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Female Wistar rats were fed on a high fat diet for 18
weeks, during which their energy intake increased by
25% and body weight by 50% due to a doubling of
adipose tissue tissue stores. Animals were then
treated with increasing doses of a sheep polyclonal
antiserum to rat adipocytes on days 1-4 and 7 after
which they remained untreated for 14 weeks. Anti-
body treatment reduced body weight by 10% and the
weight of parametrial and subcutaneous adipose tis-
sue by 30-40%. This decrease was explicable entirely in
terms of a decrease in the number of adipocytes pre-
sumably due to adipocyte lysis. These favourable
changes in body fat mass were accompanied by im-
provement in at least one metabolic factor associated
with obesity - serum leptin concentrations were signif-
icantly reduced in treated animals compared with
high fat controls. Genetically obese Zucker rats also
showed decreases in the number of adipocytes after
treatment with antibodies but in contrast to diet-
induced obese rats, they showed a compensatory in-
crease in adipocyte volume which attenuated the ef-
fects on body fat mass. These results demonstrate for
the first time, the potential to treat diet-induced obe-
sity with antibodies to adipocytes by producing long-
term reductions in the number of adipocytes, with

minimal side-effects. © 1998 Academic Press

Previous studies showed that polyclonal antisera
raised against plasma membranes of adipocytes caused
adipocyte destruction in rats both in vitro (1) and in
vivo (2-4) and in a variety of species including rabbits
(5), sheep (6, 7), pigs (8) and chickens (9). In some
studies the lysis of adipocytes was accompanied by
increases in lean tissue producing favourable changes
in body composition (2, 4). Although all of these find-
ings were obtained using polyclonal antisera, a recent
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study demonstrated that individual monoclonal anti-
bodies can kill adipocytes in vitro (10). The ability to
produce such effects in vivo led to the proposal that this
approach might provide a useful therapy for the treat-
ment of obesity. To achieve this human monoclonal
antibodies entirely specific for cell surface antigens on
adipocytes would be required. They would have to be
effective in obese animal models and would probably
need to be accompanied by improvement in at least one
co-morbidity factor. Previous studies in rats have all
been conducted in young, lean, growing animals. In
this study we therefore examined both genetically- and
diet-induced obese rats, to determine the effects of
treatment on food intake and adipose tissue mass and
cellularity.

MATERIALS AND METHODS

Sheep antiserum to rat adipocytes was prepared as previously
described (1) except that the immunogen was adipocyte plasma
membranes prepared from Zucker rats. A y-globulin fraction of the
serum was prepared using 40% NH,SO, with the exception of study
1, where heat-inactivated serum was used. The y-globulin was re-
dissolved in, and dialyzed against, 10 mM phosphate buffer pH 7.4
and lyophilized. Prior to use the y-globulin fraction was dissolved in
sterile 0.15M saline at a concentration of 160 mg/ml representing a
4-fold concentration compared with the original antiserum.

Study 1: Effects of antiserum to adipocytes on body weight and
composition in fa*/fa* Zucker rats. Zucker rats from the Rowett
Research Institute colony were housed in pairs and given ad libitum
access to water and food (Labsure irradiated diet). After several
weeks animals were treated either with antiserum to adipocytes or
non-immune serum in doses of 1, 2, 2 and 4 ml on days 1, 2, 3 and 4
respectively. All doses were given ip - except on day 4 when 2 ml were
administered ip and 2xX1 ml sc. Treatment was repeated on days
15-18 and again on days 29-32. Food intakes were monitored daily on
treatment and twice weekly otherwise. After 5 weeks all animals
were killed by cervical dislocation. Adipose tissue depots were re-
moved and weighed, and a portion was removed to prepared isolated
adipocytes by collagenase digestion in order to determine mean
adipocyte volumes (11). In order to avoid loss of small cells the
digestion mixture was examined without washing the cells. Another
portion was used to determine dry weight of the tissue in order to
determine total adipocyte numbers. Blood was obtained from the
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TABLE 1
Effects of Repeated Treatment with Antiserum to Adipocytes on Body Weight Change and Food Intake in Zucker Rats

Body weight change (g)

Food intake (g/rat)

Time (d) Control Antiserum Control Antiserum

0-5 (treatment) 34x15 —46 + 1.3** 124 = 6 72 £ 1**

6-14 (recovery) 19.2+1.8 172+ 52 302+ 1 262 = 1**

15-19 (treatment) 52 +31 -17+ 1.0 126 + 6 72 = 5**
20-28 (recovery) 132 =27 150+ 44 320 = 16 288+ 9
29-33 (treatment) 114+ 21 135+ 52 119+ 2 124 = 3

0-33 39.7x55 394+ 11 990 * 27 817 = 12**

Note. Values are means = SEM for 4 animals per group.
*p < 0.05, **p < 0.01 compared with control.

trunk and stored for determination of serum glucose and triglyceride
concentrations (Sigma, London) and serum insulin (by RIA).

Study 2: Effect of antiserum to adipocytes on food intake, body
weight gain and adiposity in diet-induced obese rats and Zucker
(fa*/fa™) rats. Mature female Wistar rats approximately 5 months
old and weighing approximately 450g were given ad libitum access to
standard laboratory chow, milk chocolate and peanuts. After 8 weeks
the laboratory chow was replaced with the same chow supplemented
with 20% Lard (Special Diet Services, Cheshire, UK). After 18 weeks
of this high fat diet the animals were paired for body weight and one
of each pair was given sheep antiserum to adipocytes as a y-globulin
fraction, whilst the other received non-immune +y-globulin as a con-
trol. The doses, equivalent to 2, 4, 8, 8 and 8 ml/d divided into two
equal doses administered at 10.00h and 16.00h on days 1-4 and 7
respectively. Body weights, food and water intakes were monitored
daily during treatment and weekly thereafter. Three weeks after
treatment both groups of animals were switched to standard labora-
tory chow (low fat), after a further 2 weeks they were given high fat
laboratory chow (high fat), after a further 2 weeks they were given
high fat chow, chocolate and nuts (cafe) for 2 weeks and were finally
returned to the high fat chow for the last 3 weeks of the study. An
additional group were fed on standard laboratory chow throughout to
serve as non-obese controls and remained untreated.

Groups of obese Zucker rats weighing approximately 600g were
given ad libitum access to standard laboratory chow and water and
were also treated with antibodies to adipocytes or non-immune
y-globulin exactly as described above for Wistar rats.

All animals were killed 11 weeks after injection by cervical dislo-
cation and blood obtained from the trunk. Serum was prepared by
centrifugation and stored at —20°C until assayed for glucose, triglyc-
eride, insulin and leptin (by ELISA according to manufacturer’s
instructions, Crystal Chemical Inc., Chicago IL, USA). Major organs
were removed, weighed and small portions were preserved for his-
tological analysis in 4% paraformaldehyde. Subcutaneous and
parametrial adipose tissue depots were removed, weighed, a small
portion used for collagenase digestion to prepare isolated adipocytes
and a portion dried to constant weight.

RESULTS

Study 1. Treatment of Zucker rats with antibodies
to adipocytes for 5 days led to a decrease in food intake
of approximately 40% and a decline in body weight
compared with control rats which showed a weight
gain (Table 1). Animals treated with antibodies showed
an abnormal gait and some loss of locomotor control of
the hind limbs for several hours after the first injection

and then returned to normal. Subsequent treatments
on days 2-5 produced a less marked effect. During the
following 9 days off treatment, food intake recovered
but was still depressed compared with controls al-
though the rate of body weight gain recovered com-
pletely. During the second period of treatment (days
15-19) body weight and food intake were affected to the
same extent as in the first period, again with a subse-
quent recovery towards normal for food intake and
again no compensatory increase in body weight gain.
In the final period of treatment, however, body weight
gain continued to increase and food intake was unaf-
fected, suggesting a complete loss of efficacy of the
treatment.

At the end of the treatment period body weight
change had not been significantly affected by the treat-
ment. Neither, subcutaneous nor parametrial fat depot
weights were significantly affected by treatment with
anti adipocyte antibodies (Table 2). The most striking
effect of treatment, however, was the large decrease in
the number of adipocytes in both depots after treat-
ment, which was compensated for by a large increase
(almost 100%) in the mean adipocyte volume. No gross
histological changes were evident in any of the major
organs of the body nor were there changes in any organ
weights due to treatment (results not shown).

Study 2. Female Wistar rats, when given a diet
supplemented with chocolate and nuts showed an in-
crease in total energy intake of approximately 50%
which then decreased after 2 weeks, remaining ele-
vated by about 25% until week 7 when high fat chow
was introduced. Total energy intake again increased to
50% greater than controls and again after a further 2
weeks energy intake decreased, remaining at 20-25%
greater than controls fed the low fat chow. Over the 18
weeks pretreatment phase high fat fed rats consumed
2487 kJ/rat/week compared with 1896 kJ/rat/week for
the low fat chow. Body weight gain was also increased
3-4 fold compared with chow fed animals (Table 3).

When animals given the high fat diet were treated
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TABLE 2
Effects of Antiserum to Adipocytes on Adipose Tissue Weight, Mean Cell Volume, and Cell Number in Obese Zucker Rats

Adipose tissue

Mean cell volume Adipocyte number

dry wt (g) ((s) (x 107°)
Parametrial
Control 26.3+2.2 1027 = 81 23.7 =34
Antiserum 244+ 13 1960 + 73*** 12.1 = 0.9**
Subcutaneous
Control 246 =19 1152 + 148 25.0 £ 4.3
Antiserum 199+ 15 2105 = 48*** 10.4 = 0.5**

Note. Values are means = SEM for 4 animals per group.
**p < 0.01, ***p < 0.001 compared with control.

with antibodies to adipocytes they showed a reduction
in food intake and a weight loss whereas animals given
non-immune y-globulin continued to gain weight (Fig-
ure 1). Side-effects were evident as described in study
1 although again their severity decreased with re-
peated treatment despite an escalating dose regime.
Body weight continued to decline during the second
week after treatment and did not increase during the
third week, whereas the controls continued to gain
weight throughout the 3-week period. Food intake de-
creased in rats treated with antibodies during this
period (Table 4). During weeks 4 and 5 both high fat
groups were switched to low fat chow and showed a
surprising reduction in energy intake down to around
55% of the group receiving low fat chow throughout.
There was also a concomitant reduction in body weight
in both groups (Figure 1). When the animals returned
to a high fat chow diet their energy intake recovered
and body weight stabilized in both groups and when
chocolate and nuts were reintroduced (cafe diet) both
groups increased energy intake further and showed
body weight gain. For the final weeks of the study the
animals were kept on high fat chow and body weight
remained stable. Throughout the fluctuating food in-
takes and body weight changes, the 10% decrease in
body weight of antiserum treated animals was main-
tained when compared with controls, for the 11 weeks
post-treatment (Figure 1). Thus during the 11-week

post-treatment period the high fat controls gained on
average 36g whereas antiserum treated animals lost
on average 22g (Table 3). Food intake over the 11 week
period was also decreased by approximately 6% in the
treated rats although this was achieved entirely within
the first 3 weeks (Table 4).

Examination of adipose tissue depots showed that
consumption of the high fat diet produced an increase
in the weight of these depots of about 80% which was
explicable entirely in terms of an increase in the mean
cell volume of adipocytes, with no evidence of an in-
crease in cell number (Figures 2-4). Treatment with
anti-adipocyte antibodies produced a 40% decrease in
body fat depots (Figure 2) which was entirely explained
by a reduction in the number of adipocytes (Figure 3)
with no effect on mean adipocyte volume (Figure 4).
Weights of other major organs of the body were unaf-
fected by treatment (results not shown). Histological
analyses revealed occasional abnormalities (haemosi-
derin in red pulp of spleen, mild tubulo-interstitial
nephritis, interstial lymphocyte in filtrations of various
tissues) although these could be ascribed to the effects
of ageing and they were no more prevalent in treated
versus control (high fat) or control (low-fat) groups
(results not shown).

The effects of this treatment regime on Zucker rats
also induced a transient decrease in food intake and
body weight gain but, as in study 1, treated animals

TABLE 3

Effects of ad Libitum Feeding of a High Fat Diet, followed by Treatment with Antibodies to Adipocytes
on Body Weight Change in Female Wistar Rats

Pretreatment body weight (g)

Post-treatment body weight (g)

Treatment Week 0 Week 18 Change Week 0 Week 11 Change
Low fat control 400 + 132 449 + 172 49 + 92 449 + 170 481 + 23° 32 +11°
High fat control 387 + 162 575 + 38° 188 + 29° 575 + 38° 611 + 39° 36+ 52
High fat and antibodies to adipocytes 386 + 102 566 + 47° 180 + 39° 566 + 47° 544 + 402 —22 +15°

Note. Values are means = SEM for 7 animals per group. Values with different superscripts in the same column differ (p < 0.05).
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FIG. 1. Changes in body weight in rats on a low fat (chow) diet
(circles) or in rats maintained for 18 weeks on a high fat diet then
treated with control immunoglobin (triangles) or antibodies to rat
adipocyte plasma membranes (squares). Arrows indicate treatment
days. Dietary changes are indicated along the x-axis. Chow = low fat;
high fat = chow supplemented with 20% fat; cafe = high fat chow
plus chocolate and nuts.

showed compensatory increases in food intake and
body weight gain such that these parameters, as well
as adipose tissue weights, were unaffected by treat-
ment (results not shown).

Serum triglyceride concentrations were elevated in
Zucker rats but were unaffected by treatment (control
589 + 61 mg/L, (mean * SEM) antiserum treated
644 += 58 mg/L non-obese Wistar control 136 = 11
mg/L) whereas triglyceride concentrations in rats on
high fat chow were not elevated at the end of the study
irrespective of treatment (high fat control 141 + 9, high
fat plus antiserum 139 + 12). Similarly, serum insulin
concentrations were increased 17-fold in Zucker rats
independent of treatment (Wistar control, 0.9 = 0.2
ng/ml; Zucker 15.7 = 4.6 ng/ml) whereas high fat diet
induced only a modest increase in basal insulin levels
(1.9 = 0.7 ng/ml) which was not significantly different
from chow controls. Glucose concentrations were
mildly elevated in Zucker rats irrespective of treat-
ment (1.31 = 0.09 mg/ml, p<0.05) whereas glucose

FIG. 2. Wet weights of parametrial (open bars) and subcutane-
ous (hatched bars) adipose tissue in female Wistar rats fed a low or
high fat diet. Values are mean = SEM for 7 animals per group.
*p<0.05 compared with chow control.

concentration in high fat controls (1.07 = 0.08 mg/ml)
or high fat plus antiserum groups (1.11 = 0.11 mg/ml)
were not significantly different from low fat controls
(0.99 £ 0.09 mg/ml). Serum leptin concentrations were
increased in high fat control rats (14.9 = 1.9 ng/ml)
compared with chow controls (6.1 = 1.4 ng/ml, p<0.01
Student’s t-test). Treatment with antibodies to adipo-
cytes significantly reduced serum leptin concentrations
(112.2 = 2.3 ng/ml, p<0.01 compared with high fat
controls) although they were still significantly elevated
compared with chow fed controls (p<<0.05).

DISCUSSION

We have previously demonstrated the effectiveness
of antibodies to adipocytes in the destruction of adipo-
cytes in vivo with a subsequent improvement in body
composition (increased protein decreased fat) in grow-
ing animals (1-4, 8). In this study we examined various
aspects of treatment which would render this approach
feasible for the treatment of obesity. In the first study,
involving obese Zucker rats, we demonstrated the typ-
ical reduction in food intake and body weight gain
during treatment with antibodies to adipocytes which

TABLE 4

Food Intake in Female Wistar Rats after Treatment with Antiserum to Adipocytes or Non-immune Serum

Energy intake (kJ/rat/period)

Time (weeks) 0-3 4-5 6-7 8-10 11 Total
Diet cafe low fat high fat cafe high fat
Non-immune serum 6721 + 6832 2362 + 522 4212 = 92% 8655 + 12932 1655 = 272 23609 * 16132
Antiserum 4934 + 191° 2452 + 1052 4372 + 1502 8639 + 12007 1743 + 2092 22171 = 7662
Low fat control (low fat

chow throughout) 6074 = 30% 4184 = 71° 4047 = 892 6249 =+ 1682 1790 = 152 22344 = 777

Note. Values are means = SEM. Values with different superscripts differ (p < 0.05).
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FIG. 3. Adipocyte numbers in female Wistar rats fed a low or
high fat diet. Values are mean = SEM for 7 animals per group.
*p<0.05 compared with chow control.

we had previously shown in young, non-obese rats. In
addition we showed that this effect could be reproduced
two weeks later. This was in contrast to a previous
study where we showed that a single injection given
two weeks after the initial treatment was ineffective
(see 12), due to neutralization of the injected antibody
by the rat anti-sheep 1gG response. Our success in the
present study may have been due to the repeated dos-
ing effectively overcoming the neutralizing antibodies.
Even so, when a third treatment period was attempted,
there was a loss of efficacy presumably due to an in-
creased effectiveness of the response of the rats to the
injected immunoglobulin. Clearly this anti-sheep 1gG
response is irrelevant in a clinical context, where ho-
mologous antibodies would be used, but it serves to
demonstrate one of the limitations of the current
model.

Treatment of Zucker rats was very effective in
decreasing the number of adipocytes in two adipose
tissue depots although there was no significant effect
on adipose tissue mass due to a compensatory in-
crease in the mean adipocyte volume. To explore
whether this phenomenon was peculiar to the Zucker
rats, we induced obesity in normal Wistar rats using
a high fat chow supplemented with chocolate and
nuts. The initial effects of treatment were similar to
Zucker rats, with a 10% reduction in body weight
gain and a 50% reduction in food intake during the
week of treatment. After 3 weeks, during which time
appetite remained suppressed by 10-15%, we super-
imposed dietary changes, typical of those which
might be anticipated in treating obesity, ie a switch
to a low fat diet. We were surprised to see that both
control and antibody-treated animals markedly sup-
pressed food intake, well below animals which were
on a low fat chow throughout the study. Subsequent
changes in diet led to parallel changes in food con-
sumption and body weight gain in treated and con-
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trol rats, resulting in the maintenance of a 10%
reduction in body weight in treated animals com-
pared with controls, 12 weeks after treatment. In
contrast with the Zucker rats, this loss of weight
represented a large decrease in adipose tissue mass,
which was due solely to a loss of adipocytes, and with
no evidence of any compensatory mechanism in
terms of increased storage of triglyceride in surviv-
ing adipocytes. This illustrates a major difference
between genetic- and diet-induced obesity models
and questions the usefulness of the Zucker rat for
studies of this nature. The differences in these mod-
els were highlighted by the huge increase in serum
insulin in Zucker rats which was much more modest
in diet-induced obese rats as well as the greatly
elevated serum triglyceride levels in Zucker rats
which were not apparent in animals on a high fat
diet.

This study clearly demonstrates for the first time the
ability of passive immunization to produce significant
reductions in adipose tissue mass in obese animals and
to maintain these effects for several months without
further treatment. In addition serum leptin concentra-
tions were significantly reduced by treatment with an-
tibodies to adipocytes. This suggests that improve-
ments in co-morbidity factors may well accompany
treatment with antibodies to adipocytes although
clearly more detailed studies are required to assess
this fully.

Treatment did produce immediate side-effects and
whether these are due to antibodies which are specific
to adipocytes or due to cross-reacting antibodies in the
polyclonal antiserum is unclear at the moment. How-
ever, there were no long-term side effects in terms of
animal behaviour, or in terms of the histology of major
organs. In addition the transient effects on behaviour
appeared to be self-limiting since they became less
apparent upon retreatment, even with an escalating
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FIG. 4. Mean adipocyte volumes in female Wistar rats fed a low
or high fat diet. Values are mean = SEM for 7 animals per group.
*p<0.05 compared with chow control.
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dose. One possible explanation for this is that treat-
ment leads to complement activation, and thereby de-
pletion, which thus limits the cytotoxicity of the anti-
bodies. In support of this proposal a previous study of
ours, with relatively low doses of antiserum, showed
that serum complement falls to low levels within 12h of
treatment before recovering at 24h (4).

Finally, in these studies, although we have demon-
strated effects with polyclonal antisera there is reason
to suppose that single, monoclonal antibodies might be
ineffective because of their inability to fix complement
efficiently. Recent studies (10, 13) have, however,
shown that individual monoclonal antibodies produced
against porcine adipocytes will Kill rat or porcine adi-
pocytes in vitro. Pairs of antibodies could successfully
reduce body fat content in vivo in rats (10) and a single
monoclonal antibody was shown to be effective in re-
ducing fat deposition in pigs (13). Thus, if human
monoclonal antibodies can be identified with appropri-
ate specificity and complement-fixation properties, the
goal of an anti-obesity immunization therapy will be
even closer.
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