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Abstract

Aims: Catecholamine metabolism via monoamine oxidase (MAO) contributes to cardiac injury in models of
ischemia and diabetes, but the pathogenic mechanisms involved are unclear. MAO deaminates norepinephrine
(NE) and dopamine to produce H2O2 and highly reactive ‘‘catecholaldehydes,’’ which may be toxic to mito-
chondria due to the localization of MAO to the outer mitochondrial membrane. We performed a comprehensive
analysis of catecholamine metabolism and its impact on mitochondrial energetics in atrial myocardium obtained
from patients with and without type 2 diabetes.
Results: Content and maximal activity of MAO-A and MAO-B were higher in the myocardium of patients with
diabetes and they were associated with body mass index. Metabolomic analysis of atrial tissue from these
patients showed decreased catecholamine levels in the myocardium, supporting an increased flux through
MAOs. Catecholaldehyde-modified protein adducts were more abundant in myocardial tissue extracts from
patients with diabetes and were confirmed to be MAO dependent. NE treatment suppressed mitochondrial ATP
production in permeabilized myofibers from patients with diabetes in an MAO-dependent manner. Aldehyde
dehydrogenase (ALDH) activity was substantially decreased in atrial myocardium from these patients, and
metabolomics confirmed lower levels of ALDH-catalyzed catecholamine metabolites. Proteomic analysis of
catechol-modified proteins in isolated cardiac mitochondria from these patients identified >300 mitochondrial
proteins to be potential targets of these unique carbonyls.
Innovation and Conclusion: These findings illustrate a unique form of carbonyl toxicity driven by MAO-
mediated metabolism of catecholamines, and they reveal pathogenic factors underlying cardiometabolic dis-
ease. Importantly, they suggest that pharmacotherapies targeting aldehyde stress and catecholamine metabolism
in heart may be beneficial in patients with diabetes and cardiac disease. Antioxid. Redox Signal. 35, 235–251.
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Introduction

Following the initial reports of the Framingham Study
decades ago, persistent efforts have been made to un-

cover pathophysiological mechanisms underlying cardiac
complications associated with diabetes (38). Myocardial tis-
sue remodeling and electro-mechanical dysfunction underlie
most of these complications, and the role of cardiomyocyte
bioenergetics and redox imbalance in these processes has
recently come to the forefront. Mitochondria are at the nexus
of cardiomyocyte energetics and redox balance, which is why
disruptions in energy production and mitochondrial sources
of reactive oxygen species (ROS) have been explored as
pathogenic factors contributing to cardiometabolic disease
(8, 49). Established sources of mitochondrial ROS include
NADPH oxidase and sites within the electron transport sys-
tem (ETS), whereas lipid peroxidation of the mitochondrial
membrane is a source of reactive aldehydes (e.g., 4-hydroxy-
nonenal [HNE] and malondialdehyde [MDA]) (7, 24, 30).
More recently, monoamine oxidase (MAO) has emerged as
a significant source of both H2O2 and aldehydes within the
myocardium (3, 36).

Two isoforms, MAO-A and MAO-B, located on the outer
membrane of the mitochondrion, metabolize norepinephrine
(NE), dopamine (DA) to produce ammonia, H2O2, and the
highly reactive and toxic catecholaldehydes 3,4-dihydroxy-
phenylglycolaldehyde (DOPEGAL) and 3,4-dihydroxyphe-
nylacetaldehyde (DOPAL), respectively (21, 63). Although
short-lived, the toxicity of catecholaldehydes stems from
their ability to form covalent aldehyde protein adducts (47,
58, 59). Catecholaldehydes are primarily detoxified via oxi-
dation (aldehyde dehydrogenase [ALDH]) or reduction (al-
dose reductase [AR], AKR1B1) (20, 21, 22).

A pathogenic role for MAO has recently been described in
animal models of heart failure (HF), ischemia, and, more
recently, diabetic cardiomyopathy (6, 17, 37, 57). Although
these studies have laid the groundwork for establishing
MAO as a pathogenic factor, the translational significance of
these studies and the pathophysiologic mechanisms by which
MAO may be acting remain uncertain. Therefore, we per-
formed a comprehensive metabolomic, proteomic, and func-
tional analysis of catecholamine metabolism in atrial
myocardium of age-matched patients with or without type 2

diabetes, with particular emphasis placed on MAO activity
and its impact on mitochondrial metabolism and energetics.
Given that MAO-derived catecholamine metabolites (i.e.,
catecholaldehydes) are highly reactive, we tested the hypoth-
esis that in patients with diabetes, increased MAO activity in
the heart contributes to mitochondrial dysfunction by dis-
rupting oxidative phosphorylation (OxPHOS).

Results

MAO expression and activity is upregulated in atrial
myocardium of patients with diabetes

For this study, samples of right atrial myocardium were
analyzed from 96 patients, 51 with diabetes and 45 with nor-
mal glycemic control (i.e., nondiabetes). Demographic and
clinical variables are shown in Supplementary Table S1. No
differences existed between groups in sex, mean age, or
mean body mass index (BMI). Although there was a trend for
more African Americans in the diabetes group, it was not
statistically significant. No significant differences in preop-
erative medications were observed between groups, with
exception of the angiotensin-converting enzyme inhibitors/
angiotensin II receptor blockers and the antihyperglycemics
(Supplementary Table S1). None of the patients included
within the study were taking MAO inhibitors.

Since MAO metabolizes intracellular catecholamines, we
first measured catecholamine levels within the myocardium.
NE was found to be the predominant catecholamine within
the samples, and patients with diabetes showed significantly
lower concentrations of DA ( p < 0.001) and NE ( p = 0.012)
in their myocardium, as compared with patients without di-
abetes (Fig. 1A). Recent work in rodent models showed that
MAO expression increases in the heart and brain with insulin
resistance/diabetes (41, 57), which could account for the
lower NE and DA concentrations in the patients with dia-
betes. Therefore, we measured MAO enzyme content and
activity in myocardial extracts. Results from the quantitative
enzyme-linked immunosorbent assay (ELISA) revealed that
the predominant MAO isoform within atrial myocardium
was MAO-A. In univariable analysis, the content of both
MAO isoforms was significantly increased within the myo-
cardium from patients with diabetes ( p < 0.05, Fig. 1B, C
and Supplementary Fig. S1). After adjusting for age, sex, and
race, multivariable analysis revealed that only MAO-A was
significantly higher in patients with diabetes ( p = 0.024)
(Supplementary Table S2).

To further characterize MAO, kinetic assays were per-
formed by using clorgyline (MAO-A inhibitor) and selegiline
(MAO-B inhibitor) to distinguish isoform-specific activity.
Assay specificity for each isozyme is shown with these in-
hibitors in Supplementary Figure S1. MAO kinetics differed
by diabetes status, and the effect varied depending on the
monoamine substrate being tested. The observed Vmax for
both MAO-A and MAO-B isoforms were higher in patients
with type 2 diabetes when DA was used as the substrate.
MAO-A, but not MAO-B, displayed a higher observed Vmax

when NE was used (Fig. 1D), which is consistent with the
known selectivity of MAO-A for NE. Multivariable analysis
confirmed that MAO-A activity supported NE (Table 1) and
DA (Supplementary Table S3) was significantly increased
within myocardium from patients with diabetes. With b-
phenylethylamine (bPEA), the observed Vmax of MAO-A and

Innovation

The body of work in this article comprises metabo-
lomic, proteomic, and functional analysis of catechol-
amine metabolism by monoamine oxidases (MAOs) in
the human heart. Our findings suggest that MAO-
mediated catabolism of norepinephrine and dopamine
imposes a unique form of carbonyl stress on cardiac mi-
tochondria in the form of catecholaldehydes. We propose
that these catecholaldehydes are always being produced
and metabolized in the heart, but with obesity and dia-
betes, the combined effect of increased sympathetic tone,
increased cardiac MAO activity, and decreased aldehyde
scavenging forces a ‘‘detoxification bottleneck’’ in the
myocardium, which causes derangements in mitochon-
drial oxidative phosphorylation and contributes to electro-
mechanical dysfunction.
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MAO-B appeared to be lower in patients with diabetes
(Fig. 1D). No significant effect was observed between met-
abolic groups when 5-HT or tyramine (TYR) was used as
substrates. Taken together, these results indicate that not
only MAO expression is increased but also MAO activity is
altered in a substrate-specific manner in the heart during
diabetes.

Irrespective of metabolic status, more than 70% of the
patients within the cohort were determined to be either
overweight or obese (BMI 25–33.3). Therefore, we sought to
determine whether there was an association between MAO
and metabolic parameters, and we determined that BMI has
a stronger association with DA-supported maximal activity
of both isoforms (MAO-A: R2 = 0.23, p = 0.001 and MAO-B:
R2 = 0.21, p = 0.002) (Fig. 2A, B) compared with glycated
hemoglobin (HbA1c) levels (Fig. 2C, D). These results sug-
gest that obesity may be a more important factor underlying
the increase in MAO compared with HbA1c.

FIG. 1. Cardiac MAO protein expression and enzymatic activity in human atrial myocardium. LC-MS analysis of
DA and NE concentrations in human atrial myocardium (A) from patients with type 2 diabetes and nondiabetes (n = 15/
metabolic group). MAO-A and MAO-B concentrations measured by using MAO isoform specific antibodies via (B) ELISA
(n = 45–55/metabolic group) and (C) Western blot, a-tubulin was used as the loading control (n = 6/metabolic group).
Kinetic traces of MAO activity (D) using 5 biogenic substrates: NE, DA, serotonin, bPEA, and TYR. MAO activity was
measured by monitoring the increase in fluorescence of resorufin at Ex/Em: 571/585. MAO-A activity is shown on the
top panel and MAO-B activity is on the bottom panel (n = 20/metabolic group). Data are represented as – SEM. (A, B, D)
was analyzed by using unpaired t-test. *p < 0.05, **p < 0.005 compared with nondiabetes. 5-HT, serotonin; bPEA,
b-phenylethylamine; DA, dopamine; ELISA, enzyme-linked immunosorbent assay; LC-MS, liquid chromatography–mass
spectrometry; MAO, monoamine oxidase; NE, norepinephrine; SEM, standard error of the mean; TYR, tyramine.

Table 1. Monoamine Oxidase Isoenzyme Activity

(Norepinephrine as Substrate) and Risk for Diabetes

Diabetes Nondiabetes p

MAO-A total [pmol/(min$mg) enzyme]
Mean – standard

deviation
5943 – 3092 2673 – 1527 0.010a

ptrend

< 0.0018b

MAO-B total [pmol/(min$mg) enzyme]
Mean – standard

deviation
6759 – 3000 4044 – 3228 0.010a

ptrend

< 0.010b

ap-Value computed by using Friedman’s nonparametric test for
central tendency, adjusting for age, sex, and race.

bp-Value computed by using the likelihood ratio trend test,
adjusting for age, sex, and race.

MAO, monoamine oxidase.
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MAO activity disrupts mitochondrial OxPHOS
in myocardium in patients with diabetes

Metabolism of TYR and DA by MAO has been reported to
cause suppression of mitochondrial respiration in isolated
rat brain mitochondria, but whether catecholamine metabo-
lism by MAO disrupts mitochondrial bioenergetics within
the heart is not known (5, 16). To address this question, we
measured mitochondrial OxPHOS (ATP production/O2 con-
sumption) by using permeabilized myofibers (Pmfbs) pre-
pared from fresh samples of atrial myocardium. In Pmfbs
isolated from patients without diabetes, incubation with NE

did not significantly alter ATP production or O2 consumption
with the fatty acid palmitoyl-l-carnitine (Fig. 3A, B). The
ADP-stimulated respiration supported by palmitoyl-carnitine
was decreased in Pmfbs from patients with diabetes (Fig. 3B),
consistent with what was previously observed (3). Metabo-
lism of NE by MAO significantly decreased ATP production
( p < 0.05) in Pmfbs from patients with type 2 diabetes, whereas
O2 consumption was not significantly affected (Fig. 3A, B),
corresponding to a decreased ATP/O ratio (Fig. 3C). This
effect was confirmed to be driven by MAO metabolism of NE,
as concurrent treatment with MAO inhibitors attenuated the
effect.

FIG. 2. Maximal MAO
activity and association
with metabolic parameters.
Shown are pairwise correla-
tions between BMI and ob-
served Vmax of (A) MAO-A
and (B) MAO-B. In (C, D)
are pairwise correlations be-
tween HbA1c and observed
Vmax of MAO-A and MAO-B,
respectively. For this analysis,
MAO activity was measured
by using DA. n = 26 for non-
diabetes and n = 16 for diabe-
tes. Pairwise correlations were
performed by using linear re-
gression analysis. BMI, body
mass index; HbA1c, glycated
hemoglobin.

FIG. 3. MAO-derived byproducts disrupt oxPHOS. Simultaneous (A) ATP production, (B) O2 consumption, and
(C) ATP/O ratio were measured in permeabilized fibers prepared from atrial myocardium treated with: no MAO substrate
or inhibitors, 75 lM NE, MAO inhibitors, or MAO inhibitors +75 lM NE. n = 10/metabolic group with 4 fibers from
each patient. (A–C) were analyzed by using one-way ANOVA followed by unpaired t-tests. *p < 0.05 with unpaired t-tests.
ND, nondiabetes; OxPHOS, oxidative phosphorylation.
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Metabolism of catecholamines by MAO generates
catechol-protein adducts in extracts of atrial
myocardium

DOPAL and DOPEGAL are quickly metabolized by al-
dehyde dehydrogenase 2 (ALDH2) and AR into acetic acid
(dihydroxyphenylacetic acid [DOPAC]) and alcohol (dihy-
droxyphenylglycol [DHPG]), respectively, which are their
primary routes of metabolism (Fig. 4A). However, when
these detoxification pathways are overwhelmed, catecho-
laldehydes have been shown to form catechol-protein adducts
(2, 18, 21, 58). To our knowledge, there has been no previ-

ous study examining the formation of catecholaldehydes or
catechol-modified protein adducts in myocardial tissue.
Therefore, we first measured unbound DOPAL and DOPAC
in plasma and myocardial extracts by using quantitative
tandem mass spectrometry (MS/MS) approach. In plasma,
free DOPAL level was increased in patients with type 2 di-
abetes, whereas DOPAC levels were found to be similar
between the metabolic groups (Supplementary Fig. S2).
Within myocardium, DOPAL and DOPAC concentrations
were below the detectable limit of the instruments used.

This was not surprising, however, because owing to their
high reactivity, free catecholaldehyes are unlikely to be

FIG. 4. Detection and metabolism of catecholaldehydes in human atrial myocardium. Pathway of catecholamine
metabolism into catecholaldehydes (by MAO) and then into acetic acid (DOPAC) or alcohol (DHPG) by ALDH2 or AR,
respectively (A). If metabolism by ALDH2 or AR is compromised, catecholaldehydes can form carbonyl adducts with
proteins. Shown in (B) is a representative image of catechol-protein adduct detection by NBT staining. In the presence of
catechol-modified proteins, NBT stains proteins blue on nitrocellulose membrane. Representative NBT stains of cardiac
lysate untreated (C), after overnight incubation with DA (25 lM) or NE (75 lM) (D), and overnight incubation with MAO
inhibitors – NE (75 lM) (E). Western blot analysis (F) and densitometric analysis (G) of ALDH2 in myocardium. COX IV
was used as a loading control to calculate relative density. n = 7/metabolic group. ALDH2 activity (H) measured by
monitoring the increase in absorbance of NADH at 450 nm in myocardial samples. n = 14/metabolic group. (H) Was
analyzed by using unpaired t-test. *p < 0.05. All data are shown as mean – SEM. ALDH2, aldehyde dehydrogenase 2; AR,
aldose reductase; COX IV, complex IV; DHPG, dihydroxyphenylglycol; DOPAC, dihydroxyphenylacetic acid; MAOi,
monoamine oxidase inhibitors; NBT, nitroblue tetrazolium.
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present in myocardium. Therefore, we refined a technique
using nitroblue tetrazolium (NBT), to determine whether
myocardial tissue contains catechol-modified protein adducts
(51). NBT is a dye that selectively reacts with the catechol
moiety on proteins to form a stable blue conjugate on nitro-
cellulose membrane (Fig. 4B). Myocardial extracts all con-
tain catechol-modified protein adducts at baseline, with
substantially greater levels within the myocardium from pa-
tients with diabetes (Fig. 4C). Extracts exposed to NE, and to
a lesser extent, DA, revealed an increase in catechol-modified
protein adducts (Fig. 4D). The catechol modifications were
determined to be dependent on MAO activity, which strongly
suggests that MAO-derived catecholaldehydes are respon-
sible for this modification (Fig. 4E and Supplementary
Fig. S4C).

Within the mitochondria, aldehydes formed from lipid
peroxidation (HNE, MDA) are metabolized by ALDH2, the
same enzyme that primarily metabolizes DOPAL and, to a
lesser extent, DOPEGAL (18, 46, 48). Studies have shown
that HNE and DOPAL, at high concentrations, can alloste-
rically inhibit ALDH2 activity, thereby creating a ‘‘bottle-
neck’’ for aldehyde detoxification (25, 33). Further, a recent
study from our lab revealed that myocardium from patients
with type 2 diabetes contain greater amounts of HNE
compared with patients without diabetes, suggesting basal
aldehyde stress within the cardiac mitochondrial microenvi-
ronment of these patients (39). In animal models of diabetes,
the attenuation of ALDH2 activity leads to an increase in
aldehyde load and contributes to left ventricular dysfunction
(27, 64). Since ALDH2 is involved in catecholaldehyde
metabolism, ALDH2 content and activity was measured in
atrial myocardium. Interestingly, although there were no
differences in ALDH2 enzyme content between the meta-
bolic groups as determined by immunoblot (Fig. 4F–G and
Supplementary Fig. S4D–E), ALDH2 activity was signifi-
cantly reduced ( p < 0.039) in patients with type 2 diabetes
(Fig. 4H). Pairwise analysis of these data revealed that in-
creases in ALDH2 activity were weakly associated with in-
creases in BMI (Supplementary Fig. S3A) whereas a decrease
in activity was associated with HbA1c (Supplementary
Fig. S3B), suggesting that hyperglycemia negatively impacts
the activity of this important detoxification enzyme. To
determine whether AR was similarly impacted by diabetes,
we measured AR activity in a subset of the patients and to our
surprise, we observed an increase in the mean activity of AR
in patients with diabetes, although it failed to reach statistical
significance with this sample size (Supplementary Fig. S3C).

Proteomic analysis reveals catechol modifications
of numerous mitochondrial enzymes in human
cardiac mitochondria

To gain further insight on the potential effects of ca-
techolaldehyde formation in human cardiac mitochondria,
we modified a method that was previously developed and
validated for enrichment of DA quino-protein adducts from
brain tissue (44). This method employs the tight binding
capacity and selectivity of aminophenylboronic acid (APBA)
for catechols, allowing for capture and enrichment of
catechol-modified proteins in biological material. To validate
this method, we generated samples of DOPEGAL from NE
by using recombinant MAO-A, and we prepared mixtures

of DOPEGAL adducts of bovine serum albumin (BSA)
(Fig. 5A). This DOPEGAL-BSA reference sample was
subjected to APBA resin binding, wash, and elution as
shown in Figure 5B. After elution with trifluoroacetic acid
(TFA), only DOPEGAL-modified BSA, but not unmodified
BSA, was eluted from the resin (Fig. 5C), demonstrating
the catechol-modification requirement for proteins to bind
to this resin.

We then sought to determine which mitochondrial proteins
may be modified by catechols in the human atrial samples,
recognizing that even in the basal condition there are likely
numerous mitochondrial enzymes/proteins that may be mod-
ified. Mitochondria isolated from atrial myocardium were
then pooled from multiple patients (regardless of diabetes
status), and catechol-modified proteins were enriched from
these samples by using the APBA method. After sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE), silver stain of these extracts revealed many bands
ranging from 20 to 120 kDa. Six of the largest bands were
excised, and proteomics analysis revealed >300 mitochon-
drial proteins, most of which are involved in tricarboxylic
acid (TCA) cycle, fatty acid oxidation, and OxPHOS. A short
list of the proteins representing the most abundant unique
peptides captured at the molecular weights indicated by the
arrows in Figure 5D are shown in Figure 5E. The full anno-
tated proteomics file can be found online in the Proteomics
IDEntifications Database (https://www.ebi.ac.uk/pride), iden-
tifier PXD021759, 10.6019/PXD021759.

Metabolomic profiling shows pathways
of catecholamine synthesis, and metabolism is altered
in hearts with diabetes

To examine whether the changes in MAO and ALDH2
corresponded to alterations in total catecholamine flux within
the myocardium, global metabolomics analysis was perfor-
med on atrial tissue from a subset of patients in each group.
Liquid chromatography–mass spectrometry (LC/MS) peak
profiling revealed 592 unique metabolite features across all
samples. Principal component analysis (PCA) results showed
defined clustering by diabetes status (Fig. 6A). After analy-
sis of the 592 metabolites, 110 features were found to be
statistically different between metabolic groups (Fig. 6B).
Based on m/z and retention times, the metabolites were
queried, identified by using the human metabolomic database
(HMDB), and compiled into MetaboAnalyst� for pathway
analysis. Results showed that the three most significant path-
ways that were significantly different between diabetic status
were phenylalanine, tyrosine and tryptophan metabolism
pathways (Fig. 6C). The tyrosine metabolism pathway is
broad and responsible for the synthesis and metabolism of
TYR, DA, and NE and it includes associated MAO and
ALDH byproducts. Based on further MS/MS analysis, we
identified and confirmed three metabolites within the tyrosine/
catecholamine pathway that were significantly different in
the myocardial tissue from the patients with diabetes (Sup-
plementary Table S4).

Tyrosine can be converted to either TYR or l-DOPA, the
product of tyrosine hydroxylase. TYR is then converted to its
associated catecholaldehyde, hydroxyphenylacetaldehyde
(HPAL), by MAO. Samples from patients with diabetes had
much lower levels of hydroxyphenylacetic acid (HPAA)
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( p < 0.05), the metabolite of HPAL produced by ALDH,
which is consistent with reduced ALDH activity in these
patients. l-DOPA, the precursor of DA and NE synthesis
( p < 0.05), and DA ( p < 0.005) and NE ( p < 0.05) were also
decreased with diabetes. Although no differences were ob-
served within DA metabolism, DHPG, the alcohol metabolite
of DOPEGAL, was substantially decreased in myocardial
tissue from patients with diabetes ( p < 0.05) (Fig. 6D).

Discussion

This translational study provides direct evidence that
within the myocardium of patients with diabetes, MAO ac-
tivity increases, whereas ALDH activity decreases, and this
has potentially profound impacts on redox balance and mi-
tochondrial OxPHOS. Global metabolomics confirmed our
biochemical analyses, suggesting that increased MAO and
decreased ALDH activities in myocardium from patients
with diabetes are shunting catcholaldehydes (DOPAL and
DOPEGAL) into alternative metabolic pathways, including
formation of toxic catechol-modified protein adducts in
mitochondria.

In a previous study of human myocardium, MAO ex-
pression was measured in atrial samples from a small cohort
of patients with established HF, or HF and diabetes com-
bined, and no significant differences in MAO-A or MAO-B

expression were found between groups (19). However, that
group used real-time PCR and immunohistochemistry in
fixed myocardial tissue, whereas we performed immunoblot
and ELISA analysis after validating the specificity of the
MAO-A and MAO-B antibodies by using immunoblot with
recombinant forms of each enzyme (Fig. 1C). We then de-
veloped a quantitative ELISA method with these antibodies
to determine isoform-specific concentrations in this tissue
and by using MAO isoenzyme-specific inhibitors performed
a comprehensive kinetic analysis of MAO-A and MAO-B
activity in a large cohort of patients. Given the high degree of
variability (>10-fold) in MAO enzyme content (Fig. 1B), it is
unsurprising that studies in small patient cohorts fail to show
significant differences. A more interesting and potentially
important finding in our MAO analysis is that both MAO-A
and MAO-B are catalytically altered in patients with diabe-
tes. By normalizing the enzymatic activity to the content (via
ELISA), we were able to determine that there are altered
kinetics at the level of the enzyme itself. To our knowledge,
this is the first time that the kinetics of these critical enzymes
have been assessed in the human myocardium. These find-
ings also suggest that MAO catalytic activity is regulated at
the post-translational level (e.g., phosphorylation, acetyla-
tion, carbonylation, etc.), and that some post-translational
modification of MAO belies the increased catalytic activity in
the myocardium with diabetes.

FIG. 5. Catechol-modified protein extraction and detection in human cardiac mitochondria. Formation of catechol-
modified BSA mixture is shown in (A), via reacting DOPEGAL with a 1% BSA solution in phosphate-buffered saline.
(A) Schematic of the reaction between APBA resin and catechol-modified proteins is shown in (B). Solvent-accessible
catechol moieties covalently bind to the phenylboronic moiety on the resin at basic pH; this reaction is reversed at acidic pH
with use of TFA, dissociating the proteins from the resin. Binding is dependent on catechol modification, as only
DOPEGAL-modified, but not -unmodified BSA, is captured by the resin (C). Catechol-modified mitochondrial proteins
were then extracted by incubating pooled samples of isolated human atrial mitochondria with the APBA resin. After silver
stain, protein bands with the highest optical density were excised from the gel (D, denoted by arrows). In (E) is an
abbreviated table of the most abundant mitochondrial proteins identified in those bands at the indicated M.W., using LC/
MS. (C) Was analyzed by using unpaired t-tests. *p < 0.00001 versus BSA alone. APBA, aminophenylboronic acid; BSA,
bovine serum albumin; TFA, trifluoroacetic acid.
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Interestingly, when comparing MAO isoform activity with
BMI, a significant correlation was only observed within the
nondiabetes patient group. This finding suggests that in nor-
moglycemic patients, a positive relationship exists between
obesity and MAO activity; however, in hyperglycemic pa-
tients regardless of obesity, MAO-dependent metabolism
of catecholamines remains elevated. Although obesity and
overnutrition have been associated with increased sympa-
thetic activity (1, 29), the release of and sensitivity to insu-
lin may act as a ‘‘brake’’ on sympathetic drive. This is
supported by a study in a brain-specific insulin-receptor
knockout mouse model, which had increased brain-specific
MAO activity, catecholamine metabolism, and interestingly,
depression-like behavior (41).

We found that metabolism of NE by MAO decreased
mitochondrial ATP production in myocardium from pa-

tients with type 2 diabetes. This decrease in ATP production
without a simultaneous change in oxygen consumption im-
plies a decreased efficiency of the phosphorylation system
(e.g., ATP-synthase, adenine nucleotide translocase, ANT),
as opposed to a disruption in electron flux within the ETS.
Since the effect of NE was mitigated by MAO inhibitors, it is
most likely due to the reactivity of MAO-derived byproducts.
Numerous oxidative post-translational modifications of the
ATP synthase have been reported to affect ATP synthase
efficiency (32, 62, 65). Using the APBA resin to pull down
catechol-modified proteins, our proteomic analysis con-
firmed that multiple isoforms of ANT and ATP-synthase are,
indeed, potential targets of catecholaldehydes (Fig. 5E). Not
only these enzymes but also many other enzymes critical to
fatty acid oxidation, TCA cycle, mitochondrial fission/
fusion, and redox status are all potentially catechol modified.

FIG. 6. Metabolomics pathway analysis of human atrial myocardium. LC-MS analysis of metabolic profiles was per-
formed by using cardiac lysate. (A) Is a representative PCA scores plot showing clusters based on metabolic status. (B)
After alignment and data extraction, 592 metabolite features were detected, of which 110 were found to be statistically
significant between metabolic groups ( p £ 0.05). (C) Metaboanalyst pathway analysis revealed that five of the metabolites
were involved within the tyrosine metabolism pathway. (D) The five metabolites shown in the abbreviated tyrosine pathway
were confirmed by comparison of the observed mass fragmentation patterns and retention times to those published in the
Human Metabolome Database. Peak areas of the identified metabolites are compared and shown in D. All data are shown as
mean – SEM and analyzed by using unpaired t-tests. *p < 0.05, **p < 0.005 compared with nondiabetes. D, diabetes;
DOPAL, 3,4-dihydroxyphenylacetaldehyde; DOPEGAL, 3,4-dihydroxyphenylglycolaldehyde; HPAA, hydroxphenylacetic
acid; HPAL, hydroxyphenylacetaldehyde; HVA, homovanillic acid; MHPG, 3-methoxy-4-hydroxyphenylglycol; PCA,
principal component analysis.
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Although these proteomic findings are preliminary and do
not definitively confirm that these catechol modifications are
inhibitory, or that they necessarily result in altered protein
function, they are, nevertheless, an important first step in this
line of investigation. Future studies are warranted to eluci-
date mechanisms by which MAO-derived byproducts disrupt
ATP production (e.g., specific residues within enzymes and
their corresponding effects), and the extent to which these
byproducts contribute to cardiomyocyte electromechanical
dysfunction (Fig. 7).

Although this study represents the first time that catecho-
laldehydes have been studied in the human heart, these un-
ique carbonyls have long been suspected to be pathogenic in
models of neurodegenerative disease, specifically in the path-
ogenesis of Parkinson’s disease. DOPAL has been shown to
induce protein aggregation and cell death, and to inhibit

tyrosine hydroxylase, the enzyme responsible for DA and
NE biosynthesis (10, 11, 47, 59). Further, these earlier
studies established that DOPAL and DOPEGAL induce
mitochondrial-mediated cell death via opening of the per-
meability transition pore (PTP) in dopaminergic cell models
(11, 42, 46). Taking into consideration that subunits of the
ATP-synthase, which is a major component of the PTP, were
found to be present in our catechol-modified mitochondrial
proteomic analysis, it is plausible that the decrease in ATP
production observed in Pmfbs exposed to NE was due to
transient opening of the PTP induced by catecholaldehydes.
However, preliminary studies in our laboratory using isolated
cardiac mitochondria from wild-type and cardiomyocyte-
specific MAO-A knockout mice have shown that NE does
not stimulate premature PTP opening whatsoever. Indeed,
MAO-mediated catabolism of NE may even modestly

FIG. 7. Pathophysiological effects of MAO-derived byproducts within myocardium from patients with type 2
diabetes. MAO expression and activity are increased in the myocardium of patients with type 2 diabetes, suggesting
increased flux of catecholamines through MAO. In the myocardium, MAO-derived byproducts form catechol-modified
protein adducts (post-translational modifications) on enzymes responsible for fatty acid oxidation, tricarboxylic acid cycle,
and OxPHOS (energy disruption). In patients with diabetes, the compromised ALDH2 activity would exacerbate these
toxicities by creating a ‘‘detoxification bottleneck.’’ Chronic carbonyl stress due to hyperglycemia and insulin resistance
may contribute to hypertrophy, fibrosis, and EP derangements, ultimately leading to electromechanical dysfunction in the
myocardium of patients with diabetes. ANT, adenine nucleotide translocase; EP, electrophysiology; IMM, inner-
mitochondrial membrane; OCT3/ENMT, organic cation transporter-3/extraneuronal monoamine transporter; OMM, outer
mitochondrial membrane.
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prevent PTP opening (data not shown). Rigorous studies
along these lines of investigation are ongoing in our lab.

Our study also revealed ALDH2 activity to be compro-
mised within myocardium from patients with type 2 diabetes.
This mitochondrial-localized enzyme has a critical role in
phase 2 detoxification and carbonyl metabolism. Numerous
studies of cardiac disease, including experimental models of
diabetes, have illustrated the importance of ALDH2 in pre-
serving myocardial structure and function (27, 60). Further,
therapeutic strategies that increase ALDH2 activity (Alda-1)
or sequester aldehydes have shown promise in diabetes-
associated cardiac complications (60, 64). ALDH2 is among
the many enzymes responsible for metabolism of DOPAL
and DOPEGAL. Although the free levels of these catecho-
laldehydes were undetectable in the myocardial samples in
our hands (i.e., below the detectable limits of our MS in-
struments), we found that catechol-modified protein adducts
are more abundant in myocardial tissue from patients with
diabetes (Fig. 4C). These findings strongly suggest that an
aldehyde ‘‘detoxification bottleneck’’ may be present in the
heart with diabetes, and that catecholaldehydes are diverted
more toward catechol modification of proteins, thereby
contributing to cardiotoxicity via carbonyl stress and redox
imbalance in the myocardium of these patients as we have
previously reported (4).

Limitations

Although the diabetes and nondiabetes groups were well
matched with respect to demographics and clinical variables,
there are additional variables that have not been captured in
our dataset, which may possibly be contributing to our find-
ings. Specifically, although the patients were diagnosed as
having diabetes, we were unable to capture an index of in-
sulin resistance in this cohort (i.e., HOMA-IR), a condition
known to be associated with altered sympathetic activity (34,
56). In addition, we cannot completely exclude the poten-
tial influence of cardiovascular disease comorbidities in our
dataset, although cardiac disease prevalence was evenly
matched between groups (Supplementary Table S1).

The potential for antihyperglycemic drugs to have con-
tributed to the increased cardiac MAO in patients with dia-
betes cannot be completely excluded. The majority of
patients with diabetes within our cohort (73%) were treated
with antihyperglycemics, including insulin, which has been
shown to reduce circulating catecholamine levels in un-
treated, long-term diabetes (14, 15). Further, a significant
number of patients with diabetes (26%) were treated with
metformin, which has been proposed to inhibit the activi-
ties of a1/2-adrenoceptors, thereby possibly preventing NE
release/concentration within the heart (23, 31, 45).

Owing to the high degree of sympathetic innervation in the
atrium, it is likely that some MAO content/activity could be
coming from ganglionic nerve terminals. However, we take
great care to cleanly dissect myocardium from right atrial
appendage samples. Further, the fact that in Pmfbs, which are
permeabilized and largely void of nonmyocardial tissue,
there is a significant effect of NE on mitochondrial ATP
production in patients with diabetes, leads us to conclude that
there is, indeed, a localized effect of MAO in myofibers
that impacts mitochondrial OxPHOS. We also cannot ex-
clude the possibility that the decreased catecholamine levels

in the myocardium of patients with diabetes may be due to a
dysregulation in NE release and re-uptake, which may be
due to potential influence of cardiac autonomic neuropathy.
Within the heart, the majority of catecholamines released
from the presynaptic cleft are returned to the nerve terminal
via catecholamine-specific transporters, including norepi-
nephrine transporter (NET) and dopamine transporter. A
smaller portion of catecholamines are transported into non-
neuronal cells, including the myocardium, through isoforms
of the organic cation transporter-3 and extraneuronal mono-
amine transporters, while the remaining catecholamines enter
the general circulation (i.e., spillover). In experimental
models of type 2 diabetes, several groups have shown an
attenuation in NET function, increased NE spillover, and
decreased NE release (9, 40, 43). We were unable to measure
catecholamine transport and re-uptake parameters within our
patient cohort.

Proteomic analysis of catechol-modified proteins was
performed on mitochondria pooled from patients with and
without diabetes for several reasons. First, mitochondrial
yield from aged human right atrial appendages is low, despite
our best technical skills. Sometimes, the samples have a lot of
extracellular matrix and fibrous material, and this lowers the
ability to protect/preserve intact mitochondrial fractions
during extraction steps. Next, although the APBA resin cap-
tures the catecholaldehyde adducts with fairly strong affinity,
there is material lost in the binding that further decreases
sample yield. Although this method prevented us from iden-
tifying potential differences in the identity and quantity of
catechol-modified proteins between groups, we, neverthe-
less, provide evidence for the first time that such modifica-
tions exist and remain a valid and active area of future
investigation. Additional studies in human cardiac tissue are
warranted and would be beneficial in discerning molecular
characteristics (e.g., specific amino acids, structure) of the
modifications caused by catecholaldehydes.

Finally, we were not able to directly quantify absolute
concentration of catecholaldehydes (DOPAL, DOPEGAL) in
myocardial extracts and only captured adducts formed on
proteins via NBT staining and APBA resin enrichment. There
are several reasons for this. First, catecholaldehydes in tissue
are highly reactive and they spontaneously and rapidly react
with solvent-accessible Lys and Cys residues on proteins or
are further metabolized via phase 2 enzymes (26, 53). In
addition, these adducts are proving to be very challenging to
measure with MS, due to their instability and reactivity. For
example, DOPEGAL is not easily synthesized and it rapidly
self-polymerizes and undergoes rearrangement; thus, it is
difficult to quantify. Despite these challenges, we are confi-
dent that with continued refinement in our LC-MS/MS and
organic chemistry methods we expect to have a sensitive and
reproducible detection method in place very soon.

Conclusions/perspectives

This study provides evidence that catecholamine flux is
significantly enhanced, whereas carbonyl detoxification is
diminished in human myocardium with diabetes, and that
MAO-derived catecholaldehydes contribute to carbonyl stress
and mitochondrial dysfunction in this tissue. Our findings
suggest that these catecholaldehydes are always being pro-
duced and metabolized in the heart, but in obesity/diabetes,
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the combined effect of increased sympathetic tone, increased
cardiac MAO activity, and decreased aldehyde-scavenging
enzyme activity forces a ‘‘detoxification bottleneck’’ in the
myocardium, which causes derangements in mitochondrial
OxPHOS and contributes to electro-mechanical dysfunction
(Fig. 7). This same pathogenic process undoubtedly occurs in
the etiology of HF, and it rapidly occurs during reperfusion
injury as reported quite recently in a very interesting study
(54). Although much more work is necessary to completely
understand the reactivity and cardiotoxicity of catecholalde-
hydes, these initial findings provide insight into a pathogenic
mechanism by which MAO contributes to cardiac disease in
diabetes (i.e., atrial fibrillation, cardiomyopathy). It is antic-
ipated that these results will inform future studies in exper-
imental models concerning the role of MAO in cardiac
diseases. Finally, our study suggests that targeting catechol-
amine metabolism and aldehyde detoxification in heart may
have therapeutic benefit in patients with type 2 diabetes.

Materials and Methods

Chemicals and reagents used in this study were purchased
from Sigma-Aldrich (St. Louis, MO), unless otherwise noted.

Patient enrollment, blood and atrial tissue collection

All experiments involving human subjects received ap-
proval by the Institutional Review Board of the Brody School
of Medicine at East Carolina University and the University
of Iowa. Patients undergoing nonemergent elective coronary
artery bypass graft (CABG) or CABG/valve surgery were
enrolled between January 2011 and July 2018. Inclusion
criteria included patients between the age of 50 and 70
without a previous history of cardiac surgery or arrhythmia.
Informed consent was obtained from each patient to perform
all biochemical analysis on the cardiac tissue provided. A
fasted blood draw was performed before the initiation of
anesthetics. Before placement on cardiopulmonary bypass, a
portion of myocardium was biopsied in each patient after
establishing a purse-string suture around the right atrial ap-
pendage. Myocardial tissue was dissected, rinsed in ice-cold
phosphate-buffered saline (PBS), and used immediately for
mitochondrial experiments. A separate portion of myocar-
dium was snap frozen and maintained at -80�C for bio-
chemical and metabolomics analysis.

Measurement of DA and NE using LC-MS

After homogenization, samples were centrifuged at 14,000 g
for 30 min. The supernatant was placed under nitrogen flow,
maintained at 50�C, and evaporated to dryness. The residue
was resuspended in 1:1 methanol: H2O. Standards of cate-
cholamines (10 to 1500 ng/mL) were prepared in 1:1 H2O:
methanol and maintained at -20�C before use. Quantitative
analysis of catecholamines was performed by using an Exion
LC/AB SCIEX 3200 triple quadropole mass spectrometer
(AB SCIEX, Framingham, MA). LC was performed by using
a Hypersil Gold aQ (3 · 50 mm, 1.9 lm) column (Thermo
Fisher Scientific, Waltham, MA). The following gradient
solvents were utilized: mobile phase A: 95:5 water:ACN
(acetonitrile) with 0.1% formic acid and B: 100% methanol
with a flow rate of 0.3 mL/min. A 15 min total run time was
used with a linear gradient from 97% B over 8 min, was held

for 1 min, decreased to 0% B for 1 min, and equilibrated for
5 min. A 10 lL injection volume was used from each sample.

Quantitative analysis of MAO-A and MAO-B enzyme
content in myocardium

Standards and samples were added to immunolon-coated
96-well assay plates and incubated overnight at 4�C. The
plates were washed with PBS +0.05% Tween-20 and blocked
with 5% BSA at 37�C. Samples were incubated with primary
antibodies for MAO-A or MAO-B (Abcam, Cambridge,
MA) followed by incubation with horseradish peroxidase-
conjugated secondary antibody. Amplex Red (Thermo Fisher
Scientific) was added, and the fluorescence was measured at
Ex/Em 567/590 nm.

For MAO-A and MAO-B Western blots, 20 lg of sample
protein lysate was loaded onto a 10% acrylamide gel and
subject to SDS-PAGE. The proteins were transferred to a
PVDF membrane and blocked with 5% BSA in TBS-Tween.
The membranes were incubated with primary antibodies
specific for each MAO isoform. The membranes were
washed, probed with secondary antibodies, and imaged by
using the Odyssey imaging system (Li-Cor Bioscience,
Lincoln, NE).

MAO enzymatic activity in myocardial tissue

MAO activity was determined by measuring H2O2 pro-
duction in the presence of Amplex UltraRed (Thermo Fisher
Scientific). Each assay was measured in 1.5 mL by using
Amplex Red (10 lM), horseradish peroxidase (1 U/mL),
superoxide dismutase (25 U/mL), and 15 lL of myocardial
lysate. Enzymatic activities were normalized to the concen-
tration of isozyme obtained from the ELISA and reported as
nmol/(min$mg) enzyme.

Preparation of permeabilized muscle fibers

After excision of myocardium from the atrial sample,
*300 mg myocardium was placed in ice-cold Buffer X
(7.23 mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidaz-
ole, 0.5 mM DTT, 20 mM taurine, 5.7 mM ATP, 14.3 mM
phosphocreatine, 6.56 mM MgCl2$6H2O, 50 mM KMES, pH
7.1) followed by a 30-min incubation with 3 lg/mL of col-
lagenase type I (Worthington, Lakewood, NJ) at 4�C. Using
fine-tip tweezers, muscle fiber bundles were separated along
the longitudinal axis and permeabilized in 10 lg/mL saponin
for 30 min. The fibers were then incubated in the respiratory
buffer containing blebbistatin until used for respiratory ex-
periments (<1 h). To prevent extra-mitochondrial production
of ATP, P1,P5-di(adenosine-5¢) pentaphosphate (AP5a), an
adenylate kinase inhibitor, was added. Experiments were
performed by using Buffer Z-lite (10 mM K-MES, 30 mM
KCl, 10 mM KH2PO4, 5 mM MgCl2$6H2O, 0.5 mg/mL BSA,
20 mM creatine), 1 mM EGTA, 200 lM NADP+, 4 mM glu-
cose, 1.7 U/mL of glucose-6-phosphate, and 3.4 U/mL of
hexokinase. The recordings were normalized for 10 min
followed by the addition of 50 lM palmitoyl-l-carnitine and
2 mM malate. After 3 min, 500 lM ADP was added to drive
maximal respiration. After each experiment, myofibers were
collected and stored at -20�C in a freezing buffer (Buffer X,
glycerol, protease inhibitor cocktail).
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Normalization of mitochondrial content
in permeabilized muscle fibers

To estimate mitochondrial content within Pmfbs, citrate
synthase activity was measured based on published methods
(55). Fibers were removed from freezing buffer, homoge-
nized 1:20 (w/v) in Tris-buffer (100 mM Tris-base, 2 mM
EDTA pH 7.5), and centrifuged for 10 min at 10,000 g at 4�C.
Homogenates were diluted 1:10 with Tris-buffer and added
onto a clear polysterene 96-well plate. A reaction cocktail
including 5,5¢-dithiobis(2-nitrobenzoic acid), acetyl-CoA,
and oxaloacetate was added to each well and absorbance was
measured at 412 nm every minute for 10 min. Citrate syn-
thase activity was calculated by using the extinction coeffi-
cient of 13.6 L/(mol$cm), and the results were used to
normalize respiratory experiments.

Mitochondrial analysis in permeabilized human
cardiac myofibers

Previous methods published from our lab were used to
prepare permeabilized muscle fibers from human atrial
myocardium (Pmfb) (3). Simultaneous and real-time ATP/O2

measurements were measured by using a customized sys-
tem of a coupled spectrofluorometer (HORIBA Scientific,
Edison, NJ) to an Oroboros O2K Oxygraph (Oroboros, In-
nsbruck, Austria) via lightguides. The glucose-6-phosphate
dehydrogenase/hexokinase coupled enzyme system links the
conversion of glucose, via mitochondrial ATP production, to
the reduction of NADP+ to NADPH, which is autofluorescent
at Ex/Em 345/460. The rate of ATP production was cal-
culated based on a standard curve of fluorescence corre-
sponding to known ATP concentrations. Oxygen flux was
quantified by using Oroboros DatLab software. Experimental
conditions are as outlined in the Figure legends.

Detection and proteomic analysis of catecholaldehyde-
modified proteins

NBT is a redox-cycling dye that binds to catechol-protein
adducts within a nitrocellulose membrane and stains the
proteins blue, allowing the visualization of catechol-modified
proteins (51, 52). Myocardial lysate alone, or after having
been incubated with catecholamines – MAO inhibitors, was
subjected to SDS-PAGE. The gel, filter paper, and nitrocel-
lulose membrane were incubated in Bjerrum Schaefer-
Nielsen transfer buffer (48 mM Tris-Base, 39 mM glycine,
20% methanol) and transferred at 10 V for 70 min. The
membrane was incubated in NBT solution (0.24 mM NBT in
2 M potassium glycine buffer) in the dark for 40 min followed
by imaging by using a ChemiDoc Imaging System (Bio-Rad,
Hercules, CA). Extraction of catechol-modified protein
adducts from isolated cardiac mitochondrial samples was
performed by using APBA-agarose method, using a partially
modified method that was validated and previously published
(44, 47). Proteomic analysis was performed on the mito-
chondrial proteins extracted from the APBA resin by staff at
the University of Iowa-Carver College of Medicine’s Pro-
teomics Core Facility (PCF), using LC-MS/MS and tandem
MS on the Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) coupled to an Easy-nLC-1200�
System (Thermo Fisher Scientific). Spectral searches were
performed by using both Mascot version 2.6.2 (Matrix Sci-

ence, Inc., Boston, MA) and Byonic search engines ver. 2.8.2
(Protein Metrics, Cupertino, CA), with database queries, as
outlined in the Supplementary Materials.

ALDH2 activity and protein detection in human
atrial myocardium

ALDH2 is the mitochondrial isoform of ALDH, and it is
responsible for metabolizing catecholaldehydes into weak
acids. ALDH2 activity was measured based on previous
methods and determined by monitoring the ALDH2 con-
version of NAD+ to NADH reflected by an increase in ab-
sorbance at 450 nm. Assays were performed by using 50 mM
sodium pyrophosphate buffer (pH 8.0), 200 lg of cardiac
protein lysate, 2.5 mM NAD+, and 2 lM rotenone. The re-
action was initiated with the addition of 10 mM acetaldehyde,
and absorbance was recorded every 30 s for 15 min. The
detection of ALDH2 within myocardial lysates was per-
formed by using Western blot techniques previously noted by
using a primary antibody targeting ALDH2 (Abcam).

AR activity in human atrial myocardium

AR is another major pathway for the metabolism of
DOPEGAL. With NADPH as a cofactor, AR converts
DOPEGAL to DHPG (Figs. 4A and 6). AR enzymatic ac-
tivity in myocardial lysates was measured spectrophotomet-
rically by monitoring the oxidation of NADPH to NADP at
340 nm (12). A reaction volume of 200 lL was used, which
consisted of 0.1 M potassium phosphate buffer (pH 6.0),
200 lg cardiac protein lysate, and 0.15 mM NADPH. The
reaction was initiated with the addition of 10 mM glyceral-
dehyde, and absorbance was monitored every 30 s for 5 min.

Mitochondrial isolation from human atrial myocardium

Mitochondria from atrial samples were isolated with meth-
ods adapted from previous studies (28). Briefly, fresh atrial
myocardium was dissected from endocardial side of the atrial
appendage sample, minced on ice for 4 min, and subjected to
a brief trypsin digestion. Trypsin inhibitor was added after
2 min, and the mixture was placed in a 50 mL conical tube
and allowed to settle. The supernatant was removed, and
the minced tissue was resuspended in mitochondrial isolation
medium (MIM) (in mM: 300 sucrose, 10 Na-HEPES, 0.2
EDTA) and homogenized by using a prechilled Dounce
homogenizer. The mixture was homogenized slowly with
10–12 strokes. The homogenate underwent differential
centrifugation steps, and the pellets of mitochondria were
resuspended in MIM + BSA.

Synthesis of DOPEGAL and DOPEGAL-albumin
adducts

DOPEGAL was prepared by a previously described
method (50). In a 15 mL Falcon tube, 9.5 mL of 10 mM po-
tassium phosphate buffer (pH 7.5), 1.0 mL of 100 mM sodium
bisulfite, 0.5 mL of a 250 mM solution of NE (Sigma-
Aldrich), and 100 lL (500 lg) of recombinant MAO (Corn-
ing Life Sciences, Tewksbury, MA) were combined. The
reaction vessel cap was perforated to expose the mixture to
oxygen and gently shaken at 30�C for 10 h. After the reaction
was stopped by ultracentrifugation at 100,000 g for 30 min,
the supernatant was collected, and the MAO pellet was
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resuspended in potassium phosphate buffer and frozen for
later reuse. To make DOPEGAL-BSA adducts, a 50 lL ali-
quot of the supernatant was incubated with 1 mL of a 3%
BSA solution in 50 mM sodium pyrophosphate buffer (pH
8.8) overnight at 4�C.

Extraction of catechol-modified proteins from isolated
cardiac mitochondria via m-APBA resin

Using a commercially available APBA-agarose resin
(Sigma-Aldrich), catechol-modified protein adducts were
isolated by using a previously described method with slight
modifications (44, 47). APBA suspension (500 lL) was wa-
shed three times in 50 mM potassium phosphate buffer (pH
7.4) and centrifuged at 6600 g for 2 min. Protein from human
cardiac mitochondrial preps (700 lg) in 50 mM sodium py-
rophosphate buffer was added to the APBA resin and incu-
bated overnight at 4�C while rocking. The APBA agarose
was then washed three times with 1 mL of 1:1 ACN:50 mM
sodium pyrophosphate buffer three times, followed by a wash
with 1 mL of 5 mM sodium pyrophosphate buffer, and then a
wash with ddH2O. Every wash was proceeded by centrifu-
gation at 9000 g for 5 min and discarding the supernatant.
Catechol-modified proteins were then eluted from the APBA
resin by incubating with 100 lL 1:1 ACN: 1% TFA solution
for an hour at room temperature while rocking. After
centrifuging the suspension (9000 g for 5 min), the superna-
tant was collected and immediately neutralized with 30 lL of
1 M potassium phosphate buffer (pH 7.4).

Proteomic analysis of APBA extracts prepared
from isolated human atrial mitochondria

Mitochondrial protein extracts eluted from the APBA
column were then washed 5 times with cold PBS. Overall,
1 · SDS sample-loading buffer was added to the beads, and
the mixture was boiled for 5 min. The gel was stained with
Silver Stain kit (Thermo Fisher Scientific), and the bands
corresponding to those indicated with arrows in Figure 5 were
manually excised, minced into 1 mm3 pieces, and further
treated with ACN, to effectively ‘‘dry’’ the gel segments and
then reduced in 50 lL of 10 mM DTT at 56�C for 60 min.
After this, gel-trapped proteins were alkylated with 55 mM
chloroacetamide (CAM) for 30 min at room temperature. The
gel pieces were washed and incubated with trypsin at 37�C
for 16 h. The combined peptide extracts were lyophilized and
resuspended in 15 lL of LC buffer A and analyzed in con-
junction with LC-MS/MS on the orbitrap.

Liquid chromatography tandem mass spectrometry

Mass spectrometry data were collected by using an
Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific) coupled to an Easy-nLC-1200 System (Thermo
Fisher Scientific). Typically, 3–4 lL of reconstituted digest
was loaded on a 2.5 cm C18 trap (New Objective, Inc.,
Woburn, MA) coupled to an analytical column through a
microcross assembly (IDEX Health & Science, Oak Harbor,
WA). Peptides were desalted on the trap by using 16 lL
mobile phase A in 4 min. The waste valve was then blocked,
and a gradient began flowing at 4 lL/min through a self-
packed analytical column; 10 cm in length · 75 lm id.

Peptides were separated in-line with the mass spectrometer
by using a 70 min gradient composed of linear and static
segments, wherein buffer A is 0.1% formic acid and B is 95%
ACN, 0.1% formic acid. The gradient begins first holds at 4%
for 3 min and then makes the following transitions (%B,
min): (2, 0), (35, 46), (60, 56), (98, 62), and (98, 70).

MS/MS on the LUMOS Orbitrap

Data acquisitions begin with a survey scan (m/z 380–1800)
acquired on an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) at a resolution of 120,000 in
the off axis Orbitrap segment (MS1) with Automatic Gain
Control (AGC) set to 3E06 and a maximum injection time of
50 ms. The MS1 scans were acquired every 3 s during the
70 min gradient described earlier. The most abundant pre-
cursors were selected among two to six charge state ions at a
1E05 AGC and 70 ms maximum injection time. Ions were
isolated with a 1.6 Th window by using the multi-segment
quadrupole and subject to dynamic exclusion for 30 s if they
were targeted twice in the prior 30 s. Selected ions were then
sequentially subjected to both collision-induced dissociation
(CID) and high energy collision-induced dissociation (HCD)
activation conditions in the IT and the ion routing multipole
(IRM), respectively. The AGC target for CID was 4.0E04, 35%
collision energy, with an activation Q of 0.25 and a 75 ms
maximum fill time. Targeted precursors were also fragmented
by HCD at 30% collision energy in the IRM. HCD fragment
ions were analyzed by using the Orbitrap (AGC 1.2E05,
maximum injection time 110 ms, and resolution set to 30,000 at
400 Th). Both MS2 channels were recorded as centroid, and the
MS1 survey scans were recorded in profile mode.

Proteomic searches

Initial spectral searches were performed with both Mascot
version 2.6.2 (Matrix Science, Inc.) and Byonic search en-
gines ver. 2.8.2 (Protein Metrics). Search databases were
composed of the Uniprot KB for species 9606 (Human)
downloaded October 24, 2017 containing 92645 sequences
and Uniprot KB for taxonomy 562 (Escherichia coli)
downloaded on November 8, 2017 containing 10079 se-
quences. For Byonic searches, these two databases were di-
rectly concatenated. In either search, an equal number of
decoy entries were created and searched simultaneously by
reversing the original entries in the target databases. Pre-
cursor mass tolerance was set to 10 ppm, and fragments
acquired in the Linear Trap and the Orbitrap were searched at
4 Da and 10 ppm, respectively. A fixed 57 Da modification
was assumed for cysteine residues (from CAM treatment),
whereas variable oxidation modifications were allowed at
methionine. The false discovery rate (FDR) was maintained
at 1% by tracking matches to the decoy database.

Both Mascot and Byonic search results were combined and
validated by using Scaffold ver. 4.8.5 (Proteome Software,
Portland, OR). Protein assignments required a minimum of
two peptides established at 70% probability (Local FDR al-
gorithm) and an overall <1% protein FDR (assigned by
Protein Prophet). Approximately 600 protein families (in-
cluding common contaminants) were assigned. Proteins were
annotated with GO terms from goa_uniprot_all.gaf down-
loaded on May 3, 2017. The complete data file has been
deposited to the ProteomeXchange Consortium via the
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PRIDE partner repository with the dataset identifier
PXD021759 and 10.6019/PXD021759.

Metabolomic profiling of myocardial samples

An Eksigent 425 microLC/SCIEX 5600+ time-of-flight
mass spectrometer (SCIEX) was used to measure metabolites
within myocardial samples. Samples were prepared the
same as the NE and DA LC-MS preparation. A Halo C18
0.5 · 50 mm 2.7 lm column was used for separation of the
metabolites with the following solvent compositions: mobile
phase A: 95:5 water:ACN with 0.1% formic acid and B: ACN
with 0.1% formic acid. A linear gradient was utilized with a
flow rate of 10 lL/min where the gradient started with 10% B
for 2 min, increased to 90% B for 15 min, held for 5 min,
dropped to 10% B over 2 min, and equilibrated for 10 min for
a total run time of 30 min. Injection volume for samples was
5 lL.

Data were acquired for MS and MS/MS analysis by using
independent data acquisition for the top 20 ions in the posi-
tive ionization mode. The scan range for MS was 80–1250
Da. PCA and t-tests were conducted by using MarkerView
1.3.1. Statistically significant masses were tentatively iden-
tified by using the Human Metabolome Database (hmdb.ca)
and confirmed with MS-MS or a standard. Pathway analy-
sis was then conducted via Metaboanalyst (www.metabo
analyst.ca) on database identified peaks (13, 61).

Statistical analysis

In the human clinical data analysis, categorical variables
are presented as frequency and percentage and continuous
variables were presented as mean – standard deviation. Fisher
exact and v2 procedures were used to compute statistical
significance of group comparisons for categorical variables.
The Deuchler-Wilcoxon test was used for continuous vari-
ables. For the multivariable analysis, quartiles of MAO-A
and MAO-B activity were analyzed by using a robust Poisson
regression model with relative risk of diabetes as the measure
of association. Missing values for all clinical and biochemi-
cal variables (<5%) were imputed by using the iterative
expectation-maximization algorithm (3, 39). p-Value in
multivariable analysis was computed by using Friedman’s
nonparametric test for central tendency while adjusting for
age, sex and race. Ptrend was computed by using likelihood
ratio trend test, adjusting for age and sex. SAS Version 9.4
(SAS, Cary, NC) was used for all analyses of human bio-
chemical and clinical variables. For MAO kinetic measure-
ments, best-fit curves were implemented by using nonlinear
regression analysis and rates of MAO activity were compared
between metabolic groups at each titration timepoint.

The LC-MS, ELISA, enzyme activity, and immunoblot
densitometry were analyzed by using unpaired Student’s
t-tests to compare values between metabolic groups. Multiple
paired Student’s t-test were used to compare differences in
treatment groups of mitochondrial respiration experiments.
Metabolomic data were analyzed by using PCA followed by
Student’s t-test to compare peak values between metabolic
groups. Data were presented as mean – standard error of the
mean, and values of p < 0.05 were considered statistically
significant. All analysis was performed by using GraphPad
Prism 8 (GraphPad Software, La Jolla, California).
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Abbreviations Used

5-HT¼ serotonin
bPEA¼ b-phenylethylamine
ACN¼ acetonitrile

ALDH¼ aldehyde dehydrogenase
ALDH2¼ aldehyde dehydrogenase 2

ANT¼ adenine nucleotide translocase
AP5a¼ P1,P5-di(adenosine-5¢) pentaphosphate

APBA¼ aminophenylboronic acid
AR¼ aldose reductase

BMI¼ body mass index
BSA¼ bovine serum albumin

CABG¼ coronary artery bypass graft
CAM¼ chloroacetamide

CID¼ collision-induced dissociation
COX IV¼ complex IV

DA¼ dopamine
DHPG¼ dihydroxyphenylglycol

DOPAC¼ dihydroxyphenylacetic acid
DOPAL¼ 3,4-dihydroxyphenylacetaldehyde

DOPEGAL¼ 3,4-dihydroxyphenylglycolaldehyde
ELISA¼ enzyme-linked immunosorbent assay

EP¼ electrophysiology
ETS¼ electron transport system
FDR¼ false discovery rate

HbA1c¼ glycated hemoglobin
HCD¼ high energy collision-induced

dissociation
HF¼ heart failure

HMDB¼ human metabolomic database
HNE¼ 4-hydroxy-nonenal

HOMA-IR¼ homeostatic model assessment
for insulin resistance

HPAA¼ hydroxyphenylacetic acid
HPAL¼ hydroxyphenylacetaldehyde
HVA¼ homovanillic acid
IMM¼ inner-mitochondrial membrane
IRM¼ ion routing multipole

LC-MS/MS¼ liquid chromatography tandem mass
spectrometry

MAO¼monoamine oxidase
MAOi, monoamine oxidase inhibitors

MDA¼malondialdehyde
MHPG¼ 3-methoxy-4-hydroxyphenylglycol

MIM¼mitochondrial isolation medium
NBT¼ nitroblue tetrazolium

ND¼ nondiabetes
NE¼ norepinephrine

NET¼ norepinephrine transporter
OCT3/ENMT¼ organic cation transporter-3/

extraneuronal monoamine transporter
OMM¼ outer mitochondrial membrane

OxPHOS¼ oxidative phosphorylation
PBS¼ phosphate-buffered saline
PCA¼ principal component analysis

Pmfbs¼ permeabilized myofibers
PTP¼ permeability transition pore
ROS¼ reactive oxygen species

SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide
gel electrophoresis

SEM¼ standard error of the mean
TCA¼ tricarboxylic acid
TFA¼ trifluoroacetic acid
TYR¼ tyramine
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