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Epigenetic Effect of Modified Diet and Exercise on Drosophila Metabolic Phenotype and Cardiovascular Health
Ajay Ajmera
Department of Biology, East Carolina University, Greenville N.C. 27858

ABSTRACT - Obesity is a growing world-wide epidemic. Overweight populations are prone to a variety of morbid conditions including diabetes type 2, cardiovascular diseases, and cancers. The catastrophic increase in obesity rates, which can later present as cardiovascular disease, is largely attributed to sedentary life style and a poor diet. Epigenetic studies show maternal obesity as a risk factor for metabolic syndromes in offspring. Furthermore, evidence suggests obese and diabetic fathers may also contribute to offspring metabolic phenotype. Experiments were designed to answer the question: does modified paternal diet and exercise produce transgenerational effects on offspring metabolic phenotype and cardiovascular health? Drosophila Melanogaster was used as a model because of its well-known genetics and short life cycle, making it ideal for transgenerational studies. Specifically, this research sought to look at the effects of high-fat and high sucrose diets and exercise on whole body composition, and particularly effects on cardiovascular health in Drosophila F0, and F1 generations. To test the effects of diet and exercise, male flies were exposed to either 14 days of high-fat, high-sucrose, exercise or control diet and then mated with control virgin females. Offspring were collected after hatching and subjected to a normal or modified diet for 14 days. After 14 days, animals were analyzed for triglyceride and trehalose/glucose levels in F0 and F1 generations. Fruit flies were also subjected to exercise for 14 days to measure the effects on phenotype. A vertical test was done before and after exercise to measure the effect of exercise on motor activity. Height climbed was measured in centimeters after vials were tapped down and flies were allowed to climb up for 5 seconds. Cardiovascular health was measured by beats per minute and was recorded at various time points throughout the 14 day diet. Results indicate a significant increase in amount of triglycerides and trehalose in exercise father offspring flies on a high-fat diet challenge than fat father offspring flies on a high-fat diet challenge. There was also a significantly increased heart rate for F0 flies on a high sucrose diet, and on an exercise regimen than flies on a high-fat diet. Fat father offspring on an exercise regimen had a significantly higher heart rate than control father offspring and exercise father offspring on an exercise regimen.  Vertical test data showed a significantly higher level of motor activity from the exercise group than the control group through day 7, but then locomotor activity decreased post day 7 in the exercise group compared to the control. The combined data suggest paternal experience due to diet and exercise induces transgenerational effects in F1 male flies due to diet and exercise in the metabolic phenotype and cardiovascular health.
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Introduction
Obesity is an important global public health problem (Seidell, 2000) and is a risk factor for morbidity and mortality (Pemberton et al., 2010). National statistics demonstrate continued increases in overweight and obesity among young adults and children over the past three decades (Loomba et al., 2008). Additionally, the obesity epidemic is linked to a startling rise in the incidence of type II diabetes among children. Both obesity and type II diabetes are heritable traits with obesity estimates of >0.70 (Walley et al., 2006), and diabetes heritability estimates ranging from 0.21 to 0.72 (Mathias et al., 2009). Increased rates of obesity not only have high correlations to diabetes but can also increase pre-disposition to cardiovascular diseases later in life (Hu 2011). Moreover, these adverse effects of obesity from sedentary lifestyle and improper diet increase the rate of cardiovascular disease (Van Gaal 2006). Although observations suggest both genetic and environmental components may play equally important roles in the etiology of obesity, type II diabetes, and cardiovascular disease changes in the gene pool of the population over this time frame are not sufficient to explain the recent increase of childhood obesity, type II diabetes in adolescents, and further cardiovascular disease presentation in younger and younger adults. Rather, such rapid increases in heritable traits are likely due to epigenetic modification of the genome (Permutt et al., 2005) by environment factors such as high fat intake, or physical inactivity. Of particular interest is whether modifications to the genome induced by the environment may be passed to offspring. Growing bodies of literature have demonstrated epigenetic programming in the maternal and paternal lineage (Vidal 2014). However, there is much elucidation needed in regards to what can be affected across multiple generations and to what extent. Drosophila melanogaster is an attractive model organism for transgenerational studies because it offers unique opportunities to study the impact of diet and exercise on metabolism and cardiovascular health (Buescher 2013). For example, Drosophila melanogaster contain many conserved metabolic and cardiac functions with vertebrates, and particularly humans (Baker 2007). Drosophila have similar and analogous insulin, insulin-like-growth factors, energy storage and target of rapamycin (TOR) signaling pathways (Schlegel 2007). Although Drosophila contain no chambers in their heart, with their heart tube running from the bottom of the thorax to the bottom of the abdomen, they still remain a model organism to study cardiomyopathies in humans due to the shared genetic similarities (Wolf 2006). Advances in Drosophila understanding have led to insight in the complex interactions between the nutritional environment, metabolism, and cardiovascular health (Musselman 2009, Raud 2011, Sieber 2009) Transgenerational effects of nutrition on metabolism have been reported on the maternal lineage, where maternal flies exhibit poor metabolic homeostasis when subjected to a caloric excess (Buescher 2013). However, little is known of the paternal transgenerational effect (Ost 2013). Thus, the goal of the study is to determine whether there is a transgenerational effect of diet or exercise on metabolism and cardiovascular health of male offspring due to paternal programming. Based on experimental evidence, it was hypothesized there would be a transgenerational effect from diet and exercise due to paternal exposures. 






Methods
Animals
All experimentation was completed using the Canton-S wild type strain of Drosophila melanogaster. To reduce the confounding effects of environment from different laboratories, multiple generations of Drosophila were bred in order to create the F0 group. All experimental flies were placed in the same incubator containing constant conditions of temperature (21.5°C), 50% humidity, and a 12-hour light/dark cycle to simulate natural conditions. Male Drosophila were placed together in cohorts of 15 per vial with unlimited access to food. Vials were oriented horizontally in the incubator to prevent flies from sticking to food. Drosophila were given either control food (Cat # 66-112, Genesee Scientific, Bloomington, Indiana), 30% coconut oil, or 1M sucrose diet. 50% of Drosophila given a control diet were also supplemented with an exercise regimen. Experimental design is shown in figure 1. Cardiovascular Health was measured for the first 5 days of diet after eclosion. Triglyceride, Trehalose, and Glucose levels were measured at day 14 when flies were either sacrificed or set for breeding. 

[image: D:\Drosophila Schematic.png]Figure 1: Experimental Design. F0 males were placed on diets. 14 days after diet they were either collected for assays or placed with control virgin females for breeding. Offspring produced were then placed on all diets. 








Breeding
The F1 generation was produced through mating of F0 males of all groups and control virgin females. Groups of 5 males from each diet were placed in control diet vials with groups of 5 females for 4 days. After 4 days, males and females were removed from all mating vials and eggs were given time to develop. Upon eclosion, F1 flies from fathers on each diet group were separated into every diet group. Experiments were ran on control fathers (CF), 30% coconut oil fathers (FF), 1M sucrose fathers (SF), and exercise fathers (EF) along with their respective offspring control father offspring (CFO), 30% coconut oil fathers (FFO), 1M sucrose father offspring (SFO) and exercise father offspring (EFO). Data was compared among offspring and father groups. 
Exercise                                                                                                                      
Some Drosophila on the control diet were subjected to an exercise regimen consisting of 1 hour of exercise for 6 consecutive days, starting on the day after eclosion. They were exercised using a power tower device, which works by taking advantage of Drosophila’s negative geotaxis (fig. 2). As soon as the flies climb to the top of their vials, the power tower exerts a force allowing the flies to be shaken down, giving them the opportunity to climb again. This process was continued until time of exercise was complete. On average, Drosophila climbed ~0.5 miles a day due to the exercise machine in addition to their normal climbing habits. 
Vertical Test
Vertical test was completed every day for 14 days starting one day after eclosion, and was performed on control flies as well as exercise flies before and after exercise. Flies were transferred to empty vials plugged with cotton at the same mark. The vial was tapped down to shake all flies to the bottom of the vial. A photograph was taken after 5 seconds to capture fly distribution within the vial to measure motor activity. Height climbed was measured in centimeters. A total of three images were taken of each vial. The average score (based on the ratio of height climbed over total height) per vial was calculated from each image. The average score of the three images per each vial was used for statistical analysis. 
[image: K:\photo (2).JPG]
Figure 2: Power Tower. This power tower works using Drosophila’s negative geotaxis. The time it took for them to climb to the top of the vial was measured and the wheel was set to drop every 6 seconds for the duration of exercise. 







Sample collection/ Weight Monitoring 
Flies were collected after 14 days of diet or exercise. Empty Eppendorf tubes were weighed and 5-15 flies anesthetized with CO2 were placed in the tube and then weighed to determine the average weight of the group of flies. Weight was recorded in mg/fly. Immediately after weighing flies they were frozen in liquid nitrogen and stored in -80 °C. 
Sample preparation 
5 flies were homogenized using a Tissue Tearer hand-held homogenizer in 0.5mL of PBS 0.05% Triton Buffer. The homogenization consisted of 30 seconds pulse at 25000RPM, followed by a 5 second break, and then a repetition by 10 seconds pulses with 5 second breaks for a total period of 1 min. After homogenization, the samples were centrifuged at 4500RPM, 4 ºC for 15 minutes. The clear fraction of homogenate (supernatant) was transferred to clean Eppendorf tubes and was either immediately used for biochemical assays, or stored in -80 °C for no longer than a week before use in biochemical assays. 
Triglyceride Assay 
The Thermo Scientific Infinity Triglycerides kit (Cat # TR-22421, Fisher Scientific, Waltham, MA) was used for triglycerides assays. Each sample was prepared in duplicates and each averaged value was used for statistical analysis.100µl of diluted supernatant was then added to 900 µl of triglyceride reagent (1:10 dilution) and incubated for 10 minutes at 37 ºC in a water bath. The spectrophotometry readings were taken at 550 nm. Standards were prepared using triglyceride standard at concentrations 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL, and 0.0625 mg/mL. The linear regression was used to calculate triglyceride concentration in mg/mL, and results were calculated to reflect triglycerides concentration in µg / fly.
Glucose Assay 
Pointe Scientific Glucose Oxidase Reagent (Cat # G7521, Pointe Scientific INC, Canton, MI) set was used for glucose assays. Each sample was prepared in duplicates and averaged values were used for statistical analysis. 10µl of undiluted supernatant was added to 100 µl of glucose reagent and incubated for 5 minutes at 37 ºC on water bath. The spectrophotometry readings were taken at 500 nm. Standards were prepared using glucose at concentrations 0.5 mg/mL, 0.25 mg/mL, 0.125mg/mL, and 0.0625 mg/mL. The linear regression was used to calculate glucose concentration in mg/ml, and results were calculated to reflect glucose concentration in µg / fly.
Trehalose Assay 
Trehalase from porcine kidney from Sigma Life Sciences (Cat # 9025-52-9, Sigma, Aldrich, St. Louis, MO) and Pointe Scientific INC. Glucose Oxidase Reagent set was used for trehalose assays. Each sample was prepared in duplicates and averaged values were used for statistical analysis.100µl of supernatant was added to 100 µl of PBS 0.05% triton buffer with added trehalase (3.33 µl /mL) and incubated for 1 hour at 37 °C in a water bath. After 1 hour of incubation, 10µl of sample was added to 1000 µl of glucose reagent and was incubated for 5 minutes at 37 ºC in a water bath. The spectrophotometry readings were taken at 500 nm. Standards were prepared using glucose at concentrations 0.5 mg/mL, 0.25 mg/mL, 0.125mg/mL, and 0.0625 mg/mL. The linear regression was used to calculate trehalose concentration in mg/ml, and results were calculated to reflect trehalose concentration in µg / fly (GraphPad Prism 6, GraphPad, La Jolla, CA).
Cardiovascular Health
Drosophila melanogaster were assessed for cardiovascular health on days 2-4 of diet and/or exercise (1 hour) to measure heart rate. Exercised flies were given an hour to rest to readjust to normal homeostatic conditions before their heart tube was isolated. The procedure used to isolate the beating heart tube in Drosophila and to prepare AH followed previously established protocol (Vogler 2009). Flies were observed under (480x magnification) a dissecting microscope (SMZ800, Nikon Instruments Inc., Melville, NY) utilizing a constant amount of light. Heart preparations were performed at room temperatures ranging from 21-23 °C. Before heart preparations were performed artificial hemolymph (AH) was oxygenated for 15 minutes prior and was the oxygen bubbler was allowed to stay on for the duration of the isolations to ensure the heart tubes had a sufficient supply of oxygenation. AH solution contains 108mM Na+, 5mM K+, 2mM Ca2+, 8mM MgCl2, 1mM NaH2PO4, 4mM NaHCO3, 10mM sucrose, 5mM trehalose, 5mM HEPES at pH 7.1. The sucrose and trehalose were kept refrigerated and added to the AH prior to use to prevent bacterial contamination. Flies were placed on ice for 1 minute to induce a hypothermic shock. They were then placed wings down, on a Petri dish smeared with Vaseline in order to remain fastened. A cut was made to remove the head and legs and then oxygenated AH was placed in the dish to maintain the beating heart. The lower abdomen was then cut and cuts made diagonally along the sides of the upper abdomen were made to expose the inside of the fly. The organs and tissues were then removed to expose the heart. Once the heart tube was exposed, AH was then replaced with fresh AH and the heart tube was recorded in beats per minute for one minute.
 










Results
Vertical Test
The motility index for groups of 15 flies was calculated using the vertical test from day 2-14 on diet. Flies were given sufficient time (5 seconds) to climb up the vial. Measurements were taken from the exact distance the fly climbed using Image J software. Figure 3 compares the motility index of EF before and after exercise against CF taken as a baseline to account for the effects of aging. Motility index was measured as the ratio of length climbed over total length of the vial. 
A significant increase in before exercise motility index was found compared to after exercise and baseline control on day 2 which is indicative of endurance gained through exercise after 2 days of training. Before and after exercise on day 8 through day 14 had significantly lower motility indexes compared to baseline control, which suggest occurrence of fatigue due to prolonged exercise (fig. 3). 



[image: ]
Figure 3: 14 Day Vertical Test. The before EF group had a significantly higher motility index than baseline on day 2 (p<0.05). There was a significantly lowered motility index for before and after EF groups from day 7-14 than baseline (p<0.05) which could be due to fatigue from exercise. The bars show mean ± SEM (n=298).













Weight Monitoring
Average whole body weight was measured in cohorts of 15 flies per tube after 14 days of diet. Weight was monitored to determine effect of diet and exercise on obesity susceptibility in fly groups. EF displayed a significantly lower body weight than all F0 groups. CF was also significantly lower in weight than FF and SF (fig. 4a). This highlights the pivotal role of exercise coupled with a caloric restriction in the reduction of body weight. 
SFO exhibited decreased body weight compared to other F1 control groups (fig. 4b).
However when challenged on a 30% coconut diet, there was a pronounced effect which increased the body weight of challenged EFO making it higher than all challenged groups, and significantly higher than challenged CFO (fig. 4c). This body weight increase in challenged EFO is a sign of paternal programming occurring due to diet and exercise.












[image: ][image: ]
Figure 4a: Body weight of F0 flies. EF had a significantly lower body weight in mg/ fly than all F0 groups (p< 0.01). FF and SF had a significantly higher body weight in mg/ fly compared to CF (p<0.01). **=p<0.01, ***=p<0.001. The bars show mean ± SEM (n =98). This indicates exercise overtime has a role in decreasing bodyweight 
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Figure 4b: Body weights of F1 offspring on control diet. SFO had a significantly lower body weight in mg/ fly than all other groups (p<0.05). No other groups showed significant differences in body weight. *= p<0.05, **=p<0.01, ***=p<0.001. The bars show mean ± SEM (n=78). 
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Figure 4c: Body weights of F1 flies challenged with high fat diet. CFO had a significantly lower body weight in mg/ fly than FF (p<0.01). EFO had a significantly higher body weight in mg/ fly than CFO (p<0.05). No other groups showed significant differences in body weight. *= p<0.05. The bars show mean ± SEM (n=74). Challenged EFO exhibit the highest body weight due to diet-induced paternal programming.  


Triglyceride Assay
Whole body Triglyceride concentration was measured from groups of 5 flies after 14 days of diet. Triglycerides were measured because they are the major storage form of energy in Drosophila (Katewa 2012). There were no differences among levels of triglyceride concentration in F0 (fig. 5a). 
There were also no differences among levels of triglycerides among F1 non-challenged control flies (fig. 5b). 
Challenged EFO had a significantly pronounced increase in whole body triglyceride concentration in comparison to challenged FFO. This elevated level of triglycerides by challenged EFO could be a result of epigenetic programming due to their respective father’s diet (fig. 5c). There was a noticeable trend where challenged EFO were acquiring the most unfavorable phenotype among all challenged groups. 











[image: ]
Figure 5a: Whole body triglyceride level in F0 flies. There were no significant differences between F0 groups in triglyceride content in ug/ fly. The bars show mean ± SEM (n=59).
This showed there were no major changes in cellular lipid storage among F0 flies.
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Figure 5b: Whole body triglyceride level in F1 flies on control diet. There were no significant differences in triglyceride content in ug/ fly among CF and offspring on a control diet. The bars show mean ± SEM (n=35). This revealed lipid storage remained the same for F1 flies on a control diet. 




[image: ]                                                      
                                                                 Figure 5c: Whole body triglyceride level in F1 flies challenged with high fat diet. EFO had significantly higher triglyceride content in ug/ fly than FFO (p<0.005). There were no other significant differences among other groups. **=p<0.01. The bars show mean ± SEM (n=30). Elevated triglyceride levels in challenged EFO illustrated paternal programming due to diet. 




Glucose Assay

Glucose concentration was measured from groups of 5 flies after 14 days of diet. Glucose is one of the two major sugars in Drosophila, and its concentration can demonstrate diabetes susceptibility or insulin resistivity in flies (Dus 2011). EF had a significantly higher glucose concentration than CF and FF. SF also had a significantly lower glucose concentration than FF (fig. 6a). 
There were no considerable differences in glucose concentration among F1 flies on control diet (fig. 6b) or any differences in glucose concentration in challenged F1 offspring (fig. 6c). 
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Figure 6a: Total body glucose in F0 flies. EF had a significantly higher glucose level in ug/ fly than CF and FF (p<0.05) FF also had a significantly lower glucose level in ug/ fly than SF (p<0.05). There were no other significant differences among groups. *= p<0.05, **=p<0.01, ***=p<0.001. EF were unable to use glucose as efficiently as other groups. The bars show mean ± SEM (n=43). 
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[bookmark: OLE_LINK1]   Figure 6b: Total body glucose in F1 flies on	   control diet. There were no significant 	   	   differences in glucose concentration in ug/ fly 	   among CF and offspring on a control diet. 	  	   All F1 groups on control diet utilized glucose 	   equally efficiently. The bars show mean ± 	 	   SEM (n=50). 






[image: ]

Figure 6c: Total body glucose in F1 flies challenged with high fat diet. There were no significant differences in glucose concentration in ug/ fly among FF and offspring on a fat diet. However not significant, challenged EFO were least efficient in using their glucose. The bars show mean ± SEM (n=19).





Trehalose Assay
Trehalose level was measured from groups of 5 flies per tube after 14 days of diet. Trehalose is the other sugar component, which largely makes up total sugar concentration in Drosophila (Dus 2011). SF had significantly higher trehalose content than FF and EF. CF also had significantly higher trehalose content than FF (fig. 7a). The significantly reduced level of trehalose in EF compared to control suggests exercise protects against insulin resistance and allows efficient trehalose storage. 
There was no significant difference in trehalose concentration between CF and offspring on a control diet (fig. 7b). 
	An increased level of trehalose was found in challenged EFO, which was significantly higher than FF and challenged FFO (fig. 7c). Decreased levels of trehalose in challenged FFO signify the paternal programming occurring providing a protective effect in trehalose efficiency in offspring. This pattern has remained constant through all assays. 



















[image: ]

   Figure 7a: Level of trehalose in F0 flies. SF 	   had significantly higher trehalose content in 	   ug/ fly than EF and FF (p<0.05). CF had		   significantly higher trehalose content than FF	   (p<0.005). There were no other significant 	   differences among groups. **=p<0.01, 	  	   ***=p<0.001. Decreased trehalose levels in	   EF signify their ability to use trehalose more 	   efficiently than other F0 groups. The bars show 	   mean ± SEM (n=29).



[image: ]
						     Figure 7b: Level of trehalose in F1 flies on control diet. There were no significant 	     differences in trehalose concentration in ug/ fly among CF and offspring on a control diet. Trehalose was used equally efficiently in all F1 flies on control diet. The bars show mean ± SEM (n=23).
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Figure 7c: Level of trehalose in F1 flies challenged with high fat diet. EFO had significantly higher trehalose content in ug/ fly than FF and FFO (p<0.05). There were no other significant differences among groups. *= p<0.05. The bars show mean ± SEM (n=24).





Cardiovascular Health
Cardiovascular health was measured for individual flies on day 2-4 on diet after eclosion. Upon completion of 4 days of diet, SF and EF were found to have significantly higher heart rate than FF (fig. 8a).  
There were no significant differences in heart rate among F1 control flies from day 2-4 (fig. 8b). 
On day 2 and 3, exercise challenged EFO displayed a significantly higher heart rate than exercise challenged CFO. Exercise challenged FFO also had a significantly higher heart rate than exercise challenged CFO and exercise challenged EFO on day 4 (fig. 8c). 
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Figure 8a: Heart Rate in F0 flies. SF and EF had significantly higher heart rate in beats/ min than FF on day 4 after eclosion (p<0.05). There were no other significant differences among groups. *= p<0.05. Low heart rate in FF indicates the negative effect of high-fat diet on the group. The bars show mean ± SEM (n=108). 
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[bookmark: OLE_LINK2]Figure 8b: Heart rate in F1 flies on control diet. There were no significant differences in heart rate in beats/ min on days 2-4 between CF and offspring on control diet. The bars show mean ± SEM (n=56)
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Figure 8c: Heart rate in F1 after exercise challenge. EFO had a significantly higher heart rate in beats/ min than CFO on day 2 and 3. FFO had a significantly higher heart rate in beats/ min than CFO and EFO on day 4. Challenged FFO were tachycardic and predisposed to cardiomyopathies than EFO or CFO. There were no other significant differences. *= p<0.05. The bars show mean ± SEM (n=69).






Discussion
Conclusions
The main purpose of the study was to deepen the understanding of transgenerational effects of diet and exercise on metabolic phenotype and cardiovascular health in Drosophila melanogaster. Particularly this project sought to look at the differences through programming of the paternal lineage. It has been shown increased sucrose in a 2-day diet can program offspring adiposity via the paternal lineage (Ost 2013). Therefore, maintaining proper diet and exercise are necessary for the organism to achieve optimum metabolic functioning and prevent cardiovascular disease (Mobasseri 2015). There was a significantly lower motility index in the before and after exercise group in comparison to the baseline control group when looking at the results of the 14 day vertical test. Excessive exercise can reduce fitness and leave the body susceptible to disease (Lakier 2003). 
Results for whole body weight analysis showed significantly decreased weight for EF compared to all other F0 groups. Exercise is shown to increase levels of gas exchange and increase lipid storage efficiency in organisms such as mice, which thereby reduce whole body weight (Marinho 2012). Individuals with consistently higher levels of activity can also induce and sustain weight loss over time (Maruthur 2014). Western-like fat diet fed to male and female mice has been shown to cause enhanced fat mass over time in 4 successive generations given a regular diet emulating the effect of increasing prevalence of obesity in humans (Massiera 2010). EFO given a high fat challenge exhibited a significantly higher weight than CFO on a high-fat challenge which could signify a disadvantage being placed on the EFO on a challenge because they are not predisposed to a high-fat diet. Since the FF were exposed to high levels of resources their offspring’s metabolism was prepared to for the consumption of larger fat quantity of resources. However, EF were exposed to lower fat quantity of diet, and exercise which caused them to be metabolically efficient, so when offspring of EF were challenged their metabolism was unprepared for the overload in resources coupled with the lack of activity thus giving them an increased body weight. This same trend is exhibited with the level of triglycerides, glucose and trehalose. EFO on a challenged diet had significantly higher levels of triglycerides than FFO on a challenged diet. Although there is no significant difference in glucose concentration between EFO and FFO on a challenged diet, EFO still has higher levels of glucose than FFO. Challenged EFO had significantly higher trehalose levels than challenged FFO. There is possibly some paternal programming occurring causing the offspring to be more susceptible to metabolic changes due to early environmental diet. Paternal programming has also been shown with flies challenged for 2 days of diet. One such study shows in later development high sucrose challenged males produced offspring having significantly elevated induced responses in triglyceride levels relative to those offspring produced from males fed a sucrose diet (Ost 2014). Transgenerational effects have been shown in other organisms such as mice. Offspring of males fed a low protein diet developed elevated expression of genes involved in regulation of lipid and cholesterol synthesis relative to offspring of males fed a control diet (Carone 2010). Another study investigated the effect of high-fat diet (HFD) and control diet (CD) on offspring placed on CD. Males from HFD fathers developed insulin resistance and impaired glucose homeostasis, which suggests the importance of paternal influence (Fullston 2013). HFD fed rats were also shown to produce female offspring with early impaired insulin secretion and glucose tolerance which worsened over time compared to female offspring from CD rats (Ng 2010). HFD compared to CD was shown to reduce reproductive fitness of offspring due to diminished gametic function transmitted through the paternal lineage (Fullston 2012). 
EF and SF had significantly higher heart rates than FF on day 4. High sucrose diet in Drosophila has been shown to elevate heart rate and result in structural defects (Na 2013). This leads to arrhythmic dysfunction and cardiac fibrosis which are cardiac complications commonly emerging from diabetic patients (Na 2013). EFO with an exercise regimen exhibited a significantly higher heart rate than CFO with an exercise regimen on day 2 and 3. FFO on an exercise regimen also had a significantly higher heart rate than CFO and EFO on an exercise regimen on day 4. In this case, exercise is the challenge instead of the diet, which is causing FFO to remain tachycardic with a higher resting heart rate. Overall, these biochemical assays and cardiovascular health data suggest there is a paternal programming occurring. This is causing diet-challenged FFO to be more advantageous than diet-challenged EFO because of the comparatively poorer diet FFO’s father received compared to EFO. Also, it allows for exercise-challenged EFO to be more energy efficient than exercise-challenged FFO allowing for a lower resting heart rate in EFO. Evolutionarily, this was known as the thrifty phenotype hypothesis. This theory suggests early environment plays an important role in the progression of metabolic diseases and cardiovascular diseases later in life (Hales 2001). Historically, hunter-gather populations with seasons of famine would pass down thrifty genes enabling offspring to store fats for longer periods of time. However, in modern populations when famine does not and individuals are exposed early to obesogenic environments they develop obesity, diabetes type 2, and cardiovascular disease (Genne-Bacon 2014). In our population of flies there is no famine, however they eat ad libitum coupled with exercise which predisposes offspring to metabolic problems in high-fat dietary conditions. It was also found in populations where consumption of resources was high, offspring developed some resistance to diet-induced obesity (Prentice 2008). However, changes in interactions between the paternal metabolic phenotype, and the environment can alter the interactions occurring between offspring and their environment, affirming the correlation between environmental change due to diet and exercise. In order to prime the offspring for optimum lifestyle, it would be necessary to determine in what environment the offspring would thrive. Knowing this information through testing of the fetus during the last three months of pregnancy would give insight into how the metabolism of the child would develop in the later stages of life (Barteson 2001). Essentially these combined findings imply with altered nutrient uptake and variation in activity level, epigenetic modification can occur for at least one generation through the paternal lineage. The offspring at risk need calorie restricted early diet and sustained exercise to maintain proper health. 
Study Limitations
There were study limitations present in the investigation. These limitations primarily occurred with the cardiovascular health aspect of the study. Many offspring groups were not analyzed for heart rate, which left a large part of the study unclear. In order to understand the full effects of diet and exercise on heart rate, analysis of all offspring groups would have been necessary. 
Heart rate is a decent indicator of heart health; however, it is not the best indicator of cardiovascular disease health (Kurths 1995). The cardiovascular part of this study focused solely at the heart rate comparison among F0 and F1 male Drosophila. Furthermore, recent studies have shown visualization of the beating heart in vivo and while the Drosophila is alive using real-time optical coherence tomography is possible (Chroma 2006). However our study did not use these sophisticated forms of equipment to look at m-mode, which is considered a more appropriate measure of heart analysis comparing vibrations of the aorta and heart tube (Ocorr 2007). By looking solely at the heart rate we were unable to measure true arrhythmic nature of the heart due to diet or exercise and were unable to measure heart defects accurately.
Future Studies
Due to the study limitations, the next step would to fill in the missing offspring groups to first determine how the cardiovascular data would play a role in larger picture of paternal transgenerational effects due to diet and exercise. The next step would be beginning analyzing arrhythmic dysfunction due to improper diet and sedentary lifestyle. This would clear up any ambiguous results with cardiovascular health data. Another vital step to take would be identifying the genes being up regulated or down regulated in Drosophila melanogaster because of diet or exercise and then pinpoint the mechanisms involved in the regulation. With a better understanding of the mechanisms, and pathways involved in the regulation of key metabolic and cardiac genes, it will become easier to determine how to adjust lifestyles for future generations. Therapeutic approaches can be studied to then offer alternatives to individuals prone to obesity, and cardiovascular diseases to ensure these diseases are reduced in the population. 
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