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Background: oxidative stress is linked to various human diseases which developed into the idea of
“disrupted redox signaling”. Osteoporosis (OP) is a chronic skeletal disorder characterized by low bone
mineral density and deterioration of bone microarchitecture among which estrogen deficiency is the
main cause. Lack of estrogen leads to the imbalance between oxidation and anti-oxidation in patients,
and oxidative stress is an important link in the pathogenesis of OP. The ratio of the reduced to the
oxidized thiols can characterize the redox status. However, few methods have been reported for the
simultaneous determination of reduced forms and their oxidized forms of thiols in plasma. Methods: we
developed a hollow fiber centrifugal ultrafiltration (HFCF-UF) method for sample preparation and
validated a high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) method
to determine two reduced forms of thiols-homocysteine (Hcy), cysteine (Cys) levels and their respective
oxidized compounds, homocystine (HHcy) and cystine (Cyss) in rat plasma simultaneously for the first
time. Thirty-six female rats were randomly divided into three groups: normal control (NC), oxidative
stress (ovariectomy, OVX) and ovariectomy with hydrogen-rich saline administration (OVX + HRS).
Results: the validation parameters for the methodological results were within the acceptance criteria.
There were both significant differences of Hcy/HHcy (Hcy reduced/oxidized) and Cys/Cyss (Cys
reduced/oxidized) in rat plasma between three groups with both p < 0.05 and meanwhile, the p values
of malondialdehyde, superoxide dismutase and glutathione peroxidase were all less than 0.01. The value
of both Hcy/HHcy and Cys/Cyss were significantly decreased with the change of Micro-CT scan result
of femoral neck in OVX group (both the trabecular thickness and trabecular number significantly
decreased with a significant increase of trabecular separation) which demonstrate OP occurs. The
change of Hcy/HHcy is more obvious and prominent than Cys/Cyss. Conclusions: the Hcy/HHcy and
Cys/Cyss could be suitable biomarkers for oxidative stress and especially Hcy/HHcy is more sensitive.
The developed method is simple and accurate. It can be easily applied in clinical research to further
evaluate the oxidative stress indicator for disease risk factors.

1 Introduction

For over three decades, ill health has been associated with the
oxidative stress concept in the form of “an imbalance between
oxidants and antioxidants in favor of the oxidants”, which
developed into the idea of “disrupted redox signaling”.'?
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Increasing evidence suggests that oxidative stress is linked to
various human diseases.*”

Osteoporosis (OP) is a chronic skeletal disorder character-
ized by low bone mineral density and deterioration of bone
microarchitecture, leading to increased risk in bone fragility
and the susceptibility to occurrence of osteoporotic fracture.®”
The prevalence of OP showed a tremendously increase and
affected approximately one in three women and one in five men
over the age of 50 years worldwide.® OP is mainly divided into
primary OP and secondary OP. The most common secondary OP
is postmenopausal OP, a disease with high incidence and high
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harmfulness, among which estrogen deficiency is the main
cause.’

Lack of estrogen leads to the imbalance between oxidation
and anti-oxidation in patients, and the oxidative stress level
continues to rise, which induces inflammation and lipid per-
oxidation, resulting in cytotoxicity and harm to body health.*
Studies have shown that oxidative stress is an important link in
the pathogenesis of OP in patients.*>**

There are many indicators to assess oxidative stress, such as
malondialdehyde (MDA), superoxide dismutase (SOD) and
glutathione peroxidase (GSH-PX) and so on. Intracellular bio-
thiols play a crucial role in combating oxidative stress and
maintaining redox homeostasis by regulating the redox status
between the reduced thiols and their oxidized disulfides.'***
The determination of thiols and disulfides in plasma can
provide valuable information to signal oxidative stress and has
attracted extensive interest in recent years.*>'

Homocysteine (Hcy) is a thiol amino acid resulting from the
methylation of methionine, an essential amino-derived acid
from dietary proteins (Fig. 1).” Numerous clinical studies have
concluded that Hcey is an independent risk factor for cardio-
vascular diseases.'®*° Hcy may be catabolized to cysteine (Cys)
or remethylated to methionine.” Cys contains free sulfhydryl
groups with antioxidant activity and thus may be used to treat
Cys storage disease and radiation damage.*"*

Emerging evidence have also suggested the possible role of
Hcy involving in bone, in which Hcy could affect bone tissue
formation through disturbing the formation of collagen cross-
links and normal calcification process, as well as reducing
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bone blood flow.”*** In the past two decades, there were
extensive studies that have highlighted the linkages between
aberrant Hcy concentrations with bone mineral density and
osteoporotic fracture risk. Several investigations have showed
the associations of hyperhomocysteinemia or increased Hcy
levels with reduced bone mineral density and increased risk for
osteoporotic fracture.”>® However, there was some evidence
that reported the inconsistent findings, in which there were no
associations between the elevated levels of Hcy and bone
mineral density.>”?® These contradictory results may be attrib-
uted to various confounders and the methodological limita-
tions of conventional observational studies.®

There are many methods currently available for measuring
plasma aminothiols.**** The total plasma concentration is
mostly measured as an important element in clinical diagnostic
evaluations.** However, total thiols are the sum of free and
protein-bound thiols and disulfides (derived from autoox-
idation of thiols).*>¢ In fact, there is a state of dynamic equi-
librium between their own oxidized and reduced thiols in the
aminothiols. The ratio of the reduced to the oxidized thiols can
characterize the redox status.***° Perturbation of plasma redox
status and tissue aminothiol levels is an important indicator of
chronic oxidative stress.*® It has been reported that aminothiol
concentration disturbances can also correspond to metabolic
disorders, and the ratio of reduced and oxidized thiols indicates
the redox state in the internal environment.****

Many researchers have attempted to develop a simple and
accurate method to simultaneously determine the reduced and
oxidized thiols in biological fluids. However, these methods

Methionine
S-adoMethionine
S-adoHomocyteine
omocysteine Homocystine
Cystaﬂ:ﬂonine
Cysteine =———= Cystine

y-Glutamylcysteine

[ —

Glutathione =——= GSSG

Fig. 1 Metabolic relation among aminothiols including the anabolic homocysteine remethylation pathway and the catabolic homocysteine

transulfuration pathway (GSSG, oxidized glutathione).
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suffer from several problems."** The relatively low concentra-
tion in plasma (especially the very low concentration of oxidized
thiols), as well as the poor traditional assay method sensitivity,
has presented a major challenge in accurate and precise phys-
iological concentration quantitation in clinical research.**** A
formula for quantifying disulfides is based on thiols after and
before reduction** or indirectly calculated from the difference
between the measurements obtained in the two separate
steps.*” However, these methods, along with sequential thiols
and disulfides detection, are time-consuming and vulnerable to
thiol autoxidation, lowering result accuracy.*® The influence of
enzymes on the oxidation equilibrium system was also not
considered.

It has also been reported that different sample handling
procedures for the same sample could lead to different reduced
and oxidized thiol ratios.** Therefore, sample preparation plays
a key role in aminothiol concentrations analysis in biological
matrices. The protein precipitation (PPT) method has conven-
tionally been wused for measuring aminothiol in
biofluids.>******¢ While straightforward, the PPT method
suffers from some drawbacks that may limit the accurate ami-
nothiol measurement. It has poor analytical sensitivity and
requires adding two to four times the volume of precipitation
reagent into the sample. The operation was carried out in an
open system without considering the influence of the environ-
ment on the redox system. Moreover, analyte coprecipitation
with occlusion in the protein pellet may occur, leading to a low
extract recovery rate and poor precision. The experimenters
must be well trained, and even so, the recovery rate was only 75
+ 18%.%° Perchloric acid has been used as a protein precipita-
tion reagent for aminothiol determination. However, perchloric
acid is a strong oxidizing acid that may disturb the redox status
balance, but it has not been discussed in the literature.'s?%*4¢
The addition of perchloric acid changes the pH of the system
and causes changes in the secondary structure of proteins,
which may destroy enzymes in vivo and affect the balance of
redox. In addition, unprecipitated proteins may affect the
amount of free and protein-bound thiols and induce inaccurate
measurements.*” Solid-phase extraction (SPE)* or liquid-liquid
extraction**® can improve the sensitivity and have cleaner
pretreatment steps. However, the procedure is cumbersome
and requires a long operation time in the open sample envi-
ronment, which is particularly unadvisable because it can
disrupt stability. Commercial centrifugal ultrafiltration (CF-UF)
devices have been used for the quantitative analyses of amino-
thiol in blood samples, which only require a centrifugation
step.**** A pressure gradient is applied to force the plasma
aqueous components containing free drug molecules through
a selective permeable membrane. However, the volume ratio of
ultrafiltrate to sample solution is large and cannot be well
controlled, especially for analyzing clinical samples with
different plasma conditions, which affects the accurate analysis
of drug concentrations with CF-UF.**

Increasing analytical sensitivity and decreasing the influence
of coprecipitation, strong oxidizing reagents, and unprecipi-
tated proteins, especially, avoiding the effects of environmental
changes on balance of redox in vivo are key to more accurate and
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precise reduced and oxidized aminothiol concentration
measurements. Fortunately, in this study, we developed
a hollow fiber centrifugal ultrafiltration (HFCF-UF) device to
avoid these influences.**** The sample preparation process was
simplified to a 5 min centrifugation step without additional
precipitation reagent. The sample macromolecules were
completely intercepted by hollow fibers to reduce the interfer-
ence with serum endogenous substances. The whole operation
was carried out in a closed system, and the volume ratio of
ultrafiltrate to sample solution was very small, which almost
does not destroy the initial physiological state and the balance
of redox system iz vivo, and the result was more accurate.***

In present work, the Sprague-Dawley (SD) rat with ovariec-
tomy was chosen as the oxidative stress model with post-
menopausal OP, and the hydrogen-rich saline was
antioxidant.”**® We aimed to develop a simple and accurate
HFCF-UF method for fast and simultaneous determination of
homocysteine (Hcy, reduced Hcy), cysteine (Cys, reduced Cys)
and their own oxidized aminothiol, homocysteine (HHcy,
oxidized Hcy), and cystine (Cyss, oxidized Cys) in rat plasma in
order to evaluate the redox status.

2 Experimental
2.1 Chemicals and materials

Homocysteine (Hcy), homocystine, cysteine (Cys) and cystine
were purchased from the Yuanye Bio-Technology Co., Ltd
(Shanghai, China). The internal standard pr-homocysteine-D,
(No. H591297) was obtained from Toronto Research Chemicals
(Toronto, Canada). The blank rat plasma was offered from the
Third Hospital of Hebei Medical University. N-ethylmaleimide
(NEM) were obtained from Macklin Biochemical Co., Ltd
(Shanghai, China) and formic acid (HPLC-grade) was purchased
from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Acetonitrile (HPLC-grade) was purchased from Fisher
Chemical (Lake Forest, CA). The deionized water was prepared
by a Milli-Q50 water purification system (Millipore, Bedford,
MA). All other chemical agents used were from analytical grade
or HPLC grade. Hydrogen-rich saline (HRS, H, concentration
>1.6 ppm) was provided by Beijing Hydrovita Beverage Co., Ltd.
(Beijing, China) and stored under atmospheric pressure at 23 +
2 °C in an aluminum pot with no dead volume.

The HFCF-UF devices were purchased from Hebei Heping
Medical Equipment Factory (Shijiazhuang, China). The molec-
ular cut-off was 10 kDa. The wall thickness of hollow fiber was
150 pm and the inner diameter was 1000 pm. The slim glass
tubes were 7 cm of height and 3.5 mm of inner diameter.

2.2 Apparatus and instruments

A LC-20AD high-performance liquid chromatography (Shi-
madzu, Japan) system coupled to an API 4000" (AB SCIEX, Los
Angeles, CA, USA). Triple quadrupole mass spectrometer
equipped were used for chromatographic analysis. Data were
collected and analyzed using Analyst® version 1.6 software (AB
SCIEX, Los Angeles, CA, USA). The R18 centrifuge Baiyang
(Beijing, China) and CPA225D electronic analytical balance
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(Germany, Sartorius) were used. XW-80 Vortex mixer (Shanghai
Medical University Instrument Co., Shanghai, China) was also
employed.

2.3 HPLC-MS/MS conditions

The chromatographic separation was achieved using an XAqua
CN (4.6 x 150 mm, 5 pm) column (Acchrom Technologies Co.,
Ltd, China), thermostated at 40 °C. The mobile phase consisted
of solvent A (0.1% formic acid) and solvent B (acetonitrile, 0.1%
formic acid) under an isocratic elution (95: 5, v/v) at a flow rate
of 0.8 mL min . The injection volume was 10 pL.

The compounds were detected with an electrospray ioniza-
tion source operating in positive ion mode. The measuring
parameters of the mass spectrometer were set as follows: ion
spray voltage = 5500 V; temperature = 550 °C; source gas 1 =55
psi; source gas 2 = 50 psi, and curtain gas = 40 psi, collision gas
= 4 psi. Mass spectrometric detection was carried out by
multiple reaction monitoring-employing the acquisition
parameters summarized in Table 1.

2.4 Solution preparation

Individual stock solutions of Hcy (reduced), homocystine
(HHcy, oxidized Hcy), Cys (reduced) and cystine (Cyss, oxidized
Cys) at a concentration of 5 mmol L™ and the internal standard
homocysteine-D, (Hcy-D,) at a concentration of 1.44 mmol L™*
were prepared in acidified deionized water (hydrochloric acid)
and kept at —40 °C. Fresh NEM at a concentration of 100 mmol
L~ was prepared in phosphate-buffered saline (10 mmol L™,
pH 7.4). A mixed working solution of the analytes containing
Hcy-NEM (250 uM), homocystine (20 pM), Cys-NEM (250 puM),
and cystine (100 uM) was prepared in deionized water by mixing
appropriate volumes of the abovementioned individual stock
solutions at 10 mmol L' NEM and kept at —40 °C. The internal
working solution 72 pmol L™" Hcy-D,-NEM was prepared by
diluting the internal standard stock solution and mixing it with
NEM at 10 mmol L.

Linear working solutions (475 pL) were prepared in deion-
ized water by diluting the mixed stock solutions spiked with 25
uL of internal standard working solutions ranging in intervals
of 0.1-10 pmol L * for Hey-NEM and Cys-NEM, 0.04-4 umol L *
for cystine and 0.008-0.8 pmol L~ for homocystine, containing
internal standard Hcy-D,-NEM at 3.6 pmol L.

Table 1 MRM conditions of thiols and internal standards

Parent Daughter
Analyte (m/z) (m/z) DP (V) CE(eV) Dyen (ms)
Hcy-NEM 261.2 215.2 72 16 100
Homocystine  269.3 136.3 35 12 100
Cys-NEM 247.2 201.4 68 15 100
Cystine 241.3 152.2 40 18 100
Hcy-D,-NEM 265.1 219.1 70 15 100

1270 | RSC Adv, 2023, 13, 1267-1277
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2.5 Sample preparation®®

Blood samples were collected in the sealed HFCF-UF device, as
shown in Fig. 2, containing EDTA, 50 pL internal working
solution and 100 pL of NEM reagent at a 100 mmol L "
concentration to avoid thiol autooxidation. Immediately, it was
added to 900 puL of whole blood sample, and the mixture was left
to react for 1 min. Then, after a simple centrifugation at 2.40 x
10° g for 5 min at 4 °C, the ultrafiltrate in the hollow fiber lumen
was pushed out from the other end of the hollow fiber using
a syringe. Thirty microliters of ultrafiltrate and 30 pL of 2%
sulfosalicylic acid were mixed, and 10 pL was injected into the
LC-MS/MS system for analysis.

2.6 Animal model and treatment

A total of 36 (12 animals per group) 12 weeks-old female SD rats
(300 g + 13 g) obtained from Hebei Medical University Animal
Center were used in our study. The study was approved by the
Ethics Board of the Third Hospital of Hebei Medical University
and was conducted in accordance with the institutional guide-
lines for the care and treatment of rats. The female rats were
kept in a stable ambient environment (temperature 24 + 2 °C,
humidity 45% to 55% and 12 hours light-dark cycle from 7 a.m.
to 7 p.m., specific pathogen free) with free access to tap water
and rodent chow diet. Changes in appearance were monitored
and addressed immediately.

After one week acclimation period, Estrogen withdrawal was
operated by ovariectomy (OVX) via a dorsal approach (one
incision located at the middle back) in 24 SD rats. The other 12
female rats without OVX underwent sham surgeries with ovaries
simply exposed were normally raised are the Normal Control
group (NC). At 12 weeks after OVX operation, the 24 SD rats were
then dived randomly into two group (n = 12). One group were
received intragastric administration of normal saline (OVX).
The other group were intragastric administration of HRS at
5 mL per day in the OVX + HRS group. After 4 weeks, the rats
were anesthetized through intraperitoneal injections and then
the femoral were prepared for Micro-CT scanning. The rats in
all groups were euthanized by exsanguination via the abdom-
inal aorta different observation periods under anesthesia. The
rat blood was collected (about 4 mL) to EDTA anticoagulant
tube from the abdominal aorta immediately prior to sacrifice.

3 Results

3.1 Nonspecific binding

A significant disadvantage in this procedure is drug nonspecific
binding with filter membranes or glass and plastic devices.
Therefore, nonspecific binding must be quantified first.>* Two
different hollow fiber materials, polysulfone and poly-
acrylonitrile, were chosen to evaluate the nonspecific binding.
The ratios of the obtained concentrations from HFCF-UF to the
corresponding standard concentrations at three (low, middle,
high) concentrations of Hcy-NEM, homocystine, cysteine-NEM
and cystine in phosphate-buffered saline were all approxi-
mately 100%, as well as the internal standard Hcy-D,-NEM at 3.6
pumol L™, as shown in ESI S1.7 Thus, there was no significant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Hollow fiber centrifugal ultrafiltration (HFCF-UF) device.

nonspecific binding, and these two kinds of hollow fibers could
both be used in subsequent studies.

3.2 Method validation

3.2.1 Selectivity. The Hcy-NEM, Cys-NEM, cystine, homo-
cystine, and internal standard retention times were 3.16, 2.91,
2.32, 2.49, and 3.16 min, respectively. Representative chro-
matograms of Hcy-NEM and homocystine in rat plasma
samples are shown in Fig. 3 and others in ESI S2.}

3.2.2 Linearity, LOD and LOQ. The calibration curves were
generated by plotting the analyte and the internal standard
peak area ratios at different concentrations for linear regression
analysis by a weighted factor 1/C* (0.1, 0.2, 0.5, 1.0, 2.5, and 5
uM for Hey-NEM and Cys-NEM; 0.04, 0.08, 0.2, 0.4, 1.0, and 2
uM for cystine; and 0.004, 0.008, 0.016, 0.04, 0.08, 0.2, and 0.4
uM for homocystine). The method provided adequate linearity
for all the analytes within the corresponding concentration
ranges. Yieynem = 0.213C — 0.000431 (* = 0.9997), Yoysnem =
0.236C + 0.00295 (r* = 0.9995), Yeystine = 0.36C — 0.00087 (> =
0.9989), Yhomocystine = 1.35C + 0.00149 (r* = 0.9937). The limits
of detection (LODs) and the limits of quantification (LOQs) were
assessed by determining the lowest analyte concentrations that
resulted in signal-to-noise ratios of =3 and =10, respectively.
The LOD and LOQ were 0.02 and 0.1 uM for both Hcy-NEM and
Cys-NEM, 0.01 and 0.04 uM for cystine, and 0.002 and 0.04 pM
for homocystine.

3.2.3 Accuracy, precision and matrix effects. The QC
samples (low, middle, high) were prepared in deionized water
by diluting the mixed stock solutions and then spiking them
with 25 pL of internal standard working solutions. The intraday
precision and relative recovery determination were conducted
with five replicates of three QC sample concentrations on the
same day. Interday precision was evaluated on 3 consecutive
days. Extraction recovery was reported as the percent of
measured concentrations (background subtraction) in spiked
rat plasma samples prepared according to Section 2.5 relative to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the spiked concentrations in blank plasma ultrafiltrate. Matrix
effects were also evaluated quantitatively by the blank plasma
ultrafiltrate spike method, comparing measured analyte
concentrations in plasma ultrafiltrate to concentrations in
standard solution at three concentrations. Satisfactory results
were obtained and are listed in Tables 2 and 3.
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Fig. 3 Representative MRM chromatograms of Hcy-NEM and
homocystine in rat plasma sample.
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Table 2 Results of relative recovery and precisions test for the analysis of Hcy-NEM, Cys-NEM, cystine (Cyss) and homocystine (HHcy) in QC

samples (n = 5)

Spiked concentration Measured concentration Relative recovery Intra-RSD Inter-RSD
Analyte (umol L™ (pmol L™ (%) (%) (%)
Hcy-NEM 0.1 0.102 102 9.5 9.7
1 0.955 95.5 2.8 5.3
4 3.84 96.1 5.6 3.9
Cys-NEM 0.1 0.0956 95.6 7.0 8.1
1 0.929 92.9 2.3 7.5
4 3.67 91.7 8.1 5.7
Cystine 0.04 0.0453 113 2.4 5.9
0.4 0.428 107 4.2 5.6
1.6 1.40 87.7 4.7 4.8
Homocystine 0.008 0.00873 109 4.4 6.1
0.08 0.0777 97.2 7.1 7.6
0.32 0.295 92.1 4.7 4.1

3.2.4 Stability. We evaluated the room temperature
stability, freezing stability and freeze-thaw stability as well as
after-processing stability. QC samples at three concentrations
(low, middle, high) maintained at room temperature (26 °C) for
12 h, after three freeze-thaw cycles, kept at —40 °C for 14 days,
and set in the autosampler at 15 °C for up to 24 h after pro-
cessing were all stable with RSD values below 13%, as shown in
ESI S3.1

3.3 Application to rat blood samples

About 2 mL rat blood samples were collected to EDTA antico-
agulant tube and centrifuged for 5 min at 2.4 x 10° g. And then,
the obtained supernate plasma samples were used to measure
MDA, SOD and GSH-PX following enzyme-linked immunosor-
bent assay kits reconstruction (Nanjing Jiancheng Institute of
Biological Engineering). The MDA, SOD, and GSH-PX results
were list in Table 4. Another 1 mL rat blood samples were
prepared according to Section 2.5 for the analysis of Hcy
(reduced), HHcy (oxidized Hcy), Cys (reduced) and Cyss
(oxidized Cys). The ratios of Hcy/HHcy (Hey reduced/oxidized)
and Cys/Cyss (Cys reduced/oxidized) were also calculated and
shown in Fig. 4.

The region 7 mm proximal and distal (about 393 slices more
or less) surrounding the femoral was set as the region of
interest. The region of interest was selected on the two-
dimensional CT images automatically. The trabecular thick-
ness (Tb-Th, mm), trabecular number (Tb-N, 1/mm) and
trabecular separation (Tb-Sp, mm) were recorded and calcu-
lated, as it shown in Table 5. The representative Micro-CT scan
images of femoral neck in three groups were shown in Fig. 5.

3.4 Statistical analysis

The statistical analysis was performed using the SPSS 24.0
statistical package, and the P values were calculated by one-way
analysis of variance, as shown in Fig. 4, Tables 4 and 5. The
values of P < 0.05 were considered to be statistically significant.

4 Discussions
4.1 Comparison with other methods

It has reported that different sample handling procedures can
also lead to different result of reduced and oxidized aminothiol
ratios.*”® Thus, it is essential to develop a simple and accurate
pretreatment method for analyzing reduced and oxidized thiols.

Table 3 Results of extraction recovery and matrix effects for the analysis of Hcy-NEM, Cys-NEM, cystine (Cyss) and homocystine (HHcy) in

spiked samples (n = 5)

Spiked concentration

Measured concentration

Extraction recovery Matrix effects

Analyte (pmol L™ (pmol L™ (%) (%)
Hcy-NEM 0.1 0.0877 95.6 100
1 0.890 103 98.1
4 4.06 97.5 108
Cys-NEM 0.1 0.108 102 104
1 0.915 101 92.6
4 4.40 101 106
Cystine 0.04 0.0436 94.3 108
0.4 0.392 106 89.7
0.8 0.838 98.6 104
Homocystine 0.004 0.00423 98.0 102
0.04 0.0390 97.2 92.5
0.32 0.3320 100.6 89.6
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Table 4 Results of MDA, SOD, GSH-PX in 36 rats plasma samples in
the three groups (NC: normal control, OVX: ovariectomy, OVX + HRS:
ovariectomy with hydrogen-rich saline administration)

Group MDA (umol L™")  SOD (UmL™")  GSH-PX (umol L)
NC 4.85 +11.09 94.82 £5.60  1892.69 + 393.37
OVX 6.41 £ 1.12 77.99 £4.51  1588.82 & 492.18
OVX + HRS  5.53 & 1.05% 86.79 & 4.47°  2127.87 =+ 263.82°

“ The statistical analysis of three groups (NC, OVX, OVX + HRS) showed
that p < 0.01.

100+

P =0.0447 I nc
E ovx

80+ Bl OVX + HRS
o 60
E P=0.0490

404

20

o

Hcy/HHcy

Cys/Cyss

Fig. 4 The ratio of reduced to oxidized from (Hcy/HHcy and Cys/
cystine) in rat plasma samples in three groups (NC: normal control,
OVX: ovariectomy, OVX + HRS: ovariectomy with hydrogen-rich saline
administration).

Table 5 Results of Micro-CT scan of femoral in 36 rats in the three
groups (NC: normal control, OVX: ovariectomy, OVX + HRS: ovari-
ectomy with hydrogen-rich saline administration)

Group Tb-Th (mm) Tb-N, (1/mm) Tb-Sp (mm)
NC 112.92 £ 5.72 6.57 £ 0.75 0.19 £ 0.059
OVX 92.46 + 9.12 4.98 +0.74 0.32 + 0.061
OVX + HRS 102.22 + 7.14° 5.55 4 0.76% 0.25 4+ 0.043“

% The statistical analysis of three groups (Tb-Th, Tb-N, Tb-Sp) showed
that p < 0.001.

Our team has reported a simple and accurate HFCF-UF method
for the analysis of homocysteine, cysteine, cysteinyl-glycine, and
glutathione in human blood, but it can not measure the

View Article Online
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reduced and their oxidized
simultaneously.*

HFCF-UF is a patent of State Intellectual Property Office,
Project No. ZL 200910074429.4, which invented by our research
group. It consists of a slim glass tube and a U-shaped hollow
fiber, and it has been employed to separate the macromolecules
from plasma or other complicated matrixes.******% Hollow
fiber plays a physical interception role according to different
molecular weight. At present, it has been commercialized by
Hebei Heping Medical Equipment Factory (Shijiazhuang,
China, Registration No: Jixin Equipment 20200013).

In this study, we developed a HFCF-UF method*~* to sepa-
rate homocysteine (Hcy), cysteine (Cys) levels and their respec-
tive oxidized compounds, homocystine (HHcy) and cystine
(Cyss) from a complicated matrix for the first time to evaluate
oxidative stress, and the results showed great merits. Without
additional precipitation reagent, the sample was directly
centrifuged, avoiding the problems of poor analytical sensi-
tivity, coprecipitation, strong oxidizing acid, and unprecipitated
proteins normally associated with the PPT method. Compared
with LLE and SPE, the separation protocol was simplified to
ordinary centrifugation for 5 min, and could be more suitable
for routinely analyzing large amounts of clinical samples.*
Moreover, with HFCF-UF, the volume ratio of ultrafiltrate to
sample solution was not only small but could also be precisely
controlled. The initial physiological state was almost not
disturbed. Thus, the result was more accurate and precise than
CF-UF.****%* Furthermore, the macromolecules in the samples
could be completely intercepted by hollow fibers to reduce
endogenous substance disturbance in the blood samples and
reduce matrix effects. Method validation results were excellent,
with matrix effects less than 11% and extraction recovery of
94.3-103%. The intra-RSD and inter-RSD were all less than 10%.
Especially, the whole operation was performed in a closed
system which almost not disturb the redox equilibrium system
in vivo and the results were more reliable.

Homocysteine (Hey) and cysteine (Cys) are reduced amino-
thiols, and due to the high reactivity of the thiol group, which
are easily transformed into its mixed and symmetrical disul-
fides (oxidized form).** Therefore, it is a key to stabilize thiol
groups by immediate derivatization for accurate measurement.

respective compounds

Fig. 5 The Micro-CT scan images of femoral neck in three groups ((A) NC, normal control, (B) OVX, ovariectomy, (C) OVX + HRS, ovariectomy

with hydrogen-rich saline administration).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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We have discussed the comparation of different derivatization
reagents including N-(1-phenylethyl) maleimide, 2-vinyl-
pyridine and NEM in our previous study.” The fast-reacting
reagent, NEM may provide more accurate results. Therefore,
we selected NEM as a suitable reagent in our present work.

4.2 Rat sample data analysis

We chose the ovariectomized rat as oxidative stress model with
postmenopausal OP which was commonly reported in litera-
ture.’® It has also reported that systemic delivery of hydrogen
saline water may improve the reservation of bone tissue in the
tibias and femurs of osteoporotic rats caused by diabetes mel-
litus, which was characterized by increased levels of oxidative
stress and overproducing reactive oxygen species. In present
work, the MDA increased and SOD, GSH-PX decrease signifi-
cantly in OVX group which in line with the oxidative stress
status as literature reported. In OVX + HRS group, the MDA
decreased and SOD, GSH-PX increased to tended to normal
control group. The statistical analysis of MDA, SOD and GSH-PX
between three groups (NC, OVX, OVX + HRS) all showed that p <
0.01 in Table 4.

Usually, the value of Tb-Th and Tb-N decreased and Tb-Sp
increased when osteoporosis occurs.® The Micro-CT scan of
femoral in 36 rats in Table 5 and Fig. 5 showed that there were
significant decrease of Tb-Th and Tb-N and a significant
increase of Tb-Sp in OVX group, while the values were signifi-
cant improved and tended to normal group in OVX + HRS group
with significant statistical differences of Tb-Th, Tb-N, Tb-Sp
with p < 0.001. These results indicated that the oxidative stress
model with postmenopausal OP was modeled successfully, and
hydrogen water can effectively fight oxidative stress and treat
postmenopausal OP as it reported in previous studies.>®

There were significant differences of Hcy/HHcy (Hcy
reduced/oxidized) and Cys/Cyss (Cys reduced/oxidized) in rat
blood between three groups with p value was 0.0447 and 0.049,
respectively, as it shown in Fig. 4. The results were consistent
with the results in Tables 4 and 5. Thus, the ratio of Hcy/HHcy
and Cys/Cyss could be suitable biomarkers for oxidative stress.
The value of Hcy/HHcy and Cys/Cyss decreases when oxidative
stress occurs. It may be explained that the reduced forms of
homocysteine, cysteine (Hcy, Cys) decrease, and the oxidized
forms (HHcy, Cyss) increase with oxidative stress, which induce
the decreases of the ratio (Hcy/HHcy, Cys/Cyss).

4.3 The sensitivity of Hcy/HHcy and Cys/Cyss

Oxidative stress and redox signaling involve electron transfer
reactions, and Ej, is a convenient parameter describing the
relationship between various biochemicals undergoing oxida-
tion-reduction reactions,** as defined by the Nernst equation
as below:

RT

Eh = E() +n71n

[oxidized]

[reduced] @

E, depends on both the inherent chemical properties to
accept or donate electrons, expressed in the standard potential
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(Eo), and the coupled species acceptor (oxidized) and donor
(reduced) concentrations, where R is the gas constant (8.313 J
K" mol ™), T is the absolute temperature (K), n is the number
of electrons transferred, and F is Faraday's constant.

If there is a change in the reduced to oxidized thiol ratio,
there is a change in Ej,, which signals oxidative stress.®” There-
fore, the reduced and oxidized thiol ratio indicates the redox
state in the internal environment.** Especially, the HHcy
(oxidized) concentration was far lower than that of Hcy
(reduced). Thus, a subtle oxidation change would lead to
a significant change in the reduced to oxidized thiol ratio and
further affect the E}, and signal oxidative stress. Therefore,
accurate reduced and oxidized level measurement is key to
evaluating oxidative stress.

Furthermore, we also founded that Hcy/HHcy (Hcy reduced/
oxidized) is more sensitive than Cys/Cyss (Cys reduced/oxidized)
with a more obvious and prominent change in Fig. 4. It maybe
due to the concentrations of Cys and Cyss are both relatively
high, and more than ten times higher than Hcy and HHcy,
which is in line with the literature reported, as it shown in Table
6. The potential difference of Eypcymcy after and before the
redox reaction is AEyycy/mey; the potential difference of Ecyss/cys
before and after the redox reactions is AEcyss/cys-

RTlns
_ AEHHcy/Hcy _ F 5 _
R= AFowen ~ RT 41~ 1206 )
Cyss/Cys 2 ln—
nF 38

From the eqn (2), we found that with a redox reaction in vivo,
the change of AEypcymcy i 12 times that of AEcycys. The
corresponding formula derivation process show in detail in ESI
S4.f It indicated that the Hcy/HHcy is a more sensitive
biomarker than Cys/Cyss for oxidative stress. The Hcy and HHcy
were not involved in protein synthesis and a slight change in the
Hcy/HHcy will result in a titration jump to signal oxidative
stress.

4.4 Relationship of Hcy/HHcy and Cys/Cyss with
osteoporosis

Some literature reported the contradictory results about the
linkages between aberrant Hcy concentrations with bone
mineral density and osteoporotic fracture risk.® Several inves-
tigations have shown that increased Hcy level is associated with
decreased bone mineral density and increased risk of frac-
ture.>»*® Reports have shown that hyperhomocysteinemia has
adverse effects on nerve cells, vascular endothelial cells, osteo-
blasts and osteoclasts. The increase of Hcy concentrations
increases the level of oxidative stress, destroys the cross-linking
of collagen molecules, and increases the level of advanced gly-
cation end products, leading to the decrease of bone strength.>®
Therefore, hyperhomocysteinemia may be considered a factor
that reduces bone mass and damages bone quality. Drugs that
reduce Hcy level and oxidative stress can reduce the risk of
fracture in hyperhomocysteinemia patients.>* However, some
evidence has reported inconsistent findings that there is no
association between elevated Hcy concentration and bone

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Results of Hey, HHcy, Cys and Cyss in 36 rats plasma samples in the three groups (NC: normal control, OVX: ovariectomy, OVX + HRS:

ovariectomy with hydrogen-rich saline administration)

Group Hey (pmol L) HHcy (umol L) Cys (umol L) Cyss (umol L)
NC 0.62 + 0.58 0.021 + 0.026 8.37 £ 3.88 0.31 + 0.19
OVX 0.50 &+ 0.10 0.027 +£ 0.022 10.86 + 2.64 0.55 + 0.14
OVX + HRS 0.58 + 0.68 0.011 £ 0.010 8.88 £ 3.78 0.36 = 0.20

mineral density.”” It has been reported that serum Hcy level in
elderly patients with osteoporosis is elevated, but the correla-
tion between Hcy and osteoporosis fracture is not statistically
significant.”® This is due to the fact that these literature are
based on the total concentration of Hcy. From Fig. 4, 5 and
Table 5, we found that the value of Hcy/HHcy (Hcy reduced/
oxidized) decreases when OP occurs. It maybe the change of
the redox pairs of Hcy/HHcy induces an increase activity of
a protease (such as cathepsin K) in osteoclasts, which increase
the bone resorption.®*** The Hcy/HHcy increases when osteo-
porosis improved using the hydrogen water to fight oxidative
stress. The present work could provide a more accurate REDOX
messenger with Hey/HHcy to future studies on the mechanism
of the relationship between Hcy with bone mineral density and
osteoporotic fracture risk.

There were few literature on the relationship of Cys and
osteoporosis. Cys is formed from total Hcy and is involved in
bone metabolism via incorporation into collagen and cysteine
protease enzymes. There was a report about a significant asso-
ciation between plasma Cys and bone mineral density. Subjects
with low bone mineral density had a significantly lower plasma
Cys concentration and a significantly higher recent fracture
rate.® It has also reported that cysteine may improve the bone
mineral density in the OVX mice.®” But these reports were only
about total Cys and not studied in detail on the mechanism.
There was also no report about Cys/Cyss with OP. In present
work, we found that the value of Cys/Cyss decreases when
osteoporosis OP occurs from Fig. 4, 5 and Table 5. It indicated
that the mechanism of relationship between Cys and OP can be
detailly studied from the aspect of oxidative stress in future
study.

4.5 Method limitations

HFCF-UF limitations include the nonspecific binding for some
drugs, which may be quantified and overcome.*® Fortunately,
aminothiol is a kind of small polar compound, and there was no
significant nonspecific binding in our study. In addition, there
was also no enrichment function from the HFCF-UF device
when analyzing drugs at a lower concentration than the
instrument detection capability.

In our present work, the ratio of Hey/HHcy (Hcy reduced/
oxidized) and Cys/Cyss (Cys reduced/oxidized) could be suit-
able biomarkers for oxidative stress was only validated in rats. A
rigorous clinical trial in humans would be conduct in our
further study. Fortunately, we developed and validated a rapid,
reliable and accurate HFCF-UF method which could be used in
our further study.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The original purpose of our study was to measure not only
Hcy/HHcy (Hcy reduced/oxidized) and Cys/Cyss (Cys reduced/
oxidized) but also glutathione (GSH) and its oxidized form
(GSSG), which are important indicators of oxidative stress and
disease risk. But the method was not well validated for the
analysis of GSH and GSSG in spiked plasma samples. This may
be explained by the fact that numerous physicochemical factors
affect GSH and GSSG stability, including sample pH as well as
buffer and extraction reagent composition, which prevents
reliable GSH and GSSG estimates.** Moreover, GSH and GSSG
are susceptible to degradation and chemical modifications by
proteolytic and phase II metabolic enzymes (e.g., y-glutamyl-
trans peptidases and glutathione-s-transferases) and gluta-
thione reductases that can alter GSH and GSSG concentrations
within samples during processing and storage.®® Future studies
should focus on overcoming these limitations.

5 Conclusions

In the present work, we developed and validated a rapid, reli-
able and accurate HFCF-UF method for quantifying two reduced
form of thiols-homocysteine (Hcy), cysteine (Cys) levels and
their respective oxidized compounds, homocystine (HHcy) and
cystine (Cyss) in rat plasma simultaneously for the first time.
The sample preparation is simplified to a step of 5 min ordinary
centrifugation. Without the influence of coprecipitation, strong
oxidizing acid, and unprecipitated proteins, the whole opera-
tion is performed in a closed system which almost not disturb
the redox equilibrium system in vivo and the results are more
reliable. The method validation parameters complied with FDA
guidelines very well. The Hey/HHcy (Hcy reduced/oxidized) and
Cys/Cyss (Cys reduced/oxidized) could be suitable biomarkers
for oxidative stress, especially Hcy/HHcy is more sensitive. The
developed method provides a valuable tool that may be used to
monitor thiol changes in ongoing human clinical developments
for diagnostic disease risk evaluation.
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