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The Effect of Oxytetracycline on Insulin Resistance in Obese Mice
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1. Chronic oxytetracycline treatment was found to improve the insulin resistance of the
obese-hyperglycaemic mouse. 2. The improved response to insulin was accompanied by
decreased concentrations of circulating insulin and glucose, by a decrease in the lipid
content of the liver and by an increase in the insulin-receptor sites of the liver and adipose
tissue. 3. The increase in insulin-receptor sites preceded the fall in blood glucose. 4. Com-
parable studies done on food-restricted animals indicated that although chronic food
restriction corrected the hyperinsulinaemia it did not restore the insulin-receptor sites or
the hyperglycaemia.

The obese-hyperglycaemic mouse is characterized
by obesity, non-ketotic hyperglycaemia, hyperinsuli-
nism, islet-cell hyperplasia and resistance to exo-

genous insulin. Insulin resistance in the obese-
hyperglycaemic mouse has been attributed to several
factors. (1) The number of insulin-binding sites on

the membranes of the liver (Kahn et al., 1972, 1973a)
and adipose tissue (Freychet et al., 1972a) is de-
creased. In the liver this decreased insulin binding
was evident whether it was expressed per cell, per unit
surface area or per receptor site for counter insulin
hormones. This decrease in insulin receptors could
be a primary genetic defect or secondary to obesity,
hyperinsulinism or some other factor. (2) The islet
cells themselves change; the experiments of Strautz
(1968, 1970) and Gates et al. (1972) have shown that
after transplantation of islet cells from normal
animals into ob/ob animals and NZO mice respect-
ively the body weight and the concentrations of
glucose and insulin decreased and glucose tolerance
was improved. That the hyperinsulinism itself may
be a factor in the production of insulin resistance is
indicated by the work of Solomon & Mayer (1962)
and by that of Mahler & Szabo (1971), who showed
that injections of alloxan into the ob/ob mouse re-

sulted in lower blood glucose concentrations accom-

panied by a decreased resistance to exogenous insulin
and regranulation of the islet cells. This work also
indicated that the use of pharmacological agents to
alter the metabolism of the obese animals would be
useful in elucidating the nature of the abnormal
metabolic processes that characterize this syndrome.
The antibiotic oxytetracycline, which is known to

inhibit mitochondrial protein synthesis in pro-

liferating tissues (De Vries & Kroon, 1970; Himms-
Hagen, 1971) also profoundly affects glucose meta-

bolism and the action of insulin. In both humans and
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animals which received either tolbutamide or exo-

genous insulin, oxytetracycline potentiated the action
of insulin (Hiatt & Bonorris, 1970; Miller, 1966). We
therefore postulated that oxytetracycline may de-
crease both the high concentrations of insulin and
the insulin resistance seen in the obese-hyper-
glycaemic mice.

Materials and Methods

Animals

Male C57B1/6J ob/ob mice and their lean controls
were obtained from Jackson Laboratories, Bar Har-
bor, Maine, U.S.A. The mice were 9-11 weeks of age
at the beginning of the experiments. They were main-
tained on Purina Chow and water ad libitum, except as

otherwise stated.

Oxytetracycline treatment

Unless otherwise indicated in the legends to Tables
and Figures, groups of lean and obese mice were

treated for lOdays with a daily intramuscular injec-
tion of oxytetracycline (Terramycin; Pfizer Co. Ltd.,
Montreal, Quebec, Canada) suspended in olive oil.
All animals received the same daily dose of 100mg/kg,
calculated on the basis of the body weight of the
untreated lean mice. The control animals received
placebo injections. The injections were given between
16:00 and 16:30h.

Glucose- and insulin-tolerance tests

The treated animals were given their last oxytetra-
cycline injection between 16:00 and 16: 30h and were

starved from 21 :00h. After starvation for 12h, blood
samples were withdrawn from the tail vein with a

heparinized capillary pipette (zero-time sample). In
some experiments, glucose (1 g/kg) was admini-
stered intraperitoneally and blood samples were

withdrawn 15, 30 and 60min after the glucose injec-
tion. The blood samples were kept cold until they
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could be processed. For the glucose-tolerance tests,
the animals were anaesthetized with pentobarbital
(45mg/kg). Care was taken to keep the animals warm
by placing them over an electric heating pad set at the
lowest setting.
The insulin-tolerance tests were performed essenti-

ally as the glucose-tolerance tests, except that the
animals were not anaesthetized and 1 or 2i.u. of
regular insulin/kg body weight was administered by
intraperitoneal injection, after removal of the zero-

time sample.

Measurements ofglucose and insulin concentrations

The concentrations of glucose in the blood were

measured by an enzymic assay (Glucostat, Worthing-
ton Biochemical Corp., Freehold, N.J., U.S.A.) on a

1:20 dilution of whole blood to which Ba(OH)2 and
ZnSO4 were added to precipitate the protein
(Somogyi, 1945).
The plasma immunoreactive insulin concentrations

and some of the blood glucose concentrations were

measured in blood samples obtained by decapitation
of the animals. In this case, the blood was collected in
heparinized test tubes. A portion of whole blood
(0.1-0.2ml) was removed and processed for the deter-
mination of glucose as above, and the remainder was
centrifuged to separate the formed elements from the
plasma. The plasma was then stored frozen until it was
assayed for insulin by radioimmunoassay with a kit
(Schwartz/Mann, Orangeburg, N.Y., U.S.A.) with
human insulin as a standard. Human insulin and
mouse insulin do not have the same immuno-
reactivity. For this reason, the values reported here
are only relative and they differ from those of other
workers who used mouse insulin as a standard. This
problem has been discussed by Abraham et al.
(1971). In the present case, this limitation does not
affect the validity of the results.

Extraction of tissue lipids

The livers were removed from the animals and
immediately frozen on solid CO2. They were weighed
and homogenized in chloroform-methanol (3:1,
v/v). The total lipids were extracted by the method
described by Rabin (1969), which is based on the
method of Folch et al. (1957). The extracts were eva-

porated under N2 at 60°C. Three successive portions
(lOml) of benzene were added and evaporated, and
finally the residues were dried and weighed.

Preparation ofmembrane fractions

Membrane fractions were prepared from the livers
of both lean and obese animals. The mice were killed
by decapitation and their livers were removed and
placed in ice-cold sucrose medium (0.25M-sucrose-
10mM-Tris-1 mM-EDTA, pH7.4) in an ice bath.
After being washed and the connective tissue re-

moved, the livers were processed by the method

described by Illiano & Cuatrecasas (1972). The iso-
lated membranes were resuspended in 0.05M-Tris-
HCl, pH7.4, and stored at -60°C until used. Mem-
branes were also prepared from adipose tissue essenti-
ally as described by Cuatrecasas (1971a).

Insulin-binding assays

The insulin-binding assay system contained 0.2mg
of membrane protein, 2% albumin in Krebs-Ringer
phosphate buffer (1 l8mM-NaCl-1.2mM-MgSO4-
5mM-KCl-lO0mM-sodium phosphate buffer, pH7.4).
[251I]Iodinated insulin (New England Nuclear
Corp., Boston, Mass., U.S.A.) was added to start
the reaction. The total volume was 0.5ml. The in-
cubations were carried out for 25min at 25°C in poly-
styrene tubes. Each assay was done in triplicate. Non-
specific binding was determined for each sample
also in triplicate by adding 40pug of unlabelled
crystalline porcine insulin to the reaction mixture.
The porcine insulin was a generous gift of Dr. Mary
Root, Eli Lilly Co. Ltd., Indianapolis, Ind., U.S.A.
At the end of the incubation period, 4ml of ice-
cold Krebs-Ringer phosphate buffer containing
0.1 % albumin was added to each tube and the con-
tents of the tubes were filtered on EAWP Millipore
filters. The tubes and filters were rinsed with two
4ml portions of buffer. The filters were then placed
in polystyrene tubes and the radioactivity was
counted in a gamma counter (Packard Instruments,
La Grange, Ill., U.S.A.). This method was based on
those already described in the literature (Kahn et al.,
1973a; Cuatrecasas, 1971a).

Isoproterenol-binding assays

The binding of [3H]isoproterenol was measured as
described by Lefkowitz et al. (1972) in membranes
from liver and adipose tissue. Membrane protein
(0.1 mg) was suspended in an incubation mixture con-
sisting of 1 ml of 5mM-Tris-HCI, pH7.4, containing
100nM-[3H]isoproterenol bitartrate. The tubes were
incubated for 90min at 37°C. The membrane-bound
hormone was separated from the medium by filtration
on Millipore filters and washed with three 4ml por-
tions of 5mM-Tris-HCl buffer. The filters were dis-
solved in Bray's (1960) scintillation mixture and
counted for radioactivity in a Beckman liquid-scintil-
lation counter. In some of the experiments, the incu-
bation medium, free of the membranes, was sub-
mitted to ascending paper chromatography in buta-
nol-acetic acid-water (4:1:5, by vol.), with unin-
cubated [3H]isoproterenol as a standard. The chro-
matogramswere cut into equal strips (2.5cm x 1 .5cm),
which were placed in individual scintillation vials.
To each vial 3.5ml ofwater was added. The vials were
allowed to stand for 60min, after which 11.5ml of
Aquasol (New England Nuclear Corp.) was added
and the vials were counted for radioactivity. More
than 90% of the radioactivity was found to be asso-
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ciated with a spot corresponding to genuine isopro-
terenol.

5'-Nucleotidase assays

These assays were done on the following fractions
obtained during membrane isolation: crude homo-
genate (fraction I); 10000g supernatants (fraction 2);
NaCI-Mg precipitates (fraction 3); and washed
membrane preparations (fraction 4). The assay mix-
tures contained, in a final volume of 1 ml, 50mM-
Tris-HCI, pH7.5, 5mM-5'-AMP and 10mM-MgCI2.
Enzyme fractions equivalent to IOO,g of protein
were added to start the reaction. After incubation at

37°C for 30min, the reaction was terminated by add-
ing 1 ml of 10% trichloroacetic acid. Portions (1 ml)
of the deproteinized supernatant were analysed for
Pi. The amount of Pi released was determined colori-
metrically by the method of Fiske & Subbarow (cf.
Chaykin, 1966). Blank values were obtained for each
fraction from tubes where the reaction was stopped at
zero time. These values were subtracted from the
experimental values. By running tubes which con-
tained only the respective enzyme fractions without
5'-AMP and tubes containing 5'-AMP alone, it was
found that the blank value was almost entirely con-
tributed by the enzyme source.

Protein determinations

These were done by the method of Lowry et al.
(1951) with bovine serum albumin as a standard.

Results

Our initial observations after treating obese and
lean mice with oxytetracycline for 14 days were the
following (Table 1). The weight of the fat-pads was
decreased in both lean and obese mice. There was a

dramatic decrease in the weight and in the lipid con-
tent of the liver in the obese oxytetracycline-treated
mice, whereas there was no significant decrease in the
weight of the liver and an actual increase in the
amountof lipid/gofliverintheleananimals.
These findings prompted us to measure the con-

centrations ofglucose and insulin in the blood ofthese
animals (Table 2). The results indicate that oxytetra-
cycline treatment affected the blood glucose and
insulin concentrations from fed and starved lean mice
very little, although it had a marked effect on both
these parameters in the obese mice. In fact, both the
glucose and insulin concentrations were found to be
lower in the fed treated obese animals than in the
starved obese control animals. We therefore investi-
gated the effects of this treatment on the glucose and
insulin tolerance of these four groups of animals
(Figs. 1 and 2). Whereas the control obese animals
had a typically diabetic glucose-tolerance curve the
obese oxytetracycline-treated animals had a curve
which was comparable with those of the control and
treated lean animals. There was no statistically
significant difference between the results obtained for
the treated obese and control lean animals although
the values obtained for the former tended to be slightly
higher. The removal of glucose from the blood was
slower than is normally observed and we ascribe this
to the fact that for these tests the animals were kept
under pentobarbital anaesthesia (Davidson, 1971).
The insulin-tolerance curves (Fig. 2) supported the

above results. In this instance as well, the treated
obese mice responded nearly normally to the injection
of 1 i.u. of insulin/kg (Fig. 2a) whereas their response
was indistinguishable from that of the lean animals
when 2i.u. of insulin/kg was administered (Fig. 2b).
In both instances, the response of the untreated obese
animals was completely different from that of the

Table 1. Weight ofliver and epididymalfat-pads and lipid content ofthe liver in oxytetracycline-treated mice and their controls

The mice were treated with oxytetracycline for 14 days. At the end of the experiment, they were decapitated and their tissues
were removed, frozen on solid CO2 and weighed. The livers were homogenized in chloroform-methanol and the total lipids
were extracted by the method ofFolch et al. (1957). The lipid extract was placed in weighed vials, the solvent was removed by
evaporation under N2 and the residue was dried and weighed. The results are given as means±s.D. n = 24 in all groups.
N.S., not significant.

Liver

Weight of fat-pad
(g)

0.49±0.18
0.20±0.10
P<0.001

3.54± 0.30
2.89±0.44
P<0.001

Weight
(g)

1.18 ± 0.20
0.96±0.18
P<0.01

3.53 ±0.47
1.52 + 0.31
P<< 0.001

Total lipids

mg/liver mg/g of liver

38+ 1.2
45±1.5
N.S.

950+22
140± 6
P<<0.001

34±0.6
47±1.0
P< 0.001

280+6
100±4
P<< 0.001

Group

Lean
Control
Treated

Obese
Control
Treated

Vol. 142
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Table 2. Concentrations ofglucose and insulin in the blood
oflean and obese mice and their modification by starvation

and/or oxytetracycline treatment

The mice were killed by decapitation between 08:00 and
10:00h and the blood was collected in heparinized tubes.
A portion of the blood was used to prepare a barium-zinc
filtrate for the determination of glucose concentration.
The remainder ofthe blood was centrifuged and the plasma
was collected and stored frozen until the insulin concentra-
tions were determined by radioimmunoassay. The starved
animals had been without food for 12h since 21 :OOh the
previous night. The results are given as means±S.D.
n = 12-20.

Glucose Insulin
(mg/lOOml) (junits/ml)

Lean
Control fed

starved
Treated fed

starved
Obese

Control fed
starved

Treated fed
starved

oxytetracycline-treated
lean mice.

120±26
79+22
108 ± 30
85±15

261+ 72
198± 58
73±12
64±11

45.0+ 4.4
39.5± 4.5
55.6+ 7.7

242 ±13.9
132 ±11.4
66.3± 5.4

obese mice as well as the

It was important to evaluate whether this normal-
ized response of the obese mice with respect to the
above parameters might be associated with varia-
tions of the insulin-binding capacity of the liver. The
results presented in Table 3 indicate that treatment
with oxytetracycline increased the insulin-binding
capacity of a membrane fraction isolated from liver,
both in the lean mice, where the increase was of the
order of 25 %, and in the obese mice, where the insu-
lin-binding capacity was approximately doubled as a
result oftreatment. It is noteworthy that, at the insulin
concentration used, in the samples obtained from the
treated obese mice the binding was restored to that
observed in the samples obtained from the control
lean mice. Different membrane fractions and dif-
ferent batches of insulin were used for Expts. 1 and 2.
We also tested the effect of oxytetracycline added

in vitro on the capacity of the liver membranes to bind
insulin. At the concentrations tested (ranging from
0.2 to 2.0mg/ml) oxytetracycline had an inhibitory
effect on the binding of insulin in membranes isolated
from both the obese and the lean mice. In both cases,
the maximum inhibition was of the order of 75% and
was obtained with 1 mg of oxytetracycline/ml. The
results indicate that the changes in vivo were not due
to a direct effect ofoxytetracycline on the membranes.
The possibility that oxytetracycline acted simply

by lowering the food intake of the animals was next
explored. For these studies, the obese animals were

0

300 F

200 p

8

0

100 F

0 Is 30

Time (min)
45 60

Fig. 1. Responseoflean and obesemice to aglucose loadand
the effect of treatment with oxytetracycline

The mice were starved for 12h starting at 21 :00h. The
following morning a blood sample was removed from the
tail into a heparinized capillary tube (zero-time sample).
Samples were removed in the same manner at 15, 30 and
60min after the administration of glucose (1 g/kg) via
intraperitoneal injection. Barium-zinc filtrates ofthe blood
were prepared and used for the determination of glucose.
The results given are means±s.D. n = 8 in each group.
0, Untreated lean mice; *, treated lean mice; A, untreated
obese mice; A, treated obese mice.

divided into three groups: some animals served as
controls, some were treated with oxytetracycline and
some were restricted to 2.5 g of food per day, which is
somewhat less than the intake that we had measured
for the lean animals eating ad libitum. The lean
animals were divided into the usual groups, control
and oxytetracycline-treated. The experiment lasted
for a total of 10 days, but some of each group of ani-
mals were killed at days 1, 2, 3, 5, 7 and 10 after the
onset oftreatment. The food intake ofthe control and
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Fig. 2. Response oflean and obese mice to insulin

The mice were starved for 12h overnight and treated as described in the legend to Fig. 1 except that regular insulin was
injected subcutaneously instead ofglucose. The dose of insulin was (a) 1 unit/kg; (b) 2 units/kg. The results shown are means
±S.E.M. of at least four observations. 0, Untreated lean mice; 0, treated lean mice; A, untreated obese mice; A, treated
obese mice.

Table 3. Binding ofinsulin to isolated liver membranes

The membrane fractions were prepared from the pooled
livers of three animals, by the method of Illiano &
Cuatrecasas (1972). The binding of insulin to the mem-
branes was measured as described in the Materials and
Methods section. The insulin concentration was lOOnmol/l.
The specific radioactivity of the radioactive insulin was
45 Ci/g for Expt. 1 and 47.2Ci/g for Expt. 2. The results
given are means of three observations corrected for
non-specific binding. Expts. 1 and 2 were done with dif-
ferent membrane preparations. The results are expressed
as fmol of insulin bound/mg of membrane protein.

Insulin bound

Expt. 1 Expt. 2

Lean
Control
Treated

Obese
Control
Treated

Vol. 142

660 620
810 890

230 390
690 653

oxytetracycline-treated animals was measured over a
period of 10 days. The results obtained show that
oxytetracycline treatment somewhat decreased the
food intake of both groups of mice. In the lean ani-
mals, the decrease in food intake was observed in the
early days oftreatment, but it was only temporary and
the daily food intake was restored to that observed in
the control animals (3.0g/day) by day 4. The oxytetra-
cycline-treated obese mice consumed an average of
4.3 g/day compared with 5.8 g/day for the control
obese animals. The food-restricted animals consumed
their full ration of 2.5 g/day. Over a 10-day period the
food-restricted obese animals were those which had
the greatest weight loss. They lost an average of 8g,
if the normal weight gain of the control animals dur-
ing that period is taken into consideration. On the
same basis the obese oxytetracycline-treated animals
lost an average of 4g and the lean oxytetracycline-
treated animals also lost an average of 4g.
The blood sugar concentrations were measured

during the same period and the results presented
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Fig. 3. Effects oftreatment on the concentrations of(a) glucose and (b) insulin in the blood

After decapitation of the animals, the blood was collected and processed as described in the Materials and Methods section
and in the legend to Table 2. The results are given as means±s.E.M. for three to four observations except for the control
value which is given as mean±S.D. for 18 observations. 0, Lean control; O, lean oxytetracycline-treated; A, obese control;
A obese oxytetracycline-treated; v, obese food-restricted.

(Fig. 3a) indicate that, of the five groups of animals
studied, the obese oxytetracycline-treated animals
were the only group which showed significant de-
creases in blood glucose concentrations. The signifi-
cant fall in the concentrations of blood glucose oc-

curred between day 5 and day 7 of treatment and was
maintained through day 10. After day 5, the blood
glucose concentrations of the oxytetracycline-treated
obese animals were within the range observed for the
lean animals. The plasma insulin concentrations were

also measured over the same time-course and the
results are given in Fig. 3(b). Dramatic decreases
occurred in both the oxytetracycline-treated and the
food-restricted obese animals. The effect of both
treatments was very swift; the insulin concentrations
decreased to near normal within the first days of the

treatment with food restriction producing its effects
earlier than oxytetracycline-treatment. There was a

return to the higher concentrations of insulin by day
10 of food restriction. The differences between the
values obtained for days 7 and 10 are statistically
significant (P< 0.05). In the oxytetracycline-treated
obese mice, the decrease in insulin concentrations was
more gradual up to the third day of treatment. There
was then a sharp decrease between day 3 and day 5,
which brought the plasma insulin concentrations of
the oxytetracycline-treated obese animals within the
range observed for the lean mice. These low values
were maintained for the remainder ofthe treatment.

Fig. 4 represents the results obtained for the weight
and the composition of the liver during a similar
time-course of treatment. In the case of the total
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Fig. 4. Effect oftreatment on (a) the weight ofthe liver and (b) the total lipid content ofthe liver

The lean mice were divided into two groups: control and oxytetracycline-treated. The obese mice were divided into three
groups, control: oxytetracycline-treated and food-restricted. The animals were submitted to their respective treatments for
various periods from 1 to 10 days as specified on the ordinate. After the animals were killed, the livers were removed and
processed as described in the Materials and Methods section and in the legend to Table 1. Each point on the graph
represents the mean of three observations+s.E.M. except for the controls where n = 18. o, Lean control; 0, lean oxytetra-
cycline-treated; A, obese control; A, obese oxytetracycline-treated; v, obese food-restricted.

weight of the liver (Fig. 4a) and of the lipid concen-

tration in the liver (Fig. 4b) the results obtained were

similar. In both the oxytetracycline-treated and the
food-restricted animals, there was a rapid decrease in
the weight of the liver during the first few days after
the onset of treatment. There were significant dif-
ferences (P<0.001) between the obese controls and
both groups of treated animals (oxytetracycline and
food-restricted) within the first 18h after the begin-
ning of the treatment. The concentration of lipids in
the livers did not decrease immediately but there was a
rapid decrease after the third day of treatment. It is
evident that substances other than lipids contribute to

Vol. 142

the increase in the liver weight in obese animals. The
pattern observed for the oxytetracycline-treated ani-
mals differed very little from that observed in the food-
restricted animals. No notable changes occurred in
the lean oxytetracycline-treated animals during the
same period.
We also investigated the time-course of oxytetra-

cycline treatment and of food restriction on the bind-
ing of insulin to membranes isolated from the livers.
The results of these experiments are reported in Table
4. During the first 3 days of treatment, either by
oxytetracycline or by food restriction, the treated
animals did not differ from their respective controls.

4

3

1-

to

I.-

344
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Between day 3 and day 5, however, there was an
increase in the insulin binding by the membranes
obtained from the oxytetracycline-treated animals,
either lean or obese. The increase in binding was
maintained thereafter. In the lean oxytetracycline-
treated animals, the concentrations were 40%
above those observed for the lean control animals
whereas in the obese oxytetracycline-treated animals,
the concentrations represented approx. a 2.5-fold
increase over the values observed for the obese con-
trol animals. No such trend was noted in the food-
restricted obese group. On day 10, it was never pos-
sible to obtain a value for insulin binding to the mem-
branes since the counts obtained in the presence of
large amounts of unlabelled insulin were always
greater than those obtained with labelled insulin
alone. This may indicate that the membranes
obtained after 10 days of food restriction degrade the
insulin more (cf. Freychet et al., 1972b).
Two orders of insulin-binding sites have been

described in the liver and it was shown that in the
ob/ob mice the high-affinity low-capacity site was the
more altered (Kahn et al., 1973a). We measured the
binding of radioactive insulin in the presence of in-
creasing concentration of unlabelled insulin. The
results of these experiments are reported in Fig. 5. It
is evident from the results obtained that oxytetracyc-
line treatment restored the binding nearly to the
values obtained in the lean mice. This is particularly
true of the values obtained at the low concentrations
of insulin. Also, at all the insulin concentrations
tested, the binding of insulin was consistently greater
in the treated lean animals compared with the control
lean animals.

In view of the observed effects of oxytetracycline
treatment on insulin binding and in order to ascertain
further that the oxytetracycline effect was not due to
secondary effects on food intake, or to differences in
the membrane preparations, we measured the binding

of isoproterenol by the various membrane fractions
obtained from the liver. These results are reported in
Table 5. There was little difference between the five
groups of animals over the period surveyed, except
for the lean treated animals where the isoproterenol
binding increased in parallel with the insulin binding.

a10

wD 30

% 20

bO

0

0

0

+5 o

40.r

F-

I

0.01 I

Insulin concentration (nM)

100

Fig. 5. Effect of increasing concentrations of insulin on the
binding capacity of liver membranes from oxytetracycline-
treated lean andobese mice and their controls

The binding assays were done as described in the Materials
and Methods section. The concentration of [125I]iodinated
insulin was 40pM (sp. radioactivity 45Ci/g). The con-
centration of unlabelled insulin was increased in the
range 0.1 nm to 0.1 m. The amount of insulin bound/mg
of protein per total insulin in 1 ml of incubation medium
was measured and is given on the ordinate as percentage
of total insulin bound. Each point represents the mean
of three to six observations. o, Lean controls; 0,
lean treated; ,, obese control; *, obese treated.

Table 4. Effect oftreatment length on the binding ofinsulin by liver membranepreparations

The animals were submitted to their treatments for the times indicated. Membranes were prepared from the pooled livers of
three animals. The techniques were as described in the Materials and Methods section and in the legends to Table 3 and Fig.
5. The insulin concentration was 40pmol/I and the specific radioactivity was 54 Ci/g. The results are expressed as fmol
of insulin bound/mg of membrane protein. Each number is the mean of three observations. The numbers in parentheses
represent percentages of the values obtained for the lean control animals.

Days of treatment

Group
Lean

Control
Oxytetracycline-treated

Obese
Control
Oxytetracycline-treated
Food-restricted

1

3.0 (100)
3.1 (103)

0.94 (31)
0.79 (26)
1.1 (37)

3

3.8 (100)
3.5 (92)

1.7 (45)
1.3 (37)
1.5 (39)

5

3.5 (100)
5.0 (142)

0.89 (25)
2.4 (69)
1.3 (37)

7

3.8 (100)
5.7 (150)

0.67 (18)
2.5 (66)
1.1 (29)

10

2.7 (100)
3.7 (137)

0.78 (27)
2.1 (78)
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Table 5. Binding ofisoproterenol to liver membranes and the ratio ofisoproterenol to insulin binding

The isoproterenol-binding assays were done as described in the Materials and Methods section. The isoproterenol concen-
tration was 100nmol/1 (sp. radioactivity 1OCi/g). The results are expressed as pmol of isoproterenol bound/mg of protein.
The isoproterenol/insulin ratios were calculated taking the ratio obtained from the lean control animals as 1. The insulin-
binding values are those reported in Table 4. Each number represents the mean of three observations.

Group

Lean
Control
Oxytetracycine-treated

Obese
Control
Oxytetracycline-treated
Food-restricted

Days of
treatment ...

[3H]Isoproterenol bound

1 5 7

Isoproterenol/insulin

1 5 7

1.9 2.0 2.2 1 1 1
2.1 2.8 4.9 1.1 1.1 1.5

1.5 1.9 1.7 2.5 3.7 4.4
1.8 1.7 1.7 3.6 1.2 1.2
1.6 2.1 1.8 2.3 2.8 2.8

Table 6. 5'-Nucleotidase activity as an estimate ofmembrane
purification

The enzyme assays are described in the Materials and
Methods section. The values quoted represent the average
of two experiments each done on duplicate samples.

5'-Nucleotidase activity (,mol of PI
released/h per mg of protein)

Fraction 1
Fraction 2
Fraction 3
Fraction 4

Obese

0.52
0.27
0.33
0.94

Oxytetracycline-treated
Obese

0.57
0.33
0.42
0.94

Lean

0.42
0.3
0.42
0.97

In consequence, the ratio isoproterenol binding/
insulin binding is much higher in the obese control
animals than in the lean control animals and this ratio
decreases as a result of oxytetracycline treatment but
not as a result offood deprivation. These results are in
accord with the statement of Kahn etal. (1973a), who
reported that the binding of isoproterenol was not
altered in the obese-hyperglycaemic mice.

5'-Nucleotidase activities (Table 6) were similar in
lean, obese and oxytetracycline-treated obese animals.
The specific activity as well as the degree of purifica-
tion of the enzyme were similar in all three cases.

The binding of insulin and isoproterenol were also
measured in adipose tissue. The results obtained were
similar to those reported above for the liver. Again,
oxytetracycline treatment improved the binding of
insulin by the membrane fractions obtained from the
oxytetracycline-treated obese mice but food restric-
tion did not improve the insulin binding. The iso-
proterenol binding was similar in all cases (Table 7).
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Discussion

In addition to obesity the obese-hyperglycaemic
mouse is characterized by high circulating concentra-
tions of insulin and glucose and tissue resistance to
insulin. Because of their exaggerated insulinism,
these animals appeared to be a logical model in which
to study the manner by which oxytetracycline poten-
tiates the action of insulin and, in turn, to study the
inter-relationships between the altered metabolism
of these animals and their resistance to insulin action.
It is obvious that oxytetracycline has profound effects
on the metabolism of the obese mice and that at least
two of its effects are different from those brought
about by food restriction. Oxytetracycline treatment
almost completely restored the binding of insulin to
the membranes of the liver, but food restriction did
not producethis effect. Qualitatively, the results which
we have obtained for the insulin binding to liver
membrane preparations of untreated lean and obese
mice are essentially similar to those already reported
(Kahn et al., 1973a). Quantitatively, the main dif-
ference between the results quoted above and the
results reported here reside in the fact that the mem-
brane preparations used for the present study were
less purified and therefore the specific activities ob-
tained were lower.
The finding that food restriction did not improve

the binding of insulin to liver membranes is, however,
in apparent disagreement with the report of Kahn
et al. (1973b), who stated that 'acute and chronic
dietary restriction of the ob/ob mouse ameliorates the
insulin resistance and is accompanied by an increase
in insulin-receptor sites toward normal'. It is impos-
sible to evaluate this statement in view of our results
since the experimental data of Kahn et al. (1973b)
are not available. The results presented for adipose
tissue are in agreement with those reported by
Freychet et al. (1972a).
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Table 7. Binding ofinsulin and isoproterenol to membranesfrom adipose tissue

The membrane preparation and the hormone-binding assays were performed as described in the Materials and Methods
section. The hormone concentration in the assay mixture was for insulin 80pmol/l (sp. radioactivity 56.4Ci/g) and for
isoproterenol 100nmol/l (sp. radioactivity 10Ci/g). The insulin binding represents the results of two experiments each
done in triplicate samples on two different membrane preparations. The isoproterenol binding represents the mean±s.E.M.
offour experiments each done on triplicate samples involving four different membrane preparations. Treatment was for
7 days.

Lean
Control
Oxytetracycline-treated

Obese
Control
Oxytetracycline-treated
Food-restricted

['251]Iodinated insulin
bound (fmol/mg

of protein)

1.8, 1.9
1.4, 1.2

0.60,0.55
1.6, 1.3
0.50,0.58

[3H]Isoproterenol bound
(pmol/mg of protein)

1.3±0.11
1.4+ 0.22

1.7±0.21
1.8+0.25
1.9+0.6

Our results indicate that the effects of oxytetra-
cycline on insulin-binding are not dependent on the
decrease in food consumption caused by oxytetra-
cycline; the oxytetracycline-treated obese animals
consumed almost twice as much food as the food-
restricted animals.

The patterns obtained for the displacement of
labelled insulin by unlabelled insulin for the lean and
the obese mice (Fig. 5) is in agreement with that
found by Kahn et al. (1973a). In addition, we

have noted that the profile observed in the obese
oxytetracycline-treated animals was similar to that
found for the lean animals.

It is noteworthy that in the case of the oxytetra-
cycline-treated mice, the return to normal glycaemia
followed the improvement in insulin binding by the
liver, whereas in the food-restricted animals, where the
insulin bindingwas not restored, the glycaemia always
remained in the same range as that of the obese ani-
mals. In both groups of treated obese mice (oxytetra-
cycline or food restriction), however, the insulin con-
centrations were within the normal range soon after
the onset oftreatment. Some authors (Chlouverakis &
White, 1969; Batt & Miahle, 1966) have reported that
food restriction completely corrected the hyper-
glycaemia in the obese mouse, so that the blood
sugar concentrations fell within the normal range.

Our results and those of Genuth et al. (1971) do not
agree with the results quoted above. In obese animals,
food restriction leads to 'stuff-starve' cycles; thus the
animals are in various metabolic states throughout the
day and the scheduling of the experiments may in-
fluence the results. Our conditions resemble those of
Abraham et al. (1971) and our results are also similar
to theirs.

We can only speculate on the mechanisms by which
oxytetracycline can increase insulin sensitivity in the

obese animals. This antibiotichas beenshown to inter-
fere with phospholipid metabolism and decrease the
choline content of the liver (Mukherjee & Mukherjee,
1969). It is possible that changes in the phospholipid
metabolism may lead to an alteration of the mem-
brane, leading in turn to an alteration of the insulin-
binding properties. This may be an action analogous
to that of phospholipase C on preparations in vitro
(Cuatrecasas, 1971b). It was also reported that
chlortetracycline, an analogue of oxytetracycline,
binds to insulin in the islets ofLangerhans (Prochazka
et al., 1965).
The observation that oxytetracycline treatment can

alter the insulin binding of the liver in both obese and
lean mice and that this increased binding is consistent
with the known action of oxytetracycline as a poten-
tiator of insulin action in dogs (Hiatt & Bonorris,
1970), humans (Miller, 1966) and rodents indicates
that the development of useful pharmacological
agents capable of modifying hormone binding is a
distinct possibility.
The primary genetic defect in the ob/ob mouse is

not known. Our experiments indicate that oxytetra-
cycline tends to correct many of the metabolic defects
of these animals, especially those of the liver. How-
ever, certain lines of evidence indicate the muscle or
the islet cells as the sites of the primary defect. It is
generally thought that the insulin resistance of the
muscle is more marked in comparison with that of
other tissues (Stauffacher & Renold, 1969; Genuth
et al., 1971). In turn, experiments with transplanted
islet cells point to an abnormality in islet-cell function
(Strautz, 1968, 1970; Gates etal., 1972). The normali-
zation of glucose tolerance in our oxytetracycline-
treated animals is consistent with a decrease in insulin
resistance of muscle. However, more direct experi-
ments are necessary to demonstrate this. Our present
experiments are directed towards examining specifi-
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cally the effects ofoxytetracycline treatment on muscle
and islet-cell metabolism.

This research was begun in the Department of Bio-
chemistry of Laval University, Quebec City, Que., Canada
where M. B. is registered for the M.Sc. degree. We thank
the Ministry of Social Welfare of the Province of Quebec
for a scholarship to M. B., the Medical Research Council
of Canada for a grant and Mrs. Sharon Tobin for her
expert technical assistance.
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