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ABSTRACT 

          Hypertension is a chronic medical condition, and a primary contributor to severe 

cardiovascular disease. It can increase mortality risk. Studies have found that a low-grade 

inflammation is involved in the development of hypertension. In addition, men have been 

found to have a higher risk of hypertension than age-matched women, while women have 

an increased risk of hypertension after menopause. Female sex hormones are considered to 

play a protective role in the development and progression of hypertension. My study 

focuses on investigating the combination of bioactive prostanoids and female sex hormones 

to find effective biomarkers to study the progression of hypertension. 

          Prostanoids are short-chain fatty acids derived from arachidonic acid (AA).  They 

are inflammatory mediators, and have important physiological roles on promoting or 

suppressing inflammation. Female sex hormones are lipids derived from cholesterol, and 

are considered to play a protective role in the development and progression of the disease. 

Studying the combined roles of these two biochemical families in disease development will 

be helpful to understand the balance between a self-protective effect and inflammatory 

response in hypertension, and find effective biomarkers to predict the progression of 

hypertension.  

 In the study, a reversed phase high performance liquid chromatography is used to 

develop the separation method. A combination of up to nine prostanoids (PGD2, PGE2, 6-

keto PGF1α, PGF2α, 11-dehydro TXB2, 8-iso PGF2α, 13,14-dihydro-15-keto PGA2, 13,14-

dihydro-15-keto PGE2 and 15-deoxy Δ12,14 PGJ2) and eight female sex hormones (E1, E2, 

E3, progesterone, 2-OHE1, 4-OHE1, 16α-OHE1, and 2-MeOE1) were chosen as analytes. 

The separation was performed on a Symmetry C18 4.6 × 250 mm column with 5-μm 
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particle size. A UV detector and is selected to determine the levels of analytes in a single 

25-minute run.  A solid phase extraction procedure was used to pretreat urine samples 

before injection. Then the validated separation method was applied to urine samples 

collected from African American patients with hypertension stage 1 before and after a 

special physical training. The role of physical exercise on hypertension was investigated 

by studying the level of change in urinary prostanoids and female sex hormones before and 

after exercise.   

            The level of urinary prostanoids and female sex hormones is usually too low to be 

detected with HPLC-UV, which encouraged us to develop a more sensitive method to 

detect the combination in urine. In the study, a LC-ESI-MS technique was chosen to 

separate and quantify the analytes. An LC-MS method was developed to quantify the above 

combination of prostanoids and female sex hormones. The same gradient condition of 

mobile phase as the HPLC-UV method was used in LC-MS method, except the mobile 

phase modifier Phosphoric acid was replaced with the volatile acid formic acid. In the 

method, negative ionization mode was used to determine prostanoids, while positive 

ionization mode for female sex hormones. Compared with the HPLC-UV method, LC-MS 

provides a lower LOD for analytes. 

          The LC-MS method was applied to urine samples from hypertensive patients to 

study the role of physical exercise on hypertension. In the study, it found that exercise 

changed the level of prostanoids such as 6-keto PGF1α, 11-dehydro TXB2 and 8-iso PGF2α. 

After exercise, a shift from 2-OHE1 to 4-OHE1 occurred in women to promote 

inflammation, however, an opposite shift happened to men to inhibit inflammation. A 
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larger population is required to be involved in the future study to obtain a statistically 

significant result.   

     In addition, a theoretical model was developed to build a link between the retention 

behavior of analytes and chemical structure at an isocratic condition with HPLC-UV. The 

model was called quantitative structure-retention relationship (QSRR). The molecular 

descriptors were calculated in a semi-empirical AM1 mode. Multiple linear regression 

analysis was applied to the molecular descriptors to find a QSRR equation to predict the 

retention times of prostanoids and female sex hormones. The study is helpful to interpret 

the retention mechanism of prostanoids and female sex hormones on a C18 column. 
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CHAPTER 1 

INFLAMMATION, BIOMARKERS AND SEX HORMONES 

 

1.1 Inflammation 

          Inflammation is a defensive immune response to harmful stimuli such as infection 

and tissue injury. The purpose of inflammation is to remove offending causes and repair 

tissue, and restore cellular homeostasis. From ancient times, people found that 

inflammation had symptoms including redness, swelling, heat, pain, and loss of function 

[1]. Nowadays, inflammation can be divided into acute and chronic inflammation based on 

the lasting duration of an inflammatory condition. Acute inflammation is an immediate 

process to remove infectious agents and repair tissue, whereas chronic inflammation is a 

local long-term inflammatory condition associated with malfunction of tissue [2, 3]. When 

acute inflammation fails to resolve harmful factors, the inflammatory condition will 

transition to chronic inflammation. 

             Inflammation is an important risk factor for many diseases and disorders such as 

diabetes [4], cardiovascular diseases [5, 6], arthritis [7] and even cancers [8, 9]. It is 

involved in all stages of disease. Inflammation can be induced by exogenous or endogenous 

inducers [3]. Exogenous inducers include microbial agents such as pathogen-associated 

molecular patterns and virulence factors, and non-microbial causes such as foreign bodies 

and toxic compounds; endogenous inducers are signals generated by stressed, damaged or 

malfunctioning tissues, products of the breakdown of the extracellular matrix, and 

endogenous crystals [3]. The role of inducers is to activate the release of inflammatory 

mediators such as lipid mediators, cytokines, chemokines and proteolytic enzymes [10]. 
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Then the inflammatory mediators work on tissues and organs to change their functions.  

 

1.2 Mechanism of inflammation 

        Inflammation is a complicated physiological process. The mechanisms of 

inflammation can be divided into two types of immune response: innate immune response 

and adaptive immune response [11, 12]. Once tissue is infected or injured, innate immunity 

quickly responds to tissue damage, signaling macrophages to express various scavenger 

receptors and Toll-like receptors with ligands containing pathogen-associated molecular 

patterns (PAMPs) [13]. These receptors can recognize pathogens containing the 

characteristic molecular patterns and bind them to initiate endocytosis and lysosomal 

degradation [14]. Meanwhile, Toll-like receptors activate nuclear factor-kappa B (NF-B) 

and mitogen-activated protein kinase (MAPK) pathways to resolve inflammation by 

regulating pro-inflammatory cytokine production, leukocyte recruitment, or cell survival 

[11, 15]. The adaptive immune response also works on inflammation. Compared with the 

innate immune response, the adaptive immune response is slower and more specific to 

antigens [11]. 

        In the past, efforts have been made to uncover the mechanisms of acute and chronic 

inflammation. However, only acute inflammation can be said to be well understood at 

present. The cause and pathology of chronic inflammation is still unclear. 

 

1.3 Biomarkers of inflammation 

           A biomarker is a substance present in serum, plasma, blood or tissues, the presence 

and measured concentration of which can help to predict the stages of progression of a 
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disease. Many studies have been dedicated to finding useful biomarkers to predict, prevent 

and treat diseases. The common biomarkers for inflammation include C-reactive protein 

(CRP), cytokines, soluble CD40 ligand, serum amyloid A, and adhesion molecules [16]. 

CRP is a biomarker of systemic inflammation, and is released in response to injury, 

infection, and other inflammatory stimuli [17]. Cytokines are a group of pleiotropic 

proteins including IL-1, IL-6, IL-10, tumor necrosis factor alpha (TNF-α), and MCP-1 [18]. 

Elevated IL-6 levels are associated with more severe events. TNF-α has been found to play 

an important role in myocardial dysfunction after acute coronary events [19]. MCP-1 is a 

chemokine with the function of activating recruit monocytes to promote atherosclerosis 

[20]. Soluble CD40 ligand (sCD40L) is a pro-inflammatory marker [21]. Serum amyloid 

A (SAA) is similar to CRP, an acute phase protein. Cell adhesion molecules play an 

important role in the interactions between leucocytes, platelets, and vascular endothelium 

[22].  

         Prostaglandins (PGs) significantly increase in concentration during inflammation. 

They are involved in the development of inflammation in diseases such as cardiovascular 

disease [23]. Prostanoids, which include the prostaglandins, are widely involved in 

inflammatory reactions. Each of the prostaglandins has its special role during 

inflammation. In order to understand these roles, it is useful to study their biosynthesis.  

 

1.3.1 Biosynthesis of prostanoids 
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Figure 1.1 Biosynthesis of prostanoids 

 

 

       All prostanoids are short-chain fatty acids with a similar structure, including a cyclic 

ring, a trans-double bond, and a hydroxyl group. Prostanoids consist of prostaglandins 

(PG) with a cyclopentane ring, and thromboxanes (Txs) with a cyclohexane ring. They are 

lipid mediators, and have important physiological roles in promoting or suppressing 

inflammation [24]. They are derived from arachidonic acid (AA), ω6-20-carbon 

polyunsaturated fatty acid. AA is stored by esterifying to the phospholipids of the cell 

membrane. The pathway of prostaglandin biosynthesis is shown in Figure 1. When a body 

is injured or receives harmful stimuli, phospholipase A2 (PLA2) or diacylglycerol lipase 

on the cell membrane immediately release AA to respond to the offensive actions. Then 

free AA is metabolized by enzymes cyclooxygenase (COX), lipoxygenease (LOX) and 

cytochrome P450 [25-27].  
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          In our studies, we focus on the metabolites generated from the COX pathway that 

plays an important role in inflammation. In the COX pathway, AA is oxygenated to form 

hydroperoxy endoperoxide (PGG2) under the action of the enzyme prostaglandin 

endoperoxide synthase (PGHS) or COX. Then PGG2 is reduced to form highly unstable 

hydroxy endoperoxide PGH2 via a separate peroxidase active site of PGHS [28]. By 

specific syntheses, the intermediate substrate PGH2 is transformed by the COX pathway to 

prostanoids consisting of prostaglandins, thromboxanes and prostacyclins. The main 

prostanoids include prostaglandin PGD2, prostaglandin PGE2, prostaglandin PGF2α, 

prostaglandin PGI2 (prostacyclin), or TXA2 (thromboxane A2).  

        Researchers have found that COX has three isomerases including endogenous COX-

1, inducible COX-2, and COX-3, a splice variant of COX-1 retaining intron-one [28]. 

COX-1 is involved in the expression of PGs with preservative roles in physiological 

functions such as cytoprotection and homeostasis (or regulating platelet aggregation and 

renal function [29]), whereas COX-2 is responsible for the production of prostanoid during 

inflammation [27]. COX-3 has a structure and enzymatic function similar to COX-1 and 

COX-2 but slower enzymatic activity [30]. Once inflammation begins, the level of PGs is 

increased dramatically in response to infection or harmful stimuli. PGs are mainly 

produced by the COX-1 and COX-2 pathways. Inflammation can be controlled by 

inhibiting the COX pathways with anti-inflammatory medicine such as aspirin. 

         Mast cells mainly produce PGD2, whereas macrophages produce PGE2 and TXA2.  

Each PG molecule has its own individual physiological effects during inflammation. TxA2, 

PGF2α, PGE2, PGI2, and PGD2 are main prostaglandins through COX-1 and COX-2 

pathways [31]. 



6 

 

Prostaglandin D2 (PGD2) 

         PGD2 is a major eicosanoid generated from activated mast cells by harmful stimuli 

[32]. PGD2 has many physiological effects including inducing vasodilatation and 

bronchoconstriction [33], inhibiting platelet aggregation [34, 35], increasing vascular 

permeability [36], and acting as a pro-inflammatory mediator. PGD2 has several receptors 

such as TP. It can have a complex effect during inflammation. Recent studies have claimed 

a contrary result: that PGD2 can also play an anti-inflammatory role at higher concentration 

by inhibiting the expression of inducible nitric oxide synthase and plasminogen activator 

inhibitor [37, 38].  PGD2 exerts pro- and anti-inflammatory effects depending on 

concentration. At low concentration, it recruits and activates leukocytes to produce pro-

inflammatory effects; at micromolar concentration, PGD2 induces T lymphocyte apoptosis 

to inhibit inflammation [39]. PGD2 also plays a role in regulating sleep [40] and pain 

perception [41]. 

 

Prostaglandin E2 (PGE2)  

      PGE2 is generally considered a pro-inflammatory mediator [42], and is responsible for 

inflammation symptoms such as redness, swelling, and pain [43]. It has many physiological 

effects including working as a vasodilator [44], playing a role in the development of fever 

and hyperalgesia, regulating the production of cytokines such as interleukin 6 [45], and 

regulating immune responses, blood pressure, gastrointestinal integrity, and fertility. It can 

also have anti-inflammatory effects [46], and protective effects in asthma and non-

asthmatic eosinophilic bronchitis [47]. Dysregulated PGE2 synthesis or degradation will 

cause pathological conditions [48]. 
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Prostaglandin F2α (PGF2α) 

           PGF2α is mainly synthesized in the female reproductive system by COX-1. It 

regulates luteolysis, ovarian function, luteal maintenance of pregnancy, the induction of 

interleukin synthesis, and uterine contraction and has an effect on the contraction and 

relaxation of smooth muscles and controlling of the blood pressure [49]. It is a pro-

inflammatory mediator in acute and chronic inflammation [50].  

 

6-keto-prostaglandin F1α (6-keto-PGF1α) 

          6-keto-PGF1α is a stable metabolite of the bioactive lipid prostacyclin (PGI2) and 

serves as a marker of PGI2. PGI2 regulates cardiovascular homeostasis, inhibits platelet 

aggregation and leukocyte adhesion [51], and has a vasodilator effect [52]. However, PGI2 

is an unstable compound and is quickly converted to stable PGF2α by non-enzymatic 

processes. PGI2 has biphase effects, and can work both as a pro- and an anti-inflammatory 

mediator [53].  

 

11-dehydro-thromboxane B2 (11-dehydro-TXB2) 

      11-dehydro TXB2 is a stable metabolite of TXA2, and urinary 11-dehydro TXB2  is a 

marker to evaluate platelet activation [54, 55]. TXA2 can stimulate platelet aggregation and 

induce smooth muscle contraction [56]. However, it is unstable and is quickly converted 

to stable 11-dehydro TXB2. TXA2 is a pro-inflammatory mediator, and is involved in the 

process to promote the initiation and progression of atherogenesis [57]. 

 

8-iso-PGF2α 
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       8-iso-PGF2α (also called 8-iso-prostaglandin F-2) is a biomarker of oxidative stress in 

clinical diagnosis and an effective vasoconstrictor [49, 58-60]. It also plays a pro-

inflammatory role during inflammation. Studies have been found that oxidative stress can 

promote a low-grade inflammation [61]; on the other hand, inflammation may induce 

oxidative stress [62]. Schwedhelm et al. found that patients with established coronary 

artery disease had a higher level of 8-iso-PGF2α than control subjects, and 8-iso-PGF2α 

could be used as a marker to evaluate the risk of coronary heart disease [63]. Studying the 

level of 8-iso-PGF2α in diseases will correlate oxidative stress with inflammation.  

 

13,14-dihydro-15-keto-PGA2 

      13,14-dihydro-15-keto PGA2 is a byproduct of PGE2, appearing in small quantities [64, 

65]. 

 

13,14-dihydro-15-keto-PGE2 

       13,14-dihydro-15-keto PGE2 is a main stable metabolite of PGE2 [66], and can be used 

as a marker to evaluate the biosynthesis of PGE2 in plasma or urine. Axelrod et al. found 

that rats with diabetic ketoacidosis had higher plasma levels of 13,14-dihydro-15-keto-

PGE2 than normal subjects [67]. This suggests that the level of 13,14-dihydro-15-keto-

PGE2 may be used to interpret the mechanism of inflammation for diabetic ketoacidosis.  

 

15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) 

  15d-PGJ2 is a derivative of PGD2 catalyzed by PGD2 synthase, and a strong 

endogenous ligand for peroxisome proliferator-activated receptor γ (PPARγ) [68], where 



9 

 

PPARγ regulates adipocyte metabolism [69] and inhibits obesity-associated inflammation 

[70]. 15d-PGJ2 has an anti-inflammatory effect by inhibiting the activities of pro-

inflammatory transcription factors such as NF-κB, and resolves inflammatory response 

[71, 72].   

 

1.3.2 Clinical application 

         By studying inflammatory biomarkers, researchers attempt to understand the role of 

inflammation in the progression of disease. Li et al. found that the level of biomarkers 

including interleukin (IL)-6, IL-8, IL-10, tumor necrosis factor (TNF)-α, monocyte 

chemoattractant protein (MCP)-1, vascular endothelial growth factor (VEGF), and N-

terminal pro-brain (B-type) natriuretic peptide (NTpBNP) were significantly increased in 

atrial fibrillation patients compared to control subjects [73]. Their studies indicated that 

inflammation was involved in the development of atrial fibrillation. 

           Inflammation is also involved in the development of diabetes. Type 2 diabetes (T2D) 

is a disease caused by insulin resistance. Studies have found that the patients with T2D 

have elevated circulating levels of inflammatory mediators including C-reactive protein, 

interleukin-1β (IL-1β) and IL-6 [74]. The release of the inflammatory mediators activates 

the nuclear factor-kappa B (NF-B) pathway to contribute to the progress of insulin 

resistance [75]. 

          Alzheimer’s disease (AD) is a neurodegenerative disorder with memory loss. It 

commonly strikes people at the age of 65 years or older. Researchers have found that neuro-

inflammation in the cerebral cortex is involved in Alzheimer’s disease (AD) [76, 77].  The 

inflammation is caused by damaged tissue, highly inert abnormal materials, and 



10 

 

neurodegeneration in the brain of AD patients.  

         Cardiovascular disease is a disease of the heart and blood vessels. Atherosclerosis is 

a main cause of cardiovascular diseases. Studies have found that inflammation is involved 

in the initiation and the development of atherosclerosis [78]. Smoking or medical 

conditions such as hypertension and obesity activate endothelial cells to produce adhesion 

molecules such as leukocytes to deposit on the arterial wall, thus narrowing the inner 

diameter of the vessels. By activating the inflammatory mediator nuclear factor-κB, pro-

inflammatory cytokines and oxidized lipids are produced as adhesion molecules.  The risk 

of cardiovascular disease can be evaluated by measuring oxidized lipoproteins and pro-

inflammatory cytokines [79]. 

           Cancer is a leading cause of mortality in the United States [80]. Studies have found 

that the activation of nuclear factor-κB (NF-κB) can promote chronic inflammation to 

cancer and stimulate tumor progression [81]. Understanding the link between cancer and 

inflammation will help to more effectively prevent and treat cancer, and reduce mortality.  

 

1.4 Sex hormones and inflammation 

          Women increase the risk of autoimmune diseases after menopause; before 

manopause, women have a lower risk compared with age-matched men. The levels of 

female sex hormones (estrogens) in women decrease a lot after menopause.  It indicates 

that natural female sex hormones may play a protection role on women during disease 

development and progression. Schmidt et al. studied synovial cells from rheumatoid 

arthritis, and found that androgens are anti-inflammatory, whereas estrogens are pro-

inflammatory, and androgen supplementation can benefit in the treatment of rheumatoid 
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arthritis [85]. Cushman et al. found that estrogens therapy in postmenopausal women 

increased the concentration of the inflammation factor C-reactive protein, which indicates 

that estrogens are inflammatory, but decreased the concentration of soluble E-selectin, 

which indicates that estrogens play an anti-inflammatory role. Their results showed that 

estrogens did not mediate inflammation by the way of C-reactive protein. [102].  Straub 

reviewed recent research on estrogens and found that estradiol at periovulatory to 

pregnancy levels plays an anti-inflammatory role by inhibiting iNOS and NO release, and 

down-regulating expression of proinflammatory cytokines and prostaglandin E2 

production, whereas E2 stimulates the production of inflammatory mediators such as TNF 

[103]. Studies of the effect of gender on cancer risk have found that pre-menopausal 

women have a lower risk of cancer than age-matched men. Female sex hormones are 

therefore considered to play a protective role in the development and progression of the 

disease [82].  

 

1.4.1 Sex hormone biosynthesis 

         The biosynthesis pathway of estrogens gives a direct picture of the relationship of 

estrogens and other hormones. From Figure 1.2, it can be seen that estrogens are originally 

derived from cholesterol [83]. Cholesterol is first oxidized by CYP11A, a mitochondrial 

cytochrome P450 oxidase, to produce pregnenolone. In the second step, pregnenolone is 

converted to 17-OH-pregnenolone by the CYP17A enzyme. Under the effect of this same 

enzyme, 17-OH-pregnenolone is continuously converted to dehydroepiandrosterone. In the 

next step, dehydroepiandrosterone is oxidized by 3-β-HSD enzyme to produce 

androstenedione. In the final step, androstenedione is reduced by 17-β hydroxysteroid 
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dehydrogenase to generate testosterone, or by CYP19 to produce estrone. Estrone can be 

continuously converted into estradiol, then into estriol. 

 

 

 

Figure 1.2 Biosynthesis of steroid hormones of cholesterol pathway 

 

 

            Sex hormones are lipids derived from cholesterol, serving as distant chemical 

messengers in the body. In the current study, we focus on estrone (E1), estradiol (E2), estriol 

(E3), progesterone and the metabolites of E1, 2-hydroxyestrone (2-OHE1), 4-

hydroxyestrone (4-OHE1), 16α-hydroxyestrone (16α-OHE1), and 2-methoxyestrone (2-

MeOE1).  
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Estrogen 

           E1, E2 and E3 are usually referred to as estrogens. Estrogens have athero-protective 

effects, reducing the production of vascular reactive oxygen species [84]. However, 

Schmidt's group found that estrogens were pro-inflammatory in cells from patients with 

rheumatoid arthritis [85]. Progesterone may protect women against asthma [86]. Tavares-

de-Lima group found that E2 had a protective role in allergic lung inflammation [87].  

 

Estrone Metabolites 

             16α-OHE1 is pro-inflammatory [85]. An increased level of 2-OHE1 is associated 

with a decreased risk of breast cancer [88]. Chen's group found that progesterone inhibited 

NF-κB activation and pro-inflammatory cytokine expression in traumatic brain injury 

(TBI) [89]. 2-OHE1 and 2-MeOE1 have strong anti-inflammatory effects, whereas 4-OHE1 

has a pro-inflammatory effect [90]. Each of these female hormones and their metabolites 

plays a distinct role in the disease progression mechanism, and it is important to measure 

them in patient samples at different stages of disease. 

 

1.4.2 Link between prostanoids and sex hormones  

    Studies have found that estrogens play an atheroprotective role by activating 

cyclooxygenase-2 (COX-2) to produce PGI2 [91]. Ford, et al. found that E2 increased 

PGF2α secretion from sheep uterine tissue [92].  Fortier et al. found that the production of 

PGE2 and PGF2α were reduced by E2 where increased by progesterone in epithelial cells 

[93]. The contradictory results tell us that it is very necessary to study the combination of 

prostanoids and sex hormones from the same biological sample at the same time, so that 



14 

 

we can discover the relationship between sex hormones and prostanoids and the balance 

between pro- and anti-inflammatory markers, and understand the balance between 

inflammation and self-protection in cancer patients.  

 

1.5 Inflammation and hypertension 

          Hypertension is a common cardiovascular disease. It is a chronic medical condition 

in which the arterial blood pressure is at or above the normal level of 120/80 mmHg. The 

progression of hypertension is divided into three stages: pre-hypertension (120–139 and/or 

80–89 mmHg), stage 1 (140–150 and/or 90–99 mmHg), and stage 2 (≥160 and/or ≥100 

mmHg) [104]. Elevated blood pressure is a primary contributor to severe cardiovascular 

disease, and can increase mortality risk. Based on data reported in 2013 from the National 

Health and Nutrition Examination Survey between 2007 and 2010, the American Heart 

Association has estimated that 33.0% of U.S. adults suffer from hypertension [94].  

          Studies have found that vascular wall inflammation is involved in the pathogenesis 

and progression of hypertension [95]. Hypertension is also an age-related disease. In the 

presence of hypertension, arterial stiffness increases, causing organ damage and increasing 

the risk for cardiovascular morbidity and mortality [96, 97]. While the link between 

inflammation and hypertension is not clear [98, 99], evidence indicates that essential 

hypertension patients have higher plasma levels of inflammatory markers including C-

reactive protein (CRP), tumor necrosis factor-α (TNF-α) and IL-6 than control subjects 

[100, 101]. 
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1.6 Analysis of prostanoids and female sex hormones 

        To date, several analytical techniques have been applied to separate and quantify 

either prostanoids or sex hormones in biological matrix samples. Noble et al developed a 

method to determine 8-iso-PGF2α in urine with ultra-performance liquid chromatography 

tandem mass spectrometry (UPLC–MS/MS), and applied the method to evaluate the 

change of urinary 8-iso-PGF2α from stage 2 hypertension under drug treatment [105].  Fajt 

et al measured the levels of PGD2 in bronchoalveolar lavage (BAL) fluid by using enzyme-

linked immunosorbent assay (ELISA), and found that the levels of PGD2 increased in 

patients with severe and poorly controlled asthma [106]. Zeng et al derivatized PGE2 with 

4-diazomethylpyridine to improve ionization efficiency and measured the levels of PGE2 

with LC–MS/MS in rat brain tissue [107]. Studzinska et al developed a simple and fast 

method to separate and quantify seven sex hormones in urine with an ultra-high 

performance liquid chromatography with a diode-array detector [108].  In the method, 

estrone, estriol, 17-α-estradiol, 17-β-estradiol, progesterone, pregnenolone, and 

testosterone were determined on an octadecyl columns within 6 min with a gradient elution. 

In addition, the stereoisomers of estradiol were separated on octadecyl stationary phase due 

to high column efficiency. Xu et al developed a method to derivatize sex hormones with 

heptafluorobutyric acid anhydride by under microwave irradiation for three minutes [109]. 

Then 13 derivatized sex hormones in feeds were determined by gas chromatography-mass 

spectrometry (GC-MS). Piwowarska et al developed a method to measure the level of 

estrogens and their metabolites in serum with HPLC and an electrochemical detector [110]. 

The method was applied to the serum samples from pregnant women. 
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CHAPTER 2 

ANALYTICAL TECHNIQUES AND INSTRUMENTATION 

 

2.1 Introduction 

           This chapter focuses on the techniques and instrumentation involved in the 

development and validation of a method for separating combinations of prostanoids and 

female sex hormones. In the studies, high pressure liquid chromatography-ultraviolet 

detection (HPLC-UV) and liquid chromatography- mass spectrometry (LC-MS) were used 

to separate the mixtures and quantify the level of analytes. Solid phase extraction was used 

to purify samples before injection to HPLC. 

 

2.2 Principles of HPLC 

         Liquid chromatography was first invented by the Russian botanist Mikhail Tswett in 

1903 [1]. In his studies, a column filled with calcium carbonate as the stationary phase was 

used to separate the pigments in green leaves. However, LC was not well developed until 

the sixties and seventies. By the end of the seventies, HPLC was introduced to separation 

science due to improvements in column materials and instrumentation. Since then, HPLC 

has become a major analytical instrument in research laboratories and in industry.  HPLC 

is a popular analytical technique to separate the components of a mixture in solution and 

to quantify each component. The components are separated as the mobile phase flows over 

the stationary phase. Based on the interaction between these phases, different components 

are separated.  
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       Based on the separation mechanism, HPLC can be classified into five types: 

adsorption, partition, size exclusion, affinity, and ion exchange chromatography. 

Adsorption chromatography is used to separate neutral analytes, and the separation occurs 

based on the partition of analytes between the liquid mobile phase and a neutral, solid 

stationary phase. Partition chromatography is similar to adsorption chromatography and is 

also used to separate neutral analytes, but the stationary phase is a long alkyl chain bonded 

solid phase. Ion-exchange chromatography (IEC) is used to separate ionic analytes based 

on ionic interaction. The separation occurs between a charged solute and oppositely 

charged sites bound to the stationary phase. Size exclusion chromatography (SEC) is a gel 

permeation chromatography or gel filtration chromatography to separate particles based on 

molecular size; the stationary phase particles are featured with a wide range of pore sizes. 

In SEC, the larger size molecules elute first. Affinity chromatography is used to separate 

biomolecules based on biological-like interactions such as those between antigen and 

antibody, enzyme and substrate, or receptor and ligand. Normal phase HPLC and reversed 

phase HPLC are classifications of chromatography based on the adsorption and partition 

mechanism. In normal phase HPLC, a polar stationary phase and a non-polar mobile phase 

are used to separate analytes with differing polarities. In reversed phase HPLC, a non-polar 

stationary phase and an aqueous/organic solvent mobile phase is used to separate relatively 

non-polar analytes. When surfactant is added into the aqueous mobile phase, PRLC is 

classified as either ion–pair chromatography (IPC) or micellar liquid chromatography 

(MLC). Below the critical micelle concentration (CMC), the surfactant molecules present 

as monomers, and PRLC is called IPC; above CMC, surfactant molecules begin to 

http://en.wikipedia.org/wiki/Antigen
http://en.wikipedia.org/wiki/Antibody
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Substrate_%2528biochemistry%2529
http://en.wikipedia.org/wiki/Biochemistry_receptor
http://en.wikipedia.org/wiki/Ligand_%2528biochemistry%2529
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aggregate to form micelles, and PRLC is called MLC. In this research study, we mainly 

used PRLC to study the combination of prostanoids and female sex hermones. 

  

2.3 Basics of chromatography 

         In the development and validation of a new HPLC separation method, a number of 

criteria are used to evaluate its performance, including capacity, selectivity, resolution and 

column efficiency [2]. In general, capacity and selectivity are used to determine the quality 

of a column, and resolution and column efficiency are used to tell if the separation is 

acceptable. These terms are defined in the following sections.  

  

Capacity 

     Capacity factor (kR') is used to determine the ability of a column to retain samples, and 

can be calculated according to the following equation 

 

where tR is the retention time for a solute to reach the detector, t0 is the time for non-retained 

species to reach the detector, VR is the retention volume of solvent for eluting a solute to 

reach the detector, and V0 is the void volume of solvent for nonretained species to reach 

the detector. The properties of the packing material determine the size of the capacity 

factor. A higher capacity factor will result in more strongly retained solutes. Usually, kR' 

values between one and ten are acceptable to achieve reasonable analysis time and 

resolution. 
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Selectivity 

    Selectivity (α) is another parameter to decide if a column can be used to separate 

particular compounds, and to evaluate how effectively two compounds can be separated. 

The selectivity can be calculated by the following equation: 

 

where t1 and t2 are retention times of solute 1 and 2 respectively, and V1 and V2 are the 

solvent volumes to elute solutes 1 and 2 respectively. If α is equal to one, there is no 

separation between the two solutes. The value of α can be adjusted to an acceptable range 

by changing the composition of the mobile phase. 

Resolution 

       Resolution is used to evaluate the degree of separation between two neighboring solute 

peaks. It depends on the selectivity (α), efficiency (N) and capacity (k') of the column. It 

can be calculated by the below equation 

 

For accurate quantification measurement, R should be greater than 0.8. R can be improved 

by adjusting the selectivity and capacity of a column.  
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Column Efficiency 

      The column efficiency is evaluated by the number of theoretical plates (N). Plate theory 

and rate theory are used to interpret column efficiency. In plate theory, an instantaneous 

equilibrium of the solute is assumed to occur between the stationary and mobile phases, 

and a column is considered to be made up of many thin theoretical plates. A greater number 

of theoretical plates (N) indicates better efficiency of the column. 

 

where L is the length of the column (millimeters), and H is the height equivalent to a 

theoretical plate (HETP, or H). 

      However, the plate theory ignores the effects of band broadening and the influence of 

particle size, stationary phase loading, solvent viscosity, and flow rate on column 

performance. 

         In addition, N can be calculated by the following equation. 

 

where tR is retention time of the solute, σ is the standard deviation of the solute population. 

        The rate theory is another theory for estimating the plate height of a column, proposed 

by van Deemter, et al. This theory considers the effects of band broadening on plate height. 
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Eddy diffusion, longitudinal diffusion and resistance to mass transfer are introduced to the 

equation for evaluating the plate height called the van Deemter equation as follows 

 

where H is the plate height of the column, μ is the average linear velocity of the mobile 

phase, A is a constant from the band broadening resulting from eddy diffusion, B is a 

constant from the band broadening resulting from longitudinal diffusion, and C is a 

constant related to the resistance of mass transfer. 

 

2.4 Retention mechanisms of Reversed-phase chromatography 

           Reversed-phase chromatography is the most popular mode among 

chromatographies, and is used to separate neutral molecules dissolved in water or organic 

solvents based on their polarities. There are several mechanisms proposed to interpret the 

retention behavior of analytes in RPLC, including solvophobic and partitioning theories. 

Solvophobic theory discusses chromatographic retention in terms of classical 

thermodynamics [3]. In the solvophobic theory, the analyte molecule enters the mobile 

phase by creating a cavity in it, and then the analyte molecule in the cavity interacts with 

the surrounding solvent molecules. This process results in free energy changes due to 

solvation and due to the interaction between an analyte and an alkyl chain.  

       In the partitioning theory, the retention of a solute depends on the interaction between 

the stationary phase and solutes. The bonded long alkyl chains in the stationary phase are 

considered to behave like a liquid. The solute will be surrounded by the alkyl chains in the 
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stationary phase, and partition between the mobile phase and a stationary phase. The two 

theories are illustrated in figure 2.1. In general, the partition theory mainly works on long 

alkyl chain bonded stationary phase, and the solvophobic theory mainly works on shorter 

chain bonded stationary phase. 

            In the adsorption model, the solute molecules travel from the liquid phase to the 

interface between the liquid and stationary phases, and displace the adsorbed solvent 

molecules at the interface [4]. In HPLC, the adsorption model assumes that the analyte 

molecules cannot penetrate into the bonded hydrocarbon layer due to its high density of 

nonpolar hydrocarbon chains, and remain at the interface between the mobile and 

stationary phases. 

 

 

 

 

 

 

 

Figure 2.1 Retention models: (a) Solvophobic model; (b) Partitioning model 
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 2.5 Instrumentation of Reversed Phase Liquid chromatography 

RPLC mainly consists of a mobile phase, a pump, an injector, a column, a detector, 

a waste container, and a data collection device. The instrumentation set up of RPLC is 

illustrated in figure 2.2.  

 

 

 

 

 

 

Figure 2.2 Instrumental set up of RPLC 

 

2.5.1 Mobile phase  

       There are two modes by which HPLC can deliver solvents in the system: isocratic and 

gradient modes. In isocratic mode, the composition of the mobile phase is kept constant 

during the analysis. Gradient mode is a very popular mode used in HPLC analysis. In 

gradient mode, two or three solvents are mixed together to form a gradient elution.  
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        Reverse Phase HPLC (RP-HPLC) consists of an aqueous polar mobile phase and a 

non-polar organic solvent. It is widely used to separate many non-ionizable compounds. 

Separation in RPLC is based on the partition of sample molecules between the aqueous 

mobile phase and the non-polar stationary phase. In RPLC, the order of solvent strength is 

as follows: water (weakest) < methanol < acetonitrile < ethanol < tetrahydrofuran < 

propanol < (methylene chloride) (strongest). 

 

2.5.2 Stationary phase 

        In RPLC, a non-polar alkyl-bonded silica stationary phase such as octadecylated silica 

(C18) or C8 is used to separate a mixture into components. The selectivity, capacity, and 

efficiency of the column are all affected by the nature of the packing material and the 

materials of construction. The retention order of the bonded phase follows the below order: 

unbonded silica « cyano < Q (TMS) < C3 < C4 < phenyl < Q « C18 (strong). 

 

2.5.3 Detectors 

      The common detectors connected to HPLC include fluorescence detectors, refractive 

index (RI) detectors, UV detectors and mass spectrometer (MS) detectors. In this chapter, 

we will focus on UV/Vis detectors and MS detectors. 

 

UV/Vis detectors  

        A UV/Vis detector is nondestructive and is widely used in HPLC. It can measure light 

absorbance in the range of 190-700 nm. Compounds with chromophores can be detected 

by measuring the absorption of UV radiation. When analytes in the eluent pass through the 



34 

 

detector, they absorb the light, and its measured intensity decreases. By measuring the 

intensity of transmitted light through the flow cell, the concentration of the analyte can be 

determined based on the Beer's law. The concentration of analytes is proportional to the 

absorbance. UV/vis detectors are divided into fixed-wavelength detectors and variable-

wavelength and photodiode array detectors. Compared with other detectors, a single-

wavelength detector is more sensitive due to less light lost to the environment.  

 

Mass Spectrometric Detectors  

      A mass spectrometer is a destructive universal detector. It is sensitive, and used to 

identify the structure of unknown compounds. In my research work, a single quadrupole 

mass spectrometer with electrospray ionization (ESI) mode is used to detect and measure 

prostanoids and sex hormones. ESI-MS is a soft ionization technique, and can be used to 

detect polar or ionic compounds with molecular weights greater than 150,000 amu. The 

Fenn group at Yale University invented this technique in the 1980s [5]. The instrumental 

set-up of an ESI ion source is illustrated in Figure 2.3.  During ionization, a dilute solution 

containing analytes is injected through a steel capillary into a high voltage field with a 

voltage range of 2–6 kV. The high voltage is applied between the tip of the spray needle 

and the heated capillary. Under the strong electric field, the sample solution is dispersed 

into small highly charged droplets. A dry gas of N2 is applied to evaporate the solvent of 

the droplet. Over time, the size of the droplets keeps decreasing, and the interaction 

between charged analytes in the droplet becomes stronger and stronger. Finally, the 

charged analytes are released to enter the mass spectrometric analyzer. ESI-MS is usually 

used to detect proteins and other macromolecules with multiple charges. 
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2.5.4 Solid phase extraction 

       In the current research work, samples were pretreated with solid phase extraction 

(SPE). A reversed-phase C18 cartridge is used to prepare urine samples. The analytes and 

impurities in the sample are separated based on their polarities. In the process of SPE, the 

first step is called condition for wetting the surface of the stationary phase with a polar or 

slightly polar solvent.  Then a sample is loaded on the cartridge. A low polar solvent is 

used to wash off the interference compounds from the stationary phase, while the analytes 

are retained on the cartridge. Lastly, a strong polar solvent is used to elute the analytes. In 

this way, matrix effect from a complicated sample such as urine and blood can be 

eliminated.  

                       Figure 2.3 Schematic Graph of the ESI-ion source from Ref. [5] 
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Figure 2.4 Illustration of SPE steps: (a) Conditioning, (b) Loading sample; (c) 

Washing; (d) Eluting sample 
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CHAPTER 3 

ASSAY PROFILES OF PROSTANOIDS AND FEMALE SEX HORMONES 

WITH HPLC-UV 

[Reproduced from J. Hypertens 3: 159 (2014).] 

3.1 Introduction 

     Hypertension is a chronic medical condition in which the arterial blood pressure is at or 

above the normal level of 140/90 mmHg. Elevated blood pressure is a primary contributor 

to severe cardiovascular disease, and can increase mortality risk. Based on data reported in 

2013 from the National Health and Nutrition Examination Survey between 2007 and 2010, 

the American Heart Association has estimated that 33.0% of U.S. adults suffer from 

hypertension [1]. The common method to diagnose hypertension is by measuring blood 

pressure. However, when the symptoms of elevated blood pressure (BP) are present, 

hypertension has progressed to a late stage. Delayed diagnosis limits the effect of clinical 

treatment. Therefore, it is critical to find effective biomarkers to diagnose pre-hypertension 

(BP: 120–139 and/or 80–89 mmHg) or stage 1 hypertension (BP: 140–150 and/or 90–99 

mmHg). The first recommendation for treatment of pre-hypertension or Stage 1 

hypertension involves lifestyle changes.  Changing lifestyle by increasing physical activity 

and dietary modification changes the overall state of inflammation and expression of 

estrogenic compounds. Our method that quantifies biomarkers implicated in hypertension 

disease provides the possibility to predict prehypertension or early stage hypertension 

before any physical symptom can be detected, and when lifestyle modifications can be 

most effective. Increases in progesterone are known to lower blood pressure, while some 

of estrogenic compounds are associated with elevated blood pressure in many women.  In 
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this study, the subjects were considered overweight or obese. The adipose tissue 

contributes significantly to the quantity of circulating estrogen in pre- and post- 

menopausal women [2]. In addition, the adipose can significantly raise the level of systemic 

inflammation. Therefore, monitoring the level of estrogenic compounds and developing a 

correlation with specific biomarkers known to be implicated in hypertensive disease 

provides for better understanding not only of the disease but the approaches to intervention 

as well.       

       In the past years, hypertension has been the subject of intensive study by the medical 

community. Men have been found to have a higher risk of hypertension than age-matched 

women, while women have an increased risk of hypertension after menopause, suggesting 

that female sex hormones including estrogens and progesterone may play a protective role 

in the development and progression of hypertension [3, 4]. Studies have found that estradiol 

has an effect to lower blood pressure, and natural progesterone may enhance the effect of 

estradiol. However, the role of progesterone during hypertension is not clear due to some 

contradictory results. Prostanoids as vasodilator have been used to treat hypertension over 

decades [5]. They are also lipid inflammatory mediators, and can interact with hypertension 

development and signal endothelial dysfunction involved in hypertension [6]. Studying the 

combined roles of prostanoids and female sex hormones in hypertension development is 

very timely, but has not been reported.  

    To date, several analytical techniques have been applied to separate and quantify either 

prostanoids or sex hormones in standards or biological samples, including immunoassay 

methods [7, 8], gas chromatography–mass spectrometry (GC-MS) and GC-MS/MS [9, 10], 
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and high-performance liquid chromatography with fluorescence (HPLC-FL) detection 

[11]. However, immunoassay methods lack in specificity on analytes due to cross-

reactivity; while GC-MS, GC-MS/MS and HPLC-FL techniques require multiple 

complicated and time-consuming derivatization steps to be applied to the compounds 

before analysis. HPLC has therefore become the most popular technique to investigate 

prostanoids and sex hormones. However, LC-MS and LC-MS/MS have high maintenance 

and instrument costs. In our studies, HPLC-UV is chosen to do analysis because of easy 

operation, low maintenance cost, and easy access to most laboratories.  

          Despite the need to analyze sex hormones and prostanoid lipids together, few 

previous studies have focused on investigating the combination of the two different groups 

simultaneously in a single run due to their closely-related structures; most methods are 

limited to analyzing either one or the other [12-14]. Studying either the prostanoid or sex 

hormone group in isolation neglects the interaction between PGs and sex hormones in the 

progression of disease, and thus brings only partial evidence to the interpretation of its 

molecular mechanism. We have developed a method to quickly separate and quantify 

seventeen bioactive compounds belonging to both the prostanoid and sex hormone classes 

simultaneously with a short run time. The method is simple, does not require complicated 

sample preparation, and consumes less of the sample. Our method can be applied to actual 

urine samples from hypertension patients at different stages to study the level change of 

prostanoids and female sex hormones and identify potential biomarkers for hypertension 

development.  
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         Our studies will benefit patients and clinical trial specialists by allowing a correlation 

of prostanoids and female sex hormones.  Diagnosis of early stage of hypertension 

including pre-hypertension and Stage 1 hypertension is critical so that early medical 

intervention can be applied to prevent disease progression. In addition, studying the level 

changes of prostanoids and female sex hormones at different stages of hypertension will 

provide direct evidence to interpret molecular mechanism of disease progression to 

understand the pathogenesis of hypertension.  Female hormones are known to affect blood 

pressure and are known to be potent anti-oxidant/anti-inflammatory agents, which can 

reduce overall inflammation.  

 

3.2 Experimental 

3.2.1 Chemicals and materials 

       Prostaglandin D2 (PGD2), prostaglandin E2 (PGE2), 6-keto-prostaglandin F1 (6-keto-

PGF1), and prostaglandin F2 (PGF2) were purchased from Biomol (Plymouth Meeting, 

PA, USA). 11-dehydro-thromboxane B2 (11-dehydro-TXB2), 8-iso-PGF2, 13,14-dihydro-

15-keto-PGA2, 13,14-dihydro-15-keto-PGE2 and 15-deoxy-12,14-prostaglandin J2 (15-

deoxy-PGJ2) were purchased from Cayman Chemical (Ann Arbor, MI, USA). Estrone (E1), 

17β-estradiol (E2), estriol (E3) and progesterone were purchased from Sigma Aldrich (St. 

Louis, MO, USA). 2-hydroxyestrone (2-OHE1), 4-hydroxyestrone (4-OHE1), 16α-

hydroxyestrone (16α-OHE1), and 2-methoxyestrone (2-MeOE1) were purchased from 

Steraloids, Inc. (Newport, RI, USA). All prostanoid and sex hormone standards were used 

without further purification. HPLC-grade solvent water, acetonitrile and methanol and 
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reagent-grade 85% phosphoric acid were purchased from Fisher Scientific (Waltham, MA, 

USA). Figure 1 shows the chemical structures of the prostanoids and female sex hormones 

targeted by our method. 
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3.2.2 Instrumental Setup 

        The high performance liquid chromatograph (HPLC) system was obtained from Jasco 

Inc. (Easton, MD, USA) with a manual injector (Rheodyne LLC, Rohnert Park, CA, USA). 

The HPLC system uses two Jasco pumps (PU-980) and a Jasco ultraviolet detector (UV-

975). Data were collected with ChromNAV software. Analytes were separated on a 

Symmetry C18 4.6  250 mm column with 5-μm particle size (Waters Corp., Milford, MA, 

USA). The mobile phase used in this study was 17 mM phosphoric acid (solvent A) and 

acetonitrile (solvent B). The analytes were separated with a gradient elution at a flow rate 

of 1.3 mL/min. The gradient elution used is as follows: 34-35% B from 0 to 4 min, 35-45% 

B from 4 to 5.5 min, hold 45% B from 5.5 to 7 min, 45-32% B from 7 to 7.1 min, hold 

32% from 7.1 to 9 min, 32-40% B from 9 to 10 min, hold 40% from 10 to 11 min, 40-85% 

B from 11 to 15 min, 85-70% B from 15 to 18 min, 70-34% B from 18 to 20 min. The 

detection wavelength was 196 nm. The total run time for the method was 20.0 min. 

Following run, five more minutes were needed to re-equilibrate the column. The separation 

was performed at room temperature with an injection volume of 100 µL.  

 

3.2.3 Sample preparation 

       PGD2, PGE2, 6-keto-PGF1, PGF2, E1, E2, E3 and progesterone stock standard 

solutions were prepared by dissolving 1 mg solid sample into 1 mL methanol respectively 

to obtain a mass concentration of 1 mg/mL. All other standards were supplied as individual 

solutions by suppliers with the following concentrations: 11-dehydro-TXB2 0.5 mg/mL, 8-

iso-PGF2 1 mg/mL, 13,14-dihydro-15-keto-PGA2 10 mg/mL, 13,14-dihydro-15-keto-
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PGE2 10 mg/mL, 15-deoxy-12,14-PGJ2 1mg/mL, 2-OHE1 2 mg/mL, 4-OHE1 2 mg/mL, 

16α-OHE1 2 mg/mL, and 2-MeOE1 5 mg/mL. Working standard solutions of each 

compound at 10 ng/L were prepared by diluting the stock solutions with acetonitrile. 

Calibration standard solutions of the individual compounds were prepared by adding 17 

mM phosphoric acid and acetonitrile (1:1 v/v) to various volumes of the working standard 

solutions to achieve a total volume of 500 L. The concentrations of calibration standard 

solutions of prostanoids and progesterone are as follows: LOQ, 0.3, 0.8, 0.5, 1, 2, 4, 6, 8 

and 10 ng/L. The concentrations of calibration standard solutions of estrogens include 

LOQ, 0.05, 0.1, 0.2, 0.5, 1, 2, 3 and 4 ng/L. Quality control (QC) samples with low, 

medium and high concentrations in the calibration range were prepared by dilution of 

working solutions with the mixture of 17 mM phosphoric acid and acetonitrile (1:1 v/v). 

Triplicate solutions were made at each concentration. All the solutions and quality control 

samples were stored in a freezer at −80 ◦C until use. 

 

3.2.4 Urine sample preparation 

        The urine samples were prepared with solid state extraction according to the published 

procedures in Blewett’s paper [15]. A urine sample was completely thawed at room 

temperature before solid state extraction. Approximately 100 µL of the thawed urine was 

pushed through a syringe filter with a pore size of 4.5 m to remove large particles. The 

filtered urine was then transferred to a 2-mL polypropylene test tube, to which 200 µL of 

methanol with 0.01 M butylated hydroxytoluene (BHT) and 5 µL of formic acid were 

added. The mixture was mixed at room temperature with a touch mixer for 30 seconds. 

HPLC grade water was then added into the urine sample to reach a final volume of 2 mL. 
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An Oasis solid phase extraction cartridge was used for solid phase extraction. 2 mL 0.1 % 

formic acid (v/v), 2 mL methanol and 2 mL ethyl acetate were sequentially added to the 

Oasis cartridge for preconditioning. 2 mL diluted urine sample was then loaded on the 

cartridge column. 2 mL of 0.1% formic acid (v/v) and 2 ml of 10% methanol with 0.1% 

formic acid (v/v) were used to clean the column of unwanted compounds. The prostanoids 

and sex hormones were eluted with 1.5 mL of ethyl acetate with 0.01 M BHT and 0.5 mL 

methanol with 0.2 % formic acid and 0.01 M BHT, and collected in a 2-mL polypropylene 

test tube. The eluent was dried under nitrogen at 0C. 500 µL of methanol was added into 

the dry sample to re-dissolve. 

 

3.2.5 Sample preparation for method validation 

According to the FDA's guidance on validation of bioanalytical methods [16], method 

validation usually includes assessment of selectivity, sensitivity, calibration curve, 

accuracy, precision, recovery and stability of samples. The selectivity of the method was 

determined by analyzing the urine samples and the solvent blank. A comparison between 

calibration standards, urine samples and the solvent blank was used to quantify the 

method's selectivity. The sensitivity of the method is determined by the limit of detection 

(LOD) and limit of quantitation (LOQ). Based on serial dilution of the working solutions, 

the LOD was experimentally defined as the concentration of sample load which gave a 

signal-to-noise ratio of 3, while the LOQ gave signal-to-noise ratio 10.  Accuracy was 

determined by comparing the calculated concentration of each analyte with the nominal 

concentration. Three sample preparations in 17 mM phosphoric acid and acetonitrile (1:1 

v/v) at high, middle and low levels of the linear range were used to measure accuracy. Each 
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sample was injected three or four times. Recovery was estimated by spiking urine with 

standard samples at low, middle and high concentration levels. The relative standard 

deviation (R.S.D.) was used to measure precision. The intra-day precision was determined 

by analyzing 10 injections of the prostanoid and sex hormone mixture from three 

independent sample preparations at low, middle and high levels during the same day. The 

inter-day precision was determined by injecting the standard mixtures with low, middle 

and high levels on five consecutive days. Triplicate injections were done for each sample.  

 

3.3 Results and discussion 

3.3.1 Development of HPLC-UV method 

       Nine prostanoids and eight female sex hormones were separated by a Symmetry C18 

column (4.6mm×250 mm, 5 m). A flow rate of 1.3 mL/min was chosen to achieve a 

reasonable separation time. Phosphoric acid was added into HPLC grade water to adjust 

the mobile phase pH to around 2.3 and improve the shape of the chromatography peak. A 

gradient elution was optimized to achieve a rapid separation within 20 minutes. Because 

of its simple operation, easy access in the laboratory and low maintenance cost, a UV 

detector was chosen to determine prostanoids and female sex hormones. Due to weak 

chromophore groups on prostanoids, a low wavelength of 196 nm was selected to detect 

all target compounds. The initial elution condition was set up at 34% acetonitrile to elute 

E3 and 6-keto PGF1 after 3.5 minutes to avoid solvent peak interference.  

            A representative chromatogram obtained from a standard mixture of nine 

prostanoids and eight female sex hormones is shown in Figure 3.2. The elution order was 

identified by injecting each individual standard. E3 was eluted first, followed by 6-keto 
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PGF1, 16-OHE1, 8-iso-PGF2, PGF2, PGE2, 11-dehydro-TXB2, PGD2, 2-OHE1, 4-

OHE1, E2, 13,14-dihydro-15-keto-PGE2, E1, 2-MeOE1, 13,14-dihydro-15-keto-PGA2, 15-

deoxy-PGJ2 and finally progesterone. Under current gradient condition, all compounds 

were separated from each other with a reasonable resolution, where stereoisomers 8-iso-

PGF2 and PGF2 were eluted at 7.74 min and 8.52 min, respectively; regioisomers PGE2 

and PGD2 were eluted at 9.27 min and 10.17 min, respectively; 13,14-dihydro-15-keto-

PGE2, one of functional isomers of PGE2 and PGD2, was eluted at 14.81 min; and 

regioisomers 16-OHE1, 2-OHE1, and 4-OHE1 were eluted at 7.42 min, 12.23 min and 

13.69 min, respectively.  
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Figure 3.2 Representative chromatograms: (a) solvent blank; (b) 

standard mixture (c) standard mixture after subtracting solvent blank 
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3.3.2 Method validation 

Selectivity 

     The selectivity of the method was tested by injecting methanol, water, acetonitrile and 

a mobile phase mixture of 17mM H3PO4 and acetonitrile (1:1 v/v), respectively. The results 

were compared with the chromatography from the standard mixture. There were no 

interference peaks showing up near the retention times of the prostanoids or female sex 

hormones. All peaks from the standard mixture were sharp and well-resolved with good 

symmetry. The peak parameters are listed in Table 3.1. The peaks of all compounds have 

resolutions equal to or higher than 1.5, which meets the separation requirement. The plate 

numbers of all compounds range between 3,556 and 361,009. The symmetry factor for 

each peak is within the range of 0.97 to 1.29. 

Sensitivity 

         The sensitivity of the method was evaluated by the limit of quantification (LOQ) and 

limit of detection (LOD) for each individual compound, as defined above. The lowest LOQ 

has a RSD value lower than 5%. The solutions used to determine LOQ and LOD were 

prepared by serial dilution of working solutions. The LOD and LOQ of each compound is 

listed in Table 3.2. The LOQs of sex hormones are less than or equal to 5 ng except for 2-

OHE1 and progesterone at 20 ng; while the LOQs of the prostanoids are 20 ng except for 

PGF2 and PGE2 at 1 ng, 10 ng for 6-keto PGF1 and 13,14-dihydro-15-keto-PGA2, and 30 

ng for 11-dehydro TXB2. All LOQs and LODs are at the ng level. The LODs and LOQs 

indicate that our method is sensitive enough to analyze bioactive prostanoids and female 

sex hormones after enriching biological samples by solid phase extraction (SPE). 
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Compound RT (min) Plate No. Resolution Symmetry 

E3 3.85 5014  3.7 1.11 

6-keto PGF1α 4.81 4251  8.9 1.01 

16α-OHE1 7.23 13657  2.6 1.00 

8-iso PGF2α 7.77 32460  5.1 1.10 

PGF2α 8.56 59935  4.8 1.23 

PGE2 9.28 52736  2.7 1.17 

11-dehydro-TXB2 9.77 35165  1.5 1.15 

PGD2 10.22 9961  2.2 1.29 

2-OHE1 11.50 3556  3.3 1.03 

4-OHE1 13.35 25139  2.1 1.07 

E2 14.03 33536  3.4 0.97 

13,14-dihydro-15-keto-

PGE2 
14.81 163010  7.8 1.17 

E1 15.83 287892  4.2 1.26 

2-MeOE1 16.33 311235  2.6 1.10 

13,14-dihydro-15-keto-

PGA2 
16.63 361009  13.0 1.24 

15-deoxy-PGJ2 18.16 333957  1.5 1.13 

progesterone 18.36 290509  N/A 1.10 

 

 
Table 3.1 Peak parameters of prostanoids and female sex hormones 
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Table 3.2 Validation results for prostanoids and sex hormones: sensitivity and 

linearity 

 

 

LOD LOQ Linear

(ng) (ng) range (ng)

E3 1 3 3-300 y = 497184x + 4805.3 1.000

6-keto PGF1α 3 10 10-1000 y = 138079x - 295.06 0.998

16α-OHE1 3 5 5-250 y = 670764x - 5429.9 0.997

8-iso PGF2α 5 20 20-1000 y = 170680x - 21249 0.997

PGF2α 0.3 1 1-1000 y = 179481x + 29395 0.998

PGE2 0.3 1 1-1000 y = 195950x + 10929 0.999

11-dehydro-TXB2 5 30 30-1000 y = 155361x - 4146.2 0.999

PGD2 10 20 20-1000 y = 186770x + 12455 0.997

2-OHE1 5 20 20-400 y = 516084x - 76783 0.997

4-OHE1 1 2 2-150 y = 857097x - 12447 0.997

E2 2 5 5-400 y = 455003x - 9213.2 0.999

13,14-dihydro-15-keto-PGE2 5 20 20-1400 y = 93711x + 20758 0.998

E1 0.5 2 2-400 y = 439220x - 10107 1.000

2-MeOE1 0.5 2 2-400 y = 507593x + 1439.7 1.000

13,14-dihydro-15-keto-PGA2 3 10 10-1000 y = 106262x - 3655 0.999

15-deoxy-PGJ2 5 20 20-1000 y = 186787x - 15676 1.000

progesterone 5 20 20-1300 y = 68288x + 6046.9 0.997

Compound Line equation R
2
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Linearity and range 

           Calibration curves for the prostanoids and sex hormones were generated by plotting 

peak area against concentration. The linear range was determined by serially diluting the 

working solution. The calibration standards were injected in triplicate. Calibration curves 

for all 17 compounds were linear over the tested concentration range. The linear equation, 

range and correlation coefficients R2 of each analytical curve are shown in Table 3.2. All 

prostanoids ranged from LOQ to 1000 ng except 13,14-dihydro-15-keto-PGE2 with a range 

from 20 ng to 1400 ng. E1, E2, 2-OHE1 and 2-MeOE1 ranged from LOQ to 400 ng, whereas 

E3 ranged from LOQ to 300 ng, 16-OHE1 from LOQ to 250 ng, 4-OHE1 from LOQ to 

150 ng, and progesterone from LOQ to 1300 ng. The least-squares regression was chosen 

to construct the best fit to the linear calibration curve for each compound. The peak area 

for each compound was plotted against its nominal concentration to obtain a line equation 

given by Excel. The curves for all compounds were linear with R2 greater than 0.997 in the 

tested concentration range.  

 

Accuracy and Precision  

         The precision of the method was evaluated by determining the repeatability (intra-

day assays) and the intermediate precision (inter-day assays). The working solutions were 

prepared by spiking mobile phase with 17 standards at three different concentration level 

(high, media and low level) in calibration curve range. Each solution was injected in 

triplicate or four times. Three solutions prepared at each concentration level were used to 

determine the intra-day precision. A total of 10 injections (n=10) were made in a single 

day. The inter-day precision was measured by injecting five solutions at each concentration 
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level (n=15) on five consecutive days. The precision results for all compounds are listed in 

Table 3.3. The R.S.D. values for intra-day and inter-day precisions at the three 

concentration levels fall within 0.95-12.58%, which indicates that the separation is 

reproducible. 

 

 

Conc.
Intra-assay 

precision

Inter-assay 

precision
Conc.

Intra-assay 

precision

Inter-assay 

precision

(ng/µL)
%R.S.D. 

(n=10)

%R.S.D. 

(n=15)
(ng/µL)

%R.S.D. 

(n=10)

%R.S.D. 

(n=15)

E3 0.3 1.07 1.42 0.65 1.49 7.27

6-keto PGF1 α 1 2.73 2.36 2.1 1.5 3.31

16a-OHE1 0.3 6.17 3.38 0.75 3.02 6.54

8-iso PGF2 α 1.2 6.24 2.59 3 2.54 2.81

PGF2 α 1 2.23 1.7 2.5 1.29 3.49

PGE2 1 1.31 1.52 2.5 1.15 3.19

11-dehydro TXB2 1.5 1.56 1.9 3.5 2.01 3.38

PGD2 1 2.64 9.89 2.5 2.08 8.88

2-OHE1 0.4 3.77 12.58 1 5.77 11.99

4-OHE1 0.25 4.53 5.39 0.5 3.93 8.8

E2 0.3 6.16 1.74 0.75 3.99 5.9

13,14-dihydro-15-keto-PGE2 1.2 1.55 2.46 3 1.38 3.37

E1 0.5 2.19 1.2 1.4 1.38 6.25

2-MeOE1 0.4 1.09 2.16 1 1.4 7.2

13,14-dihydro-15-keto-PGA2 1.2 2.25 2.36 2.8 1.76 5.24

15-deoxy-PGJ2 1.2 1.03 1.91 2.6 1.45 3.36

Progesterone 0.8 2.02 4.33 2.2 3.04 5.9

Compound

Level 1 Level 2
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Table 3.3 Validation results: inter-day and intra-day precision 

 

Conc.
Intra-assay 

precision

Inter-assay 

precision

(ng/µL)
%R.S.D. 

(n=10)

%R.S.D. 

(n=15)

E3 1.3 1.2 4.34

6-keto PGF1 α 4.2 2.06 5.48

16a-OHE1 1.5 1.56 4.55

8-iso PGF2 α 6 1.22 4.29

PGF2 α 5 1.27 4.78

PGE2 5 1.25 3.81

11-dehydro TXB2 7 1.94 4.2

PGD2 5 1.73 10.79

2-OHE1 2 1.66 6.21

4-OHE1 1 2.17 6.65

E2 1.5 2.19 4.84

13,14-dihydro-15-keto-PGE2 6 1.24 3.85

E1 2.8 2.4 4.87

2-MeOE1 2 1.26 5.17

13,14-dihydro-15-keto-PGA2 5.6 1.34 2.97

15-deoxy-PGJ2 5.2 0.95 3.67

Progesterone 4.4 1.92 5.05

Compound

Level 3
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Table 3.4 Validation results: accuracy 

Concentration Accuracy Concentration Accuracy

(ng/µL) % (n=10) (ng/µL) % (n=10)

E3 0.3 86.94 0.65 89.12

6-keto PGF1 α 1 86.90 2.1 109.94

16a-OHE1 0.3 88.83 0.75 86.29

8-iso PGF2 α 1.2 109.04 3 111.50

PGF2 α 1 101.29 2.5 113.98

PGE2 1 99.74 2.5 105.43

11-dehydro TXB2 1.5 108.93 3.5 106.24

PGD2 1 88.60 2.5 106.34

2-OHE1 0.4 112.69 1 84.96

4-OHE1 0.25 101.03 0.5 105.32

E2 0.3 87.50 0.75 93.99

13,14-dihydro-15-keto-PGE2 1.2 97.43 3 108.26

E1 0.8 93.89 1.4 90.22

2-MeOE1 0.4 103.83 1 91.47

13,14-dihydro-15-keto-PGA2 1.2 102.16 2.8 110.88

15-deoxy-PGJ2 1.2 104.53 2.6 114.13

Progesterone 0.8 97.24 2.2 92.00

Compound

Level 1 Level 2

Concentration Accuracy

(ng/µL) % (n=10)

E3 1.3 103.88

6-keto PGF1 α 4.2 98.40

16a-OHE1 1.5 103.45

8-iso PGF2 α 6 100.95

PGF2 α 5 102.19

PGE2 5 94.81

11-dehydro TXB2 7 97.55

PGD2 5 95.83

2-OHE1 2 109.08

4-OHE1 1 109.63

E2 1.5 103.25

13,14-dihydro-15-keto-PGE2 6 97.38

E1 2.8 97.94

2-MeOE1 2 101.31

13,14-dihydro-15-keto-PGA2 5.6 97.48

15-deoxy-PGJ2 5.2 97.78

Progesterone 4.4 108.99

Compound

Level 3
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           The accuracy of the method was evaluated by measuring 10 injections from three 

solutions prepared at each concentration level. The calculated concentrations for each 

compound were then compared to the theoretical concentration to determine the accuracy 

for each compound. Accuracy results are listed in Table 3.4. All compounds have accuracy 

within 84.86-114.13%, which indicates that the method is sufficiently accurate to quantify 

concentrations of prostanoids and sex hormones.  

 

Solution stability 

     During the process of method development, all working and stock solutions were stored 

in a freezer at -80C prior to use. Before injection, the tested solutions were taken out to 

thaw at room temperature and then stored in ice. Therefore, it is important to evaluate 

whether the tested solutions are stable over the duration of the analysis. Solution stability 

was tested by quality control solutions through three freeze and thaw cycles, based on FDA 

bioanalytical guidance [16]. Three solutions at each of the low and high concentrations 

were prepared and stored in a freezer at -80C for 24 hours, and naturally thawed at room 

temperature. After being completely thawed, the solutions were refrozen for 24 hours at -

80C. The freeze–thaw cycle was repeated two more times. On the third cycle, each 

solution was injected in triplicate. The results of the 9 injections were combined to calculate 

the R.S.D. at each concentration level, listed in Table 3.5. The R.S.D. values for all 

compounds were less than 5% at both low and high concentration levels, with the exception 

of 5.36% for progesterone at the low concentration level and 8.65% for E1 at the high 

concentration level. The results indicate that our solutions were stable during the analysis 

period. 
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Table 3.5 Validation results: solution stability 

 

Recovery 

        Recovery was estimated by spiking urine with standard samples at low, middle and 

high concentration levels. The results were listed in Table 3.6. All the compounds fall 

within 85.4%-114.6%, which indicated that the method is suitable to measure the level of 

prostanoids and sex hormones in urine. 

 

Concentration precision Concentration  precision

(ng/µL) %R.S.D. (n=9) (ng/µL) %R.S.D. (n=9)

E3 0.30 4.12 1.3 2.75

6-keto PGF1 α 1.00 4.03 4.2 2.18

16a-OHE1 0.30 3.44 1.5 2.47

8-iso PGF2 α 1.20 3.49 6.0 2.43

PGF2 α 1.00 1.98 5.0 2.15

PGE2 1.00 1.58 5.0 1.99

11-dehydro TXB2 1.50 3.34 7.0 2.41

PGD2 1.00 3.09 5.0 2.52

2-OHE1 0.40 2.43 2.0 3.12

4-OHE1 0.25 4.08 1.0 3.60

E2 0.30 4.92 1.5 3.26

13,14-dihydro-15-keto-PGE2 1.20 2.21 6.0 2.12

E1 0.80 2.29 2.8 8.65

2-MeOE1 0.40 1.26 2.0 2.66

13,14-dihydro-15-keto-PGA2 1.20 1.50 5.6 2.55

15-deoxy-PGJ2 1.20 1.91 5.2 2.11

Progesterone 0.80 5.36 4.4 2.47

Compound

Level 1 Level 2
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Table 3.6 Validation results: recovery by spiking urine at low, middle and high 

concentration levels

Concentration Accuracy Concentration Accuracy

(ng/µL) % (n=3) (ng/µL) % (n=3)

E3 0.3 90.27 0.75 110.90

6-keto PGF1 α 1.5 109.80 2.00 99.53

16a-OHE1 0.3 88.85 0.75 100.80

8-iso PGF2 α 0.9 89.45 2.50 105.20

PGF2 α 0.6 106.60 2.50 106.10

PGE2 0.6 105.10 2.30 94.48

11-dehydro TXB2 1.0 110.10 3.20 103.50

PGD2 0.4 95.16 1.60 85.43

2-OHE1 0.3 108.10 0.90 107.10

4-OHE1 0.1 94.39 0.45 93.51

E2 0.4 103.10 1.00 106.90

13,14-dihydro-15-keto-PGE2 1.2 109.40 3.25 114.20

E1 0.5 99.52 1.15 112.50

2-MeOE1 0.4 100.10 1.00 104.60

13,14-dihydro-15-keto-PGA2 1.0 107.70 2.50 114.60

15-deoxy-PGJ2 1.2 87.54 2.50 97.02

Progesterone 1.2 98.67 2.50 99.62

Compound

Level 1 Level 2

Concentration Accuracy 
(ng/µL) % (n=3) 

E 3 1.5 90.72 

6-keto PGF1α 4.0 94.32 

16a-OHE 1 1.5 85.79 
8-iso PGF2α 5.0 102.00 

PGF2α 5.0 107.60 

PGE 2 4.6 91.43 

11-dehydro TXB 2 5.2 106.36 

PGD 2 3.2 107.39 

2-OHE 1 1.8 94.72 

4-OHE 1 0.9 91.80 

E 2 2.0 86.55 
13,14-dihydro-15-keto-PGE 2 6.5 103.10 

E1 2.3 90.59 
2-MeOE 1 1.8 93.71 

13,14-dihydro-15-keto-PGA 2 5.0 103.39 

15-deoxy-PGJ 2 5.0 94.97 
Progesterone 5.0 93.14 

Compound 
Level 3 
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3.3.3 Application of method to urine samples 

          The method was applied to seven urine samples collected from both male and female 

African Americans with body mass index of 30.5 ± 1.1 kg/m2 at age 58 ± 2.3 years, having 

prehypertension or stage 1 hypertension (143 ± 7 / 87 ± 7 mmHg ) before and after special 

50-minute exercise training. None of patients was under antihypertensive medication. In 

our study, the urine samples from patients with a lower stage hypertension were 

investigated in order to see if the biomarkers were present even at low stages. By comparing 

the peak retention times between the urine samples and the standard mixture, several 

compounds including E3, 6-keto PGF1, 16-OHE1, 8-iso PGF2, PGF2, PGD2, 2-OHE1, 

E1, 2-MeOE1 and 15-deoxy-PGJ2 were identified in most of the urine samples. Figure 3 

shows a chromatograph obtained from a urine sample. In our results, five compounds 

including 6-keto PGF1, 8-iso PGF2, PGD2, E1 and PGE2 were found in both male and 

female urine. The preliminary results show that after exercise, the level of 6-keto PGF1 

decreased for both men and women. However, the results suggest that response is gender 

dependent. The level change of 8-iso PGF2, PGD2 and E1 in man decreased after exercise, 

which is opposite to the changes observed in woman. The PGE2 affect was somewhat 

ambiguous. This study shows the need to extend the analysis to a greater population of 

patients to better understand the response of PGE2 to exercise. It is interesting that exercise 

appears to induce woman to produce more E1, but decrease the level of E1 in man.  

        The above sample analysis shows that the method is capable of determining trace 

levels of bioactive prostanoids and sex hormones in urine samples after enrichment with 

the SPE method. 



 
60 

 

 

 

 

 

 

 

3.4 Discussion 

       The compounds in our method are bioactive with specific physiological effects on the 

human body. Some of them are stereoisomers, regioisomers or functional isomers. Their 

closely related structures present a challenge to achieving simultaneous separation in a 

single run. Moreover, prostanoids have weak UV chromophores due to a lack of conjugated 

- bonds, which limit the choice of detection wavelengths for the combination of 

prostanoids and sex hormones. In our method, wavelengths in the low UV, such as 196 

nm, had to be chosen to achieve sufficient absorbance from prostanoids at a relative low 

concentration. We are able to use this wavelength because the detector used in this method 

has extremely good response at low wavelength. Fortunately, 196 nm also works for sex 

hormones. Phosphoric acid was added into water with a concentration 17 mM (pH = 2.3) 

to improve peak shape and modify background absorbance. By adjusting the percentage of 

acetonitrile in the mobile phase and developing a gradient elution, we finally succeeded in 
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Figure 3.3 Chromatogram of a urine sample: 1. E3; 2. 6-keto-PGF1; 3. 16α-
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separating 17 compounds with closely-related structures within 20 minutes. UV detectors 

are generally less sensitive than mass spectrometers, but are easier to find in most 

laboratories. The LOQ and LOD values in our method indicate that HPLC with a UV 

detector can be applied to measure bioactive prostanoids and sex hormones in urine or 

other biological samples after SPE purification and enrichment. In our method, all 

compounds were well-resolved by chromatography. The method can be easily adapted to 

other instruments, such as LC-MS or UPLC by replacing phosphoric acid with formic acid 

[17]. 

        Examining the structures of the compounds in Figure 1, it is interesting to note that 

the number and positions of the hydroxyl and ketone substitute groups affect the retention 

times of the compounds. Among the prostanoids, the retention time of 6-keto PGF1 is 

lowest because the OH group on the carbon chain is very close to the ketone group on 

another side carbon chain. 8-iso PGF2 and PGF2 have almost the same chemical 

structures, but 8-iso PGF2 with its cis bond connection is eluted earlier than PGF2. 

Compared with PGF2, replacing the OH group with a ketone group on the five-carbon 

ring increases the retention time of PGE2. When a ketone group on the five-carbon ring is 

on the same side as the OH group on the side carbon chain, as in PGD2, the retention time 

of PGD2 increases. 11-dehydro TXB2 introduces a carboxylic group to form a six-member 

ring, and is eluted later than PGE2. Compared with 13,14-dihydro-15-keto PGA2, 13,14-

dihydro-15-keto PGE2 has one OH group on the five carbon ring; therefore the latter is 

eluted earlier. The last eluted compound, 15d-PGJ2, is the least polar due to the loss of one 

ketone group on the side carbon chain compared with 13,14-dihydro-15-keto PGA2.  
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          Careful observation of the structures the of sex hormones reveals that the same rule 

regarding OH and ketone substitute groups can be applied to these compounds. E3 has the 

largest number of OH groups (three) on the backbone among the sex hormones in this 

study, and was therefore eluted first. As the number of OH groups decreases, the retention 

time of the compounds increases. Therefore, the single-OH-group compounds E1 and 2-

MeOE1 are eluted later than the double-OH-group compounds including 16-OHE1, 2-

OHE1, 4-OHE1 and E2. Progesterone, without any OH group, is eluted last. With the same 

number of OH groups, 16-OHE1, 2-OHE1 and 4-OHE1 with a ketone group substituted 

into backbone are eluted earlier than E2. The substitution position of the OH group affects 

the elution order of 16-OHE1, 2-OHE1 and 4-OHE1.  

          A literature search was performed to assess the progress of separation and analysis 

on the combination of prostanoids and female sex hormones. There were few papers on 

this topic. The challenge of separating the combination was considered a serious problem. 

Our method establishes a simple validated method for simultaneously analyzing both 

groups of inflammatory biomarkers within a short time. We can directly measure changes 

in the levels of members of both groups in biological samples such as urine to study the 

interaction between prostanoids and sex hormones as disease progresses. Using our 

method, we can determine the balance between the inflammatory mediators among the 

prostanoids and the self-protective effects of sex hormones, which will provide insight into 

the molecular mechanisms of disease development. 
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3.5 Conclusions 

         In this study, we have developed a simple, sensitive, accurate and rapid HPLC-UV 

method for the separation of the bioactive compound combination of nine prostanoids and 

eight female sex hormones. The method has been applied to simultaneously quantify 

endogenous prostanoids and female sex hormones in urine samples from hypertension 

patients. The levels of prostanoids and female sex hormones were affected by exercise 

training and recovery time period after the training period.  

          In a summary, there are several advantages in our method including quantifying 

seventeen important bioactive compounds with closely related structures, eliminating 

complex derivatization steps, completely separating the mixture in only twenty-five 

minutes in a single run, and being easily adaptable to different analytical instruments such 

as LC-MS or UPLC. A future research task will be to apply this method to various clinical 

biological fluids and tissues to study the proportions of prostanoids and female sex 

hormones present in different stages of disease, which will provide useful data to elucidate 

their roles in disease development.  
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CHAPTER 4 

 

DEVELOPMENT AND VALIDATION OF A METHOD FOR SIMULTANEOUS 

DETERMINATION OF THE COMBINATION OF PROSTANOIDS AND 

FEMALE SEX HORMONES WITH LC-MS 

 

 

4.1. Introduction 

          In our study, we work on separating and quantifying a combination of inflammatory 

mediators, prostanoids, and female sex hormones by using high performance liquid 

chromatography (HPLC) with electrospray ionization mass spectrometry (MS). LC-MS 

with its high sensitivity and wide availability to most laboratories has become a favored 

instrument to measure bioactive molecules in pharmaceutical industry and clinical research 

[1-3]. 

          In this chapter, we present a method for simultaneously quantifying the combination 

of prostanoids and female sex hormones by using LC-ESI-MS in both negative and positive 

modes. Figure 4.1 shows the chemical structures of seventeen studied bioactive molecules 

and two deuterated internal standards in our method.  

 

4.2 Experimental 

4.2.1 Chemicals and materials 

         Prostaglandin D2 (PGD2), prostaglandin E2 (PGE2), 6-keto-prostaglandin F1α (6-

keto-PGF1α), and prostaglandin F2α (PGF2α) were purchased from Biomol (Plymouth 

Meeting, PA, USA). 11-dehydro-thromboxane B2 (11-dehydro-TXB2), 8-iso-PGF2α, 13,14-

dihydro-15-keto-PGA2, 13,14-dihydro-15-keto-PGE2 and 15-deoxy-Δ12,14-prostaglandin J2 

(15-deoxy-PGJ2) were purchased from Cayman Chemical (Ann Arbor, MI, USA). Estrone 

(E1), 17β-estradiol (E2), estriol (E3) and progesterone were purchased from Sigma Aldrich 



 
67 

(St. Louis, MO, USA).  2-hydroxyestrone (2-OHE1), 4-hydroxyestrone (4-OHE1), 16α-

hydroxyestrone (16α-OHE1), and 2-methoxyestrone (2-MeOE1) were purchased from 

Steraloids, Inc. (Newport, RI, USA). The deuterated PGE2 (3,3,4,4-2H4-PGE2) used as 

internal standards for prostanoids was purchased from Cayman Chemical (Ann Arbor, MI, 

USA). The deuterated β-Estradiol (1,3,5 (10)-Estratriene-2,4-d2-3,17β-diol) (98 atom % D) 

used as internal standards for female sex hormones was purchased from Sigma–Aldrich 

(St. Louis, MO, USA). All prostanoid and female sex hormone standards were used without 

further purification. HPLC-grade solvent water, acetonitrile, methanol, ethyl acetate and 

formic acid were purchased from Fisher Scientific (Waltham, MA, USA). Butylated 

hydroxytoluene (BHT) was obtained from Sigma–Aldrich (St. Louis, MO, USA). Figure 1 

shows the chemical structures and molecular weight of the prostanoids, female sex 

hormones and deuterated internal standards targeted by our method.  
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Figure 4.1 Structures of prostanoids, female sex hormones and deuterated internal 

standards 
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4.2.2 Instrumentation and Method Parameters 

 The high performance liquid chromatograph (HPLC) system in the study was an 

Agilent 1100 series HPLC (Agilent Technologies, Santa Clara, CA, USA) with a binary 

pump, in-line degasser, and a manual injector (Rheodyne LLC, Rohnert Park, CA, USA). 

The HPLC was coupled to an Agilent G1946 single quadrapole mass selective detector 

(MSD). Data were collected with ChemStation software. Analytes were separated on a 

Symmetry C18 4.6 × 250 mm column with 5-μm particle size (Waters Corp., Milford, MA, 

USA). The mobile phase used in this study was a mixture of acetonitrile with 0.1% formic 

acid (v/v) (solvent B) and water with 0.1% formic acid (v/v) (solvent A). The analytes were 

separated with a gradient elution at a flow rate of 1.3 mL/min. The gradient elution used is 

as follows: 34-35% B from 0 to 4 min, 35-45% B from 4 to 5.5 min, hold 45% B from 5.5 

to 7 min, 45-32% B from 7 to 7.1 min, hold 32% from 7.1 to 9 min, 32-40% B from 9 to 

10 min, hold 40% from 10 to 11 min, 40-85% B from 11 to 15 min, 85-70% B from 15 to 

18 min, 70-34% B from 18 to 20 min. The total run time for the method was 20.0 min. 

Following the run, five more minutes were needed to re-equilibrate the column. The 

separation was performed at room temperature with an injection volume of 20 µL. 

Electrospray ionization (ESI) in the positive ion mode was used as the ionization source 

for the measurement of prostanoids, and in the negative ion mode for the measurement of 

female sex hormones. Nitrogen was used as the nebulizer gas and was maintained at a flow 

rate of 12.0 L/min with a nebulizer pressure of 45 psi. The gas temperature was set at 350 

oC and the capillary voltage for positive mode was 5500V and for negative mode 4000 V. 

The fragmentor voltage was optimized for each compound, and listed in Table 4.1. The 

gain was set up at 2.0. In order to improve sensitivity, a time gradient with the parameters 
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listed in Table 4.2 was used to collect chromatograms in selective ion mode. 

 

Positive ESI mode  Negative ESI mode 

Compound 
Fragmentor 

voltage (V) 
 Compound 

Fragmentor 

voltage (V) 

E3 170  6-keto PGF1α 110 

16α-OHE1 150  8-iso PGF2α 110 

2-OHE1 150  PGF2α 110 

4-OHE1 150  PGE2 90 

E2 130  11-dehydro TXB2 110 

E1 150  PGD2 90 

2-methoxy E1 150  13,14-PGE2 110 

progesterone 150  13,14-PGA2 110 

     15-deoxy-PGJ2 90 

 

Table 4.1 Fragmentor voltages for prostanoids and female sex hormones 

 

Positive ESI mode  Negative ESI mode 

Time 

(min)  m/z Ions monitored  

Time 

(min)  m/z Ions monitored 

0.00 289 E3  0.00 369 6-keto PGF1α 

5.50 287 16α-OHE1  6.00 351 PGE2, PGD2 

10.00 273 E2   353 

8-iso PGF2α,  

PGF2α 

 275 d2-E2   355 d4-PGE2  

 287 

2-OHE1, 4-

OHE1   367 11-dehydro-TXB2  

14.50 271 E1  12.50 351 13,14-PGE2 

 301 2-methoxy E1  15.50 315 15-deoxy-PGJ2 

17.00 315 progesterone    333 13,14-PGA2 

 

 

Table 4.2 SIM time gradient for LC-MS analysis 
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4.2.3 Sample preparation 

          PGD2, PGE2, 6-keto-PGF1α, PGF2α, E1, E2, E3 and progesterone stock standard 

solutions were prepared by dissolving 1 mg solid sample into 1 mL methanol respectively 

to obtain a stock concentration of 1 mg/mL. All other standards were supplied as individual 

solutions by suppliers with the following concentrations: 11-dehydro-TXB2 0.5 mg/mL, 8-

iso-PGF2α 1 mg/mL, 13,14-dihydro-15-keto-PGA2 10 mg/mL, 13,14-dihydro-15-keto-

PGE2 10 mg/mL, 15-deoxy-Δ12,14-PGJ2 1mg/mL, 2-OHE1 2 mg/mL, 4-OHE1 2 mg/mL, 

16α-OHE1 2 mg/mL, and 2-MeOE1 5 mg/mL. The stock solution I consisting of PGD2, 

PGE2, 6-keto-PGF1α, PGF2α, 8-iso-PGF2α, 13,14-dihydro-15-keto-PGA2, 13,14-dihydro-

15-keto-PGE2, 15-deoxy-Δ12,14-PGJ2 and 11-dehydro-TXB2 (10 ng/uL except 11-dehydro-

TXB2 20 ng/uL) was made in methanol. The stock solution II consisting of E1 and its 

metabolites including 2-OHE1, 4-OHE1, 16α-OHE1 and 2-methoxyE1 at 10 ng/uL, E2 at 50 

ng/uL, E3 at 50 ng/uL, and progesterone at 2 ng/uL was made in methanol. The internal 

standard stock solution III consisting of d4-PGE2 at 2.5 ng/uL was made in methanol. The 

stock solution IV consisting of d2-E2 at 10 ng/uL was made in methanol. The working 

solutions of prostanoids was made by adding different amount of Stock solution I to create 

the necessary concentrations in methanol. The working solutions of female sex hormones 

was made by serial dilution of Stock solution II in methanol. The internal standard working 

solution of d4-PGE2 0.5 ng/uL was made by diluting stock solution III in methanol. The 

working solution of d2-E2 at 2 ng/uL was prepared by diluting stock solution IV in 

methanol. The calibration curve was made based on the results obtained from injecting 20 

uL working solutions of prostanoids with 1 ng d2-PGE2 and 20 uL working solutions of 

female sex hormones with 4 ng d2-E2, respectively. Quality control (QC) samples with low 
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and high concentrations in the calibration range were prepared by dilution of Stock 

Solutions I and II with methanol, respectively. Triplicate solutions were made at each 

concentration. All the solutions and quality control samples were stored in a freezer at −80 

oC until use. 

 

4.2.4 Recovery samples for method validation 

        The urine sample was filtered by a syringe filter with 0.45 m pore size. The filtered 

urine was spiked with standard samples at low, middle and high concentration levels. Each 

sample was injected in triplicate. Recovery was calculated by diving the calculated 

concentration with the nominal concentration.  

 

4.2.5 Urine sample preparation 

         The urine samples were pretreated with solid state extraction according to the 

published method in Blewett’s paper [4]. A urine sample was completely thawed at room 

temperature before solid state extraction. Approximately 500 µL of the thawed urine was 

pushed through a syringe filter with a pore size of 4.5 μm to remove large particles. The 

filtered urine was then transferred to a 2-mL polypropylene test tube, to which 200 µL of 

methanol with 0.01 M butylated hydroxytoluene (BHT) and 5 µL of formic acid were 

added. The mixture was mixed at room temperature with a touch mixer for 30 seconds. 

HPLC grade water was then added into the urine sample to reach a final volume of 2 mL. 

An Oasis solid phase extraction cartridge was used for solid phase extraction. 2 mL 0.1 % 

formic acid (v/v), 2 mL methanol and 2 mL ethyl acetate were sequentially added to the 

Oasis cartridge for preconditioning. 2 mL diluted urine sample was then loaded on the 
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cartridge column. 2 mL of 0.1% formic acid (v/v) and 2 ml of 10% methanol with 0.1% 

formic acid (v/v) were used to clean the column of unwanted compounds. The prostanoids 

and sex hormones were eluted with 1.5 mL of ethyl acetate with 0.01 M BHT and 0.5 mL 

methanol with 0.2 % formic acid and 0.01 M BHT, and collected in a 2-mL polypropylene 

test tube. 10 uL of an internal standard solution containing d4-PGE2 at 0.5 ng/uL and d2-E2 

at 2 ng/uL was added into the eluent, and the resultant solution was evaporated to dryness 

under nitrogen at 0°C. 100 µL of methanol was used to re-dissolve the dry sample. 

 

4.3 Results and discussion 

4.3.1 Development of the LC-MS method 

         The separation method for quantifying the combination of prostanoids and female 

sex hormones by using LC-MS was adapted from the method with HPLC-UV discussed in 

the previous chapter. However, the mobile phase modifier phosphoric acid in the HPLC-

UV method was a nonvolatile acid, which would result in salt deposition in the LC-MS 

instrument. Therefore, formic acid (FA) was chosen for providing protons and adjusting 

the pH of the mobile phase in the LC-MS method. The HPLC-grade water and acetonitrile 

containing 0.1% formic acid was used as mobile phase. Compared with the HPLC method, 

the replacement of the acid modifier in the mobile phase did not change the elution order 

of the analytes. The analytical Symmetry C18 column (4.6 mm × 250 mm, 5 μm) was used 

to separate the combination of prostanoids and female sex hormones. The separation with 

a satisfactory resolution was done within 20 minutes. The mass spectrometric detection 

was performed on both positive and negative ion modes with atmospheric pressure 

electrospray ionization. In positive ion mode, good signal response was obtained from 
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female sex hormones, their metabolites and 15d-PGJ2.  However, there was no detector 

response for prostanoids. The pseudo molecular ion of analytes was detected as [M+H]+. 

In negative ion mode, prostanoids, 2-OHE1 and 4-OHE1 showed excellent detector 

response, and pseudo molecular ion of the analytes was detected as [M–H]−. By 

compromising the availability of deuterated internal standards and the cost of the method, 

all female hormones and their metabolites were measured in the positive mode by using 

d2-E2 as internal standard, and all prostanoids in the negative mode by using d4-PGE2 as 

internal standard. In order to improve the sensitivity, the spray chamber parameters 

including fragmentor voltage, capillary voltage, drying gas flow, nebulizer gas pressure 

and gain were optimized. The mixture of prostanoids at 1 ng/uL was detected in the 

negative mode to optimize, and the mixture of female sex hormones at 1 ng/uL in the 

positive mode. The fragmenor voltages of analytes with best detector response were chosen 

as a final optimization condition as shown in Table 4.1. The representative LC/MS 

chromatogram for separation of 9 prostanoids with d2-PGE2 in the negative mode and 8 

female sex hormones with d2-E2 in the positive mode is shown in Fig. 4.2 (a) ad (b), 

respectively.  
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Fig. 4.2 Representative LC–MS chromatogram (a) postanoids in the negative 

ionization mode; (b) female sex hormones in the positive ionization mode 

 

 

(a) 

(b) 
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4.3.2 Method validation 

4.3.2.1 Selectivity 

       The selectivity of the method was tested by injecting methanol, water, acetonitrile, a 

mobile phase mixture of 0.1% formic acid solution and acetonitrile (1:1 v/v), and elution 

solvent, respectively. The results were compared with the chromatography from the 

standard mixture. There were no interference peaks showing up near the retention times of 

the prostanoids or female sex hormones. All peaks from the standard mixture were sharp 

and well-resolved with good symmetry.  

 

4.3.2.2 Sensitivity 

         The sensitivity of the method was evaluated by the limit of quantification (LOQ) and 

limit of detection (LOD) for each individual compound. The LOD is defined as three times 

the signal noise ratio, where LOD ten times the signal noise ratio. The lowest LOQ has an 

RSD value lower than 5%. The solutions used to determine LOQ and LOD were prepared 

by serial dilution of working solutions. The LOD and LOQ of each compound is listed in 

Table 4.3. Progesterone has the lowest LOQ equal to 3.6 pg, 16α-OHE1, 4-OHE1, E1 and 

2-methoxy E1 with a LOQ equal to 20 pg, and LOQ of E3 is equal to 100 pg, 2-OHE1 240 

pg and E2 500 pg. The LOQs of prostanoids are in the range between 15 to 40 pg except 

PGD2 100 pg, and 13,14-dihydro-15-keto-PGA2 0.6 pg. All LOQs and LODs are at the pg 

level. The LODs and LOQs indicate that our method is sensitive enough to analyze 

bioactive prostanoids and female sex hormones after enriching biological samples by solid 

phase extraction (SPE). 
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Table 4.3 Validation results for prostanoids and sex hormones: sensitivity and 

linearity 

Compound LOD LOQ Linear rang Linear Equation
Weighting 

factor
R

pg pg pg

E3 32 100 100.0-50,000 y = 3.8449x +0.0310 1/x
2 0.970

16α-OHE1 6 20 20.0-10,000 y = 35.9148x + 0.01489 1/y
2 0.994

2-OHE1 80 240 240.0-20,000 y = 30.5790x + 0.1983 1/x
0.5 1.000

4-OHE1 6 20 20.0-10,000 y = 65.0100x + 0.26989 1/y
2 0.986

E2 200 500 500.0-200,000 y = 4.3755x + 0.04701 1/x
2 0.994

E1 6 20 20.0-10,000 y = 35.3538x + 0.03840 1/x
2 0.997

2-methoxyE1 6 20 20.0-10,000 y = 77.3171x + 0.0156 1/y
2 0.991

progesterone 1.2 3.6 3.6-2,000 y = 319.8373x + 0.0343 1/x
0.5 0.999

6-keto PGF1α 6 20 20.0-20,000 y = 33.5742x + 0.05340 1/x
2 0.992

8-iso PGF2α 6 20 20.0-20,000 y = 31.1044x + 0.02691 1/x
2 0.997

PGF2α 6 20 20.0-20,000 y = 32.3939x + 0.02830 1/x
2 0.997

PGE2 6 20 20.0-20,000 y = 42.7386x + 0.02930 1/x
2 0.997

11-dehydro-

TXB2

14 40 40.0-40,000 y = 28.6523x + 0.01812 1/x
2 0.996

PGD2 40 100 100.0-20,000 y = 19.2161x + 0.00877 1/x
2 0.991

13,14-dihydro-

15-keto-PGE2

9 24 24.0-20,000 y = 24.0484x + 0.00990 1/x
2 0.997

13,14-dihydro-

15-keto-PGA2

0.2 0.6 0.6-20,000 y = 50.0518x + 0.07129 1/x
2 0.994

15-deoxy-PGJ2 4 15 15.0-20,000 y = 66.3746x + 0.06252 1/x
2 0.990
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4.3.2.3 Linearity and range 

       The linear ranges of all prostanoids and female sex hormones are listed in table 4.3 

and span up to the ng level. Calibration curves for the prostanoids and sex hormones were 

generated by plotting peak area ratio between analyte and internal standard against 

concentration. The linear range was determined by serially diluting the working solution. 

The calibration standards were injected in triplicate. Calibration curves for all 17 

compounds were linear over the tested concentration range. The linear equation, range and 

correlation coefficients (R) of each analytical curve are shown in Table 4.3. All prostanoids 

ranged from LOQ to 20 ng except 11-dehydro-TXB2 with a range from LOQ to 40 ng. E1, 

16α-OHE1 and 4-OHE1 ranged from LOQ to 10 ng, whereas E3 ranged from LOQ to 50 

ng, E2 from LOQ to 200 ng, 2-OHE1 from LOQ to 20 ng, and progesterone from LOQ to 

2 ng.  

          A well-designed calibration curve plays an essential role in finding accurate analyte 

concentrations in unknown samples. However, a concentration range in calibration curve 

can be up to several orders of magnitude. Szabo et al found that deviations at larger 

concentrations affected the regression line more than deviations at smaller concentrations, 

and thus a weighted regression line was required to improve the accuracy of lower 

concentration in bioanalytical methods [5]. Almeida et al proposed a model to calculate the 

linear regression by introducing a weighting factor to limit the error at the lower 

concentration, which is called a weighted least squares linear regression (WLSLR) [6]. In 

their model, the slope (b) and the intercept (a) of the linear regression equation can be 

calculated by the following equation. 
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Where yi is the data point corresponding to xi, i means the ith data pair, and wi is the 

weighting factor. 

        In our LC-MS method, empirical weighting factors including 1/x, 1/x1/2, 1/x2, 1/y, 

1/y1/2 and 1/y2 were applied to our analytical concentration range to obtain a weighted 

linear regression equation, respectively. The slope (b) and intercept (a) were calculated 

based on the above equations, where y is peak area ratio between analyte and internal 

standard for each compound, and x is the nominal concentration. The effectiveness of a 

weighting factor is evaluated by the sum of absolute relative error (%RE) values. The best 

weighting factor gives the smallest sum of % RE values indicating a good fit. Then the best 

weighing factor is used from the weighted linear regression equation. The value of %RE is 

calculated based on the following equation in the paper published by Almeida [6]:  

 

Where Cfound is the concentration calculated from the linear regression equation, and Cnom 

is the nominal standard concentration. 

        In our method, most of the analytes have a weighing factor of 1/x2 except 16α-OHE1, 
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4-OHE1, and 2-methoxyE1 with 1/y2, and 2-OHE1 and progesterone with 1/x1/2.  The curves for 

all compounds were linear with R greater than 0.98 except E3 with 0.970 in the tested 

concentration range. Figure 4.3 shows the plots of the %RE versus concentration obtained 

for all weighting factors from E2. The best weighting factor for E2 gave the smallest sum 

of % RE values is 1/x2. 

 

4.3.2.4 Accuracy and Precision  

         The precision of the method was evaluated by determining the repeatability (intra-

day assays) and the intermediate precision (inter-day assays). The working solutions were 

prepared by spiking 17 standards at two different concentration levels (high and low level) 

in the calibration curve range. Each solution was injected in triplicate or four times. Three 

solutions prepared at each concentration level were used to determine the intra-day 

precision. A total of 10 injections (n=10) were made in a single day. The inter-day precision 

was measured by injecting five solutions at each concentration level (n=15) on five 

consecutive days. The precision results for all compounds are listed in Table 4.4. The 

R.S.D. values for intra-day and inter-day precisions at the high and low concentration levels 

fall within 0.80-8.56%, which indicates that the separation is reproducible. 

          The accuracy of the method was evaluated by measuring 10 injections from three 

solutions prepared at each concentration level. The calculated concentrations for each 

compound were then compared to the theoretical concentration to determine the accuracy 

for each compound. Accuracy results are listed in Table 4.5. All compounds have accuracy 

within 84.66-114.42%, which indicates that the method is sufficiently accurate to quantify 

the concentrations of prostanoids and sex hormones.  
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Figure 4.3 Plots of %RE versus concentration obtained for all weighting factors 

from E2 
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Compound Level 1  Level 2  
Conc. Intra-

assay 

precision 

Inter-

assay 

precision 

 Conc. Intra-assay 

precision 

Inter-assay 

precision 
 

(ng/µL) %R.S.D. 

(n=10) 

%R.S.D. 

(n=15) 
 (ng/µL) %R.S.D. 

(n=10) 

%R.S.D. 

(n=15) 
 

E3 2.5 4.33 5.64  0.5 2.05 4.94  
16α-OHE1 0.5 1.77 6.22  0.1 0.80 5.13  

2-OHE1 0.5 2.75 7.43  0.1 2.94 8.20  
4-OHE1 0.5 2.52 6.20  0.1 2.36 8.56  

E2 2.5 2.93 3.09  0.5 2.47 5.10  
E1 0.5 5.39 6.68  0.1 3.27 3.09  

2-methoxyE1 0.5 7.01 6.48  0.1 2.28 3.39  
progesterone 0.1 2.32 6.78  0.02 1.04 7.08  
6-keto PGF1α 0.5 1.85 3.16  0.05 6.16 4.14  
8-iso PGF2α 0.5 1.98 2.51  0.05 5.36 3.63  

PGF2α 0.5 2.29 2.98  0.05 6.99 3.80  
PGE2 0.5 1.90 2.78  0.05 6.46 4.11  

11-dehydro-TXB2 0.1 2.31 2.61  0.1 3.96 3.85  
PGD2 0.5 2.32 3.63  0.05 5.38 4.48  

13,14-dihydro-15-

keto-PGE2 
0.5 1.53 6.13  0.05 6.04 3.52  

13,14-dihydro-15-

keto-PGA2 
0.5 6.06 6.73  0.05 5.74 6.27  

15-deoxy-PGJ2 0.5 7.56 7.41  0.05 4.70 7.52  

 

Table 4.4 Validation results: inter-day and intra-day precision 
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Compound 

Level 1  Level 2   

Concentration Accuracy  Concentration Accuracy  

(ng/µL) % (n=10)  (ng/µL) % (n=10)   

E3 1.75 84.66  0.35 109.2  

16α-OHE1 0.4 95.1  0.08 102.82  

2-OHE1 0.5 99.72  0.1 86.99  

4-OHE1 0.4 98.22  0.08 93.6  

E2 2.5 99.51  0.5 101.59  

E1 0.4 89.54  0.08 97.5  

2-methoxyE1 0.4 84.19  0.08 101.28  

progesterone 0.08 103.34  0.016 113.42  

6-keto PGF1α 0.5 110.98  0.05 95.08  

8-iso PGF2α 0.5 106.81  0.05 95.28  

PGF2α 0.5 104.21  0.05 95.38  

PGE2 0.5 105.18  0.05 100.23  

11-dehydro-TXB2 1 102.47  0.1 95.03  

PGD2 0.5 114.42  0.05 100.68  

13,14-dihydro-15-

keto-PGE2 
0.5 106.62 

 
0.05 96.41 

 

13,14-dihydro-15-

keto-PGA2 
0.5 96.61 

 
0.05 105.43 

 

15-deoxy-PGJ2 0.5 84.82  0.05 99.17   

 

Table 4.5 Validation results: accuracy 
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4.3.2.5 Solution stability 

         During the process of method development, all working and stock solutions were 

stored in a freezer at -80°C until use. Before injection, the tested solutions were taken out 

to thaw at room temperature and then stored in ice. This is an important procedure to 

evaluate whether the tested solutions are stable during the analysis. Solution stability was 

tested by quality control solutions through three freeze and thaw cycles, based on FDA 

bioanalytical guidance [7]. Three solutions at each of low and high concentrations were 

prepared and stored in a freezer at -80°C for 24 hours, and naturally thawed at room 

temperature. After being completely thawed, the solutions were refrozen for 24 hours at -

80°C. Then the freeze–thaw cycle was repeated two more times. On the third cycle, each 

solution was thawed and injected with an injection volume of 20 L. The total of six 

injections were made at each concentration level. The R.S.D. at each concentration was 

calculated based on the results of the six injections as listed in Table 4.6. The R.S.D. values 

for all compounds were less than 5% at both low and high concentration levels. The results 

indicate that our solutions were stable during the analysis period.
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Table 4.6 Validation results: solution stability 

 

 

4.3.2.6 Recovery 

       Recovery was estimated by spiking urine samples with standard samples at low, 

middle and high concentration levels. The results were listed in Table 4.7. All the 

compounds fall within 85.4%-114.6%, which indicated that the method is suitable to 

measure the level of prostanoids and sex hormones in urine. 

Concentration precision Concentration precision

(ng/µL) %R.S.D. (n=6) (ng/µL) %R.S.D. (n=6)

E3 2.5 2.94 0.5 3.47

16α-OHE1 0.5 3.14 0.1 2.64

2-OHE1 0.5 2.36 0.1 3.39

4-OHE1 0.5 2.25 0.1 3.13

E2 2.5 2.56 0.5 2.59

E1 0.5 2.35 0.1 3.7

2-methoxyE1 0.5 2.47 0.1 4

progesterone 0.1 4.26 0.02 3.56

6-keto PGF1α 0.5 1.49 0.05 1.44

8-iso PGF2α 0.5 1.46 0.05 1.72

PGF2α 0.5 1.94 0.05 1.6

PGE2 0.5 1.41 0.05 0.96

11-dehydro-TXB2 1 1.1 0.1 1.19

PGD2 0.5 2.04 0.05 0.67

13,14-dihydro-15-keto-PGE2 0.5 1.37 0.05 2.82

13,14-dihydro-15-keto-PGA2 0.5 2.94 0.05 1.81

15-deoxy-PGJ2 0.5 3.39 0.05 1.48

Compound

Level 1 Level 2
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Table 4.7 Validation results: recovery by spiking urine at low, middle and high 

concentration levels

Concentration Accuracy Concentration Accuracy

(ng/µL) % (n=3) (ng/µL) % (n=3)

E3 0.07 83.38 0.30 94.56

16α-OHE1 0.07 102.2 0.20 111.3

2-OHE1 0.08 102.8 0.25 106.2

4-OHE1 0.10 105.7 0.30 108.8

E2 0.05 113.1 0.15 110.8

E1 0.10 97.94 0.30 99.25

2-methoxyE1 0.17 93.45 0.50 94.88

progesterone 0.08 100.7 0.25 106.3

6-keto PGF1α 0.025 97.67 0.15 107.8

8-iso PGF2α 0.025 85.85 0.15 85.29

PGF2α 0.03 99.37 0.20 89.4

PGE2 0.04 100.2 0.25 93.62

11-dehydro-TXB2 0.08 100.7 0.50 92.08

PGD2 0.05 90.91 0.25 97.13

13,14-dihydro-15-keto-PGE2 0.05 93.57 0.30 91.01

13,14-dihydro-15-keto-PGA2 0.04 115.1 0.25 102.6

15-deoxy-PGJ2 0.04 111.9 0.25 93.37

Compound

Level 1 Level 2

Concentration Accuracy

(ng/µL) % (n=3)

E3 0.6 98.78

16α-OHE1 0.4 96.29

2-OHE1 0.5 91.66

4-OHE1 0.6 92.90

E2 0.3 97.13

E1 0.6 88.56

2-methoxyE1 1.0 83.30

progesterone 0.5 90.94

6-keto PGF1α 0.3 117.20

8-iso PGF2α 0.3 96.08

PGF2α 0.4 100.80

PGE2 0.5 102.60

11-dehydro-TXB2 1.0 101.10

PGD2 0.5 112.90

13,14-dihydro-15-keto-PGE2 0.6 101.00

13,14-dihydro-15-keto-PGA2 0.5 112.10

15-deoxy-PGJ2 0.5 97.27

Compound

Level 3
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4.3.3 Application of method to urine samples 

          The method was applied to seven urine samples collected from both male and 

female. The medical condition of patients was listed in the paper published by Williamson 

[8]. African Americans with body mass index of 30.5 ± 1.1 kg/m2 at age 58 ± 2.3 years, 

having prehypertension or stage 1 hypertension (143 ± 7 / 87 ± 7 mmHg ) before and after 

special 50-minute exercise training. None of the patients was under antihypertensive 

medication.  

          In the LC-MS results, several compounds including eight female sex hormones and 

6-keto PGF1α, 8-iso PGF2α, PGE2, 13,14-dihydro-15-keto-PGA2 and 15-deoxy-PGJ2 were 

identified in most of the urine samples. The selected ion chromatograms (SIC) obtained 

from one urine sample are shown in Figure 4.4. The above sample analysis shows that the 

method is capable of determining trace levels of bioactive prostanoids and sex hormones 

in urine samples after enrichment with the SPE method. 

 

4.3.4 Comparison between HPLC-UV and LC-MS  

         By replacing phosphoric acid with formic acid, the HPLC-UV method was adapted 

to LC-ESI-MS. Formic acid served as a proton provider. All of the prostanoids were 

measured in the negative ionization mode, while all of the sex hormones were measured in 

the positive ionization mode. Compared with HPLC-UV, LC-MS cannot measure the 

combination of prostanoids and sex hormones in the same run, and have to perform the 

positive ionization mode and the negative ionization mode, respectively. Otherwise, the 

sensitivity of LC-MS decreases a lot. In general, mass spectrometers show a higher 

sensitivity than UV detectors. By comparing the HPLC-UV and LC-MS method, we found 
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that the values of LOQ of analytes measured by LC-MS are hundreds or thousands lower 

than that of LOQ measured by HPLC-UV. Table 4.8 listed the LOQ of prostanoids and sex 

hormones measured by HPLC-UV and LC-MS. The results indicate that the MS detector 

is much more sensitive than the UV detector. However, LC-MS takes two times longer to 

measure the combination of prostanoids and sex hormones than HPLC-UV.  

 

 

Compound 

LC-MS   HPLC-UV 

LOQ (pg)  LOQ (ng) 

E3 100  3 

16α-OHE1 20  5 

2-OHE1 240  20 

4-OHE1 20  2 

E2 500  5 

E1 20  2 

2-methoxyE1 20  2 

progesterone 3.6  20 

6-keto PGF1α 20  10 

8-iso PGF2α 20  20 

PGF2α 20  1 

PGE2 20  1 

11-dehydro-TXB2 40  30 

PGD2 100  20 

13,14-dihydro-15-keto-

PGE2 
24  20 

13,14-dihydro-15-keto-

PGA2 
0.6  10 

15-deoxy-PGJ2 15   20 

 

Table 4.8 LOQ comparison between LC-MS and HPLC-UV 
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Figure 4.4 Selected ion chromatograms (SIC) of urine (a) sex hormones found in 

positive ion mode; (b) prostanoids found in negative ion mode 

 

 

(b) 
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4.4 Conclusion 

         In this study, we have developed a simple, sensitive, accurate and rapid LC-MS 

method for the separation of the bioactive compound combination of nine prostanoids and 

eight female sex hormones. The method has been applied to simultaneously quantify 

endogenous prostanoids and female sex hormones in urine samples from hypertension 

patients. The levels of prostanoids and female sex hormones were affected by exercise 

training and recovery time period after the training period. Our study shows that LC-MS is 

more suitable to measure the trace amount of bioactive compounds in biological samples 

due to high sensitivity than HPLC-UV. 
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CHAPTER 5 

 

COMBINING QUANTITATIVE STRUCTURE–RETENTION RELATIONSHIPS 

WITH MULTIPLE LINEAR REGRESSION FOR PREDICTING   RETENTION 

TIME ANALYSIS AND PREDICTION FOR MOLECULES WITH DIVERSE 

CHEMICAL CHARACTERISTICS 

 

5.1 Introduction 

High performance liquid chromatography is a powerful separation tool to separate 

and quantify analytes in pharmaceutical and industrial analysis. Although the separation 

method in HPLC is rapid, sensitive and accurate, it requires the injection of each individual 

standard compound to match the spectra and retention time of analytes during the 

development of the method, which is time-consuming. Based on the separation mechanism 

in HPLC, it is known that the chemical properties of analytes and their interaction with the 

stationary and mobile phases play an important role in determining the elution order and 

elution time. Therefore, it is possible to develop a theoretical model to predict the retention 

behavior of analytes in HPLC. 

Quantitative structure–retention relationships (QSRRs) were reviewed by Kaliszan 

and Ukic [1, 2]. The technique focuses on quantitively evaluating the relationships between 

chromatographic retention and molecular descriptors of analytes derived from chemical 

properties based on molecular structures [1]. Molecular descriptors are values that 

characterize chemical and physical properties of molecules. In a general approach, 

molecular descriptors are calculated by chemical computational software, and then 

statistical analysis is performed to find effective molecular descriptors correlating with 

retention behavior and develop a mathematical model for retention prediction in specific 

chromatographic systems. QSRR can be used for the following purposes [2]: (1) To 
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identify useful structural descriptors of analytes; (2) To predict retention time for new 

analytes; (3) To identify unknown analytes; (4) To gain insight into molecular separation 

mechanism in a given chromatographic system; (5) To quantitatively evaluate properties 

of different HPLC columns. The studies using QSRR began in 1977 [3]. Since then, there 

has been significant growth in the area. This method has also been used for gas 

chromatograph. For example, Fatemi et al proposed a QSRR model to predict the retention 

indices of amino acids (AAs) and carboxylic acids in gas chromatograph [4]. 

Several reviews about QSRR studies have been published from early time to recent 

years [5-7]. In which different statistical methodologies are proposed to build QSRR 

models, these includes multi-linear regression (MLR), artificial neural network (ANN) and 

support vector machine (SVM).  

A common and simple approach is MLR. In 1941, Martin and Synge correlated the 

retention time to the solute partition coefficients with MLR analysis [8]. Partition-

coefficient is the concentration ratio of a solute distributed in two immiscible phases at 

equilibrium. Then later, Kaliszan et al introduced the total dipole moment, the electron 

excess charge of the most negatively charged atom, and the water-accessible molecular 

surface area into a MLR equation to predict retention time [9]. Gorynski et al applied a 

MLR analysis to gradient retention time data of 146 drugs and metabolites obtained from 

reversed-phase (RP-LC–HRMS) and hydrophilic interaction chromatography (HILIC-LC–

HRMS) systems [10]. They developed two QSRR models to predict retention times of 

compounds with different chemical structures. Tosti et al used MLR and partial least square 

(PLS) regression to develop two retention models based on the experimental retention data 

from 31 polyoxygenated steroids and selected molecular descriptors [11]. They found that 
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lipophilicity, steric, and hydrophilic interaction played an important role in the retention 

process of selected compounds in the reversed phase liquid chromatography. However, the 

disadvantage of MLR was that the number of analytes should be larger than the number of 

molecular descriptor in a given MLR equation.    

Artificial neural networks (ANN) consists of an input layer, one or more hidden 

layers and an output layer. Each layer contains some small units. Each small unit contains 

input, weights, function connecting between layers and output [12]. In ANN models, the 

combination of linear and non-linear functions improves the accuracy of predicted 

retention time. The disadvantage of ANN is difficult to interpret because of the complexity 

of the combination of molecular descriptors. D’Archivio et al performed artificial neural 

network (ANN) to model the retention times of the combination of selected purines, 

pyrimidines and nucleosides with the mobile phase of acetonitrile-water in reversed-phase 

liquid chromatography [13]. In the model, five selected molecular descriptors and the 

variables related to the gradient profile were combined. In their model, the ANN layers 

included training, validation and testing sets. The model could be used to predict retention 

time of analytes in multilinear gradient conditions.  

Recently, support vector machine (SVM), a machine learning technique, has been 

used for classification and regression. Since the SVM technique was applied to QSRS 

study, it has shown several advantages including global optimization, good generalization 

ability, and dimensional independence [14].  Luan et al developed a linear model by the 

heuristic method (HM) and a non-linear model by the SVM technique between the 

retention time and selected molecular descriptors of 149 volatile organic compounds [15]. 

One constitutional (number of F atoms), one geometrical (gravitation index of all bonds), 
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two electrostatic (atomic charge and partial negative surface area) and one quantum 

chemical (minimum nucleophilic reactive index for a C atom) descriptors were selected by 

the heuristic method and applied to both the linear and non-linear models.  They found that 

the SVM model had a better performance to predict retention time than the HM model. Du 

et al developed both HM and SVM models to predict retention time of benzene derivatives, 

organic acid derivatives, aniline derivatives and other compounds on three columns 

including Symmetry C18, Chromolith and SG-MIX column, respectively. They found that 

the SVM model had a better accuracy than the HM method [16].  

Zhou et al developed eight statistical modelling methods to predict retention time 

of peptides by introducing the molecular descriptors related to structural characteristics 

into the method [20]. The eight methods included MLR, PLS, BPNN, RBFNN, SVM, 

LSSVM, RF and GP by using 40 molecular descriptors without applying any selection rule. 

By comparing the eight methods, they found that the MLR modeling showed a low fitting 

ability, and gave a small value of fitting coefficient of determination, where nonlinear 

modeling methods showed better results. However, MLR gave much straightforward 

evidences to interpret the retention mechanism involved in molecular properties and 

retention behaviors. In this chapter, we optimized the MLR modeling method by 

introducing more molecular descriptors related to molecular characteristics. Our results 

showed that a simple MLR method can be used to predict retention time of compounds to 

achieve satisfactory results.  

In our study, the quantitative structure–retention relationship (QSRR) modellings 

were developed to combine the chemical structures and properties of prostanoids and sex 

hormones with retention behavior. Prostanoids are unsaturated fatty acids derived from 
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arachidonic acid, a polyunsaturated omega-6 fatty acid.  Sex hormones are derivatives of 

cholesterol. The structures and electrostatic maps of prostanoids and sex hormones are 

listed in Figure 5.1.  

By carefully observing the chemical structures of analytes in Figure 5.1, we can see 

that all prostanoids are unsaturated fatty acids consisting of a five- or six- membered ring, 

and two alkyl chains with some substitute groups such as carboxyl group, hydroxyl group 

and carbonyl group, and all sex hormones have a four-ring structure and some substitute 

groups such hydroxyl group and carbonyl group. The difference among analytes with 

close-related structures lies in the number, type and orientation of substitute groups. 

Comparing with other sex hormones, progesterone is a less polar molecules due to the 

hydrogenation of the benzyl ring.   

In our study, the experimental retention data and the descriptors for characterizing 

the molecular structures of the analytes were included in QSRR models. The retention data 

of prostanoids and sex hormones were obtained on a Symmetry C18 column in an isocratic 

mode by using HPLC-UV. The molecular descriptors including molecular area and 

volume, polarizability, energy of HOMO (E HOMO), energy of LUMO (E LUMO), log P, 

dipole moment and solvation energy were calculated with chemical computation software 

Spartan in semi-empirical AM1 mode. Then statistical analysis was used to create a 

mathematical model for predicting retention time by combing the selected molecular 

descriptors and experimental retention data. The resultant QSRR models can be used to 

perform retention analysis on either existing or hypothetical analytes. 

Our goal is to develop a simple common MLR model to predict retention time of 

compounds with big structural dissimilarity. Our study will be designed to aim 
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experimental researchers without strong mathematical and simulation background to 

develop a retention model to predict retention time of analytes and identify unknown 

compounds. This is particularly challenging as the chemical nature of the studied molecules 

is quiet diverse.  
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Figure 5.1 Structures and electrostatic maps of prostanoids and female sex 

hormones 
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5.2 Experimental 

5.2.1 Chemicals and materials 

           Prostaglandin D2 (PGD2), prostaglandin E2 (PGE2), 6-keto-prostaglandin F1α (6-

keto-PGF1α), and prostaglandin F2α (PGF2α) were purchased from Biomol (Plymouth 

Meeting, PA, USA). 11-dehydro-thromboxane B2 (11-dehydro-TXB2), 8-iso-PGF2α, 

13,14-dihydro-15-keto-PGA2, 13,14-dihydro-15-keto-PGE2 and 15-deoxy-Δ12,14-

prostaglandin J2 (15-deoxy-PGJ2) were purchased from Cayman Chemical (Ann Arbor, 

MI, USA). Estrone (E1), 17β-estradiol (E2), estriol (E3) and progesterone were purchased 

from Sigma Aldrich (St. Louis, MO, USA). 2-hydroxyestrone (2-OHE1), 4-hydroxyestrone 

(4-OHE1), 16α-hydroxyestrone (16α-OHE1), and 2-methoxyestrone (2-MeOE1) were 

purchased from Steraloids, Inc. (Newport, RI, USA). All prostanoid and sex hormone 

standards were used without further purification. HPLC-grade solvent water, acetonitrile 

and methanol and reagent-grade 85% phosphoric acid were purchased from Fisher 

Scientific (Waltham, MA, USA).  

 

5.2.2 Instrumental setup 

        The high performance liquid chromatograph (HPLC) system was obtained from Jasco 

Inc. (Easton, MD, USA) with a manual injector (Rheodyne LLC, Rohnert Park, CA, USA). 

The HPLC system used two Jasco pumps (PU-980) and a Jasco ultraviolet detector (UV-

975). Data were collected with ChromNAV software. Analytes were separated on a 

Symmetry C18 4.6 × 250 mm column with 5-μm particle size (Waters Corp., Milford, MA, 

USA). The mobile phase used in this study was 17 mM phosphoric acid (solvent A) and 

acetonitrile (solvent B). The analytes were separated with an isocratic mode at a flow rate 
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of 1.3 mL/min. The detection wavelength was 196 nm. The separation was performed at 

room temperature with an injection volume of 100 µL.  

  

5.2.3 Sample preparation 

          PGD2, PGE2, 6-keto-PGF1α, PGF2α, E1, E2, E3 and progesterone stock standard 

solutions were prepared by dissolving 1 mg solid sample into 1 mL methanol respectively 

to obtain a mass concentration of 1 mg/mL. All other standards were supplied as individual 

solutions by suppliers with the following concentrations: 11-dehydro-TXB2 0.5 mg/mL, 8-

iso-PGF2α 1 mg/mL, 13,14-dihydro-15-keto-PGA2 10 mg/mL, 13,14-dihydro-15-keto-

PGE2 10 mg/mL, 15-deoxy-Δ12,14-PGJ2 1mg/mL, 2-OHE1 2 mg/mL, 4-OHE1 2 mg/mL, 

16α-OHE1 2 mg/mL, and 2-MeOE1 5 mg/mL. Working standard solutions of each 

compound at 10 ng/μL were prepared by diluting the stock solutions with acetonitrile. The 

standard solutions of the individual compounds at 1 ng/uL were prepared by adding 17 mM 

phosphoric acid and acetonitrile (1:1 v/v) to achieve a total volume of 500 μL. All the 

solutions and quality control samples were stored in a freezer at −80 ◦C until use. 

 

5.3 Calculation of molecular descriptors 

 The computational software Spartan”14 ES V1.1.4 was used to calculate a set of 

physicochemical parameters for prostanoids and sex hormones. All three-dimensional 

structures of studied compounds at zero charge were optimized in the semi-empirical 

Austin Method 1 (AM1) mode at equilibrium state.  AM1 reduced the complexity of 

computation and worked on the valence electrons [21]. Parameterization 3 (PM3), a 

modification of AM1, is another commonly used semi-empirical method in computational 
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chemistry. Compared with PM3, AM1 gives more reliable results, because AM1 has been 

successfully applied to a wide range of chemical reactions and chemical problems [22]. 

Therefore, AM1 is selected to compute molecular descriptors. There are eight molecular 

descriptors including dipole moment, solvation energies, log P, polarizability, E HOMO, E 

LUMO, molecular area and molecular volume obtained from the calculation results. All the 

parameters of the molecular descriptors are listed in Table 5.1.   

 

 

 

Table 5.1 Parameters of molecular descriptors 

 

 

 

 

RTexp. Esolvation (aq) EHOMO ELUMO Dipole moment Area Volume LogP Polarizability

min kJ/mol ev eV debye Å2 Å3

E3 3.842 -48.25 -8.84 0.37 1.22 301.07 300.24 1.15 63.56

6-keto PGF1 α 4.633 -61.19 -10.1 0.73 2.05 435.33 399.35 2.1 71.22

16a-OHE1 7.392 -47.46 -8.9 0.31 2.94 296.62 295.65 1.8 63.19

8-iso PGF2 α 8.242 -56.12 -9.83 0.89 2.53 426.28 391.96 2.86 70.65

PGF2 α 11.208 -55.71 -9.85 0.86 2.14 435.49 393.44 2.86 70.77

PGE2 14.317 -48.1 -9.93 0.64 1.38 426.85 388.54 3.18 70.4

11-dehydro TXB2 15.942 -61.72 -10.18 0.53 4.11 425.37 395.42 2.78 70.93

PGD2 17.283 -50.93 -9.99 0.55 2.03 417.2 387.52 3.18 70.33

2-OHE1 16.375 -43.95 -8.67 0.25 0.68 295.76 295.28 1.51 63.22

4-OHE1 18.508 -39.33 -8.81 0.22 2.22 294.85 295.14 1.51 63.19

E2 20.433 -32.42 -8.77 0.44 2.4 292.04 292.73 2.1 62.95

13,14-dihydro-15-keto-PGE2 26.255 -49.6 -10.03 0.65 3.21 424.9 387.52 3.51 70.3

E1 34.742 -35.34 -8.87 0.34 3.34 287.69 288.2 2.59 62.58

2-MeOE1 43.342 -31.16 -8.59 0.33 0.39 316.61 315.42 1.62 64.86

13,14-dihydro-15-keto-PGA2 74.183 -38.31 -10 -0.02 2.42 411.87 376.24 4.69 69.55

Compounds
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5.4 Statistical Analysis 

 The possible correlation between the retention time and each individual molecular 

descriptor was evaluated by using linear regression with Excel 2010 software.  Then the 

multiple molecular descriptors were chosen for further multiple linear regression (MLR) 

and correlation analysis. The MLR equation combining multiple molecular descriptors to 

predict retention time was performed by using the statistical software Medcalc. A 

correlation coefficient greater than 0.9 was considered as good correlation. Prostanoids are 

fatty acids derived from arachdonic acid (AA), and their backbone has a similar structure, 

while sex hormones are derived from cholesterol, and all have a similar backbone structure. 

Therefore, in our studies, correlation analysis and MLR analysis were performed on the 

combination of prostanoids and sex hormones, the group of prostanoids and the group of 

sex hormones, respectively. Table 5.2a, b and c listed the slope, intercept and correlation 

coefficient when linear regression correlation analysis was applied on prostanoids, sex 

hormones and the combination of prostanoids and sex hormones, respectively.   

 

Molecular Discriptor Slope Intercept R 

ELUMO -0.0085 0.631 0.6151 

solvation energy 0.3171 -52.542 0.5908 

LogP 0.0286 1.9639 0.5531 

Volume -0.0865 348.45 0.0332 

Polarizability -0.005 67.273 0.0245 

Area -0.0664 367.1 0.0173 

Dipole moment 0.0002 2.1995 0.0045 

EHOMO -0.00008 -9.4225 0.0024 

     

 

 

(a) 
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  (b) 

Molecular Discriptor Slope Intercept R 

LogP 0.0315 2.5464 0.9373 

ELUMO -0.0118 0.8277 0.9233 

Volume -0.2785 395.29 0.8941 

Polarizability -0.0199 70.897 0.8776 

solvation energy 0.2892 -58.207 0.8355 

Area -0.2811 430.75 0.7767 

EHOMO -0.0005 -9.9789 0.0975 

Dipole moment 0.0032 2.4226 0.0854 

 

  (c) 

Molecular Discriptor Slope Intercept R 

solvation energy 0.4333 -47.57 0.8698 

EHOMO 0.0044 -8.8581 0.5519 

LogP 0.0166 1.4537 0.4974 

Polarizability 0.0192 63.015 0.3751 

Volume 0.2257 293.42 0.3670 

Area 0.2187 293.83 0.3335 

Dipole moment -0.01 2.0653 0.1237 

ELUMO 0.0002 0.3185 0.0458 

 

Table 5.2 Correlation for (a) the combination of PGs and hormones;  

(b) PGs; (c) hormones 

 

5.5 Retention time prediction 

 One of the advantages of the QSRR model is its ability to predict the retention 

time of known analytes. In our study, the molecular descriptors of 15-d PGJ2 and 

progesterone were calculated in semi-emperical AM1 mode using the Spartan software. 

Then the theoretical retention time was calculated by using the MLR equations from the 

QSRR analysis.  
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5.6 Results and discussion 

5.6.1 Correlation analysis between molecular descriptors and retention time 

 Excel software was used to perform correlation analysis to find the correlation 

between individual molecular descriptors and retention time. In Table 5.2a, it can be seen 

that E HOMO, solvation energy and log P had better correlations than other molecular 

descriptors, with a correlation coefficient (R) greater than 0.5. However, the correlation 

was not good when applying the correlation analysis to the combination of prostanoids and 

sex hormones.  

Due to the similar backbone structure of molecules in the prostanoid group, the 

correlation analysis was simply performed on the prostanoid group. The results were listed 

in Table 5.2b. Log P and E LUMO showed a good correlation with retention time, with R 

greater than 0.9. Molecular volume and polarizability had less correlation, with R greater 

than 0.87. Solvation energy and molecular volume also showed correlations, with values 

of R of 0.89 and 0.88 respectively. Molecular area had a value of R equal to 0.78. E HOMO 

and dipole moment showed no correlation with retention time. 

All the sex hormones have a similar structure. When correlation analysis is applied 

to the molecular descriptors of sex hormones as in Table 5.2c, better correlation 

coefficients are achieved compared with those from the combination of prostanoids and 

sex hormones.   Solvation energy has the best correlation, with a correlation coefficient of 

0.87. E homo and log P show less correlation, with correlation coefficients of 0.55 and 0.50 

respectively. Polarity, volume and area show similar values of correlation coefficient. 

Dipole moment and ELUMO have almost no correlation with retention time.  
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5.6.2 Retention models 

In the past decades, the retention mechanism of HPLC has been extensively 

discussed. The most popular theory about the retention process is solvophobic theory. It 

was proposed in 1976, and considered the retention related to the mass transfer of solutes 

between mobile phase and stationary phase from thermodynamic principles [5]. Nowadays, 

the solvophobic theory alone cannot explain the retention mechanism of HPLC. It is also 

necessary to consider hydrophobic effects, oil–water partitioning and adsorption from a 

dilute solution. On the basis of the solvophobic theory, a partition model and adsorption 

model were proposed to interpret the retention mechanism and predict the retention 

behavior of analytes [6]. 

 

5.6.2.1 Partition model 

In the partition model, it was assumed that the organic phase and aqueous phase 

were mutually insoluble, and the solutes partition between them [6]. In HPLC, the 

hydrocarbon chains bonded on the stationary phase were assumed to have a bulk liquid-

like behavior due to hydrophobic interaction among them, and the solute molecules were 

partitioned between the hydro-organic mobile phase and the stationary phase. The partition 

model only worked on studying the retention behavior of small nonpolar molecules on 

stationary phases bonded with long hydrocarbon chains longer than 12 carbon atoms. 

Log P is the logarithm of the partition coefficient, which is a ratio of concentrations 

of neutral solute distributed between the two immiscible liquid phases. In HPLC, log P is 

related to the distribution of solutes between mobile phase and stationary phase. Log P is 

an evaluation of the hydrophobicity of solutes. In the partition model, the linear regression 
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between the calculated log P and experimental retention was plotted on the combination of 

prostanoids, the group of prostanoids and the group of sex hormones, respectively. The log 

P calculated by the Spartan software were listed in Table 5.1. The linear regression results 

were showed in Figure 5.2 a, b and c.  We can see that the retention behavior of prostanoids 

had a better correlation than that of the combination of prostanoids and sex hormones and 

that of sex hormones. According to the value of R, the correlation order was as follows: 

prostanoids (R=0.94) > combination of prostanoids (R=0.55) > sex hormones (R=0.50). 

The retention of sex hormones had a very poor correlation with log P. This may be due to 

the molecular structure of sex hormones, which had greater steric hindrance than that of 

prostanoids. It indicated that the partition model worked better on prostanoids than on sex 

hormones to predict the retention behavior in the C18 column. 

 

(a) 
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(b) 

 

             (c) 

 

Figure 5.2 Partition model for (a) the combination of PGs and hormones; 

(b) PGs; (c) hormones: log P vs. RTexp. (min) 
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5.6.2.2 Adsorption model 

In the adsorption model, the solute molecules travel from the liquid phase to the 

interface between the liquid phase and the stationary phase, and displace the adsorbed 

solvent molecules at the interface [6]. In HPLC, the adsorption model assumes that the 

analyte molecules cannot penetrate into the bonded hydrocarbon layer due to the high 

density of nonpolar hydrocarbon chains, and they remain at the interface between the 

mobile and stationary phases.  

In HPLC, the adsorption of solutes on the stationary phase depends on the 

interaction of solutes and the hydrocarbon chains bonded on the stationary phase. The 

interaction can be estimated by the dipole moment and polarizibility of solutes [7].  Dipole 

moment is the measure of molecular polarity. Polarizability is the ability for a molecule to 

respond to the changing electric field by changing electron distribution.  By plotting the 

calculated dipole moment and polarizibility of solutes (Table 5.4), linear regression 

equations are obtained on the combination of prostanoids and sex hormones, sex hormones 

and prostanoids as shown in Figure 5.2 and 5.3.  The values of R are 4×10-3 on the 

combination, 0.085 on PGs and 0.124 on hormones, respectively. The low R indicates that 

there is no significant correlation between the dipole moment of the prostanoids and sex 

hormone molecules (Figure 5.2) and the RT (min).  However, there is a correlation between 

the retention behavior and the polarizability of prostanoids with R = 0.8776. This indicates 

that the adsorption model is involved in the retention mechanism of prostanoids in the C18 

bonded stationary phase. 
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(a) 

 

             (b) 
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            (c) 

 

Figure 5.3 Adsorption model for (a) the combination of PGs and hormones; 

(b) hormones; (c) hormones: Dipole moment vs. RTexp. (min) 
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           (b) 

 

              (c) 

 

Figure 5.4 Adsorption model for (a) the combination of PGs and hormones; 

(b) hormones; (c) hormones: Polarizability vs. RTexp. (min) 
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5.6.2.3 Linear solvation energy correlation model  

Solvation energy is related to the difficulty in surrounding solutes by solvent 

molecules. In HPLC, when the analytes migrate from the stationary phase to the mobile 

phase, the analyte molecules will be surrounded by solvent molecules to travel along the 

column, and the system will lose equilibrium temporarily as more analyte molecules 

transfer from the stationary phase to the mobile phase. All analytes are soluble, and 

stationary phase with long carbon chains is solvated to analytes. The solvation energy of 

analytes would affect their retention behavior [23, 24]. The plots of solvation energy versus 

retention on the combination of prostanoids and sex hormones, prostanoids and sex 

hormones were shown in Figure 5.4 a, b and c. From the graphs, we can see that the 

retention time increased with increasing solvation energy, that the retention time of 

prostanoids was correlated with the solvation energy with R = 0.8355, and the retention 

time of sex hormones was correlated with the solvation energy with R = 0.8698. When 

correlation analysis was applied to the combination of prostanoids and sex hormones, it 

showed less correlation to solvation energy, with R= 0.5908. The reduced correlation in 

the combination may be due to the large difference in molecular structure between 

prostanoids and sex hormones. Our results showed that the correlation analysis should be 

performed either on prostanoids or on sex hormones, but not on their combination, and that 

the solvation energies of analytes played an important role in their retention behavior in 

HPLC. 
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(a) 

 

            (b) 
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             (c) 

 

Figure 5.5 Solvation model for (a) the combination of PGs and hormones; 

(b) hormones; (c) hormones: E Solvation vs. RTexp (min) 

 

5.7 Multiple linear regression (MLR) on selective molecular descriptors 

In the study, the statistical software Medcalc was used to apply MLR analysis on 

the targeted analytes. The MLR regression equation had a general format 

y = b0 + b1x1 + b2x2 + · · · + bnxn, 

where y was the dependent variable, xi was an independent variable, b0 was the intercept, 

and bi was the regression coefficient for xi. 

    The method of least squares can be used to solve the multiple linear equation. In 

the method, a “best fitting” line is drawn, where some of data points lie above and some lie 

below the line.  According to the method of least squares, the fitting line can be expressed 

as  
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Where a set of data points can be expressed as (x11, …, x1k, y1), … , (xn1, …, xnk, 

yn). In order to find a best fitting line, we have to find the values of the bj coefficients to 

obtain the minimum of the sum of the squares as below: 

 

where ŷi is the y-value on the best fitting line corresponding to x11, …, xik. 

       Because of complexity of retention mechanism, the MLR analysis was performed 

on the multiple molecular descriptors of prostanoids and sex hormones calculated by the 

computational software Spartan. By selecting different combinations of molecular 

descriptors, we could obtain different regression equations to predict the retention behavior 

of analytes, where some equations offered a better correlation coefficient than the others. 

 In the current study, MLR was applied to the selected molecular descriptors on the 

combination of prostanoids and sex hormones, the group of prostanoids, and the group of 

sex hormones, respectively. By comparing regression coefficients, the equation with the 

best linear regression was selected to predict the retention time of analytes. 

 

 5.7.1 Combination of prostanoids and sex hormones 

          From Spartan software, eight molecular descriptors were obtained including E 

solvation, E HOMO, E LUMO, dipole moment, area, volume, log P and polarizability. Different 

molecular descriptors were selected to find MLR equations with the best regression 

coefficient. The MLR analysis was first applied to the combination of prostanoids and sex 

hormones. Table 5.3 showed the results obtained from different combination of molecular 

descriptors. 

http://www.real-statistics.com/wp-content/uploads/2013/02/image1671.png
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From Table 5.3, we could see that the regression coefficient (R) was 0.878, when 

solvation energy, dipole moment and log P were selected to find the equation between the 

structure of analytes and the retention time. When E LUMO was added into the above 

combination, the regression got improved with the value of R equal to 0.926. Then later, 

the different combination of molecular descriptors were performed, we obtain the values 

of equal to 0.973, 0.949 and 0.950, respectively. Comparing with all the values of R, the 

best regression was R=0.973, where all the molecular descriptors were selected except the 

molecular volume.  It indicated that more parameters related to the structure of analytes 

would be helpful to develop a theoretical model to predict retention behavior.  

Later, the resultant QSRR equation was used to calculate the retention time of 

prostanoids and sex hormones. By plotting the retention time calculated with this QSSR 

equation against the experiemental RT, a graph with R2 = 0.9458 was shown in Figure 5.5.    
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Table 5.3 MLR coefficients for the combination of PGs and sex hormones 

 

 

 

 

 

 

 

 

Esolvation (aq) EHOMO ELUMO Dipole moment Area Volume LogP Polarizability R

kJ/mol eV eV debye Å2 Å3

46.7111 1.2522 -1.092 13.105 0.878

36.6768 0.7227 -29.099 -1.748 13.321 0.926

15.267 0.9829 46.949 -56.408 5.7074 0.239 7.085 5.9628 0.973

0.1593 1.3567 -41.303 0.2563 4.9578 0.949

-130.72 1.3464 -40.793 5.0541 3.2568 0.95

Intercept
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Figure 5.6 Chromatographically determined RT (min) for PGs and hormones vs. 

theoretically determined RT (min) 

 

According to the reference from Zhou [20], the unbiased ability (U) of modelling was 

calculated based on the following equation: 

  

Where  was the angle of the line fitting the predicted vs. experimental retention times of 

analytes. In Zhou’s reliability standard [20], the systematic error was significant when U 

was less than 0.889.  

The model 1 equation was listed below 

Calculated RRT = 15.267+ 7.085 (log P) +5.7074 (dipole moment) + 0.9829 (E 

solvation) +46.9489 (E HOMO) -56.4084(E LUMO) +0.239 (area) +5.9628 (polarizability) (1) 
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Compounds RT Exp. min RT model 1 min 

E3 3.84 0.50 

6-keto PGF1α 4.63 -2.45 

16α-OHE1 7.39 13.00 

8-iso PGF2α 8.24 8.75 

PGF2α 11.21 10.60 

PGE2 14.32 20.39 

11-dehydro TXB2 15.94 17.02 

PGD2 17.28 20.85 

2-OHE1 16.38 15.65 

4-OHE1 18.51 23.71 

E2 20.43 23.07 

13,14-dihydro-15-keto-PGE2 26.26 25.38 

E1 34.74 26.74 

2-MeOE1 43.34 41.35 

13,14-dihydro-15-keto-PGA2 74.18 71.94 

 

Table 5.4 Predicted retention time from Model 1 (combination) 

 

From Table 5.4, we could see that the retention time of E3, 6-keto PGF1α and 16α-

OHE1 did not match well with the experimental retention time. 

 

5.7.2 Prostanoids 

         Different molecular descriptors were selected to find MLR equations with the best 

regression coefficient. The analysis of MLR was applied to the group of prostanoids. Table 

5.5 shows the results obtained from different combinations of molecular descriptors. 

From Table 5.5, we could see that the regression coefficient R was 0.947 when E 

solvation, dipole moment and log P were selected to find the equation between the structure 
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of analytes and the retention time. When E LUMO was added into the above combination, 

the regression improved to R=0.981. For various combinations of molecular descriptors, 

we obtained values of R equal to 0.989, 0.984, 0.992, 0.990 and 0.991 respectively. 

Comparing all the values of R, the best regression was R=0.992, where all the molecular 

descriptors were selected except the polarizability.  

Later, the resultant QSRR equation was used to calculate the retention time of the 

prostanoids. By plotting the retention time calculated with this QSRR equation against the 

experimental RT, a graph with R = 0.9915 is shown in Figure 5.7.    
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Table 5.5 MLR coefficients for prostanoids 

 

 

Figure 5.7. Chromatographically determined RT (min) for PGs vs. theoretically 

determined RT (min) 

Esolvation (aq) EHOMO ELUMO Dipole moment Area Volume LogP Polarizability R

kJ/mol eV eV debye Å2 Å3

-259.64 -2.4693 -5.699 51.715 0.947

-145.18 -1.7302 -35.358 -4.666 33.682 0.981

-420.52 -1.4334 -43.271 -3.381 0.682 34.442 0.989

-9874.6 1.7397 -7.556 -1.69 93.803 147.85 0.984

1057.85 3.6277 111.8 -107.83 19.29 0.927 -34.31 0.992

9931.11 -4.9952 -86.732 0.9818 3.212 -28.92 -161.67 0.99

944.923 -2.8464 -54.34 1.852 -6.959 -0.105 12.529 0.991

Intercept
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The predicted Retention time results were listed in Table 5.6. In order to describe 

easily the equation used in the study, we called it the Model 2a equation. The model 2a 

equation was listed below 

Calculated RT = 1057.8541-34.3068 (log P) + 19.2904 (dipole moment) + 3.6277 

(E solvation) + 111.8002 (E HOMO) -107.8308 (E LUMO) + 0.9266 (area)  (2a) 

 

Compounds RT min Cal RT 

6-keto PGF1α 4.63 -1.15 

8-iso PGF2α 8.24 4.98 

PGF2α 11.21 8.48 

PGE2 14.32 17.22 

11-dehydro TXB2 15.94 16.73 

PGD2 17.28 13.55 

13,14-dihydro-15-keto-

PGE2 26.26 21.69 

13,14-dihydro-15-keto-

PGA2 74.18 70.45 

Table 5.6 Predicted Retention time from Model 2a (PGs) 

 

5.7.3 Sex hormones 

               Different molecular descriptors were selected to find the MLR equations with the 

best regression coefficient. The analysis of MLR was applied to the group of sex hormones. 

Table 5.7 showed the results obtained from different combinations of molecular 

descriptors. 
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Table 5.7 MLR coefficients for sex hormones 

From Table 5.7, we could see that the regression coefficient R was 0.913, when E 

solvation, dipole moment and log P were selected to find the equation between the structure 

of analytes and the retention time. When E LUMO was added into the above combination, 

the regression improved to R=0.944. As different combinations of molecular descriptors 

were analyzed, we obtained values of R equal to 0.963, 0.982, 0.981, and 0.969, 

respectively. Comparing all the values of R, the best regression was R=0.982, where all the 

molecular descriptors were selected except the polarizability.  

Later, the resultant QSRR equation was used to calculate the retention time of sex 

hormones. By plotting the retention time calculated with this QSRR equation against the 

experimental RT, a graph with R = 0.9818 was shown in Figure 5.8.    

    

Intercept E solvation E HO MO E LUMO Dipole moment Area Volume Log P Polarizability R

47.2692 1.1546 -6.31 16.315 0.913

64.4675 1.257 -49.7626 -6.244 17.917 0.944

-1055.3 2.0229 -133.1 -79.5337 -19.75 27.593 0.963

-189.29 0.8519 -56.9446 -3.675 0.7528 24.285 0.982

-162.49 0.9316 -56.5984 -3.614 0.677 23.477 0.981

-8533.8 0.7617 -21.82 -16.04 20.464 207.19 0.969



 

 126 

 

Figure 5.8 Chromatographically determined RT (min) for hormones vs. 

theoretically determined RT (min) 

 

 

The Predicted Retention time results are listed in Table 5.8. In order to conveniently 

refer to the equation used in the study, we called it the Model 2b equation. The model 2b 

equation was listed below 

Calculated RT = -189.2868 +24.2852 (log P)-3.6753 (dipole moment) + 0.8519 (E 

solvation) -56.9446 (E LUMO) +0.7528(volume) (2b) 

 

Compound RT min Cal RT 

E3 3.84 -2.00 

16α-OHE1 7.39 8.10 

2-OHE1 16.38 15.49 

4-OHE1 18.51 15.37 

E2 20.43 20.58 

E1 34.74 28.83 

2-MeOE1 43.34 40.73 

 

Table 5.8 Predicted retention time from Model 2b (Hormones) 
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5.8 Modification of MLR model 

         From the predicted Retention time results in Model 1 and model 2, we could see that 

both of models did not give good results, where six compounds showed good results in 

Model 1, and five compounds in Model 2 did not show satisfactory predicted retention 

time. A modification of the MLR model had to be made to improve the accuracy of the 

prediction.   

       By carefully observing the experimental retention time and the chemical structures of 

prostanoids and sex hormones, we found that the retention times of analytes were affected 

by the number and the position of OH groups, and the number of C=O groups. The more 

OH groups in compounds, the less retained in column. The more electron-withdrawing 

groups, the more polar the analyte was.  From the structure of analytes, we could see that 

E3, 6-keto PGF1α, 8-iso PGF2α and PGF2α had three OH groups, they were the most polar 

compounds among the analytes, and eluted first. However, 6-keto PGF1α had one more 

C=O group comparing E3, 8-iso PGF2α and PGF2α, therefore 6-keto PGF1α was more polar 

than the others, and eluted first;  the compound without OH group, 13,14-dihydro-15-keto-

PGA2, was the least polar and eluted last; cis-8-iso PGF2α eluted earlier than trans-PGF2a. 

16α-OHE1, 2-OHE1 and 4-OHE1 had two OH groups, where one of OH groups in 16α-

OHE1 was located on a five-membered ring with an electron-withdrawing group nearby, 

thus making 16α-OHE1 more polar than 2-OHE1 and 4-OHE1 and eluted earlier; 2-OHE1 

eluted earlier than 4-OHE1 due to OH groups located on the meta position of a benzene 

ring. The major difference between prostanoids and sex hormones was the number of rings 

in molecular structure. 



 

 128 

        After carefully observing the structure of analytes, six more molecular descriptors 

listed in Table 5.9 were introduced into Model 1 including the number of carbon atoms 

(No. of C), molecular weight (M.W.), the number of OH groups (No. of OH group), the 

number of C=O groups (No. of C=O), the number of COO groups (No of COO), and the 

number of rings (No of ring). Model 3 was obtained by adding No. of C, M.W. and No. of 

OH group into Model 1, and R was improved from 0.9725 to 0.9913. When No. of C=O 

was added into Model 3 to form Model 4, the linearity got improved a little with R = 

0.9916. However, when No. of COO was added into Model 4 to form Model 5, the value 

of R decreased to 0.9894 which indicated that No. of COO may be not a proper molecular 

descriptor for retention model. In Model 6, No. of ring was added into Model 4, and the 

resulting R was 0.9925. When all six molecular descriptors were added into Model 1 to 

form Model 7, the greatest R was obtained with the value of 0.9935. The intercept and 

coefficients of molecular descriptors from Model 3 to Model 7 were listed into Table 5.10. 

Model 7 did not give a good prediction of E3 and 6-keto PGF1α possibly due to the 

formation of hydrogen bonds between molecules and inside molecules. Based on the 

reliability standard proposed by Zhou [20], Models 3-7 had the values of U greater than 

0.889, which indicates that the system errors of our models 3-7 are small, and can be 

negligible. The statistical analysis of t-test was applied to the linear regression lines 

obtained from Model 3-7 and the ideal linear regression line when the slope equal to 1 to 

compare the slope obtained from Models 3-7 and the slope equal to 1, respectively. The 

resultant values of t and p from Models 3-7 were listed in Table 5.10. From Table 5.10, we 

can see that all the values of p from Models 3-7 are in the range of 0.6 to 0.7, and are greater 

than 0.05, which indicates that the difference between two slopes is significantly small. 
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Both the estimation of the unbiased ability (U) and the statistical t-test are proved that our 

models are reliable to predict retention times for unknown analytes.  

 

 

 

Table 5.9 Parameters of molecular descriptors 

 

       Based on Models 3-7, we obtained the corresponding Equations 3-7 to predict 

retention time. 

Calculated RT = 1396.5013 - 0.5371 (E solvation) + 30.9837 (E HOMO) -60.0123 (E 

LUMO) + 5.9174 (dipole moment) + 0.1957 (area) -28.3127 (log P) + 44.255 (Polarizability) 

-6.7724 (No. of C) -3.4281 (M.W.) -20.9778 (No. of OH group) (3) 

Calculated RT = -1543.7267-0.55 (E solvation) + 34.6837 (E HOMO) -61.4154 (E LUMO) 

+ 6.581 (dipole moment) + 0.08714 (area) -28.6316 (log P) + 48.7756 (Polarizability) -

8.7556 (No. of C) -3.5769 (M.W.) -20.0523 (No. of OH group) +1.5619 (No. of CO) (4) 

Compound

RT exp 

min
No. of C M.W. No. of OH No of CO No. of COO No. of ring

E3 3.842 18 288.39 3 0 0 4

6-keto PGF1 α 4.633 20 370.49 3 1 1 1

16a-OHE1 7.392 18 286.37 2 1 0 4

8-iso PGF2 α 8.242 20 354.49 3 0 1 1

PGF2 α 11.208 20 354.49 3 0 1 1

PGE2 14.317 20 352.47 2 1 1 1

11-dehydro TXB2 15.942 20 368.47 2 0 2 1

PGD2 17.283 20 352.47 2 1 1 1

2-OHE1 16.375 18 286.37 2 1 0 4

4-OHE1 18.508 18 286.37 2 1 0 4

E2 20.433 18 272.39 2 0 0 4

13,14-dihydro-15-keto-PGE2 26.255 20 352.47 1 2 1 1

E1 34.742 18 270.37 1 1 0 4

2-MeOE1 43.342 19 300.398 1 1 0 4

13,14-dihydro-15-keto-PGA2 74.183 20 334.46 0 2 1 1
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Calculated RT = -707.212-0.1262 (E solvation) + 35.1851 (E HOMO) -57.9652 (E LUMO) 

+ 4.7358 (dipole moment) + 0.01775 (area) -5.1097 (log P) + 41.2093 (Polarizability) -

80.3401 (No. of C) -46.5122 (No. of OH group) -30.7952 (No. of CO) -65.7794 (No. of 

COO)  (5) 

Calculated RT = 353.2955-1.1756 (E solvation) + 27.9758 (E HOMO) -74.5581 (E LUMO) 

+ 9.0594 (dipole moment) + 0.92 (area) -71.2564 (log P) + 72.4952 (No. of C) -4.4531 

(M.W.) -29.0198 (No. of OH group) -3.6286 (No. of CO) -67.0292 (No. of ring)  (6) 

Calculated RT = 1456.478-0.9317 (E solvation) + 35.7537 (E HOMO) -74.8817 (E LUMO) 

+ 7.6441 (dipole moment) + 0.6777 (area) -51.3498 (log P) -41.1351 (No. of C) -78.2869 

(No. of OH group) -54.707 (No. of CO) -104.754 (No. of COO) -82.5329 (No. of ring)  (7) 
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  Model 3 Model 4 Model 5 Model 6 Model 7 

Intercept -1396.501 -1543.7267 -707.212 353.2955 1456.48 

solvation 

energy -0.5371 -0.55 -0.1262 -1.1756 -0.9317 

E HOMO 30.9837 34.6837 35.1851 27.9758 35.7537 

E LUMO -60.0123 -61.4154 -57.9652 -74.5581 -74.882 

Dipole moment 5.9174 6.581 4.7358 9.0594 7.6441 

Area 0.1957 0.08714 0.01775 0.92 0.6777 

LogP -28.3127 -28.6316 -5.1097 -71.2564 -51.35 

Polarizability 44.255 48.7756 41.2093   

No. of C -6.7724 -8.7556 -80.3401 72.4952 -41.135 

M.W. -3.4281 -3.5769  -4.4531  

No. of OH 

group 
-20.9778 -20.0523 -46.5122 -29.0198 -78.287 

No. of CO  1.5619 -30.7952 -3.6286 -54.707 

No of COO   -65.7794  -104.75 

No of ring    -67.0292 -82.533 

R 0.9913 0.9916 0.9894 0.9925 0.9935 

U 0.9889 0.9893 0.9864 0.9904 0.9916 

t -0.4782 -0.4637 -0.5285 -0.4459 -0.4141 

p-value 0.6365 0.6467 0.6016 0.6594 0.6822 

Table 5.10. MLR coefficients in Model 3-7 
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Table 5.11. Predicted Retention time (min) based on Model 3-7 

 

   5.9 Prediction of retention time 

Models 1, 2 and 7 were applied to predict the retention times of 15-deoxy PGJ2 and 

progesterone. The predicted retention times are listed in Table 5.12. When the isocratic 

condition with a mobile phase of 35% 17mM H3PO4: 65% ACN was used to find the 

retention time of 15-deoxy-PGJ2 and progesterone, there was no peak eluted after 120 min. 

Therefore, the retention time of 15-deoxy-PGJ2 and progesterone should be more than 120 

min. Because these two compounds had a retention time close to each other in the gradient 

method described in Chapter 3, the retention times of 15-deoxy PGJ2 (174.8 min) and 

progesterone (155.2 min) in Model 2  were considered as good predictions. In Model 7 also 

gave a prediction of 15-deoxy PGJ2 (137.47 min) and progesterone (170.94 min). 

 

Compound Model 3 Model 4 Model 5 Model 6 Model 7

E3 6.27 5.7 5.24 6.73 6.55

6-keto PGF1α 0.87 0.97 1.54 0.04 1.02

16a-OHE1 10.02 9.98 11.73 8.15 8.49

8-iso PGF2α 6.09 6.2 6.67 6.45 7.18

PGF2α 11.85 11.21 10.91 12.59 11.59

PGE2 14.77 13.64 14.97 14.56 13.6

11-dehydro TXB2 16.74 15.56 16.07 16.03 15.94

PGD2 18.69 18.67 18.45 19.93 19.26

2-OHE1 14.86 14.53 14.85 14.33 14.97

4-OHE1 17.45 17.57 17.12 20.33 19.07

E2 22.89 22.43 23.6 19.81 21.47

13,14-dihydro-15-keto-PGE2 29.53 29.54 29.6 29.44 29.97

E1 29.73 29.28 28.59 31.89 30.75

2-MeOE1 43.61 43.23 43.61 43.33 43.34

13,14-dihydro-15-keto-PGA2 73.5 73.29 73.67 72.95 73.52
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Compound   Calculated RT 

  
Model 1 

Model 

2 

Model 

7 

15-deoxy-

PGJ2 
125.7 174.8 137.47 

Progesterone 48.2 155.2 170.94 

 

Table 5.12 Predicted Retention time of 15d-PGJ2 and progesterone  

             In our study, the chromatographic mobile phase was isocratic. The properties of 

mobile phase such as dielectric constant kept constant during a single run. Dielectric 

constant is a value to measure the insulation ability of a substance to charges. In HPLC, 

the dielectric constant of mobile phase is related to the interactions of polar groups between 

analytes and mobile phase. The dielectric constant of mobile phase increases with the 

concentration of organic solvent decreasing. In our QSRR model, the effect of the dielectric 

constant of mobile phase is not accounted, which remains to be studied in more detail. 

Without this included explicitly, our model meets the reliability standard established by 

Zhou [20].  

 

5.10 Conclusion 

From our studies, it is possible to use a simple and common MLR method to 

develop a retention model to predict retention time of compounds with a satisfactory result. 

Molecular descriptors related to geometry, energy, hydrophobicity, polarity and numbers 

of featured substituent groups should be included into the model. In Model 7, thirteen 

molecular descriptors were included to form a multiple linear equation of retention time. 

In the future, a larger data set should be used to develop a retention model to predict 
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retention time of compounds with a big structural difference. Our study will help 

experimental researchers without strong computation background to develop a retention 

model. It has the advantages of saving solvent, research cost and experimental time. 
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CHAPTER 6 

 

STUDYING THE EFFECTS OF EXERCISE ON URINARY LEVELS OF 

PROSTANOIDS AND SEX HORMONES IN HYPERTENSIVE PATIENTS 

 

6.1 Introduction 

Hypertension is a chronic medical condition in which the arterial blood pressure is 

at or above the normal level of 140/90 mmHg. Elevated blood pressure is a primary 

contributor to severe cardiovascular disease, and can increase mortality risk. Based on data 

reported in 2013 from the National Health and Nutrition Examination Survey between 

2007 and 2010, the American Heart Association has estimated that 33.0% of U.S. adults 

suffer from hypertension [1]. Many factors are considered to be involved in the 

development of hypertension such as life style, family disease history, gender, age and 

obesity. Compared with Caucasians, African Americans suffer a higher incidence of 

hypertension, especially in older age.  

High blood pressure may promote a low-grade inflammation. Vascular wall 

inflammation and vascular stiffening with age are involved in the development and 

progression of hypertension [12]. Vascular wall inflammation will increase vascular 

stiffness and result in elevated blood pressure. During inflammation, the inflammatory 

mediators play an important role in inflammatory response. Prostanoids are short-chain 

fatty acids, and act as mediators to promote or suppress inflammation. PGD2 induces 

vasodilatation and bronchoconstriction, and inhibits platelet aggregation. PGE2 and PGF2α 

are pro-inflammatory mediators. 6-keto-PGF1α is a marker of PGI2, which inhibits platelet 

aggregation and acts as a vasodilator. 8-iso-PGF2α is a biomarker of oxidative stress and 

an effective vasoconstrictor. 11-dehydro TXB2 is a stable metabolite of TXA2, a marker to 
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assess platelet activation. 15d-PGJ2 has an anti-inflammatory effect by inhibiting the NF-

B signaling pathway. 13,14-dihydro-15-keto PGE2 is a marker to evaluate the 

biosynthesis and disposition of PGE2 in plasma. 13,14-dihydro-15-keto PGA2 is a 

byproduct of PGE2 metabolism. Evaluating changes in the levels of inflammatory 

mediators will provide direct evidence to understand the mechanism of hypertension at the 

molecular level, to help predict hypertension at different stages, and to provide an effective 

treatment to prevent the progression of hypertension.  

Compared with age-matched men, women before menopause have a lower 

incidence of hypertension. Female sex hormones are expected to play a protective role 

during disease development and progression. From research studies, it has been found that 

estrogens including E1, E2 and E3 have an athero-protective effect by reducing the 

production of vascular reactive oxygen species. 16α-OHE1 has a pro-inflammatory effect, 

where 2-OHE1 and 2-MeOE1 have strong anti-inflammatory effects. Moreover, female sex 

hormones can regulate the production of prostanoids to affect the inflammation process.  

Physical exercise can reduce the risk of cardiovascular disease and diabetes [1, 2]. 

Ginsburg et al. found that in men estradiol with an antioxidant effect increased 58%, and 

testosterone reduced 58%, while in women, there was no significant change after exercise 

[3]. Chan et al. found that physical activity lowered endogenous testosterone and estradiol 

concentrations in postmenopausal women [4]. High levels of endogenous estradiol and 

testosterone were a predictor of increased breast cancer risk [5]. Martınez found that 

physical activity and low obesity reduced the concentration of PGE2 in the rectal mucosa 

[6]. Lovatel et al found that exercise for improving learning and memory decreased the 

level of PGE2 in hippocampal tissue in rats [7]. McTiernan found that exercise decreased 
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the concentrations of sex hormones including estrone, estradiol and testosterone in 

postmenopausal women [8]. Exercise can increase the production of reactive oxygen 

species (ROS), thus increasing the production of prostanoids.  It has been found that the 

serum levels of prostacyclin (PGI2) and PGE2 increases after exercise. ROS and 

prostanoids together play a role in regulating blood pressure after exercise. Smith found 

that in premenopausal women, moderate aerobic exercise did not significantly change sex 

hormone levels [9]. Hawkins found that moderate-intensity aerobic exercise increased 

DHT and SHBG levels, but it did not change in middle-aged to older men [10]. Wilson 

found that exercise increased the release of vasodilatory PGF1α and PGE2 [11]. 

In this chapter, a method for separating the combination of prostanoids and sex 

hormones was applied to urine samples from hypertension patients. By studying the 

changes in the levels of prostanoids and sex hormones before and after exercise, the 

effective biomarkers of hypertension can be found to predict, prevent and treat 

hypertension. 

 

6.2 Protocol 

 The physical exercise protocol was proposed by Dr. Brown’s group. The procedure 

for collecting urine samples was described in their paper [12]. Ten African Americans 

volunteers from Baltimore, Maryland and Washington DC with pre-hypertension (pre-

HTN) or stage I hypertension (systolic blood pressure: 143±7 and diastolic pressure 87±7 

mm Hg) participated in the study. These participants had the following characteristics:  Age 

– 57±3 yrs; BMI (Body Mass Index) – 30.46± 3.50.; VO2 (oxygen consumption or aerobic 

capacity) (mL/kg) – 22.587 ±3.724. All of participants were not under anti-hypertensive 

medical treatment. Urine collected for a 24- hour period one week before the exercise 
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session started was used as baseline samples. After a period of exercise, post exercise (PE) 

urine samples were collected for a 24-hour period.  All urine samples were in a freezer at 

-80°C.  

 

6.3 Instrumental analysis 

           The urine samples were prepared by solid phase extraction before injection to LC-

MS. The instrumental set-up was as described in Chapter 4. Prostanoids and sex hormones 

were determined and quantified by LC-MS.  

 

6.4 Results  

6.4.1 Prostanoids 

By using the LC-ESI-MS method, most of the prostanoids in the urine samples 

were detected and quantified, including 6-keto PGF1α, 11-dehydro TXB2, 8-iso PGF2α, 

PGF2α, PGE2 and 15-d PGJ2.  However, some prostanoids had very low concentrations, 

and did not show changes before and after exercise. Here we focus on 6-keto PGF1α, 11-

dehydro TXB2, 8-iso PGF2α and PGF2α. The concentrations of urinary prostanoids may 

vary due to a hydration effect. Therefore, the level of 6-keto PGF1α, 11-dehydro TXB2, 8-

iso PGF2α and PGF2α were normalized to the urinary creatinine (ng/µg) level, where the 

data of creatinine level in urine samples were collected by Varma in Dr. Jansen’s group.  

 Table 6.1 listed the normalized concentration of urinary 6-keto PGF1α and 11-

dehydro TXB2 with creatinine before and after acute exercise. It shows that in four 

participants, the level of 6-keto PGF1α was reduced after exercise, while the other two 

people had an increased level of 6-keto PGF1α. For 11-dehydro TXB2, there were three 
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people with a reduced level of 11-dehydro TXB2 after exercise, two with increased levels, 

and one under a detectable level. It is interesting that after exercise, both of the levels of 6-

keto PGF1α and 11-dehydro TXB2 either decreased or increased at the same time.  
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Subject 

No. 

6-keto PGF1α/creatinine 11-dehydro TXB2/creatinine 

Baseline 
Post-

Exercise 
Change Baseline 

Post-

Exercise 
Change 

1 345.5 20.26 - 125 12.53 - 

2 2.75 1.64 - 6.51 5.73 - 

3 25.54 7.1 - 13.5 8.03 - 

4 23.42 6.42 - Not detected 61.28 

Not 

detected 

5 3.63 38.2 + 18.1 114.2 + 

6 6.36 23.57 + 6.08 70.23 + 

Table 6.1. Urinary levels of 6-keto PGF1α and 11-dehydro TXB2 normalized by 

creatinine × 106 

Note:  B= baseline; PE = Post exercise 

Subject No. 

8-iso PGF2α/creatinine 

Baseline 
Post-

Exercise 
Change 

1 84.4 5.19 - 

2 3.01 

Not 

detected Not detected 

3 4.79 7.13 + 

4 9.35 2.13 - 

5 28.68 10.58 - 

6 Not detected 12.93 Not detected 

Table 6.2. Urinary levels of 8-iso PGF2α normalized by creatinine × 106 

 

           Table 6.2 listed the normalized concentration of urinary 8-iso PGF2α with creatinine 

before and after acute exercise. It shows that three people had a reduced level of 8-iso 

PGF2α after exercise, with only one person with an increased level, and two people under 

a detectable level.  
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Subject 

No. 

PGF2α/creatinine 

Baseline 
Post-

Exercise 
Change 

1 656.6 53.2 - 

2 3.69 5.46 + 

3 8.01 4.75 - 

4 9.03 4.09 - 

5 23.2 21.5 - 

6 1.91 17 + 

 

Table 6.3 Urinary levels of PGF2α normalized by creatinine × 106 

           From Table 6.3, we can see that after exercise, there were four people with a reduced 

level of PGF2α, where the other two people showed an increased level.  

 

6.4.2 Female sex hormones 

          In LC-ESI-MS positive mode, eight sex hormones including E1, E2, E3 and 16a-

OHE1, 2-OHE1, 4-OHE1, and progesterone were determined in a single run. Female sex 

hormones may have a different effect on men from on women. Therefore, we will discuss 

the level change of female sex hormones on the basis of gender.  

         Table 6.4 lists the change in levels of E2 after exercise. E2 is a vasodilator and has an 

effect in lowering blood pressure. From Table 6.3, we can see that among three women, 

one woman had a 2-fold reduced level of E2 after exercise, while the other two women had 
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too low a level of E2 to be detected. Among the three men, after exercise, one had an 

increased level of E2, and the other two had a reduced level.  

 

 

Table 6.4. Urinary levels of E2 normalized by creatinine × 105  

 

   Table 6.5 Ratio of 2-OHE1 to 4-OHE1 in urine 

 

               E1 has several metabolites including 2-OHE1, 4-OHE1, 2-methoxyE1 and 16α-

OHE1 after hydrolysis. These metabolites are isomers. The position of the OH group on 

Baseline Post-Exercise Change

1 F 9.05 4.51 -

2 F Not detected Not detected Not detected

3 F 49.91 Not detected Not detected

4 M 37.65 3.72 -

5 M 182.58 2.55 -

6 M 0.11 11.793 +

Subject 

No.
Gender

E2/creatinine

Baseline Post-Exercise Change

1 F 6.92 5.39 -

2 F 6.29 5.77 -

3 F 7.07 2.45 -

4 M 3.95 14.95 +

5 M 0.02 10.51 +

6 M 2.68 1.39 -

Subject 

No.
Gender

2-OHE1/4-OHE1
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the molecular structure decides the clinical effect of the metabolites. For example, 4-OHE1 

and 16α-OHE1 have a pro-inflammatory effect, while 2-OHE1 and 2-methoxyE1 have an 

anti-inflammatory effect. Table 6.5 listed the ratio change between 2-OHE1 and 4-OHE1. 

We can see that in women after exercise, the ratio between 2-OHE1 and 4-OHE1 decreased 

a little bit, and a shift from 2-OHE1 to 4-OHE1 occurred, which indicates that exercise 

induced a pro-inflammatory signal in women. In men, two had an increased ratio between 

2-OHE1 to 4-OHE1, and a shift from 4-OHE1 to 2-OHE1 occurs, which indicates exercise 

has a helpful effect in inhibiting inflammation in men. One man has a decreased ratio 

change, which indicates that exercise may play a pro-inflammatory role for him. The 

contradictory results suggest that differences between individuals result in different effects 

of exercise on inflammation. 

 

 

Table 6.6 Urinary levels of 2-MethoxyE1 normalized by creatinine × 105  

 

         2-methoxyE1 has an anti-inflammatory effect during inflammation. From Table 6.6, 

we can see that after exercise, three women and two men had a reduced level of 2-methoxy 

E1, and the change is significant, while only one man had an increased level.  

Baseline Post-Exercise Change

1 F 19.94 5.78 -

2 F 0.08 0.04 -

3 F 1.46 0.16 -

4 M 1.16 0.64 -

5 M 18.41 1.16 -

6 M 0.009 0.52 +

Subject 

No.
Gender

2-MethoxyE1/creatinine
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6.5 Discussion  

            6-keto-PGF1α is a biomarker of PGI2, which inhibits platelet aggregation. Our 

results show that the level of 6-keto-PGF1α increased in some people following exercise 

and decreased in others. Exercise may play a beneficial role for some elderly people by 

decreasing the activity of platelet aggregation. But it may play an opposite role in others. 

It is interesting that when the level of 6-keto-PGF1α decreased, the level of 11-dehyro 

TXB2, a marker to assess platelet activation, is also reduced. This indicates that there is a 

balance between 6-keto-PGF1α and 11-dehyro TXB2. Whether exercise inhibits 

inflammation or not after exercise depends on the balance between 6-keto-PGF1α and 11-

dehyro TXB2.   In addition, the beneficial role of exercise may also depend on the body 

condition of individuals such as diet and obesity.    

         8-iso-PGF2α is a biomarker of oxidative stress. Our study shows that after exercise, 

the level of 8-iso-PGF2α decreased, which indicates that exercise reduced oxidative stress, 

thus deactivating cytokines to inhibit inflammatory signals and lower blood pressure.  

         After exercise, there were four people with a reduced level of PGF2α, which indicates 

that exercise may reduce the pro-inflammatory effect. 

         We also study the female sex hormone level change before and after exercise. 

Exercise did not promote the production of E2 in woman, however it increases the 

production of E2 in one man, but decrease in other men. This suggests that differences in 

body condition such as age and diet among men may results in the inconsistent results. 

Exercise promotes the shift from 2-OHE1 to 4-OHE1 in women, and induces a pro-

inflammatory signal. However, exercise promotes a shift between 2-OHE1 and 4-OHE1 in 

men in both ways.  
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6.6 Conclusion 

In this study, it was found that exercise changed the level of prostanoids such as 6-

keto PGF1α, 11-dehydro TXB2 and 8-iso PGF2a. After exercise, a shift from 2-OHE1 to 4-

OHE1 occurred in women to promote inflammation, however, an opposite shift happened 

to men to inhibit inflammation. It indicates that gender really plays a role in affecting the 

effect of exercise. The shortcoming of the study is that the sample size is too small. In the 

future, a larger population should be involved in the study to obtain a statistically 

significant result.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 148 

6.7 References 

[1] Myers J, Exercise and cardiovascular health, Circulation. 2003; 107: e2-e5. 

[2] Shiroma EJ. Lee IM, Physical activity and cardiovascular health: lessons learned 

from epidemiological studies across age, gender, and race/ethnicity, Circulation. 

2010; 122: 743-752. 

[3] Ginsburg GS, O’Toole M, Rimm E, Douglas PS, Rifai N, Gender differences in 

exercise-induced changes in sex hormone levels and lipid peroxidation in athletes 

participating in the Hawaii Ironman triathlon Ginsburg-gender and exercise-

induced lipid peroxidation, Clinica Chimica Acta 2001; 305: 131–139. 

[4] Chan MF, Dowsett M, Folkerd E et al, Usual physical activity and endogenous sex 

hormones in postmenopausal women: the european prospective investigation into 

cancer–norfolk population study, Cancer Epidemiol Biomarkers Prev 2007; 16: 

900-905. 

[5] Key T, Appleby P, Barnes I, Reeves G, et al, Endogenous sex hormones and breast 

cancer in postmenopausal women: reanalysis of nine prospective studies. J Natl 

Cancer Inst 2002; 94: 606-616. 

[6] Martı´nez ME, Heddens D, Earnest DL, Physical activity, body mass index, and 

prostaglandin E2 levels in rectal mucosa, J Natl Cancer Inst 1999; 91: 950-953. 

[7] Lovatel GA, Bertoldi K, Elsner VR, Time-dependent effects of treadmill exercise 

on aversive memory and cyclooxygenase pathway function, Neurobiology of 

Learning and Memory 2012; 98: 182-187. 

[8] McTiernan A, Wu LL, Chen C, Relation of BMI and physical activity to sex 

hormones in postmenopausal women, Obesity. 2006; 14: 1662-1677. 

[9] Smith AJ, Phipps WR, Arikawa AY, et al, Effects of aerobic exercise on 

premenopausal sex hormone levels: results of the WISER study, a randomized 

clinical trial in healthy, sedentary, eumenorrheic women, Cancer Epidemiol 

Biomarkers Prev, 2011; 20(6): 1098-1106. 

[10] Hawkins VN, Foster-Schubert K, Chubak J, Effect of exercise on serum sex 

hormones in men: a 12-month randomized clinical trial, Med Sci Sports Exerc. 2008; 

40(2): 223-233. 

[11] Wilson JR, Kapoor SC, Contribution of prostaglandins to exercise-induced 

vasodilation in humans, American Journal of Physiology - Heart and Circulatory 

Physiology, 1993; 265: H171-H175. 

[12] Williamson S, Varma D, Brown M, Jansen S, Eicosanoid production following one 

bout of exercise in middle-aged african american pre- and stage 1 hypertensives, 

Journal of Aging Research, 2011; 2011: 1-7.  



 

 149 

REFERENCE CITED 

Ajuebor MN, Singh A, Wallace JL, Cyclooxygenase-2-derived prostaglandin D2 is an early 

anti-inflammatory signal in experimental colitis. Am. J. Physiol. Gastrointest. Liver 

Physiol. 2000; 279: G238-G244. 

Akiyama H, Barger S, Barnum S, et al, Inflammation and Alzheimer’s disease. Neurobiol 

Aging 2000; 21: 383-421.  

Ali I, Aboul-Enein HY, Cazes J, A journey from mikhail tswett to nano-liquid 

chromatography, Journal of Liquid Chromatography & Related Technologies 

2010; 33: 645-653. 

Almeida AM, Castel-Branco MM, Falcao AC: Linear regression for calibration lines 

revisited: weighting schemes for bioanalytical methods, Journal of 

Chromatography B, 2002; 774: 215-222. 

 Ashley NT, Weil ZM, Nelson RJ, Inflammation: mechanisms, costs, and natural variation. 

Annu. Rev. Ecol. Evol. Syst. 2012; 43: 385-406. 

Asselin E, Goff AK, Bergeron H, Fortier MA, Influence of sex steroids on the production   

of prostaglandins F2α and E2 and response to oxytocin in cultured epithelial and 

stromal cells of the bovine endometrium. Biol. Reprod. 1996; 54: 371-379. 

Axelrod L, Cornelius P, Plasma prostaglandin levels and circulating fuel levels in rats with 

diabetic-ketoacidosis - effects of cyclooxygenase inhibitors and of alpha-adrenergic 

and beta-adrenergic-blockade. Prostaglandins 1984; 28: 333-352. 

Banerjee B, Mazumdar S, Electrospray ionizationmass spectrometry: a technique to access 

the information beyond the molecular weight of the analyte, International Journal 

of Analytical Chemistry 2012; 2012: 1-40. 

 Basu S, Bioactive Eicosanoids: Role of prostaglandin F2α and F2-isoprostanes in 

inflammation and oxidative stress related pathology. Mol. Cells 2010; 30: 383-391. 

 Basu S, Novel cyclooxygenase-catalyzed bioactive prostaglandin F2α from physiology to 

new principles in inflammation. Med. Res. Rev. 2007; 27: 435-468. 

Beynon HL, Garbett ND, Barnes PJ, Severe premenstrual exacerbations of asthma: effect 

of intramuscular progesterone. Lancet 1988; 2: 370-372.  

Blewett AJ, Varma D, Gilles T, Libonati JR, Jansen SA, Development and validation of a 

high-performance liquid chromatography–electrospray mass spectrometry method 

for the simultaneous determination of 23 eicosanoids. J. Pharm. Biomed. Anal. 

2008; 46: 653-662. 

Boschitsch E, Mayerhofer S., Magometschnigg D, Hypertension in women: the role of 

progesterone and aldosterone. Climacteric 2010; 13: 307-313. 



 

 150 

Bothwell W, Verburg M, Wynalda M, Daniels EG, Fitzpatrick FA, A radioimmunoassay 

for the unstable pulmonary metabolites of prostaglandin E1 and E2: an indirect 

index of their in vivo disposition and pharmacokinetics. J. Pharmacol. Exp. Ther. 

1982; 220: 229-235. 

Carr PW, Li J, Dallas AJ, Eikens DI, Tan LC, Revisionist look at solvophobic driving 

forces in reversed-phase liquid chromatography, Journal of Chromatography A 

1993; 656: 113-133. 

Cecelja M, Chowienczyk P, Role of arterial stiffness in cardiovascular disease. JRSM 

Cardiovascular Disease 2012; 1: 1-10.  

Chan MF, Dowsett M, Folkerd E et al, Usual physical activity and endogenous sex 

hormones in postmenopausal women: the european prospective investigation into 

cancer–norfolk population study, Cancer Epidemiol Biomarkers Prev 2007; 16: 

900-905. 

 Charo IF, Taubman MB, Chemokines in the pathogenesis of vascular disease. Circ Res 

2004; 95: 858-866. 

 Chen G, Shi J, Ding Y, Yin H, Hang C, Progesterone prevents traumatic brain injury-

induced intestinal nuclear factor kappa B activation and proinflammatory cytokines 

expression in male rats. Mediators Inflamm. 2007; 93431: 1-7.  

Chiua YH, Wu SC, Tseng CD et al, Progression of pre-hypertension, stage 1 and 2 

hypertension (JNC 7): a population-based study in Keelung, Taiwan, Journal of 

Hypertension 2006; 24: 821-828. 

 Clària J, Cyclooxygenase-2 biology. Current Pharmaceutical Design 2003; 9: 2177-2190. 

Cristianini N, Shawe-Taylor J, An introduction to support vector machines, Cambridge 

University Press, Cambridge, UK (2000). 

Cushman M, Legault C, Barrett-Connor E, Effect of postmenopausal hormones on 

inflammation-sensitive proteins: the postmenopausal estrogen/progestin 

interventions (PEPI) study, Circulation 1999; 100: 717-722. 

D’Archivio AA, Maggi MA, Ruggieri F, Artificial neural network prediction of multilinear 

gradient retention in reversed-phase HPLC: comprehensive QSRR-based models 

combining categorical or structural solute descriptors and gradient profile 

parameters, Anal Bioanal Chem 2015; 407:1181-1190. 

de Oliveira AP, Peron JP, Damazo AS, Franco AL, Domingos HV, Oliani SM, Oliveira-

Filho RM, Vargaftig BB, Tavares-de-Lima W, Female sex hormones mediate the 

allergic lung reaction by regulating the release of inflammatory mediators and the 

expression of lung E-selectin in rats. Respir. Res. 2010; 11: 1-12.   



 

 151 

  Deodhar SD, C-reactive protein: the best laboratory indicator available for monitoring 

disease activity. Cleve Clin J Med 1989; 56: 126-130. 

Dewar MJS, Healy EF, Holder AJ, Yuan YC, Comments on a comparison of AM1 with 

the recently developed PM3 method, Journal of Computational Chemistry 1990; 

11: 541-542. 

Donath MY, Shoelson SE, Type 2 diabetes as an inflammatory disease. Nat Rev Immunol. 

2011; 11: 98-107.  

Du HY, Wang J, Yao XJ, Hu ZD, Quantitative structure-retention relationship models for 

the prediction of the reversed-phase HPLC gradient retention based on the heuristic 

method and support vector machine, Journal Of Chromatographic Science, 2009; 

47, 396-404 (). 

Dubey RK, Oparil S, Imthurn B, Jackson EK, Sex hormones and hypertension. 

Cardiovascular Research 2002; 53: 688-708. 

Eguchi N, Minami T, Shirafuji N, et al, Lack of tactile pain (allodynia) in lipocalin-type 

prostaglandin D synthase-deficient mice. Proc Natl Acad Sci USA 1999; 96: 726-

730. 

Elmarakby AA, Sullivan JC, Relationship between oxidative stress and inflammatory 

cytokines in diabetic nephropathy. Cardiovasc. Ther 2012; 30: 49-59. 

 Esser N, Legrand-Poels S, Piette J, Scheen AJ, Paquot N, Inflammation as a link between 

obesity, metabolic syndrome and type 2 diabetes. Diabetes Res Clin Pract. 2014; 

105: 141-150. 

Fajt ML, Gelhaus SL, Freeman B et al, Prostaglandin D2 pathway upregulation: Relation 

to asthma severity, control, and TH2 inflammation, J Allergy Clin Immunol 2013; 

131: 1504-1512. 

Farré M, Kuster M, Brix R, Rubio F, López de Alda MJ, Barceló D, Comparative study of 

an estradiol enzyme-linked immunosorbent assay kit, liquid chromatography-

tandem mass spectrometry, and ultra-performance liquid chromatography-

quadrupole time of flight mass spectrometry for part-per-trillion analysis of 

estrogens in water samples. J. Chromatogr. A 2007; 1160: 166-175. 

Fatemi MH, Elyasi M, Quantitative structure-retention relationship prediction of kovats 

retention index of some organic acids, Acta Chromatographica 2013; 25, 411-422.  

 Federico A, Morgillo F, Tuccillo C, Ciardiello F, Loguercio C, Chronic inflammation and 

oxidative stress in human carcinogenesis. Int. J. Cancer. 2007; 121: 2381-2386.  

Fitzpatrick FA, Aguirre R, Pike JE, Lincoln FH, The stability of 13,14-dihydro-15 keto-

PGE2. Prostaglandins 1980; 19: 917-931.  



 

 152 

 Flower RJ, Harvey EA, Kingston WP, Inflammatory effects of prostaglandin D2 in rat and 

human skin. Br. J. Pharmacol. 1976; 56: 229-233. 

Ford SP, Weems CW, Pitts RE, Pexton JE, Butcher RL, Inskeep EK, Effects of estradiol-

17β and progesterone on prostaglandins F in pheep uteri and uterine venous plasma. 

J. Anim. Sci. 1975; 41: 1407-1413.  

 Funk CD, Funk LB, Kennedy ME, Pong AS, Fitzgerald GA, Human 

platelet/erythroleukemia cell prostaglandin G/H synthase: cDNA cloning, 

expression, and gene chromosomal assignment. The FASEB Journal 1991; 5: 2304-

2312. 

 Funk CD, Prostaglandins and leukotrienes: advances in eicosanoid biology. Science 2001; 

294: 1871-1875. 

Furugen A , Yamaguchi H, Tanaka N, et al, Quantification of intracellular and extracellular 

prostanoids stimulated by A23187 by liquid chromatography/electrospray 

ionization tandem mass spectrometry. J. Chromatogr. B 2011; 879 : 3378- 3385. 

 Giles H, Leff P, The biology and pharmacology of PGD2. Prostaglandins 1988; 35: 277-

300. 

Ginsburg GS, O’Toole M, Rimm E, Douglas PS, Rifai N, Gender differences in exercise-

induced changes in sex hormone levels and lipid peroxidation in athletes 

participating in the Hawaii Ironman triathlon Ginsburg-gender and exercise-

induced lipid peroxidation, Clinica Chimica Acta 2001; 305: 131–139. 

Go AS, Mozaffarian D, Roger VL, Benjamin EJ, et al, Heart disease and stroke statistics-

2013 update, Circulation 2013; 127: e6-e245. 

Goryński K, Bojko B, Nowaczyk A, Buciński A, Pawliszyn J, Kaliszan R, Quantitative 

structure-retention relationships models for prediction of high performance liquid 

chromatography retention time of small molecules: Endogenous metabolites and 

banned compounds, Anal Chim Acta, 2013; 797, 13-19.  

Hanai T, Structure-retention correlation in liquid chromatography, Journal of 

Chromatography, 1991; 550, 313-324. 

Harrison DG, Guzik TJ, Lob HE, Madhur MS, Marvar PJ, Thabet SR, Vinh A, Weyand 

CM, Inflammation, immunity, and hypertension. Hypertension 2011; 57: 132-140.  

Hawkins VN, Foster-Schubert K, Chubak J, Effect of exercise on serum sex hormones in 

men: a 12-month randomized clinical trial, Med Sci Sports Exerc. 2008; 40(2): 223-

233. 

Héberger K, Quantitative structure-(chromatographic) retention relationships, J 

Chromatogr A., 2007; 1158, 273-305. 



 

 153 

 Hinson RM, Williams JA, Shacter E, Elevated is induced by prostaglandin E2 in a murine 

model of inflammation: Possible role of cyclooxygenase-2. Proc Natl Acad Sci U 

S A 1996; 93: 4885-4890. 

 Holmdahl R, Malmström V, Burkhardt H, Autoimmune priming, tissue attack and chronic 

inflammation: The three stages of rheumatoid arthritis. Eur. J. Immunol. 2014; 44: 

1593-1599. 

Ishihara O, Sullivan MH, Elder MG, Differences of metabolism of prostaglandin E2 and F2 

alpha by decidual stromal cells and macrophages in culture. Eicosanoids 1991; 4: 

203-207.  

Jiang T, Zhao L, Chu B, Feng Q, Yan W, Lin JM: Molecularly imprinted solid-phase 

extraction for the selective determination of 17β-estradiol in fishery samples with 

high performance liquid chromatography, Talanta 2009; 78: 442-447. 

Johnson DW: Contemporary clinical usage of LC/MS: Analysis of biologically important 

carboxylic acids, Clinical Biochemistry 2005; 38: 351-361. 

Kaliszan R, Foks H, The relationship between the RM values and the connectivity indexes 

for pyrazine carbothioamide derivatives, Chromatographia, 1977; 10, 346-349.  

Kaliszan R, QSRR: quantitative structure-(chromatographic) retention relationships, Chem 

Rev. 2007; 107: 3212-3246.  

Kaliszan R, Quantitative relationships between molecular-structure and chromatographic 

retention - implications in physical, analytical, and medicinal chemistry, CRC 

Critical Reviews In Analytical Chemistry, 1986; 16: 323-383.   

Kaliszan R, Quantitative structure-retention relationships applied to reversed-phase high-

performance liquid chromatography, Journal of Chromatography A, 1993; 656: 

417-435. 

Karin M, Greten FR, NF-κB: Linking inflammation and immunity to cancer development 

and progression. Nat Rev Immunol 2005; 5: 749-759.  

Kershaw EE, Flier JS, Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 

2004; 89: 2548-2556. 

Key T, Appleby P, Barnes I, Reeves G, et al, Endogenous sex hormones and breast cancer 

in postmenopausal women: reanalysis of nine prospective studies. J Natl Cancer 

Inst 2002; 94: 606-616. 

King GL, The role of inflammatory cytokines in diabetes and its complications. J 

Periodontol 2008; 79: 1527-1534. 



 

 154 

 Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC, Lehmann JM, A prostaglandin 

J2 metabolite binds peroxisome proliferator-activated receptor γ and promotes 

adipocyte differentiation. Cell. 1995; 83: 813-819.  

 Kobayashi T, Tahara Y, Matsumoto M, et al, Roles of thromboxane A2 and prostacyclin 

in the development of atherosclerosis in apoE-deficient mice. J. Clin. Invest. 2004; 

114: 784-794.  

 Krieger M, The other side of scavenger receptors: pattern recognition for host defense. 

Curr Opin Lipidol. 1997; 8: 275-280. 

 Lawrence T, The nuclear factor NF-B pathway in inflammation. Cold Spring Harb 

Perspect Biol 2009; 1: 1-10. 

Lefterova MI, Haakonsson AK, Lazar MA, Mandrup S, PPARγ and the global map of 

adipogenesis and beyond. Trends Endocrinol Metab 2014; 25: 293-302.  

Legler DF, Bruckner M, Uetz-von Allmen E, Krause P, Prostaglandin E2 at new glance: 

novel insights in functional diversity offer therapeutic chances. Int J Biochem Cell 

Biol 2010; 42: 198-201. 

 Lewis RA, Soter NA, Diamond PT, Austen KF, Oates JA, Roberts LJ 2nd, Prostaglandin 

D2 generation after activation of rat and human mast cells with anti-IgE. J Immunol. 

1982; 129: 1627-1631. 

Li J, Solus J, Chen Q, Rho YH, Milne G, Stein CM, Darbar D, Role of inflammation and 

oxidative stress in atrial fibrillation. Heart Rhythm 2010; 7: 438-444.  

 Libby P, Inflammatory mechanisms: the molecular basis of inflammation and disease. 

Nutr Rev. 2007; 65: S140-S146.  

Libby P, Inflammation and cardiovascular disease mechanisms. Am J Clin Nutr 2006; 83: 

456S- 460S.  

 Lim PS, Chang YM, Thien LM, Wang NP, Yang CC, Chen TT, Hsu WM, 8-iso-

Prostaglandin F2α as a useful clinical biomarker of oxidative stress in ESRD 

patients. Blood Purif 2002; 20: 537-542.  

Lovatel GA, Bertoldi K, Elsner VR, Time-dependent effects of treadmill exercise on 

aversive memory and cyclooxygenase pathway function, Neurobiology of Learning 

and Memory 2012; 98: 182-187. 

Lu H, Ouyang W, Huang C, Inflammation, a key event in cancer development. Mol Cancer 

Res 2006; 4: 221-233. 

Luan F, Xue C, Zhang R, Zhao C, Liu M, Hu Z, Fan B, Prediction of retention time of a 

variety of volatile organic compounds based on the heuristic method and support 

vector machine, Analytica Chimica Acta 2005; 537, 101-110. 



 

 155 

Mahani M, ShaikhGhomi H, Comparison of multiple linear regression, partial least squares 

and artificial neural network for quantitative structure retention relationships of 

some polycyclic aromatic hydrocarbons, Anal. Methods, 2012; 4, 3381-3385. 

 Majno G, Joris I, Cells, Tissues and Disease. Oxford Univ. Press, 2004; 2004: 1. 

Mandard S, Patsouris D, Nuclear control of the inflammatory response in mammals by 

peroxisome proliferator-activated receptors. PPAR research 2013; 2013: 1-23.  

 Mantovani A, Bussolino F, Dejana E, Cytokine regulation of endothelial cell function. 

FASEB J 1992; 6: 2591-2599. 

Martı´nez ME, Heddens D, Earnest DL, Physical activity, body mass index, and 

prostaglandin E2 levels in rectal mucosa, J Natl Cancer Inst 1999; 91: 950-953. 

Martin AJP, Synge RLM, Biochem. J. 1941; 35, 1358-1368. 

 McCoy JM, Wicks JR, Audoly LP, The role of prostaglandin E2 receptors in the 

pathogenesis of rheumatoid arthritis. J. Clin. Invest. 2002; 110: 651-658. 

McTiernan A, Wu LL, Chen C, Relation of BMI and physical activity to sex hormones in 

postmenopausal women, Obesity. 2006; 14: 1662-1677. 

 Medzhitov R, Origin and physiological roles of inflammation. Nature 2008; 454: 428-435. 

Meilahn EN, De Stavola B, Allen DS, Fentiman I, Bradlow HL, Sepkovic DW, Kuller LH, 

Do urinary oestrogen metabolites predict breast cancer? Guernsey III cohort 

follow-up. Br. J. Cancer 1998; 78: 1250-1255. 

 Minuz P, Patrignani P, Gaino S, Seta F, Capone ML, Tacconelli S, Degan M, Faccini G, 

Fornasiero A, Talamini G, Tommasoli R, Arosio E, Santonastaso CL, Lechi A, 

Patrono C, Determinants of platelet activation in human essential hypertension. 

Hypertension 2004; 43: 64-70.  

Montuschi P, Barnes PJ, Roberts LJ 2nd, Isoprostanes: markers and mediators of oxidative 

stress. FASEB J 2004; 18: 1791-1800.  

Montuschi P, Ragazzoni E, Valente S, Corbo G, Mondino C, Ciappi G and Ciabattoni G: 

Validation of 8-isoprostane and prostaglandin E2 measurements in exhaled breath 

condensate, Inflamm. res. 2003; 52: 502-507. 

Morrow JD, Roberts LJ 2nd, The isoprostanes: current knowledge and directions for future 

research. Biochem. Pharmacol. 1996; 51: 1-9. 

 Morteau O, Prostaglandins and inflammation: the cyclooxygenase controversy. Archivum 

Immunologiae et Therapiae Experimentalis 2000; 48: 473-480. 



 

 156 

 Multhoff G, Molls M, Radons J, Chronic inflammation in cancer development. Front 

Immunol. 2012; 2: 1-17.  

Myers J, Exercise and cardiovascular health, Circulation. 2003; 107: e2-e5. 

 Nakashima Y, Raines EW, Plump AS, Breslow JL, Ross R, Upregulation of VCAM-1 and 

ICAM-1 at atherosclerosis-prone sites on the endothelium in the ApoE-deficient 

mouse. Arterioscler Thromb Vasc Biol 1998; 18: 842-851. 

Nathan C, Points of control in inflammation, Nature 2002; 420: 846-885. 

 Nian M, Lee P, Khaper N, Liu P, Inflammatory cytokines and postmyocardial remodeling. 

Circ Res 2004; 94: 1543-1553. 

Nikitas P, Pappa-Louisi A, Retention models for isocratic and gradient elution in reversed-

phase liquid chromatography, Journal of Chromatography A 2009; 1216: 1737-

1755. 

Noble S, Neville D, Houghton R, Determination of 8-iso-prostaglandin F2α (8-iso-PGF2α) 

in humanurine by ultra-performance liquid chromatography–tandem 

massspectrometry, Journal of Chromatography B, 2014; 947-948: 173-178. 

 Noda M, Kariura Y, Pannasch U, Nishikawa K, Wang L, Seike T, Ifuku M, Kosai Y, Wang 

B, Nolte C, Aoki S, Kettenmann H, Wada K, Neuroprotective role of bradykinin 

because of the attenuation of proinflammatory cytokine release from activated 

microglia. J Neurochem 2007; 101: 397-410.  

 Osiecki H, The role of chronic inflammation in cardiovascular disease and its regulation 

by nutrients. Altern Med Rev. 2004; 9: 32-53. 

 Park JY, Pillinger MH, Abramson SB, Prostaglandin E2 synthesis and secretion: The role 

of PGE2 synthases. Clinical Immunology 2006; 119: 229-240. 

 Patrignani P, Panara MR, Greco A, et al, Biochemical and pharmacological 

characterization of the cyclooxygenase activity of human blood prostaglandin 

endoperoxide synthases. J. Pharmacol. Exp. Ther. 1994; 271: 1705-1712. 

Pauletto P, Rattazzi M, Inflammation and hypertension: the search for a link. Nephrol Dial 

Transplant 2006; 21: 850-853. 

Payne AH, Hales DB, Overview of steroidogenic enzymes in the pathway from cholesterol 

to active steroid hormones. Endocr. Rev. 2004; 25: 947-970.  

Pearson TA, Mensah GA, Alexander RW, et al, Markers of inflammation and 

cardiovascular disease: application to clinical and public. Circulation 2003; 107: 

499-511.  



 

 157 

 Peiser L, Mukhopadhyay S, Gordon S, Scavenger receptors in innate immunity. Curr Opin 

Immunol. 2002; 14: 123-128. 

Piwowarska J, Radowicki S, Pachecka J, Simultaneous determination of eight estrogens 

and their metabolites in serum using liquid chromatography with electrochemical 

detection, Talanta 2010; 81: 275-280. 

Puzyn T, Leszczynski J, Cronin MTD, Recent advances in QSAR, Springer, 2010. 

Ricciotti E, Fitzgerald GA, Prostaglandins and inflammation. Arterioscler Thromb Vasc 

Biol. 2011; 31: 986-1000. 

 Roifman I, Beck PL, Anderson TJ, Eisenberg MJ, Genest J, Chronic inflammatory 

diseases and cardiovascular risk: a systematic review. Can J Cardiol 2011; 27: 174-

182. 

Ryan GB, Majno G, Acute inflammation, American Journal of Pathology 1977; 86: 183-

276. 

Sandig H, Pease JE, Sabroe I, Contrary prostaglandins: the opposing roles of PGD2 and its 

metabolites in leukocyte function. J. Leukoc. Biol. 2007; 81: 372-382. 

Sastre B, del Pozo V, Role of PGE2 in asthma and nonasthmatic eosinophilic bronchitis. 

Mediators Inflamm 2012; 2012: 1-9. 

Savoia C, Schiffrin EL, Inflammation in hypertension. Curr Opin Nephrol Hypertens 2006; 

15: 152-158.  

Scher JU, Pillinger MH, The anti-inflammatory effects of prostaglandins. J. Investig. Med. 

2009; 57: 703-708. 

Schillaci G, Pirro M, Gemelli F, Pasqualini L, Vaudo G, Marchesi S, Siepi D, Bagaglia F, 

Mannarino E, Increased C-reactive protein concentrations in never-treated 

hypertension: the role of systolic and pulse pressures. J Hypertens 2003; 21: 1841-

1846.  

Schmidt M, Naumann H, Weidler C, Schellenberg M, Anders S, Straub RH, Inflammation 

and sex hormone metabolism. Ann. N.Y. Acad. Sci. 2006; 1069: 236-246.  

Schönbeck U, Libby P, CD40 signaling and plaque instability. Circ Res 2001; 89: 1092-

1103. 

Schwedhelm E; Bartling A, Lenzen H et al, Urinary 8-iso-prostaglandin F2α as a risk 

marker in patients with coronary heart disease. Circulation 2004; 109: 843-848.  

Shah BH, Estrogen stimulation of COX-2-derived PGI2 confers atheroprotection. Trends 

Endocrinol. Metab. 2005; 16: 199-201.  



 

 158 

Shiroma EJ. Lee IM, Physical activity and cardiovascular health: lessons learned from 

epidemiological studies across age, gender, and race/ethnicity, Circulation. 2010; 

122: 743-752. 

Siegel R, Naishadham D, Jemal A, Cancer statistics. CA-cancer J. Clin. 2012; 62: 10-29.  

Simmons DL, Botting RM, Hla T, Cyclooxygenase Isozymes: The Biology of 

Prostaglandin Synthesis and Inhibition. Pharmacol Rev 2004; 56: 387-437. 

Smith AJ, Phipps WR, Arikawa AY, et al, Effects of aerobic exercise on premenopausal 

sex hormone levels: results of the WISER study, a randomized clinical trial in 

healthy, sedentary, eumenorrheic women, Cancer Epidemiol Biomarkers Prev, 

2011; 20(6): 1098-1106. 

Smyth EM, Grosser T, Wang M, Yu Y, FitzGerald GA, Prostanoids in health and disease. 

J. Lipid Res. 2009; 50: S423-S428.  

Snyder LR, Kirkland JJ, Glajch JL, Practical HPLC method development, Second Edition, 

John Wiley & Sons, Inc. 1997. 

Spurney RF, Onorato JJ, Albers FJ, Coffman TM, Coffman TM, Thromboxane binding 

and signal transduction in rat glomerular mesangial cells. American Journal of 

Physiology 1993; 264: F292-F299. 

Stitham J, Midgett C, Martin KA, Hwa J, Prostacyclin: an inflammatory paradox. Front. 

Pharmacol. 2011; 2: 1-8. 

Straub RH, The complex role of estrogens in inflammation. Endocr. Rev. 2007; 28: 521-

574.  

Straus DS, Pascual G, Li M, Welch JS, Ricote M, Hsiang CH, Sengchanthalangsy LL, 

Ghosh G, Glass CK, 15-Deoxy-delta12,14-prostaglandin J2 inhibits multiple steps 

in the NF-kB signaling pathway. PNAS 2000; 97: 4844-4849.  

Studzinska S, Buszewski B, Fast method for the resolution and determination of sex 

steroids in urine, Journal of Chromatography B 2013; 927: 158-163. 

Stumpf C, John S, Jukic J, Yilmaz A, Raaz D, Schmieder RE, Daniel WG, Garlichs CD, 

Enhanced levels of platelet P-selectin and circulating cytokines in young patients 

with mild arterial hypertension. J Hypertens 2005; 23: 995-1000. 

Surh YJ, Na HK, Park JM, Lee HN, Kim W, Yoon IS, Kim DD, 15-Deoxy-Delta (12,14)-

prostaglandin J2, an electrophilic lipid mediator of anti-inflammatory and pro-

resolving signaling. Biochemical Pharmacology 2011; 82: 1335-1351.  

Szabo GK, Browne HK, Ajami A, Josephs EG: J. Clin., Pharmacol. 1994; 34: 242. 



 

 159 

Temes TA, Andersen H, Gilberg D, Bonerz M, Determination of estrogens in sludge and 

sediments by liquid extraction and GC/MS/MS. Anal. Chem. 2002; 74: 3498-3504. 

Tosti T, Natić M, Dabić D, Milić D, Milojković-Opsenica D, Tešić Z, Structure-retention 

relationship study of polyoxygenated steroids, J Sep Sci. 2012; 35, 2693-2698. 

Tsukamoto H, Hishinuma T, Mikkaichi T, Nakamura H, Yamazaki T, Tomioka Y, 

Mizugaki M, Simultaneous quantification of prostaglandins, isoprostane and 

thromboxane in cell-cultured medium using gas chromatography–mass 

spectrometry. J. Chromatogr. B 2002; 774: 205-214. 

 Tuppo EE, Arias HR, The role of inflammation in Alzheimer’s disease. The International 

Journal of Biochemistry & Cell Biology 2005; 37: 289-305.  

Ukic Š, Novak M, Žuvela P, Avdalovic N, Liu Y, Buszewski B, Bolanca T, Development 

of gradient retention model in ion chromatography. part i: conventional qsrr 

approach, Chromatographia 2014; 77: 985-996. 

 Urade Y, Hayaishi O, Prostaglandin D2 and sleep regulation. Biochim Biophys Acta. 1999; 

1436: 606-615. 

US FDA Guidance for industry: bioanalytical method validation. US Department of Health 

and Human Services, Food and Drug Administration, Center for Drug Evaluation 

and Research, Center for Veterinary Medicine, 2001. 

Uyama O, Shimizu S, Nakanishi T, Nakahama H, Takiguchi A, Hayashi Y, Yamamoto S, 

Sugita M, Urinary 11-dehydro-thromboxane B2: a quantitative index of platelet 

activation in cerebral infarction. Intern Med 1992; 31: 735-739. 

Vailaya A, Horva´th C, Retention in reversed-phase chromatography: partition or 

adsorption? Journal of Chromatography A, 1998; 829: 1-27.  

Varma D, Ganti S, Gilles T, Diaz M, Thompson T, Stull J, Jansen SA, Comparison of 

UHPLC and HPLC methods for the assay of prostanoids: are the methods 

equivalent in terms of accuracy and precision? Bioanalysis 2011; 3: 853-862. 

Vlachopoulos C, Aznaouridis K, Stefanadis C, Prediction of cardiovascular events and all-

cause mortality with arterial stiffness. J Am Coll Cardiol 2010; 55: 1318-1327.  

 Wang MT, Honn KV, Nie D, Cyclooxygenases, prostanoids, and tumor progression. 

Cancer Metastasis Rev 2007; 26: 525-534. 

 Wasserman MA, Griffin RL, Marsalisi FB, Potent bronchoconstrictor effects of 

aerosolized prostaglandin D2 in dogs. Prostaglandins 1980; 20: 703-715. 

Whittle BJ, Moncada S, Vane JR, Comparison of the effects of prostacyclin (PGI2), 

prostaglandin E1 and D2 on platelet aggregation in different species. Prostaglandins 

1978; 16: 373-388. 



 

 160 

 Williams TJ, Prostaglandin E2, prostaglandin I2 and the vascular changes of inflammation. 

British Journal of Pharmacology 1979; 65: 517-524. 

Williamson S, Varma D, Brown M, Jansen S, Eicosanoid production following one bout 

of exercise in middle-aged african american pre- and stage 1 hypertensives. J Aging 

Res 2011; 2011: 1-7.  

Wilson JR, Kapoor SC, Contribution of prostaglandins to exercise-induced vasodilation in 

humans, American Journal of Physiology - Heart and Circulatory Physiology, 1993; 

265: H171-H175. 

Wing LYC, Chen YC, Shih YY, Cheng JC, Lin YJ, Jiang MJ, Effects of oral estrogen on 

aortic ROS-generating and -scavenging enzymes and atherosclerosis in apoE-

deficient mice. Exp. Biol. Med. 2009; 234: 1037-1046.  

Xu X, Roman JM, Veenstra TD, Van Anda J, Ziegler RG, Issaq HJ, Analysis of fifteen 

estrogen metabolites using packed column supercritical fluid chromatography-

mass spectrometry. Anal. Chem. 2006; 78: 1553-1558. 

Xu X, Veenstra TD, Fox SD, Roman JM, Issaq HJ, Falk R, Saavedra JE, Keefer LK, 

Ziegler RG, Measuring fifteen endogenous estrogens simultaneously in human 

urine by high-performance liquid chromatography-mass spectrometry. Anal. Chem. 

2005; 77: 6646-6654. 

Xu X, Zhao X, Zhang Y et al, Microwave-accelerated derivatization prior to GC-MS 

determination of sex hormones, J. Sep. Sci. 2011; 34: 1455-1462. 

Yue H, Strauss KI, Borenstein MR, Barbe MF, Rossi LJ, Jansen SA, Determination of 

bioactive eicosanoids in brain tissue by a sensitive reversed-phase liquid 

chromatographic method with fluorescence detection. J. Chromatogr. B 2004; 803: 

267-277. 

 Zakynthinos E, Pappa N, Inflammatory biomarkers in coronary artery disease. J Cardiol. 

2009; 53: 317-333. 

Zeng Y, Li H, Lin Z et al, 4-Diazomethylpyridine as a derivatization reagent and its 

application to the determination of prostaglandin E2 by LC-MS/MS, 

Chromatographia 2012; 75: 875-881. 

Zheng Y, Yang T, Chen G, Hu E, Gu Q, Xiong C, Prostanoid therapy for pulmonary arterial 

hypertension: a meta-analysis of survival outcomes. Eur J Clin Pharmacol 2014; 

70: 13-21. 

Zhou P, Tian F, Lv F, Shang Z, Comprehensive comparison of eight statistical modelling 

methods used in quantitative structure-retention relationship studies for liquid 

chromatographic retention times of peptides generated by protease digestion of the 

Escherichia coli proteome, J Chromatogr A. 2009; 1216: 3107-3116. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Jansen%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21629748
http://www.ncbi.nlm.nih.gov/pubmed/21629748
http://www.ncbi.nlm.nih.gov/pubmed/21629748

