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Abstract: Acute cellular rejection is a major complication in heart transplantation. We focus on the
analysis of new ultrastructural findings in cardiac biopsy rejection based on mitochondrial intracel-
lular organization. This study includes heart transplanted patients from a single center who were
referred for endomyocardial biopsies as a scheduled routine screening. Participants were divided
into two groups: patients transplanted without allograft rejection (Grade OR), and patients with
biopsy-proven allograft rejection (Grade > 2R). Using electronic microscopy, we detected a significant
increase in the volume density of mitochondria (p < 0.0001) and dense bodies (p < 0.01) in the rejection
group. The most relevant finding was the presence of local accumulations of mitochondria close
to the nuclear envelope, pressing and molding the morphology of this membrane in all rejection
samples (100%). We identified this perinuclear clustering of mitochondria phenomenon in a 68 + 27%
of the total cardiac nucleus observed from rejection samples. We did not observe this phenomenon
in any non-rejection samples, reflecting excellent sensitivity and specificity. We have identified a
specific phenomenon affecting the architecture of the nuclear membrane—perinuclear clustering of
mitochondria—in endomyocardial biopsies from patients with cardiac rejection. This ultrastructural
approach might complement and improve the diagnosis of rejection.
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1. Introduction

Heart transplantation is a therapy that contribute to an improved quality of life and
longevity of patients with advanced heart failure. Despite improved efficacy and selection
of immunosuppression therapy over the last few years, allograft rejection continues to be a
significant risk, especially early after transplantation [1].

Endomyocardial biopsy (EMB) is the standard clinical tool with a recognized role in
the surveillance of post-transplant cardiac rejection and is based on optical microscopy anal-
ysis [2]. This method presents important technical limitations, such as the low sensitivity of
the standardized determinations that are currently performed. Thus, the conventional histo-
logical interpretation of EMB is inaccurate. Non-invasive methods and reliable biomarkers
are actively sought to screen for heart transplant rejection [3-9], but unfortunately EMB is
nowadays the gold standard. Therefore, it is necessary improve this histological analysis.
Electron microscopy allows complete observation of cardiac cellular damage and subcellu-
lar changes in heart diseases as have been shown in numerous studies [10-12]. However,
the significance of ultrastructural alterations in cardiomyocytes from patients with cardiac
rejection has not been investigated thoroughly.

The importance of mitochondria in cardiovascular pathophysiology has been increasingly
recognized over the past decades and its role is receiving ever-growing attention [13-15]. We
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previously showed that mitochondrial alterations are reflected in peripheral blood and are
capable of discriminating between patients with allograft rejection and those not experiencing
rejection with excellent accuracy [6].

In this work we focus on the analysis of new ultrastructural findings on cardiac
biopsy specimens that provides additional information to improve the diagnosis of cardiac
rejection. Considering the invasiveness of the standard procedure, it is critical to make better
use of the cardiac sample taken. This ultrastructural approach based on mitochondrial
intracellular organization changes may improve the limited diagnosis of cardiac rejection.

2. Materials and Methods

A total of 10 EMBs were collected from heart transplant patients (>18-years) who
were referred for EMB for a scheduled routine screening at the University and Polytechnic
Hospital La Fe. Of the patients studied, 5 had a diagnosis of biopsy-proven allograft
rejection (grade > 2R). These samples were compared with samples from the 5 patients
who did not experience allograft rejection. The associated clinical data were also collected
from follow-up visits of the cardiac transplant recipients.

This study was approved by the Ethics Committee (Biomedical Investigation Ethics
Committee of La Fe University Hospital of Valencia, Valencia, Spain) and was conducted
in accordance with the guidelines of the Declaration of Helsinki [16]. Prior to sample
collection, signed informed consent was obtained from each patient.

Tissue processing for electron microscopy was performed as described previously [11].
Briefly, left ventricular (LV) samples (size 0.5 mm?) were fixed for 1 h at 4 °C in a solution
of 1.5% glutaraldehyde and 1% formaldehyde in a 0.05 M cacodylate buffer (pH 7.4).
Later, the samples were post-fixed in buffered 1% osmium tetroxide (OsOy) for 1 h at
4 °C, dehydrated in a series of ethanol solutions, and embedded in Epon 812. Semi-
thin sections were first evaluated with a light microscope (Olympus BX-50, Olympus,
Tokyo, Japan) before moving onto the evaluation of ultra-thin sections (Ultramicrotome
Leica EM UC6, Leica Microsystems, Wetzlar, Germany). These sections (80 nm) were
obtained and mounted on copper grids and subsequently counter-stained with 2% uranyl
acetate for 20 min and 2.7% lead citrate for 3 min. The samples were observed using
a JEOL JEM-1010 electron microscope and analyzed in a specific program (iTEM FEI
program, v.5.0, 2008, Olympus Soft Imaging Solutions GmbH, Miinster, Germany). The
selection of the image study areas was carried out with the systematic random sampling
method [17-19]. The mitochondria and dense bodies” volume densities were measured
according to the stereological methods previously described [20]. For the counting of
mitochondria and dense bodies of samples analyzed in the perinuclear area (the same
area for each micrograph, 29.97 um?), a randomized point grid was superimposed on the
images obtained by transmission electron microscopy. After counting points in an image,
we obtained the number of points that fall in the mitochondria or dense body and the
number of points in the reference space. The data were expressed as the percentage of
cytoplasm occupied by mitochondria or dense bodies [21]. The Image]J grid tool was used
for point randomization.

Results for each variable were tested for normality using the Kolmogorov—Smirnov
method. Continuous variables are presented as mean =+ standard deviation (variables with
normal distribution) or median and interquartile range (non-normal distributions), and
categorical variables as percentage. Continuous variables not following a normal distribution
were compared using the Mann-Whitney test and variables with a normal distribution
were compared using the Student’s t-test. Fisher’s exact test was used to compare discrete
variables. All statistical analyses were performed using SPSS software v. 20, 2012 for Windows
(IBM SPSS Inc., Chicago, IL, USA). Significance was accepted at the p < 0.05 level.

3. Results

This study includes heart transplanted patients (>18 years) from a single center who
were referred for EMB as a scheduled routine screening. Study participants were divided
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into two groups: patients transplanted without acute cellular rejection (Grade OR, n = 5),
and patients with biopsy-proven acute cellular rejection (Grade > 2R, n = 5). Patients
were maintained on a standard immunosuppression regime, and rejection episodes were
assessed according to the International Society for Heart and Lung Transplantation (ISHLT)
consensus report [22].

For each sample, we recorded age, gender, body mass index, primary heart disease,
interval between transplantation and study enrollment, biochemical markers, echocardio-
graphic parameters, and other clinical characteristics at the time of each biopsy (Table 1).
Both populations of the study had similar clinical characteristics. The rejection and non-
rejection groups were similar with regard to variables such as age, sex, body mass index,
hypertension, immunosuppressive and induction therapy, hemoglobin concentration and
hematocrit percentage, among others. However, we found an increase in lymphocyte
number in the rejection group and also an increase in the N-terminal pro-B-type natriuretic
peptide (NT-proBNP) levels, but it did not reach statistical significance.

Table 1. Patient characteristics at the time of biopsy.

Non-Rejection Rejection
. =] 5) ( 1]1 -5 p-Value

Age (years) 44 + 18 417 0.755
Male sex (%) 100 80 0.556
Indication for cardiac transplantation
Ischemic cardiomyopathy (%) 50 80 0.722
Idiopathic dilated cardiomyopathy (%) 25 20 0.405
Other (%) 25 0 0.444
Time between transplantation and study 298 4 2.94 255+ 282 0.833
enrolment, months
Hypertension (%) 25 40 0.595
Hemodynamic parameters
Mean right atrial pressure (mmHg) 5.50 &+ 3.32 5.67 £ 2.52 0.945
Systolic right ventricular pressure (mmHg) 36 £7 34+4 0.647
Diastolic right ventricular pressure (mmHg) 6.00 + 4.16 5.33 £ 2.08 0.812
Immunosuppressive therapy
Tacrolimus (%) 100 100 -
Mycophenolic acid (%) 100 100 -
Steroids (%) 100 100 -
Induction therapy
Basiliximab (%) 100 100 -
Neutrophils (thousands/mm?3) 7.26 £ 3.87 11.42 +£4.78 0.225
Leukocytes (thousands/ mm?) 5.33 £3.25 7.53 £4.35 0.448
Lymphocytes (thousands/mm?) 1.14 +0.44 285+ 1.24 0.041
Hemoglobin (mg/dL) 12.10 £ 3.83 11.33 £2.98 0.760
Hematocrit (%) 37 +11 36+ 8 0.831
NT-proBNP (pg/mL) 111 £ 47 1441 + 3449 0.083

NT-proBNP—N-terminal fragment of B-type natriuretic peptide.

We analyzed the volume density of mitochondria and degradation structures (dense
bodies) in a total of 300 randomly selected micrographic areas (30 areas per sample). After
conducting an exhaustive ultrastructural analysis [20], we detected a significative increase
in the mitochondprial volume density (59 & 12% vs. 20 & 12%, p < 0.0001) (Figure 1A) and
dense bodies volume density (14 £ 8% vs. 3 £ 3%, p < 0.01) (Figure 1B) in the rejection
group. The dense bodies quantified are mitochondria in degradation process. Nevertheless,
the most significant finding was the changes in mitochondrial location and distribution on
sections obtained from biopsies of rejection patients. We did not find this phenomenon in
any of the non-rejection samples analyzed (Figure 1C), reflecting an excellent sensitivity
and specificity of the effect detected. In all the samples from rejection patients (100%),
we identified the presence of local accumulations of mitochondria close to the nuclear
envelope, pressing and molding the morphology of this membrane (Figure 1D-F). We
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found perinuclear clustering of mitochondria in a 68 & 27% of the total cardiac nuclei
observed in rejection samples.
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Figure 1. Ultrastructural evidence of perinuclear clustering of mitochondria in acute cellular rejection.
(A,B) mitochondria and dense bodies volume density in a total of 300 randomly selected micrographic
areas (30 areas per sample). Bars indicate the % of cytoplasm occupied by mitochondria or dense
bodies? + SD (standard deviation) in the perinuclear area. * p < 0.01 and ** p < 0.0001 against the
non-rejection group. (C) Representative transmission electron microscopy micrograph from a non-
rejection cardiac tissue sample. (D-F) Representative transmission electron microscopy micrograph
from rejection cardiac tissue samples. These images show a specific phenomenon found in rejection
samples and not observed in the non-rejection samples. These sections show the presence of local
accumulations of mitochondria close to the nuclear envelope pressing and molding the morphology
of this membrane. White asterisks indicate other structures of interest: dense bodies corresponding
to mitochondria in the degradation process. White bars represent 400 nm.

4. Discussion

Preventing and treating rejection is a crucial challenge in heart transplantation because
it is a major complication [23,24]. Therefore, deeper knowledge of the mechanisms preced-
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ing rejection and an appropriate diagnosis in early stages is required to further improve the
survival of transplanted patients. EMB is the reference process for detection of allograft
rejection and the stained tissue samples are graded using the ISHLT classification [22].
The main criterion for acute cellular rejection severity is the grade of mononuclear cell
infiltration. However, this method is subject to interobserver variability, and this limitation
could be moderate improving the microscopic examination.

Intranuclear mitochondria have occasionally been reported in several cell types, in-
cluding cardiac myocytes [25,26], but the incidence and details regarding the specific
mechanism whereby mitochondria appear in the nuclear matrix are unknown. In this study,
we did not find any mitochondria inside the nucleus; only we found this organelle in the
perinuclear area. However, it remains possible that we are observing the first step of the
mitochondrial movement towards the nucleus. In fact, there are strong similarities between
the phenomena we have observed and reported images showing the intranuclear location of
mitochondria in the cardiomyocytes of patients with heart failure; these authors also found
the same effect [25]. Previous reports have suggested that the mechanism underlying the
intranuclear location of mitochondria and its distribution in clusters or networks could be
due to the deposit of apoptosis-activating proteins that initiate the reaction cascade finally
resulting in the degradation of nuclear DNA and nuclear proteins [27,28]. Considering the
great diagnostic value of electron microscopic examination, it may be recommended that
the fixation of a small piece of tissue for electron microscopy occur at every EMB procedure
for detection of cardiac rejection.

The dense bodies appear as aggregates of matrix precipitates that are spherical or
occasionally irregular in shape and sometimes indistinguishable from woolly densities [29].
Although the mechanisms that induce the appearance of dense bodies are unknown,
among the hypotheses proposed is that the increase in oxidative stress can cause defects in
mitochondrial metabolism, promoting the appearance of dysfunctional mitochondria that
contain non-degradable dense bodies [30,31]. In the context of several cardiac pathologies,
accumulation of vacuoles of degeneration in the perinuclear space has been described,
whose content was formed mainly by mitochondria, dense bodies, and other cellular
components [32].

We show a preliminary study that may be performed in a larger patient cohort in order
to better investigate this finding and lead to the standardization of this complementary
determination in the detection of rejection. Taking into account the invasiveness of the
methodology, it is essential to make better use of the cardiac sample obtained. This
ultrastructural approach may improve the limited diagnosis of cardiac rejection.

Our study has several limitations, and the results must be interpreted within this
context. This investigation only involved a single center, and the findings obtained should
be assessed in a larger multicenter study. In addition, our study is focused on cellular
rejection and has not specifically evaluated antibody-mediated rejection. However, we
believe that our findings have provided substantial evidence and represent a necessary
first step to support future research in which these limiting factors could be overcome.

5. Conclusions

In summary, we have observed by electron microscopy a specific phenomenon whereby
mitochondria appear to cluster in a perinuclear fashion affecting the architecture of the
nuclear membrane. We only identified this phenomenon in patients with cardiac allograft
rejection. This ultrastructural approach could complement and improve the diagnosis of
rejection, at least in the clinically relevant grades.
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