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Abstract

Endogenous histidyl dipeptides such as carnosine (B-alanine-L-histidine) form conjugates with
lipid peroxidation products such as 4-hydroxy-trans-2-nonenal (HNE and acrolein), chelate metals,
and protect against myocardial ischemic injury. Nevertheless, it is unclear whether these peptides
protect against cardiac injury by directly reacting with lipid peroxidation products. Hence, to
examine whether changes in the structure of carnosine could affect its aldehyde reactivity and
metal chelating ability, we synthesized methylated analogs of carnosine, balenine (p-alanine-N*-
methylhistidine) and di-methylbalenine (DMB), and measured their aldehyde reactivity and metal
chelating properties. We found that methylation of N residue of imidazole ring (balenine) or
trimethylation of carnosine backbone at N* residue of imidazole ring and terminal amine group
dimethyl balenine (DMB) abolishes the ability of these peptides to react with HNE. Incubation of
balenine with acrolein resulted in the formation of single product (/2 297), whereas DMB did not
react with acrolein. In comparison with carnosine, balenine exhibited moderate acrolein quenching
capacity. The Fe2*chelating ability of balenine was higher than carnosine, whereas DMB lacked
chelating capacity. Pretreatment of cardiac myocytes with carnosine increased the mean lifetime of
myocytes superfused with HNE or acrolein compared with balenine or DMB. Collectively, these
results suggest that carnosine protects cardiac myocytes against HNE and acrolein toxicity by
directly reacting with these aldehydes. This reaction involves both the amino group of p-alanyl
residue and the imidazole residue of L-histidine. Methylation of these sites prevents or abolishes
the aldehyde reactivity of carnosine, alters its metal-chelating property, and diminishes its ability
to prevent electrophilic injury.
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Introduction

Extensive evidence suggests that oxidative stress is a significant feature of myocardial injury
due to heart failure, ischemia-reperfusion (I/R) injury, pathological hypertrophy and aging
(Giordano 2005; Sawyer et al. 2002). However long-term studies with humans that targeted
reactive oxygen species with antioxidants such as beta carotene (Hennekens et al. 1996) and
vitamin E (Yusuf et al. 2000) failed to show any beneficial effects on cardiovascular disease.
The inability of antioxidants to decrease cardiovascular disease risk is likely due to the
complex pathophysiological role of ROS, which at low concentrations participate in
signaling, whereas at high concentration they cause tissue damage by reacting with proteins,
DNA and phospholipids (Halliwell 2015). Oxidation of phospholipids in the fatty acid
membranes results in the generation of several highly toxic lipid peroxidation products such
as 4-hydroxy-trans-2-nonenal (HNE) and acrolein (Porter et al. 1995; Niki 2009). Increased
levels of HNE or HNE-modified protein adducts have been detected in the hearts of dilated
cardiomyopathic hamsters (Kato et al. 2010), hypertensive rats (Benderdour et al. 2003;
Benderdour et al. 2004), rats infused with isoproterenol (Srivastava et al. 2007), mice
subjected to trans aortic constriction (Zhang et al. 2007), heart failure (Liu et al. 2005),
rabbits subjected to myocardial infarction-induced heart failure (Qin et al. 2007) and dogs
subjected to tachycardia-induced heart failure (Zhang et al. 2009). Lipid peroxidation
products such as HNE are metabolically removed by several enzymes including aldose
reductase (AR) (Baba et al. 2018; Srivastava et al. 1999; Srivastava et al. 1998), aldehyde
dehydrogenase (ALDH2) (Chen et al. 2008; Gomes et al. 2014) and glutathione-S-
transferases (GSTs) (Conklin et al. 2015). Although extensive investigations have delineated
the pathological role of lipid peroxidation products and identified metabolic pathways that
detoxify these toxic aldehydes, non-enzymatic pathways, which can sequester these
aldehydes and protect against myocardial injury, have been less well studied.

Most animals and humans synthesize a wide variety of histidyl dipeptides, such as carnosine
anserine (B-alanine-N™-methylhistidine), balenine (B-alanine-N®-methylhistidine) and
homocarnosine (yamino-butyryl-histidine) (Boldyrev et al. 2013). Among these dipeptides,
carnosine is most abundant in the humans, whereas its methylated analogue - anserine is
found mostly in birds (Boldyrev et al. 2013). Balenine is present primarily in whales (Abe
2000). Carnosine is synthesized from B-alanine and histidine by the enzyme carnosine
synthase (ATPGD1) (Drozak et al. 2010), which belongs to the ATP grasp family of
enzymes (Fawaz et al. 2011). It is accumulated to high abundance in tissues with high
metabolic activity, such as the heart, the skeletal muscle, and the brain (Boldyrev et al.
2013). Because these peptides contain the imidazole ring of L-histidine, they can buffer
intracellular pH. This buffering activity of histidyl dipeptides is believed to facilitate
glycolysis by buffering intracellular pH under anaerobic conditions (Hipkiss 2009). In
addition to the imidazole ring, these peptides also contain highly reactive nucleophilic
amines, which impart them the ability to bind with a wide variety of lipid peroxidation
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products such as HNE and acrolein (Aldini et al. 2002; Carini et al. 2003). The reaction
products between carnosine HNE and acrolein are extruded out in human urine (Baba et al.
2013). Previous work has shown that in obese diabetic patients, carnosine supplementation
increases the extrusion of advanced glycation end products and improves the markers of
metabolic syndrome (de Courten et al. 2016).

Recent work from our laboratory has shown that carnosine levels are depleted in
hypertrophic and failing hearts (Sansbury et al. 2014). Moreover, we have found that post-
ischemic recovery of contractile function after global ischemia is significantly improved in
mouse hearts perfused with carnosine (Baba et al. 2013), suggesting that carnosine prevents
myocardial injury during conditions of oxidative stress. Nevertheless, the mechanism of this
protection remains unclear. During oxidative stress, carnosine can protect the heart either by
buffering intracellular pH, chelating metals, quenching singlet oxygen or reacting directly
with the electrophilic products of lipid peroxidation. To distinguish between these
possibilities, we synthesized methylated analogs of carnosine, balenine and di-methyl
balenine (DMB), in which the imidazole ring of L-histidine and the amino group of -
alanine are methylated. We reasoned that if carnosine prevents electrophilic injury due to
HNE and acrolein by directly reacting with these aldehydes, then methylation of its reactive
groups (the amino group of B-alanine and the imidazole ring of histidyl residue) should
diminish its reactivity with HNE and acrolein, and thereby prevent or abolish its protective
effects.

Materials and Methods

D-histidine was purchased from TCI America. Hydrochloric acid gas, 1,1’-
carbonyldiimidazole, methyl iodide, 3-(dimethylamino) propanoic acid hydrochloride,
ethylenediaminetetraacetic acid (EDTA), ferrozine, EDC (N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide), and N-methylmorpholine, carnosine, were purchased from Sigma-
Aldrich and tyrosine-histidine (internal standard: IS) was purchased from Bachem. Dry
dicholoro methane (DCM) and dry N, N dimethylformamide ( DMF) were purchased from
Acros Organics. Adult male C57BL/6 mice were obtained from The Jackson Laboratory
(Bar Harbor, ME).

NMR Spectroscopy and thin layer chromatography

The 1H and 13C NMR spectra were recorded in NMR spectrometers operating at 400.00
MHz for 'H NMR and 100.6 MHz for 13C NMR. The chemical shifts were calibrated from
the residual peaks observed for the deuterated solvents such as chloroform (CDCls),
dimethy! sulfoxide (DMSO-dj), and D,0 at §7.26, 2.50, and 4.79 ppm for *H NMR,
respectively. Chemical shifts were calibrated from the residual peaks observed for the
deuterated solvents such as chloroform (CDCl3), and dimethyl sulfoxide (DMSO-dp) at &
77.0 and 39.5 ppm for 13C NMR, respectively. Multiplicities of 1H NMR spin couplings are:
sfor singlet, bs for broad singlet, or m for multiplet and overlapping spin systems. Values
for the coupling constants (J) are reported in hertz (Hz). Thin layer chromatography (TLC)
was performed using pre-coated silica gel plates and visualized by UV light (254 nm).
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Synthesis of balenine

(S)-methyl 5-0x0-5,6,7,8-tetrahydroimidazo[1,5-c] pyrimidine-7-carboxylate (2):

In a round bottomed flask, (S)-methyl 2-amino-3-(1A-imidazol-5-yl) propanoate
dihydrochloride (5.0 g, 20.65 mmol), 1,1’-carbonyldiimidazole (3.52 g, 21.7 mmol) were
added in DMF (100 mL) at room temperature (RT). The reaction mixture was heated at 60
OC for 6 h and evaporated to take off all the DMF. The crude material was purified with
silica gel column chromatography to get the desired compound, (S)-methyl 5-oxo0-5,6,7,8-
tetrahydroimidazo[1,5-c] pyrimidine-7-carboxylate, (2, 2.9 g, 69%) as a white solid
compound.

14 NMR (400 MHz, DMSO df) §8.55-8.53 (m, 1H), 8.10-8.09 (m, 1H), 6.82-6.80 (m,
1H), 4.45-4.42 (m, 1H), 3.62 (s, 3H), 3.22-3.20 (m, 2H) ppm.
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S)-7-(methoxycarbonyl)-2-methyl-5-0x0-5,6,7,8-tetrahydroimidazo[1,5-c] pyrimidin-2-ium

iodide (3):
AV

In a round bottomed flask (S)-methyl 5-oxo0-5,6,7,8-tetrahydroimidazo[1,5-c] pyrimidine-7-
carboxylate (2, 3.00 g, 15.4 mmol) and methyl iodide (3.83 mL, 102.5 mmol) were added in
acetonitrile (100 mL) at RT. The reaction mixture was heated at 80 © C for 16 h, and
evaporated to dryness to get the desired compound, (S)-7-(methoxycarbonyl)-2-methyl-5-
0Xx0-5,6,7,8-tetrahydroimidazo[1,5-c] pyrimidin-2-ium iodide, (3, 4.9 g, yield = 94 %) as an
off-white solid compound.

1H NMR (400 MHz, D,0) 6§9.39 (s, 1H), 7.44 (bs, 1H), 4.77-4.75 (m, 1H), 3.99 (s, 3H),
3.80 (s, 3H), 3.53-3.51 (m, 2H) ppm.

(S)-1-carboxy-2-(1-methyl-1H-imidazol-4-yl) ethanaminium chloride (4):

& |

N

OH
H,N

HCI O
4
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In a round bottom flask (S)-7-(methoxycarbonyl)-2-methyl-5-0x0-5,6,7,8-
tetrahydroimidazo[1,5-c] pyrimidin-2-ium iodide (3, 4.00 g, 11.9 mmol) was added to 4N
HCI (100 mL). The reaction mixture was refluxed for 6 h, evaporated to dryness, and the
solid extract was washed with hexanes and dried to get the desired compound, (S)-1-
carboxy-2-(1-methyl-1H-imidazol-4-yl) ethanaminium chloride, (4, 2.10 g, yield = 87%) as
yellow solid compound.

IH NMR (400 MHz, D,0) §8.69 (bs, 1H), 7.44 (bs, 1H), 4.36 (t, J= 6.60 Hz, 1H), 3.90 (s,
3H), 3.32-3.19 (m, 2H) ppm.

(S)-methyl 2-amino-3-(1-methyl-1H-imidazol-4-yl) propanoate hydrochloride (5):

&

N

®
HoN B

HCI O
S

In 300 mL of methanolic hydrochloric acid (S)-2-amino-3-(1-methyl-1H-imidazol-4-yl)
propanoic acid hydrochloride (4, 2.60 g, 12.64 mmol) was added at RT. The reaction
mixture was then refluxed for 48 h, and then evaporated to dryness to get more than 99%
pure of (S)-methyl 2-amino-3-(1-methyl-1Himidazol-4-yl) propanoate hydrochloride, (5,
2.60 g, 94%) as a white solid.

1H NMR (400 MHz, D,0) §8.70 (bs, 1H), 7.44 (bs, 1H), 4.51 (t, J= 6.80 Hz, 1H), 3.91 (s,
3H), 3.87 (s, 3H) 3.34-3.20 (m, 2H) ppm.
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(S)-methyl 2-(3-(tert-butoxycarbonylamino)propanamido)-3-(1-methyl-1H-imidazol-4-
yl)propanoate (6):

N=\
S, N
)( O O
H H
O
6

In a reaction flask under nitrogen we sequentially added (S)-methyl 2-amino-3-(1-
methyl-1A-imidazol-4yl) propanoate hydrochloride (5, 5.00 g, 22.78 mmol), Boc-b-alanine
(4.70 g, 25.04 mmol), EDC (N-(3Dimethylaminopropyl)-N’-ethylcarbodiimide) (4.80 g,
25.04 mmol) followed by DCM (100 mL) and Nmethylmorpholine (10.0 mL, 91.04 mmol
via syringe). The contents were stirred at RT under nitrogen and the solids were gradually
dissolved. The contents were stirred at RT for 24 h, and slowly diluted into iced water and
extracted with DCM. The organic phase was dried evaporated and chromatographed using
DCM and methanol as eluents to get (S)-methyl 2-(3-(tert-butoxycarbonylamino)
propanamido)-3-(1methyl-1H-imidazol-4-yl) propanoate (6, 3.90 g, yield = 49%) as a white
solid compound.

14 NMR (400 MHz, CDClg) 67.46-7.43 (m, 1H), 7.38-7.34 (m, 1H), 6.74 (s, 1H), 5.78
(bs, 1H), 4.91— 4.87 (m, 1H), 3.81 (s, 3H), 3.72 (s, 3H) 3.56-3.51 (m, 2H), 3.20-3.08 (m,
2H), 2.58-2.46 (m. 2H), 1.54 (s, 9H) ppm.

(S)-2-(3-aminopropanamido)-3-(1-methyl-1H-imidazol-4-yl) propanoic acid (7):

| 2

0 N
H2N/\)LN sy O

-
L-Balenine

To (S)-methyl 2-(3-(tert-butoxycarbonylamino) propanamido)-3-(1-methyl-1H-imidazol-4-
yl) propanoate (6, 4.50 g, 12.7 mmol) was added 2N NaOH (38.1 mL) in THF (70 mL) and
methanol (70 mL). Reaction mixture was stirred at RT for 24 h. Solvent was evaporated and
reaction mixture was neutralized by 1N HCI to pH 3.0 and stirred for 1h. Reaction was
neutralized by saturated sodium bicarbonate. Water was evaporated to dryness and the solid
was washed with DCM and dried again. The obtained solid was dissolved in hot ethanol and
passed through the celite plug, twice, to get the desired compound, (S)-2-
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(3aminopropanamido)-3-(1-methyl-1H-imidazol-4-yl) propanoic acid, (7, 2.30 g, yield =
76%) as solid compound.

14 NMR (400 MHz, D,0) §7.54 (bs, 1H), 6.94 (bs, 1H), 4.49-4.45 (m, 1H), 3.69 (s, 3H),
3.63-3.57 (m, 1H), 3.14-2.87 (m, 3H), 2.53-2.50 (m, 1H), 2.26-2.23 (m, 1H) ppm.

Synthesis of dimethyl-balenine

Steps 1-5 for dimethyl-balenine synthesis were similar to balenine

Synthesis of (R)-methyl 2-(3-(dimethylamino)propanamido)-3-(1-methyl-1H-imidazol-4-

yl)propanoate (7):
(R)-1-methoxy-3-(1-methyl-1H-imidazol-4-yl)-1-oxopropan-2-aminium chloride (2.5 g, 8.9
mmol), 3-(dimethylamino) propanoic acid hydrochloride (1.5 g, 9.8 mmol), EDC (N-(3-
Dimethylaminopropyl)N’-ethylcarbodiimide) (1.9 g, 9.8 mmol) and DCM (100 mL) were
added sequentially to a reaction flask under nitrogen. The solution was cooled in an ice
water bath under nitrogen. N-methylmorpholine (3.9 mL, 35.8 mmol via syringe) was added
slowly. The ice water bath was removed 5-10 min after the completion of addition. The
contents were stirred at RT under nitrogen and the solids were gradually dissolved. The
reaction mixture was stirred at RT for 48 h. The reaction mixture was dried on reduced
pressure and chromatographed using DCM and methanol as eluents to get desired
compound, (/)-methyl 2-(3-(dimethylamino) propanamido)-3-(1-methyl-1A-imidazol-4-yl)
propanoate (7, 1.1 g, 34%) as a solid compound. *H NMR (400 MHz, CDCl5) 68.89 (bs,
1H), 8.81 (d, /= 7.99 Hz, 1H), 7.13 (bs, 1H), 4.85-4.78 (m, 1H), 3.96 (s, 3H), 3.75 (s, 3H)
3.60-3.52 (m, 1H), 3.37-3.28 (m, 3H), 3.23-3.15 (m. 1H), 2.94- 2.88 (m. 1H), 2.87 (s, 6H)
ppm. 13C NMR (100.6 MHz, CDCl53) §170.62, 169.36, 135.06, 130.75, 120.49, 53.65,
52.87, 52.30, 50.79, 43.49, 36.23, 30.70, 26.04 ppm.
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Synthesis of (R)-2-(3-(dimethylamino) propanamido)-3-(1-methyl-1H-imidazol-4-yl)

propanoic acid (8):
To (R)-methyl 2-(3-(dimethylamino) propanamido)-3-(1-methyl-1A-imidazol-4-yl)
propanoate (0.5 g, 1.8 mmol) was added 2N NaOH (3.54 mL) in THF (10 mL) and methanol
(10 mL) and the reaction was stirred for 16 h at RT. Later solvent was evaporated under
reduced pressure and pH of reaction mixture was adjusted to pH 7 with 1N HCI solution.
Water was evaporated to dryness and the solid product was washed with DCM (2 x 20 mL)
and dried again. The obtained solid was dissolved in ethanol (6.0 mL) and passed through
the celite plug (5.0 g), twice, to get the desired compound, (/)-2-(3-(dimethylamino)
propanamido)-3-(1-methyl-1A-imidazol-4-yl) propanoic acid (8, 360 mg, 76% yield) as an
off-white solid compound. 'H NMR (400 MHz, D,0) 67.90 (bs, 1H), 6.98 (bs, 1H), 4.40-
4.34 (m, 1H), 3.67 (s, 3H), 3.37-3.25 (m, 2H), 3.07-3.00 (m, 1H), 2.94-3.15 (m, 1H), 2.94-
2.86 (M, 1H), 2.80 (s, 6H), 2.74-2.63 (m, 2H) ppm.13C NMR (100.6 MHz, D,0) §177.25,
170.99, 136.58, 133.92, 119.61, 54.93, 53.63, 42.81, 34.10, 29.73, 28.66 ppm. LC/MS-MS
(18C column), tg = 5.4 min, 269.1 => 223.8 m/z.

Rate constants

The rate constants for the reactions of peptides with aldehydes were measured as described
previously (Barski et al. 2013). Briefly HNE and acrolein were incubated with carnosine,
balenine and DMB (50pM2mM) in 0.15 M potassium phosphate, pH 7.4 at 37°C.
Disappearance of acrolein and HNE were monitored by UV-Vis spectrophotometer at
approximately 215 nm and 223 nm respectively. A monoexponential equation was used to fit
the time course of each reaction and the exponential constant, kqps, Was plotted against the
histidyl dipeptide concentrations. Plots of kops Vs histidyl dipeptides were straight lines, and
the bimolecular rate constants were calculated by their slopes.

Metal chelating capacity

The iron (Fe2*) chelating ability of different histidyl dipeptides was monitored by measuring
the formation of ferrous-ferrozine complex as described previously by (Canabady-Rochelle
et al. 2015). Briefly, 2 mM ferrous chloride (FeCl,) solution was added to different dipeptide
solutions in pure water. After 3 min of incubation at room temperature, the chelation
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reaction was inhibited by the addition of 5 mM ferrozine solution. The absorbance was
measured at 560 nm after 10 min. EDTA was used as a reference chelator and the metal-
chelating capacity of dipeptides was calculated in comparison to EDTA. Metal quenching
capacity was measured as decrease in the absorbance of ferrous-ferrozine complex and
reported as follows:

Iron chelating capacity (%) = (Ag—Ag/Ag) X 100  (a)

A is the blank absorbance and A is the absorbance of the sample dipeptide. The line slope
obtained for each dipeptide was compared with EDTA to determine the EDTA equivalent
chelating capacity expressed as pmol EDTA equivalent. EDTA equivalent chelating capacity
for each dipeptide was calculated as follows:

EDTA equivalent chelating capacity=as/a, (b)

where a; is the line slope of dipeptide for chelating activity, plotted as iron chelating
capacity (percent) vsconcentration (UM), ag is the line slope of EDTA for chelating activity,
plotted iron chelating capacity (percent) vsconcentration (UM).

of histidyl-dipeptide-aldehyde conjugates

Histidyl dipeptide-aldehyde conjugates were prepared as described previously (Baba et al.
2013). Briefly, acrolein was synthesized by acid hydrolysis of diethyl acetal acrolein
(Sigma) in HCI (0.1 M) at room temperature for 30 min. Carnosine-propanal and balenine-
propanal conjugates were synthesized by incubating 100 mM acrolein (20 pL) with 100 mM
carnosine (20 pL) or 100 mM balenine (20 pL) in ImM phosphate buffer pH 7.0 at 37°C for
2 h. Carnosine-HNE conjugate was synthesized by incubating HNE (0.2 mM; Cayman
Chemical) with 2 mM carnosine in 1mM phosphate buffer pH 7.0 at 37°C for 2 h at room
temperature. For mass spectrometry, the dipeptides and histidyl dipeptide-aldehyde
conjugates were individually infused into a stream of 0.55 mL/min 50:50 A: B UPLC
solvent going into a Waters Quattro Premier XE triple quadrupole mass spectrometer
(Milford, MA). We manually adjusted all voltage and collision energy setting to determine
the optimal ionization voltages, collision energies and product ions. Maximum ionization
conditions and optimal daughter ions were used for program sensitive MRMs.

Isolation of cardiac myocytes histidyl dipeptide treatment

Cardiac myocytes were isolated from adult C57/BL6 mice by using a modified Langendorff
perfusion system with collagenase digestion, as described previously (Keith et al. 2009).
Briefly, the mouse hearts were excised, rinsed with physiological saline, and perfused with
oxygenated (95% 0,-5% CO,), Ca2*free modified Tyrode bicarbonate buffer (buffer A in
mM: NaCl 126, KCI 4.4, MgCl, 1.0, NaHCO3 18, glucose 11, HEPES 4, 2,3-butanedione
monoxime 10, taurine 30, pH 7.35) at 37°C for 5 min. The extracellular matrix was digested
by buffer containing buffer A with Liberase Blendzyme type 1 0.25 mg/mL, 1mg/mL
albumin, 0.015 mg/mL DNase, 0.015 mg/mL proteinase in the 50 mL of recirculating

Amino Acids. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 11

digestion buffer (buffer A with 25 uM CaCl,) for 12-15 min. Hearts were separated in
mincing buffer (10 mL digestion buffer with 9 mg/mL albumin, and Liberase) and cells were
allowed to settle. CaCl, was reintroduced in a graded fashion at 5-min intervals (five total
steps) to sequentially increase the Ca* concentration to 500 pM.

Uptake of histidyl dipeptides in myocytes and superfusion with HNE and

acrolein

Statistical

Uptake of histidyl dipeptides in myocytes was measured using Waters Quattro Premier XE
mass spectrometer (Blancquaert et al. 2016). Briefly, myocytes isolated from adult mice
were pretreated with histidyl dipeptides 1mM: carnosine, balenine and DMB for 12-16 h.
Lysates were collected by washing the cells in PBS and collected in 10 mM HCI containing
internal standard tyrosine-histidine, sonicated for 10 s, centrifuged at 16000 x g for 10 min
and the supernatant was diluted with 3 volumes of ice-cold acetonitrile. The samples were
thoroughly vortexed to precipitate proteins and kept on ice for 15 min and centrifuged at
16,000 x g for 10 min at 4°C. Carnosine, balenine, and DMB were separated by using a
Waters Acquity BEH HILIC column (1.7um, 2.1x50 mm) column and analyzed by mass
spectrometry in the positive ion mode. Chromatograms of histidyl dipeptides were acquired
using the transitions carnosine: 227110 m/z, balenine: 241— 124 m/z, di-methyl-balenine
269— 124 m/z and tyrosinehistidine 319—110 m/z in multiple reaction monitoring (MRM)
mode. To examine whether histidyl dipeptides protect against HNE and acrolein induced
hypercontracture, myocytes were pretreated with 1mM each of carnosine, balenine and
DMB for 12-16 h. The cells were then superfused with either 50-60 UM HNE or 5 uM
acrolein for 60 min, and digital images (80-100 cardiac myocytes/field) were acquired at 5
min intervals to quantify numbers of hypercontracted and non-hypercontracted cells.

analysis

Difference in survival time between the different treatments were analyzed by Student’s ¢
test. Statistical significance was accepted at £<0.05. Group data are mean * standard
deviation (SD). Survival data for cardiac myocytes were modeled using the Weibull survival
distribution (Castro and Bhatnagar 1993). In this distribution, the probability density
function of time ¢is:

fO=Ay(A) exp[-A)] ()
v is the shape parameter, A is the scale parameter: which are the scale and shape factors
respectively. The normalized survival function (at t=0, S=1) is:
S(t) = exp [(-AD]Y  (b)
Mean life times were calculated as: /A T (1+1/y), where T represents the Gamma function.

Curve fitting was performed using the Proc NLIN procedure in SAS version 9.4 software
(SAS Institute, Inc., Cary, North Carolina).
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Results

Synthesis of balenine and N, N-dimethyl| D-balenine

Histidine has two tautomeric forms N-1 and N-3, which possess both imine and amine
character. To selectively alkylate N-3 position of imidazole ring, we temporarily protected
the N-1 position of (S)methyl 2-amino-3-(1A-imidazol-5-yl) propanoate dihydrochloride (1)
by treating it with 1,1’carbonyldiimidazole in DMF, which afforded the cyclic urea
intermediate 2 as a crystalline solid in a good yield. Methylation of urea intermediate 2 with
methyl iodide in acetonitrile resulted in the synthesis of N-3 methylated salt 3 in good yield.
The cyclic urea 2 was opened with hydrolysis of methyl ester by refluxing in 4N HCI to give
the amino acid hydrochloride 4. Acid group of amino acid hydrochloride 4 was protected by
refluxing it in methanolic HCI solution. Compound 5 was coupled with Boc-B-alanine using
EDC.HCI as the coupling agent and N-methylmorpholine as a base to afford the desired
dipeptide 6. Complete deprotection of protecting groups afforded the L-balenine (7) in good
yield (Fig. 1).

The N, N-dimethyl-D-Balenine (DMB) was synthesized following the steps 1-5 described
for balenine. The acid group of amino acid hydrochloride 5 was protected by refluxing it in
methanolic HCI solution. Compound 6 was coupled with 3-(dimethylamino) propanoic acid
using EDC.HCI as the coupling agent and N-methylmorpholine as a base to afford the
desired dipeptide 7. Complete deprotection of protecting groups afforded the N, N-dimethyl-
D-Balenine (8) in good yield (Fig. 2).

Methylation of carnosine diminishes aldehyde binding capacity

Because N* atom of imidazole ring and the tertiary amino group of B-alanine are requisite
for binding with reactive aldehydes (Carini et al. 2003), we evaluated the effects of
methylation on these residues on aldehyde binding. To optimize the conditions for
characterization of aldehyde-histidyl dipeptide conjugate formation, carnosine was used as a
reference dipeptide. As reported previously, incubation of carnosine with HNE (10:1 molar
ratio) led to the formation of one reaction product (m/z 383), which could be ascribed to a
Michael adduct between the C3 of HNE and N atom of imidazole ring (Fig.3A) (Baba et al.
2013; Aldini et al. 2002). Incubation of acrolein with carnosine (10:1 molar ratio) resulted in
the formation of multiple ionic species (m/z 265, 283, 303). Both balenine, which is
methylated at N* atom of imidazole ring (Fig. 3C), and DMB, in which three CHz groups
are attached on the carnosine backbone (Fig. 3E), were unable to form conjugates with HNE
(Results not shown). Incubation of balenine with acrolein (10:1 molar ratio) led to the
formation of one major ionic species with m/z of 297 (Fig. 3D), which is likely a Michael
adduct between the carbonyl atom of acrolein and the amino-terminal group of B-alanine or
N of histidine.

To examine relative reactivity of the peptides, we compared the second order rate constants
for the reaction of HNE and acrolein with carnosine, balenine, and DMB. In agreement with
our previous observations, incubation of carnosine with acrolein led to a time-dependent
decrease in the acrolein concentration (Fig. 4 A) (Barski et al. 2013), suggesting rapid
reactivity between acrolein and carnosine. In contrast, acrolein concentration was only
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slightly decreased in the balenine-acrolein mixture compared with acrolein alone after 5 h of
incubation (Fig. 4 C). No change in HNE or acrolein concentrations were observed when the
aldehydes were incubated with DMB, compared with the HNE and acrolein incubated alone
for 5 h (Fig. 4 E, F). The rate of decrease in HNE and acrolein concentration could be
described by a single exponential: A=Age KPSt where A is the concentration of aldehyde
at time £, Ag is the initial aldehyde concentration, and Kqps is the apparent rate constant of the
reaction. The rate constants were calculated using this equation at several different
concentrations of dipeptides. As shown in Fig. 4 B, D and Table | the values of kg5 showed
a linear dependence on carnosine and balenine concentration with a slope equal to the
second order rate constant, which were used to calculate the rate of reaction for acrolein and
HNE with these dipeptides. Among different histidyl dipeptides, carnosine exhibited highest
reactivity with HNE and acrolein (Table I). The second order rate constant for the reaction
between acrolein and balenine was 19% of the rate constant of the reaction between
carnosine and acrolein. These observations suggest that methylation of N*® atom of imidazole
ring or terminal amino group decreases or diminishes the aldehyde binding ability of
carnosine.

Metal quenching capacity of histidyl dipeptides

Given that carnosine chelates numerous first transition metals (Baran 2000), we next
determined whether methylation at N* atom of imidazole ring (balenine) or trimethylation
(DMB) could affect its metal quenching capacity. Using EDTA as a reference chemical
chelator, we compared the Fe2* chelating ability of these dipeptides and calculated the
EDTA equivalent chelating capacity. EDTA as a reference chelator showed a linearization of
metal quenching in the range 0 to 50 UM (Fig. 5 A, D), carnosine and balenine showed
linearization of metal quenching in the range between 0 to 500 uM (Fig. 5 B, D) and 0 to
250 uM (Fig. 5 C, D) respectively. In reference to EDTA, balenine exhibited the highest
chelating capacity (0.179+0.002 umol of EDTA equivalent) compared with carnosine
(0.087+0.005 pmol of EDTA equivalent; p<0.05), whereas trimethylation of carnosine
backbone abolished the metal chelating property (Fig. 1 D). Taken together, these results
suggest that single methylation enhances and trimethylation diminished metal chelating
property of carnosine.

Carnosine protects against HNE-induced hypercontracture in myocytes

Because carnosine binds with reactive aldehydes (Aldini et al. 2002) and excessive HNE
generation is a hallmark of cardiac dysfunction (Baba et al. 2018), we next tested whether
enhancing carnosine levels in the isolated adult mouse cardiac myocytes would prevent
against HNE-induced myocyte injury. For this, we first measured carnosine levels in the
isolated adult cardiac myocytes using LC/MS/MS and detected ~0.249+0.035 nmole/mg
protein of carnosine in these cells. To ensure that the dipeptides are taken up by the cardiac
myocytes, we incubated these cells with 1mM of each carnosine, balenine and DMB for 12—
16 h and dipeptide concentration was measured by LC/MS/MS. Our results showed that
under similar incubation conditions, the intracellular concentrations of the dipeptides in
cardiac myocytes were comparable, indicating that all three dipeptides are taken up by
isolated myocytes (carnosine: 2.77+1.032 nmole/mg protein; balenine: 3.759+1.388
nmole/mg protein; and DMB: 6.243+1.482 nmole/mg protein; Fig. 6A). To test whether
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these dipeptides protect against HNE-induced hypercontracture, myocytes were pretreated
with 1mM each of carnosine, balenine, and DMB for 12-16 h and superfused with HNE
(50-60 puM) for 60 min. The cells were then continuously monitored under the light
microscope and survival was computed by comparing their survival using the Weibull
distribution. We found that during the initial phase of superfusion, there was a progressive
increase in the hypercontracture; however, after 40-45 min of superfusion, the number of
hypercontracted cells in the presence of HNE increased abruptly (Fig. 6B). The mean
lifetime of the myocytes superfused with HNE was 42+6 min, which was significantly
increased to 53+8 min (p<0.05) in myocytes preloaded with carnosine. In contrast, balenine
and DMB pretreatments were unable to diminish HNE toxicity and thus affect the mean
lifetime of superfused myocytes (balenine: 41+9 min; DMB: 45+8 min; Fig. 6C).

Carnosine pretreatment prevents acrolein-induced hypercontracture in cardiomyocyte

Because a wide variety of reactive aldehydes are generated in diseased myocardium (Baba et
al. 2018) and carnosine has the ability to bind several different aldehydes (Carini et al.
2003), we further tested whether carnosine could also prevent acrolein-induced
hypercontracture. As before, adult cardiac myocytes were pretreated with 1mM each of
carnosine, DMB and balenine for 12-16 h and then superfused with 5 UM acrolein.
Hypercontracture in the superfused myocytes was continuously monitored for 60 min. As
shown in Fig. 7, the mean lifetime of myocytes superfused with acrolein was 41+3 min
which was significantly increased to 50+4 min in myocyte pretreated with carnosine. In
contrast, balenine and DMB pretreatments did not reduce acrolein-induced toxicity or affect
myocyte survival (balenine: 433 min; DMB: 41+3 min). Taken together, these results
suggest that methylation of carnosine either at the amino group of B-alanine or the imidazole
ring of L-histidine abolishes its ability to prevent electrophilic injury to cardiac myocytes.
This observation is consistent with the notion that carnosine prevents HNE and acrolein-
induced injury by forming conjugates with these aldehydes.

Discussion

The major finding of this study is that carnosine protects against aldehyde-induced
hypercontracture in isolated cardiac myocytes and that this protection is related to the ability
of this dipeptide to directly scavenge electrophilic aldehydes by forming covalent adducts.
This notion is supported by the observation showing that the decrease in aldehyde binding
capacity by methylation of N* of imidazole ring, but preserved metal chelating property and
trimethylation of histidyl dipeptides was accompanied by decreased ability of the dipeptide
to protect against aldehyde induced hypercontracture. Collectively, these results add a new
facet to the biology of carnosine and corroborate the critical role of its direct reactive ability
in preventing electrophilic injury.

Previous work has shown that carnosine forms a conjugate with HNE through a mechanism
that involves the formation of reversible a, p unsaturated imine between the amino group on
the p-alanyl residue and the aldehyde carbonyl of HNE. This intermediate imine acts as a
catalyst for the Michael addition between the C-3 of HNE and the N™ atom of imidazole ring
(Aldini et al. 2002). It has been shown that HNE also binds with anserine, which has a
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methyl residue attached to N® atom of imidazole (Aldini et al. 2002) indicating that N* atom
of imidazole is necessary for HNE binding. However, less is known about the aldehyde
binding ability of balenine, which is methylated at N® atom of imidazole ring and is largely
present in whales (Abe 2000). Our LC/MS results showed that balenine was unable to react
with HNE, which further highlights the role of N® atom in imidazole ring for HNE binding.
Although it was expected that an intermediate imine derivative between the amino group of
B-alanine and the aldehyde carbonyl of HNE might be formed, however our results suggest
that the suppression of Michael type addition between the C-3 of HNE and the N*® atom of
imidazole ring in balenine prevents the formation of this imine derivative.

Incubation of carnosine with acrolein yielded several ionic species (/m/z 265, 283, 321, 339)
which are formed due to the binding of either one, two or three acrolein molecules with N¥,
N™ atom of the imidazole ring or terminal amino group of B-alanine (Carini et al. 2003). Our
results showing that incubation of balenine with acrolein furnishes only one main products
at m/z 297, suggest-that only one mole of acrolein binds to one mole of balenine through
Michael addition to either N atom of imidazole ring or to the amino group of p-alanine. The
inability of DMB to react with HNE or acrolein further confirms the role of N* of imidazolic
ring and terminal amine group in aldehyde conjugation. Although it was expected that
acrolein may form a conjugate with the N™ atom of imidazole ring in DMB, however our
ESI/MS did not detect any ionic species conjugated with acrolein, suggesting that
methylation at three residue of carnosine blocks its accessibility to small, unsaturated
aldehydes. Furthermore, the second order rate constants for the reaction of HNE and
acrolein with different histidyl dipeptides showed that carnosine reacts faster with acrolein
than balenine or DMB. Previously, we had reported that anserine had either equal or high,
acrolein and HNE binding rate (Barski et al. 2013), which further strengthens the rationale
that N of imidazole moiety is essential for aldehyde binding. Collectively these results
suggest that carnosine displays the most efficient reaction with reactive aldehydes than
balenine and that N* of imidazole ring of histidyl dipeptides is essential for conjugation with
the bulkier aldehydes such as HNE.

Several analytical studies have suggested that carnosine forms complexes with the transition
metals such as Cu2*, Co?*, Ni2* (Baran 2000). Among these complexes, Cu2*-carnosine
metal complex is the most well studied model for metal binding (Dobbie and Kermack
1955) (Lenz and Martell 1964). It was first proposed by Dobbie and Kermack that the
binding of carnosine with Cu?* occurs as a monomer through the N of imidazole group,
terminal NH5 and the deprotonated peptide nitrogen of carnosine. Later structural studies
using NMR, X-ray crystallographic studies revealed that Cu2*-carnosine complex exists as a
dimer, in which Cu?* ion binds with the terminal amino group, amide nitrogen, and the
carboxylate oxygen of one dipeptide molecule and the N™ of imidazole group of the other
dipeptide (Freeman and Szymanski 1967). However, subsequent studies at low or room
temperature revealed that the Cu2*-carnosine complexes could exist as a dimer and
monomer in equilibrium (Brown 1980 ) (Brown 1982). In addition to copper, carnosine may
also chelate iron. Carnosine is capable of inhibiting ironcatalyzed oxidation of lipid
phosphohatidycholine liposomes and lipid peroxides, however the inability of carnosine to
form complex with Fe2* has also been reported (Eric A Decker 1992). Recent study by
Rochelle et. al., (Canabady-Rochelle et al. 2015), using EDTA as a reference metal chelator
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reported that carnosine chelates Fe2*, equivalent to 0.2 pmole of EDTA equivalent chelating
capacity. In line with these observations we found that carnosine has 0.08 umole of EDTA
equivalent chelating capacity and the methylation of carnosine at N* of histidine enhanced it
to 0.2 pmole of EDTA equivalent chelating capacity, whereas trimethylation completely
abolished this property. The reason, why methylation of N®enhanced the metal chelating
ability is not clear. Previous studies suggest that the metal chelating capacity of carnosine is
dependent on pH (Dobbie and Kermack 1955) (Lenz and Martell 1964) and carnosine has a
pKj, of 7.1, whereas balenine has a pK, of 6.9 (Okuma 1991). It seems likely that these
differences in pK, might regulate the formation of metal-carnosine complexes. However,
future studies are needed to delineate the mechanism by which methylation at N® enhances
the metal chelating capacity and whether this methylation prefers the monomeric or the
dimeric complexes. Our results showing that DMB was unable to chelate metals confirms
earlier findings that NH, terminal groups of the carnosine backbone are essential for metal
binding (Dobbie and Kermack 1955). Although we did not test the metal quenching ability
of anserine, which has a pKa 7.15 (Okuma 1991), future studies are needed to compare the
metal quenching ability of this dipeptide and determine how methylation at N™ of histidine
effects metal chelating capacity. Taken together, these findings suggest that the single
methylation of carnosine on N* of imidazole group does not abolish its metal chelating
property, but diminishes its aldehyde quenching ability, whereas trimethylation of carnosine
abolishes both the metal chelating and the aldehyde binding ability of peptide.

Of the several lipid peroxidation products, HNE and acrolein are some of the most toxic
species that have been implicated as significant mediators of cardiac injury under a variety
of conditions, including heart failure (Ismahil et al. 2011), pathological hypertrophy (Baba et
al. 2018), I/R injury (Conklin et al. 2015) and aging (Moreau et al. 2003). Normal cellular
levels of HNE range from 0.8 to 2.8 pM (Esterbauer et al. 1991) although up to 10-100 mM
HNE has been measured in oxidizing microsomes (Benedetti et al. 1984; Benedetti et al.
1982). Exposure of isolated myocytes to HNE and acrolein causes prolongation of the action
potential, increases arrhythmogenesis, elevation in intracellular sodium, and cell death
(Conklin et al. 2015; Bhatnagar 1995). Recent reports from our laboratory demonstrated that
superfusion with HNE increases autophagy in cardiac myocytes (Baba et al. 2018).
Perfusion of isolated hearts with HNE leads to coronary vasodilation (van der Kraaij et al.
1990) and progressive decrease in the peak systolic pressure (Ishikawa et al. 1986).
Similarly, it has been shown that exposure to acrolein increases, heart rate variability, left
ventricular developed pressure and arrhythmia (Kurhanewicz et al. 2017). In agreement with
these observations, we found that exposure of isolated myocytes to HNE or acrolein causes a
time-dependent hypercontracture and cell death, indicating that both these aldehydes are
highly toxic to cardiac myocytes. Previous studies have shown that overexpression or
activation of enzymes that detoxify aldehydes protect against cardiac injury mediated by
reactive aldehydes. Overexpression of ALDH2 in the cardiac tissue diminishes the aldehydic
load in cardiac tissues and ameliorates doxorubicin-induced myocardial dysfunction (Sun et
al. 2014a), improves contractile function in heart failure mice (Sun et al. 2014b) and protects
the heart against I/R injury (Endo et al. 2009). Activation of ALDH2 also reduces ischemic
damage to the heart (Chen et al. 2008) and improves ventricular remodeling through
detoxification of HNE (Gomes et al. 2014). Similarly, activation of AR during late phase of
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ischemic preconditioning diminishes the myocardial injury by metabolizing toxic aldehydes
(Shinmura et al. 2002). Reports from our laboratory and others have shown that the deletion
of enzymes that detoxify reactive aldehydes exacerbates cardiac injury via excessive
accumulation of lipid peroxidation products. Genetic deletion of GSTP increases the levels
of acrolein and acrolein-protein adducts in the ischemic hearts and sensitizes the hearts to
I/R injury (Conklin et al. 2015). Similarly, deletion of AR or ALDH2 enhances
accumulation of HNE protein adducts in the cardiac tissue, promotes pathological
remodeling (Baba et al. 2018) and aggravates doxorubicin-induced myocardial dysfunction
respectively (Sun et al. 2014a). However, even though the pathological role of reactive
aldehydes and the cardioprotective role of aldehyde-metabolizing enzymes has been
established, gene therapy with these enzymes to protect myocardium against aldehyde
induced injury is complicated and not a viable therapeutic option, and therapy with small
cardioprotective peptides may be more feasible. Indeed, our previous work has shown that
perfusion of isolated hearts with carnosine promotes post-ischemic recovery (Baba et al.
2013), suggesting that carnosine could be a therapeutically viable option for preventing
myocardial injury.

Carnosine is a multifaceted molecule that could scavenge ROS, quench singlet oxygen,
sequester reactive aldehydes, chelate metals and buffer intracellular pH(Boldyrev et al.
2013). Thus, during ischemia, it could preserve myocardial integrity by targeting multiple
mediators of cardiac injury. However, our results showing that carnosine increased the
survival of cardiac myocytes superfused with reactive aldehydes in comparison with histidyl
dipeptides that have diminished ability to bind these aldehydes, suggest that direct
sequestering of aldehydes by carnosine might be one of the underlying mechanisms to
protect against myocardial injury.

In our experiment, we used isolated adult cardiac myocytes, which enabled us to
individually test the efficacy of different histidyl dipeptides against HNE and acrolein.
Although, several assays have been used to measure cytotoxicity in cardiac myocytes, our
previous work has shown that measurements of hypercontracture are reflective of calcium
overload secondary to sodium influx (Conklin et al. 2015). This assay is therefore a robust
and sensitive indicator of myocyte injury induced by oxidants (Castro and Bhatnagar 1993).
Before inducing hypercontracture, aldehydes such as HNE alter the inactivation properties
of the sodium channel (Bhatnagar Circ Res 1993), which leads to sodium influx and a
resultant increase in intracellular calcium via the sodium-calcium exchanger (Conklin et al.
2015). Although the specific molecular events of HNE and acrolein toxicity were not
reexamined in this study, we believe that carnosine prevents HNE and acrolein-induced
hypercontracture, not by interfering with molecular events of injury, but by directly
quenching these aldehydes, and thereby diminishing their effective cytotoxic concentrations.
Our results showed that the cardiac myocytes pretreated with carnosine imparted protection,
whereas pretreatment with balenine, which had preserved metal chelating property, is taken
up by cardiomyocytes to the similar extent as carnosine, but had diminished aldehyde
binding capacity, lacked the ability to protect cardiac myocytes from aldehyde induced
toxicity. These observations define more clearly, the role of carnosine as an effective
aldehyde sequestering agent. Furthermore, we observed that the D-analogue of trimethylated
carnosine, which are suggested to be resistant to hydrolysis (Orioli et al. 2011), enhanced
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bioavailability, gives the leverage to test the aldehyde quenching ability of these dipeptides,
lacked the ability to scavenge reactive aldehydes, was unable to protect the aldehyde induced
cell death. These results further validate our hypothesis, that aldehyde sequestering by these
dipeptides could be one of the major routes for cardio-protection. Nevertheless, in future,
both in-vivo and ex-vivo experiments are required to determine the relative efficacy of
carnosine and its methylated analogs to determine whether the protective effects of carnosine
are due to direct binding to lipid peroxidation products.

In summary, this is the first report to compare the aldehyde-quenching and metal chelating
efficacy of naturally occurring histidyl dipeptides balenine and synthetic dipeptide DMB
with carnosine. By synthesizing and studying the analogues in which the N® of histidine was
methylated (balenine) or the N* of histidine and amino-group of p-alanine were methylated
(DMB), we could examine, for the firsttime, the role of N*® of imidazole ring in aldehyde
binding and metal chelating, and further define the adduction chemistry of carnosine. Our
results showing that balenine, which was unable to form a conjugate with HNE or react
avidly with acrolein suggest that N* of histidine is necessary to complete the conjugation
reaction with bulkier aldehydes and to maintain high reactivity with small unsaturated
aldehydes. Thus, both balenine and DMB represent a new series of natural and synthetic
carnosine analogues that could be used to investigate the biological relevance of carnosine,
especially under conditions where reactive aldehydes or metal toxicity is suspected to be an
important mediator of pathological stress. Our data showing that the quenching of reactive
aldehydes by carnosine in myocytes lay down the foundation for investigating the role of
enzyme ATPGD1 or carnosine in clinical outcomes such as acute myocardial infarction or
heart failure.
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Fig. 1. Preparation of balenine.
Reagents and conditions for synthesis of natural occurring histidyl dipeptide balenine steps

1-6.

Amino Acids. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al. Page 24

O
HN\ HN— (/\“JLN/*\ A

N
(]%/ Conc. HCl, MeOH D N= DM;\/ <N :
_OH Reflux, 48 h 0 o A0
HZN/\chr HN“ Y 2Hc %07G, &h N YT
o

Y

step-1
step-2 O
1 2 3
Mel, MeCN
reflux, 16 h
step-3
\
\N N \+ 1
\ Conc. HCI, MeOH 4\‘\)\ ?‘ \
(\N onc. ntl, Ve N7 4N HClI .
: | - : e E
» r;]/'\rro Reflux, 48 h Hgﬁ/ﬁ(OH reflux, 6 h O}\N ~__O.
. cl 0 step-4 H/\ﬂ/
Cl (o] step-5 - (o]
- 6 5 4
Ha ©
N
| EDC.HCI
DCM
step-6 /

~
N=\,_ 2N NaOH, THF N~ N
Py MeOH, rt, 24 h )f: N/>

0 .
= /\)’I\ : O ks o =
7
8

Fig. 2. Preparation of di-methyl-balenine (DMB).
Reagents and conditions for synthesis of synthetic carnosine analogue DMB steps 1-7
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Fig. 3. LC/MS spectra of different histidyl dipeptides with lipid peroxidation products.
Histidyl dipeptides: carnosine, balenine, and di-methyl-balenine (DMB) were incubated with

HNE or acrolein (10:1 molar ratio) in 1mM phosphate buffer (pH 7.4). lonic species were
monitored by ESI/MS - (A) carnosine-HNE (m/z 383), (B) carnosine-propanal (/m/z 265,
283, 303), and (C) balenine (/m/z 241). Inset shows the chemical structure of (D) balenine-
propanal (m/z297); the Michael adduct of balenine with acrolein; and (E) di-methyl-
balenine (m/z269).
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Fig. 4. Methylation of carnosine backbone diminishes its aldehyde quenching potential.
Rate of disappearance of acrolein (100 uM) in a reaction mixture containing different

concentrations of (A) carnosine, (C) balenine, and (E) dimethyl balenine (50-250 pM) in
0.15M potassium phosphate buffer, pH 7.4. (F) Rate of disappearance of HNE incubated
with DMB. The reaction mixtures were incubated at 37°C and the decrease in absorbance of
acrolein and HNE were monitored at 215 nm and 223 nm respectively. (B, D) Data are
shown as discrete points and curves were best fit of a single exponential equation to the data
[y=Age kobst) Concentration dependence of kqp,s. Second order rate constants were
calculated from the best fits of the linear dependence and are shown in Table I.

Amino Acids. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

Iron (1) chelation (%)

>

[+:] W
(=] o

(=
(=]

0¥
0

Page 27

c D
B . .
Peptides EDTA eq. chelating
50| 90 . capacity (umole)
o] 60 | ~ Carnosine 0.084£0.005
Balenine 0.179£0.001*
30 30 |
— — 0 E— 0+~ : uM Dimethylbalenine | Not detectable
10 20 30 40 50 0 200 400 600 800 1000 0 50 100 150 200 250
EDTA Carnosine Balenine

Fig.5. Metal chelating capacity of different histidyl dipeptides.
Iron (Fe2*) chelating capacity of (A) EDTA (B) carnosine and (C) balenine. (D) EDTA

equivalent chelating activity of different histidyl dipeptides.
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Fig. 6. Carnosine pretreatment prevents HNE-induced hypercontracture.
(A) Levels of histidyl dipeptides in myocytes non-treated (NT) or treated with 1mM each of

carnosine (car), balenine (bal), and di-methyl-balenine (DMB). Inset shows representative
images of myocytes at 0 min and after 55 min of superfusion with HNE (50-60 uM) with
and without pretreatment with the indicated histidyl dipeptides. Hypercontracture was
monitored at 5 min intervals for 60 min. (B) Mean lifetime of myocytes was calculated using
the Weibull Survival distribution function (S(t)=exp-(At)Y). (C) Data for mean life time are
presented as mean £ SD. *p<0.05 vs HNE treated myocytes, # p<0.05 vs carnosine and
balenine treated myocytes n=3-5 mice in each group.

Amino Acids. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

Fraction rod shaped cells

0.0

Page 29
50 min
Omin Acrolein +Carnosine +Balenine +DMB
B
= .
5701
) *
£
s |-
g
S
=
W
T | AcrCar AcrDMB  Acr Bal
0O 10 20 30 40 50 60 70

Time (min)

Fig. 7. Acrolein-induced hypercontracture is attenuated by carnosine pretreatment.
(A) Hypercontracture was monitored at 5 min interval for 60 min. Mean-lifetime was

calculated using the Weibull distribution function. Inset shows the representative images of
myocytes at 0 min and after 50 min of acrolein (5 uM) superfusion. (B) Data for mean
lifetime are presented as mean + SD. *p<0.05 vsacrolein treated myocytes, n=4-5 mice in
each group.
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Bimolecular rate constant of histidyl dipeptides with HNE and acrolein. Not detected (n.d).

Table |

Aldehydes | Carnosine Balenine Dimethyl balenine
(M—l S—l) (M—l 5—1) (M—l 5—1)

4HNE 0.035+0.003 | n.d n.d

Acrolein 0.288+0.013 | 0.055+0.005 | n.d
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