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Diet-induced weight loss 1s sufficient
to reduce senescent cell number 1n white
adipose tissue of weight-cycled mice
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Abstract. Previously, our laboratory reported that weight-cycled mice outlive their obese counterparts. To gain a better
mechanistic understanding of these results, we evaluated cellular senescence in white adipose tissue (WAT) of lean, obese,
and weight cycled mice. Our results show that at the end of a 28 day weight loss cycle cellular senescence is significantly
reduced in multiple WAT depots compared to obese mice, which also corresponds to a reduction in circulating activin A
(a marker of senescence). These findings suggest that a previously undescribed benefit to weight loss may be a reduction of

cellular senescence in WAT.
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1. Introduction

With obesity rates on the rise, more individuals are
attempting to lose weight for improved health. Unfor-
tunately, the vast majority of weight loss attempts are
short-lived and are followed by weight gain. That is,
for individuals that successfully achieve weight loss
of at least 10%, approximately 80% will regain the
weight in the first year alone [1, 2]. Repeated attempts
at weight loss results in a phenomenon referred to as
weight cycling (also known colloquially as “yo-yo
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dieting”). As global rates of obesity increase, weight
cycling is becoming increasingly common [3-6].
Unfortunately, clinical studies have produced con-
flicting results with some studies suggesting that
weight cycling may decrease lifespan [7—12] while
others suggest that weight cycling has no negative
effect [4, 5, 13—-17]. Review of these clinical stud-
ies suggests that inclusion of confounding factors,
such as unintentional weight loss, likely accounts
for the discrepancies and that further research is
needed [18, 19]. Additionally, these authors indi-
cate that when intentional weight loss is evaluated,
little to no evidence exists for an adverse effect of
weight cycling; however, better controlled studies are
needed [18, 19]. In attempts to perform a controlled
animal study, our laboratory set out to evaluate the
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impact of lifelong weight cycling on longevity in
mice [20]. Results of this study showed that weight-
cycled mice lived significantly longer than obese
mice (801 vs 544 days), suggesting that periodic,
repeated, weight loss attempts were preferable to
no weight loss attempts in obese mice. To better
understand the molecular changes that occur dur-
ing weight cycling, we analyzed cellular senescence
via senescence-associated 3-galactosidase staining in
white adipose tissue (WAT) and circulating levels
of activin A, a recently identified marker of cellular
senescence [21].

2. Methods and materials

A total of 130 male C57BL/6J mice were placed on
one of four diets at 4 weeks of age: 1) a high-fat (HF)
diet (n =40; D12492; Research Diets; 60% of energy
from fat, 20% from carbohydrates, and 20% from
protein); 2) a standard chow (LF) diet (n =40; Pro-
Lab RMH 3000, PMI Nutrition International; 14% of
energy from fat, 60% from carbohydrates, and 26%
from protein); 3) a cycled diet in which mice alter-
nated between 4 weeks on the LF diet and 4 weeks
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on the HF diet (n =40) and were sacrificed at the end
of a HF cycle (YoyoHF); and 4) a smaller group on
a cycled diet (n=10), which were identical to group
3 except the cycles were offset in order to provide
WAT from cycled mice at the end of a LF cycle (Yoy-
oLF). Body weight and fat mass were determined
as previously described [20]. Plasma was collected
from groups 1-3 at 12 and 13 months of age to
determine the effects of cycling on activin A levels
in the same group of mice at the end of a HF and
a LF cycle. Plasma levels of activin A were mea-
sured using Activin A ELISA kits (DAC00B, R&D
Systems) according to manufacturer’s instructions.
All procedures were approved by the Ohio Univer-
sity Institutional Animal Care and Use Committee
and fully complied with all federal, state and local
policies.

Forty mice were sacrificed at 15 months of
age (n=10 per diet group). Four WAT depots
(inguinal subcutaneous, mesenteric, epididymal, and
retroperitoneal) were collected from each mouse, and
senescence-associated (3-galactosidase assays were
performed to determine senescent cell numbers as
previously described [22]. Stained samples were
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Fig. 1. Physiological data from weight-cycled mice. (A) Body weight over time (n = 10—-40). (B) Body weight at 15mo just prior to dissection
(n=10/group). (C) Fat mass at 15mo just prior to dissection (n=10). (D) Circulating plasma levels of activin A (n=26-35). HF fed mice
(white), LF fed mice (black), YoyoHF (blue or dark grey), YoyoLF (green or light grey). Data are expressed as mean = SEM. *Indicates

p<0.05.
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analyzed under a Nikon Eclipse E600 fluorescent
microscope. The number of senescent cells (X-gal
stained cells) and DAPI stained nuclei were used to
determine percentages of senescent cells per nuclei.
Comparisons were made by one-way ANOVA across
all four groups and post-hoc Tukey analysis. Differ-
ences were considered significant at p <0.05.

3. Results

Longitudinal body weight of the 4 diet groups are
shown in Fig. 1A while body weight and fat mass
at the time of the dissection are shown in Fig. 1B
& C, respectively. As expected, body weight and fat
mass fluctuated dramatically in cycled mice with each
diet transition. These results help confirm that the
current dietary regimen replicates the weight cycling
observed in our initial longevity study published in
2013 [20]. Circulating levels of activin A (Fig. 1D)
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were highest in and did not differ between HF mice
and weight-cycled mice at the end of a 4 week HF
cycle. Activin A levels were significantly lower in
LF and cycled mice at the end of a 4 week LF cycle.

The number of senescent positive cells in the four
WAT depots is shown in Fig. 2. In all WAT depots,
HF fed mice had a significantly higher percentage
of senescent cells than LF mice. In inguinal and
retroperitoneal WAT, YoyoLF had significantly less
senescent cells than the YoyoHF, but there was no
significant difference in senescent cells between HF
and YoyoHF groups or between LF controls and Yoy-
oLF groups. While the trend for the other two WAT
depots was similar, statistical significance was not
reached for all comparisons. For example, in epi-
didymal WAT, YoyoHF had a higher percentage of
senescent cells compared to YoyoLF, but none of the
other group comparisons reached statistical signif-
icance. Likewise, in mesenteric WAT, no statistical
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Fig. 2. Senescent cell content in various WAT depots. Senescent cell number per nuclei is shown for four distinct WAT depots. (A) Inguinal
subcutaneous, (B) retroperitoneal, (C) epididymal, and (D) mesenteric WAT depots were analyzed. (E-F) Sample DAPI stained images
(E) and X-gal stained images (F) from the senescence-associated beta-galactosidase assay. Scale bar =500 wm. Senescent cells are marked
by arrows. HF fed mice (white), LF fed mice (black), YoyoHF (blue or dark grey), YoyoLF (green or light grey). Data are expressed as

mean &+ SEM. *Indicates p <0.05.



98 E.O. List et al. / Weight loss reduces senescent cell number

difference was seen between LF, YoyoHF, and Yoy-
oLF groups.

4. Discussion

In this study and in agreement with other studies
[23-26], we show that obesity induced by a HF diet
results in a significant increase in senescent cells in
WAT compared to LF controls. Circulating activin A
levels were also increased in the HF group compared
to the LF controls. Importantly, our data indicate
that 28 days of weight loss are sufficient to signifi-
cantly reduce the number of senescent cells as shown
by significantly reduced activin A levels and a sig-
nificant reduction in senescent beta-galactosidase
stained cells in inguinal and retroperitoneal WAT
depots. Of note, since inguinal and retroperitoneal
WAT were the most responsive to the weight loss,
there appears to be a depot specific difference
in cellular senescence in response to this dietary
manipulation.

Recently, the Kirkland laboratory at Mayo
Clinic published a comprehensive study identify-
ing activin A as a marker for cellular senescence in
humans and mice [21]. In this study, it was deter-
mined that /) human senescent fat cell progenitors
release activin A, ii) activin A impedes the normal
function of stem cells and fat tissue, iii) older mice
have higher levels of activin A in both their blood
and fat tissue than young mice, and iv) eliminating
senescent cells from mice leads to lower levels of
activin A. Since most procedures used to determine
senescent cell accumulation require tissue collection,
the discovery of a circulating marker of cellular senes-
cence represents an important step for detection of
senescent-related disease. This is particularly impor-
tant in a clinical setting since blood is relatively easy
to collect. Research has shown there is a correlation
between obesity and increased cellular senescence
[23-26], which may account for increased mortal-
ity and progression of age-related diseases. Thus, the
possibility of senolytic treatment (agents that clear
senescent cells), particularly in WAT, has been sug-
gested as a potential therapeutic target [27]. Duel
treatment with dasatinib (an anti-cancer drug) and
Quercetin (a flavonol found in fruits and vegetables)
has been shown to reduce the amount of senescent
cells and improve vasculature dysfunction in aging
mice and mice with atherosclerosis [28]. Ruxoli-
tinib (an FDA approved JAK 1/2 inhibitor) has also
been shown to eliminate senescent cells and reduce

activin A, which results in improved adipogenesis
and insulin sensitivity [21]. For those reasons, clear-
ance of senescent cells in WAT with senolytic agents
or, as we show here, with dietary manipulation, may
be a promising approach for treatment of metabolic
syndrome, type 2 diabetes, and other age-related
complications [27]. In conclusion, data from the cur-
rent study shows that weight loss due to diet can
decreases cellular senescence in WAT.
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