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Abstract

High performance liquid chromatography coupled with tandem mass spec-
trometry was developed and validated as a method for the analysis of fluori-
nated histone deacetylase inhibitors (F-HDACIi), and then employed to study
their metabolism in biosystems. Four HDACIi analogs labeled with the posi-
tron emission nuclide '*F constitute a group of potential positron emission
tomography imaging agents, which were developed by the Institute of Nuclear
Energy Research (INER) and coded as INER-1577 #1, #2, #3, and #4 during
animal studies for the diagnosis of dementia. The performance of the method
was found to be suitable for the determination of analog #3, and it was em-
ployed to determine the structures and fragmentation mechanisms of all four
analogs and to study the biotransformations of analogs #3 and #4. The results
indicated that the method used for the determination of analog #3 was suita-
ble for determining the abundance of the analogs in chemical and biochemical
tests with high precision, accuracy, reproducibility, and recovery. Weaknesses
in the chemical bonding of the analogs were found to involve the fluoro, di-
methylamino, and benzamide groups in a fragmentation mechanism deduced
via tandem mass spectrometry. The metabolites of analogs #3 and #4 in rat
liver microsomes and rat plasma were also identified to clarify their characte-
ristic behaviors in biosystems. The major product of analogs #3 in liver mi-
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crosomes was produced by hydroxylation of the benzylic carbon atom, but in
rat plasma the metabolites of analog #3 were produced by hydrolysis of the
benzamide group to give a diaminobiphenyl compound with the simultaneous
replacement of a fluorine atom by a hydroxyl group. The metabolites of ana-
log #4 in liver microsomes were produced by hydroxylation of the benzylic
carbon atom and hydrolysis of the benzamide bond. The results of the studies
characterized the chemical and biochemical behaviors of the series F-HADCi

analogs.
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1. Introduction

Progressive central neurodegenerative diseases and symptoms of cognitive loss
affect more than 20% of people with ages of greater than 65 years worldwide,
which lead to partial cognitive impairment or various levels of dementia [1]. Be-
cause of the high prevalence of these conditions and the resulting heavy burden
on patients’ families and serious social problems, the development of an early
stage diagnostic method is critical for mitigating patients’ conditions, in prefe-
rence to characterization at a late stage. Molecular imaging techniques, including
the application of radiotracers in positron emission tomography (PET) and sin-
gle-photon emission computed tomography [2] [3] [4], which provide clear,
unambiguous, and detailed diagnostic images of the central nervous system
(CNS), are the most powerful tools for assessing the phases of CNS diseases. The
development of highly specific and sensitive imaging markers for various CNS
diseases is an essential component of imaging diagnosis [4].

Histone deacetylase (HDAC) and histone acetyl transferase (HAT), which are
key enzymes that govern the binding of acetyl groups to histone and adjust gene
expression, have been shown to be involved in numerous types of cancer and
neurodegenerative disorder [5]. A few studies indicated that HDAC inhibitors
could treat cancer [6] [7] [8] and also improve memory [8], which was explained
in terms of epigenetics theories as follows [9] [10]. Gene expression and cell pro-
liferation are regulated by the remodeling of chromatin, whereby the DNA com-
plex is wrapped around histone or unwrapped, while histone is acetylated by
HATs or acetyl groups are removed by HDACs. This indicated that memory
ability is positively related to the degree of acetylation of lysine, which is the
terminal amino acid of histone, to create acetyl-lysine. This was concluded from
the inhibition of the activity of HDACs with HDAC inhibitors (HDACis), which
led to an increase in acetylation. HDACis were suggested to act as neuroprotec-

tors by enhancing synaptic plasticity and cognition ability in cases of neurode-
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generation and cognitive impairment, such as Alzheimer’s disease (AD) [11].
The inhibition of the activity of HDACs is more efficient than the enhancement
of the activity of HATs in regulating the status of chromatin and improving
learning ability [11] [12]. A few drug candidates in animal models of AD were
found to reverse learning and memory deficits, such as suberoylanilide hydrox-
amic acid (SAHA) [13], tubacin [14], and tubastatin [15]. Owing to the specific
and critical role of HDACis in AD patients, the development of PET imaging
agents that utilize an HDACi mechanism to visualize pathogenesis in the brains
of patients with mild cognitive impairment or AD is particularly interesting [16].
For example, 6-(['*F]fluoroacetamido)-1-hexanoicanilide, also known as
"®F-FAHA, which is a radio-fluoro labeled SAHA analog, has been used as an
imaging agent [17]. On the other hand, containing benzamide group com-
pounds as HDAC inhibitors, such as mocetinostat, MGCDO0103 and entinostat,
MS-275 showed the potentials to therapy for cancer were under clinical trials
[18].

A series of four target analog HDAC inhibitors containing benzamide groups
and fluoro substituents were designed, and their synthesis processes were devel-
oped. The analogs were patented by the Institute of Nuclear Energy Research
(INER) and coded as INER-1577 #1 to INER-1577 #4 during animal studies of
AD [19] [20]. The structures and molecular data of the four INER-1577s are
shown in Figure 1, which illustrates their common features, namely, ami-
no-biphenyl or aminopyridyl-phenyl and benzamido groups. Information on the

metabolic pathways of xenobiotics throughout the entire biological system is

F F

O N
I

| N
_N H H,

“A\ 7

\

Z_
EO
Iz
=0

N-(3-amino-6-(4-fluorophenyl)pyridin-2-yl)-
4-((dimethylamino)methyl)benzamide
Chemical Formula: C,,H,,FN,O
Exact Mass: 364.2

INER-1577#1

C
Niar:
_N H HN\/\F

4-((dimethylamino)methyl)-N-(4-((2-fluoroethyl)

amino)-[1,1'-biphenyl]-3-yl)benzamide
Chemical Formula: C,4H,sFN;0
Exact Mass: 391.2

INER-1577#3

N-(4-amino-4'-fluoro-[1,1'-biphenyl]-3-yl)-
4-((dimethylamino)methyl)benzamide
Chemical Formula: C,,H»,FN;O
Exact Mass: 363.2

INER-1577#2

e

O N
I

N-(4-((3-amino-6-(4-fluorophenyl)pyridin-2-yl)-
carbamoyl)benzyl)indoline-1-carboxamide
Chemical Formula: C,gH,,FN50,
Exact Mass: 481.2
INER-1577#4

\ 7

Figure 1. Structures and molecular data of the four INER-1577s.
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crucial for the elucidation of the degradation routes of potentially toxic sub-
stances and drug safety [21]. Hence, the chemical and biochemical characteris-
tics of the INER-1577s, including the purities of the prepared materials, frag-
mentation mechanisms, and biotransformation routes, are vital criteria when
deciding how to use the compounds appropriately or modify their structure to
enhance their performance.

In this study, a C18 column using gradient elution with aqueous ammonium
acetate/methanolic phase that was coupled with a tandem mass spectrometer
was set up and validated for the determination of INER-1577 #3. This high per-
formance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS)
method was employed to determine the synthesized purities of INER-1577 #1,
#2, #3 and #4, study the fragmentation schemes of the four analogs, and investi-
gate the biotransformation mechanisms of INER-1577 #3 and #4 after incuba-

tion with biosystems.

2. Materials and Methods

2.1. Materials and Reagents

Analytical-grade chemicals for LC-MS were used as received without further pu-
rification. Methanol (HPLC and MS grade), ammonium acetate, and dimethyl
sulfoxide (DMSO) were all purchased from Merck (Darmstadt, Germany). Ul-
trapure water (total organic carbon < 5 ppb, resistivity > 18.2 MQ-cm at 25°C)
was obtained using a Smart DQ3 reverse osmosis reagent water system (Merck
Millipore, Billerica, MA, USA) fitted with a 0.22 pm polyvinylidene fluoride
(PVDF) filter and an ultraviolet (UV) light source. The four patented HDAC in-
hibitor analogs (INER-1577 #1 to #4) were custom prepared by WuXi-AppTec
(Shanghai, China), and their '"H-NMR spectra were certificated. Rat liver micro-
somes, solutions of NADPH coenzymes A and B, were all purchased from BD
Biosciences (Bedford, MA, USA) and stored at —70°C. Fresh rat blood was ex-
tracted from a healthy male Sprague-Dawley rat (Bio LASCO Co., Taiwan) and

centrifuged to obtain plasma.

2.2. Analytical Equipment

The purities of the synthesized INER-1577s, and their molecular fragmentation
mechanisms and biotransformation behavior in rat liver microsomes and rat
plasma, were analyzed using an HPLC system (Agilent 1100/1200 series, Palo
Alto, CA, USA) with an online degasser, binary pump, autosampler, and diode
array detector (DAD). Data were acquired and processed using Agilent ChemS-
tation 10.02 software. The HPLC system was coupled with a tandem mass spec-
trometer (4000QTRAP, AB Sciex, Concord, ON, Canada, using Analyst 1.6.2
software via a splitter (10:1). The mass spectrometer was equipped with an elec-
trospray ionization source, and a triple quadrupole linear ion trap mass detector

and was operated in positive-ion detection mode.
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2.3. Validation of HPLC-MS/MS Analytical Method for
Determination of INER-1577 #3

The HPLC-MS/MS analytical method was set up and validated for the determi-
nation of INER-1577 #3 and was then employed to determine the purities, mo-
lecular fragmentation mechanisms and bio-reactivity of the INER-1577s in var-
ious biosystems. The linearity of the calibration curve, dynamic range, precision,
recovery, and reproducibility of the LC-MS method and the frozen/thawed sta-
bility were assessed to confirm the suitability of the method. The LC-MS method
was employed to determine the purities of INER-1577 #1 - #4 and the biotrans
formation rates of INER-1577 #3 and #4. The respective fragmentation mechan-
isms of INER-1577 #1 - #4 and the identification of their metabolites were pro-

posed according to their tandem mass spectra.

2.4. Procedures Used for Biotransformation Studies of
INER-1577s

The studied INER-1577 standards were separately dissolved in DMSO (1
mg-mL™") and mixed with bio-reaction systems (rat liver microsomes and rat
plasma) for several time intervals (up to 4 h) before the bio-reaction was
quenched by the addition of methanol (1:1 volume), followed by mixing and
centrifugation (6000 rpm at 4°C for 10 min). The resulting supernatant was fil-
tered through a 0.22-um PVDF disk filter and analyzed via HPLC-MS/MS. De-
tails of the conditions used for incubation of the tested compounds with rat liver
microsomes and rat plasma are provided in [22], and the directions followed are

given in [23] (microsomes) and [24] (plasma).

3. Results and Discussion

3.1. Development and Validation of LC-MS Analytical Method for
Determination of INER-1577 #3

To determine the synthesis qualities, and bio-reaction rates of the INER-1577s
and identify their derivatives, reverse phase HPLC-MS/MS was initially set up
for the determination of INER-157 7#3. This procedure was conducted on a C18
column (Agilent ZORBAX Eclipse XDB-C18, 4.6 mm x 50 mm, 1.8 um) with an
aqueous ammonium acetate (10 mM)/methanolic mobile phase in programmed
elution. Quantification of the chemicals was performed using the DAD (250 nm)
and multiple reaction monitoring (MRM) of parent-product ion m/z pairs with
a mass spectrometer detector (MSD). Chromatograms were recorded up to 17
min with turnaround time of 36 min per injection. The instrumental parameters
are listed in Table 1. The chromatogram of INER-1577 #3 is shown in Figure
2(a). and the retention time (tz, min), theoretical plate number (N), resolution
factor, selectivity factor and tailing factor were 11.8 + 0.15, 18,400, 1.75, 1.06,
and 1.15, respectively. The chromatographic purity was 99.55% based on the ra-
tio of its peak area to those of all component peaks (DAD detection, except for

the system and background peaks). The dynamic range was 0.5 - 100 mg-L™" with
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Table 1. Analytical parameters of LC-MS/MS used for the study of the fragmentation
mechanism and metabolism of the INER-1577 series of HDACi PET imaging agents.

HPLC
Stationary phase Agilent, Eclipse XDB-C18, 4.6 mm x 50 mm, 1.8 ym
Injection volume, uL 3
Detector DAD at 250 nm

A: 10 mM NH,Ac(,q) 90%/MeOH 10%
Mobile phase B: 10 mM NH,Ac(,, 20%/MeOH 80%
Degassed in ultrasonic bath for 20 min

0 - 3 min 50% B, isocratic
3 - 12 min up to 100% B, held for 5 min

Gradient program 17 - 23 min down to 5% B, held for 5 min to wash out salts
from biomatrices

28 - 31 min up to 50% B, held for 4 min to re-condition column
Flow rate, mL-min~! 0.5

Electrospray mass spectrometry

Temperature (°C) 400
Detector polarity Positive ion
Scanning mass range 100 - 1000
Resolution, Q1 and Q3 Unit
Nebulizer gas (p.s.i.) 40
Curtain gas (p.s.i.) 10
Collision gas (p.s.i.) Medium or high for EMS and EPI scan modes?, respectively
Ion spray voltage (V) 5000
Declustering potential (V) 40

*Scan mode: EMS-enhanced mass spectrometry; EPI-enhanced product ion.

a slope of 9.2 (R* > 0.999, DAD) and 5 - 500 pg-L™" (R* > 0.995, MSD for MRM
pair 392 = 162 and 392 —> 347, the inset of Figure 2(a)). The accuracies (aver-
ages of triplicate measurements at low, intermediate, and high concentrations of
2.5, 37.5, and 75 mg-L™") were 95.6% - 101.6%. Determination of the intra-day
and inter-day precisions of triplicate measurements at various concentrations
indicated that the biases were less than 2.2% and 2.8%, respectively.

For validation of the bio-analytical method solutions of INER-1577 #3 with
nominated concentrations were spiked in biomatrices (including liver micro-
somes, NADPH coenzymes), which were vortexed well, and the analytes were
immediately separated to determine a calibration curve for INER-1577 #3 in
bio-samples. The results showed that the dynamic range was 2 - 250 mg-L™" with
a slope of 9.4 (R> > 0.998, DAD detection) and 0.5 - 100 mg-L™" (R* > 0.984,
MRM detection). The extraction recovery was estimated to be approximately
50%. The accuracies of the determination of INER-1577 #3 in biomatrices at
concentrations of 10, 100, and 250 mg-L™" were shown to be 141.5%, 96.9%, and
93.6%, respectively. The intra-day and inter-day precisions for the analysis of
INER-1577 #3 in biomatrices showed that all relative standard deviations (RSD)
were between 0.3% and 1.2%. To confirm the stability of INER-1577 #3 after being
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frozen at —20°C and then thawed at 0°C for one and three cycles, sample solu-

tions (10, 100, and 250 mg-mL™") were analyzed in triplicate. The average accu-
racies (%) were 141.7%, 97.0%, and 94.0% (one cycle) and 141.6%, 97.1%, 93.6%

(three cycles), respectively. No derivative was found to appear. Therefore,
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Figure 2. HPLC-UV chromatograms of INER-1577s: (a) #3, (b) #1, (c) #2, and (d) #4.

INER-1577 #3 would not be obviously spoiled after being frozen, stored, and
then thawed for analysis. The analytical method used for the determination of

INER #3 was thus suitable for the quantitation of bio-matrix samples.

3.2. Application to Determine the Purities of INER-1577 Analogs

Before the characteristics of a chemical are studied, it is important to check its
quality. The analytical method used for INER-1577 #3 was also employed to de-
termine the purities of #1, #2, and #4. The chromatograms of the analogs are
shown in Figures 2(b)-(d). The purity of INER-1577 #1 was 40.7% with a reten-
tion time (tz) 7.6 min (m/z = 365), and the major impurity in the material was its
non-fluorinated precursor (m/z = 347), of which the content was 52.4% (tz =
12.55 min). The efficiency of the fluorination reaction used to prepare
INER-1577 #1 was thus unsatisfactory. For INER-1577 #2 analogue, the chro-
matographic purity was 97.0% (m/z = 364) and t; was 10.1 min, accompanied by
six insignificant impurities. For INER-1577 #4, t, was 12.9 min and the chroma-

tographic purity was 95.5% (m/z = 482) with seven detectable minor impurities.

3.3. Fragmentation Mechanisms of INER-1577s

To determine the chemical bonding characters and compile a basic data bank of
the mass spectra of the HDACi analogs, which is helpful for the identification of
derivatives and to understand structural weaknesses, their fragmentation me-
chanisms were studied using tandem mass spectra. The fragment structures and
fragmentation routes with the corresponding m/z values of the product ions are
outlined in Figures 3(a)-(d) for INER-1577 #1 - #4, in sequence. From an over-
view of the schemes, it is obvious that the labile bonds included the phenyl and
alkyl C-F, benzamide, and tertiary amine bonds. Secondly, a few equivalent
fragment ions were detected for all of INER-1577 #1 - #3, which arose from the
loss of HN(CH,), (Am/z = —45), CO (Am/z = -28), (CH;),NCH (Am/z = —-57),
and F (coupled with H, Am/z = —18) groups. This information is also beneficial

for potential molecular modification and prediction of the characteristics of the
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products.

3.4. Identification of Metabolites of INER-1577s in Biosystems

Because the structures of the four INER-1577 analogs are similar, the types of
chemical bond in INER-1577 #3 and #4 could represent those in #1 and #2. The
biochemical behavior of the compounds was therefore studied by incubating #3
and #4 in rat liver microsomes and/or rat plasma. A liver microsome protocol is

often used to study the metabolic pathways of xenobiotics and the catalysis of
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Figure 3. Molecular fragmentation schemes of INER-1577s: (a) #1, (b) #2, (c) #3, and (d) #4.

phase I and II reactions [23]. In the study, no endogenic substances such as sul-

fate, glucose, amines, or amino acids were supplied. Those are required by phase

IT reactions, and conjugated products could therefore not be detected in the sys-

tem. In general, phase II conjugated metabolites are non-bioactive. On the other

hand, the tested materials are administered via intravenous injection (iv) and are
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delivered to the organs and CNS by the body’s circulatory system, and might be
metabolized in the blood before they arrive at the CNS to bind with the specified
sites, as was originally intended. Therefore, a study of its metabolic pathway
and metabolization rate in plasma is pivotal for the appropriate use of a drug
[24].

Firstly, INER-1577 #3 was biotransformed in a rat liver microsomes/NADPH
coenzyme system for a specified period, and then its abundance was monitored
via its chromatographic peak area (DAD 250 nm) over a period time after the
incubated solutions were pretreated. The chromatographic separation of
INER-1577 #3 and its metabolites in liver microsomes is shown in Figure 4(a)
which demonstrates that one major metabolite (M4,,, t; = 10.36 min) and three
minor metabolites (M1,,-M3,,, t; = 3.92, 6.40, and 7.01 min, respectively) were
produced. The inset shows the trends in the abundance of INER-1577 #3 and
M4,,. The biotransformation of INER-1577 #3 in liver microsomes was obvious
during the first half-hour, after which less than 30% of the compound remained;
after 90 min it was entirely consumed. The m/z data for the tandem mass spectra
and the structures of the product ions and metabolites of M1,; to M4,, are pro-
posed in Figures 5(a)-(d). Because the m/z value of the parent ion of M4,; was
408 (Am/z = +16 with respect toINER-1577 #3 as a result of oxidation), and the
m/z value of the fragment ions were 347, 329, and 195, it was believed to be a
product of hydroxylation of the methylamino group. The m/z data for the frag-
ment jons and the mechanism support the identity of metabolites M1,;-M4,,.

Secondly, INER-1577 #3 was incubated with plasma for various durations and
its abundance was determined. The resulting chromatograms (DAD detection,
Figure 4(b)) indicate that one metabolite, namely, M5,; was produced (t; =
11.87 min, MS' m/z = 229 and MS* m/z = 212, 209, 195, and 183). The abun-
dances of INER-1577 #3 and M5, are plotted against time in the inset of Figure
4(b) which shows that INER-1577 #3 was metabolized to an extent approach-
ing consumption (7.1% remaining) after 1 h. The product that was found was
formed by the hydrolysis of the benzamide group to give a diaminobiphenyl
compound, and meanwhile ahydroxyl group had replaced the fluorine atom.
The other hydrolysis product of INER-1577 #3, namely, MS6,;, or
4-((dimethylamino)methyl)benzoic acid, was found using MSD (extracted ion
count, XIC, m/z = 180) at t; = 1.77 min with MS* m/z = 162 and 134. The mass
spectral data and structures of M5,; and M6,, are shown in Figure 5(e) and
Figure 5(f).

Lastly, INER-1577 #4 was incubated with rat liver microsomes for up to 2 h.
The chromatograms and reaction trend of metabolized solutions of INER-1577 #4
are shown in Figure 4(c) and its inset. Two significant metabolites (M1,,, and
M3,,) and one minor metabolite (M2,,) were found (t; = 2.7, 6.55, 9.75 min for
Ml,, M2,,, and M3,,, respectively). The tandem mass spectral data and pro-
posed fragment ion structures used to indicate identity of metabolites M1,,-M3,,

are shown in Figures 5(g)-(i).
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Figure 4. Chromatograms of INER-1577s incubated with biosystems: (a)
INER-1577 #3/liver microsomes; (b) INER-1577 #3/plasma; and (c) INER-1577
#4/liver microsomes. The inset showed the trends in the abundance of the par-
ent compounds and major metabolites during the reactions.
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Figure 5. Fragmentation mass spectra data and structures of metabolites of INER-1577 #3
and #4.

The mechanisms of the metabolism of INER-1577 #3 in liver microsomes and
plasma, and #4 in liver microsomes are outlined in Figure 6(a) and Figure 6(b),
respectively. The biotransformation of INER-1577 #3 by liver microsomes was
diverse including demethylation or hydroxylation of the dimethylamino group,
methylene hydroxylation of the benzylamino and fluoroethylamino groups, the
replacement of the fluorine atom by a hydroxyl group, and carboxylation of the
fluorine-bearing carbon atom. On the other hand, for INER-1577 #3 in plasma
only hydrolysis of the benzamide group and, at the same time, the substitution
of a hydroxyl group for the fluorine atom whereas observed. Fluorine atom
might be removed from INER-1577 #3 after it had been biotransformed, and its
partial metabolites were thus untraceable by PET graph. The metabolism of
INER-1577 #4 by liver microsomes proceeded via two routes: hydrolysis of the
benzamide group to give a pair of products, namely, benzoic acid and diamino-
pyridylmoieties, and hydroxylation of the methylene carbon of the benzyl-amino
group. The fluorine atom on the phenyl group of INER-1577 #4 was not re-
moved from the ligand, which thus remained radio-traceable. Therefore, the
bio-stability of F-C bonds is less for alkyl-F bonds than for phenyl-F bonds. Be-
cause the indolino group of INER-1577 #4 restricted reactions at the tertiary
amine group, its biotransformations were simpler than those of INER-1577 #3.
Moreover, the potential metabolites of INER-1577 #3 and #4 produced in the
liver and plasma were more hydrophilic and it was thus difficult for them to
cross the blood-brain barrier (BBB) into the CNS for imaging. Because HDACs
are zinc-centered metallo-enzymes [25], and the benzamide groups of the
INER-1577 analogs compete with amino acids for coordination with zinc atoms
[26], the function of the analogs is terminated after hydrolysis of the benzamide
groups in the liver or blood. Although the researches indicated that benzamide de-
rivatives showed anticancer activities under phase II clinical trials based on HDAC
inhibition, there is no information available on its microsomal stability and meta-
bolism for mocetinostat (MGCDO0103) and no metabolites could be detected after

incubation of MS-275 in human liver microsomes for entinostat (MS-275) [27].
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Figure 6. Metabolic pathways of INER-1577s in biomatrices: (a) INER-1577 #3 in liver microsomes and plasma; (b) INER-1577 #4

in liver microsomes.

4. Conclusion

According to the study results, the reactive chemical bonds and biochemical
characteristics of the INER-1577 analogs were well defined. It is suggested that
PET imaging should be performed immediately after the ligand reaches distribu-
tion equilibrium in the CNS and end within 1 h after i.v. administration. The li-
gands are inactivated after biohydrolysis of the benzamide groups of INER-1577
#3 and #4 to give smaller molecules, and hydroxylation to give more hydrophilic

metabolites could promote the excretion of the ligand via urine. Although the
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radioactive nuclide *F is removed from the INER-1577 #3 ligand after metabol-

ism and is transported around the body, its half life is short (109 min, with *O as

its daughter nuclide) and it is easily excreted via urine. Therefore, the bio-safety
of the INER-1577s has been confirmed.
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