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Abstract

Mucopolysaccharidosis type | (MPS IH) is a lysosomal storage disease (LSD) caused by
inactivating mutations to the alpha-L-iduronidase (IDUA) gene. Treatment focuses on IDUA
enzyme replacement and currently employed methods can be non-uniform in their efficacy
particularly for the cardiac and craniofacial pathology. Therefore, we undertook efforts to better
define the pathological cascade accounting for treatment refractory manifestations and
demonstrate a role for the renin angiotensin system (RAS) using the IDUA™~ mouse model.
Perturbation of the RAS in the aorta was more profound in male animals suggesting a causative
role in the observed gender dimorphism and angiotensin receptor blockade (ARB) resulted in
improved cardiac function. Further, we show the ability of losartan to prevent shortening of the
snout, a common craniofacial anomaly in IDUA™~ mice. These data show a key role for the RAS
in MPS associated pathology and support the inclusion of losartan as an augmentation to current
therapies.
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Introduction

The renin angiotensin system (RAS) controls systemic pressure and fluid balance and there
is growing evidence that supports the existence of multiple, autonomously acting, intra-
organ RASs that regulate the local levels of angiotensin 11 (ang I1) (Lubel et al 2008; van
Esch et al 2008; De Mello and Frohlich 2011). Ang |1 signals primarily through the
angiotensin type 1 (AT1R) or type 2 (AT2R) receptors. AT1R signaling has been shown to
activate multiple pathways with an associated increase in cytokine and matrix
metalloproteinase (MMP) gene expression while AT2R signaling countermands these effects
(Berk 2003).

A pathogenic signature consisting of MMP upregulation, tissue architecture erosion, and
transcriptional dysregulation is observed in the aorta of human and animal models of the
lysosomal storage disease (LSD) mucopolysaccharidosis type IH (MPS IH/Hurler
syndrome). We hypothesized that RAS dysregulation is a contributing pathological feature
of MPS IH and would therefore benefit from angiotensin receptor blockade (ARB) with
losartan.

Lysosomal enzymes mediate the degradation of glycosaminoglycans (GAG) and a lack of
IDUA leads to the accumulation of GAG metabolites causing systemic pathology (Neufeld
and Meunzer 2001). Treatment with recombinant enzyme replacement therapy and/or
hematopoietic cell transplantation can resolve some pathogenic features; however, these do
not uniformly extend to the cardiac, and skeletal systems representing a significant
therapeutic gap (Neufeld and Meunzer 2001; Herati et al 2008; Gabrielli et al 2010).

Therefore we undertook studies in the IDUA™~ animal model that closely mimics human
MPS IH (Clarke et al 1997) and observed a molecular profile in aortic tissue consistent with
overactive RAS signaling that was more pronounced in male mice. We initiated ARB with
losartan in adult and juvenile male animals and performed serial echocardiographic (echo)
analyses and observed improved cardiac functionality when treatment was initiated in
juvenile but not adult mice. Finally, the skulls of ARB treated and untreated animals were
analyzed and demonstrated improvement in the craniofacial skeletal manifestations in
response to losartan. Collectively, our data show the benefit of losartan and indicate that
future therapies for LSDs could include ARB.

Materials and methods

Animals

Wild-type (WT) C57BL6 and IDUA™~ (C57BL6-MPS) (Clarke et al 1997) mice were
obtained from Jackson Laboratories (Bar Harbor, ME). Four groups of mice were employed
(Fig. 1a). Group 1 consisted of five adult IDUA —/- mice and four age-matched WT male
mice that underwent a single ultrasound examination between 7-8 months of age. In group
2, aortic arch tissue (/7= 3 each male/female WT and 4 each male or female IDUA™/") was
harvested and analyzed by quantitative reverse transcription PCR (qRT-PCR). Group 3 was
comprised of eight adult IDUA™~ mice that were either untreated (/7= 4) or treated (7= 4)
with angiotensin receptor blockade. Cardiac ultrasounds were performed on these mice prior
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to initiation of ARB and approximately every 6 weeks thereafter. One untreated IDUA-/-
mouse expired at 234 days and the remainder of the IDUA mice underwent elective sacrifice
at mean ages of 341.8 or 292.3 days for treated or untreated groups, respectively. Group 4
consisted of juvenile mice in an ARB treatment trial that were segregated thusly: IDUA~/~
and WT males receiving ARB (V=6 MPS mice; /= 6 WT mice); IDUA™~ and WT
without treatment (A= 6 MPS mice; V=5 WT mice). Cardiac ultrasounds were performed
on all mice prior to initiation of protocol and approximately every 6 weeks until elective
sacrifice at 262 + 9 days of age for IDUA™~ +/- ARB mice and 208 + 4 days of age for WT
mice, respectively. One spontaneous death occurred (IDUA™'~ no ARB at age 138 days).

Angiotensin receptor blockade

Losartan (AK Scientific, Union City, CA) was administered weekly in the drinking water at
a dose of 0.6 g/L.

High resolution cardiac ultrasound

Two-dimensional, pulse-wave and color Doppler cardiac ultrasound was performed on
anesthetized (2 % isoflurane) mice by a blinded single experienced user using either a Visual
Sonics 770 Imaging System with 30-mHz transducer (group 1) or a Visual Sonics 2100
Imaging System with 18-38 mHz transducer (groups 3 and 4). Two-dimensional and M-
mode images were obtained in parasternal long- and short-axis for determination of left
ventricular chamber dimensions in diastole (LVID) and systole (LVIS) for calculation of
shortening fraction (SF). M-mode measurements were obtained after discontinuation of
isoflurane as the mice were emerging from anesthesia heart rates of ~500 bpm. Two-
dimensional and pulse-wave and color Doppler images were obtained from modified high
right parasternal view for measurement of ascending aorta measured at the level of the right
pulmonary artery during peak expansion of the vessel, and for determination of the presence
of aortic regurgitation. Pulse-wave and color Doppler interrogation of the descending aorta
for the presence of flow-reversal (‘run-off’) was made from a modified high right lateral
long-axis view. Measurement of the aortic sinus and sinotubular ridge were made at
maximal valve opening from a modified left parasternal long-axis view. All measurements
were made in triplicate and values averaged. Data are summarized with the mean +/-
standard deviation and differences in outcomes between groups at the final measurement
were evaluated adjusting for baseline values with robust variance estimation for confidence
intervals and p-values (Frison and Pocock 1992; Senn 2006). Analyses were conducted
using R v3.1.1 software (https://www.r-project.org/). Premature spontaneous death in both
adult and juvenile mice occurred only in the untreated mice.

Gene expression

Aortic arch tissue was harvested and total RNA was isolated using the RNeasy Plus Micro
Kit (Qiagen, Valencia, CA) followed by reverse transcription using the SuperScript®
VILO™ cDNA Synthesis Kit (ThermoFisher, Waltham, MA). Target gene enrichment was
accomplished using the TagMan® PreAmp Master Mix Kit (ThermoFisher, Waltham, MA)
and TagMan® quantitative RT-PCR using the following probes (all from ThermoFisher):
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Probe: Gene:
Mm00802048_m1 (ACE)
MmO01159003_m1  (ACE2)
MmO01957722_s1  (ATIR)
MmO01341373_m1  (ATZR)
MmO00515586_m1  (CTSD)
MmO01255859_ m1  (CTSS)
MmO00439498_m1  (MMP-2)
Mm00442991_m1  (MMP-9)
MmO00500554 m1  (MMP-12)
Mm01178820_m1  (TG~pI)
MmO00436767_m1  (SPP1/OPN)
MmO00514670_m1  (ELN)
Mm99999915_gl1  (GAPDH)

The expression data was acquired in duplicate using the StepOnePlus™ Real-Time PCR
System and analyzed using the 272ACt method.

Geometric morphometric analysis

Skulls were scanned using a Scanco VivaCT at a resolution of 35 pm. 3D reconstructions
from these scans were then landmarked using a standard set of 54 landmarks (Hallgrimsson
et al 2009, 2015; Percival et al 2016). The sample analyzed for craniofacial shape variation
consists of IDUA™~ mice (age range of 2-8 months), 49 C57BL/6 J mice along with five
untreated and six losartan treated male IDUA™' juvenile animals from group 4. Craniofacial
shape was assessed by geometric morphometric methodology using the Procrustes
superimposition as previously described (Mitteroecker and Gunz 2009). We obtained age-
standardized residuals for each individual and then used principal components analysis to
visualize variation within the entire dataset. To compare groups, we used the Procrustes
distance permutation test and the Mahalanobis distance permutation test in Morpho J
(Klingenberg 2011). Canonical variates analysis was used to visualize shape variation
between groups but not to determine the existence of those differences.

Glycosaminoglycan quantification

Results

Tissues were homogenized in RLB (Promega, Madison, WI) and analyzed using the
dimethylmethylene blue methodology as described previously (Osborn et al 2011).

Adult mouse echocardiography and gene expression

Similar to Marfan syndrome (MFS) we observed dilatation of the aorta in IDUA™'~ mice
(Merk et al 2012) (Figs. 1b and c). However, in contrast to the dysregulation of TGF-f seen
in MFS, we did not observe significant changes to the TGF-p expression levels (Fig. 1d)
(Ma et al 2008; Metcalf et al 2010). Rather, the expression of MMP genes was elevated, a
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finding that is in agreement with MFS and previous IDUA ™'~ animal studies (Braunlin et al
2006; Ikonomidis et al 2006; Tolar et al 2009). Cathepsin D (C75D), cathepsin S (C755),
and osteopontin (OPN) gene upregulation was noted which is significant in that cathepsin S
can potentiate Ang Il signaling (Qin et al 2012), cathepsin D is capable of local conversion
of Ang I to Ang Il (De Mello and Danser 2000), and Ang Il results in OPN gene
upregulation with subsequent vascular remodeling (deBlois et al 1996).

Analysis of the receptors and enzymes directly associated with the RAS revealed a gender
dimorphism (Fig. 1d). Male IDUA™~ mice had higher AT levels than females and WT
and females had higher angiotensin-converting enzyme 2 variant (ACE2) compared to male
IDUA~~ mice. These findings are highly significant given the fact that estrogens are
associated with the upregulation of AT2R (Armando et al 2002) and ACEZ (Shenoy et al
2009; Hilliard et al 2013) gene expression suggesting the observed gender disparity (Tolar et
al 2009) may be linked to the RAS. These findings are of additional importance as they
provided impetus for ARB in IDUA™~ mice as it has been documented in MFS that
blockade of AT1R with losartan shunts Ang Il to the AT2R for its mediation of cardiac
benefit (Habashi et al 2011).

ARB treatment for MPS

Studies were structured to employ adult (~6 month; group 3) or juvenile (~2 month; group 4)
IDUA™~ animals (Fig. 1a). As a control we administered losartan to WT animals and
performed echo analyses at baseline and >200 days later. These animals showed a decrement
in shortening fraction (SF) compared to untreated with no further statistically significant
changes (Supplementary Table 1).

ARB in adult IDUA™~ animals (group 3) showed no significant differences over any
baseline parameter after 3.5 months of losartan treatment (Supplementary Table 2). These
data showed a lack of improvement in IDUA™~ mice when ARB was initiated at an
advanced age due to established disease pathology that was unable to be reversed.
Subsequently, weanling IDUA™~ mice all underwent baseline cardiac ultrasound at ~2
months (62 + 7 days) of age (Fig. 1a, group 4). We noted that the aortic sinus and ascending
aorta were larger than WT mice by 2 months of age and to insure uniformity and accuracy of
assessment we stratified the treatment groups by size-matching the ascending aorta within
the IDUA™~ groups. As such, the animals in the losartan treatment group were older (69.7
vs 55.8 days, p= 0.0016).

The echo data is shown in Table 1 and untreated IDUA ™/~ mice showed enlargement as
measured by increased left ventricular internal diameter at diastole (LVID) and systole
(LVIS). Further, the SF, a measure of left ventricular function, was decreased; all hallmarks
of LSD cardiopathology (Table 1). ARB prevented these manifestations as evidenced by a
stabilized LVID and LVIS at the endpoint compared to the baseline with a significantly
increased SF (Table 1). Additionally, the time to development of aortic insufficiency/
regurgitation was earlier for untreated IDUA™~ mice, despite their younger age, when
compared to losartan treated mice (Supplementary Fig. 1). Further, none of the IDUA™/~
plus ARB mice developed descending aortic flow reversal while 80 % of untreated IDUA~/~
mice did (Supplementary Fig. 1). To our knowledge this is the first demonstration of the
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benefit of losartan in improving the functional capacity of the heart in the IDUA™'~ model if
initiated in younger, but not older, animals.

Gene expression in losartan treated IDUA™~ mice

The MMP-12and ACE2mRNA levels in the aorta whose gene expression levels were
significantly altered by ARB (p = <0.05) are shown in Fig. 2a and b. The other analyzed
parameters (ACE, AT1, AT2, CTSD, CTSS, MMP-2, MMP-9, TGF, OPN, and ELN) did not
show statistically significant changes (data not shown). To rule out any effect of ARB on
GAG accumulation levels, we assessed GAG concentration in the liver and kidney and found
no statistical difference between the treatment and control groups (Fig. 2c). These data are
consistent with the levels of losartan induced ACEZ2 upregulation and partial MMP-12
decrement observed in other therapeutic models employing ARB (Podowski et al 2012; Zhu
et al 2015) and complement the functional improvement observed by echocardiography.

Craniofacial evaluation

A hallmark of IDUA™~ mouse skeletal disease is a prominent shortening of the snout
(Clarke et al 1997). High-resolution micro-CT with geometric morphometric analysis was
employed and, as determined by the Procrustes distance permutation test, untreated IDUA™~
mice differ significantly from C57BL/6 J mice in craniofacial shape (p < 0.0001) with
IDUA~'~ mice having shorter premaxillae, higher and more rounded neurocranial vaults, and
smaller midfacial regions (Figs. 2d and e). Bone thickness heatmapping of IDUA™~ mice
showed a significantly shorter snout that was improved by losartan treatment
(Supplementary Fig. 2).

Discussion

Here we establish a role for the RAS in MPS pathology and show that ARB can ameliorate
both the cardiac and craniofacial manifestations. Moreover, the differential expression of
RAS responsive genes observed in male and female IDUA™/~ mice provides a mechanistic
explanation for the gender dimorphism observed in the IDUA™~ murine model (Tolar et al
2009). While human MPS patients do not appear to exhibit gender differences, the highly
similar murine and human cardiac symptomology supports the investigation of ARB in MPS
patients. An important consideration will be how well pediatric MPS patients tolerate
losartan. Importantly, losartan has been evaluated for use in hypertensive pediatric patients
with low incidence of side effects (Shahinfar et al 2005; Webb et al 2010). While
hypertension was not evident in our model, the application of losatan in pediatric cardiac
disease supports investigation in the context of MPS.

Targeting the entire pathogenic spectrum with combinatorial agents that treat the primary
and secondary LSD-related pathologies has shown significant effect in a rodent model of
globoid cell leukodystrophy (Hawkins-Salsbury et al 2015). To date such ‘mechanism-
based’ strategies have been lacking in the most severe LSD, MPS IH, due to a poor
understanding of the GAG-triggered secondary pathological cascade. Toward better defining
the molecular drivers of MPS cardiac pathology Ma and colleagues assessed TGF-p gene
expression in IDUA™~ mice (Ma et al 2008) due to its role in MFS aortic pathology that at
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the gross level shares striking similarity to MPS. Both we and Ma et al observed only a
modest increase in TGF-f gene expression (Fig. 1d) with no TGF-B secondary messenger
activation (Ma et al 2008). This indicated that the mediators of MFS and MPS pathology
may be partially, but not equally, overlapping. Instead, Ma observed active STAT 1/3 and
MAPK signaling and because these pathways are responsive to Ang Il signaling via AT1R
(McWhinney et al 1997; Venema et al 1998; Ma et al 2008) we assessed whether RAS
signaling was operative in the aorta of IDUA~/~ mice. We observed an increase in the levels
of direct constituents of the RAS: ACE, ATIR, ATZR, as well as the Ang Il responsive genes
cathepsins S and D, osteopontin, MMP-2, and MMP-12 (Fig. 1d). Cathepsins are lysosomal
proteases and cathepsin D is able to generate Ang Il (Hu et al 2003), and cathepsin S has
been implicated in cardiac disease and can be inhibited by ARB with losartan (Cheng et al
2012). Intriguingly, primary IDUA loss with GAG accumulation leads to secondary
elevation of other lysosomal mRNAs (e.g., B-hexosaminidase) (Liu et al 2005) and this
appears to extend to the cathepsin family as shown by our new data. These findings
supported our hypothesis for a role of the RAS in the IDUA™~ mouse model of MPS.

We also extended our analyses to include female IDUA mice to determine whether their
lower incidence of cardiac pathology was related to the RAS (Brosnihan et al 2008; Shenoy
et al 2009; Tolar et al 2009). Our data show similar levels of A72R mRNA in males and
females but a gender disparity in AT1R, with males expressing elevated levels (Fig. 1d). The
cardioprotective ACEZ, whose expression is impacted by both estrogens and Ang Il
signaling through AT2R, was also increased in IDUA™~ females (Fig. 1d). Collectively
these data provide an explanation for the lower incidence of cardiac disease in females.
Previous studies show that Ang Il associated signaling through the AT1 receptor is primarily
responsible for pathogenic effects that can be counterbalanced by AT2R signaling (Habashi
et al 2011; Mendoza-Torres et al 2015). Further, in MFS, RAS with losartan blockade but
not with the ACE inhibitor enalapril resulted in decreased MMPs in the aorta and improved
cardiac function (Habashi et al 2011). The mechanism for this is believed to be due to
losartan AT1R blockade driving Angll to the AT2R receptor, resulting in cardiac benefit
(Habashi et al 2011). Given that the IDUA™~ male mice have elevated AT1R and AT2R we
administered losartan to adult or juvenile aged IDUA male mice to determine whether a
beneficial effect could be achieved.

Similar to the losartan-mediated effects in murine models of MFS (Cook et al 2014) and
muscular dystrophy (Spurney et al 2011), juvenile IDUA™~ mice exhibited increased SF in
response to ARB (Table 1). Moreover, the chamber dimensions (LVID and LVIS) of
losartan-treated mice were not significantly increased when compared to baseline values
(LVID 3.97 mm at baseline vs 4.01 at final measurement and LVIS 2.59 mm beginning and
2.32 mm at endpoint), while untreated IDUA™~ animals showed a statistically significant
decline of SF and pathological enlargement of the chambers (LVID 3.95 mm at baseline vs
4.76 at final measurement and LVIS 2.40 mm beginning and 3.36 mm at endpoint) (Table 1).

Molecular analysis of the aorta in ARB treated juvenile IDUA-/- mice showed a
statistically significant decrement of MAMP-12and an elevation in ACEZat levels consistent
with previous reports (Figs. 2a and b) (Gallagher et al 2008; Zhang et al 2014; Zhu et al
2015). Thus our data show the benefit of ARBs in the treatment of MPS cardiac
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symptomology and supports our model for cardiac disease and therapeutic effect shown in
Fig. 3: GAG accumulation results in secondary elevation of lysosomal enzymes (e.g.,
cathepsins) involved in local Ang Il production. Additionally, a potentiating GAG:ang Il
cycle may manifest as it has been shown that ang 11 can stimulate GAG production(Shimizu-
Hirota et al 2001) and pathogenic pathways related to GAGs and angll intersect to cause
cardiac disease. In female animals that exhibit higher basal levels of ACEZ, presumably
driven by estrogen, the Ang Il effects are attenuated accounting for the lower frequency of
severe cardiac disease in MPS females (Hilliard et al 2013). In males however, local Ang 11
and elevated levels of AT1R drives a pathogenic cascade leading to depressed cardiac
function and aortopathy characterized by upregulation of metalloproteinase genes,
degradation of elastic fibers and subsequent vessel and chamber enlargement. Blockade of
AT1R via losartan results in Ang Il agonism of AT2R and improved cardiac symptomology.

Given the role of Ang Il in bone development we also analyzed the skulls of IDUA™~
animals due to the fact that a manifestation of the disease is a shortened snout in animals and
coarse facial features in humans (Clarke et al 1997; Neufeld and Meunzer 2001). Because
any cardiac benefit related to ARB was observed only in animals treated at ~2 months of age
(Table 1) we analyzed that cohort alone and observed a modest improvement in the
shortening of the snout (Figs. 2d and €). These data are important as a dramatically blunted
snout is prevalent at a relatively early age in IDUA™~ mice (12 weeks) (Clarke et al 1997) as
well as are in agreement with another murine model with losartan that showed beneficial
effects to the skeleton (Chen et al 2015).

At present the use of IDUA was not advocated and our study was intentionally done in the
context of no therapeutic provision of IDUA enzyme. Our goal was to assess the efficacy of
ARB, and our rationale was that in order to do so the experimental animals would need to be
treated with ARB alone. Future studies will synergize the two therapeutic entities for
treating the skeletal and cardiac manifestations concurrently as part of a multifaceted
strategy to include defining the earliest stage treatment options that confer maximal
therapeutic effect.

Conclusions

We demonstrate a role for the RAS in the pathological manifestations seen in the IDUA™~
mouse model. We observed differential levels of key effectors of the RAS in the aorta of
male and female IDUA™~ mice suggesting the RAS as the cause of the observed gender
disparity in cardiac disease penetrance. By treating male mice with losartan we observed
improved cardiac function by echocardiography providing rationale for including losartan as
an augmentation to current therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Treatment groups, aortic enlargement, and gene expression analysis. a Treatment groups.
Group 1 was comprised of five adult IDUA~/~ mice and four age-matched WT mice of 7 and
8 months of age that were analyzed by echocardiography immediately prior to elective
sacrifice. Group 2 was /7= 3 each male/female WT and 4 each IDUA~/~ (age 6-8 months)
whose aortic root/arch tissue was harvested for gene quantitative expression analysis. Group
3 was 7= 4 each IDUA™/~ male animals that were left untreated or were treated with
losartan. Group 4 were juvenile IDUA™~ or WT male mice whose numbers were split into
six each in the no treatment or ARB group, respectively. X = untreated group, g weekly
refers to the weekly replacement of losartan in the animals water. Ascending aorta echo
analysis. Seven-month-old male mice were analyzed by high-resolution echo and the
diameter of their aorta measured. A representative image is shown for b WT and ¢ IDUA™-
mice and mean measurements (determined at orange line) were: WT = 1.38 mm = 0.87 mm
and IDUA™~ = 2.87 mm + 0.88 mm and, p= 0.012). d Targeted gene expression analysis in
MPS male and female mice. Aortic root/arch tissue was analyzed by gRT-PCR and was
internally normalized to the GAPDH housekeeping gene with further standardization to
reference sex and age matched C57/BI6 mice. Relative quantitation using the 2-ddCT
methodology is shown with standard deviation. * = p< 0.01 by Student’s #test. ACE =
angiotensin converting enzyme or ACEZvariant. AT = angiotensin receptor 1 or 2, CTS =
cathepsin D or S, MMP = matrix metalloproteinase, TGF = transforming growth factor,
OPN = osteopontin, £ELN = elastin. WT mice (7= 3), IDUA™~ each for age matched male
or female mice (7= 4)
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Fig. 2.

anntitative gene expression and glycosaminoglycan storage analysis. Group 4 (juvenile)
IDUA™~ mice (treated, 7= 6 or untreated, 7= 5 with losartan) were analyzed by qRT PCR
for a MMP-12and b ACEZwith normalization to GAPDH with untreated IDUA-/- animals
in the cohort serving as the reference. p=0.023 for MMP-12and p = 0.010 for ACE2
(Student’s #test). ¢ GAG measurement. The liver and kidney of each animal was harvested
for GAG measurement and is shown as micrograms of GAG per milligram of tissue.
Standard error of the mean is shown and ns = not statistically significant. p= 0.277 for
kidney and 0.725 for liver (Student’s #test). Geometric morphometric analysis of three-
dimensional craniofacial shape. d Principal components (PC) plot showing variation within
and among the untreated IDUA~'~ group controls (red dots), C57BI/6 WT (purple dots), age
and sex matched losartan treated (green dots) or untreated IDUA™~ (light blue dots) groups
analyzed. For craniofacial shape e 3D morphs showing the shape variation along principal
component 1. From left to right are representative images of untreated or losartan treated
IDUA™~ or WT mice. Blue bracket indicates the region of the skull that was normalized by
losartan
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Fig. 3.

Lc?cal RAS-driven model for MPS cardiac disease. a IDUA gene architecture and X
indicates a gene mutation resulting in loss of IDUA enzymatic activity. b In the aorta, GAG
accumulation results in upregulation of multiple genes including cathepsins that are capable
of converting Ang I to Ang Il. Ang Il exerts its pathological effects through the type |
angiotensin receptor (AT1R) that results in upregulation of MMPs and diminished ACE2.
ARB shunts the Ang Il to the AT2R through which beneficial effects (increased ACE2 and
decreased MMP gene expression) are mediated. The structural benefits are an aorta with a
smaller size, normalized shortening fraction, and less thickening of the chambers (observed
by decreased LVID and LVIS)
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