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Abstract—Evidence is presented that glucose oxidation in adipocytes via the pentose phosphate pathway.
known to be regulated essentially by the supply of NADP” in the presence of oxidized glutathione, is
increased in response to insulin due to a peroxidative catabolism of endogenously produced hydrogen
peroxide. A similar response was observed with sulfhydryl reagents. e.g. dithiothreitol (DTT) and p-chloro-
mercuribenzoate (pCMB). both of which inhibit p-glucose transport and glucose oxidation by the glyco-
lytic pdtth\ but like insulin enhance the pentose phosphate pathway. A catalase-dependent peroxidative
reaction, viz. '*CO, production from sodium [“‘C]formate was increased about 2-fold in cells exposed
to insulin, or DTT and pCMB. Its partial inhibition in the presence of 50 mM 3-amino-1,2 4-triazole was
greater in the insulin-, DTT- or pCMB-treated cells than in the contrel. This indicated intracellular accumu-
lation of catalase:H,0, complexes. The data on the catalatic and peroxidative activities of catalase in the
adipocytes under these experimental conditions, coupled with the preferential stimulation of the pentose
phosphate pathway in the presence of inhibitors of catalase, e.g. aminotriazole and azide. indicate a major
role of glutathione peroxidase in the disposal of H,O,. These findings support our previous report that
insulin or —SH reactive agents activate a pyridine nucleoude oxidase in the plasma membrane of these
cells [S. P. Mukherjee and W. S. Lynn, Fedn Proc. 35, 1694 (1976); Archs Biochem. Biophys. 184,69 (1977)].
A close relationship was observed between the cellular content of glutathione (GSH) and glucose utiliza-
tion. Thus. induction of a peroxidative metabolism within these cells, coupled with glucose oxidation,

appears to be a major effect of insulin.

The major biological effect of insulin in adipose cells
is enhanced glucose consumption to support the
lipogenic and energy-requiring metabolic process
[1-3]. Tt is believed that stimulation of glucose trans-
port by insulin is the rate-limiting step for intracellular
glucose utilization in these cells [4, 5]. Mukherjee
and Lynn [6, 7] first reported experimental evidence
that the effect of insulin on glucose transport parallels
that on glucose oxidation via the glycolytic pathway,
but that a distinct control for glucose oxidation exists
in these cells, apparently independently of the regula-
tion of glucose transport by insulin. This was evident
from the finding that, even under conditions designed
to inhibit glucose transport, glucose oxidation is
preferentially stimulated via the pentose phosphate
pathway in response to insulin (this differential effect
isseeneven at low glucose)or tosomeagents which are
known to mimic the action of insulin on glucose
oxidation, such as thiols [8] and other sulfhydryl
reagents [9-12]. Earlier, it was shown that insulin-
dependent activation of p-glucose transport in skeletal
[13] and cardiac muscle [14] requires functional
sulfhydryl groups in the plasma membrane. The
present report follows our recent discovery that
an oxidase activity, utilizing reduced NADP in the
plasma membrane of rat fat cells, is stimulated when
the intact cells are exposed to insulin or sulfhydryl
reagents. A product of this reaction, H,O,, may
accumulate in vivo and should be metabolized within
the cells. We provide evidence that these cells can
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efficiently utilize the endogenous H,O, by peroxida-
tive functions of glutathione peroxidase and catalase,
finally to funnel glucose through the pentose phosphate
pathway (ppp)-

Thus, an interesting parallel is found between the
action of insulin on a target cell and the metabolic
pattern of other cells known to generate H,O,. For
adipose cells, the pentose phosphate pathway of
glucose metabolism and de novo fatty acid synthesis
are believed to be interdependent for the ca-factor
requirement. On the other hand, previous studies by
Mukherjee [ 15] indicated that, in ageing and naturally
obese rat adipose tissue, a substantial decline in both
glucose oxidation via the ppp and in the lipogenic
enzyme activities is experimentally distinguishable
by adding NADPH-oxidizing agents which increase
the ppp without affecting lipogenesis. Thus, the lack of
the pentose phosphate pathway activity under theinsu-
lin-refractory state appears to be due to a higher cyto-
plasmic NADPH/NADP™* ratio. The present report
demonstrates that insulin may induce a peroxidative
metabolism in these cells by modulating the activities
of glutathione peroxidase and of catalase. We have
also observed that alterations in cellular glutathione
(GSH) content are closely linked with glucose utiliza-
tion. This suggests that a co-ordinate control of the
cytoplasmic redox potential by insulin may be a
major focus of the biological effects of the hormone.

MATERIALS AND METHODS
Isolated adipocytes obtained by collagenase diges-
tion of parametrial adipose tissue [16] from female
rats (CD Strain, Charles River Co.) of 200-225 g body
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weight were employed in these studies. Fat pads were
pooled from a number of rats, cut into small pieces,
and distributed in 1--4 g into | oz polyethylene bottles
containing 3-8 ml of 3°; bovine serum albumin in
Krebs-Ringer bicarbonate buffer and { mg of crude
collagenase/ml (Clostridium histolyticum, Worthing-
ton Biochemical Corp, Freehoid, NJj, and incubated
at 37" for 1hr on a Dubnoff metabolic shaker with
moderate shaking. The composition of the buffer was:
126 mM NaCl, 1.4 mM MgSO,, 52mM KCl. 4 mM
NaHPO, and 12 mM NaHCO,. The buffer was pre-
gassed w1th a mixture of O ~CO7, 95:5. At the end of
digestion the cells were filtered through a double layer
of cheesecloth and washed twice with approx 4 vol. of
17, albumin buffer and suspended in this medium.
Aliquots of 0.2 ml of cell suspension were added to
plastic culture tubes (17 x 100 mm) which contained
Iml of the 3¢, albumin-buffer plus 0.2 mM '*C-
labeled glucose for assay by monitoring the production
of "*CO, from [6-'*C]- and [1-'*C] p-glucose. The
tubes were stoppered immediately with rubber serum-
stoppers with a center well containing a strip of filter
paper. Oxidation of sodium ['*Clformate by adipo-
cytes was measured in the presence or absence of
insulin or sulfhydryl reagents, e.g dithiothreitol
(DTT) or p-chloromercuribenzoate (pCMB). as evi-
dence for H,0, formation. For indirect evidence of
endogenous H,O, accumulation, sodium azide or
aminotriazole, inhibitors of catalase, were added to
the assay of glucose oxidation, in the presence or ab-
sense of insulin, DTT or pCMB. After incubating the
assay tubes at 37° on a Dubnoff metabolic shaker, the
reaction was stopped by injecting 0.2 ml I N H,S80,
into the medium; the "*CO, liberated was trapped
with phenethylamine (New England Nuclear, Boston,
MA) which was injected into the filter paper strip.

A blank correction was made by incubating some
tubes with the albumin medium containing only
[**C]formate. This yielded only negligible counts,
indicating that no significant contaminant of carbon-
ate was present in the commercial Na-formate.
Uptake of 2-deoxy-p-glucose by adipocytes was
measured by the oil-separation techniques of Glieman
et al. [17]. The possibility of lipid peroxidation was
examined by the thiobarbuturic acid procedure [ 18].

Catalase activity in the soluble supernatant frac-
tion (105,000 g) of adipocytes exposed to insulin. DTT
or pCMB, with or without Na 3-amino-1,2,4-triazole,
was estimated by the procedure adopted from Macehly
and Chance [19] as follows: 5 ml of 6 x 107°* M
H,0, in 107 M Na phosphate buffer. pH 7.0, was
incubated with 0.5 ml of experimental samples
(approx, 1.0-1.5mg “rotein) for 3min at 0. The
reaction was stopped by the addition of 1 ml of 6N
H,SO,. The residual H,0, was titrated with 0.01 N
K\/InO The basal (untreated) activity was assumed
to represent 100 per cent activity.

Estimation of cellular glutathione (GSH) was done
as follows, Adipose cells, suspended in Krebs- Ringer
phosphate buffer, pH 7.4, containing 0.1%, bovine
serum albumin (cells were intact at this concentration
of albumin). were incubated in 17 x 100 mm poly-
propylene tubes at 37° in a moderately shaking water
bath, in the presence of insulin, DTT or pCMB, with
or without 0.2 mM b-glucose. At intervals, 1.0 ml of
uniform suspensions was withdrawn, diluted four
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times with warm buffer, and centrifuged for 10 sec:
the media were separated by aspiration. The cellx
were suspended in a small volume of 10 mM phos-
phate buffer, pH 7.4. The tubes were rapidly chilled
in ice-water and homogenized and centrifuged at
04" in a Sorvall centrifuge at 27,000 ¢ for 5 min. The
congealed fat-cakes were removed and 0.98-ml
aliquots were added to tubes containing 0.02 ml of
a 10 mM solution of 5,5-dithio-bis-{2-nitrobenzoic
acid). After 10 min of incubation at room temperature
{2571, 3.0 ml absolute ethanol was added to each tube
to deproteinize the samples. The clear supernatant
fractions after centrifugation were read at 412 nm
on a Beckman spectrophotometer.

The radiochemicals, viz. [1-*C]- and [6-"*C]p-
glucose, 2-deoxy[ H*Jo-glucose and Na[ '*C Jformate,
were purchased from New England Nuclear. Dithio-
threitol and p-chloromercuribenzoic acid were pur-
chased from the Sigma Chemical Co., St. Louis, MO
5,5"-dithio-bis-(2-nitrobenzoic acid) Ellman’s reagenty
and 3-amino-1.2.4-triazole were purchased from
Aldrich Chemical Company, Milwaukee, W1, The
other inorganic chemicals, all of analytical grade.
were supplied by Fisher Scientific Co. Fairlawn. N1

RESULTS

Glucose oxidarion by adipocytes in response to insulin
and —SH reagents. The total glucose oxidation by
adipocytes was stimulated in the presence of insulin
as expected (Fig. 1). Sulthydryl reagents, such as
dithiothreitol and p-chloromercuribenzoate. also pro-
duced about a 2.5- to 3-fold increase in '*CO, pro-
duction from [1-'*Clglucose, while they inhibited
that from [6-'*C]glucose by about 40- 50 per cent of
the basal rate. The optimal dosage for these differential
effects of the sulfhydryl reagents was 107 ? M. Thesc
data suggest a stimulation of the pentose phosphate
pathway activity. Both DTT and pCMB inhibited
the uptake of 2-deoxy-p-glucose into fat cells (Table
1) to the same extent as they inhibited the glycolytic
pathway, as evident from the decline in the *CO,
production from [6-'*Clglucose (Fig. 1). The sulf-
hydryl oxidants, such as hydrogen peroxide and
O-iodosobenzoate, on the contrary, stimulated the
uptake of the sugar. This analogue of p-glucose is not
metabolized after the initial phosphorylation reaction
and, therefore, its uptake is a suitable measure of the
changes in hexose transport.

This differential effect of the sulfhydryl reagents on
glucose utilization was due to their interaction with
the plasma membrane components which 1s also the
expected site of action for insulin [1-4]. Neither insulin
nor the sulfhydryl reagents affected the rates of glucose
oxidation by the cell-free homogenates (not iltus-
trated).

We have already shown that exposure of fat cells
to insulin or sulfhydryl reagents causes activation of
NADPH oxidase in the plasma membrane, yielding
H,0, and NADP* [20, 21]: the intraceflular H,0O,
can be detected by modifying its catabolism. We added
two inhibitors of catalase, viz. sodium azide and 3-
amino-1,2.4-triazole to the assay medium of glucose
oxidation. The basal rate and the insulin stimulation
of [6-1*Clglucose oxidation were inhibited (Fig. 1
by sodium azide. Our data also suggest a direct
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Fig. 1. Effects of inhibitors of catalase activity upon oxidation of glucose by the pentose phosphate pathway

and the glycolytic pathway. Sodium azide (103 M) or sodium aminotriazole (5 x 107? M) was added to

cells during assay of '*CO, production/hr from glucose (0.2 mM), labeled at the 1-carbon (panel A) and the

6-carbon (panel B). These additions were made to cells which were pre-incubated with or without insulin

(0.2 mU;ml) or dithiothreitol or p-chloromercuribenzoate (each at 10~ M). There were 2 x 10° cells/assay.
Specific activity of ['*C] glucose: 1077 Ci/umole.

Table 1. Modification of 2-deoxy-D-glucose uptake in
adipocytes by insulin and sulfhydryl reagents*

Glucose uptake

Treatment of cells (nmoles/4 min/10° cells)

Control 2.34 = 0.62
Insulin 576 + 1.08
H,0, 6.54 + 0.42
0O-1odosobenzoate 828 + 1.4
Dithiothreitol 082 +0.21
pCMB 1.1 + 042

* Cells were incubated with or without insulin (0.24
mU/ml), H,0, (I mM), O-todosobenzoate (I mM), dithio-
threitol (I mM) or p-chloromercuribenzoate (1 mM) for
30 min, and 2-deoxy-D-glucose (final concentration 0.2 mM,
about 1 uCi/assay) was added; aliquots of 50 ul cells were
withdrawn after 4 min, and separated by centrifugation in
0.45-ml tubes, on Dow Corning silicon oil (specific gravity:
0.97), followed by a wash with 100 ul of warm buffer. Values
are averages + S. E. of four experiments.

relationship between glucose uptake and the glyco-
Iytic pathway. But the stimulation of the pentose
phosphate pathway was further amplified in the
presence of azide or aminotriazole (Fig. 1). This effect
was apparently the result of channelling of the addi-
tional H,O, spared by catalase to the glutathione
peroxidase system. Aminotriazole did not affect the
glycolytic pathway.

Formate peroxidation in adipocytes. Oxidation of
formate in cells is recognized as a catalase-dependent
peroxidative reaction [22-27]. Our data (Fig 2)
illustrate that this reaction was increased by about
2-fold in the celis exposed to insulin, DTT or pCMB.
Inhibition of this reaction by aminotriazole is
generally accepted as a measure of hydrogen peroxide
accumulation [22, 23, 25-30]. In the presence of 50
mM aminotriazole, this reaction was inhibited to a

greater extent (by 25 per cent of the control) in the cells
which were exposed to insulin or the —SH reagents
than in the untreated cells (by 15-18 per cent of the
control). Nitrite inhibits formate peroxidation by
substituting for this substrate in the catalase:H,0,
complex I [23-28]. This effect is also illustrated in
Fig. 2.

The greater inhibition of formate peroxidation by
aminotriazole in cells treated with insulin or the
sulfhydryl reagents indicates that endogenous H,O,
accumulates in these cells as a catalase:H,O, complex
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(10° cells/assay) in response to insulin (0.24 mU/ml), dithio-
threitol (DDT, 103 M) or p-chloromercuribenzoate (pCMB,
1073 M). Sodium 4-amino-1,2,4-triazole (50 mM) or sodium
nitrite (10 mM) was added to the assay medium. The data
are averages = S. E. of six paired experiments. The difference
in the inhibition by aminotriazole is significant between basal
and insulin (P < 0.001) or DDT (P < 0.005). or pCMB
(P < 0.02).
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Table 2. Catalase activity in adipocyte supernatant fraction*

A R C D
Pretreatment Untreated Aminotriazole Nitrate Nitrite +
of cells aminotriazole
(Per cent activity)

{1y Control 100 68 58 86
(2) Insulin 86 45 40 110
(3) DTT 89 46 42 106
(4) pCMB 92 56 46 98

* Values are averages of six paired experiments. The assay procedure is described
m Materials and Methods. Values are expressed as per cent of catalase activity in
the untreated control. In column D, sodium nitrite (10 mM} was added 30 min before

dllllll()llld/UlC

The total period of exposure to aminoiriazole or nitrite was 1 hr.

Activity was completely lost in the presence of 0.5 mM sodium azide, The differences
are significant between 1A and 1B, 1C; 1A and 1C and 1D; 1A and 2A, 3A: 2A and

2B 2C: 2C and 2D);

IB and 2B; 3B and 4B;

{C and 2C. 3C (P < 0001} 1C and 2C,

3C, 4C (P < 0.005); 1A and 4A (P < 0.02).

and participates in the peroxidative metabolism in
response to insulin and possibly to some insulin-
mimicking agents.

No evidence of lipid peroxidation was noted in
these cells after their exposure to insulin, DTT or
pCMB, using the thiobarbituric acid procedure.

Aminotriazole does not affect other peroxidase
activities in the cell [24-27]. The remaining propor-

tions of formate peroxidation in the presence of
aminotriazole reflect, therefore the share of gluta-

thione peroxidase activity. The latter is also ev1dent
from the preferential increase in the pentose phosphate
nathwav activitv (Fio 1)1 in reenonse to the sulfhvdrvl
pathway activity (Fig. 1) in response to the sulthydryl
reagents or to insulin, as routinely observed.
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Fig. 3. Changes in the content of non- protem sulfhydryl
groups, as a measure of glutathione (GSH), in adipocytes

dur ing UAPUDUIU 1o umulnu, duhle‘ﬁfEi{O‘ {DTT‘ or ""“"I"""-

mercuribenzoate {(pCMB), in the presence (broken linesy or

absence {solid lines) of 0.2 mM p-glucose. The whole cell

contents were estimated after removal of the incubation

medium containing these agents, as described in Materials
and Methods.

decomposition of H,O, by the soluble supernatant
fractions of adipocytes, as documented in Table 2.
Interestingly. a partial diminution ofthe catalatic path-
way in response to insulin or the sulfhydryl reagents
indicates that a part of the enzyme may be converted
to the catalase: H,0, complex 11 {24 27} which has
only the peroxidative function.

Change in the cellular content of glutathione in
response to insulin or the sulfhydryl reagents. The
cellular content of olntqﬂmnne (GSH)Y was found to

change in the course of time, when ddlpocytes were
exposed to insulin or the sulfhydryl reagents. The

cnnn]v of n-nlnr-ncp Iﬂ? mM) to the medium had a

profound mﬂuence on these change:m Exposure of the
cells to insulin or the sulfhydryl reagents, withoul

agliucaca lod ta a oradnal declineg 1in the (39H lavel -
Ei1uCOosC, 180G 10 a gratiudn GeGINC 11 nd 5o iEveaL,

the presence of glucose, this process was reversed.
and a rise in GSH was noted (Fig 3). It is well recog-
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IHLCU llUWLVUl
de novo synthesis may interfere with its estimation in
the cells. The data represent the average non-protein
—SH content of ihe cells in a number of experiments.

DISCUSSHON

Regulation of glucose transport and intracellular
utilization is recognized as the principal biological
action of insuilin. Yet, a number of metabolic effecis
of this hormone in mammalian cells, such as the
antilipolytic effect in adipose tissue [ 1] and activation
of the mitochondrial pyruvate dehydrogenase com-
plex [31], are reported to be independent of glucose
transport. It is logical to postulate that insulin, by its
interaction with specific plasma membrane compo-
nents. may modify or activate a metabolic process
which is distinct from its effect on glucose transport.
Pursuit of this question recently led to the finding
that insulin or sulfhydryl reagents can activate a
reduced pyridine nucleotide oxidase enzyme in the
plasma membrane of adipocytes which yields stoichio-
metric amounts of hydrogen peroxide [20,21]. The
next important questions are: how does this possible
action of insulin in vive affect cellular metabolism and
how can the resultant H,O, be disposed of. The
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present report answers these questions. Sulfhydryl
reagents are among the various agents which mimic
some actions of insulin in adipose tissue [1, 9, 10, 32].
Earlier reports on the effects of sulfhydryl inhibitors,
such as N-ethyl maleimide [11], were both interesting
and intriguing because the stimulatory effect of
sulfhydryl reagents on glucose utilization reported by
the authors, while the same agents inhibit D-glucose
transport, could not be explained. This led Czech and
Fain [33] to hypothesize that sulfhydryl reagents may
react with the medium albumin contaminants to pro-
duce a stimulatory substance. Speculations about
such an artefactual effect are now laid to rest, since
we have been able to identify an insulin-sensitive
plasma membrane-linked NADPH oxidase activity
[20. 21] which appears to be responsible for triggering
the pentose phosphate pathway activity by increasing
the NADP*/NADPH ratio in these cells. This is a
distinct mechanism since the effect of insulin is
reproducible with some sulfhydryl reagents, as shown
here, and even in the presence of other inhibitors of
hexose transport, such as cytochalasin B, although
glucose transport and consequently fatty acid synthe-
sis are impaired under these conditions (S. P. Mukher-
jee, manuscript submitted for publication). Thus, the
increase in the ppp activity is apparently one of the
primary effects of insulin rather than being secondary
to increased provision of NADP™ through de novo
fatty acid synthesis. A direct relationship between the
insulin-responsive glucose transport and the Embden-
Meyerhof pathway is evident from these data. Inhibi-
tors of glucose transport and azide depressed this
pathway of glucose oxidation (Fig. 1). This finding is
consistent with the recent suggestion that activa-
tion of hexose transport by insulin in these cells
requires a source of high-energy phosphates [34, 35].
Our results indicate that endogenously formed
hydrogen peroxide is catabolized by the two enzymatic
pathways, catalase and glutathione peroxidase, finally
to the useful purpose of an efficient utilization of
glucose through the oxidative hexose monophosphate
shunt. The net reactions involved in this process, as
shown for other cells actively metabolizing H, 0,
[25--30, 36], appear to be valid for these cells also: (1 )
peroxidation of GSH with H,O, to the glutathione
disulfide, GSSG: (2) reduction of GSSG, catalyzed
by glutathione reductase, using reduced NADP: and
(3) increase in the glucose 6-phosphate dehydrogenase
activity due to the increased availability of NADP*
and the protective effect of GSSG [37,38].
We have some preliminary data suggesting a 2- to
3-fold increase in the soluble glutathione peroxidase
and NADPH-specific glutathione reductase enzymes
in these cells in response to insulin. However, the
relative rates of these two enzymes were found to be
variable under different experimental conditions,
apparently depending on the availability of glucose
and the rate of lipogenesis (S. P. Mukherjee, unpub-
lished observations). Further studies on these possi-
bilities are in progress. The data on the cellular con-
tent of glutathione presented here (Fig. 3) indicate its
direct relatlonshlp with glucose oxidation via the ppp.
since, in the presence of glucose, insulin and the sulf-
hydryl reagents (which inhibit the glycolytic pathway)
led to a rapid increase in the cellular content of GSH.
Catalase can exist in the cells either as the free
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enzyme or as the catalase:H,O, complex 1 [25-30].
This complex has two possible modes of action:
catalatic and peroxidative. In some cells where endo-
genous H,O, formation and its metabolism have
been studied, e.g. red blood cells [22,23,25] and
alveolar macrophages, the catalase activity has been
shown to involve a catalase:H,O, complex II which
has only the peroxidative function [23-25). The
formate peroxidation was increased by about 2-fold
in cells in response to insulin or the sulfhydryl reagents,
and it was partly inhibited in the presence of 50 mM
aminotriazole. This inhibition was also greater in the
cells exposed to insulin or the sulfhydryl reagents
(Fig. 2), reflecting an increased accumulation of H,0,
as catalase complex in the treated cells. This experi-
mental approach has been aptly used by other
authors to determine H,O, accumulation in various
cells [25-28]. Aminotriazole does not, however, affect
other peroxidase reactions in the cells [26,27]. A
concomitant rise in the pentose phosphate pathway
activity (Fig. 1) in the presence of the catalase inhibi-
tors indicates that glutathione peroxidase activity is
the predominant route for H,O, catabolism in these
cells and accounts for the higher rate of the pentose
phosphate pathway in response to insulin.

A finding of additional interest is that the catalatic
function of catalase is partly diminished in cells pre-
treated with insulin or these —SH reagents (Table 2).
This suggests that some of the catalase:H, O, complex
I may be converted to complex II, with the peroxida-
tive function alone. The evidence for H,O, formation
and the consequent peroxidative reactions in these
hormone-sensitive cells have an important bearing
on our recent finding that the inhibitory effect of
insulin on the adenylate cyclase activity in these cells
may be mediated by oxidation (or peroxidation) of
the key sulfhydryl groups of the enzyme [21].
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