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Abstract

Objective: This study aimed to determine the effects of humanlike Western and Mediterranean 

diets on caloric intake, obesity, metabolism, and hepatosteatosis in an established nonhuman 

primate model of obesity, cardiometabolic syndrome, type 2 diabetes, and atherosclerosis.

Methods: A 38-month, randomized, preclinical, nonhuman primate primary prevention trial of 

38 socially housed, middle-aged adult females was conducted. The monkeys were characterized 

during a 7-month baseline phase while consuming chow and then randomized to either Western or 

Mediterranean diets; the groups were balanced on baseline characteristics. Western and 

Mediterranean diets were formulated to closely reflect human diets, matched on macronutrient 

content, with protein and fat derived largely from animal sources in the Western diet and plant 

sources in the Mediterranean diet. Food consumption, activity levels, energy expenditure, body 

composition, carbohydrate metabolism, and hepatosteatosis were measured during baseline and 

treatment phases.

Results: The Western diet increased caloric intake for the first 6 months and body fat, activity, 

energy expenditure, insulin resistance, and hepatosteatosis after 2.5 years, whereas the 

Mediterranean diet reduced triglyceride levels.

Conclusions: This is the first report of differential caloric intake and obesity with long-term 

consumption of a Western versus Mediterranean diet under controlled experimental conditions and 

the first experimental evidence that a Mediterranean diet protects against hepatosteatosis compared 

with a Western diet.
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Introduction

The literature regarding diet composition effects on caloric intake and subsequent systemic 

responses has been largely based on population studies that rely on self-reported food intake, 

short-term feeding studies, or rodent studies with diets unlike human diets. This is 

problematic for several reasons. Self-reported food intake characteristics of population 

studies are demonstrably inaccurate (1,2); thus, conclusions based on this literature are 

premature and require experimental validation. Short-term controlled trials are more reliable 

in terms of energy intake but may not predict long-term health effects. Preclinical rodent 

studies of diet composition effects on food consumption and subsequent systemic responses 

have largely employed diets that are dissimilar to those that humans consume. For example, 

the high-fat “diet-induced obesity” diets composed of rodent chow plus 45% to 65% of 

calories as saturated fat have been used in the majority of preclinical reports, whereas 

modern Western diets contain about 33% of calories as fat, and only about one-third of that 

is saturated (3) (Table 1). Furthermore, fat type and amount were shown to differentially 

affect the development of adiposity in different rodent strains (4).

An additional consideration is that while the contributions of rodent studies to the 

understanding of energy metabolism have been invaluable, rodents differ from humans in 

many ways that affect energy metabolism; they are nocturnal, grow throughout life, have 

high reproductive output, and have short life-spans. Thus, forward translation into large 

animal models that recapitulate key characteristics of human energy metabolism is important 

because food intake can be measured accurately for long time periods, confounding 

environmental variables can be controlled, and tissues that would be unavailable in human 

studies can be collected for study.

The translatability of preclinical studies to humans is maximized by the use of diets that 

better reflect human diets, animal models that more closely resemble humans in factors 

affecting energy metabolism, and generally longer experimental periods. A series of recent 

publications from the Prevención con Dieta Mediterránea (PREDIMED) study, a 

randomized trial of Mediterranean diet constituents, has reported beneficial effects on a 

number of health outcomes, including cardiovascular disease risk (5). Notably, while the 

growing literature documents associations between adherence to a Mediterranean diet and 

beneficial health effects, Mediterranean-like diets have never been studied in preclinical 

experiments.

Here, we report the effects of the consumption of a Western-like (WEST) versus 

Mediterranean-like (MED) diet on food consumption, body composition, metabolism, and 

hepatosteatosis in socially housed, adult female cynomolgus monkeys using a controlled, 

randomized, preclinical experimental design with a 31-month treatment period. This time 

period represents about 9% of the life-span of this species. This animal model is ideal, as 

there is an extensive literature documenting Western diet-induced obesity, cardiometabolic 

syndrome, type 2 diabetes, and coronary artery atherosclerosis in this species (6–8).
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Methods

Subjects

Forty-three adult, middle-aged (mean = 9.0 years, range = 8.2–10.4 years, estimated by 

dentition), female Macaca fascicularis were obtained (SNBL USA, Ltd., Alice, Texas), 

quarantined in single cages for 1 month, and moved to social groups of four animals each, 

living in pens (3 m × 3 m × 3 m) with daylight exposure on a 12/12 light/dark cycle with 

monkey chow and water available ad libitum.

Experimental design

The monkeys habituated to their social groups for 3 months and were characterized during 

the last 4 months of a 7-month baseline phase while consuming monkey chow (monkey diet 

5037/5038; LabDiet, St. Louis, Missouri; Table 1). The monkeys were randomly assigned to 

diets designed to mimic diet patterns observed in the West or the Mediterranean for 31 

months (approximately equal to 8–12 human years). The two resulting groups were balanced 

on body weight (BW), BMI, and plasma triglyceride concentrations. The sampling schedule 

is depicted in Supporting Information Figure S1. All animal manipulations were performed 

according to the guidelines of state and federal laws, the US Department of Health and 

Human Services, and the Animal Care and Use Committee of Wake Forest University 

School of Medicine.

Experimental diets

The composition of the WEST and MED diets is shown in Table 2. These semipurified diets 

were formulated to be isocaloric with respect to protein, fat, and carbohydrate 

macronutrients and identical in cholesterol content (~320 mg/2,000 kcal/day) (Table 1). The 

WEST diet was formulated to be similar to that consumed by American women aged 40 to 

49 as reported by the US Department of Agriculture (3). Specifically, protein and fat were 

derived mainly from animal sources, and the diet was high in saturated fats and sodium and 

low in monounsaturated and n-3 fatty acids (9). The MED diet was formulated to mimic key 

aspects of the Mediterranean diet. Protein and fat were derived mainly from plant sources, 

with some lean protein from fish and dairy, and monounsaturated fatty acids were relatively 

high (10,11). The Mediterranean diet n-6:n-3 fatty acid ratio was similar to a traditional 

hunter-gatherer type diet (12,13) and was high in complex carbohydrates and fiber and lower 

than the WEST diet in sodium and refined sugars. Key ingredients included English walnut 

powder and extra-virgin olive oil, which were the two foods provided to participants in the 

PREDIMED study (5). Both test diets differed considerably from monkey chow (Table 1).

Adiposity and body composition

BW and body length (suprasternal notch to pubic symphysis) were measured during the last 

month of the 7-month baseline phase and during months 6, 14, 20, 24, 27, and 31 of the 

treatment phase. BMI was calculated as BW/(body length [meters])2 (14). Body composition 

was also measured by computed tomography (CT) (online Supporting Information) in 

anesthetized nonhuman primates (NHPs) during month 6 of the 7-month baseline and during 

months 14 and 27 of the treatment phase. The fat compartment was defined as tissue with 
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attenuation between −190 and −30 Hounsfield units, and total fat was then determined 

across the whole body.

Hepatosteatosis

Liver attenuation measured by CT is a validated quantitative measure that is inversely related 

to liver fat burden and hepatosteatosis (15). Hepatosteatosis was assessed from the whole-

body CT examinations. Mean liver attenuation was obtained as the average Hounsfield unit 

of nine regions of interest (three from each slice for three sequential slices) manually placed 

to avoid structures.

Food consumption

Individual feeding cages were fabricated and placed inside group pens. The monkeys were 

trained to run into the feeding cages on voice command, consume their food, and then be 

released back into their group pen. Throughout the experiment, the animals finished feeding 

in the first 30 minutes. Each monkey was offered 120 kcal diet/kg BW/day. During the 

baseline phase and the first year of the treatment phase, the monkeys were fed for 2 hours 

once a day at ~0730 hours. During the last half of the treatment phase, beginning in month 

16, one-half of the ration was fed at ~0730 hours for 1 hour, and the other half was fed at 

~1330 hours for 1 hour in order to ensure that the monkeys had adequate access to diet. 

Food consumption was measured intermittently during month 5 of the baseline phase and 

months 3 to 6, 7 to 10, 17 to 20, and 27 to 30 of the treatment phase; average consumption 

was calculated for each time period. Experimental diets were weighed before and after the 

meal, and calories consumed were calculated. Chow biscuit weights were variable because 

of absorbed moisture; thus, the number of biscuits consumed was used as a measure of food 

intake during the baseline phase. Because the chow and experimental diet consumption was 

measured differently, they are graphed separately.

Activity and energy expenditure

Activity levels and energy expenditure were measured for 24 hours during month 4 of the 

baseline phase and during months 11 and 28 of the treatment phase. Prior to data collection, 

the monkeys were sedated (15 mg/kg ketamine HCl), outfitted with ActiGraph GT3X 

monitors (ActiGraph, Pensacola, Florida) in the pocket of the mesh jacket, and allowed to 

recover for 24 hours before recording. Activity was expressed as the mean of the counts 

summed over 24 hours as previously described (16,17). Energy expenditure was calculated 

as energy expenditure = 0.045 cal × BW × activity (17).

Carbohydrate metabolism and triglyceride concentrations

Intravenous glucose tolerance tests with insulin responses were done during month 6 of the 

baseline phase and during month 26 of the treatment phase as previously described (18). 

Briefly, NHPs were sedated (ketamine HCl 15 mg/kg) after an 18-hour fast and administered 

500 mg/kg dextrose. Blood samples were taken at 0, 5, 10, 20, 30, 40, and 60 minutes. 

Glucose area under the curve (AUC) and glucose disappearance rate K, calculated as 

previously described (18), were unaffected by diet and are not mentioned further. Insulin 

AUC was calculated using insulin responses between 10 and 40 minutes. Elevated 

Shively et al. Page 4

Obesity (Silver Spring). Author manuscript; available in PMC 2020 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



triglyceride levels were shown to be a common dyslipidemic feature of prediabetic states, 

and increases over time predicted type 2 diabetes (19). Triglyceride concentrations were 

measured following an overnight fast during month 5 of the baseline phase and during 

month 24 of the treatment phase. Glucose and triglyceride concentrations were determined 

as previously described (20). Insulin was determined by enzyme-linked immunosorbent 

assay (ELISA; Mercodia, Uppsala, Sweden).

Data analysis

The primary analyses were conducted using general linear mixed model analyses of variance 

(ANOVA) and covariance (ANCOVA) with one categorical variable (diet, MED or WEST), 

one repeated measure (multiple measures of the dependent variable), and one continuous 

variable, the baseline values for the dependent variable, when it significantly predicted 

outcomes. The inclusion of baseline values as covariates adjusted for small individual 

differences in the dependent variable prior to treatment and optimized the estimate of 

treatment group differences. Data were transformed as necessary to better approximate 

homogeneity of variance. Potential differences in baseline values for each dependent 

variable were assessed using t tests. Duncan test was used for post hoc comparisons to 

clarify differences in group × time interactions of food consumption. Transformation of the 

data made no difference in the outcomes of statistical tests, and thus raw means and SEs are 

depicted in graphs unless otherwise stated. The significance level was set at P = 0.05.

Results

Of the 43 NHPs, 2 animals did not tolerate the experimental diets, were fed standard 

monkey chow, and excluded from analyses reported here. In addition, 3 animals died during 

the course of the study, resulting in a final sample size of 38 (WEST: n = 21; MED: n = 17). 

One monkey was ill during months 7 to 10, and food consumption was not recorded.

Adiposity

BMI (Figure 1) did not differ between treatment groups during the baseline phase (t[36] = 

0.02; P = 0.98). Treatment phase BMI, during months 6 to 31, was adjusted for baseline in a 

2 × 6 ANCOVA. The baseline covariate was a significant predictor (F[1,35] = 46.95; P < 

0.0001). Overall, there was a significant difference in BMI between treatment groups during 

months 6 to 31 (main effect of diet: F[1,35] = 9.66; P = 0.004). Changes over the 6- to 31-

month time period (F[5,175] = 0.55; P = 0.74) and the treatment group × time interaction 

(F[5,175] = 2.01; P = 0.08) were not significant (Figure 1A). The increase in BMI appeared 

to be largely due to an increase in percent fat as measured by CT (Figure 1B). Percent fat did 

not differ between treatment groups during the baseline phase (t[36] = 0.52; P = 0.60). 

Treatment phase percent fat, during treatment months 14 and 27, was adjusted for baseline 

in a 2 × 2 ANCOVA. The baseline covariate was a significant predictor (F[1,35] = 12.02; P < 

0.001). Overall, there was a significant difference in percent fat between treatment groups 

(F[1,35] = 4.47; P = 0.04). Changes over the 6- to 31-month time period (F[1,35] = 0.001; P 
= 0.98) and the treatment group × time interaction (F[1,35] = 0.02; P = 0.89) were not 

significant (Figure 1B). BW followed the same pattern (Supporting Information Figure S2).
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Food consumption

There was no significant difference in chow intake between the two treatment groups during 

the baseline phase (mean number of biscuits: t[36] = 0.47; P = 0.64; Figure 2A inset). 

Treatment phase caloric intake was adjusted for baseline intake in a 2 × 4 ANCOVA. 

Baseline intake was a significant predictor (F[1,34] = 15.38; P = 0.0004). Overall, there was 

no significant difference in calories consumed between treatment groups (F[1,34] = 2.65; P 
= 0.11) or over the 6- to 31-month time period (F[4,136] = 1.51; P = 0.22), and there was no 

significant diet × time interaction (F[3,102] = 41.66; P = 0.18).

Because BW and BMI increased during the treatment phase in the WEST group, 

consumption was also assessed as calories per kilogram BW. There was no significant 

difference in chow intake per kilogram BW between the two treatment groups during the 

baseline phase (mean number of biscuits/kg BW: t[36] = 0.32; P = 0.75; Figure 2B inset). 

Baseline intake per kilogram BW was a significant predictor (2 × 4 ANCOVA F[1,34] = 

4.43; P = 0.043). Overall, there was no significant difference in calories per kilogram 

consumed between treatment groups (F[1,34] = 0.11; P = 0.74) or over time (F[3,102] = 

0.68; P = 0.56). There was a significant diet × time interaction (F[3,102] = 7.49; P = 

0.0001). The two groups were compared at each time point, and the 3- to 6-month time point 

was compared with the 27- to 30-month time point within each group with Duncan post hoc 

test. The WEST group consumed more than the MED group at 3 to 6 months (P = 0.01) but 

not at any time thereafter (all Ps > 0.17). Those in the WEST group consumed significantly 

less per kilogram BW at 27 to 30 months compared with 3 to 6 months (P = 0.02), whereas 

those in the MED group consumed significantly more per kilogram BW at 27 to 30 months 

compared with 3 to 6 months (P = 0.001). Thus, although the WEST group ate less during 

the latter part of the treatment phase, it maintained the increased BMI. Furthermore, 

although the MED group ate more per kilogram BW during the latter part of the treatment 

phase, it too maintained the comparatively low BMI at about baseline levels.

Activity levels and estimated energy expenditure

Activity levels at baseline were lower in the MED group on average, although the difference 

did not reach significance (t[36] = 1.98; P = 0.055; Figure 3A). Treatment phase activity was 

adjusted for baseline in a 2 × 2 ANCOVA. Baseline activity was a significant predictor 

(F[1,35] = 25.72; P < 0.0001). Overall, there was a significant difference between treatment 

groups in activity levels during the treatment phase (F[1,35] = 4.19; P = 0.048); the WEST 

group was more active than the MED group even when controlling for baseline levels. 

Changes over time (F[1,35] = 0.26; P = 0.61) and the treatment group × time interaction 

(F[1,35] = 1.35; P = 0.25) were not significant (Figure 3A).

Patterns of energy expenditure followed activity levels. On average, energy expenditure at 

baseline was lower in the MED group, although the difference did not reach significance 

(t[36] = 1.85; P = 0.073; Figure 3B). Treatment phase caloric intake was adjusted for 

baseline in a 2 × 2 ANCOVA. The baseline covariate was a significant predictor (F[1,35] = 

30.85; P < 0.0001). Overall, there was a significant difference between treatment groups in 

energy expenditure during the treatment phase (F[1,35] = 6.19; P = 0.018). Effects of time 
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(F[1,35] = 0.12; P = 0.73) and the treatment group × time interaction (F[1,35] = 1.10; P = 

0.30) were not significant (Figure 3B).

Carbohydrate metabolism and triglyceride concentrations

The insulin AUC at baseline was not significantly different between groups (t[36] = 1.35; P 
= 0.18). Treatment phase insulin AUC was adjusted for baseline in a 1 × 2 ANCOVA. The 

baseline covariate was a significant predictor (F[1,35] = 16.13; P = 0.0003). Overall, the 

insulin response was higher in the WEST than the MED group during the treatment phase 

(F[1,35] = 4.16; P = 0.049) (Figure 4A).

There was no difference in baseline triglyceride concentrations (t[36] = 0.25; P = 0.81). The 

baseline covariate was not a significant predictor in ANCOVA (F[1,35] = 2.37; P = 0.13), 

and thus ANOVA results are reported. Triglyceride concentrations were higher in the WEST 

than the MED group during the treatment phase (1 × 2 ANOVA F[1,35] = 7.49; P = 0.01) 

(Figure 4B) because of significant decreases in triglycerides in the MED group (baseline 

versus treatment: t[16] = 3.21; P = 0.006) but not the WEST group (baseline versus 

treatment: t[20] = 7.41; P = 0.47).

Hepatosteatosis

Liver attenuation was not significantly different between groups at baseline (t[36] = 0.33; P 
= 0.74). The baseline covariate was not a significant predictor in ANCOVA (F[1,35] = 2.49; 

P = 0.12), and thus ANOVA results are reported. Liver attenuation after 14 and 27 months of 

diet consumption was lower in the WEST than the MED group, indicating increased fat 

deposition in the WEST compared with the MED group (2 × 2 ANOVA, main effect of diet: 

F[1,35] = 21.19; P = 0.0001). Liver attenuation also increased, indicating a decrease in fat 

deposition between 14 and 27 months (main effect of time: F[1,35] = 31.41; P < 0.00001) 

(Figure 4C).

Discussion

This preclinical, NHP, randomized primary prevention trial of effects of dietary patterns on 

health outcomes is unique and has notable strengths. First, the composition of the 

experimental diets closely approximated those that humans consume. The WEST diet was 

based on an extensive history of Western diet formulation and use in NHP studies 

(6,7,21,22). The MED diet was formulated specifically for this experiment based on 

nutritional analyses of Mediterranean diets consumed by humans (10–12) and was 

developed and extensively tested for health effects and palatability in macaques over a 2-

year period prior to this study. The trial design allowed detailed assessment of subjects prior 

to treatment, and treatment groups were balanced on key pretreatment characteristics. While 

these experimental design characteristics are common in human clinical trials, this level of 

experimental rigor is relatively rare in animal studies. Additional covariate analyses assured 

that observed differences in treatment groups were due to diet and not spurious effects. 

Furthermore, diet effects were studied for a significant portion of the subjects’ lives. In 

addition, subjects were housed socially to promote normal physiology and behavior, and 

procedures were developed to measure consumption while NHPs lived socially. Notably, the 
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elaborated primate brain is a major driver of energy metabolism (23), with energy demands 

that may challenge the demands of other systems. Therefore, solutions that evolved to 

address this demand may be primate specific. From this perspective, the use of an NHP 

model minimizes the breadth of the translational leap to humans.

During the baseline phase chow consumption, there was no difference in food intake 

between the MED versus WEST groups. When the NHPs began consuming the WEST diet, 

their caloric intake per kilogram BW was greater than that of the MED group for the first 6 

months. The literature is mixed as to whether calorie source affects caloric intake or 

subjective assessments of satiety (24,25). The MED and WEST diets were similar in simple 

sugar content (simple sugar percent of calories: WEST = 25.4; MED = 21.4) but varied in 

fatty acid content. In two human studies, no differential effect of monounsaturated, 

polyunsaturated, or saturated fat on self-reported satiety was observed in studies of 

consumption of one meal (26,27). However, high-fat–diet-induced hyperphagia was reported 

in humans in a 2-week feeding study utilizing a mixture of fats, but fatty acid content was 

not reported (28). Hyperphagia because of high-saturated-fat diets was reported in rodents, 

and some brain and peripheral mechanisms were identified (29). In one study, the 

combination of high saturated fat and high sucrose resulted in hyperphagia, whereas either 

alone did not (30). In the melanocortin-4 receptor knockout mouse, diets enriched in either 

saturated or monounsaturated fats elicited hyperphagia and weight gain (31). In lean and 

obese male Zucker rats, type of fat influenced calorie intake only in the obese group (4). 

While the effects of fatty acids on food consumption have been studied, very little is known 

about the potential effects of amino acid differences, because of differences in protein 

source, on food consumption. Thus, additional studies are warranted to understand 

mechanisms mediating the differential effects of the MED and WEST diets on food 

consumption in primates.

After 6 months, intake per kilogram BW decreased in the WEST group; however, BW and 

BMI continued to increase, and the increase in percent fat (measured by CT) was maintained 

throughout the experimental phase. In contrast, the MED group increased intake per 

kilogram BW over the course of the experimental phase while maintaining BW and BMI at 

near baseline levels. The increased intake may have been a result of moving to feeding twice 

per day, although it did not have that effect in the WEST group. This is the first report of 

differences in caloric intake resulting from long-term consumption of either a Western or 

Mediterranean diet under controlled experimental conditions. The importance of long-term 

studies is exemplified by the apparent changes over time in consumption and in the 

relationship between BMI and consumption. These observations suggest that changes in 

metabolism in the WEST group that accrued during the initial stage of increased 

consumption maintained or possibly reprogrammed the BW–caloric intake relationship over 

the long term.

Activity levels and energy expenditure did not appear to influence BW. This conclusion is 

tempered by two considerations. First, there tended to be group differences in these 

measures at baseline, with higher values in the group assigned to the WEST diet. However, 

adjustment for baseline levels still resulted in higher activity levels and energy expenditure 

in the WEST group. Second, in general, activity levels and food intake are often positively 
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correlated (32), and increases in exercise associated with increased caloric intake are 

reported to be more pronounced in females, suggesting the possibility of sex differences 

(32,33). Thus, the observations reported here may be sex specific. Nonetheless, a simple 

energy in/energy out hypothesis is not supported by these observations.

The increase in insulin in the WEST group accompanied by weight gain in female macaques 

is similar to that observed in humans and indicative of a prediabetic state. Prediabetes is an 

important predictor of all-cause and cardiovascular mortality, type 2 diabetes, and 

hepatosteatosis (34). Diet impacts the gut microbiome, and gut microbiota are associated 

with type 2 diabetes, prediabetes, and obesity in humans (35). We also observed diet group 

differences in the gut (and breast) microbiome in this study (36,37), which may have 

contributed to changes in adiposity and metabolism.

Nonalcoholic hepatosteatosis has become the most common form of liver disease, and 

obesity and insulin resistance are primary risk factors (34). A Mediterranean diet may be 

beneficial in treating hepatostatosis, as n-3 fatty acid and monounsaturated fat intake is 

associated with lower risk, high n-6:n-3 fatty acid ratios and saturated fat intake are 

associated with increased risk (38), and one small short-term feeding study reported 

beneficial effects of the Mediterranean diet in 12 nondiabetics with fatty liver disease (39). 

Here, we report the first experimental evidence that a Mediterranean diet protects against the 

development of hepatosteatosis compared with a Western diet. Similar to current human 

diets, both experimental diets contained 31% of calories from fat, and both diets increased 

liver lipid content compared with the baseline chow diet, which contained only 13% of 

calories from fat. However, the diets varied considerably in fatty acid content, and the 

WEST diet increased fat deposition in the liver by approximately 40%, whereas the MED 

diet increased fat in the liver by only approximately 14%.

Weaknesses in the study include the difficulty in accurately measuring caloric intake when 

feeding lab chow, the inability of two animals (4.7%) to tolerate the experimental diets, and 

a relatively modest sample size. Likewise, temporal changes should be interpreted with 

caution, as treatment phase duration is naturally confounded by factors such as aging and 

season (40).

Conclusion

These results demonstrate that the MED diet protected against the increases in consumption, 

obesity, prediabetes, and hepatosteatosis observed in the WEST group, despite containing 

similar proportions of fat, protein, and carbohydrates, suggesting an important contribution 

of diet composition rather than macronutrient content. Diet composition is a critically 

important contributor to US public health, as those at greatest risk for obesity and related 

costly chronic diseases are also those with the poorest-quality diets (41). Importantly, people 

who adhere to more of a Mediterranean than Western diet pattern have other characteristics 

that may contribute to human health, including higher levels of physical activity, sleep 

quality, and education and income level, and they have been reported to smoke less (42–45). 

The data reported here suggest that diet composition itself is an important contributor to the 

healthy function of multiple systems involved in energy metabolism. Long-term controlled 
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trials of health effects of a Mediterranean diet are warranted, as several outcomes of this 

study would have been different had this been a shorter-term study. Ultimately, the 

translational value of preclinical experiments will be enhanced by the use of diets that more 

closely approximate those consumed by humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Body composition and adiposity.
(A) Body composition: BMI did not differ between treatment groups during the baseline 

phase (t[36] = 0.02; P = 0.98). There was a significant difference in BMI between treatment 

groups during months 6 to 31 (2 × 6 ANCOVA F[1,35] = 9.66; P = 0.004). (B) Body fat 

determined by CT did not differ between treatment groups during the baseline phase (t[36] = 

0.52; P = 0.60). After the baseline phase, there was a significant difference in amount of fat 

between treatment groups (2 × 2 ANCOVA, main effect of diet: F[1,35] = 4.47; P = 0.04). 

Changes over the 6- to 31-month time period (F[1,35] = 0.001; P = 0.98) and the treatment 

group × time interaction (F[1,35] = 0.02; P = 0.89) were not significant. [Colour figure can 

be viewed at wileyonlinelibrary.com]
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Figure 2. 
Food consumption. (A) Calories consumed. There was no significant difference in chow 

intake (number of biscuits) between the two treatment groups during the baseline phase 

(t[36] = 0.47; P = 0.64; inset). Overall, there was no significant difference in calories 

consumed between treatment groups (2 × 4 ANCOVA F[1,34] = 2.65; P = 0.11) or over time 

(F[4,136] = 1.51; P = 0.22), and there was no significant diet × time interaction (F[3,102] = 

41.66; P = 0.18). (B) Calories per kilogram body weight (BW). There was no significant 

difference in number of biscuits consumed per kilogram BW between the two treatment 

groups during the baseline phase (t[36] = 0.32; P = 0.75; inset). There was no significant 

difference in calories per kilogram BW consumed between treatment groups (2 × 4 

ANCOVA F[1,34] = 0.11; P = 0.74) or over time (F[3,102] = 0.68; P = 0.56). There was a 
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significant diet × time interaction (F[3,102] = 7.49; P = 0.0001). Post hoc tests revealed that 

the WEST group consumed more than the MED group at 3 to 6 months (*P = 0.01) but not 

at any other time point thereafter (all Ps > 0.17). Those in the WEST group consumed 

significantly less per kilogram BW at 27 to 30 months compared with 3 to 6 months (†P = 

0.02), whereas those in the MED group consumed significantly more per kilogram BW at 27 

to 30 months compared with 3 to 6 months (‡P = 0.001). [Colour figure can be viewed at 

wileyonlinelibrary.com]
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Figure 3. 
Activity levels and energy expenditure. (A) On average, activity levels at baseline were 

lower in the MED group, although the difference did not reach significance (t[36] = 1.98; P 
= 0.055). Overall, there was a significant difference between treatment groups in activity 

levels during the treatment phase (2 × 2 ANCOVA, main effect of diet: F[1,35] = 4.19; *P = 

0.048). Treatment phase means were adjusted for baseline. (B) On average, energy 

expenditure at baseline was lower in the MED group, although the difference did not reach 

significance (t[36] = 1.85; P = 0.073). Overall, there was a significant difference between 

treatment groups in energy expenditure during the treatment phase (2 × 2 ANCOVA, main 

effect of diet: F[1,35] = 4.16; *P = 0.049). Treatment means were adjusted for baseline. 

[Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4. 
Insulin, triglycerides, and hepatosteatosis. (A) Insulin responses to glucose challenge. 

There was no significant difference in the insulin AUC at baseline (t[36] = 1.35; P = 0.18). 

Insulin AUC after 26 months of treatment was higher in the WEST group (1 × 2 ANCOVA, 

main effect of diet: F[1,35] = 4.16; *P = 0.049). Means were adjusted for baseline. (B) There 

was no difference in baseline triglyceride concentrations (t[36] = 0.25; P = 0.81). 

Triglyceride concentrations after 24 months of treatment were higher in the WEST group (1 

× 2 ANOVA, main effect of diet: F[1,35] = 7.49; *P = 0.01); (C) Hepatosteatosis. Liver 

attenuation was not significantly different between groups at baseline (t[36] = 0.33; P = 

0.74). Liver attenuation during the treatment phase was lower in the WEST than the MED 

group, indicating increased fat deposition (2 × 2 ANOVA, main effect of diet: F[1,35] = 
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21.19; P < 0.0001). Liver attenuation also increased, indicating a decrease in fat deposition 

between 14 and 27 months (main effect of time: F[1,35] = 31.41; P < 0.00001). [Colour 

figure can be viewed at wileyonlinelibrary.com]
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TABLE 2

Experimental diet composition

Western-like diet (WEST) Mediterranean-like diet (MED)

Ingredient g/kg Ingredient g/kg

Casein, USP 85.0 Casein, USP 17.4

Whey protein, 895 85.0 Whey protein, 895 17.4

Dried egg white 26.1

Fish meal (menhaden) 26.1

English walnut powder 8.7

Black bean flour 43.5

Garbanzo bean flour 17.4

Wheat flour (all-purpose) 243.5

Dextrin 260.0 Dextrin 96.6

Sucrose 180.0 Sucrose 34.8

High fructose corn syrup, 55 70.0 Banana 130.4

Applesauce 38.2

Tomato paste 17.4

Cellulose (Alpha-Cel)
a 79.4

Cellulose (Alpha-Cel)
a 94.8

Lard 41.5 Olive oil (Filippo Berio Extra-Virgin) 61.7

Beef tallow HHR 40.0 Menhaden oil (OmegaPure) 8.7

Butter, lightly salted 12.5 Butter, lightly salted 8.7

Corn oil 35.0 Corn oil 10.4

Flaxseed oil 3.0 Flaxseed oil 1.7

Dried egg yolk 6.0 Dried egg yolk 14.8

Crystalline cholesterol 0.4

Complete vitamin mix (Teklad) 25.0 Complete vitamin mix (Teklad) 21.7

Mineral Mix w/o Ca, P, NaCl 50.0 Mineral mix w/o Ca, P, NaCl 43.5

Calcium carbonate 4.3 Calcium carbonate 3.7

Calcium phosphate, monobasic 7.5 Calcium phosphate, monobasic 6.5

NaCl (table salt) 16.0 NaCl (table salt) 6.3

Total 1,000 Total 1,000

a
Total fiber (percent of diet): WEST, 7.94; MED, 12.7.

Obesity (Silver Spring). Author manuscript; available in PMC 2020 March 18.


	Abstract
	Introduction
	Methods
	Subjects
	Experimental design
	Experimental diets
	Adiposity and body composition
	Hepatosteatosis
	Food consumption
	Activity and energy expenditure
	Carbohydrate metabolism and triglyceride concentrations
	Data analysis

	Results
	Adiposity
	Food consumption
	Activity levels and estimated energy expenditure
	Carbohydrate metabolism and triglyceride concentrations
	Hepatosteatosis

	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	TABLE 1
	TABLE 2

