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Abstract: In a paradigm shift, cancer research efforts are being dedicated to the discovery of
chemopreventive agents. The goal of this approach is to delay or prevent the progression of
augmented cell division to established cancer. Research has focused on dietary supplements, drugs,
and endogenous lipids that possess anti-inflammatory properties. We undertook a lipidomics analysis
of potential endogenous anti-inflammatory/anti-proliferative lipids in human plasma. We performed
high-resolution mass spectrometric lipidomics analyses of plasma samples from controls and patients
with colorectal, kidney, pancreatic, glioblastoma, and breast cancers. We present evidence that
endogenous very-long-chain dicarboxylic acids (VLCDCA) are anti-inflammatory lipids that possess
chemopreventative properties. In a family of VLCDCAs, we characterized VLCDCA 28:4, which is
decreased in the plasma of patients with colorectal, kidney, and pancreatic cancers. The structure
of this biomarker was validated by derivatization strategies, synthesis of the analytical standard,
and tandem mass spectrometry. Our data suggest that VLCDCA 28:4 may be a useful blood biomarker
for a number of cancers and that resupplying this lipid, via a prodrug for example, may offer a new
anti-inflammatory therapeutic strategy for delaying or preventing the progression of cancer and other
inflammatory diseases.
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1. Introduction

Deep organ cancers such as colorectal (CRC), kidney, and pancreatic cancers are devastating
malignancies which can only be detected by colonoscopy (CRC) or imaging [1-4]. Of significance, these
cancers are characterized by extensive inflammation, which contributes to the tumor microenvironment
and is associated with increased risk of developing cancer [5-11]. In this regard, we have found that
decreased serum levels of very-long-chain dicarboxylic acids (VLCDCA), which are endogenous
anti-inflammatory lipids, may be useful biomarkers of risk for kidney, colorectal, and pancreatic deep
organ cancers.

Prior research of dietary [12] and pharmaceutical [13] anti-inflammatory/antioxidant agents has
demonstrated varying degrees of potential as chemopreventive strategies. In addition, a number of
lipids have been speculated to function as endogenous cancer chemoprevention systems. These include
omega-3 polyunsaturated fatty acids [14], alpha-hydroxy-stearic acid [15], and 9-hydroxy-stearic
acid [16]. Additionally, a family of lipids containing 28 to 36 carbons (444 to 555 amu), possessing
anti-inflammatory and anti-proliferative properties in tissue culture [17], has been found to be
decreased in the plasma of patients with CRC [18-20] and pancreatic cancers [21,22]. In a study
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of 4923 colonoscopy subjects, low serum levels of GTA /CRC-446 (gastrointestinal tract acid/colorectal
cancer-446; CygsHscO4, exact mass = 446.3396) correlated with a significantly increased risk for
CRC [20]. In patients with CRC, the levels of GTA/CRC-446 were not restored to normal after
surgery, but remained depressed, suggesting that they are not of tumor origin [18], consistent with
stable steady-state plasma levels of GTA /CRC-446 monitored over a 1-year observation period in
control subjects with no age-associated decrease in levels [18]. In toto, these data implicate that this
family of anti-inflammatory lipids are potential endogenous chemopreventive agents. With regard
to roles in controlling chronic inflammation, these lipids have also been found to be increased in
the plasma of relapsing remitting multiple sclerosis patients, but decreased in secondary progressive
multiple sclerosis patients [23].

The structures of this family of lipids have not been elucidated. The lipids were first misassigned
as vitamin E metabolites [24], and subsequently, as hydroxylated, polyunsaturated ultra-long-chain
fatty acids [18-23]. However, none of the conjectured lipid candidates were synthesized as analytical
standards to validate the structural assumptions. We have characterized the family of 28 carbon
lipids using high-resolution mass spectrometry (HR-MS) along with derivatization strategies and
determined that they are not hydroxylated, polyunsaturated ultra-long-chain fatty acids, but are 28
carbon VLCDCAs with between 1 to 4 double bonds.

2. Results

2.1. HR-MS Analyses of CogH 4404

We focused our efforts on the full characterization of CgHysO4, since the mass of this previously
misidentified lipid was most consistently decreased in the plasma of pancreatic and colorectal cancer
patients [18-22]. Our preliminary HR-MS analyses of human plasma suggested that CogH4604 could
be a member of a family of 28 carbon VLCDCAs (Table 1). The tentative structure of VLCDCA 28:4n6
(CogHyeOy) was:

HOOC-(CH;)4-CH=CH-CH,-CH=CH-CH,-CH=CH-CH,-CH=CH-(CH;)11-COOH

Table 1. High-resolution mass spectrometry (HR-MS) analyses of human plasma 28 carbon
very-long-chain dicarboxylic acids (VLCDCAs). The molecular anions of endogenous VLCDCAs
were monitored in organic extracts of 0.1 mL of human plasma. R, ratio of the peak area of the
endogenous VLCDCA to the peak area of 1 nanomole of the internal standard [2Hpg]dicarboxylic acid

(DCA)16:0.
Molecular Published m Mass
VLCDCA Nomenclature Exact Mass [M — H]— R pp
Formula Error
[17-22]
2
[ H2186]'(])3CA Internal std. 314.39016 313.3829 1.60
28:0 CogH5404 454.4022 453.3949 0.067 1.56
28:1 CogH5,04 GTA-452 452.3866 451.3793 0.276 1.30
28:2 CygHs5004 GTA-450 450.3709 449.3636 0.773 1.73
28:3 CogHygOy4 GTA-448 448.3553 447.3480 1.084 1.24
28:4 CogHyO4 GTA-446 446.3396 445.3323 0.778 1.18
28:5 CogHy Oy 4443240 4433167  0.047 0.22

This tentative structure was based on our validation that the lipid was a dicarboxylic acid and that
there is only one published very-long-chain-fatty acid (VLCFA) that could serve as a direct precursor
of VLCDCA 28:4. This direct precursor of VLCDCA 28:4n6 would be VLCFA 28:4n6, which has
previously been identified (VLCFA 28:4n6; CpsH4g0,; LMFA01030825) as a free fatty acid and as a
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fatty acid substituent in phosphatidylcholines and sphingomyelins in ocular tissue, sperm, testes,
and brain [25-27]:

H;3C-(CH,)4-CH=CH-CH,-CH=CH-CH,-CH=CH-CH,-CH=CH-(CH>)11,-COOH

2.2. Structural Validation of VLCDCA 28:4

To validate the proposed dicarboxylic structure of VLCDCA 28:4, we used picolylamine, which
derivatizes carboxylic functions. The dipicolinyl derivative of VLCDCA 28:4 isolated from 3 mL
of human plasma, semipurified by basic anion exchange, was generated. The molecular cation of
dipicolinyl-VLCDCA 28:4 at [m/z 627.4632]* (446.3396 + 2 x 90.0582 = 626.4560) was monitored
with 0.66 ppm mass error, definitively validating the hypothesis that this lipid is a dicarboxylic
acid. The molecular cation [495.5138]" of the dipicolinyl derivative of the internal standard
[2H28]dicarboxylic acid 16:0 (314.3901 + 2 x 90.0582 = 494.5065) was observed with a mass error
of 0.17 ppm and demonstrated >99% reaction completion. These data clearly validate the dicarboxylic
structure of VLCDCA 28:4; however, the hypothesized positions of the double bonds were based on
the assumption that previously reported VLCFA 28:4n6 could be the direct precursor.

To address this issue, we next synthesized the analytical standard for VLCDCA 28:4n6 and
validated the double bond locations via MS? analysis of the standard and a biological extract,
semipurified by basic anion exchange. The dominant MS? fragments for both the analytical standard
and biological extract resulted from the loss of water and decarboxylation. Further analysis of the
minor fragments observed with MS? revealed the w1 fragment (CgH;9O,) and w2 fragment (CoH140;)
validating the z22 and z19 double bonds, respectively. These fragments are common to both the
synthetic standard and the endogenous biomolecule (Table 2). The «1 fragment (C13H240,) and «2
fragment (C14H230,) also validated the z13 and z16 double bonds, respectively (Table 2).

Table 2. HR-MS and MS? of the synthetic standard of VLCDCA 28:4 and VLCDCA 28:4 extracted from
3 mL of human plasma and semipurified by anion exchange chromatography. Collision energy of 25.
ppm Std., ppm mass error for the synthetic standard; ppm Extract, ppm mass error for the human
plasma lipid extract.

02 al

r r

HOOC-(CH,),-CH=CH-CH,-CH=CH-CH,-CH=CH-CH,-CH=CH-(CH,), -COOH

o-1 J -2 J

Fragment Formula Calculated Anion ppm Std. ppm Extract
VLCDCA 28:4 CogHy6O4 445.3323 0.62 1.07
H,O0 Loss CogHu4O3 427.3217 0.39 0.30
CO; and H,O Loss CoyHy4O 383.3319 0.05 0.44
C02 Loss C27H4602 401.3425 0.07 0.36
w-1 CgH100, 113.0608 0.09 0.14
w-2 CoH140, 153.0921 0.07 0.30
w-2-H,O CoH1,0 135.0815 0.14 0.89
-1 C13H2402 211.1703 0.14 0.66
x-1-Hp,O C13HO 193.1597 0.31 0.92
-2 C16H2507 251.2016 0.34 0.48
x-2-Hp,O C16H6O 233.1910 0.13 0.13

2.3. VLCDCA 28:4 in Biofluids

We monitored for VLCDCA 28:4 levels in a number of human biofluids and in plasma from
Cynomologous monkeys, Rhesus macaque monkeys, dogs, rats, cows, and cats. In this regard,
VLCDCA 28:4 was monitored in all human biofluids examined (Table 3), including adult plasma,
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umbilical cord plasma, synovial fluid, aqueous humor, pleural fluid, and cerebrospinal fluid. Of key
interest are the observations that VLCDCA 28:4 was only found in human plasma and that of closely
related primates, but not in the other species examined (Table 3).

Table 3. VLCDCA 28:4 levels in the plasma of different species and in different human biofluids.
VLCDCA 28:4 levels are presented as R (ratio of endogenous VLCDCA 28:4 peak area to the peak area
of 1 nanomole [ZHzg]dicarboxyliC acid 16:0 per 100 pL biofluid). In the cases where VLCDCA 28:4 was
not detected in 100 pL biofluid, the negative observations were further validated by extracting 500 puL
biofluid. The values are the means of 3 observations. ND, not detected.

Biofluid R (N)
Adult human plasma 0.79 (12)
Human synovial fluid 0.50 (3)
Human pleural fluid 0.14 (3)
Human cerebrospinal fluid 0.045 (12)
Human umbilical cord plasma 0.85 (6)
Human aqueous humor 0.024 (2)
Chimpanzee plasma 0.061 (2)
Cynomologous monkey plasma 0.0022 (2)
Rhesus macaque plasma ND (1)
Dog plasma ND (6)
Rat plasma ND (6)
Cow plasma ND (6)
Cat plasma ND (6)

2.4. Plasma VLCDCA 28:4 in Cancer Patients

Prior to the structural elucidation of VLCDCA 28:4, by monitoring the anion of this lipid, it was
found to be decreased in the plasma of colorectal and pancreatic cancer patients, but not to be altered
in patients with breast, prostate, or liver cancers [18-22,24]. We undertook a pilot and validation study
to further verify these observations in colorectal and pancreatic cancers and to further examine pilot
populations of several other cancers, where blood samples were available commercially or from a
collaborator. With these studies, we validated previous findings of decreased VLCDCA 28:4 levels in
the plasma of patients with colorectal cancer and pancreatic cancer and extended these observations
to detect decreased levels of VLCDCA 28:4 in kidney cancer patients. By contrast, no alterations in
the circulating levels of VLCDCA 28:4 were monitored in patients with breast cancer or glioblastoma
multiforme (Figure 1; upper figure). These data indicate that it is essential to next identify the molecular
targets of VLCDCA 28:4 to understand the varying roles of this anti-inflammatory lipid in different
forms of cancer. In addition, the patient numbers we studied are small and need to be increased with
larger patient cohorts to monitor for patient heterogeneity within a given cancer diagnosis. We are
currently conducting such a study with larger CRC patient cohorts from Italy and Brazil.



Metabolites 2018, 8, 76 50f11

VLCDCA 284 (R)
5
Il o
ol
o
v
b

«*
N
’
|o| ‘l

e * s
|
- v
Con Kid Br CRC GBM
1.54 -
=3 *
~ *
K g™ - 'vv:v'
S 2
2 :.“-- v|v
= T
T T v
0.0
Con CRC Kid Pan

Figure 1. Upper Figure: Pilot study of plasma levels (100 uL) of VLCDCA 28:4 in controls (Con; N = 15)
and patients with kidney (Kid; N = 7), breast (BR; N = 7), colorectal (CRC; N =9), or glioblastoma
multiforme (GBM; N = 12) cancers. Lower Figure: Validation study of plasma levels (100 uL) of
VLCDCA 28:4 in controls (Con; N = 16) and patients with colorectal (CRC; N = 26), kidney (Kid; N =9),
or pancreatic (Pan; N = 45) cancers. R represents ratio of the peak area of endogenous VLCDCA 28:4 to
the peak area of 1 nanomole of [2Hy5]DCA 16:0. *, p < 0.01 (t-test).

2.5. VLCDCA 28:4: Anti-Inflammatory Activity

Previous evaluations of semipurified extracts of the human plasma lipid fraction containing
masses 440-560 demonstrated anti-inflammatory properties in tissue culture [17]. Our evaluations
of synthetic VLCDCA 28:4 have shown that this dicarboxylic acid has anti-inflammatory activity
in vitro, blocking the ability of lipopolysaccharide (LPS) to stimulate nitric oxide production in human
monocytes (Figure 2).
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Figure 2. Inhibition, by VLCDCA 28:4, of lipopolysaccharide (LPS) (1 ug/mL of media) stimulation of
nitric oxide (NO) release into the medium of THP-1 monocytes incubated for 48 h. in 24 well plates. NO
was measured as nitrite in the medium using the Griess colorimetric procedure®’. The 0 concentration
point represents the NO production by LPS, while other points represent LPS and coincubation with
VLCDCA 28:4 in ethanol. The control and LPS wells also received an equal volume of ethanol. Values
are the mean values of 8 wells, with the RSD ranging from 3.8 to 10.2%.

3. Discussion

Previous research (Figure 3) has identified very-long-chain fatty acids (VLCFA) of up to 36 carbons
formed by sequential fatty acid elongation with ELOVLA4 (elongation of very-long-chain fatty acids-4),
an enzyme found at moderate levels in the brain, spleen, pancreas, kidney, ileum, and lymph
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nodes, and high levels in the retina, thymus, epidermis, and sperm [25-27]. These VLCFAs perform
structural functions as fatty acid components of sphingomyelins and phosphatidylcholines, serve signal
transduction roles, and are potential precursors to dicarboxylic acids [27,28]. Conversion of VLCFAs to
dicarboxylic acids first involves w-hydroxylation of the fatty acid by microsomal CYP4A /4F enzyme
systems (CYP4A11, CYP4F2, CYP4F3A, CYP4F3B) [28-31]. The CYP4 gene family constitutes more
than 63 individual members with specific substrate affinities and unique regional tissue distributions.
One of the functions of these enzymes is the inactivation of inflammatory lipids, while another involves
the metabolism of VLCFAs to their w-hydroxy derivatives [28-31]. An example of this involves the
conversion of 20-HETE to w-hydroxy arachidonic acid, and the subsequent conversion to 20-carboxy
arachidonic acid (DCA 20:4) by alcohol dehydrogenase and fatty aldehyde dehydrogenase [32]. In CRC
tissues, the generation of VLCDCAs is presumably curtailed as a result of both decreased CYP4F
expression [33] and hypermethylation of ELOVL4 [34].

18:2n6
J [A6 Desaturase]
18:3n6
J [ELovis, ELovi2]
20:3n6
{ [45 Desaturase]
20:4n6
J [ELoVL5, ELOVL2] l [CYP4A/4F]
22:4n6 20-HETE
{ [ELovi2] { [Alcohol DH, CYP4A/4F]
24:4n6 20-HETE aldehyde
4 [ELOVLI, ELOVL3] J [FALDH, CYP4A/4F]
26:4n6 DCA 20:4
d [ELoviL4]
28:4n6
{ [ELovi4] l [CYP4A/F]
30:4n6 w-hydroxy-28:4n6
J [ELOVL4] 4 [Alcohol DH, CYP4A/4F]
32:4n6 28:4n6 aldehyde
Jd [ELOVL4] { [FALDH, CYP4A/4F]
34:4n6 VLDCA 28:4n6
Jd [ELOVL4]
36:4n6

Figure 3. Biosynthetic pathway for very-long-chain fatty acids (VLCFA), the dicarboxylic
acid 20:4 (DCA 20:4), and the very-long-chain dicarboxylic acid 28:4 (VLDCA 28:4). COX,
cyclooxygenase; CYP, cytochrome P450; ELOVL, elongation of very-long-chain fatty acids; FALDH,
fatty aldehyde dehydrogenase.

Of relevance to our VLCDCA clinical data are the observations that acetylsalicylic acid [35] and
statins [13] are inducers of CYP4 enzymes. These drugs both significantly reduce the risk for pancreatic
and colorectal cancers [12,13,35]. It is interesting to speculate that the chemopreventive actions of these
drugs may involve augmentation of the biosynthesis of VLCDCAs catalyzed by CYP4 [28,31].

The roles of alcohol and aldehyde dehydrogenases in colorectal cancer are not clear at this
time, with multiple isoforms and differential protein expression to be considered. Primates have
retained alcohol dehydrogenases 1 to 5 (ADH1-5), but lost ADH6 [36]. While ADH1-4 are highly
conserved, ADHS is very divergent [36], and therefore an isoform of ADH5 may be involved in
VLCDCA synthesis in humans. Evaluation of the role of aldehyde dehydrogenases (ALDH) in the
biosynthesis of VLCDCAs is complicated in that there are 19 isozymes in this family [37]. There are
also a number of ALDH polymorphisms that are currently being studied in kidney and colorectal
cancers [38]. The potential role of aldehyde oxidase 1 (AOX1) in the synthesis of VLCDCAs also
remains to be investigated.
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4. Materials and Methods

4.1. Clinical Samples

Depersonalized plasma samples and biofluids were purchased from Innovative Research,
BioChemed Services, and the Cooperative Human Tissue Network (CHTN). Depersonalized
glioblastoma multiforme plasma samples were supplied by Dr. Charles Conrad, MD Anderson
Cancer Center (ClinTrials #NCT00805376). Patient demographics are presented in Table 4.

Table 4. Patient demographics for plasma VLCDCA 28:4 measurements. All patients included in the
study were Caucasian.

Group Age (Yr. £SD) N Number of Females
Pilot-Controls 545 + 8.9 15 9
Pilot-Kidney 65.8 = 12.0 7 1
Pilot-Breast 594+74 7 7
Pilot-GBM 546 + 5.6 12 5
Pilot-CRC 69.9 + 6.9 9 5
Validation-Controls 57.3 5.8 23 14
Validation-Pancreatic 69.1 £9.3 18 11
Validation-CRC 57.3 £8.1 28 22
Validation-Kidney 55.7 + 8.9 9 2

4.2. Sample Processing

One hundred microliters of plasma were mixed with 1 mL of water and 1 mL of methanol
containing [2H28]dicarboxylic acid 16:0 as the internal standard [39,40]. The tubes were vigorously
shaken at room temperature for 30 min after the addition of 2 mL of methyl-tert-butyl ether (MTBE).
After centrifugation at 4000 x g for 30 min, 1 mL of the upper organic layer was dried by centrifugal
vacuum evaporation and dissolved in 150 uL of isopropanol:methanol:chloroform (4:2:1) containing
15 mM ammonium acetate. Extraction efficiency was 98 to 99%.

4.3. Semipurification of Plasma VLCDCAs

For structural validation studies, VLCDCAs were semipurified from MTBE—-ethanol extracts of
3 or 5 mL of human plasma via a basic anion exchanger (HyperSep Sax, Thermo Fisher, Waltham,
MA, USA). The column was conditioned by the sequential addition of 2 mL of methanol, 2 mL
of water, and 2 mL of acetonitrile. The methanol and methyl-tert-butylether extract of human
plasma was dried by vacuum centrifugation and re-dissolved in 2 mL of methanol which was
applied to the conditioned column. The column was washed by the sequential addition of
2 mL of water, 2 mL of acetonitrile, and 2 mL of methanol. The dicarboxylic acids were then
eluted with 2 mL of acetonitrile:methanol:formic acid (50:50:3). This eluate was dried by vacuum
centrifugation and dissolved in acetonitrile:methanol (1:1) for mass spectrometric analysis or used for
derivatization reactions.

4.4. Chemical Synthesis of VLCDCA 28:4

Using a published synthetic scheme [41], w-hydroxy-20:4n6-methyl ester (Compound 10) was
obtained, locking the required double bond positions relative to the w-terminal of the target
dicarboxylic acid. The subsequent reactions are outlined below:
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The final product was validated by NMR (Supplementary Material) and by HR-MS. HPLC-MS
demonstrated 99.90 % purity, and MS? (Table 2) validated the double bond locations. With regard to
the NMR, the protons due to carboxylic acid were seen as a singlet at 11.96 ppm. The olefin protons
(6,7,9,10,12, 13, 15, 16) could be seen as broad multiplets between 5.20-5.40 ppm. The homoallylic
protons (8, 11, 14), were seen as broad multiplets between 2.75-2.85 ppm, while the allylic protons
(5,17) appeared as broad multiplets between 1.90-2.10 ppm. The protons adjacent to the carboxylic
acid functional group (2, 27) appeared as multiplets between 2.10-2.20 ppm. The rest of the aliphatic
protons appeared as multiplets between 1.20-1.60 ppm.

4.5. High-Resolution Mass Spectrometric Analyses

For all analyses, samples underwent direct infusion analyses at a flow rate of 12 uL. per min.
Samples were analyzed via high-resolution mass spectrometry (HR-MS) using a Q-Exactive benchtop
orbitrap (Thermo Fisher) with a resolution of 140,000 and less than 3 ppm mass error. Electrospray
ionization (ESI) with a sheath gas of 12, a spray voltage of 3.7 kV, and a capillary temperature of 321 °C
were used. For MS? studies, a window of 1.5 amu was used for the precursor ion and the product ions
were obtained at high resolution (<3 ppm mass error). For MS? studies, the neutral collision energy
(NCE) was optimized between 20 and 30 eV.

4.6. Derivatization: Picolylamine

Validation of 2 carboxylic groups in VLCDCA 28:4 was obtained by derivatization with
2-picolylamine [42]. Briefly, to 3 mL of dried plasma lipid extracts, purified by anion exchange,
were added 20 pL of triphenylphosphine (2.6 mg/mL acetonitrile), 20 uL dithiopyridine (2.2 mg/mL
acetonitrile), and 20 pL 2-picolylamine (20 uL 2-picolylamine/ml acetonitrile). The samples were
heated with shaking at 60 °C for 10 min and then dried by vacuum centrifugation prior to dissolution in
acetonitrile:methanol (1:1). In positive ion ESI, the cations of the dipicolinyl derivatives of dicarboxylic
acids were quantitated (addition of 90.058183 per carboxylic functional group).

The tandem mass spectrum of di-PA-VLCDCA 28:4 (C4oHs3N4O,) was dominated by m/z
109.0760 (base peak), the molecular cation for picolylamine (PA, 1.9 ppm mass error). The next most
prominent ion was 519.3945 (C34HsoN2O»; [M + H — PA]*; 2.3 ppm mass error), followed by 501.3839
(C34HygN,O1; [M + H — PA — H,OJ*; 1.7 ppm mass error). The tandem [M + H — PA — H,OJ* ion has
the potential to be very useful for the development of a clinical assay using tandem mass spectrometry,
since this product ion is highly specific and can be monitored with high mass accuracy by either
tandem quadrupole-orbitrap or quadrupole-time-of-fight analysis.
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4.7. Anti-Inflammatory Assay

THP-1 (human macrophage) cells (ATTC) were cultured in 24-well plates in RPMI media
containing 10% FBS and Pen-Step until 90% confluent. Wells were next treated with lipopolysaccharide
(Sigma L45116; 1 pg/mL of fresh medium). Varying concentrations of synthetic VLCDCA 28:4 were
added to the wells in ethanol and the plates were incubated for 48 h. The control wells and LPS-alone
wells also received ethanol without VLCDCA 28:4. After 48 h of incubation, 100 uL of media from each
well was transferred to a 96-well microplate. To these wells were added 100 uL of Griess reagent and
the plate was read at 540 nm after 14 min to quantitate nitrite released into the medium after induction
of nitric oxide synthase by LPS [43].

5. Conclusions

In summary, there are a number of bioactive lipids that are involved in inflammation and
cell proliferation. Similarly, there are a number of anti-inflammatory lipid mediators that include
lipoxins derived from n-6 arachidonic acid and resolvins, protectins, and maresins derived from 7-3
polyunsaturated fatty acids. Of particular interest, the anti-inflammatory actions of lipoxin A4 have
been shown to block the differentiation of pancreatic tumor stroma [44]. All of these lipid pro-resolving
mediators are synthesized on demand to resolve ongoing inflammatory responses and are not stored or
maintained at a steady-state level. In contrast, anti-inflammatory VLCDCAs appear to be maintained at
a steady-state plasma level, with decreases in this steady-state increasing the risk of kidney, colorectal,
and/or pancreatic cancer development.

In conclusion, our data suggest that VLCDCAs represent a new class of anti-inflammatory lipids.
In the case of VLCDCA 28:4, this may represent a useful biomarker for deep organ cancer risk. Resupply
of VLCDCAs may also offer a new therapeutic approach for cancer chemoprevention and/or treatment.
Prodrugs of endogenous VLCDCAs represent one such approach to rapidly evaluate this opportunity.
In addition, it is essential to understand the roles of CYP4A /4F, alcohol dehydrogenase, and aldehyde
dehydrogenase in the generation of human VLCDCAs for the maintenance of steady-state levels that
are both anti-inflammatory and chemopreventive in biofluids.

6. Patents

Identification and wuse of very-long-chain dicarboxylic acids for disease diagnosis,
chemoprevention, and treatment. (Paul L. Wood) USPTO 15/284,219
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Funding: This research was funded by Lincoln Memorial University.

Acknowledgments: We thank Katherine Sexton of the Cooperative Human Tissue Network (CHTN), University
of Alabama and Charles Conrad, MD Anderson, University of Texas for their generous efforts in supplying critical
clinical samples. We also thank Sudhir Joshi for the synthesis of VLCDCA 28:4.

Conflicts of Interest: PLW and LMU have filed a patent regarding VLCDCAs as potential biomarkers for cancer
risk and for the utility of analogs/prodrugs as anti-inflammatory and chemopreventive agents.

References

1. Amiel, G.; Hoffman, A.; Half, E.E. Update on Screening for Urological Malignancies. Rambam Maimonides
Med. ]. 2017, 8, e0041.

2. Diaz de Leon, A.; Pedrosa, I. Imaging and Screening of Kidney Cancer. Radiol. Clin. North Am. 2017, 55,
1235-1250. [CrossRef] [PubMed]

3. Youn, S.Y;; Rha, S.E,; Jung, E.S,; Lee, I.S. Pancreas ductal adenocarcinoma with cystic features on cross-sectional
imaging: Radiologic-pathologic correlation. Diagn. Interv. Radiol. 2018, 24, 5-11. [CrossRef] [PubMed]

4. Horvat, N.; Ryan, D.E.; LaGratta, M.D.; Shah, PM.; Do, R K. Imaging for pancreatic ductal adenocarcinoma.
Chin. Clin. Oncol. 2017, 6, 62. [CrossRef] [PubMed]


http://www.mdpi.com/2218-1989/8/4/76/s1
http://dx.doi.org/10.1016/j.rcl.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28991563
http://dx.doi.org/10.5152/dir.2018.17250
http://www.ncbi.nlm.nih.gov/pubmed/29317372
http://dx.doi.org/10.21037/cco.2017.11.03
http://www.ncbi.nlm.nih.gov/pubmed/29307202

Metabolites 2018, 8, 76 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Aziz, M.H,; Sideras, K.; Aziz, N.A.; Mauff, K.; Haen, R.; Roos, D.; Saida, L.; Suker, M.; van der Harst, E.;
Mieog, ].S.; et al. The Systemic-Immune-Inflammation Index Independently Predicts Survival and Recurrence
in Resectable Pancreatic Cancer and its Prognostic Value Depends on Bilirubin Levels: A Retrospective
Multicenter Cohort Study. Ann. Surg. 2018. [CrossRef] [PubMed]

Krah, N.M.; Murtaugh, L.C. Differentiation and Inflammation: ‘Best Enemies’ in Gastrointestinal
Carcinogenesis. Trends Cancer 2016, 2, 723-735. [CrossRef] [PubMed]

Khalafalla, FG.; Khan, M.W. Inflammation and Epithelial-Mesenchymal Transition in Pancreatic Ductal
Adenocarcinoma: Fighting Against Multiple Opponents. Cancer Growth Metastasis 2017, 10, 1-13. [CrossRef]
[PubMed]

Aoki, T.; Narumiya, S. Prostaglandin E,-EP2 signaling as a node of chronic inflammation in the colon tumor
microenvironment. Inflamm. Regen. 2017, 37, 4. [CrossRef] [PubMed]

Long, A.G.; Lundsmith, E.T.; Hamilton, K.E. Inflammation and Colorectal Cancer. Curr. Colorectal Cancer Rep.
2017, 13, 341-351. [CrossRef] [PubMed]

Kooman, J.P.; Dekker, M.].; Usvyat, L.A.; Kotanko, P.; van der Sande, EM.; Schalkwijk, C.G.; Shiels, P.G.;
Stenvinkel, P. Inflammation and premature aging in advanced chronic kidney disease. Am. J. Physiol. Renal.
Physiol. 2017, 313, F938-F950. [CrossRef] [PubMed]

Komaki, Y.; Komaki, F.; Micic, D.; Ido, A.; Sakuraba, A. Risk of Colorectal Cancer in Chronic Kidney Disease:
A Systematic Review and Meta-Analysis. J. Clin. Gastroenterol. 2017, 52, 796-804. [CrossRef] [PubMed]
Ricciardiello, L.; Ahnen, D.]J.; Lynch, PM. Chemoprevention of hereditary colon cancers: Time for new
strategies. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 352-361. [CrossRef] [PubMed]

Gong, J.; Sachdev, E.; Robbins, L.A.; Lin, E.; Hendifar, A.E.; Mita, M.M. Statins and pancreatic cancer.
Oncol. Lett. 2017, 13, 1035-1040. [CrossRef] [PubMed]

Nabavi, S.F; Bilotto, S.; Russo, G.L.; Orhan, L.E.; Habtemariam, S.; Daglia, M.; Devi, K.P.; Loizzo, M.R;
Tundis, R.; Nabavi, S.M. Omega-3 polyunsaturated fatty acids and cancer: Lessons learned from clinical
trials. Cancer Metastasis Rev. 2015, 34, 359-380. [CrossRef] [PubMed]

Arakaki, A K.; Mezencev, R.; Bowen, N.J.; Huang, Y.; McDonald, J.E; Skolnick, J. Identification of metabolites
with anticancer properties by computational metabolomics. Mol. Cancer 2008, 7, 57. [CrossRef] [PubMed]
Parolin, C.; Calonghi, N.; Presta, E.; Boga, C.; Caruana, P.; Naldi, M.; Andrisano, V.; Masotti, L.; Sartor, G.
Mechanism and stereoselectivity of HDAC I inhibition by (R)-9-hydroxystearic acid in coloncancer.
Biochim. Biophys. Acta 2012, 1821, 1334-1340. [CrossRef] [PubMed]

Ritchie, S.A.; Jayasinghe, D.; Davies, G.F.; Ahiahonu, P.; Ma, H.; Goodenowe, D.B. Human serum-derived
hydroxy long-chain fatty acids exhibit anti-inflammatory and anti-proliferative activity. J. Exp. Clin. Cancer
Res. 2011, 30, 59. [CrossRef] [PubMed]

Ritchie, S.A.; Heath, D.; Yamazaki, Y.; Grimmalt, B.; Kavianpour, A.; Krenitsky, K.; Elshoni, H.; Takemasa, I.;
Miyake, M.; Sekimoto, M.; et al. Reduction of novel circulating long-chain fatty acids in colorectal cancer
patients is independent of tumor burden and correlates with age. BMC Gastroenterol. 2010, 10, 140. [CrossRef]
[PubMed]

Ritchie, S.A.; Ahiahonu, PW.; Jayasinghe, D.; Heath, D.; Liu, J.; Lu, Y;; Jin, W.; Kavianpour, A.; Yamazaki, Y.;
Khan, A.M.; et al. Reduced levels of hydroxylated, polyunsaturated ultra long-chain fatty acids in the
serum of colorectal cancer patients: Implications for early screening and detection. BMC Med. 2010, 8, 13.
[CrossRef] [PubMed]

Ritchie, S.A.; Tonita, J.; Alvi, R.; Lehotay, D.; Elshoni, H.; Myat, S.; McHattie, J.; Goodenowe, D.B. Low-serum
GTA-446 anti-inflammatory fatty acid levels as a new risk factor for colon cancer. Int. J. Cancer 2013, 132,
355-362. [CrossRef] [PubMed]

Ritchie, S.A.; Akita, H.; Takemasa, I.; Eguchi, H.; Pastural, E.; Nagano, H.; Monden, M.; Doki, Y.; Mori, M.;
Jin, W.; et al. Metabolic system alterations in pancreatic cancer patient serum: Potential for early detection.
BMC Cancer 2013, 13, 416. [CrossRef] [PubMed]

Ritchie, S.A.; Chitou, B.; Zheng, Q.; Jayasinghe, D.; Jin, W.; Mochizuki, A.; Goodenowe, D.B. Pancreatic
cancer serum biomarker PC-594: Diagnostic performance and comparison to CA19-9. World ]. Gastroenterol.
2015, 21, 6604-6612. [CrossRef] [PubMed]

Senanayake, V.K,; Jin, W.; Mochizuki, A.; Chitou, B.; Goodenowe, D.B. Metabolic dysfunctions in multiple
sclerosis: Implications as to causation, early detection, and treatment, a case control study. BMC Neurol. 2015,
15, 154. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/SLA.0000000000002660
http://www.ncbi.nlm.nih.gov/pubmed/29334554
http://dx.doi.org/10.1016/j.trecan.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/28630946
http://dx.doi.org/10.1177/1179064417709287
http://www.ncbi.nlm.nih.gov/pubmed/28579826
http://dx.doi.org/10.1186/s41232-017-0036-7
http://www.ncbi.nlm.nih.gov/pubmed/29259703
http://dx.doi.org/10.1007/s11888-017-0373-6
http://www.ncbi.nlm.nih.gov/pubmed/29129972
http://dx.doi.org/10.1152/ajprenal.00256.2017
http://www.ncbi.nlm.nih.gov/pubmed/28701312
http://dx.doi.org/10.1097/MCG.0000000000000880
http://www.ncbi.nlm.nih.gov/pubmed/28723862
http://dx.doi.org/10.1038/nrgastro.2016.56
http://www.ncbi.nlm.nih.gov/pubmed/27095653
http://dx.doi.org/10.3892/ol.2017.5572
http://www.ncbi.nlm.nih.gov/pubmed/28454210
http://dx.doi.org/10.1007/s10555-015-9572-2
http://www.ncbi.nlm.nih.gov/pubmed/26227583
http://dx.doi.org/10.1186/1476-4598-7-57
http://www.ncbi.nlm.nih.gov/pubmed/18559081
http://dx.doi.org/10.1016/j.bbalip.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22814230
http://dx.doi.org/10.1186/1756-9966-30-59
http://www.ncbi.nlm.nih.gov/pubmed/21586136
http://dx.doi.org/10.1186/1471-230X-10-140
http://www.ncbi.nlm.nih.gov/pubmed/21114854
http://dx.doi.org/10.1186/1741-7015-8-13
http://www.ncbi.nlm.nih.gov/pubmed/20156336
http://dx.doi.org/10.1002/ijc.27673
http://www.ncbi.nlm.nih.gov/pubmed/22696299
http://dx.doi.org/10.1186/1471-2407-13-416
http://www.ncbi.nlm.nih.gov/pubmed/24024929
http://dx.doi.org/10.3748/wjg.v21.i21.6604
http://www.ncbi.nlm.nih.gov/pubmed/26074698
http://dx.doi.org/10.1186/s12883-015-0411-4
http://www.ncbi.nlm.nih.gov/pubmed/26311235

Metabolites 2018, 8, 76 11 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Ritchie, S.A.; Goodenowe, D.B. Methods for the diagnosis of colorectal cancer and ovarian cancer health
states. International Patent Application No. PCT/CA2006/001502, 10 May 2017.

Liu, A.; Chang, J.; Lin, Y.; Shen, Z.; Bernstein, P.S. Long-chain and very long-chain polyunsaturated fatty
acids in ocular aging and age-related macular degeneration. J. Lipid Res. 2010, 51, 3217-3729. [CrossRef]
[PubMed]

Poulos, A.; Sharp, P; Johnson, D.; White, I.; Fellenberg, A. The occurrence of polyenoic fatty acids with greater
than 22 carbon atoms in mammalian spermatozoa. Biochem. |. 1986, 240, 891-895. [CrossRef] [PubMed]
Sandhoff, R. Very long chain sphingolipids: Tissue expression, function and synthesis. FEBS Lett. 2010, 584,
1907-1913. [CrossRef] [PubMed]

Sanders, R.J.; Ofman, R.; Dacremont, G.; Wanders, R.]J.; Kemp, S. Characterization of the human
omega-oxidation pathway for omega-hydroxy-very-long-chain fatty acids. FASEB J. 2008, 22, 2064-2071.
[CrossRef] [PubMed]

Kundu, RK.; Getz, G.S.; Tonsgard, J.H. Induction of (omega-1)-oxidation of monocarboxylic acids by
acetylsalicylic acid. J. Lipid Res. 1993, 34, 1187-1199. [CrossRef] [PubMed]

Johnson, A.L.; Edson, K.Z.; Totah, R.A.; Rettie, A.E. Cytochrome P450 w-Hydroxylases in Inflammation and
Cancer. Adv. Pharmacol. 2015, 74, 223-262. [PubMed]

Hsu, M.H,; Savas, U.; Griffin, K.J.; Johnson, E.F. Human cytochrome p450 family 4 enzymes: Function,
genetic variation and regulation. Drug Metab. Rev. 2007, 39, 515-538. [CrossRef] [PubMed]

Alexanian, A.; Sorokin, A. Targeting 20-HETE producing enzymes in cancer—rationale, pharmacology,
and clinical potential. Oncol. Targets Ther. 2013, 6, 243-255.

Kumarakulasingham, M.; Rooney, PH.; Dundas, S.R.; Telfer, C.; Melvin, W.T.; Curran, S.; Murray, G.I
Cytochrome p450 profile of colorectal cancer: Identification of markers of prognosis. Clin. Cancer Res. 2005,
11, 3758-3765. [CrossRef] [PubMed]

Moon, ].W.; Lee, SK.; Lee, ].O.; Kim, N.; Lee, Y.W.,; Kim, S.J.; Kang, H.J.; Kim, J.; Kim, H.S.; Park, S.H.
Identification of novel hypermethylated genes and demethylating effect of vincristine in colorectal cancer.
J. Exp. Clin. Cancer Res. 2014, 33, 4. [CrossRef] [PubMed]

Singh Ranger, G. The role of aspirin in colorectal cancer chemoprevention. Crit. Rev. Oncol. Hematol. 2016,
104, 87-90. [CrossRef] [PubMed]

Hoog, J.O.; Ostberg, L.J. Mammalian alcohol dehydrogenases-a comparative investigation at gene and
protein levels. Chem. Biol. Interact. 2011, 191, 2-7. [CrossRef] [PubMed]

Pors, K.; Moreb, J.S. Aldehyde dehydrogenases in cancer: An opportunity for biomarker and drug
development? Drug Discov. Today 2014, 19, 1953-1963. [CrossRef] [PubMed]

Chen, B.; Hu, KW,; Zhang, ] W.; Wei, Z.].; Meng, X.L.; Xiong, M.M. A critical analysis of the relationship
between aldehyde dehydrogenases-2 Glu487Lys polymorphism and colorectal cancer susceptibility.
Pathol. Oncol. Res. 2015, 21, 727-733. [CrossRef] [PubMed]

Wood, PL. Non-targeted lipidomics utilizing constant infusion high resolution ESI mass spectrometry.
In Lipidomics; Wood, P.L., Ed.; Humana Press: New York, NY, USA, 2017; Volume 125, pp. 13-19.

Wood, PL.; Locke, V.A.; Herling, P.,; Passaro, A.; Vigna, G.B.; Volpato, S.; Valacchi, G.; Cervellati, C.; Zuliani, G.
Targeted lipidomics distinguishes patient subgroups in mild cognitive impairment (MCI) and late onset
Alzheimer’s disease (LOAD). BBA Clin. 2015, 5, 25-28. [CrossRef] [PubMed]

Li, C.; Xu, W,; Vadivel, S.K,; Fan, P,; Makriyannis, A. High affinity electrophilic and photoactivatable covalent
endocannabinoid probes for the CB1 receptor. J. Med. Chem. 2005, 48, 6423-6429. [CrossRef] [PubMed]
Higashi, T.; Ichikawa, T.; Inagaki, S.; Min, J.Z.; Fukushima, T.; Toyo’oka, T. Simple and practical
derivatization procedure for enhanced detection of carboxylic acids in liquid chromatography-electrospray
ionization-tandem mass spectrometry. Pharm. Biomed. Anal. 2010, 52, 809-818. [CrossRef]

Wood, P.L.; Choksi, S.; Bocchini, V. Inducible microglial nitric oxide synthase: A large membrane pool.
Neuroreport 1994, 5, 977-980. [CrossRef] [PubMed]

Schnittert, J.; Heinrich, M.A.; Kuninty, P.R.; Storm, G.; Prakash, J. Reprogramming tumor stroma using an
endogenous lipid lipoxin A4 to treat pancreatic cancer. Cancer Lett. 2018, 420, 247-258. [CrossRef] [PubMed]

® © 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1194/jlr.M007518
http://www.ncbi.nlm.nih.gov/pubmed/20688753
http://dx.doi.org/10.1042/bj2400891
http://www.ncbi.nlm.nih.gov/pubmed/3827878
http://dx.doi.org/10.1016/j.febslet.2009.12.032
http://www.ncbi.nlm.nih.gov/pubmed/20035755
http://dx.doi.org/10.1096/fj.07-099150
http://www.ncbi.nlm.nih.gov/pubmed/18182499
http://dx.doi.org/10.1172/JCI115508
http://www.ncbi.nlm.nih.gov/pubmed/8371066
http://www.ncbi.nlm.nih.gov/pubmed/26233909
http://dx.doi.org/10.1080/03602530701468573
http://www.ncbi.nlm.nih.gov/pubmed/17786636
http://dx.doi.org/10.1158/1078-0432.CCR-04-1848
http://www.ncbi.nlm.nih.gov/pubmed/15897573
http://dx.doi.org/10.1186/1756-9966-33-4
http://www.ncbi.nlm.nih.gov/pubmed/24393480
http://dx.doi.org/10.1016/j.critrevonc.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27289249
http://dx.doi.org/10.1016/j.cbi.2011.01.028
http://www.ncbi.nlm.nih.gov/pubmed/21291872
http://dx.doi.org/10.1016/j.drudis.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25256776
http://dx.doi.org/10.1007/s12253-014-9881-8
http://www.ncbi.nlm.nih.gov/pubmed/25573590
http://dx.doi.org/10.1016/j.bbacli.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27051586
http://dx.doi.org/10.1021/jm050272i
http://www.ncbi.nlm.nih.gov/pubmed/16190768
http://dx.doi.org/10.1016/j.jpba.2010.03.001
http://dx.doi.org/10.1097/00001756-199404000-00031
http://www.ncbi.nlm.nih.gov/pubmed/7520300
http://dx.doi.org/10.1016/j.canlet.2018.01.072
http://www.ncbi.nlm.nih.gov/pubmed/29408203
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	HR-MS Analyses of C28H46O4 
	Structural Validation of VLCDCA 28:4 
	VLCDCA 28:4 in Biofluids 
	Plasma VLCDCA 28:4 in Cancer Patients 
	VLCDCA 28:4: Anti-Inflammatory Activity 

	Discussion 
	Materials and Methods 
	Clinical Samples 
	Sample Processing 
	Semipurification of Plasma VLCDCAs 
	Chemical Synthesis of VLCDCA 28:4 
	High-Resolution Mass Spectrometric Analyses 
	Derivatization: Picolylamine 
	Anti-Inflammatory Assay 

	Conclusions 
	Patents 
	References

