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Abstract

Objectives. Anti-signal recognition particle (SRP) antibodies,
markers of immune-mediated necrotising myopathy, are
reportedly related to cardiac involvement; however, whether they
are pathogenic to the myocardium remains unclear. We aimed,
therefore, to explore the pathogenicity of anti-SRP antibodies
against the myocardium through in vivo and in vitro studies.
Methods. Total immunoglobulin G (IgG), purified from patients
with positive anti-SRP antibodies, was passively transferred into
C57BL/6 mice. Cardiac function was evaluated via
echocardiography and the ventricular pressure–volume loop;
cardiac histological changes were analysed using haematoxylin–
eosin staining, picrosirius red staining, immunofluorescence and
immunohistochemistry. Additionally, reactive oxygen species (ROS)
formation was evaluated by dihydroethidium (DHE) staining;
mitochondrial morphology and function were evaluated using
transmission electron microscopy and seahorse mitochondrial
respiration assay, respectively. The myositis cohort at our centre
was subsequently reviewed in terms of cardiac assessments.
Results. After the passive transfer of total IgG from patients with
positive anti-SRP antibodies, C57BL/6 mice developed significant
left ventricular diastolic dysfunction (LVDD). Transcriptomic
analysis and corresponding experiments revealed increased
oxidative stress and mitochondrial damage in the hearts of the
experimental mice. Cardiomyocytes exposed to anti-SRP-specific
IgG, however, recovered normal mitochondrial metabolism after
treatment with N-acetylcysteine, an ROS scavenger. Moreover,
patients positive for anti-SRP antibodies manifested worse diastolic
but equivalent systolic function compared to their counterparts
after propensity score matching. Conclusion. Anti-SRP antibodies
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may play a pathogenic role in the development of LVDD by
promoting ROS production and subsequent myocardial
mitochondrial impairment. The inhibition of oxidative stress was
effective in reversing anti-SRP antibody-induced LVDD.

Keywords: anti-signal recognition particle antibody, left ventricular
diastolic dysfunction, mitochondrial injury, myositis, reactive oxygen
species

INTRODUCTION

Anti-signal recognition particle (SRP) antibodies,
first identified by Reeves1 in 1986, are markers of
immune-mediated necrotising myopathy (IMNM).
Anti-SRP-positive myopathy, a subgroup of
idiopathic inflammatory myopathy (IIM), often
referred to as myositis, is related to severe skeletal
muscle weakness and increased creatine kinase
(CK) levels.2,3 Myocardial involvement is a
frequent complication of myositis and is usually
associated with a poor prognosis.4,5 Previous
evidence suggested a link between anti-SRP
antibodies and high rates of cardiac involvement;
however, the full relationship remains to be
elucidated.6,7 Cardiac involvement in patients
positive for anti-SRP antibodies is heterogeneous,
ranging from subclinical damage to
life-threatening arrhythmia or heart failure.8 We
recently reported an inclination to develop heart
failure with preserved ejection fraction in
anti-SRP+ myositis patients.9

The anti-signal recognition particle is a
ribonucleoprotein complex composed of six
polypeptide chains, among which the 54 kDa
polypeptide (SRP54) is the main functional subunit.
SRP is primarily localised in the endoplasmic
reticulum, where it recognises and translocates
polypeptide chains.10 Additionally, several studies
have reported the pathogenicity of anti-SRP
antibodies in IIM. A longitudinal clinical study
revealed a positive correlation of anti-SRP antibody
titres to CK levels and disease activity scores.11 A
favorable response to B-cell depletion therapy with
rituximab and plasma exchange also suggested an
immune-mediated pathogenic mechanism
underlying anti-SRP-positive myopathy.12,13

Furthermore, serum containing anti-SRP antibodies
was shown to reduce the viability of myoblasts and
mediate necrosis of skeletal muscles in mice.14,15

Herein, anti-SRP antibodies serve not only as disease

biomarkers, but also exert direct pathogenic effects
against skeletal muscles.16

Since the expression of SRP is ubiquitous rather
than muscle specific and the myocardium shares
analogous features with skeletal muscles, it can be
assumed that they are likely to be affected by the
same pathogenic process. Muscle histology in
anti-SRP-positive myopathy often demonstrates
massive necrotic fibres with minimal
inflammation,17,18 and a recent myocardial biopsy
study revealed similar pathological lesions in the
cardiac muscles of an anti-SRP-positive patient.19

The pathogenicity of anti-SRP antibodies towards
the myocardium, however, has not yet been
experimentally verified. In the present study,
therefore, we performed in vivo and in vitro
experiments to explore whether anti-SRP
antibodies affect the myocardium and briefly
investigated the underlying mechanism.

RESULTS

Reactivity of human autoantibodies against
their cognate murine targets

First, we purified total IgG and anti-SRP-specific IgG
from the patient plasma and confirmed it using
Coomassie brilliant blue staining (Supplementary
figure 1). The binding of immunoaffinity-purified
anti-SRP-specific IgG to the recombinant human
SRP54 protein was verified by western blotting
(Figure 1a). The cross-reaction between
immunoaffinity-purified anti-SRP-specific IgG
and the SRP antigen was demonstrated
by enzyme-linked immunosorbent assay
(Supplementary table 1), as well as a commercial
test line (Supplementary figure 2). Since SRP54 is
100% conserved between humans and mice
according to published studies,15 we then explored
whether human source anti-SRP IgG would react
with its cognate antigen in mice hearts. First of all,
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the positive signal demonstrated the presence
of immunoreactive SRP antigen in mice hearts
when immunostained with commercial anti-SRP
antibodies (Figure 1b). Moreover, anti-SRP-specific
IgG from patients, but not healthy controls (HCs),
recognised their targets in the mouse myocardium
(Figure 1c and d). However, the signal disappeared
in a competition experiment in which IgG was
pre-incubated with recombinant SRP54 (Figure 1e).
The co-localisation of immunoaffinity-purified
anti-SRP-specific IgG from patients and wheat germ
agglutinin (WGA) suggested a sarcolemmal
expression pattern (Figure 1f–i). Taken together,
these results showed that patient-derived anti-SRP
IgG recognised its cognate antigenic targets in mice
hearts.

In vivo pathogenicity of human source
anti-SRP antibodies

Based on the previous studies, we used a passive
transfer method to investigate the pathogenicity of
human source anti-SRP antibodies in mice. In brief,
C57BL/6 mice received daily intraperitoneal
injections of purified total IgG from anti-SRP+

myositis patients (anti-SRP+ group) or from the HC
group, for 14 consecutive days. To limit
xenoimmunisation against human protein, the
animals were transiently immunosuppressed with a
single dose of cyclophosphamide (Figure 2a). After
14 days, the anti-SRP+ group exhibited a higher drop
rate in the wire-hanging test after adjusting for
body weight (Figure 2b and c), significant myofibre

Figure 1. Immunoreactivity study of human source anti-SRP antibodies. (a) Western blot of recombinant SRP54 protein revealed by mouse anti-

SRP antibody (line on the left) or immunoaffinity-purified human anti-SRP-specific IgG (line on the right). (b–i) Representative

immunofluorescence staining of mouse myocardium after incubation with (b) mouse anti-SRP antibody and FITC-labelled anti-mouse secondary

antibody, (c) immunoaffinity-purified anti-SRP-specific IgG from patient plasma and FITC-labelled anti-human secondary antibody, (d) purified

total IgG from HCs’ plasma and FITC-labelled anti-human secondary antibody, (e) immunoaffinity-purified anti-SRP-specific IgG from patient

plasma with prior inhibition by free SRP54 protein and FITC-labelled anti-human secondary antibody and (f–i) immunoaffinity-purified anti-SRP-

specific IgG from patient plasma (green) and co-staining with WGA (red) (Scale bar, 50 lm; 20 lm for inset). All are counterstained with DAPI

(blue). These experiments were repeated three times. SRP, signal recognition particle; WGA, wheat germ agglutinin.
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necrosis (Figure 2d and e) and macrophage
infiltration (Figure 2f and g) in the muscle biopsy
and higher serum CK levels (Figure 2h–k).

Human source anti-SRP antibodies caused
cardiac diastolic dysfunction in mice

Subsequently, we explored the cardiac
manifestations of mice injected with purified total
IgG from anti-SRP+ myositis patients. Of note,
cardiac biomarkers, including brain natriuretic
peptide (BNP) and cardiac troponin T (cTnT), were
markedly elevated (Figure 2l–o) in the
experimental mice. Indicators reflecting systolic

function, such as left ventricular ejection fraction
(LVEF) and cardiac ventricular dimensions,
remained unchanged on M-mode
echocardiography (Figure 3a–c, Supplementary
figure 3). The anti-SRP+ group, however, tended
to suffer from LVDD, characterised by decreased
transmitral E/A and increased deceleration time
on evaluation with pulsed-wave colour Doppler
echocardiography (Figure 3d–f). Simultaneously,
the mitral E velocity to mitral annular E0 velocity
ratio (E/E0) on tissue Doppler imaging, which is a
reliable predictor of left ventricular (LV)
end-diastolic pressure, was also dramatically
elevated in the experimental mice (Figure 3g–i).

Figure 2. In vivo study of the pathogenicity of human source anti-SRP antibodies. (a) Experimental overview. (b, c) Body weight (b) and wire

hanging time (c) of mice before and after injection of total IgG (n = 8). (d) H&E staining of muscle cryosection in each group (Scale bar, 50 lm).

(e) Quantification of necrotic muscle fibres in triceps muscles in each group (n = 5 per group from 5 random fields per mice). (f)

Immunohistological staining of F4/80+ macrophages in mice muscle fibres in each group (Scale bar, 50 lm). (g) The relative value of F4/80

positive levels in each group (n = 5 per group from 5 random fields per mouse). (h–k) The comparison of serum levels of CK (h), CK-MB (i), AST

(j) and LDH (k) between two mice groups. (l–o) The comparison of serum levels of BNP (l), cTnT (m), cTnI (n) and LDH1 (o) between two mice

groups (n = 8). All data are presented as mean � SEM. The data shown are from one of three experiments, which all showed similar results. ns

P > 0.05, *P < 0.05, **P < 0.01. AST, aspartate aminotransferase; BNP, B-type natriuretic peptide; CK, creatine kinase; CK-MB, creatine kinase-

MB; cTnI, cardiac troponin I; cTnT, cardiac troponin T; CTX, cyclophosphamide; H&E, haematoxylin–eosin staining; HC, health control; IgG,

immunoglobulin G; LDH, lactate dehydrogenase; SRP, signal recognition particle; LDH1, lactate dehydrogenase 1.

Anti-SRP antibodies induce diastolic dysfunction H Zhang et al.

2024 | Vol. 13 | e1525

Page 4

ª 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.



Figure 3. The decline in cardiac diastolic function in mice after injection of human source anti-SRP antibodies. (a) Representative images of left

ventricular M-mode echocardiographic tracings of mice after injection with HC or anti-SRP IgG. (b, c) Percentages of LVEF (b) and LVFS (c) in

two mice groups (n = 8). (d) Representative mitral flow patterns from pulsed-wave colour Doppler echocardiography in two mice groups. (e, f)

The levels of E/A ratio (e) and deceleration time (f) in two mice groups (n = 8). (g) Representative images of mitral annular Doppler tissue

imaging in two mice groups. (h, i) The levels of IVS E/E0 ratio (h) and LW E/E0 ratio (i) in two mice groups (n = 8). (j–l) Representative steady-

state left ventricular pressure–volume (P–V) loops in two mice groups. (m–p) The diastolic stiffness coefficient b of EDPVR (m), the ESPVR (n),

systolic contractility (o) and diastolic relaxation (p) were calculated from the P–V loop analysis in two mice groups (n = 5). All data are presented

as mean � SEM. The data shown are from one of three experiments, which all showed similar results. ns P > 0.05, *P < 0.05, **P < 0.01. HC,

health control; IgG, immunoglobulin G; SRP, signal recognition particle; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional

shortening; E/A, early diastolic filling velocity/atrial filling velocity ratio; IVS E/E0, peak early diastolic velocity/peak early diastolic mitral annular

velocity ratio at the septum of the left ventricle; LW E/E0, peak early diastolic velocity/peak early diastolic mitral annular velocity ratio at the lateral

wall of the left ventricle; EDPVR, end-diastolic pressure–volume relationship; ESPVR, end-systolic pressure–volume relationship.
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To further assess real-time cardiac
haemodynamics, pressure–volume analysis was
performed via LV catheterisation (Figure 3j–l). The
anti-SRP+ group showed significantly increased
load-independent diastolic stiffness coefficient of
the end-diastolic pressure–volume relationship
(EDPVR) (Figure 3m), along with decreased
load-dependent minimum and maximum LV
pressure change ratios (dP/dt min, �dP/dt max;
Figure 3o and p), suggesting LV chamber stiffness
and relaxation impairment, respectively. In
contrast, the end-systolic pressure–volume
relationship (ESPVR), which reflects myocardial
contractility, showed no difference between the
two groups (Figure 3n). Collectively, the presence
of diastolic dysfunction concomitant with LVEF
preservation was validated via both non-invasive
and invasive manners.

Human source anti-SRP antibodies exerted
no effect on myocardial morphology,
inflammatory infiltration, apoptosis
or fibrosis

We then investigated pathophysiological changes
in the myocardium of the anti-SRP+ group. No
obvious disorganisation or necrosis was observed
upon haematoxylin–eosin staining and no
significant macrophage infiltration was observed
by F4/80 staining (Figure 4a and b). In parallel,
WGA staining showed similar cardiomyocyte sizes
between the two groups (Figure 4c and d).
Picrosirius red staining of the LV sections revealed
a landscape of collagen deposition-free in the
myocardium as well (Figure 4e and f). Further, no
significant differences were observed in terms of
cell apoptosis, as revealed by the terminal

Figure 4. Cardiac serological and histological changes in mice after injection of human source anti-SRP antibodies. (a) H&E staining (upper) and

immunohistological staining for F4/80+ macrophages (lower) of myocardium in each group (Scale bar, 50 lm). (b) The relative value of F4/80

positive levels in each group (n = 5 per group from 5 random fields per mouse). (c) Representative immunofluorescent image of WGA staining of

mice hearts in each group (Scale bar, 50 lm; green, WGA; blue, DAPI). (d) The relative value of myocardial cell size of mice in each group (n = 5

per group from 5 random fields per mouse). (e) Sirius red staining of myocardium in each group (Scale bar, 1 mm; 50 lm for inset). (f)

Percentage of cardiac fibrosis area in each group (n = 5 per group from 5 random fields per mouse). (g) Representative immunofluorescent

image of TUNEL staining of mice hearts in each group (Scale bar, 50 lm; green, TUNEL; blue, DAPI). (h) The relative value of TUNEL positive

levels in each group (n = 5 per group from 5 random fields per mice). All data are presented as mean � SEM. The data shown are from one of

three experiments, which all showed similar results. ns P > 0.05. H&E, haematoxylin–eosin staining; HC, health control; IgG, immunoglobulin G;

SRP, signal recognition particle; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labelling; WGA, wheat germ agglutinin.
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deoxynucleotidyl transferase 20-Deoxyuridine,
50-Triphosphate (dUTP) nick-end labelling (TUNEL)
assay (Figure 4g and h).

Human source anti-SRP antibodies
influenced ROS production and
mitochondrial function in mice hearts

To further explain the mechanism underlying the
cardiac phenotype caused by anti-SRP antibodies,
we performed a transcriptomic analysis of mice

hearts. A total of 1172 differentially expressed
genes were identified, 655 of which were
downregulated, while 517 were upregulated in the
anti-SRP+ group. A volcano plot of differentially
expressed genes is shown in Figure 5a. Gene
ontology (GO) analysis revealed that multiple
genes were involved in mitochondrial regulation,
superoxide anion generation and ROS pathways
(Figure 5b). Gene set enrichment analysis of all of
the detected messenger ribonucleic acid (mRNA)
further verified that ROS production and

Figure 5. The upregulation of reactive oxygen species metabolic pathways in the transcriptomic analysis of mouse hearts. (a) Volcano plot

showing significantly decreased (blue) and increased (red) genes. (b) Gene ontology (GO) analysis of RNA-sequencing data. (c, d) Gene set

enrichment analysis of ‘Positive Regulation of Reactive Oxygen Species Metabolic Process’ (c) and ‘Mitochondrial Membrane Organization’ (d)

pathways with all detected mRNAs (n = 3 per group).
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mitochondrial injury were significantly enriched in
the anti-SRP+ group (Figure 5c and d).

Human source anti-SRP antibodies
increased cardiac ROS levels and
altered mitochondrial integrity and
function in mice

We next utilised DHE staining to evaluate the ROS
levels and mitochondrial changes and observed
increased ROS levels in the myocardium of the
anti-SRP+ group (Figure 6a and b). Additionally,
transmission electron microscopy showed altered

mitochondrial morphology, including swollen
outer membranes (Figure 6c), increased
mitochondrial perimeters (Figure 6d and e) and
increased form factors, along with decreased
circularity (Figure 6f and g).

To evaluate the functional consequences of the
disturbance in the ultrastructural integrity of
the mitochondrial architecture, we evaluated the
bioenergetic function of isolated primary
cardiomyocytes from each group, via oxygen
consumption rate measurements obtained using a
Seahorse XF Analyser (Figure 6h). Extracellular flux
analysis showed that spare and maximal

Figure 6. The alteration of mitochondrial integrity and function induced by increased ROS levels in mouse hearts. (a, b) Representative image (a)

and summary fluorescence intensity (b) of DHE staining of myocardium for ROS formation (n = 5 per group from 5 random fields per mice; Scale

bar, 50 lm). (c) Representative transmission electron microscopy images of cardiac tissue in each group (Scale bar, 5 lm; 1 lm for inset). (d–g)

Quantification analysis of mitochondrial area (d), mitochondrial perimeter (e), mitochondrial form factor (f) and mitochondrial circularity (g) in

each group (330 mitochondria per group). (h) Real-time mitochondrial respiration capacity monitoring the oxygen consumption rate in primary

cardiomyocytes isolated in each group. (i–k) The basal respiration (i), maximal respiration (j) and spare respiratory capacity (k) of primary

cardiomyocytes isolated in each group (n = 5). All data are presented as mean � SEM. The data shown are from one of three experiments,

which all showed similar results. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. ROS, reactive oxygen species; IgG, immunoglobulin G; SRP,

signal recognition particle; FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; OCR, oxygen consumption rate; DHE, dihydroethidium.
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respiration capacities were markedly reduced in
the anti-SRP+ group (Figure 6i–k), while the basal
respiration capacity was unaffected.

N-acetylcysteine treatment reversed
mitochondrial dysfunction in
cardiomyocytes exposed to
immunoaffinity-purified
anti-SRP-specific IgG

To further elucidate the direct pathogenic effects
of anti-SRP antibodies on cardiomyocytes, we
added immunoaffinity-purified anti-SRP-specific
IgG from patients to the cultures of
cardiomyocytes in vitro. Considering that the cell
line did not completely exhibit the properties of
cardiomyocytes, the experiments were performed
using neonatal rat ventricular myocytes (NRVMs).

A-actinin was used as a positive marker to identify
NRVMs (Supplementary figure 4). It turned out
that immunoaffinity-purified anti-SRP-specific IgG
induced higher ROS levels in NRVMs, which was
reversed by the antioxidant N-acetylcysteine (NAC)
(Figure 7a and b). Furthermore, NAC
supplementation attenuated the damage to
mitochondrial oxidative phosphorylation in
NRVMs, as revealed by real-time mitochondrial
respiration detection (Figure 7c–e).

Increased tendency to develop cardiac
diastolic dysfunction in patients with
anti-SRP antibodies

Based on the aforementioned findings, we then
explored the clinical relevance of our myositis
cohort (n = 253) with anti-SRP antibodies (n = 41).

Figure 7. NAC reversed the oxidative stress effect of immunoaffinity-purified-specific anti-SRP antibodies on neonatal rat ventricular myocytes.

(a, b) Representative image (a) and summary fluorescence intensity (b) of DHE staining of neonatal rat ventricular myocytes cultured with

immunoaffinity-purified-specific anti-SRP IgG or purified IgG from HCs, treated with or without NAC (n = 3 per group from 3 random fields;

Scale bar, 50 lm). (c) Real-time mitochondrial respiration capacity monitoring the oxygen consumption rate in neonatal rat ventricular myocytes

in each group. (d, e) The maximal respiration (d) and proton leak (e) in neonatal rat ventricular myocytes in each group (n = 5). All data are

presented as mean � SEM. The data shown are from one of three experiments, which all showed similar results. ns P > 0.05, *P < 0.05,

**P < 0.01, ***P < 0.001. DHE, dihydroethidium; FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; IgG, immunoglobulin G; NAC,

N-acetylcysteine; OCR, oxygen consumption rate; SRP, signal recognition particle.
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After propensity score matching (PSM), all pre-
and intraoperative factors were well balanced
between the anti-SRP+ group (n = 38) and its
counterparts (n = 76) (Table 1).

When it came to cardiac assessments, we found
that the anti-SRP+ group showed a more
pronounced elevation of serological muscle
enzymes and cardiac biomarkers levels. In particular,
a considerable trend towards concentric
hypertrophy and diastolic dysfunction, as indicated
by echocardiographic parameters, was observed.
Patients with anti-SRP antibodies displayed a
decreased E/A ratio (P = 0.020) and lateral E0 wave
(P = 0.040) and an increased LV posterior wall

thickness (P = 0.015), septal E/E0 (P = 0.028) and
lateral E/E0 (P = 0.049). Nonetheless, there were no
significant differences between the two groups in
terms of LVEF or LV volume (all P > 0.05). Above all,
patients with anti-SRP antibodies tended to develop
LVDD with contractile function preservation.

DISCUSSION

Previous research has revealed that anti-SRP
antibodies act not only as serological markers for
the IMNM subtype, but also as pathogenic factors
directly involved in myoblast injury. Here, we
showed, for the first time, that human source

Table 1. Selected patient characteristics in myositis patients stratified by anti-SRP positivity versus anti-SRP negativity after propensity score

weighting

Anti-SRP positivity

(n = 38)

Anti-SRP negativity

(n = 76) P-value

Age (year, median, IQR) 56.5 (49.8–64.3) 58.5 (48.3–65.0) 0.935

Sex (female/male) 27/11 52/24 0.774

Duration (month, median, IQR) 4.0 (1.8–12.0) 4.0 (2.0–12.0) 0.966

BMI (kg/m2, median, IQR) 22.6 (20.7–25.2) 22.9 (20.2–25.2) 0.921

Cardiovascular risk factors (n, %)

Hypertension 6 (15.8) 11 (14.5) 0.853

Diabetes mellitus 6 (15.8) 12 (15.8) 0.999

Hyperlipaemia 2 (5.3) 5 (6.6) 0.783

Smoking history 1 (2.6) 1 (1.3) 0.614

Laboratory values (median, IQR)

CK (IU L�1) 245.5.0 (62.0–3440.0) 93.5 (58.0–386.5) 0.037

CK-MB (ng mL�1) 11.9 (1.3–137.5) 2.7 (1.2–13.0) 0.021

cTnI (ng mL�1) 0.02 (0.01–0.06) 0.01 (0.01–0.03) 0.036

Mb (ng mL�1) 92.0 (16.2–871.2) 34.9 (16.8–84.1) 0.044

LDH (IU L�1) 392.0 (248.0–849.0) 287.5 (220.0–414.5) 0.011

NT-proBNP (pg mL�1) 142.5 (50.1–252.7) 98.3 (44.0–165.9) 0.040

Echocardiography (median, IQR)

LAD (mm) 28.0 (24.0–32.0) 27.0 (25.0–29.0) 0.837

LVEDD (mm) 46.0 (42.0–50.0) 46.0 (44.0–48.8) 0.715

LVESD (mm) 25.0 (22.0–27.0) 26.5 (22.0–28.0) 0.106

IVST (mm) 9.0 (8.0–10.0) 9.0 (8.0–9.0) 0.201

LVPWT (mm) 9.0 (8.0–9.0) 8.0 (8.0–9.0) 0.015

LVEF (%) 68.0 (64.0–72.0) 69.0 (66.0–71.0) 0.468

E/A 0.9 (0.7–1.1) 1.0 (0.8–1.2) 0.020

Septal E0 (m s�1) 7.7 (5.9–9.7) 8.3 (7.0–9.6) 0.245

Septal E/E0 10.4 (9.0–11.8) 9.0 (7.4–10.4) 0.028

Lateral E0 (m s�1) 9.2 (6.9–11.7) 10.9 (9.0–11.8) 0.040

Lateral E/E0 8.2 (6.8–9.6) 7.4 (5.5–8.9) 0.049

Values are presented as median with interquartile range for continuous variables and as numbers with percentages for categorical variables.

P < 0.05 is shown in bold type.

BMI, body mass index; CK, creatine kinase; CK-MB, creatine kinase-MB; cTnI, cardiac troponin I; E/A, early diastolic filling velocity/atrial filling

velocity ratio; IQR, interquartile range; IVST, interventricular septal wall thickness; LAD, left atrial diameter; Lateral E0, peak early diastolic mitral

annular velocity at the lateral wall of the left ventricle; Lateral E/E0, peak early diastolic velocity/peak early diastolic mitral annular velocity ratio at the

lateral wall of the left ventricle; LDH, lactate dehydrogenase; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction;

LVESD, left ventricular end-systolic diameter; LVPWT, left ventricular posterior wall thickness; Mb, myoglobin; NT-proBNP, N-terminal pro-B-type

natriuretic peptide; PSM, propensity score matching; Septal E0, peak early diastolic mitral annular velocity at the septum of the left ventricle; Septal

E/E0, peak early diastolic velocity/peak early diastolic mitral annular velocity ratio at the septum of the left ventricle; SRP, signal recognition particle.
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anti-SRP antibodies induced diastolic dysfunction in
vivo. In parallel, based on our clinical myositis
cohort, we found that anti-SRP+ myositis patients
were more susceptible to developing LVDD,
characterised by myocardial relaxation impairment
and centripetal hypertrophy, than their
counterparts. Previous studies found that LVDD is
an early feature of cardiac involvement in myositis
patients; however, we first reported the SRP
antibody-related LVDD phenotype basically and
clinically. LVDD is closely associated with heart
failure,20–22 so clinicians should be alert to early
alterations in cardiac dysfunction in patients with
anti-SRP antibodies.

Anti-SRP antibodies have been found to disturb
the translocation of secretory proteins into the
endoplasmic reticulum by binding to the SRP54
subunit and subsequently suppressing the SRP
receptor-mediated release of endoplasmic reticulum
signal sequences.23 The mechanisms through which
these circulatory autoantibodies reach their
intracellular molecular targets, however, remain
unclear. Presumably, intracellular antigens can be
expressed ectopically at the cell surface under
specific conditions or autoantibodies may enter the
cells. For example, the endoplasmic reticulum
protein calnexin is expressed on the surface of
various cells, such as murine splenocytes, fibroblast
cells and human HeLa cells.24 Anti-deoxyribonucleic
acid (DNA) antibodies enter living cells by binding
to myosin on the cell membrane, thereby inhibiting
the activity of nucleic acid endonucleases.25,26

Previous studies have shown that SRP antigen can
be expressed on the surface of muscle fibrils.14 In
line with these studies, we observed a similar
sarcolemmal expression pattern of the SRP antigen
in the myocardium, as revealed by the colocalisation
of immunoaffinity-purified anti-SRP-specific IgG
from patients and WGA by immunofluorescence
staining. Nonetheless, whether anti-SRP antibodies
enter the cardiomyocytes or cross-react with
receptors on the cardiomyocyte surface requires
further investigation.27

To determine the cascade effects triggered by
anti-SRP antibodies that contribute to the LVDD
phenotype, we performed myocardial histological
and transcriptomic analyses. With regular
pathological changes, including hypertrophy,
fibrosis, apoptosis, necrosis and inflammatory
infiltration, being negative, ROS pathway activation
was found to be the driving force behind this
phenotype. Subsequent experiments further
revealed the pathogenicity of oxidative stress by

damaging cardiac mitochondria, leading to oxygen
utilisation disorders and energy deficits. Myocardial
mitochondrial abnormality is a critical feature of
LVDD. Several mouse models of cardiac hypertrophy
and diastolic dysfunction have shown significant
decreases in cardiac mitochondrial metabolism and a
mismatch between adenosine triphosphate (ATP)
production and demand.28,29 Throughout the
cardiac cycle, diastole is the most energy-demanding
phase; therefore, the vicious cycle between ROS and
mitochondria aggravates the cardiac compliance
decline and diastolic dysfunction.30

Furthermore, Daniela et al.31 suggested that the
attenuation of oxidative stress would help improve
diastolic function by restoring myocardial
energetics. Dan et al.32 reported that nicotinamide
adenine dinucleotide (NAD+) precursor nicotinamide
riboside supplementation was beneficial in diastolic
function recovery in preclinical animal models.
Several clinical trials of mitochondria-targeted
therapies are ongoing and are recognised to hold
great promise for LVDD treatment.29 In the present
study, the restoration of oxygen consumption and
energy metabolism was observed in primary
cardiomyocytes treated with NAC, a type of ROS
salvage. Of note, ROS activation and mitochondrial
dysfunction in the skeletal muscles have also been
reported to play pivotal roles in IIM.33 Danli et al.34

proposed several small-molecule compounds that
targeted the mitochondrial pathway in juvenile
dermatomyositis. Our results support the
pathogenicity of the mitochondrial redox imbalance
in IIM mice with LVDD. Therefore, ROS inhibition is a
promising strategy in the treatment of IIM patients
with cardiac involvement. Its safety and
effectiveness, however, need to be further verified
in animal and clinical studies.

The present study had several limitations. First,
we briefly demonstrated the pathogenicity of anti-
SRP antibodies against the myocardium through
the oxidative stress pathway; however, the
mechanism by which these autoantibodies bind to
their target in the heart remains to be fully
elucidated. Moreover, because of the xenogeneic
response elicited against human IgG, we were
hindered from observing the extended in vivo
effects of anti-SRP antibodies on the myocardium.
Finally, we observed a tendency for anti-SRP+

patients to develop LVDD by evaluating the
baseline echocardiograms in our myositis cohort;
however, a long-term follow-up study should be
conducted to further confirm the association
between anti-SRP antibodies and LVDD.
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METHODS

Patients

A total of 253 IIM patients admitted to the Department of
Rheumatology and Immunology, Ruijin Hospital from
January 2016 to October 2022 were enrolled. All patients
fulfilled the Bohan and Peter IIM criteria or 2004 European
Neuromuscular Centre (ENMC) criteria.35,36 Patients with a
history of coronary artery disease, severe lung infection or
evidence of malignancy were excluded. To reduce selection
bias and make the anti-SRP antibodies the only exposure,
1:2 nearest-neighbour PSM was created using the following
baseline characteristics: age, sex, duration, body mass index,
hypertension, diabetes mellitus, hyperlipaemia, obesity and
smoking history.

Human samples and IgG purification

Plasmas were obtained from two patients with anti-SRP+

antibodies after the first plasma exchange. Plasma exchange
was performed for therapeutic purposes. Total IgG was
purified from plasma by a Protein G Agarose Prepacked
Column (Beyotime, Shanghai, China) and concentrated in a
centrifuge tube (Amicon) (Millipore, Darmstadt, Germany).
The flow-through of IgG purification was kept for use as IgG-
depleted control. Anti-SRP-specific IgG was purified by
immunoaffinity chromatography on HiTrap NHS-Activated HP
column (cytiva, Washington, USA). In brief, recombinant
human SRP54 protein (ProSpec-Tany, Ness-Ziona, Israel) was
coupled to the column. Then, purified total IgG from patients
with anti-SRP antibodies was used to pass through the
column and followed by elution to obtain anti-SRP-specific
IgG. Purified IgG without anti-SRP antibodies from healthy
blood donors by the same procedure was used as control IgG.
Furthermore, purified IgG was quantified by BCA assay
(Beyotime, Shanghai, China) and confirmed by Coomassie
Brilliant Blue staining (Beyotime, Shanghai, China). After
sterile filtration, the samples were stored at �80°C until use.

Western blots

Western blots were performed using recombinant human
SRP54 protein after 10% SDS–PAGE and transfer to a
polyvinylidene difluoride membrane (Millipore, Darmstadt,
Germany). The membrane was incubated with mouse anti-SRP
antibody (Santa Cruz Biotechnology, Texas, USA) or
immunoaffinity-purified anti-SRP-specific IgG from humans
and incubated using secondary anti-mouse horseradish
peroxidase (Cell Signal Technology, Boston, USA) or secondary
anti-human horseradish peroxidase (Cell Signal Technology,
Boston, USA), respectively. An electrochemiluminescence assay
was used for the final visualisation.

Passive transfer of human IgG into mice

The 8–10-week-old female wild-type C57BL/6 mice were
purchased from Charles River Laboratories (Beijing, China)
and were divided into two groups of 8 animals. They
received daily intraperitoneal injections of 2 mg of total IgG

purified from patients with anti-SRP antibodies or healthy
donors for 14 days. To reduce anti-human xenogeneic
immune responses, wild-type mice received a single dose of
300 mg kg�1 of cyclophosphamide (BaxterOncology, Halle,
Germany) before the administration.

Wire hang test

The test began with the mice hanging from an elevated
wire cage top. The animal was placed on the cage top,
which was then inverted and suspended above the home
cage; the latency to when the animal fell was recorded.
This test was performed three times for each animal at
intervals of more than 10 min.

Echocardiography

The echocardiology was performed in 1% isofluorane-
anaesthetised C57BL/6 mice by Visual Sonics Vero 2100
system (Visual Sonics, Toronto, Canada). The animals’ chests
were shaved and hair removal gel was applied to minimise
resistance to ultrasonic beam transmission. The parameters
such as left ventricular ejection fraction (LVEF), left
ventricular fractional shortening (LVFS), early diastolic
filling velocity/atrial filling velocity ratio (E/A), deceleration
time, peak early diastolic velocity/peak early diastolic mitral
annular velocity ratio at the septum (IVS E/E’) and lateral
wall (LW E/E’) of the left ventricle, interventricular septal
wall thickness (IVST); systole, IVST; diastole, left ventricular
posterior wall thickness (LVPWT); systole, LVPWT; diastole,
left ventricular internal dimension (LVID); systole, LVID;
diastole, stroke volume, cardiac output and left ventricular
mass were all achieved and recorded.

Pressure–volume loop analysis

An in vivo pressure–volume analysis was performed in mice
using a SciSense Advantage Admittance Derived Volume
Measurement System and 1.2F catheters with 4.5 mm
electrode spacing (Transonic Systems Inc., New York, USA).
Mice were anaesthetised and ventilated with 1% isoflurane
using an SAR-1000 Ventilator (CWE Inc, Ardmore, USA).
Anaesthetised mice were secured and a bilateral subcostal
incision was made. The diaphragm was opened to expose
the heart. The catheter was inserted into the LV via an
apical approach. The IVC was located and occluded during
a sigh in ventilation to acquire load-independent indexes.
Data acquisition and analysis were performed in LabScribe2
(iWorx, Dover NH, USA).

Histology, immunohistochemistry and
immunofluorescence

Mice muscle and heart tissue were fixed with 4%
paraformaldehyde, embedded in paraffin and dissected into
5-lm-thick sections. After de-waxing and rehydration, the
sections were stained with haematoxylin and eosin (Beyotime,
Shanghai, China), Sirius red (Leagene Biotechnology, Beijing,
China), wheat germ agglutinin (Thermo Scientific,
Massachusetts, USA) or antibodies against F4/80 (Abcam,
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Cambridge, UK) for analysis. For immunofluorescence analysis
of anti-SRP reactivity, cardiac tissue sections were incubated
with monoclonal mouse anti-SRP antibody or
immunoaffinity-purified anti-SRP-specific IgG from patients
followed by FITC-labelled anti-mouse secondary antibody or
FITC-labelled anti-human secondary antibody, respectively.
DNA was stained with DAPI (Beyotime, Shanghai, China).
Purified IgG from healthy control plasma was used for
negative controls for staining specificity.

Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labelling

The ApopTag Peroxidase In Situ Apoptosis Detection Kit
(Millipore, Darmstadt, Germany) was used according to the
manufacturer’s instructions for the detection of TUNEL-
positive cells in cardiac tissue sections.

Detection of reactive oxygen species
production

To detect the ROS generation in NRVMs, the 5 9 104 cells
in a final volume of 500 lL were incubated for 20 min with
5 lM dihydroethidium (Beyotime, Shanghai, China) and
then washed with serum-free DMEM three times. The
nucleus was counterstained with Hoechst 33342 (Beyotime,
Shanghai, China). The fluorescence images of intracellular
ROS were acquired by using fluorescence microscopy
(Olympus IX51, Tokyo Japan). The average fluorescence
intensity was analysed by ImageJ.

RNA sequencing and analysis

Left ventricular tissues from mice were used for total RNA
isolation. Oligo(dT)-attached magnetic bead purified mRNA
was fragmented into pieces at the appropriate temperature.
cDNA was generated by random hexamer-primed reverse
transcription. Afterwards, RNA Index Adapters and A-Tailing
Mix were added to end repair. The cDNA fragments were
amplified by PCR and products were purified using Ampure
XP Beads. The double-strand PCR products were denatured
and circularised by the splint oligo sequence to construct the
final library. Then the single-strand circle DNA was formatted
as the final library. The final library was amplified by phi29 to
produce a DNA nanoball (DNB) with more than 300 copies of
one molecule. DNBs were loaded into patterned nanoarray
and single end 50 bases reads were generated on the
BGIseq500 platform (BGI, Shenzhen, China). HISAT2 (v2.0.4)
was used to map the clean reads to the genome. Bowtie2
(v2.2.5) was applied to align the clean reads to the reference
coding gene set. RSEM (v1.2.12) was used to calculate the
expression level of the gene. Differentially expressed genes
(DEGs) with a fold change > 0 and P-value < 0.05 were
determined using DESeq2 (v1.4.5).

Transmission electron microscopy

Mice LV tissues were fixed with 2.5% glutaraldehyde overnight
at 4°C. After washing three times with cacodylate buffer, post-
fixation with 1% osmium tetroxide was performed for 2 h at

room temperature. Following washing three times with
phosphate buffer, samples were dehydrated with a series of
graded ethanol. Then samples were embedded and
polymerised. Ultrathin sections to 60 nm were prepared and
stained with lead citrate and uranyl acetate. The sections were
imaged with a transmission electron microscope (HITACHI,
Tokyo Japan). Intermyofibrillar mitochondrial morphology
was analysed by ImageJ. After manually tracing mitochondria
on electron micrographs, mitochondrial area, perimeter,
form factor [(perimeter2)/(4p 9 area)] and circularity
[(4p 9 area)/(perimeter2)] were analysed as to their shape
descriptor. At least 330 mitochondria per sample were scored
and the quantification was performed blinded to conditions.

Mitochondrial respiration assessment

Cellular oxygen consumption rate (OCR) was analysed using
the Seahorse extracellular flux (XF) 96 analyser (Agilent,
Lexington, USA). A total of 8000 cardiac myocytes were seeded
on a Seahorse microplate in 80 lL growth medium overnight.
On the day of the Seahorse assay, cells were switched to
Seahorse XF base medium with supplements as described
below and maintained in a CO2-free incubator at 37°C for 1 h.
For the mitochondrial stress test, the XF base medium was
supplemented with 10 mM glucose, 1 mM pyruvate and
2 mM glutamine. OCR was continuously monitored at each of
the following phases: baseline and following sequential
addition of oligomycin (1.5 lM), carbonyl cyanide-
ptrifluoromethoxyphenyl-hydrazone (2 lM) and a mixture of
rotenone/antimycin A (0.5 lM). Data were acquired and
analysed using Wave software (Agilent, California, USA).

Statistics

Continuous data were evaluated by the Student’s t-test or
the Mann–Whitney U-test. Categorical data were compared
by the v2 test or Fisher’s exact test, as appropriate. A two-
tailed P-value < 0.05 was considered statistically significant.
Statistical analysis was performed using the IBM SPSS
Statistics 26.0 software.
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