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ABSTRACT OF THE THESIS 
 

Screening for Mediators of Cardiac Function and Systemic Metabolism 
to Increase Longevity and Healthspan 

 
by 
 

Peter Min 
 

Master of Science in Bioengineering 
  

University of California, San Diego, 2017 
 

Professor Adam Engler, Chair 
 

 With age, cardiomyocytes’ regenerative capacity is highly 

compromised, and among many other maladaptive phenotypes such as 

hypertrophy, the total number of cardiomyocytes begins to diminish. To 

compensate for the heavier load and mechanical demand placed on the 

remaining cardiomyocytes, vinculin has been shown to be upregulated with 

age in the heart across organisms. In Drosophila Melanogaster, vinculin 

localizes at the intercalated discs (ICD) and costameres to help sustain the 

sarcomere lattice structure and generate a higher force production. In Aim 1, 

we tried to confer a similar improvement in cardiac function through 

therapeutic intervention. We screened several drugs that have been selected 

from Ingenuity Pathway Analysis (IPA), such as forskolin, a potent adenylyl 
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cyclase activator, and drugs that target the nitric oxide(NO)-cGMP pathway. 

Screening methods included both in vitro screening in S2R+ cells and in vivo 

treatment in wild-type flies. We have found that neither administrating forskolin 

nor targeting the NO pathway increases vinculin expression or localization in 

flies.  

Next, we wanted to investigate the relationship between cardiac 

contractility and systemic metabolism. In Aim 2, we validated that we can trace 

the metabolism of 13C-labeled glucose in the whole-fly. This allows for the 

investigation of differences in the glucose metabolism between the two genetic 

lines (vinculin-overexpressing line and the control line) across different ages. 

In Aim 3, we observed that impairing cellular respiration alone via treatment 

with a mitochondrial inhibitor is sufficient to bring about drastic cytoskeletal 

changes in S2R+ cells and, subsequently, mechanical function in dissected fly 

hearts.  
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CHAPTER 1: INTRODUCTION 

Structural & metabolic changes of the heart associated with age 

Heart disease is the leading cause of death world wide [1], and one 

unavoidable risk factor is aging. The heart undergoes many physiological 

changes as we age, both structurally and metabolically. Due to the decline in 

the regenerative capacity, the number of cardiomyocytes (CMs) is greatly 

diminished with age, and the remaining myocytes undergo hypertrophy due to 

the heavier load and demand placed on them. On top of enlargening of the 

heart, the heart also begins to accumulate collagen and other ECM proteins, 

leading to increased ventricular stiffness and impaired diastolic function, 

termed fibrotic remodeling [2].  

However, despite the maladaptive changes in response to chronic 

exposure to stress over time, the heart does seem to have a structural 

compensatory mechanism set in place to offset the decline in cardiac 

contractility. Proteomic analysis has shown that a membrane-cytoskeletal 

protein, vinculin, is overexpressed with age in both mammals and 

invertebrates, and that vinculin reinforcement in the intercalated discs and 

costameres in aging organisms helps sustain the sarcomere lattice structure 

and generate a higher force production [3]. In drosophila melanogaster, 

genetically overexpressing vinculin led to not only an improvement in cardiac 

function, but also an increase in the overall lifespan by 150% [3]. This warrants 

a follow-up study, which is partially investigated in Aim 1, on whether we can 
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pharmacologically target this conserved molecular mechanism to improve 

cardiac function and longevity. 

 While the heart undergoes many cytoskeletal changes with age, it also 

faces compromised bioenergetics with the decline in mitochondrial function. 

Aging is very closely associated with disruption of mitochondrial homeostasis 

and compromised efficiency of cellular respiration [4]. It is likely that these 

age-dependent changes, both the metabolic efficiency and cytoskeletal 

remodeling-mediated changes in cardiac function, are closely related. In 

humans, the heart alone is responsible for ~10% of the whole body fuel 

consumption, and the myocardial storage of ATP only contains enough fuel for 

about 10 contractions [5]. Since the heart is in constant demand for external 

source of energy with very limited internal storage, it needs to be highly 

adaptive to any change in its source of energy affected by systemic 

metabolism, which may have significant effects on cardiac function and 

cardiac bioenergetics. To this end, our bodies seem to have mechanisms, i.e. 

transcriptional regulation, to adapt to deficiencies in either the metabolism or 

cardiac function, which we do not yet fully understand. For example, regulation 

of MED13, a cardiac microRNA, in cardiomyocytes alone seems to alter 

systemic metabolism to affect susceptibility to obesity, sensitivity to insulin and 

glucose tolerance [6]. Conversely, many studies have found that altering the 

systemic metabolism, i.e. via caloric restriction, has been shown to have 

significant impact on the aging cardiovascular system [7]. 
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The goal of Aim 3 was to explore how altering cellular respiration via 

intervention with metabolic drugs would impact cardiac contractility and 

function. Conversely, we wanted to explore how changes in the heart’s 

mechanical function may alter systemic metabolism that is conducive to a 

healthier phenotype. The goal of Aim 2 was to observe how having an 

improved cardiac function, via the overexpression of vinculin in the heart, can 

alter the systemic metabolism. 

 While gaining knowledge over the relationship between metabolism and 

cytoskeletal remodeling-mediated improvement in cardiac function would be 

scientifically valuable, the translational impact would be in exploring whether 

we could utilize the synergy between the two separate pathways to confer 

health benefits.  

 

Drosophila Melanogaster as a model organism 

Drosophila Melanogaster serves as a great model for assessing cardiac 

function and is very useful as a drug-screening platform. While their cardiac 

physiology is quite different from mammalian hearts, in that they have a one 

large tubular structure as opposed to a subdivided atria and ventricles, 82% of 

mammalian proteins involved in cardiac disease are conserved across species 

[8]. Their heartbeat, which is 60-180bpm, is also close to that of humans. 

Since they age very rapidly, with wild-type lifespans ranging between 5-

7weeks on average, they are ideal for studying cardiac diseases related to 

aging. Fruit flies have also been gaining attention as a medium-throughput 
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drug-screening platform for collecting pre-clinical in vivo data. In a traditional 

drug discovery workflow, a lot of money and effort are spent on getting animal 

data after preliminary in vitro data. However, the gap in the information you get 

from in vitro and in vivo animal data is not insignificant. There are severe 

limitations in the type of information you can get in cells on TC plates, even if 

one were to use a co-culture system with two or more cell lines. Not only 

would the metabolism and interaction between different organs at a system 

level play a huge role in the drug’s efficacy and impact in healthspan, toxicity 

alone, as the drug circulates and breaks down in the bloodstream, is 

something that is difficult to estimate solely from in vitro data. Thus, drosophila 

melanogaster serves as a promising pre-animal model for studying cardiac 

disease. 

 

Drosophila cell lines 

In traditional drug screening workflow, drugs are usually screened and 

validated in vitro in mammalian cell lines, prior to moving onto animal studies. 

While there are many aforementioned advantages in using drosophila 

melanogaster as a screening platform for getting in situ and in vivo data, the 

drug’s mechanism still have to be studied and validated in vitro. Despite the 

significant homology across drosophila and humans, the lack of certain 

enzymes of binding sites for drugs present in the organism may lead to 

changes in results. As such, having the goal of screening in drosophila in 

mind, we wanted to screen the drugs in drosophila cell lines as opposed to 
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mammalian cells. Of the many established drosophila cell lines available, the 

most commonly studied and characterized to date are the S2 cells, which are 

macrophage-like cells derived from late stage (20-24hours old) drosophila 

embryos. As a well-established and robust line, S2 cells seems suited for 

screening, but it does not express very much vinculin or other focal adhesion 

proteins as a semi-adherent cell line. Publicly available RNA-seq data from 

Flybase [9] identified S2R+, a subclone of S2 cells, as having the highest 

expression of vinculin among all the different drosophila cell lines (Figure 1).  

 

 

Figure 1. Vinculin expression level in different drosophila cell lines, obtained from 
flybase database [9]. 
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CHAPTER 2: MATERIALS AND METHODS 

Cell culture 

S2-DRSC and S2R+ were obtained from the Drosophila Genomics 

Resource Center (DGRC). Both lines were cultured in Schneider’s Medium 

(Thermo Scientific), 10% heat-inactivated fetal bovine serum (FBS), and 

100units/ml penicillin and 100µg/ml streptomycin. Media was changed once 

every 2-3 days, and the cells were grown in a 28°C incubator with no CO2. 

C2C12s were cultured at 37°C in DMEM (#11965-Thermo Scientific) 

containing 20% FBS and 1% antibiotic-antimycotic (Thermo Scientific), and 

the media was changed every 2-3days. Peripheral blood mononuclear cells 

were reprogrammed and differentiated into iPSCs and cardiomyocytes by 

Aditya Kumar. 

 

Drosophila Lines, Husbandry, and Culture Conditions 

The fly strains were obtained from the Bloomington Drosophila Stock 

Center at Indiana University. Cardiac-specific perturbation of gene expression 

was achieved via the Gal4-UAS system with the UAS-Vinculin (#21870) line, 

as described previously [3]. Briefly, UAS-transgenic males were crossed with 

virgin female tinHE-Gal4 flies using the GAL4-UAS system as previously 

described [12, 13]. Female progeny of tinHE-Gal4 and w1118 served as 

control. Transgenic flies were raised on standard agar-containing food at 

25°C. Food was changed every 3 days. 
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Drosophila Microsurgeries 

Preparation of the Drosophila heart for ventral imaging was performed 

as previously described [14], and this did not affect heart function as 

previously shown [3]. Adult female flies were briefly exposed to 5psi CO2 (< 1 

min), anesthetized with Fly Nap (Carolina Biological) for 5 minutes, and 

secured dorsal side down onto a 35 mm petri dish. The beating heart was 

exposed by incisions to remove the head, thorax, and the ventral abdominal 

cuticle. Flies were then submerged in an artificial oxygenated hemolymph at 

25°C. All internal organs and debris above the beating heart were all carefully 

aspirated away with a micropipette so as to not perturb the heart. Although the 

beating heart can be sustained for hours with oxygenated hemolymph, all 

experiments were performed within 1 hour of microsurgery.  

 

Pharmacology 

For administration of the drugs on the flies, all of the chemical 

compounds were dissolved in DMSO and diH2O, yielding a final concentration 

of 0.2% DMSO. The drug containing solution was then dissolved in Formula 4-

24 Instant Drosophila Medium (Carolina Biological Supply). The flies were 

transferred to vials of drug-containing media soon after eclosion at <30 flies 

per vial. The food was changed every 2-3 days with fresh medium containing 

the drug. The following drugs were used: NKH 477 (Cayman Chemical, USA), 

Bay41-2272 (Cayman Chemical, USA), Forskolin (CAS 66575-29-9; 
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Calbiochem), and S-Nitroso-N-acetyl-DL-penicillamine (CAS 79032-48-7; 

Santa Cruz Biotechnology). 

 

cAMP Assay 

cAMP-GloTM Assay kit was purchased from Promega. The protocol from the 

technical manual was slightly modified for the whole fly assay. The reagents 

were prepared as directed. The flies were first snap-frozen in liquid nitrogen 

and transferred to tubes containing resin and 75µl lysis buffer. The flies were 

then homogenized using the molecular grinding resin (G-Biosciences) and 

spun down at max speed at 4°C for 15min. The supernatant was transferred to 

a new set of tubes, and the protein concentration was measured using the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). The samples were 

then heated at 70°C for 8 minutes and incubated on ice for 5min. They were 

then centrifuged at max speed for 10min in 4°C. 20µl of the samples and pre-

determined cAMP standards were loaded onto 96-well plates, and the 

induction buffer was added to each well. The plate was placed on a shaker in 

room temperature for 15minutes, followed by the addition of the detection 

reagent containing PKA for a 20-minute incubation. The Kinase-Glo reagent 

was added and incubated for 10 minutes. The plate was then read using 

EnVision Multilabel Reader (Perkin Elmer) for quantification. 
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Western blot analysis 

Cells were lysed using mRIPA buffer containing Roche Complete 

Protease Inhibitor and PhosSTOP (Sigma). The protein concentrations of the 

samples were determined using a Pierce BCA Protein Assay kit (Thermo 

Scientific), according to the manufacturer's instructions. Approximately ~2µg of 

protein from each sample were separated by electrophoresis under reducing 

and denaturing conditions, transferred onto a nitrocellulose membrane, and 

immunoblotted using antibodies for vinculin (1:500; sc-7649; Santa Cruz 

Biotechnology) and α-tubulin (1:7500; ab18251; Abcam). The secondary 

antibodies for the Alexa series (Thermo) were used at 1:5000 or 1:7500 

dilutions. Blots were imaged using the Li-Cor Odyssey CLx imaging system 

(Li-Cor) and the integrated densities of bands were analyzed using the Li-Cor 

Image Studio Lite software. 

 

Gene expression analysis 

 For whole-fly tissue collection, flies were exposed to 5-10 psi CO2 and 

snap-frozen in liquid nitrogen. The flies were homogenized using the 

Molecular Grinding ResinTM (G Biosciences) while in the lysis buffer, and the 

tubes were spun down. The homogenized solution was then collected for RNA 

purification. Cell samples omitted this step, and simply followed 

manufacturer’s instructions. 

Once tissue samples or cells were lysed, RNA was extracted using 

Zymo Research Quick-RNA Microprep Kit. RNA concentration and purity was 
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quantified via spectrophotometry. After normalizing to total quantities of RNA 

per sample, reverse transcriptase to synthesize first strand cDNA was 

performed. For quantitative PCR, each reaction was run with 1 µl template 

cDNA, 2.5 µl forward primer, 2.5 µl reverse primer, 6.5 µl DEPC water, and 

12.5 µl SYBR-green intercalating dye for a final reaction volume of 25 µl. Data 

were analyzed by calculating quantities of RNA based on a standard curve 

generated from a fibronectin plasmid. The primers used are listed in Table 1 

(Appendix). 

 

Immunofluorescent labeling of the fly heart 

Drosophila microsurgeries and the fluorescent labeling were performed based 

on protocols previously described [3]. Briefly, ventrally-exposed beating hearts 

were relaxed with 10 mM EGTA, then fixed with 3.7% paraformaldehyde in 

hemolymph, and then permeabalized in 0.1% Triton X in PBS (PBST). 

Samples were blocked with 1% Seablock (Thermo) in PBST before being 

incubated in primary antibody overnight at 4 °C. Samples were then washed 

and submersed in secondary antibodies in PBST for 60 min, washed with 

PBST and then PBS before mounting dorsal side down on 25 mm coverslips 

with Fluoromount-G (Southern Biotech). Fluorescence microscopy was 

performed on a Zeiss LSM 710 laser scanning confocal microscope at either 

20 or 40 × magnification. The pixel intensity profile was measured in ImageJ 

within a region of interest (ROI) selected near the intercalated disc, and the 

intensity values were normalized to average mean pixel intensity from an 
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arbitrary region in the heart tube. The following antibodies were used: mouse 

anti–βPS integrin (1:10; CF.6G11; Developmental Studies Hybridoma Bank), 

goat anti-vinculin (1:250; sc-7649; Santa Cruz Biotechnology), and Rhodamine 

Phalloidin (1:1000; Invitrogen). Fluorescently labeled secondary antibodies of 

the Alexa series (Thermo) were used at 1:1000 dilution. 

 

Immunofluorescent labeling of the cells 

Cells were seeded on glass coverslips, with no other addition of ECM proteins, 

while. The cells were then allowed to adhere and stabilize overnight prior to 

any drug treatments. After treatment, the cells were fixed in 4% formaldehyde 

in PBS for 20min. The cells were permeabilized with 0.1% Triton X-100 

containing PBS for 3minutes, washed twice in PBS containing 0.05% Tween 

20, and blocked for 30minutes in PBS containing 1% BSA at room 

temperature. The cells were stained overnight in 4°C, and washed with PBS 

containing 0.05% Tween 20 three times and incubated with secondary 

antibody for 45min in room temperature. The samples were washed twice with 

diH2O, and stained with 4',6-Diamidino-2-Phenylindole (DAPI; 1:5000; D1306; 

Thermo) for 2 minutes at room temperature. After several washes, the cells 

were mounted on 10mm coverslips with Fluoromount-G (Southern Biotech). 

Images were taken on a Zeiss LSM 710 laser scanning confocal microscope 

at 60x magnification. 

 Primary antibodies used were the following: mouse anti–βPS integrin 

(1:10; CF.6G11; Developmental Studies Hybridoma Bank), goat anti-vinculin 
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(1:250; sc-7649; Santa Cruz Biotechnology), anti-α-actinin (1:250; A7811; 

Sigma). Fluorescently labeled secondary antibodies of the Alexa series 

(Thermo) were used at 1:1000 dilution. 

 

[U-13C] Glucose Tracing in whole flies with GC/MS 

 Cotton balls were placed into empty plastic vials, and 5 flies were 

placed into each vial for a 12-hour starvation overnight. Then, a small aliquot 

(~45µl) of 30mM [U-13C] glucose dissolved in diH2O was placed onto the side 

of the vials, which allowed flies to consume immediately. At each time-point, 

the flies were quickly exposed to 5psi CO2, flies placed into individual tubes at 

5 flies per tube, and weighed so that samples can later be normalized to their 

weight. The tubes were placed into liquid nitrogen to snap-freeze the flies, and 

stored in -80°C until metabolite extraction was performed. 

Metabolites were extracted as described previously [15]. Briefly, 250µl 

of methanol (or volume normalized by weight of sample) and 4 metal balls per 

tube were added, and the tubes were put into the Retch Mill and milled for 2 

minutes with 25 shakes/sec. 100µl or normalized volume of diH2O containing 

Novaline standard was added to each tube. Tubes were placed back into 

Retch Mill for an additional 2 minutes with 25 shakes/sec. -20°C chloroform 

was added to each tube at equal volume as methanol, and the tubes were 

shaken for 10 minutes at 4o C with 2000 rpm on an Eppendorf Thermomixer. 

Tubes were centrifuged at 20,000 g at 4o C for 5 min. Upper polar phase of 

mixture was collected and evaporated under vacuum at -4o C. 
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Metabolite derivatization was performed using a Gerstel MPS. 

Metabolites extracted from hearts were derivatized using MTBSTFA, 

metabolites from whole flies using TMS. Dried polar metabolites were 

dissolved in 15 µl of 2% (w/v) methoxyamine hydrochloride (Thermo Scientific) 

in pyridine and incubated for 60 min at 45 °C. An equal volume of 2,2,2-

trifluoro-N-methyl-N-trimethylsilyl-acetamide (MSTFA) or N-

tertbutyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) with 1% tert-

butyldimethylchlorosilane (TBDMS) (Regis Technologies) was added and 

incubated further for 30 min at 45 °C. Derivatized samples were analyzed by 

GC-MS using a DB-35MS column (30 m x 0.25 mm i.d. x 0.25 µm, Agilent 

J&W Scientific) installed in an Agilent 7890A gas chromatograph (GC) 

interfaced with an Agilent 5977 mass spectrometer (MS). For MTBSTFA 

derivatized samples, the GC oven was held at 100°C for 1 min, increased to 

255°C at 3.5°C min-1, increased to 320°C at 15°C min-1 and held at 320°C for 

3 min. For TMS measurements, the GC oven was held at 80°C for 6 min, 

increased to 300 °C at 6°C min-1, increased to 325 °C at 10°C min-1, and held 

at 325 °C for 4 min. Metabolite levels and mass isotopomer distributions were 

determined by integrating metabolite ion fragments and corrected for natural 

abundance using targeted in-house library and in-house algorithms. 
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Statistical analysis 

All values are expressed as mean ± standard deviation. Statistical differences 

between two groups were tested with two-tailed Student’s t-test. Statistical 

differences between more than two groups were analyzed with one-way 

ANOVA followed by post hoc Tukey’s multiple comparison test. Statistical 

analyses were performed using Graphpad Prism software, with the threshold 

for significance level assigned at p<0.05.  All qpcr experiments represent 

biological triplicates with 3 technical replicates, while all other Drosophila 

experiments were performed with biological replicates of 10-30 flies unless 

otherwise indicated. 
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CHAPTER 3: ANALYSIS & RESULTS 

Aim 1: Screening for upstream regulators of vinculin  

Regulators of vinculin were identified in Ingenuity Pathway Analysis (IPA) 

Potential upstream regulators of vinculin were previously identified 

using IPA (Figure 2) [3]. Of these, several drug candidates were selected and 

their inter-relationships were further identified in IPA (Figure 3). The scientific 

journals that were used by the database to construct the individual networks 

were identified and explored in detail to determine whether drugs had an 

activating or an inhibitory effect on vinculin expression. The list was narrowed 

down to three drugs (forskolin, NO donors, and calcitriol) that were associated 

with having cardioprotective benefits and having minimal side effects when 

administered to humans. Of these, calcitriol had to be removed, because 

Vitamin D Receptor (VDR), which is necessary for calcitriol to bind to, is 

absent in drosophila melanogaster while they are present in humans. Due to 

forskolin being highly insoluble, a more soluble analog, NKH477, was also 

used.  
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Figure 2. Ingenuity Pathway Analysis of vinculin’s upstream regulators [3]. Of the 
interconnected pathways (grey & blue), relationship between vinculin and its regulators are 
highlighted in blue. The dotted lines indicate an indirect relationship, while solid lines indicate 
a direct relationship. 
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Figure 3. Network of vinculin regulating drugs and molecules generated from IPA. The 
pink networks and nodes do not imply any particular significance. 
 

One of the regulators identified in IPA was nitric oxide (NO), which is a 

gas that is used as a signaling molecule for numerous pathways. As a potent 

vasodilator and a regulator of numerous pathways in cardiovascular and 

nervous systems, NO has been a target for various therapeutic approaches. 

As a very unstable gas wanting to go into oxidation, there have been many 

creative efforts to target the NO pathway (Figure 4) [10]. One approach is to 

stabilize the radical through bonds with a NO-carrier, i.e. thiol group, which 

would spontaneously release NO through a complex process [11]. Another 

approach has been to increase the activity of soluble guanylate cyclase (sGC) 

such as Bay41-2272. In our study, I have tested both S-nitroso-N-acetyl-

penicillamine (SNAP) and Bay41-2272.  
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Figure 4. Schematic showing the NO-sGC-cGMP signaling pathway and different 
interventions that can augment (+) or attenuate (-) the pathway [10]. 
 

The activation of adenylyl cyclase by forskolin is diminished back to basal level 

in w1118 flies after reaching steady state by 16hours. 

Forskolin is a potent adenylyl cyclase activator that leads to increased 

intracellular levels of cAMP. I first needed to confirm whether the highly 

insoluble forskolin could be properly dissolved in the food at a high 

concentration (100µM) and also whether the increased activity of adenylyl 

cyclase via forskolin treatment can be prolonged after several hours, once it 

supposedly reaches a steady state. To validate this, cAMP GloTM assay was 

performed to quantify the total amount of cAMP present in the fly. 1-week old 

w1118 flies were split into three groups: 1) starved for 16 hours and fed DMSO 

for 2 hours, 2) starved for 16 hours and fed forskolin for 2 hours, or 3) fed 

forskolin for 16 hours in liquid form (Figure 5). Relative to DMSO fed controls 
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(group 1), the 2-hr forskolin fed flies (group 2) had more total cAMP, although 

not to statistically significant levels, largely in part due to the variability of the 

assay and lack of sample size. However, the flies that were fed forskolin for 16 

hours had a cAMP level that was back to basal level, equivalent to that of the 

DMSO control (Figure 6). The difference in cAMP level between the acute 

(2hr) and steady state (16hr) of forskolin fed flies were statistically significant 

(p<0.05). Thus, the results seem to indicate that while short-term 

administration of forskolin may increase the cAMP levels, prolonged oral 

administration of forskolin in drosophila may not be unable to sustain the 

effects of increased cAMP level.  

 

Figure 5. Experimental design for cAMP assay on w1118 flies. 
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Figure 6. Acute and steady state cAMP levels on NKH477 fed flies. DMSO, 100µM 
NKH477 fed in food for 2hours(acute), and 100µM NKH477 fed in water for 16hours (steady 
state). The cAMP level briefly rose up after short-term administration of forskolin, but goes 
back down to a basal level in steady state. n=6. *p<0.05 

 

Neither forskolin nor its water soluble derivative NKH477 lead to an 

upregulation of vinculin or localization of vinculin at the intercalated disc in the 

heart tubes of w1118 flies 

The w1118 wild type flies were fed forskolin (100µM) dissolved in 

drosophila medium for 7 days or longer (1, 2 and 3 weeks). The vinculin 

mRNA expression in the whole fly decreased by about 0.6-fold after 1 week of 

administering forskolin relative to DMSO control, but the changes remained 

insignificant at 2 and 3 weeks (Figure 7).  
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Figure 7. Fold-change in vinculin mRNA expression (log scale) on w1118 flies that were 
fed medium containing forskolin for 1, 2, and 3 weeks. At week 1, about 0.6-fold decrease 
in mRNA expression of vinculin is observed relative to the control in both 50µM and 100µM 
forskolin treatments. No significant change between any groups after 2 and 3 weeks. n=3. 

In case forskolin’s poor solubility prevented a proper integration into the 

food, w1118 flies were fed NKH477 containing medium for 4 weeks prior to 

immunostaining of their hearts. Despite the poor quality of vinculin antibody, 

there was some localization of vinculin at intercalated discs (ICD) and 

costameres, which can be identified by the distinct lines formed by clusters of 

βPS integrin, in the DMSO control. However, localization of vinculin at the ICD 

or costameres could not be observed in the staining of NKH477 fed flies 

(Figure 8). While poor staining could have likely contributed to absolutely no 

localization being observed, any significant increase of localization relative to 

the control should have been detected. Thus, it is likely that NKH477 treatment 

either had no effect or possibly decreased localization of vinculin. 
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Figure 8. Immunostained hearts of w1118 flies that were fed medium containing 0.2% 
DMSO (top) or 100µM NKH (bottom) for 4 weeks. White arrowheads indicate intercalated 
disc (filled) and costameres (open) as shown by the localization of β1-integrin in those areas. 
The two plots show the normalized intensity profile of β1-integrin and vinculin near the 
intercalated disc. DMSO control has some localization of vinculin at the ICD as well as the 
costameres, but the NKH fed w1118 does not show any localization at the ICD. 

 

Neither the administration of Nitric Oxide donor, S-Nitroso-N-

acetylpenicillamine (SNAP), nor the activation of soluble guanylyl cyclase 

(sGC) led to an increased expression of vinculin in S2R+ cells or C2C12s 

To investigate whether increasing NO through administration of a nitric 

oxide donor can increase vinculin expression, S2R+ cells were treated with 

SNAP (100µM) for 24 hours. The 24hr treatment of freshly prepared SNAP did 

not change the total amount vinculin protein present in S2R+ cells (Figure 9). 
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Figure 9. Western blot quantification of vinculin protein in SNAP and Forskolin treated 
S2R+ cells. Left: Western blot showing vinculin (red) and α-tubulin (green) bands of S2R+ 
cells.  Right: Quantified intensity of vinculin band normalized to α-tubulin. There was no 
significance between any of the groups. n=3. 

 Since NO donors are highly unstable in aqueous environment, I also 

treated S2R+ cells with Bay41-2272, which is a much more stable compound 

that targets the NO-sGC-cGMP pathway by allosterically increasing the activity 

of sGC. However, the administration of Bay41-2272 for 2, 8, and 24hrs at 

concentrations ranging from 0.1 to 100µM still had no significant effect in the 

total amount of vinculin protein (Figure 10). Treating mammalian cells, 

undifferentiated C2C12s, with Bay41-2272 for 6 and 24hrs also did not seem 

to have an effect on vinculin mRNA expression (Figure 11). 
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Figure 10. Western blot results on vinculin protein in S2R+ cells treated with Bay41-
2272 (ranging from 0.1-100µM) for 2, 8, and 24hrs. Top: Western blot showing vinculin (red) 
and α-tubulin (green) bands of S2R+ cells. Bottom: Quantified intensity of vinculin band 
normalized to α-tubulin for 2hr (green) 8hr (red) and 24hr (blue) treatments. No significance 
across conditions. 

  
Figure 11. Vinculin mRNA expression normalized to GAPDH on undifferentiated C2C12s 
treated with Bay41-2272 for 6hrs and 24hrs. There was no statistical significance across 
conditions. n=3. 
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Administration of SNAP in iPSC-derived cardiomyocytes led to a change in 

their calcium handling, while administering forskolin (100µM) caused them to 

stop beating completely 

iPSC derived cardiomyocytes, which are much better in vitro cardiac 

models, were treated with forskolin (100µM) or SNAP (100µM) to observe 

changes in their cytoskeletal structure and calcium handling. After 24hours of 

administering forskolin in the media, the cells completely stopped beating. 

SNAP treated cells were still beating and thus compared with the 0.2% DMSO 

controls for their calcium handling.  
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Figure 12. Immunostaining of α-actinin (green) and vinculin (pink) on iPSC-derived 
cardiomyocytes treated with 0.2% DMSO or SNAP (100µM) for 24hrs. The Intensity profile 
across the striation shows little to no localization of vinculin. 

After 24hours of treatment with SNAP (100µM), significant changes in 

vinculin localization could not be observed, partly due to the low quality of the 

vinculin staining. However, SNAP treated cardiomyocytes seemed to have a 

more regular striation based on α-actinin staining in comparison to the DMSO 

controls (Figure 12).  
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Figure 13. Calcium handling in iPSC-derived cardiomyocytes treated with 0.2% DMSO 
or SNAP for 24hrs.	Overall, SNAP treated cells had higher transient per minute, less mean 
peak area, and slightly higher mean peak amplitude. 

There was no noticeable change in synchronicity of beating between 

the two conditions based on qualitative observation. However, SNAP treated 

cardiomyocytes did beat faster than the controls, as indicated by transient per 

minute (Figure 13). While the SNAP treated cells had higher peak amplitude, 

they still had less mean peak area, which is probably due to depolarization 

and repolarization occurring much more quickly in short bursts of contraction. 

The results would still have be validated with a higher sample size. 

 

Aim 2: Assessing how cardiac function affects systemic metabolism  

Whole fly GC/MS metabolite profiling identifies significant differences in 

metabolite abundances across genotype and age  

 Whole flies were collected for GC/MS to measure their metabolite 

abundance (Figure 14). There was very little noticeable difference between the 

1-week old VincHE and control flies in metabolite profile. However, by 5 weeks, 

noticeable differences in metabolite abundances between the genotypes were 

observed. 11-week old VincHE flies showed the most significant change in 
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metabolite abundances across different ontologies, in comparison to the 

younger flies of both genotypes. This indicates that the differences in heart 

function between the control and VincHE flies seems to alter the systemic 

metabolism in the fly over time. Somehow, the improved cardiac function in 

the VincHE flies changes their systemic metabolism in a way that confers an 

increased lifespan. 

 

Figure 14. Whole fly GC/MS metabolite profile across genotype and age (1, 5, and 11 
weeks). (A) Principal component analysis of biological replicates scaling expression values 
across genotype and age plotted for given genotypes and ages. (B) Heat-map visualization of 
changes in metabolites detected in whole fly GC/MS normalized to maximal intensity detected 
across samples and scaled on an expression scale of 1-12 for each genotype and age 
specified. Metabolites were sorted by ontology and color coded to the left with colors and 
associated ontology specified at the bottom. n=4. 

 

C13 glucose tracing shows that Tin1118 flies are able to metabolize glucose 

and incorporate it into TCA cycle intermediates and associated amino acids 

1-week old Tin1118 flies were starved for 12hours and fed [U-13C]-

glucose from 30minutes to 4hours prior to collecting their metabolites using 

GC/MS. There were sufficient labeling across pyruvate, lactate, TCA cycle 

intermediates (approximately 15% labeling) and related amino acids by 1-hour 
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time point (Figure 16). The labeling over a time course showed increase in the % 

of labeled carbons with time, and that steady state is not reached by 2hours 

(Figure 15). 4-hour time point also had a larger variability in comparison to 

earlier time points, due to the varying feeding behavior of flies after the initial 

feeding at 0hr.  

  

  

 
Figure 15. % of labeled pyruvate and TCA cycle intermediates after 0.5, 1, 2, and 4hr 
feeding of [U-13C]-glucose. A steady rise in the labeling is observed as the glucose is 
incorporated into the TCA cycle. Since the labeling has increased from 2 to 4 hours, steady 
state does not reach before 2 hrs. 
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Figure 16. Mass Isotopomer Distribution for citrate after feeding [U-13C]-glucose for 1hr. 
There are 2-8% labeled M1, M2 and M3.  

 

Aim 3: Effect of compromised cellular respiration on cardiac contractility 

Blocking mitochondrial complex I causes S2R+ cells to undergo a significant 

morphological change and cytoskeletal reorganization 

To investigate the effects of blocking mitochondrial complex I in drosophila 

cells, S2R+ cells were treated with either rotenone (2µM) or phenformin 

(100µM) for 15 to 60minutes while coated on glass. Within 15minutes, there 

started to be observable morphological changes in the semi-adherent cell line. 

Under normal conditions, the semi-adherent S2R+ cells adhere and spread 

out onto the TC plate forming lamellipodia, and the outer boundary of the cell 

is clearly outlined by its actin stain, as observed in the 0.2% DMSO control 

(Figure 17a). However, blocking mitochondrial respiration with either a 

rotenone or phenformin treatment caused the cells to shrink and form 

filopodia-like protrusions (indicated by arrows in Figure 17b &c). The 
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treatments not only led to a significant decrease in cell size (Figure 17d), but 

also a decrease in βPS integrin intensity per cell (Figure 17e), which may 

indicate a disassembly of its focal adhesions or, at the very least, indicate a 

cytoskeletal reorganization. It seems that the treatment of the cells hinder their 

ability to stay adhered to the glass substrate. A traction force microscopy (TFM) 

may validate the functional results, but the cells were not adherent enough to 

perform the contraction assay. 

 
Figure 17. Immunofluorescence images of DMSO (a), 2µM rotenone (b), and 100µM 
phenformin (c) treated S2R+ cells. Arrows indicating either lamellipodium or filopodium. 
There was a reduction in cell area (d) and βPS integrin intensity (e) in rotenone and 
phenformin treated cells in comparison to DMSO controls. Brightness and contrast of (c) has 
been artificially increased to better view the protrusions. * p<0.05, ***p<0.001 
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Treatment of rotenone on beating VincHE fly hearts in situ causes a decrease 

in the shortening velocity. 

In order to assess how blocking complex I in the heart can impact its 

contraction, we looked at how beating fly hearts’ shortening velocity changes 

when directly treated with rotenone. First, to make sure that the equivalent 

concentration of DMSO used as a solvent for the drug does not impair cardiac 

contractility, 1-week old Tin1118 fly hearts were treated with DMSO (0.2% and 

1%) in situ. Initial video was taken (no treatment group); then, the hemolymph 

was replaced with hemolymph containing DMSO. After 30minutes of 

incubation, there was no significant decrease in the shortening velocity of the 

heart tubes (Figure 17). A slight decrease may be attributed to the hearts 

sitting out for a longer time, since the measurements were made on the same 

hearts as the no treatment group.  

In a similar fashion, 1-week old VincHE flies were dissected for video 

microscopy. Directly exposing the hearts to 1µM rotenone in the hemolymph 

caused several hearts to fibrillate or undergo cardiac arrest; these samples 

were excluded in the shortening velocity dataset. The non-treated VincHE fly 

hearts were relatively more contractile than the Tin1118 fly hearts, which is 

consistent with the previous findings [3]. However, the magnitude of the 

difference in shortening velocity was much more significant between VincHE 

(no treatment) and VincHE (1µM rotenone treatment) than between VincHE 

and Tin1118. This indicates that the reduction in shortening velocity as a result 

of complex I inhibition likely cannot be attributed to a cytoskeletal 



	 33 

	

disorganization alone. Nonetheless, this result links the mitochondrial 

dysfunction and reduction in NAD+ supply to a functional decline in cardiac 

contractility.  

  

Figure 18. Shortening velocity measurements on dissected 1-week old fly hearts after 
rotenone or DMSO treatment. Left: Tin1118 flies treated with either 0.2% or 1% DMSO for 
30 minutes. Right: VincHE flies treated with either 0.05% DMSO or 1µM rotenone for 30 
minutes; Tin1118 no treatment group is also included for comparison. * p<0.05, ***p<0.001 

 

VincHE fly hearts are able to withstand energetic stress better than the 

controls. 

Dissected fly hearts of both the control line and VincHE flies were 

treated with rotenone (1µM), a mitochondrial complex I inhibitor, to assess 

whether they behave differently under metabolic stress. Once the hearts were 

exposed to rotenone, more of them began to stop beating over time. The 

number of the hearts that were still beating was counted, and VincHE hearts 

did significantly better in withstanding the mitochondrial inhibition. While 
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several Tin1118 hearts already began to stop beating at 15minutes of 

treatment, it took 1hr for us to observe any cardiac arrest (Figure 19). 

 

 

Figure 19. % of VincHE (green) and Tin1118 (black) hearts that are still beating over 
time in the hemolymph containing 1µM rotenone. ***p<0.001 
 

 

 

 

 

  

0 15 30 45 60 75 90 105 120
0

25

50

75

100

Control
VincHE 

***

Time Elapsed [min]

%
 H

ea
rts

 B
ea

tin
g 

1 
uM

 R
ot

en
on

e 
Tr

ea
tm

en
t



	

35 

CHAPTER 4: DISCUSSION 

Screening for vinculin regulators using bioinformatics and a model 

organism 

Screening for vinculin regulating compounds via a low-throughput 

workflow using bioinformatics as an initial screen revealed many challenges 

and shortcomings in the method, despite its cost-effective and pre-screening 

advantages. From the initial identification of pathways and potential upstream 

regulators of vinculin via IPA, the list was narrowed down further based on the 

sources of the data used by the IPA, the clinical safety data associated with 

each compound, and protein homology across organisms. Neither of the two 

potential candidates, forskolin and nitric oxide, or their soluble and stable 

analogs showed a significant upregulation of vinculin in any of the assays 

conducted. However, the changes in calcium handling and the organization of 

α-actinin in the iPSC derived cardiomyocytes allude to a possibility that a 

cytoskeletal change does take place in the presence of higher NO 

concentration, but its main downstream effect may not be vinculin expression 

or localization. 

The screening method’s major flaw was in the robustness of the initial 

identification of upstream regulators in the IPA, as much of the network is 

derived from very few sources of publications with low reproducibility of the 

results. It seems that while this workflow has great potential in lowering the 

cost and effort over a traditional high-throughput screening, it will face 

significant hurdles until a much more confidence can be placed on the publicly 
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curated database, and the each network generated can be assigned a 

statistical confidence level. Researchers interested in incorporating 

bioinformatics to narrow down their targets can then utilize this information to 

make smarter decisions when prioritizing which candidates to screen first. 

 

Metabolism & Cardiac Contractility, and future directions 

The relationship between systemic metabolism and cardiac function is a 

growing field of interest. Based on the whole fly GC/MS metabolite profiling 

across the two genotypes over different ages in Aim2, we showed that the 

differences in cardiac function might alter the metabolic profile over time to 

confer an improved healthspan and lifespan, which is not immediately 

observable at younger ages. This can further be validated with a more 

targeted approach using a 13C-labeled tracer, by looking at the differences in 

how the glucose is utilized between the two genotypes as they age. It is 

possible that one is more efficient at utilizing glucose or deriving energy from 

other sources such as glycogen. In order to form such hypothesis, we needed 

to confirm that we can reproducibly trace the labeled glucose in whole flies. 

This was achieved via oral administration of [U13C]-glucose post-starvation, 

and the labeling was confirmed in the 1-week old control flies (Tin1118). An 

ideal time-point prior to the steady state was chosen to be 1hr, and the 

variability was relatively low. This allows us to move forward to measure the 

labeled glucose in both genotypes and compare their differences. 
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In aim 3, we have shown that pharmaceutically impairing cellular 

respiration and depleting the NAD+ supply is sufficient to result in significant 

morphological and cytoskeletal changes. In situ, this treatment resulted in a 

significant decline in cardiac contractility. Since the relationship between 

NAD+ supply and cardiac impairment have been established, the next step is 

to look at whether replenishing the NAD+ supply, and thereby boosting 

mitochondrial function, can improve cardiac contractility and function via 

cytoskeletal remodeling. This can be achieved by administering NAD+ 

precursors, such as nicotinamide riboside (NR), either in situ or in vivo for both 

short and long term. Since the heart faces both mechanical and mitochondrial 

deficits with age, it would be interesting to see whether increasing NAD+ 

supply can restore either or both functions.  

While both cytoskeletal and metabolic changes have been explored 

independently to reduce age-related decline in cardiac function, there may be 

synergy in targeting both mechanisms simultaneously. Understanding the 

mechanisms and relationships between the two may open new avenues for 

combinatorial therapies that can halt or ameliorate the detrimental effects of 

aging.  

 Aims 2 & 3 are, in part, currently being prepared for submission for 

publication of the material. Sessions, Ayla; Peter Min; Cordes, Thekla; Metallo, 

Christian; Engler, Adam. The thesis author was an investigator and author of 

this material. 
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APPENDIX 

Table 1. qPCR primers 

Primers Sequence 
Mouse GAPDH Forward 5’- TCAACAGCAACTCCCACTCTTCCA -3’ 
Mouse GAPDH Reverse 5’- ACCACCCTGTTGCTGTACCGTATT -3’ 
Dros Vinculin Forward 5’- AGTGGCTAATCTCGTGAAGGT -3’ 
Dros Vinculin Reverse 5’- CGTCGGAGCTGTTGATCGTA -3’ 
Dros Fibronectin Forward 5’- AGGCTTGAACCAACCTACGGA -3’ 
Dros Fibronectin Reverse 5’- GCCTAAGCACTGGCACAACAG -3’ 
Dros GAPDH Forward 5’- CGTTCATGCCACCACCGCTA -3’ 
Dros GAPDH Reverse 5’- CCACGTCCATCACGCCACAA -3’ 
Mouse Vinculin Forward 5’- GAGGCTGAACTGCTTCAATCA -3’ 
Mouse Vinculin Reverse 5’- CCAGATTTGACGAGGTGCCTA -3’ 
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