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Abstract

Background: Extracts of milk thistle, Silybum marianum (L.) Gaertn., are used as dietary
supplements for their hepatoprotective, anti-inflammatory and anti-tumor activities.

Objective: An assay based on UHPLC-MS/MS was developed and validated for the quantitative
analysis of six major milk thistle flavonolignans extracted from human serum.

Methods: Ethyl acetate containing 0.1% formic acid was used to extract flavonolignans from
human serum. A 10-min UHPLC-MS/MS method using selected reaction ion monitoring was
developed for measuring extracts for silybin A, silybin B, isosilybin A, isosilybin B, silychristin,
and silydianin.

Results: The quantitative method was validated with respect to selectivity, specificity, accuracy,
linearity, precision, LOD, and LLOQ. Extraction efficiency for the quality control standards at
LLOQ, low, medium and high concentrations ranged between 81% and 109%, and the calibration
curves were linear (R? > 0.997) for all flavonolignans. The method precision was determined
using coefficients of variation, which were <15%. The method accuracy was assessed using
percent relative error which was <15%.

Conclusions: The UHPLC-MS/MS assay is fast, precise, sensitive, selective, accurate, and
useful for the analysis of milk thistle flavonolignans in human serum.

Highlights: The UHPLC-MS/MS assay is suitable for rapid quantitative analysis of milk thistle
flavonolignans in human serum.

Introduction

Milk thistle (Sifybum marianum (L.) Gaertn.) is an annual or biennial plant indigenous to

Europe and the Mediterranean belonging to the daisy family (Asteraceae). Silymarin, which

is a mixture of flavonolignans and their precursor flavonoids, is the main component of
extracts of milk thistle seeds (1). Milk thistle and silymarin are widely used as dietary
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supplements due to their anti-inflammatory and anti-tumor activities (2-4) as well as
hepatoprotective effects (5).

Defatted lipophilic extracts from the seeds/fruits of milk thistle contain flavonoids and
flavonolignans such as silybin A, silybin B, isosilybin A, isosilybin B, silydianin, and
silychristin (Figure 1). The silybins and isosilybins are isomers (6), and the silybins have
been reported to be more abundant than isosilybins in the seed extract (7). Although many
clinical trials of milk thistle have been carried out (for example, >50 studies are listed on
ClinicalTrials.gov using milk thistle or silymarin), many have suffered from inadequately
standardized test materials (8). This limitation leads to inconsistent results due to variable or
irreproducible levels of silymarin constituents, each of which might have different
pharmacological activities. Such lack of standardization leads to inconsistent or unknown
dosages which may affect the validity of conclusions drawn from the clinical studies (9, 10).
A validated method for the measurement of milk thistle flavonolignans in test materials and
human serum is necessary to support pharmacokinetic analyses and to enable accurate
correlation between pharmacological concentrations of individual compounds and the
observed /in vivo effects. A validated analytical standardization method for milk thistle
flavonolignans (silymarin) may be used to ensure product consistency and clinical study
reproducibility.

Previous analytical methods to measure flavonolignans in milk thistle dietary supplements
have utilized HPLC-UV, UHPLC-UYV, capillary electrophoresis-UV, HPLC-MS, and
UHPLC-MS/MS. Each of these published methods has limitations that can be overcome by
using an appropriately validated UHPLC-MS/MS assay. For example, Quaglia, et al. (11)
used HPLC and capillary electrophoresis to measure flavonoids in dried fruits of milk thistle
but could not separate the diastereomers of silybin and isosilybin. The HPLC-MS method of
Lee, et al. (6) used low resolution single-stage mass spectrometry on a triple quadrupole
mass spectrometry instead of tandem mass spectrometry with selected reaction monitoring.
Wang, et al. (12) used UHPLC-MS/MS and Liu, et a/. (13) used UHPLC-UV for the rapid
separation (<10 min) and detection of 6 major flavonolignans from milk thistle (Figure 1),
but neither method was quantitative.

In response to the AOAC International call for a single-laboratory method validation for
quantification of flavonolignans in milk thistle dietary supplements, Mudge, et a/. (14)
reported a HPLC-UV method for all 6 flavonolignans. Although appropriately validated, this
method utilized a 37-min HPLC method instead of faster UHPLC separation and used UV
for quantification instead of tandem mass spectrometric detection. We developed and
validated a faster, more sensitive and more selective UHPLC-MS/MS approach that is
suitable for the measurement of milk thistle flavonolignans in human serum.

Although there have been several methods reported for the measurement of milk thistle
flavonolignans in dietary supplements, there are few quantitative methods for these
compounds in human serum or plasma. In a rare example, Brinda, et a/. (15) used HPLC-
MS/MS to measure 6 silymarin active compounds extracted from human plasma. Although
validated, this method required 30 min per chromatographic separation, and each
flavonolignan peak was over 1-min wide. Our new UHPLC-MS/MS method uses a 10 min
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separation with sharper chromatographic peaks and greater sensitivity for the measurement
of all 6 major milk thistle flavonolignans in human serum.

Methods

Materials and reagents

Silychristin and silydianin (= 98.0% purity) were purchased from ApexBio (Boston, MA,
USA), silybin B, isosilybin A and isosilybin B (= 98.0% purity) were purchased from Sigma
Aldrich (St. Louis, MO, USA), silybin A (50:50 mixture of silybin A and B) and d4-daidzein
(= 99.0% purity) were purchased from Cayman Chemicals (Ann Arbor, MI, USA). HPLC-
MS grade acetonitrile, methanol, and formic acid were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Ultrapure water was prepared using a Milli-Q water
purification system (Millipore, MA, USA). All other reagents and solvents were reagent
grade or better and were purchased from VWR (Visalia, CA, USA).

Separation of silybin A and silybin B

Silybin A was prepared from a 50:50 (w/w) mixture of silybins A and B using a method
adapted from Nam-Cheol, et a/. (16). Briefly, silybin A was separated from silybin B using a
Waters (Milford, MA, USA) Delta 600 preparative HPLC system equipped with a
photodiode detector and a Phenomenex (Torrance, CA, USA) Ultremex Cqg column (250 x
10 mm, 5 um). The isocratic mobile phase contained methanol/water (50:50; v/v) at a flow
rate of 3 mL/min. The injection volume was 50 uL, and UV absorbance detection was
monitored at 286 nm. Silybin A eluted at 14 min, and the retention time of silybin B was 16
min. Peaks corresponding to silybin A collected from multiple injections were combined,
evaporated to dryness using a rotary evaporator and then lyophilized to give a white powder.
Identification of silybin A was confirmed using high resolution mass spectrometry as
described below.

Preparation of calibration standards, quality controls and internal standards

Stock solutions of milk thistle flavonolignan standards (1 mg/mL) in methanol were
prepared, aliquoted and stored at =20 °C until use. The working solutions for the calibration
standards were prepared by diluting the stock solutions with methanol/water (50:50, v/v).
Quality control (QC) standards at LLOQ, low, medium and high concentrations in methanol/
water (50:50; v/v) were prepared from 1 mg/mL stock solutions. Standard working solutions
(20 pL) of varying concentrations of the milk thistle flavonolignans were spiked into human
serum for use as standards. The final concentration of each calibration curve standard is
shown in Table 1.

A stock solution of the internal standard ds-daidzein (1 mg/mL) was prepared by dissolving
an accurately weighed sample in dimethylsulfoxide. The stock was diluted with methanol/
water (50:50, v/v) to obtain a working solution of 125 ng/mL. Because stable isotopically
labeled flavonolignans were unavailable, d4-daidzein was used as the internal standard due
to its similar solubility and extraction efficiency.
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Extraction of milk thistle flavonolignans from human serum

Human serum (100 pL) was mixed with 80 uL internal standard working solution ina 1.5
mL microcentrifuge tube. The flavonolignan standards at varying concentrations (20 uL)
were then added. Four volumes (800 pL) of ethyl acetate containing 0.1% formic acid was
added, and the mixture was vortexed for 2 min followed by centrifugation for 30 min at
18,000xg and 4 °C. The organic layer was transferred to a clean centrifuge tube, dried under
vacuum and reconstituted in 200 pL of mobile phase for UHPLC-MS/MS analysis.

High resolution UHPLC-MS and MS/MS of milk thistle flavonolignan standards

High-resolution mass spectra and tandem mass spectra of all flavonolignan standards and d,-
daidzein internal standard were obtained using a Shimadzu (Kyoto, Japan) 9030 Q-ToF
tandem mass spectrometer equipped with a Shimadzu Nexera UHPLC system. The
electrospray ionization interface temperature was 300 °C, and the voltage was —3.5 kV for
negative ion mode. The heat block and desolvation line temperatures were 400 °C and 250
°C, respectively. Nitrogen was used as a drying gas at a flow rate of 10 L/min, for
nebulization at 3 L/min and as a heating gas at 10 L/min. Mass spectra and product ion
tandem mass spectra were acquired every 100 ms over the scan range of /77270 — 700.
Product ion tandem mass spectra were obtained using a collision energy of 35 V with an
energy spread of 17 V. A 5-pL aliquot was injected into the UHPLC-MS for quantitative
analysis.

UHPLC-MS/MS quantitative analysis

Aliquots (5 pL) of each milk thistle sample were analyzed by using UHPLC-MS/MS.
Chromatographic separation of the milk thistle flavonolignans was carried out using a
Shimadzu Nexera UHPLC system fitted with a Waters Acquity UPLC BEH C4g column (1.7
pm, 130 A, 2.1 mm x 50 mm). The column oven temperature was 40 °C and the autosampler
was 10 °C. The mobile phase consisted of a gradient from water (A) to methanol (B), each
containing 0.01% formic acid, as follows: 40% B for 2 min, 40% - 45% from 2—4.5 min;
45% B from 4.5-5.5 min; 45%-50% B from 5.5-6.0 min; 50%-55% B from 6.0-6.5 min;
55%-60% B from 6.5-6.6 min; and 60%—-65% B from 6.6—8.0 min. The column was
equilibrated at the initial condition of 40% B for 2 min prior to the next injection. The total
UHPLC-MS/MS cycle for the separation of milk thistle flavonolignans was 10 min. The
flow rate was 0.35 mL/min.

The UHPLC system was coupled to a Shimadzu LCMS-8060 triple quadruple mass
spectrometry equipped with electrospray operating in negative ion mode. Nitrogen was used
as drying gas at a flow rate of 5 L/min and for nebulization at 3 L/min. The interface and
desolvation line temperatures were 400 °C and 300 °C, respectively. The milk thistle
flavonolignans were measured using collision-induced dissociation with selected reaction
monitoring (SRM). The SRM dwell time for each transition was 15 msec, and the collision
gas pressure was 230 kPa. Data acquisition, integration, and linear standard curve fitting
were carried out using Shimadzu Lab Solutions software (version 5.7). The coefficients of
variation and relative errors were calculated using Microsoft Excel software (Seattle, WA,
USA).
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Validation of the UHPLC-MS/MS analytical method

Analytical method validation was performed following the U.S. FDA guidelines for
bioanalytical method validation (17) and AOAC single-laboratory validation of chemical
methods for dietary supplements and botanicals (18). The method was validated for
recovery, matrix effect, selectivity, specificity, sensitivity, linearity, limit of detection (LOD),
lower limit of quantitation (LLOQ), upper limit of quantitation (ULOQ), precision, accuracy
and stability. The method recovery was determined by comparing the peak areas obtained
from blank human serum samples spiked prior to extraction with the peak areas obtained
from spiked post-extraction serum samples. Matrix effects were assessed using 6 different
batches of blank human serum. Briefly, a sample of each blank human serum batch was
extracted with ethyl acetate (contained 0.1% formic acid) as described above and spiked
with QC standards at low and high concentrations. Internal standard solution was added, and
the solvent was removed under vacuum. Separately, QC standards at low and high
concentrations in neat solution (methanol/water, 50:50; v/v) were mixed with 4 volumes of
acidified ethyl acetate and processed similarly to the spiked samples.

Selectivity and specificity were evaluated by comparing retention times and ratios of SRM
MS/MS responses (quantifier and qualifier signals) of standards in neat solution with
standards spiked into blank human serum. Sensitivity and linearity were assessed by plotting
the area ratio of the standard peak to that of internal standard versus the theoretical
concentration of the standard. The LOD was determined using signal-to-noise ratio between
3 and 5. The LLOQ was defined as the lowest amount of analyte that could be determined in
a sample with sufficient signal-to-noise ratio between 5 and 10. The ULOQ was defined as
the highest concentration of analyte where the relationship between the MS signal and the
concentration was linear, which was determined by the coefficient of determination (R2).

The interday and intraday precision and accuracy were determined by calculating the
coefficient of variation (CV) and relative error (RE) respectively of spiked QC standards in
serum matrix at LLOQ, low, medium and high concentrations. The stability of the milk
thistle flavonolignans was determined by analyzing QC samples at low, medium and high
concentrations. The autosampler stability was assessed by re-analyzing the processed
samples 24 h after the first injection. The freeze-thaw stability was determined for each QC
level in serum that had been stored at —20 °C for 36 h and thawed at room temperature.
When completely thawed, aliquots were measured by UHPLC-MS/MS, and the remaining
samples were re-frozen for at least 12 h. The freeze-thaw cycle was then repeated. The
compounds were considered stable when the difference between the freshly prepared
samples and those tested for stability was <15 %.

Results and Discussion

Selection of milk thistle flavonolignans

The 6 flavonolignans selected for study are the main constituents of silymarin extract from
milk thistle seeds and are antioxidants with pharmacological activity (19). These
flavonolignans are constitutional isomers, with the molecular formula Cy5H,201¢ (Figure 1).
Thermodynamic and pKj studies have identified the hydroxyl groups at positions 7 and 20
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as the sites of radical based oxidation in polar and non-polar solvents, respectively (20, 21),
and these groups are involved in the antioxidant mechanisms of silymarin (21, 22). Silybin A
was purchased as a mixture of silybin A and B and was separated through preparative HPLC
to afford = 98% pure silybin A (supplemental information Figure S1). All other
flavonolignan standards were purchased as single compounds and were determined to have
purities of = 98%.

Extraction of milk thistle flavonolignans from human serum

Flavonolignan extraction efficiency and sample clean-up was carried out using a
combination of protein precipitation and liquid extraction using acidified ethyl acetate and
was compared with protein precipitation using acetonitrile. The addition of formic acid
enabled protein precipitation while the flavonolignans were extracted into the ethyl acetate
layer. In addition to efficient sample clean-up and short sample preparation time (< 2 h),
higher flavonolignan recoveries were obtained using acidified ethyl acetate than when using
acetonitrile (see Matrix effects and recovery below and Table S1).

UHPLC-MS/MS method optimization

Different chromatographic columns were tested for their effect on peak shape and
separation. These included Phenomenex Luna Omega C1g UHPLC (1.6 um, 100 A, 2.1 mm
x 50 mm) (Torrance, CA), Advanced Chromatography Technologies (Aberdeen, Scotland)
ACE Super C;g UHPLC (1.7 um, 90 A, 2.1 mm x 100 mm), and Waters Acquity UPLC
BEH Cqg (1.7 um, 130 A, 2.1 x 50 mm) (Milford, MA) column. Each column was tested
using different mobile phase compositions including 0.1% formic acid in water (aqueous
phase) and acetonitrile or methanol (organic phase). The Waters Acquity UPLC column was
selected for all subsequent experiments because it provided the best separation for all milk
thistle flavonolignan standards and the d4-daidzein internal standard.

Chromatographic separation of the analytes was optimized by evaluating different mobile
phase compositions and various additives. Gradient separations were evaluated using 10 mM
ammonium formate, 10 mM ammonium acetate or formic acid (0.01% or 0.1%) in water as
mobile phase A, and methanol or acetonitrile were compared as mobile phase B. Rapid
separation (< 8 min) of all analytes (Figure 2) was achieved without carryover between
analyses using a linear gradient consisting of 0.01% formic acid in water and 0.01% formic
acid in methanol at a flow rate of 0.35 mL/min.

Negative ion electrospray produced better signal-to-noise for each flavonolignan than did
positive ion mode. For tandem mass spectrometric optimization, the two most abundant
fragments of each deprotonated milk thistle flavonolignan were chosen for selected reaction
monitoring (SRM) transitions, and the collision-induced dissociation energies were adjusted
to produce maximum SRM signals. The most abundant product ion for each flavonolignan
was used as the quantifier SRM transition while the second most abundant product ion was
used as the qualifier SRM transition. The SRM transitions and their corresponding collision
energies are detailed in Table 1.
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Validation of UHPLC-MS/MS method

Matrix effects and recovery.—Blank serum samples were extracted, spiked with
standards and analyzed for potential peak suppression or enhancement by endogenous
matrix components. The percent matrix effects for all flavonolignan analytes and d,-
daidzein internal standard assessed at 5 ng/mL (low QC) and 1000 ng/mL (high QC)
indicate that ion suppression or ion enhancement was < 15% in 6 different human serum
batches which is within the guidelines recommended by the FDA. The extraction recovery
studies were performed at LLOQ, low, medium and high QC concentrations, and the peak
areas of the serum samples spiked with the standards pre- and post-extraction were
compared. The extraction efficiencies for all the milk thistle flavonolignans at the different
QC concentrations were between 81% and 109% (Table 2).

Selectivity and specificity.—The SRM chromatograms of extracted blank serum did not
show any peaks corresponding to the flavonolignans or internal standard. Additionally, there
were no peaks observed at the same retention times as the standards, which indicated that
there was no endogenous substance in the blank human serum interfering in the analysis of
flavonolignans. These results show that the UHPLC-MS/MS assay was selective and specific
for the intended milk thistle flavonolignan analysis.

Sensitivity and linearity.—The UHPLC-MS/MS assay showed a linear response from
0.4 — 1024 ng/mL for silybin A, silybin B, isosilybin A and isosilybin B, and from 1.2 —
1024 ng/mL for silychrisin and silydianin. The correlation coefficients were > 0.997 for all
the analytes (supplemental information Figures S2—-S7). The limits of detection were 0.07
ng/mL for silybin A, silybin B, isosilybin A and isosilybin B, and were 0.4 ng/mL for
silychristin and silydianin, while the lower limits of quantitation ranged from 0.4 to 1.2
ng/mL (Table 3). Therefore, the UHPLC-MS/MS assay showed excellent sensitivity as well
as a wide dynamic range, which would be suitable for analyses of human serum from
clinical pharmacokinetics studies requiring measurements over a wide range of
concentrations.

Accuracy and precision.—The accuracy (%RE) and precision (%CV) of the analytical
method were determined using QC samples at LLOQ, low, medium and high concentrations
in at least 5 replicates for intraday and 12 replicates for interday assays. At the LLOQ of the
flavonolignans, the intraday accuracy ranged between 1.20 — 9.75% with precision in the
range of 7.56 — 10.0%. The interday accuracy ranged from 0.396 — 8.96%, and the precision
range was 7.23 — 14.6% (Table 3). Overall, the interday and intraday precision for all QC
concentrations were found to be within acceptable limits (< 15% CV) as indicated in the U.S
FDA guidelines for analytical method development (17). The interday and intraday
accuracies for all flavonolignans at all QC concentrations were < 15%, which was also
within the acceptable range defined by the FDA guidelinance (17). These results
demonstrate that the UHPLC-MS/MS assay for the milk thistle flavonolignan analyzed in
this study was reproducible and reliable.

Stability.—The stabilities of milk thistle flavonolignans at low and high QC concentrations
were investigated under different conditions (including autosampler temperature and

JAOAC Int. Author manuscript; available in PMC 2022 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Muchiri and van Breemen Page 8

repeated freeze thaw cycles). The stability in the autosampler at 10 °C for 24 h ranged from
93% to 110% for low QC concentration compounds and 80% to 95% at high QC
concentrations (Table 4). Repeated freeze thaw cycles did not significantly affect the
stability of the analytes. The stability data suggest that accurate results would be obtained by
analzing the samples within 24 h after extraction.

Conclusions

A method based on UHPLC-MS/MS for the quantitative analysis of milk thistle
flavonolignans was developed and validated using human serum. The assay is accurate,
reproducible and free from matrix interference. The assay is also sensitive, precise and
accurate and has a wide linear range of milk thistle flavonolignans concentrations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.

UHPLC-MS/MS chromatogram of milk thistle flavonolignanstandards (8 ng/mL) spiked
into blank human serum. d4-Daidzein was used as an internal standard.
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