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Abstract

Introduction: The heart undergoes myocardial remodeling during progression to heart failure 

following pressure overload. Myocardial remodeling is associated with structural and functional 

changes in cardiac myocytes, fibroblasts, and the extracellular matrix (ECM) and is accompanied 

by inflammation. Cardiac fibrosis, the accumulation of ECM molecules including collagens and 

collagen cross-linking, contributes both to impaired systolic and diastolic function. Insufficient 

mechanistic insight into what regulates cardiac fibrosis during pathological conditions has 

hampered therapeutic solutions. Lumican (LUM) is an ECM-secreted proteoglycan known to 

regulate collagen fibrillogenesis. Its expression in the heart is increased in clinical and 

experimental heart failure. Furthermore, LUM is important for survival and cardiac remodeling 
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following pressure overload. We have recently reported that total lack of LUM increased mortality 

and left ventricular dilatation, and reduced collagen expression and cross-linking in LUM 

knockout mice after aortic banding (AB). Here, we examined the effect of LUM on myocardial 

remodeling and function following pressure overload in a less extreme mouse model, where 

cardiac LUM level was reduced to 50% (i.e., moderate loss of LUM).

Methods and Results: mRNA and protein levels of LUM were reduced to 50% in 

heterozygous LUM (LUM+/−) hearts compared to wild-type (WT) controls. LUM+/− mice were 

subjected to AB. There was no difference in survival between LUM+/− and WT mice post-AB. 

Echocardiography revealed no striking differences in cardiac geometry between LUM+/− and WT 

mice 2, 4, and 6 weeks post-AB, although markers of diastolic dysfunction indicated better 

function in LUM+/− mice. LUM+/− hearts revealed reduced cardiac fibrosis assessed by 

histology. In accordance, the expression of collagen I and III, the main fibrillar collagens in the 

heart, and other ECM molecules central to fibrosis, i.e. including periostin and fibronectin, was 

reduced in the hearts of LUM+/− compared to WT 6 weeks post-AB. We found no differences in 

collagen cross-linking between LUM+/− and WT mice post-AB, as assessed by histology and 

qPCR.

Conclusions: Moderate lack of LUM attenuated cardiac fibrosis and improved diastolic 

dysfunction following pressure overload in mice, adding to the growing body of evidence 

suggesting that LUM is a central profibrotic molecule in the heart that could serve as a potential 

therapeutic target.
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Introduction

Left ventricular pressure overload leads to increased wall stress, cardiac remodeling, and 

ultimately heart failure if left untreated. Cardiac remodeling encompasses molecular, 

cellular, and interstitial changes that manifest clinically as alterations in geometry and 

function of the heart following cardiac load or injury. Cardiac remodeling includes 

alterations at the level of cardiac myocytes, cardiac fibroblasts (CFB), and the extracellular 

matrix (ECM) [1]. Primarily, structural modifications of the heart exert a compensatory 

effect to maintain normal cardiac function [2, 3]; however, sustained stress and remodeling 

lead to progressive and irreversible dysfunction and failure of the heart [4].

During cardiac remodeling in response to pressure overload, cardiac fibrosis is induced, 

affecting the structure and function of the heart [5, 6]. Excessive accumulation of fibrillar 

collagens and collagen cross-linking lead to cardiac fibrosis characterized by wall stiffening 

and impaired systolic and diastolic function [7]. There is insufficient mechanistic insight 

into what regulates cardiac fibrosis. Thus, development of effective drugs to treat cardiac 

fibrosis and improve cardiac function is hampered.

Proteoglycans are proteins substituted with covalently attached glycosaminoglycan chains 

and are major components of the ECM along with collagens [8]. Proteoglycans such as 
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syndecans, glypicans, fibromodulin (FMOD), and biglycan play important roles in pressure 

overload-driven cardiac remodeling, including hypertrophic growth, fibrosis, and 

inflammation [9–13]. Lumican (LUM) is a keratan sulfate small leucine-rich proteoglycan 

localized to the ECM. Like FMOD, it binds directly to fibrillar collagens [14] and regulates 

collagen fibrillogenesis in tissues such as the cornea, tendon, and skin [15]. LUM levels are 

increased in fibrotic lesions of patients with pulmonary fibrosis and human atherosclerotic 

coronary arteries [16, 17], and LUM is important for progression of hepatic fibrosis [18]. It 

is expressed in the developing heart [19, 20], and we have previously shown that cardiac 

LUM levels are increased in clinical and experimental heart failure [21–23]. Recently, we 

have shown that LUM knockout mice (LUMKO) exhibit increased early mortality, 

exacerbated left ventricular dilatation, and reduced contractility following pressure overload 

[24]. Interestingly, collagen cross-linking and cardiac collagen expression are reduced in 

LUMKO mice following pressure overload, suggesting a role in cardiac fibrosis [24]. In line 

with this, it has been suggested that attenuated expression of the proteoglycans LUM, 

FMOD, and decorin in CXCR5-deficient mice leads to LV dilatation and heart failure 

following pressure overload [22]. Thus, these data suggest that LUM is essential for 

preserving myocardial function and ECM structure in pressure overload.

Here, we studied the effect of moderately reduced LUM levels in the heart. LUMKO mice 

are extremely fragile and show high perinatal death [20, 24]. Since total lack of LUM is 

nonphysiological, has developmental effects, is lethal in itself in most of the embryos, and 

the surviving mice show increased mortality upon myocardial stress, interpretation of 

cardiac function from LUMKO data remains difficult along with low numbers of available 

animals. Previous studies have shown that LUM expression levels are regulated by gene 

dosage effects, with heterozygous LUM+/− mice having ~50% of LUM levels seen in wild-

type (WT) mice [25]. Thus, in the present study, we subjected heterozygous LUM+/− mice 

to pressure overload in vivo to examine how moderate reduction in cardiac LUM levels 

affects survival, cardiac remodeling, and function.

Methods

Animal Experiments

Animal experiments were approved by The Norwegian Animal Research Committee 

(protocol IDs 4531 and 11669), and conformed to the Guide for the Care and Use of 

Laboratory Animals (National Institute of Health (NIH, MD)). Heterozygous LUM+/− and 

WT littermates were produced from heterozygous intercrosses of LUM+/− mice, and 

genotyping was performed on ear biopsies at weaning age (3–4 weeks [w] of age) [24]. 

Adult (9–10 w old) male WT and LUM+/− mice were subjected to banding of the ascending 

aorta (AB) by inserted O-ring with inner diameter of 0.61 mm (AB) and a nitrile rubber 

piece (SHAM), as previously described [26]. Mice were intubated and ventilated with a 

mixture of 98% oxygen and 2% isoflurane on a Mini-Vent ventilator (Harvard Apparatus, 

Holliston, MA, USA). AB was performed through a left-sided, muscle-saving thoracotomy 

under a dissecting microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). Mice 

received pre- and postoperative analgesia by subcutaneous injection of 0.02 mL (0.3 mg/mL) 

buprenorphine. Animals with sufficient degree of aortic constriction (maximal flow velocity 
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[Vmax] 4 m/s over the stenosis) 24 h post-AB were included. Echocardiography was 

performed by an experienced researcher blinded to genotype before AB (baseline), and 2, 4 

and 6 w after AB, on mice breathing a mixture of 1.75% isoflurane and 98.25% O2 on a 

mask, using the VEVO 2100 system (VisualSonics, Toronto, ON, Canada). Mice were 

anesthetized with 5% isoflurane and sacrificed by cervical dislocation 6 w post-AB. Heart 

and lungs were rapidly excised, rinsed in PBS and blotted dry. Heart and lungs were 

weighed, and normalized to body weight. Hearts were cut with a razor blade at the mid-

ventricular plane. The basal biventricular part was used for histology, while from the apical 

part, the LV was dissected, snap-frozen in liquid nitrogen and stored at −70° for RNA or 

protein analyses. Under basal conditions, no obvious phenotypical differences were 

observed between LUM+/− and WT mice.

Histology and Quantification

Wheat germ agglutinin staining was performed to measure cardiomyocyte cross-sectional 

area as previously described [24]. Picrosirius Red staining was performed to measure 

fibrosis and collagen cross-linking using bright field and polarized light, respectively, [10] as 

described [24]. Image J was used for quantification as described [24].

Gene Expression Analysis

Total RNA was extracted, cDNA synthesized, and Fast Real Time PCR System or ddPCR 

was performed, as described [24].

Protein Analysis

Immunoblotting was performed on protein lysates from cells and LV tissues, as described [9, 

11, 27]. Enzymatic deglycosylation of LUM was performed using PNGase F (1 μL/1 h/37 

°C), as described [24, 28].

Statistics

Data are expressed as mean ± standard error of the mean. Statistical analysis was performed 

using the GraphPad software (Prism 7). p < 0.05 was considered as statistically significant. 

The use of parametric or nonparametric tests was based on results from analyses of 

distributions. Statistical significance was determined using Student’s t test and one-way 

ANOVA with Dunn’s post hoc test and Mann-Whitney rank sum test. Survival rates were 

calculated using the log-rank (Mantel-Cox) test.

Results

LUM Expression Was Reduced in Hearts of Heterozygous LUM+/− Mice

Cardiac LUM levels were assessed in the hearts of LUM+/− and WT control mice. As 

expected, cardiac LUM mRNA was reduced (0.46-fold) in LUM+/− versus WT (Fig. 1a). 

We found no compensatory change in cardiac FMOD mRNA levels (Fig. 1a), a closely 

related keratan sulfate proteoglycan [13, 29–31]. Glycosylated LUM was, as expected [21, 

24], detected as a 50- to 75-kDa protein in protein lysates from LUM+/− and WT hearts 

(Fig. 1b), and we detected no nonglycosylated LUM in the heart tissue (37-kDa core 
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protein) (Fig. 1b). LUM protein levels in the hearts were quantified in two ways: from 

untreated heart lysates (glycosylated LUM at 50–75 kDa) and after PNGase F treatment of 

lysates (37-kDa band). In line with the observed LUM mRNA reduction (Fig. 1a), 

quantification of both untreated and deglycosylated heart samples showed a comparable 

reduction of LUM protein in LUM+/− hearts (reduced to 0.55-fold and 0.67, respectively, 

vs. WT mice) (Fig. 1a, b).

No Difference in Survival between LUM+/− and WT Mice following Pressure Overload

To assess the role of LUM in heart failure progression and cardiac remodeling, heterozygous 

LUM knockout (LUM+/−) and WT adult mice were subjected to pressure overload by AB. 

In accordance with our previously published data [21], left ventricular LUM levels were 

increased in WT mice after AB compared to respective SHAM controls (Fig. 2a). Following 

6 w of AB, LUM+/− mice showed comparable mortality compared to WT (Fig. 2b, p = 

0.19), indicating that a moderate reduction in cardiac LUM level does not impact 

significantly on survival following pressure overload within the time frame examined. There 

was no difference in survival between the two genotypes post-SHAM operation (Fig. 2b). 

Thus, comparable survival in LUM+/− and WT mice upon pressure overload suggested that 

studying the effects of moderate reduction in LUM levels in the heart would be possible 

without mortality as a confounding factor, as seen in the LUMKO mice [24].

Cardiac Function and Geometry of LUM+/− and WT Mice following Pressure Overload

Echocardiography was performed in adult, untreated LUM+/− mice and WT littermate 

controls, and we observed no differences in cardiac dimensions and function at baseline 

(Table 1). Serial echocardiography was performed at 2, 4, and 6 w post-AB, and hearts and 

lungs were harvested at 6 w post-AB for molecular analysis. Overall, postmortem organ 

weights and echocardiography revealed similar cardiac phenotypes in LUM+/− and WT at 2, 

4, or 6 w post-AB (Table 1).

LUM+/− and WT mice developed hypertrophic remodeling compared to baseline WT 2 and 

4 w post-AB, and compared to SHAM WT controls 6 w post-AB (Table 1). Hypertrophic 

remodeling was measured by interventricular septum and posterior wall thicknesses, and 

relative wall thickness. Hypertrophic remodeling was increased to a similar degree in LUM

+/− and WT compared to baseline WT and SHAM controls times post-AB, as assessed by 

echocardiography (Table 1). In line with this, the cross-sectional area of cardiomyocytes, 

assessed by histology, and postmortem heart weight (Fig. 3a, b) were increased to a similar 

degree in LUM+/− and WT compared to SHAM 6 w post-AB.

During progression of cardiac remodeling from 2–6 w post-AB, left ventricular inner 

diameter (LVID) was not altered in LUM+/− and WT mice compared to baseline WT and 

SHAM controls (Table 1). Contractile function assessed as fractional shortening (FS%) was 

reduced to a comparable degree in LUM+/− and WT compared to SHAM WT 6 w post-AB 

(Table 1). The echocardiographic measures used to estimate myocardial compliance and 

diastolic function, MVE and Mdec, were significantly lower in LUM+/− mice than in WT 

mice 6 w post-AB, indicating more severe diastolic dysfunction in the latter (Table 1). Lung 

weight (Fig. 3b) and left atrial diameter (Table 1) were similarly increased in both genotypes 
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compared to SHAM WT at 6 w post-AB, suggesting similar degree of congestion. As 

expected with heart failure, the cardiac expression of signature heart failure molecules ANP 

and BNP (encoded by NPPA and NPPB, respectively) were increased (Fig. 3c) after AB, and 

in accordance with echocardiography data and postmortem organ weights, increased in both 

genotypes to a comparable extent. We have recently shown by RNA sequencing that the 

heart failure signature molecule GDF15 is among the top 10 most downregulated molecules 

in LUM KO 2 w post-AB [24], and in accordance with reduced LUM levels in the hearts of 

LUM+/− mice, mRNA levels of GDF15 were reduced versus WT 6 w post-AB (Fig. 3c).

Reduced Cardiac Fibrosis in LUM+/− Mice after Pressure Overload

Importantly, we examined whether a moderate reduction in LUM levels altered fibrotic 

remodeling after pressure overload. As expected, the fibrotic area was increased in both 

genotypes post-AB compared to SHAM, as assessed by histology (Fig. 4a). Importantly, 

total collagen deposition in LUM+/− mice versus WT hearts 6 w post-AB was reduced (Fig. 

4a). Moreover, histology revealed a trend towards reduced collagen cross-linking in LUM+/

− versus WT 6 w post-AB (p = 0.16, Fig. 4a). In line with reduced fibrosis in LUM+/− mice, 

mRNA expression of COL1A2 and COL3A1 (encoding collagen I and III, respectively), the 

two major structural collagens in the heart, was increased in both genotypes after AB 

compared to SHAM, but to a lesser extent in the left ventricles of LUM+/− mice versus WT 

6 w post-AB (Fig. 4b). Reduced fibrosis was further supported by lower mRNA levels of the 

ECM proteins POSTN (encoding perisotin) and FN (encoding fibronectin) in left ventricles 

of LUM+/− versus WT 6 w post-AB (Fig. 4c). Expression of the collagen cross-linking 

enzyme lysyl oxidase was increased in both genotypes 6 w post-AB compared to SHAM, 

with no difference between the two genotypes (Fig. 4c). The mRNA level of myofibroblast 

differentiation marker SM22 tended to be reduced in LUM+/− versus WT post-AB (p = 

0.07, Fig. 4d), whereas α-smooth muscle actin (αSMA, encoded by ACTA2) was similar in 

the two groups (Fig. 4d). mRNA levels of the central profibrotic transforming growth factor 

beta (TGFβ), and its downstream transcription factor levels of SMAD2/3 were not altered 

between LUM+/− and WT post-AB (Fig. 4f, g). Finally, we found no difference in the 

activation level of the proinflammatory transcription factor NFκB (Fig. 4g). Expression 

levels of matrix metalloproteinase-9 (MMP9) and −2 (MMP2), proteinases involved in 

fibrosis, were not different between LUM+/− and WT (Fig. 4e). Expression of the 

proliferating cell nuclear antigen PCNA was unaltered in LUM+/− and WT post-AB versus 

SHAM, and we found no differences between the two genotypes (Fig. 4h), suggesting no 

difference in cell proliferation. Finally, the expression of the ECM proteoglycans FMOD, 

decorin, and biglycan were similarly increased in the hearts of LUM+/− and WT 6 w post-

AB (Fig. 4h).

Inflammation in LUM+/− Mice after Pressure Overload

Finally, we examined whether a moderate reduction in LUM levels altered inflammation in 

LUM+/− and WT hearts 6 w post-AB or SHAM. We found that mRNA expression of 

immune cell surface markers leukocytes, CD45 (encoding cluster of differentiation 45) and 

CD11a (encoding cluster of differentiation 11), T cells, CD3 (encoding cluster of 

differentiation 3), and macrophages F4/80 (encoding adhesion G protein-coupled receptor 

E1) were unaltered by AB 6 w versus SHAM controls (Fig. 5a) with no differences between 
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the two genotypes except for a moderate reduction in CD3 level in AB 6 w LUM+/− versus 

SHAM controls (Fig. 5a). We found no difference in the expression of immune cell adhesion 

molecules (ICAM1 and VCAM1, encoding intercellular adhesion molecule-1 and vascular 

cell adhesion molecule 1, respectively) between LUM+/− and WT 6 w post-AB (Fig. 5b). 

The mRNA level of ICAM was unaltered in both genotypes by AB 6 w versus SHAM 

controls; however, VCAM was increased in WT versus SHAM controls at this time point 

(Fig. 5b). Moreover, expression of interleukin (IL)-6 and IL-11 was similarly increased in 

the hearts of LUM+/− and WT 6 w post-AB versus SHAM controls, with no differences 

between the two genotypes (Fig. 5c). The mRNA levels of IL-1β and IL-10 were unaltered 6 

w post-AB versus SHAM controls and between the two genotypes (Fig. 5c). These data 

indicate that a moderate reduction in LUM level does not affect inflammation after pressure 

overload in vivo.

Discussion

In the present study, we investigated whether moderate loss of LUM plays a role in survival 

and cardiac remodeling and function following pressure overload. LUM+/− mice, with 

approximately 50% reduced LUM levels in the heart, were subjected to pressure overload by 

AB. LUM+/− and WT control mice showed comparable mortality upon pressure overload, 

with comparable hypertrophic remodeling and failure. Echocardiography indicated less 

diastolic dysfunction in LUM+/− compared to WT mice 6 w post-AB. Importantly, cardiac 

fibrosis, i.e. collagen mRNA levels and protein deposition, were reduced in LUM+/− 

compared to WT hearts post-AB, along with reduced mRNA expression of other matrix 

components such as POSTN and FN. Thus, the current study of LUM+/− mice adds to the 

growing body of evidence indicating that the ECM proteoglycan LUM regulates cardiac 

fibrosis, and that there is a gene dosage effect of LUM with regard to its effects on survival 

and cardiac remodeling after pressure overload.

We and others have previously shown that LUMKO mice, with a total lack of LUM, exhibit 

substantial perinatal mortality [20, 24]. Approximately 50% of LUMKO mice die within 24 

h after birth [20]. Furthermore, surviving LUMKO mice show a very fragile phenotype 

including corneal opacity, skin and tendon fragility, and low body weight [15, 32, 33]. When 

subjected to stress such as pressure overload, LUMKO mice also show increased early 

mortality with 24% and 62% mortality at 24 h and 2 w post-AB, respectively, compared to 

12 and 36% of WT controls [24]. This results in low numbers of viable mice when using 

LUMKO mice, which is time- and cost-consuming and might result in selection bias. To 

circumvent this obstacle when studying the role of LUM in cardiac remodeling in vivo, we 

have here used heterozygous LUM+/− mice with approximately 50% reduction in LUM 

expression. To the best of our knowledge, no studies have reported the effect of moderately 

reduced LUM on cardiac remodeling.

LUM is important for survival, pressure overload-induced survival, and heart function as 

shown in our previous study through studying LUMKO mice [24]. Here, we found no 

significant difference in survival rate between LUM+/− and WT before or after pressure 

overload in the time frame examined in this study, although a type 2 statistical error cannot 

be completely excluded (p = 0.19). We found that adult LUM+/− mice have a comparable 
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cardiac phenotype to WT under basal conditions. Upon pressure overload, LUM+/− and WT 

mice showed similarly increased heart weight and cardiomyocyte size compared to SHAM, 

indicating similar degree of hypertrophic remodeling. Moreover, cardiac contractile 

function, assessed as fractional shortening (FS%), and lung weights were altered to the same 

extent in LUM+/− and WT mice compared to SHAM WT. Increased lung weights and 

reduced contractile function were consistent with congestive heart failure in both genotypes 

compared to SHAM [34]. Mdec and MVE were lower in LUM+/− mice compared to WT 6 

w post-AB indicating a stiffer myocardium and more pronounced diastolic dysfunction in 

the latter group. There was no difference in dilatation and FS% between LUM+/− and WT 

mice post-AB. In contrast, LUMKO mice exhibit increased dilatation, hypertrophic 

remodeling, and exacerbated contractile dysfunction compared to WT mice post-AB [24]. 

These data indicate that whereas total LUM deficiency alters cardiac geometry and function, 

this is not the case with moderately reduced levels, suggesting a gene dosage effect.

An important finding in our study was that cardiac fibrosis is reduced in LUM+/− compared 

to WT hearts after pressure overload. We showed that mRNA expression and protein 

accumulation of the major cardiac collagens were reduced in the hearts of LUM+/− 

compared to WT post-AB. Supporting a direct role for LUM in cardiac fibrosis, we have 

previously shown that overexpression of LUM in CFB in vitro induces the expression of 

these collagens [24]. The importance of LUM in fibrosis has also been established in other 

tissues. LUM tissue levels are increased in fibrotic lesions of experimental and clinical 

models of cardiac, liver, and pulmonary fibrosis [16, 18, 21, 22]. Krishman et al. [18] have 

shown that lack of LUM attenuates hepatic fibrosis in mice subjected to hepatic injury 

probably due to impaired collagen fibrillogenesis. Moreover, LUM is known to induce 

fibrocyte differentiation, hence promote fibrosis in vitro [16]. Together with increased 

collagen production, increased collagen cross-linking is known to strengthen the cardiac 

matrix, leading to stiffening of the heart and hence cardiac dysfunction [35, 36]. 

Concordantly, we have shown that LUM directly upregulates the expression of the collagen 

cross-linking enzyme lysyl oxidase in CFB in vitro, and LUMKO hearts exhibit impaired 

collagen cross-linking compared to WT following pressure overload. We therefore 

hypothesized that moderate lack of LUM would affect cross-linking, but we were unable to 

demonstrate this at the level of statistical significance. Thus, moderate reduction in LUM 

affects the levels of collagens more than cross-linking.

Similar to LUM, POSTN and FN expressions have been shown to increase in several heart 

diseases [37–41]. POSTN is known to be involved in collagen fibrillogenesis and cardiac 

valve development [40, 41], and FN is known to have a key role in progression of liver and 

lung fibrosis [42–44]. We have exhibited that LUM directly upregulates the expression of 

POSTN and FN in CFB in vitro [24]. Here, we show decreased expression of POSTN and 

FN in the hearts of LUM+/− compared to WT mice. Suppression of POSTN and FN reduces 

cardiac fibrosis in murine models of heart failure, and POSTN has been suggested as a 

biomarker of ECM remodeling and myocardial fibrosis [40, 45, 46]. Together, these data 

indicate that LUM deficiency reduces cardiac fibrosis, at least partly, through regulating 

POSTN and FN. POSTN and FN are known to regulate and affect the TGFβ/SMAD 

signaling pathway in different diseases [42–44, 47–49]. POSTN deficiency has been shown 

to attenuate hepatic fibrosis through regulating TGFβ signaling [49]. Although activation of 
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TGFβ/SMAD signaling pathway is a key contributor to cardiac fibrosis following pressure 

overload [50], we were unable to demonstrate any effect of moderately reduced LUM on 

TGFβ, SMAD, and CFB activation in the present study. Thus, we speculate that the reduced 

cardiac fibrosis in LUM+/− mice post-AB might at least partly be independent on the TGFβ/

SMAD pathway, or that the regulation occurs before the examined time point at 6 w after 

AB.

MMP2 and −9 are regulated during fibrosis and inflammation, and reduced activity of 

MMP2 has been shown to attenuate cardiac fibrosis in experimental models of diabetic 

cardiomyopathy [51–53]. LUM directly upregulates the expression of MMP2 in CFBs in 

vitro [24], and we have previously shown that LUM reduces MMP9 activity in CFB in vitro 

[21]. However, we found here that the expression of MMP9 and −2 were not altered in LUM

+/− hearts compared to WT, indicating that the profibrotic role of LUM might not be directly 

through activation of MMPs. GDF15 has been shown to be associated with cardiac fibrosis 

[54, 55] and reported as a diagnostic marker of liver fibrosis [56]. Here, we showed that 

GDF15 is reduced in LUM+/− post-AB accompanied by reduced fibrosis. Whether GDF-15 

might serve as a biomarker in cardiac fibrosis or is mechanistically involved needs further 

investigation.

Immune cell infiltration and innate immunity play a role in cardiac remodeling and heart 

failure progression [11, 21, 57−60]. Bacterial lipopolysaccharide LPS and proinflammatory 

cytokines IL-1β and IL-6 have been shown to increase LUM expression in CFB in vitro 

[21]. Moreover, LUM is known to act on macrophages, CFBs, and colonic cells through the 

NFκB pathway [61, 62]. Here, we demonstrated that a moderate lack of LUM does not 

affect immune cell infiltration, mRNA expression of inflammatory cytokines IL-6 and 

IL-1β, and protein levels of NFκB. In line with this, we have recently shown that total LUM 

deficiency does not affect inflammation, as assessed by immunostaining of mid-ventricular 

sections with T-lymphocyte and macrophage infiltration markers (CD3 and F4/80, 

respectively) [24]. Further, we have shown that mRNA expression of immune cell surface 

and cell adhesion molecules was not affected in the absence or increased level of LUM in 

vivo and in vitro, respectively.

In summary, a moderate lack of LUM attenuated cardiac fibrosis and improved diastolic 

dysfunction following pressure overload in mice, adding to the growing body of evidence 

suggesting that LUM is a central profibrotic molecule in the heart that could serve as a 

potential therapeutic target.
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Fig. 1. 
Lumican (LUM) expression was reduced in hearts of LUM+/− mice. Relative mRNA levels 

of LUM and FMOD (n = 5–7; a), and protein levels of LUM (n = 7; b) in the left ventricle 

of untreated, adult heterozygous LUM+/−, and WT control mice without (uncut) and with 

(cut) deglycosylation treatment with PNGase F, an enzyme which separates all the 

glycosaminoglycan chains from the core protein. mRNA was normalized to expression of 

ribosomal protein L32 (RPL32), while vinculin was used for protein loading control. For 

immunoblotting, recombinant (Rec.) LUM was used as positive control and left ventricles 

from LUMKO mice as negative control. LUM appears as a 37-kDa core protein after de-

glycosylation with PNGase F, and was quantified both as total glycosylated LUM (50- to 75-

kDa smear) (uncut) and 37-kDa core protein (cut). The 75-kDa band is unspecific. Data are 

presented as mean ± SEM. Statistical differences were tested using an unpaired t test vs. 

WT, ** p < 0.01; * p < 0.05.
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Fig. 2. 
No difference in survival between LUM+/− and WT following pressure overload. a Relative 

left ventricular mRNA levels of LUM in LUM+/− and WT mice 6 weeks (w) post-AB. 

mRNA expressions were normalized to expression of ribosomal protein L32 (RPL32). b 
Kaplan-Meier survival curve showing % survival of heterozygous LUM+/− and WT mice up 

to 6 w post-aortic banding (AB) or SHAM operation. All SHAM-operated LUM+/− and WT 

mice survived. Number of surviving mice is noted under the graph, n SHAM = 8–10. 

Statistical differences were tested using one-way ANOVA with Dunn’s post hoc test vs. WT 

SHAM, *** p < 0.005, ** p < 0.01, or an unpaired t test LUM+/− vs. WT AB, δδδ p < 0.005 

(a), and log rank (Mantel-Cox) test vs. WT AB (b).
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Fig. 3. 
Similar hypertrophic growth in LUM+/− and WT mice after pressure overload. 

Heterozygous lumican knockout (LUM+/−) and WT mice were subjected to aortic banding 

(AB) or SHAM operation, and the left ventricle harvested for histology and molecular 

analyses 6 weeks (w) post-surgery. a Representative images of mid-ventricular histology 

sections stained with wheat germ agglutinate to measure cardiomyocyte cross-sectional 

areas (CSA) (n SHAM = 8–10, n AB = 14–17). Scale bar = 50 μm. b Heart and lung weights 

were normalized to body weight (HW/BW and LW/BW, respectively) (n SHAM = 8–10, n 
AB = 14–17). c Relative left ventricular mRNA levels of signature molecules of heart 

failure, ANP and BNP (encoding atrial and brain natriuretic peptides, respectively), and 

growth differentiation factor (GDF) 15 (n SHAM = 8–10, n AB = 14–17). mRNA expression 

was normalized to expression of ribosomal protein L32 (RPL32). Data are presented as 

mean ± SEM. Statistical differences were tested using one-way ANOVA with Dunn’s post 

hoc test vs. WT SHAM, *** p < 0.005; ** p < 0.01; or an unpaired t test LUM+/− vs. WT 

AB, δ p < 0.05.
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Fig. 4. 
Reduced collagen deposition in hearts of LUM+/− mice after pressure overload. 

Heterozygous lumican knockout (LUM+/−) and WT mice were subjected to aortic banding 

(AB) or SHAM operation, and the left ventricle was harvested for histology and molecular 

analyses 6 weeks (w) post-surgery. a Representative images of mid-ventricular histology 

sections stained with Picrosirius red visualizing fibrillar collagens. Fibrotic area = area of 

red staining/total area in % (n SHAM = 8–9, n AB = 14–15). Scale bar 50 μm. b-f, h 
Relative left ventricular (LV) mRNA levels of fibrillar collagens I and III (COL1A2 and 
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COL3A1, respectively), extracellular matrix protein periostin (POSTN) and collagen-

binding protein fibronectin (FN), transforming growth factor beta (TGFβ), collagen cross-

linking enzyme lysyl oxidase LOX, matrix metalloproteinases-9 (MMP9) and −2 (MMP2), 

myofibroblast differentiation markers α-smooth muscle actin (αSMA, encoded by ACTA2) 

and SM22, proliferating cell nuclear antigen (PCNA), and proteoglycans fibromodulin 

(FMOD), decorin (DCN), and biglycan (BGN) (n SHAM = 8–10, n AB = 14–17). g 
Representative immunoblots and quantitative total levels of SMAD2/3 and NFκB inhibitor 

IKBα in the LV of LUM+/− and WT 6 w post-AB. mRNA expression was normalized to 

expression of ribosomal protein L32 (RPL32). Coomassie staining was used as a loading 

control. Data are presented as mean ± SEM. Statistical differences were tested using one-

way ANOVA with Dunn’s post hoc test vs. WT SHAM, *** p < 0.005; ** p < 0.01; * p < 

0.05, or an unpaired t test vs. WT AB, δδ p < 0.01; δ p < 0.05.
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Fig. 5. 
No exacerbation of immune cell infiltration in LUM+/− mice post-AB. a-c Left ventricular 

mRNA expression of immune cell surface markers: leukocytes, CD45 (encoding cluster of 

differentiation 45) and CD11a (encoding cluster of differentiation 11), T-cells, CD3 

(encoding cluster of differentiation 3), and macrophages, F4/80 (encoding adhesion G 

protein-coupled receptor E1) and immune cell adhesion molecules (ICAM1 and VCAM1, 

encoding intercellular adhesion molecule-1 and vascular cell adhesion molecule 1, 

respectively), and interleukin-6 (IL-6), −11(IL-11), −10 (IL-10), and −1β (IL-1β) in LUM+/

− and WT 6 w post-AB. Statistical differences were tested using one-way ANOVA with 

Dunn’s post hoc test vs. WT SHAM, *** p < 0.005; ** p < 0.01; * p < 0.05.

Mohammadzadeh et al. Page 19

Cardiology. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mohammadzadeh et al. Page 20

Ta
b

le
 1

.

E
ch

oc
ar

di
og

ra
ph

y 
ch

ar
ac

te
ri

za
tio

n 
of

 L
U

M
+

/−
 a

nd
 W

T
 m

ic
e 

re
ve

al
ed

 n
o 

di
ff

er
en

ce
s 

in
 c

ar
di

ac
 g

eo
m

et
ry

 o
r 

fu
nc

tio
n 

in
 r

es
po

ns
e 

to
 p

re
ss

ur
e 

ov
er

lo
ad

B
as

el
in

e
A

B
 2

w
A

B
 4

w
SH

A
M

 6
w

A
B

 6
w

W
T

L
U

M
+/

−
W

T
L

U
M

+/
−

W
T

L
U

M
+/

−
W

T
L

U
M

+/
−

W
T

L
U

M
+/

−

N
5

5
10

15
10

15
10

7
11

14

IV
Sd

, 
m

m
0.

66
±

0.
03

0.
62

±
0.

01
1.

08
±

0.
03

1.
07

±
0.

03
1.

17
±

0.
05

1.
14

±
0.

04
0.

65
±

0.
02

0.
79

±
0.

06
1.

18
±

0.
04

**
*

1.
17

±
0.

04
**

*

LV
ID

d,
 

m
m

4.
33

±
0.

10
4.

26
±

0.
10

4.
13

±
0.

18
4.

39
±

0.
17

4.
27

±
0.

13
4.

65
±

0.
21

4.
08

±
0.

09
4.

29
±

0.
07

4.
61

±
0.

19
*

4.
43

±
0.

22

PW
d,

 
m

m
0.

66
±

0.
02

0.
65

±
0.

03
1.

07
±

0.
04

1.
06

±
0.

04
1.

06
±

0.
05

1.
09

±
0.

04
0.

55
±

0.
02

0.
68

±
0.

04
1.

17
±

0.
09

**
*

1.
14

±
0.

06
**

*

LV
ID

s,
 

m
m

3.
64

±
0.

09
3.

53
±

0.
11

3.
44

±
0.

23
3.

80
±

0.
19

3.
88

±
0.

15
4.

19
±

0.
25

3.
37

±
0.

09
3.

52
±

0.
07

4.
27

±
0.

21
4.

02
±

0.
25

L
A

D
, 

m
m

1.
51

±
0.

05
1.

45
±

0.
04

2.
45

±
0.

10
2.

38
±

0.
08

2.
71

±
0.

08
2.

74
±

0.
08

1.
47

±
0.

06
1.

50
±

0.
08

2.
98

±
0.

13
**

*
2.

95
±

0.
16

**
*

M
V

E
, 

m
m

 ×
 s

−
1

–
–

89
3.

60
±

85
.3

9
77

0.
86

±
59

.2
0

86
5.

20
±

52
.7

2
75

0.
47

±
55

.4
2

65
7.

56
±

36
.3

4
67

8.
71

±
22

.3
7

78
6.

21
±

44
.1

1
64

3.
45

±
37

.6
1§

M
de

c,
 

m
m

 ×
 s

−
2

–
–

6,
64

7.
00

±
89

7.
46

5,
39

6.
29

±
42

7.
48

6,
25

8.
50

±
63

4.
94

4,
80

6.
60

±
42

1.
59

3,
30

7.
67

±
17

2.
79

3,
27

2.
71

±
77

.0
5

5,
15

6.
20

±
37

4.
39

**
*

3,
91

1.
00

±
25

6.
81

§

H
R

, 
be

at
s 

×
 

m
in

−
1

–
–

46
9.

41
±

21
.1

5
48

4.
40

±
12

.2
4

51
2.

90
±

8.
82

49
8.

40
±

8.
58

42
3.

11
±

10
.0

1
40

1.
60

±
10

.3
0

51
4.

51
±

13
.8

8
47

3.
00

±
14

.6
4

FS
, %

15
.8

9±
1.

27
17

.1
2±

0.
69

17
.3

6±
2.

36
14

.0
9±

1.
33

9.
38

±
1.

10
10

.7
6±

1.
52

17
.2

7±
1.

82
17

.9
5±

1.
16

7.
64

±
1.

29
*

9.
68

±
1.

38
*

R
W

T,
 

%
30

.5
7±

0.
63

30
.0

0±
1.

33
27

.5
3±

1.
12

25
.9

4±
1.

21
28

.6
0±

1.
64

26
.7

1±
1.

96
29

.7
2±

1.
12

34
.4

6±
2.

03
52

.3
1±

4.
42

**
*

53
.7

8±
3.

84
**

*

E
ch

oc
ar

di
og

ra
ph

y 
as

se
ss

m
en

t o
f 

he
te

ro
zy

go
us

 L
U

M
 k

no
ck

ou
t (

L
U

M
+

/−
) 

an
d 

W
T

 m
ic

e 
at

 b
as

el
in

e 
an

d 
at

 2
, 4

, a
nd

 6
 w

ee
ks

 (
w

) 
po

st
-A

B
 o

r 
SH

A
M

 c
on

tr
ol

 o
pe

ra
tio

ns
. W

T,
 w

ild
-t

yp
e;

 I
V

Sd
, i

nt
er

ve
nt

ri
cu

la
r 

se
pt

um
 in

 d
ia

st
ol

e;
 P

W
d,

 p
os

te
ri

or
 L

V
 w

al
l t

hi
ck

ne
ss

 in
 d

ia
st

ol
e;

 L
V

ID
d/

s,
 le

ft
 v

en
tr

ic
ul

ar
 in

te
rn

al
 d

ia
m

et
er

 in
 d

ia
st

ol
e/

sy
st

ol
e;

 M
V

E
, m

itr
al

 v
el

oc
ity

 (
E

 w
av

e)
; M

de
c,

 m
itr

al
 v

el
oc

ity
 d

ec
el

er
at

io
n 

ra
te

; F
S,

 
fr

ac
tio

na
l s

ho
rt

en
in

g;
 R

W
T,

 r
el

at
iv

e 
w

al
l t

hi
ck

ne
ss

; L
A

D
, l

ef
t a

tr
ia

l d
ia

m
et

er
. D

at
a 

ar
e 

pr
es

en
te

d 
as

 m
ea

n 
±

 S
E

M
. S

ta
tis

tic
al

 d
if

fe
re

nc
es

 u
si

ng
 o

ne
-w

ay
 A

N
O

V
A

 w
ith

 D
un

n’
s 

po
st

 h
oc

 te
st

 v
s.

 W
T

 S
H

A
M

 o
r 

un
pa

ir
ed

 t 
te

st
 v

s.
 W

T
 S

H
A

M
 (

LV
ID

d 
W

T
 A

B
 v

s.
 W

T
 S

H
A

M
 a

t 6
w

, F
S%

 W
T

 A
B

 a
nd

 L
U

M
+

/−
 A

B
 v

s.
 W

T
 S

H
A

M
 a

t 6
w

)

**
* p 

<
 0

.0
05

**
p 

<
 0

.0
1

* p 
<

 0
.0

5,
 a

nd
 a

n 
un

pa
ir

ed
 t 

te
st

 v
s.

 W
T

 A
B

§ p 
<

 0
.0

5.

Cardiology. Author manuscript; available in PMC 2020 November 18.


	Abstract
	Introduction
	Methods
	Animal Experiments
	Histology and Quantification
	Gene Expression Analysis
	Protein Analysis
	Statistics

	Results
	LUM Expression Was Reduced in Hearts of Heterozygous LUM+/− Mice
	No Difference in Survival between LUM+/− and WT Mice following Pressure Overload
	Cardiac Function and Geometry of LUM+/− and WT Mice following Pressure Overload
	Reduced Cardiac Fibrosis in LUM+/− Mice after Pressure Overload
	Inflammation in LUM+/− Mice after Pressure Overload

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Table 1.

