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Abstract

Raspberry ketone (RK) (4-(4-hydroxyphenyl)-2-butanone) is the major compound responsible for
the characteristic aroma of red raspberries, and has long been used commercially as a flavoring
agent and recently as a weight loss supplement. A targeted UHPLC-QqQ-MS/MS method was
developed and validated for analysis of RK and 25 associated metabolites in mouse plasma and
brain. Dispersion and projection analysis and central composite design were used for method
optimization. Random effect analysis of variance was applied for validation inference and
variation partition. Within this framework, repeatability, a broader sense of precision, was
calculated as fraction of accuracy variance, reflecting instrumental imprecision, compound
degradation and carry-over effects. Multivariate correlation analysis and principle component
analysis were conducted, revealing underlying association among the manifold of method traits. R
programming was engaged in streamlined statistical analysis and data visualization. Two particular
phenomena, the analytes’ background existence in the enzyme solution used for phase 11
metabolites deconjugation, and the noted liability of analytes in pure solvent at 4 °C vs. elevated
stability in biomatrices, were found critical to method development and validation. The approach
for the method development and validation provided a foundation for experiments that examine
RK metabolism and bioavailability.
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1 Introduction

4-(4-hydroxyphenyl)-butan-2-one or raspberry ketone (RK) is the major aromatic compound
responsible for the characteristic flavor of red raspberries (Rubus idaeus) [1], and has been
widely used for long time as a generally recognized as safe (GRAS) flavoring substance in
foods, perfumery and cosmetics. Due to the low natural concentration (0.01~4 mg/kg fresh
weight in raspberries), RK is mainly produced by chemical synthesis.

In recent years, RK has received growing attention for its potential health benefits. RK was
shown to reduce lipid accumulation in adipocytes [2, 3], prevent high-fat diet induced
obesity in mice [4] and associated nonalcoholic steatohepatitis in rats [5]; and also alleviate
ovariectomy-induced obesity in rats [3]. Apart from anti-obesity related benefits, other
functions have also been reported, including antiandrogenic activity in the human breast
cancer cells [6]; depigmentation activities for zebrafish and mice [7]; anti-inflammatory
properties in £.colilipopolysaccharide-stimulated macrophages [8]; as well as
cardioprotective action against isoproterenol-induced cardiotoxicity in rats [9]. Of the many
health benefits reported, the anti-obesity effects have attracted most attention, and there has
been an increased demand for RK as a food supplement for weight loss in recent years,
despite a lack of pharmacokinetics and toxicological data. As such, it is imperative to
examine the /n vivo bioavailability and toxicity to ensure safe human consumption at the
labeled doses in commercial products [10, 11].

In contrast to the abundant number of studies reporting RK’s biological effects, studies on
RK metabolism are scarce. In a pioneering work conducted in the 1980s, Sporstel et al.
studied RK metabolites in the urine of rats, guinea-pigs and rabbits using GC/MS [12]. After
enzymatic deconjugation, 13 metabolites were identified, with the reduction product 4-(4-
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hydroxyphenyl) butan-2-ol or raspberry alcohol (ROH) being the predominant one; other
metabolites were derived from modification of RK side chain and/or aromatic ring through
hydroxylation, methylation, carboxylation and/or decarboxylation. Apart from this landmark
study, there has been no other related study reported.

To comprehensively study RK metabolism, pharmacokinetics and bioavailability, and to
prepare for translation into clinical trials to assess RK safety / toxicity at the recommended
intake amount in RK-enriched supplements, this work focused on development and
validation of an ultra-high performance liquid chromatography with a triple quadrupole
tandem mass spectrometry (UHPLC-QqQ-MS/MS) method for targeted determination of
RK and its metabolites in plasma and brain specimens from mice. In this work, RK and 25
associated metabolites were investigated which were selected based on the potential RK
biopathway(s) and structural similarity to RK [13]. Building upon modern MS/MS
methodology, improved statistics and visualization tools with streamlined analysis using R
programming were applied for method performance evaluation and validation results
interpretation.

2 Materials and Methods

2.1 Chemicals and reagents

Standards of analytes (analytical or reference grade) used included RK (1), and its phenolic
aldehyde derivatives, 4-(4-methoxyphenyl)-2-butanone (RK-Me) or anisylacetone (2),
benzylideneacetone (PhLiAce) (3), 3, 4-dihydroxybenzylideneacetone (3,4-DHPhLiAce)
(4), vanillylacetone (VLAce) (5), vanillylidenacetone (VLiAce) (6); phenolic alcohol
derivatives, ROH (7), 2-(4-hydroxyphenyl) ethanol or tyrosol (4-HPE) (8), 2-(3, 4-
dihydroxyphenyl) ethanol (3, 4-DHPE) or 3-hydroxytyrosol (9), 4-hydroxybenzyl alcohol
(4-HBOH) (10); phenylpropionic derivatives, 3-(3-hydroxyphenyl) propionic acid (3-HPPA)
(11), 3-(4-hydroxyphenyl) propionic acid (4-HPPA) (12), 3-(3, 4-dihydroxyphenyl)
propionic acid (3, 4-DHPPA) (13), 3-(3-methoxy, 4-hydroxyphenyl) propionic acid or
dihydroferulic acid (DFA) (14); cinnamic acid derivatives, 4-hydroxycinnamic acid (4-HCA)
or p-coumaric acid (15), ferulic acid (FA) (16), caffeic acid (CA) (17); phenyl acetic
derivatives, 3-hydroxyphenylacetic acid (3-HPAA) (18), 4-hydroxyphenylacetic acid (4-
HPAA) (19), 3, 4-dihydroxyphenylacetic acid (3, 4-DHPAA) (20); benzoic acid derivatives,
3-hydroxybenzoic acid (3-HBA) (21), 4-hydroxybenzoic acid (4-HBA) (22), 3, 4-
dihydroxybenzoic acid or protocatechuic (3, 4-DHBA) (23), vanillic acid (VA) (24),
homovanillic acid (HVA) (25), and hippuric acid (HA) (26). In addition, frans-cinnamic
acid-d7 (27) and 4-hydroxybenzoic-d, acid (28) were used as internal standards (1Ss). The
chemical structures are presented in Fig. 1. The aforementioned standards, and ascorbic acid
and B-glucuronidase (from limpets (Patella vulgate), 285,000 units/mL in contamination
with sulfatase) were purchased from Sigma-Aldrich (St. Louis, MO), except that standards
of 4 and 14 from Alfa Aesar (Tewksbury, MA), 7 from USP (Rockville, MD), 16 and 23
from ChromaDex (Irvine, CA). Other reagents including methanol, ethyl acetate, glacial
acetic acid, formic acid, concentrated hydrochloric acid and LC/MS grade water and
acetonitrile were obtained from Fisher Scientific (Pittsburgh, PA). Associated reagent
solution preparation for various purposes refers to the supplementary information.
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2.2 Instrument

Analytical work was performed using an Agilent 1290 Infinity 11 UHPLC coupled with 6470
triple quadrupole mass spectrometry (QqQ-MS/MS) with an electrospray ionization (ESI)
source (Agilent Technologies, Santa Clara, CA). Nitrogen from a Parker Balston
NitroFlow60NA nitrogen generator (Lancaster, NY) was used as the nebulizer gas and
collision gas. Chromatographic separation was achieved using a Waters Acquity UPLC BEH
C18 column (2.1 x 50 mm, 1.7 pm) with a VanGuard Acquity C18 guard column (2.1 x 5
mm, 1.7 um) (Milford, MA).

2.3 Mice plasma and brain collection

Seven-week old male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) fed on
polyphenol-free diet were deeply anesthetized with isoflurane 5% with oxygen for blood
collection by cardiac puncture. Plasma was acquired after blood centrifugation at 3000 xg
for 10 min at 4 °C, and then acidified with 2% formic acid to a final concentration of 0.2%
(v/v). After cardiac puncture and exsanguination, and perfusion with 0.9% saline, brains
were excised, homogenized with 0.2% formic acid (1:2, w/v) and snap frozen in liquid
nitrogen. Plasma and brain were stored at =80 °C before analysis. All protocols involving
animals were approved by the Institutional animal Care and Use Committee of Rutgers
University (OLAW #A3262-01, protocol #13-001).

2.4 Sample preparation

For preparation of reference standard solution, about 15 mg of each standard was accurately
weighted and prepared in 25 mL 70% methanol with 0.1% formic acid as stock solution, as
then separately aliquoted into 1.5 mL Eppendorf tubes and stored under —80°C. Stock
solutions for each compound (except internal standards (1S)) after conditioned to room
temperature were mixed as a standard cocktail, and then diluted with 60% methanol with
0.1% formic acid to desired concentration (~200 ng/mL) for instrumental optimization, or
diluted with the same solvent into serial concentration (0.1 ng/mL ~ 6 pg/mL) with spiked IS
(~100 ng/mL) for calibration. For p-glucuronidase solution (~2000 U) preparation, the
original enzyme extract was diluted by 40 times using NaH,PO,4 buffer (0.4 mol/L, pH 5.0).

For analyte extraction from biomatrices, an aliquot of 100 pL plasma was thawed on ice
followed by adding 5 pL of each IS solution (ca 2 ug/mL), 300 uL of 0.4 M NaH,PO, buffer
(pH 5.4), and 50 pL of p-glucuronidase solution (~2000 U diluted in NaH,PO4 buffer). The
cocktail was gently mixed, briefly purged with nitrogen to exclude headspace oxygen, and
then incubated at 37°C for 45 minutes. The analytes were then extracted with 500 pL of
ethyl acetate, vigorously vortexed for 10 sec, sonicated in ice water for 10 min, and then
centrifuged at 5000 xg for 5 min. The supernatant was collected in a glass tube containing
20 L 2% ascorbic acid methanol solution. The precipitate was then extracted in like manner
for two more times. The pooled supernatant was dried under a gentle stream of nitrogen. The
residue was reconstituted in 100 pL of 60% methanol containing 0.1% formic acid,
centrifuged at 16, 000 xg for 10 min before LC-MS analysis. The brain samples were
processed in similar procedure as plasma, except the following: the tissue amount used was
500 uL; enzyme solution amount used was 100 pL; after incubation, 100 uL of 4% HCI was
added before extraction to denature and precipitate proteins.
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2.5 UHPLC-QqQ-MS/MS method

For chromatographic separation, water with 0.1% acetic acid (AA) was used as mobile
phase A and acetonitrile with 0.1% AA as phase B, with a flow rate at 0.45 mL/min. The
gradient elution (noted as B%) was 5% at 0 min; 10% at 0.5 min; 28% at 3.8 min; 40% at
3.9 min; 55% at 5.5 min; 80% at 5.6 min and then held isocratically until 6 min. The column
was equilibrated for 2.5 min before next injection. The column was thermostatted at 30 °C
and the autosampler maintained at 4°C. The injection volume was 3.5 pL.

For MS analysis, a further statistical analysis was conducted upon prior reported RK ESI
2y fractional factorial design [14] as preparation for ESI optimization of all other 25

analytes. Dispersion analysis was conducted to investigate instrumental stability operated at
each parameter level, and projection analysis was performed to select and confirm important
ESI parameters for further optimization [15]. Following that, drying gas temperature (DGT),
drying gas flow rate (DGF) and nozzle voltage (NV), confirmed as the most important ESI
parameters, were then further tuned for all analytes, particularly with DGT and DGF
optimized collectively by central composite design (CCD). The final ESI conditions were set
at DGT 200°C, DGF 12 L/min, and NV +1500 / —=1000 V; as to other ESI settings, nebulizer
pressure at 30 psi, sheath gas temperature at 250 °C with its flow rate at 8 L/min, and
capillary voltage at + 3000 V/ - 2500 V. The MS was operated in dynamic multiple reaction
monitoring (dAMRM) mode with switching polarities, optimized as previously described [14,
16].

2.6 Method validation

The validation procedure followed U. S. Food and Drug Administration guidelines and
relevant literature [17, 18] with necessary adaptation. For accuracy assessment, quality
control samples (QCS’s) were prepared by spiking blank biomatrices with standard mixture
containing all analytes at four levels (A, 2000 ng/mL; B, 1000 ng/mL; C, 150 ng/mL; and D,
15 ng/mL, concentration in final processed samples to be injected), each level with five
replicates. All QCS’s were injected in randomized order, with duplicate injections spaced by
ca 10 hours in a single sequence as a simulation of a typical batch time. Accuracy was
computed following the rule of error propagation and random effects analysis of variance
(RND-ANOVA). Repeatability was calculated as the mean square error associated with
RND-ANOVA variance partition. Validation of matrix effects, recovery and processing
efficiency, adapted from the approach by Matuszewski et al. [19, 20], comprised two-level
(B, C) spiking post-extraction (vs. spiking pre-extraction for accuracy validation) and
spiking in pure solvent, with calculation following the error propagation rule. Method
validation results and associated statistical quantities were then subjected to multivariate
correlation analysis and principle component analysis (PCA) [21]. Associated formulas are
shown in Supplementary Material.

2.7 Statistics analysis

Microsoft Excel (version 16.16.5), Design Expert (version 8.0.6) and R (version 1.1.463)
were used for statistical computation [22, 23]. The R script constructed for data analysis
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refers to https://yuanbofaith.github.io/RK_LCMS/. The original data from which the script
reads refer to the Supplementary Material.

3 Results and Discussion
3.1 ESldispersion and projection analysis

Dispersion analysis upon a prior reported RK-oriented ESI 2{{;3 fractional factorial design

[14] revealed in this work higher measurement volatility at the elevated level of nebulizer
pressure as well as sheath gas flow, and thus the lower levels for both settings were used in
the developed method of this work. The magnitude of other ESI settings did not exert
noticeable impact on performance consistency (Fig. S1).In addition, the prior work reported
the large effects of DGT, DGF and NV, yet without considering what is known as the alias
structure, i.e., the apparent effects of investigated factors were in fact confounded or
“contaminated” with other effects (see Supplementary spreadsheet “Fractional factorial™).
To clear-up the alias effects, projection analysis was conducted in this work by collapsing
the original design into two replicates of 23 full factorial design of DGT, DGF and NV
(Tables S1-S3) while treating other ESI factors as background noise, and indicated more
than 70% accountability for total data variability from the three factors alone. As such, the
three factors were subjected to further optimization for all metabolites investigated.

3.2 DGT and DGF optimization by CCD

As DGT and DGF presented strong interaction while negligible interaction with NV as
suggested by projection analysis, DGT and DGF were collectively optimized using CCD
(unlike NV tuned independently), with CCD design displayed in Table S4. A quadratic
model was used to approximate signal responses of all analytes, shown in Fig. 2A-C.
Generally, higher signal response was favored by increased DGF, and thus 12 L/min was
selected as the final DGF. For DGT, special consideration was given to VLAce and 3-HPAA,
both of which showed highest susceptibility to DGT but in an opposite manner, i.e., one was
favored at low level while the other at high end. As such, 200°C was selected as the DGT.
Modelling efficiency was strongly associated with measurement consistency, which was
manifested by the degree of scattering of CCD center points (repetitive measurements at the
middle level of the tested factors), as shown in Fig. S2.. Compound degradation over the
period of CCD batch time was later found to be the cause of measurement inconsistency,
accounting for 75% of modelling inadequacy, as shown in Fig. 2D and Fig. S3.

3.3 dMRM transitions

The dMRM parameters are displayed in Table 1. Generally, phenolic acids showed higher
sensitivity under negative than positive polarity by easy deprotonation of the carboxylic
group. Most product ions were formed by subsequent loss of the carboxyl group by 44 Da,
in agreement with prior research [24]. Other product ions were generated by loss of a methyl
group for the precursors with methoxy group (e.g., VA, 167 -> 152 m/z, FA, 193 -> 178
m/2), cleavage of a phenyl bond (e.g., HA, 178 -> 77 m/2) or rupture of the aromatic ring
(e.g., 3-HPAA, 151 - > 65 m/2). Phenolic aldehydes and alcohols generally exhibited higher
sensitivity under positive polarity, and in-source fragmentation was noticeable for many such
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compounds. RK and its respective reduced and methylated derivatives ROH and RK-Me, for
example, had intense in-source fragmentation by cleavage of the beta-bond (or the
equivalent benzyl bond) [14], and 4-HPE featured in-source dehydration. Fragmental ions
produced in the ESI chamber if predominant were selected as the precursor ions for MRM
transitions. Such in-source phenomenon rendered analogues RK, ROH and 4-HBOH
spectrometrically undistinguishable by having identical MRMs, but they were efficiently
resolved chromatographically.

3.4 Validation results

All compounds presented ideal limit of quantification down to picograms injected on
column, with linear dynamic range spanning across over three orders of magnitude. The
majority of compounds including RK had accuracy achieved at 80~120 % in both plasma
and brain at four different spiked levels, though for certain compounds accuracy was more
inflated or underestimated. Repeatability was mostly below or around 5%, with brain
samples presenting more data variability than plasma. Matrix effects, recovery and
processing efficiency validated at two spike levels was generally restricted within 80~120%,
though brain samples imposed higher challenge to recovery than plasma, and that accuracy-
aberrant compounds showed similar drifting behavior with respect to these three validated
aspects. Detailed results are shown in Figs 5 and S4, Tables 2 and S5-S9.

3.5 Accuracy inference with RND-ANOVA at spike levels

The following statistical consideration motivated the use of RND-ANOVA for accuracy
validation: a reliable validation may be always favored by preparation of many QCS (the
factor), ideally by an imaginary pool of QCS’s of infinite size (the population), while in
practice the QCS prepared essentially represents only a random sample (a = 5) drawn from
the infinite population, with each QCS being a random treatment or level. With such
experimental limitation in mind, RND-ANOVA was applied to make generalization or
inference to the method based on the random QCS prepared. The RND-ANOVA-derived
accuracy variation was mostly ca 5% higher than otherwise not used (Fig. S6).

Another important function of RND-ANOVA is variance partition. The total variance of
accuracy, by law of error propagation, could be split and attributed to errors respectively
from blank samples (/7 = 3) and QCS’s; and the latter could be further split by RND-
ANOVA and attributed to intrinsic differences in QCS’s (a=5) and pure measurement error
(n=2), as shown in Fig. 4. The variance attributed to QCS’s reflected spiking inconsistency
and sample inhomogeneity. The variance due to measurement error mirrored within
biomatrix instrumental imprecision, integration-associated inconsistency, and compound
liability during the 10-hour period between injection repetitions; as injections were made in
complete randomized order across different spike concentrations, such measurement error
also incorporated carryover effects.

3.6 Accuracy inference with RND-ANOVA throughout calibration range

While accuracy was routinely validated at several representative discrete concentration
levels, the analyte concentration in an unknown sample in practice could reside anywhere
across the continuous scale of calibration beyond the validated levels. As such, RND-

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al. Page 8

ANOVA was applied for accuracy inference across the entire calibration range, with the
mean square error associated with within-level variability substituted by the pooled accuracy
variance across spike levels. The accuracy inference is shown in Fig. 4 and Fig. S7.

3.7 Repeatability and precision

Repeatability can be conveniently derived from accuracy validation based on the associated
mean square error. Compared with “precision” in literature, which is typically conducted
with multiple injections on the same sample, repeatability takes reduced repetitions (7= 2)
on each sample and subjects the samples across different QCS’s (a=5) (variation in QCS’s
per sewas then partitioned out) with randomized injection order. Therefore, repeatability
validated in this work essentially constitutes precision yet scrutinized in a more complete
context, comprehensively reflecting errors from multiple sources (see QCS’s measurement
error as mentioned above) and better reflects the true consistency in a real batch analysis. In
addition, an “anatomized” analysis of repeatability appears to suggest an analyte-specific
instrumental drifting over the batch time (Fig. S8).

3.8 Analytical method correlation analysis

The analytical and statistical results validated and computed in this work were subjected to a
comprehensive pairwise correlation analysis to understand the underlying mechanism of
method performance, with an overview presented as a multivariate correlation matrix
heatmap in Fig. 5A. Below follows a brief discussion of some key perspectives.

Accuracy was positively correlated with recovery, which reflects analyte extraction
efficiency; and positively correlated with matrix effects. This mirrors suppression or
enhancement of analyte ionization in the ESI chamber caused by co-extracted biomatrical
compounds and as a result, positively correlated with processing efficiency, which is the
multiplied product of and therefore a reflection of combined effects of matrix effect and
recovery, accounting for 74~84% of accuracy levels in plasma and brain samples (Fig. 6A).
As processing efficiency was calculated based on peak area, it essentially constitutes the
accuracy without use of IS for correction of extraction loss and matrix effects. As such, the
difference between accuracy and processing efficiency reflects the correction efficacy of IS.
To analyze such efficacy, IS correction index is introduced and defined here as the absolute
deviation of accuracy from one hundred percent divided by such deviation of processing
efficiency. Thus, the smaller the index number, the higher correction power the IS exerts.
The IS correction index was positively correlated with accuracy determined for the brain
tissue with about 58% contribution, yet less so in plasma (Fig. 7).

Accuracy variability was increasingly susceptible to blank concentration at lower spike
concentrations. At spike level of d (15 ng/mL spiked in processed sample) in plasma and
brain matrices, 73% and 90% of increase in the total accuracy variability could be
respectively attributed to error from blank concentration deduction (Fig. 6B). This effect
rendered quantification imprecise at the lower end of calibration range for compounds with
high concentration in the background, such as 4-HPAA, 4-HBA, 3,4-DHPAA, HVA and 3-
HPAA (100 ~ 700 ng/mL in sample). Interestingly, most of the background interference was
introduced from the commercial B-glucuronidase solution (extracted from limpets or Patella
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vulgata) used for deconjugating phase Il metabolites, while fewer compounds were found
truly endogenous in the blank biomatrices. For example, 3,4-DHPAA and HVA were found
at high levels in blank brain matrices yet lacking in plasma (Fig. S9).

Compound (in)stability is another factor with relevant impact on method development and
validation results. Among all analytes investigated, about half featured 2 ~ 36% loss per
hour in pure solventat 4 °C following a short-term zero-order dynamic model (Fig. 8A and
Fig. S3). In contrast, all compounds presented remarkably elevated stability in biomatrices,
manifested by the excellent repeatability which also incorporated compound degradation
effects as aforementioned (mostly below 5% error; See Fig. S8. for additional stability
analysis based on repeatability analysis and Fig. S10. for a separate stability experiment). A
similar phenomenon was also noted in some earlier studies [25, 26]. Such (in)stability
discrepancy in pure solvent and biomatrices, as a result, increased and contributed to ca 65%
of the apparent variability of matrix effect and processing efficiency, whose validation
involved both pure solvent and biomatrical samples; but with little impact on recovery,
which only involved biomatrical samples (Fig. 8B). Thus, this effect could propa-gate to
accuracy validation and lead to accuracy overestimation when calibration is prepared in neat
solvent (Fig. S11).

3.9 Analytes profile comparison by PCA

All analytes’ profile was compared using PCA with selected key validation parameters, as
shown in Fig. 5B-D. Explaining ca 74% of total variation, the first two principle
components (PCs) reflect the closeness / uniqueness of analytes in context of their analytical
characteristics. In contrast, the loading arrows reflect correlations among original variables
(OAs, the analytical characteristics), i.e., OAs clustered together are generally positively
correlated, those with reverse directions negatively correlated, and those close to
perpendicularity only marginally correlated, agreeing with the correlation matrix in Fig. 5A.
The loadings display the correlation of PCs and OAs and serve as the gateway to PC
interpretation. The associated eigenvectors elements (Fig. 5D), which are the variance-
unadjusted counterpart of loadings, provide a more straightforward approach for PC
interpretation, as the eigenvector elements per se are the exact coefficients of the linear
transformation for PCs’ construction, and directly measures the weight and functionality of
each OA (in presence of other OAs; while loadings measure the weight ignoring all other
OA:s by standardizing off the associated variance) in this procedure. As such, the PCs in this
work was interpreted mostly using the eigenvectors as the primary tool as discussed below.

PC1 is first and foremost associated with compounds’ neat-solvent liability, expressed as the
zero-order kinetic degradation slope, with a negative sign (marked as the dark green cell in
the first row in Fig. 5D. As such liability is causally associated with validation performance
in terms of accuracy, matrix effects and processing efficiency as aforementioned, PC1 is
therefore also associated with these validation results yet with a positive sign, but not as
much association with recovery as expected. As such, PC1 essentially constituted the
“degradation dimension”. This leads to CA as well as 3, 4-DHBA and 3, 4-DHPPA with
their high liability sliding to the right side along the direction of PC1, while 4-HBOH and 3,
4-DHPE with their somehow positive slope slightly shifted to the left side.
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PC2 is first of all significantly associated with the background level in the biomatrices. As
the background interference propagates to accuracy determination especially at low levels as
discussed above. PC2 is therefore also positively associated with the validated accuracy. As
such, PC2 may be interpreted as the “background interference” dimension. Following this,
4-HPAA, due to its high background occurrence in enzyme solution, was found at the very
periphery of the PCA plot along the PC2 direction.

4 Conclusion

A UHPLC-QqQ-MS/MS method for RK and 25 analytes identified as RK-derived
metabolites was developed and validated. Design of experiment methodology was applied
for efficient method optimization. Application of RND-ANOVA, a universal correlation
analysis and PCA diagnosis revealed how the multiple parameters contributed to method
performance. Two particular phenomena, the analytes’ background occurrence in the
commercial enzyme solution used for metabolites deconjugation, and the unexpected rapid
degradation of analytes under 4 °C in pure solvent vs. elevated stability in biomatrices,
constituted the essence of the first two PCA dimensions, exerting crucial impact on method
performance. In view of the validation results, the proposed method could readily serve for
studies on RK metabolism, pharmacokinetics and bioavailability and associated safety /
toxicity evaluation using /7 vivo models or in clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

. UHPLC-MS/MS method was developed for raspberry ketone and 25
metabolites.

. Design of experiment methodology was used for LC-MS method
optimization.

. Random effect analysis of variance was used in validation design and
analysis.

. Multivariate statistics was applied for method performance analysis.

. R programming was engaged in data analysis and visualization.
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Optimization of electrospray ionization (ESI) drying gas temperature (DGT, factor A) and
drying gas flow rate (DGF, factor B) using central composite design (CCD) quadratic model.
Plot (A) shows the p values of term coefficients. For term annotations, letters A and B refer
to the main effects of factors A, and B, respectively; AB, the interaction effects; AA and BB,
the corresponding quadratic effects. Plot (B) displays the model coefficient of determination
(R?) and adjusted R2. Plot (C) shows representative contour plots. Plot (D) presents the
correlation of model efficiency with compound stability. Plots (A) and (B) share the same y-
axis. Compounds are arranged in decreasing order of R2.
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Method validation results for (A), accuracy; (B), repeatability; (C), recovery (RE), matrix
effects (ME) and processing efficiency (PE). Data are expressed as the mean with standard
deviation indicated by error bar. The shaded area in plots (A) and (C) denotes the 80 ~120%
region. Compounds are arranged in numerically decreasing order of accuracy. A small
number of outliers falling outside of the displayed scale are not shown.
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Fig. 4.

Accuracy variance partition based on error propagation rule and random effects analysis of
variance (RND-ANOVA). The variance is partitioned as percentage into blank sample
analysis variability (/7 = 3), intrinsic differences in quality control samples (QCS) (&=5) and
pure measurement error (/7=2). Compounds are arranged in numerically decreasing order of
accuracy.
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Fig. 5.

M?Jltivariate analysis on method analytical and validation results in mice brainsamples. (A),
heatmap of correlation matrix of analytical merits; (B), principle component analysis (PCA)
of all analytes based on selected validation parameters with loadings display; (C),
contribution percentage of constructed principle components (PCs) to total data variability;
(D), eigenvector matrix. Analytes with averaged accuracy of 80~120% are marked in green,
and outside this range in blue, with ellipse of corresponding color denoting ca 70% normal
distribution range. For abbreviations applied in the plots, QC, quality control; VAR,
variance; CCD, central composite design; SD, standard deviation; AVG, the average level.
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Fig. 6.

Correlation analysis of validated accuracy mean value and standard deviation (SD) with
recovery (RE), matrix effect (ME) and processing efficiency (PE) (A), and with endogenous
or background concentration in the biomatrices (B). In plot (A), accuracy was averaged
across three spike levels of A, B and C (D the lowest level was not counted due to high
susceptibility to background interference), and RE, ME and PE were respectively averaged
across two levels of B and C. In both plots (A) and (B), linear regression statistics were
calculated based on base-10 logarithmically transformed data.
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Analysis of internal standard (IS) correction efficiency. The correction efficiency was
manifested by the difference between the accuracy and processing efficiency. Compounds
are arranged in numerically decreasing order of accuracy, and compounds with IS correction
index smaller than 0.5 are shaded in light orange color. Regression statistics were calculated
based on base-10 logarithmically transformed data.
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Compound degradation and its effect on method validation. Plot (A) displays the top six
most reliable compounds in pure solvent (60% methanol with 0.1% formic acid) stored in
4°C-maintained UHPLC autosampler and zero order dynamic model statistics. Experiments
were replicated over five different days and concentrations (A, 2000 ng/mL; B, 1000 ng/mL;
and C, 150 ng/mL), and peak areas were normalized to the first injection of each sample of
different concentrations for each day as the correspondingly remaining fraction. The slope
coefficient corresponds to the compound percent loss per hour. Plot (B) shows the
correlation of liability (expressed as degradation slope) with matrix effect, processing
efficiency and recovery.
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