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Abstract

Objective: This study was performed to analyze the modifications within adipose tissue during
calorie restriction and more specifically to state whether hysteresis occurs during fat mass reduc-
tion. Method: Rats male Wistar increased their body weight by 130 g under control conditions and
were then submitted to a calorie restriction (CR) at 30% or 60% of control. Experiment has been
stopped when the body weight of the group CR60% returned back to its initial value. Samples of
retroperitoneal adipose tissue were collected by biopsies along the study. Adipose cell size was
analyzed using multisizer IV (Beckman Coulter) to determine the size distribution curves during
natural growth and after calorie restriction. Results: After CR60%, body weights and adipose tis-
sue masses were similar to the ones at the beginning of the experiment. Adipose cell size distribu-
tion curve was shifted to the left compared to the one of initial control. Adipose cell sizes were sig-
nificantly lower after CR60% than those of control at the beginning of the experiment. Conclusions:
These results state for the first time that hysteresis occurs in white adipose tissue after calorie re-
striction. The composition of adipose tissue after calorie restriction was significantly different
than the one of initial control. After significant weight loss, organisms must be considered as dif-
ferent from the initial controls, they are most likely governed by different regulations which will
have to be identified.
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1. Introduction

White adipose tissue is the main site of energy storage as triglycerides. It is nowadays considered as a major
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regulator of many physiological regulations of critical importance such as food intake, energy expenditure, insu-
lin sensitivity and even immune system through the numerous adipokines it produces [1]. Adipocytes are the
cells within organism having the highest hability to change their size. Indeed a 10 times change in diameter re-
sults in a 1000 times change in volume. Such changes in size may occur during the setting of obesity but also
during shortage in energy intake. Numerous studies have suggested that the size of adipose cells has major inci-
dences on their physological functions. It is the case for lipolysis [2] [3], lipogenesis activity [4], adrenoceptors
expression [5], glucose metabolism [6] and adipokines secretion [7] [8]. Nevertheless, how cell sizes change
during body weight variations remains poorly documented. The aim of the present work was to study cell size
changes during normal growth and caloric restriction to get insights on the physiological capabilities of adipose
cells to change their sizes. It was specifically designed to test the hypothesis of hysteresis of adipose tissue.
Hysteresis is the property of a system that returns back to an initial state through a route that is not superposable
to the one utilized to reach a final state. It is known that the number of adipose cells can hardly decrease during
fasting [9] or even type | diabetes [10]. Besides, it is also known that adipose cell number increases throughout
lifespan when adipose tissue expends [11]. We may then conclude that during caloric restriction, the size of
adipose cells will decrease but the number of adipose cells will remain unchanged. Considering adult at TO, after
a growing period, calorie restriction will decrease body weight back to the initial TO value. Adipose tissues
should as well return to initial values. If the concept of hysteresis is true, after calorie restriction animals should
have the same body weight, the same adipose tissues masses, but the size of adipocyte should be significantly
decreased compared to the one at TO. Epididymal, subcutaneous and retroperitoneal adipose tissues have been
studied to state whether hysteresis occurs similarly in different localizations.

2. Materials and Methods
2.1. Animals

Adult male Wistar rats [Harlan Gannat, France] were housed in an air-conditioned room with a controlled envi-
ronment [24°C + 1°C] under a 12 h light and dark cycle with free access to food [3.2 kcal/g, 65% carbonhydrates,
11% lipids, 24% proteins [wt/wt], AO3, SAFE, Augy, France] and tap water.

2.2. Experimental Protocol

Experimental protocol was done on twenty six rats weighting 321.5 + 2.6 g. To avoid individual variations in
adipose tissue masses and adipose cell size, biopsies of RWAT were performed. The advantage of biopsies is
that it allowed to followed the changes in adipose cell sizes on the same animal during the time-course of the
experimental protocol. Biopsies of RWAT were performed on 18 rats at TO = day 0. Animals were anesthetized
with isoflurane. Skin was disinfected with alcohol and betadin. A small incision was realized on the back of the
animals. A fragment from 80 to 100 mg of retroperitoneal adipose tissue was taken under sterile conditions. The
muscle layer and then the skin were stitched and disinfected. A disadvantage of biopsies is that it is not possible
to precisely measure the weight of adipose tissues. For that reason four animals were sacrificed at the beginning
of the experiment corresponding to control TO [323.2 £ 6.5, n = 4] and at T1 [443.7 + 11.1 g, n = 4]. Animals
were fed ad libitum a standard diet. After 37 days [T1] of normal growth, animal body weights were 452.4 + 6.0
g [n = 22]. A second biopsie of RWAT was practiced at T1 = day 37, on 18 animals. Then, they were randomly
divided into three groups: control fed ad libitum, calorie restricted a 30%, calorie restricted at 60%. After 22
days, rats submitted to 60% of caloric restriction had lost 100 g, their body weights were not significantly dif-
ferent from the one of control at TO. Rats submitted to a caloric restriction of 30% kept a stable body mass
[438.2 £ 25.4] while control weighed 540.6 + 39.5. Rats were sacrificed by a lethal injection of pentobarbital
and dissected.

2.3. Blood Samples and Tissues Dissections

Blood was rapidly withdrawn from cardiac puncture on heparinized tubes, centrifuged 5 min at 4000 g to pre-
pare plasma. White adipose tissues [WAT] from three different anatomical depots: epididymal [EWAT], retro-
peritoneal [RWAT] from both sides, and subcutaneaous [SCWAT] from only one side were dissected out, ac-
cording to anatomical landmarks and weighted. One sample of each tissue was fixed for the measure of cellular-
ity, another sample was snap frozen in liquid nitrogen and stored at —80°C.
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2.4. Cellularity Study: Measurement of Adipocyte Size

The method for measuring adipose cell size has been recently described [12]. Small adipose tissue samples (50 -
90 mg) from each depot were rinsed twice with NaCl 0.9% [w/v] at 37°C, twice in 50 mM 2,4,6-trimethylpyri-
dine/NaCl 0.9% and fixed in 0.12 M osmium tetroxide/50 mM 2,4,6-trimethylpyridine/NaCl 0.9% [Sigma Al-
drich, Saint Quentin Fallavier, France] for 96 hours at room temperature. Samples were washed with saline for
24 h, then the saline was replaced by 10 mL of 8 M-urea for 72 h with occasional swirling to liberate the cells.
Samples were filtered to remove undegraded piece of tissue and then washed with 0.01% TRITON X-100 [v/v]
in NaCl buffer. Then the supernatant was discarded and cells were resuspended in glycerol. Cell suspensions
were diluted. The adipocyte size distribution was measured using a Beckman Coulter Counter Multisizer 1V
with a 400 pum aperture allowing an effective aperture of 20 - 240 um. Data were expressed as particle diameters.
Cell-size distributions were drawn from measurement of at least 20,000 cell diameters per adipose tissue.
Adipose cell size repartition is bimodal with two cell populations distinguishable according to their size.
These two populations having small size and much larger size, are separated by the nadir, which is the size at
which the cell frequency is the lowest. The mode is the size at which the cell frequency is the largest. The width
refers to the width of the gaussian curve at half the maximum drawn from the frequency of diameters of the lar-
ger cell population. To calculate the critical parameters of cell size distribution like mode, width and nadir, cel-
lularity histograms were fitted against a sum of two exponentials [to describe small adipocytes] and a gaussian
[for bigger adipocytes]. A simple Levenberg-Marquardt algorithm was used to minimize quadratic error.
2
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The mode of the distribution refers to the parameter m and the width as s. The nadir of the distribution is
found numerically by looking for the root of the derivative of the fit [13] [14].

2.5. Statistical Analysis

Data are expressed as means + standard error of the mean or standard deviation. Statistical analysis were per-
formed with Stat View 4.5 software for Windows, the data were analyzed using one way ANOVA following by
Fisher’s protected least significance difference [PLSD], post hoc test. Statistical significance was accepted at p <
0.05.

2.6. Ethics

All experiments were performed according to the guidelines laid down by the French Ministere de I’ Agriculture
[n°87 - 848] and the European Union Council Directive for the Care and Use for the Laboratory Animals of
November 24™, 1986 [86/609/EEC]. AG [n69266332] hold a special license to experiment on living vertebrates
issued by the French Ministry of Agriculture and Veterinary Service Department.

3. Results
3.1. Evolution of Body Mass

Initial body mass of the animals was 321.5 £ 2.6 g [n = 26]. Four animals were sacrificed at the beginning of the
experiment corresponding to control TO [323.2 £ 6.5, n = 4]. A first biopsie of RWAT was practiced on the re-
maining animals. After 37 days of ad libitum feeding, animals body mass were 452.4 + 6.0 g [n = 24]. Four rats
were sacrificed corresponding to control T1 [443.7 £ 11.4 g, n = 4]. From TO to T1 body mass growth of ani-
mals was 130 g. A second biopsie of RWAT was practiced on the remaining animals. Then they were divided
into 3 groups, either ad libitum fed or 30% or 60% calorie restriction. After 22 days, control animals weighed
540.6 + 39.5 g. From T2 to T3, body weight of animals submitted to 30% calorie restriction remained constant
while animals submitted to 60 % calorie restriction lost 100 g [353.0 + 25.8 g, Figure 1]. In ad libitum fed rats,
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Figure 1. Evolution of body weights during the experimental protocol. After 37 days
of ad libitum feeding, rats were divided into 3 groups, either fed ad libitum [control]
or 30% or 60% calorie restricted [respectively CR30% and CR60%]. Adipose tissue
biopsies and sacrifices have been performed at TO and T1.

the sum of adipose tissues [EWAT, RWAT and SCWAT] was 8.6 + 0.4 g, n=4at TO, 16.92 + 1.4 at T1 and
24.8 £ 4.5 g at T2. In 30% calorie restricted animals it was 18.2 + 1.5 gand 9 + 1.9 g in 60% calorie restricted
animals. Body weights and adipose tissue weights were similar in control TO and CR60% T2. The weights of
individual adipose tissue followed that evolution [Figure 2]. EWAT and RWAT grew faster than SCWAT.

3.2. Adipose Tissue Composition

Concerning RWAT, the size repartition curves have been built from adipose tissue obtained by biopsies coming
from the same animals, at different times: TO, T1 and T2. Thus they represent the true evolution of cell sizes
during the time course of the experiment. The normal growth in ad libitum fed rats resulted in a slight right shift
of the curve [Figure 3(a)]. The mode and the mean increased significantly from TO to T2, while nadir and width
did not change significantly [Table 1]. The effects of 30% calorie restriction were very limited. It stabilized
body weight [Figure 1] and adipose tissue masses [Figure 2]. Concerning the repartition cell size curve, only
the width was significantly lower than the one of control T1 and became similar to the initial control TO. The
mode, the nadir and the mean remained similar than the one of control T1. The “mean” remained significantly
higher in 30% calorie restriction compared with TO [Table 1, Figure 3(b)].

The most significant result of the present study is that the “mean” and the “mode” after 60% calorie restric-
tion were significantly lower than the one of initial control TO [Table 1]. Indeed the cell size repartition curve of
T2 CR60% is shifted to the left compare to the one of Control TO [Figure 4(a)]. A similar result was observed
for SCWAT, although in that case the tissue have been collected on different animals [Figure 4(b)]. On the op-
posite no difference was observed in EWAT between T2 CR60% and Control TO [Figure 4(c)].

4. Discussion

The most important result of the present study is the evolution of cell size during food restriction. Although, it
may be obvious that food restriction results in a loss of white adipose tissue mass, and most likely in adipose cell
size, the evolution of cell size during food restriction has never been extensively studied. The aim of the present
study was to test whether hysteresis occurs in adipose tissue during calorie restriction. Results show that after a
period of normal growth [TO to T1] a calorie restriction causing the reduction of body weight to the initial value
resulted in similar adipose tissue mass but with a significant reduction of adipose cell sizes. The fact that ani-
mals at TO control and T2 CR60% have the same body weight, the same adipose mass but significantly de-
creased adipose cell sizes, is the signature that hysteresis occurs in adipose tissue [RWAT and SCWAT]. In
theory, the reduction of adipose mass may occur through only two mechanisms either the reduction of cell
number or the reduction of adipose cell size. The fact that adipose cell number can hardly decrease is well doc-
ument. Indeed, severe food restriction and even diseases causing strong losses of body weight rarely result in a
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Figure 2. Evolution of epididymal, retroperitoneal subcutaneous adipose tissue weights and muscles masses [sum of ga-
strocnemius, soleus, tibialis, extensor digitorum longus].

decreased adipose cell number [10] [15]. The only possibility to decrease adipose tissue mass is then to reduce
adipose cell size. This is what is observed in the present study. From TO to T1, adipose cell size increased as
likely cell number increased [11]. The only way to reduce adipose tissue being a reduction of adipose cell size,
the resultant is hysteresis. Animals have the same fat mass but not the same composition of adipose tissue. It is
because the number of adipose cells increased during growth that hysteresis happens. Otherwise, one would ob-
serve only changes in adipose cell size, increased during growth and back to initial values for a given body
weight. In the present study, hysteresis has been observed only in RWAT and SCWAT, not in EWAT, although
the changes in adipose tissue mass where in the same range in EWAT than in other adipose tissues. The main
reason for that is that there is a cell size gradient from the proximal to the distal sites in EWAT [16]. During
animal growth, cell proliferation occurs mainly at the distal part of EWAT. Since most of the EWAT tissue
samples have been taken in the proximal EWAT part, it is rather logical not to observe hysteresis in that partic-
ular case. It does not mean that hysteresis does not occurs in EWAT. Cell size gradient within EWAT will have
to be taken into account in further studies. The 30% calorie restriction had very limited effects on the cell size
repartition curve, suggesting that the reduction in adipose tissue mass has to be strong enough to observe a sig-
nificant effect on adipose cell sizes. CR30% stabilized body mass and adipose tissue mass, which means that
energy intake was equal to energy expenditure. Under these conditions, the cell size repartition curves were very
similar between Control T1 and CR30%. The CR30% curve was only slightly reshaped compared to the one of
control T1, mainly because the width decreased significantly. It is not easy to explain why the width decreased
resulting from a limited but significantly different cell size repartition [Figure 3(b)]. The present results do not
give insight on how much the body weight and adipose tissue mass must be reduced to observe hysteresis. Con-
sidering that a 100 g reduction in body weight in rats [-22%] produced a 27% decrease of the mode, it is ob-
vious that hysteresis can be observed for lower reduction in body mass. Important loss of body weight may oc-
cur in Humans, as for example after diet restriction or bariatric surgery, suggesting that hysteresis most likely
occurs in humans, although it has never been described so far.

The occurrence of hysteresis in white adipose tissue has several implications. Since the number of adipose cells
does not decrease during calorie restriction, it means that adipose tissue can rapidly increase in case of positive
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cell size repartition in the same animals.
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energy balance through first a rapid increase of adipose cell sizes followed by an increase in newly formed adi-
pose cells if overfeeding last. It also means that when a subject initially overweighted has reached an ideal body
mass after calorie restriction, he will have to continuously keep an eye on its calorie intake, at the risk if he does
not, to start again immediately to gain weight and adipose tissue mass [17]. The conservation of adipose cell
number during calorie restriction and fasting is most likely an adaptative mechanism, indeed evolution was typ-
ically associated with hunger and not with ad libitum feeding. It allows adipose tissue to regrowth as soon as the
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Figure 4. Comparison of adipose cell size repartition curves between control at TO
and calorie restricted animals at T2 in RWAT (a), SCWAT (b) and EWAT (c).
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Table 1. Parameters of the cell size repartition curves in retroperitoneal [RWAT], epididymal [EWAT] and subcutaneous
[SCWAT] adipose tissues in control ad libitum fed [A] and calorie restricted animals at 30% [CR30%)] or 60% [CR60%],
during the experimental protocol: TO starting point, T1 after 37 days, T2 after 59 days.

RWAT mode width nadir mean
Control TO 1084+3.0b 17.67+0.7a 61.5+3.1b 91.0+£23b
Control T1 116.6 +9.3 ¢ 21.2+21b 63.5+6.1b 97.2+70¢c
Control T2 1323+10.7¢c 196+2.1ab 752+77b 109.8+58¢c
T2 CR30% 105.2 £19.3 bc 158+28a 61.7+960b 1019+48¢c
T2 CR60% 846+7.7a 16.7+x05a 433+58a 76.1+57a

EWAT mode width nadir mean
Control TO 87.4+09a 123+1.2 52.0+33a 76.4+24a
Control T1 1105+54 ab 149+0.9 65.0£3.6ab 96.8+3.8b
Control T2 122.1+£10.7b 143+0.9 76.4+75b 100.1+8.0b
T2 CR30% 110.0+3.2ab 121+19 61.7+9.3ab 855+6.6ab
T2 CR60% 85.7+5.1a 128+1.0 488+29a 776+x35a

SCWAT mode width nadir mean
Control TO 82.3+0.8ab 215+35¢ 53.0+35ab 58.0+53a
Control T1 106.0+2.1c 16.3+3.9bc 488+99b 80.7+73b
Control T2 100.6 +10.9¢c 19.4+3.3Dbc 543+7.6ab 784+14b
T2 CR30% 93.6+4.6hc 125+19ab 49.7+7.3b 76.8+4.0b
T2 CR60% 73.0x6.3a 122+11a 41.7+40a 65.1+40a

caloric intake exceeds the daily energy expenditure. In times of recurrent food shortage, which was mostly the
case during the emergence of Homo sapiens, the conservation of adipose cell nhumber was an adaptative mecha-
nism favouring survival. Hysteresis also explains the weight cycling effect [yo-yo effect] in reference to the cyc-
lical loss and gain of body weight, during calorie restriction followed by uncontrolled food intake, resulting in a
final body weight always higher than the initial body weight before diet restriction.

Several questions will have to be answered in the future. Fat accumulation is positively correlated with the
intensity of oxidative stress in human and animal models [18] [19]. Calorie restriction diet improves insulin sen-
sitivity, reduces circulating inflammation-related products and increases potent anti-inflammatory factors se-
creted by adipocytes [20]. Previous studies have suggested that the beneficial effect of dietary CR on glucose
homeostasis can be attributed to a decrease in adipose cells and their products [21]. Several investigators have
shown that large fat cells are linked to increased risk of developing type 2 diabetes [22] [23]. After Roux-en-Y
gastric bypass a reduction in subcutaneous fat cell volume associates more strongly with improvement of insulin
sensitivity than fat mass reduction per se [24]. More recent studies showed that subcutaneous adipose tissue
morphology predicts improvements in insulin sensitivity after both short-term/moderate and long-term/pro-
nounced weight reduction in obese subjects. Despite all these results, the relationship between the decrease in
adipose mass, adipose cell size and the metabolic improvements are not well established and need to be clarified.
Although the beneficial effect of calorie restriction has been well stated [25], the physiological and pharmaco-
logical properties of isolated adipose cells after weight reduction remains mainly unexplored. It is not known
whether adipose cells after severe size reduction shares the same pharmacological responses than control adi-
pose cells.

5. Conclusion

In conclusion, accumulation of visceral adipose tissue is a risk factor for a variety of metabolic alterations. Nu-
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merous studies have reported that fat mass reduction provides beneficial health effects, since the composition of
adipose tissue is different before and after weight loss, the identification of the effect of adipose mass reduction
on physiological regulation may bring new insights on the treatment of metabolic disease related to overweight
and excess adipose tissue.
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