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Hypertension Is Associated With Preamyloid Oligomers in Human
Atrium: A Missing Link in Atrial Pathophysiology?
Tatiana N. Sidorova, PhD;* Lisa C. Mace, PhD;* K. Sam Wells, PhD; Liudmila V. Yermalitskaya, BS; Pei-Fang Su, PhD;† Yu Shyr, PhD;
James B. Atkinson, MD, PhD; Agnes B. Fogo, MD; Joseph K. Prinsen, DO, PhD; John G. Byrne, MD; Michael R. Petracek, MD;
James P. Greelish, MD; Steven J. Hoff, MD; Stephen K. Ball, MD; Charles G. Glabe, PhD; Nancy J. Brown, MD; Joey V. Barnett, PhD;
Katherine T. Murray, MD

Background-—Increasing evidence indicates that proteotoxicity plays a pathophysiologic role in experimental and human
cardiomyopathy. In organ-specific amyloidoses, soluble protein oligomers are the primary cytotoxic species in the process of
protein aggregation. While isolated atrial amyloidosis can develop with aging, the presence of preamyloid oligomers (PAOs) in atrial
tissue has not been previously investigated.

Methods and Results-—Atrial samples were collected during elective cardiac surgery in patients without a history of atrial
arrhythmias, congestive heart failure, cardiomyopathy, or amyloidosis. Immunohistochemistry was performed for PAOs using a
conformation-specific antibody, as well as for candidate proteins identified previously in isolated atrial amyloidosis. Using a
myocardium-specific marker, the fraction of myocardium colocalizing with PAOs (PAO burden) was quantified (green/red ratio).
Atrial samples were obtained from 92 patients, with a mean age of 61.7�13.8 years. Most patients (62%) were male, 23% had
diabetes, 72% had hypertension, and 42% had coronary artery disease. A majority (n=62) underwent aortic valve replacement, with
fewer undergoing coronary artery bypass grafting (n=34) or mitral valve replacement/repair (n=24). Immunostaining detected
intracellular PAOs in a majority of atrial samples, with a heterogeneous distribution throughout the myocardium. Mean green/red
ratio value for the samples was 0.11�0.1 (range 0.03 to 0.77), with a value ≥0.05 in 74 patients. Atrial natriuretic peptide
colocalized with PAOs in myocardium, whereas transthyretin was located in the interstitium. Adjusting for multiple covariates, PAO
burden was independently associated with the presence of hypertension.

Conclusion-—PAOs are frequently detected in human atrium, where their presence is associated with clinical hypertension. ( J Am
Heart Assoc. 2014;3:e001384 doi: 10.1161/JAHA.114.001384)
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T he factors that generate the substrate for atrial arrhyth-
mias are complex, and fundamental mechanisms of

disease pathogenesis remain uncertain.1 For example, the
most important comorbidity contributing to atrial fibrillation
(AF) is hypertension, accounting for >20% of cases.2 Yet, in
many hypertensive patients with AF, there is no evidence of
atrial enlargement or fibrosis/pathology apparent by imag-
ing.3,4 Thus, the pathophysiologic mechanism or mechanisms
in this circumstance are not known.

The accumulation of insoluble, misfolded proteins is linked
to an increasing number of aging-related degenerative
diseases, including Alzheimer disease and type 2 diabetes.5–7

For amyloidoses, or the deposition of insoluble proteins that
are fibrillar in nature,8 a unifying feature is a common cross b-
sheet structure that binds dyes such as Congo red. For
systemic amyloidoses, the pathogenic mechanism is the large
bulk of amyloid deposited into vital organs.9 In contrast, for
organ-specific amyloidoses such as Alzheimer, there is no
detectable correlation between the quantity of fibrillar
deposits and the stage of disease advancement.9,10 Rather,
disease phenotype correlates most closely with accumulation
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of prefibrillar protein aggregates, rather than mature insoluble
fibrils.5–7,10 Preamyloid oligomers (PAOs) have been shown to
be cytotoxic to multiple cell types,10 including cardiomyo-
cytes.11 Importantly, PAOs derived from different proteins
share a common structural epitope regardless of amino acid
sequence, and possibly common pathogenic mechanisms. A
critical distinction between soluble oligomers and amyloid
deposits is that oligomers do not bind Congo red and hence
are not visible by standard amyloid staining methods.

As in the brain, aging-related amyloidosis can be limited to
the atrium, a condition known as isolated atrial amyloido-
sis.12,13 The prevalence of this atrium-specific disorder
increases with age, exceeding 90% in the ninth decade of
life.12 Previous studies indicated that amyloid deposits in
isolated atrial amyloidosis are immunoreactive for atrial
natriuretic peptide (ANP) in most patients, and occasionally
for the plasma transport protein transthyretin (TTR).12,13

Recent studies provide mounting evidence for a role of
proteotoxicity in heart disease, specifically ventricular dys-
function and cardiomyopathy.7 Pioneering work has shown
that mutations in the gene encoding aB-crystallin, a small heat
shock protein that binds desmin in striated muscle, cause a
cardiomyopathy characterized by accumulation of PAOs and
aggresomes, leading to congestive heart failure and premature
death.14,15 Moreover, PAOs have been shown to play a
causative role in this cardiomyopathic process.16 Similarly,
investigators have found evidence of ventricular PAO formation
in human dilated and hypertrophic cardiomyopathy.16 Recent
clinical findings have also linked proteotoxicity to idiopathic
dilated cardiomyopathy,17 while amyloidosis has now been
documented in heart failure with preserved ejection fraction
caused predominantly by hypertension.18 Given that PAOs are
the pathogenic species in organ-specific amyloidosis and that
this process occurs in human atrium, we hypothesized that
PAOs can develop in human atrial tissue in association with 1
or more conditions causing atrial pathology. To test this
hypothesis, atrial samples were harvested from patients
undergoing elective cardiac surgery and probed with an
antibody recognizing the structural epitope common to PAOs.
In this report, we investigate the clinical basis and molecular
composition of atrial PAOs in this cohort of patients.

Methods

Tissue Acquisition
Human cardiac tissue from the right or left atrial free wall (RA
or LA, respectively) was acquired at the time of elective
cardiac surgery from patients enrolled in 2 randomized,
double-blind, placebo-controlled clinical trials of postoperative
AF: a National Institutes of Health–sponsored clinical trial
(Renin-Angiotensin-Aldosterone System [RAAS], Inflammation,

and Postoperative Atrial Fibrillation, ClinicalTrials.gov
#NCT00141778) in which patients were randomly assigned
to ramipril, spironolactone, or placebo starting 1 week prior
to elective cardiac surgery,19,20 and the OPERA (Omega-3
Fatty Acids for the Prevention of Post-Operative Atrial
fibrillation) trial21 in which patients were randomized to
perioperative treatment with fish oil or placebo. In both trials,
the incidence of postoperative AF was the same on placebo as
in the treatment arms. For this analysis, samples were
included from patients with (1) no history of atrial arrhyth-
mias, (2) well-preserved left ventricular function (left ventric-
ular ejection fraction ≥40%), (3) no symptoms of congestive
heard failure, and (4) no history of systemic or cardiac
amyloidosis. Informed consent was obtained using a protocol
approved by the Vanderbilt Institutional Review Board. RA
tissue was harvested during cannula placement for cardio-
pulmonary bypass, while LA tissue was removed from the
edge of an LA incision required for surgery. Tissue was
immediately fixed in 10% buffered formalin for 24 hours,
dehydrated, and embedded in paraffin. Specimens were cut
into 5-lm-thick sections and mounted on glass slides.

Immunohistochemistry
These methods have been described in detail previously.22 In
brief, immunostaining was performed using a mouse mono-
clonal antibody specific for striated muscle (MF-20, directed
against the heavy chain of myosin II; 1:15, Developmental
Studies Hybridoma Bank) to label myocardium, and a rabbit
polyclonal antibody (A-11; 1:200, courtesy of Dr Charles
Glabe) recognizing a conformational epitope common to all
PAOs,6,23 with secondary goat anti-mouse Alexa 568–conju-
gated and donkey anti-rabbit Alexa 488–conjugated antibod-
ies (Molecular Probes), respectively. Negative control staining
was also performed on separate sections with primary and
secondary antibodies omitted, or nonspecific IgG substituted
for primary antibody, with similar background results.

Image Acquisition
Slides were imaged using a confocal microscope (LSM510)
with a 209/0.75 Plan-Apochromat objective (Carl Zeiss, Inc).
The confocal aperture was adjusted to restrict detection to
optical sections of 4-lm thickness (in the z-dimension), and a
single image was acquired for each of 6 random regions per
slide enriched for myocardium. Before data acquisition, the
dynamic range for both the green (Alexa 488) and red (Alexa
568) channels was maximized to achieve the highest
precision and contrast in the image. The background slide
and its A-11/MF-20 counterpart were collected from serial
sections for each sample and were processed and imaged in
parallel using the same imaging configurations.
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Image Analysis and Quantification of PAO Burden
Because of heterogeneity in PAO myocardial distribution
(Figure 1), we used a reproducible, previously validated
method to quantify the relative myocardial surface area
(red) that contained PAOs (green), or green/red ratio (G/R),
as a spatial representation of PAO burden in an atrial
sample.22 In brief, antibody-negative control images were
obtained concurrently with antibody-positive images using
adjacent sections to enable threshold background subtrac-
tion and elimination of intensely autofluorescent, nonmyo-
cardial signals (ie, red blood cells). All pixels with signal
values between the range of the minimum and maximum
threshold were defined as positive signal, independent of
the absolute signal value. For the positive MF-20 image, a
binary mask of the myocardial image was created using
pixels with values in the thresholded range, and the total
number of qualifying pixels was defined as the myocardial
area (R). The positive MF-20 mask was overlaid with the
background-subtracted positive A-11 image, and the area of
myocardium (pixels) that also contained PAOs (positive

green signal) was measured (G). This provided the relative
amount of myocardium containing positive A-11 signal, or
G/R value. Using this semiautomated analytical method,
quantitative analysis of this spatially heterogeneous struc-
tural abnormality can be performed in small atrial samples
in a reproducible manner.22

Immunohistochemistry for ANP and TTR
Adjacent sections of atrium were immunostained for A-11
and either ANP or TTR. For ANP immunostaining, the same
protocol described here for A-11 was used with a rabbit
polyclonal antibody directed against a-ANP (1-28; 1:200,
Phoenix Pharmaceuticals, Inc) along with MF-20. For TTR, a
previously published protocol was used with modifications
using a rabbit polyclonal anti–human-TTR (1:500; DakoCy-
tomation).24 For both proteins, a positive control
preparation was generated by transfecting HEK or COS
M6 cells with Myc-DDK–tagged human TTR (OriGene
Technologies, NM_000371) or human natriuretic peptide
precursor A (NPPA NM_006172.1), respectively. Western

A11 -AbB CA11MF20

Sample 1

A

Sample 2

Sample 3

Myocardium
binary mask

D E G/R=0.04

G/R=0.2

G/R=0.33

Figure 1. Distribution of preamyloid oligomers (PAOs) in human atrium. Representative human atrial samples with a low (sample 1), medium
(sample 2), and high (sample 3) green/red ratio (G/R) value are shown. Immunolabeling results with both myosin heavy chain-specific
monoclonal antibody (MF-20) and PAO-specific antibodies (A-11; Column A), or A-11 alone (Column B). Column C. Background fluorescent signal
after excitation using 488 nm in the presence of nonspecific IgG. Columns D, E. Images after creation of the myocardium binary mask and PAO
signal within the myocardium (with G/R value), respectively. Scale bars=50 lm.
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blot–positive cells were centrifuged and embedded into
paraffin.

Alkaline Congo Red Staining
Tissue sections were stained in Congo red solution using
standard methods. Positive controls with known amyloid were
stained and examined concurrently, and they showed apple
green birefringence under polarized light. Negative control
samples were obtained from structurally normal hearts in
patients with no known heart disease that were originally
intended as donor hearts for cardiac transplantation but were
rejected for technical reasons.

Quantitation of Fibrosis
Atrial samples were sectioned (5 lm) and stained by using
a standard Masson’s trichrome procedure to visualize
collagen-rich tissue. Digitized images of the entire specimen
were acquired by using a Nikon AZ100M transmitted light
microscope at a magnification of 29 to assess the degree
of interstitial fibrosis. Areas of normal collagen accumula-
tion (ie, epicardium, endocardium, perivascular) were
excluded. Analysis was performed by using Metamorph
(Molecular Devices, Sunnyvale, CA), with color filters for red
(myocardium) and blue (collagen) created for each image.25

The percentage of myocardial fibrosis was calculated by
dividing the number of blue pixels by the total number of
blue and red pixels.

Statistical Analysis
For G/R values, data from different patients were assumed
to be statistically independent, whereas those within a
patient were correlated. Data inspection revealed that the
individual field G/R values of the 92 patients did not have
homogeneous variance (Figure 2). Therefore, we used a
linear mixed-effects model with random effect of study
subject to handle the heterogeneity of variances within a
patient. The correlation structure was based on the
compound symmetry structure. The focus of the multivar-
iable data analysis was to study the potential association
between PAO burden, expressed as G/R values, and
specific clinical variables, including age, sex, hypertension,
body mass index, b-blocker therapy, atrial source, and
cardiac substrate (specifically aortic valve [AV] replace-
ment). The general linear model analysis was used to study
the correlation between G/R values and percent fibrosis.
The statistical tests for model parameters were 2-sided
with a statistically significant level of .05. All statistical
analysis was performed using R nlme package with version
2.14.1 for Windows.

Results

Patient Population
Atrial myocardium was harvested from 92 patients during
cardiac surgery. Demographic features for the group are
displayed in Table 1. Patients were predominantly male with a
mean age of 61.7 years. Less than one-third of the patients
had diabetes (n=21), while a majority (72%) had hypertension,
and nearly half (42%) had clinically significant coronary artery
disease. By virtue of the exclusion criteria, left ventricular
ejection fraction was well preserved in the cohort (58�9%).
Most patients underwent AV replacement (67%), with tissue
harvested from the RA at the time of cannulation for
cardiopulmonary bypass. Approximately one-third (36%) of
patients developed postoperative atrial fibrillation (AF).

Quantitative Analysis of PAO Burden
As illustrated in Figures 1 and 2, PAOs were identified in the
atrial tissue of many patients. This abnormality was charac-
terized by a nonhomogeneous or “patchy” distribution within
the myocardial sample. For background adjusted images
(Figure 1), PAO signal was detected within cytosolic regions of
cardiomyocytes, as expected for soluble oligomers. For the
entire patient population, the mean sample G/R value
averaged 0.11�0.10, ranging from 0.03�0.1 to 0.77�0.5,
with a value of at least 0.05 (or 5% of myocardial area) for 74
of 92 patients. The within-sample heterogeneity is further
displayed in Figure 2, which plots the individual field G/R
values for all samples (range 0.03 to 0.80). The mean G/R

Figure 2. Median and individual green/red ratio (G/R) values for
all patient samples. For each patient sample (x axis), the range
(vertical bars), median (black horizontal bars), and SD (dotted lines)
of the individual imaging field G/R values (y axis) are illustrated.
Whiskers are absent for data sets in which the 25% or 75%
quantiles are equal or close to the median value. Data for patients
with hypertension are shown in red, while blue indicates no history
of hypertension.
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values for LA and RA samples were nearly identical
(0.11�0.09 and 0.11�0.11, respectively). Based on the
intrinsic composite error of the measurements,22 G/R values
<0.05 (or 5% of myocardial area) are statistically indistin-
guishable from a value of 0; these low values were present in
18 patients, or 20% of the cohort.

To ensure that the A-11 antibody was detecting protein
oligomers and not amyloid fibrils, Congo red staining was
performed on 16 patient samples representing a range of
mean G/R values (0.03�0.02 to 0.43�0.06). Examination of
all Congo red–stained sections under polarized light revealed
no evidence of amyloid deposition (Figure 3B). These results
further confirm that the protein oligomers identified in the
atrial samples are not mature amyloid, given the negative
Congo red staining.

Hematoxylin and eosin slides for representative samples
having a range of G/R values (0.03 to 0.43; n=30) were
reviewed by a cardiac pathologist (J.B.A.). These revealed a
spectrum of pathologic changes in human atrium typical of
patients with the underlying cardiac diseases shown in Table
1, including focal areas of myocyte hypertrophy, myocytolysis,
myocardial ischemia, and fibrosis, with no evidence of
inflammation or abnormal storage disease. There was no

difference in the extent or spectrum of these changes
observed in patients with low vs high G/R values, with
representative images shown in Figure 3A.

Comparison of PAO Burden and Fibrosis
A structural abnormality that can occur in human atrial tissue
is fibrosis, resulting from cardiac and systemic comorbidities
such as hypertension. To investigate the relationship between
PAO burden and fibrosis in atrial tissue, Masson trichrome
staining was performed on the samples described above
(mean G/R values of 0.03 to 0.43; n=29). By general linear
model analysis, there was no evidence of a correlation
between G/R values and percent fibrosis (r=�0.356, P=0.5,
with images illustrated in Figure 3C). For this group of
samples, the amount of fibrosis averaged 16�9%.

Protein Composition of PAOs
Previous studies in patients with isolated atrial amyloidosis
have identified ANP as a uniform component of amyloid
plaques (100%) and occasionally TTR (10%). To test the
hypothesis that 1 or both of these amyloidogenic proteins are
present in atrial PAO formation, adjacent sections were
immunostained for PAOs and for either ANP or TTR. As shown
in Figure 4, there was extensive colocalization of PAOs with
ANP in atrial myocytes, whereas Figure 5 illustrates that TTR
was found primarily in interstitial regions, with little detectable
signal for TTR in the myocytes themselves and minimal
colocalization with PAOs. These findings indicate that ANP is a
significant component of PAOs in human atrium, while TTR is
not.

Association of PAO Burden With Hypertension
To investigate the possible association of PAO burden with
clinical variables of interest, we used a linear mixed-effects
model to examine age, sex, hypertension, body mass index,
coronary artery disease, type of cardiac disease, tissue source
(RA versus LA), and preoperative b-blocker therapy. This
analysis included 535 individual field G/R values obtained
from the 92 samples. As shown in Table 2, a consistent
finding across multiple analyses was the independent asso-
ciation of PAO burden with the presence of hypertension
(P=0.010). This covariate, hypertension, remained significant
when controlling for the predominant type of cardiac disease
in the patient population (ie, AV replacement). In Figure 2,
data for hypertensive patients are highlighted in red. For
higher G/R values (ie, ≥0.13), the prevalence of hypertension
was 92% (24 of 26 samples). In this cohort of patients, our
analysis did not identify an association of PAO burden with
the development of postoperative AF.

Table 1. Patient Characteristics (N=92)

Age, y 61.7�13.8*

Male sex, % 57 (62)

White, % 87 (95)

Hypertension, % 66 (72)

Diabetes, % 21 (23)

Coronary artery disease, % 39 (42)

BMI 29�5.7*

Left ventricular EF, % 58�9*

Medical therapy

b-Blocker, % 39 (42)

ACE inhibitor, % 30 (33)

ARB, % 17 (18)

Surgical procedure (s)

AV replacement, % 62 (67)

CABG, % 34 (37)

MV replacement 24 (26)

Other, % 5 (5)

Sample: right atrium, % 70 (76)

Postoperative AF, % 33 (36)

BMI indicates body mass index; EF, ejection fraction; ACE, angiotensin-converting
enzyme; ARB, angiotensin II receptor blocker; AF, atrial fibrillation; AV, aortic valve;
CABG, coronary artery bypass grafting; MV, mitral valve.
*Mean�SD.
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Discussion
Our results are the first to demonstrate that PAOs are present
in human atrium, as prior experimental and clinical studies
have focused exclusively on ventricular tissue.16,17,26,27

Abnormal protein aggregation is being increasingly linked to
degenerative diseases caused by aging.7,9 Given that a senile
form of amyloidosis can occur exclusively in the atrium, it is
not surprising that PAOs would develop there as well.
However, the prevalence and significance of atrial PAOs have
not been previously characterized. When controlling for
multiple clinical variables in this patient population, PAO
burden was consistently associated with the presence of
clinical hypertension.

Atrial arrhythmia susceptibility in the presence of hyper-
tension remains poorly understood. Both hypertension-
induced fibrosis and cardiac chamber enlargement can create
the substrate for reentry and thus AF. However, a sizable
proportion of patients with hypertension lack both features,
and the arrhythmogenic mechanism(s) in these patients
remains unclear. It is intriguing to speculate that PAOs may
form a missing link between hypertension and atrial patho-
physiology/arrhythmias. However, future studies in patients

with established AF are required to further investigate this
hypothesis. While our analysis of this relatively small cohort
did not identify a link between PAOs and postoperative AF,
this type of AF is linked to the inflammatory response
associated with cardiac surgery, and it can occur regardless of
a prior history of AF and/or risk factors.

In organ-specific amyloidosis such as Alzheimer disease,
PAOs correlate most closely with disease phenotype, rather
than amyloid deposits.9,10 As demonstrated in the brain, PAOs
can be associated with organ dysfunction in the absence of
demonstrable cellular pathology,10,28 and their capacity to
promote injury of cells, including cardiomyocytes, is well
documented.7,10 In neurons, the mechanisms of PAO-related
cytotoxicity, or proteotoxicity, are myriad, and they include
disturbances in protein clearance, endoplasmic reticulum
stress, mitochondrial dysfunction with increased production
of reactive oxygen species, increased intracellular calcium,
and possible pore formation in the plasma membrane.5–7,10 In
addition to studies of desmin-related cardiomyopathy, data
from the Robbins laboratory have demonstrated that cardiac
expression of unrelated polyglutamine oligomers causes
cardiomyopathy and heart failure, further confirming the
cardiac cytotoxicity of PAOs.27 For ventricular myocytes,

14070482
G/R=0.43

14070452
G/R=0.05

14070434
G/R=0.21

BA C

Figure 3. Representative histologic features in atrial samples from patients with low, medium, and high
green/red ratio (G/R) values. For each patient sample (rows), the columns from left to right display images
showing: hematoxylin and eosin–stained section (A); Congo red–stained section with visualization using
polarized light (B); and Masson’s trichrome–stained section demonstrating collagen (blue) representing
areas of fibrosis (C). The G/R values are shown to the left of the images.
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mechanisms of PAO-mediated cellular injury include disrup-
tion of mitochondrial function, reactive oxygen species
regulation, cellular metabolism, and cardiomyocyte mechan-
ics.11 Further studies in model systems are needed to confirm
whether similar mechanisms are operative for atrial myocytes.

Based on the reported composition of amyloid plaques in
patients with isolated atrial amyloidosis, we performed
immunohistochemistry for the candidate proteins ANP and
TTR. There was considerable overlap of ANP immunoreactivity
in myocytes with that for PAOs, indicating that ANP is a major
component of these oligomers. On the other hand, TTR was
not colocalized with PAOs but, rather, was predominantly
found in interstitial regions of the myocardium. It has long
been recognized that ANP is fibrillogenic (ie, it can form
protein oligomers and fibrils at high concentrations).29 There
is increasing evidence for mechanistic common ground
between hypertension and AF with respect to ANP.30 Plasma
concentrations of both N-terminal pro-ANP and ANP are
increased in essential hypertension,31–37 a finding largely
thought to represent a compensatory response to elevated
intravascular pressure. Thus, the interaction of these biomar-
kers and hypertension is biologically plausible and concordant
with data from epidemiologic studies. We hypothesize that
increased plasma ANP concentrations in the atria during
hypertension, as well as local ANP elevations related to atrial

stretch, are sufficient to promote atrial PAO formation due to
ANP aggregation (Figure 6).

The distribution of oligomers was nonhomogeneous
throughout the atrial myocardium, in a pattern reminiscent
of that seen with atrial fibrosis.3,38 Data from previous studies
indicate that the presence of isolated atrial amyloid is linked
with an increased risk of AF (Figure 6). Like fibrosis,
amyloidosis can cause local conduction block and electrical
heterogeneity that would promote reentrant circuits and
therefore AF. In a study of 245 patients undergoing cardiac
surgery,12 Congo red staining was identified in interstitial and
endocardial deposits in 40 patients (16.3%). Amyloid deposits
were immunoreactive for ANP in all patients, and for TTR in 4
(10%) cases. By univariate analysis, atrial amyloid was found
more commonly in patients with AF. In a report of 72 patients
with rheumatic valvular disease and chronic AF,39 amyloid
deposits were detected in the atria of 33 patients (46%),
compared with 6 of 52 patients (12%) with severe heart failure
in sinus rhythm. In addition, the presence of atrial amyloid
correlated with an increased duration of AF. In autopsy
samples from 100 elderly patients (mean age of 75 years),13

intra-atrial amyloid was detected in 80 hearts (all with ANP
immunoreactivity). In general, deposits were more intense in
patients with chronic AF. While these studies suggest an
association between atrial amyloid and AF, the majority of

A11 ANPA B

C Binary mask A11 ANPD

Figure 4. Colocalization of ANP and PAO immunoreactivity. Immunofluorescent labeling with PAO-
specific (A-11; Panel A) and ANP-specific (B) polyclonal antibodies in adjacent 5-lm human atrial tissue
samples. C, Binary mask, representing the area of atrial myocardium. D, Colocalization of A-11 (green) and
ANP (red) signals within the myocardium in adjacent sections, as evidenced by the lighter green and yellow
regions, compared with (A). Scale bars=50 lm. ANP indicates atrial natriuretic peptide; PAO, preamyloid
oligomers.
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patients with AF do not demonstrate Congo red–staining atrial
deposits. As noted here earlier, future investigations to
compare PAO burden in the atrial tissue of patients with and
without established AF will be critical.

Based on existing data, protein misfolding may represent a
novel molecular target in the treatment of cardiac dis-
ease.7,10,11 The most common hereditary systemic amyloido-

sis is caused by mutations in the gene encoding TTR, with
multiorgan involvement.8,40,41 Accumulation of misfolded
wild-type TTR can also cause senile amyloidosis. However,
this differs from isolated atrial amyloidosis in that its
distribution is systemic, and it typically involves the vascula-
ture and myocardial interstitium.40,41 Clinical trials are
currently under way to investigate the therapeutic utility of
targeting protein misfolding (eg, agents that promote TTR
stabilization or alter the formation/catabolism of amyloid
species [ie, doxycycline] to treat systemic amyloid-related
diseases).7,10,11

Limitations
The limitations of this study include the small size of the atrial
samples, the heterogeneous nature of the cardiac disease
substrate for the patients studied, and the fact that both LA
and RA samples are included for analysis. Nonetheless, it is
reassuring that despite these limitations, we demonstrated
that PAO burden was similar for LA and RA, and the
association of PAO burden with hypertension was significant
when controlling for major clinical factors (including atrial
source) in our analysis. Given that atrial samples were col-
lected during cardiac surgery, the atrial sample size is limited.
This likely accounts for the fact that Congo red–positive

Binary maskC

TTRBA11A

A11 TTRD

Figure 5. Lack of colocalization for TTR and PAO. Immunofluorescent labeling with PAO-specific (A-11; A)
and TTR-specific (B) polyclonal antibodies (TTR) in adjacent 5 lm human atrial tissue samples. C, Binary
mask, representing the area of myocardium. D, Resulting merged image of A-11 (green) and TTR (red)
signals in adjacent sections, demonstrating minimal evidence of colocalization. Scale bars=50 lm. PAO
indicates preamyloid oligomers; TTR, transport protein transthyretin.

Table 2. Mixed-Effects Model for the 92 Patients

Estimate SE P Value

Fixed effects

Intercept �3.483 0.749 0.000**

Hypertension 0.452 0.172 0.010*

Sex �0.055 0.155 0.725

Age 0.005 0.006 0.377

BMI 0.009 0.015 0.532

b-Blocker use �0.099 0.161 0.540

AV replacement �0.506 0.369 0.074

Atrial source 0.218 0.398 0.585

Random effects

Intercept 0.676

AV indicates aortic valve; BMI, body mass index.
*P<0.05; **P<0.01.
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amyloid deposits were not detected in the 16 specimens
studied, given this abnormality is more likely to be detected if
multiple atrial samples are examined.42 Also, ventricular
samples were not obtained during cardiac surgery to allow for
comparison with atrium. The patients in this study were
almost exclusively white; therefore, it is not clear if these
results can be extrapolated to other ethnic patient popula-
tions. An additional limitation is the number of patients in the
cohort and the prevalence of hypertension, factors that at
least to some extent reduce the power of our findings. Data
regarding the severity of hypertension, cardiac hemodynam-
ics, and cardiac structural parameters for individual patients
were also not available. Further studies would be useful to
further confirm the association between atrial PAO burden
and hypertension in a larger cohort of patients that includes
those with nonvalvular cardiac pathology (eg, coronary artery
disease). Finally, it is possible that the atrial PAOs detected in
this study are composed of other fibrillogenic proteins besides
ANP.

Conclusions
Our results demonstrate evidence for a novel potential
mechanism (ie, cytotoxic PAOs), whereby hypertension can

promote atrial pathology. Future studies to examine the
relationship of atrial PAO burden to various forms of AF will be
of considerable interest.
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Figure 6. Hypothesis linking hypertension, PAO formation, and atrial pathology/arrhythmogenesis,
compared with the known process of isolated atrial amyloidosis. In the presence of hypertension, protein
misfolding and oligomerization can occur in the atrium, with ANP a principal component of PAOs. Protein
oligomers can directly cause myocyte injury/death, or they can coalesce with aging to form amyloid fibril
deposition in atrial myocardium. This process, known as isolated atrial amyloidosis, is associated with
infiltrative structural damage in the atrium and an increased risk of atrial fibrillation. ANP indicates atrial
natriuretic peptide; PAO, preamyloid oligomers.

DOI: 10.1161/JAHA.114.001384 Journal of the American Heart Association 9

Hypertension and Atrial Preamyloid Oligomers Sidorova et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Disclosures
None.

References
1. Nattel S, Harada M. Atrial remodeling and atrial fibrillation: recent advances

and translational perspectives. J Am Coll Cardiol. 2014;63:2335–2345.

2. Ball J, Carrington MJ, McMurray JJ, Stewart S. Atrial fibrillation: profile and
burden of an evolving epidemic in the 21st century. Int J Cardiol.
2013;167:1807–1824.

3. Daccarett M, Badger TJ, Akoum N, Burgon NS, Mahnkopf C, Vergara G,
Kholmovski E, McGann CJ, Parker D, Brachmann J, MacLeod RS, Marrouche
NF. Association of left atrial fibrosis detected by delayed-enhancement
magnetic resonance imaging and the risk of stroke in patients with atrial
fibrillation. J Am Coll Cardiol. 2011;57:831–838.

4. Han FT, Akoum N, Marrouche N. Value of magnetic resonance imaging in
guiding atrial fibrillation management. Can J Cardiol. 2013;29:1194–1202.

5. Klein WL, Krafft GA, Finch CE. Targeting small Ab oligomers: the solution to an
Alzheimer’s disease conundrum? Trends Neurosci. 2001;24:219–224.

6. Glabe CG, Kayed R. Common structure and toxic function of amyloid oligomers
implies a common mechanism of pathogenesis. Neurology. 2006;66:S74–S78.

7. Willis MS, Patterson C. Proteotoxicity and cardiac dysfunction–Alzheimer’s
disease of the heart? N Engl J Med. 2013;368:455–464.

8. Seldin DC, Skinner M. Arthritis accompanying systemic diseases. In: Harris ED,
Budd RC, Genovese MC, Firestein GS, Sargent JS, Sledge CB, eds. Kelley’s
Textbook of Rheumatology, 7th ed. Philadelphia: Elsevier Sanders; 2005:1697–
1704.

9. Knowles TP, Vendruscolo M, Dobson CM. The amyloid state and its association
with protein misfolding diseases. Nat Rev Mol Cell Biol. 2014;15:384–396.

10. Guerrero-Munoz MJ, Castillo-Carranza DL, Kayed R. Therapeutic approaches
against common structural features of toxic oligomers shared by multiple
amyloidogenic proteins. Biochem Pharmacol. 2014;88:468–478.

11. McLendon PM, Robbins J. Desmin-related cardiomyopathy: an unfolding story.
Am J Physiol Heart Circ Physiol. 2011;301:H1220–H1228.

12. Rocken C, Peters B, Juenemann G, Saeger W, Klein HU, Huth C, Roessner A,
Goette A. Atrial amyloidosis: an arrhythmogenic substrate for persistent atrial
fibrillation. Circulation. 2002;106:2091–2097.

13. Steiner I, Hajkova P. Patterns of isolated atrial amyloid: a study of 100 hearts
on autopsy. Cardiovasc Pathol. 2006;15:287–290.

14. Wang X, Osinska H, Klevitsky R, Gerdes AM, Nieman M, Lorenz J, Hewett T,
Robbins J. Expression of R120G-aB-crystallin causes aberrant desmin and aB-
crystallin aggregation and cardiomyopathy in mice. Circ Res. 2001;89:84–91.

15. MeehanS, Knowles TP, Baldwin AJ, Smith JF, Squires AM, Clements P, Treweek TM,
Ecroyd H, Tartaglia GG, Vendruscolo M, Macphee CE, Dobson CM, Carver JA.
Characterisation of amyloid fibril formation by small heat-shock chaperone
proteins humanaA-,aB- and R120G aB-crystallins. J Mol Biol. 2007;372:470–484.

16. Sanbe A, Osinska H, Saffitz JE, Glabe CG, Kayed R, Maloyan A, Robbins J.
Desmin-related cardiomyopathy in transgenic mice: a cardiac amyloidosis.
Proc Natl Acad Sci USA. 2004;101:10132–10136.

17. Gianni D, Li A, Tesco G, McKay KM, Moore J, Raygor K, Rota M, Gwathmey JK,
Dec GW, Aretz T, Leri A, Semigran MJ, Anversa P, Macgillivray TE, Tanzi RE, del
Monte MF. Protein aggregates and novel presenilin gene variants in idiopathic
dilated cardiomyopathy. Circulation. 2010;121:1216–1226.

18. Mohammed SF, Mirzoyev SA, Edwards WD, Dogan A, Grogan DR, Dunlay SM,
Roger VL, Gertz MA, Dispenzieri A, Zeldenrust SR, Redfield MM. Left
ventricular amyloid deposition in patients with heart failure and preserved
ejection fraction. JACC Heart Fail. 2014;2:113–122.

19. Fleming GA, Murray KT, Yu C, Byrne JG, Greelish JP, Petracel MR, Hoff SF, Ball
SK, Brown NJ, Pretorius M. Milrinone use is associated with postoperative
atrial fibrillation following cardiac surgery. Circulation. 2008;118:1619–1625.

20. Pretorius M, Murray KT, Yu C, Byrne JG, Billings FT, Petracek MR, Greelish JP,
Hoff SJ, Ball SK, Mishra V, Body SC, Brown NJ. Angiotensin-converting enzyme
inhibition or mineralocorticoid receptor blockade do not affect prevalence of
atrial fibrillation in patients undergoing cardiac surgery. Crit Care Med.
2012;40:2805–2812.

21. Mozaffarian D, Marchioli R, Macchia A, Silletta MG, Ferrazzi P, Gardner TJ,
Latini R, Libby P, Lombardi F, O’Gara PT, Page RL, Tavazzi L, Tognoni G. Fish oil

and postoperative atrial fibrillation: the Omega-3 Fatty Acids for Prevention of
Post-operative Atrial Fibrillation (OPERA) randomized trial. JAMA.
2012;308:2001–2011.

22. Sidorova TN, Mace LC, Wells KS, Yermalitskaya LV, Su PF, Shyr Y, Byrne JG,
Petracek MR, Greelish JP, Hoff SJ, Ball SK, Glabe CG, Brown NJ, Barnett JV,
Murray KT. Quantitative imaging of preamyloid oligomers, a novel structural
abnormality, in human atrial samples. J Histochem Cytochem. 2014;62:479–
487.

23. Kayed R, Head E, Thompson JL, McIntire TM, Milton SC, Cotman CW, Glabe
CG. Common structure of soluble amyloid oligomers implies common
mechanism of pathogenesis. Science. 2003;300:486–489.

24. Greene MJ, Sam F, Soo Hoo PT, Patel RS, Seldin DC, Connors LH. Evidence for
a functional role of the molecular chaperone clusterin in amyloidotic
cardiomyopathy. Am J Pathol 2011;178:61–68.

25. Soderlund KA, Chivukula RR, Russell SD, Conte JV, Mudd JO, Halushka MK.
Prognostic value of left ventricular apical tissue removed for HeartMate II
left ventricular assist device placement. Cardiovasc Pathol. 2009;18:217–
222.

26. Wang X, Klevitsky R, Huang W, Glasford J, Li F, Robbins J. aB-crystallin
modulates protein aggregation of abnormal desmin. Circ Res. 2003;93:998–
1005.

27. Pattison JS, Sanbe A, Maloyan A, Osinska H, Klevitsky R, Robbins J.
Cardiomyocyte expression of a polyglutamine preamyloid oligomer causes
heart failure. Circulation. 2008;117:2743–2751.

28. Mucke L, Selkoe DJ. Neurotoxicity of amyloid b-protein: synaptic and network
dysfunction. Cold Spring Harb Perspect Med. 2012;2:a006338.

29. Johansson B, Wernstedt C, Westermark P. Atrial natriuretic peptide deposited
as atrial amyloid fibrils. Biochem Biophys Res Commun. 1987;148:1087–1092.

30. Lawler PR, Hiremath P, Cheng S. Cardiac target organ damage in hypertension:
Insights from epidemiology. Curr Hypertens Rep. 2014;16:446.

31. Wang TJ, Gona P, Larson MG, Levy D, Benjamin EJ, Tofler GH, Jacques PF,
Meigs JB, Rifai N, Selhub J, Robins SJ, Newton-Cheh C, Vasan RS. Multiple
biomarkers and the risk of incident hypertension. Hypertension. 2007;49:432–
438.

32. Nishikimi T, Yoshihara F, Morimoto A, Ishikawa K, Ishimitsu T, Saito Y,
Kangawa K, Matsuo H, Omae T, Matsuoka H. Relationship between left
ventricular geometry and natriuretic peptide levels in essential hypertension.
Hypertension. 1996;28:22–30.

33. Buckley MG, Markandu ND, Miller MA, Sagnella GA, MacGregor GA. Plasma
concentrations and comparisons of brain and atrial natriuretic peptide in
normal subjects and in patients with essential hypertension. J Hum Hypertens.
1993;7:245–250.

34. Marttila M, Vuolteenaho O, Ganten D, Nakao K, Ruskoaho H. Synthesis and
secretion of natriuretic peptides in the hypertensive TGR(mREN-2)27 trans-
genic rat. Hypertension. 1996;28:995–1004.

35. Kawakami H, Okayama H, Hamada M, Hiwada K. Alteration of atrial natriuretic
peptide and brain natriuretic peptide gene expression associated with
progression and regression of cardiac hypertrophy in renovascular hyperten-
sive rats. Clin Sci (Lond). 1996;90:197–204.

36. Kuroski de Bold ML. Atrial natriuretic factor and brain natriuretic peptide gene
expression in the spontaneous hypertensive rat during postnatal development.
Am J Hypertens. 1998;11:1006–1018.

37. Sergeeva IA, Christoffels VM. Regulation of expression of atrial and brain
natriuretic peptide, biomarkers for heart development and disease. Biochim
Biophys Acta. 2013;1832:2403–2413.

38. Dickfeld T, Kato R, Zviman M, Lai S, Meininger G, Lardo AC, Roguin A, Blumke
D, Berger R, Calkins H, Halperin H. Characterization of radiofrequency ablation
lesions with gadolinium-enhanced cardiovascular magnetic resonance imag-
ing. J Am Coll Cardiol. 2006;47:370–378.

39. Leone O, Boriani G, Chiappini B, Pacini D, Cenacchi G, Martin SS, Rapezzi C,
Bacchi Reggiani ML, Marinelli G. Amyloid deposition as a cause of atrial
remodelling in persistent valvular atrial fibrillation. Eur Heart J. 2004;25:1237–
1241.

40. Esplin BL, Gertz MA. Current trends in diagnosis and management of cardiac
amyloidosis. Curr Probl Cardiol. 2013;38:53–96.

41. Mohty D, Damy T, Cosnay P, Echahidi N, Casset-Senon D, Virot P, Jaccard A.
Cardiac amyloidosis: updates in diagnosis and management. Arch Cardiovasc
Dis. 2013;106:528–540.

42. Mandache E, Gherghiceanu M, Macarie C, Kostin S, Popescu LM. Telocytes in
human isolated atrial amyloidosis: ultrastructural remodelling. J Cell Mol Med.
2010;14:2739–2747.

DOI: 10.1161/JAHA.114.001384 Journal of the American Heart Association 10

Hypertension and Atrial Preamyloid Oligomers Sidorova et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H




