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Abstract 
 
Polycystic ovary syndrome (PCOS) is a female endocrine disorder defined by high androgen levels and 
presence of polycystic ovaries. PCOS is characterized by menstrual irregularities, anovulation, infertility, 
hyperandrogenism, insulin resistance, abdominal obesity, chronic inflammation and increased hair 
growth. The diagnosis is based on 2003/2004 Rotterdam criteria, which is based on the presence of the 
following phenotypes: anovulation, clinical and biochemical marks of hyperandrogenism and polycystic 
ovarian morphology. Theoretical causes could be genetical, environmental or maternal imprinting. 
Drosophila Melanogaster, a model used broadly in disease research, could bear promising insights to this 
syndrome. Besides having a lifecycle characterized by a 12 days metamorphism, these species of flies have 
the ecdysone (steroid) hormone, similar to the human testosterone and the body systems similar to those 
of the human body. This laboratory work involved the development of a PCOS-like drosophila fly model 
through exposure to 10mg/ml of testosterone after 24 hours of starvation. Data collection comprised 
measurements of weight and length, anovulation, triglyceride quantification and RT-qPCR for 
quantification of inflammatory and PCOS-related genes. Results showed significant differences in 
response to physical stress among the four groups of flies. Variation in weight and length values, as well 
as in fecundity, triglyceride assay and relative expression levels were also observed. Although the 
expression levels of inflammatory and PCOS- related genes were not significantly affected, homeostasis 
was clearly affected by metabolic disturbances. These observations lead to the conclusion that further 
experiments should be done in order to establish a more comprehensive definition of the syndrome. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 



 
 

Popular Scientific summary  
 
Polycystic ovary syndrome (POCS) is a common disorder that affects women world-wide and is one of the 
causes of infertility, irregular menstruation, and short time heavy menstrual bleeding. One of the 
characteristics of this disorder is having an increased male sex hormone level in the body called 
testosterone, and presence of cysts in the female reproductive organ – the ovaries. Cysts usually appear 
in the form of sacs filled with fluids, and they can accumulate in the ovaries, preventing eggs formation. 
Women suffering from this disorder have difficulty getting pregnant and are susceptible to other health 
problems, such as diabetes type II, heart problems, depression, anxiety, obesity, acne, increased hair 
growth and hair loss similar to baldness in men.  
Some studies are looking for new ways of diagnosing polycystic ovary syndrome. Diagnostic methods 
might include the identification of hormones involved in the egg formation in the ovaries; and specific 
internal body signals in response to testosterone levels. The main cause of polycystic ovary syndrome is 
not yet known, it is possible that inheritance and environmental factors, like pollution, poor diet, 
unhealthy lifestyle and lack of physical exercise can play an important role in the disorder identification. 
 
This project wants to create a PCOS disease model in Drosophila Melanogaster (which are fruit flies), 
hoping that it would give us understanding on the symptoms and metabolic disturbances that come with 
it. The process will be through starvation of group of flies and their exposure to high levels of testosterone.  
 
Now let us talk about fruit flies. Why did we choose fruit flies for this study? - The fruit fly called Drosophila 
Melanogaster grows faster than other animals, their internal body part works similarly to the human body, 
and their genes function can usually be compared to the human genes. They appear in the kitchen today, 
and in a couple of days we have an entire population. Fruit flies reproduce fast and develop completely in 
a short period of time (12 days); they lay eggs, go through different stages of metamorphosis, become 
adults and fly away. So basically, we are trying to understand what is happening in the women body, while 
studying this disorder in the fruit fly, thanks to some similarities we share.  
 
During the laboratory work the fruit flies were starved, and part of the starvation group exposed to 
testosterone for 24 hours. Another group of flies with normal food and testosterone was prepared. They 
were all compared to flies given normal food and normal living environment (no testosterone). The results 
showed some changes in weight of the flies that were starved compared to normal flies. The number of 
eggs laid was higher in flies with normal food than the starved flies; the same between the flies with 
normal food without testosterone and the ones with normal food and testosterone. The flies with normal 
food, with and without testosterone, had high levels of lipid in the body. At the end, some genes that 
might play a role in the disorder were checked in their bodies (of the flies): they showed a bit higher levels 
in the treated flies compared to the ones with just normal food. We can say that we might have achieved 
our goal, but more studies should be done, using other methods to reach an agreement about polycystic 
ovary syndrome.  
This study is important in the field of medicine. Having good methods of diagnosing and treating PCOS will 
be beneficial for women- from puberty to later years. By having better understanding of the disorder, it 
will prevent women from unwanted body changes, chronic diseases, and abnormal pregnancy without 
the need of a stressful journey, like using pills or other methods for having a baby. Previous experiments 
did not combine or perform directly this type of study, but previous polycystic ovary syndrome models 
were created using 28 models like mice, monkeys, sheep, among others; but their reproduction time, 
costs and ethical restrictions made it more difficult for their use. 
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Abbreviation list  

 

Abbreviation Description Abbreviation Description 

ACTB Beta-actin PBS Phosphate Buffered Saline 

ACTH  Adrenocorticotropic hormone PBST Phosphate Buffered Saline + Tween 

AE-PCOS Androgen excess- polycystic ovary syndrome PCO Polycystic ovaries 

AMH Anti-Müllerian hormone PCOS Polycystic ovary syndrome 

ANOVA Analysis of variance RPM Revolutions per minute 

BMP Bone morphogenetic protein  RT-qPCR Real time quantitative polymerase 
chain reaction 

BR-C-Z Broad complex encoded zinc finger SD Standard deviation 

Buffer RLT RNeasy Lysis Buffer SEM Standard error of the mean 

Buffer RPE Concentrated washing buffer SMAD4 SMAD family member 4 

cDNA Complementary DNA SNPs Single nucleotide polymorphism 

CRH  Corticotrophin-releasing hormone Spo/spok Protein spook 

CYP17A1 Cytochrome P450 Family 17 Subfamily A 
Member 1 

THADA Thyroid adenoma-associated 
protein 

DENND1A DENN Domain Containing 1A TG/TAG Triglyceride/ Triacylglyceride 

DHT Dihydrotestosterone  Tgfß Transforming growth factor ß  

ddH2O Double distilled water   

Dpp Decapentaplegic   

ECR Ecdysone receptor   

E75A Ecdysone-induced protein 75 A   

E75B Ecdysone-induce protein 75 B   

F Variance between groups/variance within 
groups 

  

Foxo Forkhead box O   

FSH Follicular stimulating hormone   

GnRH Gonadotropin releasing hormone   

GSCs Germline stem cells   

GWAS Genome wide association studies   

HPA  Hypothalamic-Pituitary-Adrenal   

HPO   Hypothalamic-Pituitary-Ovarian   

Hr96 Hormone receptor-like in 96   

IGF-1 Insulin-like growth factor 1   

JNK signaling  Jun-N-terminal Kinase signaling    

LDL Low-density lipoprotein   

LH Luteinizing hormone   

Med Medea   

MyD88 Myeloid differentiation primary response 88   

NR1H2 Nuclear Receptor Subfamily 1 Group H Member 
2 
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INTRODUCTION  
 
 

Overview on polycystic ovary syndrome 

 

Polycystic ovary syndrome (PCOS) is a female endocrine disorder defined by high androgen levels and 
presence of polycystic ovaries observed through vaginal ultrasound (Chen et al., 2017; Dadachanji et al., 
2018). The emphasis on the “syndrome” and not disease is due to presence of phenotypic characteristics 
that could vary among patients, making it difficult to standardize the features for proper diagnosis 
(Dewailly, 2016). It was first described, - 1935 in Chicago, in a group of women presenting amenorrhea, 
cysts in the ovaries and atypical hair growth - hirsutism (Roush, 2010). It is usually characterized by 
elevated levels of androgen (hyperandrogenism), insulin resistance, abdominal obesity, acne, increased 
hair growth in combination with male-pattern hair loss (alopecia), pelvic pain, dark skin discoloration in 
different body parts, as well as chronic inflammation (Roush, 2010; Chen et al., 2017).  
 
Long-term effects usually vary among women, from menstrual irregularities, and anovulation to infertility. 
It also includes increased risk of developing cardiovascular disorders and signs of depression and anxiety 
(Roush, 2010; Dewailly, 2016; Chen et al., 2017; Zhao et al., 2018). It is first observed during puberty, 
affecting 5-10% in women worldwide, and accounting for 90% of the cases involving irregular 
menstruation. It is a condition worth investigating due to lack of etiology, and non-clear pathogenesis 
mechanisms (Roush, 2010; Dewailly, 2016; Chen et al., 2017; Zhao et al., 2018). 
 
PCOS is diagnosis based on three different criteria: 1990 National Institutes of Health criteria, 2003 
Rotterdam criteria, and 2006 Androgen Excess and PCOS Society criteria; where two of their common 
features are based on signs of hyperandrogenism and irregular cycles (Roberts, 1998; Roush, 2010; Chen 
et al., 2017). The third criterion is the presence of polycystic ovary morphology. Although the criteria may 
seem similar, 2003 Rotterdam is the most used, because it is based on the presence of two out of three 
phenotypes (anovulation, clinical and biochemical marks of hyperandrogenism and polycystic ovarian 
morphology); but not completely reliable due to development of promising methods for identification of 
PCOS and certain uncertainties of the disorder (Roush, 2010; Dewailly, 2016). The Rotterdam 2004 and 
AE-PCOS Society criteria recognize at least 3 unique clinical phenotypes: (1) Frank PCOS (oligomenorrhea, 
hyperandrogenism, and PCO), (2) Ovulatory PCOS (hyperandrogenism, PCO, and regular menstrual 
cycles), and (3) Non-PCO PCOS (oligomenorrhea, hyperandrogenism, and normal ovaries). The Rotterdam 
criteria also recognize a fourth phenotype, mild or norm androgenic PCOS, which is defined by 
oligomenorrhea, PCO, and normal androgens. Whether these 4 phenotypes represent a spectrum of the 
same condition is currently an area of debate (Hayek et al., 2016). 
 
Hyperandrogenism is a hormonal condition based on the excess production of male hormones 
(testosterone and androstenedione) by the female reproductive system (Dadachanji et al., 2018). The 
organs responsible for its production in females are ovaries, fat cells and adrenal glands, with the ovarian 
production being most important. These organs are also responsible for regulating estrogen (female 
hormones) levels, libido and bone formation. Moreover, PCOS is the main cause of acne, male pattern 
baldness and atypical hair growth, but it does not lead to masculinization (masculine changes due to levels 
of sex hormones) (Roush, 2010; Dewailly, 2016). Appearance of masculinization characteristics 
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(developed muscles, deep voice, among others) are mostly connected to tumors of female reproductive 
or adrenal systems (Roush, 2010). 
 
Formation and accumulation of cysts in the ovaries (one or both) due to non-maturation of the follicles 
are one of the characteristics observed in women with PCOS. The cysts are fluid-filled follicles that can be 
painful or asymptomatic (Roush, 2010). The cysts can be found in the periphery of the ovary, making them 
larger than the normal size (acquiring pearls-like shape) (Roush, 2010; Dadachanji et al., 2018). 
Irregularities in the menstrual cycle are common, due to the impaired maturation of follicles, due to 
insufficient levels of progesterone (female sex hormone), or discrepancies during the hormonal pathway 
signaling leading to anovulation (Roush, 2010). 
 

The emergence of hormonal examinations is promising for the testing of serum levels of androgens and 
anti-müllerian hormone as new criteria for diagnosis of PCOS. Anti-Müllerian hormone (AMH), is usually 
increased in the presence of PCOS due to accumulation of antral follicles (Bhide and Homburg, 2016). 
AMH is a dimeric glycoprotein produced by granulosa cells of the ovarian follicles; the reason of its 
vigorous connection with number of antral follicles (Bhide and Homburg, 2016). Furthermore, perception 
of hormonal signaling concerning androgen secretion is a key process for understanding the 
pathophysiology of PCOS (Indran et al., 2016). Adrenal glands and female gonads are responsible for 
androgen production, which in turn participates in the coordination of physiological procedures in the 
body. The signaling pathway can be regulated by two main hypothalamic axes: Hypothalamic-Pituitary-
adrenal (HPA) axis and Hypothalamic-Pituitary-Ovarian (HPO) axis. The HPA axis, involves secretion of 
corticotrophin-releasing hormone (CRH) from the hypothalamus; CRH stimulates the pituitary gland which 
produces and releases adrenocorticotropic hormone (ACTH). Further release of ACTH into the circulatory 
system, stimulates production of adrenal androgen (Indran et al., 2016). Moreover, in the HPO axis, 
hypothalamus produces gonadotropin-releasing hormone (GnRH), where an increased frequency of this 
hormone leads to secretion of luteinizing hormone (LH) by the anterior pituitary. Increased levels of LH 
stimulate theca cells in the ovaries to produce androgens (Indran et al., 2016). Dysregulation of these 
pathways can lead to the development of PCOS, where the ovary is the key responsible for continuously 
increasing androgen production. In addition, women with PCOS show increased levels of LH or increased 
LH/follicle stimulating hormone ration (Indran et al., 2016).   
 
Theoretical causes of PCOS are surrounded by genetical reasons; one of them being the inheritance of 
autosomal dominant gene from the mother or family with a history of PCOS or diabetes (McAllister et al., 
2014). One of the methods being used for genetic analysis of the disorder is through genome-wide 
association studies (GWAS), where the variation in the genes can be found through single nucleotide 
polymorphism (SNPs). Further studies are performed on genes that are different between patients and 
control groups, with the specific aim of finding trusted correlation with PCOS (Chen et al., 2017). 
 In addition to that, environmental factors such as endocrine disrupting chemicals, lifestyle, diet and 
physical inactivity could contribute to the way the gene is being expressed. Emerging data also suggest 
that babies exposed to increased androgen levels during their development in the womb could probably 
develop this condition in the future, called maternal imprinting (Roush, 2010; Dadachanji et al., 2018). 
Furthermore, insulin resistance (preceding diabetes type 2) and hyperinsulinemia stimulates the ovaries 
to secrete more androgens and the liver to reduce the production of sex hormone binding globulin, 
leading to an increase in circulating free androgens (Roush, 2010; Palioura and Kandarakis, 2015).  
Hyperinsulinemia can be caused by dysregulation of insulin-like growth factor 1 (IGF-1), that is responsible 
for regulation of androgen production in theca cells (Kebapcilar et al., 2014).  
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Obesity is generally correlated with exacerbation of PCOS symptoms, and furtherly being included as one 
of the features of this disorder (central obesity) (Chen et al., 2016). Androgens can be acquired through 
low-density lipoprotein (LDL) in the body; where cholesterol in LDL can be taken into steroidogenic cells 
for synthesis of androgens (Indran et al., 2016). The termination of steroidogenesis pathways results into 
the reduction of testosterone to non- aromatized dihydrotestosterone (DHT) or aromatized estrogen. DHT 
is the most potent form of androgen and unlike testosterone it cannot be aromatized to estrogen. Its 
binding affinity to androgen receptor is strong and the dissociation rate is slower in comparison to 
testosterone (Indran et al., 2016). That is how central obesity leads to high levels of lipids in the blood – 
dyslipidemia; which in turn contributes to overproduction of androgens, in this case, DHT in PCOS (Chen 
et al., 2016).  
 
Treatment approaches for PCOS could be the use of contraceptives, anti-androgens, cosmetic treatment 
(shaving, depilation or laser), lifestyle changes, increased physical activity and diet restriction. More 
treatment options for induction of ovulation includes clomiphene citrate and aromatase inhibitor 
letrozole. For metabolic treatments, metformin is the first line of pharmacological treatment (Yong, 2016). 
 

Overview on Drosophila Melanogaster 
 
Drosophila Melanogaster is a fruit fly originated in Central Africa, found in warm countries, that was firstly 
used for experimental purposes in 1901. They are characteristically small, measuring 3mm in length; the 
females are larger and present pointed and stripped abdomen; on the other hand, the male´s abdomen 
is rounded and dorsally dark (Roberts, 1998). Drosophila larvae are similar to worm and increase in weight 
over days. The life cycle of Drosophila involves metamorphism (from egg, larval form, pupariation and 
adult flies), where they become adult flies (eclosure from the larva case) from eleven to twelve days after 
the hatching of the eggs. After egg deposition it can take 24 hours or less for the hatching, which is 
followed by three to four days until it reaches the from first to third instar stage. Third instar larvae can 
take about three to five days to turn into pupae, and from pupae to adult flies, four to five days (Roberts, 
1998; Hales et al., 2015). In addition to that, they normally go through the normal cycle at temperature 
of 25°C, where female sexual maturation happens 8-10 hours after eclosion, they can lay about 100 eggs 
per day and can survive for about two months at room temperature. 
.  
This specie of flies presents a steroid hormone similar to the human testosterone: ecdysone. Its active 
form is 20-hydroxyecdysone, which interacts with ecdysone receptor in the ovaries (Belles and Piulachs, 
2014; Kilpatrick, 2016) and regulates the stem cell differentiation during the early third larval stage of 
drosophila, by inhibiting the differentiation of the cells until enough precursor cells are generated (during 
gonadogenesis). Moreover, ecdysone may play a key role during the starvation of the flies; they could 
contribute to the halting of maturation of ovarian follicles, or death by apoptosis during food deprivation. 
A previous study measured the increase in concentration of ecdysone during starvation period, where this 
hormone triggered a signaling pathway, activation of broad complex gene (BR-C-Z3) that stimulated 
ecdysone-induced protein 75 A (E75A) in follicle cells – resulting in ovarian follicle apoptosis in the whole 
egg chamber (Belles and Piulachs, 2014). Anatomically, the ovaries are formed by 15 to 20 ovarioles or 
later-stage follicles that further progress into matured oocytes (Ables et al., 2015). Oogenesis of 
drosophila presents similar characteristics with mammalian, where this process of reproductive system is 
coordinated by nuclear hormone receptors. For example, one of the nuclear hormone receptors is 
ecdysone receptor which actively participates in the ecdysone signaling during oogenesis, with the aim of 
controlling ovary and follicles development (Ables et al., 2015). 
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The digestive system in Drosophila melanogaster has been found important for comparison of pathologies 
related to obesity and insulin secretion, among other things. Its intestine is a plastic organ composed by 
many cell types which can undergo remodeling throughout lifetime (Miguel-Aliaga et al., 2018). The 
midgut is of endoderm origin and it is considered the key part for digestion and absorption; on the other 
hand, the foregut and midgut are originated from ectoderm. The subdivision (differentiation) of midgut 
endoderm is stimulated by genes in the visceral mesoderm which includes Decapentaplegic (Dpp). Dpp is 
a member of Bone morphogenetic protein (BMP)/Transforming growth factor ß (Tgfß) that participates in 
conjunction with ecdysone, in the degeneration of larval midgut (Miguel-Aliaga et al., 2018). Lipid 
absorption in drosophila is made by intestinal cells; the information on the process is not completely clear 
but it is thought to be accomplished by emulsification, following diffusion across membranes of products 
that have been broken down. Contrary to human emulsification (with bile salts), this process on drosophila 
is achieved through formation of fatty acid-amino acid and glycolipids (Miguel-Aliaga et al., 2018). 
 
The use of Drosophila Melanogaster is interesting because they are easy to grow (in short time), useful 
for a genetic manipulation, and the human disease genes are usually equivalent to the genes in drosophila.  
This research area has not been deeply explored, making the results more promising for future studies 
that could help in finding a specific treatment for females with this condition. Previous articles did not 
combine or performed directly this type of study but previous PCOS models were created using 28 models 
including mice, monkeys, among others; but the reproductive time frame, costs and ethical aspects made 
it more difficult (Kilpatrick, 2016).  
 
The aim of this study is to develop a PCOS-like drosophila fly model through 24 hours starvation and 

exposure of androgen (DHT). Morphological changes (in weight and length) and anovulation features were 

monitored in the treated flies. Lipid levels was measured through colorimetric quantification of 

triglycerides. Gene expression levels of inflammatory markers (Med and TLR4) and PCOS genes (identified 

in GWAS) – Spo, foxo, THADA and EcR was quantified by RT-qPCR. 
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MATERIALS and METHODS  

Wild-type (W1118) drosophila melanogaster flies were grown as stock in a 25°C incubator, and the 

maintenance of the stock throughout the experiment was based on eggs collection from previous 

generation of flies that were placed in cages formed with apple plates (petri-dishes with apple juice 

recipe). 

Female flies were used for the experiment, where thirteen to sixteen days old adult flies from the stock 

were tested. It was performed five times, where twenty female flies per sample were treated in vial tubes 

with DHT (Sigma-Aldrich 10300, >99%) and absolute ethanol for the controls, for 24 hours in a 25°C 

incubator.  

Samples characterization and experimental steps 

Adult fly experiment 

Four groups per experiment were prepared: Standard food + ethanol (control), starvation + ethanol, 

standard food + DHT and starvation + DHT. Two vial tubes (one control and one starvation) had 40 µl of 

10 mg/ml DHT dissolved in ethanol (100%); and 40 µl of ethanol for another control and starvation; 

experimental setup was repeated five times. 

Moreover, the treated flies were moved to their individual prepared cages with apple plates and 

incubated for 5 hours at 25°C (when the number of eggs counted were not enough for statistical analysis). 

Eggs laid from the 24 hours experiment (in vial tubes) were counted using stereo microscope. After the 5 

hours of incubation (when there were not enough eggs for statistical analysis), the treated female flies 

were saved on individual Eppendorf tubes at -20°C for further analysis (of weight, length, triglycerides 

content and gene expression measurement). 

Apple plates experiment (new method) 

A different type of experiment was performed where 10-15 eggs and first instar larvae, were collected 

around one day after drosophila melanogaster eggs deposition and placed on two apple plates: one 

containing 30µl of 10mg/ml DHT, and the other 30µl ethanol (control). The plates were incubated for 3 

days at 25°C. After the incubation, the third instar larvae of both plates were transferred to normal vial 

tubes (standard food + 40µl of 10mg/ml DHT and 40µl of ethanol for the control tube). Second generation 

of adult flies (three days old) was stored in Eppendorf tubes at -20°C for solely weight and length analysis 

based on statistical methods. 

Food recipes for the experiment 

Standard food recipe used for the stock flies and two control samples: 2.75 l of tap water; 25g agar-agar; 

100g of potato-mash powder; 40g of dry yeast; 125 ml of light corn syrup; 21 ml of 10% ethanolic Nipagin 

solution; 2.75g of ascorbic acid (Katarina Ejeskär, University of Skövde, 2019). The starvation media had 

1% of agar in tap water (1g per 100 ml) (Kilpatrick, 2016). Nipagin solution was added to drosophila food 

for mold prevention. 
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Apple plates recipe for the cages, egg count and collection: 400 ml of tap H2O, 9g of bacto agar-agar, 10g 

of sucrose, 100ml of apple juice (after 1:4 dilution using tap H2O) and 6ml of 10% ethanolic (99% ethanol) 

Nipagin (Methylparaben) (10 ml per petri-dish) Katarina Ejeskär, University of Skövde, 2019). 

Fecundity count 

After 24 hours treatment the eggs were counted in the vial tubes and if necessary, when the flies were 

moved to cages for 5hours, the counting of eggs was performed in the apple plates. Moreover, another 

method was used, where 10 flies per treatment group were frozen, dissected in microscope slides using 

20µl of PBS, tweezers and dissection kit; and eggs left inside them were counted.  

Weight and length measurements 

All the measurements were performed on frozen flies. The measurement of the weight was performed 

using a normal weight scale, where five flies were measured per time (the average weight of five flies was 

used for the statistical analysis. The length (per fly) was measured using electronic ruler (Cocraft®, Stainless 

hardened). The next protocols were performed on adult flies exposed for 24 h (experimental setups 2, 3 

and 5) based on the changes seen in weight and length. 

Colorimetric quantification of triglycerides 

A total of 20 frozen female flies per sample group, previously stored from 24 hours treatment with 40µl 

of 10 mg/ml DHT. [Standard food (control) ethanol, starvation ethanol, standard food DHT and starvation 

DHT] were used.  

Five 1.5ml microfuge Eppendorf tubes with four flies each were washed with 1ml of cold PBS. Then 200µl 

PBST (0.05% Tween 20 + cold PBS) was added for homogenization using a pellet pestle. Samples were 

heated in a heat block for 10 minutes at 70°C and stored at -80°C (a total of 80 flies and 20 Eppendorf 

tubes). 

The glycerol standard solutions for the standard curve were prepared on the same day of the experiment. 

A total of five different concentrations were used and blank (0 mg/ml of glycerol standard). The first 

concentration (from the stock) used was 2.5 mg/ml (Sigma; G7793); the next concentrations were 

obtained by serial dilution, where 40µl of stock solution was mixed with 60 µl cold PBST, generating 1.0 

mg/ml (triolein equivalent standard). Further dilutions from the 1.0 mg/ml, were 2-fold serial dilutions, 

generating 0.5 mg/ml, 0.25mg/ml and 0.125 mg/ml. Only PBST and triglyceride reagent (Sigma; T2449) 

were used for blank. All standards and samples (20µl) were mixed with 20µl of triglyceride reagent.  

The complete set of tubes was incubated at 37°C for 40-60 minutes; after incubation they were 

centrifuged for 3 min at maximum speed. 30µl from each tube was transferred to a 96-well plate. At the 

end, 100µl of free glycerol reagent (Sigma; F6428) was added to the wells and gently mixed. The plate was 

sealed with parafilm and incubated for 5 minutes at room temperature. 

 

A plate reader (BMG LABTECH; FLUOstar Omega - Absorbance Microplate Reader) was used to measure 

the absorbance at 540 nm. The triglyceride concentration was calculated based on the equation obtained 

from the standard curve, using the five concentrations of glycerol standard plus the blank.  
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RNA EXTRACTION 

RNeasy® Mini Kit (Qiagen cat. nos. 74104) was used for RNA purification of the fly samples. A total of six 

tubes per sample group were prepared, with four frozen flies (at -20ºC) from 24 hours treatment with 

40µl of 10mg/ml DHT per tube. The wings were removed using tweezers and mini knife to prevent clogging 

of the column membrane (APPENDIX A), before homogenization in 100µl of Buffer RLT, using a pellet 

pestle, then another 250µl buffer RLT was added. 

 

After homogenization, the tubes were centrifuged for 3 minutes at full speed, 300µl of the supernatant 

was placed into a new Eppendorf tube, and the same volume of 70% ethanol was added to the lysate 

(gently mixed); Around 600µl of the sample was transferred to RNeasy Mini spin column (already placed 

in 2 ml collection tube). The column was centrifuged for 15 s at 11 000 RPM (≥8000 × g) and the flow-

through was discarded. Buffers were used sequentially (firstly, 700µl Buffer RW1, secondly 500µl Buffer 

RPE); after adding them, the columns were centrifuged at the previously mentioned seconds and speed, 

and the flow through was discarded after each step.  

 

The final washing step, 500 µl of Buffer RPE was added and the column was centrifuged for 2 min at 11 

000 RPM (≥8000 × g). The collecting tube and the flow-through were both discarded, the RNeasy Mini spin 

columns were place on new 2ml collection tubes and centrifuged at full speed for 1 min. The columns 

were placed in a 1.5ml new collection tube, 30µl of RNase-free water was added directly to the column 

membrane (by carefully pipetting without direct contact with the membrane) and finally centrifuged for 

1 min at 11 000 RPM (≥8000 × g). 

The RNA concentration of the samples (ng/µl), were measured using Nanodrop (NanoDrop™ 2000/2000c 

Spectrophotometers), in 1µl of each sample. 

  

The RNA concentrations that ranged from around 200-400 ng/µl were diluted 1:1 (5µl:5µl) with nuclease 

free H2O whereas the ones ranging from >400- 950 ng/µl were diluted 1:2 (5µl:10µl) and re-measured. 

 

HIGH-CAPACITY CONVERSION OF RNA-TO CDNA 

900 ng was converted to cDNA, so the final volume of the samples was calculated based on the RNA 

concentration obtained from the previous dilution using the general formula: V1×C1 =V2×C2. 

In accordance to High-Capacity RNA-to cDNA kit (Qiagen, Catalog number 4387406), 10µl of 2X RT Buffer 

Mix, 1µl of 20X RT Enzyme Mix, up to 9µl of RNA samples (volumes based on the amount of starting 

concentration) and addition of Nuclease-free H2O to reach a total of 20µl per reaction. The reaction was 

placed into small PCR tubes and the conversion was performed according to the protocol. After the 

conversion, the cDNA (45ng/µl) were stored at -20ºC.  

PRIMERS PREPARATION 

Seven primer pairs (including forward and reverse primers, Table 1) corresponding to seven genes related 

to PCOS, were used for the qPCR. The genes were: actin (as housekeeping gene), spo/spok, Thada, foxo, 

toll, ECR and Med. The primers (Eurofins) were firstly diluted with double distilled H2O, having a stock 

concentration of 100pmol/µl; afterwards 10pmol/µl (1:10 dilution) was used for the qPCR protocol. 
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Table 1. Information of sequences (5’ – 3’), functions and respective orthologs of the primers used for RT-qPCR 

DROSOPHILA PRIMERS  FORWARD AND REVERSE HUMAN ORTHOLOGS 

Actin (housekeeping) CTGGCGGCACTACCATGTATC 
GGACCGGACTCGTCATACTC 

ACTB 

Med GCCCCGCAGGACATAATTGT 
GGACGATGCTCAGACAGGC 

SMAD4 

ECR CAGCTTGAACGGATACTCGG 
ACAGGTGAGGGCGTTGTAGT 

NR1H2 

Spo TGGCGATTTTACTGAGTGTTCTG 
TCCTGGAGCCTGGGTATATTTTT 

CYP17A1 

CG15618 CTCACCCCAAGAGATTTGCCG 
GGAGCACAAAGTCATGTGGC 

THADA 

Foxo CATGGGGAAATCTATCCTATGCG 

ACTCAGTGTCAATCGTTTGTCG 

FOXO1 

Toll ATCTGAAGCATCCTTCGGTCG 
GTTAGCCTAAACGTGGGATTCTC 

TLR4 (homolog) 

 

RT-qPCR using Sybr Mix  

The PCR reactions were prepared based on Quick Reference, SYBR® Select Master Mix. Three replicates 

were performed for each sample (a total of twenty-four samples, six per treatment group). An additional 

20% of Master Mix was prepared each time to avoid pipetting issues. All samples and solutions were spun 

down, vortexed or pipetted for a better homogenization of the contents before use. 

Table 2. Total volume per well and samples, of the components used for RT-qPCR 

COMPONENT  96-WELL PLATE (VOLUME 

PER WELL) 

N OF SAMPLES PER WELL 

(72 + 20% EXTRA= 86.4) 

TOTAL VOLUME (PER 

GENE) 

SYBR® Select Master Mix 2.5µl  216 

Forward and Reverse 

primers 

0.125µl each  10.8 each 

*cDNA template  2µl  2µl 

ddH2O 0.25 µl  21.6 (ddH2O) 

Total reaction volume 5µl  259.2 

*A final cDNA concentration of 3.5ng/µl was used by diluting the stock cDNA (10µl cDNA + 120µl ddH2O) 

 

A total of 7 reaction plates were prepared; each gene in one plate with samples from four treatment 

groups: Standard food (control) ethanol, starvation ethanol, standard food DHT and starvation DHT. After 

addition of 3µl Master Mix and 2µl of cDNA (total of 5µl per well), the plate was sealed with optical 

adhesive cover and centrifuged at 1500rpm for 1min.  

The qPCR was performed using Thermo Scientific PicoReal instrument and analyzed using the 96-well 

PikoReal Real-Time PCR System Software 2.2 (Cat.No. TCR0096). 
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Statistical analysis 
 

This section was based on SPSS version 25 and Microsoft Excel. 
Student t test was performed as well as the average of the raw data using Excel before being transferred 

to SPSS. The significance level for the whole statistical data was <0.05. A statistical test was performed 

based on Kolmogorov-Smirnov and Shapiro-Wilk tests for checking the normality of the data. Smirnov test 

was the most accepted for the normality of the data testing, when the significance level varied among the 

two tests, (the non-significance p-value > 0.05, meant that the data was normally distributed, and vice-

versa).   

Comparison of numerical values between the samples, could involve t-tests and ANOVA (McKillup, 2012; 

Tilevik, 2017). Independent t-test: a parametric test used for testing differences between two groups, 

specifically the offspring of standard food (control) ethanol and standard food DHT, as well as for the 

apple plate experiment; its non-parametric option was Mann-Whitney U test. One-way ANOVA was used 

for comparison of means between the four treatment groups, where its non-parametric option was 

Kruskal-Wallis test (McKillup, 2012; Tilevik, 2017). Furthermore, ANOVA was used for the analysis of 

fecundity and dissection between the treatment groups.  

For all data normally distributed, One-way Anova was performed (Post-Hoc with Bonferroni when equal 

variances were assumed and Games-Howell when equal variances were not assumed); normally equal 

variances are assumed based on Levene statistic test (when the p-value is greater than 0.05). For all data 

non-normally distributed, Kruskal-Wallis test was performed, which is a non-parametric method for 

measuring more than two different groups at once. The settings were based on Tilevik (2016) Tutorials 1, 

2, 3 IBM SPSS v.22; Methods and Design in Life Science BV302G; University of Skövde and Statistics 

Explained: An introductory guide for life scientists. 2nd ed., Cambridge, UK. Graphs of average weight, 

length, fecundity, colorimetric quantification of triglycerides, relative expression levels (2-ΔΔCt) including 

standard deviation (SD) were produced using Microsoft Office Excel. 
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RESULTS  

Behavior 

Four groups were used for the performance of the experiments: Standard food (control) ethanol, 

starvation ethanol, standard food DHT and starvation DHT.  Some pictures and videos were made during 

the lab work, showing the appearance and behavior of the flies after the 24 hours treatment (APPENDIX 

B and C, respectively). The treated flies presented some differences in behavior after being shaken in the 

vial tubes; from the most vibrant sample to the least one, it started from the control ethanol, standard 

ethanol, starvation ethanol and starvation DHT, respectively.  

Weight and length measurements 

The data for the weight measurements were more robust than length measurements throughout the 

experiment, for that reason, the result section focus on body weights.  

 

 

Figure 1.: Average weight of 75 flies per group. Data presented as mean ±SD/SEM statistically analyzed by Kruskal-

Wallis test  

The average weight of a total of 75 treated flies per group (Figure 1) showed no significant difference. 

Flies from the standard DHT samples had slightly higher average compared to control but showed no 

statistical significance. Statistical results for 40 µl of 10 mg/ml DHT are included in APPENDIX D. 

There was significant difference in weight while comparing control ethanol with starvation ethanol (lower 

than the control) and starvation DHT (higher than the control). Moreover, it was observed significance 

between starvation DHT (higher weight) and starvation ethanol, as well as between starvation DHT and 

standard DHT (lower body weight than starvation DHT). Length measurements of 40 µl of 10 mg/ml DHT 

showed some significance between control ethanol and starvation DHT (with higher length), but not 

between control and the other groups (APPENDIX E).  
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More statistical analysis (Kruskal-Wallis test) was performed on the weight results (APPENDIX F) from 40 

µl of 10 mg/ml DHT, before the use of these samples for RT-qPCR.  There was statistical significance 

between some samples: their body weight increased (starvation ethanol and standard DHT) in relation to 

the control group. However, there was no significant difference between control ethanol and starvation 

DHT; and between standard DHT and starvation ethanol. The length measurement showed no significant 

difference (p-value of 0.455). 

Apple plate experiment  

This part of the experiment was a new tryout, where the measurements were taken from 12-13 days old 

flies that were constantly grown in a 10 mg/ml DHT environment (from the eggs to adulthood). Two 

samples (control ethanol and standard DHT) were used, and they showed significant differences in both 

weight (p-value 4.720E-4) and length (p-value 0.009) – increased weight and length in standard DHT group 

compared to the control. The bar graph (APPENDIX G) portrayed the average weight of control ethanol 

and standard DHT. Comparing this result with the previous one from 24 hours treatment with 10 mg/ml 

DHT, the weight of the standard DHT was always slightly higher compared to the control ethanol and the 

rest of the other samples. 

 

Fecundity analysis  
 

 
Figure 2: Total number of eggs laid of adult drosophila (from four experiments) after 24 hours with 40µl 10mg/ml of 

DHT. Data presented as ±SD/SEM, overall ANOVA test p-value between groups 0.002; pos-hoc test performed for 
multiple comparisons: Games-Howell. 
 
Statistical analysis showed no significant difference between the groups and the control (Figure 2); but 
there was a strong tendency of significance between the control ethanol and starvation DHT (p-value of 
0.052). Control Ethanol group had highest number of eggs (Figure 2) compared to starvation DHT. The 
second highest was the standard DHT with a difference of 128 fewer eggs laid compared to control 
ethanol. The lowest sample group was the starvation DHT. The eggs count had some variations not just 
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related to the diet restriction, but with environmental conditions, the amount of eggs being fertilized and 
the free will of the flies, that sometimes even in good conditions and normal temperature they were laying 
less amount of eggs. Nevertheless, it can be said that the starvation groups (Figure 2) had the tendency 
of laying fewer eggs but showed higher amount of dissected eggs (APPENDIX I) compared to control 
sample. 
 
Differences (in fecundity) were observed during the growth of offspring between the control ethanol and 
standard food DHT (Figure 2): after five days of egg deposition, control ethanol vial tubes had more larvae 
crawling in the walls, compared to standard food offspring, that seemed to be one step behind on the 
development. 
 

Dissected eggs 
 
Eggs were counted from ten dissected flies from each treatment group; even though the internal anatomy 
of drosophila was visible after the dissection (APPENDIX H) it was difficult to distinguish properly between 
fertilized and non-fertilized eggs. The results (APPENDIX I) showed the total amount of eggs found inside. 
In accordance to statistical analysis (One-way ANOVA test), there was an overall p-value of 0.014 between 
groups, but no significance among the groups (equal variances not assumed, Games-Howell test used); 
just another tendency of significance between control ethanol and starvation DHT (p-value of 0.055). 
 

Offspring (adult flies) of the treated drosophila   
 
The eggs laid by adult females were left to hatch and the weight of the females were measured. There 
was no significant difference in weight between control ethanol and standard DHT offspring (40 of 
10mg/ml DHT, run in duplicates), p-values of 0.512 and 0.126, respectively. In addition, one of the 
replicates showed no significance in length (0.406). On the contrary, another 40µl of 10mg/ml DHT 
experiment showed significance between the control ethanol and standard DHT samples, both in weight 
and length (both measurements showed higher average values in standard DHT compared to the control); 
p-values less than 0.001. The offspring of the starvation DHT and starvation ethanol groups were not 
included due to their non-survival on the starvation media, were some eggs hatched after 24 hours 
treatment and even developed into first instar larvae but did not turn into adult flies. In some of the 
tryouts, three of the larvae became pupae (after being transferred on the third instar stage to starvation 
media with 40ul of 10mg/ml DHT), but never passed that stage. 
 
Moreover, offspring of 40µl of 10mg/ml DHT experiment used for the quantification of triglycerides, had 
significant difference (in weight) between control ethanol and starvation DHT (0.014) – higher average 
weight in starvation DHT; significance between control ethanol, standard DHT and starvation DHT (both 
p-values less than 0.001 and higher average weight compared to control). There was significant difference 
(in weight) between standard DHT and starvation ethanol (0.014) -higher weight in standard DHT, but no 
significance between standard DHT and starvation DHT (p-value 1). Throughout the development of the 
flies from the starvation, during their third instar phase, through microscopic observation, larvae of 
starvation DHT and ethanol were bigger in size compared to the other groups, and there was no significant 
difference between them in adult stage (p-value 1). 
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Colorimetric quantification of triglycerides 
 
The concentration of triglycerides of treated flies was measured through their absorbance values; 
standard curve (Figure 3) and bar graph (Figure 4) including standard deviation were created. 

 
Figure 3: Average concentration of triglycerides in the four sample groups merged with the standard glycerol 

standard concentrations, plotted against the average of absorbance values. Each sample group had five values 

before the average concentration 

 

The highest triglyceride concentration was seen in standard DHT and control Ethanol (figures 3 and 4), 

with no significant difference among these two groups. On the other hand, starvation samples had the 

lowest concentration with no significant difference between starvation groups. Moreover, there was a 

tendency of significance between control ethanol and starvation DHT (p-value of 0.053). However, the 

rest of the sample comparison showed significant differences: Control Ethanol versus starvation Ethanol; 

Standard DHT versus starvation DHT (p-value 0.045) and standard DHT vs starvation ethanol (p-value of 

0.038) (Figure 4). The overall p-value between the four sample groups was significant, p-value of 0.003. 
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Figure 4: Average concentrations of triglyceride, Values presented as means ± standard deviation; samples size 20; 

p-value< 0.05 (*) vs control; Kruskal-Wallis test was used. 

The concentration of the control ethanol sample was higher than the two starvation samples, but a bit 

lower than the standard DHT, which were female flies that were fed the same food as the control flies but 

including DHT. 

Real-time qPCR 

RT-qPCR was performed using Actin as the housekeeping gene, and six other genes of interest. The picture 

below (Figure 5) showed the 2-ΔΔCt values (relative expression levels) of the six genes, and the gene 

expression variation among the treatment groups after 24 hours treatment with 10mg/ml of DHT. 

The final RNA concentrations used, A230/A260 and A280/A260 absorbances measurements could be seen 

in Appendix J. 

 

Figure 5.: Average relative expression levels (2-ΔΔCt) of six Drosophila genes and specific standard deviations (SD) 

(Appendix K). Genes Toll and Med were related to the inflammatory signaling; ECR – protein coding gene responsible 

for some metabolic processes, with focus on the increase in ecdysone levels on drosophila.  Gwas PCOS genes: foxo, 

connected to insulin signaling, THADA- involved in diabetes type 2, and Spo involved on androgen biosynthesis. 
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Overall statistical significance just observed in Med, EcR and Spo; but specifically - starvation DHT of Med gene (vs 

control) and Spo (starvation ethanol vs starvation DHT) genes after Kruskal- Wallis test: p-value < 0.05 (*) 

According to concentrations on RNA purification (Appendix L), the samples from starvation DHT and 

starvation ethanol had higher RNA concentration levels before their dilution. Moreover, during the cutting 

of the wings (before homogenization), it was more difficult to remove the wings from the flies that were 

starved with DHT. Looking at figure 5, it could be seen that control ethanol had the lowest relative 

expression levels compared to all samples from all six genes of interest (A, B, C, D, E and F); on the other 

hand, starvation DHT had the highest in all six genes. Moreover, for Toll and Med genes, the samples that 

showed higher expression levels were starvation DHT (respective averages of 3.33 and 3.32) followed by 

starvation ethanol (3.19 and 3.09) when compared to their controls (1.30 and 1.16). The same situation 

could be observed for ECR protein coding gene, where starvation DHT (3.84) and starvation ethanol (3.41) 

were higher in comparison to control ethanol (1.44). The relative expression level THADA was higher for 

starvation DHT (2.13) and standard DHT (1.86); control ethanol (1.28) compared to all the samples, had 

closer expression with starvation ethanol (1.27). In addition to that, control ethanol (1.37) relative 

expression of foxo gene was lower than the three samples: starvation ethanol (1.92), standard DHT (2.16) 

and starvation DHT (2.70), that showed some gradually increase. Finally, for the spo gene, control ethanol 

(2.15) was higher than starvation ethanol (1.04) but lower than standard DHT (4.61) and starvation DHT 

(5.79).  
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DISCUSSION  
 

Physiology of drosophila affected by nutrient excess or dietary restrictions  
 
Adult gut of drosophila is formed by an epithelial monolayer composed by intestinal stem cells, absorptive 
enterocytes, secretory enteroendocrine cells and enteroblasts. Esophagus, crop and cardia are originated 
from the foregut. The muscles of drosophila intestines are striated, and its physiological function is 
coordinated by autonomic system and hormones (Karpac et al., 2013; Miguel-Aliaga et al., 2018). Midgut 
being considered the main digestion site of drosophila, the food is further broken down by digestive 
enzymes (trypsin, proteases, lipases) responsible for breaking down proteins, carbohydrates and lipids 
(Karpac et al., 2013; Miguel-Aliaga et al., 2018). Intestinal stem cell proliferation (into asymmetric and 
symmetric modes) during starvation and refeeding period is stimulated throughout insulin-like peptide 3 
(originated from visceral muscle); but long-term starvation could lead to its proliferation decrease and 
downregulation of intestinal insulin receptor. Further explanation, intestinal stem cells symmetric division 
is stimulated by insulin signaling (increased midgut size) after prolonged starvation (Miguel-Aliaga et al., 
2018), supporting the higher relative expression levels of foxo gene (Figure 5.E) in starvation DHT (2.70), 
when compared to the control sample.  
 
Rotting fruits/food and fungal material were considered the natural diet of drosophila, including bacteria 
(by digesting peptidoglycan, probably with the help of lysozymes) and microbial material. (Miguel-Aliaga 
et al., 2018). Previous studies suggested as well, appearance of metabolic disorders such as insulin 
resistance or lipid accumulation due to high fat or – sugar diets (Kezos et al., 2017). As shown in the results 
the average weight between the four samples was not significantly different (Figure 1), but it could be 
seen that the average of standard DHT was slightly higher than the rest of the groups and the starvation 
groups tended to have lower body weight compared to the control flies. This scenario could suggest that 
addition of DHT may lead to lipid accumulation. Although, the average concentration of triglycerides of 
standard food and DHT (Figures 3 and 4) compared to the control was slightly higher; however, 
statistically, there was no difference between these groups or between control ethanol and starvation 
DHT samples.  
 
Moreover, it is known that starvation resistance was correlated to the number of calories in the body 
(Kezos et al., 2017); Transcription of digestive enzymes (amylases) were induced by starvation in adult 
flies, responsible for breaking down carbohydrates; but amylase expression could be caused by sucrose, 
glucose and fructose repression, a process named glucose repression (Miguel-Aliaga et al., 2018). The 
effect of glucose repression could be due to the limitation of drosophila regarding the uptake of sugar 
when in excess. A diet poor in cholesterol led to upregulation of Hr96 (receptor responsible for cholesterol 
homeostasis) that was followed by fatty acid assimilation, peripheral fat accumulation and cholesterol 
homeostasis during starvation (Karpac et al., 2013; Miguel-Aliaga et al., 2018). Specifically, according to 
Miguel-Aliaga et al., intestinal triacylglyceride (TAG) lipase/ cholesterol esterase Magro (Mag) is one of 
the lipases induced by Hr96, making it responsible for the breakdown of TAG and cholesterol (Karpac et 
al., 2013; Miguel-Aliaga et al., 2018).  
 
Obesity (lipid accumulation) and cardiovascular diseases are two long-term effects and symptoms in 
women with PCOS. According to Hardy et al., drosophila could also acquire heart problems, for instance 
fat accumulation around the heart due to changes in the lipid homeostasis (Hardy et al., 2015). The same 
situation had already been observed in mammals, when the body was presented with excess triglycerides 
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(Hardy et al. 2015; Kezos et al., 2017). In drosophila, the organ similar in functions with adipose tissue is 
the fat body which would generally be responsible for the storage of nutrients, as well as production and 
break down of triglycerides. Accumulation of lipids could lead to alteration of its location in the body (in 
both drosophila and mammals) that would negatively affect the function of the organs affected by lipid 
accumulation, or changes in carbohydrate homeostasis (in drosophila) (Hardy et al. 2015). Based on data 
from Miguel-Aliaga et al. and Hardy et al., it was suggested that standard food DHT could lead to lipid 
accumulation (Figures 3 and 4) compared to the control group and the starvation samples that showed 
lower triglyceride concentrations.  
 
Starvation assumptions could be based on previous studies (Hardy et al. 2015), where 65-80 generation 
of starvation-selected female flies were studied. Flies that survived starvation (became resistant), were 
the originators of the generation being analyzed. They showed some obesity conditions and 
characteristics connected to heart dysfunction. For instance, the starvation-selected flies had the heart 
loosely attached to the cuticle in the abdomen due to accumulation of fat body around it; as well as 
increase in systolic and diastolic diameters. One of the starvation resistance advantages was the potential 
to cumulate lipid and the capability of its metabolism (and 14 days survival) while facing food scarcity 
(Hardy et al. 2015) – improving health conditions by decreasing triglycerides levels.  
 
Starvation samples (ethanol and DHT) showed lower levels of triglycerides (Figures 3 and 4), suggesting 
that the female flies might have become starvation resistant due to mating before treatment, and the 
metabolization of stored lipids for survival purposes. Additionally, the mating process of drosophila was 
strongly related to starvation resistance (Jang and Lee, 2015). The effects connected to male seminal fluid 
peptides led to increase in food intake by the female, leading to increased lipid storage (Jang and Lee, 
2015). Above that, female flies showed more intestinal stem cells proliferation after mating: remodulation 
of female midgut happened within three days, increasing the size of the midgut and changing the 
expression of lipid metabolism; whereas the amount of eggs being produced were dependable on 
promoting or not the intestinal changes after mating (Jang and Lee, 2015; Miguel-Aliaga et al., 2018). 
However, starvation resistance might have negative outcomes, like decreased mobility and survival (Hardy 
et al., 2015).  
 

Ecdysone signaling  
 
Oogenesis is stimulated by germline stem cells (GSCs), located in the anterior of each ovariole and 
responsible for daughter cells production through asymmetric divisions (Ables et al., 2015). Progeny of 
GSCs is followed by formation of 16-cell cysts (each composed of oocyte and 15 nurse cells), which in turn 
led to follicles formation and 14 developmental stages prior to egg deposition (Belles and Piulachs, 2014; 
Ables et al., 2015). Control ethanol had higher egg count compared to all the rest of the other groups, 
with the largest difference compared to the starvation DHT (225). The low egg count for the starvation 
groups (even lower for starvation DHT), might be explained due to environmental conditions that were 
not appropriate for egg laying. Otherwise, as consequence of increased adiposity, starvation-selected flies 
presented decrease in development rate, in fecundity and flight execution (Hardy et al., 2015).  
 
Ovarian development, proliferation of GSCs, and follicle growth were dependable on ecdysone signaling 
pathway. For instance, the hormone (20-hydroxyecdysone) is produced in the later stage of ovarian 
follicle, were it is further bound to heterodimeric nuclear hormone receptor (EcR) that was highly 
expressed in the ovaries. EcR as ecdysone early response gene, would interact with other nuclear 
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hormone receptors for coordination of follicle survival (Hackney et al., 2007; Ables et al., 2015). The 
relative expression levels of EcR (Figure 5.C) of starvation DHT and standard DHT were higher in 
comparison with the control sample. It is thought to be due to the probable body response to the presence 
of DHT (human homolog hormone of ecdysone). 
Proliferation of gonadal somatic cells and primordial germ cells can be seen in early larva stage; 
proliferation needed for the formation of 16-20 niches (Belles and Piulachs, 2014). Egg maturation could 
be controlled by ecdysone signaling in two different ways: the progression of ovarian follicles from 
vitellogenesis to matured eggs, or their destruction through apoptosis (Soller et al., 1999; Bells and 
Piulachs, 2014) According to Belles and Piulachs, elevated levels of ecdysone was detected in starved flies. 
Moreover, this process was dependent on the regulation of E75 (transcription factors) by BR-C (broad 
complex gene). The transcription factors had different functions, where apoptosis was promoted by E75A 
and suppressed by E75B. Elevated levels of ecdysone led to increased expression of BR-C-Z2 and BR-C-Z3, 
which in turn upregulated E75A and downregulated E75B; The outcome would be apoptosis of ovarian 
follicles (Belles and Piulachs, 2014). This mechanism likely the reason for lower egg count (Figure 2) of 
starvation samples, compared to controls, and for the starvation DHT having the lowest egg count due to 
exacerbation of the conditions (increase in hormonal levels). In addition, this mechanism is probably the 
explanation for slightly lower egg count of standard DHT than control ethanol, even though the food 
quality was the same.  
 

Identification of PCOS 
 
Within the need of finding modern methods of diagnosing PCOS in women, AMH have been included in 
the picture, due to its follicular inhibitory functions (Bhide and Homburg, 2016). As one of the criteria for 
diagnosing PCOS, polycystic ovary morphology could be diagnosed through vaginal ultrasound, based on 
the presence of >12 antral follicles in the ovary (measuring 2 to 9 mm) (Bhide and Homburg, 2016). AMH 
expression is observed in pre-antral and small antral follicles through granulosa cells (connected to follicle 
stimulating hormone-FSH); where the density of follicles in PCOS patients was six times higher than in 
normal women. AMH levels are higher in women with PCOS and it is associated with insulin insensitivity 
(Bhide and Homburg, 2016). Additionally, some criteria have been based on the increase in serum 
androgen and luteinizing hormone (LH), or increased LH/FSH (Dewailly, 2016). Chromatography 
measurements are becoming more established within clinical settings and are superior in sensitivity 
compared to the old radioimmunoassay for detecting testosterone. 
 
Furthermore, patients with polycystic ovary morphology have higher AMH serum levels. FSH is suggested 
as the hormone with opposing actions of AMH because of its role in follicles development. Its non-function 
could have been the reason for anovulation; previous studies demonstrated that abnormally high levels 
of androgen could have led to accumulation of many follicles, increased AMH production per follicle, and 
decreased action of FSH (Bhide and Homburg, 2016). The fecundity results (Figure 2) where the egg counts 
for all the samples treated with DHT were lower than the control, might be explained based on previous 
assumptions. However, the results of the egg count after dissection of treated samples, did not show 
statistical significance, and consistent deductions would not be made due to incapability of distinguishing 
the eggs that were previously fertilized or not. 
 
One of the reasons for the treatment of mated adult females was for the analysis of the effect of DHT in 
the offspring upon exposure of the fertilized eggs. It is believed that fetal androgen-exposure, could made 
the offspring susceptible to presenting PCOS during puberty (Bhide and Homburg, 2016). These 
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presumptions were based on monkey Rhesus studies, where the offspring developed PCOS symptoms 
(Bhide and Homburg, 2016), or children of women with PCOS showing high levels of AMH, which is 
thought to be due to changes in the development of follicles (Dadachanji et al., 2018). Apart from the fetal 
androgen exposure, maternal exposure contributed for insulin resistance and modification of beta cells 
development (Dadachanji et al., 2018). This is in line with data in this study showing, in some offspring 
groups, that the standard DHT showed an increase in weight and length, when compared to the control 
group. These findings could have been by chance or due to chances of the offspring acquiring PCOS 
symptoms, but further analysis (like gene expression) should be made for better outcome. Interestingly, 
some offspring larvae from starvation samples were abnormally bigger in size, suggesting some anabolic 
changes due to the maternal exposure to starvation and DHT. 
 

Insulin resistance and Chronic inflammation 
 
Drosophila metabolic adaptation is based on regulation of dietary processes for the maintenance of 
homeostasis (Karpac et al., 2013). It is thought that high fat/sugar diets could lead to dysregulation of this 
process and its exacerbation on the elderly, increasing the probability of metabolic disorders (Karpac et 
al., 2013). Insulin/insulin growth factor (IGF) signaling (IIS) was one of pathways participating on the 
regulation of the lipids and carbohydrates body metabolisms and in the system response to stress (Karpac 
et al., 2013). On top of that, hyperandrogenism, chronic anovulation and insulin resistance (in PCOS 
patients) might be induced by high levels of insulin-like growth factor-1 (IGF-1) in the ovarian and adrenal 
gland (Kebapcilar et al., 2014). Hyperandrogenism might lead to hyperinsulinemia due to testosterone 
increasing the levels of GH production and IGF-1; because of changes in responsiveness of pituitary gland 
towards growth hormone secretion, overstimulation of insulin receptors and suppression of insulin 
extraction by the liver (Kebapcilar et al., 2014). Lowered activity of IIS led to activation of foxo transcription 
factor. Foxo activation (in the intestine or adipose tissues) has been happening due to elevated stress 
levels in the body, with the aim of life-span extension; however, its activation on other cell tissues could 
lead to cell death (Karpac et al., 2013; Kebapcilar et al., 2014). On the other hand, mammal activation of 
foxo (and IIS inhibition) in cell tissues other than adipose tissues, could lead to metabolic diseases (like 
insulin resistance observed on PCOS patients) – where diabetes is promoted due the dysregulation of 
lipids and glucose homeostasis by foxo (Karpac et al., 2013). The results on foxo gene expression levels 
(Figure 5.E) supposedly were correlated to the previous explanation, were the expression levels were 
higher in starvation DHT samples than the control ethanol; as well as they showed more elevated levels 
on flies that had some kind of external stress stimulation (from starving conditions or addition of DHT).    
 
Above all, insulin resistance is thought to be originated from activation of foxo through Jun-N-terminal 
Kinase (JNK) signaling (Karpac et al., 2013). Triglyceride break down could be destabilized by a sugar-rich 
diet during the aging of the intestine – activation of JNK pathway activation (chronic foxo activation) 
leading to disruption of lipid homeostasis (Karpac et al., 2013; Miguel-Aliaga et al., 2018). Furtherly, the 
aggregated neutral lipid (for example triacylglycerols- fat droplets accumulation due to excess nutrients) 
was dependable on changes in foxo transcription factors. Those changes could have been causing 
accumulation of neutral lipids and increasing lipogenesis, a process important for the extended life of flies 
undergoing nutrients restriction (Miguel-Aliaga et al., 2018). 
 
As previously stated, (Miguel-Aliaga et al., 2018) the abnormality of lipid metabolism was correlated to 
the instability of IIS signaling (Karpac et al., 2013), not just in drosophila but in mammals as well. 
Additionally, lipolysis of stored lipids is coordinated by foxo, where modifications of foxo-regulated lipases 
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triggered dyslipidemia and diabetes type II; based on Chen et al., results in SNP for GWAS genes, there 
was significant difference on THADA (Figure 5.D) allele frequency between control group and PCOS 
patient; connotating the genes with PCOS and type II diabetes).  THADA expression levels were higher in 
standard and starvation DHT samples, while compared to the control; suggesting there must have been a 
probability of insulin resistance.  
 
Chronic inflammation in PCOS patients associated with insulin resistance and high testosterone levels, 
(Kebapcilar et al., 2014; Liu et al., 2015); where androgens trigger (nuclear factor kappaß) NF-kB 
inflammatory pathway, stimulating the production of cytokines like interleukin (IL-6), white blood cells, 
and other inflammatory mediators through nuclear gene transcription Kebapcilar et al., 2014; Liu et al., 
2015). Women with PCOS showed increased level of plasma cytokines (Kebapcilar et al., 2014); furtherly, 
increased levels of LH/FSH ratio and NF-kB were observed in PCOS patients (Liu et al., 2015).  
 
Drosophila immune response is solely innate based; nevertheless, there are some similarities with the 
immunity of vertebrates (Gregorio et al., 2002; Shaukat et al., 2015). The cascade must trigger release of 
immune cells (hemocytes) into circulating haemolymph and antimicrobial peptides production from the 
fat body (Shaukat et al., 2015). Toll pathway activation is triggered upon its binding to Spaetzle and 
activation of adaptor proteins (MyD88) – resulting in translocation of NF-Kb like transcription factors 
(Shaukat et al., 2015). In PCOS, levels of Toll gene could be analyzed with the fact that the immune 
response could be triggered not only due to pathogens, but because of systemic or cellular changes in 
drosophila (Shaukat et al., 2015). Toll gene (Figure 5.A) showed higher relative expression levels on the 
samples that suffered external stress (specially for starvation DHT), compared to the control group.  
 

Genetic involvement on diagnosing PCOS  
 
SMAD4 gene function (in human) is related to the TGF-B (transforming growth factor-beta) signaling 
pathway, where its activation of its receptor is dependable on the prior binding of TGF-B to Ser/Thr kinase 
receptors and activation of SMAD (Umbarkar et al., 2019). SMAD-SMAD4 complex is shifted to the nucleus 
for the controlling of cell growth and proliferation in many systems and other biological processes (like 
ovarian follicle development, positive regulation of luteinizing hormone, among others) (Umbarkar et al., 
2019). The drosophila ortholog, Med gene, would present similar functions, including its elevated 
expression in the embryo.  
The results showed higher expression levels of Med (Figure 5.B) in all treatment groups (specially 
starvation DHT) compared to control; the reason is likely connected to the fact that this gene actively 
participate in ovarian follicle cell development. And, Med might have been trying to halt any process 
blocking the maturation of the follicles. 
 
PCOS long-term effects could include infertility which would specifically be due to – overproduction of 
androgen by ovarian endocrine theca cells, thecal cell hyperplasia or increased intensity of 
steroidogenesis (Magoffin, 2005; Dadachanji et al., 2018) 
DENND1A (connecdenn 1), a guanine nucleotide exchange factor involved on clathrin-mediated 
endocytosis, internalization of proteins and lipids is comprised by DENND1A.V2; where DENND1A.V2 is 
increased in PCOS theca cells. Moreover, increased CYP17A1 (gene responsible for androgen biosynthesis) 
is mediated by DENND1A.V2 expression, whereas CYP17A1 gene increased expression is correlated to 
hyperandrogenism in PCOS women (McAllister et al., 2014). CYP17A1 being considered rate-limiting 
enzyme on the synthesis of androgen, could present elevated expressions when the body is producing 
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androgens through cholesterol (steroidogenesis) (Indran et al., 2016). Previous studies on sheep 
prenatally exposed to androgens had an increased LH secretion and upregulation of genes participating 
in ovarian steroidogenesis, genes like CYP17 (Dadachanji et al., 2018). Drosophila ortholog of human 
CYP17A1, called spo/spok, presented relative expression levels (Figure 5.F) higher in starvation DHT and 
standard DHT, compared to control ethanol, most probable due to presence of lipid droplets (in starvation 
DHT) and exacerbation of obesity symptoms in standard DHT samples. 
 
 

Ethical aspects 
 
There was no need of ethical approval for the use of Drosophila Melanogaster, but some points (Curzer 
et al., 2015) were made for a responsible use of the resources. The three Rs stood for Replacement (1), 
Reduction (2) and Refinement (3). These points could be defined as (1) if existed, the use of non-animal 
models to conduct the current study should be recommended, with the aim of causing no harm to the 
animal; (2) the most important areas of the research should be prioritized, by regulating the number of 
animals being used in the study; (3) is advisable a change as much as possible in the research methods 
that would not comprise the use of many animals (Curzer et al., 2015). 

General view on PCOS 

PCOS is a common endocrine condition that affects many women world-wide. Its characteristics are 
usually unknowingly ignored making it sometimes being diagnosed when the symptoms have been going 
on for years; from irregular menstruations (sometimes six months in between) to heavy and short time 
bleeding. It is an area worth researching, mainly due to many questions needed to be answered. This 
project aimed to produce a Drosophila Melanogaster model, which could allow further studies of the 
disorder, faster testing for new drugs and discovering new drug targets.  

 

CONCLUSION 

Summarizing, it could be seen that weight and length of drosophila would not be significantly affected on 

24 hours treatment, especially due to starvation resistance that could be acquired after mating. The body 

might not be directly affected by starvation, but the disturbance of lipid homeostasis might be considered 

the bridge for some health conditions (Hardy et al., 2015). Moreover, the fecundity and lipid levels 

outcome might have been due to many other external factors and living conditions, which could be the 

presence of some symptoms of PCOS. In addition to many scientific and practical correlations with some 

results concerning the creation of PCOS drosophila melanogaster model, the variation of methods could 

probably lead to the achievement of this goal. However, due to the heterogenous nature of the disorders, 

many metabolic disturbances in the drosophila might or not be connected to the creation of the model.  

 

Further advice for the next studies should include treatment of virgin drosophila, more studies on 

offspring from fertilized eggs exposed to high levels of DHT or the apple plate experiment; with focus on 

genotypical results, because the phenotypical ones would not be completely reliable.  
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APPENDIX 
 
APPENDIX A 

 
Figure 1. Materials used during the lab work. From left to right, pellet pestle, tweezers, drosophila sorting brush, 
tweezers, pointer, inoculation loop 
 
 
 

APPENDIX B 
 

 
Figure 2. Vial tubes of different groups after 24 hours treatment. From left to right: control ethanol, standard DHT, 
starvation DHT, starvation ethanol 
 

APPENDIX C 
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video_muted.mp4

 
Figure 3. Video of drosophila behavior in different groups after 24 hours treatment 
 

 

APPENDIX D 
 
Table 1. Statistical analysis for 75 flies in 40 µl of 10mg/ml DHT, using Kruskal-Wallis test. 
 

TREATMENT GROUPS control ethanol, starvation ethanol, standard DHT, 
starvation DHT 

p-value 0.124 
Total sample size 300 

 

 

APPENDIX E 
 
Table 2. Statistical analysis of weight of data used for triglyceride quantification. Total sample size of 140. 

40 µl of 10 mg/ml dht Weight Overall p-value 

control eth vs. stvt eth 0.000a 

0.000a 

control eth vs. stand DHT 0.185* 

control eth vs. stvt DHT 0.014 

stvt eth vs. Stvt DHT 0.000a 

stand DHT vs. stvt DHT 0.000a 

stand DHT vs. stvt eth 0.054* 

40 µl of 10 mg/ml dht Length Overall p-value 

control eth vs. stvt eth 1.000* 

0.001 

control eth vs. stand DHT 1.000* 

control eth vs. stvt DHT 0.021 

stvt eth vs. stvt DHT 0.004 

stand DHT vs. stvt DHT 0.001 

stand DHT vs. stvt eth 1.000* 

Not significant (*); p-value less than 0.001 (a) 
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APPENDIX F 
 
Table 3. Statistical analysis of weight of data used for RT-qPCR. Total sample size of 140. 

Not significant (*); p-value less than 0.001 (a) 
 
 

APPENDIX G 
 

 

 
Figure 4. Average weight of apple plate experiments; Values presented as means ± standard deviation; p-value 
<0.001 (***), sample size: 40 
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40 µL OF 10 MG/ML DHT WEIGHT OVERALL P-VALUE 

CONTROL ETH VS. STVT ETH 0.013 

0.000a 

 

CONTROL ETH VS. STAND DHT 0.019 

CONTROL ETH VS. STVT DHT 0.254* 

STVT ETH VS. STVT DHT 0.000a 

STAND DHT VS. STVT DHT 0.000a 

STAND DHT VS. STVT ETH 1.000* 
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APPENDIX H 
 

 
Figure 5. Dissected eggs (on the upper left side) of female drosophila.  
 

APPENDIX I 

 
Table 4. One-way ANOVA test on dissected eggs, and post-hoc test of Games-howell. 

Dissection p-values Overall p-value 

Control Eth vs. Stvt Eth 0.066 

0.014 (ANOVA) 

Control Eth vs. Stand DHT 0.168 

Control Eth vs. Stvt DHT 0.055 

Stvt Eth vs. Stvt DHT 0.889 

Stand DHT vs. Stvt DHT 0.294 

Stand DHT vs. Stvt Eth 0.559 

 

APPENDIX J 
 
Table 5. Diluted RNA concentrations before conversion to cDNA for the RT-qPCR 

Samples tube number concentrations ng/µl 260/280 260/230 

STANDARD FOOD + 40 µl ETHANOL 1 180.03 2.2 2.45     
2 131.7* 2.29 0.34     
3 166.69 2.22 0.63     
4 139.11 2.2 1.84     
5 191.94* 2.18 1.11     
6 189.57 2.21 2.13 

STARVATION + 40 µl ETHANOL 1 249.65 2.18 1.06     
2 301.18 2.22 2.28     
3 186.99 2.21 2.33     
4 103.28 2.11 1.51 
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5 219.37 2.18 2.51     
6 145.36 2.2 1.53 

STANDARD FOOD + 40 µl DHT 1 127.9 2.09 1.13     
2 199.37 2.16 1.67     
3 105.95 2.12 1.26     
4 148.72 2.14 1.99     
5 104.92 2.07 1.82     
6 126.46 2.15 1.37 

STARVATION + 40 µl DHT 1 208.38 2.18 1.79     
2 222.53 2.22 2.33     
3 308.89 2.22 2.42     
4 215.68 2.18 1.11     
5 179.08 2.18 2.26     
6 263.67 2.22 2.57 

Not diluted samples (*) 

 

APPENDIX K 
 
 

Table 6. Average relative expression levels (2-ΔΔCt) of six drosophila genes and SD. 

 

 

 

Genes Groups Average 2-ΔΔCt SD 
Toll Control Ethanol 1.308995239 1.270563992 

Starvation Ethanol 3.192327978 2.582075504 
Standard DHT 2.4010423 1.389907062 
Starvation DHT 3.328501267 1.334946357 

Med Control Ethanol 1.156926 0.771654467 
Starvation Ethanol 3.095272145 1.448260915 
Standard DHT 2.412195633 2.411109946 
Starvation DHT 3.315150672 1.438950661 

ECR Control Ethanol 1.44239966 1.270131004 
Starvation Ethanol 3.499853847 2.20092862 
Standard DHT 2.585971684 1.694756319 
Starvation DHT 3.842834608 2.076295417 

THADA Control Ethanol 1.284358633 0.889816409 
Starvation Ethanol 1.273528372 0.594289675 
Standard DHT 1.862368077 1.219235498 
Starvation DHT 2.13036144 1.088503539 

Foxo Control Ethanol 1.375017389 0.976468356 
Starvation Ethanol 1.917666793 0.872197499 
Standard DHT 2.166326549 1.518954044 
Starvation DHT 2.708094895 1.066229001 

Spo/spok Control Ethanol 2.154304514 3.180153726 
Starvation Ethanol 1.047401721 0.619195159 
Standard DHT 4.695603957 3.465769613 
Starvation DHT 5.794409189 3.689501129 
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APPENDIX L 
 
Table 7. RNA concentrations before dilution and conversion to cDNA for the RT-qPCR 

Samples tube 
number 

concentrations 
ng/µl 

260/280 260/230 

STANDARD FOOD + 40 µl 
ETHANOL 

1 327.2 2.31 2.43 

    
2 131.7 2.29 0.34     
3 283.97 2.24 0.64     
4 402.38 2.21 1.84     
5 191.94 2.18 1.11     
6 534.58 2.28 2.13 

STARVATION + 40 µl ETHANOL 1 684.57 2.31 1.02     
2 942.39 2.33 2.28     
3 560.82 2.39 2.24     
4 458.95 2.26 1.68     
5 645.32 2.33 2.6     
6 534.06 2.28 1.6 

STANDARD FOOD + 40 µl DHT 1 265.98 2.23 1.22     
2 574.71 2.29 1.71     
3 206.97 2.2 1.37     
4 290.46 2.24 2.26     
5 225.33 2.21 2.22     
6 251.99 2.22 1.47 

STARVATION + 40 µl DHT 1 607.49 2.26 1.81     
2 610.04 2.24 2.3     
3 849.56 2.25 2.43     
4 569.36 2.21 1.11     
5 474.99 2.21 2.15     
6 726.84 2.27 2.52 

 


