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SUMMARY

Methyiglyoxal-bis (guanyhhydrazone) (C113-G) increased the total uptake of glu-
cose by epididymal fat pads of rats in vitro under aerobic, but not anaerobic, conditions.

The following effects of CH3-G upon glycolytic pathmways of adipose cells were found:
(1) increased incorporation of radioactivity from glucose-14C into CO2 and lipid; (2)

decreased incorporation of radioactivity from glucose-14C into glycogen ; (3) increased
incorporation of radioactivity from glucose-14C into released lactate ; (4) decreased in-

corporation of radioactivity from acetate-1-’4C into CO2 and lipid.
Under the same experimental conditions, CH3-G had no effect upon the rate of incorpo-

ration of radioactivity from glueose-’4C into CO2 and lipid by epididymal fat pads of
ni’ice.

The effects of pimenformin upomm glycolytic pathways of epididymal fat pads of rats in

vitro were similar in some respects to CH3-G, but differed from the later in depressing
incorporation of radioactivity from glucose-14C into CO2 and lipid. In addition, total

glucose uptake was depressed by phenformin at the concentrations used.
The effects of CH,-G and phenformin differed from those of insulin with regard to the

incorporation of radioactivity from glucose-14C into glycogen and incorporation from

acetate-1-14C into CO2 and lipid. In addition, the effects of insulin were abolished in the
presence of nethalide, whereas the effects of CH3-G were not. Insulin stimulated total
uptake of glucose by both rat. and mouse epididymal fat pads in vitro, but CH,-G had no
effect upon time latter.

INTRODUCTiON

Methylglyoxal-bis (guammyihydrazone)

CH3-G) (Fig. 1) possesses antileukemie
1, 2) and trypanocidal activity (3), but is

associated with toxic hmypoglycemic effects
imm various species including nuan, rabbit,
and rat (1, 2), but not time mimouse (3).
Precisely how this guanidine derivative

causes the development of hypoglycenmia in
susceptible species remumains uncertain. How-

ever, it has been suggested that the ability
of CH3-G to inhibit oxidative phosphoryha-

tion and glycogen synthesis in liver cells

may be largely responsible for initiation of
the effects observed (2’).

Thuis report describes observed effects of

CH3-G upon the carboimydrate metabolism

of epididynual adipose tissues of time i-at and
iiiouse in vitro, tissues known to respond
consistemutly to time action of insulin. In

addition, the respommsc of tlmese tissues to
CH2-G is compared to that of phenformmuin,

a clinically useful hmypoglycemi a -inducing

guanidine derivative (Fig. 1).

MATERIALS AND METHODS

Albimmo male Wistar rats weighing between

150 and 170 g and Ha/ICR male albino
mice between 19 and 22 g maintained on

Purina Laboratory Chow and water ad
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libituni were used jim this study. All radio-

active substances were obtained from the

New England Nuclear Corporation, Bostomm,
Massachusetts. CH3-G was obtained from

Nutritional B iochmeimmic mils Corporation,

Cleveland, Ohio. Pimenformin hydrocimloride
was obtained fronm the U.S. Vitamin and
Pharmaceutical Corporation thmmoughm the

courtesy of Dr. H. S. Sadow. Glucagon-free
insulin (Lot No. PJ-4609) was obtaimied

from time Lilly Researcim Laboratories,
Indianapolis, Indiana, tlmrough the coum-tesy

of Dr. 0. K. Behrens.
The animmmals were sacrificed by cervical

dislocation and the fat pads were quickly
removed, weighed, and placed in prepared

incubation flasks containing 5 nml of Krebs-

Ringer bicarbonate buffer (4). Labeled glu-
cose and acetate were present in a concen-

tration of 12 mmoles per liter with a specific
activity of 1 nmC per 12 nummmoles. Incuba-
tions were carried out for 2 hr at 370 in a
Dubnoff simaking incubator (90 oscillations

per minute).

Unless otimerwise specified, determination

of radioactivity was by liquid scintillatioim
counting (Packard Tri-Carb Liquid Scintil-

lation Spectronmeter, model 3214) of 0.2-mi

ahiquots dissolved in a 10 ml toluene:abso-
lute ethanol (14:5) mixture containing

0.23% of 2,5-dipimenyloxazole (PPO) (5).

Counting efficiency of 14C was 87%. Samples

were checked for quenching by addition of
an internal standard.

Liberated 14C02 was absorbed in 0.5 ml
of Hyamine Imydroxide 10 X (Packard) in
a reimmovable center well of time incubation

flask. At time completion of incubation, 1 ml
of 4 N BC! was added t.o time buffer solution

foilowiimg renmoval of time fat pads, and time
flasks were allowed to staimd for an adcli-
tional 30 ruin to ensure eomnl)lete CO2 ab-
sorption. Time vessel commtaimmimmg the Hyanmine
and absorbed 14C was then placed jIm a

counting vial, and 10 mmml of time above

scintillation mmmixture was added followed by

a thmomough shmaking and remmioval of time
vessel prior to counting.

Lactate released into time nmedium was

separated by column chmromatography using
a Dowex-acetate resin prepared according

to time directions of Kunin and Krane ( 6).
Lactate was eluted witim 3 x acetic acid

from time ion-exchange column (0.8 X 5 cm)

and time radioactivity of an aliquot was
determined.

The lipid fm-action was extracted by
chloroform-nmethanol (2 : 1 ) followed by a

salt waslm, a technique originally described
by Folchm et al. (7) . The specific procedure

used hem-c for determination of 14C-hipid
was essentially that reported by Fain et al.

(8), except that isotonic saline was used
instead of water to remove nonhipid radio-

active substances.
Free glycogen was pm-ecipitated with

etimanol from time supernatant following
honiogenization and centrifugation of time

fat-free residue (obtained by drying time

chloroform-methmanol extracted tissue) witim
10% tricimloroacetic acid. In sonme expem-i-

ments time fat-free residue was dissolved in
hot 30% KOH and glycogen was then
precipitated with ethanol. Nonradioactive
glycogen was added to the supernatant (or

KOH imydrolyzate) as a can-icr to assist
precipitation by ethanol. Time extracted

glycogen was then washed with absolute

ethanol ammd centrifuged, followed by re-
moval of the ethanol and hydrolysis in 2

ml of 2 N H2S04 (boiling water bath, 1 hr).
After cooling, appropriate ahiquots were

removed and counted.
All experiments were performed using

paired fat pads, one pad serving as the
control and time other for drug treatment.
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TABLE 2

( �omparison of effech of CHS-G and insultit upon rathoactirily (cpm) incorporated into CO2 apl(l lipid derived
from qlucose-U-’4C by mouse epididymal fat pads in vitro

Experimental conditions were identical with those used jim Table I except that mouse epi(hdymal fat pads

were used instea(l of rat epididyrnal fat pa(1s.

Radio:trt lvii v (epmn) i11(-orj)orated fla(1cC)a(’t ivity (rpm I itnorporated
11)1(4 (�O� lilt.)) lipid

Meal) l)iflereiu-e Mean Difference

Saniple (cpm/g) tronm (out ml’ (cpm/g from control�

Control 50,700 101 .400

4 X 10’�1 CH,-G 46,700 -6,000 ± 3,200’ 104,500 +3,100 ± 2,000�

Insulin, 1 mU/mi 154,500 +103,M00 ± 26,000 249,500 +148,100 ± 40,000

11 Mean ± standard error of the difference between the control and drug treated. All mean values are

significantly (p < 0.05) different from control values except those designated by b.
b The nmean value is not significantly different. from control value. P > 0.05 in six replications.
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Since all experimiments were 1)aired experi-

ments, the statistical analysis of the differ-

ences between control and drug treated
indicates the statistical significance of the
drug effect (9).

Glucose uptake was not deternmined di-
rectly, due to time difficulty in accurately

measuring small cimanges in glucose concen-

tration in the medium (10) . Instead glucose
uptake was approximated by calculating

the sum of radioactivity incorporated into
C02, lipid, glycogen, and released lactate.
These fractions account for nearly all the
total glucose uptake (11).

RESULTS

CH3-G increased the iimcorporation of
radioactivity derived from glucose-1C into

CO2 and lipid by the rat epididymal fat
pad (Table 1 ) . Such stimulation was not
observed when mouse epididymal fat pads
were used (Table 2) , even when CH�-G was

present in concentrations as high as 4 x
10-s M. By contrast, insulin stimulated the
incorporation of radioactivity derived from

glucose-14C into CO2 and lipid by both the
rat (Table 1 ) and mouse fat pads (Table 2).

The above incubations were performed
under 100% oxygen. When identical in-

cubations were performed under relatively
anoxic conditions (the incubation flasks
were gassed with nitrogen for 5 mm) , the

ability of CH-G to stimulate the incorpora-

tion of radioactivity derived from glucose-

‘IC into CO2 and lipid was abolished (Table

I).
Phenformin (10� M) inhibited the in-

corporation of radioactivity derived from

glucose-14C into both CO2 and lipid (Table

1 ) , in contrast to the stimulatory potency
of an equimolar concentration of CH3-G.

Such inhibition by phenformin was pre-
viously reported by Wick et al. (12).

Botim CH3-G and phenformin significantly

reduced the incorporation of radioactivity
from glucose-1C into glycogen by the rat

fat pad, wimile insulin stimulated such
incorporation (Table 1).

CH3-G, pimenfornmin, and insulin all stim-
ulated incorporation of radioactivity from

glucose-14C into released lactate (Table 1).

Such stimulation by phenformin has been
previously observed in the rat diaphragm

preparation by Williams et al. (13; see also

14) , and Winegrad and Renold (9) reported

that insulin stimulated lactate formation

by the rat fat pad in vitro.
Total glucose uptake, approximated by

calculating the sum of radioactivity in-
corporated into CO2 and lipid (Table 1),
glycogen (Table I ) and released lactate

(Table 1) was increased by CH3-G.
As seen in Table 3, nethalide (10� M)

abolished the insulin-mediated stimulation
of incorporation of radioactivity derived
from glucose-14C into CO2 and lipid of the



rat epididymal fat pad, a finding which is

consistent with that reported by Bewsher
et at. (14) . In the presence of nethalide

(1O� M) , the ability of CH3-G to stimulate
incorporation of radioactivity derived from

glucose-14C into CO2 and lipid was reduced
(Table 3).

Since CH3-G stimulated the incorpora-
tion of radioactivity derived from glucose-
14C into CO2 and lipid, while equimolar

amounts of phenformin inhibited such in-

corporation, it was possible that this dif-

ference might reflect different effects of

CH3-G and phenformin upon the tricar-
boxylic acid cycle. Consequently, the effects

of CH3-G, phenformin and insulin upon
incorporation of radioactivity from acetate-

‘�C into CO2 and lipid were compared both
in the presence and absence of nonradio-

active glucose (Tables 4 and 5).

TABLE 4

Comparison of 1/ic effects of CH,-G, phenformin, and insulin upon radioaclirity (cpm) incorporated into CO.

and lipid derived from acetate-1-’4C in the absence of glucose

Paired rat epididymal fat pads were used in these experiments. Incubations were carried out for 2 hours
with 5 ml of Krebs-Ringer bicarbonate buffer present and acetate-1-’4C at a concentration of 12 mmoles per
liter with a specific activity of 1 mC per 12 mnmoles. Radioactivity is expressed as cpm/g of tissue wet weight.

Co2 and lipid fractions are obtained as described in the text.
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TABLE 3
Comparison of effects of CH1-G and insvlin ttpon radioactieity (cpm) incorporated into (‘02 and lipid derivcii

from glncose-U-’C by rat ep-ididymalfat pads in v-itro in the presence of nethalide (10’ M)

Experimental conditions were identical with those used in Table 1 except that nethalide (l0� %1) was

present where indicated below.

Sample

B adioactiv ity (cpm) incorporated

into CO2
iladioactiv ity (cpnm) incorporated

iimt.o lipid

Meaii

(cpnh/g)

Difference

from con1ro1’�

Mean

(cpm/g)

Difference

from controla

Control + nethalide 45,000 75,000

1O� M CH,-C + nethalide 50,300 +5,300 ± 1 000 S3,400 +8,4(X) ± 3,200

Insulin, I mU/mi 236,700 +191 ,700 ± iGlOo 350,000 +266,6(X) ± 32,000

liosuliti, 1 mU/mi + iiethalide 44 ,40() -600 ± 300” 70, 100 -4 900 ± 2 , l00’4

a Mean ± standard error of the difference between the control and drug treated. All mean values are

significantly � < 0.05) different from control values except those designated by b.
b The mean value is not significantly different from control. P > 0.05 in six replications.

Sample

Radioactivi ty (cpm) incorporated

into CO2
Radioactivi ty (cpm) incorporated

into lipid

�s1ean

(cpm/g)

Difference

from cocotmol�

Mean

(cpm/g)

Difference

from contro1�

Control 56,400 -- 17,000 -

10 M CH�-G 41 ,000 - 15 ,400 ± 4 , 1(X) 10 ,800 - 6 , 2(X) ± 2,0(X)

10� M Phenformin 36,100 -20,300 ± 6,0(X) 12,400 -4 ,600 ± 3 ,009’4

Insulin, 1 mIT/mi 62,600 +6,200 ± 1,000 25,200 +8,200 ± 5,000�

a Mean ± standard error of the difference between the control and drug treated. All mean values are

significantly (p < 0.05) different from control values except those designated by b.
4 The mean vnlue is not significantly different from control value. P > 0.05 in six replications.
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TABLE 5

� �ompar,.soi� of 1/IC (�JTect:�) of CH-G, p1ei�formin, (hid insulin upon radioaetiz-ity (cpni I ineo)porate(l into CO2
am! lipid derived from acetate-I -�4C in 1/ic pre.acnce of nonradioactirc qluco.�e

Experimental conditions were identical with those described in Table 4 except that nonradioactive glucose

was pre)(’nt in I lie incubation solution iii a conceiil rat ion of 12 mnmules per liter.

$arnpl(-

Radioactivity (cpnm) incorporate(l

into CO�

Meaii 1)ilTerence

(cpm/g 1 from control

Radiuacti vity (cpnm) i ueorporate 1

into lipid

Meaii

((-pm/g)

I)ifference

from control’

ontrol 43,70(1 60,001) ---

I 0� M (1l3-U 40,7(X) -3,000 ± G - 91)(Y 3() ,40u - 2U ,600 ± 7,400

10 �t Phenformin 43,300 -400 ± 600’ 31),31)0 -29,700 ± 2,700

Insulin, 1 mIJ/ml 41,60(1 -2,100 ± 2,000’ 269, 00() +201) ,000 ± 43,000

1 Meaii ± standard error of the difference l)etWeen I lie control and drug treated. All mean values are

significantly (p < 0.05) different fronm control values except those designated liv b.

Illesigiiates I hal 111(1 mean value is not significauitlv different from control value. P > 0.05 iii SiX

epli(-at i( )1i

In the absence of glucose ( Fal)le 4)

CHi-G and l)henfolIlmin depressed incorpo-
ration of radioactivity fronm acetate-1-1’C
into CO�1 while iimsulin stimulated this
sflcorj)oration. (1F1;-G also depiessed in-

(‘orl)oration of radioactivity fioin acetate-

I -� ‘C into lipid �“hile 1)0th pheimfot-immin and

insulin were without significant effect.

In the presence of glucose ( Table 5)

CH:1G, I)lmeflfOrlnifl, and insuliim W(’1�(’ w’ith-
out effect oim tIme incorporation of ra(lio-
a(’tiVit.y fi’onm a(’Ct�tte-1-14C into (�)2. C1I:i
G and phenfoinmiim, however, (Iel)1(’55(’(I the

incorporation of ra(lioactivity from acetate-

I -1�C into li1)i(l, whereas insulin greatly

�timulated (isis incorporation.

DISCUSSION

I a �evei�tl Sj)e(ieS ilmclu(liIlg t lie 1stt Itlm( I
�iian, (�H:i�1 iimduees aim initial hvpei-

glyceinic Iesl)o1m�(’ \VliiCh i� follo�ved ly
a. Profoulmd i11e\’(.’1�il)le imypoglyc(’lnia as-

‘�O(iated with (lepletion of livet glyeogen

and occasional liej�itic necro�is � 2) . It has

been suggested that the ability of CI�J:-(�

to inhibit livei- glycogeim synthesis and

hepatocellular OX1( lative plsosj )llorylatiofl

might be responsible in part. for time lmypo-

glvcemia observed. Hesults reported in this

Paper show that C113-G caim stinuilate

I )el-il)ilel-a 1 ii� )t.ttke (I)! glucose by the ictt

(1l)i(Ii(i\111�1l fat l)I1d in Viti’o. If this and

other l)C1’il)heral tissues iesl)olmd in the sanme
way in vito, such increased glucose uptake
(1.lljsecl i:v CH-G univ eommtribute to the

Ol)selV(’(I lly�)ogIyeeinia.

Time finding that. the stitnulatory effect of

(1H�-G lil)Ofl glucose Ul)t.Ilke by the rat fat

l)�t(1 \\.515 ai)olished undei’ relatively anoxic
(‘olm(litiolms � l’I1i)le I ) , aini that. this agent

inhui)ite(1 iimcorpoiatioim of radioactivity
fioni It(’(’tate-l _�CC into ( ‘( �:.i un(lcr aerobic

(loIm(litiolms (Table 4 ) . suggests that, CH:i’G
might. i)e iimterferiiig with oxi(lative metal)-
olismn. ( )ne J)Ossil)ilitv WOlil( I he the inhibi-

tion of oxi(lat.ive �)ii(i)5�)li()1yll1tiOfl, Ils hItS
beeim fouimd in i-at. liv(’1 lflitO(i)Ondi’iIt (2)

‘�ti(’l) inhil )it iomm eOlil(l (‘aus(’ a (onml)ensatorv

ilmerease ill glucose iii)t:tke :tn(l i)11051)1101’Ylit

tiV(� glv(’olysis � the I;1lml)(l(’n-�\Ie�’e1’lmof

l)tttlm\VIIY. That. (hII:i( 1 (l(’l)1CsS(5 the total
fuimet ioimal (‘stl)acitv of tIme t i-i(-�ul)oxvlie acid

(‘V(l(’ 0 f a(lil)Os(’ (‘Cl Is is sligg(’sted by its

Rl)ilit’V �t() il1(5’(’lts(’ tIl(’ :unouimt of teleased

lactate. It is inter(tnmg that. :tim increased

1)100(1 lItCtate (onc(ntmation \\II1S leI)Oited

following adiiministratioim of CIT�G to time
i’al)i)it. (2).

The ability of CH3( to tlel)l’esS ifl(’Oi’pO-

ration of radioactivity from glucose-1 ‘C
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into glycogen by the i-at fat pad in vitro

could also be responsible for its observed

effects upon hepatic glycogen levels in vivo.

In the CH3-G-treated hypoglycemic rabbit,
for example, time liver glycogen concentra-
tion is sometimes as low as 0.02% althouglm

the nmuscle glycogen is not cimanged (2).
The decreased glycogen levels in the rat

epididymal fat pad may result from either
a blockage of liver glycogen synthesis, in-
creased glycogenolysis, or increased chan-
neling of glucose into the glycolytic path-
way.

The stimulation by CH3-G of incorpora-
tion of radioactivity from glucose-14C into

CO2 and lipid is of considerable interest.

Since the incorporation of radioactivity
from acetate-1-14C into botlm CO2 and lipid
was depressed, time increased incorporation

from glucose-14C into lipid probably oc-

curred at some point in glycolysis before

the production of acetate. Time increased
incorporation into CO� may be derived from
increased pentose-simunt activity and/or

increased pyruvate oxidation (1 1 ) . The
observed increased incorporation into lipid
could also be related to increased pentose

pathway activity, with concomitant in-
creased production of reduced nicotinamide

adenine dinucleotide phospimate (NADPH2),
required for lipid synthesis (15) . Alterna-
tively, increased incorporation of radio-

activity into lipid could also result from
increased glycerol production from glucose-

14C.
The mode of action of the clinically useful

oral hypoglycemic agent phenformin re-
mains uncertain. Pimenformin is known to
produce a hypoglycemia in alloxanized rats
(16) and in the diabetic patient. In normal
human subjects this drug causes an increase
in body glucose turnover, but hypoglycemia
is not produced (17).

Effects of phenformin that have been
reported using mainly muscle and liver

slices in vitro include an increase in glucose
uptake (18), decrease in glycogen stores
(19), inhibition of various tricarboxylic

acid cycle enzymes (12, 19), inhibition of
glucose oxidation (12), stinmulation of CO2

production (20), and increased production
of lactate (18).

Vai’ious hyl)OtIleses have beemi advaimced

to explain the hypoglycenmic action of pimen-
formin. Williams et al. (13) proposed that
it may be due in part to the ability of time

drug to increase anaerobic glycolysis by

peripimeral tissues. Daweke and Bach (21)

have suggested that a biguanide, N1-n-
butylbiguanide (structurally very similar to

phenfornmin) , exerts an “insulin-sparing ef-
feet.” Wick et al. (12) Imave presented evi-
dence suggesting that phenformin inhibits

the electron transport system associated
with succinic oxidase, and they proposed
that sucim action in hepatic cells could lead

to increased glycolysis and lactate forma-
tion, with subsequent lowering of � blood

sugar in time diabetic patient.

On the other hand, Ungar et al. (19)
found timat phenformin inhibited oxidative

phosphorylation by mitochondrial prepara-
tions, but doubted timat this effect was re-
lated to time hypoglycemia observed in vivo.

They found no correlation between activity
in vitro and hypoglycemia in vivo in a

series of biguanide compounds.
Our results indicate that time activity of

phenformin (10 M) in vitro is inconsistent

with its activity in vivo if other peripimeral

tissues respond in a manner similar to the

rat fat pad. In fact, glucose uptake by the
fat pad in vitro depressed in the presence of

phen forimmin.

The effects of CHi-G seenm similar in
immany respects to timose of phenformin at

equimolar concentrations. Botim drugs de-
pressed incorporation of radioactivity into

glycogen, stimulated incorporation into re-
leased lactate and imad siimmilar effects on
acetate metabolism in the presence and

absence of nonradioactive glucose. The op-
posite effects of CH3-G and phenformin
upon incorporation of radioactivity from
glucose-1C into CO2 and lipid is of con-

siderable interest. Time ai)ility of phen-

fornmin to inhibit incorporation of radio-
activity from glucose-1C into CO2 and lipid
seems inconsistent with time imypoglycenmic

effect of this drug in vivo. It is possible that.
the effects of phenfoinmin in vivo are not

due to time drug itself, hut rather to one of

its biotransformation products (22). This
remains to he determined. The apparently
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anomalous behavior of phenformin in vitro

might also be due to concentration differ-

ences; for example, it was found by Daweke

and Bach (21) that N1-n-butylbiguanide
inhibits glucose oxidation at concentrations

above 1 X 1O� �; at lower concentrations
(6 X 10#{176}i’�r to 3 X 1O� M), and in the

presence of human serum, it increases glu-

cose oxidation.
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