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Rats treated with oleoyl-oestrone maintain glucidic homeostasis: comparisons

with a pair-fed model

Anna Salas, Montserrat Esteve, M. Mar Grasa and Xavier Remesar*

Department de Nutricio i Bromatologia, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal, 645, 08028 Barcelona, Spain

(Received 12 November 2004 — Revised 9 June 2005 — Accepted 13 June 2005)

To determine whether or not the weight (and fat) loss induced by oleoyl-oestrone treatment results only as a consequence of decreased food intake, we
compared treated animals with a pair-fed model. To this end, Wistar female rats received daily oral gavages of 10 wmol/kg per d oleoyl-oestrone in sun-
flower oil, or vehicle alone for 10 or 20d. A second group of rats received the gavage of sunflower oil and the same amount of food ingested as the oleoyl-
oestrone-treated animals (pair-fed group). Rats treated with oleoyl-oestrone maintained glucidic metabolism homeostasis despite a marked decrease in adi-
pose tissue weight (P<0-001). Pair-fed rats exhibited a different pattern, comparable to short-term starvation, with greatly decreased glycogen stores
(P<<0-0001). The most significant effects were detected in the 10d period groups. Oleoyl-oestrone affected the activity of the ponderostat system not
only by decreasing appetite but also by modifying energy partition: treated animals maintained their glucose and energy homeostasis despite decreased

food intake and the massive depletion of lipid stores.

Oleoyl-oestrone: Body weight: Pair-fed

Oleoyl-oestrone (OE) is synthesized from oestrone by adipose cells
(Esteve et al. 2001) and released into the bloodstream, where its
concentrations correlate with body fat mass (Fernandez-Real et al.
1999; Cabot et al. 2000). As its experimental administration results
in the loss of body fat, without concurrent loss of body protein
(Sanchis et al. 1996; Grasa et al. 2001), OE has been postulated
as a lipostatic signal regulating body fat mass. The intravenous
administration of pharmacological doses of OE causes mild oestro-
genic effects, and results in high circulating levels of oestrone
(Cabot et al. 2001). Oral administration of the oestrone ester, how-
ever, precludes these effects by maintaining low plasma levels of
both oestrone and oestradiol (Cabot et al. 2001). The decrease in
food intake induced by OE is very sharp in the first 2 d of treatment,
but rapidly recovers thereafter; this contrasts with the pattern
observed for body weight, which maintains a gap in relation to con-
trols a long time after treatment has ceased (Adan ef al. 1999).

Although the mechanism underlying OE action remains
unknown, it may involve pathways other than those activated
by starvation. Thus, chronic food restriction leads to a decrease
in body weight, resulting from a marked increase in lipid mobil-
ization (Comizio et al. 1998) that contrasts with the pattern seen
in short-term starvation, with limited lipolysis and rapid utiliz-
ation of glycogen stores, inducing a dramatic decrease in liver
weight (Palou er al. 1981). The present study was designed to
establish whether or not the effects of OE on the intermediate
metabolism were simply a consequence of decreased food
intake. Thus, we compared OE-treated female rats over a period
of either 10 or 20d with rats that were fed the same amount of
food as that consumed by the treated rats (pair-fed, PF).

Materials and methods

Wistar female rats (Harlan-Interfauna Ibérica, Sant Feliu de
Codines, Spain) weighing initially 220-230g were housed in
individual cages under a light cycle (on from 08.00 to 20.00
hours) and in a temperature-controlled environment (20—22°C).
Food (standard rat chow pellets; Panlab, Barcelona, Spain) and
water were provided in excess at all times, except for PF
groups. Food consumption was measured daily and used to com-
pute the mean energy intake of the animals in each group based
on the energy content of the rat chow (digestible energy:
13-26 MJ/kg).

All procedures were in accordance with the guidelines for the
use of experimental animals established by the European Union,
Spain and Catalonia, and were approved by the Animal Handling
Ethics Committee of the University of Barcelona.

Rats were randomly divided into two groups: one group was
treated for 10d and the other for 20d. Each group was further
sub-divided into three groups (six rats per group) depending on
treatment: one group received a daily intra-gastric gavage of
0-2 ml sunflower oil containing 10 wmol OE (OED SL, Barcelona,
Spain) per kg rat weight (OE-treated group); the other two groups
received only the intra-gastric gavages of sunflower oil, the first
fed ad libitum (control group), the second having its food
access limited to amounts consumed by the OE-treated animals
(PF group).

On day 10 (or 20), and at the beginning of the light cycle, rats
were killed by decapitation and blood was recovered in plastic
beakers. Serum was separated and frozen for analysis. The liver,

Abbreviations: OE, oleoyl-oestrone; PF, pair-fed; WAT, white adipose tissue.
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pieces of white adipose tissue (WAT) from different locations
(periovaric, retroperitoneal), interescapular brown adipose tissue
and gastrocnemius, tibialis, soleus and extensorum digitorum
longus muscles were immediately excised, frozen in liquid N
and stored at — 80°C. All tissue samples were weighed before use.

Lipid content of liver and gastrocnemius muscle samples were
extracted with trichloromethane—methanol (2:1), dried and sub-
jected to direct weighing (Folch er al. 1957). Tissue samples
were used for glycogen determination as glycosyl residues (Sera-
fini & Alemany, 1987). DNA content was measured in WAT
samples using a standard fluorimetric method with 3,5-diamino-
benzoic acid (Sigma Chemical Co., St Louis, MO, USA) and
bovine thymus DNA as a standard (Remesar et al. 2002). Since
all cell nuclei contain the same amount of DNA (about 6 g
per million cells), we could estimate the approximate number of
cells in a given WAT site by dividing its DNA content by
the mean DNA content of a cell (6 pg/cell). The mean mass of
the cells in a given WAT site was determined by dividing the
weight of the tissue by the number of cells it contained
(Her et al. 1973; Remesar et al. 2002).

Serum was used to measure glucose (kit from Sigma), triacyl-
glycerols (kit from Biosystems, Barcelona, Spain), NEFA (kit
from Wako, Richmond, VA, USA), 3-hydroxybutyrate (kit from
Roche Diagnostics, Mannheim, Germany), total cholesterol (kit
from Menarini, Florence, Italy), HDL-cholesterol (kits from
Randox, Crumlin, UK and from Menarini), insulin (sensitive rat
insulin RIA kit from Linco, St Louis, MO, USA), leptin (rat insu-
lin RIA kit from Linco), acyl-oestrone (Ardévol et al. 1997,
Estrone RIA; DSL, Webster, TX, USA) and adiponectin (mouse
adiponectin kit from Linco).

Prism 4 program was utilized for statistical analysis (GraphPad
Software, San Diego, CA, USA). Two-way ANOVA was
employed either to compare all experimental groups or to com-
pare only the OE and PF groups. Post hoc Bonferroni tests
were used to establish the differences between groups. The o
level for post hoc comparisons was 0-95.

Results

Rats treated with OE exhibited markedly decreased food intake
during the first 4 d of treatment (Fig. 1); they subsequently recov-
ered to control levels on day 10. OE-treated animals ate a mean of
163 (sEM 8:4) g over 10d compared with 196 (SEM 7-11) g con-
sumed by control rats. The intake differences between OE and PF
groups v. control group were significant only during the first 5 d of
treatment. Between days 10 and 20 the control group consumed
193 (sem 8-11) g while the OE and PF groups ate 169 (SEM
11-1) g.

Fig. 2 displays the changes in body weight during the period
studied. The OE group exhibited significantly lower body
weight than the PF group during treatment. Thus, there is an
initial decrease in body weight in both the OE and PF groups,
with the lowest values occurring on day 4, followed by a partial
recovery running parallel with the control group; however, this
gap is maintained until the end of the study. It should be noted
that the recovery for the PF group tended to be faster than that
of OE-treated rats.

Table 1 demonstrates that the serum levels of glucose, NEFA,
3-hydroxybutyrate and triacylglycerols were not affected by OE,
regardless of the experiment’s duration. The control and OE
groups differed only in total cholesterol and HDL-cholesterol
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Fig. 1. Changes in food intake of Wistar female rats after 10 or 20d of daily
gavages of sunflower oil (control group, M) or 10 umol/kg oleoyl-oestrone
(OE)/pair-fed (PF) group (®). PF rats were fed the same amount of food as
the OE-treated group. For details of procedures, see p. 738. Values are the
means (of six to twelve different animals) with their standard errors depicted
by vertical bars. Significance of the differences between groups (two-way
ANOVA): effect of time P<<0-0001; effect of treatment P<<0-0001. Bonferroni
post-test: control and OE-treated values were different on days 2 and 5
(P<0-05), as well as on days 3 and 4 (P<0-001). There were no differences
between OE-treated and PF groups.

levels, proving particularly low in the OE group; conversely,
the PF group showed significantly increased levels of lipid metab-
olites on day 10, although this was not maintained on day 20,
when only a decrease in glucose and urea and an increase in 3-
hydroxybutyrate were recorded. Direct comparison of the OE
and PF groups uncovered significant differences in urea, triacyl-
glycerols, NEFA, 3-hydroxybutyrate, cholesterol and HDL-
cholesterol.

Serum hormone levels revealed important differences between
treated groups and controls, as can be seen in Table 2. On day 10,
OE-treated rats exhibited lower insulin and leptin levels, and
higher acyl-oestrone levels than did controls, these differences
remaining intact on day 20 in the case of leptin. The PF group
displayed lower leptin and insulin and higher adiponectin levels
on day 10 than did controls, the differences in leptin and insulin

2110 !
=
° M
E 72T
k=)

$ 90-

>

he] L

[

@ 57

I T T

T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Days

Fig. 2. Changes in body weight, expressed as the percentage of initial body
weight, of Wistar female rats after 10 or 20d of daily gavages of sunflower oil
(control group, M) or 10 umol/kg oleoyl-oestrone (OE) (®) and the pair-fed
(PF) group (O). For details of procedures, see p. 738. Values are the means
(of six to twelve different animals) with their standard errors depicted by
vertical bars. Significance of the differences between groups (two-way
ANOVA): effect of time P<0-0001; effect of treatment P<0-0001. Bonferroni
post-test: control and OE-treated values were different from day 3 of
treatment (P<0-05). Two-way ANOVA restricted to OE-treated and
PF groups showed significant effects on both time (P<0-0001) and treatment
(P<0-0003), without any interaction (P=0-9056) or differences at any point
when the Bonferroni test was applied.

ssa.d Asssnun sbprique) Aq auljuo paysiiand /S1500ZNIE/6£01°01/61010p//:sd1y


https://doi.org/10.1079/BJN20051547

https://doi.org/10.1079/BJN20051547 Published online by Cambridge University Press

A. Salas et al.

740

(VAONY) sdnolb usamiaq saouaiayip 8y} jo aouediubig)

'gg/ "d @95 ‘sainpaooud Jo sjiejep 4o,

“(50:0>d ‘1s8} uowisjuog ‘suosuedwiod ooy jsod) Jusieylp Apueoyiubis iem siens| 1duosiadns ex|un Yim Mol B UIYIM SBn[eA UBs|q.,
‘payj-ired ‘44 ‘euonsao-jAos|o ‘30O

0¥8€-0 €810 9/1€0 9l 96} ¥4 el81 LS 2902 ¥4 qel8l L1 444 LL elVl (nu) suosnseo-jhoy
#0000 G000-0 8120 el €6} 4" el9l [ eC8l 8¢ q6¢c 14" 60} cl eVl (nu) uposuodipy
72890 1000-0 9/€0°0 200 q++0 100 qt+0 200 Al 200 4600 100 4800 200 <9+0 (nu) unden
1000-0> 10000 20000 €00 q5¢0 €00 V0 ¥0-0 €550 10-0 S0 00 qv¢0 900 el€0 (wu) unnsuj
4d A 30 juswiyeal | owl] W3s ues|\ W3s ues|\ W3s ues|y w3s ues|\ w3s ues|\ was ues|\ Jojoweled
4d pajeal-30 |04u0d dd pajeal-30 |043u0)
Id poc POl
(dnoub Jad sfewiue Xis 10} SI0118 PIEPUEIS JIBY} UM SanjeA Uea|y)
LJuawieal) Jo p Qg 10 Q| Ja)e sjel sjews) Jelsip\ JO senjea suowioy ewse|d ‘g a|geL
(VAONY) sdnoib usamiaq saouaiayip a8y} jo aouediubist
‘ge/ d @as ‘sainpasoud jo s|ejep 104,
*(S0-0>d ‘1s8} luowiBjuOg ‘suosiiedwod ooy jsod ) Jusiseyip Apueoyubis aiem siene| 1duosIadns aXIlUN UM MOI B UIYIM SONJBA UBDIN .
‘paj-lied ‘4 ‘euoliseo-jAosjo ‘30
1000°0> 1000°0> #0000 200 ¢€8°0 60°0 870 S00 ¢80 600 e8H} 900 q8€°0 S00 62} (Ww) [oJ81s8j0Y2-1AH
1000-0> 1000-0> 8€91-0 800 6l L0 4890 €00 elcl 800 =0€ | 4N 4690 L0 el (nw) joses8j0Y0 [BIO |
#0000 1000°0> 99G€°0 206 qoSLL Lol V0t 44 elc8 LI q€61 Sl V0l 106 2001 () eyesfingAxoipAn-¢
20000 20000 96810 S0'0 2050 200 e8¢0 S00 670 100 4990 €00 €70 S00 e8¢0 (Ww) v43N
/%000 08100 £€808-0 900 €950 G0-0 970 600 el90 800 €20 €00 970 00 070 (nw) sjo1e0A|61AoeN |
/9000 €610°0 28200 960 €67 120 V99 L¥0 e66°S 920 el9Y 610 056G 8€0 200°S (Ww) eain
L6¢t-0 60200 1¢c9-0 010 q6¢S 010 ebl 'S 0€-0 ell9 €10 89S L0 e99°G 800 VS (ww) esoonin
4d A 30 juswieal | owl] w3s ues|\ w3s ues|y\ W3s ues|y\ W3s ues|y W3s ues|y W3s ues|y Jsjaweled
4d pareai-30 |ouo) 4d pareai-30 |osuod
d poc POl

(dnoJb Jad sjewiue XIS 10} SI0418 PIBPURS JIBY) YlIM SBNn[eA ues|y)

Juswijeal) Jo p 0z 10 Q| J8)e Sel a[ews) JeISIM JO S|9AS| a)ljogelsW WNIes | ajqel


https://doi.org/10.1079/BJN20051547

Glucidic homeostasis and oleoyl-oestrone-treated rats 741

still maintained at day 20. Direct comparison of the OE and PF
groups indicated that insulin and adiponectin levels were, in
fact, different.

Table 3 depicts the absolute and relative weights of liver and
different muscles. In OE-treated rats the weights of the liver
and soleus, tibialis and extensorum digitorum longus muscles
remained the same, but exhibited a lower gastrocnemius muscle
mass than controls, on both days 10 and 20. The PF group main-
tained the same muscle weight values but decreased values for
liver, on both days 10 and 20. As a consequence, the relative
weight of the liver in PF were lower than in the control group,
contrasting with the increased values displayed by the OE
group on day 20. Muscles of treated groups maintained their rela-
tive values in comparison with the control group, except for gas-
trocnemius muscle on day 10. Direct comparison between OE and
PF groups indicated that liver, gastrocnemius, tibialis and exten-
sorum digitorum longus muscle weights were different.

Table 4 displays the absolute and relative weights of adipose
tissue sites, as well as the mean cell weight and number. The
OE group showed lower adipose tissue weights, significantly so
both in the case of periovaric location on day 10, and for all adi-
pose samples on day 20. This same pattern was repeated by the
relative weight of tissues. The number of cells decreased in peri-
ovaric and retroperitoneal adipose tissue with OE treatment, on
both days 10 and 20 of treatment. PF groups revealed a tendency
toward lower adipose tissue weights, the differences being signifi-
cant for retroperitoneal (due to decreased cell numbers) on day
10, as well as for all adipose samples on day 20. Direct compari-
son between OE and PF groups indicated that periovaric WAT
weight and cell number were also different between these
groups. Brown adipose tissue showed significant decreases for
the PF group on days 10 and 20, whereas in the OE group this
decrease was significant only on day 20.

Table 5 displays values for liver and gastrocnemius muscle
lipid, protein and glycogen content. Treatment with OE did not
induce changes in liver and muscle metabolite content, neither
on day 10 nor day 20, except for a small increase in protein con-
tent on day 20. However, the PF group exhibited an almost com-
plete depletion of glycogen levels, particularly on day 10, the
decrease being more marked in liver than in muscle. There
were significant differences in liver protein, as well as in liver
and muscle glycogen content between the OE and PF groups.

Discussion

Control rats exhibited normal growth patterns during treatment,
since the extra energy provided by oil gavages represented only
3% (8-6kJ/d) of the energy derived from rat chow (265kJ/d).
Serum hormone and metabolite levels were similar to those pre-
viously described (Grasa et al. 2001), with the decrease in choles-
terol and HDL-cholesterol levels proving the most remarkable
occurrence. The detected decreases in total cholesterol were as
pronounced as previously described, being the important decrease
in HDL fraction partially counterbalanced by the increased
cholesterol content of other lipoproteins, mainly in the VLDL
fraction (Blay et al. 2002).

The response of OE-treated animals in terms of body weight
and food intake was the same as that described for a 10d treat-
ment (Grasa et al. 2001), implying a rapid recovery of food
intake following a short period of restricted intake (about 4 d),
which is not counterbalanced by a recovery in body weight.

This sequence of events had two consecutive periods: the initial
10d, where food restriction in the OE and PF groups represented
a 17 % decrease in the energy ingested by controls (predominantly
during the first half of the period); and a second period, wherein
food restriction represented only a 13 % decrease in the energy
ingested by controls. It might therefore be expected that the
effects of energy intake limitation should be more intense in the
groups treated for 10d than in those treated for 20 d. However,
the effects induced by treatment or dietary restriction in the
10d groups seriously affected recovery, since the partial increase
in food intake between days 10 and 20 was not followed by a
rapid weight recovery. As the slopes in the growth pattern were
similar from day 4 onwards, the differences in body weight
were maintained between treated and control groups. Loss of adi-
pose tissue mass was the major contributing factor to weight loss,
consistent with previous studies (Grasa et al. 2001). This is also in
accordance with the role postulated for OE in modifying the pon-
derostat setting (Adan et al. 1999).

We can assume that the decrease in body weight in OE-treated
rats ultimately resulted from the negative energy balance stem-
ming from the unchanged energy expenditure (Sanchis er al.
1997b) combined with a decreased energy intake. This imbalance
derived principally from lipid mobilization, as confirmed by adi-
pose tissue depletions from various locations during the first half
of the period. In fact, this loss was maintained during the second
10d, despite the resumption of relatively normal food intake.
Lipid mobilization persisted while maintaining normal glucose
and glycogen levels, indicating that the body’s response to the
energy imbalance was highly selective, i.e. the retention of carbo-
hydrate stores coupled with the mobilization of lipid resources.
The tendency to increase liver glycogen levels in the OE group
on day 20 is consistent with our previous reports (Sanchis et al.
1997a), and explains the increase in relative weight.

The decrease in adipose tissue mass in OE-treated animals was
caused by a corresponding decrease in cell numbers, consistent
with a predominance of apoptotic mechanisms (Troyer & Fer-
nandes, 1996). The present results are partially in accordance
with previously reported gender-specific patterns (Porter et al.
2004) in rats with restricted energy intake, specifically the ten-
dency of females to maintain adipocyte volume, despite the vary-
ing sensitivities of adipose locations.

The PF group followed a different growth recovery pattern than
the OE-treated group, involving more pronounced changes in
liver weight (resulting from a near total depletion of glycogen and
its associated water) and more pronounced than those in adipose
tissue, especially during the first 10d. This pattern continued over
the second 10 d period, since low liver weight and hepatic glycogen
were maintained. The scarcely detectable mobilization of adipose
tissue during the first 10 d, when only the retroperitoneal location
showed a significant weight loss despite the decreased cell numbers
on day 20, contrasts with the pattern of OE-treated rats, and may, in
fact, be consistent with the increased lipolysis observed in these
groups (Grasa et al. 2001). The metabolic pattern followed by the
PF group was similar to that induced by short-term starvation,
with lower glucose levels and a dramatic decrease in liver and
muscle glycogen, together with enhanced markers for lipolytic
activity, i.e. the increase in NEFA and ketone bodies. Such
decreases in both leptin and insulin levels support this interpretation
(Rabinovitch et al. 1976; Baranowska et al. 2001), as do the
increases in adiponectin levels (Zhang ef al. 2002). Since over the
last 4d these rats ingested nearly 90 % of the control intake, it
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Table 5. Liver and gastrocnemius muscle metabolite content in Wistar female rats after 10 or 20d of treatment*

(Mean values with their standard errors for six animals per group)

20d

10d

OE-treated PF Control OE-treated PF

Control

Treatment OE v. PF

Time

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean

Parameter

<0-0001

0-0001
0-8773
0-0837
0-0150
0-0226
0-0654

0-0055
0-1228
0-2937
0-0868
0-3098
0-0148

6-1

3
303

127°

45.4

5522

4.1

6

1.71 518°%

13

5.94°

296

50-7
23

3522

391
19

485°

Liver glycogen (mg)
Liver lipid (mg)
Liver protein (g)

0-7295
0-0091
0-0225
0-4098
0-7461

32 112

275%

30

2742

308

0-21
0-78
2.2

21

1.66%°
2.60%
19.02
2722

0-11
0-61
1.3

13

1.89°

0-11

0-63
51

31

1.53%
3.93%
24.5%
306°

0-09
0-34

21
23

1.43°

0-08
0-44

21
18

1.64%°
3.212
16-32
2422

0-13
0-27
2.11

11

1.772

3.43%
19.8%
257%

1.42°
19.82
2372

3.06%
22.1%
2612

Muscle glycogen (mg)
Muscle lipid (mg)

Muscle protein (mg)

OE, oleoyl-oestrone; PF, pair-fed.

abMean values within a row with unlike superscript letters were significantly different (post hoc comparisons, Bonferroni test; P<0-05).

*For details of procedures, see p. 738.

tSignificance of the differences between groups (ANOVA).
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remains difficult to attribute such dramatic changes to a simple trial
of food deprivation, and a possible role of stress arising from the
limitations of available food, as an intrinsic factor of a PF model,
must be considered (Belda er al. 2005).

The restriction of food intake does not affect protein metab-
olism in the same way in the OE and PF groups. In OE-treated
rats the stable urea levels, the maintenance (or increase on day
20) of liver protein content and the lack of relative weight
changes in nearly all muscles indicate that protein was preserved
and confirms the stability of this tissue, as has been previously
reported (Cabot et al. 2000). However, the decrease of gastrocne-
mius muscle weight, perhaps as a consequence of slight decreases
in lipid and protein contents, begs the question of whether differ-
ent metabolic responses are the products of diverse fibre-type
composition. The effects on the PF group are consistent with a
possible loss of protein mass, similar to mechanisms underlying
short-term starvation, particularly generated by liver protein, as
is evident by the decrease in urea levels.

Decreases in insulin and leptin levels are not only typical of OE
treatment (Adan et al. 1999), but are also consistent with the main-
tenance of energy balance at the expense of internal stores within the
context of maintained internal homeostasis. However, the patterns
followed by the OE-treated and PF groups, despite certain similar
strategies regarding energy homeostasis, differ notably in the way
glucose homeostasis was maintained: depleting glycogen in PF
and decreasing its utilization in OE-treated rats. The more pro-
nounced changes in insulin levels in PF groups, together with the
increase in adiponectin levels on day 10, reinforce the different
strategies employed by the OE and PF groups in managing their glu-
cidic reserves. Moreover, the lipolytic pattern followed by the PF
and OE groups is different, since the WAT weight decrease induced
by OE is more pronounced than that caused by food restriction.
Thus, the OE group does not display changes in plasma lipolytic
markers, such as NEFA and 3-hydroxybutyrate levels, conversely
to increased levels shown by the PF group, which are probably
caused by an increase in hormone-sensitive lipase activity as in
fast-state setting (Koopman et al. 1989). This fact allows us to
suggest an accelerated utilization of these metabolites in the OE
group that could explain the maintenance of glucidic stores.

Taken as a whole, the present findings confirm that lipid mobil-
ization in OE-treated rats is not merely a consequence of food
intake. We would furthermore suggest that treatment with OE
induces certain selective changes in the control of sympathetic
activity that probably induce a selective lipid mobilization with-
out any change to glucidic homeostasis.
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