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Abstract
Background—Hurler syndrome (mucopolysaccharidosis type I/H, MPS I/H) is a lethal heritable
enzymopathy that leads to accumulation of glycosaminoglycans (GAGs) and dysfunction of
multiple organs of the body, including the heart.

Aim—As gender differences are common in heart disease and a murine model for
mucopolysaccharidosis type I (MPSI) has been used for pre-clinical evaluations of strategies to
correct heart valve disease in Hurler syndrome, we wished to determine the impact of gender on
heart disease in the mucopolysaccharidosis type I murine model.

Methods—We have examined murine hearts by high resolution ultrasound biomicroscopy,
measured tissue and urinary content of GAGs, and determined quantitative reverse transcribed
ribonucleic acid polymerase chain reaction for metalloproteinase 9 and 12.

Results—Aortic insufficiency (AI) in conjunction with depressed myocardial function was
observed significantly more often in MPSI males than MPSI females. Neither total body GAG
burden nor myocardial GAG content was responsible for this difference. In contrast, expression of
extracellular matrix tissue MMP-12, but not MMP-9, in the aorta was significantly elevated in
MPSI males with AI when compared to MPSI females with AI.

Conclusions—Gender dimorphism occurs in cardiac valvular disease in MPSI mice. Male
MPSI mice have an increased incidence of AI associated with an increase in MMP-12 aortic arch
content. Evaluation of findings by gender is important in experimental treatment of murine models
of disease so that gender-related variations in genetic penetrance are not mistaken for disease
correction.
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Introduction
Population sex differences are commonly recognized in human cardiac disease(1–4) but
have been only recently appreciated in murine models of cardiac disease (5,6). A murine
model of mucopolysaccharidosis Type I (MPSI) with aortic dilation and valvar aortic
insufficiency (AI) as part of its phenotype (7–11) has been used to develop strategies for
correction of its human counterpart, known clinically as Hurler syndrome
(mucopolysaccharidosis type I/H, MPS I/H). During the course of our studies it became
apparent that gender differences were an important, and previously unreported, facet of this
murine model.

In humans, Hurler syndrome is a lethal heritable inborn error of metabolism due to
mutations in the α-L-iduronidase (IDUA, EC 3.2.1.76) gene (12). The resulting
enzymopathy leads to progressive accumulation of glycosaminoglycans (GAGs), disruption
of the normal function of the cellular lysosomes, and dysfunction of multiple organs of the
body, including the heart. Within the human heart GAG deposition is responsible for
thickening and subsequent stenosis and/or regurgitation of atrioventricular and semilunar
valves, ventricular hypertrophy and marked myointimal proliferation of epicardial coronary
arteries (13–15). Left untreated, death occurs within the first decade of life from cardiac or
respiratory failure (16). In humans, hematopoietic stem cell transplantation significantly
prolongs life and reverses some, but not all, of the effects of this disorder: ventricular
hypertrophy regresses and late death from coronary artery disease has not been reported
(17–20). Cardiac valvular thickening and insufficiency however continue to progress (17).

In order to develop therapeutic strategies that allow for the correction of valvular disease, we
and others utilize the MPSI murine models, which mimic human cardiac disease, especially
in the occurrence of aortic valve thickening and regurgitation (8–11). Accumulation of GAG
in MPSI mice is known to increase with age (8) but, until now, gender differences have not
been studied in this model.

Materials and Methods
Fifty-two aged (≥299 days) male and female IDUA deficient mice (C57BL/6J-MPSI; MPSI
mice) developed by Dr. Lorne Clarke (University of British Columbia) were available for
study (7). All animal studies were approved by the University of Minnesota Institutional
Review Board and mice were maintained in accordance with established NIH guidelines.

Cardiac ultrasound was performed in mice under inhaled isoflurane anesthesia utilizing a 40
MHz probe and the Vevo 660 high resolution ultrasound biomicroscope (VisualSonics,
Toronto, Ontario). M-mode images were obtained in short –axis for determination of
shortening fraction. B-mode imaging of the aortic root was obtained in modified right
parasternal long-axis view. Doppler interrogation was performed in long- and short-axis
beneath the aortic valve for determination of aortic insufficiency and in the high right
parasternal position for determination of aortic diastolic retrograde flow, a measure of severe
aortic regurgitation.

In 29 of 52 mice that had been previously assessed by cardiac ultrasound, cardiac apex and
aortic arch tissue were available for analysis. GAG quantification was performed as
previously described (8). Total RNA was extracted from the aortic arch using Invitrogen’s
TRIzol reagent (Invitrogen Corp., Carlsbad, CA). Gene expression was analyzed by
quantitative real-time PCR (ABI 7500 RT-PCR System; Applied Biosystems, Foster, CA)
using primers and probes for: MMP9 and MMP12 (ABI Cat. No. Mm00442991_m1 and
Mm00500554_m1), and an endogenous control, GAPDH (Mm99999915_m1). Fold
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difference was represented as RQ (2−(ΔΔCt )), where RQ is relative quantification, Δ is a
change in value, and Ct is a threshold of PCR cycle.

Differences in the incidence of AI were compared by Fisher’s exact test; comparison of
differences in ultrasound parameters and GAG content were made by unpaired t-testing;
comparison of fold-differences in MMP9 and MMP12 were made by Mann-Whitney testing
of nonparametric data, p<0.05 considered significant in all instances.

Results
Aortic Insufficiency and Depressed Myocardial Function are More Prevalent in Male than
Female MPSI Mice

Fifty-two mice (26 males, 26 females) underwent evaluation for aortic insufficiency, left
ventricular size and function by high resolution ultrasound biomicroscopy (Table 1).
Although female mice were significantly older than males (p = 0.0299), aortic insufficiency
(AI) was observed more often in MPSI males (20/26; 77%) than MPSI females (11/26;
42%) (p =0.0227) (Table 1). Within each gender, mice with AI were not significantly older
than mice without AI (Table 1).

Left ventricular internal diameter in diastole (LVIDD) paralleled mouse weight (Table 1),
both being significantly greater for males when compared to females (p=0.0002 and 0.0001,
respectively) (Table 1). The presence of AI significantly increased LVIDD in female mice
(p=0.0046) and approached significance in male mice (p=0.0838)(Table 1). Left ventricular
systolic function, as measured by shortening fraction, was significantly decreased in MPSI
males compared to MPSI females (p=0.0029). While SF in mice without AI did not differ
between males and females (Table 1), the presence of AI was associated with a significant
decrease in SF for males (p=0.0492) but had no significant effect upon SF in female mice
(p=0.1390) (Table 1).

The presence of aortic insufficiency was associated with a specific appearance of the aortic
root (Figure 1) which included effacement of the sino-tubular ridge and dilation of the
ascending aorta. This pattern was observed in 19 of 20 male and 5 of 6 female mice with
aortic insufficiency. The aortic root was not adequately imaged to comment upon
appearance in 2 mice (I each, male and female).

Whole Body and Heart GAG Content Does Not Correlate with Valve Disease
As GAG storage is currently considered to be the primary consequence of the enzymopathy
in MPSI, we investigated whether the presence of AI was related to increased systemic
(assessed as urinary GAG) or local GAG content. Urinary GAG content was not
significantly different in MPSI males versus MPSI females. Neither was urinary GAG
content different in MPSI males without AI versus MPSI males with AI, MPSI females
without AI versus MPSI females with AI (all p > 0.05, Table 2). Similarly, heart muscle
GAG content was not significantly different between any of the experimental groups (all p >
0.05, Table 2). We concluded that neither total body GAG burden nor myocardium GAG
accumulation were likely responsible for the increased incidence of AI in males versus
females with MPSI.

Matrix metalloproteinase-12 is significantly greater in male than female MPSI mice
When compared to wild-type controls, aortic arch mRNA levels of both MMP-9 and
MMP-12 were significantly elevated in both male and female MPSI mice (Table 2) as has
been previously reported by others (21). No differences were observed in aortic arch
expression of MMP-9 in MPSI mice related to gender or the presence or absence of AI. In
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contrast, aortic arch MMP-12 expression was significantly elevated in MPSI males with AI
when compared to females with AI (p < 0.05, Table 3).

Discussion
Gender differences, such as the increased incidence of both coronary artery disease and
abdominal aortic aneurysm in men (1–4) are well described in human cardiovascular
pathophysiology but similar differences have only recently been appreciated in intact murine
models of disease (5,6). Aortic root dilation has long been known to be the commonest
definable cause of aortic regurgitation in aging humans (22). The incidence of aortic
regurgitation is directly related to aortic root diameter (23) and associated with male gender
(3). To our knowledge, the aging MPSI mouse is the only model reported to date with
spontaneously occurring aortic root dilation and subsequent aortic valvar insufficiency (8,9).

The major finding of this study is that the high levels of MMP-12 expression in the aortic
arch of male MPSI mice, not GAG accumulation, correlated with an increased incidence of
aortic insufficiency and depressed myocardial function when compared to female MPSI
mice. We recognize that our study is limited by the lack of histological and detailed
immunohistochemical analyses. Nevertheless, defective elastin assembly due to excess GAG
accumulation has been implicated in the pathogenesis of aortic dilation in human Hurler
disease (24). In additional support of this contention, enhanced activation of MMP-12 and
cathepsin, two elastin degrading proteins, have recently been demonstrated in the dilated
aortas of 6 month old MPSI mice (gender not specified) when compared to wild type mice
(21).

While a full understanding of the pathophysiology of aortic dilation, either human or
murine, is unknown and likely to be complex, the available evidence implicates sex-steroids
as a contributor (25–27). Matrix metalloproteinase-9 and TIMP-1 have been found to be 10-
fold greater in male than female rat aortic smooth muscle cells when stimulated with
interleukin-1 beta consistent with the increased ease of aneurysm formation in male, rather
than female, rats (6). In other studies, orchiectomy, but not ovariectomy, attenuates the
formation of abdominal aortic aneurysms in rats (28). To date, gender differences have not
been reported in the cardiac phenotype of human MPS I, likely because the most common
phenotype begins and completes its natural history within the first decade of life.

The targeted disruption of a single gene, resulting in the development of the Clarke MPSI
mouse model, theoretically limits the phenotypic differences that are present in human MPSI
with its extensive genomic variability (29, 30). While this approach has allowed elucidation
of a reproducible cardiac phenotype, it is remarkable that, in spite of the single gene defect,
not all male mice developed aortic regurgitation, a fact that likely implicates other non-
genetic factors in the development of aortic regurgitation and the clinical phenotype.

In summary, our findings of increased incidence of AI and depressed cardiac function in
male MPSI mice have been correlated not with GAG burden but rather with an increased
incidence of aortic MMP-12 within the aortic wall. Our study highlights the importance of
evaluating the effect of gender in murine models of disease, especially when considering
therapies aimed at correction.
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Figure 1.
B-mode image of aortic root and Doppler interrogation of aortic valve in male mice > 300
days of age without (Figure 1A) and with (Figure 1B) aortic insufficiency. Note normal
appearance of sino-tubular ridge (white arrow) in absence (Figure 1A) of aortic
insufficiency and effacement of sino-tubular ridge (white arrow) in the presence (Figure 1B)
of high velocity aortic insufficiency signal (*).
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Table 1

Gender Differences in Aortic Insufficiency in MPSI Mice.

Male Female P value

(N tested) (N tested)

Age (±SD) 334.7±33 days (26) 362.4±48 days (26) 0.0184

     AI absent 339.3±43 days (6)* 367.5±49 days (15)**

     AI present 333.3±30 days (20) 355.6±47 days (11)

Weight (±SD) 35.8 ± 4.2 gm 28.2 ± 4.0 gm 0.0001

AI 20/26 11/26 0.0227

LVIDD (±SD) 5.3±1 mm (26) 4.2±0.8 (26) 0.0002

     AI absent 4.6±0.4 mm (6)† 3.86±0.2 mm (15)††

     AI present 5,47±1.1 mm (20) 4.72±1 mm (11)

Shortening fraction (SF) 22.3±6.4 (26) 27.6±5.7 (26) 0.0029

     AI absent 26.7±4.5 (6)††† 29.0±5.4 (15)‡

     AI present 21.0±6.3 (20) 25.6±5.7 (11)

*
p=0.6974 age males AI− compared to age males AI+;

**
p=0.5407 age females AI− compared to age females AI+;

†
p=0.0838 LVIDD males AI− compared to males AI+;

††
p=0.0046 LVIDD females AI− compared to females AI+;

†††
p=0.0492 SF males AI− compared to SF males AI+;

‡
p=0.1390 SF females AI− compared to SF females AI+. AI, aortic insufficiency.
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Table 2

Gender Differences in GAG in MPSI mice

GAG

Urine
GAG/creatinine1

Heart
GAG/protein

(N tested) (N tested)

Male 16.8±7.6 (23)* 31.4±8.1 (10)*

     AI absent 15.1±7.4 (7)** 30.2±14.6 (3)**

     AI present 17.6±7.7 (16) 31.9±5.2 (7)

Female 17.8±7.3 (21)* 33.8±9 (7)*

     AI absent 15.8±4.2 (12)** 33.5±10 (3)**

     AI present 20.6±9.6 (9) 34.0±10 (4)

WT2 1 (5)*** 2 (11)***

*
p-value > 0.05 all MPSI males compared to MPSI females

**
p-value > 0.05 AI− compared to AI+ within same gender.

***
p-value < 0.05 when compared to any mutant group

1
No significant differences in creatinine values among the cohorts were observed.

2
No gender differences were observed in WT mice, therefore the data from males and females were pooled. AI, aortic insufficiency; WT, wild

type.
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Table 3

Gender Differences in ECM Enzyme Expression1 in MPSI Mice

MMP9 MMP12

Apex (N) Aorta (N) Apex (N) Aorta (N)

Males 6.7±2.8 (9)* 5.4±2.5 (7)* 13.4±9.2 (10)† 74.5±56.6 (9)†

     AI+ 6.6±3 (8)** 4.6±1.5 (6)** 12.7±5.8 (8)†† 73.4±60.4 (8)†††

Females 5.9±2.4 (6) 4.5±3.2 (6) 7.8±5.8 (6) 36.4±19.7 (6)

     AI+ 5.2±0.5 (3) 3.6±1.2 (3) 6.5±3 (3)** 5.7±2.6 (3)

*
p-value >0.05 MMP9 in apex or aorta of MPSI males vs MPSI females

**
p-value >0.05 MMP9 in apex or aorta of MPSI males AI+ vs. MPSI females AI+

†
p-value >0.05 MMP12 in apex, and >0.05 in aorta of MPSI males vs MPSI females

††
p-value >0.05 MMP12 in apex of MPSI males AI+ vs MPSI females AI+

†††
p-value = 0.0242 MMP12 in aorta of MPSI males AI+ vs MPSI females AI+ For both MMP9 and MMP 12: p-value < 0.05 WT mice vs. any

mutant group.

1
Normalized to expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold difference in comparison to wild-type mRNA

expression is shown.

AI, aortic insufficiency; WT, wild type.
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