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Preface

Overweight and obesity have increased on a worldwide basis, reaching 60–70 % of 
the adult population in developed countries and the incidence continues to increase 
in developing countries. In addition to having devastating psychosocial impact and 
causing severe debilitation and death at the individual level, this obesity pandemic 
along with an associated increase in multiple malignancies poses a major series of 
public health problems that challenge both health care systems and health care costs. 
Cohort and case control studies in humans have contributed significantly to under-
standing the epidemiology and clinical correlates of these problems. Likewise, great 
insights have been gained from biochemical, molecular biologic, genetic, physio-
logic, and pathologic analysis of human tissues and fluids, and in some cases, it has 
been possible to conduct randomized controlled trials in humans to study cause and 
control. The latter, however, have usually been short-term relative to the long-term 
problems of obesity development and control and its relation to cancer. Moreover, 
obesity and its comorbidities have been difficult to study in humans due to difficul-
ties in sustaining controlled diets, environments, and behavior modifications as well 
as ethical and technical considerations that preclude performance of human experi-
ments where harmful effects such as the development of obesity and/or cancer may 
be an important component of the endpoint.

In contrast to the research limitations imposed by human studies, animal studies 
offer many advantages, and murine systems have been particularly useful to study 
the relation of cancer with diet, obesity, and other factors affecting energy balance. 
These models are useful, first because rodents are similar to humans in that they 
develop a series of diseases characteristic of humans including diabetes, hyper-
tension, obesity, cardiovascular disease, autoimmune disorders, and a variety of 
malignancies including carcinomas, sarcomas, lymphomas, and leukemias. In ad-
dition, they are small, easy to handle, easy to control, and manipulate their diet and 
environment. Another important attribute of murine models is that a series of immu-
nodefficient strains, athymic “nude” mice, and severe combined immunodefficient 
(SCID) mice, lacking major components of the immune system are available, which 
make it easy to transplant tumors as pieces, minces, or cell suspensions, between 
animals or from tumor cell lines and across species, including from humans to mice, 
to study the consequences of variations in energy balance such as diet and exercise. 
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Transplanted tumors are useful also for the studies of new therapeutic agents alone 
and in combination.

Like that of humans, the entire mouse genome has been sequenced and areas of 
similarity and differences can be compared. The ability to develop inbred strains 
of mice provides the basis for statistically significant genetic and phenotypic ex-
pression of normal and abnormal traits and their association with specific genes 
and their products. Moreover, the ability to genetically modify mice by making 
transgenic, knockout, knockin, and consomic chromosome animals, provides the 
basis for developing a variety of sophisticated and valuable tools to elucidate the 
independent and combined contributions of specific factors to the obesity–cancer 
relation. In addition, their short reproduction time makes it easy to study both ge-
netic and epigenetic influences. The value of these models is further enhanced by 
technology to identify DNA sequence changes that result in cancer driver genes in 
humans and then reproduce them in mice to study the interaction of obesity with a 
variety of other genetic, epigenetic, and environmental modifiers such as diet, exer-
cise, diurnal rhythm, and others on cancer. Likewise, a series of devices including 
tread mills, running wheels, swimming apparatus, and motion detectors have been 
developed for mice to encourage and provide opportunities for exercise, exercise 
training, and measurement of physical activity, endurance, and energy consumption.

This volume in the Energy Balance and Cancer series discusses many of the 
leading murine models used to study the mechanisms and markers linking obesity 
to cancer, their modification by environment, and how they may continue to be used 
to further elucidate these relations and explore preclinical aspects of prevention 
and/or therapeutic interventions.

In Chap. 1, Luciano DiTacchio and Kacee A. DiTacchio (University of Kansas) 
and Satchidananda Panda (Salk Institute for Biological Sciences) discuss the use 
of murine models to study the relevance of normal and disrupted circadian rhythm 
in cancer. In Chap. 2, Lei Cao (Ohio State University) examines the dramatic ef-
fect of environmental manipulation and consequent alterations in neuropeptides as 
mediators of the impact of energy balance and cancer. Ellen Heber-Katz (Wistar 
Institute) and Robert Naviaux (University of California San Diego), in Chap. 3, 
discuss the MRL mouse model of regeneration and cancer, while in Chap. 4, Dar-
lene Berryman, Vivian Lesende, Lara Householder, Edward List, John Kopchick 
(Ohio University) discuss mouse lines with altered growth hormone secretion af-
fecting fat metabolism and cancer. In Chap. 5, Jonathan Tucci and Steven Mittel-
man (University of Southern California) discuss mouse models to study hemato-
logic malignancies, while in Chap. 6, Stephen Hursting, Emily Rossi, Laura Bow-
ers (University of North Carolina at Chapel Hill), and Laura Lashinger (University 
of Texas at Austin) summarize lessons learned from genetically engineered mice 
to study the effect of insulin-like growth factor (IGF)-1 on energy balance and can-
cer. Praveena Thiagarajan and Ofer Reizes (Cleveland Clinic) report, in Chap. 6, 
the exciting use of murine models to study leptin effects in breast cancer stem 
cells. In Chap. 8, Zara Zelenko, Derek LeRoith, and Emily Gallagher (Ican School 
of Medicine at Mount Sinai) discuss the use of murine models to study the interre-
lated effects of diabetes, insulin, and IGFs on cancer. In Chap. 9, Henry Thompson 
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(Colorado State University) provides a conceptually challenging discussion of the 
impact of energy balance on chemically induced mammary carcinogenesis in the 
rat. Hui-Hua Chang, Guido Eibl, and Enrique Rozengurt (David Geffen School 
of Medicine at University of California Los Angeles) discuss the recent advances 
in mouse models to study the effects of energy balance on pancreatic cancer in 
Chap. 10. Chapter 11, by Emily Benesh and Kelle Moley (Washington University) 
provides an interesting epigenetic examination of how maternal energy balance af-
fects prostate cancer in offspring. Dipali Sharma (Johns Hopkins University) and 
Neeraj Saxena (University of Maryland), in Chap. 12, provide a comprehensive 
review of mouse models to study the nonalcoholic fatty liver disease, nonalcoholic 
steatohepatitis and hepatocellular carcinoma and the effect of natural product. In 
Chap. 13, Abraham Schneider (University of Maryland) provides an important ex-
amination of the use of mouse models to study metformin in carcinogenesis.

Overall, this volume provides a series of diverse murine models for studying 
many of the malignancies affected by energy balance in humans and a variety of 
techniques by which these studies may be approached. The volume should be of 
high interest to all the investigators concerned with the relations between energy 
balance and cancer, and serve as a useful guide to those interested in performing 
controlled research in model systems relative to these processes.

Cleveland, Ohio Nathan A. Berger
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Chapter 1
Relevance of Circadian Rhythm in Cancer

Luciano DiTacchio, Kacee A. DiTacchio and Satchidananda Panda

© Springer International Publishing Switzerland 2015
N. A. Berger (ed.), Murine Models, Energy Balance, and Cancer, 
Energy Balance and Cancer, DOI 10.1007/978-3-319-16733-6_1

S. Panda () · L. DiTacchio · K. A. DiTacchio
Department of Pharmacology, Toxicology & Therapeutics,
University of Kansas Medical Center, 4095 Hemenway 
Bldg, 3901 Rainbow Boulevard, Kansas City, KS 66160, USA
e-mail: lditacchio@kumc.edu

K. A. DiTacchio
e-mail: kditacchio@kumc.edu

S. Panda
Regulatory Biology Laboratory, Salk Institute for Biological Studies, 
La Jolla, CA 92037, USA 
e-mail: panda@salk.edu

Abstract Circadian rhythms are patterns of behavior, physiology, and metabolism 
that occur within a period of approximately 24 h. These rhythms are generated 
endogenously, but synchronize to external cues, thus enabling organisms to ben-
eficially align physiological processes to the inherently dynamic, yet predictable, 
seasonal changes in the day–night cycle. The cell autonomous circadian oscillator 
temporally coordinates cellular processes, including metabolism, proliferation, cell 
signaling, organelle function, proteostasis, and DNA damage repair to sustain cellu-
lar homeostasis. It is hypothesized that the circadian oscillators evolved as a “flight 
from light” mechanism to minimize UV damage to single stranded DNA by restrict-
ing DNA replication to the nighttime. Support for this hypothesis is accumulating 
with the recent observation that the circadian rhythm and cell cycle are intimately 
coupled to each other, so that specific phases of cell cycle occur at a defined phase 
of the circadian oscillator at single-cell level [1]. Furthermore, chronic circadian 
disruption perturbs cellular homeostasis and predisposes to cancer. Conversely, 
numerous cancer cell lines display severe circadian alterations, which likely con-
tribute to aggressive proliferation of the tumor. Hence, it is becoming increasingly 
important to understand the relevance of circadian rhythm for optimizing fitness 
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under natural conditions and its utility and adaptability in the modern world so that 
the knowledge can be better leveraged for the prevention and treatment of cancer.

Keywords Circadian rhythms · Circadian clock · Circadian clock cell cycle 
regulation · Circadian clock xenobiotic detoxification · Circadian clock DNA 
damage response · Circadian clock energy metabolism · CLOCK-BMAL1 · 
Chronodisruption · Melatonin

Circadian rhythms evolved in a predictable environment of light:dark and the as-
sociated daily rhythm in access to food. Accordingly, at the organism level, there 
are mechanisms to entrain the circadian system to changes in light and food avail-
ability in different seasons. However, in the modern anthropogenic world, the use 
of electrical lighting and abundance of food availability throughout 24 h during the 
day:night cycle can cause repetitive perturbation of the circadian clock and increase 
susceptibility to cancer. In this chapter we will first introduce the circadian clock 
and its molecular mechanisms in mammals, followed by an overview of the epi-
demiological and experimental evidence linking circadian dysfunction to cancer, 
especially considering evidence obtained from animal models. Then, we will cover 
four broadly defined aspects of physiology that are regulated by the clock, and 
within which we find the mechanisms upon which the hallmarks of cancer arise: (1) 
cell cycle regulation and DNA damage response, (2) xenobiotic detoxification, (3) 
endocrine function, and (4) energy metabolism.

These discussions will lay the framework to understand how circadian disruption 
can increase cancer risk and shed light on novel lifestyle or pharmacological cancer 
treatments that can build on a better understanding of the circadian cancer link.

Mechanisms of the Clock

In mammals, the circadian system is based on a cell-autonomous and self-sustain-
ing molecular oscillator. At the molecular level the circadian oscillator is a genetic 
circuit composed of two interlocking transcription–translation feedback loops that 
revolve around the transcription factors CLOCK and BMAL1 (and their respective 
homologs NPAS2 and BMAL2). CLOCK and BMAL1 function as heterodimers 
that bind to E-box elements at promoter regions of their target genes. CLOCK-
BMAL1 drive the expression of the Cryptochrome ( Cry1 and Cry2), and Period 
( Per1, Per2) genes. In turn, CRYs and PERs form complexes that repress CLOCK-
BMAL1 activity, ultimately suppressing their own expression. Eventually, CRYs 
and PERs are degraded, relieving CLOCK-BMAL1 repression and beginning the 
cycle anew. Essentially, the interplay between CLOCK/NPAS2, BMAL1/2, CRYs 
and PERs gives rise to the self-sustained, near-24 h, alternating activation–repres-
sion cycles that are the proverbial ticking of the clock.
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In a second loop, CLOCK and BMAL1 activate the Rev-Erb- and Ror-class 
nuclear hormone receptors. REV-ERBs and RORs are, respectively, transcriptional 
repressors and activators that bind to ROR elements (ROREs) present in the Bmal1 
gene promoter, and whose interplay enforces rhythmic expression of Bmal1. Ad-
ditionally, REV-ERBs and RORs also act on fine-tuning the rhythmic expression of 
additional clock components. These rhythms are then propagated to off-clock genes 
generating large-scale transcription rhythms (up to 15 % of expressed genes in any 
given tissue), which eventually manifest as overt physiological rhythms.

These transcription–translation loops form the core of the molecular clock, but 
the mechanisms that underlie the complete circadian oscillator are far more com-
plex. For instance, the duration of the cycle needs to have a period of completion 
close to 24 h. One feature of this process is that the translation of circadian mRNAs 
does not follow immediately after transcription; instead, there is an approximate 
2–4 h delay between generation of the mRNA and protein synthesis. This delay is 
in part regulated via miRNA-dependent mechanisms, consistent with findings that 
DICER deficient cells exhibited a shortened circadian period length and had an 
associated acceleration on PER1 and PER2 translation [2]. In addition, the timing 
of individual steps and of the overall circadian cycle involves the extensive post-
translational regulation of oscillator components. All known oscillator components 
are subject to posttranslational modifications of which most extensively studied 
and thus the best understood is protein phosphorylation. For example, casein ki-
nase Iε (CKIε) phosphorylates the period proteins to regulate their degradation by 
the β-transducin repeat containing protein 1 (β-TrCP1)-SCF complex. In contrast, 
PER2 stability is enhanced by phosphorylation by casein kinase 2 (CK2). CRYs sta-
bility is similarly regulated by phosphorylation by the AMP-activated protein kinase 
(AMPK), an event that promotes CRY association with the F-box component of the 
SCF-FBXL3 ubiquitin ligase complex. In addition, phosphorylation also regulates 
subcellular localization of clock proteins, as well as their activity. For instance, 
CKIε phosphorylates PER1 and BMAL1, regulating the nuclear entry of the former 
and the transcriptional activity of the latter. Glycogen synthase kinase 3b (GSK3β) 
phosphorylates REV-ERBα, BMAL1 and CLOCK, PER2, and CRY2 with differ-
ing impacts on stability, activity, and subcellular localization [3–7]. Besides phos-
phorylation, clock components also undergo acetylation, O-GlcNacylation, ubiqui-
tylation, and sumoylation, which have a range of effects as those mentioned [8, 9].

A fundamental feature of genes that are circadianly expressed is that they exhibit 
robust rhythms in chromatin regulation, including epigenetic modifications. As 
such, chromatin regulators such as histone lysine deacetylases, methyltransferases, 
and demethylases are components of the transcriptional machinery. Altogether, the 
combined action of signaling pathways, chromatin regulators, and non-clock tran-
scription factors enable the fine-tuning of circadian rhythms and their entrainment 
by environmental cues.

In spite of their cell-autonomous nature, cellular-level oscillators are orchestrat-
ed in a tissue-specific manner in order to give rise to tissue- and organ-level physi-
ological rhythms. Interestingly, sustained tissue-level circadian rhythms are depen-
dent on the phase alignment of their individual cellular-level oscillators, yet their 
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synchronization (or entrainment) is not a tissue-autonomous property. Thus, the 
circadian system is a hierarchical network, composed of peripheral oscillators that 
are entrained by a master circadian pacemaker: the suprachiasmatic nucleus (SCN) 
of the hypothalamus [10–12]. The SCN is a neural structure composed of 20,000 
cells bilaterally situated above the optic chiasm that has the unique property of be-
ing able to impose coordinated self-sustaining circadian oscillations at the tissue 
level. In addition, the SCN is innervated by the retinohypothalamic tract through 
which it receives photic cues that enable it to set its circadian phase to match the 
local geographic time. The SCN then relays this information to peripheral oscilla-
tors via neural, humoral, and metabolic signals in order to maintain the appropriate 
phase relationships between the different organs and the time of day.

Cancer and the Clock

In 2007, the World Health Organization (WHO) and the International Agency for 
Research on Cancer (IARC) classified shift work as a possible carcinogen, a deci-
sion that was largely based on epidemiological data along with results from animal 
studies.

Chronodisruption, specifically night work and rotating shift work, is associated 
with increased incidence of certain cancers. Numerous studies have identified a link 
between shift work and breast cancer. A meta-analysis of 13 independent epidemio-
logical studies conducted between 1995 and 2005 estimated that the risk of breast 
cancer in shift workers (nurses and flight attendants) was up to 48 % higher than 
in control populations [13]. Interestingly, a nested case-controlled study of women 
serving in the Danish military found that chronotype had a significant impact on 
cancer incidence, with rates being higher in evening-type populations after con-
trolling for shift work [14]. Furthermore, the same study found that morning-type 
workers subjected to shift work were nearly twice more likely to develop breast 
cancer than the control group. Similarly, chronodisruption increases the incidences 
of endometrial (42 % in nonobese and 100 % in obese night-shift workers), colorec-
tal (35 %), and possibly prostate cancers [15–21]. Interestingly, blind subjects with 
total absence of photoreception, and thus less sensitive to circadian stress, have 
reduced cancer rates in comparison to those that retain at least some light sensitivity 
[21, 22]. Consistently, the survival of patients with cancer of the breast, colon, or 
lung, is associated with marked circadian rhythmicity [23].

The importance of the circadian oscillator to cancer is further supported by epi-
demiological analysis of circadian genetic variability in human populations, analy-
sis of clock gene expression in cancers in vivo and in cell models, and experimental 
data. In humans, several SNPs (SNP) that occur in circadian clock genes are as-
sociated with cancer incidence, progression, and survival. For example, in a study 
of Chinese men, individuals that harbored a SNP in Npas2 had a decreased risk of 
developing prostate cancer, whereas those with an SNP in Cry2 had nearly double 
the risk of those that did not [24]. Similarly, other circadian polymorphisms have 
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been linked to increased postmenopausal breast cancer risk ( Cry2), reduced risk of 
developing non-Hodgkins lymphoma ( Npas2), increased occurrence and develop-
ment of non-small cell lung cancer, and increased survival in colorectal and hepato-
cellular carcinoma ( Clock and Per3, respectively) [25–30].

In addition to these SNP associations, the expression of clock genes is dysreg-
ulated in tumors in vivo and in cancer cell culture models. Per2 and Cry1 gene 
expression is upregulated in gastric cancer, with Cry1 heightened expression cor-
relating with disease progression [31]. In ovarian cancer cell lines, the Bmal1 gene 
is silenced via DNA methylation [32], whereas it is down-regulated in chronic lym-
phocytic leukemia patients along with Per1 and Per2 [33]. Similarly, in colorectal 
carcinoma Cry1 and Clock are overexpressed with their levels being correlated with 
progression of the disease, and decreased survival, whereas lower expression of 
Bmal1, Cry2, Per1, and Per3 was reduced in tumor samples [34–36].

The data derived from genetic animal models is also consistent with human ob-
servations. Clock mutant mice, which harbor a mutant gene allele that gives rise 
to a defective CLOCK protein, have decreased proliferation and increased apop-
tosis rates in lymphocytes, although without increased susceptibility to low-dose 
γ-irradiation induced cancer [37]. Double genetic ablation of Cry1 and Cry2 delays 
tumorigenesis onset and increases the lifespan of p53 mutant mice [38]. Mice that 
are homozygote for the Per2 mutant allele ( Per2m/m) have a 100 % increase in [39] 
the number of intestinal and colonic polyps when occurring in a model of colorectal 
cancer (Apc (Min/ + ) mice) background [40]. Consistently, siRNA-mediated de-
creases in Per2 levels in colon cancer cell lines resulted in heightened β-catenin 
expression and increased proliferation, with similar effects observed with Per1 
[41]. Interestingly, mice that carry a transgenic Per2 allele that occurs in familial 
advanced sleep phase syndrome (FASPS) show increased cancer risk and incidence 
[42]. Furthermore, Bmal1, Per1, Per2, Cry1, or Cry2 genetic-null mice have predis-
position to both spontaneous and irradiated-induced cancer [43].

Finally, nongenetic chronodisruptive paradigms have found links between tumor 
formation and progression in mice models. Tumor growth was greater in mice with 
bilateral SCN lesions than in sham control cohorts [44]. Under a jet lag paradigm, 
in which mice with tumor xenografts were subject to repeated 8 h light shifts, the 
rate of tumor growth also increased, with a mitigation of the effect occurring when 
meal time was matched to the light shifts; food-derived cues are dominant periph-
eral entraining signals, which reinforce the phase relationship between the SCN and 
the periphery [45]. In addition, chronic jet lag promotes metastases [46]. Similarly, 
when circadian mutants or wild-type mice are subjected to jet lag, their cancer risk 
is greatly increased [43]. Finally, rats chronically exposed to light-at-night, a fun-
damental characteristic of shift work and night work, increased the incidence of 
spontaneous tumorigenesis [47].

So, what mechanistic link exists between circadian disruption and cancer? For 
cancer to arise, normal cells must acquire certain characteristics, or “hallmarks,” in 
order to become tumorigenic. Specifically, these hallmarks are (1) self-sustained 
proliferation, (2) evasion of growth suppressive mechanisms, (3) apoptosis resis-
tance, (4) induction of angiogenesis, (5) replicative immortality, (6) activation of 
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tissue invasion and metastasis, (7) immune system evasion, and (8) reprogramming 
of cellular energy metabolism. The mechanisms that underlie all these hallmarks 
are under circadian control: cell cycle regulation and DNA damage repair, endo-
crine function, inflammation and apoptosis, xenobiotic detoxification, modulation 
of immune function, and energy metabolism are under extensive circadian control 
[48–51]. Thus, by impairing circadian oscillator function, chronodisruptive agents 
lead to a wide-spread dysregulation of physiological processes that are conducive 
for cancer development and progression.

The Circadian Clock, Cell Cycle Regulation and DNA 
Damage Response

The circadian clock and the cell cycle are now known to be extensively intercon-
nected at the molecular level. The first and most obvious link is that many key 
cell cycle regulators—including wee1, p21-Waf1, p20, cdc2, cyclin B1, cyclin D1, 
and c-Myc—are, in fact, clock-controlled genes (CCGs). Consistently, the circadian 
clocks from cyanobacteria to mammals are well-known to gate the different stages 
of the cell cycle, and thus impose temporal regulation to its progression. In mam-
mals, for instance, S-phase and mitotic index in the oral mucosa, corneal epithe-
lium, digestive tract and even bone marrow exhibit circadian fluctuations [52–56]. 
In a striking example of cell cycle gating by the clock, the timing of M-phase entry 
following partial hepatectomy is dictated by the time of day of the procedure [57].

Similarly, the circadian clock impinges on the DNA damage response. PER1 
physically associates with the cell cycle checkpoint proteins, ataxia telangiectasia 
mutated (ATM) and CHK2, sensitizes cells to apoptosis when overexpressed and, 
conversely, confers protection to irradiation-induced cell death [58]. In humans, 
the timeless protein (TIM), a putative oscillator component, interacts with CRY2 
and CHK1, possibly helping further the crosstalk between circadian and cell cycle 
regulatory mechanisms [59]. Further, BMAL1 is necessary for p53-mediated acti-
vation of p21CIP; BMAL1 shRNA knockdown decreased the induction of both p53 
and p21CIP in response to γ-irradiation, and rendered cells insensitive to p19ARF-
induced cell cycle arrest [60]. Intriguingly, CLOCK protein is localized to DNA 
damage sites following UV irradiation [61].

The Circadian Clock and Detoxification

Xenobiotics are environmentally derived molecules and compounds that are taken 
up by organisms as a result of the processes required for life. Many xenobiotics, 
as well as endobiotic metabolites, are toxicants that have deleterious effects on the 
genome and, thus, organisms have evolved mechanisms that enable their removal 
and/or neutralization. As with other physiological processes, xenobiotic detoxifica-
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tion metabolism is profoundly influenced by the circadian system. For example, 
the constitutive androstane receptor (CAR), retinoic X receptor (RXR), and small 
heterodimer partner (SHP) are nuclear hormone receptors that are involved in the 
activation of detoxification programs and whose expression pattern is robustly cir-
cadian. DBP, TEF, and HLF PAR-bZIP are transcription factors that are direct out-
puts of the circadian oscillator involved in regulating drug metabolism and detoxifi-
cation. In triple DBP;TEF;HLF genetic-null mice, CAR-targets and CAR itself are 
expressed at very low levels [62]. Two CAR targets that are downregulated in these 
mice are 5-aminolevulinic acid synthase 1 ( Alas1) gene, which is also regulated by 
NPAS2, and P450 oxidoreductase (POR). Both ALAS1 and POR are required for 
CYP activity; ALAS1 is the rate-limiting enzyme in the heme biosynthetic pathway, 
and POR is required for transfer of electrons to CYPs. This results in oscillations in 
CYP activity. In addition, the expression of some Cyp genes is controlled by DBP, 
including CYP3A4, CYP2A4, and CYP2A5, or directly by oscillator components 
(CYP2E1). In all, this results in circadian regulation of Phase I metabolism, which 
has maximum function during the night, which is when food consumption peaks. 
Phases II and III metabolism are also influenced by the clock. For example, Phase 
II processes are scheduled so that glutathione conjugation occurs at the beginning 
of the fasting period (daytime), followed by glucuronidation towards the end of the 
light phase, and sulfation occurring at the day-to-night period. The expression of 
several phase III metabolism transporters are also regulated by the circadian oscil-
lator, including organic cation transporter 1 (OCT1), organic anion transporters 1, 2, 
and 3 (OAT1–3), multidrug resistance protein 1 (MDR1), and others [49].

The Circadian Clock and the Endocrine System

Since the endocrine system enables communication and coordinated physiological 
functions across tissues and organs throughout the body, one might expect circadian 
influence over those processes that occur with regularity. Indeed, the circulating 
levels of many hormones and other endocrine factors oscillate strongly over the 
course of the day/night cycle in normal conditions and chronodisruption interferes 
with their synthesis, release and sometimes their effect within target cells. The dis-
ruption of circadian rhythms certainly means a disruption of endocrine systems, 
which, in turn, contributes to pathologies, including metabolic syndrome, obesity, 
type-2 diabetes, and cancer.

Melatonin

Melatonin is a pineal hormone with synthesis and secretion occurring during the 
night regardless of whether activity occurs during the day as in diurnal organisms 
or the night: melatonin can thus be considered the chemical signal through which 
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physiology recognizes darkness [63]. Light exposure inhibits the production of mel-
atonin according to its intensity, wavelength, and duration. Accordingly, reduced 
production is observed following shift work or other light-at-night environments. 
Additionally, production declines with age along with various other outputs of the 
circadian system. The pineal gland receives direct innervation from the SCN and, 
in terms of both synthesis and release, melatonin is under direct regulation of the 
clock. In a positive feedback loop, melatonin also signals to the SCN, resynchro-
nizing clock gene expression and thereby fortifying rhythmicity. It is also one of 
the most important signals serving to synchronize peripheral clocks, regulating the 
phase and period of the transcription/translation cycle of peripheral clock genes. 
This action supports the segregation of daytime appropriate physiology from that 
of the night; however, its effects in their entirety extend beyond circadian rhythms 
with important consequences for overall metabolic function and health. Acting on 
adipocytes, for instance, melatonin inhibits lipogenesis and increases the produc-
tion of the satiety hormone, leptin [64]; an effect that is potentiated with rhythmic-
ity of melatonin exposure, as would occur endogenously. Additionally, melatonin 
functions synergistically with insulin, being important for its proper synthesis and 
secretion as well as improving insulin sensitivity in target cells. Consequently, pine-
alectomized animals demonstrate glucose intolerance and insulin resistance which 
can be reverted by melatonin replacement therapy [65].

Melatonin is known to have powerful oncostatic and oncoprotective effects. It 
can prevent and reverse tumorigenesis in murine models. Furthermore, circulating 
melatonin levels are inversely correlated with tumor growth rates in cancer patients, 
and positively associated with survival [66]. Interestingly, blind subjects with total 
absence of photoreception have reduced cancer rates in comparison to those that 
retain at least some light sensitivity, possibly due to a decreased susceptibility to 
alterations in melatonin secretion [22, 67].

Melatonin is thought to influence cancer occurrence and progression both direct-
ly and indirectly. Several receptor-dependent and -independent actions of melatonin 
within tumors oppose various hallmarks of cancer: reducing proliferation, boost-
ing antioxidant defenses, regulating cellular metabolism, and blocking invasion and 
metastasis. Alternatively, melatonin’s impact on the circadian system stimulates 
robust oscillations and coordinates physiology across the body, supporting healthy 
circadian and metabolic states which in turn are protective.

Glucocorticoids

Glucocorticoids (GCs) are steroid hormones derived from the adrenal gland which 
function in a wide array of physiological processes, including inflammation, glu-
cose homeostasis, and cell proliferation [68]. Their anti-inflammatory effects are 
exploited pharmaceutically to combat pain, allergies, arthritis as well as lymphomas 
and leukemia. They impinge on various other physiological processes as well, with 
the outcome depending on the target cell type—even positively or negatively affect-
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ing cell proliferation, for instance. Glucocorticoids exhibit strong daily oscillations 
in plasma concentrations. The SCN drives these fluctuations via the hypothalamic-
pituitary-adrenal axis and their rhythmic presence participates in the entrainment of 
peripheral clocks [69–71]. In jet-lag conditions, both the synthesis and release of 
GCs are disturbed, which, in turn, contribute to desynchrony of peripheral clocks as 
well as disrupting various other physiological processes that GCs normally regulate 
[72, 73].

The role of glucocorticoids in cancer varies. The outcome of GC signaling is 
tissue-specific and likewise the effect of GC signaling in cancerous cells depends 
on the type; pro-apoptotic in certain cancers, but pro-survival and promoting resis-
tance to cell death in others [68, 74]. In obesity, GCs also have pleiotropic effects 
but generally promote fat deposition.

Insulin/Insulin-Like Growth Factor

Insulin is produced in the pancreas and regulates energy metabolism throughout 
the body; its cousin, insulin-like growth factor (IGF) is secreted from the liver and 
promotes cell proliferation [75]. Although serving some distinct functions, these 
proteins are very similar in structure and share many components of their signaling 
pathways. High levels of insulin are observed in the blood of obese and diabetic 
patients, and insulin/IGF signaling has been implicated in the risk, incidence, and 
tumorigenic responses of various human cancers in such individuals [76, 77]. In-
triguingly, in human breast cancer patients, a disruption to IGF-1 rhythmicity has 
been observed whereas other rhythms remain intact; it is possible that the timing of 
release may be as important as the overall levels [78].

Insulin release is responsive to nutrient availability in the blood; however, it is 
also under circadian control [79, 80]. Many components of the insulin/IGF signal-
ing pathway are regulated in a circadian manner at the level of transcription, and 
blood levels of both oscillate over 24 h even in the absence of food [81]. Con-
versely, insulin stimulates circadian gene expression [82]. Additionally, mice fed a 
high-fat diet (HFD) become obese and hyperinsulinemic and have disrupted feeding 
rhythms and free-running period length [83].

The Circadian Clock and Energy Metabolism

The rise in obesity and excess body weight rates constitute one of the greatest mod-
ern global health challenges. In the USA alone, ~60 % of the population is consid-
ered overweight, with half of those considered clinically obese, 8–11 % suffering 
from type2 diabetes, and a quarter exhibiting metabolic syndrome. Interestingly, 
this obesity epidemic has been paralleled by the rise of the 24-h society, which is 
characterized by the proliferation of, and chronic exposure to, light pollution, and 
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altered activity profiles inherent to modern economies (e.g., rotating shift work, jet 
lag). Indeed, epidemiological studies have consistently linked circadian dysfunc-
tion to metabolic syndrome, weight gain, obesity, and type-2 diabetes [84]. A recent 
study of more than 113,000 women living in the UK found a strong association 
between increasing levels of light exposure at night with weight gain and obesi-
ty [85]. Similarly, rotating shift work, sleep deprivation, and sleep disruption are 
positively associated with type-2 diabetes and impairment in glucose metabolism 
[86–88]. Consistently, human volunteers subjected to circadian misalignment that 
mimic shift work and jet lag had marked increases in blood glucose and insulin 
levels, increased arterial pressure, decreased leptin levels, and sleep quality [89, 
90], whereas disrupted or insufficient sleep increases the risk of developing T2D 
[91, 92]. Intriguingly, human circadian genetic variability has been found to impact 
metabolic function. For example, a number of SNPs that occur in human circadian 
genes are correlated with propensity for obesity and type-2 diabetes (Clock and 
Bmal1), heightened fasting (NPAS2 and PER2) or otherwise correlated with (CRY2 
gene variants) blood glucose levels [93–95].

Importantly, experimental data firmly corroborate human population-based stud-
ies, and have helped establish the circadian oscillator as a key regulator of energy 
homeostasis, from the animal as a whole to the cellular level. For example, whole-
body Bmal1 knockout mice present with a number of metabolic phenotypes, includ-
ing hypoinsulinemia, higher body fat mass content, and fasting hypoglycemia, with 
the latter also occurring in liver-specific Bmal1 knockouts [96, 97]. In addition, in 
both Bmal1 knockouts and Clock mutant mice, circadian rhythms in insulin sensi-
tivity and glucose tolerance are eliminated, and gluconeogenesis is impaired [96, 
98]. Clock mutant mice, which harbor a dysfunctional allele, are also predisposed 
to weight gain under both regular and high-fat dietary paradigms and exhibit dys-
lipidemia, hyperglycemia, and hypoinsulinemia [99]. Cryptochrome-deficient mice 
exhibit abnormal glucose metabolism. Cry double-null mice ( Cry1‒/‒;Cry2‒/‒) show 
heightened postprandial blood glucose levels, are glucose intolerant, and are sensi-
tized to HFD-induced weight gain and hyperinsulinemia [100]. Cry1‒/‒ or Cry2‒/‒ 
animals also show glucose intolerance, yet Cry1 but not Cry2 knockouts are pro-
tected against HFD-induced obesity [101]. Similarly, Per2 mutant mice have lower 
body fat content and total body weight, and show aberrations in blood glucose 
regulation, with fasting hypoglycemia, impaired gluconeogenesis and increased 
insulin sensitivity despite being hyperinsulinemic [102]. Rev-erbα‒/‒ animals have 
increased white adipose tissue, elevated blood glucose, decreased blood lipid lev-
els, and abnormal bile acid levels [103, 104]. More recently, mice with a Per1 gene 
mutation paralogous to that occurring in humans affected with FASPS were found 
to be predisposed to HFD-induced obesity [105].

Genomic analyses of tissues such as liver, white and brown adipose tissues, and 
skeletal muscle have been instrumental in furthering our understanding of how the 
clock regulates metabolism and why its dysfunction contributes to pathological 
states. In liver, a key organ in the regulation of systemic energy homeostasis whose 
function is extensively influenced by the circadian oscillator, many of the direct 
targets of the hepatic oscillator are essential components of genomic programs and 
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pathways that regulate energy homeostasis. Indeed, circadian clock components 
(BMAL1, NPAS2, PER1, PER2, CRY, CRY2, NR1D1, and NR1D2) are enriched at 
the promoters of key regulators of glucose ( G6pc, Pck1, Pcx, Pdk1), lipid, and cho-
lesterol homeostasis ( Acaca, Hmgcr, Scap, Insig2, Cyp7a1) [106, 107]. Addition-
ally, the circadian oscillator influences metabolism indirectly by imposing strong 
rhythms in the levels of non-clock transcription factors. Notably, out of the 41 
hepatic-expressed NHRs, 20 are rhythmically expressed, including the non-clock 
NHR components PPARα,δ,γ, thyroid hormone receptor, and ERRs (Estrogen-re-
lated receptors) [108, 109]. Likewise, the genes that code for the sterol homeostasis 
regulators SREBP1 and SREBP2– Srebf1 and Srebf2– are expressed with a circa-
dian pattern that, respectively, peaks at the beginning and end of the dark period 
[110, 111].

White adipose tissue (WAT) is a widely distributed, complex tissue that is a 
major site of fat storage and de novo fatty acid synthesis. As with liver, the circa-
dian clock involvement in WAT physiology is extensive, affecting both adult tissue 
function and adipogenesis. In adult WAT, a major role of the circadian clock is to 
regulate the balance between lipolysis and lipogenesis needed to store energy for 
use under fasting conditions, yet prevent dyslipidemia and excess fat accumulation. 
For example, BMAL1 drives the activation of the lipogenic genes Elovl6, Scd1, 
Atgl, and Hsl through direct binding to the promoter regions [112, 113]. During 
adipogenesis, Bmal1 gene expression is enhanced [114]. Consistently, Bmal1‒/‒
mice exhibit reduced adiposity and low levels of long-chain polyunsaturated fatty 
acids. Like BMAL!, REV-ERBα is highly expressed during adipocyte differentia-
tion, although its exact role is this process is not clear; as cell-based experiments 
show REV-ERBα is required for adipocyte differentiation yet Rev-Erb knockout 
mice show no adipose tissue defects. WAT is also the source of endocrine factors 
known as adipokines, including adiponectin, leptin, and resistin, all of which are 
released into the bloodstream in a circadian pattern. In mammals, brown adipose 
tissue (BAT) is a major site of thermogenesis and a key organ in the regulation of 
body temperature. In BAT, thermogenesis is achieved via dissipation of the mito-
chondrial proton gradient through uncoupling protein 1 (UCP1), whose expression 
has been found to be regulated by Rev-Erbα and Per2 [115, 116]. In skeletal muscle, 
the circadian clock imposes rhythmicity on the expression of 215 genes, includ-
ing genes involved in triglyceride hydrolysis ( Ces3, Pnpla3), fatty acid oxidation 
( Pgc1b, Myod1, Ucp3), and synthesis of fatty acids and cholesterol ( Pank1, Dbt, 
Dgat2, Acat2, Idh1, S3–12) [117].

The clock can also fine-tune its control of energy homeostasis through non-
transcriptional mechanisms. For instance, cryptochrome proteins can prevent tran-
scription of gluconeogenic genes by preventing activation of the cAMP response 
element-binding protein (CREB) by glucagon-activated Gsa, as well as by direct 
repression of the glucocorticoid receptor [118, 119]. Similarly, PER2 can impact 
glucose metabolism through physical association and modulation of PPARα, REV-
ERBα, and possibly HNF4α, and thus regulate their activity [120]. Finally, the clock 
can influence energy homeostasis through the production of metabolites that acti-
vate energetic regulators. The gene for the key enzyme involved in the production 
of nicotinamide adenine dinucleotide (NAD + ), NAD phosphoribosyltransferase 
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( Nampt), harbors E-boxes in its promoter region that are bound by CLOCK, and are 
expressed in a circadian fashion [121, 122]. In turn, hepatic NAD + levels oscillate, 
and this coincides with the activity of SIRT1, an NAD + -dependent histone deacet-
ylase (HDAC) that is one of the central regulators of energy homeostasis [123, 124].

Timing and Quality of Caloric Intake and the Clock

Perhaps the most obvious mechanism by which the circadian oscillator regulates 
energy metabolism is by orchestrating feeding behavior. Yet, until recently, the role 
played by the timing of food intake in the maintenance of energy metabolism ho-
meostasis had not been appreciated. The initial cues came from the observation that 
mice fed a high-fat diet during their inactive period gained more weight than their 
control counterparts in spite of similar caloric intake and activity levels [125]. This 
observation was then followed by studies conducted by us and others in which mice 
were protected from HFD-induced obesity and diabetes by manipulating the feed-
ing time [126, 127]. Specifically, mice in which access to food was limited (tempo-
rally restricted feeding; tRF) exclusively during nighttime (active period in mice) 
did not show the weight gain and metabolic dysfunction characteristic of HFD-fed 
mice with ad libitum food access, even though the ad libitum and TRF paradigms 
were isocaloric [126].

Interestingly, the obesoprotective effects of TRF appear to be due to enhance-
ment in circadian oscillator function. Indeed, tRF restored the amplitude in expres-
sion of circadian clock components as well as in a number of clock targets and 
other rhythmic genes. Such improvement is reflective of the intricate relationship 
between food-derived input and the local circadian oscillator. Under normal con-
ditions, 2997 genes are rhythmically expressed in the livers of wild-type mice, of 
which only 368 maintain rhythmicity in the absence of food intake [128]. On the 
other hand, the imposition of a temporally restricted feeding paradigm in cry dou-
ble-knockout mice, which have a functional circadian clock, restores rhythmicity 
of 617 genes, whereas such a paradigm in WT mice increases the number of genes 
with circadian oscillations to 4960.

However, the relationship between metabolism and the circadian clock is bi-
directional. As mentioned previously, energy metabolism regulators and signaling 
pathways impinge on the clock and vice versa. As such, dietary conditions affect the 
function of the oscillator. Consistently, dietary quality affects the circadian clock. 
For instance, an HFD and altered behavioral rhythms, including preference for food 
intake during daytime hours, dampened rhythms in behavior and in the oscillations 
of circadian clock component gene expression [83]; a high-carbohydrate, high-pro-
tein diet phase advances the phase of clock component abundance rhythms and in-
creases the overall levels of BMAL1 and CRY1 [129]; and a high-salt diet similarly 
results in phase advances of clock component levels [130].

In recent years, the role that metabolic dysfunction plays in tumorigenesis and 
cancer progression has received increasing attention [131, 132]. Most notably, the 
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Warburg effect, where cancer cells reprogram their metabolism as to favor gly-
colysis-derived energy production over mitochondrial respiration, irrespective of 
oxygen availability, has been intensively studied [133]. Although first postulated 
by Otto Warburg in 1924 as a possible cause of cancer, the Warburg effect is now 
considered an acquired trait that enables cancer cells to survive in the otherwise 
proliferation-limiting hypoxic environment that arises as solid tumors grow. Hy-
poxia leads to the activation of hypoxia-inducible factors (HIF), amongst whose 
functions are included the promotion of angiogenesis and, importantly, the increase 
of glycolysis to compensate for loss of oxygen-dependent mitochondrial respira-
tion [134]. Not surprisingly, HIFs are dysregulated in cancer. Interestingly, HIF 
proteins, like CLOCK, BMAL1, and PERs, are bHLH-PAS transcription factors; 
HIFs, CLOCK, and BMAL1 can physically associate to form transcriptionally ac-
tive complexes (HIF) [135, 136]. In addition, key glycolytic regulators and glucose 
transporters are dysregulated in cancer, including hexokinase, phosphofructo kinase 
1 and 2, and GLUT transporters, all of which are expressed in a circadian pattern in 
several tissues [137–139].

Conclusions

In all, chronodisruption, metabolic dysfunction, and cancer are so intricately linked 
that it may be futile to establish a cause–effect relationship between them. Instead, 
the simplest view that emerges is one where the different processes that underlie 
these pathologies exist in a dynamic equilibrium and that disrupting any one of 
them triggers a pathological chain reaction that predisposes organisms to the others. 
Consider the following scenario: gating of the cell cycle by the circadian clock so 
that DNA replication and mitosis occurs during the fasting period when food intake 
and associated metabolically and environmentally derived toxins are at a minimum 
[140]. Circadian disruption arising from obesity could lead to a temporal spreading 
of cell division, so that more individual cells are replicating under conditions where 
genomic insults are more abundant. Simultaneously, this circadian disorganization 
may result in blunted rhythms and overall lower levels and activities of proteins 
involved in detoxification mechanisms, exacerbating the increased mutation risk. 
Conversely, certain cancers, such as insulinomas, trigger metabolic changes that 
affect circadian and non-circadian mechanisms, again highlighting the extensive 
interrelatedness of these pathological states. Finally, environmental chronodisrup-
tion, such as chronic jet lag or rotating shift work, results in a generalized circadian 
disorganization that results in hormonal imbalances, including suppression of mela-
tonin, glucose, and lipid metabolic dysregulation, and impaired gating of the cell 
cycle. As metabolism becomes more perturbed, the circadian oscillator is further 
disrupted, leading to the aforementioned conditions, thus facilitating oncogenesis.
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Abstract Social and environmental factors have profound impacts on energy bal-
ance and cancer. Yet many experimental studies of the metabolic syndromes and 
cancer utilize animals in laboratory conditions without adequate social interactions. 
We recently demonstrate that environments that are more complex and challenging, 
but not stressful per se, have robust effects on body composition, energy balance, 
and peripheral cancer progression. One key underlying mechanism is the activa-
tion of a specific neuroendocrine brain-adipocyte axis, the hypothalamic-sympatho-
neural-adipocyte (HSA) axis. The social, physical, and cognitive stimuli provided 
by the enriched environments induce brain-derived neurotrophic factor (BDNF) in 
the hypothalamus and the ensuing sympathetic innervation of adipose tissue. The 
remodeling of the adipose tissue, including the white-to-brown phenotypic switch 
and the suppression of leptin, leads to antiobesity and anticancer phenotype. This 
chapter summarizes this work and discusses how environmental enrichment (EE) 
can serve as a valuable animal model to study eustress (positive or benign stress), 
metabolism, cancer, and aging.

Keywords Environmental enrichment · BDNF · Adipose tissue · Leptin · Cancer 
Hypothalamic-sympathoneural-adipocyte (HSA) axis · Aging · Obesity · Stress
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What Is Environmental Enrichment?

Environmental enrichment (EE) refers to a more complex housing condition (com-
pared with standard laboratory animal housing) that facilitates enhanced sensory, 
cognitive, motor, and social stimulation [1, 2]. Standard housing conditions most 
commonly constitute cages with bedding, ad libitum access to food and water, and 
single-sex housing in groups (typically 3–5 mice per cage). EE protocols vary wide-
ly between laboratories and there is no consensus on which EE paradigms are ideal 
to achieve optimal benefits on brain and behavior. EE housing typically includes a 
combination of increased physical space, larger groups, and objects for activity or 
hiding and running wheels. Figure 2.1 shows the EE housing that is established in 
our lab. Mice are housed in groups (15–20 mice per cage) in large cages of 1.5 m 
× 1.5 m × 1.0 m supplemented with running wheels, tunnels, igloos, huts, retreats, 
wood toys, a maze, and nesting material with food and water ad libitum. One key 
aspect is the provision of environmental complexity with EE objects that provide 
a range of opportunities for visual, somatosensory, and olfactory stimulation. En-
vironmental novelty is another key aspect that is achieved by weekly changing the 
objects and the locations of the objects [2]. The larger space and the running wheels 
encourage free roaming and physical activities. The larger number of animals liv-
ing in the EE housing increases social stimulation. Hiding places allow animals to 
retreat to safe havens and thus enhance the sense of self-control. We videotaped 
the activities of mice living in EE using a night-view camera (in press JoVE).  
Figure 2.2 was snapshots that showed different activities of individual mouse in 
EE: free roaming, hiding in huts, running on wheels, eating/drinking, exploring 
maze, etc. Interestingly, one mouse was interested in getting on the wheel that was 
being used by two other mice. This moment captured the rich social contact in this 
complex environment.

EE is associated with many adaptive changes in the brain and behavior, including 
increased hippocampal neurogenesis, enhanced motor and cognitive performance, 

Fig. 2.1  EE housing 
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greater resistance and improved recovery to external insults and ischemia, reduced 
apoptosis, and milder phenotype in models of neurological disease. The robust and 
powerful influences of EE on brain function and the underlying mechanisms have 
been reviewed elsewhere [2]. This chapter summarizes recent work showing the 
impact of EE on energy balance and cancer, and discusses the use of EE as a unique 
and valuable model for research in metabolism, cancer, stress, and aging.

Macroenvironments and Cancer

There is mounting evidence that environmental factors and lifestyle have profound 
effects in the initiation, promotion, and progression of cancer [3, 4]. The growth 
of cancer is dependent, in part, on its microenvironment constructed by several 
types of cells, including pericytes, cancer-associated fibroblasts, endothelial cells, 
local and bone marrow-derived stromal stem and progenitor cells, and immune cells 
[5, 6]. In case of solid tumors, the microenvironment provides a tumor ecosystem 
for bidirectional communications between cancer cells and the tumor-associated 
stroma to support the full malignancy [6, 7]. This local microenvironment is in-
fluenced by systemic factors, and the cancer itself induces both local and distant 
changes through paracrine signaling and interactions with the immune and nervous 
systems [8, 9]. The past decade has seen more appreciation of the macrophysiologi-
cal milieus that can shape individual variability in the natural course of cancer and 
responsiveness to therapies [6, 10]. However, the effect and mechanisms of the 

Fig. 2.2  Snapshots of EE
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macroenvironment on systemic cancer, specifically an individual’s interaction with 
its physical living and social environment, are much less well defined.

EE Suppresses Cancer Progression via Activating the HSA 
Axis

Our long-term interest is to understand how environmental stimuli to the central 
nervous system (CNS) shape biological processes and disease pathology, and how 
this knowledge can be harnessed to improve health and treat diseases. EE is a re-
markable environmental model demonstrating robust impact on brain structure and 
function. We previously published that EE leads to the changes in expression of 
growth factor, enhancement of neurogenesis, and survival of cells within the CNS 
[11, 12]. Moreover, EE has considerable impact on the phenotype of a variety of 
toxin- and genetically induced models of human neurological disease [2]. This in-
trigued us with the hypothesis that an EE, one that improved brain function and 
resiliency, can also affect the body’s overall state of health and lead to an anticancer 
phenotype. We tested this hypothesis in both implantation of tumor cells and spon-
taneous cancer model [13]. Living in EE for 6 weeks prior to the implantation of 
syngeneic B16 melanoma resulted in a remarkable suppression of tumor growth, 
approximately 80 % decrease in tumor mass. Furthermore, ~ 17 % mice in EE 
showed no palpable tumor at the end of the experiment while all mice in standard 
housing developed tumor. In a second syngeneic implantation model, we delayed 
the EE until the MC38 colon cancer became visible. EE reduced the growth rate 
of established MC38 colon cancer. Moreover, EE was highly effective in APCmin/+ 
mice, a spontaneous model with a germline mutation in APC similar to humans 
with familial adenomatous polyposis, and a gene in which somatic mutations oc-
cur in 80 % of human colon cancer. EE decreased the total number of polyps in the 
small intestine by approximately 50 % and substantially reduced the size of polyps 
[13]. In a comprehensive set of experiments using transgenic animals, somatic gene 
transfer, controlled release liposomes, and osmotic minipump drug infusion, we 
dissected out a key mechanism underlying the EE-induced anticancer phenotype 
and coined the term “hypothalamic-sympathoneural-adipocyte” (HSA) axis to de-
scribe this brain-adipocyte axis. The HSA axis refers to the specific neuroendocrine 
pathway linking the hypothalamus to white adipose tissue (WAT) [1]. The hypotha-
lamic component is mediated via brain-derived neurotrophic factor (BDNF), which 
is highly expressed in the ventromedial (VMH), dorsomedial (DMH), and arcuate 
nuclei. In response to the stimuli provided by EE, hypothalamic BDNF is induced 
as an effector immediate early gene and leads to the activation of a component of 
the sympathetic nervous system (SNS), preferentially the sympathoneural innerva-
tion of WAT. The activation of the axis therefore involves an increase in hypotha-
lamic BDNF, WAT norepinephrine, and suppression of leptin expression and release 
via β-adrenergic receptors (ARs) on the adipocytes. This marked drop of leptin in 
circulation is associated with an anticancer phenotype (Fig. 2.3).
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Environment, Stress, and Obesity

Obesity is a complex acquired disease with both environmental and genetic factors. 
There is strong evidence that social and environmental factors have profound effects 
on weight and the development of obesity and associated metabolic syndromes [14, 
15]. From an evolutionary viewpoint, obesity and metabolic syndromes can be con-
sidered as a maladaptive consequence of an initially successful adaptation to high 
environmental demands. In current human society, when calorie-rich (and usually 
palatable) food is abundant while the energy-demanding actions (i.e., fight, flight, 
and hunt) are no longer required, the biological mechanisms adaptive to prehistoric 
times can easily become maladaptive, and trigger obesity and associated metabolic 
disorders [15]. Psychological factors also play a role in the development and propa-
gation of obesity and metabolic syndromes that are found most prevalent among 
individuals under psychosocial pressure or chronic stress [16, 17]. However, many 
studies of the etiology of obesity and metabolic syndromes utilize the genetically 
modified rodents in laboratory conditions without adequate social interactions. Be-
cause the external environment impacts the internal environment in profound ways 
that can ultimately alter body weight and body composition, physical and social 
environments of laboratory animals should be taken into consideration in studies 
to identify potential molecular therapeutic candidates and regulation pathways for 
obesity treatment.

Fig. 2.3  Mechanisms of EE-induced anticancer and antiobesity phenotypes (With permission 
from the Annual Review of Neuroscience, volume 35 © 2012 by Annual Reviews, http:www.
annualreviews.org)
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Adipose Organ and Plasticity

Two types of adipose tissues are found in mammals, WAT and brown adipose tissue 
(BAT). Although both are involved in the use of highly energetic molecules, WAT 
and BAT are widely different at morphological and molecular levels and have dif-
ferent functional roles with BAT dissipating energy as heat and WAT storing and 
distributing excessive energy. Despite their different anatomy and functions, brown 
and white adipocytes are found together in fat depots supplied by specific vessels 
and nerves. In most adult mammals, WAT is prevalent, but the WAT/BAT ratio var-
ies with genetic background, sex, age, nutritional status, and environmental condi-
tions supporting the concept of adipose organ, a multi-depot organ characterized by 
two tissues with different anatomy and functional roles (reviewed by Frontini and 
Cinti [18]). Adipose organ displays considerable plasticity. Accumulating evidence 
supports the concept that some adipocytes in each population can reversibly turn 
into one another. In basal conditions, the adipose organ uses the two tissues to meet 
the two physiological requirements of heat production via BAT and energy storage 
via WAT. In case of chronic energy surplus, BAT is able to transform into WAT to 
store more energy molecules, whereas, in the event of sustained heat requirement 
(i.e., chronic cold exposure), WAT can convert to BAT [18]. The nature of this 
white-to-brown conversion is not clear. Several data support the notion that this 
process occurs through direct transformation of adult cells, i.e., via physiological 
reversible transdifferentiation [19, 20] accompanied by tissue reorganization with 
changes in the density of capillaries and parenchymal nerve fibers [21]. However, 
other data suggest that the brown adipocytes emerging in rodents in classic WAT 
depots in response to β-adrenergic stimulation derive from de novo differentiation 
of stem cells or committed brown preadipocytes [22, 23]. The third source is the 
activation of “brite” (brown-in-white) adipocyte which is thermogenically compe-
tent but developmentally and molecularly distinct from classical brown adipocyte 
[24]. Many of the anatomo-physiological features of murine fat depots can apply 
to humans.

Brown Fat and Obesity Prevention and Treatment

BAT has recently become a potential target for pharmacological and genetic manip-
ulation to treat human obesity, because positron emission tomography has provided 
evidence that adult humans retain considerable amounts of metabolically active 
BAT depots which can be induced in response to cold and SNS activation [25–27]. 
BAT dissipates energy directly as heat through uncoupling fatty acid oxidation from 
ATP production by uncoupling protein 1 (UCP1) and is vital for the regulation of 
body temperature and is also involved in the control of body weight [28, 29]. In-
creasing energy expenditure is always attractive to counteract obesity. But is the 
small amount of BAT, about 0.05 ~ 1 % of body weight in adult humans in contrast 
to 5 ~ 10 % in mouse, enough to make a metabolic difference? It has been estimated 
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that 40–50 g of maximally stimulated BAT in man could correspond to as much as 
20 % of energy expenditure, equivalent to 20 kg of body weight, over a year [30], 
which could be highly relevant in terms of human energy expenditure. Moreover, 
even a small but consistent imbalance in the energy input/output equation can ulti-
mately lead to obesity/leanness. A recent review by Cannon and Nedergaard con-
cludes that modifying thermogenesis via cold exposure or manipulating UCP1 leads 
to changes in energy balance and body weight not fully compensated by changes in 
food intake [31]. Indeed, several studies demonstrate an inverse correlation between 
BAT activity in adult humans and body fat [26, 27, 32–35]. A recent study in morbid 
obese subjects shows that in an extremely wide range of body composition, BAT 
activity is highly correlated with body mass index (BMI) and body fat percentage 
[36]. Furthermore, several histological studies have reported that brown adipocytes 
dispersed among white fat in 24 % of adult humans biopsies and reaching 50 % of 
cases with exclusion of patients over 50 years old [33]. In addition, studies of hu-
man fat cell dynamics show a high turnover rate of adipocytes with approximately 
10 % of fat cells being renewed annually at all adult ages and levels of BMI [37]. 
Human white adipocytes from subcutaneous fat tissues can be manipulated in vitro 
to develop “brown” characteristics by forced expression of transcription coactiva-
tor PGC-1α [38, 39]. These findings further suggest the therapeutic potential of 
BAT-oriented strategies to enhance energy expenditure by facilitating brown adipo-
cyte maintenance, stimulating preexisting brown precursors, and inducing white-to-
brown transformation [18, 40, 41]. However, as Nedergaard and Cannon point out 
in a recent review, UCP1 in intact cells is constantly inhibited by purine nucleotides 
in the cytosol. Therefore, the strategies solely based on increasing the total amount 
of BAT or UCP1 may be flawed because the UCP1 is not automatically active 
and its inhibition has to be overcome through a process initiated physiologically 
by SNS stimulation [42]. There are no indications that the amount of UCP1 (i.e., 
the capacity for thermogenesis) influences basal brown adipocyte metabolic rate or 
whole body metabolic rate. Indeed, large amounts of BAT emerge in rodents when 
adapted to chronic cold. But immediately after mice are transferred to warm condi-
tions, BAT activity is turned off within seconds [42]. Thus, an individual constantly 
decides how much combustion is needed to meet environmental demand and that 
is independent of the capacity for thermogenesis. It is plausible that the brain plays 
the commanding role. Our recent work on EE has revealed a novel avenue to induce 
white-to-brown conversion and continuous but preferential SNS activation in WAT.

EE Induces White Fat Browning and Leanness via the 
HSA Axis

Our recent studies on EE have revealed a new type of thermogenesis that contrib-
utes to the profound impact on body composition and metabolism in mice living in 
EE (Fig. 2.3). EE induces a molecular and functional switch from WAT to BAT in 
the absence of chronic cold exposure or prolonged pharmacological β-adrenergic 
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stimulation [43]. The molecular characteristics of EE-induced WAT “browning” 
include the induction of BAT specific markers; suppression of WAT markers; and 
no changes in adipocyte markers shared by both white and brown adipocytes. The 
induction of BAT genetic program by EE is remarkable when compared to the most 
effective physiological and pharmacological approaches to induce browning up to 
date. The emergence of “brite” or “beige” cells is under genetic control with large 
differences among inbred strains of mice [44]. C57BL/6 mice, the strain we used 
in our experiments, respond poorly to SNS activation probably due to the low lev-
els of β-AR expression [44, 45]. Cold exposure at 5 °C for 7 days failed to induce 
brown-like cells in retroperitoneal white fat pad (RWAT) with only low induction 
of Ucp1 expression [44]. In contrast, 4-week EE led to a 27-fold induction of Ucp1 
which is more effective compared to the 9-fold induction observed in the same 
strain of mice acclimated to 5 °C cold for 4 weeks or the 23-fold induction after 
injection of β-agonist CL316243 for 11–12 days [46]. Of interest, EE significantly 
increased both β2 and β3-AR gene expression and protein levels in RWAT suggest-
ing the absence of desensitization of β-ARs after extended exposure to β-agonist 
[47]. Consistent with the brown gene program induced in WAT, cells with the mul-
tilocular morphology characteristic of brown adipocytes were observed in WAT and 
mitochondrial DNA content was increased by twofold indicating enhanced mito-
chondrial biogenesis. Long-term EE led to stronger WAT browning. After 12-week 
EE, clear macroscopic changes in fat pads became visible to the eye with white 
fat turning brown and brown fat going even darker. Widespread UCP1 staining 
was observed associated with more robust induction of brown gene program. Our 
mechanistic studies demonstrate that the activation of the HSA axis mediates the 
EE-induced WAT browning, reduction of adiposity via increase in energy expen-
diture, and resistance to diet-induced obesity (DIO) [43]. We recently identified 
adipose vascular endothelial growth factor (VEGF) as a key component of the HSA 
axis underlying the browning effect of EE (Endocrinology in press). VEGF is the 
only bona fide endothelial cell growth factor and its presence is essential for initia-
tion of the angiogenic program [48, 49]. EE stimulated the VEGF expression in 
a fat depot-specific manner prior to the emergence of beige cells. The VEGF up-
regulation was independent of hypoxia but required intact sympathetic tone to the 
adipose tissue. Targeted adipose overexpression of VEGF by a novel recombinant 
adeno-associated virus (rAAV) reproduced the angiogenic and browning effect of 
EE. Adipose-specific VEGF knockout or pharmacological VEGF blockade by anti-
body abolished the beige cell recruitment induced by EE. Furthermore, VEGF may 
have actions independent of angiogenesis. One of the key findings of this study is 
that VEGF integrates multiple upstream stimulations to a common pathway that is 
essential to the emergence of beige cells. In addition to EE, VEGF blockade could 
substantially block the browning induced by the β3-adrenergic agonist CL-316,243, 
the PPARγ ligand rosiglitazone, and voluntary running. UCP1 was particularly 
sensitive to the anti-VEGF antibody whose upregulation by EE, running, or rosi-
glitazone was completely abolished. Thus, VEGF signaling is likely a downstream 
pathway shared by diverse upstream mechanisms that all lead to the induction of 
beige cells suggesting coordination between angiogenesis and the white-to-brown 
switch. Targeting this common pathway may have therapeutic potential.
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Obesity Increases Cancer Risk and Mortality

The worldwide epidemic of obesity and global incidence of cancer are both rising 
[50, 51]. The World Health Organization estimates that in 2008 more than 1.4 bil-
lion adults were overweight (BMI ≥ 25 kg/m2). Of these overweight adults, over 
200 million men and nearly 300 million women were obese (BMI ≥ 30 kg/m2). More 
alarmingly, more than 40 million children under the age of 5 were overweight or 
obese in 2012. Overweight and obesity are leading risks for global deaths. In 2010, 
overweight and obesity were estimated to cause around 3.4 million deaths in adults 
worldwide (www.who.int/mediacentre/factsheets/fs311/en/). Obesity increases the 
risk of certain types of cancer including postmenopausal breast, renal, ovarian, 
esophagus, pancreas, prostate, hepatobiliary, colorectal, and melanoma [52–54]. 
Between 7 and 41 % of certain cancer burdens are attributable to overweight and 
obesity. Obesity may account for 14 % of all deaths from cancer, and 20 % of those 
occur in women [55]. Although we know that weight gain can result in higher can-
cer rates, the converse finding of weight loss and lower cancer rates was much 
harder to achieve due to the lack of successful weight-loss modalities [56, 57]. 
Both randomized and prospective studies reveal that the long-term weight loss with 
intensive lifestyle intervention in diabetic patients (BMI of 30) is ~ 2 % at 10 years 
[58] and is even less in patients with BMI above 35 [59]. Metabolic or bariatric sur-
gery can provide sustained weight loss [60]. Recent longitudinal studies on meta-
bolic surgery demonstrate that successful weight loss leads to lower cancer rates 
and decreased cancer mortality and therefore help to establish a causal association 
between obesity and cancer [59, 61, 62]. The mechanisms for the obesity-cancer as-
sociation are multifactorial and include insulin resistance, increased growth factors 
and anabolic hormones, altered balance of adipokines, oxidative stress, inflamma-
tion, increased bioavailable sex hormones, deterioration in immunosurveilance, and 
altered cellular energetic [63, 64] (Fig. 2.4).

Fig. 2.4  Mechanisms of cancer inhibition by activating the HSA axis
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HSA Activation Targets Both Obesity and Cancer

EE induces antiobesity and anticancer phenotypes via the HSA axis [13, 43]. Al-
though likely just one component to the body’s response to eustress, the HSA axis 
links physical and social environment to the regulation of fat phenotype and energy 
balance and thereby can regulate multiple organ systems and ultimately affect can-
cer progression. Given the robust anticancer effects in animals of normal weight and 
the potent modulation of fat in various models of obesity, one can predict that the 
anticancer effect of HSA activation is likely to be even more robust in obese indi-
viduals. Indeed, 3 weeks of EE led to approximate 70 % decrease of melanoma mass 
in DIO mice, compared with a 50 % decrease in mice of normal weight [13]. The 
adipokines, in particular, leptin and adiponectin, are recognized for their influence 
on cancer risk and cancer biology [65–67]. Both animal and clinical data suggest 
that the balance of adiponectin to leptin (adiponectin/leptin ratio) may be important 
in the development of cancer [68, 69]. Activation of the HSA axis leads to a sharp 
drop of leptin and a significant increase of adiponectin level and therefore resulting 
in a favorable shift of leptin/adiponectin ratio. Adipokine-independent mechanisms 
may also exist and are likely to be revealed in obesity models. The chronically in-
creased insulin levels have been associated with various cancers [70–72]. Both obe-
sity and diabetes are risk factors for hepatocellular carcinoma [73]. Our data show 
that genetically activating HSA axis by hypothalamic BDNF gene transfer potently 
alleviates obesity-associated insulin resistance, hyperinsulinemia, dislipidemia, and 
liver steatosis [43, 74]. In addition, an association between inflammation and can-
cer has been established [75] and obese adipose tissue is a mediator of low-grade 
inflammation and a source of local and circulating proinflammatory cytokines [76, 
77]. We recently published that hypothalamic gene transfer of BDNF to obese mid-
dle-aged female mice substantially alleviated obesity, decreased mammary tumor 
progression, and prevented metastasis. Interestingly, the BDNF treatment robust-
ly suppressed the inflammatory markers in the circulation, the adipose tissue, the 
mammary tumor, and the hypothalamus [78]. Accumulating evidence supports the 
notion that cancers arise from cells with stem cell-like properties [79]. These cancer 
stem cells may play critical roles not only in tumor initiation and maintenance but 
also in tumor invasion, metastasis, drug resistance, and cancer recurrence [79–82]. 
Many of the cytokines elevated by obesity can promote self-renewal and survival 
of these particularly dangerous cancer stem cells [77, 83]. Furthermore, leptin and 
the leptin receptor have been linked to the survival and growth of cancer stem cells 
[84, 85]. How the HSA axis may influence the cancer stem cells is an intriguing 
question that we intend to tackle. Several cancers are associated with altered sex 
steroids levels [86]. Insulin resistance and the compensatory hyperinsulinemia in-
hibit the hepatic production of sex hormone-binding globulin (SHBG), and there-
fore increase the circulating concentrations of bioavailable sex hormones [87]. WAT 
is one of the major sources of extraglandular estrogen [88]. Other mechanisms im-
plicated in obesity-cancer link include cellular energetics [89] and stromal contribu-
tion from cells originating within WAT [90]. How the HSA axis may affect cellular 
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energetics and adipose stromal/vascular cell trafficking are fascinating topics and 
warrant further investigations. Hanahan and Weinberg recently updated the concept 
of cancer hallmarks and noted that the clinical responses to the hallmark-targeting 
cancer drugs were generally transitory followed by almost-inevitable relapses. One 
interpretation is that some cancer cells may survive a therapeutic agent targeting 
one key pathway by relying on other hallmark capabilities. Thus, the combination 
of mechanism-guided therapies co-targeting multiple hallmarks is likely to be more 
effective and durable [91]. The HSA axis has the capacity to affect multiple path-
ways implicated in obesity-cancer association (Fig. 2.4) and therefore represents an 
attractive target for combination therapy.

EE as a Eustress Model

The stress response involves the brain’s ability to perceive a threat resulting in ac-
tivation of the sympathetic-adrenal-medullary (SAM) axis and the hypothalamic-
pituitary-adrenal (HPA) axis, thereby causing the release of catecholamines (mainly 
epinephrine and norepinephrine), glucocorticoids (cortisol in humans and corticos-
terone in rodents), and other stress hormones from the adrenal gland, brain, and 
sympathetic nerve terminals. These factors can modulate the activity of various 
components of the tumor microenvironment. Clinical and epidemiological studies 
have recognized that specific psychosocial factors, such as stress, chronic depres-
sion and lack of social support, are risk factors for the development and progression 
of cancer [92, 93]. A recent meta-analysis reveals that stress-related psychosocial 
factors are associated with a higher cancer incidence in premorbid healthy people, 
poorer survival in cancer patients, and higher cancer mortality [94]. Psychosocial 
factors, such as hopelessness, denial, suppression of negative emotions, and lack 
of social support, can predict progression of already diagnosed cancers [93]. Ex-
perimental studies parallel these clinical data demonstrating that experimentally 
imposed distress can modulate cancer progression [95]. Recent mechanistic studies 
have started to identify the specific pathways that could mediate such effects. The 
majority of studies on stress-cancer relationship support the notion that psychoso-
cial/behavioral risk factors initiate a cascade of information-processing pathways in 
the CNS triggering the SAM axis and/or the HPA axis [96, 97]. Downstream activa-
tion of the SAM and HPA axes exerts selective physiologic pressures that initiate 
molecular signaling pathways involved in DNA repair, cell survival, angiogenesis, 
inflammation, invasion, metastasis, and drug resistance [6, 98, 99]. However, the 
vast majority of mechanistic research on the stress-cancer relationship used experi-
mentally imposed distress such as restraint stress [100–102] and social isolation 
(SI) [103–105] to model adversity. In contrast, scarce attention has been paid to the 
positive functions of a more mild stress or challenging environment (eustress/hor-
mesis). Hans Selye who first brought the concept of stress into experimental medi-
cine noted that departures from homeostasis could be “eustressful” or “distressful” 
and that health effects would vary accordingly [106, 107]. Eustress (positive stress) 
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is associated with adaptive responses and benign or beneficial effects on health 
whereas maladaptive distress (negative stress) is associated with exposure to more 
severe aversive or hostile environments resulting in ill health [106, 107]. Failure 
to note the distinction between eustress and distress misunderstands the nature of 
pathways linking environmental conditions to cancer and hampers our ability to 
develop effective treatments.

Our research on eustress and cancer uses EE as an experimental paradigm to 
explore effects of a more complex environment devoid of elements traditionally 
thought of as being stressful. The EE-induced anticancer and antiobesity pheno-
types could not be accounted for by physical activity alone but could be largely 
reproduced by overexpression of BDNF in the hypothalamus [13, 43]. Experimen-
tal animal studies have almost invariably shown that EE has beneficial effects on 
an animal’s well-being. However, EE also moderately, but significantly, increases 
corticosterone level in serum and norepinepherine level in WAT [13, 43]. Both cor-
ticosterone and norepinepherine are signatures of stress. It may appear paradoxical 
that chronic mild stress could be associated with an anticancer phenotype. However, 
both hormones are metabolic regulators catabolizing energy stores to meet immedi-
ate metabolic demands. EE increases energy utilization, so it is not surprising that 
both the HPA axis and the SNS are activated and WAT is mobilized to meet elevated 
energy expenditure [1]. We believe EE can be used as a valuable model of eustress.

What Are the Mechanisms Underlying Opposite Effects of 
Eustress Versus Distress on Cancer?

In contrast to EE, SI of naturally gregarious rodents is a widely used model for 
social deprivation in humans that can produce long-term changes including neo-
phobia, aggression, and cognitive rigidity [108, 109]. SI is associated with in-
creased tumor progression in models of breast cancer [110, 111] and Ehrlich tumor 
[112]. Hasegawa and Saiki report that SI increases B16 melanoma growth in male 
C57BL/6 mice [104], and oral administration of β blocker propranolol abrogates 
the stress-accelerated B16 melanoma growth [104]. Interestingly, we used the same 
B16 melanoma transplant to the same strain C57BL/6 mice and showed remarkable 
tumor suppression induced by EE. And the EE-induced leptin drop and inhibition of 
tumor growth could be completely blocked by oral propranolol [13]. How to recon-
cile the contradiction? We have proposed a hypothesis in a review article [1]. This 
seemingly paradoxical phenomenon reflects the distinct physiological responses to 
eustress versus distress that may involve three axes: the well-known HPA axis, the 
SAM axis, and the lesser known HSA axis (Fig. 2.5). The HPA axis is activated in re-
sponse to both EE and SI but plays a relatively minor role through its modulation of 
immune function. SAM activation resulting in elevated norepinephrine levels in the 
circulation and possibly a local increase in the solid tumor itself may facilitate mela-
noma growth in SI by stimulating proangiogenic factors, including VEGF, similar 
to the observations reported in other cancer models [105]. The HSA response in SI 
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remains to be investigated. Our preliminary data showed that SI increased fat mass 
and circulating leptin level, and downregulated BDNF expression in hypothalamus 
(Cao unpublished data), suggesting a likely suppression of the HSA axis in SI. In 
contrast, a robust activation of HSA is associated with and responsible in part for 
the EE-induced melanoma inhibition. Of note, EE resulted in a significant increase 
of norepinephrine specifically in WAT but not in muscle and caused no change in 
circulation when mice were on normal chow diet, suggesting minimal activation of 
the SAM [43] (Fig. 2.5). We are currently testing the hypothesis that EE inhibits 
melanoma mainly through activating HSA while SI promotes melanoma growth 
mainly through activating SAM (possibly also suppressing HSA, Fig. 2.5). Accom-
plishing this research will have significant implications in individualized treatment. 
For example, several preclinical studies have shown that β blockers abrogate the 
deleterious effect of distress on cancer growth [102, 105]. Recent epidemiological 
and clinical studies support the link between β blockers and reduced cancer risk 
[113, 114]. These data have led to the proposal of using β blockers as a therapeutic 
intervention for cancer [115–117]. However, the mediators of stress operate in a 
nonlinear network and the interactions are very complex. When any one mediator is 
changed, there are compensatory changes in the other mediators that depend on the 
time course and the magnitude of changes of each of the mediators [118]. Therefore, 
the effects of environmental and psychosocial factors on cancer should be analyzed 
in the context of the relevant environmental circumstance, individual adaptation 
and coping strategy, and outcome on the specific cancer microenvironment biology. 
When individuals are experiencing distress and inability to cope when their SAM 
axis is overactive, β blockers may be considered as a treatment for cancer. However, 
when the HSA axis activation is the major force, for example, promoting eustress 
as a prevention strategy, the use of β blockers might attenuate eustress-induced 
anticancer effects. The complex interplay between the CNS and cancer often com-
plicates the interpretation of human studies because of the difficulties of teasing 
apart pathways in a clinical setting [1]. Animal studies in which environmental and 
psychosocial conditions can be well controlled make it possible to distinguish the 
pathways and elucidate mechanisms, and to identify molecular mediators in the 
brain that may reveal potential therapeutic targets for cancer treatment.

Potential Effects of EE on Aging and Lifespan

As life expectancy increases, the incidence of diseases such as cancer, cardiovascu-
lar disorders, and neurodegeneration rises. It is vital, therefore, that we understand 
more about the dynamics of aging, how they interact with various environmental 
and lifestyle factors, and the connections between disease processes and aging in 
order to develop more effective ways to prevent, diagnose, and treat age-related 
diseases. Research on model organisms has demonstrated an interaction between 
genes and environment in determining healthy lifespan [119, 120]. Calorie restric-
tion (CR) without malnutrition remains the most robust and reproducible manipula-
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Fig. 2.5  Mechanisms underlying the opposite effects of eustress and distress on cancer. The pre-
frontal cortex ( PFC) may mediate the appraisal of environmental stimuli as eustressful (positive 
stress) or distressful (negative stress). The PFC, sitting at the top of the brain hierarchy modulating 
stress, is connected through multiple pathways to the hypothalamus, the gate to the periphery, which 
regulates the activities of three axes: hypothalamic-pituitary-adrenal ( HPA), sympathetic-adrenal-
medullary ( SAM), and hypothalamic-sympathoneural-adipocyte ( HSA). The differential activation 
of the three axes responding to eustressful or distressful events may lead to distinctive health out-
comes (eustress associated with improved health, distress linked with impaired health) depending on 
the magnitude of activation of each axis, the cross talk among them, their preferential target tissues 
in the periphery, and their influences on the intracellular context at the target tissues. The eustress-
ful environmental enrichment ( EE) stimulates brain-derived neurotrophic factor ( BDNF) in the 
hypothalamus, leading to HSA activation of white adipose tissue. The preferential increase of SNS 
tone to white fat via beta-adrenergic receptors shuts down leptin and boosts adiponectin production, 
resulting in tumor suppression. In contrast, the distressful social isolation may stimulate primar-
ily the SAM axis, resulting in high-level norepinephrine in the circulation and possibly increased 
release in the tumor. This action would facilitate cancer growth by inducing proangiogenic factors 
such as vascular endothelial growth factor ( VEGF). The HSA and SAM activations are interactive 
and could synergistically or counteractively influence tumor growth. In the EE model, the predomi-
nant HSA may override the possible weak tumor stimulation brought by mild SAM axis activation. 
In the SI model, the strong activation of SAM may enhance tumor growth synergistically with the 
weakened HSA via increased leptin production (With permission from the Annual Review of Neu-
roscience, volume 35 © 2012 by Annual Reviews, http:www.annualreviews.org)
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tion able to extend lifespan and delay the onset of age-related disorders in a wide 
range of model organisms from yeast to monkeys (reviewed by Fontana [119]). 
Intermittent fasting (IF; a diet with reduced meal frequency such as alternative-day 
feeding) also increases resistance to toxicity and stress, and extends lifespan [121]. 
The metabolic and physiological effects of CR that may contribute to its antiaging 
ability include a reduction in adiposity, higher insulin sensitivity, improved lipid 
profiles, and reduced inflammation and oxidative stress [122–126]. Our studies on 
the HSA axis suggest beneficial effects on health and some of the features overlap 
with CR and/or Pten transgenic mice (Ptentg), or fat-specific insulin receptor knock-
out (FIRKO) mice with prolonged lifespan [127–129] (Table 2.1). The following 
characteristics suggest that the HSA axis may play an important role in regulating 
aging and age-related diseases. (1) HSA axis activation leads to a robust reduction 
in fat mass with little change in body weight [13, 74]. Studies in several genetically 
modified mouse models have linked reduction in adiposity to longevity, including 
the translational inhibitor 4E-BP1 (Eif4ebp1−/−) knockout [130], C/EBPβ knockin 
(β/β) [131], c-Cbl knockout [132], and FIRKO [128, 133]. The FIRKO mice with 
fat-specific disruption of the insulin receptor gene have 50 % reduced fat mass, im-
proved whole body insulin sensitivity, and an extended lifespan (18 %) [128, 133]. 
EE initiated in young mice resulted in over 60 % reduction of abdominal fat when 
mice were maintained on normal diet whereas body weight was identical to the 
mice with standard housing [43]. Muscle mass was increased in EE and BDNF 
overexpressing mice. These data suggest that the HSA axis stimulation is particu-
larly efficient in decreasing adiposity, allowing the dissociation of fat loss from 
weight loss which is difficult to achieve with other interventions [134]. This specific 
fat loss induced by HSA axis can provide a new model to clarify the controversy be-

Table 2.1  Comparison of phenotypic characteristics of models of HSA axis activation (EE/BDNF 
overexpression) to models for extended longevity (CR, Pten, and FIRKO mice)
Parameter EE/BDNF CR Ptentg FIRKO
Body mass index ↓ ↓ ↓ ↓
Body fat content ↓ ↓ ↓ ↓
Insulin sensitivity ↑ ↑ ↑ ↑
Food intake ↑(→) ↓ ↑ ↑
IGF-1 ↓ ↓ ↓ ↓
Leptin ↓ ↓ ↓ ↑
Adiponectin ↑ ↑ ↑ ↑
Corticosterone ↑ ↑ NA NA
BDNF ↑ ↑ NA NA
Immune functions ↑ ↑ NA NA
Cancer ↓ ↓ ↓ NA
Energy expenditure ↑ ↓ ↑ ↑
Mitochondrial activity ↑ → ↑ ↑
Brown fat function ↑ NA ↑ NA
Longevity ? ↑ ↑ ↑

NA not applicable
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tween weight loss and mortality [135]. (2) HSA axis activation is associated with in-
creased whole body metabolic rate, increased oxygen consumption in fat, increased 
mitochondrial content, and upregulation of genes involved in mitochondrial bio-
genesis and activity such as PGC-1α [43], resembling FIRKO and Ptentg mice. (3) 
HSA axis activation alleviates obesity-associated insulin resistance, hyperglycemia, 
and dyslipidemia [43, 74], mimicking CR. (4) HSA axis activation leads to reduced 
serum IGF-1 levels, also similar to CR. The IGF-1/growth hormone pathway is one 
of the most conserved pathways implicated in aging [136]. Both spontaneous and 
genetically engineered IGF-1 deficiency leads to smaller body size, delayed age-
related pathology, and an extended lifespan [136]. (5) HSA axis activation alters 
adipokine levels with higher adiponectin and lower leptin expression in adipose 
tissue as well as in the circulation [13, 74], again mimicking CR. Adiponectin, an 
abundant protein secreted from fat, has insulin-sensitizing, anti-inflammatory, and 
anti-atherogenic properties in both rodents and humans. Transgenic expression of 
human adiponectin was shown to inhibit DIO and reduce the morbidity and mortal-
ity in DIO models [137]. Adiponectin may also suppress carcinogenesis and inhibit 
angiogenesis in cancer models [138]. (6) HSA axis activation suppresses tumor 
growth [13]. Epidemiological studies have revealed that lifestyle and environmen-
tal factors can influence cancer initiation, promotion, and progression, suggesting 
that many cancers are preventable. Among the key players are excessive adiposity, 
decreased physical activity, and unhealthy diet [139, 140]. CR has been shown to 
be broadly effective in cancer prevention in rodents and monkeys and the metabolic 
adaptations to CR are thought to be responsible for CR-mediated anticancer phe-
notype [63, 123, 141]. Our studies have shown that EE and BDNF overexpression 
markedly suppresses tumor growth [13]. (7) HSA axis activation is associated with 
enhanced immunocompetence. Immune dysfunction associated with aging exerts a 
strong influence on age-related morbidity and mortality [142]. Several age-related 
changes in immunity have been correlated with increased mortality, including low 
lymphoproliferative response to mitogens and low natural killer (NK) cytotoxicity 
[143–145]. We and others have shown that EE and BDNF overexpression in young 
mice increases lymphocyte proliferation in response to the mitogen Concavalin A, 
enhanced NK cell activity [13, 146], and increased cytotoxicity of T cells after 
tumor implantation [13]. (8) EE leads to a modest increase in serum corticosterone 
consistent with a mild stress. The exposure to the mild, nonaversive challenges of 
EE may lead to a more adaptive stress system and may therefore buffer the reaction 
to subsequent major external stressors [13, 146, 147]. Indeed, animals maintained 
on dietary restriction regimens exhibit increased glucocorticoid levels and yet their 
health is improved and lifespans are extended [148]. Moreover, both regular physi-
cal exercise and cognitive stimulation are beneficial on health and they too increase 
cortisol levels [149, 150], suggesting that eustress may increase resistance to dis-
ease and be beneficial for health and longevity. To date, the majority of studies 
on EE and aging focus on the effects on cognitive decline and neurodegenerative 
diseases and a growing body of data shows that EE could reverse age-related neu-
ral, cognitive, and behavioral impairments [151–154]. However, scarce evidence is 
available on the effects of EE on peripheral systems and healthspan or lifespan. We 
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are currently investigating the effects of EE on healthy aging and lifespan from a 
unique perspective of the recently characterized HSA axis.

Development of a Novel Molecular Therapy of Obesity

EE has been demonstrated to induce beneficial effects in animal models of a wide 
variety of brain disorders and recently also in metabolic syndromes and cancer. 
Epidemiological studies suggest that EE has a direct clinical relevance to a range 
of neurological and psychiatric diseases [155]. A recent study applies EE in the 
form of increased sensorimotor stimulation to patients of autism spectrum disorder 
and shows improvements in cognitive performance and autism severity [156]. This 
study with a relatively small cohort provides a promising example of translational 
potential of EE. In addition to direct translation, such as environmental stimula-
tions and behavioral interventions, the insights gained in animal studies can help 
to develop enviromimetics: drugs or treatments that mimic or enhance EE-induced 
therapeutic effects [155]. Our research on EE and the HSA axis has promoted us 
to develop a molecular therapy for obesity. Obesity is a complex acquired disease 
with both environmental and genetic factors. In fact, obesity has one of the strongest 
genetic components among all the chronic disorders of humans with inheritance ac-
counting for 40–70 % of an individual’s predisposition to obesity [157]. Although 
this genetic component stems from a small effect of a large number of genes [158], 
there are examples of monogenic obesity. Melanocortin-4 receptor (MC4R) mu-
tations have been found in up to 6 % of severe early-onset obesity [159]. In the 
USA, the two largest population studies have found that ~ 2.5 % of grade 2 and 
grade 3 obese patients have a functional MC4R mutation [160, 161]. MC4R obesity 
is possibly the most common human monogenic disease [162]. Furthermore, it is 
suggested that MC4R obese individuals respond poorly to lifestyle intervention, 
drugs and have much less success with bariatric surgery [163, 164]. The MC4R 
neurons are considered the final common pathway responsible for the regulation of 
energy balance [165]. Immediately downstream of the MC4R in this key metabolic 
regulatory pathway is BDNF [166, 167]. Recent genome-wide association stud-
ies have found that BDNF is one of the 18 genetic loci associated with BMI [168, 
169]. Haploinsufficiency for BDNF or its receptor TrkB is associated with obesity 
and hyperphagia [170–172]. BDNF deficiency is also associated with the obesity 
seen in the Prader–Willi syndrome and the Wilms’ tumor, aniridia, genitourinary 
anomalies, and mental retardation (WAGR) syndrome [171, 173]. Our preclinical 
data show that rAAV vector-mediated BDNF gene transfer in the hypothalamus ef-
ficiently alleviates obesity and diabetes in both DIO and genetic models [74]. To fa-
cilitate clinical translation we developed a built-in autoregulatory system to control 
therapeutic gene expression mimicking the body’s natural feedback systems. This 
autoregulatory system involved a single AAV vector harboring two expression cas-
settes, one constitutively driving BDNF and the other driving a specific microRNA 
targeting BDNF under the control of a promoter from the agouti-related protein 
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(AGRP). As body weight decreased and AGRP was induced, microRNA expression 
was activated to inhibit transgene expression [74]. This autoregulatory approach led 
to a sustainable plateau of body weight after substantial weight loss was achieved. 
We believe BDNF gene therapy using this autoregulatory strategy may provide a 
targeted molecular therapy for the MC4R obesity, a population particularly recalci-
trant to all existing therapies, as well as WAGR and Prader–Willi syndrome. We are 
currently refining the therapeutic vector and characterizing this approach in relevant 
animal models to support an investigational new drug (IND) application.
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Abstract The intersection of regeneration and cancer has long been hypothesized 
to be due to the well-established inverse relationship between the capacity to heal 
and the propensity for cancer.

The MRL mouse, a mammalian model of regeneration, provides an opportunity 
to experimentally explore this hypothesis. We present data relating to metabolism, 
inflammation, genetics, and diet, which not only support the hypothesis but also 
provide mechanistic insight linking these pro-carcinogenic traits.

In particular, this mouse has many elements of the tumor microenvironment such 
as a pro-inflammatory response, enhanced regenerative healing under a high-fat 
diet (HFD), an environment supportive of tumor growth, the use of a basal me-
tabolism with aerobic glycolysis reminiscent of the Warburg effect, and although it 
is permissive for tumor transplantation, it is resistant to cancer induction. Genetic 
studies on the role of pro-inflammatory HFDs and regenerative capacity provide 
links to dissecting these relationships.

Keywords Aerobic glycolysis · High fat diet · Inflammation · OXPHOS · 
Mitochondria, MRL mouse, Warburg effect · Quantitative trait loci
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The Murphy Roths Large (MRL) Mouse as a Model of 
Mammalian Regeneration

The Murphy Roths Large (MRL) mouse has been used for nearly 40 years as a 
model to study the autoimmune disease systemic lupus erythematosus [1–3]. This 
inbred mouse strain actually came about from the crossing of four different strains 
of mice (AKR, C3H, LG/J, and C57BL/6), and it was generated to be a means of 
maintaining the achondroplasia cn or Npr2 gene. However, some of these mice de-
veloped enlarged lymph nodes due to a mutation of the fas gene, which was called 
the lpr (lympho-proliferative) gene mutation [4–6]. The proliferation of B cells and 
the overproduction of antibodies in these MRL/lpr mice led to increased glomerulo-
nephritis, and it became clear that this was a significant and useful model of lupus. 
However, the genetic background of these mice found in the wild type MRL/MpJ 
mice included multiple genes involved in autoimmunity so that mice without the fas 
mutation showed autoimmune effects that developed much more slowly. Thus, the 
fas mutation was more of an accelerator than a driver of autoimmunity.

In the course of autoimmune studies in our laboratory about 15 years ago, we 
noted an unusual wound healing effect in MRL mice. Ear hole punches, which are 
used to create a lifelong identifier of laboratory mice (the Jackson Laboratory ear 
punch numbering code), began to close in a scar-free manner and became almost 
imperceptible within 30 days. The mice employed in this experiment had the lpr 
mutation (MRL/lpr), and our initial thought was that the unusual healing was an lpr 
effect, but subsequent studies showed that the standard strain (MRL/MpJ) mouse 
was fully capable of complete ear hole closure [7] (Fig. 3.1). As noted above, the 
MRL is a workhorse strain used in many laboratories over decades, with thousands 
of mice being ear punched, yet there were no reports to our knowledge of this ef-
fect in mice. This phenomenon had been previously reported in rabbits and bats 
[8–11] and had been identified as an epimorphic regenerative response similar to 
amphibian regeneration [12–14] and developmental processes [15], in which whole 
tissue forms with normal histological architecture and function. This is very differ-
ent from the wound repair (scarring response) generally seen in mammals. Ear hole 
closure occurs without scar formation and with rapid re-epithelialization, formation 
and growth of a regeneration blastema until all sides come together and closure is 
accomplished. It is generally complete within 30 days. By 12–16 weeks cartilage 
regrows and hair follicles are restored [7]. This identified the MRL mouse as a 
mammalian regenerator. It has also been determined that its parent, the LG/J mouse, 
is also a regenerator and probably the main contributor of the trait to the MRL 
mouse [16–18].

MRL regenerative healing has been shown in multiple organ and tissue systems 
by many different laboratories. This includes the in-vivo restoration of corneal epi-
thelium [19], digit tips and partial healing of lower phalanges [20, 21], cardiac myo-
cardium [22–24], enhanced central nervous system (CNS) and peripheral nervous 
system (PNS) healing [25–30], articular cartilage growth [31–33), muscle function 
[34], and myometrial and skin healing [35, 36].
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Besides healing differences, the MRL has shown other unusual phenotypes with 
many features found associated with the tumor microenvironment even though this 
mouse has a low incidence of cancer. This chapter will discuss these phenotypes.

Cancer in Regenerating Species

Given this MRL mouse model of regeneration, we were in a position to address 
issues brought up by observations from other regenerating species. It had been ob-
served that lower species rarely form tumors and that the potential for tumorige-
nicity increases as one traces the phylogenetic tree to mammals and humans. The 
inverse was observed for regenerative capacity that decreases through phylogeny. 
The biological mechanism for this is unknown, though there have been numerous 
theories [37–43]. Studies examining this issue have focused on two important as-
pects: (1) the induction of tumorigenicity in regenerating organisms that examines 
the cellular differences in regenerating tissue and (2) the ability of transplanted tu-
mors to grow in regenerating animals that examines the possibility of a permissive 
environment for tumor versus regenerating tissue growth.

Fig. 3.1  Ear hole closure in C57BL/6 and MRL mice. Holes ( 2.1 mm in diameter) were made 
in the pinnae of the ears of mice and were seen soon after injury ( upper panels) and on day 33 
( lower panels) with complete closure seen in the MRL ear. (These data were part of the original 
data published in [7])
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In the first case, carcinogens were used in an attempt to induce tumors in re-
generation-competent tissues [44–47]. In general, carcinogens were not effective 
in inducing tumors at these sites. Most interesting is the rabbit ear that displayed 
resistance to carcinogenic induction of tumors. However, after creation of a wound 
within the regenerating tissue itself, carcinogen-induced tumor growth seemed to 
be enhanced [47].

In the second case, attempts were made to grow tumors in regenerating species 
and specifically in regenerating tissue with results suggesting that tumor growth 
was not generally supported, and a reversion to normal differentiation was some-
times seen [48, 49]. The growth of tumor tissue was also examined in embryonic 
tissue that showed a similar regulatory process in which tumor cells differentiate 
into a normal phenotype [50–53].

The Heber–Katz laboratory examined the MRL mouse for tumor growth. In the 
first case, the induction of epithelial tumors in regenerative wildtype MRL/MpJ and 
non-regenerative Swiss Webster (SW) C57BL/6 mice involved a two-stage carcino-
genesis model1 (TPA/DMBA) to establish a tumor under the flank skin. TPA causes 
epithelial proliferation and hyperplasia. Thus, instead of 2–3 layers of keratino-
cytes, the skin becomes very thick with multiple layers. After a onetime treatment 
with the carcinogen, the mice were painted daily with TPA/DMBA that produces 
mutations in skin stem cells, that is, the H-RasV12 oncogenic mutation.

In these experiments, 10 MRL and 11 SW female mice were treated and fol-
lowed up for 100 days and then pathological analysis of the skin was carried out 
(Table 3.1). By 70 days, growths that looked like papillomas appeared in the MRL 
and by 90 days all MRL mice showed growths. By 80 days, growths appeared in 
the SW and by 100 days, all SW mice showed them. Thus, MRL mice responded to 
chemical treatment earlier than SW mice. The size of the growths was also different 
between the two groups of mice. MRL papillomas first increased in diameter and 
later began to shrink. Growths in SW mice increased in size and never decreased. 
Furthermore, SW mice had more growths/mouse than MRL mice.

Upon histological analysis, four of the SW mice and none of the MRL mice 
showed the development of squamous cell carcinomas; the MRL mice showed only 
the development of papillomas (Table 3.1). These preliminary results suggest that 
MRL mice show a level of resistance to tumor transformation compared with SW 
mice and deserve a further look. Moreover, these results are consistent with previ-
ous studies in other regenerating animals.

1 TPA 12-O-tetradecanoyl Phorbol 13-acetate, DMBA 7,12-dimethyl benz anthracene

Table 3.1  Tumor induction using TPA/DMBA
Mouse strains MRL/MpJ Swiss Webster (SW)
Number of mice with growths 10/10 11/11
Number of growths/mouse 4.5 6.5
Mean size of growth (mm) 2.4 3
Type of growth Papillomas (10/10) Papillomas (11/11); sq cell carc (4/11)
Deaths 0 1
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In the second case, the ability to support the growth of transplanted tumor cells 
was examined. Immunodeficient MRL.RAG1 KO mice were generated by 10 gen-
erations of backcrossing. These mice were still able to show complete ear hole 
closure, indicating that this regenerative response is not dependent on T or B cells. 
These mice together with immunodeficient B6.RAG1 KO mice were used as re-
cipients of human breast cancer cell lines that were injected into the rear fat pads 
of the mice. Two cell lines were examined: one metastatic, MDA-MB231, and the 
other nonmetastatic, MCF-7. The animals were followed up for 2 months and dur-
ing this time pathological analysis of tissue was carried out. Out of six B6.RAG1 
KO mice, three received MB231 and three received MCF-7, but only one mouse 
showed a tumor mass (MCF-7). Out of six MRL.RAG1 KO mice, five showed 
significant tumor growth. The three mice that received the metastatic tumor MB231 
had a primary 2-mm mass growing in the skin or muscle. Two of the three mice that 
received the nonmetastatic tumor MCF-7 showed tumor growth, one metastatic and 
one local (Table 3.2).

The results of this very preliminary experiment support the notion that MRL 
mice provide a permissive environment to tumor cell growth and migration. It is 
surprising that B6.RAG1 KO mice do not support tumor growth since immunodefi-
cient severe combined immunodeficiency (SCID) mice are permissive. However, it 
has been shown that immunodeficient B6 mice are unusual in that the inflammatory 
response is poor, and they do not support tumor growth [54]. Thus, it may be that 
the inflammatory response does play an important role in this, providing a stimula-
tory tumor microenvironment.

Finally, experiments to analyze the role of p53 in MRL healing showed that ear 
hole closure in MRL.p53KO mice is unaffected by the lack of p53 [55], and these 
mice do get tumors. However, on comparing the kinetics of tumor generation in the 
MRL.p53KO with published data using control p53KO mice, the MRL.p53KOs 
were found to be delayed by at least 1.5 months [56]. Though these two experiments 
obviously need to be done together, the result is potentially intriguing and adds to 
the inability to induce tumors in MRL mice using TPA/DMBA.

With these preliminary experiments taken together, it appears that though the 
MRL mouse presents a permissive environment for the growth of established tu-
mors, induction of intrinsic tumor growth is reduced. This result is consistent with 
and supports earlier results, showing a direct correlation with the ability of amphib-
ians and reptiles to regenerate but not get tumors. Furthermore, a role for inflamma-
tion, our next topic, is implicated in a permissive environment for tumor growth but 
perhaps not in tumor development.

Table 3.2  Adoptive transfer of human breast cancer cell lines. [113]
Recipient strains MRL.RAG1 KO B6.RAG1 KO
Cell lines injected MB-321 MCF-7 MB-321 MCF-7
Number of mice with 
growths

3 mice 2 mice 1 mouse 0

Type of growth 1° tumor (3/3) 1)1° tumor (2/3);
2) metastasis (2/3)

Splenomegaly

Mean size of growth (mm) 2 mm 1) 2 mm;
2) 3.5 cm
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Role of Inflammation

Early experiments carried out in the Heber–Katz laboratory showed higher levels 
of neutrophils, mast cells, and macrophages in the histological samples of healing 
tissue from MRL ear holes versus control strain ear holes, suggesting that inflam-
matory cells are important in the regenerative process. To test this, several experi-
ments were carried out. First, the nonsteroidal anti-inflammatory drug (NSAID) 
meloxicam, a cyclooxygenase-2 (COX-2) inhibitor, was given to MRL mice, and 
it was found to inhibit ear hole closure [57]. Second, gene expression in healing 
tissue early after injury was examined. When we analyzed functional processes, 
the majority of those differentially expressed genes were related to innate immune 
responses and inflammation, tissue remodeling, and metabolic differences (which 
we will discuss below). In uninjured tissue, gene expression differences between 
regenerator MRL and non-regenerator C57BL/6 mice showed that out of approxi-
mately 19,000 expressed genes, only 158 genes were significantly and differentially 
expressed and of these 28 were upregulated in the MRL and 130 were downregu-
lated in the MRL relative to C57BL/6.

Upregulated molecules in the MRL included Tpsab1 (Mcp7) that encodes a mast 
cell protease and myeloperoxidase (MPO) produced by neutrophils, macrophages, 
and mast cells.

Molecules that were downregulated included the mast cell receptor Fcerg1 (57-
fold reduced in MRL), whose elimination enhances healing [58], TACE or Adam 
17 that enhances cell invasion [59], and diamine oxidase (DAO1) that degrades 
histamine [60] and may lead to higher levels of histamine. Two molecules related 
to increased scarring are reduced in the MRL, including connective tissue growth 
factor (CTGF) [61, 62] and lysyl-oxidase-like 4, involved in collagen crosslinking 
[63] and bone marrow-derived cell migration.

From these data, we have defined a unique mast cell population in the MRL 
mouse (Fig. 3.2) that is more immature and less likely to lyse but more likely to 
be involved in cytokine production, leading to increased growth and bearing some 
resemblance to a tumor-associated mast cell [64, 65]. One molecule important in 
tumour-associated mast cells and not mentioned above but which is upregulated in 
MRL tissue is Hmox1. This results in further resistance to degranulation and less 
sensitivity to stimuli.

Further significant support for the role of inflammation in regenerative healing 
comes from studies by DeFranco et al. in Brazil who showed that AIRmax mice, 
bred to be pro-inflammatory, displayed the ability to close ear holes, whereas AIR-
min mice, bred to be low-inflammatory, did not close ear holes. Gene-mapping 
studies identified a macrophage associated molecule NRAMP as being responsible 
in this case [66, 67]. There is evidence that inflammation enhances axonal regenera-
tion and neural protection [68, 69] with leukotriene B4 and lipoxin A4 having both a 
positive and negative regulatory effect on stem cell proliferation and differentiation 
[70]. Eosinophil-derived IL4 enhances liver regeneration [71].

Inflammation not only has an enhancing effect on regenerative responses, but it 
also has positive effects on cancer development [72, 73]. But noting that the MRL 
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has a low cancer-induction potential, how might this be explained? Though inflam-
matory cells increased and are important in the MRL regenerative response, there 
is another factor that may negatively affect tumorigenesis in the MRL. It has been 
shown that FcRg on inflammatory cells is required in a mouse model of squamous 
carcinoma [74]. Given the fact that Fcerg1 is so severely reduced (57-fold) in the 
MRL mouse, this may be a major cause of its lowered cancer potential.

Finally, we tested the effect of a high-fat diet (HFD) known to lead to increased 
inflammation [75–77] on ear hole closure and found a highly significant positive 
effect on healing. This will be discussed in the section “The Role of Diet in the Re-
generative Response: Data from Gene-mapping Studies.”

Is the MRL Metabolism Similar to Cancer and a Factor in 
Healing?

There are several characteristics of the MRL mouse that support a metabolic exami-
nation of this strain. Not only does this mouse have a propensity for autoimmune 
disease and increased inflammation, but it also continues to grow over time and 
gain weight.

Fig. 3.2  A unique MRL mast cell population. The CD34+ myeloid progenitor matures into a 
myeloblast and then into circulating neutrophils, monocytes, or mast cell progenitors that now 
express MCP-7. The  mature mast cell which is now tissue-associated loses MCF-7, now expresses 
TNFa, Fcer1g, and low levels of MPO, can degranulate upon exposure to antigen, is involved 
with enhanced inflammation, or can be active in the tumor microenvironment by producing mul-
tiple cytokines. In the MRL mouse, increased numbers of mast cells at the regenerative site show 
increased MPO levels, but they are strikingly low in Fcer1g, a marker of mast cell maturity which 
when crosslinked by immunoglobulin leads to degranulation and maintains high levels in MCP7. 
(This is from [57])
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As mentioned above, gene expression studies found MRL and B6 differences in 
metabolism-related genes and showed increases in Nt5e (converts AMP to adenos-
ine, associated with HIF expression), and in Ldha, Pkm2, and Gapdh, all glycolytic 
enzymes. It has been suggested that the glycolytic metabolic state may promote 
inflammation [78]. Additionally, we have shown that the MRL mouse shows many 
characteristics of glycolysis that seem to play a role in the regenerative response 
[79]. The evidence will be reviewed below.

Initial studies using ear-derived fibroblasts from regenerating versus non-regen-
erating mice showed a notable difference in the intracellular localization of mito-
chondria. Embryonic cells are unique in the localization of their mitochondria to 
regions surrounding the nucleus. This is thought to be involved in their early devel-
opmental stage and pluripotent potential [80]. When we examined fibroblasts from 
normal non-pre-wounded ear tissue, perinuclear localization of mitochondria was 
seen in MRL cells but not in B6 cells (Fig. 3.3). This suggests that MRL cells are 
in a more stem-like state. Increased stem cell markers such as Nanog and Sox2 are 
found in MRL heart tissue, for example, both pre- and post-injury compared to B6.

Further examination of the mitochondrial state showed decreased membrane po-
tential, but an increase in mitochondrial number. One interpretation of this is that 
the cell is prepared, pre-activated for a rapid response to future conditions such as 
proliferation with this “mitochondrial reserve.” The lowered mitochondrial mem-
brane potential points to the MRL not using oxidative phosphorylation for its en-
ergy source but rather cytoplasmic glycolysis for ATP synthesis. Indeed, lactate 
production, a measure of glycolysis, was found to be up in MRL; reactive oxygen 
species (ROS) levels, products of mitochondrial metabolism were down in MRL, as 
were glutathione pools (Fig. 3.4).

An analysis of oxidative phosphorylation (OXPHOS) in MRL and B6 liver mi-
tochondria showed increased glutamate oxidation and reduced fatty acid oxidation. 
This was confirmed by a corresponding increase in plasma acyl-carnitine species in 
MRL (Fig. 3.5). These biochemical features are indicative of increased dependence 
on glycolysis and a decreased usage of OXPHOS for ATP synthesis. Increased lipid 
storage was seen in the liver as well. The phenomenon of lipid storage is one that 
has been documented in many cell types and species responding to environmental 
stress. For example, during the larval pre-dauer stage in Caenorhabditis elegans, 

Fig. 3.3  Subcellular localization of mitochondria in MRL and B6 fibroblasts. Cells were stained 
with Mitotracker Orange CMTMRos. Arrows indicate nuclei of cells where in the B6 ( right panel) 
no nuclear but rather cytoplasmic localization is seen, and in the MRL ( left panel) significant 
perinuclear as well as cytoplasmic localization is seen
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fatty acid oxidation is decreased and intracellular lipid is accumulated as a choreo-
graphed metabolic response to environmental stress [81]. A similar, physiologically 
induced state of hypometabolism associated with decreased fatty acid oxidation 
and increased lipid storage is also seen in the early diapause embryos of many 
mammalian species. During diapause, the arrested embryo must survive for weeks 
to months without nutrients from placenta, before fully implanting and reinitiating 
cell growth, proliferation, and differentiation [82]. The metabolic phenotype of the 
MRL mouse seems to emulate several of the features of the dauer and diapause 
stages under baseline conditions, making it preadapted for recovery after stress or 
injury.

A comparative analysis of mitochondrial DNA sequences of MRL and B6 
showed differences in several molecules [83]. Sequence differences were seen in 
three molecules: the NADH dehydrogenase 3 gene ( mt-Nd3) and two mitochondrial 
tRNAs. One was methionyl tRNA, which is known to be exported into the cyto-
plasm and plays a role in RNA silencing by interacting with Argonaute 2 ( Ago2), an 
endonuclease that is part of the RNA-induced silencing complex (RISC) and targets 
miRNA and siRNA complementary structures [84]. Interestingly, gene expression 
studies showed that the majority of differences between MRL and B6 involved re-
duced levels in the MRL. This might be affected by tRNA-met changes. The second 
molecule, tRNA-arg, has been mapped to hearing loss [85], and this is, in fact, a 
phenotype associated with the MRL mouse [86, 87]. The biological consequences 
of these changes are presently unknown.

Early in the past century, Otto Warburg proposed that cancer cells were metaboli-
cally different from normal adult cells in that the rate of glycolysis is far greater than 
the OXPHOS rate in normal tissue even when oxygen is present. The data above 
support the view that the MRL mouse is a rare instance of a glycolytic metabolizer 
in the basal adult state. As such, it should provide an environment and system to 
study the intersection of cancer, regeneration, and metabolism. This has motivated 

Fig. 3.4  Metabolic differences between MRL and B6 fibroblasts. In the left-hand panel, lactate 
production in primary ear fibroblasts was measured under 21 % oxygen levels in culture using a 
Lactate Scout portable lactate meter. In the middle panel, reactive oxygen species (ROS) produc-
tion in primary ear fibroblasts was measured by DHR123 Fluorescence by the FACS analysis. In 
the right-hand panel, relative mitochondrial transmembrane potentials were measured using the 
potentiometric, cationic carbocyanine dye DiIC1 and analyzed by FACS. (This is modified from 
[79])
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ongoing studies in our laboratories of the effect of diet on these central processes in 
the tumor and the tumor microenvironment [88–90].

The Role of Diet in the Regenerative Response: Data from 
Gene-mapping Studies

As mentioned above, mice were fed a high fat diet (HFD) to determine if its pro-
inflammatory effects [75–77] would impact regenerative ear hole closure, and, in 
fact, it did have a positive effect (data not shown). However, similar results later 
came from another direction.

Fig. 3.5  Plasma acyl-carnitine profiles. The C57BL/6J strain is known to have higher plasma 
acyl-carnitines than most other laboratory mouse strains. Quantitative metabolomic analysis by 
LC-MS/MS revealed that the MRL mouse had still higher levels. This was particularly evident in 
C4 (butyryl), C5OH (hydroxyisovaleryl), C16 (palmitoyl), and C18 (octadecanoyl) species. This 
indicates a generalized decrease in mitochondrial fatty acid oxidation, with more severe defects in 
short-chain (< C6) and long-chain (C13–C21) fatty acids, with relative preservation of medium-
chain (C6–C12) fatty acid oxidation
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Initial studies to determine the genetic complexity of the regenerative ear hole 
closure response were carried out by using F2 crosses of regenerating MRL and oth-
er non-regenerating strains including B6, SJL, and M.m.castaneous mice [91–96]. 
One attractive aspect of this ear hole closure phenotype is that it is an accessible 
and quantifiable trait. Thus, one can easily obtain longitudinal data from individ-
ual mice. Ear hole closure proved to be a complex genetic trait and was originally 
mapped to seven loci. Crosses of MRL with multiple non-regenerator mice showed 
both shared and new quantitative trait loci. Unfortunately, the F2 method generally 
yields large chromosomal regions of genetic QTL intervals to find candidate genes 
of interest.

However, the laboratory of James Cheverud was involved in studying the LG/J 
mouse for genes involved in bone length, obesity, and diabetes and had generated 
advanced intercross lines (AIL) to greatly narrow the very large mapping intervals. 
These AIL, through 34 generations of intercrossing, produced smaller chromosomal 
regions. One of the four parents of the MRL mouse is the LG/J mouse (contributing 
75 % of the MRL genome) that displayed many of the features of the MRL mouse, 
both being large in size, both showing continual growth in adulthood, obesity, and 
multiple autoimmune syndromes, and both displaying regenerative healing.

The Heber–Katz, Blankenhorn, and Cheverud labs collaborated to map the re-
generative loci of the LG/J mouse using these AIL lines. An initial LG × SM F2 
cross resulted in loci which, when compared to the MRL × B6 crosses, showed 
multiple shared loci [97, 98]. Next, ear-punched F34 AIL using approximately 1200 
mice were analyzed using 3600 SNPs. The quantitative trait locus (QTL) intervals 
were 50-fold decreased in size, as predicted, and 19 QTL were identified [99]. The 
genomic sequencing of the parental LG and SM strains [100] allowed analysis of 
polymorphic regions, further narrowing the intervals and providing an excellent set 
of candidate genes.

From the perspective of inflammation and metabolism in the regenerative re-
sponse, one candidate gene is potentially very important. RNF7, found on chromo-
some 9, is a component of an E3 ligase complex that has been shown to be neces-
sary for the ubiquination and proteosomal breakdown of HIF-1a, similar and in ad-
dition to pVHL [101]. HIF-1a is a major factor in promoting glycolysis and acts as a 
transcription factor for many molecules supporting a glycolytic response, including 
PGK1, ALD, LDHa, and PDK1. Since HIF-1a is made constitutively and its levels 
are tightly controlled by its rates of synthesis versus degradation under normoxic 
conditions [102, 103], RNF7 should play a major role. Since RNF7 showed low to 
no expression in the MRL or LG/J, this should lead to high levels of HIF-1a expres-
sion. This is currently being tested.

A second fortuitous aspect of this experiment is derived from the fact that ap-
proximately 1200 AIL mice were being used for multiple phenotype analyses and 
half of the mice were fed an HFD, whereas the other half were fed a low-fat diet 
(LFD) for atherosclerosis studies. As mentioned above, an earlier and smaller ex-
periment in the Heber–Katz laboratory suggested that mice fed an HFD display en-
hanced ear hole closure when compared with mice fed an LFD or normal diet (un-
published data, Heber–Katz). In this larger study analyzing almost 1200 AIL mice, 
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it was found that both male and female mice fed an HFD showed highly significant 
ear hole closure enhancement compared with those mice fed an LFD (Fig. 3.6).

Of the 19 QTL identified for ear hole closure, three of these loci also showed an 
effect from diet (Cheverud et al. 2014). Interestingly, the candidate genes included 
molecules that had SNPs in regulatory regions such as HDAC3, which is involved 
epigenetically in inducing inflammatory genes, especially in macrophages [104]. 
This molecule is also upregulated in obese individuals who often have a chron-
ic low-level, or “subacute,” inflammation associated with increased cancer risk. 
HDAC3 induces EMT that is involved in metastasis [105]. It is also involved in 
white adipocyte differentiation [106]. On the other hand, HDAC3 has been reported 
to repress breast cancer [107].

Another such candidate gene, FGF1, is highly active and predictive of some 
cancer outcomes [108]. FGF1 mediates differentiation of pre-adipocytes [109] and 
is regulated by PPARg that is induced by an HFD and results in increased levels of 
insulin and insulin-like growth factor-1 (IGF-1) in the blood, which may promote 
the development of certain tumors. The PPARg–FGF1 interaction is important in 
obesity, FGF1 is highly upregulated in adipocytes in the presence of an HFD, acts 
as an angiogenic factor and an endothelial cell factor, and has been reported to be 
involved in cell migration, inflammation, fat remodeling, and metabolism [110]. 
Low levels of FGF1 in the presence of an HFD lead to diabetes [110]. Its expression 
has been reported to be both reduced and overexpressed in breast cancer [111, 112].

Since there are still a significant number of potential candidate genes in the in-
tervals identified, further focusing on those genes will wait for higher resolution 
sequencing and further mapping using more advanced AIL.

Fig. 3.6  Female and male mice from the F34 AIL line fed a low-fat (L) and high-fat (H) diet. One 
half of the approximately 1200 mice from advanced intercross F34 line was fed a high-fat diet 
(HFD) and the other half was fed a low-fat diet (LFD). At 6 weeks of age, mice were ear punched 
and then at 10 weeks of age, hole diameters were determined. Data is presented as the mean of hole 
diameter (mm) +/− SE. Females healed better than males, as shown previously. And in both cases, 
mice healed better on an HFD than an LFD. (These data were generated by James M. Cheverud, 
Washington University, St. Louis, MO)
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Abstract Growth hormone (GH) regulates a broad spectrum of biological pro-
cesses in addition to promoting longitudinal growth. As such, GH influences most 
organ and cellular systems in the body with adipose tissue being one of its well-
established targets. This chapter will describe mouse lines with specific alteration 
in GH action. Mice with increased, decreased, and absence of GH action have a 
unique phenotype for which clinical equivalents exist (acromegaly, GH deficiency, 
and Laron syndrome, respectively). Interestingly, these mouse lines demonstrate 
adiposity profiles that are counterintuitive to health and longevity. That is, mice 
with excess GH action are lean but insulin resistant, prone to cancer, and short-lived 
(or “unhealthy lean”). On the other hand, mice with no GH action are obese but 
insulin sensitive, resistant to cancer, and long-lived (or “healthy obesity”). These 
extremes in GH action provide fascinating mouse strains with which to study the 
features of fat that are responsible for metabolic dysfunction and to explore traits 
that are obligatory for cancer or lifespan.
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Introduction

Growth hormone (GH) is a pleiotropic hormone that promotes growth, as well as 
alters a broad range of metabolic actions. Due to its multiple actions, the use of in 
vitro or ex vivo techniques to understand its role in energy balance, obesity, and 
cancer is limited. In vivo analysis allows for tissue “crosstalk”, which may well 
be critical to understand how endocrine factors affect overall metabolism. To that 
end, this review describes several decades of research in mutant, transgenic, and 
gene-disrupted strains of mice with specific alterations in GH-induced intracellular 
signaling. Analysis of these mice has led to a better understanding of the varied 
functions of GH. Relevant to this review, these mice provide evidence that GH, 
which reduces obesity, can simultaneously cause metabolic dysregulation, increase 
the incidence and severity of certain types of cancers, promote insulin resistance, 
and shorten lifespan. In this overview, we will first introduce the newer complex-
ity of adipose tissue (AT) to provide the foundational knowledge to understand 
not only the importance of the quantity of AT but also the quality of that tissue for 
whole body homeostasis. We will then introduce GH, the general phenotypes of the 
selected mouse lines that have extreme alterations in GH action, and highlight data 
describing their unique obese phenotype and cancer incidence.
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Adipose Tissue Introduction

AT is an intricate, multi-depot organ with important functions in energy storage, 
metabolism, and mechanical support [1]. Once regarded as a simple storage space 
for extra energy in the form of triglycerides, AT is now recognized as an active 
endocrine organ, secreting hormones and cytokines that initiate signaling in many 
tissues throughout the body [2]. The discovery of AT’s endocrine function as well 
as the obesity epidemic has instigated a surge of AT interest and research. The rise 
in world-wide incidence of obesity has been accompanied by a concomitant rise in 
comorbidities, or associated diseases, of obesity, including some cancers. Thus, the 
need to understand both the normal physiology of AT and its pathophysiology in 
obesity is paramount. This section will focus on the basic morphology and physiol-
ogy of AT, its dysfunctions in the obese state, and its relationship with the develop-
ment and progression of cancers.

Cell Types in Adipose Tissue

AT has many layers of complexity, the first of which is its cell types. Though the 
characteristic cell type is the adipocyte, there are actually three distinct types of 
adipocytes: white, brown, and beige. Each of these adipocyte types has a unique 
structure and function. White adipocytes, the primary cell type of white adipose tis-
sue (WAT), have a large, unilocular lipid droplet in which they store energy in the 
form of triglycerides. In periods of excess energy, such as obesity, the lipid droplet 
expands, resulting in hypertrophy of white adipocytes [3] (Fig. 4.1). When energy is 
needed, white adipocytes release energy through a process called lipolysis [4]. Con-
versely, brown adipocytes, the primary cell type of brown adipose tissue (BAT), are 
multilocular, featuring multiple, small lipid droplets. They have many mitochondria 
and consume energy to produce heat (non-shivering thermogenesis). Brown adipo-
cytes accomplish this through a unique protein, uncoupling protein-1 (UCP-1), that 
works in the mitochondria to uncouple fuel oxidation from ATP by creating a proton 
leak across the inner mitochondrial membrane. The third type of adipocytes, beige 
cells, are UCP-1-positive cells found within WAT. Once thought to be brown adipo-
cytes residing in WAT, they are now understood to be inducible cells that can have 
brown-like activity. In essence, when dormant, they behave like white adipocytes 
by storing energy in a large lipid droplet. However, under certain stimuli, they can 
take on a brown adipocyte phenotype. While in their active state they are similar to 
a brown adipocyte, they differ in both gene expression and lineage and are thus a 
unique cell type apart from both white and brown adipocytes.

Though adipocytes are the main cell type, AT also hosts a variety of other cells 
types as well as other tissue components (Fig. 4.1). Non-adipocyte cells are col-
lectively referred to as the stromal vascular fraction (SVF) and are important con-
tributors to the function and health of AT. Cells of the SVF include preadipocytes, 
immune cells (macrophages, lymphocytes, and mast cells), vascular tissue cells, 
neural tissue cells, and fibroblasts [5, 7]. These cells contribute to the secretory 
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profile of AT that affects AT as well as other organs. Importantly, the cellular popu-
lation in AT is altered in obesity, which contributes to the overall dysfunction of the 
tissue in the obese state [5, 7].

Adipose Tissue Depots

The adipose organ is distributed throughout the body in well-defined depots that 
can be distinguished not only by location but also by composition and function [8, 
9]. WAT depots are categorized as either subcutaneous (SubQ) or intra-abdominal, 
although there are many different depots within those generic categories. In rodents, 
there are two SubQ depots found just under the skin, and several intra-abdominal 
depots, which are found within the peritoneum. In mice, the SubQ depots are locat-
ed both anteriorly and posteriorly. The posterior depots are considered less complex 
than the anterior SubQ depots [10]. There are several intra-abdominal depots, which 
are further categorized as visceral and non-visceral although there is some contro-
versy as to how these are defined. Some researchers define visceral depots more 
strictly and consider only depots that drain into the portal vein to be visceral. Other 
researchers refer to all depots in the intra-abdominal and visceral regions as visceral 
[10]. There are three frequently studied intra-abdominal depots: perigonadal (sur-
rounding the sex organs), retroperitoneal (behind the kidneys), and mesenteric (sur-
rounding the intestines). Although the perigonadal depot (also called epididymal in 
males and paraovarian in females) is the most commonly studied as it is often large 
and easy to collect, the mesenteric depot is the only one of these three depots that 
drains into the portal vein  and, as such, is a true visceral depot. In rodents, the main 
adult BAT depot is found in the interscapular region (between the shoulder blades) 

Fig. 4.1  Structure and composition of normal and obese WAT. As obesity develops, WAT under-
goes several functional and structural characteristic changes. First, adipocytes expand and become 
hypertrophic. The immune cell population is also altered. Normal WAT contains anti-inflamma-
tory M2 macrophages whereas obese WAT sees a large influx of inflammatory M1 macrophages 
and T cells. Often, M1 macrophages in obese WAT will surround a dead or dying adipocyte to form 
what is called a crown-like structure. In addition to changes in the cells of obese WAT, the extracel-
lular matrix (ECM) also accumulates and becomes fibrotic. These structural changes lead to the 
development of metabolic dysfunction in obese WAT. Adapted with permission [91]
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although there are other smaller BAT depots (cervical, mediastinal, pericardial, and 
perirenal depots) [11] that have not been well studied.

Not only is AT found in distinct depots, but these depots have divergent char-
acteristics, including differences in glucose metabolism, endocrine function, and 
adipocyte size. Depot differences are an important factor for the health of obese 
individuals as the pattern of obesity has been shown to have an effect on the over-
all health of the individual. Specifically, those with increased visceral adiposity, 
sometimes called central pattern obesity, generally have more severely depressed 
metabolic health than those whose adiposity is found subcutaneously [12]. Trans-
plantation studies in mice have demonstrated this effect as well and have shown 
that the results are due to intrinsic differences in the depot itself, not merely due 
to anatomical location [13]. Thus, due to the distinct characteristics of individual 
depots, it is important to study multiple depots when examining the adipose organ.

Endocrine Function of Adipose Tissue

Although it was once considered a passive storage organ, AT is now understood to 
carry out many other functions. Importantly, adipocytes and other cell types in AT 
can secrete and respond to many bioactive peptides in both autocrine/paracrine and 
endocrine manners [6, 14]; thus, it is considered to be an endocrine organ. The se-
creted proteins of AT are collectively referred to as adipokines and can have drastic 
effects on whole body metabolism and energy homeostasis. A classic example is 
the hormone leptin, which is secreted by adipocytes and interacts with the cen-
tral nervous system (CNS) to regulate energy intake, metabolism, and satiety [15]. 
Mice with mutations in the leptin or leptin receptor gene clearly demonstrate the 
importance of this hormone, as they are strikingly obese [16, 18]. In addition to the 
CNS, leptin signaling also affects other tissues and cell types such as bone and im-
mune cells [19]. Adiponectin is another classic adipokine with whole body effects. 
Secreted by adipocytes, adiponectin circulates at high levels in the blood and acts 
primarily on receptors in the muscles and liver [20]. Although adiponectin can be 
found in circulation in several multimeric complexes, the high-molecular-weight 
form has been suggested to have the predominant bioactivity [21, 22]. A defect in 
the adiponectin gene results in metabolic dysregulation, whereas overexpression 
improves insulin sensitivity and other markers of metabolic health [23, 25]. Thus, 
both leptin and adiponectin demonstrate the importance of AT’s endocrine function 
and serve to deepen its complexity.

Pathophysiology of Obesity

Obesity is defined as excess WAT, which occurs through both hypertrophy and hy-
perplasia of adipocytes. However, this definition belies the complexity of the patho-
physiological changes that occur in WAT in the obese state. It is now understood 
that characteristic changes accompany WAT expansion, including insulin resistance 
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[26], immune cell infiltration [27, 28], pathologically accelerated remodeling [29], 
and fibrosis [30]. These changes promote the development of obesity-related dis-
eases such as diabetes, cardiovascular disease (CVD), and some cancers. A classic 
example of these changes is the formation of crown-like structures (CLS), which 
can be observed histologically. These structures are seen when M1 macrophages 
surround a dead or dying adipocyte [28, 31, 32]. A syncytium of macrophages is 
formed around the adipocyte as the macrophages consume the lipid droplet. Anoth-
er well-established alteration in AT function during obesity is the alteration of adi-
pokine secretion. Both adiponectin and leptin expression and secretion are altered 
with increased fat mass. Adiponectin levels usually have an inverse relationship 
with adiposity, being higher in lean states [33]. Since adiponectin promotes insulin 
sensitivity, low levels of adiponectin may further contribute to insulin resistance 
and metabolic dysfunction during obesity [34]. Leptin concentration, on the other 
hand, increases with increasing fat mass [5, 12]. Although this could be seen as 
beneficial due to leptin’s effect on satiety and metabolic rate, obese individuals ac-
tually become leptin insensitive [35, 36]. As both CLS and altered adipokines dem-
onstrate, obesity not only involves increased WAT but also includes drastic changes 
to WAT morphology and physiology. These changes radiate beyond local tissue 
dysfunction and initiate whole body consequences. Some of these dysfunctions will 
be discussed below, along with their potential role in the initiation and progression 
of cancers.

Dysfunctional Adipose Tissue and Cancer

Epidemiological studies have established a clear relationship between obesity and 
many cancers, including breast, liver, kidney, thyroid, colon, and esophageal as well 
as some leukemias and lymphomas [37]. In fact, the association is so great that 
obesity is considered a major risk factor for cancer and is known to drastically 
increase the mortality rate for all cancers [38]. However, molecular mechanisms 
that would serve to explain this relationship are still not well understood. A number 
of potential processes have been proposed including alterations to adipokines and 
inflammatory cytokines, increased immune cell infiltration, altered aromatization 
of sex hormones, and increased insulin and IGF-1-induced signaling.

Altered Adipokines and Cytokines

Secreted proteins from AT can act on both normal and cancer cells in both paracrine 
and endocrine manners. Many organs have proximal fat pads or stromal adipocytes 
that can affect the microenvironment of a tumor. Specifically, secretion of extra-
cellular matrix (ECM)-related proteins, such as matrix metalloproteinase-11, are 
upregulated in obesity, which can promote ECM remodeling and create a favorable 
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environment for tumor invasion [39, 40]. In addition, increased BMI is associated 
with higher levels of inflammatory cytokines secreted from immune cells within 
AT, including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and plasmino-
gen activator inhibitor 1 (PAI1). Inflammatory cytokines have been associated with 
the promotion of obesity-related tumorigenesis and metastasis in both cell culture 
and in obese mice though the specific mechanisms are still not well understood. 
Other adipokines are also altered in the obese state as previously mentioned. Im-
portantly, both leptin and adiponectin have been shown to play a role in cancer risk 
although the mechanisms are still unknown and may be tissue dependent. Similar to 
their role in metabolic disease, leptin and adiponectin have opposing actions; that is, 
increased leptin promotes tumors [41, 44], whereas increased adiponectin decreases 
tumor growth [45, 46].

Immune Cell Infiltration

Immune cells can make up a substantial portion of the SVF in WAT. The resident 
and infiltrating immune cells vary in type, number, activation status, and produc-
tion of various cytokines based on the level of adiposity as well as the anatomi-
cal location of the WAT depot [47, 49]. In lean WAT, anti-inflammatory (M2-like) 
macrophages, myeloid-derived suppressor cells, regulatory T cells, and eosinophils 
predominate [50, 52] whereas with increasing adiposity, pro-inflammatory (M1-
like) macrophages, neutrophils, T cells (CD4 + and CD8 + cells), B cells, and mast 
cells have been found to infiltrate the tissue, particularly in visceral depots [28, 48, 
53]. Moreover, recent evidence indicates that different depots (e.g., mesenteric, ret-
roperitoneal, epididymal) have distinct immune profiles [47], suggesting that intra-
abdominal fat pads can be considered distinct mini-organs at least with respect to 
their leukocyte populations. Taking all of this into account, it is important to con-
sider WAT-associated immune cells as a contributing factor to the chronic inflam-
mation and insulin resistance present in the obese state.

Insulin and IGF-1 Signaling

The obese state is associated with many metabolic changes, including insulin resis-
tance and resultant hyperinsulinemia. Alterations to IGF-binding proteins increase 
the bioavailability of insulin-like growth factor 1 (IGF-1), further increasing the 
activity of the IGF axis in obesity. Both insulin and IGF-1 are potent growth factors; 
thus, it is no surprise that their increased activity is associated with increased risk 
and progression of obesity-associated cancers [54]. Tumors also take advantage of 
this environment and are known to overexpress the IGF-1 receptor (IGF1R) [55]. 
The relationship between IGF-1 and cancer will be discussed more thoroughly later 
in the chapter.
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Growth Hormone (Structure/General Function)

GH is a peptide secreted from somatotrophs of the anterior pituitary in two pri-
mary forms: the 22 kDa form, which is the most abundant and active form, and 
the 20 kDa form, which is less active than the 22 kDa form [56, 57]. GH exerts its 
many effects by binding to the growth hormone receptor (GHR) present on the cell 
surface of most tissues, including liver, AT, heart, kidneys, intestine, lung, pancreas, 
cartilage and skeletal muscle (see Fig. 4.2). GH binding initiates an intracellular 
signaling cascade (discussed in more detail in the subsequent section) that, among 
other effects, induces the production and secretion of IGF-1, another potent growth 

Fig. 4.2  Growth hormone (GH)-induced signaling in target tissues. Growth hormone releasing 
hormone (GHRH) from the hypothalamus stimulates the pulsatile release of GH from the anterior 
pituitary. Somatostatin (SST) has an inhibitory effect on the release of GH. GH exerts its effects on 
cells of target tissues by interacting with the dimerized growth hormone receptor (GHR). Binding 
of GH induces rotation of the GHRs, stimulating the associated Janus kinase 2 (JAK2) molecules 
to promote cross-phosphorylation of the tyrosine residues (Y) of JAK2 as well as of the cyto-
plasmic domains of the dimerized GHR. These tyrosine phosphorylated residues recruit signaling 
molecules with Src homology 2 (SH2) domains. This allows STAT5 to bind, become phosphory-
lated, dimerize, and travel to the nucleus where they bind to STAT responsive elements of enhancer 
regions to increase transcription of genes related to metabolism, body growth, and production of 
GH’s effector molecule, IGF-1. GH-induced signaling may also occur through JAK2-independent 
signaling (not pictured).
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factor. GH has many functions, but perhaps the most well-studied is its stimula-
tion of childhood bone growth [58]. Both GH and IGF-1 from the bone (acting 
in a paracrine/autocrine manner) act on the growth plate to stimulate longitudinal 
bone growth [59]. In adults, GH plays roles in determining body composition and 
metabolism, having an anabolic effect on many tissues but a catabolic effect on AT. 
That is, GH not only decreases body fat by increasing lipolysis and fat oxidation, 
but also reduces glucose uptake into cells [58].

In humans, GH is secreted in a pulsatile manner, with the largest pulses occur-
ring during the night during rapid eye movement (REM) sleep [60, 61]. The am-
plitude of these pulses is under the control of several hormones. The secretion of 
GH is stimulated by growth hormone-releasing hormone (GHRH) and inhibited by 
somatostatin, both released from the hypothalamus through the portal system [60]. 
Ghrelin, secreted by the stomach, also acts as a stimulator of GH secretion [60]. In-
teractions between these hormones result in the increase in amplitude of GH pulses 
during adolescence and the decrease thereafter [60]. Physiological factors such as 
stress and hypoglycemia inhibit GH secretion [60, 62] whereas exercise and sleep 
stimulate GH secretion [60, 62]. Finally, IGF-1 acts as a negative feedback regula-
tor of GH at the level of the hypothalamus and the anterior pituitary [62].

Signaling Pathways of GH

GH contains two binding sites for the GHR, one on each side of the molecule, al-
lowing it to bind to two different sites on a membrane bound predimerized GHR 
molecule (Herington & Lobie 2011) (Fig. 4.2, inset). The dimerized GHRs are each 
associated with the cytoplasmic kinase, Janus kinase 2 (JAK2) and/or kinases of the 
Src family. The binding of GH to its binding sites on the GHR results in the rotation 
of the intracellular domains of a GHR; this activates the associated kinases by ini-
tiating their cross-phosphorylation at tyrosine residues, as well as the phosphoryla-
tion of the GHR molecules at tyrosine residues of their cytoplasmic tails [63].

Two types of signaling are initiated by binding of GH to the GHR: JAK2-depen-
dent signaling and JAK2-independent signaling. In JAK2-dependent signaling, the 
tyrosine phosphorylation of the GHR cytoplasmic domain results in the recruitment 
of additional signaling molecules containing Src homology 2 (SH2)-domains [63]. 
As a result, Signal Transducer and Activator of Transcription 5 (STAT5) a and b are 
phosphorylated and dimerize, allowing them to bind to STAT-responsive elements 
of promoter/enhancer regions of genes related to metabolism, body growth, and 
IGF-1 production [63]. JAK2-independent signaling utilizes the Src family kinases 
rather than JAK2 to stimulate p44/42 mitogen-activated protein kinase (MAPK) 
activity and activity of the transcription activator Elk-1 [63, 64]. This pathway in-
volves Src activation of GTP-bound RalA and RalB. Zhu et al. explain that this 
increased RalA  activity results in the activation of phospholipase D and the pro-
duction of its metabolite, phosphatidic acid, which is needed for the activation of 
p44/42 MAPK and Elk-1 transcription.
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Growth Hormone’s Effects on Metabolism and Energy Balance

GH acts predominantly when the body is in a postabsorptive or fasting state to 
switch primary metabolism from the utilization of glucose and proteins to the oxi-
dation of lipids [65]. When in the postabsorptive state, GH stimulates lipolysis and 
the oxidation of lipids, as well as ketogenesis, resulting in increased levels of circu-
lating free fatty acid (FFA) and ketone bodies [65]. The lipolytic effects of GH are 
thought to be mediated through the stimulation of hormone-sensitive lipase (HSL 
[65, 66]. Furthermore, there is evidence to suggest that GH, through IGF-1, can 
inhibit the conversion of cortisone to cortisol in human abdominal WAT, by in-
hibiting the activity of the enzyme 11β-hydroxysteroid dehydrogenase 1 [65]. The 
resulting low cortisol levels prevent the accumulation of WAT in this region [65]. In 
the postabsorptive state, GH inhibits glucose oxidation and prevents the uptake of 
glucose by the muscle though IGF-1’s suppression of insulin secretion [67] and/or 
by its direct effect at the tissue level in terms of glucose uptake [68, 70]. In general, 
GH increases protein synthesis and prevents breakdown at the whole body level, 
as well as in muscle tissue specifically, while decreasing the degradation of amino 
acids [65]. Thus, in a fasting state, GH functions to preserve positive nitrogen bal-
ance and prevent muscle breakdown, maintaining lean body mass [65]. Finally, 
high GH levels are known to increase resting energy expenditure (REE). Although 
the primary mechanism is unknown, GH increases resting cardiac output and blood 
flow in the skeletal muscle and kidneys that contributes to the elevation in REE 
[65]. A study by Mulligan et al. demonstrated the effects of chronic recombinant 
human growth hormone (rhGH) on the energy balance of patients suffering from 
the wasting of lean body mass due to human immunodeficiency virus (HIV). After 
3 months of rGH treatment, patients have increased REE, increased lipid oxidation, 
and decreased protein oxidation [71]. However, the anabolic effects of GH are suf-
ficient to increase body weight and lean mass despite increased REE [71]. While 
starvation increases GH secretion, obesity decreases its secretion [72]. In obese 
humans, the GH/IGF-1 axis is altered, but when corrected with GH treatment, REE 
and body fat loss is increased [72].

Growth Hormone’s Implications on Cancer

There is significant evidence to suggest that the GH/IGF-1 axis is capable of ini-
tiating and promoting the growth of selected types of cancer. The GH/IGF-1 axis 
is thought to affect cancer development in several ways: by decreasing the rate of 
apoptosis of cells sustaining DNA damage, increasing the rate of proliferation of 
many cell types, and by increasing the rates of angiogenesis and metastasis [73]. In 
fact, mutations in Ras and Akt, signaling proteins downstream of the IGF-1 recep-
tor, are two of the most frequently detected mutations in human cancers [74]. Epi-
demiological studies suggest a link between levels of circulating GH and/or IGF-1 
and the development of many types of cancers, including colon, breast, prostate, 
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and lung; however, causality has not been determined, as many tumors possess the 
ability to secrete IGF-1 [73, 75]. For this chapter, we will focus on the known ef-
fects of the GH/IGF-1 axis on breast and prostate cancer, as well as the incidence of 
cancer in acromegalic patients.

Although GH is thought to be necessary for normal mammary development in 
humans, there is clinical evidence suggesting that circulating levels of GH/IGF-1 
are associated with increased risk of breast cancer [54, 76, 77]. Studies in dogs have 
shown that GH is produced locally in the mammary glands, where its secretion is 
stimulated by progestins rather than the usual hormones, GHRH and ghrelin [77]. 
Normally, mammary gland GH plays a role in the proliferation and differentiation 
of the mammary epithelium, but it is also highly expressed in mammary neoplasia 
and carcinoma cells, as well as in neoplastic human breast tissue, suggesting a role 
in the development of cancer [77]. GHR expression has been detected in several 
breast cancer cell lines and in human tumor biopsies [78]. Furthermore, GHR ex-
pression has been shown to be two times higher in breast carcinoma tissue than in 
adjacent mammary tissue, suggesting that cancerous breast tissue has a heightened 
sensitivity to GH [79].

As with breast development, GH is one of the many hormones involved in the 
normal development of the prostate, but is also thought to play a role in tumoro-
genesis [80]. However, studies regarding the presence of GH expression in human 
prostate cancer tissues and cell cultures are somewhat contradictory. A study by 
Untergasser et al. found no GH expression in the tissues and cell cultures examined, 
but did, however, detect expression of active full-length GHR as well as the exon 
3 deletion variant [81]. Both of these receptor types were shown to respond to low 
levels of GH, increasing cell proliferation. In contrast, a study by Chopin et al. 
tested expression of GH and GHR in four prostate cancer cell lines, revealing that 
prostate cancer cell lines expressed 22 kDa and 20 kDa GH isoforms, while nor-
mal prostate cancer cells expressed the 22 kDa isoform only [82]. This study also 
detected expression of the full-length GHR and the exon 3 deletion variant, sug-
gesting an autocrine/paracrine manner of GH-induced signaling. This differential 
expression of isoforms in normal and prostate cancer cells suggests that the GH and 
GHR variants expressed may be involved in the development of prostate cancer. 
Furthermore, the increased expression of GHR seen in prostate adenocarcinoma 
tissues compared to those in benign prostate hyperplasia further suggests a role of 
GH in tumor development and progression [83]. In this tissue, levels of the non-
functional truncated GHR, GHRtr, were also reduced, preventing the formation of 
nonfunctional heterodimers, and thus further increasing GH signaling [83]. Levels 
of circulating IGF-1, GH’s effector molecule, are also thought to be associated with 
prostate cancer risk [84].

Patients with acromegaly, a disease characterized by chronically elevated GH and 
IGF-1, are at an elevated risk of developing several types of cancers [85]. The most 
common type of cancer in acromegalic patients is thyroid cancer, with one study 
suggesting a 60-fold increase in incidence compared to the general population [85, 
86]. Acromegalic patients are also considered to be at an increased risk of colorectal 
cancer compared to the general population, but the extent of this risk is debated [73]. 
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Whereas high IGF-1 levels are considered to be a risk factor for prostate cancer in the 
general population, acromegalic patients do not exhibit an elevated risk of prostate 
cancer, possibly due to their elevated IGF binding-protein 3 (IGFBP3) levels, which 
is thought to prevent prostate cancer development [87]. Acromegalic women do not 
show increased rates of developing breast cancer, but do have higher mortality rates 
with breast cancer; this trend is thought to be caused by GH inducing resistance to 
chemotherapeutic drugs [75, 77]. The risk of acromegalic patients developing other 
forms of cancer has been studied, but results are not yet conclusive due to the rar-
ity of the condition [73]. In contrast, a study involving patients with GH deficiency 
or Laron syndrome showed no cases of malignant tumors, as compared with their 
first- and second-degree relatives [75]. Thus, although the increased cancer risk due 
to high GH levels is yet to be fully understood, it is clear that lowered or absent GH 
signaling is associated with an extreme reduction in cancer risk.

Mouse Lines with Altered GH Action

Although many animal models have been used to study GH, mice are particularly 
useful because of their genetic and physiological similarities to humans, as well as 
the ease with which one can manipulate their genome. To that end, mouse strains 
(aka lines) have been genetically engineered to have extremes in GH action. That 
is, there are several mouse lines with excess GH-induced intracellular signaling due 
to introduction of a GH transgene (rat GH, bovine GH, ovine GH, or human GH 
mice), a line with a reduction in GH action due to the expression of a GH antagonist 
transgene (GHA mice), and mice with no GH action due to gene disruption of the 
GH receptor (GHR−/− mice) (See Fig. 4.3; Table 4.1 for a comparison) (as recently 
reviewed [88]). Bovine GH transgenic (bGH), GH antagonist transgenic (GHA), 
and GHR gene-disrupted (GHR−/−) mice provide a unique opportunity to evaluate 
the in vivo effects of excess, deficiency, or absence of GH signaling, respectively. 
Also available are spontaneously mutant mice that lack proper pituitary develop-
ment (Ames and Snell dwarf strains), resulting in defects not only in GH production 
but also in thyroid-stimulating hormone (TSH) and prolactin (PRL) [89, 90]. In ad-
dition, there are mouse lines with alterations in molecules upstream or downstream 
of GH signaling. For example, Lit/Lit and GHRH−/− mice have defects in GHRH 
receptor or GHRH genes, resulting in a relative GH deficiency [91]. Further, many 
genetically engineered mice with alterations in IGF-1, its receptor or its associated 
signaling molecules have been studied. Because these mutants are less specific to 
GH action, they will not be discussed further in this review. However, the common-
alities with the aforementioned mice are invaluable to discern the specific contribu-
tion of GH to a specific phenotype.

Mice with Excess GH Action

Multiple independent laboratories have generated GH transgenic mice using vary-
ing species of the GH transgene. Importantly, while GH from some species (such 
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as human) can bind the PRL receptor as well as the GH receptor, bovine GH binds 
exclusively to the GH receptor. Therefore, studies using bGH transgenic mice will 
be emphasized in this chapter. bGH mice have chronically elevated levels of GH 
and IGF-1 [92], comparable to the clinical condition of acromegaly. As might be 
expected, the excess GH signaling results in accelerated growth starting at 3 weeks 
of age and in greater adult body weight as compared to control mice [93, 96]. Thus, 
these mice are notably “giant” as can be seen in Fig. 4.3 Other key attributes of 
these mice include impaired glucose metabolism and drastically reduced lifespan 
(~ 50 % of littermate controls) [97, 98]. Interestingly, the hyperinsulinemia and im-
paired glucose tolerance that has been reported in young adult life, presumably due 
to the well-documented insulin-antagonizing effect of GH, appears to be somewhat 
attenuated in later life [99, 100]. This may be an adaptation to the chronic high 
levels of GH and/or a consequence of disease progression and the end organ dam-
age reported in these mice [101, 106]. The cause of the premature death is likely 
multifactorial although increased neoplastic lesions are at least, in part, responsible 
as will be discussed in the later sections.

Mice with Absence or Reduction in GH action

In the mid-1990s, our laboratory generated GHR gene deleted mice (GHR−/−) 
[107], which have no GH action. Because of their complete lack of GH signaling 
from birth, these mice are a valuable tool to study the clinical condition of Laron 
Syndrome (LS), a disease resulting from mutations in the GHR gene or downstream 

Fig. 4.3  Photo comparing the size of mice with altered GH action in the same genetic background 
(C57BL/6 J). Shown from left to right are wild-type ( WT), a giant bGH transgenic ( bGH), a dwarf 
GHA transgenic ( GHA), and a dwarf GHR gene disrupted (GHR−/−) mouse. These mice represent 
normal, elevated, decreased, and absent levels of GH action, respectively.
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intracellular signaling intermediates. In fact, a recent book was dedicated to com-
paring LS with GHR−/− mice [108] and researchers world-wide have used the mice 
for a variety of studies (for a comprehensive review, see [109]). GHR−/− mice are 
dwarf (~ 50 % the size of littermate controls) [110]. As expected, they also have very 
low levels of IGF-1 (~ 20 % of the levels of control mice) [110] and concomitant 
increases in levels of GH [107, 111]. These mice have a number of striking features, 
including extreme insulin sensitivity throughout life [111, 120]. However, one of 
the most unique features of GHR−/− mice is their increased longevity with mean 

Table 4.1  Phenotypic comparison of genetically modified mice with altered activity of GH. (Adapted 
with permission [88])
Mouse Model GH transgenic GHA transgenic GHR−/−
Level of GH signaling ↑↑ ↓ none
Growth/body weight ↑↑ ↓ ↓↓
Body composition 
lean mass 
fat mass 
depot differences

↑↑
↑ (younger age) 
↓↓ (older ages) 
↓↓All depots

↓ 
↑ (younger ages) 
↑↑ (older ages) 

↑↑SubQ 
↑ all depots older ages

↓↓ 
↑ (all ages)

↑↑(SubQ
Plasma levels 
GH 
IGF-1 
glucose 

insulin 

leptin 
adiponectin 
resistin 
ghrelin

↑↑ 
↑↑ 

↑/↔
 
 
↑
↓ 
↓ 
↓
↔

↑ 
↓ 

↓ (younger ages) 
↔ (older ages) 

↔ (younger ages) 
↑ (older ages) 

↑↑ 
↑ 
↑ 
↔

↑ 
↓↓ 
↓

↓↓ 
↑
↑↑ 
↑ 
↔

Reproduction time to 
reach sexual maturity 
fertility

↓↓ 
↓

n.d. 
n.d.

↑ 
↓

Energy balance
energy intake (total)
energy expenditure
body temperature
respiratory quotient

↑ 
↑/↔ 

↑ 
↑

↑ 
n.d. 
n.d. 
n.d.

↓ 
↑ 
↓ 
↓

Morbidity
tumor incidence
cardiac/vascular deficits
kidney impairments

↑ 
↑ 
↑

n.d. 
n.d. 
↓

↓↓ 
↔ 
↓

Lifespan ↓ ↔ ↑
n.d. = not determined
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lifespans being consistently 21− 40 % longer than control mice, depending on the 
laboratory conducting the study, genetic background, and the sex of the mice [121]. 
In fact, one GHR−/− mouse still holds the record for the longest-lived laboratory 
mouse (http://www.methuselahfoundation.org/), living 1 week shy of 5 years.

In 1991, another useful mouse line for studying the physiological effects of re-
duced GH action was generated in our laboratory, the GHA mice [122]. These mice 
express a bovine GHR antagonist (GHA) transgene in which the glycine at position 
119 in the bovine GH (bGH) gene is replaced by lysine (G119K) [123, 125]. Thus, 
they exhibit a reduction in GH action but not GH resistance as seen in GHR−/− 
mice. Expression of the mutated GHA transgene results in a classic receptor antago-
nist [126]. That is, the glycine for lysine amino acid substitution in the third helix of 
GH allows GHA via Site 1 to bind properly to one of the two monomers in the GHR 
dimer on the surface of target tissues, but prevents GHA from binding properly to 
the second GHR found in the homodimer [123, 125]. Consequently, GHA fails to 
induce intracellular GHR signaling [122, 123, 125], and thus acts as a competitive 
inhibitor of endogenous mouse GH. GHA mice provided a means to understand the 
physiological impact of GH deficiency, but more importantly, laid the foundation 
for the development of a pharmaceutical agent, Somavert (pegvisomant for injec-
tion) for the treatment of acromegaly [127]. Although this discovery is not the focus 
of this review, it has been the focus of many other reviews [88, 127], and it nicely 
illustrates that the findings in GH-modified mice have been translated into clinical 
therapies.

The overall phenotype of GHA mice is generally intermediate to that of control 
and GHR−/− mice. That is, GHA mice have an overall dwarf phenotype [122, 123, 
125], but not as severe as is seen with the GHR−/− mice [111, 128]. Male GHA mice 
have a ~ 20–42 % reduction in serum IGF-1 [95, 111, 129, 131], again, less dramatic 
than in GHR−/− mice. Glucose and insulin levels appear to be somewhat dependent 
on age. That is, young male GHA mice tend to have lower levels of glucose and 
insulin [111, 131] but higher levels of insulin with advancing age [111, 128]. Unlike 
GHR−/− mice and other models with a reduction in the GH/IGF-1 axis, GHA mice 
are not long-lived although there is a tendency, albeit not significant, for GHA mice 
to live longer than littermate controls [111]. Thus, GHA mice provide a unique op-
portunity to determine key traits necessary for lifespan extension and may be con-
sidered a more clinically relevant model than the long-lived GHR−/− mouse since 
repression of GH action is attainable therapeutically with the use of a pegvisomant.

Obesity and Depot-specific Alterations in GH Mouse Lines

Excess, reduction, and absence of GH signaling have profound effects on adiposity, 
which is age- and sex-dependent. For bGH mice, fat mass is increased at younger 
ages in most studies, but dramatically reduced compared to controls with advancing 
age [94, 96, 132, 133]. In mass, all bGH WAT depots appear similarly decreased al-
though specific properties of the WAT depots vary and become more dramatic with 

http://www.methuselahfoundation.org
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advancing age as we will discuss in more detail below [96]. In contrast, GHR−/− 
mice are relatively obese throughout life [134, 135]. An interesting feature of the in-
creased adiposity in the GHR−/− mice is the disproportionate accumulation of WAT 
in the SubQ depots [112, 115, 134, 136]; thus, GH resistance influences WAT in a 
depot-dependent manner. GHA mice are also obese with specific enlargement of the 
SubQ fat pad at least in early life [128, 131, 134]. Interestingly, by approximately 11 
months of age, the body weight of male GHA mice gradually catches up with con-
trols despite deficits in body length [111, 128]. This eventual weight gain is caused 
by dramatic increases in adiposity without major gains in lean mass [128]. Whereas 
SubQ WAT depots are also disproportionately enlarged in GHA mice at all ages, the 
marked increase in obesity with advancing age is a result of all WAT depots being 
relatively enlarged. Notably, female bGH, GHR−/−, and GHA mice show a similar 
trend as their male counterparts; however, the difference is less significant as seen 
in males, and the age at which significant differences are seen is somewhat delayed 
[96, 128, 135, 137]. Depot differences in AT are apparent in these mice. Overall, the 
most striking differences are seen with SubQ fat pads whereas minimal changes are 
visible in the intra-abdominal fat pads, such as epididymal (Fig. 4.4). For example, 
major fluctuations in adipocyte sizes are obvious in the SubQ fat pads among bGH, 
GHA, and GHR−/− mice. Because these mice have preferential enlargement of 
SubQ WAT and, as previously mentioned, SubQ WAT is thought to be “healthier” 
than other adipose depots, it is tempting to speculate that the SubQ enlargement is 
in part responsible for the favorable metabolic phenotype of the dwarf mice.

Multiple laboratories have explored various aspects of AT in these mice with re-
cent attention given also to the significance of the depot differences in these mouse 
lines. For example, intrinsic depot differences have been shown for differentiation 
and proliferation of isolated adipocytes from female mice. That is, Flint et al. [137] 
demonstrate that isolated preadipocytes from GHR−/− SubQ depots are able to pro-
liferate, differentiate, and respond to hormones in an identical fashion as the pre-
adipocytes isolated from control animals. In contrast, cells isolated from the perigo-
nadal fat pads in GHR−/− are not able to proliferate and differentiate in vitro. The 
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Fig. 4.4  Depot Differences in WAT from bGH, GHA, and GHR−/− mice. a Hematoxylin and eosin 
staining of inguinal SubQ and epididymal adipose tissue. Adipose tissue samples were obtained 
from 6-month-old GHR−/−, GHA, bGH, and control mice. Adipose tissue was fixed in 10 % buff-
ered formalin, paraffin-embedded, and then 5 μm-sections were stained. b Shown is mean adipocyte 
size relative to the size of WT adipocytes within a given depot. Adapted with permission [91]
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fundamental requirement for GH action in one depot and the independence of GH 
action in the SubQ depot for proliferation/differentiation demonstrate an inherent 
difference in AT depots of GHR−/− mice. Further differences in adipokine secre-
tions and expression of genes related to lipid metabolism among various depots 
(most notably, epididymal and SubQ depots) have been reported [138, 140, 141]. 
Cellular senescence, although apparently depot-dependent, is altered in the AT of 
these mice. In a study that directly compared senescence in bGH and GHR−/− mice 
(Stout reference), bGH and GHR−/− mice were reported to have greater and de-
creased cellular senescence, respectively, in most depots. This finding is significant 
in that cellular senescence triggers a stress response accompanied by a senescence-
associated secretory phenotype (SASP) that likely influences aging and preempts a 
variety of pathologic processes [142].

Although not yet published, our laboratory and others have identified many other 
unique features of AT in these mice that influence the health of the animals. For 
example, we have evidence of significant alterations in ECM deposition with bGH 
mice having marked increases, specifically in the SubQ depot [143]. We also have 
preliminary data suggesting genotype and depot differences in gene or protein ex-
pression related to macrophage and T cell infiltration, angiogenic capacity, beige 
adipocyte composition, and glucose/lipid metabolism [179]. In fact, most of the 
unpublished data generated to explore the AT transcriptome in these mice reveal 
greater differences among depots, especially between SubQ and perigonadal, than 
among genotypes themselves [179]. Clearly, the use of these lines may help unravel 
the underlying mechanism of how depot differences are established and maintained 
and provide insight into the novel means to modulate AT mass and obesity.

Adipokine Levels in GH Mouse Lines

GH has clear and dramatic effects on adipokine levels in GHA-altered mouse lines, 
as might be expected based on their altered fat mass. However, adipokines that are 
normally oppositely regulated, such as leptin and adiponectin, follow a unique trend 
in GH-modified mice. For example, bGH mice have reduced leptin, as might be 
expected due to their reduced adiposity, but they also have reduced adiponectin lev-
els [134, 138, 144]. At the opposite end of the spectrum, leptin levels are elevated 
in GHR−/− mice [114, 120, 134] and in GHA mice [131, 134]; this is consistent 
with their relative obesity. However, leptin levels surge to a much higher level with 
advancing age in GHA mice, a trend not observed with GHR−/− mice [138]. Adi-
ponectin levels (both total and high molecular weight forms) also are increased in 
GHR−/− and GHA mice, which is counterintuitive since adiponectin levels are usu-
ally negatively correlated with increased adiposity [120, 134, 138, 145]. However, 
since adiponectin is also positively associated with improved insulin sensitivity, 
this adipokine appears to be more highly correlated with insulin sensitivity at least 
in GHR−/− mice [131, 134]. Other adipokines have also been assessed, but not in 
all mouse strains, and results are less consistent. For example, resistin has been 
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reported to be either increased [144] or decreased [146] in bGH mice whereas it has 
been shown to be marginally elevated [146] or decreased in GHR−/− mice [139]. 
Some of the differences reported relate to whether adipokines were measured in cir-
culation or in the tissue itself and the age of mice studied. In general, inflammatory 
cytokines, such as TNF-α and IL-6, are reported to be increased in AT of bGH WAT 
[144] and decreased in WAT of GHR−/− mice [139].

Impact of High Fat Feeding and Calorie Restriction on GH Mouse 
Lines

Providing a high fat (HF) diet in mice can cause obesity and associated conditions, 
such as increased rates of cancer, type 2 diabetes, and liver steatosis [147, 151], 
whereas calorie restriction (CR) is an effective intervention to delay aging, extend 
life span, and improve insulin action in peripheral tissues in many species [150]. All 
of the aforementioned mouse lines have been challenged with HF feeding and some 
with CR although the parameters monitored and the dietary manipulations vary. 
Two separate groups have challenged male bGH mice with HF diets, one providing 
the diet from 10 weeks of age till 22 weeks of age [112] and the other study with 
older mice from 5 to 6 months of age followed by 4–8 weeks of HF feeding [153]. 
The HF diet is comparable between the studies, with 40 % of kcals coming from fat, 
whereas the LF diet had only 8–9 % of kcals from fat. In both studies, bGH mice 
are resistant to diet-induced obesity despite significant weight gain in lean mass 
due to the extra calorie intake and have greater impairment in glucose homeostasis 
than wild-type mice-fed HF diets [112]. Although the studies agree that bGH mice 
increase energy intake to a greater extent than controls when HF fed, one study 
showed no difference in energy expenditure or respiratory exchange ratio (RER) in 
bGH mice on either diet [112], whereas the other revealed a higher energy expendi-
ture and RER (indicative of greater glucose oxidation) on the LF diet, a difference 
that was further exaggerated by HF feeding [153]. This difference may be due to 
the age differences between the studies. Only one study has evaluated CR in bGH 
mice. Although calorie restricted bGH mice have a 26 % reduction in body weight 
compared to ad libitum fed bGH mice, few details were provided regarding the rela-
tive proportion of fat versus lean tissue loss. Also, CR did not improve glucose or 
insulin levels in bGH mice [144].

Two separate groups have reported the effect of HF feeding on GHR−/− mice 
[112, 154]. There were several differences in experimental design (background 
strain, control diet, length of dietary manipulation), but the results are surprisingly 
similar. Overall, both studies report that GHR−/− mice appear more susceptible 
to diet-induced obesity with greater percentage of body weight gains than control 
mice and most fat pads increased with calorically dense diets. Importantly, despite 
a greater susceptibility to obesity with HF feeding, GHR−/− mice remain relatively 
protected from the hyperglycemia that often accompanies increased adiposity [112]. 
Several studies have also calorie restricted GHR−/− mice [119, 155]. Interestingly, 
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although CR does marginally reduce body weight in GHR−/− mice, it does not 
further increase the lifespan or promote additional improvements in signaling as 
seen in control mice or even in other dwarf lines such as Ames dwarf mice [154]. 
This suggests that the GH/IGF-1 axis and CR might share similar or overlapping 
mechanisms for lifespan extension.

One study has compared GHA mice on HF and LF diets; this is the only study 
that also included female mice [179]. On an HF diet, GHA gain weight more dra-
matically than WT, with males gaining more than females. Most of this weight gain 
is due to an increase in fat mass with WT mice gaining primarily in the perigonadal 
depots, whereas GHA mice gain in both the SubQ and perigonadal regions. Like 
GHR−/− mice, GHA mice are also somewhat protected from detrimental glucose 
metabolism changes on an HF diet. Sex differences are observed in many measures 
with males reacting more dramatically to both GH-induced signaling reduction and 
diet stimulation. GHA mice have never been challenged with CR.

GH Mouse Lines, Body Temperature and Energy Balance

Alterations in the quantity of lean and fat mass are usually a result of fluctuations in 
energy balance (i.e., energy intake and energy expenditure). Several groups have di-
rectly measured these parameters or other factors that influence them such as body 
temperature and BAT content (summarized in Table 4.1). Regarding energy intake, 
almost all studies show that GHR−/− mice consume less [111, 112, 114, 134, 157], 
GHA mice consume levels comparable to controls, and bGH mice consume more 
total energy [112, 153], which would be expected based on their relative size. How-
ever, several studies, but not all, show that GHR−/− and GHA mice consume signfi-
cantly more energy when values are normalized to body weight [111, 112, 134, 157] 
whereas bGH mice consume energy levels proportional to body weight [112, 153]. 
One variable related to energy intake that has been assessed in these mice is ghrelin. 
Ghrelin is an endogenous ligand for the GH secretagogue receptor [158] and has 
been shown repeatedly to increase food intake and stimulate appetite [159]. Ghrelin 
mRNA expression and serum concentrations are not significantly different in bGH, 
GHR−/−, and GHA mice [114, 160] although one of these studies does show that 
GHR−/− mice have a blunted feeding response to ghrelin when centrally injected.

In terms of the other half of the energy balance equation, several groups have 
assessed energy expenditure in at least bGH and GHR−/− mice. As for bGH mice, 
higher energy expenditure, higher respiratory quotient (RQ) indicative of greater 
glucose utilization, and higher core temperature have been reported [112, 153]. 
However, when the data are normalized to lean mass instead of total body weight, 
the difference in energy expenditure and RQ is nonsignificant, suggesting that the 
measures are proportional to their increased lean mass. Five studies have been pub-
lished measuring energy expenditure of GHR−/− mice, three of which used male 
adult mice [112, 139, 161] and two used female GHR−/− mice [157, 162]. Surpris-
ingly, GHR−/− mice were reported to have increased oxygen consumption. Most 
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studies also report that the GHR−/− mice have lower RQ values [157, 161], indica-
tive of increased reliance on fat as a metabolic fuel. Further, GHR−/− mice have 
been suggested to be more energy efficient [157], to have greater metabolic com-
plexity, and to have lower energy costs of locomotor activity [162]. Although they 
experience an increase in energy expenditure, GHR−/− mice also have reductions 
in core body temperature [117]. Of note, dwarf mice are much smaller than normal 
mice and, consequently, have higher body surface to body mass ratio; thus, the loss 
of heat by radiation can be assumed to be greater (in spite of increased or normal 
insulation by SubQ fat), which may account for their increased energy expenditure 
for thermogenesis.

The differences in energy expenditure in these mice may also relate to differenc-
es in the content of brown AT. That is, GHR−/− and GHA mice have been reported 
to have enlarged interscapular BAT depots [114, 136]. The enlargement of BAT 
tissue is accompanied by an increase in UCP-1 expression [136]. These authors 
further suggest that UCP1 gene expression may be negatively regulated by GH, as 
GH transgenic mice with excess GH have lowered UCP1 expression [136].

GH Mouse Lines and Cancer

There is mounting evidence from animal studies that implicate GH in oncogenesis, 
as recently reviewed by Chhabra, Waters and Brooks [162]. Indeed, studies in the 
aforementioned mice and in clinical conditions that are comparable to the mouse 
strains, such as LS and acromegaly as has previously been described, would suggest 
a strong positive correlation between the activity of the GH/IGF-1 axis and cancer.

Mouse lines with excess GH action appear more susceptible to at least some 
forms of cancer. bGH mice of both sexes exhibit hepatomegaly, hepatocyte hy-
pertrophy with enlarged nuclear size, and exacerbated hepatocellular proliferation 
compared with normal controls [164]. Enhanced expression of proto-oncogenes (c-
myc, c-jun, and c-fos) as well as dysregulation of several other relevant oncogenic 
pathways were also reported in the livers of bGH mice [164]. However, whether 
the hepatic abnormalities are due to a direct effect of GH or secondary to other 
physiologic or endocrine alterations in these mice is debated. Regardless, chronic 
expression of IGF-1 results in different pathologies in liver, suggesting that at least 
some of the liver alterations are a direct effect of GH [165]. The incidence of other 
cancers is also elevated in GH transgenic mice, as human GH transgenic mice have 
been shown to have a greater incidence and earlier onset of mammary tumors [166]. 
However, it is important to note that the role of PRL versus GH signaling in this 
process has not been resolved.

Whereas increased cancer incidence is common with excess GH expression, GH 
resistance or a reduction in GH action as seen in GHR−/− mice as well as GHA mice 
is well documented to offer protection from cancer. Ikeno and colleagues [167] 
conducted a detailed end-of-life pathological analysis on GHR−/− mice and litter-
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mate controls. They report that GHR−/− mice have an overall reduced occurrence 
of tumors with neoplastic lesions found in more than 90 % of WT mice at death 
but in only 68 % of the GHR−/− mice. In addition, the tumor burden (number of 
different types of tumors) in the GHR−/− mice is reduced by 47 % compared to 
WT mice. As for the cause of death, 83 % of WT mice die from neoplastic dis-
ease whereas only 42 % (~ 50 % reduction) of the GHR−/− mice die from such le-
sions. GHR−/− mice have also been used to examine the role of the GH/IGF-1 
axis in mammary carcinogenesis. GHR−/− mice have been crossed with C3(1)/
TAg mice, a mouse line that develops prostate cancer in male mice and estrogen 
receptor alpha-negative mammary tumors in female mice [168]. Whereas control 
mice develop an average of nearly 10 tumors per animal, the crossed line (TAg/
GHR−/− mice) only shows ~3 tumors per animal. Even more striking is that the 
tumor size in control animals grows to 10 times the volume of those found in the 
crossed Tag/GHR−/− mice. These experiments demonstrate that the disruption of 
the GH/IGF-1 axis significantly retards the progression of estrogen-independent 
breast cancer. A similar study in males was used to examine the role of the GH/
IGF-1 in prostate carcinogenesis [169]. Seven out of eight control mice developed 
prostate neoplasia, whereas only one out of eight TAg/GHR−/− mice developed 
such lesions, suggesting that disruption of GH signaling also confers resistance to 
prostate carcinogenesis. Like GHR−/− mice, GHA mice also show protection from 
breast cancer in vivo [170]. In this study, 8-week-old GHA and control mice were 
given a weekly gavage of a carcinogen and monitored for tumor incidence. At the 
end of the 39-week-study period, 68 % of GHA animals remained without tumors, 
whereas only 32 % of the control animals were tumor-free. Collectively, these data 
provide strong evidence in vivo that suppressing GH/IGF-1 axis could be an effec-
tive therapeutic target to inhibit the growth and/or progression of cancer. Under-
standing the unique adiposity profiles and energy balance in these animals, as will 
be discussed in the subsequent sections, will likely provide important clues as to the 
relevant traits of cancer progression.

Future Directions

New technologies for genetic manipulation of mouse lines have recently been de-
veloped, which will allow us to further elucidate the role of GH in obesity, glucose 
homeostasis, energy metabolism, and cancer. For example, Luque et al. describe 
an adult GH-deficient mouse in which they ablate the somatotrophs with a Cre 
system that utilizes diphtheria toxin [171], thus attempting to eliminate some of the 
confounding effects such as the dwarf size of the GHR−/− mice. Circulating levels 
of GH and IGF-1 are decreased but are still detectable in these mice. Interestingly, 
even partial GH deficiency, as shown in these mice, has a dramatic impact on meta-
bolic function resulting in improved insulin sensitivity. Tissue-specific disruption of 
GHR has also been reported by several groups using Cre/lox technology. Mice with 
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liver- [172, 173], muscle- [174, 175], pancreatic β-cell- [176], adipose- [177], and 
macrophage-[178] specific disruptions of GHR have been initially characterized 
and all have unique phenotypes with respect to obesity, adipokines, and glucose 
homeostasis. For example, fat-specific GHR gene-disrupted mice are obese with all 
depots enlarged, but do not see improvement in insulin sensitivity or increases in 
adiponectin [175]. Further, these tissue specific mice provide evidence for signifi-
cant tissue “crosstalk” in mice with altered GH action. The field anxiously awaits 
the additional data from these mice, including a more careful assessment of adipose 
quality, cancer susceptibility, and lifespan.
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Abstract In the present chapter, we discuss how mouse models have been used 
to investigate the interactions between obesity and hematologic malignancies. We 
begin with a brief overview of mouse models of obesity, followed by a description 
of how hematologic malignancies have been studied in these models. Unfortunately, 
the study of obesity and hematologic malignancies in mice is not as advanced as in 
other cancers such as breast and colorectal carcinoma. Therefore, where no studies 
exist, we describe how current models of hematologic malignancies could be made 
obese so that the effects of obesity on these malignancies could be studied.

Keywords Leukemia · Lymphoma · Obesity · Mouse · Diet

Introduction

Hematologic malignancies represent a substantial cancer burden in the USA. Ap-
proximately 55,000 people die per year from leukemia, lymphoma, and myeloma 
[1]. Leukemia is by far the most common cancer in children, while overall leukemia 
and non-Hodgkin lymphoma (NHL) are the 6th and 7th leading causes of cancer 
mortality, respectively [2].
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As explored in a previous volume [3], there are many ways in which obesity 
and hematologic malignancies interact. Eugenia Calle’s landmark paper demon-
strating that obesity increases cancer mortality identified associations between obe-
sity and mortality from multiple myeloma (MM) and NHL. Subsequently, studies 
have shown that overweight and obesity are associated with an increased risk of 
developing all four common subtypes of leukemia [4]: acute lymphoblastic leu-
kemia (ALL), chronic lymphocytic leukemia (CLL), acute myelogenous leukemia 
(AML), and chronic myelogenous leukemia (CML), as well as NHL [5] and MM 
[6]. Beyond incidence, obesity also impacts survival in hematologic malignancies. 
Obese children diagnosed with ALL have an increased rate of minimal residual dis-
ease [7] and a substantially increased relapse rate [8, 9]. Obesity also increases risk 
of treatment-related toxicity in children with ALL [10] and AML [11].

With its high prevalence in our population, obesity could significantly impair 
survival rates in these malignancies. A recent study found that 36 % of children with 
ALL were overweight or obese at diagnosis, and this increased to 49 % by the end 
of therapy [12]. Therefore, it is important to explore mechanisms whereby obesity 
affects hematologic malignancies, so that treatment strategies can be developed.

Mouse Models of Obesity

Diet-Induced Obesity

Perhaps the most popular mouse model of obesity is the diet-induced obese (DIO) 
mouse model. This term generally refers to C57BL/6 mice raised on a high-fat diet. 
While many high-fat diets have been used, the most common ones are based on 
diets originally developed by Surwit [13], and contain either 45 or 60 % of calories 
from fat. Excess fat in these defined ingredient diets comes from lard, and there are 
several control diets from which to choose, with variable amounts of sucrose based 
on the investigator’s needs. It should be noted that these high-fat diets also have 
higher calorie density than the control diets or standard mouse chow; so technically 
speaking, the mice are exposed to a high-fat/high-calorie diet. C57BL/6 mice on 
these diets consume more calories per day and gain weight rapidly [14, 15]. They 
become glucose intolerant and develop diabetes with age, as well as some of the 
cardiovascular complications associated with human obesity [16, 17].

There are several commercially available variations of the high-fat diet. The 
Western diet contains high carbohydrate, primarily from sucrose, and high fat, pri-
marily from anhydrous milk fat. This diet also results in obesity and can be more 
atherogenic than high-fat diet. Other diets adjust the form of fat used (e.g., cocoa 
butter) to increase atherogenicity.

It is possible to categorize most mouse strains into diet sensitive or diet resistant 
based on their response to a high-fat diet. C3H/HeJ, A/J, C57 L/J, and Balb/C mice 
are relatively resistant to obesity, while AKR/J, DBA/2J, and C57BL/6 mice are diet 
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sensitive [14]. It is important to keep in mind that a portion (10–15 %) of even sensi-
tive strains of mice will be diet resistant when raised on a high-fat diet.

Diets high in fructose, sucrose, or both have been used to induce insulin resis-
tance and hypertriglyceridemia in rodent models; however, they are less effective in 
producing obesity in mice than in larger rodents [18–21].

Genetic Models of Obesity

There are several genetic mutations in mice that can cause varying degrees of obe-
sity. Most of these involve perturbations in the function of leptin, an anorexigenic 
adipokine released in proportion to adipose tissue mass. The ob/ob leptin-deficient 
mouse and the db/db mouse with a nonsignaling leptin receptor were discovered as 
spontaneous mutations. These mice exhibit hyperphagia and develop severe obesity 
and diabetes, which is exacerbated when they are put on a high-fat diet [22–24]. 
Similar to the db/db mouse, the s/s mouse carries an STAT3 mutation that disrupts 
downstream leptin receptor signaling [25]. Leptin acts primarily on proopiomela-
nocortin (POMC)-expressing neurons in the hypothalamus, inducing signaling 
through α-melanocyte-stimulating hormone (α-MSH) on melanocortin (MC) recep-
tors, predominantly MC4 and to a lesser extent MC3 [26]. Mice with knockout of 
POMC, MC3, or MC4 all develop obesity to varying degrees. Similarly, mice which 
overexpress the MC receptor antagonists agouti or agouti-related protein (AgRP) 
are characterized by hyperphagia and obesity [27, 28].

The fat mass and obesity-associated gene, FTO, was the first obesity susceptibil-
ity gene identified by genome wide association studies [29]. Single nucleotide poly-
morphisms which are associated with human obesity have been shown to increase 
the expression of the FTO product [30]. Likewise, increased copy number of FTO 
in mice leads to increased food intake and obesity [31].

Other lesser utilized genetically altered murine models have been created with 
varying effects on obesity and/or diabetes. Transgenic mice overexpressing corti-
cotrophin releasing factor stimulate adrenocorticotrophic hormone (ACTH) release 
and truncal obesity in a Cushing’s syndrome-like phenotype [32]. Similar overex-
pression of the GLUT4 glucose transporter in adipose tissue leads to early onset 
obesity in mice [33]. Neuropeptide Y (NPY) stimulates feeding through its action 
on its receptors, NPY1R and NPY2R. Surprisingly, mice lacking NPY1R or NPY2R 
develop obesity from decreased energy expenditure in the absence of hyperphagia 
[34, 35]. Tissue-specific overexpression of the glucocorticosteroid-converting en-
zyme, 11beta-hydroxysteroid dehydrogenase type 1 (11beta HSD-1), has varying 
effects on the development of obesity and diabetes. Selective overexpression in 
adipose tissue induces hyperphagia, obesity, and insulin resistance, especially after 
high-fat feeding. Yet, liver-specific overexpression only stimulates mild obesity and 
diabetes [36, 37]. Homozygous mutations in the Tubby gene lead to maturity-onset 
obesity without concomitant diabetes, although the precise mechanism behind this 
phenotype is unknown [38].
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Some genetic models seem to uncouple the effects of obesity on adiposity and 
metabolism. The adiponectin overexpressing mouse, made on an ob/ob background, 
exhibits severe adiposity, but is relatively protected from dyslipidemia, insulin re-
sistance, and deposition of ectopic fat [39]. Likewise, the adipose triglyceride li-
pase (aTGL) null mouse stores excess lipid in adipose tissue, leading to increased 
adiposity yet a lean metabolic phenotype [40]. These models could be used for the 
study of hematologic malignancy, and other pathologies, to test for the effects of 
adipose tissue per se without the metabolic derangements generally observed in 
obesity.

Early Life Programming

It has long been known that the intrauterine environment can have important effects 
on later obesity and glucose metabolism. Infants of diabetic mother are at increased 
risk for future obesity and metabolic syndrome [41, 42]. Similarly, the prenatal 
environment of a newborn pup can be a determinative factor of its adult metabolic 
status. Maternal diet-induced obesity has been linked with offspring obesity, hy-
perphagia, and insulin resistance [43]. These findings have also been illustrated in 
the offspring of normal weight mothers which were fed a high-fat diet during preg-
nancy [44]. Conversely, switching obese C57BL/6J mothers onto a low-fat diet can 
attenuate offspring metabolic alterations [45].

Perinatal nutrition also appears to have long-term effects on body weight regula-
tion. For example, infants who are overfed early in life are also at increased risk of 
lifelong obesity [46]. Interestingly, children who are born small for gestational age 
and who exhibit catch-up growth early in life are also at increased risk for later obe-
sity and metabolic syndrome [47]. Both of these phenomena have been simulated 
in rodents. Approximately 5 days after delivery, milk production of a mother mouse 
or a rat reaches a steady state based on milk consumption by the litter, and does not 
significantly change thereafter. Therefore, when a litter is reduced in size on day of 
life #5 (“selective culling”), the remaining pups will have access to increased milk. 
This model has been used extensively in rats [48], and more recently in mice [49], 
to accentuate obesity.

As in humans, undernourishment in early life followed by calorie surfeit can 
lead to later obesity. Mice exposed to perinatal undernourishment are small as pups, 
but later in life exhibit obesity and other features of the metabolic syndrome when 
put on a high-fat diet [50]. Mice exposed to perinatal malnutrition display changes 
in the expression of adipose tissue lipid metabolism genes that induce a greater 
responsiveness to a high-fat diet [51]. Hypotheses into this phenomenon have cen-
tered on the development of hypothalamic signaling in the offspring. In particular, 
undernourished offspring experience an earlier surge in leptin that is associated with 
later overfeeding and obesity. Normally nourished pups provided with exogenous 
leptin to simulate this early surge display a similar obese phenotype in adulthood 
[50].
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Immunodeficient Mouse Models for Xenotransplantation

To improve the relevance of mouse models to human cancer, much recent work has 
been done developing xenografts, wherein human cancer cells are engrafted onto 
an immunodeficient mouse. This allows the study of human cancer cells in an in 
vivo environment, albeit one lacking an adaptive immune system. Most of this work 
has utilized varieties of Nude, Rag1 null, and severe combined immune deficiency 
(SCID) mice.

Nude mice are characterized by their abnormal hair growth and defective thy-
mic development. This athymia results in a lack of T cells, as well as a partial B 
cell developmental defect [52]. In an attempt to make obese nude mice, Moiola 
et al. raised 4-week-old Swiss nu/nu mice on a high-fat diet for 16 weeks. This diet 
resulted in a modest elevation in cholesterol level, though only a tendency for in-
creased body weight [53]. A high-fat diet for 6 months in BALB/c nu/nu mice led to 
a modest increase in body fat, but no difference in overall body weight compared to 
control fed mice [54]. Nkhata et al. used gold thioglucose injections to induce obe-
sity in CD-1 ovariectomized female nude mice [55]. These injections induce obesity 
by causing hyperphagia secondary to ventromedial hypothalamus damage [56]. In-
jections of 0.3 and 0.5 mg/kg body weight of gold thioglucose induced substantial 
obesity, though the higher dose was associated with a significant mortality rate [55].

Rag1 null mice lack both B and T cells, due to a deficiency of the recombinant-
activating gene necessary for B and T cell maturation. Rag1 mice are considered 
a “non-leaky” alternative to “leaky” severe combined immunodeficiency (SCID) 
mice that still develop small levels of B cells and immunoglobulin M (IgM) [57]. 
These mice, which are available on a C57BL/6 background, develop substantial 
obesity when put on a high-fat diet [58]. In fact, they become even more obese and 
insulin resistant than C57BL/6 controls, possibly due to absence of specific CD4+ 
T cells [58, 59].

SCID mice put onto a high-fat diet develop significant obesity, and weighed in 
one study on average 45 % more than control fed mice [60]. However, Lucas et al. 
found that C.B-17 SCID mice on a high-fat diet develop increased adiposity, but no 
increase in overall body weight. Nod/SCID IL2Rγc −/− (NSG) mice lack lympho-
cytes and natural killer (NK) cells, and have been shown to yield better engraftment 
of human hematopoietic cells. However, we found that NSG mice were relatively 
resistant to diet-induced obesity when raised on a 60 % fat diet, weighing only about 
15 % more than control fed mice [61]. To accentuate this obesity, we reduced litters 
to 2 mice on day of life #5 as described above leading to fat-fed mice that were 33 % 
heavier than control-fed (non-litter reduced) mice.

These immunodeficient mouse models have all been used to xenograft human 
hematopoietic malignancies [62–71]. However, to our knowledge, no studies have 
been reported in which obese phenotypes of these mice have been used to evaluate 
the effects of obesity on human hematopoietic cancer in vivo.
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Mouse Models to Study Obesity and Hematologic 
Malignancies

Acute Lymphoblastic Leukemia (ALL)

ALL is the most common subtype of leukemia diagnosed in children, and represents 
malignant outgrowth of subclones of B or T cell precursors. While survival from 
ALL in children has improved tremendously over the preceding decades, patients 
with certain risk factors, including obesity, have a worse prognosis. In addition, 
survival in adults with ALL is much lower than children.

In 1990, Nora Heisterkamp and John Groffen introduced the human BCR/ABL 
transgene into C57BL/CBA mice, demonstrating for the first time that this product 
of the Philadelphia chromosome caused leukemia [72]. This “P190 mouse” devel-
ops leukemia by about 2 months of age, characterized by BCR/ABL expressing 
pre-B ALL cells. Malignant cells accumulate in the bone marrow and spleen, as in 
the clinical disease; however, they also form lymphoma-like tumors, which are not 
commonly seen in the human disease. Mice become rapidly ill if not treated, and 
need to be sacrificed within days of disease becoming clinically apparent (to avoid 
death as an endpoint). This model has since been bred onto a C57BL/6 background.

In 2010, we weaned male C57BL/6 P190 mice onto either high-fat diet (60 % 
fat from research diets, see above) or chow diet. Like the background strain, these 
P190 mice developed diet-induced obesity, with significantly heavier weight within 
1 week of weaning. While median lifespan was not different between obese and 
control P190 mice (107 vs. 113 days, p = 0.2), there was a time-dependent effect of 
obesity to increase ALL hazard ratio ( p < 0.05). Thus, obesity accelerated the risk 
of ALL at older ages [73].

There are several other mouse models of ALL that have not to our knowledge 
been used in the setting of obesity. Most ALL models are developed through the 
transgenic expression of gene fusions responsible for human leukemogenesis. For-
tunately, most of these models utilize the C57BL/6 mouse, which is susceptible to 
diet-induced obesity. The TEL-AML1 ( ETV6-RUNX1) fusion gene, marked by the 
t(12;21) translocation, is the most common genetic alteration identified in child-
hood cancer and is associated with pediatric B-ALL [74, 75]. p16 and p19 are tumor 
suppressors, mutated in human pre-B ALL and cooperate with TEL-AML1 to initi-
ate leukemogenesis. One quarter of transgenic C57BL/6J mice expressing TEL-
AML1 developed B-ALL within a year and 75 % of C57BL/6J p16INK4a/p19ARF-
deficient mice expressing TEL-AML1 developed B-ALL over the same period [76]. 
In pediatric T-ALL, the LMO2 locus is the most common site for genetic alteration 
and LMO2 overexpression induces T-ALL in C57BL/6J mice [77, 78]. Fifty percent 
of T-ALL cases contain activating mutations in NOTCH-1 [79]. In two KRASG12D-
induced T-ALL models, about half of the mice developed activating mutations in 
NOTCH-1 signaling accelerating leukemia progression [80, 81].
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Acute Myelogenous Leukemia (AML)

AML is less common than ALL, and more commonly seen in adults, with a slight 
bias toward men. Both AML incidence and mortality increase with age. However, 
AML can develop secondary to treatment, especially radiation, in children with 
cancer. AML is characterized by the uncontrolled proliferation of myeloid progeni-
tors and is classified by the type and maturity of the myeloblast. About half of the 
patients with AML enter remission with rates varying by myeloblast classification 
and genetic alteration [82, 83].

Clinical studies in children and adults have demonstrated obesity as a risk factor 
in the development and prognosis of AML. A retrospective review of 768 children 
with AML by the Children’s Cancer Group showed that those children who were 
overweight at diagnosis had a poorer survival (hazard ratio [HR] 1.88), and were 
more likely to exhibit treatment-related mortality (HR 3.49) than normal weight 
patients [84]. Similarly, a meta-analysis of prospective cohort studies uncovered a 
significant association between obesity and AML incidence and mortality [4, 85]. 
Obesity may also be associated with incidence and severity of the specific AML 
subtype, acute promyelocytic leukemia (APL). One clinical study demonstrated an 
association between increasing BMI and APL diagnosis [86]. In a second study, the 
majority of subjects diagnosed with APL were overweight/obese, and increasing 
BMI was associated with increased risk of differentiation syndrome and relapse 
[87].

One recent study has translated these clinical findings into a murine model. 
Transgenic C57BL/6J x C3H mice expressing the PML-RAR alpha fusion gene, 
found in 90 % of APL patients, were fed standard or high-fat chow [88]. The re-
sulting diet-induced obesity in high-fat fed mice led to increased APL penetrance 
(100 % vs. 61 % in control mice) and decreased survival (282 days vs. 332 days 
in control mice). APL cells were then harvested and transplanted into mice fed a 
normal or 30 % calorie-restricted diet to test the effect of dieting on APL growth. 
Calorie restriction reduced circulating insulin-like growth factor 1 (IGF-1) and sig-
nificantly increased survival in transplanted mice (23.5 days vs. 16 days in control 
mice). Addition of IGF-1 to calorie-restricted mice reversed this benefit.

There are several other murine models which exhibit transgenic expression of 
gene fusions that drive AML leukemogenesis. While none of these have been used 
to evaluate the effects of obesity, these models have been created on backgrounds 
susceptible to diet-induced obesity, such as C57BL/6 and SCID mice. The Mll-AF4 
[t(4;11)(q21;q23)] and Mll-AF9 [t(9;11)(q21;q23)] translocations comprise a ma-
jority of mixed lineage leukemia (MLL) gene fusions which are found in two third 
of infantile ALL cases [89]. Yet, transgenic expression of these fusions primarily 
induces AML in murine models. Cre-driven conditional expression of Mll-AF4 in 
C57BL/6 × 129 mice induces ALL, AML, or MLL within an average latency of 3–4 
months [90]. Transgenic expression of Mll-AF9 in embryonic stem cells or hemato-
poietic progenitors transplanted into C57BL/6 mice initiates AML leukemogenesis 
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in as little as 4 months [91, 92]. Other Mll transgenes, such as Mll-ENL and Mll-
AF10, have also proved successful in obesity-sensitive C57BL/6J and SCID models 
[93–97].

Chronic Lymphocytic Leukemia (CLL)

CLL is primarily a disease of older adults, generally diagnosed after 70 years of 
age. CLL differs from ALL and AML as it is characterized by the expansion of 
more mature lymphocytes, which proliferate at a slower rate. Patients with the most 
indolent form of CLL are diagnosed with monoclonal lymphocytosis and generally 
do not require treatment.

In a retrospective cohort analysis of over 4 million USA veterans, researchers 
identified an increased risk of CLL in obese white and African-American men [98], 
and this effect of obesity to increase CLL risk was confirmed in meta-analysis [4]. 
However, studies exploring the mechanism behind this association are limited. 
Plasma adiponectin concentrations are decreased in obesity, and in a small study of 
19 patients with CLL, adiponectin levels were lower in CLL patients than matched 
controls [99]. Another study has demonstrated that CLL cells can utilize adipocyte-
derived lipids, lipoproteins, and short-chain free-fatty acids to mediate resistance to 
dexamethasone, a glucocorticoid used in leukemia treatment. Adding peroxisome 
proliferator-activator receptor (PPAR)-alpha or fatty acid oxidation inhibitors atten-
uated dexamethasone resistance in vitro and in an NSG CLL xenograft model [100].

Early in vivo CLL studies have employed New Zealand black (NZB) mice that 
harbor a mutation in the microRNA-16 locus akin to the 13q14 mutation in human 
CLL [101]. These CLL cells can recapitulate the disease following transplantation 
into recipient mice [102]. While no studies have assessed CLL in NZB mice in 
the context of obesity, NZB were shown to be susceptible to diet-induced obesity 
following an 8-week high-fat diet [103]. The New Zealand obese (NZO) mouse 
strain, derived from the NZB strain, develop obesity, hyperinsulinemia, and insulin 
resistance on a normal diet. The NZO strain also displays a similar proliferation 
of B cells of identical marker expression as the NZB sister strain [104]. Thus, this 
strain could likely be utilized to assess the effect of obesity on CLL initiation and 
pathogenesis.

Multiple transgenic models have also been created to study CLL in mice. Over-
expression of the TCL1 gene, which has been observed in human CLL [105], results 
in the proliferation of CD5+ B cells in mice, similar to the proliferation in NZB and 
NZO mice [106]. CLL cells also often overexpress Bcl-2 and tumor necrosis factor 
receptor associated factor 1/2 (TRAF1/2) [107, 108]. In a study by Zapata et al., 
transgenic BALB/c mice with Bcl-2 overexpression were crossed with transgenic 
FVB/N mice overexpressing TRAF2, resulting in progeny which developed CLL-
like disease [109]. The BALB/c strain is diet-induced obesity resistant, whereas 
FVB/N mice develop obesity and metabolic dysfunction on a high-fat diet [110]; 
thus it is not clear whether this cross would be amenable to testing the effects of 
obesity on CLL.
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Chronic Myelogenous Leukemia (CML)

CML affects about 6000 people each year and comprises 10 % of all new leukemia 
diagnoses, the least of the four main types of leukemia. Like CLL, CML primarily 
affects older individuals with half of new cases occurring at age 65 or older [111]. 
As with the other leukemias, obesity is a risk factor for CML development. In a re-
cent case-control study, patients with CML were 4.29 times more like to have been 
obese at age 25 and 5.12 times at age 40. The strongest association between CML 
and obesity was observed in patients who gained more than 1 kg per year between 
25 and 40 years of age [112]. Despite the similarities with other leukemias, CML is 
driven by only one genetic alteration, the BCR/ABL translocation.

Studies with human CML cells suggest that obesity may play a role in CML 
development and progression via increased leptin levels. CML cells express leptin 
receptor, with increased expression in the blast phase [113]. Leptin stimulates CML 
proliferation and prevents apoptosis, suggesting a role in obesity’s effect on leuke-
mia pathogenesis [114].

As discussed above, the P190 BCR/ABL isoform induces ALL in a transgenic 
mouse model. The P190 isoform also has the ability to induce CML, though it is 
rarely found in human CML. The two other BCR/ABL isoforms, P210 and P230, 
share the ability to induce myeloid, but not lymphoid, leukemogenesis [115]. Trans-
duction of the P210 BCR/ABL gene fusion in BALB/c mice bone marrow cells 
induced CML within 3 weeks [116].

Another receptor tyrosine kinase, Axl, was found by Neubauer et al. to be aber-
rantly expressed in CML cells in about half of the patients they studied [117]. In an 
attempt to generate a CML mouse model, transgenic mice were developed which 
expressed axl in myeloid cells, under the control of the GCSF receptor [118]. In-
terestingly, this mouse model did not exhibit disordered myeloid proliferation, but 
they did develop obesity, hyperinsulinemia, and hyperglycemia, possibly due to 
elevated tumor necrosis factor alpha (TNFα) levels. Further work needs to be done 
to determine if axl plays a mechanistic role in linking obesity and CML.

Non-Hodgkin’s Lymphoma (NHL)

NHL is the most common hematologic cancer in the USA, totaling about 4 % of all 
new cancer diagnoses [119]. NHL is also the most diverse of the hematologic ma-
lignancies with a multitude of unique classification types. At least four out of five 
NHL diagnoses are of B cell origin with diffuse large B cell lymphoma (DLBCL) 
being the greatest of these [119]. Follicular, mantle cell, marginal zone, and Burkitt 
lymphoma comprise the other major B cell lymphomas. Various T cell lymphoma 
types also exist but are generally less common.

Numerous clinical studies exist supporting an association between obesity 
and NHL. Obesity and excess calorie intake have been associated with increase 
NHL risk in case-controlled studies [120, 121], while regular physical exercise 
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was associated with a decreased risk [122]. A meta-analysis of 16 case-control 
and cohort studies concluded that overweight (RR = 1.07, CI = 1.01–1.14) and 
obese (RR = 1.20, CI = 1.07–1.34) subjects had increased the risk of NHL, specifi-
cally DLBCL (RR = 1.40, CI = 1.18–1.66) but not follicular lymphoma (RR = 1.10, 
CI = 0.82–1.47) [5].

Further clinical studies have explored the effect of obesity on NHL incidence. 
Several have illustrated associations between total fat, saturated fat, and monoun-
saturated fat intake with increased NHL risk [123–126]. One recent study has also 
shown that an increase in trans- and omega-6 fatty acids was positively associated 
with NHL risk while omega-3 fatty acid and seafood intake was inversely associat-
ed with NHL risk [127]. Two separate studies have also demonstrated a relationship 
between NHL risk and polymorphisms in obesity-related genes including neuropep-
tide Y, ghrelin and leptin hormones, and the leptin receptor [128, 129].

Some murine strains develop spontaneous lymphoma and can be used to study 
the influence of obesity on this cancer. Up to 30 % of C57BL/6 mice develop lym-
phoma over their lifespan [130, 131]. Exposure to radiation and the mutagen, N-
ethyl-N-nitrosourea can induce T cell lymphomas in these mice [132]. Crossing 
C57BL/6 mice with 129 mice resulted in an increased incidence of lymphomas, 
with 42 % of male and 67 % of female developing lymphoma over a 2-year period. 
This B cell lymphoma often arose in mesenteric lymph nodes and disseminated to 
the gut associated lymphoid tissue and spleen [133]. While there are no studies in 
which B6;129 mice were put on a high-fat diet, both parent strains are susceptible 
to diet-induced obesity [110], and so there is a good chance that combined strain 
will be sensitive as well. Finally, AKR mice develop spontaneous T cell leukemia/
lymphoma (thymomas) due to a recombinant retrovirus which targets thymocytes 
[134].

Other murine models of lymphoma that could be used to study obesity include 
transgenic mice which overexpress either the myc oncogene or the anti-apoptotic 
signal, Bcl-2. The Eμ-Myc model inserts the myc gene in the IgH region and initi-
ates B cell lymphomas of either DLBCL or Burkitt type in 100 % of mice with vari-
able onset [135]. Bcl-2 overexpression in mice stimulates follicular lymphomagen-
esis [136]. These transgenic mice were made on B6;129 and C57BL/6 backgrounds, 
respectively, so should be susceptible to diet-induced obesity.

Alterations in calorie intake can significantly alter lymphoma development in 
mice. A 40 % restriction in calorie intake in C57BL/6 mice reduced lymphoma in-
cidence and prolonged onset in females [137]. Barbara Shields and colleagues put 
AKR mice onto a calorie-restricted diet, and showed that this prolonged their lifes-
pan substantially [138]. We randomized male AKR mice at weaning to a high-fat 
(60 %) or low-fat (10 %) diet, and followed for onset of thymoma. High fat fed AKR 
mice were heavier than control mice at all timepoints, and developed thymomas 
significantly earlier than control mice (237 vs. 310 days, p < 0.05) [73].

There is increasing awareness that lymphoma cells may depend on free fatty 
acid (FFA) for energy and other cellular functions. Given the abundance of adipose 
tissue and elevated lipids in circulation and potentially in tumor microenvironments 
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in obese patients, this could explain the clinically observed links between obesity 
and lymphoma. Based on this potential sensitivity, studies have been done to test 
strategies to block FFA metabolism in lymphoma cells. PPAR-alpha agonists, such 
as fenofibrate, stimulate FFA metabolism and are widely used to treat hypercholes-
terolemia. In one study, C57BL/6J mice transplanted with BCR/ABL transformed B 
cells exhibited lymphoma growth, which was associated with adipose tissue deple-
tion, FFA release, and hepatic FFA uptake. Fenofibrate treatment decreased tumor 
growth rate, along with hepatic beta-oxidation and clearance of FFA [139]. Orlistat 
is an orally administered anti-obesity drug with minimal systemic absorption, which 
inhibits lipases in the intestine, and promotes body fat loss by reducing intestinal fat 
absorption. This drug can also inhibit fatty acid synthase, and so has been given by 
injection in mouse models to test against cancer cell lipogenesis. Orlistat injections 
reduced tumor growth, increased chemosensitivity and prolonged mouse survival in 
BALB/c mice transplanted with T cell lymphoma [140].

Many murine studies examining lymphoma and diet have centered on the rela-
tionship between particular dietary fatty acids and lymphoma progression. Counter 
to what one might expect based on the clinical data, a diet high in polyunsaturated 
fatty acids was associated with an increased incidence of spontaneous lymphoma in 
SJL/J mice [141]. In addition, AKR mice that fed on fish oil (which is high in ome-
ga-3 polyunsaturated fatty acids) exhibited faster growth of implanted syngeneic 
RDM-4 lymphoma cells than mice on normal chow or beef tallow (high in saturated 
fat) [142, 143]. On the other hand, a diet rich in marine fish was found to reduce 
the incidence of spontaneous lymphomas in Swiss-Webster mice, from 30 % on the 
control diet to 5 % [144]. Thus, the role of polyunsaturated fatty acids in lymphoma 
development remains unclear.

Recently, researchers have tested the activities of diabetes drugs against lym-
phoma cells. PPAR-gamma agonists like rosiglitazone are widely used to improve 
insulin sensitivity in patients with type II diabetes mellitus. These drugs can induce 
normal B lymphocyte and lymphoma apoptosis in vitro [145–148], though they can 
also stimulate T cell lymphoma growth in serum-starved conditions [149]. To our 
knowledge, these drugs have not been tested against lymphoma in vivo.

Hodgkin’s Lymphoma (HL)

HL is a particular subset of B cell lymphoma typically characterized histologically 
by the presence of Reed–Sternberg cells in lymph node germinal or post-germinal 
centers. Incidence is more common in adolescents and the elderly, though overall it 
comprises only 10 % of all new lymphoma cases [150]. Unlike NHL and leukemia, 
there is sparse clinical data to support an association between obesity and HL. In 
one British case-control study, obese subjects were 2.2 times more likely to be diag-
nosed with HL, yet this association was only significant in men and those above 35 
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years of age [151]. The retrospective cohort analysis of white and African-African 
male veterans did not identify a significant risk for HL in obese individuals [98]. 
Given the clinical data, the research into any association between obesity and HL is 
lacking. Murine modeling of HL is limited to xenografting of human HL cells into 
Nude [152], SCID [153], and NSG mice [154].

Multiple Myeloma (MM)

MM is a malignancy of the most mature B cell type, the plasma cell, and is second 
in incidence only to NHL [155]. MM is primarily a disease of the elderly, with MM 
cells proliferating within the fatty bone marrow cavity. MM incidence is known to 
increase with age and have a greater occurrence in men and African-Americans. 
Through multiple clinical studies, an association between obesity and MM is evi-
dent. A meta-analysis done by researchers at the Karolinska Institute compiled data 
from 11 cohort and 4 case-control studies analyzing the association between obe-
sity and MM. Overweight individuals were 12–43 % and obese individuals were 
27–82 % more likely to be diagnosed with MM than normal weight individuals [6].

Some have hypothesized that obesity increases risk of MM through alterations in 
circulating adipokines. IL-6, which circulates at higher levels in obese individuals 
[156], has been shown to be potentially related to MM risk. Cozen et al. identified 
an association between MM diagnosis and IL-6 and IL-6 receptor polymorphisms 
[157]. IL-6-null BALB/c mice injected with pristane developed fewer plasma cell 
neoplasms than heterozygote or wild-type mice [158]. Two in vitro studies sug-
gest that the hallmark decrease in adiponectin and rise in leptin levels in obese 
individuals would support an environment rich for MM development. Adiponectin 
stimulates AMP-activated protein kinase activation and subsequent MM cell cycle 
arrest and apoptosis [159]. Alternatively, murine and human MM cells express the 
leptin receptor and display a moderate increase in proliferation in a leptin-rich en-
vironment [160]. Like NHL, MM cells are also sensitive to the diabetes drug and 
PPAR-gamma agonist, rosiglitazone [161]. Rosiglitazone induces cell cycle arrest 
and differentiation of MM cells, further supporting the use of anti-diabetes and anti-
obesity medication as adjuvants to chemotherapy. Unfortunately, supporting studies 
in murine models have not, to our knowledge, been done.

Two recent in vitro studies have demonstrated that MM cells are reliant on cho-
lesterol and FFA metabolism for proliferation and survival. Low-density lipoprotein 
cholesterol (LDL-c) free media induced apoptosis in three human MM cell lines, 
while addition of exogenous LDL-c improved cell survival [162]. In a similar study, 
etomoxir, an inhibitor of beta-oxidation, and orlistat, (used as an inhibitor of fatty 
acid synthesis), induced MM cell cycle arrest and apoptosis [163].

The relative lack of clinically relevant MM murine models has limited the depth 
of in vivo studies. Only one mouse strain produces a spontaneous MM-like disease. 
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The C57BL/KaLwRij substrain of mice spontaneously develop MM after 2 years 
of age, but at a rather low incidence of 0.5 % [164]. These mice display monoclonal 
expansion of myeloma cells with accompanying lytic lesions in the long bones. 
Harvesting of these myeloma cells and transplantation into donor mice maintains 
these myeloma lines and is the foundation for the 5TMM model. Interestingly, these 
cells do not develop into myeloma when implanted in the parent C57BL6 strain. 
However, when C57BL6 mice are put on a high fat diet prior to implantation, they 
develop a myeloma-like condition, reminiscent of the clinical disorder which pre-
cedes myeloma, monoclonal gammopathy of undetermined significance (MGUS) 
[165].

Alternatively, two syngeneic models have been utilized to recapitulated MM-like 
disease. In one model, Myc transgenic mice on a B6;129 background were crossed 
with Bcl-XL transgenic FVB/N mice. These mice develop plasma cell tumors within 
an average of 135 days [166]. BALB/c mice can also be exposed to pristane, de-
veloping a plasmacytosis similar to multiple myeloma only in the proliferation of 
plasma cells [167]. This is the most common model of MM.

Summary

The rising incidence of obesity throughout the world has spurred research into its 
effects on other diseases, including hematologic malignancies. Recent meta-anal-
yses have demonstrated significant clinical associations between obesity and the 
incidence of each of the hematologic malignancy subtypes presented here. Further 
clinical studies have shown associations between obesity and treatment-related tox-
icity and mortality. More directed studies have sought to further understand these 
associations, illustrating increase in cancer risk with higher leptin, IL-6, FFAs, and 
calorie intake, and lower physical activity and adiponectin.

Advances in genetics and mouse husbandry have led to a variety of murine mod-
els available to test these clinical associations. Transgenic expression of gene fu-
sions have allowed for the recapitulation of syngeneic hematologic malignancies 
on mice susceptible to diet-induced obesity. Selective culling and high-fat feeding 
have been utilized to create obese immune-competent and deficient mice. Obese 
athymic, SCID, and NSG mice have been developed and allow the exploration of 
the effect of obesity on human-derived blood cancers. Experiments using these 
models have shown that obese mice have a more rapid incidence of and mortal-
ity from ALL, AML, and NHL. These models have also been used to explore how 
FFAs stimulate cancer progression and whether current obesity and diabetes drugs, 
like fibrates, thiazolidinediones, and lipase inhibitors, can reverse the negative ef-
fect of obesity on hematologic malignancies.

Here, we reviewed how murine models can and have been adapted to study the 
effect of obesity on hematologic malignancies. Despite the wide research presented 
in this chapter, much is still unknown about the mechanisms behind this effect and 
the ways to effectively combat it.
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Abstract This chapter summarizes key findings, particularly from genetically 
engineered mouse models with alterations in serum levels of insulin-like growth 
factor (IGF)-1 on the biological mechanisms underlying many of the anticancer 
effects of calorie restriction (CR), with a particular focus on the role of IGF-1, 
its related downstream signaling pathways, and its interactions with other energy 
balance-related hormones, growth factors, and cytokines. It also describes some of 
the epidemiological and experimental evidence linking IGF-1, energy balance, and 
cancer and the emerging opportunities for investigation that will facilitate the trans-
lation of preclinical research on energy balance and cancer into effective strategies 
to prevent and control human cancer.
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Introduction

The Roman philosopher Titus Lucretius Carus (99–55 BC) is considered the first 
to publish a statement about the potential negative impact of the overconsumption 
of food on risk of chronic diseases such as cancer [1]. This possible link between 
excess energy intake and cancer developed into a working hypothesis espoused 
by John Hughes Bennett [2] and William Lambe [3] in the mid-1800s. Over the 
past century, animal models have played key roles in defining the calorie–cancer 
relationship. The first known experimental tests of the hypothesis that a low-energy 
calorie restriction (CR) dietary regimen can suppress tumors in animal models were 
reported in the early 1900s by Moreschi [4], Sweet, Corson-White and Saxon [5], 
and Rous [6]. These investigators showed that restricting food intake, relative to 
ad libitum (AL)-fed controls, inhibited the growth of transplanted tumors in mice. 
Intense interest in the comparison of CR versus AL-fed animals developed in the 
1930s, when McCay et al. showed that reduced energy intake also increased lifes-
pan in rodents [7]. CR research was further catalyzed by Albert Tannenbaum et 
al., who established that the incidence of tumors induced by various means (e.g., 
spontaneous, transplanted, or after carcinogen exposure) in mice, decreased when 
food intake was reduced [8].

As we and others have previously reviewed, CR has become the most widely 
studied and effective experimental strategy for the increasing median and maximal 
lifespan in rodents [9, 10]. CR is also the most potent, broadly acting dietary inter-
vention for suppressing cancer development or progression in experimental models 
[10]. Studies of CR in rhesus monkeys and humans indicate extended lifespan and 
delayed tumor development in response to CR, suggesting that the anticancer ef-
fects of CR reported in rodent models may extend to humans. The monkey studies 
involved two cohorts of rhesus macaques; one led by Weindruch et al. in Madison, 
Wisconsin [11] and the other by Mattison et al. at the National Institute of Aging 
(NIA) in Baltimore, MD [12]. Both studies showed consistent anticancer effects of 
CR when begun in young adults [11, 12]. However, in the Mattison et al. study [12], 
there was no anticancer effect of CR when begun in older adults, and there was no 
effect of CR, regardless of age of onset, on overall survival. This is in contrast with 
the earlier report by Weindruch et al. [11] that shows both antiaging and anticancer 
effects of CR. Several differences between the studies may account for their differ-
ential findings. The Weindruch group, relative to the Mattison group, used a more 
purified, energy-dense diet that was ~ 30 % sucrose (versus 4 % sucrose in the Mat-
tison study). Thus, the Weindruch group’s controls, relative to the Mattison group’s 
controls, were more obese and less healthy, and hence their CR monkeys had a 
greater difference in weight and metabolic parameters. The diets fed to the mon-
keys in the Mattison study also contained fish oil and were likely higher in phyto-
chemicals, which probably contributed further to their monkeys being healthier and 
more metabolically similar regardless of caloric intake. Differences in genetics or 
microbiota may also have contributed to the observed differences, since the rhesus 
macaques used in the two studies came from different countries. Nonetheless, taken 



6 Energy Balance, IGF-1, and Cancer 119

together there is evidence that CR can prevent cancer and improve metabolic tone in 
monkeys, with the magnitude of the effect dependent on several factors, including 
age of onset, nutritional quality of the diet, and genetic susceptibility. These are im-
portant and encouraging findings that suggest that the mechanisms characterized in 
animal model studies, and their translation into intervention targets and strategies, 
will have relevance to the prevention and treatment of cancers (particularly those 
related to obesity) in humans.

Several human studies have addressed the question of whether the observed 
health benefits of CR in rodents and nonhuman primates translate to human beings. 
This includes the Comprehensive Assessment of Long-Term Effects of Reducing 
Intake of Energy (CALERIE) study that evaluates the effects of a 2-year CR regi-
men (25 % less energy than controls) in healthy, nonobese individuals [13]. Prelimi-
nary reports on CALERIE indicate that many of the same metabolic and endocrine 
changes observed in rodents and monkeys are also occurring in human beings in re-
sponse to CR [13]. These findings are consistent with studies on women at high risk 
for breast cancer, showing that inflammatory and growth factor signaling pathways 
are reduced by total CR or 2 days/week of restricted carbohydrate calories [14–16]. 
The observed metabolic effects of 2 days/week of restricted carbohydrate calories 
are of particular interest [14] since it is easier for most people to restrict a single 
macronutrient, such as carbohydrates, for a specific time period than to restrict total 
energy chronically. Unfortunately, despite more than a century of work on this topic 
(primarily in animals and more recently in humans), the mechanisms underlying 
this calorie–cancer connection remain unclear.

Findings from Genetically Engineered Mouse Models 
(GEMMs) About the Causal Links Between Energy 
Balance, IGF-1, and Cancer

Increased Cancer Risk in the Fatless A-Zip/F1 Mouse Model

A-Zip/F1 transgenic mice lack white adipose tissue (WAT) and have undetectable 
serum levels of leptin, adiponectin, and other adipokines, but they develop alipo-
trophic diabetes at a young age and have elevated insulin, IGF-1, inflammatory 
cytokines, and other metabolic perturbations often associated with obesity [17]. We 
showed that these mice are more susceptible to papilloma formation in a classical 
two-stage skin carcinogenesis experiment [17], a finding confirmed by others in a 
separate report [18]. Furthermore, when A-Zip/F1 mice were crossed with C3(1)/T-
antigen transgenic mice (which spontaneously develop basal-like mammary tu-
mors), the F1 female mice developed larger and earlier mammary tumors than their 
mothers [19]. Taken together, these findings (illustrated in Fig. 6.1) suggest that fac-
tors other than adipokines associated with obesity may be required for the obesity-
associated enhancement of tumor development.
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What may underlie the increased susceptibility to cancer in A-Zip/F1 mice? As 
mentioned, the A-Zip/F1 mice have high circulating levels of insulin, cytokines, 
and IGF-1, as well as activation of several carcinogenesis-related signaling path-
ways, particularly those downstream of the insulin and IGF-1 receptors, despite 
their lack of WAT [17]. This includes the Akt/mammalian target of rapamycin path-
way (mTOR; discussed in more detail below and illustrated in Fig. 6.2), which we 
found was activated in the A-Zip/F1 mice [17]. It is possible that activation of these 
mitogenic and pro-inflammatory pathways, in the absence of obesity, underlies the 
observed accelerated tumor development in A-Zip/F1 mice. Thus, the studies on 
A-Zip/F1 fatless mice dissociate the effects of obesity-associated growth factor dys-
regluation from the myriad effects of increased adiposity. Deconvoluting these links 
will enhance our understanding of the relationships between obesity and different 

Fig. 6.1  Comparison of serum levels of insulin-like growth factor (IGF)-1, insulin, cytokines, 
leptin:adiponectin ratio, and cancer development or progression in diet-induced obese (DIO) mice, 
30 % calorie restricted (CR) mice, A-Zip/F1 fatless mice, liver-specific IGF-1 deficient (LID) mice, 
and LID mice with exogenous IGF-1 infusion. Arrows indicate direction of significant change 
relative to wild-type mice on a control diet as reported in multiple mouse models in references [17, 
19, 20–23, 27–29]. = indicates no change from wild-type control, cross-out of leptin:adiponectin 
(leptin:adiponectin) indicates no detectable levels of either factor in A-Zip/F1 mice. Cytokines 
refers to a panel of 6 cytokines (including IL-1, 2, 6, 10, TNF-α, and interferon-γ)
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cancer types and offer an opportunity to identify potential therapeutic and preven-
tion targets.

Genetic Modulation of IGF-1 or mTOR Alters Tumorigenesis

Liver-specific IGF-1-deficient (LID) mice, which have a deletion in hepatic IGF-1 
and consequently have reduced circulating IGF-1 levels, have been very useful in 
demonstrating that IGF-1 is an important tumor growth factor in the response to 
energy balance modulation (Figs. 6.1 and 6.2). Like CR, genetic reduction of IGF-1 
in LID mice is associated with decreased mammary [19], colon [20], skin [21], and 
pancreatic tumor development and/or growth [22, 23]. Also similar to CR, the re-
duction in skin [21], mammary [19], and pancreatic tumors [22, 23] was associated 
with reduced steady-state signaling through the Akt/mTOR pathway (Fig. 6.2). Fur-
thermore, restoration of serum IGF-1 levels in LID mice by infusion of recombinant 
IGF-1 restored pancreatic tumor growth and pancreatic mTOR signaling [22, 23]. 
Additional support for a causal relationship between energy balance, circulating 
IGF-1 levels, and tumor growth comes from the studies of Ford et al. [19]. Using a 

Fig. 6.2  The effect of dietary energy balance modulation or genetic alteration of adiposity or cir-
culating insulin-like growth factor (IGF)-1 levels on signaling through the PI3K/Akt/mammalian 
target of rapamycin pathway (mTOR). A-Zip/F1 fatless mice mirror diet-induced obese (DIO) 
mice, whereas liver-specific IGF-1 deficient (LID) mice mirror calorie restricted (CR) mice in their 
effects on phosphorylation (activation) of PI3K, Akt, mTOR, and their downstream targets. The 
arrows represent increased or decreased phosphorylation of each kinase relative to control levels 
as determined by Western blot analyses and immunohistochemistry as reported in multiple mouse 
models in references [17, 19, 20–23, 27–29]
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polyomavirus middle-T antigen transgenic mouse model of luminal-type mammary 
cancer, this report demonstrated that the protective effects of CR were exclusively 
IGF-1-dependent, and IGF-1 levels explained most, but not all, of the effects of 
a diet-induced obese (DIO) regimen on mammary tumor development (Fig. 6.2). 
In contrast to the reduction in tumor development observed in LID mice, tissue-
specific overexpression of IGF-1 via the keratin 5 promoter increases spontaneous 
tumor development and susceptibility to carcinogens [24–26], providing further 
support that IGF-1 is an important mediator of the energy balance and cancer link. 
However, the role of IGF-1 in the energy balance–cancer connection is likely to be 
complex. Consistent with this inherent complexity are two other findings from our 
lab. For example, we observed that long-term exposure to a DIO regimen followed 
by weight loss later in life resulted in only a partial restoration of the metabolic dys-
regulation associated with the obese state and elevated tumor susceptibility, despite 
normalization of weight [27]. Specifically, 20 weeks of a DIO regimen followed 
by 8 weeks of gradual weight loss back to the level of control mice normalized 
leptin and insulin levels, but IGF-1 and several cytokines remained elevated in the 
“formerly obese mice,” and the growth of transplanted Wnt-1 mammary tumors in 
these formerly obese mice was comparable to that of mice maintained on the DIO 
diet throughout the study. Another example of inherent complexity in the associa-
tions between energy balance, IGF-1, and cancer involves nature versus nurture, 
that is, the contributions of systemic factors such as IGF-1 in the context of cell 
autonomous effects. We found that constitutive activation of the mTOR pathway in 
Wnt-1 tumor cells prior to transplantation makes the resulting tumors insensitive to 
CR [28]. Kalaany and Sabatini [29] similarly reported that kidney cancer cells with 
constitutively activated PI3K mutations are proliferative in vitro in the absence of 
insulin or IGF-1 and form CR-resistant tumors in vivo. Taken together, these find-
ings suggest that cell autonomous alterations, such as activating PI3K mutations, 
may influence the response of cells to alterations in energy balance and/or circulat-
ing levels of energy balance-related growth factors such as IGF-1.

Downstream Targets of IGF-1

Components of the PI3K/Akt and mTOR pathways are critical signal transducers of 
IGF-1 responses regulating cellular growth and metabolism [30]. The importance 
of the PI3K/Akt pathway in human cancers is evidenced by the observation that it is 
one of the most commonly altered pathways in human tumors [31–33]. Aberrations 
in Akt signaling, which commonly occur in human cancers, are frequently associ-
ated with elevations in mTORC1 signaling. As illustrated in Fig. 6.2, together these 
pathways form a sophisticated system that integrates cellular responses and envi-
ronmental cues (mTORC1, a highly conserved serine/threonine protein kinase, acts 
as a sensor linking growth factor signals and energy status to translational control 
of new proteins [34]. mTORC1 regulates cell growth, proliferation, protein trans-
lation, and autophagy via serine/threonine kinase activity on downstream targets, 
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most notably p70S6K and 4E-BP1 [35]. Nutrient deprivation conditions, such as 
those achieved during CR, inhibit mTORC1, leading to cell growth arrest, inhibi-
tion of protein translation, and induction of autophagy. We have demonstrated that 
modulation of Akt/mTORC1 signaling induced by dietary energy balance manipu-
lation is due, in part, to altered signaling through the IGF-1R and modulation of 
IGF-1R/EGFR crosstalk [35].

Conclusions

Based on lessons learned from genetically engineered mouse models, such as A-Zip/
F1 mice and LID mice, components of the IGF-1/Akt/mTOR pathway are emerging 
as plausible targets for breaking the obesity–cancer link. Clearly, no single pathway 
accounts for all of the procancer effects of obesity or the anticancer effects of CR 
(although as discussed, our findings suggest that most of the anticancer effects of 
CR in several GEMM models are largely attributable to the reduced IGF-1 levels). 
As with most chronic disease intervention strategies, combination approaches that 
target multiple pathways (and that maximize efficacy and minimize adverse effects) 
will likely be most successful for preventing cancer. Future studies that exploit the 
emerging mechanistic information, including from GEMMs, to target energy bal-
ance–responsive pathways through combinations of lifestyle (particularly diet and 
physical activity) and pharmacologic approaches should facilitate the translation of 
this research into more effective cancer prevention and treatment strategies.
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Abstract Leptin is a hormone originally identified as the gene mutated in the obese 
mouse and its receptor (LEPR) was identified as the gene mutated in the diabetic 
mouse. Both the obese and diabetic mice exhibit early onset obesity and have been 
extensively studied to delineate mechanisms of obesity and associated morbidities. 
Leptin/LEPR signaling regulate body fat via activation of brain pathways and defi-
ciency in either gene is sufficient to induce obesity. Leptin/LEPR represent mem-
bers of the druggable genome and over the past decade have been proposed as a link 
between obesity and breast cancer with studies focused on disrupting this pathway 
to inhibit breast cancer progression. This chapter reviews the roles of leptin and 
LEPR in breast cancer with a focus on tumor initiating or cancer stem cells (CSCs) 
in tumor progression. CSCs are cancer cells that exhibit resistance to chemo- and 
radio-therapy and are associated with recurrence and metastasis. Recently, leptin/
LEPR have been shown to be necessary for survival of breast CSCs via induction 
in expression of the embryonic stem cell transcription factors NANOG, SOX2, and 
OCT4. These transcription factors are necessary for maintaining CSC self-renewal 
and pluripotency. Emerging studies strongly suggest that targeting CSC survival 
could inhibit cancer progression. The review will provide evidence for leptin/LEPR 
as a therapeutic target for inhibition of breast cancer progression and explore the 
mouse models to study this process.
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Introduction

Today, over 25 % of the US population is either obese or morbidly obese, a condi-
tion of excess adipose tissue and fat [1–5]. Obesity results primarily from an en-
ergy imbalance of increased calorie intake to energy expenditure [6]. Associated 
with obesity is a significantly increased risk in development of multiple diseases, 
including diabetes, cardiovascular disease, and of relevance to this book, cancer 
[7, 8]. Breast cancer is the most common malignancy and the leading cause of can-
cer death among women worldwide [9–11] with incidence more common among 
postmenopausal than premenopausal women [12–16]. Calle and colleagues pro-
vided the first compelling evidence for a link between obesity and breast cancer in 
postmenopausal women. The findings indicated both an increase in incidence and 
mortality from obesity in this patient population [7, 17]. Subsequent studies have 
provided clear evidence that obesity is associated with poor prognosis not only in 
postmenopausal women but also in premenopausal women [18]. The link to pre-
menopausal women is particularly alarming as these women present with a more 
aggressive disease that is resistant to chemotherapy and highly metastatic [19]. The 
mechanisms underlying the link between obesity and breast cancer remain rudimen-
tary with limited therapeutic options to disrupt the link [19–21].

Accumulated evidence suggests that adipose tissue is an important mediator of 
the breast cancer-obesity link [20–23]. Obesity is associated with changes within 
the breast as well as induction of a chronic low-grade inflammation and activa-
tion of pro-inflammatory conditions involved in the pathogenesis of obesity-related 
insulin resistance and type-2 diabetes [8, 24]. Indicators of obesity including body 
mass index, weight gain, and waist to hip ratio have provided clear evidence of a 
positive correlation with the risk of developing breast cancer [25]. Prognostic indi-
cators of breast cancer including recurrence, metastases, and mortality are higher in 
obese women. Adipose tissue, the fat storing organ in the body, functions as a ma-
jor endocrine organ and is also a source of cytokines that communicate with other 
organs on the levels of fat reserves and provide inflammatory, and immunological 
cues [26]. Expression of several adipocyte-derived factors is elevated in obesity and 
some of these have been implicated in cancer development. Among these adipose 
factors, the most extensively studied is leptin [27].

Leptin is a metabolic hormone primarily secreted by fat cells [28]. Its “text-
book” physiological function is to regulate feeding behavior, metabolism, and body 
weight by binding to its specific receptor, (LEPR) [29, 30]. The primary physiologi-
cal function of leptin is to convey the status of the energy or adipose stores to the 
central nervous system (CNS) to inhibit food intake and promote energy expendi-
ture [6, 31, 32] (Fig. 7.1). This is achieved by leptin binding and activation of LEPR 
in the brain. Deficiency in either leptin or the LEPR leads to morbid obesity as a 
consequence of increased food intake and reduced energy metabolism [33]. LEPR 
has also been detected in peripheral tissues and is highly expressed in multiple 
tumors [34–37]. In breast cancer, leptin is implicated as a promoter of cell prolif-
eration, migration, and induction of angiogenesis [38–40]. Many of these activities 
are due to LEPR activation of signaling pathways implicated in cancer [30, 41–44].
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Leptin functions in conjunction with its cognate plasma membrane receptor 
LEPR to activate the Janus Kinase JAK2 that in turn activates the signal transducer 
and activator of transcription (STAT3/5) proteins, resulting in transcriptional regu-
lation of its target genes [43, 45]. Notably, among STAT family members, STAT3, 
STAT5a, and STAT5b are known to play a role in cancer [46]. These proteins en-
hance cell cycle progression, angiogenesis, and survival, and are considered to be 
oncogenes [38, 40, 47, 48]. STAT target genes include the cell cycle regulators cy-
clin D1 and cyclin D3, the oncogene c-Myc, the growth factor vascular endothelial 
growth factor (VEGF), genes involved in migration and invasion such as MMP-2 
and MMP-9, and anti-apoptotic genes including survivin, Mcl-1, and Bcl-XL [49, 

Fig. 7.1  Regulation of energy balance by leptin. Leptin circulates in the blood and activates 
neurons in the hypothalamus which in-turn regulate appetite and energy balance. Leptin secretion 
by adipose tissue is maintained by a negative feedback loop released in proportion to adipose mass. 
Secreted leptin binds primarily to its receptor in the hypothalamus inducing downstream signal-
ing functions. Excess adipose tissue leads to increased leptin secretion resulting in suppression of 
appetite and increased energy expenditure inducing weight loss until the adipose tissue mass is 
restored. Leptin regulation maintains the homeostatic control of adipose tissue mass in the body
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50]. Moreover, JAK2/STAT signaling is closely involved in cancer stem cell re-
newal, a process thought to critically underlie tumor development discussed later in 
the chapter [51, 52]. Accordingly, it has been reported that leptin via LEPR potently 
promotes tumor development [53–56]. This chapter will focus on leptin/LEPR and 
models to study their role in breast cancer.

Crosstalk Between Leptin and Estrogen

Estrogen dependent breast cancer was one of the first cancer subtypes implicated 
in obesity [57]. Ovaries are the main site of estrogen synthesis in premenopausal 
women [58]. However, in postmenopausal women, circulating estrogens are pro-
duced by the adipose tissue [59]. Adipose tissue is a well-established source of high 
levels of circulating estrogens in postmenopausal women and has been associated 
with breast cancer. In support of the link, circulating estrogen is proportional to 
the amount of adipose tissue, making it an important source of estrogens. Circu-
lating levels of estrogen correlates positively with obesity providing evidence for 
the role of estrogen in postmenopausal breast cancer pathogenesis [60]. Estrogen 
receptor-positive (ER+) breast cancer patients, primarily associated with obesity, 
have an overall better prognosis than estrogen receptor-negative (ER−) breast can-
cer patients [61]. However, ER+ breast cancer patients have a poorer prognosis if 
obese. Various mechanisms have been proposed linking postmenopausal obesity 
with breast cancer including increased estrogen synthesis by adipose tissue via aro-
matase (CYP19) [62, 63]. Aromatase is a critical enzyme in the conversion of an-
drogens into estrogens in adipose tissue [63]. The high estrogen levels and impair-
ment of cellular immunity in obese postmenopausal women induces development 
of metastatic disease [64–67].

Leptin can stimulate estrogen production through an increase of aromatase ex-
pression in postmenopausal women [68]. Early studies indicated that cytokines, 
which leptin is a member, secreted by macrophages regulate the synthesis of adi-
pose tissue-specific promoters of stromal cells aromatase [63, 69]. Further, leptin 
can increase aromatase activity in human luteinized granulosa cells, adipose stro-
mal cells, and human breast cancer cells [63, 70–73]. The increase in peripheral 
aromatization in obese postmenopausal women is hypothesized due to elevated 
circulating leptin [74, 75]. Androgen aromatization is not limited to fat tissue but 
breast tumor tissue has also been shown to possess aromatase activity influencing 
breast cancer progression in an autocrine fashion [27, 36, 63]. Estrogen could then 
influence breast cancer progression in a paracrine manner by interacting with the 
estrogen receptor (ER) on neighboring cancer cells [48, 76, 77].

LEPR and ER are co-expressed in mammary tumors and breast cancer cells 
[78] including the ER+MCF7 and T47D cells [79–81]. As expected, in human ER+ 
breast cancer cells, leptin increases cell viability and proliferation [39, 82]. These 
data suggest that leptin and estrogen might act cooperatively to promote tumor 
growth in estrogen-dependent breast cancers.
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Adding to the cross talk between leptin and estrogen are rodent studies where the 
levels of estrogen are manipulated. In 8-week-old female rats, the relative expres-
sion of LEPR in the brain is altered by either estrogen treatment or ovariectomy. 
Expression of LEPR is decreased by estradiol treatment, while the expression is in-
creased by ovariectomy in the arcuate nucleus (ARN) and the ventromedial nucleus 
(VMN) of the hypothalamus, regions necessary for regulation of body weight [83]. 
Consistent with these studies, ovariectomy in young adult female rats results in an 
initial lower serum leptin levels characterized by weight gain than leptin levels de-
tected in ovariectomized mice treated with estradiol. The leptin levels in these two 
groups showed similar levels after 13 weeks of surgery [84–86]. These studies point 
to regulation of leptin expression by estrogen.

Leptin and Regulation of Body Weight

To understand leptin and utility of mouse models of breast cancer, it is necessary to 
first consider leptin’s role in energy homeostasis [87, 88]. Leptin is the product of 
ob locus, identified by Friedman and colleagues in 1994, in the search for the gene 
mutated in obese ( ob/ob) mice [28, 89, 90]. ob/ob mice exhibit early onset obesity 
and importantly lack any functional leptin. The mice provide a unique model for 
studying the role of leptin in various contexts including breast cancer as discussed 
later in the chapter. Leptin is highly expressed in the adipose tissue, though low 
levels can be detected in the skeletal muscle, placenta, and the brain [91]. Leptin 
is synthesized and secreted by adipocytes and preadipocytes as well as mammary 
epithelia and other cell types [37]. Leptin is a cytokine, based on its structural re-
lationship to the long-chain four α-helical bundle, a characteristic of this family of 
proteins [92]. Leptin is considered an adipokine because it is a fat secreted cytokine 
[93]. Leptin is primarily considered a hormone due to its role at communication to 
the brain on the body’s energy status [94]. As body fat increases, circulating leptin 
levels increase in the serum. Leptin is anorexigenic and functions primarily by acti-
vating the hypothalamic ARN nuclei neurons [95–97].

Leptin regulates energy balance through its effects on satiety and energy expen-
diture via LEPRs in the hypothalamus. In rodents, primates, and humans [98], leptin 
controls and regulates body fat stores by coordinating feeding behavior, metabo-
lism, neuroendocrine responses, and the autonomic nervous system [87, 96]. Many 
studies have indicated that leptin regulates other physiological processes including 
fetal development, glycemic control, sexual maturation, reproduction, lactation, he-
matopoiesis, angiogenesis, immunity, bone development, and wound healing [38, 
40, 67, 99–104].

The pleiotropic functions of leptin on multiple organ systems and the widespread 
expression of the LEPR reflect its diverse functions (Fig. 7.2). In addition to its 
central regulation of body weight, leptin also regulates glucose and lipid metabo-
lism [105]. Leptin is also involved in the modulation of inflammatory response and 
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immune system. Indeed, in adipose tissue, leptin expression is potently increased 
in pro-inflammatory conditions and down regulated by factors including exposure 
to cooler temperatures, adrenergic stimulation, and growth hormone [37]. Further, 
inflammatory stimuli including LPS and interleukin-1 (IL-1) acutely induce an in-
crease in leptin levels indicating that leptin may participate in the host response to 
acute infection [97].

Structure and Functions of LEPR and Its Isoforms

Within a year of the discovery of leptin as the mutated gene in ob/ob mice, the re-
ceptor was identified as the gene mutated in the diabetic ( db/db) mice. These mice 
exhibit early onset obesity, and are a phenocopy of the ob/ob mice [106]. Unlike 
the ob/ob mice, which are leptin-deficient, db/db mice are leptin resistant, thus have 
high levels of circulating leptin in the serum [96]. This distinction provides a unique 
model system to define the role of leptin in various physiological and pathophysi-
ological processes including cancer.

Cloning of LEPR identified the receptor as a single membrane-spanning recep-
tor of the class I cytokine family [107]. This is highly consistent with the structure 
of leptin as a cytokine. LEPRs are widely expressed in areas such as the cortex, 
cerebellum, brainstem, basal ganglia, and hippocampus throughout the brain [108]. 
Further, LEPRs are expressed in many other tissues, including placenta, pancreas, 
stomach, adrenal gland, hematopoietic cells, liver, lung, and heart [37, 91, 101]. 

Fig. 7.2  Pleiotrophic functions of leptin. Circulating leptin is a multifunctional adipokine. It reg-
ulates energy balance and maintains body fat. Leptin also regulates the glucose and lipid metabo-
lism, fetal development, hematopoiesis, angiogenesis, inflammatory and immune responses, bone 
development, and wound healing
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LEPR is expressed in as many as six isoforms (LEPRa-f), formed by alternative 
splicing or proteolysis, only two of the splice isoforms are well studied. Leptin acts 
through the long form of its receptor, leptin receptor isoform b (LEPRb) mediating 
intracellular signaling primarily associated with JAK2 activity [44]. The LEPRb 
isoform is the isoform mutated in the db/db mice [87, 106]. The long functional iso-
form LEPRb has a complete intracellular domain with docking sites for the JAK2.

Four splicing variants of the LEPR (LEPRa, LEPRc, LEPRd and LEPRf) share 
the membrane-spanning region sequence but differ in the 3–11 additional residues 
in the C-termini at their cytosolic domain. LEPRa–LEPRf have identical extracel-
lular leptin binding domains. LEPRa is the most abundant isoform of the LEPRs 
[109]. LEPRe is the shortest isoform of the receptor lacking the transmembrane 
region. The extracellular domains of the membrane-bound receptors can also be 
released into the circulation by proteases. The soluble receptors include both free 
and protein-bound leptin in the circulation [110]. The short isoforms of the LEPR 
have not been shown to elicit intracellular signaling cascades. LEPRa contains a 
truncated intracellular domain, and is unable to activate the STAT pathway but may 
still transduce signals by activating JAK2, insulin receptor substrate-1 (IRS-1c or 
extracellular factor-regulated kinases (ERKS) including mitogen-activated protein 
kinases (MAPKs) [44]. Presence of LEPR mRNA in the meninges and the micro-
circulation suggest that the shorter isoforms facilitate leptin uptake or efflux from 
cerebrospinal fluid in the receptor-mediated transport of leptin across the blood 
brain barrier [111]. Only LEPRb has an extended intracellular domain with the typi-
cal cytokine receptors structural elements [112].

LEPR Signaling

Upon leptin binding, LEPRb initiates signaling via multiple intracellular signal 
transduction pathways. LEPRb has been shown to activate JAK2, STAT3 and 5, 
IRS-1, and MAPK pathways (Fig. 7.3). The best-characterized pathway in leptin 
signaling is the JAK/STAT pathway [42–44, 113]. The binding of leptin to its recep-
tor induces conformational changes leading to homo-oligomerization and recruit-
ment and binding of JAK2 forming the LEPR/JAK2 complex followed by cross-
phosphorylation of the receptor on Tyr985, Tyr1077, and Tyr1138. JAK2 autophos-
phorylation on LEPRb is independent of tyrosine phosphorylation sites and can 
activate multiple pathways [114]. Phosphorylation of the LEPRb on these unique 
tyrosines leads to recruitment and binding of SH2 ( src homology 2) containing 
signal transducers and in vivo studies have shown signaling through STAT3 [42, 
43]. Binding of the SH2 domain containing transducers to the receptor leads to 
phosphorylation and activation of STAT family transcription factors, extracellular 
signal-regulated kinases (ERK), phosphoinositol-3 kinase (PI3K), and mammalian 
target of rapamycin (mTOR) [44, 72]. One of these effects is to phosphorylate c/
PI3K signaling and activate ERK pathways activating downstream signals. Tyr1138 
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phosphorylation on LEPRb is crucial for STAT3 activation. Upon phosphorylation, 
tyrosine phosphorylated STAT3 dimerizes and translocates to the nucleus activating 
transcription of target genes including the gene for a member of the suppressors of 
the cytokine signaling family (SOCS3) [115]. Tyr1138 phosphorylation stimulates 
SOCS3 expression negatively inhibiting leptin signaling primarily via binding to 
Tyr985. This mediates negative feedback on leptin signaling.

JAK2 phosphorylation of Tyr985 leads to phosphorylation of the SH2 domain of 
the tyrosine phosphatase SHP-2 ( src homology 2-containing tyrosine phosphatase) 
with subsequent activation of the ERK signaling [72]. As a cytokine, leptin acti-
vates the stress-activated protein kinase c-Jun N-terminal kinase (JNK). A down-
stream target for p38 and the JNK ERK pathways is Nuclear factor kappaB (NF-
kB) because this transcription factor is essential in the transcriptional regulation of 

Fig. 7.3  Leptin signaling. Schematic diagram of signal transduction pathways induced by leptin. 
Leptin binding to LEPRb leads to activation of the associated JAK2 and phosphorylation of the 
intracellular domain of LEPR. The phosphorylation leads to binding and activation of STAT, PI3K 
and ERK pathways. Phosphorylated STAT3 ( pSTAT3) translocates to the nucleus altering the 
expression of several genes including SOCS3. SOCS3 negatively regulates JAK2 phosphoryla-
tion. LEPRb signaling mediated by STAT3 primarily regulates energy homeostasis. PI3K meta-
bolic pathway is activated by IRS which phosphorylates AKT ( pAKT). pAKT induces activation 
of mammalian target of rapamycin complex 1 (mTORC1) substrate S6 kinase (S6K) which induces 
the expression of liver X receptors ( LXR) [193]. The mitogenic pathway is activated (via the RAS/
RAF/MEK/ERK) inducing c-FOS gene expression in hypothalamic neurons
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proinflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin 
IL-1. Other leptin signaling pathways are still being elucidated owing to the di-
verse tissue specific expression [37]. Multiple oncogenes and growth factors like 
HER2 [116] and AKT [117] including transcription factors such as STAT3 [118], 
NF-κB [119], Notch [120], and insulin-like growth factors (IGF) [121] cross-talk 
with leptin inducing a multitude of effects [52]. Leptin-induced signals via multiple 
pathways commonly triggered by many cytokines. The canonical pathways include 
JAK2/STAT, MAPK/ERK1/2 PI-3K/AKT1 and, non-canonical signaling pathways 
include protein kinase C (PKC), JNK and p38 MAP kinase and AMP-Activated 
protein kinase (AMPK) in multiple cell types [42–44, 72]. Leptin-induced physi-
ological signaling occurs in peripheral tissues but aberrantly high levels of leptin in 
obese women lead to increased leptin signaling perhaps providing inductive cues 
for the development of breast cancer [37, 112, 122, 123].

Animal Models of Leptin and LEPR and Their Utility in 
Studying Breast Cancer

ob/ob and db/db mice provide unique mouse mutants to study leptin and obesity 
effects on breast cancer. The murine LEPR exists in at least six isoforms derived 
from a single LEPR gene by alternative splicing. LEPR functional mutations result 
in morbid obesity. All aspects of epithelial development and mammary gland mor-
phogenesis are impaired in ob/ob and db/db mice [124]. Further, defects in leptin 
production, in ob/ob, or in the LEPR ( db/db mice and fa/fa rats) are characterized 
by infertility leading to the suggestion that leptin signaling is necessary for mam-
mary gland biology and breast cancer [125].

The first in vivo role of leptin in mammary tumor development is based on the 
observation that when transgenic leptin-deficient ( ob/ob) mice were bred with 
mice that overexpress transforming growth factor-α (TGF-α), no mammary tu-
mors developed (0 of 59 mice). Wild type transgenic TGF-α mice develop tumors 
by 15 months of age with a 30 % incidence of mammary tumors [126]. Wild type 
TGF-α mice have circulating leptin that is twice the concentration of heterozygote 
ob/+TGF-α mice. In agreement with these studies, genetically obese db/db mice do 
not form mammary tumors when bred with TGF-α mice [127, 128]. Though these 
studies provide compelling evidence, the studies must be interpreted carefully since 
both the ob/ob and db/db lack epithelial mammary gland development [124]. In 
whole-mount preparations of the mammary gland, morphogenesis was found to be 
impaired in both genetically obese ob/ob and db/db mice [124]. This has significant 
ramifications on the use of these models in genetic breeding studies because the 
cells sensitive to oncogenic transformation are never generated. However, these 
mouse models have great utility in orthotopic cancer studies. Leptin was shown to 
be responsible for the increase in expression of cyclin D1, a cell-cycle control pro-
tein necessary for mammary gland development, in orthotopically injected murine 
mammary tumor virus-Wnt-1 mammary cancer cells [50, 129].
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Evidence for a LEPR role in mammary carcinogenesis is further supported in 
carcinogen-induced models. When genetically obese Zucker ( fa/fa) rats, which 
also have a LEPR defect, were administered the chemical carcinogen methylnitro-
sourea, only a small percentage of carcinomas developed in obese compared with 
lean rats [130]. Mammary tumors that developed were palpable and were compa-
rable between the lean and obese rats but only a small percentage of those were 
carcinomas in the obese rats supporting the role of LEPR in mammary tumori-
genesis [136]. Similarly, obesity increased the susceptibility of female fa/fa rats 
to 7,12-dimethylbenz(a)anthracene (DMBA)-induced mammary tumors suggesting 
that obesity and its downstream effector molecules play a significant role in car-
cinogenesis [131]. Obese Zucker rats had greater susceptibility to this carcinogen 
than did lean rats attributing to different degrees of LEPR defects in different sub-
strains of the Zucker rats.

Diet-Induced Obesity Provides Evidence for a Role for Leptin in 
Mammary Gland Oncogenesis

Obesity-prone mice show a higher incidence of high-grade adenocarcinomas than 
obesity-resistant mice [127]. TGF-α wild type mice fed a high-fat diet become 
obese and develop mammary tumors at a younger age than do transgenic obesity-
resistant TGF-α mice fed the same high-fat diet. TGF-α obesity-prone mice have 
3-fold higher serum leptin levels compared to obesity-resistant mice and 5-fold 
higher level than mice fed a low fat diet. The dietary effect on serum leptin, body 
fat, and subsequent mammary tumor development provide more direct evidence for 
the role of leptin because these mice exhibit normal mammary gland development. 
These studies raise the question of the pattern of leptin and LEPR expression in the 
mammary gland and in breast cancer.

Expression of Leptin and LEPR in Breast Cancer

Leptin and LEPR expression is increased in cancer versus noncancerous mammary 
tissues. Analyses of tissue biopsies reveals that, similar to the LEPR, leptin is over-
expressed in breast tumor tissue compared to noncancer breast epithelium [33, 37]. 
Patients with LEPR-positive tumors also overexpress leptin and are associated with 
high rates of metastases compared to patients with LEPR-negative tumors [132]. 
Increased LEPR mRNA expression with increased serum leptin levels is associated 
with poor prognosis [33]. Further, leptin and LEPR expression, based on immuno-
histochemistry (IHC), is increased in 85 and 75 % of breast tumors and correlated 
with the size of the tumor [133].

As indicated above, leptin may promote the development of ER+ breast cancer 
by potentiating the proliferation of cancer cells [112]. Notably, early studies indi-
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cated that LEPR is expressed at higher levels in ER positive compared with ER 
negative cells, though subsequent studies found that it is also expressed in triple 
negative breast cancers (TNBC). LEPR is expressed in 92 % and leptin in 86 % 
of TNBC [134]. This breast cancer subtype lacks the expression of the estrogen 
and progesterone receptors and does not exhibit ERBB2 overexpression [135]. With 
regards to the role of LEPR in estrogen receptor positive breast cancer, several 
mechanisms have been proposed to explain the apparent leptin-estrogen crosstalk 
including leptin prevention of ER degradation, enhancement of ER stability, and in-
creased ER transcriptional potential in the presence of anti-estrogens [79]. Further, 
it has been shown that leptin may compete with breast cancer therapeutics including 
anti-estrogens.[37, 63].

The use of leptin as a biomarker of breast cancer disease and progression has 
been evaluated and remains unresolved [91, 136–138]. Some, but not all, studies 
indicate that serum leptin levels between breast cancer patients and controls are 
significantly elevated in postmenopausal women [122]. In postmenopausal women, 
leptin is also found to be an independent predictor of tumor classification and Tu-
mor, Node, Metastasis (TNM) stage [139]. Further, serum leptin levels were higher 
in breast cancer patients than in healthy women or patients with benign breast dis-
ease [33, 140]. However, contradicting results of serum leptin levels in subjects 
with breast cancer were found by some groups while other studies could not con-
firm this pattern [136, 137, 141–144]. Based on these studies, leptin may impact 
breast cancer development due to tumor subtype and its microenvironment. Indeed, 
obesity increases the risk of ER− breast cancer, which is more aggressive and dif-
ficult to treat due to limited clinical therapeutic options. Serum leptin levels are 
elevated in ER- breast cancer patients suggesting reducing circulating leptin may 
lead to reduced breast cancer in these patients [139].

Autocrine and Paracrine Roles of Leptin in Breast Cancer

Breast cancer proliferation may be induced and/or enhanced by overabundance 
of locally produced, paracrine or autocrine leptin rather than an endocrine source 
(Fig. 7.4). Indeed, the source of leptin influencing breast cancer cells is an area of 
intense investigation as it may impact the design of therapeutics [145]. Increased 
leptin and LEPR expression in breast cancer suggests that leptin can act as an auto-
crine factor on cancer cells inducing growth of the tumor [27, 133].

Evidence for Autocrine Leptin Leptin expression in breast cancer is associated 
with high proliferative rate. In intraductal in situ proliferative breast tumors, leptin 
expression is high, leading to suggestions that leptin may also contribute to breast 
cancer development in an autocrine manner [27, 146]. Multiple studies clearly dem-
onstrate that breast cancer cells in response to various obesity-related conditions 
including hypoxia, insulin, IGF-1, and estrogen can induce an increase in leptin 
expression [147]. This has led to the speculation that leptin can promote breast can-
cer progression in an autocrine fashion [27, 113, 146].
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Evidence for Paracrine Leptin. Leptin produced in a paracrine fashion by mam-
mary gland adipocytes can enhance proliferation and invasion of human breast can-
cer cell lines and play a role in breast cancer progression [37, 48, 76, 77]. Leptin and 
LEPR were significantly related to invasiveness of breast cancers, especially in high 
grade tumors [27, 33, 37, 148]. Expression of Leptin and LEPR in breast cancer tis-
sues in both primary tumors and metastastatic sites implicates that the autocrine and 
paracrine axes may be operative in breast cancer progression [27, 37, 77].

While most leptin functions are attributed to its role as a hormone secreted into 
the circulation and activating LEPR at distant sites, these studies point to leptin 
activating LEPR in a more localized manner via paracrine and autocrine activities. 
This provides a complexity in associating circulating levels of leptin with cancer 
risk and mortality.

Fig. 7.4  Autocrine, paracrine, and endocrine leptin can promote breast cancer. Adipocytes 
serve as the major source of endocrine and paracrine leptin for binding to LEPR on breast cancer 
cells. Because breast cancer cells express and synthesize leptin they may be an alternate source 
of leptin for direct induction via an autocrine manner to promote breast cancer progression and 
metastases
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Breast Cancer Stem Cells

Recent studies strongly suggest that tumor propagation relies on a population of 
stem-like cells called cancer stem cells (CSCs) [154]. Functional dysregulation of 
these cancer cells is necessary and sufficient to initiate cancer and promote tumori-
genic progression [150]. CSCs self-renew and are pluripotent, thus can differentiate 
into diverse cell types and proposed to contribute to the observed cellular hetero-
geneity found in many tumors [52]. Cellular heterogeneity within a tumor is char-
acteristic of breast cancer exhibiting diverse genetic, morphologic, and molecular 
profiles, as well as cell surface marker expression, and therapeutic response [151–
153]. Apart from promoting tumor heterogeneity, CSCs have also been shown to 
be chemo- and radio-resistant evading traditional treatment modalities [154]. Thus, 
CSCs are proposed to underlie cancer recurrence and metastasis [155–161].

Al-Hajj et al. identified the CSC population in breast cancer using cells iso-
lated from pleural effusions and primary tumors of breast cancer patients [162]. 
The phenotypic features of a CSC need to be characterized to elucidate the CSC 
subpopulation and its functions [52]. The few identified markers are predominantly 
expressed on the surface of the cells or confer functional properties for stem cells. 
Many groups have shown that CSCs can be identified and enriched using molecular 
markers CD44+/CD24− and ALDH+ [153, 160, 163–166]. CD49fhi has been es-
tablished as the marker to enrich for the human breast cancer stem cell population 
[167]. But these markers require refinement as the phenotype does not extend to all 
breast cancer subtypes.

Mouse Models to Study Breast Cancer Stem Cells

CSCs are implicated to have a central role in breast cancer progression and metasta-
ses [168, 169]. Stem cells are characterized by their ability to self-renew and main-
tain pluripotency [170]. In order to maintain this pluripotent state, the transcription 
factors NANOG, SOX2, and OCT4 have been identified as master regulators of 
self-renewal [171]. Recent studies indicate that CSCs utilize the same transcrip-
tional machinery to maintain their stem-like state [52]. Consistent with these obser-
vations, NANOG has emerged as a key regulator of CSC self-renewal and is con-
sidered pro-carcinogenic [172]. Importantly, NANOG is overexpressed in poorly 
differentiated breast cancers and correlated with poor prognosis [173]. NANOG 
inhibition correlates with differentiation and subsequent loss of pluripotency and 
self-renewal. NANOG transcription is regulated by the SOX2 and OCT4 binding to 
the NANOG promoter [174]. Current studies suggest these factors are regulated by 
distinct signaling pathways but converge to regulate common targets and cooperate 
to maintain stem cell in a pluripotent state and self-renewal. As expression of these 
factors is inhibited the cells differentiate [175].

The discovery and development of specific therapies that target CSCs has the po-
tential to revolutionize the treatment of these tumors. Elucidation of specific mecha-
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nisms by which CSCs survive chemotherapy, regulate self-renewal and interact with 
their primary and metastatic niches will be useful for the design of new therapeutic 
alternatives. Such approaches may become the basis for the next generation of ef-
fective and clinically applicable therapies that prevent disease relapse, metastasis, 
and enhance patient survival. Studies on CSCs have been largely performed using 
immunocompromised mice. Thus, syngeneic mouse models with an intact immune 
system are needed to validate the findings.

The merits of using mouse models to study mammary gland stem cells are that 
the isolation and characterization of stem cells from the mammary glands from mice 
are relatively easy [176]. Furthermore, orthotopic transplantation into the mammary 
fat pad is a well-developed standard procedure in studying mammary gland biol-
ogy [176, 177]. The entire mammary gland can be effectively regenerated by se-
rial transplantation of mammary stem cells orthotopically following which limiting 
dilution assays can be performed to calculate their self-renewing potential [176].

Different models of mammary carcinogenesis exist to study the CSC subpopula-
tion in mice by use of diverse cell surface markers [178–180]. Because most CSC 
studies utilize immunodeficient mice, Clarke and colleagues set out to define a 
mammary CSC mouse model to study breast cancer [181]. Mammary tumors from 
MMTV-Wnt-1 mice were used for this purpose. Using the MMTV-Wnt-1 mouse 
mutant, a CSC population was identified based on the expression of CD24 and 
CD29 markers and account for 5–10 % of the total mammary epithelial cell popu-
lation. Further, studies have been performed using in vitro limiting dilution mam-
mosphere assays wherein the spheres were larger compared to other cell surface 
marker combinations [180]. The investigators harvested and dissociated MMTV-
Wnt-1 breast tumors followed by flow cytometry based on Thy1, CD24, and CD45. 
The sorted cells were then injected into recipient background FVB/NJ female syn-
geneic mice. Thy1+CD24+ cancer cells constituted approximately 1 %–4 % of tu-
mor cells and were highly enriched for cancer stem cells in 6 out of 7 tumors. 
Phenotypic diversity of the developed tumors showed high similarity to the original 
tumor. Microarray analysis comparing Thy1+CD24+ tumor cells to Thy1-CD24− 
cells identified a bunch of differentially expressed genes. Survival of human breast 
cancer patients from two different study groups was predicted based on the differen-
tially expressed genes. This model strongly suggests that the CSC population in the 
MMTV-Wnt-1 murine breast tumor can be employed to study cancer stem cells in 
breast cancer [182]. Indeed, Zheng and colleagues used the same model to identify 
the role of leptin in CSCs [56].

The cell surface markers CD29, CD24, and CD61 exhibit similar utility for en-
riching CSCs capable of forming MMTV–Wnt-1 mammary tumors [179]. Further, 
expression and increased activity of aldehyde dehydrogenase (ALDH) has also been 
used to enrich for CSCs. In breast carcinomas, cell fractions possessing high ALDH 
activity can self-renew contributing to cellular heterogeneity [166]. The limitation 
with using mouse models for studying CSCs in mammary tumor is the difficulty in 
the identification of the mammary stem cell niche location in the gland.

The merits and demerits of the mouse models to study breast CSCs have been 
reviewed. Future challenges in CSC research include establishing the hierarchy of 
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mammary stem and progenitor cells for future studies of mammary carcinogenesis 
[183, 184]. Despite extensive efforts to identify and isolate CSCs in human cancers, 
the molecular mechanisms of CSCs and their role in the tumor initiation and pro-
gression are yet to be addressed.

LEPR and Breast Cancer Stem Cell Maintenance

Leptin is a procarcinogenic adipokine that can promote proliferation, inhibit apop-
tosis, induce angiogenesis, and is pro-inflammatory. All of these actions are associ-
ated with cancer stem cell phenotype [52]. A critical barrier to the identification 
of CSC regulatory mechanisms is experimental systems that enable the reliable 
enrichment of CSCs from non-CSCs for comparative and functional analysis. To 
address this limitation and to interrogate the stem cell state in real time, a novel re-
porter system was developed in which a GFP reporter was placed under the control 
of the NANOG promoter. Using this reporter, breast cancer cells were sorted for 
GFP+(CSC) or GFP−(nonCSC). GFP+ cells exhibit CSC characteristics including 
expression of NANOG, OCT4, and SOX2, high tumorsphere formation capacity, 
and high frequency of tumor initiation in mice [185]. LEPR was enriched in the 
GFP+, CSC population [186]. The studies suggest that inhibition of LEPR may 
be a promising therapeutic approach to inhibit NANOG and thereby neutralizeing 
CSC functions (Fig. 7.5). Complete characterization of CSCs based on markers on 
the cell surface and molecular targets at the functional level are essential to design 
novel treatment strategies [152, 187–189]. Therapeutic targeting of CSCs will be 
developed with the aim to specifically target breast cancer initiation and develop-
ment, resistance, recurrence and metastasis.

Endocrine leptin deficiency leads to functional depletion of CSCs in Murine 
Mammary Tumor Virus-Wnt-1 (MMTV-Wnt-1) transgenic mice [56]. Zheng and 
colleagues transplanted isolated cancer cells from spontaneous MMTV-Wnt-1 tu-
mors into ob/ob and db/db mice and determined that leptin was necessary for main-
taining CSCs using limiting dilution analysis [56]. Limiting dilution analysis of 
cancer cells derived from MMTV-Wnt-1 into wild type mice yields a tumor initiat-
ing or stem cell frequency of 1 in 2000 cells. However, when MMTV-Wnt-1 cancer 
cells were first injected in ob/ob mice, the tumors that develop exhibit a reduced ini-
tiating frequency when serially transplanted into wild type mice with a frequency of 
1 in 30,000 cells. This study provided the first definitive evidence for a role of leptin 
in maintaining CSCs in tumors [56]. Based on these studies, Zheng et al. tested the 
hypothesis that the LEPR expressed in breast cancer cells is critical for maintaining 
CSC-like and metastatic properties [186]. LEPR was silenced via shRNA lentivirus 
transduction and determined that expression of stem cell self-renewal transcription 
factors NANOG, SOX2, and OCT4 was inhibited. The LEPR-NANOG signaling 
pathway is conserved between species because NANOG expression was rescued in 
human LEPR-silenced cells with the mouse LEPR. These studies show that LEPR 
expression is necessary to maintain CSCs in culture and LEPR silenced cells fail 
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to form tumors in mice. Consistent with these results, Feldman et al. observed that 
in response to leptin, CSCs induced phosphorylation and activation of STAT3 with 
subsequent activation of the transcription factors OCT4 and SOX2 [190]. Cross talk 
between leptin signaling and CSC strongly suggest leptin as a potential therapeutic 
target in breast cancer [52, 186, 190].

Summary

Leptin and LEPR are members of the druggable genome [34]. As such, they repre-
sent ligand-receptor targets for development of therapeutics to inhibit breast cancer 
[37, 123, 191]. While systemic inhibition of leptin could induce obesity, a risk fac-
tor for breast cancer initiation and progression, targeting LEPR on breast CSCs 
in the periphery represents a viable approach to block cancer progression [52]. In 
fact, therapeutics that do not cross the blood-brain barrier can be readily designed 
[192], so the strategy holds promise for breast cancer therapy. The discovery that 
LEPR is expressed on cancer stem cells and is necessary and sufficient to drive the 
expression of the self-renewal proteins NANOG, SOX2, and OCT4 may be useful 
for development of therapeutics to block cancer recurrence and metastasis.

Fig. 7.5  Role of leptin in breast cancer stem cells. In obesity, the levels of leptin are elevated 
due to increased adipocytes. These adipocytes serve as a source of endocrine/paracrine leptin to 
promote breast CSC self-renewal and maintain pluripotency. Breast CSCs can provide an inde-
pendent pool of leptin that may signal in an autocrine mannter. All sources of leptin can bind to 
LEPR expressed on NANOG expressing breast CSCs leading to maintenance of pluripotency and 
self-renewal contributing to tumor progression

 



144 P. S. Thiagarajan and O. Reizes

References

 1. Baskin ML, et al. Prevalence of obesity in the United States. Obes Rev. 2005;6(1):5–7.
 2. Flegal KM, et al. Prevalence and trends in obesity among US adults, 1999–2000. JAMA. 

2002;288(14):1723–7.
 3. Flegal KM, Ogden CL, Carroll MD. Prevalence and trends in overweight in Mexican-ameri-

can adults and children. Nutr Rev. 2004;62(7 Pt 2):S144–8.
 4. Haslam DW, James WP. Obesity. Lancet. 2005;366(9492):1197–209.
 5. Ogden CL, et al. Prevalence of overweight and obesity in the United States, 1999–2004. 

JAMA. 2006;295(13):1549–55.
 6. Hall KD, et al. Energy balance and its components: implications for body weight regulation. 

Am J Clin Nutr. 2012;95(4):989–94.
 7. Calle EE, et al. Overweight, obesity, and mortality from cancer in a prospectively studied 

cohort of U.S. adults. N Engl J Med. 2003;348(17):1625–38.
 8. Goran MI, Alderete TL. Targeting adipose tissue inflammation to treat the underlying basis 

of the metabolic complications of obesity. Nestle Nutr Inst Workshop Ser. 2012;73:49–60 
(discussion p61–6).

 9. American Cancer Society. Breast cancer facts & figures. American Cancer Society, 2011–
2012.

10. Li CI, Daling JR, Malone KE. Age-specific incidence rates of in situ breast carcinomas by 
histologic type, 1980 to 2001. Cancer Epidemiol Biomark Prev. 2005;14(4):1008–11.

11. Chia KS, et al. Profound changes in breast cancer incidence may reflect changes into a West-
ernized lifestyle: a comparative population-based study in Singapore and Sweden. Int J Can-
cer. 2005;113(2):302–6.

12. Majed B, et al. Increased risk of contralateral breast cancers among overweight and obese 
women: a time-dependent association. Breast Cancer Res Treat. 2011;126(3):729–38.

13. Cheraghi Z, et al. Effect of body mass index on breast cancer during premenopausal and 
postmenopausal periods: a meta-analysis. PLoS ONE. 2012;7(12):e51446.

14. Key TJ, et al. Body mass index, serum sex hormones, and breast cancer risk in postmeno-
pausal women. J Natl Cancer Inst. 2003;95(16):1218–26.

15. Sweeney C, et al. Risk factors for breast cancer in elderly women. Am J Epidemiol. 
2004;160(9):868–75.

16. Cleary MP, Maihle NJ. The role of body mass index in the relative risk of developing pre-
menopausal versus postmenopausal breast cancer. Proc Soc Exp Biol Med. 1997;216(1):28–
43.

17. Calle EE, Thun MJ. Obesity and cancer. Oncogene. 2004;23(38):6365–78.
18. Ligibel J. Obesity and breast cancer. Oncology (Williston Park). 2011;25(11):994–1000.
19. Carmichael AR. Obesity and prognosis of breast cancer. Obes Rev. 2006;7(4):333–40.
20. Harvie M, Hooper L, Howell AH. Central obesity and breast cancer risk: a systematic review. 

Obes Rev. 2003;4(3):157–73.
21. Pierobon M, Frankenfeld CL. Obesity as a risk factor for triple-negative breast cancers: a 

systematic review and meta-analysis. Breast Cancer Res Treat. 2013;137(1):307–14.
22. Donohoe CL, Doyle SL, Reynolds JV. Visceral adiposity, insulin resistance and cancer risk. 

Diabetol Metab Syndr. 2011;3:12.
23. Esser N, et al. Inflammation as a link between obesity, metabolic syndrome and type 2 diabe-

tes. Diabetes Res Clin Pract. 2014;105(2):141–50.
24. Coleman DL, Obese anddiabetes. Two mutant genes causing diabetes-obesity syndromes in 

mice. Diabetologia. 1978;14(3):141–8.
25. Borugian MJ, et al. Waist-to-hip ratio and breast cancer mortality. Am J Epidemiol. 

2003;158(10):963–8.
26. Calabro P, Yeh ET. Obesity, inflammation, and vascular disease: the role of the adipose tissue 

as an endocrine organ. Subcell Biochem. 2007;42:63–91.



1457 Mouse Models to Study Leptin in Breast Cancer Stem Cells

27. Ishikawa M, Kitayama J, Nagawa H. Enhanced expression of leptin and leptin receptor (OB-
R) in human breast cancer. Clin Cancer Res. 2004;10(13):4325–31.

28. Zhang Y, et al. Positional cloning of the mouse obese gene and its human homologue. Nature. 
1994;372(6505):425–32.

29. Friedman JM. Leptin and the regulation of body weight. Harvey Lect. 1999;95:107–36.
30. Myers MG, Cowley MA, Munzberg H. Mechanisms of leptin action and leptin resistance. 

Annu Rev Physiol. 2008;70:537–56.
31. Heymsfield SB, et al. Recombinant leptin for weight loss in obese and lean adults: a random-

ized, controlled, dose-escalation trial. JAMA. 1999;282(16):1568–75.
32. Blundell JE, Goodson S, Halford JC. Regulation of appetite: role of leptin in signalling sys-

tems for drive and satiety. Int J Obes Relat Metab Disord. 2001;25 Suppl 1:S29–34.
33. Miyoshi Y, et al. High expression of leptin receptor mRNA in breast cancer tissue pre-

dicts poor prognosis for patients with high, but not low, serum leptin levels. Int J Cancer. 
2006;118(6):1414–9.

34. Garofalo C, Surmacz E. Leptin and cancer. J Cell Physiol. 2006;207(1):12–22.
35. Surmacz E. Obesity hormone leptin: a new target in breast cancer? Breast Cancer Res. 

2007;9(1):301.
36. Vona-Davis L, Rose DP. Adipokines as endocrine, paracrine, and autocrine factors in breast 

cancer risk and progression. Endocr Relat Cancer. 2007;14(2):189–206.
37. Garofalo C, et al. Increased expression of leptin and the leptin receptor as a marker of 

breast cancer progression: possible role of obesity-related stimuli. Clin Cancer Res. 
2006;12(5):1447–53.

38. Cao R, et al. Leptin induces vascular permeability and synergistically stimulates angiogen-
esis with FGF-2 and VEGF. Proc Natl Acad Sci U S A. 2001;98(11):6390–5.

39. Dieudonne MN, et al. Leptin mediates a proliferative response in human MCF7 breast cancer 
cells. Biochem Biophys Res Commun. 2002;293(1):622–8.

40. Hausman GJ, Richardson RL. Adipose tissue angiogenesis. J Anim Sci. 2004;82(3):925–34.
41. Myers MG, Jr. Leptin receptor signaling and the regulation of mammalian physiology. Re-

cent Prog Horm Res. 2004;59:287–304.
42. Yin N, et al. Molecular mechanisms involved in the growth stimulation of breast cancer cells 

by leptin. Cancer Res. 2004;64(16):5870–5.
43. Jiang H, et al. Upregulation of survivin by leptin/STAT3 signaling in MCF-7 cells. Biochem 

Biophys Res Commun. 2008;368(1):1–5.
44. Fruhbeck G. Intracellular signalling pathways activated by leptin. Biochem J. 2006;393(1):7–

20.
45. Bates SH, et al. STAT3 signalling is required for leptin regulation of energy balance but not 

reproduction. Nature. 2003;421(6925):856–9.
46. Buettner R, Mora LB, Jove R. Activated STAT signaling in human tumors provides novel 

molecular targets for therapeutic intervention. Clin Cancer Res. 2002;8(4):945–54.
47. Quesnelle KM, Boehm AL, Grandis JR. STAT-mediated EGFR signaling in cancer. J Cell 

Biochem. 2007;102(2):311–9.
48. Perera CN, et al. Leptin-regulated gene expression in MCF-7 breast cancer cells: mecha-

nistic insights into leptin-regulated mammary tumor growth and progression. J Endocrinol. 
2008;199(2):221–33.

49. Leeman RJ, Lui VW, Grandis JR. STAT3 as a therapeutic target in head and neck cancer. 
Expert Opin Biol Ther. 2006;6(3):231–41.

50. Saxena NK, et al. Leptin-induced growth stimulation of breast cancer cells involves recruit-
ment of histone acetyltransferases and mediator complex to CYCLIN D1 promoter via acti-
vation of Stat3. J Biol Chem. 2007;282(18):13316–25.

51. Dreesen O, Brivanlou AH. Signaling pathways in cancer and embryonic stem cells. Stem 
Cell Rev. 2007;3(1):7–17.

52. Guo S, et al. Oncogenic role and therapeutic target of leptin signaling in breast cancer and 
cancer stem cells. Biochim Biophys Acta. 2012;1825(2):207–22.



146 P. S. Thiagarajan and O. Reizes

53. Renehan AG, Roberts DL, Dive C. Obesity and cancer: pathophysiological and biological 
mechanisms. Arch Physiol Biochem. 2008;114(1):71–83.

54. Park J, Euhus DM, Scherer PE. Paracrine and endocrine effects of adipose tissue on cancer 
development and progression. Endocr Rev. 2011;32(4):550–70.

55. Hoda MR, et al. The adipocyte-derived hormone leptin has proliferative actions on androgen-
resistant prostate cancer cells linking obesity to advanced stages of prostate cancer. J Oncol. 
2012;2012:280386.

56. Zheng Q, et al. Leptin deficiency suppresses MMTV-Wnt-1 mammary tumor growth in obese 
mice and abrogates tumor initiating cell survival. Endocr Relat Cancer. 2011;18(4):491–503.

57. Enger SM, et al. Body size, physical activity, and breast cancer hormone receptor status: 
results from two case-control studies. Cancer Epidemiol Biomark Prev. 2000;9(7):681–7.

58. Miller WR. Aromatase inhibitors: mechanism of action and role in the treatment of breast 
cancer. Semin Oncol. 2003;30(4 Suppl 14):3–11.

59. Simpson ER, et al. Regulation of estrogen biosynthesis by human adipose cells. Endocr Rev. 
1989;10(2):136–48.

60. Rose DP, Komninou D, Stephenson GD. Obesity, adipocytokines, and insulin resistance in 
breast cancer. Obes Rev. 2004;5(3):153–65.

61. Rochefort H, et al. How to target estrogen receptor-negative breast cancer? Endocr Relat 
Cancer. 2003;10(2):261–6.

62. Althuis MD, et al. Etiology of hormone receptor-defined breast cancer: a systematic review 
of the literature. Cancer Epidemiol Biomarkers Prev. 2004;13(10):1558–68.

63. Magoffin DA, et al. Leptin regulation of aromatase activity in adipose stromal cells from 
regularly cycling women. Ginekol Pol. 1999;70(1):1–7.

64. Purohit A, Reed MJ. Regulation of estrogen synthesis in postmenopausal women. Steroids. 
2002;67(12):979–83.

65. Siiteri PK. Adipose tissue as a source of hormones. Am J Clin Nutr. 1987;45(1 Suppl):277–82.
66. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endocrinol Metab. 

2004;89(6):2548–56.
67. Chandra RK. Cell-mediated immunity in genetically obese C57BL/6J ob/ob) mice. Am J 

Clin Nutr. 1980;33(1):13–6.
68. Geisler J, et al. Total body aromatization in postmenopausal breast cancer patients is strongly 

correlated to plasma leptin levels. J Steroid Biochem Mol Biol. 2007;104(1–2):27–34.
69. Zhao Y, et al. Aromatase P450 gene expression in human adipose tissue. Role of a Jak/STAT 

pathway in regulation of the adipose-specific promoter. J Biol Chem. 1995;270(27):16449–
57.

70. Kitawaki J, et al. Leptin directly stimulates aromatase activity in human luteinized granulosa 
cells. Mol Hum Reprod. 1999;5(8):708–13.

71. Catalano S, et al. Leptin enhances, via AP-1, expression of aromatase in the MCF-7 cell line. 
J Biol Chem. 2003;278(31):28668–76.

72. Catalano S, et al. Leptin induces, via ERK1/ERK2 signal, functional activation of estrogen 
receptor alpha in MCF-7 cells. J Biol Chem. 2004;279(19):19908–15.

73. Ray A, Nkhata KJ, Cleary MP. Effects of leptin on human breast cancer cell lines in relation-
ship to estrogen receptor and HER2 status. Int J Oncol. 2007;30(6):1499–509.

74. Maccio A, Madeddu C. Obesity, inflammation, and postmenopausal breast cancer: therapeu-
tic implications. ScientificWorldJournal. 2011;11:2020–36.

75. Dubois V, et al. Leptin induces a proliferative response in breast cancer cells but not in nor-
mal breast cells. Nutr Cancer. 2014;66(4):645–55.

76. Manabe Y, et al. Mature adipocytes, but not preadipocytes, promote the growth of breast car-
cinoma cells in collagen gel matrix culture through cancer-stromal cell interactions. J Pathol. 
2003;201(2):221–8.

77. Barone I, et al. Leptin mediates tumor-stromal interactions that promote the invasive growth 
of breast cancer cells. Cancer Res. 2012;72(6):1416–27.

78. Cleary MP, Grossmann ME. Minireview: obesity and breast cancer: the estrogen connection. 
Endocrinology. 2009;150(6):2537–42.



1477 Mouse Models to Study Leptin in Breast Cancer Stem Cells

79. Garofalo C, Sisci D, Surmacz E. Leptin interferes with the effects of the antiestrogen ICI 
182,780 in MCF-7 breast cancer cells. Clin Cancer Res. 2004;10(19):6466–75.

80. Laud K, et al. Identification of leptin receptors in human breast cancer: functional activity 
in the T47-D breast cancer cell line. Mol Cell Endocrinol. 2002;188(1–2):219–26.

81. Nkhata KJ, et al. Mammary tumor development from T47-D human breast cancer cells 
in obese ovariectomized mice with and without estradiol supplements. Breast Cancer Res 
Treat. 2009;114(1):71–83.

82. Fusco R, et al. Cellular and molecular crosstalk between leptin receptor and estrogen recep-
tor-{alpha} in breast cancer: molecular basis for a novel therapeutic setting. Endocr Relat 
Cancer. 2010;17(2):373–82.

83. Bennett PA, et al. Differential expression and regulation of leptin receptor isoforms in the 
rat brain: effects of fasting and oestrogen. Neuroendocrinol. 1998;67(1):29–36.

84. Chu SC, et al. Fluctuation of serum leptin level in rats after ovariectomy and the influence 
of estrogen supplement. Life Sci. 1999;64(24):2299–306.

85. Fungfuang W, et al. Effects of estrogen on food intake, serum leptin levels and leptin 
mRNA expression in adipose tissue of female rats. Lab Anim Res. 2013;29(3):168–73.

86. Shimizu H, et al. Estrogen increases in vivo leptin production in rats and human subjects. J 
Endocrinol. 1997;154(2):285–92.

87. Jin L, et al. Leptin and leptin receptor expression in rat and mouse pituitary cells. Endocri-
nology. 2000;141(1):333–9.

88. Otvos L, Jr, et al. Efficacy of a leptin receptor antagonist peptide in a mouse model of triple-
negative breast cancer. Eur J Cancer. 2011;47(10):1578–84.

89. Croker AK, Allan AL. Inhibition of aldehyde dehydrogenase (ALDH) activity reduces 
chemotherapy and radiation resistance of stem-like ALDHhiCD44(+) human breast cancer 
cells. Breast Cancer Res Treat. 2012;133(1):75–87.

90. Feldman DE, et al. Pluripotency factor-mediated expression of the leptin receptor (OB-R) 
links obesity to oncogenesis through tumor-initiating stem cells. Proc Natl Acad Sci U S A. 
2012;109(3):829–34.

91. Artac M, Altundag K. Leptin and breast cancer: an overview. Med Oncol. 2012;29(3):1510–
4.

92. Eric Hu X, et al. Small-molecule melanin-concentrating hormone-1 receptor antagonists 
require brain penetration for inhibition of food intake and reduction in body weight. J Phar-
macol Exp Ther. 2008;324(1):206–13.

93. Steffensen KR, Gustafsson JA. Putative metabolic effects of the liver X receptor (LXR). 
Diabetes. 2004;53 Suppl 1:S36–42.

94. Ahima RS. Central actions of adipocyte hormones. Trends Endocrinol Metab. 
2005;16(7):307–13.

95. Jarde T, et al. Involvement of adiponectin and leptin in breast cancer: clinical and in vitro 
studies. Endocr Relat Cancer. 2009;16(4):1197–210.

96. Gunter MJ, et al. Insulin, insulin-like growth factor-I, and risk of breast cancer in post-
menopausal women. J Natl Cancer Inst. 2009;101(1):48–60.

97. Ouchi N, et al. Reciprocal association of C-reactive protein with adiponectin in blood 
stream and adipose tissue. Circulation. 2003;107(5):671–4.

98. Mantzoros C, et al. Adiponectin and breast cancer risk. J Clin Endocrinol Metab. 
2004;89(3):1102–7.

99. Matsuda M, et al. Role of adiponectin in preventing vascular stenosis. The missing link of 
adipo-vascular axis. J Biol Chem. 2002;277(40):37487–91.

100. Okamoto Y, et al. An adipocyte-derived plasma protein, adiponectin, adheres to injured 
vascular walls. Horm Metab Res. 2000;32(2):47–50.

101. Campfield LA, et al. Recombinant mouse OB protein: evidence for a peripheral signal link-
ing adiposity and central neural networks. Science. 1995;269(5223):546–9.

102. Jequier E. Leptin signaling, adiposity, and energy balance. Ann N Y Acad Sci. 2002;967:379–
88.



148 P. S. Thiagarajan and O. Reizes

103. Frederich RC, et al. Expression of ob mRNA and its encoded protein in rodents. Impact of 
nutrition and obesity. J Clin Invest. 1995;96(3):1658–63.

104. Ingalls AM, Dickie MM, Snell GD. Obese, a new mutation in the house mouse. J Hered. 
1950;41(12):317–8.

105. Hoggard N, et al. Leptin expression in placental and fetal tissues: does leptin have a func-
tional role? Biochem Soc Trans. 2001;29(2):57–63.

106. Zhang F, et al. Crystal structure of the obese protein leptin-E100. Nature. 
1997;387(6629):206–9.

107. Santos-Alvarez J, Goberna R, Sanchez-Margalet V. Human leptin stimulates proliferation 
and activation of human circulating monocytes. Cell Immunol. 1999;194(1):6–11.

108. Campfield LA, Smith FJ, Burn P. The OB protein (leptin) pathway–a link between adipose 
tissue mass and central neural networks. Horm Metab Res. 1996;28(12):619–32.

109. Glaum SR, et al. Leptin, the obese gene product, rapidly modulates synaptic transmission 
in the hypothalamus. Mol Pharmacol. 1996;50(2):230–5.

110. Maffei M, et al. Leptin levels in human and rodent: measurement of plasma leptin and ob 
RNA in obese and weight-reduced subjects. Nat Med. 1995;1(11):1155–61.

111. Sachot C, Poole S, Luheshi GN. Circulating leptin mediates lipopolysaccharide-induced 
anorexia and fever in rats. J Physiol. 2004;561(1):263–72.

112. Murad A, et al. Leptin is an autocrine/paracrine regulator of wound healing. FASEB J. 
2003;17(13):1895–7.

113. Cella F, Giordano G, Cordera R. Serum leptin concentrations during the menstrual cycle 
in normal-weight women: effects of an oral triphasic estrogen-progestin medication. Eur J 
Endocrinol. 2000;142(2):174–8.

114. Fantuzzi G, Faggioni R. Leptin in the regulation of immunity, inflammation, and hemato-
poiesis. J Leukoc Biol. 2000;68(4):437–46.

115. Cento RM, et al. Leptin levels in menopause: effect of estrogen replacement therapy. Horm 
Res. 1999;52(6):269–73.

116. Cymbaluk A, Chudecka-Glaz A, Rzepka-Gorska I. Leptin levels in serum depending on 
Body Mass Index in patients with endometrial hyperplasia and cancer. Eur J Obstet Gyne-
col Reprod Biol. 2008;136(1):74–7.

117. Geisthovel F, et al. Serum pattern of circulating free leptin, bound leptin, and soluble leptin 
receptor in the physiological menstrual cycle. Fertil Steril. 2004;81(2):398–402.

118. Pelleymounter MA, et al. Effects of the obese gene product on body weight regulation in 
ob/ob mice. Science. 1995;269(5223):540–3.

119. Faggioni R, et al. IL-1 beta mediates leptin induction during inflammation. Am J Physiol. 
1998;274(1 Pt 2):R204–8.

120. Fei H, et al. Anatomic localization of alternatively spliced leptin receptors (Ob-R) in mouse 
brain and other tissues. Proc Natl Acad Sci U S A. 1997;94(13):7001–5.

121. Murakami T, et al. A short form of leptin receptor performs signal transduction. Biochem 
Biophys Res Commun. 1997;231(1):26–9.

122. Devos R, et al. Ligand-independent dimerization of the extracellular domain of the 
leptin receptor and determination of the stoichiometry of leptin binding. J Biol Chem. 
1997;272(29):18304–10.

123. Golden PL, Maccagnan TJ, Pardridge WM. Human blood-brain barrier leptin receptor. Bind-
ing and endocytosis in isolated human brain microvessels. J Clin Invest. 1997;99(1):14–8.

124. Frankenberry KA, et al. Leptin receptor expression and cell signaling in breast cancer. Int J 
Oncol. 2006;28(4):985–93.

125. Bartella V, et al. Insulin-dependent leptin expression in breast cancer cells. Cancer Res. 
2008;68(12):4919–27.

126. Jiang L, Li Z, Rui L. Leptin stimulates both JAK2-dependent and JAK2-independent sig-
naling pathways. J Biol Chem. 2008;283(42):28066–73.

127. Bjorbaek C, et al. The role of SOCS-3 in leptin signaling and leptin resistance. J Biol Chem. 
1999;274(42):30059–65.



1497 Mouse Models to Study Leptin in Breast Cancer Stem Cells

128. Korkaya H, et al. HER2 regulates the mammary stem/progenitor cell population driving 
tumorigenesis and invasion. Oncogene. 2008;27(47):6120–30.

129. Korkaya H, et al. Regulation of mammary stem/progenitor cells by PTEN/Akt/beta-catenin 
signaling. PLoS Biol. 2009;7(6):e1000121.

130. Zhou J, et al. Activation of the PTEN/mTOR/STAT3 pathway in breast cancer stem-like cells 
is required for viability and maintenance. Proc Natl Acad Sci U S A. 2007;104(41):16158–
63.

131. Pratt MA, et al. The canonical NF-kappaB pathway is required for formation of luminal 
mammary neoplasias and is activated in the mammary progenitor population. Oncogene. 
2009;28(30):2710–22.

132. Guo S, Gonzalez-Perez RR. Notch, IL-1 and leptin crosstalk outcome (NILCO) is critical 
for leptin-induced proliferation, migration and VEGF/VEGFR-2 expression in breast can-
cer. PLoS ONE. 2011;6(6):e21467.

133. Ozbay T, Nahta R. A novel unidirectional cross-talk from the insulin-like growth factor-I 
receptor to leptin receptor in human breast cancer cells. Mol Cancer Res. 2008;6(6):1052–
8.

134. Cirillo D, et al. Leptin signaling in breast cancer: an overview. J Cell Biochem. 
2008;105(4):956–64.

135. McCormack D, et al. The antiproliferative effects of pterostilbene on breast cancer in vitro 
are via inhibition of constitutive and leptin-induced Janus kinase/signal transducer and ac-
tivator of transcription activation. Am J Surg. 2011;202(5):541–4.

136. Hu X, et al. Leptin–a growth factor in normal and malignant breast cells and for normal 
mammary gland development. J Natl Cancer Inst. 2002;94(22):1704–11.

137. Chehab FF, Lim ME, Lu R. Correction of the sterility defect in homozygous obese female 
mice by treatment with the human recombinant leptin. Nat Genet. 1996;12(3):318–20.

138. Cleary MP, et al. Genetically obese MMTV-TGF-alpha/Lep(ob)Lep(ob) female mice do 
not develop mammary tumors. Breast Cancer Res Treat. 2003;77(3):205–15.

139. Cleary MP, Grande JP, Maihle NJ. Effect of high fat diet on body weight and mammary 
tumor latency in MMTV-TGF-alpha mice. Int J Obes Relat Metab Disord. 2004;28(8):956–
62.

140. Cleary MP, et al. Leptin receptor-deficient MMTV-TGF-alpha/Lepr(db)Lepr(db) female 
mice do not develop oncogene-induced mammary tumors. Exp Biol Med (Maywood). 
2004;229(2):182–93.

141. Zheng Q, Hursting SD, Reizes O. Leptin regulates cyclin D1 in luminal epithelial cells of 
mouse MMTV-Wnt-1 mammary tumors. J Cancer Res Clin Oncol. 2012;138(9):1607–12.

142. Lee WM, et al. Susceptibility of lean and obese Zucker rats to tumorigenesis induced by 
N-methyl-N-nitrosourea. Cancer Lett. 2001;162(2):155–60.

143. Hakkak R, et al. Obesity promotes 7,12-dimethylbenz(a)anthracene-induced mammary tu-
mor development in female zucker rats. Breast Cancer Res. 2005;7(5):R627–33.

144. Cleveland RJ, et al. Common genetic variations in the LEP and LEPR genes, obesity and 
breast cancer incidence and survival. Breast Cancer Res Treat. 2010;120(3):745–52.

145. Snoussi K, et al. Leptin and leptin receptor polymorphisms are associated with increased 
risk and poor prognosis of breast carcinoma. BMC Cancer. 2006;6:38.

146. Foulkes WD, Smith IE, Reis-Filho JS. Triple-negative breast cancer. N Engl J Med. 
2010;363(20):1938–48.

147. Coskun U, et al. Serum leptin, prolactin and vascular endothelial growth factor (VEGF) 
levels in patients with breast cancer. Neoplasma. 2003;50(1):41–6.

148. Mantzoros CS, et al. Leptin in relation to carcinoma in situ of the breast: a study of pre-
menopausal cases and controls. Int J Cancer. 1999;80(4):523–6.

149. Tessitore L, et al. Leptin expression in colorectal and breast cancer patients. Int J Mol Med. 
2000;5(4):421–6.

150. Goodwin PJ, et al. Is leptin a mediator of adverse prognostic effects of obesity in breast 
cancer? J Clin Oncol. 2005;23(25):6037–42.



150 P. S. Thiagarajan and O. Reizes

151. Sauter ER, et al. Leptin expression in breast nipple aspirate fluid (NAF) and serum is in-
fluenced by body mass index (BMI) but not by the presence of breast cancer. Horm Metab 
Res. 2004;36(5):336–40.

152. Petridou E, et al. Leptin and insulin growth factor I in relation to breast cancer (Greece). 
Cancer Causes Control. 2000;11(5):383–8.

153. Chen DC, et al. Serum adiponectin and leptin levels in Taiwanese breast cancer patients. 
Cancer Lett. 2006;237(1):109–14.

154. Ozet A, et al. Effects of tamoxifen on the serum leptin level in patients with breast cancer. 
Jpn J Clin Oncol. 2001;31(9):424–7.

155. O’Brien S N, Welter BH, Price TM. Presence of leptin in breast cell lines and breast tumors. 
Biochem Biophys Res Commun. 1999;259(3):695–8.

156. Cascio S, et al. Mechanism of leptin expression in breast cancer cells: role of hypoxia-
inducible factor-1alpha. Oncogene. 2008;27(4):540–7.

157. Falk RT, et al. Interrelationships between serum leptin, IGF-1, IGFBP3, C-peptide and pro-
lactin and breast cancer risk in young women. Breast Cancer Res Treat. 2006;98(2):157–
65.

158. Maccio A, et al. Correlation of body mass index and leptin with tumor size and stage of 
disease in hormone-dependent postmenopausal breast cancer: preliminary results and ther-
apeutic implications. J Mol Med (Berl). 2010;88(7):677–86.

159. Visvader JE, Lindeman GJ. Cancer stem cells in solid tumours: accumulating evidence and 
unresolved questions. Nat Rev Cancer. 2008;8(10):755–68.

160. Visvader JE, Lindeman GJ. Cancer stem cells: current status and evolving complexities. 
Cell Stem Cell. 2012;10(6):717–28.

161. Yoder BJ, Wilkinson EJ, Massoll NA. Molecular and morphologic distinctions between 
infiltrating ductal and lobular carcinoma of the breast. Breast J. 2007;13(2):172–9.

162. Fillmore CM, Kuperwasser C. Human breast cancer cell lines contain stem-like cells that 
self-renew, give rise to phenotypically diverse progeny and survive chemotherapy. Breast 
Cancer Res. 2008;10(2):R25.

163. Nakshatri H, Srour EF, Badve S. Breast cancer stem cells and intrinsic subtypes: controver-
sies rage on. Curr Stem Cell Res Ther. 2009;4(1):50–60.

164. Chuthapisith S, et al. Breast cancer chemoresistance: emerging importance of cancer stem 
cells. Surg Oncol. 2010;19(1):27–32.

165. Sakariassen PO, Immervoll H, Chekenya M. Cancer stem cells as mediators of treatment 
resistance in brain tumors: status and controversies. Neoplasia. 2007;9(11):882–92.

166. Tang C, Chua CL, Ang BT. Insights into the cancer stem cell model of glioma tumorigen-
esis. Ann Acad Med Singapore. 2007;36(5):352–7.

167. Phillips TM, McBride WH, Pajonk F. The response of CD24(-/low)/CD44+ breast cancer-
initiating cells to radiation. J Natl Cancer Inst. 2006;98(24):1777–85.

168. Li X, et al. Intrinsic resistance of tumorigenic breast cancer cells to chemotherapy. J Natl 
Cancer Inst. 2008;100(9):672–9.

169. Dave B, Chang J. Treatment resistance in stem cells and breast cancer. J Mammary Gland 
Biol Neoplasia. 2009;14(1):79–82.

170. Tanei T, et al. Association of breast cancer stem cells identified by aldehyde dehydrogenase 
1 expression with resistance to sequential Paclitaxel and epirubicin-based chemotherapy 
for breast cancers. Clin Cancer Res. 2009;15(12):4234–41.

171. Ling LJ, et al. A novel mouse model of human breast cancer stem-like cells with 
high CD44+CD24-/lower phenotype metastasis to human bone. Chin Med J (Engl). 
2008;121(20):1980–6.

172. Al-Hajj M, et al. Prospective identification of tumorigenic breast cancer cells. Proc Natl 
Acad Sci U S A. 2003;100(7):3983–8.

173. Liu R, et al. The prognostic role of a gene signature from tumorigenic breast-cancer cells. 
N Engl J Med. 2007;356(3):217–26.

174. Shipitsin M, et al. Molecular definition of breast tumor heterogeneity. Cancer Cell. 
2007;11(3):259–73.



1517 Mouse Models to Study Leptin in Breast Cancer Stem Cells

175. Ricardo S, et al. Breast cancer stem cell markers CD44, CD24 and ALDH1: expression 
distribution within intrinsic molecular subtype. J Clin Pathol. 2011;64(11):937–46.

176. Ginestier C, et al. ALDH1 is a marker of normal and malignant human mammary stem cells 
and a predictor of poor clinical outcome. Cell Stem Cell. 2007;1(5):555–67.

177. Cariati M, et al. Alpha-6 integrin is necessary for the tumourigenicity of a stem cell-like 
subpopulation within the MCF7 breast cancer cell line. Int J Cancer. 2008;122(2):298–304.

178. Charafe-Jauffret E, et al. Breast cancer cell lines contain functional cancer stem cells with 
metastatic capacity and a distinct molecular signature. Cancer Res. 2009;69(4):1302–13.

179. Sheridan C, et al. CD44+/CD24- breast cancer cells exhibit enhanced invasive properties: 
an early step necessary for metastasis. Breast Cancer Res. 2006;8(5):R59.

180. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and 
adult fibroblast cultures by defined factors. Cell. 2006;126(4):663–76.

181. Boyer LA, et al. Core transcriptional regulatory circuitry in human embryonic stem cells. 
Cell. 2005;122(6):947–56.

182. Jeter CR, et al. Functional evidence that the self-renewal gene NANOG regulates human 
tumor development. Stem Cells. 2009;27(5):993–1005.

183. Nagata T, et al. Prognostic significance of NANOG and KLF4 for breast cancer. Breast 
Cancer. 2014;21(1):96–101.

184. Rodda DJ, et al. Transcriptional regulation of nanog by OCT4 and SOX2. J Biol Chem. 
2005;280(26):24731–7.

185. Thiagarajan PS, Hitomi M, Hale JS, Alvarado AG, Otvos B, Sinyuk M, Stoltz K, Wiechert 
A, Mulkearns-Hubert E, Jarrar A, Zheng Q, Thomas D, Egelhoff T, Rich JN, Liu H, Lathia 
JD, Reizes O. Development of a fluorescent reporter system to delineate cancer stem cells 
in triple-negative breast cancer. Stem Cells. 2015. doi:10.1002/stem.2021.

186. Kashyap V, et al. Regulation of stem cell pluripotency and differentiation involves a mu-
tual regulatory circuit of the NANOG, OCT4, and SOX2 pluripotency transcription fac-
tors with polycomb repressive complexes and stem cell microRNAs. Stem Cells Dev. 
2009;18(7):1093–108.

187. Shackleton M, et al. Generation of a functional mammary gland from a single stem cell. 
Nature. 2006;439(7072):84–8.

188. Stingl J, et al. Purification and unique properties of mammary epithelial stem cells. Nature. 
2006;439(7079):993–7.

189. Cho RW, Clarke MF. Recent advances in cancer stem cells. Curr Opin Genet Dev. 
2008;18(1):48–53.

190. Vaillant F, et al. The mammary progenitor marker CD61/beta3 integrin identifies cancer 
stem cells in mouse models of mammary tumorigenesis. Cancer Res. 2008;68(19):7711–7.

191. Zhang M, et al. Identification of tumor-initiating cells in a p53-null mouse model of breast 
cancer. Cancer Res. 2008;68(12):4674–82.

192. Clarke MF, Fuller M. Stem cells and cancer: two faces of eve. Cell. 2006;124(6):1111–5.
193. Cho RW, et al. Isolation and molecular characterization of cancer stem cells in MMTV-

Wnt-1 murine breast tumors. Stem Cells. 2008;26(2):364–71.
194. Visvader JE, Stingl J. Mammary stem cells and the differentiation hierarchy: current status 

and perspectives. Genes Dev. 2014;28(11):1143–58.
195. Stingl J, Caldas C. Molecular heterogeneity of breast carcinomas and the cancer stem cell 

hypothesis. Nat Rev Cancer. 2007;7(10):791–9.
196. Zheng Q, et al. Leptin receptor maintains cancer stem-like properties in triple negative 

breast cancer cells. Endocr Relat Cancer. 2013;20(6):797–808.
197. Garcia Bueno JM, et al. An update on the biology of cancer stem cells in breast cancer. Clin 

Transl Oncol. 2008;10(12):786–93.
198. Korkaya H, Wicha MS. Selective targeting of cancer stem cells: a new concept in cancer 

therapeutics. BioDrugs. 2007;21(5):299–310.



153

Chapter 8
Mouse Models Used to Study the Effects 
of Diabetes, Insulin, and IGFs on Cancer

Zara Zelenko, Derek LeRoith and Emily J. Gallagher

© Springer International Publishing Switzerland 2015
N. A. Berger (ed.), Murine Models, Energy Balance, and Cancer,  
Energy Balance and Cancer, DOI 10.1007/978-3-319-16733-6_8

E. J. Gallagher () · Z. Zelenko · D. LeRoith
Division of Endocrinology, Diabetes and Bone Diseases,  
Icahn School of Medicine at Mount Sinai, One Gustave L. Levy Place, 
Box 1055, 10029  New York, NY, USA
e-mail: emily.gallagher@mssm.edu

Z. Zelenko
e-mail: Zara.Zelenko@mssm.edu

D. LeRoith
e-mail: derek.leroith@mssm.edu

E. J. Gallagher
e-mail: emily.gallagher@mssm.edu

Abstract Type 2 diabetes (T2D) and obesity are epidemic problems worldwide. 
These disorders are linked to decreased life expectancy and increased incidence and 
mortality from cancer. Understanding the mechanisms of cancer progression in obe-
sity and T2D will aid in discovering cancer prevention and treatment strategies for 
these patients. Hyperinsulinemia, insulin receptor, and insulin-like growth factor-1 
(IGF-1) receptor signaling appear to be important factors linking diabetes, obesity, 
and cancer. A number of mouse models have been developed in order to accurately 
understand the roles of insulin, IGF-1, and their receptor signaling in obesity and 
diabetes-related cancer. This chapter summarizes many of the mouse models used 
to study T2D and cancer.
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Introduction

Obesity and type 2 diabetes (T2D) are major global health issues. The prevalence of 
both conditions has increased over the past. In 2008, the World Health Organization 
(WHO) reported that 10 % of men and 14 % of women worldwide were obese. As of 
2010, it was estimated that there were approximately 285 million diabetic patients 
globally [1]. Obesity and T2D are both associated with reduced life expectancy and 
epidemiological evidence has linked both conditions to an increase in incidence and 
mortality from various cancers [2–6].

Different mechanisms that may link T2D and cancers include insulin resistance, 
hyperinsulinemia, increased systemic or tissue insulin-like growth factor-1 (IGF-
1), hyperglycemia, and dyslipidemia [7–9]. Moreover, inflammatory cytokines 
and adipokines may contribute to metabolic dysfunction and may promote cancer 
development [10,11]. For tumor growth, invasion, and metastasis to occur, normal 
cells undergo various morphological changes. These changes can be influenced by 
IGF-1, hyperinsulinemia, hyperglycemia, and chronic inflammation [12]. It is be-
lieved that normal cells, which have developed different oncogenic mutations, are 
susceptible to these growth and metastasis-promoting changes associated with T2D 
and obesity, further promoting cancer progression. Both obesity and T2D have been 
associated with more advanced stages of a number of cancers at presentation, re-
sistance to therapy, and recurrence; all of these are factors that contribute to greater 
cancer mortality [13–16].

Although human epidemiological studies have reported associations between 
circulating insulin, IGF-1, and their respective receptor expression on cancer inci-
dence and mortality, these studies cannot determine the mechanisms through which 
insulin and IGF-1 may drive tumor progression, or if these factors are causative, or 
simply associated with cancer progression. In vitro studies have examined the direct 
effects of insulin, IGF-1, and their receptors on cancer cell proliferation, migration, 
and morphology; however, in vitro modeling does not recapitulate the complex sys-
temic, microenvironment, and cell changes that occur in T2D. Therefore, it is vital 
to study the effects of obesity and T2D on the progression of cancer in vivo. This 
chapter will examine various mouse models that have been generated to study the 
pathophysiology of cancer in T2D and obesity. The mouse models have been gener-
ated either through transgene insertions and/or targeted gene-deletion approaches.

Insulin and IGF-1 Signaling

Studies have proposed various mechanisms to link T2D, obesity, and breast can-
cer. In humans, insulin resistance and hyperinsulinemia characterize pre-diabetes 
and early T2D. Insulin resistance in metabolic tissues and hyperinsulinemia due to 
β-cell compensation occur long before the development of hyperglycemia, the hall-
mark of T2D [17–20]. Hyperglycemia defines the clinical onset of diabetes [5]. In-
sulin is a well-recognized growth factor and hyperinsulinemia in patients has been 



1558 Mouse Models Used to Study the Effects of Diabetes, Insulin …

associated with decreased breast cancer survival and decreased recurrence free sur-
vival [21,22]. Therefore, hyperinsulinemia may promote the progression of breast 
cancer in patients. Studies have reported that the expression levels of the insulin 
receptor (IR) and the insulin-like growth factor-1 receptor (IGF-1R) are elevated 
in human breast cancer specimens and cancer cell lines [23–25]. Furthermore, an 
increase in IR/IGF-1R phosphorylation in pathological breast cancer specimens has 
been associated with a worse prognosis [26].

Hyperinsulinemia may be exerting direct effects of the IR on the tumor cells, 
promoting growth and progression. The IR is highly expressed in many tumors, 
particularly the mitogenic splice variant of the IR, IR-A. The IR-A isoform of the 
IR lacks exon 11, whereas IR-B the metabolic variant contains exon 11 (Fig. 8.1) 
[27,28]. IR-B is expressed in liver, muscle, and fat, but IR-A is expressed in fetal tis-
sues, the spleen and is frequently found in cancers [29]. Therefore, insulin or hyper-
insulinemia may stimulate tumor growth by acting directly on the IR, possibly by 
acting on the IR isoform A. Insulin may also have indirect effects on tumor growth 
through IGF-1. IGF-1 and insulin-like growth factor-binding proteins (IGFBPs) are 
synthesized and secreted by the liver due to the stimulation by growth hormone 
(GH) or insulin [30]. Circulating IGFBPs can limit the bioavailability of IGF-1. 
The detailed actions of IGFBPs are beyond the scope of this chapter, but have been 
recently reviewed by RC Baxter [31]. Insulin increases circulating IGF-1 levels and 
decreases IGFBP-1, which potentially leads to the increase of local “free” IGF-1 in 
the tissues [32,33]. IGF-1 can also be made in extrahepatic tissues [34]. The roles 
of IGF-1 include regulating cell proliferation, differentiation, and apoptosis [35]. 
In a muscle-specific growth hormone receptor (GHR) knockout mouse, there were 
no changes to IGF-1 levels suggesting that in some tissues, such as skeletal muscle, 

Fig. 8.1  Schematic of Insulin, IGF-1, and IGF-2 binding to target receptors. The IR has two 
isoforms, IR-A (lacks exon 11) and IR-B. The IR isoforms, the IGF receptors, and the hybrid 
IR-IGF-1R can be stimulated by the ligands shown. Insulin has a high affinity ( solid line) for 
IR-A, IR-B, and low affinity ( dashed line) to the IGF-1R and the hybrid receptor. IGF-1 can bind 
IGF-1R with a high affinity, the hybrid receptor and at lower affinities to IR-A. IGF-2 can bind to 
the IGF-2R and has high affinity for IR-A, thus allowing it to bind to the IR-A and the IR-IGF-
1R hybrid receptor. IGF-1 insulin-like growth factor 1, IGF-2 insulin-like growth factor 2, IR-A 
insulin receptor A, IR-B insulin receptor B, IGF-1R insulin-like growth factor 1 receptor, IGF-2R 
insulin-like growth factor 2 receptor, Solid line represents high affinity for receptor, Dashed line 
represents low affinity for receptor
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IGF-1 may not be GH dependent [36]. This local IGF-1 may also affect tumor 
growth. Some studies have reported that individuals with higher serum levels of 
IGF-1 have an increased risk of developing various cancers, such as prostate, colon, 
cervical, ovarian, and breast [35,37].

Insulin and IGF-1 can bind avidly to the extracellular α-subunits of the IR and 
IGF-1R, respectively. Both the IR and IGF-1R are receptor tyrosine kinases (RTKs) 
that typically signal through phosphoinositide 3-kinase (PI3K) and mitogen-activat-
ed protein kinase (MAPK) pathways (Fig. 8.2) [38]. The IR and IGF-1R receptors 
can homo- or heterodimerize, which leads to a cross-autophosphorylation of the 
tyrosine kinase domain (Fig. 8.1). Active phosphorylated forms of IR, IGF-1R, or 
the heterodimerized hybrid IR-IGF-1R can phosphorylate and activate the insulin 
receptor substrate-1 (IRS-1). IRS-1 triggers the phosphorylation and activation of 
the PI3K catalytic subunit, which in turn activates a serine/threonine kinase, Akt 
[39,40]. MAPK activation leads to increased cell proliferation, whereas Akt activa-
tion leads to increased cell survival and migration [41]. The activation of the IGF-
1R and IR receptor have been correlated to increased disease progression and poor 
prognosis in breast cancer [42,43].

It has been noted that Akt activation can promote cell cycle progression, cell 
survival, as well as tumor cell invasion [44,45]. Moreover, it has been shown that 

Fig. 8.2  Insulin and IGF-1 receptor signaling pathway. Binding of ligand to the IR, IGF-1R, or 
hybrid IR-IGF-1R initiates signaling cascades that involve multiple phosphorylation events. Upon 
ligand binding to the extracellular subunits of the receptors, there is cross-autophosphorylation of 
the receptor tyrosine domains. The IR or hybrid receptor phosphorylates and activates IRS, which 
triggers the phosphorylation of PI3K. The catalytic domain of PI3K ( light purple) activates the 
serine/theronine kinase, AKT. AKT activation leads to various outcomes such as increased cell 
survival and migration. The IGF-1R signal transduction pathway goes through the Ras-GTPase 
that leads to the activation of MAPK. MAPK activation allows for increased cell proliferation. IR 
insulin receptor, IGF-1R insulin-like growth factor 1 receptor, IRS insulin receptor substrate, PI3K 
phosphoinositide 3-kinase, MAPK mitogen-activated protein kinase
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Akt activation can induce epithelial to mesenchymal transition (EMT) by altering 
the expression of a number of factors including repressing the transcription of E-
cadherin [44,46]. EMT is a process that leads to the loss of epithelial markers, and 
the acquisition of mesenchymal properties. This process has been reported as being 
important for tumor metastases and for the development of tumor cells with stem 
cell-like properties that may be responsible for tumor recurrence [47].

IGF-1 has been associated with breast/mammary cancer progression because of 
its mitogenic and anti-apoptotic effects on mammary epithelial cells [48]. Cells 
overexpressing the IGF-1R exhibit growth factor-independent proliferation, lack 
of contact inhibition, have anchorage-independent growth, and are tumorigenic in 
vivo [49]. They exhibit downregulation of epithelial markers such as E-cadherin 
and β-catenin and upregulation of classic mesenchymal markers such as vimentin, 
N-cadherin, and fibronectin. The in vitro studies demonstrate that IGF-1 and IGF-
1R signaling contribute to EMT [49]. Therefore, it is possible that hyperinsulinemia 
may act through the IR, IGF-1R, or the hybrid receptor of cancer cells and promote 
downstream signaling and growth of these cells [24].

It is clear that the IR and IGF-1R may have important roles in the pathogenesis 
of cancer in the setting of T2D. Therefore, it was critical to establish mouse models 
to understand the effect of T2D on cancer progression.

Insulin Receptor Gene Deletion

In order to study the role of diabetes and insulin signaling on cancer progression, 
mouse models were created. In these animal models, complete disruption of the in-
sulin receptor gene was generated by introducing mutations to the IR gene through 
homologous recombination [50,51]. Mice with complete IR deletion have growth 
defects as well as skeletal muscle hypotrophy [50,51]. Furthermore, the mice de-
velop severe diabetes with hyperglycemia and hyperinsulinemia [50,51]. This ul-
timately leads to death within 7 days after birth [50,51]. Therefore, approaches to 
obtain tissue-specific IR gene deletion were established.

Tissue-Specific Insulin Receptor Gene Deletion

The most commonly used system employed to generate tissue-specific gene dele-
tion is the Cre-lox system. The Cre recombinase recognizes and excises a pair loxP 
sites that flank the gene of interest [52]. The loxP sites can be inserted into noncod-
ing regions around the exon of interest by homologous recombination. In order to 
generate a tissue-specific gene deletion, the Cre recombinase is expressed under a 
tissue-specific promoter. Therefore, the gene of interest will be deleted only in the 
tissue expressing the Cre (Fig. 8.3). This system is utilized to generate IR deletion in 
muscle, fat, liver, and β-cells to determine the tissue-specific effects of IR deletion 
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on the development of T2D. These models have also been used to study the effects 
of insulin and IR signaling on cancer development.

Placing the Cre recombinase under the pancreatic β-cell-specific promoter gen-
erates mice lacking β-cell-insulin receptor (βIRKO) [53]. These mice lose the acute 
first-phase insulin response to glucose. The mice also develop glucose intolerance, 
assessed by glucose tolerance tests, which worsened as βIRKO mice aged. The 
βIRKO mice were crossed with a transgenic mouse model of neuroendocrine tu-
mors of the pancreatic β-cells (RIP1-Tag2 transgenic mice) [54]. These RIP1-Tag2 
mice express the Simian Vacuolating Virus 40 (SV40) large T-antigen 2 (Tag2) 
oncogene under the rat insulin promoter-1 (RIP-1) and develop pancreatic β-cell 
neuroendocrine tumors. The growth of these tumors is not significantly reduced by 
a monoclonal antibody targeting the IGF-1R (A12) that causes receptor internaliza-
tion and degradation. However, the RIP1-Tag2/βIRKO mice exhibit a significant 
reduction of tumor volume compared to controls. The tumors from these mice have 
a 1.5-fold increase in the percentage of apoptotic cells compared to RIP1-Tag2 mice 
with functional β-cell IR. Moreover, treatment of the RIP1-Tag2/βIRKO with the 
IGF-1R inhibitor A12 leads to a significant decrease in tumor formation and pro-
liferation. This demonstrates that in certain tumor types, targeting IGF-1R may not 
be effective, perhaps due to IR compensation. However, inhibiting the IR reduced 

Fig. 8.3  Model of Cre function. In the Cre mouse, Cre recombinase is expressed under the control 
of a tissue-specific promoter. In the LoxP mouse, LoxP sites are inserted around a target gene. 
When the Cre mouse is crossed to the LoxP mouse, the Cre recombinase excises the loxP sites, 
disrupting the gene of interest in the specific tissue
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the tumor growth. Furthermore, inhibiting both the IR and the IGF-1R produced 
an even greater reduction in tumor growth. Therefore, it may be necessary to target 
both receptors signaling within the tumor cells to prevent the formation of larger 
tumors.

Insulin Receptor/IGF-1R Signaling Proteins

Another approach at targeting the IR/IGF-1R signaling pathway includes targeting 
proteins downstream of the receptors, such as insulin receptor substrate (IRS)-1, 
IRS-2, and AKT. IRS-1 and IRS-2 are major substrates in the IR/IGF-1R-signal-
ing pathway, which are rapidly phosphorylated on tyrosine residues after ligand 
stimulation of the receptors. Mice with deletion of the IRS-1 have severely stunted 
growth and reduced body weight compared to controls [55–57]. These mice dem-
onstrate significantly higher serum insulin levels and have mild-moderate insulin 
resistance [55,57]. IRS-1 null and control mice were placed on a high-fat diet and 
then injected with diethylnitrosamine (DEN), an organic compound that is toxic 
and induces liver tumors [58]. DEN increases alanine transaminase activity while 
decreasing glutathione, glutathione peroxidase, and gluthatione-s-transferase activ-
ity in liver tissues, which contributes to the formation of tumors in the liver [59]. 
Furthermore, DEN has been linked to the activation of various proto-oncogenes like 
c-Myc and N-ras, and inhibiting tumor suppressor genes such as p53 and retinoblas-
toma (RB) [60]. IRS-1 null mice treated with DEN develop fewer liver tumors and 
were protected against hepatic steatosis [58]. This suggests that inhibiting the IR/
IGF-1R signaling pathway by blocking IRS-1 reduces hepatic tumorigenesis [58]. 
In other tumor cell lines, including breast cancer cells higher IRS-1 expression has 
been linked to an increase in cell proliferation [61,62]. Human MCF7 cells, which 
are an estrogen receptor alpha (ERα)-positive breast cancer cell line, express higher 
levels of IRS-1 than MDA-MB-231, human triple negative breast cancer cells [63].

IRS-2 expression in human breast cancers has been associated with greater mor-
tality [61]. Moreover, IRS-2 expression has been associated with high-grade inva-
sive ductal breast carcinomas [63]. Deregulated IRS-2 expression has been posi-
tively correlated with the progression of colorectal cancer by activation of the PI3K 
pathway [64]. Global disruption of IRS-2 produces a phenotype in mice similar to 
T2D. The IRS-2 null mice develop insulin resistance due to multiorgan impairment 
of insulin signaling, causing hyperinsulinemia, followed by β-cell decompensation 
and failure, and finally hyperglycemia [65,66]. IRS-2 null mice were crossed with 
mice that express the polyoma virus middle T antigen (PyVmT) oncogene under the 
mouse mammary tumor virus (MMTV) promoter, a mouse model of luminal type B 
breast cancer. These IRS-2 null/PyVmT mice exhibit increased tumor latency and 
decreased incidence of pulmonary metastasis compared to control PyVmT mice 
[67]. These studies show that IRS-2 contributes to the progression of cancer. In the 
IRS-2 null/PyVmT model, mammary tumor cells that lacked IRS-2 were less inva-
sive, again suggesting that inhibiting the IR/IGF-1R signaling pathway within the 
tumor results in decreased tumor growth. Furthermore, IRS-2 null tumors demon-
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strated a higher prevalence of apoptosis. The data suggest that IR/IGF-2R signaling 
through IRS-2 is important for mammary tumor cell invasion and survival.

As mentioned in the section “Insulin and IGF-1 Signaling,” further downstream 
of the IR/IGF-1R pathway is the serine-threonine protein kinase, AKT. AKT1 and 
AKT2 genes have both been deleted in mice. AKT1 null mice do not exhibit a 
strong phenotype [68] AKT2 null mice exhibit mild growth retardation, glucose 
intolerance, insulin resistance, dyslipidemia, and hyperglycemia [69]. When AKT2 
null mice were bred with transgenic mice that form mammary tumors (MMTV-
PyVmT and MMTV-Neu), the AKT2 deletion increases tumor latency and decreas-
es mammary tumor growth rate [70].

These mouse models provide insight into the potential mechanisms through 
which cancer can progress in the type 2 diabetic setting. Silencing components of 
the IR/IGF-1R signaling pathway within the tumors promotes an increase in tumor 
latency and decreases tumor growth rate in many of these mouse models. This sug-
gests that the IR/IGF-1R signaling pathways are important in tumor growth and that 
hyperinsulinemia in the setting of T2D and obesity can promote tumor growth by 
stimulating the IR/IGF-1R pathway in tumors with functional IR and IGF-1R. This 
concept is addressed in the next section.

MKR Mouse

To establish a mouse model of human T2D, the MKR mice were created [71]. The 
LeRoith group overexpressed the kinase-dead IGF-1R in skeletal muscles under 
the control of muscle creatine kinase (MCK) promoter. The kinase-dead IGF-1R 
was established by a point mutation of a lysine (K) to arginine (R) residue in the 
ATP-binding domain, [72]. As mentioned previously, the IGF-1R and IR are known 
to heterodimerize to form hybrid IR-IGF-1R receptors. Through the formation of 
hybrid receptors between the endogenous IR and the dominant negative IGF-1R, 
both IGF-1R and IR signaling was inhibited in these MCK:KR (MKR) mice 
(Fig. 8.4). Stimulation with IGF-1 or insulin should induce phosphorylation of ty-
rosine residues of receptors as well as the association of p85 with IRS1 [73,74]. 

Fig. 8.4  Mode of IR and IGF-1R inhibition in MKR mouse. The IGF-1RDN was established by a 
point mutation of a lysine to arginine residue in the ATP-binding domain of the IGF-1R. This IGF-
1RDN is able to homodimerize with endogenous IGF-1R and heterodimerize with endogenous IR, 
disrupting the downstream signaling cascades of both receptors. IGF-1R insulin-like growth factor 
1 receptor, IR insulin receptor, IGF-1RDN dominant negative insulin-like growth factor 1 receptor
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In the MKR mice, there is no induction of tyrosine phosphorylation or association 
of p85 with IRS1 in the skeletal muscle upon injection with IGF-1 or insulin [72]. 
This demonstrates that the overexpression of dominant negative IGF-1R impairs 
both insulin and IGF-1 signaling in the skeletal muscle of MKR mice. Furthermore, 
there is impaired glucose uptake in the skeletal muscle of MKR mice compared 
to control mice following insulin stimulation. The male MKR mice exhibit sig-
nificant insulin resistance, hyperinsulinemia, hyperglycemic, and hypertriglyceri-
demia, consistent with T2D. The female mice only demonstrate insulin resistance 
and hyperinsulinemia without hyperglycemia and hyperlipidemia, recapitulating a 
pre-diabetic phenotype in humans [75]. Both the males and females have reduced 
body fat establishing the MKR mouse as a nonobese model of T2D [75].

In the hyperinsulinemic female MKR mice, increased mammary tumor growth 
was established following carcinogen, transgenic, or orthotopic induction [75]. 
More extensive mammary epithelial cell development with more terminal end 
buds and epithelial branching is observed in the MKR mice compared to controls 
[75]. Analyzing the mammary epithelial cells revealed that there is a threefold in-
crease in IR expression in the MKR mice compared to controls, with an increase 

Fig. 8.5  Transgenic and orthotopic induction of mammary tumors. a The PyVmT mice contain the 
PyVmT oncogene under the MMTV promoter, which leads to the formation of mammary tumors 
in these mice. These mice were crossed with the type 2 diabetic MKR mice to produce a transgenic 
mouse model of breast cancer in type 2 diabetes. The MKR/PyVmT mice develop larger primary 
tumors with more pulmonary metastases compared to controls. b Orthotopic injections of various 
mouse-mammary cancer cells were injected into the 4th mammary fat pad of control and type 2 
diabetic mice. MKR mice developed larger primary tumors compared to controls. The MVT-1 cell 
line had increased pulmonary metastases in the MKR mice compared to controls. PyVmT polyoma 
virus middle T antigen, MMTV mouse mammary tumor virus
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in phosphorylation of the IR/IGF-1R and AKT. Breeding these MKR mice with 
the MMTV-PyVmT mice generated the MKR/PyVmT mice (Fig. 8.5a). The MKR/
PyVmT mice develop larger primary tumors with more secondary tumor sites com-
pared to controls [75]. Similar to the mammary epithelial cells from the MKR mice, 
tumors from the MKR/PyVmT mice have increased levels of phosphorylated IR/
IGF-1R and AKT compared to tumors from control mice [76]. Orthotopically in-
jecting mammary cancer cells derived from MMTV-Neu transgenic tumors (MC-
NeuA cells), MMTV-PyVmT tumors (Met-1 cells), or MMTV-c-Myc/vegf tumors 
(MVT-1 cells), the female MKR mice develop larger primary tumors, assessed by 
tumor size and tumor weight (Fig. 8.5b) [75,76]. As with the MKR/PyVmT tumors, 
and mammary epithelial cells, there is a marked elevation of IR/IGF-1R phosphory-
lation and activation of the PI3K/Akt signaling pathway in all of the primary ortho-
topic tumors from the MKR mice compared to wild-type control mice. In addition, 
an increase in IR and IGF-1R protein expression is found in the MVT-1 tumors from 
the MKR mice. Utilizing the metastatic MVT-1 cell line, an increase in pulmonary 
metastases is observed in the MKR mice [76]. In order to assess if the increased pul-
monary metastases resulted from larger primary tumors in MKR mice, intravenous 
injections of the MVT-1 cells were performed into the tail vein of control and MKR 
mice. The increase in lung metastases is also observed after this intravenous injec-
tion of the MVT-1 cells, suggesting that the hyperinsulinemia leads to increased sur-
vival or proliferation of the metastasizing cells [76]. To understand the mechanisms 
through which hyperinsulinemia and IR/IGF-1R/Akt signaling increase tumor me-
tastases, primary tumors were analyzed for the expression of proteins related to 
tumor progression. Increased levels of c-Myc, matrix metalloprotease-9 (MMP9), 
and VEGF in tumors from the MKR mice [76]. In vitro analysis of the MVT-1 
cells stimulated with physiological levels of insulin found that insulin increases 
expression of c-Myc, MMP9 and activates AKT [76]. The cell culture experiments 
recapitulate the results seen in vivo and suggest that insulin acting through the IR 
and perhaps the IGF-1R on the tumor cells can promote mammary tumor cell pro-
liferation and metastasis [76].

Utilizing a small-molecule tyrosine kinase inhibitor, which blocks the ATP-bind-
ing domain of IR/IGF-1R significantly reduced the tumor growth in MKR mice 
compared to controls [75]. Furthermore, reducing insulin levels using an insulin-
sensitizing agent, a β3-adrenoceptor agonist decreased circulating insulin levels in 
the MKR mice [77]. This CL-316243, insulin-sensitizing agent, significantly de-
creased the growth rate of the PyVmT tumors as well as the orthotopically injected 
Met-1, and MCNeuA in the MKR mice [77]. Administering the insulin-sensitizing 
agent to the mice after intravenous MVT-1 cell injection promotes a significant re-
duction of metastases in the MKR mice compared to the vehicle-treated MKR mice 
[76]. Inhibiting the downstream target of insulin signaling, the PI3K/Akt pathway 
with a pan-class I PI3K inhibitor leads to a reduction of tumor growth in the MKR 
mice compared to controls. The reduction in tumor growth after the administra-
tion of the inhibitor is attributed to a decrease in Akt phosphorylation, as well as 
a decrease in proliferation due to a reduction in 5-bromo-2’-deoxyuridine (BrdU) 
incorporation in the tumors from the MKR mice compared to controls. Inhibiting 
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the mTOR pathway with rapamycin also results in reduced primary tumor growth 
[78]. Taken together, the data show that inhibiting the insulin signaling pathway 
and its downstream targets decreases tumor growth and pulmonary metastasis in 
the MKR mice [75–79].

In contrast to the previously discussed mouse models of T2D (the βIRKO, IRS-2 
null, Akt2 null mice), the MKR mice only have a genetic abnormality of IR/IGF-1R 
signaling in the skeletal muscle. As demonstrated in these studies, the normal mam-
mary epithelial cells and primary tumors in the MKR mice have functional insulin 
and IGF-1 receptors. Therefore, the MKR mouse is a model of hyperinsulinemia, 
demonstrating that hyperinsulinemia promotes the increased survival or prolifera-
tion of mammary tumors as well as pulmonary metastases by acting through the IR/
IGF-1R signaling pathway. Inhibiting the IR/IGF-1R pathway with targeted thera-
pies decreased tumor growth and the number of lung metastases in the hyperinsu-
linemic MKR mouse.

Overexpression of IGF-1

In this section, we will examine the mouse models with tissue-specific IGF-1 over-
expression and its effect on cancer. In female mice, overexpression of IGF-1 under 
the control of the bovine keratin 5 (BK5) promoter allows for the overexpression of 
the IGF-1 transgene in the myoepithelial cells of the mouse mammary gland [80]. 
The mammary epithelial cells were exposed to high levels of IGF-1 by paracrine 
signaling, which is believed to model the local production of IGF-1 and paracrine 
signaling that occurs in human breast cancers [80]. Local IGF-1 overexpression in 
this model promotes mammary gland hyperplasia, spontaneous mammary tumori-
genesis, and increased susceptibility to chemical carcinogens [80].

Male mice with IGF-1 overexpression in prostate epithelial cells under the BK5 
promoter develop prostate cancer at an increased rate [81]. The mice develop pros-
tatic adenocarcinomas through a stepwise progression of preneoplasia to full neo-
plasia [81]. The development proceeds through the preneoplastic changes that in-
clude atypical hyperplasia, prostatic intraepithelial neoplasia (PIN)-like lesions, and 
then proceed to adenocarcinomas that exhibit invasive properties, which is similar 
to the human progression of prostate cancer [82]. In male mice, the findings from 
the BK5.IGF1 transgenic mice are able to provide a link between IGF-1R signaling 
and prostate tumor development.

Another mouse model to study the effects of IGF-1 on the mammary gland used 
DES-IGF-1; an IGF-1 analog that has reduced affinity for IGFBP, meaning it has 
increased IGF-1R-binding capacity [83]. This analog was placed under the whey 
acidic promoter (WAP) [83]. The WAP promoter is hormonally regulated and its ex-
pression increases during pregnancy and peaks at lactation [84]. The WAP promoter 
can be used to drive the overexpression of genes in the mammary gland during 
development. Therefore, these WAP-DES mice exhibit an increase of IGF-1 in the 
mammary gland. This in turn leads to an increase in the development of mammary 
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adenocarcinomas in WAP-DES mice and a reduction of apoptosis in the normal 
mammary gland [85]. IGF-1 analog overexpression in these mice increased the fre-
quency of mammary interepithelial neoplasia [85]. These mouse studies demon-
strate that the increase in local IGF-1 levels promotes the formation of tumors.

IGF-1R Overexpression

A mouse model was designed to express a CD8-IGF-1R fusion protein that was 
placed under the MMTV promoter [86]. These extracellular portions of the human 
T-cell antigen CD8-alpha can homodimerize, thus constitutively activating IGF1R 
signaling [86]. At 4 weeks of age, the mammary gland from the CD8-IGF1R mice 
was abnormal, with reduction in terminal end buds and aberrant side branching 
compared to nontransgenic controls [86]. The MMTV-CD8-IGF-1R transgenic 
mice developed mammary and salivary adenocarcinomas at an early age, as early 
at 6 weeks after birth compared to controls [86]. The tumors were palpable within 8 
weeks of age compared to controls [86].

Another mouse model utilizing a tissue-specific IGF-1R overexpression is the 
MTB-IGF-1R transgenic mouse that is an inducible IGF-1R mouse model. The 
IGF-1R gene can be induced by doxycycline at 21 days of age to promote the de-
velopment of mammary epithelial tumors [87]. Wild-type mice treated with doxy-
cycline maintained low levels of IGF-1R in mammary ducts and terminal end buds 
[87]. MTB-IGF-1R mice showed significantly higher levels of IGF-1R in mamma-
ry ducts and terminal end buds post doxycycline treatment [87]. Mammary tumors 
from MTB-IGF-1R mice expressed high levels of IGF-1R and were highly prolif-
erative [87]. Furthermore, the cytokeratin profile of the MTB-IGF-1R mammary 
tumors was altered. In normal tissue, luminal cells stain positive for cytokeratin 8 
and 18 whereas cytokeratin 5 and 14 are associated with basal cells [87]. The tu-
mors with solid sheets of cells were typically negative for cytokeratin 5 and 14 [87]. 
The tumors that were formed by the CD8-IGF-1R and MTB-IGF1R were primarily 
solid epithelial sheets with some of the tumor cells displaying a more mesenchymal 
phenotype [87]. Some of the CD8-IGF-1R and 40 % of the MTB-IGF1R mice had 
increased lung metastasis [87].

In order to assess the importance of IGF-1R expression, doxycycline was used 
to induce tumors in the MTB-IGF-1R mice. After the development of mammary 
tumors, doxycycline administration was removed which promoted the regression 
of approximately 80 % of the tumors [88]. Tumors showed three different fates: (1) 
regressed to a nonpalpable state and did not resume growth, (2) regressed to a non-
palpable state and then resumed growth, or (3) tumors regressed or did not change 
and then resumed growth [88]. Tumor regression was associated with a decrease in 
proliferation and an increase in apoptosis assessed by a reduction in PCNA staining 
and an increased TUNEL staining [88]. Only 13 % of the mice had tumor recur-
rence within 21–83 days post doxycycline removal [88]. The tumors that recurred 
did not express IGF-1R and had a more mesenchymal phenotype based on the in-
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creased levels of Twist, Snail, Slug, and Zeb and the decreased levels of E-cadherin 
[88]. Histological sections of the mammary tumors resembled those with activated 
ErbB2 or Wnt signaling [88]. This suggests that mammary tumors may be able to 
activate these oncogenes and undergo EMT to recur. The mouse models in this sec-
tion demonstrate that increased IGF-1R expression in the tumors promotes the for-
mation of larger primary tumors and increases pulmonary metastases. Furthermore, 
these studies suggested that decreasing IGF-1R signaling within the tumors may be 
therapeutically beneficial. However, as discussed in the section “Tissue-Specific 
Insulin Receptor Gene Deletion” in certain tumors the IR may compensate for the 
loss of IGF-1R, and as discussed in the next section IGF-2 may signal through ei-
ther the IGF-1R or IR to promote tumor growth. IGF-1R inhibition and reduction is 
evaluated in the section “IGF-1 Reduction and IGF-1R Inhibition.”

IGF-2 Overexpression

IGF-2 is a growth factor that is involved in the control of cell proliferation and inhi-
bition of apoptosis [89]. The IGF-2 gene is maternally imprinted and has homology 
with IGF-1 [90]. IGF-2 overexpression has been linked to various cancers such as 
adrenocortical carcinomas, lung cancer, and breast cancer [89,91–94]. It has been 
demonstrated that IGF-2 can bind IGF-1R, IR, or the hybrid IGF-1R/IR receptor 
to mediate its action (Fig. 8.1) [95]. Moreover, IGF-2 has a high affinity for the 
insulin receptor-A (IR-A) isoform [29]. Therefore, it is believed that in the presence 
of increased IGF-2, IR-A can be activated and contribute to mitogenesis. Human 
endometrial carcinoma cell lines treated with IGF-2 demonstrated an increase in 
cell cycle progression and a decrease in apoptosis [96]. Furthermore, stimulation 
with IGF-2 led to an increase in Akt phosphorylation. African-American women 
present with more advanced stages of breast cancer and have lower survival than 
white women [97]. Analyzing breast tissue from these two ethnic groups found that 
there is significantly higher IGF-2 expression in breast tissue and cell lines from 
African-American women compared to white women [97]. Tumors from African-
American women expressed higher levels of pro-survival and anti-apoptotic pro-
teins, survivin, and Bcl-2 [97]. Moreover, breast cancers from African-American 
women had a higher levels of IR-A compared to breast cancer tumors from white 
women [98]. Therefore, it is possible that the higher levels of IGF-2 acting through 
IR-A leads to the increase in cell cycle progression and decrease in apoptosis, which 
contributes to the more aggressive breast cancer phenotype that is observed in Af-
rican-American women.

Mice with an overexpression of IGF-2 in the liver are larger than their normal 
littermates, whereas ones with inactive IGF-2 gene are 40 % smaller than controls 
[95]. Transgenic mice overexpressing IGF2 in the mammary gland were generated 
by placing the IGF2 gene under the MMTV promoter [99]. This allows for the 
overexpression of IGF-2 in mammary epithelial cells. The overexpression of IGF-2 
in the mammary epithelium delayed postlactation mammary involution, decreased 
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mammary epithelial apoptosis, and prolonged the expression of active phosphory-
lated Akt in the MMTV-IGF-2 mice compared to wild-type controls [99]. It is be-
lieved that this could be due to constitutive activation of the pathways downstream 
of IGF-1R driving more ERK1/2 and p38 MAPK signaling leading to activation of 
cyclic-AMP response element-binding protein (CREB), a transcription factor that 
has been found to be overexpressed or constitutively activated in various cancers, 
including lung, breast, and prostate [94,100]. IGF-2 reduced mammary epithelial 
apoptosis assessed by in situ labeling and detecting of DNA breaks [99]. Moreover, 
there is evidence that shows that IGF-2 promotes the translocation of β-catenin into 
the nucleus, thus activating the Wnt signaling pathway [101]. Through the constitu-
tive activation of the MAPK or Wnt signaling pathways and inhibition of apoptosis, 
IGF-2 may promote tumor development. High IGF-2 levels in the serum have also 
been correlated with an increase in tumor incidence in older mice [92,99]. IGF-
2 was placed under the phosphoenolpyruvate carboxykinase (PEPCK) promoter 
leading to overexpression of IGF-2 in the colon and various other tissues, such as 
the liver, intestine, and kidney [102,103]. IGF-2 serum levels were significantly el-
evated in the transgenic mice compared to controls [102]. The PEPCK-IGF-2 trans-
genic mice developed more colon tumors as well as an increase in tumor size [102].

The RIP1-Tag2 mouse model, previously mentioned in the section “Tissue-Spe-
cific Insulin Receptor Gene Deletion,” has an overexpression of IGF-2 [104]. It 
was noted that IGF-2 is selectively upregulated in the tumors, contributing to the 
hyperproliferative β-cell lesions [104]. The tumors progress in a stepwise manner 
from hyperplastic/dysplastic islet cells, which undergo an angiogenic switch [104]. 
The solid tumors then transform into invasive carcinomas and display a loss of E-
cadherin [105]. The effects of IGF-1R and IGF-2 overexpression in the RIP-Tag2 
mouse model was evaluated by using double transgenic mouse models [105]. IGF-
1R was placed under the rat insulin promoter 7 (RIP7) to generate the RIP7-IGF-1R 
mice [105]. These mice were crossed with RIP-Tag2 mice, which overexpress IGF-
2 [105]. The overexpression of both IGF-2 and IGF-1R in the double transgenic 
mice promotes the acceleration of β-cell tumor formation [105]. Furthermore, many 
of the mice display lymph node metastases, which are not present in the single 
transgenic RIP1-Tag2 mouse model [105]. To investigate the importance of IGF-2 
in this mouse model, RIP-Tag2 mice were crossed with IGF-2 null mice, which de-
velop normally, even though they have a reduced body mass [105]. The RIP-Tag2/
IGF-2−/− mice developed smaller tumors with increased apoptosis [105].

Furthermore, studies have shown that mammary tumor onset can be delayed by 
increasing the expression of the IGF-2R in the mammary gland [106]. One of the 
IGF-2R functions is to clear IGF-2 from circulation, thus reducing the availability 
of IGF-2 to bind to the IR and/or IGF-1R [107]. Transgenic mice with IGF-2 over-
expression in the mammary gland were crossed with mice with ubiquitous IGF-2R 
overexpression [106]. As previously mentioned, mice with IGF-2 overexpression 
in the mammary gland promotes the formation of mammary tumors [93]. The pres-
ence of the IGF-2R delayed the onset of mammary tumors in the mice compared to 
IGF-2 overexpressing mice [106]. These mouse models demonstrate that deregula-
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tion of insulin, IGF-1, IGF-2, and their receptors plays an important role in cancer 
development and metastases.

IGF-1 Reduction and IGF-1R Inhibition

Using the Cre-loxP system described in the previous sections, the IGF-1 gene was 
deleted in a liver-specific manner in mice, by expressing Cre under the albumin pro-
moter [108]. These liver IGF-1-deficient (LID) mice demonstrated normal growth 
even though they had a 75 % reduction in serum IGF-1 levels [108]. By 1 month of 
age, LID mice exhibit insulin resistance and demonstrate an age-dependent onset of 
hyperinsulinemia starting at 2.5 months of age [109]. Orthotopic transplantation of 
colon adenocarcinoma cells demonstrated that the incidence of colon tumor growth 
was significantly higher in controls compared to LID mice [110]. This demonstrates 
that IGF-1 promotes increased tumor development and more metastasis. The LID 
mice, having decreased circulating levels of IGF-1, therefore, had smaller primary 
tumors and less metastasis to the lungs compared to the control mice.

LID mice exposed to the carcinogen 7,12-dimethybenz (a)anthracene (DMBA) 
which induces tumors exhibited a delayed onset of mammary tumor formation 
[111]. In the same study, C3(1)/SV40-T-antigen transgenic mice were crossed with 
LID mice [111]. C3(1) is the 5′ flanking region of the rat prostate steroid-binding 
protein (PSBP) that has been used to target the expression of the SV40-large T-
antigen to the epithelial cells of the prostate and mammary glands [112]. The fe-
male C3(1)-Tag mice develop invasive mammary carcinomas, with metastases to 
the lung [111]. The LID mice were crossed with the C3(1)-Tag transgenic mice to 
examine the effects of lower circulating levels of IGF-1 on genetic mammary tu-
mor development [111]. There was an earlier tumor formation in the control mice 
compared to LID mice with the C(3)1-Tag transgene [111]. These studies demon-
strated that the reduction in circulating IGF-1 allowed for a decrease in colon and 
mammary tumor growth and metastasis. This was not the case for murine osteo-
sarcoma primary tumor growth. K7M2 murine osteosarcoma cells were injected 
intramuscularly into LID and control mice [113]. These cells express both IGF-1 
and the IGF-1R [113]. There was no significant difference in primary tumor growth 
or pulmonary metastasis in the LID mice compared to controls [113]. The osteo-
sarcoma primary tumors exhibited a similar tumor growth and equal time of onset 
[113]. This study demonstrated that the decrease in serum IGF-1 did not influence 
the tumor growth rate or ability of the osteosarcoma cell to metastasize [113]. This 
suggests that paracrine IGF-1 signaling is important in progression of cancer and 
that reducing circulating IGF-1 levels alone may not be sufficient in delaying tumor 
formation in certain cancers.

A reduction of circulating IGF-1 levels can prolong tumor latency and reduce tu-
mor size [111]. However, studies silencing IGF-1R signaling, such as in the βIRKO 
mice (Tissue-Specific Insulin Receptor Gene Deletion), have not shown the predict-
ed beneficial effects on tumor growth. A study combined dietary fat reduction with 
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an IGF-1R blocking antibody to examine the effects on prostate cancer progression 
in a mouse model [114]. Although, previous in vitro studies found that blocking the 
IGF-1R inhibited cell growth and induced apoptosis, neither the dietary fat reduc-
tion nor the IGF-1R blocking therapy separately, or in combination affected the 
tumor weight or volume [114].

Various clinical trials tried to utilize specific anti-IGF-1R antibodies and have 
been relatively unsuccessful in reducing cancer growth [115–117]. Phase II studies 
on patients with squamous cell carcinoma of the head and neck (SCCHN) found 
that there was no clinically significant benefit of the anti-IGF-1R antibody [116]. 
The trial demonstrated that the anti-IGF-1R antibody was unable to significantly in-
hibit the PI3K/Akt and MAPK signaling pathways in patients with SCCHN [116]. A 
clinical trial in patients with advanced non-small cell lung cancer (NSCLC) and in 
patients with metastatic refractory colorectal cancer (CRC) also demonstrated little 
benefit [115,117]. It is believed that only a specific subset of cancers are responsive 
to IGF-1R targeted therapy and that other receptors and signaling pathways such as 
the insulin receptor signaling pathway may be compensating for the inhibition of 
IGF-1R signaling. A review by D. Yee examined current IGF-1R inhibitors in can-
cer therapy [118]. Inhibition of only the IGF-1R promotes the elevation of serum 
growth hormone and IGF-1, which then allows for serum insulin levels to increase. 
Patients with insulin resistance or hyperinsulinemia had increased toxicity associ-
ated with IGF-1R inhibitors. This is most likely due to the inability of IGF-1R 
inhibitors to block IR, thus leading to enhanced IR signaling. Thus, it is important 
to keep in mind possible compensation between the IR and the IGF-1R when devel-
oping pharmacological therapies.

Conclusions

Mouse studies have led to important discoveries regarding the effects of insulin and 
IGF-1 on cancer in the setting of T2D and obesity. Numerous epidemiological stud-
ies have connected T2D, the metabolic syndrome, and obesity with increased risk 
and mortality in many different cancers. As discussed in this chapter, there are vari-
ous mouse models that can be appropriately used to study the mechanisms that may 
contribute to the progression of cancer in insulin resistant, diabetic, or obese indi-
viduals. It is believed that normal cells obtain oncogenic mutations that transform 
these cells into cancer cells. The growth of these mutated cells is then propagated 
in the setting of T2D and obesity. It is vital to understand the mechanisms involved 
in the link between T2D, obesity, and cancer. The mouse models highlighted in this 
chapter illustrate the importance of IR and IGF-1R signaling in the progression of 
cancer and metastases. Current studies focus on uncovering these mechanisms fur-
ther in order to allow for therapeutic targeting.
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Abstract Energy balance quantifies the amount of energy available to an organ-
ism, i.e., its energy exposure over any timeframe of interest. This chapter examines 
how energy availability impacts the carcinogenic response in a well-defined animal 
model for breast cancer with demonstrated relevance to the human disease. When 
animals are in positive energy balance, there is a direct association between the 
carcinogenic response and energy availability across a broad range of energy inputs. 
Both host systemic and cell autonomous processes are implicated in accounting for 
these effects. At the cellular level, the interplay between cell proliferation and apop-
tosis appears to dictate the rate of tumor mass accumulation with the integration of 
internal and external inputs regarding energy availability via the signaling network 
of which the mammalian target of rapamycin is a component. Gaps in the existing 
knowledge and research opportunities are identified, and new paradigms are pre-
sented with the goal of stimulating debate and discussion that will advance the field.

Keywords Energy availability · Energy balance · Mammary carcinogenesis

Introduction

Interest in the impact of energy balance on the development of cancer has expanded 
across cancer sites over several decades [1, 2]. Of the cancer sites investigated using 
preclinical models, an extensive amount of work has been done in experimentally 
induced breast cancer in the rat, particularly with regard to elucidating mechanisms. 
For that reason, this chapter will focus on the effects of energy balance on rat mam-
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mary carcinogenesis. Many investigators have conducted experiments on this topic 
over a period spanning at least four decades and Thompson’s laboratory has been 
engaged in this field throughout that timeframe. The goal of this effort is not to 
simply summarize what has been reported. That has been done on a number of 
occasions [3–7]. Rather, the primary purpose of writing this chapter is to highlight 
knowledge gaps and unresolved questions and to identify areas of opportunity in 
order to provide a framework for advancing the field. As much of what is presented 
is the author’s synthesis of developments in the field over an extended period of 
time and is not chronologically based, the first person, plural voice (we) is used to 
distinguish the viewpoints of the author while acknowledging that many people in 
his laboratory have contributed to the work on which those viewpoints are based.

Energy Balance Defined

Traditionally, energy balance is defined as the difference between energy intake and 
energy expenditure of an organism. Acutely, energy balance is usually computed 
for a period of 24 h [1]. From a chronic perspective, the timeframe can range from 
weeks to years and arguably is directed to the accumulation, loss, or maintenance 
of body weight relative to height, generally quantified as body mass index (body 
weight (kg)/height in meter2) and to changes in body fat mass with particular in-
terest in whether those changes occur in peripheral or central storage depots and/
or ectopically, in tissues where fat is not supposed to accumulate, e.g., the liver 
(nonalcoholic fatty liver disease) [8–10]. Thus, energy balance establishes whether 
an individual is in positive or negative balance or in energy equilibrium over the 
reference timeframe of interest.

A Brief Summary of What Has Been Learned from the Rat 
About the Effects of Energy Balance on the Carcinogenic 
Response per se

Most studies of the effects of energy balance on experimental mammary carcino-
genesis in the rat have been conducted using chemically induced models for this 
disease process. The most commonly used chemicals for initiation of the carcino-
genic process in the mammary gland are either 7,12-dimethyl benz[α]anthracene 
or 1-methyl-1-nitrosourea (MNU) [11–13]. What is typically forgotten, given the 
current research focuses on genetically modified mouse models of mammary car-
cinogenesis, is that in both rat models between 70 and 80 % of the carcinomas that 
occur in ovary-intact animals are sex steroid hormone dependent and the remaining 
carcinomas are sex steroid hormone independent [14, 15]. When the ovaries are re-
moved, greater than 80 % of the induced carcinomas are sex steroid hormone inde-
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pendent [11, 14]. Mammary carcinomas that are sex steroid hormone independent 
are illustrative of poor prognosis molecular subtypes of breast cancer and Thomp-
son’s laboratory has recently determined that within these poor prognosis carci-
nomas approximately 50 % have focal overexpression of Her2/Neu (Unpublished 
observation, HJT). Thus, there is a strong basis for using these models to study how 
energy balance affects the natural pathogenic history of a spectrum of molecular 
subtypes of breast cancer that occur in women. However, little work has been done 
to exploit this opportunity.

The definition of energy balance provided above indicates that three states of 
balance can exist: weight gain, weight loss, and weight maintenance. Since rodents 
given sufficient dietary energy experience skeletal growth, albeit slowly, through-
out their lives, weight maintenance, as it is understood in humans, is not studied 
in rodent models. Rather, the majority of work has focused on differential rates of 
weight gain and interpretation of those studies has been complicated both by differ-
ences among laboratories in technical approaches to controlled feeding and diet for-
mulation, and by misunderstanding of what the research paradigms that have been 
used actually model [16]. A number of these issues have been previously discussed 
[3–5, 7, 17], but those that we consider to be pivotal are restated below.

Dietary Energy Restriction

The majority of work on energy balance in rat models of mammary carcinogen-
esis has focused on the effects of dietary energy restriction, which has often been 
referred to as caloric restriction or dietary restriction. However, these terms are not 
synonymous nor are the technical approaches used to implement them standardized. 
Major differences among studies include: (1) whether nutrient density per kcal of 
dietary energy is adjusted in diet formulations so that the only difference among 
treatment groups is the amount of energy ingested versus global restriction of all 
nutrients including energy (this distinguishes between studies of dietary energy re-
striction or caloric restriction versus those termed dietary restriction); (2) whether 
food is provided once a day or in multiple meals during a day (this highlights a 
critical metabolic distinction between effects of daily fasting-refeeding versus dis-
tributed meals); (3) whether the level of energy restriction is computed based on the 
intake of a control group fed ad libitum using some type of paired feeding algorithm 
or based on the weight of the animal being restricted (this affects the actual magni-
tude of restriction and its constancy throughout an experiment). It should be noted 
that in rat experiments, most work is done in the absence of any weight loss rela-
tive to fully fed controls [16]. Rather, what differs among groups given restricted 
amounts of dietary energy is their rate of growth. Thus, it is important to underscore 
that studies of dietary energy restriction in the rat are studies of the effects of posi-
tive energy balance on the carcinogenic response, i.e., the effects of different planes 
of energy nutrition.
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Despite technical differences among laboratories in implementation, dietary en-
ergy has consistently been reported to inhibit one or more aspects of the carcinogen-
ic process depending on the magnitude of the restriction imposed and the timeframe 
and frequency of dietary energy restriction relative to the stage of carcinogenesis 
during which restriction occurred. Specifically, and as illustrated in [18], dietary en-
ergy restriction during the post-initiation phase of mammary carcinogenesis results 
in energy dose-dependent reductions in cancer incidence, cancer multiplicity (num-
ber of carcinomas per rat), tumor burden (cancer mass per rat), and prolongation of 
cancer latency. The greatest degree of protection in the rat is afforded when dietary 
energy restriction is imposed chronically during the initiation and post-initiation 
stages of the disease process [19, 20].

Excessive Weight Gain

The number of studies of the effects of energy balance conducted in rat models of 
obesity is small. Nonetheless, there are already issues of terminology and technique 
that could affect data interpretation and its translation to human populations and 
thus hamper developments in the field.

With regard to terminology, we cite the work of Pariza et al. [21–24] for two 
reasons. It provides an excellent transition from the discussion of dietary energy 
restriction to excessive weight gain, and it emphasizes the importance of perspec-
tive in terms of what excessive weight gain can mean. A compelling case was made 
by that team of investigators that ad libitum-fed rats given either chow diet or rec-
ommended purified formulations, such as AIN76-A, are overweight and that ani-
mals fed restricted amounts of the same diet are actually an appropriate weight for 
their length and should serve as the referent control population. Data from those 
investigators and others clearly show that ad libitum-fed rats have more body mass 
and greater body fat stores than restricted fed rats, but we do not judge that this 
paradigm qualifies for a study of obesity. Rather, it sets the stage for considering 
positive energy balance as an energy continuum (underweight, normal weight, and 
excessive weight for length). Thus, Pariza et al.’s work recasts the studies of dietary 
energy restriction in this light.

From the perspective of energy continuum and the view that ad libitum-fed rats 
are overweight relative to dietary energy restricted “controls,” the logical progres-
sion is to ask whether some populations of ad libitum-fed rats eat more than others. 
The answer in the rat, as it is in mice and humans, is yes. The experiments reported 
can be grouped into three categories: genetic models, dietary-induced models, and 
artificially selected models. Since we are focusing on chemically induced mam-
mary carcinogenesis in the rat, in all cases it should be recognized that risk for 
cancer (carcinogen injection) is set at an early point in life and that the development 
of cancer and the accumulation of excess body weight are occurring concurrently. 
Thus, effects may be different than in experiments initiated after the “state of obe-
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sity” has been attained. We judge that this point is easily lost in a reading of the 
published literature.

Genetic Models

The effect of excessive weight gain on chemically induced mammary carcinogen-
esis has been studied in two models. In the Zucker rat model (fa/fa) in which leptin 
signaling is defective and in the LA/Ncp rat model of a recessive corpulence gene 
(cp/cp), the carcinogenic response was enhanced in the animals that developed an 
obese phenotype in comparison to their genetically lean counterparts [25–27]. In 
both models, it was also concluded that the enhanced carcinogenic response was not 
due to body fat per se. Since leptin has been implicated as playing a role in mam-
mary carcinogenesis [28, 29], the interpretation of experiments using the Zucker 
rat may be confounded by alterations in leptin metabolism. The mechanism that 
accounts for excessive weight gain in the LA/Ncp model appears to be distinct from 
the Zucker model and thus points to the need to consider factors other than body 
fat accumulation per se in understanding how positive energy balance affects the 
carcinogenic process.

Dietary-Induced Obesity Models (DIO)

Some strains of rat have been reported to be obesity prone, meaning that they over-
eat relative to caloric needs when given a high fat diet to consume [30–32]. This 
situation is consistent with what is observed in mice where some mouse strains 
are considered sensitive (e.g., C57 B6) whereas others are resistant (e.g., AJ mice) 
to excessive weight gain when fed a high fat diet [33, 34]. However, what can be 
problematic about these models, an issue particularly prevalent in mouse models, is 
that some investigators use the same animal strain that is sensitive to diet-induced 
obesity and feed a low-fat diet (frequently an undefined chow diet) versus a high-
fat-purified diet to study effects of excessive weight gain on the carcinogenic pro-
cess not fully recognizing that the differences in dietary composition potentially 
confound the interpretation of results about the effects of excessive weight gain on 
the disease process.

In the rat, the animals in a DIO paradigm are generally referred to as either 
obesity prone or obesity resistant. In these models, the level of body fat accumula-
tion does not reach that observed in genetically obese models, but is higher than 
observed in rat strains that are fed ad libitum and considered obesity resistant. While 
limited in number [35, 36], the studies reported have shown the carcinogenic re-
sponse to be greater in obesity prone versus obesity resistant rats.
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Artificially Selected

A different approach was used by B. E. Levin in order to develop a model of dietary-
induced obesity. While Sprague Dawley rats are generally regarded as DIO resis-
tant, there is a normal Gaussian distribution in any population of outbred Sprague 
Dawley rats, male and female, in terms of feed efficiency ratio when the same diet 
formulation is fed. Levin took advantage of this fact to artificially select two popu-
lations of Sprague Dawley rats that are resistant or sensitive to dietary-induced obe-
sity when rats consume a purified diet containing 32 % of the dietary calories from 
fat. The artificial selection, over 20 generations, was done in a manner such that 
both lines are considered outbred, and they are commercially available from either 
Taconic Farms or Charles River. This model has been extensively characterized by 
Levin’s group [37–39]. DIO-sensitive (DS) rats rapidly gain excess weight and have 
expanded peripheral and visceral fat depots by 3 months of age [38], display hyper-
lipidemia (total cholesterol and triglycerides) by 2 months, hyperleptinemia by 3 
months, and pronounced fat infiltration of the liver by 6 months of age [38]. DS rats 
display prediabetic measures of glucose homeostasis including hyperinsulinemia 
by 2 months, insulin resistance by 3 months, worsened oral glucose tolerance by 2 
months, and eventual reduced pancreatic insulin secretion by 9 months of age [38].

We took advantage of the existence of these rat strains and have shown profound 
enhancement of all aspects of the carcinogenic process in the mammary gland [40]. 
Relative to the dietary resistant strain, the dietary sensitive DS rats had higher in-
cidence (26 % increase), multiplicity (2.5-fold increase), and burden (5.4-fold in-
crease) of mammary carcinomas with a concomitant reduction in cancer latency 
(16 % earlier detection) compared to DIO-resistant (DR) rats ( P < .001 for all analy-
ses). In an as yet unpublished experiment, increases in the carcinogenic response 
were also observed in ovariectomized rats and the carcinomas induced were found 
to be predominantly poor prognosis molecular subtypes. The specific mechanisms 
that account for these effects are under investigation.

Weight Loss

A significant gap in our understanding of energy balance and breast cancer is the 
virtual absence of studies of the effects of weight loss when imposed on rats that 
are obese and at high risk of developing cancer. This is important since in other 
fields, it has been suggested that obesity creates a state of metabolic memory [41, 
42]; whether weight loss results in complete reversion of phenotypes associated 
with excess accumulation of body fat, e.g., its effect on mammary carcinogenesis, 
is unknown.
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The Clock Paradigm

As noted above, in the rat, the effects of energy balance on mammary carcinogen-
esis have been primarily studied in chemically induced models. Carcinogen needs 
to be administered only once, for example, using MNU, at a dose that induces no 
mortality. The use of a clock paradigm is adopted here to focus attention on ques-
tions not generally considered in energetics and cancer. For a moment, consider that 
the effect of injecting MNU is like placing a specific number of clocks (transformed 
cells with the potential to develop into cancers) that are not yet running in the mam-
mary glands of a population of rats and this confers increased risk for cancer. Many 
of these clocks will remain in the tissue in a silent (dormant) state. However, other 
clocks will begin to tick at some point and the rate at which each clock runs ulti-
mately determines whether cancer is observed in the specified period of time. In 
order not to overwork this analogy, it is used to ask two questions: does the state of 
energy balance of an organism affect when the clocks start ticking in a population 
of carcinogen injected rats, and once they start ticking, do the clocks run at the same 
apparent rate? These questions are asked in the context of dietary energy restriction.

As shown in Fig. 9.1, it is clear that limiting dietary energy results in fewer 
clocks that start to tick at every time point at which rats are monitored for detectable 
tumors by palpation. This analysis reveals a gap of knowledge that is in part techni-
cal (ability to detect single transformed cells in a tissue and follow their behavior), 
and in part theoretical (what causes transformed cells’ clocks to start ticking and 
how does limiting energy suppress this process). To our knowledge, this question 

Fig 9.1  Panel A: In the rat model, animals are palpated for detectable mammary tumors weekly; 
tumors can be detected when they are the size of a pin head. At necropsy, tumors are removed and 
histopathologically classified. Thus, it is possible to determine when new clocks (when a tumor is 
initially detected) are activated (turned-on) throughout an experiment. This graph shows the num-
ber of new tumors being detected at each week of palpation. What is concluded from this analysis 
is that fewer clocks turn on in energy restricted rats ( DER) versus ad libitum-fed control animals 
at every time point that rats were palpated. Panel B: In the same rats reported in Panel A, we show 
the tumor mass of each tumor measured at the end of the study based on when the tumor was first 
detected. As expected, the greater the length of time from detection to end of study, the larger the 
tumor mass. At every point the tumor mass of DER rats was smaller than the mass observed in 
control rats
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has never been addressed but has potentially important translational implications in 
human populations with defined cancer risk, since the ultimate goal is to stop their 
“clocks” from ever undergoing activation.

The second question about the rate at which the ticking clocks run is more ame-
nable to investigation. In Fig. 9.1, Panel B shows that the apparent rate at which 
the clocks run is slower in restricted than ad libiutum fed rats. Interestingly, in the 
obesity model that we have published [40], the clocks in the obese rats actually run 
at a faster rate than in the control group (data not shown; publication under review, 
HJT). The cellular mechanisms at play in the apparent rate at which the clocks run 
are discussed in subsequent sections.

The Ticking Clock

This section considers available evidence as to why tumors grow at a slower rate 
over the same period of time in proportion to energy restriction. To do this we ask: 
(1) what cellular process(es) is likely to underlie the effect on tumor mass, e.g., 
cell proliferation and/or apoptotic cell death rates, (2) what cellular machinery is 
required for the effects on cell proliferation and/or death to be exerted, (3) what 
signaling pathway(s) and/or network(s) regulate the altered components of cellular 
machinery, and (4) how are that signaling pathway(s)/ network(s) regulated by ex-
tracellular and intracellular mediators and their respective cell surface receptors and 
intracellular detection sensors?

Cellular Processes

From the clock paradigm presented above, it is clear that the clocks run at differ-
ent rates depending on the amount of energy made available to the organism and 
that the apparent rate is positively associated to the magnitude of energy available, 
at least at the organismal level. What this means is that tumor mass over a defined 
period of observation is greater with increasing energy availability. While the ex-
planation that might immediately come to mind is that energy availability drives 
tumor cell proliferation, that view is tempered by the hallmarks of cancer [43, 44], 
in particular by the hallmark that relates to resistance to apoptosis. As summarized 
extensively in Steel’s classic work on tumor growth kinetics [45–47], and as applied 
to the prevention context by us [48], the accumulation of tumor cell mass is the net 
result of the following factors: the growth fraction of the cells within the tumor, the 
rate of their transit through the cell cycle, and the rate of cell loss, with necrosis, 
apoptosis, and autophagy being important potential contributors to cell loss. We 
judge that the effects of energy availability on this entire macro process have not 
been cohesively investigated and may never be for a number of reasons. They in-
clude: (1) limitations in methodology particularly in the face of tumor heterogeneity 
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which changes over time, and (2) the perception that while an information gap ex-
ists, it does not constitute a hurdle to progress. The counter argument is that without 
an understanding of dominant cellular process(es) affected by energy availability 
and the context within which it (they) operates, the opportunity to exploit the targets 
of energy availability for cancer prevention and control is being limited.

Our laboratory has made progress on how tumor mass accumulates when en-
ergy availability is limited, but not in the comprehensive manner described above. 
What has been determined is that BRDU incorporation (rate of DNA synthesis) is 
reduced in a manner inversely proportional to energy availability [49]. In addition, 
the rate of apoptosis is increased dependent on the dose in mammary carcinomas 
from energy-restricted animals [49]. To our knowledge, effects on amounts of ne-
crosis or autophagy in response to energy availability have never been quantified. 
Simply based on the observation that the process of cell loss is quantitatively more 
powerful than cell proliferation within any 24 h period of time (theoretically by a 
factor of 8), we have judged that effects of energy availability on cell loss are likely 
to be the dominating factor determining the rate at which tumor mass accumulates 
in response to different levels of energy availability.

The Cellular Machinery Underlying Accumulation of Cell Mass

The regulation of cell cycle machinery is complex and the effects of energy avail-
ability have been incompletely investigated. Areas of neglect include the regulation 
of entry and exit from the cell cycle, which may relate to how energy availability 
affects clocks being turned on in the clock paradigm (Question 1), and the regu-
lation of G2/M. Where most work has been directed is on the factors regulating 
the G1/S transition since that appears to be a target of energy availability. Limit-
ing energy availability has been reported to block cell-cycle progression at G1/S. 
Observed effects include significant reduction in levels of phosphorylated Rb and 
E2F-1; reductions in CDK2 (82 %) and CDK4 (77 %) kinase activity were likely to 
account in part for the observed effects of limiting energy availability on Rb and 
E2F-1; both Cip1/p21 and Kip1/p27 and levels of these proteins complexed with 
CDK2 were significantly elevated in when dietary energy was limited; and levels of 
cyclin E were reduced. The observed decrease in CDK4 kinase activity was likely 
attributable to effects on cyclin D1 as well as the increased binding of P16 and P19 
to CDK4 [50, 51].

With regard to apoptosis, limiting energy availability has been reported to induce 
a proapoptotic state via the coordinated regulation of pro- and anti-apoptotic fac-
tors involved in the mitochondrial pathway of caspase activation [49, 52]. Specifi-
cally, in addition to the dose-dependent effects observed on the rate of apoptosis 
determined morphologically, cleaved products of poly(ADP-ribose) polymerase 1 
were elevated by limiting energy availability, providing biochemical evidence of 
apoptosis induction. cDNA microarray analysis identified the Bcl-2, CARD, and 
IAP functional gene groupings as being involved in apoptosis induction. Consistent 
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with the microarray data, the activities of caspases 9 and 3 were observed to be two-
fold higher in carcinomas from energy-restricted rats, whereas, caspase 8 activity 
was similar in carcinomas from ad libitum-fed and energy-restricted animals. Col-
lectively, this evidence indicated that energy restriction induced apoptosis mediated 
by the mitochondrial pathway. This conclusion was further supported by the finding 
that levels of Bcl-2, Bcl-xl, and XIAP protein were significantly lower, and levels 
of Bax and Apaf-1 were elevated in carcinomas from energy-restricted versus ad 
libitum-fed rats. Nonetheless, effects on the extrinsic pathway of apoptosis induc-
tion have not been intensively investigated and should not be dismissed as being 
completely uninvolved until studied in other animal models and disease contexts.

Implicated Signaling Pathways and Their Regulation

There are undoubtedly multiple signaling pathways that are regulated by energy 
availability. We provide evidence for one network and its regulation, which we re-
fer to as the mTOR network hypothesis: limiting energy availability inhibits tumor 
growth by suppressing the activation of the mTOR signaling network in mammary 
carcinomas. Suppression is mediated through effects of energy availability on con-
centrations of the circulating growth factors and hormones and of the substrates 
used in intermediary metabolism to synthesize high-energy phosphates and reduc-
ing equivalents. As a consequence, the drive for cell proliferation is reduced [50, 
51], a proapoptotic environment is maintained [49, 52], and the stimulus for new 
blood vessel formation is suppressed in mammary carcinomas [53]. The translation-
al relevance of this hypothesis is that one or more elements of the mTOR network 
are deregulated in the majority of human breast cancers [54]. Various components 
of this network are discussed in subsequent sections.

1. The mammalian target of rapamycin (mTOR) is an intracellular protein that plays 
a key role in integrating information received from the extracellular environ-
ment via the binding of growth factors and hormones with their cognate receptor 
tyrosine kinases (e.g., IGF-1: IGF1-R) with signals from metabolic checkpoints 
within the cell in a manner that affects cell growth, cell division, and cell survival 
(or death) [55]. mTOR is an evolutionarily conserved serine–threonine kinase 
that is a key regulator of protein translation and synthesis. mTOR is centrally 
involved in cell growth, i.e., increase in cell size and cell mass, and these pro-
cesses are tightly coupled to cell division (reviewed in [56]). The regulation of 
mTOR is multifaceted, and still being investigated. It has two biochemically 
and functionally distinct complexes: mTOR complex 1 (TORC1) and mTOR 
complex 2 (TORC2) [57]. TORC1 is comprised of mTOR, regulatory-associated 
protein of mTOR (Raptor) and G protein beta subunit-like (Gβ1/also known as 
mLST8) and its activity is nutrient/energy sensitive, whereas TORC2 is com-
prised of mTOR, rapamycin-insensitive companion of mTOR (Rictor), stress-
activated protein-kinase-interacting protein 1 (SIN1) and Gβ1) and plays a role 
in regulating the signaling pathway of which Akt is a component. A primary 
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locus for control of mTOR is via the tuberous sclerosis protein complex (TSC), 
specifically TSC2, which is phosphorylated on different sites by either activated 
AMPK (Thr1227 and Ser1345 residues that correspond to Thr1271 and Ser1387 
respectively in human TSC2) or activated Akt (Thr1462 and Ser939 residues). 
A second locus for control of mTOR via AMPK and Akt is via the phosphor-
ylation of TORC1 complex components raptor and PRAD, respectively [55]. 
mTOR mediates its effects on downstream targets via site specific phosphoryla-
tion. Relative to its effects on cell growth and cell division, two principal targets 
of mTOR are 70-kDa ribosomal protein S6 kinase (p70S6K) and 4E binding 
protein 1 (4E-BP1). Activated mTOR phosphorylates p70S6K and this leads to 
increased ribosomal biogenesis [58, 59]. 4E-BP1 is a repressor of translation 
initiation [60–62]. Activated mTOR phosphorylates 4E-BP1 which inactivates 
the protein. When it is hypophosphorylated, 4E-BP1 binds to and inhibits the 
rate-limiting translation initiation factor eIF4E (eukaryotic translation initiation 
factor 4E). Upon phosphorylation, eIF4E is released from 4E-BP1, allowing 
eIF4E to assemble with other translation initiation factors to initiate cap-depen-
dent translation [61]. We have reported that limiting energy availability alters 
multiple regulatory nodes of this network in a manner consistent with reduced 
mTOR activity [63, 64] decreases the levels of both phosphorylated S6K and 
4E-BP1.

2. AMP-activated protein kinase (AMPK) serves as a metabolic checkpoint, down 
regulating cell growth and cell division in the absence of an adequate supply 
of biosynthetic and energy substrates [55]. In this respect, AMPK has been lik-
ened in its function to p53 that serves as a guardian of genome integrity. AMPK 
has been shown to be an exquisitely sensitive detector of small changes in the 
intracellular ratio of AMP to ATP, and some investigators have even proposed 
that AMPK plays a central role in homeostatic regulation of whole body energy 
metabolism [65]. We have reported that limiting energy availability results in 
AMPK activation [66]. This suggests that energy availability is either altering 
substrate availability (the fuel mixture presented to tissues throughout the body) 
or that activation is being induced via a mechanism independent of the AMP to 
ATP ratio. In this regard, it is becoming clear that additional factors control the 
activation of AMPK, including various cytokines such as adiponectin [67].

3. Protein kinase B (Akt): Limiting energy availability has been reported to decrease 
circulating levels of IGF-1 [68], an observation confirmed in our work under 
some conditions of energy availability [66, 69–71] Lower levels of IGF-1 would 
be expected to down-regulate signaling via the pathway of which IGF-1 receptor, 
phosphoinositide kinase-3 (PI3K), and Akt are components. Of these proteins, 
activated Akt, a serine/threonine kinase, is the critical affecter molecule. Akt 
is activated by its phosphorylation on Ser473. Phospho-Akt serves important 
roles in cell proliferation, cell survival and new blood vessel formation that are 
associated with tumor development [72]. While it is clear that reduced levels of 
activated Akt are likely to affect proliferation, apoptosis and angiogenesis by 
mechanisms independent of mTOR (reviewed in [73]), the finding that limit-
ing energy availability induced both AMPK activation and down regulation of 
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growth factor signaling via Akt, points to mTOR as a downstream target mediat-
ing the effects of energy availability.

4. Insulin like growth factor-1 (IGF-1): The insulin-like growth factor (IGF) signal-
ing system plays a critical role in the growth and development of many tissues 
and regulates overall growth ([74] and references therein). The IGF system has 
also been implicated in various pathophysiological conditions, and is thought 
to play a particularly prominent role in tumorigenesis. The IGF system is com-
prised of the IGF ligands (IGF-I and IGF-II), cell-surface receptors that mediate 
the biological effects of the IGFs, including the IGF-I receptor (IGF-IR), the 
IGF-II receptor (IGF-IIR), and the insulin receptor (IR), as well as a family of 
IGF-binding proteins (IGFBPs). IGFBPs affect the half-lives and bioavailability 
of the IGFs in the circulation, in extracellular fluids, and may exert IGF-inde-
pendent effects under certain conditions. Most, if not all, of the effects of IGF-I 
result from its activation of the IGF-IR and lead to activation of the mitogen-
activated protein kinase (MAP kinase) and PI3 kinase cascades. The ultimate 
targets of the MAP kinase and PI3 kinase cascades include members of mTOR 
network and forkhead transcription factor families. Regulation of transcription 
factors provides a mechanism by which IGF action at the cell surface can elicit 
changes in gene expression that eventually mediate the proliferative, differen-
tiating, and apoptotic effects of IGF-1. In 1998, Hawkinson et al. reported that 
pre-menopausal, but not post-menopausal women in the highest tertile of serum 
IGF-I levels had a significantly increased risk of developing breast cancer [75]. 
We have found that the level of plasma IGF-1 was reduced by limiting energy 
availability [69]. However, we also have reported that infusion of IGF-1 does 
not fully reverse the effects of limiting energy availability on the carcinogenic 
process [68].

The Broader Framework: Toward an Integrated View

Given that energy availability has the capacity, at least theoretically, to: (1) affect all 
tissues in the body, (2) three of the tissues known to be affected by energy availabil-
ity, liver, muscle, and adipose, are among the largest of the endocrine tissues, and 
(3) the mammary gland is highly vascularized, it is expected that energy availability 
impacts the environmental exposures to which mammary epithelial cells are sub-
jected. Current evidence indicates that this includes the plasma metabolome, e.g., 
monosaccharides such as glucose, fatty acids, and amino acids, and intermediates in 
core metabolism that have been reported to influence cell behavior [76–79]. At the 
level of the secretome, a rich body of literature indicates that biomarkers (growth 
factors, cytokines, and hormone) associated with a number of metabolic processes, 
(glucose homeostasis, chronic inflammation and potentially its relationship to the 
gut microbiome, cellular oxidation, adipokine metabolism, and sex steroid metabo-
lism) are affected by energy availability and many of these processes are also linked 
to the development of breast cancer [5, 7, 80, 81]. As noted above, only a limited 
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amount of work has been done in the rat on the effects of excessive weight gain 
and there is a void of knowledge about the effects of weight loss. Hypothesized 
interrelationships among candidate mediator processes that require investigation 
are diagrammed in Fig. 9.2.

Deeper Reflections

We would like to address, what for us has been a nagging concern and that for oth-
ers has been more or less a foregone conclusion, the effects of energy balance on 
breast cancer mediated by direct effects in mammary epithelial cells (our nagging 

Fig. 9.2  Many mechanisms are likely to be involved in determining how the amount of energy 
available to a rat (or human) impacts not only the occurrence of breast cancer but also prognosis 
for long term survival following treatment for breast cancer. Survival prognosis is affected not only 
by recurrence and metastasis but also the common comorbidities of breast cancer survivors pri-
mary amongst which are cardiovascular disease and type-2 diabetes. Both Systemic and Intracel-
lular processes likely to be impacted by dietary energy availability are shown. Systemic processes 
include chronic inflammation, glucose homeostasis which involves insulin resistance, peripheral 
aromatization, and cellular oxidation. Within the cell, the availability of energy substrates and 
systemic factors ultimately determine the behavior of transformed clones of cells relative to cell 
proliferation, cell death (apoptosis, autophagy, and necrosis), and angiogenesis. One of candidate 
integrators of extracellular and intracellular information that signals to the proliferative, death and 
vascularization machinery within the cell is the mammalian target of rapamycin (mTOR)
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concern), or the observed effects mediated via secreted factors from other tissues 
that circulate to the breast (the foregone conclusion). There is no intention to draw 
conclusions in this section, but rather to offer points for reflection.

Energy Availability

The use of the traditional definition of energy balance presented above has served 
to focus the attention of the majority of research initiatives in energy balance and 
cancer on the effect(s) of body fat on the carcinogenic process. This is certainly ap-
propriate. However, a number of studies, including those reviewed above [25–27] 
and others in this book [82, 83], indicate that fat per se is not the only determinant 
of the carcinogenic response. A focus on body fat also distracts attention from what 
is meant by the word “energy” in the phase “energy balance”. If we adopt the term 
energy availability in order to operationalize the meaning of different states of en-
ergy balance at the cellular and molecular level, it allows us to conceptualize energy 
availability as an exposure and to consider whether it is possible to model human 
exposure using physiologically based pharmacokinetic and pharmacodynamics 
(PB-PK/PB) algorithms. The lack of PB-PK/PD approach applied to energetics and 
cancer is most likely because energy availability is generally not considered in the 
context of being an exposure, and that the hormone, growth factors, and small mole-
cules affected by energy availability have not been regarded as chemical surrogates 
for energy exposure. A PB-PK/PD approach, if applied to Fig. 9.2, might identify 
energy availability drivers versus bystanders.

Energy Homeostasis

Perhaps because the number of disciplines engaged in research on energetics and 
cancer has become very broad and also because the role of changes in core elements 
of intermediary metabolism are being shown to play a central role in the carcino-
genic process [44], we judge that the understanding of the term energy, as in energy 
balance, and the understanding of energy homeostasis, as occurs within the cell 
throughout a 24 h time cycle, are exceptionally varied and that this limits progress 
in the field. While an effort to address a complex issue such as this is beyond the 
scope of this chapter, a number of observations and questions are provided in order 
to foster thinking and discussion.

One of the most traditional ways to assess the energy status of cells within a tissue 
is referred to as energy charge, the ratio of the concentrations of ATP:ADP:AMP:Pi. 
To illustrate the point made in the preceding paragraph, we ask this question: “How 
is the energy charge within a cell, e.g., in a clone of transformed epithelial cells 
in breast, affected when an individual’s 24-h energy balance is positive or nega-
tive?” Our experience has been that there is a widely held notion that the answer 
is, “there is no effect,” because the energy charge of cells, particularly the concen-
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tration of ATP, is held at a constant level. However, scientifically, it is recognized 
that measured energy charge is an average, and that variation exists among cells in 
their concentration of ATP at any snapshot in time. Emerging evidence indicates the 
existence of very wide temperature gradients within cells, suggesting that there are 
also likely to be parallel variations in high-energy phosphate concentrations across 
subcellular compartments [84].

Recognizing that homeostatic regulatory mechanisms are always operative with-
in cells in an effort to balance demand for and supply of high-energy phosphates 
and reducing equivalent and cells can remain viable over a considerable range in 
intracellular concentrations of these molecules, we question whether it would be 
beneficial to focus attention on how cells attempt to satisfy their needs for high-
energy phosphates, as well as reducing equivalents, within the constraints of their 
genetics and their environment and how this affects individual transformed cells 
and clonally expanding cell populations. To this end, we note that it has been shown 
that there is considerable heterogeneity among tumors in their glucose concentra-
tion [85, 86]. Moreover, a recent report indicates that proliferative activity of differ-
ent cell lines varies markedly in response to low glucose concentrations, an effect 
mediated in part by whether cells generate ATP primarily via aerobic glycolysis or 
oxidative phosphorylation [87]. These findings suggest that energy substrates, i.e., 
carbohydrates, amino acids, and fatty acids, whose availability to cells is defined by 
energy exposure, are the moment-to-moment drivers of cell behavior. This is con-
sistent with the highly conserved energy sensing systems that exist within cells and 
signal directly to pathways that regulated cell proliferation, apoptosis, and autopha-
gy [7]. Possibly, paracrine and endocrine factors serve the purpose of a second tier 
of regulation that not only optimizes cellular responses to environmental stressors, 
but also coordinate the behaviors of cells within tissues and across organ systems.

Energy Hormesis

As an extension of the discussion in the preceding section, which argues that there is 
an optimal level of energy availability for protection against breast cancer, we leave 
the rat model for a moment and return to the traditional definition of energy balance 
that has as an index of chronic energy balance, body mass index (BMI). In review-
ing studies that presented breast cancer mortality relative to BMI, with a BMI of 
22–23 being considered as the referent group, breast cancer deaths are higher at 
BMIs on either side of the referent value, e.g., [88]. This U or J-shaped response is 
identified with hormetic responses that are typical of how many organisms adapt to 
stress. We introduce this concept for three reasons: (1) if the disease endpoint shows 
a hormetic response to energy balance quantified as BMI, then evaluating the large 
number of biomarkers that energy availability has been reported to affect (Fig. 9.2) 
for hometic response profiles might help separate driver changes from those that are 
bystanders; (2) in the metabolic reprogramming literature, availability of energy is 
frequently viewed as a challenge or stressor to which the cell adapts and responds, 
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yet the concept that limiting energy availability (balance) is a healthy physiological 
stressor is rarely discussed; (3) the impact of stress on the development of breast 
cancer at all stages has been inadequately studied and represents a rich opportunity 
for new and translatable discoveries.

Energy Sensitive Cancers

It appears to us, in a simplistic view, that energy availability acts like a rheostat that 
regulates tissue size to either expand or contract, and this can function only when 
the circuitry that the rheostat controls remains subject to regulation [89]. This gives 
rise to two questions: (1) how do cells solve the problem of getting what they need 
to proliferate in the energy restricted state, and (2) what is that cell’s fate when the 
problem cannot be solved in a particular snapshot in time? We propose that relative 
to availability of energy substrates/reducing equivalents, the metabolic flexibility of 
the “target cell” defines whether it is energy sensitive or insensitive. Sensitive cells 
lack ability to make adaptive changes in core metabolism to accommodate their 
current replicative potential; whereas, insensitive cells are metabolically flexible 
and use alterative pathways to satisfy their requirements for proliferation. If correct, 
this provides a basis for intervention development through the lens of imposing 
constraints on metabolic flexibility in order to prevent or control the fate of trans-
formed cells.

Limitations

There is obvious danger in and limitations to using one animal model to understand 
any human disease process. Given the complexity of the heterogeneous group of 
diseases referred to as breast cancer, it is clear that many models are needed to 
maximize our understanding of the effects of energy availability on this disease 
process [15]. Nonetheless, the rat model has been incredibly valuable in developing 
concepts that have translated well to the clinic, particularly, the protective roles of 
ovariectomy and of pregnancy and the develop of selective estrogen receptor modu-
lators like tamoxifen and raloxifene [90].

This chapter identifies many unaddressed questions that the rat model can be 
used to answer expediently. While the availability of transgenic and knockout mod-
els in the mouse has facilitated rapid progress, similar approaches are becoming 
available in the rat. Moreover, given the many limitations of current, widely used 
mouse models for breast cancer, particularly with regard to organ specific expres-
sion/knockout of genes, the rat is likely to continue to play an important role in this 
field.
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Translational Implications

Understanding how energy availability regulates all aspects of the carcinogenic pro-
cess is likely to identify individuals most and least likely to benefit from interven-
tions that target energy sensitive processes linked to the development of cancer. Op-
portunities range from strategies to suppress clonal expansion of transformed cells 
to the clearing of tissues of premalignant pathologies to affect early cure, perhaps 
through lifestyle interventions in combination with acutely administered drugs. En-
ergy exposures are both unavoidable and modifiable, offering an opportunity to 
prevent and control cancer that is limited only by the imagination and creativity of 
those who engaged in this field of investigation.

Concluding Comments

Limiting energy availability to organisms such as the rat has been repeatedly shown 
to be one of the most powerful, physiological, nontoxic approaches to protect 
against the development of breast cancer. We are now on the verge of understanding 
how excessive energy intake in the same species drives the carcinogenic process. 
It is clear that multiple mechanisms are involved and that the intracellular demands 
for high-energy phosphates and reducing equivalents plays an important role in 
regulating cellular behavior. What is being learned has direct translational relevance 
across the lifespan and at all stages in the development and progression of breast 
cancer. Despite this, the gaps in knowledge are considerable and argue for the in-
tensification of efforts to unravel the complex mechanisms underlying protection so 
that simple and reliable guidance can be given to the public about reducing risks and 
improving survival benefits in the battle against cancer.
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Abstract There is epidemiologic evidence that obesity increases the risk of cancers. 
Several underlying mechanisms, including inflammation and insulin resistance, are 
proposed. However, the driving mechanisms in pancreatic cancer are poorly under-
stood. In this chapter, we discuss models and mechanisms of diet-induced obesity 
and pancreatic cancer development. The focus is on a state-of-the-art mouse model, 
the conditional KrasG12D mouse model. High-fat, high-calorie diet-fed animals 
showed early pancreatic neoplasia and important clinical features of human obesity, 
including weight gain and metabolic disturbances such as hyperinsulinemia, hyper-
glycemia, hyperleptinemia, and elevated levels of insulin-like growth factor (IGF-
1). Consequently, the signal transduction pathways initiated by insulin/IGF-induced 
in pancreatic cancer cells, including the PI3K/Akt/mTORC1, are discussed. The 
high-fat, high-calorie diet-fed conditional KrasG12D mouse model will provide the 
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basis for more robust studies attempting to unravel the mechanisms underlying the 
cancer-promoting properties of obesity, as well as to evaluate dietary- and chemo-
preventive strategies targeting obesity-associated pancreatic cancer development.

Keywords Obesity · Inflammation · Pancreatic intraepithelial neoplasia · Tumor 
promotion · Kras · Insulin · IGF-1 · mTORC1 · Signaling cross-talk

Obesity and Pancreatic Cancer

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal human diseases 
with overall 5-year survival rate of only about 5 % and a median survival period of 
4–6 months. The incidence of this disease in the USA has increased to 46,420 new 
cases in 2014 and is now the fourth leading cause of cancer mortality in both men 
and women [1]. Despite advances in understanding the molecular mechanisms of 
PDAC development, molecularly targeted therapy has not been translated into re-
duced mortality or improved survival in this deadly disease [2]. Indeed, total deaths 
due to PDAC are projected to increase dramatically to become the second leading 
cause of cancer-related deaths before 2030 [3]. Consequently, the focus of research, 
which was placed mostly on development of therapeutic compounds, has shifted 
gradually toward its prevention. Novel targets and agents for chemoprevention are 
urgently needed and will most likely arise from a more detailed understanding of 
the signaling mechanisms that stimulate the promotion and progression of sub-ma-
lignant (initiated) cells into pancreatic cancer cells and from the identification of 
modifiable risk factors for PDAC.

One of the known modifiable risk factors for pancreatic cancer is obesity [4], 
which is partially attributable to the consumption of a Western-style diet rich in fats 
and calories, and is associated with chronic inflammation and insulin resistance. 
As shown recently in a large pooled analysis from the National Cancer Institute 
(NCI) Pancreatic Cancer Cohort Consortium (PanScan), there is strong support for 
a positive association between obesity and pancreatic cancer risk [5]. Considering 
that almost 70 % of adults in the USA are either overweight or obese [6], studying 
the complex relationship between obesity and pancreatic cancer will help identify 
targets for preventive or therapeutic strategies for this deadly disease. In addition 
to the epidemiologic evidence, tumor-promoting effects of high-fat diets (HFDs) or 
positive energy balance have also been demonstrated in a number of animal models 
of pancreatic cancer. These studies are of importance to elucidate the biological 
mechanisms of obesity-induced pancreatic cancer promotion. In this review, we 
first present an overview of common animal models of pancreatic cancer followed 
by a discussion of murine models used specifically to study obesity-associated pan-
creatic cancer.
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Modeling Pancreatic Cancer In Vivo

Among various malignancies in the pancreas, infiltrating PDAC is the predomi-
nant histopathological form, which accounts for over 95 % of all pancreatic tumors. 
Analogous to many other epithelial cancers, PDAC is generally believed to origi-
nate from precursor lesions (pancreatic intra-epithelial neoplasias, PanINs) through 
a stepwise process with increasing degrees of morphologic atypia and accumulating 
genetic alterations [7]. Remarkably, oncogenic Kras mutation, found in early PanIN 
lesions and essentially all invasive pancreatic tumors, is thought to drive tumor 
initiation as well as to sustain tumor progression [8, 9]. Another hallmark of PDAC 
is the dense desmoplasia characterized by an extensive fibrosis and inflammatory 
reaction, which is thought to play an important role in tumor progression and che-
moresistance [10]. Our recent understanding of pancreatic cancer has enabled the 
refinement of animal models aiming at recapitulating many key aspects of the hu-
man disease. As summarized below, there are three major types of pancreatic cancer 
animal models that are being used in the research community.

Xenograft Mouse Models

Xenograft tumor models can be generated by implanting cultured human pancreatic 
cancer cells (e.g., MIA PaCa-2, BxPC-3, PANC1, AsPC-1, Capan-1, and Capan-2) 
or resected human tumor blocks, either subcutaneously (ectopic) or orthotopically 
(into the pancreas) [11, 12]. Despite being convenient, relatively inexpensive, and 
useful for testing tumorigenicity and drug responses, there are a number of major 
limitations of these models. For example, xenografts do not allow the detailed study 
of immunological and inflammatory tumor–host interactions, as immunocompro-
mised mice are generally used to avoid transplant rejection. Besides, transplanted 
models often fail to faithfully recapitulate certain important features of pancreatic 
cancer, such as extensive desmoplasia. Furthermore, early steps of tumorigenesis 
and disease progression naturally cannot be investigated using xenografts.

Carcinogen-Induced Models

Chemically induced models are among the first and widely used pancreatic can-
cer models, where carcinogens are administered to generate pancreatic lesions and 
adenocarcinoma in rodents. Examples include the use of azaserine in rats [13] and 
7,12-dimethylbenz(a)anthracene (DMBA) in rats or mice [14, 15]. In azaserine-
injected rats, the predominant histological type of pancreatic malignancy is acinar 
carcinoma rather than tumors with ductal features, which remains to be the most 
prevalent type of human pancreatic cancer [16]. In contrast, implantation of crys-
talline DMBA into the head of the pancreas results in the development of ductal 
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adenocarcinoma and metastases similar to that observed in human PDAC [14, 15]. 
Another well-known model of pancreatic carcinogenesis is the N-nitrosobis(2-oxo-
propyl)amine (BOP)-treated hamster model, which develops PDAC with histology 
and genetic lesions resembling that in human cases, including Kras-activating and 
p16INK4A-inactivating mutations [17–21]. These chemically induced models display 
an evolutionary spectrum of pancreatic carcinogenesis in a relatively short time 
period. However, the carcinogenic agents can also induce tumors or tissue dam-
ages in other organs, as they are often delivered systemically, e.g., intraperitoneally. 
These “off-target effects” may be limited by direct implantation of carcinogens into 
the pancreas, as exemplified by the aforementioned DMBA model [22], although 
dangers posed by carcinogen manipulation are still of concern. In addition, mice 
are generally more resistant to carcinogen-induced pancreatic cancer, which jointly 
with other drawbacks has precluded these models from extensive applications.

Genetically Engineered Mouse (GEM) Models

Over the past decade, as progress was made in technologies for mouse genomic 
manipulation and characterization of the genetic basis in pancreatic cancer, GEM 
models soon became the gold standard of modeling human PDAC, as they are able 
to overcome many of the limitations of other model systems. In 2001, an important 
breakthrough was the generation of the mouse harboring a latent LSL-KrasG12D al-
lele, in which the activating G12D point mutation was introduced to exon 1 of the 
mouse Kras gene, preceded by a loxP-STOP-loxP cassette that prohibits the ex-
pression of mutant Kras until removed by Cre recombination [23, 24]. This major 
advance allowed tissue-restricted expression of oncogenic mutant KrasG12D gene 
at its endogenous locus to maintain physiological expression levels (Fig. 10.1a). 
Since oncogenic Kras mutation is the most frequent and one of the earliest genetic 
alterations in human PDAC, the expression of KrasG12D was targeted to the pancreas 
with Cre recombinase, whose expression is driven by the Pdx-1 or Ptf1a-p48 (p48) 
promoters; both are transcriptional factors labeling multipotent progenitors in the 
embryonic pancreas [25, 26]. In the resulting mice, which are usually referred to 
as KC mice for “Kras/Cre,” essentially all pancreatic cells express mutant Kras 
beginning from embryological development. This conditional KrasG12D model reca-
pitulates the full spectrum of progressive development of precursor lesions (PanIN 
1-3) as seen in humans [25], and is currently the major GEM model in the field. 
Noteworthy is that, without additional genetic alterations or environmental stimuli, 
the development of invasive pancreatic cancer in this model usually occurs very late 
(> 12 months) and at low frequency (5–10 %) [25, 27, 28], making it a suitable mod-
el for studying early tumor promotion as well as for testing preventive strategies.

The KC mouse model, complemented with a variety of other genetic modifica-
tions, has been widely utilized to investigate the roles of selected genes in PDAC 
development, yielding several other useful models of advanced pancreatic cancer 
[29]. For example, invasive PDAC in the KC model is markedly accelerated by in-
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troducing additional mutations in tumor suppressor genes such as Tp53 (resulting in 
KPC mice) [28], p16INK4A and p19ARF (Ink4a/Arf locus) [26], and Smad4 [30] con-
sistent with genetic signatures frequently observed in human PDAC. Furthermore, 
by genetically manipulating the KC mice, numerous groups have begun to study the 
significance of stromal interactions and immune responses in the context of onco-
genic Kras-induced tumorigenesis. Overall, the conditional KrasG12D mouse model, 
with or without additional crosses into a variety of other genetic backgrounds, is 
regarded extremely valuable for studying the development of autochthonous pan-
creatic cancer.

The conditional expression of oncogenic Kras can also be targeted to different 
types of pancreatic cells by various promoter constructs (e.g., elastase promoter 
for mature acinar cells), which has provided new insights into the cell of origin for 
PDAC, although acinar-targeted expression of Kras tend to result in lesions with 
mixed acinar/ductal histotype [31, 32]. Further, expression of mutant Kras in adult 

Fig. 10.1  A GEM model of diet-promoted pancreatic neoplasm. a In a conditional KrasG12D 
model, pancreas-restricted expression of oncogenic KrasG12D mutant protein is dependent on the 
Pdx-1 promoter-driven Cre recombinase, which can excise the stop cassette inserted upstream of 
the genetically modified Kras coding exon 1. b Scheme of the experimental design for studying 
obesity-associated pancreatic cancer. After weaning, offspring of LSL-KRasG12D × Pdx-1-Cre inter-
crosses were randomly assigned to either AIN-76A-based control diet or a high-fat, high-calorie 
diet (HFCD). In addition, some HFCD-fed mutant mice were simultaneously given intraperitoneal 
( i.p.) injections of cerulein, a cholecystokinin analogue that stimulates pancreatic inflammation
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mice may be achieved by introducing inducible alleles of Cre recombinase such as 
CreERT activated by tamoxifen administration and tetO-Cre regulated by doxycy-
cline. Interestingly, in a mouse model where an oncogenic LSL-KrasG12V allele was 
activated in the adult pancreas (using the Elastase-tTA/tetO-Cre system), formation 
of PanINs or PDAC only occurred following cerulein-induced pancreatitis [27], 
underscoring the importance of injury and inflammatory response in PDAC devel-
opment.

Experimental Models of Obesity-Associated Pancreatic 
Cancer

There is great interest in elucidating the biological mechanisms by which diet-driv-
en obesity increases the risk of cancer development. Links between obesity, en-
ergy balance, and pancreatic cancer have been verified and investigated by utilizing 
some of the animal models mentioned above. For example, in mice with orthotopi-
cally implanted human MIA PaCa-2 cancer cells, a HFD was shown to increase tu-
mor burden, as well as change lipid metabolism and cell turnover of the tumor [33]. 
Because of the weakness described previously for xenograft tumors in general, this 
model is not optimal for the study of obesity and pancreatic cancer development.

Carcinogen-induced models have also been employed in early studies validating 
the role of obesity or diets in modulating pancreatic carcinogenesis. In DMBA-
implanted Sprague–Dawley rats fed on a high-fat/high-protein diet for 9 months, 
incidence of pancreatic displasia and ductal adenocarcinoma is significantly greater 
than that in the regular chow-fed rats, with a proportional increase of Kras muta-
tion rate [34]. In addition, the tumor-promoting effects of dietary fat on pancreatic 
carcinogenesis have been examined in a number of other studies using BOP-treated 
hamsters [35–38]. Unfortunately, these models are not particularly satisfactory for 
further mechanistic studies, due to possible irrelevant mutations, tissue damages, 
and off-pancreas tumorigenesis induced by the carcinogens.

In a recent study, a HFD was shown to accelerate PanIN development in a well-
established KC model ( LSL-KrasG12D/+; p48-Cre) [39]. The authors showed that the 
promotional effect of the HFD may be associated with inflammation mediated by 
TNF-α signaling, as PanIN development was abrogated on a TNF-α receptor-de-
fective background (TNFR1−/−). Despite the enhancement of inflammation and ad-
vanced PanINs, however, the animals on the HFD did not have greater weight gain 
than control mice, retained insulin sensitivity, and experienced aggravated pancre-
atic exocrine insufficiency with a dramatic alteration in energy metabolism, which 
collectively led to improved glucose tolerance [39]. These observations indicate 
that these animals were refractory to diet-induced obesity and insulin resistance, 
and therefore may not serve as an optimal model recapitulating obesity-associated 
pancreatic cancer in human.

More recently, we developed a model of diet-induced obesity in Kras-driven 
pancreatic neoplasia [40]. Remarkably, this model has a greater resemblance to the 
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human condition of diet-induced obesity with ensuing hyperinsulinemia and hy-
perglycemia. Specifically, a high-fat, high-calorie diet (HFCD) was given to con-
ditional LSL-KrasG12D/+;Pdx-1-Cre mice (Fig. 10.1b). Compared with the control 
diet, the experimental diet is defined by increased calorie content stemming from 
corn oil-based fat (40 vs. 12 % of total caloric intake). Mice fed with HFCD for 3 
months had greater weight gain accompanied by hyperglycemia, and elevated levels 
of insulin, IGF-1 and leptin in serum, as compared with control animals. In addi-
tion, there were no signs of pancreatic exocrine insufficiency (weight loss and ste-
atorrhea). Importantly, the pancreata of these HFCD-fed mutant animals displayed 
higher percentage of advanced PanIN lesions as well as robust signs of inflam-
mation characterized by acinar cell loss, inflammatory cell infiltrates, and stromal 
fibrosis [40]. In particular, infiltrating inflammatory cells observed in the pancreas 
and surrounding fat tissue are mainly macrophages and T cells. This is consistent 
with other studies demonstrating marked infiltration of leukocytes with immuno-
suppressive properties (e.g., myeloid-derived suppressor cells, tumor-associated 
macrophages, and regulatory T cells) during early development of pancreatic cancer 
in GEM models [41, 42]. Additionally, in HFCD-fed mice we observed substantial 
changes in cytokine/chemokine levels, including IL-6 and TNF-α in the pancreas 
as well as in visceral white adipose tissue, which deserve further investigation. In 
wild type mice fed either with control diet or the HFCD (Fig. 10.1b), there were no 
PanIN lesions observed. However, the HFCD led to a higher chronic pancreatitis 
index reflecting minor loss of acinar cells, a moderate infiltration of inflammatory 
cells, and weak stromal fibrosis in wild type mice [40].

In a separate cohort of the conditional KrasG12D (KC) mice fed with HFCD, addi-
tional intraperitoneal ( i.p.) injections of cerulein (5 μg/mouse) were given five times 
a week to enhance chronic pancreatic inflammation. Consequently, we observed 
marked desmoplasia and acinar cell loss in the severely inflamed pancreas. Impor-
tantly, these mice displayed significantly less normal pancreatic ducts and more 
advanced PanIN lesions compared with animals fed with control diet (Fig. 10.2). 
Also, repeated administration of cerulein further accelerated PanIN progression 
in HFCD-fed mice. These results further confirm the key role of inflammation in 
pancreatic tumorigenesis. Noteworthy is that, in cerulein-treated KC mice fed with 
control diet, there was less severe chronic inflammation and progressively less 
advanced PanINs as compared with cerulein-injected, HFCD-fed animals. These 
findings suggest that HFCD may contribute to promoting PanIN development and 
progression by creating a pro-inflammatory microenvironment and possibly other 
mechanisms associated with the obese state.

Together, our findings not only reinforce the significance of obesity-associated 
chronic inflammation but also provide a highly relevant model for defining the 
role of diet-induced obesity during PDAC development as seen in humans. The 
observed discrepancy between the two GEM models might be attributed to different 
background strains (mixed C57BL/6;129 vs. pure C57BL/6 background). In fact, 
the influence of strain background on the responses to diets is highlighted by anoth-
er report, where the promotional effects of high omega-6 fat diet on inflammation 
and PanIN formation were examined in elastase-driven KrasG12D mice with differ-
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ent backgrounds [43]. Besides, there may be dynamic changes regarding metabolic 
disturbances at different stages of disease progression, which is an area currently 
under active investigation.

Another group also investigated the impact of a HFD (isocaloric to control diet, 
with 60 vs. 10 % energy from fats) in a conditional Pdx-1-Cre;KrasG12D model, 
which confirmed our results demonstrating enhanced adiposity, PanIN lesions, pan-
creatic inflammation, and fibrosis in HFD-fed KC mice [44]. In the same report, the 
HFD was also tested in elastase-CreERT LSL-KrasG12D mice, an adult acinar-specific 
model which displayed similar results, but with fewer spontaneous PanINs as com-
pared with the developmental model. Interestingly, the authors described a model, 
where mutant Kras can be further activated by an environmental stimulus such as 
COX-2-mediated inflammation induced by a HFD, thereby promoting PanIN pro-
gression and PDAC development [44].

Fig. 10.2  Conditional KrasG12D mice fed with HFCD plus repetitive cerulein injections showed 
substantially more advanced PanIN lesions compared to control animals (mutant mice on a control 
diet). a Quantitative analyses of PanIN lesions (graded from stage 1 to 3) in the pancreata of KC 
mice fed with control diet or HFCD with additional cerulein injection. b Pie charts depicting dif-
ferent distributions (in %) of normal pancreatic ducts and mouse PanIN-1, -2, and -3 lesions in the 
pancreata of KC mice fed with control diet or HFCD with additional cerulein injection
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Collectively, the well-established KC mouse fed with HFCD serves as a faith-
ful model for diet-driven obesity and early pancreatic cancer promotion, provid-
ing a scientific platform to study the mechanistic links between diet-induced obe-
sity and pancreatic cancer. The effect of modulating energy balance on advanced 
PDAC development, besides precancerous lesions, has also been evaluated using 
a conditional Kras/Ink4a+/− model with both a KrasG12D mutation and an Ink4a/Arf 
deficiency common to human pancreatic tumors [45]. An obesity-inducing HFCD 
(~ 30 % more total energy), in contrast to calorie restriction (CR) diet (30 % less 
total energy), accelerated the progression of PanINs to PDAC, enhanced pancreatic 
desmoplasia and liver and lung metastases, and shortened pancreatic tumor-free 
survival in LSL-KrasG12D;Pdx-1-Cre;Ink4a/Arf lox/+ mice. The cancer promoting ef-
fects of obesity-inducing diet and the anti-cancer effects of CR were further shown 
to be largely mediated by circulating IGF-1 and downstream Akt/mTOR signaling 
[45].

Insulin/IGF Signaling in the Mediation of Obesity-Induced 
Pancreatic Cancer

Diet-related metabolic disturbances (obesity, metabolic syndrome, and early stages 
of T2DM), which are reaching alarming rates in the Western world [46–49], are 
multifaceted but characterized by peripheral insulin resistance, compensatory over-
production of insulin by the β cells of the islet and increased bioavailability of IGF-
1 [50]. Given the complexity of the pancreatic microcirculation [51–56], character-
ized by a portal system that conveys islet hormone (e.g., insulin) enriched blood to 
the acinar-ductal parenchyma [52–56], locally overproduced insulin is thought to 
act directly on insulin receptors expressed by pancreatic cells. The highly related 
IGF-1 receptor (IGF-1R) can also be activated by insulin [57], in particular at the 
high concentrations of intra-pancreatic insulin. Furthermore, IGF-1, produced by 
pancreatic stromal cells in response to factors released by the cancer cells, including 
hedgehog ligands [58, 59], can also interact with homo- or heterodimers of insulin/
IGF-1 receptors in the cancer cells. Accordingly, PDAC cells express insulin and 
IGF-1 receptors and over-express insulin receptor substrate (IRS)-1 and IRS-2 [60–
63] and PDAC (but not normal) tissue expresses activated IGF-1R [63]. Further-
more, IGF-1 is dramatically upregulated in highly metastatic human PDAC cells 
[64]. Recently, individual gene variations in the IGF-1 signaling system have been 
associated to worse survival in patients with PDAC [65]. Collectively, these studies 
underscore the significance of the insulin/IGF-1 signaling pathway in PDAC pro-
motion and progression [66].

Many studies support the notion that crosstalk between the insulin/IGF-1 recep-
tor and G protein-coupled receptor (GPCR) signaling systems plays a key role in 
the regulation of normal and abnormal functions, including the pathogenesis of car-
diovascular and renal pathologies in obesity and T2DM [67–74]. GPCRs and their 
cognate agonists also mediate autocrine/paracrine growth stimulation [75–82] and 
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dramatically synergize with insulin/IGF-1 in inducing mitogenic signaling [83–89]. 
A recent characterization of cancer genomes demonstrated frequent mutations in 
GPCRs and G proteins [90]. Consequently, crosstalk between insulin/IGF-1 recep-
tor and GPCR signaling systems is also a mechanism for enhancing the develop-
ment of pancreatic cancer [66] and a target for therapeutic intervention [91]. As 
depicted in Fig. 10.3, many GPCRs activate G proteins of the Gq family, promoting 
its dissociation into Gαq and Gβγ and the exchange of GDP bound to Gαq for GTP 
[92]. The resulting GTP-Gαq complex activates the β isoforms of phospholipase 
C (PLC), identified as one of the “core” signaling pathways that undergo somatic 
alterations in nearly all pancreatic cancers [93].

Cellular responses to insulin have been extensively characterized in diverse nor-
mal tissues, including liver, muscle, and fat. Similarly, the mechanisms that medi-
ate obesity-induced peripheral insulin resistance in these tissues via inflammatory 
mediators are increasingly clarified [94] but the precise pathways and cross-talks 

Fig. 10.3  Signal transduction pathways and crosstalk activated by insulin/IGF-1 receptor and 
GPCR systems. The binding of an agonist to its cognate GPCR induces Gq/PLC activation, hydro-
lysis of PIP2, generation of Ins(1,4,5)P3, and Ca2+ mobilization. DAG, the other product of PLC, 
activates novel PKCs (δ, ε, θ, η,) and, in synergy with Ca2+, conventional PKCs (α, β1, β2, γ). PKD 
(PKD1, PKD2, and PKD3) operate downstream of DAG and PKCs and lead via inactivation of 
the Ras/Raf inhibitor RIN1 to ERK pathway activation, potentiating signaling via mutated Kras. 
The binding of insulin/IGF to its tetrameric receptor results in receptor autophosphorylation and 
activation of the receptor tyrosine kinase, followed by tyrosine phosphorylation of insulin receptor 
substrates (IRS). Insulin/IGF induces the PI3-kinase/Akt/TSC/Rheb/mTORC1 pathway. Negative 
feedback from S6K and mTORC1 on IRS is also indicated. AMPK opposes mTORC1 by pho-
phorylating TSC2 and raptor, as indicated. See text for further details
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of insulin/IGF-1 receptor signaling in PDAC cells remain incompletely understood 
[66]. In most cells, binding of insulin to its tetrameric receptor results in recep-
tor autophosphorylation and activation of the receptor tyrosine kinase, followed by 
tyrosine phosphorylation of insulin receptor substrates (IRS 1-4) which propagate 
downstream signals [57, 95–97]. A key insulin/IGF1R-induced pathway via IRS is 
phosphatidylinositol 3-kinase (PI3K)/Akt leading to mammalian target of rapamy-
cin (mTOR) activation [57]. This signaling module plays a pivotal role in stimulat-
ing proliferation of PDAC cells [98], is activated in PDAC tissues [99, 100], and 
limits catabolic processes, including autophagy [101]. These findings, together with 
the intriguing possibility that mTOR suppression may be associated with the anti-
tumor actions of caloric restriction [102], suggest that mTOR signaling may play 
an important role in obesity-induced pancreatic cancer and a potential target for 
chemoprevention.

mTOR, a master regulator of cell metabolism, growth, and proliferation func-
tions as a catalytic subunit in two structurally distinct multi-protein complexes, 
mTORC1 and mTORC2 [103, 104]. mTORC1, a complex of mTOR, the substrate 
binding subunit Raptor, GβL/mLST8, and PRAS40, phosphorylates and controls 
at least two regulators of protein synthesis, the 40S ribosomal protein subunit S6 
kinase (S6K) and the inhibitor of protein synthesis 4E-binding protein 1, referred 
as 4EBP1 [96, 105–107]. mTORC1 is acutely inhibited by rapamycin whereas 
mTORC2, which consists of mTOR, Rictor, Protor-1, GβL/mLST8, and Sin1 is not 
inhibited by this agent [108, 109]. The heterodimer of the tumor suppressor TSC2 
(tuberin) and TSC1 (hamartin) represses mTORC1 signaling [110, 111] by acting as 
the GTPase-activator protein for the small G protein Rheb (Ras homolog enriched 
in brain), a potent activator of mTORC1 signaling in its GTP-bound state [112, 
113]. Phosphorylation of TSC2 by Akt and/or ERK/p90RSK (at different sites) sup-
presses its GTPase activating activity toward Rheb, leading to mTORC1 activa-
tion (reviewed in [103]). The Rag GTPases interact with mTORC1 via Raptor, and 
activate it in response to amino acids, by promoting mTORC1 translocation to a 
compartment (e.g., lysosomes) that contains Rheb-GTP [114, 115]. Inactivation of 
p53, as seen during the progression of 50–70 % of PDAC, is recognized to potently 
upregulate the insulin/IGF-1/mTORC1 pathway [116, 117]. AMPK, a conserved 
sensor of cellular energy activated when adenosine triphosphate (ATP) decreases 
and 5ʹ-AMP (adenosine monophosphate) increases [118], is a potent inhibitor of 
mTORC1 via AMPK-mediated phosphorylation of TSC2 and Raptor [119].

It is pertinent to mention that the PI3K/Akt pathway is subject to potent nega-
tive feedback regulation. In addition to becoming phosphorylated at multiple Tyr 
residues that promote downstream signaling, the IRS family is also phosphorylated 
at multiple serine and threonine residues that attenuate signaling and promote deg-
radation. In this context, it is important that activation of the mTORC1/S6K cascade 
inhibits IRS-1 function, including PI3K/Akt activation, following its phosphoryla-
tion at multiple residues, including Ser636/639 by mTORC1 and Ser270/307/636/1001 by 
S6K [120]. Consequently, a prominent consequence of mTORC1/S6K inhibition by 
rapamycin and its analogs (known as rapalogs) in cells, preclinical cancer models 
and clinical trials has been a striking increase in Akt phosphorylation at Thr308 by 
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PDK1 and at Ser473 by mTORC2 [121–123]. Suppression of these feedback loops 
by inhibitors of mTORC1/S6K causes compensatory over-activation of upstream 
signaling nodes, including PI3K and Akt that potentially oppose the anti-prolifera-
tive effects of the inhibitors and lead to drug resistance.

The preceding discussion emphasizes that mTORC1 may play a pivotal role in 
obesity-induced pancreatic cancer promotion. It is plausible that mTORC1 signal-
ing acts cooperatively with other pathways elicited by inflammatory mediators as 
part of a complex signaling network that links obesity to pancreatic cancer. The 
precise impact of obesity on pancreatic cancer cells is not fully understood and a 
fertile ground for additional studies.

Concluding Remarks

The use of murine models for the study of energy balance and PDAC development 
has significantly improved our knowledge of the tumor-promoting effects of obesity 
in pancreatic cancer. Further refinement of murine models provides us opportunities 
to uncover the complex biological basis of the obesity–cancer association. Based 
on epidemiological and experimental studies, the mechanisms linking obesity with 
pancreatic cancer are multifaceted. Among the factors that are currently implicated, 
chronic inflammation as well as peripheral insulin resistance, compensatory over-
production of insulin by the cells of the islet and increased bioavailability of IGF-
1 occupy a prominent position. In this chapter, we discussed animal models that 
recapitulate these cardinal elements of obesity-induced pancreatic carcinogenesis. 
These models not only validate the clinical observations but also serve as a valuable 
tool to elucidate the underlying molecular mechanisms and to evaluate potential 
preventive or therapeutic strategies, with an ultimate goal of reducing PDAC mor-
tality in the increasingly obese community.
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Abstract In 2014, Prostate cancer was the most commonly diagnosed cancer in 
men in the Western world, but few modifiable risk factors exist for this disease. 
Many studies have examined the association between obesity and prostate can-
cer incidence, producing conflicting results. However, maternal energetics during 
periconception and gestation has barely been considered as a potential risk factor, 
despite the fact that prostate tissue patterning and early development occur in utero. 
Maternal diabetes and obesity dramatically affect health at the time of pregnancy, 
and rodent and human studies demonstrate that the effects manifest in a variety 
of noncommunicable conditions in offspring, including early initiation of mam-
mary tumors. Importantly, maternal diabetes and obesity directly alter the health of 
the early embryo and the maternal germ cell, or oocyte. Obesity-exposed oocytes 
exhibit alterations in size, gene expression, chromosome structure, and metabolism, 
and adult offspring present with defects including hyperplastic prostate tissues. We 
propose here that maternal obesity alters epigenetic and metabolic functions in the 
oocyte, which are passed to offspring, sensitizing them to precancerous conditions. 
Such an in utero environment could provide a “first hit” for prostate cancer develop-
ment and should be considered when making dietary recommendations for expect-
ant mothers.

Keywords Maternal obesity · Maternal undernutrition · Prostate cancer · Oocyte · 
Epigenetics · Metabolism · Noncommunicable disease
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Introduction

Cancer is a condition in which abnormal cells divide without control and eventu-
ally invade other tissues [1]. Cells become abnormal through alterations in genes 
and gene products (e.g., pro-proliferative mutations) that change cellular behaviors 
and increase the fitness of the affected cells relative to their neighbors. The etiol-
ogy of cancer within a given organ system is highly complex, and this complexity 
is compounded by the more than 100 types of cancers that arise through distinct 
molecular mechanisms [1]. Few cancers derived from the same organ are identi-
cal, and the perturbations that lead to cancer vary in each individual. Cancer can 
be initiated by inherited mutations, spontaneously arising or carcinogen-induced 
mutations, autonomous gene expression changes occurring during normal division, 
or cancer-permissive perturbations in an organ system environment (e.g., chronic 
inflammation, metabolic syndrome) [1]. Additionally, these causal factors are not 
mutually exclusive. Thus, pinpointing the perturbations that initiate a particular 
cancer and identifying generalizable risk factors for cancer subtypes are extremely 
challenging propositions.

Prostate adenocarcinoma (PCa) is a major concern for the Western world. In 
2014, PCa was expected to be the most commonly diagnosed cancer in the USA 
(233,000 new cases; 14 % of all cancers) [2]. Approximately 15.3 % of American 
men will be diagnosed with PCa over their lifetime. In 2010, PCa-associated costs 
were $ 11.9 billion in the USA, alone [3]. Preventing PCa is particularly challeng-
ing because the strongest risk factors for the disease (age, ethnicity, and genetic in-
heritance) are not modifiable [2]. Small positive associations, such as with vitamin 
E supplementation [4], have been identified in human population studies, but data 
establishing other potential risk factors have been largely unreliable. For example, 
dietary supplementation with 1 mg daily of folic acid, the synthetic form of the 
nutrient folate, positively associated with prostate cancer [2]. However, adequate 
consumption of folate, gained from whole foods rather than supplementation, was 
protective against PCa incidence [5, 6]. Similarly, a diet high in dairy foods and cal-
cium has been shown to positively associate with prostate cancer risk, but the Swed-
ish Apolipoprotein MOrtality RISk study demonstrated a weak negative association 
between dietary calcium and prostate cancer when correcting for serum albumin, 
a protein to which calcium binds [7–9]. These examples illustrate the conflicting 
data that are pervasive throughout the studies of prostate cancer dietary risk factors.

Inconsistent PCa risk factor data may be best exemplified in the body of epide-
miologic and experimental literature seeking to define the link between PCa and 
obesity at the time of diagnosis. Such studies began as early as 1976 [10], yet the 
links have been inconsistent [11]. Recent meta-analyses propose that body mass 
index (BMI) at diagnosis has either no effect on PCa incidence or may be protec-
tive [12, 13]. In contrast, in a man diagnosed with prostate cancer, obesity has been 
consistently associated with increased risk of advanced PCa, cancer recurrence, and 
mortality [12–16]. Clearly, the role of obesity in the etiology of PCa is complex, and 
it is very difficult to pinpoint an individual nutrient that is a definitive culprit. There 
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are at least three possible explanations for the inconsistencies surrounding obesity 
and PCa incidence. First, the results from population studies fail to account for the 
differences in detection, treatment strategies, and drug efficacy in obese versus lean 
patients. For example, Allott et al. propose that the association between obesity and 
advanced prostate cancer in American men  is indirect; prostate cancer is detected 
later in obese men because of obesity-driven changes in prostrate-specific antigen 
(PSA) level and ineffective digital rectal exams [16]. Second, it is unclear whether 
exposure to individual dietary components consumed by the patient directly initi-
ate signaling events and changes in gene expression, or whether the prostate phe-
notypes are secondary consequences of comorbidities associated with obesity, or 
both. Finally, the time window of exposure in which obesity most influences the 
health of the prostate is unknown. Together, these factors make standardization of 
observational data and experimental techniques unreliable, leading to the high level 
of variability.

In humans, prostate tissue undergoes normal growth and development at two 
points in the life course. As described by Humphrey (2003), the human prostate 
originates during embryonic development from the urogenital sinus region and is 
first visible at 9 weeks’ gestation [17]. During this time, androgen hormone signals 
initiate prostatic ductal morphogenesis and differentiation. This ductal differentia-
tion stimulates the urogenital sinus mesenchyme to develop into smooth muscle 
cells that surround the ducts. The signaling interplay between the differentiating 
prostatic epithelium and urogenital mesenchyme regulates a coordinated interplay 
of ductal budding, branching morphogenesis, proliferation, and secretory function. 
At 13 weeks’ gestation, many primary ducts are present, and between 20 and 30 
weeks, the bud stage occurs in which solid cellular buds cap the ends of ducts. 
From 31 to 36 weeks, both the cellular buds and prostate glands, or acini, appear 
and characterize the bud-tubule stage. From 36 weeks through the end of gestation, 
prostate acinotubular structures become organized into lobules. After birth, the im-
mature prostate settles into a semi-quiescent state in which little growth occurs, but 
prostate ductal epithelia are generated and branching morphogenesis occurs [17]. At 
puberty, the prostate transitions into a second period of rapid proliferation driven by 
androgens, which continues until the end of puberty when the prostate has reached 
adult size. Immature acinotubular structures differentiate into the adult basal and 
luminal epithelial cells. A healthy prostate will then usually maintain its postpubes-
cent size for 25–30 years with proliferation occurring to replenish functional pros-
tatic epithelial cells that are sloughed off during the normal secretion of prostatic 
fluid. The adult human prostate is morphologically separated into the peripheral, 
transition, and central zones (Fig. 11.1a). Prostatic carcinoma arises in the periph-
eral zone, whereas after age 50, prostate gland size may increase in the transition 
zone due to benign prostatic hyperplasia [18]. 

Alternatively, in rodents, the tubule-ductal prostate is separated into ventral, an-
terior, dorsal, and lateral lobular structures that encircle the urethra directly posterior 
to the bladder, and do not spontaneously develop prostatic carcinoma (Fig. 11.1b). 
Rodent prostate buds first appear in late embryogenesis and undergo rapid growth 
and differentiation until 3 weeks of age; more than 5 weeks prior to sexual maturity 
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[18]. Importantly, when prostate cancer is initiated in rodent models, the progres-
sion of the disease in the dorsal and lateral lobes recapitulates human disease pheno-
types (Fig. 11.1c). This makes rodent models powerful tools to investigate the con-
tribution of genetic and environmental disturbances to prostate cancer outcomes.

Interestingly, a life-course approach assessing anthropometric measurements of 
body size in humans suggested that early-life body size was correlated to prostate 
cancer incidence [19]. Because the prostate develops during gestation and early 
life, some reviews have suggested that exposure to external factors, such as obesity, 
during early life (under 30 years of age) are relevant risk factors for prostate cancer 
[11, 20]. Furthermore, early time windows of exposure could explain the inconsis-
tent associations between prostate cancer and obesity of the patient at diagnosis. 

Fig. 11.1  An illustration of human (a) and mouse (b) prostate glands was adapted from [18]. 
Human prostate tissue is histologically and spatially organized into peripheral, central, and transi-
tion zones (a). Mouse prostate is similarly oriented around the bladder but exists in four pairs of 
tubule-ductal glandular structures: the anterior (or coagulating gland), ventral, lateral, and dorsal 
lobes (b). Individual mouse and human prostate glands share cellular anatomy in both normal 
tissue and cancer progression phenotypes (c). In normal prostate glands, a monolayer luminal 
epithelial secretory cells surround an open lumen into which prostate fluid is secreted, and are sup-
ported by a monolayer of basal and neuroendocrine cells, as well as a surrounding basal lamina. As 
prostate cancer progresses, some transformed cells ( blue cells) proliferate, invade the surrounding 
stroma, and eventually metastasize to remote sites, such as bone
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Despite these compelling motivations, few studies have experimentally investigat-
ed prenatal and prepubescent exposure to obesity and diabetes and prostate cancer 
outcomes.

In this chapter, we will explore the possibility that development of chronic 
diseases such as prostate cancer are affected by maternal energetics, particularly 
overnutrition due to an obesogenic diet, during gestation. The fetal origins of adult 
disease hypothesis states that exposures occurring during fetal life are critical to 
the developmental patterning of tissues in offspring [21]. This has been best ex-
emplified by studies identifying cardiometabolic defects in offspring of mothers 
who were obese during gestation (extensively reviewed in [22–25]). However, dis-
eases other than cardiometabolic conditions have also been linked to deregulated 
maternal energetics including asthma, atopic conditions, behavioral disorders such 
as attention deficit hyperactivity disorder and autism, mammary tumor develop-
ment, and prostate hyperplasia. Interestingly, mechanistic studies suggest that gen-
erational transmission of all of these conditions may be attributed to alterations in 
epigenetic programming or metabolic defects. Because prostate tissue first develops 
in utero, a time window when both epigenetic marks and metabolic programming 
of the offspring are set, it is conceivable that prostate health is also patterned dur-
ing gestation. To explore this possibility, this chapter includes: (1) a brief overview 
of epigenetic and metabolic mechanisms that can be altered during gestation, (2) 
a description of the phenotype of an obese pregnancy, (3) a discussion of the non-
communicable diseases (NCDs), including cancer, in which maternal nutrition is 
an influential regulator, and (4) presentation of a unifying proposal: inappropriate 
development of the oocyte is the origin of both epigenetic and metabolic perturba-
tions that manifest as prostate hyperplasia and, potentially, other NCDs in offspring.

Regulatory Mechanisms That Can Be Altered During 
Gestation

Epigenetics

In 1953, C. H. Waddington coined the term “epigenetics”, which he defined as 
the “study of mechanisms of temporal and spatial control of gene activity during 
the development of complex organisms” [26]. Since those early studies, the field 
of epigenetics has broadened and is now defined as regulation of gene expression 
that occurs without altering the DNA code. Underscoring their critical roles in nor-
mal organism health, epigenetic regulatory systems are frequently deregulated in 
chronic diseases [27]. Currently, epigenetic regulatory mechanisms are categorized 
in one of three general paradigms: (1) DNA methylation changes that act as on/off 
switches regulating DNA transcription, (2) histone modifications that alter the ac-
cessibility of DNA for transcription, and (3) noncoding microRNAs that can alter 
transcriptional properties of genes or posttranscriptional utilization of newly syn-
thesized mRNAs [28].
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DNA Methylation

DNA methylation, the transfer of a methyl group from S-adenosyl-methionine to the 
C-5 position of cytosine, is responsible for many changes in promoter activity and 
subsequent gene expression [29]. DNA methylation is carried out by DNA methyl-
transferase (Dnmt) enzymes such as Dnmt1, which performs maintenance methyla-
tion (Fig. 11.2), and Dnmt3a and Dnmt3b, which perform de novo methylation [27]. 
CpG dinucleotides are present throughout the DNA sequence but are enriched in 
short “CpG island” regions in the promoters of approximately 60 % of genes. The 
common pattern of methylation of an active gene is hypomethylation of promoter 
CpG islands and hypermethylation of CpG dinucleotides in the corresponding cod-
ing region [30, 31]. Methylation of a promoter silences gene expression through 
the methylation-dependent binding proteins, such as methyl-CpG binding proteins 
(MBPs) and CCCTC-binding factor [27, 32]. For example, the presence of methyl-

Fig. 11.2  An illustration of the methylation reaction is depicted in which Dnmt1 transfers a methyl 
group to cytosine. Through a series of intermediate steps, 5-methyl cytosine can be subsequently 
oxidized back to unmethylated cytosine
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ated CpG dinucleotides recruits MBPs that repress gene expression both directly 
through transcriptional repression domains and indirectly by recruiting repressor 
proteins and influencing chromatin conformation [33]. Methylation marks are re-
moved by proteins such as the ten-eleven translocation family of enzymes, which 
oxidize 5-methyl cytosine (5mC) to 5-hydroxymethylcytosine (5hmC), oxidize 
5hmC to 5-formylcytosine (5fC) then to 5-carboxycytosine (5caC), and convert this 
back to cytosine, completing the methylation cycle (Fig. 11.2; [34]).

Histone Modification

Chromatin, or the nuclear complex of DNA and DNA-organizing proteins, is a dy-
namic structure that is amenable to external cues. The basic unit of chromatin, the 
nucleosome, comprises 146 DNA base pairs wrapped around a histone octamer 
made of two each of histones H2A, H2B, H3, and H4 [35]. Chromatin organiza-
tion in the nucleus is dependent on the activity of the DNA and vice versa; DNA 
in euchromatin is accessible to transcriptional machinery, whereas DNA in het-
erochromatin is tightly associated with histones and is not transcribed. Although 
factors such as the stage of the cell cycle play an important role in the accessibility 
or compactness of chromatin, stimulated expression of specific genes requires local 
changes in the chromatin structures [36, 37]. Posttranslational modifications of his-
tone proteins are epigenetic occurrences: they are regulatory factors that control the 
accessibility of a gene to transcription factors but do not change the DNA sequence. 
The pattern of histone modifications has been coined “the histone code” [38]. 
Modifications are posttranslationally added or removed from histone tails, small 
domains that protrude from the nucleosome [39], by specific enzymes. One such 
enzyme, histone methyltransferase, can add up to three methyl groups to histone H3 
at lysine 27. Histones can also undergo other modifications including acetylation, 
phosphorylation, sumoylation, ubiquitination, ADP-ribosylation, deamination, and 
proline isomerization [40]. Many histone posttranslational modifications contribute 
to the formation of open or closed chromatin. For example, methylation of histone 
H3 at lysine 27 is generally considered a repressive chromatin mark that inhibits 
gene expression [41]. Given the variety of specific combinations of marks and the 
number of marks that can occur on a given histone residue, the number of potential 
combinations is vast. This variety is thought to provide epigenetic fine-tuning of 
chromatin accessibility and contribute to spatial and temporal patterning of gene 
expression [42].

MicroRNA and RNA Interference

MicroRNA (miRNA) molecules, first discovered in the 1990s in the nematode Cae-
norhabditis elegans, are approximately 22-base pair noncoding RNAs [43]. Mul-
tiple functions have been identified for the more than 1000 individual miRNAs that 
have been discovered; most are related to the control of gene posttranscriptionally. 
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Mature miRNAs are generated from longer transcripts and often function through 
association with the RNA-induced silencing complex [44]. One canonical function 
of miRNA is to inhibit the translation of select mRNA molecules. The sequence of a 
given miRNA is at least partially complementary to the specific mRNA target, thus 
allowing it to hybridize with the mRNA. This binding initiates a number of inhibi-
tory functions, depending on the miRNA, such as degradation of mRNA or new 
polypeptides, ribosome drop-off, and inhibition of translation initiation or elonga-
tion [43, 45]. Interestingly, miRNAs also may initiate transcription and translation 
of some targets [44]. Altogether, miRNAs provide a host of potential mechanisms 
to further fine-tune gene expression in response to the environment.

Fetal Programming of Epigenetic Regulation

Each of these three epigenetic mechanisms functions to pattern the development 
of an individual organism [46], and the mechanisms are coordinated to regulate 
particular developmental programs [47]. Furthermore, epigenetic regulation can be 
programmed during early life by fetal exposures [48]. The best example of epigen-
etic regulation by maternal energetics during early life is embryonic methylation 
patterning. Semipermanent DNA methylation marks are patterned during early em-
bryogenesis and modified throughout gestation (Fig. 11.3). The program in which 
methylation is set in utero was nicely summarized by Edwards and Peterson Myers 
[49]. During gametogenesis, all methylations, including parent-of-origin-specific, 
mono-allelically expressed, or “imprinted,” methylation patterns are reset [50]. 
Most well-characterized imprinted genes regulate fetal growth and development. 
Shortly after fertilization, the embryo demethylates most of its DNA, except for 
the imprinted genes, and remethylation occurs between cleavage and gastrulation. 
In female embryos, X chromosome inactivation (via promoter methylation) occurs 
between implantation and organogenesis. Primordial germ cells, which develop at 
gastrulation, proliferate and undergo migration to the genital ridge where they then 
globally demethylate, including imprints and inactive X chromosomes. The germ 
cells remethylate later, during gametogenesis, to complete the cycle. In the somatic 
cells, methylation marks dynamically modify the genome throughout the life of the 
organism.

Because methylation is so dynamic in utero, it is unsurprising that offspring 
methylation patterns are sensitive to maternal exposures during specific gestational 
time windows. Maternal energetics has been demonstrated to deregulate the embry-
onic methylation process for specific genes. For example, maternal diets lacking 
nutrients critical to the DNA methylation machinery (e.g., folic acid) are causally 
linked to impaired methylation in offspring and subsequent neural tube defects [51]. 
Likewise, imprinting of the insulin-like growth factor 2 ( IGF2) gene is deregulated 
in obesity-exposed large animal models [52]. As IGF2 expression is linked to many 
NCDs, including prostate cancer and atherosclerosis [53, 54], this suggests that ma-
ternal obesity critically regulates epigenetic mechanisms in offspring that are linked 
to the later development of NCDs.
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Metabolism and Mitochondria

Metabolism is the cellular process by which energy is converted through catabolic 
respiration from ingested or stored nutrients to adenosine triphosphate (ATP), which 
is used to perform the functions of the organism. In addition to catabolic respiration, 
anabolic pathways convert macromolecules into other organic compounds needed 
by the body. In a healthy individual, the interplay of respiration and biosynthetic 
processes is regulated by supply and demand. The major substrate of catabolic me-
tabolism is free glucose which is broken down through a series of enzymatic con-
versions resulting in capture of energy in ATP molecules. ATP production occurs 
through both the highly efficient oxidative phosphorylation process of the Krebs 

Fig. 11.3  The patterning process of methylation-based epigenetic gene regulation in humans. Pri-
mordial germ cells are devoid of all methylation marks, which are acquired during gametogenesis. 
With the exception of imprinted genes, demethylation occurs during fertilization and remethyl-
ation during early embryogenesis. In the offspring, primordial germ cells are demethylated until 
gametogenesis, while all other cell-type specific methylations are maintained and read to instruct 
gene expression. Methylation of genes including imprints can be gradually lost due to aging
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cycle coupled with the electron transport chain, which generates carbon dioxide, 
and the nonoxidative inefficient glycolysis process, which generates pyruvate. ATP 
is then used to catalyze the molecular functions required of the cellular machinery. 
Importantly, mammals do not regularly ingest free glucose. Rather, they consume 
foods that comprise ratios of macromolecules such as fats-, proteins-, and carbo-
hydrates such as disaccharides and polysaccharides. All of these macromolecules 
are digested and either stored, or converted into glucose or intermediate products 
that are then fed into the respiration cycle [36]. The rate at which macromolecules 
are digested, stored, converted, and utilized differs in each individual and is influ-
enced by many factors including genetics, epigenetics, exercise pattern, and dietary 
makeup.

ATP-generating oxidative phosphorylation and the electron transport chain both 
occur within the mitochondria; hence, this organelle is commonly referred to as “the 
powerhouse of the cell.” The mitochondrion is a double-membrane bound organ-
elle found in most eukaryotic cells that specializes in facilitating catabolic aerobic 
respiration. The inner membrane is infolded into cristae that increase the surface 
area in which mitochondrial proteins can perform the electron transport chain. Mi-
tochondria-specific ribosomes translate the mitochondrial proteins participating in 
catabolic respiration in the cytosol, allowing the proteins to bypass processing in 
the endoplasmic reticulum. The mitochondrion contains DNA, which encodes the 
translational machinery for the mitochondrial proteins, and is enclosed inside the 
cristae in the mitochondrial matrix. Importantly, mitochondria replicate by binary 
fission; in mammals replication is driven by the respiratory needs of a given cell and 
mitochondria are randomly dispersed to daughter cells during cytokinesis and cell 
division [36]. In a zygote, the mother is the sole contributor of mitochondria and 
mitochondrial DNA to offspring [55]. Thus, the efficiency of mothers’ mitochondria 
may have germ-line effects on metabolic activity in her offspring.

Fetal Programming of Metabolism

Although proper metabolic function is absolutely essential to health, the overall 
function and efficiency of metabolic processes vary between individual organisms. 
Strong evidence suggests that this variation is regulated by in utero exposures. For 
example, maternal energetics can influence macromolecular substrate utilization 
in the mother and downstream metabolic function and patterning in offspring. In 
murine models, ingestion of a high-fat diet alters the mother’s lipid storage and me-
tabolism rates by changing serum fatty acid levels and the expression of enzymes 
involved in lipid biosynthesis and metabolism in the liver [56]. The male offspring 
of mice fed a high-fat diet exhibit increased lipid storage (adiposity) and glucose 
intolerance, which is indicative of metabolic inefficiency. Humans exposed to ma-
ternal obesity also exhibit glucose intolerance, increased adiposity, and resistance to 
insulin, the circulating hormone that stimulates glucose uptake and metabolism or 
storage by peripheral tissues [57]. The risk of metabolic defects is also substantially 
increased in animals exposed to maternal undernutrition (e.g., from famine) [58]. 
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Thus, the evidence strongly supports the importance of a balanced in utero environ-
ment for the transmission of healthy metabolic function to offspring.

There are two possible, and likely interdependent, mechanisms by which ma-
ternal energetics can influence the metabolism of offspring. First, the epigenetic 
regulation of metabolic enzymes is altered in obesity-exposed offspring [59, 60]. 
For instance, in a murine maternal obesity model, exposed offspring upregulated 
expression of the rate-limiting fatty acid synthesis enzyme stearoyl-CoA desaturase 
[61], and methylation of hepatic fatty acid desaturase 2 occurred in maternal obesi-
ty-exposed rats [62]. Additionally, the histone activities of regulators of fat metabo-
lism and storage, adiponectin and leptin, were altered in high-fat exposed animals 
[63]. Second, mitochondrial ultrastructure is impaired in these models, leading to 
decreased mitochondrial density and membrane potential [61]. Studies from our 
laboratory and others have demonstrated ultrastructural defects in mitochondria of 
high-fat diet-exposed oocytes [64]. Epigenetic patterning and mitochondrial func-
tion are disrupted by maternal diet leading to cardiometabolic defects; the most 
common NCD manifestation of maternal obesity on offspring.

Maternal Energy Balance and Pregnancy

A healthy pregnancy is influenced by extrinsic factors. One well-known extrinsic 
factor is maternal smoking, which increases risks for low fetal birth weight, pla-
cental abnormalities, and chronic hypertension and death of the fetus [65]. As early 
as 1945, maternal energetics has been recognized as another extrinsic factor that 
contributes to the health of the pregnant woman and child [66–68]. Although the 
relevance of maternal underweight (defined by the Institute of Medicine (IOM) as 
a BMI of less than 19.9 kg/m2) is less clear, maternal overweight (BMI: 25.0–29.9) 
and obesity (BMI  ≥ 30.0) are consistently correlated with worsened pregnancy out-
comes and increased perinatal death [69, 70]. In 2010, the World Health Organi-
zation estimated that 25 % of all reproductive-age (18–44) women globally were 
obese [71], and recently, the American College of Obstetricians and Gynecologists 
and the Centers for Disease Control estimated that 60 % of women are overweight 
or obese at the beginning of pregnancy [72, 73]. Furthermore, more than 70 % of 
women gain more than the IOM-recommended amount during pregnancy [70], put-
ting them at risk of worsened maternal and fetal health [74]. Thus, perinatal over-
weight and obesity are serious global health concerns.

Pre- and perinatal obesity are associated with a number of conditions that put the 
health of both the mother and the fetus at risk. Maternal overweight and obesity are 
positively associated with risks for gestational diabetes mellitus, hyperglycemia, 
gestational hypertension, preeclampsia, caesarean section, spontaneous abortion, 
and postpartum weight retention [72, 75, 76]. During gestation, obesity-related 
complications include: difficultly with monitoring of fetal health, wound infection, 
thromboembolic disorders, and urinary tract and kidney infections [66, 72, 77]. De-
velopment of one of these conditions frequently correlates with the codevelopment 
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of other morbidities. For example, obesity is a risk factor for maternal hypertension, 
and both obesity and hypertension are independent risk factors for preeclampsia and 
gestational diabetes [73]. Thus, pregnancies can more easily become very high risk 
in the presence of maternal obesity. Additionally, obese women experience com-
plications during and after birth such as early induction of labor, preterm delivery, 
impaired epidural administration, postpartum hemorrhage, poor recovery, increased 
neonatal intensive care unit admission, and decreased likelihood of breastfeeding 
[72, 78, 79]. Finally, collective studies associate maternal obesity with miscar-
riage and deaths occurring from the perinatal to infant periods (gestational week 20 
through 1 year old) [69].

Infants born to obese mothers also exhibit a variety of disorders and complica-
tions. These infants are at increased risk of growth disorders including either low or 
high birth weight [80]. In obese women, fetal weight is difficult to estimate with the 
current technologies, so intrapartum macrosomia (birthweight > 4000 g) often goes 
undiagnosed [72]. Large-for-gestational-age infants have increased the risk of phys-
ical injuries during labor and delivery, such as shoulder dystocia [80]. In fetal and 
neonatal stages, macrosomia is a risk factor for hyperglycemia, hyperinsulinemia, 
and unbalanced electrolyte and metabolite concentrations [80]. Finally, the macro-
somic neonate is at risk of obesity as a child, adolescent, and young adult, which in 
turn is a risk factor for cardiovascular and metabolic disorders in adulthood [77].

Congenital defects are also a concern when mothers are obese [72, 81]. In a com-
prehensive meta-analysis, Stothard et al. found that the infants of obese mothers 
were more likely than the infants of normal-weight mothers to present with a variety 
of structural complications including the neural tube defects such as spina bifida, 
cleft lip and palate, anorectal atresia, hydrocephaly, and cardiovascular, septal, or 
limb reduction anomalies [81]. In 2010, 0.6 % of the births resulted in mortality 
[82], and of those, the leading cause of death (21 %) was congenital malformations. 
It is important to note that these defects may go undetected in fetuses of obese moth-
ers because of the limitations in ultrasonography [72].

Children born to mothers suffering from obesity and associated comorbidities 
grow into adults that face higher incidence of many chronic diseases. The best-
studied conditions are those that follow logically from maternal obesity: cardiovas-
cular and metabolic disorders [79, 83]. Briefly, maternal obesity is a very strong 
indicator of infant, adolescent, and adult overweight, obesity, and increased adipos-
ity. Offspring of obese mothers have an increased likelihood of deregulated insu-
lin resistance and impaired glucose/insulin homeostasis at all ages through young 
adulthood [22, 84]. They also exhibit hypertension, hyperlipidemia, and decreased 
concentrations of high-density lipoproteins [85]. Neonatal offspring of high BMI 
mothers exhibit increased intrahepatocellular lipid content, which may associate 
with childhood nonalcoholic fatty liver disease [86]. Furthermore, maternal-obesi-
ty-exposed children exhibit chronic inflammation, which is a risk factor associated 
with cardiometabolic disorders [87].

The transmission of chronic cardiometabolic disorders from mother to child 
could have multiple causes. First, as the presence of obesity in the offspring is itself 
a risk factor for cardiovascular disease, hypertension, insulin resistance, diabetes, 
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and hyperglycemia (collectively called the “metabolic syndrome”), generational 
transmission may be secondary to obesity that develops in offspring as a result of 
maternal-induced changes in eating behaviors, fat storage, and metabolism. This 
idea is supported by the finding in animal models that maternal obesity alters the 
ratio of appetite/satiety genes expressed in the hypothalamus, which controls ap-
petite, and changes the responses of hypothalamic neurons to satiety-stimulating 
hormones such as leptin [88]. This idea leads to a second possible explanation: that 
impaired hypothalamus development directly controls the onset of hypertension. 
Evidence for this comes from data showing that leptin signaling to the hypothala-
mus is a causal factor of obesity-related hypertension because it regulates the activ-
ity of the efferent sympathetic neural pathways [89].

Third, germ-line or tissue-specific epigenetic mechanisms have been implicated 
as a mechanism by which metabolic phenotypes could be transmitted from moth-
er to offspring [90]. For example, placental tissues and cord blood collected from 
insulin-dependent diabetic, non-insulin dependent diabetic, and nondiabetic moth-
ers had differential DNA methylation of growth- and glucose homeostasis-related 
genes [91]. Additionally, inflammatory pathway genes are differentially methylated 
in maternal obesity-exposed offspring. In fact, a genome-wide methylation study 
of placenta and cord blood collected from diabetic mothers reported that 11 % of 
the genes that were differentially methylated were involved in metabolic regula-
tion [92]. Fourth, the environment in which the child is raised during early life and 
adolescence, such as the availability of energy dense foods, absence of safe play 
areas, and parental regulation of eating habits, contributes significantly to the risk 
of obesity and obesity-related comorbidities in adults [93]. These four explanations 
are not mutually exclusive. Likely the increased prevalence of the metabolic syn-
drome in Westernized populations is attributed to many or all of these factors in 
each affected individual.

Maternal Energy Balance and Cancer

In addition to the onset of metabolic syndrome, maternal gestational obesity influ-
ences the risk of several other chronic conditions in offspring, including neuro-
developmental disorders (e.g., attention deficit hyperactivity disorder and autism 
spectrum disorders) [94], impaired circadian rhythms of the hypothalamus and adi-
pose tissues [95, 96], and asthma [97]. However, each of these could be the subject 
of an entire chapter; we focus here on the link between maternal energetics and 
cancer predisposition.

Many cancers are initiated by gene expression changes in cells, environmental 
modifications that provide fitness to cells in particular niches, or both. Additionally, 
most cancers are undetectable in early stages. Thus, cancer initiation and outcome 
are particularly difficult to predict. Despite these difficulties, some shared hallmarks 
of many types of cancers have been identified. For example, most cancers undergo 
tissue-of-origin-specific changes in gene expression, leading to subsequent altera-
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tions that make transformed cells more robust than their unaffected neighbors [98]. 
Given that the patterning of tissue expression patterns can be negatively influenced 
by maternal energetics during periconception, maternal energetic imbalance could 
also lead to changes, such as epigenetic and metabolic defects, that predispose tis-
sues to becoming cancerous.

Few studies have investigated maternal obesity as a risk factor for the devel-
opment of cancers in offspring despite the fact that patient’s BMI influences the 
outcomes of many cancers, including advanced prostate adenocarcinoma. Addition-
ally, identification of modifiable risk factors for these malignancies is critical so as 
to develop preventative interventions. As early development is essential for the pat-
terning of tissue behaviors that will persist throughout the life of the offspring (e.g., 
inflammation and metabolism), this time window is a prime candidate. However, 
prospective studies of early developmental exposures that may increase risk for 
cancer in adulthood would be extremely costly and challenging in humans. Retro-
spective studies are feasible, but they suffer from the fact that recall (e.g., asking 
60-year-old prostate cancer patients how much their mothers weighed during preg-
nancy) at the time of diagnosis is unreliable. Nonetheless, some studies have been 
done in human and animal models to address whether the maternal energetics is a 
modifiable risk factor for cancer and which time window is the appropriate target 
for potential interventions.

Breast Adenocarcinoma

Breast cancer incidence has long been associated with maternal exposures [99], but 
the data regarding maternal energetics and generationally transmitted breast cancer 
risk in humans are mixed. For example, a study combining two small population 
datasets showed that prepregnancy weight gain, but not prepregnancy BMI, was 
positively associated with breast cancer risk in offspring [100]. Likewise, data from 
a study out of the Nurses’ Health Study Cohorts I and II showed no evidence of cor-
relation between maternal prepregnancy BMI or gestational weight gain and breast 
cancer risk in daughters [101]. On the other hand, a different large population study 
from the Nurses’ Health Study Cohorts [102] and a meta-analysis [103] showed 
positive linear associations between increased birth weight and breast cancer risk, 
suggesting that metabolic conditions influenced by gestational obesity may in turn 
promote development of breast cancer in offspring. Unfortunately, such retrospec-
tive studies in humans are limited in their ability to precisely account for macro-
molecule consumption rates and precise time windows of exposure; they, therefore, 
provide conflicting results when evaluating dietary intake and cancer risk.

In rodent models, maternal obesity has a strong, consistent, positive correlation 
with generational transmission of mammary tumors. Rats spontaneously develop 
tumors after 18 months aging and are, thus, a useful model to study breast cancer. 
Additionally, rats can readily develop tumors earlier in genetic models or when 
treated with carcinogens such as 7,12-dimethylbenz[a]anthracene (DMBA) [104]. 
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In these models, the effects of maternal obesity on the incidence of induced mam-
mary tumors in offspring have been extensively evaluated, and the models have 
proven useful for mechanistic elucidation [105]. In 1997, Hilakivi-Clarke et al. 
demonstrated that feeding rat dams a high-fat diet (consisting of 46 % calories from 
the ω-6 polyunsaturated fatty acid [PUFA] linoleic acid) increased circulating es-
tradiol levels in the dam and caused a twofold increase in DMBA-induced mam-
mary tumor incidence in offspring exposed to chow diet after weaning [106]. Ad-
ditional studies showed that transmission of mammary tumor risk extended to both 
the daughter and granddaughter generations [107], and that perinatal diet exposure 
was more important to the phenotype than postnatal exposure [108]. Interestingly, 
the effect of maternal high-fat diet exposure may be specific to plant-derived ω-6 
PUFAs; the tumorigenic effects were not observed when the mothers consumed an 
animal-fat-based diet or when the mothers also consumed ω-3 PUFAs [109, 110]. 
Thus, during the perinatal time window, patterning of adult breast tissue may be 
exquisitely sensitive to exposure to certain fatty acids.

Transmission of mammary tumor risk to offspring may be due to both epigenetic 
deregulation of gene expression and alteration in tissue metabolism. For example, 
in the MMTV-Wnt1-transgenic mouse mammary tumor model, maternal high-fat 
diet exposure increased tumor number and size and affected insulin levels (hence 
altered metabolism) and the expression of oxidative stress markers [111]. Changes 
were also observed in the expression of tumor suppressor genes and oncogenes, and 
studies indicate that increased insulin sensitivity coordinates with the gene expres-
sion changes of the tumor regulating genes. Another study found that mammary tu-
mors in offspring of obese mice overexpressed DNMT1, DNMT3a, and DNMT3b, 
suggesting that the DNA methylation machinery was deregulated [107]. Additional 
studies have demonstrated that the estrogen receptor gene was hypomethylated and 
subsequently overexpressed in offspring of obese mice, whereas the gene was near-
ly completely methylated in offspring of mice exposed to a low-fat diet [104]. As 
estrogen receptor signaling is a critical factor regulating the development of breast 
tissue and adenocarcinomas in rodents and humans [112], deregulated epigenetic 
patterning of the estrogen receptor gene and other related genes is a likely mecha-
nism by which maternal diet influences breast cancer development in offspring.

Prostate Hyperplasia and Prostatic Adenocarcinoma

Many studies have investigated whether body weight at the time of diagnosis cor-
relates with prostate cancer incidence in humans. Although these collective studies 
loosely suggest that body weight at diagnosis has a modest positive correlation with 
worsened prostate cancer outcomes, they have provided few definitive conclusions 
[11]. Studies have also evaluated the weights of prostate cancer patients during ado-
lescence and have achieved only mixed results [20]. In several cohorts, increased 
cancer incidence was observed among males with a higher young adult BMI [113–
115]. Conversely, BMI from ages 5 through 30 has been inversely associated with 
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both prostate cancer development and secretion of early cancer markers such as 
prostate specific antigen [116–118]. Sutcliffe and Colditz recently summarized this 
body of literature and noted that few studies investigated the same nutrients, and 
many relied on recall of diet several decades prior to diagnosis, which is inaccurate 
[20]. Thus, more controlled studies are required to reach solid conclusions about the 
effects of adolescent obesity.

It is of little surprise that even fewer epidemiologic studies have attempted to 
investigate links between maternal obesity, gestational health, and prostate cancer 
outcomes in offspring. A Finnish cohort study recently found that maternal inter-
cristal pelvic diameter, used as a proxy for maternal pubertal growth and subsequent 
circulating estradiol levels, positively correlated with prostate cancer outcomes in 
offspring [119]. Another group found that whereas birth size indicators, maternal 
age, socioeconomic status, and parity were not associated with prostate cancer risk, 
increased length of gestation was slightly protective, suggesting that events occur-
ring at late gestation are important regulators of prostate health [120]. Similarly, 
another study suggested that prenatal factors that correlate with pregnancy hormone 
levels (e.g., prematurity and placental weight) may be relevant to prostate cancer 
incidence in offspring [121]. However, neither of these studies considered mater-
nal BMI. Longitudinal studies covering the entire life course are greatly needed to 
determine whether the perinatal period is a critical developmental time window for 
prostate health in human offspring.

A growing body of literature has investigated the effects of maternal exposures 
during gestation on development of prostate cancer in rodents. When rat dams 
were exposed to the carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 
(PhIP) during gestation, offspring developed preneoplastic prostate lesions, even 
if the offspring were not exposed to PhIP throughout adult life [122]. This indi-
cates that the perigestational time window was critical to developing prostate tissue, 
and that the prostate was susceptible to long-term effects of carcinogen exposure. 
Similarly, high-fat diet exposure from periconception through weaning has resulted 
in worsened prostate health outcomes. ACI/Seg rats, which spontaneously develop 
atypical hyperplasia lesions and carcinoma in situ, and that were exposed to high-
fat diet both maternally and throughout their lives, had significantly more lesions 
than either nonexposed animals or animals only exposed to the high-fat diet after 
weaning [123]. This finding suggests that the perinatal/early postnatal period is im-
portant for long-term prostate health [124]. Furthermore, our recent studies showed 
that maternal high-fat diet (consisting of 59 % kcal from palmitate-based fat) given 
from 1 month before gestation through weaning stimulated prostate hyperplasia 
and nuclear atypia in offspring, as determined by three independent quantification 
methods. The prostates of these animals exhibited posttranslationally hyperacti-
vated protein kinase B (Akt) signaling due to permissive deactivation of the Akt 
antagonist, phosphatase, and tensin homolog (Pten). We also observed concomitant 
elevation in apoptosis that appeared to balance the hyperproliferative response. Im-
portantly, changes in Pten/Akt signaling are hallmarks of human and rodent prostate 
cancers, suggesting that this hyperplasia could predispose offspring to cancer after 
additional genetic or carcinogenic hits. This study was the first to switch weaned 
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offspring to a control chow diet for the remaining life, definitively narrowing the 
relevant window of exposure to the perinatal and lactation periods [125]. To our 
knowledge, these studies are the whole of the rodent literature on maternal high-fat 
diet exposures and generational transmission of prostate health.

A few studies have investigated prostate health in the context of maternal pro-
tein restriction. One found that maternal protein restriction delays prostate develop-
ment but led to higher incidence of dysplasia and prostatitis in aged offspring [126]. 
Another group found that maternal protein restriction during lactation altered the 
concentrations of sex hormones, which are important for normal prostate growth 
[127]. Thus, the perinatal time period is important for prostate health in rodents, 
but more studies are required to confirm these findings and elucidate the underlying 
mechanisms.

Other Cancers

A recent study from the Helsinki Birth Cohort found that maternal obesity positively 
correlates with all cancer outcomes in human offspring [128]. Additionally, Walker 
and colleagues demonstrated that mice born to the mothers that were exposed to a 
high-fat diet had significantly more reproductive and pituitary tumors than controls 
[129]. However, no studies have yet been done to address the mechanism by which 
maternal obesity contributes to other cancers in rodents or humans. At best, ma-
ternal obesity can only be linked to outcomes of other cancers through secondary 
mechanisms. For example, a recent review proposed that maternal obesity influ-
ences obesity and weight gain in offspring and thereby predisposes offspring to 
colorectal cancer (obesity of the patient at diagnosis and weight gain in adult life 
are risk factors for colorectal cancer) [130]. These authors also suggested a similar 
mechanism for hepatic carcinoma. Clearly, more work is needed.

Maternal Energetics and Oocyte Health: A Foundation for 
Generational Disease Transmission

The information presented above suggests that some aspect of the in utero environ-
ment is highly sensitive to maternal energetics and plays a critical role in determin-
ing offspring health, but when is the critical period in gestation? Is there a single 
stage in which the type and extent of damaging exposure could produce a spectrum 
of effects in offspring and lead to the above-discussed NCDs? What mechanisms 
are responsible for long-term health outcomes of offspring, and how are they im-
paired in an obese pregnancy?

Evidence from our group and others have demonstrated that the health of the 
oocyte (the unfertilized female gamete) sets the foundation for the health of the 
offspring and is impaired by maternal diabetes and obesity [131–133]. Here, we 
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will (1) briefly describe the stages of early embryonic development in human and 
mouse, (2) provide evidence that maternal obesity endangers offspring health as 
early as the oocyte maturation process and persisting throughout the pregnancy to 
affect outcomes after birth, and (3) discuss two unifying mechanisms—epigenetics 
and metabolic function—that in the gamete are sensitive to alteration by maternal 
energetics and may program chronic diseases such as prostate cancer in offspring.

The Stages of Folliculogenesis and Early Embryonic Development 
in Mammals

In the human female, oogenesis, or the development of oocytes, begins with primor-
dial germ cell (PGC) formation around the fourth week of embryogenesis [36, 134]. 
PGCs migrate to the genital area to form the genital ridge, and by the third month, 
ovaries have formed. The diploid PGCs undergo rapid proliferation, which reduces 
their size, and differentiate into oogonia, which then undergo meiosis until they 
arrest in prophase I. At this point, a primordial follicle, a layer of supportive cells 
from the germinal epithelium, surrounds each primary oocyte. These groups of cells 
remain quiescent until the female undergoes puberty. At puberty, a primordial fol-
licle is stimulated to mature into a preovulatory follicle in a 375-day process called 
folliculogenesis. During folliculogenesis, the growing follicle passes through stages 
that include division of the follicular granulosa cells, increased follicle size, and 
formation of the fluid-filled antrum. Once a preovulatory follicle has developed, 
a surge of hormones stimulates oocyte maturation, which consists of meiotic divi-
sions progressing the oocyte from prophase I through metaphase II. At this stage, 
the nuclear envelope disappears in a process termed germinal vesicle breakdown 
[135]. After ovulation, the mature (MII) oocyte, surrounded by a supportive layer 
of cumulus cells, enters the oviduct and will only finish meiosis II upon being fertil-
ized by a sperm, which should occur in the fallopian tube [36, 134].

After fertilization, the diploid zygote divides to form an embryo composed of 
two blastomeres. Equal division of the blastomeres continue for 3 days after fer-
tilization as the embryo travels down the fallopian tubes to the uterine cavity. By 
the time the embryo enters the uterine cavity, it has formed into a densely packed 
group of approximately 32 cells, called an early morula. Next, fluid accumulates 
between the morula cells to form a central cavity; the embryo at this stage is called 
a blastocyst and contains approximately 100 cells. Over the next 5 days, the blas-
tocyst implants into the endometrial epithelium of the uterus. From this point, dif-
ferentiation of the embryonic cells begins. Organogenesis progresses throughout 
the first trimester, and the heart is beating by 4 weeks. During the second and third 
trimesters, the fetus increases in size until parturition, approximately 38 weeks after 
fertilization [36, 134].

Many aspects of the rodent estrous cycle and gestation are similar to those of 
humans, but there are some distinct differences. During the rodent estrous cycle, 
hormone signaling stimulates a group of primordial follicles to differentiate into 
preovulatory follicles. The oocytes increase in size and undergo nuclear matura-
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tion through meiosis I until being arrested in metaphase II until fertilization, when 
multiple oocytes are asynchronously released from the ovary. The oocytes move 
into the oviduct where they are fertilized, and after 5 days are implanted in the 
uterus through peristaltic movements that evenly space blastocysts along the uterine 
wall. The generalized stages of rodent embryonic development, from one cell zy-
gote through organogenesis and growth, are similar to those of human development 
[136]. Because of these similarities and powerful rodent-based genetic tools, rodent 
models are frequently used to test the effect of exposures on gestation and health 
outcomes in offspring.

Evidence That Aberrant Maternal Metabolism Impairs Oocyte 
Quality and Offspring Health

Initial studies investigating the effects of maternal metabolic exposures on oocyte 
quality used a murine model of drug-induced type-I diabetes, and later studies ob-
served similar phenotypes in the hyperglycemic Akita genetic model [137]. In these 
models, fewer oocytes reached germinal vesicle breakdown, and embryos resulting 
from the remaining mature oocytes exhibited developmental delays at the two-cell 
embryo, morula, and blastocyst stages; all of these outcomes were improved by 
insulin treatment [138, 139]. Culturing of wild-type two-cell embryos in specific 
components present in the diabetic milieu demonstrated that hyperglycemia and 
hyperketonemia, conditions found in uncontrolled diabetes, caused developmen-
tal delays in embryogenesis [140]. Furthermore, diabetes-exposed preimplantation 
embryos, as early as the preovulatory oocyte stage, were smaller than nonexposed 
embryos and exhibited delayed maturation and aberrant apoptosis of the supportive 
granulosa cells [131, 137, 141]. Preimplantation blastocysts derived from diabetic 
mothers also had altered metabolic profiles, including alterations in components of 
the AMP-activated protein kinase (AMPK) signaling pathway, decreased available 
ATP, and impaired glucose uptake and utilization [141–144]. The long-term out-
come for oocytes exposed to uncontrolled type-I diabetes were growth retardation 
and congenital defects [145]. Importantly, one-cell zygotes or blastocysts that came 
from diabetic mothers and were transferred into nondiabetic mothers still demon-
strated growth and malformation defects, suggesting that the effect occurs acutely 
in the oocyte. Indeed, diabetes-exposed oocytes had more mitochondria that were 
misshapen and abnormally distributed than did control oocytes [64]. Oocytes from 
diabetic mothers also demonstrated severe spindle defects and chromosome mis-
alignments. Mitochondrial defects and increased apoptosis were also found in the 
oocyte-supporting cumulus cells [146]. Finally, glucose uptake by cumulus cells 
for utilization in the oocyte was impaired in a hyperglycemic environment, further 
contributing to impaired oocyte quality [147, 148].

More recent studies have investigated oocyte quality in a high-fat diet model of 
murine obesity. Dams exposed to a high-fat diet starting at 4 weeks of age develop 
obesity, hyperglycemia, and hyperlipidemia [133, 149]. After 16 weeks on the diet, 
ovaries from obese dams have altered estrous cycle patterning [150], more apop-
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totic ovarian follicles, and fewer and smaller MII oocytes [149]. With as short as 
4 weeks of exposure to a high-fat diet, one-cell zygotes from obese dams exhibit 
developmental delays and reduced blastocyst survival rates [132, 133]. Oocytes 
from obese mothers also exhibit impaired chromosome alignment and spindle struc-
tures, as well as abnormally shaped mitochondria [132]. When the mother is obese, 
metabolic function of oocytes is impaired [151], and uteri and blastocysts exhibit 
pro-inflammatory and hypermetabolic RNA signatures [152]. Late embryonic and 
early postnatal offspring are smaller than those from nonobese mothers, but the 
embryos demonstrate catch-up growth and eventually surpass control-exposed lit-
termates by early adulthood. This effect was also observed in blastocysts cultured 
in saturated fatty acid and transferred to control dams for the remainder of gestation 
[149, 153]. Offspring of high-fat-diet-exposed mothers exhibited fetal growth retar-
dation, structural defects in the ventricle and choroid plexus in the brain, glucose 
intolerance, and increased cholesterol and body fat, despite exposure to a control 
diet after weaning [132]. Interestingly, maternal undernutrition also significantly 
reduces primordial and secondary follicle numbers in offspring [154], emphasizing 
the importance of balanced nutrition during gestation.

The mechanistic alterations observed in murine oocytes from diabetic and obese 
mothers might have strong implications for health outcomes of pregnancies in obese 
women. Obese women who undergo in vitro fertilization (IVF) with autologous oo-
cytes have higher failure rates than nonobese women [155]. However, if oocytes 
from nonobese donors are used, then IVF success does not differ between obese and 
lean women [156]. Also, oocytes that fail to fertilize in obese IVF patients exhibit 
significantly higher numbers of spindle and chromosome alignment abnormalities 
than do failed oocytes from lean women [157]. Taken together, these results indicate 
that maternal obesity in rodents and humans dramatically affects the health of the 
oocyte, which manifests in metabolic, gene expression, and chromosomal defects.

Perspective—Maternal Energetics Influences Epigenetics 
and Metabolism to Program Prostate Cancer Risk in 
Offspring

We will now consider whether maternal obesity is a risk factor for prostate can-
cer. It is important to note that, given the small number of studies addressing this 
question, definitive answers cannot be reached. Our data demonstrate that maternal 
obesity did not lead to prostate adenocarcinoma in situ in a wild-type mouse model, 
which is not surprising given that mice do not spontaneously develop prostate can-
cer [125]. Similarly, most murine models of breast cancer incorporate additional 
carcinogenic hits to stimulate mammary tumor growth [158]; nevertheless, mater-
nal obesity worsened the precancer phenotype in these models. Furthermore, we 
found that some high-fat diet-induced gene expression changes in the prostate mir-
rored those observed in prostate cancer in both humans and rodents, suggesting that 
maternal obesity predisposes offspring to prostate cancer. These results provide a 
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promising foundation for future studies using multi-hit animal models and investi-
gating longitudinal population data to determine whether maternal obesity is truly a 
risk factor for prostate cancer.

If maternal obesity predisposes offspring to prostate cancer, then what is the un-
derlying mechanism? A schematic depicting two possible mechanisms is presented 

Fig. 11.4  A schematic of possible maternal influences on prostate health in offspring. In mater-
nal obesogenic environment, offspring prostate cells could inherit malfunctioning mitochondria 
and/or deregulated epigenetic signatures. These alterations contribute to a hypersensitive prostatic 
environment, characterized by hyperplasia and nuclear atypia. With additional genetic or carcino-
genic hits this predisposed phenotype may lead to prostate cancer outcomes in exposed offspring
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in Fig. 11.4. Collective data indicate that the oocyte is altered by maternal dietary 
exposures prior to conception exhibiting changes in gene expression patterns, chro-
mosomal structure, and metabolism. Embryo transfer experiments suggest that epi-
genetic alterations and impaired mitochondrial function (directly transmitted from 
the mother) are heritable contributions to these outcomes. It is very well established 
that lipid biogenesis and metabolism are both dramatically deregulated in prostate 
cancer cells and tissue [159]. Additionally, all prostate cancers exhibit alterations in 
epigenetic patterning that are used as cancer signatures in the clinic, but the cause 
of these alterations is unknown [160]. We propose that the oocyte sets the founda-
tion for gene expression and metabolic function in tissues such as the prostate. In 
an obese maternal environment, this foundation patterns the prostate environment 
in a pro-cancer manner, for example, by provoking aberrant hormone signaling, 
inflammation, and proliferation (Fig. 11.4). Importantly, each in utero environment 
is unique depending on the extent and type of exposures. Thus, specific responses 
will differ in individual prostate tissues, and this variability may explain the current 
unpredictability of prostate cancer initiation and outcomes. Additionally, postna-
tal diet could either worsen or improve the effects of maternal dietary exposures, 
potentially explaining the inconsistent data around adult BMI and prostate cancer 
incidence. These mechanisms are generalizable; they are altered in many offspring 
tissues and could thus contribute to the spectrum of other NCDs manifested in ex-
posed offspring. Taken together, we propose that maternal obesity patterns systemic 
epigenetic and metabolic defects in the oocyte that present, in part, as prostate hy-
perplasia in offspring. Such an environment could provide a “first hit” for prostate 
cancer development and should be considered when making dietary recommenda-
tions for expectant mothers.
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Abstract Obesity and metabolic syndrome have escalated to the level of an epi-
demic in the last three decades. Concomitant with obesity and metabolic syndrome 
epidemic, there is a rapid increase in the prevalence of nonalcoholic fatty liver 
disease (NAFLD), the hepatic manifestation of metabolic syndrome, in the world 
especially in developed and developing countries. NAFLD is a benign condition 
characterized by excessive fat deposition (steatosis) in the form of triglycerides  
(TG) (histologically > 5 %  of hepatocytes with fat). NAFLD can stay overlooked 
for a long duration (multiple years), but a subset may progress to variable degree of 
hepatic necro-inflammation (lobular inflammation, hepatocyte injury, and balloon-
ing), a condition defined as nonalcoholic steatohepatitis (NASH) which may further 
develop into fibrosis, nonreversible cirrhosis and hepatocellular carcinoma (HCC) 
to end-stage liver failure. Modern lifestyle and high-fat diet (HFD) are considered 
to be the major factors for the development of NAFLD. Availability of suitable in 
vivo mouse models to study diet-obesity-induced NAFLD and NASH are limited. A 
number of mouse models have been used to get important insights into the pathol-
ogy of NAFLD/NASH. These mouse models mimic and reflect hepatic-histopa-
thology and pathophysiology of NAFLD/NASH, but no single model represent the 
full range of human disease. Mouse models of NAFLD/NASH can be grouped into 
two categories, genetic and dietary. The purpose of this review is to elucidate vari-
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ous mouse models of NAFLD/NASH with potential therapeutic interventions using 
natural products.

Keywords Nonalcoholic fatty liver disease (NAFLD) · Nonalcoholic steatohepatitis 
· Mouse models · Natural compounds

According to “World Disasters Report” by “International Federation of Red Cross 
and Red Crescent Societies,” published in 2011, approximately 15 % of the world 
population is hungry and malnourished. While approximately 1 billion people go to 
bed hungry every night, paradoxically ~ 1.5 billion people are overweight, around 
the world. A recent study shows that the prevalence of obesity has risen to the level 
of an epidemic in developed as well as developing countries [1–3]. As per World 
Health Organization (WHO), the number of overweight and obese people around 
the globe has tripled in the last three decades and the rate is alarming for childhood 
obesity [4]. In Europe, one-fifth of school-aged children are obese or overweight 
[5]. Within the last 30 years, there is a profound increase in the prevalence of obe-
sity among populations in developed countries [6, 7] and developing countries like 
India and China [8]. Importantly, the highest proportion of overweight and obese 
populations reside in the USA. According to a recent report from Centers for Dis-
ease Control and Prevention, more than one-third of adults and 17 % of youth in the 
USA are obese [9].

Obesity is a risk factor for various diseases in adults [10–13] and children [14–
16]. Obesity can cause a number of medical disorders ranging from metabolic syn-
drome to life-threatening diseases such as cancer. Obesity has been associated with 
approximately 90,000 cancer-related deaths per year in the USA [10] and is an 
independent risk factor for the cancer of breast, endometrium, colon, renal cell, 
esophagus, pancreas, and liver [11, 17–22]. Importantly, relative risk for pancreatic 
and liver cancer is the highest among obese men as compared to other cancers [10, 
17, 23, 24]. The likelihood of liver complications increases in obese adults with 
a history of childhood obesity due to early accumulation of fat in the liver along 
with impaired glucose tolerance [25–27]. Epidemiological studies suggest a carci-
nogenic role for NAFLD and obesity in HCC [10, 17].

Metabolic syndrome is a disorder of energy intake and expenditure with constel-
lation of abnormalities in high blood pressure, triglycerides, and blood sugar lead-
ing to chronic heart and liver diseases including atherosclerotic cardiovascular dis-
ease, stroke, and type 2 diabetes [28]. Metabolic syndrome confers approximately 
four to fivefold and twofold increase in type 2 diabetes, and cardiovascular disease, 
respectively [29]. Concomitant with the obesity and metabolic syndrome epidemic, 
there is a rapid increase in nonalcoholic fatty liver disease (NAFLD), the hepatic 
manifestation of metabolic syndrome [30]. Generally, NAFLD is defined by the 
presence of any three of the following (listed in Table 12.1): (a) abdominal obe-
sity with increased visceral fat (waist circumference > 102 cm in men, > 88 cm in 
women), (b) low levels of HDL-C (high-density lipoprotein cholesterol) (< 40 mg/
dl in men, < 50 mg/dl in women), (c) elevated levels of triglycerides (> 150 mg/
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dl), (d) impaired fasting glucose levels (100–125 mg/dl), (e) high blood pressure 
(systolic blood pressure > 130 mm Hg or diastolic blood pressure > 85 mm Hg), (f) 
drug treatment for elevated triglycerides, (g) drug treatment for high blood pres-
sure, (h) drug treatment for type 2 diabetes, (i) drug treatment for increasing HDL 
(Table 12.1) [31, 32].

The global prevalence of NAFLD ranges from 2.8 to 46 % [33] and in the USA 
it concurs with an increasing trend in obesity, metabolic syndrome, and type 2 dia-
betes [34]. According to the National Health and Nutrition Examination Surveys 
(NHANES), the prevalence of NAFLD in the USA has increased from 5.5 to 11 % 
from 1988 to 2008 [35]. Data from the NHANES III indicate that 28 % of Americans 
have elevated levels of serum ALT (alanine aminotransferase) as a consequence of 
hepatic steatosis [36] and about one fifth of these patients progress to steatohepa-
titis (NASH), cirrhosis, and ultimately to HCC [37, 38]. Recent studies provide 
evidence for association between NAFLD and atherosclerosis [39–41], insulin re-
sistance, and type 2 diabetes [42]. NAFLD was first introduced and recognized as a 
chronic disease in the year 1980 and can be defined as deposition of fat in the liver 
cells of patients with minimal or no alcohol intake [43]. NAFLD is a benign condi-
tion characterized by excessive fat deposition (steatosis) in the form of triglycerides 
(histologically > 5 % of hepatocytes with fat). Over a period of time, a subset of he-
patic steatotic patients develop variable degree of hepatic necro-inflammation (lob-
ular inflammation, hepatocyte injury, and ballooning) and this condition is defined 
as nonalcoholic steatohepatitis (NASH), a more severe form of NAFLD [43, 44]. 
NAFLD-patients with simple fatty liver (hepatic steatosis) have a good long-term 
prognosis as compared to patients with NASH having a threefold increase in liver-
related mortality [45, 46]. NAFLD can go unnoticed for a long duration (years), 
but may progress to NASH, fibrosis and nonreversible cirrhosis, and hepatocellular 
carcinoma (HCC) to end-stage liver failure [38, 43, 47–50]. NAFLD is the most 

Table 12.1  Defining factors for metabolic syndrome leading to NAFLD
Diagnostic risk factors Conditions defining metabolic syndrome Demarcating levels
Abdominal obesity Increased waist circumference Men > 102 cm

Women > 88 cm
Atherogenic 
Dyslipidimia

Elevated Triglycerides 
OR on drugs to reduce elevated levels of 
triglycerides

> 150 mg/dl

Decreased HDL (high-density lipoprotein 
cholesterol) 
OR on drugs to elevate decreased levels of HDL

Men > 40 mg/dl
Women > 50 mg/dl

Hypertension Raised blood pressure
Systolic > 130 mm Hg
Diastolic > 85 mm Hg
OR on drugs to reduce elevated blood pressure

Impaired fasting  
Glucose levels

Fasting glucose 
OR on antidiabetic drugs

100–125 mg/dl
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common liver disease with an estimated prevalence from 20 to 30 % of the general 
population in Western countries [51]. Approximately 10–25 % of NAFLD patients 
develop NASH [52, 53] and approximately 7 % of patients diagnosed with cirrhosis 
due to NASH develop HCC [54]. Importantly, recent studies show that patients with 
cirrhosis preceded by NASH are at greater risk of developing HCC than those who 
develop cirrhosis from hepatitis C virus [55].

Since NAFLD is closely related with obesity, metabolic syndrome, diabetes, and 
hypertriglyceridemia, its pathogenesis is still unclear and not fully explained. Fat 
buildup in the liver is one of the main factors responsible for metabolic imbalances 
that are related to central obesity and insulin resistance [56]. According to some re-
ports the “two hit” hypothesis is a strong contender [11, 52, 57]; insulin resistance, 
the “first” hit results from accumulation of free fatty acids (FFAs) that are esterified 
and stored as hepatocyte triglycerides [57]. The “second” hit involves abnormal 
oxidation of these fats resulting in free radical production with membrane lipid 
injury and toxic lipid peroxidation product formation as well as release of pro-in-
flammatory cytokines. Due to opaque pathogenesis of NAFLD, the disease lacks an 
established treatment except to make modifications in life style and diet [58]. Since 
the theories on the pathogenesis of NAFLD/NASH are not clear, development of 
preventive and therapeutic modalities are stalled [59–62]. NAFLD/NASH being 
chronic disease, has very slow progression in humans, therefore it becomes very 
important and essential to have animal model(s) to elucidate the pathogenesis and 
therapeutic potentials of various agents [63–67]. One of the important requirements 
for these models is to reflect and portray correct pathophysiology and histopathol-
ogy of NAFLD/NASH. In this chapter, we first review current mouse models of 
NAFLD/NASH followed by concise review of various natural plant products used 
as therapeutic agents in these mouse models.

Mouse Models of NAFLD/NASH

Since the review is focused on hepatocarcinogenesis with NAFLD/NASH as causal 
factor, the mouse models discussed in this review are pertinent to obesity, meta-
bolic syndrome, insulin resistance, diabetes, hypertrigleridemia, and dysregulated 
level of adipocytokines. Ideally, mouse models of NAFLD/NASH should imitate 
human NAFLD/NASH at pathophysiological and histopathological level and show 
a sequential progression of liver disease starting with hepatic steatosis followed by 
intralobular inflammation necroinflammation, hepatocytic ballooning finally pro-
gressing to fibrosis, cirrhosis, and HCC [68]. Till date, a number of mouse models 
have been reported, however, none of the single model represents full spectrum of 
human-liver pathophysiology and histopathology of NAFLD/NASH [58]. All the 
mouse models differ in the presentation of NAFLD/NASH for various parameters 
of the disease. For this review, different mouse models of NAFLD/NASH have 
been classified into two major categories. The first category includes genetically 
modified mice (transgenic or knockout) and the second one includes the mouse 
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models which acquire NAFLD/NASH after nutritional (dietary) manipulations. 
These two major categories are further subdivided based on the presence or absence 
of obese phenotype. Important features of the models discussed in this review are 
listed in Table 12.2. These different models differ in the disease presentation, as 
stated above, the pathological and pathophysiological characteristics of NAFLD/
NASH appear with varying degrees of severity (absent to mild to severe) and course 
of time (initial or later stage).

Genetically Modified Mouse Models of NAFLD/NASH with 
Obesity

ob/ob Mice (Leptin Deficient Mice) ob/ob mice also known as leptin-deficient 
mice harbor a mutation in the leptin gene. Leptin, a 16 k Da protein hormone 
produced by white adipose tissue, regulates the feeding and energy expenditure 
via hypothalamus [58, 69–72]. The spontaneous mutation in leptin gene of ob/ob 
mice makes these mice leptin deficient rendering them hyperphagic, inactive, and 

Table 12.2  Mouse models for NAFLD/NASH with varying degrees of parameters
Category/Model Obesity Insulin 

resistance
NAFLD NASH Fibrosis HCC

Genetically modified mice
ob/ob mice Present Present Present Absent Absent Absent
db/db mice Present Present Present Absent Absent Absent
KK-A y mice Present Present Present Absent Absent Absent
MC4R −/− Present Present Present Present Present Present
PTEN  −/− mice Absent Absent Present Present Present Present
MAT1A −/− mice Absent Absent Present Present Present Present
AOX  −/− mice Absent Absent Present Present Absent Present
PPAR-α −/− (under starvation) Absent Absent Present on 

starvation
Absent Absent Absent

SREBP-1c transgenic mice Absent Present Present Present Present Absent
Nutritionally manipulated
HFD Present Present Present Present Present Present
HFD with fructose Present Present Present Present Present Absent
Atherogenic Diet Absent Liver 

specific
Present

Present Present Present Absent

Methionine-/Choline-
Deficient (MCD) Diet

Absent Liver 
specific
Present

Present Severely 
Present

Present Present

HFD high-fat-diet, NAFLD nonalcoholic fatty liver disease, NASH nonalcoholic steatohepatitis, 
HCC hepatocellular carcinoma
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severely obese with hyperlipidemia, hyperglycemia, and fatty liver (NAFLD) [71]. 
Importantly ob/ob mice develop fatty liver with severe hepatic steatosis spontane-
ously [73], but the progression from steatosis to steatohepatitis requires “second 
hit.” The steatotic livers of these mice are vulnerable to progression toward severe 
steatohepatitis and acute mortality after secondary injury from Lipopolysaccharide 
(LPS), ischemia-reperfusion, methionine-/choline-deficient diet, or ethanol feed-
ing [74–77]. Mechanism for the development of hepatic steatosis is not very clear; 
however, it is reported that ob/ob mice have increased lipogenesis with elevated 
concentration of FFAs and pro-inflammatory TNF-α in adipose tissue. The elevated 
level of serum FFAs flow to liver thereby making it steatotic [71]. Quite intrigu-
ingly ob/ob mice are immune to liver fibrosis thereby making leptin as an essential 
profibrogenic adipocytokine required for the development of liver fibrosis [78–82]. 
Despite being severely obese, ob/ob mouse model does not fully represent human 
NAFLD/NASH due to the absence of leptin.

db/db Mice (Leptin-Resistant Mice) A naturally occurring congenic mutation in 
the leptin receptor ( Ob-Rb) gene results in nonfunctional leptin signaling [83] mak-
ing a leptin-resistant mouse model. Phenotypically db/db mice are similar to ob/ob 
mice except they have normal to elevated levels of leptin due to deficiency in leptin 
receptor [84]. db/db mice are leptin resistant, obese, insulin resistant, and diabetic 
with hepatic steatosis. Hepatic steatotic db/db mice need a second-hit from MCD 
diet to develop steatohepatitis which progresses to severe fibrosis [85, 86]. ob/ob 
and db/db mice are ideal representation of human metabolic syndrome, but they 
lack spontaneous development of steatohepatitis and fibrosis.

KK-Ay Mice A genetic model with higher appetite, KK-Ay mice have a heterozy-
gous mutation of the agouti gene (KK-Ay/a) resulting in loss of melanocortin. These 
mice have obese phenotype due to highly increased appetite as they have compro-
mised hypothalamic control on their appetite [87]. KK-Ay are also called lethal 
yellow mice. KK-Ay mice are obese with most of the characteristic features of 
metabolic syndrome like hyperglycemia, hyperinsulinemia, hypertriglyceridemia, 
hypercholesterolemia, insulin resistance, and most importantly altered levels of 
adipocytokines. These mice are susceptible to MCD diet-induced NASH, develop 
hepatic steatosis which progresses to steatohepatitis because of the antagonism 
between melanocortin receptor 4 (MC4R) and the ectopic expression of the agouti 
protein and hypoadiponectinemia [88].

MC4R Null Mice MC4R maintains energy balance by regulating food consump-
tion as well as fat metabolism [89]. High-frequency MC4R mutations have been 
reported to be one of the common causes of morbid obesity in humans [90]. Tar-
geted disruption of MC4R results in obese-mice with hyperphagia, hyperglycemic, 
and insulin resistance [91]. Upon high-fat-diet (HFD) administration, the MC4R-
deficient mice develop hepatic steatosis, steatohepatitis, liver fibrosis, and even 
hepatocellular carcinoma within 1 year of HFD feeding [92–94].
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Genetically Modified Mouse models of NAFLD/NASH Without 
Obesity

PTEN−/− Mice Phosphatase and tensin homolog (PTEN) is a multifunctional phos-
phatase whose substrate is phosphatidylinositol-3,4,5- triphosphate (PIP3) [95, 96]. 
PTEN acts as a tumor suppressor gene and downregulates phosphatidyl inositol 
3-kinase (PI3K) and serine-threonine protein kinase B (PKB or Akt) thereby regu-
lating cell apoptosis, proliferation, and tumor formation [97]. Liver-specific PTEN 
knockout mice show spontaneous and extensive steatohepatitis with histopathol-
ogy quite comparable to human NASH [98]. PTEN-null mice show hyperlipidemia 
with increased concentrations of triglycerides and cholesterol with micro- as well as 
macrovesicular steaotosis within 10 weeks of age. Hepatic steatosis in PTEN-null 
mice progresses to steatohepatitis by the age of 40 weeks exhibiting macrovesicular 
steatosis with hepatocyte ballooning, lobular inflammatory cell infiltration, mallory 
bodies, and sinusoidal fibrosis [99, 100]. By 44 weeks, livers of 47 % of PTEN-
knockout mice show hepatocellular adenomas and by 80 weeks of age all the livers 
become positive for adenomas with 66 % having HCC [99]. Evidently, PTEN is 
important for the prevention of adipogenic and tumorigenic transformation, and 
PTEN-knockout mice are a novel model for NASH and especially for HCC. This 
model does not exhibit high levels of obesity which is one of the important factors 
of human NASH.

MAT1A−/− Mice Methionine adenosyltransferase-1A (MAT1A) is a liver-specific 
rate-limiting enzyme responsible for the synthesis of S-adenosylmethionine (SAM) 
in adult liver. SAM is a metabolite which affects a large spectrum of biological 
processes, including gene expression, proliferation, differentiation, and apoptosis 
[101]. MTA1A-null mice have decreased levels of hepatic SAM which renders 
them susceptible to spontaneous development of hepatic steatosis (by the age of 8 
weeks) with increased rate of hepatocyte proliferation followed by steatohepatitis 
and hepatocellular carcinoma [102, 103].

AOX−/− Mice Acyl-coenzyme A oxidase (AOX) is the rate-limiting enzyme that 
catalyzes the reaction of peroxisomal fatty acid β-oxidation of very long chain fatty 
acids (VLCFA). Deficiency of AOX in AOX null mice results in defective peroxi-
somal β-oxidation of VLCFA, thereby accumulation of VLCFA in the liver. AOX −/− 
mice begin to exhibit severe fatty liver progression with microvesicular steatosis 
of hepatocytes in zones 2 and 3 of liver lobules at 7 days of age [104]. This early 
stage hepatic steatosis spontaneously results in steatohepatitis (1 month of age) with 
hepatic peroxisomal proliferation (4–5 months of age), increased peroxisomal fatty 
acid oxidation (6–7 months of age) and HCC (15 months of age) [59]. Absence of 
AOX results in a mouse model with hepatic inflammation, hepatocyte proliferation, 
and hepatocarcinogenesis [105] without fibrosis.

PPAR-α−/− Mice with Conditional Feeding Peroxisome proliferator-activated 
receptor-α (PPAR-α) is a member of steroid/nuclear receptor superfamily, which 
acts as a key regulator of genes involved in peroxisomal, mitochondrial, and micro-
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somal fatty acid oxidation systems in the liver. Importantly, levels of PPAR-α 
decrease significantly in HFD-fed normal mice [106]. Fatty acid oxidation is 
inhibited in homozygous knocked out mice for PPAR-α, when subjected to fasting 
thereby developing severe hepatic steatosis [107].

SREBP-1c Transgenic Mice Sterol regulatory element-binding proteins (SREBPs) 
are a family of membrane-bound transcription factors that principally regulate lipid 
synthesis and are involved in adipocyte differentiation [108, 109]. Transgenic mice 
for this gene overexpress SREBP-1c in the adipose tissue creating a model of con-
genital lipodystrophy under the control of aP2 promoter resulting in severe insulin 
resistance, hyperglycemia with hepatic steatosis and steatohepatitis [110]. Impor-
tantly, these transgenic mice do not develop obesity due to decreased fat tissue, 
however a marked fatty liver with hepatic steatosis can be observed with 1–2 weeks 
of age due to increased lipid accumulation in the liver. Although these mice are not 
obese they exhibit insulin resistance, hypertriglyceridemia, elevated levels of trans-
aminases, cholesterol, and inflammation with concomitant lower levels of adipocy-
tokines, leptin, and adiponectin, by the age of 20 weeks [111]. At 30 weeks of age, 
overexpression of SREBP-1c in adipose tissue of these mice results in intralobular 
inflammation with hepatocyte ballooning and mallory hyaline bodies leading to 
pericellular fibrosis as encountered in steatohepatitis [112].

Nutritionally Manipulated Mouse Models of NAFLD/NASH with 
Obesity

HFD-induced Mouse Models of NAFLD/NASH HFD is often used to induce 
hepatic steatosis, steatohepatitis, fibrosis, and hepatocellular carcinoma in experi-
mental animal models including mice. HFD significantly increases triglycerides 
as well as FFAs, resulting in obesity, hyperglycemia, and NAFLD/NASH [113]. 
The outcome of HFD-induced NAFLD/NASH (extent of hepatic steatosis, steato-
hepatitis, and fibrosis) varies with the composition of dietary fat, total fat content, 
type of fat in the diet, treatment duration as well as the strain of mice. Study con-
ducted on two different strains of mice show that BALB/c male mice accumulates 
more lipid in the liver as compared to C57BL/6J mice when fed same HFD [114]. 
Gradual body fat accumulation with elevated leptin levels and 15 % increased body 
weight is observed in 4-week-old C57BL6/J male mice fed HFD containing 45 % of 
fat [115]. Chronic HFD feeding of male C57BL6/J mice exhibit impaired glucose 
tolerance with mild steatohepatitis [116]. Although, C57BL6 and 129S6/SvEvTac 
strains of mice are resistant to high-fat-induced obesity, expression of hepatic lipid 
synthesis and the gene profile of SREBP1c, SREBP-2, and Stearoyl-coA desaturase 
1 increases by HFD [117, 118]. Intragastric forced overfeeding of a liquid HFD is a 
difficult method, requires equipment and expertise, but results in NASH with mild 
fibrosis, similar to humans [119]. Importantly, in a recent study on C57BL/6J mice, 
it was reported that modulation of diet from high fat to low fat can insinuate the 
prevention of the progression of NASH to HCC [120]. In this study, it was reported 
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that changing diet from high fat to low fat, progression of liver pathologies toward 
HCC not only stops but gets reversed toward a condition without NASH and HCC 
[120]. Recently, in a combination study, HFD administration for 12 weeks after 
gold thioglucose (GTG) (i.p.) resulted in obesity with increased abdominal adi-
posity, glucose intolerance, insulin resistance, steatohepatitis, and fibrosis [121]. 
These models of HFD are useful as they recapitulate various parameters similar 
to hepatic steatosis, steatohepatitis (mild), fibrosis, and in some cases progression 
toward HCC [120].

HFD with Fructose-induced Mouse Models of NAFLD/NASH Fructose adds 
insult to the injury by inducing inflammation and provides a “second hit” in the 
progression of NAFLD to NASH [122]. Metabolites from fructose, act as toxins 
and cause inflammation in the pathogenesis of NASH [122]. A “western life style” 
in C57BL/6 exhibit NAFLD/NASH with severe steatohepatitis by combining trans 
fats and saturated fatty acids (like fast food) with high fructose corn syrup (like 
soft drinks high in sugar) and inactivity (sedentary life style) [123]. By the end of 
16 weeks, mice become obese with elevated liver enzymes, proinflammtory and 
profibrogenic cytokines, and develop severe hepatic steatosis with necroinflamma-
tion [123]. Addition of fructose increases calories from sugar and along with HFD 
changes the dietary pattern toward a sugar-rich diet with excess caloric intake with 
an increasing risk of diabetes and the development of NAFLD in humans [124]. 
Addition of fructose to HFD induced severe NAFLD and has been reported to 
increase gut microflora, which elevates the level of endotoxin in portal blood, caus-
ing activation of Kupffer cells in the liver through an increase in proinflammatory 
cytokines and oxidative stress [125–130]. Addition of fructose (55 % in drinking 
water) to a diet high in saturated fat administered to C57BL/6 mice for 16 weeks, 
increases obesity and hepatic oxidative stress with significant fibrosis [131] without 
any carcinoma.

Nutritionally Manipulated Mouse Models of NAFLD/NASH 
Without Obesity

Atherogenic Diet Containing Cholesterol and Cholate Several studies sug-
gest that dysregulated cholesterol metabolism is associated with NAFLD/NASH 
[132]. Cholesterol level increases in the liver due to increased uptake and decreased 
removal in the converted form of bile acids [133]. Excessive cholesterol deposition 
in liver induces lipotoxicity leading to ER stress, activation of unfolded protein 
response, and apoptosis of hepatocyte [134, 135]. There is a progressive increase in 
the cholesterol content in the livers of NAFLD and NASH patients [132]. Athero-
genic diet (containing 1.25 % of cholesterol with 0.5 % cholate) administration to 
C57BL6/J mice, for 24 weeks, results in hepatic steatosis followed by severe ste-
atohepatitis with cellular ballooning and fibrosis via cholesterol-induced oxidative 
stress and hepatic insulin resistance [136]. Importantly, aetherogenic diet supple-
mentation with HFD containing 60 % of fat in the form of cocoa butter aggravates 
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oxidative stress with an accelerated steatohepatitis within 12 weeks, with 9 % loss 
in body weight [136].

Methionine-/Choline-Deficient (MCD) Diet Methionine and choline are essential 
elements for hepatic β-oxidation and VLDL synthesis [58]. MCD diet containing 
high sucrose (40 %), fat (10 %) without methionine and choline induces severe liver 
injury via impaired hepatic VLDL secretion [137], oxidative stress [138, 139], and 
dysregulated cytokines and adipocytokines [140]. Mice fed MCD diet develop sim-
ple steatosis followed by severe steatohepatitis, inflammation, and hepatic fibrosis 
[141]. MCD diet model is one of the best established models to study inflammation 
and fibrosis in NAFLD, however, this model does not exhibit increased FA, obesity, 
or IR, which are recognized features of human NASH.

Although various mouse models have been developed to study NAFLD/NASH, 
not a single model displays the full spectrum of the human disease rather individual 
models can imitate few parameters of human NAFLD/NASH. One of the major rea-
sons for these lacunae is the vastness of this disease which ranges from obese condi-
tions with benign simple steatosis in the liver to hepatic steatosis with inflammation 
(steatohepatitis or NASH) to more severe liver fibrosis to irreversible cirrhosis to 
hepatocellular carcinoma. The present review will help investigators to choose an 
appropriate mouse model with one or few parameters of NAFLD/NASH based on 
their specific needs and hypothesis.

Bioactive Compounds as Therapeutic Options for NAFLD/
NASH

NAFLD is thought to afflict more than 70 million Americans [142] with no effec-
tive treatment, hence the development of effective therapy is a pressing concern. 
Current safe and effective treatment for NAFLD largely relies on making changes 
in diet (low caloric) along with lifestyle to reduce body weight with exercise [143]. 
Few drugs targeting metabolic syndrome such as insulin-sensitizers (metformin), 
thiazolidinediones, statins, antioxidants, and Omega-3 PUFAs have been examined 
for NAFLD/NASH [143, 144] with mixed results. Metformin improves liver histol-
ogy and liver function in leptin-deficient ob/ob mice [145]. Beneficial transient ef-
fects of metformin on liver chemistry were discovered in a small open-label clinical 
trial [120]. Positive results have been reported from the PIVENS trial while using 
a combination of TZDs with vitamin E to treat NAFLD [146]. To date, agents used 
to treat NASH focus primarily on improving insulin sensitization, and although this 
goal may be achievable, it is at the risk of potential liver toxicity with safety concern 
from long-term use of glitazone drugs [147, 148]. Since there are no effective and 
established therapies for NAFLD, the development of effective therapeutic options 
is a pressing concern. Globally, medicinal plants have been used to treat various 
liver complications [149]. A number of dietary natural compounds isolated from 
plants have been examined for their therapeutic and preventive potential against 
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various health issues. Owing to their chemopreventive and therapeutic potential in 
various diseases, there is an increased interest in searching for bioactive compounds 
from plants that can both prevent and effectively treat NAFLD/NASH.

In this section, we will review various plant-based natural bioactive compounds 
used against NAFLD/NASH in mice. Since they have low to no side effects, a vari-
ety of bioactive compounds derived from various medicinal plants have been used 
to deliver therapeutic and preventive benefits against NAFLD/NASH in mice [65]. 
Silymarin derived from Silybum marianum; also known as “milk thistle” [150–
156], curcumin from Curcuma longa; also known as “turmeric,” Garlic essential 
oil, [157], have been used in the treatment of NAFLD/NASH using various mouse 
models. Some combination therapies have also been reported to have synergistic 
effect as therapeutic agent against NAFLD/NASH [158].

Silibinin Silibinin is the main polyphenolic component of milk thistle ( Silybum 
marianum) seeds, used against obese-diabetic mice [152] as well as against various 
liver ailments, where it acts as hepatoprotectant [150, 154, 156, 159, 160]. Clini-
cal findings on surrogate markers in NASH patients show efficacy of silibinin on 
insulin resistance and liver injury [151]. Silibinin along with phosphatidylcholine 
and co-formulated with vitamin E shows improvement in hepatic-histology in a 
multicenter clinical trial enrolling NAFLD patients [153]. A recent study on MCD 
diet-induced steatohepatitis in db/db mice reveal that silibinin modulates hepatic 
lipid homeostasis (reduced expression and activity of stearoyl-CoA desaturase-1) 
with significant reduction in oxidative stress (decreased reactive oxygen species, 
TBARS) by inhibiting NFκB activation [155]. Eight weeks old db/db mice admin-
istered with MCD diet for 4 weeks and treated with silibinin (20 mg/kg daily i.p.) 
revealed a significant decrease in liver enzymes with improved hepatic steatosis and 
steatohepatitis [155].

Fucoxanthin A carotenoid pigment from brown algae, ( Undaria pinnatifida), an 
edible sea weed, is reported to have antiobesity and hypoglycemic effects in HFD-
induced model of obesity in C57BL/6 mice. Five weeks of Fucoxanthin-adminis-
tration to HFD-fed mice (10 weeks), reduces body fat accumulation and modulates 
blood glucose and insulin levels [161]. Similar dose-dependent effects of fucoxan-
thin are reported to modulate the expression of lipogenic and fatty acid beta-oxida-
tion enzymes with decreased levels of leptin and increased levels of adiponectin, 
in an HFD-induced mice model of obesity [162]. Fucoxanthin beneficially modu-
lates plasma as well as hepatic lipid metabolism by decreasing hepatic lipogenesis 
and increasing β-oxidation along with lowering blood glucose levels in HFD-fed 
C57BL/6 mice [163]. Fucoxanthin is reported to prevent development of obesity, 
diabetes in hyperglycemic and obese KK-A(y) mice [164]. Fucoxanthin decreases 
the expression level of Stearoyl-coenzyme A desaturase-1 SCD1 and modulates 
fatty acid composition of the liver via regulating leptin signaling in hyperleptinemic 
KK-A(y) mice, but fails to affect leptin-deficient ob/ob mice [165].

Lycopene Member of carotenoid family, lycopene, mainly derived from tomato, 
watermelon, papaya, orange grape fruit, has been shown to have antioxidant proper-
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ties. Lycopene treatment improves hepatic steatosis in HFD-fed C57BL/6J mice via 
normalizing the downregulated miRNA-21. Lycopene upregulates HFD-induced 
decrease in fatty acid-binding protein 7 (FABP7) via miRNA-21 and resolves 
hepatic steatosis [166].

Nobiletin Daily dose of nobiletin, one of the polyphenolic compounds present in 
the peels of citrus fruit Citrus depressa, improves insulin resistance, blood glucose 
level, homeostatic model assessment (HOMA) score and plasma adiponectin levels 
in obese hyperglycemic ob/ob mice [167]. Oral gavage of nobiletin for 5 weeks 
in HFD diet administered C57BL/6J mice reduces weight of white adipose tissue, 
plasma triglycerides, and improved hyperglycemia [168].

Baicalein Baicalein is another polyphenolic compound derived from the roots of 
Scutellaria baicalensis Georgi and has protective potential against metabolic syn-
drome [169]. Baicalein has been shown to ameliorate metabolic syndrome in HFD-
fed C57BL/6J mice, by reducing obesity, dyslipidemia, hepatic steatosis, diabetes, 
and insulin resistance via inhibiting SREBP-1c and activating AMPK [169].

Quercetin A flavonol compound derived from broccoli, leafy green vegetables 
including onion, has been reported to have therapeutic and preventive effects against 
hepatic manifestation of metabolic syndrome; NAFLD. Various mouse models have 
been reported to show efficacy of quercetin against NAFLD. Quercetin prevents 
HFD-induced obesity in C57BL/6 mice by modulating genes involved in lipid accu-
mulation [170], increasing hepatic lipid omega-oxidation with decreased circulat-
ing lipid levels [171]. In MCD diet-fed C57BL/6 mice, daily oral administration of 
quercetin prevents progression of steatohepatitis (NASH) by attenuating levels of 
proinflammtory cytokines, profibrogenic genes [172], and reducing lipoperoxida-
tion and DNA damage in the liver [173]. In leptin resistant db/db mice, quercetin 
improves blood glucose and levels of trigylcerides and cholesterol [174].

Epigallocatechin-3-gallate (EGCG) Catechins and theaflavins are the major 
polyphenolic compounds mainly derived from the leaves of green tea and black 
tea ( Camellia sinensis). Epigallocatechin-3-gallate (EGCG) is the most abundant 
(~ 85 %) polyphenolic compound in green tea. EGCG administration, in dose-
dependent manner, decreases oxidative stress and hepatotoxicity in CCL4-treated 
Institute of Cancer Research (ICR) mice (http://www.criver.com/products-services/
basic-research/find-a-model/cd-1-mouse) [175]. Green tea extract has also been 
reported to be hepatoprotective in ob/ob mice and ameliorates steatohepatitis [176]. 
Administration of EGCG to HFD-fed C57BL/6J, prevents the development of obe-
sity, metabolic syndrome including hepatic steatosis with decreased liver weight, 
levels of TG, and improved liver enzymes, [177–180]. Theaflavins derived from 
black tea have properties similar to EGCG derived from green tea. In MCD-fed 
C57BL/6 mice, a mixture of theaflavins extracted and purified from black tea pre-
vent progression of liver injury from hepatic steatosis to steatohepatitis by acting as 
antioxidant, anti-inflammatory, and antiapoptotic agent [181].

Resveratrol Resveratrol is one of the strongest antioxidant and anti-inflammatory 
agents derived from the skins of red grapes. Resveratrol has been tested in a vari-

http://www.criver.com/products-services/basic-research/find-a-model/cd-1-mouse
http://www.criver.com/products-services/basic-research/find-a-model/cd-1-mouse
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ety of NAFLD/NASH mouse models for its therapeutic and preventive potential 
against progression of hepatic steatosis by reducing levels of triglycerides, choles-
terol, inflammation, and insulin resistance. In HFD-fed C57BL/6 mice, administra-
tion of resveratrol along with HFD diet, reverses the deleterious effects of obesity 
and reduces inflammation [182]. Importantly, low dose of resveratrol is found to be 
more effective in ameliorating visceral adiposity and hepatic steatosis via decreas-
ing total triglycerides and cholesterol [183]. Resveratrol has been reported to have 
protective effect on atherogenic diet-induced NASH in C57BL/6 mice via favorable 
alteration of genes involved in fat metabolism [184]. In C57BL/6 mice fed a HFD, 
therapeutic effect of resveratrol has been reported to improve insulin resistance only 
in insulin-resistant tissue such as liver and white adipose tissue without affecting 
skeletal muscle, indicating tissue-specific and metabolism-dependent effects of res-
veratrol [185]. In insulin-resistant KKAy mice, resveratrol improves insulin sensi-
tivity via upregulation of silent information regulator 1 (Sirt 1)-AMPK in the liver 
[186].

Curcumin Curcumin, a polyphenolic compound, is a yellow-colored lyophobic 
pigment derived mainly from the rhizomes of Curcuma longa commonly known as 
turmeric. Turmeric is extensively used as a medicinal plant in traditional medicine 
for the treatment of various diseases such as inflammation of joints, skin disease, 
infections, ulcers, jaundice, and other liver disorders [187]. The protective and ther-
apeutic potential of curcumin against NAFLD/NASH has been reported in several 
mouse models [188]. Curcumin reduces body weight, serum triglycerides, improves 
hepatic steatosis via significant decrease in inflammation and improved mitochon-
drial dysfunction in HFD-fed C57BL/6 mice [189]. In a similar model of HFD-fed 
C57BL/6 mice along with leptin deficient ob/ob mice, curcumin is reported to treat 
diabetes by improving insulin resistance, ameliorating inflammation in white adi-
pose tissue, and increasing adiponectin levels [190].

Garlic A recent study reports the use of garlic essential oil (GEO) and major bioac-
tive component diallyl disulfide (DADS) against obesity-driven NAFLD in HFD-fed 
C57BL/6J mice [191]. GEO and DADS act as antiobesity and anti-hyperlipidemic 
agents in a dose-dependent manner and reduce HFD-induced lipid accumulation, 
inflammation, and oxidative damage. Garlic essential oil as well as the active ingre-
dient (a) reduce HFD-induced increased-body-weight, adipose tissue weight, levels 
of proinflammatory cytokines in liver, (b) down-regulate gene expression for sterol 
regulatory element binding protein-1c (SREBP-1c), acetyl-CoA carboxylase, fatty 
acid synthase, and 3-hydroxy-3-methylglutaryl-coenzyme A reductase and stimu-
late (PPAR-α) and carnitine palmitoyltransferase-1 with improved liver enzymes 
[191].

Combination of Caffeine, Arginine, Soy Isoflavones, and L-Carnitine In obese, 
KK mice on low-fat diet, combination of Caffeine, Arginine, Soy Isoflavones, and 
L-Carnitine significantly inhibits hepatic-lipogenesis with an overall decrease in 
body weight, adipose tissue weight, and triglyceride levels in the plasma and liver 
[158].
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Conclusions

NAFLD and NASH are the hepatic manifestations of metabolic syndrome, which 
encompass a wide spectrum of metabolic dysfunctions. The incidence of NAFLD/
NASH has been increasing worldwide, with concomitant increased prevalence of 
obesity, type 2 diabetes with elevated levels of triglycerides and cholesterol. The 
pathogenesis of NAFLD/NASH is still not very clear and is intricately entangled 
with metabolic manifestations of other organs. Mouse models are very important 
tools to understand and elucidate the pathology, pathogenesis, and treatment ap-
proaches for NAFLD/NASH. Although, no single mouse model provides full 
spectrum of the disease, but cumulatively these models have provided important 
information about various factors (obesity, metabolic syndrome, type 2 diabetes, 
insulin resistance, hepatotoxicity due to fat accumulation, ER stress, hepatic in-
flammation, and Hepato Cellular Cancer), signaling nodes responsible for the dis-
ease. More importantly these mouse models have provided surrogate markers for 
NAFLD/NASH and probable therapeutic and/or preventive treatment regimens. 
Dietary natural compounds derived from plants have provided, “to some extent,” 
variety of therapeutic and preventive treatment opportunities for NAFLD/NASH. 
Proper validation with respect to dosage, combinations with present medications 
and contraindications of these molecules/compounds is needed for the treatment 
and/or prevention of NAFLD/NASH.
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Abstract Emerging evidence suggests that common drugs that were originally 
developed for other chronic conditions may also trigger protective actions against 
cancer development and progression. Early retrospective observational studies in 
diabetic patients indicated that among the most commonly used oral antihypergly-
cemic agents, the biguanide compound metformin was associated with a reduced 
risk of cancer or improved cancer prognosis. Indeed, numerous studies have been 
conducted in the last decade to investigate whether metformin could be repurposed 
as an antineoplastic agent. This chapter will discuss promising data gained through 
the use of mouse models to study the effects of metformin in carcinogenesis. Over-
all, metformin has consistently demonstrated encouraging antineoplastic activity 
in preclinical mouse models. While in certain types of cancer these responses are 
highly influenced by the systemic metabolic status of the host, in others it is more 
dependent on the cellular and molecular background of the primary tumor. What 
still remains a critical challenge is extrapolating these findings to the biological 
and behavioral complexities of neoplastic disease in humans. The positive find-
ings obtained with a drug that is relatively affordable and safe as metformin in 
experimental mouse models of cancer should continue to guide the design and 
implementation of clinical trials. These studies should serve to validate and opti-
mize the potential use of metformin in cancer chemoprevention and treatment, and 
ultimately impact the selection of the most suitable patients who can benefit from 
metformin in the oncologic setting.

Keywords Metformin · Biguanides · Carcinogenesis · Obesity · Diabetes · AMPK 
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Metformin: Its Origins and Early Use as Antidiabetic Agent

Metformin is currently the most widely prescribed drug to treat type 2 diabetes mel-
litus. This compound was originally derived from guanidine, the pharmacologically 
active component of Galega officinalis ( aka. French Lilac or Goat’s Rue). Guani-
dine was used in medieval times in Europe as herbal remedy to treat an array of 
medical conditions, including polyuria and polydipsia, now well-known symptoms 
associated with diabetes. At the beginning of the twentieth century, guanidine and 
its naturally occurring isoprenyl derivative galegine were used as antidiabetic com-
pounds, but were not easily tolerated due to toxic effects [1]. When metformin was 
originally synthesized in the 1920s and used in animals as N, N-dimethylbiguanide, 
it triggered a highly effective blood glucose-lowering action with minimal toxicity. 
The advent of insulin therapy, though, relegated the study and use of biguanides for 
many years.

It was not until 1957, when Jean Sterne, a French physician and diabetologist, 
published his work on the clinical antidiabetic properties of metformin [2]. Since 
the 1950s, metformin has been in the frontline of therapy for type 2 diabetes (T2D) 
in Europe. In 1995, the Food and Drug Administration approved its use in the USA. 
This inexpensive and well-tolerated drug has been for the last 60 years the preferred 
antidiabetic agent used by more than 100 million people worldwide [3].

Mechanisms of Action of Metformin as Antidiabetic Agent

Metformin exerts its antihyperglycemic effects in type 2 diabetes primarily by re-
ducing glucose output in the liver and restoring tissue responsiveness to insulin [4, 
5]. In hepatocytes, intracellular uptake and activity of metformin, a hydrophilic 
biguanide, is facilitated by the highly expressed organic cation transporter-1 (OCT-
1) [6]. Although, long term clinical improvement of the hyperglycemic status is 
achieved following metformin treatment through reduction in circulating blood 
glucose and insulin levels, the precise molecular mechanism of action has not been 
clearly defined, and remains an active area of investigation.

To this end, proposed mechanisms have mainly focused on the role of the AMP-
activated protein kinase (AMPK) pathway, a conserved signaling cascade that acts 
as master sensor of cellular energetics [7]. As a mild and reversible inhibitor of mi-
tochondrial oxidative phosphorylation at complex I of the electron transport chain, 
metformin decreases the intracellular energy status and increases the AMP/ATP ra-
tio in hepatocytes [8, 9]. Cellular AMP binds to AMPK, making it a better substrate 
for activation through phosphorylation by its upstream tumor suppressor serine/
threonine kinase LKB1 [10]. AMPK is not directly activated by metformin, but as a 
consequence of the transient and specific decrease in cellular bioenergetics follow-
ing mitochondrial complex I inhibition in hepatocytes [11].
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Metformin-induced AMPK signaling also appears to control de novo hepatic 
fatty acid synthesis. In the context of obesity-induced insulin resistance, metformin 
treatment has been recently shown to restore insulin sensitivity by reducing hepatic 
lipid content via a direct AMPK-dependent inhibitory phosphorylation of acetyl-
CoA carboxylase 1 (Acc1) and Acc2, key rate-controlling enzymes in the biosyn-
thesis of fatty acids. These studies show that reduction in hepatocyte lipid storage 
inhibits Protein Kinase C-ε (PKC-ε)-mediated suppression of insulin receptor sig-
naling. In turn, this inhibition leads to increase in AKT levels and a more effective 
blockade of FOXO1-mediated gluconeogenesis [12, 13].

Some groups have challenged AMPK’s indispensable role in mediating the in-
hibitory effects of metformin on hepatic gluconeogenesis [14]. In this regard, Miller 
et al. have recently proposed that metformin reduces hepatic glucose production via 
the inhibition of glucagon-induced cyclic AMP (cAMP)/protein kinase A (PKA) 
signaling, an important gluconeogenic mechanism used to primarily maintain blood 
glucose levels in response to fasting or starvation [15]. This work also demonstrated 
that the inhibitory effect of metformin on glucagon-induced cAMP/PKA signaling 
remained functional when tested in AMPK-negative hepatocytes, thus supporting 
the dispensability of AMPK signaling.

Moreover, evidence arising from studies conducted by Madiraju et al. also dis-
putes the central role of metformin-induced AMPK in reducing plasma glucose 
concentration. This report demonstrates that metformin inhibits the redox shuttle 
mitochondrial enzyme glycerophosphate dehydrogenase underscoring the direct 
mitochondrial effects of metformin. This inhibition resulted in a reduction in glu-
coneogenesis following an altered mitochondrial redox state in hepatocytes, and 
decreased conversion of lactate and glycerol to glucose. Indeed, these findings posi-
tion mitochondrial glycerophosphate dehydrogenase as a potential new therapeutic 
target of metformin-induced inhibition of hepatic gluconeogenesis in T2D [16].

Recent major breakthroughs continue to shed light on the complex mechanisms 
underlying the blood glucose lowering effects of metformin. Seminal in vitro and in 
vivo studies argue in favor or against the role of AMPK as an essential intracellular 
factor mediating the inhibition of hepatic gluconeogenesis. Indeed, it is plausible 
that these novel mechanisms are acting in parallel or as specific mechanisms re-
sponding to metformin in either a fed or fasting state. Inconsistency in the results 
may also reflect variability in the experimental design and methodology relative to 
in vitro cellular models utilizing a wide range of metformin concentrations together 
with in vivo murine models, where different doses of metformin, routes of adminis-
tration, and treatment duration were used.

Metformin in Cancer Chemoprevention and Treatment

The American Association of Clinical Endocrinologists (AACE) and the American 
College of Endocrinology (ACE) in a recent consensus statement concluded that 
based on epidemiological data, obesity is associated with a higher risk of malig-



274 A. Schneider

nancies. Increased endogenous levels of insulin, insulin-like growth factors, proin-
flammatory cytokines, and other factors act either directly or indirectly to promote 
tumor growth and progression [17]. Although the role of persistently high plasma 
glucose levels in diabetic patients is more elusive, current observational data tend 
to support hyperglycemia as a tumor growth-promoting factor as well. Diabetes 
increases the risk of total cancer, and of site-specific cancers of the liver, pancreas, 
colorectum, breast and others [18]. According to the AACE/ACE task force, the 
lack of data from large-scale randomized studies does not support an association 
between antihyperglycemic drugs and increased cancer risk. Likewise, not enough 
strong clinical evidence is available to conclude that these medications positively 
affect cancer development and progression. Additional research endeavors with im-
proved study designs are still needed to address unresolved concerns surrounding 
the relationship between diabetes and cancer [17].

The current interest on determining the impact of antidiabetic drugs on cancer 
was in part triggered by retrospective epidemiological studies reporting the poten-
tial protective effects of metformin on cancer outcomes in diabetics when compared 
to other medications [19]. Recent systematic reviews and meta-analyses on overall 
cancer risk and mortality in diabetic patients treated with metformin revealed sig-
nificant positive results in liver, pancreatic, colorectal, and breast cancers. Since 
these findings have been primarily based on retrospective population studies, the 
need for long-term randomized clinical trials to more strongly validate the potential 
benefits of metformin in neoplastic disease has been encouraged [20–22].

In fact, as of June 2014, more than 200 clinical trials are actively recruiting 
patients, still ongoing or have been completed to evaluate the effects of metformin 
alone or in combination with other drugs on different types of cancer which were 
listed in the clinicaltrials.gov database. Many of these clinical trials were based on 
promising data obtained through experimental studies carried out in a variety of 
mouse models of cancer, including spontaneous tumors in transgenic mice, chemi-
cally-induced carcinogenesis and ectopic or orthotopic tumors. These animal mod-
els serve not only as preclinical tools to evaluate potential antineoplastic effects of 
metformin, but also to gain insight into key underlying whole organismal, cellular, 
and molecular factors that could play a decision-making role in predicting how 
patients would ultimately respond to metformin in the clinical oncology setting.

Metformin in Mouse Models of Liver Cancer

The liver is the primary site of action of metformin to trigger its antihyperglycemic 
effects. This therapeutic action is facilitated by the intracellular uptake of metfor-
min through highly OCT-1 expressing hepatocytes, as evidenced by the lack of a 
glucose-lowering effect of metformin in OCT-1-deficient mice [6]. Because of its 
proven direct uptake of metformin, the liver appears as an ideal organ to examine 
the emerging antitumoral properties of metformin. Primary liver cancer, which is 
largely diagnosed as hepatocellular carcinoma (HCC), is the fifth most common 
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cancer and the third most common cause of cancer mortality worldwide [23]. In 
the USA, it is estimated that there are more than 33,000 new cases of primary liver 
cancer, and 23,000 deaths associated with the disease occurred in 2014 [24]. Based 
on the observational association of increased incidence of liver cancer in diabetes, 
and the positive effect of metformin intake in this malignancy, targeting HCC with 
metformin appears promising [20, 22].

A recent study in a chemically-induced HCC mouse model presented compel-
ling evidence for a chemopreventive action of metformin in hepatic carcinogen-
esis [25]. Bhalla et al. induced HCC by injecting intraperitoneally (i.p.) 2-week old 
non-diabetic male C57BL/6J immunocompetent mice with 25 mg/kg body weight 
diethylnitrosamine (DEN), a liver-specific carcinogen. After weaning at 4 weeks of 
age, the mice were fed a control or Metformin-containing chow at a dose of 250 mg/
kg body weight for 24 or 36 weeks. Although no visible surface liver tumors were 
present in either control- or metformin-treated mice after 24 weeks, histological ex-
amination revealed that metformin-treated mice developed 57 % fewer tumors than 
controls. At 24 weeks, tumor size from metformin-treated mice was also reduced to 
nearly 37 % as compared to control mice. In the 36-week group, metformin treat-
ment also induced a very significant reduction in the number and size of tumors. 
Most significantly, visible tumors on the surface of the liver were reduced approxi-
mately by 80 %.

The study by Bhalla et al. suggested that metformin inhibits liver tumorigenesis 
in an AMPK-independent manner, since no AMPK activation occurred in the livers 
of mice treated with metformin. Despite the absence of hepatic AMPK activation, 
key intermediary factors within the hepatic de novo lipogenic pathway were sig-
nificantly reduced at the mRNA and protein levels in the metformin-treated mice. 
When the effect of metformin on the expression of lipogenic genes was examined 
in HCC cell lines, it was found that overexpressing SREBP1c, a key transcription 
factor driving hepatic lipogenic gene expression, was sufficient to rescue the cell 
growth inhibiting effects of metformin. These results led the authors to conclude 
that the chemopreventive effect of metformin in HCC is in part mediated through 
the downregulation of lipogenic gene expression. In spite of these promising find-
ings, these studies were only conducted in non-obese, non-diabetic mice.

Based on preclinical and clinical studies, nonalcoholic fatty liver disease 
(NAFLD), in particular, its most aggressive nonalcoholic steatohepatitis (NASH) 
form has been closely associated with obesity and insulin resistance. Moreover, 
NASH may potentially progress to cirrhosis and later to HCC [26, 27]. When inves-
tigating the long-term effects of metformin on high-fat diet induced hepatic tumori-
genesis in a C57BL/6J mouse model of NASH, Tajima et al. found that metformin, 
administered daily at a dose of 250 mg/kg in the drinking water for 60 weeks con-
currently with a high-fat diet, prevented liver tumorigenesis by suppressing hepatic 
fat accumulation only in the early stages of the disease before the onset of NAFLD 
[28]. Noteworthy, the scores for adipose tissue inflammation and fibrosis were sig-
nificantly improved in the metformin-treated high-fat diet mice compared to those 
in the high-fat diet only group. Surprisingly, metformin did not significantly af-
fect expression levels of lipogenic enzymes as reported in the chemically-induced 
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HCC model [25]. Based on the results of their study, Tajima et al. proposed that the 
antitumor effect of metformin against high-fat diet induced liver tumorigenesis is 
most likely associated with a delayed inflammatory response in the hepatic adipose 
tissue [28].

Certain conflicting findings highlight the pleiotropic nature of metformin in 
two different mouse models of liver tumorigenesis. Most likely, distinct trigger-
ing oncogenic factors underlying the process of cellular transformation induced by 
a chemical carcinogen such as DEN or dietary intervention through high-fat diet 
intake make it puzzling to determine the specific mechanisms responsible for the 
antitumoral activity of metformin in liver carcinogenesis [29].

Metformin in Mouse Models of Pancreatic Cancer

In 2014, more than 46,000 new cases of cancer of the pancreas and about 40,000 
deaths were predicted to occur in the USA, placing pancreatic cancer as the fourth 
leading cause of cancer-related death in both men and women [24]. Both environ-
mental and genetic factors make pancreatic cancer, largely pancreatic ductal adeno-
carcinoma (PDAC), a highly lethal malignancy with an overall 5-year survival rate 
of only 3–5 % [30]. Although cigarette smoking accounts for almost 25 % of cases, 
obesity and diabetes are increasingly becoming key negative factors promoting the 
disease and affecting clinical outcomes [31].

A recent meta-analysis of observational epidemiological studies determined that 
the use of metformin is associated with a significant lower risk of pancreatic can-
cer in patients with T2D [32]. Disease stage appears to play a role in the response 
to metformin since in diabetic patients diagnosed with pancreatic cancer, metfor-
min treatment was significantly associated with better outcomes and longer sur-
vival only in patients with non-metastatic disease [33]. However, metformin was 
not found to be associated with improved survival in a retrospective cohort study 
that included subjects with advanced PAC and a preexisting diagnosis of T2D [34]. 
Although better designed clinical studies are required [35], early preclinical work 
in hamsters fed a high-fat diet had already pointed to a promising chemopreventive 
role of metformin in a chemically-induced model of pancreatic carcinogenesis us-
ing the pancreatic carcinogen N-nitrosobis-(2-oxopropyl)amine. Whereas 50 % of 
the high-fat diet-fed hamsters developed pancreatic malignant lesions, none were 
found in high-fat diet-fed hamsters administered metformin in the drinking water 
[36].

More recently, studies performed in athymic nude mice bearing subcutaneous 
tumor xenografts developed from human-derived PDAC cell lines (i.e., PANC-1 
and MiaPaCa-2) showed that metformin administration significantly inhibited tu-
mor growth [37]. The authors demonstrated that metformin given i.p. once daily in 
various doses (50–250 mg/kg) decreased tumor growth in a dose-dependent man-
ner. These findings were also replicated when metformin was administered orally 
in the drinking water (2.5 mg/mL) either prior or following tumor cell implantation. 
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Orally administered metformin also inhibited the growth of orthotopic tumors de-
veloped in the pancreas with MiaPaCa-2 cells. According to Kisfalvi et al., signal-
ing pathways inhibited by metformin treatment in the tumors included the mamma-
lian target of rapamycin (mTOR) and extracellular signal-regulated kinase (ERK) 
mitogenic pathways. Previously, the same research group had also proposed that in 
PDAC cell lines and tumor xenografts, metformin treatment disrupts the crosstalk 
between insulin/IGF-1 receptor and G-protein coupled receptor (GPCR) signaling 
in an AMPK-dependent manner [38, 39].

In orthotopic tumor xenografts established with the highly aggressive L3.6pL 
human-derived PDAC cells, Nair et al. demonstrated that a daily dose of metfor-
min (250 mg/kg) significantly decreased tumor growth when compared to control 
mice. According to this report, the inhibitory action of metformin resulted in part by 
downregulating specificity protein (Sp) transcription factors Sp1, Sp2, and Sp4. Sp 
factors regulate the transcriptional activation of several cancer-related genes includ-
ing Bcl-2, survivin, cyclin D1, fatty acid synthase, and vascular endothelial growth 
factor [40].

Emerging evidence also indicates that metformin might be affecting pancreatic 
cancer cell stemness. To this end, recent studies showed that metformin treatment 
decreased cancer stem cell markers including CD44, CD133, aldehyde dehydroge-
nase isoform 1 ( ALDH1), EZH2, Notch-1, Nanog, Oct4, and epithelial cell adhesion 
molecule (EPCAM) [41–44]. Gou et al. examined the in vitro effect of low con-
centrations of metformin (100–200 μM) on different subpopulations of pancreatic 
cancer cells and found that these selectively inhibited the proliferation of CD133(+), 
but not CD24(+)CD44(+)ESA(+) cells. Indeed, CD133(+) pancreatic cancer cells are 
regarded as cancer stem cells that contribute to the progression, recurrence, and 
treatment resistance in pancreatic cancer.

To investigate the effect of metformin on pancreatic cancer in vivo, tumor xeno-
graft experiments in immunodeficient mice were conducted. This report highlighted 
that the amount of drug diluted in the drinking water (800 mg/L) of metformin-
treated mice was equivalent to a human dose of 20 mg/kg. Moreover, plasma con-
centration of metformin was approximately 20 μM, simulating those measured in 
the plasma of individuals administered a recommended therapeutic dose of metfor-
min. Metformin significantly inhibited the growth of pancreatic cancer xenografts; 
however, these tumors were developed from whole cell populations of pancreatic 
cancer cells, and not only from the CD133(+) cancer stem cell subpopulation. Over-
all, this work implied that metformin might be triggering antitumoral effects in vivo 
by selectively inhibiting CD133(+) cells [42].

The chemopreventive effects of metformin have also been tested on pancreatic 
intraepithelial neoplasia (PanIN) and its progression to PDAC in a previously de-
scribed conditional p48Cre/+

.LSL-KrasG12D/+ transgenic mice [45]. This well-estab-
lished mouse model closely recapitulates the stepwise progression from PanIN to 
PDAC as observed in humans. Transgenic mice were fed ad libitum, a control diet or 
a diet containing metformin at 1000 ppm (~ 200 mg/kg body weight) or 2000 ppm, 
for 38 weeks and sacrificed after 44 weeks. While mice which were fed the control 
diet showed 80  and 62 % incidence of PDAC in males and females, respectively, 
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PDAC incidence with metformin treatments ranged from 0 –26 % overall. Metfor-
min treatment also caused suppression of carcinoma in situ lesions by 28–39 %, and 
significantly prevented carcinoma spread in the pancreas.

Most notably, a marked decrease in cancer stem cell markers (i.e., CD24, CD44, 
EPCAM, CD133 and ALDH1) was observed in PanIN lesions from transgenic mice 
which were fed the metformin-supplemented diet when compared to controls. When 
analyzing pancreatic tissue or serum, there was a significant inhibition of mTOR, 
activated ERK and IGF-1 in the metformin-treated mice as well as activation of the 
AMPK pathway. The authors concluded that long-term dietary metformin delayed 
the progression of PanIN lesions without toxic effects, and ultimately decreased the 
incidence of invasive PDAC, suggesting that the chemopreventive action is in part 
mediated through a direct effect on mTOR signaling and CSCs [43].

Metformin in Mouse Models of Colorectal Cancer

Colorectal cancer remains as the third most commonly diagnosed cancer and the 
third leading cause of cancer death in both men and women in the USA. Approxi-
mately 137,000 new cases and 50,000 deaths were expected in 2014 [24]. Obser-
vational, population-based studies investigating the association between metformin 
and colorectal cancer incidence or survival have reported contradictory findings 
ranging from decreased risk, no difference or a dose-dependent increased risk. In-
deed, the use of different methodologies to assess outcomes may have been respon-
sible for these inconclusive results [46].

In spite of these significant yet paradoxical findings, experimental preclinical 
studies have consistently pointed to metformin as a safe and promising antineoplas-
tic agent in mouse models of colorectal cancer. Although, the basic mechanisms un-
derlying the association of obesity and diabetes with colorectal cancer still remain 
unclear, several studies have proposed that excess caloric intake, insulin, insulin-
like growth factors, and/or adipose-derived factors are linked with increased risk of 
colorectal cancer [47–50].

In this regard, Algire et al. provided early preclinical evidence demonstrating 
a positive effect of metformin in the context of a high-energy diet as promoter of 
colon cancer cell growth [51]. In their study, the volume of syngeneic tumor grafts 
derived from MC38 colon carcinoma cells and implanted in C57Bl/6 mice was 
found to be significantly larger in animals fed with a high-energy diet compared 
to mice in a control diet. Together with hyperinsulinemia, tumors from mice in the 
high-energy diet had elevated expression of phosphorylated AKT (pAKT) and fatty 
acid synthase (FASN), a key enzyme in long-chain fatty acid biosynthesis. After 
12 weeks in the experimental diets, metformin was given daily for 5 weeks at a 
dose of 50 mg/kg body weight in the drinking water to a subgroup of mice from 
each dietary group. At the end of the experimental period, metformin significantly 
diminished tumor growth in mice fed with the high-energy diet, but no significant 
effect was found in tumors from mice in the control diet.
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These findings suggest that the host’s metabolic status markedly impacts the 
antineoplastic response to metformin. Metformin treatment also reduced insulin 
levels, induced AMPK activation, and downregulated pAKT and FASN expression 
levels in the tumors from high-energy diet-fed mice. Since AMPK activation was 
observed in neoplastic tissue, but the tumor inhibitory action of metformin was 
only significant in mice with high-energy diet intake, this study and others indicate 
that the antitumoral response to metformin appears to be positively driven by the 
molecular background (i.e., intact LKB1/AMPK signaling; p53 mutation status) of 
a metabolically defined subset of colon cancers [51–55].

Intriguingly, studies performed in a chemically-induced colorectal carcinogen-
esis mouse model are more supportive of the direct action. Hosono et al. used i.p. 
azoxymethane to induce colorectal carcinogenesis in BALB/c mice. Then, mice 
were treated with or without metformin (250 mg/kg daily i.p.) for either 6 weeks 
to assess aberrant crypt foci formation or 32 weeks to investigate polyp formation 
[56]. Their findings showed a significant reduction in aberrant crypt foci forma-
tion, indicative of colorectal cancer chemoprevention, as evidenced by metformin-
induced AMPK activation and mTOR inhibition in colonic tissue independent of 
circulating insulin and lipid levels [56]. The effects of metformin on colon polyp 
inhibition were less evident.

Previously, the same research group had demonstrated that in the ApcMin/+ mice, 
which have a germ-line mutation in the Apc tumor suppressor gene and are predis-
posed to the development of multiple adenomas in the small intestine and colon, 
metformin restricted intestinal polyp growth by directly activating AMPK and in-
hibiting mTOR, pointing to metformin as an attractive candidate drug in colorectal 
carcinogenesis [57]. Overall, current evidence suggests that the antineoplastic ac-
tivity of metformin in colorectal cancer is mediated through a direct action at the 
primary colonic tumor and/or via an indirect modification of the host metabolism. 
Nevertheless, these promising responses appear to be dependent on the type of ex-
perimental carcinogenesis mouse model utilized in the investigation.

Metformin in Mouse Models of Breast Cancer

Compelling evidence obtained from observational studies and meta-analyses under-
score the link between obesity and diabetes with an increased risk of breast cancer 
[17, 18, 58]. This malignancy remains as the second cause of cancer-related deaths 
in the USA with predictions of more than 40,000 women dying as a consequence 
of this disease in 2014 [24]. The use of an affordable and relatively safe drug like 
metformin would be an invaluable benefit to a large number of patients at risk of 
or diagnosed with breast cancer. In fact, many exploratory clinical studies designed 
as “window-of-opportunity” biomarker trials have provided encouraging results. 
Many of the positive effects of metformin in breast cancer treatment, though, appear 
to be associated with a subset of patients having specific tumor or host metabolic 
characteristics (reviewed in [59]).
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Indeed, the justification for these clinical trials was sparked by promising results 
obtained through the use of metformin in mouse models of mammary carcinogen-
esis. Early findings reporting beneficial effects of metformin in breast cancer came 
from studies performed in transgenic HER-2/neu mice, where the incidence and 
size of mammary adenocarcinoma significantly decreased in response to metformin 
administered for a maximum of 9 months in the drinking water at a dose of 100 mg/
kg body weight [60]. The HER-2/neu oncogene belongs to the epidermal growth 
factor receptor family, and it is overexpressed in approximately 25–40 % of human 
breast cancers. This occurrence is strongly associated with overall poor progno-
sis in breast cancer patients [61]. It has also been shown that metformin treatment 
significantly inhibited the subcutaneous growth of HER-2/neu-derived mammary 
carcinoma cells transplanted into FVB/N HER-2/neu male mice [62].

More recent studies have also provided interesting information regarding the po-
tential selective targeting of breast cancer stem cells in response to metformin treat-
ment. Hirsch et al. demonstrated that the combination of metformin (100 µg/ml i.p.) 
with the well-known chemotherapeutic drug doxorubicin (4 mg/kg i.p.) given for 
15 days significantly reduced the mass and delayed recurrence of tumor xenografts 
more efficiently than either drug administered alone. Tumor xenografts were de-
rived from the human mammary non-transformed epithelial cell line MCF10A 
containing an integrated fusion of the v-Src oncoprotein with the ligand-binding 
domain of the estrogen receptor (ER). These cells were transformed upon tamoxifen 
treatment, and approximately 10 % of the cell population was characterized as can-
cer stem cells due to their expression of CD44high/CD24low markers and the ability to 
develop mammospheres in vitro. Surprisingly, cancer stem cells were nearly absent 
from tumor xenografts in mice treated with the combination therapy; however, they 
were noticeable in tumors from doxorubicin only-treated mice. These results sug-
gest that metformin likely possesses a therapeutic advantage in targeting and killing 
cancer stem cells when compared to standard chemotherapy [63].

Since overexpression of the HER-2/neu oncogene has been recently associated 
with carcinogenesis in part by regulating the expansion of the mammary stem cell 
population, Zhu et al. tested the chemopreventive effects of metformin (250 mg/
kg body weight i.p. daily for 10 weeks) on the cancer stem cells/tumor-initiating 
cell population in HER-2/neu transgenic mice. They found that metformin treat-
ment elicited a significant and selective inhibition of a subpopulation of CD61high/
CD49high tumor-initiating cells in preneoplastic mammary glands. Likewise, met-
formin also downregulated HER-2 and EGFR expression and decreased the phos-
phorylation of EGFR family members, IGF-1 receptor, AKT, mTOR, and STAT3 
in premalignant tissue [64]. These results and work from others highlight the role 
of cancer stem cells in mammary carcinogenesis, but in particular shed light into 
the promising chemopreventive properties of metformin in premalignant mammary 
disease [65].
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Metformin in Mouse Models of Prostate Cancer

Prostate cancer continues to be a leading cause of cancer-related illness and the 
second most common cause of cancer-associated mortality, resulting in 233,000 
new cases and approximately 30,000 deaths per year in the USA [24]. Retrospec-
tive, case control population studies in diabetic men remain inconclusive about the 
positive effects of metformin on prostate cancer risk [66–70]. However, recent ex-
perimental studies exploring the chemopreventive effects of metformin in a mouse 
model of prostate carcinogenesis reported promising outcomes.

Because of the major role of the c-MYC oncogene on early prostate epithelia 
cell transformation and growth, Akinyeke et al. investigated the effect of metfor-
min in Hi-Myc transgenic mice overexpressing c-myc relative to the progression 
of prostate intraepithelial neoplasia (PIN) to invasive prostate adenocarcinoma. Af-
ter 4 weeks of treatment of Hi-Myc mice, metformin (200 mg/kg body weight in 
drinking water) affected the development of early prostatic premalignant lesions as 
evidenced by a marked reduction in PIN formation together with decreased Ki67 
proliferation marker and androgen receptor expression levels. According to the au-
thors, inhibition of PIN onset in the Hi-Myc mouse model is most likely linked to 
inhibition of c-myc signaling, underscoring that the chemopreventive action of met-
formin in prostate carcinogenesis is in part a consequence of an inhibitory activity 
on c-myc function [71].

Previously, Ben Sahra et al. had reported that i.p. or orally-administered metfor-
min resulted in a marked inhibition of tumor growth by 35 and 55 %, respectively, 
in subcutaneous tumor xenografts derived from human prostate cancer cell lines. 
Interestingly, they found a significant reduction in tumor cyclin D1 protein levels 
implying that metformin decreases tumor growth by downregulating cyclin D1 pro-
tein levels [72].

Metformin in Mouse Models of Lung Cancer

Lung cancer is the most common cause of cancer death worldwide. As the top lead-
ing cancer type in the USA for both sexes, estimates for the year 2014 predicted 
more than 224,000 new cases and approximately 160,000 deaths [24]. A tremendous 
impact on public health would occur if the risk of lung cancer is reduced, largely by 
eliminating exposure to tobacco carcinogens, or if progression is prevented in high-
risk individuals [73]. Meta-analyses studies in conjunction with large retrospective 
cohort and case-control investigations have given inconclusive results relative to 
the effects of metformin and the risk of lung cancer in type 2 diabetics. Some of 
these studies indicate a benefit of metformin intake in risk reduction [74–76], while 
others report no association between metformin use and decreased risk of lung can-
cer [70, 77, 78]. Different methodological analyses and shortcomings are possibly 
responsible for the inconsistency of the results.
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However, promising findings on the antitumoral effects of metformin have 
been shown in a tobacco-induced mouse model of lung carcinogenesis through 
the exposure of non-diabetic, non-obese A/J mice to the tobacco carcinogen 
4-(methylnitrosamino)-1-(3-pyridil)-1-butanone (NNK) [79]. NNK is known for 
inducing K-ras-mediated tumorigenesis [80]. Lung tumors that develop in these 
mice also show hyperactivation of the mTOR pathway. Following inducing tumors 
with NNK, Memmott et al. found that metformin significantly decreased tumor 
burden and mTOR activity in lung tissue via AMPK-independent effects when ad-
ministered daily at a dose of 250 mg/kg i.p. for 13 weeks. In lung tumor tissue 
metformin did not activate AMPK but inhibited phosphorylation of IGF-1 receptor/
insulin receptor, AKT, ERK, and mTOR. In addition, circulating levels of insulin 
and IGF-1 were reduced in metformin-treated mice, suggesting that the effects on 
lung tumor growth may have not been directly induced at the primary tumor site, 
but secondary to reduced hormonal control derived from the hepatic uptake of met-
formin [79].

More recently, Quinn et al. reported that metformin was also effective in reduc-
ing NNK-induced lung tumorigenesis in liver IGF-1 deficient (LID) mice, which 
in this case suggests an antineoplastic effect of metformin via IGF-1 independent 
mechanisms. In lung tumors, metformin reduced phosphorylation of various recep-
tor tyrosine kinases as well as GTP-bound Ras via an AMPK independent manner 
[81].

As with previous reports in other types of cancer, metformin also appears to 
attenuate the stimulatory effect of a high-energy diet on the growth of tumor synge-
neic grafts. When comparing the effect of orally-administered metformin (50 mg/
kg body weight per day) on the subcutaneous growth of Lewis lung LLC1 cells in 
C57BL/6J mice fed a high-energy diet versus a control standard rodent diet, Algire 
et al. found that metformin treatment significantly decreased tumor growth rate 
and tumor size in mice fed the high-energy diet [82]. However, no significant ef-
fect of metformin was observed in tumors developed in mice receiving the control 
diet. Moreover, the authors found increased tyrosine phosphorylation of the insulin 
receptor (IR) in tumor tissue from the high-energy diet mice not receiving metfor-
min. In contrast, a marked reduction in IR phosphorylation and insulin secretion 
was found in response to metformin in the high-energy dietary group. Intriguingly, 
metformin-induced AMPK activation occurred in neoplastic tissue in mice on both 
dietary groups suggesting that tumor growth inhibition was independent of AMPK 
signaling.

Altogether, these studies demonstrate that metformin was capable of inducing 
antitumoral effects in different murine models of lung tumorigenesis. However, in 
some circumstances the tumor inhibitory effect was restricted, as previously men-
tioned, to a metabolically defined subset of tumors. These findings also raise the 
question on whether the antineoplastic activity of metformin is triggered directly 
at the primary site of tumor development, indirectly at extratumoral sites, or both. 
This important concept will be covered in more detail when discussing the role of 
metformin in head and neck cancer.
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Metformin in Mouse Models of Head and Neck Cancer

More than 500,000 cases of head and neck cancer, mainly affecting mucosa of the 
oral cavity and pharynx, are diagnosed yearly worldwide. In the USA, more than 
42,000 new cases of oral cancer, largely oral squamous cell carcinomas (OSCC), 
were estimated to be diagnosed in 2014, and 8390 deaths were predicted to occur in 
the same year [24]. Small improvement has occurred in OSCC patient survival rates 
in the last four decades, particularly when associated with main risk factors such 
as heavy tobacco use and alcohol consumption. Also, the increasing incidence of a 
distinct form of oropharyngeal SCC associated with human papillomavirus (HPV) 
infection in the USA and Europe may potentially become a critical public health 
burden in future years [83, 84].

The recent identification of the mTOR signaling pathway as a highly preva-
lent molecular signature underlying HPV− and HPV+ OSCC pathogenesis has 
provided opportunities to investigate novel strategies to deter disease progression 
[85–89]. The potential clinical benefit of mTOR inhibitors, such as rapamycin and 
its analogs in the treatment of head and neck/oral cancer has already been explored 
[89–94]. Rapamycin and its analogs represent an appropriate therapeutic option in 
the management of patients with fully established or recurrent OSCC tumors; how-
ever, their long-term use may trigger undesirable side effects due to immunosup-
pressing activity. Long-term interventions with well-tolerated, low-cost drugs like 
metformin may offer a better alternative to prevent the progression of a cancer type 
where locoregional invasion, nodal metastasis, and chemoresistance are hallmarks 
of advanced disease [95].

Recent studies show that metformin selectively affects tumor cell proliferation 
by perturbing mTOR signaling translational control of a specific subset of mRNAs 
encoding cell cycle regulators [96]. As described previously, these inhibitory ef-
fects are mostly controlled by the AMPK signaling pathway [97, 98]. Activated 
AMPK phosphorylates and activates the tumor suppressor protein TSC2, which 
then negatively regulates mTOR activity [99]. Through an oral-specific, chemical 
carcinogenesis mouse model, metformin has been shown to markedly prevent the 
conversion of premalignant oral dysplastic lesions into OSCC tumors possible via 
mTOR inhibition [100].

When 4-nitroquinoline 1-oxide (4NQO), a DNA adduct-forming agent mimick-
ing tobacco exposure, was administered orally for 14 weeks to C57BL/6J mice 
(50 μg/mL in drinking water) it induced oral tumors closely resembling human 
multistage oral carcinogenesis. Interestingly, 4NQO exposure caused primarily 
low-grade and high-grade oral epithelial dysplasias affecting mostly the tongue, an 
intraoral site affected in 20 –40 % of all human oral cancers [95]. It is evident from 
this work and studies from other groups that this mouse model provides a predict-
able preclinical strategy to simulate human OSCC carcinogenesis [101].

In the study by Vitale-Cross et al., mice were randomly assigned to two groups 
following 14 weeks of 4NQO administration in drinking water. To this end, one 
group received daily i.p. injections of metformin (50 mg/kg/day) and the other an 
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equal volume of sterile saline (control group) for 8 weeks. By week 22, mice ex-
posed to 4NQO predictably developed sizable oral tumors. However, the number 
of visible oral lesions, tumor multiplicity and OSCC multiplicity was significantly 
diminished in mice treated with metformin. Relative to mTOR signaling, metfor-
min inhibited this oncogenic pathway primarily in the basal/suprabasal proliferat-
ing dysplastic epithelium. Interestingly, no impact on metabolic markers and serum 
components, including glucose, insulin, and IGF-1, was found. These results sug-
gest that metformin prevented malignant transformation non-obese, non-diabetic 
mice directly at the site of oral cancer development [100].

A critical translationally relevant question that still remains elusive in the field 
is whether metformin exerts its antineoplastic effects by directly targeting primary 
tumor cells or indirectly acting at extratumoral sites. To this end, elucidating largely 
unexplored uptake and pharmacokinetic mechanisms will provide key information 
to ultimately maximize the chemopreventive and therapeutic action of metformin. 
This question holds significant clinical implications since a range of OCTs polymor-
phic genetic variants with reduced uptake function have been reported [102, 103]. 
As polyspecific cell membrane transporters, OCT-1, OCT-2, and OCT-3 mediate 
the influx and efflux of metformin and other biguanides together with a number of 
other structurally diverse, small hydrophilic endogenous and exogenous organic 
cationic compounds [6, 104–107]. OCT-1 and OCT-2 expression is highly restricted 
to liver and kidney, respectively. In this regard, patients harboring different OCT-1 
or OCT-2 genotypes and/or expression levels may respond differently to the thera-
peutic effects of metformin. The distribution of OCT-3 in tissues is much broader. 
In fact, OCT-3 has been considered a potential determinant of the peripheral effects 
of metformin on skeletal muscle [107].

In certain types of human cancer, such as colorectal, gastric, and renal, and their 
derived cell lines, OCT-3 expression is significantly elevated [108, 109]. On the 
other hand, OCT-1 downregulation in hepatocellular carcinoma, most likely as a 
consequence of DNA methylation, has been associated with tumor progression and 
worse patient survival [110, 111]. A recent study also demonstrated that in human 
oral epithelial dysplasias and well-differentiated OSCC, only OCT-3 was highly ex-
pressed [112]. Undetectable or weak OCT-3 expression was found in less differenti-
ated OSCC tumors, suggesting a previously unidentified link between the degree of 
tumor cell differentiation and OCT-3 expression [112].

Detection of OCT-3 protein expression patterns in 4NQO-induced mouse oral 
epithelial dysplasia is comparable to human lesions (Fig. 13.1). In addition, similar 
to human oral premalignant lesions and OSCC, OCT-3 expression levels are highly 
elevated in oral epithelial dysplasia, but reduced in less differentiated OSCC tu-
mor foci (Fig. 13.2). Most importantly, AMPK activation as evidenced by increased 
pACC levels is found in OCT-3 positive, 4NQO-induced dysplastic epithelium as 
well as residual OSCC cells derived from mice treated with metformin, but not in 



28513 Mouse Models to Study Metformin Effects in Carcinogenesis

lesions from the control mice (Fig. 13.3). These findings imply that in oral carcino-
genesis, metformin may be preventing tumor progression via AMPK activation and 
mTOR inhibition. Moreover, these effects appear to be dependent on OCT-3 uptake 
and activity at the site of oral cancer development. This emerging information un-
derscores the potential use of metformin as a novel targeted chemopreventive agent 
in oral oncology, and positions OCT-3 as a potential tumor biomarker to predict the 
chemopreventive activity of metformin in oral precancerous lesions.

Fig. 13.1  OCT-3 immunostaining in oral epithelial dysplasia

 

∗ 

∗ 

Fig. 13.2  Differential OCT-3 expression in 4NQO-induced oral carcinogenesis. Strong OCT-3 
expression is observed in murine dysplastic tissue ( bottom left panel). In comparison to highly 
differentiated oral squamous cell carcinoma cells ( arrows), OCT-3 expression is progressively lost 
in moderately to poorly differentiated cancer cells ( asterix)
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Conclusions

Compelling evidence indicates that metformin, a first line oral biguanide medica-
tion for the treatment of T2D, exerts promising chemopreventive and therapeutic 
effects in a variety of mouse models of carcinogenesis (Table 13.1). Less optimism, 
however, is conveyed by a number of retrospective population studies conducted in 
different settings in diabetic patients, which makes it more challenging to extrapo-
late the preclinical experimental findings to the human condition. Clearly, some of 
the positive antitumoral effects of metformin depend on cancer type-specific cellu-
lar, molecular, and/or metabolic vulnerabilities as well as host metabolic character-
istics (Fig. 13.4). Future research endeavors must be supported to fill gaps that still 
remain elusive. Elucidating the direct or indirect mechanism of metformin action, 
identifying tumoral and extratumoral predictive markers for improved outcomes, 
validating the role of OCTs in metformin pharmacokinetics and defining optimal 
dosages of metformin in the oncology setting are all important areas of research 
needed to be explored in order to strongly validate the role of metformin in human 
neoplastic diseases.

a

b

Fig. 13.3  Metformin triggers AMPK activation in 4NQO-induced oral dysplastic and cancer tis-
sues. (A) 4NQO-induced lingual dysplastic and oral squamous cell carcinoma lesions responded 
to metformin by activating AMPK, as evidenced by pACC immunostaining, in epithelial compart-
ments harboring OCT-3 positive cells. (B) Higher magnification of a tumor site shown in (A) 
displaying positive OCT-3 and pACC immunostaining in cancer cells ( arrows)
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Table 13.1  Antineoplastic effects of metformin in various mouse models of carcinogenesis
Type of tumor Mouse model Dose of metformin Route Reference
Liver Chemically-induced 250 mg/kg body weight Oral [25]

Dietary intervention 250 mg/kg body weight Oral [28]
Pancreas Xenograft 50–250 mg/kg body weight i.p. [37]

2.5 mg/l Oral [37]
Xenograft 250 mg/kg body weight Oral [40]
Xenograft 800 mg/l Oral [42]
p48Cre/+

.
LSL-KrasG12D/+transgenic

1000–2000 ppm Oral [43]

Colorectal Syngeneic grafts/dietary 
intervention

50 mg/kg body weight Oral [51]

Chemically-induced 250 mg/kg body weight i.p. [56]
ApcMin/+ transgenic 250 mg/kg body weight Oral [57]

Breast Her-2/neu transgenic 100 mg/kg body weight Oral [60]
Her-2/neu transgenic 250 mg/kg body weight i.p. [65]
Xenograft 100 μg/ml i.p. [63]

Prostate Hi-Myc transgenic 200 mg/kg body weight Oral [71]
Xenograft 200 μg/ml Oral [72]

1 mg/day i.p. [72]
Lung Chemically-induced 250 mg/kg body weight i.p. [79]

Chemically-induced/LID 
transgenic

5 mg/ml Oral [81]

Syngeneic grafts/dietary 
intervention

50 mg/kg body weight Oral [82]

Head and neck Chemically-induced 50 mg/kg body weight i.p. [100]

Fig. 13.4  Potential mecha-
nisms of action underlying 
the effects of metformin in 
carcinogenesis. The antineo-
plastic activity of metformin 
is associated with indirect 
systemic responses mostly 
affecting a subset of insulin-
dependent tumor types, or 
through direct effects via 
AMPK dependent and inde-
pendent signaling pathways 
in the primary tumor
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