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The reactive metabolite methylglyoxal (MG) has been identified as mediator of pain. Scavenging of free MG and
the prevention of MG-derived post-translational modifications may provide a useful therapeutic treatment. An
arginine-rich, fatty acid coupled, cyclic peptide (CycK(Myr)R4E) with high proteolytic stability and prolonged
circulation was developed for the scavenging of MG. It was shown to reduce the formation of albumin-MG ad-
ducts in vitro and prevented MG-induced pain by reducing plasma MG levels through the formation of
peptide-MG adducts in vivo. CycK(Myr)R4E therefore presents a promising option for the treatment of pain
and other diabetic complications associated with high MG levels.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Diabetes is defined by high blood glucose levels. Despite the high
efficacy of the modern standard therapies, diabetic patients develop
serious complications. Diabetic complications are in part caused by
reactive dicarbonyl compounds via the covalent modification of pro-
teins resulting in advanced glycation end-products (AGEs) [1,2].
Methylglyoxal (MG) represents the most abundant reactive dicarbonyl
compound in plasma of diabetic patients [3].We have previously shown
that MG is causative of hyperalgesia, an increased sensitivity towards
pain, associated with diabetic neuropathy [4]. In independent studies
it was shown that formation of the MG derived AGE methylglyoxal-
hydroimidazolone 1 correlates with the development of diabetic ne-
phropathy, diabetic neuropathy and diabetic retinopathy [5–7]. Thus,
therapeutic lowering of MG levels is a promising approach to treat dia-
betic neuropathy and other diabetic complications associated with MG
like diabetic nephropathy [5]. Strategies to target elevatedMG levels in-
clude inducers of the MG detoxifying enzyme Glo1 and small molecule
MG scavengers like aminoguanidine and alagebrium [8]. Whereas the
former compounds are currently under investigation, the latter
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compounds failed in clinical trials due to side effects or lack of efficacy
[9–11]. Alternative smallmolecule scavengers include creatine, arginine
and pyridoxamine [12–15] but as aminoguanidine and alagebrium they
suffer from a short half-life in vivo [16–19].

The scavenging reaction is a comparably slow process. Therefore the
ideal scavenger has to have a long circulation time, combined with a re-
activity which is specific to avoid aberrant activity [20,21]. The current
first-line therapy for type 2 diabetes, metformin is a slowMG scavenger
so that new scavengers must be faster than metformin. Herein, we re-
port in vitro and in vivo data on a newly developed arginine-based
MG scavenging peptide with such characteristics. This opens up new
options for the treatment of pain and other diabetic complications asso-
ciated with excessive MG formation.
2. Materials and methods

2.1. Animal studies

Mice were housed with a 12-hour/12-hour light/dark cycle and
had free access to water and food. All procedures in this study were
approved by the Animal Care and Use Committees at the
Regierungspräsidium Tübingen and Karlsruhe, Germany (35-9185.81/
G-3/15).
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.1.1. Hot plate assay and MG scavenging studies
C57BL/6 mice (Charles River, Boston, USA) were acclimatized for

1 week prior to testing. A total of 36 mice were randomly assigned to
three groups. One group received the peptide CycK(Myr)R4E
(0.25 mg/mouse in 0.9% NaCl) ip while the two other groups received
saline ip. One of the saline and the peptide treated group received MG
(5 μg/g) iv 30 min after peptide/saline injection while the third group
received saline iv. Pain response was tested using a hot plate analgesia
meter (Columbus Instruments, Ohio, USA) with the plate set to 50 °C
3 h after MG injection. Mice were removed from the plate when hind
pare lifting, licking, shaking or jumping occurred. Mice were removed
after a maximal cut-off time of 60 s. Pain response for each animal
was measured in triplicates. Plasma was collected after the hot plate
assay by cardiac puncture and frozen at−80 °C.

To determine the effect of the peptide on the MG-plasma levels,
mice were treated with peptide and MG as described for the pain re-
sponse assay. Blood was collected through the submandibular vein
into EDTA tubes 30 min after MG injection. Samples were spun for
5 min at 3000g at 4 °C, the supernatant frozen in liquid N2 and stored
at −80 °C until analysis. MG content was determined by LC-MS/MS
analysis as described below.

2.1.2. PET analysis
DOTA coupled peptides were labeled with 68Ga as described previ-

ously [22]. In short 68Ga was eluted from the generator into a tube con-
taining 20 nmol of the peptide and 0.5% ascorbic acid in 0.5 M Na-
acetate buffer. The mixture was incubated at pH 3.5–4.0 for 10′ at
95 °C while stirring to allow for the 68Ga-DOTA complex to form. Free
68Ga was removed using C18 solid phase extraction cartridges (Thermo
Scientific, USA) and the productwas checked byHPLC (Agilent Technol-
ogies, USA) equipped with a radio flow detector. The labeled peptide
was injected iv into NMRI mice. PET analysis was carried out for 0–1 h
and for another 20 min after 2 h while cumulative images are shown
for 0–20 min, 40–60 min and 120–140 min.

Data was normalized for animal weight and injected dose and pic-
tures and data are given as standardized uptake value (SUV). For quan-
titative comparison the area under the curve for the SUV values of the
different regions was determined and compared by Student's t-test.

2.2. Materials

Protected amino acids were purchased from Orpegen Peptide
Chemicals (Heidelberg, Germany). All other chemicals were purchased
from Sigma-Aldrich (Munich, Germany) unless indicated otherwise.

2.3. Peptide synthesis

Peptides were synthesized on solid phase, using Fmoc-chemistry.
Coupling of amino acids (10 eq.) was carried out with HBTU (9.8 eq.)
and DIPEA (20 eq.) in NMP and Fmoc was removed by incubation in
20% piperidine/NMP unless noted otherwise. After coupling and
deprotection, resin was washed with NMP. For synthesis of CycR4E,
CycK(Myr)R4E and CycK(DOTA)R4E, CTC-resin (1.1 mmol/g, 200 mg)
was loaded with 50 μmol Fmoc-Glu(OAll)-OH in the presence of
DIPEA (2 eq.) in DCM for 1 h. Remaining active sites were capped by in-
cubation with DCM/MeOH/DIPEA at a ratio of 17/2/1 for 30 min. Four
Fmoc-Arg(Pbf)-OH were coupled and Fmoc of the fourth Fmoc-
Arg(Pbf) was removed. For CycR4E OAll was removed by incubation
with Tetrakis(triphenylphosphine)palladium(0) (10 mg/100 μmol
peptide) and dimethylaminoboran (50 mg/100 μmol peptide) in DCM
for 20 min, next. Resin was washed with 10% ethanolamine/DCM for
5 min twice followed by washes with DCM, MeOH, DCM and NMP.
CycR4E was cyclized with PyAOP (5 eq.) and DIPEA (7.5 eq.) in
NMP for 1 h at RT. For CycK(Myr)R4E and CycK(DOTA)R4E, Alloc-
Lys(Fmoc)-OH was coupled instead of palladium catalyzed removal of
OAll. Next myristic acid (10 eq. with 9.8 eq. HBTU and 20 eq. DIPEA in
NMP) for CycK(Myr)R4E or DOTA-tris(tBu)ester (2 eq. with 1.8 eq.
COMU and 4 eq. DIPEA in NMP overnight) for CycK(DOTA)R4E was at-
tached to the side chain of Lys after removal of Fmoc. CycK(Myr)R4E
and CycK(DOTA)R4E were cyclized with diphenylphosphonic azide
(7.5 eq.) and DIPEA (5 eq.) in NMP overnight after palladium catalyzed
removal of Alloc and OAll as was described for CycR4E.

Thepeptide standards CycK(Myr)R3MG-H1E, CycK(Myr)R2MG-H1E,
CycK(Myr)RMG-H1R2E and CycK(Myr)MG-H1R3E were synthesized
equivalent to CycK(Myr)R4E while one of the four arginines was re-
placed with MG-H1 in each of the four arginine positions. MG-H1 was
introduced as a Fmoc and bis(4-methoxyphenyl)methyl (Dod)
protected amino acid (Fmoc-MG-H1(Dod)-OH) whichwas synthesized
as described previously [23]. Coupling of Fmoc-MG-H1(Dod)-OH (2 eq.)
was carried out in NMPwith DIPEA (4 eq.) and COMU(1.8 eq.) for 2 h at
RT and the coupling procedure was repeated once without cleaving off
Fmoc.

20 pentapeptides AXRAA were synthesized, where X was replaced
with one of each of the canonical amino acids. Synthesis was carried
out on CTC resin (1.1 mmol/g, 100 mg resin) which was loaded with
25 μmol of Fmoc-Ala-OH in the presence of DIPEA (2 eq.) in DCM for
1 h. Subsequent amino acids were coupled and the N-terminus was
acetylated by incubation with acetic anhydride (10 eq.) and DIPEA
(20 eq.) for 30 min in NMP.

The peptides CycK(DOTA)K(Myr)R4E, K(DOTA)K(Myr)R4E and
CycK(DOTA)K(Myr)MG-H14E were synthesized on Wang-Resin. MG-
H1 was introduced as Fmoc-MG-H1(Dod)-OH. Resin (25 μmol) was
loaded with Fmoc-Glu(OAll)-OH (2 eq.) in the presence of
triphenylphosphine (3 eq.) and diisopropyl azodicarboxylate (3 eq.) in
THF at RT for 2 h. Four Fmoc-Arg(Pbf)-OH or four Fmoc-MG-H1(Dod)-
OH followed by Fmoc-Lys(Mtt)-OH and Alloc-Lys(Fmoc)-OH were
coupled. DOTA-tris(tBu)ester and myristic acid were coupled to the
side chain of Alloc-Lys(Fmoc)-OH and Fmoc-Lys(Mtt)-OH, respectively.
The peptides CycK(DOTA)K(Myr)R4E and CycK(DOTA)K(Myr)MG-
H14E but not K(DOTA)K(Myr)R4E were cyclized using diphenylphos-
phonic acid (7.5 eq.) and DIPEA (5 eq.) in NMP overnight after palladi-
um catalyzed removal of Alloc and OAll as described above.

The peptides GERP10 and K(DOTA)GERP10 (50 μmol) were synthe-
sized on a Rink amide resin on an ABI 433 A peptide synthesizer with
10 eq. of Fmoc-Gly-OH, Fmoc-Glu(tBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-
Pro-OH. After synthesis of GERP10 the resin was split into two parts.
One part was cleaved off of the resin and Fmoc-Lys(Alloc)-OH was
added to the other part. DOTA-tris(tBu)ester was coupled after palladi-
um catalyzed removal of Alloc as was described above.

Free peptides were obtained by incubation in TFA containing 2.5%
TIS and 2.5% H2O for 2 h at RT. Exceptions were peptides containing
DOTA-tris(tBu) and MG-H1(Dod)-OH which were obtained by incuba-
tion in 5% ethandithiole in TFA for up to 24h. Peptideswere precipitated
and washed in cold diethyl ether and purified by reverse phase HPLC.
LC-MS analysis of peptideswas carried outwith an Exactive Orbitrap in-
strument (Thermo Scientific, USA) and results are shown in the supple-
ment (Table S1).

2.4. Serum stability

The cyclic peptide CycK(DOTA)K(Myr)R4E and the linear peptide
K(DOTA)K(Myr)R4E were labeled with 177Lu. In short 20 nmol of pep-
tides was incubated with 177Lu in 0.4 M Na-acetate buffer (pH 5.0) for
10 min at 95 °C. Free 177Lu was removed by C18 solid phase extraction
cartridges, the products eluted with EtOH and checked by radio-HPLC
and dried under vacuum. The radiolabelled peptideswere reconstituted
in human serum (H4522; Sigma-Aldrich, Germany) and incubated at
37 °C for the times indicated. Serum was precipitated by addition of
two parts acetonitrile centrifuged for 10 min at 13,000g and the super-
natant analyzed byHPLC (Agilent Technologies, USA) fittedwith a radio
flow detector using a 10 min gradient of 0–60% acetonitrile in water
(0.1% TFA).



Fig. 1. Reaction of arginine (A) with MG (B) results in formation of MG-H1 (C).
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2.5. Inhibition of HSA MG-H1 formation

MGwas synthesized as described previously [24]. In short pure MG-
1,1-dimethylacetal was heated in sulphuric acid solution for 1 h and
fractionally distilled in a column containing glass helices under reduced
pressure. Fractions were analyzed by 1H and 13C NMR. The last fraction
contained pure MG. Scavengers (400 μM) were incubated with HSA
(400 μM) and MG (200 μM) in 0.1 M phosphate buffer pH 7.4 at 37 °C
for 48 h. Two parts urea (8 M urea, 0.5 M TrisHCl; pH 8.0) were added
to the solution and the sample was vortexed. HSA was precipitated by
addition of two parts acetonitrile (respective to the final sample/urea
mixture) and collected by centrifugation for 10 min at 13,000g. Peptide
scavengerswere not precipitated but remained in the supernatant using
this procedure. The HSA containing pellet was dissolved in 20 mM HCl
and the protein content was determined by BCA assay. Equal amounts
of HSA were hydrolyzed by serial enzymatic digestion using pepsin,
pronase E, aminopeptidase and prolidase as described previously [1].
The amount of HSA-MG-H1 adduct was determined by LC-MS. Samples
and standard curve were spiked with d3-MG-H1 (Polypeptide Group,
San Diego, CA, USA) and derivatized with Fmoc-Cl. Separation was per-
formed on anAgilent 1200 Series HPLC system fittedwith a C18 column
(Hypersil Gold aQ; Thermo Scientific, USA) using a 20 min gradient
of 0–100% acetonitrile (0.1% TFA) with the first 5 min diverted to
waste. Analysis was carried out on an Exactive Orbitrap MS
system (Thermo Scientific, USA). The Fmoc-MG-H1 (m + H: 451.20;
m + Htheor:451.20) and the Fmoc-d3-MG-H1 (m + H:454.21;
m + Htheor: 454.22) adduct eluted after 13.88 min. The calibration
range used for the assay was 0–30 pmol.

2.6. MG scavenging in vitro

Scavengers (400 μM) were incubated with MG (200 μM) in 0.1 M
phosphate buffer, pH 7.4 at 37 °C. The kinetics of the scavenging reac-
tion was followed for 48 h. Samples were frozen in liquid nitrogen and
stored at−80 °C until analysis. MG content was quantified by HPLC as
described below.

2.7. MG quantification by HPLC and LC-MS/MS

MG was quantified using previously published methods based on
HPLC for the in vitro assay or LC-MS/MS for the in vivo analysis [24].
In short samples were precipitated with 20% TCA at a ratio of 2/1 and
vortex mixed. Internal standards 13C MG (LC-MS/MS analysis) or 2,3-
dimethylquinoxaline (HPLC analysis) and water was added and the
sample mixed again. Samples were centrifuged at 13,000g at 4 °C for
5 min and the supernatant derivatized with 1,2-diaminobenzene in
the presence of sodium azide for 4 h at RT. For HPLC based MG analysis
solvent A was water + 0.1% TFA and solvent B was acetonitrile + 0.1%
TFA. A linear gradient from 0 to 6% solvent B at a flow rate of 2 ml/min
over 15 min was used and samples were separated on a Chromolith
Performance RP18e column (3 × 100 mm, 2 µm). The MG-1,2-
diaminobenzene adduct 2-methylquinoxaline and the internal standard
2,3-dimethylquinoxaline were detected with a UV monitor at 320 nm
and eluted at 12.7 min and 14.2 min, respectively. For LC-MS/MS, sam-
pleswere analyzed using anACQUITYUPLC I equippedwith a Xevo TQ-S
mass spectrometer (Waters, USA). Samples were separated on BEH C18
analytical column (2.1 × 50 mm, 1.7 μm) fitted with pre-column
(2.1 × 5 mm, 1.7 μm). Solvent A was water + 0.1% formic and solvent
B was 50% acetonitrile + 0.1% formic acid and a linear gradient from 0
to 100% solvent B, over 10 min was used with a flow rate of
0.2 ml/min. Injection volume was 1 μl and the column temperature
was 20 °C. The quinoxaline analytes were detected by electrospray pos-
itive ionization-mass spectrometric multiple-reaction monitoring
(MRM). The source temperature was 150 °C and the desolvation gas
temperature was 350 °C. The cone gas and desolvation gas flow rates
were 150 and 800 l/h, respectively. The capillary voltage was 0.5 kV
and the cone voltage was 20 V. Mass transitions (parent
ion N fragment ion; collision energy) and retention times were as fol-
lows: MG 145.01 N 77.10; 24 eV, 5.93 min; [13C3]-MG 148.07 N 77.16;
24 eV, 5.92 min. The standard curve was in the range of 0–20 pmol
and 0–1 nmol for LC MS/MS analysis and HPLC analysis, respectively.
2.8. Detection of MG-modified scavenger peptides by LC-MS/MS

Plasmawas collected frommice treatedwith CycK(Myr)R4E andMG
as described above. In addition plasma from a type 2 diabeticwas spiked
with the CycK(Myr)R4E (400 μM) immediately after collection and in-
cubated for 24 h at 37 °C. For LC-MS/MS analysis plasmawas precipitat-
ed with 2 parts acetonitrile, vortexed and centrifuged for 10 min at
13,000g. The supernatant was analyzed using an ACQUITY UPLC I fitted
with a BEH C18 analytical column (2.1 × 100 mm, 1.7 μm) and pre-
column (2.1 × 5mm, 1.7 μm) and a Xevo TQ-Smass spectrometer (Wa-
ters, USA). Solvent A was water + 0.1% formic acid and solvent B was
acetonitrile + 0.1% formic acid. A linear gradient from 0 to 40% solvent
B at a flow rate of 0.4 ml/min over 15min and a column temperature of
40 °C was used. Mass transitions, collision energy and retention time
(parent ion N fragment ion; collision energy, retention time) were as
follows:

CycK(Myr)R4E 365.032 N 412.373; 18.0 eV and 365.032 N 335.974;
18.0 eV, 12.15 min

CycK(Myr)R3MG-H1E 382.904 N 460.400; 16 eV and
287.543 N 312.959; 10 eV, 12.40 min

CycK(Myr)R2MG-H1RE 382.904 N 460.400; 16 eV and
287.543 N 312.959; 10 eV, 12.50 min

CycK(Myr)RMG-H1R2E 382.904 N 460.400; 16 eV and
287.543 N 312.959; 10 eV, 12.52 min

CycK(Myr)MG-H1R3E 382.904 N 460.400; 16 eV and
287.543 N 312.959; 10 eV, 12.90 min.
2.9. Statistical analysis

Data was analyzed by one-way- and repeatedmeasures ANOVA and
Tukey-Kramer post-hoc test. Error bars indicate the standard error of
the mean unless indicated otherwise.
3. Results

3.1. Effect of neighboring amino acid onMG scavenging activity of arginine

The main sites of MG modification of proteins are arginine residues
and the AGE methylglyoxal-hydroimidazolone 1 (MG-H1) (Fig. 1 A–C)
is themajor resultingMG-arginine adduct. Here, we synthesized penta-
peptides AcAXRAA. The second amino acid (X) was exchanged for ca-
nonical amino acids. The N-terminus of the peptides was inactivated
by acetylation. Peptides (400 μM) were incubated with MG (200 μM)
in 0.1M phosphate buffer (pH 7.4) for up to 48 h and t1/2 ofMGwas de-
termined (Table 1). The fastest scavenging activity was seen in the pres-
ence of a second arginine (Ac-ARRAA), a lysine (Ac-AKRAA) and a
cysteine (Ac-ACRAA) all of which bind MG whereas no strong catalytic
effects of other amino acids were observed.



Table 1
Comparison of MG scavenging kinetics of acetylated pentapeptides Ac-AXRAA. MG content
was measured after co-incubation of peptide (400 μM) and MG (200 μM) at time points
0 h, 1 h, 4 h, 8 h, 24 h and48 h in triplicates andhalf-life ofMGwas determined bynon-linear
regression analysis. Half-life and the 95% confidence interval of half-life are given.

Peptide MG t1/2 [h] 95% CI Peptide MG t1/2 [h] 95% CI

Ac-ARRAA 3.69 2.89–5.13 Ac-AWRAA 9.83 8.52–11.61
Ac-AKRAA 4.02 3.33–5.08 Ac-AARAA 10.24 8.80–12.24
Ac-ACRAA 5.30 4.32–6.86 Ac-ANRAA 10.29 8.69–12.61
Ac-AGRAA 6.70 4.95–10.13 Ac-AFRAA 10.39 8.90–12.47
Ac-APRAA 7.17 5.70–9.70 Ac-AMRAA 10.56 9.47–11.93
Ac-AIRAA 8.16 6.42–11.18 Ac-ALRAA 10.76 8.62–14.32
Ac-AVRAA 9.03 6.98–12.78 Ac-AHRAA 10.95 9.25–13.41
Ac-ATRAA 9.28 7.52–12.0 Ac-ASRAA 11.06 8.52–11.61
Ac-AQRAA 9.42 8.55–15.77 Ac-ADRAA 11.62 8.10–20.56
Ac-AYRAA 9.68 8.54–11.19 Ac-AERAA 12.59 11.00–14.72
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3.2. Synthesis of amyristic acid-coupled, cyclic, arginine-richMG scavenger
peptide

In previous work we reported on a 40 amino acid long MG scavenger
peptide (Fig. 2 A: GERP10) [4]. Considering the kinetics data from Table 1
a peptide with a high arginine content is best suited as MG scavenger
while cyclization improves the proteolytic stability [25]. The coupling of
fatty acids such as myristic acid has been shown to prolong the half-life of
drugs through non-covalent interaction with albumin, previously [26,27].
Consequently, a cyclic arginine-rich peptide (Fig. 2 B: CycR4E) as well as a
myristic acid (Myr) coupled derivative (Fig. 2 C and D: CycK(Myr)R4E)
were synthesized to test their scavenging activity. A cyclization strategy
via the glutamic acid side chain was chosen due to greater flexibility with
regard to the conjugation of variable groups to the lysine side chain.
3.3. Scavenging activity in vitro and comparison with small molecule
scavengers

The effect of the scavenger peptideswasfirst tested in vitro. Albumin
is the most abundant plasma protein and contains 24 arginine residues
Fig. 2. Schematic drawings of the scavenger peptides GERP10 (A), CycR4E
21 ofwhich are capable of participating in the glycation reaction leading
to irreversible protein modifications [28]. We determined whether MG
scavengers are capable of preventing the formation of albumin-MG-H1
modifications. The activity of the scavenger peptides was tested in par-
allel to several small molecules (Fig. 3 A), previously described to bind
MG or other reactive carbonyls. Amongst the latter were the endoge-
nousmolecules carnosine (Car), creatine (Cre) and the vitamer pyridox-
amine (Pyr), the investigational drugs aminoguanidine (Agd) and
alagebrium (Ala) and the widely prescribed anti-diabetic drug metfor-
min (Met) [13,15,20,29–31]. As the scavenger peptide consists of argi-
nine residues, acetylated arginine (AcR) was also tested. The
scavengers (400 μM)were incubatedwithMG (200 μM) in the presence
of human serum albumin (HSA, 400 μM) at 37 °C for 48 h in 0.1M phos-
phate buffer (pH 7.4). CycK(Myr)R4E was also tested at 100 μM
(CycK(Myr)R4E to correct for the higher number of active sites. HSA
was subsequently analyzed for MG-H1 content (Fig. 3 B and C). The ki-
netics of MG scavenging were determined in parallel (Table 2). Scaven-
gers (400 μM) were incubated with MG (200 μM) in 0.1 M phosphate
buffer at 37 °C and t1/2 of MG was determined. The scavenger peptides,
CycK(Myr)R4E, CycR4E and GERP10 were similar to alagebrium in terms
of the prevention of HSA-MG-H1 formation (Fig. 3 B). CycK(Myr)R4E
when added at 1/4th themolar concentration (100 μM)of the smallmo-
lecular scavengers was equally fast at scavengingMG as AcRwhich fea-
tures the same active site (Table 2). However, CycK(Myr)R4E at 100 μM
but not AcR at 400 μM significantly prevented HSA-MG-H1 formation
(Fig. 3 B and C). This could be due to non-covalent interactions of AcR
with albumin possibly resulting in a decreased activity [32]. Such inter-
actions are likely to be weaker in a larger molecule like CycK(Myr)R4E
due to steric hindrance. MG scavenging activity was also measured for
a co-incubation ofMetwith CycK(Myr)R4E (400 μMand 100 μM labeled
low) to determine whether the peptide has an effect in addition to Met
(Table 2). The co-incubations showed a similar activity as the incuba-
tions of CycK(Myr)R4E alone confirming an additive effect of
CycK(Myr)R4E toMet. Agd scavengedMG faster and wasmore efficient
at preventing HSA-MG-H1 adduct formation than the scavenger pep-
tides but clinical trials of this compound failed due to side effects [9].
Metformin and pyridoxamine were slow MG scavengers which did
(B) and structure (C) and schematic drawing (D) for CycK(Myr)R4E.
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not significantly prevent HSA-MG-H1 formation. Creatine was the
fastest of the endogenous MG scavengers tested but only a trend for
the prevention of HSA-MG-H1 formation in vitro was observed. The di-
peptide carnosine neither scavengedMGnor did it preventHSA-MG-H1
formation. This is in contrast to the scavenging effect of carnosine on the
reactive aldehyde 4-hydroxytrans-2-nonenal [31].

3.4. Stability, biodistribution and pharmacokinetics of scavenger peptides

A long circulatory time is mandatory for the scavenger peptide to
bindMG and it must therefore be stable towards proteolysis. The cyclic
peptide and a linear control peptide were modified with the chelator
DOTA (CycK(DOTA)K(Myr)R4E, see structure in Fig. S1 A;
K(DOTA)K(Myr)R4E, see structure in Fig. S1 B). Modified peptides
were labeled with 177Lu, incubated with HSA at 37 °C and analyzed by
HPLC equipped with a radio flow detector at indicated times. Cyclic
CycK(DOTA)K(Myr)R4E ismuchmore stable than the linear counterpart
K(DOTA)K(Myr)R4E with 86.16% vs. 33.4% of the peptide remaining
after 24 h, respectively (Fig. 4 A).

Using PET, the biodistribution and pharmacokinetics of the cyclic,
myristic acid coupled CycK(DOTA)K(Myr)R4E peptide was compared
Table 2
MG scavenging kinetics of MG scavenger peptides and small molecule carbonyl scaven-
gers. MG content was measured after co-incubation of scavenger (400 μM) and MG
(200 μM) at time points 0 h, 1 h, 4 h, 8 h, 24 h and 48 h in triplicates and half-life of MG
was determined by non-linear regression analysis. CycK(Myr)R4E kinetics were also mea-
sured at 100 μM labeled low and co-incubated in the presence ofMet. Half-life and the 95%
confidence interval of the half-life are given.

Scavenger MG t1/2 [h] 95% CI

Agd 0.24 0.15–0.58
Ala 0.77 0.68–0.88
GERP10 1.36 1.13–1.70
CycR4E 1.95 1.66–2.37
CycK(Myr)R4E 3.28 2.80–3.96
Met + CycK(Myr)R4E 3.84 3.64–4.06
AcR 6.66 5.67–8.08
CycK(Myr)R4E low 6.72 4.66–12.01
Met + CycK(Myr)R4E low 6.92 5.85–8.47
Cre 7.36 6.24–8.96
Met 17.29 14.54–21.33
Pyr 20.90 18.65–23.77
Car 138.1 103.50–207.60
to fatty acid free K(DOTA)GERP10 and CycK(DOTA)R4E in mice. In
brief, DOTA derivatives (see Fig. S1 A, C and D) of the peptides were la-
beled with 68Ga, administered iv to mice and distribution followed by
PET for t1 = 0–20 min, t2 = 20–40 min, t3 = 40–60 min and t4 =
120–140min and SUV values for kidneys, bladder, liver, heart andmus-
cle were calculated. Fatty acid free K(DOTA)GERP10 as well as
CycK(DOTA)R4E were excreted almost completely within 20 min
while the myristic acid coupled peptide CycK(DOTA)K(Myr)R4E circu-
lated for over 2 h most likely due to its interaction with albumin (SUV
for kidneys and bladder in Fig. 4 B and heart, muscle and liver in Fig. 4
C). Representative PET images after 0–20 min and 120–140 min are
shown for K(DOTA)GERP10 (Fig. 4 D), CycK(DOTA)R4E (Fig. 4 E) and
CycK(DOTA)K(Myr)R4E (Fig. 4 F).

3.5. Scavenging activity in vivo

Based upon the pharmacokinetics and scavenging results the
peptide CycK(Myr)R4Ewas chosen for testing ofMG scavenging activity
in mice. Mice were injected with the peptide ip (0.25 mg/mouse)
30 min prior to injection with MG iv (5 μg/g body weight). Plasma
was collected via themandibular vein 30min afterMG injection and an-
alyzed for MG levels by LC-MS/MS. Control mice had MG plasma levels
of approximately 150 nmol/l whereas MG injection resulted in in-
creased MG plasma levels which was lowered by treatment with
CycK(Myr)R4E (Fig. 5 A).

Elevated MG plasma levels are associated with hyperalgesia, an in-
creased sensitivity towards pain, in diabetic patients while injection of
MG produces hyperalgesia in mice via modification of proteins [4,33].
To assess whether decreased MG levels upon peptide treatment were
associated with an improvement of hyperalgesia, mice were treated as
described for the determination of MG plasma levels. The effect of the
peptide on MG induced hyperalgesia was assessed by hot-plate assay
3 h afterMG injection. Valueswere normalized for the average response
time of the control animals (20.75 s ± 0.60 s). Mice which received MG
displayed hyperalgesia while treatment with the MG-scavenging pep-
tide CycK(Myr)R4E prior toMG injection resulted in an almost complete
normalization of hyperalgesia (Fig. 5 B).

MG-H1 represents themost frequently formed arginine-MG adduct.
Modification of CycK(Myr)R4EwithMG is therefore likely to result in an
MG-H1 modified peptide. To establish whether this was the case, the
plasma from the mice treated with the peptide and MG was analyzed
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for the presence of the MG-H1 modified peptide. To achieve this, four
peptides with one MG-H1 replacing each of the four arginine positions
(see Fig. S1 E–H: MG-adduct # 1–4) were synthesized as standards
using Fmoc-MG-H1(Dod)-OH [23]. The respective MG-H1 modified
peptides were subsequently detected by LC-MS/MS. MG-H1 modified
peptides (MG-adducts # 1–3) were detectable in mice which received
the peptide prior to MG injection (Fig. 5 C) showing that the peptide
scavenges MG in vivo. Scavenging effect of the peptide was also tested
in plasma donated from a patient with type 2 diabetes where MG-
adducts # 1–4 were observed (Fig. 5 D).

3.6. Biodistribution and pharmacokinetics of MG-H1 modified peptide

It was previously shown that AGE modification of proteins triggers
their uptake by the kidneys and the liver [34]. The resulting increased
proteolytic load may contribute to the development of diabetic
complications and other age related diseases [35,36]. A DOTA
conjugated derivative of a MG-H1 modified scavenger peptide
(CycK(DOTA)K(Myr)MG-H14E, see structure in Fig. S1 I) was synthe-
sized to determine whether a potentially pathogenic elevated uptake
of the MG-H1 modified peptide into the kidney and liver can be ob-
served. The MG-H1 modified scavenger peptide was compared to the
unmodified scavenger peptide (CycK(DOTA)K(Myr)R4E; structure in
Fig. S1 A) by PET. Peptides were again labeled with 68Ga, administered
iv to mice and distribution was followed by PET for t1 = 0–20 min,
t2 = 20–40 min, t3 = 40–60 min and t4 = 120–140 min. SUV values
for kidneys, bladder, liver, heart and muscle were calculated.

The level of the MG-H1 modified peptide was higher in the bladder
(Fig. 6A) while levels in the kidneys were lower with a trend for lower
levels in the liver. The levels in the muscle and heart (Fig. 6 B) were
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Fig. 5. Efficacy of the MG scavenger CycK(Myr)R4E in mice. Mice were injected with CycK(Myr)R4E or saline solution (Sham) 30 min prior to MG injection or saline injection (Ctrl). MG
plasma levels were determined 30min afterMG injection (A). The effect of the peptide on pain sensitivity was determined by hot-plate assay 3 h after MG injection (B). TheMG-peptide
adducts were detected in plasma of mice 3 h after MG injection (C) as well as in plasma from a diabetic patient spiked with the peptide (D). Data was analyzed by one-way ANOVA and
Tukey-Kramer post-hoc test; a: p b 0.001 vs. Ctrl/Sham; b: p b 0.001 vs. MG/Sham; c: p b 0.01 vs. Ctrl/Sham; d: p b 0.01 vs. MG/Sham.
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similar for both peptides. Representative PET images are presented for the
unmodified peptide (Fig. 6 C) and modified peptide (Fig. 6 D). Thus the
modified peptide was readily excreted via the kidneys and the bladder
without a potentially pathogenic accumulation in the excretory organs.

4. Conclusion

Diabetic complications are in part caused by methylglyoxal while
therapeutic lowering of MG has been unsuccessful to date. Clinical trials
of the small molecule MG scavengers aminoguanidine and alagebrium
have been terminated due to side effects or lack of efficacy [9]. Alternative
small molecule scavengers like creatine, free arginine and pyridoxamine
are being investigated but suffer from a short half-life [12–14,16–19].

Interestingly metformin the current first-line therapy for the treat-
ment of type 2 diabetes is a slow MG scavenger [37]. Even the slow
MG scavenging kinetics ofmetformin could provide a therapeutic effect.
In support of this, metformin reduces systemic MG levels and recently a
MG-metformin adduct was detected in urine at concentrations up to
4 μM [15,38,39]. Consequently, an improved MG scavenger must bind
MG faster than metformin to yield additional benefits to patients al-
ready treated with this drug.

Here, we developed such a peptide which scavenges MG faster than
metformin and has a long circulation time. In summary, CycK(Myr)R4E,
efficiently scavengesMGand prevents the formation of HSA-MG-H1 ad-
ducts in vitro. The peptide significantly reduces MG plasma levels and
normalizes MG-induced hyperalgesia in mice. Cyclization contributes
to the increased plasma stability while the attachment of myristic acid
improves peptide half-life most likely through non-covalent binding
of albumin. PET analysis revealed that the MG-modified peptide is ex-
creted via the kidneys, without accumulation in the latter. The pharma-
cokinetic and pharmacodynamic properties of CycK(Myr)R4E therefore
make it a promising candidate for the treatment of diabetic neuropathy
and other diabetic complications which are associated with increased
plasma levels of the reactive metabolite MG.
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