OPEN a ACCESS Freely available online

@' PLOS ’ ONE

Serum Proteomic Analysis Reveals High Frequency of
Haptoglobin Deficiency and Elevated Thyroxine Level in

Heroin Addicts

Bing-Ying Zhou'?, Shi-Yan Yan®, Wan-Lu Shi"?, Zhi Qu3, Xin Zhao"?, Zhi-Min Liu?, Xiao-Ping Pu"**

1 National Key Research Laboratory of Natural and Biomimetic Drugs, Peking University, Beijing, People’s Republic of China, 2 Department of Molecular and Cellular
Pharmacology, School of Pharmaceutical Sciences, Peking University, Beijing, People’s Republic of China, 3 National Institute of Drug Dependence, Peking University,

Beijing, People’s Republic of China

Abstract

abuse.

Editor: Hiroyoshi Ariga, Hokkaido University, Japan

preparation of the manuscript.

* E-mail: pxp123@bjmu.edu.cn

Heroin addiction is a chronic, complex disease, often accompanied by other concomitant disorders, which may encumber
effective prevention and treatment. To explore the differences in expression profiles of serum proteins in control and heroin
addicts, we used two-dimensional electrophoresis coupled to MALDI-TOF/TOF, and identified 4 proteins of interest.
Following validation of the increase in serum transthyretin, we assessed serum levels of thyroid stimulating hormone (TSH),
triiodothyronine (T3), and thyroxine (T4), and observed a robust increase in T4 in heroin addicts compared to controls. In
addition, we performed haptoglobin (Hp) phenotyping, and showed that the frequency of HpO (serum devoid of
haptoglobin) was significantly higher in heroin addicts. Altogether, these findings indicated that: (1) thyroid hormone
imbalance is present in heroin addicts; (2) anhaptoglobinemia (Hp0) might a risk factor or a deleterious effect of heroin
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Introduction

Heroin is the most prevalent drug of abuse in China, according
to World Drug Report 2013 (United Nations Office on Drugs and
Crime). Even worse, the number of registered heroin consumers
keeps rising rapidly, reaching 1.272 million by the end of 2012. As
an illegal and highly addictive drug, heroin causes serious medical,
economic and social problems, threatening the society [1]. Despite
great effort in Methadone Maintenance Treatment (MMT)
programs to alleviate heroin dependence, effective prevention
and treatment still remain obscure, fueling the need for more
research into the causes and consequences of the heroin abuse.

Interestingly, genetic predisposition is a major contributing
factor of the development of addiction. Epidemiological studies in
men demonstrated that approximately 40-60% of developing an
addiction to heroin is genetically determined [2]. At the genome
level, a number of genes have been identified accounting for either
risk of or protection from developing addiction toward heroin [3—
9]. However, these genetic underpinnings have not been exploited
for clinical benefit.

The deleterious consequences of heroin dependence are largely
known as cognitive deficits and lethality to the individual, and
impairment of economy and public safety to the society. Studies
have shown that parts of the central nervous system, including
dynorphin-kappa opioid system [10] and the endocannabinoid
system [11], are heavily involved in drug addiction, which provide
intriguing targets for developing therapies. A comprehensive
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understanding of the pathophysiological changes in drug users
may lead to potential treatments improving their quality of life.

The emergence of the terms “morphinome” and “‘cocainomics’
underscored the importance of proteomic research in opiate
addiction [12,13]. Extensive proteomic studies have been
conducted on opiates. However, efforts in revealing the proteomes
in heroin addiction remain few [14-18]. To the best of our
knowledge, no proteomic studies using human samples have been
reported. Studies on human subjects pose an enormous challenge
for sampling. Brain tissues are the best samples for laboratory
research on central nervous system disorders such as addiction
[19,20]. However, postmortem tissues of heroin addicts are not
easily obtainable. A favorable surrogate is the cerebrospinal fluid,
which is usually obtained via lumbar, cisternal or ventricular
puncture [21]. Blood, by contrast, can be collected much more
easily and at much lower risks. Importantly, it contains nearly the
entire proteome of the human body [22]. Therefore, our study
used human serum.

To uncover proteins potentially involved in heroin addiction,
we utilized a two-dimensional electrophoresis (2-DE)-based
proteomics approach to examine differential protein expression
in the serum of heroin addicts and healthy controls. Following the
identification differentially expressed proteins, we validated the
increase in serum transthyretin levels in heroin-addicted patients,
and further found that thyroid hormone thyroxine (T4) was
elevated. In addition, we performed haptoglobin phenotyping, and
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showed, for the first time, that patient serum devoid of haptoglobin
(anhaptoglobinemia) positively correlated with heroin dependence.
These findings indicate that thyroid hormone balance is disrupted
in heroin addicts, and that anhaptoglobinemia might be a genetic
risk factor or a pathological consequence of the disease, which
could provide clues for the prevention or treatment of heroin
addiction.

Materials and Methods

1. Subjects

This study was approved by the Human Subjects Division at
Peking University Health Science Center. All subjects were of Han
Chinese descent. To preclude the effect of gender on the serum
proteome, only male individuals were included in this study [23].
All surveys were conducted between November 2009 and January
2010. Heroin-addicted patients were consecutively recruited
through several different clinics/hospitals. They were Beijing
Community Methadone Maintenance Treatment (MMT) First
Clinic, No. 109 Hospital of Shanxi, Xi’an Beilin District MMT
Clinic, Xi’an Baqiao Chinese Medicine Hospital MMT Clinic,
and Xi’an Mental Health Center MMT First and Second Clinic.
All patients were interviewed by two independent clinicians at
each institution. The heroin addiction group comprised 110
individuals (mean age of 33.6%7.5 years, male, Table 1). The
subjects were selected based on the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition (DSM-IV.) the
Addiction Severity Index (ASI). To be included in the study,
subjects had to meet the following criteria:(1) men aged 18 or
above; (2) heroin is a predominant drug of abuse; (3) currently on
methadone maintenance treatment; (4) adhered sufficiently to the
study protocol. The exclusion criteria were as follows: (1)
concurrent use of multiple drugs, predominant drug indefinable;
(2) severe psychological disorders; (3) severe physical illnesses (e.g.,
kidney failure, hepatic failure); (4) mental retardation, incapable of
understanding questionnaire. The first group of healthy controls
were volunteers recruited through Peking University Third
Hospital. All controls were college student volunteers (male, aged
18-22) from Beihang University (previously “Beijing University of
Acronautics and Astronautics”), who underwent health examina-
tions at Peking University Third Hospital (Table 1). The extended
cohort of healthy volunteers were recruited from the community,
which met the following criteria: (1) healthy male; (2) 18 years or
above; (3) no history of illicit drug abuse. An extended cohort of 72
male heroin addicts (35.51%8.45 years) and healthy controls
(32.79%8.63 years) were recruited for thyroid hormone measure-
ments. This study complied with the guidelines of each institution,
and was approved by each Ethics Committee. All participants
recruited in this study provided written informed consent.

Table 1. Demographic information of subjects.

Serum Proteomic Analysis in Heroin Addicts

2. Serum Sample Preparation

Approximately 5 ml of blood was drawn by venipuncture, and
collected into unheparinized tubes. According to the Human
Proteome Organization (HUPO) reference sample collection
protocol [24], all blood samples were allowed to clot at room
temperature for 30 min, centrifuged at 1,300 xg (4°C) for 10 min.
Serum used for proteomic experiments were additionally re-
centrifuged at 1,300 xg (4°C) for 10 min to remove all residual cell
debris. The resulting supernatants were aliquoted and frozen at —
80°C until use.

3. Two-dimensional Gel Electrophoresis (2-DE)

Twenty samples were randomly selected from each group for 2-
DE. Each sample corresponded to one gel. Protein extracts from
control and patient serum were processed in parallel to ensure
maximal comparability. Albumin was removed from serum
samples as described previously [25]. In short, serum was
precipitated by addition of ice-cold acetone containing 10% (w/
v) trichloroacetic acid, and subsequently washed with acetone four
times. Total protein concentration was determined using a
Bradford Protein Assay Reagent Kit (Thermo Scientific). 2-DE
was performed as reported previously [26]. A protein load of
1.3 mg protein was applied to 17 cm IPG Strips (pH 4-7, GE
Healthcare). Focusing was performed according to the protocol
provided by Bio-Rad Laboratories. The second-dimensional
separation was performed on 12.5% SDS-polyacrylamide gels.
After fixation, gels were stained using colloidal Coomassie Blue
(CCB) with slight modifications [27]. Gels were scanned, and
analysis for differences in protein patterns was performed using
PDQuest (Version 7.1, Bio-Rad).

4. Mass Spectrometry Analysis

Protein spots of interest were excised from 2-DE gels, washed,
dried, and enzymatically digested with trypsin. The extracted
peptide solution was subjected to the Applied Biosystems 4700
Proteomics Analyzer MALDI-TOF/TOF for MS/MS analysis.
The peptide masses were searched against the National Center for
Biotechnology Information (NBCI) database using Mascot Search
from Matrix Science. A criterion for significance was defined using
a probability-based molecular weight search (MOWSE) score.
Individual scores greater than 56 indicated identity or extensive
homology (P<<0.05).

5. Western Blot Analysis

Patient and control serum sample were separated by SDS-
PAGE, and transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, USA). TTR (or “prealbumin”) was
detected using a polyclonal rabbit anti-prealbumin antibody
(Santa Cruz), followed by incubation with a secondary HRP-
conjugated goat anti-rabbit antibody (Proteintech Group). To

Controls Heroin addicts
Number 110 110
Male : Female 110: 0 110: 0
Race Han Chinese Han Chinese
Age 18-22 33.6£7.5 (mean * SD)

doi:10.1371/journal.pone.0095345.t001
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Detailed information about the number (n), sex (male:female) and age of controls and heroin addicts are shown in this table.

April 2014 | Volume 9 | Issue 4 | 95345



A MW (kDa) p/4

|

116.0 -
66.2- - ——-iage

450- .

!

35.0- - V.,

250 - [ 52

L]

184- - -

144 - |a°
Y fold

B Mw (kDa) p/4

| |

F

L

SR— ] T

>7 MW (kDa) pl4 ———

Serum Proteomic Analysis in Heroin Addicts

116.0 -

66.2- = T =
| s voe b

450 - . > ‘
! ' g vy :

35.0 -
| {
| : . ‘

25.0 - o . - Y
i 4

184 - . ]
| 05 -

14.4-} o6

Figure 1. Representative raw 2-DE gel images of the serum proteome. Two-dimensional separation of the serum proteomes of controls (left)
and heroin addicts (right) were visualized by colloidal Coomassie brilliant blue. Protein samples were separated using IPG gel (pH 4-7, 17 cm) in the
first phase, followed by 12.5% SDS-PAGE in the second phase; 1.3 mg of proteins were loaded onto each gel. (A)-(C): protein spots marked 1-8

exhibited differential expression.
doi:10.1371/journal.pone.0095345.g001
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Figure 2. Relative abundance of eight differentially expressed
proteins. Enlarged regions of the corresponding gels are shown for all
8 differentially expressed proteins. The proteins (No. 1-8) indicated by
the arrows exhibited robust differences in their expression between the
control group and heroin addict group. The graphs show the relative
abundance of the proteins indicated across the two gels. The scales of
the graphs are in arbitrary units.
doi:10.1371/journal.pone.0095345.9g002

ensure equal protein loading, membranes were also probed with a
polyclonal rabbit anti-GAPDH antibody (Santa Cruz, USA) [28].
Blots were developed using enhanced chemiluminescence (ECL
kit; Amersham). Relative band intensities were determined by
Quantity One (Bio-Rad). Western blot shown is representative of
seven independent experiments.

6. Radioimmunoassay

For each participant, serum levels of thyroid stimulating
hormone (TSH), triiodothyronine (T'8) and thyroxine (T4) were
determined by radioimmunoassay. The assay was performed
according to manufacturer’s protocol (Xinwan Biology and
Science, Tianjin, China), with intra-assay coefficients of variation

less than 10.0% and inter-assay coeflicients of variation less than
15.0%.

Serum Proteomic Analysis in Heroin Addicts

7. Haptoglobin Phenotyping

All serum samples from each group were subjected to
haptoglobin (Hp) phenotyping. A 10% hemoglobin (Hb) solution
was prepared as previously reported [29]. In brief, heparinized
blood was centrifuged at 3,000 rpm (4°C) for 10 min, and the
supernatant was discarded. The pelleted blood cells were washed
five times in phosphate buffered saline (PBS), and lysed in 9 ml of
sterile water per 1 ml of pelleted cell volume. The cell lysate was
centrifuged at 10,000xg (4°C) for 40 min, and the resulting
supernatant was aliquoted and stored at —80°C until use. The Hp-
Hb complex solution was prepared by adding 2 ul of 10% Hb
solution to 10 gl of serum, and mixing for 5 min at room
temperature [30]. Sample buffer (25 mM Tris and 192 mM
glycine) was added to each sample prior to electrophoresis.
Samples were resolved by 7.5% PAGE at 300 V for 3 h, after
which Hp-Hb complexes were visualized by immersing the gel in a
freshly prepared staining solution containing 10 ml of 0.2% (w/v)
3,3",5,5"-tetramethylbenzidine in methanol, 1 ml DMSO, 20 ml
of 5% (v/v) glacial acetic acid, 2 ml of 1% (w/v) K3[Fe(CN)g], and
300 ul of 30% HyOs.

8. Statistical Analysis

Statistical analysis was performed with the SPSS Statistics
software (version 17.0). Unless otherwise indicated, the two-tailed
Student’s -test was performed. In Hp phenotyping, the chi-square
(x?) goodness-of-fit test (one sample test) was used for each single
Hp phenotype distribution, and the Fischer’s exact test was used to
compare Hp phenotype frequencies between the two groups. A P
value of less than 0.05 was considered statistically significant.

Results

1. 2-DE of Control and Heroin Addict Serum

Serum proteins extracted from controls and heroin addicts were
analyzed in parallel using 2-DE followed by colloidal Coomassie
Blue staining. Due to the variations among individuals, 2-DE maps
do not consistently exhibit all proteins. Therefore, we selected 3
pairs of 2-DE images as references for spot picking (Figure 1). The
spot patterns are summarized in Figure 1. All gels were analyzed
using PDQuest (Bio-Rad). A total of 113 spots from the heroin
addict group could be matched to the control group with a match
rate of 49%. Of the protein spots with different staining intensities
between control and heroin addicts, eight spots were selected for
further analysis. The relative abundance of spots 1-8 between the

Table 2. Quantitative changes in differentially expressed proteins in controls versus heroin addicts.

Control Heroin
Spot no. Spot density CV (%) Spot density CV (%) P value (n=3)
1 473.67 26.52 642.19 17.40 0.158
2 353.96 1.78 755.49 20.09 0.010
3 1161.86 55.89 2501.54 19.08 0.045
4 576.89 28.87 2257.15 30.68 0.015
5 1245.40 0.02 704.03 34.50 0.088
6 759.74 22.79 1146.57 41.58 0.257
7 1525.20 29.27 2177.21 26.054 0.042
8 1829.03 29.22 362.57 9.46 0.009

Spot numbers correspond to the same numbers shown in Figure 1. Spot density is the average OD of the same spot from three independent samples belonging to the

same experimental group. CV shows spot OD variation across these three samples.
doi:10.1371/journal.pone.0095345.t002
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Figure 3. Representative mass spectrometry output and identification of spot No. 3. (A) The peptide mass fingerprint of spot 3 from
human serum analyzed with MALDI-MS. (B) Identification of spot 3 as transthyretin with 73% amino acid sequence coverage by matched peptides
using MASCOT software. (C) MASCOT search of the protein in the NCBI database.

doi:10.1371/journal.pone.0095345.9g003

two groups was analyzed by PDQuest (Table 2). Spots with P< 2, 3,4, 7 and 8 (Table 2). Enlarged regions of the respective gels
0.05 was considered significantly differentially expressed between are shown in Figure 2 (Figure 2).
heroin addicts and healthy controls, which included spot numbers
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Table 4. Comparison of TSH, T3 and T4 concentrations (nmol/L) in the serum of healthy controls versus heroin addicts.

Thyroid hormone Control Heroin P value
TSH 3.69+1.14 3.61£1.63 0.713

T3 1.72+0.58 1.53x0.71 0.093

T4 91.58+38.04 114.02+25.24 <0.0071***

***p<0.001, vs. control.
doi:10.1371/journal.pone.0095345.t004

deregulated in addiction. To this end, we examined serum levels of
thyroid stimulating hormone (T'SH), triiodothyronine (T'3) and
thyroxine (T4) in controls and heroin addicts, and found a marked
increase in T4 level in addicts (Table 4), whereas T3 and TSH

levels were not significantly different between cases and controls.

5. The Distribution of Haptoglobin Phenotypes in Control
and Heroin Group

As shown in Tables 2 and 3, spots 4 and 8, both identified as
haptoglobin, showed alterations in different directions. According
to the literature, spot 4 represents the oy chain of the protein,
whereas spot 8 is the o chain [32]. This led us to the hypothesis
that Hp abundance may not necessarily be related to heroin
addiction, instead, Hp polymorphism, dictated by different
combinations of o chain isoforms, may be a potential factor
influencing susceptibility to heroin addiction. Therefore, we
performed Hp phenotyping to determine the relationship between
Hp phenotype and heroin addiction.

The three major Hp phenotypes (Hpl-1, Hp2-1, and Hp2-2)
and serum not expressing Hp (Hp0) were easily distinguished by
characteristic patterns of bands representing the Hp-Hb complex-
es (Figure 5). The frequencies of Hpl-1, Hp2-1, Hp2-2 and HpO0
are demonstrated in Table 5. Hp2-1 displayed an increase in
frequency in the heroin addiction group, whereas the frequency of
Hp2-2 decreased. HpO was present only in the heroin addiction

group.

123 456 78 910

- o -

Figure 5. Representative patterns of Hp phenotypes after
polyacrylamide gel electrophoresis of hemoglobin-enriched
serum. Bands correspond to Hp-hemoglobin complexes. Hp1-1 shows
a single migrating band. Hp2-2 has a series of more slowly migrating
bands. Hp2-1 displays another series of more slowly migrating bands
and a weak band that migrates similar to the Hp1-1 band. Hp1-1: lane 8;
Hp2-1: lanes 3, 5 and 6; Hp2-2: lanes 1, 2, 4, 7 and 9; HpO: lane 10.
doi:10.1371/journal.pone.0095345.g005
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Next, we assessed the distribution of each Hp phenotype using
the chi-square goodness-of-fit test (one sample test). Hpl-1, Hp2-1,
Hp2-2 frequencies did not show marked differences between the
two groups, whereas was found to be significantly differently
distributed (P=0.025). Fisher’s exact test was used to compare the
distribution of Hp phenotypes in cases and controls. This test was
preferred over a parametric test because there were instances of
small cell counts in the tables. No substantial differences were
revealed. However, a P value of 0.0514, which is close to the
critical value of 0.05, suggests that there might be potential
differences in the distribution of Hp phenotypes if further
increasing sample size. These results indicate a possible correlation
between the lack of Hp and heroin addiction.

Discussion

Heroin addiction is a major public health problem worldwide. It
1s widely believed that the mesolimbic dopamine pathway plays a
pivotal role in drug reward and addiction, and that dopamine
release is central to the reinforcing effects of drugs of abuse [33].
Imaging studies have described blunted presynaptic dopamine
release and low D2-receptor binding as an important part of the
pathophysiological features characterizing chronic heroin use [34].
Despite extensive effort in uncovering the neuropathophysiology
underlying heroin addiction, no cure exists for the disease. The
most widely implemented treatment mode is maintenance
treatment, which is a process of administering substitutes such as
methadone, buprenorphine, or sometimes heroin itself, to
gradually help patients return to productive lives [35,36].
However, maintenance treatments are controversial because in
essence, patients remain physically dependent on opiates for up to
their entire lives. Therefore, better therapies are sought after.
Unveiling biochemical differences between heroin-addicted pa-
tients and healthy controls may lead to the identification of risk
factors, “druggable” targets, or sophisticated pathways and
networks orchestrating the disease, which lays the foundations
for effective prevention or treatment for heroin addiction.

Proteomic techniques are broadly applied in human disease for
the discovery of differentially expressed proteins. Here, we used 2-
DE and tandem MS, and identified 4 proteins (peptides) of
interest. They were immunoglobulin J chain, transthyretin,
haptoglobin, and vitronectin. As opposed to gel-free proteomics,
this detection method sets the detection threshold at a very high
level, which can be easily converted and applied in a clinical
setting.

Transthyretin (T'TR) is a 55-kDa homotetramer with a dimer of
dimers configuration, and sometimes exists in the form of
monomers as well [37,38]. Accordingly, spots 3 and 7 (respective
molecular weight estimates of 30 kDa and 15 kDa), are the TTR
dimer and monomer, respectively. Physiologically, TTR is a serum
and cerebrospinal fluid carrier of the thyroid hormone thyroxine
(T4) and retinol [31]. In human serum, approximately 15% of T4
is transported via TTR. Several studies have focused on the
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dysregulation of thyroid hormones in heroin addiction. Despite the
prevailing view that thyroid function is disrupted in heroin
addicted patients, major controversies exist. Some early studies
showed that both T3 and T3 levels were increased in heroin
addicts [39-41]. Rasheed et al observed a modest gain in T3, with
no alterations in either TSH or T4 [42]. In yet another study, no
differences were found between controls and addicts with regard to
basal levels of TSH, T3 and T4 [43]. Our results, by contrast,
demonstrated a significant increase in T4, but not T3 or T'SH, in
the serum of male heroin addicts compared with healthy controls,
which has not been previously reported. Additionally, the carrier
protein of T4, TTR, was upregulated at the protein level.
Although not consistent between, the imbalance observed by all
groups indicates abnormal thyroid function in heroin dependence.

Haptoglobin (Hp) is an acute phase protein that binds free
hemoglobin and eliminates it from the circulation to prevent
kidney injury and iron loss [44]. Hp polymorphism is the result of
two co-dominant allele variants (Hpl and Hp2) on chromosome
16¢22, encoding the Hp o chains [45]. The Hp molecule contains
2 types of polypeptide chains: o (0, 8.9 kDa; oy, 16 kDa) and 3
(40 kDa). The B chains are identical in all Hp phenotypes, and
variations are solely caused by the presence of different o chains.
Three major Hp phenotypes are known to exist: Hpl-1, Hp2-1
and Hp2-2. Some individuals do not express Hp (anhaptoglobi-
nemia), which is denoted by Hp0. In this study, we demonstrated
that the frequency of HpO phenotype was significantly higher in
heroin addicts than in healthy controls, which is the first report on
anhaptoglobinemia in the context of heroin addiction. However,
whether it is a risk factor conferring vulnerability to addiction, or a
consequence of heroin use [46], is still unclear. Further, the
presence of both congenital and acquired HpO adds another layer
of complexity to the elucidation of the causal relationship [47].

The other two proteins (peptides) identified were immunoglob-
ulin J (IGJ) chain and vitronectin. IGJ participates in the
polymerization of the antibodies Immunoglobulin A (IgA) and
Immunoglobulin M (IgM). Serum IgA is a monomer, and does not
require the presence of IGJ chains. Therefore, the identified 1G]
chains in our study originated from IgM. Wetli et al. conducted
immunological studies in 40 heroin addicts. Serum IgM and IgG
increased by 80% and 37.5%, respectively [48]. Therefore, our
study is in accordance with previous research that related heroin
addiction with inflammation. Vitronectin, a glycoprotein found in
the plasma and the extracellular matrix, has been reported to be a
platelet specific protein, and plays a role in the formation of stable
platelet aggregates [49,50]. Previous studies have shown that the
use of narcotics resulted in platelet activation [51]. Intravenously
applied microcrystalline drugs (heroin) may cause microlesions of
the triscupid valve endothelium [52], while endothelium dysfunc-
tion triggers platelet activation. Therefore, alterations in vitronec-
tin abundance may reflect intravenous administration of heroin.

In summary, the 2-DE/tandem MS approach applied in the
present study provided a useful tool to identify proteins related to a
particular disease state, and to provide clues for in-depth analyses
of proteins of interest. By use of this strategy, we were able to
show, for the first time, that T4 and its carrier protein, TTR, were
elevated in the serum of heroin addicts, and that the occurrence of
Hp phenotype HpO (anhaptoglobinemia) is associated with heroin
addiction. Additional studies need to be carried out to figure out
how heroin dependence affects thyroid balance. Furthermore, the
currently unclear causal relationship between anhaptoglobinemia
and heroin addiction warrants deeper investigation.

April 2014 | Volume 9 | Issue 4 | 95345



Author Contributions

Conceived and designed the experiments: XP. Performed the experiments:
BZ SY WS ZQ X7 ZL. Analyzed the data: BZ SY WS ZQ XZ ZL. Wrote
the paper: BZ.

References

1.
2.

3.

Cami J, Farre M (2003) Drug addiction. N Engl J Med 349: 975-986.
Goldman D, Oroszi G, Ducci F (2005) The genetics of addictions: uncovering
the genes. Nat Rev Genet 6: 521-532.

Clarke TK, Ambrose-Lanci L, Ferraro TN, Berrettini WH, Kampman KM, et
al. (2012) Genetic association analyses of PDYN polymorphisms with heroin and
cocaine addiction. Genes Brain Behav 11: 415-423.

. Lai JH, Zhu YS, Huo ZH, Sun RF, Yu B, et al. (2010) Association study of

polymorphisms in the promoter region of DRD#4 with schizophrenia, depression,
and heroin addiction. Brain Res 1359: 227-232.

. Levran O, Londono D, O’Hara K, Nielsen DA, Peles E, et al. (2008) Genetic

susceptibility to heroin addiction: a candidate gene association study. Genes
Brain Behav 7: 720-729.

. Nelson EC, Lynskey MT, Heath AC, Wray N, Agrawal A, et al. (2014)

Association of OPRD1 polymorphisms with heroin dependence in a large case-
control series. Addict Biol 19: 111-121.

. Nielsen DA, Ji F, Yuferov V, Ho A, He C, et al. (2010) Genome-wide association

study identifies genes that may contribute to risk for developing heroin addiction.
Psychiatr Genet 20: 207-214.

. Proudnikov D, Hamon S, Ott J, Kreek MJ (2008) Association of polymorphisms

in the melanocortin receptor type 2 (MC2R, ACTH receptor) gene with heroin
addiction. Neurosci Lett 435: 234-239.

. Yang M, Kavi V, Wang W, Wu Z, Hao W (2012) The association of 5-HTR2A-

1438A/G, COMTVall58Met, MAOA-LPR, DATVNTR and 5-HTTVNTR
gene polymorphisms and antisocial personality disorder in male heroin-
dependent Chinese subjects. Prog Neuropsychopharmacol Biol Psychiatry 36:
282-289.

Shippenberg T'S (2009) The dynorphin/kappa opioid receptor system: a new
target for the treatment of addiction and affective disorders? Neuropsychophar-
macology 34: 247.

Serrano A, Parsons LH (2011) Endocannabinoid influence in drug reinforce-
ment, dependence and addiction-related behaviors. Pharmacol Ther 132: 215—
241.

. Bodzon-Kulakowska A, Bierczynska-Krzysik A, Drabik A, Noga M, Kraj A, et

al. (2005) Morphinome-proteome of the nervous system after morphine
treatment. Amino Acids 28: 13-19.

. Hemby SE (2010) Cocainomics: new insights into the molecular basis of cocaine

addiction. J Neuroimmune Pharmacol 5: 70-82.

. Bierczynska-Krzysik A, Bonar E, Drabik A, Noga M, Suder P, et al. (2006) Rat

brain proteome in morphine dependence. Neurochem Int 49: 401-406.

. Bodzon-Kulakowska A, Suder P, Mak P, Bierczynska-Krzysik A, Lubec G, et al.

(2009) Proteomic analysis of striatal neuronal cell cultures after morphine
administration. J Sep Sci 32: 1200-1210.

. Reynolds JL, Mahajan SD, Sykes D, Nair MP (2006) Heroin-Induces

Differential Protein Expression by Normal Human Astrocytes (NHA).
Am J Infect Dis 2: 49-57.

Shui HA, Ho ST, Wang JJ, Wu CC, Lin CH, et al. (2007) Proteomic analysis of
spinal protein expression in rats exposed to repeated intrathecal morphine
injection. Proteomics 7: 796-803.

Suder P, Bodzon-Kulakowska A, Mak P, Bierczynska-Krzysik A, Daszykowski
M, et al. (2009) The proteomic analysis of primary cortical astrocyte cell culture
after morphine administration. J Proteome Res 8: 4633-4640.

. Frankel PS, Alburges ME, Bush L, Hanson GR, Kish SJ (2008) Striatal and

ventral pallidum dynorphin concentrations are markedly increased in human
chronic cocaine users. Neuropharmacology 55: 41-46.

. Zill P, Vielsmeier V, Buttner A, Eisenmenger W, Siedler F, et al. (2011)

Postmortem proteomic analysis in human amygdala of drug addicts: possible
impact of tubulin on drug-abusing behavior. Eur Arch Psychiatry Clin Neurosci
261: 121-131.

Sher L, Oquendo MA, Grunebaum MF, Burke AK, Huang YY, et al. (2007)
CSF monoamine metabolites and lethality of suicide attempts in depressed
patients with alcohol dependence. Eur Neuropsychopharmacol 17: 12-15.

. Omenn GS (2005) Exploring the human plasma proteome. Proteomics 5: 3223,

3225.

. Miike K, Aoki M, Yamashita R, Takegawa Y, Saya H, et al. (2010) Proteome

profiling reveals gender differences in the composition of human serum.
Proteomics 10: 2678-2691.

. Rai AJ, Gelfand CA, Haywood BC, Warunek DJ, Yi J, et al. (2005) HUPO

Plasma Proteome Project specimen collection and handling: towards the
standardization of parameters for plasma proteome samples. Proteomics 5:
3262-3277.

PLOS ONE | www.plosone.org

26.

27.

28.

29.

31.

32.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

Serum Proteomic Analysis in Heroin Addicts

. Chen YY, Lin SY, Yeh YY, Hsiao HH, Wu CY, et al. (2005) A modified protein

precipitation procedure for efficient removal of albumin from serum.
Electrophoresis 26: 2117-2127.

Zhao X, Xiao WZ, Pu XP, Zhong L] (2010) Proteome analysis of the sera from
Chinese Parkinson’s disease patients. Neurosci Lett 479: 175-179.

Chevalier F, Rofidal V, Rossignol M (2007) Visible and fluorescent staining of
two-dimensional gels. Methods Mol Biol 355: 145-156.

Li N, Zhang L, Li H, Fang B (2010) Human CD34+ cells mobilized by
granulocyte colony-stimulating factor ameliorate radiation-induced liver damage
in mice. Stem Cell Res Ther 1: 22.

Hochberg I, Roguin A, Nikolsky E, Chanderashekhar PV, Cohen S, et al. (2002)
Haptoglobin phenotype and coronary artery collaterals in diabetic patients.
Atherosclerosis 161: 441-446.

. Bessa SS, Hamdy SM, Ali EM (2007) Haptoglobin gene polymorphism in type 2

diabetic patients with and without nephropathy: An Egyptian study. Eur J Intern
Med 18: 489-495.

Fleming CE, Nunes AF, Sousa MM (2009) Transthyretin: more than meets the
eye. Prog Neurobiol 89: 266-276.

Gao WM, Chadha MS, Berger RP, Omenn GS, Allen DL, et al. (2007) A gel-
based proteomic comparison of human cerebrospinal fluid between inflicted and
non-inflicted pediatric traumatic brain injury. J Neurotrauma 24: 43-53.

Wise RA (1987) The role of reward pathways in the development of drug
dependence. Pharmacol Ther 35: 227-263.

. Urban NB, Martinez D (2012) Neurobiology of addiction: insight from

neurochemical imaging. Psychiatr Clin North Am 35: 521-541.

. Mattick RP, Kimber J, Breen C, Davoli M (2008) Buprenorphine maintenance

versus placebo or methadone maintenance for opioid dependence. Cochrane
Database Syst Rev: CD002207.

. Ferri M, Davoli M, Perucci CA (2011) Heroin maintenance for chronic heroin-

dependent individuals. Cochrane Database Syst Rev: CD003410.

. Blake CC, Geisow M]J, Oatley SJ, Rerat B, Rerat C (1978) Structure of

prealbumin: secondary, tertiary and quaternary interactions determined by
Fourier refinement at 1.8 A. ] Mol Biol 121: 339-356.

Sekijima Y, Tokuda T, Kametani F, Tanaka K, Maruyama K, et al. (2001)
Serum transthyretin monomer in patients with familial amyloid polyneuropathy.
Amyloid 8: 257-262.

Afrasiabi MA, Flomm M, Friedlander H, Valenta L] (1979) Endocrine studies in
heroin addicts. Psychoneuroendocrinology 4: 145-153.

Azizi F, Vagenakis AG, Portnay GI, Braverman LE, Ingbar SH (1974)
Thyroxine transport and metabolism in methadone and heroin addicts. Ann
Intern Med 80: 194-199.

Chan V, Wang C, Yeung RT (1979) Effects of heroin addiction on thyrotrophin,
thyroid hormones and porlactin secretion in men. Clin Endocrinol (Oxf) 10:
557-565.

Rasheed A, Tareen IA (1995) Effects of heroin on thyroid function, cortisol and
testosterone level in addicts. Pol J Pharmacol 47: 441-444.

Brambilla F, Nobile P, Zanoboni A, Zanoboni-Muciaccia W, Meroni PL (1980)
Effects of chronic heroin addiction on pituitary-thyroid function in man.

J Endocrinol Invest 3: 251-255.

Sadrzadeh SM, Bozorgmehr J (2004) Haptoglobin phenotypes in health and
disorders. Am J Clin Pathol 121 Suppl: S97-104.

. Vitalis Z, Altorjay I, Tornai I, Palatka K, Kacska S, et al. (2011) Phenotypic

polymorphism of haptoglobin: a novel risk factor for the development of
infection in liver cirrhosis. Hum Immunol 72: 348-354.

Saoji AM, Jariwala H]J, Kelkar SS (1980) Haptoglobin phenotypes in leprosy.
Int J Lepr Other Mycobact Dis 48: 422-425.

Delanghe J, Langlois M, De Buyzere M (1998) Congenital anhaptoglobinemia
versus acquired hypohaptoglobinemia. Blood 91: 3524.

Wetli CV, Noto TA, Fernandez-Carol A (1974) Immunologic abnormalities in
heroin addiction. South Med J 67: 193-197.

Parker CJ, Stone OL, White VF, Bernshaw NJ (1989) Vitronectin (S protein) is
associated with platelets. Br J] Haematol 71: 245-252.

Asch E, Podack E (1990) Vitronectin binds to activated human platelets and
plays a role in platelet aggregation. J Clin Invest 85: 1372-1378.

Malinin Al, Callahan KP, Serebruany VL (2001) Paradoxical activation of
major platelet receptors in the methadone-maintained patients after single pill of
aspirin. Thromb Res 104: 297-299.

Longauerova A (2006) Coagulase negative staphylococci and their participation
in pathogenesis of human infections. Bratisl Lek Listy 107: 448-452.

April 2014 | Volume 9 | Issue 4 | 95345



