
 1 

Improving Metabolic Health through Precision Dietetics in Mice  1 

William T. Barrington
1,2

, Phillip Wulfridge
3
, Ann E. Wells

9
, Carolina Mantilla Rojas

1
, 2 

Selene Y.F. Howe
1
, Amie Perry

4
, Kunjie Hua

5
, Michael A. Pellizzon

10
, Kasper D. 3 

Hansen
3,6,7

, Brynn H. Voy
9
, Brian J. Bennett

5
, Daniel Pomp

5
, Andrew P. Feinberg

3
, 4 

David W. Threadgill
1,4,8

*  5 

1
Department of Molecular and Cellular Medicine, Texas A&M Health Science Center, 6 

College Station, TX 77843 USA 7 
2
Department of Biological Sciences, Genetics Program, North Carolina State University, 8 

Raleigh, NC 27695 USA 9 
3
Center for Epigenetics, Institute for Basic Biomedical Sciences, Johns Hopkins 10 

University, Baltimore, MD 21205 11 
4
Department of Veterinary Pathobiology, Texas A&M University, College Station, TX 12 

77843 USA  13 
5
Department of Genetics, University of North Carolina, Chapel Hill, NC 27559 USA 14 

6
Department of Biostatistics, Johns Hopkins University, Baltimore, MD 21205, USA 15 

7
Nathan-McKusick Institute of Genetic Medicine, Johns Hopkins University, Baltimore, 16 

MD 21205, USA 17 
8
Faculty of Nutrition, Faculty of Genetics, and Faculty of Toxicology, Texas A&M 18 

University, College Station, TX 77843 USA  19 
9
Department of Animal Science, University of Tennessee, Knoxville, TN  37996 USA 20 

10
Research Diets, Inc., 20 Jules Lane, New Brunswick, NJ 08901 21 

*Corresponding Author: David W. Threadgill, Ph.D., Depts. of Molecular and Cellular 22 
Medicine and Veterinary Pathobiology, Texas A&M Health Science Center and Texas 23 
A&M University, Reynolds Medical Bldg. Rm. 440, College Station, TX 77843-1114, 24 
USA, dwt@tamu.edu, Phone: 979-436-0850, Fax: 979-847-9481. 25 

26 

 Genetics: Early Online, published on November 20, 2017 as 10.1534/genetics.117.300536

 Copyright 2017.



 2 

ABSTRACT 27 

The incidence of diet-induced metabolic disease has soared the last half-century 28 

despite national efforts to improve health through universal dietary recommendations. 29 

Studies comparing dietary patterns of populations with health outcomes have historically 30 

provided the basis for healthy diet recommendations. However, evidence that population-31 

level diet responses are reliable indicators of responses across individuals is lacking.  32 

This study investigated how genetic differences influence health responses to several 33 

popular diets in mice, which are similar to humans in genetic composition and propensity 34 

to develop metabolic disease, but enable precise genetic and environmental control.  We 35 

designed four human-comparable mouse diets that are representative of those eaten by 36 

historical human populations. Across four genetically distinct inbred mouse strains, we 37 

compared the American diet’s impact on metabolic health to three alternative diets 38 

(Mediterranean, Japanese and Maasai/ketogenic). Furthermore, we investigated 39 

metabolomic and epigenetic alterations associated with diet response. Health effects of 40 

the diets were highly dependent on genetic background, demonstrating that 41 

individualized diet strategies improve health outcomes mice. If similar genetic-dependent 42 

diet responses exist in humans, then a personalized, or “precision dietetics,” approach to 43 

dietary recommendations may yield better health outcomes than the traditional one-size-44 

fits-all approach.  45 

46 
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INTRODUCTION 47 

Over the last half-century, national dietary guidelines have been failed to improve 48 

metabolic health in the United States, exemplified by the dramatic increase in metabolic 49 

syndrome(COOK et al. 2003). National dietary guidelines have largely been built upon 50 

epidemiological studies, which show that dietary patterns across populations are strongly 51 

correlated with the spectra of diseases(KNOX 1977), and as dietary patterns change, so do 52 

disease spectra(KAGAN et al. 1974; O'DEA 1992). However, a major limitation of 53 

population-level dietary studies is the absence of information on the relationship between 54 

individual and population-level responses.  55 

There are clear examples in which genetically related subgroups within a 56 

population experience more severe health effects than the population at-large, 57 

exemplified by Westernized indigenous populations that have disproportionately high 58 

incidences of type II diabetes(O'DEA 1992; SCHULZ et al. 2006). The importance of 59 

genetic background in diet response is supported by the strong similarity in weight gain 60 

within monozygotic twin pairs during long-term overfeeding(BOUCHARD et al. 1990). 61 

Clinical studies find wide variation across genetically diverse people on the health effects 62 

of diet, including weight gain and risk for heart disease(LIU et al. 1978; DANSINGER et al. 63 

2005; HESSION et al. 2009). Some of the variation has been attributed to dietary 64 

adherence(TOUBRO AND ASTRUP 1997). Yet, tightly controlled studies find extensive 65 

heterogeneity in physiological responses to identical diets(LEVINE et al. 1999; ZEEVI et al. 66 

2015), demonstrating that innate differences between people contribute to the 67 

heterogeneous effects of diets.  68 
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Mouse models provide a powerful resource for studying the interaction of 69 

genetics with diet. Similar to humans, genetically diverse mice vary in their susceptibility 70 

to diet-induced metabolic disease, but enable greater control of genetic and 71 

environmental factors. Studies in mice demonstrate that obesity has a strong genetic 72 

component and that identical diets affect weight gain differently across strains(WEST et al. 73 

1992; PETRO et al. 2004; PARKS et al. 2013). While there are differences in metabolism 74 

and metabolic disease between mice and humans(KENNEDY et al. 2010; WONG et al. 75 

2016), a number of research groups have demonstrated the value of mouse studies in 76 

unraveling the genetic architecture underlying metabolic responses(PAIGEN 1995; 77 

ALMIND AND KAHN 2004; CHEVERUD et al. 2004; BIDDINGER et al. 2005; SVENSON et al. 78 

2007; HILL-BASKIN et al. 2009; SHOCKLEY et al. 2009; USSAR et al. 2015; SINASAC et al. 79 

2016). 80 

To explore the impact of the American diet on metabolic health across genetically 81 

diverse individuals, we designed a mouse version of the contemporary American diet and 82 

compared its metabolic health effects to that of a more typically fed control mouse diet 83 

across four inbred strains (A/J, C57BL/6J, FVB/NJ, and NOD/ShiltJ, denoted as A, B6, 84 

FVB, and NOD, respectively). The clinical traits assayed were indicative of metabolic 85 

syndrome- a cluster of conditions that increase risk of heart disease, stroke and diabetes. 86 

We then compared each strain’s metabolic health when fed alternative human-relevant 87 

diets, including a Mediterranean diet, a Japanese diet, and a ketogenic diet analogous to 88 

that consumed by the Maasai, a tribal group in Kenya. In addition, we evaluated the liver 89 

metabolome and epigenetic changes underlying differential diet response. The diet (or 90 

diets) that was healthiest relative to the American diet was genetic-dependent, 91 
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demonstrating that health outcomes in mice are improved through individualized dietary 92 

strategies, and raising the question whether the development and implementation 93 

personalized diet recommendations could also lead to better outcomes in people.  94 
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EXPERIMENTAL PROCEDURES 95 

Animals and Husbandry 96 

Four-week old A/J, C57BL/6J, FVB/NJ, and NOD/ShiLtJ mice were obtained from The 97 

Jackson Laboratory (Bar Harbor, ME) and acclimated for two weeks. Mice were 98 

randomized into diet groups. Two equally sized and identical cohorts of 5 mice per diet, 99 

sex and strain (480 total) were studied in 2 locations, North Carolina (NC cohort) and 100 

Texas A&M University (TAMU cohort) over 6 months. The NC cohort was housed at the 101 

University of North Carolina during the first 4 months for analysis of body composition, 102 

metabolic rate, and physical activity. Mice were then transferred to North Carolina State 103 

University for the final 2 months for glucose tolerance testing, necropsy, and tissue 104 

collection. Mice were housed 5 per cage and maintained at 22C under a 12-hour light 105 

cycle, and maintained and protocols followed in accordance with University of North 106 

Carolina, North Carolina State University and Texas A&M University IUCAC guidelines. 107 

Mice were euthanized with carbon dioxide and tissues were flash frozen in liquid nitrogen 108 

or fixed in formalin.  109 

Diets 110 

Powdered diets were designed in collaboration with Research Diets, Inc. (New 111 

Brunswick, NJ). Traditional Mediterranean (D12052702) and Japanese (D12052703) 112 

diets were based on the Food and Agriculture Organization’s Food Balance Sheets from 113 

Greece and Japan in 1961(NATIONS 2016). The American diet (D12052705) was based 114 

on USDA’s 2008 Dietary Assessment of Major Food Trends(NCI). The 115 

Maasai/ketogenic diet (D12052706) was designed to allow mice to remain in ketosis, 116 

formulated with dairy sources as consumed by the Masaai(MANN et al. 1965) and with 117 

menhaden oil and corn oil added to ensure mice had essential lipids. Purified control 118 
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mouse diet (D12052701, Research Diets, Inc.) was used as a control diet for comparison 119 

to the American diet. Diets were designed to recapitulate human diets as closely as 120 

possible, matching macronutrient ratio, fiber content, types of ingredients and fatty acid 121 

ratios to the human diets (Tables S1-4). Protein sources used included beef protein to 122 

match red meat intake, casein to match dairy intake, soy protein to match soy intake, egg 123 

white protein to match egg and white meat intake, and fish protein to match seafood 124 

intake. Cornstarch, wheat starch, rice starch, potato starch, sucrose, and fructose were 125 

matched accordingly to the types and amounts of starches and sugars in the diets. 126 

Soybean oil, corn oil, menhaden oil, sunflower oil, butter, lard, safflower oil, flaxseed oil 127 

and olive oil were used to reconstruct lipid profiles. 128 

Body Composition and Weight 129 

Body composition (lean and fat mass) was assessed in both cohorts at 12 weeks 130 

(EchoMRI-130 Body Composition Analyzer). Body composition measurements were 131 

verified by comparing lean and fat mass measurements to scale weight.  132 

Food Consumption 133 

Food consumption was measured in the TAMU cohort at 14 weeks by singly housing in 134 

wire bottom cages over a paper filter to collect spilled food. Starting, ending, and spilled 135 

food weights were recorded. Two 24-hour periods acclimation periods were followed by  136 

two 24-hour testing periods. Each period was separated by 3 days. Diet-by-strain groups 137 

had n = 4-10 mice of both males and females, except female NOD mice fed 138 

Maasai/ketogenic diet, which were omitted due to distress during the acclimation period.  139 

Fasted Glucose and Glucose Tolerance Test 140 
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Fasting glucose concentrations were measured following a 6-hour fast in both 141 

cohorts after 16 weeks on diet. Glucose (2 g/kg) was administered by oral gavage. Blood 142 

glucose levels were measured with a Bionome GM100 glucose monitor (Bionome USA 143 

Corp) at 0, 30, 60, 90, and 120 minutes. Area under the curve (from a baseline of 0) was 144 

calculated. All diet-strain groups had n = 9 to 20 mice. One American FVB male and one 145 

American B6 male did not show a change in blood glucose after gavaging and were 146 

omitted. Two NOD ketogenic males had glucose greater than 600 mg/dL (glucometer 147 

maximum) while fasting or at the first time point and were omitted. 148 

Liver Triglycerides 149 

Following necropsy, liver triglyceride concentration was quantified in both 150 

cohorts as previously described(FOLCH et al. 1957). Briefly, 50 mg pieces of liver were 151 

homogenized in a 2:1 choloroform-methanol solution. After 30 minutes of incubation, a 152 

sodium chloride solution was added to the solution and vortexed. The lower phase was 153 

decanted and evaporated under nitrogen steam. Each sample was resuspended in a 0.5% 154 

Triton X-100/PBS solution. After sonication, samples were incubated at 55C for 5 155 

minutes. Infinity Triglyceride reagent (Thermo Scientific) was added and samples were 156 

incubated for 5 minutes at 37C. Absorbance at 500 nm was measured and compared to a 157 

standard curve to quantify triglyceride concentration. 158 

Metabolic Rate and Activity 159 

Mice in the NC cohort were singly housed in Phenomaster Metabolic Chambers 160 

(TSE Systems) at 12 weeks. After an 8-hour acclimation period, data collection included 161 

two 12-hour night cycles and one 12-hour day cycle. Heat expenditure, oxygen 162 

consumption, and drinking volume were calculated per hour and normalized to lean mass, 163 
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which was assessed prior to testing. Mice that failed to drink more than 0.5 mL were 164 

omitted from water intake analysis (n<2 per diet-strain group). Activity was determined 165 

by number of laser beam breaks in both vertical and horizontal axes and calculated per 166 

hour. Hyperactive mice (defined by activity >100% strain mean) were omitted from 167 

activity analysis (n  1 per group). Respiratory exchange rate was calculated as an 168 

average per hour. 169 

Liver Histology 170 

Formalin-fixed, paraffin-embedded right lobe liver samples were sectioned at 5 171 

m and stained with hematoxylin and eosin. The extent of steatosis was assessed in a 172 

blinded fashion by a board-certified veterinarian pathologist using a previously reported 173 

scoring system for non-alcoholic fatty liver disease(LIANG et al. 2014). Briefly, the 174 

scoring system for macrovesicular steatosis, microvesicular steatosis, and cellular 175 

hypertrophy was based on the percentage of hepatocytes within the stained section. These 176 

parameters utilized the following categories: 0 (< 5% of hepatocytes), 1 (5-33%), 2 (34-177 

66%), and 3 (>66%). Inflammation was evaluated by counting the number of 178 

inflammatory foci per field, averaged across of 5 fields of view at 100X magnification. 179 

The level of inflammation was assigned using the following categories: 0 (normal, < 0.5), 180 

1 (slight, 0.5-1.0), 2 (moderate, 1.0-2.0), and 3 (severe, >2). 181 

Blood Lipids and Biochemistry 182 

 Fasted insulin was measured following a 6-hour fast at 18 weeks in both cohorts. 183 

Fasted blood samples were not collected from NOD mice in cohort 2, as they showed 184 

distress during fasting. Blood was collected via submandibular bleed, placed on ice for at 185 

least 30 minutes to allow clotting, then centrifuged at 10 x g for 5 minutes in 1.1 mL Z-186 
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Gel microtubes (Sarstedt). Insulin concentrations were quantified using a Mouse Serum 187 

Adipokine Immunoassay ELISA kit (Millipore) on a Bio-Plex 200 System (Bio-Rad).  188 

Alanine aminotransferase (ALT) and cholesterol analysis was performed on 189 

serum samples taken at necropsy in both cohorts. Blood was collected via cardiac 190 

puncture, chilled for at least 30 minutes, then centrifuged at 10 x g for 5 minutes in 1.1 191 

mL Z-Gel microtubes (Sarstedt). ALT activity was quantified in duplicate using a 192 

fluorometric ALT Activity Assay Kit per the manufacturer’s instructions (Simga-193 

Aldrich). Total, LDL, and HDL cholesterol concentrations were measured in duplicate 194 

using a colorimetric Cholesterol Quantification Kit per the manufacturer’s instructions 195 

(Sigma-Aldrich).  196 

Whole Genome Bisulfite Sequencing 197 

DNA extraction and WGBS were performed on liver samples from 32 males 198 

spanning four diet-strain combinations: B6 control mouse diet, B6 American diet, A 199 

strain control mouse diet, and A strain American diet (n = 8 per group). Males were used 200 

because they had the most divergent diet responses in the B6 strain. Genomic DNA was 201 

isolated from liver using the DNeasy Blood & Tissue Kit (Qiagen) and a modified 202 

protocol as follows: after tissue lysis and prior to spin column application, 50μg of RNase 203 

A (Thermo Scientific) was added to each sample and samples incubated at room 204 

temperature for 60 minutes. Samples were eluted in two cycles, in 100μL and 60μL of 205 

elution buffer. 206 

WGBS single indexed libraries were generated using NEBNext Ultra DNA 207 

library Prep kit for Illumina (New England BioLabs) according to the manufacturer's 208 

instructions with modifications. 500ng gDNA was quantified by Qubid dsDNA BR assay 209 
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(Invitrogen) and 1% Unmethylated lamda DNA (Promega) was spiked in for monitoring 210 

bisulfite conversion efficiency. Samples were fragmented by Covaris S2 or LE220 211 

sonicator to average insert size of 350bp. Size selection was performed using AMPure 212 

XP beads and insert sizes of 300-400bp were isolated (0.4x and 0.2x ratios). Samples 213 

were bisulfite converted after size selection using EZ DNA Methylation-Gold Kit (Zymo) 214 

following the manufacturer’s instructions. Amplification was performed after the bisulfite 215 

conversion using Kapa Hifi Uracil+ (Kapa Biosystems) polymerase using following 216 

cycling conditions: 98°C 45s /8cycles: 98°C 15s, 65°C 30s, 72°C 30s / 72°C 1 min.  217 

Final libraries were run on 2100 Bioanalyzer (Agilent) High-Sensitivity DNA 218 

assay. Libraries were quantified by qPCR using the Library Quantification Kit for 219 

Illumina sequencing platforms (Kapa Biosystems), using 7900HT Real Time PCR 220 

System (Applied Biosystems). Libraries from 12 samples (3 per group) were sequenced 221 

on Illumina HiSeq2000 (100bp), with the remainder sequenced on HiSeq2500 (125bp) 222 

paired-end single indexed run and 10% PhiX spike-in. 223 

WGBS Alignment and Methylation Analysis 224 

Sequencing reads were aligned using the BSmooth (HANSEN et al. 2012) bisulfite 225 

alignment pipeline (version 0.7.1) and Bowtie 2 version 2.1.0 (LANGMEAD AND SALZBERG 226 

2012). Samples from B6 and A strains were aligned to their respective genome builds, 227 

obtained from the Collaborative Cross page at UNC Systems Genetics 228 

(http://csbio.unc.edu/CCstatus/index.py?run=Pseudo), combined with the genome for 229 

lambda phage. BSmooth was used to extract read-level measurements of methylation. To 230 

compare CG methylation across strains, the MODtools package (46), which functions 231 

similarly to the UCSC Genome Browser’s liftOver, was used to convert A genomic 232 
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coordinates to the B6 build. Following conversion to a common coordinate system, we 233 

smoothed the methylation data as previously described (HANSEN et al. 2012). 234 

Real Time PCR 235 

Hepatic Avpr1a transcript abundance was analyzed in males in both cohorts and 236 

in males from the two-week follow up study in which 5 A and B6 mice were fed ad 237 

libitum American or control mouse diet for two weeks at Texas A&M University. RNA 238 

was isolated from liver using a Maxwell 16 LEV simplyRNA kit (Promega). cDNA was 239 

generated using a Transcriptor First Strand cDNA Sythesis Kit (Roche). Primer were 240 

targeted for Avpr1a (5’-CATGTAGATCCACGGGTTGC-3’ and 5’- 241 

ACACCTTTCTTCATCGTCCAG-3’),and Rplp0 (5’-CGCTTGTACCCATTHATHATH-242 

3’ and 5’-TTATAACCCTGAAGTGCTCGAC-3’) (Integrated DNA Technologies). 243 

Analysis was performed on a LightCycler 96 Thermocycler (Roche) using LightCycler 244 

480 Sybr Green I Master reaction mix. All samples were run in duplicate and prepared on 245 

an EpMotion 5075 automated liquid handling system. Cycling conditions were 95C for 246 

5 minutes followed by 35 cycles of 95C for 30 seconds, 55C for 15 seconds, and 72C 247 

for 60 seconds. A high-resolution melting curve was produced by heating to 95C for 10 248 

seconds, cooling to 65C for 60 seconds and 97C for 1 second, followed by a cooling 249 

step of 37C for 30 seconds. ∆CQ expression values were determined by normalizing to 250 

Rplp0 expression.  251 

Isocaloric Mouse Experiments 252 

Four week-old C57BL/6J males were purchased from The Jackson Laboratory 253 

(Bar Harbor, ME) and acclimated two weeks. Mice were isocalorically fed control mouse 254 

diet or American diet for 90 days at Texas A&M University. 10 males were used per 255 
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group, as males had a more pronounced difference in adiposity between the control diet 256 

and the American diet. Mice were housed 5 per cage and fed 11.5 kcal/mouse daily. Prior 257 

experiments optimized food quantity to ensure all food was eaten. Mice were weighed 258 

and body composition analyzed (EchoMRI-130 Body Composition Analyzer).  259 

Metabolomics 260 

Flash frozen liver samples from the NC cohort were pulverized and 0.025 g was 261 

added to 1.3ml of pre-chilled methanol and incubated at -80°C for 15 minutes.  Samples 262 

were centrifuged for 5 min at 13.2 rpm at 4°C and supernatant removed. 200 ml of 80% 263 

methanol:20% water (solvent B) was added and incubated for 15 minutes at -80°C. The 264 

sample was centrifuged for 5 minutes at 13.2 rpm at 4°C, and the supernatant added to 265 

the same glass vial.  200 ml of solvent B was added and incubated for 15 minutes at -266 

80°C.  Samples were centrifuged for 5 minutes at 13.2 rpm at 4°C and supernatant was 267 

added to the glass vial.  The contents of the glass vial were dried using a nitrogen drying 268 

apparatus then 160 μL of sterile water was added—60 μL of 
13

C labeled E.Coli was also 269 

added to the dried glass vial as an internal standard. Samples, kept at 4°C, were placed in 270 

an autosampler tray. 10μL from each sample was injected through a Synergi 2.5 micron 271 

Hydro-RP 100, 100 x 2.00 mm LC column (Phenomex) at 25°C.  The mass spectrometer 272 

(MS) was run in full scan mode, negative ionization mode, adapting a previous 273 

protocol(CLASQUIN et al. 2012). Samples were analyzed with a resolution of 140,000. A 274 

scan window of 85 to 800 m/z (mass-to-charge) was used from 0 to 9 minutes, and a 275 

window of 110 to 1000 m/z from 9 to 25 minutes. Solvent A consisted of 97:3 276 

water:methanol, 10 mM tributylamine, and 15 mM acetic acid. Solvent B was methanol. 277 

The gradient from 0 to 5 minutes is 0% Solvent B, from 5 to 13 minutes is 20% Solvent 278 
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B, from 13 to 15.5 minutes is 55% Solvent B, from 15.5 to 19 minutes is 95% Solvent B, 279 

and from 19 to 25 minutes is 0% Solvent B, with a flow rate of 200 µL/min. Raw files 280 

generated by Xcalibur were converted to mzML via msconvert(CHAMBERS et al. 2012). 281 

MAVEN (MELAMUD et al. 2010; CLASQUIN et al. 2012) was used to correct total ion 282 

chromatograms based on retention time for each sample. Identified metabolites were 283 

manually chosen and peak abundance was integrated by mass (±5 ppm) and retention 284 

time. Unidentified metabolites were chosen using an algorithm with the following 285 

settings: minimum peak width, 5; minimum signal/blank ratio, 3 or greater; minimum 286 

peak intensity, 10,000; and minimum peak/baseline, 3.  Unidentified peaks were filtered 287 

manually to remove those that did not meet the above criteria. 288 

Statistical Analysis 289 

Factors contributing to phenotypic variance 290 

To determine the relative contribution of each factor underlying phenotypic 291 

variance, multi-factor ANOVA was performed for each phenotype with the factors strain, 292 

diet, strain by diet interaction, sex, and cohort (where applicable). Log transformation 293 

was used for data that was not normally distributed (activity, ALT, GTT, insulin, LDL 294 

cholesterol, liver triglycerides).  295 

Comparison of metabolic effects within strains across diet 296 

To compare effects of the American diet relative to the control diet, two-way or 297 

multi-factor ANOVA was performed independently for each strain using the factors diet 298 

and sex, and cohort where applicable. Cohen’s D effect sizes were calculated using the 299 

mean response on American diet minus the mean response on control mouse diet, divided 300 

by the pooled standard deviation. The same methods were used to compare effects of 301 
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Mediterranean, Japanese, and Maasai/ketogenic diets to the American diet with p-values 302 

calculated using American diet as a control. Dunnett’s Test correction was performed, 303 

which corrects for testing multiple comparisons to a control, given that we examined 304 

metabolic changes within a strain through diet modification. A p-value of 0.05 was used 305 

for the significance threshold.  306 

Methylation Analysis 307 

Methylation analysis was conducted in R via the bsseq package. The Avpr1a 308 

result was obtained by searching for differentially methylated regions genome-wide with 309 

a t-statistic cutoff of 4.6 and only considering CpGs, which had a coverage of at least 2 in 310 

all 31 samples. One sample from the B6 control mouse diet group was excluded from 311 

analysis because we observed that its source liver tissue had an abnormal tumor growth. 312 

This was confirmed by global hypomethylation, as previously described in human colon 313 

cancers(REIKVAM et al. 2011).  314 

Metabolomics Analysis 315 

Metabolites missing 70% or more sample measurements were removed from 316 

analysis. Missing values in the remaining metabolites were imputed using k-nearest 317 

numbers. Data was assessed for normality using Q-Q plots, residuals, and the Shapiro-318 

Wilks test after each step of the normalization process. Tissue weight and internal 319 

standard were treated as covariates. Tissue amount used in the extraction was weighed for 320 

each sample. Metabolites measured from the 
13

C E. Coli internal standard were matched 321 

with their corresponding metabolite; otherwise metabolites measured were matched with 322 

a 
13

C metabolite of the same class type. Class types were identified using the Human 323 

Metabolome Database(WISHART et al. 2013). Once metabolites were adjusted for tissue 324 
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weight and internal standard, each metabolite was pareto scaled across all mice using the 325 

package “MetabolAnalyze”(NYAMUNDANDA GIFT 2010). Each mouse was median 326 

normalized across all metabolites and metabolites transformed using cube root. The 327 

model assessed in each strain was:  328 

Metabolite = diet + sex. 329 

Statistical analyses of metabolites were performed using R version 3.1.0 and 3.2.2. The α 330 

for all statistical tests was determined to be 0.05. p-values associated with metabolites 331 

were adjusted using the Benjamini-Hochberg correction factor. 332 

Calculation of Health Category Scores and Metabolic Health Index Score 333 

 Health category scores were calculated by multiplying the effect size (Cohen’s D) 334 

of each alternative diet compared to the American diet for each phenotype in each strain 335 

by its confidence level, thereby weighting for both effect size and significance. 336 

Phenotypes within each category were designated as positive or negative (below) 337 

depending on their association with beneficial or detrimental health effects, respectively, 338 

as shown in the model below. To allow for comparison across categories, the category 339 

scores were standardized between -1 and +1 across all strain-diet groups within each 340 

category. 341 

body composition score = (lean mass) + (-fat mass) + (-body fat percentage) 342 

lipid profile = (HDL cholesterol + (–LDL cholesterol) + (-plasma triglyceride conc.) 343 

glucose metabolism = (-glucose tolerance) + (-fasted glucose) + (-fasted insulin)  344 

liver health = (-liver triglyceride conc.) + (-ALT) 345 

 To calculate the metabolic health index score, a measure of the cumulative 346 

metabolic health effects of a given diet relative to the American diet, we calculated the 347 



 17 

mean of the health category scores, either with or without inclusion of the body 348 

composition score.   349 

Data Availability 350 

 File S1 contains supplemental data to support the conclusions in this paper.  351 
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RESULTS 352 

Design of human-comparable mouse diets 353 

 We formulated diets based on historical dietary patterns to examine the metabolic 354 

effects of diets that span the spectrum of human dietary patterns and are associated with 355 

negative (American) or positive (Mediterranean, Japanese, Maasai/ketogenic) 356 

epidemiological health outcomes in people. Many studies have compared effects of a 357 

control mouse diet (Figure 1a) to a “high fat” or “Western” diet (Figure 1b). Many 358 

different high fat diets have been formulated each of which contains varying 359 

concentrations of fat and carbohydrate and from different sources than shown in the 360 

figure.  It is common to find one or two representative ingredients for each individual 361 

nutrient (i.e. casein provides protein, corn starch provides carbohydrate, soybean oil 362 

provides fat). To better recapitulate the diversity of ingredients in human diets, we 363 

designed diets that match not only macronutrient ratios (i.e. proportions of protein, 364 

carbohydrate, and fat on a kcal basis), but also ingredients, including bioactive 365 

compounds (e.g. red wine and green tea extracts) (Figure 1d,f), lipid profiles, and fiber 366 

content (Tables S1-4). The American diet is representative of contemporary dietary 367 

patterns in the United States (Figure 1c) (NCI). The Mediterranean and Japanese diets are 368 

representative of traditional eating patterns during the early 1960s, when these 369 

populations had among the longest life expectancies and lowest rates of chronic 370 

disease(GORDON 1957; MARMOT et al. 1975; TRICHOPOULOU AND VASILOPOULOU 2000; 371 

KNOOPS et al. 2004) (Figure 1d,f). The ketogenic diet is analogous to that of the Maasai 372 

tribe, who do not develop heart disease despite eating high levels of fat and 373 

cholesterol(MANN et al. 1965) (Figure 1e). The ketogenic diet induces ketosis, a 374 
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physiological state in which the body shifts metabolism to utilize ketones and preserve 375 

glucose.  376 

Sources of phenotypic variation  377 

Four human-comparable diets (American, Mediterranean, Japanese, and 378 

ketogenic) and the control mouse diet were fed ad libitum to 10 male and 10 female mice 379 

from 4 inbred strains (A, B6, FVB, and NOD). These strains were chosen due to their 380 

genetic and phenotypic diversity, with the aim to survey mice with varying behavioral 381 

and metabolic profiles(KIRBY et al. 2010). The B6 strain is most commonly used in 382 

studies and is susceptible to diet induced obesity on a high-fat, high-sugar diet(WEST et al. 383 

1992). FVB is more resistant to diet-induced obesity and is highly active, whereas the A 384 

strain is resistant to diet-induced obesity despite low levels of activity(BLACK et al. 1998; 385 

PARKS et al. 2013). NOD is metabolically unique from the other strains in its 386 

predisposition to develop diabetes (LEITER et al. 1987).  387 

Two equally sized cohorts of mice began diets at six weeks and were aged on 388 

diets for 12 weeks to allow manifestation of physiological effects before analyzing 389 

metabolic traits over an additional 12 weeks (Figure S1). Phenotypes were compared 390 

using ANOVA models with diet, strain, the interaction of diet with strain, sex, and cohort 391 

as factors. Genetic variation accounted for a considerable proportion of the total 392 

phenotypic variation for most phenotypes (Table S5). Sex also contributed significantly 393 

to many phenotypes.  For example, sex effects accounted for about half of the variation in 394 

body weight and lean weight, 33-42% of variation in metabolic rate and 22% of the 395 

variation in water intake. Diet effects contributed to the total phenotypic variation of most 396 

traits, including 84% of the variation in respiratory exchange rate (RER), and 20-36% of 397 
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the variation in plasma triglycerides, cholesterol, and metabolic rate. Cohort effects 398 

explained a relatively minor proportion of the total phenotypic variance, although some 399 

differences in body composition were observed (Table S5). 400 

 Importantly, the interaction of genetic background with diet influenced most 401 

metabolic traits, and in some cases accounted for more variation than genetic or dietary 402 

effects alone (Table S5). For instance, the genetic interaction with diet accounted for 13% 403 

of variation in food intake, whereas the genetic and diet effects each accounted for 11%. 404 

Genetic-by-diet interactions were important for water intake and metabolic rate, 405 

accounting for 12-15% of the phenotypic variance. While blood lipids were strongly 406 

influenced by diet, genetic-by-diet interaction effects contributed considerably, 407 

accounting for 10-12% of the variation in plasma triglycerides, and HDL, LDL and total 408 

cholesterol. The genetic interaction with diet, where significant, complicates the 409 

interpretation of the main effects of genetics and diet, as the effect of genotype can vary 410 

across each diet. Together, the results indicate that both genetic and dietary factors 411 

contribute in varying degrees to most metabolic traits, and that the genetic interaction 412 

with diet plays a key role in influencing metabolic traits. 413 

Influence of the American diet on activity, metabolic rate and food intake 414 

To model the potential impact of a precision nutrition approach, we sought to use 415 

the American diet as a baseline for comparison to other human diets. However, because 416 

the vast majority of mouse studies in any field use a chow diet, we first put the novel 417 

American diet into perspective of the control mouse diet (Comparison A), before 418 

comparing the American diet to alternative human-relevant diets (Comparison B) (Figure 419 

S1). 420 
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We examined basic physiological and behavioral parameters and quantified the 421 

changes in Cohen’s d effect size (d). Physical activity was not affected by diet (Figure 2a). 422 

Nonetheless, the American diet increased metabolic rate in the A strain, indicated by 423 

increase oxygen consumption (d = 0.98) and heat expenditure (d = 0.96) (Figure 2b, 424 

Figure S2a). Food intake decreased in the NOD strain (d = -2.20), but was not 425 

significantly altered in other strains (Figure 2c). Water intake increased significantly in A 426 

mice (d = 1.47) and NOD mice (d = 1.37) (Figure 2d). Respiratory exchange rate (RER) 427 

was reduced in B6 mice fed American diet (d = -1.47), indicative of greater fat oxidation 428 

(Figure S2b). 429 

The American diet induces varying degrees of fat gain across strains 430 

 We compared the body composition of mice fed the American diet relative to 431 

those fed the control mouse diet at 12 weeks. The American diet increased body fat to 432 

varying degrees across strains with the largest effect was in B6 mice (d = 2.18) compared 433 

to NOD (d = 1.57), FVB (d = 1.42), and A mice (d = 1.14) (Figure 2e, S2c). This result is 434 

consistent with previous research feeding high fat diets(WEST et al. 1992; CHEVERUD et 435 

al. 1999; PARKS et al. 2013). Elevated body weight coincided with increased fat mass 436 

(Figure 2f, 2k). Interestingly, food intake was poorly correlated with fat gain (Figure 2c, 437 

2e), but this observation is consistent with previous studies(BACKHED et al. 2004; PETRO 438 

et al. 2004; HATORI et al. 2012; PARKS et al. 2013). To validate this finding, an 439 

independent cohort of B6 mice was isocalorically fed American or control mouse diet for 440 

14 weeks. Mice fed American diet weighed 14% more with no change in lean mass but a 441 

74% increase in body fat (Figure S3), emphasizing the importance of factors other than 442 

food intake in the accumulation of body fat. 443 
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The American diet negatively impacts blood lipid profiles  444 

Across strains, mice fed American diet had increased LDL cholesterol with 445 

variation in effect size (d = 0.82-3.09) (Figure 2g). Concomitantly, HDL cholesterol 446 

increased in B6, FVB and NOD strains (d = 1.58-1.64) (Figure 2h). Total cholesterol was 447 

increased across strains (d = 2.01-3.31) (Figure S2e). Plasma triglyceride concentrations 448 

decreased in FVB mice (d = -2.33), but did not change in other strains (Figure S2f). 449 

The impact of the American diet on glucose homeostasis differs by strain  450 

 The American diet’s effect on glucose homeostasis was evaluated by glucose 451 

tolerance test (GTT), and measurement of fasting glucose and insulin. B6 mice, 452 

commonly susceptible to glucose intolerance on high fat, high-sugar diets(SURWIT et al. 453 

1988), showed glucose intolerance when fed American diet (d = 2.35) as demonstrated 454 

by increased area under the curve measurements (AUC) (Figure 2i). Similar responses 455 

were obeserved in FVB (d = 2.69). Consistent with previous research, diet had minimal 456 

impact on glucose tolerance in the A strain(SURWIT et al. 1988). Glucose tolerance was 457 

not significantly altered in the NOD strain, however this may have been due to high 458 

interindividual variability in this strain that is genetically predisposed to 459 

diabetes(HATTORI et al. 1986).  460 

 Fasting glucose was increased by the American diet in B6 (d = 2.15), FVB (d = 461 

1.30) and A (d = 0.80) strains (Figure S2g). We did not observe significant alterations to 462 

insulin levels (Figure S2h). Previous research has shown increased insulin levels in B6 463 

mice fed a high fat diet, albeit with high variability, requiring larger numbers of mice to 464 

detect a significant effect(BURCELIN et al. 2002).  465 

The American diet increases liver triglyceride concentrations 466 
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 To determine how liver health is impacted by the American diet, we performed 467 

histological examinations, and measured liver triglycerides and serum alanine 468 

aminotransferase (ALT), a marker of liver damage. Liver triglyceride concentrations 469 

were consistently elevated across strains (d = 2.86-4.05) (Figure 2j). ALT concentrations 470 

did not significantly differ from mice fed control diet (Figure S2i). Histological 471 

examination revealed increased macrovesicular and microvesicular steatosis in the A, B6 472 

and FVB strains, while only macrovesicular steatosis increased in NOD. NOD mice also 473 

exhibited increased hepatic inflammation (Table S6).  474 

Arginine vasopressin receptor 1A (Avrp1a) methylation status is associated with diet 475 

response in strains with divergent health effects 476 

A mechanism by which individuals respond to or are protected from diet-477 

associated changes in metabolic health phenotypes is through modification of the 478 

epigenome(STOVER 2011; JANKE et al. 2015; BARRETT et al. 2016). To examine 479 

epigenetic modifications, we performed whole-genome bisulfite sequencing on liver from 480 

A and B6 mice fed control diet and American diet. These strains were chosen due to their 481 

divergent responses to the American diet, with B6 displaying greater increases in body 482 

weight and adiposity and impaired glucose metabolism, while A was comparatively 483 

resistant to these phenotypic effects. Changes in methylation patterns at arginine 484 

vasopressin receptor 1A (Avpr1a) showed a significant contrast between A and B6 mice. 485 

B6 fed the American diet were hypermethylated at Avpr1a compared to their control diet 486 

counterparts (Figure 3a); in contrast, no significant difference was observed in A mice on 487 

the two diets, and in fact A strain methylation was roughly equivalent to B6 fed control 488 

diet (Figure 3b). Given the observed methylation differences and Avpr1a’s known 489 
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association with metabolic disease in mice and humans(AOYAGI et al. 2007; ENHORNING 490 

et al. 2009), we examined Avpr1a hepatic transcript abundance, which was greatly 491 

reduced in B6 mice fed the American diet (-84%) compared to the other three strain-diet 492 

groups (Figure 3c). In a follow-up study, we identified that repression of Avpr1a 493 

transcription occurs rapidly, as Avpr1a transcript abundance was reduced by 54% after 494 

two weeks in B6 mice fed American diet (Figure 3d). Genetic variation within this region 495 

cannot account for methylation and expression differences, as Avpr1a sequences do not 496 

vary between the strains(BLAKE et al. 2017).  497 

Liver metabolite changes vary by strain 498 

Varying the composition of the diet causes corresponding metabolic shifts at the 499 

cellular level. Metabolite levels have been associated with increased risk of metabolic 500 

diseases like type 2 diabetes(HUANG et al. 2013a; HUANG et al. 2013b; MENNI et al. 501 

2013; WANG et al. 2013). Metabolomic profiling was used to determine the extent to 502 

which genetic variation impacted the tissue level metabolic response to the American diet 503 

versus the control diet. Profiling was performed in liver because of its primary role in 504 

nutrient allocation. Hepatic metabolomes of B6 mice were more affected by the 505 

American diet than other strains based on the number of metabolites that differed 506 

significantly in abundance between the two diet groups. A total of 16 known metabolites 507 

were affected by the American diet in B6, compared to five (FVB), three (NOD) and one 508 

(A) in the other strains (Figure 3e-g).  Comparable diet-dependent differences across 509 

strains were also reflected in the numbers of unknown metabolites (i.e., spectral features 510 

that did not map to known compounds in our database) (Figure 3e). Diet-induced changes 511 
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in metabolite levels were strain-dependent, with 84% of metabolites significantly altered 512 

by the American diet in only a single strain (Figure 3f).  513 

A precision dietetics approach reveals strain-specific effects of diet on physiology 514 

and body composition 515 

Dietary modification is a common initial intervention for patients with metabolic 516 

syndrome. While a number of studies have evaluated how obesigenic or atherogenic diets 517 

impact mice, studies on human-comparable diets are lacking. To test a precision dietetics 518 

approach by evaluating diet responses in the context of genetic background, we compared 519 

how physiology and health status differed in A, B6, FVB, and NOD mice fed 520 

Mediterranean, Japanese, and ketogenic diets relative to those fed American diet. 521 

Physical activity was highly variable within strain-by-diet groups and was not 522 

significantly altered by diet (Figure 4a). Nonetheless, metabolic rate increased in all 523 

strains fed ketogenic diet and the magnitude of increase was genetic-dependent (Figures 524 

4b, S4a). Food intake increased in B6 (d = 1.97) and NOD (d = 2.03) mice fed Japanese 525 

diet (Figure 4c). All strains except FVB drank more water on ketogenic diet (d = 1.42 to 526 

2.13). RER decreased across strains fed ketogenic diet and increased in all fed Japanese 527 

diet (Figure S4b). 528 

Body composition and weight did not significantly differ for any strain fed the 529 

Mediterranean diet relative to the American diet (Figure 4e, 4f). Japanese and ketogenic 530 

diets yielded similar reductions in body fat A and B6 mice (d = -0.93 to -1.17) (Figures 531 

5a, S4c), whereas FVB mice fed Japanese diet had lower percent body fat (d = -0.94) but 532 

not those fed a ketogenic diet (Figure 4e). A reduction in lean weight was unique to A 533 



 26 

mice fed ketogenic diet (d = -1.02) (Figure S4d). Across all diets, caloric intake was 534 

poorly correlated with body fat (Figure S5). 535 

 To better understand the relationship between percent body fat, metabolic rate, 536 

and activity, we plotted the residuals for each phenotype after accounting for sex 537 

differences in a subset of mice housed in metabolic cages for three days (Figure 4g). 538 

Metabolic rate and percent body fat varied by strain and diet, while activity level did not 539 

strongly contribute to shifts in metabolic rate or body fat. The A strain, which is 540 

considered resistant to effects of diet(BLACK et al. 1998; PARKS et al. 2013), had the 541 

greatest physiological shift of all strains on the ketogenic diet. Their metabolic rate and 542 

percent body fat were similar when fed American, Mediterranean or Japanese diets, but 543 

their metabolic rate greatly increased and body fat decreased when fed ketogenic diet.  544 

Variation persisted in some diet-by-strain groups even while accounting for sex 545 

differences. This is most evident in the percent body fat of B6 mice. Heterogeneity of diet 546 

response has been previously observed in B6 mice(BURCELIN et al. 2002; KOZA et al. 547 

2006), and indicates that while genetic information can improve prediction of diet 548 

response other factors are also influential. 549 

Effects of Mediterranean, Japanese and ketogenic diets on blood lipid profiles 550 

 The response of blood lipids to diet is one of the most researched topics in 551 

biomedical sciences with thousands of studies being performed with varying 552 

results(SHEKELLE et al. 1981; KRIS-ETHERTON et al. 1988; MENTE et al. 2009). Utilizing 553 

inbred strains of mice clearly demonstrates that dietary effects are dependent on the 554 

underlying genetic architecture(WEST et al. 1992; CHEVERUD et al. 2004; PARKS et al. 555 

2013) In our study, the Mediterranean diet markedly reduced LDL cholesterol for A (d = 556 
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-3.29), FVB (d = -2.56) and NOD mice (d = -2.97) (Figure 4h) and also decreased HDL 557 

cholesterol in A (d = -3.48) and B6 (d = -1.59) (Figure 4i). The Japanese diet decreased 558 

LDL cholesterol in NOD (d = -3.04), B6 (d = -2.21) and FVB (d = -1.69) strains (Figure 559 

4h), and decreased HDL cholesterol only in NOD (d = -1.54) (Figure 4i). Plasma 560 

triglycerides were elevated in FVB (d = 2.20) and A (d = 1.87) mice fed Japanese diet 561 

(Figure S3f).  562 

The impact of low-carbohydrate diets on blood lipids is controversial. Studies 563 

have reported positive or negative effects depending on the age of the participants, 564 

obesity status, and duration of the diet (SHARMAN et al. 2002; KWITEROVICH et al. 2003; 565 

DASHTI et al. 2006). Our study found beneficial impacts of the ketogenic diet on 566 

cholesterol profiles with decreased LDL cholesterol across strains (d = -2.21 to -4.72) and 567 

increased HDL cholesterol in NOD mice (d = 2.49) (Figure 4h,i).  568 

Influence of Mediterranean, Japanese and ketogenic diets on glucose metabolism 569 

 Impaired glucose homeostasis is common in patients with metabolic syndrome. 570 

Glucose tolerance improved in B6 (d = -1.47) and FVB (d = -1.43) strains fed Japanese 571 

diet (Figure 4j). In addition, fasted glucose concentration decreased in B6 mice (d = -572 

0.88) (Figure S4g). Fasted insulin concentrations decreased in NOD (d = -1.30) but 573 

increased in FVB mice fed Mediterranean diet (d = 1.14) (Figure 5a, Figure S4h). The 574 

ketogenic diet did not improve glucose tolerance in any strain (Figure 4j), but fasted 575 

glucose (d = -0.89) and insulin (d = -1.23) were reduced in B6 mice (Figures 5a, S4g, 576 

S4h). In contrast, fasted glucose increased in NOD mice fed a ketogenic diet (d = 1.46), 577 

while fasted insulin was reduced (d = -1.39).  578 

The effect of diet on liver health differs by strains 579 
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 In addition to the effects of diet on the clinical plasma biomarkers of disease, we 580 

now appreciate the effects of lipid deposition in the liver on metabolic 581 

disease(KOTRONEN AND YKI-JARVINEN 2008; COHEN et al. 2011).  582 

We found genome-by-diet interactions influence liver phenotypes in mice fed 583 

Mediterranean, Japanese, and ketogenic diets. The Mediterranean diet reduced liver 584 

triglyceride concentrations in the A (d = -1.20) and FVB (d = -2.25) strains (Figure 4k). 585 

The ketogenic diet reduced liver triglycerides in A (d = -1.02) and B6 (d = -1.43). The 586 

Japanese diet lowered liver triglyceride concentrations across strains (d = -1.21 to -2.75). 587 

Histological examination of A mice fed ketogenic diet revealed that while microvesicular 588 

steatosis was reduced (d = -1.57, p = 0.0008), macrovesicular steatosis was not (p = 0.97) 589 

(Table S7). Importantly, serum ALT, a marker of liver damage, increased in A mice fed 590 

Japanese diet (d = 1.31) (Figure S4i). While each diet benefitted some strains, no single 591 

diet was universally beneficial for liver health across strains (Figure 5a).  592 

Diet alters the liver metabolome in a strain-specific manner  593 

 We compared the liver metabolome of mice fed Mediterranean, Japanese, and 594 

ketogenic diets relative to those fed American diet. The Mediterranean diet had little 595 

effect on the tissue metabolome across strains (Figure 5b), with Glycerol-3-phosphate in 596 

NOD mice being the only known metabolite altered (d=-0.78) (Figure 5h). B6 mice were 597 

the most sensitive to dietary changes on the Japanese and ketogenic diets (Figure 5b-d). 598 

Similar to the comparison between American and control mouse diets (Figure 3f), diet-599 

induced changes were highly strain dependent with 79% of metabolite changes being 600 

unique to one strain for Mediterranean diet, 81% for ketogenic diet, and 94% for 601 

Japanese diet (Figure 5e-g).  602 
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Categorical health effects of Mediterranean, Japanese, and ketogenic diets  603 

 To provide a more comprehensive view of health effects, we analyzed four major 604 

categories of metabolic health (body composition, lipid profile, glucose metabolism, and 605 

liver health), by calculating health scores (HS) by combining phenotypes within each 606 

category across all strain-diet groups and standardizing the effects on a scale from -1 to 607 

+1, with negative numbers indicating worsened health and positive numbers indicating 608 

improved health relative to mice fed American diet. 609 

The Mediterranean diet did not improve body composition, but was beneficial for 610 

liver health in A (HS = 0.71) and FVB (HS = 0.82) mice (Figure 6). Despite high 611 

variability, the FVB Mediterranean group had an improved lipid profile (HS = 0.44). The 612 

Mediterranean diet improved glucose metabolism in B6 mice (HS = 0.27) but was 613 

detrimental for A mice (HS = -0.28). 614 

 The Japanese diet improved body composition across strains (HS = 0.48 to 1.00). 615 

It did not consistently improve lipid profiles, but did provide the greatest improvement in 616 

glucose metabolism of all diets for B6 (HS = 1.00) and NOD mice (HS = 0.86). It also 617 

maximally improved liver health in the FVB (HS = 1.00) and NOD (HS = 1.00) strains, 618 

but had detrimental effects in the A strain (HS = -0.36). 619 

The ketogenic diet improved body composition for B6 (HS = 0.93) and A (HS = 620 

0.42) but was detrimental for NOD (HS = -0.28) and FVB (HS = -0.47) (Fig 7). It also 621 

improved blood lipid profiles across strains (HS = 0.37 to 1.00). Impacts on glucose 622 

metabolism varied, with a strong benefit in B6 mice (HS = 0.62), a mild benefit in A 623 

mice (HS = 0.18), no improvement in FVB, and a detrimental effect in NOD (HS = -624 
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0.55). Effects on liver health also varied by strain with benefits in B6 (HS = 0.54) and A 625 

(HS = 0.48), but no benefit in FVB or NOD (Figure 6e).  626 

The healthiest alternative to the American diet depends on genetic background 627 

 The mean of the four health scores (Mean Health Score, MHS) was quantified to 628 

provide a measure of collective metabolic health (Figure 7a,b). Only the ketogenic diet 629 

improved health for the A strain (MHS = 0.52); both the Japanese (MHS = 0.64) and 630 

ketogenic (MHS = 0.61) diets improved health in the B6 strain; and the Japanese diet 631 

improved health in FVB (MHS = 0.47) and NOD mice (MHS = 0.65) (Figure 7a,b). 632 

 There is an on-going debate over the influence of adiposity on metabolic health, 633 

with some suggesting that it is not the accumulation of adipose tissue, but the dysfunction 634 

of adipose tissue that causes negative metabolic consequences(GOOSSENS AND BLAAK 635 

2015). The argument is strengthened by the observed lack of metabolic abnormalities in 636 

some obese individuals(BLUHER 2013). To determine the metabolic effects of these diets 637 

without consideration of adiposity, we calculated MHSs without the body composition 638 

parameter (Figure 7c,d). MHS rankings remained relatively consistent with a notable 639 

exception that the FVB Mediterranean diet group showed a significant benefit (MHS = 640 

0.36) similar to that of the Japanese diet (MHS = 0.35) (Figure 7d).  641 

DISCUSSION 642 

In an effort to increase the relevance of rodent findings to people and provide a 643 

wider survey of responses to diets, we constructed mouse diets based on dietary patterns 644 

of historic populations that better recapitulate human dietary profiles than previous 645 

studies. We showed that the American diet caused negative health effects across strains 646 

relative to the control diet. However, as in humans(O'DEA 1992; SCHULZ et al. 2006), 647 
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severity of the effects varied across genetic backgrounds. Mice gained fat on the 648 

American diet, even though caloric intake did not significantly increase, which is in 649 

agreement with previous studies in mice and humans and emphasizes the importance of 650 

factors other than caloric intake alone on fat gain and body weight(KEEN et al. 1979; 651 

WACK AND RODIN 1982; BAECKE et al. 1983; KROMHOUT 1983; BRAITMAN et al. 1985; 652 

ROMIEU et al. 1988; NICKLAS et al. 1993; PRENTICE AND JEBB 1995; HEINI AND 653 

WEINSIER 1997; JARVANDI et al. 2011; FORD AND DIETZ 2013; LADABAUM et al. 2014). 654 

Metabolic rate increased in A mice fed American diet, which may in part explain the 655 

strain’s resistance to weight gain, although additional research is needed to demonstrate 656 

causality.  657 

This study revealed strain-specific, diet-induced epigenetic modification of the 658 

vasopressin receptor, Avpr1a. The phenotypic changes observed in B6 mice fed the 659 

American diet are consistent with the Avpr1a knockout mice(AOYAGI et al. 2007). 660 

Furthermore, people carrying a single-nucleotide polymorphism in the AVPR1A gene 661 

exhibit phenotypes consistent with both Avpr1a knockout mice and B6 mice fed Western 662 

diet, including increased incidence of diabetes in those eating a Western-style 663 

diet(ENHORNING et al. 2009). These data suggest that AVPR1A is influential in diet 664 

responsiveness. 665 

 After comparing the impact of the American diet to a control mouse diet, we 666 

investigated how health status differed in mice fed the American diet relative to those fed 667 

other human-comparable diets and identified that genome-by-diet interactions were 668 

influential for most metabolic phenotypes. Overall, while each strain had a diet or diets 669 
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that improved health relative to the American diet, no single diet improved health across 670 

all genetic backgrounds.  671 

The FVB strain showed beneficial health effects when fed the Mediterranean diet, 672 

even though body composition was not improved. This is consistent with human studies 673 

that find beneficial metabolic impacts of a Mediterranean diet in some individuals 674 

without reducing food intake or body weight(SALAS-SALVADO et al. 2011; ESTRUCH et al. 675 

2013). The Japanese diet yielded metabolic benefits in all strains except A, in agreement 676 

with the epidemiological evidence showing generally positive health effects of a Japanese 677 

diet in people(GORDON 1957; MARMOT et al. 1975; MARMOT AND SYME 1976; KAGAWA 678 

1978).  679 

The ketogenic diet increased metabolic rate, in agreement with human research 680 

suggestive of a “metabolic advantage” of low-carbohydrate diets(FEINMAN AND FINE 681 

2003).  Lipid profiles of all strains improved on the ketogenic diet, consistent with the 682 

healthy cardiovascular status of the Maasai population(MANN et al. 1964; MANN et al. 683 

1965). Effects of high fat, low-carbohydrate diets on glucose response in people are 684 

controversial with studies having conflicting results(ACCURSO et al. 2008; DELAHANTY et 685 

al. 2009). Extrapolating from mouse data, our results suggest that genetic variation may 686 

underlie the heterogeneity of diet response, as A and B6 mice fed the ketogenic diet 687 

experienced benefits to glucose homeostasis, while FVB and NOD mice did not. The 688 

ketogenic diet improved overall health in A and B6 strains but not FVB or NOD strains.  689 

Our findings have potential limitations. While great care was taken to accurately 690 

recreate mouse versions of human diets, there are differences including lack of fresh 691 

ingredients and spices that may contain additional bioactive compounds. The diets had a 692 
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baseline vitamin and mineral content, whereas some human diets may lack certain 693 

vitamins or minerals. In addition, fiber was limited to one source of insoluble fiber 694 

(cellulose) and one source of soluble fiber (inulin) to easily manipulate the levels of these 695 

fiber classes, but a complete diet would contain several sources of each fiber class. While 696 

our study was not designed to detect the interaction of diet with sex, there is a growing 697 

appreciation that these interactions are influential in metabolic health(BOLNICK et al. 698 

2014; ARNOLD et al. 2017; LINK et al. 2017; REUE 2017). There are differences in 699 

metabolism between humans and mice that could affect outcomes across species, 700 

although previous research has demonstrated utility of mouse models in studying 701 

metabolic effects in humans(ROHNER-JEANRENAUD AND JEANRENAUD 1996; VON 702 

SCHEIDT et al. 2017). This study demonstrates the utility of mouse models to dissect 703 

genetic by diet interactions, however studies on diet responsiveness in humans are needed 704 

to extend findings to people.  705 

Evaluating diet response in the context of genetic background enabled a much 706 

clearer understanding of dietary effects. Nonetheless, some variation persisted within 707 

diet-by-strain groups. Additional factors yet to be identified must play a role in diet 708 

response. One possibility is that the gut microbiome impacted phenotypes in this 709 

study(BACKHED et al. 2007). Individual-specific epigenetic differences may also have 710 

played a role.   711 

This study in mice demonstrates that the health effects of several popular human 712 

dietary patterns are dependent on genetic background, adding to a growing appreciation 713 

for individual variation in dietary considerations(WEST et al. 1992; PARKS et al. 2013; 714 

KONSTANTINIDOU et al. 2014; ZEEVI et al. 2015; KOREM et al. 2017). Determining the 715 
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extent to which genetic factors influence diet response in humans is difficult given 716 

complex genetic variability and environmental confounders. Even so, the disparate health 717 

consequences of a Western-style diet across genetically distinct human populations and 718 

the strong concordance of dietary response in monozygotic compared to dizygotic twins 719 

suggest that genetics plays an important role. If genetics impacts diet response similarly 720 

in people as in mice, then the implementation of personalized dietary recommendations 721 

will be important for the mitigation of metabolic disease.  722 

723 
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Figure 1. Diet ingredient profiles and geographic origins. 1035 

(a) The purified control mouse diet, used for comparison to the American diet in our 1036 

study, is typical of those used in mouse research. (b) Previous studies have evaluated 1037 

metabolic effects using Western or high-fat diets. Instead, we designed human-1038 

comparable diets representative of the dietary patterns in human populations including (c) 1039 

a contemporary American diet, (d) a traditional Mediterranean diet, (e) a ketogenic diet 1040 

analogous to the Maasai diet, (f) and a traditional Japanese diet.   1041 
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Figure 2. Comparison of metabolic phenotypes in each strain for mice fed American 1042 

diet relative to the control mouse diet. 1043 

Effect of American diet relative to the control mouse diet in each strain for (a) 1044 

activity (n=9-10), (b) heat expenditure (n=9-10), (c) food intake (n=4-10), (d) 1045 

water intake (n=7-10), (e) body weight (n= 19- 20), (f) percent body fat (n = 19-1046 

20), (g) HDL cholesterol (n = 4-10), (h) LDL cholesterol (n = 4-10), (i) glucose 1047 

tolerance test (GTT) (n = 12-20, except NOD American (n = 4)), (j) liver 1048 

triglyceride concentration (n = 13-20). (k) Heatmap of health effect size (Cohen’s 1049 

d with higher value indicating improved health and lower value indicating 1050 

diminished health) for metabolic phenotypes across strains. Data are mean +/- 1051 

standard error. * p < 0.05, ** p < 0.01, *** p < 0.001 by ANOVA between means. 1052 

1053 
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Figure 3. Genetic-by-diet interactions in the methylation status of the Avpr1a locus 1054 

and liver metabolome alterations. 1055 

(a) B6 mice fed American diet are hypermethylated relative to those fed the control 1056 

mouse diet at the Avpr1a locus (n=8), p < 0.0001 by students t-test. (b) American diet 1057 

feeding did not alter methylation status in the A strain (n=7-8), p = 0.49 by students t-test. 1058 

(c) Transcript expression of Avpr1a was reduced by 84% in B6 mice fed American diet 1059 

relative to other strain-diet groups in mice fed diets for 6 months (n = 4-5), p < 0.0001 by 1060 

ANOVA. (d) Transcript expression of Avpr1a is reduced by 54% in B6 mice fed 1061 

American diet for two weeks (n=4), p = 0.0077 by students t-test. (e) Number of liver 1062 

metabolites, including both known and unknown, significantly altered by American diet 1063 

relative to control mouse diet. (f) Proportion of metabolites significantly changed in all 1064 

four strains (2%), three strains (4%), two strains (10%), or unique to one strain (84%). (g) 1065 

Heatmap of effect sizes (Cohen’s d) for known metabolites significantly altered by 1066 

American diet relative to control mouse diet across strains. * p < 0.05, ** p < 0.01, *** p 1067 

< 0.001 by ANOVA between means with Benjamin Hochberg correction factor.  1068 
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Figure 4. Comparison of metabolic phenotypes in each strain for mice fed 1069 

Mediterranean, Japanese, or ketogenic diets relative to American diet. 1070 

Effects of Mediterranean, Japanese and ketogenic diets relative to American diet in each 1071 

strain are shown for (a) activity (n = 8-10), (b) heat expenditure (n = 8-10), (c) food 1072 

intake (n = 4-10), (d) water intake (n = 7-10), (e) body weight (n= 17-20), (f) percent 1073 

body fat (n = 17-20).  The influence of activity and metabolic rate on percent body fat 1074 

varies by strain and diet, as shown for mice in which metabolic rate and activity was 1075 

measured (g). Effects of Mediterranean, Japanese and ketogenic diets relative to 1076 

American diet in each strain are shown for (h) HDL cholesterol (n = 4-10), (i) LDL 1077 

cholesterol (n= 4-10), (j) glucose tolerance test (GTT) (n = 9-20), (k) and liver 1078 

triglyceride concentration (n = 11-20). Data are mean +/- standard error. * p < 0.05, ** p 1079 

< 0.01, *** p < 0.001 by ANOVA between means with Dunnett’s correction to American 1080 

diet within each strain.   1081 
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Figure 5. Comparison of metabolic phenotypes and liver metabolites in mice fed 1082 

Mediterranean, Japanese, or ketogenic diets relative to American diet.  1083 

(a) Heatmap of health effect size (Cohen’s d with higher value indicating 1084 

improved health and lower value indicating diminished health) for metabolic 1085 

phenotypes across strains. * p < 0.05, ** p < 0.01, *** p < 0.001 by ANOVA 1086 

between means with Dunnett’s correction to American diet within each strain. 1087 

Number of known and unknown liver metabolites significantly altered compared 1088 

to American diet for (b) Mediterranean diet, (c) Japanese diet, and (d) ketogenic 1089 

diet. Proportion of metabolites significantly changed in all four strains, three 1090 

strains, two strains, or unique to one strain for (e) Mediterranean, (f) Japanese, and 1091 

(g) ketogenic diets. (h) Heatmap of effect sizes (Cohen’s d) known metabolites 1092 

significantly altered relative to American diet across strains, including metabolites 1093 

that differed between American and control mouse diets (Figure 3g). * p < 0.05, 1094 

** p < 0.01, *** p < 0.001 by ANOVA between means with Benjamin Hochberg 1095 

correction factor.1096 
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Figure 6. Scores of four health categories for alternative diets relative to 1097 

American diet in each strain. 1098 

Health scores indicate cumulative health effects of alternative diets relative to American 1099 

diet for four categories: body composition (lean mass, fat mass, percent body fat), lipid 1100 

profile (HDL, LDL, plasma triglycerides), glucose metabolism (fasted glucose, fasted 1101 

insulin, GTT), and liver health (liver triglycerides, ALT). A positive score represents 1102 

improved health and a negative score represents diminished health. Scores and 95% 1103 

confidence intervals are shown for (a) A strain, (b) B6 strain, (c) FVB strain, (d) and 1104 

NOD strain. (e) The data is also represented in a heat map for comparison with red 1105 

showing improved health scores relative to American diet. 1106 

1107 
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Figure 7. Mean Health Scores for comparison overall metabolic health relative of 1108 

mice fed alternative diets relative to American diet in each strain.  1109 

The four health category scores (Figure 6) were averaged to provide a measure of overall 1110 

metabolic health for each alternative diet relative to American diet. A positive score 1111 

represents improved health and a negative score represents diminished health. (a) Scores 1112 

were calculated with body composition included and shown with 95% C.I. (b) or 1113 

represented with a heat map. (c) Scores are also calculated without body composition 1114 

parameter and shown with 95% C.I. (d) or represented with a heat map.  1115 
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