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Abstract

Pompe disease (OMIM 232300) is an autosomal recessive disorder caused by mutations in the gene en-
coding acid α-glucosidase (GAA) (EC 3.2.1.20), the enzyme responsible for hydrolyzing lysosomal glycogen. 
The primary cellular pathology is lysosomal glycogen accumulation in cardiac muscle, skeletal muscle, and 
motor neurons, which ultimately results in cardiorespiratory failure. However, the severity of pathology and 
its impact on clinical outcomes are poorly described in smooth muscle. The advent of enzyme replacement 
therapy (ERT) in 2006 has improved clinical outcomes in infantile-onset Pompe disease patients. Although 
ERT increases patient life expectancy and ventilator free survival, it is not entirely curative. Persistent mo-
tor neuron pathology and weakness of respiratory muscles, including airway smooth muscles, contribute to 
the need for mechanical ventilation by some patients on ERT. Some patients on ERT continue to experience 
life-threatening pathology to vascular smooth muscle, such as aneurysms or dissections within the aorta 
and cerebral arteries. Better characterization of the disease impact on smooth muscle will inform treatment 
development and help anticipate later complications. This review summarizes the published knowledge of 
smooth muscle pathology associated with Pompe disease in animal models and in patients.
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Background

Pompe disease is a devastating glycogen storage disease caused by a deficiency in acid α-glucosidase 
(GAA), an enzyme that is essential for lysosomal glycogen hydrolysis (1). Lack of functional GAA leads to 
the accumulation of glycogen throughout many organ systems, most notably in the heart and skeletal muscle. 
Pompe disease is an autosomal recessive disorder of GAA enzyme deficiency. Currently, the Pompe Center 
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at Erasmus University, Rotterdam, Netherlands has described and aggregated more than 550 mutations in the 
GAA gene. There are gradient of phenotypes due to the extensive number of possible mutations. Originally 
observed in a single patient by J.C. Pompe in 1932, Pompe disease is now broadly divided in two classifica-
tions - infantile-onset (IOPD) or late-onset (LOPD), which are distinguished by clinical severity and age at 
onset (2–4).

Patients with IOPD have mutations that reduce functional GAA to levels <1% of normal (4, 5). Symptoms 
begin to present within the first few months of life and are rapidly progressive. The disease results in cardio-
megaly, respiratory failure, and ultimately death within two years of life if untreated (3, 6, 7). The infantile-
onset group is further divided into classical and non-classical IOPD, the latter of which is distinguished by 
slower progression and less severe cardiomyopathy (4, 8). A retrospective analysis of the natural course of 
IOPD found a median age of symptom onset at 2 months and median age of diagnosis at 4.7 months. Patients 
most commonly present with hypotonia, respiratory distress, muscle weakness, failure to thrive, and feeding 
difficulties. As patients age, they require ventilator support due to respiratory muscle weakness and disease 
progression. The median age of first ventilator support is 5.9 months and of death is 8.7 months (3).

Late-onset Pompe disease encompasses a broader spectrum of disease than IOPD. This includes a larger 
range in age of onset, time of diagnosis, and need for ventilator support. This spectrum is due to variation 
in active GAA levels, which is reported to be 1 – 40% (7, 9, 10). Late-onset patients typically manifest with 
proximal muscle weakness that begins in early childhood through adulthood, with some patients diagnosed as 
late as 60 years of age (11, 12). Patients with LOPD have a much slower disease course defined by decreasing 
muscular and respiratory function that leads to the use of walking aides, wheelchairs, and respiratory support 
(13, 14). Respiratory failure is the leading cause of death in LOPD patients (15). Interestingly, fatal cerebral an-
eurysm rupture has also been described and is attributed to glycogen buildup in the smooth muscle of cerebral 
arteries. Life expectancy is more variable in LOPD as opposed to IOPD due to the decreased severity of the 
overall disease. The best prognostic indicator for both IOPD and LOPD is the age of symptom onset. In both 
populations, patients with later onset have less severe symptoms and slower disease course than those with an 
earlier diagnosis (3, 13, 15).

Naturally occurring generalized glycogenosis and Pompe-like phenotypes have been described in a wide 
variety of animals including Japanese quail (16), Finnish and Swedish Lapphunds (17), Brahman and Short-
horm cattle species (18, 19), and Corriedale sheep (20, 21). Laboratory generated Gaa−/− mouse models are 
an instrumental resource for understanding the mechanisms of disease pathology and treatment evaluation 
(22–24).

Following nearly 30 years of preclinical development, two seminal clinical trials in the late 1990s evalu-
ated the efficacy of the now sole FDA-approved treatment for PD. This treatment is known as enzyme replace-
ment therapy (ERT) and is comprised of recombinant human GAA (rhGAA) (25–29). Also known as alglucosi-
dase alfa or Lumizyme® (Genzyme, Cambridge, Massachusetts), ERT has substantially prolonged survival in 
many IOPD patients, predominantly by reducing cardiac hypertrophy (30, 31). However, ERT is less effective 
in patients who are cross reactive immunologic material (CRIM) negative, an indicator that they produce no 
residual GAA, due to an immune response against the enzyme (32). For patients whose symptoms are primar-
ily in skeletal muscle, ERT is less effective due to less endocytic receptors compared to cardiac muscle and 
impaired autophagy (33). The major alternative treatment currently under investigation is gene therapy, in 
which recombinant adeno-associated viral (rAAV) vectors are used to deliver a functional copy of hGAA (34, 
35). Clinical trials assessing this method are completed, ongoing, or enrolling (36–39).

Respiratory insufficiency is common in Pompe disease, with nearly 50% of all patients eventually re-
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quiring ventilator assistance, and the associated pathophysiology has many facets (8, 40–43). Skeletal muscle 
dysfunction results in macroglossia and weakness in the tongue, which then obstructs the upper airway. Dia-
phragm and accessory muscle weakness reduce respiratory capacity. Additionally, decreased hypoglossal and 
phrenic nerve innervation of the tongue and diaphragm, respectively, exacerbates the dysfunction in these 
muscles (44–48). Recently, new respiratory system symptoms, such as bronchomalacia and tracheomalacia, 
have been reported in patients surviving longer on ERT (49). These symptoms indicate that glycogen accumu-
lation in smooth muscle also contributes to respiratory insufficiency.

While extensive attention is given to cardiac and skeletal muscle, few studies have comprehensively in-
vestigated how glycogen accumulation in smooth muscle plays out in the pathophysiology. This review sum-
marizes available preclinical data and case studies indicating smooth muscle dysfunction in the respiratory, 
vascular, gastrointestinal, and genitourinary systems. Our aim is to examine the current literature to generate 
an up-to-date and comprehensive understanding of the impact of Pompe disease on smooth muscle throughout 
the organ systems. A breakdown of findings by system is shown in Table 1. Additionally, we have included 
original figures as examples of representative smooth muscle sections in the Pompe disease mouse model.

Table 1. Summary of Pompe disease clinical reports citing smooth muscle pathology
Smooth muscle 

location
Findings Clinical correlate

Frequency 
of symptoms

References

Aorta Glycogen deposition in the media of 
aorta with large ascending aneurysm

Cerebrovascular 
events, Aneurysms,  
Dilative arteriopathy

>20 patients (11, 88, 89, 92)

Coronary artery Glycogen deposition (11)
Carotid artery Glycogen deposition (56, 65, 87)
Arteries and 
veins

Glycogen deposition in smooth muscle 
cells only
Sparing other cell types

(11, 14, 65, 74–76,  
78, 79, 82, 88, 89, 
91–95, 105, 118)

Eye Glycogen accumulation in the iris 
sphincter muscle and ciliary body

Strabismus, Ptosis,  
Myopia

>10 patients (65, 108, 119)

GI tract Glycogen deposition in the tunica 
muscularis and muscularis mucosa of 
the GI tract, as well as esophagus and 
stomach

Nausea, vomiting,  
Diarrhea,  
Abdominal pain,  
Dysphagia

>5 patients (11, 54, 65, 96,  
105, 118)

Genitourinary Glycogen deposition in the muscularis 
propria of the bladder

Urinary incontinence >5 patients (11, 65, 67, 96,  
102, 105, 107)

Arrector Pili Glycogenosomes and autophagic 
vacuoles

Not described >5 patients (109)

Airway Glycogen deposition in the trachea, 
bronchi and bronchioles, 
Reduced bronchoconstriction, 
Impaired calcium signaling in smooth 
muscle cells

Band-like atelectasis, 
Bronchomalacia, 
Tracheomalacia

<5 patients (36, 49, 113)

Uterus Glycogen deposition Not described Only in mice (67)
Spleen Glycogen deposition in the capsule 

and trabeculae
Not described Only in mice (67)
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Methods

Selection of manuscripts
Manuscripts were identified using the search term (((((airway[Title/Abstract]) OR vasc*[Title/Ab-

stract]) OR gastrointest*[Title/Abstract]) OR urin*[Title/Abstract]) OR smooth muscle[Title/Abstract]) AND 
pompe*[Title/Abstract] in PubMed.

Periodic acid-Schiff staining
Heterozygous Gaatm1Rabn mice were obtained from The Jackson Laboratory (24). They were bred to gen-

erate Gaa−/− and B6;129 WT littermates that were maintained in accordance with Duke University Institu-
tional Animal Care and Use Committee (IACUC). They were euthanized at six months of age and smooth 
muscle (esophagus and bladder) was fixed in glutaraldehyde solution. The samples were processed, embedded 
into plastic, and sectioned by the Duke University Research Electron Microscopy Core. The 2μm sections were 
stained with Periodic acid-Schiff’s reagent (Sigma) according to manufacturer’s instructions. Briefly, sections 
were hydrated for 5 min, then incubated with preheated Periodic Acid, followed by incubation with preheated 
Schiff’s reagent for 15 min. Sections were counterstained with Toluidine Blue, then dehydrated in an increas-
ing gradient of ethanol. Tissues were imaged using a Leica DMRA2 Compound Microscope with OpenLab 
Software.

Results

Literature search
Our search yielded 106 results published in English. Of these, 37 related directly to smooth muscle pathol-

ogy in Pompe disease and are referenced here. The remaining 69 manuscripts were excluded for the following 
reasons: not pertaining to Pompe disease, not pertaining to smooth muscle symptoms or biochemical and his-
tological analysis, and/or the manuscript was a review. We also included 11 manuscripts that were not obtained 
by the original search, but were referenced within the manuscripts of the original search.

Airway smooth muscle
Respiratory insufficiency is among the most common symptom that Pompe disease patients experience; 

often it is the first that raises concern of a problem (8, 40, 50). In a study of both IOPD and LOPD patients, 
respiratory distress was the reported presenting symptom in at least 50% of patients (50). Both tachypnea 
and dyspnea or rapid and labored breathing are reported (51–53). Pulmonary function tests (PFTs) are used to 
evaluate respiratory muscle strength and disease progression (8).

The sequela of respiratory system dysfunction include increased respiratory infections and reduced sleep 
quality (8, 54–57). Aspiration pneumonia can occur and can be a serious infection with long lasting effects. 
Even when appropriately treated, patients who contract pneumonia in their first three years of life have re-
duced PFTs (58). Patients also have significantly higher risks for sleep disordered breathing and obstructive 
sleep apnea (OSA) (59), both of which decrease quality of life (QoL) scores (59). The treatment for respiratory 
insufficiency, distress, and OSA is respiratory support at levels ranging from non-invasive ventilation (NIV) 
to tracheostomy and continuous ventilator support. Non-invasive ventilation encompasses continuous positive 
airway pressure (CPAP) and bilevel positive airway pressure (BiPAP). Both CPAP and BiPAP require masks, 
which can be uncomfortable. The treatment itself can cause airway dryness, congestion, ulceration of the skin 
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where the mask contacts the face, and abdominal distention or flatulence as air enters the stomach incidentally. 
As the disease progresses, NIV is no longer sufficient to maintain adequate ventilation of the lungs. Once con-
tinuous ventilator support is required, a patient may undergo a tracheostomy to have a tube inserted into their 
upper airway. This allows for mechanical ventilation without the need for orotracheal intubation. Early com-
plications include obstruction of the tube and pneumothorax or subcutaneous emphysema. Late complications 
include tracheal stenosis, ulceration around the trachea tube or fistula formation, decreased ability to speak, 
and readmission (60–62).

According to a comprehensive study of 225 patients, respiratory failure is the most common cause of 
death among non-classical IOPD and LOPD patients (15). Respiratory failure was reported in more than 72% 
of patients of those analyzed in this study (15). While respiratory insufficiency is traditionally attributed to 
weakness of the diaphragm and tongue as well as respiratory motor neuron pathology (40, 44, 46–48, 63, 64), 
recent studies of surviving IOPD patients and the Gaa−/− mouse reveal the importance of respiratory smooth 
muscle involvement (49, 65, 66).

Pena et al. reports the only findings regarding glycogen accumulation in the human airway smooth mus-
cle. In the postmortem autopsies they found mild to moderate glycogen accumulation within the bronchi of the 
three patients (65). All of these children experienced respiratory illnesses that contributed to their deaths. Two 
required ventilation assistance to address obstructive apnea and hypoventilation.

In cattle with generalized glycogenosis, two affected calves died within the first year of life. Both calves 
showed symptoms of severe respiratory distress and red froth in the trachea (18). Bijvoet et al. performed 
histological analyses using their Pompe disease mouse model and observed glycogen accumulation within the 
mice bronchioles (67).

Keeler et al. provides the first in depth look at the impact of Gaa-deficiency on airway smooth muscle 
in the most commonly used Gaa−/− mouse model generated by Raben et al (24, 66). Glycogen accumulation 
within smooth muscle cells of the trachea and bronchi disrupted the cellular architecture. Electron micro-
graphs also revealed enlarged lysosomes within the trachealis smooth muscle in Gaa−/− mice which were 
clearly absent in controls (66). In addition, the airway of Gaa−/− mice were hyporesponsive to the bronchocon-
strictive agent methacholine, indicating that the glycogen accumulation within smooth muscle cells impaired 
their contractility. Finally, at a molecular level, there was reduced calcium signaling in Gaa−/− airway smooth 
muscle cells. The researchers hypothesize that reductions in sustained contractility were secondary to im-
paired calcium influx to the cell (66). Periodic acid-Schiff positive (PAS+) staining indicated accumulation 
in the smooth muscle layer of the trachealis from adult Gaa−/− mice, whereas wildtype mice were devoid of 
glycogen deposits (Fig. 1A, B).

Effects of ERT
Despite the advent of ERT, case reports indicate that many patients still require some form of mechani-

cal ventilation (31, 49, 54, 65). Pena et al. describes three IOPD patients who received ERT for 2.5, 4, and 15 
months yet still suffered cardiorespiratory failure (65). Upon autopsy, glycogen accumulation was found within 
the respiratory tracts of each child (65). A female patient diagnosed at 9 years old began experiencing deterio-
ration of her respiratory system after five years on ERT. Her FVC and FEV1 levels had decreased more than 
30% over the preceding three years (49). Investigation of her airways led to the novel finding of tracheomalacia 
and bronchomalacia. This deterioration of the lower airway luminal diameter increases the work of breathing 
and can precipitate respiratory distress. Tracheomalacia/bronchomalacia is also associated with more frequent 
respiratory illnesses with longer subsequent recovery times (68). Her left bronchus was weakened so greatly 
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Fig. 1. Glycogen Deposits found within Airway Smooth Muscle of Gaa−/− Mouse.
Representative images of fixed and plastic embedded tissue, sectioned, and stained with 
Periodic Acid-Schiff reagents to detect glycogen, then counterstained with Toluidine Blue. 
2μm sections from the trachealis of six-month-old (A) wildtype and (B) Gaa−/− mice are 
indicative of the smooth muscle found along the airway musculature. Aggregates of pink 
puncta indicate large deposits of glycogen within lysosomes. Scale bar = 20 μm.

that more than 90% of the lumen was collapsed, which required a metallic stent be implanted (49). A similar 
finding was noted in a teenage male who required an emergency bronchoscopy while under anesthesia (69). He 
had complete effacement of his distal trachea and bronchi. Evaluation of tracheo- and bronchomalacia by bron-
choscopy is not routinely performed in Pompe disease patients on ERT but should be considered in patients 
with progressive respiratory distress prior to initiating positive pressure ventilation. In long-term studies of 
LOPD patients on ERT, reported respiratory system responses range from minor improvements to deteriora-
tion plateaus to diminished benefits after an initial improvement (70, 71). Thus, despite ERT, airway smooth 
muscle glycogen accumulation may continue to be a problem and further studies are needed to investigate the 
impact on respiratory function in this population.

Vascular smooth muscle
In 1975, Manktelow and Hartley presented the first report of naturally occurring generalized glycogeno-

sis in an animal, which described necropsy of Corriedale sheep in New Zealand (20). They observed large 
PAS+ deposits, indicative of glycogen accumulation, in both small and large blood vessels including the aorta. 
Since then, similar findings have been described in cattle and Japanese quail (16, 72). The pathology of PAS+ 
aggregation also occurs in the smooth muscle layers of Gaa−/− mice arteries, significant in comparison to its 
complete absence in wildtype mice (Fig. 2A, B).

A vast body of published data on Pompe disease and smooth muscle focuses on the smooth muscle within 
small arteries and arterioles (11, 65, 67, 73). Clinically, the vascular smooth muscle pathology presents as a 
cerebral aneurysm, aortic aneurysm, aortic dissection, or dilative arteriopathy. In LOPD patients, both with 
and without generalized myopathy, magnetic resonance imaging (MRI) and magnetic resonance angiography 
(MRA) reveal arteriopathy within vertebrobasilar arteries, renal and iliac arteries, cerebral artery, and carotid 
arteries (14, 74–77). Interestingly, in most reports of patients with vertebrobasilar dolichoectasia, there are no 
neurological abnormalities (78). Many experience life-threatening comas, aneurysms, strokes, and microhe-
morrhages (70, 74, 75, 79, 80). These arteriopathies are frequently a presenting sign of disease, and as a result 
authors suggest that MRI and MRA be included in work-ups of all adult Pompe disease patients (74, 75, 79).

Dilation of the basilar artery is among the most common symptoms (74, 80–85). The basilar artery sup-
plies the brain with oxygen-rich blood. When cerebral arteries deteriorate and micro-hemorrhage, patients 
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experience frequent headaches as well as numbness along one side of the face that continues down the shoul-
der and arm (85–87). Weakened, glycogen-filled muscle myocytes may be the cause of dolichoectasia, which 
reduces blood flow and in one reported case caused stenosis of the cerebral artery (87). In addition to blood 
vessel occlusion, cerebral artery walls become fragile and rupture, leading to coma and fatal aneurysms (80, 
81). Winkel et al. compiles the natural histories of more than 200 patients with non-classic IOPD and LOPD, 
and finds that cerebral aneurysm rupture caused 3% of deaths - an astonishing number for an under-recognized 
symptom (15).

Fig. 2. Glycogen Deposits found within Vascular, GI, and GU Smooth Muscle of Gaa−/− Mouse.
Representative images of fixed and plastic embedded tissue, sectioned to, and stained with Pe-
riodic Acid-Schiff reagents to detect glycogen, then counterstained with Toluidine Blue. 2μm 
sections from the esophagus of six-month-old (A and C) wildtype and (B and D) Gaa−/− mice are 
indicative of the smooth muscle found along the vascular system (A and B) as well as within the 
gastrointestinal tract (C and D). 2μm sections from the bladder of (E) wildtype and (F) Gaa−/− 
mice represent the pathology present in the genitourinary. Aggregates of pink puncta indicate 
large deposits of glycogen within lysosomes. Scale bar = 20 μm.
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El Gharbawy et al. reports 5 females with LOPD who had aortic aneurysms between 3.5 – 4.5 cm in 
length, predominantly in the ascending aorta and aortic arch (88). Furthermore, aortic stiffness leading to 
increased blood pressure, a predictor of cardiovascular-related fatality, was found in a cohort of 17 LOPD pa-
tients (89). In autopsies of IOPD patients, glycogen is observed within blood vessels (65, 90).

On a cellular level, glycogen build-up and vacuoles are found in smooth muscle cells (SMCs) within the 
tunica media of larger vessels such as the carotid artery and aorta, as well as in capillaries and small vessels 
throughout multiple organ systems (11, 91, 92). In the arteries of a 40 year-old male patient, PAS+ material 
was found within lysosomes and the cytoplasm, indicating that the glycogen burden within lysosomes was too 
great and led to rupture (93). The walls of an artery with a small aneurysm were decorated with PAS+ material. 
It is likely that as glycogen accumulates the vasculature weakens and small aneurysms form, leading to further 
weakening of the vessel walls (93).

Effects of ERT
Only a few studies report vascular pathology in patients receiving ERT. A follow-up to the initial ERT 

clinical trial using rhGAA purified from rabbit milk reports that one in four patients saw reduced cytoplasmic 
and lysosomal glycogen in arteries and veins (94). In one young man receiving ERT, microhemorrhages and 
diffuse ectasia of intracranial vessels were present (86). A prospective study of 8 LOPD patients receiving ERT 
reveal that hypertension is present in patients despite ERT (76). This is corroborated by a larger study of 84 
non-classical IOPD patients, 82% of whom had been receiving ERT for an average of 5 years. In these patients, 
increased aortic stiffness correlated with an increase in blood pressure (95). Furthermore, Corti et al. describes 
an adolescent male with IOPD who began ERT immediately upon diagnosis at 15 months of age. Despite pro-
longed ERT administration, at 12 years old he suffered an intracranial hemorrhage resulting in death (37). In 
the Bijvoet et al. mouse model, glycogen decreased somewhat but not completely in arteries and veins follow-
ing 14–15 weeks of rhGAA delivery (96). This indicates that despite ERT with rhGAA, the vascular smooth 
muscle pathology persists and can result in fatal outcomes such as arterial dissections, strokes, and aneurysms.

Gastrointestinal system smooth muscle
In IOPD, reported gastrointestinal (GI)-related symptoms include gastroesophageal reflux (GER), oropha-

ryngeal dysphagia, and feeding difficulties (3, 54, 90, 97). Oropharyngeal dysphagia is reported in a patient as 
young as 15-days old (98). These symptoms result in poor weight gain, failure to thrive, inability to be fed by 
mouth, and a need for nutritional support (8). Poor feeding, GER, use of a gastrostomy tube, use of a nasogas-
tric tube, and dysphagia are also present in many of these young patients (65).

Symptoms of nausea, vomiting, chronic diarrhea, intestinal incontinence, abdominal pain, bloating, loss 
of appetite, and early satiety are less acknowledged but still present in LOPD (54). Patients not receiving ERT 
report chronic bloating, abdominal discomfort or pain, cramps, vomiting, bowel incontinence, uncontrolled 
diarrhea, poor appetite, hypercalcemia, use of a feeding tube, sensitivity to dairy, intolerance to cold, weight 
loss, gastroesophageal reflux, and chronic constipation (54, 91, 99). In a post-mortem study, one patient expe-
rienced disease onset at 4 years old but did not begin ERT until 28 years old, and was found to have a dilated 
esophagus (52). Pre-mortem, the patient suffered from severe emaciation and low albumin levels, secondary 
to GI involvement (52).

Glycogen accumulation is reported throughout the gastrointestinal tract (16, 22, 54, 65, 100). In autopsy 
studies, glycogen accumulation is found in the stomach, esophagus, small intestine, and in both infantile onset 
and late onset Pompe disease. Autopsies of two Lapland canines with glycogenosis demonstrated vacuolation 
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of the center of smooth muscle fibers within the GI tract, which likely caused the reported vomiting (101). A 
biodistribution study of the Bijvoet et al. mouse model reveals glycogen accumulation within the tunica mus-
cularis and muscularis mucosae; smooth muscle layers which line the GI tract from the small intestine to the 
colon (96). Researchers also note abnormal glycogen deposition in the gallbladders and within the capsule and 
trabeculae of spleens in Pompe mice (67, 96). Smooth muscle PAS+ staining in the stomach, cecum, and intes-
tines is also found in mice (67). Such glycogen accumulation likely influences the gastrointestinal symptoms of 
the disease. A study using Gaa−/− mice notes that intestinal blockage may have been the cause of death in the 
animals (67). Researchers found glycogen deposits within the muscularis mucosa and muscularis propria lay-
ers of the esophagus (Fig. 2C, D). In LOPD, glycogen accumulation in the smooth muscle may cause constipa-
tion and diminished bowel motility (67). Similarly, glycogen accumulation explains the intestinal dysmotility 
and impaired bowel control found in a group of IOPD patients (65).

Lysosomal dysfunction leads to the increased vacuolation of endosomes and autophagosomes that are 
detected in gastrointestinal smooth muscles (16, 20, 82, 100). In sheep, vacuolation has been observed in the 
rumen and intestine (20). Likewise, PAS+ staining-identifies vacuolation changes in the esophagus, stomach, 
and intestines of quail (16). An autopsy of a patient with LOPD showed vacuolated muscle within the lower 
esophagus, ileum, and bladder (100). Lastly, another study finds vacuolation of the gastric wall and stroma (82).

Effects of ERT
In a mouse model, glycogen accumulation was significantly reduced in the smooth muscle of the stomach 

and salivary glands after initiating ERT (96). PAS+ staining in the smooth muscle of the stomach and diges-
tive tract was also diminished (96). Early initiation of ERT could swiftly improve GI symptoms. Since GI 
smooth muscle cells have inherently less glycogen accumulation, they may take longer to progress to a severe 
accumulation stage. This is unlike cardiac muscle, type II skeletal muscle fibers, and airway smooth muscle 
(54, 66, 96).

Glycogen reduction following ERT administration ameliorates GI-related symptoms. Sacconi et al. notes 
three LOPD patients that reported gastrointestinal symptoms; two of these had chronic constipation and the 
other had gastrointestinal reflux (91). Interestingly, all of the patients with GI-related symptoms also had 
vascular irregularities (91). One year after the start of ERT, GI symptoms had resolved in all three patients 
(91). In another LOPD patient, fecal incontinence had resolved and internal sphincter pressures had alleviated 
after four months of ERT (102). Likewise, Bernstein et al. reports that all GI related symptoms in three LOPD 
patients resolved after ERT for 3, 5, and 10 months (54). The most notable symptoms that are reported to be 
resolved after ERT are chronic constipation, gastroesophageal reflux, incontinence, abdominal discomfort, 
and poor appetite (54, 91, 103, 104). However, a report on another LOPD patient who only survived 21 months 
after the start of ERT identifies unresolved smooth muscle pathology of an enlarged esophagus (52).

Genitourinary tract smooth muscle
Glycogen accumulation and vacuolated smooth muscle is found in the muscularis propria of both the 

urinary bladder and urethra of IOPD patients (100, 105). In mouse models, glycogen accumulation is found in 
the kidney, urinary bladder, and epididymis of the testes (67). Clinically, LOPD patients report urinary incon-
tinence at all stages of the disease (11, 12, 67, 102). The reported urinary incontinence in a cohort of Pompe 
disease patients was higher than that of the general population (106). However, Remiche et al. does not report 
similar findings in its cohort (102). Other reported symptoms include weak stream, post-void dribbling, bladder 
infections, and inability to stop stream (106). Lower urinary tract symptoms and urinary incontinence is also 
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associated with IOPD (107). Children have daytime incontinence, nocturia, intermittency, hesitancy, giggle 
incontinence, stress incontinence, and voiding dysfunction (107). These urinary symptoms are likely the result 
of glycogen accumulation in the smooth muscle of the GU system (106). In Fig. 2E, F, we show PAS+ glycogen 
accumulation in Gaa−/− mouse bladders.

Effects of ERT on GU smooth muscle
After the onset of ERT delivery in mice, degradation of glycogen in the bladder has been observed using 

EM microscopy (96). In one patient, nocturnal urinary incontinence resolved after 3 months of ERT (54). This 
contrasts with LOPD patients who did not see relief (99). In a post-mortem analysis of this patient the smooth 
muscle was examined and the muscularis propria of the bladder showed no clearance of glycogen (105).

Ocular Smooth Muscle
Children with IOPD have vacuolar myopathy of the ciliary body smooth muscle and the iris sphincter 

smooth muscle (65, 108). The clinical correlation of the iris smooth muscle accumulation is unclear. However, 
the involvement of the ciliary body smooth muscle increases the risk of myopia, or nearsightedness, in patients 
with Pompe disease. Ciliary muscle involvement can also increase the risk of astigmatism, which is prominent 
in patients surviving long term with infantile onset Pompe disease (65).

Dermatologic smooth muscle
Within the skin, glycogen accumulation and vacuolization occurs in the arrector pili muscles and eccrine 

glands (65, 109). Katona et al. finds that levels of accumulated glycogen correlate with the disease severity. 
More glycogen deposition and vacuolization correlates with poorer prognosis and heavier disease burden. As 
skin biopsies are relatively non-invasive and practical to perform in an outpatient setting, they may yield more 
utility in helping patients to understand their disease and give more accurate prognoses (109).

Discussion & Conclusions

As described here, the impact of Pompe disease, once thought to be limited to the cardiopulmonary 
system and limb-girdle muscles, has a broader impact on the body that involves smooth muscle to varying 
degrees. Furthermore, we provide evidence of glycogen accumulation in the smooth muscle layers of several 
relevant tissues (trachealis, esophagus, and bladder) in the most commonly used Pompe disease mouse model, 
which was developed by Nina Raben (24). The pathology present in these tissues mimics that found in patients, 
which makes these models a useful tool for investigating the disease mechanisms and the development of im-
proved therapies.

The advent of ERT has increased the lifespan of infantile onset Pompe disease by preventing heart failure 
and infantile death (110–112). Despite ERT, there is still an incidence of cerebral artery aneurysms and death, 
(37) and the disease continues to progress in the respiratory system (8). For instance, patients receiving ERT 
show greater improvement in motor outcomes relative to respiratory outcomes, and this discrepancy is attrib-
uted to diaphragmatic involvement (113). However, given the pathology noted in airway smooth muscles, the 
tracheomalacia, and the flaccidity of the airway in Pompe patients, it is possible that glycogen accumulation 
and weakness in lower airway smooth muscles contributes to differences in ERT responses (49, 113). Further 
research is needed to clarify how airway smooth muscle compromise impacts pulmonary function and disease 
progression.
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Dysfunction in the gastrointestinal and genitourinary systems impact patient QoL. In one cohort nearly 
half of the patients reported “frustration”, “interference with activities”, and “overall bother” due to GU-
related symptoms (106). Similarly, lower reported QoL in LOPD patients may be due to a host of GI symptoms, 
such as gastroesophageal reflux and abdominal discomfort (54). Generally, urinary and fecal incontinence are 
related to reduced QoL. In the case of LOPD, incontinence is also associated with decreased Qol (102). Urinary 
incontinence is both underdiagnosed and undertreated in LOPD patients (106).

Autophagy dysregulation is a widely described pathology that occurs subsequent to glycogen accumula-
tion, and significantly burdens the cellular architecture, particularly in skeletal muscle. As originally proposed 
by Fukuda et al, autophagic flux ultimately disrupts from both the back and the front (114, 115). At first, au-
tophagosomes lose their ability to fuse with glycogen-filled lysosomes, creating an accumulation of vesicles 
that cannot be cleared. Increased autophagosome formation is initiated when glycogen is not degraded and the 
cell senses glucose shortage. The abundance of lysosomes and autophagosomes within the muscle fiber dis-
rupts contractility and places a physical burden on the sarcolemma, eventually leading to breakage (33, 116). 
When this occurs in many fibers in a single muscle, the muscle as a whole weakens. While no histological or 
molecular case studies in either Pompe patients or mouse models have reported the presence of autophago-
somes in smooth muscle, a similar mechanism is potentially in effect.

Another potential cause of smooth muscle weakness in Pompe disease patients is decreased calcium 
handling. Influx of calcium ions (Ca2+) is crucial for the initiation of contractile force among actin and myo-
sin cross-bridges (117). Keeler et al. demonstrates that Ca2+ influx from sarcoplasmic reticulum reserves is 
relatively unchanged in Gaa−/− mouse bronchi compared to WT (66). However, the influx of extracellular 
Ca2+ through ion channels within the plasma membrane is significantly reduced (66). The exact mechanism 
of reduction of ion channel activity has not been delineated, but could be due to tensile changes placed on the 
membrane from the amassing glycogen-filled vesicles.

In summary, as more long-term data has emerged on the phenotypes of LOPD patients and IOPD patients 
on ERT, it has become clear that the impact of Pompe disease is widespread throughout the body. Smooth 
muscle plays a vital role in normal physiologic function and Pompe disease clearly harms its homeostasis. With 
many of the disease symptoms attributed to smooth muscle dysfunction, more research is needed to elucidate 
how glycogen accumulation disrupts normal smooth muscle function. Not only is a greater understanding of 
the cellular mechanism and pathophysiology of the disease in smooth muscle crucial, but evaluation of the ef-
fectiveness of ERT and novel therapies in these tissues should be taken into consideration. Further studies are 
needed to evaluate the efficacy of treatments on smooth muscle in both the animal model and Pompe disease 
patients.
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