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Abstract

Autosomal dominant polycystic kidney disease (PKD) is a hereditary kidney disorder which 

can affect cardiovascular system. Cardiac hypertrophy and cardiomyopathy in PKD have been 

reported by echocardiography analyses, but histopathology analyses of human PKD hearts have 

never been examined. The current studies evaluated human heart tissues from five subjects 

without PKD (non-PKD) and five subjects with PKD. Our histopathology data of human PKD 

hearts showed an increased extracellular matrix associated with cardiac hypertrophy and fibrosis. 

Hypertrophy- and fibrosis-associated pathways involving abnormal cardiac structure were next 

analyzed. We found that human PKD myocardium was infiltrated by inflammatory macrophage 

M1 and M2; expression of transforming growth factor (TGF-β1 and its receptor were upregulated 

with overexpression of pSmad3 and β-catenin. Because patients with PKD have an abnormal 

kidney function that could potentially affect heart structure, we used a heart-specific PKD mouse 

model to validate that cardiac hypertrophy and fibrosis were independent from polycystic kidney. 

In summary, our data show that hearts from human PKD were characterized by hypertrophy, 

interstitial fibrosis, perivascular fibrosis, and conduction system fibrosis with upregulated TGF-β1 

Surya M. Nauli, nauli@chapman.edu; snauli@uci.edu.
Author contribution FA collected and analyzed data, drafted the manuscript, oversaw the experimental progress, and served as a 
double-blind operator. GAF and RAE collected and assisted in procuring and processing human tissue samples. SMN drafted the 
manuscript and served as a double-blind operator. All authors participated in finalizing the manuscript.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1007/
s00441-022-03704-y.

Availability of data and materials The data that support the findings of this study are available from the corresponding author on 
reasonable request. Some data and samples may not be made available because of privacy or ethical restrictions.

Ethics approval and consent to participate The human-subjects research project was approved by and per accordance with the 
Chapman University Institutional Review Board (IRB# 1415H040 and FWA#00011020). The approval for tissue procurement was 
extended to each respective site identified in our IRB application. All retrospective samples from deceased subjects had been 
previously de-identified by the Department of Pathology and Laboratory Medicine at the UC Los Angeles and UC Irvine.

Consent for publication All authors consent these studies for publication.

Conflict of interest The authors declare no competing interests.

HHS Public Access
Author manuscript
Cell Tissue Res. Author manuscript; available in PMC 2023 July 01.

Published in final edited form as:
Cell Tissue Res. 2023 January ; 391(1): 189–203. doi:10.1007/s00441-022-03704-y.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and its receptor. We suggest that such structural abnormalities may predispose to systolic and 

diastolic cardiac dysfunction in the PKD myocardium.
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Introduction

Autosomal dominant polycystic kidney disease (PKD) is a multisystem disorder 

characterized by the formation of many fluid-filled cysts in the kidneys, pancreas, liver, 

and cardiovascular complications (Kim et al. 2000). Mutations in PKD1 and PKD2 genes 

contribute to approximately 85% and 15% cases, respectively, and they are the most 

common genetic kidney disorder that causes end-stage renal failure in adulthood (Cornec-Le 

Gall et al. 2019; Kurschat et al. 2014).

Cardiovascular manifestations in PKD patients include hypertension, left ventricular 

hypertrophy (LVH) (Chapman et al. 1997), valvular heart disease (Leier et al. 1984), 

intracranial and extracranial aneurysms (Pirson et al. 2002), coronary artery dissection 

(Cornec-Le Gall et al. 2019), and atrial fibrillation (Yu et al. 2016). In some cases, mutations 

in PKD genes are also associated with isolated cardiomyopathy before any renal abnormality 

is detected (Chebib et al. 2017; Morita 2019). This suggests that a molecular abnormality 

causing PKD can directly cause cardiomyopathy independent of hypertension or renal 

failure. Thus, cardiomyopathy could be a cardiac manifestation of systemic PKD syndrome.

LVH is a powerful independent risk factor for cardiovascular morbidity and mortality. 

PKD patients have a high prevalence of LVH (Chapman et al. 1997; Schrier 2009), often 

associated with a poor prognosis (Gosse 2005). The LVH is associated with cardiac fibrosis 

in PKD patients as analyzed through echocardiography (Suwa et al. 2019). Although the 

histopathology of human PKD hearts has never been directly studied, animal models have 

shown LVH associated with cardiac fibrosis (Amirrad et al. 2021; Aranguiz et al. 2021; 

Balbo et al. 2016). Cardiac fibrosis is characterized by the accumulation of extracellular 

matrix proteins in the cardiac interstitium, and it contributes to systolic and diastolic 

dysfunction in many cardiac pathophysiologic conditions, including PKD mice (Amirrad 

et al. 2021; Klein et al. 2005).

Many studies have shown that over-expression of Wnt/β-catenin is necessary to induce 

hypertrophy in cultured adult cardiomyocytes and animal models (Chen et al. 2006; Haq 

et al. 2003). TGF-β1, a key fibrogenic mediator involved in the cardiac fibrotic responses, 

can also regulate the Wnt/β-catenin pathway (Kong et al. 2014; Lijnen and Petrov 2002; 

Riemann et al. 1994). TGF-β1 is thus markedly induced in hypertrophied myocardium and 

has an important role in regulating cardiomyocyte hypertrophy (Azhar et al. 2003; Hanna 

and Frangogiannis 2019; Villarreal and Dillmann 1992). The canonical pathway of TGF-β1 

signaling can also regulate Smad2/3 phosphorylation, which subsequently translocates to 

the nucleus. In the nucleus, it functions as a transcription factor and activates numerous 

pro-fibrotic genes (Bujak and Frangogiannis 2007; Bujak et al. 2007).
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Since there is currently no study on histopathology analysis of human PKD hearts, our 

current studies examined changes in cardiac structures and their associated pathways 

including the roles of TGF-β1, p-Smad3, and β-catenin in human PKD hearts. Together with 

the premises from our prior animal studies that myocardial dysfunction in PKD is caused by 

structural abnormalities (Amirrad et al. 2021), we hypothesize that hearts from PKD patients 

develop fibrosis and hypertrophy via a dysregulated signaling pathway involving TGF-β1, 

p-Smad3, and β-catenin.

Materials and methods

Throughout our studies, we used fixed heart tissues from deceased subjects without (non-

PKD) and with (PKD) polycystic kidney disease. Our subjects had been previously de-

identified, and samples from the subjects were obtained from the Department of Pathology 

and Laboratory Medicine at the UC Los Angeles and UC Irvine. The human-subjects 

research project was approved by and per accordance with the Chapman University 

Institutional Review Board. The approval for tissue procurement was extended to each 

respective site identified in our IRB application. Five PKD subjects were first identified for 

their sexes; this information was then used to select non-PKD subjects as controls (Table 1).

Immunofluorescence studies

For evaluation of protein localization and expression, paraffin section tissues were 

deparaffinized and dehydrated. Heat-induced epitope retrieval was performed using a 

pressure cooker and sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 

6.0). Slides were placed into the 98 °C antigen retrieval buffer in the pressure cooker for 

20 min and then removed from the pressure cooker and cooled to room temperature for 

30 min. For permeabilization, slides were incubated with permeabilization buffer (0.3% 

Triton-X in PBS) for 10 min and then blocked with PBS-T (PBS + 0.1% Tween-20) solution 

containing 5% bovine serum albumin (BSA) and 0.1% Triton-X. Subsequently, the slides 

were incubated in specific primary antibodies to detect target proteins. All washing steps 

were done three times with PBS-T.

For cell membrane staining and cell size measurement, tissue slides were incubated with 

FITC-labeled wheat germ agglutinin (WGA) (1:1000; Cat# FL-1021; Vectorlabs) for 20 

min. To study fibrotic pathways in human heart tissue, human heart slides were incubated 

with anti-pSMAD3 (1:1000; Cat# sc-517575; Santa Cruz, Inc.), anti-β-catenin (1:50; Cat# 

sc-133240; Santa Cruz, Inc.), anti-α-actin (1:100; Cat# sc-32251; Santa Cruz, Inc.), anti-

COL1A1 (1:100; Cat# sc-293182; Santa Cruz, Inc.), and anti-YAP1 (1:100; Cat# sc-101199; 

Santa Cruz, Inc.) antibodies overnight at 4 °C in a humidified chamber followed with 

AlexaFluor-488 secondary goat anti-mouse antibody (1:1000; Cat# ab150113; Abcam, Inc.). 

For evaluation of macrophage infiltration, slides were incubated overnight at 4 °C in a 

humidified chamber with anti-NOS2 (1:50; Cat# sc-7271; Santa Cruz, Inc.) and anti-CD-86 

(1:50; Cat# sc-52448; Santa Cruz, Inc.) antibodies for macrophage M1 detection, or anti-

CD163 antibody (1:50; sc-20066; Santa Cruz, Inc.) and anti-CD-206 (1:100; Cat# ab91992; 

Signaling, Inc.) antibodies for macrophage M2 detection, followed with AlexaFluor-594 

goat anti-mouse fluorescence (1:500; Cat# 8890; Signaling, Inc.), AlexaFluor-488 goat 
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anti-rabbit fluorescence (1:500; Cat# 4412; Signaling, Inc.), or AlexaFluor-488 goat anti-rat 

fluorescence secondary antibodies (1:500; Cat# ab6840; Abcam, Inc.). 4′,6-diamidino-2-

phenylindole (DAPI) was used as a nuclear binding dye for all slides.

Immunohistology staining

For evaluation of TGF-β1 and its receptor expression, tissue slides underwent 

deparaffinization and dehydration, followed with epitope retrieval. After permeabilization, 

endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 min, and 

unspecific bindings were blocked with animal-free blocking solution (Cat# 15,019; Cell 

Signaling, Inc.). Slides were incubated at 4 °C overnight with primary mouse monoclonal 

anti-TGF-β1 (1:50; Cat# sc-130348; Santa Cruz, Inc.) or rabbit polyclonal anti-TGF-β1 

receptor (1:100; Cat# ab235178; Abcam, Inc.). Slides were then washed and incubated 

in Signal Stain Boost Detection Reagent (HRP mouse; Cat# 8125; or HRP Rabbit; Cat# 

8114; Cell Signaling, Inc.) for 30 min at room temperature and incubated in Signal Stain 

DAB (Cat# 8059; Cell Signaling, Inc.) for 3 min. Finally, hematoxylin (Cat# 14,166; Cell 

Signaling, Inc.) was used for nuclear staining and slides were mounted with cover-slips. All 

washing steps were done three times with PBS-T.

Animal mouse model

In our study, mouse model was used to examine the structural changes and fibrosis in the 

heart and kidney samples. The study was approved by the Chapman University Institutional 

Animal Care and Use Committee (IACUC# 2020–1132 and PHS# D17-00,960). Heart-

specific transgenic mice were used; Myh6•Pkd2wt/wt was used as wild-type (WT; control), 

and Myh6•Pkd2flox/flox was used as a Pkd2 or PKD. Heart and kidney fibroses were 

evaluated at 6 months of age. Male and female mice were used in the study, and gender 

was discovered to be an independent variable to heart and kidney structural changes.

Data and statistical analysis

Fluorescent images were captured with a Nikon A1R+ confocal microscope. 

Immunohistochemistry images were collected with Keyence BZ-X710 or Nikon Eclipse 

Ti microscope. Image analyses were performed using Nikon NIS-Element for Advanced 

Research software (version 4.51). This software was also used for image segmentation, 

3D-object reconstruction, and automatic object recognition. Binary masking was used to 

calculate cell number, cell size, nuclear size, fibrosis, and image intensity for protein 

expression and localization. To resolve fine details of the images and to maintain consistency 

in measurements, images were kept at a 1392 × 1040 imaging array. Image scale bar 

is shown in each group of the images when images were processed at the same time. 

Otherwise, each figure has its own scale bar.

GraphPad Prism for macOS (version 9.3) was used in the statistical analysis. In all analyses, 

comparison of unpaired datasets between non-PKD and PKD was made with two-tailed 

nonparametric Student t-test assuming no Gaussian distribution. For each group, we have 

five independent samples (N = 5). For each sample, an average of 6–100 measurements was 

taken. Distribution analyses were also performed and visualized on all data sets from every 

sample to confirm normal distribution or heterogeneous variance. All quantifiable data are 

Amirrad et al. Page 4

Cell Tissue Res. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reported as the mean ± SEM. P < 0.05 was considered significant in our studies. A more 

precise p value was reported separately in the graphs.

Results

To identify any structural changes in the polycystic kidney disease (PKD) hearts, we used 

fixed heart tissues from five deceased male donors without PKD (non-PKD) and five 

deceased male PKD donors. The average age of non-PKD subjects was 63.6 years, and 

PKD was 58.4 years. The gross descriptions from the pathology reports dictated that these 

subjects had cardiac hypertrophy. Two of the five PKD patients had medical history of 

hypertension. Medical history showed the evidence of one pulmonary hypertension (PH) and 

two coronary artery disease (CAD) in non-PKD subjects.

Human PKD hearts were characterized by hypertrophy and fibrosis

Left ventricular tissues were analyzed in both non-PKD and PKD hearts. WGA and DAPI 

staining demonstrated cardiomyocyte (Fig. 1a-c) and nuclear (Fig. 1d-f) hypertrophy in 

PKD hearts, compared to non-PKD hearts (Fig. 1g, h). Data distribution for each sample 

was tabulated (Fig. 1i-l). Masson trichrome staining also confirmed the left ventricular 

hypertrophy in PKD based on the myocyte size (Fig. 2a, b) and enlarged nucleus (Fig. 2c, d). 

Data distribution for each sample was averaged (Fig. 2e, f) and tabulated (Fig. 2g-j).

Increased extracellular matrix (ECM), disorganized myocardial structure, and myofiber 

disarray in some regions of myocardium were detected in PKD and not in non-PKD hearts 

(Fig. 3a, b; Supp Fig. 1a, b). For evaluation of tissue fibrosis, we used Masson trichrome 

staining. Cardiac fibrosis was quantified by calculating the percentage of cardiac tissue 

occupied by collagen fibers (blue color) in different heart sections. Compared to non-PKD, 

PKD LV showed higher indices of fibrosis (Supp Fig. 1c, d), including reactive interstitial 

fibrosis (Fig. 3c, d), perivascular fibrosis (Fig. 3c, d), and His-Purkinje fiber fibrosis (Fig. 3e, 

f). Data distribution for each sample was averaged (Fig. 3g-i) and tabulated (Fig. 3j-o). It is 

generally known that increases in myocyte size, nucleus size, ECM, and interstitial fibrosis 

provide a strong indicator for cardiac hypertrophy in human hearts (Frangogiannis 2019). 

This suggested that hypertrophied PKD hearts were characterized by fibrosis.

Fibrotic TGF-β1/pSmad3/β-catenin pathway was activated in human PKD hearts

To examine fibrotic pathway activation, immunohistochemistry was performed to evaluate 

TGF-β1 and TGF-β1 receptor expressions. Expression level was determined by chromogenic 

dark-brown color produced by immunoperoxidase reaction. For expression quantification, 

the percentage of cardiac tissue stained by the peroxidase reaction (dark-brown color) was 

calculated in different heart sections. Expressions of both TGF-β1 (Fig. 4a, b) and TGF-β1 

receptor (Fig. 4c, d) were significantly higher in PKD compared to non-PKD hearts (Fig. 4e, 

f). Data distribution for each sample was tabulated (Fig. 4g-j).

To analyze downstream effects of TGF-β1, we quantified nuclear translocations of pSmad3 

and β-catenin with immunofluorescent microscopy. For each individual myocyte, nuclear 

and cytosolic fractions were carefully discriminated by a confocal microscope for pSmad3 

(Fig. 5a-f) and β-catenin (Fig. 5g-l). The total, cytosolic, and nuclear pSmad3 were 
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significantly greater in PKD than non-PKD myocytes (Fig. 5m). Likewise, the total and 

cytosolic β-catenin expression levels were significantly higher in PKD than non-PKD 

myocytes (Fig. 5n). Data distributions of pSmad3 and β-catenin for each sample were 

tabulated (Supp Fig. 2). The data suggested that both fibrotic pathways of pSmad3 and 

β-catenin were activated in human PKD hearts, presumably through activation of TGF-β1 

receptor.

Additional analyses were performed to examine levels of myofibroblast, collagen I, and YAP 

(Yes-associated protein-1) expression (Supp Fig. 3). We confirmed that myofibroblasts were 

increased in LV of PKD with higher deposition of collagen I and YAP expression.

Human PKD hearts were characterized by macrophage infiltration

We previously showed that the initial fibrotic signaling could potentially derive from 

macrophages (Amirrad et al. 2021), which are known as a local source for TGF-β1 (Wang et 

al. 2021). Judging from our histology findings, human PKD hearts had an increase in ECM 

and fibrosis, indicating potential inflammation in the myocardium. We thus investigated 

the potential role of macrophage M1 and M2 in fibrosis. We used CD86 and eNOs as 

M1 markers (Fig. 6a-f); CD206 and CD163 were used as M2 markers (Fig. 6g-l). The 

immunofluorescence analyses revealed that compared to non-PKD, human PKD hearts were 

significantly infiltrated by both macrophages M1 and M2 (Fig. 6m). Data distribution for 

each macrophage marker was tabulated to show the count of the occurrences of values 

within a particular sample (Supp Fig. 4). Together, our data suggested that human PKD 

hearts were grossly infiltrated by macrophage M1 and M2.

Heart-specific PKD mouse model was characterized with cardiac hypertrophy and fibrosis 
with normal kidney structure

To rule out a potential effect of chronic kidney disease (cystic kidneys) on hearts, we utilized 

a transgenic PKD mouse model to target heart-specific knockout of Pkd2 gene using Myh6 

mice. The transgenic PKD mice had a normal kidney structure (Supp Fig. 5a) with no 

apparent changes in the renal tubules (Supp Fig. 5b). As expected, the transgenic PKD 

mice showed cardiac hypertrophy (Supp Fig. 5c) (Amirrad et al. 2021). We observed not 

only left ventricle hypertrophy but also right ventricle hypertrophy in PKD heart-specific 

model, indicating that cardiac abnormality in PKD was independent from cystic kidneys. 

Further analysis also indicated an increase in interstitial cardiac fibrosis in PKD mouse heart 

compared to wild-type (Supp Fig. 5d).

Discussion

Autosomal dominant polycystic kidney disease (PKD) is known to have kidney fibrosis 

(Norman 2011) and cardiac fibrosis in animal models (Pala et al. 2019a, b). However, 

the histopathology analysis of the heart tissues from human PKD patients has never been 

reported, despite the fact that cardiovascular complications are the most common leading 

cause of death in these patients (Fick et al. 1995; Iglesias et al. 1983). For the past decades, 

we primarily extrapolated our knowledge from human kidney to heart or from mouse 

models to PKD patients. As a result, we tended to overlook that fibrosis is an organ- and 
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disease-specific process (Zeisberg and Kalluri 2013). Therefore, our current studies provided 

significant values to evaluate structural changes and its underlying mechanism in the human 

PKD heart tissues.

The challenges in using human tissues are primarily due to the access to the autopsy 

samples from the PKD patients. In these studies, we were able to compare relatively small 

sample size from the same sex of non-PKD and PKD patients (N = 5 each). Given the 

sample size and inaccessibility to the fresh samples, our studies had several limitations 

that constrained us from doing more elaborated mechanistic intervention. Regardless, we 

presented data distribution for each individual sample to demonstrate data variability in all 

our measurements.

Another limitation of our current studies was that we could not exclude the roles of renal 

function between non-PKD and PKD groups. At least in different mouse models, the 

vascular endothelial-specific PKD knockout also causes cardiac hypertrophy and fibrosis 

(Pala et al. 2019a, b). Interestingly, our previous study using the myocardial-specific PKD 

knockout mice also shows heart-specific effects, including cardiac hypertrophy and fibrosis 

(Amirrad et al. 2021). We therefore believe that human PKD is a complex multi-organ 

disease; the complexity of cardiac functions depends on the heart itself (Amirrad et al. 2021) 

and its physiological interactions with the blood vessels (Amirrad et al. 2021) and kidney 

cyst expansion (Chapman et al. 1990; Nauli 2011).

In our current mouse studies, we utilized Pkd2flox/flox mice with cardiac-specific mutation 

(MyH6Cre). Because MyH6Cre is known to be highly efficient (Huang et al. 2021), our 

mouse model carried mutations in both Pkd2 allele. Although we were not able to perform 

mutation analysis in the PKD human samples, it is fair to assume that our PKD donors 

had inherited a germline mutation from their parents. It is our assumption that, like the 

“second hit” occurring in the kidneys of the PKD patients (Dong et al. 2021; Ong et al. 

1999), a potential “second hit” could have also occurred in different organs including the 

hearts. Consistent with this assumption, many PKD patients are also characterized by cystic 

livers (Cnossen and Drenth 2014), cardiomyopathies (Chebib et al. 2017), and others. Given 

a potential “second hit” in the heart, heart disease in PKD does not necessarily have to be 

associated with hypertension as indicated in our PKD patients.

Our current study also showed left ventricular hypertrophy (LVH) and interstitial fibrosis 

based on the histopathologic analysis of human PKD heart tissue. This tissue remodeling in 

PKD hearts was associated with increased ECM, perivascular fibrosis, and His-Purkinje 

fibrosis which could result in an alteration of ventricular properties, disruption of the 

myocardial contraction (systolic dysfunction), and increased myocardial stiffness (diastolic 

dysfunction) (Amirrad et al. 2021). Perivascular fibrosis could also disrupt myocardial 

perfusion, which could lead to myocardial ischemia and worsen the cardiac function (Khan 

and Sheppard 2006). Furthermore, cardiac fibrosis and His-Purkinje fibrosis could cause 

inhomogeneous tissue structure, which disrupts electrical impulse propagation and plays a 

key role in the arrhythmogenicity of PKD hearts (Amirrad et al. 2021, Pala et al. 2019a, b).
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TGF-β1 is a profibrotic cytokine that is generally known as a mediator for the production 

of extracellular matrix proteins and fibrosis in many different organ systems, including the 

heart (Khan and Sheppard 2006; Parker et al. 1990; Villarreal and Dillmann 1992). TGF-β1 

is also a key mediator in hypertrophic ventricular remodeling and cardiomyocyte growth 

(Hanna and Frangogiannis 2019). In our present study, the cardiac TGF-β1, its receptors, 

and its downstream signaling pathways in PKD heart samples were evaluated. Our study 

revealed the overexpression of TGF-β1 and its receptor in left ventricles which could be the 

etiology behind the interstitial fibrosis and cardiac hypertrophy.

To study the downstream effect of TGF-β1, we evaluated phosphorylated Smad3 (pSmad3) 

and β-catenin expressions in the hearts. It is generally known that increased β-catenin 

signaling in the cardiac fibroblasts results in increased ECM and cardiac fibrosis (Lin et al. 

2017; Ma et al. 2018). Previous studies have also shown that overexpression of β-catenin is 

sufficient to induce hypertrophic growth in cultured adult myocytes in vitro (Haq et al. 2003) 

and in vivo (Chen et al. 2006). Our data demonstrated that the expression of the β-catenin 

in the cardiac myocytes was significantly higher in PKD than non-PKD hearts. Smad3 has 

a critical role in the fibroblast activation and cardiac fibrosis in response to the TGF-β1 

or pressure overload (Khalil et al. 2017). Our data showed significantly higher expression 

of pSmad3 in the whole cardiac cells, including cytosol and nucleus, in PKD compared 

to the non-PKD hearts. This finding suggested TGF-β1 canonical pathway and pSmad3 as 

important mediators in fibrotic responses in PKD human hearts.

Along with fibroblast, macrophage infiltration is an additional source of TGF-β1 production 

(Kuwahara et al. 2004), and macrophage infiltration has been shown in the fibrotic area in 

hypertrophic hearts (Hinglais et al. 1994). Our data showed that macrophage M1 and M2 

infiltration was significantly higher in PKD heart tissue. This suggested that macrophage 

M1 and M2 might play crucial roles in cardiac inflammation and, subsequently, myocardial 

fibrosis in ADPKD.

PKD hearts showed increases collagen I and myofibroblasts. After stress or injury, cardiac 

fibroblasts transform into myofibroblasts, resulting in increased ECM and α-smooth muscle 

actin secretion (Francisco et al. 2020; Kong et al. 2014). Consistent with our data, collagen 

type I synthesis is increased in myocardial fibrosis and results in the cardiac dysfunction 

(Querejeta et al. 2004). The Hippo-YAP pathway has an important role in modulating 

cardiomyocyte proliferation and survival (Leach et al. 2017; Lin et al. 2014; Matsuda et al. 

2016; Shao et al. 2014). However, recent studies have demonstrated the opposing function of 

YAP1 in cardiac fibroblast, which can result in cardiac fibrosis (Francisco et al. 2020). Our 

data indicated that while YAP was increased in PKD myocytes, there was no accumulation 

of nuclear YAP in PKD. This could probably account for the phosphorylated YAP that 

retained in the cytoplasm in its inactivated form (Chen et al. 2020).

In summary, our study suggested that hypertrophy and fibrosis occur in human PKD 

hearts. We report increased TGF-β1 and its receptor followed by pSmad3 and β-catenin 

overexpression, which potentially could be the underlying signaling pathway responsible for 

cardiac abnormality in human PKD (Fig. 7).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

• Histopathology analyses of PKD patients’ hearts show an increase in 

extracellular matrix associated with cardiac hypertrophy and fibrosis.

• Hypertrophy- and fibrosis-associated pathways are upregulated in human 

PKD hearts.

• Human PKD hearts are grossly infiltrated by inflammatory macrophage M1 

and M2.
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Fig. 1. 
Human PKD hearts are characterized by hypertrophy. Cardiac hypertrophy is defined by 

larger cardiomyocyte overall cell and nucleus size. a–f Wheat-germ agglutinin (WGA) was 

used for cell membrane staining to measure myocyte size, and DAPI staining was used 

to measure nuclear size. Representatives of left ventricle cardiomyocyte hypertrophy and 

nuclear size are shown. g, h Myocyte and nuclear size were quantified. i, l Distribution 

graph of individual sample from each human heart is shown. N = 5 human hearts for each 

non-PKD and PKD group. **p < 0.01
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Fig. 2. 
The hypertrophy in PKD hearts is characterized by larger myocyte nucleus and overall cell 

size. a–d Masson’s trichrome stain was performed on non-PKD and PKD human hearts to 

show cell and nuclear sizes. Color circles represent a random selection of each myocyte 

and nucleus used for quantitative measurement. The insert shows a representative example 

of a single nucleus (white circles). e, f PKD myocytes and nuclei are larger than those of 

non-PKD. g–j Distribution graph of individual samples from each human heart is shown. N 
= 5 human hearts for each non-PKD and PKD group. *p < 0.05; **p < 0.01
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Fig. 3. 
Human PKD hearts are characterized by myocardial disorganization and fibrosis. Masson’s 

trichrome stain was performed on non-PKD and PKD human hearts. a, b Cell organization 

and matrix surrounding myocytes are shown. PKD hearts are further evidenced to have 

disorganized myocardial structure and myocyte disarray with increased extracellular matrix 

and collagen fibers (blue arrows). c, d PKD hearts are shown to have interstitial fibrosis (IF) 

and perivascular fibrosis (PVF) as indicated the blue arrows. e, f Purkinje fibers (PF) in PKD 

hearts are shown to be fibrotic (arrows). g–i All quantitative analyses of fibrosis are shown 

for fibrosis at different parts of the hearts. j–o Distribution graph of individual samples from 

each human heart is shown. N = 5 human hearts for each non-PKD and PKD group. *p < 

0.05; **p < 0.01
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Fig. 4. 
Human PKD hearts are characterized by upregulated TGF-β1 and TGF-β1 receptor. a–d 
Immunohistochemistry staining demonstrated a significant increase of TGF-β1 and TGF-β1 

receptor. Expression levels of TGF-β1 and its receptor in non-PKD and PKD heart tissues 

are indicated by dark-brown color staining. e, f Quantitative analyses are shown for both 

TGF-β1 and TGF-β1 receptor. g–j Distribution graph of individual samples from each 

human heart is shown. N = 5 human hearts for each non-PKD and PKD group. **p < 0.01
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Fig. 5. 
Human PKD hearts are characterized by upregulated pSmad3 and β-catenin. a–l Confocal 

images were taken to show nucleus (DAPI), pSmad3 expression, and β-catenin expression. 

The confocal images of nucleus were used to indicate nuclear localization. m, n Quantitative 

analyses of pSmad3 and β-catenin are shown for total, cytosolic, and nuclear expressions. N 
= 5 human hearts for each non-PKD and PKD group. **p < 0.01
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Fig. 6. 
Human PKD hearts are infiltrated by macrophages. a–f Confocal images were taken to show 

myocyte nucleus (DAPI) with the macrophage M1 markers CD86 and eNOS. g–l Likewise, 

confocal images were taken to show myocyte nucleus with the macrophage M2 markers 

CD206 and CD163. m Quantitative analyses of each M1 and M2 marker are shown. N = 5 

human hearts for each non-PKD and PKD group. **p < 0.01
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Fig. 7. 
Hypothetical diagram summarizing the pathogenesis of human PKD hearts. We hypothesize 

that hearts from PKD patients are infiltrated by macrophages secreting local TGF-β1 

Subsequent activation of TGF-β1 receptor results in overexpression of pSMAD3 and 

β-catenin. Translocation of pSMAD3 and β-catenin to the myocyte nucleus further 

substantiate the fibrotic pathway activation. The over-expression of TGF-β1 receptor further 

exacerbates the activation of fibrotic pathways resulting in hypertrophy characterized by 

increases in myocyte/nucleus size and perivascular/interstitial fibrosis
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