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Special Issue in Honor of Dr. Bong Chul Chung’s Retirement

We would like to express our sincere appreciation to Dr. Bong Chul Chung as one of core members of the Study Group

of Mass Spectrometry and the founder and third president (2008-2009) of the Korea Society for Mass Spectrometry

(KSMS).

Dr. Chung received his Ph.D. in organic chemistry from the Korea Advanced Institute of Science and Technology

(KAIST) in 1985. He was one of core members of the Doping Control Center at the Korea Institute of Science and

Technology (KIST) and contributed to the successful Seoul Asian Games in 1986 and Seoul Olympic Games in 1988.

In 1992, during his post-doctoral training in Prof. Cedric Shackleton’s Lab at Children’s Hospital Oakland Research

Institute (CA, USA), Dr. Chung published a distinguished article describing “the synthesis of deuterium-labeled intact

steroid glucuronides,” which was the pioneering report on the availability of isotope-labeled internal standards for steroid

analysis.

Since returning to the KIST, he has been a prominent member of many organizations and societies, and he shared his

expertise with his colleagues and mentees. Dr. Chung’s broad research interests involve the development of

chromatography–mass-spectrometry-based assays of steroid hormones and their biomedical applications. He has been the

principal investigator or a co-investigator in research studies that applied metabolomic platforms, published 210 peer-

reviewed articles, and contributed to the development of 118 patents.

The first article in this special issue is Dr. Chung’s minireview on hair metabolomics for biomarker discovery. We would

like to express our sincere gratitude to Dr. Bong Chul Chung for his passion for research and dedication to the KSMS and

look forward to continuing to collaborate with him.

Man Ho Choi, Ph.D.

Guest Editor

Korea Institute of Science and Technology

Jeongkwon Kim, Ph.D.

Editor-in-Chief

Mass Spectrometry Letters
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Abstract : Metabolomics makes it possible to analyze the interrelationships between various signaling molecules based on the
metabolic pathways involved by using high-resolution devices. This approach can also be used to obtain large-scale metabolic
information to identify the relevant pathways for disease diagnosis and prognosis and search for potential biomarkers. In the
fields of medicine and forensics, hair analysis is used to detect various metabolites in the body. Hair can be harvested readily in a
noninvasive manner and is easier to transport and store than blood and urine. Another advantage from a forensic viewpoint is
that hair reflects all the components of body fluids. In addition, because of the unique coating structure of hair, it can be used for
measurements without changing or destroying its adsorbed components. In this review, the pretreatments for hair analysis,
instrumental conditions and clinical applications are discussed. Especially, the clinical use of hair metabolomics in the diagnosis
of various diseases and the limitations of the technique are described. 

Keywords : hair, metabolomics, biomarker, steroids

Introduction

Interest in metabolomic studies has grown rapidly in the

past few years.1 In addition, the analysis of human hair for

genetic (DNA) and drug testing, which started in the

1960s, is a common technique these days, as hair is easy to

collect and yields highly accurate results.

However, the hair roots are required for genetic and

paternity testing. This is because the relevant biological

information is present in the hair mother cells of the hair

bulb. However, in the case of alcohol, tobacco, and

narcotic consumption, the component of interest remains in

the keratin protein layer of hair. Thus, these substances can

be detected even in hair without roots.

Hair grows relatively slowly, and both endogenous

compounds and those present in the environment are

incorporated from the blood into the hair during its growth.

This is reflected in the average chemical composition of

hair over several months.2 In particular, the analysis of the

slow-growing hair matrix provides a suitable index for

quantitatively evaluating the integrated hormone levels

over several months.3 Hair gradually forms a thick wall on

its outer layer just before it is exposed to the outside

environment and permanently records information related

to the state of the minerals present in the human body.

Normally, hair grows by 0.03 cm per day and 1 cm per

month. Therefore, if one collects 3–4 cm of hair, one can

obtain health-related information for the previous 3–4

months. In particular, hair stores 10–50 times more mineral

information than blood and urine and can be analyzed

more accurately.

Hair that grows 0.3 mm daily contains a wealth of

information related to the levels of essential minerals, such

as magnesium, potassium, iron, sodium, and calcium, in

the body as well as heavy metals such as mercury, lead,

and cadmium. The essential minerals found in hair are

indispensable elements and play an important role in

various physiological functions such cell generation and

the stimulation of cell activity. Thus, by determining the

contents of these minerals, it is possible to evaluate the

metabolic rate, stress, immunity, and adrenal gland and

thyroid gland status.

The medical conditions that can be prevented based on

the results of hair examinations include chronic fatigue,

obesity, diabetes, metabolic syndrome, atopy and skin

*Reprint requests to Bong Chul Chung
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diseases, osteoporosis, arteriosclerosis, high cholesterol,

and hypertension. These illnesses are caused by poor

lifestyle and eating habits for long periods and vary from

mental illnesses.

Hair analysis has also become increasingly important for

detecting the presence of substances of abuse, both in

clinical and forensic toxicology investigations.4 Hair fiber

offers several advantages over other biological matrices

(blood and urine), including a larger window of detection,

ease of collection, and sample stability.5 Hair samples are

extremely valuable for testing for long-term drug use.

Moreover, as stated above, a key advantage of hair analysis

is that hair samples are easy to obtain and can be acquired

noninvasively. In addition, they do not have any additional

storage requirements and can be kept at room temperature

for long periods.

Hair is a strong matrix that is stable at room temperature,

can be handled and transported with ease, cannot be

tampered with readily during collection, can be collected

noninvasively, and has a high resistance to decay in post-

mortem cases.6,7

Metabolomics is a comprehensive technique to systematically

analyze and quantify the changes in the behavior and

secretion of metabolites within cells or tissues and

reinterpret the metabolite network by linking the various

metabolomic groups with their related physiological and

pathological conditions. The main purpose of using

metabolomics in current medicine is to determine the

mechanism of drug action or disease; discover or measure

biomarkers for diagnosis, prognosis, toxicity; and evaluate

the therapeutic effects of drugs. Since human diseases and

health disorders are caused by changes in the metabolism

(metabolic pathways) of the body, metabolomics is

increasingly being used for the discovery and identification

of diagnostic biomarkers and therapeutic targets.8,9

Metabolomics allows for a comprehensive analysis of

metabolites and their associations with the metabolic

processes related to various pathways.10 Therefore, in the

case of unknown metabolites, it is important to study the

diseases they may cause as well as their correlations.

Research in this direction has already begun recently. 

Finally, it has been shown based on multivariate

statistical analysis that it is possible to determine the

gender of a person through the principal component

analysis (PCA) and orthogonal partial least-squares

discriminant analysis (OPLS-DA)11 of hair. 

In this review, we briefly introduce the pretreatments

performed on hair samples prior to analysis and describe

the clinical applications of hair metabolomics.

Sample Preparation

Washing for decontamination

An important step in the development of a decontamination

procedure is to produce artificially contaminated specimens

that be used for testing the efficiency of the washing

process to remove the chemicals12 and heavy metal ions13

deposited on the surface of hair. The decontamination of

hair is an important step that requires further examination.14

Prior to analysis, the hair sample to be tested must be

decontaminated by washing with a variety of solvents such

as methanol, acetone,15 and dichloromethane16 to remove

any oil or surface contaminants present.17

Alkaline hydrolysis

Alkaline hydrolysis, which completely dissolves the hair

matrix, allows for the solubilization of all the drugs present

in the hair sample.18 For alkaline hydrolysis, 1 mL of 1 M

NaOH is added to the hair sample and allowed to react at

80oC for 1 h. The temperature can be kept at 70-90oC.

After the sample has cooled to room temperature, 1 mL of

acetate buffer (pH 5.2) is added to the mixture, and its pH

is adjusted to 5–6 by adding 0.1 mL of 2 M HCl. Finally,

the mixture is extracted twice using 2.5 mL of hexane/ethyl

acetate (3:2, v/v) by mechanical shaking for 10 min.19

Acidic hydrolysis

For acidic hydrolysis, 1 mL of 0.6 M HCl is added to the

hair sample, and the mixture is incubated at 40oC

overnight. Alternatively, 1 mL of 1 M HCl is added to the

hair sample, and the sample is kept overnight at 50oC.20

After heating, 0.9 mL of 2 M NaOH is used to adjust the

pH of the mixture to 11–12. Then, derivatization21 or

extraction is performed using diethyl ether.22 Another

acidic hydrolysis method used to remove the protein

components involves heating the hair sample with 6 M

HCl at 110oC for 16 h.23 Acid hydrolysis could be used to

extract basic metabolites due to protonation of the nitrogen

atoms present in the molecules.24 

Ultrasonication

Sonication is used to improve the digestion performance

of enzymes. The most important parameters affecting the

process are the cavitation frequency, ultrasound intensity,

and type of solvent, bubbled gas, and external temperature

used.25 To maximize the extraction efficiency of the hair

steroids, the effects of the treatment time (15, 30, 60, and
Figure 1. Score plots obtained from PCA and OPLS-DA of hair

from healthy controls.
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120 min at 25oC) and temperature (25, 40, and 60oC for 60

min) during sonication with methanol have been evaluated.

The effect of the extraction solvent used during ultrasonication

has also been evaluated. For this, hair samples were

incubated with methanol (0.5 mL) or methanol/

dichloromethane (1:2 or 2:1) for 60 min at 40oC.19

Enzymatic hydrolysis

For the enzymatic hydrolysis of hair, added 500 μL of a 1,4-

dithiothreitol solution (12 mg/mL in tris(hydroxymethyl)

aminomethane-hydrochloric acid buffer solution (0.1 M, pH

7.2)) is added. The mixture is then incubated at 40oC for 12 h.26

Instrumental Conditions

Most experimental instrument for hair analysis consists

of the use of liquid chromatography-mass spectrometry.

Here is one example we used to explain the instrumental

conditions for untargeted profiling.27-29 An ACQUITY™

ultra-performance liquid chromatography system (Waters,

Milford, MA, USA) coupled to a Q-Tof Premier™

quadrupole/time-of-flight hybrid mass spectrometer system

from Waters (Milford, MA, USA) were used. The gradient

elution system consisted of solvent A (water with 0.1%

formic acid) and solvent B (acetonitrile with 0.1% formic acid)

and was controlled as follows: 0–3 min, 5% B; 3–10 min, 5–

50% B; 10–11.5 min, 50–95% B; 11.5–12 min, 95–5% B. The

gradient was then returned to the initial concentration (5%

B) and held for 2 min before running the next sample.

Except for previous results, instrument conditions used in

other studies were showed in Table 1. also classically used

gas chromatography-mass spectrometry method is also

summarized in Table 2. It was confirmed that most of the

GC-MS methods were analyzed using a column composed

of 5% phenyl polysilphenylene-siloxane.

Applications of Hair Metabolomics 

Forensic science

Forensic chemistry uses biological samples such as urine

and hair to evaluate the authenticity of psychotropic and

other drugs in order to determine whether they are suitable

for use as well as to measure the contents (purities) of their

various components.

Drug confirmation tests performed on hair samples

obtained during drug crime investigations are not only used

to complement urine analysis but also for diagnosing drug

use and checking for chronic drug abuse.

Moreover, the duration of drug use can be determined

several months after use based on the detection range. For

example, methamphetamine is a highly addictive central

nervous system stimulant, and the changes in human hair

metabolites after excessive methamphetamine use have

been analyzed. Through network analysis, it has been shown

that the concentrations of glycosphingolipids, sphingolipids,

glycerophospholipids, and ether lipids as well as the metabolism

of amino acids (glycine, serine, and threonine; cysteine and

methionine) are affected by methamphetamine use.60

In addition, from a forensic point of view, a method for

simultaneously analyzing the drugs and steroids present in

hair samples has been developed.61

However, there are a few limitations associated with hair

analysis. The differences in the hair growth rate with age,

gender, ethnicity, as well as the individual variations

between subjects make it difficult to interpret the

concentrations of metabolites in hair. In addition, it is also

difficult to estimate the time and volume details from hair

segment analysis, as the drug integration mechanism of the

hair matrix is not yet fully understood.62 In addition, hair

samples can be manipulated through cosmetic treatments,

and the drug concentrations can be altered, resulting in

false negatives. In particular, the oxidative bleaching of

hair samples under alkaline conditions has a significant

effect on drug concentration. However, recently, a method

to identify the metabolites altered by oxidative beauty

therapies was developed based on nontargeted hair

metabolomics analysis. 63

Androgenic alopecia

Androgenic alopecia is a well-known condition that

occurs because of increased male hormone secretion.64

However, androgenic alopecia in females (female-pattern

baldness) differs from that in males. The causes of female-

pattern baldness are not as clear as those of male-pattern

baldness. Therefore, in a previous study, we performed

untargeted metabolomics to comprehensively analyze the

Figure 2. Steroid hormone biosynthesis with significant

differences in male groups. Metabolites in red are significantly

different for patients and controls.
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metabolites and metabolic pathways of androgenic

alopecia using human hair samples.29 We were able to

elucidate the extensive metabolic changes associated with

androgenic alopecia based on sex.

In the case of the male groups, steroid hormone

biosynthesis and the androgen metabolic pathways were

significantly altered. 

On the other hand, in the case of the female groups,

steroid hormone biosynthesis and the estrogen metabolic

pathways were significantly altered.

Hair follicles are among the most highly proliferative

tissues. Therefore, we had also analyzed the levels of the

polyamines and metabolites involved in cell proliferation

in hair samples taken from patients with androgenic

alopecia.21,65

Neurodegenerative diseases

Neurodegenerative diseases are associated with several

types of cognitive impairment, and the cortisol concentration

in hair may reflect the level of chronic stress.66 The

metabolic ratio of 7β-hydroxycholesterol (7β-OHC) to

cholesterol can be used as a predictable index for evaluating

cognitive impairment. The ratios for the abnormal cognition

(mild cognitive impairment (MCI) + Alzheimer’s disease

(AD)) and vasospastic angina (VA) groups were found to

be significantly different.67 

In addition, an analysis of the glucocorticoid levels in

hair samples from patients with Parkinson’s disease

showed that the level of hair cortisone was significantly

higher in the patients.68

Hair analysis during various trimesters of pregnancy 

Hair metabolites are an important source of information

in pregnancy research and are used to study the metabolic

mechanisms and complications related to pregnancy.2, 49, 69

The 40-week gestation period is divided into three

trimesters. The period from the moment of confirmation of

pregnancy to 13 weeks is called the first trimester, that

from 14 weeks to 28 weeks is called the second trimester,

and that from 28 weeks until delivery is called the third

trimester. As pregnancy progresses, the concentrations of

various metabolites change. The intermediates of glycolysis

and the tricarboxylic acid cycle, such as pyruvic acid,

Figure 3. Steroid hormone biosynthesis with significant

differences in female groups. Metabolites in red are significantly

different for various groups.

Figure 4. Box plot of hair metabolic ratios of 7β-

hydroxycholesterol (7β-OHC) to cholesterol.

Figure 5. Metabolic network showing relationships between

trimester-related metabolic pathways and various metabolites.

Red circles represent metabolites that are significantly altered

throughout pregnancy while yellow circles represent those that

are not. 
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fumaric acid, citric acid, and malic acid, link the various

metabolic pathways. In particular, carbohydrate metabolism is

significantly altered during pregnancy.49

In addition, based on an analysis of hair samples, we

were able to confirm that there is a difference in the PCA

results for the group with fetal growth restriction and those

for normal controls. In particular, there were significant

differences in the lactate, levulinate, 2-methyloctadecanate,

tyrosine, and margarate levels of these groups.2 

The onset of intrahepatic cholestasis of pregnancy, a

maternal liver disease, can lead to sudden consequences,

including fetal death and stillbirth. Attempts are being

made to predict this disease based on predictive biomarkers

using maternal hair samples. However, the results obtained

so far have been unsatisfactory, as the hair samples

collected at the onset of the disease did not show metabolic

changes, suggesting rapid development.70

Perspective and limitations

In this review, we discussed hair metabolomics,

including the sample preparation techniques used and the

clinical applications of the method. We believe this review

provides insights for improving the currently used approaches

for hair analysis. In the future, hair metabolomics will be used

more widely not only in forensic science but also in many

other fields.

From a forensic viewpoint, hair analysis should be a

complementary approach rather than the primary technique.

Since there is a possibility of false positive results owing to the

external contamination of the hair sample, an efficient

decontamination procedure is required.71 Hair readily adsorbs

contaminants even after short-term exposure. For example,

environmental substances and shampoos adhere to its

surface. In addition, the hair matrix may contain endogenous

metabolites and other substances related to long-term

exposure. Therefore, methods are being developed to

profile both transiently exposed chemicals and endogenous

metabolites in the same hair sample.72

A recent study confirmed that there are differences in the

levels of metabolites with the hair color, suggesting that it

is necessary to consider the hair color and hair segments in

subsequent studies on hair metabolites.73 

Thus, owing to their various advantages, metabolomics

methods based on the noninvasive analysis of hair samples

have been used in many clinical studies.
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Abstract : Although translational research is referred to clinical chemistry measures, correct weighting factors for linear and
quadratic calibration curves with least-squares regression algorithm have not been carefully considered in bioanalytical assays
yet. The objective of this study was to identify steroidogenic roles in preeclampsia and verify accuracy of quantitative results by
comparing two different linear regression models with weighting factor of 1 and 1/x2. A liquid chromatography-mass spectrom-
etry (LC-MS)-based adrenal steroid assay was conducted to reveal metabolic signatures of preeclampsia in both serum and pla-
centa samples obtained 15 preeclamptic patients and 17 age-matched control pregnant women (33.9 ± 4.2 vs. 32.8 ± 5.6 yr,
respectively) at 34~36 gestational weeks. Percent biases in the unweighted model (wi = 1) were inversely proportional to concen-
trations (-739.4 ~ 852.9%) while those of weighted regression (wi = 1/x2) were < 18% for all variables. The optimized LC-MS
combined with the weighted linear regression resulted in significantly increased maternal serum levels of pregnenolone, 21-
deoxycortisol, and tetrahydrocortisone (P < 0.05 for all) in preeclampsia. Serum metabolic ratio of (tetrahydrocortisol + allo-tet-
rahydrocortisol) / tetrahydrocortisone indicating 11β-hydroxysteroid dehydrogenase type 2 was decreased (P < 0.005) in
patients. In placenta, local concentrations of androstenedione were changed while its metabolic ratio to 17α-hydroxyprogester-
one responsible for 17,20-lyase activity was significantly decreased in patients (P = 0.002). The current bioanalytical LC-MS
assay with corrected weighting factor of 1/x2 may provide reliable and accurate quantitative outcomes, suggesting altered ste-
roidogenesis in preeclampsia patients at late gestational weeks in the third trimester.

Keywords : adrenal steroid, cortisol metabolism, 17,20-lyase, weighting factor, preeclampsia

Introduction

Reliable quantitative results in clinical studies are highly

affected by selecting the optimal weighting factor for linear

and quadratic calibration curves. Although an unweighted

linear regression model has been commonly used, appropriate

weighting factors such as 1/x, 1/x2, 1/y, and 1/y2 could reduce

a percent relative error (%RE) versus concentration, thus

improving the precision in quantification.1 Dynamic ranges

in bioanalytical assays are usually more than one order of

magnitude with data points at each concentration having

unequal variances (σ2). The accuracy of instrumental responses

decreases in the low range while it increases proportionally to

sample concentration.1-3 These heteroscedastic errors could

lead to incorrect quantitative information in biomedical

applications.

Preeclampsia is characterized by the new onset of

pregnancy-induced hypertension and proteinuria after 20

weeks of gestation with complications in 3~4% of

pregnancies that may lead to about 50,000 maternal deaths

worldwide a year.4,5 Physiological changes of maternal

hypothalamic-pituitary-adrenal (HPA) axis in pregnancy are

associated with maternal and fetal outcomes.6 Dysregulation

of maternal HPA-axis also can affect metabolic signatures of

adrenal steroids.7,8 Preeclampsia patients show decreased

plasma levels of mineralocorticoids.8,9 High cortisol levels

induced by distress conditions could be associated with

preeclampsia.10 In addition, maternal cortisol-to-cortisone

ratio is decreased in serum but increased in placenta of

patients with preeclampsia.11-13 However, metabolic changes
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of adrenal steroids of preeclampsia have not been

extensively investigated to date.

Biologically active steroid hormones are mostly

presented at trace levels in various biological specimens

including blood and tissue samples. Due to similar

chemical structures, their analytical selectivity can be

hampered by matrix complexity derived from endogenous

interference and isobaric components.14 Therefore, levels

of steroids should be calculated by accurate calibration

curves with the correct weighting factor in addition to

proper sample pretreatment protocols. In particular, a

weighting factor of 1/x2 has been recently recommended

for mass spectrometry-based bioanalytical methods2,3 as it

produces lower b value for lower background signal and

better stability against unweighted linear calibration

equation (y = ax + b).

Here, a comprehensive profiling of adrenal steroids

using liquid chromatography-mass spectrometry (LC-MS)

was applied to both serum and placenta samples obtained

from 15 preeclampsia patients and 17 age-matched

pregnant women. In conjunction with verification of

quantitative results in accuracy by comparing two different

linear regression models with weighting factor of 1 and 1/

x2, altered metabolic signatures of preeclampsia were

identified and their physiological roles were discussed.

Experimental

Reagents

Reference standards of adrenal steroids (Table 1) were

purchased from Sigma (St. Louis, MO, USA) and

Steraloids (Newport, RI, USA). Internal standards (9,11,

12,12,-d4-F for eleven corticoids; 2,2,4,6,6,17α,21, 21,21,-

d9-Prog and 2,2,4,6,6,21,21,21,-d8-17α-OHProg for eight

progestogens; 16,16,17-d3-T for three androgens; 2,2,3,4,

4,6-d6-DHEA for DHEA; 16,16,17-d3-TS for DHEA-S and

Table 1. Comparison of percent bias* at four concentrations with different weighting factors.

Compounds

(abbreviation)

Unweighted (wi = 1) Weighted (wi = 1/x2)

LOQ Low Medium High LOQ Low Medium High

Mineralocorticoids

Pregnenolone (Preg) -68.27 -20.12 -1.25 -1.84 4.21 5.13 -3.77 -6.56

Pregnenolone sulfate (Preg-S) -56.47 -20.94 9.61 5.92 -2.63 -2.85 5.73 0.56

Progesterone (Prog) -400.87 -70.32 6.97 5.42 -12.45 7.49 7.89 5.75

11-Deoxycorticosterone (DOC) -91.74 -2.42 -0.19 -7.81 -2.95 11.26 -4.08 -11.65

Corticosterone (B) -271.01 -52.67 9.94 3.61 -17.09 -2.20 10.53 3.47

18-Hydroxycorticosterone (18-OHB) 22.65 -3.04 -0.37 -1.52 17.99 -7.07 -4.67 -5.78

Tetrahydroaldosterone (THAldo) -83.81 -14.01 4.66 -2.03 2.53 6.48 4.13 -3.12

Glucocorticoids

17α-Hydroxypregnenolone (17α-OHPreg) 179.34 -42.44 11.60 9.78 -15.68 -8.97 2.42 -0.39

17α-Hydroxyprogesterone (17α-OHProg) -91.73 -20.68 2.14 0.94 9.80 5.21 3.83 1.86

11-Deoxycortisol (11-deoxyF) 712.63 131.41 -5.22 -1.01 -6.98 -5.98 2.18 7.99

21-Deoxycortisol (21-deoxyF) 119.34 29.25 2.10 2.70 0.56 7.87 4.70 5.51

Cortisol (F) 213.80 -33.37 -2.29 0.24 14.98 4.85 -9.65 -7.99

Cortisone (E) 8.18 5.02 -11.44 -6.05 6.69 -0.57 -17.03 -12.00

Tetrahydrocortisol (THF) 248.07 66.34 -2.09 0.98 12.24 13.13 2.39 7.63

Allotetrahydrocortisol (allo-THF) 135.49 29.94 -2.68 0.36 11.75 12.13 2.60 8.05

Tetrahydrocortisone (THE) 297.59 69.37 -1.67 1.95 6.49 16.01 2.41 7.16

20α-Dihydrocortisol (20α-DHF) 852.91 173.66 -6.70 -7.07 16.58 9.37 -5.10 -4.18

18-Hydroxycortisol (18-OHF) 421.03 80.67 -2.76 -4.97 3.98 2.87 3.47 1.78

6β-Hydroxycortisol (6β-OHF) 119.55 35.28 -7.64 -12.72 -16.48 13.09 -2.87 -8.00

Androgens

Dehydroepiandrosterone (DHEA) 100.81 -15.06 12.57 5.43 14.09 1.51 6.39 -1.93

Dehydroepiandrosterone sulfate (DHEA-S) 22.74 3.72 0.80 0.25 -4.43 0.25 2.70 2.59

Androstenedione (Adione) 516.30 -113.82 -3.12 -9.82 -14.34 -15.56 -5.12 -12.35

Testosterone (T) 739.38 -137.66 8.35 -2.55 9.27 1.40 -3.11 -13.73

*Values are expressed as mean of four experiments.
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Preg-S; 17α,21,21,21,-d4-Preg for Preg; and 21,21,21-d3-

17α-OHPreg for 17α-OHPreg) were obtained from C/D/N

isotopes (Pointe-Claire, QC, Canada).

Stock solutions of all reference standards were prepared

at a concentration of 1 mg/mL in a mixture of high-

performance liquid chromatography (HPLC)-grade methanol

and chloroform (9:1, v/v; Burdick & Jackson, Muskegon,

MI, USA). Working solutions were prepared at concentrations

ranging from 0.02 to 1 μg/mL. All standard solutions were

stored at -20oC until used.

Study subjects and sample collection

Samples were obtained at 34-36 weeks of gestation. This

study was approved (KUGH1644-002) by the medical

ethics committee of Korea University Guro Hospital,

Seoul, South Korea). Preeclampsia was diagnosed based

on a blood pressure of at least 140/90 mmHg on two or

more separate occasions and the development of

proteinuria of at least 300 mg in a 24 h collection or the

presence of greater than 2+ of protein on a catheterized

urine specimen.

Biospecimens and data used in this study were provided

by the Biobank of Korea University Guro Hospital, a

member of the Korea. Blood samples were allowed to clot

before centrifugation at 2,000 g for 10 min. All aliquots of

serum were stored at -80oC. Biopsies were taken from the

central region (1 cm3) of placenta tissue on the maternal

area. After washing maternal blood from the sample with

saline, biopsy samples were immediately frozen in liquid

nitrogen and stored at -80oC until use.

Analytical procedure

Quantitative profiling of adrenal steroids was performed

based on a previous method.15 In brief, serum sample

(200 μL) was spiked with 20 μL of an internal standard

mixture (d4-F, d8-17α-OHProg, and d4-Preg, 0.2 μg/mL; d9-

Prog and d3-17α-OHPreg, 0.1 μg/mL; d3-TS, 1 μg/mL; d3-

T, 0.02 μg/mL; d6-DHEA, 0.5 μg/mL). After dilution with

1.8 mL phosphate buffer (0.2 M, pH 7.2), the sample was

incubated with 50 μL of β-glucuronidase at 55°C for 1 h.

To reduce matrix interference including water soluble

peptides and proteins, the hydrolyzed sample was loaded

onto an Oasis HLB cartridge preconditioned with 4 mL of

methanol and water, respectively. After washing the

cartridge twice with 0.7 mL of 10% methanol, the sample was

eluted twice with 1 mL of absolute methanol. Combined

eluates were evaporated under a stream of nitrogen at

40oC. The dried extract was reconstituted with 50 μL of

methanol and centrifuged at 14,000 rpm for 5 min using an

Ultrafree-MC centrifugal filter. Then 50 µL of 10% dimethyl

sulfoxide (DMSO) was added to the Ultrafree-MC filter

and centrifuged at 14,000 rpm for 5 min. Finally, an aliquot

(5 μL) was injected into the LC-MS system in both MRM

and SIM modes.

Placental steroids were extracted according to a previous

protocol.16 Then 2 mg of placenta sample was spiked with

20 μL of IS mixtures (d4-F, d8-17α-OHProg, and d4-Preg,

0.2 μg/mL; d9-Prog and d3-17α-OHPreg, 0.1 μg/mL; d3-

TS, 1 μg/mL; d3-T, 0.02 μg/mL; d6-DHEA, 0.5 μg/mL).

After adding 0.6 mL of methanol, the mixture was sonicated

for 20 min. The sample was then homogenized using a

TissueLyser (Qiagen, Hilden, Germany) at 25 Hz for 5 min

each with 3 zirconia beads twice and centrifuged at

12,000 rpm for 10 min. After transferring the supernatant

to a glass tube, methanol was removed in a nitrogen stream

at 40 °C and enzymatic hydrolysis step was conducted

followed by the same procedures used for the serum assay.

Calibration and validation sets

Calibration sets of serum and placenta samples were prepared

at nine and seven different concentrations, respectively, using

negative control samples spiked with 23 steroids. Steroid-

free serum and placenta samples were prepared as described

previously16,17 with minor modifications. Placental tissue

samples (50 mg) were added to 1 mL of chloroform: methanol

(1:1, v/v) and pulverized using a TissueLyser at 25 Hz for

5 min with 4 zirconia beads. Then, the sample was

centrifuged at 12,000 rpm for 10 min and the solution was

discarded twice. The sample was then mixed with 1 mL of

chloroform: 0.6 M methanolic HCl (1:1, v/v), centrifuged

at 12,000 rpm for 10 min, and the organic solvent was

discarded twice. To remove the remaining HCl, the sample

was washed with 1 mL of 20% ethanol five times and the

sample was frozen at -80oC until needed.

Statistical analysis

All data analyses were performed using SPSS version

22.0 (SPSS Inc., Chicago, IL, USA) and Prism (v. 8;

GraphPad Software Inc., San Diego, CA, USA).

Parameters (slope and y-intercept) for both unweighted (wi

= 1) and weighted (wi = 1/x2) least squares (y = ax + b)

were obtained with the following formulas on Excel 2016

spreadsheets (Microsoft Corp., Seattle, WA, USA):

slope (aw) = ,

y-intercept (bw) = 

 Percent bias was calculated by dividing the bias by the

theoretical value and multiplying by 100. Quantitative

results are expressed as mean ± standard deviation (SD).

Group differences were compared using the Mann-

Whitney U test. P values of less than 0.05 were considered

statistically significant.

Results

To validate the applicability of different linear regression

models between unweighted (wi = 1) and weighted (wi = 1/
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x2) factors, quantitative results from LC-MS based

profiling of adrenal steroids were compared with four test

sample sets (Table 1). Percent biases in the unweighted

model were inversely proportional to concentrations (-739.4–

852.9% for LOQ; -137.7–173.7% for low; -11.4–12.6% for

medium; -12.7–9.8% for high), while those in the weighted

model were < 18% for all concentrations.

When both linear regression models were applied to

clinical samples, the unweighted linear regression showed

significantly increased serum levels for six adrenal steroids

of Preg, 21-deoxyF, THE, 18-OHF, 6β-OHF, and DHEA

(P < 0.01 for all, except THE and DHEA, P < 0.04) in

Table 2. Quantitative results* of serum adrenal steroids with different weighting factors.

Compounds
Unweighted (wi = 1) Weighted (wi = 1/x2)

Control (n = 17) Preeclampsia (n = 15) P value Control (n = 17) Preeclampsia (n = 15) P value

Mineralocorticoids

Preg 1.70 ± 1.26 2.98 ± 1.04 0.007 1.50 ± 1.23 2.18 ± 0.99 0.044

Preg-S 54.64 ± 39.15 52.61 ± 23.99 0.911 59.33 ± 44.19 55.21 ± 25.87 1.000

Prog 107.87 ± 65.61 127.76 ± 39.19 0.350 114.88 ± 70.07 128.26 ± 39.19 0.602

DOC 2.65 ± 0.13 0.76 ± 0.52 <0.0001 0.29 ± 0.14 0.23 ± 0.10 0.331

B 5.97 ± 4.15 7.40 ± 12.52 0.176 6.33 ± 4.20 7.70 ± 11.47 0.390

18-OHB 1.25 ± 0.94 1.07 ± 1.07 0.576 1.35 ± 0.94 0.96 ± 0.98 0.216

THAldo 1.97 ± 1.19 1.89 ± 1.48 0.655 2.01 ± 1.19 1.59 ± 1.42 0.153

Glucocorticoids

17α-OHPreg 4.16 ± 2.53 4.06 ± 3.01 0.576 4.34 ± 2.45 3.95 ± 2.86 0.278

17α-OHProg 5.55 ± 3.74 6.26 ± 3.48 0.655 5.74 ± 3.83 6.36 ± 3.33 0.710

11-deoxyF 3.20 ± 1.31 3.03 ± 1.05 0.852 1.79 ± 1.38 1.35 ± 1.18 0.313

21-deoxyF 6.96 ± 2.02 10.57 ± 4.21 0.008 4.86 ± 2.39 8.61 ± 4.94 0.014

F 197.22 ± 70.88 194.57 ± 171.64 0.189 187.68 ± 67.53 200.38 ± 178.42 0.370

E 41.43 ± 14.14 42.29 ± 16.18 0.737 42.57 ± 14.59 45.02 ± 17.63 0.628

THF 10.13 ± 4.45 13.70 ± 6.41 0.097 8.94 ± 4.86 12.45 ± 7.20 0.202

allo-THF 10.18 ± 5.86 10.66 ± 4.89 0.941 9.49 ± 6.05 9.74 ± 5.09 0.882

THE 10.17 ± 5.08 16.97 ± 9.25 0.013 5.60 ± 2.91 10.07 ± 5.59 0.008

20α-DHF 9.14 ± 2.87 9.28 ± 4.99 0.502 8.43 ± 2.90 7.72 ± 5.38 0.142

18-OHF 0.93 ± 0.24 2.17 ± 0.46 <0.0001 0.51 ± 0.24 0.57 ± 0.33 0.602

6β-OHF 2.00 ± 1.04 2.89 ± 0.73 0.001 1.72 ± 0.98 1.38 ± 0.64 0.331

Androgens

DHEA 6.36 ± 9.91 6.82 ± 4.41 0.037 6.98 ± 8.91 6.01 ± 4.14 0.370

DHEA-S 468.21 ± 276.24 562.29 ± 331.40 0.478 534.53 ± 317.12 598.48 ± 351.60 0.576

Adione 3.86 ± 2.02 6.89 ± 6.33 0.076 3.51 ± 1.89 6.29 ± 5.74 0.076

T 1.18 ± 0.63 1.95 ± 1.86 0.478 0.99 ± 0.58 1.78 ± 1.70 0.278

Metabolic ratios

Preg-S/Preg 42.66 ± 32.63 18.69 ± 6.35 0.003 65.48 ± 69.83 28.44 ± 10.85 0.027

Prog/Preg 85.48 ± 92.33 47.28 ± 20.83 0.313 128.75 ± 189.35 68.66 ± 31.26 0.602

DOC/Prog 78.18 ± 126.92 6.63 ± 5.43 <0.0001 4.75 ± 5.39 1.91 ± 0.81 0.018

6β-OHF/F 1.04 ± 0.33 2.14 ± 1.23 <0.001 0.93 ± 0.31 0.85 ± 0.35 0.710

18-OHF/F 0.51 ± 0.14 1.67 ± 1.12 <0.0001 0.27 ± 0.09 0.33 ± 0.17 0.331

F/11-deoxyF 69.29 ± 36.61 59.29 ± 31.17 0.455 254.87 ± 352.46 187.21 ± 149.66 0.370

F/21-deoxyF 30.67 ± 14.99 17.52 ± 9.47 0.006 50.29 ± 36.53 24.64 ± 14.44 0.011

F/E 4.93 ± 1.75 4.26 ± 2.04 0.064 4.57 ± 1.62 4.12 ± 1.98 0.114

(THF+allo-THF)/THE 2.41 ± 1.50 1.61 ± 0.58 0.030 4.01 ± 2.83 2.41 ± 0.92 0.027

* Results are expressed as ng/mL in concentration.
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preeclampsia patients, whereas DOC was remarkably

decreased (P < 0.0001). In contrast, the 1/x2 regression

model resulted in altered levels of only two steroids (Preg,

21-deoxyF and THE; P < 0.05 for all) among seven in the

unweighted linear regression (Table 2).

Metabolic ratios were also calculated based on quantities

of individual steroids corresponding to related enzyme

activities. Altered metabolic ratios of both 6β-OHF/F and

18-OHF/F were found (P < 0.001 for both) in only the

unweighted linear regression (Table 2). Other metabolic

ratios of Preg-S/Preg (P = 0.003 for wi = 1 and P = 0.027

for wi = 1/x2), DOC/Prog (P < 0.0001 vs. P = 0.018), F/21-

deoxyF (P = 0.006 vs. P = 0.011), and (THF+allo-THF)/

THE (P = 0.011 vs. P < 0.005) were significantly changed

in both regression models.

Seven adrenal steroids were detected in placenta. They

showed no statistically significant differences in either

regression model except that levels of Adione were

decreased (P = 0.030) in preeclamptic patients with the

weighted linear regression model (Table 3). Metabolic ratio

of Adione/17α-OHProg was also decreased in preeclampsia

(P = 0.002), indicating 17,20-lyase activity.

Discussion

Functional steroidogenesis is essential in pregnancy and its

preeclamptic changes have been extensively studied.7,8,18,19

Some discrepancies in quantitative findings could be

linked to sampling and methodological issues. The devised

weighted linear regression with weighting factor of 1/x2 in

LC-MS based quantitative profiling suggests that metabolic

signatures of adrenal steroids in serum and placenta might

provide reliable physiological indicators for preeclampsia

at late pregnancy weeks of 34~36 in the third trimester.

The unweighted linear regression showed unacceptable

percent biases for most steroids analyzed at low

concentrations (Table 1). In particular, both 6β-OHF and

18-OHF are relatively high polar compound with fast

elution order and these molecules could be easily interfered

chromatographically by matrix effects during elution,

which cause increase background signal (higher b value)

and produce inaccurate quantitative outcomes in unweighted

linear calibration equation (y = ax + b) at low concentrations. In

general the variance of each data point may be quite

different when the range in x-values is large, but the simple

regression model considers that all the y-values have equal

variances. Larger deviations at larger levels tend to affect

the regression line more than smaller deviations correlated

with smaller concentration (heteroscedasticity) resulting in

the inaccuracy in the lower end of the calibration range.1 In

method validation in this study (Table 4), the calibration

linearities with the unweighted model were better than

those calculated based on the weighted. The linear

regression equation usually produces high calibration

linearity (r > 0.097) and lower accuracy than 5%, but the

straight-line model was systematically rejected at the 95%

confidence level on the basis of the Lack-of-fit and

Mandel’s fitting test. The quantitative results obtained from

the quadratic regression model did not differ significantly

from the theoretical values, whereas those derived from the

linear regression model were systematically biased.20

Serum results obtained between two different weighting

Table 3. Quantitative results* of placental adrenal steroids with different weighting factors.

Compounds
Unweighted (wi = 1) Weighted (wi = 1/x2)

Control (n = 17) Preeclampsia (n = 15) P value Control (n = 17) Preeclampsia (n = 15) P value

Mineralocorticoids

Preg 395.77 ± 368.70 262.97 ± 236.52 0.455 395.77 ± 368.70 255.69 ± 236.55 0.411

Prog 9760.66 ± 6163.19 13499.90 ± 7458.29 0.216 4473.59 ± 2755.01 4899.97 ± 2638.40 0.628

DOC 41.23 ± 32.80 72.20 ± 42.44 0.064 33.28 ± 29.27 35.84 ± 33.98 0.941

Glucocorticoids

17α-OHProg 104.19 ± 49.51 119.90 ± 65.31 0.551 69.37 ± 55.93 100.42 ± 68.71 0.142

11-deoxyF 43.35 ± 32.97 30.25 ± 22.21 0.132 28.94 ± 29.37 25.38 ± 20.83 1.000

E 390.59 ± 197.58 433.12 ± 230.92 0.710 366.91 ± 206.19 421.24 ± 241.55 0.602

Androgens

Adione 35.74 ± 34.90 25.49 ± 13.25 0.911 42.92 ± 34.91 19.67 ± 14.90 0.030

Metabolic ratios

DOC/Prog 5.06 ± 4.43 5.01 ± 2.30 0.628 8.84 ± 8.07 6.33 ± 3.21 0.737

17α-OHProg/Prog 18.42 ± 19.63 12.04 ± 9.73 0.433 23.76 ± 23.04 23.24 ± 14.57 0.628

Adione/17α-

OHProg
3.47 ± 3.58 2.74 ± 2.28 0.576 7.66 ± 6.04 3.59 ± 5.50 0.002

* Results are expressed as ng/g in concentration.
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factors were comparable in quantitative outcomes (Table

2). DOC is one intermediate in aldosterone biosynthesis.

Its excessive production may lead to mineralocorticoid-

derived hypertension that can occur in patients with 11β-

hydroxylase or 17α-hydroxylase deficiencies, congenital

adrenal hyperplasia, DOC-producing adrenal tumors, or in

patients taking 11β-hydroxylase inhibitors.21–23 However,

plasma levels of DOC were not associated with pregnancy-

induced hypertension.8,24 Urinary DOC levels are not

significantly different between preeclampsia and control.25

Here, DOC serum level was remarkably decreased in

preeclampsia patients, leading to a decreased DOC/Prog

ratio known to be responsible for 21-hydroxylase activity.

However, those were not significant in the weighted model

(Table 2).

Serum levels of both 6β-OHF and 18-OHF in preeclampsia

were significantly increased in the unweighted model, but not

changed in the weighted model (Table 2). In our previous

Table 4. Method validation for 27 adrenal steroids in placental tissue.

Compounds
LOQa

(ng/mL)

Calibration range 

(ng/g)

Linearity (r2)
Precisionb 

(%CV)

Accuracyb 

(%bias)
RecoveryC (%)Unweighted (wi 

= 1)

Weighted (wi 

= 1/x2)

Mineralocorticoids

Preg 2.0 2.0-500 0.999 0.996 4.8 99.8 57.7

Preg-S 2.0 2.0-500 1.000 0.997 5.2 102.7 65.0

Prog 5.0 5.0-5000 1.000 0.958 5.9 102.8 53.6

DOC 0.2 0.2-200 1.000 0.973 8.4 101.0 83.0

B 0.2 0.2-200 0.999 0.974 11.3 98.6 113.4

18-OHB 0.5 0.5-200 1.000 0.937 8.7 96.3 118.8

Aldo 2.0 2.0-200 0.999 0.940 6.9 97.1 86.9

THAldo 0.5 0.5-200 0.999 0.980 8.7 99.2 88.8

Glucocorticoids

17α-OHPreg 0.5 0.5-200 1.000 0.970 14.3 100.7 113.2

17α-OHProg 0.5 0.5-200 0.999 0.985 6.2 102.9 100.2

11β-OHP 0.5 0.5-200 0.999 0.991 8.0 99.8 98.9

11-deoxyF 0.1 0.1-200 1.000 0.990 8.6 101.2 81.8

21-deoxyF 0.1 0.1-200 1.000 0.989 7.5 101.5 99.1

THS 5.0 5.0-200 1.000 0.992 13.1 103.8 88.5

F 0.2 0.2-500 0.999 0.978 7.8 102.6 97.9

E 0.2 0.2-500 1.000 0.970 8.0 98.9 81.0

THF 0.5 0.5-200 0.999 0.940 10.0 113.1 100.2

allo-THF 1.0 1.0-200 1.000 0.980 12.3 102.7 102.5

THE 0.2 0.2-200 1.000 0.984 4.1 106.9 81.2

20α-DHF 0.1 0.1-200 0.999 0.986 6.3 102.0 110.4

18-OHF 0.1 0.1-200 1.000 0.997 6.3 100.3 110.1

6β-OHF 0.1 0.1-200 1.000 0.981 9.5 101.9 100.2

Androgens

DHEA 1.0 1.0-200 0.999 0.994 5.5 100.5 75.8

DHEA-S 1.0 1.0-200 1.000 0.997 3.7 100.0 81.4

Adione 0.1 0.1-200 1.000 0.978 11.1 96.9 81.7

T 0.1 0.1-200 1.000 0.986 12.6 96.9 80.3

DHT 0.2 0.2-200 1.000 0.991 4.8 105.3 82.6
a The limit of quantification was measured according to an S/N ratio > 10.
b Precision and accuracy are expressed as the mean values of data obtained from four different concentrations based on the weighted cal-

ibration linearities.
c Recovery is expressed as the mean values of data obtained from three different concentrations.
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study, serum 6β-OHF in the third trimester pregnant

women with preeclampsia was found to be increased than

that in the control.18 Such discrepancy in results might also

be caused by different linear regression models used. As

one of hybrid adrenal steroids, 18-OHF showed increased

serum level in patients with primary aldosteronism, a

leading cause of secondary hypertension. It can also be

used to differentiate subtyping of adrenal diseases.26

However, no experimental findings with maternal 18-OHF

have been reported in preeclampsia to date. According to

metabolic enzymes of both hydroxylated cortisols to

cortisol, 6β- and 18-hydroxylases may not also remarkable

with preeclampsia at 34~36 gestational weeks in the

weighted model.

Preeclampsia patients presented significantly higher

serum levels of Preg, 21-deoxyF, and THE than those of

controls in both linear regression models (Table 2). Blood

levels of Preg in preeclampsia patients did not differ from

those in controls,8,27 consistent with our data. However,

previous studies used blood samples collected at the

second trimester of pregnancy 24~29 weeks,8 while we

collected samples at the third trimester. They also

measured levels of serum Preg using a competitive enzyme

immunoassay known to cause overestimation by cross-

reactivity with endogenous steroids.27 Consistent with a

previous finding showing increased Preg in maternal

blood,7 increased serum levels of Preg in preeclampsia (P

< 0.05 for both unweighted and weighted models) in the

present study affected the metabolic ratio of Preg-S/Preg

which was remarkably decreased regardless of weighting

factors (P < 0.03 for both linear regression models).

Although serum cortisol levels were not significantly

different between patients with preeclampsia and controls

in the present study, consistent with results in maternal

plasma,8 its precursor 21-deoxyF and one of 5β-reduced

metabolites, THE, were remarkably increased in patients

with preeclampsia (P < 0.02 for both weighting factors;

Table 2). These findings may reveal metabolic signatures

of cortisol in preeclampsia. Levels of cortisol 21-hydroxylase

as a metabolic enzyme represented by F/21-deoxyF ratio

were decreased in preeclampsia patients, while levels of

another cortisol biosynthetic pathway from 11-deoxyF were

not significantly different between patients with preeclampsia

and controls (P = 0.455 in unweighted model and P = 0.370

in weighted model). In general, maternal regulation of 11β-

hydroxysteroid dehydrogenase (11β-HSD) can protect the

fetus from excessive glucocorticoids and its type 2 (11β-

HSD2) can convert active cortisol to inactive cortisone.28 The

activity of 11β-HSD2 can be also expressed by the metabolic

ratio of (THF+allo-THF)/THE.29 Normotensive pregnant

women maintain inactivation of placental cortisol. The

metabolic ratio of (THF+allo-THF)/THE in maternal sera of

preeclampsia patients was decreased in the present study.

Such result is expected for the placenta.28,29

In the placenta, there were no compatible results between

unweighted and weighted models (Table 3). In contrast to

an increased tendency of placental DOC level in patients

with preeclampsia in the unweighted model (P = 0.064), it

was not statistically significant in the weighted regression

(P = 0.941) which might be due to matrix interference.

DOC concentrations between serum and placenta were also

not correlated in both patients and controls (r < 0.18, P >

0.6). Due to its curative effect on preeclampsia model,30

increased levels of placental 17α-OHProg in preeclampsia

patients need to be confirmed in further experiment.

Adione in rat placenta could be a predominant androgen

for ovarian production of estrogens during pregnancy.31 It

is mainly produced via Δ4-steroidogenic pathway.32

However, its metabolic activity in human placenta has

remained unclear to date, while CYP17 mRNA and protein

expression have recently been found in human

trophoblasts.33 The CYP17A1 gene regulates two distinct

steroidogenic enzymes of 17α-hydroxylase and 17,20-

lyase, although the association between its polymorphism

and the risk of preeclampsia has been controversial.34,35 In

addition to decreased placental levels of Adione in

preeclampsia in the weighted model (P = 0.030), the placental

metabolic ratio of Adione/17α-OHProg indicating 17,20-lyase

Figure 1. Scatter plots with linear fitted curves and Pearson correlations between serum and placental pregnenolone levels. Both (a)

unweighted and (b) weighted regression models showed positive correlations between serum and placenta pregnenolone concentrations

(P < 0.001 for both), whereas those of preeclampsia patients showed no significant correlations (blue colored).
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was significantly decreased in preeclampsia patients (P =

0.002), while 17α-hydroxylase activity expressed by 17α-

OHProg/Prog ratio was not different between patients and

controls (Table 3).

Correlations of adrenal steroids between serum and

placenta were not observed in wither the unweighted or the

weighted model (data not shown). In contrast, positive

correlations of pregnenolone between serum and placenta

levels were clearly found in healthy pregnant women (r =

0.747 and 0.748, P < 0.001 in both linear regression

experiments; Fig. 1). This might imply metabolic disturbance

in pregnenolone production at late gestational weeks of

preeclampsia. Dysfunction of 11β-HSD2 is a hallmark of

preeclampsia physiology.28 Maternal serum metabolic ratio

of (THF+allo-THF)/THE was significantly decreased in

preeclampsia patients. It may indicate that the fetus is not

protected from maternal glucocorticoid excess. In the

placenta, decreased 17,20-lyase activity may explain the

lack of androgen production in patients with preeclampsia.

This study has some limitations. First, the number of

subjects was relatively small. Therefore, covariables such

as age and BMI were not included in our statistical

analyses. However, quantitative results were compared

between age-match groups. In addition, gestational

diabetes as one of serious complications of pregnancy

known to cause increased blood pressure was excluded

from the preeclampsia group. Second, only seven adrenal

steroids were detected in placenta against 23 serum

steroids monitored. In addition, associations between

serum and placenta steroid signatures were not fully

investigated. Third, amniotic concentrations of adrenal

steroids were not compared for both maternal serum and

placenta to fully understand the maternal-placental-fetal

axis in preeclampsia physiology.

Despite these limitations, the present work successfully

provided reliable quantification of adrenal steroids from

both serum and placenta samples with minimized matrix

interference. It was achieved by introducing a correct

weighting factor of 1/x2 for linear calibration curve

combined with comprehensive LC separation and selective

MS detection assay. Comparative metabolic signatures of

adrenal steroids in both serum and placenta clearly

revealed impaired steroidogenesis in preeclampsia at late

gestational weeks of 34~36 in the third trimester.

Conclusions

An optimized LC-MS coupled to corrected linear regression

approach revealed metabolic signatures of adrenal steroids in

preeclampsia based on exact quantitative outcomes. Based on

individual quantity of adrenal steroids, altered steroidogenic

activity of 11β-HSD2 was found in maternal serum. In

addition, 17,20-lyase deficiency was observed in placenta

of preeclampsia patients. However, large-scale randomized

trials are needed to confirm these findings.
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Abstract : Fargesin, a tetrahydrofurofuranoid lignan isolated from Flos Magnoliae, shows anti-inflammatory, anti-oxidative,
anti-allergic, and anti-hypertensive activities. To evaluate the pharmacokinetics of fargesin in mice, a sensitive, simple, and
selective liquid chromatography-high resolution mass spectrometric method using electrospray ionization and parallel reaction
monitoring mode was developed and validated for the quantification of fargesin in mouse plasma. Protein precipitation of 6 µL
mouse plasma with methanol was used as sample clean-up procedure. The standard curve was linear over the range of 0.2–500
ng/mL in mouse plasma with the lower limit of quantification level at 0.2 ng/mL. The intra- and inter-day coefficient variations
and accuracies for fargesin at four quality control concentrations including were 3.6-11.3% and 90.0-106.6%, respectively. Intra-
venously injected fargesin disappeared rapidly from the plasma with high clearance values (53.2-55.5 mL/min/kg) at 1, 2, and
4 mg/kg doses. Absolute bioavailability of fargesin was 4.1-9.6% after oral administration of fargesin at doses of 1, 2, and 4 mg/
kg to mice.

Keywords : fargesin, LC-HRMS, mouse plasma, pharmacokinetics

Introduction

Flos Magnoliae (Chinese name: Xin-yi) has been traditionally

used for the treatment of allergic rhinitis, sinusitis, and

headaches.1-3 Fargesin (Figure 1A), a tetrahydrofurofuranoid

lignan isolated from Flos Magnoliae, shows therapeutic

effects for allergy, inflammatory diseases, hypertension,

osteoarthritis, and atherosclerosis in the experimental

animals by attenuating inducible nitric oxide synthase,4,5

lipoxygenase,6 various signaling pathways such as MAPK,

CDK2/Cyclin E, PKC-dependent AP-1, and NF-κB,7-11

ORAI1 channel,2 reverse cholesterol transport,12 oxidative

stress,13,14 apoptosis,13 lipid and glucose metabolism,15,16

and melanin synthesis.17

Fargesin inhibited CYP2C9-catalyzed diclofenac 4′-

hydroxylation (Ki, 16.3 μM), UGT1A1-mediated SN-38

glucuronidaton (Ki, 25.3 μM), and UGT1A3-mediated

chenodeoxycholic acid 24-acyl-glucuronidation activities

(Ki, 24.5 μM) and showed the mechanism-based inhibition of

CYP2C19-catalyzed [S]-mephenytoin 4′-hydroxylation (Ki,

3.7 μM), CYP2C8-catalyzed amodiaquine N-deethylation (Ki,

10.7 μM), and CYP3A4-catalyzed midazolam 1′-hydroxylation

(Ki, 23.0 μM) human liver microsomes.18,19 For the in vivo

prediction of fargesin-induced drug interaction potential

from in vitro data, the information regarding fargesin

pharmacokinetics in the animals or humans is necessary.

However, there are a few reports on the pharmacokinetics of

fargesin after oral administration of purified extract of Flos

Magnoliae or fargesin in the rats using high-performance liquid

chromatography (HPLC) with atmospheric pressure chemical

ionization tandem mass spectrometry (LC-APCI-MS/MS)18 or

ultraviolet detection.20,21

We have developed a rapid, simple, and sensitive LC-

high resolution mass spectrometric method (LC-HRMS)

for the quantification of fargesin in mouse plasma samples

using the least mouse plasma volume (6 μL) and

successfully applied the method to evaluate the

pharmacokinetics of fargesin after intravenous and oral

administration of fargesin at 1, 2, and 4 mg/kg dose in male

ICR mice.
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Experimental 

Materials

Fargesin (purity, 98%) was obtained from Tokyo

Chemical Industry (Tokyo, Japan). Magnolin (purity,

98.9%; internal standard) were obtained from PhytoLab

GmbH & Co. (Vestenbergsgreuth, Germany). Water and

methanol (LC-MS grade) were supplied by Fisher

Scientific Co. (Fair Lawn, NJ, USA). All other chemicals

used were of the highest quality available.

Sample preparation

Standard stock solution was prepared separately by

dissolving fargesin (1 mg) in 1 mL of dimethyl sulfoxide

and was diluted with methanol for the preparation of

standard solutions (2.4 to 6000 ng/mL). The internal

standard (IS) working solution (magnolin, 10 ng/mL) was

prepared by diluting an aliquot of the stock solution with

methanol. All standard solutions were stored at 4oC in

darkness for 4 weeks.

Mouse plasma calibration standards for fargesin were

prepared at eight concentration levels: 0.2, 0.4, 1, 5, 25, 100,

250, and 500 ng/mL. QC samples for fargesin were prepared

at the concentrations of 0.2, 0.6, 20, and 450 ng/mL in drug-

free mouse plasma and stored at -80oC until analyzed.

A 6 μL aliquot of mouse plasma sample was mixed with

18 μL of magnolin (IS, 10 ng/mL) in methanol. The

mixture was vortexed and centrifuged at 13,500 rpm for 5

min. An aliquot of each supernatant was transferred to

autosampler vial, and 5 μL was injected in the LC-HRMS

system for analysis.

LC-HRMS analysis

Plasma concentrations of fargesin were analyzed by an

LC-HRMS system coupled with Nexera X2 UPLC

(Shimadzu, Kyoto, Japan) and Q-Exactive Orbitrap mass

spectrometer (Thermo Fisher Scientific Inc., Waltham, MA,

USA). The separation was performed on a Halo C18 column

(2.1 × 100 mm, 2.7 μm; Advanced Material Technology,

Wilmington, DE, USA) using a gradient elution of 10 mM

ammonium formate in 5% methanol (mobile phase A) and

95% methanol (mobile phase B), with flow rate of 0.3 mL/

min: 20% mobile phase B for 0.5 min, 20 to 98% mobile

phase B for 2.5 min, 98% mobile phase for 3 min, 98% to

20% mobile phase B for 0.2 min, 20% mobile phase B for 2.8

min. The column and autosampler were maintained at 40oC

and 4oC, respectively. Heated electrospray ionization source

settings in positive ion mode were spray voltage, 3.50 kV;

sheath gas, 40 (arbitrary units); auxiliary gas, 10 (arbitrary

units); capillary gas heater temperature, 250oC; and

auxiliary gas heater temperatures, 200oC, respectively.

Nitrogen gas (purity 99.999%) was used for higher-energy

collision dissociation, and the collision energies for

fragmentation of fargesin and magnolin (IS) were 25 and

40 eV, respectively. Parallel reaction monitoring (PRM)

transitions were m/z 388.17547→135.04407 for fargesin and

m/z 417.19022→219.10136 for the magnolin (IS). Xcalibur

software (version 3.1.66.10, Thermo Fisher Scientific Inc.)

was used for LC-HRMS system control and data processing.

Method validation

Method validation was performed according to the

methods set out in the FDA Guidance on Bioanalytical

Method Validation (https://www.fda.gov/media/70858/

download). The intra- and inter-day precisions and

accuracies were evaluated by analyzing batches of

calibration standards and QC samples (0.2, 0.6, 20, and

450 ng/mL) in five replicates on three different days.

Accuracy was defined as the proximity of the measured

mean value to the theoretical value and precision was

defined as the coefficient of variation (CV, %) of the

measured concentrations. LLOQ value was defined as the

lowest amount of fargesin in a mouse plasma sample that

could be quantified as follows: signal-to-noise ratio, > 5;

CV, < 20%; accuracy, 80-120%.

The stability of fargesin in mouse plasma was evaluated

by analyzing low and high QC samples in triplicate: post-

preparation sample stability in the autosampler at 4oC for

24 h; short-term storage stability following storage of

plasma samples at room temperature for 2 h; three freeze–

thaw cycles, and long-term storage stability following the

storage for 28 days at -80oC.

The recovery of fargesin were determined by comparing

the peak areas of the extract of fargesin-spiked plasma with

those of fargesin-spiked post-extraction into six different

blank mouse plasma extracts at 0.6, 20, and 450 ng/mL

levels.

Pharmacokinetic study of fargesin in mice

Male ICR mice (8 weeks of age weighing 26.4 – 41.6 g)

were purchased from Samtako Inc (Osan, Korea). All

experimental procedures involving animal care were

approved by the Institutional Animal Care and Use

Committee of The Catholic University of Korea (approval

number 2021-004-01). All mice were allowed unrestricted

access to water and food before experiment. They were

housed under suitable and standard housing conditions at a

temperature of 23 ± 2oC, with relative humidity of 55 ±

10%, 12 h light/12 h dark cycle.

Fargesin in dimethylsulfoxide:propylene glycol:water

(1:6:3, v/v/v) was administered by the bolus injection via

tail vein of mice for intravenous study and using oral

gavage for the oral study at doses of 1, 2 and 4 mg/kg (n

= 6)(administration volume, 3 mL/kg). Blood sample

(approximately 20 μL) was collected from the retro-orbital

plexus under light anesthesia with isoflurane at 2 (intravenous

study only), 5, 15, 30, 45 and 60 min and 1.5, 2, 3, 4, 6,

8, 10, and 24 h after drug administration. Plasma samples

were harvested by centrifugation at 3000×g for 5 min and

stored at -80oC until analysis.
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Fargesin in dimethylsulfoxide:propylene glycol:water

(1:6:3, v/v/v) was administered by bolus injection into the

tail vein at 4 mg/kg dose (n = 3) and by oral administration

at 4 mg/kg dose (n = 3) to male ICR mice. Mice were

returned to metabolic cages and urine and feces samples

were collected individually for 48 hours. Urine and feces

samples were stored in -80oC until analysis.

Pharmacokinetic parameters, including the area under the

plasma concentration-time curve during the period of

observation (AUClast), the area under the plasma

concentration-time curve to infinite time (AUCinf), the

terminal half-life (t1/2), clearance (CL), volume of distribution

at steady state (Vss), and mean residence time (MRT), were

analyzed using noncompartmental analysis (Phoenix

WinNonlin 6.3; Pharsight, Mountain View, CA, USA).

Cmax and the time to reach Cmax (Tmax) were obtained

directly from the experimental data. The extent of absolute

oral bioavailability (F) was estimated by dividing AUClast

at each oral dose by AUClast at intravenous administration.

Each value is expressed as the mean ± standard deviation

(SD). Statistical comparisons of pharmacokinetic variables

were performed by one-way ANOVA followed by Tukey

test. The values were treated as statistically significant

when p-value < 0.05. 

Results and Discussion

LC-HRMS analysis

The positive electrospray ionization of fargesin formed

[M+NH4]
+ ion at m/z 388.17547 instead of [M+H]+ ion,

and therefore, [M+NH4]
+ ion was selected as the precursor

ion and produced the intense product ion at m/z 135.04410

(Figure 1A). Magnolin (IS) showed [M+H]+ ion at m/z

417.19022 and the intense product ion at m/z 219.10136 in

MS/MS spectra (Figure 1B). PRM mode was used for the

quantification of the analytes due to the high selectivity

Figure 1. Product ion spectra of (A) fargesin and (B) magnolin.

Figure 2. Representative parallel reaction monitoring chromatograms of (A) mouse blank plasma; (B) mouse plasma spiked with

fargesin at LLOQ level (0.2 ng/mL); and (C) mouse plasma obtained 5 min after oral administration of fargesin at a dose of 1 mg/kg to a

male ICR mouse. 1, fargesin (3.83 min); 2, magnolin (3.59 min, internal standard).
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and sensitivity (Figure 2). Electrospray ionization mode

yielded better sensitivity compared to APCI ionization20

for the quantification of fargesin.

Analysis of blank plasma samples obtained from 40 mice

revealed no significant interference peaks in the retention

times of the analytes, indicating good method selectivity of

the present method (Figure 2A). Figure 2B presents a

typical PRM chromatogram of mouse plasma sample

spiked with fargesin at 0.2 ng/mL. Figure 2C presents

representative PRM chromatograms of a plasma sample

obtained 5 min after intravenous administration of fargesin

at a dose of 1 mg/kg in a mouse.

Method validation

Calibration curve for fargesin in mouse plasma was

linear over the concentration ranges of 0.2–500 ng/mL

with the coefficient of determination of 0.9977 using linear

regression analysis with a weighting of 1/concentration

(Table 1). The CV and accuracy of the calculated

concentrations were 4.2% to 15.0% and from 95.0% to

103.6%, respectively, for eight calibration points. The CV

value for the regression line slopes of fargesin was 0.7%,

indicating good method repeatability. 

The intra- and inter-day CV and accuracy values for

fargesin in LLOQ, low, medium, and high QC samples

ranged from 3.6% to 11.3% and from 90.0% to 106.6%,

respectively (Table 2), indicating that the accuracy and

precision of this method are acceptable.

Matrix effects of fargesin and magnolin (IS) were

91.7%-107.6% at 0.6, 20, and 450 ng/mL and 110.6%,

respectively, indicating a little matrix effect (Table 3). The

average recoveries of fargesin and magnolin (IS) in mouse

plasma were 88.4%-98.1% at three concentrations and

95.1±3.2%, respectively (Table 3), indicating that the protein

precipitation using methanol was suitable as sample

preparation.

Table 1. Calculated concentrations of fargesin in calibration standards prepared with mouse plasma (n = 3).

Variables
Theoretical concentrations (ng/mL)

slope r2

0.2 0.4 1 5 25 100 250 500

Mean (ng/mL) 0.20 0.38 0.97 4.9 25.4 101.3 259.1 489.3 0.04655 0.9977

Accuracy (%) 100.0 95.0 97.0 98.0 101.6 101.3 103.6 97.9 - -

CV (%) 15.0 13.2 12.0 4.7 7.8 7.2 4.7 4.2 0.7 0.3

Table 2. Precision (CV, %) and accuracy of fargesin in mouse plasma QC samples.

Variables Intra-day (n = 5) Inter-day (n = 15)

QC (ng/mL) 0.2 0.6 20 450 0.2 0.6 20 450

Mean (ng/mL) 0.19 0.63 18.7 479.7 0.18 0.60 20.0 470.4

CV (%) 10.1 7.0 5.5 3.6 8.9 11.3 9.9 6.3

Accuracy (%) 95.5 105.6 93.7 106.6 90.0 100.0 100.0 104.5

Table 3. Matrix effects and recoveries of fargesin and magnolin (IS) in mouse plasma samples (n = 6).

Analytes (ng/mL)
Matrix effect (%) Recovery 

(mean ± SD, %)Mean CV

Fargesin

0.6 107.3 5.3 90.8 ± 4.1

20 107.6 3.4 88.4 ± 3.7

450 91.7 11.3 98.1 ± 4.4

Magnolin (IS, 10) 110.6 6.8 95.1 ± 3.2

Table 4. Post-preparation, short-term, long-term, and freeze–thaw stabilities of fargesin in mouse plasma QC samples (n = 3).

Stability conditions

fargesin concentration (ng/mL)

0.6 450

Accuracy (%) CV (%) Accuracy (%) CV (%)

Post-preparation for 24 h at 4οC 100.3 8.2 105.5 4.9

Short-term storage for 2 h at room temperature 93.5 9.0 96.9 0.6

Long-term storage for 28 days at -80οC 105.1 1.7 92.6 0.5

Three freeze–thaw cycles of –80οC to room temperature 99.6 4.3 89.6 4.0
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Three freeze-thaw cycles, short-term storage at room

temperature, long-term storage for 28 days at -80oC, and

post-preparation stability for 24 h in 4oC autosampler showed

negligible effect on the stability of fargesin (Table 4).

Pharmacokinetics of fargesin in male ICR mice

After intravenous injection of fargesin at doses of 1, 2,

and 4 mg/kg to male ICR mice, the mean plasma concentration-

time curves are shown in Figure 3A. The pharmacokinetics

of intravenously injected fargesin showed a linear kinetics

in the dose range of 1–4 mg/kg, which was evidenced by

the dose proportional increase of AUC and dose independent

CL (53.2-55.5 mL/min/kg), Vss (2763.0-3897.9 mL/kg),

and t1/2 (84.7-119.2 min) (Table 4). The cumulative fecal

excretion of fargesin for 48 h following its intravenous

injection at 4 mg/kg was 0.014 ± 0.017% of the dose but

it was not excreted in urine, indicating that high systemic

clearance (53.2-55.5 mL/min/kg) of fargesin may result

from the metabolism.

After oral administration of fargesin at doses of 1, 2, and

4 mg/kg to male ICR mice, the mean plasma concentration-

time curves and pharmacokinetic parameters are shown in

Figure 3. Mean plasma concentration-time profiles of fargesin after (A) an intravenous injection and (B) an oral administration at doses

of 1 ( ● ), 2 ( ○ ), and 4 (▼) mg/kg to male ICR mice. Data are represented as mean ± SD (n = 6).

Table 5. Mean pharmacokinetic parameters of fargesin after its intravenous injection and oral administration at 1, 2, and 4 mg/kg doses

to male ICR mice. Data are represented as mean ± SD (n = 6).

Pharmacokinetic parameters 1 mg/kg 2 mg/kg 4 mg/kg

Intravenous injection

C0 (ng/mL) 2481.6 ± 1154.8 4461.0 ± 1007.7 8398.9 ± 1811.8

AUClast (ng·min/mL)a 19776.0 ± 5038.4 37038.3 ± 6673.7 72486.9 ± 10273.8

AUCinf (ng·min/mL) 19994.8 ± 5229.1 37943.2 ± 7706.0 73457.0 ± 10691.3

CL (mL/min/kg) 53.2 ± 15.0 54.5 ± 10.2 55.5 ± 8.8

Vss (mL/kg) 2763.0 ± 516.2 3536.3 ± 588.6 3897.9 ± 1199.7

t1/2 (min) 94.6 ± 21.2 119.2 ± 63.9 84.7 ± 16.7

MRT (min) 50.4 ± 16.2 53.9 ± 7.4 62.2 ± 11.7

Oral administration

Cmax (ng/mL) a 19.4 ± 7.2 130.3 ± 106.9 192.0 ± 178.0

Tmax (min) 5.0 5.0 5.0

AUClast (ng·min/mL) a 802.9 ± 240.7 3164.1 ± 1733.2 6953.8 ± 3847.1 b

AUCinf (ng·min/mL) 877.6 ± 272.5 3553.8 ± 1581.3 7888.1 ± 3989.7

t1/2 (min) 108.8 ± 57.4 140.0 ± 108.4 123.8 ± 60.2

F (%) 4.1 ± 1.2 8.5 ± 4.7 9.6 ± 5.3
a Dose normalized (1 mg/kg) AUClast and Cmax were compared for statistical analysis. 
b Significantly different (p < 0.05) from 1 mg/kg.
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Figure 3B and Table 5, respectively. Fargesin was rapidly

absorbed after oral administration based on its Tmax at the

first blood sampling time point (5 min). The dose normalized

Cmax and t1/2 (108.8-140.0 min) values of fargesin were

comparable among three doses studied (Table 5). However,

dose normalized AUClast of fargesin at 4 mg/kg (1738.4 ±

961.8 ng·min/mL) was significantly larger than that at

1 mg/kg (802.9 ± 240.7 ng·min/mL). The absolute oral

bioavailability of fargesin was 4.0-9.6% for oral dose

examined. The cumulative fecal recovery of fargesin after

its oral administration at 4 mg/kg dose was 0.089 ± 0.045%

of the dose without urinary excretion. Based on these

results, low F may be due to the extensive fargesin

metabolism.

Conclusions

A sensitive, simple, and reproducible LC-HRMS method

using protein precipitation as a sample clean-up procedure

was developed for the determination of fargesin with

LLOQ level of 0.2 ng/mL in 6 μL of mouse plasma. We

evaluated the plasma concentrations of fargesin using this

method and the pharmacokinetic parameters of fargesin

after intravenous and oral administration of fargesin at

doses of 1, 2, and 4 mg/kg to male ICR mice.
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