation. Since 6-aminohexyl 
l-thio-/3-D-mannopyranoside (23) was among the most 
active structures in vitro, it was selected for evaluation of 
in vivo insulin-like activity in the Rafaelsen bioassay (see 
the Experimental Section). Stimulation of both lipogenesis 
in adipose tissue and glycogenesis in muscle tissue of the 
rat was measured. The results are shown in Table IV. 
Compared to insulin at a concentration of 200 mU/kg rat 
weight, /3-AHTM (23) at a concentration of 500 mg/kg rat 
weight appeared to exhibit weak insulin-like effects on 
both lipogenesis and glycogenesis. 

Mechanism of Insulin-like Action. In a separate 
study, biochemical analysis of the time dependence of the 
insulin-like activity of the aminoalkyl thioglycosides re
vealed that the initial structure is converted to aldehyde 
48 and hydrogen peroxide in a reaction catalyzed by an 

S-(CH2)5-CH0 

48 
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activity observed. Table IV. Stimulation of Glycogenesis 
and Lipogenesis by 
6-Aminohexyl l-Thio-(3-D-mannopyranoside (23) in Vivoa 

% above control ± SEM6 

rC]g luc O S e to [ ' *C]g lyc 0 gen t ' j ? ^ ™ * 0 

expt 1 expt 2 expt 3 

control 0 ± 21 0 ± 19 0 ± 37 
insulin(200 +3757 ± 347 + 3138 ± 159 + 1 8 8 5 ± 3 9 3 

mU/kg) 
(3-AHTM(23, +274 ± 5 1 +74 ± 1 3 +86 ± 11 

500 mg/kg) 
a Experimental details are given in the Experimental 

Section. b Each number represents the mean of five ani
mals. 

amine oxidase present in both the bovine serum albumin 
used in the in vitro bioassay and on the intact cell 
membrane. l b '9 Since catalase, which destroys hydrogen 
peroxide, and aminoacetonitrile, a known inhibitor of 
amine oxidase, suppressed the biological activity of the 
saccharides, and since the effects of hydrogen peroxide are 
identical with those produced by the saccharides in the 
same experimental systems, it was concluded tha t hy
drogen peroxide is the mediator of most of the insulin-like 
action observed with these carbohydrate derivatives. lb '9 

Hydrogen peroxide has been hypothesized11 to activate the 
glucose t ransport system in fat cells by oxidizing a key 
protein component of the fat cell surface membrane to the 
disulfide form. However, in view of the antilipolytic action 
of hydrogen peroxide lb '9,12 and the saccharides,11*-9 the 
activation of a process in addition to glucose transport 
must be involved. The mechanism of action of the 
aminoaryl compounds remains to be clarified. 

It was subsequently discovered9 tha t the surface 
membrane of the intact rat adipocyte naturally contains 
amine oxidase activity capable of generating "insulin-like" 
hydrogen peroxide from the aminohexyl thioglyco-
pyranosides in the complete absence of albumin. This 
observation could provide an explanation for the in vivo 
insulin-like activity obtained with /3-AHTM (23) shown in 
Table IV. 

Conclus ions 
The present study has revealed highly specific structural 

requirements for the expression of insulin-like activity by 
certain suitably substituted carbohydrate derivatives. The 
structure-activity relationships described have indicated 
significant roles for both the sugar and aglycon portions 
of the glycosides in the stimulation of glucose utilization 
by isolated rat adipocytes in vitro. Of particular note are 
the findings that (a) in the aglycon, a primary amino group 
must be positioned at a specific distance from the sugar 
residue (aminohexyl thioglycoside) for optimal biological 
activity; (b) the greatest activity is obtained with the 
manno-sugar configuration; (c) the /? anomer of 6-
aminohexyl 1-thiomannopyranoside is more active than 
the a-anomer; and (d) the nature of the substituents on 
the sugar residue is also critical for insulin-like activity; 
several carbamate and ureido derivatives expressed en
hanced activity over the unsubsti tuted precursors. 

The specificity for the carbohydrate moiety suggests its 
participation in the mechanism of the insulin-like activity 
of these compounds. It may therefore be speculated that 
the carbohydrate moiety interacts with a "saccharide 
receptor" site on the cell membrane and tha t this inter
action contributes to the expression of the full biological 

Experimental Sect ion 
Chemical. The synthesis of the carbohydrate derivatives 

described in the present study will be reported elsewhere. 
Biological. Fat cells were isolated from epididymal fat pads 

that were excised from male, albino Charles River rats (CD) 
weighing between 130 and 185 g and fed ad libidum on Purina 
Chow by the procedure of Rodbell.13 The fat cell bioassay for 
insulin-like activity, which measures the stimulation by insulin 
of the utilization of [14C]glucose and its oxidation to 14C02 by the 
cells, was performed according to the procedure of Gliemann.14 

About 5 X 104 cells were incubated for 2 h at 37 °C with or without 
insulin or the designated carbohydrate derivative in 1.0 mL of 
Krebs-Ringer bicarbonate buffer, pH 7.4, containing 4% (w/v) 
bovine serum albumin (Fr. V, powder) and 0.75 mM [14C]glucose 
(0.1 Ci/mol). 14C02 was collected after termination of the reaction 
and counted in a Packard Tri-Carb Scintillation Counter, Model 
3310. 

The in vivo assay for the determination of insulin-like activity 
was conducted essentially according to the procedure described 
by Rafaelsen and co-workers,15 except that female rats were used. 
Rats (140-150 g), fasted overnight, were injected ip with a mixture 
of insulin (200 mU/kg rat weight), or the designated amount of 
saccharide neutralized to pH 7.5 with 0.1 N HC1, and [14C]glucose 
(2 ^Ci/rat) dissolved in physiological saline solution. Control 
animals were injected with the same solution, except in the absence 
of insulin and saccharide. Two hours later the rats were sacrificed, 
and the diaphragm muscle and omental adipose tissues were 
removed, weighed, and assayed for 14C radioactivity incorporated 
per gram of tissue into the glycogen and total lipids extracted from 
the muscle and adipose tissues, respectively, as described.15 

Insulin (recrystallized twice) was purchased from Schwarz/ 
Mann Co. All other materials were obtained from the usual 
commercial sources. 
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