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ABSTRACT 

DESIREÉ PATTERSON 

ACUTE EFFECTS OF PLASMA FROM WOMEN WITH PCOS TREATED WITH 

WHEY PROTEIN ON VITAMIN D METABOLISM IN 3T3-L1 ADIPOCYTES 

DECEMBER 2019 

Polycystic ovary syndrome (PCOS) is a reproductive disorder often associated 

with vitamin D (VD) deficiency, obesity, and type 2 diabetes mellitus (T2DM). While 

nutritional treatments for PCOS are limited, VD supplementation increases insulin 

secretion and improves glycemic control. Whey protein isolate (WPI) supplementation 

increases insulin secretion and lowers glucose in individuals with T2DM. Mouse 3T3-L1 

adipocytes were exposed to plasma from women with and without PCOS who consumed 

WPI for 7 days. Adipocytes were then exposed to 25-hydroxyvitamin D3 (25VD) and 

1α,25-dihydroxyvitamin D3 (1,25VD) to determine the interaction of plasma from 

women consuming WPI and vitamin D3 on the genetic expression of 25-hydroxylase 

(CYP2R1) and 24-hydroxylase (CYP24A1). This study found no effect of plasma or 

forms of VD on CYP2R1 expression; however, 1,25VD increased the CYP24A1 

expression.  Overall, neither plasma nor forms of VD seem to change VD metabolism 

gene expression under normal or PCOS-like conditions.  
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CHAPTER I 

INTRODUCTION 

PROBLEM STATEMENT 

Polycystic ovary syndrome (PCOS) is the predominant endocrine and female 

reproductive disorder with a global prevalence of up to 20% in women of reproductive 

age and is the primary cause of infertility in women.
1
 It is characterized by three main 

features including hyperandrogenism, menstrual irregularities, and polycystic ovaries. 

PCOS increases a woman’s risk for several other chronic diseases including type 2 

diabetes mellitus (T2DM), metabolic syndrome (MetS), and cardiovascular disease 

(CVD). While obesity is not a cause of PCOS, it is present in approximately 50% of 

women with PCOS.
2
Another common metabolic abnormality in women with PCOS is 

insulin resistance (IR); irrespective of obesity.
3
 Various treatments for PCOS include 

lifestyle changes, medications, surgical procedures, and nutritional supplements.
1
  

Vitamin D deficiency is also prevalent in the PCOS population.
4
 The relationship 

between vitamin D status and PCOS suggests that vitamin D deficiency contributes to the 

development of IR
5
and/or worsens IR in women with PCOS

6
 because vitamin D is 

necessary for the regulation of insulin secretion.
7,8

 Therefore, a nutritional supplement 

studied in women with PCOS is vitamin D. Vitamin D supplementation increases serum 

vitamin D levels,
5,9,10

 improves insulin secretion,
11 

and improves glycemic control.
6,13,14

 

However, other studies do not support the effectiveness of vitamin D supplementation 
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improving metabolic or endocrine markers in women with PCOS.
5,6,10,15

 Conversely, 

vitamin D supplementation might have a preventative effect as it reduces T2DM risk.
16

  

Another nutritional supplement that could be used in women with PCOS is whey 

protein (WP). Smaller proteins and peptides in WP have various physiological effects in 

the human body, particularly antidiabetic effects.
17-19

 Like vitamin D supplementation, 

WP is effective in promoting insulin secretion and glycemic control in individuals with 

T2DM.
18,20

 Only two studies using WP in women with PCOS report improved glycemic 

control and body composition.
21,22

 However, no studies have analyzed effect of WP on 

expression of genes regulating vitamin D metabolism in women with PCOS.  

PURPOSE AND HYPOTHESIS 

The purpose of this study was to determine if vitamin D metabolism may be 

aberrant in adipose tissue in women with PCOS using 3T3-L1 adipocytes treated with 

plasma from control and PCOS women in an in vitro model. The central hypothesis of 

this study is that WP improves vitamin D metabolism by impacting expression of genes 

related to vitamin D metabolism specifically by increasing the expression of CYP2R1 

and CYP27B1 and decreasing the expression of CYP24A1. 

SPECIFIC AIMS 

1. Assess the effect of whey protein isolate (WPI) ingestion on expression of genes 

regulating vitamin D metabolism, specifically CYP2R1, CYP27B1, and 

CYP24A1, under PCOS-like conditions (inflammation) in differentiated 3T3-L1 

adipocytes in vitro. 
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2. Assess the effect of vitamin D3 (VD) on expression of genes regulating vitamin D 

metabolism, specifically CYP2R1, CYP27B1, and CYP24A1, under PCOS-like 

conditions (inflammation) in differentiated 3T3-L1 adipocytes in vitro. 

3. Assess the interaction of WPI and VD on expression of genes regulating vitamin 

D metabolism, specifically CYP2R1, CYP27B1, and CYP24A1, under PCOS-like 

conditions (inflammation) in differentiated 3T3-L1 adipocytes in vitro. 
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CHAPTER II 

REVIEW OF THE LITERATURE 

POLYCYSTIC OVARY SYNDROME 

Definition, Diagnosis Criteria and Prevalence 

PCOS is one of the most common female reproductive and endocrine disorders
1-8

 

currently impacting between 5-20% of women globally.
1,9

 The variance in prevalence 

depends on the set of criteria used to diagnose PCOS.
10,11

 The discovery of PCOS is 

credited to Stein and Leventhal who studied a small group of women presenting with 

menstrual irregularities, hirsutism, and enlarged ovaries in the mid-1930s.
12,13

 However, 

Vallisneri, a medical scientist, described a woman with infertility and enlarged ovaries, 

describing PCOS as far back as the 1720s.
12

 In establishing the diagnostic criteria, 

abnormal levels of gonadotropins, including luteinizing hormone (LH) and follicle 

stimulating hormone (FSH), were not included though abnormal levels were present in 

women with polycystic ovaries. However, elevated testosterone proved to be a key 

marker in women with PCOS. With the development and improvements in ultrasound 

technology, a consistent and reliable method to confirm the presence of polycystic 

ovaries became possible. Progress in determining the key characteristics led to the criteria 

for diagnosing PCOS by the National Institutes of Health (NIH) in the 1990s, in which 

“PCOS [was] defined as unexplained hyperandrogenic anovulation.”
12

 The specific 

criteria included high levels of androgens in the blood or clinical evidence of high 
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androgen levels, absent or irregular ovulation, and exclusion of other diseases with 

similar characteristics. In 2003, the now commonly used Rotterdam criteria were 

established, in which only two out of three criteria are needed for a diagnosis including 

ultrasound-confirmed polycystic ovaries, a component the NIH criteria did not include.
12

  

There are three hallmark characteristics used to define PCOS--hyperandrogenism, 

polycystic ovaries, and menstrual irregularities.
1,8

 Because of this heterogeneity it is 

difficult to diagnose and treat PCOS; therefore, identifying the specific phenotype of a 

woman with PCOS is crucial.
1
 The NIH initially recognized only two phenotypes, but 

later adopted the more inclusive 2003 Rotterdam criteria, which included four phenotypes 

to diagnose PCOS (see Table 1).
1,14

 The predominant phenotypes are phenotypes A and 

B. In phenotype A, all three characteristics are present, and in phenotype B, only 

hyperandrogenism and menstrual irregularities are present. Phenotype A is considered the 

classic phenotype of PCOS because it is the phenotype frequently associated with severe 

metabolic disorders.
15

 Together, these two phenotypes have an approximate prevalence of 

45% and phenotype C is roughly 35%.
1,9

 Since the adoption of the 2003 Rotterdam 

criteria, some criticize the criteria because it includes milder phenotypes, such as 

phenotype D, where only polycystic ovaries and menstrual irregularities are required for 

diagnosis, therefore excluding hyperandrogenism.
12

 Phenotype D also has the lowest 

prevalence among the four phenotypes at about 20%.
1,9
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Table 1. PCOS Phenotypes. Adopted from Azziz and colleagues.
1
 

Characteristic Phenotype A Phenotype B Phenotype C Phenotype D 

Hyperandrogenism + + + - 

Polycystic Ovaries + - + + 

Menstrual Irregularities + + - + 

 

The original NIH criteria emphasize hyperandrogenism as the key characteristic 

of PCOS, and one reason why the Rotterdam criteria are criticized. The Androgen Excess 

Society agrees with the NIH because hyperandrogenism is associated with reproductive 

and metabolic abnormalities, in which milder phenotypes that exclude hyperandrogenism 

do not.
12

 Another reason for the criticism of the Rotterdam criteria is the potential 

consequence of standardized treatment for all phenotypes and an increased prevalence of 

PCOS.
11,12

 Lastly, a final diagnosis of PCOS is only made when disorders with similar 

characteristics and symptoms are excluded,
1,12

 such as thyroid dysfunction, non-classic 

adrenal hyperplasia, androgen-secreting neoplasia, use of anabolic androgenic drugs, or 

idiopathic hirsutism.
1
   

Etiology, Pathophysiology, and Symptoms of PCOS 

It is likely that the cause of PCOS is multifactorial involving environmental and 

genetic factors.
16-19

 However, it is commonly believed that hyperandrogenism is the 

driving force behind PCOS,
18

 as a result of increased androgen production in the 

ovaries.
9,19

 Stein and Leventhal believed that enlarged and polycystic ovaries were a 

result of abnormal hormone stimulation,
12

  specifically a high LH to FSH ratio.
14

 Plate 

believed both adrenal glands and the ovaries were responsible for secreting androgens.
12

 

Additional proposed causes of PCOS include increased gonadotropin releasing hormone 
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(GnRH), which is thought to contribute to the increase in ovarian androgen synthesis, 

decreased FSH, IR, and pancreatic β-cell dysfunction, and obesity.
14

  

Environmental factors. Particularly, common environmental factors can be 

grouped according to when they occur in life as prenatal and postnatal.
19

 During the 

prenatal period, exposure to certain conditions, referred to as epigenetic fetal 

programming,
19

 can contribute to the development of PCOS and would include factors 

such as “in utero exposure to elevated androgens.”
18

 More recently, it is thought that 

elevated anti-Müllerian hormone (AMH) levels of a mother with PCOS during pregnancy 

might predispose her daughter to develop PCOS later in life.
20

 In mice, elevated AMH 

levels during gestation lead to increased testosterone levels during gestation. This 

essentially “programmed” the female pups to have increased neural GnRH activity and 

the development of PCOS-like conditions. During the postnatal period, factors related to 

the individual can also predispose a woman to develop PCOS including dietary 

habits,
16,17,19

 “obesity, sedentary lifestyle, and environmental toxins.”
19

  

Genetic factors. It is known that there is a strong genetic component tied to the 

development of PCOS. If a first-degree female relative suffers from PCOS, there is up to 

a 50% chance for developing PCOS.
1
 Approximately 100 genes have been identified in 

humans that contribute to the development of PCOS including genes that encode for 

insulin, FSH, and LH receptors, known as INSR, FSHR, and LCHGR, respectively.
1,9

 

Specific genetic mutations have been identified in genes related to the development of 

hyperandrogenemia, including “the androgen receptor, sex hormone binding globulin 
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(SHBG), and steroidogenic enzymes.”
18

 It is also proposed that these genetic defects are 

passed down to subsequent generations, such as genetic mutations of the androgen 

receptor and SHBG contributing to the development of hyperandrogenemia.
18

  

Hyperandrogenism. Hyperandrogenism can clinically manifest in women as 

hirsutism, male-pattern balding, a deeper voice, seborrheic dermatitis, and acne.
1,12

 In 

hirsutism, there is an increase in terminal hair growth, which is “pigmented, longer, 

coarser hair that covers the pubic and axillary areas… [and] male body and facial hair.”
18

 

It is believed that hyperandrogenemia is a consequence of IR. One possible mechanism is 

through insulin-stimulated androgen production in the ovaries and adrenal glands. Insulin 

likely contributes to increased ovarian androgen production
9,18

 through involvement in 

steroidogenesis by upregulating aromatase in granulosa cells.
18

 Specifically, insulin 

increases the expression of several enzymes in polycystic ovaries, such the aromatase 

enzyme, which result in increased production of progesterone and testosterone. The 

product(s) from the granulosa cells then end up in theca cells, which are responsible for 

producing androgens in the ovaries. Additionally, increased insulin inhibits the 

production of SHBG in the liver contributing to an increase in free androgens.
19

 

Furthermore, it is possible that hyperandrogenemia and IR continually stimulate one 

another leading to the development of other comorbidities and metabolic abnormalities.
18

  

Another mechanism contributing to hyperandrogenism is increased adrenal 

production of androgens through altered function of the hypothalamus-hypophysis-

adrenal-axis (HHAA).
18

 Increased visceral adipose tissue (VAT) breakdown of cortisol, 
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may lead to increased adrenal androgen production. Another pathway is through 

progesterone interaction with the glucocorticoid receptor, resulting in hyperestrogenemia, 

increasing the activity of the HHAA leading to further adrenal androgen production.
18

 

Increased activity of the HHAA also leads to increased glucocorticoids which increase 

aromatase expression,
18

  the key enzyme in androgen synthesis.
1
  Inflammation and 

oxidative stress also contribute to theca cells steroidogenesis,
18

  also contributing to 

hyperandrogenemia.
18,19

   

Menstrual irregularities and polycystic ovaries. Menstrual irregularities 

include amenorrhea (loss of menstruation for at least 3 consecutive cycles), 

oligomenorrhea (irregular menstruation), and irregular or anovulation. As part of a 

woman’s regular cycle, normal follicle and oocyte development occurs in response to 

FSH and LH.
1,18

 However, in PCOS, these responses are altered resulting in follicular 

arrest
1
 where follicles are trapped in their antral or maturing stage.

9
 This is likely due to 

an increase in LH production, in response to increased GnRH.
1,18

 This leads to increased 

androgen production and secretion
1,18

 and a consequential reduction in or inhibition of 

follicular development due to FSH insufficiency.
1
 Increased AMH levels impair FSH 

action
1,18

 through increased antral follicles numbers that produce AMH. Increased AMH 

inhibits FSH and aromatase contributing to hyperandrogenism.
1
 Normally, AMH levels 

drop once follicles are greater than 8 mm in diameter increasing the follicle response to 

FSH
9
 leading to normal ovulation.

9,18
 Lastly, the diagnostic criterion for polycystic 
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ovaries is that there must be at least 12 follicles, or cysts, with a diameter less than 10 

mm, but only one ovary is required to present this morphology.
12

  

Relationship to Other Metabolic Diseases  

Other metabolic disorders are prevalent in the PCOS population. Metabolic 

disturbances often accompanying PCOS include IR, hyperinsulinemia, and 

dyslipidemia.
1,3,6,7,10,18,21-27

 Additionally, women with PCOS have an increased risk for 

other disorders including obesity, T2DM, CVD, infertility, MetS, endometrial and 

ovarian cancers, and psychological disorders that include depression and 

anxiety.
1,10,13,17,18,21,22,25,28

  

Obesity. Obesity is prevalent in about 50% of women with PCOS,
18

 but it is not 

genetically connected to the development of PCOS.
1
 Non-obese women can develop 

PCOS; therefore, obesity is not one of the diagnostic criteria for PCOS.
2
 The incidence of 

hyperandrogenism, abnormal lipid profiles, including high cholesterol and triglyceride 

levels, IR, and hypertension (HTN) occur more frequently in obese women with PCOS. 

Additionally, menstrual irregularities are more prevalent in obese women with PCOS.
18

 

Non-obese women with PCOS have higher HDL levels and lower LDL levels.
2
 

Additionally, higher levels of a specific androgen, dehydroepiandrosterone sulfate 

(DHEAS), are observed in non-obese women with PCOS and are associated with a better 

metabolic profile than obese women with PCOS. Other hormone concentrations that 

differ between obese and non-obese women with PCOS include higher LH, lower 

progesterone, and lower androstenedione in obese women.
29

 Interestingly, both obese and 
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non-obese women with PCOS have increased levels of proinflammatory markers 

including “TNF[α], C-reactive protein (CRP), monocyte and lymphocyte circulating 

levels, and inflammatory infiltration in ovarian tissue.”
18

 It is believed that inflammation 

in PCOS is due to increased expression of proinflammatory genes and polymorphisms of 

those genes including IL-6, IL-10, TNF[α] and its receptor.  

Type 2 diabetes mellitus and insulin resistance. The prevalence of T2DM in 

women with PCOS is approximately 2 to 4.5 times greater than those without PCOS.
30

 If 

a woman with PCOS is obese, the risk of developing T2DM is 5 times greater. The risk 

for developing T2DM in PCOS is closely tied to IR
30

 and it is well documented that 

women with PCOS suffer from IR and abnormal insulin function.
1,2,12

  

IR is defined as the inability of cells to respond to insulin.
8
 Approximately 50-

70% of women with PCOS are believed to have IR.
14,19

 However, the prevalence may be 

closer to 60-80%, with a prevalence of 95% in obese women with PCOS.
30

 Reduced 

insulin sensitivity leads to increased basal levels of insulin in women with PCOS 

resulting in sustained increased insulin levels in the blood, or hyperinsulinemia.
1,19,30

 It is 

believed that IR in PCOS is likely due to abnormal β-cell function in the pancreas, which 

leads to increased insulin secretion.
18

 Hyperinsulinemia and pancreatic β-cell dysfunction 

in women with PCOS contribute to an increased risk for developing T2DM and other 

metabolic disorders in polycystic women.
14

 However, it is believed that IR develops 

differently in PCOS than how IR develops in obesity and T2DM.
1
 Interestingly, IR in 

PCOS is considered to be selective meaning some tissues do not respond to insulin, such 
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as adipose tissue, while others do respond to insulin, such as the ovaries.
1,18

 For example, 

despite the presence of peripheral IR, the ovaries continue to produce androgens.
18

 The 

mechanism behind impaired insulin signaling is believed to be phosphorylation of the 

insulin receptor (INSR) and insulin-substrate 1 (IRS-1).
1
 Testosterone may be responsible 

for the phosphorylation of the IRS-1 in adipose tissue, supporting the hypothesis of 

selective IR in PCOS as well as the interplay of IR and hyperandrogenism.
18

  

IR with respect to adipose tissue is likely due to adipocyte dysfunction. In women 

with PCOS, adipocytes are hypertrophic and have decreased lipoprotein lipase (LPL) 

activity.
1
 Glucose uptake in adipose tissue is decreased due to reduced expression of 

glucose transporter 4 (GLUT 4) and increased production of proinflammatory markers. 

Additionally, proinflammatory markers interfere with adiponectin secretion in adipose 

tissue.
1
  

Metabolic syndrome. Women with PCOS are at an increased risk for MetS, 

characterized by IR, obesity, abnormal glucose and lipid metabolism, and HTN.
4,8,19

 

Obesity and IR are risk factors for MetS
31

 and MetS increases the risk for developing 

T2DM and CVD, 5-fold and 2-fold, respectively.
32,33

 The prevalence of MetS in women 

with PCOS is greater than the general population
30,34

 and varies with ethnicity.
10

 MetS is 

present in approximately 39% of obese women with PCOS.
2
  

Infertility. PCOS is a leading cause of infertility in women due to 

anovulation,
1,4,19,21,30

 with an approximate 15-fold increase in infertility.
1
 Unfortunately, 
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PCOS predisposes women “to adverse pregnancy outcomes including preeclampsia,… 

[gestational diabetes], and preterm [labor].”
1
 

Treatment and Management of PCOS 

 Whether PCOS can be prevented remains unknown, however, early treatment 

may help mitigate the severity of symptoms. An individualized approach to treat and 

manage the disorder is needed, especially since PCOS is a heterogeneous disorder.
1
 The 

first approach is through lifestyle changes
1,12,19,30,34

 including weight loss, dietary 

restriction, increasing physical activity, or bariatric surgery, if a patient qualifies for 

surgery.
1,19

 Weight loss in obese women with PCOS can improve menstrual 

irregularities.
18

 Orlistat has also been beneficial in the PCOS population to aid in weight 

loss as evidenced by a decrease in body mass index (BMI).
1
  

Various medications can be prescribed if lifestyle changes alone are ineffective. 

Metformin, which is used to improve glucose control and insulin function in individuals 

with T2DM, is commonly prescribed to women with PCOS. Metformin improves insulin 

levels and body composition in non-obese women with PCOS.
1
 Some other benefits of 

metformin include decreased androgen levels, menstrual and ovulatory regularity, 

increased SHBG, and improved lipid profiles.
14

 However, a different group of 

medications called thiazolidinediones may be more effective for improving fasting 

insulin levels and IR in women with PCOS.
1
 Statin medications are effective for 

improving cholesterol and triglyceride levels and more effective when taken with 
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metformin.
1
 An added benefit and downstream effect of statins is the reduced production 

of steroid hormones in the ovaries,
14

 which could help reduce ovarian androgen synthesis. 

Various treatments have been implemented to specifically treat 

hyperandrogenism. Contraceptives are used to reduce excess production of androgens 

within the ovaries and increase production of SHBG, which is responsible for reducing 

free androgens in circulation.
1
 Contraceptives also help with symptoms of 

hyperandrogenism such as hirsutism and acne, as well as minimize menstrual 

irregularities.
1,14

 An additional benefit of contraceptive use is the reduced risk for 

endometrial cancer. Lastly, anti-androgens are another type of medication used to treat 

hyperandrogenism for their ability to inhibit the activity of androgens
1,14

 and improve 

insulin sensitivity.
14

 However, this type of medication is teratogenic with its use  

recommended in combination with contraceptives for PCOS.
1
  

 Fertility treatment for women with PCOS is aimed at restoring ovulation. 

However, there is only up to a 10% chance of conceiving when ovulation does occur.
1
 

Lifestyle changes are the preferred treatment for restoring ovulation. However, 

medications can be used, such as gonadotropins which are used to help regulate 

ovulation.
14

 Surgical options include in vitro fertilization for women with PCOS who are 

trying to become pregnant,
1
 as well as an ovarian surgery procedure called laparoscopic 

ovarian drilling,
1,14

 but this procedure does come with the risk of reduced ovarian 

reserve.
1
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 Various nutritional supplements have indications for use in preventing, treating, 

and/or managing PCOS and its symptoms. Inositol supplementation may increase 

ovulation and pregnancy rates
35

 and inositol isomers may be effective for improving 

menstrual regularity and IR, and decreasing post-prandial glucose levels.
1
 Omega-3 

supplementation improves fasting glucose, IR, and LDL levels.
35

 Furthermore, omega-3 

fatty acids are used because of their anti-inflammatory properties and “role in immune 

regulation, insulin sensitivity, cellular differentiation, and ovulation.”
34

 For PCOS, 

omega-3 fatty acids are used because they may mitigate oxidative stress, which is caused 

by folliculogenesis disorder and hyperinsulinemia, by inhibiting cyclooxygenase 2 

(COX-2), the enzyme responsible for prostaglandin (PG) production, and by “increasing 

the activity of antioxidant enzymes.” Furthermore, omega-3 fatty acid supplementation 

improves homeostatic model assessment for insulin resistance (HOMA-IR), decreased 

total cholesterol, TG, and LDL levels, and increased adiponectin levels in women with 

PCOS. However, improvements in other biomarkers such as fasting insulin and glucose, 

HDL, FSH, LH, SHBG, and total testosterone have not occurred. Overall, omega-3 fatty 

acid supplementation in women with PCOS has potential to improve some 

cardiometabolic risk factors, but further research is needed to determine its safety and 

long-term effects.
34

 Additionally, vitamin D supplementation has been looked at 

extensively and will be discussed further later. 
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Vitamin D in PCOS 

 There is widespread speculation about the role of vitamin D in the pathogenesis of 

PCOS. Vitamin D deficiency is related to a number of comorbidities of PCOS such as IR, 

T2DM, MetS, and CVD, but associations with vitamin D deficiency in women with 

PCOS are inconclusive.
3
 If vitamin D does play a role in the pathogenesis of PCOS, it is 

likely through its relationship to IR
3
 as there is an inverse relationship between serum 

vitamin D levels and HOMA-IR, with HOMA-IR being significantly higher in women 

with PCOS.
28

 IR is known to increase androgen production and decrease SHBG 

production,
3
 and IR and impaired insulin production are associated with vitamin D 

deficiency.
36

 However, when BMI is taken into account, the association between vitamin 

D status and IR is not significant.
5
 While vitamin D deficiency may not be the cause of 

IR, low vitamin D levels may exacerbate IR in woman with PCOS.
6
 Conversely, vitamin 

D may be involved in the development of IR through its effects on calcium regulation, 

which is necessary for the regulation of pancreatic β-cell insulin secretion.
21,24

 Since 

vitamin D is involved in the regulation of extra- and intracellular calcium, vitamin D 

deficiency impairs insulin function and signaling within skeletal and adipose tissue
25,37

 

interfering with glucose uptake.
4
 Therefore, with deficient vitamin D levels and impaired 

calcium regulation, insulin secretion is impaired,
38

 leading to impaired insulin signaling, 

and decreased GLUT4 mediated glucose uptake
6
 all of which contribute to peripheral IR. 

Lastly, the development of IR may be due to genetic regulation of vitamin D mediated 

through the vitamin D receptor (VDR).
4,5

 Some of these actions may include the release 
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of insulin from the pancreas, increased expression of the insulin receptor (INSR), and 

decreased release of inflammatory cytokines associated with IR.
4,7,39,40

 Additionally, it is 

possible that vitamin D deficiency leads to decreased insulin receptor expression, which 

then reduces insulin mediated glucose uptake.
6
  

Certain polymorphisms of the VDR are associated with risk for PCOS,
41,42

 some 

are associated with insulin metabolism, and other polymorphisms are associated with 

vitamin D deficiency.
37

 When looking at genes involved in vitamin D metabolism in 

relation to PCOS, more commonly VDR gene variants have been assessed (see Table 2). 

It is important to keep in mind that Table 2 only reports how different SNPs and related 

genotypes are associated with markers of PCOS and do not establish cause and effect. 

Due to small sample sizes, additional research is needed with larger sample sizes to 

provide more accurate and substantiated data for these associations.
15,17,21-23,25,26,37,43,44

 

Variation in the results reported in Table 2 could be due to different ethnicities within 

these studies. Some polymorphisms of the VDR affect insulin metabolism, various 

hormone levels such as LH and testosterone, and SHBG levels.
5
 VDR gene expression in 

ovarian granulosa cells and levels of vitamin D in ovarian follicular fluid were lower in 

women with PCOS, and worsened by obesity.
24

 Interestingly, the hormonal form of 

vitamin D is directly involved in the production of estrogen and progesterone in the 

ovaries because it regulates the genetic expression of aromatase. In PCOS, aromatase 

expression is decreased along with decreased production of estrogen and progesterone. 

Therefore, it is plausible that vitamin D deficiency contributes to the decreased 
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expression of aromatase and decreased production of estrogen and progesterone in 

women with PCOS.
5
 Other genes’ involved in vitamin D metabolism and their 

relationship to PCOS is very limited. Therefore, additional research is needed to 

determine if other genetic components of vitamin D metabolism influence the 

development of PCOS and if vitamin D supplementation could aid in the management of 

PCOS. 

Table 2. Current known effects and associations with specific VDR polymorphisms in 

women with PCOS. 

VDR Gene 

Polymorphism 

Genotype or Allele 

(Specific SNP, if 

specified) 

Known or Possible Effect/Associated with 

Cdx2 

‘AA’ genotype 
Lower fasting insulin and HOMA-IR value

37,43
 

Higher QUICKI value
37

  

Not specified  Increased fasting insulin and testosterone levels
43

 

‘GA’ genotype Higher risk for infertility and alopecia
21

  

‘AA’ genotype 
Higher risk for infertility and associated with higher 

testosterone levels
21

 

ApaI 

‘CC’ genotype 
Increased risk for PCOS

25,43
 

Risk for infertility
21

 

Not specified  Increased fasting insulin and testosterone levels
43

 

(rs7975232) Decreased PCOS susceptibility
43

 

‘Aa’ genotype Decreased PCOS susceptibility
23,25,26

 

‘aa’ genotype 
Increased PCOS susceptibility

23,26
 

Decreased risk for obesity
23

 

‘AA’ genotype 

Decreased fasting glucose and lower prevalence of 

glucose intolerance
23

 

Associated with testosterone levels
21,37

 
Associate with androstenedione

37
 

BsmI 

‘Bb’ genotype Decreased PCOS susceptibility
23

 

‘bb’ genotype Decreased risk for obesity
23

 

‘GG’ genotype Lower levels of SHBG
44

 

Tru9I 

‘A’ allele 
(rs757343) 

Increased risk of severity for PCOS
43

 

‘GA and AA’ 

genotype 

(rs757343) 

Increased risk for severe PCOS phenotype, including 

severe hirsutism and oligomenorrhea
43

 

‘GG’ genotype Mild PCOS phenotype
43
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(rs757343) 

TaqI 

‘CC’ genotype 

Associated with LH levels
22,44

 

Prevalence of genotype occurred more frequently in 
patients with PCOS than controls and considered an 

independent risk factor for PCOS.
25

 

Lower vitamin D levels
25

 

‘CC’ genotype 
(rs731236) 

Occurred more frequently in patients with PCOS 
than controls

22
 

Not specified  Associated with susceptibility to obesity
25

 

 

FokI 
 

‘ff’ genotype 

(rs10735810) 

Lower frequency in women with the classic 

phenotype of PCOS
15

 

‘TT’ genotype 
Risk for infertility, alopecia, acne, and high 
cholesterol

21
 

‘FF’ genotype Higher insulin levels and IR
26

 

1521CG/1012G
A 

Not specified 

Heterozygous carriers had lower vitamin D levels 

than homozygous carriers
17

 
Homozygous carriers increased vitamin D levels 

significantly after metformin treatment
17

 

 

As previously mentioned, vitamin D is involved in follicular development
40

 with 

normal follicle development and follicular arrest (see Menstrual Irregularities and 

Polycystic Ovaries section). Vitamin D’s role in ovarian follicular development is 

achieved through follicle sensitivity to FSH
45

 followed by subsequent oocyte 

development and maturation,
7
 which are calcium dependent processes.

22
 In women with 

PCOS, vitamin D deficiency negatively affects calcium regulation, thereby contributing 

to follicular arrest
5,21

 and leading to menstrual and ovulation irregularities, though, 

vitamin D and calcium supplementation may restore regular menstruation in women with 

PCOS. Lastly, vitamin D is involved in ovarian steroidogenesis, including the production 

of progesterone, estradiol, and estrone.
7
  

Vitamin D levels are associated with a number of metabolic and hormonal 

abnormalities in PCOS.
3,4,39

 Vitamin D levels have a positive relationship with HDL 
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levels, quantitative insulin-sensitivity check index (QUICKI),
3,39

 a measure of insulin 

sensitivity, and SHBG.
5,39

 Low QUICKI indicates reduced insulin sensitivity, likely 

related to low vitamin D levels.
28

 Vitamin D levels have an inverse relationship with 

HOMA-IR, TGs, total cholesterol, LDL, glucose levels,
3,25

 and markers of 

hyperandrogenism, such as total testosterone, DHEAS, free androgen index (FAI), and 

degree of hirsutism.
5
 It is possible that vitamin D deficiency is only a comorbidity of 

PCOS rather than being directly involved in the pathogenesis of PCOS.
3
  

Vitamin D deficiency in PCOS. Vitamin D deficiency is prevalent in the PCOS 

population.
15,25,28,40,43

 Approximately 67-85% of women with PCOS have vitamin D 

deficiency, which is associated with obesity, MetS, IR, menstrual irregularities including 

irregular ovulation, and infertility,
3,5,8,29

 likely exacerbating symptoms associated with 

PCOS. The relationship between vitamin D status and some of these conditions are 

discussed below. 

Low or deficient 25VD levels are associated with IR in women with PCOS.
40

 

Additionally, serum 25VD levels are inversely related with markers of glucose 

metabolism including fasting glucose levels and HOMA-IR, except when BMI is taken 

into account. Therefore, vitamin D deficiency and IR in PCOS are more likely due to 

obesity.
8
 However, there is no difference in the overall prevalence of vitamin D 

deficiency between obese and non-obese women with PCOS, even though vitamin D 

deficiency is still significantly associated with obesity.
29

 In women with PCOS, obesity is 

associated with lower vitamin D levels,
4-6,39

 with BMI as an independent predictor of 
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vitamin D levels
4-6

 as well as total fat mass.
6
 The likely mechanism responsible is storage 

and sequestration of vitamin D in adipose tissue. Therefore, with greater fat mass, more 

vitamin D is stored, and serum levels decrease.
5-7,39

 Other causes of deficiency may be 

low vitamin D intake or decreased sun exposure.
3,6,7,39

   

Vitamin D deficiency has been related to hyperandrogenism,
40,46

 suggesting 

vitamin D deficiency may contribute to PCOS-related hormonal imbalances.
40

 Limited 

data indicate that vitamin D supplementation may improve markers of female 

reproduction such as “menstrual frequency, follicular development, androgen levels, and 

the IR index” suggesting vitamin D as a possible therapeutic treatment for women with 

PCOS.
40

  

Vitamin D supplementation. Within the PCOS population, vitamin D 

supplementation increases serum vitamin D levels
3,28,47

 and lowers TG levels.
3
 

Additionally, vitamin D supplementation increases insulin secretion, decreases IR,
5,10,17

 

and improves glucose control, menstrual regularity, and androgen levels.
6,10,16

 However, 

there is currently not enough data to suggest vitamin D supplementation is effective for 

improving metabolic or endocrine markers in women with PCOS.
3,6,27,28

 Vitamin D 

supplementation for 2 months consisting of three 50 000 IU doses in women with PCOS 

who were vitamin D deficient, was not effective for improving IR or insulin sensitivity.
38

 

In further support, vitamin D supplementation was not effective for improving markers of 

glucose or lipid metabolism.
13
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While vitamin D levels are negatively associated with markers of 

hyperandrogenism, vitamin D supplementation is not effective for improving markers of 

hyperandrogenism.
5
 Although, vitamin D supplementation may be effective for 

“[increasing] the number of dominant follicles,” but not for improving menstrual 

regularity. Conversely, vitamin D supplementation in combination with metformin may 

be effective for improving menstrual regularity.
13

 Furthermore, combining metformin 

with calcium and vitamin D supplementation led to improvements in “menstrual 

abnormalities, follicle maturation, and infertility.”
17,47

 While vitamin D supplementation 

alone may not be effective for improving metabolic and/or endocrine markers of PCOS, it 

may have a preventative effect, as vitamin D may reduce the risk of developing T2DM.
38

  

The overall inconclusive findings about the effectiveness of vitamin D 

supplementation in women with PCOS is likely due to the lack of randomized controlled 

trials (RCTs) investigating the effects of vitamin D in PCOS and not knowing the exact 

mechanism(s) of how vitamin D is involved in and related to the development of 

PCOS.
5,6,13,25,27,39

 Additionally, studies oftentimes have small sample sizes, use different 

methods to assess serum vitamin D levels, different intervention periods and follow-up 

periods, variations in populations such as ethnicity, and difference in the supplement 

used, such as the dose amount.
13,28,38

  

VITAMIN D  

About 100 years ago, vitamin D was discovered and identified as the component 

in cod liver oil to cure and prevent rickets.
48,49

 As a consequence of the Industrial 
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Revolution, rickets in children was widespread in the higher latitude regions of Northern 

Europe.
48,50,51

 It was believed that reduced exposure to sunlight, due to increased 

pollution caused by industrialization, was the cause of rickets.
49,51

 Then it was discovered 

that cod liver oil, sunlight, and artificial UV exposure could cure and prevent rickets in 

both humans and animals.
48-51

 Vitamin A in cod liver oil was initially thought to be 

responsible for curing rickets; however, McCollum found that vitamin A was not 

responsible, but rather vitamin D was, leading to its eventual discovery and 

identification.
49,50

 Additional research by Steenbock in the 1920s involving the irradiation 

of rat food led to the elimination of rickets in rats, eventually leading to the practice of 

fortifying food, particularly milk, with vitamin D.
51

  

Since the human body has the ability to endogenously synthesize vitamin D, it is 

technically not a vitamin, but a hormone. However, since the identification and naming of 

vitamin D, classifying it as a vitamin has persisted.
48,52,53

 Collectively, the two forms of 

vitamin D, D2 and D3, are referred to as vitamin D along with their hydroxylated forms.
53

 

Vitamin D2 was identified in 1932 and Vitamin D3 was identified in 1935.
50

 The active 

form of vitamin D3, 1α,25-dihydroxyvitamin D3 (1,25VD), was discovered in 1969;
48

 

however, for the purposes of this research, vitamin D3 is the primary focus. See Figure 1 

for structures of vitamin D3.  
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Figure 1. (A) Structure of 25-hydroxyvitamin D3 and (B) structure of 1α,25-

dihydroxyvitamin D3.
54

 

Major Roles of Vitamin D in the Body 

Vitamin D has a wide spectrum of functions in the human body including 

endocrine, paracrine/autocrine, and other functions. Most notably, is its role in bone 

health; however, vitamin D has a role in over 200 genes within the human body affecting 

functions of cellular proliferation, cellular differentiation, cellular apoptosis, 

angiogenesis, immune responses, cardiovascular function, insulin function, and muscle 

function.
36,55-58

 1,25VD may actually regulate approximately 3% of genes in the human 

genome,
59

 which is well over 200 genes. Vitamin D’s function in gene regulation is 

mediated through the interaction of 1,25VD and the VDR, which induces the 

transcription of genes involved in the processes previously mentioned.
56,57,60

 Specifically, 

the genomic actions of 1,25VD occur when 1,25VD binds with the VDR, then the VDR 

undergoes heterodimerization with the retinoid receptor (RXR). The heterodimer then 

binds to the vitamin D response elements (VDREs) on vitamin D target genes;
40,46,57,59,61
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and therefore, gene regulation induced by vitamin D occurs. Non-genomic actions of 

1,25VD are also mediated through the VDR on cellular membranes.
46

     

Calcium and phosphorus absorption. Vitamin D is necessary for calcium and 

phosphorus absorption. Without vitamin D, specifically 1,25VD, the percentage of 

calcium and phosphorus absorbed in the intestines is reduced, but when 1,25VD is 

present, intestinal absorption of these minerals is more efficient.
36

 Retention of calcium in 

the kidneys is also improved due to parathyroid hormone (PTH) as it increases renal 

synthesis of 1,25VD by stimulating synthesis of 1α-hydroxylase. In a vitamin D deficient 

state, secondary hyperparathyroidism is a concern as it negatively affects skeletal 

integrity,
60

 leading to osteoporosis and/or fractures.
62

 Other negative impacts of elevated 

PTH levels can contribute to “insulin resistance, weight gain, hypertension, left 

ventricular hypertrophy,” and other adverse cardiovascular responses.
62

  

Bone health. During the early stages of life, including in utero, vitamin D and 

calcium deficiencies negatively affect calcium bone mineralization, which can lead to 

rickets in children and osteomalacia in adults.
36

 Vitamin D supplementation, with or 

without calcium supplementation, can reduce fracture risk in both men and women. 

However, it is important to note that not all interventions support this result which may 

be due to the supplement dose of vitamin D and/or the ratio of vitamin D to calcium used. 

For example, a 400 IU dose of vitamin D was not effective for reducing fracture risk, but 

studies that used approximately double (~800 IU) did reduce fracture risk.
36
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Other roles. In muscle, vitamin D deficiency negatively affects muscle strength; 

however, increased vitamin D levels improve both performance speed and muscle 

strength. Vitamin D and calcium supplementation, especially in the elderly population, is 

effective for decreasing the risk of falls.
36

  

Vitamin D Status 

Vitamin D status is measured in the blood by assessing serum 25VD
36,40,46,57,63

 

with status separated into four classes: deficiency, insufficiency, sufficiency and toxicity 

(see Table 3).
36

 Serum 25VD levels are affected by various factors including 

season/weather, latitude/geographical location, clothing, diet, skin pigment, age, hepatic 

conversion, and variations in methods to measure 25VD.
46,57

  

The Institute of Medicine (IOM) based vitamin D requirements on maintenance of 

calcium absorption and bone mineralization to prevent rickets and osteomalacia.
64

 Serum 

vitamin D levels of 40 nmol/L (16 ng/mL) were established for the Estimated Average 

Requirement (EAR) of 10 μg/day. Serum vitamin D of 50 nmol/L (20 ng/mL) was set to 

achieve the Recommended Dietary Allowance of 15 μg/day for individuals aged 1 year 

old to 70 years old. Furthermore, these values are based on the assumption that an 

individual obtains minimal sun exposure.
64

 However, since vitamin D has pleiotropic 

effects throughout the body, researchers believe that the IOM recommendations are 

insufficient, stating 75 nmol/L (30ng/mL) is ideal for all vitamin D functions in the 

body.
58,64

 However, tissues can be deficient in vitamin D even with sufficient serum 

25VD levels, which can negatively affect a tissue’s vitamin D dependent functions. A 
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serum vitamin D level of approximately 40 ng/mL is recommended to meet the tissue 

specific needs.
58

  

Table 3. Vitamin D Status Classification.
36

 

Vitamin D Status Classification Serum Concentration 

Deficiency <20 ng/mL 

Insufficiency 21-29 ng/mL 

Sufficiency >30 ng/mL 

Toxicity >150 ng/mL 

 

Vitamin D deficiency. As of 2007, approximately 1 billion people were vitamin 

D insufficient or deficient globally.
36

 In 2018, it was estimated that approximately 50% 

of people have serum 25VD levels below 30 ng/mL, defined as hypovitaminosis D.
60

 

Vitamin D deficiency can occur at any stage of life, even before an individual is born. 

Children, young adults, and women who are pregnant or lactating are at a particularly 

high risk of vitamin D deficiency. If vitamin D deficiency occurs during the early stages 

of life, there is concern for growth and skeletal impairments.
36

 In adults, vitamin D 

deficiency can increase the risk of or contribute to several skeletal impairments including 

osteopenia, osteoporosis, osteomalacia, fractures, and/or muscle weakness.  

The primary causes of vitamin D deficiency are inadequate sun exposure,
36,56,58,65

 

inadequate dietary consumption or absorption, disease related impaired vitamin D 

metabolism,
36,65

 and only a few vitamin D rich foods are available.
58

 Government and 

healthcare professionals taking a conservative approach with recommendations may 

indirectly contribute to vitamin D deficiency. Genetic variations in vitamin D metabolism 

can affect vitamin D status increasing vitamin D insufficiency risk.
61

 Additionally, 
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certain medications can negatively impact vitamin D status, particularly medications that 

increase the activity of 24-hydroxylase, and therefore, increase the degradation of 25VD 

and 1,25VD.
65

 In obesity, 25VD levels decrease due to increased levels of 1,25VD and 

parathyroid hormone (PTH), which in turn suppress the activity of 25-hydroxylase in the 

liver.
56

 Furthermore, once vitamin D is taken into adipose tissue, it is sequestered and not 

easily accessible to increase vitamin D in the blood. In addition, it is likely that adipose 

tissue locally metabolizes vitamin D possibly contributing to differences in vitamin D 

levels in the blood between individuals who are lean and obese. The most effective 

method to correct vitamin D deficiency is through supplementation.
60

  

Recommendations. The following recommendations for daily intake of vitamin 

D are provided by the IOM (see Table 4). Oftentimes researchers disagree upon these 

recommendations and do not support their use for clinical populations. They suggest 

developing separate recommendations for clinical populations such as 30 ng/mL up to 60 

ng/mL, which would translate to about 3000-5000 IU/day.
58

 Important to note is that the 

IOM recommendations are only relevant to the North American population.
60

  

Table 4. Vitamin D Daily Intake Recommendations.
58

  

Life Stage Recommended Vitamin D Intake 

Infants 400 IU/day or 10 μg/day 

Children and Adults up to age 70 600 IU/day or 15 μg/day 

Adults over age 70 800 IU/day or 20 μg/day 

 

While maintaining serum 25VD levels of at least 20 ng/mL may be sufficient to 

prevent osteomalacia, it may not be sufficient to maintain optimal health, lower risk for 

certain diseases, or be adequate for older populations, clinical populations, or individuals 
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with darker pigmented skin.
60

 Therefore, increased intake of vitamin D is needed to 

achieve sufficient serum 25VD levels defined as 30 ng/mL. Daily vitamin D intake 

recommendations range from 400 to 2000 IU per day to meet both bone health and 

pleiotropic effect of vitamin D. However, recommendations also depend on individual 

factors such as age, disease state, weight, and ethnicity.
58

 The recommendation for daily 

sun exposure is 20 to 30 minutes in addition to dietary and supplemental intake.
60

  

Vitamin D Metabolism 

Endogenous synthesis. Endogenous vitamin D is initiated in the skin from 7-

dehydrocholesterol to previtamin D3 by ultraviolet radiation (see Figure 2A).
36,46,50,56,66,67

  

This process is regulated, preventing toxicity through photodegradation, so when enough 

previtamin D3 has been synthesized, the excess is converted to lumisterol and 

tachysterol.
57

 Once vitamin D3 is converted from previtamin D3, it binds to vitamin D-

binding protein (VDBP) in the blood
36,40,58,66

 and travels to the liver and kidneys for 

further metabolism (see Figure 2B and 2C).
36,56,66

 

Liver and kidney metabolism of vitamin D. The overall metabolism of vitamin 

D involves several cytochrome P450 enzymes.
56

Once in the liver, vitamin D undergoes a 

hydroxylation reaction by the enzyme, 25-hydroxylase
40,46,56,57,66,68

 adding a hydroxyl 

group (-OH) to the twenty-fifth carbon in the vitamin D structure (see Figure 2C). 

CYP2R1 is the gene coding most specifically for the hepatic 25-hydroxylase enzyme.
50,59

 

This forms 25-hydroxyvitamin D3 (25VD), which then travels to the kidneys bound to 

VDBP
58,66,68

 to undergo an additional hydroxylation to carbon 1 through a reaction 
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catalyzed by the enzyme 1α-hydroxylase.
56,57,65,66,68

 CYP27B1 is the gene that codes for 

1α-hydroxylase not only in the kidney, but also in tissues throughout the body.
50,65

 With 

the hydroxyl addition to C-1, the vitamin D structure is now functionally active, known 

as 1α,25-dihydroxyvitamin D3 (1,25VD), or calcitriol (see Figure 2D).
40,46,50,58,66,68

 Since 

the gene for 1α-hydroxylase is present in many tissues, researchers believe that in 

addition to vitamin D’s role in genetic expression, vitamin D also has paracrine and/or 

autocrine functions within the tissues that express the CYP27B1 gene.
50

 The activity of 

1α-hydroxylase is highly regulated by multiple mechanisms.
46,50

 Of particular importance 

is the regulation by PTH. When serum calcium levels are low, PTH is produced in the 

parathyroid glands, which stimulates the renal synthesis of 1α-hydroxylase, and 1,25VD 

is formed in the kidneys.
50

 The production of 1,25VD also downregulates the activity of 

1α-hydroxylase.
40,69

   

Target tissues and cells of vitamin D (1,25VD). The VDR is present in most 

cells throughout the body, which are able to convert 25VD to 1,25VD due to the presence 

of 1α-hydroxylase.
36,58,65

 Within target tissues of vitamin D, its actions are mediated 

through the VDR.
40,46,58

 Additionally, vitamin D target cells possess the ability to locally 

metabolize vitamin D,
69

 such as adipose tissue due to the presence of vitamin D 

metabolizing enzymes.
70

 This supports the notion that vitamin D, particularly 1,25VD, 

has paracrine and/or autocrine functions within these target tissues/cells. Interestingly, the 

VDR is present in the ovaries, suggesting that ovarian cells are target cells of vitamin 

D.
69
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Figure 2. Synthesis of vitamin D in the skin to the activation of 1α,25-dihydroxyvitamin 

D3 in the kidneys. Vitamin D structure figures are from the PubChem website.
54

  
 

Inactivation and degradation of vitamin D. The active form of vitamin D, 

1,25VD, essentially stimulates its own inactivation and production of degradation 

metabolites through 1,25VD upregulation of CYP24A1, the gene that codes for the 

enzyme 24-hydroxylase.
46,50,56,59,69

 This enzyme is present in the kidneys as well as in 

vitamin D target tissues.
40,50,58

 The CYP24[A1] gene has 2 vitamin D response elements 

(VDRE) within the promoter region, where 1,25VD will attach to the VDR, therefore, 

resulting in the upregulation of the CYP24[A1] gene.
69

 Once 24-hydroxylase is 

synthesized, it hydroxylates 1,25VD and 25VD to form calcitroic acid.
36,40,50,56,57,59

 The 

overall result and purpose of the inactivation of 1,25VD by 24-hydroxylase is to attenuate 
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the action of 1,25VD in target cells.
69

 Once inactivated to calcitroic acid, it is excreted 

through the urine.
68

 Vitamin D is also excreted through bile.
51,71

  

Storage of Vitamin D 

Because vitamin D is fat-soluble, it is primarily stored in adipose tissue.
56,59,65,68

  

It is stored as both vitamin D and 25VD with an inverse association between serum 

25VD levels and fat mass and BMI values; however, weight loss has been shown to 

increase levels of vitamin D in the blood.
56

  

Function in adipose tissue. The cytochrome P450 enzymes involved in the 

metabolism of vitamin D and the VDR are present in adipose tissue,
56,59

 suggesting that 

adipose tissue is not only a storage site for vitamin D, but also a target tissue, supporting 

the hypothesis that adipose tissue is able to locally metabolize vitamin D.
56

 Adipose 

tissue can also release vitamin D, albeit slowly.
59

  

In a study conducted by Wamberg and colleagues, vitamin D levels in the blood 

were quantified and visceral and subcutaneous adipose tissue samples were extracted 

from women who were lean and obese to determine which cytochrome P450 enzyme 

genes were present and if there were any differences in expression between adipose tissue 

deposits. The following genes for 25-hydroxylase were present in women who were lean 

and obese and were present in both visceral (VAT) and subcutaneous adipose tissues 

(SAT): CYP2R1, CYP2J2, and CYP27A1. The gene that codes for 1α-hydroxylase, 

CYP27B1, was present and the gene that codes for 24-hydroxylase, CYP24A1, was also 

present in both groups of women and in both types of adipose tissue. The VDR was also 
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present in both groups of women and in both types of adipose tissue. Noteworthy results 

from this study were that women who were obese had almost a two-fold greater 

prevalence of low levels of vitamin D compared to lean women likely due to a volumetric 

dilution. This suggests that with increased fat mass, vitamin D is more widely distributed 

throughout the body. The gene most specific for 25-hydroxylase in the liver, CYP2R1, 

had a low expression in both groups of women indicating that this gene may not be very 

specific within adipose tissue as these researchers found more significant results for the 

other genes that code for 25-hydroxylase, CYP2J2 and CYP27A1. Furthermore, in SAT 

of women who were obese, there was decreased genetic expression of CYP27B1. The 

genetic expression of CYP24A1 was not different between the groups of women; 

however, it is possible that there is greater degradation of vitamin in women who are 

obese due to greater fat mass as evidenced by a higher prevalence of low vitamin D in the 

group of women who were obese.
56

  

In another study conducted by Wamberg et al., men and women who were obese 

participated in a weight loss study through calorie-restriction. There was a positive 

correlation between the change in serum 25VD levels and change in weight loss. There 

were no changes in genetic expression of the genes that code for 25-hyxroylase, 1α-

hydroxylase, or VDR. However, the genetic expression of CYP24A1 increased after 

weight loss likely explaining greater turnover of both 25VD and 1,25VD and increased 

serum 25VD levels seen after weight loss. Overall, these researchers conclude that 

vitamin D, specifically 1,25VD, has paracrine and/or autocrine effects within adipose 
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tissue and vitamin D metabolism is negatively affected in an obese state. However, 

weight loss does show beneficial effects in improving vitamin D metabolism.
56

  

In an intervention study with individuals at risk for developing T2DM, individuals 

were given either a 20 000 IU vitamin D supplement or placebo once a week for 5 years. 

Long-term intake of vitamin D led to not only increased serum 25VD levels, but also 

increased storage in adipose tissue. With increased storage of vitamin D it was suggested 

that vitamin D is released from adipose tissue when blood levels decrease or 25VD is 

converted to 1,25VD for local metabolism.
68

 Following the 5-year intervention, 

individuals retained sufficient serum 25VD levels suggesting that stored vitamin D may 

attenuate decreases in vitamin D levels in the blood after long-term supplementation. 

However, the individuals in the vitamin D supplementation group did experience a 

decline in vitamin D levels after the intervention ceased. These researchers hypothesize 

that in addition to vitamin D being stored in adipose tissue, it is likely that other tissues 

stored vitamin D during the intervention period possibly contributing to sustained serum 

25VD vitamin D levels after the intervention ceased. However, the release of vitamin D 

was limited, at least from adipose tissue as evidenced by the decline in the vitamin D 

levels following the intervention period.
68

  

Another role of vitamin D is its involvement in adipocyte differentiation to 

mature, functional adipocytes including the process of adipogenesis.
59,61

 Adipogenesis 

involves hypertrophy and hyperplasia, which is the increase in size and number of cells, 

respectively.
61

 Measurable outcomes of adipogenesis are increased levels of adipogenic 



35 
 

markers and lipid accumulation, which are seen in human preadipocytes and primary 

mouse preadipocytes.
59

 Some researchers found that 1,25VD may affect differentiation 

and adipogenesis at different points throughout the process.
59,61

 For example, early in the 

process, VDR is expressed,
59,70

 but VDR expression declines as the process continues.
59

 

In 3T3-L1 adipocyte adipogenesis, it is believed that 1,25VD bound to the VDR inhibits 

adipogenesis. However, based on data that indicate VDR expression declines throughout 

adipogenesis, 1,25VD may only prevent adipogenesis early on in the process in this cell 

line.
59

 Both 25VD and 1,25VD promote differentiation and adipogenesis in human pre-

adipocytes in vitro suggesting that “local metabolism of vitamin D in adipose tissue may 

regulate the conversion of pre-adipocytes to adipocytes and hence support the healthy 

remodeling of human adipose tissue.”
72

 However, this is not seen in 3T3-L1 adipocytes, 

as 1,25VD inhibits adipogenesis
59,61,72

 and 25VD had no effect.
72

 It is possible that the 

effects of 1,25VD in different species are likely due to the “differences in physiological 

functions of adipose tissue” within these species.
59

  

Another process in which 1,25VD seems to have various effects among species is 

apoptosis. While 1,25VD inhibits human adipocyte apoptosis,
59

 in 3T3-L1 adipocytes, 

apoptosis depends on the dose of 1,25VD; low doses inhibited the process while higher 

doses stimulated the process through calcium signaling.  

Within adipose tissue, 1,25VD down regulates inflammation by either reducing 

the release of or down regulating the genetic expression of proinflammatory 

cytokines,
59,61

 chemokines, and the chemotaxis of monocytes.
59

 However, there is some 
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conflicting data on whether or not vitamin D elicits an anti-inflammatory response in 

humans as normal weight individuals showed an inverse relationship between serum 

25VD levels and inflammatory marker levels, specifically IL-6 and TNF-α, but not in 

obese individuals. Interestingly though, vitamin D may exert anti-inflammatory effects 

through various pathways, such as NFκβ and MAPK, and decrease the expression of toll-

like receptors (TLRs).
59

 Overall, in evaluating the relationship between vitamin D and 

adipose tissue, it is apparent that vitamin D is actively involved in adipose tissue function 

and adipose tissue can greatly affect vitamin D metabolism in different metabolic states, 

such as obesity. An overview of vitamin D3 effects in human adipose tissue and in 3T3-

L1 adipocytes is shown in Figure 3. 

 

Figure 3. Overview of vitamin D3 effects in human adipose tissue and in 3T3-L1 

adipocytes. 

Importance of Vitamin D in Metabolic Disorders 

As previously stated, the VDR is present in most cells throughout the body and 

because of this vitamin D has been shown to help reduce the risk of several diseases.
36
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Vitamin D deficiency is associated with various diseases such as cancer, 

cardiovascular/heart disease,
61,65

 neurodegenerative diseases, and reduced life 

expectancy.
61

 In addition, vitamin D insufficiency is associated with metabolic diseases 

including IR, hyperlipidemia, HTN, and liver disease.
42

 Vitamin D supplementation is 

used to treat these related disorders, with some studies suggesting vitamin D having a 

positive influence on IR and glycemic control
41

 while others provide  inconclusive 

results.
42

 Vitamin D deficiency is prevalent in individuals with PCOS and vitamin D 

supplementation has shown some benefits in managing symptoms of PCOS
16,37

 including 

glycemic control.
37

  

Obesity. Obesity is best defined as “an imbalance between energy intake and 

expenditure” evidenced by hypertrophy and hyperplasia of adipocytes.
59

 Vitamin D 

deficiency is prevalent in individuals who are obese as evidenced by low 25VD levels 

and increased fat mass.
42,59,63,70

 However, weight loss has shown to increase 25VD in 

individuals who are obese.
63

 The differences in vitamin D deficiency between individuals 

who are lean versus obese is likely due to a number of factors. Causes of vitamin D 

deficiency could include volumetric dilution caused by an increase in adipose tissue, 

lifestyle differences such as reduced sun exposure, the ability to metabolize vitamin D to 

the active form (1,25VD), and vitamin D sequestration by adipose tissue consequently 

leading to reduced or no release of vitamin D from adipose tissue.
59

 Therefore, 

individuals who are obese with low or deficient levels of serum 25VD need a larger dose 

of vitamin D supplement and/or more sun exposure.
62
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In obesity, the occurrence of hypertrophy and hyperplasia of adipocytes 

collectively make up the process of adipogenesis.
61

 As a model for obesity, mouse 3T3-

L1 adipocytes were exposed to 1,25VD, resulting in inhibition of adipogenesis and 

increased expression and activity of LPL, thereby reducing lipid accumulation within 

cells.
63

 As expected, the genetic expression of CYP24[A1] was increased. The genetic 

expression of genes involved in adipogenesis was significantly decreased while genetic 

expression of genes involved in β-oxidation was significantly increased. Additionally, 

genetic expression of hormone-sensitive lipase (HSL) and LPL were increased indicating 

increased lipolytic activity. Overall, these results suggest that vitamin D might effectively 

induce fatty acid mobilization, decrease lipid accumulation, and increase lipolysis.
63

 

However, it is important to note that vitamin D affects different cell lines differently. In 

3T3-L1 pre-adipocytes, 1,25VD inhibits differentiation, however, in human pre-

adipocytes, 1,25VD leads to lipid accumulation.
63,72

  

Analyzing genetic factors related to vitamin D metabolism, specifically 

deficiency, and obesity is imperative because genetic factors exist prior to and do not 

change with the development of obesity.
42

 Therefore, the goal is to pinpoint how genetic 

factors and expression of proteins involved in vitamin D metabolism and obesity are 

connected within the human body. There is an association between genetic 

polymorphisms of the VDR and obesity with results indicating: (1) specific alleles of 

genetic polymorphisms of the VDR are associated with obesity in individuals with 

T2DM; (2) increased frequency of specific alleles of genetic polymorphisms of the VDR 
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in individuals with obesity; and (3) genetic polymorphisms of the VDR possibly affecting 

anthropometrics in individuals with obesity. The influence of the genetic polymorphisms 

of the VDR in adipocytes may have “a direct effect of vitamin D in adipocyte 

differentiation and metabolism, or an indirect effect by modulation of insulin 

secretion.”
42

 Furthermore, genetic polymorphisms of the VDR are related to 

susceptibility of obesity.
59

 However, based on other data, there may not be an association 

between obesity and genetic polymorphisms of the VDR.
42

 While there is inconsistent 

data regarding the genetic association between vitamin D and obesity in humans, it is 

known that adipocytes do interact with 1,25VD and that 1,25VD is involved in the 

processes of regulating genetic expression and cell signaling.  

Vitamin D influences inflammatory pathways associated with obesity and T2DM. 

1,25VD down regulates specific TLRs within immune cells involved in the innate 

immune response that are increasingly expressed in an obese state; however, in these 

immune cells, the VDR and 1α-hydroxylase are increasingly expressed when the TLRs 

are activated.
70

 In addition, the active form of vitamin D, 1,25VD, inhibits the activity of 

COX-2 and reduces the synthesis of PGs. Lastly, in oxidative stress associated with 

obesity, vitamin D restores the anti-oxidative activity of superoxide dismutase and 

glutathione responsible for destruction of reactive oxygen species that can cause tissue 

damage if not eliminated.
70

  

Type 2 diabetes mellitus. Low levels of vitamin D have been associated with 

diabetes
36,65

 and impaired glucose tolerance (IGT).
65

 Vitamin D supplementation along 
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with calcium is associated with reduced risk for T2DM.
36,65

 In a group of individuals who 

were recently diagnosed with T2DM, vitamin D deficiency had a prevalence of 

approximately 63%; however, there was no effect of vitamin D on measures of IR or no 

association with measures of β-cell function, specifically basal insulin secretion, which 

could be due to the fact that these individuals were newly diagnosed.
55

 However, vitamin 

D levels did correlate with insulin release in response to glucose.  

Insulin Resistance 

Insulin secretion requires vitamin D.
55

 When serum 25VD levels are restored to 

sufficiency, insulin secretion improves.
65

 Vitamin D deficiency is associated with IR and 

impaired insulin production.
36,55

 Another study found 25VD directly influenced β-cell 

function and insulin sensitivity, suggesting that vitamin D potentially influences the 

development of T2DM with sufficient 25VD levels having a protective effect against the 

development of T2DM.
55

 This notion is supported by other findings where 1,25VD action 

mediated through the VDR lead to increased insulin synthesis and secretion from 

pancreatic β-cells.
65

 Even in individuals with prediabetes, insulin sensitivity can improve 

with vitamin D and calcium supplementation.
62

 Sufficient serum levels of 25VD levels 

may be protective against T2DM development, which is supported by NHANES III 

data.
73

 

Glycemic Control 

In the absence of T2DM, individuals with impaired fasting glucose attenuated 

increases in fasting glucose levels and measures of IR when taking a combined vitamin D 
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and calcium supplement.
65

 Improved glycemic status is observed in individuals with 

T2DM taking a combined vitamin D and calcium supplement.
62

  

Based on these results, when adequate amounts of vitamin D and calcium are 

consumed together, these micronutrients can “attenuate increases in glycemia and insulin 

resistance” and reduce the risk for developing T2DM.
65

 Sufficient levels of serum 25VD 

are associated with a reduced risk of T2DM with mechanisms including “improved 

insulin sensitivity, reduced insulin resistance, and reduced inflammation…[and] 

regulation of plasma ionized calcium levels, which influence insulin synthesis and 

secretion.”
62

 However, some findings are inconclusive and do not support improvements 

in insulin metabolism or glucose metabolism following vitamin D supplementation.
62,73

 

Studies oftentimes have several limitations including individuals who were not vitamin D 

deficient, small samples sizes, too short of an intervention period, or too low of a 

supplement dose.  

PROTEIN 

Proteins are biological molecules that serve a variety of functions in the human 

body.
66

 Proteins function as enzymes, hormones, receptors, and signaling proteins. The 

basic units in a protein are amino acids (AAs), which also have important functions in the 

human body, particularly in metabolism, serving as “precursors of non-peptide 

compounds…[and] unique small peptides.” Protein must be consumed in the diet to meet 

the amino acid and protein requirements of the human body. Common plant sources of 

protein include grains, nuts, seeds, and legumes
66,74

 and common animal sources of 
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protein include “meat, milk, fish, and eggs.”
66

 The current protein requirement, as 

defined by the Acceptable Macronutrient Distribution Range (AMDR), is 10 to 35% of 

kilocalories (kcal) per day, with protein providing 4 kcals  per gram.
71

   

Proteins are often classified into multiple categories based on their different 

characteristics. Some classifications depend on the source of protein, their function, and 

their quality, such as the amino acid profile of a protein, with careful attention given to 

the essential amino acids (EAAs) in a protein.
74

 EAAs are particularly important because 

the body cannot endogenously synthesize these amino acids, and therefore, must be 

consumed in the diet. The presence of all EAAs in a protein determines whether a protein 

is a complete protein or incomplete protein. Complete proteins are primarily of animal 

origin, while most incomplete proteins originate from plant sources, with the exception of 

soy.
71

 The ratio of each EAA present in a protein should be taken into account as 

different ratios can manipulate the function of a protein.
74

 In addition to the AAs present 

in a protein, the non-protein components of a protein, such as vitamins, minerals, and 

fiber, should also be considered because of their beneficial effect on health. 

Milk Protein 

For the purposes of this current study, the primary protein source that is discussed 

is dairy protein, particularly WP found in milk. Bovine milk is a common source of 

animal protein
66

 and is classified as a complete protein.
71

 Bovine milk contains 

approximately 3.5% protein with 2 major protein constituents, casein and whey.
32,33,74,75

 

Casein accounts for approximately 80% of the protein content in milk with whey 
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accounting for the remaining 20%. Dairy products, which contain bovine milk proteins, 

have many beneficial effects on health, including reducing the risk of MetS and 

T2DM,
32,33,76-78

 with particular credit given to WP. As previously mentioned, non-protein 

components within dairy products also may have a role in the beneficial effects on health, 

such as vitamin D and its effects on insulin secretion, insulin sensitivity,
74

 and glycemic 

control.
74,79

  

Whey Protein 

Individual protein components within WP have beneficial effects on health 

including reducing the risk for, preventing, and managing symptoms of various chronic 

diseases.
75

 WP contains several smaller proteins such as α-lactalbumin, β-lactoglobulin, 

immunoglobulins, proteose-peptone 3, glycomacropeptide, bovine serum albumin, 

lactoferrin, lactoperoxidase, and various growth factors,
75,76,80

 all of which have various 

physiological effects in the human body ranging from antihypertensive to anti-oxidative 

to antidiabetic effects.
75,76,81

 Short sequences of amino acids within WP, termed bioactive 

peptides, are responsible for carrying out these physiological effects.
75

 The antidiabetic 

effects of WP and its bioactive peptides are the primary focus of the current study. The 

main caveat regarding the beneficial effects of the bioactive peptides in WP is that they 

must be absorbed and transported to their target tissues intact to exert their effects. 

However, it is possible that through processing and/or digestion that these peptides lose 

some of their functions.
75
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Antidiabetic Effects of Whey Protein 

Within the context of the current study, the antidiabetic effects of WP refer to the 

effects WP has on insulin and blood glucose levels including improved glycemic control 

and stimulation of insulin secretion.
75,81

 WP stimulates insulin secretion resulting in 

decreased blood glucose levels
82

 suggesting that milk protein, and more specifically WP, 

is a possible treatment for metabolic diseases related to impaired insulin function.
31

 

Decreased blood glucose levels in response to WP is dose-dependent with larger doses of 

WP leading to a greater decrease in blood glucose levels.
31,82

  

WP may improve glycemic control and insulin release by increased AA 

absorption
77

 and increased free AA availability.
81

 Increased concentrations of AAs and 

peptides are seen when protein is hydrolyzed or broken down before consumption.
77

 

Rapid effects on insulin response and glycemic control are likely due to how quickly WP 

is digested resulting in rapid absorption and a rapid increase in AAs in circulation. 

Furthermore, the rapid availability of branched-chain amino acids (BCAAs) from WP is 

responsible for the quick insulin response due to their insulinogenic nature,
31,32,76,77,82

 

through stimulation of insulin secretion and elicitation of a greater insulin response.
82

  

 Whey protein’s effects on glycemic control are also mediated by stimulating 

incretin hormones.
33,82

 Incretin hormones including glucose-dependent insulinotropic 

polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) are released upon consumption 

of food, and consequently stimulate insulin secretion.
33

 The response of the incretin 

hormones is initiated following the release of AAs and bioactive peptides from WP 
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digestion and hydrolysis, providing another mechanism believed to attenuate increases in 

blood glucose levels.
80

 Additionally, it is probable that the effects of WP on GIP are a 

result of WP stimulating its synthesis, secretion, and/or extending its half-life. WP has 

been found to elicit an increased GLP-1 response, resulting in improved “glucose-

induced insulin secretion and reduction in post-prandial glycemia” and insulin 

synthesis.
76

 Furthermore, bioactive peptides in WP have an inhibitory effect on dipeptidyl 

peptidase-4 (DPP-IV), which is responsible for degrading GIP and GLP-1.
76

 This results 

in prolonged action of the incretin hormones leading to “inhibition of glucagon, which in 

turn elevates insulin secretion…and decreases blood glucose levels”
76

 and leads to 

prolonged insulin action because the incretin hormones are not degraded as 

quickly.
75,77,80,81

 When DPP-IV degrades GIP and GLP-1, insulin secretion decreases 

since the incretin hormones are responsible for the release of insulin from the pancreas.
81

 

It is thought that WP peptides inhibit DPP-IV through competitive inhibition or that the 

peptides are substrates for DPP-IV.
77

 Particularly, WPI has the greatest inhibitory effect 

on inhibiting DPP-IV.
76

 In addition to inhibiting DPP-IV, bioactive peptides in WP also 

inhibit α-glucosidase, which is responsible for releasing monosaccharides during 

carbohydrate digestion. Inhibition of α-glucosidase results in decreased post-prandial 

blood glucose levels.
76,81

  

Whey Protein in T2DM 

 Based on the effects of WP on insulin and glycemic control, WP is proposed as a 

nutritional therapeutic, or functional food, for T2DM
75,80,81

 either in conjunction with 
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medication or by itself since it is just as effective as medication for glycemic control.
80

 

The main characteristics of T2DM are peripheral IR and pancreatic β-cell 

dysfunction,
77,81

 and as previously mentioned, these metabolic disturbances are common 

in women with PCOS. 

Common strategies used to manage T2DM include lifestyle changes, typically 

through increasing physical activity and implementing dietary changes
76,77

 as well as 

medications, such as DPP-IV inhibitors, to decrease blood glucose levels.
76

 Dairy protein 

is associated with a reduced risk of T2DM, while other animal sources of protein, such as 

processed meats, contribute to an increased risk for T2DM. However, this increased risk 

is likely influenced by the non-protein components of these animal products.
74

 The 

reduced risk for T2DM with the use of dairy products
77,78

 is attributed to the 

insulinotropic effects and inhibitory effects on DPP-IV and α-glucosidase,
77

 which lead 

to increased insulin secretion and improvements in post-prandial blood glucose levels.
76

 

However, for these effects of WP to be continually effective in individuals with T2DM, 

WP must be regularly consumed.
76,80

  

Whey Protein in PCOS 

Briefly, only two studies have analyzed the effects of WPI in women with PCOS. 

The first study compared the effects of a glucose load to a protein load of WPI over the 

course of 5 hours on various hormones as markers for obesity, IR, hirsutism, and 

hunger.
83

 WPI had a significant effect on attenuating increases in blood glucose levels 

compared to the glucose load. There was a significant difference in the increase in insulin 
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levels between the glucose load and WPI, with the glucose load having a greater effect on 

increasing insulin levels, but only for the first 3 hours. After 4 hours, insulin sustained 

decreased cortisol and dehydroepiandrosterone (DHEA) levels as well as sustaining 

lower levels of ghrelin after 3 hours.  

The second study used a WPI supplement with a hypocaloric diet to induce 

weight loss in women with PCOS.
84

 Comparisons were made between a WPI supplement 

group and a simple sugar supplement group. The WPI supplement led to significantly 

greater weight loss, decreased BMI and fat mass, and decreased concentrations of HDL, 

and total cholesterol. However, decreases in concentrations of leptin, adiponectin, fasting 

glucose, fasting insulin, and HOMA[IR] were not significantly different between WPI 

and simple sugar supplement groups. 

 Lastly, one study analyzed the effects of α-lactalbumin, a smaller protein in WP, 

in combination with myo-inositol.
85

 The primary outcome of this study was restored 

ovulation in women with PCOS. Overall, protein, specifically WP, is a potential 

nutritional supplement to manage metabolic and endocrine parameters and symptoms of 

PCOS. 

 

  



48 
 

 

 

 

CHAPTER III 

METHODOLOGY 

PCOS MODEL 

 Mouse 3T3-L1 adipocytes were used to simulate PCOS conditions because they 

are an established cell line for adipose tissue function, specifically for obesity, a common 

feature of PCOS. Additionally, the practicality of using this animal cell line allowed for 

multiple passages. Furthermore, this cell line is more cost effective than human primary 

cell lines and must be evaluated before human studies can proceed. 

Mature mouse 3T3-L1 adipocytes were used to assess the possible effect of 

metabolites of WP digestion in plasma on expression of genes regulating vitamin D 

metabolism. Adipocytes were treated with plasma from women with and without PCOS 

prior to and after 7 days of WP consumption. Since women with PCOS are more likely to 

be vitamin D deficient, the two primary metabolic forms of vitamin D3, 25-

hydroxyvitamin D3 (25VD) and 1α,25-dihydroxyvitamin D3 (1,25VD) were also added to 

mature 3T3-L1 adipocytes. However, vitamin D levels in plasma samples from human 

subjects were not assessed. The following sections explain the procedures and protocols 

used to assess the acute effects of WP ingestion on expression of genes involved in 

vitamin D metabolism. 
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CHARACTERISTICS OF HUMAN PARTICIPANTS 

 All protocols related to human participants, WP administration, and plasma 

isolation and storage were approved by the Institutional Review Board at Texas Woman’s 

University (protocol 19641).  Only 1 plasma sample from a woman without PCOS 

(CON) and 1 plasma sample from a woman with PCOS (PCOS) were used for all 

experiments. The CON participant and PCOS participant were matched based on age 

(years = 20 and 19, respectively), ethnicity (Hispanic), body mass index (BMI = 24.8 

kg/m2 and 22.4 kg/m2, respectively), and percent body fat (%BF = 38.8% and 37.9%, 

respectively). 

WHEY PROTEIN ADMINISTRATION 

Human participants were provided cross-flow microfiltration whey protein isolate 

(CFM WPI) (Glanbia Nutritionals, Twin Falls, ID, USA) and instructed to consume 35 

g/day for 7 days. This amount of WPI was recommended by the company to diminish 

gastrointestinal distress. The CFM WPI was dissolved in 250 mL of water on days 1 and 

7 at the research site. For the days in between site visits, it was recommended to 

participants to dissolve the CFM WPI in 250 mL of water. Leftover protein samples were 

weighed on day 7 and the investigators asked participants follow-up questions to ensure 

compliance with protein consumption.  
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ORAL GLUCOSE TOLERANCE TEST, PLASMA ISOLATION, AND PLASMA 

STORAGE 

Briefly, a baseline fasting blood sample was collected on days 0 and 7 into 6 mL 

sodium-heparin tubes at baseline (time point: -30 minutes). At baseline on day 0, a water 

pre-load of 250mL was given to each participant and on day 7 the CFM WPI pre-load, as 

previously described, was given to each participant. Thirty minutes (min) later, on both 

days, subjects were administered an oral glucose tolerance test (OGTT) consisting of 75g 

of dextrose and a blood sample was drawn (time point: 0 min). After each participant 

consumed 75g of dextrose, additional blood samples were drawn at the following time 

points: 15 min, 30 min, 60 min, 90 min, 120 min, and 150 min. Blood samples were 

centrifuged for 15 min at 3000 rpm and 4°C and plasma was isolated and frozen at -80°C 

for subsequent analyses. In addition to other analyses, human plasma from time point -30 

min (baseline) was used to simulate PCOS-like conditions (inflammation) in mature 3T3-

L1 adipocytes. 

CELL CULTURE 

Mouse 3T3-L1 preadipocytes (American Type Culture Collection, Manassas, VA) 

were used to simulate human adipocyte metabolic functions. All incubation periods were 

controlled at 37°C and 5% CO2. Initially, preadipocytes were grown in Growth Medium 

(GM) to 70-80% confluency on a 100mm plate (seeding density was not measured). The 

GM contained high glucose Dulbecco's Modified Eagle's Medium (DMEM) 

(Gibco/Thermo Fisher Scientific, Waltham, MA), 10% fetal bovine serum (FBS) 
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(Thermo Fisher Scientific), and 1% penicillin-streptomycin-neomycin (PSN) antibiotic 

(Thermo Fisher Scientific). Once confluency was reached, the preadipocytes were 

subcultured. Using 0.25% trypsin-EDTA (Thermo Fisher Scientific) to detach cells from 

the plate surface, cells were isolated and subcultured into 12 secondary 100mm plates 

with GM for continued growth.  

Once the preadipocytes reached 70-80% confluency in the secondary plates, 

differentiation was induced using Differentiation Medium (DM). The DM contained 

DMEM/F-12 media (Thermo Fisher Scientific) with 10% FBS, 1% PSN, 250nM 

dexamethasone (DEX) (MilliporeSigma, St. Louis, MO, USA), 0.5mM 3-isobutyl-1-

methylxanthine (MIX) (MilliporeSigma), 1μg/mL insulin (MilliporeSigma). Cells 

remained in DM for 5 days or approximately 120 hours. Following the initial 

differentiation period, cells were incubated in GM plus 1μg/mL insulin (GMI) to allow 

for continued maturation for 5 days or approximately 120 hours. Following GMI, mature 

3T3-L1 adipocytes were returned to GM until they were ready for experimental 

treatments. Refer to Figure 4 for timeline of cell culture experiments. 
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Figure 4. Timeline for cell culture experiments. 

Following differentiation, and 48 hours prior to being treated with an assigned 

experimental treatment medium, mature 3T3-L1 adipocytes underwent a washout phase 

in which they were treated with serum-free medium (DMEM + PSN). After the washout 

phase, cells were treated with one of the following experimental medias—control human 

plasma day 0 (CON-0), PCOS human plasma day 0 (PCOS-0), control human plasma day 

7 (CON-7), or PCOS human plasma day 7 (PCOS-7)—for 48 hours. A concentration of 
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1% plasma was added to DMEM along with 1% PSN. The 1% plasma concentration was 

based on the protein concentration of FBS in normal GM. Simultaneously, cells were 

treated with either no vitamin D (NOVD), 25-hydroxyvitamin D3 (25VD) (Millipore-

Sigma), or 1α,25-hydroxyvitamin D3 (1,25VD) (Sigma-Aldrich) for 48 hours. The 

concentration of 25VD was 1.5 pmol/mL
1
 and the concentration of 1,25VD was 100 

nmol/L.
2
 These concentrations have been used in previous studies using 3T3-L1 

adipocytes and vitamin D without negatively impacting cell viability or being toxic to 

cells.
2
 It is important to note that both forms of vitamin D3 were reconstituted in 70% 

ethanol (7 mL EtOH + 3 mL of deionized water) prior to being added to the experimental 

media. Additionally, the cells were differentiated prior to vitamin D treatment because it 

is well-documented that vitamin D, particularly 1,25VD, inhibits adipogenesis in the 

3T3-L1 adipocyte cell line.
 2-5

 With the different combinations of plasma and vitamin D 

treatments, there were a total of 12 experimental treatment conditions (see Figure 5). 

 

Figure 5. Experimental treatment groups include plasma and vitamin D treatments. 
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RNA ANALYSIS 

The genes targeted for this study include VDR, 25-hydroxylase (CYP2R1), 1-α-

hydroxylase (CYP27B1), and 24-dehydrogenase (CYP24A1). Glyceraldehyde 3-

Phosphate Dehydrogenase (GAPDH) and Actin were used as housekeeping genes to 

provide for normalization of expression of the previously named targeted genes. A 

RNeasy Mini Kit (Qiagen, Valencia, CA, USA) was used to homogenize and extract 

purified RNA from harvested cells following the manufacturer’s instructions. Following 

RNA extraction, the isolated RNA was quantified using a Take3 plate on a Cytation5 to 

determine total RNA concentration and to determine the amount of RNA needed from 

each treatment condition to synthesize cDNA. Synthesis of cDNA for gene expression 

analysis was then completed using the iScript
TM

 Reverse Transcription Supermix for RT-

qPCR (Bio‐Rad Laboratories, Inc., Hercules, CA,USA) according to manufacturer 

instructions. Briefly, based on how much RNA was extracted from cells in each treatment 

condition, a specified amount of RNA was added to a mixture of nuclease-free water and 

the iScript
TM

 RT Supermix on a 96-well PCR plate to obtain 1 μg of cDNA. Once each 

sample well was prepared, the PCR plate was inserted into the CFX96 Touch
TM

 Real‐

Time PCR Detection System (Bio‐Rad Laboratories, Inc., Hercules, CA,USA) and the 

programmed protocol for cDNA synthesis was selected. 

For gene expression analysis, an iTaq
TM

 Universal SYBR® Green Supermix 

(Bio‐Rad Laboratories, Inc., Hercules, CA,USA) assay was used for the VDR and 

GAPDH genes and the SsoAdvanced
TM

 Universal SYBR® Green Supermix (Bio‐Rad 
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Laboratories, Inc., Hercules, CA,USA) assay was used for CYP2R1, CYP27B1, 

CYP24A1, and Actin genes. Based on previous experiments in our lab, analysis of 

CYP24A1expression was inconsistent, therefore, the SsoAdvanced
TM

 Universal SYBR® 

Green Supermix assay was used since it is recommended for genes that are more difficult 

to analyze. Briefly, a 96-well plate was prepared with each well containing the assay 

supermix, either the iTaq
TM

 Universal SYBR® Green Supermix or the SsoAdvanced
TM

 

Universal SYBR® Green Supermix, the gene primer, cDNA, and nuclease-free water. 

Once each sample well was prepared at a final volume of 20 μL, the PCR plate was 

inserted into the CFX96 Touch
TM

 Real‐Time PCR Detection System (Bio‐Rad 

Laboratories, Inc., Hercules, CA,USA) and the programmed protocol for each assay 

protocol was selected. Each treatment condition was analyzed in replicates of four (n = 

4). Initial gene expression analysis was completed using the CFX Maestro
TM

 software 

(Bio‐Rad Laboratories, Inc., Hercules, CA, USA). 

STATISTICAL ANALYSIS 

 Data are presented as mean ± standard deviation. A p value ≤ 0.05 was 

established to determine significance. Gene expression analysis was calculated using the 

ΔΔCt method to calculate relative fold changes. Data were analyzed using Statistical 

Package for Social Sciences (SPSS) software (IBM Corp. Released 2017. IBM SPSS 

Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.). Two-way analysis of 

variance (ANOVA) was used to determine differences between protein and vitamin D 

treatment conditions as well as any interaction between the protein and vitamin D 
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treatment conditions on gene expression. Secondary analyses with multiple one-way 

ANOVAs were completed following an interaction effect to determine which treatment 

combinations resulted in significant effects. The Split File function in SPSS was used for 

the secondary analysis. Post hoc analysis was completed using Tukey’s test. 
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CHAPTER IV 

RESULTS 

GENE EXPRESSION 

Vitamin D deficiency is prevalent among women with PCOS; therefore, the 

current study focused on genes responsible for regulating vitamin D metabolism. This 

was done to understand the effect of WP ingestion in plasma from a woman with PCOS 

(PCOS) and a woman without PCOS (CON) and the effect of vitamin D (VD) treatment 

on expression of genes involved in vitamin D metabolism in 3T3-L1 adipocytes under 

PCOS-like and non-PCOS-like conditions, respectively.  CYP2R1 codes for 25-

hydroxylase, which is responsible for the first hydroxylation of vitamin D.  CYP27B1 

codes for 1α-hydroxylase, which is responsible for the second hydroxylation and 

activation of vitamin D.  CYP24A1 codes for 24-hydroxylase, which is responsible for 

the degradation of vitamin D.  Lastly, the VDR gene codes for the VDR, which is 

responsible for carrying out the actions of 1,25VD. 

CYP2R1  

Based on the results of the 2-way ANOVA, there was neither an independent 

effect of nor an interaction between VD and plasma following WP ingestion on 

expression of CYP2R1 in 3T3-L1 adipocytes under PCOS-like or non-PCOS-like 

conditions (p > .05). Therefore, secondary analysis was not conducted. The size of the 

error bars show a large variability supporting the non-significant results of VD and WP in 

plasma on CYP2R1 expression in 3T3-L1 adipocytes (see Figure 6). Upon visual 
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analysis, while not significant, VD treatment (25VD and 1,25VD) appears to suppress 

expression of CYP2R1 compared to control (NOVD) in 3T3-L1 adipocytes before WP 

consumption (CON-0 and PCOS-0). However, after 7 days of WP consumption, 

expression of CYP2R1 appears to increase with 25VD exposure, particularly in the 3T3-

L1 adipocytes under PCOS-like (PCOS-7) conditions. 

 

Figure 6. There was neither an independent effect of nor an interaction between VD and 

WP in plasma on expression of CYP2R1 in 3T3-L1 adipocytes under non-PCOS-like or 

PCOS-like conditions (p > .05). Data presented as mean ± SD (n = 4 per treatment 

condition). 

CYP27B1 

As shown in Figure 7, the 2-way ANOVA indicated a significant interaction 

between WP in plasma and VD treatment on expression of CYP27B1 in 3T3-L1 

adipocytes under non-PCOS-like and PCOS-like conditions (p < .05). 25VD suppressed 

the expression of CYP271 before WP consumption, particularly in 3T3-L1 adipocytes 
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under non-PCOS-like (CON-0) conditions (p < .05). However, the effect of 25VD 

significantly increased the expression of CYP27B1 in 3T3-L1 adipocytes after 7 days of 

WP consumption in 3T3-L1 adipocytes under non-PCOS-like (CON-7) and PCOS-like 

(PCOS-7) conditions (p < .05). The effect of 1,25VD suppressed the expression of 

CYP271 before WP consumption, particularly in 3T3-L1 adipocytes under non-PCOS-

like (CON-0) conditions (p < .05). In 3T3-L1 adipocytes exposed to CON-7 plasma, 

1,25VD also suppressed the expression of CYP27B1 when compared to the control 

(NOVD) condition and 25VD treatment (p < .05). However, in 3T3-L1 adipocytes 

exposed to PCOS-7 plasma, 1,25VD only suppressed the expression of CYP27B1 in 

comparison to 25VD exposure (p < .05) and was not significantly different from the 

control (NOVD) condition (p > .05). WP in plasma significantly increased the expression 

of CYP27B1 in 3T3-L1 adipocytes exposed to 25VD under non-PCOS-like (CON-7) and 

PCOS-like (PCOS-7) conditions after 7 days of WP consumption (p < .05). There was no 

significant effect of WP in plasma on expression of CYP27B1 in 3T3-L1 adipocytes 

exposed to 1,25VD under non-PCOS-like conditions before (CON-0) or after (CON-7) 

WP consumption (p > .05). Additionally, there was no significant effect of WP in plasma 

on expression of CYP27B1 in 3T3-L1 adipocytes exposed to 1,25VD under PCOS-like 

conditions before (PCOS-0) or after (PCOS-7) WP consumption (p > .05).  
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Figure 7. Prior to WP consumption, VD treatment (25VD and 1,25VD) significantly 

suppressed the expression of CYP27B1 in 3T3-L1 adipocytes under non-PCOS-like and 

PCOS-like conditions when compared to the control (NOVD) condition (p < .05). WP in 

plasma significantly increased the expression of CYP27B1 in 3T3-L1 adipocytes exposed 

to 25VD under non-PCOS-like (CON-7) and PCOS-like (PCOS-7) conditions after 7 

days of WP consumption (p < .05). There was a significant interaction between WP in 

plasma and VD treatment in 3T3-L1 adipocytes (p < .05). Capital letters indicate the 

effect of VD within the plasma source. Lowercase letters indicate the effect of WP in 

plasma. Groups without a common capital or lowercase letter are significantly different 

(p < .05). Data presented as mean ± SD (n = 4 per treatment condition). 

CYP24A1  

As shown in Figure 8, the 2-way ANOVA indicated a significant interaction 

between WP in plasma and VD treatment on expression of CYP24A1 in 3T3-L1 

adipocytes under non-PCOS-like and PCOS-like conditions (p < .05). Secondary analysis 

indicated a significant effect of 1,25VD on expression of CYP24A1 in 3T3-L1 

adipocytes under non-PCOS-like and PCOS-like conditions (p < .05). Additionally, 
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plasma from the woman with PCOS prior to WP consumption (PCOS-0) significantly 

increased the expression of CYP24A1 (p < .05). 

 

Figure 8. 1,25VD had a significant effect on CYP24A1 gene expression in 3T3-L1 

adipocytes. Plasma from the woman with PCOS prior to WP consumption (PCOS-0) 

significantly increased CYP24A1 gene expression. There was a significant interaction 

between WP in plasma and VD treatment in 3T3-L1 adipocytes (p < .05). Capital letters 

indicate the effect of VD within the plasma source. Lowercase letters indicate the effect 

of WP in plasma. Groups without a common capital or lowercase letter are significantly 

different (p < .05). Data presented as mean ± SD (n = 4 per treatment condition). 

VDR  

There was neither an independent effect of nor interaction between VD or WP in plasma 

on VDR expression in 3T3-L1 adipocytes under non-PCOS-like or PCOS-like conditions 

(p > .05, see Figure 9). Upon visual analysis, while not significant, VD treatment (25VD 

and 1,25VD) appears to increase expression of VDR in 3T3-L1 adipocytes under non-

PCOS-like (CON-0 and CON-7) conditions. However, in 3T3-L1 adipocytes under 

PCOS-like (PCOS-0) conditions prior to WP consumption, only 25VD appears to 
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increase VDR gene expression in comparison to NOVD and 1,25VD. Although, in 3T3-

L1 adipocytes under PCOS-like (PCOS-7) conditions after 7 days of WP consumption, 

VD treatment (25VD and 1,25VD) appears to suppress the expression of VDR.

 

Figure 9. There was neither an independent effect nor interaction from VD or WP in 

plasma on VDR expression in 3T3-L1 adipocytes under non-PCOS-like or PCOS-like 

conditions (p > .05). Note that only the positive error bar is presented for PCOS-0 25VD 

because of the log(10) formatted y-axis. Data presented as mean ± SD (n = 4 per 

treatment condition). 
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CHAPTER V 

DISCUSSION AND CONCLUSION 

While data exists to suggest a relationship between PCOS and vitamin D 

deficiency, the exact mechanism of origin is not known.  For example, VDR genetic 

polymorphisms are associated with an increased risk for developing PCOS.
1,2

 Other 

studies determined the effectiveness of vitamin D supplementation in women with PCOS 

with some studies reporting improved vitamin D levels,
3-5

  improved insulin secretion,
6-8

  

and improved glycemic control.
4,8,9

  However, vitamin D supplementation may not be 

effective for improving other metabolic or endocrine markers in women with PCOS.
3-5,10

  

Additionally, there is limited data on the effects of WP in women with PCOS including 

attenuation of blood glucose increases
11

 and improvements in body composition 

including weight loss and decreased BMI and fat mass.
12

 Therefore, the purpose of this 

study was to determine whether vitamin D metabolism is potentially aberrant in adipose 

tissue in women with PCOS using 3T3-L1 adipocytes as an in vitro model. The central 

hypothesis of this study is that WP improves vitamin D metabolism by impacting 

expression of genes related to vitamin D metabolism specifically by increasing the 

expression of CYP2R1 and CYP27B1 and decreasing the expression of CYP24A1. 
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SUMMARY OF RESULTS  

Results of this study partially support the central hypothesis. Expression of 

CYP2R1 and CYP27B1 were hypothesized to increase with exposure to WP in plasma 

under non-PCOS-like and PCOS-like conditions. Changes in expression of CYP2R1 

were not significant in any of the treatment conditions. However, CYP2R1 appears to 

increase in 3T3-L1 adipocytes exposed to WP in plasma under non-PCOS-like (CON-7) 

and PCOS-like (PCOS-7) conditions with 25VD treatment, based on visual analysis (see 

Figure 6). Similarly, expression of CYP27B1 significantly increased in 3T3-L1 

adipocytes exposed to WP in plasma under non-PCOS-like (CON-7) and PCOS-like 

(PCOS-7) conditions with 25VD treatment (see Figure 7). Expression of CYP24A1 was 

hypothesized to decrease with exposure to WP in plasma under non-PCOS-like and 

PCOS-like conditions. Its expression did decrease, but only under PCOS-like (PCOS-7) 

conditions after 7 days of WP consumption along with exposure to 1,25VD. In addition, 

expression of CYP24A1 significantly increased with exposure to 1,25VD in all plasma 

source groups, which was expected since 1,25VD is the substrate for CYP24A1 (see 

Figure 8). Changes in expression of VDR were not significant in any of the treatment 

conditions (see Figure 9). Furthermore, the changes in expression of these genes did not 

necessarily lead to changes in the regulation of genetic expression. The only changes in 

regulation are an up-regulation in the expression of CYP24A1 (see Table 5 and Table 6) 

with exposure to 1,25VD, which is in agreement with the results shown in Figure 8, and 
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the PCOS-0 25VD treatment condition which led to an up-regulation of CYP2R1, 

CYP27B1, and CYP24A1. 

Table 5. Changes in regulation of expression of genes involved in VD metabolism under 

non-PCOS-like conditions. 

  CYP2R1 CYP27B1 CYP24A1 VDR 

CON-0 NOVD ↔ ↔ ↔ ↔ 

CON-0 25VD ↔ ↔ ↔ ↔ 

CON-0 1,25VD ↔ ↔ ↑ ↔ 

CON-7 NOVD ↔ ↔ ↓ ↔ 

CON-7 25VD ↔ ↔ ↔ ↔ 

CON-7 1,25VD ↔ ↔ ↑ ↔ 

↔ = no change ↓ = down-regulated ↑ = up-regulated 

 

Table 6. Changes in regulation of expression of genes involved in VD metabolism under 

PCOS-like conditions. 

  CYP2R1 CYP27B1 CYP24A1 VDR 

PCOS-0 NOVD ↔ ↔ ↔ ↔ 

PCOS-0 25VD ↑ ↑ ↑ ↔ 

PCOS-0 1,25VD ↔ ↔ ↑ ↔ 

PCOS-7 NOVD ↔ ↔ ↔ ↔ 

PCOS-7 25VD ↔ ↔ ↔ ↔ 

PCOS-7 1,25VD ↔ ↔ ↑ ↔ 

↔ = no change ↓ = down-regulated ↑ = up-regulated 

 

Gene Expression 

CYP2R1. As shown in Figure 6, there was neither a significant independent 

effect nor an interaction between VD or WP in plasma ingestion on expression of 

CYP2R1 in 3T3-L1 adipocytes under non-PCOS-like or PCOS-like conditions. While not 

significant, VD treatment (25VD and 1,25VD) appears to decrease the expression of 

CYP2R1 in 3T3-L1 adipocytes prior to exposure of WP in plasma (CON-0 and PCOS-0). 

In other studies that used 3T3-L1 adipocytes, CYP2R1 was not expressed or was 

undetectable,
13,14

 differing from the results of the current study. Specifically, 3T3-L1 
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adipocytes treated with 100nM vitamin D3 for 24 hours resulted in no expression of 

CYP2R1.
14

 This likely differs from the results of the current study because a different 

form of VD was used. Since CYP2R1 was not detectable in the previously mentioned 

study, CYP27A1, another gene that codes for 25-hydroxylase, was analyzed and 

expressed in 3T3-L1 adipocytes.
14

 Exposure to 100nM vitamin D3 for 24 hours increased 

the expression of CYP27A1.  

Since vitamin D3 is the substrate for 25-hydroxylase it was expected that 

expression of CYP2R1 would increase. Based on visual analysis of the results of the 

current study, while not significant, expression of CYP2R1 appears to increase in 3T3-L1 

adipocytes with 25VD treatment after 7 days of WP (CON-7 and PCOS-7). Furthermore, 

the results of a human study reported low expression of CYP2R1 in human adipose tissue 

suggesting that CYP2R1 may not be the most specific gene for 25-hydroxylase in adipose 

tissue.
15

 However, while there was no significant change in expression of CYP2R1 in the 

current study, CYP2R1 was up-regulated in the PCOS-0 25VD treatment condition. See 

Table 6. This suggests that in 3T3-L1 adipocytes under PCOS-like conditions, 25VD 

treatment may up-regulate the expression of CYP2R1 even though 25VD is the product 

of the 25-hydroxylase enzyme, not the substrate, and the expression was decreased in 

comparison to PCOS-0 VD control (NOVD) treatment condition. However, large 

variation in the PCOS-0 NOVD condition did not allow for identification of a statistical 

difference. Altogether, these may be reasons why there were high variations and low 
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levels of detection for CYP2R1 in different plasma sources and vitamin D treatments in 

this model. 

CYP27B1. As shown in Figure 7, there was an independent effect of and 

significant interaction between WP in plasma and VD treatment on expression of 

CYP27B1 in 3T3-L1 adipocytes under non-PCOS-like and PCOS-like conditions. 

Metabolically, 25VD is the substrate for CYP27B1. In this model, the significant increase 

in expression of CYP27B1 after 7 days of WP consumption and exposure to 25VD 

suggests that WP may lead to increased activation or restore normal activation of VD 

regardless of non-PCOS-like (CON-7) or PCOS-like (PCOS-7) conditions. Therefore, 

increased VD activation to the hormonal form of VD would provide more 1,25VD to 

carry out its pleiotropic effects. Additionally, by exposing the 3T3-L1 adipocytes to 

25VD provided the substrate for the 25-hydroxylase enzyme. This could be responsible 

for the suppressed expression before WP consumption (CON-0 and PCOS-0), if the 

enzyme was saturated with the substrate. 

In one study, gene expression of CYP27B1 was increased in 3T3-L1 adipocytes 

exposed to vitamin D3 for 24 hours.
14

 However, it is not possible to compare these results 

to our findings because the genetic expression of VD metabolizing genes was only 

analyzed when adipocytes were treated with vitamin D3. Control and insulin resistant 

3T3-L1 adipocytes treated with 25VD (10
-8

 M) for 4 hours had an in upregulation of 

CYP27B1,
16

 which is only partially supported by the results of the current study. In 

contrast, 3T3-L1 adipocytes under non-PCOS-like (CON-0) conditions treated with 
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25VD treatment resulted in suppressed expression of CYP27B1 (see Figure 7) with no 

change in regulation of CYP27B1 (see Table 5). 3T3-L1 adipocytes under PCOS-like 

(PCOS-0) conditions treated with 25VD also show suppressed expression of CYP27B1 

(see Figure 7) with an unexplained up-regulation of CYP27B1 (see Table 6). The 

differences of the results in the current study may be due to the different protein sources 

in the cell culture media and the concentration of and length of exposure to 25VD. In the 

current study, the cell culture media contained plasma from human subjects (CON and 

PCOS) and 3T3-L1 adipocytes were exposed to 1.5pmol/mL 25VD for 48 hours while 

the cell culture media in the other study
16

 contained fetal bovine serum and 3T3-L1 

adipocytes were exposed to 10
-8

 M 25VD for 4 hours. Furthermore, in the current model, 

3T3-L1 adipocytes were used to mimic PCOS while 3T3-L1 adipocytes in the other study 

were used to mimic IR.
16

  

In human adipocytes, even though the expression of CYP27B1 decreased with 

differentiation, the 1α-hydroxylase enzyme remained active.
17

 Therefore, VD was 

activated as evidenced by measureable levels of 1,25VD after human adipocytes were 

exposed to 25VD (10
-8

 M) for 24 hours.
17

 Without determining changes in expression of 

CYP27B1 in 3T3-L1 adipocytes before and after differentiation, our results suggest 

increased VD activation may occur since expression of CYP27B1 increased with 

exposure to 25VD following 7 days of WP consumption (CON-7 and PCOS-7). 

Furthermore, in human adipose tissue, CYP27B1 is expressed in human subcutaneous 

adipose tissue (SAT) and visceral adipose tissue (VAT).
15

 Based on BMI, women who 
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were obese had almost 50% less expression of CYP27B1 in SAT
15

 suggesting women 

who are obese may have decreased vitamin D activation. The results of the current study 

are not fully comparable to the results of this human study because: (1) 3T3-L1 

adipocytes were used and (2) the women whose plasma samples were used had a normal 

BMI. Furthermore, in the 3T3-L1 adipocytes treated with CON-0 and PCOS-0 plasma, 

expression of CYP27B1 was greater in the VD control (NOVD) condition compared to 

the 25VD and 1,25VD conditions. However, it is not possible to determine if this equates 

to adequate vitamin D activation. 

Since CYP27B1 is responsible for the activation of 25VD to 1,25VD, it is 

necessary to examine the efficiency of vitamin D activation within adipose tissue. 

Metabolically, 1,25VD is the product of CYP27B1 and when enough 1,25VD is 

produced, it reduces the activity of this enzyme. Results of the current study may support 

this as expression of CYP27B1 was suppressed in 3T3-L1 adipocytes treated with 

1,25VD compared to the control (NOVD) in the CON-0, PCOS-0, and CON-7 plasma 

source groups.  Conversely, 7 days of WP consumption does not appear to significantly 

affect the expression of CYP27B1 in 3T3-L1 adipocytes exposed to 1,25VD under 

PCOS-like (PCOS-7) conditions. 

CYP24A1. Similar to CYP27B1, there was an independent effect of and 

significant interaction between WP in plasma and VD treatment on expression of 

CYP24A1 in 3T3-L1 adipocytes under non-PCOS-like or PCOS-like conditions, as 

shown in Figure 8. Secondary analysis indicated a significant effect of 1,25VD on 
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expression of CYP24A1 in 3T3-L1 adipocytes under non-PCOS-like and PCOS-like 

conditions. The significant increase in expression of CYP24A1 with exposure to 1,25VD 

was expected. In addition to increased expression of CYP24A1 with exposure to 1,25VD, 

CYP24A1 gene expression was up-regulated in all plasma source groups exposed to 

1,25VD in 3T3-L1 adipocytes, as shown in Table 5 and Table 6. However, under PCOS-

like (PCOS-0) conditions, 3T3-L1 adipocytes may have increased VD catabolism. WP 

may help normalize VD catabolism in 3T3-L1 adipocytes under PCOS-like (PCOS-7) 

conditions as it decreased the expression of CYP24A1 after 7 days of WP consumption. 

The increased expression of CYP24A1 with exposure to 1,25VD seen in this 

model is consistent with results of other studies that treated 3T3-L1 adipocytes with 

1,25VD despite differences in length of exposure. Similar to our results, expression of 

CYP24A1 was significantly increased in differentiated 3T3-L1 adipocytes exposed to 

1,25VD (100nmol/L) for 24 hours.
18

 Furthermore, in another study, expression of 

CYP24A1 was significantly increased with the highest dose of 1,25VD (100nM) in 

differentiated 3T3-L1 adipocytes exposed to 1,25VD for 24 hours.
13

 While 3T3-L1 

adipocytes in the current study were exposed to 1,25VD for 48 hours, expression of 

CYP24A1 was significantly increased similar to the results of these studies.
13,18

   

In 3T3-L1 adipocytes exposed to 25VD, expression of CYP24A1 was similar 

between exposure to 25VD at 10nM and 1,25VD at 1nM.
19

 However, in the current 

study, expression of CYP24A1 with exposure to 25VD and 1,25VD are significantly 

different where exposure to 1,25VD significantly increased the expression of CYP24A1 
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in all plasma source groups when compared to the control (NOVD) and 25VD treatments. 

The differences in our results when compared to the other study
19

 are likely due to the 

different concentrations of 25VD and 1,25VD. In the current study, the concentration of 

25VD was 1.5 pmol/mL (equivalent to 1.5 nmol/L) and the concentration of 1,25VD was 

100 nmol/L. 

In human adipocytes, expression of CYP24A1 was increased when exposed to 

25VD and 1,25VD at varying concentrations (10
-8 

M to 10
-10 

M) for 24 hours, before and 

after differentiation.
17

 Our findings partially support these results as 1,25VD significantly 

increased expression of CYP24A1 in 3T3-L1 adipocytes under non-PCOS-like and 

PCOS-like conditions. It is likely that the 25VD results in the current study are different 

because the concentration of 25VD was 1.5pmol/mL, and thus was not equivalent to the 

concentration of 1,25VD (100nmol/L) used in the aforementioned study.
17

 Therefore, 

even though 25VD is a substrate of 24-hydroxylase, the concentration in the current study 

may not have been adequate enough to induce its expression.  

In human adipose tissue, CYP24A1 is expressed in human SAT and VAT.
15

 

Despite differences in BMI, there was no difference in the expression of CYP24A1 in 

women who were lean or obese. However, greater vitamin D catabolism occurred in 

adipose tissue in an obese state due to increased fat mass.
15

 Since obesity is a prevalent 

feature in PCOS, increased vitamin D catabolism in adipose tissue is plausible, especially 

since VD is stored and sequestered by adipose tissue. Our data support this hypothesis as 

3T3-L1 adipocytes exposed to 1,25VD under PCOS-like (PCOS-0) conditions had 
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significantly greater expression of CYP24A1 compared to non-PCOS-like (CON-0) 

conditions as well as PCOS-like (PCOS-7) conditions after WP consumption. However, 

as previously mentioned, WP may help normalize VD catabolism in 3T3-L1 adipocytes 

under PCOS-like (PCOS-7) conditions as it decreased the expression of CYP24A1 after 7 

days of WP consumption. 

VDR. Similar to CYP2R1, there was neither an independent effect nor interaction 

between VD and WP in plasma on expression of VDR in 3T3-L1 adipocytes under non-

PCOS-like or PCOS-like conditions (see Figure 9). While not significant, VD treatment 

(25VD and 1,25VD) appear to increase expression of VDR in 3T3-L1 adipocytes under 

non-PCOS-like (CON-0 and CON-7) conditions partially supporting the data from other 

studies. In a study where 3T3-L1 adipocytes were treated with 1,25VD at different 

concentrations (1 nM, 10 nM, and 100 nM) for 24 hours, expression of VDR was 

significantly increased at higher concentrations, specifically 10 nM and 100 nM.
13

 

Furthermore, in control and insulin resistant 3T3-L1 adipocytes treated with 25VD (10
-8

 

M) for 4 hours, VDR was up-regulated.
16

 Similar to these results, in the current study 

25VD appears to increase VDR gene expression in comparison to the control (NOVD) 

and 1,25VD conditions in 3T3-L1 adipocytes under PCOS-like (PCOS-0) conditions 

prior to WP consumption, although these results are not significant. Together these 

results suggest that 25VD may increase the expression of VDR in 3T3-L1 adipocytes. 

However, in 3T3-L1 adipocytes under PCOS-like conditions after 7 days of WP 

consumption (PCOS-7), VD treatment (25VD and 1,25VD) appears to suppress the 
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expression of VDR. The results of the current study suggest that 7 days of WP 

consumption may suppress the expression of VDR in 3T3-L1 adipocytes under non-

PCOS-like (CON-7) and PCOS-like (PCOS-7) conditions and therefore, potentially 

inhibit the actions of VD. It is likely that the results from the previous studies differ from 

our findings because in other studies fetal bovine serum (FBS) was used in their cell 

culture media while in the current study, FBS was replaced with plasma from women 

with and without PCOS. Furthermore, the 3T3-L1 adipocytes in the current study were 

treated with VD for 48 hours at different concentrations with 25VD at a concentration of 

1.5 pmol/mL and 1,25VD at a concentration of 100 nmol/L. 

Other studies that used 3T3-L1 adipocytes also report on VDR protein levels. 

Following 1,25VD (100nM) treatment for 7 days, VDR content decreased.
20

 Important to 

note is that 1,25VD in this study was used to induce differentiation, while the current 

study treated the 3T3-L1 adipocytes with 1,25VD after differentiation. Another study 

assessed changes in VDR protein levels through the differentiation process with 1,25VD 

treatment in 3T3-L1 adipocytes finding that VDR quickly increased in the beginning of 

differentiation (4-8 hours) and decreased throughout the remainder of the differentiation 

process.
21

 After 8 days, VDR protein levels were low and almost undetectable. The 

current study did not measure VDR protein levels; however, it is important to restate that 

3T3-L1 adipocytes were exposed to vitamin D treatments after the differentiation 

process. Therefore, if VDR proteins are very low after differentiation, this may explain 
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why there was not an independent effect or interaction between VD and WP in plasma on 

expression of VDR in 3T3-L1 adipocytes under non-PCOS-like or PCOS-like conditions.  

In human adipocytes, VDR gene expression remains unchanged throughout the 

differentiation process while VDR protein levels decrease. However, the rate of decrease 

is reduced with 1,25VD treatment.
17

 Additionally, VDR is expressed in human SAT and 

VAT.
15

 Based on BMI, women who were obese had 33% greater expression of VDR in 

VAT.
15

 In a human study by Clemente-Postigo et al (2015), VDR expression in AT was 

higher in individuals with obesity based on BMI, but not in individuals with normal 

BMI.
22

 In the current study, the women whose plasma samples were used had a normal 

BMI, which could also explain the non-significant results of VDR expression in the 

current study. 

LIMITATIONS 

The primary limitation of this study is that 3T3-L1 adipocytes are not a perfect 

model for human adipocytes, and the possible differing impact vitamin D may have on 

differentiation in 3T3-L1 adipocytes and human preadipocytes, as previously discussed. 

However, for cell culture experiments, 3T3-L1 adipocytes have a greater longevity and 

are more cost-effective than primary cell lines. Additionally, experiments were not based 

on normalized cell count. As mentioned in the Methodology chapter, two different assays 

were used for qRT-PCR gene expression analyses. The VDR gene was analyzed with the 

GAPDH housekeeping gene using the iTaqTM Universal SYBR® Green Supermix 

assay. The CYP24A1, CYP27B1, and CYP2R1 genes were analyzed with the Actin 
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housekeeping gene using the SsoAdvancedTM Universal SYBR® Green Supermix 

assay. This could possibly explain some of the variance seen in the gene expression 

results. 

Plasma used for cell culture experiments came from women who were classified 

with normal body mass index (BMI), but had a body fat percentage >35%. Even so, it is 

probable that various adipokines present in the plasma had an effect on adipocyte 

metabolism and function. Additionally, the number of plasma sources was limited, 

coming from only 1 CON participant and 1 PCOS participant. Lastly, vitamin D levels 

were not assessed in human plasma samples or in cell culture media samples. It is 

possible that with more plasma samples or samples across the BMI body size that results 

could vary. 

CONCLUSION 

The purpose of this study was to determine if vitamin D metabolism may be 

aberrant in adipose tissue in women with PCOS using 3T3-L1 adipocytes treated with 

plasma from control and PCOS women in an in vitro model. The central hypothesis of 

this study was that WP improves vitamin D metabolism by impacting expression of genes 

related to vitamin D metabolism specifically by increasing the expression of CYP2R1 

and CYP27B1 and decreasing the expression of CYP24A1. The results from this study 

show variable effects of vitamin D, vitamin D types, and WP in plasma on expression of 

genes involved in vitamin D metabolism. Without measuring vitamin D levels in the cell 

culture media or in human plasma, the impact of VD treatment or WP on vitamin D 
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status within PCOS cannot be fully understood. Therefore, the results of the current study 

warrant additional research to more clearly delineate the relationship between WP and 

vitamin D metabolism as well as the interaction between WP and vitamin D 

supplementation in women with PCOS due to the high prevalence of vitamin D 

deficiency in the PCOS population.  

FUTURE RESEARCH 

In addition to the genes analyzed in the current study, analyzing other genes 

involved in vitamin D metabolism could indicate if vitamin D metabolism is aberrant 

elsewhere. These genes should include the vitamin D binding protein (VDBP) and 7-

dehydrocholesterol reductase (DHCR7). As previously mentioned, it is possible that the 

CYP2R1 gene, which codes for 25-hydroxylase in the liver, might not be the most 

specific gene for 25-hydroxylase in adipose tissue.
15

 Other genes that code for 25-

hydroxylase found in adipose tissue that could be further analyzed would include 

CYP2J2 and CYP27A1. Furthermore, gene expression only indicates whether a gene is 

expressed, up-regulated, or down-regulated. Therefore, protein expression of these genes 

should be analyzed to see if the proteins are being synthesized when genetically 

expressed.  

Not included in this study are the vitamin D levels from human plasma samples 

nor are the vitamin D levels from collected cell culture media. Having this data could 

possibly indicate whether changes in genetic expression result in increased or decreased 

vitamin D levels. Additionally, repeating the cell culture experiments of this study 
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including more plasma sources from women with varying BMIs is suggested. Lastly, an 

intervention study where women with and without PCOS receive WP, VD, and WP plus 

VD supplements is suggested to confirm that data presented in this current study. 
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1,25VD = 1α,25-hydroxyvitamin D3 

25VD = 25-hydroxyvitamin D3 

AA = Amino Acid 

AMDR = Acceptable Macronutrient Distribution Range 

AMH = Anti-Müllerian Hormone 

ANOVA = Analysis of Variance 

AT = Adipose Tissue 

BCAA = Branched-Chain Amino Acids 

BMI = Body Mass Index 

CFM WPI = Cross-Flow Microfiltration Whey Protein Isolate 

CON-0 = Control Human Plasma Day 0 

CON-7 = Control Human Plasma Day 7 

COX-2 = Cyclooxygenase 2 

CRP = C-reactive Protein 

CVD = Cardiovascular Disease 

CYP24A1 = 24-Dehydrogenase 

CYP27B1 = 1-α-Hydroxylase 

CYP2R1 = 25-Hydroxylase 

DEX = Dexamethasone 

DHEA = Dehydroepiandrosterone 

DHEAS =Dehydroepiandrosterone Sulfate 
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DM = Differentiation Medium 

DMEM = Dulbecco's Modified Eagle's Medium 

DPP IV = Dipeptidyl Peptidase IV 

EAA = Essential Amino Acid 

EAR = Estimated Average Requirement 

FAI = Free Androgen Index 

FBS = Fetal Bovine Serum 

FSH = Follicle Stimulating Hormone 

GAPDH = Glyceraldehyde 3-Phosphate Dehydrogenase 

GIP = Glucose-dependent Insulinotropic Polypeptide 

GLP-1 = Glucagon-like Peptide 1 

GLUT4 = Glucose Transporter 4 

GM = Growth Medium 

GMI = Growth Medium plus Insulin 

GnRH = Gonadotropin Releasing Hormone 

HHAA = Hypothalamus-Hypophysis-Adrenal-Axis 

HOMA-IR = Homeostatic Model Assessment for Insulin Resistance 

HPLC = High-Performance Liquid Chromatography 

HTN = hypertension 

IL = Interleukin 

INSR = Insulin Receptor 
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IOM = Institute of Medicine 

IR = Insulin Resistance 

IRS-1 = Insulin-Substrate 1 

IVF = in vitro fertilization 

LH = Luteinizing Hormone 

LPL = Lipoprotein Lipase 

LPS = Lipopolysaccharide 

MetS = Metabolic Syndrome 

Min = minutes 

MIX = 3-Isobutyl-1-Methylxanthine 

NIH = National Institutes of Health 

OGTT = Oral Glucose Tolerance Test 

PC = Positive Control 

PCOS = Polycystic Ovary Syndrome 

PCOS-0 = PCOS Human Plasma Day 0 

PCOS-7 = PCOS Human Plasma Day 7 

PG = Prostaglandin 

PSN = Penicillin-Streptomycin-Neomycin 

PTH = Parathyroid Hormone 

QUICKI = Quantitative Insulin-Sensitivity Check Index 

RXR = Retinoid Receptor 
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SHBG = Sex Hormone Binding Globulin 

SPSS = Statistical Package for Social Sciences 

T2DM = Type 2 Diabetes Mellitus 

TLR = Toll-Like Receptor 

TNF-α = Tumor Necrosis Factor-α 

VAT = Visceral Adipose Tissue 

VD = Vitamin D 

VDBP = Vitamin D Binding Protein 

VDR = Vitamin D Receptor 

VDRE = Vitamin D Response Element 

WP = Whey Protein 

WPI = Whey Protein Isolate 

  



106 
 

 

 

 

 

 

 

 

 

 

APPENDIX B 

Cell Culture Control Experiments 

  



107 
 

Cell Culture Control Experiments: Methodology 

Refer to Chapter 3 Methodology for full cell culture details. The following are 

methods specific to positive control (PC) and whey protein (WP) cell culture control 

groups. See Figure 10 for a complete timeline for cell culture control experiments. After 

the washout phase, cells were treated with either positive control (PC) or whey protein 

(WP) experimental media for 48 hours. PC medium is the same as GM, described in 

Chapter 3 Methodology, and the WP medium consisted of DMEM, 1% PSN, and 100 

mg/dL Cross-Flow Microfiltration Whey Protein Isolate (CFM WPI) provided by 

Glanbia Nutritionals (Twin Falls, ID, USA), replacing FBS as the protein source in 

normal GM. This concentration of CFM WPI was used as it is roughly approximates the 

concentration of protein in FBS. Simultaneously, cells were treated with either no vitamin 

D (NOVD), 25-hydroxyvitamin D3 (25VD) (Millipore-Sigma), or 1α,25-hydroxyvitamin 

D3 (1,25VD) (Sigma-Aldrich) for 48 hours as described in Chapter 3 Methodology. With 

the different combinations of plasma and vitamin D treatments, there were a total of 6 

experimental treatment conditions for cell culture controls. See Figure 11. 

Mouse 3T3-L1 adipocytes treated with PC and WP experimental conditions were 

treated with 200 ng/mL lipopolysaccharide (LPS) approximately 16-24 hours after 

protein and vitamin D treatments. The use of LPS to stimulate inflammation in 3T3-L1 

adipocytes is standard protocol allowing for study-to-study comparison. This 

concentration of LPS commonly used for 3T3-L1 adipocyte cell culture experiments. The 

cells remained under LPS treatment for approximately 24 hours to mimic PCOS 
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inflammatory conditions. This allowed us to determine if the expression of genes 

involved in vitamin D metabolism are affected under inflammatory conditions. Following 

LPS treatment, mature 3T3-L1 adipocytes were harvested for RNA analysis. Note that 

cells treated with plasma from women with and without PCOS were not treated with LPS 

because it was assumed that human plasma contained inflammatory 

cytokines/chemokines. 

 

Figure 10. Timeline for cell culture control experiments. 
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Figure 11. Cell culture control treatment conditions. 

Cell Culture Control Experiments: Results 

Gene Expression 

CYP2R1. While the 2-way ANOVA indicates no effect from either protein 

source or VD conditions, Tukey’s post hoc analysis indicates PC is significantly different 

than WP (p < .05). However, it is not possible to confirm this statistical difference 

because neither the control (NOVD) nor 1,25VD conditions within the WP group have 

data to compare to the PC group. Visual analysis suggests that within the 25VD condition 

there is not a significant effect from protein source on expression of CYP2R1 in 3T3-L1 

adipocytes as seen by the large error bars in the PC 25VD treatment condition. 

Additionally, visual analysis suggests that within the PC group, 1,25VD increases the 

expression of CYP2R1 in 3T3-L1 adipocytes compared to the control (NOVD) condition; 

however, this is not supported by statistical analysis (see Figure 12). 
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CYP27B1. In 3T3-L1 adipocytes under normal cell culture conditions (PC), 

expression of CYP27B1 significantly increased with exposure to 1,25VD when compared 

to control (NOVD) and 25VD conditions (p < .05; see Figure 13). In 3T3-L1 adipocytes 

with WP in cell culture media (WP), expression of CYP27B1 significantly increased with 

exposure to 1,25VD when compared to exposure with 25VD (p < .05). WP significantly 

suppressed the expression of CYP27B1 when compared to normal cell culture conditions 

(PC) when exposed to either form of VD (25VD and 1,25VD) in 3T3-L1 adipocytes (p < 

.05). Because there is no data for the WP NOVD condition, it was not possible to 

compare the NOVD conditions in the PC and WP groups. 

CYP24A1. In 3T3-L1 adipocytes under normal cell culture conditions (PC), 

expression of CYP24A1 significantly increased with exposure to 1,25VD when 

compared to control (NOVD) and 25VD conditions (p < .05; see Figure 14). In 3T3-L1 

adipocytes with WP in cell culture media (WP), expression of CYP24A1 significantly 

increased with exposure to 1,25VD when compared to exposure with 25VD (p < .05). 

WP significantly increased the expression of CYP24A1 in 3T3-L1 adipocytes exposed to 

25VD when compared to normal cell culture conditions (PC; p < .05). However, WP 

significantly suppressed the expression of CYP24A1 in 3T3-L1 adipocytes exposed to 

1,25VD when compared to normal cell culture conditions (PC; p < .05). 

VDR. The 2-way ANOVA indicates no effect from either protein source in cell 

culture media or VD conditions on VDR expression in 3T3-L1 adipocytes (p > .05; see 

Figure 15). However, upon visual analysis, in 3T3-L1 adipocytes under normal cell 
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culture conditions (PC), 1,25VD appears to increase expression of VDR when compared 

to the control (NOVD) and 25VD conditions. Furthermore, in 3T3-L1 adipocytes with 

WP in the cell culture media (WP), 25VD and 1,25VD appear to increase expression of 

VDR when compared to PC 25VD and PC 1,25VD, respectively.  

Please note for all gene expression data that WP NOVD data was not presented 

because there was not enough RNA extracted from 3T3-L1 cells in this particular 

treatment condition. 

 

Figure 12. There was neither an independent effect of nor an interaction between VD or 

protein source in cell culture media on expression of CYP2R1 in 3T3-L1 adipocytes 

under normal cell culture conditions (PC) or with WP in cell culture media (WP) (p > 

.05). Data presented as mean ± SD (n = 4 per treatment condition). 
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Figure 13. Exposure to 1,25VD significantly increased expression of CYP27B1 in 3T3-

L1 adipocytes under normal cell culture conditions (PC) when compared to control 

(NOVD) and 25VD conditions (p < .05) and in 3T3-L1 adipocytes with WP in cell 

culture media (WP) when compared to exposure with 25VD (p < .05). WP significantly 

suppressed the expression of CYP27B1 when compared to normal cell culture conditions 

(PC) when exposed to either form of VD (25VD and 1,25VD) (p < .05). Capital letters 

indicate the effect of VD and lowercase letters indicate the effect of protein source in the 

cell culture media. Groups without a common capital or lowercase letter are significantly 

different (p < .05). Data presented as mean ± SD (n = 4 per treatment condition). 
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Figure 14. Exposure to 1,25VD significantly increased expression of CYP24A1 in 3T3-

L1 adipocytes under normal cell culture conditions (PC) compared to control (NOVD) 

and 25VD conditions (p < .05) and in 3T3-L1 adipocytes with WP in cell culture media 

(WP) compared to exposure with 25VD (p < .05). WP significantly suppressed 

expression of CYP24A1 compared to normal cell culture conditions (PC) when exposed 

to 1,25VD (p < .05). Capital letters indicate the effect of VD and lowercase letters 

indicate the effect of protein source in the cell culture media. Groups without a common 

capital or lowercase letter are significantly different (p < .05). Data presented as mean ± 

SD (n = 4 per treatment condition). 
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Figure 15. There was neither an independent effect nor interaction from VD or protein 

source in cell culture media on VDR expression in 3T3-L1 adipocytes under normal cell 

culture conditions (PC) or with WP in cell culture media (WP) (p > .05). Data presented 

as mean ± SD (n = 4 per treatment condition). 
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Cell Culture Control Experiments: Discussion 

Summary of Results 

Based on the results of the 2-way ANOVA, changes in expression of CYP2R1 

were not significant in any of the treatment conditions. However, post hoc analysis 

indicates the protein source in the PC group is significantly different than protein source 

in the WP group (p < .05). However, it is not possible to confirm this statistical difference 

because neither the control (NOVD) nor 1,25VD conditions within the WP group have 

data to compare to the VD conditions within the PC group (see Figure 12).  

The expression of CYP27B1 significantly increased in 3T3-L1 adipocytes 

exposed to 1,25VD regardless of the protein source in cell culture media (see Figure 13). 

Since 25VD is the substrate for CYP27B1, it was expected that expression of CYP27B1 

would increase with exposure to 25VD; however, this result is not supported by data 

from the current experiments. This suggests that regardless of protein source in cell 

culture media, exposure to 25VD may compromise normal VD activation in 3T3-L1 

adipocytes. Metabolically, 1,25VD is the product of CYP27B1 and when enough 1,25VD 

is produced, it should reduce the activity of this enzyme, which is not supported by data 

from the current experiments. However, WP in cell culture media (WP) did suppress 

expression of CYP27B1 in 3T3-L1 adipocytes exposed to 1,25VD when compared to 

normal cell culture conditions (PC) suggesting that WP may support normal VD 

metabolism in 3T3-L1 adipocytes.  
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The significantly increased expression of CYP24A1 in 3T3-L1 adipocytes with 

exposure to 1,25VD was expected (see Figure 14). However, WP decreased the 

expression of CYP24A1 when compared to normal cell culture conditions (PC) in 3T3-

L1 adipocytes exposed to 1,25VD. This may suggest that if there is increased VD 

catabolism under normal cell culture conditions (PC), then WP may normalize VD 

catabolism in 3T3-L1 adipocytes.  

Similar to CYP2R1, the 2-way ANOVA indicates no effect from either protein 

source in cell culture media or VD conditions on VDR expression in 3T3-L1 adipocytes 

(p > .05; see Figure 15).   

 


