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Abstract
Myxomatous mitral valve disease (MMVD) is a cardiac condition commonly found in older
dogs. The disease process can lead to heart failure (HF). In HF, an increase of reactive oxygen
species (ROS) and abnormal mitochondrial activity, as well as apoptosis, have been reported.
Humanin (HN) is a polypeptide that has a cardioprotective effect against apoptosis and oxidative
stress. The purposes of this study were (1) to investigate the potential role of plasma HN as a
cardiac biomarker to predict disease progression of MMVD, and (2) to compare plasma HN
concentrations with plasma NT-pro BNP concentrations. Thirty-one dogs were included in the
study. The dogs were separated into four groups: Group 1 was healthy dogs (n = 8), Group 2 was
MMVD class B (n = 8), Group 3 was MMVD class C (n = 8), and Group 4 was MMVD class D
(n = 7). All dogs were given a physical examination, thoracic radiography, echocardiography, and
samples of their blood were collected for hematology and blood chemistry analysis. Levels of
plasma HN and plasma NT-proBNP were also investigated. The results showed that plasma HN
levels were lower in the dogs with MMVD and that lower plasma HN levels were associated with
greater severity of MMVD-induced HF. It was possible to observe changes in plasma HN levels
at a less severe disease stage than plasma NT-proBNP in dogs with MMVD. These findings suggest that a decreased plasma HN level can be used as a biomarker to identify dogs with MMVD
-induced HF.
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Introduction
Myxomatous mitral valve disease (MMVD) is a
pathological degeneration of the mitral valves. It is a
cardiac condition commonly found in older small- and
medium-sized dogs (Aupperle and Disatian 2012, Fox
2012). With MMVD, malcoaptation of thickening
valves causes regurgitation of blood to the left atrium
(LA) and a decrease in cardiac output (CO). Heart failure (HF) is a common outcome of the disease processes (Mann and Bristow 2005). There is growing evidence
that reactive oxygen species (ROS) is a critical mediator, inducing myocardial damage in MMVD-induced
HF (Olsen et al. 2003, Reimann et al. 2014, Li et al.
2015). Previous studies have demonstrated that the
apoptotic process is one of the mechanisms leading to
cardiac dysfunction and ultimately HF (Narula et al.
1996, Olivetti et al. 1997, Sabbah 2000). Excessive ROS
production is one of the activators that initiates the
apoptosis cascade of myocytes in HF (Narula et al.
1996, Sharov et al. 1996, Sabbah 2016). Thus, reducing
myocardial damage to prevent HF is a promising therapeutic strategy in MMVD. Conducting clinical studies
to find an early detection marker for MMVD-induced
HF represents a strategy for preventing myocardial
damage.
Humanin (HN) is a polypeptide which was first discovered by Hashimoto and colleagues (Hashimoto
et al. 2001a, b). HN is encoded by the MT-RNR2 gene,
the mitochondrial gene which encodes ribosomal RNA
(rRNA) which is part of mitochondrial 16s rRNA (Lee
et al. 2013). Two forms of HN have been identified, the
cytoplasmic form and the mitochondrial form (Guo
et al. 2003, Paharkova et al. 2015). The cytoplasmic
form consists of a 24 amino acid molecule that is encoded in the nuclear genome and is translated within the
cytoplasm (Hashimoto et al. 2001b, Yamagishi et al.
2003), whereas the 21 amino acid molecule is a mitochondrial form that is encoded and translated within
the mitochondria (Maximov et al. 2002). Many studies
have established that HN exerts a cytoprotective effect
against apoptosis via binding to specific receptors (such
as formylpeptide receptor-like-1, trimeric complex
receptors) that cause downstream signaling cascades to
begin (Harada et al. 2004, Hashimoto et al. 2009,
Charununtakorn et al. 2016). Antiapoptotic properties
have also been found to be the result of the inhibition
of the pro-apoptotic protein’s translocation to the mitochondria. Under normal physiological conditions,
endogenous HN can be produced by numerous tissues
in the body such as the heart, brain, skeletal muscle,
and liver (Gong et al. 2014, Charununtakorn et al.
2016). The endogenous HN is then secreted into the
circulatory system and transported to HN receptors in

several target cells, especially cardiomyocytes, inhibiting apoptosis (Fischer and Hilfiker-Kleiner 2008,
Muzumdar et al. 2010, Cittadini et al. 2012, Klein et al.
2013, Thummasorn et al. 2017). Previous studies have
demonstrated that a decrease in plasma endogenous
HN level was correlated with cardiac injury (Widmer
et al. 2013, Thummasorn et al. 2017). Widmer et al.
(2013) demonstrated that levels of plasma endogenous
HN were significantly decreased in patients with coronary endothelial dysfunction when compared with patients with normal endothelial function. This finding is
consistent with another study which reported that plasma endogenous HN was significantly decreased in rats
with myocardial ischemia/reperfusion (I/R) injury
(Thummasorn et al. 2017). The existence of a canine
equivalent (caninein) has not yet been definitively
demonstrated. However, a PCP ELISA kit is available
which is designed specifically for research on caninein.
Plasma HN level has not been described in any published studies of dogs for any disease process. Additionally, it is well known that an increase in plasma N-terminal pro-B-type natriuretic peptide (NT-proBNP) is
correlated with increased cardiac filling pressure (van
Wamel et al. 2000, Roncon et al. 2006). In clinical studies, increases in plasma NT-proBNP have been used
mostly as a prognostic marker in cases of heart failure
(Greco et al. 2003, Prosek et al. 2007, Januzzi et al. 2008).
The present study investigated both the plasma HN
levels in dogs with MMVD-induced HF as well as the
potential of HN as a biomarker for detection of HF in
dogs with MMVD. In addition, comparison of changes
in the levels of plasma HN and of plasma NT-proBNP
in dogs with MMVD-induced HF was conducted. The
primary outcome of this study was a change in plasma
HN levels in the dogs with MMVD-induced HF. We hypothesized that a decrease in plasma HN levels is correlated with an increase in the severity of HF in dogs
with MMVD.

Materials and Methods
Animal preparation: All procedures involving animals were approved by the Animal Care and Use
Committee of the Faculty of Veterinary Medicine, Chiang Mai University (Permit: No. R2/2558). Dog owners
were informed about the study protocol, and consent
forms were obtained from them before starting the
study.
Experimental design: Thirty-one dogs were obtained from the cardiologic clinic at the Small Animal
Hospital, Faculty of Veterinary Medicine, Chiang Mai
University (FVM-CMU). Dogs that had systemic
diseases or other heart diseases were excluded from the
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study. We excluded dogs with systemic diseases based
on clinical signs and physical examinations as well as
the results of hematology and blood chemistry profiles.
Dogs with other heart diseases were excluded by physical examination and specific cardiac examinations, e.g.,
echocardiography. The four breeds of small dogs chosen for inclusion in this study were Poodle, Shih Tzu,
Chihuahua, and Pomeranian. The MMVD dogs were
classified according to guidelines for the diagnosis and
treatment of canine chronic valvular heart disease
(Atkins et al. 2009). The MMVD dogs recruited into
the study were distinguished by the presence of a systolic murmur at the mitral area on the left thoracic wall
observed during the physical examinations; the intensity of the murmur was classified according to a six-grade
system. The presence of a mitral valve abnormality
was confirmed using echocardiography. The dogs were
divided into four groups: Group 1 was healthy dogs
(n = 8), Group 2 was dogs with MMVD class B (n = 8),
Group 3 was dogs with MMVD class C (n = 8), and
Group 4 was dogs with MMVD class D (n = 7). In this
study, the experimental parameters, including the
thoracic radiography, echocardiography, plasma
NT-proBNP levels and plasma HN levels, were measured for all groups.
Thoracic radiography: Radiography was carried
out with the animal in right lateral recumbency; vertebral heart scores (VHS) were measured (Buchanan
2000). The VHS is the sum of the long axis cardiac
dimension (L) and maximal perpendicular short axis
dimension (S). L and S were measured in vertebral
units beginning at the 4th thoracic vertebra (T4).
Echocardiography: Echocardiography was performed using standard echocardiographic equipment
with 3.8 MHz to 6 MHz transducers (ALOKA®
Prosound SSD-3500SX). In this study, all dogs were positioned in a lateral recumbent position without sedation. Left atrial size (LA), aortic root size (Ao), and left
atrial to aortic root ratio (LA/Ao) were obtained from
a two-dimensional mode at the left atrial/aortic root
level of the right parasternal projections (short axis
view). The left ventricular posterior wall at end diastole
and systole (LVPWd and LVPWs), the left ventricular
internal dimension at end diastole and systole (LVIDd
and LVIDs), and the interventricular septum thickness
in diastole and systole (IVSd and IVSs) were assessed
in short axis M-mode at the level of the chordae tendineae. Fractional shortening (FS) was calculated automatically using the echocardiographic equipment.
Collection of blood samples: Venipuncture was
done through the cephalic vein and blood was collected
in a lithium heparin tube. The blood samples were then
immediately centrifuged at 1,000 g for 15 min. Finally,
plasma samples were collected and stored at −80°C

until the plasma HN and NT-proBNP levels were measured.
Measurement of plasma HN levels: In this study,
plasma HN levels were analyzed using a commercial
Canine Putative Caninein Peptide (PCP) ELISA test
kit (catalogue number MBS754707) (MyBioSource,
San Diego, California, USA). The test was performed
following the manufacturer instructions. Plasma (100
µL) was added to a microtiter plate. Conjugate (100
µL) was then added to each well, and the sample was
then incubated for 60 min at 37°C. After incubation,
the microtiter plate was washed using a washing solution. Substrate A (50 µL) and substrate B (50 µL) were
added to each well, and the plate was then covered and
incubated for 10-15 min at 20-25°C. a stop solution (50
µL) was then added to each well. Finally, the concentration of plasma HN was measured at a wavelength of
450 nm using a spectrophotometer.
Measurement of plasma NT-proBNP levels: Plasma
NT-proBNP levels were analyzed using commercial canine proBNP ELISA test kits (catalog number CN0015)
(Neo Scientific, Woburn, Massachusetts, USA). The
test was performed as per the manufacturer’s instructions. Enzyme solution (50 µL) was added to each well
and the plate was incubated for 60 min at 37°C in a humid chamber. After incubation, the microtiter plate
was washed using a washing solution. Substrate A (50
µL) and substrate B (50 µL) were added to each well
and incubated for 10-15 min at room temperature after
which a stop solution (50 µL) was added to each well.
Finally, the plasma NT-proBNP concentration level
was measured at a wavelength of 450 nm using a spectrophotometer.
Statistical methods: All data are presented as
mean (SD). Differences in between-group means of all
parameters were analyzed using ANOVA. If the assumptions of ANOVA, including the normality of residuals and homogeneity of variance, were not met, then
the Kruskal–Wallis test was used. The normality assumption was evaluated by Q-Q plot and the Anderson-Darling test. In addition, Levene’s test was used to test
the homogeneity of variance assumption. Tukey’s
test was performed for multiple comparisons. A value
of p<0.05 was considered indicative of statistical significance for all statistical tests. All statistical analyses
were done using the R program (version R-3.3.1).

Results
Characteristics, physical examination results, and
radiographic findings
In this study, the dogs were grouped as follows:
Group 1 (n = 8; 8 Poodles) included healthy dogs with-
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Table 1. Characteristics, physical examination results, and radiographic findings for healthy dogs and dogs with MMVD class
B, C and D.
Group 1
(healthy dogs)

Group 2
(MMVD class B)

Group 3
(MMVD class C)

Group 4
(MMVD class D)

8

8

8

7

3/5

7/1

7/1

6/1

Age (years)

9.22 (2.28)

8.88 (1.13)

10.37 (1.69)

13.71 (2.21)a,b,c

Body weight (kg)

5.33 (1.54)

5.9 (2.51)

4.31 (0.85)

4.89 (1.30)

109 (14.67)

115 (13.60)

125 (14.77)

139 (7.12)a,b

-

0/0/3/5/0/0

0/0/0/2/4/2

0/0/0/0/2/5

9.86 (3.71)

10.58 (1.77)

11.46 (4.63)a

11.29 (6.61)a

Number of dogs (n)
Male/Female

Physical examination findings:
Heart rate (beats/min)
Murmur grade (I/II/III/IV/V/VI)
Radiographic variables
Vertebral heart scores (VHS)

Data are mean (SD); * p<0.05, * compared to group 1; † p<0.05 compared to group 2; ‡ p<0.05 compared to group 3
Table 2. Echocardiographic variables in healthy dogs and dogs with MMVD class B, C and D.
Group 1
(healthy dogs)

Group 2
(MMVD class B)

Group 3
(MMVD class C)

Group 4
(MMVD class D)

IVSd (cm)

0.65 (0.09)

0.66 (0.15)

0.66 (0.10)

0.64 (0.05)

LVIDd (cm)

2.09 (0.64)

2.88 (0.47)a

2.96 (0.54)a

3.3 (0.26)a

LVPWd (cm)

0.61 (0.13)

0.70 (0.14)

0.57 (0.08)

0.60 (0.10)

IVSs (cm)

0.97 (0.22)

0.99 (0.34)

0.99 (0.17)

1.06 (0.14)

LVIDs (cm)

1.35 (0.39)

1.59 (0.33)

1.45 (0.27)

1.45 (0.24)

LVPWs (cm)

1.01 (0.16)

1.19 (0.19)

1.14 (0.09)

EDV (mL)

20.29 (6.68)

33 (12.85)

35.38 (15.54)

44 (8.14)a

ESV (mL)

5.08 (3.26)

6.03 (3.31)

5.78 (2.55)

5.23 (2.47)

SV (mL)

15.43 (3.86)

25.63 (10.2)

29.63 (13.3)a

38.43 (6.60)a

FS (%)

44.01 (10.2)

45.16 (7.83)

50.78 (5.55)

57.89 (6.01)a,b

LA:Ao

1.22 (0.12)

1.51 (0.29)

1.65 (0.33)a

2.01 (0.39)a

Echocardiographic variables

a

1.23 (0.16)
a

Data are mean (SD). a p<0.05 compared to group 1; b p<0.05 compared to group 2;
IVSd, interventricular septum at end diastole; LVIDd, left ventricular internal dimension at end diastole; LVPWd, left
ventricular posterior wall at end diastole; IVSs, interventricular septum at end systole; LVIDs, left ventricular internal
dimension at end systole; LVPW, left ventricular posterior wall at end systole; EDV, end diastolic volume; ESV, end systolic
volume; SV, stroke volume; FS, fractional shortening; LA:Ao, left atrial to aortic root ratio.

out heart murmur, Group 2 (n = 8; 4 Poodles, 2 Shih
Tzus, 1 Pomeranian, and 1 Chihuahua) was dogs with
class B MMVD, Group 3 (n = 8; 4 Poodles, 1 Shih Tzu,
2 Pomeranians, and 1 Chihuahua) was dogs with class C
MMVD, and Group 4 (n = 7; 4 Poodles and 3 Shih
Tzus) was dogs with class D MMVD. Results of the
physical examinations are shown in Table 1. The average age of the dogs in Group 4 was higher than in the
other groups (Groups 1, 2 and 3). Additionally, the
heart rate (HR) in Group 4 was higher than Groups 1
and 2, although the HR in Group 4 was not significant-

ly different from Group 3. There was no significant difference in body weight among the four groups. Investigation of the severity of MMVD found that the dogs
with class B MMVD (Group 2) had murmur intensity
in the range of 3/6 – 4/6, while the murmur intensity in
the dogs with class C MMVD (Group 3) and class D
MMVD (Group 4) met grade 6/6. Results of the radiographic investigation showed that the VHS in the dogs
with class C (Group 3) and class D (Group 4) MMVD
was significantly higher when compared with the
healthy dogs (Group 1).
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Table 3. Levels of plasma HN and plasma NT-proBNP in healthy dogs and dogs with MMVD class B, C and D.
Group 1
(healthy dogs)

Group 2
(MMVD class B)

Group 3
(MMVD class C)

Group 4
(MMVD class D)

Plasma HN concentration (ng/mL)

14.83 (5.43)

10.61 (5.18)

6.01 (3.26)a

5.43 (1.52)a

Plasma NT-proBNP concentration (pg/
mL)

66.12 (49.44)

161.92 (96.80)

202.02 (171.66)

301.56 (199.45)a

Data are mean (SD). a p<0.05 compared to group 1

Echocardiographic results
Echocardiographic results (Table 2) showed that
both LVIDd and EDV in all dogs with MMVD (Groups
2, 3, and 4) were higher than in healthy dogs (Group 1).
The SV in Groups 3 and 4 were significantly higher
compared with Group 1. Moreover, the LA:Ao ratios
in Groups 3 and 4 were also significantly increased
compared with Group 1. However, we found that only
FS in Group 4 was significantly increased when compared with Group 1 and Group 2 (Table 2).
Levels of plasma HN and plasma NT-proBNP
in dogs with MMVD
Our results showed that the plasma HN levels were
highest in Group 1 and lowest in Group 4 (Table 3).
The plasma HN levels were observed to have a decreasing trend from Group 1 through Group 4, although
only the plasma HN levels in Groups 3 and 4 were
significantly lower when compared with Group 1
(Table 3). Similarly, plasma NT-proBNP levels were
observed to have an increasing trend from Group 1
through Group 4. However, only the plasma NT-proB
-NP levels in Group 4 were significantly increased when
compared with Group 1 (Table 3).

Discussion
Our study found that plasma HN levels were lower
in dogs with MMVD. Additionally, our results demonstrated for the first time that a significant change in
plasma HN level can be observed at a less severe disease stage than with plasma NT-proBNP (a detection
biomarker for HF). We found that plasma HN levels
were significantly lower in dogs with class C MMVD
and class D MMVD when compared with healthy dogs,
whereas the plasma NT-proBNP levels were significantly higher only in dogs with class D MMVD. These
findings suggest that lower plasma HN levels are related to increased cardiac injury and that decreased plasma HN levels can be used as an early detection marker
for dogs with MMVD-induced HF.
Cardiac hypertrophy is one of the compensatory
outcomes of the pathological processes of MMVD

(Mann and Bristow 2005). Cardiac hypertrophy can
induce myocardial damage and lead to HF via increased
oxidative stress (von Harsdorf et al. 1999, Seddon et al.
2007, Tsutsui et al. 2011) and NOX-derived ROS
production increased during the development of cardiac hypertrophy. In addition, ROS such as xanthine
oxidase-derived O2- caused left ventricle contractile impairment in HF, increased myocardial oxygen consumption, and reduced cardiac efficiency (Seddon et al.
2007, Sag et al. 2014). It is well known that oxidative
stress is the result of an imbalance between antioxidant
and ROS production (Heusch and Schulz 2011, Tsutsui
et al. 2011). Studies have demonstrated that ROS levels
are markedly increased in HF (Freeman et al. 2005,
Tsutsui et al. 2011, Munzel et al. 2015). An increase in
ROS levels induces myocardial damage by activating
apoptotic processes, leading to cardiac cell death
(von Harsdorf et al. 1999). It has been established that
the mitochondria is the major organelle producing
ROS within cardiac cells (Akhmedov et al. 2015, Sabbah 2016), suggesting that trying to reduce ROS and
apoptosis is a promising therapeutic strategy for attenuating cardiac dysfunction in patients with MMVD-induced HF. Growing evidence has indicated that one
of the cytoprotective properties of HN is an anti-apoptotic effect by reducing ROS levels (Klein et al. 2013,
Paharkova et al. 2015, Thummasorn et al. 2016). Recent studies have demonstrated that a change in HN
level can be used as a detection marker for cardiovascular disease (Widmer et al. 2013, Thummasorn et al.
2016). In the present study, we first showed that plasma
HN levels were significantly lower in dogs with
MMVD-induced HF. This suggests plasma HN is a potential cardiac biomarker for detection of HF, something that should be investigated further in clinical
studies.
Regarding the mechanism of reduction of plasma
HN levels after MMVD-induced HF, it is possible that
with lower plasma HN, endogenous HN in circulating
blood is recruited into the heart against HF-induced
ROS production levels to reduce myocardial damage.
This hypothesis is consistent with a previous study
which reported that plasma endogenous HN levels
were decreased against reduced I/R injury by allowing
endogenous HN from the circulating blood into the
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damaged myocardium (Thummasorn et al. 2017). In
that study, the plasma HN level was significantly decreased following I/R injury. That study also reported
that the endogenous HN level in the ischemic myocardium was significantly increased after I/R injury when
compared to no I/R injury. Thus, it is possible that the
decrease in plasma HN levels observed in the present
study might have been a result of recruiting endogenous HN from the circulating blood into the heart to
protect against MMVD-induced myocardial damage.
A study of levels of humanin in different age groups
reported that humanin can decline with age (Bachar et
al. 2010). This pattern might exist in animals as well,
although the pattern could be affected by the significantly shorter lifespan of dogs. Further studies are
needed. In a human study, there was no statistical difference in humanin levels between males and females
(Lytvyn et al. 2015). That is consistent with this study
which found no statistical difference between male and
female dogs. A larger sample size would be needed to
identify the affect of gender on variation in HN levels in
dogs.
NT-proBNP is one of the cardiac biomarkers commonly used in clinical practice (Greco et al. 2003,
Januzzi et al. 2008, Oyama et al. 2008, Tarnow et al.
2009). Previous studies have demonstrated that
NT-proBNP has the ability to determine the severity of
heart failure in dogs (Oyama et al. 2008). In this study,
we compared the efficacy of HN and NT-proBNP for
the detection of MMVD-induced HF. Our results
showed that plasma NT-proBNP levels tend to increase
commensurate with the severity of the heart disease.
However, we also observed that only dogs with class D
MMVD had levels of plasma NT-proBNP significantly
higher than in healthy dogs. This contrasts with the
finding that plasma HN levels in dogs with class D
MMVD as well as dogs with class C MMVD were significantly lower when compared with healthy dogs.
These findings suggest that a decreased plasma HN level may be used as a detection biomarker for dogs with
MMVD-induced HF. However, future studies with
larger populations are needed to warrant its use.
Limitations of this study include the small sample
size, variation in sex ratio, and recording of weight only
rather than body condition scores. There were only 31
dogs, and the heart disease groups had a markedly different sex ratio than the control group. Thus it is possible that the findings are the result of sample size/sex
ratio rather than exclusively actual group differences. A
larger study, including a much larger normal reference
range, would provide much stronger evidence for this
biomarker. Use of body condition scores would allow
evaluation of differences among groups based on body
score.

K. Mangkhang et al.

Conclusions
Plasma HN levels are reduced in dogs with MMVD
and that reduction is associated with increased severity
of MMVD-induced HF. To the best of our knowledge,
this is the first reported demonstration that changes in
plasma HN level can be observed earlier than changes
in plasma NT-proBNP. These findings suggest that
a decreased plasma HN level can be used as a detection
biomarker for dogs with MMVD-induced HF.

Acknowledgements
This study was supported by the National Science
and Technology Development Agency, Thailand (NC).
The author would like to thank Dr. Savitree Charununtakorn for valuable advice. The results related to humanin levels were previously presented as an Abstract
at the 16th Chulalongkorn University Veterinary Conference, Bangkok, 22-24 March 2017.

References
Akhmedov AT, Rybin V, Marin-Garcia J (2015) Mitochondrial oxidative metabolism and uncoupling proteins in the
failing heart. Heart Fail Rev 20: 227-249.
Atkins C, Bonagura J, Ettinger S, Fox P, Gordon S,
Haggstrom J, Hamlin R, Keene B, Luis-Fuentes V,
Stepien R (2009) Guidelines for the diagnosis and treatment of canine chronic valvular heart disease. J Vet Intern
Med 23: 1142-1150.
Aupperle H, Disatian S (2012) Pathology, protein expression
and signaling in myxomatous mitral valve degeneration:
comparison of dogs and humans. J Vet Cardiol 14: 59-71.
Bachar AR, Scheffer L, Schroeder AS, Nakamura HK,
Cobb LJ, Oh YK, Lerman LO, Pagano RE, Cohen P,
Lerman A (2010) Humanin is expressed in human vascular walls and has a cytoprotective effect against oxidized
LDL-induced oxidative stress. Cardiovasc Res
88: 360-366.
Buchanan JW (2000) Vertebral scale system to measure
heart size in radiographs. Vet Clin North Am Small Anim
Pract 30: 379-393.
Charununtakorn ST, Shinlapawittayatorn K, Chattipakorn
SC, Chattipakorn N (2016) Potential roles of humanin on
apoptosis in the heart. Cardiovasc Ther 34: 107-114.
Cittadini A, Monti MG, Iaccarino G, Castiello MC, Baldi A,
Bossone E, Longobardi S, Marra AM, Petrillo V,
Saldamarco L, During MJ, Sacca L, Condorelli G (2012)
SOCS1 gene transfer accelerates the transition to heart
failure through the inhibition of the gp130/JAK/STAT
pathway. Cardiovasc Res 96: 381-390.
Fischer P, Hilfiker-Kleiner D (2008) Role of gp130-mediated
signalling pathways in the heart and its impact on potential therapeutic aspects. Br J Pharmacol 153 (suppl 1):
s414- s427.

Plasma humanin as a prognostic biomarker for canine ...
Fox PR (2012) Pathology of myxomatous mitral valve disease
in the dog. J Vet Cardiol 14: 103-126.
Freeman LM, Rush JE, Milbury PE, Blumberg JB (2005)
Antioxidant status and biomarkers of oxidative stress
in dogs with congestive heart failure. J Vet Intern Med
19: 537-541.
Gong Z, Tas E, Muzumdar R (2014) Humanin and age-related diseases: a new link? Front Endocrinol (Lausanne)
5: 210.
Greco DS, Biller B, Van Liew CH (2003) Measurement of
plasma atrial natriuretic peptide as an indicator of prognosis in dogs with cardiac disease. Can Vet J 44: 293-297.
Guo B, Zhai D, Cabezas E, Welsh K, Nouraini S, Satterthwait
AC, Reed JC (2003) Humanin peptide suppresses
apoptosis by interfering with Bax activation. Nature
423: 456-461.
Harada M, Habata Y, Hosoya M, Nishi K, Fujii R, Kobayashi M,
Hinuma S (2004) N-Formylated humanin activates both
formyl peptide receptor-like 1 and 2. Biochem Biophys
Res Commun 324: 255-261.
Hashimoto Y, Ito Y, Niikura T, Shao Z, Hata M, Oyama F,
Nishimoto I (2001a) Mechanisms of neuroprotection by
a novel rescue factor humanin from swedish mutant amyloid precursor protein. Biochem Biophys Res Commun
283: 460-468.
Hashimoto Y, Kurita M, Aiso S, Nishimoto I, Matsuoka M
(2009) Humanin inhibits neuronal cell death by interacting with a cytokine receptor complex or complexes
involving CNTF receptor alpha/WSX-1/gp130. Mol Biol
Cell 20: 2864-2873.
Hashimoto Y, Niikura T, Tajima H, Yasukawa T, Sudo H,
Ito Y, Kita Y, Kawasumi M, Kouyama K, Doyu M, Sobue
G, Koide T, Tsuji S, Lang J, Kurokawa K, Nishimoto I
(2001b) A rescue factor abolishing neuronal cell death by
a wide spectrum of familial Alzheimer’s disease genes and
Abeta. Proc Natl Acad Sci USA 98: 6336-6341.
Heusch G, Schulz R (2011) A radical view on the contractile
machinery in human heart failure. J Am Coll Cardiol
57: 310-312.
Januzzi JL Jr, Chen-Tournoux AA, Moe G (2008) Amino-terminal pro-B-type natriuretic peptide testing for the
diagnosis or exclusion of heart failure in patients with
acute symptoms. Am J Cardiol 101: 29-38.
Klein LE, Cui L, Gong Z, Su K, Muzumdar R (2013) A humanin analog decreases oxidative stress and preserves mitochondrial integrity in cardiac myoblasts. Biochem Biophys
Res Commun 440: 197-203.
Lee C, Yen K, Cohen P (2013) Humanin: a harbinger of mitochondrial-derived peptides? Trends Endocrinol Metab
24: 222-228.
Li Q, Freeman LM, Rush JE, Huggins GS, Kennedy AD,
Labuda JA, Laflamme DP, Hannah SS (2015) Veterinary
medicine and multi-omics research for future nutrition
targets: metabolomics and transcriptomics of the common degenerative mitral valve disease in dogs. OMICS
19: 461-470.
Lytvyn Y, Wan J, Lai V, Cohen P, Cherney DZ (2015) The effect of sex on humanin levels in healthy adults and patients with uncomplicated type 1 diabetes mellitus. Can
J Physiol Pharmacol 93: 239-243.
Mann DL, Bristow MR (2005) Mechanisms and models in
heart failure: the biomechanical model and beyond. Circulation 111: 2837-2849.

679
Maximov V, Martynenko A, Hunsmann G, Tarantul V (2002)
Mitochondrial 16S rRNA gene encodes a functional peptide, a potential drug for Alzheimer’s disease and target
for cancer therapy. Med Hypotheses 59: 670-673.
Munzel T, Gori T, Keaney JF Jr, Maack C, Daiber A (2015)
Pathophysiological role of oxidative stress in systolic and
diastolic heart failure and its therapeutic implications.
Eur Heart J 36: 2555-2564.
Muzumdar RH, Huffman Dm, Calvert JW, Jha S, Weinberg
Y, Cui L, Nemkal A, Atzmon G, Klein L, Gundewar S, Ji
SY, Lavu M, Predmore BL, Lefer DJ (2010) Acute humanin therapy attenuates myocardial ischemia and reperfusion injury in mice. Arterioscler Thromb Vasc Biol
30: 1940-1948.
Narula J, Haider N, Virmani R, DiSalvo TG, Kolodgie FD,
Hajjar RJ, Schmidt U, Semigran MJ, Dec GW, Khaw BA
(1996) Apoptosis in myocytes in end-stage heart failure.
N Engl J Med 335: 1182-1189.
Olivetti G, Abbi R, Quaini F, Kajstura J, Cheng W, Nitahara
JA, Quaini E, Di Loreto C, Beltrami CA, Krajewski S,
Reed JC, Anversa P (1997) Apoptosis in the failing human heart. N Engl J Med 336: 1131-1141.
Olsen LH, Mortensen K, Martinussen T, Larsson LI,
Baandrup U, Pedersen HD (2003) Increased NADPH-diaphorase activity in canine myxomatous mitral valve
leaflets. J Comp Pathol 129: 120-130.
Oyama MA, Fox PR, Rush JE, Rozanski EA, Lesser M
(2008) Clinical utility of serum N-terminal pro-B-type
natriuretic peptide concentration for identifying cardiac
disease in dogs and assessing disease severity. J Am Vet
Med Assoc 232 :1496-1503.
Paharkova V, Alvarez G, Nakamura H, Cohen P, Lee KW
(2015) Rat humanin is encoded and traslated in mitochondria and is localized to the mitochondrial compartment where it regulates ROS production. Mol Cell Endocrinol 413: 96-100.
Prosek R, Sisson DD, Oyama MA, Solter PF (2007) Distinguishing cardiac and noncardiac dyspnea in 48 dogs using
plasma atrial natriuretic factor, B-type natriuretic factor,
endothelin, and cardiac troponin-I. J Vet Intern Med
21: 238-242.
Reimann MJ, Haggstrom J, Mortensen A, Lykkesfeldt J,
Moller JE, Falk T, Olsen LH (2014) Biopterin status in
dogs with myxomatous mitral valve disease is associated
with disease severity and cardiovascular risk factors. J Vet
Intern Med 28: 1520-1526.
Roncon-Albuquerque R Jr, Vasconcelos M, Lourenco AP,
Brandao-Nogueira A, Tales A, Henriques-Coelho T,
Leite-Moreira AF (2006) Acute changes of biventricular
gene expression in volume and right ventricular pressure
overload. Life Sci 78: 2633-2642.
Sabbah HN (2000) Apoptotic cell death in heart failure. Cardiovasc Res 45: 704-712.
Sabbah HN (2016) Targeting mitochondrial dysfunction
in the treatment of heart failure. Expert Rev Cardiovasc
Ther 14: 1305-1313.
Sag CM, Santos CX, Shah AM (2014) Redox regulation of
cardiac hypertrophy. J Mol Cell Cardiol 73: 103-111.
Seddon M, Looi YH, Shah AM (2007) Oxidative stress and
redox signalling in cardiac hypertrophy and heart failure.
Heart 93: 903-907.
Sharov VG, Sabbah HN, Shimoyama H, Goussev AV, Lesch
M, Goldstein S (1996) Evidence of cardiocyte apoptosis

680
in myocardium of dogs with chronic heart failure. Am
J Pathol 148: 141-149.
Tarnow I, Olsen LH, Kvart C, Hoglund K, Moesgaard SG,
Kamstrup TS, Pedersen HD, Haggstrom J (2009) Predictive value of natriuretic peptides in dogs with mitral valve
disease. Vet J 180: 195-201.
Thummasorn S, Apaijai N, Kerdphoo S, Shinlapawittayatorn
K, Chattipakorn SC, Chattipakorn N (2016) Humanin
exerts cardioprotection against cardiac ischemia-reperfusion injury through attenuation of mitochondrial dysfunction. Cardiovasc Ther 34: 404-414.
Thummasorn S, Shinlapawittayatorn K, Chattipakorn SC,
Chattipakorn N (2017) High-dose humanin analogue
applied during ischemia exerts cardioprotection against
ischemia/reperfusion injury by reducing mitochondrial
dysfunction. Cardiovasc Ther 35: 1-11.
Tsutsui H, Kinugawa S, Matsushima S (2011) Oxidative stress
and heart failure. Am J Physiol Heart Circ Physiol
301: H2181-H2190.

K. Mangkhang et al.
van Wamel JE, Ruwhof C, van der Valk-Kokshoorn EJ,
Schrier PI, van der Laarse A (2000) Rapid gene transcription induced by stretch in cardiac myocytes and fibroblasts and their paracrine influence on stationary myocytes and fibroblasts. Pflugers Arch 439: 781-788.
von Harsdorf R, Li PF, Dietz R (1999) Signaling pathways in
reactive oxygen species-induced cardiomyocyte apoptosis.
Circulation 99: 2934-2341.
Widmer RJ, Flammer AJ, Herrmann J, Rodriguez-Porcel M,
Wan J, Cohen P, Lerman LO, Lerman A (2013) Circulating humanin levels are associated with preserved coronary endothelial function. Am J Physiol Heart Circ Physiol 304: H393-H397.
Yamagishi Y, Hashimoto Y, Niikura T, Nishimoto I (2003)
Identification of essential amino acids in humanin, a neuroprotective factor against Alzheimer’s disease-relevant
insults. Peptide 24: 585-595.

