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Abstract

Background: Intake of added sugar has been shown to correlate with many human metabolic diseases, and rodent models
have characterized numerous aspects of the resulting disease phenotypes. However, there is a controversy about whether
differential health effects occur because of the consumption of either of the two common types of added sugar—high-fructose
corn syrup (fructose and glucose monosaccharides; F/G) or table sugar (sucrose, a fructose and glucose disaccharide).
Objectives: \We tested the equivalence of sucrose- vs. F/G-containing diets on mouse (Mus musculus) longevity,
reproductive success, and social dominance.

Methods: \We fed wild-derived mice, outbred mice descended from wild-caught ancestors, a diet in which 25% of the
calories came from either an equal ratio of F/G or an isocaloric amount of sucrose (both diets had 63% of total calories as
carbohydrates). Exposure lasted 40 wk, starting at weaning (21 d of age), and then mice (104 females and 56 males) were
released into organismal performances assays—seminatural enclosures where mice competed for territories, resources,
and mates for 32 wk. Within enclosures all mice consumed the F/G diet.

Results: Females initially fed the F/G diet experienced a mortality rate 1.9 times the rate (P = 0.012) and produced 26.4%
fewer offspring than females initially fed sucrose (P = 0.001). This reproductive deficiency was present before mortality
differences, suggesting the F/G diet was causing physiologic performance deficits prior to mortality. No differential patterns in
survival, reproduction, or social dominance were observed in males, indicating a sex-specific outcome of exposure.
Conclusion: This study provides experimental evidence that the consumption of human-relevant levels of F/G is more deleterious than

an isocaloric amount of sucrose for key organism-evel health measures in female mice. J Nutr 2015;145:434-41.
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Introduction

Added sugars are sugars that are added to foods during
processing or preparation (1). The most common forms of
added sugar in America are table sugar (sucrose) and high-fructose
corn syrup [HFCS’; fructose and glucose monosaccharides (F/G)],

' Supported by NIH grant RO1-GM039578, National Science Foundation (NSF)
grant DEB 09-18969 (WKP), NIH grant R0O1-GM109500 (WKP), NSF GK-12
Educational Outreach Fellowship DGE 08-41233 (JSR), and NSF-funded Western
Alliance to Expand Student Opportunities HRD-1101728 (MMS).

2 Author disclosures: JS Ruff, SA Hugentobler, AK Suchy, MM Sosa, RE Tanner, ME
Hite, LC Morrison, SH Gieng, MK Shigenaga, and WK Potts, no conflicts of interest.
3 Supplemental Tables 1-4 and Supplemental Figure 1 are available from the
""Online Supporting Material’ link in the online posting of the article and from the
same link in the online table of contents at http:/jn.nutrition.org.

7 Abbreviations used: F/G, fructose and glucose monosaccharides; HFCS,
high-fructose corn syrup; GLMM, generalized linear mixed model; IPGTT, intraper-
itoneal glucose tolerance test; LMM, linear mixed-effects model; OPA, organismal
performance assay; PH, proportional hazard; PIT, passive integrated transponder.

* To whom correspondence should be address. E-mail: j.ruff@utah.edu.

which make up 44% and 42%, respectively, of consumption
annually (2). HFCS comes in two main forms, one is 42% and the
other is 55% fructose, with the remaining percentage glucose (3).
Because of the wide use of both varieties of HFCSs, the fructose-
to-glucose ratio consumed by the public is ~1:1 (4). Conversely,
even though consumption of HFCS is high in America, its total
consumption globally is only about 8% that of sucrose (5).
Consumption of added sugar is linked to numerous diseases,
including cardiovascular disease, fatty liver disease, metabolic
syndrome, obesity, type 2 diabetes, and even mortality [(4, 6-10)
but see Rippe (11)]. Consumption of added sugar increased in
the United States by ~70% from the late 1970s to 2000;
although, from this high point rates have declined modestly (12).
Most of this increase came through elevated consumption of
HFCS, which has led to speculation that the fructose monosac-
charide in HFCS may be more responsible for patterns of disease
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than that present as sucrose (4). Supporting correlative data for
this idea are reported by Goran et al. (13) who showed that
populations from countries that consume HFCS have higher rates
of type 2 diabetes than populations only consuming table sugar.

The fructose component of added sugar is more detrimental
than glucose, and mechanisms for fructose’s contributions to de
novo lipogenesis, insulin resistance, lipid dysregulation, and
obesity are reviewed (14). Rodent models support these mech-
anisms in which fructose consumption, typically >40% kcal, has
increased adiposity, increased levels of cholesterol and TGs, and
impaired glucose tolerance (15-17). In addition, fructose con-
sumption increases portal vein concentrations of bacterial
endotoxin, a postulated trigger of metabolic abnormalities
(18). It also has been shown that many of the deleterious effects
of high-carbohydrates diets may in part be because of the metabolic
conversion of glucose within these diets into fructose (19).

Few experiments have attempted to compare the health
consequences of consuming a mixture of the monosaccharides
fructose and glucose with that of the disaccharide sucrose. Many
studies have compared diets containing only fructose with diets
containing sucrose (3). Unfortunately, these studies do not
control for the amount of fructose between treatments and often
use fructose in isolation of glucose, a condition that is rarely
experienced (20). Of studies that compare diets with F/G to
those containing sucrose, only 4 to our knowledge have found
differences. In rodent studies, rats fed high levels of F/G required
a lower glucose infusion rate to maintain euglycemia, experi-
enced increased weight gain, and had more severe signs of fatty
liver disease than rats fed sucrose (17,21, 22). In humans, it was
observed that people absorb more total fructose when con-
suming beverages sweetened with F/G than from sucrose-
sweetened beverages, though this difference is at least in part
due to slightly different fructose levels of the treatments. This
difference in absorption was associated with elevated blood
pressure (23). However, two clinical studies that looked for
differential consequences of these sugars did not find differ-
ences in blood measures (gherlin, insulin, leptin, and TGs), and
another study did not detect differences in hepatic and skeletal
muscle fat depositions (24-26). Importantly, none of these
studies, regardless of achieving positive or negative results,
quantify actual organismal adversity in the ultimate sense but
focus only on proximate measures related to specific human
diseases.

To assess whether the consumption of F/G decreases mouse
health relative to the consumption of sucrose at human-relevant
levels, we used organismal performance assays (OPAs). OPAs
are defined as sensitive phenotyping approaches that use
seminatural conditions to challenge the physiologic performance
of differentially treated animals (i.e., treatment and control)
in direct competition with each other. OPAs have detected
mating preferences because of major histocompatibility genes
and quantified adverse consequences of both inbreeding and
harboring a ¢ complex allele, a classic selfish genetic element
(27-30). In all cases, OPAs quantified substantial health
effects that were missed by previous studies, which assessed
animals with standard laboratory methodologies. More
recently, OPAs were used to show that added sugar at the
moderate level of 25% of calories decreases survival and
reproduction of mice, another finding undetected by conven-
tional methodologies (31).

Here, we use OPAs to specifically test if a 1:1 ratio of F/G at a
level of 25% kcal (hereafter referred to as the F/G diet),
decreases mouse health compared with consumption of an
isocaloric sucrose diet. The added sugar exposure level was

selected because it is consumed by 13-25% of Americans (32,
33). OPA endpoint measures include survival, male competitive
ability, and reproductive success. In addition, we monitored
food intake, weight, and glucose tolerance of mice to determine
whether these measures predicted OPA outcomes.

Methods

Animals

Outbred, wild-derived house mice (Mus musculus) were used because
many laboratory strains do not possess the natural and functional
behaviors required for OPA assessment (34). Mice in this study were
from the 10th and 11th generations of a colony that was previously
described (29). Inbreeding coefficients of individuals from the 11th
generation were found to be comparable to those of wild populations
using 11 generations of pedigree data (35). Before mice were released
into OPAs, they were housed according to standard protocols under a
12:12 h light:dark cycle with food and water available ad libitum. At the
termination of experiments mice were killed via CO, inhalation. All
protocols were approved by the Institutional Animal Use and Care
Committee at the University of Utah.

Dietary exposure

Ad libitum exposure to specified diets began at weaning and continued
until mice were released into OPAs ~40 wk later. At the time of weaning,
73 litters were separated according to sex, and then both the females and
males were subdivided into 2 equal-sized groups and ascribed randomly
to either the F/G or sucrose group. The F/G diet (TD.05668; Harlan
Teklad) contained 25% kcal from a 1:1 mixture of F/G. The sucrose diet
(TD.05667; Harlan Teklad) was identical except for the component
coming from the F/G was replaced by sucrose and had slightly less fiber
to offset weight differences, both diets had 63% of total calories as
carbohydrates. For a makeup of each diet see Supplemental Table 1 and
for compositions of the mineral (TD.80318) and vitamin (TD.81125)
mixes see Supplemental Table 2. On OPA entrance all mice consumed
the F/G diet. Although leaving mice on their original diet would be
preferable, we had no means to keep mice on their respective diets while
they ranged freely together. The F/G diet was selected as the base diet in
OPAs for both groups because we hypothesized that, if the F/G-fed mice
experienced negative effects during the precompetition exposure, they
would be maintained/exacerbated in OPAs by continued exposure. The
alternative, feeding the sucrose diet in OPAs, could make differential
performance difficult to detect because of potential recovery of mice pre-
exposed to the F/G diet.

Metabolic cage food intake and weight measures

To assess if differential weight gain or food intake of the F/G and sucrose
diets occurred 10 male mice were individually housed in metabolic cages
(Lab Products Inc.) on weaning and exposed to either the F/G or sucrose
diet ad libitum for 7 weeks. Males were selected because sex ratios in
OPAs were asymmetrical, leading to an excess of male production in
breeding cages. Mice were from sibling pairs that were split between
treatments to control for home-cage factors. One mouse from the F/G
diet group was removed from the study and excluded from analysis
because it did not take to its new environment. Body and food weight
measures were taken weekly for the first 2 weeks and then increased to
2-3 times weekly as intake increased. After measurement, available food
was brought to a level of at least 5 full pellets (~20g).

OPA enclosures

OPA enclosures were 30 m* and were subdivided into 6 subsections by
wire mesh to create environmental complexity and to promote territorial
formation. Subsections have food and water sources provided ad libitum
that were associated with housing in either 1 of 4 “optimal” territories,
which contain nest boxes in enclosed structures or 2 “suboptimal”
territories with exposed nest boxes. OPAs mimicked habitat and social
environments experienced by mice in nature, and the population density
was representative of wild levels (36). A photograph of OPA enclosures
can be seen in Supplemental Figure 1, and an additional photograph and
description can be found elsewhere (31).
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Six OPA populations were founded by 24-30 mice, 8—10 males and
14-20 females, for a total of 160 mice (56 male; 104 female). Equal
numbers of F/G- and sucrose-fed mice were represented in each sex
within populations. To prevent confounding behaviors associated with
relatedness no male mouse was related at the cousin level or above to any
other mouse within a given population. Likewise, relatedness between
female founders was also avoided, although in several populations a
single pair of sisters was included (common in wild populations); when
this was the case, sister pairs were balanced across diets. Mean *+ SD age
of founders was 44.4 + 5.7 wk for males and 44.3 = 5.9 wk for females
at the time of release. To prevent incidental breeding before the
establishment of male territories, we released nonexperimental females
with the experimental males at the onset of each population to allow
male territory formation before experimental female release. After 1 wk,
the nonexperimental females were removed and the experimental
females were released, marking the start (week 1) of the study. OPA
populations ran for 32 wk.

Survivorship

Survivorship of population founders was determined by periodic checks
in each enclosure. Deceased founders were identified by passive
integrated transponder (PIT) tags and ear markings. Date of death was
estimated on the basis of 3 factors: date of last check, the last date mouse
was recorded feeding, and corpse condition. To avoid altering territorial
dynamics and to decrease infanticide, researchers entered OPAs only to
rotate PIT tag readers between pens and to conduct pup sweeps
(described in the next paragraph). Corpses were collected in a variety of
conditions that precluded necropsies.

Reproductive success

To determine the reproductive success of founders, samples (offspring
per treatment per population) were gathered during pup sweeps in which
pups born during the previous cycle were removed, killed, and had tissue
taken for genetic analysis. The first sweep occurred during week 8 of the
study, and additional sweeps followed every 6 wk. This schedule
prevented offspring born in enclosures from breeding. In all 6 popula-
tions 5 pup sweeps occurred. A total of 1397 individual samples were
collected with 235 = 96 samples per population.

Population level reproductive success was determined for the F/G and
sucrose groups as described previously (29). Briefly, in each competition
enclosure male and female founders of each treatment were categorized
by a common allelic variant on the Y chromosome and mitochondrial
genome, respectively. Allelic assignments were reversed across popula-
tions to avoid possible confounding effects. We obtained 1336 mito-
chondrial (95.6% of total) and 667 Y-chromosome (99.9% of total
assuming a 1:1 sex ratio) genotypes.

Male competitive ability

One week before entrance, founders were implanted with unique PIT
tags (TX1400ST; BioMark). A set of PIT antennae and readers
(FS2001F-ISO; BioMark) were rotated through the populations through-
out the study and placed at each of the feeders; data were streamed to a
computer with data-logging software (Minimon). Male dominance was
assigned when a male had >80% of the PIT tag reads at a single location
over a multiday reader session.

Body weight

Weight was assessed in the 160 mice that founded OPA populations at
the time they were released into populations and at each pup sweep, for a
total of 6 time points.

Glucose clearance

Intraperitoneal glucose tolerance tests (IPGTTs) were conducted on 8
females of each treatment at the end of the exposure period by giving an
intraperitoneal injection of 1.5 mg D-glucose/g body weight after an 8-h
deprivation of food. Only females were assessed because previous work
on this population has shown that male clearance rates are not affected
by this level of added sugar consumption (31). Blood was collected from
the retro-orbital sinus before glucose injection and at 5, 10, 30, 60, and
120 min after injection. The 8-h period of food deprivation and bleeding
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technique were selected because our wild-derived mice do not tolerate
food deprivation or handle stress as well as laboratory strains. Blood
samples were immediately centrifuged at 10,000 g for 10 min after which
time 8-10 pL of plasma was decanted and flash frozen. Samples were
shipped on dry ice to the Children’s Hospital of Oakland Research
Institute, and glucose levels were assessed by the hexokinase method (37).

Statistical methods

Weight gain and food intake. To assess differential weight gain a
linear mixed-effects model (LMM) was used to assess the main effects of
diet, time, and their interaction on the weight of the 9 male mice in
metabolic cages; daily food intake was also included as a covariate. An
LMM was selected because it accounted for repeated measures of
individuals, was multivariate, did not require balanced design, and was
appropriate for continuous data. The intercept was set at the day of
weaning (day 0). Body weight and food intake were observed 136 times
and grouped across the 9 mice. Diet, time, their interaction, and food
intake were modeled as fixed effects, whereas individual was modeled as a
random effect with an independent intercept for each calculated to account
for repeated measures. A reciprocal LMM was used to assess if daily food
intake was influenced by diet, time, or their interaction, with body weight
as a covariate. The intercept was set at day 6, because this was the first time
all mice were measured. Diet, time, their interaction, and body weight
were modeled as fixed effects, whereas individual was modeled as a
random effect with an independent intercept and slope for each calculated.

Survival. Survivorship of the 160 founders was analyzed by Cox
proportional hazard (PH) models with male and female mice assessed
separately because of different mortality rates. A PH model was selected
because it was a standard time-to-event test that allow for multivariate
analysis. Week 1 was defined as when mice entered OPA enclosures. A
multivariate model was used to assess the effects of precompetition diet,
population, and their interaction. Mice that survived the duration of the
trial or were removed from the study were censored. In the male data set
there were 32 events (deaths) and 24 censorings, whereas for females
there were 40 events and 64 censorings.

Male competitive ability. To assess the effects of precompetition diet
and their interaction on competitive ability, we used a generalized linear
mixed model (GLMM) to predict the probability of ownership. A
GLMM was used because it accounted for repeated measures of
populations, was multivariate, and was appropriate for binomial data.
Because a territory can only be defended or not, we used a binomial
distribution with a logit link to estimate probability of ownership.
Territorial control within populations by each dietary treatment was
assessed multiple times throughout the study for a total of 112
observations. Six territories are in each population, and territories
were occupied (by a mouse of either treatment) or unoccupied. The
intercept of the model was set at week 0 when males were released into
enclosures. Time, precompetition diet, and their interaction were treated
as fixed effects, and population was modeled as a random effect with a
random intercept calculated for each.

Reproduction. Because reproduction data are discrete counts, for each
sex we modeled offspring counts over time in a GLMM with a Poisson
distribution and a logarithmic link. A GLMM was used because it
accounted for repeated measures of populations, was multivariate, and
was appropriate for count data. The model assessed the main effects of
precompetition diet and time and their interaction on population-level
fitness across the 6 populations. Reproductive output of each dietary
treatment was measured 5 times at 6-wk intervals for a total of 60
observations. Time, precompetition diet, and their interaction were
modeled as fixed effects, and population was modeled as a random effect
with both a random slope and intercept calculated. The intercept was set
at week 8 because this was the first time point for which data were
available. Male and female reproduction data were analyzed separately
because they were based on separate measurements.

Weight. Because weight data are continuous, a LMM was used to assess
the main effects of precompetition diet, sex, and time, and their



respective interactions on the weight of the 160 population founders. An
LMM was selected because it accounted for repeated measures of
individuals nested within populations, was multivariate, did not require
balanced design, and was appropriate for continuous data. Precompe-
tition diet, sex, time, and their interactions were modeled as fixed effects,
and individual and population were modeled as random effects with a
random intercept. The intercept was set at week 0. Founders were
weighed at week 0, and surviving mice were weighed across the 5 pup
sweeps for a total of 706 observations; this large number of observations
allowed the sexes to be assessed together.

IPGTT. The area under the curve (AUC) was calculated for plasma
glucose levels over time by using the trapezoid rule. AUC values were
calculated for 8 mice of each treatment, and comparisons were made
between groups by using a Mann-Whitney U test because the distribu-
tion of the sucrose data set was found to vary significantly from that of a
normal distribution by using a Shapiro-Wilk normality test.

All mixed-effects models were fit in R, using the glmer or Imer
functions of the Ime4 library (38, 39). Degrees of freedom and resulting
P values for LMMs were determined with a Satterthwaite approximation
by using the ImerTest library (40). Because controversy exists on how to
best calculate degrees of freedom in LMMs, it should be noted that all
effects deemed statistically significant through their resulting P values
also possess a ¢ value > I2I, a conservative criterion for significance
recommended by the library’s authors. For all mixed-effects models
several candidate models for the random effect terms were generated,
including models estimating both intercept and/or slope for random
effects. In all cases the model that explained at least some of the variance
with random effects and had the lowest Akaike information criterion
score was selected. Proportional hazard models were performed in JMP
version 9.0.3 (SAS institute Inc.). All a values for statistical tests were
0.05, and all tests were two-tailed.

Results

No evidence of differential weight gain or food intake between
dietary treatments was observed in male mice within metabolic
cages. At weaning mice ascribed to each dietary treatment did
not differ in weight (LMM; P = 0.20) nor did their rate of weight
gain differ across the 48-d trial (LMM; P = 0.60; Figure 1A).
Mice gained weight as they aged (LMM; P < 0.001), and larger
mice consumed more food (LMM; P < 0.001). Likewise, food
intake was not influenced by diet (LMM; P = 0.63), time (LMM,
P =0.82), or their interaction (LMM; P = 0.90; Figure 1B). For a
complete readout of weight gain and food intake LMM results,
see Supplemental Table 3.

Survival of female mice within OPA enclosures was affected
by precompetition diet, with females initially fed the F/G diet
experiencing death rates 1.87 times the rates of mice initially fed
sucrose (PH; x* = 6.38, P = 0.012; Figure 2A). No difference was
found in survival among populations (PH; x> = 3.88, P = 0.57)
nor did the impact of precompetition diet differ among
populations (PH; x> = 8.16, P = 0.15).

For male survival, no relation between precompetition diet
and survival was detected (PH; x* = 2.66; Figure 2B). Overall
survival did not differ among populations (PH; x> = 4.16);
however, survival of the 2 treatments did significantly vary
across populations [PH; x> = 11.63, P = 0.040 (P values are not
provided for precompetition diet and population effects because
they have a significant interaction)].

Male competitive ability was not affected by precompetition
diet, with mice initially fed the F/G diet controlling approxi-
mately the same number of territories as mice initially fed
sucrose at week 0, model intercept (GLMM; P = 0.28). Males
initially fed the F/G diet controlled 39.2% and mice fed sucrose
initially had 32.8% of territories throughout the study, leaving
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FIGURE 1 Weight gain (A) and food intake (B) of fructose/glucose-
and sucrose-fed male mice within metabolic cages over 7 wk. No
differences were detected for weight gain between dietary treatments
(P = 0.60). Likewise, no difference in daily food intake was observed
between treatments (P = 0.63). Values are means = SEMs, n = 9.

28.0% unoccupied at any time. No effect of time (GLMM; P =
0.18) or precompetition diet by time (GLMM; P = 0.75) was
detected on territorial acquisition. For a complete readout of
GLMM (competitive ability and reproduction) and LMM
(weight) founder results see Supplemental Table 4.

Female reproductive success was affected by precompetition
diet with females initially fed the F/G diet producing 26.4%
fewer offspring than females initially fed sucrose (Figure 3A). At
week 8 (the model intercept) mean reproduction of females
initially fed the F/G diet was 17.1 (SEM: +2.4, —2.1) offspring
per population, whereas females initially fed sucrose produced
24.0 (SEM: +2.5, —2.2) offspring per population (reported
SEMs are asymmetric because values were back-transformed
from logarithmic data; see Supplemental Table 4 for symmetric
SEMs); this difference was found to be statistically significant
(GLMM; P = 0.001). Because there was no effect of time
(GLMM; P = 0.83) or a time-by-precompetition diet interaction
(GLMM; P = 0.69), the deficiency in offspring production
experienced by females initially fed the F/G diet at the intercept
persisted throughout the duration of the study.

No consistent pattern emerged for male reproductive success
and precompetition diet. At week 8 (model intercept) mean
reproduction of males initially fed the F/G diet was 9.8 (SEM:
+2.1, —1.2) male offspring per population, whereas males
initially fed sucrose sired 13.6 (SEM: +1.9, —1.7) male offspring
per population (GLMM; Figure 3B). Conversely, males initially
fed the sucrose diet had decreased reproduction over time by
—0.06 = 0.01 (mean = SEM) offspring per week per population
relative to those males initially fed the F/G diet [GLMM, P <
0.001 (reported slope data are log transformed)]. No overall effect
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FIGURE 2 Survival of female (A) and male (B) mice fed the fructose/
glucose and sucrose diets for 40 wk before release into enclosures
wherein all mice consumed the fructose/glucose diet during the 32-wk
OPA competition. (A) Females initially fed the fructose/glucose diet
experienced mortality at twice the level of females fed the sucrose diet
before OPA release (P = 0.012). (B) No overall dietary pattern was seen
in males because the influence of precompetition diet differed signifi-
cantly across populations (P = 0.040). Values are totals across replicates;
n = 104 females, n = 56 males. *Indicates a P value < 0.05. OPA,
organismal performance assay.

of time on reproduction was observed [GLMM (P values are not
provided for precompetition diet and time effects because they
have a significant interaction)]. Because precompetition diet had
significant and opposing effects for the intercept and slope of the
linear model, post hoc # tests were conducted at each pup sweep,
and no significant differences were detected.

Precompetition diet did not affect the weight of population
founders at the model intercept (LMM; P = 0.14; Figure 4). In
addition, precompetition diet had no affect over time (LMM; P =
0.51), nor did it differentially affect the sexes (LMM; P = 0.63).

Female glucose tolerance, as assessed by IPGTTs, was not
altered by diet at the end of the exposer period with the F/G-fed
females having a mean = SEM AUC score of 28.9 + 2.81 g/dL X
120 min and sucrose-fed females having an AUC score of 31.1 +
7.23 g/dL X 120 min (Mann-Whitney U test; 7 = 16; U = 25.0;
P = 0.51; Figure 5).

Discussion

Within OPAs, females on the precompetition F/G diet were
dramatically outperformed by females initially fed sucrose, as
demonstrated by a death rate 2 times that of initially sucrose-fed
females and a 26% relative reduction in reproductive output.
Interestingly, the reproductive disadvantage of females initially
fed the F/G diet is present as soon as they are introduced into
OPAs, indicating that even before the unequal mortality rates
were manifest, reproduction differentials were present; this
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FIGURE 3 Cumulative reproductive success of female (A) and male
(B) mice fed the fructose/glucose and sucrose diets for 40 wk before
release into enclosures wherein all mice consumed the fructose/
glucose diet during the 32-wk OPA competition. (A) Females initially fed
the fructose/glucose diet produced 26.4% fewer offspring throughout
the study than females fed sucrose before OPA release (P = 0.001)
because of a consistent deficiency in offspring across pup sweeps. (B)
No overall effect of initially consuming the fructose/glucose diet was
seen in males. At the first pup sweeps males initially fed sucrose had
higher reproduction, but this pattern was inverted for the second half of
the study; post hoc tests indicated no significant differences at any
given pup sweep. Values are means = SEMs, n = 6. Because of a
significant interaction between precompetition diet and time, the bar
graphs are not interpretable for male data. *Indicates a P value < 0.05.
F/G, fructose/glucose; OPA, organismal performance assay; S, sucrose.

suggests that the F/G diet was causing health and physiologic
performance problems. The increased female death rate ob-
served here (1.9-fold) is remarkably similar to the one (2.0-fold)
we detected in a previous OPA competition between mice
exposed to the same F/G diet vs. a starch-based control diet,
indicating that perhaps the increased mortality in the previous
study was because of free fructose and not total fructose as
originally concluded (31). However, to assess this question, a
direct OPA comparison between sucrose and starch-fed control
mice is needed.

Unlike females, males on the F/G precompetition diet were
not outcompeted by their sucrose-fed counterparts. Males
initially fed the F/G diet gained equivalent numbers of territories
and experienced similar levels of mortality. Interestingly, a
significant interaction between the precompetition diet and
population was detected for survival within OPAs, indicating
that in some populations one dietary treatment had higher rates
while in other populations the alternative treatment had higher
rates; thus, for males, there was far more interpopulation
variation than there was variation between dietary groups,
making any effect of precompetition diet uninterpretable. This
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FIGURE 4 Body weight of female (A) and male (B) mice fed the
fructose/glucose and sucrose diets for 40 wk before release into
enclosures wherein all mice consumed the fructose/glucose diet
during the 32-wk OPA competition. No weight differences between
dietary treatments were observed in population founders (P = 0.14).
Founders did gain weight over time with males gaining at a
decreased rate compared with females (P < 0.001). Values are
means = SEMs; n = 104 females, n = 56 males. OPA, organismal
performance assay.

pattern is likely because of heritable components of social
dominance that we have previously detected, which influence
mortality, combined with the situation wherein brothers in
separate populations were on opposing dietary treatments (35).
Furthermore, OPAs have never detected a difference in male
survival rates between treatments that was not accompanied by
differences in territorial acquisition. Likewise, no overall pattern
emerged for reproduction with males initially fed sucrose
producing more offspring early on, whereas those initially fed
the F/G diet sired more offspring toward the end of the study. A
possible explanation for this pattern is that once mice enter
OPAs they all consume the F/G diet, which could lead to
convergence in reproduction because differences between the
treatments decrease over time. These findings, in conjunction
with our previous study, indicate that, although both male
competitive ability and reproduction in OPAs is decreased by the
consumption of 25% kcal from added sugar (compared with
starch), the form of that added sugar, as either F/G or the
disaccharide sucrose, appears inconsequential (31); although
this should be confirmed with direct competition experiments
between starch- and sucrose-fed mice.

The sex-specific nature of our OPA findings is surprising, but
not unprecedented, because this system had revealed a similar
mortality pattern in 2 previous experiments. First, females
harboring the selfish genetic element known as the # complex
experienced an increased risk of mortality, whereas males with
the # complex did not (30). Second, females fed the F/G diet had
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FIGURE 5 Glucose tolerance curves of female mice fed the
fructose/glucose and sucrose diets for 40 wk. No difference in
glucose clearance rates between treatment groups were observed (P
= 0.51). Values are means = SEMs, n = 16.

increased mortality compared with controls fed starch, whereas
males showed no differences between groups (31). It is inap-
propriate to assume that experimental treatments will affect
the sexes in exactly the same way, because major differences in
life histories of female and male mice are well established. For
example, a female when pregnant consumes 18-25% more
calories than when she is not pregnant; therefore, a female
mouse is likely to respond differentially to a nutritional
treatment than a male mouse (41). Even without considering
pregnancy status, sex-specific differences are well established in
metabolic processes crucial to fructose toxicity, such as the
insulin response, for both mice and humans (42, 43).

We found no evidence of differential weight gain (both sexes),
food intake (males), or glucose tolerance (females) between mice
fed the F/G and the sucrose diets. Our weight findings are
consistent with our previous work in which mice were fed the
same F/G diet, but stand in contrast to another rodent study
possibly because of rat/mouse differences or variation in sugar
dosage and exposure methods (21, 31). Our intake data indicate
that mice consume these diets in equal amounts and are
consistent with other studies that evaluate liquid fructose intake
in male mice (17); however, because only males were assessed, it
remains possible that differential intake could occur in females,
although this was evaluated in rodent models before and not
observed (21). Furthermore, our intake results are similar to
those for weight-matched mice on standard rodent diets,
implying our mice regardless of dietary treatment are not
increasing consumption because of fructose content (44).
Glucose clearance rates did not differ between females raised
on either diet and were similar to those of female mice fed the
same F/G diet in a previous study (31). This observation is in
accord with data from a previous study, which showed glucose
clearance rates do not differ between mice on a much higher F/G
diet vs. a sucrose diet, although differences in the glucose
infusion rate required to maintain euglycemia were detected
(17); this latter aspect of glucose metabolism was not measured
in our present study. In the future, reducing the duration of food
deprivation before the IPGTT could improve the ability to
measure differences in glucose tolerance that are not as readily
observed otherwise.

OPAs are able to detect differential health consequences
because of the consumption of different sources of added sugar
because they evaluate an organism’s performance under the
stressors of its natural social and physical environments. House
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mouse physiology did not evolve under the stresses, or lack
thereof, associated with caged-based laboratory housing. There-
fore, to understand if mouse physiology is impaired it is essential
to assess it under ecologically relevant conditions in which
physiologic systems are tested in the context of the selective
forces that forged them. Evaluations in this manner allow the
detection of differences that are masked in other systems but
nonetheless cause substantial impairment (28-31). Furthermore,
because of their sensitivity, OPAs allow for the use of moderate,
human-relevant levels of nutritional (or toxicologic) exposures,
and effects at these levels are likely to be more nuanced and
possibly differ from those observed at extreme levels.

The mechanistic basis of female mortality and reproductive
impairment because of the consumption of the F/G diet, as
opposed to sucrose, is not known. We directly tested for dif-
ferences in glucose homeostasis and weight gain, 2 outcomes
that were previously reported as differentially affected by
fructose-containing diets, similar to the ones used in this study,
but no differences emerged. We did not directly assess the rate of
fructose uptake after consumption, a third metric that was
shown to differ between similar diets in humans, leaving open
the possibility that our F/G-fed mice absorbed a higher amount
of fructose. If not because of an increase in total fructose
absorption, then it seems likely that whatever mechanism is at
play is taking place at, or before, absorption of these sugars by
enterocytes, because the bond connecting the monosaccharide
components of sucrose is hydrolyzed at this time (45). One
intriguing possibility is that free fructose, relative to that in
sucrose and whose availability from the disaccharide is rate
limited by sucrase activity, may lead to increased rates of
intestinal permeability to bacterial endotoxin and therefore
inflammation [as seen in Bergheim et al. (18)]. Another pos-
sibility is that the microbiomes of mice raised on the different
sugar sources could differ and that these differences could lead
to differential health status, especially because changes to
microbiomes are linked with metabolic diseases and are sex
specific (46, 47). These potential explanations are fascinating
because they are both independent of the metabolism of fructose
in the liver, where most scientific investigation has focused.
Regardless of what mechanism is contributing to the increased
mortality and decreased reproduction of females on the F/G diet,
the organismal-level phenotype characterized herein should
greatly aid in its elucidation.

The possibility of differential health affects arising from
HFCS and sucrose diets are controversial (4). This study
provides unique experimental evidence that the consumption
of a 1:1 ratio of F/G can dramatically decrease female mamma-
lian health compared with the intake of an isocaloric amount of
sucrose. Moreover, the F/G diet used in this study contains these
added sugars at levels that are consumed by 13-25% of
Americans (32, 33). However, this study should not be seen as
a vindication of sucrose, but rather as evidence of nonequiva-
lence for health degradation of these 2 forms of fructose. Finally,
our work highlights that, although many aspects of fructose
toxicity are well described, there is still much to learn beyond the
confines of our present biochemical understanding.
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