EVALUATION OF THE OXIDATIVE
METABOLITES OF ARACHIDONIC ACID AND
THEIR IMPLICATION IN THE PROGRESSION OF
INFLAMMATORY DISEASES: HYPERTENSION
AND RHEUMATOID ARTHRITIS

A Dissertation
Submitted

to the Temple University Graduate Broad

In Partial Fulfillment
of the Requirements for the Degree of

Doctor of Philosophy

By
Deepti R. Varma

January 2012

Committee Members:

Dr. Susan A. Jansen Varnum, Dept. of Chemistry, Temple
University (Major Advisor)

Dr. Robert Stanley, Dept. of Chemistry, Temple University
Dr. Michael Zdilla, Dept. of Chemistry, Temple University
Dr. Michael Brown, Dept. of Kinesiology, Temple
University (External committee member)



©

Copyright

2011

By

Deepti R. Varma

All Rights Reserved

ii



ABSTRACT

Inflammation is implicated in diseases such as hypertensiod
rheumatoid arthritis (RA). A mechanistic understanding of inflatonggprocesses as it
relates to the disease state and injury needs to be developedfic8jygdhe role and
modulation of inflammation needs to be assessed, as well as the mechanisoutiasr
arachidonic acid (AA) metabolites (eicosanoids). Eicosanoidgamifis biomarkers of
inflammation. Their biosynthesis from arachidonic acid can bayzatd by either free
radicals or enzymes such as lipoxygenases (LOX), cyclooxygehd€0OX-2) and
cytochrome P450. Depending on the pathway or parent molecule, diffies&idutions
of eicosanoids are found. The oxidation of AA gives hydroxyeicosatatic acids
(HETEs), dihydroxyeicosatetraenoic acids (DHETES), epoxyeietvaahoic acids
(EETSs), prostaglandins (PGs), isoprostanes (Isops) and thromboxafss (Tt is our
hypothesis that AA metabolites will help in understanding the prsigresof
inflammatory diseases. To confirm this hypothesis, analyticéhads including HPLC-

UV and LC-MS were developed.

The developed and validated HPLC method was applied to studifebe e
of acute exercise on prostanoids in hypertensive African Aaersubjects. It was our
theory that urinary 6-keto PG@Fand 11-dehydro TXBcan be used to assess the role of
exercise in hypertension. Moreover, we assume that 8-isg, R&yEIs can be used as an
indicator to determine the relationship of oxidative stress and etidbthesfunction in
hypertension. The HPLC method involved separating urinary 8-i§g,PBGE, PGD,

PGFR, 6-keto PGE, and 11-dehydro TXBon a SymmetryShield Rp18 column (250mm
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x 4.6mm) by an isocratic elution of 17 mM phosphoric acid and acetenitrithe ratio
of 65:35 and at a flow rate of 1.3 ml/min. The wavelength used fectiten was 196
nm. Specificity was confirmed by LC-MS. The method wasyfulilidated and was
found to be having sufficient sensitivity (limit of quantification.5 ng - 30 ng) for many
biological matrices and applications. The accuracy and precigiere within
bioanalytical method validation limits (90.3 to 112.8 % and RSD < 10%, atesglg)
and the method was linear over three orders of magnitude. Itioadd HPLC-UV
method for the simultaneous determination of urinary creatinine astapoids was also
developed and validated as it is necessary to monitor creatiniaks i@ addition to
biomarkers when the measurement is done in urine. The method wasddwndrtear
over three orders of magnitude and is sensitive enough for the anaflyseatinine and
prostanoids in urine. The advantage of this method was that one canindletde levels
of these prostanoids normalized by urinary creatinine in a simglysis and in less than

17 min.

The LC- ESI (electrospray ionization) MS method, on the other hasd w
used to determine the role of HETES in the initiation, progressiomemudution phases
of inflammation in RA. It is our assumption that 12/15 HETE can leel @s novel
targets for the treatment of RA. The separation was perfoomedGg column using a
gradient elution of 0.1% formic acid in water and 0.1% formic aciacetonitrile. The
flow rate was 1 ml/min and the run time was 75 mins. The mettasdfound to be
specific, sensitive and precise. This LC-MS method was also aisied¢lop a retention
model for complex regioisomers. Quantitative structure- (chragnaphic) retention

relationship (QSRR) was used to develop a predictive retention madétty acid
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metabolites. Retention behaviors of the lipid biomarkers were atbawed by
application of QSRR analysis utilizing Austin Model 1 mode senpigoal
computations. The retention data of these fatty acids were abtaoma an RP-HPLC
method utilizing a Symmetry ;¢ column under gradient elution. Molecular descriptors
that take into account the polarity; chemical reactivity anddpfusbicity of the analytes
were calculated using the semi-empirical AM1 mode. It ishyoothesis that QSRR
will give insight into molecular mechanism of separation of llpmmarkers operating in

a given chromatographic system and can predict retention of aanalte and/or to

identify unknown analytes.
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CHAPTER 1

1. FATTY ACIDS AND THEIR METABOLIES AS BIOMARKERS OF
INFLAMMATION

1.1 Inflammation

Inflammation is part of human body’s complex biological respon$atmful stimuli
such as pathogens and irritants. It is necessary, in orddrefdotly to deliver effector
molecules and cells to site of damage, to form a physical bamrierder to stop the
spread of damage and to heal and repair damage [1]. A pooubatestyinflammatory
response can destroy healthy tissues and can cause more Inflajnmatory cascade is
a dynamic process consisting of the following components: induasrh és bacteria,
viruses), sensors (receptors on mast cells, dendritic cellsopteages) and mediators
(C-reactive protein, cytokines, bradykinin, histamine, polyunsaturated daids) [2].
Analysis of C-reactive protein (CRP) is the general testopedd to check for
inflammation in the body. CRP is considered to be a good inflamynaitamarker as its
level increases by 1000 folds in the presence of infection/inflaiomgs]. Moreover, it
has a long plasma life-(19hours) [3]. The major disadvantage of CRP is that it is a non-
specific biomarker. This means that it cannot pinpoint the egaefsource of
inflammation [3]. This may be due to the fact that CRP ishegited in the liver.
Arachidonic Acid, Eicosapentaenoic acid and Docosahexaenoic acid and thei
metabolites are polyunsaturated fatty acids that are reledagbe site of inflammation

and hence thought to act as specific biomarkers of inflarmmatlhe main objective of



this research was to identify metabolites of polyunsaturatéy datds that can act as

specific biomarkers of inflammation.

1.2  Polyunsaturated Fatty Acids (PUFA’S)

Polyunsaturated fatty acids are carboxylic acids with long, unibeanc
unsaturated aliphatic chains. Arachidonic Acid (A&)§ PUFA), eicosapentaenoic acid
(EPA) (@-3 PUFA) and docosahexaenoic acid (DHA)-3 PUFA) (Figure 1.1) are
among the fatty acids that are stored in the phospholipid bilayengortant component
of the cell membrane. Phospholipid bilayers are the basicigteuat the membrane that
provides a barrier between the outside and the inside of the céll hé lipid bilayers
contain proteins, fatty acids, enzymes, receptors and ion channefdaymtimportant

parts in the communication between the cells [4,5].
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Figure 1.1. Chemical structure of polyunsaturated fatty acids



The main source of these fatty acids is from diet [6]. Mogt@h-6 PUFA’s are
consumed in the diet from vegetable oils such as soybean oil and Ilcobmoieic acid,
which is converted into AA through a series of steps, as outlinedume=1.2, is a major
constituent of the vegetable oils [6]. The major sourceslofolenic acid (ALA), the
precursor of EPA and DHAx3 PUFA’s) are flax seed and fish [6]. As seen from
Figure 1.2, ALA must be first converted to EPA and then to DHA. Whese PUFA'’s
are consumed they are first incorporated in the cell membrangéssoés in the body.
Hence, any change in the diet will change the composition of tHéARB in the cell
membranes. This can alter the cell functions, as membrane diggdsrecursors for the
synthesis of important signaling molecules involved in the cell grodevelopment and
inflammation. When the cells are stimulated by an exteawbf, arachidonic acid is
released from the cell membrane through the action of phospholipadelLA2) [7,8].
The dietary EPA and DHA compete with AA and can displace it fitva cell
membranes. They also compete for the enzymes (cyclooxygdipasggenase and
Cytochrome P450) that convert AA to the eicosanoids [9]. DHA and BRA
metabolized to resolvins (RVs) of the D series and E series respeciiledy.are known
to have anti-inflammatory properties and also they play an imgor@e in the

resolution phase of the inflammatory cycle [9].
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for brain-mediated functions [10]. The three PUFA’s and theiabwdites are discussed

in this chapter.

1.3  Arachidonic Acid Metabolism

AA (cis 5,8,11,14-eicosatetraenoic acidyp#® polyunsaturated fatty acid, is present
in the phospholipid bilayers (especially phosphatidylethanolamine, phosptiabithe
and phosphatidylinositides) of cell membranes. It is abundant in time bmascles, and
liver. It is one of the essential fatty acids required by m@snmals. The production of
arachidonic acid from linoleic acid occurs primarily in the livas, the activity of the
desaturases is highest in the liver. AA in the esterifieth isrthen transported in blood,
in lipids of various lipoproteins (VLDL-very low-density lipoprotein, LBlow-density
lipoprotein, HDL- high-density lipoprotein) bound to albumin [11]. Albumin boAAd
in plasma is avidly taken up by cells. The mechanism of upsaket entirely clear [11].
Incorporation of arachidonic acid into phospholipid first requires aativabd the acyl-
coenzyme A (CoA). Arachidonoyl-CoA is then incorporated into phospholipids [In
the presence of external stimuli, esterified AA is reledsmd the phospholipid bilayer
usually by a C¥ regulated cytosolic phospholipase &PLA,) [12]. It then undergoes
metabolism by three enzymatic pathways: cyclooxygena®X)dipoxygenease (LOX)

and cytochrome P450 and a non-enzymatic free radical peroxidation.

1.3.1 COX-2 Metabolites (Prostaglandin Synthases)

Three isozymes of COX exist in the human body: constitutive @OKeucible
COX-2 and COX-3. COX-1 is responsible for maintaining homeostasigaiious

physiological functions in the body whereas COX-2 is involved in numerous
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inflammatory responses [5]. COX-2 is induced by various stinugh $s cytokines and
mitogens [13]. COX-1 and COX-2 enzymes are 63% alike and 77% congatathie
amino acid level [14]. The major difference is that COX-2 hderger pocket at the
active site due to the isoleucine to valine substitution [14]OX@, which was
discovered in 2002 is thought to be an intron-splice variant of COX-1 [@§X-1 and
COX-3 have similar but not identical amino acid sequences [15]. TeeofdLOX-3 is
the subject of considerable interest and not fully understood. Thentugsearch

concentrates on the role inflammatory COX-2 metabolites of AA.

Prostaglandin synthases 2 (COX-2) catalyzes two reactionsfiriieis the
addition of molecular oxygen to AA to form the unstable hydroperoxy emnodxige
(PGG) and the second is the conversion of B&Ga more stable hydroxy endoperoxide
(PGH,) (Figure 1.3) [14,16]. PGHs then transformed to primary prostanoids by a range
of enzymes (Figure 1.3) [14,17]. These prostanoids can be classifiethree main
groups: prostaglandins (PGEPGF,, PGD), prostacyclins (PG) and thromboxanes,
(TXA>) (Figure 1.3). Prostanoids are produced by most cells in the humarahddyct
as autocrine and paracrine lipid mediators i.e., they signal ai#adjao the site of
synthesis [18,19]. They are then released from these cells asgpdreed through a
known prostaglandin transporter (PGT) and by other unknown transportersTR26ie
are 9 known prostaglandin receptors in human and mouse, four of which bind PGE
(EP1-EP4) (21-24), two bind PGIDP1 and DP2) (25-27), and the remaining bind
PGR, PGL, and TxA (FP, IP, and TP, respectively) [18]. The majority of the known

physiological/pathological functions of the prostanoids are summarized below.



PGl, (Prostacyclin)- Prostacyclin is a potent vasodilator. It inhibits plateleteggtion
and leukocyte activation [28]. It is produced in the endothelia$ tsllthe action of
prostacyclin synthase [28]. It is unstable at physiological pHhaisda half-life of less
than 42 seconds [29]. It is converted rapidly into an inactive hydrptmofuct, 6-keto
PGFR. Within the vascular system, it functions as a vasodilator and tshibatelet
aggregation as well as vascular smooth cell proliferation [30,31}helrenal system,
prostacyclin is known to regulate blood flow and glomerular fittratirate [32].
Furthermore, according to Idzket al PGL reduces pulmonary blood pressure [33].
Prostacyclin has both pro- and anti-inflammatory properties depewdirthe type of
tissue and the disease model being studied [30]. It acts as@&lpmrnatory marker in
musculoskeletal disorders such as rheumatoid arthritis and ost#isamtlt it has anti-

inflammatory properties in atherosclerosis [30].

TXA (Thromboxane) Thromboxane is a vasoconstrictor. It is produced by activated
platelets by the action of thromboxane A synthase [34]. It imhlesat the physiological

pH and is converted rapidly into 11-dehydro T)XBn addition to causing irreversible
platelet aggregationf XA, causes bronchial and vascular smooth muscles to contract
[34]. There is numerous evidence in literature that suggests thateplactivation
determined by measuring the urinary excretion of 11-dehydi®2Tare associated with
increased risk in cardiovascular disorders, coronary and cerebcalarasyndromes and

atherothrombosis[35].



AA

PGI,

6-keto PGF;

COX-2 H
PGG,
COX-2 H
PGH,
I
[ | | | ]
PGl PGF PGE PGD TXA
synthase synthase isomerase synthase synthase
PGF, J PGE, J PGD, K TXA,
' I
PGJ, 11-dehydro TXB,

Figure 1.3. Oxidative pathway of Arachidonic Acid ty COX-2 enzyme [5

delta 12 PGJ,

I

15- deoxy-delta 12,14
PGJ,




PGE - PGE s a pro-inflammatory molecule that is responsible for the sjrpain and
swelling in inflammatory diseases such as rheumatoid arthiitis.almost ubiquitous in
humans. During inflammation, chemical mediators invoke P&fEthesis (by PGE
synthase) in fibroblasts, endothelial cells, monocytes, and neutraggihtise site of
inflammation [36]. It is also a known vasodilator. It regulatesal water re-absorption
and plays a role in development of fever and hyperalgesia [36]is thought to be
involved in tumor-induced inflammation, Alzheimer's and other neurolbgls®eases

[37-40].

PGF,.. - PGF, is a responsible for wide range of bodily functions such as cooimaantid
relaxation of smooth muscles and controlling of the blood pressur&{isihermore, it is
important in the uterine and ovarian function [41]. It is also thougptap a role in
cardiac muscle growth [42]. P&levels are found to be elevated in tumors suggesting it
can be a good prognostic index [43]. It has been implicated @ogascular diseases,

hypertension and cancers.

PGD, - PGD; is a prostaglandin produced by mast cells. It is thought to hade w
variety of role in vivo. It is considered to be an unstable prormfiatory molecule
[44]. It is readily converted into wide variety of metabolitewvivo. PGD metabolites

of the J series, PgAA12-PGJ, and 15d-PGJare bioactive and are thought to have anti-
inflammatory properties [44]. In summary, P&ihd its metabolites have pro and anti-
inflammatory properties respectively. There is evidencleniterature, which suggests
that low levels of PGP (nano-molar concentrations) recruit and activate leukocytes

whereas greater concentrations (micro-molar concentrationspitindictivation and



induce apoptosis [44]. PGIAnd its metabolites have been implicated to be involved in

the resolution of carrageenin-induced pleural inflammation [45,46].

1.3.2 Free Radical per-oxidation

Free radicals have been implicated in the patho-physiologlisefises such as
cancer, atherosclerosis, Alzheimer’s and the normal aginggz$4¢€é]. One of the well
known' targets of the free radicals are lipids. Moremval in 1990, reported a series of
prostaglandin like compounds that are produced by the free radicatigagion of
arachidonic acid independent of the COX enzyme [48]. These peudays like
compounds are known as isoprostanes. The mechanism of formation of 62teogs
from AA involves abstraction of allylic hydrogen atom to yieldchidonyl radical
followed by insertion of oxygen to form peroxyl radical [47]. Foufedént peroxyl
radical can be formed depending on the site of abstraction of hydesgkaddition of
oxygen. The peroxyl radicals then undergo endocyclization followeaddition of
oxygen to yield bicycloendoperoxide regioisomers. These are ¢deiced to form F2-
isoprostanes. 8-iso P@H15 F2-Isop) is the most abundantly produced isoprostane in
vivo [49]. Apart from being a marker of lipid peroxidation, it can dsoa marker of
oxidative stress. Oxidative stress is a condition in which tisese imbalance between
the production of reactive oxygen species and the biological sysadility to detoxify
them. 8-iso PGE is a potent vasoconstrictor and is found in of many organs such as
kidney, lung, heart and brain [50,51]. Moreover, it induces the release diferation

of vascular smooth muscles [52]. Increased levels of 8-iso, R&k been found in

10



numerous diseases such as diabetes, atherosclerosis, obesitigr@amd obstructive

pulmonary disease (COPD) [52].

1.3.3 LOX metabolites

Lipoxygenease are a group of enzymes that catalyzes th@adufitoxygen to
AA producing hydroxyperoxyeicosatetraenoic acid (HPETEs) [53,54].ETHP
undergoes reduction to give leukotrienes (LTs), hydroxyeicosateti@ acid (HETES)
and lipoxins (LXs) (Figure 1.4) [55]. LOX enzymes are claasgiinto 5-, 8-, 12- and 15-
LOX depending on the site of insertion of oxygen onto AA. The LOXabwdites of AA
have been implicated in the pathophysiology of diseases suchnesr,ceheumatoid

arthritis, atherosclerosis and Alzheimer’s [56].

5-LOX metabolitesBorgeatet. al. [57] described 5-LOX enzyme as a 78 kDa protein
that catalyzes the biosynthesis of LTs and 5-HETE from AA. ig\#st converted to an
unstable epoxide, leukotriene A4 (LTA4), which is then converted to LTB4. VA4
hydrolase or LTC4 via LTC4 synthase [58]. LTB4 was the first leukotrizie isolated
[56]. It is involved in number of inflammatory responses such as let&kacyivation,
chemotaxis, and degranulation [56]. BLT1 and BLT2 are the two LEBdptors [58-
60]. BLT1, which is high affinity receptor, is expressed in inflatory cells such as
leukocytes [59]. On the other hand, the low affinity receptor BLT2xisressed in
variety of tissues [60,61]. There are evidences that suggest it stimulates
generation of ROS thus playing a role in oxidative stress [Ho6is also implicated in

diseases such as rheumatoid arthritis, inflammatory bowel dsaad asthma [62]. The

11



cysteinyl leukotrienes (LTC4, LTL and LTE4) are important mediators of aller

inflammation such as asthma and allergic rhingi, 68, 63

AA
I 1
12-LOX 5.LOX 15-LOX
LTA4
12-HPETE ’—h 15-HPETE
12 LOX
LTB4 LTC4
| 15 LOX
12-HETE 15 (S)- HETE
LTD4 ,
LXA4
L LXB4 5-LOX
LTE4
LXA4 J
5-HPETE LXB4
5-HETE

|— 5-ox0-ETE

Figure 1.4. Oxidative pathway of Arachidonic Acid ly LOX enzymes [5
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They are produced by number of cells including eosinophils, basophilspphages,
mast cells, T cells and endothelial cells [63]. They are indalvallergic inflammatory
responses such as bronchoconstriction, wheezing, and increased mucdisn4édré6].

In the vascular system, they act as vasodilators and incréesgascular permeability
thus resulting in tissue edema [65,66]. 5-HETE, which is alsd.@»-metabolite of
AA, is not a potent mediator of inflammation [67]. It is enzymadlycoxidized to 5-oxo-
ETE in the presence of NADP [67]. 5-0x0-ETE is more potent thAEMEBE. It is a
chemoattractant for eosinophils, neutrophils, basophils and monocytes [68]. hTtheug
patho-physiology of 5-0x0-ETE is not well understood, it is though to play a vitahrole

allergic diseases, cancer and cardiovascular diseases [68].

12-LOX metabolites12-LOX enzyme catalyzes the oxygenation of AA to 12 (S)-
hydroperoxyeicosatetraenoic acid which subsequently is converted intore stable
12(S)-hydroxyeicosatetraenoic acid (12-HETE). Three types diQD2-have been
characterized: platelet, leukocyte and epidermal type 12-LOX [bB¢ platelet type 12-
LOX is known to synthesize 12(S)-HETE [56]. On the other hand, leukdgyte 12
LOX also known as 12/15 LOX enzyme, synthesizes both 12(S)-HETE angHE{[E
[56]. An increase in 12-LOX activity has been observed in hgpsion, thrombosis and
skin tumors [69]. 12/15 LOX have been implicated in the progressiomerfogtclerosis
and diabetes | [70]. 12-HETE, the 12-LOX metabolite of AA has prasimfhatory
properties and is though to be involved in chemotaxis and regulation of yeéekoc

adherence [70].

15-LOX metabolitesi5 LOX catalyzes the addition of oxygen to C15 of AA to give 15-

HETE. Two types of 15-LOX enzymes have been characteriegdylocyte type (15-
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LOX-1) and the epidermal type (15-LOX-2) [71-73]. 15-LOX-1 prefdially
metabolizes linoelic acid to 13 (S)-HODE [55]. It also conversiAto 15(S)-HETE
[56]. 15-LOX-2, which is expressed in the skin, lungs, cornea andaproglands, is
primarily responsible for the metabolism of AA to 15(S) HETE [56There are
contradictory reports on the role of 15(S)-HETE in inflammationis & known anti-
inflammatory molecule. It decreases the production of LTBdrtinritis [74-76]. There
are also results that indicate that 15-HETE has pro-inflaomnaction by enhancing the

expression of TNé& [77].

5-LOX, 12-LOX and 15-LOX metabolites- Lipoxi8grhan and colleagues were the first
to identify lipoxins [78]. In the last two decades there has lbesmendous efforts in
identifying the physiological functions of lipoxins in inflammatogsponses. They are
though to act as braking signals in inflammation [79]. Lipoxins fourthiman body are
5S, 6R, 15S-trihydroxy-7, 9,13-trans-11-cis-eicosatetraenoic aX{é4) [80] and its
positional isomer 5S, 14R, 15S-trihydroxy-6, 10,12-trans-8-cis-eictsaeic acid
(LXB4) [81]. 15-epi-LXs are a class of lipoxins that are teiggl by asprin and are 15 R
enantiomers of LXA4 and LXB4 [82]. There are two major routesLdrformation.
The first involves the conversion of AA to LTA4 via the 5-LOXIpaty. The LTA4 is
then taken up by the platelets and converted to LXA4 by the actionlddX2enzymes
[83,84]. The second route involves the formation of 15 HPETE via the 15dr2¥me
in the epithelial cells. This is then converted into an unstable dpaxiermediate 5,6-
epoxytetraene via the 5-LOX enzyme in the neutrophil [82,84]. htesmediate is then
converted to LXA4 and LXB4 through the actions of epoxide hydrolasésikocytes

[78]. Aspirin induces acetylation of COX-2, thus shifting the AAtabelism from
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COX-2 to LOX [82]. This results in the formation of 15 (R) HETHjieh is then
transformed by the leukocyte 5-LOX to 15-epi-LXA4 and 15-epi-LX{B2]. There is
still some ambiguity in the role of lipoxins in the patho-phymigl of inflammatory
diseases. There is evidence that suggests that lipoxin producti@astescin diseases
such as asthma, liver disease and leukemia whereas it incie@sesnile periodontitis,

artherosclerotic plaque rupture, and nasal polyps [79].

1.3.4Cytochrome (CYP) 450 metabolites

AA can undergo metabolism by CYP450 primarily CYP 450 2C antb Zjive
epoxyeicosatrienoic acid (EETs) (Figure 1.5). CYP enzyme prodagesegioisomers
of EET from AA: 5,6-, 8,9-, 11,12-, and 14,15-EET [85]. EETs have aftédrnmatory
properties. It is a cardio-protective molecule and is known to asglbllood pressure
[86]. They are produced in the blood vessels by CYP enzyme piegéetendothelial
cells [87]. They are also known to inhibit inflammatory responses @by cytokines
[85]. EETs are rapidly metabolized to DHETES in presencelabke epoxide hydrolase
enzyme (sEH) [88,89]. sEH is regioselective. 14,15-EET is thesrpedf substrate
followed by 11,12- EET, 8,9-EET and 5,6-EET [85]. DHETESs are rpola and less
active than EETs [88,89]. They have been implicated in adult respyicisorders. The
other major product of CYP 450 is 20-HETE. 20 HETE isvamydroxylation product
of AA synthesized in the kidney. CYP 450 4A is primarily respongdsi¢he synthesis
of 20-HETE [90]. It is a potent vasoconstrictor in the arterioleseofl, skeletal and
cerebral muscles [91]. Information regarding the patho-physaabiple of 20-HETE in

humans is still limited. One reason for this is because 20BHEEXxcreted in urine as
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glucuronide conjugates which can be measured by analytical qeelsnafter hydrolysis

with glucuronidase [92]. It is though to play a vital role in hypertension [92].

1.4 EPA and DHA Metabolites

It was found that>-3 PUFA’s when administered at daily high doses (milligram
and gram) have favorable actions in many inflammatory dis¢@3gs The three major
LOX enzymes found in humans (5-, 12-, 15-LOX) can conwedt PUFA’s to various
oxygenated products [94]. The oxygenated metabolites of EPA adadbdinamed as
resolvins(resolution phase interaction products) as they participatesimegolution of
inflammation [93,95-96]. They are termed as resolvins of E sé&ms)(and resolvins of
D series (RvD) derived from EPA and DHA respectively [93]. esBtvins are
predominately generated in whole human blood and their generatiomsesren the
presence of aspirin [95,96]. They exert potent anti-inflammatargepties in diseases
such as atherosclerosis, asthma, cardiovascular diseases, oatal depression and
preventing sudden death after myocardial infarction [97-99]. ERAatso undergo
metabolism via COX-2 enzyme to give prostaglandins of the 3ss@ti@k, PGF, 11-

dehydro TXB).
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1.5 Structures Of Lipid Biomarkers
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CHAPTER 2

2. ANALYTICAL TECHNIQUES AND INSTRUMENTATION

2.1 Introduction

One of the objectives of this research was to develop analytietiions to
separate and quantitate fatty acids and their metabolitesfod@ine of this chapter is on
the techniques and instrumentation involved in the development of these methods.
Emphasis has been given to the principles of liquid chromatographheumustrumental
design of HPLC (high pressure liquid chromatography), UHPLC dUligh pressure

liquid chromatography) and LC-MS (Liquid chromatography- mass spectrgmetry

2.2 Liquid Chromatography and Its Underlying Principles

Reverse phase HPLC, UHPLC and LC-MS are liquid chromatogragmhiitgies
that work on the same chromatographic principles. They all fall uhediroad category
of liquid-solid chromatography, which is a separation technique tHeteati chemical
and/or physical interactions between the analytes transportée iquid mobile phase
and a solid stationary phase. The separation of the analytes doeuto one of the four
mechanisms: Van der Waals, dipole-dipole, hydrogen bonding or ioniadtiters and
this depends on the nature of the analyte and the stationary ané piudmsles used [1].
These interactions coupled with the distance travelled by the diodivanalytes through
the column dictates the time it takes to reach the detedberefore we can say that
retention behavior is a direct reflection of the distribution of thalyées between the

stationary and the mobile phases. Equilibrium constant is a parathatedirectly
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reflects the distribution of the analytes between the statiarat the mobile phase. The

equilibrium constantK) for a given analyte (solute) is defined as the ratio of the moles of

the analyte in the stationary phase to the moles in the mobile phase [2]:
Csé) CM

Cs = Concentration of analyte in stationary phaSg; = Concentration of analyte in

mobile phaseK = equilibrium constant

The retention factor (capacity factor), which is the ratio of ritention times of the
retained and un-retained species, is directly proportional togiiébeium constant as

can be seenin eq. 2.2.
tp ——=k'=K0 .... (2.2)

¢ = phase ratio of the column (ratio of the volume of the statioplaage to that of the
mobile phase)k = retention factortg= retention time of the analyte= retention time of

the mobile phase (un-retained species) [3].

The acceptabl& values are between 1 and kOvalues higher than 10 wastes valuable
analytical time whereas less than unity do not provide adequatetr@sdB]. Capacity
factor is very useful for comparing results obtained from dvfferent systems since it is
not directly dependent on the column length and flow rate. When moretiesanalyte

is present, determining the relative retention, more widely knovselastivity factor ¢)
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is important. It is defined as the ratio of the capacity facfothe analytes to be

separated.

o=k, /kh....(2.3)

Therefore, by definitionr is always greater than 1. Greater values than T foill
represent a better separation of the analytes [3]. Thealefyseparation or resolution of
two adjacent analytes is defined as the distance betwepedkes divides by the average
peak width. As per the FDA guidance to the industry, for any bigtce validation
[4], resolution between two adjacent analytes should be greater thit].1.bhe other
chromatographic parameter that is of importance is theesifigi of the column, which is
expressed as a dimensionless quantity called as the plate n(hybelt reflects the
number of times the analyte (solute) partitions between tkiersiey and mobile phase

as it passes through the column and is given as [5]:

H=L/N....(2.4)

H= plate heightL = length of the columry = number of the theoretical plates.

Greater the number of plates, smaller is the plate hektjat Smaller the plate height

better is the efficiency.

2.3 Reverse Phase Hplc

Reverse Phase HPLC (RP-HPLC) is one of the most common HElb@ique
employed by analytical chemists. It employs a polar mobilesgotaand a non-polar
stationary phase, typically a long chain hydrocarbon. The more qoddytes are less

retained by the stationary phase and elute out of the column mueh fastontrast, the
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non-polar analytes that are retained much longer on the statiphase due to the
hydrophobic interactions between the largely hydrophobic surfaceheofoonded

stationary phase.

The HPLC system consists of four main components that are the pyegbor,
column, and detector. Fundamentally, the liquid mobile phase is dirmmm the
reservoir to the stationary phase by a reciprocating pump [3]balAcheck-valve
maintains a unidirectional flow. The typical operating pressuréghe HPLC systems is
around 6000 psi with the flow rates ranging from 0.1-10 ml/min [Bhe sample is
injected into the system through an automatic or a manual inje€tase injectors are
capable of delivering sample volumes ranging from less than10QqL [3,5]. The
analytical columns act as stationary phase in HPLC. Thedigelumn used for the
HPLC analysis is dependent on the type of analytes and the application oflylsesana
majority of HPLC columns are packed with silica particles. péicle size ranges from
3 to 50um, with 5um being the most common [3,5]. The silica surface provides a place
where hydrophobic chains {C Cig) can be bonded by reaction with an
organochlorosilane. Only a fraction of the silanol groups can be dowda the
hydrophobic chain due to stearic hindrance. The residual silanols gs@ peblems
especially to basic analytes as it can cause secondationsa and affect
chromatographic behavior (asymmetry). The occurrence ofegidual silanols can be
reduced by a process called end capping. The final part difl& system is the
detector. Different types of detectors utilizing techniqgueshsas ultraviolet (UV),
fluorescence, refractive index and mass to charge ratio @pastrometry) can be used.

UV detector is the most common and popular HPLC detector.
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2.4 Ultra High Pressure Liquid Chromatography (UHPLC)

[Reproduced from Bioanalysis, December 2010, Vol 2, No.12, Pages 2019-2034 with
Permission of Future Science Ltd]

There is significant emphasis on developing high throughput assays) wbi
only reduce the analysis time but also decrease the total cdbke ainalysis. High
throughput chromatographic separations can be achieved by increasflaytiate [6,
7], decreasing the patrticle size [8] decreasing the colungtihg®] or increasing the
column temperature (increases the viscosity of mobile phase)a high pressure
chromatography (UHPLC) is a technique that reduces the @aige by using columns
with a packing particle size less than 2 um at elevated ysesss McNairet.al. [6,7]
were the first to manufacture and demonstrate the use of UHPLC. Thebasiples of
chromatographic technique are based on the theories and assumptdais Deemter
[8], Giddings [9], and Knox [10,11]. According to these theories, thenuolefficiency,
resolution and sensitivity improve with decreasing particle sizke downside of
decreasing particle size is the significant increase inctiemn backpressure. The
column backpressure increases inversely with the square of thedepaize at constant
linear velocity and the cube of the patrticle size at optimumrlicekocity [10]. As a
result, the use of smaller particles (sub 2 um) increasespér@ating pressure in many
cases to 18,000 psi, which is beyond the pressures of conventional HPEeGssyst
Hence, it was necessary to develop systems (pumps, injecti@msysdetectors, and
columns) that can handle higher pressures and generate reprodamiblaccurate
chromatographic data. One of the biggest challenges of this teghinwas the

development of columns with sub 2 um particles that could not only wartthdtigh
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pressure but could also maintain similar retention and capacithea$iPLC under
sustained usage [12]. Another crucial parameter in UHPLC is samigdduction. The
injection values (automatic and manual) that are conventionally usdBL& systems
cannot withstand the pressures generated in UHPLC. There ia ated for a fast pulse
free injection cycle to protect the column from large presductuations and to maintain
the speed of the UHPLC technique [12]. To maintain sensitivity,riecessary to have
low volume injections with minimal carryover. The detectors coupldd WHPLC must
have a fast sampling rate in order to obtain a sufficient numbgatafpoints across the
analyte peak [12]. The analyte peak can be integrated accwaateigproducibly only if
there are a large number of data points. The detectors that have commonly deeithuse
the UHPLC are Ultra-Violet (UV), Mass Spectrometry (M&8hd Tandem Mass

spectrometry (MS/MS).

Apart from these engineering challenges, high pressures amd rfites in liquid
chromatography can generate heat. The heat generated caicudated in terms of

power (W) by using the following equation:

Power = APF (2_5)

Where, AP = pressure drop across the column (/andF = flow rate (n/s).

Heat is generated by low column permeability due to small cparsize. If the
dissipation of this heat is poor as is the case when using largedilamns, the retained
heat can increase the temperature of the mobile phase in the coRoan. heat
dissipation and frictional heating of the mobile phase causes tetugegradients inside

the column that affect chromatographic separation and column efficiBeclucing the
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column diameter improves the dissipation of frictional heat asdhenn surface area to
volume ratio increases. Capillary columns (30-100 um ID) amngpily used in
UHPLC, as they are better in dissipating heat. This is due ioléihge surface area to
volume ratio and the reduced flow rates dictated by the dimensionsheof
column. However, reduction of the column internal diameter decreasgse capacity.
Theoretically, sample capacity is proportional to the square otdhenn diameter.
Reducing the column internal diameter decreases the sampléapacconcomitantly

the sensitivity.

It is therefore not surprising that, although known as early as 1975nttadler
particle size resulted in faster separation, it was only in 2@i4he first UHPLC system
was commercially available [12]. This UHPLC system was ldgeel by Waters
Corporation and is known as the ACQUITY UPMCsystem. Since then UHPLC
systems have been manufactured by other companies. A tstrohercially available

UHPLC systems is summarized in Table 2.1.
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Table 2.1. List of commercially available UHPLC insruments with their operating

pressure

Hitachi LaChromUltra High Speed 8702 2 psi
Jasco X-LC 15,000 psi
PerkinElmer Flexar IMODORTSN(feHSi)

15,000 psi (FX-15)

. Preminence HT HPLC 95724 psi
Shimadzu Nexara UHPLC 18,854 psi
Rheos ALLEGRO UHPLC 14,500 psi

Thermo Scientific Accela High Speed LC 18,129 psi
Waters ACQUITY UPLC 15,000 psi
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2.4.1 Theory

The relationship between the column efficiency and the linear welo€ithe
mobile phase was introduced for the first time by Van Demetgrsition. This equation
(6) relates the height equivalent theoretical plates (HE®Rhé linear velocity of the
mobile phase [6]:

H=A4 5 c
B u — (2.6)

Where,H is the HETP (mm)u is the linear velocity (cm/s) andl, B andC represents

different sources of peak dispersion in the column.

A describes Eddy diffusion, which arises from multiple pathwaysauadven packing.

B describes longitudinal diffusion, which results due to the diffusiorthef analyte
molecules in the forward and backward direction as the band movestladooglumnC

is the mass transfer resistance in the stationary phasan{@ the mobile phase {;
which occurs due to the slow equilibration between the two phasegaél@d columns,
A and C terms contribute more to the peak dispersion than the B fdem, the mass
transfer resistance in the stationary phasgi€dninimal when bonded or thin stationary
phase films are used in liquid chromatographic separations. Heacdigpersion in
packed columns primarily results from Eddy diffusion and massféraresistance in the
mobile phase ().

L 2yD kd.,* kd*
H=—=21d, + Yom ) f u+ () £ q
N e u D, D, .. (2.7)
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Where,L = length of the column (cmiN = number of theoretical platedp = diameter of
the packing material (um), = constant which depends on column packing:
obstruction factor (»0.6 for packed columr3), = diffusion coefficient of the analyte in
the mobile phase (cits), k = retention factor of the analyt’ = effective film thickness
of the stationary phase (unb)s = diffusion coefficient of the analyte in the stationary

phase (crfls).

From equation (2.7) it is evident that t68g andA terms depend on the diameter of the
packing material. Thus, small uniform packing particles redoegeak dispersion and
enhance the efficiency of the column. Fast and efficient sepasatan therefore be
obtained using smaller packing particles (equation 2.8).

. _(+ued,
Dmv .. (2.8)

where,t = analysis time (s) and= reduced velocity(cm/s)

Very high pressure is required to push the mobile phase through ancphgked with
smaller diameter particles while maintaining the lineaoci&y. However, there can be a

significant pressure drop AP) across the column, which is given by [13]:

$nul
&P=T|

-

d,” .. (2.9)

AP = pressure drop (dyne/émL =length of the column (cmy, is the dimensionless
flow resistance parameter, apc&ndp are the viscosity (g/s cm) and the velocity (cm/s)

of the mobile phase respectively.
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The optimum linear velocity ) according to the reduced parameter analysis is

inversely proportional to the particle size [6]. It is given by the equation:

_ 3D,

od, ... (2.10)

u

We can conclude from equations (2.6) to (2.10) that smaller parteledscreases peak
dispersion, enhances column efficiency and reduces analysigviiman increase in the

pressure [14, 15].
Effect of injection volume on efficiency

Extra column band broadening needs to be reduced to improve efficiency. The maximum

extra column broadening that is allowed for LC systems is gigsn [15]:

-
O (acc)

01007 £0.107° L" r¥&® (1+k)° /N (2.11)

-

Where, %< (=<} = maximally acceptable variance due to extra coulmn traadlening,

or = peak variance caused by chromatographic protesigngth of the coulmn (cm},
= column radius (um)k = coulmn porosityk = retention factor anll = efficiency of the

column.

The variance due to injection volume is given as:

4
ra

Vo~ 12'5";-:grr_'- (212)

Where,V: = variance due to injection volume
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From equations 2.11 and 2.12 we can say that the injection volume dsaiagaiséy
with a decrease in diameter and the length of the column.idéifiz also increases with

decreasing injection volume.

2.4.2 System design

a. Pumps

The main criterion for the pumps used in UHPLC is that they dhdeliver
solvents reproducibly and smoothly at high operating pressures. Shwyd also
compensate for solvent compressibility (relative volume chanderespect to pressure)
in both the isocratic and gradient modes. Most of the commeraaiijable systems
automatically compensate for solvent compressibility. The otherion is the delay
volume. When using a gradient in very high-pressure systems, lagsathent delay
volume is necessary. The delay volume in the commerciadljadte UHPLC systems

ranges from <10 pL to 120 pL.

b. Column and packing materials

Packing materials can be divided into two major types: nonporous and porous
silica particles. The properties of porous and non-porous particlesasymressure drop,
sample loading, capacity and separation power were compared keyt\&i[14,15].
According to Wu and coworkers, the nonporous particles can withstand pigissures
and have lower mass transfer resistance and higher efficibanythe porous particles.
Despite these disadvantages, the porous particles have larger sudacand a high
sample loading capacity. They also suggested that porous particslepbetter

separation of compounds that elute early whereas the compoundsutieatatdr are
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separated more efficiently by nonporous particles. The thirdoséati phase is the
newly developed superficially porous or fused core silica pastidiaey are formed by
fusing a 0.5um porous silica layer onto a solid 1.7um ahre 2.7 um). These particles
enable the use of higher flow rates with a decrease in thediftiedion when compared
to the totally porous particles [15]. De Steffano et al [16] hawepared the
performances of the fused core silica particles with sub 2pparticles. The authors
found that higher efficiency is obtained for the fused core gu&écles when compared
to the totally porous particles. These authors also compareg@dhbeed plate height
(plate height divided by the particle diameter) of columns withlljoporous particles
and fused core particles. The reduced plate height was around 1.8 fayluimn with
fused core particles (2.7 um) as compared to 2 for the totally ppeotisles (3.5 um
and 3 pum). This increase in the efficiency when using the fused marticles was
attributed to the narrow particle size distribution of the malteiThe standard deviation
for the particle size distribution was around 5-6% for the fuseel garticles and around
19% for the good quality 3um totally porous particle. The other adyamtausing the
fused core patrticle is that it operates at a much lower bessyre (one half to one third)
as compared to the other particles (due to the large partiedle Ehas also allows the use
of higher flow rates. The authors also studied the column loadingciba@ad the

stability of the packed bed.

c. Sample injectors/Injection Valve

A static split injection system was used by MacNim@l. [6, 7]. Although this
injection valve enhanced column efficiencies and could withstand peeasuhigh as

100,000 psi, it had some disadvantages. Large sample volume and irreprodadible
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long injections are a few of the limitations of the statictspjection technique. Wet

al. [15] used a pressure balance injection system. This was folelnwre efficient,
reproducible and required a lower sample volume when compared to ticesptd
technique. Also the injection process lasted for only a few searls). The pressure
balance injection system can withstand pressure only up to 15,000 Ipsithird type of
injection system is the passive feedback-switching valve, whisimigar to the pressure
balance system. This valve can withstand pressure up to 10,000 psi aadifeame
greater than 4 months. Xiaegal. [17] used a new injection valve assembly that could
operate at pressures as high as 30,000 psi. The authors found that thjectewm valve
was easier to operate, had better reproducibility, smallectiop volume and a shorter

injection time when compared to the static split system.

2.5 LC-MS (Liquid Chromatography-Mass Spectrometry)

2.5.1 Principles of mass spectrometry

Mass spectrometric detection involves detection of analytes anddabieir mass
to charge ratio. Mass spectrometric analysis consists dbllogving steps: producing
gas-phase ions of the analytes (ion source) followed by sepatiagingns according to
their masses (analyzer), fragmenting ions by collision (opdpmkdtecting ions and
measuring their mass/charge ratio (detector) and finatlggssing the data (computer)
[18]. The ion source, analyzer and the detector used in thexchsare explained below.
Mass spectrometry functions under high vacuum. This is becaussocalagainst the
walls would result in ions losing their charge, as well as,icgus deviation in the ion

trajectory. Also, a poor vacuum can result in ion-molecule collisipreslucing
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unwanted reactions and products. An approximatannieee path of an ion in a me

spectrometry can be obtained by using the folloveqgation [18

... (2.13)

L= length in cm angb = pressure in pascals (Pa). The mean free path amain mas:

spectrometry should be at least 1 1

2.5.2 lon Source: Electrospray lonization (ES!

Electrospray ionization involves applying a straiectric field to a liquid (HPLC
eluent in case of LBAS) flowing through a capillary tube under atmogpheonditions.
This electric field is obtained by applying a pdtahdifference (-6 kV) between thi
capillary tube and the counter electrode. Theadst between the capillary tubed the
counter electrode is between- 2 cm. The electric field causes charge accumunat
the liquid surface at the end of the capillary, ethwill break to form highly charge
droplets. The drying gas evaporates the solvettiendroplets causii them to shrink.
When the repelling forces come close to the cohes$arces, there is a columk
explosion. The droplets undergo series of ruptuessilting in smaller and small
droplets. This breakdown of the droplets continti#sa point where th repulsive
columbic forces are great enough to overcome thee$oof the surface tension of 1

droplet (Rayleigh limit) (equation 2.1.

g2 =8zl yD e (2.14)

g = charge;g = permittivity of the environmeniy = surface tensiorD = diameter of

spherical droplet
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The ions then travel into the mass analyzer.

2.5.3 Mass analyzer: Single quadrupole analyzer

Once the ions are produced, they are separated according tm#ssies in the
mass analyzers. Quadrupole analyzers use the stabiltig adrt trajectories to separate
them according to the mass/ charge ratio. The quadrupole anayzerade up of four
cylindrical rods and each pair of rods is connected electric@llyime dependent direct
current (DC) and oscillating radio frequency RF voltages jppéeal to the rods. The RF
voltages applied to the each pair of the rods aré 280 of phase. Typically, the DC
voltage will vary from 5000 to 200 V whereas the RF voltage varies from zero to 3000 V.
Paul and Steinwegen at Bonn University were the first to ibes¢he quadrupole
principles in 1953 [19]. The ions travelling in the z-axis throughdisedrupole are
subjected to forces induced by electric fields in the x and y directions. Thtawuse the
ions to travel in a three-dimensional sine wave through the centeg gtiadrupole. The
equations to describe this propagation were established by MatHi866mM20]. These
equations are not described in detail as it is beyond the scopis digsertation. They
mentioned as it establishes a relationship between time and treinedes of an ion.
Only ions with certain m/z have stable trajectory through thergpale. The other ions
will strike the rods and discharge itself and will not be detkct Once the ions leave the

mass analyzer they are sent to the ion detector.
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2.5.4 lon Detector: Electron Multiplier (EM)

Once the ion beam exits the mass analyzer, it enters theodetdwere it is
detected and transformed into a usable signal. There are sewvetlabds for ion
detection. But the most common detector is the electron mult{@M). The EM is
shaped as a horn with either beryllium oxide or aluminium oxidengpanh the surface
[18]. When the ions strike the detector plate (conversion dynodegntrgy is enough
to dislodge electrons from the surface. These electrons moverfuntbethe EM,
striking the walls, causing emission of more electrons as th&s/theough the gradient
potential. A cascade of electrons is thus created which résw@tseasurable current at

the end of the EM [18].

2.5.5 Sample preparation: Solid phase extraction (SPE)

Biological fluids, serum, plasma and urine cannot be directly egeicito the LC
system because of the presence of large amounts of proteinsemth&ices. The total
concentration of protein in the blood plasma and serum is approximededydd. [21].
The proteins can undergo denaturation and bind irreversibly to thenrco causing
reduced flow. The required sample preparation is assumed to lEeHieniting step of
any bioanalysis assay. Sample preparation involves multiplacérth procedures
(centrifugation, filtration, solid liquid extractions), which are gatigrtedious and time
consuming. The commonly used extraction techniques are Solid Phesetier (SPE),
Liquid -Liquid extraction (LLE) and Protein Precipitation (PPTSPE and LLE are
predominantly used as they are robust and give a much clearaat.extr this research,

solid phase extraction was used. SPE is a technique in whichahges are removed
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by selective portioning between solid and liquid phases. The sepapaticiples are
similar to those in HPLC. One major difference between thetésioniques is that in
HPLC there is a constant flow of the mobile phase wherea®ktBere is sequential
loading and elution. The second difference being that the analytéBLE, migrate
according to thé value (ideal Range: 2 -10) leading to their separation. In caseEf S
there is no separation of the analytes. The k values are seagaitines greater which
causes the analytes to be removed as a tight band. The S&spyenerally consists of
the following parts: conditioning, equilibration, loading, adsorption, wasmdgséution.
The elution of the analytes is generally done in a volatile solikenethyl acetate. The
solvent is then evaporated to dryness under a drying gas like nitrddes analytes are

then dissolved in the appropriate solvent prior to its analysis in the LC-MS.
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CHAPTER 3

3. DEVELOPMENT OF AN HPLC-UV METHOD FOR THE DETERMINATION
OF PROSTANOIDS IN URINE MATRIX

3.1 Introduction

Common laboratory methods for the analysis of prostanoids require multipl
ELISA assays and/or application of variety of chromatographi©adet The common
analytical methods used for the analysis of the prostanoidsnanerioassays [1], GC-
MS [2], LC-MS [3] and LC-MS/MS [4, 5]. The immunoassays though popsuffer in
reproducibility. They cannot be used for the simultaneous profilind tfemetabolites
under study. GC-MS methods, on the other hand, have good sensitivity bug requir
derivatization, which is laborious and time consuming. LC-MS/M3issidered to be
the gold standard method for the analysis of the prostanoids. How&MS/MS
instrumentation can be very expensive and require significanttesgoein the last few
decades there have been several simple HPLC-UV methods tleabdwv published for
the determination of a few of these prostanoids [6-10]. However, nwodseexist for
the panel of interest. Assays of AA acid metabolites are limited blabiliy, reliability

and expense of instrumentation.

In this chapter, we report a single, sensitive and a straiglafdri#PLC assay for
the rapid profiling of 8-iso PGE, PGk, PGD,, PGk, 6-keto PGl and 11-dehydro
TXB,. We have applied our efforts to develop a chromatographic methodatihdtec

applied to this series of prostanoids important in the assessment of inflamdis¢ase.
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3.2. Experimental

3.2.1. Chemicals and Materials

The prostaglandins (6-keto PGFPGF, PGBk, 11-dehydro TXB and PGD)
were purchased from Biomol (Plymouth meeting, PA, USA). 8-isBP&as purchased
from Cayman Chemicals (Ann Arbor, MI, USA). Ortho Phosphoric ackl.Glwater,

and HPLC acetonitrile were purchased from Fisher Scientific (Waltman U3A).

3.2.2. Instruments and operating conditions

The Jasco HPLC system consisting of the following parts wed; Uasco pumps
(PU-980), a Jasco UV-VIS detector (UV-975) (Jasco IncorporasetioR, MD, USA)
and a Rheodyne manual injector (Rheodyne LLC, Rohnert Park, CA).U$a#sco-
Borwin software (version 3.3.5) was used for data collection. Sym8tealg Rpl8 4.6
x 250 mm column with fum particle size (Waters Corporation, Milford, MA, USA) was
used for the analysis. The HPLC method employed an isocratione of 17mM
phosphoric acid (pH = 2.11) (solvent A) and acetonitrile (solvent B)amatio of 65:35
with a flow rate of 1.3 ml/min. The analytes were separatathaient temperature with
an injection volume of 100 pL. 196 nm was used for the detection. Thenwerfdr the
method was 16.5 min. The Agilent 1100 series liquid chromatographyesiecy
ionization-mass selective detector system was used for gwdakmation. The mass
spectrometric parameters were as follows: drying gas flow raténiid Lgas temperature
350 °C, nebulizer pressure 40 psig, fragmentor voltage 120 V and gapdleage 3000
V. The chromatographic parameters were the same as in the-U¥?L@ethod. The
prostanoids were detected in the negative ionization mode as (M-H)
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3.2.3. Preparation of standard solutions and quality control (QC) samples

Working standards for all the prostanoids were prepared fromgpedateve stock
solutions by proper dilutions with the solvent (17mM phosphoric acid andréicié in
the ratio of 1:1). Calibration standards for the prostanoids wengan@e at mass
concentrations of 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5 and 10 ng/uL from the respective stock
solutions. Quality control (QC) samples were prepared in tg@ifor all the analytes

representing low, medium and high concentrations in linearity curve.

3.2.4 Urine sample preparation

Prior to the analysis the urine samples were allowed to thevort temperature.
75uL of the thawed, filtered urine sample was diluted to 500 pL hlsolvent (17mM
phosphoric acid and acetonitrile in the ratio of 1:1) before injectmg ihe

chromatographic system.

3.2.5 Method Validation

Given below are the method validation criteria as per the FDA geedéor the

Industry: Bioanalytical method validation [11]:

1. The method should bselectiveso as to differentiate and quantify the analytes in

presence of other endogenous compounds in the sample.

2. The standard curve (linearity)should include the entire range of expected

concentrations.

3. Accuracy and precisionf the mean should not exceed 15%.
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4. Recoveryof the analytes need not be 100% but should be precise and reproducible. A

spiked recovery value between 80 and 120 % is considered acceptable.

5. Matrix effectand sability of the analytes at intended storage temperature should be

evaluated.

3.2.5.1 Selectivity

Five different urine samples were analyzed by both HPLC andVBCto
determine peak selectivity. Solvent blanks were also analyzéavéstigate possible

interferences.

3.2.5.2 Linearity and Sensitivity

The linearity for all the analytes was established by imgcin triplicate;
standard solutions with mass concentration ranging from LOQ to LQ.nghe linearity
curve was obtained by plotting the peak areas of the prostanoidsheittegpective
theoretical column loading (ng). The limit of detection (LOD) am@ timit of
guantification (LOQ) were calculated as the lowest concentrati@migive the signal to

noise ratio as 3:1 and 10:1 respectively.

3.2.5.3 Accuracy and Precision

Five solutions of each mass concentration of the QC samples vegargd and
injected in triplicate to determine the accuracy (n = 15). Theileded concentrations for
each of the samples were then compared to the theoretical catioantin determine the
% accuracy for each of the compounds. Inter-assay and intra-pssggion were

determined by injecting in triplicate; five replicate prepareg of three mass
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concentration of each analyte spiked in urine for a single day arfduo consecutive

days respectively.

3.2.5.4 Spiked recovery and matrix effect

The recovery for the prostanoids was determined at three conimergrébow,
medium and high) by spiking the urine samples from a control guljbtained
concentrations were corrected for the presence of endogenousnpids. The
recoveries were then calculated by comparing the correardentrations with the

spiked theoretical concentrations.

To study the matrix effect three different lots of urine sasmgrom control
subjects were used. The matrix effect was examined by comparingebtodessponses
of the analytes in the spiked urine samples (B) to the corresgpdédiactor response in
the standard solutions (A) at three concentrations (low, medium and higdie absolute
matrix effect was calculated using the formula (B/A x 1A@)[ F test and the student’s
T test were also performed between the detector respondesarialytes spiked in urine

and solvent to determine if the differences were statistically signific

3.2.5.5 Stability

Urine samples spiked with the prostanoids at two different condensavere
used for the stability study in mobile phase. The stability &fo8PGFE, in urine and
mobile phase for three freeze thaw cycles, 24 hr at room tempeeatd on ice for 5 hr
was studied. Stability on ice for 5 hr was studied forha&lgrostanoids. Stability of the

stock solutions at room temperature and at -80°C was also evaluated.
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3.3 Results And Discussion

3.3.1 Chromatography and UV detection

6-keto PG, and 11-dehydro TXBwere used for the method development and

validation instead of PGhnd TXA. PG} and TXA, are unstable at physiological pH
and undergo hydrolysis to form 6-keto P¢Gand 11-dehydro TXBrespectively. Since
PGL and TXA, are present at very low concentrations due to this conversiketo6
PGR, and 11-dehydro TXBhave been used as reliable biomarkers for their estimation
[13, 14]. The prostanoids have weak UV chromophores (Figure 3.1) byoissgle to
detect them at 200 nm. A wavelength of 254 nm was used up to ® mmevent the
strong absorbance of highly polar urinary compounds such as creatnminereatine
phosphates and buffer solvent compositions, from obscuring the prostanoidshbafcaus

signal scaling. At 3 min the wavelength is set to 196 nm for detection of prostanoids.

3.3.2 Method validation

3.3.2.1 Selectivity

There are no interfering endogenous compounds in the urine at the retiemti®n
of the prostanoids. This was also confirmed by LC-MS. Peak puritys@sawere
performed for each prostanoid. All met the 99.99% purity criteAarepresentative
HPLC chromatogram of the blank solvent and standard solution are shdwgure 3.2.
The resolution, asymmetry and the retention times of each prostamdidssolvent and

the urine are summarized in Table 3.1.

55



3.3.2.2 Linearity and Sensitivity

All the compounds show a good linear response witt» R.999 in the linear
range as mentioned in Table 3.2. The LOD and the LOQ are @givearms of
concentrations (ng/ uL). The sensitivity for all the analyesin the nanogram range
demonstrating that this HPLC method can be used to analyzeanwims as their
concentrations are sufficiently high in urine. However, if necessary, @wmnglss can be

concentrated easily, reducing concerns about method sensitivity.
3.3.2.3 Accuracy and Precision

The % accuracy for all the prostanoids were between 90.3 - 112.8¢ @.8),
meeting the requirement as per the FDA guidance for the Ind8stgnalytical Method
Validation [10]. The method meets precision criteria as the Sb For the system
suitability, intra-assay (Table 3.4) and inter-assay precisiahl€T13.4) for all analytes lie

within 10%.
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11-dehydro TXB;,

Figure 3.1 Structure of prostanoids
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Table 3.1. Method Validation Results: Selectivity

Asymmetry (As)

As= W2/ Wy
Compound RT (min) Wiz = peak first half oo o )tion

width

W, = peak second half

width at 10%

Solvent Urine  Solvent Urine Std’s  Urine

6-keto PG, 4.51 4.34 1.03 1.45 1053 3.54
8-iso PG, 7.53 7.37 1.08 1.15 7.99 3.79
PGk 9.66 9.09 1.06 1.73 4.43 6.84
PGE 12.67 12.60 1.04 1.15 5.34 4.74
11-dehydro TXB 14.1 13.89 1.02 1.25 2.25 1.64
PGD, 15.32 15.52 1.05 1.37 1.60 1.65
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Table 3.2. Method Validation Results: Sensitivity & Linearity

LOD LOO No.of
data Linear _ _ )
Compound (ng/ (ng/ _ Equation of the line R
points  range
L L
118 pL) ")
6-keto PGl, 0.12 0.2 10 0.12- y=907.5x - 7699.7 0.999
10.52
8-iso PGR, 0.10 0.27 9 0.30- y=1584.0x +1899.5 0.999
10.00
PGk 0.22 0.08 10 0.11- y=2189.6x - 4975.1 1.000
10.52
PGE 0.10 0.25 8 0.26- y=2848.8+9.7 1.000
10.52
11-dehydro  0.08 0.30 8 0.30- y=699.3x + 10154.0  0.999
TXB 10.00
PGD, 0.04 0.13 9 0.10- y=1450.4x+8921.1  0.999
10.00
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3.3.2.4 Spiked Recovery and matrix effect

The % recoveries for all prostanoids at three concentration eeetswithin 95-
108%. These values fall within = 15%, which is the valid limit ldgthed by FDA
[11]. The absolute matrix effect of the analytes was also found vathim + 15%. The
values obtained for the matrix effect indicate the changes ireipmmse of the analytes
in presence of other compounds in the matrix. They are found to be thighaicceptable
limits of recovery. There is no specific acceptable limittfiar matrix effect in biological
samples [11]. Also, thp values obtained from the student’s t test for all the analgtes i
the matrix compared with the solvent were found to be greaterOtB&nindicating that

the differences are not statistically significant.

3.3.2.5 Stability

We studied the stability of 8-iso PgHkn urine and mobile phase for three freeze
thaw cycles, 24 hr at room temperature and on ice for 5 hr. r@$dts obtained
demonstrated that 8-iso P&ks stable in all the three conditions in urine matrix but only
stable on ice for 5 hr in mobile phase (Table 3.5). 8-iso,Pi@Rhe urine matrx is found
to be stable up to 10 days at -80°C [15]. Since all the prostanoidsinaiar structures
and properties and are known to be stable up to 48 hours in urine, oufostusid on
laboratory conditions that is stability in mobile phase. There&iedility at 6C of the
prostanoids in mobile phase was determined as a necessary caoidiiermethod. The
results shown in Table 3.6 demonstrate that the prostanoids lales @taice for 5 hrs.

The differences fall within the limits of precision of the metlthb%) [10]. Also, since
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the method relies on manual injection, post preparative stabiligute-sampler stability
is not studied. Stock solution of all the prostanoids are found to be sfabdel2 hrs at

room temperature and upto 48 hrs at -80°C.

3.4 Conclusion

The HPLC UV method for the simultaneous determination of urinarygmomsts
(8-iso PGk, PGE, PGD,, PGk, 6-keto PGE, and 11-dehydro TXB was developed
and validated. All the prostanoids can be determined in a singfy &s less than 17
minutes using UV detection. These conditions make this a fearsitbMidely applicable
method. This method can be performed in any common laboratory or Icheitiag
where basic HPLC instrumentation is available. Common stati@matynobile phases
were used as well. 8-iso PGFPGE, PGD, PGF, 6-keto PGIy, and 11-dehydro TXB
were separated on a SymmetryShield Rp18 column (250mm x 4.6mm) ibycaatic
elution of 17 mM phosphoric acid and acetonitrile in the ratio of 65:35 taadl@aw rate
of 1.3 ml/min. The wavelength used for detection was 196 nm. Spiycilics
confirmed by LC-MS. The method was fully validated and was foundetdaving
sufficient sensitivity (limit of quantification - 7.5 ng - 30 ng)rfmany biological
matrices and applications. The accuracy and precision were wittanalytical method
validation limits (90.3 to 112.8 % and RSD < 10%, respectively) and thieochevas
linear over three orders of magnitude. According to our knowledge, coinparine
techniques available or published, this method is cheaper and simghlearmbe used by

all.
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Table 3.3. Method Validation Results: Accuracy levels I, Il &1l represerts low,

medium & high concentration respectively of the linearity range

Accuracy Level | Accuracy Level Accuracy Level llI
Conc. Conc. Conc.
Compound %Accuracy %Accuracy %Accuracy
(ng/ (ng/ (ng/
(n=15) (n=15) (n=15)
L) pL) L)
6-keto PGIg, 0.53 98.2 0.79 98.9 1.05 1015
8-iso PG, 0.50 102.9 5 103.5 8 99.8
PGR, 0.53 97.0 1.05 97.3 525 99.8
PGE 0.53 97.3 1.05 107.7 525 1005
11-dehydro 0.50 100.1 1.00 90.3 500 928
TXB,
PGD;, 0.53 102.1 1.05 106.2 525 1128
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Table 3.4. Method Validation Results: Intra assay and inter assay precision

Intra-Assay Inter-Assay
Conc. . .
Compound precision precision
ng/pL
(ng/uL) %RSD %RSD
6-keto PGIg, 0.53 8.22 5.61
0.79 5.34 4.89
1.05 4.16 2.22
8-iso PG, 0.50 8.15 4.92
5.00 2.40 2.96
8.00 3.02 2.19
PGF, 0.53 7.05 1.83
1.05 2.62 4.20
5.25 8.91 9.42
PGE 0.53 3.74 5.31
1.05 6.21 2.82
5.25 3.89 4.02
11-dehydro 0.50 6.60 9.01
TXB, 1.00 3.06 4.21
5.00 2.97 5.44
PGD, 0.53 2.17 2.30
1.05 2.67 2.97
5.25 2.30 6.17
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Table 3.5. Method Validation Results: Stability study of 8-iso PGJ; in mobile phase

Spiked Room
On Ice Freeze Thaw
value Temperature
5 hrs 3 cycles
(24 hrs) ( ) (3 cycles)
Conc. %loss/gain %loss/gain %loss/gain
Compound
(ngiuL) (n=9) (n=9) (n=9)
8-iso PG, 0.30 -19.2 +2.3 -41.9
2.50 -37.7 +8.7 -36.1
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Table 3.6. Method Validation: Stability studies in mobile phase

Spiked value On Ice

(5 hrs)
Compounds
Conc. %loss/gain
(ng/ul) (n=9)
6-keto PG, 10.00 -4%
1.00 -2%
8-iso PG, 0.30 +2.3
2.5 +8.7
PGR 10.00 -5%
0.10 +2%
PGE 10.00 -9%
1.00 -13%
11-dehydro TXB 10.00 -0.3%
1.00 +9%
PGD, 10.00 -14%
1.00 +5%
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CHAPTER 4

4. DEVELOPMENT OF AN HPLC-UV METHOD FOR THE SIMULTANEOUS
DETERMINATION OF CREATININE AND PROSTANOIDS

4.1 Introduction

Chapter 4 concentrates on the determination of creatinine lohitbatographic

method developed and validated for the estimation of prostanoids (Chapter 3).

It is necessary to monitor creatinine levels in addition to bikenay when the
measurement is done in urine. Creatinine is formed by non-enzydsdtydration and
loss of phosphate from creatine and creatine phosphate, which ardlgdoena in the
muscle and blood [1]. It is excreted through the kidney at dyneamstant rate. As a
result, measurement of the creatinine levels in urine is congitetge a reliable marker
in assessing the kidney function [2]. Since the volume of urine doesmain constant,
the concentration of the compounds in urine will vary. Because of noconeéntration
variations due to varying patient levels of hydration, the ratioB-@§oprostane to
creatinine provides a valid assessment of oxidative stress TBg normal range of
creatinine levels as per the World Health Organization (Wid@Pmg/dL to 300 mg/dL
[4]. High creatinine levels generally indicate that the kidneys rast functioning
properly. On the other hand low creatinine levels (< 20mg/dL) iteljpassible dilution
of the urine sample or kidneys can be damaged in the course ofedigbat include
diabetes and hypertension. Thus, the creatinine levels can indieastate of kidney

health and risk.
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There are several methods that have been reported for ithatest of creatinine
and prostanoids individually. The determination and the quantification dapoods are
explained in great detail in Chapter 3. Creatinine can be zethlpy enzyme less
electrosensor [5], ion chromatography [6], capillary electrophoféki$iPLC[8], LC-

MS [9], and LC-MS/MS[10]. Jaffe reaction is the commonly used method for the
estimation of urinary creatinine. This method involves the colaricngetermination of

a complex formed as result of the reaction between creatiningiand acid under
alkaline condition§l1]. The method, though very simple, is less selective [10]. (G&C-M
with isotope dilution procedure is also frequently used for the detatimn of urinary
creatinine. The drawback of this method is that it is time comgums it involves
derivatization of creatinine and then separation by cation exchahgarc The LC-MS
and LC-MS/MS methods on the other hand do not require derivitization yr an
pretreatment before the introduction into the mass spectrometethdsg methods
involve the use of internal standards that can be expensive. Thelgeaetiae for the
determination of urinary prostanoids involves separate determinatiomsibipoids and
creatinine by different analytical and then reporting the amoutérms of creatinine

(ng/mg of creatinine).

In this chapter, we report a single, sensitive and a straiglafdri#PLC assay for
the rapid profiling of prostanoids and creatinine in urine. The advantddbe HPLC
method are that it can be used for the simultaneous determinatioreatinine and
prostanoids from a single urine sample, thus saving time and aldd\thagetection
makes the method transportable and cheap. As a single mssdych the sample is

directly analyzed, risk of contamination is minimal. To our best knowledge, e isf
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the first fully validated HPLC UV methods that have been regddethe simultaneous

determination of creatinine and prostanoids in urine.

4.2. Experimental

4.2.1. Chemicals and Materials

Creatinine was purchased from Sigma-Aldrich (St. Louis, MOAU®rtho
Phosphoric acid, HPLC water, and acetonitrile were purchased Fisher Scientific
(Waltman, MA, USA). ELISA assay kits for creatinine wereghased from R & D

systems (Minneapolis, MN 55413).

4.2.2. Instruments and operating conditions

The Jasco HPLC system consisting of the following parts we; asco pumps
(PU-980), a Jasco UV-VIS detector (UV-975) (Jasco IncorporasstioR, MD, USA)
and a Rheodyne manual injector (Rheodyne LLC, Rohnert Park, CA).U3#sco-
Borwin software (version 3.3.5) was used for data collection. Syry&teeld Rpl18 4.6
x 250 mm column with fum particle size (Waters Corporation, Milford, MA, USA) was
used for the analysis. The HPLC method employed an isocratione of 17mM
phosphoric acid (pH = 2.11) (solvent A) and acetonitrile (solvent Bjamdtio of 65:35
with a flow rate of 1.3 ml/min. The analytes were separatedhaient temperature with
an injection volume of 100 pL. The wavelength gradient employe®&&asm, 0.0- 3.0
min and 196 nm, 3.1 -16.5 min. The run time for the method was 16.5 min. ThatAgile
1100 series liquid chromatography-electrospray ionization-masgigeldetector system

was used for peak confirmation. The mass spectrometric parametez as follows:
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drying gas flow rate 12 L/min, gas temperature 350 °C, nebulizmsymre 40 psig,
fragmentor voltage 120 V and capillary voltage 3000 V. The chromatographic
parameters were the same as in the HPLC-UV method. &@neatvas detected in the

positive ionization mode (M-H)

4.2.3. Preparation of standard solutions and quality control (QC) samples

Calibration standards for creatinine were prepared at concengaif 5, 10, 50,
100, 200, 300, 500, 750, 1000, 2000, 2500, 3000 and 4000 ng/ul from a stock solution of
10,000 ng/ul by proper dilution with the 1:1 mixture. Quality contr@@)Y®amples were
prepared in triplicate for all the analytes representing lovediom and high

concentrations in linearity curve.

4.2.4 Urine sample preparation

Prior to the analysis the urine samples were allowed to thevort temperature.
75uL of the thawed, filtered urine sample was diluted to 500 pL hélsolvent (17mM
phosphoric acid and acetonitrile in the ratio of 1:1) before injectimg ithe

chromatographic system.

4.2.5 Method validation

The method was validated as per the FDA guidance for IndustognBiytical

method validation [12].
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4.2.5.1 Selectivity and Sensitivity

Selectivity was established by both HPLC and the LC-MS.k Bekectivity was
confirmed by injecting creatinine dissolved in the 1:1 mixturelvéht blanks were also
analyzed. Peak selectivity of creatinine in urine was aoefir by using the same
method on the Agilent 1100 series Liquid chromatography - electey spnization-
mass selective detector system. Creatinine was detect@d+&" (m/z =114) in the
positive ionization mode. The sensitivity of the method is demonstogtetimating
the limit of detection (LOD) and the limit of quantification (LP€r creatinine. LOD
and LOQ were defined as the concentration where the peak respmnfaree times and

ten times that of the noise levels respectively.
4.2.5.2 Linearity, Accuracy and Spiked Recovery

Creatinine was validated for linearity from LOQ to the deteataximum. The
correlation coefficient and the equation of the line were obtdnyedlotting the peak
areas of the standard solutions against the respective thabrebncentrations.
Accuracy was determined by the analysis of the Quality cbsémples. Three solutions
of each mass concentration were prepared and injected in taplRacovery for each
concentration was determined by using the equation of the linenettérom the
linearity data. Analytical recoveries for creatinine wetdained at three different
concentrations levels, 0.3 p¢/1 ngfd and 2.5 ngll (low, medium and high) by spiking
the urine sample already containing these analytes. Recovesywate calculated by

using the equation [Giculated Cnominal] X 100.

73



4.2.5.3 Precision

Instrument precision was determined by injecting six timesingle mixture
containing all the compounds, and then calculating the %RSD. |sag-psecision was
also performed by injecting in triplicate; three different standard priépasaof two mass
concentrations for each of the analyte. In addition, inter assaigiprewas determined
by injecting in triplicate a single mass concentration oheawlyte for four consecutive

days.

4.2.5.4 Stability Studies

Urine samples spiked with creatinine at two different conceotrtwere used
for the stability studies. The stability of creatinineurine was tested for 3 freeze thaw
cycles. Each freeze thaw cycle consisted of keeping the safimmten at -80 °C for 24
hrs and then thawing them at room temperature. Stability stweresalso carried out at

room temperature for 24 hrs and on ice for 5 hrs.

4.2.6 ELISA Method (Jaffe Method) for creatinine determination

The ELISA assay kit from R&D systems, which uses the prin@pléhe Jaffe
colometric method, was used for the comparison study. The basigpf&in€ithe Jaffe
reaction is the formation of an orange-red complex due to thearéetween creatinine
and alkaline picrate solution. We followed the standard ELISA pobtdde standards
and urine samples were prepared as per the procedure provided ith tRiee diluted
standards and urine samples along with the alkaline picragenteaere added to the
microplate and incubated for around 30 minutes. The optical densityh wias

measured at 490 nm, is directly proportional to the concentrationaifrene present in
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the sample. The unknown concentration in the urine samples was temdwausing the
standard curve. Accuracy was determined by analyzing creatstandard solutions at
three different concentrations 12.4 mg/dL, 50 mg/dL and 400 mg/dL). Rgaoiveach
standard solution was determined by using the equation of the lin@ezbfaom the
standard curve. Analytical recoveries were also obtained byngpiké urine sample at
two different concentrations levels (100 mg/dL and 500 mg/dL) andilatiley the %

recovery by using the equationceuiated Crnomina] X 100.

4.3 Results and Discussion

The development of an HPLC UV method for simultaneous determination of
creatinine and prostanids was challenging due to the differenctieir polarity and
absorption characteristics. Prostanoids are compounds that do not haeetxeryJV
chromophores. This is because of the presence of a five-membeyetruicture with no
conjugatedr bonds. In addition to this, the functional groups such as the hydroxy and
keto have very little UV absorbance. Hence, these compounds aetdmted only at
very low wavelengths (< 200 nm). Creatinine (2-amino-1-methlylrbidazol-4-one),
(Figure 4.1) on the other hand has very high absorbance at wavelerigths246 nm
such that the absorbance reaches the detector maximum evertreahegx low
concentrations. Consequently, a wavelength gradient had to be usieel $onultaneous
determination of these compounds. Creatinine was detected at 254 nen thil
prostanoids were detected at 196 nm. 254 nm was chosen as the idelehgth of
detection so that the method could be validated for the entire caatc@amtrange of
creatinine, which would normally be present in the urine (30 mg/dlO-rd@/dL). The
other problem faced during the development of the UV method was teit ahthe
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organic solvents used in HPLC have their UV ~off above 200 nm except fi
acetonitrie, which has a UV cu-off of 190 nm. Hence, acetonitrile was used as
organic phase. Phosphoric acid solution (pH =23 wsed as the aqueous phase
gave much better chromatographic results thanaeeid solution. An acidic solutic
(pH =2)was necessary to maintain the prostanoids in th&ralestate. Creatinine, at
=2 which is below its pKa value (4.83) will be imetprotonated form [13]. Creatinine
this form will be retained for a very short periofitime on a no- polar statioary phase
compared to prostanoids, which are in the neutnahf The flow rate and ratio of tl
aqueous and organic phase were chosen to obtaetheodnwith a practical run time al
which resulted in good separation of all the conmutsu All the chromtograms showed
a negative drop at around 3.0 min (Figure 4.2).sTisi due to the change in t

wavelength from 254 nm to 196 r

M/H
—H/I\N—H
o

Figure 4.1. Structure of creatinine

76



150000 Unk 1

100000

Creatinine
8-is0 PGFaq 11-dehydro TXB,
50000 +

PGE, PGD,
pv o 0

-50000 -

-100000

-150000

‘200000 L | | | | | | | |
0 2 4 6 8 10 12 14 16
Time (min)

500000 -~
Creatinine
400000 A
300000 -~ Unk

200000 ~

100000 )U Unk 1
pv 0 .

-100000 7 B-iso, PGFz,

-200000 A

-300000 +

-400000 - Time (min)

Figure 4.2. Representive chromatogram of creatinine and prostanoids irsolvent
and urine matrix (Note-Wavelength change from 254nm to 196 nm causes shiit

baseline at approximately three minutes

77



4.3.1 Method Validation

4.3.1.1 Selectivity and Sensitivity

The retention time, resolution and asymmetry for all the peaaks solution of
pure standards and also in the urine sample spiked with the pure rdtarada
summarized in Table 4.1. Figure 4.2 is a representative chromatanf a standard
solution and urine matrix. Solvent blanks were analyzed and they simongghificant
interferences in the vicinity of the analyte peaks. Thera #&ight variation in the
retention time of the compounds in the urine matrix as compared tm tinat solvent as
can be seen from Table 4.1. We compared the retention timesicstifyisoy the
student’s t test [14]. Differences with P < 0.05 were consttlén be significant. P
values for all except creatinine were found to be greater than (h@SeWVariations in
retention time of creatinine can be attributed to the changekeirpil of the urine
samples [15]. The sensitivity of the method is demonstratedstopating the limit of
detection (LOD) and the limit of quantification (LOQ) for cieate. LOD and the LOQ

values for creatinine in terms of column loading are given in Table 4.2.
4.3.1.2 Linearity and Accuracy and Spiked Recovery

Creatinine showed a good linear response witk B.999 in the linear range as
mentioned in Table 4.2. The % accuracy for creatinine at threemipaton levels are
given in Table 4.3. The % recovery for creatinine falls within & 1%hich is an

acceptable limit for bioanalytical method validation (Table 4.4).
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Table 4.1. Method Validation Results: Selectivity

Asymmetry(As)
As=Wap!/ Wy
Compound RT(min)
W1, = peak first half width
W, = peak second half width at 10%
Solvent  Urine Solvent Urine
Creatinine 1.18 1.38 0.80 0.70

Table 4.2. Method Validation Results: Sensitivity and Linearity

LOD LOQ
Linear range
Compound  Conc. Conc. Equation of the line R?
(ng/uL)
(ng/pL)  (ng/uL)
Creatinine 1 3 5- 4000 y = 17656.9x €.998

9986.3
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Table 4.3. Method Validation: Accuracy Level I, Il and Ill represents the low,

medium and high concentrations respectively, of the linearity range

Accuracy Level | Accuracy Level Il Accuracy Level I
Conc. Conc. Conc.
Compound %Recovery %Recovery %Recovery
(ng/ (ng/ (ng/
(n=9) (n=9) (n=9)
pL) pL) pL)
Creatinine 50 99.2 1000 93.9 3500 105.3

Table 4.4. Method Validation: Spiked RecoveryLevels I, Il and Il represents the

low, medium and high concentrations respectively, of the linearity range

Accuracy Level | Accuracy Level Il Accuracy Level llI

Spiked Spiked Spiked

Compound Conc. %Recovery Conc. %Recovery Conc. %Recovery

(ng/ (n =9) (ng/ (n=9) (ng/ (n=9)
ulL) pL) L)
Creatinine 0.3 102.4 1 99.7 25 88.4
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4.3.1.3 Precision

The results obtained for the instrument precision or system sitjtalritra-assay
precision and Inter-assay precisions are given in Table 4.5. ®fi2s for the
instrument precision were found to be less than 5% for creatinineessmidhen 10% for

both the intra-assay and the inter-assay precision.

4.3.1.4 Stability Studies

As can be seen from Table 4.6, creatinine in the urine sampledbie at all the

three conditions. On an average the change observed over time is around 6%.

4.3.1.5 Method Comparison HPLC vs ELISA

We measured creatinine levels in urine samples from sixieysve subjects by
the HPLC method described in the manuscript and the Jaffe metlss ABsay). Urine
sample was analyzed in triplicate by both the methods. ThegeshiHdined by the two
methods were compared statistically by the paired Studeta to test the differences
between the samples [16]. Differences with P < 0.05 are coedittebe significant. As
can be seen from Table 4.7, the P values for all the samplesfougrd to be less than
0.05. We also compared the accuracy of the standards and the spikedyrexfove
creatinine in urine obtained by the two methods. The accuracy stahdards for both
the methods are found to be comparable and are given in Table 4.8. Eaeéry for
creatinine spiked in urine falls within + 15% for the HPLC methathjch is an
acceptable limit for bioanalytical method validation. On the othedh&o recovery of

creatinine decreases with increasing concentration in the ELISA method.
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Table 4.5. Method Validation: Instrument Precision Intra-Assay and Inter-Assay

Precision
Inter-Assay
Instrument Intra-Assay o
Conc. o . precision
Compound precision precision
(ng/uL) %RSD
%RSD (n=6) %RSD (n=15)
(n=15)
Creatinine 25 4.94 5.43 3.55
500 - 4.94 3.24
1000 - 1.95 2.67
Table 4.6. Method Validation: Stability studies
Room
On Ice Freeze Thaw
Spiked = Temperature
(5 hrs) (3 cycles)
Compounds  Conc. (24 hrs)
(ng/pL) %loss/gain %loss/gain %loss/gain
(n=9) (n=9) (n=9)
Creatinine 0.1 +5.2 +4.7 -+1.5
10 +2.5 +10.7 +12.8
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Though the results from both the methods are comparable, urinarynicreati
concentrations obtained by Jaffe method was lower than that obtaindte byPLC
method. The results (Table 4.7) obtained by the two methods were reshinyaplotting
the difference for creatinine measurement (HPLC-Jaffe) veanmconcentrations
(mmol/L) as per Bland Altman plot (Figure 4.3) [17]. This was damessess the
agreement between the two methods. All measurements lie withif@5% limits of
agreement (d+ 2S), which suggests the two methods are in goodnagteeith each
other [17]. The results obtained by the two methods were alspatethstatistically by
the paired t test. As can be seen from the results compiledbia Tathe t values for two
sets of observation exceed the tabulated value, t = 2.920 at 95 % confedeshder two
degrees of freedom. We can thus conclude that, the two methodsymaifeeastly
different and showed an increase in deviation with increasing ceoatent The
discrepancies observed at higher creatinine concentration etribeted to the increase
in the interfering compounds with the increasing creatinine conacentrdthe effect of
the impurities would result in low values when using the Jaffthaae[18]. This may
also be the reason for the low recovery value for creatinine ime uat high
concentrations. Thus we can conclude that the two methods are amgtyfifferent for
creatinine determination and that the HPLC method gives muchasecasults at higher

concentrations in the urine matrix.
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Table 4.7. Comparison data for creatinine levels in urine obtained from HPLQJV
and ELISA (Note: tiap=2.920 @ 95% CI)

HPLC-UV Elisa (Jaffe method)

' P value
Subjects t value led
(mg/dL) (mg/dL) (2 tailed)
1 80.77 74.07 76.04 112.33 111.70 108.41 4.44 0.007
2 97.92 97.55 99.38 9393 9330 9551 4.38 0.007
3 190.09 198.08188.42 171.68 167.42 168.96 4.47 0.007
4 301.51 306.88305.42 199.95 195.10 200.38 4.23 0.008
5 325.61 304.23320.09 248.32 250.36 248.32 4.47 0.007
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Table 4.8. Comparison data for % spiked recovery of creatinine fromstandard

solutions and urine matrix. “Urine Blank” is the urine from a normotensive paient.

Recovery from Standard

Recovery from “Urine Blank”

Solutions
. Spiked
Std Soln Spiked % Conc in %
. Conc. in
Method Conc. Conc. Recovery urine _ Recovery
urine
(mg/dL) (mg/dL) (n=9) (mg/dL) (n =9)
(mg/dL)
50 99.0 100 112.4
195
ELISA 200 400 97.3 500 65.1
100 93.9 70 99.7
HPLC 200 199
350 105.3 200 88.4
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HPLC vs ELISA
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Figure 4.3. Bland Altman plot comparing the HPLC-UV method and the Jaffe

method for creatinine measuremer

86



4.4 Conclusion

In this chapter, we report a simple, fast and accurate methduefsimultaneous
determination of urinary creatinine and prostanoids. The methodeiar lover three
orders of magnitude and is sensitive enough for the analysis ahoreand prostanoids
in urine. The advantage of this method is that one can determinevéie ¢ these

prostanoids normalized by urinary creatinine in a single analysis and indessza min.
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CHAPTER 5

5. DEVELOPMENT OF A LC-MS METHOD FOR THE DETERMINATION OF
LIPID BIOMARKERS IN BIOLOGICAL TISSUES

5.1 Introduction

The past decade has seen extensive research in determininglehef
inflammation in the patho-physiology of diseases like athenmsite Alzheimer’s, and
rheumatoid arthritis [1,2]. The current chapter focuses on the devatbmhan LC —
MS method for the determination and quantitation of biomarkers tagtgol important

role in the progression and the resolution of inflammation.

Common analytical methods that are used for the determination & lipeb
biomarkers include HPLC-UV [3-6], HPLC with fluorescence [7-10gpiiary
electrophoresis-UvV [11], GC-MS [12-14], LC-MS and LC-MS/MS [15:26]
Immunoassays were considered to be the standard method for theimkien of the
lipid markers for many years [2]. Immunoassays (enzyme immsapasand radio-
labeled immunoassays) are sensitive but suffer from poor spigc#icd reproducibility
due to cross-reactivity. HPLC methods mentioned above have a disagtyamat limits
their application in bioanalysis. Most of these lipid moleculesndb have good
chromophores, thus making UV detection difficult. However, it is ptsdsd detect
them at 200 nm, which is near the UV cut off of many organic savwesed as HPLC
mobile phases. Using fluorescence for detection of the lipid biomsaikeolves

numerous complicated time-consuming steps as these compounds contains no aromatic or
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naturally fluorescing systems. Hence, they need to be derwatize complex that
fluoresces, to be detected. Likewise, in case of GC analysifipid biomarkers need to
be derivatized so that they are volatile enough to enter intoath@ltase and thermally
stable to withstand degradation. HPLC coupled with mass specatyoimethe more
popular choice when it comes to detection of these biomarkers. Thecasise it is
sensitive, specific and does not require derivatization. Therseaezal LC MS methods
that have been developed to separate and quantitate endogenousolipgkers. A
comprehensive review of the literature revealed no currently peblisnethods that
simultaneously separate the-6 and -3 polyunsaturated fatty acids and their
metabolites. Blewettt. al.[15] had previously reported a validated LC-MS method for
the analysis of the metabolites of AA in rat tissue. Howes, method neglected to
include thew-3 fatty acids (EPA and DHA) and their metabolites. The gdahis
project was to develop a LC-ESI-MS method to separate and quarg@iatifferent
inflammatory biomarkers. The separation was performed ongac@&umn using a
gradient elution of 0.1% formic acid in water and 0.1% formic aciacetonitrile. The

flow rate was 1 ml/min and the run time was 75 mins.

5.2. Experimental

5.2.1 Materials

The prostanoids (PGEPGFR, PGD, 6-keto-PGE, and 11-dehydro-TXB PG4,
A12 PGJ, 15-deoxyA'** PGJ, 8-Isoprostane), leukotrienes (LTB4, LTC4, LTD4 and
LTE4), lipoxins (LXA4), HETEs (5-HETE, 9-HETE, 12-HETE, 15-HE and 20-

HETE), EETs (5,6-EET, 8,9- EET, 11,12-EET, 14 and 15-EET), DHESEBsDHETE,
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8,9-DHETE, 11,12-DHETE and 14,15-DHETE), Arachidonic Acid (AA),
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), anadamideciidonyl
glycerol, and deuterated eicosanoids used as internal standards @EBIPREGE?2,
5,6,8,9,11,12,14,15-2 H8 -15-HETE, 6,7,14,15-2 H4 -LTB4 and 5,6,8,9,11,12,14,15-
2H8-AA) were purchased from Cayman Chemical (Ann Arbor, MI, US¥etonitrile,
methanol, and formic acid were purchased from Fisher Scientifadtifédm, MA, USA).

The structures of the lipid biomarkers studied in the method are shown in section 1.5.

5.2.2 LC-MS method and conditions

The HPLC used was an Agilent 1100 series HPLC (Agilent TechmslpoSanta
Clara, CA, USA) with a binary pump, in-line degasser, and a Rheadgneal injector.
The HPLC was coupled to an Agilent G1946 B mass selectivetdet@¢SD). The
separation was performed on a Symmetry C18 4.6 mm x 250 pom,péarticle size
column (Waters Corp., Milford, MA, USA). The mobile phase used wasxture of
acetonitrile with 0.1% formic acid (v/v) (B) and water with 0.1%nfar acid (v/v) (A)
and the flow rate was set at 1 mL/min. Gradient elution wasamegland was used as
follows: 40% B for 10 min, 40-60% B from 10 to 25 min, hold 60% B from 25 to 50min,
65-90% B from 50 to 60min, hold 90% B from 60 to 70 min, 5 min re-equilibration at
40% B from 70 to 75 min. The injection volume was |20 Electrospray ionization
(ESI) in the negative ion and positive ion mode was used as theationi source.
Nitrogen was used as the nebulizer gas and was maintained at a flow of 12.0 ithnan w
nebulizer pressure of 35 psi. The gas temperature was set@t & the capillary volt-

age was 3000 V. The fragmentor voltage was set at 120 V and thewngsir2.0.
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Chromatograms were obtained using SIM (selective ion monitorirtg)amime gradient

as given in Table 5.1.

Table 5.1. SIM time gradient for LC-MS analysis

Time Time
(min)  m/z lons monitored (min) m/z lons monitored
0.00 351 PGE PGD, 20.00 319 HETEs, EETs
353 PG, 8-isoprostane 327  gd5-HETE
355 d-PGE 315 15-deoxyA**PGJ
367 11-dehydro TXB 335 LTB,
369 6 keto PGF 337 DHETEs
495 LTDy 339 d-LTB4
349 PGE 377 Arachidonyl glycerol
365 11-dehydro TXB 346 Anadamide
438 LTE 311 d-AA
624 LTG 303 AA
12.00 336 LXA 61.00 301 EPA
333 PG4 A12 PGJ 327 DHA
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5.2.3 Sample preparation

Sample preparation was performed as per the extraction protocoshmeblpy
Blewettet al.[2]. An Oasis solid phase extraction cartridge (Waters Corp., Milford, MA)
was sequentially preconditioned with 2mL 0.1% formic acid (v/v), 2mdthanol, and
2-mL ethyl acetate. 1ml of urine sample was loaded on the colachnvashed with
2mL 0.1% formic acid (v/v) and 2mL 10% methanol with 0.1% formic acid (g
eicosanoids were eluted with 1.5-mL ethyl acetate with 0.01M Bidd@ 0.5-mL
methanol with 0.2% formic acid and 0.01M BHT. 10 pL of an internaldstal solution
(d- PGE: 2.5 ng/ pL, ¢15-HETE: 500 pg/uL, ALTB4: 1ng/ pL, d-AA: 50u g/ul)
was added and the samples were evaporated to dryness. Evaporapdels saere
reconstituted to 100 puL with methanol. 20 pL of the reconstituted samgslenjected

into the LC-MS.

5.2.4 Selectivity, sensitivity and system suitability

A full method validation (linearity, accuracy recovery) is beytrmascope of this
research. Selectivity and sensitivity of the method wa®pedd. Solvent blanks were
also analyzed to investigate possible interferences. Thedirdietection (LOD) and the
limit of quantification (LOQ) were calculated as the lowaesteentrations that give the

signal to noise ratio as 3:1 and 10:1 respectively.

System suitability was performed, by injecting the standardumaxsix times
consecutively. The %RSD of the six standard ratios (responsefdafeaanalytes to that

of the internal standards) was determined.
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5.2.5 Quantitation of the lipid biomarkers

A single point calibration was used to quantify the lipid biomarkdrs perform
this, a mixture consisting of all 35-lipid biomarkers and 4 infestendards was injected
thrice. The average response (area) of the analytes to ttieg imiternal standards in the
standard solutions was determined. This ratio and the concentratitmes analytes in
the standard mixture were used to determine the unknown concentratioiesogical
tissues. The internal standards that were used for quantifysg tipid biomarkers is

given in Table 5.2.

5.3. RESULTS AND DISCUSSION

5.3.1 Chromatography

Individual compounds were analyzed to assess retention and chromatographi
behavior.  This data was then used to change the chromatographmefss to
optimize the separation. This was important to identify and sepaompounds that
have similar m/z ratio such as HETEs and EETS (m/z =319masgs spectral scan was
also performed to ensure the use of the correct m/z in SBW}sas. Once the initial
analysis was performed, a mixture of all 35-lipid biomarkes4internal standards was
prepared in methanol. A representative total ion chromatogram & EBpwn in Figure
5.1. As can be seen from Figure 5.1, the peaks are sharp andefiredid. There is
baseline separation between all compounds except for the co-etomgounds (11-
dehydro TXB (m/z = 367) and PGD(m/z = 351), LXA4 (m/z =336) and LTE4 (m/z
=438), 5,6 DHETE (m/z =337), 20-HETE (m/z =319) and 15 deoxy delta 12,14 PGJ
(m/z =315), Anandamide (m/z = 346) and 5,6 EET (m/z =319) and AA£mQ3) and
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DHA (m/z =327). The co-eluting compounds have different mass/ cinatigs, which
can be corrected when using SIM monitoring. Anandamide and Arachiglgoglol are
detected in the positive ion mode. All the other lipid biomarkersdatected in the
negative ion mode. The retention times and the m/z charge raad tbe analytes are

given in Table 5.3.

5.3.2 Selectivity, sensitivity and system suitability

Methanol, which was used as the blank, showed no interferencet@earatytes. LOQ
for all the analytes are given in Table 3. They range from 0.2W_pg/ 11.19 pg#iL.

The method meets precision criteria as the RSD for the system suitgbaitiin 10%.

Table 5.2. Internal standards used for quantifying these lipid biomarkes

Internal std lons

PGE, PGD, PGF, 8-isoprostane, 11-dehydro TXE keto PGE

ds-PGE
¢ PGE; 11-dehydro TXB, PGJ, A12 PGJ, 15-deoxy*'***PGJ
ds-LTB4 LTD4 LTE4 LTC4 LTB4 LXA4

dg-15-HETE ~ HETEs, EETs, DHETES

ds-AA Arachidonyl glycerol, Anadamide, AA, EPA, DHA
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Table 5.3. Retention times and the m/z charge ratio for all lipid biomarkers

(continued on next page)

Lipid Biomarkers RT (min) LOQ
(P9)
6-keto PGl 4.09 55
LTD4 5.09 60.2
PGkR 5.34 20.0
8-isoprostane 5.70 170.0
PGF 6.56 14.4
PGE 6.92 25.0
11-dehydro TXB 7.17 55.0
PGE 8.59 25.3
11-dehydro TXB 9.84 52.5
PGD, 10.34 20.6
LXA4 13.49 75.0
LTE4 13.90 30.9
LTC4 14.57 32.6
PG} 19.06 10.0
A-12 PG 19.55 15.0
LTB4 23.70 15.7
14,15 DHETE 27.08 20.0
11,12 DHETE 28.62 20.0
8,9 DHETE 29.89 20.0
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5,6 DHETE 31.62 20.0

20-HETE 31.98 23.2
15-deoxyA-12,14 PGJ 32.19 10.0
15-HETE 38.91 24.7
12-HETE 42.4 29.3
9-HETE 43.96 31.3
5-HETE 45.19 43.0
14,15 EET 51.98 84.7
11,12 EET 56.24 223.8
8,9 EET 57.23 354
Anadamide 57.28 30.0
5,6 EET 57.96 16.0
Arachidonyl glycerol 60.72 25.0
EPA (eicosapentaenoic acid) 61.75 140.0
DHA (docosahexaenoic acid) 63.92 150.0
AA 64.89 132.0

5.4. Conclusion

The LC-MS method for the simultaneous determination of 35 lipid biomsarke
was developed. The method was found to be specific, sensitive amgkpr@mne-point
calibration was used to quantify the lipid biomarkers in biologisaugs. According to
our knowledge, this is the only method that can simultaneously sepafat@nd -3

polyunsaturated fatty acids and their metabolites.
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CHAPTER 6

6. QSRR PREDICTION OF CHROMATOGRAPHIC RETENTION BEHAVIOR
OF POLYUNSATURATED FATTY ACIDS FROM SEMI-EMPIRICALLY
COMPUTED MOLECULAR DESCRIPTORS

6.1 Introduction

Chromatography is a technique that utilizes analytes chemicbraphysical
interactions with the mobile and stationary phases for their agpar Depending on
these interactions, different analytes travel at differetgsracross the stationary phase.
These interactions depend on the chemical structure of the arthlytphysiochemical
properties of the mobile phase and the physiochemical properties sihtiomary phase.
These interactions coupled with the distance travelled by the dindivanalytes through
the column dictates the time it takes to reach the detectbe r@tention behavior is
therefore a direct reflection of the interaction of analytewdsen the stationary and the
mobile phases. Behavior of the analytes in chromatography can bedstusing

retention modeling techniques.

This chapter describes a retention modeling technique called adit@tivan
structure- (chromatographic) retention relationship (QSRR), whashused to develop a
predictive retention model for fatty acid metabolites. Reterbemaviors of 41 lipid
biomarkers were characterized by application of QSRR analifgmng Austin Model 1
mode semi-empirical computations. The retention data of thegea&ds were obtained
from an RP-HPLC method utilizing a Symmetry C18 column under gradietion.

Molecular descriptors that take into account the polarity; chénreactivity and
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hydrophobicity of the analytes were calculated using the semireaipAM1 mode. Itis
our hypothesis that QSRR will give insight into molecular medmarof separation of
lipid biomarkers operating in a given chromatographic system andredittpretention

of a new analyte and/or to identify unknown analytes.

6.2 Retention Modeling In Rp Hplc

In the late 1970's researches realized that majority ofonchtographic
separations were carried out using RP-HPLC. RP-HPLC utiéizesn-polar stationary
phase and a moderately polar mobile phase. Refining this techniqudlteaoesearches
from the late 1970’'s to the early 1990’s, to develop models to: (1) exghliretention
mechanism and (2) predict elution order and thus help in analyte icinih. Several
models have been developed to explain the retention behavior of amaliREsHPLC.
They can be broadly classified into two categories: thermodgAaased models [1] and
molecular-interaction models [2]. The thermodynamic based moalddsesses the
retention mechanism in terms of partition and/or adsorption. The mat@atdeaction
models on the other hand, addresses the retention mechanism in tdrenproperties of

the analyte, the mobile phase and the stationary phase.

6.2.1. Thermodynamic-based models
Retention in chromatography is controlled by the thermodynamicilaquih of

an analyte (A) between the stationary and the mobile phases [3] (equation 2.1).

The retention factor (capacity factor), which is the ratio of ritention times of the
retained and un-retained species, is directly proportional togiiébeium constant as

can be seenineq. 2.2
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Also, according to classical thermodynamics, the change irefregy when the analyte

is transferring from one phase to another is given by the following eiqress
—AG® = RTInK.... (6.1)

-AG = Gibbs free energyR= gas constanfl = temperature in KelvinK = equilibrium

constant
AG® = AH® — TAS°.... (6.2)
AH °= change in enthalpyjS%= change in entropy

Substituting equation 6.1 in 6.2 and rearranging we get:
AHO  AS©
InK = —T+T+ ng.... (63)

¢= ratio of the volume of mobile phase to that of the stationary phase in the column
[volume of mobile phase = dead time * flow rate and volume of stationary phase = mass

of the stationary phase * density]

Therefore, theoretically from the standard enthalpy changesmindpy change, we can
calculate the equilibrium constant and subsequently the retentionofirtiee analyte.
However, these properties are difficult to isolate and estimate. The othetgobe noted
is that though both the classical and the statistical thermodynidweories take into
account most of the intermolecular interactions, assumed to beringcuturing
separation, neither can accurately describe the retention belwhvibe analytes [3].
This is because the thermodynamic properties (entropy, entteakpyulk properties of

the physiochemical systems and are a combination of several differectuiapkffects.
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6.2.1.1. Solvophobic theory

The most well known classical thermodynamic theories proposecshddeling
the retention mechanism is the solvophobic theory [4]. Professor HooVattale
University was the first to put forward a theory to explain #tention behavior/pattern
of analytes in RP-HPLC [4] (1976). This was adapted from thenatigvork by
Sinanoglu and co-workers [5]. This was called as the “Solvophobicythedrhe
solvophobic theory takes into account, only the interactions between tlgearaid the
mobile phase. According to this theory, the retention time dependsooparameters:
(1) contact area of the analyte with the mobile phase; ther ldrgeontact area greater is
the retention time and (2) surface tension between the analyte @itk iphase. The
theory assumes that when the analytes dissolves in the mobile {hieasds a negative
free energy change. The two interactions that are assbuidtethis free energy change
are thevan der Waals interactionsvhich is approximately proportional to the molecular
surface area of the analyte and #lectrostatic interactionswhich depends on the
dielectric constant of the mobile phase and the dipole moment of tlyteammlecules
[6]. The solvophobic theory has helped in better understanding the plemsiocah
properties that determine the retention behavior in chromatograptiyit 8uffers as it
assumes that the stationary phase is non- interactive wheeeksown from literature
that there exists interactions between the analyte and thenatgtphase (free silanol

groups on the stationary phase, pi-pi interactions).
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6.2.2 Molecular-interaction models-Quantitative structure retention elationship
(QSRR)

Molecular-interaction models assume that retention of the anaigiecules
depend on the forces between them and the molecules of the two plfagesering
work on quantitative structure activity relationships (QSAR) byiddh and others
provided means to describe activity in terms of solutes molectiactige, using
statistical techniques. Hanseh. al. [7] used QSAR along with multiple regression
analysis to gain insight into the activity of chloramphenical i@d@nbitor of protein
synthesis). This model has been successfully employed for auiaetitstructure
retention relationship (QSRR) studies. QSRR uses this model torstamtk the
relationship between the retention and the chemical nature of the anaBRR &3sumes
that since all the conditions in chromatography are kept constentetention of the
analyte is dependent only on it's structure (only independent variablhe system).
This technique is capable of correlating chromatographic retentimntolahe analyte
properties using multiple regression analysis [8]. Though the thnée papers were
published in 1977, QSRR is steadily gaining appreciation with mame 350 papers

published since 2001 (Figure 6.1).

6.2.2.1 Types of QSRR

There are three main types of QSRR:

1. QSRR based on partition coefficient

The oldest is the one that relates logarithm of retention fa¢tog k) to the

logarithm of partition coefficients (log P) [9].
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2. Linear Solvation- Energy Relationships (LSER)

Kamlet and co-workers developed the linear solvation energtiaes$hip
(LSER)[15]. They demonstrated that the interactions betweeantiigte and the solvent
are responsible for many chemical properties such as octanet patition (log P),
agueous solubility and HPLC capacity factors [10]. According to this Imiadse
chemical properties depend on the energy required to surround ahgeawith the
solvent molecules, energy required to stabilize the solvent cavityhanehergy lost or
gained due to the formation of hydrogen bonds or electrostatic itbesclhese analyte
solvent interactions in turn depend on the molecular structure of theesnd1,12]. The
disadvantage of LSER is that the solvatochromic parametersngigcal in nature and

are available for limited number of compounds.

3. QSRR based on quantum chemical indices and/or structural descriptors

The third type of QSRR relates the retention factor to numegmasitum
chemical indices and/or structural descriptors from calculati@mecstry. For this type
of QSRR study one needs: retention data for large of anagtesnolecular descriptors
that reflects the structural properties of the analytddsing statistical techniques
(multiple regression analysis) the retention parametersclaaeacterized in terms of
numerous combinations of molecular descriptors of the analytes f&he results are
significant, then the molecular descriptors can be used to ptedicetention time of a
new analyte and gain insight of the retention mechanism. Sontkeomolecular
descriptors that are commonly used in QSRR studies are: carbonrpalbezibility,

dipole moment, octanol-water partition coefficient, solvation energimsd
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electronegativity. The advantage of this QSRR rhoder the LSER is that there are
restrictons in determining the structural descriptors asythre based simply on t

structure of the compound

QSRR based on quantum chemical indices and/ortstal@escriptors was us:
in this study. An extensive search of the literattevealed thathere is currently n
reported QSRR study on the lipid biomarkers of rede (metabolites of arachidor

Acid, docosahexaenoic acid and eicosapentaenaiy.
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Figure 6.1. Number of papers published from 1990 t@011 in the field of QSRR.

(Data adaptedfrom Scifinder Scholar 2007
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6.3 Experimental

6.3.1 Chemicals and Materials

The prostanoids (PGE PGk, PGD, 6-keto-PGk, and 11-dehydro-TXB
PGJ, A PGJ, 15-deoxyA'®'* PGJ, 8-Isoprostane), leukotrienes (LTB4, LTC4, LTD4
and LTE4), lipoxins (LXA4, 15-epi LXA4) HETEs (5-HETE, 9-HETE, HETE, 15-
HETE and 20-HETE), EETs (5,6-EET, 8,9- EET, 11,12-EET, 14 andER;EOHETES
(5,6-DHETE, 8,9-DHETE, 11,12-DHETE and 14,15-DHETE), Arachidonic Acid }(AA
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), anadamaacBidonyl
glycerol, resolvins (RvD1 and RvD2) and deuterated eicosanoids usedeasalint
standards (3,3,4,4-2H4-P@E5,6,8,9,11,12,14,15-2 H8 -15-HETE, 6,7,14,15-2 H4 -
LTB4 and 5,6,8,9,11,12,14,15-2H8-AA) were purchased from Cayman Chemical (Ann
Arbor, MI, USA). Acetonitrile, methanol, and formic acid were pased from Fisher
Scientific (Waltham, MA, USA). Resolvin D5, deuterated Resolvin Bé 2,3-dinor-5,
6,dihydro-ent-15 epi f2t-isop were donated by Dr. Bernd Spur (Departoie@ell

Biology, UMDNJ, New Jersey, USA).

6.3.2 LC-MS method and conditions

The HPLC used was an Agilent 1100 series HPLC (Agilent TechmsloSanta
Clara, CA, USA) with a binary pump, in-line degasser, and a Rheadgneal injector.
The HPLC was coupled to an Agilent G1946 B mass selectivetdet@dSD). The
separation was performed on a Symmetry C18 4.6 mm x 250 pom,particle size
column (Waters Corp., Milford, MA, USA). The mobile phase used wasxture of

acetonitrile with 0.1% formic acid (v/v) (B) and water with 0.1%nfar acid (v/v) (A)
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and the flow rate was set at 1 mL/min. Gradient elution wasamegland was used as
follows: 40% B for 10 min, 40-60% B from 10 to 25 min, hold 60% B from 25 to 50min,
65-90% B from 50 to 60min, hold 90% B from 60 to 70 min, 5 min re-equilibration at
40% B from 70 to 75 min. The injection volume was dQ Electrospray ionization
(ESI) in the negative ion and positive ion mode was used as theationi source.
Nitrogen was used as the nebulizer gas and was maintained at a flow of 12.0 itfnan w
nebulizer pressure of 35 psi. The gas temperature was ser@t@wdthe capillary volt-
age was 3000 V. The fragmentor voltage was set at 120 V and thewvgsir2.0.

Chromatograms were obtained using SIM (selective ion monitoring).

6.3.3 Sample preparation procedure

Standard solutions of inflammatory lipid molecule such as AA, DHPA EBnd
their metabolites were prepared in methanol andl26f each solution was injected into
the LC-MS. To correct for slight variations in the retentiomes, they were referenced
to that of 2,3-dinor-5, 6,dihydro-ent-15 epi f2t —isop, which was used as emaht

standard.

6.3.4 QSRR analysis and molecular descriptors

The geometry optimization was done with Spartan’06 ES V3.2.2 usingeimi-
empirical AM1 (Austin model 1) mode. Molecular descriptors includiipgple moment,
solvation energies and HOMO and LUMO energies were then cadulaing the semi-
empirical AM1 mode. Clog P (Calculated log P) was calcdlateng ACD ChemSketch

software.
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6.3.5 Statistical Analysis

To investigate possible correlations between the retention hchéha molecular
descriptors, regression analysis was performed. Multiple regmesxjuations were
derived using the statistical software Med@alc Statistical evaluation was performed
from the correlation coefficient (r). Correlation coefficiefly value > 0.90 was
considered as good correlation. The agreement between two methodemzered
using the Bland-Altman method [13] (plotting the difference inTRiRetween the two
methods against the mean RRT for each analyte). The criferiagreement is that the
differences within the accuracy fall within the 95% confidengetlof the mean of the

differences.

6.3.6 ldentification of unknown analyte

One of the goals of the QSRR study was to identify an unknown axamdpin
kidney tissue at RRT (31.6 min) and m/z = 319. The extraction of dmekitissue was
done as explained by Blewetdt. al[14]. The molecular descriptors of the suspected
candidates were calculated using semi-emperical AM1 mode as fdortee lipid
biomarkers. The QSRR equation was then used to determine thetgdeldRT. The

observed and the predicted RRT’s were compared using the Bland-Altmansanalysi

6.4 Results And Discussion

Molecular properties can be computed by various methods includingtiabaimd
semi-empirical methods [15]. Semi-empirical methods are masterf as most of the
variables are parameterized [15]. They are therefore dgpensive than ab-initio,

especially in case of large molecules. Austin Model 1 (AMig Rarameterization 3
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(PM3) are the two semi-empirical methods that are widely usedomputational
chemistry [16]. AM1 developed by Dewar in 1985 is parameterized,f&; C, N, O, F,
AlLSI<P, S, CIl, Zn, Ge, Br, Hg, and | [17]. PM3, developed by Stevwgad re-
parameterization of AM1 [17]. Although PM3 is parameterized featgr number of
elements than AM1, AM1 was used for this study, as it is knowrepoesent the
differences between compounds more reliably than PM3 [17]. Timspisrtant as the
lipid biomarkers under study are closely related with many omtlmave similar

structures.

The main goal of the QSRR study was to determine the retamgchanism in
the given chromatographic system. In case of reverse phase, HRe€ retention
mechanisms have been proposed; the partition theory, the adsorption thedhe and
hydrophobic theory [18]. Retention can be due to one or more of thesenisetha In

the current study, we have investigated all the three retention theories.

Partition theory assumes that the analyte distributes between the aqueous mobile
phase and the stationary phase [18]. log P known as distributiongpactifficient is a
property that can depict this distribution of the analyte betweemdide phase (water)
and stationary phase (C18 column). In this study Clog P was aa&dulwhich is a
fragment-based prediction model of the partition coefficient. Ating to this model,
log p of a compound is the sum of the hydrophobicity value from eaabcuoiar
fragment [19]. Clog P for all the lipid biomarkers were caltad using ChemSketch
(Table 6.1). We found that there exist a good correlation (r= 0.9%¢brtClog P and
RRT (min) (Figure 6.2) indicating that partition plays a magbe in the retention of the

lipid biomarkers in the given chromatographic system.
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Adsorption theory assumes that the analyte remains on the surface and does not

penetrate into the pores of the chromatographic column [18]. Adsorptibie @inalyte
on the column surface occurs primarily due to dipole-dipole interec{18]. Dipole

moment and polarizibility (derivative of dipole moment in a giverctele field) were

calculated to determine the role of adsorption in the retention @inidlgtes (Table 6.3).
Figure 6.3 show that there exists a very poor correlation (r= @&&veen the dipole
moment and RRT (min) of the analytes. Furthermore, there is relatmn between the
polarizibility of the analyte molecules (Figure 6.4) and theTRRin). These results

indicate that adsorption may have a very small role to play in the retentaraniem.

Hydrophobic theory presumes that the hydrophobic portion of the analyte
molecules aggregates together, thus forming cavities indiverds [18]. The polar
groups on the analyte molecules interact with the polar mobile pHdss.theory also
assumes that the stationary phase has no role in the retentiomisechdo study this
we computed the solvation energies of the analyte molecules (@&ple We can see
from Figure 6.5, that as the RRT increases the solvation energpases, indicating that
more energy is required to solvate the non-polar analyte maeculdere exists a
moderate correlation between the RRT and the solvation energidise oAnalytes
(r=0.82). Hydrophobic interactions are hence thought to play a smmifiole in the

retention of these lipid biomarkers.
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Table 6.1. Partition theory: Clog P for all the lipid biomarkers (continued on mext

page)
Compounds RT  Observed RRT Clog P
(min) (min)
6-keto PGIr, 4.09 0.69 0.93
LTD4 5.09 1.69 1.43
PGRK 5.34 1.94 151
8-isoprostane 5.70 2.30 1.69
PGk, 6.56 3.16 1.88
PGE 6.92 3.52 1.96
11-dehydro TXB 7.17 3.77 2.02
PGE 8.59 5.19 2.14
11-dehydro TXB 9.84 6.44 2.43
PGD, 10.34 6.94 2.58
LXA4 13.49 10.09 2.70
15-epi LXA4 13.49 10.09 2.70
RvD1 13.50 10.10 2.89
RvD2 13.50 10.10 3.19
LTE4 13.90 10.50 3.34
LTC4 14.57 11.17 3.66
RVE2 17.44 14.04 3.81
PGJ 19.06 15.66 3.85
A PGJ 19.55 16.15 3.99
RVD5 23.31 19.91 4.06
LTB4 23.70 20.30 4.06
RvD6 25.18 21.78 4.12
14,15 DHETE 27.08 23.68 4.34
11,12 DHETE 28.62 25.22 4.35
8,9 DHETE 29.89 26.49 4.82
5,6 DHETE 31.62 28.22 491
20-HETE 31.98 28.58 5.10
15-deoxyA™®¥ PGy  32.19 28.79 5.22
15-HETE 38.91 35.51 5.44
12-HETE 42.40 39.00 5.45
9-HETE 43.96 40.56 5.56
5-HETE 45.19 41.79 5.62
14,15 EET 51.98 48.58 5.65
11,12 EET 56.24 52.84 5.67
8,9 EET 57.23 53.83 6.23
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Anadamide 57.28 53.88 6.25

ClogP

5,6 EET 57.96 54.56 6.30
Arachidonyl 60.72 57.32 6.30
glycerol
EPA 61.75 58.35 6.30
DHA 63.92 60.52 6.78
AA 64.89 61.49 6.91
8 -
7 IS o
6 - ”0 *»
* o
5 4 ”."/__—“‘
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Figure 6.2. Partition theory: Clog P vs. RRT (min)
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Table 6.2. Adsorption theory: Dipole moment and polarizibility of all lipid

biomarkers (continued on next page)

Compounds RT (min) Observed  Polarizibility  Dipole
RRT (min) moment
(Debye)
6-keto PGIr, 4.09 0.69 71.41 2.46
LTD4 5.09 1.69 82.3 1.97
PGRK 5.34 1.94 70.50 1.52
8-isoprostane 5.70 2.30 70.73 3.38
PGR 6.56 3.16 70.74 4.45
PGk 6.92 3.52 70.08 1.42
11-dehydro TXB 7.17 3.77 70.70 3.02
PGE 8.59 5.19 70.35 3.32
11-dehydro TXB 9.84 6.44 70.95 3.08
PGD, 10.34 6.94 70.36 6.58
LXA4 13.49 10.09 71.76 2.81
15-epi LXA4 13.49 10.09 71.78 2.62
RvD1 13.50 10.10 73.61 4.27
RvD2 13.50 10.10 73.64 2.17
LTE4 13.90 10.50 78.14 2.79
LTC4 14.57 11.17 39.47 1.42
RVE2 17.44 14.04 70.40 4.62
PG 19.06 15.66 69.75 2.09
DY PG} 19.55 16.15 69.64 3.04
RVD5 23.31 19.91 72.86 2.15
LTB4 23.70 20.30 71.05 1.93
RvDG6 25.18 21.78 73.01 3.49
14,15 DHETE 27.08 23.68 70.90 3.00
11,12 DHETE 28.62 25.22 70.88 1.21
8,9 DHETE 29.89 26.49 70.83 3.22
5,6 DHETE 31.62 28.22 70.74 2.35
20-HETE 31.98 28.58 70.16 2.65
15-deoxy D** PGJ 32.19 28.79 68.93 3.94
15-HETE 38.91 35.51 70.17 1.56
12-HETE 42.40 39.00 69.93 1.05
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9-HETE 43.96 40.56 69.94 5.42
5-HETE 45.19 41.79 70.18 2.68
14,15 EET 51.98 48.58 69.84 3.31
11,12 EET 56.24 52.84 69.82 2.85
8,9 EET 57.23 53.83 69.79 0.75
Anadamide 57.28 53.88 73.38 3.80
56 EET 57.96 54.56 69.70 1.12
Arachidonyl glycerol 60.72 57.32 75.14 2.60
EPA 61.75 58.35 68.97 1.47
DHA 63.92 60.52 71.58 2.07
AA 64.89 61.49 69.25 1.97
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Figure 6.4. Adsorption theory: Polarizibility vs. RRT (min)
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Therefore, we can say that the retention of the lipid biomariketbe given
chromatographic system is primarily due to partition of the émddgtween mobile and
stationary phases, followed by interaction of the analytes wahilenphase and lastly
due to adsorption of the analyte on the stationary phase by wealke-dipole
interactions. QSRR equations were obtained by performing mulégtession analysis
using numerous combinations of molecular descriptors of the anaGies;P, dipole
moment and solvation energies. Polarizibility was not used in tlcelaton, as it
showed no significant relationship to RRT. The QSRR equation thusexbtaas then
used to calculate RRT (min), which was then compared to the obsRR&d(min)
(Figure 6.6). There exists a good correlation (r=0.96) between therveddsand
calculated RRT. However, this model does not completely explainrettemtion

mechanism of the analytes.

To investigate the retention mechanism further, we decideddk into the
electron pair donor- electron pair acceptor interactions, whichthemeght to play a
significant role in the retention of analytes [20]. Molecularcdptors that took into
account chemical reactivity of the analytes; the lowest unoedupiolecular orbital
(LUMO) and the highest unoccupied molecular orbital (HOMO) werepctoed. We
found that there exists a moderate correlation between the RRJ &nd the LUMO

energies (kcal/mol) (Figure .6.7).
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Table 6.3. Hydrophobic theory: Solvation energies of all lipid biomarkers
(continued on next page)

Compounds RT (min) Observed E(aq)
RRT (min) (kj/mol)

6-keto PGIr, 4.09 0.69 -1468.9
LTD4 5.09 1.69 -1228.21
PGRK 5.34 1.94 -1121.79
8-isoprostane 5.70 2.30 -1241.28
PGR 6.56 3.16 -1236.09
PGE 6.92 3.52 -1030.19
11-dehydro TXB 7.17 3.77 -1221.3
PGE 8.59 5.19 -1152.29
11-dehydro TXB 9.84 6.44 -1340.15
PGD, 10.34 6.94 -1143.04
LXA4 13.49 10.09 -1061.24
15-epi LXA4 13.49 10.09 -1065.33
RvD1 13.50 10.10 -838.37
RvD2 13.50 10.10 -856.28
LTE4 13.90 10.50 -1063.09
LTC4 14.57 11.17 -1597.26
RVE2 17.44 14.04 -727.43
PG} 19.06 15.66 -823.17
A PGJ 19.55 16.15 -825.80
RVD5 23.31 19.91 -656.26
LTB4 23.70 20.30 -855.45
RvD6 25.18 21.78 -653.55
14,15 DHETE 27.08 23.68 -978.94
11,12 DHETE 28.62 25.22 -977.91
8,9 DHETE 29.89 26.49 -968.42
5,6 DHETE 31.62 28.22 -966.44
20-HETE 31.98 28.58 -678.48
15-deoxyA™®* PGJ 32.19 28.79 -526.90
15-HETE 38.91 35.51 -663.62
12-HETE 42.40 39.00 -660.89
9-HETE 43.96 40.56 -630.35
5-HETE 45.19 41.79 -658.03
14,15 EET 51.98 48.58 -574.95
11,12 EET 56.24 52.84 -573.41
8,9 EET 57.23 53.83 -564.95
Anadamide 57.28 53.88 -474.01
5,6 EET 57.96 54.56 -563.03
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Arachidonyl glycerol 60.72 57.32 -873.34
EPA 61.75 58.35 -340.29
DHA 63.92 60.52 -274.05
AA 64.89 61.49 -460.03
1999 -
(]
5
E .
a 1499 ¢ y=-12.768x + 1187.8
< g r=0.82
TR A
o = 999 - RRREETR ¢ 2
€S ¢ o ¢ - ¢
pt * e ¢ e .
2 499 - . B £SO ¢
3 ‘e
2
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0 10 20 30 40 50 60 70
RRT (min)

Figure 6.5. Hydrophobic theory: Solvation energy vs. RRT (min)
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QSRR equation

Calculated RRT =-12.005 +10.461 (Clog p)- 0.7837 (dipole moment) +0.0043

(solvation energy)

70.00 -
60.00 -
50.00 - R R4
40.00 - VI X R ¢

30.00 - o -
20.00 - P PPt r=0.96
10.00 - -8

0.00 ?’. : . . : : : .

-10.00 j‘ 10 20 30 40 50 60 70

Calculated RRT (min)

-20.00
Observed RRT (min)

Figure 6.6. Chromatographically determined RRT (min) vs. theoratally

determined RRT (min) for 41 lipid biomarkers
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On the other hand, the HOMO energies of the analytes were fouedatotnd the same
for all the analytes, hence was neglected (Table 6.4). WAy a QSRR equation was
obtained using Clog P, dipole moment, solvation energies and LUMO. TRie R
calculated using this QSSR equation was plotted against the ob&Rve(Figure 6.8).
The addition of the LUMO term to the QSRR equation improved the labomre
coefficient (0.96 to 0.97). LUMO energy is considered to be a good appraxinadtine
molecular affinity [21]. This suggests that the analyte molscale involved in electron
pair acceptor- electron pair donor interactions with either thelenphase or stationary
phase. The QSRR model imply that the retention of lipid biomarkerthe given
chromatographic system is due to various mechanisms in the fojjasder (Figure 6.8)
partitioning, adsorption, electron pair donor acceptor interactions aaly firydrophobic

interactions involving the analytes and the mobile and/or stationary phases.

To determine whether the retention mechanism follows the samefordsl the
different sets of lipid biomarkers, we divided them into four groupsufI- compounds
with RRT< 10 min, Group II- compounds with RRT (10-25 min), Group bmpounds
with RRT (25-70 min) and Group V- compounds with RRT (50-70 min). Thisidn
was done to match the mobile phase changes in the system (FigureTée whole
system can be divided into five regions based on changes in the nphiaite
composition. Region IV and V were combined as there are few compouwaisdb@0
mins. Using MLR, QSRR equations were obtained using Clog P, dipoleembom
solvation energies and LUMO for each group. The RRT calculated tissg QSSR
equations were plotted against the observed RRT (Figure 6.10, 6.11, 6.12 andit6.13).

was observed that the RRTs calculated using the individual QB&feIs were much
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closer to the observed RRTSs for all the groups. This is esiyeiciad for the first group
of compounds who’s calculated RRTs changed from negative numbers to/eositi
numbers when the individual QSRR model was used. It was also ob$eavedough
the coefficients of the individual molecular descriptors had diffevalues, the order of
the mechanism remained the same for the first group which pantigoning, electron
pair donor acceptor interactions, adsorption and finally hydrophobic ¢titera. The
last group saw a reversal in the order of the mechanismthatadsorption and electron
pair donor acceptor interactions. The intercept also differs @r gaup of compounds
(Table 6.5). We believe that this is because the intercept Emply a random number
of fit but is a value that accounts for the mobile phase diffeseimcéne system. This
may be true especially since these retention models takadotwnt only the properties

of the analytes and not that of the mobile and stationary phases.

The accuracies of the calculated RRT obtained by using jusintheidual
molecular descriptors were compared to the QSRR models aasaelthe QSRR model
based on groups. The % accuracy was calculated using the forroaleulgted
RRT/observed RRT) *100]. It was observed that the % accuracieallfdine lipid
biomarkers was better when the QSRR model based on groups, was aldeds(6 and
6.7). We believe that dividing it into groups gives a better piedichodel, as the
mobile phase conditions remain more or less constant for all tiygemnan a specific

group (Figure 6.9).

The observed and the predicted RRT's were compared using the Atarath

method to determine if they are comparable [13]. Bland-Altmalysiedor analytes
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was performed, by plotting the difference in the RRT’s vs. thenroédhe RRT's. All

the measurements are within 95% confidence interval (d £ s).

QSRR was also used in the identification of an unknown compound. The RRT
and the m/z of the unknown compound suggest that it is likely to be a HETE. Though the
major HETEs i.e. 20-, 15-, 12-, 9- and 5-HETEs are used forsthdy, there are few
other HETE’s that are found vivo and have some biological activity (e.g. 19-, 18-, 17-,
16- HETE). The presence of a quadratic relationship between tietioa times of
HETEs and the position of the OH substitution has been describeckwetBit.al [14].

A similar quadratic relationship exists between the retentimesiof HETEs and the
position of the OH substitution for the instrumental condition describegiea(Figure
6.14). Using this quadratic equation, it was determined that theoposit the OH
substitution is likely to be on Carbon 19. The molecular descrifgorsl9-, 18-17-, 16-
HETE were calculated using semi-emperical AM1 mode as done for ttidigonarkers.
The QSRR equation obtained for Group Ill was used to determine thetpce@®RT
(Table 6.8). The % accuracy was calculated for all the HETHsy ube formula
[(calculated RRT/observed RRT) *100] and compared to the avecageaay obtained
using the QSRR model. Though the accuracy of 19-HETE is much theitethe others,
the % accuracy of all the HETES lie outside the standarhtiten of the model (Table
6.8). We can conclude that either the unknown compound is not an HETE asepredi
or that the obtained QSRR model is not a good predicitve model. Wawddhiat the
latter is more likely to be true as this model takes in acconlytthe properties of the
analytes and not of the mobile and stationary phases which can lideoethgo be the

biggest weakness of this model.
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As mentioned earlier, further studies need to be performed to detetire
contribution of mobile phase in the retention mechanism. This is ianio#s
electrostatic interactions especially dipole-dipole interactaamsoccur between analyte
and mobile phase with high dielectric constant. We know that as gheiorcontent of
the mobile phase increases, the dielectric constant decré&agpe® (6.9). This suggests
that the electrostatic interactions between analytes and npifaike will also vary with
time. Hence, we firmly believe that this variation needs tocbeumted for in the QSRR

model.

6.5 Conclusion

Quantitative structure- (chromatographic) retention relationshiiRiQdas been
used to develop a predictive retention model for fatty acid metaboln this chapter,
retention behavior of 41 lipid biomarkers has been characterized byampliof QSRR
analysis utilizing AM1 semi-empirical computations. The retentiata of these fatty
acids were obtained from an RP-HPLC method utilizing a Synyn@tB column under
gradient elution. Four solute descriptors (Clog P, dipole moment, solveriergies and
LUMO energies) showed significance. Values of Log P wereutated using “fragment
based prediction”, (Clog P). The dipole moment, LUMO energies and solvation energies
were computed from the optimized semi-empirical AM1 (Austin Motlglsolute
geometries. Results from the QSRR analysis showed that, oetewiti solutes was
predicted with Clog P, dipole moment, solvation energies, and LUMQgieserThe
QSRR equation obtained in this study was applied to predict the utasl@bharacter of

an unknown analytes in the kidney tissue of hypertensive rat model.
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Table 6.4.Chemical Reactivity: HOMO and LUMO energies of all lipid biomarkes
(continued on next page)

Compounds  RT (min) Observed HOMO LUMO
RRT (min) (kcal/mol) (kcal/mal)
6-keto PGIr, 4.09 0.69 -236.15 6.15
LTD4 5.09 1.69 -203.07 -14.44
PGRK 5.34 1.94 -229.44 18.30
8-isoprostane 5.70 2.30 -233.32 16.21
PGFR, 6.56 3.16 -234.62 17.51
PGE 6.92 3.52 -226.28 16.97
11-dehydro TXB 7.17 3.77 -228.68 15.10
PGE 8.59 5.19 -232.93 15.81
11-dehydro TXB 9.84 6.44 -236.57 15.62
PGD, 10.34 6.94 -238.62 5.20
LXA4 13.49 10.09 -205.11 -20.16
15-epi LXA4 13.49 10.09 -204.14 -18.83
RvD1 13.50 10.10 -209.14 -7.34
RvD2 13.50 10.10 -205.15 -7.93
LTE4 13.90 10.50 -203.30 -13.62
LTC4 14.57 11.17 -205.73 -15.58
RVE2 17.44 14.04 -214.45 3.79
PGJ 19.06 15.66 -233.97 -4.69
A PGJ 19.55 16.15 -230.31 -4.75
RVD5 23.31 19.91 -219.62 3.94
LTB4 23.70 20.30 -210.02 -12.30
RvD6 25.18 21.78 -217.35 1.52
14,15 DHETE 27.08 23.68 -226.07 22.94
11,12 DHETE 28.62 25.22 -229.01 18.83
8,9 DHETE 29.89 26.49 -227.77 19.64
5,6 DHETE 31.62 28.22 -228.40 22.24
20-HETE 31.98 28.58 -213.83 4.52
15-deoxyA?* 32.19 28.79 -220.73 -12.61
PGJ
15-HETE 38.91 35.51 -215.08 2.85
12-HETE 42.40 39.00 -226.27 14.19
9-HETE 43.96 40.56 -214.13 11.30
5-HETE 45.19 41.79 -217.64 2.31
14,15 EET 51.98 48.58 -226.09 22.69
11,12 EET 56.24 52.84 -227.91 22.66
8,9 EET 57.23 53.83 -224.45 20.99
Anadamide 57.28 53.88 -221.42 23.34
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5,6 EET 57.96 54.56 -227.65 21.66

Arachidonyl 60.72 57.32 -224.67 19.42
glycerol
EPA 61.75 58.35 -219.59 22.94
DHA 63.92 60.52 -220.9 21.15
AA 64.89 61.49 -225.64 23.34
30 -
2> 1 S IS o
20 o’ PO
S 15 - Neo o T
E 1 o e T 4
= o e -
S 5 _ ’ _____ LR . e o
g 50 g ® 30 40 50 60 70
2 10 1 . Y . y = 0.349x - 0.8977
-15 { @ ('S a
r=0.49
-20 -
-25 -

Observed RRT (min)

Figure 6.7. Chemical reactivity: LUMO energies vs. RRT (min)
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QSRR equation

Calculated RRT =-9.595 + 9.625 (Clog p)- 0.7813 (dipole moment) +0.0052 (solvation

energy) + 0.2275 (LUMO)

70.000 -
60.000 - »
50.000 - -
40.000 - o %o
30.000 - 00"
20.000 - 09,‘""'
10.000 - “?

0.000 2 .
-10.000 r 10 20 30 40 50 60 70
-20.000

Calculated RRT (min)

Observed RRT (min)

Figure 6.8. Chromatographically determined RRT (min) vs. theoratally

determined RRT (min) for 41 lipid biomarkers
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Figure 6.9. Change in % acetonitrile (ACN) and dielectric constant wittime (min)
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QSRR equation

Calculated RRT= -7.99 + 4.45 (ClogP) -0.008 (dipole moment) - 0.002 (solvation

energy) -0.01 (LUMO)

8.000 -
7.000 -
6.000 - .
5.000 -

4.000 - ®

% 2 r=0.98
3.000 - o .-

Calculated RRT (min)

2.000 - *
1.000 -

0.000 * : : . : . . .

Observed RRT (min)
Figure 6.10. Chromatographically determined RRT (min) vs. theoretally

determined RRT (min) for compounds with RRT < 10 min
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QSRR equation

Calculated RRT= -5.21 + 7.735 (ClogP) -0.211 (dipole moment) + 0.010 (solvation

energy) -0.227 (LUMO)

25.000 -
S 20.000 - 0’
£ o ¢
E 15.000 o
3 ®»
£ 10.000 - <
(1]
3 $ r=0.94
o
8 s.000 -
0.000 : : : : .
0 5 10 15 20 25

Observed RRT (min)

Figure 6.11. Chromatographically determined RRT (min) vs. theoretally

determined RRT (min) for compounds with RRT (10-25 min)
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QSRR equation

Calculated RRT = - 19.21 + 12.54 (ClogP) — 0.314 (dipole moment) + 0.021 (solvation

energy) + 0.39 (LUMO)

50.00 -
45.00 - T
40.00 - *0
35.00 - ¥

30.00 -
25.00 -
20.00 -
15.00 -
10.00 -
5.00 -
0.00 . : . : : .
50 60

Calculated RRT (min)

0 30 40
Observed RRT (min)

Figure 6.12. Chromatographically determined RRT (min) vs. theoretally

determined RRT (min) for compounds with RRT (25-50 min)
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QSRR equation

Calculated RRT = 13.91 + 7.39 (ClogP) + 0.230 (dipole moment) + 0.002 (solvation

energy) - 0.170 (LUMO)

70.000 -~

60.000 - 4

50.000 - 14
40.000 r=0.87
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Figure 6.13. Chromatographically determined RRT (min) vs. theoretally

determined RRT (min) for compounds with RRT (50-70 min)
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Table 6.5. Coefficients of the molecular descriptors

Groups Clog P Dipole moment Solvation LUMO Intercept
0-10 min  4.45 -0.008 -0.002 -0.010 -7.99
10-25 min  7.73 -0.21 0.010 -0.23 -5.21
25-50 min  12.54 -0.314 0.021 0.39 -19.21
50-70 min ~ 7.39 0.23 0.002 -0.17 13.91
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Table 6.6: % Accuracy using individual molecular descriptors ér all the lipid

biomarker
Compounds Clog P Dipole moment Polarizibility Solvation energies LUMO
6-keto PGF,, -1990.06 6269.91 -27870.68 -3192.72 2926.66
LTD4 -451.26 4616.22 -176604.46 -187.39 -2296.04
PGF; -342.76 5666.45 2114.72 266.66 2835.45
8-isoprostane -193.56 -955.91 -780.38 -182.23 2131.27
PGF, -67.46 -3097.23 -649.14 -119.76 1669.12
PGE, -32.81 3324.47 4224.94 350.91 1454.46
11-dehydro TXB, -11.21 94.06 -272.05 -69.64 1215.88
PGE, 20.09 -341.63 1531.54 53.62 922.41
11-dehydro TXB, 71.17 -11.01 -1154.64 -185.40 734.92
PGD, 92.44 -3586.98 1108.40 50.55 251.76
LXA4 78.10 182.75 -2795.35 98.30 -547.01
15-epi LXA4 78.10 316.30 -2846.18 95.12 -509.24
RvDI 100.99 -842.64 -7489.21 271.14 -182.77
RvD2 137.26 631.98 -7565.37 257.24 -199.50
LTE4 149.47 189.13 -18266.18 93.08 -347.18
LTC4 175.49 1047.64 71597.46 -287.28 -376.63
RvE2 152.66 -782.97 474.83 256.97 95.67
PGJ, 139.99 443.83 1490.00 182.48 -69.39
D" PGJ, 146.32 13.17 1619.43 175.67 -68.35
RVD3 122.98 327.72 -2833.26 209.23 69.62
LTB4 120.62 398.28 -492.61 128.31 -160.94
RvD6 115.79 -136.76 -2766.59 192.24 31.81
14,15 DHETE 117.84 20.97 -259.88 69.12 288.44
11,12 DHETE 111.13 523.06 -223.67 65.22 224.13
8,9 DHETE 127.47 -40.16 -164.55 64.90 222.15
5,6 DHETE 123.55 180.95 -72.69 61.47 234.93
20-HETE 130.11 104.22 448.58 139.66 54.32
15-deoxy D> PGJ, 134.25 -214.32 1540.78 179.91 -116.57
15-HETE 116.41 301.58 353.82 115.69 30.24
12-HETE 106.30 367.34 479.95 105.88 110.85
9-HETE 105.53 -410.91 455.17 107.71 86.17
5-HETE 104.17 66.19 294.51 99.35 21.99
14,15 EET 90.37 -35.04 432.80 98.87 139.12
11,12 EET 83.54 29.53 407.62 91.12 127.75
8,9 EET 94.71 305.66 414.41 90.68 116.51
Anadamide 95.07 -96.09 -1294.42 103.82 128.90
5,6 EET 95.01 253.48 451.16 89.74 118.47
Arachidonyl glycerol 90.43 58.15 -2004.04 42.99 101.56
EPA 88.84 194.47 742.64 113.83 117.06
DHA 95.34 117.19 -389.78 118.33 104.39
AA 96.41 126.87 587.96 92.76 112.94
Average 15.09 380.97 -4049.38 7.52 287.93
Stdev 344,50 1773.45 30390.32 528.85 897.24

137



Table 6.7. % Accuracy for all the lipid biomarkers (Model I: QSRR using Clog P,
dipole moment and solvation energies and Model IIQSRR using CLOG P, dipole
moment, LUMO and solvation energies, Group -1V explained in text)

O Accuracy
Compounds Model I Model I Group I Group 11 Group II1{25-70) Group III (25-50) Group IV (50-70)
i-kelo PLF, -1531.10 -1281.13 2.1
LT EIRD) -418.42 115,18
PaiF. -L16.9 0532 tib 97
N-iil1|1l'\].\'1ﬂlh.‘ -L0EaY 5365 12310
PiF, “37.6d A 115.23
Bl 2.1 164,54 57,99
H-dehydro TXR W7 12,52 1258
Bl 53,56 115.34 B 45
Il-delvdra TXE B 54 121,10 iy 5
P, s Thd 93,22
Lxad 5343 40,31 - 9 85
]5-C|1l]..";.-‘|.'~1 44,74 4457 - b 65
Rl 11132 B7.43 - 54,41
Bl 15798 13107 - 11136
LTE4 151,56 11153 - 113.20
LTid 161,29 1112 - Yi0l
Rl 150.11 144,22 - 107,96
P, 147.%6 1367 - 104.39
D" il 147.18 L3.28 - 111,49
RVD3 13126 13443 - yLET
LTR4 134,35 10211 - 5§71
Bildn 117.18 11141 - 7 45 - -
1413 DHITE 111.17 12643 - - 101,56 5711
1 THETE 11225 121,96 - - 50,43 £7.71
89 DHETE 113.54 127.19 - - 114.47 105.11
30 DHETE 114,49 127.40 - - 114.74 107.57
MHETE 17.11 122.14 - - 10,47 11379
Tideosy D1 PO 124.11 114,57 - - 101,46 101.42
13-HETE 11450 104.47 - - 10111 101.17
12HETE 105.55 107.23 - - 101,33 104,36
U-HETE 6,24 g7 - 100,58 y9,13
SHETE 104,10 54.51 - - Y145 50,3
HI5EET b, 44 1.3l - - 94,12 Y787
I2EET .l 5.0 - - E7.02 - 57,5
SO EET Y311 b5, 87 - - by 2 - 103,16
Anadanude kg, 72 Y354 - - 102.97 - 104,21
FNEET Yi7l Y5.59 - - JUARD] - 102,58
Arahidony] glveeml Hoa7 iS5 06 . . y3 . 7.7
FPA B7.87 6141 - - b0 - 6.4
[HA y2.72 54,43 - - 105. 16 - 59,54
AA vl 5474 - - 106,17 - Yihl
Average 44 b5 58,75 101,57 10440 10867 109,27 10,7
Stdey 264,08 L3147 13.15 1212 752 FL.54 150
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Figure 6.14. Relationship between retention time and position of OH subsition for

selective HETEs

Table 6.8. Values of molecular descriptors for possible candidates of ankimmown

HETE (RRT =31.58 min)

Unknown Clog Dipole E (aq) LUMO  Calculated %Accuracy
P moment
(Deb)

compound (kj/mol)  (kcal/mol) RRT

19-HETE  4.79 1.62 -667.32 23.27 35.66 112.92
18-HETE 4.84 1.51 -659.59 23.05 36.40 115.25
17-HETE 4.91 3.22 -665.59 23.74 36.88 116.79
16-HETE  5.13 2.16 -659.3 22.70 39.70 125.70
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CHAPTER 7

7. COMPARISON OF AN ULTRA HIGH PRESSURE LIQUID
CHROMATOGRAPHY-UV METHOD WITH A CONVENTIONAL HPLC-UV
METHOD FOR THE SIMULTANEOUS DETERMINATION OF PROSTANOIDS
“Are the methods equivalent in terms of their accuracy and precision?”

[Reproduced from Bioanalysis April 2011, Vol.3, No.8, Pages 853-862 with [somis

of Future Science Ltd]

7.1 Introduction

As new methods are developed to increase efficiency and highejticalal
performance, it is necessary to evaluate their quality in cosgpato standard methods.
To understand how the analytical performance changes between meth®adsnmmon
to compare the validation parameters; sensitivity, linearttgur@cy and precision. In
this chapter, we compare an UHPLC-UV method to the HPLC-U\hode({reference
method) for the simultaneous determination of seven prostanoids. Thoughstbe ba
chromatography theory is the same for HPLC (High Perfooma Liquid
Chromatography) and UHPLC (Ultra High Performance Liquid Chrognaphy), the
instrumentation has been modified to accommodate higher pressures,fliow rates
and smaller sample size. The differences in analyticalumsintation and procedures
can give rise to method in-equivalencies. Our approach evathate$HPLC and HPLC
methods and poses the question: Are the methods equivalent? To @ns\gaestion a
statistical comparison of the analytical performance and mgth@meters is necessary.

High performance liquid chromatography (HPLC) is a reliattal well-established
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separation technique, but lacks the efficiency of both time atdrrals. The demand for
high throughput assay methods with reduced costs has led to sugmrdtitid
chromatography and ultrahigh pressure chromatography. Both thagees allow a
larger number of analyses to be done in a shorter period of time,ntipusving the
productivity [1]. Supercritical fluid chromatography representsgaificant change in
the nature of the separation and instrumentation, while UHPLC sslsmearation

characteristics of traditional HPLC, with similar stationary and maitikeses.

Though the basic chromatography theory is the same for HPLC BiflL.C)
there are significant operational differences in the analyicaedures that give rise to
method in- equivalencies. UHPLC systems need to compensate ofgents
compressibility (a function of high pressure). High pressurecoampress the solvent
thus decreasing its volume and in turn this will affect the ragiiase ratio. Faster run-
times and higher chromatographic efficiencies give narrow peaks, whiekgitate rapid
sampling for the detector to prevent loss of resolution [2]. Th@lLdHdetectors have
low cell volume (2-8l) [3]. Hence, the detector time constant needs be fast (< 100 ms)
as the peak width is very small in UHPLC. The detector sagpdite also needs to be
high enough to capture sufficient data points across the peak sbelmgak shape and
symmetry is reproducible and can be accurately integrated ¢2uin@ierstand whether
these operational differences change the analytical perfoembetween the two
chromatographic techniques, we have compared validation parametes#ivitg
linearity, accuracy and precision of the UHPLC-UV method toHR&.C-UV method

(reference method) for the simultaneous determination of prostanoids.
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Although the HPLC and UHPLC methods have individually fulfiled assay
validation criteria, they cannot be assumed equivalent. This is becauseftestieghod
validation and testing for method equivalencies are different. Tleetolg of method
validation is to demonstrate that it is suitable for its intenquegoses according to FDA
guidance to the industry: Bioanalytical validation. Two methods lmarequivalent,
commutable or incompatible [4]. To be equivalent, the two methods meist
interchangeable without loss of accuracy. Methods are comrautabley give results
within an acceptable tolerance level. Incompatible methods giveratiifes beyond the
tolerance limit. The test for interchangeability normafiydlves regression analyses,
which include Ordinary Linear Regression, the Deming RegressiomeorPassing-
Bablock regression. Tolerances are evaluated by analysisattérsplots or through

comparison of residual differences as described by Bland and Altman.

In this work we compare a HPLC-UV method for seven prostaglandihsami
UHPLC-UV method. The seven prostaglandins were chosen becaussedheyportant
in evaluating tissue inflammation in musculoskeletal disorders (M9Bf and
rheumatoid arthritis [6]. In addition, 8-isoprostane, 6-keto R@Rd 11-dehydro TXB
are implicated in hypertension disorders [7-9]. This selectioranafiytes and the

analyses described finds application in many clinical laboratories.

7.2 Experimental
7.2.1 Materials

The prostaglandins (6-keto PGAPGR, PGE, 11-dehydro TXBand PGD, 15-

deoxy A" PGJ) were purchased from Biomol International (Plymouth Meeting, PA,
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USA). 8-isoprostangas purchased from Cayman Chemicals (Ann Arbor, MI, USA).
HPLC water and acetonitrile were purchased from Fisher #me(ivValtman, MA,

USA).

7.2.2 Instrumentation

HPLC-UV: The Jasco HPLC system consisting of the followpags was used;
Jasco pumps (PU-980), a Jasco UV-VIS detector (UV-975) (Jascmpdmated Easton,
MD, USA) and a Rheodyne manual injector (Rheodyne LLC, Rohnekt B&;, USA).

Jasco-Borwin software (version 3.3.5) was used for data collection.

UHPLC-UV: Jasco XLC system consisting of the following parés used; Jasco pumps
(3185 PU), a Jasco auto sampler (3159 AS) and a Jasco UV-VISod€s&ats UV). EZ

chrome software was used for data collection.

7.2.3 Chromatographic conditions

HPLC-UV: The analysis was performed on a Symmetry SHR#d8 4.6 x 250
mm column with 5um particle size (Waters Corporation, Milford, MA, USA) atlaemt
temperature. The method employed a gradient elution of 17 mM phospbati¢pH
=2.11) (A) and acetonitrile (B) as follows: 35% B for 16.4 min, 35-80%0B1f16.4 min
to 16.5 min, hold 80% B from 16.5 min to 23.0 min, 80-35% B from 23.0 min to 23.1
min, re-equilibration from 23.1 min to 25.0 min. The flow rate wassdt3 ml/min,

wavelength of detection was 196 nm and the injection volume was 100 pl.

UHPLC-UV: The analysis was performed on a Restek Pinnacl€faRB.1mm x 50 mm

column with 1.9um particle size (Bellefonte, PA) at ambient temperatures tethod
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used a mixture of 0.1% formic acid (pH =2.66) (A) and acetonitrileiriBa gradient
elution as follows: 35% B for 4.0 min, 35-90% B from 4.0 min to 6.0 min, 90-35% B
from 6.5 min to 6.6 min, re-equilibration from 6.6 min to 7.0 min. The flde vwaas set

to 0.2 ml/min, wavelength of detection was 196 nm and the injection volume was 5 pl.

7.2.4 Standard Solutions

8-isoprostane was supplied in methanol and 15-dad%}*PGJ3 was supplied in
methyl acetate with stock mass concentrations of 1 mg/ml. Iddehr XB, was
dissolved in methanol such that its stock mass concentration wagLl0 All the other
prostanoids were also dissolved in methanol to obtain the stock masatcatimes of 1
mg/ml. Working standards for all the analytes were prepbbseserial dilution using
17mM phosphoric acid and acetonitrile in the ratio of 1:1 and 0.1 % faniicand
acetonitrile in the ratio of 1.1 for the HPLC and UHPLC respebti Calibration
standards for the prostanoids were prepared at mass concenwéfidhs0.2, 0.3, 0.5, 1,
2, 3,5, 10, 20, 40, 60,100, 160 and ng/ul and from the respective stock solutions. Quality
control (QC) samples were prepared in triplicate for allahalytes representing low,
medium and high concentrations in linearity curve. All the solutwee stored at —

80°C when not in use.

7.2.5 Validation

The methods were validated according to FDA guidance to the industry
Bioanalytical validation [10]. The linearity for all the analy was established by
injecting in triplicate; standard solutions with mass concentraiaging from LOQ to

10 ngld for the HPLC method and LOQ to 200 nigfor the UHPLC method. The
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linearity curve was obtained by plotting the peak areas of thstgmoids with the

respective theoretical column loading (ng). Five solutions of each coaentration of
the QC samples were prepared and injected in triplicate tomde&ethe accuracy (n =
15). The calculated concentrations for each of the samplestinamecompared to the
theoretical concentration to determine the % accuracy for dati® @ompounds. Intra-
assay precision were determined by injecting in triplicate; replicate preparations of
three mass concentration (low, medium and high) of each angikedsn urine for a

single day. The robustness and the ruggedness of the method¢sedestad as per the

validation guidelines.

7.2.6 Matrix Effect

To study the matrix effect urine samples from control subjei® used. The
matrix effect was examined by calculating the recoverythed analytes at three
concentrations (low, medium and high) spiked in the control urine. Obtained
concentrations, were calculated from the linearity curve of @redatd solutions. The
concentrations thus obtained, were corrected for the presence of eog®geostanoids.
The recoveries were then calculated by comparing the correoteg@ntrations with the

spiked theoretical concentrations.

7.2.7 Statistical methods

The F-Test, T-Test and the Bland-Altman analysis werdopeed using
Microsoft Excel. The regression analysis was done using Med@adoon 11.1. Figure

7.1 shows a flow chart/decision tree of the statistical analysis thaterfasnped.
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7.3 Results

7.3.1 Validation

Figures 7.2 and 7.3 are representative HPLC and UHPLC chromatdgyraath
the seven prostanoids. The resolution and the asymmetry for ghrdstanoids are
within the acceptable limits [10]. Peak purity was tested #rileapeaks meet the peak
purity standard of 99.99%. The average peak width at %2 peak heighefprostanoids
in the UHPLC method (Figure 7.3) is approximately 0.15 min (tiatetne constant =
100 Hz), which is a little larger than the average peak widéperted in literature (0.07-
0.10 min). But, there is no established peak width criterion in the validationiga&lef

either the ICH or the FDA.
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The sensitivity, linearity and accuracy for the prostanoids by that methods are within
the acceptable limits for bioanalytical method validation as easelen from the Tables
7.1 and 7.2. The methods are linear over three orders of magnitude. tdHerdsach
compound and each method was tested for homoscedascity. Several compibeehds f
the test of homoscedascity for one or both methods. Table 7.1 showgresion line
for each compound for the HPLC and UHPLC with the weighting fagpmlied to
reduce the residuals. No matrix bias was identified in thisystisthg mobile phase,
ACN, methanol, buffer or urine. Our results are presented for samppdpared and

recovered from mobile phase matrix.

The sensitivity of both the methods (LOQ) was found to be statigt&emilar on
comparison by the paired T-test. The limit of quantificatio@@) was calculated as the

lowest concentrations that give the signal to noise ratio of 10:1.
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Table 7.1. Method Validation Results: Sensitivity and Linearity Eq. of the line with

the weighting factors (Amount in ng refers to column loading)

Compound  Linearity (R?) Linearity LOQ (ng)
UHPLC HPLC UHPLC HPLC UHPLC HPLC
6-keto 0.998 0.999 y=1537.5x y=907.6x- 25 20
PGH -31039.2 7699
8-iso PG  0.999 0.999 y=4587.5x y=1584.0x + 20 27

+590.7 (1/x) ~ 1899.5

PGFR 0.999 1.000 y=23588.7x y=2189.6x - 15 7.5
+ 3586.1 4975.1
(11y)
PGE 0.998 1.000 y=1957.8x y=848.9x+ 20 25
+19207.9 9.7
(11y)
11-dehydro 0.998 0.999 y=2515.3x y=639.1x — 30 30
TXB, +8690.9 6099.4 (1/%)
PGD; 0.999 0.999 y=4180.6x y=16245x— 22 13
+ 11364 1880.9
(115
15-deoxy  0.999 0.999 y=2114.1x y=2370.8x - 4 9
AP PGY +23626.9 79.2
(1ly)
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Table 7.2. Method Validation Results: Recovery Accuracy - Levdl (50 ng-75 ng),
Level Il (100 ng-200 ng) and Level lll (500 ng-800 ng) representke low, medium

and high concentrations of the linearity range.

% Accuracy % Accuracy (standard
Compounds (standard solutions) solutions)
UHPLC HPLC

I Il 1 I Il [l
6-keto PGE 104.6 98.5 90.7 97.9 99.6 102.6
8-iso PGRF 97.1 1044 107.1 104.5 105.8 100.4
PGk 115.1 109.0 101.6 97.2 98.8 98.9
PGE 105.4 99.8 101.2 97.3 104.0 100.3

11-dehydro TXB 102.7 102.8 105.2 100.6 97.9 904
PGD; 115.0 110.5104.2 974 106.4 112.7

15-deoxy A*** PG3 115.0 109.7 105.3 100.9 100.7 98.8
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7.3.2 Matrix effect

The average recoveries for all the three concentrations forthetimethods lie
within 90-115% (Table 7.3). They are found to be within the acceptabits of
recovery. There is no specific acceptable limit for the mafifect in biological samples
[10]. Also, the p-values obtained from the paired T-test fohallanalytes in the matrix
compared with the solvent were found to be greater than 0.05 indichigthie
differences are not statistically significant. The % R®DdIll the analytes in matrix is
<15 %, which meets validation requirements. Previous work in van@aisces such as
brain, heart, kidney, and blood establishes that assays of these Kasnaising our

protocol do not show matrix bias [11, 12].

7.3.3 Comparison Studies

7.3.3.1 Comparison of results

Because there was no matrix bias for the series of biomadtestudy, the
precision, accuracy and regression analyses results for standaadgent are discussed.

Results for urine matrix are statistically similar and thus are not pawiele.

a. Precision

The % RSD for all the analytes in solvent is <15 %, whichniaaeptable limit
for bioanalytical validation. The precision was also comparaiisstally using the F-
Test. Feaculated™ F tabulates@nd the 2-tailed p-values are less than 0.05 for the majority of

the prostanoids (Table 7.4), thus suggesting a statistically disagreement.
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Table 7.3 Matrix effect- Level | (50 ng-75 ng), Level Il (100 ng-200 ng) and Level lll

(500 ng-800 ng) represents the low, medium and high concentrations of the knigy

range
% Accuracy (urine % Accuracy (urine
Compounds matrix) matrix)
UHPLC HPLC
I Il 1 I I 11
6-keto PGk 99.5 107.1 104.3 107.1 105.3 103.2
8-iso PGRF 114.2 109.8 104.2 102.3 98.8 101.3
PGR 111.4 114.4104.6 100.9 106.5 95.8
PGE 943 106.4 110.7 107.4 101.1 107.7

11-dehydro TXB 110.5 104.6 92.4 106.9 107.7 100.9
PGD; 92.0 100.1 97.7 108.3 104.6 106.9

15-deoxy A*** PG3 113.6 110.895.6 100.9 100.7 98.1
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Table 7.4. Comparison of Precision: p values (F-test) (2-tailed)

p value (2-tailed)

Compounds I Il 11

6-keto PGk 0.56 0.02 <0.001

8-iso PGE 0.02 <0.001 <0.001
PGR, 0.20 0.08  0.05
PGE <0.001 0.001 0.001

11-dehydro TXB <0.001 0.01 <0.001
PGD, <0.001 <0.001 <0.001

15-deoxy A" PG3  0.27 099 0.11
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We can conclude that, though the % RSD is within acceptable liohitsmethod
validation, the amount of variation (i.e. the precision of the two methedsatistically

different

b. AccuracyDirect Determination)

The accuracy of the two methods was evaluated by comparing tieezbtnean
concentrations of all the analytes in solvent statisticallpguhe F-Test and paired T-
Test. The F-Test fails only for 6-keto P{zFindicating the variances are statistically
different for this compound. Sincesalcuiated< t tabulatedfOr all the compounds within 95%
confidence and all the 2-tailed p-values are greater than 0.0% (T&)lthe means of the

two methods are statistically similar.

7.3.3.2 Comparison of methods

Regression analysis

Regression analysis is done to determine whether there is aartoastd/or
proportional and/or differences in random error between the two methdd avhat
degree the methods are correlated. A constant bias is idebgfizghift in the intercept
of the regression plot. A proportional bias is identified by a ghan the slope. Both
Ordinary Linear Regression (OLR) and Deming regression modelsused for the
comparison. The Passing-Bablock regression was not used; asnbmsparametric test

that is it does not require that the data fit a normal distribution.
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Classic Linear Regression Model or Ordinary Linear regression (OLR)

The accuracy of the methods were compared using the classic riaggassion
model which assumes that the nominal concentrations of the standeedshe
independent variable (x) and contribute no uncertainty to the determingsl fealthe
dependent variable (y) [13,14]. The regression line is calculated hyniming the
squared residuals by an iterative adjustment of the slope and residual. GaRthall of
the data being compared met the test of homoscedascity. The si@peept and the
correlation coefficients for all the prostanoids using the leqisares linear regression
model are given in Table 7.6. Ideal comparison would result in thet @ame assay
values from both methods, thus resulting in a line with slope = Indéexdept = 0. The
correlation coefficient, r, is a good measure of the lineatioakhip between the two
variables. However, the standard deviation of the residuals idea patameter, as it
does not depend on the data range. It takes into account the random errcatedssab
the variables and is influenced by two factors; total imprecisioth sample related
effects. The calculated standard deviatiop)(®f the residuals was compared to the
theoretical value (so) (Table 7.7). The theoretical standard deviation of the residuals
was calculated by taking the root of the sum of the square ofetfiduals of each
individual method [15, 16]. Calculated standard deviation of the residy@s.(all the
seven prostanoids was smaller than the theoretical vajug.(Brom these results, we

conclude that the methods are statistically similar according to OLR.
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Table 7.5. Comparison of Accuracy: p values (T-test) (2-tailed)

p value (2-tailed)

Compounds I Il 11

6-keto PGE 0.87 0.10 0.08

8-iso PGl 0.83 0.76  0.06

PGR 0.41 0.18 0.97

PGE 0.25 0.32  0.89
11-dehydro TXB  0.25 0.91 0.16
PGD; 0.20 0.83 0.43

15-deoxy A" PG 0.31 0.19 0.93
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Table 7.6. Values for slope, intercept, 95% CI and r obtained fron®rdinary Linear

Regression analysis,Quality of comparison [15]

Compound Slope  95% CI Intercept 95% ClI r  Comment

6-keto PGk 0.858 -0.43510 2.150 6.204 -61.788to 74.19€0.879  Poor
8-isoprostane  1.068 1.040 to 1.095 -14.068 -29.207 to 1.0690.999 Good
PGFK, 0.899 0.867t00.931 7.014 -0.925t0 14.9530.999 Good
PGE 0.948 0.366 to 1.529 5.195 -57.338 to 67.7280.957 Borderline
11-dehydro TXB 1.132 1.108to 1.156 -9.940 -16.670 to -3.2100.999 Good
PGD, 0.916 0.893100.939 -1.999 -6.1241t02.127 0.999 Good

15-deoxyA’?*
PGJ

1.121 0.997 to 1.245 -6.006 -15.648 to 3.6370.993 Good
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Table 7.7. Values for §yand S «or from Ordinary linear regression analysis (Note:

S% .« = variance of residuals (HPLC) and S,y= variance of residuals (UHPLC) )

Compound S)//X Satoral = ,Sé,x +55J}'

6-keto PGE  2.719 4.483
8-isoprostane  21.050 33.245
PGR 10.957 12.270

PGE 6.167 9.342
11-dehydro TXB 10.824 23.798
PGD, 14.861 46.883
15-deoxyA®* PG} 5.296 14.800
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Deming Regression (orthogonal regression)

The Deming regression model in contrast to the OLR, takes otouat the
random error in both the dependent (x) and independent (y) variablesgiief and the
test methods) [15,17]. In this model, the sum of the squares of tleailsss minimized
from both the axes [15, 17]. In this case, the two methods areicadifisdentical if the
95% CI (Confidence Interval) of the slope includes 1.00 and the 95%tG¢ afitercept
includes 0.0. The slopes and intercepts for all the prostanoids usinDetheng
regression model are given in Table 7.8. The Deming regressian féailmany
prostanoids by not meeting at least one of the criteria. 11-defiytBBg does not meet
either the slope or intercept criteria whereas 6-ketoP@rd PGE meet both the
criteria. 8-isoprostane, PGFPGD,, and 15-deoxy\'*** PGJ fails the slope criteria,

indicating the presence of a proportional bias.
Bland-Altman Analysis

The accuracy of the two methods was also compared using thd-Alman
method [18] to determine whether the old established HPLC metlmodnisiutable with
the new UHPLC method. According to Bland and Altman, the regressialels suggest
the degree of correlation between the methods, and not the agréetvesen the results
of the methods. A Bland-Altman analysis was performed fahallanalytes by plotting
the difference in accuracy between the two methods againste¢he accuracy for each
concentration. The criterion for agreement is that the difteewithin the accuracy fall
within the 95% confidence limit of the mean of the differencesepgkesentative Bland-

Altman plot is shown for 8-isoprostane (Figure 7.4). 8-isoprossatiee compound with
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the greatest dispersion in accuracy measuremepjs(¢ge Table 7.7). The effect of the
matrix on accuracy and precision was statistically complayagland-Altman, as the two
methods are not interchangeable according to the regression studissanolard
solutions. The measurements, obtained by the Bland-Altman Asaysiwithin 95%
confidence (d £ s), thus fulfilling the criteria of agreementcakding to the Bland and
Altman, the measurements are within 95% confidence (d + s)lIftreaprostanoids in

both the solvent and urine matrix, thus fulfilling the criteria of agreement
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Table 7.8. Values for slope and intercept obtained from Deeminggression analysis

(Note: + and — indicates the presence and the absence of the bias respely)

Proportional Constant
Compound Slope  95% CI Intercept  95% CI

Bias Bias
-61.134 to
6-keto PGk 0.949 -0.355t0 2.252 1.423 - -
69.981
_ -30.035 to
8-isoprostane  1.070 1.042 to 1.097 -14.888 + -
0.258
-1.082 to
PGR, 0.900 0.868 to 0.932 6.858 + -
14.799
-68.641 to
PGE 1.039 0.444 t0 1.634 -4.632 - -
59.376
-16.841 to -
11-dehydro TXB 1.133 1.109t0 1.157-10.110 + +
3.379
PGD, 0.916 0.893t0 0.939 -2.021 -6.147to 2.104 + -
1214 -16.066 to
15-deoxyA™"PGJ 1.127 1.002 to 1.251 -6.419 3298 + -
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7.4 Conclusion

The UHPLC-UV and the HPLC-UV methods for the simultaneous profiling of the
prostanoids are sensitive, robust, precise and linear over three ofdeagnitude. No
matrix bias was observed in urine samples. Statistical cisopaof the results,
suggested that the precision (amount of variability) is different for BiedHand UHPLC
methods, whereas the accuracy (method bias and the means)as &inf-isoprostane,
11-dehydro TXB, PGE PGk, PGD,, and 15-deox\'***PG3 . A summary of the

statistical results is given in Table 7.9.

Method comparison by the Ordinary Linear Regression (OLR) showshba
methods are well-correlated for all seven compounds. The Demingssemn, which
assumes error in both the methods, suggests the existence of aigmapand constant
bias for 11-dehydro TXBand only proportional bias for 8-isoprostane, RGFGD, and
15-deoxyA’®**PGJ. According to Deming regression, the two methods are stalligtica
similar for 6-keto PGE and PGE We conclude that the two methods are not
interchangeable. The Bland-Altman analyses for the seven compounds gsioolwv
agreement between the UHPLC and the HPLC method. These datanaistent with
the conclusions from the T-Test. The Bland-Altman analyses tediba two methods

are commutable.
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Table 7.9. Summary of the statistical analysis (Note: P = passes F = fails)

Comparison of results Comparison of methods
. Matrix
Compounds Precision  Accuracy Accuracy
effect
T- _ Bland Bland
F-test F-test OLR Deming
test Altman Altman
6-keto PGk F F P P P P P
8-isoprostane F P P P F P P
PGR, P P P P F P P
PGE F P P P P P P
11-dehydro
F P P P F P P
TXB>
PGD;, F P P P F P P
15-deoxyA™?*
P P P P F P P

PG
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CHAPTER 8

8. DETERMINING THE ROLE OF URINARY PROSTANOIDS IN
HYPERTENSIVE MIDDLE-AGED AFRICAN AMERICAN POPULATION
FOLLOWING ONE BOUT OF EXERCISE

8.1 Introduction

Hypertension is a common primary condition among African Americans.
According to CDC (Centers for disease control and preventionhdyage of 45 - 54,
36.2% of American men and women have hypertension and this increé$d.% and
70.8% by the age of 65-74 [1]. Hypertension and its related comgfisaticcount for
20% of the African American deaths in the United States - tthieg@ercentage of deaths
from hypertension among Caucasian Americans [2]. National wuage shows that
majority of middle-aged, urban African Americans engage ite It no leisure time
physical activity [3]. This inactivity contributes to the dispromorate number of
hypertension and coronary heart disease in African Americad$ [4There is much
research focused on understanding the mechanism and treatment tdrisyperdisorder

under clinical conditions.

Emerging evidences suggests that endothelial dysfunction and oidditess
play an important role in the molecular processes leading terteyysion [2,6-7].
Endothelium is the lining of cells, covering the internal surf#fdelood vessels. It is an
organ that produces large number of vasodilating and vasoconstrictivensebs|d].
Equilibrium between the vasodilating and vasoconstrictive substascescessary to
maintain vascular homeostasis. Endothelium is involved in a numberysibladyical
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functions such as leukocyte adherence, platelet activation, coagudeitd mitogenesis
[9]. An impaired function of endothelium known as endothelial dysfunateunses
thrombosis, molecular oxidation, vascular inflammation and atherosele[®ki A
healthy endothelium is therefore necessary to maintain homeostadiin the local
regulation of vascular tone and structure [8]. The other importantciparit in
hypertension is oxidative stress. Oxidative stress is a camdit which there is an
imbalance between the production of reactive oxygen species abolbgical system
ability to detoxify them. The exact role of oxidative sdr@és the development of
hypertension is still not clear. But, various animal studies lodgerved an increased
formation of reactive oxygen species from the vascular wahypertension [10]. Also,
a relationship was observed between high blood pressure and vasculavesiass in
patients diagnosed with hypertension [11,12]. The increased productiorSot&Qes a
decrease in the bioavailability of nitric oxide, a vasodilator amwtnptes vascular cell
proliferation and migration, inflammation and apoptosis. All thesegsses contribute

to the development of hypertension [13].

Metabolites of polyunsaturated fatty acids such as Arachidonic (o are
known to participate in these vascular effects. Prostanoids bindsdptors on target
cell plasma membrane and causes biological effects such ascomasiction,
vasodilation, platelet aggregation and bronchoconstriction [14]. Prostaimoidsies
prostaglandins (PGE PGF, PGD), prostacyclin (PG), thromboxane (TXA4) and
isoprostanes (8-iso PG@Jr. 8-iso PGE, the most abundant form of the iBoprostane is
considered to be an indicatorinfvivo oxidative stress [15]. Measurement of 8-iso PGF

in urine is known to be the best non-invasive approach in the determinatiaidafive
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stress [16]. PGE and PGJ predominantly behave as pro-inflammatory markers. They
increase edema formation and leukocyte infiltration [14]..R(b increases the vascular
permeability [14]. In addition to that, both these prostanoids are knowegulate
systemic blood pressure [17]. P&Gind TXA are potent vasoconstrictors though RGF
is a primarily a constrictor of the pulmonary arteries and vais TXA, of the whole
body [14]. Equilibrium needs to be maintained between, R@iich inhibits platelet
aggregation, and TXA a platelet activator in order to maintain vascular homeostasis
[18]. Both of these lipid molecules are modulated by inflammatnohcxidative stress,
both of which are implicated in the disease pathway [14]. Reduction in the urinary output
of PGE and PGJ while maintaining a normal output of TXAas been reported in
hypertension [19]. This creates an imbalance between &l TXA, favoring TXAy
which acts as a vasoconstrictor. It is not yet clear whetigemhbalance is the cause or

the response of hypertension.

Lifestyle affects clinical markers of hypertension. Exs&cis a physiological
intervention that is widely prescribed and recommended for lowerowgtpressure and
inflammation in hypertension [20]. It is well documented that maysiraining has
beneficial effects on reducing cardiovascular risk factors ssittigh blood pressure and
glucose tolerance [21, 22]. Acute exercise is known to enhancgetiexation of
reactive oxygen species (ROS) such as superoxide, hydroxyl aiedoritte ions. This
increase in ROS after exercise results in the releasgakines along with production of
prostanoids [21]. It is well documented in the literature thatceseslincreases serum
levels of vasodilator prostacyclin (Pg[22-24]. Zoladazet al recently reported an

increase in prostacylin production following exercise in hypertengatients with
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coronary artery disease when compared to healthy control [22]. Howbeee are
contradictory reports on exercise-induced production of I XAhere are few studies
that indicate an increase while there are others that havee@par change in the TXA

levels post exercise [25-28].

The purpose of this study was to determine the effect of acecise on
hypertensive African Americans, toward establishing a therapexécise regime that

can and will be accommodated by patient populations.

8.2 Protocol

8.2.1 Participants

Participants for this study were from Baltimore, Maryland Whakhington DC.
Ten volunteers were used for this study. These participantssedeatary (< 2 sessions
/wk of regular aerobic exercise and <20 min/session in terms aofpation) African
Americans who have been diagnosed having pre-hypertension (pre-6tTstpage |
hypertension (systolic blood pressure: 143+7 and diastolic pressure 8@#4gin The
study consisted of 5 men and 5 women with the following charaaterisAge — 57+3
yrs; BMI (Body Mass Index) — 30.46%+ 3.50.; YQoxygen consumption or aerobic
capacity) (mL/kg) — 22.587 £3.724. All subjects have C - reactiveipr¢CRP) levels

greater than 3.5.

None of the participants were on anti-hypertensive medicationdeB#® was
determined by taking the average of three casual BP reduorgsthree different days

(according to the standards established by the Joint Nationain@ee of prevention,
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detection and treatment of High Blood Pressure 7 guidelines). Eaitipaat then
underwent a physical examination by the study physician. Indigiduith abnormal
blood chemistries were excluded from the study. Smoking, a bodyinuess(BMI) >
35, alcohol intake of more than 3 drinks per day, diabetes (fastingsgluevel > 126
mg/dl), total cholesterol >141mg/dl, evidence of renal or cardiovasdisease were the

exclusion criteria.

8.2.2 Urine collection

Urine samples were collected for a 24 hour period for bas@ine week before
the exercise session began. Post exercise (PE) samplealseeosllected for a 24-hour
period following their last period of exercise. Urine collectiontfoth the baseline and
the post exercise study was done after the first void in the nysrr@nd in five time
periods (8am-12pm, 12pm-4pm, 4pm-8pm, 8pm-12am, and 12am-8am). The participants
collected urine in provided labeled containers for each of e pioints and the samples
were taken from the pooled urine from those collection periods. Theciaull urine

samples were then stored in a -80°C till use.

8.2.3 Acute Exercise Session

The acute exercise session began with a 10 minute warm up whicbteo o
walking and stretching exercises. This was followed by 304taiwalk on the treadmill,
followed by 5 minutes rest and then 20 minutes of walking on the tikamntycle
ergometry for 50 minutes of exercise. The exercise was dode %t VQmax for each

participant.
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8.2.4 Statistics

Urinary prostanoid levels were compared before and after & dmogt of acute
exercise by ANOVA (Analysis of variance). A value Bf< 0.05 is considered

statistically significant [30].

8.3 RESULTS

After analyzing the urine sample using HPLC-UV method and qaéiotit
(Chapter 3), the levels of prostanoids before and after exercifleeimypertensive
African American population were compared. Figure 8.1 is a septative HPLC-UV
chromatogram of prostanoids in control urine. Because of hydraticebbéy and
therefore urine concentration, the data obtained for the biomarkehisa$tudy were
normalized with urinary creatinine. This is a standard method uwsezbritrol for
hydration effects [30]. Urinary creatinine was analyzed bysthedard ELISA assay.
The most sensitive markers were 6-keto BGEL-dehydro TXB, and 8-iso PGf.
Average values of 6-keto PGF 11-dehydro TXB, and 8-iso PG normalized to

urinary creatinine (ng/pg) at baseline and post exercise for all thetsubjec

Over the 24-hour period, the 6-keto REEvels was found to be elevated for 8
out of 10 subjects, whereas 11-dehydro PX®els decreased for 6 out of 10 subjects
post-exercise (Table 8.1). On the other hand, 8-iso,&Fls showed an increase for 4
subjects post exercise remains constant for 1 decrease forisSwarmtketected for 2 of the

10 subjects (Table 8.2).
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Table 8.1. Average urinary levels of 6-keto PGRi.and 11-dehydro TXB; in terms of

ng/ug of creatinine (B= baseline and PE = Post exercise)

6-keto PGR,/creatinine 11-dehydro TXBy/creatinine
Subject
No. ' Post- , _
Baseline ~ Change Baseline Post-Exercise Change
Exercise
No
1 16.59 47.89 + 67.14 73.75
change
2 78.84 104.53 + 25.66 55.57 +
3 5.84 135.31 + 154.24 259.84 +
4 50.45 70.23 + 9.65 18.73 +
5 54.12 73.16 + 130.15 74.18 -
6 37.83 88.29 + 15.94 10.12 -
No
7 41.78 67.44 + 1.78 1.95
change
8 120.31 54.57 - 8.33 42.24 +
No
9 18.09 15.09 3.02 1.64 -
change
No
10 24.76 91.87 + 13.07 12.58
change
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Table 8.2. Average urinary levels of 8-iso PGJ; in terms of nghg of creatinine

(B= baseline and PE = Post exercise)

Subject 8-iso PGFR,/creatinine
No.
Baseline Post-Exercise Change

1 0.04 1.22 +

2 1.75 0.32 -

3 Not Detected 0.68 Not detected
4 Not Detected 0.02 Not detected
5 3.70 3.36 -

6 3.89 1.66 -

7 0.25 1.31 +

8 0.04 0.18 +

9 0.29 0.44 +

10 1.11 1.07 No change
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8.4 Disscussion

Exercise increases vascular shear stress and activatellags mobilizes
cytokines [8]. This leads to the release of AA from the ceinbmanes, which is then
converted into biologically active prostanoids by the COX-2 enzyniee pfesent study
shows that a 50-minute exercise session increased the wx@gtion of 6-keto PGE
in sedentary urban hypertensive African Americans. In conteasicise decreased
excretion of 11-dehydro TXBndicating inhibition of platelet aggregation. 6-keto RGF
and 11-dehydro TXBare formed in the epithelial cells and platelets’ respdgtiv@ne
widely accepted reason for the increase in 6-keto,P@#d the decrease in 11-dehydro
TXB, is the shift of cyclic endoperoxides from the platelets to endathelthus
providing a substrate for endothelial prostacyclin synthase [30]. stddy shows a 2-
fold increase in prostacyclin which is similar to the resoliserved by Wennmalm and
FitzGerlad [31], who found a three-fold increase and Leatrad. [32], who found a 76-
160% increase in the excretion of urinary metabolite of prosiacyilliamsonet .al.
observed that the participants with higher & (marker of physical fithess) produced
higher levels of 6-keto PGEin the morning (AM) following the exercise session [8]. In
addition, they found a significant relationship between 6-keto;P@Rd VQmax (1=
0.67) [8]. This exercise induced increase in prostacyclin have feperted previously
by Koivisto et al.[33], Wennmalmet al. [34], Rasmanit al.[35], Ronni- Sivulaet. al.
[36], Bogeret al. [37] in urine, Ritteret al. [38], Barrowet al. [39] in blood or in the
interstitial fluid of muscles reported by Frandsanal. [40], Karamouziset al. [41]. It
has been suggested that this may be due to the anti-plateldyaiftpiostacyclin, which

increases during exercise [25]. These results indicated that gtgsical capacity
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decreases the production of prostacyclin, which has antiplateletulmasatective,

cardioprotective and antiatherogenic activity [25].

On the other hand, the reports on the expression of 11-dehydro &axB
contradictory [26, 42]. Wennmalm and FitzGerlad [31] found no change wHezgase
et al. [32] found an increase in the expression of urinary metabolite @hthoxane post
exercise. In our study, 11-dehydro TXBvels decreased after a single bout of exercise.
The source of this variability may be the difference in theas@iintensity in various
studies. According to Todelt al, exercise intensities below 70% % (& may not be
sufficient to stimulate the production of 11-dehydro BXB5]. Crespoet al. similarly
found that higher levels of exercise intensity was requiredterproduction of 11-
dehydro TXB whereas lower levels of intensities have stronger effec&keto PG
expression. [3]. The ratio of urinary 6-keto BB 11-dehydro TXBreflects the in vivo
vascular homeostasis. This ratio (Table 10.3) increased posisexarche current
study. This may be due to shifting in favor of the production of tsediator and

cardio-protective prostacyclin.

Generation of ROS is a very natural process and under normal igysabl

conditions antioxidant enzymes, proteins and vitamins remove them from the body.
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Table 8.3. Ratio of urinary levels of 6-keto PGFd /creatinine and 11-dehydro

TXB, /creatinine (B= baseline and PE = Post exercise)

Subjects Ratio of 6-keto PGF, to 11-dehydro TXB,

B PE
1 0.25 0.65
2 3.07 1.88
3 0.04 0.52
4 5.23 3.75
5 0.42 0.99
6 2.37 8.72
7 23.47 34.58
8 14.44 1.29
9 5.99 9.20
10 1.89 7.30
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During hypertension, the vascular production of reactive oxygen spesjgecially
superoxide (O2) radical increases. The superoxide radicals reaitt endothelium
derived NO (nitric oxide), which acts as a vasodilator to producpeitrite (ONOO-),

a powerful oxidant [43]. In other words, oxidative stress is a dondivhich involves

an increase, a decrease in the bioavailability of vasodilatoreades and a decrease in
antioxidant enzymes in hypertensive subjects [11, 12]. Edwards [44] found that
endurance exercise training resulted in decreased oxidatives strepatients with
coronary artery disease. This may be because of the fact that exetaises the activity

of anti-oxidant enzymes (superoxide dismuthase) and attenuates tikigy aaf
nictotinamide adenine dinucleotide (NADH/ NADPH) oxidase, an enzygaponsible
for the formation of peroxynitrite [45]. However, in our study, weeobsd that urinary
excretion of 8-iso PGk increases for 4, decreases for 2 and remains unchanged for 2
subjects, post exercise. This inconsistency may partly be leeoétise several factors
that influence oxidative stress such as age, dietary intakentertsity and duration of
exercise. PGE PGD, and PGE were observed in the urine samples for very few

subjects. Hence they are not reported.

8.5 Conclusion

In the current study, we found that the prostacyclin production iresdns2-fold
after a single bout of exercise in hypertensive middle-agadaif American population.
In contrast, exercise decreased excretion of 11-dehydro, X ating inhibition of
platelet aggregation. This increase in 6-keto R@Rd the decrease in 11-dehydro TXB
may be due to the shift of cyclic endoperoxides from the plateletmidothelium, thus
providing a substrate for endothelial prostacyclin synthase. Ini@ddihe ratio of
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urinary 6-keto PGE to 1l1-dehydro TXB, which reflects the in vivo vascular
homeostasis, increases post exercise. These results indieat@hlysical activity
increases the activity of 6-keto PGFa vasodilator. Extending the study to a larger
population should yield statistically significant results. Futtwdiss involve, evaluating
the role of sex hormones in hypertension, against the suppressisteoéféxercise and

also, studying the effect of long-term exercise therapy.
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CHAPTER 9

9. EVALUATION OF THE ROLE OF LOX METABOLITES OF ARACHIDONIC
ACID IN THE PROGRESSION OF RHEUMATOID ARTHRITIS

9.1 Introduction

Rheumatoid Arthritis (RA) is an inflammatory disease th&ca$ about 0.5%-
1% of the world population [1, 2]. It is found to occur more frequentlyamen than in
men [3]. It is an autoimmune disease prevalent in the synodsales and is
characterized by systemic and local inflammation, resulting artilage and bone
destruction [2, 3]. Moreover, it is thought to be a multi-factorigkedse except its
etiology is still not completely known. Though genetics, environmaniking and
infectious agents are thought to play a role in RA, their egawtribution is not yet
defined [4-7]. RA like any inflammatory disease has definedses of initiation,
progression and resolution. It has been widely accepted that bothittagon and
resolution phases of inflammation consist of processes that arelyacoordinated by
protein and lipid molecules [8]. The initiation phase of an inflatonygorocess sees an
influx of pro-inflammatory molecules, innate immune cells and tiskstruction. On
the other hand, the resolution phase of inflammation is charactéxyzan influx of anti-
inflammatory/pro-resolution lipid molecules and macrophages, and tispag and re-
modeling [8]. Arachidonic Acid derived metabolites are saideianvolved in the three

phases of inflammation [8].
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AA is metabolized by one of the three-enzymatic pathway (Chapteand
released from the cell membrane by numerous cellular strd3spending on the cell
type, either COX or LOX enzymes predominates [9]. However, inescases both
pathways are present. Various experimental models have demonsteabegbortance of
COX-2 in RA. It is expressed in the synovial tissues of patieith RA and is induced
in inflammatory cells by various cytokines such as IL-1 and dNED, 11]. PGE a
COX -2 metabolite of AA, is most noted for its pro-inflammataoie in RA [12, 13].
Inhibition of PGE s the typical mode of action of non-steroidal anti-inflammatiyogs
(NSAIDS) [14-15]. Moreover, NSAIDS have been demonstrated to resjuptoms in
collagen induced arthritis [9, 16-19]. It has been suggested that thegse bt only
inhibit the production of PGEbut also interferes with the production of other lipid

mediators by the same or other enzymatic pathways [19].

The LOX pathway has also been recognized in having deleterifacisein RA
[20]. AA metabolism via the LOX enzymes (5-LOX, 12-LOX and LIBX) gives
leukotrienes (5-LOX pathway- LTBLTC,4, LTD4 LTE,), HETEs (5-LOX pathway: 5-
HETE, 12-LOX pathway: 12-HETE and 15-LOX pathway: 15-HETE) apoxins (15-
LOX pathway: LXA, and LXBy). 5-LOX, 12-LOX and 15-LOX enzymes are expressed
in the RA synovial fibroblast. The role of 5-LOX enzyme in RAhis most studied and
documented [20]. LTB a 5-LOX metabolite of AA, is one of the most powerful pro-
inflammatory molecules that have been implicated in joint inflation in RA [20,21].
The 15-LOX product, 15-HETE, exhibits anti-inflammatory properti€].[dt has been
shown to inhibit the production of LTLEand TNFe, a key cytokine in the pathogenesis of

RA [23]. Furthermore, it has been shown to inhibit the activity bO% and 12-LOX
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enzymes [22-24]. 12-HETE on the other hand, is considered to be alpronvatory
biomarker. IL-1 and TNé& enhance the production of 12-HETE [25]. Lipoxins (LXA4
and LXB4) are novel eicosanoid mediators that have anti-inflanmgpnptoperties. They
assist resolution in animal models of inflammation [9]. Reckmtiess have shown that
LXA4 inhibits the production of IL-6 in human synovial fibroblasts [Qurrently there
is very little research on the role of LXs in RA. Though tbées of many AA
metabolites have been well understood, the exact role and signifafihese molecules
in the initiation, progression and resolution phase of inflammation inrRAot fully

elucidated.

The initial stages of inflammatory response sees AA metaublizo
prostaglandins and leukotrienes, by COX-2 and 5-LOX enzymesctesghe. These
two groups of lipid mediators are primarily responsible for eddareation and
leukocyte influx [26]. There is evidence that inhibition of COX-2 andO5< enzymes
ameliorate the progression of inflammatory diseases such aanRAtherosclerosis [9,
27-30], suggesting that LOX and COX pathways may cross talkcddgier et al. [31]
reported that inhibition of COX enzyme increased the expression &4,LThus
suggesting the shunting of AA metabolism from the COX-pathwalyQX pathway.
The exact mechanism of this shunting is not fully understood. Theofathis project
was to investigate the role of 12 LOX and 15 LOX metabolites ofilAheumatoid

arthritis and the impact of NSAID on the expression of these biomarkers.
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9.2 Protocol

9.2.1 Animal studies and Induction of Arthritis [32]

Arthritis was induced in 6- to 8-wk-old, male DBA/1 (Dilute BroWon-Agouti)
mice (The Jackson Laboratory, Bar Harbor, ME) with intra-@énimjection of chicken

collagen Il (Chondrex, Redmond, WA).

Time point study

In this study, mice (n=37) were sacrificed at various time paiekated to the
three phases of arthrogenesis. Their limbs were collectedheetignap frozen and

stored at -80°C till analysis.

Inhibition Study

In the inhibition study, a COX-2 inhibitor is fed to the collagen it@dcmice
(n=31). They were sacrificed at time intervals related he three phases of

inflammation. The lipids were extracted from the limb tissues by thacatxin protocol.

9.2.2 Sample preparation

Mouse footpads (weights ranging from 128-300 mg) were ground in liquid
nitrogen until fine powder. It was then homogenized in 600 uL of HB®gphate
Buffered Saline). The homogenate was centrifuged at 10,000ominminute and then
re-suspended and adjusted to pH approximately 3.5 with 2 M HCI. It was then allowed to
sit for 15 min at 4 °C. It was again centrifuged at 10,000 rpm foin2ites. A C18

extraction column was sequentially preconditioned by running 4 mi158&% Ethanol

192



followed by 4mL de-ionized water. The supernatant was loaded onotherc and
washed with 4mL deionized water, 4mL 15% ethanol and 4mL hexane.icDsamoids
were eluted with 250 uL of ethyl acetate. Evaporated samaes reconstituted to 300
uL and 20 uL was injected into the LC-MS system. The operabnditions described

in Chapter 6 were used for this analysis.

9.2.3 Statistics

Simple regression analyses were performed with each LOMbolde as the
independent variable and a COX metabolite @PGas the dependent variables.
Correlation Coefficient (rk 0.5 was considered to be significant for animal and human

studies [33].

9.3 RESULTS

Chanet al [32] in their laboratory found that following the induction of the
collagen, all the limbs of the mice are asymptomatic from 0e8@ ehdicating that this
was the initiation phase of inflammation. The footpads become psbgrlsswollen and
inflamed from days 30-55 and the swelling subsides from days 53416.indicates that
the progression of inflammation in RA occurs between days 30-55 folldyetthe
resolution phase (days 55-70). In our experiment, we comparedctsamoid levels

(pg/mg of tissue) in the three phases of inflmmation as determined byé&tlzn

Time point study

In the time point study, the expression of 15 HETE increases from day 7 to 35 and

then it decreases (Figure 9.1). This corresponds to the initiatidrp@gression of

193



inflammation in RA. In contrast, 12-HETE has a downward trend tlh@utgthe time
point study and has maximum expression in the initiation phasethoftis, indicating

that it has pro-inflammatory properties (Figure 9.2).

Inhibition study

In the inhibition study, the total expression of 12-HETE decreasesnw
compared to the time point study indicating that COX-2 inhibitor ssppee the
expression of 12-HETE in RA (Figure 9.3). In contrast, the totptession of 15-HETE
increases and shows two maxima, one at day 35 and other at day 55. These correspond to
the progression and the resolution phase of inflammation in RAr@-®4). Expression

of LXA4 was low in both the studies and showed no particular trend (Figure 9.1 and 9.4).

9.4 Discussion

Collagen induced arthritis is obtained by immunizing the mouse with
heterologous type Il collagen [34]. The immune response againgntgen leads to
chronic arthritis that has numerous features similar to RA [34 disease is produced

only in certain strains of mice one of which is the DBA/1 [34].

There are very few studies investigating the role of 12 L@Y &5 LOX in
various phases of inflammatory diseases like RA, although, bé&s demonstrated that
12-HETE and 15-HETE play an important role in immune regulation [35-R8jnkeet.
al. were the first to investigate the involvement of 12/15 LOX in thiaquenesis of
arthritis in 2009 [40]. The authors found that 12 HETE, 15 HETE and LaA4s anti-
inflammatory markers in RA by counteracting the exacerbatiomftdmmation and

associated tissue damage [40]. The role of 15-HETE in literstwantradictory. There
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are studies that suggest that 15-HETE has no pro-inflammesmacity and exhibits
anti-inflammatory properties through decreased production of LTBdtimitis [23-25].
There are also results that indicate that 15-LOX metabdhge® pro-inflammatory
action by enhancing the expression of BNEB1]. In the present study, we showed that
15-HETE is expressed in the initiation and progression phases afm#ttion in the
normal course of the disease suggesting a pro-inflammaitey Moreover, our results
indicate 12-LOX to be the predominant enzyme in the initiation phasdlammation
The expression decreases indicating that 12-LOX is activeimmihe initial phase of an
inflammatory response. 12-HETE (12-LOX) is hence thought to genexapro-

inflammatory response in RA.

As mentioned earlier COX-2 inhibitors are the first line ohtineent for RA.
These are widely used to manage pain, swelling and stiffness.inGX-2 inhibitors
such as NS-398 are known to inhibit carrageen-induced acute pleurisyg duri
inflammation but it also interferes with the resolution [32,42]. Gétamal. observed that
the inhibitor NS-398, interferes with the resolution, when given alterdisease is

symptomatic [32].
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Figure 9.1. Time point study: Amount of 1-HETE and LXA4 in terms of pg/mg of
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In contrast, when given earlier it just delays the onset of gease. This suggests that
COX- inhibitors do not halt the progression of the disease but just inetpducing the
symptoms. COX-2 inhibitors act by acetylating the active Git€OX-2 [43]. This

suppresses the production of prostaglandins [43].

In the inhibition study, we found that the expression of 15 HETE iseseas
compared to the time point study. Furthermore, it is expressée jprogression and the
resolution phases of inflammation indicating that it is a molewitle dual properties.
On the other hand, the total expression of 12 HETE decreases cdrtgdre time point
study. We believe that in the presence of a COX-2 inhibitoryedabolism is shunted
from the COX to the 15 LOX pathway. This increases the overgltession of 15
HETE. 15-HETE is also known to inhibit the production of 12 HETEe tink this is
the reason for the decrease in 12 HETE levels in the inhibitioy sthdn compared to
the time point study. From these studies we can conclude that TE k#Ea pro-
inflammatory molecule involved in the initiation phase of inflammatioiRA. On the

other hand, 15 HETE exhibits dual inflammatory properties in RA.
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Simple regression analyses were performed with each LOXaholge as the
independent variable and a COX metabolite @3 the dependent variables. An
ELISA assay was used to obtained P@vels in the mouse feet pad. B®Aas been
shown to participate in the resolution of inflammation in RA [44]. cOmparison, it was
found that the expression of 15-HETE in the inhibition study followed&nee trend as
PGJ expression in the time point study (Figure 9.5). Simple regreasialysis showed
that there existed a good correlation (r=0.97) between the expresfsil5 HETE and
PGJ (Figure 9.5). The common feature of 15 HETE and R@ikr than the fact that
they are metabolites of AA is that they naturally occurrirgarids of peroxisome
proliferator-activated receptors (PPAR45-47]. PPAR belong to the steroid hormone
receptor super-family and are involved in ligand-inducible lipidatmelism. Activation

of this receptor is known to reduce pro-inflammatory reactionsdcieg cell migration
and inhibiting TNF and cytokines [47]. Studies have shown the administration of
PPARy agonist PGy reduced the cell infiltration in arthritis and also when PPAR
antagonist GW9662 was administered inhibited the expression of 15-HEdi€ating
that their effects are mediated by PRARS,49]. We believe this may be the reason that
PGJ}and 15-HETE are strongly correlated. In the last decade, lasrbeen increasing
number of studies to define the role of PRAR the pathogenesis of diseases.

Investigating the role of PPARN RA is well beyond the scope of our study.

9.5 Conclusion

In the current study, we show that 12 HETE is a pro-inflammatoolecule

involved in the initiation phase of inflammation in RA. On the other haBdHETE
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exhibits dual inflammatory properties. It participates in ithieation and progression
phase of inflammation in the normal course of the disease. Futleerimahe presence
of a COX-inhibitor, 15 HETE is involved in the resolution of inflamimat We also
found that 15-HETE in the inhibition study followed the same trend agsdx@®ssion in
the time point study. On performing simple regression analysis we fourttiéha exists
a good correlation between the two molecules (r=0.97). We bé¢hevis because of the
fact that PPAR is known to mediate the effects of 15 HETE and P®Hich are its

naturally occurring ligands.
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GLOSSARY OF TERMS

Apoptosis —programmed cell death

Atherogenic — promoting atherosclerosis

Atherosclerosis — condition in which the arterial walls thicken dudatty
disposition leading to luminal narrowing.

Autocrine — related to a substance secreted by a cell actiing surtface receptor

of the same cell

Basophils — type of white blood cell

Bradykinin — peptide released during inflammation (vasodilator)
Bronchoconstrictor - constriction (narrowing) of airway

C-Reactive protein — protein released during inflammation

Carregeenan — common food additive used a thickener that comes from seaweed
Chemoattractant — a chemical agent that causes the cekeqige) or organism

to travel towards it

Chemotaxis — movement of cells or organisms in presence of a chemical stimulus
Cytokines — signaling protein molecule

Edema — collection of fluid in the dependent portion of the body

Eicosanoids — signaling molecules produced by oxidation of carbon 20igssent
fatty acids

Endopeptidases — enzymes that break peptide bonds of non-terminal amino acids
Eosinophils - type of white blood cell

Fibrin — a protein involved in the clotting process
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Fibroblast — type of cell found in connective tissue

Fibrinogen — plasma glycoprotein that is synthesized by the dindrwhich is
converted to fibrin.

Glomerular filtration — first step of urine formation in which thaste materials,
chemicals and water are filtered out of the blood. It takes place in therglome
Histamine — amine involved in the immune response

Homoestasis — ability to maintain internal equilibrium

Hyperalgesia — abnormal perception of pain from a non-painful stimulus
Idiopathic — arising spontaneously from an unknown cause/source
Interleukin — type of cytokine

Leukocyte —white blood cell

Lipoprotein — a complex of lipid and protein

Macrophage — a type of white blood cell

Mast cells — a type of cell found in connective tissue

Mitogenesis — induction of mitosis

Mitosis — a process of cell division that produces two daughtisrfoein a single
parent cell

Matrix metalloproteinases — group of endopeptidases that are rddpofusi
hydrolyzing extracellular proteins

Monocytes — a type of white blood cell

Neutrophil - a type of white blood cell

Paracrine - related to a substance secreted by a cell acting cenadglls

Periodontitis — inflammatory disease that affects the tissue around the teet
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Phagocytosis — a process in which certain cells (macrophageseatrophils)
ingest other cells/particles

Phospholipase — enzyme that hydrolyzes phospholipids into fatty axmildsther
lipophilic substances

Platlelets — cellular component of blood involved in clotting

Peroxisome Proliferator-Activated Receptors — group of nucleaeptor protein
that regulates the expression of genes

Reticulocyte — immature form of red blood cell

Rhinitis — inflammation of mucous lining of nose

Serum Amyloid A — protein that is expressed in response to an méaony
stimuli

Serotonin — monoamine neurotransmitter

T cells — group of white blood cells known as lymphocytes

Tumor Necrosis Factor - type of cytokine
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ABBREVIATIONS

AA - Arachidonic Acid

ALA — Alpha Linoelic Acid

AM — Austin Model

BMI — Body mass Index

COX -Cyclooxygenase

CRP — C-Reactive Protein

CYP — Cytochrome

DBA - Dilute Brown Non-Agoulti

DHA — Docosahexaenoic Acid

DHETE -Dihydroxyeicosatrienoic Acid

EET — Epoxyeicosatetraenoic Acid

ELISA — Enzyme-Linked Immunosorbent Assay
EPA — Eicosapentaenoic Acid

FDA — Food Drug Administration

HDL —High Density Lipoprotein

HETE — Hydroxyeicosatrienoic Acid

HODE - Hydroxyoctadecadienoic

HOMO - Highest Occupied Molecular Orbital
HPLC — High Pressure Liquid Chromatography
IL - Interleukin

LA — Linoeleic Acid
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LC-MS - Liquid Chromatography Mass Spectrometry
LDL — Low Density Lipoprotein

LLE — Liquid Liquid Extraction

LOD - Limit of Detection

LOQ — Limit of Quantification

LOX - Lipoxygenase

LT - Leukotriene

LUMO - Lowest Unoccupied Molecular Orbital

LX - Lipoxin

NADH - Nicotinamide Adenine Dinucleotide

NADPH - Nicotinamide Adenine Dinucleotide Phosphate
OLR - Ordinary Linear Regression

PG - Prostaglandin

PPAR - Peroxisome Proliferator-Activated Receptors
PPT — Protein Precipitation

PUFA - Polyunsaturated Fatty Acid

QC — Quality Control

QSAR - Quantitative Structure Affinity Relationship
QSRR - Quantitative Structure Retention Relationship
RPHPLC — Reverse Phase High Pressure Liquid Chromatography
RRT — Relative Retention time

RvD — Resolvin of D series

RVE — Resolvin of E series
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SAA — Serum Amyloid A

SPE — Solid Phase Extraction

TNF — Tumor Necrosis Factor

UHPLC — Ultra High Pressure Liquid Chromatography
UV — UltraViolet

VLDL - Very Low Density Lipoprotein
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APPENDICES

APPENDIX A
DEVELOPMENT OF AN HPLC-UV METHOD FOR THE DETERMINATION
OF SEX HORMONES IN BIOLOGICAL MATRICES

A.1 Introduction

The differences between the sexes in diseases have égeg gnore attention
than ever before. In the recent years, scientists have discdhateestrogens and the
other sex hormones regulate the development of diseases in womeendifféhan in
men. A 5-10 year lag period in cardiovascular disease (CVDJances in women when
compared to men have been related to the differences in the endogexdasnsones
especially the estrogens [1]. Idiopathic pulmonary fibrosis isenpevalent in men
whereas idiopathic pulmonary arterial hypertension predominatedgtafivomen [1].
Also, according to the National center of health statistickrestis more prevalent in
boys before puberty whereas after puberty the females wiitmaoutnumber the males
by a factor of 2 [1]. It is still unclear whether thesdeddnces are directly due to or
modified by the sex hormones. These findings may provide answers tdiseages can

be treated more effectively.

The parent compound for all the steroid hormones is cholesterol and tiey
all have similar structure (Figure A.1). Estrogens areoistezompounds that function
primarily as female sex hormones. They are named as sudiefoinbportance in the
estrous cycle. The three major naturally occurring estrogewsmen are estrone (E1),
estradiol (E2) and estriol (E3). Estrone is the least abundame tiitee estrogens in pre-
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menopausal women whereas it is present in higher quantities pospause. Estradiol
(17p-estradiol) is the predominate estrogen in women. It G@isduced in men, as it is
a metabolic product of testosterone. Estriol is produced printariipg pregnancy as is
made by the placenta from 16-hydroxy-dehyro-epiandrosterone sulfi€@eOH
DHEAS)[1]. 2-hydroxy estrone, &ehydroxy estrone, 2-methoxy estrone and 4-
hydroxy estrone are oxidation products of estrogens. The ratitwadrdxyesterone (2-
OHEL1) to 16-hydroxyestrone (16-OHE1) is considered to be an index of breast cancer
risk [2]. Progesterone is involved in the female menstrual cwycld pregnancy.
Progesterone levels are lower in post-menopausal women and mernremnapthe pre-
menopausal women. Testosterone is a steroid hormone from the andimggnwdrich

is present at much higher concentration in men than in women. Itdngagirimarily as a

male sex hormone.

Common laboratory conditions for the analysis of the sex hormoneshamd t
metabolites in water, tissue or plasma, require multiple ELdSgays and/or application
of variety of chromatographic methods. The analytical methods oselef analysis of
the sex hormones are immunoassays [3-5], HPLC-UV [6], HPLC flutbrescent
detection [7], GC-MS [8,9], LC-MS [10] and LC-MS/MS [11,12]. Though
immunoassays can be sensitive, they generally suffer from poaifigpe and
reproducibility due to cross-reactivity and variation of antibodies fierént lots [13].
The GC/MS methods are specific, sensitive and accurate butettpgiyer numerous steps
of extractions (solid or liquid phase) and derivatizations. The B8snspectrometry
methods are accurate, precise and do not require derivatizationevelpwhey can be

expensive. In this chapter, we report a single, sensitive ancighsfiorward HPLC
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assay for the rapid profiling of estriol, estradiol, estrone, progesteronéy@xyyestrone,

16-a. hydroxyl estrone, 2- methoxy estrone and 4- hydroxyl estrone.

A.2. Experimental

A.2.1. Chemicals and Materials

Estriol, estradiol, estrone and progesterone were purchased ifgoma 3ldrich.
2-hydroxy estrone, 6hydroxyl estrone, 2-methoxy estrone and 4-hydroxy estrone were
purchased from Steraloids. HPLC water and acetonitrile werehgged from Fisher

Scientific (Waltman, MA, USA).

A.2.2. Instruments and operating conditions

The Jasco HPLC system consisting of the following parts we; Uasco pumps
(PU-980), a Jasco UV-VIS detector (UV-975) (Jasco IncorporasstioR, MD, USA)
and a Rheodyne manual injector (Rheodyne LLC, Rohnert Park, CA).U3#sco-
Borwin software (version 3.3.5) was used for data collection. Takysia was done on a
Restek Biphenyl 4.6 x 150 mm column withubh particle size. (Restek, USA). The
HPLC method employed a gradient elution of water (solvent A)aaetbnitrile (solvent
B) with a flow rate of 1.0 ml/min. Gradient elution was emptbgs follows: 50% B for
6.0 min., 50% -60% B from 6.0-6.1 min., hold 60% B from 6.1-8.0 min., 60%-80% B
from 8.0-8.1 min., hold 80% B from 8.1-14.0 min., 80% -50%B from 14.0-14.1 min.,
hold 50% B from 14.1- 16.0 min. The run time for the method was 16.0 min. The
analytes were separated at ambient temperature with andnjgotume of 100 pL. 220

nm was used for the detection.
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A.2.3. Preparation of standard solutions and quality control (QC) samples

Working standards for all the sex hormones were prepared from gpectizve
stock solutions by proper dilutions with acetonitrile. Calibrati@andards for the sex
hormones were prepared at mass concentrations of 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5 and 10
ng/pL from the respective stock solutions. Quality control (Q&hples were prepared
in triplicate for all the analytes representing low, medium higth concentrations in

linearity curve.

A.2.4 Sample preparation- Solid phase extraction

a. Urine: Prior to analysis the urine sample was allowed to #tawwom temperature.
500 pL of the thawed, filtered urine sample was transferredair.0 ml polypropylene
micro-centrifuge tube. To the tube, 200 puL of methanol with 0.01 M BRI'50 pL of
formic acid were added. Prior to the loading of the sample, asisCsolid phase
extraction cartridge was sequentially preconditioned with 2 my®f@armic acid (v/v), 2
ml methanol and 2 ml ethyl acetate. The entire urine sam@elvent was then loaded
onto the preconditioned column. The column was then washed with 2 ml of Orh¢é for
acid (v/v) and 2 ml of 10% methanol with 0.1% formic acid. The sembioes were
then eluted with 1.5 ml of ethyl acetate with 0.01 M BHT and 0.5 ethanol with 0.2
% formic acid and 0.01 M BHT [14]. Samples were evaporated toessymnder

nitrogen and then reconstituted to 450 pL with acetonitrile.

b. Tissue: Prior to analysis the tissue was allowed to thawoat temperature. 100 mg
of the thawed tissue was transferred into a 2.0 ml polypropylec®-centrifuge tube.

To the tube, 200 pL of methanol with 0.01 M BHT and 50 pL of formic aeiet\@dded.
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The tissue was homogenized with a Tissue Terror homogenizer andahgifuged at
14000rpm at 0°C for 15min. The supernatant was collected and the extrestigrSPE

was performed as given in the above paragraph.

A.2.5 Method Validation

The specificity, sensitivity, linear range, accuracy and piatiof the HPLC
method validation were determined as per the FDA guidance forlnithestry:

Bioanalytical method validation [15].

A.2.5.1 Selectivity

Five different urine samples were analyzed by HPLC to daternpeak

selectivity. Solvent blanks were also analyzed to investigate possibferatees.

A.2.5.2 Linearity and Sensitivity

The linearity for all the analytes was established by imgcin triplicate;
standard solutions with mass concentration ranging from LOQ to LQ.nghe linearity
curve was obtained by plotting the peak areas of the prostanoidsheittegpective
theoretical column loading (ng). The Ilimit of detection (LOD) am@ fimit of
guantification (LOQ) were calculated as the lowest concentrati@migive the signal to

noise ratio as 3:1 and 10:1 respectively.

A.2.5.3 Accuracy and Precision

Five solutions of each mass concentration of the QC samples vegargd and
injected in triplicate to determine the accuracy (n = 15). Tleileded concentrations for

each of the samples were then compared to the theoretical catioantin determine the
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% accuracy for each of the compounds. Inter-assay and intra-pss@agion were
determined by injecting in triplicate; five replicate prepareg of three mass
concentration of each analyte spiked in urine for a single day arfduo consecutive

days respectively.

A.3 Results and Discussion

A.3.1 Chromatography

An Allure biphenyl column was used for the separation of théneaxones. The
stationary phase is unique with two phenyl groups bonded to each other mhdnded
to the silica. The separation occurs due to the interaction éretiver- electrons on
the biphenyl group with the unsaturated aromatic sex hormones. The clurery
sensitive in dealing with small differences in the structutgchvis necessary as the sex

hormones are very similar in structure (Figure A.1).

A.3.2 Method validation

A.3.2.1 Selectivity

There are no interfering endogenous compounds in the urine at the retiemti®n
of the sex hormones. A representative HPLC chromatogram rodasth solution and
urine sample of a hypertensive subject are shown in Figure A.&.8néspectively. The
resolution, asymmetry and the retention times of each sex hormdme solvent and the

urine are summarized in Table A.1.
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Figure A.1. Structure of sex hormones
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Table A.1. Method Validation Results: Selectivity

Asymmetry (As)

As=Wapl/ Wy
Compound RT (min) W, = peak first half width ~ Resolution

Wy, = peak second half

width at 10%
Estriol (E3) 2.05 1.72 -
16-o OH E1 3.58 1.32 5.75
Estradiol (E2) 5.40 0.98 8.10
2-OH E1 5.66 1.78 1.23
4-OH E1 6.38 1.09 2.98
Testosterone 6.97 1.20 1.97
Estrone (E1) 8.23 1.09 5.00
2-Methoxy E1 8.91 1.10 2.94
Progesterone 12.3 1.35 15.11
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Figure A.2. Representative chromatogram of standard solution of sex hormones
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A.3.2.2 Linearity and Sensitivity

All the compounds show a good linear response witt» R.995 in the linear
range as mentioned in Table A.2. The LOD and the LOQ are giviemnns of column
loading (ng) and concentrations (ng/ uL). Column loading was caddubgt multiplying
concentration (ng/pL) and the injection volume (in this case 100 Tihg. sensitivity for
all the analytes are in the nanogram range demonstratinthithdiPLC method can be
used to analyze sex hormones as their concentrations are stlffidiggh in urine.
However, if necessary, urine samples can be concentrated easily, reshumagns about

method sensitivity.
A.3.2.3 Accuracy and Precision

The % accuracy for all the sex hormones were between 91.5 - 11dTalle
A.3), meeting the requirement as per the FDA guidance for the Ind&stgnalytical
Method Validation [15]. The method meets precision criteriahas% RSD for the
system suitability, intra-assay and inter-assay precisiabl€TA.4) for all analytes lie

within 10%
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Table A.2. Method Validation Results: Sensitivity & Linearity

LOD LOQ Equation of the line R?
Compound Conc. Conc.

(ng/pl)  (ng/pl)
Estriol (E3) 0.27 0.89 y = 1468.2 x +33882 0.999
16-a OH E1 3.00 0.97 y=1720x + 16375 0.997
Estradiol (E2) 0.05 0.16 y =1586.1 +4488.4  0.998
2-OH E1 0.71 2.35 y=2731.4x-20388 0.999
4-OH E1 2.40 7.90 y=1143.1 x - 49339 0.998
Testosterone 0.10 0.30 y =1149.9x +11684 0.999
Estrone (E1) 0.04 0.14 y =1341.8 x + 82827 0.998
2-Methoxy E1 0.18 0.58 y=1173.6 -37165 0.998
Progesterone 0.06 0.19 y =1122.9 x+10372 0.999
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Table A.3. Method Validation Results: Accuracy levels I, 1l &lll represents low,

medium & high concentration respectively of the linearity range

Compound  Accuracy Level | Accuracy Level Il Accuracy Level Il

Conc. %Accuracy Conc. %Accuracy Conc. %Accuracy

(ng/ (n=15) (ng/ (n=15) (ng/ (n=15)
pl) ul) pL)
Estriol (E3)  0.75 91.5 1.00 104.0 5.00 102.8
16 OHE1 0.75 110.9 1.00 100.2 5.00 104.8
Estradiol 0.75 96.7 1.00 98.7 5.00 96.5
(E2)
2-OH E1 0.40 114.9 0.60 102.4 3.00 99.74
4-OH E1 0.75 100.2 1.00 98.6 5.50 105.7
Testosterone  0.75 97.7 1.00 99.3 5.00 97.0
Estrone (E1) 0.75 113.7 1.00 106.9 5.00 113.5
2-Methoxy  0.75 109.1 1.00 105.8 5.00 95.4
El
Progesterone 0.75 97.8 1.00 97.1 5.00 102.8
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Table A.4. Method Validation Results: Intra assay and inter assay precision

conc. Intra—Assay Inter-As_say

Compound precision precision
(Ng/L) %RSD %RSD
Estriol (E3) 0.75 4.59 3.55
1.00 3.71 4.76
5.00 4.55 4.33
16-a OH E1 0.75 3.55 6.78
1.00 6.23 5.66
5.00 5.01 7.32
Estradiol (E2) 0.75 1.30 4.90
1.00 5.62 6.78
5.00 4.75 4.55
2-OH E1 0.40 9.22 8.90
0.60 7.06 6.75
3.00 3.60 6.31
4-OH E1 0.75 9.42 7.54
1.00 7.86 5.43
5.00 6.62 6.32
Testosterone 0.75 9.15 8.99
1.00 7.90 7.43
5.00 7.89 8.12

Estrone (E1) 0.75 3.31 2.64
1.00 4.25 3.11
5.00 2.75 4.89

2-Methoxy E1 0.75 0.55 2.62
1.00 6.81 5.02
5.00 6.70 4.10

Progesterone 0.75 4.05 2.92
1.00 4.72 4.55
5.00 4.28 3.74
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A.4 Conclusion

The HPLC UV method for rapid profiling of estriol, estradiol, estrone
progesterone, 2-hydroxy estrone, d.@iydroxyl estrone, 2-methoxy estrone and 4-
hydroxyl estrone. All the sex hormones can be determined ngke sissay in less than
16 minutes using UV detection. The method was found to be specifitj\sraccurate
and precise. The sex hormones were separated on an Allure bigodunyln (150
mm*4.6 mm) by a gradient elution of water and acetonitrile &va fate of 1.0 ml/min.
The wavelength used for detection was 220 nm. The method was \dladatewas
found to be having sufficient sensitivity (limit of quantificatiod4 ng - 790 ng). The
accuracy and precision were within bioanalytical method validatiomsli(91.5 to 114.5
% and RSD < 10%, respectively) and the method was linear over dhidees of
magnitude. A solid phase extraction method was developed to mehsunertmone

levels in biological samples (urine and tissue).
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