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Abstract

Diet and nutrition are intricately related to cancer prevention, growth, and treatment response. 

Preclinical rodent models are a cornerstone to biomedical research and remain instrumental in 

our understanding of the relationship between cancer and diet and in the development of effective 

therapeutics. However, the success rate of translating promising findings from the bench to the 

bedside is suboptimal. Well-designed rodent models will be crucial to improving the impact basic 

science has on clinical treatment options. This review discusses essential experimental factors 

to consider when designing a preclinical cancer model with an emphasis on incorporating these 

models into studies interrogating diet, nutrition, and metabolism. The aims of this review are to (a) 

provide insight into relevant considerations when designing cancer models for obesity, nutrition, 

and metabolism research; (b) identify common pitfalls when selecting a rodent model; and (c) 

discuss strengths and limitations of available preclinical models.
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INTRODUCTION

Diet and nutrition modulate cancer incidence, tumor progression, and treatment response 

(210). Consequently, understanding the biological processes and mechanisms by which 

different diets, metabolic disturbances, or targeted nutrients either accelerate or retard tumor 
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growth is of significant importance. Preclinical cancer models are the realistic starting 

point to manipulate cellular pathways, investigate tumor and whole-body responses to 

dietary perturbations, and test drug efficacy. Largely due to their relatively low cost, 

ease of use, and short life span, mice constitute 60%—and rats 12%—of all preclinical 

models and are therefore the focus of this review (33). Rodent models have been at the 

core of discovering many cancer therapies and will remain foundational in biomedical 

research. However, reports have exposed a sobering reality that 95% of preclinical drugs 

fail during clinical trials, emphasizing that there is ample room to improve how we use 

rodent models in research (171). Carefully designing the rodent model that maximizes the 

biological or pharmacological relevance to the question being interrogated while minimizing 

limitations should ultimately improve translational potential. Thus, this review discusses 

key considerations when designing a rodent model. We then also discuss the advantages 

and limitations of current preclinical cancer models in the context of obesity, nutrition, and 

metabolism research.

EXPERIMENTAL FACTORS TO CONSIDER WHEN CHOOSING A RODENT 

MODEL

Despite the availability of thousands of rodent models of cancer, there is no single model 

that fully replicates human cancer due to inherent genetic, anatomical, and physiological 

differences between the species. Instead, the strength of rodent models comes from 

being able to genetically, nutritionally, or pharmacologically manipulate specific biological 

pathways. Consequently, the rodent model should be carefully selected to recapitulate key, 

measurable features of human cancer that are relevant to the research question (187). Here 

we consider some critical variables in model design. These include variables related to the 

rodent—diet, age, sex, genetics, and immune system status—as well as variables related to 

modeling cancer such as tumor progression and mode of tumor induction (Figure 1).

Diet Provided to the Rodent

There are two major diet types available for rodent studies: grain based (chow) and purified. 

Grain based diets are formulated using agricultural and animal by-products such as ground 

corn, ground oats, and soybean meal with ingredient proportions and nutrient content that 

will vary between lots (154). Nontrivial concentrations of pesticides and heavy metals such 

as lead and arsenic are present in these diets (127). Conversely, purified diets use highly 

refined ingredients, where each ingredient contributes to a single macronutrient (e.g., lard 

for fat), with minimal variation between batches but at a significantly greater financial cost 

to the investigator. Fiber content is another important distinction, as grain based diets are 

composed of approximately 20–25% soluble and insoluble fibers (approximately 100–125 

g/2,000 kcal), while purified diets generally only include 5% (approximately 25 g/2,000 

kcal) cellulose (an insoluble fiber) (154). Gut atrophy is a significant consequence of the 

low fiber content in purified diets but can be remedied with the addition of inulin (a soluble 

fiber) to the diet (27). It is estimated that the typical US adult only consumes an average 

of 17 g soluble/insoluble fiber each day (190) despite the US Department of Agriculture 

(USDA) recommendation for adults to consume a daily diet that is composed of 28 g/2,000 

kcal fiber (191). Mice on a grain based diet therefore consume approximately 6–7 times 
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more fiber than the average adult. Conversely, the amount of fiber in a purified diet is more 

comparable to the ideal adult diet, but insoluble cellulose is the sole fiber source.

Sex of the Rodent

Male rodents have been historically overrepresented in biomedical research. One 

metanalysis reported that 80% of articles published across four surgical journals used only 

male animals and only 3% of articles used both male and female animals (215). Female 

rodents are commonly avoided because of a notion that the estrous cycle introduces a 

variable that is difficult to control for and will therefore increase variability (157). However, 

an analysis collating 293 studies found that male and female mice display remarkably 

similar intragroup variation of quantitative behavioral, morphological, and physiological 

traits, indicating that the estrous cycle does not increase variability (157). Moreover, the 

National Institutes of Health now require grant proposals to account for sex as a biological 

variable in animal research and, in the absence of strong scientific justification (e.g., 

prostate cancer research), both sexes must be included (139). Clinical oncology research 

has demonstrated that men clear doxorubicin more quickly than do women (44) and that 

women are at higher risk for 5-fluorouracil toxicity than are men (25), further highlighting 

the importance of detecting sexual dimorphism in preclinical studies. In obesity-related 

research, numerous groups have observed that female mice, more so than female rats, are 

less susceptible to diet-induced obesity (DIO) regimens relative to males unless they are 

ovariectomized (68, 87, 101, 143, 168).

Age of the Rodent

Cancer is an age-related disease where the median age for a cancer diagnosis is 66 years 

(89). It is well established that aging leads to many physiological changes, many of 

which could be oncogenic, including gradual accumulation of mutations, chronic low-grade 

inflammation [known as inflammaging (63)], cellular senescence, and epigenetic alterations 

(55). Despite acknowledgment that aging contributes to cancer development, young mice 

(8–12 weeks old) are predominantly used in preclinical cancer research (93). Importantly, 

studies have highlighted marked differences in immunotherapy response between young 

and aged mice. Bouchlaka et al. (17) demonstrated that aged mice (greater than 16 months 

old) were less able to tolerate an αCD40/interleukin-2 drug cocktail relative to young mice 

(2–3 months old), while another study has shown that middle-aged mice (greater than 10 

months old) have improved anti-programmed cell death-1 antibody (αPD1) therapy response 

compared with young mice (6–10 weeks old) (103). As a reference point, 18–24-month-old 

mice (62) and 22–27-month-old rats (169) are in an equivalent stage of the aging process as 

56–69-year-old humans.

Genetic Background of the Rodent

Selecting an appropriate genetic background is arguably one of the most important factors to 

consider when designing a preclinical cancer study. The central study question will dictate 

using either an inbred or outbred rodent model as well as whether the rodent should be 

immunodeficient or immunologically intact.
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Common genetic backgrounds.

Common rodent strains used in laboratory research are differentially predisposed to 

experimental exposures and challenges. For example, C57BL/6 inbred mice are widely used 

for obesity research given their proclivity to gain weight and develop glucose intolerance on 

a high-fat diet (HFD), while BALB/c inbred mice are much more resistant to the same diet 

(131). Conversely, FVB/N and A/J inbred mice are more susceptible to azoxymethane—a 

carcinogen administered to induce colorectal tumors—than are C57BL/6 mice and therefore 

predominate in such studies (138). It can become a balancing act to choose the appropriate 

rodent model when studying obesity and cancer interactions, as C57BL/6 mice are often 

preferred for obesity studies but are poorly responsive to certain modes of tumor induction. 

Though less common in cancer studies, various rat cancer models exist using both Wistar 

and Sprague-Dawley outbred strains, as we have previously reviewed (69).

Collaborative cross and diversity outbred mice.

In contrast to outbred strains, inbred strains control for genetic diversity as an experimental 

variable. However, these genetically homogenous rodents ignore the considerable role that 

genetic diversity plays in complex human diseases, including cancer. In response to this 

limitation, an international effort has emerged to generate fully sequenced recombinant 

inbred collaborative cross (CC) mouse lines by systematically crossing 8 inbred founder 

lines (188). The culmination of this project has resulted in approximately 70 new 

isogenic lines that have significantly increased the available genetic diversity without 

surrendering control over the genetic information (179). CC mice are particularly useful 

when multiple strains are screened to detect differential responses to challenges such as 

dietary interventions, carcinogens, or chemotherapeutic drugs. These observations can be 

paired with quantitative trait locus analyses to map the phenotypic variation back to specific 

genomic loci. Wang et al. (202) identified Nfκb1 as a candidate gene target for spontaneous 

gastric tumor development by implementing this strategy.

Diversity outbred (DO) mice originated from randomly mating 180 partially inbred CC 

lines to produce the most genetically diverse set of heterogenous mice available for 

research (184). This immense genetic heterogeneity is especially relevant when studying 

diseases with complex genetic interactions. DO mice have already been successfully used in 

cancer and nutrition research to identify susceptibility genes for outcomes such as prostate 

metastasis (208) or atherosclerosis development (177).

Immunocompetent and immunodeficient mice.

When engrafting nonsyngeneic material—such as cancer cells or an intact tumor—into 

mice, immunodeficient mice are required to minimize transplant rejection. A variety of 

immunodeficient mice exist for this purpose, with the most commonly used strains being 

nude [no functional T cells (59)], nonobese diabetic/severe combined immunodeficient 

(NOD/SCID) [no functional B or T cells (15)], and NOD/SCID gamma mice [no functional 

B, T, or natural killer cells (92)]. The optimal immunodeficient mouse depends on the 

experiment, and essential considerations have been discussed by Shultz et al. (174). In 

the context of obesity research, immunodeficient mice are resistant to weight gain on a 

HFD unless housed at thermoneutrality (69). Additionally, a functional immune system is a 
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critical component of the tumor microenvironment and is intricately involved in all aspects 

of tumor development as well as treatment response. Humanized mice—mice engrafted 

with human hematopoietic stem cells to produce a functional human immune system—

may provide a solution to this limitation, but generation of these mice is expensive and 

technically difficult (200, 204).

General Recommendations for Factors Related to the Rodent

The experimental question must be critically evaluated to determine the most appropriate 

and feasible rodent model. Herein we discuss considerations related to diet, sex, age, and 

genetic background of the rodent when designing preclinical studies.

Studies using a purified HFD (40–60% kcal fat), a commonly used DIO regimen, should 

use a matched purified diet that is lower in fat content for the lean control group, where 

the reduced fat content is replaced with cornstarch but all other macro- and micronutrients 

are constant. Improper control diets are still commonly used. An analysis performed by 

Pellizzon & Ricci (154) found that of 69 studies using HFDs and published in 2016 in 

prominent journals, 41% used a grain based diet as the control group and another 41% did 

not report sufficient diet information. While it is tempting to use a less expensive grain 

based chow diet for the control group, any differences observed between the HFD and 

control rodent groups cannot be attributed to the fat content because other diet variables 

such as fiber or phytochemicals could also be contributors. Accounting for fiber amount 

and fiber type may be especially pertinent to preclinical breast and colon cancer studies 

where increased dietary fiber intake has been associated with reduced cancer risk in humans 

(8, 28). Given that diet manipulation studies intentionally alter specific micro- and/or 

macronutrients, purified diets, as opposed to grain based diets, should be used for these 

experiments (154). Moreover, pharmaceutical studies that use diet to administer a drug also 

require the use of purified diets, and the placebo group should be provided an identical diet 

that incorporates a vehicle control.

Given the extent to which sexual dimorphisms exist in both humans and rodents as well 

as the National Institutes of Health’s (139) commitment to addressing sex as a biological 

variable, experiments will be strengthened by incorporating both sexes unless there is strong 

scientific justification otherwise (e.g., an ovarian cancer study).

For experimental questions in which age-associated physiology may be an important 

variable, investigators should consider using aged rodents [18–24 months old for mice (62) 

and 22–27 months old for rats (169)]. Critically, not all cancers are age-related diseases, 

including cancers that are inheritable or develop early in life such as early-onset leukemia. 

If needed, a young control group should be at the age when rapid growth tapers off and the 

rodents are considered mature adults: 3 months in mice (62) and 4–5 months in rats (68).

Finally, careful research to select the rodent strain that is susceptible to the unique 

experimental conditions is essential. If an ideal strain is unavailable, other options such 

as CC or DO mice may be useful. Two considerations for DO studies include recognizing 

that all DO mice are unique, which means exact cohorts are impossible to reproduce, and 
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that the sample size will need to be carefully considered and likely significantly increased, 

compared with using inbred strains, to achieve appropriate statistical power.

Features of the Tumor

Cancer is a collection of related diseases, and each person’s cancer has a unique 

combination of genetic alterations. Tumorigenesis is a multistage process which effects 

numerous tissues and can be modeled in several ways. Consideration of the cancer stage to 

be investigated and the means of tumor induction is important to incorporate into the study 

design.

Models to study different stages of cancer.

Cancer is a progressive disease that passes through discrete stages—initiation, growth and 

progression, and metastasis—and rodent models are rarely able to capture all stages of the 

disease. For example, spontaneous rodent models, including genetically engineered rodents, 

are appropriate for studying stages that include tumor prevention, initiation, progression, 

and response of an established tumor to an intervention. In contrast, tumor transplant 

models, often involving subcutaneously or orthotopically injecting human cell lines or 

patient-derived xenografts into immunodeficient mice, are best suited for investigating tumor 

growth or therapeutic response (37).

To study metastasis, primary tumors must grow slowly enough to promote the spread of 

cancer cells from the primary site into a secondary site without growing large enough to 

necessitate euthanasia. This is often not feasible, and experimental metastasis is therefore 

more often studied by directly injecting cancer cells either intravenously to promote lung 

colonization, intraportally to promote liver colonization, or intracardially to promote brain 

and/or bone colonization (165). While effective and relatively simple, this approach does 

not address therapeutically important steps in the metastatic cascade (e.g., local invasion 

and intravasation) (180). To model metastatic spread via lymph, cancer cells can be injected 

into a lymphatic vessel or lymph node (10, 189). Surgical resection of the primary tumor 

after micrometastasis formation retains the natural metastatic process for mammary tumors 

(66). While this is not feasible for all cancers, and there are inherent procedural/biological 

complications with surgical resection (150), primary tumor resection is an attractive 

option for studying the full metastatic cascade and may also closely reflect metastatic 

progression as commonly occurs in humans following surgical resection of primary tumors. 

All models of metastasis involving a surgical procedure may be confounded by the 

alteration of metastasis by the wound healing process induced following surgery unless 

experimental design accounts for such effects (150). Obesity is associated with increased 

tumor progression in several cancer types (210). Lung inflammation and expansion of 

metastasis-initiating cell populations in the tumor are both implicated in preclinical models 

of breast cancer metastasis and obesity (18, 158). However, there remains limited work in 

this area, highlighting an important knowledge gap.

Mode of tumor induction.

Murine tumor models have contributed importantly to our understanding of the biological 

mechanisms involved in tumor formation, and for identifying strategies for preventing 
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cancer. The three most common means to induce a tumor in a rodent are either chemical 

carcinogen exposure, genetic manipulation, or transplantation of tumor cells. Each mode 

of tumor induction has its strengths and limitations, depending on the question being 

addressed.

Carcinogen-induced rodent models.—Carcinogen-induced models permit studies 

investigating the tumor progression process from preneoplastic lesion to various stages of 

cancer by administering a carcinogen known to induce tumor formation. The advantages of 

carcinogen-induced tumors include the presence of a tumor microenvironment, the gradual 

development of the tumor within its native tissue, and the frequent acquisition of multiple 

mutations to drive tumor growth (71). Limitations can include unpredictability with respect 

to tumor latency period, the number of tumors that are formed, and the location(s) of tumor 

formation. As discussed above (see the section titled Common Genetic Backgrounds), it is 

critical to select a rodent strain that is susceptible to the carcinogen.

Genetically engineered models.—Genetically engineered models (GEMs) have been 

used in cancer research since the 1980s to either activate oncogenes or delete tumor 

suppressor genes (76, 182). Similar to carcinogen-induced models, GEM rodents also have 

the potential to model all stages of cancer within the native tissue. The advent of the Cre 

recombinase/loxP recombination system in the late 1980s has greatly expanded the pool 

of available transgenic models by permitting either the conditional deletion of a tumor 

suppressor gene or the activation of an oncogene in a specific tissue and/or at a specific time 

(45, 186). For example, the adenomatous polyposis coli (Apc)Min/+ mouse is a spontaneous 

intestinal tumor model where a mutation in the Apc gene drives biallelic Apc inactivation 

and adenoma formation predominantly in the small intestine (133). However, most human 

intestinal cancers occur in the colon or rectum. ApcMin/+ mice expressing Cre recombinase 

using colon-specific promoters (84, 161) or inducible Cre recombinase driven by epithelial-

specific promoters combined with tamoxifen administration to the colonic mucosa (162) can 

overcome this limitation.

Transplantation Models.—Tumor transplant models can vary dramatically in the 

species, amount and type of neoplastic material being transplanted as well as the site of 

transplantation. Transplant models often involve subcutaneously or orthotopically engrafting 

cancer cells into rodents (37, 75). As transplanted tumors are fully transformed upon 

introduction to the rodent, it is not possible to study carcinogenesis with a transplantation 

model (37). Instead, this model is frequently used to investigate tumor response to potential 

drugs, therapies, or dietary manipulations. Subcutaneous injection is technically much easier 

than orthotopic transplantation and creates a tumor that is visible to the eye and measurable 

with a caliper to track growth over time (37, 75). However, subcutaneously transplanted cells 

or tissues do not grow in their native environment. Consequently, it is not possible for this 

model to adequately recapitulate the relevant immune, stromal, and vascular components of 

the tumor microenvironment that are often intricately related to tumor growth and behavior 

(75). These limitations are thought to largely explain why promising outcomes observed in 

subcutaneously transplanted experiments poorly predict drug success in clinical trials (37). 

Orthotopic transplants provide the native tissue for tumor engraftment and can offer more 
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consistent tumor multiplicity and growth rates. However, depending on the type of cancer, 

orthotopic transplantation may be technically challenging, and relatively quick tumor growth 

in these experiments may prohibit sufficient stromal remodeling (75). Therefore, while 

orthotopic transplantation models are generally accepted to be superior to subcutaneous 

injection models, the experimental question should be carefully evaluated to determine the 

most appropriate and feasible model.

The most commonly transplanted materials are either cancerous cells or intact tumor tissue. 

Human or rodent cancer cell lines are easy to genetically manipulate and are the most cost-

effective option. However, because cell lines are inherently homogenous cell populations, 

transplantation of cell lines fails to recapitulate the cellular heterogeneity observed in tumors 

(75). Furthermore, cells grown in artificial cell culture conditions (e.g., plastic surface, 

21% O2, and growth factor–rich media) acquire mutations over time, which could affect 

in vivo behavior and growth (104). Patient-derived xenografts (PDXs) are intact tumor 

tissues directly implanted into immunodeficient mice. The PDX model may hold promise 

for personalized medicine where transplantation of a patient’s tumor could facilitate a 

drug screen in recipient rodents to identify candidate therapies (176). Indeed, this strategy 

successfully predicted responders and nonresponders to cetuximab, an epidermal growth 

factor receptor monoclonal antibody, in patients with metastatic colorectal cancer (14). 

Despite the excitement surrounding PDXs, the human-derived tumor microenvironment, 

which initially accompanies the tumor into the mouse, appears to be largely replaced with 

murine-derived stroma and vasculature network (91). Selection pressures can also cause 

acquisition of different mutations as the tumor grows and is transplanted into new mice (12).

EXPERIMENTAL INTERVENTIONS TO STUDY NUTRITION AND 

METABOLISM IN CANCER RODENT MODELS

Diet and nutrition are intricately intertwined with cancer, and investigations are ongoing to 

understand how diet, individual nutrients, pharmacological agents, and surgical interventions 

influence cancer risk and cancer growth. Moreover, clear dietary recommendations are 

sorely needed but do not currently exist for patients undergoing cancer treatment (96). 

Therefore, exploiting pathways critical for cancer initiation or progression via nutrition 

modulation has great potential to either promote the prevention of cancer or support existing 

therapy paradigms.

Diet and Obesity

Obesity is defined as the accumulation of excess body fat and is frequently accompanied by 

whole-body metabolic impairments (42, 101). This metabolic dysfunction generally presents 

as low-grade chronic inflammation, elevated circulating growth hormones, abnormal blood 

lipid profile, and/or elevated blood glucose levels (101). Overweight and obesity [body 

mass index (BMI) of more than 25 kg/m2 and more than 30 kg/m2, respectively] are 

positively associated with risk for at least 12 different cancers (107, 210) and account for 

14–20% of all cancer deaths (23). Understanding the mechanisms and biological processes 

by which excess fat promotes tumor growth is an active area of investigation. In preclinical 
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rodent models, obesity is generally studied using a calorically dense diet or a monogenic 

hyperphagic rodent model.

Defining and measuring obesity in rodents.

There is currently no consensus among researchers on a quantitative measurement of obesity 

in rodents like there is for humans. To address this, we developed obesity criteria in mice 

that are reflective of the BMI cut points used in humans. In brief, we compared the body fat 

percentage of female C57BL/6 mice following 10 weeks on diets of varying fat content (up 

to 60% kcal fat) and energy densities to the body fat percentage of women within each BMI 

category, using data from the National Health and Nutrition Examination Survey III study 

(143). We defined lean, overweight, and obese nonovariectomized female mice as having 

percent body fat ranges of less than 26%, 26%–35%, and more than 35%, respectively (143). 

We observed greater and more rapid body fat accumulation in ovariectomized female mice 

fed the same diets and thus recommended less than 30%, 30–44%, and more than 45% body 

fat ranges for lean, overweight, and obese, respectively (143). Alternatively, Enriori et al. 

(53) defined mouse obesity as body weight more than 3 standard deviations above the mean 

body weight of the lean control group. In studies where HFD-fed rodents have a propensity 

to either gain or not gain weight, we have used percent body fat measured at an intermediate 

time point to determine a priori placement into the control or DIO group (69). Other specific 

criteria that can be used to ascertain whether a rodent is recapitulating key features of 

obesity include (a) hyperphagia, (b) hyperglycemia in a fasted state, (c) hyperinsulinemia in 

a fasted state, (d) dyslipidemia, and (e) elevated markers of inflammation, especially in the 

liver and adipose tissue (101, 120).

Monogenic models of obesity.

Signaling via leptin, a peptide hormone that regulates appetite by inducing satiety, is 

disrupted in the common monogenic rodent models of obesity—ob/ob (indicating obese) 

and db/db (indicating diabetic) (30, 31, 83). Defective leptin production (ob/ob) or leptin 

sensing (db/db) leads to severe hyperphagia and obesity in these mice. Both mouse models 

develop hyperinsulinemia, insulin resistance, hyperphagia, and dyslipidemia, while the 

C57BLKS/J background of db/db mice also promotes marked hyperglycemia and pancreatic 

islet cell dysfunction (101). Zucker fatty rats also carry a functionally ineffective leptin 

receptor due to a homozygous fa/fa mutation (155). This rat model develops hyperglycemia 

in addition to the other obesity-associated characteristics present in ob/ob mice (155).

Monogenic models of obesity reproducibly develop extreme obesity when fed a normal 

rodent diet. In order to disentangle whether interesting phenotypes are driven by the 

obesity or the impaired leptin signaling, food availability can be carefully controlled to 

prevent weight gain (111). However, a major drawback of these models is their limited 

translatability to the human population given that only 3–6% of humans are estimated to 

carry a homozygous genetic mutation in the leptin signaling pathway (56). Additionally, 

rather than using diet to induce obesity in a time-controlled manner, hyperphagia and 

metabolic disturbances begin at birth. Due to these model limitations, genetic hyperphagia 

models are not widely used in preclinical cancer research, although there is limited evidence 
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that ob/ob mice have greater tumor mass than do wild-type controls in a subcutaneous 

pancreatic cancer model (159).

High-fat diets.

Relative to monogenic rodent models, dietary manipulation to induce obesity in polygenic 

rodents is considered to more accurately recapitulate the human condition (101, 120). HFDs 

are purified diets containing 45–60% kcal fat (Table 1). C57BL/6 mice provided ad libitum 

access to a 60% HFD for ≥15 weeks progressively develop obesity, insulin resistance, and 

dyslipidemia (101). A 60% HFD is more commonly used because the higher fat content 

accelerates excess lipid deposition and promotes a more pronounced obese phenotype. 

However, the USDA reports that the average American diet is ~37% fat (190), and therefore 

a 45% HFD may be more relevant if matching dietary composition between humans and 

mice is critical to the study question (120, 178). Interestingly, approximately 50% of 

outbred Sprague-Dawley rats are susceptible to DIO on a HFD while the other 50% are 

resistant (111); Wistar rats show a similar response (68). This differential response to diet 

permits DIO investigations where diet is not a variable between control and obese groups. 

Preclinical studies indicate that DIO results in accelerated tumor growth and progression 

across multiple obesity-associated cancer types, further reinforcing the validity of DIO as a 

useful preclinical model (19, 52, 67, 121, 151).

Overcoming resistance to diet-induced obesity.

Many mouse strains display varying degrees of resistance to DIO, even when placed on 

a very high-fat, high-calorie diet. One recent approach to overcome this challenge has 

been to alter the housing temperature of these obesity-resistant mice so that they are 

maintained closer to their thermoneutral zone (69). While the exact temperature to maintain 

thermoneutrality has been debated, typical vivarium temperatures that are comfortable for 

humans (20–23°C) are known to cause chronic cold stress to rodents. Because of this, 

mice and rats housed at these temperatures can experience adaptive thermogenesis (181), 

expending energy to maintain their body temperature. The thermoneutral zone has been 

reported to be approximately 28–31°C based on metabolic phenotyping data (57). Warming 

the rodents can be accomplished by increasing the temperature in the vivarium or more 

directly by placing cages on warming mats, as we previously described (69). We have shown 

that within a few days of warming, mice on a HFD begin to gain weight and increase fat 

deposition, while those on a low-fat diet do not (69).

Dietary Energy–Restriction Approaches

Dietary energy-restriction (DER) encompasses diets where (a) caloric intake is limited, (b) 

food is restricted for specific periods of time, and/or (c) specific nutrients are restricted. 

DER approaches are associated with a prolonged health span and have been implemented 

in individuals who are normoweight as well as in individuals who are overweight or obese 

and are seeking to lose weight (38). Biological mechanisms by which DER approaches 

delay the onset of age-related diseases are expertly reviewed elsewhere (38, 128, 140, 149) 

and include improved insulin sensitivity, reduced growth factor signaling, cellular metabolic 

reprogramming, reduced adiposity, and decreased inflammatory signaling. While many DER 

approaches exist, this review focuses on calorie restriction (CR), 5:2 intermittent energy 
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restriction (IER), time-restricted feeding (TRF), a fasting-mimicking diet (FMD), and a 

ketogenic diet (Table 1).

Calorie restriction.

CR chronically reduces macronutrient consumption but maintains adequate micronutrient 

intake and confers health benefits in species ranging from Caenorhabditis elegans to 

humans (61). Collectively, CR appears to confer health benefits that are conserved across 

species, making rodents a reasonable preclinical model for these experiments. In rodents, a 

metanalysis revealed that a 30% CR diet (i.e., rodents received 30% fewer calories than ad 

libitum controls) results in a 14–45% median life span increase in rats and a 4–27% increase 

in mice (185). Other rodent studies have highlighted the benefits of CR in preventing 

obesity and cancer (13, 95, 128), and rhesus monkeys on a 30% CR regimen have better 

overall health, experience delayed onset of age-related conditions, and generally live longer 

compared with controls (126). In addition to delaying tumor initiation, rodent studies have 

reproducibly demonstrated that 20–30% CR suppresses tumor growth across multiple cancer 

types and models of tumor induction (128, 130). Rodents on a CR dietary regimen generally 

receive a single meal each day, which is then rapidly consumed within 2–4 h (1). Therefore, 

this study design makes it inherently difficult to decipher whether the observed health 

benefits are a consequence of the 20–30% calorie deficit or the 20–22-h prolonged daily fast 

(see the section titled Time-Restricted Feeding).

In humans, CR improves many metabolic biomarkers, including blood pressure, lipid 

profiles, and insulin sensitivity in men and women who are not obese (60). CR is generally 

more moderate in humans (20–30% versus 30–40% in rodents) and can be difficult to 

achieve due to limited compliance (47, 194). Moreover, the risk of unwanted weight 

loss, specifically from adipose tissue and muscle, in patients with cancer undergoing 

treatment or at risk of cachexia is concerning. In response to these limitations, alternative 

dietary regimens (discussed below) have emerged with the intention of providing the same 

metabolic health benefits while increasing feasibility of diet adherence and limiting risks for 

patients with cancer.

5:2 Intermittent energy restriction.

A person adhering to the 5:2 IER diet consumes a Mediterranean-style diet 5 days a 

week and then decreases caloric intake by approximately 75% (500–800 kcal/day total 

intake) with a low-carbohydrate intake on 2 nonconsecutive days (79). Over the course of 

a week, this diet results in an average daily restriction of approximately 20–25%. Harvie 

et al. (79) directly compared 25% CR with 5:2 IER in overweight women and reported 

that women consuming the 5:2 IER diet for 4 months demonstrated greater reductions in 

insulin resistance and waist circumference. We have translated the human 5:2 IER diet to 

mice by restricting calories at 14% for 5 days and at 70% on 2 nonconsecutive days each 

week, resulting in an average 30% daily caloric reduction. In a syngeneic mammary tumor 

transplant model, weight loss in DIO mice imparted by either 5:2 IER or 30% CR results in 

smaller mammary tumor mass compared with mice always fed a low-fat diet (L.W. Bowers; 

unpublished data). Further studies should (a) seek to understand whether the mechanisms by 
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which tumor growth is attenuated are conserved across 5:2 IER and 30% CR and (b) test the 

effectiveness of the 5:2 IER diet in different cancer types and stages.

Time-restricted feeding.

The rationale behind TRF in rodents emerged from two primary observations: (a) Many 

metabolic-related genes operate on a circadian rhythm, and (b) CR rodents are routinely 

subject to a prolonged fast after finishing their daily meal within 2–4 h (1, 149). A recent 

clinical trial enrolling participants diagnosed with metabolic syndrome demonstrated that 

consuming food within a daily 10-h timeframe for 12 weeks is sufficient to promote 

many health benefits, including weight loss, body fat reduction, and metabolic biomarker 

improvements (207). Epidemiological data support an association between nightly fasts 

(more than 13 h) and decreased risk of breast cancer recurrence in women (124). Similar to 

clinical trials, rodents on a TRF regimen generally have daily ad libitum access to food for 

8–12 h (24, 81). Hatori et al. (81) observed that TRF mice provided a HFD for 9 h each day 

ate the same amount of food as unrestricted HFD controls but gained less body weight, had 

lower percent body fat, and displayed better glucose control. There is some evidence that 

TRF may improve several metabolic features known to support tumor growth (170). These 

promising findings warrant investigations in preclinical cancer models and suggest that these 

beneficial metabolic health outcomes may be independent of CR.

Fasting-mimicking diet.

Fasting diets have been broadly defined as consuming no or minimal food and caloric 

beverages for a period of time between 12 h and 3 weeks (116). People adhering to a FMD 

reduce caloric intake into a range of 300–1,000 calories per day by consuming foods and 

beverages that are low in carbohydrates and proteins but high in unsaturated fats (205). 

Suggested foods include soups, juices, energy bars, chips, and herbal teas. The equivalent 

rodent FMD restricts 50–90% of caloric intake for 4 consecutive days twice per month (20). 

The food presented is a combination of broth powders, glycerol, and essential fatty acids 

bound together with hydrogel (20).

A FMD was shown to be safe and feasible in a pilot study of patients receiving platinum-

based chemotherapies (46) and was associated with an improved treatment response in 

patients undergoing chemo- or radiotherapy cancer treatment when adhered to for 2–5 

consecutive days per month (39, 140). The biology underpinning FMD synergy with 

cytotoxic therapies is that a fast causes noncancerous proliferative cells to exit the cell cycle 

(140). Consequently, these cells transiently in cell cycle arrest should confer protection from 

chemotherapy-related damage, while continuously proliferating cancer cells will remain 

susceptible (140). Rodent studies have suggested that a FMD improves immunosurveillance 

by increasing intratumoral CD8+ T cells in mammary tumors (43) and promotes mammary 

tumor regression in combination with antineoplastic agents by suppressing growth hormone 

pathways (22).

Ketogenic diet.

The ketogenic diet is a high-fat, low-carbohydrate diet that has been successfully used to 

both reduce seizure occurrences in children with epilepsy and promote weight loss (4). 
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Rodent ketogenic diets vary slightly across studies but are generally more than 85% fat 

and less than 5% carbohydrate (88, 90). Importantly, the ketogenic diet does not necessitate 

caloric restriction and therefore may be safer than other DER approaches for patients 

undergoing cancer treatment (54). A ketogenic diet imposes severe glucose restriction, 

forcing the liver to produce ketone bodies (β-hydroxybutyrate, acetoacetate, and acetate) as 

an alternative energy source for use by extrahepatic tissues. In the context of cancer, this fuel 

switch may impede tumor growth due to both decreased insulin-phosphoinositide 3-kinase 

(PI3K)-AKT growth factor signaling and increased reactive oxygen species production (4).

Many clinical trials are currently underway to determine the safety, efficacy, and tolerability 

of the ketogenic diet in cancer therapy (54). Meanwhile, rodent studies have offered 

conflicting evidence and suggest that both the implementation of the diet and cancer subtype 

may be critical. Hsieh et al. (90) convincingly demonstrated that a ketogenic diet slows 

tumor progression in a xenograft mouse model of squamous cell carcinoma but not in 

nonsquamous cell carcinoma and that these contradictory results are likely due to differential 

basal activity of the PI3K-AKT pathway. In a separate study, a ketogenic diet in combination 

with PI3K inhibitors slowed tumor growth across multiple tumor types, while a ketogenic 

diet alone accelerated acute myeloid leukemia progression (88). Collectively, preclinical 

studies aimed at better understanding the circumstances under which implementing the 

ketogenic diet are beneficial could be instrumental in informing future clinical trials.

General recommendations for incorporating diet energy restriction approaches in rodent 
studies.

While seemingly straightforward, implementing DER diets to obtain meaningful data 

requires significant forethought. For diet regimens that are not ad libitum, the first 

consideration is the time at which food should be presented. Given that rodents are 

nocturnal, it is generally preferable to present food at the beginning of the dark cycle 

(1). However, this may not be feasible depending on facility light cycle restrictions and 

the time of day that rodents will be euthanized for tissue collection. Whether rodents 

will be euthanized in a fed or fasted state is a critical consideration, especially for study 

outcomes focused on nutrient-dependent and growth factor signaling pathways. For studies 

that involve significant daily fasting periods, euthanizing rodents (and their respective 

controls) following both a feed and fast period should be considered to properly discern 

outcomes that are a consequence of the postprandial period (80). Finally, deciding at what 

stage of tumor progression to implement a DER approach heavily depends on the rodent 

cancer model being used and the primary study question.

To improve translatability, the fasting and feeding periods should be critically evaluated as 

well as the obese status of the rodents being subjected to DER approaches. For example, 

a 24-h fast is more drastic for rodents than for humans, and so outcomes may be more 

pronounced in rodents that are less able to withstand equivalent periods of food deprivation. 

It has also been observed that rodents on TRF regimens remain isocaloric to controls 

by compensating for the calorie deficit during feed cycles (7, 81) while humans do not 

compensate (207). Therefore, body weight loss in humans, but not rodents, is at least 

partially attributed to the reduced calorie consumption. CR and 5:2 IER rodent diets where 
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food consumption is tightly controlled each day in both human and rodent studies may be 

easier to translate. Finally, most DER clinical trials are conducted in participants who are 

overweight or obese (79, 194, 207). Therefore, investigators should consider first placing 

rodents on a 40–60% HFD for over 15 weeks to induce obesity prior to beginning a DER 

diet.

Targeted Nutrient Interventions

In addition to interventions modulating large macronutrient groups such as DER, clinical 

and preclinical investigations have also targeted individual or limited sets of metabolites as 

potentially tractable cancer interventions. These approaches are particularly advantageous 

in dissecting the contribution of individual nutrients to a cancer outcome or when targeting 

metabolic liabilities of cancer. This section discusses important amino acids (AAs), folate, 

and choline metabolism and experimental approaches to pharmacologically, genetically, and 

nutritionally manipulate these pathways.

Amino acids in cancer.

Cancer cells, like all cells, balance dietary protein consumption with de novo biosynthesis 

of AAs to maintain sufficient AA pools. Nonessential amino acids (NEAAs) can easily be 

overlooked due to their categorization as nonessential. However, the ready interchange of 

these AAs with other metabolites positions them as interconnected nodes between otherwise 

disparate metabolic pathways (29) (Figure 2). The rapid growth, dysregulated tissue 

vasculature, and dysregulated metabolism of tumors (77) create metabolic vulnerabilities 

that restrict supply of both essential amino acids (EAAs) and NEAAs while sustaining 

high metabolic demand (29, 196). Strategies to deplete AAs are comprehensively reviewed 

elsewhere (97). This section describes basic biochemistry and key considerations for 

studying some AAs commonly targeted in preclinical studies.

Glutamine/glutamate.—Glutamine is largely produced in muscle and liver and is the 

most abundant AA in plasma. It is considered nonessential under physiological states but 

can become conditionally essential during a critical illness (36). Glutamine contributes its 

terminal amino group to de novo purine, pyrimidine, nicotinamide adenine dinucleotide, 

hexosamine, and arginine biosynthesis (16). Glutamine regulates cellular metabolism via 

mechanistic target of rapamycin (mTOR) activation (152), in part by importing EAAs 

(141). Tumors can adapt to insufficient extracellular glutamine by converting asparagine to 

glutamine as well as de novo synthesis of glutamine (153).

Glutamine deamination produces another NEAA, glutamate. Glutamate directly supports 

glutathione metabolism by reacting with cysteine to form glutamyl-cysteine and via antiport 

with cystine. Such metabolism supports the high cysteine demand of KRAS (115) and 

Kelch-like ECH-associated protein (KEAP 1) (108, 166) mutant cells but may be deleterious 

in some cell types where oxidative stress is less severe (173). Indeed, extracellular NEAA 

supply is essential for survival of cells with high levels of oxidative stress, as competition 

for glutamate limits transamination and thus de novo biogenesis (108). To help replenish 

depleted tricarboxylic acid (TCA) cycle intermediates, glutamate can be deaminated to 

produce α-ketoglutarate (αKG). This deamination reaction also provides a nitrogen group 
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for the production of other NEAAs (5). As these reactions are reversible, glucose-derived 

αKG is converted to glutamate/glutamine in conditions of low glutamate/glutamine (5).

While dietary restriction of glutamine reduces tumor growth in some models of cancer 

(142), there remains significant interest in pharmacological inhibition of glutamine 

metabolism. CB-839 is currently the most promising intervention that is part of several 

ongoing phase I and II trials (5). Thus, tumor genetics, redox homeostasis, and the 

availability of other nutrients are important factors that investigators interested in modulating 

glutamine metabolism should consider.

Cysteine.—Cysteine contains a reactive thiol group, which is critical for redox 

homeostasis, protein synthesis, and protein folding (32). Thus, cancer requires sufficient 

cysteine for survival. Most extracellular cystine is produced from hepatic cysteine. Cystine 

is readily reduced to cysteine in a nicotinamide adenine dinucleotide phosphate (NADPH)-

dependent fashion (32). System xC− transporter (xCT) imports cystine by antiporting 

glutamate (40) and is regulated by a range of stressors, including oxidative stress, AA 

starvation, and inflammation (112). xCT is also regulated by several common cancer 

mutations and can be pharmacologically inhibited (112). Pharmacological inhibition of 

xCT induces oxidative stress and ferroptosis and promotes hypoxia-inducible factor 1-alpha 

(HIF1α) activation via glutamate accumulation (217). Depletion of extracellular cystine 

levels via recombinant cystine-degrading enzyme and inhibition of glutaminase activity to 

limit glutamate availability are alternative direct and indirect methods, respectively, to target 

cystine import (9, 34, 64). Cysteine can be synthesized de novo via the transsulfuration 

pathway (TSP). However, the TSP is generally incapable of fully satisfying cysteine 

requirements for cancer cells due to a limited methionine pool (32). Hepatic regulation 

of circulating cysteine levels may limit the utility of cysteine dietary restriction if other 

sulfur-containing AAs (e.g., methionine) remain in excess. Indeed, cysteine supplementation 

reverses several effects of methionine restriction (201). Hence, investigations of cysteine 

metabolism in cancer should include appropriate consideration of other AAs, both as 

competitors for glutamate and as biosynthetically intertwined metabolites.

Arginine.—While dietary arginine is directly absorbed into the blood from the intestine, 

significant amounts of arginine are derived from dietary citrulline or enterocyte production 

of citrulline from glutamate, glutamine, or proline (3). These substrates are then converted to 

arginine in the kidney (3). Indeed, dietary citrulline increases circulating arginine levels to a 

greater extent than arginine supplementation (3).

Arginine is rapidly consumed by tumors for polyamine biosynthesis and nitric oxide 

production rather than urea (114). Arginine regulates cancer metabolism through direct 

incorporation into biomolecules and by activating mTOR via enhanced lysosomal EAA 

release (211) and antagonizing cellular arginine sensor for mTORC1 (CASTOR) (26). 

Nitrogen-containing urea cycle intermediates, required for de novo arginine biosynthesis, are 

often diverted toward other anabolic processes (99, 105). For example, carbamoyl phosphate 

is directed to pyrimidine metabolism by overexpression of carbamoyl phosphate synthetase 

I (CPS1) in some lung cancers (99, 100). Conversely, ornithine transcarbamylase (OTC) 

expression is frequently suppressed in cancer to reduce citrulline production and ultimately 
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increase the availability of ornithine and carbamoyl phosphate (109). Similarly, conversion 

of aspartate and citrulline to argininosuccinate is often reduced in cancers via suppression 

of argininosuccinate synthase 1 (ASS1), which increases aspartate supply for pyrimidine 

synthesis (105). However, ASS1 overexpression can benefit cancers by supporting arginine 

supply for nitric oxide synthesis and limiting autophagy induction (99). OTC or ASS1 

suppression results in many cancer cells being auxotrophic for arginine (99).

Arginine restriction has been studied via dietary restriction and enzymatic degradation, 

the latter of which has proven clinically tractable in recent years (119, 160). Depletion 

of circulating arginine levels via enzymatic degradation with arginase 1 (ARG1), arginine 

deiminase (ADI), or arginine decarboxylase (ADC) effectively reduces tumor growth (160). 

PEGylation is critical to extend serum half-life of ADI (ADI-PEG20) and ARG1 (PEG-

rhARG1) and to reduce immunogenicity of ADI given its bacterial origin (160). However, 

PEGylation ablates ADC activity, which limits its utility (160). Suppression of de novo 

arginine biosynthesis is an important determinant of cell sensitivity to arginine depletion. As 

such, ADI-PEG20 is effective in ASS1-deficient tumors, while PEG-rhARG1 is effective in 

both ASS1- and OTC-deficient tumors (99).

Additionally, T cells rely on arginine to mediate effective antitumor immunity (74), which 

further complicates arginine-depletion models because arginine deprivation blunts the T cell 

response in part via myeloid-derived suppressor cell (MDSC) recruitment (58). Indeed, 

tumors harboring CPS1 overexpression, or OTC or ASS1 suppression, may be more 

responsive to immune checkpoint inhibitors. Neoantigen load driven by increased genomic 

transversions, which arises from an increased pyrimidine:purine ratio, in part underlies 

this phenomenon (109). Thus, consideration of immune function and tumoral urea cycle 

activation are critical to design effective arginine modulatory studies.

Serine.—Serine is a critical regulator of nucleotide biosynthesis, redox homeostasis, 

and one-carbon metabolism. The metabolic fate of serine is manifold with anabolic 

incorporation into proteins, phospholipids, and cystathionine biosynthesis (114). Through 

its contribution of one-carbon groups to the folate cycle, serine also supports nucleotide 

biosynthesis (51), mitochondrial translation (129, 132), cytosolic and mitochondrial redox 

homeostasis (212, 214), and the methionine cycle (51). Serine-derived redox equivalents 

are particularly important for survival when intratumoral conditions such as hypoxia impair 

mitochondrial function (212).

The serine synthesis pathway (SSP) is frequently upregulated in cancer, and suppression of 

key SSP enzymes has been shown to inhibit tumor growth and metastasis in multiple cancers 

(113). Despite increased flux through the SSP, several cancer models are highly sensitive 

to dietary serine restriction (73, 122). Thus, dietary serine and the SSP likely contribute to 

cancer metabolism in a nonredundant manner. Glycine can also interconvert with serine, but 

glycine consumption only plays an important role in very rapidly proliferating cancer cells 

(94). While most studies restrict both serine and glycine, in vitro studies have indicated that 

serine, rather than glycine, is the key mediator (106).
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Genetic targeting of various SSP enzymes such as phosphoglycerate dehydrogenase 

(PHGDH) and phosphoserine aminotransferase 1 (PSAT1) blunts production of serine, 

αKG, and NADH, which consequently delays the growth and progression of various 

cancer types (113). Mitochondrial serine hydroxymethyltransferase (SHMT)2 mediates 

the conversion of serine to glycine and predominates over cytosolic SHMT1 serine 

catabolism in cancer (51). Serine catabolism contributes one-carbon units to the folate 

cycle (51), maintains effective mitochondrial translation (129, 132), and enables redox 

buffering following disruption of mitochondrial respiration (212, 214). However, disruption 

of SHMT2-mediated serine catabolism may be compensated for by the cytosolic pathway 

(49, 50). Therefore, while targeting of SHMT2 has proven effective in some rodent models 

(50, 206, 213, 214), cytosolic compensation via SHMT1 may be critical. Pharmacological 

inhibitors of PHGDH (113, 135, 148) and SHMT1/2 (50) have also demonstrated efficacy in 

rodent models. Thus, while serine is a metabolic lynch pin in many cancers, considering the 

potential compensatory mechanisms via diet, alternative metabolic routes, or intratumoral 

metabolic stressors is important to effectively target serine metabolism.

Methionine.—Similar to serine, methionine plays a crucial role in the maintenance of 

effective one-carbon metabolism, epigenetic methylation reactions, redox control, nucleotide 

biosynthesis, protein synthesis, and polyamine biosynthesis in both cancerous and normal 

cells (164). While methionine is classified as an EAA and therefore dietary methionine 

is required, methionine can also be regenerated from homocysteine plus a methyl group 

derived from either betaine or the folate cycle or via the methionine salvage pathway 

(51). Dietary restriction of methionine reduces tumor growth and promotes chemotherapy 

and radiotherapy response (65). Importantly, hepatic and blood biochemical profiles 

obtained from cancer-bearing mice undergoing methionine restriction mirror those observed 

in methionine-restricted humans (65). Methionine restriction also promotes antitumor 

immunosurveillance by reducing MDSCs, increasing macrophage M1 polarization, and 

potentiating immune checkpoint blockade (146). T cells require methionine to maintain 

both epigenetic and protein synthesis requirements for activation (175), yet they are 

still able to promote antitumor immunity under methionine-restrictive conditions (146). 

Methionine degradation via recombinant methioninase administration is an alternative to 

dietary methionine restriction with demonstrated efficacy in reducing prostate cancer (117), 

melanoma (98), and sarcoma (134) growth. In addition to targeting methionine abundance, 

pharmacological targeting of methionine metabolism is a promising area of research (164).

Folate.

Folate represents a diverse pool of metabolites with a common central structure that exist in 

various oxidation states and bind various one-carbon units (51). Cancer relies on effective 

maintenance of reduced folate pools for numerous metabolic pathways (51) (Figure 2). Folic 

acid (FA) is a synthetic folate commonly added to processed grain products in the United 

States, but numerous other folates are also found in the diet. Dietary FA supplementation 

protects against cancer initiation for several cancers, with prostate cancer risk being a 

notable exception (156). However, dietary FA may exacerbate growth or progression of 

established tumors. For example, FA depletion blunts epithelial to mesenchymal transition 

and cancer cell lung colonization (145), and mouse mammary tumor virus-polyomavirus 
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middle T (MMTV-PyMT) mammary tumor growth is accelerated by FA supplementation 

(78). Rodent studies limiting or withdrawing FA from the diet can effectively reduce total 

folate pools in vivo. However, complete folate elimination can only be achieved by also 

ablating folate-producing intestinal microbiota (102). Pharmacological inhibitors of folate 

metabolism (i.e., antifolates) have existed for over 60 years (198) and effectively disrupt 

folate metabolism in rodents. However, antifolates exhibit significant toxicity, particularly to 

the hematopoietic system, which may become a limiting factor in preclinical studies (198).

Choline.

Choline either forms essential phospholipids following phosphorylation or contributes 

to the maintenance of S-adenosyl methionine (SAM) through betaine (216) (Figure 2). 

Inhibition of choline kinase to block phosphatidylcholine production reduces breast tumor 

growth and progression in vivo and synergizes with cytotoxic chemotherapy in vitro (125). 

Similarly, inhibition of choline uptake reduces pancreatic cancer (85) and glioma growth 

(203). Chronic dietary choline deficiency coupled with a HFD promotes nonalcoholic fatty 

liver disease and hepatocellular carcinoma (209). Conversely, choline deficiency alone may 

reduce experimental hepatic metastasis (137). Hence, particularly when metastasis is of 

interest, hepatic and extrahepatic effects of choline restriction should be considered. Given 

the contribution of betaine to SAM, studies restricting dietary choline may benefit from also 

restricting methionine to limit the contribution of methionine to the SAM pool.

Pharmaceutical Interventions

Pharmacological interventions have been used for many years to reprogram tumor 

metabolism. This section will briefly discuss the use of pharmaceutical interventions in 

rodent models of cancer while focusing on metabolically relevant compounds [PI3K/AKT/

mTOR inhibitors, insulin-like growth factor 1 (IGF1)-signaling inhibitors, nonsteroidal anti-

inflammatory drugs (NSAIDs), and statins/bisphosphonates]. Chemotherapeutic agents have 

targeted various aspects of cancer metabolism in humans and rodent models for decades and 

are expertly reviewed elsewhere (118).

Inhibitors of growth factor signaling.

PI3K/AKT/mTOR signaling—frequently activated in cancer—regulates cancer growth, 

survival, immune evasion, and metabolism. Much work has been conducted to determine 

how oncogenic mutations alter sensitivity to PI3K/mTOR inhibition. In addition to 

cancer cell targeting, PI3K/AKT/mTOR inhibitors in combination with immune checkpoint 

inhibitors are of growing interest given their immunomodulatory effects (144).

Insulin and IGF1 integrate host nutritional status with cellular response in part via 

activation of PI3K/AKT/mTOR signaling (Figure 2). While IGF1 receptor (IGF1R)-based 

therapies did not prove effective in phase III trials, early clinical and preclinical work was 

highly promising. Such therapies include monoclonal antibodies targeting the IGF1 ligand 

or IGF1R and small-molecule inhibitors of IGF1R/insulin receptor kinase activity (11). 

Pharmacologic inhibitors of mTOR, including rapamycin analogs (rapalogs) and active site 

inhibitors (TORKinibs), have also shown promise in clinical studies (147).
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Metformin.

Numerous clinical trials have investigated the antitumoral effects of metformin in patients 

with and without diabetes (193). Metformin mediates antitumor activity via several distinct 

pathways, including 5′ adenosine monophosphate protein kinase (AMPK), mTOR, and TCA 

cycle modulation (193). Doses used in rodent models to elicit beneficial antitumor effects 

typically reflect high metformin levels in humans and thus may only model the effects 

of high metformin doses (48). Accordingly, metformin dosing requires particular attention 

when attempting to align rodent models and human studies.

Mevalonate and cholesterol metabolism.

Mevalonate metabolism is critical for the production of cholesterol, vitamin D, 

lipoproteins, ubiquinone, farnesyl pyrophosphate, and geranylgeranyl pyrophosphate. 

Disruption of mevalonate metabolism by statins (to target 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-coA) reductase) or nitrogen-containing bisphosphonates (to target 

farnesyl pyrophosphate synthase) reduces tumor growth and metastasis (70). Notably, 

bisphosphonates are rapidly sequestered and accumulate in bone (41). While this may 

be desirable for skeletal tumor models or studies examining bone metastasis, this 

pharmacokinetic profile may pose a significant limitation for most studies. To circumvent 

this issue, nanoparticle bisphosphonate formulations have been manufactured to promote 

extraskeletal availability and should be considered when administering a bisphosphonate in 

rodent cancer studies (41).

Nonsteroidal anti-inflammatory drugs.

Chronic inflammation is a hallmark of both cancer (77) and obesity (42) and promotes 

tumor growth and progression (42). NSAIDs are a broad family of drugs that inhibit 

cyclooxygenase (COX)1 and/or 2 activity and effectively reduce cancer incidence 

progression and metastasis via suppression of proinflammatory signaling (35). Two of the 

most commonly studied NSAIDs in both humans and rodents are aspirin, which inhibits 

COX1 and blocks prostacyclin production by COX2 at higher doses, and celecoxib, which 

selectively inhibits COX2 (195). Investigators examining the interactions between acute 

interventions and NSAIDs will likely need to consider the timing of each intervention. 

For example, promotion of immune resolution by NSAIDs prior to, but not following, 

either surgery or chemotherapy protects against tumor escape and metastasis (150). Chronic 

oral NSAID use is associated with bleeding events and intestinal damage, with concurrent 

COX1/2 inhibition imparting the greatest risk (199). Thus, using a COX-selective NSAID 

or administering low aspirin doses to selectively inhibit COX1 may reduce the rate of such 

complications.

General recommendations for pharmaceutical interventions.

Investigators wishing to apply human data to rodent designs or to translate rodent data to 

humans should be aware of several general considerations. Pharmacokinetics of any drug 

can differ significantly between humans and rodents, which limits the predictive power of 

preclinical work. For example, statin efficacy in rodents is poorly correlated with efficacy 
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in humans, and this observation has been partially explained by differences in hepatic statin 

transport (192).

Other considerations include dosages used, timing of dosage, drug distribution, and 

microbiome interactions with drugs. Scaling doses between humans and rodents is complex 

and requires consideration of several factors. Differences in physiology (e.g., larger animals 

have greater muscle mass), pharmacokinetics (e.g., smaller animals distribute a drug more 

quickly), and pharmacodynamics (e.g., a drug response can differ widely among species) are 

important considerations (172). Allometric scaling, which involves dose extrapolation based 

on normalization of dose-to-body surface area, is particularly useful in preclinical studies as 

it requires limited a priori knowledge of drug metabolism and accounts for differences in 

animal size (136).

Circadian regulation of cancer development progression and therapy response is a growing 

area of interest. Given that DNA repair and the cell cycle display circadian oscillation, 

several clinical trials have synchronized chemotherapy with circadian rhythm and found 

significantly improved response rates and reduced treatment toxicity (183). While human 

and mouse circadian rhythms share some similarities, they are not the same. For example, 

human and mouse leukocytes in humanized mice both regulate chemokine receptor 

expression cyclically over a 24-h period in a reactive oxygen species–dependent fashion 

but are approximately 12 h out of phase with one another (219).

Drug distribution determines what tissues—namely healthy versus tumor in cancer—are 

exposed to the drug (72). For many drugs, the tumor response may be informed by both 

cancer cell and noncancerous cell effects, either of which can underlie therapy resistance 

(72). The regional pH or O2 variation (163) and vascular composition within the tumor 

microenvironment (110) further complicate this issue.

The intestinal microbiome, which is sensitive to dietary manipulation (123), is also 

significantly altered by many common drugs (197), particularly those that are orally 

administered. Interestingly, the protective effects of aspirin in models of colorectal cancer 

are antagonized by intestinal microbial metabolism of aspirin (218). Thus, effective dosages 

of NSAIDs in germ-free (i.e., microbially depleted) rodents may differ from animals with 

microbial communities.

Surgical Interventions for Obesity and Type 2 Diabetes

Bariatric surgery is the only clinical treatment currently available that achieves and sustains 

clinically meaningful weight loss in patients with morbid obesity. Large epidemiological 

studies have observed that people who lose weight via bariatric surgery have reduced rates 

of mortality and overall cancer risk compared with people who remain obese (2, 167). 

This inverse association becomes stronger when considering only cancers with obesity as 

an established risk factor (167). Despite the notable benefits of surgery, surgery is not a 

large-scale public health solution and carries inherent, nonnegligible risks. Thus, there is 

significant interest in understanding the underlying mechanisms by which bariatric surgery 

imparts these long-term health benefits to eventually target the essential pathways with 

pharmaceuticals.
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Roux-en-Y gastric bypass and vertical sleeve gastrectomy are the two major forms of 

bariatric surgery. There is some evidence that Roux-en-Y gastric bypass may produce 

higher remission rates of type 2 diabetes (86), while vertical sleeve gastrectomy is now 

the more frequently performed procedure as it is associated with fewer surgical and 

postoperative complications (6). Vertical sleeve gastrectomy is also the preferred procedure 

in rodents because it takes less time to perform and is technically easier than Roux-en-

Y gastric bypass (21). Bruinsma et al. (21) have published a comprehensive protocol 

for performing both Roux-en-Y and vertical sleeve gastrectomy surgeries in rodents. 

Importantly, they also discuss necessary controls to help interpret outcomes. While some 

control groups will depend on the study question, Bruinsma et al. highlight the importance 

of performing sham surgeries on all control groups as well as including a diet group that 

is isocalorically matched to the bariatric surgery rodents. One recent study demonstrated 

that the development of spontaneous pancreatic acinar cell carcinomas was prevented in 

nonobese mice receiving Roux-en-Y gastric bypass (82). Further studies using obese mice 

are therefore warranted to elucidate potential mechanisms that are either unique to bariatric 

surgery or common to both surgical and dietary weight loss interventions.

CONCLUDING REMARKS

Cancer remains a leading cause of death worldwide. Rodent models of cancer have been and 

remain a leading tool in disentangling complex cellular interactions, determining treatment 

responses, and elucidating metabolic regulatory networks within the tumor. While numerous 

therapies have been developed using preclinical rodent models, considerable work remains 

to be done in mitigating the public health impacts of cancer. Development of appropriate 

models to translate fundamental biochemistry and cell biology findings into tractable 

treatments is critical to triage such discoveries. Moreover, dietary modulation of cancer 

outcomes is understudied and requires very careful consideration in design and execution. 

This review highlights some of the key variables and relevant considerations for designing 

and conducting rodent studies to enhance the rigor and pace of translational research on 

nutrition, obesity, and cancer.
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Figure 1. 
Experimental factors to consider when designing rodent cancer models. Numerous variables 

are considered in designing appropriate rodent cancer models for diet, nutrient, and 

metabolism studies. Adapted from figure originally created with BioRender.com.
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Figure 2. 
Interconnectivity in nutrient metabolism and mTOR signaling. Glucose-derived pyruvate 

either is converted to acetyl-coA to enter the TCA cycle or cholesterol biosynthesis or 

can be converted to OAA. Glucose-derived carbon combined with an amino group from 

glutamate can produce serine. Serine catabolism to glycine provides one-carbon units to 

the folate cycle, which ultimately contributes to nucleotide biosynthesis. Alternatively, 

serine is incorporated into phospholipids. Glycine, cysteine, and glutamate are required 

for the production of GSH. Cysteine is produced from intermediates of the methionine 

cycle and serine in the transsulfuration pathway. Alternatively, cysteine is produced from 

cystine, which is taken up via antiport with glutamate. Glutamate interconversion with 

αKG via transamination produces various NEAAs. OAA transamination produces aspartate, 

which is critical for nucleotide synthesis. Glutamine is also essential for nucleotide 

synthesis as well as NAD, arginine, polyamine, hexosamine, and asparagine synthesis. 

Glutamine antiports with EAAs to promote their uptake. SAM, produced in the methionine 

cycle, is critical for polyamine synthesis. Choline-derived betaine contributes methyl 

groups to the methionine cycle. Alternatively, choline is metabolized into phospholipids. 

Extracellular metabolic state is communicated to the cell via insulin/IGF1 signaling to 

activate mTOR. mTOR is also regulated by SAM, EAAs, and arginine. Major metabolic 

contributions of key metabolites and their interconversion with other relevant metabolites 

are depicted. Bolded text reflects cell signaling and metabolic cycles; regular text reflects 

metabolic intermediates. Abbreviations: αKG, α-ketoglutarate; EAA, essential amino 

acid; GSH, glutathione; IGF1, insulin-like growth factor 1; mTOR, mechanistic target 

of rapamycin; NAD, nicotinamide adenine dinucleotide; NEAA, nonessential amino acid; 
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OAA, oxaloacetate; SAM, S-adenosyl methionine; TCA, tricarboxylic acid. Adapted from 

figure originally created with BioRender.com.
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Table 1

Comparison of human and rodent obesity-promoting and dietary energy–restriction diets

Diet category Diet name Description of human diet Description of rodent diet
References 
(cancer related 
if available)

Obesity 
promoting High-fat diet

Western-style diet: calorically dense 
refined foods and beverages that are high 
in fat and salt but low in fiber

45–60% caloric content from lard 19, 52, 67, 121

Dietary energy 
restriction

Calorie 
restriction

10–25% daily calorie restriction without 
malnutrition; routine meal schedule is 
maintained

30–40% daily calorie restriction without 
malnutrition; single meal presented 
daily

13, 95

5:2 intermittent 
energy 
restriction

5 days per week: Mediterranean-style 
diet; 2 nonconsecutive days per week: 
75% reduction in caloric intake with low-
carbohydrate foods

5 days per week: 14% daily calorie 
restriction; 2 nonconsecutive days per 
week: 70% daily calorie restriction

ND

Time-restricted 
feeding

Consistent ≤10 h daily timeframe when 
food can be consumed ad libitum

Consistent 8–12 h daily timeframe when 
food can be consumed ad libitum 24, 81, 170

Fasting-
mimicking diet

Minimal caloric intake (300–1,000 
calories per day) while consuming foods 
low in carbohydrates and proteins and 
high in unsaturated fats; 5 consecutive 
days, twice per month coinciding with 
cancer treatment

50–90% calorie restriction for 4 
consecutive days 2 times per month 
in combination with cancer therapy 
administration; food consists of broth 
powders, glycerol, and essential fatty 
acids

22, 43

Ketogenic diet High-fat, low-carbohydrate diet (≥85% 
kcal fat); no calorie restriction required

Ad libitum access to a diet that is 
generally >85% calories from fat and 
<5% calories from carbohydrate with 
the remaining calories from protein, 
with slight variation between studies

88, 90

Abbreviation: ND, no data.
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