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VE participation changed over time. All asbestos 
exposed mice displayed a progressive decline in exer-
cise (time and distance run per night) over the 70-week 

experimental duration. For Pre–VE and Post–VE groups, a  
significant decline for both time spent running per 
night and total distance run per night, was observed 

Fig. 2  Voluntary exercise does not affect asbestos related disease in MexTAg mice. Crocidolite asbestos (6 mg total) was injected into MexTAg mice 
via two intraperitoneal injections four weeks apart. a Kaplan–Meier plot depicting survival over a 70 week period with the number of mice at risk 
shown in the corresponding table. b ARD Latency (time from asbestos exposure to first signs of disease) and c progression (time from first signs of 
disease until cull) in asbestos-exposed groups. Table define experimental design and cohort characteristics. Data are censored for asbestos related 
deaths and show mean ± SD. Log–rank (Mantel-Cox) analysis was used for survival. Kruskal–Wallis one-way ANOVA with Dunn’s test for multiple 
comparisons for all other analyses. p values ≤ 0.05 were considered significant. A single age-matched, non-asbestos exposed mouse was culled at 
week 44 in an incident unrelated to VE
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after 15  weeks of access to VE (Pre–VE running time/
night: starting 16–20  weeks, p = 0.018 and distance/
night: p = 0.028, sustained from 21 to 65  weeks, 
p < 0.0001; Post–VE time/night: starting 41–45  weeks 
(p = 0.002) and distance/night (p = 0.015), sustained from 
46–70 weeks, both p < 0.0001; Fig. 3a–d). Whilst VE par-
ticipation at 26–30  weeks was similar between Pre–VE 
and Post–VE groups, the Post–VE group showed a more 
profound and sustained reduction in exercise behaviours 
over time, with VE participation being almost negligible 
for mice surviving to 70 weeks (Fig. 3a, b vs. c, d).

To determine whether the decline in VE in asbestos 
exposed mice was affected by how old mice were when 
given access to VE, we repeated the experiment using 
non–asbestos exposed mice. Two groups, ‘Young’ or ‘Old’, 
were used as aged matched controls for Pre-VE (Young; 
90  days at start of VE) and Post–VE (Old; 265  days at 
start of VE) groups respectively. Although a significant 
decrease in VE participation was observed within both 
control groups over time (p < 0.01), this decrease was 
not as marked in comparison to their respective asbes-
tos-exposed groups (1.51 to 4.28-fold decrease vs 2.97 
to 12.63 fold decrease non–asbestos vs asbestos exposed 
groups respectively). Magnitude of decrease in distance 
run per night was most pronounced in the Post–VE 
group (Fig. 3e–h).

This was further evident when we compared changes 
in VE over time between asbestos exposed VE groups 
and their respective control group, where both groups 
of asbestos exposed mice consistently spent significantly 
less time running, and ultimately travelled less distance 
per night, relative to their respective non–asbestos 
exposed control (Fig.  3i–n). Interestingly, VE participa-
tion in age matched, non-asbestos exposed controls in 
which VE was delayed (Old controls) was significantly 
higher (p < 0.05) relative to the continuous VE (Young) 
control group (Fig.  3m–n), suggesting that older mice 
might be more responsive to VE intervention. Taken 
together, these data indicate that asbestos exposed mice 
had reduced VE participation over time suggesting that 
the subclinical development of ARD after asbestos expo-
sure had a greater impact on VE participation than age 
alone.

Discussion
Here we employed our asbestos induced MexTAg 
mouse model to assess the impact of VE on ARD fol-
lowing asbestos exposure. In contrast to other studies in 
which VE delayed tumour growth [13], the addition of 
VE (continuous or delayed) did not affect ARD develop-
ment in our model. Mesothelioma is unusual in that the 
carcinogen, asbestos, induces a similar disease in mice 
and humans. This is rare in cancer research and pre-
sents an ideal opportunity to apply small animal mod-
els to advance mesothelioma prevention and treatment. 
However, model choice may explain why VE did not 
have any significant impact on ARD in asbestos exposed 
MexTAg mice. Previous studies demonstrating signifi-
cant VE associated reduction in tumour incidence and 
growth employed mouse models employing intrave-
nously or subcutaneous tumours [8–13]. In these stud-
ies, VE enhanced tumour suppression was associated 
with increased expression of p53 and mediators of apop-
tosis [9], or mobilisation and redistribution of NK cells 
in an epinephrine and IL–6 dependent manner [13]. In 
contrast, the MexTAg model involves induction of ARD 
in  situ following asbestos exposure, where TAg expres-
sion phenocopies p16 loss, effectively bypassing p53/p16 
mediated cell cycle control [21]. Therefore, the inherent 
genetic modifications that drive the oncogenic potential 
in transgenic models like MexTAg might mask any ben-
efit induced by supportive adjuvant therapies like VE.

While we did not observe differences in ARD, we 
did observe significant differences in VE participa-
tion between, and within asbestos exposed and non–
exposed groups. In particular, VE participation was 
higher in age matched, non-asbestos controls in which 
VE was delayed (Old) relative to asbestos exposed 
delayed VE and the continuous (Young) VE control 
group; indicating that asbestos exposure, rather than 
age, had a greater impact on the observed reduc-
tion in VE participation over time. We also observed 
a decrease in exercise prior to clinical signs of disease 
development in asbestos exposed mice. It is important 
to consider these data in context of the clinical set-
ting, in which mesothelioma patients are often elderly, 
have a sedentary lifestyle and present with high disease 

Fig. 3  Diminished capacity for VE after asbestos-exposure. MexTAg mice given access to VE either 2-weeks before (Pre-Exp VE), or 25-weeks after 
(Post-Exp VE) asbestos exposure displayed a significant and sustained decrease in both the amount of time spent running/night (a, c) and total 
distance travelled/night (b, d) over a 70 week period. This was in contrast to age-matched, non-asbestos exposed MexTAg controls (e–h), which 
maintained significantly higher VE capacity over a similar time period. (i-n) Changes in VE over time between respective asbestos exposed and 
age-matched, non-asbestos exposed control groups (i, j: Pre-Exp VE vs Young Ctrl; k, l: Post-Exp VE vs Old Ctrl and m, n Young vs. Old controls). 
Table depicts fold-change over time. Data shown is mean ± SD. (a–h) Data analysed using a non-parametric Kruskal–Wallis one way ANOVA 
with Dunn’s test for multiple comparisons to start of VE. (i–n) Data analysed via non-parametric, mixed model ANOVA. * = p<0.05, ** = p<0.01, 
*** = p<0.001, **** = p<0.0001

(See figure on next page.)
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burden [22, 23]. Together, these data suggest that the 
impact of VE on asbestos induced ARD might be better 
observed and modelled using aged mice. Alternatively, 
our recent human data [24] demonstrated that a short 
(six–week) tailored resistance exercise training pro-
gram was well tolerated and beneficial to mesothelioma 
patients. As data in this study also indicated a decrease 
in exercise preceded disease detection, this may sug-
gest that patients presenting with mesothelioma might 
benefit from additional support and rehabilitation at 
diagnosis.

In conclusion, the addition of continuous or delayed 
VE did not significantly affect ARD development in 
asbestos exposed MexTAg mice. Our data is in con-
trast to previous studies and highlights the impor-
tance of choosing an appropriate model and rigorously 
evaluating model parameters. Preclinical transplant 
models might be useful for ‘proof of concept’ stud-
ies, but as seen here, may not be applicable across dif-
ferent tumour types and may not phenocopy in  situ 
development of human cancer. Additionally, our study 
highlights that exercise alone may not be sufficient to 
counteract the oncogenic potential of strong carcino-
gens like asbestos. As such, some pre–clinical studies 
may not accurately represent the clinical paradigm, 
particularly in the context of prevention style studies, 
and therefore have limited translational impact.

Limitations
Study-specific limitations include: 3 mice per cage–
therefore, exercise data is not indicative of an individual 
mouse; Furthermore, similar ARD development across 
all groups might simply suggest that other modes of indi-
vidualized exercise, rather than continuous VE used in 
this and other studies [8–13], might be more effective as 
adjunct supportive treatment for mesothelioma.
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