
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

4 
10

:3
7:

23
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Determination o
aDepartment of Pharmaceutical Analysis

Pharmacy, Harbin Medical University, Harb

ems.hrbmu.edu.cn; Tel: +86-0451-86699347
bBiological Sciences, Purdue University, Wes
cHeilongjiang Far East Cardiovascular Hosp
dDepartment of Medicinal Chemistry and

Pharmacy, Harbin Medical University, Harb
eDepartment of Biopharmaceutical Sciences

University (Daqing), Daqing 163319, P. R. C

† Electronic supplementary informa
10.1039/c7ra12702b

‡ These authors contributed equally to th

Cite this: RSC Adv., 2018, 8, 25808

Received 23rd November 2017
Accepted 4th July 2018

DOI: 10.1039/c7ra12702b

rsc.li/rsc-advances

25808 | RSC Adv., 2018, 8, 25808–258
f uric acid in biological samples by
high performance liquid chromatography-
electrospray ionization-tandem mass spectrometry
and study on pathogenesis of pulmonary arterial
hypertension in pulmonary artery endothelium
cells†
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Min Maoe and Qian Li *ab

Pulmonary arterial hypertension (PAH) is a severe cardiovascular disease that can lead to vascular remodelling

and hypertension. Clinical diagnosis of PAH is very difficult. Uric acid (UA) can act as a biological marker for

screening of PAH in patients. Multiple studies have indicated that reactive oxygen species (ROS) play an

important role in the development of PAH. Thus, it is important to study the relationship between UA and

ROS based on the pathogenesis of PAH. For monitoring PAH, a high performance liquid chromatography-

electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS/MS) method was developed to measure

the concentration of UA from rat models and pulmonary arterial endothelial cells (PAECs) models, which

were induced by monocrotaline (MCT) and hypoxia, respectively. In addition, the treatment groups were

treated by N-acetyl-L-cysteine (NAC), a ROS scavenger. With the confirmation from hematoxylin-eosin

(H&E) staining, the HPLC-ESI-MS/MS method was adopted to successfully analyze the concentration of UA.

In this study, for the first time, thymine was used as an internal standard (I.S.) of uric acid. The results

showed that the UA concentration in the PAH groups was higher than that in the normal groups, while the

UA concentration in the treatment groups decreased compared to that in the PAH group (p < 0.05). It was

experimentally proven that the HPLC-ESI-MS/MS method is a rapid, efficient and reliable quantitative

method to detect PAH. Furthermore, our results indicated that UA and ROS have a double-regulator role.
Introduction

Pulmonary arterial hypertension (PAH) is a severe, chronic disease
characterized by a progressive increase in the pulmonary arterial
pressure. It can further develop into vascular hypertrophy and
pulmonary structural remodelling, which would lead to right
ventricular overload, right heart failure, and even death.1,2 In
cellular studies, hypoxic-induced PAH can lead to an increase in
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reactive oxygen species (ROS). Therefore, the treatment of PAH is
closely related to the inhibition of ROS. N-acetyl-L-cysteine (NAC),
a scavenger of ROS, is oen used to treat PAH. It has also been
shown that NAC can reduce the thickness of pulmonary artery and
suppress pulmonary structural remodelling.3,4 Generally, PAH is
diagnosed when the pulmonary arterial (PA) pressure is above 25
mmHg at rest or above 30 mmHg in motion. It is difficult to make
PAH diagnosis via vague and insidious symptoms of increasing
fatigue and dyspnea.5Due to the lack of specic clinical indicators,
PAH is oen misdiagnosed, which results in loss of optimal
treatment time. Hence, an ideal biomarker evidence should be
found for diagnosis of preclinical PAH to guide therapy.

Uric acid (UA) is a nal product of purine metabolism, which is
primarily generated in the liver in most mammals.6–9 Approxi-
mately 60% to 70% of total UA is excreted from the body through
the kidneys.10 Usually, UA is a powerful antioxidant in serum.
However, cellular studies have shown that UA may also be a pro-
oxidant, relying on its chemical microenvironment.11 Moreover,
UA has proinammatory and vasoconstrictive effects as well as
a direct inuence on vascular remodelling.12 The levels of UA may
This journal is © The Royal Society of Chemistry 2018
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be inuenced by many factors, such as systemic arterial hyper-
tension (HTN) and age.13 A disordered concentration of UA in the
blood can lead to many diseases such as hypertension, cardio-
vascular, kidney, liver, and Parkinson's disease.14–19 The levels of
serum UA are closely related to functional severity and have
independent prognostic implications in PAH.20–22 However, the
mechanism of how UA affects PAH is still ambiguous. Therefore,
the relationship between them was explored by means of studying
the connection between UA and ROS in this study.

It is well reported that the quantication methods for UA,
such as high performance liquid chromatography (HPLC) or gas
chromatography and mass spectrometry (GC-MS), have many
inevitable limitations.23–27 HPLC techniques are sensitive, but
lack selectivity due to interference from the matrix. Moreover,
the sample preparation processes limit their operational effi-
ciency and potential.25 GC-MS methods are also hampered by
cumbersome and complex preparation procedures, which
result in longer analysis times. Therefore, it is necessary to nd
a method with high sensitivity, selectivity, accuracy, and
a simple sample pre-treatment process. Liquid
chromatography-mass spectrometry (LC-MS) can usually be
used as an accurate, efficient and powerful tool for determina-
tion of the substances in biological samples.28–32

It has been reported that 15N-labelled uric acid is oen used
as an internal standard (I.S.) for quantication of uric acid by
mass spectrometry. Thymine is a pyrimidine nucleobase.
Considering the cost of the heavy labeled isotope I.S.,33–35 we
chose a structural analog (thymine) in this study, which made
the quantication more cost-effective.

In the present study, a high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS)
method was used for the identication, validation and anal-
ysis of UA in serum, cells, and tissue from three groups (normal
group, MCT group, MCT + NAC group). As a result, we veried
the disease status in various biological samples to provide early
diagnosis of PAH. This method has improved efficacy compared
to that of current therapies and prognoses. Furthermore, the
sample preparation procedure is simple and timesaving. The
mechanism of PAH is also preliminarily discussed.
Materials and methods
Ethics statement

All experimental procedures on animals were carried out in
accordance with guidelines for the Care and Use of Laboratory
Animals approved by the Institutional Animal Care and Use
Committee and conducted in compliance with the NIH guide.
The study protocol on the Ethics of Animal was approved by the
Committee Experiments of the Harbin Medical University
(permit number: 2010-0006). All surgeries were carried out
under sodium pentobarbital anaesthesia, and all efforts were
made to minimize pain.
Materials

UA (99%) and thymine (I.S.) (98%) were obtained from Sigma
(USA). MCT was purchased from Pure One Biotechnology (Co.,
This journal is © The Royal Society of Chemistry 2018
Ltd. Shanghai, China). NAC was purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA). Reactive Oxygen Species
(ROS) detection reagents were obtained from molecular probes
(Calif, USA). All other reagents were purchased from common
commercial sources. LC-MS-grade methanol and formic acid
were obtained from Dikma and Sigma (USA). All other reagents
were of analytical grade.

Establishment of PAH and treatment models based on rats

To conduct this experiment, we selected 21 SD female adult rats
with a weight of 200 � 10 g. The 21 rats were randomly divided
into three groups: normal (n¼ 7), PAH (n¼ 7) and treatment (n¼
7). The PAH rat models were induced with intraperitoneal
injection of MCT at a dose of 60 mg kg�1 d�1 for 21 days. At the
same time, the treatment models were treated with intragastric
administration of NAC (500 mg kg�1 d�1) for 14–21 days and
injected with MCT intraperitoneally. Aer 3 weeks of induction,
all the rats were fasted for 24 hours and then anesthetized. Serum
and tissue were collected aer sacrice. Morphometric analysis
of the PAH was completed by haematoxylin-eosin (H&E) staining.
The lung tissue was sliced following dewaxing, staining, dehy-
drating, permeating, and sealing. The lung tissue sections were
observed by digital photomicrography, and then analysed with
Image-Pro Plus 6.0. The staining results were used to verify
whether the rat models were successfully established.

Establishment of PAH and treatment models based on PAECs

PAECs were collected by scratching the intimal surface of
pulmonary arteries, which were from fresh lungs of calf, in
compliance with the Ethical Committee of Laboratory Animals at
Harbin Medical University. The arteries were gently slit open and
the innermost layer was scraped off with a surgical blade to
obtain the endothelial cells. Then, 1� HEPES buffer was used to
wash the blood that remained in the blood vessels. The PAECs
were digested by 1 mg mL�1 collagenase II at 37 �C for 30 min
and washed with 1� phosphate buffer saline (PBS) to eliminate
the collagenase. Then, PAECs were cultured in Dulbecco's
modied Eagle's medium (DMEM) with 20% fetal bovine serum
(FBS) and incubated at 37 �C in a 25 mL cell culture bottle for
three days to observe the overall adherence of the cells. Finally,
the cell culturemediumwas replaced.When growing into 80% of
the cell culture bottle bottom, the cells were plated in 6-well
plates overnight at 37 �C. The PAECs were randomly divided into
three groups: normal (n ¼ 7), PAH (n ¼ 7) and treatment (n ¼ 7).
The PAH model cells were exposed to hypoxia (3% O2) for 24 h.
The treatment model was pre-treated with NAC (25 mmol L�1,
0.5 h before hypoxia) and then exposed to hypoxia (3% O2) for
24 h. These cells could be used in the subsequent experiments.

Immunouorescence analysis

Cells were plated in 6-well plates overnight at 37 �C. PAECs were
randomly divided into three groups: normal (n¼ 7), HYP (n¼ 7)
and ALLO (allopurinol, n ¼ 7). PAECs of the HYP group were
exposed to hypoxia (3% O2) for 24 h. The PAECs of the ALLO
group were pre-treated with ALLO (allopurinol 300 mg mL�1 in
10 mM NaOH, 2 h before hypoxia) and exposed to hypoxia (3%
RSC Adv., 2018, 8, 25808–25814 | 25809
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O2) for 24 h. Aer washing three times with PBS, the cells were
covered with ROS detection reagents, CM-H2DCFDA or mitosox,
and incubated for an appropriate time in the dark at 37 �C. The
images were recorded by digital photomicrography, and then
analysed with a colour-recognition algorithm of Image-Pro Plus
6.0.

Sample preparations
Serum sample preparation

Serum samples were collected aer 3 weeks from normal rats,
MCT-injected rats, and MCT rats aer intragastric administra-
tion with NAC, and blood was collected from the heart. Then,
300 mL methanol was added to 100 mL serum sample, and the
mixture was vortexed for 1 min, le undisturbed for 10 min to
remove protein sufficiently, and then centrifuged at a speed of
4000 rpm for 10 min. Subsequently, 300 mL supernatant was
collected in glass tubes for nitrogen drying at 37 �C before
reconstitution with 100 mL of the mobile phase. 1 mL I.S. stock
solution was diluted to 1 mL with dd H2O as an I.S. solution of
serum. Then, 10 mL I.S solution of serum was added to 100 mL of
the mobile phase. Aer vortexing for 1 min, the samples were
ltered through 0.45 mm nylon lters.

Tissue samples preparation

Tissue samples were collected aer 3 weeks from the lung lobe
of normal rats, MCT-injected rats, and MCT rats aer intra-
gastric administration with NAC. Aer dissection, the lung
tissues were ground to a ne powder in liquid nitrogen. Each
sample (0.05 g) was homogenized with 2 mL methanol by vor-
texing for 1 min and centrifuging at 12 000 rpm for 10 min.
Then, 200 mL supernatant was collected for nitrogen drying at
37 �C before reconstituting in 100 mL mobile phase. Further-
more, 1 mL I.S. stock solution was diluted to 0.5 mL with dd H2O
as I.S. solution of tissue. Then, 10 mL I.S solution of serum was
added to 100 mL of mobile phase. Aer vortexing for 1 min, the
samples were ltered through 0.45 mm nylon lters.

Cells sample preparation

PAECs were divided into different groups, namely, normal,
hypoxia (3% O2, 24 h), and treatment (plus NAC (25 mmol L�1,
0.5 h before hypoxia)). Aer 24 h, the cells were harvested,
counted, and washed three times with PBS before sonication.
Then, the cells were centrifuged at 12 000 rpm for 10 min to
remove protein, and 200 mL supernatant was collected. Then, 2
mL I.S. stock solution was diluted to 0.5 mL with dd H2O as an
I.S. solution of the cells. Then, 10 mL I.S solution of the cells was
added to 200 mL of supernatant through a 0.45 mm nylon lter
for the subsequent HPLC-ESI-MS/MS analysis.

Stock solutions, calibration curves and quality control (QC)

The concentration of the UA standard stock solution and the I.S.
stock solution was 0.4 g L�1. Also, 20 mg UA and litter ammonia
were dissolved in 50 mL dd H2O before sonication and used as
the UA stock solution. First, 4 mg thymine was dissolved in 250
mL DMSO, and then diluted with dd H2O to 10 mL and used as
25810 | RSC Adv., 2018, 8, 25808–25814
the I.S. stock solution. The I.S. stock solution was nally diluted
to the required concentration with the biological samples.

A series of UA standard solutions in serum (350.00, 200.00,
80.00, 32.00, 12.80, 3.66 1.05, and 0 ng mL�1), in lung tissue
(1500.0, 750.0, 150.0, 30.0, 6.0, 3.0, 1.5, and 0 ng mL�1), and in
PAECs (1500.0, 750.0, 150.0, 30.0, 6.0, 3.0, 1.5, and 0 ng mL�1)
were prepared for establishing calibration curves. Quality
control (QC) samples were prepared with the UA concentrations
of 10, 50, 200 ng mL�1 in serums, and 3.75, 67.50 and 1200 ng
mL�1 in PAECs and lung tissues.

All samples and standards were stored at 4 �C aer
preparation.

Chromatographic condition

The HPLC-ESI-MS/MS system comprises an Agilent series 1290
HPLC (Agilent, Waldbronn, Germany) coupled with a 6430
QQQ-MS mass spectrometer with an electrospray ionization
(ESI) interface. The analytical column used was an Inert sustain
(C18) column (3.0 mm � 100 mm, 3 mm) and the column
temperature was kept at 28 �C. The mobile phase system was
composed of 0.1% formic acid in water (solvent A) and 100%
methanol (solvent B). The samples were eluted using an iso-
cratic elution of solvent A : solvent B (9 : 1, v/v) at a ow rate of
0.3 mL min�1. The injection volume of the rat samples and
supernatant extraction of cells were 2 mL and 10 mL, respectively.

Tandem mass spectrometric (MS/MS) analysis

Tandem mass spectrometric (MS/MS) analysis was conducted
by performing multiple reaction monitoring (MRM) experi-
ments in the negative ESI mode. The precursor-to-product ion
transitions of m/z 167 / m/z 124 for UA and m/z 125 / m/z 42
for the I.S. were monitored. The source parameters of electro-
spray ionization mass spectrometry and tandem mass spec-
trometry were conducted by setting the following parameters:
gas temperature, 300 �C; gas ow, 9 L min�1; nebulizer pres-
sure, 40 psi; capillary voltage, 4000 V; fragmentor voltage, 90 V
(UA and I.S.); and collision energy, 15 eV for uric acid and I.S.
Finally, the data were processed and analysed by Agilent
MassHunter Workstation soware.

Calibration and method validation
Selectivity

Selectivity is the ability of an analytical method to differentiate
and quantify the analytes in the presence of other components
in a sample. In this study, the selectivity was determined by
comparatively analysing blank samples (rats, PAECs) from 7
individual biological samples, corresponding blank samples
(rats, PAECs) spiked with the UA, I.S.

Linearity of calibration curves and lowest limits of
quantication

A calibration curve was assessed at a concentration range of 1.0–
350.0 ng mL�1 in serum and 1.5–1500.0 ng mL�1 in PAECs and
lung tissue. The calibration curves were constructed by plotting
the peak area ratios of each analyte to I.S. versus plasma
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Negative ion ESI MS/MS spectrum of uric acid (a) and
thymine (b).
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concentrations on the basis of weighted linear least-squares
regression model (1/x2). The signal to noise ratio was higher
than 10 (S/N $ 10) in rats and cells could be considered as the
lowest limit of quantication (LLOQ).

Precision and accuracy

The precision and accuracy of the samples were examined by
using the LLOQ and QC samples at three concentration levels
(low (LQC), moderate (MQC) and high (HQC)) of the three
analytes in six replicates each day for three consecutive days.
Precision and accuracy were determined and expressed as
relative standard deviation (RSD) and relative error (RE),
respectively. The acceptable criteria for the inter-day and intra-
day precision and accuracy were within 15%.

Extraction recovery and matrix effect

The extraction recovery of the three analytes was determined by
analysing six replicates of samples in rat and PAECs at LQC,MQC
and HQC level of UA. Matrix effects were evaluated by comparing
the absolute peak areas of the blank matrix samples aer
extraction to the absolute peak areas of the unextracted samples.

Stability

The stability of the reference solutions was evaluated by ana-
lysing the LOQ and HQC levels of the QC sample with six
replicates at each level aer 24 h at room temperature.

Statistics

The data are presented as mean � SD. For comparisons between
2 experimental groups, the student's paired t-test was used.
Signicant level was set at p < 0.05. Statistical analysis was per-
formed by Statistical Product and Service Solutions version 13.0.

Results and discussion
HPLC-ESI-MS/MS (MRM) analysis

To make quantication cost effective, thymine was used as I.S.
for UA in this study. The mass spectral signals of both uric acid
and thymine were weak in the positive-ion mode of electrospray
ionization. Therefore, all the mass spectral data for the analyses
in this study were acquired in the negative ion mode of elec-
trospray ionization. As demonstrated in the MS/MS spectrum of
UA and I.S. (in Fig. 1), the product ion of UA was m/z 124 ([M �
H–NHCO]�), which was fragmented from a precursor ion m/z
167 ([M � H]�) (Fig. 1a). I.S. (thymine) had mass fragmentation
of product ion atm/z 42 ([M�H–C4H8NO]

�) from precursor ion
at m/z 125 ([M � H]�) in the negative mode (Fig. 1b). Full scan
negative ESI mass spectra of UA and thymine are shown in Fig. 1
and 2 of the ESI,† respectively.

Morphometric and immunouorescence analysis

The thickness of the pulmonary arteries of the MCT rats was
determined by haematoxylin-eosin (H&E) staining. The pulmo-
nary arteries of the MCT group were signicantly thicker than
those of the normal group, while NAC treatment signicantly
This journal is © The Royal Society of Chemistry 2018
reduced the thickness, as shown in Fig. 2. This conrmed that
the rat models were successfully established and NAC had
a therapeutic effect on PAH. ALLO was used to observe the
uorescence intensity change of ROS in PAECs. PAECs was
labelled by CM-H2DCFDA ormitosox. Because ALLO can remove
UA, the decrease in UA concentration leads to the decline in
ROS in dysfunctional PAECs. The data illustrated that UA
markedly decreased the content of ROS in PAECs and mito-
chondria (Fig. 3). This conrmed that UA can regulate the
production of ROS in the condition of PAH.
RSC Adv., 2018, 8, 25808–25814 | 25811
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Fig. 2 Haematoxylin-eosin (H&E) staining of histology section in rats.
The wall thickness of pulmonary artery was expressed by the intima to
media ratio. Morphometric analysis of pulmonary vascular walls with
H&E staining revealed the differences in pulmonary artery wall thick-
ness of normal rat sections, MCT-induced PAH rat sections and NAC
treatment rat sections. The scale bars are 100 mm. All values are
denoted as themeans� SEM; *p < 0.05, vs. normal; #p < 0.05, vs.MCT
+ NAC. Nor, normoxia; MCT, monocrotaline; NAC, N-acetyl-L-
cysteine, (n ¼ 7).

Fig. 3 Immunofluorescence staining of reactive oxygen species (ROS)
in PAECs (green) and mitochondria (red) with CM-H2DCFDA or
mitosox. The increased production of ROS in cells (green) and mito-
chondria (red) induced by hypoxia was reduced when treated with
ALLO (an inhibitor of xanthine oxidoreductase). ROS was assessed by
a laser-scanning confocal microscope after being treated by CM-
H2DCFDA or mitosox; scale bars were 100 mm. NOR, normoxia; HYP,
hypoxia; ALLO, allopurinol (n ¼ 7).

Fig. 4 The typical equation of calibration graph of UA in serum. R2

(correlation coefficient) were equal to 0.9991. Abscissa was the
concentration ratio of UA with respect to I.S. Ordinate was the ratio of
peak area value of UA with respect I.S.
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Method validation
Selectivity

The selectivity of the method towards endogenous serum, lung
tissue and PAECs matrix was evaluated with serum, lung tissue
from three groups (21 SD rats) and PAECs from three groups.
The retention times of UA and I.S. were 3.0 � 0.1 min and 4.4 �
0.1 min, respectively. All peaks and shapes of the analytes and
I.S. were detected with excellent resolution. The typical chro-
matographic peaks of the three groups with LLOQ analytes and
I.S. could be easily detected. The analytes could be easily
distinguished from the matrix, and quantitatively detected to
the LLOQ level.
25812 | RSC Adv., 2018, 8, 25808–25814
Linearity of calibration graphs and lowest limits of
quantication

The typical equation of the calibration graph of UA in serum is
shown in Fig. 4 and Table 1 in the ESI.† The calibration graphs
of UA in lung tissue and PAECs are shown in Fig. 3 and 4 of the
ESI.† All correlation coefficients were higher than 0.990. The
results showed excellent correlation between the ratio of peak
area and concentration ratio for UA and I.S. within the linear
range (1.0–350.0 ng mL�1 in rats and 1.5–1500.0 ng mL�1 in
tissue and PAECs). The LLOQ in serum, PAECs and tissue were
1.05 ng mL�1, 1.5 ng mL�1 and 1.5 ng mL�1, respectively.

Precision and accuracy

The precision (RSD%) and accuracy (RE%) of the method were
determined by using three concentrations (LQC, MQC and HQC)
of QC samples and the LLOQ sample. The peak-area ratios of UA
to I.S. weremeasured. The intra-/inter-day precision and accuracy
were summarized (ESI, Table 2†). These results suggest that the
developed method is precise, accurate and reproducible.

Extraction recovery and matrix effects

The extraction recovery and matrix effect were determined using
LQC, MQC and HQC level of UA. The peak-area ratios of UA to I.S.
were measured. The recovery of analytes was greater than 80%.
The results of the matrix effects were �100%, as shown in Table 3
of ESI.† The datamentioned above suggested that ion suppression
or enhancement from the matrix was negligible for this method.

Stability

The stability of UA was examined in the QC samples at two
different concentrations at different times. Deviations less than
�15% were obtained from the results, indicating that the ana-
lyte was stable in rat serum, tissue and PAECs at room
temperature aer 24 h. This shows that the level of UA was
stable, as shown in Table 4 of the ESI.†

Determination of UA in serum, tissues and PAECs

Although the level of UA would be inuenced by many factors, the
physiological status of the rats, such as age and health conditions,
were identical in this study. During the process of PAH, the levels
of UA will be increased in serum and tissues. The average
concentration of UA was 1.80–3.30 mg mL�1 in serum (Fig. 5) and
0.34–0.50 mg mL�1 in lung tissue (Fig. 6). Compared with the
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 HPLC-ESI-MS/MS chromatograms of the analytes in serum
samples. *p < 0.05, vs. normal; #p < 0.05, ##p < 0.01 vs. MCT + NAC.
NOR, normoxia; MCT, monocrotaline; NAC, N-acetyl-L-cysteine; (n ¼
7); RT, retention time.

Fig. 7 HPLC-ESI-MS/MS chromatograms of the cell samples analytes.
PAH group of cells were exposed to hypoxia (3% O2) for 24 h, while
cells of the treatment group were treated with NAC for 0.5 h and then
exposed to hypoxia (3% O2) for 24 h. *p < 0.05, vs. normal; #p < 0.05,
vs. HYP + NAC. NOR, normoxia; NAC, N-acetyl-L-cysteine (25 mmol
L�1); HYP, hypoxia (n ¼ 7); RT, retention time.

Fig. 8 Mechanism of UA and ROS inducing endothelial dysfunction.
UA, uric acid; ROS, reactive oxygen species; NAC,N-acetyl-L-cysteine;
ALLO, allopurinol.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

4 
10

:3
7:

23
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
normal groups, the levels of UA in serum and tissues from rats
were higher in theMCT groups, namely, the concentration of UA is
from 2.45 � 0.41 (NOR) to 3.34 � 0.30 (MCT) in serum and the
concentration of UA is from 0.34 � 0.052 (NOR) to 0.50 � 0.072
(MCT) in tissue. However, UA concentration decreased when MCT
induced rats were treated with NAC, a nonspecic ROS scavenger.
Specically, the concentration of UA decreased from 3.34 � 0.30
(MCT) to 1.84 � 0.30 (MCT + NAC) in serum, while the concen-
tration of UA decreased from 0.50 � 0.072 (MCT) to 0.37 � 0.075
(MCT + NAC) in tissue. These results are consistent with the those
obtained through morphometric analysis. In PAECs, the average
concentration of UA was 0.23–0.29 mg mL�1 (Fig. 7). Similarly, the
UA level in PAECs increased when normal PAECs were induced
with hypoxia: the concentration of UA increased from 0.23� 0.058
(NOR) to 0.29 � 0.062 (HYP) in PAECs. However, the UA level
decreased when the hypoxia induced PAECs were treated with
NAC: the concentration of UA decreased from 0.29 � 0.062 (HYP)
to 0.26 � 0.077 (HYP + NAC) in PAECs. The results of the PAECs
samples showed that ROS can regulate UA in PAECs dysfunction.
The chromatography of HPLC-ESI-MS/MS showed that the target
compound yielded well-shaped peak with small interference. It
was experimentally proven that this method could also be used to
diagnose pulmonary hypertension by UA quantication from
serum, tissue, and PAECs. Furthermore, immunouorescence
Fig. 6 HPLC-ESI-MS/MS chromatograms of the analytes in tissue
samples. *p < 0.05, vs. normal; #p < 0.05, vs. MCT + NAC. NOR,
normoxia; MCT, monocrotaline; NAC,N-acetyl-L-cysteine; (n¼ 7); RT,
retention time.

This journal is © The Royal Society of Chemistry 2018
results showed that ALLO as a UA scavenger can lead to decline in
ROS. In summary, the molecular mechanism of UA and ROS has
a double-regulatory role in dysfunctional cells, as shown in Fig. 8.
The concentration of UA plays an important role in the patho-
genesis of PAH.
Conclusions

In this study, a rapid, efficient and reliable quantitative method
was developed for the rst time and validated to detect the
concentration of UA in serum, tissue, and PAECs from normal,
PAH, and NAC treatment group. Thymine was used as an I.S. for
quantifying UA. In a rat model of MCT induced pulmonary
hypertension, the concentration of UA increased compared with
that in the normal group. NAC tended to decrease the peripheral
vascular density. The concentration of UA inMCT rats treated with
NAC was reduced compared with that in MCT induced group. The
results from PAECs were consistent with those from rats. The
RSC Adv., 2018, 8, 25808–25814 | 25813
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results demonstrated that this HPLC-ESI-MS/MS method had
a preferable determination coefficient (R > 0.990) and the lowest
limit of quantication (LLOQ ¼ 1.05 ng mL�1 in serum, LLOQ ¼
1.5 ng mL�1 in PAECs, tissue). The deviations in precision and
accuracy were less than 15% for intra-day and inter-day determi-
nations, and the recovery was greater than 80%. In conclusion,
a robust, fast, and sensitive HPLC-ESI-MS/MS method has been
successfully developed to determine UA in serum, tissue, and
PAECs using MRM as the acquisition mode. This quantication
method can be used for follow-up surveillance of PAH patients.
Moreover, results from the cell study indicated that the patho-
genesis of PAH was involved in a bidirectional regulating pattern
between UA and ROS.
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