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Abstract
Senescent cells exert their effects through the release of various factors, collectively referred to as the senescence-
associated secretory phenotype (SASP). The SASP can induce senescence in healthy cells (secondary senescence), 
modulate immune system function, reshape the extracellular matrix, and facilitate cancer progression.

Among SASP components, certain factors act as key regulators in the induction of secondary senescence. 
In this study, we evaluated the role of IGFBP7, a crucial SASP component. Our results demonstrated that ROS-
prostaglandin signaling is involved in the release of IGFBP7. Furthermore, neutralizing antibodies targeting IGFBP7 
attenuated the SASP’s pro-senescence activity. Cells incubated with IGFBP7 also entered a state of senescence.

The senescence induced by IGFBP7 appears to be mediated through three primary pathways. First, IGFBP7 can 
bind to insulin, thereby inhibiting its anti-senescence and pro-growth effects. In addition to this inhibitory effect 
on the insulin pathway, IGFBP7 may enhance IGFII pro-senescence signaling by promoting its interaction with 
IGF2R while blocking IGF1R. These activities are dependent on ERK and AKT signaling pathways. Finally, IGFBP7 and 
Activin A, both of which can induce cellular senescence, appear to regulate and inhibit each other, suggesting a 
compensatory mechanism to prevent excessive senescence. Notably, our preliminary data indicate that IGFBP7, in 
addition to blocking Activin A, may interact with its receptors and induce senescence via SMAD pathways.

Our findings highlight that IGFBP7, along with other members of the IGFBP family, plays a pivotal role in 
senescence-related signaling pathways. Therefore, IGFBP7 may serve as a potential target for anti-aging strategies 
aimed at reducing the burden of senescence on tissues and organs.
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Introduction
Stressful events that impair cellular homeostasis can 
lead cells to permanent cell cycle arrest and acquisition 
of new functions, thus becoming senescent cells. Evolu-
tionarily, senescence arose as an anti-cancer mechanism, 
since it arrests the proliferation of damaged cells. This 
benefit, however, may be overbalanced by negative out-
comes. Senescent cells contribute to organismal aging 
and inflammation phenomena. In addition, if senescent 
cells are not quickly removed from tissues and organs by 
the macrophagic activity of immune cells, they can fur-
ther promote inflammation and switch their activities 
from anti- to pro-tumor functions [1–4].

Senescent cells act through the release of several fac-
tors, collectively indicated as the senescence-associated 
secretory phenotype (SASP), which can induce senes-
cence of healthy cells (secondary senescence), modulate 
the immune system function, reshape the extracellular 
matrix, and facilitate cancer advancement [5–7].

Each component of SASP may be involved in one or 
multiple of the above-reported tasks and act accordingly 
through a hierarchical pattern. For example, a few com-
ponents may function as master deciders for the induc-
tion of secondary senescence. In this context, insulin 
growth factors (IGFs) and insulin growth factors binding 
proteins (IGFBPs), which are components of a biological 
mechanism preserved through evolution, described as 
a ‘conserved regulatory system for aging,’ can play a key 
role in the spreading of senescence [8–10]. Indeed, in a 
previous work, we evidenced a causative role for IGFBP4 
and IGFBP5 in inducing senescence of mesenchymal 
stromal cells (MSCs) and fibroblasts. These findings align 
with meta-analysis of SASP produced by different types 
of senescent cells, which consistently detected the pres-
ence of IGFBP4 and IGFBP7 [10–12].

The IGFBP proteins act as modulators of IGFs activity 
by functioning as transporters within extracellular fluids, 
lengtheners of half-life, and regulators of their interaction 
with cognate receptors [8, 13]. The IGFBPs are classified 
according to their affinity for IGFs, IGFBP1 to IGFBP6 
have high affinity for IGFs, while those with low affinity 
for IGFs are named IGFBP-related proteins (IGFBPrp) 
[13–15]. IGFBP7, also named IGFBPrp1, besides its low 
affinity for IGF proteins, can interact and modulate the 
functions of several other proteins. IGFBP7 can bind 
insulin growth factor receptor 1 (IGF1R) and can inhibit 
its interaction with IGF ligands. IGFBP7 has a strong 
affinity for Insulin and it has been suggested that it can 
inhibit Insulin binding to its receptor, even if these exper-
iments were carried out with over-physiological IGFBP7 
levels [13, 14, 16]. IGFBP7 can also bind and block the 

Activin A activity, acting as a Follistatin-like protein [17–
19]. Activins, which are components of the transforming 
growth factor beta (TGF-β) superfamily, are involved in 
many biological processes (such as inflammation, immu-
nity, fibrosis, growth arrest, stem cell multipotency, etc.) 
and their activity is modulated by Follistatins, which bind 
and inhibit Activins [17, 18, 20].

Given the constant presence of IGFBP7 in SASP, we 
decided to evaluate if this protein may have a causative 
role in secondary senescence thus contributing to senes-
cence spreading from senescent cells, directly affected by 
stressful agents, to healthy cells that turn senescent in the 
presence of SASP factors.

We selected MSCs as a cellular model because of their 
vital role within the body. MSCs are a heterogeneous cell 
population located in bone marrow, adipose tissue, and 
the stromal regions of various organs. This population 
includes stem cells, progenitor cells, fibroblasts, stromal 
cells, among others, and they play a key role by secret-
ing growth and survival factors, immunomodulatory 
substances, and differentiation molecules, all of which 
support tissue repair and maintain overall homeosta-
sis in the organism [21]. In this context, any senescence 
phenomenon affecting MSCs may greatly contribute to 
organismal aging.

Results
We treated MSCs with 300 µM H2O2 to induce senes-
cence and collected the SASP 72  h later. The H2O2 
treatment resulted in a significant increase in senes-
cent (Ki67-; β-galactosidase+) and stressed cells (Ki67+; 
β-galactosidase+), along with a decrease in cycling cells 
(Ki67+; β-galactosidase-) (Fig. 1A). We detected substan-
tial amounts of IGFBP7 in the secretome of senescent 
cells, whereas its presence in the secretome of healthy 
cells was barely detectable (Fig. 1A).

Incubation of healthy MSCs with SASP from senes-
cent cells induced secondary senescence, whereas the 
secretome produced by control cultures did not signifi-
cantly alter the percentage of senescent cells (Fig.  1B). 
Pretreatment of SASP with an antibody targeting IGFBP7 
markedly reduced SASP-induced secondary senescence 
(Fig. 1B). The serum level of IGFBP7 has been reported 
in several studies with significant discrepancies, rang-
ing from less than 2 ng/ml to over 20 ng/ml [22, 23]. In 
light of this variability, we decided to incubate cells with 
a concentration higher than the maximum reported 
healthy serum value. Incubation of healthy MSCs with 
IGFBP7 alone induced senescence and cell cycle arrest, 
with no evidence of apoptosis (Fig. 1B, right histogram; 
Fig. 1C). The senescence process was associated with its 
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executive program, which in MSCs involves RB2 (P130), 
P53, CDKN1A (P21), and CDKN1B (P27) (Fig. 1D). It is 
important to mention that RB1-P16 has been demon-
strated may play only a supporting role in the senescence 
of human MSCs. It is worthy to mention that BCL-2 and 
the P38MAPK, which are involved in blocking and pro-
moting apoptosis, respectively [24], were both upregu-
lated in IGFBP7 treated cells. This suggests that the 
absence of changes in apoptosis levels, as confirmed by 
ANXAV expression, may be due to a fine-tuned balance 
between pro- and anti-apoptotic pathways.

Senescence can significantly impact the stemness prop-
erties (self-renewal, lineage commitment, and undiffer-
entiated status) of stem cells within MSCs. Indeed, we 
observed a marked decrease in key stemness factors [25, 
26] in MSCs following incubation with IGFBP7 (Fig. 1D, 
right histogram). These findings collectively suggest that 
IGFBP7 may serve as a critical regulator in the induction 
of senescence.

Senescence signaling associated with IGFBP7 release
Senescent cells exhibit increased production of reac-
tive oxygen species (ROS), which, in turn, promote the 
release of prostaglandins, contributing to the pro-inflam-
matory activity of the SASP [27–31]. In a previous study, 
we demonstrated that the surge in ROS in senescent cells 
promotes PGE2 release, and that these events are associ-
ated with IGFBP4 secretion [12].

Treatment of MSCs with H2O2, followed by incubation 
in medium containing antioxidants, affected the onset 
of senescence and significantly reduced IGFBP7 release 
(Fig.  1E). Furthermore, H2O2-treated cells, in the pres-
ence of a Cyclooxygenase-2 (COX-2) inhibitor, which 
reduces PGE2 production, did not exhibit significant 
IGFBP7 release, nor did they show an increase in the 
number of senescent cells (Fig. 1E).

IGFBP7-associated signaling involved in the induction of 
cellular senescence
What molecular partners does IGFBP7 engage to pro-
mote senescence? We investigated how the pro-senes-
cence activity of IGFBP7 is modulated in the presence of 
its potential partners (Insulin, IGF1R, IGFII, Activin A) 
and the associated signaling pathways.

IGFBP7 and insulin
IGFBP7 has been suggested to bind Insulin and inhibit its 
activity [16]. As a preliminary step, we evaluated the pro-
senescence effect of IGFBP7 in the presence of Insulin, 
which is known to reduce senescence [32–34].

Incubation of healthy MSCs with Insulin reduced the 
percentage of senescent cells to a negligible level and 
decreased the number of quiescent cells (Fig.  2A). This 
effect appears to occur primarily through the interaction 

of Insulin with its receptors (INSR-A; INSR-B), as Insu-
lin supplementation in the presence of antibodies target-
ing the alpha domain of these receptors did not reduce 
senescence or quiescence. In fact, it increased these phe-
nomena compared to control cultures (Fig. 2A). This fur-
ther increase in senescence, along with the observation 
that senescence is upregulated when cultures are supple-
mented only with antibodies targeting Insulin receptors, 
may be explained by the presence of a minimal amount 
of Insulin in the cell culture medium, even without addi-
tional supplementation.

The anti-senescence activity of Insulin was abolished 
by the presence of IGFBP7, supporting studies suggest-
ing that IGFBP7 binds Insulin and blocks its interaction 
with cognate receptors (Fig.  2A). The literature data on 
the interaction between IGFBP7 and Insulin activity 
[16] were further validated by our immunoprecipitation 
experiments, which demonstrated a putative interaction 
between these two proteins (Fig. 2A).

IGFBP7 and IGF1R
There is evidence suggesting that IGFBP7 can bind IGF1R 
[35]. This receptor, along with IGF2R, is a binding partner 
of IGFII [36]. In a previous study, we demonstrated that 
IGFII induces senescence in MSCs primarily through 
binding to the IGF2R receptor, while the interaction of 
IGFII with IGF1R is not necessary for senescence induc-
tion. Specifically, supplementation of IGFII to MSCs in 
the presence of IGF1R-neutralizing antibodies further 
promoted senescence, as IGFII was fully redirected to 
IGF2R [12]. Studies also suggest that IGFBP7 may bind 
to and inactivate IGF1R [35]. A finding supported by our 
immunoprecipitation experiments (Fig. 2B).

We then investigated whether IGFBP7-induced senes-
cence is related to this binding activity. MSCs treated 
with IGFII in the presence of IGFBP7 exhibited increased 
senescence compared to cells treated with IGFII alone 
(Fig. 2B). Senescence levels in cultures treated with IGFII 
and IGF1R-neutralizing antibodies were similar to those 
observed in IGFII/IGFBP7-treated samples, although the 
percentage of cycling cells was lower in the latter con-
dition. Additionally, in samples incubated with IGFII/
IGFBP7 and IGF1R-neutralizing antibodies, senescence 
levels were comparable to those in IGFII/IGFBP7-treated 
samples (Fig. 2B). Collectively, these data suggest that the 
senescence effect of IGFBP7 may be related to its binding 
activity with IGF1R and modulation of IGFII signaling.

ERK, AKT signaling and IGFBP7-induced senescence
Insulin and IGFII can transduce molecular signals 
through multiple kinase-associated pathways, depend-
ing on the intensity and duration of external stimuli, cell 
type, cell functional status, and intracellular context. 
In this complex scenario, identifying a single, specific 
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signaling pathway involved in modulating senescence is 
challenging. However, previous investigations suggest 
that multiple senescence-inducing signals may converge 
on the ERK and AKT pathways. We evaluated the acti-
vation status of ERK1/2 and AKT in MSCs treated with 
IGFBP7 in combination with Insulin or IGFII. Initially, 
we examined whether the modulation of senescence 
by IGFBP7, Insulin, and IGFII was affected by blocking 
ERK and AKT signaling. The presence of U0126, a MEK 
inhibitor, or GSK-690,693, an AKT inhibitor, in the cul-
ture medium greatly impaired the pro-senescence activ-
ity of IGFBP7 (Fig.  2C). Similarly, the anti-senescence 

function of Insulin also mainly depended on AKT path-
way (Fig. 2C).

These biological findings were consistent with 
increased levels of activated ERK and AKT in the nuclei 
of cells treated with IGFBP7 and/or Insulin (Fig. 2D). The 
senescence induced by IGFII was also affected by the 
inhibition of ERK and AKT signaling, even if for this last 
pathway we did not evidence an increase of nuclear phos-
phorylated AKT (Fig. 2C and D).

IGFBP7 and activin A
The incubation of MSC cultures with Activin A resulted 
in an increased percentage of senescent and stressed 

Fig. 1 (See legend on next page.)

 



Page 5 of 13Siraj et al. Cell Communication and Signaling          (2024) 22:540 

cells, accompanied by a decrease in the number of 
cycling cells. Stressed cells may either recover from the 
stress stimuli or progress to an irreversible senescent 
state (Fig. 3A). This finding aligns with studies indicating 
that Activin A, a component of the SASP, can promote 
cell cycle arrest [6, 17, 37]. Notably, co-supplementation 
of IGFBP7 and Activin A almost completely abolished 
the pro-senescence effects of both molecules, suggesting 
mutual inhibition (Fig.  3A). Supporting this hypothesis, 
there is evidence that IGFBP7 may function similarly to 
Follistatin, binding Activin A and inhibiting its interac-
tion with receptors [19]. Our co-immunoprecipitation 
analysis further supports this hypothesis (Fig. 3A).

Activins exert their functions through interactions with 
specific type I and type II receptor complexes, which sub-
sequently activate Smad proteins. To date, three type I 
receptors (ACVR1, ACVR1B, ACVR1C) and two type II 
receptors (ACVR2A, ACVR2B) have been identified [38]. 
Activins bind to one of the type II receptors, inducing the 
recruitment of a type I receptor. Activin A preferentially 
binds to ACVR1 or ACVR1B [39]. We evaluated the pro-
senescence activity of Activin/IGFBP7 in the presence 
of neutralizing antibodies against ACVR1 or ACVR1B 
(Fig. 3A).

Inhibition of ACVR1 slightly decreased the pro-senes-
cence effect of Activin A, although this reduction was not 
statistically significant. In contrast, blocking ACVR1B 
significantly reduced the senescence induced by Activin 
A treatment (Fig. 3A). Interestingly, IGFBP7 appeared to 
rely on both ACVR1 and ACVR1B to induce senescence 
(Fig.  3A). These biological results align with the activa-
tion of SMAD2/3 and SMAD1/5 signaling pathways 
(Fig.  3B). Specifically, IGFBP7 signaling involved both 
SMAD1/5 and SMAD2/3, whereas Activin A primarily 
engaged SMAD2/3. The literature supports that ACVR1 
signals through SMAD1/5/8, while ACVR1B signals 
through SMAD2/3 [40].

The observation that blocking ACVR1 and ACVR1B 
impairs IGFBP7’s pro-senescence effect prompted us to 
conduct preliminary analyses on the potential interaction 
of IGFBP7 with these receptors. An immunoprecipita-
tion experiment provided evidence of a putative inter-
action between IGFBP7 and both ACVR1 and ACVR1B 
(Fig.  3C). This hypothesis was further supported by the 
Duolink® Proximity Ligation Assay, which enables the 
microscopic detection of protein-protein interactions by 
emitting a fluorescent signal for each interaction event. 

(See figure on previous page.)
Fig. 1 IGFBP7 and senescence. (A) On the left, the pictures show representative images of senescent (Ki-67-; β-galactosidase+) in healthy control samples 
(CTRL) and induced senescence (H2O2) samples. Cells were stained to identify nuclei (DAPI in blue), Ki67 (red), to evaluate β-galactosidase activity (dark 
gray). We used a Zeiss Axioscope 5 microscope, equipped with an Axicam 305 digital camera. The β-galactosidase activity was detected as a gray stain 
using this configuration. This method allowed us to identify cells that exhibited a visible light signal β-galactosidase along with others expressing fluo-
rescent signals within the same cell. The black bar corresponds to 100 microns. The accompanying histogram shows the percentage of (P) cycling (Ki67+; 
β-galactosidase-), (Q) quiescent (Ki67; β-galactosidase-), (St) stressed (Ki67+; β-galactosidase+), and (Sen) senescent (Ki67-; β-galactosidase+) cells three 
days following treatment with H2O2. Data are expressed with standard deviation (n = 3 biological replicates). The symbol **p < 0.01 indicate statistical 
significance between the control (CTRL) and H2O2 treated samples. At the top on the right, the picture shows a representative western blot analysis 
of IGBP7 in MSCs secretome collected 72 h following H2O2 treatment and in controls. The histogram shows the protein levels expressed in arbitrary 
units (A.U.). Data are expressed with standard deviation (n = 3 biological replicates). The symbol ***p < 0.001 indicate statistical significance between 
the control and H2O2 treated samples. (B) On the left, the histogram shows the percentage of (P) cycling (Ki67+; β-galactosidase-), (Q) quiescent (Ki67; 
β-galactosidase-), (St) stressed (Ki67+; β-galactosidase+), and (Sen) senescent (Ki67-; β-galactosidase+) in MSCs incubated for 72 h either with secretome 
of healthy cells (CM-CTRL) or with secretome of H2O2 treated cells with and without supplementation of anti-IGFBP7 neutralizing antibodies (AbαIGFBP7). 
Data are expressed with standard deviation (n = 3 biological replicates). The symbols **p < 0.01 and *p < 0.05 indicate statistical significance between the 
control (CTRL) and treated samples. The symbol #p < 0.05 indicates statistical significance between the CM-H2O2 sample, chosen as a reference, and CM-
H2O2 + AbαIGFBP7. On the middle, the pictures show representative images of senescent (Ki-67-; β-galactosidase+) in healthy control samples (CTRL) and 
samples incubated with IGFBP7. Cells were stained to identify nuclei (DAPI in blue), Ki67 (red), to evaluate β-galactosidase activity (dark gray). The black 
bar corresponds to 100 microns. The accompanying histogram shows the percentage of (P) cycling, (Q) quiescent, (St) stressed, and (Sen) senescent. 
Data are expressed with standard deviation (n = 3 biological replicates). The symbols **p < 0.01 and *p < 0.05 indicate statistical significance between the 
control (CTRL) and treated samples. (C) On the left, Flow cytometry chart of Annexin V assay on healthy MSCs (CTRL) and in cells incubated with IGFBP7. 
The percentage of detected apoptotic cells is reported in the histogram. On the right, Cell cycle plots of healthy (CTRL) and IGFBP7 treated MSCs. Data 
are expressed with standard deviation (n = 3 biological replicates). For every cell cycle phase, the symbols *p < 0.05 and **p < 0.01 indicate the statistical 
difference between the CTRL samples and those treated with IGFBP7. (D) On the left, representative western blot analysis carried out on healthy (CTRL) 
and IGFBP7 treated MSCs. The accompanying histogram shows the protein levels expressed in arbitrary units (A.U.). GAPDH was used to normalize protein 
expression levels. Data are expressed with standard deviation (n = 3 biological replicates).The symbols **p < 0.01 and *p < 0.05 indicate statistical signifi-
cance between the control (CTRL) and treated samples. On the right, the histogram shows the mRNA levels of the indicated genes, which were expressed 
in arbitrary units (A.U.). GAPDH was used to normalize mRNA expression levels. Data are expressed with standard deviation (n = 3 biological replicates). The 
symbols **p < 0.01 and *p < 0.05 indicate statistical significance between the control (CTRL) and treated samples. (E) On the left, the histogram shows the 
percentage of (P) cycling, (Q) quiescent, (St) stressed, and (Sen) senescent cells three days following H2O2 treatment with/without Anti-oxidant supple-
ment (Anti-Ox) or with/without Parecoxib (PXB). Data are expressed with standard deviation (n = 3 biological replicates). The symbols **p < 0.01 and 
*p < 0.05 indicate statistical significance between the control and treated samples. The symbol ##p < 0.01 represents statistical significance between the 
indicated samples. On the right, IGBP7 expression level in the secretome of cells treated as above reported. At the top of histogram, a representative west-
ern blot image of IGFBP7 protein expression. Data are expressed with standard deviation (n = 3 biological replicates). The symbol **p < 0.01 represents 
statistical significance between the control and treated samples. The symbol ##p < 0.01 represents statistical significance between the indicated samples
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Fig. 2 (See legend on next page.)
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We observed a robust signal in MSCs cultured with 
IGFBP7 and either ACVR1 or ACVR1B (Fig. 3C).

Discussion
Senescence spreads from cells directly impacted by geno-
toxic stimuli to neighboring cells, primarily through 
the SASP, which plays a crucial role in both aging and 
cancer development. The SASP comprises various fac-
tors that regulate processes such as inducing secondary 
senescence, modulating immune system activity, remod-
eling the extracellular matrix, altering tissue structure, 
and sustaining cancer progression. Identifying these key 
molecules is essential for understanding the biological 
basis of senescence and for devising effective strategies to 
counteract it.

In this context, we evaluated the role of IGFBP7, a key 
SASP component, given its nearly ubiquitous presence in 
the secretome of senescent cells, irrespective of the stress 
inducer, duration, or cell type [10]. Our study indicates 
that ROS-prostaglandin signaling is part of the circuit 
involved in the release of IGFBP7. Conversely, incubation 
of healthy MSCs with IGFBP7 alone induced cell senes-
cence, while in cultures treated with SASP containing 
IGFBP7-neutralizing antibodies, the induction of sec-
ondary senescence was greatly impaired.

Healthy MSCs treated with IGFBP7 also showed 
an increase in the percentage of stressed cells. Fol-
lowing a genotoxic stimulus, senescence-associated 
β-galactosidase, which operates optimally at pH 6.0, is 

initially activated. However, its activity may decline if 
lysosomes successfully manage the stress. Alternatively, if 
the stress causes persistent damage to cellular structures 
(including DNA) that cannot be repaired, cells may enter 
a state of permanent senescence. Therefore, stressed cells 
may represent a metastable state, in which they either 
recover and revert to functional cells or progress towards 
senescence. In this context, cells treated with IGFBP7 
may be gradually entering senescence.

These findings suggest that IGFBP7 exerts a paracrine 
effect by promoting senescence in healthy cells surround-
ing senescent cells. The ROS-prostaglandin signaling 
pathway appears to play a general role in the release of 
SASP factors, as our previous findings indicate that this 
pathway is also involved in IGFBP4 secretion, another 
component of the senescent secretome [12]. Moreover, 
other reports show that senescent cells synthesize and 
accumulate prostaglandins, which contribute to SASP 
release [41, 42].

The senescence induced by IGFBP7 appears to depend 
on three main pathways. First, IGFBP7 can bind to Insu-
lin, thereby blocking its anti-senescence and pro-growth 
effects. In addition to this inhibitory effect on the Insu-
lin pathway, IGFBP7 may positively modulate IGFII pro-
senescence molecular circuits by shifting IGFII signaling 
to its IGF2R receptors while blocking IGF1R. These bio-
logical activities rely on ERK and AKT signaling. Finally, 
IGFBP7 and Activin A, both capable of inducing cel-
lular senescence, can regulate and inhibit each other, 

(See figure on previous page.)
Fig. 2 IGFBP7 and its molecular partners. (A) Insulin and IGFBP7. The histogram shows the percentage of (P) cycling, (Q) quiescent, (St) stressed, and (Sen) 
senescent cells in MSCs cultures incubated with Insulin (INS) and/or IGFBP7 and/or antibodies targeting Insulin receptors (AbαINSR). Data are expressed 
with standard deviation (n = 3 biological replicates). The symbol **p < 0.01 represents statistical significance between the control and treated samples. The 
symbols ##p < 0.01 and #p < 0.05 represent statistical significance between the indicated samples. On the right, immunoprecipitation experiment per-
formed on culture medium containing both IGFBP7 and Insulin. The proteins were immunoprecipitated with anti-IGFBP7 antibody and western blot was 
performed with anti-Insulin antibody. Input: western blot performed on proteins present in medium; SUP and IP indicate the supernatant and the immu-
noprecipitated components of immunoreaction, respectively. (B) IGFII and IGFBP7. The histogram shows the percentage of (P) cycling, (Q) quiescent, (St) 
stressed, and (Sen) senescent cells in MSC cultures incubated with IGFII and/or IGFBP7 and/or antibodies targeting IGFII receptors (AbαIGFR1, AbαIGFR2). 
Data are expressed with standard deviation (n = 3 biological replicates). The symbols ***p < 0.001, **p < 0.01 and *p < 0.05 represent statistical significance 
between the control and treated samples. The symbols ##p < 0.01 and #p < 0.05 represent statistical significance between the indicated samples. On 
the right, immunoprecipitation experiment performed on secretome of cells incubated with IGFBP7. The proteins were immunoprecipitated with anti-
IGFBP7 antibody and western blot was performed with anti-IGFR1 antibody. Input: western blot performed on proteins present in secretome; SUP and IP 
indicate the supernatant and the immunoprecipitated components of immunoreaction, respectively. (C) ERK and AKT pathways. The histograms show 
the percentage of senescent cells in MSCs cultures incubated with IGFBP7 and/or Insulin (INS), and/or IGFII, and/or U0126, a MEK inhibitor (UO), and/or 
GSK-690,693, an AKT inhibitor (GSK). Data are expressed with standard deviation (n = 3 biological replicates). In the two histograms, the symbols on the 
white bars **p < 0.01 and *p < 0.05 represent a statistical significance between the control and treated samples. In the U0 treated samples (grey bars): the 
symbol ###p < 0.001 represents a statistical difference between the samples incubated with IGFBP7 with/without U0; the symbol #p < 0.05 represents a 
statistical difference between samples incubated with IGFBP7 and insulin with/without U0; the symbol ¶¶¶p < 0.001 represents a statistical difference be-
tween the samples incubated with IGFII with/without U0; the symbol °°°p < 0.001 represents a statistical difference between the samples incubated with 
IGFBP7 and IGFII with/without U0. In the GSK treated samples (blue bars): the symbol ###p < 0.001 represents a statistical difference between the samples 
incubated with IGFBP7 with/without GSK; the symbol °°p < 0.01 represents a statistical difference between the samples incubated with IGFBP7 and IGFII 
with/without GSK; the symbol ¶¶¶p < 0.001 represents a statistical difference between the samples incubated with Insulin with/without GSK. (D) ERK and 
AKT pathways. Representative western blot analysis of nuclear and cytoplasmic levels of phosphorylated-ERK (pERK), ERK, phosphorylated-AKT (pAKT), 
AKT in cells incubated with IGFBP7 and/or Insulin and/or IGFII. GAPDH and Histone 4 (H4) were used as cytoplasmic and nuclear markers, respectively. The 
histograms show the cytoplasmic and nuclear pERK/ERK and pAKT/AKT ratios in the different experimental conditions. Data are expressed with standard 
deviation (n = 3 biological replicates). In the histograms, the symbols on the white bars ***p < 0.001 and **p < 0.01 represent a statistical significance be-
tween the control and treated samples; the symbols on the blue bars ###p < 0.001 and ##p < 0.01 represent a statistical significance between the control 
and treated samples
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Fig. 3 IGFBP7 and Activin A. (A) The histogram shows the percentage of (P) cycling, (Q) quiescent, (St) stressed, and (Sen) senescent cells in MSCs cul-
tures incubated with Activin A (ACV) and/or IGFBP7 and/or antibodies targeting Activin A receptors (AbαACVR1, AbαACVR1B). Data are expressed with 
standard deviation (n = 3 biological replicates). The symbol **p < 0.01 represents statistical significance between the control and treated samples. The 
symbols ###p < 0.001 and ##p < 0.01 represent statistical significance between the indicated samples. On the right, immunoprecipitation experiment 
performed on secretome of cells incubated with IGFBP7 and Activin A. The proteins were immunoprecipitated with anti-IGFBP7 antibody and western 
blot was performed with anti-Activin A antibody. Input: western blot performed on proteins present in culture medium; SUP and IP indicate the super-
natant and the immunoprecipitated components of immunoreaction, respectively. (B) SMAD pathways. Representative western blot analysis of nuclear 
and cytoplasmic levels of phosphorylated-SMAD2/3 (pSMAD2/3), SMAD2/3, phosphorylated-SMAD1/5 (pSMAD1/5), SMAD1/5 in cells incubated with 
IGFBP7 and/or Activin A. GAPDH and Histone 4 (H4) were used as cytoplasmic and nuclear markers, respectively. The histograms show the cytoplasmic 
and nuclear pSMAD2-3/SMAD2-3 and pSMAD1-5/SMAD1-5 ratios in the different experimental conditions. Data are expressed with standard deviation 
(n = 3 biological replicates). In the histograms, the symbols on the white bars ***p < 0.001 and **p < 0.01 represent a statistical significance between 
the control and treated samples; the symbols on the blue bars ###p < 0.001 and ##p < 0.01 represent a statistical significance between the control and 
treated samples. (C) On the left, representative immunoprecipitation experiment performed on secretome of cells incubated with IGFBP7. The proteins 
were immunoprecipitated with anti-IGFBP7 antibody and western blot was performed with anti-ACVR1 and anti-ACVR1B antibodies. Input: western 
blot performed on proteins present in secretome; SUP and IP indicate the supernatant and the immunoprecipitated components of immunoreaction, 
respectively. On the right, representative images of Duolink assay to identify physical proximity between IGFBP7 and ACVR1 and ACVR1B. The red dots 
represent a close interaction between IGFBP7 and ACVR1 or ACVR1B. The nuclei were DAPI stained with (blue). The scale bar corresponds to 100 microns
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suggesting a compensatory mechanism to avoid exces-
sive senescence. Notably, preliminary data indicate that 
IGFBP7, in addition to blocking Activin A, may interact 
with its receptors and induce senescence through SMAD 
pathways. Figure 4 provides an overview of the pleiotro-
pic signaling pathways that IGFBP7 may use to promote 
cellular senescence.

This study identifies IGFBP7 as a key regulator in 
SASP-induced senescence. Notably, earlier research has 
shown that other IGFBPs, such as IGFBP4 and IGFBP5, 
can induce senescence in both cell cultures and living 
organisms. These studies position IGFBP proteins at 
the top of the signaling hierarchy governing the spread 
of senescence from primary senescent cells, i.e., those 
damaged by genotoxic agents, to surrounding healthy 
cells. It is important to note that IGFBP release relies on 
a common mechanism, as the ROS-prostaglandin path-
way plays a role in the release of IGFBP4, IGFBP5, and 
IGFBP7.

In contrast, the induction of secondary senescence 
occurs through distinct and only partially overlapping 
pathways. IGFBP5 acts via caveolae internalization and 
interaction with the RARα protein. IGFBP4 operates by 
modulating IGFII signaling, while IGFBP7, in addition 
to regulating IGFII circuits, also influences Insulin- and 
Activin-related pathways.

The observation that each of these three factors can 
induce senescence individually raises an important ques-
tion: Why does the SASP contain all three proteins? It 
can be speculated that partially redundant and subsidiary 
molecular circuits may be necessary to ensure the onset 
of a robust senescence process in different cell types and 
under varying environmental conditions.

In conclusion, our findings highlight that IGFBP7, 
along with other members of the IGFBP family, plays 
a critical role in senescence-related signaling circuits. 
Therefore, these proteins may represent prime targets 
for anti-aging strategies aimed at reducing the burden of 
senescence on tissues and organs.

Fig. 4 IGFBP7 Signaling Associated with Senescence. The diagram presents a proposed model of pathways involved in senescence induced by IGFBP7 
signaling. The IGFBP7 protein may interact with Insulin, preventing its interaction with cognate receptors and thereby inhibiting Insulin’s anti-senescence 
and proliferative activities. IGFBP7 may also bind to the IGF1R receptor, redirecting IGF-II to IGF2R, which is associated with IGF-II-induced senescence. Ad-
ditionally, IGFBP7 and Activin A may bind to each other, mutually blocking their respective pro-senescence activities. In the absence of Activin A, IGFBP7 
may bind to ACVR1 and ACVR1B, promoting the onset of senescence
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Materials and methods
MSC cultures
Bone marrow-derived MSCs were obtained from the 
American Type Culture Collection (ATCC PCS-500-
012) and cultured in low glucose (1 g/L) DMEM supple-
mented with 3% human platelet lysates (PLT gold, cat. no. 
SCM151, Sigma-Aldrich, Saint Louis, MO, USA), 4 mM 
L-glutamine, 100 U/mL penicillin-streptomycin, and 5 
ng/mL βFGF (PeproTech, Rock Hill, NJ, USA). Cells were 
seeded at a density of 1.0–2.5 × 105 cells/cm² in low glu-
cose DMEM containing 10% FBS and βFGF, and cultured 
until they reached 80% confluency. The cells were then 
further propagated for the subsequent assays. Unless oth-
erwise specified, all cell culture reagents were obtained 
from Euroclone Life Sciences (Pero, Italy).

Induction of acute senescence
MSCs at passage 3 were treated with hydrogen peroxide 
(H₂O₂) to induce acute senescence. Cells were incubated 
with 300 µM H₂O₂ for 30 min in complete medium, fol-
lowed by medium replacement and incubation for 48 h in 
fresh medium prior to further analysis.

Conditioned media (CM) preparation
After 48  h of acute senescence induction, CM was col-
lected to evaluate IGFBP7 release and for other biological 
assays as described in the Results section. For CM prepa-
ration, the cultures were thoroughly washed with PBS 1x 
and transferred to a chemically defined, serum-free cul-
ture medium for overnight incubation. The CM was then 
collected for subsequent incubation with healthy MSC 
cultures. For western blot analysis, CM was concentrated 
using Amicon® Ultra Centrifugal Filters (10  kDa cutoff) 
and then the concentrated CM was evaluated as reported 
in “Western Blot Analysis” paragraph.

IGFBP7 neutralization in CM
IGFBP7 was immunodepleted in conditioned medium 
(CM) by incubating CM and cells with a polyclonal anti-
human IGFBP7 antibody (Santa Cruz Biotechnology, 
Dallas, TX, USA; catalog no. sc363293) at a final concen-
tration of 20 µg/ml for 30 min at 4 °C. Following immu-
nodepletion, healthy MSCs were cultured for 48  h at 
37  °C in the antibody-treated CM. After the incubation 
period, cellular senescence was assessed using the Senes-
cence-Associated β-Galactosidase assay (see below).

Effect of recombinant IGFBP7, IGF2, insulin, and activin A 
on MSC cultures
Recombinant human IGFBP7 (35 ng/ml), IGF2 (25 ng/
ml), Activin A (100 ng/ml), and Insulin (1  µg/ml) were 
added individually or in combination to MSC cultures. 
All reagents were obtained from PeproTech (Rock Hill, 
NJ, USA). Following treatment with these molecules, 

senescence and other biological parameters were evalu-
ated as described below.

Inhibition of PGE2 activation and antioxidant treatment
MSC cultures at passage 3 were incubated with 300 µM 
H2O2 for 30  min in complete medium. After incuba-
tion, the medium was discarded, and the cells were incu-
bated for 48 h in fresh medium with or without 200 µM 
Parecoxib (Dynastat, Pharmacia Europe, UK) or with 
or without an antioxidant supplement (cat. no. A1345, 
Sigma-Aldrich, Saint Louis, MO, USA).

Immunocytochemistry and senescence-associated 
β-Galactosidase
For the β-Galactosidase assay, 2 × 104 cells per well were 
seeded in 24-well plates with glass coverslips. After 
treatment, cells were fixed in 2% formaldehyde (Sigma-
Aldrich, Saint Louis, MO, USA) for 10  min. The cells 
were then washed with PBS (Microgem, Napoli, Italy) 
and incubated at 37  °C overnight with a staining solu-
tion containing citric acid/phosphate buffer (pH 6), 
K4Fe(CN)6, K3Fe(CN)6, NaCl, MgCl2, and X-Gal. Follow-
ing staining, cells were permeabilized with 0.3% Triton-
X100 (Roche, Basel, Switzerland) on ice for 5  min and 
then incubated in a blocking solution (5% FBS in PBS 
with 0.1% Triton-X100) for 1  h at room temperature 
(RT). Subsequently, samples were incubated overnight at 
4°C with an antibody against Ki67 (1:200, sc7846, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). The next 
day, a TRITC-conjugated secondary antibody (goat anti-
mouse, 1:400, Gtx-Mu-003D594) from ImmunoReagents 
(Raleigh, NC, USA) was applied. Nuclear staining was 
performed using DAPI mounting medium (ab104139, 
Abcam, Cambridge, UK), and micrographs were cap-
tured using a Zeiss Axioscope 5 microscope equipped 
with an Axicam 305 digital camera (Zeiss Italy, Casti-
glione Olona, VA, Italy). The percentage of cells positive 
for β-Gal and Ki67 was calculated based on the number 
of cells expressing or not expressing the specific marker 
out of at least 500 cells in different microscopic fields.

Cell cycle analysis
For each analysis, 5 × 104 cells were collected by trypsin 
treatment and, after being washed with PBS, were fixed 
in 70% ethanol overnight at − 20  °C. The samples were 
next washed with PBS and finally dissolved in a hypo-
tonic buffer containing propidium iodide (Sigma-Aldrich, 
Saint Louis, MO, USA). The samples were acquired from 
a Guava EasyCyte flow cytometer (Merck Millipore, Dan-
vers, MA, USA) and analyzed following a standard pro-
cedure using EasyCyte software.
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Annexin V assay
Apoptosis was detected using a fluorescein-conju-
gated Annexin V kit (Dojindo Molecular Technologies, 
Munich, Germany) on a Guava EasyCyte flow cytometer 
(Sigma-Aldrich, Saint Louis, MO, USA) following the 
manufacturer’s instructions. The kit has two different 
dyes (Annexin V and 7AAD) to identify apoptotic and 
non-apoptotic cells. Annexin V binds to phosphatidylser-
ine on apoptotic cells, while 7AAD permeates and stains 
DNA of late-stage apoptotic and dead cells. The staining 
procedure allows the identification of 3 cell populations: 
non-apoptotic cells (Annexin V- and 7AAD-); early apop-
totic cells (Annexin V + and 7AAD-); late-apoptotic or 
dead cells (Annexin V + and 7AAD+). In our experimen-
tal conditions, early and late apoptotic cells were grouped 
together.

Western blot (WB) analysis
Cells were lysed in a buffer containing 0.1% Triton (Bio-
Rad, Irvine, CA, USA) for 30 min on ice. Next, 20 µg of 
each lysate was electrophoresed in a polyacrylamide 
gel and electroblotted onto a nitrocellulose membrane. 
We used the following primary antibodies: GAPDH 
(G8795) from Sigma-Aldrich (Saint Louis, MO, USA); 
IGFBP7 (sc-365293) IGFII (sc-5662), IGF1R (sc271606), 
IGF2R (sc-245462), Insulin (sc-8033), INSR (sc-57344), 
P21CIP1 (sc-6246), SMAD2/3 (sc-133098) were obtained 
from from Santa Cruz Biotechnology (Dallas, TX, 
USA); ACVR1 (EAB-14737),  ACVR1B (EAB-60969), 
ANNEXIN V (EAB-40440), BCL2 (EAB-22004), His-
tone H4 (EAB-11291), P16 (EAB-65673), P53 (EAB-
20287), RB1 (EAB-32752), SMAD1/5 (EAB-92425) were 
obtained from Elabscience (Houston, TX, USA). AKT 
(#2920), phospho-AKT (#4060), ERK1/2 (#9102), phos-
pho-ERK1/2 (#9106), phospho-SMAD2/3 (#8828), P38 
(#9212) from Cell Signaling (Danver, MS, USA); RB2/
P130 (BD610261) from from BD Biosciences (San Jose, 
CA, USA); P27 (25614-1-AP) from Proteintech Europe 
(Manchester, UK). Immunoreactive signals were detected 
with a horseradish-peroxidase-conjugated secondary 
antibody (Elabscience, Houston, TX, USA) and reacted 
with ECL Plus reagent (Elabscience, Houston, TX, USA). 
All antibodies were used according to the manufacturer’s 
instructions. Membrane staining with Ponceau S acid red 
was used as a loading control. The mean value was quan-
tified densitometrically using Quantity One 1-D analysis 
software (Bio-Rad, Milan, Italy).

Immunoprecipitation
Immunoprecipitation assays were performed on MSC 
cell lysates, CM collected as described above, or culture 
media supplemented with 2  µg/ml IGFBP7 and Insulin. 
Cell lysates were prepared by incubating cells in a buf-
fer containing 0.1% Triton X-100 (Bio-Rad, CA, USA) 

for 30 min on ice. CM was concentrated using Amicon® 
Ultra Centrifugal Filters (10 kDa cutoff).

A total of 500 µL of concentrated CM or 500 ng of 
cell lysates were incubated with 2 µg of the correspond-
ing antibodies for 4 h at 4  °C with gentle rotation. Sub-
sequently, 30 µL of pre-washed protein A/G-conjugated 
agarose beads (MedChemExpress, NJ, USA) were added 
to the samples and incubated overnight. Proteins in the 
supernatant (sup) and pellet (IP) were separated by 12% 
SDS-PAGE under reducing conditions in Laemmli Buf-
fer with boiling. The separated proteins were then trans-
ferred to a membrane, incubated with primary antibodies 
overnight, and detected using an Azure Biosystem.

The interaction between IGFBP7 and Insulin was 
evaluated by incubating 2 µg of each protein in DMEM 
at room temperature for several minutes, followed by 
immunoprecipitation as described above.

Duolink PLA fluorescence
Cells were grown on coverslips in a 24-well plate. The 
Duolink assay was performed according to the manu-
facturer’s instructions (Sigma Aldrich, MO, USA), using 
IGFBP7 (Elabscience, TX, USA) with either ACVR1 
(Elabscience, TX, USA) or ACVR1B (E-AB-93398, Elab-
science, TX, USA) as primary antibodies. Micrographs 
were captured using a Zeiss Axioscope 5 microscope 
equipped with an Axicam 305 digital camera (Zeiss Italy, 
Castiglione Olona – VA, Italy).

Signaling pathways
IGF2, Insulin, and Activin A signal transduction can 
occur through various pathways. We aimed to identify 
which pathways might be associated with cellular senes-
cence. MSC cultures were incubated at 37 °C for 30 min 
with each of the following inhibitors separately: 1 µM 
U0126 (ERK inhibitor, Sigma-Aldrich), 1 µM GSK690693 
(AKT inhibitor, Sigma-Aldrich), 2  µg/ml anti-ACVR1 
antibody (Elabscience), or 2  µg/ml anti-ACVR1B anti-
body (Elabscience). Subsequently, IGFBP7 was added, 
either alone or in combination with IGF2, Insulin, or 
Activin A, and the samples were further incubated for 
24  h. Senescence assays and western blot analyses were 
then performed. Western blots were conducted on the 
nuclear and cytoplasmic fractions of MSC lysates. For 
this purpose, cells were incubated in a buffer contain-
ing 0.5% Nonidet P-40 for 5 min at 4 °C. The nuclear and 
cytosolic fractions were obtained by centrifugation at 
500  g for 5  min. Each fraction was washed three times 
with lysis buffer, resuspended in lysis buffer, and further 
centrifuged at 17,500  g. Pellets were then subjected to 
western blot analysis.
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mRNA extraction and real-time qPCR
Total RNA was extracted from cells using TRI Reagent 
(Molecular Research Center Inc., Cincinnati, OH, USA). 
RNA quantification was performed using a NanoDrop 
Spectrophotometer (Thermo Scientific, Waltham, MA, 
USA). Primer pairs for real-time qPCR were designed 
using OligoArchitect (Sigma-Aldrich). GAPDH mRNA 
was used as an internal control. Real-time PCR assays 
were conducted in triplicate using a LineGene 9600 
Plus system (Bioer, Binjiang, Hangzhou, China) accord-
ing to the manufacturer’s instructions. SYBR Green PCR 
Master Mix (abm, Richmond, BC, Canada) was used, 
and the 2-ΔΔCT method was employed for relative 
quantification.

Statistical analysis
Statistical significance was evaluated using ANOVA fol-
lowed by Student’s t-test and Bonferroni’s post-hoc test. 
Mixed-model variance analysis was employed for data 
with continuous outcomes. All data were analyzed using 
GraphPad Prism version 9 software (GraphPad, Boston, 
MA, USA).
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