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Abstract Aldehyde dehydrogenase 1A1 (ALDH1A1) is an enzyme acting subsequent to alcohol dehydrogenase in the
major pathway of alcohol metabolism. In addition, ALDH1A1 has been known to be involved in the oxidation of
retinaldehyde to retinoic acid (RA), acting as transcriptional regulators. It is well known that ALDH1A1 is overexpressed
in cancer stem cells and plays an important role in the biology of cancer. During screening compounds for ALDH1A1
inhibition, a novel molecule, Compound A (2-[1-(3-ethoxycarbonyl-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-2,5-dioxopyrrolidin-3-yl]
sulfanyl benzoic acid) was found in the NIH chemical libraries. In this study, a liquid chromatographic-quadrupole timeof-flight mass spectrometric (LC-TOF-MS) method was developed for the quantification of Compound A in
pharmacokinetic (PK) study in rat. Two M HCl was added before protein precipitation to stabilize Compound A in rat
plasma. A quadratic regression (weighted 1/concentration) was used to fit calibration curves over the concentration range
of 81.48-19800 ng/mL for Compound A. Using the time-concentration PK profile in rat, two-compartment model was
selected as the PK prediction model. In addition, parameter sensitivity analysis was used to evaluate the PK parameters
affecting the exposure of Compound A.
Keywords aldehyde inhibitor, LC-TOF-MS, quantification, pharmacokinetic modeling

Introduction

More recently, it has been known that ALDH1A1 is
cancer.
involved in obesity, suggesting that ALDH1A1 inhibitor can be
used as a new therapeutic agent for obese patient.
During the screening for ALDH1A1 inhibitor, a novel molecule
Compound A, 2-[1-(3-ethoxycarbonyl-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-2,5-dioxopyrrolidin-3-yl]sulfanylbenzoic acid was
found from the NIH chemical libraries (Fig. 1, PubChem CID:
2906471). Compound A represents an attractive small molecule
that effectively inhibits ALDH1A1 (0.447 µM). This compound
has a sufficient potential as a drug lead for obesity or alcoholism.
However, the PK and physicochemical properties for Compound
A have not been explored or investigated so far.
At the early drug discovery stage, ADME/PK studies in animal
models play a significant role. Especially, the prediction of PK
parameters in various animal species would be very helpful in
ranking the drug candidate, selecting the dose required in preclinical species and understanding species-different PK properties.
With respect to this information, it is possible to enhance the
success rate in the drug development. Also, when a candidate is
selected, prediction of its human PK can be used to estimate the
dose-dependent changes in exposure related to an anticipated
pharmacological response and potential toxicological findings.
4,5,6,7)
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Aldehyde dehydrogenase (ALDH) is known to be an enzyme
that eliminates aldehyde in the body, and it is also an important
regulator in a number of cell growth and differentiation pathways.
So far, nineteen aldehyde dehydrogenase genes have been identified,
most of which catalyze the NAD(P) -dependent oxidation of
many aldehydes to carboxylic acid (Particularly, acetaldehyde is
one of the reactive aldehydes oxidized by ALDH1A1 during
ethanol metabolism). Also, ALDH1A1 has been known to be
involved in the oxidation of retinaldehyde to retinoic acid (RA),
acting as transcriptional regulators that are important to normal
cell differentiation and growth. The retinaldehyde and retinoic
acid are critical for normal biological processes, such as vision,
immune function and cell differentiation. It is well known that
ALDH1A1 is overexpressed in many malignancies and cancer
stem cells and it plays an important role in the biology of
+
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Sample preparation

Fig. 1. Structure of Compound A

In this paper, we described the development and qualification of
a liquid chromatographic-quadrupole time-of-flight mass spectrometric
(LC-TOF-MS) assay for the Compound A in rat plasma and
evaluated the rat PK of Compound A that was intravenously or
orally administered for the first time. In addition, Parameter
Sensitivity Analysis (PSA) was conducted to understand critical
parameters influencing the drug exposures in rat.

Experimental Methods
Materials

Before the sample preparation, 3 µL of HCl (2 M) was added
to the 25 µL of blank plasma prior to the addition of Compound
A to stabilize Compound A. Then, 5 µL of the corresponding
standard or QC spiking solutions were added for standard or QC
samples. For the in vivo study samples, 5 µL of make-up solution
(DMSO) was added to the sample of 25 µL to make the same
matrix conditions as standard or QC samples.
Protein precipitation was performed to each of the mixtures
(standards, QC and study samples) by the addition of ACN
containing 20 ng/mL verapamil (used as IS). Samples were
centrifuged and then 60 µL of supernatant was transferred to
another tube and diluted three times with 120 µL of distilled
deionized water (DW). Samples were gently mixed and
transferred to the LC vial for LC-MS analysis.
LC-TOF-MS conditions

The liquid chromatographic-quadrupole time-of-flight mass
spectrometric (LC-TOF-MS) system consisted of two Shimadzu
LC-20AD pumps, a Shimadzu CBM-20A/LC-20AD chromatographic
system (Shimadzu Scientific Instruments, Riverwood Dr., Columbia,
USA), a CTC HTS PAL auto-sampler (Sciex, Redwood City, CA,
USA) and a TripleTOF 5600 mass spectrometer (Sciex, Redwood
City, CA, USA). The analytical column used for this assay was a
Phenomenex Kinetex phenylhexyl column (2.1×50 mm).
The HPLC mobile phase was consisted DW containing 0.1%
formic acid (phase A) and ACN containing 0.1% formic acid
(phase B) with a binary gradient program. To analyze Compound
A, the gradient was maintained at 15% B for 0.5 min, increased
from 0.5 min (15% B) to 1.2 min (95% B), maintained at 95% B
for 0.6 min, decreased from 1.8 min (95% B) to 1.85 min (15%
B) and then 15% B was maintained for 1.15 min. The total run
time was 3 min.
[M+H] ion of Compound A and IS (m/z 460.0 and 455.3,
respectively) were selected and their product ions at m/z 260.0
and 165.1 were used for the quantitative analysis, respectively.
The source temperature was set at 500 C with a curtain gas flow
of 30 L/min. The ion spray voltage was set at 5500 V. For
Compound A and IS, declustering potential was 114 and 100 V,
and the collision energy was 25 and 30 V, respectively.
TM

Compound A, 2-[1-(3-ethoxycarbonyl-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-2,5-dioxopyrrolidin-3-yl]sulfanyl benzoic acid, was
purchased from ChemDiv, Inc. (San Diego, USA). Verapamil was
purchased from Sigma-Aldrich (St, Louis, MO, USA). All other
chemical/reagents used for sample preparation such as hydrogen
chloride (HCl) were purchased from Merck & Sigma-Aldrich
(Poole, UK).
Preparation of calibration standard (STD), internal standard (IS) and quality control (QC) samples

Stock solution of Compound A was made at 1 mg/mL in
dimethyl sulfoxide (DMSO). The sub-stock solution (0.1 mg/mL)
was made by dissolving 50 µL of stock solution into 450 µL of
DMSO. Six calibration standard concentrations of Compound A
were made by 3-fold diluting in DMSO, and the final six
calibration sample concentrations prepared by taking each standard
solution in rat plasma were 81.5, 244, 733, 2200, 6600 and 19800
ng/mL, respectively. In the same way, the sub-stock solution was
diluted with DMSO (11-fold) to prepare high QC (1820 ng/mL)
and low QC (165 ng/mL).
A verapamil solution was made at 1 mg/mL in DMSO and
used as IS. Until usage, verapamil solution was stored in the
refrigerator at −20 C. The concentration of final IS solution is 20
ng/mL in acetonitrile (ACN) for sample preparation.
o
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Preliminary stability and method qualification study

A preliminary stability test was performed under three conditions
including freeze-thaw stability, short-term stability with/without 2
M HCl and whole blood stability. Short-term stability and whole
blood stability test contained triplicates of the samples and were
evaluated by measuring the peak area ratio (sample area/IS area).

Quantitiation and PK modeling of a novel ALDH1A1 inhibitor in rat

Method qualification was carried out with a ‘fit-for-purpose’
approach. QC samples as well as STDs were used for batch
acceptance. The qualification run contained duplicate calibration
curves using six concentrations, low QC and high QC. The
acceptance criteria for STDs and QCs in the qualification run
were within ±25% for both precision and accuracy values, which
is acceptable for early stage drug discovery. A quadratic
regression, with an equation y=ax +bx+c, was used to fit
calibration curves over the concentration range of 81.5-19800 ng/
mL for Compound A. The coefficient of the quadratic equation
was determined by the best fit values from the least squares
method.
For the freeze-thaw stability, the stability test samples were
subjected to three freeze and thaw cycles at −80 C and then
compared with freshly prepared high QC samples. The short-term
stability was assessed at room temperature for 2 hours, where the
control sample (0 min) was compared to stability-test samples at
30, 60, 120 min point with/without 2 M HCl. The stability test
samples and the control samples were prepared by spiking 5 µL
of samples into 25 µL of blank rat plasma containing 3 µL of 2
M HCl.
Whole blood stability test was performed at room temperature
or ice bath condition. In the whole blood stability test, blood
samples were prepared by spiking 2 µL of the sub-stock solution
into 498 µL of whole blood. Blood samples were then centrifuged
at 10,000 rpm for 5 min. Samples were prepared by spiking
25 µL of the supernatant into 3 µL of 2 M HCl then adding
100 µL of ACN containing 20 ng/mL of IS for protein precipitation.
The species-dependent matrix effect of plasma from different
origins (mouse, dog and monkey) was assessed to test the
feasibility of this assay in other species. High QC samples (1820
ng/mL) were prepared in mouse, rat, dog and monkey plasma. All
samples were quenched by spiking 100 µL of ACN containing 20
ng/mL of IS for protein precipitation.
11)
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Application for a PK study in rat

Six male Sprague Dawley rats (300±10 g) were fasted for 12
hours prior to Compound A administration. After administering
1 mg/kg intravenously or 5 mg/kg orally, blood samples were
collected into Eppendorf-tube in ice bath. The sampling time
points were 0, 2, 5, 10, 20, 40, 60, 120, 240 and 360 min. The
blood samples were centrifuged immediately at 10,000 rpm for
5 min after collection. Then, the supernatant of the centrifuged
sample was transferred to another tube which contained 2 M HCl
and stored at 20 C until analysis
o
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PK modeling by GastroPlusTM and parameter sensitivity
analysis

All the modeling experiments were performed using GastroPlusTM
9.5 (Lancaster, CA, USA). The physicochemical and ADME
properties of Compound A such as pKa, logP, unbound fraction,
permeability, solubility and blood/plasma ratio were estimated by
the ADMET predictor module in GastroPlusTM 9.5. PKPlus
module was used to determine PK parameters for one- to threecompartment PK models from IV or PO plasma concentrationtime data and selected the best PK model with the least value of
Akaike Information Criterion (AIC) and Schwarz Criterion (SC).
Also, for oral PK, in vivo bioavailability was used as an input
data to refine the PO model as first-pass effect (FPE).
Parameter sensitivity analysis was conducted to assess the
sensitivity of predicted absorption or PK responses to critical input
parameters to investigate which parameter can improve the
exposure of Compound A in rat.
TM

Results and Discussion
Preliminary stability test and qualification study

LC-TOF-MS in the positive ion mode was used for the
quantification of Compound A (molecular weight 459.54 Da). The
parent ion in TOF MS scan mode was the [M+H] ion at m/z
460.0. The most abundant product ion was observed at m/z 260.0
in the product ion scan. Therefore, a transition from 460.0 to
260.0 was used for the quantitation of compound A.
Calibration curves with six points in duplicate were prepared
for all data sets. A quadratic regression (weighted 1/concentration),
with an equation y=ax +bx+c, was used to fit calibration curves
over the concentration range of 81.48-19800 ng/mL for the
Compound A and the representative calibration curve is shown in
Fig. 2. Coefficient of determination (r) values for calibration
curves of Compound A were used to evaluate the fit of the
curves. The correlation coefficient of the calibration curve was
0.992 for Compound A.
Assay performance was examined by evaluating accuracy and
precision of QC samples and the result are shown in Table 1. The
quantification run met the in-house acceptance criteria of ±25%
for discovery non-GLP study.
Stability assessments were conducted to demonstrate that
Compound A was stable under sample preparation conditions.
The freeze-thaw stability test was performed using high QC
samples to demonstrate that Compound A in rat plasma is stable
in 3 cycles of freeze-thaw conditions. The value of the freeze+
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Fig. 2. Calibration curve of Compound A (r=0.99212)

thaw stability QC samples (n=3) were compared with nominal
concentration. Table 2 shows that Compound A in rat plasma was
stable through three freeze-thaw cycles at −80 C with acceptable
accuracy (<97.83%) and precision (<0.58%) values.
Also, short-term stability test (with or without 2 M HCl) was
performed to evaluate the stability of Compound A in rat plasma.
Since the sample preparation time does not exceed 2 hours, the
incubation period for the short-term stability test was settled to 2
hours. The results are shown in Fig. 3. The short-term stability
test showed that Compound A was not stable in rat plasma
without 2 M HCl. No further investigation was conducted to find
out the metabolic enzymes responsible for this stability issue.
However, based on the structure, esterase in blood appeared to
contribute the stability of Compound A.
The whole blood stability test was carried out to confirm
whether it is stable at room or ice bath temperature. The results
are shown in Fig. 4. The whole blood stability test showed that
the blood sample in ice bath appeared to be more stable than that
at room temperature for 2 hr.
Based on these results, the collected blood samples were
centrifuged within 30 min to obtain plasma samples for the PK
study. The plasma samples were further stabilized by adding 2 M
HCl and then stored at −80 C until protein precipitation.
It would be useful if the developed assay for compound A in
rat plasma could be used to analyze the plasma samples from
other species (such as mouse, dog and monkey) without significant

Fig. 3. Short-term stability with 2M HCl or without 2M HCl for
Compound A (n=3)

o

o

Fig. 4. Whole blood stability at room temperature or in ice bath
for Compound A (n=3)

matrix effect. Therefore, the species-dependent matrix effect on
the analysis of Compound A was evaluated using high QC
plasma samples from three different species such as mouse, dog
and monkey. As shown in Table 3, no matrix effect was observed
in two other species except mouse. Based on this result,
Compound A in the dog and monkey matrix could be analyzed
using the same calibration curve prepared in rat plasma.

Table 1. Quality control results and statistics (n=5)
Mean concentration (ng/mL)

STDEV

Precision (%)

Accuracy (%)

n

Low QC (165 ng/mL)

168.43

13.19

7.83

102.08

5

High QC (1820 ng/mL)

2009.91

129.29

6.43

110.43

5

Table 2. Freeze-thaw stability result for Compound A in rat plasma (3 cycles at −80oC)
High QC
Vol. 63, No. 2, 2019

Mean concentration (ng/mL)

Accuracy (%)

Precision (%)

n

1780.44

97.83

0.58

3
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Table 3. Species-dependent matrix effect experiments for Compound A at high QC samples (1820 ng/mL)
Rat

Mouse

Dog

Monkey

Mean concentration (ng/mL)

1929.34

1283.92

1951.89

1739.38

Accuracy (%)

106.01

70.55

107.25

95.57

Precision (%)

6.19

1.99

12.12

1.96

n

3

3

3

3

Fig. 5. Time-concentration profiles of Compound A after (A) intravenous bolus (n=3, 1 mg/kg) and (B) oral administration (n=3, 5 mg/
kg) in rat

PK modeling by GastroPlusTM

Application to a PK study in rat

This LC-QTOF-MS/MS method was successfully applied to
determine the pharmacokinetics of Compound A in rat after oral
or IV administration. Figure 5 shows time-concentration profiles
of compound A after IV (1 mg/kg) and PO (5 mg/kg) administration.
For acceptance of study sample analytical runs, at least two-thirds
of the QC samples had to be within ±25% accuracy for the
assurance of the analytical run. The PK samples from PO and IV
studies were within the range of the qualified calibration range
and the two-thirds of QC samples were also successfully passed
with the acceptance criteria in this run (data not shown).
Table 4 shows PK parameters obtained from this study, using
PKPlus module of GastroPlusTM. Systemic clearance, volume of
distribution and bioavailability was 4.44 mL/min/kg, 1.93 L/kg and
48.98%, respectively.
TM

All modeling and simulation were performed using GastroPlusTM
9.5. The predicted physicochemical and ADME properties of
Compound A are summarized in Table 5.
The rate and extent of absorption was predicted using the
advanced compartmental and transit (ACAT) model set to the rat
physiological fasted condition. Two-compartment PK model was
selected by PKPlus module as the best PK model. AIC and SC
parameters from this two-compartment model also showed the
lowest values among three PK models tested in this experiment
including non-compartment, one-compartment and two-compartment
model. The fitted two-compartment model is shown in Fig. 6.
The results of parameter sensitivity analysis are shown in Fig.
7. The presented results show that systemic clearance has a
significant effect on the exposure of Compound A in rat. Other
12)

TM

Table 4. PK parameters obtained after non-compartmental analysis by the PKPlusTM module of GastroPlusTM software
Subject

Tmax (min)

Cmax (ng/mL)

AUClast (µg*hr/mL)

IV (1 mg/kg)
PO (5 mg/kg)

F (%)

CL (mL/min/kg)

Vss (L/kg)

2

14688

5

4181.7

2.65

-

4.44

1.93

6.49

48.98

-

-

Table 5. The predicted physicochemical and ADME properties of Compound A

Compound A

pKa

logP

Unbound fraction

Permeability

Solubility

Blood/plasma ratio

3.78

4.25

1.71 %

2.83*10-4 cm/s

0.024 mg/mL

0.63
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Fig. 6. Simulated (lines) and observed (points) time-concentration profiles in rat after (A) IV administration 1 mg/kg (B) PO
administration 5 mg/kg using GastroPlusTM

Fig. 7. Parameter sensitivity analysis for AUC of IV administration (blue line) and PO administration (red lime)

factors such as solubility, permeability and unbound fraction have
little effect on Compound A exposure. Also, the systemic clearance
had more significant effect on exposure after PO administration
than IV administration. This phenomenon might be due to first
pass effect in liver after PO administration. Based on the
parameter sensitivity analysis of IV and PO PK simulation, it was
supposed that the systemic clearance greatly influences the area
under the curve (AUC) of Compound A, and therefore, improving
metabolic stability would be an important factor for the lead
optimization strategy of Compound A.

Conclusion
A LC-TOF-MS method was developed and applied to quantify
Compound A in rat plasma. The lower limit of quantification
(LLOQ) of the assay was determined to be 81.5 ng/mL and the
calibration curve ranged from 81.5-2200 ng/mL for compound A
Vol. 63, No. 2, 2019

using quadratic regression with 1/concentration weighting. Compound
A in rat blood was stable in ice bath and in the presence of 2 M
HCl. Qualification runs met the in-house acceptance criteria of
±25%. And, this method was successfully applied to rat PK study.
PK properties of Compound A were estimated using the
acquired PK study results. Two-compartment PK model was
selected for Compound A as the best PK model. Parameter
sensitivity analysis was also used to understand the PK parameters
affecting the exposure of Compound A. In this case, one of the
significant factors contributing AUC of Compound A appears to
be the systemic clearance, not the solubility, permeability and
unbound fraction. Therefore, this Compound A would be likely
show PK profiles with decent AUC values in other species
including mouse, dog, monkey and human unless there is a
species-dependent unique metabolic pathway. This kind of
approach would be also helpful in predicting and understanding
dose-exposure relationship at different dose levels or in different

Quantitiation and PK modeling of a novel ALDH1A1 inhibitor in rat

species at the early stage lead optimization process of small
molecules where the ADME/PK resources are normally limited.
Through these results, the probability of Compound A as a lead
molecule was evaluated and further lead optimization for
Compound A would be warranted as a therapeutic drug for
obesity and alcoholism.
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