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Abstract
Objectives: To evaluate whether the impairment of aquaporin-4 (AQP4), a water channel protein important for muscle function, may be associ
ated with dysphagia in idiopathic inflammatory myopathies (IIMs). Swallowing muscle inflammation in IIM has been documented in case 
reports, but direct correlations with limb muscles impairment are lacking.
Methods: AQP4 was immunolocalized in limb muscle biopsies. The percentage of AQP4 expressing myofibers was compared in IIM patients with and 
without dysphagia, and healthy controls, and correlated with muscular strength, creatine kinase level and myositis damage index. Additionally, myosin 
heavy chain (fast and neonatal), cluster of differentiation 68 (CD68) and matrix metalloproteinase-2 (MMP2) were immunolocalized with sarcolemma 
AQP4 to evaluate whether an increase in innate immunity and extracellular matrix degradation were reflected in the modified AQP4 expression.
Results: AQP4 immunostaining was significantly decreased in myofibers of dysphagic patients compared with normophagic patients and con
trols. Moreover, although both IIM groups had CD68-positive cells surrounding AQP4-negative myofibers, only in dysphagic patients AQP4- 
negative myofibers surrounded by CD68-positive and MMP2-positive cells were significantly increased, suggesting that inflammation from 
blood vessels and inflammatory cells affects AQP4 immunolocalization.
Conclusion: Myofiber hypotrophy appears to be due to inflammation from CD68-positive and MMP2-positive cells, whose activity disrupts the 
extracellular matrix and may detach AQP4 from the sarcolemma.
Keywords: myositis, AQP4, fast-twitch myofibers, dysphagia, MMP2. 

Introduction
Idiopathic inflammatory myopathies (IIMs) are acquired 
immune-mediated diseases with muscle inflammatory infil
trates, increased levels of creatine kinase (CK) and variable 
involvement of other organs, such as joints, lungs, skin, 

gastrointestinal tract and heart. Inflammation of the swallow
ing muscles can impair pharynx/oesophagus contractility, la
ryngeal elevation and cricopharyngeal function, determining a 
rapidly progressive course and leading to serious complica
tions such as nutritional deficits and aspiration pneumonia, 

Rheumatology key messages
� Reduced AQP4 immunolocalization in limb muscle is novel in IIM, particularly in dysphagic patients. 
� Reduced AQP4 immunolocalization is associated with both muscle damage and dysphagia. 
� Chronic inflammation from CD68pos cells and MMP2pos vessels likely contributes to AQP4 loss. 
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posing significant mortality risks [1, 2]. Dysphagia occurs in 
32–84% of patients with IIM [3]. Given that moderate to se
vere oropharyngeal dysphagia strongly suggests cancer 
according to international IIM-associated Cancer Screening 
guidelines [4], it is crucial to identify biomarkers for this com
plication. In addition, the prevalence of dysphagia was shown 
to be significantly higher in drug-resistant IIM patients than 
patients responding to therapy [5].

Biopsies in several IIM case reports have shown inflamma
tory involvement of swallowing muscles similar to that in 
limb skeletal muscles [6, 7]. However, most IIM patients do 
not undergo a muscle biopsy of the upper digestive tract and 
correlation studies between the myopathology of the two 
sites are lacking. Therefore, specific causal factors, molecular 
drivers and specific biomarkers have not been identified for 
patients with IIM and dysphagia. Suprahyoid muscles, mostly 
impaired in dysphagia related to IIM [8], are mainly com
posed by type 2 (fast-twitch, glycolytic) myofibers with a 
lower proportion of type I (slow-twitch, oxidative) [9]. 
Recently, the cell type mapping of IIM quadriceps femoris 
muscle highlights selective type 2A myofiber vulnerability in 
inclusion body myositis (IBM) [10] and also that dermatomy
ositis (DM) patients with dysphagia confirmed at fiberoptic 
endoscopic evaluation of swallowing, showed a significantly 
higher atrophy coefficient of type 2 myofibers than age- 
matched DM patients without dysphagia [3].

Aquaporin-4 (AQP4) is a water channel involved in trans
cellular water transport and maintenance of osmotic gra
dients. It is most abundantly localized in the muscular system 
and central nervous system, especially on astrocyte endfeet at 
the blood–brain barrier [11]. AQP4 expression, firstly 
reported in skeletal myofibers [12], allows rapid water flows 
across the sarcolemma balancing those changes in osmotic 
pressure and hydrostatic forces during myofiber contraction 
and subsequent relaxation, maintains morphological homeo
stasis, and is involved in the metabolic and fatigue resistance 
processes of skeletal muscles [11, 13]. AQP4 impaired ex
pression, reducing rapid volume changes during contraction, 
is associated with premature fatigue during forced and volun
tary muscle contractions as has been observed in different 
pathological conditions in both animal models of myopathies 
[14] and human myopathies [15, 16].

In the present study, AQP4 immunolocalization has been 
investigated by high-resolution confocal microscopy in muscle 
biopsies of IIM patients with or without dysphagia to foster a 
deeper understanding of the pathomechanisms underlying the 
progression of tissue damage and clinical outcome. The results 
suggest that myofiber hypotrophy observed in normophagic 
IIM patients is worse in dysphagic patients, where it appears 
to be supported by a combined intervention of CD68pos in
flammatory cells and MMP2pos perivascular cells.

Materials and methods
This is a single-centre retrospective study. We selected 
patients with IIMs who had undergone open muscle biopsy 
and fiberoptic endoscopic evaluation of swallowing (FEES) 
for diagnostic purposes between 2010 and 2018.

The presence of myositis-specific autoantibodies (MSAs) 
and myositis-associated autoantibodies (MAA) was deter
mined by commercially available immunoassays (MYO12D- 
24, D-Tek, Belgium and Euroline Autoimmune Inflammatory 
Myopathies, Euroimmun, Germany). Patients with DM and 

polymyositis (PM) were classified according to the 2017 
EULAR/ACR classification criteria for idiopathic inflamma
tory myopathies [17]. Sporadic inclusion body myositis (sIBM) 
was diagnosed based on the presence of characteristic histo
pathological features, including rimmed vacuoles. Patients 
with antisynthetase syndrome (ASyS) were defined by the pres
ence of antisynthetase antibodies and at least one clinical mani
festation among arthritis, interstitial lung disease (ILD), or 
myositis. Immune-mediated necrotizing myopathy (IMNM) 
was defined by the presence of anti-SRP or anti-HMGCR anti
bodies, or by histological features consistent with necrotizing 
myopathy in the absence of MSAs [18]. Patients with overlap 
myositis (OM) were defined by the presence of clinical or sero
logical features of myositis in association with features of an
other connective tissue disease.

Single open biopsies of muscle tissue obtained from 
patients with clinically and pathologically confirmed IIMs 
were retrospectively reviewed. Suitable biopsy was avail
able for 54 patients, and these samples were included in the 
analysis. Among them, representative sections were selected 
for further immunohistochemical analysis based on tissue 
quality and availability. The cohort selected before the initi
ation of any new treatment, included four patients with 
anti-HMGCRpos IMNM (one patient exposed to a statin, 
three patients not exposed), two patients with anti-SRPpos 

IMNM, two patients with isolated anti-SSA/Ro52pos 

IMNM, two patients with seronegative IMNM (absence of 
any MSA and MAA), eight patients with adult anti-Mi2a/ 
bpos DM, one patient with adult anti-TIF1γpos DM, one pa
tient with adult anti-MDA5pos DM, two patients with iso
lated anti-SSA/Ro52pos DM, eight patients with 
seronegative DM, 10 patients with PM, one patient with 
isolated anti-SSA/Ro52pos PM, three patients with systemic 
sclerosis PM/Sclpos-overlap myositis (SSc-OM), four 
patients with anti-Jo1pos ASyS and six patients with sIBM. 
Non-inflammatory muscle samples from six additional age- 
matched apparently healthy subjects—with mildly elevated 
serum levels of CK but without any histological abnormal
ity, including inflammatory infiltrates or MHC class I up- 
regulation—were used as the control group. Clinical char
acteristics were collected at the time of the muscle biopsy 
or, when not available at that time, from the closest clinical 
visit before or after the biopsy. These included age at the 
time of biopsy, disease duration, gender, muscle strength 
assessed by manual muscle testing (MMT-8) (range: 0–80), 
serum CK levels at the time of biopsy and muscle damage 
evaluated using the visual analogue scale (VAS) according 
to the myositis damage index (MDI) [19]. The presence of 
dysphagia was assessed using FEES (performed by M.L.F.), 
when feasible, as a routine procedure at the time of diagno
sis to screen for organ involvement. Dysphagia was defined 
according to the findings of the FEES, based on the presence 
of impaired bolus transit, penetration or aspiration during 
the ingestion of solids, semi-solids or liquids.

All procedures in this study were performed in accordance 
with the ethical standards of the 1964 Helsinki Declaration and 
its later amendments. The study was reviewed and approved by 
the Medical Ethics Committee of the Regional Policlinico 
University Hospital of Bari (study n. 6229, approval n. 84762, 
2020/11/06; comitatoetico@policlinico.ba.it). All patients gave 
signed informed consent to diagnostic and research analyses 
and specimens inclusion in a muscle biobank.

2                                                                                                                                                                                                                     Marco Fornaro et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/advance-article/doi/10.1093/rheum

atology/keaf436/8237399 by FAc M
edicina-chirurgia Bari user on 12 Septem

ber 2025

mailto:comitatoetico@policlinico.ba.it


The muscle biopsy specimens underwent histochemical and 
immunohistochemical (IHC) stainings and quantitative eval
uations, as detailed in Supplementary Data S1. Briefly, the 
muscle specimens were rapidly frozen, sectioned and sub
jected to standard immunofluorescence protocol using the 
following primary antibodies used to recognize: AQP4 
(1:1000; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany; 
code: A5971, rabbit IgG), myosin heavy chain (fast) 
(MHCfast, 1:40; Monosan, Uden, The Netherlands; code: 
MONX10807; mouse IgG1), CD68 (1:50; Dako, code: 
M0876, mouse IgG3), MMP-2 (1:50; Chemicon, Temecula, 
USA; code: MAB13431, mouse IgG1), myosin heavy chain 
(neonatal) (1:30; Monosan, Uden, The Netherlands; code: 
MONX10808; mouse IgG1). The sections were incubated 
with appropriate secondary antibodies and then counter
stained with TO-PRO-3.

Categorical variables were expressed as number and per
centage; continuous variables as mean ± standard deviation. 
Comparisons between groups were performed using t-test, 
and one-way ANOVA followed by Bonferroni’s multiple 
comparison test was used to compare morphology data. 
Differences were considered statistically significant at a P- 
value of <0.05. Pearson’s correlation coefficient test was 
used to estimate correlations between AQP4 myofibers and 
clinical data; one-tailed Spearman’s coefficient was used for 
correlating the percentage of AQP4neg myofibers and the 
semi-quantitative scores of CD8, C5b9, MHC expression lev
els as described in the diagnostic reports. All statistical analy
ses were performed using GraphPad Prism (release 6.0, 
GraphPad Software, La Jolla, USA).

Results
Population
Demographic and clinical features of IIM patients and age- 
matched controls are reported in Table 1. None of the IIM 
patients referred a family history of muscle disease. None of 
the 54 patients had cancer-associated myositis (3 years be
fore/after the symptoms onset). The average age at disease 

onset and the gender distribution were similar among the dif
ferent groups (Table 1). At disease onset, no differences were 
found in physician assessment of the MMT-8. CK levels were 
higher in normophagic than dysphagic patients without 
reaching statistical significance (P>0.05) (Table 1). The co
hort of dysphagic patients had a longer interval, on average 
twice as long, between the onset and the time of biopsy than 
the normophagic patient cohort (Table 1). Dysphagic 
patients exhibited a significantly higher MDI compared with 
normophagic patients (P<0.01).

AQP4 expression in dysphagic, normophagic 
patients and control group
As already described in non-inflammatory muscle samples 
[20], AQP4 immunolocalization formed a continuous rim 
along the sarcolemma of type 1like (97.46–100%) and type 2 
(99.05–100%) myofibers (Fig. 1B). The staining was more 
pronounced in type 2 (Corrected Total AQP4 Fluorescence 
(CTAF): 356 645 ± 121 488 AU) compared with type 1like 

(CTAF: 281 625 ± 60 590 AU) myofibers (Fig. 1B).
Given the variability in myofiber response to inflammatory 

stimuli, we analysed a range of myofiber parameters using 
AQP4/MHCfast immunofluorescence by means of high- 
resolution confocal microscopy computer-aided morphome
try in muscle biopsies from IIM patients with and without 
dysphagia, as well as non-inflammatory skeletal muscle. 
Firstly, we quantified the number of AQP4pos and AQP4neg 

myofiber types and observed a significant reduction in 
AQP4pos myofiber percentages in dysphagic compared with 
both normophagic patients and control muscles. The most 
pronounced changes were observed in anti-HMGCRpos 

IMNM patients (Fig. 1A). On the contrary, in normophagic 
patients, there was no change in AQP4pos myofiber percen
tages compared with control muscles (Fig. 1A). Type 1like 

myofiber density was significantly increased in normophagic 
and especially in dysphagic patients compared with the con
trols, and a consistent proportion of AQP4neg myofibers was 
found only in dysphagic patients (Fig. 1A; cyan lines indicate 
mean and SD of AQP4neg myofibers). Conversely, type 2 den
sity was only increased in normophagic patients (Fig. 1A). In 
dysphagic patients, significant alterations compared with 
both normophagic and control muscles were also found in 
myofiber diameter, area, variability coefficient and atrophy 
factor, in which there was a major contribution of AQP4neg 

myofibers to determining these alterations (Fig. 1A; cyan). 
The most pronounced changes in dysphagic patients were 
detected in type 2 myofiber parameters, mainly due to the 
smaller size of AQP4neg type 2 myofibers, as evidenced by 
lower values of diameter and area and consistently higher val
ues of variability and atrophy factors, which were both 
largely above the normal values (Fig. 1A; gray axes; cyan 
lines, 1B).

In normophagic patients, beyond the significantly in
creased type 2 myofiber density, there were other type 2 myo
fiber parameters that were significantly different from 
control muscles, namely the mean diameter and related area, 
which were both significantly reduced, and the variability co
efficient, which was significantly increased (Fig. 1A; cyan 
lines, 1B). As already mentioned for dysphagic patients, also 
in the normophagic patient cohort, the presence of hypotro
phic, AQP4neg type 2 myofibers was the main cause of the 
significant changes of these parameters when compared with 
the controls (Fig. 1A; cyan lines, 1B).

Table 1. Demographic and clinical characteristics

Variables Normophagic  
(29 pts.)

Control  
(6 pts.)

Dysphagic  
(25 pts.)

Female, n (%) 19 (65.5) 4 (44.7) 21 (84)
Age at disease diagnosis,  

median (IQR)
55 (43–64) 53 (35–61) 60 (53–67)

Disease duration at biopsy  
time (no. of months),  
mean (S.D.)

24 (32) / 45 (63)

IIMs subset, n (%)
DM 9 (31) 11 (44)
ASyS 4 (13.8) 0 0
PM 4 (13.8) 7 (28)
IBM 4 (13.8) 2 (8)
IMNM 8 (27.6) 2 (8)
OM 0 0 3 (12)

MMT-8 at disease  
diagnosis, mean (S.D.)

74 (6) / 68 (11)

CK at biopsy time,  
mean (S.D.)

1628 (2025) / 919 (1272)

Myositis damage index 1.5 (1.8) 3.4 (2.1)�

� P<0.01.
Abbreviations: CK¼ creatine kinase; IQR¼ inter quartile range; 
MMT¼manual muscle test.
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In summary, we found type 2 myofiber hypotrophy in IIM 
patients, that were particularly evident in dysphagic but also 
present in normophagic IIM patients, characterized by a se
lective absence of AQP4 channel in the smaller myofibers and 
were particularly evident in anti-HMGCR-positive immune- 
mediated necrotizing myopathy.

Inflammation and AQP4 expression
We sought to evaluate whether the observed myofiber hypo
trophy was accompanied by a significantly higher proportion 
of AQP4neg/neonatal myosinpos regenerating myofibers and 
found a significantly increased percentage of AQP4neg/neona
tal myosinpos myofibers only in dysphagic patients compared 
with both normophagic and control patients (Fig. 2A and B). 

Thus, in line with pathological criteria for IMNM [18], the 
highest proportion of AQP4neg/neonatal myosinpos regenerat
ing myofibers was found in dysphagic anti-HMGCRpos 

IMNM patients (Fig. 2A and B). Conversely, neonatal myo
sinpos regenerating myofibers rarely co-expressed the AQP4 
water channel and their low percentages were similar among 
the three groups (Fig. 2A and B).

Additionally, we sought to evaluate whether an increase in 
innate immunity was reflected in the AQP4 expression by 
measuring the percentage of myofibers surrounded by at least 
three CD68pos cells. Both normophagic and dysphagic IIM 
patients showed a significant increase in CD68pos surrounded 
AQP4neg myofibers compared with controls (Fig. 2C and D). 
Dysphagic IIM patients also had a closer mean distance of 

Figure 1. Comparison of myofiber type parameters between normophagic (n¼29) and dysphagic IIM-affected patients (n¼ 25), and controls (n¼ 6). (A) 
Quantification of percentage of acquaporin-4pos (AQP4pos; orange bars) and AQP4neg (cyan bars) myofiber types, mean density, lesser diameter, cross- 
sectional area, variability coefficient and atrophy factor. Normophagic idiopathic inflammatory myositis (IIM) patients are indicated as: blue circles (n. 4 
seronegative polymyositis¼PM), green circles (n. 4 seronegative dermatomyositis¼DM), yellow circles (n. 4 Mi2pos DM), brown circles (n. 4 sporadic 
inclusion body myositis—sIBM), red circles (n. 2 HMGCRpos immune-mediated necrotizing myositis¼ IMNM) and black circles (n. 1 MDA5pos DM, 2 
SRPpos IMNM, 2 ro52pos IMNM, 2 seronegative IMNM, 4 Jo1pos antisynthetase syndrome (ASyS)). Dysphagic IIM patients are indicated as: blue triangles 
(n. 6 seronegative PM), green triangles (n. 5 seronegative DM), yellow triangles (n. 4 Mi2pos DM), brown triangles (n. 2 sIBM), red triangles (n. 2 
HMGCRpos IMNM), orange triangles (n. 3 Pm/Sclpos-overlap myositis (OM)) and black triangles (n. 1 ro52pos PM, 1 TIF1γpos DM, 1 ro52pos DM). The 
controls are indicated as squares. In each group, means and standard deviation ranges are shown as solid black lines for grouped data without 
discriminating between AQP4pos (shown as orange bars on the right) and AQP4neg (shown as cyan bars on the right) myofibers. Statistically significant 
adjusted P-values after Bonferroni correction are shown (�P< 0.05, ��P< 0.01, ���P< 0.001). The horizontal grey lines indicate the upper normal limits of 
the examined parameters. (B) Representative confocal microscope images of muscle biopsy immunolabeled with anti-AQP4 and anti-myosin heavy chain 
fast (MHCfast) myofibers derived from a normophagic patient affected by anti Mi2pos DM (quadriceps, 75 years, F), from a normophagic patient affected 
by transient hyperCKemia used as control (quadriceps, 39 years, F), and a dysphagic patient affected by anti PM/Sclpos OM (deltoid, 49 years, F). AQP4neg 

(asterisks) type 1 or type 2 (MHCfastpos) myofibers preferentially cluster at the perimysial border in the anti Mi2pos DM patient where a thinned rim of 
AQP4 channels prospects the perimysial vascular compartment (arrows). AQP4neg (asterisks) type 1 or type 2 (MHCfastpos) myofibers are also seen in 
the centre of fascicles in the dysphagic PM/Sclpos OM patient. Scale bars: 200 µm 

4                                                                                                                                                                                                                     Marco Fornaro et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/advance-article/doi/10.1093/rheum

atology/keaf436/8237399 by FAc M
edicina-chirurgia Bari user on 12 Septem

ber 2025



Figure 2. Comparison of AQP4 sarcolemma immunolocalization between normophagic (n¼ 29) and dysphagic IIM-affected patients (n¼25), and controls 
(n¼ 6). (A, C, E) Quantification of the percentage of acquaporin-4pos (AQP4pos) (on total number of AQP4pos) and AQP4neg myofibers (on the total number 
of AQP4) coexpressing neonatal myosin (A), surrounded by CD68pos cells (C) and by MMP2pos vessels (E) are shown together with the mean distance of 
CD68pos cells from AQP4neg sarcolemmas (C). Normophagic idiopathic inflammatory myositis (IIM) patients and dysphagic IIM patients are indicated as in 
Fig. 1. The controls are indicated as squares. Means and standard deviation ranges are shown as solid lines in each group. Statistically significant 
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CD68pos cells to the AQP4neg sarcolemma compared with 
normophagic patients (Fig. 2C and D). The proportion of 
CD68pos-surrounded AQP4pos was significantly lower than 
the CD68pos-surrounded AQP4neg sarcolemmas (P<0.0001 
in both IIM groups), and the former did not differ between 
the three groups (Fig. 2C and D). As expected, CD68pos cells 
accumulated preferentially around affected AQP4neg myofib
ers in anti-HMGCRpos IMNM, anti-Mi2pos DM and seroneg
ative PM samples of both normophagic and dysphagic IIM 
patients (Fig. 2C and D). In addition, there were statistically 
significant positive correlations between the percentage of 
AQP4neg type 2 myofibers and semi-quantitative scores of 
CD8þ lymphocyte infiltration and sarcolemmal expression of 
C5b9, class I MHC and class II MHC in both normophagic 
and dysphagic IIM patients (Supplementary Fig. S1). 
Considering the interactions between AQP4 and the dystro
phin–glycoprotein complex (DGC) and the proteolytic activ
ity of metalloproteinase 2 (MMP2) on different extracellular 
matrix (ECM) molecules and β-dystroglycan [21, 22], we in
vestigated the relationship between reduced AQP4 and 
MMP2 immunolocalization. Notably, the proportions of 
AQP4neg myofibers surrounded by MMP2pos vessels were sig
nificantly higher than of AQP4pos myofibers (P<0.0001 in 
both IIM groups) and also significantly higher in dysphagic 
compared with both normophagic patients and non- 
inflammatory controls (Fig. 2E and F). These MMP2pos struc
tures resembled transversely cut endomysial microvessels and 
their thicker parental vessels (Fig. 2F). Critically, AQP4 
immunolocalization was almost entirely absent (<2% of total 
AQP4pos myofibers) from sarcolemmas adjacent to these 
MMP2pos vessels across all the groups (dysphagic, normopha
gic and controls), indicating that inflammatory stimuli derived 
from blood vessels and inflammatory cells impair AQP4 sar
colemmal immunolocalization. These findings suggested a 
more severe impairment of myofibers in dysphagic patients 
due to sustained inflammation and ECM degradation.

AQP4 and clinical characteristics
Considering the overall cohort of IIM patients, the percent
age of AQP4pos type 1like myofibers was correlated with the 
MMT-8 value of muscular strength at the baseline visit (rS: 
0.383; P: 0.007) and accordingly, the percentage of both 
AQP4neg type 1like (rS: −0.389; P: 0.006) and AQP4neg type 2 
(rS: −0.288; P: 0.047) myofibers was inversely correlated 
with MMT8. Neither the overall cohort of IIM patients, nor 
the normophagic and dysphagic subgroups showed any cor
relation with CK level near the disease diagnosis. Since 
MMT-8 can serve as an indicator of muscle damage, we eval
uated the muscle MDI [19] and correlated it with the percent
age of AQP4pos and AQP4neg type 1 and type 2 myofibers. In 

the overall cohort, we observed that the muscle MDI was 
negatively correlated with the percentage of AQP4pos type 1 
(rS: −0.433; P: 0.001) and type 2 (rS: −0.265; P: 0.05) myo
fibers and positively correlated with the percentage of 
AQP4neg type 1 (rS: 0.442; P: 0.001) and type 2 (rS: 0.265; P: 
0.05) myofibers.

Discussion
A deeper understanding of the mechanisms underlying the 
pathogenesis and progression of inflammatory and degenera
tive IIMs is essential for the development of reliable biomarkers 
and targeted therapies. This study, using immunofluorescence 
and confocal microscopy, reveals a novel finding: a significantly 
reduced AQP4 sarcolemma immunolocalization in limb skele
tal muscle of IIM patients, with a more pronounced impair
ment of the water channel in dysphagic compared with 
normophagic patients. To our knowledge, a reduced limb mus
cle AQP4 immunolocalization has been previously observed 
only in a subset of patients with neuromyelitis optica CNS spec
trum disorders associated with anti-AQP4 antibodies [23] and 
has not been described in IIM before. The more pronounced 
morphological alterations—such as mean lesser diameter, cross 
sectional area, variability coefficient and atrophy factor—ob
served in dysphagic IIM patients (including those with impaired 
swallowing of solids, semi-solids and liquids) compared with 
normophagic patients suggest an accelerated hypotrophy of 
type 2 myofiber. This highlights the greater vulnerability of 
type 2 fibres, whereas type 1 fibres become affected as the in
flammatory process progresses [10, 24]. Type 1 myofibers ex
hibit a greater resilience to inflammation due to their higher 
oxidative capacity, capillary density, regenerative potential, en
durance and larger myotendinous junctions [24–26]. However, 
they can still be affected by severe or prolonged inflamma
tory conditions.

In addition, our morphometric analysis revealed abnor
mally small type 2 myofibers in both normophagic and dys
phagic IIM patients, with a significantly increased type 2 
variability coefficient compared with the controls. This vul
nerability of type 2 myofibers to contraction-induced damage 
and myonecrosis from inflammation, trauma and genomic 
stress is well-established, paralleling findings in conditions 
such as excessive eccentric contraction, fasting, cachexia, sep
sis, critical conditions, sIBM, Duchenne and Becker, faciosca
pulohomeral muscular dystrophies, Pompe and McArdle 
diseases [24]. While swallowing muscles are predominantly 
type 2 fast myofibers [9], their invasive biopsy and the com
parable diagnostic accuracy of alternative methods in inflam
matory muscle disorders explain the scarcity of IIM studies 
specifically analysing these muscles.

Figure 2. Continued 
adjusted P-values after Bonferroni correction are shown (�P< 0.05, ��P< 0.01, ���P< 0.001). (B) Representative fluorescence microscope images of 
muscle biopsy derived from a normophagic patient affected by anti Mi2pos DM (quadriceps, 81 years, F), from a normophagic patient affected by 
transient hyperCKemia used as control (quadriceps, 61 years, M) and a dysphagic patient affected by anti-HMGCRpos IMNM (deltoid, 67 years, F), 
immunolabeled with anti-AQP4 and anti-neonatal myosin antibodies. Neonatal myosinpos myofibers preferentially appear AQP4neg. Scale bars: 100 µm. 
(D) Representative fluorescence microscope images of muscle biopsy derived from a normophagic patient affected by seronegative PM (deltoid, 
72 years, M), from a normophagic patient affected by transient hyperCKemia used as control (quadriceps, 72 years, F) and a dysphagic patient affected by 
anti-HMGCRpos IMNM (quadriceps, 36 years, F), immunolabeled with anti-AQP4 and anti-CD68 antibodies. AQP4neg (asterisks) myofibers appear 
preferentially surrounded by CD68pos cells in all patients. Scale bars: 100 µm. (F) Representative fluorescence microscope images of muscle biopsy 
derived from a normophagic patient affected by seronegative PM (quadriceps, 56 years, F), from a normophagic patient affected by transient 
hyperCKemia used as control (quadriceps, 61 years, M) and a dysphagic patient affected by seronegative DM (quadriceps, 44 years, M), immunolabeled 
with anti-AQP4 and anti-MMP2 antibodies. AQP4neg (asterisks) myofibers appear preferentially surrounded by MMP2pos perimysial (v) and endomysial 
vessels especially in the dysphagic patient. Scale bars: 100 µm 
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The IIM pathogenesis involves a complex interplay of in
flammatory signals driving chronic immune cell accumula
tion such as CD8pos (cluster of differentiation 8) T cells, CD 
68pos macrophages and neutrophils, along with the release of 
pro-inflammatory molecules and microRNAs, with an impact 
on disease severity and the efficacy of current anti- 
inflammatory-based treatments [27–29].

Myofiber hypotrophy in IIMs may result from: (1) regener
ation attempts triggered by inflammatory-induced satellite 
cells activation and proliferation [30]; (2) concomitant neuro
muscular junction injury and functional denervation [10] and 
(3) ECM detachment of damaged myofibers [31]. An in
creased proportion of CD56pos regenerating myofibers was 
previously observed in our cohort of IIM patients [29, 32, 33], 
consistent with the elevated expression of Pax7, MyoD, myoge
nin and neonatal myosin heavy chain during the healing phase 
of inflammation [34]. However, these hypotrophic regenerating 
myofibers unfortunately upregulate autoantigens, perpetuating 
autoimmune attacks [35, 36]. This likely explains the observed 
absence of AQP4 immunolocalization in neonatal myosinpos 

regenerating myofibers across all study groups.
While AQP4 expression decreases in denervated atrophied 

skeletal muscles but remains unchanged during unloading (e. 
g. tail suspension) [13, 14], its recovery after injury is slow, re
quiring at least 4 weeks post-reversible denervation [13, 37]. 
Reduced AQP4 expression may also result from disuse [38] 
due to muscle weakness and pain or from corticosteroid ad
ministration [39], although in our study most biopsies were 
obtained prior to diagnosis and corticosteroid treatment.

Additionally, we observed a significantly higher number of 
AQP4neg myofibers surrounded by CD68pos cells compared 
with AQP4pos myofibers, suggesting that CD68 cells contrib
ute to an inflammatory attack linked to the suppression of 
AQP4 sarcolemma immunolocalization. This downregula
tion may occur through mechanisms similar to those ob
served in LRRK2-associated Parkinson’s disease and in 
transgenic mouse models, where interferon-γ (IFNγ) induces 
AQP4 delocalization from astrocytic endfeet, leading to 
glymphatic dysfunction [40]. Hyperactivation of IFNGR-2, 
by phosphorylating mutant LRRK2, indirectly abolishes 
AQP4 expression in astrocyte endfeet probably by promoting 
its phosphorylation and delocalization [40].

Early studies suggested that AQP4 phosphorylation by var
ious kinases could contribute to its downregulation, though 
this has not been conclusively demonstrated. For instance, 
stress-induced casein kinase II was proposed to enhance 
AQP4 clathrin-mediated endocytosis, targeting it for lysoso
mal degradation [41]. Similarly, protein kinase (PK) A and C 
were reported to promote AQP4 endosomal internalization 
and degradation [42]. However, these mechanisms remain 
unconfirmed, and further studies are needed to clarify their 
role in AQP4 regulation.

Several kinases can be activated by the IFNGR-2 signalling 
pathway [43], though their potential impact on AQP4 regula
tion in skeletal muscle of IIM patients and models remains 
unexplored. However, increasing evidence underscores the 
key role of IFN in sustaining inflammation through the acti
vation of transmembrane receptors coupled to the janus 
kinase-signal transducer and activator of transcription path
way. IFNs appear to drive IIM pathogenesis through multiple 
mechanisms, including the stimulation of atrogin and 
MuRF1 genes, which downregulate myosin heavy chain IIa 
expression and drive type 2 muscle atrophy [44]. Notably, 

atrogin also causes AQP4 ubiquitination and degrada
tion [45].

Another key effect of IFNγ signalling is the disruption of 
endothelial barrier integrity observed both in vivo and 
in vitro [46]. Our study reveals a strong association between 
the absence of AQP4 in myofibers and the presence of adja
cent MMP2pos endomysial and perimysial vascular cells. 
MMP2, an endopeptidase that degrades ECM molecules, 
plays a crucial role in tissue remodelling during angiogenesis, 
embryogenesis, tumorigenesis, lipid metabolism and inflam
mation [47]. Its activity in inflammatory and remodelling 
processes promotes cell transmigration through leaky blood 
microvessels [48]. Among the numerous ECM substrates of 
the MMP2 activity, laminin and dystroglycans (DG) [21, 22] 
are particularly relevant due to their potential role in anchor
ing AQP4 to the sarcolemma [49]. Laminin has been shown 
to induce clustering of β-DG, syntrophin and AQP4 via PKCδ 
phosphorylating activity in astrocyte culture [50], suggesting 
that MMP2-mediated laminin degradation could disrupt 
AQP4 anchoring, leading to its delocalization and degrada
tion. This effect may be particularly pronounced in type 2 
myofibers, where both laminin and AQP4 are highly 
expressed [51].

Finally, we observed a negative correlation between the 
percentage of AQP4pos fibres and muscle damage, and a posi
tive correlation between the percentage of AQP4neg myofib
ers and muscle damage. This suggests that a decrease in 
AQP4pos fibres and an increase in AQP4neg fibres could serve 
as potential markers of muscle damage. However, this corre
lation was not observed when analysing dysphagic and non- 
dysphagic patients separately, likely due to the small sample 
size. Larger cohorts are needed to confirm these findings.

This study has additional limitations, including its retro
spective design and diagnostic heterogeneity between dyspha
gic and normophagic IIM groups. Furthermore, in the three 
PM-SCL patients, we cannot exclude the possibility that the 
dysphagia resulted from concurrent oesophageal smooth 
muscle dysfunction. However, given the rarity of IIMs, all 
samples were obtained from a local biobank limiting broader 
population-based analysis.

Despite these limitations, our findings offer insights into 
two poorly understood aspects of IIM etiopathogenesis: 
myofiber-type-specific AQP4 impairment is more evident in 
dysphagic than normophagic patients, potentially reflecting 
different disease stages and/prognosis. Further investigation 
into the differential responses of slow and fast myofiber in 
IIMs is crucial, as these may influence disease manifestation 
and progression. While our study provides a cross-sectional 
view of skeletal muscle pathology at the time of biopsy, fu
ture research is needed to determine whether the observed 
changes could serve as therapeutic targets or biomarkers for 
clinical subtype stratification and prognosis.

Supplementary material
Supplementary material is available at Rheumatology online.

Data availability
The data underlying this article are available in the article 
and its online supplementary material. The deidentified, 
patient-level data supporting the findings of this study are 
available upon reasonable request from the corresponding 
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author [F.G.]. The data are not publicly available due to pri
vacy or ethical restrictions, as they contain information that 
could compromise the privacy of research participants. 
Researchers with a pertinent research question may submit a 
formal request for access to the data. This request should in
clude a detailed research proposal outlining the study’s objec
tives, methods and a plan for data security and management. 
All data access requests will be reviewed by the Institutional 
Data Access Committee of Ospedale Consorziale Policlinico 
di Bari to ensure the proposed research aligns with the origi
nal consent provided by the study participants and complies 
with all relevant ethical and legal regulations. Data will be 
shared under a formal Data Sharing Agreement that outlines 
the terms of use, including restrictions on data redistribution 
and requirements for data security and destruction upon 
completion of the approved research project. For inquiries 
and to initiate a data access request, please contact the corre
sponding author at francesco.girolamo@uniba.
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01. Leclair V, Notarnicola A, Kry�stůfkov�a O et al. Effect modification 

of cancer on the association between dysphagia and mortality in 
early idiopathic inflammatory myopathies. Semin Arthritis Rheum 
2024;65:152408.

02. Cheng I, Wong CSM, Chan HHL. A retrospective review of clini
cal characteristics and risk factors of dysphagia in patients with 
dermatomyositis. Dysphagia 2025;40:626–36.

03. Giannini M, Fiorella ML, Tampoia M et al. Long-term efficacy of 
adding intravenous immunoglobulins as treatment of refractory 
dysphagia related to myositis: a retrospective analysis. 
Rheumatology (Oxford) 2021;60:1234–42.

04. Oldroyd AGS, Callen JP, Chinoy H et al.; International Myositis 
Assessment and Clinical Studies Group Cancer Screening Expert 
Group. International guideline for idiopathic inflammatory 
myopathy-associated cancer screening: an International Myositis 
Assessment and Clinical Studies Group (IMACS) initiative. Nat 
Rev Rheumatol 2023;19:805–17.

05. Hajialilo M, Ghorbanihaghjo A, Khabbazi A et al. Long-term 
follow-up of 76 Iranian patients with idiopathic inflammatory my
opathies. Int J Rheum Dis 2018;21:1627–33.

06. Kagen LJ, Hochman RB, Strong EW. Cricopharyngeal obstruction in in
flammatory myopathy (polymyositis/dermatomyositis). Report of three 
cases and review of the literature. Arthritis Rheum 1985;28:630–6.

07. Labeit B, Pawlitzki M, Ruck T et al. The impact of dysphagia in 
myositis: a systematic review and meta-analysis. J Clin Med 2020; 
9:2150. 

08. Langdon PC, Mulcahy K, Shepherd KL, Low VH, Mastaglia FL. 
Pharyngeal dysphagia in inflammatory muscle diseases resulting 
from impaired suprahyoid musculature. Dysphagia 2012; 
27:408–17.

09. Korfage JA, Schueler YT, Brugman P, Van Eijden TM. Differences 
in myosin heavy-chain composition between human jaw-closing 
muscles and supra- and infrahyoid muscles. Arch Oral Biol 2001; 
46:821–7.

10. Wischnewski S, Th€awel T, Ikenaga C et al. Cell type mapping of 
inflammatory muscle diseases highlights selective myofiber vulner
ability in inclusion body myositis. Nat Aging 2024;4:969–83.

11. Frigeri A, Nicchia GP, Balena R, Nico B, Svelto M. Aquaporins in 
skeletal muscle: reassessment of the functional role of aquaporin- 
4. FASEB J 2004;18:905–7.

12. Frigeri A, Gropper MA, Umenishi F et al. Localization of MIWC 
and GLIP water channel homologs in neuromuscular, epithelial 
and glandular tissues. J Cell Sci 1995;108 (Pt 9):2993–3002.

13. Ishido M, Nakamura T. The expression of aquaporin-4 is regu
lated based on innervation in skeletal muscles. J Muscle Res Cell 
Motil 2018;39:17–23.

14. Frigeri A, Nicchia GP, Desaphy JF et al. Muscle loading modulates 
aquaporin-4 expression in skeletal muscle. FASEB J 2001;15:1282–4.

15. Wakayama Y, Jimi T, Inoue M et al. Altered aquaporin 4 expres
sion in muscles of Fukuyama-type congenital muscular dystrophy. 
Virchows Arch 2003;443:761–7.

16. Assereto S, Mastrototaro M, Stringara S et al. Aquaporin-4 ex
pression is severely reduced in human sarcoglycanopathies and 
dysferlinopathies. Cell Cycle 2008;7:2199–207.

17. Lundberg IE, Tj€arnlund A, Bottai M et al.; International Myositis 
Classification Criteria Project consortium, The Euromyositis regis
ter and The Juvenile Dermatomyositis Cohort Biomarker Study 
and Repository (JDRG) (UK and Ireland). 2017 European League 
Against Rheumatism/American College of Rheumatology classifi
cation criteria for adult and juvenile idiopathic inflammatory my
opathies and their major subgroups. Ann Rheum Dis 2017; 
76:1955–64.

18. Allenbach Y, Mammen AL, Benveniste O, Stenzel W, Immune- 
Mediated Necrotizing Myopathies Working G. 224th ENMC 
International Workshop:: clinico-sero-pathological classification 
of immune-mediated necrotizing myopathies Zandvoort, The 
Netherlands, 14-16 October 2016. Neuromuscul Disord 2018; 
28:87–99.

19. Isenberg DA, Allen E, Farewell V et al.; International Myositis and 
Clinical Studies Group (IMACS). International consensus outcome 
measures for patients with idiopathic inflammatory myopathies. 
Development and initial validation of myositis activity and dam
age indices in patients with adult onset disease. Rheumatology 
(Oxford) 2004;43:49–54.

20. Vizzaccaro E, Terracciano C, Rastelli E, Massa R. Aquaporin 4 ex
pression in human skeletal muscle fiber types. Muscle Nerve 2018; 
57:856–8.

21. Yamada H, Saito F, Fukuta-Ohi H et al. Processing of beta- 
dystroglycan by matrix metalloproteinase disrupts the link be
tween the extracellular matrix and cell membrane via the dystro
glycan complex. Hum Mol Genet 2001;10:1563–9.

22. Horejs C-M, Serio A, Purvis A et al. Biologically-active laminin- 
111 fragment that modulates the epithelial-to-mesenchymal transi
tion in embryonic stem cells. Proc Natl Acad Sci U S A 2014; 
111:5908–13.

23. Suzuki N, Takahashi T, Aoki M et al. Neuromyelitis optica pre
ceded by hyperCKemia episode. Neurology 2010;74:1543–5.

24. Lloyd EM, Pinniger GJ, Murphy RM, Grounds MD. Slow or fast: 
implications of myofibre type and associated differences for 

8                                                                                                                                                                                                                     Marco Fornaro et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/advance-article/doi/10.1093/rheum

atology/keaf436/8237399 by FAc M
edicina-chirurgia Bari user on 12 Septem

ber 2025



manifestation of neuromuscular disorders. Acta Physiol (Oxf) 
2023;238:e14012.

25. Christov C, Chr�etien F, Abou-Khalil R et al. Muscle satellite cells 
and endothelial cells: close neighbors and privileged partners. Mol 
Biol Cell 2007;18:1397–409.

26. Jakobsen JR, Mackey AL, Koch M et al. Larger interface area at 
the human myotendinous junction in type 1 compared with type 2 
muscle fibers. Scand J Med Sci Sports 2023;33:136–45.

27. Jiang T, Huang Y, Liu H et al. Reduced miR-146a promotes 
REG3A expression and macrophage migration in polymyositis 
and dermatomyositis. Front Immunol 2020;11:37.

28. Kinder TB, Heier CR, Tully CB et al. Muscle weakness in myositis: 
microRNA-mediated dystrophin reduction in a myositis mouse model 
and human muscle biopsies. Arthritis Rheumatol 2020;72:1170–83.

29. Lia A, Annese T, Fornaro M et al. Perivascular and endomysial 
macrophages expressing VEGF and CXCL12 promote angiogene
sis in anti-HMGCR immune-mediated necrotizing myopathy. 
Rheumatology (Oxford) 2021;61:3448–60.

30. Ratnayake D, Nguyen PD, Rossello FJ et al. Macrophages provide 
a transient muscle stem cell niche via NAMPT secretion. Nature 
2021;591:281–7.

31. Mann CJ, Perdiguero E, Kharraz Y et al. Aberrant repair and fibro
sis development in skeletal muscle. Skelet Muscle 2011;1:21.

32. Girolamo F, Lia A, Annese T et al. Autophagy markers LC3 and 
p62 accumulate in immune-mediated necrotizing myopathy. 
Muscle Nerve 2019;60:315–27.

33. Fornaro M, Girolamo F, Cavagna L et al. Severe muscle damage with 
myofiber necrosis and macrophage infiltrates characterize anti-Mi2 
positive dermatomyositis. Rheumatology (Oxford) 2021;60:2916–26.

34. Wanschitz JV, Dubourg O, Lacene E et al. Expression of myogenic 
regulatory factors and myo-endothelial remodeling in sporadic in
clusion body myositis. Neuromuscul Disord 2013;23:75–83.

35. Mammen AL, Casciola-Rosen LA, Hall JC et al. Expression of the 
dermatomyositis autoantigen Mi-2 in regenerating muscle. 
Arthritis Rheum 2009;60:3784–93.

36. Arouche-Delaperche L, Allenbach Y, Amelin D et al. Pathogenic 
role of anti-signal recognition protein and anti-3-hydroxy-3- 
methylglutaryl-CoA reductase antibodies in necrotizing myopathies: 
myofiber atrophy and impairment of muscle regeneration in necro
tizing autoimmune myopathies. Ann Neurol 2017;81:538–48.

37. Jimi T, Wakayama Y, Murahashi M et al. Aquaporin 4: lack of 
mRNA expression in the rat regenerating muscle fiber under de
nervation. Neurosci Lett 2000;291:93–6.

38. Basco D, Blaauw B, Pisani F et al. AQP4-dependent water trans
port plays a functional role in exercise-induced skeletal muscle 
adaptations. PLoS One 2013;8:e58712.

39. Cabrera-Aldana EE, Ruelas F, Aranda C et al. Methylprednisolone 
administration following spinal cord injury reduces aquaporin 4 
expression and exacerbates edema. Mediators Inflamm 2017; 
2017:4792932.

40. Huang H, Lin L, Wu T et al. Phosphorylation of AQP4 by LRRK2 
R1441G impairs glymphatic clearance of IFNgamma and aggra
vates dopaminergic neurodegeneration. NPJ Parkinsons Dis 2024; 
10:31.

41. Madrid R, Le Maout S, Barrault MB et al. Polarized trafficking 
and surface expression of the AQP4 water channel are coordinated 
by serial and regulated interactions with different clathrin-adaptor 
complexes. EMBO J 2001;20:7008–21.

42. Carmosino M, Procino G, Tamma G et al. Trafficking and phos
phorylation dynamics of AQP4 in histamine-treated human gastric 
cells. Biol Cell 2007;99:25–36.

43. Platanias LC. Mechanisms of type-I- and type-II-interferon- 
mediated signalling. Nat Rev Immunol 2005;5:375–86.

44. Pijet B, Pijet M, Litwiniuk A et al. TNF-alpha and IFN-s- 
dependent muscle decay is linked to NF-kappaB- and STAT- 
1alpha-stimulated Atrogin1 and MuRF1 genes in C2C12 myo
tubes. Mediators Inflamm 2013;2013:171437.

45. Chung SW, Kim JY, Yoon JP et al. Atrogin1-induced loss of aqua
porin 4 in myocytes leads to skeletal muscle atrophy. Sci Rep 
2020;10:14189.

46. Oshima T, Laroux FS, Coe LL et al. Interferon-gamma and 
interleukin-10 reciprocally regulate endothelial junction integrity 
and barrier function. Microvasc Res 2001;61:130–43.

47. Girolamo F, Virgintino D, Errede M et al. Involvement of 
metalloprotease-2 in the development of human brain microves
sels. Histochem Cell Biol 2004;122:261–70.

48. Graesser D, Mahooti S, Haas T et al. The interrelationship of al
pha4 integrin and matrix metalloproteinase-2 in the pathogenesis 
of experimental autoimmune encephalomyelitis. Lab Invest 1998; 
78:1445–58.

49. Guadagno E, Moukhles H. Laminin-induced aggregation of the in
wardly rectifying potassium channel, Kir4.1, and the water- 
permeable channel, AQP4, via a dystroglycan-containing complex 
in astrocytes. Glia 2004;47:138–49.

50. Noel G, Tham DKL, Guadagno E, MacVicar B, Moukhles H. The 
laminin-induced phosphorylation of PKCdelta regulates AQP4 
distribution and water permeability in rat astrocytes. Cell Mol 
Neurobiol 2021;41:1743–57.

51. Kovanen V, Suominen H, Risteli J, Risteli L. Type IV collagen 
and laminin in slow and fast skeletal muscle in rats—effects of 
age and life-time endurance training. Coll Relat Res 1988; 
8:145–53.

© The Author(s) 2025. Published by Oxford University Press on behalf of the British Society for Rheumatology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/ 
4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please 
contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link 
on the article page on our site—for further information please contact journals.permissions@oup.com.
Rheumatology, 2025, 00, 1–9
https://doi.org/10.1093/rheumatology/keaf436
Original Article

Aquaporin-4 downregulation in dysphagic patients with IIMs                                                                                                                                          9 

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keaf436/8237399 by FAc M

edicina-chirurgia Bari user on 12 Septem
ber 2025


	Active Content List
	Introduction
	Materials and methods
	Results
	Discussion
	Supplementary material
	Data availability
	Author contributions
	Funding
	Acknowledgements
	References


