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Abstract

Immune dysregulation has been identified as a critical cause of the most common types of cardiovascular diseases
(CVDs). Notably, the innate and adaptive immune responses under physiological conditions are typically regulated
with high sensitivity to avoid the exacerbation of inflammation, but any dysregulation can probably be associated
with CVDs. In this respect, progranulin (PGRN) serves as one of the main components of the regulation of inflamma-
tory processes, which significantly contributes to the immunopathogenesis of such disorders. PGRN has been intro-
duced among the secreted growth factors as one related to wound healing, inflammation, and human embryonic
development, as well as a wide variety of autoimmune diseases. The relationship between the serum PGRN and TNF-a
ratio with the spontaneous bacterial peritonitis constitute one of the independent predictors of these conditions.
The full-length PGRN can thus effectively reduce the calcification of valve interstitial cells, and the granulin precursor
(GRN), among the degradation products of PGRN, can be beneficial. Moreover, it was observed that, PGRN protects
the heart against ischemia-reperfusion injury. Above all, PGRN also provides protection in the initial phase follow-

ing myocardial ischemia-reperfusion injury. The protective impact of PGRN on this may be associated with the early
activation of the PI3K/Akt signaling pathway. PGRN also acts as a protective factor in hyperhomocysteinemia, prob-
ably by down-regulating the wingless-related integration site Wnt/{-catenin signaling pathway. Many studies have
further demonstrated that SARS-CoV-2 (COVID-19) has dramatically increased the risks of CVDs due to inflammation,
so PGRN has drawn much more attention among scholars. Lysosomes play a pivotal role in the inflammation process,
and PGRN is one of the key regulators in their functioning, which contributes to the immunomodulatory mechanism
in the pathogenesis of CVDs. Therefore, investigation of PGRN actions can help find new prospects in the treatment
of CVDs. This review aims to summarize the role of PGRN in the immunopathogenesis of CVD, with an emphasis on its
treatment.
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Cardioimmunology

Many types of cardiovascular diseases (CVDs) are asso-
ciated with complex immune responses that can sig-
nificantly contribute to their progression and remission.
In recent years, extensive research has established that
some immune cells either reside in the heart or have very
complicated interactions with cardiomyocytes through
permanent blood circulation. Studies have further con-
firmed the presence of mast cells, T and B lymphocytes,
and neutrophils in the heart. Macrophages and dendritic
cells are also present in normal heart valves. Besides,
the pericardium contains various leukocytes, includ-
ing macrophages and B cells [1]. The heart of a healthy
adult rat accordingly holds all major classes of leuko-
cytes, e.g., mononuclear phagocytes, neutrophils, and
T and B lymphocytes [2]. Therefore, immune cells are
typically expected to play a vital role in regulating the
immune system responses in the heart. In all types of
CVDs, inflammation has been further documented as
one of the critical events in the initiation and spread of
the pathological processes. For example, shortly after the
onset of ischemia, the resident cardiac mast cells release
the stored contents of their granules [3], whereas mac-
rophages and cardiomyocytes embark on the production
of inflammatory cytokines. This covers the production of
several cytokines and chemokines including interleukin 1
(IL-1), interleukin 6 (IL-6), tumor necrosis factor- alpha
(TNF-a) and chemokine (C-C motif) ligand 2 (CCL2)
[4]. Cardiac fibroblasts also release hematopoietic growth
factors, including granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) [5]. These events accordingly
increase monocyte and neutrophil recruitment, leading
to leukocytosis, which constitutes one of the independ-
ent risk factors for CVDs [6]. In myocarditis, T cell dif-
ferentiation can crucially contribute to aggravating or
alleviating such conditions. Many studies have thus dem-
onstrated that the T helper 17 (Th17) cells initially affect
cardiac fibroblasts and cause the progression of cardio-
myopathy, while regulatory T cells (Tregs) are likely to
protect and reduce inflammation in myocarditis (Fig. 1)
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[7, 8]. Interestingly, atrial fibrillation (AF) occurrence
elevates under inflammatory conditions, such as sepsis
and rheumatoid arthritis [9]. Based on previous research,
there is a relationship between AF and higher inflam-
matory biomarkers, such as C-reactive protein (CRP),
TNF-a and white blood count [10]. The endothelial cells
in the blood vessels of the heart produce adhesion mole-
cules, such as vascular cell adhesion molecule 1 (VCAM-
1) and selectins, soon after myocardial infarction (MI)
within minutes. In this case mast cells release TNF-q,
and molecular damage-associated molecular patterns
(DAMPs), such as high mobility group box 1 (HMGB1),
adenosine triphosphate (ATP), calprotectin (SI00A8/A9)
whereas other cells, including macrophages and fibro-
blasts, consequently produce cytokines and chemokines,
such as CCL2 and IL-1. These events then lead to a
massive influx of neutrophils and monocytes from the
circulation into the heart tissue in 1 day. In 3-7 days, neu-
trophils withdraw from the heart tissue. Monocytes also
accumulate, produce transforming growth factor beta
(TGEB), interleukin 10 (IL-10) and vascular endothelial
growth factor (VEGF) as well as give rise to collagen pro-
duction by fibroblasts, reduced inflammation via Tregs,
and neoangiogenesis. Such events have been thus far
reported in other CVDs, including myocarditis. SARS-
CoV-2 (COVID-19) is an infection with an inflamma-
tory component, where aggravation and the cytokine
storm phenomenon lead to multiple organ failures. The
inflammatory issues related to the COVID-19 infection
also raised the role of inflammation in the pathogenesis
of CVDs. This review article accordingly aims to inves-
tigate the role of PGRN in the regulation of the immune
responses, especially the inflammatory processes, in vari-
ous types of CVDs. In order to present a comprehensive
overview of the problem, we will perform a thorough
analysis of the structure and functions of the PGRN and
present its role in the physiological processes related to
CVDs with particular attention paid to each stage of the
pathology and its subsequent consequences, and also
possible clinical implications.

rAtrial fibrillation
There is a relationship between atrial fibrillation and
higher inflammatory biomarkers, such as CRP, TNF-a,

Land WBC.

rCardiomyopathy
The Th17 cells initially affect cardiac fibroblasts, and then
cause progression to cardiomyopathy, while Tregs are likely
Lto protect reduced inflammation in myocarditis.

Myocardial infarction

The resident cardiac mast cells release
stored granules. MQ and Cardiomyocytes
producing inflammatory cytokines. Cardiac
fibroblasts release hematopoietic growth
factors, including GM-CSF. Increase the
monocyte /neutrophil cardiac recruitment ,
which leading to leukocytosis.

Fig. 1 Summary diagram of immunopathogenesis involved in cardiovascular disease
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Progranulin (PGRN)

PGRN constitute the pleiotropic growth factor and a sig-
nificant anti-inflammatory molecule with an important
role in maintaining and regulating homeostatic dynamics
in normal tissue development, regeneration, host defense
response and proliferation [11]. Expression of PGRN is
observed in the immune cells, epithelial cells, chondro-
cytes and neurons [12, 13]. PGRN can thus directly bind
to TNF receptors (TNFRs) and disrupt the interactions of
TNEF-a with such receptors [14—16]. The increased serum
PGRN levels were observed in different diseases, which are
characterized by the presence of chronic low-grade inflam-
mation (i.e., meta-inflammation), like atherosclerosis [17],
neurodegenerative diseases [18], breast cancer [19], dia-
betes mellitus [20], as well as metabolic syndrome [21]. In
addition, PGRN has been documented as one of the auto-
crine growth factor consisting of seven-and-a-half tandem
repetitions of the granulin module arranged in the P-G-F-
B-A-C-D-E sequence [22]. The proteolytic degradation of
the PGRN holoprotein takes place both in the intra- and
extracellular spaces, leading to the release of individual
45-granulin precursor (GRN) fragments contained in the
56-57 amino acid residues with a molecular weight of about
~6kDa, which occur in both individual and combined
forms (~6-25kDa) after proteolysis [23, 24]. Proteolytic
degradation is also mediated by various intra- and extra-
cellular serine and threonine proteinases, such as matrix
metalloproteinase 9 (MMP-9), matrix metalloproteinase
12 (MMP-12), matrix metalloproteinase 14 (MMP-14), dis-
integrin, and metalloproteinase with the thrombospondin
7 motif (ADAMTS-7), neutrophil elastase (ELANE), and
proteinase 3 (PRTN3), wherein the mutual interactions
are regulated by feedback loops [25, 26]. PGRN is a critical
regulator in various biological processes, like wound heal-
ing [27] and bone regeneration [28]. The PGRN knockout
(KO) mice had shown the exacerbation of inflammatory
diseases, including atherosclerosis and rheumatoid arthri-
tis [16]. Considering the stage and the factors contributing
to the tissue microenvironment, researchers have indicated
the pro- or anti-inflammatory activities of PGRN, which
may be protective or harmful for humans [29]. Adminis-
tering the recombinant human PGRN (rPGRN) had thus
largely reduced the inflammatory response in the cardio-
vascular system of animals with rheumatoid arthritis. On
the other hand, deficiency in the PGRN level had worsened
atherosclerosis in apolipoprotein E (ApoE) KO mice [16].

TNF-a response regulation by PGRN

in cardiovascular diseases

The reduction in the PGRN/TNF-a ratio was observed in
the course of many inflammatory diseases. In this case,
the PGRN/TNF-a ratio has been shown to be one of the
independent predictors of high systolic blood pressure
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(SBP), implying the importance of the inflammatory
components involved in hypertension. TNF-a acts as
one of the crucial inflammatory cytokines imparting a
significant contribution to the start and continuance of
immunological reaction. Extensive research has further
demonstrated the higher level of TNF-a in CVDs, as well
as in conditions associated with low-grade inflammation,
such as obesity [30], diabetes mellitus [31], metabolic
syndrome [32], and atherosclerosis [33]. Hypertension
constitutes an independent risk factor for cardiovascular,
brain, and kidney diseases. For more than 50years, accu-
mulating literature has further emphasized the contribu-
tion of inflammation to hypertension pathogenesis. The
immune cells are similarly found in the veins and kid-
neys of people with hypertension. In this case, vasculitis
can centrally contribute to the development of essential
hypertension [34]. Furthermore, low-grade inflamma-
tion plays a leading role in the pathogenesis of isolated
systolic and systolic-diastolic hypertension. The anti-
inflammatory activities of PGRN can be thus attributed
to the inhibition of the mitogen-activated protein kinase
(MAPK) signaling and TNFR-mediated nuclear factor-«xB
(NF-«B) as well as competitive binding to TNF-R2, which
is observed in the bone marrow-derived macrophages
[22]. A significant positive correlation had been accord-
ingly observed between the serum PGRN level and
both SBP and diastolic blood pressure (DBP) in the dia-
betic patients with microangiopathy [35]. Accordingly,
PGRN, as one of the competitive molecules of TNF-q,
is expressed in case of hypertension secondary to higher
inflammatory cytokines, especially TNF-a. Moreover,
the serum PGRN/TNF-a ratio has been shown to be
crucial for exploring the inflammatory microenviron-
ment in patients. The lower ratio of PGRN/TNF-a in the
cases with hypertension, compared with healthy samples,
accordingly suggests the regulation and control of TNF-a
through PGRN [36].

Role of PGRN in the immunopathogenesis

of calcific aortic valve disease

Calcific aortic valve disease (CAVD) constitute com-
mon condition which affect 25% of people aged over
65. CAVD and atherosclerosis share common risk fac-
tors. Despite the common causes of both disorders (e.g.,
smoking, hypertension, dyslipidemia, diabetes mellitus,
metabolic syndrome, and inflammation), the molecular
mechanisms associated with CAVD are still not well rec-
ognized, so no effective drug treatment has been found
for this condition, except valve replacement [37, 38]. The
PGRN expression was further observed in the aortic valve
and its level is largely increased in patients with CAVD.
In addition, PGRN vitally contributes to chondrocyte
proliferation, ectopic calcification, and differentiation
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[12, 39, 40]. The microarray results confirmed that PGRN
was one of the CAVD-associated molecules. However,
the PGRN contribution to CAVD progression is still not
fully understood. Valve interstitial cells (VIC) constitute
a fibroblastic population, but their differentiation has
been observed into a myofibroblastic phenotype under
cell culture. Such cells are fundamental in the calcifica-
tion process, and could be essential for the mechanisms
involved in heart valve calcification. The human VICs
and the primary porcine ones isolated from human/por-
cine and genetically modified mice had been exploited for
investigating the PGRN contribution to CAVD develop-
ment as well as discovering the related molecular mecha-
nisms. The study results had indicated that the full-length
PGRN had effectively reduced the GRN-mediated cal-
cification. The PGRN degradation products and VICs
had consequently accelerated the calcification of VICs
[41]. PGRN/GRN are thus among the new factors in the
pathogenesis of VICs and constitute a good therapeutic
target to treat and prevent CAVD. In addition, the PGRN
expression has been observed in VICs that increase in
the valves of the patients with CAVD [42, 43]. The GRN
has largely enhanced the expression of the calcified
valve. Using an in vitro model, valve calcification had
implied the higher levels of the GRN expression, while
the full-length PGRN had dwindled. The study findings
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correspondingly revealed that the full-length PGRN and
GRN had been involved in the CAVD pathogenesis [44,
45]. PGRN also prevents the aortic valve calcification in
CAVD through the inhibition of the osteogenic differen-
tiation of VICs and myofibroblastic transition [41]. In this
line, one investigation found that PGRN could accelerate
the regeneration of bones by inhibiting the inflamma-
tory response and accelerating the osteogenic differentia-
tion [46]. CAVD may thus have a specific inflammatory
response to calcification. Furthermore, TNF-a enhances
the osteogenic differentiation of VICs in CAVD (Fig. 2).
On the contrary, TNF-a moderates the osteogenic dif-
ferentiation capacity in bone remodeling, and such a
difference can be prompted by the special structural
characteristics of the valve [47, 48].

Regulation of Wnt/B-catenin signaling pathway

by PGRN

PGRN down-regulates the Wnt/B-catenin signaling path-
way, which is evolutionarily conserved developmental
signaling cascade with a robust performance in the regu-
lation of various biological processes for tissue develop-
ment and human disease pathogenesis [49]. Even though
the Wnt/p-catenin signaling pathway in the kidney has
been shown to be essential for nephron formation, and
is functionally silenced after differentiation in the adult

1. Normal Valve

‘ 2. Sclerotic Valve ‘

3. Calcified

Fig. 2 The schematic representation of the histological change progression during calcific aortic valve disease, wherein PGRN can suppress
calcification and disease progression whereas GRN and TNF-a could promote it
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kidneys, new documents suggest that the reactivation
of the Wnt/p-catenin signaling after renal injuries is of
great importance in their acceleration. The activity of
this pathway also affects regulatory molecules that cov-
ers transient receptor potential channel 6 (TRPC6), angi-
otensin II receptor type 1 (AT1) and zinc finger protein
SNAIL. Moreover, Wnt and [-catenin is associated with
the activation of the podocytes of patients with diabetic
nephropathy and focal segmental glomerulosclerosis,
indicating the clinical association of this pathway with
the human proteinuric renal diseases [50]. The Wnt/p-
catenin signaling pathway in the cardiovascular system
is further implicated in myocardial remodeling following
pathological damage [51]. In this respect, Nakagawa et al.
[52] demonstrated that the continuous activation of the
Wnt/B-catenin signaling pathway in the endothelial cells
was possibly the reason for heart failure. While func-
tional genomic analyses have highlighted the role of the
Wnt/B-catenin signaling pathway in the PGRN deficiency
in the human fetal neural progenitors [53]. PGRN can
down-regulate the Wnt1/(-catenin signaling pathways in
hyperhomocysteinemia, with various activities in diverse
cell types through processes such as the regulation of the
cell fate determination, the expression of the podocyte
differentiation markers, as well as the permeability of the
endothelial cells. PGRN is also assumed as a protective
factor in hyperhomocysteinemia, possibly by negatively
regulating the Wnt/[B-catenin signaling pathway [54].

Therapeutic potential of PGRN

in hyperhomocysteinemia

Homocysteine is a sulthydryl-containing amino acid that
is not obtained from diet, but synthesized as an inter-
mediate metabolite in the methionine cycle. As well,
hyperhomocysteinemia in the absence of kidney dis-
ease indicates a disorder in sulfur amino acid metabo-
lism, which occurs as a result of a deficiency in vitamins
(folate, B12 and B6) or genetic defects. Besides, hyper-
homocysteinemia is associated with inflammation and
atherosclerosis. Based on epidemiological and clinical
research, hyperhomocysteinemia has been introduced as
one of the independent leading risk factors for developing
CVDs and end-stage renal disease [55, 56]. Even though
researchers have so far applied several methods to reduce
the hyperhomocysteinemia levels in clinical trials and
experimental studies, there are no efficient treatments for
the complete prevention of renal injury and hyperhomo-
cysteinemia-induced cardiac conditions [57, 58]. PGRN
acts as one of the down-regulators of in acute kidney
injury [59]. Nonetheless, the contribution of PGRN on
the pathogenesis of hyperhomocysteinemia is unknown.
Significant reduction in the PGRN levels had been
observed in the heart and kidney in the rodent model
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of hyperhomocysteinemia where podocytes essentially
contribute to the circulation of the glomerular basement
membrane, the regulation of the glomerular filtration,
as well as the maintenance of the glomerular filtration
barrier [60, 61]. The damage to the above-mentioned
components leads to the permeability of the glomerular
capillary, resulting in glomerular disease and proteinu-
ria. PGRN deficiency exacerbates the podocyte fusion,
podocyte shedding, inflammatory response, glomerular
basement membrane destruction and higher proteinuria
in hyperhomocysteinemia (Fig. 3) [54]. Additionally, con-
ducted research has established a relationship between
mortality rate and cardiovascular complications caused
by hyperhomocysteinemia [62]. According to animal
research, hyperhomocysteinemia is involved in cardiac
hypertrophy [63]. The PGRN deficiency also exacerbates
the hyperhomocysteinemia-induced left ventricular dila-
tion and hypertrophy in a rodent models, suggesting that
PGRN is one of the target molecules vital to maintain
cardiovascular function [54].

Immunoregulatory effects of PGRN in myocardial
infarction

Worldwide, ischemic heart disease is the main cause
of mortality in humans [64, 65]. According to previ-
ous studies, growth factors or adipokines are secreted
by adipose tissues play significant role in heart func-
tion [66, 67]. Multiple adipokines exhibit cardioprotec-
tive features, but some of them have been linked to the
pathogenesis of CVD [67]. Adipokines, consisting of adi-
ponectin and some C1q/TNF-related proteins (CTRPs),
accordingly adopt an appropriate function in the heart
and blood vessels [67, 68]. Moreover, adipokines protect
against myocardial ischemia-reperfusion injury and ath-
erosclerosis via the anti-inflammatory, anti-apoptotic,
anti-thrombotic and anti-oxidant effects [67, 69, 70]. In
addition, CTRPs apply protective impacts against cardiac
remodeling and myocardial ischemia-reperfusion injury
through the anti-apoptotic mechanism of action [71, 72].
Researchers have also demonstrated the anti-apoptotic
effects of cardioprotective adipokines by activating the
PI3K/Akt signaling pathway [71, 72]. As stated, down-
stream through PI3K/Akt signaling pathway have been
shown to be key cell proliferation and survival regulators,
involved in prevention of cell apoptosis [73, 74]. In the
cardiovascular system, the high expression of PGRN has
been also observed in the macrophages in the atheroscle-
rotic arteries and the vascular smooth muscle cells [75].
PGRN plays a role in atherosclerosis, as the major cause
of infarction and myocardial ischemia [76]. Nonetheless,
its impact on acute myocardial ischemia-reperfusion
injury is unknown. In a mouse model of acute myocardial
ischemia-reperfusion injury, the PGRN administration



Saeedi-Boroujeni et al. Journal of Inflammation (2023) 20:1

Page 6 of 14

Normal

Normal GBM

DDA
| WNT and B-catenin
genes

Fig. 3 Comparison between normal conditions and hyperhomocysteinemia in the proximal tube and bowman capsule with focus on the role
of PGRN. The absence of PGRN In hyperhomocysteinemia activates the Wnt/[3-catenin signaling pathway, which play a significant role in this
pathological condition. However, presence of PGRN under normal conditions suppresses the Wnt/f3-catenin expression

had improved cardiac function, reduced inflammation,
and protected heart from damage through anti-apoptotic
effect. The elevated PGRN expression after myocardial
ischemia-reperfusion injury in heart tissue is observed
[77]. Using the PI3K/Akt inhibitor, the LY294002 had
further revealed that PGRN could exert its cardioprotec-
tive impacts via the activation of the PI3K/Akt signaling
pathway. However, adipokines in atherosclerosis could
suppress atherogenesis, with a protective or preventive
role in the coronary heart disease [66]. The PGRN dele-
tion in mice with atherosclerosis was also linked to the
higher expression of adhesion molecules and inflam-
matory cytokines. Furthermore, PGRN had exhibit an
anti-atherogenic impact in these mice [16]. In addition,
PGRN increases the protection of the vascular endothe-
lium via enhancing nitric oxide by activating the Akt/
endothelial nitric oxide synthase (eNOS) signaling path-
way [78]. PGRN secreted from the macrophages also
generates a complex with apolipoprotein A-I (ApoA-I),
contributing to the atherosclerotic plaque stabilization
[43]. The PGRN deficiency alters the configuration of
high-density lipoprotein (HDL). PGRN also declines the
platelet-activating factor, acetylhydrolase, which may
reduce the growth of the macrophage foam cells and sup-
press atherogenesis [43, 79]. Multiple cardioprotective
adipokines, like CTRP9 and CTRP3, have also applied

the same impacts in the earlier reports [69, 71, 72, 80].
The PGRN effects accordingly diminisheos edema, acute
inflammation, congestion, as well as vasodilation in the
heart tissue after acute myocardial ischemia-reperfusion
injury [77]. During ischemia-reperfusion injury in the
brain, PGRN reduces inflammation through the TNEF-
a-mediated inhibition of the expression of cell adhesion
molecules and neutrophil infiltration [15]. Moreover,
the reduction of the hypoxia-induced inflammation by
PGRN has been observed in the kidney tissue [59].
PGRN probably suppresses inflammation in the acute
myocardial ischemia-reperfusion injury in this same
way, however, more research is required for detecting its
mechanisms. Further studies indicated that the mRNA
for PGRN expression in the rat myocardium has strongly
increased when myocardial ischemia-reperfusion injury
have occurred [77]. The cardioprotective effect of PGRN
under in vivo conditions has not yet been fully identi-
fied. Cardiomyocyte death due to myocardial ischemia-
reperfusion injury is mainly associated with apoptosis
[81]. In addition, cells overexpressing B-cell lymphoma
2 (Bcl-2) can largely decline apoptosis and the size of
the myocardial infarct once it occurs [82]. Furthermore,
the PGRN administration prior to the ischemia induc-
tion has enhanced the Bcl-2 expression, suggesting that
this anti-apoptotic molecules can act as cardioprotective.
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Adiponectin was further observed to exhibit similar
anti-apoptotic characteristics [72]. Although PGRN
increases the Bcl-2 expression, it does not largely change
the amount of apoptotic protein p53 [83]. In addition,
this protein would protect against oxidative stress in the
brain [15, 84] and block NF-kB, as an oxidative stress-
responsive transcription factor, resulting in decreased
reactive oxygen species (ROS) formation by neutrophils
[15]. Hence, the protective effect of PGRN in myocardial
ischemia-reperfusion injury may be partly attributed to
its antioxidant potentials. Based on the previous reports,
the PI3K/Akt signaling pathway protects against M-IRIs
[85, 86]. Administration of the recombinant PGRN can
further reduce the size of infarct and lower infiltrated
neutrophils count after the permanent occlusion of the
left coronary artery in rats and enhance cardiac fibrosis
and dysfunction after myocardial ischemia-reperfusion
injury in rabbits [87]. The PGRN expression is largely
marked in the ischemic area of the myocardium, espe-
cially the border area following the permanent occlusion
of coronary artery. Moreover, cardiomyocyte death in
myocardial infarction causes the release of DAMPs, and
thus augments inflammatory components and leukocyte
migration that accelerate phagocytosis via removing
the matrix debris and the dead cells [88, 89]. The PGRN
expression is significantly elevated 24h after focal cere-
bral ischemia [90]. The PGRN deficiency also exacerbates
tissue injury via the increased infiltration of macrophages
and neutrophils after renal ischemia in a mouse model
[59]. Therefore, the up-regulated PGRN may be associ-
ated with cardioprotection via the regulation of the post-
ischemic inflammation. The PGRN expression in the
immune cells, like macrophages and neutrophils, is fur-
ther up-regulated in the process of wound healing under
the ischemic condition [27, 90].

PGRN secretion from neutrophils to regulate
myocardial ischemia inflammation

PGRN was observed to merge with the neutrophil
marker, NIMP-R14, when the permanent occlusion of
the coronary artery is induced, indicating that neutro-
phils may be a cell-expressing PGRN after this condition.
Moreover, the infiltration of the infarct area by neutro-
phils has been seen in the first few hours following the
onset of myocardial ischemia. They generate granule
components, like myeloperoxidase and ROS, and then
exacerbate tissue damage [91]. Put differently, neutrophil
infiltration is needed for resolving the post-myocardial
ischemia-reperfusion injury inflammation [92]. Report-
edly, neutrophils are associated with post-myocardial
ischemia-reperfusion injury inflammation and tissue
repair. PGRN thus suppresses neutrophil migration [15].
Therefore, PGRN secreted from neutrophils may regulate
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post-myocardial ischemia-reperfusion injury inflam-
mation by an autocrine mechanism, and then influence
other immune cells. In addition, intravenous administra-
tion of the recombinant PGRN largely reduces the size
of the infarct 24h after the permanent occlusion of the
left main descending coronary artery (LCA) in mice. The
recombinant PGRN significantly suppresses infiltrating
neutrophils in the infarcted area 1 day after the perma-
nent occlusion of the LCA. The recombinant PGRN also
significantly reduces neuronal injury after focal cerebral
ischemia by inhibiting neutrophils [15], and attenuates
neutrophil infiltration when renal ischemia occurs [59].
Based on previous research findings, the extra accumu-
lation of neutrophils aggravates the size of the myocar-
dial infarct 24h after the permanent occlusion of the
LCA [93]. Furthermore, reduced neutrophil recruitment
decreases the size of the infarct after the permanent
occlusion of the LCA and following myocardial ischemia-
reperfusion injury [91, 94]. The creation of cardiac fibro-
sis also results in maintaining tissue integrity in the
post-myocardial ischemia-reperfusion injury reparative
response [88].

PGRN attenuation of myocardial fibrosis

by activation PI3K/Akt and Wnt/f-catenin
inhibition

Fibrosis-induced tissue sclerosis is associated with
impaired cardiac contractility and worsening fibrosis
in the myocardium, which are associated with post-
ischemic cardiac dysfunction [95-97]. The serum PGRN
levels are thus associated with the liver fibrosis in cases
suffering from non-alcoholic fatty liver disease [98].
PGRN can thus reduce liver fibrosis following chronic
injuries to the liver in mice via modulating inflammation
[99]. PGRN is also known to be related to tissue fibrosis
under inflammatory conditions. Administration of the
recombinant PGRN accordingly improves cardiac dys-
function and left ventricular remodeling after myocar-
dial ischemia-reperfusion injury in rabbits. Furthermore,
the extent of fibrosis in the myocardium is significantly
reduced by the administration of the recombinant PGRN
[100, 101]. The administration of recombinant human
PGRN largely enhances cardiac function after ischemia
by activating the PI3K/Akt signaling pathway [77].
Therefore, the protective impact of PGRN on myocar-
dial ischemia-reperfusion injury might be related to the
early activation of PI3K/Akt. The Wnt/B-catenin signal-
ing also significantly contributes to the formation of the
post-ischemic fibrosis and cardiac function [102, 103].
Moreover, the alteration of the Wnt/B-catenin signal-
ing speeds up progression of cardiac injury and adverse
cardiac remodeling when ischemia occurs [104, 105].
Inhibiting the Wnt/B-catenin signaling thus suppressed
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cardiac remodeling and fibrosis once ischemia had
occurred in the mice [105]. Put differently, PGRN report-
edly regulates the Wnt/B-catenin signaling [106]. Hence,
the administration of the recombinant PGRN may pre-
vent the worsening of cardiac fibrosis and dysfunction by
the Wnt/B-catenin signaling inhibition after myocardial
ischemia [107, 108].

PGRN deficiency and acceleration

of age-associated cardiac abnormality

It is widely known that cardiac aging is a complicated
pathophysiological process associated with diverse bio-
logical changes, like left ventricular hypertrophy, an
altered diastolic pattern, as well as diastolic dysfunction
and heart rhythm [109, 110]. Likewise, the initiation
of ventricular hypertrophy from the cell surface to the
organs has been shown to be one of the signs of cardiac
aging associated with the accumulation of lipofuscin (age
pigment) as well as cardiomyocyte hypertrophy in the
human and animal myocardium [111, 112]. Nonethe-
less, the mechanisms of the relationship between cardiac
aging, cardiac dysfunction and hypertrophy have not
yet been fully understood [113]. Moreover, the relation-
ship between a heterozygous mutation in PGRN and
frontotemporal dementia (FTD) was observed. In this
case, PGRN deficiency accelerates brain aging, with the
characteristics of astrogliosis, tissue vacuolization, and
microgliosis with lipofuscin accumulation [114, 115]. In
addition, PGRN deficiency is likely to result in increased
age-associated cardiac phenotypes, like cardiac dysfunc-
tion and hypertrophy. Even though researchers have so
far introduced different mechanisms of age-associated
cardiac hypertrophy, f-catenin and the respective down-
stream genes have been implicated in regulating patho-
physiological cardiac hypertrophy in adults [116, 117].
Activating the Wnt/B-catenin signaling pathway accord-
ingly seems to be caused by the binding of one or more
serum factors, the frizzled (Fzd) family, to the cell surface
receptors. Furthermore, the complement component
1q (Clq) is among the Fzd-binding proteins. Research-
ers have also observed the increased expression of Clq
and serum concentration in various tissues with age. In
other words, the Clq binding to Fzd creates the com-
plex, which cleaves the ectodomain of the low-density
lipoprotein (LDL) receptor-related protein [113]. Such a
cleavage activates and translocates cytosolic B-catenin to
the nucleus [118]. Additionally, Clq is enhanced in the
microglia and the serum of the PGRN KO mice, which
is associated with a neurodegenerative phenotype in the
aged mice [119]. The PGRN deficiency further acceler-
ates age-associated cardiac aging, cardiac dysfunction,
and hypertrophy, probably through the Clg-induced
[B-catenin, which increases and is associated with the
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age-related cardiac abnormality. The PGRN KO mouse
hearts also exhibit greater lipofuscin accumulation [120].
PGRN is closely related to the other types of dementia,
like Alzheimer’s disease [114, 115, 121]. Moreover, the
PGRN deficiency accelerates the age-associated phe-
notype observed in neurons [122]. The loss of PGRN
additionally accelerates intervertebral disc degenera-
tion in aged mice [123]. Increasing age has been further
proposed to be one of the main risk factors for cardiac
hypertrophy [109, 124, 125]. The PGRN KO mice have
exhibited age-dependent cardiac hypertrophy and faster
aging in comparison to the wild-type ones [122, 126].
As well, abnormal lipofuscin accumulation has been
observed in the heart of aged PGRN KO mice. Despite
being short-living cells, some postmitotic cells, like neu-
rons, cardiomyocytes, and skeletal muscle cells, fail to
degrade intracellular lipofuscin, which leads to its mass
accumulation [127]. In fact, lipofuscin can be detected in
some neurons in the brains of young children, though it
gradually increases with age [128]. Even though the con-
tent of lipofuscin increases with the rise in the weight of
the heart [129, 130], there is no information on the asso-
ciation between lipofuscin accumulation and cardiac
hypertrophy. Clq also binds to the Wnt receptor Fzd,
which cleaves the LDL receptor-related protein 6 (LRP6)
and promotes age-associated phenotypes in the skeletal
muscle [118]. The age-associated activation of -catenin
accordingly shows the Clq binding to the extracellular
cysteine-rich domain of Fzd. The higher activation of
B-catenin in the PGRN-deleted cardiomyocytes is fur-
ther related to the Clq induction. The exogenous PGRN
administration also inhibits the C1q binding to Fzd-1 as
well as the subsequent B-catenin activation dose-depend-
ently [120]. Hence, PGRN is critical to preventing serum
Clq from binding to Fzd-1 in the target cells, so further
research must be done to clarify if PGRN directly com-
petes with Clq for binding to Fzd-1. Furthermore, aged
PGRN KO mice had shown age-associated cardiac phe-
notypes, like fibrosis and hypertrophy, which had reduced
fraction shortening [120]. The transverse aortic constric-
tion (TAC)-operated PGRN KO mice also have a greater
rate of mortality with hypertrophy and exacerbated car-
diac dysfunctions. On the other hand, the cardiac aging
phenotype had not largely differed between PGRN KO
mice and 6-month old wild-type ones, but there was
further distinction in the PGRN KO mice than the wild-
type ones at 18 months, that is, once the C1lq expression
significantly increased. These observations suggest that
the permanent activation of Clq is partially related to
the aging phenotypes caused by the loss of PGRN [120].
Suppressing complementary activation through deleting
the Clqa gene may thus significantly enhance the sur-
vival rate, and decline neuro-degenerative phenotypes in
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the PGRN KO mice [119]. Drug targeting, using the C1
esterase inhibitor (C1-INH) reduced cardiac hypertrophy
in an animal model. Moreover, C1-INH attenuates the
[-catenin activation in the aged KO mice, which matches
the results, stating the fact that Cl1q plays a central role in
the regulation of the B-catenin pathways [120]. Besides,
C1-INH ameliorates angiotensin II-induced arterial
remodeling [131]. Therefore, this research line needs
more investigations to move toward clinical translation.

PGRN as lysosomal regulatiors of inflammation

Lysosomes are a single ubiquitous membrane-enclosed
intracellular organelle with an acidic pH, present in all
eukaryotic cells, that contains a large number of hydro-
lytic enzymes such as proteases, nucleases, and phos-
phatases that are able to degrade extra- and intracellular
components [132]. Lysosomes are thus recognized as the
key organelles for cellular clearance and are involved in
many cellular processes to maintain cellular homeosta-
sis [133]. Although the initial characterization of PGRN
function was primarily focused on its role in extracellu-
lar signaling as a secreted protein, more recent studies
have revealed the critical roles of PGRN in regulating
lysosomal function, including proteolysis and lipid deg-
radation, consistent with its localization [134]. In the case
of CVD, many studies have further demonstrated that
abnormal autophagy, including autophagic flux, can have
a wide variety of pathogenic actions in the pathogenesis
of this disease [135]. Another important aspect to con-
sider is the role played by lysosomes in the activation of
the NOD-, LRR- and pyrin domain-containing protein 3
(NLRP3) inflammasome, which can result in the matura-
tion and release of IL-1pB, a cytokine with a fundamental
role in establishing and driving the pathogenesis of ath-
erosclerosis [136]. Autophagy inhibition and the associ-
ated lysosome dysfunction also induce the formation and
activation of NLRP3 inflammasomes. Lysosomes play a
decisive role in cytokine release during atherosclerosis
progression. Particularly, secretory lysosomes facilitate
the release and degradation of cytokines that require
non-conventional secretion [137]. The deficiency of the
lysosomal-associated membrane protein-2 (LAMP-2)
gene, which encodes for a lysosomal membrane pro-
tein on chromosome X, can accordingly cause Danon
disease, which often leads to cardiomyopathy and heart
failure. In human cardiomyocytes, autophagosome-lys-
osomal fusion also requires LAMP-2 isoform B [138].
Although PGRN has been reported to play signaling roles
as a secreted protein, growing evidence indicates that
it is a key regulator of lysosomal degradative processes
via cathepsin and glucocerebrosidase regulation, par-
ticularly in the brain [134]. PGRN has also been identi-
fied as a CatD chaperone, suggesting a role in lysosomal
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proteolysis, which stimulates CatD activity in cell-free
assays due to physical, stabilizing interactions [139-141].
More recent studies have thus suggested that PGRN and
partial-length, multi-GRN peptides bind to immature
CatD, facilitating its conversion into mature types at
acidic pH [142, 143]. PGRN may also be physiologically
involved in lysosomal lipid catabolism [144]. Aside from
the role of PGRN in lysosomal proteolysis and lipoly-
sis, there are clues that it may play broader roles in the
endolysosomal compartment [145]. Sortilin 1 (SORT1) is
also a multiligand type I transmembrane protein belong-
ing to the vacuolar protein sorting family that is located
both on the cell surface and in endolysosomal com-
partments [146]. The function of the SORT1 receptor
is mainly related to the transport of proteins of various
types from the cell surface to the intracellular compart-
ments, such as lysosomes and endosomes, via the Golgi
apparatus in neuronal and non-neuronal cells [146,
147]. In this case, after the binding of PGRN to SORT1,
the entire resulting ligand-receptor complex undergoes
endocytosis from the extracellular space, which is associ-
ated with the further delivery of PGRN to the lysosome,
which may also take place in a mechanism independ-
ent of SORT1 through interaction with prosaposin [148,
149]. It can also be assumed that the free C-terminal end
of cleaved PGRN mediated the interaction with SORT1.
The regulation occurring within this signal axis can in
this case be seen as an endogenous mechanism of regu-
lation of the extracellular level of PGRN and turnover at
the level of endocytosis/exocytosis phenomena, which
has been demonstrated both during in vitro and in vivo
tests [148, 150].

Potential role of PGRN in inflammation

and SARS-CoV-2 (COVID-19)

It was observed that patients with COVID-19 were facing
significant risks for 20 types of cardiovascular diseases,
including myocardial infarction 1 year after infection
[151]. Studies have further shown that cardiac com-
plications can occur even in people with a mild form
of the disease. However, cardiac complications had a
higher frequency in a group hospitalized in the inten-
sive care unit (ICU) due to severe disease forms [152].
Considering the widespread global outbreak of the dis-
ease, physicians wonder whether this pandemic causes
cardiovascular complications. A study of over 500.000
patients with COVID-19 also revealed a 167% higher risk
of thrombosis in the cases with SARS-COV-2 within 2
weeks of infection than in influenza [153]. The effect of
SARS-COV-2 on the heart could be further related to
angiotensin-converting enzyme 2, wherein the virus was
employed for entering the cells. COVID-19 is thus con-
sidered a disorder with severe and systemic inflammation
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that leads to phenomena, such as acute respiratory dis-
tress syndrome (ARDS) and the failure of vital organs,
including the heart [154, 155]. Studies have further dem-
onstrated that recruiting neutrophils and monocytes in
COVID-19 to various organs results in injuries and dis-
orders. On the other hand, the destructive role of Th17
in developing this phenomenon has been established
[156]. SARS-CoV-2 raises strong inflammatory responses
including cytokine storm, initiating from the lungs and
spreading to the heart, which induces viral myocardi-
tis and elevated troponin levels in the bloodstream, and
leads to fatal heart failure. Indeed, inflammation, particu-
larly the multisystem inflammatory syndrome in children
(MIS-C), has been currently established as the cause of
heart failure. COVID-19 has been further reported to
augment the risk of cardiac shock, arrhythmia, and some-
times sudden death in patients with CVDs [157]. Fur-
thermore, drug interactions with the targeted therapies
for COVID-19 may predispose the cases with underly-
ing CVD to a higher risk of cardiomyopathy, arrhythmias
and sudden death. Vascular inflammation and cardiac
damage also occurs in 20-30% of hospitalized COVID-19
patients and account for 40% of deaths. Cytokine release
syndrome (CRS) may further lead to elevated cytokine
levels, and dysfunctions in the T lymphocyte along with
lymphocytopenia at the early stages, and increase signifi-
cantly at the later stages of COVID-19. This is typically
associated with increased levels of CRP, cytokines such
as IL-2 and IL-6, and cardiac natriuretic peptides [154].
These factors may all give rise to heart dysfunction or
inflammation due to the growth in the atrial natriuretic
factor and high serum ferritin levels, which may result
in arrhythmia, myocardial dysfunction, heart failure, or
stress cardiomyopathy. In some patients with COVID-109,
the immune cells also cause inflammation by releasing
cytokines and chemokines that can influence coagulation
and clotting through multiple pathways. For example, the
activation of the complement system after viral entry can
lead to thrombosis [158]. Therefore, considering the sim-
ilarity of the immunopathogenesis of heart failure follow-
ing COVID-19 with other cases reviewed in this article,
PGRN, as a regulator of inflammatory responses affecting
the critical immunological events involved in the occur-
rence of damage caused by inflammation, can be pro-
posed as a therapeutic and diagnostic target in the type of
CVDs caused by COVID-19.

Conclusion

The presence of immunological cells and mediators
as well as their roles in maintaining proper cardiac
functions have thus far been clarified. In this regard,
dysregulated immune responses and uncontrolled
inflammation are the key factors in developing various
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types of CVDs. As a regulatory and mainly anti-inflam-
matory factor whose role has been shown in many and
autoimmune diseases, PGRN can be thus considered as
a missing link in the chain of the events of CVD immu-
nopathogenesis. PGRN in the heart can thus essen-
tially contribute to the retention of homeostasis against
aging, and the overload of blood pressure. The methods
for enhancing PGRN expression accordingly show new
therapeutic prospects for preventing cardiac dysfunc-
tion and hypertrophy. The PGRN deficiency further
accelerates age-associated cardiac aging, hypertrophy,
and dysfunction through Clq-induced p-catenin. The
administration of PGRN accordingly protects against
acute myocardial ischemia. It also improves cardiac
function, possibly indicating the essential therapeutic
and physiological function of PGRN in ischemic heart
disease. However, there is a dire need for future clinical
studies to identify the PGRN contribution to obesity-
related ischemic heart disease. The PGRN therapy in a
mouse model of acute myocardial ischemia-reperfusion
injury had thus led to major improvements in cardiac
function. PGRN also reverses the ischemia impact on
cardiac function and reduces cellular damage. Another
remarkable conclusion is the effectiveness of rPGRN
in treating the mice with hyperhomocysteinemia. The
recombinant PGRN administration also decelerates the
development of diseases and consequently ameliorates
the hyperhomocysteinemia-induced cardiac damage,
suggesting the necessity of PGRN for cardioprotection
as a novel treatment prospect to deal with hyperho-
mocysteinemia patients. The GRN also speeds up the
calcification of VICs by activating NF-kB, Akt, as well
as Smad1/5/8 pathways. In addition, PGRN may pro-
tect against myocardial ischemia-reperfusion injury by
modulating the post-ischemic inflammatory response.
The increased expression of PGRN following the MI
induction is further related to its protective contribu-
tions against myocardial ischemia-reperfusion injury.
Thus, the impact of PGRN under MI conditions must
be understood. Finally, the dynamic changes in the
PGRN localization and expression after MI bring the
treatment potentials for myocardial ischemia-reperfu-
sion injury.

Authors’ contributions

AS. B, DP ASHand M.M.S. were the principal investigators of the study.
MM.S., LA P, ER, D.P and A.S.B. were included in preparing the concept and
design. M\M.S. and A.S.B. revisited the manuscript and critically evaluated the
intellectual contents. All authors participated in preparing the final draft of the
manuscript, revised the manuscript and critically evaluated the intellectual
contents. All authors have read and approved the content of the manuscript
and confirmed the accuracy or integrity of any part of the work.

Funding
Not applicable.



Saeedi-Boroujeni et al. Journal of Inflammation (2023) 20:1

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Author details

'Department of Microbiology, School of Medicine, Abadan University of Medi-
cal Sciences, Abadan, Iran. “Thalassemia and Hemoglobinopathy Research
Center, Health Research Institute, Ahvaz Jundishapur University of Medical
Sciences, Ahvaz, Iran. *Research Center for Molecular Medicine, Hamadan
University of Medical Sciences, Hamadan, Iran. “Department of Neurosurgery,
Dietrich-Bonhoeffer-Klinikum, Neubrandenburg, Germany. °Zanjan Metabolic
Diseases Research Center, Zanjan University of Medical Science, Zanjan, Iran.
bClinical Research Development Unit, Golestan Hospital, Ahvaz Jundishapur
University of Medical Sciences, Ahvaz, Iran.

Received: 15 September 2022 Accepted: 15 January 2023
Published online: 19 January 2023

References

1. Swirski FK, Nahrendorf M. Cardioimmunology: the immune
system in cardiac homeostasis and disease. Nat Rev Immunol.
2018;18(12):733-44.

2. Ramos GC, van den Berg A, Nunes-Silva V, Weirather J, Peters L, Burkard
M, et al. Myocardial aging as a T-cell-mediated phenomenon. Proc Nat!
Acad Sci U S A.2017;114(12):E2420-€9.

3. Frangogiannis NG, Lindsey ML, Michael LH, Youker KA, Bressler RB,
Mendoza LH, et al. Resident cardiac mast cells degranulate and
release preformed TNF-alpha, initiating the cytokine cascade in
experimental canine myocardial ischemia/reperfusion. Circulation.
1998;98(7):699-710.

4. Frangogiannis NG. Chemokines in the ischemic myocardium: from
inflammation to fibrosis. Inflamm Res. 2004;53(11):585-95.

5. Anzai A, Choi JL, He S, Fenn AM, Nairz M, Rattik S, et al. The infarcted
myocardium solicits GM-CSF for the detrimental oversupply of inflam-
matory leukocytes. J Exp Med. 2017;214(11):3293-310.

6. Rogacev KS, Cremers B, Zawada AM, Seiler S, Binder N, Ege P, et al.
CD144+4CD16+4 monocytes independently predict cardiovascular
events: a cohort study of 951 patients referred for elective coronary
angiography. J Am Coll Cardiol. 2012;60(16):1512-20.

7. Baldeviano GC, Barin JG, Talor MV, Srinivasan S, Bedja D, Zheng D, et al.
Interleukin-17Ais dispensable for myocarditis but essential for the
progression to dilated cardiomyopathy. Circ Res. 2010;106(10):1646-55.

8. ShiY, Fukuoka M, Li G, Liu Y, Chen M, Konviser M, et al. Regulatory T
cells protect mice against coxsackievirus-induced myocarditis through
the transforming growth factor beta-coxsackie-adenovirus receptor
pathway. Circulation. 2010;121(24):2624-34.

9. Lazzerini PE, Capecchi PL, Laghi-Pasini F. Systemic inflammation
and arrhythmic risk: lessons from rheumatoid arthritis. Eur Heart J.
2017,38(22):1717-27.

10.  Abdelhadi RH, Gurm HS, Van Wagoner DR, Chung MK. Relation of an
exaggerated rise in white blood cells after coronary bypass or cardiac
valve surgery to development of atrial fibrillation postoperatively. Am J
Cardiol. 2004,93(9):1176-8.

11. Zhou J, Gao G, Crabb JW, Serrero G. Purification of an autocrine growth
factor homologous with mouse epithelin precursor from a highly
tumorigenic cell line. J Biol Chem. 1993,268(15):10863-9.

12. XuK, Zhang, llalov K, Carlson CS, Feng JQ, Di Cesare PE, et al. Cartilage
oligomeric matrix protein associates with granulin-epithelin precursor
(GEP) and potentiates GEP-stimulated chondrocyte proliferation. J Biol
Chem. 2007;282(15):11347-55.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

Page 11 of 14

Guo F, Lai Y, Tian Q, Lin EA, Kong L, Liu C. Granulin-epithelin precur-
sor binds directly to ADAMTS-7 and ADAMTS-12 and inhibits their
degradation of cartilage oligomeric matrix protein. Arthritis Rheum.
2010,62(7):2023-36.

Guo Z, LiQ HanY, Liang Y, Xu Z, Ren T. Prevention of LPS-induced
acute lung injury in mice by progranulin. Mediators Inflamm.
2012;2012:540794.

Egashira Y, Suzuki Y, Azuma Y, Takagi T, Mishiro K, Sugitani S, et al. The
growth factor progranulin attenuates neuronal injury induced by
cerebral ischemia-reperfusion through the suppression of neutrophil
recruitment. J Neuroinflammation. 2013;10:105.

Kawase R, Ohama T, Matsuyama A, Matsuwaki T, Okada T, Yamashita
T, et al. Deletion of progranulin exacerbates atherosclerosis in ApoE
knockout mice. Cardiovasc Res. 2013;100(1):125-33.

Yoo HJ, Hwang SY, Hong HC, Choi HY, Yang SJ, Choi DS, et al. Implica-
tion of progranulin and C1g/TNF-related protein-3 (CTRP3) on inflam-
mation and atherosclerosis in subjects with or without metabolic
syndrome. PLoS One. 2013;8(2):e55744.

Sleegers K, Brouwers N, Van Damme P, Engelborghs S, Gijselinck I, van
der Zee J, et al. Serum biomarker for progranulin-associated frontotem-
poral lobar degeneration. Ann Neurol. 2009;65(5):603-9.

Lu R, Serrero G. Inhibition of PC cell-derived growth factor (PCDGF,
epithelin/granulin precursor) expression by antisense PCDGF cDNA
transfection inhibits tumorigenicity of the human breast carcinoma cell
line MDA-MB-468. Proc Natl Acad Sci U S A. 2000,97(8):3993-8.

Youn BS, Bang SI, KIoting N, Park JW, Lee N, Oh JE, et al. Serum progran-
ulin concentrations may be associated with macrophage infiltration
into omental adipose tissue. Diabetes. 2009;58(3):627-36.

Richter J, Focke D, Ebert T, Kovacs P, Bachmann A, Lossner U, et al.
Serum levels of the adipokine progranulin depend on renal function.
Diabetes Care. 2013;36(2):410-4.

Tang W, Lu Y, Tian QY, Zhang Y, Guo FJ, Liu GY, et al. The growth factor
progranulin binds to TNF receptors and is therapeutic against inflam-
matory arthritis in mice. Science. 2011;332(6028):478-84.

Bateman A, Belcourt D, Bennett H, Lazure C, Solomon S. Granulins, a
novel class of peptide from leukocytes. Biochem Biophys Res Commun.
1990;173(3):1161-8.

Plowman GD, Green JM, Neubauer MG, Buckley SD, McDonald

VL, Todaro GJ, et al. The epithelin precursor encodes two proteins
with opposing activities on epithelial cell growth. J Biol Chem.
1992;,267(18):13073-8.

Holler CJ, Taylor G, Deng Q, Kukar T. Intracellular proteolysis of Progranu-
lin generates stable, Lysosomal Granulins that are Haploinsufficient

in patients with Frontotemporal dementia caused by GRN mutations.
eNeuro. 2017;4(4):ENEURC.0100-17.

Suh HS, Choi N, Tarassishin L, Lee SC. Regulation of progranulin expres-
sion in human microglia and proteolysis of progranulin by matrix
metalloproteinase-12 (MMP-12). PLoS One. 2012;7(4):e35115.

He Z, Ong CH, Halper J, Bateman A. Progranulin is a mediator of the
wound response. Nat Med. 2003;9(2):225-9.

Zhao YP, Tian QY, Frenkel S, Liu CJ. The promotion of bone healing by
progranulin, a downstream molecule of BMP-2, through interacting
with TNF/TNFR signaling. Biomaterials. 2013;34(27):6412-21.

Jian J, Konopka J, Liu C. Insights into the role of progranulin in immu-
nity, infection, and inflammation. J Leukoc Biol. 2013;93(2):199-208.
Maachi M, Piéroni L, Bruckert E, Jardel C, Fellahi S, Hainque B, et al.
Systemic low-grade inflammation is related to both circulating and
adipose tissue TNFalpha, leptin and IL-6 levels in obese women. Int J
Obes Relat Metab Disord. 2004;28(8):993-7.

van Greevenbroek MM, Schalkwijk CG, Stehouwer CD. Obesity-associ-
ated low-grade inflammation in type 2 diabetes mellitus: causes and
consequences. Neth J Med. 2013;71(4):174-87.

GuptaV, Gupta A, Jafar T, Gupta V, Agrawal S, Srivastava N, et al. Associa-
tion of TNF-a promoter gene G-308A polymorphism with metabolic
syndrome, insulin resistance, serum TNF-a and leptin levels in Indian
adult women. Cytokine. 2012;57(1):32-6.

Olson NC, Callas PW, Hanley AJ, Festa A, Haffner SM, Wagenknecht

LE, et al. Circulating levels of TNF-a are associated with impaired
glucose tolerance, increased insulin resistance, and ethnicity: the
insulin resistance atherosclerosis study. J Clin Endocrinol Metab.
2012;97(3):1032-40.



Saeedi-Boroujeni et al. Journal of Inflammation

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51

52.

53.

54.

55.

(2023) 20:1

Virdis A, DellAgnello U, Taddei S. Impact of inflammation on vascular
disease in hypertension. Maturitas. 2014;78(3):179-83.

Xu'L, Zhou B, Li H, Liu J, Du J, Zang W, et al. Serum levels of Progranulin
are closely associated with microvascular complication in type 2 diabe-
tes. Dis Markers. 2015;2015:357279.

Kaur J, Mukheja S, Varma S, Kalra HS, Khosa BS, Vohra K. Serum progran-
ulin/tumor necrosis factor-a ratio as independent predictor of systolic
blood pressure in overweight hypertensive patients: a cross-sectional
study. Egypt Heart J. 2020;72(1):25.

Stewart BF, Siscovick D, Lind BK, Gardin JM, Gottdiener JS, Smith VE,

et al. Clinical factors associated with calcific aortic valve disease. Cardio-
vascular health study. J Am Coll Cardiol. 1997;29(3):630-4.

Lindman BR, Bonow RO, Otto CM. Current management of calcific
aortic stenosis. Circ Res. 2013;113(2):223-37.

Feng JQ, Guo FJ, Jiang BC, Zhang Y, Frenkel S, Wang DW, et al. Granulin
epithelin precursor: a bone morphogenic protein 2-inducible growth
factor that activates Erk1/2 signaling and JunB transcription factor in
chondrogenesis. FASEB J. 2010;24(6):1879-92.

Bai XH, Wang DW, Kong L, Zhang Y, Luan Y, KobayashiT, et al.
ADAMTS-7, a direct target of PTHrP, adversely regulates endochondral
bone growth by associating with and inactivating GEP growth factor.
Mol Cell Biol. 2009;29(15):4201-19.

Huang G, An L, Fan M, Zhang M, Chen B, Zhu M, et al. Potential role

of full-length and nonfull-length progranulin in affecting aortic valve
calcification. J Mol Cell Cardiol. 2020;141:93-104.

Kessenbrock K, Frohlich L, Sixt M, Limmermann T, Pfister H, Bateman

A, et al. Proteinase 3 and neutrophil elastase enhance inflammation

in mice by inactivating antiinflammatory progranulin. J Clin Invest.
2008;118(7):2438-47.

Okura H, Yamashita S, Ohama T, Saga A, Yamamoto-Kakuta A, Hamada Y,
et al. HDL/apolipoprotein A-l binds to macrophage-derived progranu-
lin and suppresses its conversion into proinflammatory granulins. J
Atheroscler Thromb. 2010;17(6):568-77.

He Z, Bateman A. Progranulin (granulin-epithelin precursor, PC-cell-
derived growth factor, acrogranin) mediates tissue repair and tumori-
genesis. J Mol Med (Berl). 2003;81(10):600-12.

Wang N, Zhang J, Yang JX. Growth factor progranulin blocks tumor
necrosis factor-a-mediated inhibition of osteoblast differentiation.
Genet Mol Res. 2016;15(3):215.

Chen Q, Cai J, Li X, Song A, Guo H, Sun Q, et al. Progranulin promotes
regeneration of inflammatory periodontal bone defect in rats via anti-
inflammation, Osteoclastogenic inhibition, and Osteogenic promotion.
Inflammation. 2019;42(1):221-34.

Wang LM, Zhao N, Zhang J, Sun QF, Yang CZ, Yang PS. Tumor necrosis
factor-alpha inhibits osteogenic differentiation of pre-osteoblasts by
downregulation of EphB4 signaling via activated nuclear factor-kappaB
signaling pathway. J Periodontal Res. 2018;53(1):66-72.

Huang H, Zhao N, Xu X, XuY, Li S, Zhang J, et al. Dose-specific effects of
tumor necrosis factor alpha on osteogenic differentiation of mesenchy-
mal stem cells. Cell Prolif. 2011;44(5):420-7.

Clevers H, Nusse R. Wnt/-catenin signaling and disease. Cell.
2012;149(6):1192-205.

Zhou L, Liu Y. Wnt/B-catenin signalling and podocyte dysfunction in
proteinuric kidney disease. Nat Rev Nephrol. 2015;11(9):535-45.
Hagenmueller M, Riffel JH, Bernhold E, Fan J, Zhang M, Ochs M, et al.
Dapper-1 induces myocardial remodeling through activation of canoni-
cal Wnt signaling in cardiomyocytes. Hypertension. 2013;61(6):1177-83.
Nakagawa A, Naito AT, Sumida T, Nomura S, Shibamoto M, Higo T, et al.
Activation of endothelial B-catenin signaling induces heart failure. Sci
Rep. 2016;6:25000.

Rosen EY, Wexler EM, Versano R, Coppola G, Gao F, Winden KD,

et al. Functional genomic analyses identify pathways dysregulated

by progranulin deficiency, implicating Wnt signaling. Neuron.
2011,71(6):1030-42.

Fu, SunY, Zhou M, Wang X, Wang Z, Wei X, et al. Therapeutic potential
of Progranulin in Hyperhomocysteinemia-induced Cardiorenal dysfunc-
tion. Hypertension. 2017,69(2):259-66.

Han H, Wang Y, Li X, Wang PA, Wei X, Liang W, et al. Novel role of

NOD2 in mediating Ca2+ signaling: evidence from NOD2-regulated
podocyte TRPC6 channels in hyperhomocysteinemia. Hypertension.
2013;62(3):506-11.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 12 of 14

Vasan RS, Beiser A, D’Agostino RB, Levy D, Selhub J, Jacques PF, et al.
Plasma homocysteine and risk for congestive heart failure in adults
without prior myocardial infarction. Jama. 2003;289(10):1251-7.
Spence JD, Stampfer MJ. Understanding the complexity of homocyst-
eine lowering with vitamins: the potential role of subgroup analyses.
Jama. 2011;306(23):2610-1.

Bostom AG, Carpenter MA, Kusek JW, Levey AS, Hunsicker L, Pfeffer MA,
et al. Homocysteine-lowering and cardiovascular disease outcomes

in kidney transplant recipients: primary results from the folic acid

for vascular outcome reduction in transplantation trial. Circulation.
2011;123(16):1763-70.

Zhou M, Tang W, Fu 'Y, Xu X, Wang Z, Lu Y, et al. Progranulin pro-

tects against renal ischemia/reperfusion injury in mice. Kidney Int.
2015;87(5):918-29.

Kennedy RH, Melchert RB, Joseph J. Cardiovascular effects of hyper-
homocysteinemia in conscious unrestrained rats. Am J Hypertens.
2006;19(1):94-7.

Savige J. Alport syndrome: its effects on the glomerular filtration barrier
and implications for future treatment. J Physiol. 2014;592(18):4013-23.
Nygard O, Nordrehaug JE, Refsum H, Ueland PM, Farstad M, Vollset SE.
Plasma homocysteine levels and mortality in patients with coronary
artery disease. N Engl J Med. 1997;337(4):230-6.

Joseph J, Joseph L, Shekhawat NS, Devi S, Wang J, Melchert RB,

et al. Hyperhomocysteinemia leads to pathological ventricular
hypertrophy in normotensive rats. Am J Physiol Heart Circ Physiol.
2003;285(2):H679-86.

Finegold JA, Asaria P, Francis DP. Mortality from ischaemic heart disease
by country, region, and age: statistics from World Health Organisation
and United Nations. Int J Cardiol. 2013;168(2):934-45.

Poirier P, Eckel RH. Obesity and cardiovascular disease. Curr Atheroscler
Rep. 2002;4(6):448-53.

Mattu HS, Randeva HS. Role of adipokines in cardiovascular disease. J
Endocrinol. 2013;216(1):T17-36.

Ouchi N, Walsh K. Cardiovascular and metabolic regulation by the adi-
ponectin/C1g/tumor necrosis factor-related protein family of proteins.
Circulation. 2012;125(25):3066-8.

Ouchi N, Walsh K. Adiponectin as an anti-inflammatory factor. Clin Chim
Acta. 2007;380(1-2):24-30.

Tao L, GaoE, Jiao X, Yuan Y, Li S, Christopher TA, et al. Adiponectin cardi-
oprotection after myocardial ischemia/reperfusion involves the reduc-
tion of oxidative/nitrative stress. Circulation. 2007;115(11):1408-16.
Kato H, Kashiwagi H, Shiraga M, Tadokoro S, Kamae T, Ujiie H, et al.
Adiponectin acts as an endogenous antithrombotic factor. Arterioscler
Thromb Vasc Biol. 2006;26(1):224-30.

Kambara T, Ohashi K, Shibata R, Ogura Y, Maruyama S, Enomoto T, et al.
CTRP9 protein protects against myocardial injury following ischemia-
reperfusion through AMP-activated protein kinase (AMPK)-dependent
mechanism. J Biol Chem. 2012;287(23):18965-73.

YiW, Sun'Y, Yuan'Y, Lau WB, Zheng Q, Wang X, et al. C1g/tumor necrosis
factor-related protein-3, a newly identified adipokine, is a novel
antiapoptotic, proangiogenic, and cardioprotective molecule in the
ischemic mouse heart. Circulation. 2012;125(25):3159-69.

Cantrell DA. Phosphoinositide 3-kinase signalling pathways. J Cell Sci.
2001;114(Pt 8):1439-45.

Martelli AM, Faenza |, Billi AM, Manzoli L, Evangelisti C, Fala F, et al.
Intranuclear 3’-phosphoinositide metabolism and Akt signaling: new
mechanisms for tumorigenesis and protection against apoptosis? Cell
Signal. 2006;18(8):1101-7.

Kojima Y, Ono K, Inoue K, Takagi Y, Kikuta K, Nishimura M, et al.
Progranulin expression in advanced human atherosclerotic plaque.
Atherosclerosis. 2009;206(1):102-8.

Al Masri A, Al HA. The adipokine, progranulin (PGRN) is cardio-protec-
tive in myocardial ischemia reperfusion injury in the rat. Atherosclerosis.
2015;241(1):e207-€8.

Alyahya AM, Al-Masri A, Hersi A, El Eter E, Husain S, Lateef R, et al. The
effects of progranulin in a rat model of acute myocardial ischemia/rep-
erfusion are mediated by activation of the P13K/Akt signaling pathway.
Med Sci Monit Basic Res. 2019;25:229.

Hwang HJ, Jung TW, Hong HC, Choi HY, Seo JA, Kim SG, et al. Progranu-
lin protects vascular endothelium against atherosclerotic inflammatory



Saeedi-Boroujeni et al. Journal of Inflammation

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

(2023) 20:1

reaction via Akt/eNOS and nuclear factor-kB pathways. PLoS One.
2013;8(9):e76679.

Ohama T, Kawase R, Matsuyama A, Okura H, Matsuwaki T, Yuasa-Kawase
M, et al. W2 a novel HDL-associated protein, progranulin, may play

an atheroprotective role by enhancing reverse cholesterol transport.
Atherosclerosis (Supplements)(Component). 2010;2(11):1.

Shibata R, Sato K, Pimentel DR, Takemura Y, Kihara S, Ohashi K, et al.
Adiponectin protects against myocardial ischemia-reperfusion

injury through AMPK- and COX-2-dependent mechanisms. Nat Med.
2005;11(10):1096-103.

Eefting F, Rensing B, Wigman J, Pannekoek WJ, Liu WM, Cramer

MJ, et al. Role of apoptosis in reperfusion injury. Cardiovasc Res.
2004,61(3):414-26.

Chen Z, Chua CC, Ho YS, Hamdy RC, Chua BH. Overexpression of Bcl-2
attenuates apoptosis and protects against myocardial I/R injury in
transgenic mice. Am J Physiol Heart Circ Physiol. 2001,280(5):H2313-20.
Fliss H, Gattinger D. Apoptosis in ischemic and reperfused rat myocar-
dium. Circ Res. 1996;79(5):949-56.

Xu J, Xilouri M, Bruban J, Shioi J, Shao Z, Papazoglou |, et al. Extracellular
progranulin protects cortical neurons from toxic insults by activating
survival signaling. Neurobiol Aging. 2011;32(12):2326.e5-16.

Wang Y, Zhang ZZ, Wu Y, Ke JJ, He XH, Wang YL. Quercetin postcon-
ditioning attenuates myocardial ischemia/reperfusion injury in rats
through the PI3K/Akt pathway. Braz J Med Biol Res. 2013;46(10):861-7.
Pei YH, Chen J, Xie L, Cai XM, Yang RH, Wang X, et al. Hydroxytyrosol pro-
tects against myocardial ischemia/reperfusion injury through a PI3K/
Akt-dependent mechanism. Mediators Inflamm. 2016;2016:1232103.
Sasaki T, Shimazawa M, Kanamori H, Yamada Y, Nishinaka A, Kuse Y, et al.
Effects of progranulin on the pathological conditions in experimental
myocardial infarction model. Sci Rep. 2020;10(1):11842.

Dobaczewski M, Gonzalez-Quesada C, Frangogiannis NG. The
extracellular matrix as a modulator of the inflammatory and repara-
tive response following myocardial infarction. J Mol Cell Cardiol.
2010;48(3):504-11.

Nian M, Lee P, Khaper N, Liu P. Inflammatory cytokines and postmyocar-
dial infarction remodeling. Circ Res. 2004;94(12):1543-53.

Kanazawa M, Kawamura K, Takahashi T, Miura M, Tanaka Y, Koyama M,
et al. Multiple therapeutic effects of progranulin on experimental acute
ischaemic stroke. Brain. 2015;138(Pt 7):1932-48.

Puhl SL, Steffens S. Neutrophils in post-myocardial infarction inflamma-
tion: damage vs. resolution? Front Cardiovasc Med. 2019;,6:25.
Horckmans M, Ring L, Duchene J, Santovito D, Schloss MJ, Drechsler

M, et al. Neutrophils orchestrate post-myocardial infarction healing by
polarizing macrophages towards a reparative phenotype. Eur Heart J.
2017,38(3):187-97.

Schloss MJ, Horckmans M, Nitz K, Duchene J, Drechsler M, Bidzhekov

K, et al. The time-of-day of myocardial infarction onset affects healing
through oscillations in cardiac neutrophil recruitment. EMBO Mol Med.
2016;8(8):937-48.

Fujisue K, Sugamura K, Kurokawa H, Matsubara J, Ishii M, Izumiya Y,

et al. Colchicine improves survival, left ventricular remodeling, and
chronic cardiac function after acute myocardial infarction. Circ J.
2017,81(8):1174-82.

Luo S, Hieu TB, Ma F, Yu Y, Cao Z, Wang M, et al. ZYZ-168 alleviates
cardiac fibrosis after myocardial infarction through inhibition of ERK1/2-
dependent ROCK1 activation. Sci Rep. 2017,7:43242.

Diez J, Querejeta R, Lépez B, Gonzalez A, Larman M, Martinez Ubago JL.
Losartan-dependent regression of myocardial fibrosis is associated with
reduction of left ventricular chamber stiffness in hypertensive patients.
Circulation. 2002;105(21):2512-7.

Hein S, Arnon E, Kostin S, Schonburg M, Elsésser A, Polyakova V, et al.
Progression from compensated hypertrophy to failure in the pressure-
overloaded human heart: structural deterioration and compensatory
mechanisms. Circulation. 2003;107(7):984-91.

Yilmaz Y, Eren F, Yonal O, Polat Z, Bacha M, Kurt R, et al. Serum progranu-
lin as an independent marker of liver fibrosis in patients with biopsy-
proven nonalcoholic fatty liver disease. Dis Markers. 2011;31(4):205-10.
Yoo W, Lee J, Noh KH, Lee S, Jung D, Kabir MH, et al. Progranulin attenu-
ates liver fibrosis by downregulating the inflammatory response. Cell
Death Dis. 2019;10(10):758.

100.

101.

103.

105.

106.

107.

108.

109.

110.

11,

113.

114.

115.

116.

117.

118.

119.

Page 13 of 14

Gibbons RJ, Valeti US, Araoz PA, Jaffe AS. The quantification of infarct
size. J Am Coll Cardiol. 2004:44(8):1533-42.

Burns RJ, Gibbons RJ, Yi Q, Roberts RS, Miller TD, Schaer GL, et al. The
relationships of left ventricular ejection fraction, end-systolic volume
index and infarct size to six-month mortality after hospital discharge
following myocardial infarction treated by thrombolysis. J Am Coll
Cardiol. 2002;39(1):30-6.

Fu WB, Wang WE, Zeng CY. Wnt signaling pathways in myocardial
infarction and the therapeutic effects of Wnt pathway inhibitors. Acta
Pharmacol Sin. 2019;40(1):9-12.

Gourdie RG, Dimmeler S, Kohl P. Novel therapeutic strategies target-
ing fibroblasts and fibrosis in heart disease. Nat Rev Drug Discov.
2016;15(9):620-38.

Palevski D, Levin-Kotler LP, Kain D, Naftali-Shani N, Landa N, Ben-
MordechaiT, et al. Loss of macrophage Wnt secretion improves
remodeling and function after myocardial infarction in mice. J Am
Heart Assoc. 2017;6(1):e004387.

Uitterdijk A, Hermans KC, de Wijs-Meijler DP, Daskalopoulos EP, Reiss
IK, Duncker DJ, et al. UM206, a selective frizzled antagonist, attenu-
ates adverse remodeling after myocardial infarction in swine. Lab
Invest. 2016;96(2):168-76.

Alquézar C, de la Encarnacion A, Moreno F, Lopez de Munain A,
Martin-Requero A. Progranulin deficiency induces overactivation

of WNT5A expression via TNF-a/NF-kB pathway in peripheral cells
from frontotemporal dementia-linked granulin mutation carriers. J
Psychiatry Neurosci. 2016;41(4):225-39.

Heusch G. Myocardial ischemia: lack of coronary blood flow, myocar-
dial oxygen supply-demand imbalance, or what? Am J Physiol Heart
Circ Physiol. 2019;316(6):H1439-h46.

Hausenloy DJ, Yellon DM. Myocardial ischemia-reperfusion injury: a
neglected therapeutic target. J Clin Invest. 2013;123(1):92-100.
Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in
cardiovascular disease enterprises: part Il: the aging heart in health:
links to heart disease. Circulation. 2003;107(2):346-54.

Yang X, Doser TA, Fang CX, Nunn JM, Janardhanan R, Zhu M, et al.
Metallothionein prolongs survival and antagonizes senescence-asso-
ciated cardiomyocyte diastolic dysfunction: role of oxidative stress.
FASEB J. 2006;20(7):1024-6.

Din S, Konstandin MH, Johnson B, Emathinger J, Vélkers M, Toko H,
et al. Metabolic dysfunction consistent with premature aging results
from deletion of Pim kinases. Circ Res. 2014;115(3):376-87.

Terman A, Dalen H, Eaton JW, Neuzil J, Brunk UT. Aging of cardiac
myocytes in culture: oxidative stress, lipofuscin accumulation, and
mitochondrial turnover. Ann N'Y Acad Sci. 2004;1019:70-7.

Toh H, Chitramuthu BP, Bennett HP, Bateman A. Structure, function,
and mechanism of progranulin; the brain and beyond. J Mol Neuro-
sci. 2011,45(3):538-48.

Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers

R, Lindholm C, et al. Mutations in progranulin cause tau-negative
frontotemporal dementia linked to chromosome 17. Nature.
2006;442(7105):916-9.

Cruts M, Gijselinck |, van der Zee J, Engelborghs S, Wils H, Pirici

D, et al. Null mutations in progranulin cause ubiquitin-positive
frontotemporal dementia linked to chromosome 17g21. Nature.
2006;442(7105):920-4.

Hahn JY, Cho HJ, Bae JW, Yuk HS, Kim KI, Park KW, et al. Beta-catenin
overexpression reduces myocardial infarct size through differential
effects on cardiomyocytes and cardiac fibroblasts. J Biol Chem.
2006;281(41):30979-89.

Chen X, Shevtsov SP, Hsich E, Cui L, Hag S, Aronovitz M, et al. The
beta-catenin/T-cell factor/lymphocyte enhancer factor signaling
pathway is required for normal and stress-induced cardiac hypertro-
phy. Mol Cell Biol. 2006;26(12):4462-73.

Naito AT, Sumida T, Nomura S, Liu ML, Higo T, Nakagawa A, et al.
Complement Cl1q activates canonical Wnt signaling and promotes
aging-related phenotypes. Cell. 2012;149(6):1298-313.

Lui H, Zhang J, Makinson SR, Cahill MK, Kelley KW, Huang HY, et al.
Progranulin deficiency promotes circuit-specific synaptic pruning by
microglia via complement activation. Cell. 2016;165(4):921-35.
Zhu'Y, Ohama T, Kawase R, Chang J, Inui H, Kanno K, et al. Progranu-
lin deficiency leads to enhanced age-related cardiac hypertrophy



Saeedi-Boroujeni et al. Journal of Inflammation

121.

123.

124.
125.

126.

127.
128.
129.
130.

131.

132.

133.

135.
136.

137.

139.

143.

144.

(2023) 20:1

through complement C1g-induced -catenin activation. J Mol Cell
Cardiol. 2020;138:197-211.

Minami SS, Min SW, Krabbe G, Wang C, Zhou Y, Asgarov R, et al.
Progranulin protects against amyloid B deposition and toxicity in
Alzheimer's disease mouse models. Nat Med. 2014,20(10):1157-64.
Ahmed Z, Sheng H, Xu YF, Lin WL, Innes AE, Gass J, et al. Acceler-
ated lipofuscinosis and ubiquitination in granulin knockout mice
suggest a role for progranulin in successful aging. Am J Pathol.
2010;177(1):311-24.

Zhao YP, Tian QY, Liu B, Cuellar J, Richbourgh B, Jia TH, et al. Progranulin
knockout accelerates intervertebral disc degeneration in aging mice.
SciRep. 2015;5:9102.

Shirakabe A, lkeda'Y, Sciarretta S, Zablocki DK, Sadoshima J. Aging and
autophagy in the heart. Circ Res. 2016;118(10):1563-76.

Shimizu I, Minamino T. Physiological and pathological cardiac hypertro-
phy. J Mol Cell Cardiol. 2016,97:245-62.

Tanaka Y, Chambers JK, Matsuwaki T, Yamanouchi K, Nishihara M. Pos-
sible involvement of lysosomal dysfunction in pathological changes of
the brain in aged progranulin-deficient mice. Acta Neuropathol Com-
mun. 2014;2:78.

Jung T, Bader N, Grune T. Lipofuscin: formation, distribution, and meta-
bolic consequences. Ann N'Y Acad Sci. 2007;1119:97-111.

Gray DA, Woulfe J. Lipofuscin and aging: a matter of toxic waste. Sci
Aging Knowledge Environ. 2005,2005(5):re1.

Sandritter W, Bierfreund B, Pannen F, Adler CP. Lipofuscin in cardiac
hypertrophy. Beitr Pathol. 1972;147(3):280-92.

Reske-Nielsen E, Baandrup U, Bjerregaard P, Bruun I. Cardiac involve-
ment in juvenile amaurotic idiocy--a specific heart muscle disorder.
Histological findings in 13 autopsied patients. Acta Pathol Microbiol
Scand A. 1981;89(5):357-65.

Sumida T, Naito AT, Nomura S, Nakagawa A, Higo T, Hashimoto A, et al.
Complement C1g-induced activation of B-catenin signalling causes
hypertensive arterial remodelling. Nat Commun. 2015;6:6241.

Yang C, Wang X. Lysosome biogenesis: regulation and functions. J Cell
Biol. 2021;220(6):202102001.

Ballabio A, Bonifacino JS. Lysosomes as dynamic regulators of cell and
organismal homeostasis. Nat Rev Mol Cell Biol. 2020;21(2):101-18.
Simon MJ, Logan T, DeVos SL, Di Paolo G. Lysosomal functions of pro-
granulin and implications for treatment of frontotemporal dementia.
Trends Cell Biol. 2022;50962-8924(22):00216-1.

Schiattarella GG, Hill JA. Therapeutic targeting of autophagy in cardio-
vascular disease. J Mol Cell Cardiol. 2016;95:86-93.

Bhat OM, Li P-L. Lysosome function in cardiovascular diseases. Cell
Physiol Biochem. 2021;55(3):277.

Marques AR, Ramos C, Machado-Oliveira G, Vieira OV. Lysosome (Dys)
function in atherosclerosis—a big weight on the shoulders of a small
organelle. Front Cell Dev Biol. 2021,9:658995.

Alcalai R, Arad M, Wakimoto H, Yadin D, Gorham J, Wang L, et al. LAMP2
cardiomyopathy: consequences of impaired autophagy in the heart. J
Am Heart Assoc. 2021;10(17):e018829.

Paushter DH, Du H, Feng T, Hu F. The lysosomal function of pro-
granulin, a guardian against neurodegeneration. Acta Neuropathol.
2018;136(1):1-17.

Beel S, Moisse M, Damme M, De Muynck L, Robberecht W, Van

Den Bosch L, et al. Progranulin functions as a cathepsin D chap-
erone to stimulate axonal outgrowth in vivo. Hum Mol Genet.
2017;26(15):2850-63.

Valdez C, Wong YC, Schwake M, Bu G, Wszolek ZK, Krainc D. Progran-
ulin-mediated deficiency of cathepsin D results in FTD and NCL-like
phenotypes in neurons derived from FTD patients. Hum Mol Genet.
2017,26(24):4861-72.

Butler VJ, Cortopassi WA, Argouarch AR, Ivry SL, Craik CS, Jacobson MP,
et al. Progranulin stimulates the in vitro maturation of pro-Cathepsin D
at acidic pH. J Mol Biol. 2019;431(5):1038-47.

Butler VJ, Cortopassi WA, Gururaj S, Wang AL, Pierce OM, Jacobson

MP, et al. Multi-Granulin domain peptides bind to pro-Cathepsin D
and stimulate its enzymatic activity more effectively than Progranulin
in vitro. Biochemistry. 2019;58(23):2670-4.

Zhou X, Sun L, Bastos de Oliveira F, Qi X, Brown WJ, Smolka MB, et al.
Prosaposin facilitates sortilin-independent lysosomal trafficking of
progranulin. J Cell Biol. 2015;210(6):991-1002.

145.

146.

147.

148.

149.

150.

151.

152.

155.

157.

158.

Page 14 of 14

Zhou X, Paushter DH, Pagan MD, Kim D, Nunez Santos M, Lieberman
RL, et al. Progranulin deficiency leads to reduced glucocerebrosidase
activity. PLoS One. 2019;14(7):e0212382.

Willnow TE, Petersen CM, Nykjaer A. VPS10P-domain receptors -
regulators of neuronal viability and function. Nat Rev Neurosci.
2008;9(12):899-909.

Hermey G. The Vps10p-domain receptor family. Cell Mol Life Sci.
2009;66(16):2677-89.

ZhengY, Brady OA, Meng PS, Mao Y, Hu F. C-terminus of progranulin
interacts with the beta-propeller region of sortilin to regulate progranu-
lin trafficking. PLoS One. 2011,6(6):e21023.

Evers BM, Rodriguez-Navas C, Tesla RJ, Prange-Kiel J, Wasser CR, Yoo KS,
et al. Lipidomic and Transcriptomic basis of Lysosomal dysfunction in
Progranulin deficiency. Cell Rep. 2017;20(11):2565-74.

Carrasquillo MM, Nicholson AM, Finch N, Gibbs JR, Baker M, Rutherford
NJ, et al. Genome-wide screen identifies rs646776 near sortilin as a
regulator of progranulin levels in human plasma. Am J Hum Genet.
2010;87(6):890-7.

Xie'Y, Xu E, Bowe B, Al-Aly Z. Long-term cardiovascular outcomes of
COVID-19. Nat Med. 2022;28(3):583-90.

Singh T, Kite TA, Joshi SS, Spath NB, Kershaw L, Baker A, et al. MRI

and CT coronary angiography in survivors of COVID-19. Heart.
2022;108(1):46-53.

PHOSP-COVID Collaborative Group.Clinical characteristics with inflam-
mation profiling of long COVID and association with 1-year recovery
following hospitalisation in the UK: a prospective observational study.
Lancet Respir Med. 2022;10(8):761-75.

Nishiga M, Wang DW, Han Y, Lewis DB, Wu JC. COVID-19 and cardiovas-
cular disease: from basic mechanisms to clinical perspectives. Nat Rev
Cardiol. 2020;17(9):543-58.

Inciardi RM, Solomon SD, Ridker PM, Metra M. Coronavirus 2019 disease
(COVID-19), systemic inflammation, and cardiovascular disease. J Am
Heart Assoc. 2020;9(16):e017756.

Saed Aldien A, Ganesan GS, Wahbeh F, Al-Nassr N, Altarawneh H, Al
Theyab L, et al. Systemic inflammation may induce cardiac injury in
COVID-19 patients including children and adolescents without underly-
ing cardiovascular diseases: a systematic review. Cardiovasc Revasc
Med. 2022;35:169-78.

Magadum A, Kishore R. Cardiovascular manifestations of COVID-19
infection. Cells. 2020;9(11):2508.

Augustine R, Abhilash S, Nayeem A, Salam SA, Augustine P, Dan P, et al.
Increased complications of COVID-19 in people with cardiovascular
disease: role of the renin-angiotensin-aldosterone system (RAAS)
dysregulation. Chem Biol Interact. 2022;351:109738.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC




	Progranulin (PGRN) as a regulator of inflammation and a critical factor in the immunopathogenesis of cardiovascular diseases
	Abstract 
	Cardioimmunology
	Progranulin (PGRN)
	TNF-α response regulation by PGRN  in cardiovascular diseases
	Role of PGRN in the immunopathogenesis of calcific aortic valve disease
	Regulation of Wntβ-catenin signaling pathway by PGRN
	Therapeutic potential of PGRN in hyperhomocysteinemia
	Immunoregulatory effects of PGRN in myocardial infarction
	PGRN secretion from neutrophils to regulate myocardial ischemia inflammation
	PGRN attenuation of myocardial fibrosis by activation PI3KAkt and Wntβ-catenin inhibition
	PGRN deficiency and acceleration of age-associated cardiac abnormality
	PGRN as lysosomal regulatiors of inflammation
	Potential role of PGRN in inflammation and SARS-CoV-2 (COVID-19)
	Conclusion
	References


