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Abstract

The detection of recombinant human growth hormone (rhGH) is difficult due to its short half-life;
therefore, novel and robust biomarkers of rhGH abuse are needed. In this study, serum samples
derived from subjects treated with rhGH in a randomized, double blind, placebo-controlled
crossover study were analyzed by 2-DE coupled with MS. Eight healthy male subjects aged 23.2 £
0.6 yr were injected with rhGH (2 mg/day) or saline for 7 days with serum samples drawn at days
0, 3, and 8. Protein intensities were quantified and analyzed for differences between rhGH versus
placebo treatments. Protein that showed significant changes were identified and confirmed by
Western blotting. These included specific isoforms of alpha-1 antitrypsin and transthyretin that
increased; and inter-alpha-trypsin inhibitor heavy chain H4, apolipoprotein A-1 and hemoglobin
beta chain that decreased. These proteins represent novel biomarkers of short-term rhGH exposure
and may lead to a new method for detecting rhGH doping.
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1 Introduction

Recombinant human growth hormone (rhGH) is widely abused by athletes and is on the
prohibited substance list by World Anti-Doping Agency (http://www.wada-ama.org/),
although it remains controversial whether rhGH administration improves athletic
performance [1, 2]. A relatively large dose of rhGH is used by athletes, e.g. 10-25 1U (or
3.3-8.3 mg)/day [3], which is much higher than the therapeutic dose (0.6-1.5 1U/day) used
for adult GH deficiency [4].

It is difficult to detect rhGH doping because rhGH is identical to endogenous hGH and hGH
has a relatively short plasma half life of about 15 — 20 min [5]. To date, there are two
approaches to detect rhGH doping in blood samples- the isoform approach and the
biomarker approach. hGH is composed of several forms including the most abundant 22
kDa isoform, a 20 kDa isoform and several others of varying sizes [6]. When rhGH (22 kDa
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isoform) is injected, a change in the ratio of 22 kDa isoform relative to the total GH
concentration will happen and this is the basis for the current method in use [7]. The
limitation of this approach is that the “window’ for detection is only about 36 hours [7].
Using this technique, no positive rhGH doping results were detected in the 2004 Athens and
2006 Turin Olympic Games. However, recently (2010) the first rhGH abuse case was
identified using this method [8].

A second approach, GH-dependent biomarkers, is promising because proteins with longer
half lives than GH are used. Two international studies entitled ‘The GH-2000 Project’ and
“The GH-2004 Project’ were undertaken and confirmed insulin-like growth factor-1 (IGF-1)
and procollagen type I11 (P-111-P) as two markers of hGH in serum [9, 10]. However, IGF- 1
and P-111-P display relatively large inter- and intra-individual variations. For example, serum
samples obtained over a two- to three-week period from 1103 elite athletes have shown a
within-subject coefficient of variation of nearly 21% for IGF-1 and 15% for the P-111-P [11].
Thus, other serum biomarkers for GH action would be valuable. In this regard, it is generally
agreed that a combination of multiple biomarkers rather than a single marker will generate
more robust and reliable results.

In this study, we used a serum proteomic approach, i.e., 2-DE coupled with MS, to identify
and quantify novel biomarkers of high dose exogenous GH exposure.

2 Materials and methods

2.1 Subjects and design

Serum samples were obtained from 8 healthy young male volunteers (23.2 £ 0.6 yr old) that
underwent placebo and rhGH injections in a randomized cross-over design. The study was
conducted at the Good Clinical Practice Unit of Aarhus University Hospital, Denmark. Data
related to substrate metabolism derived from this study have previously been published [12].
Each subject underwent two periods of 8 days in a randomized, double-blind, placebo-
controlled manner: (Period I) placebo injections, (Period Il) daily rhGH treatment
(Norditropin SimplexX; Novo Nordisk, Copenhagen, Denmark; 2 mg sc at 10 PM, last
injection on day 7). There was a 1-3 week washout period between the two study periods.
Compliance was evaluated by returned vials. Serum samples, obtained at days 0, 3 and 8 for
both study periods were shipped to Ohio University, USA and stored at —80 °C until
proteomic analysis.

All subjects were given and signed a written informed consent before participating in the
study, which was approved by the Central Denmark Region Committees on Biomedical
Research Ethics (200401184) in adherence to the declaration of Helsinki. The protocol was
also approved by the Ohio University Institutional Review Board.

2.2 Total serum protein concentration measurement

2.3 2-DE

Serum protein concentration was measured by the Bradford method [13] using protein assay
reagents from Bio-Rad (Hercules, CA).

The method for 2-DE was described previously [14-20]. For each sample, 750 ug of serum
proteins were treated for 2 h at room temperature with 8M urea, 1.8M thiourea, 4% CHAPS,
5mM reducing agent tributylphosphine, and a protease inhibitor cocktail (50X) containing 2
mM AEBSF, 1 uM Phosphoramidon, 0.2 uM aprotinin, 1 uM leupeptin, 130 uM bestatin, 10
uM pepstatin A and 14 uM E-64 (Sigma-Aldrich, Inc., St. Louis, MO). Then 15mM
iodoacetamide was added for alkylation of reduced sulfur side chains. The sample was
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loaded onto a 17cm IPG strip with a linear pl range of 3-10 (Bio-Rad, Hercules, CA). After
actively rehydration(50V) for 12 hours at 20 °C using a Protean IEF cell (Bio-Rad), the
strips were subjected to first dimensional IEF at 10000V for 60000V-Hr, followed by
incubation of the strips in a buffer containing 2% (w/v) SDS, 0.5M Tris/HCI (pH 6.8), 20%
(v/v) glycerol for 25min. The middle section of the strip (pl 5-8) possessing the majority of
proteins [21] was cut out and subjected to second dimension SDS-PAGE at a current of
25mAJgel for 250 V-Hr. Afterwards the gels were fixed overnight in a buffer containing
40% ethanol and 2% acetic acid followed by washing in 2% acetic acid. The gels were then
stained with SYPRO Orange (1:5000) (Molecular Probes, Eugene, OR) for 2 h before gel
images were captured using a laser-scanner Pharos FX plus (Bio-Rad) with an excitation
wavelength of 488nm and an emission wavelength of 604nm.

2.4 Protein quantification and statistical analysis

Protein spots were matched across all images using PDQuest (Bio-Rad) software and
manually checked and corrected. For quantification, the intensity of each protein spot was
determined based on the fluorescence signal strength, and then normalized by the total
density of each image using PDQuest software. The results were then exported and analyzed
using SPSS version 14-0 software (Chicago, IL). Blood samples were repeatly collected
from the same eight subjects, For each protein spot, a corrected value was obtained by
subtracting the spot intensity of the placebo phase from that of the rhGH treatment phases as
shown in the y axis of Figure 1 [intensity (GH-placebo)]. This corrected intensity value was
then subjected to one-way repeated measures ANOVA to evaluate the effect of time (day O,
3, and 8) followed by the Tukey Test, specific for repeated measures, using software termed
SigmaPlot 11.0 (San Jose, CA) with p<0.05 as a significance cutoff value. Data for total
serum protein concentration were analyzed with the same statistical approach. All data were
presented as box-and-whisker plot graphs.

2.5 MS and MS/MS analysis (Performed at Protea Biosciences, Inc.)

Proteins of interest were excised manually from the SDS-PAGE gels and shipped to Protea
Biosciences, Inc. (Morgantown, WV) for MS and MS/MS analyses using MALDI-TOF and
MALDI-TOF-TOF. The methods were described in details previously [14-20]. Gel plugs
were treated with acetonitrile and 50mM ammonium bicarbonate, then reduced and
alkylated with 250mM DTT (60min / 55°C) and 650mM iodoacetamide (60min / room
temperature / in the dark). Digestion was performed with 500ng trypsin in 50mM
ammonium bicarbonate buffer overnight. Peptides were extracted using 5% formic acid in
50% acetonitrile (dehydration), followed by rehydration with 50mM ammonium
bicarbonate. For each extraction step, the solution was aspirated, collected, and collated.
Three extraction cycles (dehydration and rehydration) were performed per sample. The
recovered peptides were lyophilized, reconstituted in 10mM acetic acid, and re-lyophilized
to yield a purified protein digest.

After in-gel digestion by trypsin, proteins were analyzed by ABI 4800 MALDI TOF-TOF
analyzer. A C18 ProteaTip was washed and then equilibrated in a 0.1% TFA / 50%
acetonitrile solution followed by a 0.1% TFA / 2% acetonitrile solution. The remaining
reconstituted protein digest solution in an auto sampler vial (~65% of sample) was loaded
onto the C18 ProteaTip by aspirating and expelling the sample 5-10 times. The bound
sample was washed twice with the 0.1% TFA / 2% acetonitrile solution by aspirating and
expelling 20p.L of the wash solution 5-10 times. The sample was spotted directly onto a
MALDI target that was pre-spotted with 0.6p.L MALDI matrix CHCA using 1L of an
elution solution (0.1% TFA / 90% acetonitrile).
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For mass calibration, a plate containing a mixture of six standard peptides including des-
Arg-1-Bradykinin (904.5 Da), Angiotensin (1296.7 Da), Glu-1-Fibrinopeptide B (1570.7
Da), ACTH (1-17, 2093.1 Da), ACTH (18-39, 2465.2 Da), and ACTH (7-38, 3657.9 Da)
was used. In the MSMS mode, calibration was performed by analysis of the Glu-1-
Fibrinopeptide B (1570.7 Da) ionization fragments.

The MALDI MS parameters used for analyses were: MS acquisition in reflector mode;
positive ion mode; mass range = mass/charge (m/z) = 850 — 4000; 400 laser shots per
spectrum; minimum signal/noise (S/N) = 10 for MS acquisition; 15 strongest precursors
chosen for MS/MS; minimum S/N = 30 for MS/MS precursors; MALDI spot interrogated
until at least 4 peaks in the MS/MS spectra achieved a S/N = 70.

2.6 Manual search in protein database for identification

MS and MS/MS data were manually submitted to MASCOT at http://
www.matrixscience.com/ for protein identification. For MS data, the searching criteria were
as follows: Swiss-Prot as the database; Auman as the species; trypsin digestion; maximum
one missed cleavage, fixed carbamidomethylation of Cys, variable modifications of
oxidation-M (methionine), phosphorylation (Serine, Threonine, Tyrosine), acetylation
(Lysine); monoisotopic, and 50 ppm of peptide mass or parent tolerance. For MS/MS ion
search, in addition to the above conditions, a peptide charge of +Z, a fragment mass
tolerance of 0.5 Daand instrument MALD/-TOF-TOF were used [16-20].

2.7 Western blotting

3 Results

A subset of human serum proteins were subjected to 1-D and 2-D Western blotting using a
standard protocol as described previously [18, 20]. For 1-D Western blotting, 50 ug of serum
was loaded in each well and for 2-D Western blotting, 750 ug serum proteins were treated as
for 2-DE (described above), then subjected to the blotting procedure. Primary antisera
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) including rabbit anti-human alpha-1
antitrypsin (AAT), goat anti-human inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4), or
rabbit anti-human transthyretin (TTR) were incubated with the membrane (1:1000 dilution)
at 4 °C overnight. Following washing, the membrane was incubated in horseradish
peroxidase (HRP)-linked secondary antibodies (1:5000) including donkey anti-goat (Santa
Cruz Biotechnology), donkey anti-mouse (Santa Cruz Biotechnology) or goat anti-rabbit
(Millipore, Temecula, CA) for 2 h at room temperature. The membranes were then exposed
to Pierce® ECL Western blotting substrate (Thermo Scientific, Rockford, IL) for 1 min;
then exposed to HyBlot CL™ autoradiography film (Denville Scientific Inc., Metuchen, NJ)
for 0.5-2 min depending on the signal strength.

3.1 Serum protein concentration

Adjusted total serum protein concentration showed a significant change by rhGH treatment
(p<0.05). While concentration differences between rhGH and placebo treatments were
negligible at days 0 and 3, they were significantly reduced at day 8 (Fig. 1A).

3.2 Serum protein levels which were significantly altered by rhGH treatment

A total of 94 protein spots were separated by 2-DE and subsequently analyzed. After
adjusting protein intensity (intensity of GH — phase intensity of placebo phase to control for
baseline levels), five spots showed significant differences as a function of time (day 0, day
3, and day 8; p<0.05), indicated by circles in Fig. 2. General information concerning these
proteins, including MS, MS/MS scores, molecular weight (Mw) and p/sare listed in Table
S1 and Figs S1-S5 in the on-line supporting information. Among these, AAT (spot 2502,
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Fig. 1B) and TTR (spot 4001, Fig. 1C) did not change from day 0 to day 3 but increased at
day 8. Apolipoprotein A-1 (APOAL, spot 2204, Fig. 1D), ITIH4 (spot 2304, Fig. 1E) and
hemoglobin beta (HBB, spot 8004, Fig.1F) showed a significant decrease at day 8. The
corrected intensity values of these proteins are listed in Table S2 in the supplementary
information.

3.3 Western blotting confirmation

AAT, TTR and ITIH4 were confirmed by Western blotting using samples from day 0 and
day 8 of rhGH treatment. The total levels of these proteins were not different between day 0
and day 8, as shown by 1-D Western blotting (Fig. 3A—C). However, each of these proteins
was resolved as multiple spots on a 2-D gel, which we have called ‘isoforms’. The specific
isoforms identified by 2-DE showed the same trend of change with rhGH treatment when
analyzed by 2-D Western blotting (Fig. 3D-F). In the train of spots recognized as AAT, one
corresponding to spot 2502 appeared more intense at day 8 compared to day 0 (Fig. 3D).
Similarly, among the seven TTR isoforms, one corresponding to spot 4001 was increased in
intensity at day 8 compared to day O (Fig. 3E). Finally, among the seven isoforms of ITIH4,
one corresponding to spot 2304 appeared less intense at day 8 than day O (Fig. 3F).

4 Discussion

In order to discover novel biomarkers of GH action in humans, we employed a proteomic
approach to analyze serum proteins in healthy young male volunteers that underwent a
cross-over treatment with rhGH and placebo. A previous study has shown these subjects to
have significantly elevated levels of serum IGF-1 after rhGH treatment [12] validating the
efficacy of GH action.

IGF-1 is a well-known biomarker induced by GH [22]. In this regard, ~75-80 % of serum
IGF-1 is derived from liver [23], a target of GH action. The liver also has relatively high
levels of GH receptors. Additionally, many serum proteins are secreted by liver. We
hypothesize that the levels of liver derived serum proteins would change upon rhGH
administration since the liver is one of the main targets of GH action. Indeed, we have found
four liver-derived proteins (AAT, TTR, ITIH4 and APOAL1) to be altered by rhGH
treatment.

Upon rhGH administration, the total serum protein concentration decreased significantly
after 8 days of treatment (Fig. 1), which is compatible with the well known fluid retaining
effect of GH [24]. GH promotes fluid retention by increasing both extracellular water and
plasma volume [25] via stimulation of renin-angiotensin-aldosterone system, which is
central to fluid homeostasis. To correct for this GH dependent protein concentration
decrease, we loaded equal amounts of protein when performing 2-DE.

Since albumin isoforms often result in a ‘smear’ in the region above 50 kDa when analyzed
by 2-DE [26], we used a relatively high concentration (15%) acrylamide gel to resolve
proteins smaller than 50 kDa. The limitation of this approach was that resolution of proteins
greater than 50 kDa was lost, resulting in a decrease in total identifiable proteins. However,
this approach did allow for a rapid and reproducible screening system to identify relatively
small protein biomarkers from a ‘subset” of serum proteins.

The protein spots identified as AAT, TTR, ITIH4, APOA1 and HBB in this study have also
been reported in the SWISS 2DPAGE database (http://ca.expasy.org/ch2d/) and are known
to exist in human serum as multiple isoforms (differing in Mw and/or p/). These isoforms
are likely the result of PTMs that alter the protein size and/or charge. Each protein described
in this study showed only one isoform to be significantly altered by rhGH treatment. The
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chemical identification of the PTMs was (and is) difficult as we have tried the multiple
variable PTM algorithm in MASCOT and failed to detect any modified tryptic peptide
fragments In addition, we have also used the commercial software termed PEAKS 5.2
(Bioinformatics Solutions, Inc.), and could not identify any PTMs. Since only the 15 most
prominent precursor peptides from the MS spectrum are selected for MS/MS, it is possible
that peptides with the actual PTMs were not selected for MS/MS; therefore, no PTMs were
detected. In future studies, PTM identification will continue to be addressed.

We also performed 2-D Western blotting, which confirmed the identification of AAT, ITIH4
and TTR, and observed their relative levels of expression from day 0 to day 8 during rhGH
treatment. The changes of the isoforms identified by 2-DE were consistent with those shown
by 2-D Western blotting. The constant levels of the remaining isoforms served as an internal
control in 2-D Western blotting. Since only one out of multiple isoforms (identified by 2-D
Western blotting) was observed to change for all of these proteins, it is unlikely that the total
levels would be different. Indeed we found no difference in total levels of AAT, TTR and
ITIH4 by 1-D Western blotting. This demonstrates that a specific isoform, rather than total
level of a given protein, responds to short-term rhGH.

We found one isoform of AAT significantly increased at day 8 with rhGH treatment. AAT is
a serine protease inhibitor in plasma. It is also an acute phase protein that is secreted in large
amounts by the liver in response to acute infection or injury [27]. AAT expression in the
liver responds to GH in both rats and humans [28, 29], and GH-deficiency is often
associated with deficiency in AAT [30]. The one isoform of AAT that significantly
increased at day 8 with rhGH treatment is consistent with these findings.

One isoform of APOA1 was significantly down-regulated at day 8 of rhGH treatment. This
result is consistent with a previous 2-DE based study which found another isoform of
APOAL1 being decreased by short-term treatment of a GH releasing hormone analogue [16].
However, a third isoform of APOAL1 identified by 2-DE was found to be decreased after
surgical treatment of acromegalic patients (from abnormally high to normal GH activity)
[20]. The discrepancy may be a result of chronic high levels of GH in a neoplastic disease
state (acromegaly) versus short-term exogenous rhGH exposure in healthy humans.
However, the fact that different isoforms of APOAL are changing in different “states’ of GH
action may have future implications when considering APOAL as a common biomarker of
GH excess.

In the present study, we found one isoform of HBB to be decreased by rhGH treatment.
HBB and hemoglobin a-chain (HBA) are subunits of hemoglobin, the major protein in red
blood cells. GH deficient children have lower levels of hemoglobin, which is increased by
rhGH treatment [31]. Two different HBB isoforms by 2-DE have been shown to be up-
regulated by increased GH activity [16, 20]. Hemoglobin a-chain is also shown to be
increased in response to rhGH using SELDI-TOF MS technique [32]. The isoform of HBB
that decreased following rhGH treatment is a different one compared to those found in other
studies [16, 20]; thus, the combined results suggest isoform-specific HBB changes induced
by GH action.

In conclusion, we found that high dose rhGH administration significantly reduced total
serum protein concentrations and up- or down-regulated specific isoforms of five serum
proteins. These protein isoforms may serve as potential biomarkers of rhGH treatment
including when rhGH is mis-used and abused. Certainly, more studies are required including
both genders in larger populations treated with rhGH for a variety of time intervals before
these biomarkers can be tested in an athletic doping scenario.
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ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Protein level changes by rhGH treatment. A, total serum protein concentration difference
between GH and placebo (GH-placebo). B—F, adjusted intensities of AAT (B), TTR (C),
APOAL (D), ITIH4 (E) and HBB (F). One-way repeated measures ANOVA followed by
Tukey Test revealed a significant effect of time (p < 0.05). Different letters (a and b) denote
a significant difference (p<0.05). Data are presented in box- and-whisker plots, where the
box represents the interquartile range (25-75th percentile). The horizontal line in the box
represents the median and the whiskers protruding from the box indicate the 5 and 95%
percentile. Small circles represent outliers beyond the 1.5 x interquartile range and asterisks
represent outliers beyond the 3 x interquartile range.
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Figure 2.

A representative image of 2-DE gel. Spots in circles were significantly altered by rhGH
treatment (p<0.05). Each spot was assigned a unique number by PDQuest, for example, spot
2502 corresponds to AAT. AAT: alpha-1 antitrypsin; ITIH4: inter-alpha-trypsin inhibitor
heavy chain H4; APOAL: apolipoprotein A-1; TTR: transthyretin; HBB: hemoglobin beta
chain.
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2-D Western blotting
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Western blotting of AAT, TTR and ITIH4. A-C, 1-D Western blotting of AAT, TTR and
ITIH4. Serum samples from the same four subjects at day 0 and day 8 of GH treatment
phase were loaded and immunoblotted with antibodies against AAT, TTR and ITIH4. D-F,
2-D Western blotting of AAT, TTR and ITIH4. The isoform corresponding to the one
identified by 2-DE was circled and/or indicated by an arrow.
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