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Abstract

The consequences of excessive fructose intake extend beyond those of metabolic disorder to 

changes in emotional regulation and cognitive function. Long-term consumption of fructose, 

particularly common when begun in adolescence, is more likely to lead to deleterious 

consequences than acute consumption. These long-term consequences manifest differently in 

males and females, suggesting a sex-divergent mechanism by which fructose can impair 

physiology and neural function. The purpose of the current project was to investigate a possible 

sex-specific mechanism by which elevated fructose consumption drives behavioral deficits and 

accompanying metabolic symptoms – specifically, synaptic mitochondrial function. Male and 

female rats were fed a high fructose diet beginning at weaning and maintained into adulthood. 

Measures of physiological health across the diet consumption period indicated that females were 

more likely to gain weight than males while both displayed increased circulating blood glucose. 

As adults, females fed the high fructose diet displayed increased floating behavior in the forced 

swim task (FST) while males exhibited increased exploratory behavior in the open field. Synaptic 

respiration was altered by diet in both females and males but the effect was sex-divergent – 

fructose-fed females had increased synaptic respiration while males showed a decrease. When 

exposed to an acute energetic challenge, the pattern was reversed. Taken together, these data 

indicate that diet-induced alterations to neural function and physiology are sex-specific and 

highlight the need to consider sex as a biological variable when treating metabolic disease. 

Furthermore, these data suggest that synaptic mitochondrial function may contribute directly to the 

behavioral consequences of elevated fructose consumption.
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Introduction

In the past 40 years, fructose consumption has become a standard part of the American diet 

due largely to the invention and introduction of added caloric sweeteners such as high 

fructose corn syrup into commercial food products (Marriott et al., 2009). As of the early 

2000’s, added sugars accounted for approximately 16% of all caloric intake (Bray et al., 

2004). Adolescents are the highest consumers of fructose, consuming as much as 21% of 

their daily caloric intake from added sugars (Welsh et al., 2011). The consumption of added 

sugars in children is positively correlated with a number of negative outcomes in both 

adolescence and adulthood. In the United States, adolescents have increasing rates of 

metabolic syndrome, obesity, and type 2 diabetes with the rise in consumption of calorically 

sweetened beverages and foods (Vartanian et al., 2007). Along with the emergence of 

pathophysiology in adolescence, excessive fructose consumption has been shown to have 

lasting implications into adulthood, contributing to the growing epidemic of adult metabolic 

syndrome worldwide (Rutledge and Adeli, 2007).

Although metabolic syndrome is a well-appreciated consequence of a diet high in fructose, 

emerging evidence also suggests that fructose can impact the brain and behavior (Harrell et 

al., 2015). Because the brain, particularly the hypothalamus, is the primary regulator of 

energetic homeostasis for the human body (Elmquist et al., 2005; Morton et al., 2006; 

Meister, 2007; Myers et al., 2008), perturbations to energetic balance have the potential to 

initiate neurological consequences. Previous studies in male rats have shown that a high 

fructose diet (HFD) initiated in adolescence alters the hypothalamic pituitary adrenal (HPA) 

axis transcriptome, metabolic outcomes, and increases depressive-like behavior in male rats 

(Harrell et al., 2015). Metabolic disruptions and associated etiology have consistently been 

associated with increased risk of affective-like disorders (Zhao et al., 2009; Kahl et al., 

2015), and the bidirectional relationship between dysregulated metabolism and mood 

disorders is the subject of increased research (Musselman et al., 1998; Perlmutter et al., 

2000; McIntyre et al., 2006). These findings imply that a HFD can have negative 

consequences on neural structure and function resulting in behavioral deficits in addition to 

the physiological consequences of metabolic syndrome.

In the brain, synapses are neuronal compartments that require a high amount of energy for 

use in neurotransmitter release and membrane potential regulation (Harris et al., 2012). 

Mitochondrial supply of energy and Ca2+ buffering necessitates their localization at 

synapses for ideal neuronal performance (Vos et al., 2010). In instances of metabolic 

pathophysiology, such as type 2 diabetes and metabolic syndrome, the metabolic-induced 

effects of oxidative stress, damage to mtDNA, and altered mitochondrial function are well 

characterized (Baynes, 1991; Giugliano et al., 1996; Suzuki et al., 1999). However, it is 

unclear how mitochondrial function at the level of the synapse may be impacted by a HFD. 

Because the brain metabolizes glucose as the primary source of fuel and synapses require 

high-energy metabolism, investigation of synaptic mitochondrial respiration following a 

prolonged period of dietary modification may provide insight into diet-induced alterations to 

affective behavior.
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While extensive work has been conducted in male subjects regarding the impact of diet on 

neural function, it is evident that females are equally as susceptible as males to modifications 

following dietary intake. The beginning of puberty marks the endocrine system’s regulation 

of diet-induced effects including insulin sensitivity, hypertension, and lipid levels (Chen et 

al., 1992; Galipeau et al., 2002; Louet et al., 2004; Vasudevan et al., 2005).As women are 

twice as likely to experience depression and anxiety in their lifetime as men, and this trend 

emerges after puberty and persists for the next 30-40 years (Cyranowski et al., 2000; Ford 

and Erlinger, 2004), it is possible that adolescent modification to metabolic function may 

contribute to this sex disparity. Relatively little is known about differences in neural 

mitochondrial function between the sexes, however, mitochondria display prominent sex-

specific and tissue specific behavior in pathophysiological states (Ventura-Clapier et al., 

2017). Thus, it is possible that sex-specific consequences of diet-induced changes in 

mitochondrial bioenergetics at the level of the synapse drive alterations in affective-like 

behavior.

In this study, we hypothesized that fructose consumption beginning at weaning and 

continued into adulthood would result in metabolic disruptions accompanied by decreases in 

synaptic mitochondrial respiration. Further, we hypothesized that these alterations in 

mitochondrial respiration would be accompanied by increases in anxiety-like and 

depressive-like behavior.

Experimental Procedures

Animal Husbandry

Timed pregnant Wistar rats (n=6) were procured from Charles River (Morrisville, N.C.). All 

animals were housed in a temperature (20-23°C) and humidity (60%) controlled colony 

room in static cages. The room was kept on a 14:10 light:dark cycle. Litters were culled on 

post-natal day (PND) 3 to eight pups per litter (male = 4 and female = 4). This was done to 

ensure an equal sample size of males and females. The pups (N=46) were weaned on PND 

22 and pair housed with same-sex, non-sibling cage mates for the duration of the study. 

Cage mates were assigned to either a control chow diet (Males n=12; Females n=10) or a 

HFD (Males n=14; Females n=10) on PND 25. All studies were conducted in accordance 

with Institutional Animal Care and Use Committee of Virginia Commonwealth University 

and National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Diet Tracking

Animals were either maintained on a standard chow diet or placed on a HFD beginning at 

PND 25 and remained on the assigned diet until their experimental end point. The chow diet 

was comprised of the Envigo Lab Diet 7012 (Teklad LM-485) with 5.8% kcal from fat and 

0% kcal from fructose, while the HFD was 10% kcal fat and 55% kcal fructose (Research 

Diets D050111802), and both diets contained 19% kcal protein. Total food consumption was 

tracked through the duration of the experiment by weighing the total remaining food in the 

cage twice weekly before the food was replaced with a pre-weighed amount of new food 

(200g or 300g). Attention was paid to food remaining on bottom of cage and all rats received 

water ad libitum. Weights for each animal were taken and recorded biweekly and an average 
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weekly weight was calculated. Utilizing average weekly weight coupled with weekly food 

consumption, estimated caloric efficiency (milligram weight gained per kilocalorie 

consumed) was calculated per animal.

Blood glucose levels were obtained from experimental subjects at 3 timepoints: end of 

adolescence (PND 57), end of week 10 on assigned diet (prior to behavioral testing), and 

end of dietary week 12 (prior to experimental endpoint). To accomplish this, a tail prick was 

done in the lateral tail vein using a sterile 25-gauge needle. A Freestyle Glucometer with 

Freestyle Lite test strips (Abbott Diabetes Care Inc., Alameda, CA) were used to obtain the 

reading.

Behavioral Assessments

Behavioral testing was conducted beginning after the subjects were on their designated diet 

for 10 full weeks at PND 95 and was conducted in order of increasing anxiogenicity of the 

tasks. Only one behavioral test was conducted per animal on any given day. Behavioral 

testing consisted of a 10-minute open field test (PND 95), a 10-minute social interaction test 

(PND 96), and a 10-minute forced swim test (PND 116-120). All rats were habituated to the 

behavioral test suite for 3 days prior to testing. The open field test, social interaction test, 

and forced swim test were all conducted in the middle of the rats’ light cycle under moderate 

illumination (100-200 lux). Behavioral testing was video recorded and tracked using 

Ethovision XT 13 (Noldus Information Technologies; Leesburg, VA).

Open Field Task: The open field test serves as a measurement of anxiety-like behavior 

(Walsh and Cummins, 1976; Prut and Belzung, 2003) and consists of exposing the test 

subject to an unfamiliar square arena for ten minutes. The rat was placed in the center of a 

novel, 75 x 75 cm square field with 35 cm high walls (Noldus) and allowed to freely explore 

for 10 minutes.

Social Interaction: A social interaction test was conducted as a measure of anxiety-like 

and anhedonic behavior (File and Hyde, 1978; File and Seth, 2003). In this test the 

experimental animal was placed in the center of the same arena used for the open field test, 

now containing a novel stimulus rat, and allowed to explore and interact for 10 minutes. The 

stimulus rat was a younger, same-sex, same-strain animal and had prior exposure to the 

arena. The experimental subject’s latency to interact with the stimulus rat, number of 

approaches to the stimulus rat, and total time spent interacting with stimulus rat were scored 

by hand by a treatment-blind experimenter.

Forced Swim Test: A forced swim test (FST) was used as a measurement of depressive-

like behavior (Porsolt et al., 1978). In this case a single test was used to measure depressive-

like behavior (Castro et al., 2010). The rat was placed into a circular, acrylic tank (diameter 

= 19cm; height = 46.5cm) filled with room temperature water deep enough so that the rat 

could not touch the bottom of the tank and swam for 10 minutes. Time spent inactive versus 

actively swimming, latency to inactivity, time spent struggling, and exhibition of coping 

mechanisms, such as diving, were recorded. Inactivity was defined as the rat’s limbs 

remaining motionless for at least 0.5 seconds and struggling was defined as the rat’s head 
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being above the water and limbs breaking the surface. Immediately following the test, rats 

were removed from the tank, placed in a cage on top of a heating pad, and allowed to rest for 

20 minutes. Upon conclusion of the 20-minute rest period, rats were transferred into a 

separate room and rapidly decapitated. While the FST is often used as an indicator of 

depressive-like behavior, the test also served as an acute stressor for the rats. In order to 

assess how an acute stressor impacted measures of mitochondrial function and endocrine 

system function, only half of the cohort underwent the FST before euthanasia. The other half 

were euthanized without exposure to the test. Groups were evenly split across the four 

testing days.

Corticosterone Analyses

Corticosterone was measured at baseline and 30 minutes after the onset of the 10-minute 

forced swim test, using a commercial ELISA (sensitivity 27 pg/mL, Enzo Life Sciences, 

Farmingdale, NY) per manufacturer’s protocol. All samples were run in duplicate with a CV 

<10%. For baseline samples, rats were transferred to a testing room to acclimate prior to 

decapitation. Rats were then transferred to a separate room and decapitated within two 

minutes of handling. For the forced swim group, immediately following the 20 minutes of 

rest on the heating pad, rats were decapitated. Following decapitation, trunk blood was 

collected and allowed to clot at room temperature before the clot was removed and 

remaining blood was placed on ice. Blood was centrifuged (Eppendorf 5810R) at 1800 rcf 

for 20 minutes at 4°C. Resulting serum was stored at −80°C for use in ELISAs.

Synaptosomal Isolation

Synaptosomal isolation was adapted from a previously published protocol (Dunkley et al., 

2008). Rats were euthanized via rapid decapitation without anesthesia and the whole brain 

was extracted. The cerebellum was removed, the brain was bisected, and the right 

hemisphere was placed in cold sucrose medium (320 mM Sucrose, 0.2 M EDTA, 5 mM Tris, 

pH 7.4) to remove excess blood. Tissue was homogenized in a 7mL Dounce glass 

homogenizer containing 4.5 mL cold homogenization buffer (320 mM Sucrose, 0.2 M 

EDTA, 50 mM dithiothreitol, 5.0 mM Tris, pH 7.4) by 5 and 6 strokes with the loose and 

tight plunger, respectively. The homogenate was centrifuged (Eppendorf 5810R) at 3600 

rpm for 10 minutes at 4°C. The supernatant was removed and 6 mL was layered on top of a 

discontinuous Percoll gradient (4 ml layers of 0,3,10,15,23 % Percoll in homogenization 

buffer) in a 26 mL centrifuge tube and spun at 32500g for 10 minutes at 4°C (JA-20 fixed 

angle rotor in a Beckman Avanti J-25 centrifuge). The synaptosomes were isolated from the 

band between the 15% and 23% Percoll layers, diluted in Ionic Media (20 mM HEPES, 10 

mM D-Glucose, 1.2 mM Na2HPO4, 1 mM MgCl2, 5 mM NaHCO3, 5 mM KCl, 140 mM 

NaCl, pH 7.4), and centrifuged at 15000g for 35 minutes at 4°C (JA-20 fixed angle rotor in a 

Beckman Avanti J-25 centrifuge). The final synaptosome pellet was collected and protein 

concentration was determined (Nanodrop A280, ThermoFisher Scientific). Synaptosomal 

protein was resuspended in ionic media for respirometry (Choi et al., 2009).

Synaptosomal Respiration

To quantify respiration, 40μg of synaptosomal protein per well was aliquoted into a 24 well 

cell culture microplate (Agilent Technologies, Cedar Creek, MO) coated with Poly-DLysine. 
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Plates were centrifuged at 3400g for 30 minutes at 4°C (Eppendorf 5810R centrifuge) in 

order to adhere the synaptosomes to the plate. The medium was then replaced with 500μl of 

Seahorse XF assay media (Seahorse XF Base Medium (w/o Phenol Red), 10mM Seahorse 

XF Glucose, 1 mM Seahorse XF Pyruvate, 2 mM Seahorse XF L-Glutamine). The 

microplate was then loaded into the Seahorse XFe24 extracellular flux analyzer according to 

the manufacturer’s instructions. Wave Desktop 2.6 Software (Agilent) was used for data 

acquisition and data analysis for assays. All plates were run at 37°C and samples were run in 

triplicate. The measurement of oxygen consumption and extracellular acidification method 

is as previously described in Choi et al. (2009). Oxygen consumption rates (OCR) were 

determined by sequential measurement cycles consisting of a 30 second mixing time 

followed by a 2-minute wait time and then a 3-minute measurement period. Reagents were 

added in Seahorse assay media in dilutions according to manufacturer’s recommendation 

(2.0μM Oligomycin, 1.0μM carbonyl cyanide-p-trifluoromethox- yphenyl-hydrazon (FCCP), 

0.5μM Rotenone/antimycin A per well). The first three measurements of OCR occur prior to 

addition of mitochondrial reagents and indicates basal respiration. Oligomycin is a complex 

V inhibitor and OCR following this addition indicates ATP-linked respiration (substraction 

of baseline OCR) and proton leak respiration (subtraction of non-mitochondrial respiration). 

FCCP is a protonophore and adding it will collapse the inner membrane gradient and push 

the electron transport chair to the maximal rate. Inhibition of complex III and I is achieved 

through addition of antimycin A and rotenone which will terminate electron transport chain 

function and demonstrate non-mitochondrial respiration. Mitochondrial reserve is calculate 

by subtraction of basal respiration from maximal respiration (Rose et al., 2014).

Statistical Analyses

Data were analyzed using GraphPad Prism Software (San Diego, CA). Three-way Analysis 

of variance (ANOVA) were run to compare diet-induced changes observed in oxygen 

consumption rates at baseline and following the 10-minute FST. Two-way ANOVAs were 

used to analyze main effects of sex or diet on behavioral outcomes (p≤0.05) using GraphPad. 

Sidak’s posthoc analysis was used when appropriate (p≤0.05).

Results

A HFD initiated in adolescence alters physiology in females, but not males

All groups, regardless of sex and diet, gained weight over the course of the 10-weeks. In 

females, individual 2-way ANOVAs displayed a main effect of week 

(F(9,180)=429.3;p<0.0001), diet (F(1,180)=27.05; p<0.0001), and a significant interaction 

between week and diet (F(9,180)=3.615; p=0.0004). Fructose-fed females gained more weight 

per week than chow-fed controls beginning at week 8 and persisting through the remainder 

of the 10-week dietary period (Figure 1A). In males, diet did not affect weight gain 

(F(1,240)=0.3417; p=0.5594).

Caloric efficiency was calculated by dividing weight gained per week by the estimated 

amount of calories consumed per week. Caloric consumption was estimated from the total 

grams of food consumed per animal multiplied by the known caloric content of the 

respective diet (3.35kcal/gram of chow; 3.85 kcal/gram of HFD). Regardless of sex, caloric 
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efficiency declined weekly. Diet did not alter caloric efficiency in males (p>0.05). However, 

in females, two-way ANOVA demonstrated a main effect of week (F(8,162)=136.4; 

p<0.0001) and diet (F(1.162)=34.26;p<0.0001) with a significant interaction between week 

and diet (F(8,162)=2.947; p=0.0042). Sidak’s multiple comparisons test revealed that this 

interaction was driven by weeks 5 (p=0.0013) and 6 (p=0.0492), such that fructose-fed 

females in week 5 and 6 were gaining more weight per calorie consumed compared to their 

chow-fed counterparts (Figure 1B).

Two-way ANOVA indicated that in both males (F(1,71)=5.323;p=0.024) and females 

(F(1,54)=4.838;p=0.0321), circulating blood glucose was increased following consumption of 

the HFD (p>0.05).

HFD decreases anxiety-like behavior in males, but not in females in the open field

In the open field test, two-way ANOVAs were conducted to assess the effect of diet on 

anxiety-like behavior in a 10-minute test. There was a significant diet by sex interaction on 

frequency of crosses into the center of the arena (F(1,42)=7.810;p=0.0078; Figure 2A). Sidak 

post hoc showed that fructose-fed males were crossing into the center of the arena more 

frequently than chow-fed controls (p=0.0412). In both males and females, diet did not alter 

the animal’s time spent in the center of the arena as compared to the periphery 

(F(1,42)=1.790;p=0.1882; Figure 2B) or the total distance traveled (cm) within the arena 

(F(1,42)=2.953;p=0.0931; Figure 2C). There was a main effect of sex on distance travelled 

with females overall travelling more than males (F(1,42)=4.241; p=0.0457; Figure 2C).

In both sexes, social behavior was not impacted by diet

In the social interaction test, two-way ANOVA displayed that diet and sex did not impact the 

latency of the experimental rats to approach the stimulus rats (diet: F(1,41)=0.6197; 

p=0.4357; sex: F(1,41)=2.103; p=0.1547), the number of approaches by the experimental rats 

to the stimulus rats (diet: F(1,41)=0.5521; p=0.4617; sex: F(1,41)=0.02579; p=0.8732), or the 

total time both rats spent interacting in the arena in both males and females (diet: 

F(1,41)=0.5610; p=0.4581; sex: F(1,41)=0.7498; p=0.3916; data not shown).

HFD increases depressive-like behavior in females

Following a 10-minute forced swim test, two-way ANOVAs were conducted assessing the 

impact of diet and sex on depressive-like behavior. There was a main effect of diet 

(F(1,19)=15.44; p=0.0009) and sex (F(1,19)=20.94; p=0.0002) as well as an interaction effect 

(F(1,19)=6.271; p=0.0215; Figure 3A). Sidak’s post hoc indicated that females fed the 

fructose diet were inactive for a significantly longer amount of time than the chow controls 

(p=0.0008; Figure 3A). There was a main effect of sex on the latency to inactivity 

(F(1,18)=6.331; p=0.0216; Figure 3B) such that females became inactive sooner than males. 

There was a main effect of sex on time spent struggling (F(1,19)=37.94; p<0.0001; Figure 

3C) indicating that males struggled more than females.

Corticosterone concentrations were altered by diet and acute stress

In males, corticosterone concentrations were impacted by the experience of the FST and 

diet, however, in females FST alone altered corticosterone. Two-way ANOVA displayed a 
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main effect of diet (F(1,19)=9.64; p=0.005) and forced swim (F(1,19)=66.39; p<0.0001) on 

circulating corticosterone concentrations in males. Exposure to the FST resulted in 

significantly higher circulating corticosterone concentrations in both chow and fructose-fed 

males (Figure 4A). However, at both baseline and post-FST, fructose-fed males had reduced 

circulating corticosterone (Figure 4A). In females, two-way ANOVA revealed a main effect 

of forced swim exposure (F(1,15)=22.89; p=0.0002), such that females that underwent the 

FST displayed higher corticosterone concentrations than controls (Figure 4B). Diet did not 

impact corticosterone concentrations in females (F(1,15)=0.6430; p=0.4352; Figure 4B).

HFD altered mitochondrial respiration differentially in males and females

Three-way ANOVA was used to analyze the effects of measurement, diet, and FST exposure 

on oxygen consumption rate (OCR; pmol/min) in isolated intact synaptosomes in both males 

and females. In males, 3-way ANOVA displayed a main effect of measurement 

(F(11,180)=57.67; p<0.0001), undergoing the FST (F(11,80)=37.95; p<0.0001), and diet 

(F(1,180)=14.11; p=0.0002) as well as a significant interaction between measurement and 

FST experience (F(11,180)=2.132, p=0.0202). Regardless of whether or not males underwent 

the FST, fructose-fed males demonstrated decreased baseline OCR compared to their chow-

fed counterparts. At the same time, regardless of dietary history, OCR were significantly 

increased in males who underwent the FST (Figure 5). There was no effect of diet or FST 

exposure on measures of mitochondrial function following treatment with oligomycin, 

FCCP, or rotenone and antimycin A in males (p>0.05). See Supplementary Figure 1.

Contrastingly, in females, 3-way ANOVA demonstrated a main effect of measurement 

(F(11;156)= 24.16, p<0.0001) and diet (F(1,156)=5.747, p=0.0177), such that fructose-fed 

females demonstrated increased baseline OCR across all measurements compared to chow-

fed females regardless of whether or not they underwent the FST (Figure 5). There was no 

effect of diet or FST exposure on measures of mitochondrial function following treatment 

with oligomycin, FCCP, or rotenone and antimycin A in females (p>0.05). See 

Supplementary Figure 2.

Discussion

Escalating incidence of metabolic syndrome in adolescents (Morrison et al., 2008; Welsh et 

al., 2011) and adults (Montonen et al., 2007; Sánchez-Lozada et al., 2007; Dupas et al., 

2017) has driven interest in the deleterious effects of metabolic stress on behavioral and 

neurological outcomes. The findings in this study demonstrate that elevated consumption of 

fructose initiated in adolescence alters adult physiology, behavior, and synaptic function in a 

sex-specific manner. Both males and females displayed fructose-induced alterations in 

synaptic respiration, however the directionality was sex-dependent. Furthermore, females 

had elevated weight gain and increased inactivity in the forced swim following high fructose 

consumption while males exhibited increased exploratory behavior in the open field and had 

a dysregulated stress response. Taken together, these data suggest that consumption of a 

HFD manifests causes sex-specific consequences in behavior that may be driven by 

alterations in synaptic metabolism.
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Fructose consumption modifies physiological parameters in females

Consumption of a HFD altered the physiological parameters assessed in this study in female 

rats, but not in male rats. Fructose-fed females gained more weight than chow-fed females 

beginning at 8 weeks on the diet. This is consistent with previous findings in our lab that 

observed an increase in weight gain in fructose-fed females after 7 weeks on the diet while 

males did not show exacerbated weight gain with a HFD (Hyer et al., 2019). In the current 

study, fructose-fed females and males showed elevated circulating glucose at three 

timepoints during the period of diet consumption. These data are slightly different from 

those observed by Hyer et. al. (2019) as females did not show increased circulating glucose. 

It’s possible that the weekly glucose assessment led to a more attenuated response as the 

values observed by Hyer et. al. (2019) are generally lower in both males and females. Here, 

caloric efficiency was modified by diet in weeks 5 and 6 of the paradigm in female rats, 

indicating that alterations in energy utilization are a possible source of the observed 

increases in body mass beyond that of the control-fed female rats (Schwarz et al., 1992; Cox 

et al., 2012). Traditionally, weight gain or alterations in caloric efficiency are the most 

superficial indication that metabolic alterations have occurred. The absence of modifications 

in body weight in the males does not confirm the absence of maladaptive qualitative 

changes. In fact, like females, the males fed the HFD in the current study displayed 

increased circulating glucose throughout the study – a diet-induced physiological change. 

Many studies have reported pathophysiological states indicative of metabolic syndrome 

following ingestion of a HFD independent of obesity (Tran et al., 2009; Harrell et al., 2015). 

Taken together, these data indicate that there are sex-specific changes in physiology 

following long-term consumption of a diet high in fructose.

Dietary modification alters mitochondrial respiration differentially in males and females

Altered physiology following consumption of a HFD was also evident in the brain. Fructose-

fed males demonstrated decreased synaptosomal OCR in comparison to chow-fed 

counterparts, regardless of whether or not they were exposed to an acute physical challenge 

(FST). This may indicate that excessive consumption of fructose hindered mitochondrial 

bioenergetic efficiency, possibly through reduced mitochondrial population at the level of the 

synapse. This decrease could also be attributed to a variety of unique properties of the 

mitochondria (Liesa and Shirihai, 2013; Picard et al., 2015), for example mutations in tRNA 

mutations or mtDNA abnormalities (Patti et al., 2003; Frederick H. Wilson, Ali Hariri et al., 

2004; Nishio et al., 2004) or increased oxidative stress (Cigliano et al., 2018)(Mastrocola et 

al., 2016). Other studies have demonstrated that a HFD disrupts insulin signaling in the brain 

(Agrawal and Gomez-Pinilla, 2012) which, as a potent regulator of mitochondrial 

biogenesis, could provide an explanation for decreased mitochondrial biogenesis as a result 

of excessive fructose consumption (Agrawal et al., 2016). In conjunction with one another, 

these studies suggest multiple mechanisms by which a HFD could decrease OCR such as 

altered biogenesis, mitochondrial structure, or mitochondrial efficiency. Future studies will 

be essential to determine the precise mechanisms that account for the effects of fructose on 

OCR.

Contrary to findings in males, the HFD resulted in an increase in OCR in females. 

Mitochondria initiate steroidogenesis, and various studies report that brain mitochondrial 
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function is regulated by sex steroids (Gaignard et al., 2015, 2018). Estrogen has been widely 

reported to provide a neuroprotective effect in the face of homeostatic challenges (Arevalo et 

al., 2015), including in the context of metabolic disorders (Carswell et al., 2000; Toung et 

al., 2000). Furthermore, several studies report that the neuroprotective effects of estrogen 

may act through specific mitochondrial mechanisms, such as hindering excessive reactive 

oxygen species (ROS) production, regulation of mitochondrial Ca2+ loading, and the 

preservation of mitochondrial membrane integrity during times of stress (Wang et al., 2001; 

Nilsen, 2008). Studies conducted in both male and female Wistar rats have reported that 

synaptic mitochondria of female rats produce less ROS than males, resulting in less 

oxidative damage to mitochondria (Borrás et al., 2003). Female resilience to mitochondrial 

damage may be responsible for the reversal of the dietary effect evident in males.

A period of energetic demand increases mitochondrial respiration in males, but not 
females

In addition to diet, exposure to acute stress in the form of a FST for chow-fed rats increased 

mitochondrial respiration in males, but not in females. The FST constitutes a period of 

increased energetic demand in order to overcome the acute stress of forced swimming. Due 

to this increased energetic demand it is perhaps unsurprising that mitochondrial respiration 

increased in males. Globally, mitochondria are particularly sensitive to challenges to 

homeostasis and adjust their bioenergetic output accordingly (Manoli et al., 2007). Acute 

stress exposure leads to a migration of mitochondria to excitatory synapses, suggesting that 

increased respiration could be connected to an increase in number and volume of viable 

mitochondria within the synaptic terminal (Musazzi et al., 2019). Additionally, in response 

to stress, a cascade of hormones (such as corticosterone) is initiated in the CNS to mobilize 

substrates to meet the energetic demands of the ‘fight or flight response’. These substrates 

are then available for oxidation by the mitochondria. Short-term exposure to elevated levels 

of glucocorticoids, as demonstrated by increased corticosterone concentrations following the 

FST in the current study, is associated with increased mitochondrial biogenesis and other 

enzymatic responses of respiratory chain complexes in various tissues including the brain 

(Navarro et al., 2004).

In contrast, females undergoing the FST did not demonstrate significant modifications of 

OCR as a result of the FST. In a study investigating sex differences in mitochondrial 

biogenesis via mitochondrial protein synthesis in response to sprint interval training, Scalzo 

et al. found that mitochondrial biogenesis was higher in males than females following nine 

sprint interval training sessions over the course of four weeks (Scalzo et al., 2014). In 

conjunction with the current study, the data from Scalzo et al. suggest that synaptosomal 

mitochondrial OCR may not be directly impacted by exposure to high, physical energetic 

demand in females.

Circulating corticosterone is modified by diet in males, but not females

In males, modification of the HPA-axis was reflected via altered circulating corticosterone 

following the FST. Measurement of corticosterone production following the FST indicated 

that fructose-fed male rats produced significantly less corticosterone than their chow-fed 

counterparts. Unsurprisingly, both groups responded to the acute stress of the forced swim 
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by releasing significantly more corticosterone than baseline males, regardless of diet. Both 

acute intake (Brindley et al., 1981, 1985) and chronic consumption of fructose have been 

shown to remodel the HPA axis transcriptome (Harrell et al., 2015). Excessive fructose 

consumptioninflicts chronic energetic stress on the HPA-axis, resulting in the HPA-axis 

being unable to efficiently perform its physiological role, and perhaps being less responsive 

to environmental stimuli. Thus, it is possible that the energetic stress brought on by the HFD 

initiated maladaptive changes to the HPA axis, which resulted in decreased glucocorticoid 

output following the acute stress stimulation from the FST in male rats (Matthews et al., 

2001).

While corticosterone concentrations were not modified by diet in females, the increase in 

OCR of fructose-fed females undergoing the FST relative to chow-fed females provides 

interesting context to the lack of effect of diet on corticosterone concentrations in females. 

Mitochondria contain powerful antioxidant machineries that assist in the body’s defense 

against ROS. Studies have documented the effect of known cytoplasmic antioxidants, such 

as resveratrol, on serum corticosterone concentrations and depressive-like behavior 

(Johnson, Fournier, & Kalynchuk, 2006; Liu et al., 2014) suggesting that increased 

antioxidant activity can decrease depressive-like behaviors. Given the upregulation of 

mitochondrial respiration in the fructose-fed females in the FST, it is plausible that this 

resulted in higher efficacy of mitochondrial antioxidant mechanisms, leading to the lack of 

dietary effect on corticosterone concentrations observed in these rats.

Altered mitochondrial respiration is accompanied by sex-dependent affective-like behavior

In the open field, a validated measurement of anxiety-like behavior (Prut and Belzung, 

2003), fructose-fed males showed increased exploratory behavior as evidenced by their 

increased number of center crosses when compared to chow-fed controls. Given that 

corticosterone and OCR was decreased in fructose-fed males, it’s possible that fructose-fed 

males exhibited a general reduction in inhibition. The overall decreased inhibition may 

indicate a blunted responsivity to the novelty of the open field manifesting as increased 

exploratory behavior. This hypothesis may be better confirmed with the inclusion of an 

acoustic startle test in future paradigms given the connection between sucrose avidity and 

startle reactivity (Desousa et al., 1998; Runke et al., 2011). By including a test such as startle 

response, which assesses involuntary responsivity to stimulus presentation, the impact of a 

HFD on inhibitory control could be further explored.

The acute physical challenge used in this study, the FST, is also a measurement of 

depressive-like behavior (Porsolt et al., 1978). The behavioral patterns of the rats during this 

acute physical challenge were assessed and fructose-fed females exhibited increased floating 

time, indicative of a depressive-like phenotype. As the HFD-fed females displayed increased 

weight gain without an increase in corticosterone, it is possible that the reduction in active 

swimming behavior and the increased respiration was a result of decreased motor function 

as opposed to increased depressive-like behavior. These data are in line with Hyer et al. 

(2019) that observed impaired motor function on the Rotorod task and reduced integrity of 

acetylcholine receptors at the neuromuscular junction following consumption of the HFD.
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In conclusion, we expand on previous studies that have investigated the effects of a dietary 

disturbance on affective-like behaviors and mitochondrial function by including assessment 

of synaptic respiration and HPA responsivity in both males and females. This study 

implicates synaptic mitochondrial function as a potential area of intersection between 

energetic imbalances and behavioral modifications. The data presented herein indicate that 

excessive fructose consumption precipitates changes in mitochondrial respiration in the 

brain, and these changes diverge in a sex-specific manner. Collectively, these data provide 

evidence that a dietary modification is able to initiate changes at the mitochondrial level of 

the brain, which are accompanied by changes in behavior and neuroendocrine response. 

Furthermore, the differential results observed in the males and females within this study 

necessitate the inclusion of females in future paradigms involving dietary models and the 

brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• High fructose diet causes divergent behavioral phenotypes in males and 

females.

• Synaptic respiration is divergently altered by diet in males and females.

• Acute stress differentially impacted synaptic respiration in males and females.

• Diet-induced alterations to neural function and physiology are sex-specific.

• Synaptic mitochondrial function may contribute to the behavioral differences.
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Figure 1: 
Using two-way ANOVA (diet x sex), we determined that a high-fructose diet (HFD) 

beginning at weaning resulted in physiological differences in adult males and females. A) 

Fructose-fed female rats gained more weight than their chow-fed counterparts beginning in 

week 8 of diet exposure. This effect was maintained throughout the 10-week consumption 

period. B) The HFD altered caloric efficiency in female rats during weeks 5 and 6 on the 

diet. Alterations were not present in male rats. The caloric efficiency of all groups decreased 

over time. C) Both fructose-fed males and females displayed increased blood glucose at 
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three timepoints across the diet period compared to chow controls. Circles represent mean ± 

SEM. *p<0.05.
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Figure 2: 
Fructose consumption increased exploratory behavior in males, but not in females based on 

two-way ANOVA analysis (diet x sex). A) Fructose-fed males demonstrated an increased 

number of crosses into the center of the open field arena compared to chow-fed males. B) 

Percent of time spent in the center of arena relative to periphery was not altered by diet in 

males or females. C) Distance traveled in the open field was not modified by diet in males or 

females. Bars represent mean ± SEM. *p<0.05.
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Figure 3: 
Two-Way ANOVA (diet x sex) indicated that consumption of a HFD increased floating 

behavior in the forced swim test (FST) in females. A) Females fed a HFD spent more time 

inactive than their chow-fed counterparts. Total time inactive was not modified in males. 

Females overall spent more time inactive compared to males. B) Latency to inactivity was 

not affected by diet in males or females in the FST, however, females became inactive more 

quickly than males. C) Total time spent struggling in the tank was elevated in males 

compared to females. Bars represent mean ± SEM. *p<0.05.
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Figure 4: 
Exposure to acute stress in the form of a 10-minute forced swim test increased blood 

corticosterone in both sexes based on within sex two-way ANOVA (diet x acute stress 

exposure). A) In males, undergoing the FST resulted in significantly increased 

corticosterone. In fructose-fed males, corticosterone was reduced at baseline and following 

the FST. B) In females, corticosterone was elevated by acute stress exposure but was not 

altered by diet. Bars represent mean ± SEM. *p<0.05.
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Figure 5: 
In both sexes, mitochondrial respiration was modified by diet, but only by FST exposure in 

males (three-way ANOVA with diet x stress exposure x measurement). A) In males, acute 

stress exposure significantly increased oxygen consumption rate (OCR) in comparison to 

control groups regardless of diet. Regardless of FST experience, fructose-fed males 

demonstrated significantly lower OCR compared to chow-fed males. B) Acute stress 

exposure did not affect mitochondrial respiration in females. In the baseline group, fructose-

fed females had significantly increased respiration rates compared to chow-fed females. 
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Circles represent mean ± SEM. *p<0.05. Administration of drugs for the Cell Mito Stress 

Test indicated by text and colored panels.
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