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Abstract

:

(1) Background: Few studies focus on the development of obesity as a chronic disease as opposed to an acute condition. The “general purpose” C3H/HeJ (C3H) mouse strain is an alternative model for obesity development with regards to sex disparities and non-predisposed populations over time. (2) Methods: In this study, 64 female and 64 male C3H mice were separated into two groups (n = 32) and maintained on a control or high-fat diet (HFD) for up to 18 months. At 6-month intervals, a cross-sectional cohort (n = ~8) was censored for evaluation. The mice were monitored for change in total, lean and fat mass, survivability, and tumor incidence. (3) Results: Both sexes in the C3H mouse strain developed diet-induced obesity (DIO). An increase in total mass consistent with a HF diet was observed in both female and male C3H mice. Survivorship at 18 months was the highest in the HF-diet-fed males (~62%) and lowest in the males fed the control diet (~19%). Females showed survivability at ~40%, regardless of diet. Cancer development increased more notably in the males with the HF diet and showed sex bias for liver cancer (males) and ovarian cancer (females) incidence with age. (4) Conclusions: This study establishes a baseline for future use of C3H mice as a strong model for studying obesity as a chronic disease, in both sexes, and as long-term model for age-related diet-induced obesity and cancer development.
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1. Introduction


Animal models are used to provide researchers with a physiological and behavioral platform to predict experimental outcomes in human subjects [1]. Rodent models are the most commonly used animal models for conducting biomedical research, accounting for ~99.3% of mammals used [2]. One survey estimates that approximately 111.5 million rodents were used in 2017 for research in the United States [2]. It is important to note, that of this estimate, more than 95% of the rodents used were mice, a trend supported by other surveys [1,2].



The most prolific animal model and gold standard for in vivo scientific research is Mus musculus [3]. The most common strain of mouse for studying obesity is the inbred strain C57BL/6, (C57) [3]. These mice are highly susceptible to diet-induced obesity (DIO), type 2 diabetes, atherosclerosis, and alcohol consumption [4,5,6]. When C57 mice are maintained for 12 weeks on an 11% kcal fat diet from 4 weeks old, the C57 mice weigh an average of ~25 g for males and 23 g for females [7]. When maintained on a high-fat diet (HFD) (46% kcal fat), this strain reaches a maximum of ~35 g for males, but only ~23 g for females at 12 weeks, showing no difference in weight gain from those on a low-fat diet [7]. Similar trends in mass can be observed at other age ranges and substrains of C57s using HFD [8,9]. This makes them an excellent model for studying acute etiology and pathogenesis of obesity over a short time in males but not in females. However, since this model is highly susceptible to developing obesity in males, the current studies using C57 mice to examine population-based changes and/or long-term pathogenesis may be less reflective of the progression and effects in the general human population and certainly for females. Thus, the use of alternative, utilitarian, rodent models should be considered to better represent the pathogenesis of obesity, its co-morbidities, and how its development may be altered in different demographics.



To this end, a long-term study on DIO was performed in C3H/HeJ (C3H) mice. Previous studies have reported that this strain lacks the exogenous mouse mammary tumor virus, but females still develop mammary tumors later in life [10]. There are also reported incidences of alopecia areata in up to 20% of mice between 12 and 18 months of age. Among C3H mice, male mice live for ~25 months and females live for ~28 months [11]. They possess a spontaneous mutation in Tlr4 at the lipopolysaccharide response locus (Tlr4Lps-d), resulting in resistance to endotoxin [12].



With regards to studies in obesity or metabolic syndrome, Poggi et al. indicated that C3H mice with Tlr4Lps-d are protected against insulin resistance when maintained on an HFD [10]. These mice also exhibited reductions in liver size attributable to lower hepatic triacylglycerol content [12]. C3H mice demonstrated lower levels of triglyceride (TG) content, after only 12 weeks on an HFD, when compared to C57 mice hepatic lipid accumulation [13]. The findings indicated that the TG content of wildtype C3H is comparable to CD44 knockouts, a gene identified for its association with adiposity/obesity, in both C57 and C3H [13]. This makes C3H a unique contrast to the C57 strain, providing alternatives for obesity and inflammaging research to reflect a population with low susceptibility to obesity (“obesity-resistant”), and over a longer duration [14]. Other markers for inflammation, associated with obesity, such as TNFα, IL-6, CCL2, have also been measured in C3H [13].



A recent study on young adult (2 months) and aged (14 months) C57 mice fed an HFD (60% kcal fat) for up to 20 weeks showed that there were sexual disparities between male and female mice in developing obesity, both in early and late adulthood [15]. Moreover, their results showed that obesity developed in the older (~19 months at the termination of this study) individuals due to HFDs [15]. However, they do not investigate the effects of continued HFD intake long-term. It is important to note that most studies report results after ≤16 weeks, providing insight into arguably acute development of obesity, potentially missing subtle physiological changes that occur when the obese condition is allowed to progress as a chronic condition [7,8,12,16]. Thus, the differences in rapidly induced obesity may differ in its effects when studied as a long-term, chronically progressing disease in a mouse strain with no reported susceptibility to obesity.



In this study, a long-term investigation of the pathogenesis of obesity in the C3H mouse strain was performed to report sex and aging-based responses. This strain provides an alternative perspective for modeling the growing obesity epidemic in Western culture. Using a strain that is not genetically predisposed to develop obesity as a longevity model may provide insight into the challenges associated with diet-induced lifestyle factors relating to obesity not observed in transgenic or obesity-susceptible strains.




2. Methods


2.1. Animal Study and Diets


Selection of the C3H mouse strain was based on disease susceptibility, lifespan, and less-aggressive social behavior [17]. Mouse handling followed regulatory compliance at all times under the approved Texas Tech University IACUC protocol number 19021-02. For this study, 72 male and 72 female C3H mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA) at 4 weeks old. After one week of acclimatization, the mice were randomly separated by cage into baseline, control (CC) (380 kcal/100 g, 11% kcal fat), and HF-diet groups (460 kcal/100 g, 46% kcal fat) (Research Diets, New Brunswick, NJ, USA). Dietary components are listed in detail in Supplementary Table S1. Females and males were housed in separate rooms, 4 per cage, under temperature-, humidity- and 12 h light and 12 h dark cycle-controlled rooms. Animals had access to water and their assigned dietary group in pellet form, ad libitum. At collection time points and at termination of this study, mice were euthanized after a 1 h fast, using CO2 followed by cervical separation. The baseline group consisted of 8 male and 8 female mice, which were euthanized after the one-week adjustment period. The long-term study groups (consisting of 32 mice each) were maintained on control (11% kcal fat) and HF (46% kcal fat) diets, respectively, for up to 18 months. Weekly measurements of individual weights, food consumption per cage, and photographic records of individuals were performed. Monthly measurements for assessing changes in fat and lean mass were performed using EchoMRI (EchoMRI, Houston, TX, USA). Terminal cross-sectional tissue collections (censoring) were performed every 6 months on ~8 mice (~1/4 of each group) where the mice were euthanized using CO2.




2.2. Histology


Immediately following euthanasia, tissues from the brain, heart, lung, liver, kidneys, visceral fat, stomach, small intestines, reproductive organs, and skeletal muscle were collected. A portion of the tissue of interest and any observed tumors were fixed in 10% formalin and processed for embedding. The tissues were embedded in paraffin using a Leica EG1160 tissue embedding station (Leica, Nussloch, Germany) and 5 µm sections were cut. Upon obtaining 3 clean serial sections, one section from each tissue was stained with Mayer’s hematoxylin (Electron Microscopy Sciences, Hatfield, PA, USA) and alcoholic eosin Y (Recca Chemical Company, Arlington, TX, USA) Hemotoxylin and eosin (H&E) staining followed standard practice [18]. After standard dewaxing and dehydration of sections specific staining procedures included initial staining with hematoxylin (15 min), rinsing in both bluing solution (1 min in 0.01% NaCO3) and running tap water (15 min), then a wash in 95% ethanol (1 min), followed by eosin staining (1 min), and a final 80% ethanol wash (1 min) before completing with standard steps from dehydration to cover-slipping.




2.3. Statistical Analysis


The full code and raw data can be found at https://github.com/BenjaminBarr/CC-HFC/releases/tag/v1.0 (accessed on 8 August 2024). A modified Kaplan–Meier graph was generated to show differences in longevity between collection points in R (v4.3.1) [19], using the survival package (v1.1.0) and ggsurvfit (v3.6-4) [20,21]. Significance was assessed using the log-rank test (Mantel–Haenszel) [21]. Post hoc analysis was not performed for the Kaplan-Meier analysis. ANOVA was performed with R to assess mass and body composition, using a fixed-effects linear model with mass type (total, lean or fat) as the response variable and sex and diet at each time point as terms via lme4 (v1.1-35.3) [22]. To detect the differences between dietary fat content, sex, and their combination, emmeans (v1.10.2) was used with Sidak pairwise comparisons (post hoc) applied and a family-wise error rate set at 0.05 [23]. The data used for ANOVA and the post hoc test as well as T0 comparisons, come from measurements made with the Echo MRI. All results are mean ± SEM (standard error of mean), with statistical significance considered at p < 0.05.





3. Results


3.1. Weekly Change in Total Mass


The average weekly mass from each diet and sex was locally estimated using scatterplot smoothing (LOESS) (Figure 1). The points indicate the actual weekly mean total mass from the diet group with the sample size dependent on censorship, ranging from 32 at T0 to 7 at week 72. The gray bands indicate SE calculated in R for the LOESS. Figure 1 shows a progressive increase in total mass until ~20 weeks for all diets, at which point CC mouse weights begin to plateau while HF mouse weights continued to increase. Notably, the HF female mass increased more rapidly than other groups until ~48 weeks. In contrast, males, regardless of diet, maintained the largest mass until ~week 28, at which time the HF females attained a mass greater than the CC males. This phenomenon was observed for the remainder of this study. It is of note that the CC females had markedly lower total body mass than the other groups for the duration of this study.




3.2. Kaplan–Meier Analysis of Male and Female C3H Mice Maintained on Control and High-Fat Diets over Time


Kaplan–Meier analysis was used to assess differences in survivability between groups over the course of this study. Figure 2 shows survival differences based on diet (C or HF) and sex (M or F). Over time, the HF males have the highest survivability ratio followed by CC females and HF females, then finally CC males. When analyzed using the log-rank test for statistical significance, survival rates were significantly different between the HF males and the CC males (Chi-square = 6.3 on three degrees of freedom and p-value = 0.1, α = 0.1). Similar significance was found using a Cox proportional-hazards model, though it is not reported here.




3.3. Analysis of Mass Composition Compared with T0


When compared to time 0 baseline individuals, the CC diet, regardless of sex, had the highest fat mass percentage of total body mass at 12 months. For the HF mice, females demonstrated the same. But the males showed the highest fat mass percentage of total body mass at 6 months. This was also the time point at which females on CC diets demonstrated the highest lean mass percentage of total mass. Females maintained on the HF and CC males had the highest lean mass percentage at 18 months. Additionally, males maintained on HF diets had the highest lean mass percent of total mass at 12 months. The change in percent fat mass composition for females at 12 months (Table 1), when compared with the T0 control, showed an increase of 90.76% in CC-fed mice and 1063.87% in HF-fed mice. At that same time point, female lean mass differed from the T0 control by 13.72% and 53.17% in the CC and HF groups, respectively. For the males at 12 months (Table 2), the change in fat mass when compared to the T0 control was 127.78% (CC) and 549.31% (HF). When compared to the T0 control, male lean mass decreased by 1.83% in the CC males and increased by 54.64% in the HF males. Interestingly, the only decrease in any mass type compared with the T0 controls is observed in the lean mass of the CC males at 12 months. HFDs induced greater than 500% increase in fat mass at 52 weeks (12 months) in both sexes, when compared to the T0 mice. In contrast, CC females and CC males showed maximal fat accumulation at 12 months of ≤150% when compared with T0 controls.




3.4. Quarter Rule (Fat-Free Mass (FFM) Lost)


The quarter rule is a general concept used to describe the amount of fat-free mass (lean mass) lost as healthy individuals undergo weight loss (1/4 fat-free mass for every 3/4 fat mass lost) [24]. Adherence to the quarter rule is summarized in Table 3. The data are determined from a calculation of lean mass lost compared with fat mass lost for each group as a function of aging (between 12 and 18 months) and expressed as a ratio (lean:fat mass). The HF females’ results reflect the quarter rule most closely. For the females, the HF mice only lost ~0.23 g of lean mass per gram of fat mass while the CC mice lost ~0.83 g of lean mass for every gram of fat mass lost, demonstrating they still lost more fat mass than lean mass. The CC males appear to gain ~5.97 g of lean mass for every gram of fat mass lost, while the HF males lost ~1.23 g of lean mass for each gram of fat lost. The noticeable difference in mass trends identified in the CC males is likely in part due to the loss of moribund individuals between these two time points as identified by the sample sizes in Table 2 and the Kaplan–Meier curve in Figure 2. In contrast to the CC males and the HF females, the HF males appeared to remain in an obese state (unhealthy) before the quarter rule could be accurately applied. Interestingly, as mice aged from 12 to 18 months, both lean and fat mass began to decline in all groups except the CC males.




3.5. Analysis of Mass Composition


When assessing total mass, it is crucial to consider both the lean and fat mass components. Each type of mass plays a vital role in the body. Lean or fat-free mass makes up muscles as well as most of the denser tissues like those of the liver, heart, and kidneys. Fat mass comprises adipose tissue as well as any fat which has infiltrated tissues as a result of obesity. In this study, mass composition was assessed at each collection point using two-way ANOVA. Statistical significance is reported in Table 4. The F-statistic is reported to express the variance ratio between groups:within groups. Larger F-stats correspond with more variance between groups or more significance identified. In females, total mass, lean mass, and fat mass was significantly increased by HFD at all collection points when compared with the CC mice (6, 12, and 18 months) (Table 4 and Figure 3). Males demonstrated a similar pattern at all time points (6, 12, and 18 months) (Table 4 and Figure 3). Total mass, lean mass, and fat mass were significantly increased for HFD mice when compared with CC diets. One exception for the total mass was observed in males at 12 months (Table 4 and Figure 3). Although the CC males and HF males at 12 months did not significantly differ in total mass, this appears to be an intersection between the declining total mass for the HF males and the peak mass point for the CC males. With respect to sexual dimorphism in the same diet groups, CC-fed males had significantly increased total mass at 6 and 12 months, and significantly increased lean mass at 18 months when compared with the CC females. In the HFD groups, total mass was significantly increased in males at 6 months only, when compared with females. However, lean mass was significantly increased for males at 6, 12, and 18 months against females. Interestingly, fat mass was significantly increased in the HF males at 6 months, but significantly increased at 12 months in females (Table 4 and Figure 3).




3.6. Tumor Incidence and Type


Over the course of this study, a total of 41 tumors with various origins were identified between all groups (Figure 4). The HF mice scored the highest tumor incidence with 11 tumors in the females and 14 in the males. Among the CC mice, eight tumors were found in the females and seven tumors were found in the males. Tumor development was first observed around the 12-month collection point, and the highest incidences were observed at the 18-month collection point. All tumors developed within this timespan (12–18). Tumors from the censored groups are included in the totals.



Tumor development as a function of diet and sex is summarized in Figure 4. Interestingly, there was a strong sex-based difference in the tumor type which developed as a function of diet. The most abundant tumor types for each group were the following: ovarian tumors for the CC females (4) and HF females (5), lung tumors for the CC males (4), and liver tumors for the HF males (13). Tumor tissue incidence is summarized in Table 5. Male C3H mice developed either lung tumors or liver tumors. In contrast, the females demonstrated the development of ovarian tumors in addition to lung and liver tumors across both diets. Most tumors were observed during the 18-month collection of tissues, whereas none were identified prior to 12 months (Table 5).



Figure 5 shows representative liver tissue and tumors collected from necropsied individuals, along with corresponding H&E-stained livers and liver tumors from 18-month-old individuals. The tumors are identified histologically by abnormal tissue density, cell shape, and atypical nuclei.




3.7. Mouse Appearance and Behavior


As this was a long-term study and the mice were housed four to a cage, a section on appearance and behavior has been included to provide insight on differences between sexes and diet types. The diet formulations had identical amounts of protein both in mass (179.0 g/kg) and caloric composition of the whole diet (18% kcal protein). For the CC mice, the remaining 71% kcal was supplied by carbohydrates, while the HF mice only had 36% from carbohydrates (Supplementary Table S1). This distribution of macromolecules results in slightly different overall caloric densities of 3.8 and 4.6 kcal/g for the CC and HF mice, respectively. Surprisingly, even with this difference, there was no significant difference in food consumption by mass. The average weekly consumption per individual, ad libitum, was consistently between 15 and 22 g (57–95 kcal for CC mice and 69–115 kcal for the HF mice). Female mice consumed quantities ranging from 15 to 18 g, while males consumed ~17–22 g regardless of diet type. Though maintained ad libitum, the mice never consumed more food than was provided (40 g/week/mouse). The individuals were examined weekly. For the mice that demonstrated excessive weight loss, injuries (usually fighting males), or extreme barbering or barbering-induced alopecia (primarily females) (Figure 6), these individuals were placed in separate cages and monitored [25,26]. While these mice were never reintroduced into their original cage, they maintained average mass and food consumption comparable to those housed in groups. Another notable behavior of the C3H mice throughout this study was their docile nature when handled, with no reported incidents of aggression towards handlers over the 18-month period.



The HF males were more active and upon visual inspection and exhibited a healthy pelage when compared with the CC males. Based on Animal Care and Use observational criteria, the CC males, with body weights in the lower range, presented with greater incidence of penile prolapse and loss of motor function with aging. In contrast, the HF males were more robust during the aging process; ten CC males were lost prior to censorship, compared with the HF males, of which only five died pre-censorship. In contrast, the CC and HF females lost a comparable number of individuals during this time (seven and eight, respectively).





4. Discussion


Current studies focus on recreating disease conditions with the most rapid methods possible. With respect to obesity, this often means using mouse models highly susceptible to fat accumulation and total mass increase. The mice are then maintained on HFD to replicate obese conditions as quickly as possible, potentially missing critical steps in the etiology of obesity. Previously, the C3H strain has been identified as “obesity-resistant”, and it was used as a negative control for DIO against strains like C57 [14]. However, these comparisons lacked assessments of C3H with the same reference diets (low fat or control diets). Thus, it is arguable that the exclusion of these alternative diet assessments limited the accuracy of DIO assessment in C3H as a result of the HFD [12]. A later study by Rendina-Ruedy et al. showed that obesity can be induced in C3H mice using HFD compared with controls [14]. The findings from our study align with those of Rendina-Ruedy et al. and demonstrate the progression of obesity and development of cancer induced by a long-term, HFD for C3H mice compared with their counterparts on a reference diet. The strengths of this study include the demonstration of a novel mouse strain that develops DIO in both sexes and analysis of the gradual and long-term effects of DIO and aging body composition on liver lipogenesis and cancer development. These investigations include both sexes and discuss the sexual dimorphisms identified. The limitations of this study are as follows: No blood and serum analysis was conducted. An intermediate-sized antenna was not available for the EchoMRI equipment; thus, analysis for a few animals was underestimated because of size constraints; they were too large for the smaller antenna and undersized to generate a truly accurate reading in the larger antenna.



Due to the availability of obesity- and cancer-susceptible mouse strains [3,27], researchers conduct studies of obesity and obesity-related conditions (i.e., metabolic syndrome and cancer) over relatively short time frames (e.g., 12–16 weeks instead of 12–16 months). However, obesity is a chronic disease in humans, not an acute condition [28], and cancer is a disease of aging [29]. Therefore, we investigated DIO and aging changes in a “general-purpose” mouse strain to determine if there were subtle differences in results that may be more reflective of obesity and cancer progression in humans, as a function of diet, sex, and aging [28,29]. When comparing C3H with C57 mice, differences in total mass at 12 weeks for control and HFDs are observed [Table 6]. It is notable that the C57 males demonstrate high susceptibility to obesity, while the females do not; a phenomenon that is also observed in aged C57 cohorts for both sexes [30]. In contrast, our results show that both sexes for the C3H mice gain weight and become obese over time. Furthermore, the control diet weight data align with data reported by Jackson Laboratory (Bar Harbor, ME, USA, and the source of the strain used in this study) for total mass at 12 weeks (27.9 g and 21.3 g for males and females, respectively) [31]. The HFD provided an average increase in total mass of C3H mice by ~5 g (~26.6 g total mass) in females and ~7 g (~37.8 g total mass) in males at 12 weeks, respectively.



This study is also the longest reported study of DIO in C3H mice, investigating the effects of DIO and aging over 72 weeks (18 months). As this study is three times longer than most mouse studies, it is critical to discuss the differences identified in the survival probabilities as a result of each diet [7,15,32]. C3H males maintained on the HFD had markedly elevated survival probability compared with C3H males on the CC diet. This is a strong possible confounding variable for tumor incidence with the crucial role of age in the development of cancer. Notably, the females, regardless of diet, had similar survival probabilities at 18 months. Further compared with the CC males, the CC females had a higher incidence of tumors which could also be due to the influence of age.



This study can provide two unique perspectives as a model for chronic DIO as cancer development over time, in relation to diet and sex was investigated.First, this study provides a gradual analysis of the development of obesity. Obesity is defined as a complex, multifactorial chronic disease [28]. Although it can be rapidly induced (<24 weeks), the nuances of a chronic condition may continue to unfold over the lifespan of the subject. With shorter studies, subtle changes or conditions which have slower progression, such as altered food consumption, altered muscular function, and tissue scarring as lipid infiltration recedes from organs, may not be as readily observed [14]. The second perspective is that this study allowed for standard fluctuation of mass composition associated with age, increasing during adolescence and decreasing during old age. In many strains which are currently used, elevated dietary fat content leads to overconsumption [33]. Although this certainly induces obesity, it may not be as reflective as chronic consumption of a poor diet. Differences in lean mass and fat mass accumulation as C3H mice progress through adolescence more closely model obesity in humans at the same life stage and this holds true for older mice studies using this approach. Similarly, as shown by this study, changes in FFM and fat mass (females) and increases in cancer incidence associated with aging more accurately represent human trends in inflammaging and obesity [34,35,36]. These results indicate that this model may provide further insight into the intricacies of human aging than those provided by previous strains [28]. High tumor incidence rates in the HF groups strongly correlate with the findings connecting obesity with tumor development. The liver tumor incidence in the CC diet is much lower than that of the HF diet; however, this may partially be due to the influence of age. Since the HF males had more individuals alive at old age vs. CC males, this could be a potential reason for higher tumor incidence. Additionally, the HFD for males likely induced some liver tumor formation as metabolic associated fatty liver disease progressed. Studies investigating at these possibilities are underway in our lab.



For C3H mice in this study, lean mass was observed to increase rapidly through adolescence (0–16 weeks), and for most diets, lean mass continued to slowly increase until middle age (~48 weeks). From this point forward, lean mass was observed to decline until the termination of this study. These results more closely reflect trends reported in humans when compared with other rodent models [37]. Similarly, C3H mice have demonstrated a susceptibility to spontaneous development of cancer, a disease associated with aging [29] and obesity [38]. Prior studies report that these mice begin to develop cancers during the middle of their lifespan, at ~48 weeks, and incidence progressively increases as they near the end of life [39,40]. This strain also reflects the sex-dependent dimorphism displayed in humans with respect to liver cancer, with higher percentage rates developing in males than in females [39]. Future studies will need to be performed that address the impact each diet type on the development of more organ-specific diseases, like metabolic syndrome or metabolic associated fatty liver disease and even specific cancers. Further studies using this long-term model for HFD consumption and chronic obesity are crucial for advancing the understanding of one of the most prevalent conditions worldwide.




5. Conclusions


C3H mice, although generally smaller than their C57 counterparts, consume a similar amount of food per day: ~3.5 g for standard chow diets. In this study, this was true regardless of dietary fat content, but it has been shown that C57 mice tend to increase daily food consumption when maintained on HFD [33], this likely being the major contributor to their high susceptibility to developing obesity. By utilizing both strains in a longitudinal study of obesity, it would be possible to model for individuals who continue to increase dietary consumption, and those who do not. Improvements to survivability in the HF C3H males and the lack of change in survivability found between the CC and HF females shown by this study necessitates further investigations into the role of dietary fat content and its ability to protect against aging for individuals who are not prone to over consumption, especially with regards to sex.



As the obesity epidemic becomes increasingly problematic throughout Western culture, it is important to understand its chronic progression as well as co-morbidities and pathologic outcomes. Results from this study suggest that using mouse strains with low susceptibility to developing obesity, can demonstrate a more gradual increase in fat accumulation, and thus, different questions in the etiology of obesity and cancer development can be addressed. Although further assessment of obesity-related markers such as insulin levels, blood glucose levels, and inflammation need to be performed, trends in body mass composition clearly demonstrate typical fat mass accumulation associated with obese conditions.
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Figure 1. LOESS representations of weekly trends in mass over 72 weeks (18 months). Colors red, green, blue, and yellow represent CC females, CC males, HF females, and HF males, respectively. Line shadows represent 0.95 CI for the estimation (n = 7–32, based on age/censorship). 
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Figure 2. Kaplan–Meier survival assessment over study duration for male and female mice maintained on control and HFD. Colors red, green, blue, and yellow represent CC females, CC males, HF females, and HF males, respectively (n ≤ 32). The log-rank test for significance was calculated. Results showed Chi-square = 6.3 on 3 degrees of freedom and p-value = 0.1, α = 0.1. 
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Figure 3. Two-way ANOVA showing differences between each diet and sex at specific time points. Significance is indicated by matching letters (A is significantly different from A) and only with p-values ≤ 0.05. Pairwise comparisons were only made within sexes or within diets. The colors red, green, blue, and yellow represent CC females, CC males, HF females, and HF males, respectively. Solid bars indicate total mass, striped bars indicate lean mass, and dotted bars indicate fat mass. 
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Figure 4. The total number of tumors observed at the censorship points for each diet. Red = CC females, green = CC males, blue = HF females, and yellow = HF males. The number above each bar is the total number of tumors identified over the course of this study. 






Figure 4. The total number of tumors observed at the censorship points for each diet. Red = CC females, green = CC males, blue = HF females, and yellow = HF males. The number above each bar is the total number of tumors identified over the course of this study.



[image: Obesities 04 00025 g004]







[image: Obesities 04 00025 g005] 





Figure 5. Sample images of normal and cancerous livers from different diets. Skin and muscles layers reflected to expose (A) normal liver and (B) cancerous liver. Livers outlined in yellow. (C–F) are histological sections of livers stained with H&E from male C3H mice at 18 months. (C) Normal liver from CC mice, (D) liver tumor from CC mice, (E) normal Liver from HF mice, and (F) liver tumor from HF mice. 
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Figure 6. Example of extreme barbering behavior in C3HheJ female mice at 12 months. (A) Over-barbered (potentially barbering-induced alopecia) mouse separated into a different cage. (B) Mouse from the same cage exhibiting no barbering. 
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Table 1. Female mass composition compared with 4-week-old controls.






Table 1. Female mass composition compared with 4-week-old controls.





	
Females

	
(n)

	
Fat +± SE

	
% Fat Comp

	
% ∆ Fat

	
Lean ± SE

	
% Lean Comp

	
% ∆ Lean

	
Mass ± SE

	
% ∆ Total






	
Control T0

	
8

	
1.19 ± 0.24

	
6.90

	

	
15.31 ± 0.68

	
88.99

	

	
17.2 ± 0.59

	




	
CC

	
6 Months

	
19

	
1.53 ± 0.17

	
6.62

	
28.57

	
19.59 ± 0.42

	
84.81

	
27.96

	
23.1 ± 0.47

	
34.3




	
12 Months

	
13

	
2.27 ± 0.26

	
9.04

	
90.76

	
17.41 ± 0.65

	
69.36

	
13.72

	
25.1 ± 0.55

	
45.93




	
18 Months

	
7

	
1.45 ± 0.11

	
6.27

	
21.85

	
16.73 ± 0.99

	
72.33

	
9.27

	
23.13 ± 0.58

	
34.48




	
HF

	
6 Months

	
19

	
6.4 ± 0.56

	
21.11

	
437.82

	
15.92 ± 0.43

	
52.51

	
3.98

	
30.32 ± 1.11

	
76.28




	
12 Months

	
13

	
13.85 ± 2.02

	
35.47

	
1063.87

	
23.45 ± 0.56

	
60.05

	
53.17

	
39.05 ± 2.37

	
127.03




	
18 Months

	
8

	
7.83 ± 2.23

	
24.43

	
557.98

	
22.09 ± 0.68

	
68.92

	
44.28

	
32.05 ± 2.77

	
86.34








Note: “n” indicates the sample size for each row. Mass type ± SE indicates the average mass (g) and the standard error for each group at the specified time point. % mass comp indicates the percentage of total mass each component makes up. % ∆ mass indicates the % change which occurred from the start of this study until the specified time point.













 





Table 2. Male mass composition compared with 4-week-old controls.






Table 2. Male mass composition compared with 4-week-old controls.





	
Males

	
(n)

	
Fat ± SE

	
% Fat Comp

	
% ∆ Fat

	
Lean ± SE

	
% Lean Comp

	
% ∆ Lean

	
Mass ± SE

	
% ∆ Total






	
Control T0

	
8

	
1.44 ± 0.58

	
6.60

	

	
19.09 ± 2.14

	
87.65

	

	
21.78 ± 2.61

	




	
CC

	
6 Months

	
23

	
2.87 ± 0.27

	
9.38

	
99.31

	
23.45 ± 0.53

	
76.66

	
22.84

	
30.59 ± 0.44

	
40.45




	
12 Months

	
13

	
3.28 ± 0.49

	
9.69

	
127.78

	
18.74 ± 0.92

	
55.36

	
−1.83

	
33.85 ± 0.86

	
55.42




	
18 Months

	
7

	
2.41 ± 0.47

	
8.41

	
67.36

	
23.93 ± 0.43

	
83.47

	
25.35

	
28.67 ± 0.76

	
31.63




	
HF

	
6 Months

	
24

	
11.05 ± 0.48

	
26.63

	
667.36

	
28.58 ± 0.47

	
68.88

	
49.71

	
41.49 ± 0.91

	
90.5




	
12 Months

	
15

	
9.35 ± 0.91

	
24.22

	
549.31

	
29.52 ± 0.59

	
76.46

	
54.64

	
38.61 ± 1.79

	
77.27




	
18 Months

	
11

	
7.52 ± 1.21

	
20.91

	
422.22

	
27.27 ± 0.62

	
75.83

	
42.85

	
35.96 ± 1.76

	
65.11








Note: “n” indicates the sample size for each row. Mass type ± SE indicates the average mass (g) and the standard deviation for each group at the specified time point. % mass comp indicates the percentage of total mass each component makes up. % ∆ mass indicates the % change which occurred from the start of this study until the specified time point.













 





Table 3. The quarter rule demonstrating the use of fat mass in protecting lean mass degradation during the aging process.
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Age

(Months)

	
Fat (g)

	
Lean (g)

	
Lean Mass Lost (g)/

Fat Mass Lost (g)






	
CC Females

	
12

	
2.27

	
17.41

	
0.83




	
18

	
1.45

	
16.73




	
∆ *

	
−0.82

	
−0.68




	
HF Females

	
12

	
13.85

	
23.45

	
0.23




	
18

	
7.83

	
22.09




	
∆

	
−6.02

	
−1.36




	
CC Males

	
12

	
3.28

	
18.74

	
−5.97




	
18

	
2.41

	
23.93




	
∆

	
−0.87

	
+5.19




	
HF Males

	
12

	
9.35

	
29.52

	
1.23




	
18

	
7.52

	
27.27




	
∆

	
−1.83

	
−2.25








* Note: The rightmost column indicates the grams of lean mass lost for every 1 g of fat mass lost over the 12–18 months.













 





Table 4. Effects of fat content and sex on total mass and mass composition in C3H mice.
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Main Effects

	
Interaction




	
Variables

	
Statistic

	
Diet (D)

	
Sex (S)

	
D × S




	
Mass Type

	
Age (Months)






	
Total Mass

	
6

	
p

	
1.47 × 10−19

	
2.07 × 10−19

	
0.0219091




	
F (1,81)

	
142.7823833

	
140.905

	
5.4615844




	
12

	
p

	
3.59 × 10−07

	
0.01532

	
0.0058408




	
F (1,50)

	
34.3595713

	
6.30414

	
8.2943852




	
18

	
p

	
9.42 × 10−05

	
0.01861

	
0.6661748




	
F (1,29)

	
20.49481634

	
6.21704

	
0.1899629




	
Lean Mass

	
6

	
p

	
0.008240705

	
3.78 × 10−29

	
2.65 × 10−14




	
F (1,81)

	
7.336790276

	
304.022

	
85.393789




	
12

	
p

	
5.37 × 10−17

	
1.41 × 10−06

	
0.0012293




	
F (1,50)

	
156.1053448

	
29.9894

	
11.744174




	
18

	
p

	
2.18 × 10−07

	
1.81 × 10−09

	
0.1642051




	
F (1,29)

	
45.33583833

	
73.9177

	
2.0368672




	
Fat Mass

	
6

	
p

	
4.32 × 10−28

	
8.74 × 10−11

	
9.73 × 10−05




	
F (1,81)

	
281.6304954

	
55.6062

	
16.81712




	
12

	
p

	
5.44 × 10−10

	
0.10973

	
0.0182934




	
F (1,50)

	
58.79890654

	
2.65158

	
5.9516639




	
18

	
p

	
0.000286303

	
0.86753

	
0.652502




	
F (1,29)

	
16.99795447

	
0.02832

	
0.207019








Note: p- and F-values of two-way ANOVA to evaluate the main effect and their interaction. D, diet (control or high fat); S, sex (female or male); × indicates interaction; highlighted values indicate significance.













 





Table 5. Tumor distributions across each diet by sex.
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Diet and Sex




	
Tissue of Tumor Origin

	
CC Females

	
CC Males

	
HF Females

	
HF Males






	
Liver

	
1

	
2 (1)

	
2 (1)

	
13 (7)




	
Lung

	
2

	
5 (1)

	
4 (3)

	
1




	
Mammary

	
1

	

	
0

	




	
Ovary

	
4 (4)

	

	
5 (3)

	




	
Total

	
9

	
7

	
11

	
14








Note: No tumors were found prior to 12 months. () indicates tumors identified at 18 months.













 





Table 6. Comparison of mean total mass in C57 obtained at 4 weeks using a similar diet [7] and C3H mice from this study.
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C3H

	
C57 [7]


