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Abstract

Aging is a complex physiological process that leads to the progressive decline of metabolic and 

immune function, among other biological mechanisms. As global life expectancy increases, it 

is important to understand determinants of healthy aging—including environmental and genetic 

factors—and thus slow the onset or progression of age-related disease. Environmental enrichment 

(EE) is a housing environment wherein laboratory animals engage with complex physical and 

social stimulation. EE is a prime model to understand environmental influences on aging 

dynamics, as it confers an anti-obesity and anti-cancer phenotype that has been implicated in 

healthy aging and health span extension. While EE is frequently used to study malignancies 

in young mice, fewer studies characterize EE-cancer outcomes in older mice. Here, we used 

young (3-month-old) and aged (14-month-old) female C57BL/6 mice to determine whether EE 

would be able to mitigate age-related deficiencies in metabolic function and thus alter Lewis 

lung carcinoma (LLC) growth. Overall, EE improved metabolic function, resulting in reduced 

fat mass, increased lean mass, and improved glycemic processing; many of these effects were 

stronger in the aged cohort than in the young cohort, indicating an age-driven effect on metabolic 

responses. In the aged-EE cohort, subcutaneously-implanted LLC tumor growth was inhibited 

and tumors exhibited alterations in various markers of apoptosis, proliferation, angiogenesis, 

inflammation, and malignancy. These results validate EE as an anti-cancer model in aged mice 
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and underscore the importance of understanding environmental influences on cancer malignancy 

in aged populations.

Prevention Relevance: Environmental enrichment serves as a model of complex physical and 

social stimulation. This study validates environmental enrichment as an anti-cancer intervention 

paradigm in aged mice and underscores the importance of understanding environmental influences 

on cancer malignancy in aged populations.
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INTRODUCTION

Aging is accompanied by various biological changes which influence the balance between 

health and disease states [1]. As such, aging can be considered a risk factor for cancer, 

ischemic stroke, neurodegeneration, cardiovascular disease, diabetes, and obesity, among 

others [2]. Recent improvements in healthcare, water and food access, immunization, 

hygiene, and housing have increased life expectancy, consequently resulting in an 

increasingly aged population [3]. While researchers and clinicians previously focused on 

improving life span, much of the current work focuses on improving health span. The former 

is defined by life expectancy, while health span is defined by the length of time one is 

able to live a healthy life [4]. Increases in life span are worrisome if not accompanied by 

increases in health span; in absence of good health, global life span increases will result in 

a large burden for healthcare providers. As such, there is a pressing need to understand the 

processes through which health span can be increased and a compression of morbidity might 

occur [3, 5].

Aging is influenced by genetic, behavioral, and environmental factors. Accordingly, 

researchers have utilized a variety of laboratory modeling systems to understand how 

such influences can induce biological processes implicit in healthy aging. Environmental 

enrichment (EE) is one such model that can be used to study the interaction between 

lifestyle factors and aging. EE combines complex stimuli to provide enhanced social, 

somatosensory, cognitive, and motor stimulation to laboratory animals [6, 7]. In EE, 

laboratory animals encounter varied stimuli, including toys, running wheels, increased 

bedding, and social encounters. Our work with EE has revealed a novel anti-cancer 

and anti-obesity phenotype that is mediated by a brain-fat axis, dubbed the hypothalamic­

sympathoneural-adipocyte (HSA) axis [8, 9]. EE induces upregulation of hypothalamic 

brain-derived neurotrophic factor (BDNF), resulting in elevated sympathetic tone to 

adipose tissue, wherein tissue remodeling—characterized by adipose browning/beiging and 

suppression of leptin—occurs [8]. The drop of circulating level of leptin plays a critical 

role in the anticancer effects of EE in melanoma and breast cancer models [9, 10]. Physical 

activity, although an important component of EE, does not account for the entirety of 

EE-associated benefits on metabolism, cancer, and aging [8, 9, 11, 12]. Various researchers 

have applied EE to multiple tumor models, including melanoma, glioma, intestinal, breast, 

and pancreatic cancer models, revealing additional anti-cancer mechanisms beyond the HSA 

axis [9, 10, 13-16].
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Recent work by our lab suggests that EE promotes healthy aging and extension of 

health span. EE-induced healthy aging is characterized by reduced adiposity, improved 

glycemic control, improved motor abilities, reduced anxiety-like behavior, and reduced 

hepatosteatosis [12]. The anti-aging effects of EE were largely recapitulated following 

hypothalamic administration of an autoregulatory AAV-BDNF vector, implicating BDNF 

as one mechanistic mediator of the EE-aging phenotype [17]. Further work shows that EE 

alters microglial morphology in aged animals and reduces age-associated neuroinflammation 

[12, 18-20], the latter of which has been shown to be positively related to systemic metabolic 

function [21-23].

Given the interplay between aging, metabolism, and cancer, we began to consider how 

EE might influence cancer development in aged models. While the metabolic and immune 

benefits of EE have been well characterized in young mice, there exists a paucity of data 

investigating its use to mitigate cancer in aged models. Previous work has displayed the 

importance of host age on Lewis lung carcinoma (LLC) tumor progression, suggesting a link 

between cancer progression and age-related dysregulation in angiogenesis, apoptosis, and 

metabolism [24]. Since age has been described as an “organizing axis” for the biological 

mediators of LLC progression [24], we considered it to be a cancer model worthy of 

investigation in the aging-EE space. Here, we investigated LLC progression in an aging­

EE model, hypothesizing that EE would mitigate age-related declines in metabolism, thus 

altering LLC tumor growth.

MATERIALS AND METHODS

To investigate whether EE could mitigate age-related declines in metabolism and thus alter 

LLC tumor growth, young adult (3-month-old) and middle-aged (14-month-old) female 

C57BL/6 mice were randomized to live in standard environment (SE) or EE (Fig. 1A). 

Body weight and food intake were monitored weekly. Beginning at 4 weeks post housing, 

mice were subject to metabolic assessments to assess metabolic function prior to tumor 

inoculation. At 8 weeks post housing, mice were subcutaneously injected with LLC cells 

and tumor progression was monitored (Fig. 1B).

EE housing protocol [7]

3-month-old (Charles River Laboratories) and 14-month-old (National Institute on Aging, 

Aged Rodent Colonies) female C57BL/6 mice were randomized to live in SE or EE for 11 

weeks. SE mice were group housed (5 mice) in standard laboratory environment cages (30.5 

cm x 17 cm x 15 cm). EE mice were group housed (10 mice) in large cages (120 cm x 90 

cm x 76 cm) supplemented with running wheels, huts, shelters, toys, tunnels, a maze, and 

nesting material. All mice had ad libitium access to food (normal chow diet, 11% fat, caloric 

density 3.4 kcal/g, Teklad) and water. Mice were housed in temperature (22-23°C) and 

humidity (30-70%) controlled rooms under a 12:12 light:dark cycle. All animal experiments 

were in accordance with the regulations of The Ohio State University’s Institutional Animal 

Care and Use Committee (IACUC) and were performed at The Ohio State University.
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Body composition by echoMRI

At 4 weeks post housing, echoMRI was utilized to measure body composition of fat, 

lean, free water, and total water masses in live mice without anesthesia. Body composition 

analysis was performed with an echoMRI 3-in-1 Analyzer at the Small Animal Imaging 

Core of The Dorothy M. Davis Heart & Lung Research Institute, The Ohio State University.

Glucose tolerance test (GTT)

At 5 weeks post housing, mice were injected intraperitoneally with glucose solution (2.0 g 

glucose per kg body weight) after a 16 h overnight fast. Blood was obtained from the tail 

at 0, 15, 30, 60, 90, and 120 min after glucose injection. Blood glucose concentrations were 

measured with a portable glucometer (Bayer Contour Next).

LLC culture, inoculation, and measurement

The LLC line was obtained from ATCC (#CRL-1642) and was additionally verified by 

IDEXX BioAnalytics using short tandem repeat profiling. LLC cells were cultured with 

RPMI, 10% fetal bovine serum, and 1% glutamine, and 1% penicillin streptomycin. No 

mycoplasma testing was performed. After four passages, cells were isolated and counted 

during the logarithmic growth phase. To allow for measurement by calipers, 2.5 x 105 

LLC cells were implanted in mouse subcutaneous tissue with 100 μL of serum-free, 

antibiotic-free RPMI. Tumors were measured every 2-3 days to obtain length and width 

measurements. Estimates of volume were calculated using the formula V = L * W2 * (π/6). 

When the largest tumors approached the IACUC-determined size removal criteria, all mice 

were euthanized to provide direct comparisons of biomarkers, unaffected by asynchronous 

endpoints.

Tissue collection

Following 11 weeks of housing, mice were sacrificed. Tissues to be used for mRNA 

and protein analysis were flash frozen on dry ice and stored at −80°C until further 

analysis. Tissues to be used for histology were fixed in 4% paraformaldehyde for 48h, 

then dehydrated in 70% ethanol prior to paraffin sectioning and staining.

Serum harvest and analysis

Trunk blood was collected at euthanasia and allowed to clot on ice for at least 30 min before 

centrifugation at 10,000 rpm for 10 min at 4°C. The serum component was collected and 

stored at −20°C until further analysis. DuoSet ELISA kits were used to assay serum leptin 

(R&D Systems #DY498), adiponectin (R&D Systems #DY1119), and insulin-like growth 

factor (IGF-1) (R&D Systems #DY791). Triglyceride (Cayman Chemical #10010303) and 

glucose levels (Cayman Chemical #10009582) were measured using colorimetric assay kits.

Histology

Standard procedures were used for immunohistochemistry staining. Paraformaldehyde-fixed, 

paraffin-embedded tumor samples was sectioned at 3μm and deparaffinized followed by 

blocking of endogenous peroxidase activity with H2O2 before epitope retrieval. Anti–Ki-67 

(clone ab 16667, abcam, 1:200) was used as a primary antibody. Dako REAL EnVision 
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Detection System kits (K5007, DaKo) were used as secondary antibodies. Additional slides 

underwent hematoxylin and eosin (H&E) staining.

Quantitative analysis of Ki-67

Immunocytochemistry was used to detect Ki-67 expression in tumor cells to represent the 

cell proliferation index. The slides were scanned by 3D-HISTECH (Pannoramic MIDI, 

3DHISTECH Ltd., Hungary) and the positive cells were evaluated by Cognition Master 

Professional Suite (VMscope GmbH Berlin, Germany). The percentage of Ki-67 expression 

= Positive tumor cells / Total tumor cells.

TUNEL assay

A terminal deoxynucleotidyl transferase dUTP Nick-End Labeling (TUNEL) assay was 

performed to detect cell apoptosis. Tissue sections were stained with the In Situ Cell Death 

Detection Kit (Roche, Basel, Switzerland) according to the manufacturer’s instructions.

Quantitative RT-PCR

Hypothalamus was collected under dissection scope at sacrifice. Tissues were flash frozen 

on dry ice and stored at −80°C until further analysis. Following sonication, RNA was 

isolated using the QIAGEN RNeasy Mini kit with RNase-free DNase treatment. cDNA was 

reverse transcribed using Taqman Reverse Transcription Reagents (Applied Biosystems). 

qRT-PCR was completed on StepOnePlus Real-Time PCR System using Power SYBR 

Green (Applied Biosystems) PCR Master Mix. Primers are available upon request. We 

calibrated data to endogenous controls— Actinb for adipose tissue and hypothalamus, 

Gapdh for tumor, and quantified the relative gene expression using the 2 −ΔΔCT method.

Western blotting

Tissue samples were homogenized in ice-cold RIPA buffer (Pierce #89901) containing 1x 

Phosstop (Roche #4906845001) and protease inhibitor cocktail III (Calbiochem #539134). 

Tissue lysates were separated by gradient gel (4-20%, Mini-PROTEAN TGX, Bio-Rad 

#4561096), transferred to a nitrocellulose membrane (Bio-Rad #1620115). Blots were 

incubated overnight at 4 °C with the following primary antibodies: Vinculin (Cell Signaling 

Technology #13901, 1:1000), COX2 (Cell Signaling Technology #D5H5, 1:1000), CD31 

(Cell Signaling Technology #D8V9E, 1:1000), CXCR4 (Novus Biologicals #NB100-56437, 

1:500). Blots were rinsed and incubated with HRP-conjugated secondary antibodies (Bio­

Rad). Chemiluminescence signal was detected and visualized by LI-COR Odyssey Fc 

imaging system (LI-COR Biotechnology, Lincoln, NE). Quantification analysis was carried 

out with Image Studio software version 5.2 (LI-COR Biotechnology).

Statistical analysis

Data analyses were performed by using statistics software SAS 9.4 (SAS, Inc; Cary, NC). 

Longitudinal measures—including body weights and tumor volumes—were analyzed by 

using mixed effect models, incorporating repeated measures for each mouse/tumor. Other 

data with single time measurements were analyzed by using analysis of variance (ANOVA), 

with the exception of the Ki-67 proliferative index, which was analyzed using the Student’s 
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t-test. Multiplicities were adjusted using Holm’s procedure. Differences with adjusted p­

values of less than 0.05 were defined as significant. All data were analyzed untransformed 

since they were normally distributed based on residual plots of statistical models, with the 

exception of qPCR data, which were log2 transformed to ensure normality. Age-related EE 

effects were tested across 4 groups (EE-aged, SE-aged, EE-young, SE-young) in the model. 

Two mice were erroneously injected intraperitoneally and were excluded from analyses.

RESULTS

EE ameliorates age-related metabolic deficits.

To investigate whether EE would be able to mitigate age-related declines in metabolism and 

thus alter LLC tumor growth, young (3-month old) and aged (14-month old) female mice 

were housed in either standard environment (SE) or EE housing (Fig. 1A) for 11 weeks. 

Throughout the housing period, mice were subject to various metabolic measures (Fig. 1B). 

Consistent with previous data [12], aged EE mice showed a marked reduction in weight 

when compared to aged SE controls (P < 0.001, slope comparison) (Fig. 1C). In contrast, 

young mice showed no significant differences in weight change (Fig. 1C) when compared 

to young SE controls (P = 0.348). EE mice consumed more food than SE controls in both 

the young (P < 0.001) and aged (P < 0.001) groups (Fig. 1D), suggesting EE-induced weight 

loss due to elevated energy expenditure rather than food intake suppression. The effect on 

increase in food intake (difference EE - SE) was comparable in young and aged mice (P = 

0.162). At 4 weeks post housing, an in vivo echoMRI revealed EE reduced relative body fat 

in both young (P < 0.001) and aged mice (P < 0.001) (Fig. 1E); the effect on the reduction 

in body fat (difference EE - SE) was more dramatic in aged mice (Aged (EE - SE) vs 

Young (EE - SE), P = 0.048). Results were similar for relative lean mass percentage; EE 

increased relative lean mass in both young (P = 0.022) and aged mice (P < 0.001) (Fig. 1F), 

with a more pronounced effect in aged mice (P = 0.002). At 5 weeks post housing, mice 

were subject to an intraperitoneal glucose tolerance test (GTT) to assess systemic glycemic 

processing (Fig. 1G and 1H). Young EE mice displayed no improvement in glycemic 

processing over SE controls. In contrast, EE induced a marked improvement in glycemic 

processing in aged mice (P < 0.001). In summary, EE had a significant effect in aged mice 

for fat mass percentage, lean mass percentage, and glycemic processing, consistent with our 

previous report [12]; many of these effects were observed to be stronger in the aged cohort 

than in the young cohort, indicating an age-driven effect on EE metabolic response.

EE slows LLC tumor growth and reduces tumor mass in aged mice.

At 8 weeks post housing, mice were subcutaneously injected with 2.5 x 105 LLC cells and 

tumor progression was monitored with caliper measurements. We observed no difference 

in tumor volume progression in young mice (Fig. 2A) (P = 0.377, slope comparison). In 

contrast, EE slowed tumor progression in aged mice, as compared to aged SE controls (P 
= 0.0006, slope comparison) (Fig 2A). At sacrifice, EE did not alter final tumor volume (P 
= 0.966) and weight (P = 0.738) in young mice (Fig. 2B and 2C). In contrast, EE reduced 

final tumor volume (P < 0.001) and weight (P < 0.001) in aged mice (Fig. 2B and 2C). 

At the gross level, aged SE tumors appeared larger (Fig. 2D), while the aged EE tumors 
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appeared more like the young mouse SE and EE tumors. Together, these data suggested that 

EE induced an anti-tumor response in aged mice.

At sacrifice, we collected tumor-naïve inguinal white adipose tissue (iWAT), gonadal white 

adipose tissue (gWAT), and liver (Fig. 2E). EE reduced tumor-naïve iWAT (n-iWAT) in aged 

mice (P < 0.001), while no significant differences were observed in young mice (P = 0.106). 

EE reduced gWAT weight in both young (P = 0.016) and aged (P < 0.001) groups; the effect 

was more pronounced in aged mice (Aged (EE - SE) vs Young (EE - SE), P = 0.040). No 

significant differences in liver weight were observed.

Leptin is an adipokine that serves as a central-peripheral messenger to maintain energy 

homeostasis. Leptin production is positively correlated with adipose tissue mass and 

additionally has been described as an proinflammatory link between immune and 

neuroendocrine systems [25]. Consistent with previous reports [12] and present measures 

of adiposity (Fig. 1E and 2E), EE reduced serum leptin in young (P = 0.018) and aged (P 
< 0.001) mice (Fig 3A); the EE effect was more distinct in aged mice (Aged (EE - SE) vs 

Young (EE - SE), P = 0.024). Adiponectin is an adipokine that has been shown to influence 

insulin sensitivity, glucose homeostasis, and systemic metabolism [26]. Inconsistent with 

previous reports in juvenile male mice [9], EE reduced serum adiponectin in young mice (P 
= 0.028), whereas no change was observed in the aged cohort (P = 0.322) (Fig 3B). In young 

and aged mice, EE increased serum IGF-1 (P = 0.044 for both) (Fig. 3C). Furthermore, EE 

induced a mild decrease in serum triglycerides in aged (P = 0.052), but not young mice (Fig. 

3D). EE had no effect on non-fasting serum glucose levels in young and aged cohorts (Fig. 

3E).

EE alters metabolic and inflammatory biomarkers in central and peripheral tissues.

As in previous EE studies, we sought to determine whether the HSA axis could be 

implicated in these metabolic phenotypes [8, 9]. Increased age has been associated 

with reduced central and peripheral BDNF levels [27-29]; such changes are thought 

to be tied with various aging-related maladies including hippocampal dysfunction [30], 

memory impairment [30] and metabolic dysfunction [17]. EE induced an upregulation of 

hypothalamic Bdnf mRNA in aged (P < 0.001) but not young mice (Fig. 4A) (P = 0.145). 

Similar results were observed for expression of Mc4r (encoding melanocortin 4 receptor), 

which is located upstream of BDNF in the leptin-proopiomelanocortin pathway [31]. EE 

induced an upregulation of Mc4r in aged mice (P = 0.008), while no change was observed in 

young mice (P = 0.194) (Fig. 4A).

Upregulation of hypothalamic Bdnf leads to increased sympathetic tone to adipose tissue, 

thereby inducing adipose remodeling [8, 9, 11]. As such, we profiled mRNA expression in 

the iWAT for markers indicative of this process. Consistent with both adipose weight and 

serum measurements, Lep (encoding leptin) was downregulated in iWAT of both aged (P 
= 0.006) and young mice (P = 0.008) (Fig. 4B). Pten (encoding phosphatase and tensin 

homolog) has been implicated in anti-obesity and anti-cancer states [32-34] and has been 

described as one downstream mediator of EE-induced adipose remodeling [35]. In the iWAT, 

Pten was upregulated in both young (P = 0.002) and aged (P < 0.001) mice (Fig. 4B). 

Furthermore, we profiled Adrb3 (encoding β3 adrenergic receptor), which is involved in 
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adipose browning and lipolysis. Similar to previous reports [8, 12], both aged (P = 0.06) and 

young mice (P = 0.06) exhibited a trending increase of Adrb3 in EE (Fig. 4B). In summary, 

these data indicate EE upregulated hypothalamic Bdnf, thus activating the HSA axis to 

induce adipose remodeling. The extent of EE-induced fat remodeling was not observed to be 

affected by age (Aged (EE-SE) vs Young (EE –SE), P > 0.05 for Lep, Pten, and Adrb3).

In the LLC tumors, we profiled mRNA expression of several markers of apoptosis, 

angiogenesis, inflammation, and immune response. Cox2 (encoding cyclooxygenase-2) 

is expressed in many cancer types and promotes apoptotic resistance, proliferation, 

angiogenesis, inflammation, and invasion of cancer cells [36]. Here, we observed that 

EE reduced Cox2 in tumors of aged mice (P = 0.014) (Fig. 4C), consistent with the 

observed reduction in tumor growth rate and size (Fig. 2A-D). No EE-induced changes in 

Cox2 expression were observed in the young cohort (P = 0.934). Vegf (encoding vascular 

endothelial growth factor) is implicated in tumor angiogenesis [37, 38]. Aged EE tumor 

samples displayed a trend toward decreased Vegf (P = 0.056) when compared to aged SE 

controls (Fig. 4C). No significant difference in Vegf expression between housing conditions 

was observed in young tumor samples (P = 0.885) (Fig 4C). The expression of vascular 

marker Cd31 (encoding cluster of differentiation 31) appeared lower in EE for both young 

(P = 0.090) and aged (p = 0.090) cohorts, but did not reach statistical significance (Fig. 4C).

C-X-C motif chemokine ligands and their receptors are implicated in various cancer-relevant 

processes, including chemotaxis, apoptosis, hematopoiesis, angiogenesis, and inflammatory 

responses [39, 40]; accordingly, some are described as prognostic cancer biomarkers [41]. 

Thus, we profiled several of these ligand-receptor pairs, including Cxcl12 and Cxcr4, 

Cxcl10 and Cxcr3, and Cxcl1 and Cxcr2 (Fig. 4D). In aged mice, EE reduced Cxcr4 
expression (P < 0.001) with no concurrent change in ligand Cxcl12. In contrast, EE had no 

effect on Cxcr4 or Cxcl12 expression in young mice. No EE-induced changes in Cxcl10 
or Cxcr3 expression were observed in young or aged mice. Interestingly, we observed an 

EE-induced reduction in ligand Cxcl1 (P = 0.028) but not receptor Cxcr2 in aged mice. 

No EE-induced changes in Cxcl1 or Cxcr2 were observed in young mice. Cxcr1 expression 

remained unchanged following EE in both young and aged cohorts.

Various additional markers of inflammation, macrophages, apoptosis, and vascularity were 

profiled (Fig. 4E). We observed no EE- or age-driven differences in Bcl2, F4/80, Ikbkb 
(encoding inhibitor of nuclear factor kappa-B kinase subunit beta), Notch1 (encoding notch 

receptor 1), or Tgfb1 (encoding transforming growth factor beta 1). We additionally profiled 

protein expression in LLC tumor samples by immunoblotting (Fig. 5A). Consistent with 

qPCR data, we observed EE induced a downregulation of COX2 protein expression (Fig. 

5B) in aged tumor samples (P = 0.036), but not in young mice (P = 0.3473). No significant 

EE- or age-driven differences were observed in CD31 (Fig. 5C) or CXCR4 (Fig. 5D) protein 

expression.

EE alters tumor pathology and reduces proliferation in aged mice.

A pathologist examined tumor histology from the aged cohort and provided a qualitative 

report (Fig. 6). Architecturally, all tumors were characterized by a predominantly solid 

or syncytial infiltrative pattern with thin-walled vascular stroma. Nuclei presented as 
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pleomorphic, with multiple nucleoli. In aged SE tumors, more cells were in mitosis (Fig 

6A, yellow arrows) and some abnormal mitotic figures were present. Tumor necrosis (Fig. 

6A, white arrows; Fig. 6B, black arrows) and apoptosis measured by TUNEL staining (Fig. 

C) was less obvious in the aged EE group. Multinucleated or mononuclear giant cells were 

common in SE tumor samples. Overall, the tumor cells appeared polygonal and moderate 

in size, with the cytoplasm being moderately more abundant in the EE group. More dilated 

vascular cavities were observed in the EE group. Altogether, these observations indicate that 

EE altered tumor pathology in aged mice. Aged SE tumors showed signs of fast growth and 

higher malignancy than aged EE tumors. Furthermore, aged EE tumors exhibited a lower 

proliferation index than aged SE tumors, as measured by quantitative measurement of Ki-67 

staining (Fig. 6D and 6E, P = 0.039); these observations were consistent with tumor weight 

and volume observations.

DISCUSSION

Aging, metabolic function, and cancer risk are inextricably connected. With age, many 

individuals lose lean mass and experience increases in total adiposity. Fat becomes 

dysfunctional and is redistributed from subcutaneous and visceral adipose depots to ectopic 

sites, including liver, skeletal muscle, heart, and the pancreas [42]. Accordingly, age is 

considered a risk factor for the development of metabolic syndrome, obesity, insulin 

resistance, and related inflammation of adipose tissue [43]. Obesity-driven inflammatory 

states, dyslipidemia, insulin resistance, hyperglycemia, and adipokine aberrations can 

promote cancer initiation, proliferation, and favorable microenvironments [44, 45], so it 

is of upmost importance that we characterize multi-faceted therapeutics and interventions 

that can target all three of these actors. Perhaps unsurprisingly, researchers and clinicians 

have turned their focus toward understanding and implementing lifestyle interventions—like 

EE—that improve metabolic function and slow the development and progression of cancer 

across the life span.

In young mice, EE is capable of modifying tumor growth—and in some cases, lengthen 

survival [9, 10, 13-16]. The EE-induced slowing of cancer growth is thought to occur 

due in part to induction of hypothalamic BDNF, which improves metabolic health and 

systemic immune function [9, 15, 16]. Previous work by our lab described the ability of 

EE and hypothalamic BDNF to promote healthy aging in mice [12, 17]. Both short- and 

long-term exposure to EE in aged mice induced marked health benefits, including: reduced 

adiposity, improved glucose tolerance, decreased serum leptin, enhanced motor abilities, 

reduced anxiety-like behavior, reduced hepatic steatosis and hepatic glucose production, 

and increased glucose uptake by the liver—underscoring improvements in glycemic control 

[12]. Moreover, EE reduced inflammatory genes in the brain, adipose, and liver [12]. 

Interestingly, EE mice displayed a trend toward increased mean life span [12] and many 

of these observations were replicated following hypothalamic gene transfer of BDNF [17]. 

Together, these studies implicate a molecular hub—BDNF—which connects EE stimuli and 

downstream metabolic and immune phenotypes implicit in healthy aging, increased health 

span, and reduced cancer risk.
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Here, we expanded upon previous work to determine whether EE would be able to mitigate 

age-related declines in metabolic function and thus alter LLC growth. To our knowledge, 

this is the first report to characterize an EE-related anti-cancer effect within aged mice. 

Consistent with our previous results [12], we observed an increase in hypothalamic Bdnf 
in aged EE mice and an overall favorable metabolic profile. Notably, aged mice responded 

more readily to EE than young counterparts across various metabolic metrics, perhaps 

indicative of aging-related baseline deficits in metabolic function. This notion is consistent 

with previous reports which indicate aging negatively influences insulin resistance [46, 47], 

glucose tolerance [48], body composition [49, 50], and adipose function and inflammation 

[51]. Tumor phenotypes were consistent with metabolic observations, given that age-related 

increases in adiposity serve as a risk factor for cancer. In aged EE mice, implanted LLC 

tumors grew slower and weighed less at sacrifice when compared to aged SE controls. 

Furthermore, changes in growth were associated with favorable pathological observations 

and molecular changes—indicative of alterations in apoptosis, proliferation, angiogenesis, 

inflammation, and malignancy. Overall, these data suggest that EE can attenuate age-related 

declines in metabolism, thus slowing LLC growth. In sum, these outcomes validate EE 

as an anti-cancer model in aged mice and underscore the importance of understanding 

environmental influences on cancer malignancy in aged populations.

Beheshti and colleagues report that host age has a considerable impact on the growth of 

implanted LLC, describing age as an “organizing axis” for the biological determinants of 

LLC progression. They employed male C57BL/6 mice across the life span (68-, 143-, 551-, 

and 736-days) and found that the growth rate of LLC was higher in young adult mice 

(143-days, 4.8-months) as compared to older mice (551-days, 18.4-months) [24]. In contrast, 

we observed a faster growth rate and larger tumor mass at sacrifice in older female mice 

(16-months at tumor implantation, aged-SE) as compared to observations in young mice 

(5-months old at tumor implantation, young-SE) (Fig. 2). Age discrepancies between the 

two studies might contribute to the inconsistency in findings, however, sex may be a more 

critical biological variable. It is thought that menopause occurs between 12 and 14 months 

of age in mice [52]. Menopause is associated with the risk of weight gain and developing 

central obesity, as well as metabolic dysfunctions including insulin resistance, glucose 

intolerance, and dyslipidemia [53]. The propensity to postmenopausal obesity and associated 

metabolic syndromes is caused clearly—if not entirely—by the natural decrease in estrogen 

levels [54]. Here, our data suggest postmenopausal female mice exhibit metabolic declines 

that are associated with accelerated LLC tumor growth, as compared to young adults. 

Implementing EE during menopause alleviated this metabolic decline and inhibited LLC 

progression. As postmenopausal obesity is associated with a ~50% higher risk of breast 

cancer [55], it will be particularly interesting to investigate whether EE can mitigate the 

increased risks of postmenopausal metabolic disturbance and breast cancer.

Our results here did not characterize an EE anti-tumor effect in young mice, contrary to 

previous results in various tumor models [9, 10, 15]. It is feasible that these results are 

inherent to the LLC model, as—to our knowledge—this is the first described combination 

of the LLC model and EE. Alternatively, these observations could be explained by the 

use of females in this experiment, as we have observed sexual dimorphism in response 

to EE interventions. In general, EE results in more pronounced metabolic effects in male 
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mice than females—we have observed this across multiple strains (C57BL/6 and BTBR T+ 

Itpr3tf/J) and ages (adult and younger) [56]. The underlying mechanisms remain unclear. 

Of consideration, estrogens act on estrogen receptor α (ERα) to regulate the gene and 

protein expression of BDNF in the brain [57]. Hypothalamic BDNF has been identified as 

the upstream brain mediator driving EE-induced adipose remodeling and anti-cancer effects. 

Therefore, the female brain may be more sensitive to the signaling molecules critical to 

energy homeostasis—such as leptin and BDNF. As a result, females have a fitter baseline, at 

least before menopause, which might partially explain the more modest metabolic response 

to EE when compared to male mice. We did not use male mice in this experiment, as males 

are prone to fighting in EE, especially when introduced to novel social conspecifics later 

in life. Special labor- and cost-intensive study design considerations—such as long-term 

housing of EE males from a juvenile state—may limit fighting and associated confounding 

inflammatory states resulting from wounds and aggression. Further work will be needed to 

optimize male EE-aging housing protocols and understand whether sex-related differences 

in EE-induced tumor inhibition exist.

Interestingly, we observed an EE-associated increase in IGF-1 in both young and aged mice. 

This result was unexpected, as IGF-1 increases are implicated in tumorigenesis and are 

considered a risk factor for various cancers [58]. IGF-1 has pleotropic effects—including 

modulation of inflammation [59] and body composition [60]—and is known to decrease 

over the lifespan [58, 61]. Furthermore, IGF-1 is positively associated with lean mass [60]. 

The mechanisms underlying our IGF-1 observations remain unclear. Cancer-driven cachexia 

depends on IGF-1 axis impairment [62, 63] and IGF-1 administration was found to be 

protective from cachexia [63], so it is feasible that we observed a compensatory increase 

in IGF-1 before mice reached this state in our study. Alternatively, EE-associated increases 

in IGF-1 could be attributed to observed increases in lean mass. Interpretations within the 

context of three overlapping systems, aging, EE, and cancer—all known to influence IGF-1 

[9, 59-63]—remain difficult. Accordingly, we remain unable to delineate whether circulating 

IGF-1 alters tumor progression in this study.

The current study has several limitations. In some cases, protein levels were found to be 

incongruent with relative mRNA expression. Secondly, this study lacks examination of 

immune responses. Previously, we and others demonstrated EE enhances cytotoxicity and 

mobilization of natural killer (NK) cells and CD8+ cytotoxic T-cells (CTLs) in young mice 

[9, 15, 16]. Recent reports describe the ability of EE to enhance NK cell maturation [64, 

65] through hypothalamic BDNF [65]. Future studies should investigate whether EE can 

modify the body’s immune response, thus boosting antitumor immunity in advanced age. 

Furthermore, we did not investigate the glycolytic pathways which have been shown to 

regulate insulin sensitivity, glycemic processing, and cancer growth. Cancer cells reprogram 

their metabolism—catabolizing large amounts of glucose through glycolysis—to facilitate 

growth [66]. Multiple oncogenes—including RAS, MYC, and PI3K, favor glycolysis over 

oxidative phosphorylation, while many tumor suppressors—including PTEN—negate this 

effect [34]. Notably, EE induces an upregulation in PTEN within white adipose tissue [35]. 

Of relevance to the previous comments on estrogen, glycolysis has been shown to be altered 

by estrogen and its receptors [67, 68]. Thus, it will be important to delineate whether/how 
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EE alters the glycolytic capacity of cancers and other metabolic-relevant tissues in future 

studies.

On another note, our experiment lacks comparisons of pre- and post-tumor metabolic and 

inflammatory biomarkers in serum. While we acknowledge this limitation, we performed 

many measures of systemic metabolic function prior to tumor inoculation. In tandem, we 

observed several EE metabolic signatures (e.g. Lep, Pten, Adrb3, Bdnf, and Mc4r mRNA, 

serum leptin) were maintained even after tumor inoculation. Together, these observations 

lend credence to the notion that the EE metabolic phenotype persisted through tumor 

treatment.

Finally, we must consider the experimental endpoint choice. Near the study sacrifice, the 

largest LLC tumor had a length which approached the maximum tumor diameter allowed by 

our IACUC’s policy. We decided to terminate the study to preserve power and minimize the 

number of mice lost to the early removal criteria. In doing so, we were able to analyze all 

tumors at the same experimental time point rather than one dictated by animal welfare. This 

allowed for (1) direct comparisons of biomarkers, unaffected by asynchronous endpoints 

and (2) observation of tumors in a midpoint state, rather than at a terminal state when 

they would be excessively necrotic and display high levels of intratumor heterogeneity, 

thus complicating IHC analysis. Other study designs (e.g. survival measurements without 

interference) may provide additional biological context and aid in interpretation.

It remains to be seen whether similar EE-aging results hold in other tumor models. 

Research in young mice has characterized anti-cancer EE phenotypes across melanoma, 

glioma, intestinal, breast, and pancreatic cancer models [9, 10, 13-16], providing several 

experimental targets for future EE-aging investigations. Additional work should be done to 

further characterize the EE anti-cancer phenotype in aged animals and describe mechanisms 

implicit in cancer immunity beyond the induction of hypothalamic BDNF.

It will be interesting to see whether similar results can be obtained with spontaneous 

tumors and/or hematopoietic malignancies in aged EE mice. Here, we did not perform 

a spontaneous tumor study in aged animals, as it would be cost- and labor- prohibitive, 

given the need to maintain EE cages and closely monitor growth over a period longer 

than the 19 days presented here. We previously investigated EE’s ability to extend life 

span in C57BL/6 mice – housing 80 female mice (40 SE and 40 EE) until natural death 

[12]. Necropsies revealed very few spontaneous tumors during this experiment and none 

of the observed tumors occurred in the lungs. While carcinogen administration would be a 

potential approach to avoid long-term housing of wild type or transgenic animals, we worry 

about variance in tumor latency and growth, which might necessitate large sample sizes for 

sufficient statistical power. Well-designed studies may overcome this limitation and have the 

potential to better characterize an aging-EE cancer prevention phenotype. In conclusion, this 

is not a strict cancer prevention study per se, as all mice developed tumors; spontaneous 

tumor models would address this concern. Nonetheless, the concept of cancer prevention is 

inextricably intertwined with maintenance of a healthy lifestyle and avoidance of negative 

environmental exposures—EE is a valuable paradigm to model these contributing factors.
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While the observations reported here are promising, the question still remains: how do we 

translate these findings to humans? Obvious improvements in physical activity and diet 

can lead to lean states and extended health span, but our work with EE has led us to 

consider less-intuitive environmental factors and their contribution toward healthy aging. 

Although it may seem difficult to connect the running wheels, bedding, and toys of EE to 

human life, we should consider complex stimulation in our own lives. Individuals who seek 

meaning and purpose, have stimulating jobs or hobbies, exercise frequently, are engaged 

in meaningful social circles, etc. may engage similar biologically-rooted eustress pathways 

as those observed in EE. Such engagement may prove more important with advanced age. 

We encourage readers to reference our recent reviews on the promise of the EE model and 

lifestyle interventions for health span extension [5, 69] and cancer prevention [70], which 

discuss these topics at a greater depth. By engaging in a complex lifestyle, perhaps we can 

prevent or delay biological states that lead to cancer.
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Figure 1. EE ameliorates aged-related metabolic deficits.
(A) SE and EE housing examples. (B) Experimental timeline. (C) Body weight (D) Daily 

food intake, normalized to body weight. (E) Percent fat mass, as measured echoMRI body 

composition assessment at 4 weeks post housing. (F) Percent lean mass, as measured 

echoMRI body composition assessment at 4 weeks post housing. (G) Glucose tolerance test 

(GTT), performed 5 weeks post housing. (H) Area under the curve of the GTT. For all 

panels: Young SE n=10, Young EE n=9, Aged SE n=10, Aged EE n=9. Data are means ± 

SEM. SE vs. EE: * P < 0.05, *** P < 0.001. Aged (EE-SE) vs Young (EE –SE): # P < 0.05, 

## P < 0.01.
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Figure 2. EE slows LLC tumor growth and reduces tumor mass in aged mice.
(A) LLC tumor growth curve, as measured by calipers. (B) LLC tumor volume at sacrifice. 

(C) LLC tumor weight at sacrifice. (D) Excised LLC tumors, scale equalized. (E) Gross 

tissue weight. For all panels: Young SE n=10, Young EE n=9, Aged SE n=10, Aged EE n=9. 

Data are means ± SEM. SE vs. EE: * P < 0.05, *** P < P<0.001. Aged (EE-SE) vs Young 

(EE –SE): # P < 0.05.
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Figure 3. Serum profile at sacrifice.
(A) Leptin (Young SE n=9, Young EE n=9, Aged SE n=10, Aged EE n=9). (B) Adiponectin. 

(C) IGF-1. (D) Triglycerides. (E) Glucose. For all panels except (A): Young SE n=10, Young 

EE n=9, Aged SE n=10, Aged EE n=9. Data are means ± SEM. SE vs. EE: + P < 0.06, * P < 

0.05, *** P < 0.001. Aged (EE-SE) vs Young (EE –SE): # P < 0.05.
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Figure 4. EE alters metabolic and inflammatory biomarkers in central and peripheral tissues.
(A) Gene expression profile of hypothalamic tissue (n=6 per group). (B) Gene expression 

profile of iWAT (n=6 per group). (C) Gene expression profile of LLC tumors (Young SE 

n=9, Young EE n=8, Aged SE n=9, Aged EE n=9). (D) C-X-C motif chemokine ligand and 

receptor gene expression in LLC tumors (Young SE n=9, Young EE n=8, Aged SE n=9, 

Aged EE n=9). (E) Inflammation gene expression profile of LLC tumors (Young SE n=9, 

Young EE n=8, Aged SE n=9, Aged EE n=9). Data are means ± SEM. SE vs. EE: + P < 

0.06, * P < 0.05, ** P < 0.01, *** P<0.001.
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Figure 5. LLC tumor immunoblotting.
(A) LLC tumor immunoblots (n=6 per group). (B) COX2 protein expression in LLC tumors 

(n=6 per group). (C) CD31 protein expression in LLC tumors (n=6 per group). (D) CXCR4 

protein expression in LLC tumors (n=6 per group). Data are means ± SEM. SE vs. EE: * P < 

0.05.
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Figure 6. Enriched environment alters tumor pathology and reduces proliferation in aged mice.
(A) Representative H&E staining of LLC tumors (400X, 50 μm scale bar, yellow arrows 

indicate abnormal mitotic figures, white arrows indicate necrosis and apoptosis). (B) 

Additional representative H&E staining of LLC tumors (200X, 100 μm scale bar, black 

arrows indicate necrotic foci). (C) Representative TUNEL staining for apoptosis in LLC 

tumors (400X, 50 μm scale bar). (D) Representative Ki-67 staining for proliferation in 

LLC tumors (400X, 50 μm scale bar). (E) Percentage of tumor cells positive for Ki-67 

proliferation stain (n=7 animals per group, 3 images per animal). Data are means ± SEM. SE 

vs. EE: * P < 0.05.
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