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ABSTRACT: A liquid chromatography-tandem mass spectrometry (LC-MS/MS) method was developed and validated to
determine hexahydrocurcumin (HHC) levels in mouse plasma, brain, liver, and kidneys using a negative ion mode electrospray
ionization (ESI) source. Demonstrating a lower limit of quantification (LLOQ) of S ng/mL, the method showed excellent linearity
across a concentration range of 5—5S00 ng/mL in all tested matrices. Precision evaluations reported a coefficient of variation (CV%)
of less than 13.19% for both intraday and interday measurements, while accuracy ranged from 95.13 to 105.07% across all quality
control levels. HHC extraction recovery was consistently observed between 70.18 and 93.28%, with a CV% deviation of less than
15%. In the pharmacokinetic evaluation of HHC in mice following a single intraperitoneal (IP) or oral administration, a
noncompartment analysis was utilized. After IP administration (40 mg/kg), the C,,.,, value was 47.90 times higher than that achieved
via oral administration. Peak plasma concentrations were observed approximately 5 min post-IP and 15 min post-oral dosing. The
observed half-lives after these administrations were approximately 1.52 and 2.17 h for IP and oral routes, respectively. Oral
administration revealed a relative bioavailability of only 12.28% compared with the IP route. Furthermore, following IP
administration, the half-life values in brain, liver, and kidney were not significantly different but more than the half-life value found in
plasma. The liver and kidney exhibited the highest concentrations of HHC, while the brain showed the least, suggesting that the
hydrophobic nature of HHC impedes its passage through the blood—brain barrier. This study is the first to provide detailed insights
into the pharmacokinetics and tissue distribution characteristics of HHC following oral and IP administration in mice, setting the
stage for further focus on HHC as a potential new drug candidate.

1. INTRODUCTION bioactivities that are either parallel to or exceeding those of

Hexahydrocurcumin (HHC, Figure 1), recognized as a curcumin. Notably, these biological activities include anti-
significant phase I metabolite of curcumin, is prevalent in 7,9,10
both mice and humans."” From a structural viewpoint, HHC
parallels curcumin, possessing identical phenolic groups,
suggesting that it might manifest many of curcumin’s known )
biological and pharmacological properties. However, HHC Revised:  September 7, 2024
distinguishes itself in terms of stability; the absence of olefinic Accepted: September 9, 2024
double bonds provides HHC with superior stability to Published:  September 19, 2024
curcumin, especially at a pH of 7.4.° In a diverse range of in

vitro and in vivo studies, HHC has consistently displayed
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oxidative, antl-lnﬂammatory, antitumor, = cytotoxic,
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Figure 1. Chemical structures of hexahydrocurcumin (HHC) and curcumin.

and cardioprotective properties.'” Some studies even empha-
size HHC’s superior bioactive prowess over curcumin, its
metabolic precursor, particularly its antioxidant potential.”
Delving deeper into its therapeutic attributes, oncological
research highlights HHC’s role in stifling the proliferation of
human colon cancer cells, especially when synergistically
combined with the chemotherapeutic agent S-fluorouracil (5-
FU). This combined therapeutic approach effectively curbed
the viability of HT-29 cells via a profound down-regulation of
COX-2 mRNA and protein expression, marking a decline in
human colon cancer cell proliferation and an evident synergy
in decreasing aberrant crypt foci (ACF) formation.'™"® Our
cardiovascular-focused investigations have revealed HHC’s
vasorelaxant properties, which induce relaxation in rat aortic
rings by mitigating calcium ion concentrations.'® Moreover,
HHC’s multifaceted role in neuroprotection has been
recognized, with studies indicating its ability to shield the
blood—brain barrier against cerebral ischemia/reperfusion-
induced injuries, modulate tight junction proteins, reduce
inflammation, and stave off the onset of brain edema.'” HHC
also mitigates dexamethasone-induced Alzheimer’s disease-like
symptoms by alleviating oxidative stress, inflammation,
apoptosis, and improving memory deficits.'®'? Building on
this array of benefits, our recent findings highlight HHC’s
potential in hypertension management, accentuating its role in
refining vascular function and reversing vascular remodeling."’

Although various pharmacological properties are explored,
only limited information about the bioanalysis and pharmaco-
kinetic study of HHC has been reported. The method
validation of HHC in plasma, as one of the metabolites of
curcumin, was reported by Jude et al.’’ However, the
pharmacokinetic data of HHC in various mouse tissues still
needs to be clarified, as this information is essential in the early
stages of new drug development.”’ It provides a comprehen-
sive understanding of how a drug is metabolized, distributed,
and absorbed by an organism. Notably, many drug develop-
ment stalls or failures can be attributed to unsatisfactory
pharmacokinetic characteristics, such as reduced bioavailability
or limited metabolic stability.”” Existing research has
extensively documented the pharmacokinetics of curcu-
min.”**° In animal studies, curcumin showed poor systemic
bioavailability after administration.”® For instance, after an IP
dose of 0.1 g/kg was administered to mice, the peak plasma
concentration of free curcumin reached only 2.25 ug/mL. The
distribution of curcumin in tissues revealed levels of 26.90 ug/
g in the liver and 7.51 ug/g in the kidneys, respectively.
Notably, only trace amounts (0.41 pg/g) were detected in the
brain at 1 h after administration.”” When administered orally at
a dosage of 500 mg/kg in rats, the maximum concentration
(Cpax) and the time taken to reach the maximum
concentration (T,,,) were 0.06 + 0.01 pug/mL and 41.7 +
5.4 min, respectively. The elimination half-life (T,/,;) was
calculated to be 28.1 + 5.6 min for curcumin (500 mg/kg,
oral) and 44.5 = 7.5 min for curcumin (10 mg/kg,
intravenous). The oral bioavailability was estimated to be

approximately 1%.”° Furthermore, curcumin levels in tissues
from rats that received oral curcumin (340 mg/kg) were
examined, and the samples were analyzed at 20 min post-dose.
The results indicated the presence of curcumin in plasma (16.1
ng/mL), liver (3671.8 ng/g), and kidneys (206.8 ng/g)
following administration.

Several instances of the intravenous administration of
curcumin have been documented. Following intravenous
curcumin administration (20 mg/kg) in mice, the pharmaco-
kinetics and distribution of curcumin and its metabolites
showed a rapid decrease in plasma concentration of curcumin
with Ty, of 32.3 + 10.8 min. The AUC,_,, of curcumin
(107.0 + 18.3 mg'min/L) was approximately 17.8 times that of
dihydrocurcumin (6.0 + 1.2 mg-min/L) and 8.9 times that of
tetrahydrocurcumin (THC) (12.0 = 4.0 mgmin/L). Both
curcumin and tetrahydrocurcumin were detectable in the liver.
In the kidneys, curcumin and dihydrocurcumin were present.
However, only curcumin was detected in the brain.”” While
extensive research has been conducted on the pharmacoki-
netics of curcumin, our knowledge regarding the pharmaco-
kinetics of HHC after its administration remains notably
limited,””*° and addressing this gap is crucial in the initial
phases of drug development.

In this study, we aimed to develop and validate an liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-
based method for HHC quantification, using butylparaben as
an internal standard (IS), and to use this method to determine
the pharmacokinetic profile of HHC after a single IP and oral
administration in mice. Our investigation primarily focused on
the concentration of HHC in plasma and its distribution in
significant tissues, such as the brain, liver, and kidneys. A
pivotal aspect of our research was assessing the relative
bioavailability of HHC in mice. These findings are anticipated
to provide valuable insights, enhancing the potential of HHC
as a promising drug candidate.

2. RESULTS AND DISCUSSION

2.1. Method Development and Optimization. LC-MS/
MS method was developed to quantify the HHC level in
plasma, liver, kidney, and brain. Various extraction methods
were tried in this study, not only solvent extraction but also
protein precipitation with many solvents. The suitable sample
preparation for the determination of HHC in plasma and brain
was the solvent extraction with methyl tert-butyl ether
(MTBE). Since kidney and liver samples were thicker, protein
precipitation with acetone was added as the first step in the
extraction method, followed by solvent extraction. Extraction
recovery and matrix effects for all tissues were performed. The
suitable internal standard was butylparaben, which showed
high sensitivity and provided stable extraction recovery and
proper retention time (RT). Negative mode showed higher
sensitivity than positive mode in this study. To select the
parent and daughter ions, the mass spectrum was scanned. The
most sensitive mass transition was found as m/z 373—179 for
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Figure 2. Proposed molecular ion of HHC and butylparaben (IS) and daughter ions.

Table 1. Regression Equations of HHC in All Matrix, R?, Linear Range, LLOQ, and S/N Ratio”

matrix regression equation R*

plasma y = 17797 X 1073x — 1.5662 X 107> 0.9979
liver y = 1.8441 X 1073 + 5.7768 x 107* 0.9989
kidney y = 1.8325 X 107%x — 1.183 X 10~° 0.9955
brain y = 1.8497 X 1073%x — 8.725 x 107* 0.9970

linear range (ng/mL) LLOQ (ng/mL) S/N ratio at LLOQ
5—-500 5.00 23.40
16.30
13.20
28.70

“Acceptance criteria of LLOQ: accuracy within 80—120% of the nominal concentration; precision (CV%) < 20%; signal-to-noise ratio (S/N) > S.

HHC and as m/z 193—92 for butylparaben. The proposed
fragmentation is shown in Figure 2.

2.2. Method Validation. 2.2.1. System Suitability. The
system suitability demonstrated that the retention times of
either HHC or butylparaben were approximately the same in
all of the chromatograms. Their peaks were well separated
without significant interference from any endogenous sub-
stance. Moreover, their peak area and peak area ratio showed
coefficient of variation (CV%) within the acceptable range
(Table S1, Supporting Information). Hence, it can be
concluded that the resolution and reproducibility of the
chromatographic system were adequate for the analysis of
samples during the validation process.

2.2.2. Selectivity. The chromatograms of the solution of
HHC (RT = 3.25 min) and butylparaben (RT = 5.58 min) are
shown in Figure S1 (Supporting Information). HHC in
plasma, brain, liver, and kidney showed peaks at retention
times of 3.24, 3.22, 3.23, and 3.22 min, respectively (Table S2,
Supporting Information). These retention times corresponded
to the standard solution (RT = 3.25 min). Butylparaben
showed a similar retention time at 5.49—5.58 min. In the blank
mice plasma and tissue, no peak is shown at all retention time
areas. Therefore, it could be concluded that the selectivity of
HHC and butylparaben was demonstrated in this study
(Figure 3).

2.2.3. Linearity of Calibration Curves and Lower Limit of
Quantification (LLOQ). The calibration curve had a good
linearity of HHC in the plasma concentration range from 5—
500 ng/mL on three different days (Table S3, Supporting
Information), where the established method can be seen to
meet the requirements of the quantitative determination of
HHC in pharmacokinetic studies. In addition, the calibration
range of HHC in plasma, liver, kidney, and brain was from 5 to
500 ng/mlL, and all calibration curves showed good linearity,
with R* greater than 0.99 (Table 1). The representative
calibration curves for the determination of HHC concen-
trations in mice plasma are shown in Figure S2. The lowest
HHC level for quantification presented as LLOQ was S ng/mL

41034

in all matrices, with the signal-to-noise (S/N) ratio ranging
from 13.20 to 28.70, accuracy of 83.10—111.93, and precision
(CV%) of 5.32—13.19. Lower limits of detection from
calculation for the limit of HHC in plasma, liver, kidney, and
brain were 0.57, 1.08, 2.29, and 0.58 ng/mL, respectively.

2.2.4. Accuracy and Precision. The intraday and interday
precision and accuracy of LLOQ (S ng/mL) (n = 3) and QC
samples at three concentration levels (15, 150, and 375 ng/
mL) (n = 3) are summarized in Table 2. The accuracies for all
tested concentrations were within +7% of nominal, and both
the within- and between-run precisions were acceptable. All of
the results of the tested samples were within the acceptable
criteria (accuracy (85—115%) and precision (CV < 15%)).

2.2.5. Extraction Recovery and Matrix Effect. At different
concentration levels, the mean recovery for HHC and IS in
plasma, brain, liver, and kidney are summarized in Table 3.
The extraction recovery of HHC in all matrices was 89.62% in
plasma, 93.28% in brain, 72.60% in kidney, and 70.18% in liver.
However, there is no acceptance criterion for recovery of HHC
in kidney and liver since the recovery reproducibility is good
enough to stay within the accuracy and precision acceptance
criteria. In contrast, the extraction recovery of IS in all matrices
was found in the range of 81.23—113.74%. The precision of all
extractions was demonstrated with the CV with the acceptance
criteria of <15%. Matrix effect values of HHC were 92.82% in
plasma, 105.05% in brain, 86.50% in kidney, and 77.70% in
liver. In comparison, matrix effect values of IS were found to be
121.57% in plasma, 117.24% in brain, 122.63% in kidney, and
103.45% in liver. The precision of all matrices was
demonstrated with the CV with the acceptance criteria of
<15%.

2.2.6. Stability. The stock solution stability of HHC and IS
was studied after being kept in a freezer at —30 = 10 °C for 20
days. Their accuracy was 106.15 and 101.80%, and their
precision was 0.36 and 0.80%, respectively. So, these results
indicate that both compounds were stable for at least 22 days
at —30 + 10 °C (Table 4). Moreover, long-term stability was
studied to determine the stability of HHC in mice plasma
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Table 2. Intraday and Interday Accuracy and Precision of LLOQ and QC Sample of HHC in Mice Plasma (Mean + Standard
Deviation (SD))

item nominal conc. (ng/mL) observed conc. (ng/mL) accuracy (%) precision (CV%)

accuracy and precision of LLOQ_sample of HHC
intra- and interday
calibration curve: y = 1.5341 X 107 — 1.8465 X 107% R* = 0.9959

intraday (n = 3) S$.00 5.30 £ 0.30 106.04 S5.66
interday (n = 9) 5.00 4.97 + 0.66 99.47 13.19
accuracy and precision of QC sample of HHC
intraday
calibration curve: y = 1.5341 X 107% — 1.8465 X 107% R* = 0.9959
interday

calibration curve dayl: y = 1.5341 X 107%x — 1.8465 X 107% R* = 0.9959
calibration curve day2: y = 1.6891 X 107% — 2.2302 X 107% R* = 0.9932
calibration curve day3: y = 1.7797 X 1073 — 1.5662 X 1073 R* = 0.9979

intraday (n = 3) 15.00 14.80 + 0.49 98.68 3.28
150.00 157.60 + 10.7S 105.07 6.82
375.00 382.78 + 33.28 102.08 8.69
interday (n = 9) 15.00 1439 + 1.11 95.97 7.73
150.00 143.38 + 8.50 95.59 8.89
375.00 356.74 + 0.30 95.13 9.26

Table 3. Extraction Recovery and Matrix Effect of HHC and
IS in Mice Plasma, Brain, Liver, and Kidney (Mean + SD, n
=3)

HHC IN
tissues precision accuracy precision
(matrix) accuracy (%) (CV%) (%) (CV%)
extraction recovery
plasma 89.62 + 3.57 3.99 113.74 + 8.64 7.59
brain 93.28 + 6.07 6.51 112.24 + 6.56 5.84
liver 70.18 + 2.20 3.13 81.23 + 3.03 3.73
kidney 72.60 + 5.90 8.12 109.66 + 6.87 6.26
matrix effect
plasma 92.82 + 2.75 2.97 121.57 + 8.32 6.84
brain 105.0S + 10.73 10.22 117.24 + 3.20 2.73
liver 77.70 £ 6.32 8.14 103.45 + 5.30 S.13
kidney 86.50 + 0.06 0.07 122.63 + 1519 12.39

Table 4. Stock Solution Stability of HHC and IS at —30 +
10 °C for 22 days (Mean + SD, n = 3)

analyte (nominal conc., observed conc. accuracy precision
ng/mL) (ng/mL) (%) (Cv%)
fresh
HHC (375.00) 375.00 + 18.19 100 4.85
IS (110.10) 110.10 + 1.38 100 125
stock stability for 22 days
HHC (375.00) 398.08 + 145 106.15 0.36
IS (110.10) 112.08 + 0.90 101.80 0.80

under storage at —30 + 10 °C for 20 days and analytical
conditions. The stability of HHC in mice plasma is shown in
Table S. The results showed that HHC in plasma samples was
stable after storage at —30 + 10 °C for 20 days. However,
stability on other tissues is pivotal for the accurate
interpretation of drug concentration over time and is a critical
component of method validation. This is an area for future
investigation, which is crucial for a full understanding of the
pharmacokinetics of HHC.

2.2.7. Dilution Effect. Dilution of the plasma sample 20
times was studied. The result showed an accuracy of 87.10%

Table 5. Long-Term Stability of HHC in Plasma at —30 +
10 °C for 20 days (Mean + SD, n = 3)

analyte (nominal conc., observed conc. accuracy precision
ng/mL) (ng/mL) (%) (Cve)
fresh
LQC (15.00) 12.85 + 031 86.66 2.38
HQC (375.00) 346.27 + 17.85 92.34 5.15
long-term stability for 20 days
LQC (15.00) 13.54 + 1.03 90.27 7.61
HQC (375.00) 355.53 + 34.51 94.81 9.71

and a precision of 3.13% (Table 6). Therefore, it showed the
dilution integrity of HHC 20 times. The optimized method

Table 6. Dilution Integrity of HHC in Plasma

test sample-HHC (7500.00 ng/mL)

test sample-HHC 375 ng/mL (dilution factor 20X)

estimated conc. estimated conc. (before accuracy

sample no. (ng/mL) dilution) (ng/mL) (%)

1 333.02 6660.40 88.81

2 332.00 6640.00 88.53

3 314.81 6296.20 83.95
mean 326.61 6532.20 87.10
SD 10.23 204.64 2.73
Cv (%) 3.13 3.13 3.13
evaluation passed

was validated to guarantee reliable determination results for
HHC and was successfully applied to the pharmacokinetic
study after both IP and oral administration in mice.

2.3. Pharmacokinetics and Tissue Distribution Study
of HHC. In the pharmacokinetics and distribution study, HHC
concentrations were measured in liver, kidney, brain, and
plasma within 24 h after administration to mice. The
concentration—time profiles of HHC in the logarithm scale
are shown in Figure 4. The main pharmacokinetic parameters
(PK), based on noncompartment analysis, are summarized in
Table 7. The results showed that HHC was widely distributed
in these tissues and plasma, reaching a maximum level within
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Concentration of HHC in various tissues after administration
at a Dose of 40 mg/kg
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Figure 4. Mean concentration—time profiles of HHC in logarithm scale at a dose of 40 mg/kg after IP and oral administration to mice (1 = 4);
excluded HHC in the brain after IP was n = 3. The samples were collected at specific intervals: 30 min before dosing and subsequently at S, 10, 15,
30, 60, 120, 240, and 480 min post administration, and 1440 min post administration was not shown.

Table 7. Noncompartmental Pharmacokinetic Parameter of HHC at Dose 40 mg/kg after Oral/IP Administration in Mice (n =

4)

PK parameters AUC,_, (ng'min/mL)  AUC,_, (ng'min/mL) MRT,, (min) MRT,_,, (min) T,/, (min) Cinax (ng/mL) Tpex (min)
oral-plasma 7610.4 + 1906.9 8545.1 + 2044.9 96.8 + 29.0 154.7 + 49.6 1302 + 32.1 194.2 + 43.5 15.0 £ 0.0
IP-plasma 61967.7 + 1759.6 628382 + 16997.4 42.5 + 28.7 52.5 £ 283 912 + 1583 9299.0 + 4286.9 5.0 + 0.0
1P-liver 572 497.7 + 270 586.6 576 329.6 + 272 103.4 156.2 + 39.4 160.1 + 35.8 104.5 + 25.8 25043.3 + 12061.5 5.0 + 0.0
IP-kidney 372134 + 1270S5.8 38922.3 + 14659.8 96.3 + 20.6 116.5 + 37.4 101.7 + 37.4 1703.0 + 897.2 63 +25
IP-brain 1120.8 + 439.8 1267.5 £ 507.2 62.9 + 64.2 122.5 £ 919 106.1 + 58.8 120.2 + 54.1 5.0+ 0.0

Area under the concentration—time curve (AUC) computed from time zero to the time of the last positive t value (AUC,_,); AUC from time zero
extrapolated to infinity (AUC,_,); mean residence time when the drug concentration is based on values up to and including the last measured
concentration (MRT,_,); MRT from time zero extrapolated to infinity (MRT,_.); elimination halflife (T,/,); maximum observed drug
concentration (C,,,,); and time of maximum concentration (Tl,,,). All of the HHC PK values are listed as the mean value + SD. Each mean + SD

(n = 4) is represented by each point.

5—15 min, and was rarely detected after 1 h. After IP
administration of HHC 40 mg/kg to mice, the highest
concentration of HHC in the liver, brain, and plasma was
found at 5 min, except in the kidney found at 6.30 min with a
C,. of 25043.3 + 120615, 120.2 + 54.1, 9299.0 + 4286.9,
and 1703.0 + 8972 ng/mL, respectively. Interestingly,
following intraperitoneal (IP) injection, we detected two
distinct peaks of HHC levels in the plasma and liver. While the
exact reasons for the occurrence of the second peak are not
known, we hypothesize that the presence of a second peak in
the plasma could be attributable to the hepatic recirculation of
HHC. Drug absorption via the IP route to the liver occurs
through diffusion across the capillaries and then enters the
portal vein. Rediffusion and fluctuation of peritoneal blood
flow to the liver could be the potential explanation for this
phenomenon.”" After oral administration of HHC 40 mg/kg to
mice, the highest concentration in plasma was found at 15 min
with a C,,, of 1942 + 43.5 ng/mL. Prior researches have
demonstrated that curcumin has a limited oral bioavailability,
leading to minimal or undetectable levels of the compound in
the plasma upon oral administration.””**> However, HHC
appears to enhance solubility. The results of our study indicate
that the relative oral bioavailability of HHC is low. Specifically,
the percent relative bioavailability of HHC, calculated by the
ratio of AUC,_, after oral administration to the AUC,_,
following IP administration, was 12.28%.

After IP administration of HHC at 40 mg/kg, the C,,, value
was 47.9 times higher than that in the oral dosage regimen.
The half-life of HHC in plasma after IP and oral
administrations was about 91.2 min (1.52 h) and 130.2 min

(2.17 h), respectively, demonstrating rapid elimination of
HHC after IP administration compared to oral administration.
Although the HHC half-lives in plasma, brain, liver, and kidney
were comparable after IP administrations of HHC, the half-life
in the brain tended to be longer than that in the liver, kidney,
and plasma. This indicates that the rate of redistribution was
the slowest in the brain, as opposed to the liver and kidney.
The half-life of HHC, as determined in our study, was found to
be longer than the half-life of curcumin in rats, which was 32.7
min after oral administration.**

The tissue distribution study revealed that following IP
administration of HHC, a substantial amount of HHC was
distributed to both the liver and kidney. Our investigation
found a small quantity of HHC in the brain, which aligns with
a previous pharmacokinetic study that observed the lowest
concentration of curcumin in the brain.”’ This may be
attributed to the high hydrophilic characteristics of both
curcumin and HHC. Consequently, it has a reduced ability to
cross the blood—brain barrier. However, one mouse showed a
noticeably rapid decrease in HHC concentrations in the brain
compared with the other mice, rendering it impossible to
calculate the pharmacokinetic parameters for that mouse.
Consequently, the pharmacokinetic parameters of HHC in the
brain were determined by using data from the remaining three
mice. To the best of our knowledge, while previous studies
have focused on the pharmacokinetics of HHC following oral
administration in plasma,” this study is the first to present
comprehensive pharmacokinetic data of HHC across mouse
tissues. This information is crucial for advancing the early
stages of drug development.
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3. CONCLUSIONS

In this work, a highly sensitive and specific LC-MS/MS
method for the quantitation of hexahydrocurcumin (HHC) in
mice plasma, liver, kidney, and brain has been developed.
Moreover, this method was successfully applied to pharmaco-
kinetic and tissue distribution studies in mice. The HHC
concentrations in plasma, liver, kidney, and brain after IP
administration and the HHC concentration in plasma after oral
administration were estimated. For the HHC concentration in
plasma, the maximum concentration was found within 5 and
15 min after IP and oral administration, respectively, the half-
life of which was about 1.52 and 2.17 h, respectively. The
percent relative bioavailability after oral administration was
12.28 compared to that after IP administration. In terms of
tissue distribution, HHC was highly and rapidly distributed to
the liver and kidney, whereas the lowest concentration of HHC
was found in the brain, which could be due to the high
hydrophilic property of the compound. It was, therefore,
difficult for HHC to cross the blood—brain barrier. The results
from this study provide initial evidence for interspecies dose
extrapolation to estimate the probable pharmacokinetic
properties in humans. This knowledge is crucial for the
development of HHC as a potential drug candidate.

4. MATERIALS AND METHODS

4.1. Chemicals and Reagents. HHC was synthesized
from curcumin, which was obtained from Curcuma longa
rhizomes by our published method.'®”” Briefly, curcumin was
dissolved in ethanol and was hydrogenated with palladium on
charcoal as a catalyst for 8 h to yield the hydrogenated
products, which were separated by column chromatography
(silica gel, with dichloromethane/methanol as eluent) to give
HHC (84%) and octahydrocurcumin (8%). The spectroscopic
(*H and *C NMR and mass spectra) data of the isolated HHC
were consistent with those reported in the literature."® HHC
was obtained with a purity of >97.0% (by high-performance
liquid chromatography (HPLC) analysis). Butylparaben, with a
purity of 99.6% and used as the internal standard (IS), was
purchased from Alfa Aesar (Lancashire, U.K.). Methanol and
acetonitrile (HPLC grade) were obtained from Avantor
Performance Materials (J.T. Baker, Center Valley, PA).
Sodium acetate trihydrate, hydrochloric acid, methyl tert-
butyl ether (MTBE) (AR grade), water, and acetone (HPLC
grade) were supplied by RCI Labscan Group (Bangkok,
Thailand). Acetic acid (AR grade) was obtained from Fisher
Scientific UK Ltd. (Leics, U.K.). Formic Acid (AR grade) was
acquired from Merck KGaA (Darmstadt, Germany).

4.2. Animals. Eighty male mice weighing 18—22 g were
obtained from Nomura Siam International Company Ltd.
(Bangkok, Thailand) and allowed a week for environment
adaptation before the experiment. All mice were housed in an
environment maintained at 25 & 1 °C under a 12-h light—dark
cycle, with access to food and water ad libitum.

Sample collection was performed after IP or Oral
Administration of 40 mg/kg HHC, which was an effective
dose for improvement of cognitive function, as shown in our
previous results.'”’ ™" All experiments in this study were
approved by the Institutional Animal Care and Use Committee
at the Faculty of Medicine, Chiang Mai University, in
compliance with National Institutes of Health guidelines
(Permit No. 44/2563).

Briefly, HHC was prepared at a concentration of 40 mg/kg
of body weight by dissolving it in 0.1% dimethyl sulfoxide
(DMSO), followed by dilution in 1% hydroxyethyl cellulose.
The solution volume was adjusted based on the mouse’s body
weight (1 g BW: 10 uL solution). Eighty mice were divided
into two main sets: one for IP administration and the other for
administration via oral gavage under veterinary supervision
(oral administration). Within each set, mice were further
divided into ten groups, each containing four mice.

Blood samples were collected at specific intervals: 30 min
before dosing and subsequently at 5, 10, 15, and 30 min, 1, 2,
4, 8, and 24 h post administration. After the mouse was
anesthetized, the thoracic cavity was opened, and the blood
samples were collected from the left ventricle of the heart. The
samples were then stored in vacuum blood tubes coated with
ethylenediaminetetraacetic acid (EDTA) at 4 °C. Samples
were then centrifuged at 4000 rpm for 10 min at 4 °C. The
resulting plasma was stored at —30 + 10 °C for subsequent
analysis.

For the distribution study, tissues from the liver, kidney, and
brain were procured. These tissues were homogenized in
phosphate-buffered saline (PBS) at a 1:10 (w/w) ratio,
vortexed for S min at 1500 rpm, and then stored at —30 =+
10 °C until analysis.

4.3. Chromatography and Mass Spectrometry Con-
ditions. Analyses were performed using an Agilent 1260
system (Agilent, CA). For the separation of HHC and IS, a §
1L sample was injected into the system. Separation occurred
on a Mightysil RP-18 GP column (4.6 mm X 150 mm, S pm,
Kanto Inc., Japan), paired with a Mightysil RP-18 guard
column (4.0 mm X 10 mm, 5 gm, Thermo Scientific). Isocratic
elution was employed using a mobile phase consisting of
acetonitrile and 0.1% formic acid in a 65:35 (v/v) ratio. The
mobile phase was maintained at a temperature of 35 °C, with a
flow rate of 0.6 mL/min. The total run time for each analysis
was 8 min.

Mass spectrometric measurements were conducted using the
API 3200 system (AB Sciex, Singapore), an integrated triple
quadrupole mass spectrometer. The electrospray ionization
(ESI) source was set to operate in the negative ion mode. The
specific detector parameters used for the analysis of HHC and
IS in plasma, liver, kidney, and brain are detailed in Table S4
(Supporting Information). Quantification relied on the multi-
ple reaction monitoring (MRM) method, targeting Q1/Q3 m/
z values of 372.963/178.827 for HHC and 192.852/91.940 for
IS.

4.4, Preparation of Standard Solutions. Stock solutions
for HHC and IS were prepared by dissolving their respective
standards in methanol to obtain concentrations of 500 and
1000 pg/mL, respectively. Separate stock solutions were
prepared for calibration standards and quality control (QC)
samples and were stored at —30 + 10 °C. For the calibration
curves, the HHC stock solution was diluted with blank plasma
and tissue to achieve concentrations ranging from 5 to 500 ng/
mL, specifically at 5, 10, 50, 100, 200, 300, 400, and 500 ng/
mL. For QC purposes, HHC samples were prepared at
concentrations of 15, 150, and 375 ng/mL. Concurrently, the
IS stock solution was diluted in methanol to obtain a 1.1 ug/
mL working solution. These working solutions, similar to the
stock solutions, were kept at —30 + 10 °C.

4.5. Preparation of Biological Samples. 4.5.1. Plasma
and Brain Extraction. For plasma and brain extraction, 10 uL
of butylparaben, 50 uL of acetate buffer (pH 5.0), 50 uL of
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ascorbic acid (200 mg/mL), and SO pL of 0.1 N HCI were
added into 100 uL of plasma or brain sample. Next, the
mixture was shaken at 2500 rpm for 20 min. Then, 2.5 mL of
methyl tert-butyl ether (MTBE) was added, mixed with a
shaker, and centrifuged at 3500 rpm and 4 °C for 3 min. After
the sample was separated, 2.0 mL of supernatant was carefully
transferred to a new tube and evaporated under nitrogen gas at
0.5 psi and 25 °C for 15 min. Subsequently, the residue was
reconstituted in 80 uL of mobile phase and mixed. After
centrifugation at 3500 rpm for 10 min, 5 uL of each aliquot
was injected into the LC-MS/MS system for analysis.

4.5.2. Kidney Extraction. For kidney extraction, 10 uL of
butylparaben, SO uL of acetate buffer (pH 5.0), 50 uL of
ascorbic acid (200 mg/mL), SO uL of 0.1 N HCl, and 200 uL
of acetone were added into 100 uL of the kidney sample. Next,
the mixture was mixed with a shaker at 2500 rpm for 20 min
and centrifuged at 10,900 rpm for 10 min. All of the
supernatant was collected, and then 4.8 mL of MTBE was
added into the sample and mixed using a shaker at 2500 rpm
for 20 min before centrifuging at 3500 rpm and 4 °C for 3 min.
Subsequently, 4.5 mL of the supernatant was transferred into
another test tube and evaporated under nitrogen gas at 0.5 psi
and 25 °C for 20 min. Finally, the residue was reconstituted in
75 uL of the mobile phase and mixed. After centrifugation at
3500 rpm for 10 min, S uL of each aliquot was injected into
the LC-MS/MS system for analysis.

4.5.3. Liver Extraction. For liver extraction, 20 uL of
butylparaben, 100 uL of acetate buffer (pH 5.0), 100 uL of
ascorbic acid (200 mg/mL), 100 L of 0.1 N HC], and 400 uL
of acetone were added into 200 uL of the liver. Next, the
mixture was mixed at 2000 rpm for 15 min and centrifuged at
10,900 rpm for 10 min. All of the supernatant was collected,
and then 2.0 mL of MTBE was pipetted into the sample, mixed
using a shaker at 2500 rpm for 20 min again, and centrifuged at
3500 rpm and 3 °C for 3 min. Subsequently, 1.8 mL of the
supernatant was transferred into a new test tube and
evaporated under nitrogen gas at 0.5 psi and 25 °C for 20
min. Finally, the residue was reconstituted in 75 uL of the
mobile phase and mixed. After centrifugation at 3500 rpm for
10 min, S pL of each aliquot was injected into the LC-MS/MS
system for analysis.

4.6. Method Validation. The method for quantifying
HHC in plasma, liver, kidney, and brain was validated by using
butylparaben as the preferred internal standard. The validation
covers various parameters, including selectivity, matrix effect,
LLOQ, calibration curve, precision, accuracy, extraction
recovery, dilution integrity, and stability. This validation was
in alignment with the acceptance criteria established by the
FDA guidance on bioanalytical methods validation (US FDA
2018).%¢

4.6.1. System Suitability. The suitability of an analytical
method was evaluated by comparing the retention times of the
analytical peaks (HHC and IS) between blank samples from
each matrix and samples spiked with either HHC or IS. The
CV for the peak area, retention time, and peak area ratio was
assessed using a criterion of <6.0% as the acceptable threshold.

4.6.2. Selectivity. Selectivity was assessed by comparing the
retention of HHC and IS analytical peaks between the blank
sample of each matrix and the analyte or spiked standard
sample.

4.6.3. Linearity of Calibration Curves and LLOQ. The
calibration range of HHC across plasma, liver, kidney, and
brain samples was established between S and 500 ng/mL (n =

3). Calibration curves were constructed by plotting the peak
area of the analyte against that of the internal standard relative
to their respective concentrations. The correlation of
determination (R*) was calculated using weighted least-squares
regression (1/X*). The goodness-of-fit of the calibration curves
was denoted by R®. Precision was expressed using CV, while
recovery (%) indicated accuracy. For each nominal concen-
tration value in the calibration curves, the back-calculated
concentrations should exhibit accuracy within +15% and a
precision of <15%. The LLOQ, indicating the minimum
concentration of the calibration curve, should exhibit both
accuracy and precision of +20 and <20%, respectively.
Additionally, a signal-to-noise ratio (S/N) of >5 is required.

4.6.4. Accuracy and Precision. The precision and accuracy
of HHC were explored using three replicates at LLOQ_ and
three QC sample concentration levels across 3 days.
Concentrations were calculated from daily linear regression
equations. Set standards for intraday and interday precision
were established, along with accuracy requirements. For both
intraday and interday measurements, the accuracy and
precision of the LLOQ samples should remain within +20%
and not exceed <20%, respectively. Additionally, the precision
should be within 15%, and the accuracy must not exceed +15%
at three QC levels.

4.6.5. Extraction Recovery and Matrix Effect. The recovery
of HHC and IS was determined by comparing their peak area
responses after extracting from the matrix sample to the
response of the solution (n = 3). The matrix effect was
evaluated by calculating the ratio of the peak area with the
matrix present to the peak area without the matrix (n = 3). The
acceptance criteria should ensure precision and accuracy values
of <15% and within +£15% of the nominal concentrations,
respectively.

4.6.6. Stability. To assess the stability of HHC and IS stock
solutions, they were diluted with methanol to concentrations
of 375 and 110 ng/mL, respectively (n = 3). These solutions,
stored at —30 + 10 °C for 22 days, were subsequently
analyzed, and their peak responses were compared with those
from freshly prepared stock solutions. The long-term stability
of HHC was assessed at concentrations of 15 and 375 ng/mL
in plasma (n = 3), which were stored at —30 + 10 °C for 20
days. All results from these stability tests were compared to the
nominal concentrations, accepting that precision should be
within 15% and accuracy must not exceed +15% of the
nominal concentrations.

4.6.7. Dilution Effect. To ensure that the dilution with blank
mouse plasma did not influence the final concentration, the
dilution effect was evaluated. Triplicate samples of HHC
spiked mice plasma, initially prepared at 7500 ng/mlL,
underwent a 20-fold dilution with blank mouse plasma. The
dilution was deemed satisfactory if the assay results maintained
accuracy with a recovery of +15% and precision with CV% of
<15%.

4.7. Application to Pharmacokinetic Study. The
pharmacokinetics of HHC following oral and IP administration
were assessed using data derived from bioanalysis. Analysis was
conducted using standard noncompartmental methods with
Phoenix WinNonlin, Version 8.0 software (Pharsight Corpo-
ration, St. Louis, MO). The bioavailability (F) of HHC after
oral administration was determined based on eq 1:
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oral

F(%):{

AUC,; X doseip] < 100

AUC;, X dose, (1)
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AUC area under concentration—time curve

Croax maximum concentration

Ccv coeflicient of variation

ESI electrospray ionization

F bioavailability

HHC hexahydrocurcumin

HPLC high-performance liquid chromatography

IP intraperitoneal

IS internal standard

LC-MS/MS liquid chromatography-tandem mass spectrome-
try

LLOQ lower limit of quantification

PK pharmacokinetics

QC quality control

SD standard deviation

S/N signal-to-noise ratio

Ty, half-life

T time to reach C,,

R? correlation of determination

RT retention time
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