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Growth regulation by the control of the structural integrity of IGFBPs. In the presence of intact IGFBPs, IGFs are 

predominantly bound in dimeric or ternary complexes (A). In the presence of IGFBP-proteases (e.g. PAPP-A) distinct 

IGFBPs can be proteolyzed giving rise to IGFBP-fragments with lower binding activity (B). Free IGFs are considered 

as the biocative form of the IGFs having free access to the IGF-I receptors. In the presence of IGFBP-proteases 

structural integrity of IGFBPs can be retained by inhibitors (e.g. stanniocalcins; C). Image by Andreas Hoeflich.
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The family of IGFBPs has been developed by the duplication of genes and genomes 
and contributes to genetic and functional diversity. Due to the different protein 
domains present in the molecule, IGFBPs can be seen as mediators of tissue-specific 
IGF-functions. However, IGFBPs also have IGF-independent functions both inside and 
outside the cell. These diverse genetic, molecular and functional aspects of IGFBPs 
are discussed within this Research Topic. Accumulating data provide evidence for the 
regulation of IGFBP-functions by proteases, which may acutely regulate bioactivity 
of the IGFs. However, during proteolytic degradation IGFBP-fragments with novel 
functions can also be formed and are located both intra- and extracellularly. Distinct 
IGFBP-fragments can even be found in the perinuclear compartment or within the 
nucleus, where they can impact on gene expression. Several contributions presented 
in the current Research Topic particularly stress the relevance of structural aspects 
in IGFBP research. The current lack of comprehensive structural information is 
dramatically limiting the biomarker potential of particular IGFBPs. Finally, the Research 
Topic also provides novel functions of the IGFBP family from model organisms, farm 
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animals and humans. Thereby, the biomarker potential not only relates to normal 
and malignant growth but also to metabolism and animal welfare. 

One important aim of the Research Topic is to encourage next generation IGFBP 
research reflecting subject-individual, conditional, and hormonal parameters but 
also additional structural aspects of IGFBPs.
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Editorial on the Research Topic

Current Perspectives on Insulin-Like Growth Factor Binding Protein (IGFBP) Research

The insulin-like growth factor binding proteins (IGFBPs), as high affinity IGF binding partners,
are the principal regulators of IGF-1 and IGF-2 action. Accordingly, effects of IGFBPs can be
observed on the levels of growth and differentiation, development, metabolism, and lifespan.
The diversity of IGFBP-actions arises due to time-, sex-, and tissue-specific expression of the
six distinct IGFBPs (IGFBP-1 to−6), which have redundant functions as seen from the analysis
of double-, triple-, or quadruple IGFBP-knockout mice. The complexity of IGFBP functions is
related not only to their roles as IGF carriers within the circulation but also to actions within
the extracellular space and in distinct subcellular compartments, such as the cell nucleus. IGFBP
functions have been attributed to structural motifs in the three conserved IGFBP subdomains,
with specific residues being posttranslationally modified by glycosylation or phosphorylation to
regulate IGFBP action. In addition, multiple binding partners inside and outside the cell have been
identified that regulate IGFBP functions, including their IGF-independent activities. Furthermore,
an in-depth understanding is emerging of the role of IGFBP proteolysis in the regulation of
both IGF-dependent and IGF-independent actions through generation of potentially bioactive
IGFBP-fragments. Accordingly, proteolytic degradation of IGFBPs as a physiologically relevant
mechanism in disease has been revealed both in a malignant context but also in other acute
or chronic pathophysiological conditions. Finally, the IGFBPs e.g., as sensors of GH/IGF-status
have tremendous biomarker potential. Measurement of IGFBP-3/IGFBP-2 ratios provides ultimate
sensitivity for the GH-status of a given cellular system. Similarly, detection of intact and fragmented
IGFBPs may provide an indication of disease status. Accordingly, for the future we may expect an
evolution of IGFBP-related diagnostic approaches, which extend to the characterization of both
structural and functional properties of IGFBPs and their fragments in preclinical and clinical
research.

In the present Research Topic we present both original work and reviews on the potential
roles of IGFBPs in organisms ranging from fish, farmed animals (pigs and cows) to human.
One of the most intriguing questions discussed by Allard and Duan is why there are so many
IGFBPs. Because the different IGFBPs have evolved from one common ancestor, it is thought
that the IGFBPs were used to increase functional biodiversity with respect to IGF-dependent
and independent functions. This increase of diversity seems to be true particular in teleost
fish where up to 4 copies may have arisen from IGFBP-2 due to genome duplications (Garcia
de la Serrana and Macqueen). Evidence continues to accumulate for active and biologically
significant proteolytic fragments of a number of IGFBPs. Some of this evidence is summarized in

6
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reviews on the role of IGFBP-proteases in bone (Beattie et al.)
and for ovarian folliculogenesis (Mazerbourg and Monget).
As mentioned above, IGFBPs may serve as biomarkers for
a number of clinical conditions. However, there is need for
additional structural information on the IGFBPs before this goal
can be achieved, as in the example of cardiovascular diseases
(Hoeflich et al.). The biomarker potential of IGFBPs was also
critically discussed for autoimmune diseases because IGFBPs
by IGF-dependent or -independent mechanisms also control
proliferation of immune cells (Ding and Wu). Interestingly,
IGFBP-5 was identified as an effector of cell senescence under
the control of inflammatory signals and fibrinolysis and pro-
coagulation (Sanada et al.). During pulmonary fibrosis, IGFBP-5
can increase its own expression which may increase the fibrotic
effect in primary human lung fibroblasts by increasing expression
of extracellular matrix proteins (Nguyen et al.). The assessment
of either isolated IGFBPs or more complex IGFBP-signatures
revealed novel biomarker potential for IGFBPs in different
experimental systems ranging from malignant cells to farm
animals. Accordingly, nuclear presence of IGFBP-3 in triple-
negative breast cancer cells indicates a worse prognosis (Julovi
et al.). Interestingly a link between obesity and malignant growth
in prostate cancer cells was suggested as hyperglycemia was
demonstrated to increase the expression of IGFBP-2 (Holly et al.).
By contrast in farm animals, serum concentrations of IGFBP-
2 and−3 were identified as novel biomarkers for intermediate
stress conditions (Wirthgen et al.) or the maintenance of
pregnancy (Mense et al.). Finally also gender aspects have to be
considered since two independent contributions discussed the
potential roles of IGFBPs for male (Safian et al.) and female
(Spitschak and Hoeflich) reproductive development.

The different contributions par excellence provide substantial
evidence that functional analysis of IGFBPs and IGFBP-related
biomarker research contains huge potential but is only in
its infancy. Future studies on the roles of IGFBPs need
to take not only sex, age, and gender into consideration
but also the metabolic conditions, subcellular localization,
and IGFBP structural information. Taken together this would
also lead to subsequent improvement in analytical method
standardization.

We want to thank all authors for their fine contributions
and all reviewers and editors for their critical revision of the
manuscripts. Last but no least we are indebted to the Frontiers
team and Emilie Schrepfer for her invaluable support with
the development of the Research Topic.
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iGF-Binding Proteins: why Do They 
exist and why Are There So Many?
John B. Allard and Cunming Duan*

Department of Molecular, Cellular and Developmental Biology, University of Michigan, Ann Arbor, MI, United States

Insulin-like growth factors (IGFs) are key growth-promoting peptides that act as both 
endocrine hormones and autocrine/paracrine growth factors. In the bloodstream and in 
local tissues, most IGF molecules are bound by one of the members of the IGF-binding 
protein (IGFBP) family, of which six distinct types exist. These proteins bind to IGF with 
an equal or greater affinity than the IGF1 receptor and are thus in a key position to 
regulate IGF signaling globally and locally. Binding to an IGFBP increases the half-life of 
IGF in the circulation and blocks its potential binding to the insulin receptor. In addition to 
these classical roles, IGFBPs have been shown to modulate IGF signaling locally under 
various conditions. Although members of the IGFBP family share significant sequence 
homology, they each have unique structural features and play distinct roles. These IGFBP 
genes also have different modes of regulation and distinct expression patterns. Some 
IGFBPs have been found to bind to their own receptors or to translocate into the interior 
compartments of cells where they may execute IGF-independent actions. In spite of 
this functional and regulatory diversity, it has been puzzling that loss-of-function studies 
have yielded relatively little information about the physiological functions of IGFBPs. 
In this review, we suggest that evolution has tended to retain an array of IGFBPs in 
order to facilitate fine-tuning of IGF signaling. We explore the emerging explanation that 
many IGFBP functions have evolved to allow the targeted adjustment of IGF signaling 
under stressful or irregular conditions, which would likely not be revealed in a standard 
laboratory setting.

Keywords: insulin-like growth factor, insulin-like growth factor-binding protein, insulin-like growth factor 1 
receptor, insulin-like growth factor signaling, evolution

iNTRODUCTiON

The insulin and insulin-like growth factor (IGF) signaling pathway is highly conserved among the 
metazoans. Many invertebrates have large numbers of insulin-like peptides (ILPs); for instance, 
the Caenorhabditis elegans genome contains around 40 (http://wormbase.org), and the Drosophila 
melanogaster genome contains 8 (http://flybase.org). In vertebrates, the ancestral insulin-like gene 
has diverged into insulin, IGFs-1 and -2, and several ILPs including relaxin and relaxin-like peptide 
(1). Insulin primarily acts in an endocrine fashion to regulate metabolism, whereas IGFs have a 
variety of roles as endocrine, paracrine and autocrine factors that promote cell growth, prolif-
eration, differentiation, survival, etc. Both IGF-1 and IGF-2 bind to the IGF-1 receptor (IGF1R), 
which is expressed in almost all cells, with hepatocytes being an important exception in mammals. 
The liver secretes IGF-1 into the circulation in response to growth hormone (GH) stimulation  
(2, 3). Local tissues also secrete IGF-1 in response to GH, and this paracrine/autocrine IGF-1 acts 
together with the endocrine IGF-1 (mostly liver derived) to mediate the global growth promoting 
effects of GH (4). In addition to their role in regulating fetal, neonatal, and postnatal growth, IGFs 
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are also involved in diverse processes including wound healing 
(5), development of CNS and other tissues (6), regulation of 
protein, carbohydrate, and lipid metabolism (7), neuroprotec-
tion (8), aging (9), etc.

The diverse functions of this central hormonal pathway 
require that robust regulatory mechanisms be in place to avoid 
inappropriate regulation and/or dysfunction in different tissues 
and at different times. We now understand that IGF signaling is 
regulated by a family of specific IGF-binding proteins (IGFBPs) 
of which there are six distinct types in vertebrates. These IGFBPs 
share significant sequence homology and they are capable of 
binding IGFs with equal or greater affinity than the IGF1R.  
In fact, in both the circulation and in local tissues, most IGFs can 
be found bound to an IGFBP (10–13). In this review, we discuss 
the complex interplay of both overlapping and unique functions 
by which IGFBPs influence IGF signaling.

THe iGFBP FAMilY

The IGFBP family is evolutionarily ancient and highly conserved 
in vertebrates (11, 14–16). The six types of IGFBPs have been 
designated IGFBP-1 through IGFBP-6. Mammals generally 
possess one gene that belongs to each of the six types, and 
humans follow this pattern (Table 1). Some vertebrate species 
occasionally lack one or more of the types, and others have 
more than one IGFBP gene that can be classified within one 
type (Table 1). It is believed that the IGFBP family evolved via 
successive rounds of whole genome duplications. Notably, many 
teleost fish possess two copies of each of the six types of IGFBPs 
(Table  1), which is attributable to the third round of whole 
genome duplication that they are believed to have undergone 
following their divergence from the other vertebrates (16–21). 
Salmonid fish experienced an additional round of genome wide 
duplication and can have four copies of each IGFBP (22–24). 
We discuss the evolution of the IGFBP family in more detail in 
a later section.

All IGFBPs generally have approximately 200–300 amino acids 
and share a conserved structure consisting of a highly cysteine-
rich N-terminal domain that is highly conserved among the 
IGFBP family and across species, a linker domain whose sequence 
is variable, and a cysteine-rich C-terminal domain that is also 

evolutionarily conserved (Figure  1A). The N- and C-terminal 
domains are globular and are structurally stabilized by multiple 
disulfide bonds between the conserved cysteine residues. Both of 
these domains participate in forming the IGF-binding site. The 
central linker domain is unstructured and serves to tether the 
N- and C-terminal domains together but also provides a location 
for functional motifs (10, 25).

Many of the functions of different IGFBPs are made possible 
by their unique collection of functional motifs (Table 2). These 
functional motifs include binding sites for heparin, components 
of the extracellular matrix and cell surface proteoglycans; pro-
teolytic cleavage sites; sites of post-translational modifications 
including glycosylation, etc. In addition, IGFBP-2, -3, -5, and -6 
all contain functional nuclear localization sequences by which 
they are imported into the cell nucleus in certain cell types as we 
discuss below.

It should be noted that a number of proteins belonging to the 
CCN (cyr61, ctgt, and Nov) protein family have been reported 
to contain sequences similar to the IGFBP N-domain and were 
once named IGFBP 7–12. It was later recognized that these were 
not IGFBPs and were renamed as IGFBP-related proteins and 
classified as part of a broader superfamily with the IGFBPs (26). 
The latter nomenclature has been questioned because these CCN 
family proteins not only lack high-affinity IGF-binding abilities 
but are also structurally no more related to IGFBPs than to von 
Willebrand factor, thrombospondin, or growth factor cysteine 
knots (27). These CCN family proteins will not be discussed in 
this review.

iGFBP BiOlOGiCAl ACTiONS

In this section, we discuss a selection of the vast literature on the 
many reported biological actions/activities of IGFBPs that have 
been reported in gain-of-function studies in  vivo or in  vitro. 
Each species has its own standard nomenclature for gene and 
protein names. In this article, we deal with a large number of 
species. To increase the readability, we will use the same symbol 
for each IGFBP name. Whenever required, the species name is 
added to avoid confusion.

endocrine Actions of iGFBPs
In extracellular environments, most IGFs are bound with IGFBPs, 
either in a binary complex or a ternary complex (Figure  1B). 
The vast majority of IGFs in the serum are bound to an IGFBP. 
IGFBP-3 is the most prevalent in adult serum with a concentration 
of around 100 nM/L, while all of the other IGFBPs are present at 
concentrations of less than 20 nM/L (25, 28). About 75–80% of 
serum IGFs were found in a ternary complex of about 150 kDa 
consisting of an IGF, IGFBP-3 (or less often IGFBP-5) and a gly-
coprotein called acid labile subunit (ALS). The remaining 20–25% 
of IGFs were complexed with one of the other IGFBPs (25, 28). 
Unbound IGFs have a half-life of less than 10 min (29). Binding 
to an IGFBP increases IGF half-life in the circulation to around 
25  min, but the binary complexes are able to rapidly leave the 
circulation (29). Most of the circulating IGFs are present in the 
IGF-IGFBP3/5-ALS ternary complex (30, 31). The addition of ALS 
increases the molecular size of the complex and this has the effect 
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of preventing the bound IGF from leaving the capillaries thereby 
confining it within the circulation (32). The ternary complex 
thereby greatly prolongs the half-life of bound IGFs to about 16 h 
or more, forming a long-lasting reservoir of IGFs in the circulation 
(28). Deletion of the ALS gene in mice results in a 60% reduction in 
circulating IGFs and a 15–20% reduction in postnatal growth (33).

Insulin-like growth factors are sufficiently structurally similar 
to insulin that they can cross react with the insulin receptor (IR) 
(34). Another important function of circulating IGFBPs is to 
prevent the potential interaction of IGFs with the IR, which is 
crucial since IGF concentrations are high enough in the serum 
to cause hypoglycemic effects even given their lower affinity for 
the IR (25, 35).

Insulin-like growth factor-binding protein-3 is produced in 
the liver and in other tissues and secreted into the serum, and 
its hepatic expression level is regulated by GH (36). This ensures 
that as the amount of secreted IGF-1 increases in response to GH 
stimulation, there will be an increased quantity of IGFBP-3 to 
absorb it in the circulation. IGFBP-1 is also synthesized in the 
liver and its expression and secretion are highly regulated by 
catabolic factors and hormones. For example, hepatic IGFBP-1 
expression level is highly induced by starvation, hypoxia, and 
stress (37, 38). Its expression is reduced by insulin and increased 
by glucocorticoids (39, 40). These regulatory mechanisms serve 
to promote IGFBP-1 expression in response to starvation and 
catabolic conditions, including amino acid shortages and hypoxia 
(41, 42). The functional role of IGFBP-1 in these conditions is to 

reduce the rate of development and growth by binding to IGFs 
and inhibiting IGF activity (37, 38).

local Actions of iGFBPs
While the bulk of circulating IGFBP-3 and IGFBP-1 are produced 
in the liver, IGFBP-3 and other IGFBPs are also expressed in 
many peripheral tissues (43, 44). The importance of local IGF-1 is 
supported by the finding that deletion of IGF-1 specifically in the 
liver resulted in an 80% reduction in circulating endocrine IGF-1 
but no change in postnatal growth (45). Biochemical and cell cul-
ture studies suggest that IGFBPs generally bind IGFs with equal 
or higher affinity than the IGF1R and can inhibit IGF signaling by 
sequestration of the ligands (12, 13, 25, 46) (see Figure 2A). An 
example of this behavior is found in vascular smooth muscle cells 
(VSMCs) where IGFBP-4 acts to block IGF-1 from interacting 
with the IGF1R and thereby inhibits IGF-1-stimulated DNA syn-
thesis (47). When IGFBP-4 was overexpressed in various tissues 
in mice, it resulted in hypoplasia of the affected tissue, suggesting 
that this may be a common action in different cell types (48).

Some IGFBPs have been shown to potentiate IGF signaling. 
Several proteases are known to cleave IGFBPs, and the resulting 
proteolytic fragments have greatly reduced binding affinity for 
IGFs. This leads to the liberation of IGFs from the IGF/IGFBP 
complex and increases the amount of IGFs available for IGF1R 
binding, thereby converting the inhibition of IGF signaling into 
an enhancement (Figure 2B). The proteases pregnancy-associated 
plasma protein A (PAPP-A) and PAPP-A2 are specific IGFBP 
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proteases (49). IGFBP-4 is cleaved by PAPP-A when bound to 
IGF. This results in the release of the IGF ligand from the complex 
and a consequent increase in IGF ligand available for binding to 
the IGF-1R (50). PAPP-A knockout mice were about 40% smaller 
than wild-type littermates, which is consistent with the idea 
that PAPP-A cleaves inhibitory IGFBPs and thereby promotes 
IGF action (51). IGFBP-4 knockout mice were paradoxically 
slightly smaller than wild-type littermates, but mice null for both 
IGFBP-4 and PAPP-A were not smaller than IGFBP-4 knockout 
mice, indicating that the growth-promoting effects of PAPP-A 
likely result from the cleavage of IGFBP-4 (52). A number of other 
proteases have also been found to cleave various IGFBPs (53–55).

The potentiating action of some IGFBPs can occur when the 
IGFBP binds to the target cell’s surface proteoglycans and/or 
extracellular matrix components, resulting in a concentration of 
local IGF that can then be released to the IGF1R (Figure 2C). 
It has been reported that IGFBP-5 undergoes a reduction of 
affinity for IGFs when it binds to certain extracellular matrix 
components, allowing it to deliver and then release IGF ligands 
at target sites (56, 57). Differentiating myoblasts provide one 
example of the interplay between a locally produced IGFBP and 
autocrine/paracrine IGF signaling. During myogenesis, IGF-2 is 
produced locally at high levels and this is required for myoblast 
differentiation (58). Prior to the onset of IGF-2 secretion, there 
is an increase in the expression and secretion of IGFBP-5. The 
secreted IGFBP-5 potentiates IGF-2 signaling and increases 
myoblast cell differentiation by binding to IGF-2 and promoting 
its interaction with the IGF-1R (59).

Insulin-like growth factor-binding proteins have also been 
reported to act locally under certain pathological conditions. 

A good example is the role of IGFBP-5 in the progression of 
atherosclerosis. IGFBP-5 is normally produced and secre ted 
by VSMCs but its expression is upregulated in the VSMCs 
found within atherosclerotic plaques (60). Immunostaining 
for IGFBP-5 protein was dense within atherosclerotic plaques 
and especially around calcified areas (61). Locally secreted IGFs 
have been suggested to play an important role in atherogenesis 
by promoting the VSMC proliferation and their migration into 
the area of the arterial wall known as the intima (62, 63). These 
actions are promoted by local IGFBP-5 (57). Interestingly, a 
protease resistant IGFBP-5 mutant actually inhibited VSMC 
proliferation and migration, suggesting a mechanism by which 
IGFBP-5 is normally cleaved in order to present the IGF ligands 
to the IGF-1R on the surface of VSMCs (56). IGFBP-5 also 
binds to certain extracellular matrix proteins that are enriched 
in atherosclerotic lesions. It was reported that these interactions 
enhanced the mitogenic effects of IGFs on VSMCs (53, 55, 64). 
These studies support a model in which local IGFBP-5 is con-
centrated within atherosclerotic lesions (by both increased local 
expression and secretion and by binding to locally enriched 
ECM components), where it then acts to concentrate and deliver 
IGFs to the IGF1R on local VSMCs.

Studies suggest that IGFBP-4 may be involved in inhibiting 
atherosclerosis. A protease-resistant IGFBP-4 mutant was able 
to inhibit atherosclerotic lesion development in hypercholester-
olemic pigs (65). When the PAPP-A protease that cleaves IGFBP-4 
was knocked down in a mouse model of atherosclerosis (ApoE 
KO), there was decreased formation of atherosclerotic lesions 
(66, 67). When PAPP-A expression was transgenically increased 
locally within VSMCs in artery walls in ApoE KO mice, there 
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was a substantial increase in atherosclerotic plaque formation 
that was associated with an increase in local IGF-1 availability 
(68). Targeting PAPP-A in ApoE KO mice with a monoclonal 
antibody that inhibited its proteolytic activity resulted in a 70% 
reduction in aortic plaque burden (69). These results suggest that 
the proteolysis of IGFBP-4 by PAPP-A releases IGF-1 that acts 
locally to promote atherosclerotic plaque formation.

iGF-independent Actions
Several IGFBPs have been reported to have cellular actions that 
are independent of their IGF binding (Figure 2D). Some IGF-
independent actions are mediated by binding to cell surface 
proteins. For example, the integrin-binding RGD motif found 
in IGFBPs 1 and 2 allows them to promote cell migration and 
influence cell adhesion, respectively (70, 71). IGFBP-5 and -3 
possess functional nuclear localization sequences and can enter 
the nucleus (72, 73). The nuclear localization of IGFBP-3 and -5 
was found to be mediated by importin beta (72). Locally pro-
duced IGFBP-5 was found to stimulate porcine VSMC migration 
by an IGF-independent mechanism (74). IGFBP-5 was shown to 
possess transactivation activity (73). This transactivation activity 
was mapped to the N-domain and was also demonstrated in the 
N-domains of IGFBPs-2 and 3 (75). Nuclear localization and 
transactivation activity are also present in zebrafish IGFBP-3 
and -5 (21, 76). In cephalochordate amphioxus, which diverged 
from the vertebrates approximately 520 million years ago, there 
is a single IGFBP-like gene. The amphioxus IGFBPs contains 

a functional nuclear localization signal and a transactivation 
domain (77). The lamprey IGFBP3, a jawless agnathan vertebrate, 
has been reported to possess both IGF-dependent action and the 
transactivation activity. The conservation of IGFBP transactiva-
tion activity across eons of evolution suggests that it likely has an 
important function. Along this line, several studies have found 
roles for nuclear IGFBPs in altering transcription in cancer cells 
(78, 79), but the physiological role(s) of the endogenous IGFBPs 
in the nucleus remain unclear.

Other IGF-independent actions have been reported that do 
not apparently involve nuclear localization. Paracrine IGFBP-4 
was shown to promote differentiation of cardiomyocytes by 
inhibiting Wnt signaling in an IGF-independent manner (80). 
The physiological relevance of this effect was supported by the 
fact that knockdown of IGFBP-4 in Xenopus embryos resulted 
in cardiac defects attributable to impaired cardiomyogenesis  
(80). On the other hand, IGFBP-4 knockout mice have no cardiac 
phenotype (81). The lack of phenotype may be due to genetic 
redundancy and/or compensation by other IGFBPs. Another 
example is the antagonization of bone morphogenic protein 
signaling by IGFBP-3 in zebrafish (76). It has been reported that 
human IGFBP-6 has antiangiogenic activity when tested using 
in  vitro assays. This action is independent from IGF binding 
because an IGFBP-6 mutant with 10,000-fold lower binding 
affinity for IGFs was as potent as the wild-type human IGFBP-6 
in inhibiting angiogenesis (82). Interestingly, IGFBP-6 was found 
to be able to bind vascular endothelial growth factor (VEGF) 
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and coincubation with IGFBP-6 abolished VEGF-stimulated 
angiogenesis. This antiangiogenic action of IGFBP-6 was dem-
onstrated in  vivo in a tumor model by transplanting human 
Rh30 rhabdomyosarcoma cells stably transfected with IGFBP-6 
into BALB/c nude mice (82). Expression of zebrafish IGFBP-6b 
had similar effects, indicating that this antiangiogenic activity is 
evolutionarily conserved (82).

Some IGFBPs may have cell surface receptor-mediated IGF-
independent actions (Figure  2D). Exogenous IGFBP-3 was 
reported to inhibit cultured cell growth by an IGF-independent 
mechanism (83, 84). This effect was shown to be related to the 
binding of IGFBP-3 to the type 5 transforming growth factor β 
(TFGβ) receptor (85). This receptor was then shown to be identi-
cal to the low-density lipoprotein receptor-related protein-1 
(LRP-1) (86). LRP-1 is known to be responsible for the uptake 
and clearance of various molecules from the circulation (87). The 
downstream mechanisms by which the interaction of IGFBP-3 
with LRP-1 may lead to growth inhibition remain unclear. 
IGFBP-2 has been shown to bind to a receptor called receptor 
protein tyrosine phosphatase β (RPTPβ), which triggers a signal 
transduction cascade that leads to reduced PTEN phosphatase 
activity and a consequent enhancement of IGF-1-induced Akt 
pathway activation (88). This interaction between IGFBP-2 and 
RPTPβ was shown to be responsible for the ability of IGFBP-2 
to trigger osteoblast differentiation (89). This role of IGFBP-2 
was independent of IGF-binding and a 13-residue peptide cor-
responding of IGFBP-2’s heparin-binding domain 1 was shown 
to mediate its binding to RPTPβ (88, 89).

loss-of-Function Studies
Given the numerous biological actions of IGFBPs found in gain-
of-function studies, it was surprising that little or no phenotypic 
change was observed when individual IGFBP genes were deleted 
in mice (81, 90–93). IGFBP-1 knockout mice were indistinguish-
able from their wild-type littermates and no embryonic lethality 
was observed (91). IGFBP-2 knockout mice were phenotypically 
normal with the exception of minor gender specific changes in 
bone structure and minor changes in the weights of spleen and 
liver in adult males (90, 92). IGFBP-3 knockout mice were also 
normal (81). Deletion of the IGFBP-4 gene in mice resulted in a 
mild 10–15% reduction in prenatal growth, which is somewhat 
paradoxical given that overexpression of IGFBP-4 also reduces 
growth (81). IGFBP-5 knockout mice were also phenotypically 
normal (81). Genetic deletion of IGFBP genes using CRISPR-
Cas9 or TALEN in zebrafish have also resulted in little or no 
alteration in phenotype. Zebrafish IGFBP-3 knockout fish are 
morphologically normal and their growth rate and developmen-
tal speed are comparable to their siblings. Likewise, IGFBP-5a 
and -5b knockout zebrafish are morphologically indistinguish-
able from their wild-type siblings when kept under optimized lab 
conditions (unpublished data).

When IGFBP-3, -4, and -5 were knockout together in mice, 
there was a 25% reduction in body growth, decreased fat accumu-
lation and quadriceps muscle mass, expanded pancreatic islets, 
and enhanced glucose homeostasis (81). These triple mutant mice 
were viable (81). Considering that knockout of IGF-1 itself results 
in a 60% reduction in prenatal growth followed by perinatal 

lethality for over 95% of mutant pups (94), the phenotype of the 
triple IGFBP-3/4/5 knockout mice can be viewed as relatively 
moderate.

The lack of substantial phenotypes in these IGFBP mutant 
mice and the finding that these animals can survive without 
three out of the six IGFBPs suggests a high degree of func-
tional redundancy and/or genetic compensatory mechanisms. 
Indeed, elevated levels of IGFBPs-1, -3, and -4 were found in the 
IGFBP-2 knockout mice, supporting the notion that the lack 
of IGFBP-2 may be compensated for by upregulation of other 
IGFBPs (90).

Genetic redundancy among paralogous genes is a widespread 
phenomenon and can result in the masking of phenotypes in 
loss-of-function studies (95, 96). One study of the Drosophila 
genome suggested that when gene duplications occur, only 
4% of the resulting paralogs survive (97). One explanation 
for the stable retention of redundant paralogous genes is that 
genes with redundant functions may also acquire functions 
that are unique to themselves. This can result in the coselec-
tion of the redundant functions with the unique functions in 
a model referred to as the “piggyback” mechanism (98, 99). In 
this model, whenever it is the case that most mutations tend 
to inactivate both the redundant and non-redundant functions 
simultaneously, redundant functions can then be retained in 
both gene duplicates. Unique functions could be obtained by 
gain-of-function mutations, but it is more common for comple-
mentary inactivating mutations to cause ancestral functions to 
be partitioned between the duplicates in the process of subfunc-
tionalization (100). Redundant functions can be maintained in 
both duplicates when at least one unique function is maintained 
in each duplicate (100).

wHY ARe THeRe SO MANY iGFBPs?

Why has evolution favored the retention of so many IGFBP genes? 
One potential explanation is that, given the crucial importance of 
the IGF pathway in determining central life history traits such 
as body size and longevity, it may be that even relatively minor 
fine-tuning of IGF signaling levels would be strongly selected for. 
A possible example comes from the zebrafish IGFBP genes. In 
zebrafish, there are two IGFBP-1 genes, being paralogs of mam-
malian IGFBP-1 (17). Zebrafish IGFBP-1a and -1b have similar 
expression patterns and regulatory responses, but IGFBP-1a has 
a higher affinity for IGFs than IGFBP-1b, which may allow more 
graded inhibition of IGF signaling during catabolic conditions 
than was possible with only a single IGFBP-1 gene (17). The 
zebrafish genome also contains two IGFBP-2 genes. In this case, 
the IGFBP-2a and -2b proteins have similar biological activities 
(18, 101). However, these two paralogous genes exhibit distinct 
spatiotemporal expression patterns. During embryogenesis, 
IGFBP-2a mRNA is found in the lens and the brain boundary 
vasculature; it subsequently becomes highly expressed in the 
liver. IGFBP-2b is detected initially in all tissues at low levels, but 
later becomes abundant in the liver (18). In the adult stage, liver 
has the highest levels of IGFBP-2a mRNA, followed by the brain. 
IGFBP-2b mRNA, on the other hand, is only detected in the liver 
(18, 101). The two zebrafish IGFBP-5 genes have diverged both 
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in gene expression patterns and protein functions. Zebrafish 
IGFBP-5a and -5b are expressed in spatially restricted, mostly 
non-overlapping domains during early development (21). The 
IGF-binding site is conserved in both zebrafish IGFBP-5a and -5b, 
and they are both secreted and capable of IGF binding (21). While 
zebrafish IGFBP-5b has transactivation activity, no such activity 
is found with IGFBP-5a (21). Given their divergence in both 
expression patterns and cellular actions, zebrafish IGFBP-5a and 
5b may regulate IGF-signaling within their respective domains in 
subtly differing ways. This may provide enhanced fine-tuning of 
IGF signaling as compared with a single IGFBP-5 gene.

A second possible explanation is that genetic compensation is 
responsible for masking what would otherwise be more signifi-
cant phenotypes. It has been recognized recently that permanent 
genetic deletions (knockouts), often result in a less severe phe-
notype than transient reductions in expression (knockdowns) 
(102). The mechanisms responsible for this phenomenon remain 
unclear but a number of hypotheses have been proposed, includ-
ing the idea that related or unrelated genes could be upregulated 
in the permanent mutants (102). When zebrafish IGFBP-3 was 
deleted, for example, no phenotypes were detected. However, 
when zebrafish IGFBP-3 was knocked down using antisense 
morpholinos, it resulted in defects in the development of the 
pharyngeal skeleton and inner ear (103).

Another possible explanation is that, in addition to their 
somewhat overlapping functions of transporting and protecting 
IGFs in the circulation, the individual IGFBPs are also involved 
context-dependent regulation of IGF signaling in specific cell 
types and under specific stressful or aberrant conditions. Flexible 
and versatile modes of regulation such as these would be highly 

advantageous for organisms in the wild and would be strongly 
selected for, despite being unlikely to produce observable pheno-
types under optimized laboratory conditions. One example is the 
role of IGFBP-1 in responding to catabolic conditions by throttling 
back growth and developmental rate in order to conserve scarce 
resources (38, 42, 104). Another example is the specific role of 
IGFBP-1 in liver regeneration. IGFBP-1 knockout mice exhibited 
normal growth but were found to have impaired liver regenera-
tion (91). Their liver cells were highly sensitive to induction of 
apoptosis by treatment with Fas agonist. This effect could be 
ameliorated by pretreatment with IGFBP-1 (105), suggesting that 
IGFBP-1 has a crucial but conditional role in protecting the liver 
when facing injury and healing. The role of IGFBP-5 in mammary 
gland remodeling is a further example. The IGFBP-5 knockout 
mice had normal body growth and normal mammary gland 
development under standard laboratory conditions. However, 
these mutant mice exhibited delayed mammary gland involu-
tion and enhanced alveolar bud formation after ovariectomy 
and estradiol/progesterone treatment (106). Another example is 
provided by zebrafish IGFBP5a, which is specifically expressed 
in a specific type of epithelial cell (ionocytes) on the larval yolk 
sac skin that are responsible for transporting Ca2+ ions. When 
wild type larvae are raised in embryo solution containing a very 
low calcium concentration, these ionocytes rapidly proliferate 
via a mechanism that requires the activation of IGF signaling 
in these cells (107). This allows increased calcium import and is 
necessary for survival under these conditions. This proliferation 
is blunted in the IGFBP5a knockout fish larvae, causing lethality. 
However, under optomized and calcium-rich conditions, these 
mutant fish are indistinguisable from their wild type siblings. This 
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suggests that IGFBP-5a is critical for calcium ionocytes to activate 
a conditional proliferation program in order to maintain calcium 
homeostasis.

As always in biology, the question of why there are so many 
IGFBPs can only be fully understood in the context of evolution-
ary history. Based on analyses of phylogenetic relationships, the 
surrounding chromosomal regions in which modern IGFBPs 
sit, and IGFBP sequences from a large number of species, the 
evolution of the IGFBP family in early vertebrate ancestors has 
been reconstructed (16). An ancestral IGFBP sequence in an 
ancient early chordate was duplicated resulting in two adjacent 
IGFBP sequences in a chromosomal region that also bore the 
homeobox (HOX) genes. These two original genes were then 
duplicated along with the entire genome in the two successive 
rounds of tetraploidization that occurred in early vertebrates 
(108), resulting in eight IGFBP genes. It is thought that two 
of them were lost, resulting in the six types of IGFBPs seen in 
mammals and most other vertebrate classes (Figure 3). In many 
teleost fish, another round of tetraploidization occurred, result-
ing in a further doubling of IGFBP genes (16, 109). Some of these 
additional duplicates were subsequently retained in modern fish. 
Indeed, there is substantial variation in numbers of IGFBP genes 
between fish species (Table 1). The salmonid fish, whose com-
mon ancestor underwent a fourth round of whole genome dupli-
cation, exhibit the largest known repertoire of 22 IGFBP genes 
(22, 23). The preservation and evolutionary conservation of most 
of the IGFBP gene duplicates implies that these genes might have 
aquired unique evolutionarily adaptive roles, either by develop-
ing new functions opportunistically (neofunctionalization) or by 

retention of a subset of the parent gene’s original functions in each 
duplicate (subfunctionalization). This is in agreement with the 
idea that fine tuning of IGF signaling is strongly adaptive to the 
extent that perhaps even small changes in the regulation of IGF 
signaling would be sufficient to account for the conservation of 
additional IGFBP genes to provide these regulatory advantages.

The acquisition of IGF-independent actions of IGFBPs pre-
sents an intriguing question. One possible explanation is that 
they were present in the ancestral IGFBP gene. A comparative 
study suggested that the single amphioxus IGFBP has a functional 
nuclear localization sequence and transactivation activity but 
lacks the ability to bind modern IGFs (77). Both IGF-dependent 
and IGF-independent actions appear to have been present in the 
earliest vertebrates as indicated by the fact that an IGFBP from 
sea lamprey exhibited both IGF-dependent and -independent 
actions (110). Therefore, the IGF-binding function of IGFBPs 
may have been acquired later in evolution.

CONClUDiNG ReMARKS AND 
PROSPeCTS

We propose that IGFBPs provide a set of tools with which evo-
lution has acted to increase the flexibility and versatility in the 
regulation of the IGF signaling system. An ancestral IGFBP gene 
has diversified into a number of IGFBP genes, which have both 
overlapping and unique expression patterns and functions. These 
IGFBPs can be viewed as different tools that all apply leverage but 
also provide individual context specific advantages. A number 
of attributes of IGFBPs may help to give rise to the increased 
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flexibility and versatility in their abilities to regulate IGF actions. 
These include: (1) distinct spatiotemporal expression patterns of 
these IGFBP genes, (2) differences in their ligand-binding affin-
ity and selectivity, (3) different roles in the circulation including 
formation of the ternary complex with ALS, (4) different abilities 
to interact with cell surface proteins, extracellular proteins, and 
other growth factors, (5) different subcellular localization, and 
(6) various IGF-independent activities (Figure 4). The existence 
of multiple IGFBPs can contribute to the fine-tuning of IGF 
signaling both globally and locally, and under various physiologi-
cal and pathological conditions. The involvement of IGFBPs in 
mammary gland growth, liver regeneration, and atherogenesis, 
and the adaptive proliferation of calcium ionocytes in zebrafish 
are all examples of this sort of process. It is plausible that more 
IGFBPs will be found to participate in other roles of this type.  
A great deal of work has identified many roles for IGFBPs in can-
cer cells despite the fact that IGFBPs are not commonly mutated 
in human cancers (12). Given the involvement of IGFBPs in 
tissue remodeling and conditional proliferation of certain cell 
types, it is not surprising that their physiological actions would 
be coopted by cancer cells in order to facilitate the needs of tumor 
growth.

Much has been learned in recent decades about the cell 
type-specific actions of IGFBPs but many questions remain 
unanswered. One major question is, why do several of the IGFBPs 
have the ability to enter the cell nucleus? Although certain IGFBPs 
have a functional nuclear localization motif and a transactivation 
domain that are both evolutionarily conserved, the physiologi-
cal functions of the nuclear IGFBPs remain unknown. Another 
area of inquiry for future research will be to identify additional 
stressful conditions that IGFBPs have evolved to respond to. It 

will also be of great interest to identify pathological processes that 
depend on the misregulation of IGFBP(s) to increase or decrease 
IGF signaling, or on inappropriate activation of their IGF-
independent actions. We also have much more to learn regarding 
the evolutionary history of the IGFBPs in early vertebrates and 
the nature of its IGF-independent functions. This may shed light 
on the complex biology of modern IGFBPs.

CRISPR/Cas9-based genetic editing technology will allow the 
generation of mutant animals whose endogenous IGFBP genes 
are directly mutated to disrupt individual functionalities such 
as IGF-binding, nuclear translocation, or interaction with cell 
surface proteins, to allow assessing the roles of those capabilities 
individually or collectively under physiological conditions in vivo. 
The CRISPR-Cas9-based approaches will allow the physiological 
roles of redundant paralogs to be determined much more readily 
by enabling the generation of multiple knockouts at reasonable 
cost. Increasing our understanding of IGFBPs will yield insights 
into the array of biological processes to which IGF signaling is 
linked, including many that are crucial for human health and 
diseases.
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The insulin-like growth factor (Igf) binding protein (Igfbp) family has a broad range of 
physiological functions and a fascinating evolutionary history. This review focuses on the 
Igfbps of teleost fishes, where genome duplication events have diversified gene reper-
toire, function, and physiological regulation—with six core Igfbps expanded into a family 
of over twenty genes in some lineages. In addition to briefly summarizing the current 
state of knowledge on teleost Igfbp evolution, function, and expression-level regulation, 
we highlight gaps in our understanding and promising areas for future work.

Keywords: insulin-like growth factor binding protein, teleost fish, genome duplication, physiology, comparative 
biology, gene family evolution

iNTRODUCTiON

The insulin-like growth factor (Igf) binding protein (Igfbps) are highly studied, especially in 
mammals, and a vast literature has emerged on their roles as mediators of Igf signaling events, 
and diverse functions that extend beyond Igf regulation. This review focuses on the Igfbp family 
of teleost fishes, which remains poorly understood compared to the mammalian system. Our goal 
is to summarize the status of knowledge on teleost Igfbps in an evolutionary context, considering 
work on gene function and physiological regulation, in addition to phylogenetics and genomics. 
Our coverage of literature is non-encompassing, and we point the reader to additional reviews. 
The scope of the review is exclusive to the “true” Igfbps, which each bind Igfs with high affinity, 
rather than the broader proposed superfamily containing Igfbp-related proteins [reviewed in  
Ref. (1)], that are distantly related in both sequence and function (2). We also assume that the 
reader has prior knowledge of the core genetic components of the Igf system, where comprehen-
sive reviews with a non-mammalian focus already exist (3–6).

ORiGiNS OF THe CORe igfbp SUBTYPeS

Gene duplication and subsequent divergence is central to the evolutionary “narrative” of the Igfbp 
family. While it is long-established that many vertebrates possess six ancestral subtypes (Igfbp-1, -2, 
-3, -4, -5, and -6), with the primary cDNAs first reported over 25 years ago [e.g., Ref. (7, 8)], their 
evolutionary origins were elucidated more recently. An important study reported in 2011 (9), built 
on past work revealing linkage between Igfbp genes and Hox clusters [e.g., Ref. (10); Hox clusters 
being well-established markers of genome duplication events], to present a realistic scenario for 
the origin and expansion of core Igfbp subtypes. The hypothesis is that an ancestral Igfbp gene 
was duplicated in tandem during an early stage of vertebrate evolution to produce a pair of Igfbp 
genes (9, 10). Subsequently, two genome duplication events in the ancestor to extant vertebrates 
(11) led one gene to give rise to Igfbp-1, -2, and -4, and the other to Igfbp-3, -5, and -6. A single 
Igfbp is present in amphioxus, a chordate that did not undergo the same duplications, and this 
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FiGURe 1 | Expansion of the core insulin-like growth factor (Igf) system—including Igfbps—during teleost evolution. (A) Simplified depiction of Igf system. (B) Core 
Igfbp system components (i.e., proteins encoded by distinct genes) in different vertebrate groups, contrasting a typical mammalian system with that of two teleost 
lineages. For teleosts, % identity is shown for paralogous amino acid sequences. For Atlantic salmon, the underlined % identities highlight paralog pairs residing in 
regions of the genome that experienced a delay in cytological rediploidization after genome duplication (24), a process required for paralogs to diverge in sequence 
on distinct chromosomes—hence, these genes have had less evolutionary time to diverge, leading to extremely high identity. Phylogenetic relationships of the Igfbp 
families from these different lineages, along with another group of teleosts that experienced a separate lineage-specific genome duplication event, are depicted in 
Figure 2.
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molecule failed to bind Igf-I or Igf-II, indicating that Igf-binding 
is either a vertebrate-specific function (12), or was secondarily 
lost. The same study confirmed that Igf-independent functions 
had evolved before vertebrates (12).

It is also important to remember that the diversification of 
the core vertebrate Igfbp system occurred alongside expansions 
in other key gene families within the Igf system, including both 
hormones (13) and receptors (14). It now seems certain that the 
early vertebrate genome duplication events were crucial for the 
evolution of distinct insulin and Igf systems [e.g., Ref. (15)]. For 
the remainder of this review, we focus on the Igfbp system of 
teleosts, where additional genetic expansions—some dramatic—
have been recently characterized.

eXPANSiONS iN THe TeLeOST igfbp 
GeNe RePeRTOiRe

A further round of genome duplication occurred in the ancestor 
to extant teleost fishes (i.e., around half of known vertebrate 
species) 300–350 million years ago (11). This led to retention 
of duplicated copies (paralogs) for all the core Igfbp subtypes 
barring Igfbp-4, where one paralog was lost early (9, 16). In 
different lineages that have not experienced further genome 
duplication events, the number of Igfbps retained is variable, 
but always higher than mammals and most non-teleosts. For 
example, zebrafish (Danio rerio), the most studied teleost in 

terms of Igfbp function, retains nine unique genes. This includes 
paralog pairs for Igfbp-1 (17), -2 (18), -5 (19), and -6 (20), along 
with a single Igfbp-3 copy and no Igfbp-4 gene, owing to lineage-
specific losses (9, 16). The phylogenetic relationships of teleost 
Igfbp paralogs have been established using robust methods  
(9, 16). An “-a”/“-b” nomenclature common to different teleosts 
is preferred (e.g., “Igfbp-1a” and “-1b”) (16), as it acknowledges a 
common ancestral origin from the same duplication event, while 
accommodating zebrafish nomenclature [e.g., Ref. (17–20)].

Several teleost lineages experienced additional rounds of 
genome duplication. This includes a well-studied event ~95 mil-
lion years ago in the salmonid ancestor (21, 22) that caused dra-
matic genetic expansions within the Igf system (summarized in 
Figure 1). For example, we reported in 2013 that salmonids retain 
at least 19 unique Igfbp genes, with salmonid-specific paralogs of 
igfbp-1a, -1b, -2b, -3a, -3b, -5b, -6a, and -6b (16). We proposed a 
nomenclature with either “1” or “2” after the “a” and “b” teleost 
symbols (e.g., “igfbp-1a1” and “-1a2”). Several of these Igfbp pairs 
are highly divergent compared to the genome-wide average for 
paralogs retained from the salmonid genome duplication event 
(Figure 1; e.g., sharing <80% amino acid identity, compared to 
an average of ~93% across thousands of paralog pairs) (23). This 
points to functional divergence at the protein level that remains 
entirely unexplored.

More recently, an improved understanding of the com-
plexities of genome evolution following the salmonid genome 
duplication, which was a spontaneous genome doubling event 
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(or “autotetraploidization”) (21, 24), led to the discovery of 
salmonid Igfbp paralog pairs for igfbp-4, igfbp-2a, and igfbp-5a 
(24), which share extremely similar sequences and were previ-
ously unrecognized or ignored as alleles (see Figure 1; legend 
contains additional information). Thus, some salmonid species, 
including the commercially important Atlantic salmon (Salmo 
salar), possess 22 unique igfbp genes, with 11 paralog pairs 
(Figure  1), some of which may have evolved adaptively (25). 
Remarkably, every possible Igfbp paralog generated from the 
salmonid-specific genome duplication was evidently maintained, 
despite the genome-wide paralog retention rate being around 
50% in the same species (21). We and others have also identified 
expansions to other core gene components of the Igf system due 
to the salmonid genome duplication, including Igf-I [e.g., Ref. 
(24, 26)], Igf-II (25), and Igf-1R (27). These paralogs remain of 
substantial interest, but we are at an early stage of understanding 
their roles in salmonid biology.

Additional lineage-specific genome duplication events have 
occurred in several teleost groups, including the ancestor to 
goldfish (Carassius auratus) and common carp (Cyprinus carpio). 
This event is younger than the salmonid-specific genome dupli-
cation event, occurring around 8–12 million years ago (28, 29). 
It also involved a distinct mechanism (“allotetraploidization”), 
where two species hybridized before genome duplication (28). 
This event created a large set of paralogs (28), some of which 
are known to have experienced functional divergence [e.g., 
Ref. (29, 30)]. However, no accompanying expansions to Igfbp 
repertoire are yet reported. To explore this knowledge gap, we 
performed a bioinformatic and phylogenetic analysis, revealing 
that common carp retains at least 17 unique igfbp genes, includ-
ing paralog pairs for igfbp-1a, -1b, -2b, -3a, -5a, -5b, -6a, and 
-6b (see Figure 2; methods provided therein). To avoid confu-
sion with the salmonid-specific paralogs, we suggest “α”/“β” is 
added to the existing teleost nomenclature when these duplicates 
are studied in the future (e.g., igfbp-1aα/-1aβ) (Figure 2). The 
results confirm that salmonids are not unique among teleosts in 
retaining a highly expanded Igfbp repertoire. In fact, as many 
vertebrate groups have experienced lineage-specific genome 
duplication events, both fishes and non-mammalian groups, 
including anuran frogs [e.g., Ref. (31)], it seems likely that many 
other species possess expanded Igfbp repertoires, contributing 
additional complexity to their growth regulation.

PHYSiOLOGiCAL ROLeS OF TeLeOST 
igfbps

Many studies have investigated the physiological roles of 
Igfbp genes in the teleost lineage. Barring a few model species  
(e.g., zebrafish), it has been historically challenging to perform 
functional analyses in most teleosts, although this is changing 
in light of emerging genome-editing methods (see Perspectives 
and Future Work). Hence, while in mammals, Igf-dependent 
and Igf-independent functions have been widely demonstrated, 
the majority of studies in teleosts have failed to reach similar 
levels of functional insight. In fact, most work has focused on 
expression-level regulation of igfbp genes or proteins under a 

diverse set of experimental stimuli. It is also important to note 
that most teleost Igfbp research has focused on aquaculture spe-
cies of high commercial value, including the salmonid, perciform 
(perch-like fish), pleuronectiform (flatfish), cypriniform (carp 
spp. and relatives), and siluriform (catfish) groups. This has led 
to a bias toward physiological processes relevant to commercial 
production, especially growth, muscle development, stress, and 
disease resistance. In this section, we briefly summarize the 
literature on teleost Igfbp function and regulation, considering 
the core vertebrate subtypes separately. We make attempts to 
distinguish Igfbp paralogs according to the evolutionary histories 
and nomenclature described above, although this is often not 
possible as many studies failed to distinguish paralogs, especially 
for the most recently discovered genes.

igfbp-1: A Negative Regulator of Teleost 
Growth
In mammals, Igfbp-1 is mainly produced in the liver and secreted 
to circulation, where it acts to limit Igf signaling in catabolic 
contexts, such as fasting, stress, and hypoxia (39). It is widely 
considered a negative regulator of somatic growth, reproduc-
tion, and development (4, 40); and interacts with cell surface 
integrins to stimulate cellular motility (41). It has Igf-dependent 
and Igf-independent functions, along with important roles in the 
regulation of metabolism [reviewed in Ref. (42)].

In salmonids, Igfbp-1a and Igfbp-1b are two of the three 
major circulatory Igfbps (43), first identified by molecular 
weight (20–15 and 28–32 kDa, respectively) (4, 44). It is likely 
that similar molecular weight Igfbps detected in others teleosts 
plasma are Igfbp-1 orthologs (45–49). Igfbp-1 encoding genes, 
as in mammals, are mainly expressed in teleost liver (16, 50–55). 
In zebrafish embryos, igfbp-1a mRNA is expressed during early 
development; while igfbp-1b is expressed later, after which time 
both paralogs become restricted to liver (17, 50). At the func-
tional level, both Igfbp-1a and -1b of zebrafish can bind to Igf-I 
and Igf-II, but Igfbp-1b had a lower affinity for each hormone, 
and a lesser ability to downregulate Igf-I signaling (17). In other 
species, it has been reported that igfbp-1a genes are expressed 
in non-hepatic tissues, but typically at lower levels than in liver  
(16, 51, 52, 54–58). This supports the hypothesis that Igfbp-1a 
evolved more localized functions than Igfbp-1b (6).

Several teleost studies have reported protein or transcript 
level upregulation of Igfbp-1 genes during catabolic a process, 
which probably serves to downregulate growth by sequestering 
Igfs from Igf-1Rs, allowing allocation of resources to metabolic 
processes essential for survival. Consistent with these findings, 
overexpression of igfbp-1a (and igfbp-1a in zebrafish) in cyprini-
form embryos (17, 54, 59) caused growth and developmental 
retardation. Nutrient deprivation has been shown to increase 
circulatory Igfbp-1 proteins and igfbp-1 gene expression in liver 
(for both teleost paralogs, when distinguished) and skeletal mus-
cle igfbp-1a expression, which is reversed by a return to anabolic 
conditions (50, 51, 55, 60–65). It has also been shown that dietary 
amino acid deficiency can upregulate igfbp-1 gene expression 
through a not well-described mechanism (64). Teleost igfbp-1 
genes are also negatively regulated by growth hormone (Gh) 
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and Igf-I, consistent with a negative role in growth regulation  
(44, 46, 48, 53, 57, 62).

Igfbp-1 expression in teleosts is also modulated by hormones 
others than the Igfs. For instance, igfbp-1a evidently plays a role 
in zebrafish sexual maturation, in a way that seems to differ from 
its classical anti-proliferative role. Specifically, igfbp-1a expres-
sion increases in response to T3 and the follicle stimulating (Fsh) 
hormones (well-known for stimulating spermatogonia prolifera-
tion) (58). The female sex hormone 17β-estradiol also increased 
Igfbp-1 secretion in striped bass liver explants (46).

Stress is also known to induce igfbp-1 gene expression in 
teleosts. Cortisol, the main stress hormone in vertebrates (66, 
67), and other synthetic glucocorticoids such as dexamethasone 
increases both Igfbp-1a and Igfbp-1b circulatory levels, as well 
as gene expression in liver and cultured myotubes (43, 57, 62, 
68, 69). Environmental stressors, such as hypoxia, confinement, 
temperature, heavy metals, and salinity, were also found to 
increase igfbp-1 expression (17, 49–53, 56, 61, 70, 71). It is also 
possible that igfbp-1 upregulation in response to food depriva-
tion (see above) is related to a rise in cortisol, as some studies 
have found increasing levels of circulatory glucocorticoids in 
response to fasting (70, 72, 73). There is also emerging evidence 
from salmonids that igfbp-1a1 upregulation during infection 
serves a role in linking growth to innate immunity, potentially 
promoting downregulation of growth in favor of a more effec-
tive immune response (74). This expression response represents 
an example of salmonid-specific divergence in the regulation of 
Igfbp paralogs, as igfbp-1a2 was unaltered by infection in the 
same study (74).

igfbp-2: A Major Circulatory igfbp  
in Teleosts
In mammals, Igfbp-2 is highly expressed during embryonic 
stages, and more lowly expressed in adult tissues, with highest 
levels in liver, adipocytes, the central nervous and reproductive 
systems, heart, and kidney (75). Mice embryos overexpressing 
Igfbp-2 show a reduced growth rate, likely through reduced Igf 
availability (76). However, Igfbp-2 deletion in mice embryos 
does not have any significant effect on growth or development 
(77), which may indicate compensatory effects with other Igfbps. 
While the functional roles of Igfbp-2 remain relatively poorly 
established, recent studies have linked it to several pathological 
states. For example, Igfbp-2 may act as a tumor promoter (78) by 
suppressing epidermis growth factor receptor nuclear signaling 
(79). There is also increasing evidence that Igfbp-2 plays a role in 
mammalian bone formation (80).

Igfbp-2b is the third main circulatory Igfbp in salmonids and 
probably other teleost species (41 kDa form) and the main Igf 
carrier (6, 81, 82). For a long time, Igfbp-2b was wrongly consid-
ered to be Igfbp-3 (83) due to its similar physiological regulation 
to Igfbp-3 in mammals [e.g., Ref. (83)]. Teleost igfbp-2 genes 
are expressed in a range of tissues [e.g., Ref. (16, 84–86)] with 
zebrafish igfbp-2a and igfbp-2b having different spatiotemporal 
patterns during early development, and each being expressed 
in liver in adults (18). In adult salmon, igfbp-2a was expressed 
across multiple tissues, with especially high abundance in liver, 

whereas igfbp-2b1 and igfbp-2b1 were liver-restricted (16). 
Overexpression of igfbp-2a and igfbp-2b causes a reduction in 
growth and developmental rate in early-stage zebrafish (18, 87), 
suggesting an equivalent role to that observed in mammals. 
Similar to Igfbp-1, past work has suggested a role for Igfbp-2 in 
teleost sexual maturation, with igfbp-2 mRNA being expressed 
in pre-ovulatory ovaries of rainbow trout, and upregulated in 
response to female sex hormones (83).

Mixed results exist on the regulation of teleost igfbp-2 genes 
by nutritional status. For example, some past studies showed 
that igfbp-2 genes are downregulated or unchanged in liver and 
skeletal muscle of fasted fish (55, 88–90), which does not support 
an obvious role in growth inhibition. By contrast, a significant 
increase of igfbp-2 expression was observed in fasted zebrafish 
(91), although this same effect was not clearly observed in a 
later study of zebrafish that distinguished igfbp-2a and -2b (65). 
In Atlantic salmon, a significant decrease in igfbp-2a (formerly 
“igfbp-2.1”) expression was reported in skeletal muscle during 
refeeding after a period of restricted food intake, suggesting 
an inhibitory role on growth (90, 92). Similarly, all three tested 
igfbp-2 paralogs (igfbp-2a, -2b1, and -2b1) were downregulated in 
Atlantic salmon liver upon post-fasting refeeding, again suggest-
ing an inhibitory role on growth (16). However, such data have 
not been replicated in vitro where neither amino acid deprivation 
nor addition of Igf-I and amino acids to Atlantic salmon cultured 
myotubes modified the expression of the same paralogs (57).

Moreover, the regulation of igfbp-2 expression by Gh does 
not clearly support a growth inhibitory role common to teleosts. 
While a study in zebrafish embryos reported that Gh inhibits 
igfbp-2 expression (91), work in Atlantic salmon demonstrated 
an increase in circulating Igfbp-2b in response to Gh (48, 81, 93). 
By contrast, treatment with dexamethasone, known to enhance 
catabolism, led to an increase in igfbp-2a expression in salmon 
skeletal muscle myotubes (57). Despite not distinguishing 
teleost paralogs, recent work revealed upregulation of skeletal 
muscle igfbp-2 expression in fine flounder (Paralichthys adsper-
sus), concomitant to a rise in blood cortisol (94). Differences 
in Igfbp-2 expression across studies suggest a complex role for 
this Igfbp family member in teleost growth, dependent on both 
physiological and species context.

igfbp-3: Divergent Physiological 
Regulation across Teleost Species
Igfbp-3 is the main carrier of circulating Igf in mammals, form-
ing a tertiary structure with the acid-labile subunit (ALS) that 
increases Igf half-life and regulates Igf bioavailability (95). Igfbp-3 
has anti-proliferative effects in many mammalian cell types, pre-
venting the interaction of Igf-I and Igf-II with Igf-1R, and it also 
has Igf-independent roles (96). In this respect, Igfbp-3 directly 
interacts with two-cell surface receptors independently of Igf-I, 
Lrp1, and Tmem29, which mediates its anti-proliferative effects 
(97, 98). However, mammalian Igfbp-3 can also enhance cellular 
proliferation in some conditions, through both Igf-dependent 
and Igf-independent mechanisms (99, 100).

In contrast to mammals, teleost Igfbp-3 proteins are not 
considered major circulatory Igfbps (6). In fact, there exists no 
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known association between Igfbp-3 proteins—or indeed any tel-
eost Igfbp subtype—and ALS (6), highlighting fundamental dif-
ferences in the way Igfs are regulated in circulation. In zebrafish, 
the single igfbp-3a (16) gene has important roles in early 
development, showing dorsalizing effects in embryos through 
an Igf-independent interaction with bone morphogenic protein 
2b (101), one of few studies demonstrating an Igf-independent 
role for a teleost Igfbp. The four distinct igfbp-3 paralogs of sal-
monids (igfbp-3a1, -3a2, -3b1, and -3b2) were lowly expressed in 
11 tested adult Atlantic salmon tissues (and each absent in liver), 
although igfbp-3a1 was among the most abundant of all Igfbp 
family member genes in heart (16) and the only detected igfbp-3 
gene in primary myotube culture (57). Conversely, igfbp-3b of 
adult fine flounder was reported as more highly expressed in 
liver (the main route for Igfbp to circulation) than several other 
tested tissues, while igfbp-3a was not considered in the same 
study (88).

Studies in zebrafish, flounder, and yellowtail reported a sig-
nificant increase in the expression of igfbp-3 genes in liver and/
or muscle in response to fasting (55, 88, 102), which may act to 
restrict Igf signaling. However, on the other hand, studies in sal-
monids have reported no changes in muscle igfbp-3 gene expres-
sion in response to food deprivation (57, 89) with an increase in 
igfbp-3a1 expression in liver during post-fasting refeeding, more 
consistent with a growth-promoting function (16). Similarly, in 
coho salmon (Oncorhynchus kisutch), igfbp-3a1 muscle expres-
sion was increased by Gh transgenesis (103), again supporting a 
growth-promoting role. However, stress caused a downregulation 
of igfbp-3b gene expression in skeletal muscle of fine flounder 
(94), which is inconsistent with a role in growth inhibition.

Overall, there is a relatively limited body of research on teleost 
Igfbp-3 genes, leaving their roles unclear in many species, with 
the available evidence suggesting functional divergence among 
different lineages.

igfbp-4: Growth-Promoting Role in Some 
Teleosts?
In mammals, Igfbp-4 is expressed in many cell types and tissues, 
where it is often considered to inhibit Igf action (104, 105). 
However, it is also considered to have growth-promoting roles 
during early embryogenesis, where it enhances Igf-II activity 
(106). Some studies have reported Igf-independent actions 
for Igfbp-4, including in relation to the inhibition of apoptosis  
(104, 105) and cardiogenesis (107).

In teleosts, igfbp-4 was expressed in most tissues for each spe-
cies investigated, including Atlantic salmon (16), tiger pufferfish 
(Takifugu rubripes) (108) and fine flounder (88). Moreover, 
in Atlantic salmon, igfbp-4 was described as showing high 
abundance in gill (108). Atlantic salmon was recently shown to 
retain two highly similar Igfbp-4 paralogs (see Figures 1 and 2), 
which show conserved regulation across tissues (24). In tiger 
pufferfish, fasting caused upregulation of igfbp-4 expression in 
several tissues, consistent with an inhibitory role on growth (108). 
In addition, the expression of recombinant pufferfish Igfbp-4 
in zebrafish embryos resulted in significant growth retardation 
(108). However, these findings contrast studies of several species 

(including salmonids and fine flounder), where igfbp-4 expres-
sion in response to nutritional status manipulation suggested a 
growth-promoting role. Such work revealed no change in igfbp-4 
expression during fasting (57, 65, 88–90, 92), but upregulation in 
response to subsequent refeeding (57, 65, 88–90, 92, 109–111). 
A study of Arctic charr (Salvelinus alpinus) showed that dwarf 
populations with highly restricted growth had lower constitu-
tive igfbp-4 expression in muscle than populations reaching 
larger body size (112). A growth-promoting role for igfbp-4 in 
salmonids was also supported by a strong positive correlation 
between igfbp-4 and several pro-myogenic gene markers during 
in vitro myogenesis in Atlantic salmon (110). Studies of Igfbp-4 
expression in response to stress also suggest a growth-promoting 
role. For instance, addition of dexamethasone to Atlantic salmon 
myotubes (57), and stress confinement in fine flounder (94) 
induced a significant reduction in igfbp-4 expression. Conversely, 
an increase in igfbp-4 expression was reported in skeletal muscle 
during maturation-induced atrophy in rainbow trout (113).

Overall, the available evidence suggests that the physiologi-
cal role of Igfbp-4, when conserved, differs across species and 
physiological contexts, though for some lineages, particularly 
salmonids, a growth-promoting function is implicated.

igfbp-5: Conserved Roles in Muscle 
Growth
Igfbp-5 is the most conserved Igfbp family member. In mammals, 
it forms a ternary complex with ALS, similar to Igfbp-3, although 
much more circulating Igf is carried by Igfbp-3-ALS (114). Igfbp-5 
represents an essential regulator of many processes in mamma-
lian bone, kidney, mammary gland, and skeletal muscle (114) and 
can assert both stimulatory and inhibitory effects (depending 
on cell type) through Igf-dependent or Igf-independent routes. 
For instance, it has growth factor-like actions, stimulating bone 
growth in Igf-I knockout mice (115), and smooth muscle cell 
migration (116). There is also evidence that Igfbp-5 can trans-
locate into the nucleus (117) and have nuclear functions (118). 
It is thought that Igfbp-5 cellular internalization is achieved by 
interaction with membrane proteins such as heparin sulfate 
proteoglycans, and that the Igfbp-5 N-terminal region has an Igf-
independent transcriptional activity (118). Furthermore, Igfbp-5 
can interact with transcription co-activators such as the four and 
half Lim domains 2 (119).

In zebrafish and grass carp embryos, igfbp-5a and igfbp-5b 
have distinctive patterns of expression during early development, 
suggesting evolutionary divergence in regulation (19, 120), which 
has also been demonstrated at the functional level (19). In adult 
zebrafish, igfbp-5a was expressed at high levels in brain and gill, 
and lower levels in several other tissues, but was absent in liver 
or skeletal muscle; while igfbp-5b was ubiquitously expressed. 
Similarly, in other studied teleost species igfbp-5 genes were 
reported to show a broad tissue distribution, with differences 
noted among species and paralogs (51, 52, 55, 63, 120), including 
three paralogs in Atlantic salmon (16, 24).

The importance of igfbp-5 genes for muscle differentiation and 
growth in teleosts is well established. Igfbp-5 expression has been 
studied across in  vitro myogenesis, with both teleost paralogs 
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(when distinguished) detected from early stages (i.e., myogenic 
progenitor cells) through to fully differentiated myotubes  
(57, 110, 111). In Atlantic salmon, both igfbp-5a (formerly: 
igfbp5.1) and igfbp-5b (formerly: igfbp5.2) showed highest 
expression in early-stage myoblasts, which decreased during 
myogenic differentiation (110). Using the same in vitro models, it 
was observed that pro-growth stimuli such as amino acids and Igfs 
increase igfbp-5 gene expression (111, 113), including both igfbp-
5a and igfbp-5b paralogs distinguished in salmonids (57, 110).  
However, igfbp-5 paralogs appear to have different patterns of 
expression in response to catabolic signals. For instance, while 
amino acid deprivation had no effect on the regulation of any 
igfbp-5 paralog in Atlantic salmon myotubes (57, 113), dexa-
methasone reduced igfbp-5a expression, while simultaneously 
increasing igfbp-5b1 (57). A past study of rainbow trout skeletal 
muscle recorded no change in igfbp-5 gene expression in response 
to fasting or re-feeding (89), though it was unclear which paralog 
was measured. Similarly, igfbp-5a and igfbp-5b muscle expres-
sion did not change in response to short- or long-term fasting 
in Atlantic salmon (90, 92). However, in grass carp, igfbp-5a and 
igfbp-5b expression decreased in skeletal muscle during fasting, 
while both paralogs were upregulated in liver, and upon injection 
of Gh in both tissues (120). In Gh transgenic coho salmon, igfbp-
5b1 was significantly upregulated (103).

There is also emerging evidence that igfbp-5 genes play a 
role in ionic homeostasis and Igf regulation in zebrafish (121), 
stickleback [e.g., Ref. (122)] and Atlantic salmon gills (123) with 
Igfbp-5a acting to regulate calcium influx in zebrafish gills (121) 
and being differentially expressed and under divergent selective 
pressures in marine vs. freshwater sticklebacks (122, 124).

To sum up, the available evidence suggests that Igfbp-5 genes 
play conserved functions in multiple aspects of teleost biology, 
with roles most clearly demonstrated in myogenesis, muscle 
growth, and gill function. There is also considerable evidence that 
both teleost and salmonid-specific Igfbp-5 paralogs have evolved 
divergent roles.

igfbp-6: A Growth inhibitor with emerging 
Roles
Igfbp-6 represents a special case among the Igfbp family.  
In mammals, it has a 50-fold binding preference for Igf-II over 
Igf-I (125, 126) (a unique feature among Igfbps), but also shows 
differences in key protein motifs, with three disulfide bonds in  
the N-terminal region instead of the 4 found in Igfbp-1 to 5 
(127). Igfbp-6 is a relatively specific inhibitor of Igf-II actions 
and, therefore, regulates processes where Igf-II is involved such as 
proliferation, survival, migration, and differentiation (125, 126).  
Igfbp-6 also has known Igf-independent actions (125, 128), 
including the inhibition of fibroblast proliferation (129), cancer 
cell migration (130), and apoptosis (131). The gene has a broad 
tissue expression distribution in mammals, including lung, liver, 
and the gastrointestinal tract.

While differences in the affinity of Igfbp-6 proteins for Igf-II 
and Igf-I are yet to be confirmed in teleosts, the main underlying 
structural features are conserved (16). In zebrafish adults, igfbp-
6a was highly expressed in muscle, and almost undetectable in 

other tissues, while igfbp-6b was only abundant in brain, heart, 
and muscle (20). In adult fine flounder, igfbp-6b was most highly 
expressed in heart, gills, and the gastrointestinal tract (88).  
In adult Atlantic salmon, neither igfbp-6a1 nor -6a2 were notably 
expressed across a panel of 11 tissues, while igfbp-6b1 and 6b2 
were each broadly expressed, with the latter being especially 
highly expressed in gill, brain, and spleen (16). Both igfbp-6b1 
and 6b2 were also reported as being highly expressed in Atlantic 
salmon gills, where they were dynamically regulated during 
smoltification (123).

The overexpression of either zebrafish igfbp-6 paralog caused 
a significant reduction of embryonic growth (20), suggesting 
a role in growth inhibition. Studies of igfbp-6 gene regula-
tion in skeletal muscle support a similar role in other species, 
though some conflicting data exist. For example, a study in 
Atlantic salmon reported no change in igfbp-6b expression 
in response to food intake manipulation (92), while another 
reported downregulation of igfbp-6b in tilapia skeletal muscle in 
response to feeding after a period of fasting (53). Similar results 
were observed in fine flounder skeletal muscle, where igfbp-6b 
expression decreased in response to feeding immediately post-
fasting, although expression then increased during long-term 
refeeding (88). However, igfbp-6b was repressed in fine flounder 
skeletal muscle in response to stress (94), which is less consist-
ent with a negative role in growth. Conversely, in Atlantic 
salmon myotubes treated with dexamethasone, igfbp-6a1 was 
downregulated, while igfbp-6b2 was upregulated, highlighting 
complex functions that cannot be easily interpreted without 
functional data (57).

Recent work also implies a novel role for igfbp-6 genes in 
linking growth and immune regulation in teleosts. Alzaid et al. 
observed a significant increase of igfbp-6a2 in primary immune 
tissues of rainbow trout following a bacterial infection, and pro-
vided evidence that immune-responsive igfbp-6a2 upregulation 
was stimulated by immune signaling pathways driven by pro-
inflammatory cytokines (27). Past work in salmonids has also 
shown that pro-inflammatory cytokines can promote the expres-
sion of igfbp-6 genes in skeletal muscle cell cultures (132) and 
in vivo (103), which may be linked to the balancing of energetic 
allocation toward effective immune function.

In summary, Igfbp-6 genes of teleosts are rather understudied, 
and it is difficult to draw overarching conclusions about their 
roles and functions at this time.

PeRSPeCTiveS AND FUTURe wORK

Our current understanding of the Igfbp repertoire of different 
teleosts has benefited greatly from recent expansions to genomic 
resources. We can now be confident in the existence of many 
teleost paralogs, which are expressed and presumably functional. 
However, our understanding of the functions and regulatory 
control of these genes remains highly fragmented across teleosts 
as a group and remains highly underdeveloped compared to 
mammals. It is becoming increasingly clear—perhaps with 
the exception of Igfbp-1—that teleost and mammalian Igfbp 
orthologs have evolved distinct expression-level regulation. This 
points to distinct functional roles in the regulation of growth in 
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teleosts compared to mammals, which may be related to differ-
ences in growth dynamics, for example, indeterminate growth 
in teleosts. Moreover, there is also evidence that Igfbp orthologs 
from different species have evolved distinct regulation and 
hence, potentially functions, during teleost evolution. This can 
be speculatively linked to the additional functional flexibility or 
redundancy linked to Igfbp duplication events, which has allowed 
divergent regulation of paralogs to evolve under different physi-
ological contexts.

It is also clear that differences in the expression of homologous 
Igfbp genes across teleost species are often difficult to interpret. 
In many cases, this may be linked to the historic ignorance of 
paralogous genes, either by considering one paralog in pair, or 
detecting signals from both paralogs in gene expression analyses. 
Hence, a fuller understanding of Igfbp genes will be possible in 
the presence of high-quality reference genomes, where all genes 
are properly annotated and can then be distinguished experi-
mentally. The evidence for divergent regulation of Igfbp paralog 
expression is overwhelming, even for genes with very similar 
coding sequences (24), suggesting gene expression studies should 
make every effort to distinguish Igfbp paralogs.

An additional priority for future research should be to 
characterize the individual protein-level functions of all 
teleost Igfbp paralogs in multiple species extending beyond 
model organisms. While it has classically been challenging to 
perform functional analyses in non-model teleosts, the research 

landscape is rapidly changing. For example, genome editing 
using engineered CRIPSR/Cas9 systems has been demonstrated 
in vivo for various large commercial species, including salmo-
nids (133) and catfishes (134), as well as in teleost cell culture 
(135). Hence, while even 5 years ago, the full repertoire of Igfbp 
genes was not even recognized in many teleosts, we can look 
forward to a future where every paralog within a species has its 
function cataloged by such approaches, even in lineages with 
hugely expanded Igfbp gene families. This will open the door for 
associating protein-level functional divergence in Igfbp paralogs 
with evolutionary changes in gene expression regulation, gen-
erating a fuller picture of the biological roles of this fascinating 
gene family in teleosts.

AUTHOR CONTRiBUTiONS

DGS and DJM wrote the manuscript and prepared the figures. 
DM built the phylogenetic tree showed in the manuscript.

FUNDiNG

DGS would like to thank the Marine Alliance Science Technology 
Scotland (MASTS) for their support. MASTS is funded by the 
Scottish Funding Council (grant reference HR09011) and con-
tributing institutions.

ReFeReNCeS

1. Hwa V, Oh Y, Rosenfeld RG. The insulin-like growth factor-binding pro-
tein (IGFBP) superfamily. Endocr Rev (1999) 20(6):761–87. doi:10.1210/
er.20.6.761 

2. Rodgers BD, Roalson EH, Thompson C. Phylogenetic analysis of the insu-
lin-like growth factor binding protein (IGFBP) and IGFBP-related protein 
gene families. Gen Comp Endocrinol (2008) 155(1):201–7. doi:10.1016/j.
ygcen.2007.04.013 

3. Kelley KM, Schmidt KE, Berg L, Sak K, Galima MM, Gillespie C, et  al. 
Comparative endocrinology of the insulin-like growth factor-binding pro-
tein. J Endocrinol (2002) 175(1):3–18. doi:10.1677/joe.0.1750003 

4. Wood AW, Duan C, Bern HA. Insulin-like growth factor signaling in fish. Int 
Rev Cytol (2005) 243:215–85. doi:10.1016/S0074-7696(05)43004-1 

5. Reindl KM, Sheirdan MA. Peripheral regulation of the growth hor-
mone-insulin-like growth factor system in fish and other vertebrates. Comp 
Biochem Physiol A Mol Integr Physiol (2012) 163(3–4):231–45. doi:10.1016/j.
cbpa.2012.08.003 

6. Shimizu M, Dickhoff WW. Circulating insulin-like growth factor binding 
proteins in fish: their identities and physiological regulation. Gen Comp 
Endocrinol (2017) 252:150–61. doi:10.1016/j.ygcen.2017.08.002 

7. Shimasaki S, Ling N. Identification and molecular characterization of 
insulin-like growth factors binding proteins (IGFBP-1, -2, -3, -4, -5 and -6). 
Prog Growth Factor Res (1991) 3(4):243–66. doi:10.1016/0955-2235(91) 
90003-M 

8. Shimasaki S, Shimonaka M, Zhang H, Ling N. In: Spencer E, editor. Modern 
Concepts on Insulin-Like Growth Factors. New York: Elsevier (1991).  
p. 343–58.

9. Ocampo Daza D, Sundström G, Bergqvist CA, Duan C, Larhammar D. 
Evolution of the insulin-like growth factor binding protein (IGFBP) family. 
Endocrinology (2011) 152(6):2278–89. doi:10.1210/en.2011-0047 

10. Sundström G, Larsson TA, Larhammar D. Phylogenetic and chromosomal 
analyses of multiple gene families syntenic with vertebrate Hox clusters. BMC 
Evol Biol (2008) 8:254. doi:10.1186/1471-2148-8-254 

11. Van de Peer Y, Mizrachi E, Marchal K. The evolutionary significance of 
polyploidy. Nat Rev Genet (2017) 18(7):411–24. doi:10.1038/nrg.2017.26 

12. Zhou J, Xiang J, Zhang S, Duan C. Structural and functional analysis of 
the amphioxus IGFBP gene uncovers ancient origin of IGF-independent 
functions. Endocrinology (2013) 154(10):3753–63. doi:10.1210/en.2013-1201 

13. Chan SJ, Cao QP, Steiner DF. Evolution of the insulin superfamily: cloning 
of a hybrid insulin/insulin-like growth factor cDNA from amphioxus. 
Proc Natl Acad Sci U S A (1990) 87(23):9319–23. doi:10.1073/pnas.87. 
23.9319 

14. Pashmforoush M, Chan SJ, Steiner DF. Structure and expression of the 
insulin-like peptide receptor from amphioxus. Mol Endocrinol (1996) 
10(7):857–66. doi:10.1210/mend.10.7.8813726 

15. Holland PW, Garcia-Fernàndez J, Williams NA, Sidow A. Gene duplications 
and the origins of vertebrate development. Dev Suppl (1994):125–33. 

16. Macqueen DJ, Garcia de la serrana D, Johnston IA. Evolution of ancient func-
tions in the vertebrate insulin-like growth factor system uncovered by study 
of duplicated salmonid fish genomes. Mol Biol Evol (2013) 30(5):1060–76. 
doi:10.1093/molbev/mst017 

17. Kamei H, Lu L, Jiao S, Li Y, Gyrup C, Laursen LS, et  al. Duplication and 
diversification of the hypoxia-inducible IGFBP-1 gene in zebrafish. PLoS One 
(2008) 28(3):e3091. doi:10.1371/journal.pone.0003091 

18. Zhou J, Li W, Kamei H, Duan C. Duplication of the IGFBP-2 gene in teleost 
fish: protein structure and functionality conservation and gene expres-
sion divergence. PLoS One (2008) 3(12):e3926. doi:10.1371/journal.pone. 
0003926 

19. Dai W, Kamei H, Zhao Y, Ding J, Du Z, Duan C. Duplicated zebrafish insu-
lin-like growth factor binding protein-5 genes with split functional domains: 
evidence for evolutionarily conserved IGF binding, nuclear localization, 
and transactivation activity. FASEB J (2010) 24(6):2020–9. doi:10.1096/
fj.09-149435 

20. Wang X, Lu L, Li Y, Li M, Chen C, Feng Q, et al. Molecular and functional 
characterization of two distinct IGF binding protein-6 genes in zebrafish. 
Am J Physiol Regul Integr Comp Physiol (2009) 296(5):1348–57. doi:10.1152/
ajpregu.90969.2008 

27

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1210/er.20.6.761
https://doi.org/10.1210/er.20.6.761
https://doi.org/10.1016/j.ygcen.2007.04.013
https://doi.org/10.1016/j.ygcen.2007.04.013
https://doi.org/10.1677/joe.0.1750003
https://doi.org/10.1016/S0074-7696(05)43004-1
https://doi.org/10.1016/j.cbpa.2012.08.003
https://doi.org/10.1016/j.cbpa.2012.08.003
https://doi.org/10.1016/j.ygcen.2017.08.002
https://doi.org/10.1016/0955-2235(91)
90003-M
https://doi.org/10.1016/0955-2235(91)
90003-M
https://doi.org/10.1210/en.2011-0047
https://doi.org/10.1186/1471-2148-8-254
https://doi.org/10.1038/nrg.2017.26
https://doi.org/10.1210/en.2013-1201
https://doi.org/10.1073/pnas.87.
23.9319
https://doi.org/10.1073/pnas.87.
23.9319
https://doi.org/10.1210/mend.10.7.8813726
https://doi.org/10.1093/molbev/mst017
https://doi.org/10.1371/journal.pone.0003091
https://doi.org/10.1371/journal.pone.
0003926
https://doi.org/10.1371/journal.pone.
0003926
https://doi.org/10.1096/fj.09-149435
https://doi.org/10.1096/fj.09-149435
https://doi.org/10.1152/ajpregu.90969.2008
https://doi.org/10.1152/ajpregu.90969.2008


Garcia de la Serrana and Macqueen Igfbp in Fish

Frontiers in Endocrinology | www.frontiersin.org March 2018 | Volume 9 | Article 80

21. Lien S, Koop BF, Sandve SR, Miller JR, Kent MP, Nome T, et al. The Atlantic 
salmon genome provides insights into rediploidization. Nature (2016) 
533(7602):200–5. doi:10.1038/nature17164 

22. Macqueen DJ, Johnston IA. A well-constrained estimate for the timing of 
the salmonid whole genome duplication reveals major decoupling from 
species diversification. Proc Biol Sci (2014) 281(1778):20132881. doi:10.1098/
rspb.2013.2881 

23. Berthelot C, Brunet F, Chalopin D, Juanchich A, Bernard M, Noël B, et al.  
The rainbow trout genome provides novel insights into evolution after 
whole-genome duplication in vertebrates. Nat Commun (2014) 5:3657. 
doi:10.1038/ncomms4657 

24. Robertson FM, Gundappa MK, Grammes F, Hvidsten TR, Redmond AK, 
Lien S, et  al. Lineage-specific rediploidization is a mechanism to explain 
time-lags between genome duplication and evolutionary diversification. 
Genome Biol (2017) 18(1):111. doi:10.1186/s13059-017-1241-z 

25. Lappin FM, Shaw RL, Macqueen DJ. Targeted sequencing for high-resolution 
evolutionary analyses following genome duplication in salmonid fish: proof 
of concept for key components of the insulin-like growth factor axis. Mar 
Genomics (2016) 30:15–26. doi:10.1016/j.margen.2016.06.003 

26. Wallis AE, Devlin RH. Duplicate insulin-like growth factor-I genes in salmon 
display alternative splicing pathways. Mol Endocrinol (1993) 7(3):409–22. 
doi:10.1210/me.7.3.409 

27. Alzaid A, Martin SA, Macqueen DJ. The complete salmonid IGF-IR gene 
repertoire and its transcriptional response to disease. Sci Rep (2016) 6:34806. 
doi:10.1038/srep34806 

28. Xu P, Zhang X, Wang X, Li J, Kuang Y,  Xu J, et al. Genome sequence and 
genetic diversity of the common carp, Cyprinus carpio. Nat Genet (2014) 
46(11):1212–9. doi:10.1038/ng.3098 

29. David L, Blum S, Feldman MW, Lavi U, Hillel J. Recent duplication of 
the common carp (Cyprinus carpio L.) genome as revealed by analyses of 
microsatellite loci. Mol Biol Evol (2003) 20(9):1425–34. doi:10.1093/molbev/
msg173 

30. Helbo S, Dewilde S, Williams DR, Berghmans H, Berenbrink M, Cossins AR,  
et  al. Functional differentiation of myoglobin isoforms in hypoxia- 
tolerant carp indicates tissue-specific protective roles. Am J Physiol Regul 
Integr Comp Physiol (2012) 302(6):693–701. doi:10.1152/ajpregu.00501. 
2011 

31. Session AM, Uno Y, Kwon T, Chapman JA, Toyoda A, Takahashi S, et  al. 
Genome evolution in the allotetraploid frog Xenopus laevis. Nature (2016) 
538(7625):336–43. doi:10.1038/nature19840 

32. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local align-
ment search tool. J Mol Biol (1990) 214:403–10. doi:10.1016/S0022-2836 
(05)80360-2 

33. Katoh K, Standley DM. MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability. Mol Biol Evol (2013) 
30(4):772–80. doi:10.1093/molbev/mst010 

34. Sela I, Ashkenazy H, Katoh K, Pupko T. GUIDANCE2: accurate detection 
of unreliable alignment regions accounting for the uncertainty of multiple 
parameters. Nucleic Acids Res (2015) 43(W1):W7–14. doi:10.1093/nar/
gkv318 

35. Macqueen DJ, Wilcox AH. Characterization of the definitive classical cal-
pain family of vertebrates using phylogenetic, evolutionary and expression 
analyses. Open Biol (2014) 4:130219. doi:10.1098/rsob.130219 

36. Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics 
with BEAUti and the BEAST 1.7. Mol Biol Evol (2012) 29(8):1969–73. 
doi:10.1093/molbev/mss075 

37. Trifinopoulos J, Nguyen LT, von Haeseler A, Minh BQ. W-IQ-TREE: a fast 
online phylogenetic tool for maximum likelihood analysis. Nucleic Acids Res 
(2016) 44(W1):W232–5. doi:10.1093/nar/gkw256 

38. Drummond AJ, Ho SYW, Philips MJ, Rambaut A. Relaxed phylogenetics 
and dating with confidence. PLoS Biol (2006) 4(5):e88. doi:10.1371/journal.
pbio.0040088 

39. Kajimura S, Duan C. Insulin-like growth factor-binding protein-1: an evo-
lutionarily conserved fine tuner of insulin-like growth factor action under 
catabolic and stressful conditions. J Fish Biol (2007) 71:309–25. doi:10.1111/j. 
1095-8649.2007.01606.x 

40. Lee PD, Giudice LC, Conover CA, Powell DR. Insulin-like growth factor 
binding protein-1: recent finding and new directions. Proc Soc Exp Biol Med 
(1997) 216(3):319–57. doi:10.3181/00379727-216-44182 

41. Jones JI, Gockerman A, Busby WH, Wright G, Clemmons DR. Insulin-like 
growth factor binding protein 1 stimulates cell migration and binds to the 
alpha 5 beta 1 integrin by means of its Arg-Gly-Asp sequence. Proc Natl Acad 
Sci U S A (1993) 90(22):10553–7. doi:10.1073/pnas.90.22.10553 

42. Wheatcroft SB, Kearney MT. IGF-dependent and IGF-independent 
actions of IGF-binding protein-1 and -2: implications for metabolic 
homeostasis. Trends Endocrinol Metab (2009) 20(4):153–62. doi:10.1016/j.
tem.2009.01.002 

43. Shimizu M, Kishimoto K, Yamaguchi T, Nakano Y, Hara A, Dickhoff WW. 
Circulating salmon 28- and 22-kDa insulin-like growth factor binding pro-
teins (IGFBPs) are co-orthologs of IGFBP-1. Gen Comp Endocrinol (2011) 
174(2):97–106. doi:10.1016/j.ygcen.2011.08.005 

44. Shimizu M, Cooper KA, Dickhoff WW, Beckman BR. Postprandial changes 
in plasma growth hormone, insulin, insulin-like growth factor (IGF)-I, 
and IGF-binding proteins in coho salmon fasted for varying periods. Am 
J Physiol Regul Integr Comp Physiol (2009) 297(2):352–61. doi:10.1152/
ajpregu.90939.2008 

45. Johnston J, Silverstein J, Wolters WR, Shimizu M, Dickhoff WW, Shepherd BS.  
Disparate regulation of insulin-like growth factor-binding proteins in a prim-
itive, ictalurid, teleost (Ictalurus punctatus). Gen Comp Endocrinol (2003)  
134(2):122–30. doi:10.1016/S0016-6480(03)00244-2 

46. Fukazawa Y, Siharath K, Iguchi T, Bern HA. In vitro secretion of insulin-like 
growth factor-binding proteins from liver of striped bass, Morone saxatilis. 
Gen Comp Endocrinol (1995) 99(2):239–47. doi:10.1006/gcen.1995.1107 

47. Gómez-Requeni P, Calduch-Giner J, Vega-Rubín de Celis S, Médale F, 
Sadasivam JK, Pérez-Sánchez J. Regulation of the somatotropic axis by 
dietary factors in rainbow trout (Oncorhynchus mykiss). Br J Nutr (2005) 
94(3):353–61. doi:10.1079/BJN20051521 

48. Park R, Shepherd BS, Nishioka RS, Grau EG, Bern HA. Effects of homologous 
pituitary hormone treatment on serum insulin-like growth-factor-binding 
proteins (IGFBPs) in hypophysectomized tilapia, Oreochromis mossambicus 
with special reference to a novel 20-kDa IGFBP. Gen Comp Endocrinol (2000) 
117(3):404–12. doi:10.1006/gcen.1999.7421 

49. Davis BK, Peterson BC. The effect of temperature, stress, and cortisol on 
plasma IGF-I and IGFBPs in sunshine bass. Gen Comp Endocrinol (2006) 
149(3):219–25. doi:10.1016/j.ygcen.2006.05.009 

50. Maures TJ, Duan C. Structure, developmental expression, and physiolog-
ical regulation of zebrafish IGF binding protein-1. Endocrinology (2002) 
143(7):2722–31. doi:10.1210/endo.143.7.8905 

51. Rahman MS, Thomas P. Characterization of three IGFBP mRNAs in Atlantic 
croaker and their regulation during hypoxic stress: potential mechanisms 
of their upregulation by hypoxia. Am J Physiol Endocrinol Metab (2011) 
301(4):637–48. doi:10.1152/ajpendo.00168.2011 

52. Rahman MS, Thomas P. Molecular and biochemical responses of hypoxia 
exposure in Atlantic croaker collected from hypoxic regions in the northern 
Gulf of Mexico. PLoS One (2017) 12(9):e0184341. doi:10.1371/journal.
pone.0184341 

53. Breves JP, Tipsmark CK, Stough BA, Seale AP, Flack BR, Moorman BP, 
et  al. Nutritional status and growth hormone regulate insulin-like growth 
factor binding protein (igfbp) transcripts in Mozambique tilapia. Gen Comp 
Endocrinol (2014) 207:66–73. doi:10.1016/j.ygcen.2014.04.034 

54. Tian YM, Chen J, Tao Y, Jiang XY, Zou SM. Molecular cloning and function 
analysis of insulin-like growth factor-binding protein 1a in blunt snout 
bream (Megalobrama amblycephala). Dongwuxue Yanjiu (2014) 35(4):300–6. 
doi:10.13918/j.issn.2095-8137.2014.4.300 

55. Pedroso FL, Fukada H, Masumoto T. Molecular characterization, tissue 
distribution patterns and nutritional regulation of IGFBP-1, -2, -3 and -5 
in, Seriola quinqueradiata. Gen Comp Endocrinol (2009) 161(3):344–53. 
doi:10.1016/j.ygcen.2009.01.010 

56. Chen W, Zhang Z, Dong H, Yan F. Insulin-like growth factor-binding 
protein-1 (IGFBP-1) in goldfish, Carassius auratus: molecular cloning, tissue 
expression, and mRNA expression responses to periprandial changes and 
cadmium exposure. Fish Physiol Biochem (2016) 42(3):1043–52. doi:10.1007/
s10695-015-0195-x 

57. Garcia de la serrana D, Fuentes EN, Martin SAM, Johnston IA, Macqueen DJ.  
Divergent regulation of insulin-like growth factor binding protein genes in 
cultured Atlantic salmon myotubes under different models of catabolism and 
anabolism. Gen Comp Endocrinol (2017) 247:53–65. doi:10.1016/j.ygcen. 
2017.01.017 

28

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1038/nature17164
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1038/ncomms4657
https://doi.org/10.1186/s13059-017-1241-z
https://doi.org/10.1016/j.margen.2016.06.003
https://doi.org/10.1210/me.7.3.409
https://doi.org/10.1038/srep34806
https://doi.org/10.1038/ng.3098
https://doi.org/10.1093/molbev/msg173
https://doi.org/10.1093/molbev/msg173
https://doi.org/10.1152/ajpregu.00501.
2011
https://doi.org/10.1152/ajpregu.00501.
2011
https://doi.org/10.1038/nature19840
https://doi.org/10.1016/S0022-2836
(05)80360-2
https://doi.org/10.1016/S0022-2836
(05)80360-2
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/nar/gkv318
https://doi.org/10.1093/nar/gkv318
https://doi.org/10.1098/rsob.130219
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/nar/gkw256
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1111/j.
1095-8649.2007.01606.x
https://doi.org/10.1111/j.
1095-8649.2007.01606.x
https://doi.org/10.3181/00379727-216-44182
https://doi.org/10.1073/pnas.90.22.10553
https://doi.org/10.1016/j.tem.2009.01.002
https://doi.org/10.1016/j.tem.2009.01.002
https://doi.org/10.1016/j.ygcen.2011.08.005
https://doi.org/10.1152/ajpregu.90939.2008
https://doi.org/10.1152/ajpregu.90939.2008
https://doi.org/10.1016/S0016-6480(03)00244-2
https://doi.org/10.1006/gcen.1995.1107
https://doi.org/10.1079/BJN20051521
https://doi.org/10.1006/gcen.1999.7421
https://doi.org/10.1016/j.ygcen.2006.05.009
https://doi.org/10.1210/endo.143.7.8905
https://doi.org/10.1152/ajpendo.00168.2011
https://doi.org/10.1371/journal.pone.0184341
https://doi.org/10.1371/journal.pone.0184341
https://doi.org/10.1016/j.ygcen.2014.04.034
https://doi.org/10.13918/j.issn.2095-8137.2014.4.300
https://doi.org/10.1016/j.ygcen.2009.01.010
https://doi.org/10.1007/s10695-015-0195-x
https://doi.org/10.1007/s10695-015-0195-x
https://doi.org/10.1016/j.ygcen.
2017.01.017
https://doi.org/10.1016/j.ygcen.
2017.01.017


Garcia de la Serrana and Macqueen Igfbp in Fish

Frontiers in Endocrinology | www.frontiersin.org March 2018 | Volume 9 | Article 80

58. Safian D, Morais RD, Bogerd J, Schulz RW. Igf binding proteins protect 
undifferentiated spermatogonia in the zebrafish testis against excessive 
differentiation. Endocrinology (2016) 157(11):4423–33. doi:10.1210/en. 
2016-1315 

59. Kajimura S, Aida K, Duan C. Insulin-like growth factor-binding protein-1 
(IGFBP-1) mediates hypoxia-induced embryonic growth and developmental 
retardation. Proc Natl Acad Sci U S A (2005) 102(4):1240–5. doi:10.1073/
pnas.0407443102 

60. Shimizu M, Beckman BR, Hara A, Dickhoff WW. Measurement of circulat-
ing salmon IGF binding protein-1: assay development, response to feeding 
ration and temperature, and relation to growth parameters. J Endocrinol 
(2006) 188(1):101–10. doi:10.1677/joe.1.06475 

61. Waagbø R, Jørgensen SM, Timmerhaus G, Breck O, Olsvik PA. Short-term 
starvation at low temperature prior to harvest does not impact the health 
and acute stress response of adult Atlantic salmon. PeerJ (2017) 5:e3273. 
doi:10.7717/peerj.3273 

62. Pierce AL, Shimizu M, Felli L, Swanson P, Dickhoff WW. Metabolic 
hormones regulate insulin-like growth factor binding protein-1 mRNA 
levels in primary cultured salmon hepatocytes; lack of inhibition by insulin. 
J Endocrinol (2006) 191(2):379–86. doi:10.1677/joe.1.06986 

63. Breves JP, Phipps-Costin SK, Fujimoto CK, Einarsdottir IE, Regish AM, 
Bjornsson BT, et  al. Hepatic insulin-like growth-factor binding protein 
(igfbp) responses to food restriction in Atlantic salmon smolts. Gen Comp 
Endocrinol (2016) 233:79–87. doi:10.1016/j.ygcen.2016.05.015 

64. Rolland M, Dalsgaard J, Holm J, Gómez-Requeni P, Skov PV. Dietary 
methionine level affects growth performance and hepatic gene expression 
of GH–IGF system and protein turnover regulators in rainbow trout 
(Oncorhynchus mykiss) fed plant protein-based diets. Comp Biochem Physiol 
B Biochem Mol Biol (2015) 181:33–41. doi:10.1016/j.cbpb.2014.11.009 

65. Amaral IP, Johnston IA. Insulin-like growth factor (IGF) signalling and 
genome-wide transcriptional regulation in fast muscle of zebrafish following 
a single-satiating meal. J Exp Biol (2011) 214(Pt 13):2125–39. doi:10.1242/
jeb.053298 

66. Haase CG, Long AK, Gillooly JF. Energetics of stress: linking plasma cor-
tisol levels to metabolic rate in mammals. Biol Lett (2016) 12(1):20150867. 
doi:10.1098/rsbl.2015.0867 

67. Fürtbauer I, Heistermann M. Cortisol coregulation in fish. Sci Rep (2016) 
6:30334. doi:10.1038/srep30334 

68. Kajimura S, Hirano T, Visitacion N, Moriyama S, Aida K, Grau EG. Dual 
mode of cortisol action on GH/IGF-I/IGF binding proteins in the tilapia, 
Oreochromis mossambicus. J Endocrinol (2003) 178(1):91–9. doi:10.1677/
joe.0.1780091 

69. Peterson BC, Small BC. Effects of exogenous cortisol on the GH/IGF-I/IGFBP 
network in channel catfish. Domest Anim Endocrinol (2005) 28(4):391–404. 
doi:10.1016/j.domaniend.2005.01.003 

70. Kelley KM, Haigwood JT, Perez M, Galima MM. Serum insulin-like growth 
factor binding proteins (IGFBPs) as markers for anabolic/catabolic condition 
in fishes. Comp Biochem Physiol B Biochem Mol Biol (2001) 129(2–3):229–36. 
doi:10.1016/S1096-4959(01)00314-1 

71. Shepherd BS, Johnson JK, Silverstein JT, Parhar IS, Vijayan MM, McGuire A,  
et al. Endocrine and orexigenic actions of growth hormone secretagogues  
in rainbow trout (Oncorhynchus mykiss). Comp Biochem Physiol A Mol 
Integr Physiol (2007) 146(3):390–9. doi:10.1016/j.cbpa.2006.11.004 

72. Peterson BC, Small BC. Effects of fasting on circulating IGF-binding proteins, 
glucose, and cortisol in channel catfish (Ictalurus punctatus). Domest Anim 
Endocrinol (2004) 26(3):231–40. doi:10.1016/j.domaniend.2003.10.005 

73. Davis KB, Peterson BC. Comparison of insulin-like growth factor-I and 
insulin-like growth factor binding protein concentrations of the palmetto 
and sunshine bass and the effects of gender and stress. J World Aquacult Soc 
(2005) 36(3):384–92. doi:10.1111/j.1749-7345.2005.tb00342.x 

74. Alzaid A, Castro R, Wang T, Secombes CJ, Boudinot P, Macqueen DJ, 
et  al. Cross talk between growth and immunity: coupling of the IGF axis 
to conserved cytokine pathways in rainbow trout. Endocrinology (2016) 
157(5):1942–55. doi:10.1210/en.2015-2024 

75. Shin M, Kang HS, Park JH, Bae JH, Song DK, Im SS. Recent insights into 
insulin-like growth factor binding protein 2 transcriptional regulation. 
Endocrinol Metab (Seoul) (2017) 32(1):11–7. doi:10.3803/EnM.2017.32.1.11 

76. Hoeflich A, Wu M, Mohan S, Föll J, Wanke R, Froehlich T, et al. Overexpression 
of insulin-like growth factor-binding protein-2 in transgenic mice reduces 

postnatal body weight gain. Endocrinology (1999) 140(12):5488–96. 
doi:10.1210/endo.140.12.7169 

77. Wood TL, Rogler LE, Czick ME, Schuller AG, Pintar JE. Selective alterations in 
organ sizes in mice with a targeted disruption of the insulin-like growth factor 
binding protein-2 gene. Mol Endocrinol (2000) 14(9):1472–82. doi:10.1210/ 
mend.14.9.0517 

78. Schutt BS, Langkapm M, Rauschnabel U, Ranke MB, Elmlinger MW. Integrin-
mediated action of insulin-like growth factor binding protein-2 in tumor 
cells. J Mol Endocrinol (2004) 32(3):859–68. doi:10.1677/jme.0.0320859 

79. Chua CY, Liu Y, Granberg KJ, Hu L, Haapasalo H, Annala MJ, et al. IGFBP2 
potentiates nuclear EGFR-STAT3 signaling. Oncogene (2016) 35(6):738–47. 
doi:10.1038/onc.2015.131 

80. Amin S, Riggs BL, Melton LJ III, Achenbach SJ, Atkison EJ, Khosla S. High 
serum IGFBP-2 is predictive of increased bone turnover in aging men and 
women. J Bone Miner Res (2007) 22(6):799–807. doi:10.1359/jbmr.070306 

81. Shimizu M, Swanson P, Hara A, Dickhoff WW. Purification of a 41-kDa 
insulin-like growth factor binding protein from serum of chinook salmon, 
Oncorhynchus tshawytscha. Gen Comp Endocrinol (2003) 132(1):103–11. 
doi:10.1016/S0016-6480(03)00052-2 

82. Shimizu M, Suzuki S, Horikoshi M, Hara A, Dickhoff WW. Circulating 
salmon 41-kDa insulin-like growth factor binding protein (IGFBP) is not 
IGFBP-3 but an IGFBP-2 subtype. Gen Comp Endocrinol (2011) 171(3): 
326–31. doi:10.1016/j.ygcen.2011.02.013 

83. Kamangar BB, Gabillard JC, Bobe J. Insulin-like growth factor-binding 
protein (IGFBP)-1, -2, -3, -4, -5, and -6 and IGFBP-related protein 1 during 
rainbow trout postvitellogenesis and oocyte maturation: molecular char-
acterization, expression profiles, and hormonal regulation. Endocrinology 
(2006) 147(5):2399–410. doi:10.1210/en.2005-1570 

84. Radaelli G, Domeneghini C, Arrighi S, Bosi G, Patruno M, Funkenstein B. 
Localization of IGF-I, IGF-I receptor, and IGFBP-2 in developing Umbrina 
cirrosa (Pisces: Osteichthyes). Gen Comp Endocrinol (2003) 130(3):232–44. 
doi:10.1016/S0016-6480(02)00609-3 

85. Funkenstein B, Tsai W, Maures T, Duan C. Ontogeny, tissue distribution, 
and hormonal regulation of insulin-like growth factor binding protein-2 
(IGFBP-2) in a marine fish, Sparus aurata. Gen Comp Endocrinol (2002) 
128(2):112–22. doi:10.1016/S0016-6480(02)00059-X 

86. Chen W, Li W, Lin H. Common carp (Cyprinus carpio) insulin-like growth 
factor binding protein-2 (IGFBP-2): molecular cloning, expression profiles, 
and hormonal regulation in hepatocytes. Gen Comp Endocrinol (2009) 
161(3):390–9. doi:10.1016/j.ygcen.2009.02.004 

87. Wood WA, Schlueter PJ, Duan C. Targeted knockdown of insulin-like growth 
factor binding protein-2 disrupts cardiovascular development in zebrafish 
embryos. Mol Endocrinol (2005) 19(4):1024–34. doi:10.1210/me.2004-0392 

88. Safian D, Fuentes EN, Valdes JA, Molina A. Dynamic transcriptional regu-
lation of autocrine/paracrine igfbp1, 2, 3, 4, 5, and 6 in the skeletal muscle 
of the fine flounder during different nutritional statuses. J Endocrinol (2012) 
214(1):95–108. doi:10.1530/JOE-12-0057 

89. Gabillard JC, Kamangar BB, Montserrat N. Coordinated regulation of the 
GH/IGF system genes during refeeding in rainbow trout (Oncorhynchus 
mykiss). J Endocrinol (2006) 191(1):15–24. doi:10.1677/joe.1.06869 

90. Valente LM, Bower NI, Johnston IA. Postprandial expression of growth- 
related genes in Atlantic salmon (Salmo salar L.) juveniles fasted for 1 
week and fed a single meal to satiation. Br J Nutr (2012) 108(12):2148–57. 
doi:10.1017/S0007114512000396 

91. Duan C, Ding J, Li Q, Tsai W, Pozios K. Insulin-like growth factor binding 
protein 2 is a growth inhibitory protein conserved in zebrafish. Proc Natl 
Acad Sci U S A (1999) 96(26):15274–9. doi:10.1073/pnas.96.26.15274 

92. Bower NI, Li X, Taylor R, Johnston IA. Switching to fast growth: the insu-
lin-like growth factor (IGF) system in skeletal muscle of Atlantic salmon. 
J Exp Biol (2008) 211(Pt 24):3859–70. doi:10.1242/jeb.024117 

93. Shimizu M, Swanson P, Dickhoff WW. Free and protein-bound insu-
lin-like growth factor-I (IGF-I) and IGF-binding proteins of coho salmon, 
Oncorhynchus kisutch. Gen Comp Endocrinol (1999) 115(3):398–405. 
doi:10.1006/gcen.1999.7328 

94. Valenzuela CA, Zuloaga R, Mercado L, Einarsdottir IE, Bjornsson BT, 
et  al. Chronic stress inhibits growth and induces proteolytic mechanisms 
through two different non-overlapping pathways in the skeletal muscle of a 
teleost fish. Am J Physiol Regul Integr Comp Physiol (2018) 314(1):R102–13. 
doi:10.1152/ajpregu.00009.2017 

29

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1210/en.
2016-1315
https://doi.org/10.1210/en.
2016-1315
https://doi.org/10.1073/pnas.0407443102
https://doi.org/10.1073/pnas.0407443102
https://doi.org/10.1677/joe.1.06475
https://doi.org/10.7717/peerj.3273
https://doi.org/10.1677/joe.1.06986
https://doi.org/10.1016/j.ygcen.2016.05.015
https://doi.org/10.1016/j.cbpb.2014.11.009
https://doi.org/10.1242/jeb.053298
https://doi.org/10.1242/jeb.053298
https://doi.org/10.1098/rsbl.2015.0867
https://doi.org/10.1038/srep30334
https://doi.org/10.1677/joe.0.1780091
https://doi.org/10.1677/joe.0.1780091
https://doi.org/10.1016/j.domaniend.2005.01.003
https://doi.org/10.1016/S1096-4959(01)00314-1
https://doi.org/10.1016/j.cbpa.2006.11.004
https://doi.org/10.1016/j.domaniend.2003.10.005
https://doi.org/10.1111/j.1749-7345.2005.tb00342.x
https://doi.org/10.1210/en.2015-2024
https://doi.org/10.3803/EnM.2017.32.1.11
https://doi.org/10.1210/endo.140.12.7169
https://doi.org/10.1210/
mend.14.9.0517
https://doi.org/10.1210/
mend.14.9.0517
https://doi.org/10.1677/jme.0.0320859
https://doi.org/10.1038/onc.2015.131
https://doi.org/10.1359/jbmr.070306
https://doi.org/10.1016/S0016-6480(03)00052-2
https://doi.org/10.1016/j.ygcen.2011.02.013
https://doi.org/10.1210/en.2005-1570
https://doi.org/10.1016/S0016-6480(02)00609-3
https://doi.org/10.1016/S0016-6480(02)00059-X
https://doi.org/10.1016/j.ygcen.2009.02.004
https://doi.org/10.1210/me.2004-0392
https://doi.org/10.1530/JOE-12-0057
https://doi.org/10.1677/joe.1.06869
https://doi.org/10.1017/S0007114512000396
https://doi.org/10.1073/pnas.96.26.15274
https://doi.org/10.1242/jeb.024117
https://doi.org/10.1006/gcen.1999.7328
https://doi.org/10.1152/ajpregu.00009.2017


Garcia de la Serrana and Macqueen Igfbp in Fish

Frontiers in Endocrinology | www.frontiersin.org March 2018 | Volume 9 | Article 80

95. Baxter RC, Martin JL, Beniac VA. High molecular weight insulin-like 
growth factor binding protein complex. Purification and properties of 
the acid-labile subunit from human serum. J Biol Chem (1989) 264(20): 
11843–8. 

96. Yamada PM, Lee KW. Perspectives in mammalian IGFBP-3 biology: local 
vs. systemic action. Am J Physiol Cell Physiol (2009) 296(5):C954–76. 
doi:10.1152/ajpcell.00598.2008 

97. Huang SS, Ling TY, Tseng WF, Huang YH, Tang FM, Leal SM, et al. Cellular 
growth inhibition by IGFBP-3 and TGF-beta1 requires LRP-1. FASEB J 
(2003) 17(14):2068–81. doi:10.1096/fj.03-0256com 

98. Ingermann AR, Yang YF, Han J, Mikami A, Garza AE, Mohanraj L, et  al. 
Identification of a novel cell death receptor mediating IGFBP-3-induced 
anti-tumor effects in breast and prostate cancer. J Biol Chem (2010) 
285(39):30233–46. doi:10.1074/jbc.M110.122226 

99. Baxter RC. Insulin-like growth factor binding protein-3 (IGFBP-3): novel 
ligands mediate unexpected functions. J Cell Commun Signal (2013) 
7(3):179–89. doi:10.1007/s12079-013-0203-9 

100. Conover CA, Clarkson JT, Bale LK. Factors regulating insulin-like growth 
factor-binding protein-3 binding, processing, and potentiation of insulin-like 
growth factor action. Endocrinology (1996) 137(6):2286–92. doi:10.1210/
endo.137.6.8641177 

101. Zhong Y, Lu L, Zhou J, Li Y, Liu Y, Clemmons DR, et  al. IGF binding 
protein 3 exerts its ligand-independent action by antagonizing BMP in 
zebrafish embryos. J Cell Sci (2011) 124(Pt 11):1925–35. doi:10.1242/
jcs.082644 

102. Chen JY, Chen JC, Huang WT, Liu CW, Hui CF, Chen TT, et al. Molecular 
cloning and tissue-specific, developmental-stage-specific, and hormonal 
regulation of IGFBP3 gene in zebrafish. Mar Biotechnol (NY) (2004) 6(1):1–7. 
doi:10.1007/s10126-002-0115-9 

103. Alzaid A, Kim JH, Devlin RH, Martin SAM, Macqueen DJ. Growth hor-
mone transgenesis disrupts immune function in muscle of coho salmon 
(Oncorhynchus kisutch) impacting cross-talk with growth systems. bioRxiv 
(2017) 210104. doi:10.1101/210104

104. Zhou R, Diehl D, Hoeflich A, Lahm H, Wolf E. IGF-binding protein-4:  
biochemical characteristics and functional consequences. J Endocrinol 
(2003) 178(2):177–93. doi:10.1677/joe.0.1780177 

105. Durai R, Davies M, Yang W, Yang SY, Seifalian A, Goldspink G, et  al.  
Biology of insulin-like growth factor binding protein-4 and its role in cancer 
(review). Int J Oncol (2006) 28(6):1317–25. doi:10.3892/rjo.28.6.1317

106. Ning Y, Schuller AG, Conover CA, Pintar JE. Insulin-like growth factor 
(IGF) binding protein-4 is both a positive and negative regulator of 
IGF activity in  vivo. Mol Endocrinol (2008) 22(5):1213–25. doi:10.1210/
me.2007-0536 

107. Zhu W, Shiojima I, Ito Y, Li Z, Ikeda H, Yoshida M, et  al. IGFBP-4 is an 
inhibitor of canonical Wnt signalling required for cardiogenesis. Nature 
(2008) 454(7202):345–9. doi:10.1038/nature07027 

108. Li M, Li Y, Lu L, Wang X, Gong Q, Duan C. Structural, gene expression, 
and functional analysis of the fugu (Takifugu rubripes) insulin-like growth 
factor binding protein-4 gene. Am J Physiol Regul Integr Comp Physiol (2009) 
296(3):558–66. doi:10.1152/ajpregu.90439.2008 

109. Garcia de la serrana D, Vieira VL, Andree KB, Daria M, Estevez A, Gisbert E,  
et  al. Development temperature has persistent effects on muscle growth 
responses in gilthead sea bream. PLoS One (2012) 7(12):e51884. doi:10.1371/
journal.pone.0051884 

110. Bower NI, Johnston IA. Transcriptional regulation of the IGF signaling 
pathway by amino acids and insulin-like growth factors during myogenesis 
in Atlantic salmon. PLoS One (2010) 5(6):e11100. doi:10.1371/journal.
pone.0011100 

111. Azizi S, Nematollahi MA, Mojazi Amiri B, Velez EJ, Lutfi E, Navarro I, et al. 
Lysine and leucine deficiencies affect myocytes development and IGF signal-
ing in gilthead sea bream (Sparus aurata). PLoS One (2016) 11(1):e0147618. 
doi:10.1371/journal.pone.0147618 

112. Macqueen DJ, Kristjansson BK, Paxton CG, Vieira VL, Johnston IA. 
The parallel evolution of dwarfism in Arctic charr is accompanied by 
adaptive divergence in mTOR-pathway gene expression. Mol Ecol (2011) 
20(15):3167–84. doi:10.1111/j.1365-294X.2011.05172.x 

113. Salem M, Kenney PB, Rexroad CE III, Yao J. Proteomic signature of muscle 
atrophy in rainbow trout. J Proteomics (2010) 73(4):778–89. doi:10.1016/j.
jprot.2009.10.014 

114. Schneider MR, Wolf E, Hoeflich A, Lahm H. IGF-binding protein-5: flex-
ible player in the IGF system and effector on its own. J Endocrinol (2002) 
172(3):423–40. doi:10.1677/joe.0.1720423 

115. Miyakoshi N, Richman C, Kasukawa Y, Linkhart TA, Baylink DJ, Mohan S.  
Evidence that IGF-binding protein-5 functions as a growth factor. J Clin 
Invest (2001) 107(1):73–81. doi:10.1172/JCI10459 

116. Hsieh T, Gordon RE, Clemmons DR, Busby WH, Duan C. Regulation of 
vascular smooth muscle cell responses to insulin-like growth factor (IGF)-I 
by local IGF-binding proteins. J Biol Chem (2003) 278(44):42886–92. 
doi:10.1074/jbc.M303835200 

117. Sun M, Long J, Yi Y, Xia W. Importin α-importin β complex mediated 
nuclear translocation of insulin-like growth factor binding protein-5. Endocr 
J (2017) 64(10):963–75. doi:10.1507/endocrj.EJ17-0156 

118. Xu Q, Li S, Zhao Y, Maures TJ, Yin P, Duan C. Evidence that IGF binding 
protein-5 functions as a ligand-independent transcriptional regulator in 
vascular smooth muscle cells. Circ Res (2004) 94(5):46–54. doi:10.1161/01.
RES.0000124761.62846.DF 

119. Amaar YG, Thompson GR, Linkhart TA, Chen ST, Baylink DJ, Mohan S. 
Insulin-like growth factor-binding protein 5 (IGFBP-5) interacts with a four 
and a half LIM protein 2 (FHL2). J Biol Chem (2002) 277(14):12053–60. 
doi:10.1074/jbc.M110872200 

120. Zeng GD, Zhou CX, Lin ST, Chen J, Jian XY, Zou SM. Two grass carp 
(Ctenopharyngodon idella) insulin-like growth factor-binding protein 5 
genes exhibit different yet conserved functions in development and growth. 
Comp Biochem Physiol B Biochem Mol Biol (2016) 204:69–76. doi:10.1016/j.
cbpb.2016.11.008 

121. Dai W, Bai Y, Zhong X, Hebda L, Liu J, Kao J, et  al. Calcium deficiency- 
induced and TRPV channel-regulated IGF-PI3K-Akt signaling stimulates 
abnormal epithelial proliferation. Cell Death Differ (2014) 21(4):568–81. 
doi:10.1038/cdd.2013.177 

122. Kusakabe M, Ishikawa A, Ravinet M, Yoshida K, Makino T, Toyoda A,  
et  al. Genetic basis for variation in salinity tolerance between stickleback 
ecotypes. Mol Ecol (2017) 26(1):304–19. doi:10.1111/mec.13875 

123. Breves JP, Fujimoto CK, Phipps-Costin SK, Einarsdottir IE, Bjornsson BT,  
McCormick SD. Variation in branchial expression among insulin-like 
growth-factor binding proteins (igfbps) during Atlantic salmon smoltifi-
cation and seawater exposure. BMC Physiol (2017) 17(1):2. doi:10.1186/
s12899-017-0028-5 

124. Pellisier T, Al Nafea H, Good SV. Divergence of insulin superfamily ligands, 
receptors and Igf binding proteins in marine versus freshwater stickleback: 
evidence of selection in known and novel genes. Comp Biochem Physiol  
Part D Genomics Proteomics (2017) 25:53–61. doi:10.1016/j.cbd.2017.10.006 

125. Bach LA. Recent insights into the actions of IGFBP-6. J Cell Commun Signal 
(2015) 9(2):189–200. doi:10.1007/s12079-015-0288-4 

126. Bach LA. IGF binding proteins. J Mol Endocrinol (2017). doi:10.1530/
JME-17-0254 

127. Neumann GM, Bach LA. The N-terminal disulfide linkages of human 
insulin-like growth factor binding protein-6 (hIGFBP-6) and hIGFBP-1 
are different as determined by mass spectrometry. J Biol Chem (1999) 
274(21):14587–94. doi:10.1074/jbc.274.21.14587 

128. Zeng C, Feng X, Wang W, Lv L, Fang C, Chi L, et al. Decreased expression 
of insulin-like growth factor binding protein 6 is associated with gastric ade-
nocarcinoma prognosis. Oncol Lett (2017) 13(6):4161–41–68. doi:10.3892/
ol.2017.5993 

129. Raykha C, Crawford J, Gan BS, Fu LA, Bach LA, O’Gorman DB. IGF-II 
and IGFBP-6 regulate cellular contractility and proliferation in Dupuytren’s 
disease. Biochim Biophys Acta (2013) 1832(10):1511–9. doi:10.1016/j.bbadis. 
2013.04.018 

130. Fu P, Yang Z, Bach LA. Prohibitin-2 binding modulates insulin-like 
growth factor binding protein-6 (IGFBP-6)-induced rhabdomyosarcoma 
cell migration. J Biol Chem (2013) 288(41):29890–900. doi:10.1074/jbc.
M113.510826 

131. Sueoka N, Lee HY, Wiehle S, Cristiano RJ, Fang B, Ji L, et  al. Insulin-like 
growth factor binding protein-6 activates programmed cell death in non-
small cell lung cancer cells. Oncogene (2000) 19(38):4432–6. doi:10.1038/
sj.onc.1203813 

132. Pooley NJ, Tacchi L, Secombes CJ, Martin SA. Inflammatory responses in pri-
mary muscle cell cultures in Atlantic salmon (Salmo salar). BMC Genomics 
(2013) 14:747. doi:10.1186/1471-2164-14-747 

30

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1152/ajpcell.00598.2008
https://doi.org/10.1096/fj.03-0256com
https://doi.org/10.1074/jbc.M110.122226
https://doi.org/10.1007/s12079-013-0203-9
https://doi.org/10.1210/endo.137.6.8641177
https://doi.org/10.1210/endo.137.6.8641177
https://doi.org/10.1242/jcs.082644
https://doi.org/10.1242/jcs.082644
https://doi.org/10.1007/s10126-002-0115-9
https://doi.org/10.1101/210104
https://doi.org/10.1677/joe.0.1780177
https://doi.org/10.1210/me.2007-0536
https://doi.org/10.1210/me.2007-0536
https://doi.org/10.1038/nature07027
https://doi.org/10.1152/ajpregu.90439.2008
https://doi.org/10.1371/journal.pone.0051884
https://doi.org/10.1371/journal.pone.0051884
https://doi.org/10.1371/journal.pone.0011100
https://doi.org/10.1371/journal.pone.0011100
https://doi.org/10.1371/journal.pone.0147618
https://doi.org/10.1111/j.1365-294X.2011.05172.x
https://doi.org/10.1016/j.jprot.2009.10.014
https://doi.org/10.1016/j.jprot.2009.10.014
https://doi.org/10.1677/joe.0.1720423
https://doi.org/10.1172/JCI10459
https://doi.org/10.1074/jbc.M303835200
https://doi.org/10.1507/endocrj.EJ17-0156
https://doi.org/10.1161/01.RES.0000124761.62846.DF
https://doi.org/10.1161/01.RES.0000124761.62846.DF
https://doi.org/10.1074/jbc.M110872200
https://doi.org/10.1016/j.cbpb.2016.11.008
https://doi.org/10.1016/j.cbpb.2016.11.008
https://doi.org/10.1038/cdd.2013.177
https://doi.org/10.1111/mec.13875
https://doi.org/10.1186/s12899-017-0028-5
https://doi.org/10.1186/s12899-017-0028-5
https://doi.org/10.1016/j.cbd.2017.10.006
https://doi.org/10.1007/s12079-015-0288-4
https://doi.org/10.1530/JME-17-0254
https://doi.org/10.1530/JME-17-0254
https://doi.org/10.1074/jbc.274.21.14587
https://doi.org/10.3892/ol.2017.5993
https://doi.org/10.3892/ol.2017.5993
https://doi.org/10.1016/j.bbadis.
2013.04.018
https://doi.org/10.1016/j.bbadis.
2013.04.018
https://doi.org/10.1074/jbc.M113.510826
https://doi.org/10.1074/jbc.M113.510826
https://doi.org/10.1038/sj.onc.1203813
https://doi.org/10.1038/sj.onc.1203813
https://doi.org/10.1186/1471-2164-14-747


Garcia de la Serrana and Macqueen Igfbp in Fish

Frontiers in Endocrinology | www.frontiersin.org March 2018 | Volume 9 | Article 80

133. Edvardsen RB, Leininger S, Kleppe L, Skaftnesmo KO, Wargelius A. Targeted 
mutagenesis in Atlantic salmon (Salmo salar L.) using the CRISPR/Cas9 
system induces complete knockout individuals in the F0 generation. PLoS 
One (2014) 9(9):e108622. doi:10.1371/journal.pone.0108622 

134. Khalil K, Elayat M, Khalifa E, Daghash S, Elaswad A, Miller M, et  al. 
Generation of myostatin gene-edited channel catfish (Ictalurus punctatus) 
via zygote injection of CRISPR/Cas9 System. Sci Rep (2017) 7(1):7301. 
doi:10.1038/s41598-017-07223-7 

135. Dehler CE, Boudinot P, Martin SAM, Collet B. Development of an efficient 
genome editing method by CRISPR/Cas9 in a fish cell line. Mar Biotechnol 
(NY) (2016) 18(4):449–52. doi:10.1007/s10126-016-9708-6 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Garcia de la Serrana and Macqueen. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License  
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

31

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1371/journal.pone.0108622
https://doi.org/10.1038/s41598-017-07223-7
https://doi.org/10.1007/s10126-016-9708-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


February 2018 | Volume 9 | Article 31

Review
published: 16 February 2018

doi: 10.3389/fendo.2018.00031

Frontiers in Endocrinology | www.frontiersin.org

Edited by: 
Andreas Hoeflich,  

Leibniz-Institut für Nutztierbiologie 
(FBN), Germany

Reviewed by: 
Leon Bach,  

Monash University, Australia  
Cunming Duan,  

University of Michigan, United States

*Correspondence:
James Beattie  

j.beattie@leeds.ac.uk

Specialty section: 
This article was submitted to 

Molecular and Structural 
Endocrinology,  

a section of the journal  
Frontiers in Endocrinology

Received: 24 November 2017
Accepted: 23 January 2018

Published: 16 February 2018

Citation: 
Beattie J, Al-Khafaji H, Noer PR, 

Alkharobi HE, Alhodhodi A, Meade J, 
El-Gendy R and Oxvig C (2018) 

Insulin- like Growth Factor-Binding 
Protein Action in Bone Tissue: A Key 

Role for Pregnancy- Associated 
Plasma Protein-A.  

Front. Endocrinol. 9:31.  
doi: 10.3389/fendo.2018.00031

insulin- like Growth Factor-Binding 
Protein Action in Bone Tissue: A Key 
Role for Pregnancy- Associated 
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James Beattie1*, Hasanain Al-Khafaji 1, Pernille R. Noer2, Hanaa Esa Alkharobi3,  
Aishah Alhodhodi1, Josephine Meade1, Reem El-Gendy1,4 and Claus Oxvig2

1 Division of Oral Biology, Leeds School of Dentistry, Level 7 Wellcome Trust Brenner Building, University of Leeds, St James 
University Hospital, Leeds, United Kingdom, 2 Department of Molecular Biology and Genetics, Aarhus University, Aarhus, 
Denmark, 3 Department of Oral Biology, Dental College, King AbdulAziz University, Jeddah, Saudi Arabia, 4 Department of 
Oral Pathology, Faculty of Dentistry, Suez Canal University, Ismailia, Egypt

The insulin-like growth factor (IGF) axis is required for the differentiation, development, 
and maintenance of bone tissue. Accordingly, dysregulation of this axis is associated 
with various skeletal pathologies including growth abnormalities and compromised bone 
structure. It is becoming increasingly apparent that the action of the IGF axis must be 
viewed holistically taking into account not just the actions of the growth factors and 
receptors, but also the influence of soluble high affinity IGF binding proteins (IGFBPs).
There is a recognition that IGFBPs exert IGF-dependent and IGF-independent effects 
in bone and other tissues and that an understanding of the mechanisms of action of 
IGFBPs and their regulation in the pericellular environment impact critically on tissue 
physiology. In this respect, a group of IGFBP proteinases (which may be considered as 
ancillary members of the IGF axis) play a crucial role in regulating IGFBP function. In this 
model, cleavage of IGFBPs by specific proteinases into fragments with lower affinity for 
growth factor(s) regulates the partition of IGFs between IGFBPs and cell surface IGF 
receptors. In this review, we examine the importance of IGFBP function in bone tissue 
with special emphasis on the role of pregnancy associated plasma protein-A (PAPP-A). 
We examine the function of PAPP-A primarily as an IGFBP-4 proteinase and present 
evidence that PAPP-A induced cleavage of IGFBP-4 is potentially a key regulatory step 
in bone metabolism. We also highlight some recent findings with regard to IGFBP-2 and 
IGFBP-5 (also PAPP-A substrates) function in bone tissue and briefly discuss the actions 
of the other three IGFBPs (-1, -3, and -6) in this tissue. Although our main focus will be in 
bone we will allude to IGFBP activity in other cells and tissues where appropriate.

Keywords: insulin-like growth factor-binding protein-4, bone, pregnancy-associated plasma protein-A, proteolysis, 
insulin-like growth factor-binding protein-5

Abbreviations: IGF, insulin-like growth factor; IGFBP, IGF-binding proteins; IGF1R, IGF1 receptor; hDPC, human dental 
pulp cells; PAPP-A, pregnancy-associated plasma protein-A; STC, stanniocalcin; BMD, bone mineral density; hOB, human 
osteoblasts.
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iNTRODUCTiON

The insulin-like growth factor (IGF) axis comprises two polypep-
tide growth factors (IGF1 and IGF2), two cell surface receptors 
[IGF1 receptor (IGF1R) and IGF2R], and six soluble high-affinity 
IGF-binding proteins (IGFBP-1–6). Ancillary proteins associated 
with the IGF axis include various IGFBP proteinases that cleave 
IGFBPs into fragments with greatly reduced IGF-binding affinity, 
thus regulating the partition of IGFs between IGFBPs and cell 
surface receptors (1). IGFs are present at high concentrations in 
bone matrix (2), and disruption of the IGF1 gene compromises 
skeletal growth in mice (3) and humans (4). In addition to an 
anabolic role in mature bone, IGFs also stimulate differentiation 
of osteoblasts in developing bone tissue and regulate the balance 
between bone accretion and resorption which occur throughout 
life (5–7). IGFBP-4 is abundantly expressed in bone tissue (8), 
and the role of this IGFBP in regulating bone metabolism has 
been extensively investigated (9–11). In recent years, the activity 
of a specific IGFBP-4 proteinase, pregnancy-associated plasma 
protein-A (PAPP-A), has also been investigated in bone and other 
tissues (12–14). IGFBP-2 and IGFBP-5 are also significantly active 
in bone tissue demonstrating both IGF-dependent and IGF-
independent effects (15–18). Additionally, signaling pathways 
associated with IGFBP-2 and IGFBP-5 action in osteoblasts and 
bone tissues have been recently reported (19–22). In this review, 
we touch on each of these topics and also briefly on the actions of 
the other IGFBPs (IGFBP-1, -3, and -6) in bone cells and tissues.

iNSULiN-LiKe GROwTH FACTOR-
BiNDiNG PROTeiN-4

Insulin-like growth factor-binding protein-4 was first identified as 
an inhibitory IGFBP in medium conditioned by the TE89 human 
osteosarcoma cell line (23) and then cloned from cDNA libraries 
of various tissues in human and rat (24, 25). It is a 237-residue 
protein sharing the 3-domain structure previously described 
for other IGFBPs. Early studies showed that IGFBP-4 inhibited 
IGF2-stimulated thymidine uptake in primary cultures of human 
osteoblasts (hOB) (26) and in the MC3T3-E1 mouse osteoblast 
cell line (27) and inhibited IGF1-stimulated aminoisobutyrate 
uptake in bovine fibroblasts and in the rat neuronal B104 cell line 
(28, 29). This inhibitory activity in vitro led to the hypothesis that 
IGFBP-4 generally displayed anti-anabolic and anti-proliferative 
effects. In confirmation of this, overexpression of IGFBP-4 in 
a malignant prostate epithelial cell line decreased the prolif-
erative response to IGF1 and delayed tumor development when 
transfected cells were transplanted into nude mice (30). In vivo 
data also supported an IGF-inhibitory role for IGFBP-4. Tissue-
specific overexpression of IGFBP-4 in smooth muscle cells using 
an α-actin promoter caused smooth muscle hypoplasia (31) and 
a similar strategy using a protease resistant form of IGFBP-4  
(pr IGFBP-4) (see below) resulted in transgenic mice with 
decreased internal smooth muscle mass in stomach, bladder, 
and aorta (32). Importantly, with respect to this review, IGFBP-4 
overexpression in osteoblasts decreased bone formation and 
compromised global skeletal growth (11). Some epidemiological 

data also supported an inhibitory role for IGFBP-4 with increased 
levels in a cohort of female patients with age-related osteoporotic 
fractures of the hip and spine (33). Although this evidence sug-
gested an inhibitory role for IGFBP-4, other reports indicated an 
anabolic role for IGFBP-4. Therefore, systemic administration 
of IGFBP-4 to mice increased bone tissue markers (osteocalcin 
and alkaline phosphatase) in serum and skeletal tissues (10). 
Additionally, IGFBP-4 knockout (KO) mice exhibited prenatal 
growth retardation, suggesting that IGFBP-4 may be required for 
full growth promoting effects of IGF2 in the fetus (34). IGFBP-4 
KO mice also showed gender dependent changes in skeletal phe-
notype with female mice having reduced bone mineral density 
(BMD) along with other features associated with osteopenia (9). 
Clearly, further research is required to definitively establish the 
role of IGFBP-4 in bone tissue physiology. In this respect, the 
observation of IGFBP-4 proteolysis by fibroblast and bone cell 
cultures has attracted much interest as a means of regulating the 
activity of IGFs in bone and other tissues, and we provide a short 
summary of this area in the following section.

iGFBP-4 PROTeOLYSiS

Addition of IGF1 to cultures of human fibroblasts reduced the lev-
els of a 24 kDa IGFBP in conditioned medium and development 
of specific antibodies confirmed this species as IGFBP4 (35, 36). 
IGF1-dependent downregulation of IGFBP-4 occurred indepen-
dently of IGF1R activation and was not associated with changes 
in IGFBP4 mRNA levels, suggesting a direct post-translational 
regulation of IGFBP-4. Shortly thereafter, IGF-induced decreases 
in IGFBP-4 protein levels were shown to be due to the presence of 
a proteolytic activity in fibroblast-conditioned medium which in 
cell-free assays was activated by IGF1 or IGF2 (37). IGFBP-4 was 
cleaved into two discrete fragments by this protease, suggesting a 
specific cleavage point within the protein (38). The cleavage site 
was identified at the peptide bond M135-K136 within the central 
domain of IGFBP-4 producing 14 and 18  kDa protein frag-
ments (29). These data were used to engineer protease-resistant 
IGFBP-4 mutants that have proven useful in the further study 
of the biological significance of IGFBP-4 proteolysis (29, 39). 
This became apparent when intact, but not cleaved IGFBP-4, was 
shown to inhibit [3H] aminoisobutyric acid uptake into bovine 
fibroblasts with the inference that cleaved IGFBP-4 fragments 
did not bind IGF1. Further study indicated that IGF2 was a 
more potent activator of IGFBP-4 cleavage than IGF1 and IGF2 
pre-treatment of human dermal fibroblast cultures increased 
sensitivity of cell cultures to IGF1. The concept of IGF2-mediated 
IGFBP4 cleavage as a route for increasing sensitivity to IGF1 (40) 
may be significant as IGF1 and IGF2 are usually present together 
in the pericellular environment, suggesting a complex interaction 
between the growth factors to regulate anabolic responses.

Primary cultures of hOB expressed an IGFBP-4 protease 
activity identical to that described for fibroblasts (41), and 
pre-treatment of osteoblast cultures with IGF2 also increased 
sensitivity to IGF1-stimulated [3H] thymidine incorporation 
(42). Subsequently, IGFBP-4 protease activity has been reported 
in human endometrial stromal cells (43) and in porcine aorta-
derived smooth muscle cells (44), suggesting that proteolysis of 
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IGFBP-4 may have widespread biological significance. At around 
this time, a landmark study identified PAPP-A as the enzyme 
responsible for IGF-dependent cleavage of IGFBP-4 in fibroblast-
conditioned medium (34). PAPP-A was also shown to cleave 
IGFBP-5 in an IGF-independent manner (45). Identification 
of PAPP-A as the IGF-dependent IGFBP-4 proteinase caused a 
paradigm shift in this area of IGF research. Whereas previously 
IGFBP-4 had been viewed mainly as an IGF-inhibitory IGFBP 
in tissue culture studies, co-expression of PAPP-A in cell culture 
could negate this inhibitory effect. Furthermore, the “activa-
tion” of PAPP-A by IGFs suggested possible positive feedback 
loop whereby growth factor action could be enhanced. Further 
aspects of function, structure, and regulation of PAPP-A activity 
are discussed below.

PReGNANCY-ASSOCiATeD PLASMA 
PROTeiN-A

Functional Aspects
Pregnancy-Associated Plasma Protein-A was partially purified 
from human fibroblast-conditioned medium by Lawrence 
et al (46), and its identity was confirmed by mass spectroscopy. 
By using polyclonal anti-PAPP-A antibodies, IGFBP-4 protease 
activity in fibroblast-conditioned medium could be completely 
inhibited, suggesting that PAPP-A may be the only IGFBP-4 
protease expressed by these cells. PAPP-A isolated from fibro-
blast cultures was found to be identical to the enzyme described 
in pregnant serum (46–48), showing both IGF dependency and 
the same site of proteolytic cleavage in the central domain of 
IGFBP-4 (see above). Identification of PAPP-A allowed some 
elegant transgenic studies highlighting the importance of this 
enzyme. Transgenic mice with a collagen I promoter–PAPP-A 
construct overexpressed PAPP-A specifically in osteoid tissue 
causing increased calvarial BMD (14). In double transgenic mice 
overexpressing PAPP-A and a pr IGFBP-4, bone phenotype was 
similar to single pr IGFBP-4 transgenics, showing decreased cal-
varial thickness and BMD compared to WT mice. This provided 
strong evidence that in  vivo anabolic effects of PAPP-A were 
due to IGFBP-4 proteolysis, most likely resulting in an increase 
in the local bioavailability of IGF (49). In confirmation of this, 
PAPP-A KO mice showed reduced femur BMD and blunted 
responses to the anabolic actions of parathyroid hormone (12). 
In a clinical context, PAPP-A has been proposed as a target for 
anti-proliferative therapies in various cancers. Studies in an 
ovarian cancer tissue model (50) and using xenografts of adeno-
carcinoma A549 cells (45) showed that antibody-mediated inhi-
bition of PAPP-A activity decreased tumor growth presumably 
because pericellular IGF remains bound to IGFBPs leading to 
a reduction in free IGF in the local tumor environment. This 
may be important as current anti-IGF-based strategies have 
proved disappointing in clinical trials. Anti-IGF1R strategies 
are hampered by hyperinsulinemia secondary to elevated GH 
levels as a result of impaired IGF-1 feedback at the level of the 
pituitary (51). This may lead to increased mitogenic signaling 
by elevated insulin levels through the insulin receptor (IR). 
IGF1R blockade may also result in IGF1 signaling through the 

IR or through hybrid IGF1R/IR isoforms which are known to 
exist in many tissues (52) and which may not be blocked by 
anti-IGF1R-directed monoclonal antibodies. See the study by 
Yee (53) for an excellent review of the abovementioned argu-
ments. In contrast, the use of anti-PAPP-A-directed antibodies 
would not be associated with these complications acting only to 
inhibit IGF1 release from pericellularly proteolysed IGFBP:IGF 
complexes.

Structural Aspects
Although PAPP-A was isolated over four decades ago from 
pregnancy serum (54), it was only after the cloning and expres-
sion of this large (1,547 residues) protein that detailed work on 
protein structure began (55). PAPP-A belongs to the metzincin 
superfamily of metalloendopeptidases containing a Zn-binding 
motif and a highly structurally conserved Met-turn (56). 
PAPP-A associates with the cell surface through two of five short 
consensus repeat modules within the C-terminus of the protein, 
and membrane-bound PAPP-A remains catalytically active. 
This may ensure release of IGF in the vicinity of cell surface 
IGF1R (57). Under reducing conditions, PAPP-A migrates as a 
200 kDa protein although in pregnancy serum (and some other 
biological fluids) it is primarily present as a disulfide-bound 
dimer associated covalently with another disulfide bound dimer 
of the proform of eosinophil major basic protein (proMBP) in 
a 2:2 heterotetrameric complex (58, 59). The structure of the 
heterotetrameric PAPP-A:proMBP complex identifies a disulfide 
bridged dimer of PAPP-A covalently bound to a disulfide-bridged 
dimer of proMBP via two interchain disulfide bridges (60). In 
this configuration, PAPP-A is inactive with the proMBP dimer 
binding at or close to the active site of PAPP-A, suggesting that 
steric inhibition of enzyme activity may result. Both PAPP-A and 
proMBP are extensively glycosylated, and under non-denaturing 
gel electrophoresis conditions, the complex runs as a large 
(>500 kDa) molecular weight species. A mutagenic analysis of 
the substrate IGFBP-4 suggested that the C-terminal domain of 
IGFBP-4 conferred the IGF dependence for PAPP-A cleavage 
of IGFBP-4 (61). In addition, this same study showed that the 
region between the Zn-binding domain and the Met turn motif of 
PAPP-A was important for proteolytic activity toward the IGFBP-
4:IGF1 complex. Availability of recombinant PAPP-A allowed 
confirmation that the rate of IGFBP-4 proteolysis is enhanced by 
binding of IGFs to IGFBP-4 (62), and detailed kinetic analysis 
confirmed IGF2 as a more potent activator of proteolysis than 
IGF1. The effect of IGFs on IGFBP4 proteolysis was associated 
with changes in both affinity (Km) and turnover rate (Kcat). This 
study also confirmed IGFBP-5 as a PAPP-A substrate although 
proteolysis of IGFBP5 was not IGF dependent (63). Further 
mutational analysis suggested that the Lin12-Notch repeat mod-
ules present in the C-terminal of PAPP-A are responsible for the 
differential requirement of IGFBP-4 and IGFBP-5 for IGF during 
PAPP-A-mediated proteolysis (64, 65).

Regulation of PAPP-A Activity
Relatively few agents have been shown to influence PAPP-A 
activity. IGFBP-4 proteolysis was inhibited following treatment 
of fibroblast cultures with phorbol esters. The attenuation of this 
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FiGURe 1 | Diagrammatic representation of pregnancy-associated 
plasma protein-A (PAPP-A) activity in the insulin-like growth factor (IGF) 
axis. PAPP-A is present in serum and some other biological fluids 
covalently complexed with the pro-form of eosinophil major basic 
protein (proMBP). In this form PAPP-A is inactive. Uncomplexed PAPP-A 
acts to cleave IGF-binding protein-4 (IGFBP-4) and IGFBP-5 into 
fragments with reduced IGF-binding affinity. IGFBP-4 but not IGFBP-5 
requires binding of IGF for PAPP-A cleavage. Proteolysis of IGFBP 
substrates releases IGFs to allow interaction with cognate cell surface 
receptors. Recently, discovered stanniocalcins (STC1 and STC2) act to 
inhibit PAPP-A activity. STC2 is shown, and this inhibitor forms a 
covalent bond with PAPP-A to inhibit the proteolytic activity. See the text 
for further details.
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effect by prior treatment with actinomycin D or cycloheximide 
suggested PCK-regulated expression of an inhibitor of IGFBP-4 
proteolysis (66). Such an inhibitory activity was also reported in 
SV40-transformed hOB cells, suggesting that the process of cellu-
lar transformation may be associated with inhibition of IGFBP-4 
proteolysis (67). The finding that phorbol esters and/or SV40-
mediated transformation increased the expression of proMBP – a 
covalent inhibitor of PAPP-A (see above) – suggested at least one 
route by which these agents may act to inhibit IGFBP-4 cleavage 
in fibroblast cultures (68).

An early study reported stimulation of IGFBP-4 proteolytic 
activity in the rat neuronal B104 cell line by glucocorticoids 
(69) and following identification of PAPP-A as an IGFBP-4 
proteinase, the synthetic glucocorticoid dexamethasone was 
shown to increase enzyme activity in primary cultures of rat 
vertebral osteoblasts (13). PAPP-A mRNA levels were not altered 
by dexamethasone treatment, suggesting a post-transcriptional 
mechanism by which enzyme activity was increased. In contrast  
to the above, TGFβ increased PAPP-A mRNA levels approximately 
12-fold in hOB cultures, and this was associated with increased 
PAPP-A activity in conditioned medium (70). The demonstration 
of increased IGF2-mediated IGFBP-4 cleavage following TGFβ 
treatment of hOB cultures (71) may be of particular significance 
given the fact that IGF2 and TGFβ are two of the most abundant 
growth factors present in bone matrix, and a co-ordinated action 
of TGFβ and IGF2 in bone matrix to increase local availability of 
IGF may occur. Osteoblasts secrete IGF peptides endogenously 
(IGF2 >  IGF1) and, despite the fact that the IGFBP-4 levels in 
osteoblast-conditioned media are typically an order of magnitude 
higher that the IGF2 levels, endogenous IGF2 can stimulate the 
proteolysis of concurrently expressed IGFBP-4 protein in osteo-
blast cultures (72, 73).

Recently, two novel protein inhibitors of PAPP-A activity  
have been described. These are members of the stanniocalcin 
family (STC1 and STC2) and were first identified as regulators of 
Ca homeostasis in teleost fish (74, 75). However, in the context 
of the mammalian IGF axis, their status as PAPP-A inhibitors 
indicates that these proteins are negative growth regulators. 
Overexpression of STC1 or STC2 resulted in growth retardation 
in transgenic mice (76, 77), whereas KO of STC2 causes increased 
growth (78). Molecular mechanisms of STC1 and STC2 inhibi-
tion of PAPP-A differ with STC2 forming a disulfide-bonded 
covalent complex with PAPP-A and STC1 forming a high-affinity 
non-covalent complex with the enzyme. Nonetheless, both 
STC1 and STC2 potently inhibit PAPP-A which may cause an 
increased concentration of IGF bound in complex with IGFBP-4 
(and IGFBP-5, see below) and hence less bioavailable IGF in the 
pericellular environment. In agreement with this, STC2 inhibited 
PAPP-A-stimulated IGF1R phosphorylation in transfected cells 
exposed to IGF1:IGFBP-4 complexes (74). A recent study using 
whole exome sequencing of a large human cohort reported 
two separate single amino acid mutations of STC2 leading to  
compromised inhibition of PAPP-A. The fact that these alleles 
strongly associated with increased height in the sampled popula-
tion is of particular interest (79). A diagrammatic representation 
of the IGFBP-PAPP-A-STC axis is presented in Figure 1.

PAPP-A iN OTHeR SPeCieS

Pregnancy-associated plasma protein-A has also been cloned 
from a mouse cDNA library (80). Although murine (m) PAPP-A  
shares 91% homology with the human enzyme and cleaves 
IGFBP-4 in an IGF-dependent manner, mPAPP-A activity is not 
elevated in pregnant serum or in placenta. In addition, a variant 
mPAPP-A containing a 29-residue insert (PAPP-Ai) was also 
isolated. Interestingly, this PAPP-A isoform was a less efficient 
IGFBP-4 protease than the shorter variant of the enzyme. The 
significance of these differences between murine and human 
PAPP-A remains to be resolved, although PAPP-A null mice 
are 40% smaller than littermates, suggesting a role for PAPP-A 
during embryogenesis (81). This may be due to diminished 
IGFBP-4 cleavage and, therefore, reduced IGF availability in 
the developing fetus. In agreement with this, IGFBP-4 cleavage 
is absent in fibroblast cultures derived from these null mice. 
PAPP-A is present in multiple other species, including zebrafish, 
and interestingly, the absence of PAPP-A in this species causes 
a developmental delay, which is independent of proteolytic  
activity (82).
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PReGNANCY-ASSOCiATeD PLASMA 
PROTeiN-A2

Overgaard et al. described the cloning of a metalloprotease from 
placental cDNA libraries with homology to PAPP-A. This protein, 
which cleaves IGFBP-5 (and IGFBP-3), was named PAPP-A2 
(83) and is present in human pregnancy serum where it releases 
IGF1 from the IGF1:IGFBP-5 complexes (84). PAPP-A2 appears 
as a monomer of 200  kDa in non-reducing gel electrophoresis 
and in contrast to PAPP-A does not bind to proMBP or associ-
ate with cell surfaces. Cleavage of IGFBP-5 by PAPP-A2 is not 
IGF-dependent, but as IGFBP-5 has been reported to have both 
IGF-dependent and IGF-independent effects in hOB cultures 
(see below), PAPP-A2 activity may also have major relevance 
in bone cell physiology. In agreement with this, homozygous 
PAPP-A2 KO mice show decreased post-natal growth along with 
reduced body length (85). Similarly, conditional PAPP-A2 KO 
in osteoblasts decreased body mass and bone length, although 
other tissue sources of PAPP-A2 may be involved in appropriate 
post-natal growth (86). PAPP-A2 may represent a quantitative 
trait locus regulating body shape in mice (87, 88). Recently, two 
separate families (of Palestinian and Spanish ancestry) were found 
to have two different inactivating PAPP-A2 mutations that result 
in growth retardation in homozygous children (89, 90). Further 
analysis of affected individuals indicated significant increases in 
IGF1 in ternary ALS complexes with reduced free serum IGF1. 
In addition, affected individuals showed moderate microcephaly, 
mild BMD effects, and thin long bones. This phenotype was 
presumably associated with the inability of mutant PAPP-A2 to 
proteolyse IGFBP-3 and IGFBP-5 substrates.

OTHeR iGFBs iN BONe MeTABOLiSM

insulin-Like Growth Factor-Binding 
Protein-5
Insulin-like growth factor-binding protein-5 is also present at 
high concentrations in bone matrix and has been associated 
with both inhibitory and stimulatory activities in bone cells and 
tissues. IGFBP-5 was reported to have IGF-dependent and IGF-
independent effects in bone tissue, although the literature is con-
flicted in this area. IGFBP-5 was shown to enhance IGF-stimulated 
mitogenesis in hOB cultures (91, 92) and to stimulate the dif-
ferentiation of two osteoblast cell lines in an IGF-independent 
fashion (93, 94). In ovariectomized rats, daily subcutaneous 
injection of IGFBP-5 increased osteoblast proliferation (95) and 
enhanced the association of IGF1 with bone cells possibly via 
specific cell-surface binding sites for IGFBP-5 (26, 96) or through 
a specific IGFBP-5 receptor on osteoblast membranes (97, 98). 
Disappointingly, however, a specific IGFBP-5 receptor has not 
been isolated or characterized further. Signaling studies suggest 
that the actions of IGFBP-5 in osteoblasts involve Ras association 
family isoform C activation of Erk-1/2 (19). The association of 
IGFBP-5 with four and a half LIM domain protein within the 
nucleus of U2 osteosarcoma cells has also been reported although 
the functional significance of this observation remains unknown 
(99). Although all the abovementioned findings are consistent 

with a stimulatory role for IGFBP-5 action in bone tissue (IGF-
dependent or independent), some authors have reported con-
trary findings. For example, IGFBP-5 was reported to inhibit 
IGF1-stimulated proliferation in the U2 human osteosarcoma 
cell line (100), and transgenic mice overexpressing IGFBP-5 
from the osteocalcin promoter showed decreased trabecular 
bone formation and reduced rates of mineral deposition during 
the first few weeks of post-natal life (15). Stromal cells isolated 
from transgenic animals also showed decreased levels of osteo-
genic markers. Constitutive overexpression of IGFBP-5 in the 
mouse osteoblast precursor cell line MC3T3-E1 also decreased 
osteogenic marker expression and delayed formation of mineral-
ized nodules under osteogenic culture conditions (16). Finally, 
addition of exogenous wtIGFBP-5 or overexpression of IGFBP-5 
from an adenovirus promoter inhibited osteoblast differentiation 
and growth of mouse metatarsal bones in short-term culture (20).

Although IGFBP-5 is cleaved in an IGF-independent manner 
by PAPP-A and PAPP-A2 (see above), it is also a substrate for 
other proteolytic enzymes. Matrix metalloproteinase-1 and -2  
(MMP-1 and MMP-2) were shown to degrade IGFBP-5 in a 
time-dependent fashion in medium conditioned by the mouse 
MC-3T3-E1 cell line (101), and the complement component C1s 
was identified as an IGFBP5-specific protease in human dermal 
fibroblast-conditioned media (102). Following on from this, 
Mohan et al. described a disintegrin and metalloprotease-9 as an 
IGFBP-5 protease expressed in the U2 human osteosarcoma cell 
line (103). Although the importance of IGFBP-5 cleavage may 
(as for IGFBP4) lie with the regulation of free pericellular IGF 
concentrations, this is somewhat complicated by the observations 
of IGF-independent actions of IGFBP-5 described earlier. Clearly, 
these may also be impacted by IGFBP-5 cleavage. Further work is 
required to establish the role of IGFBP-5 in osteoblast differentia-
tion and in bone tissue metabolism in general.

Finally, there are reports of broad-spectrum proteolytic 
enzyme families, which degrade IGFBP-5 (and other IGFBPs). 
These include plasmin (104), thrombin (105), the serine proteases 
cathepsin G, and elastase (106), although questions of specificity 
and biological relevance related to these proteases remain largely 
unanswered.

insulin-Like Growth Factor-Binding 
Protein-2
The literature describes both IGF-dependent and IGF-
independent effects of IGFBP-2 in osteoblast cultures and bone 
tissues. An early study using a unilateral disuse osteoporosis 
model in the rat showed that osmotic minipump delivery of IGF2/
IGFBP-2 complexes prevented the decrease in BMD in affected 
femurs associated with this model (107). A subsequent report 
from the same group showed that IGF2/IGFBP-2 complexes 
bound to heparin-Sepharose and that it was suggested that such 
complexes may associate with ECM components in bone tissue 
potentially increasing the local concentration of IGFs (108).  
In agreement with the abovementioned findings, IGFBP-2 
potentiated IGF2-induced increases in ALP activity in cultures 
of rat tibial osteoblasts (109), and we have demonstrated the 
same effect of IGFBP-2 on IGF1-stimulated ALP activity in 
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differentiating human dental pulp cells (110). Studies in IGFBP-2 
KO mice indicated gender-specific differences in osteogenic 
phenotype with increased cortical thickness and periosteal 
circumference in female mice but reduced cortical bone area 
and trabecular volume in male KOs (111). Although difficult to 
rationalize, it clearly suggests interplay between the IGF axis and 
other hormone systems. This same group also reported impaired 
osteoclastogenesis in bone marrow cells derived from igfbp2−/− 
mice and a transfection study in these cells and indicated that 
both the IGF and heparin-binding domain (HBD) of IGFBP-2 
were required for osteoclast generation (112). This description 
of IGF-independent effects of IGFBP-2 in vitro was confirmed 
in concurrent studies demonstrating restoration of osteogenic 
phenotype in igfbp2−/− bone marrow cells by addition of 
a HBD peptide derived from IGFBP-2. In addition, in  vivo 
administration of HBD peptide restored osteoblast number in 
igfbp2−/− mice (17). Recently, studies in the mouse MC-3T3 
pre-osteoblast cell line showed that IGFBP-2 can bind and 
inhibit the activity of receptor phosphotyrosine phosphatase β 
causing increased levels of phosphorylated PTEN, activation of 
Akt, and stimulation of osteogenesis (17, 18). Further reports 
from this laboratory highlight the importance of the scaffold/
adaptor protein IRS-1, PKCζ, and early activation of AMP-
dependent protein kinase in the osteoblast differentiation of 
primary rat calvarial cells and the differentiating MC-3T3 cell 
line (21, 22). It should be noted that IGFBP-2 is also a PAPP-A 
substrate, although this IGFBP is cleaved less efficiently than 
IGFBP-4 and IGFBP-5 (113).

iGFBP-1, -3, AND -6

Although IGFBP-1, -3, and -6 have all been reported to be 
expressed in osteoblasts and to be present in bone tissue (114), 
there are fewer data describing the functions of these three 
IGFBPs. IGFBP-1 was expressed at low levels in primary hOB 
cultures under regulation of glucocorticoid and insulin although 
the physiological relevance of this effect in bone tissue has not 
been established (115). A recent prospective study (10-year 
follow-up) in a cohort of elderly women reported a positive 
correlation between serum IGFBP-1 and osteoporotic fracture, 
suggesting an IGF-independent osteopenic effect of IGFBP-1 
(116). Further data are required on IGFBP-1 and its effects (if 
any) on bone physiology.

A very early study reported inhibition of IGF1-stimulated 
DNA synthesis in two osteoblast cell lines by intact IGFBP-3 
(117). This inhibitory effect on both IGF1- and IGF2-stimulated 
DNA synthesis was confirmed in cultures of rat calvarial cells 
(118). Although these data suggest an inhibitory role for IGFBP-3 
in bone metabolism, other in vivo data (119) and cross-sectional 
studies in a cohort of female patients with postmenopausal osteo-
porosis suggest an anabolic role for IGFBP-3 in maintaining bone 
density (120).

Insulin-like growth factor-binding protein--6 mRNA was 
expressed in primary osteoblast cultures derived from fetal rat 
calvaria (121), and the expression of both mRNA and protein 

was upregulated in a dose-dependent fashion by cortisol or reti-
noic acid treatment (122, 123) cultures. Conversely, IGFBP-6 
expression was negatively regulated by TGFβ1 in the same 
cell culture system (124). IGFBP-6 shows a higher affinity for 
IGF2 than IGF1. Accordingly, it was shown to be a more potent 
inhibitor of IGF2-stimulated DNA and glycogen synthesis in 
hOB  cells than IGF1 (125). This inhibitory effect of IGFBP-6 
was confirmed in the SaoS2 human osteosarcoma cell line using 
a stable antisense transfection strategy to demonstrate that the 
anti-differentiative activity of all-trans retinoic acid (Vitamin D) 
was at least partly mediated via IGFBP-6 (126). More recently, 
IGFBP-6 has been shown to interact with the thyroid hormone 
receptor alpha1 and to inhibit the tri-iodothyronine-induced 
increase in osteoblast marker expression in the human U2-OS 
osteosarcoma cell line (127). In contrast to these reports, the 
inhibitory effect of IGFBP-6 attenuated by intracellular interac-
tion with the LIM mineralizing protein in both human and 
mouse osteoblastic cells (128), and one study reported a stimu-
latory effect of IGFBP-6 on DNA synthesis and mitogenesis in 
the human osteosarcoma Saos-2/B-10 cell line (129). As for 
IGFBP-1 and IGFBP-3, the role of IGFBP-6 in osteogenesis and 
bone tissue physiology has been underreported, and further 
studies are required to elucidate the role of these 3 IGFBPs in 
osteogenesis and bone physiology.

CONCLUSiON

Six decades have passed since the initial description of the ana-
bolic role of IGF1 in skeletal tissue (130). In the intervening years, 
much progress has been made in defining the actions of IGF1 
and IGF2 and other members of the IGF axis in bone tissue at all 
stages of development. This review has focused specifically on the 
function of IGFBPs in osteogenic tissues – both IGF-dependent 
and IGF-independent. However, the IGF axis acts in a co-
ordinated fashion and is integrated with other hormonal systems 
and growth factor axes to regulate skeletal tissue development 
and maintenance. It is anticipated that in this and other aspects of 
IGF axis physiology, many important observations will be made 
in the near future.
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Insulin-like growth factor binding proteins (IGFBPs) are a family of proteins binding

to Insulin-like growth factors (IGFs), generally including IGFBP1, IGFBP2, IGFBP3,

IGFBP4, IGFBP5, and IGFBP6. The biological functions of IGFBPs can be classified as

IGFs-dependent actions and IGFs-independent effects. In this review, we will discuss

the structure and function of various IGFBPs, particularly IGFBPs as potential emerging

biomarkers and therapeutic targets in various autoimmune diseases, and the possible

mechanisms by which IGFBPs act on the pathogenesis of autoimmune diseases.

Keywords: IGFBPs, autoimmune diseases, biomarkers, therapeutic targets, metabolism

INTRODUCTION

Insulin-like growth factor binding proteins (IGFBPs) are a group of secreted proteins which
serve as transport proteins for insulin-like growth factors (IGFs) with high affinity, regulating the
bioavailability and function of IGFs. The IGFBP family consists of six IGFBPs, namely IGFBP1
through IGFBP6, however other proteins with low binding affinity to IGFs were incorrectly
named as IGFBP7, IGFBP8, IGFBP9 etc., a consequence of belonging to the IGFBP-related protein
(IGFBP-rPs) family (1, 2). Due to the conserved protein structure and high binding affinity to IGFs,
only IGFBP1 through IGFBP6 are considered true IGFBPs. The eponymous function of IGFBPs is
achieved through binding to IGFs thus regulating their biological activity; however, in pathological
conditions, especially under cancer status, the role of IGFBPs in IGF-independent pathways has
prompted increasing attention (3). In autoimmune diseases, IGFBPs are also known to play a role in
the development of diseases both through IGF-dependent and IGF-independent pathologies (4, 5).
In this review, we focus on the six true IGFBPs and their roles in autoimmune diseases, including
their potential roles as biomarkers and therapeutic targets.

THE IGFBP FAMILY: STRUCTURE AND FUNCTION

The IGFBP family comprises six structurally similar proteins with high affinity to IGFs. The
six proteins, with a mass of ∼24 to 50 kDa (216–289 amino acids), share a highly conserved
structure with three domains of similar sizes: the conserved N-terminal cysteine rich region and
the C-terminal cysteine rich region connected by a less structural and less conserved linker region
(6, 7) (Figure 1). High-affinity IGFs binding capacity requires both the N- and C-terminals, with
relative IGFs-binding affinities differ among IGFBPs (6). The linker domain is highly variable
and unique to each IGFBPs; It’s involved in the proteolysis of IGFBPs by several proteases,
with cleavage sites located in the domain (7–9). The proteolysis of IGFBPs results in IGFs
release, which provides a mechanism for the post-translational modification of IGFBPs. Other
post-transcriptional modifications, such as glycosylation and phosphorylation, have also been
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implicated in this region which can modulate the function of
IGFBPs (10–12). The linker domain also indirectly plays a role
in high affinity IGF binding through inter-domain movement
control during ligand binding (13).

The biological function of IGFBPs can be classified as IGFs-
dependent actions and IGFs-independent effects. Both IGF-I
and IGF-II are protein hormones structurally and functionally
similar to insulin, which play extensive roles in growth and
development. When binding to insulin-like growth factor 1
receptor (IGF1R), IGFs activate the intracellular IGF signaling
pathway and promote cell proliferation and differentiation as
well as inhibit cell apoptosis (14, 15). In blood, most IGFs
(∼75%) circulate as a 150 kDa ternary complex containing IGFs
bound to IGFBP3 and a glycoprotein called acid labile subunit
(ALS) (16–18). The rest of IGFs (∼25%) are bound to the
six IGFBPs to form a 50 kDa binary complex. It is through
this binding that IGFBPs regulate the bioavailability of IGF-
I and IGF-II in a range of ways. Firstly, they transport and
store IGFs in circulation such that IGFs are more stable with
an extended half-life of several hours in ternary complex and
several minutes in a binary complex (16). Secondly, IGFBPs
modulate the action of IGFs in both positive and negative
manners. Since IGFBPs have higher affinity to IGFs than IGF1R,
the binding of IGFBPs to IGFs sequestrate IGFs from their
receptors inhibiting the effects of IGFs (19–21). This inhibitory
effect has been widely proved in the case of IGFBP4 in both
in vitro and in vivo studies (22–24). On the other hand, some
IGFBPs (IGFBP1, IGFBP3, IGFBP5) may stimulate IGF actions
in certain circumstances.

The IGF independent action of IGFBPs include effects on
cell adhesion and migration, cell growth and apoptosis (19, 25).
IGFBP1 was reported to increase cell migration of Chinese
hamster ovary (CHO) cells, which was mediated through the
binding of RGD motif in C-terminal of IGFBP1 to α5β1 integrin
(26). In human carotid plaques, the expression of IGFBP1 is
significantly increased and IGFBP1 has been proven to stimulate
smooth muscle cells proliferation through ERK1/2 activation
(27). Both the intact and proteolyzed form of IGFBP3 have
been demonstrated to have IGF-independent growth-stimulatory
and inhibitory effects in several cell lines including a range
of cancer cell lines (28–34). IGFBP3 also protects against
retinal endothelial cell apoptosis through inhibition of TNF-α
production (35). In the respiratory system, IGFBP3 treatment
reduces airway inflammation and hyper-responsiveness via
activation of IGFBP3 receptor pathway (36). IGFBP5 fragments
were first shown to stimulate osteoblast mitogenesis in the
absence of IGF-I and recombinant human IGFBP5 stimulated
osteoblast proliferation without the aid of IGF-I (37–39). Using
genetic engineering, Pell JM et al proved that IGFBP5 played an
important role in cell proliferation and apoptosis both in vitro
and in vivo via an IGF-independent mechanism (40, 41). Due
to the different structures of various IGFBPs, the expression,
binding kinetics and dynamics may vary in a dose-dependent
manner at temporal and spatial levels and may all contribute
to the specific functions of IGFBPs at different physiological
situations.

IGFBPS AS BIOMARKERS IN

AUTOIMMUNE DISEASES

The past few decades have witnessed a growing interest
in the exploration of biomarkers in human diseases. This
growth is fueled by the biological functions of biomarkers
as they can be used as diagnostic tool to improve the
accuracy of diagnosis, possible early detection of diseases,
monitoring markers allowing for elucidation of disease activity
and complications. Furthermore, they can also be used as
prognostic markers allowing for prediction of possible patient
outcomes.

IGFBP family members have been indicated to be involved
in the development and progression of tumors and may be
useful prognostic biomarkers in various malignancies (3). Recent
studies also validated IGFBPs’ role in the diagnosis and prognosis
prediction in some solid tumor including nasopharyngeal
carcinoma, ovarian cancer, pancreatic cancer, etc. (42–46).
Despite the huge development of IGFBPs as biomarkers in
cancer, there have been a number of studies focusing on the utility
of IGFBPs as biomarkers in autoimmune diseases (Table 1).
Despite the advances of researches on IGFBPs as biomarkers in
cancer, there have been several studies focusing on the utility of
IGFBPs as biomarkers in autoimmune diseases (Table 1), most
of which were investigating the diagnostic role of IGFBPs in
the disease. While the potential role of IGFBPs as diagnostic
biomarkers has been summarized below, the mechanism of
action for these molecules has not been widely investigated.
Here we summarized studies investigating the potential roles of
IGFBPs in the diagnosis and monitor of autoimmune diseases.

Type 1 Diabetes Mellitus (T1DM)
Type 1 diabetes mellitus (T1DM) is an organ-specific
autoimmune disease in which the insulin-producing pancreatic
β cells are destroyed by the immune system. Due to the close
relationship to insulin, the system of IGF and its binding
proteins has been first explored as biomarkers in diabetes,
especially T1DM. Serum IGFBP1 levels were consistently
reported to be increased in T1DM population including
prepubertal and pubertal individuals (47–52). In children with
new onset diabetes, serum IGFBP1 served as a differential
diagnostic marker for T1DM and T2DM (50). In young T1DM
patients, IGFBP1 levels were increased independent of pubertal
status (52). Besides being a diagnostic marker, serum IGFBP1
level was a good indicator of complications related to T1DM.
In T1DM patients complicated with microalbuminuria, serum
IGFBP1 level has been reported to be significantly increased
(53). It’s also a biomarker for diabetic retinopathy in T1DM
but not T2DM patients (54). Serum IGFBP2 levels were also
reported as an increased biomarker in T1DM (53, 55). In a
recent study, Zhi et al. used a proteomic approach to identify
IGFBP2 as a potential diagnostic biomarker for T1DM (56).
However, in diabetic retinopathy, IGFBP2 levels have been
reported to be either increased or decreased in T1DM patients
(51, 54). IGFBP3, the most abundant type of IGFBPs, has been
widely studied as biomarker in T1DM. In T1DM patients, serum
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FIGURE 1 | Common structure and biological function of IGFBPs. (A) The N-terminal region (blue) and the C-terminal region (yellow) are connected by a linker region

(green). Both N-domain and C-domain contains a binding site for IGFs (orange). (B) The proteolysis of IGFBPs by various proteases (pink) occurs in the linker region or

other post-translational modifications, may result in IGFs release. (C) Once released from IGFBPs, IGFs bind to IGF receptors (purple) to exert their physiological

effects.

TABLE 1 | Summary of IGFBPs as biomarkers in autoimmune diseases.

Autoimmune disease GFBP1 IGFBP2 IGFBP3 IGFBP4 IGFBP5 IGFBP6 References

Type I diabetes ↑ ↑/↓ ↑/– ↑ ↓ (47–63)

Multiple sclerosis ↑/– ↑/– ↑/↓/– (64–70)

Rheumatoid arthritis ↑ Synovial fluid ↑, Serum ↑/↓ (71–83)

Juvenile idiopathic arthritis Synovial fluid ↓, Serum↓ (84–86)

Systemic lupus erythematosus ↑ ↑ (87–90)

Systemic sclerosis ↑ ↑ (91–93)

Inflammatory bowel disease ↑ (94)

↑, means increased in serum; –, means no change; ↓, means decreased in serum.

IGFBP3 levels have reported to be significantly decreased in
different populations, which was partially explained by increased
proteolysis (47, 48, 53, 55, 56). However, in T1DM women
during pregnancy, serum IGFBP3 levels have been implicated
to either increase or decrease, which might be explained by
the different testing time period (57, 58). IGFBP3 level also
worked as a severity marker for T1DM. It correlated with
HbA1c, total cholesterol, and LDL-cholesterol levels (59) and
inversely correlated with blood pressure (60). Besides, patients
complicated with autoimmune thyroiditis and coeliac disease had
significantly lower serum concentration of IGFBP3 (61). More
interestingly, IGFBP3 levels were significantly increased in the
tears of diabetic patients, indicating the potential contribution to
pathogenesis of ocular complications in diabetes (62). IGFBP4
was only reported in one study to be significantly increased in
prepubertal T1DM children (47). More recently, higher IGFBP4
fragment levels was reported to be associated with cardiovascular
mortality rates in T1DM patients, which made it a potential
prognostic biomarker (63). Decreased IGFBP6 was reported to
be related with diabetic retinopathy in both T1DM and T2DM
(54).

Multiple Sclerosis (MS)
Multiple sclerosis (MS) is a demyelinating autoimmune disease
in which the immune system damages the myelin sheath of
the nerve cells in the central nervous system. The first study

investigating IGFBPs concentrations in MS patients revealed no
differences in concentrations of IGFBP1, IGFBP2, and IGFBP3
in circulation and cerebrospinal fluid between MS patients and
controls (64). Later on, with the enlargement of study population
size, Al-Temaimi et al. reported an increased IGFBP1 level in
female MS patients (65). Consistent with this, IGFBP1 as well as
IGFBP6 were proven to be overexpressed in oligodendrocytes at
the edges of demyelinated plaques, indicating a pathogenic role
of them in the development of MS (66). Other studies focused on
the serum concentration of IGFBP3 in MS, but the results lacked
consistency (67–70). This inconsistency of IGFBP3 levels in MS
patients may be due to the differences of sample size and patients’
demographic characteristics. However, IGFBP3 level correlated
with disease severity score, relapsing-remitting disease pattern
and treatment strategy, indicating the involvement of IGFBP3 in
the pathogenesis of MS (67, 69, 70). Serum IGFBP2 was reported
to be increased in MS patients compared to healthy control (69).

Rheumatoid Arthritis (RA)
Rheumatoid arthritis (RA) is systemic inflammatory disease that
primarily affects the joints. The profile of IGFBPs were first
characterized in the synovial fluid of RA patients, in which
IGFBP2, IGFBP3, and IGFBP4 levels were significantly elevated
compared to normal individuals or osteoarthritis patients (71–
74). IGFBP3 levels in the synovial fluid of RA patients correlated
with systemic C-reactive protein (CRP) levels, indicating the
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involvement of IGFBP3 in inflammation (73). Unlike the
synovial fluid, IGFBPs profiling in circulation of RA patients
remains controversial. Early studies demonstrated a decreased
serum level of IGFBP3 in RA patients (73, 75, 76), which
correlated with habitual exercise level (75). However, other
groups didn’t observe the effect of dynamic exercise on serum
IGFBP3 (77, 78). Toussirot et al. compared serum IGFBP3
levels in corticosteroid-treated RA patients, non-RA patients
under corticosteroids treatment, and healthy population (79).
No significant differences were observed. More recently, a
number of studies have demonstrated an increased IGFBP3
levels in RA patients, which correlated with serum CRP level
(80–82). The inconsistency of circulating IGFBP3 levels in RA
patients could be due to the heterogeneity of RA population
as well as differences in disease status and treatment since
the treatment strategy for RA has been changed dramatically
over time. Other than IGFBP3, serum IGFBP2 and IGFBP1
have been reported to increase in RA population (81, 83).

In juvenile idiopathic arthritis, the expression of IGFBP3 was
decreased both in the circulation and synovial fluid (84–
86).

Systemic Autoimmune Diseases
Systemic autoimmune diseases such as systemic lupus
erythematosus (SLE), systemic sclerosis, inflammatory bowel
disease and idiopathic pulmonary fibrosis have also been
reported to be associated with IGFBPs (87–91, 94, 95). In
SLE, IGFBP2, IGFBP4 and IGFBP6 were discovered by array-
based proteomic screening as diagnostic biomarkers for lupus
(89). Later validation studies using a larger study population
confirmed the role of IGFBP2 as a diagnostic biomarker for SLE
as well as lupus nephritis (88, 90).

Moreover, IGFBP2 is a potential disease monitoring
biomarker for renal function and renal histopathologic changes
in lupus nephritis (88). Another SLE marker, IGFBP4, was
mainly increased in lupus nephritis patients, which makes it

FIGURE 2 | Scheme of possible mechanisms by which autoimmune diseases are mediated by IGF-IGFBP signaling pathways. Immune cell proliferation may be partly

dictated by IGF-IGFBP pathway. The inhibition of regulatory immune cells or the control of gene transcription of proinflammatory cytokines may be mediated by

IGF-independent pathways such as IGFBP3, TGF-β, and GPCR etc. STAT: Signal transducer and activator of transcription including STAT1, STAT2, STAT3, and

STAT4.
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a good indicator for renal pathology chronicity changes (87).
In systemic sclerosis, serum IGF-1 and IGFBP-3 levels were
significantly elevated compared to SLE patients or healthy
control (91). Yasuoka et al. demonstrated the overexpression
of IGFBP5 in animal models of systemic sclerosis could induce
fibrosis in the lung and the skin (92, 93). In inflammatory bowel
disease patients, serum proteome profiling revealed elevated
IGFBP2 levels in untreated patients and suppressed by steroids
treatment, indicating the pro-inflammatory effect of IGFBP2
(94). Serum IGFBP1 and IGFBP2 are elevated in idiopathic
pulmonary fibrosis patients and IGFBP2 level was significantly
reduced by anti-fibrotic therapy (95).

All these studies suggest that IGFBPs are indicative of disease
activity, although larger cohort of patients are still needed to
validate these findings. Nevertheless, it is expected that these
IGFBPs molecules may be involved in the pathogenesis of these
autoimmune diseases and may serve as disease biomarkers to
monitor flares or track drug responses.

IGFBPS IN AUTOIMMUNE DISEASES:

POSSIBLE MECHANISMS

Although IGFBPs have been proved as potential biomarkers in
a variety of autoimmune diseases, the underlying mechanism
remains unveiled. Given that the biological function of IGFBPs
can be divided into IGFs-dependent and independent effects,
the underlying mechanism of IGFBPs in autoimmune diseases
can also be divided into IGFs-dependent and IGFs-independent
mechanisms. Immune regulation of IGF-I has been reviewed in
detail elsewhere (96). A recent genome-wide association study
(GWAS) in SLE patients suggested that serum IGF-1 levels were
increased with SLE disease severity, and SLE may be affected by
a modulation of the IGF-1 signaling pathway and +3179G/A
IGF-1R polymorphism (97).

The following studies suggested that IGFBPs have direct
effects on immunity and inflammation. Peripheral blood
mononuclear cells (PBMC) mainly consist of lymphocytes and
monocytes, representing cells of both the innate and adaptive
immune systems. Early study demonstrated an inhibitory effect
of IGFBP1 on the proliferation of activated PBMCs (98).
However, an increase of IGFBP2 expression was indicated in
activated human PBMCs and exogenous IGFBP2 treatment of
enhanced the proliferation of human PBMCs, suggesting the
involvement of IGFBP2 in lymphocyte proliferation (98). Intra-
tracheal administration of IGFBP5 inmice inducedmononuclear
cell infiltration in the lung and in vitro IGFBP5 can stimulate
migration of PBMCs (93). This monocyte/macrophage system
contributes to autoimmune diseases and inflammation by
phagocytosis and antigen presentation. Furthermore, several
studies have demonstrated the impact of different IGFBPs on
monocyte/macrophage. An increase of IGFBP3 expression was
first reported to be related with increased monocyte apoptosis
stimulated by lipopolysaccharide, which was proved to be IGF
independent (99). Recently, IGFBP3 was demonstrated to inhibit
monocyte-endothelial cell adhesion through down-regulate
ICAM-1 expression under hyperglycemic condition, which can

inhibit retinal inflammation (100). In the RA synovium, IGFBP3
was produced by macrophage (82). In a mouse model of lung
fibrosis, IGFBP5 induced migration of activated CD4+T cells
and monocytes, indicating a chemoattractant activity of IGFBP5
for immune cells (101). In the same model, monocytes treated
with IGFBP5 acquired a mesenchymal phenotype in vitro and
in vivo (101). in vitro culture of human hematopoietic stem
cells revealed an inhibitory effect of IGFBP3 and a stimulatory
effect of IGFBP6 on the development of pro-B-cell, which might
be IGF-1 dependent (102). IGFBP3 was also proved to support
the development and maintenance of naïve CD8+ T cells,
indicating the beneficial impact of IGFBP3 in maintaining a
health immune system (103). IGFBP2 supplement can maintain
vigorous hematopoietic cell expansion and CD34+ phenotype
(104).

These interesting findings suggest that IGFBPs may be
involved in the pathogenesis of various autoimmune diseases,
either via IGF-1 dependent signaling pathways or IGF-1
independent signaling pathways as depicted in Figure 2. Based
on current knowledge, it is more apparent that IGF-IGFBP
signaling axes may dictate cell proliferation and affect immune
cell function or tissue damage. However, it is uncertain whether
IGFBPs expression could impact proinflammatory pathways such
cytokine production in the context of autoimmune diseases.
Therefore, more delicate mechanistic studies are warranted in
order to uncover the molecular and cellular basis and function
of IGFBPs in autoimmune diseases.

LOOK INTO THE FUTURE

In the past decade, there has been a marked change in the way
biomarker is discovered since the advent of high throughput
techniques such as genomics, proteomics and metabolomics etc.
The discovery of biomarkers used to be mechanism-driven, in
which researchers choose candidate biomarkers based on their
involvement in the pathogenesis of the disease to validate their
role as biomarkers for disease diagnosis, disease monitoring, and
prognostic evaluation. The investigation of IGFBPs in T1DMwas
a good example of this mechanism-driven strategy since IGFBP
family is involved in insulin regulation, leading to the hypothesis
that they might play a pathogenesis role in the development of
T1DM. Most of the studies investigating the use of IGFBPs as
biomarkers in autoimmune diseases in this review were based on
the mechanism-driven strategy. Only two studies used proteomic
technique to discover potential biomarkers for T1DM (56) and
SLE (89). The untargeted global proteomic biomarker discovery
is also called data-driven strategy, in which researchers use
high throughput platforms to find potential biomarker from
thousands of molecules regardless of their pathogenic role in the
development of the disease (105).

Currently studies on IGFBPs role as biomarkers in
autoimmune diseases have the following pitfalls. Firstly,
most of the studies used conventional strategies instead of
“omics” based high-throughput techniques. Future studies
should adopt the more efficient and less biased strategy to
discover biomarkers in autoimmune diseases. Secondly, almost
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all the studies adopted retrospective case-control study design, in
which selection bias cannot be avoided. In the future, prospective
studies are highly recommended to validate the existing IGFBPs
role as biomarkers in autoimmune diseases. In addition, some
IGFBPs such as IGFBP2 were proved to be increased in several
different autoimmune diseases including T1DM, MS, RA, SLE,
and IBD. It is not clear whether IGFBP2 is a general marker for
autoimmunity or it is specific to certain kind of autoimmune
diseases. A direct comparison of IGFBP2 levels in patients with
these diseases should be helpful in clarifying this issue. Thirdly,
the pre-analytical conditions including sample collection and
processing for various studies were different, which partially
explain the inconsistency of some studies on the validation of
the same biomarker in different study population. To overcome

this, a standardized protocol for sample handling or biobanking
should benefit future studies.
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Cardiovascular diseases are the leading cause of death around the world and the

insulin-like growth factor (IGF)-system has multiple functions for the pathological

conditions of atherosclerosis. IGF binding proteins (IGFBPs) are widely investigated as

biomarkers for pathological disorders, including those of the heart. At the tissue level,

IGFBP-1 to -6 decrease bioactivity of IGF-I and -II due to their high affinity IGF-binding

sites. By contrast, in the circulation, the IGFBPs increase biological half-life of the IGFs

and may therefore be regarded as positive regulators of IGF-effects. The IGFBPs may

also exert IGF-independent functions inside or outside the cell. Importantly, the circulating

IGFBP-concentrations are regulated by trophic, metabolic, and reproductive hormones.

In a multitude of studies of healthy subjects and patients with coronary heart diseases,

various significant associations between circulating IGFBP-levels and defined parameters

have been reported. However, the complex hormonal and conditional control of IGFBPs

may explain the lack of clear associations between IGFBPs and parameters of cardiac

failure in broader studies including larger populations. Furthermore, the IGFBPs are

subject to posttranslational modifications and proteolytic degradation by proteases, upon

which the IGFs are released. In this review, we emphasize that, with the exception of

IGFBP-4 and in sharp contrast to the preclinical studies, virtually all clinical studies do not

have structural or functional information on their biomarker. The use of analytical systems

with no discriminatory potential toward intact vs. fragmented IGFBPs represents a major

issue in IGFBP-related biomarker research and an important focus point for the future.

Overall, measurements of selected IGFBPs or more complex IGFBP-signatures of the

family of IGFBPs have potential to identify pathophysiological alterations in the heart or

patients with high cardiovascular risk, particularly if defined cohorts are to be assessed.

However, a more thorough understanding of the dynamic IGF-IGFBP system as well as

its proteases and protease inhibitors in both normal physiology and in cardiovascular

diseases is necessary.

Keywords: IGFBP, PAPP-A, IGFBP-fragment, mortality, cardiovascular diseases, IGF
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INTRODUCTION

In Europe (1) and in the US (2), cardiovascular diseases are
heading the statistics on causes of death. It is well-known
that the insulin-like growth factor (IGF)-system actively
contributes to the pathological conditions of atherosclerosis,
including activation of smooth muscle cells and macrophages,
angiogenesis, and restenosis (3). First of all, IGF-I and IGF-
II are potent stimulators of smooth muscle cell proliferation
(4, 5). In human arterial smooth muscle cells, IGF-I has been
identified as a potent effector of chemotaxis (4). IGF-I has
also been shown to increase the release of proinflammatory
cytokines and low-density lipoprotein (LDL) uptake, which
facilitate atherosclerosis and plaque instability (3). In addition,
it is thought that the IGF-system supports accumulation of
extracellular matrix in the vessel walls (3), which may occur
by the control of matrix degrading enzymes (6). Under
conditions of reduced IGF-I concentrations, levels of matrix
proteins (actin and procollagen 3A1) are decreased, whereas
matrix metalloproteinase levels (MMP-3 and−13) are elevated in
smooth muscle cells (6). Supplementation by IGF-I normalizes
both matrix proteins and matrix degrading enzymes (6).
Interestingly, IGF-I concentrations in in vitro cultivated smooth
muscle cells are affected when cell culture medium conditioned
by macrophages is used.

IGF bioavailability is strictly regulated by six high-affinity IGF
binding proteins (IGFBPs) that are ubiquitously produced in
most tissues. The IGFBPs bind the IGFs on a 1:1 molar basis and
prevent receptor activation, but they also serve to prolong IGF
half-life. IGFBP-3 is the most abundant IGFBP in adult serum
with a concentration of approximately 3,000 ng/mL, whereas the
remaining IGFBPs circulate at concentrations of 20–500 ng/mL
(7). Due to their affinities and high concentrations, <1% of IGF
is circulating in the free form (7, 8). The acid labile subunit
(ALS) is found almost exclusively in the circulation and binds to
preformed complexes composed of IGF and IGFBP-3 or IGFBP-
5. Due to the size of the ternary complex, approximately 80%
of all IGF-I is sequestered in the intravascular compartment. By
contrast, the IGFs are predominantly bound to the IGFBPs in
binary complexes within tissues (9). Consequently, the IGFBPs
create a reservoir of readily available IGF (primarily IGFBP-3 and
-5) and control tissue-specific efflux and distribution (primarily
IGFBP-1,-2, and -4) (1, 2). Thus, the IGFBPs serve as important
determinants of IGF actions and like the IGFs, the IGFBPs
have been suggested to play a role in the pathogenesis of
atherosclerosis. Of note, in the fetal and adult human heart,
IGFBP-3 appears to be expressed at high levels (10), and in

Abbreviations: ACS, acute coronary syndrome; ALS, acid labile subunit; AMI,

acute myocardial infarction; CAD, coronary artery disease; CASC, cardiac atrial

appendage stem cell; CHD, coronary heart disease; CT, carboxyl-terminal;

CV, cardiovascular; CVD, cardiovascular disease; ECG, electrocardiogram; GH,

growth hormone; HDL, high-density lipoprotein; IGF, insulin-like growth factor;

IGFBP, IGF binding protein; IHD, ischemic heart disease; IMT, intima-media

thickness; LDL, high-density lipoprotein; MACE, major adverse cardiac events;

MI, myocardial infarction; MMP, matrix metalloproteinase; NSTEMI, no elevation

of the ST segment; NT, amino-terminal; PAPP-A, pregnancy-associated plasma

protein-A; STEMI, elevation of the ST segment; T2D, type 2 diabetes; TNF, tumor

necrosis factor.

the developing rat heart, mRNA for IGFBP-3,−4, and−5 has
been demonstrated (11). Importantly, based on the GeneCardsR

database entries, all IGFBPs can be detected in the normal
human heart. Accordingly, several IGFBPs have been suggested
as attractive cardiovascular markers, although local vs. systemic
effects of IGFBPs in the heart have not been resolved and causal
relationships between IGFBP perturbations and the development
of atherosclerosis remain to be firmly established (12). While
the biomarker potential of growth hormone (GH) or IGF-I in
heart failure has been discussed just recently (13), the present
review for the first time addresses the biomarker potential of
all IGF binding proteins (IGFBPs) in cardiovascular diseases.
In order to understand the potential effects of local IGFBP-
expression in the heart, the discussion of clinical studies is
extended by concepts and hypotheses derived from selected
functional studies of IGFBPs in the heart and entire circulatory
system. Cardiovascular disease is a group of diseases that
includes both the heart and blood vessels, and of which
most are caused by atherosclerosis, where the inside of an
artery narrows due to the accumulation of an atherosclerotic
plaque. Ischemic heart disease [IHD, alternatively coronary
artery disease (CAD) or coronary heart disease (CHD)] is the
umbrella term for stable and unstable angina, acute myocardial
infarction (AMI, commonly known as heart attack), and sudden
cardiac death. AMI and unstable angina defines the acute
coronary syndrome (ACS). Stroke is the subtype caused by a
disruption in the flow of blood to part of the brain either
due to blood vessel occlusion (ischemic stroke) or rupture
(hemorrhagic stroke). Congestive heart failure is the end stage
of several circulatory diseases and characterized by abnormal
myocardial function and insufficient ability to maintain blood
flow.

On a final note, it should be acknowledged that research in the
area is still in its early phases, and larger andmore comprehensive
investigations are needed to fully assess the biomarker potential
of the IGFBPs as well as potential redundancy function within the
IGFBP family. Moreover, it is pivotal to appreciate the relation
of cause and effect. Most theories derive from findings in cross-
sectional studies and such observations should be considered as
hypothesis generating as they cannot give evidence of causality.
Finally, in all paragraphs to come, it is urged to remember
that numerous studies have been performed using assays with
undocumented specificity toward the IGFBPs, and our evaluation
and interpretation of studies should be seen in the light of
that.

IGFBP-1

Much attention has focused on IGFBP-1 as a partaker in
metabolic diseases, as it is negatively regulated by insulin,
glucose, and GH (14). In prediabetic patients, IGFBP-1 is
reduced, but as the disease progresses, so does pancreatic
secretory capacity, resulting in chronic insulin deficiency as well
as increased IGFBP-1 levels. Thus, the biomarker potential of
circulating IGFBP-1 is largely biased by conditional and age-
related insulin or GH-insensitivities. In the heart, IGFBP-1
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expression is differentially regulated by insulin (15). In smooth
muscle cells, IGFBP-1 expression (Table 1), which is increased by
interleukins and TNFalpha, exerts IGF-dependent as well as—
independent effects on cell proliferation (16). Because higher
concentrations of IGFBP-1 were found in aortic plaques, IGFBP-
1 was discussed in the context of plaque stability (16). However,
mice overexpressing IGFBP-1 present with reduced blood
pressure and increased vascular nitric oxide production, and the
overexpression prevents vascular endothelial dysfunction in the
mice on high calorie diet [107]. In patients with AMI, significant
reductions in serum IGFBP-1 (∼40 ng/ml) when compared
to healthy subjects (∼70 ng/ml) have been demonstrated (20).
Likewise, in patients with type 2 diabetes (T2D), decreased
circulating concentrations of IGFBP-1 were correlated with
cardiovascular risk factors such as low high-density lipoprotein
(HDL) cholesterol or high blood pressure (17). These correlations
have been confirmed by several consecutive studies (18, 19).
However, in patients with heart failure, IGFBP-1 levels have been
shown to be increased, although not associated with outcome
(21), and in 112 patients with unstable angina, IGFBP-1 levels
correlated with ACS disease severity and are higher in patients
with multivessel disease than those with single-vessel (22).
High circulating IGFBP-1 was also significantly associated with
morbidity and cardiovascularmortality in a study includingmore
than 500 diabetic patients with AMI (23). Thus, it was concluded
that metabolic control and hepatic insulin resistance are related
to fatal events in diabetic CVD patients. Notably, in the lowest or
highest IGFBP-1 tertile, IGFBP-1 concentrations ranged between
2 and 24 or 43 and 677µg/l, respectively (23). In diabetic patients,
IGFBP-1 concentrations were associated with those of copeptin,
which independently predicted myocardial events, and this could
in part explain the prognostic value of IGFBP-1 for heart failure
or AMI (56). However, the same association was not found in a
more recent study by the same authors (24). On the tissue level,
sonography of carotid arteries in type 2 diabetic patients revealed
a highly significant negative correlation between IGFBP-1 serum
concentrations and thickness of the combined intimal and media
compartments (25). Irrespective of diabetes, high IGFBP-1 serum
concentrations were correlated with and thus predictive for
an increased risk of cardiovascular and coronary heart disease
mortality in elderly men (26). Likewise, in survivors of a previous
(first) AMI, higher circulating IGFBP-1 concentrations predicted
heart failure as demonstrated by a prospective study (27) which
includedmale and female subjects between 45 and 70 years of age.
Interestingly, higher IGFBP-1 concentrations were informative
for mortality in subjects with no history of heart failure after
a follow-up of 8 years. Serum IGFBP-1 concentrations were
also significantly increased in patients with critical CAD when
compared to patients with less severe CAD (22). In combination
with HDL cholesterol, IGFBP-1 serum concentrations were more
sensitive and specific for the prediction of CAD (22). Lower
IGFBP-1 and IGF-I serum concentrations were associated with
an increased risk of IHD later in life or with higher cardiovascular
disease mortality in men and women at an age between 51
and 98 years (28). Nevertheless, the authors also concluded
that assessment of IGFBP-1 and IGF-I could be used for the
identification of adult subjects at an increased risk of fatal

IHD as well as for the selection of an appropriate intervention
strategy. The reasons underlying the contradictory biomarker
information of IGFBP-1 are not directly evident, because the
follow-up periods were 9–13 years in one study (28) and 8 years in
the later study (27). A possible explanation may be deduced from
the fact that the study by Janszky et al. was restricted to the risk of
heart failure but not to all-cause mortality or mortality related to
cardiovascular disease. In 335 elderly male subjects (70–89 years
of age), IGFBP-1 was not associated with increased prevalence
of cardiovascular mortality risk (29). Concentrations of IGFBP-
1 in the circulation furthermore were not correlated with the
prevalence of coronary complications in aged subjects (30).
Collectively, these findings suggest that IGFBP-1 may predict
future cardiovascular mortality and morbidity, but perhaps more
importantly, it may serve as a marker of hyperinsulinemia, which
precedes subsequent development of insulin resistance and CVD.

IGFBP-2

IGFBP-2 has been established as a marker of the metabolic
syndrome and therefore, it has been suggested that low
concentrations of IGFBP-2 could be a useful biomarker for
the assessment of cardiovascular risk factors (31). It is the
second most abundant binding protein in circulation and is also
metabolically regulated, albeit not as rapidly as IGFBP-1. Indeed,
IGFBP-2 levels are reduced in obese subjects and in T2D, and low
levels associate with elevated fasting glucose, serum triglycerides,
and LDL cholesterol (31). As a particular advantage of IGFBP-
2 as compared to IGFBP-1, circulating IGFBP-2 concentrations
are less prone to post-prandial alterations. This suggests IGFBP-
2 to represent a more robust biomarker than IGFBP-1 (31). In
a cross-sectional study that included 310 study members at an
age between 63 and 82 years, circulating IGFBP-2 concentrations
were negatively correlated with arterial intima-media thickness
(IMT), whereas IGF-II levels were positively associated with
IMT (35). Conversely, IGFBP-2 concentrations in plasma were
about 2-fold increased in 273 cases of fatal IHD and a strong
association between IGFBP-2 and death/AMI was described
(32). In 99 patients with T2D and 99 controls, IGFBP-2 was
inversely associated with pulse wave velocity, which is a measure
of arterial stiffness and thus, the degree of atherosclerosis (33).
However, these cross-sectional studies reflect associations and
give no evidence of causality. In a study by Hedbacker et al.
(57), the authors demonstrated a direct beneficial effect of IGFBP-
2 on cardiovascular risk factors in excessively obese (ob/ob)
and diabetic mice. IGFBP-2 overexpression resulted in a 3-fold
increase in hepatic insulin sensitivity and a reduction in plasma
glucose, liver triglycerides, and hepatic steatosis. As a result,
the diabetic phenotype was remedied. The same reduction in
plasma glucose was observed upon overexpression of IGFBP-2
in wild-type mice, and there was a trend for reduction in insulin
levels in both models. Considering this association between low
IGFBP-2 and multiple CVD risk factors, IGFBP-2 may serve
as a robust biomarker for the identification of individuals with
high cardiovascular risk. However, IGFBP-2 is also a biomarker
of mortality in elderly subjects (34), possibly explained by an
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TABLE 1 | Biomarker potential of IGFBPs in ischemic heart disease.

IGFBP- Patient information Biomarker association Method References

1 Aortic plaques SMC proliferation (+) plaque stability (+) mRNA (16)

1 Diabetic CV risk factors: insulin (–), blood pressure (–) RIA (17, 18)

1 Aged (m: 70–89 y) CV risk factors (–) IFA (19)

1 AMI IGFBP-1 (–) IRMA (20)

1 Heart failure Heart failure (+) RIA (21)

1 CAD Severity of CAD (+) ELISA (22)

1 Diabetic and AMI Morbidity and CV mortality (+) RIA (23)

1 ACS Copeptin as a marker of AMI (no effect) RIA (24)

1 Diabetic Carotid IMT thickness (+) IFA (25)

1 Aged (m: 65–84 y) CV and CHD mortality (+) IFA (26)

1 AMI survivor (45–70 y) Heart failure (+) RIA (27)

1 Healthy (45–70 y) Heart failure (+) RIA (27)

1 CAD Severity of CAD (+) ELISA (22)

1 Aged (51–98 y) CVD mortality (–) IRMA (28)

1 Male (70–89 y) Cardiovascular mortality risk (no effect) IFA (29)

1 Aged Coronary complications (no effect) ELISA (30)

2 Diabetic Cardiovascular risk factors (–) RIA (31)

2 IHD Death/MI (+) n.p. (32)

2 Diabetic and controls Carotid-femoral pulse wave velocity (–) IDS-iSys (33)

2 Aged (≥80 y) Mortality (+) RIA (34)

2 Aged (63–82 y) Arterial IMT (–) ELISA (35)

3 AMI IGFBP-3 (+) IRMA (20)

3 Healthy IHD later in life (+) RIA (36)

3 CHD IGFBP-3 (+) EIA (37)

3 Male Total cholesterol (+), LDL (+) IRMA (38)

3 Hypertension Carotid atherosclerosis (+) RIA (39)

3 Aged (63–82 y) Plaque instability (+) RIA (35)

3 Moderate IHD Ischemic heart failure (–) RIA (40)

3 Adult (40–60 y) CHD (–) ELISA (41)

3 Aged (≥65 y) Incident coronary events (–) ELISA (30)

3 MI IGFBP-3 (–) ELISA (42)

3 CHD IGFBP-3 (–) ELISA (43)

3 Adult/aged (≥45 y) carotid IMT (–) CIA (44)

3 Female (51–68 y) MI (no effect) SIA (45)

3 Subjects (45–79 y) CAD (no effect) RIA (46)

3 Subjects (40–79 y) Mortality (no effect) RIA (47)

3 STEMI/NSTEMI ACS (no effect) RIA (48)

4 Diabetic and controls Carotid artery remodeling (NT-IGFBP-4) and accelerated atherosclerosis TR-IFMA (33)

4 ACS PAPP-A (+) n.a./WIB (49–51)

4 MI-suspected MACE (NT-/CT-IGFBP-4 +) IA (52)

4 CVD long-term outcome (NT-/CT-IGFBP-4: no effect) IA (53)

4 Diabetic CV mortality (NT-/CT-IGFBP-4 +) TR-IFMA (54)

4 STEMI CV mortality (NT-/CT-IGFBP-4 +) TR-IFMA (55)

5 CHD IGFBP-5 (+) RIA (37)

5 CHD and healthy controls Apo A1 (+) HDL-C (+) RIA (37)

ACS, acute coronary syndrome, AMI, acute myocardial infarction; CAD: coronary artery disease; CHD, coronary heart disease; CIA, chemiluminescence immunoassay; CT-

/NT-, carboxyl-/amino-terminal); CV, cardiovascular; CVD, cardiovascular disease; EIA, enzyme immunoassay; H/LDL, high-/low-density lipoprotein; IA, immunoassay; IDS-iSYS,

Immunodiagnostic Systems (automated immunoassay analyzer); IFA, immunofluorometric assay; IHD, ischemic heart disease; IMT, intima-media thickness; IRMA, immunoradiometric

assay; MACE, major adverse cardiac event; MI, myocardial infarction; n.a., not applicable; n.p., not provided by the authors; N/STEMI, no/elevation of the ST segment; PAPP-

A, pregnancy associated plasma protein A; RIA, radioimmunoassay; SIA, 2-step sandwich-type immunoassay; TR-IFMAs, time-resolved immunofluorometric assay; WIB, Western

immunoblot.
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association between high serum IGFBP-2 and low physical
function. Thus, it might be important to also assess the functional
relevance of increased circulating IGFBP-2 levels for CVD in the
future.

IGFBP-3

Due to its abundance in the circulation and role as the primary
IGF carrier, substantial attention has been paid to IGFBP-3.
Surprisingly, little is known about its regulation with regards to
cardiovascular disease. In the human heart, IGFBP-3 is expressed
throughout lifetime both on mRNA and protein levels and
IGFBP-3mRNA expression in the heart is higher when compared
to the liver at fetal as well as adult stages (10). Interestingly,
higher IGFBP-3 protein expression was identified by Western
immunoblotting in the ischemic as compared to the hypertrophic
or dilated heart (10). Intact IGFBP-3 is secreted by cardiac atrial
appendage stem cells (CASCs) and thought to be related to the
regenerative potential due to cardiac angiogenesis and possibly
also to some extent cardiomyogenic differentiation in the
ischemic heart as demonstrated also byWestern immunoblotting
(58). After heart transplantation, expression of IGBP-3 and
IGF-I mRNA was quantified in end-stage dilated (n = 11) or
ischemic hearts (n = 12) (59). Compared to healthy control
hearts (n = 10), expression of IGFBP-3 mRNA was significantly
increased in both pathological conditions, whereas IGF-I mRNA
was elevated only in the dilated heart (59). Expression of
IGFBP-3 was further discussed in the context of hypoxia and a
pathophysiological function of the IGF-system was proposed for
the heart. In fact, in cultivated H9c2 myocardial cells, hypoxia
increased expression of IGFBP-3, which was responsible for the
induction of apoptosis due to inhibition of IGF-signaling via
protein kinase B (60). However, on the local level, IGFBP-3
exerted antiproliferative effects on the Wnt signaling pathway in
cardiac progenitor cells (61). Thereby, the authors demonstrated
that the antiproliferative effect of IGFBP-3 depends on an intact
IGF-binding site.

Increased Concentrations of IGFBP-3
In contrast to IGFBP-1, IGFBP-3, and IGF-I levels significantly
increased after AMI (20). The authors were able to specify a
threshold of 137 ng/ml for the serum concentrations of IGF-I:
lower concentrations were correlated with a worse prognosis in
AMI patients, whereas higher concentrations of IGF-I after AMI
were associated with improved functional parameters detected
by echo cardiography (e.g., left ventricular mass or ejection
fraction) (20). It was suggested that high IGF-I immediately
after AMI fueled myocardial remodeling, and that IGFBP-3,
which generally reflects total IGF-I levels, increased in parallel.
In a prospective study, high IGFBP-3 and low IGF-I serum
concentrations in healthy subjects were correlated with an
increased risk of developing IHD later in life (36). In partial
agreement, higher levels of IGFBP-3 but also higher serum
concentrations of IGF-I were described in patients with CHD
(37). Under conditions of AMI, an elevation of the ST segment
(STEMI) on the electrocardiogram (ECG) is considered to
characterize a more severe form of the ACS when compared

to patients with no elevation of the ST segment (NSTEMI).
In a longitudinal study of 747 White and 544 Black young
males over a period of 10 years, an increase of IGFBP-3
serum concentrations over time was associated with significant
increases of total cholesterol and LDL cholesterol (38). This
study did not confirm previous cross-sectional studies describing
associations of IGFBP-3 and IGF-I with hypertension, but rather
revealed a link between IGFBP-3 and lipid concentrations in
young males. In hypertensive patients, a role of IGFBP-3 in the
formation of carotid atherosclerosis was suggested (39). In elderly
patients (63–82 years of age), higher circulating concentrations
of IGFBP-3 or IGF-I were positively or negatively associated
with plaque instability, respectively (35). The authors concluded
that IGF-I and IGFBP-3 might represent functional biomarkers
for prediction of the risk for plaque rupture or therapeutic
targets for stabilization of atherosclerotic plaques. In fact,
systemic concentrations of IGFBP-3 and IGF-I were increased
after application of the angiotensin-converting enzyme-inhibitor
Fosinopril, and the beneficial effects of treatment in IHD were
discussed in the context of the IGF-system (62).

Conditions of Decreased Circulating

IGFBP-3
In addition to IGF-I and IGFBP-3, secretion of GH was also
impaired in patients with ischemic heart failure (40). The authors
observed patient-individual GH-sensitivity related to the degree
of left ventricular dysfunction (40). In male patients between 40
and 60 years of age (41) and in adults of both genders older than
65 years (30), lower concentrations of IGFBP-3 or IGF-I in serum
were associated with CHD. In patients with AMI, serum levels
of IGFBP-3, IGF-I, and IGF-II were decreased immediately after
AMI, but returned to their normal range 1 week after coronary
intervention (42). Similarly, in 90 patients with a diagnosed CHD,
reduced levels of circulating IGFBP-3 and IGF-I were described
(43). The results are in principal agreement with a previous
report on reduced IGF-I concentrations in patients with AMI
(63). In both studies, serum concentrations of GHwere increased
under conditions of acute cardiac ischemia. Low concentrations
of IGFBP-3 and high circulating levels of IGF-I were further
associated with an increased thickness of the intima-media (44).

Lack of Biomarker Value for IGFBP-3

Concentrations
A prospective study in women at 51–68 years of age revealed
no direct relationship between IGFBP-3 or IGF-I and a risk
of AMI later in life (45). Systemic effects of IGFBP-3 or IGF-
I on the development of CAD were excluded by a prospective
study observing more than 1,000 cases and more than 2000
controls over a mean period of 6 years (46). From this study and
from an additional meta-analysis assessing 31 single nucleotide
polymorphisms present in the IGF1 and IGFBP3 genes, the
authors concluded that neither circulating IGFBP-3 or IGF-I
nor the corresponding genes were causative for the development
of CAD in human populations. At a later time point, a single
nucleotide polymorphism upstream of the IGF1 genomic region
was identified in patients at an increased risk of developing CAD
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(64). With respect to IHD, an association between mortality
and circulating concentrations of IGFBP-3, IGF-I, or IGF-II was
also excluded by a large prospective Japanese study including
more than 39,000 subjects between 40 and 79 years of age (47).
In a Turkish study including 20 STEMI patients, 10 NSTEMI
patients, and 20 healthy controls, IGFBP-3 was not affected by
ACS (48). Instead, IGF-I was severely reduced in ACS patients
with elevations of the ST segment on the ECG (48). Therefore,
IGF-I serum concentrations were suggested to represent potential
biomarkers of myocardial necrosis in the STEMI group of ACS
patients.

Age-Related Biomarker Potential of

IGFBP-3
Interestingly, age-related discrepancies exist in the IGF-
and IGFBP-concentrations after AMI as analyzed by RIA
(65). Accordingly, younger subjects (<50 years of age) are
characterized by higher absolute concentrations and lower daily
variations of circulating IGF-I when compared to more aged
subjects (>50 years of age), which may be related to higher
regenerative capacities in younger subjects after AMI (65).
Age-related differences of IGF-I and IGFBP-3 in the context
of differential prognosis after AMI also might indicate an
involvement of GH during functional recovery of the infarcted
heart. The inclusion of structural information (intact vs.
fragmented IGFBPs) could be used in order to assess age-related
control of IGF-bioactivity.

IGFBP-4 AND PAPP-A

IGFBP-4, also an abundant IGFBP, has been suggested in
numerous studies to be directly involved in the inhibition of
atherosclerosis (33, 52, 54, 55, 66, 67). As demonstrated on
the level of mRNA and protein, intact IGFBP-4 is produced
by a variety of cell types and represents the major IGFBP
secreted by myoblasts (68–70). It is considered to attenuate IGF
activity in most physiological contexts and inhibits proliferation
and differentiation during the transition from myoblasts to
myotubes (68). Studies suggest that intact IGFBP-4 modulates
cardiac development and cardiomyocyte differentiation (70) and
is actively involved in the development of atherosclerosis, with
high expression levels in aorta lesional areas (66). Moreover, mice
with an overproduction of IGFBP-4 present with smooth muscle
hypoplasia (71). IGFBP-4 has a preferential affinity for IGF-
II over IGF-I and transports them to peripheral tissues, where
proteases cleave IGFBP-4 into low binding-affinity fragments
(72–74). The enzyme pregnancy-associated plasma protein-A
(PAPP-A) has been identified as the principal, if not only,
protease responsible for this IGF-dependent cleavage of IGFBP-
4 (75, 76), and PAPP-A levels strongly correlate with the levels
of IGFBP-4 proteolytic fragments (54). PAPP-A tethers to cell
surfaces, and thus, release of the IGFs occurs in close proximity
to the IGF-IR and increases IGF bioavailability primarily at
local sites (77). Interestingly, balloon injury of porcine coronary
arteries has been shown to massively increase the expression
of PAPP-A and the subsequent degradation of IGFBP-4 in the

neointimal and medial layers, peaking at 4 weeks after treatment,
thus causing possible hyperplasia and coronary restenosis (71).
In a study of patients with T2D and healthy controls, IGFBP-
4 fragment levels were associated with the normalized wall-
index, which is a measure of carotid artery remodeling and
accelerated atherosclerosis (33). In murine models, deletion of
the PAPP-A gene resulted in an 80% reduction in atherosclerotic
area, whereas transgenic overexpression of PAPP-A accelerated
plaque progression (66, 78). Inhibition of the PAPP-A substrate
binding site with a neutralizing monoclonal PAPP-A antibody
caused a 70% reduction in plaque area (79). Importantly, when
PAPP-A is deprived of its proteolytic activity, intact IGFBP-4
levels increase and diminish the actions of IGF-I. Collectively, the
findings suggest that high PAPP-A and low IGFBP-4 levels may
exacerbate the pathophysiological processes underlying plaque
development. Under conditions of myocardial damage, PAPP-A
concentrations are also increased in the circulation (49). In 2001,
Bayes-Genis et al. were the first to demonstrated that PAPP-Awas
ubiquitously expressed in human eroded atherosclerotic plaques,
and serum levels were elevated in patients with ACS (50). This
initiated a large interest to study PAPP-A as a candidate marker
of plaque burden and CVD. However, it was later revealed that
administration of heparin to AMI patients, which is part of the
standard initial treatment, results in a rapid increase in PAPP-A
concentrations, possibly through a displacement of cell surface
attached PAPP-A (51). Instead, Postnikov et al. proposed that
quantification of the PAPP-A generated, cleaved amino-terminal
(NT) and carboxyl-terminal (CT) fragments of IGFBP-4 could
be reflective of PAPP-A enzymatic activity and hereby serve as
prognostic biomarkers (12, 52). In patients with symptoms of
IHD, both fragments were increased in the case of short-term
cardiac events (coronary bypass, AMI, or cardiac death) (52).
However, in a follow-up study by the same authors, neither
IGFBP-4 fragments nor PAPP-A sufficed to predict the long-term
outcome in patients with stable cardiovascular disease (53). The
varying results may relate to differences in follow-up period and
number of patients and hence, events. Recently, the fragments
were shown to prognosticate cardiovascular mortality in 330 type
1 diabetes patients without cardiovascular disease at baseline
during 12 years of follow-up (54) and in 656 patients with
STEMI followed for 5 years (55). Importantly, it was also verified
that the IGFBP-4 fragments, unlike PAPP-A, were unaffected
by heparin treatment of coronary patients (80). Interestingly,
accumulating evidence argues for multiple IGF-independent
functions of IGFBP-4. In IGF-insensitive colorectal cancer cells,
recombinant human IGFBP-4 was able to efficiently block colony
formation (81), and in P19CL6 or in embryonic stem cells,
knockdown of IGFBP-4 was shown to alter cardiomyogenesis
and cardiac regeneration (70). The mechanism was mediated
through inhibition of canonical Wnt signaling and not through
IGF. In mice, an IGFBP-4 variant blocked translocation of
beta-catenin to the cell nucleus in the ischemic heart (82).
Injection of IGFBP-4/H95P directly after AMI prevented beta-
catenin related DNA-damage in cardiomyocytes and reduced
infarct size 4 weeks after AMI in the mouse (82). Because
IGFBP-4/H95P is lacking the intact IGF-binding domain, the
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protective effect of mutated IGFBP-4 in the ischemic heart is
IGF-independent.

IGFBP-5

IGFBP-5 is produced and secreted by numerous cell types,
including vascular smooth muscle cells, and its expression
is increased within atherosclerotic plaques (83). Furthermore,
atherosclerotic arteries exhibit staining of IGFBP-5 staining along
intimal plaques (84). In a cross-sectional study of 95 male CHD
patients and 92 healthy controls, elevations of IGFBP-5 and
acid labile subunit (ALS) were measured in serum (37). In
addition, IGF-I, IGF-II, IGFBP-3, and ALS were increased under
conditions of CHD in the patients (37). In serum, concentrations
of IGFBP-5 were significantly correlated with the levels of IGF-I
and -II or IGFBP-3 (37). The increased concentrations of IGFBPs
including IGFBP-5 and ALS could be causative for the larger
amounts of IGF-I and -II in CHD patients (37).

Under ischemic conditions, local expression of IGFBP-
5 mRNA, which succeeds the initiation of IGF-II mRNA
expression, is thought to terminate cardioprotection exhibited
by IGF-II (85–87). In fact, a dual role has been suggested for
IGFBP-5, with positive effects on IGF-I-stimulated differentiation
of myoblasts in vitro, yet inhibitory effects on IGF-II activity
(68). Thus, the association of IGFBP-5 with atherosclerosis may
indicate a direct stimulatory effect of IGFBP-5 on smooth muscle
cell proliferation and plaque formation.

IGFBP-6

IGFBP-6 exerts both IGF-dependent and -independent effects
in various cell types (88). In endomycardial biopsies from
12 patients, IGFBP-6 mRNA expression was increased after
explantation of a left ventricular assist device when compared
to biopsies sampled during implantation (89). Because other
proteins in the IGF-system, including IGF-I, IGF-II, and IGFBP-
4, were also increased after reverse remodeling of the heart, it
was concluded that local effects of the IGF-system are active
during heart recovery (89)—yet, a direct link to IHD remains
unestablished. However, increased expression of IGFBP-6 after
prolonged hypoxia has been observed in vascular endothelial
cells (90). Notably, the IGFBP6 gene promotor contains several
hypoxia response elements, which could explain the increased
expression of IGFBP-6 (90). IGFBP-6 levels were also increased
after hypoxia in vascular endothelial cells (90). However, since
expression of IGFBP-1 was increased as an earlier response
to hypoxemic conditions (91, 92) than IGFBP-6, this may be
interpreted as an example of molecular job sharing between
distinct members of the IGFBP-family.

SUMMARY AND CONCLUSIONS

So far, clinical studies have demonstrated positive or negative
associations and a number of studies have also concluded that
the IGFBPs show no prognostic value in the assessment of
cardiovascular risk. Certainly, one reason for the controversies

present in the literature could be the fact that the IGF system is
involved in so many biological processes, and hence, the complex
nature and multifunctional properties of the IGFBPs. Firstly,
alterations in IGFBP levels may represent a phenomenon caused
by the disease per se. However, most patients receive medical
therapy, which affects several components of the IGF-system and
constitutes a significant confounder. The effect of heparin on the
IGFBP-4 protease PAPP-A is an example of that. Acute patients
often also present with an altered peripheral tissue perfusion,
allowing leakage of tissue-localized IGFBPs. Furthermore, IGFBP
levels may also fluctuate due to compensatory mechanisms or be
affected by age or metabolism. It is well-established that IGFBPs
are controlled by both GH and insulin, and under conditions
of acute or prolonged illness, altered secretory patterns of GH
and insulin can increase or decrease levels of IGFBPs (65,
93). Secondly, assessment of IGFBP biomarker potential highly
depends on accurate measurements of the IGFBP. Thus, it is
important to know of the factors that can potentially skew
these measurements and it is crucial that immunoassays are
based on antibodies that recognize all clinically relevant forms
of the analyte. Unfortunately, most studies use immunoassays
without information on target epitopes, and it is well-known
that many assays exhibit cross-reactivity toward structurally
similar IGFBPs or are unable to discriminate between various
IGFBP forms (80). Since the IGFBPs can be proteolytically
degraded by proteases, resulting in circulating IGFBP fragments,
it is crucial that the assays can distinguished between intact
and fragmented IGFBP. Several proteases have been identified,
and although these proteases, like most other members of the
IGF system, appear under the strict control of paracrine and
endocrine influences, our knowledge on factors that control
protease activity and tissue distribution is far from sufficient
(12). Additionally, the IGFBPs are subject to post-translational
modifications such as phosphorylation and glycosylation and
may also be partially truncated or in complex with other proteins.
Indeed, it is known that the glycosylation patterns of many
proteins are altered in various disease states (94, 95), and it is
likely that both proteolysis and post-translational modifications
of the IGFBPs are influenced by an acute setting and differs from
that of stable patients (96). Thus, the use of analytical systems
with no discriminatory potential toward intact or modified
IGFBPs represents a major issue in IGFBP-related biomarker
research, and we prospectively need to include structural and
functional information on the IGFBPs. This issue, which is not
restricted to CVC patients, further raises concerns regarding the
reliability and consequently, the utility of IGFBPs, and at present,
identification of patients with high CVD risk cannot solely rely
on IGFBP measurements.

It should be noted that research in the area is still in its early
phases, and we advocate that larger and more comprehensive
investigations are implemented before evaluating the biomarker
potential of the IGFBPs. Investigations so far have mostly
been limited to cross-sectional studies and animal studies,
and cautious interpretation is necessary, as data should be
confirmed by longitudinal and mechanistic studies. Accordingly,
broader population studies including more complex settings of
pathophysiological conditions in their subjects may come to the
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conclusion that no associations are present between circulating
IGFBPs and cardiovascular parameters. We speculate that the
inclusion of patients with a higher degree of overlap with respect
to their pathophysiology could improve the assessment of the
biomarker potential of the IGFBPs.

Our understanding of the IGFBPs has advanced throughout
recent years, and the clear link between the IGFBPs and a
number of pathological conditions has preserved the interest
in identifying novel biomarkers that may help improve future
diagnosis and prognosis. However, studies regarding CVD have
been varying and discrepant, and it remains unknown to what
extent IGFBP measurements possess clinical value, in particular
in the absence of structural and functional information on
the IGFBPs. Further understanding of the IGF system in both

normal physiology and specifically in CVD is necessary to avoid
misinterpretations.
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Insulin-like growth factors (IGFs) play a critical role in fetal growth, and components of the 
IGF system have been associated with fetal growth restriction in women. In human preg-
nancy, the proteolytic cleavage of insulin-like growth factor binding proteins (IGFBPs), 
particularly IGFBP-4, releases free IGF for respective action at the tissue level. The aim 
of the present study was to determine IGFBP-2, IGFBP-3, and IGFBP-4 concentrations 
by Western ligand blotting during pregnancy until day 100 in cows and to compare these 
concentrations with those of non-pregnant cows and cows undergoing embryonic/fetal 
mortality. Therefore, two study trials (I and II) and an in vitro study were conducted. In 
study I, 43 cows were not pregnant, 34 cows were pregnant, and 4 cows were under-
going fm. In study II, 500 cows were examined, and 7 cases of pregnancy loss between 
days 24–27 and 34–37 after artificial insemination (AI, late embryonic mortality; em)  
and 8 cases of pregnancy loss between days 34–37 and 54–57 after AI (late embryonic 
mortality and early fetal mortality; em/fm) were defined from the analyses of 30 pregnant 
and 20 non-pregnant cows randomly selected for insulin-like growth factor 1 and IGFBP 
analyses. In vitro serum from pregnant (n = 3) and non-pregnant (n = 3) cows spiked 
after incubation with recombinant human (rh) IGFBP-4 for 24 h, and IGFBP-4 levels were 
analyzed before and after incubation to detect proteolytic degradation. The IGFBP-2, -3, 
and -4 concentrations did not decline during early pregnancy in cows, while IGFBP-4 
concentrations were comparable between pregnant and non-pregnant cows, irrespec-
tive of low proteolytic activity, which was also demonstrated in cows. Interestingly, cows 
with em or fm showed distinct IGFBP patterns. The IGFBP-2 and -3 concentrations 
were higher (P < 0.05) in cows with fm compared to pregnant. The IGFBP-4 levels were 
significantly higher in cows developing fm. Thus, distinct differences in the circulating 
IGFBP concentrations could be associated with late embryonic and early fetal losses in 
cattle.

Keywords: igF-1, binding protein, bovine, pregnancy, gestation, embryonic mortality
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inTrODUcTiOn

The somatotropic axis is a key regulatory pathway for dairy cows, and 
a growth hormone insensitivity plays a role in energy parti tioning 
to facilitate milk production after calving (1). During lactation, a 
recoupling of the somatotropic axis occurs as milk yield decreases. 
The concentration of insulin-like growth factor-binding proteins 
(IGFBP)-2 and IGFBP-4 was shown to be elevated throughout 
the early lactation period (2). Dairy cows should achieve a new 
pregnancy within 2–3  months of calving in order to maintain 
high milk production. Therefore, the gestational period begins 
during lactation. Insulin-like growth factors (IGFs) play a crucial 
role not only for metabolic adaption but also in fetal growth. In 
this regard, the local IGF system, comprising insulin-like growth 
factors 1 and 2 (IGF-1 and IGF-2) and their respective IGFBPs 
are expressed in the endometrium prior to implantation and 
in the placenta (3–6). These are important as well as maternal 
IGF-1 and IGFBPs in the blood circulation. Here, we focus on 
maternal IGFBP concentrations because the bioavailability of 
IGF-1 in the blood is regulated by the binding of IGF-1 to six 
high-affinity binding proteins (IGFBP1-6) (7, 8). In the blood, the 
most abundant binding protein is IGFBP-3. This binding protein 
forms a complex with IGF-1 and the acid-labile subunit that 
restricts IGF-1 to the blood stream, representing an IGF-1 blood 
reservoir. The second most abundant binding protein in blood is 
IGFBP-2. The protein transports IGF-1 through the endothelium 
to cells expressing the respective IGF-receptors (IGFR) (8). Both 
IGFBP-3 and IGFBP-2 are mainly produced in the liver. IGFBP-4 
is also detectable in serum and is described as an inhibitor of 
IGF activity (8, 9). In human pregnancy, the proteolytic cleavage 
of IGFBPs, particularly IGFBP-4, releases free IGF for respective 
action at the tissue level (10, 11). The responsible enzyme for 
IGFBP-4 proteolysis in women is pregnancy-associated plasma 
protein-A (PAPP-A), which is expressed in high amounts in 
the human placenta and released into the blood and, therefore, 
acts on maternal blood IGF-1 bioavailability (12). We previously 
showed that in heifers, the maternal IGFBP-4 concentration 
decreases towards day 18 of pregnancy and speculated that the 
proteolytic cleavage of binding proteins is the underlying reason 
for this decrease (13). However, whether proteolytic activity is 
present during pregnancy in cattle in maternal blood circulation, 
similar to humans, has not yet been investigated. Interestingly, 
high IGFBP-4 concentrations have previously been linked to 
fetal growth restriction in human gestation (14, 15), and less 
proteolytic cleavage might be due to higher IGFBP-4 and lower 
IGF-1 levels. In cows, also substantial differences in metabolic 
adaption throughout lactation may be responsible for differences 
in peripheral IGFBP-2 or IGFBP-4 concentrations and, therefore, 
play a role in pregnancy maintenance or serve as biomarker. 
Moreover, it was previously indicated in dairy cows that a higher 
peripheral IGFBP-3 concentration was associated with a lower 
fertility rate (16).

Therefore, the aim of the present study was to examine whether 
the maternal IGFBP concentration in blood decreases during 
early pregnancy in cows, to compare the IGFBP-4 concentration 
between pregnant and non-pregnant cows to examine cows 
undergoing embryonic/fetal mortality (fm) and to determine 

whether proteolytic activity for IGFBPs can be detected in preg-
nant cows.

MaTerials anD MeThODs

animals
To address the research questions, two subsequent experimental 
studies and in vitro testing were conducted. In the first experiment 
(Study trial I), pregnant and non-pregnant pluriparous cows from 
one farm were investigated until day 100 of pregnancy. In four 
animals, embryonic/fm occurred, and a specific IGFBP pattern 
was found in the blood of these animals. Therefore, a second 
sampling period (Study trial II) was utilized to compare the cattle 
suffering from em or em/fm among pregnant or non-pregnant 
cows. Further, we conducted in vitro analyses (in vitro trial) to 
determine whether the proteolytic degradation of IGFBP-4 is also 
detectable in cows.

study Trial i
Pluriparous Holstein Friesian cows from the Brunckhorst/
Romundt GbR (Vahlde, Germany) were used. In total, 260 
cows were maintained in a free-stall housing system with straw-
bedded maternity pens. The study animals were selected out of 
105 lactating and pluriparous animals (mean 305-milk yield of 
9,000  kg). All the cows used for the present study had physi-
ological calving without any dystocia or obstetrical assistance 
needed. The cows were fed a total mixed ration (consistent of 
corn and grass silage, grinded corn and wheat, beer marc, feed 
fat, minerals, lime, salt, and yeast) and provided free access to 
water and additional concentrate based on the daily milk yield 
via transponders. The study was performed in accordance with 
the German legislation on animal welfare (Lower Saxony Federal 
State Office for Consumer Protection 279 and Food Safety, AZ 
33.9-42502-05-14A487).

Study design
Only pluriparous cows> 1 lactation were enrolled in the present 
study, and initially, the general health condition was examined. 
Subsequently, behavior, posture, body temperature, and body 
conditioning score (BCS) (17) were recorded. Additionally, 
the milk yield during the previous lactation was documented. 
A gynecological examination was performed to assess uterine 
health, and the cycle stage was determined via transrectal ultra-
sonography (HS 101V, HONDA Electronics, Tokyo, Japan). If 
the cows showed estrous symptoms (mounting, standing heat, 
mucus discharge), then day 0 was defined, and a blood sample 
was drawn from the coccygeal vessel directly into tubes with 
EDTA and in one tube without any anticoagulants to acquire 
serum (Sarstedt, Nümbrecht, Germany). The cows were sub-
sequently artificial insemination (AI, day 0). On day 18  ±  1 
after AI, the cows were gynecologically examined again, and a 
second blood sample was obtained. On day 42 ± 1 after AI, a 
pregnancy diagnosis was performed by transrectal ultrasonog-
raphy and analysis of pregnancy-associated glycoproteins in 
blood samples. If the cows were diagnosed as pregnant, two 
subsequent blood samples were obtained, as described above 
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FigUre 1 | Analysis of insulin-like growth factor-binding proteins (IGFBPs) in 
samples from pregnant and non-pregnant cows by Western ligand blotting. 
Due to protein glycosylation, IGFBP-3 and -4 can be detected as band 
doublets (Co: internal control; St: human recombinant IGFBP-standard).
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(days 60  ±  3 and 100  ±  3). When pregnancy was clearly 
diagnosed on day 42 ±  1, but the cow was non-pregnant on 
either day 60 ± 3 or day 100 ± 3, then the animal was defined 
as undergoing fm. Therefore, three groups of animals were 
compared in this study trial (p, pregnant; np, non-pregnant; 
and fm, fetal mortality).

study Trial ii
In total, 500 pluriparous Holstein Friesian cows from “Gut 
Schönerlinde/Wansdorf, Wandlitz” were examined four times 
after artificial insemination. The study was performed in accord-
ance with the German legislation on animal welfare (state office 
of Brandenburg for work protection, consumer protection, and 
physical health; AZ 2347-29-2014). Estrous was detected by 
determination of estrous symptoms (mounting, standing heat, 
and mucus discharge) and additional rectal examination of the 
uterus and, if necessary, the ovaries following AI; this examina-
tion was performed by a herd insemination technician. After AI 
(days 10–14), the animals were clinically investigated, the BCS 
was documented, and blood samples were collected from the 
coccygeal vein. Subsequently, blood samples were collected on 
days 24–27 and 34–37 after AI, in all the animals and addition-
ally on days 54–57 in pregnant cows. A pregnancy diagnosis was 
performed by using ultrasonography (My Lab®, Esoate, Italy) and 
analysis of PAG in the blood on days 24–27, 34–37, and 54–57. If 
on days 24–27, a pregnancy clearly was diagnosed but the cow was 
not pregnant on days 34–37, the cow was defined as late embryonic 
mortality (em). Blood samples were taken on day blood samples 
were collected on days 10–14, 24–27, and 34–37 but not on days 
54–57. If on days 34–37, a pregnancy was clearly diagnosed but 
the cow was not pregnant on days 54–57, the animal was defined 
as late embryonic mortality or early fetal mortality (em/fm).

laboratory analyses
Pregnancy-Associated Glycoproteins
Semi-quantitative PAG analysis was performed using a com-
mercially available PAG-ELISA (IDEXX Bovine Pregnancy Test, 
IDEXX, Westbrook, ME, USA). The samples were analyzed 
according to the manufacturer’s instructions, and the optical 
density (OD) was interpreted with regard to Ref. (18). The PAG-
ELISA is based on a system with an indirect sandwich ELISA, and 
the PAG OD was photometrically measured (SLT Spectra, SLT 
Lab Instruments GmbH, Salzburg, Austria).

Insulin-Like Growth Factor I
The total serum IGF-1 concentration was determined using a 
commercial RIA according to the manufacturer’s instructions 
(IGF-I IRMA A15729, Beckman Coulter, CA, USA), as previously 
described in cattle (19). This method is based on the “sandwich” 
principle, and the detection antibodies were mouse monoclonal 
antibodies against 2 epitopes of IGF-I. The intraassay CV was 
5.1%, and the interassay CV was 9.3%.

Insulin-Like Growth Factor-Binding Proteins
Quantitative Western ligand blotting of serum IGFBP-2, IGFBP-
3, and IGFBP-4 levels was performed to detect the IGFBP 

concentration of functional binding proteins as described before 
(20). The lower and upper detection limits differed between the 
individual runs of BP analyses and were 195–12,500 ng/ml for 
IGFBP-2, 391–250,000 ng/ml for IGFBP-3, and 195–12,500 ng/ml  
for IGFBP-4 for Study trial I and 130–8,333 ng/ml for IGFBP-
2, 260–16,000  ng/ml for IGFBP-3, and 260–16,666  ng/ml  
for IGFBP-4 for Study trial II. Figure 1 shows an example of a 
Western Ligand Blot of a pregnant and non-pregnant cow. All 
Western ligand blot results were normalized and presented as 
percent of the respective BP concentration of non-pregnant cows 
on day 0 (Study trial I) or days 10–14 (Study trial II).

In Vitro Protease Testing
Serum from pregnant (n = 3) and non-pregnant (n = 3) cows was 
diluted 1:10 with sterile phosphate-buffered saline, spiked with 
recombinant human (rh) IGFBP-4 (100 ng/µl) + rhIGF-1 (0.5 ng/
µl) and incubated for 24 h at 39°C under soft agitation. Endogenous 
serum IGFBPs and rhIGFBP-4 were analyzed in duplicate as area 
under the curve using Western ligand blotting, as described in 
Section “Insulin-Like Growth Factor Binding Proteins”. Proteolytic 
degradation was detected before (A) and after incubation (B) 
using the value before incubation as 100%. As a positive control 
for the high proteolytic degradation of IGFBPs, human serum 
from a pregnant woman was available, which was treated similar 
to bovine serum. The human serum was available from one of the 
researchers, therefore, no ethical approval was necessary according 
to the ethics committee of the Hanover medical school.

statistical analyses
Statistical analyses were performed using the statistic software R 
(21). Each variable was initially tested within the groups (p, np, 
em, and em/fm) for deviation from the normal distribution using 
the Shapiro–Wilk and Anderson–Darling tests. In some cases, 
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FigUre 2 | Semi-quantitative pregnancy-associated glycoproteins (PAG) values given in optical density (OD) units and insulin-like growth factor 1 (IGF-1) 
concentrations. (a,B) Study trial I in not pregnant [np, n = 43, day of AI (0) and 18 days after AI] and pregnant (p, n = 34, day of AI, and 18, 42, 60 and 100 days 
after AI) pluriparous Holstein–Friesian cows as well as cows with fetal mortality (fm, n = 4, day of AI and until day 60 after AI). (c,D) Study trial II in not pregnant (np, 
n = 20, 10–14 (IGF-1), 24–27, 34–37 days after AI) and pregnant (p, n = 30, 24–27, 34–37 and 54–57 days after AI) Holstein–Friesian cows as well as cows with 
embryo mortality (em, n = 7, 24–27, 34–37 days after AI) or late embryo/fetal mortality (em/fm, n = 8, 24–27, 34–37, and 54–57 days after AI). Values are given as 
mean ± SEM.
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the data differed from the normal distribution; however, due to 
the small sample sizes, standardized QQ-plots were additionally 
consulted to evaluate normality criteria. The QQ-plots displayed 
reasonable agreement of the sample quantiles with that from 
a standardized normal distribution; hence, parametrical tests 
were deemed appropriate. Additionally, the response variables 
were evaluated for the homogeneity of variances across these 
groups using the Brown–Forsythe test. Minor inhomogeneities 
of variances were tolerated due to the balanced study design and 
by applying a lower significance level. A two-factor analysis of 
variance (ANOVA) was conducted using the following model: 
y ~x1 +  x2 +  x1*x2, where y denotes the response variable of 
the measured traits and x1, x2 the explanatory variables group 
and time. Moreover, the interaction x1*x2 was considered in the 
model. If the ANOVA results for explanatory variables indicated a 
significant influence on the response variable, then further inves-
tigation by using a post hoc test (Tukey’s HSD) was conducted.  
A P-value of <0.05 was considered significant.

resUlTs

study Trial i
Animals
Out of 105 examined cows, 43 non-pregnant and 34 pregnant 
cows were enrolled in the blood sampling and analyses. In 3 cases, 
the cows were diagnosed as pregnant on day 60 and non-pregnant 
on day 100, and in another cow, pregnancy was lost between days 
42 and 60 after AI. These four cases were defined as fm.

Laboratory Analyses
As expected, pregnant animals had high PAG levels until day 
42 of pregnancy. The PAG values of pregnant and non-pregnant 
pluriparous cows were comparably low between days 0 and 18. 
There was no significant difference between pregnant cows and 
cows with fm; however, PAG levels were numerically lower in 
cows with fm than those in pregnant animals (Figure 2A).
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FigUre 3 | Study trial I: insulin-like growth factor-binding protein (IGFBP) (a): -2, (B): -3 and (c): -4 concentration and (D): IGFBP-3/IGFBP-2 ratio in not-pregnant 
[np, n = 43, day of AI (0) and 18 days after AI] and pregnant (p, n = 34, day of AI, and 18, 42, 60 and 100 days after AI) pluriparous Holstein–Friesian cows as well 
as cows with fetal mortality (fm, n = 4, day of AI and until day 60 after AI). Values are given in% relative to day 0 of non-pregnant cows. Values are given as 
mean ± SEM.
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The IGF-1 concentration was decreased in all the groups from 
days 0 to 18 and thereafter steadily increased from days 18 until 
100 of gestation (P <  0.001). No differences between pregnant 
and non-pregnant cows, and cows with fm were detectable in the 
total IGF-1 concentrations; however, between days 42 and 60, an 
abrupt increase in the total IGF-1 in the cows suffering from fm 
was measured (Figure 2B).

The IGFBP-2 concentration was lower in pregnant cows and 
highest in cows with fm. This distinct difference was visible 
on the day of insemination (Figure  3A). Additionally, the 
IGFBP-3 concentration was higher in cows with fm than that in 
pregnant cows (Figure 3B). IGFBP-4 was higher in cows with fm 
(P = 0.0076) if compared to pregnant and non-pregnant cows. 
Within the group of cows with fm, IGFBP-4 decreased from days 
0 to 18 and thereafter increased until day 60 of pregnancy. In 
non-pregnant cows, IGFBP-4 decreased until day 42 after AI but 
increased later (Figure 3C). The IGFBP-3/IGFBP-2 ratio sharply 
decreased between days 0 and 18 and increased thereafter stea-
dily until day 100 of pregnancy (Figure 3D).

study Trial ii
Animals
Out of 500 examined cows, 203 were pregnant on days 24–27 
after AI, and 284 were non-pregnant; in 15 cows with a positive 
pregnancy diagnosis on days 24–27 after AI, no pregnancy was 
detectable at either days 34–37 or 54–57 after AI. Therefore, two 
groups of pregnancy loss were defined: pregnancy loss between 
days 24–27 and 34–37 after AI = late embryonic mortality (em, 
n = 7) and pregnancy loss between days 34–37 and 54–57 after 
AI = late embryonic mortality and early fetal morality (em/fm, 
n = 8). A total of 13 animals were excluded from the study due to 
various illnesses. To analyze a balanced subset, n = 30 pregnant 
and n = 20 non-pregnant cows were chosen by random for IGF-1 
and IGFBP analyses.

Laboratory Analyses
As expected, the PAG levels, displayed in OD, were high in preg-
nant animals and low in non-pregnant animals in Study trial II. 
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FigUre 4 | Study trial II: insulin-like growth factor-binding protein (IGFBP) (a): -2. (B): -3. (c): -4 and (D): IGFBP3/IGFBO2 ratio in non pregnant (np, n = 20) and 
pregnant (p, n = 30) Holstein Friesian cows and cows with embryo mortality (em, n = 7) between days 24-27 and 34-37 or late embryo mortality/early fetal mortality 
(em/fm, n = 8) between days 24-27 and 54-57. Values are given in percentege relative to days 10–14 of non-pregnant cows. Values are given as mean ± SEM.
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The PAG OD decreased between days 34–37 and 54–57, clearly 
indicating pregnancy loss (Figure 2C).

The total IGF-I concentrations were tended to be lower in 
pregnant cows if compared to non-pregnant cows or cows with 
em (P  =  0.0076; Figure  2D). The IGFBP-2 concentration was 
significantly higher in cows with em and em/fm compared to 
pregnant and not pregnant cows (Figure 4A). IGFBP-3 differed 
between pregnant and cows with em/fm. The latter had higher 
IGFBP-3 concentrations than did pregnant and not pregnant 
cows (Figure 4B). IGFBP-4 was clearly higher in cows with em/fm 
compared to the other groups (Figure 4C). The IGFBP-3/IGFBP-2 
ratio was clearly lower in cows with em/fm than in pregnant cows  
(Figure 4D).

In Vitro Trial
The proteolytic degradation of rhIGFBP-4 was detected in preg-
nant cows (25–75% reduction of IGFBP-4) in all trimesters. The 
rhIGFBP-4 was 100% degraded in human serum. No proteolysis 
of rhIGFBP-4 was detected in non-pregnant cows. Moreover, no 
proteolysis of endogenous serum IGFBP-2 and IGFBP-3 in preg-
nant cows was obvious compared to that in the human control, 

where nearly all binding proteins were absent during pregnancy 
(Figure 5).

DiscUssiOn

Both study trials were independently conducted in 2015 and 2016 
on two different farms with different animals. Therefore, a farm-
specific influence on the results comparably obtained in the two 
study trials can be excluded, thereby strengthening the results. In 
Study trial I, 4 pluriparous cows with fm were defined (3 between 
days 60 and 100 and 1 between days 42 and 60). In Study trial II, 
a higher number of animals (n = 500) was examined; therefore, 8 
cows were found with late embryonic mortality (between 24–27 
and 34–37), and 7 cows were found with late embryonic/early fm 
(between 34–37 and 54–57). The early fetal losses (between 42 and 
60, n = 1) of Study trial I were most comparable to those of late 
embryonic/early fm (between 34–37 and 54–57) in Study trial II. 
The late losses in study I (>day 60) were not comparable to those 
in Study trial II, but the later fetal losses >day 42, which were 
not infectious abortions, might be due to placental dysfunction, 
fetal undernourishment or insufficient growth and, therefore, 
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FigUre 5 | Western ligand blots with serum samples of not-pregnant and pregnant cows before (−I) and after (+I) incubation (24 h, 39°C) with Insulin-like Growth 
factor 4 (IGFBP-4) and insulin-like growth factor 1 (IGF-1) spiked to the serum. As positive control serum of a pregnant woman was available for which proteolytic 
activity IGFBP-4 is clearly proven.
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may be associated with IGF systems. However, no standardized 
microbiological or viral examination was done. Therefore, this 
assumption remains speculative.

In both studies, fetal loss was indicated not only by the empty 
uterus during ultrasound examination but also by declining PAG 
concentrations in the blood. PAGs are produced by binucleate 
cells of the placenta, indicating functional placentation (22, 23). 
Decreasing concentrations are associated with declining placenta 
function and pregnancy loss.

The local IGF system in the endometrium is crucial for embry-
onic development and is influenced by the cycle stage (24) but 
little is known about the role of the IGF-1 reservoir in blood in 
embryonic and fetal development or placental growth in cattle. 
IGF-1 is bound to specific binding proteins that indeed regulate 
either the transport of IGFs through the endothelium (IGFBP-2) 
or the retention in the blood stream (25). Specific proteolysis of 
the binding proteins in maternal blood can release IGF and may 
also enhance the free concentration at the tissue layer. Therefore, 
the aim of the present study was to characterize IGFBPs through-
out early pregnancy in maternal blood circulation and compare 
those to either non-pregnant cows at the same cycle stage or to 
those suffering from embryonic or fm. Thus, embryonic mortal-
ity is defined as a pregnancy loss before day 42 of pregnancy in 
cows, and thereafter, the fetal period starts (26).

The total IGF-1 concentration in pregnant cows decreased 
from days 0 to 18 in the present study, typically due to sexual 
steroid hormone patterns during the cycle (19). This effect was 
previously observed by the application of estradiol and progester-
one to ovariectomized heifers (27). In the first trimester of preg-
nancy (days 42–100), in Study trial I, a slight but steady increase 
in IGF-1 was measurable, whereas the concentrations remained 
relatively constant until day 60. However, the IGF-1 concentration 

was comparable between pregnant and non-pregnant cows and 
cows with embryonic/fm in both study trials. This finding is 
consistent with those of previous studies in Angus cattle, where 
no differences in pregnancy rates were found among animals 
selected for different IGF-1 concentrations (28). Consistently, in 
a recent study, the basal GH concentration was associated with 
the ability of cows to achieve pregnancy (29), but not total IGF-1 
concentrations. In contrast to in  vivo results, in  vitro studies 
clearly demonstrated that IGF-I has a positive effect on embryo 
development (30–32). Indeed, in  vitro embryos treated with 
IGF-1 during in vitro culture achieved a higher pregnancy rate 
after embryo transfer (28, 29). The conflicting in vitro and in vivo 
results might be due to IGFBPs, which on the one hand can be 
produced locally by the placenta but also the maternal IGFBPs 
might have an influence on the free IGF-1 concentration, which 
may have an influence on placental or fetal growth. The total 
IGF-1 concentration, also measured in the present study, does 
not reflect the bioavailability of IGF-1 on the local tissue level. The 
bioavailability differs with respect to which binding protein IGF 
is bound and the concentration of these single binding proteins. 
As in other species, distinct changes in IGFBP concentrations 
were previously measured throughout pregnancy, and their vital 
roles have been suggested (33). Interestingly, in women, there is a 
strong proteolysis of IGFBPs (IGFBP-2 and IGFBP5) modulated 
by the expression of PAPP-A in the placenta, resulting in high 
levels of circulating PAPP-A in pregnant women during the first 
trimester (10, 34). Moreover, a high level of PAPP-A could be 
detected in the human trophoblast. IGFBP-4 is described to be 
proteolysed as well by PAPP-A (35).

The present study examined the peripheral IGFBP-2, IGFBP-
3, and IGFBP-4 concentrations by using a Western ligand blot 
technique, which enables the detection of functional binding 
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proteins in serum (20). In contrast, antibody based methods 
might also detect binding protein fragments and, therefore, might 
not necessarily correlate with the biological binding capacity of 
IGFBPs.

In both study trials, pregnancy in cows did not distinctly influ-
ence the IGFBP-2 concentration over time. Although, PAPP-A is 
described in bovine preovulatory follicles and there able to degrade 
IGFBP-2 (36). However, to the best of the authors’ knowledge, 
there is no focused study on placental PAPP-A in bovine species. 
Interestingly, IGFBP-2 levels were higher in cows developing fm 
during the first 60  days of pregnancy than those in cows with 
physiological pregnancies. This fact was observed in both study 
trials consistently, specifically at days 0 and 18 in Study trial I and 
days 10–14 in Study trial II. IGFBP-2 is considered an activator 
and inhibitor of IGF action and is known as a main serum carrier 
of IGF-1 despite of IGFBP-3 (37). Therefore, increased concen-
trations may also inhibit IGF-1 action, and thus, influence fetal 
or placental growth. The association between fertility and this 
particular binding protein has previously been demonstrated by 
Wathes (38), who examined SNPs in the IGFBP-2 gene associated 
with a lower rate of pregnancy in cows with a specific SNP in this 
gene. Moreover, hepatic IGFBP-2 production was also directly 
controlled by growth hormone (37), which might explain the 
results of the above-mentioned study, where GH, but not IGF-1, is 
directly linked to pregnancy success. Under conditions of elevated, 
IGFBP-2 expression inhibitory effects have been provided both 
on growth and reproductive development (39). In women, the 
IGFBP-2 concentration declined after conception and began to 
steadily increase thereafter (33). Interestingly, elevated IGFBP-2 
in the maternal blood circulation has been associated with 
growth restriction due to placental dysfunction in human medi-
cine (38). In the present study, a comparable pathomechanism 
might be involved, as the pregnancies were lost after conception 
and placentation, suggesting that placental dysfunction and fetal 
growth retardation might be involved in fm. In the present study, 
ultrasound was conducted to detect pregnancy, but in a routine 
manner. Thus, there is no information on fetal length available, 
but this measurement should be considered in further studies. 
On the other hand, also the metabolic adaption throughout early 
lactation may lead to the peripheral IGFBP-2 concentrations as it 
was indicated that during early lactation IGFBP-2 was higher and 
decreases over the lactation period (2).

In human pregnancies, the complete proteolysis of IGFBP-3 
was previously observed (40), and it was also observed in the 
human control serum in the present in vitro trial. It has to be 
mentioned that the human control was from a twin pregnancy 
and, therefore, likely have a higher proteolytic potential than 
in singleton human pregnancies (41). However, in cows, there 
was no drastic decline in IGFBP-3 throughout pregnancy until 
day 100, but rather an increase was measured until day 100 
of pregnancy. Also in  vitro there is still the IGFBP-3 band 
detectable.

In addition to the elevated IGFBP-2, IGFBP-3 was also higher 
in cows developing fm; this finding was also observed already 
during early embryonic development around days 10–18 after 
insemination. IGFBP-3 is the most abundant binding protein, 
and 80–90% of IGFs are bound to IGFBP-3 (38); in human 

pregnancy, the proteolysis of binding proteins, particularly 
IGFBP-3 (42), shifts the control of IGF action to IGFBP1, which 
offers the highest affinity to IGF-1 (43). The present study (Trial I)  
indicated that in cows, IGFBP-3 concentrations increased toward 
day 100 of pregnancy. Western ligand blotting only detects 
functional binding proteins; therefore, it is unlikely that single 
proteolytic fragments individually bind IGF-1, resulting in 
increased concentrations. Therefore, the mechanism controlling 
fetal and placental growth by the maternal somatotropic axis 
appears to be different between bovine and human. Increased 
concentrations of IGFBP-3 may indicate that less IGF-1 is free 
for local action. In future studies, the additional measurement of 
free IGF-1 (in blood and local) should be contemplated in order 
to answer this question.

One of the main goals of the present study was to measure 
the concentration particularly of IGFBP-4, as inhibitory bind-
ing proteins previously associated with fetal growth restriction. 
In early physiological pregnancies in women, an increase in 
IGFBP-4 was measured, followed by lower concentrations (15). 
We previously indicated a decrease in IGFBP-4, also measured by 
Western Ligand blot (13). In contrast to these results, no specific 
decrease in IGFBP-4 was found in cows in the present study in 
pluriparous cows. One difference between these both studies was 
that Meyerholz et al. (13) used heifers exclusively whereas in the 
present study mainly pluriparous, meaning lactating animals, are 
examined. This could be the underlying reason for differences in 
peripheral IGFBP pattern.

Oxvig (12) summarizes the importance of PAPP-A within 
the IGF-1 system and concluded that PAPP-A is an important 
component of the IGF system and describes this part of the IGF 
system as the “PAPP-A→IGFBP-4→IGF axis.” In cattle, PAPP-A 
has also been described in the context of follicular growth as 
already mentioned above, where preovulatory ovarian follicles 
are characterized by a high proteolytic cleavage of IGFBP-4 
through PAPP-A (44). Moreover, variants in the PAPP-A gene 
were associated with “daughter pregnancy rate” but no detection 
during gestation in cattle was reported so far. In the present study, 
in pregnant cattle, in vivo data suggest that no distinct cleavage 
of IGFBP-4 occurs in bovine pregnancies as the concentrations 
stay comparable. But, in  vitro a degradation of IGFBP-4 could 
be verified, however, no proof of the responsible enzyme e.g., 
PAPP-A was intended and should be the focus of further studies. 
Interestingly, in both study trials, IGFBP-4 was clearly lower in 
physiological pregnancies than in those with fm. Thus, we specu-
late that a high concentration of an inhibitory binding protein 
in maternal blood may be associated also with lower free IGF 
levels, which might have an important influence on fetal growth 
or placentation or that this high concentrations just mirrors a sub 
function of local proteases also released in the maternal blood cir-
culation. Moreover, also the metabolic adaption of the dairy cow 
with regard to parallel lactation maybe lead to higher IGFBP-4 
concentrations (2). Therefore, further studies are warranted to 
elucidate the underling pathomechanism for higher IGFBP-2- 
and IGFBP-4 concentrations in cows with pregnancy loss.

In conclusion, distinct differences in the peripheral IGFBP 
pattern could be associated with late embryonic and early fetal 
losses in cattle. Specific IGFBP-4 proteolysis could be identified in 
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cattle but less intense than in human as peripheral concentrations 
were comparable between pregnant and not pregnant animals. 
Therefore, circulating concentrations of IGFBP-2, IGFBP-3, and 
IGFBP-4 in the mother may have a biomarker potential for main-
tenance of pregnancy in dairy cows.
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In previous work using market-weight pigs, we had demonstrated that insulin-like 
growth factors (IGFs) and insulin-like growth factor binding proteins (IGFBPs) are reg-
ulated during shipment characterized by changing conditions of stress due to loading 
or unloading, transportation, lairage, and slaughter. In addition, we found in a previous 
study that IGFBP-2 concentrations were lower in pigs transported for longer periods of 
time. Therefore, we performed a more detailed study on the effects of transport duration 
and season on the plasma concentrations of IGFs and IGFBPs in adult pigs. For the 
study, exsanguination blood was collected from 240 market-weight barrows that were 
transported for 6, 12, or 18 h in January or July. IGF-I and -II were detected using com-
mercial ELISAs whereas IGFBPs were quantified by quantitative Western ligand blotting. 
In addition, established markers of stress and metabolism were studied in the animals. 
The results show that plasma concentrations of IGFBP-3 were significantly reduced after 
18 h of transport compared to shorter transport durations (6 and 12 h; p < 0.05). The con-
centrations of IGF-I in plasma were higher (p < 0.001) in pigs transported 12 h compared 
to shorter or longer durations. Season influenced plasma concentrations of IGFBP-3 and 
IGF-II (p < 0.05 and p < 0.01, respectively). Neither transport duration nor differential 
environmental conditions of winter or summer had an effect on glucocorticoids, albumin, 
triglycerides, or glucose concentrations (p  >  0.05). However, low-density lipoprotein 
concentrations decreased after 18 h compared to 6 h of transport (p < 0.05), whereas 
high-density lipoprotein concentrations were higher (p < 0.05) in pigs transported for 12 
or 18 h compared to those transported for only 6 h. Our findings indicate differential reg-
ulation of IGF-compounds in response to longer transport duration or seasonal changes 
and support current evidence of IGFs and IGFBPs as innovative animal-based indicators 
of psycho-social or metabolic stress in pigs.

Keywords: animal welfare, stress hormones, insulin-like growth factor, pig shipment, metabolism, biomarker
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inTrODUcTiOn

Due to concentration of the slaughter process, more pigs are 
being transported to less and bigger slaughter plants resulting in 
increasingly longer transport distances and lengths (1). Longer 
transport distance or duration is associated with increased loss 
of live-weight (2), mortality (3), serum concentrations of acute 
phase proteins (4), creatine kinase (CK) (5, 6), glucose, lactate, 
and hematocrit levels (7, 8). The collection of exsanguination 
blood directly after the slaughtering of pigs is a suitable, non-
invasive technique for the evaluation of the physiological response 
to different transport durations and preslaughter conditions. As 
described in preliminary studies (9), cortisol concentrations, 
measured in exsanguination blood, were not affected after 
prolonged duration of shipment. Though, insulin-like growth 
factor-binding protein (IGFBP)-2 concentrations decreased over 
time due to the length of shipment indicating biomarker poten-
tial for components of insulin-like growth factor (IGF) system. 
Furthermore, IGFBP-3/-2 ratio was increased in pigs, which 
were repeatedly stressed in the period of 24 h before slaughter. 
In humans, parameters of the growth hormone (GH) axis may 
have biomarker potential for acute or prolonged illness (10, 11). 
In mammals, it is assumed that acute physical stress, energy 
restriction, or acute phase of severe illness induce an amplifica-
tion of GH secretion and increased levels of GH (10, 12, 13). GH 
affects body growth and metabolism directly and indirectly via 
control of IGF-I production in the liver or in other tissues (14). 
In blood, IGF is bound to IGFBPs that control the availability of 
IGF, but also have IGF-independent functions (15). As IGFBPs 
are sensitive markers to detect changes of the GH-dependent 
growth (16, 17), they play a central role in linking nutritional 
intake with somatic growth (18–20). Furthermore, it is known 
that glucocorticoids influence the levels of IGF-I and IGFBPs 
(21–23) suggesting an interference of acute or prolonged stress 
with the IGF system. Accordingly, in the present study, effects 
of transport duration under different seasonal conditions on the 
IGF-system were discussed in conjunction with established stress 
markers.

MaTerials anD MeThODs

All experimental procedures were approved by the University of 
Saskatchewan’s Animal Research Ethics Board and adhered to 
the current guidelines of the Canadian Council on Animal Care 
(CCAC, 2009).

animals and Preslaughter conditions
Details about the experimental conditions applied in this 
experiment were previously described by Goumon et  al. (24). 
Briefly, this experiment was part of a larger study involving 5,040 
crossbred pigs (Sus scrofa, Landrace × Large White; mean body 
weight = 120.8 ± 0.4 kg) transported over 6, 12, or 18 h (average 
loading density of 0.37–0.38 m2/pig) to a slaughterhouse located 
in western Canada. This study was conducted with subset of 240 
male pigs (barrows, 120.8 ±  0.4 kg) at the age about 24 weeks 
and includes two trials. One trial was conducted in January to 
February with a temperature range between −28.8 and 1.9°C 

during the transport. The second trial was conducted in July 
and the temperature ranged between 12.5 and 40.1°C. Food was 
removed from pigs transported for 6 and 12 or 18 h for 20 and 
24 h, respectively. As previously described, fasting did not affect 
the circulating levels of IGF-1 and IGFBPs within the time frame 
of this experiment (9). The pigs had no access to water on the 
truck, but water was available in lairage. After unloading, pigs 
were held in a lairage for approximately 150 min.

Blood collection
At exsanguination, 2 ml of blood were collected from a subsam-
ple of 240 barrows (40 barrows/transport duration/season) and 
EDTA-plasma was extracted (centrifugation at 1,400 × g at 4°C 
for 12 min) (24). Plasma samples were stored at −80°C before 
shipment to the laboratory of the Institute of Genome Biology 
at the Leibniz Institute for Farm Animal Biology (FBN) in 
Dummerstorf (Germany) for further analyses.

Plasma analyses
Insulin-Like Growth Factor Binding Proteins
Quantitative Western ligand blotting was applied for the 
assessment of IGFBP-3, -2 and -5 concentrations as described 
previously (25). Briefly, plasma samples were denatured for 
5  min in sample buffer (312.5  mM Tris (pH 6.8), 50% (w/v) 
glycerol, 5  mM EDTA, 1% (w/v) SDS, and 0.02% bromophe-
nol blue). After separation by 12% SDS-PAGE, proteins were 
transferred to a polyvinylidene fluoride membrane (Millipore, 
Bedford, MA, USA), blocked and incubated with biotin labeled 
human IGF-II (1:500; BioIGF2-10; ibt-systems, Binzwangen, 
Germany). IGFBPs were detected by enhanced chemilumines-
cence using LuminataTM Forte (Millipore, Bedford, MA, USA). 
The signal intensities were corrected for background using the 
Gelanalyzer2010a software. On each blot, serial dilutions of 
recombinant human IGFBP-2 to -5 standards (R & D Systems, 
Wiesbaden, Germany) in artificial serum matrix (Biopanda, 
County Down, UK) were used as calibrators enabling signal 
quantification. Each signal was corrected for unspecific back-
ground Curve fitting was achieved by non-linear regression 
of each separate IGFBP. Due to low abundance, IGFBP-4 was 
detected but not quantified in the porcine plasma. The analytical 
range for each plasma IGFBP was 150–15,000 ng/ml. Inter-assay 
coefficients of variation (CV) were determined by in study vali-
dation according to recommendations of EMA guideline (26) 
using a random selected pig plasma sample of the investigated 
study samples. The inter-assay CVs (n = 10) for IGFBP-3 (mean: 
4850 ng/ml), -2 (mean: 2324 ng/ml), and -5 (679 ng/ml) were 
12.8, 15.1, and 20.1%, respectively.

IGF-I and IGF-II
Plasma concentrations of IGF-I and IGF-II (n = 90) were analyzed 
by Ligandis GbR using commercially available ELISA Kits E20 
and E30 according to manufacturer’s instruction (Mediagnost, 
Reutlingen, Germany). For IGF-I, the analytical range was 
21–1,050 ng/ml and the inter- and intra-assay CVs were less than 
6.8 and 6.7%, respectively. For IGF-II, the analytical range was 
from 120 to 2,400 ng/ml.
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Corticosterone
Plasma concentrations of corticosterone (n = 90) were analyzed 
using LC-MS technique as already described (27). In brief, after 
protein precipitation, the supernatant was dried and stored at 
−20°C. For LC–MS/MS analysis, samples were dissolved in 
MeOH/H2O (50/50) adding DXM (100 ng/ml), vortexed for 30 s, 
sonicated for 2 min, and centrifuged at 4°C for 2 min at 14,000 rpm. 
Subsequently, samples were transferred to mass spectrometry 
analysis using an Accela HPLC/autosampler system (Thermo 
Fisher Scientific) coupled to the LTQ Orbitrap high-resolution 
hybrid mass spectrometer (Thermo Fisher Scientific, Dreieich, 
Germany). At various concentrations between 5 and 500 ng/ml, 
the intra-assay CVs were 13.05–4.64%. The inter-assay CV for 
100 ng/ml (n = 20) was 5.57%.

Metabolites
Triglycerides (TG), cholesterol, glucose, high-density lipoprotein 
cholesterol (HDL-C), and albumin (n  =  90) were analyzed in 
plasma using commercial enzymatic colored kits according 
to the manufacturer’s instructions (TG: No. LT-TR 1002, total 
cholesterol: No. LT-CH 0503, glucose: LT-GL 0251, HDL: LT-HD 
0053, albumin LT-AB 0103; Labor & Technik Eberhard Lehmann 
Berlin, Germany, respectively) as previously described (28). The 
intra-assay CV for TG, total cholesterol, glucose, HDL and albu-
min were 1.60, 1.32, 1.80, 2.44, and 1.66%, respectively. The inter-
assay CV% for TG, total cholesterol, glucose, HDL, and albumin 
were 4.30, 1.98, 2.40, 2.50, and 1.11%, respectively. Low-density 
lipoprotein cholesterol (LDL-C) was calculated according to the 
Friedewald Formula = [total cholesterol] − [HDL-C] − ([TG]/5) 
(29, 30).

statistics
Statistical analyses were performed using SAS software version 
9.3 (SAS, Cary, NC, USA). The data of all blood parameters were 
evaluated by ANOVA using the MIXED procedure. The ANOVA 
model included transport duration (6, 12, and 18  h), environ-
ment (January/February versus July), week within environment  
(subset of weeks 1, 2, 3, and 4 in January/February, subset of 
weeks 1, 2, 3, and 4 in July) and the two-way interaction dura-
tion × environment as fixed effects. For all data, the least squares 
means and their SE were calculated and tested for each fixed effect 
in the model using the Tukey–Kramer procedure for all pair-wise 
multiple comparisons. Effects and differences were considered 
significant if p < 0.05.

resUlTs

effect of Transport Duration
An overview of all calculated F-values, degrees of freedom, and 
probability F-values of each fixed effect and their interaction is 
provided by Table 1. Quantitative Western ligand blot analyses 
of IGFBPs revealed IGFBP-3 as being the most abundant plasma 
IGFBP in pigs followed by IGFBP-2 and IGFBP-5 (Figures 1A–D) 
and having similar molecular weights as human recombinant 
reference standards. Plasma concentrations of IGFBP-3 and 
IGFBP-2 were lower in pigs transported for 18  h compared to 

pigs transported for 6 h (p < 0.001 and p < 0.001, respectively; 
Figures 1A,C). However, the concentrations of both IGFBP did 
not differ in pigs transported for 6 and 12 h (p > 0.05). There was 
no significant effect of transport duration on plasma concentra-
tions of IGFBP-5 either (p > 0.05; Figure 1D). Concentrations of 
IGF-I were higher (p < 0.001) in pigs transported for 12 h than in 
those transported for 6 or 18 h (Figure 1E). By contrast, plasma 
concentrations of IGF-II were not significantly affected by trans-
port duration (p > 0.05; Figure 1F). The total amount of quanti-
fied IGFBPs, which is an indicator for IGF-binding capacity, was 
lower in pigs transported for 18 h compared to pigs transported 
for 6 and 12 h (p < 0.001 and p < 0.05, respectively; Figure 2A). 
The ratio of IGF-I to total IGFBPs, calculated as an indicator for 
IGF-I bioavailability in circulation, was greater (p  <  0.001) in 
pigs transported for 12 h compared to those transported for 6 h 
(Figure 2B). As shown in Figure 2C, the ratio of IGFBP-3 to -2, 
used as a marker for somatic growth and metabolic homeostasis, 
was greater in pigs transported for 18 h compared to pigs trans-
ported for 6 or 12 h (p < 0.001 and p < 0.05, respectively).

Plasma concentrations of corticosterone, glucose, and albumin 
were not significantly affected by transport duration (p > 0.05; 
Figures 3A–C). Plasma concentrations of total cholesterol were 
lower (p < 0.01) in pigs transported for 18 h compared to those 
transported for 12 h (Figure 3D). When compared to 6 h trans-
ports, HDL-cholesterol levels were greater after 12 h (p < 0.01) 
and 18 h (p < 0.001) transports (Figure 3E). By contrast, LDL-
cholesterol concentrations were lower in pigs transported for 
18 h compared to pigs transported for 6 or 12 h (p < 0.05 and 
p < 0.01, respectively; Figure 3F). An effect of transport dura-
tion on plasma TG was only detected in summer. Thereby, the 
concentrations of TG were increased after 12 and 18 h transport 
compared to 6 h (p < 0.001 and p < 0.05, respectively, Figure 3G).

effect of Differential environment in  
Winter or summer
The environmental conditions had an effect on some plasma 
parameters in this study, with concentrations of IGFBP-3 being 
higher (p <  0.05) in January/February than in July and IGF-II 
concentrations being lower (p < 0.01) in January/February than 
in July (Table  2). Plasma IGFBP-2, IGFBP-5, IGF-I, cortisol, 
corticosterone, albumin, and glucose concentrations were not 
affected by the differential environmental conditions in this study 
(p > 0.05).

DiscUssiOn

The results of this study clearly demonstrate that transport duration 
and differential environmental conditions in winter or summer 
contribute to the variation of IGFs and IGFBPs in blood collected 
from pigs at slaughter. Indeed, the concentrations of IGFBP-3 
were lower after 18 h transport, contributing also to reduction of 
total IGFBPs levels in the circulation. Due to a stronger reduction 
of IGFBP-2, the ratio of IGFBP-3/IGFBP-2 increased after 18 h of 
transportation. An increase of IGFBP-3/IGFBP-2 ratio was also 
reported in plasma of pigs subjected to repeated restraint stress 
in the preslaughter period (9) indicating that this ratio might 
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TaBle 1 | F-test for the fixed effects season, week within season, duration, and the interaction of environment × duration.

Parameter effect numDF DenDF F-value ProbF

IGFBP-3 Environment 1 228 5.50 0.020
Week (environment) 6 228 1.61 0.147
Duration 2 228 8.01 <0.001
Environment × duration 2 228 0.26 0.768

IGFBP-2 Environment 1 225 0.02 0.892
Week (environment) 6 225 1.62 0.143
Duration 2 225 11.30 0.001
Environment × duration 2 225 2.05 0.131

IGFBP-5 Environment 1 154 0.46 0.500
Week (environment) 6 154 1.18 0.322
Duration 2 154 0.79 0.455
Environment × duration 2 154 0.48 0.622

IGF-I Environment 1 81 0.55 0.460
Week (environment) 3 81 2.84 0.043
Duration 2 81 15.51 <0.001
Environment × duration 2 81 2.22 0.115

IGF-II Environment 1 81 7.82 0.006
Week (environment) 3 81 1.31 0.277
Duration 2 81 0.04 0.962
Environment × duration 2 81 1.86 0.163

total IGFBPs Environment 1 228 3.22 0.074
Week (environment) 6 228 1.59 0.151
Duration 2 228 11.50 <0.001
Environment × duration 2 228 0.41 0.664

IGF-I/total GFBPs Environment 1 81 0.30 0.585
Week (environment) 3 81 1.29 0.284
Duration 2 81 10.22 <0.001
Environment × duration 2 81 2.13 0.126

IGFBP-3/IGFBP-2 Environment 1 225 1.67 0.198
Week (environment) 6 225 0.50 0.809
Duration 2 225 6.66 0.001
Environment × duration 2 225 1.87 0.157

Corticosterone Environment 1 81 0.19 0.663
Week (environment) 3 81 1.17 0.325
Duration 2 81 0.09 0.915
Environment × duration 2 81 1.78 0.176

Glucose Environment 1 74 0.94 0.334
Week (environment) 3 74 2.14 0.103
Duration 2 74 0.26 0.772
Environment × duration 2 74 0.13 0.880

Albumin Environment 1 75 2.64 0.108
Week (environment) 3 75 1.67 0.180
Duration 2 75 2.13 0.126

 Environment × duration 2 75 0.79 0.456

Triglycerides Environment 1 81 0.00 0.951
Week (environment) 3 81 1.55 0.208
Duration 2 81 8.38 <0.001

 Environment × duration 2 81 4.88 0.010

Cholesterol Environment 1 81 3.35 0.071
Week (environment) 3 81 0.45 0.719
Duration 2 81 5.16 0.008

 Environment × duration 2 81 1.87 0.160

HDL-C Environment 1 81 1.05 0.308
Week (environment) 3 81 0.17 0.915
Duration 2 81 11.67 <0.001

 Environment × duration 2 81 1.71 0.188

(Continued)
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FigUre 1 | Effect of transport duration on insulin-like growth factor (IGF)-axis: insulin-like growth factor-binding protein (IGFBP)-2 (a), with kind permission from 
Nature Publishing Group as previously published in Ref. (9), IGFBP-profile (B), IGFBP-3 (c), IGFBP-5 (D), IGF-I (e), and IGF-II (F). Quantitative data are presented 
as LS-Means + SE and include the summarized data of the trials in January/February and July due to the absence of the significant interaction duration ×  
environment (*p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.1, rh: recombinant human, quality control: pig plasma sample). IGFBP-2, -3, -5: n = 80 per duration; IGF-I 
and IGF-II: n = 30 per duration.

Parameter effect numDF DenDF F-value ProbF

LDL-C Environment 1 81 2.67 0.106
Week (environment) 3 81 0.64 0.588
Duration 2 81 6.06 0.003

 Environment × duration 2 81 0.89 0.415

(NumDF, numerator degrees of freedom; DenDF, denominator degrees of freedom; ProbF, significance probability corresponding to the F-value).
IGFBP, insulin-like growth factor-binding protein; IGF, insulin-like growth factor; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
ProbF < 0.05 were considered significant and marked with bold font.

TaBle 1 | Continued
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reflect increased stress conditions before slaughtering. In fact, in 
a previous study (24), 18 h of transportation were considered as a 
more stressful condition because the animals were characterized 

by higher body temperatures or greater drinking and differential 
resting behavior, compared to 6 or 12 h transports. In the present 
study, pigs were fasted either 20 h (6 and 12 h transport) or 24 h 
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FigUre 2 | Effect of transport duration on total amount of total insulin-like growth factor-binding proteins [IGFBPs; (a)] as a marker for IGF-binding capacity and on 
the ratio of IGF-I/total IGFBPs (B) as indicator for IGF-I bioavailability. IGFBP-3/-2 ratio (c) was detected as a marker of growth hormone action. Data are presented 
as LS-Means + SE. Total (a,B): n = 30 per duration, (c) n = 80 per duration. *p < 0.05, ***p < 0.001, #p < 0.1.
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(18 h transport). Because it has been shown, that fasting of 70 h 
reduced serum levels of IGF-I and IGFBP-3 (31) in sheep, it might 
be that the IGF-compounds, at least in theory, were coregulated 
by metabolic stress in pigs. However, preliminary studies revealed 
that 19 h of fasting were not sufficient to affect IGFBP-2, -3, or 
-5 concentrations also in market-weight pigs (9). Furthermore, 
circadian effects as described for IGFBP-3 (9) are no explanation 
for the decrease of IGFBP-3 due to the same time of arrival of 
animals at the slaughterhouse. Therefore, together with the find-
ings from preliminary studies, the reduction of plasma IGFBP-2 
and IGFBP-3 levels in two independent conditions of physiologi-
cal and psycho-social stress in pigs, such as restraint and long 
transport, provides consistent evidence for the potential of both 
IGFBPs as stress biomarker in pigs.

Interestingly, in the present study, IGF-I concentrations and 
IGF-I bioavailability were increased after 12-h transport followed 
by a decrease after 18 h to levels similar to those after 6 h. Since the 
amount of IGFBPs present in the circulation was not significantly 
different after 6 and 12 h of transport, it is difficult to conclude 
whether the IGFBPs are responsible for the increased IGF-I 
plasma concentrations after 12 h transport. Nevertheless, altered 
biosynthesis of IGF-I might be assessed by follow-up studies in 
hepatic and non-hepatic tissues. Without excluding a possibly 
reduced expression of IGF-I during 18 h transport, the reduced 
levels of IGFBPs may explain the reduction of IGF-I concentra-
tions in pig plasma after long-term transport due to reduced 
half-life of free IGF-I.

In the present study, IGFBP-3 concentrations were higher in 
pigs transported in January/February, while IGF-II concentra-
tions were higher in pigs transported in July. This might be an 
effect of environmental conditions such as different temperatures 
during the transport or husbandry. To our knowledge, there is 
little evidence regarding the effect of ambient conditions on 
the IGF-system in farm animals and, before this study, there 
was none for pigs. In fish, it has been shown that plasma and 
mRNA levels of IGF-I increase with ambient water temperature, 
while IGF-II concentrations decrease (32). In the Gabillard et al. 
(2003) study, ambient temperature variation appears to promote 
fish growth through IGF-I secretion by the liver following GH 
stimulation. However, this effect was biased by the fish nutritional 

condition. By contrast, plasma IGF-II was not affected by the 
growth-promoting effect of temperature, but appeared to be more 
related to the metabolic status of the fish. A positive correlation 
of circulating levels of IGF-1 with increased water temperatures 
was also described in other fish species (33–36). Differently from 
the findings in fish, no significant changes in IGF-I levels were 
found in this study. A possible explanation for this lack of effect 
may be that IGF-I action was modulated by the increased levels 
of IGFBP-3, which was by the way the most abundant IGFBP in 
pig serum in this study, at the conditions of lower temperatures. 
In addition, regarding the thermoregulation, most fish species are 
poikilothermic ectotherms. This means, the body temperature is 
not constant but varies with water temperature which may have 
direct effects on metabolic and endocrine parameters in contrast 
to endothermic mammals. Contrary to the results of the fish 
study (32), IGF-II level variation was not inversely proportional 
to that in ambient temperature in the present study, probably due 
to the potential negative effect of heat stress on the expression 
of growth-related genes (37). It has been also suggested that 
potential environmental effects on IGF-system in market pigs 
are strongly dependent on the farm management system. This 
hypothesis also needs to be assessed in future studies.

Longer transport duration and/or extreme ambient tempera-
tures are known to decrease the welfare of pigs on the truck (3, 
24, 38–40). However, the transport times either applied during 
differential conditions in winter or summer in this study did 
not result in any variation in the concentrations of corticoster-
one, glucose, and albumin in exsanguination blood. This is in 
accordance to previous findings that cortisol was affected by the 
transport duration (6, 9). The lack of variation in these blood 
metabolites at slaughter may indicate that lairage conditions and 
time applied in this study were sufficient to help pigs recover from 
transport stress, regardless of travel time. A number of studies 
(41–43) actually reported that during two or 3 h in lairage, levels 
of blood cortisol are normalizing.

Higher plasma total protein and albumin concentrations in 
blood of pigs at exsanguination are associated with the dehydra-
tion rate at the time of slaughter (44, 45). It is sensible that pigs 
are getting dehydrated during extended periods of shipment, 
which is in line with greater drinking behavior in pigs transported 
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FigUre 3 | Effects of transport duration on plasma levels of corticosterone (a), glucose (B), albumin (c), cholesterol (D), HDL (e), LDL (F), and triglycerides (g) 
(n = 28–30 per duration for all parameters). Data except triglycerides include the summarized data of the trials in January/February and July due to the absence of 
the significant interaction duration × environment. A significant interaction of duration × environment (p < 0.05) was calculated for TG. All data are presented as 
LS-Means + SE *p < 0.05, **p < 0.01, ***p < 0.001; LDL = low-density lipoprotein, HDL = high-density lipoprotein.

Wirthgen et al. Transport Associated Changes of IGF System

Frontiers in Endocrinology | www.frontiersin.org February 2018 | Volume 9 | Article 36

longer versus shorter periods of time (41, 46). However, in the 
present study, no effects of transport duration or environment 
were observed on blood albumin levels at slaughter. The increased 
drinking behavior observed in lairage in pigs after a transport 
period of 18 h in a previous study (24) may have helped circulat-
ing levels of albumin to return to the rest ones.

Differently from glucocorticoids and albumin, the indica-
tors of lipid metabolism in the present study were affected by 
transport duration and/or environment. Plasma lipid levels may 
reflect constitutional or nutritional status of an animal, but there 
is also some evidence that plasma lipid concentrations can also 
be affected by short-term emotional arousal (47), acute stress 

(48), or activation of inflammatory pathways (49). In the present 
study, total cholesterol was reduced after 18 h of transport and 
this reduction was due to the simultaneous reduction of LDL-C 
concentrations. Conversely, HDL-C concentrations increased 
in pigs transported for 12 and 18 h. Transport longer than 6 h 
also increased blood TG levels, but only in summer. These results 
may be explained by the concurrent effects of longer feed depriva-
tion (24 h) and transport (18 h) on increased lipolysis or even 
protein degradation for maintenance of metabolic homeostasis 
as showed by the reduced levels of cholesterol and LDL-C in this 
study, and the variation of body temperature and post-transport 
resting behavior reported in a companion study (24). However, 
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TaBle 2 | Effect of different environmental conditions in January/February and 
July on plasma parameters.

January/February July ntotal p-Value

IGFBP-3 (ng/ml) 7,295 ± 246 6,559 ± 194 240 0.02
IGFBP-2 (ng/ml) 2,364 ± 150 2,338 ± 122 240 0.89
IGFBP-5 (ng/ml) 461 ± 53.0 414 ± 44.0 240 0.50
IGF-1 (ng/ml) 133 ± 13 121 ± 8.91 90 0.46
IGF-2 (ng/ml) 97.1 ± 11.3 135 ± 7.72 90 0.01
Corticosterone (ng/ml) 6.3 ± 1.07 6.8 ± 0.73 90 0.66
Albumin (g/dl) 3.1 ± 0.10 2.9 ± 0.11 84 0.11
Glucose (mg/dl) 129 ± 6.02 120 ± 6.71 84 0.33
Total IGFBPs 9,981 ± 374 9,125 ± 295 240 0.07
IGF-1/total IGFBP 0.01 ± 0.002 0.01 ± 0.001 90 0.58
IGFBP-3/IGFBP-2 3.6 ± 0.24 3.22 ± 0.20 240 0.20
Total cholesterol (g/l) 1.15 ± 0.04 1.25 ± 0.03 90 0.07
HDL (g/l) 0.1 ± 0.01 0.07 ± 0.01 90 0.31
LDL (g/l) 1.0 ± 0.04 1.09 ± 0.03 90 0.11

For all presented parameters the interaction duration × environment was not significant. 
The data are summarized over the transport duration (6, 12, and 18 h) and are 
presented as LS-means ± SE. The Tukey–Kramer procedure was used for pair-wise 
comparisons.
ProbF < 0.05 were considered significant and marked with bold font.
IGFBP, insulin-like growth factor-binding protein; IGF, insulin-like growth factor; HDL, 
high-density lipoprotein; LDL, low-density lipoprotein.
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The aim of the present article is to update our understanding of the expression of the 
insulin-like growth factor binding proteins (IGFBPs), IGFBP proteases and their impli-
cation in the different processes of ovarian folliculogenesis in mammals. In the studied 
species, IGFs and several small-molecular weight IGFBPs (in particular IGFBP-2 and 
IGFBP-4) are considered, respectively, as stimulators and inhibitors of follicular growth 
and maturation. IGFs play a key role in sensitizing ovarian granulosa cells to FSH action 
during terminal follicular growth. Concentrations of IGFBP-2 and IGFBP-4 in follicular 
fluid strongly decrease during follicular growth, leading to an increase in IGF bioavail-
ability. Inversely, atresia is characterized by an increase of IGFBP-2 and IGFBP-4 levels, 
leading to a decrease in IGF bioavailability. Changes in intrafollicular IGFBPs content are 
due to variations in mRNA expression and/or proteolytic degradation by the pregnancy- 
associated plasma protein-A (PAPP-A), and likely participates in the selection of 
dominant follicles. The identification of PAPP-A2, as an IGFBP-3 and -5 protease, and 
stanniocalcins (STCs) as inhibitors of PAPP-A activity extends the IGF system. Studies 
on their implication in folliculogenesis in mammals are still in the early stages.

Keywords: insulin-like growth factor, insulin-like growth factor binding protein, ovary, folliculogenesis, pregnancy-
associated plasma protein-A, stanniocalcins

Until the 2000s, involvement of insulin-like growth factors (IGFs) and IGF-binding proteins 
(IGFBPs) in ovarian folliculogenesis has been extensively described in several mammalian spe-
cies (1). Comparative analysis reveals some species differences concerning the role of IGFs on 
the different stages of folliculogenesis, and on the changes of levels and expression of the different 
elements of IGF system during follicular growth and atresia. In all these species, IGFs and several 
small-molecular weight IGFBPs (in particular IGFBP-2 and IGFBP-4) are considered, respectively, 
as stimulators and inhibitors of follicular growth and maturation. Based on our complete review of 
the IGF system in the mammalian ovary (1), we will present an update on IGFBPs expression and 
IGFBP proteolytic degradation in the ovary, with a focus on the protease, pregnancy-associated 
plasma protein-A (PAPP-A).

THe iGF SYSTeM

The IGF system is composed of different elements (2–4):

 – Two ligands, IGF-I and IGF-II.
 – Two receptors: the type I receptor mediates most of the somatomedin-like actions of both IGF-I 

and -II. The type II receptor, or IGF-II/Mannose-6-Phosphate (IGF-II/M6P) receptor, binds 
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IGF-II but not insulin, and binds IGF-I with very low affinity, 
and can be considered as an inhibitor of IGF-II action.

 – Six IGFBPs, which bind IGF-I and -II with high affinity. IGFBPs 
are present in all biological fluids. They can be arbitrarily clas-
sified in two groups: (1) the small molecular weight IGFBPs, 
or IGFBPs <40 kDa including IGFBP-1, -2, -4, -5, and -6 that 
are present in the serum and in other fluids in a so called 
“small complex.” When visualized by western-ligand blotting 
(WLB), their apparent molecular weights range between 
24 and 35  kDa. In serum, their levels are either negatively 
regulated (IGFBP-1 and -2) or unaffected by growth hormone 
(GH); (2) IGFBP-3, which is the predominant IGFBP in 
serum. In this fluid, it is mostly present in a 150 kDa form 
(“large complex”), composed of IGF-I or IGF-II, and an acid-
labile 85 kDa subunit (ALS). Native IGFBP-3 is visualized as a 
44–42 kDa doublet by WLB. The concentration of IGFBP-3 is 
positively regulated by GH and IGF-I.

Insulin-like growth factor binding proteins increase IGFs half-
life and constitute a large pool of IGFs in all the compartments 
of the organism (5, 6). Furthermore, IGFBPs can both inhibit 
and potentiate IGFs action at the level of target cells. They can 
indeed inhibit IGFs action by sequestration, since the affinity of 
IGFBPs for IGF-I and -II is of the same order of magnitude as the 
affinity of type I receptors. However, the affinity of IGFBPs for 
IGF-I and -II can be modulated by post-translational changes. 
Particularly, the affinity of IGFBP-1 for IGFs can be increased 
by phosphorylation as reported in human amniotic fluid at the 
end of pregnancy (2, 7, 8). Moreover, the affinity of IGFBPs for 
IGFs can be reduced when IGFBPs are bound to ECM (IGFBP-5), 
or when they are proteolyzed (IGFBP-2, IGFBP-3, IGFBP-5, and 
IGFBP-4) (3, 8). Such proteolysis has been first described in the 
serum of female rodents and humans during pregnancy, after 
nutritional fasting, during severe illness or following extensive 
trauma. Limited proteolysis of IGFBPs has also been described 
in the serum and lymph of normal human adults, and in culture 
media of osteoblastic cells, granulosa cells, and tumor cells (9).  
It is, therefore, likely that such a phenomenon exists in vivo in 
most tissues. Moreover, it is important to note that this proteolysis 
can occur at the level of the cell membrane (10). Such decreases in 
the affinity of IGFBPs for IGFs, hereby increasing bioavailability 
of IGFs, can lead to a potentiation rather than an inhibition of 
action of the ligands.

iGFs iN THe OvARY

There are many in vitro and in vivo evidence that IGF-I and IGF-II 
are stimulators of ovarian follicular development (1, 11, 12).  
IGF-I stimulates either proliferation, or differentiation of granu-
losa cells depending on the stage of development of the follicle, 
and plays a key role in the responsiveness of the ovary to FSH 
action. Moreover, the increase in expression and/or bioavail-
ability of IGFs in large preantral follicles results in an increase in 
the number of functional FSH receptors, leading to an increase 
in type I IGF receptors. This positive feedback loop might partly 
be responsible for the amplification of FSH action and the expres-
sion of aromatase and LH receptors in fully mature follicles.  

In contrast to adult rodents that have trace amounts of IGF-II 
in serum, adult humans (as well as adult sheep, cattle, and pigs), 
contain twofold to threefold more IGF-II than IGF-I in serum, 
the former being less dependent on GH than the latter. In cattle 
and mice, IGF-I seems to play a key role in increasing the sensitiv-
ity of small antral follicles to gonadotropin action, and plays a key 
role in their transition to the gonadotropin-dependent follicular 
stage. In human, circulating IGF-I does not seem to be essential 
for the development or maturation of ovarian follicles (13–15). 
In this case, it is possible that the low (likely GH-independent) 
expression of IGF-I in small growing follicles and of IGF-II in 
large dominant follicles are able to replace the contribution of 
serum GH-dependent IGF-I.

There is some heterogeneity in the localization of IGFs expres-
sion in the ovary of different species (1), but several arguments 
play in favor of a main seric origin of IGFs (16). Except in human, 
it is likely that small changes in local expression of IGFs would 
not have any significant consequence on their intrafollicular 
concentration, considering the high levels present in serum. 
Moreover in the dog, Reynaud et al. show that the wide span in 
body height among dogs with different breeds is associated with 
dramatic differences in IGF-I and IGFBP-3 levels in both plasma 
and follicular fluid from preovulatory follicles (17). These differ-
ences of levels impact follicular development: large dogs have a 
higher number of preovulatory follicles than small dogs, these 
follicles being 70% larger in the largest dog than in the smallest 
dog (17). These differences are not associated with differences 
in estradiol serum levels, suggesting an uncoupling between the 
number and the size of preovulatory follicles in this species, and 
steroidogenesis.

Actually, IGFs bioavailability, rather than IGFs concentration, 
dramatically changes during growth and atresia of ovarian fol-
licles (see below).

iGFBPs iN THe OvARY

The intrafollicular IGFBP content fluctuation is a very conserved 
phenomenon among mammalian species: the disappearance 
of IGFBPs < 40 kDa (IGFBP-2, IGFBP-4 as well as IGFBP-5 in 
ruminants follicles) characterizes the preovulatory follicles and 
the increase in their levels is observed in atretic follicles. All these 
changes are due to two processes: changes in mRNA expression, 
and changes in proteolytic degradation (Table 1).

CHANGeS iN mRNA eXPReSSiON

iGFBP-1
Most of the studies report the absence of significant expression 
of IGFBP-1 in mammalian ovaries (18–22). However, in human 
ovaries, some studies have shown IGFBP-1 mRNA expression in 
granulosa cells of mature follicles (23, 24). Overall, it could be pos-
tulated that in most mammalian species, intrafollicular IGFBP-1 
derives mainly from serum, rather than de novo synthesis.

iGFBP-2
In the ewe, the sow, the cow, and the mare, intrafollicular levels 
of IGFBP-2 strongly decrease from 1 to 2 mm diameter follicles 
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TABLe 1 | General overview of IGFBP contents variations during follicular growth 
and atresia in mammalian ovary.

Growing follicles Atretic follicles

mRNA Protein Proteolysis Protein Proteolysis

IGFBP-1 Mainly from 
serum

nd nd nd

IGFBP-2 ↔/↓* ↓ ↑ ↑ 0

IGFBP-3 ↔/0* ↔ or mainly 
from serum*

nd ↔ nd

IGFBP-4 ↓/↔* ↓ ↑ ↑ 0

IGFBP-5 ↓/↔/0* ↓/0* ↑ ↑/↔/0* 0

IGFBP-6 ↔/↑* nd nd nd nd

This table summarizes global changes in follicular mRNA and protein expression levels 
of IGFBP-1 to -6 and variations in intrafollicular IGFBP proteolytic activity observed in 
most mammalian species. Species specificities are reported in the text.
*, depending on the species; ↓, decrease; ↑, increase; ↔, no change; 0, absence; nd, 
not determined.
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to preovulatory follicles. By contrast, its intrafollicular level 
strongly increases in atretic follicles (1, 25–28). In vivo, a strong 
decrease in IGFBP-2 mRNA expression has been observed in 
granulosa cells during follicular growth in ovine (29), porcine 
(30, 31), bovine (32), brushtail possum (33), but not in primate 
and human ovaries (24, 34). By contrast, IGFBP-2 mRNA expres-
sion has been shown to increase in the same compartment and 
in theca cells of atretic follicles in sheep (29). In the brushtail 
possum, IGFBP-2 mRNA is also expressed in granulosa and 
theca cells of atretic antral follicles (33). So in several species, 
the decrease and the increase in IGFBP-2 mRNA expression 
during follicular growth and atresia, respectively, partly explains 
changes in intrafollicular levels of the protein. In vitro, FSH and/
or cAMP strongly inhibit IGFBP-2 expression by granulosa cells 
in pigs (35, 36), in cattle (32), and humans (37), suggesting that 
the diminution of levels of this IGFBP in preovulatory follicles is 
FSH dependent (32). In the pig, the decrease in IGFBP-2 protein 
level is not associated with a decrease in mRNA levels (35, 36), 
suggesting that FSH could act through an increase in IGFBP-2 
degradation in vitro.

iGFBP-3
IGFBP-3 levels do not seem to change during folliculogenesis in 
any species. In ovarian follicles, expression of IGFBP-3 is low and 
poorly or not associated with growth or atresia (24, 38). In vitro, 
IGFBP-3 mRNA expression was positively regulated by FSH in 
small bovine granulosa cells and downregulated by estradiol in 
theca cells of large bovine follicles (39). Inversely, in cultured pig 
and human granulosa cells, FSH inhibited IGFBP-3 production 
(40, 41).

iGFBP-4
Changes in IGFBP-4 intrafollicular levels are similar to those 
observed with IGFBP-2 with a decrease in growing follicles 
and an augmentation in atretic ones (1, 25–27). In contrast to 
IGFBP-2, expression of IGFBP-4 mRNA differs between species. 
In particular, IGFBP-4 mRNA levels are low in both granulosa 

and thecal cells of ovine and bovine species, and exhibit only 
slight changes during follicular growth and atresia (32, 42). In the 
particular case of cystic ovarian disease, one of the main causes 
of infertility in dairy cattle characterized by the persistence of 
large follicular structures, IGFBP4 expression in situ is higher in 
granulosa cells in persistent follicles than in control follicles (43). 
In human ovaries, IGFBP-4 mRNA content is high in immature 
follicles and dramatically decreases in mature follicles (24).  
In the brushtail possum, IGFBP-4 mRNA is limited to theca cells 
of large preantral and antral follicles (33). In the rat, IGFBP-4 
mRNA expression strongly increases in granulosa cells of atretic 
follicles (44). This upregulation of IGFBP-4 mRNA in atretic 
rat follicles is likely due to their loss of FSH sensitivity. Indeed, 
in  vitro, FSH was shown to strongly decrease expression of 
IGFBP-4 by rat granulosa cells (45). In sharp contrast, IGFBP-4 
mRNA expression increases in thecal cells during follicular 
growth in the sow and the monkey (31, 46). In the latter species, 
7 days treatment of hCG-induced a marked increase in IGFBP-4 
mRNA expression detected by in situ hybridization in thecal cells 
in vivo (46). However, a more recent study reported a reduction 
of IGFBP-4 mRNA levels in monkey granulosa cells 24 h after 
injection of hCG (47).

In vivo, GnRHa injection in sheep, disrupting FSH and LH 
regulation, induces a significant decrease in IGFBP-4 mRNA 
expression after 36  h from start of treatment in large but not 
medium and small follicles (48). Interestingly, LH stimulates 
rather than inhibits IGFBP-4 expression by bovine thecal cells 
in  vitro (32). These results are concordant with in  vivo effects 
of hCG on IGFBP-4 expression in rhesus monkeys described 
by Zhou et al., as well as with data on the increase in IGFBP-4 
mRNA expression in large preovulatory porcine follicles (31, 46). 
However, these observations clearly contrast with the fact that in 
all these species, IGFBP-4 protein levels are undetectable in the 
follicular fluid of these follicles. This is due to its proteolysis by the 
PAPP-A protease (see below).

iGFBP-5
Ovarian expression of IGFBP-5 mRNA also strongly differs 
between species. This expression slightly decreases during fol-
licular growth in ovine thecal cells, but dramatically increases in 
granulosa cells from ovine and rat atretic follicles (42, 44, 48). In 
bovine follicles, high levels of IGFBP-5 mRNA and protein are 
detected in subordinate follicles compared to dominant follicles 
(49). In sharp contrast, in the mouse, IGFBP-5 transcript levels 
are elevated in granulosa cells of healthy primary and second-
ary follicles, and decrease in subsequent follicular stages and 
in atretic follicles (50). In rhesus monkeys, IGFBP-5 mRNA is 
selectively expressed in thecal and granulosa cells of dominant 
but not immature follicles (34). In the pig, expression of IGFBP-5 
mRNA is concentrated on the surface of the germinal epithelium 
and in capillary endothelium (20). Finally, in the brushtail pos-
sum, IGFBP-5 mRNA expression is limited to granulosa cells of 
primordial, primary, and some secondary follicles. Strong expres-
sion is also observed in the theca of secondary and antral follicles 
(33). As for IGFBP-4, FSH strongly inhibits IGFBP-5 mRNA 
expression by rat granulosa cells in vitro (45). By using a model 
of serum withdrawal-induced programmed cell death, we have 
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shown that IGFBP-5 mRNA expression is enhanced in apoptotic 
ovine granulosa cells in vitro, suggesting that the expression of 
this IGFBP is associated with cell viability in this species (28). In 
vivo, in sheep, Hastie et al. disrupted FSH and LH regulation with 
a GnRHa injection, leading to a transient increase in IGFBP-5 
mRNA expression after 12 h from start of treatment. These data 
suggest that gonadotrophins modulate IGFBP-5 expression (48).

iGFBP-6
To our knowledge, IGFBP-6 intrafollicular content has never 
been documented. In monkey ovaries, IGFBP-6 mRNA was 
present at low levels in the interstitium and theca externa and was 
more abundant in the ovary surface epithelium (34). In bovine 
follicles, IGFBP-6 mRNA has been detected only in theca cells 
with a higher expression during the final follicular growth (21). 
In cycling ewes, IGFBP-6 mRNA expression does not change in 
small follicles, no matter their health status. However, its expres-
sion significantly decreases in large atretic follicles compared to 
large healthy follicles (22).

CHANGeS iN iNTRAFOLLiCULAR 
PROTeOLYTiC DeGRADATiON

Changes in IGFBP levels during folliculogenesis can partly be 
explained by changes in intrafollicular proteolytic activity. Indeed, 
Chandrasekher et al. have shown the presence of a proteolytic activ-
ity degrading IGFBP-4 in follicular fluid from human dominant 
estrogenic but not atretic follicles (51). Proteolytic degradation of 
IGFBP-4 and -5 was also maximal in ovine, bovine, porcine, as well 
as equine preovulatory follicles (42, 52–54). IGFBP-2 proteolysis 
was also detected in follicular fluid of preovulatory follicles of the 
different mammalian species (42, 52, 53, 55, 56). Nevertheless, 
in  vivo, proteolytic degradation of IGFBP-2 likely occurs only 
in preovulatory follicles that exhibit a high IGF bioavailability, 
whereas IGFBP-4 is already degraded in healthy growing follicles. 
Interestingly, in the ewe, native IGFBP-4, assessed by WLB, was 
undetectable in follicles that contained more than 10 ng/ml estra-
diol. By contrast, native IGFBP-2 was undetectable only in follicles 
that contained more than 100 ng/ml estradiol, suggesting that the 
disappearance of IGFBP-2 during follicular growth occurs later 
than that of IGFBP-4 (1, 42). Besides, cleavage of IGFBP-2 was 
also observed after incubation with cultured mural granulosa cells 
from antral bovine follicles (57). No proteolysis was detected after 
incubation with denuded oocyte or oocyte cumulus complexes, 
suggesting that the bovine mural granulosa cells are the major 
source of the soluble protease (57). In these different conditions 
of culture, the addition of recombinant IGF-I or FSH had no effect 
on IGFBP-2 degradation rate (57).

iGFBP PROTeASeS iN THe OvARY

Pregnancy-Associated Plasma Protein-A 
(PAPP-A)
Pregnancy-associated plasma protein-A is a member of the pap-
palysin family of metzincin metallo-proteinases (58). PAPP-A 
is a large dimeric glycoprotein of 400 kDa present in increasing 

concentrations in serum during human pregnancy. It circulates 
as a 2:2 disulfide bound complex of 500 kDa with the proform 
of eosinophil major basic protein (proMBP), denoted PAPP-A/
proMBP (59, 60). No physiological function has been attributed to 
this circulating protein until Lawrence et al. showed that PAPP-A 
was the protease responsible for the proteolytic degradation of 
IGFBP-4 in human fibroblasts and osteoblasts cells-conditioned 
media (61). Then, PAPP-A was identified as the protease targeting 
IGFBP-4 in human, ovine, bovine, equine, and porcine follicu-
lar fluid (62–64). Thereafter, it was shown that IGFBP-2 was a 
substrate of PAPP-A in bovine, porcine, and equine preovulatory 
follicles (55, 56). In the mare, intrafollicular injection of PAPP-A 
into the second largest follicle (F2) decreases the concentration 
of IGFBP-2 to a level similar to the concentration in the largest 
follicle F1 (65). Finally, Rivera and Fortune have reported that 
IGFBP-5 is degraded by PAPP-A in bovine preovulatory follicles 
but not in subordinate follicles of the same cohort (64). Overall, 
these results suggest that degradation of IGFBP-2, IGFBP-4, and 
IGFBP-5 by PAPP-A in preovulatory follicles is a well-conserved 
mechanism in mammalian species. In bovine and equine ovary, 
PAPP-A, and the associated decrease in intrafollicular IGFBP-4 
level, could be a key factor in the mechanism leading to selec-
tion of dominant follicles (56, 64). In female mice, the absence 
of PAPP-A results in altered fertility, associated with reduced 
estradiol levels and reduced ovulation (66). The ovaries exhibit a 
small size but all follicular stages are present. Follicular fluid from 
Pappa knockout (KO) mice is totally deprived of IGFBP-4 pro-
teolytic activity, strongly suggesting that the altered reproductive 
capacity of these female mice is a consequence of reduced IGF 
bioavailability in the follicular compartment (66). Interestingly, 
this study highlights that the PAPP-A is the exclusive intraovar-
ian IGFBP-4 protease in the mouse. Since PAPP-A tethers to the 
surface of cells by binding to surface glycosaminoglycans, this 
protease is believed to regulate IGF signaling locally in tissues by 
increasing the pericellular level of bioactive IGF (67, 68).

PAPP-A Expression Has Been Characterized  
in the Mammalian Ovary
Several studies analyzed PAPP-A mRNA expression in the 
mammalian ovary. In the bovine and porcine ovary, a first study 
reports that PAPP-A mRNA expression in granulosa cells was 
maximal in preovulatory follicles and positively correlated with 
expression of both aromatase and LH receptors (63). In a second 
study in bovine ovary, Sudo et al. did not observe a significant 
difference of PAPP-A mRNA expression levels between follicles 
at all development stage, but the expression showed a tendency 
to increase with follicular growth (69). In a third study, Santiago 
et  al. reported neither a significant differential expression of 
PAPP-A mRNA in granulosa cells of dominant and subordinate 
bovine follicles, nor a correlation between levels of PAPP-A 
mRNA and estradiol levels in follicular fluid (49). In the rodent 
ovary, ovarian cells expressing detectable PAPP-A mRNA are the 
centrifugally located mural granulosa cells of healthy growing 
antral, as well as preovulatory follicles, and the lutein cells of the 
corpus luteum. Both PMSG and hCG strongly stimulate PAPP-A 
expression in  vivo (66, 70, 71). By in  situ hybridization in the 
human ovary, Hourvitz et al. have observed PAPP-A expression 
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in preovulatory but not immature follicles, as well as in the 
corpus luteum (72). Recently, an immunohistochemical study 
on human ovaries revealed that PAPP-A expression is primarily 
observed in the theca cells of small antral follicles, then in both 
theca and (slightly) granulosa cells of antral follicles, and finally in 
granulosa cells of preovulatory follicles (73). In that case, PAPP-A 
is co-expressed with aromatase in granulosa cells of antral and 
preovulatory follicles. Furthermore, the intrafollicular PAPP-A 
concentration is strongly positively correlated with estrogen and 
progesterone secretion and inversely correlated with testosterone 
and androstenedione levels (73). To support these expression 
data, Jepsen et al. have shown that intrafollicular concentration of 
PAPP-A increases in human antral follicles after administration 
of hCG (74). Similarly, in the rhesus monkey, PAPP-A mRNA 
expression shows a peak of induction 3 and 6 h after hCG induc-
tion leading to an increase in intrafollicular PAPP-A protein con-
centration 24 h later (47). By contrast, Zhou et al. have shown by 
in situ hybridization that PAPP-A is expressed in granulosa cells 
of antral follicles of all sizes, but did not observe any correlation 
with LH-receptor expression (46). Most of these results suggest 
a role for gonadotropin-stimulated PAPP-A gene expression 
in the shift from an androgenic to an estrogenic environment, 
characteristic of the follicular selection, as well as in the ovulation 
and luteogenesis processes in the mammalian ovary. However, 
we have to emphasize that ovarian PAPP-A protein level may not 
be systematically linked to IGFBP proteolytic activity. Indeed, in 
the human ovary, PAPP-A activity dramatically decreases in fol-
licular fluid post-hCG treatment even though the intrafollicular 
concentration of PAPP-A was still maintained at a high level (74).

In vitro, Liu et al. and Resnick et al. have shown that FSH is 
able to induce the degradation of both IGFBP-4 and IGFBP-5 by 
rat granulosa cells-derived proteases (45, 75). Later on, PAPP-A 
was identified as the protease responsible for degradation of 
IGFBP-4 in FSH-primed rat granulosa conditioned media (71). 
Interestingly, the oocyte-derived bone morphogenetic protein-15 
inhibits FSH-induced PAPP-A gene expression in rat mural and 
cumulus granulosa cell cultures. This result is likely to explain the 
absence of PAPP-A mRNA expression in the cumulus granulosa 
cells in vivo (see above) (71). In bovine granulosa cell cultures, 
Sudo et  al. further report that PAPP-A mRNA is induced by 
FSH, and estradiol amplifies this hormonal stimulation (69). 
In humans, Conover et al. have shown that PAPP-A is secreted 
in  vitro by granulosa cells from estrogen- but not androgen-
dominant follicles (76). However, they did not observe any effect 
of hCG on PAPP-A levels in cell-culture medium.

Overall, these data suggest that PAPP-A is a granulosa cells-
derived protease in the ovary and a marker of follicle selection 
and corpus luteum formation. The regulation of its expression 
highly depends on gonadotropins FSH or hCG/LH in most mam-
malian species. The involvement of intra-ovarian factors remains 
to be elucidated.

Intrafollicular PAPP-A Proteolytic Activity  
Is Modulated by IGFs
In ovine, bovine, and equine preovulatory follicular fluid, cleav-
age of IGFBP-4 and IGFBP-2 is enhanced in the presence of IGF-I 
and IGF-II (55, 56, 63). However, one can note that, in contrast to 

IGFBP-4, bovine and porcine preovulatory follicular fluids only 
induce a partial proteolytic degradation of exogenous IGFBP-2 
in the absence of exogenous IGFs with this degradation being 
clearly enhanced in the presence of exogenous IGFs (55). The 
enhancing effect of IGF is confirmed by different biochemical 
analyses, suggesting that it is due to a conformational change of 
IGFBP-4 and -2 after IGF binding, and not to the binding of IGF 
to PAPP-A (77–80). The cleavage of IGFBP-5 by PAPP-A does 
not require the presence of IGF, but is slightly inhibited by IGF 
(78, 79). Thus, the concentration of IGF is likely to control the 
dynamics of proteolysis of IGFBP-2, -4, and -5 by PAPP-A.

Intrafollicular PAPP-A Proteolytic Activity Is Not 
Modulated by Pro-MBP but by Stanniocalcins (STCs)
As stated above, PAPP-A circulates in pregnancy serum as a 
disulfide-bound complex with proMBP that is able to strongly 
inhibit PAPP-A activity. In vitro, Conover et al. failed to detect 
any proMBP in human granulosa cell-conditioned media (76). 
Since then, STCs 1 and 2 (STC1 and STC2) have been presented 
as regulators of PAPP-A activity (81, 82). STC1 binds PAPP-A 
non-covalently but with high affinity, whereas STC2 requires 
covalent binding between the two proteins (81, 82). The stable 
covalent complex STC2/PAPP-A inhibits PAPP-A proteolytic 
activity toward IGFBP-4. In mice, transgenic overexpression 
of STC2, but not of the mutated proteolytically inactive STC2, 
induces a reduction in size of up to 45% (81, 83). A similar phe-
notype is observed in transgenic mice overexpressing STC1 as 
well as in Pappa and Igf2 KO mice (84–86). The excess of STCs 
could neutralize PAPP-A activity leading to IGF sequestration 
by IGFBP-4 and a reduced local IGF bioavailability. Before the 
discovery of their new function, STC1 and STC2 expression had 
been described in some mammalian species. In the porcine ovary, 
STC1 protein was detected in theca and granulosa cells of grow-
ing follicles, in the oocyte and in luteal cells (87). A similar pattern 
of expression of STC1 protein has been observed in the mouse, 
but with the absence of expression in granulosa cells (88, 89).  
In this species, STC1 mRNA expression increases significantly 
after hCG treatment (89). In the rat, STC1 transcripts are local-
ized in theca cells and are downregulated after PMSG treatment. 
After hCG induction, their levels remain low in the theca cells 
and in the corpora lutea, which contrasts with data in the mouse 
(89, 90). Conversely, STC2 mRNA expression is limited to theca 
cell layer of rat antral and preovulatory follicles after PMSG 
stimulation. Its level keeps decreasing after hCG treatment (91). 
In cultured early antral follicles, STC2 transcripts are induced by 
estrogen (91). In granulosa cell cultures, STC1 and STC2 were 
shown to function as paracrine factors suppressing FSH-induced 
progesterone production (90, 91). Overall, in the rat, due to the 
low expression of STC1 in the PMSG-primed follicles, STC2 is 
probably the STC isoform playing a role in the inhibition of lute-
inization of preovulatory follicles (91). In humans, in contrast to 
other species in which the STCs are expressed mainly in the theca 
cells, STC1 and STC2 are coexpressed in the granulosa cells and/
or the theca-interstitial cells with variable intensity depending on 
the follicles (74). These authors showed a similar profile of expres-
sion with PAPP-A in primordial, late primary, antral follicles, and 
in the oocyte. The three proteins are consistently co-expressed 
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in the same cell type during the process of follicle maturation, 
suggesting that they are able to form functional complexes (74). 
Indeed, PAPP-A:STCs complexes were immunoprecipitated in 
human follicular fluid, showing for the first time the physiological 
existence of these complexes (74). The presence of STCs could 
explain the decrease of PAPP-A activity observed in follicular 
fluid post-hCG treatment although the intrafollicular concentra-
tion of PAPP-A was still maintained at a high level (74).

Several points remain to be answered: (1) STCs are co-expressed 
with PAPP-A in human growing follicles while PAPP-A activity 
is high. Could STCs function/activity be controlled by another 
partner? (2) current studies suggest that the intra-ovarian STCs 
expression is not well conserved among species. More studies need 
to be done on the STCs protein expression rather than mRNA 
expression. Indeed, Varghese et al. have reported a different profile 
of expression in the mouse ovary between in situ hybridization 
and immunohistochemistry (88); (3) how is regulated the forma-
tion of the intrafollicular complexes PAPP-A:STCs? One could 
suggest that the expression level of each partner could influence 
their association rate; and (4) more studies are needed to define 
whether STC1 and/or STC2 are the physiological regulators of 
the PAPP-A activity. STC1 and STC2 belong to the same family 
but their protein sequences show only 30% identity (91). Due to 
the presence of additional disulfide bridges, STC2 could have a 
different tertiary structure compared to STC1 (91). However, 

both recombinant proteins STC1 and STC2 form disulfide-linked 
homodimer or an inhibitory complex with recombinant PAPP-A 
(74, 82, 91). Moreover, both STC1 and STC2 are expressed in 
human developing follicles, and are present in complexes with 
PAPP-A in follicular fluid (74, 82). At this time, it is impossible 
to delineate the relative importance of STC1 compared to STC2 
in PAPP-A inhibition; (5) The exact role of STCs in the ovary 
has to be characterized. STC1 and STC2 have been presented as 
homodimeric ligands inhibiting FSH stimulation of rat granu-
losa cells differentiation through activation of specific receptors  
(90, 91), but also as the modulators of the IGF system (74). In this 
context, studies on mice with ovarian invalidation of Stc1 and/or 
Stc2 genes would be very informative.

Pregnancy-Associated Plasma Protein-A2 
(PAPP-A2)
Pregnancy-associated plasma protein-A2, a paralog of PAPP-A, 
is responsible for the IGF-independent proteolytic degradation 
of IGFBP-5 and IGFBP-3 (92, 93). Both STC1 and STC2 can 
inhibit the activity of PAPP-A2, blocking the release of IGFs 
from IGFBP-3 and IGFBP-5 (82, 94). Homozygous loss-of-
function mutations in PAPP-A2 result in a novel syndrome of 
growth retardation with markedly elevated circulating IGF-I 
and IGF-II, but a decrease of bioactivity due to an increase in 
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serum concentrations of IGFBP-3 and -5 sequestrating IGFs (93). 
In Pappa2 KO mice, ovarian IGFBP-5 expression increases, but 
Pappa2 deletion does not affect female reproduction (95). This 
phenotype does not mimic the complex phenotype of Igfbp-5 
overexpressing transgenic mice showing reduced female fertil-
ity (96). The expression profile and the local action of ovarian 
PAPP-A2 during folliculogenesis remain to be evaluated.

CONCLUSiON

In the last two decades, studies on IGFBPs and folliculogenesis 
have been revisited with the identification of IGFBP proteases, 
PAPP-A and PAPP-A2, and more recently by the PAPP-A 
inhibitors STCs. The dynamics of ovarian IGFBP and PAPP-A 
concentrations has been linked to the selection of dominant fol-
licles. However, much is yet to be learned on the role of STCs in 
this process (Figure 1).

Most of the studies on ovarian folliculogenesis attribute an 
inhibitory function to IGFBPs by sequestrating IGFs. However, 
it is well documented that IGFBPs could favor a local action of 
IGFs by concentrating the ligand in the vicinity of the IGF recep-
tor (97, 98). Indeed, deletion of IGFBP-4 in Igfbp-4 null mice 
results in growth retardation, suggesting that loss of IGFBP-4 
leads to the loss of its pericellular reservoir function (99).  
A similar phenotype is observed in Pappa null mice with accu-
mulation of IGFBP-4. In this case, IGFBP-4 is likely to sequester 
IGF-II, prevent its release, and abolish most of IGF-II-stimulated 
growth. Then, PAPP-A could potentiate IGF action through its 
binding to the cell surface to target IGF-II/IGFBP-4 complex to 
the vicinity of the IGF receptor. Thus, these models of null mice 
highlight that IGFBP-4 can have both stimulatory and inhibitory 
effects on growth and point out the absence of any redundancy 
between IGFBPs in this context (99). What about in the ovary? 
KO mice lacking either IGFBP-2, -3, -4, or -5 and the triple 
KO IGFBP-3/-4/-5 mice are still fertile suggesting redundancy 
between IGFBPs and compensatory mechanisms (100, 101). 

Indeed, in Igfbp-2 null mice, seric IGFBP-1, IGFBP-3, and 
IGFBP-4 levels are increased relative to wild-type mice (100). 
To our knowledge, no data are available on changes of intra-
follicular IGFBP protein content. Complementary data come 
from the study on Pappa KO model showing a lower fecundity 
(reduction of the number of ovulated oocytes and the litter size), 
with no alteration of follicular growth (normal histology) (66). 
In this context, follicular fluid is deprived of IGFBP-4 proteo-
lytic activity suggesting the accumulation of IGFBP-4. It would 
be of interest to know whether high intrafollicular IGFBP-2 
and -5 levels are also maintained in the absence of PAPP-A. 
Nevertheless, this study reveals that limiting intrafollicular 
IGFBP proteolysis may decrease IGF bioavailability in growing 
follicles, but not enough to block folliculogenesis as observed in 
Igf1 null mice (11). Potential compensatory mechanisms could 
be initiated such as reduction of expression of IGFBP-2, -3, -4 
or activation of other IGFBP-2 and -5 proteases (66). Overall, in 
the mouse ovary, these results strengthen the inhibitory role of 
intrafollicular IGFBPs.

Insulin-like growth factor (IGF)-independent functions of 
IGFBPs have not been really tackled in the ovarian follicle context. 
In cancer cells, the interaction of IGFBPs with non-IGF ligands, 
the intracytoplasmic and nuclear action of IGFBPs have been 
reported (97, 98, 102). The contribution of the non-canonical 
function of IGFBPs remained to be investigated on ovarian 
cells.
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Ovarian follicles, as transient structural and functional complexes with the oocyte and the 
associated cells, determine the female reproductive cycle and thus fertility. Ovarian func-
tion is subject to the strict control of hormones and growth factors and thus regulated 
by auto-, para-, and endocrine mechanisms but influenced also by endogenous factors. 
During the waves of follicular growth and development, one follicle (monoovulatory) or a 
limited number of them (polyovulatory) are selected under hypothalamic–gonadal control 
for maturation until ovulation, resulting in the fertile oocyte. Subordinate follicles inevitably 
enter different stages of atresia. A number of studies have observed species-specific 
alterations of IGFBP-2 levels during the phases of growth and development or selection 
and atresia of follicles. IGFBP-2 is thus probably involved in the process of follicle growth, 
differentiation, and degeneration. This may occur on the levels of IGF-dependent and 
-independent growth control but also due to the control of steroidogenesis, e.g., via 
induction of aromatase expression. In mice, IGFBP-2 delayed reproductive development 
most probably by IGF-independent mechanisms. Because reproductive development is 
closely linked to the control of life- or health-span and energy metabolism, we feel that 
the time is right now to resume research on the effects of IGFBP-2 in the ovarian follicular 
compartment.

Keywords: iGFBP-2, ovary, follicle, folliculogenesis, steroidogenesis, aromatase

inTRODUCTiOn

Mammalian germ cell development is a continuous process under the strict control of hormones 
and growth factors that can also be affected by environmental factors. Ovarian follicles are transient 
functional complexes of the oocyte and associated somatic cells at different stages of development 
or atresia (Figure 1). Already during the prenatal phase, the proliferation and partial maturation of 
a species-specific number of primordial follicles take place within the stroma. By the fifth day after 
birth, a pool of about 8,000 oocytes within a mouse ovary (1) created in the prophase of the first 
meiotic maturation division (GV I) are effectively arrested under the influence of meiosis arresting 
factor (2, 3). However, 2 days later, the number of oocytes in mice is reduced by 60% as a result of 
apoptosis (1). The initiated follicle development is characterized by the appearance of a high propor-
tion of secondary follicles around the 12th day of life (1, 4). Under the control of the hypothalamic– 
pituitary–gonadal axis, tertiary follicles develop with the formation of a large antrum, and their 
increasing 17beta-estradiol (E2) secretion finally induces the onset of puberty (5). The timing of fol-
licular development not only depends on species or genetic background but also is under epigenetic 
control and can be regulated by nutrients (6, 7). However, less than 1% of primordial follicles in 
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FiGURe 1 | Folliculogenesis in mice: prepubertal follicular development (1) and (2): (a) pool of primordial follicles within the stroma of the neonatal ovary, the oocyte 
is surrounded by one layer of GC, no TC; nucleus arrested in GV I of meiosis; (b) primary follicle with one layer of cuboidal granulosa cells, signaling the recruitment 
of TC from the stroma; (c) secondary or preantral follicle with more than one layer of GC, recruitment of TC, and differentiation with low production of androgens;  
(d) tertiary follicle with formation of the antrum, proliferation of GC, maturation of TC that become steroidogenic under control of LH, increasing androgen production 
and E2 synthesis in GC under the control of FSH, growing to become the dominant follicle. Puberty and cyclic follicle development (3): (e) tertiary dominant follicle 
growth with increasing antral volume, mitosis of GC and E2 synthesis → puberty; (f) preovulatory follicle, oocyte with one layer of expanded GC and resumption of 
meiosis after the LH surge, increasing progesterone production → ovulation [E2, 17beta-estradiol; GC, granulosa cells; TC, thecal cells; GV, germinal vesicle; LH, 
luteinizing hormone; FSH, follicle-stimulating hormone; follicle classification according to (1, 4, 10, 17)].
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fact succeed to enter the cycle of follicle maturation and ovulation 
(8). A limited number of small tertiary follicles are responsive to 
increased follicle-stimulating hormone (FSH) secretion from the 
pituitary gland. This selection is characterized by further mitosis 
and maturation of the FSH-receptor expressing granulosa cells, 
with increasing proteoglycan synthesis, and requires the strict 
coordination of follicular cells and oocyte. The luteinizing hor-
mone (LH) surge stimulates further maturation and ovulation 
(9). In response to LH, the resumption of meiosis is promoted by 
glycosaminoglycans (GAGs), secreted by granulosa cells which 
now also express the LH receptor and which are known to inhibit 
FSH (2). Oocyte maturation continues, with the production 
and release at ovulation of a fertilizable egg, with a haploid set 
of chromosomes and a separated polar body, surrounded by 
follicular granulosa cells. The remaining theca and granulosa 
cells then differentiate into the progesterone-secreting cells of 
the corpus luteum. Follicular atresia can be found in all stages 
of development, but the proportion is greatest in tertiary follicles 
(10). In postnatal and cyclic folliculogenesis, the total number of 
healthy follicles remains constant with an alternating population 
of secondary and tertiary follicles of between 4 and 15%, presum-
ably due to new formation of primordial follicles (1). Puberty and 
cycle length or estrus intensity and duration vary line specifically 
and are subject to environmental factors. Ovarian function can 
be influenced by systemic effects, among others the body fat 
distribution or nutrient intake (11–13). An active contribution 
of IGFBP-2 or other IGFBPs for development and atresia was 

already postulated by Cataldo and Giudice in 1992 (14). The 
last 10  years have witnessed a “relative paucity” of studies on 
the role of IGFBPs in general (15) also including their effects on 
reproductive performance; the last review on the functions of 
IGFBPs for folliculogenesis goes back to 2002 (16), warranting 
an update now. The present review summarizes evidence for the 
interactive regulation of different ovarian developmental stages 
by IGFBP-2 and addresses a particular role of IGFBP-2 for the 
control of steroidogenesis in the maturing follicle.

FOLLiCULOGeneSiS AnD THe  
COnTROL OF THe iGF-SYSTeM

Insulin-like growth factor-1 (IGF-I) is produced already in granu-
losa cells of murine primary follicles and with a maximum in 
late preantral and early antral follicles, where it is associated with 
antrum remodeling and the growth of healthy follicles (18). In 
the brain, and depending on the concentrations of E2, IGF-I was 
demonstrated to control the hypothalamic release of LH and 
reproductive development in female rats (5). In human granulosa 
cells, IGF-I receptor signaling (19) is permissive for the positive 
effect of FSH on the expression of aromatase (CYP19A1) medi-
ated by AKT signaling (Figure 2). The differentiation from the 
preantral to the large antral follicle requires IGF-IR activity with 
subsequent AKT activation for FSH-induced steroidogenic gene 
expression, which in turn is maintained via synergistic effects 
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FiGURe 2 | Regulation of E2 synthesis in the ovarian follicle. In granulosa cells, nuclear expression of CYP19A1 is regulated by FSH- and ER signaling. The effects 
of FSH on the expression of CYP19A1 gene are mediated by IGF-IR signaling and AKT. ER signaling can also include the IGF-IR pathways. In addition, the ER has 
direct effects on CYP19A1 gene expression within the cell nucleus. Androstenedione, produced by theca cells, is used as a substrate for aromatase to produce E2. 
In granulosa cells, IGFBP-2 is regulated by E2, and IGFBP-2 has been shown to block FSH-dependent E2 production. Increased levels of E2 block the expression 
of FSH and induce the LH surge. Open questions in granulosa cells include the function of IGFBP-2 for ER- and IGF-independent effects of IGFBP-2 for E2 
production (AKT, protein kinase B; CYP19A1: aromatase; E2, 17beta-estradiol; ER, estrogen receptor; FSH, follicle-stimulating hormone; IGF-IR, IGF-I receptor; LH, 
luteinizing hormone).
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with local IGF-II (19, 20). Mice lacking the IGF-I receptor in 
ovarian granulosa cells are devoid of antral follicles, show high 
rates of apoptosis, low AKT activation, low levels of serum E2, 
and are infertile (21). Synergistically with FSH, IGF-I stimulates 
activation of AKT-dependent aromatase expression, cell pro-
liferation, and expression of apoptosis-regulating genes in the 
granulosa cells (22–24). The positive effect of FSH on expression 
of aromatase was blocked by the addition of IGFBP-2, and an 
excess of IGF-I was able to abolish the inhibitory effect of IGFBP-2 
on FSH-dependent aromatase expression (22). Accordingly, the 
negative effect of IGFBP-2 on steroidogenesis was IGF dependent 
in granulosa cells. IGF-I is also one of the stimulators of androgen 
synthesis in the theca cells under LH control (17). Thus, IGF-I, 
under the influence of gonadotropic hormones, is an essential 
regulatory component for the growth of antral follicles and 
their increasing E2 biosynthesis in humans, mice, and rats. 
Furthermore, IGF-I expression during folliculogenesis in mice 
and rats is controlled by estrogen receptors α and β. E2 has an 
autocrine dose-dependent stimulatory or inhibitory effect on the 
IGF-I-IGF-IR pathway (25–27).

FOLLiCULOGeneSiS AnD THe COnTROL 
OF iGFBP-2

IGFBP-2 is present in follicular fluid and subject to dynamic 
changes during follicle growth and maturation. Accordingly in 
sows, IGFBP-2 was reduced during follicular development (28). 
Within the mouse ovary, IGFBP-2 can be localized in discrete 

regions characterized by altered follicular growth, developmental 
stage, and atresia and thus accordingly was discussed in a func-
tional context of folliculogenesis (18). Equine growing follicles 
exclusively produced IGFBP-2, and dominant follicles had lower 
concentrations of IGFBP-2 (29). In this experimental setting, E2 
increased expression of IGFBP-2 and FSH increased expression 
of IGFBP-2 in vitro (29). During selection to a healthy dominant 
follicle in heifers, the capacity of the granulosa cells to enhance 
steroid synthesis consistently correlated with low concentrations 
of IGFBP-2 (30). The dominance of follicles was associated with 
lower amounts of IGFBP-2 and markedly higher E2 contents (30). 
This observation is in line with substantial increases in IGFBP-2 in 
follicular fluids of subordinate follicles derived also from heifers 
(31, 32). There were transient increases in LH-induced differen-
tiation with enhanced IGF-I and E2, but decreased IGFBP-2 (33). 
Interestingly, the levels of IGFBP-2 were in a positive correlation 
when compared to caspase-3 activity (31, 32). IGFBP-2 expres-
sion was reduced in granulosa cells simultaneously with increased 
expression of IGF-1 and IGF-1R as also the steroidogenic genes 
responsible for synthesis from cholesterol to E2 and progesterone 
(34). From the dynamic changes in IGFBP-2 expression/concen-
tration during folliculogenesis or because of the correlations of 
IGFBP-2 with reproductive hormones, an active contribution 
of IGFBP-2 during the maturation of follicles has been assumed 
with an effect also on the expression of aromatase in growing 
bovine follicles (35).

The reduction of local IGFBP-2 or other IGFBPs (36) in the 
follicular compartment can also be a result of active proteolysis. 
In dominant follicles, proteolytic degradation of IGFBP-4 and 
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-5 and lower concentrations of IGFBP-2 were discussed in the 
context of increased levels of free IGF-I, and a separate review was 
dedicated to the control of IGFBPs during follicle selection (37). 
In bovine follicles, it was demonstrated that IGFBP-2 proteolytic 
activity originates from granulosa cells but not from the oocyte, 
and a self-regulatory mechanism of IGF-I activation in granulosa 
cells was discussed by the authors (38). For further reading on the 
effect of PAPP-A-dependent IGFBP-proteolysis on the selection 
of dominant follicles, we would like to refer to the actual discus-
sion of Monget and Mazerbourg (39).

FOLLiCULAR ATReSiA AnD THe 
COnTROL OF iGFBP-2

In the ovaries from polyovulatory as well as in monoovulatory 
females, permanent follicle selection with development and atresia 
is taking place. This process is subject to hypothalamo-pituitary 
control in interaction with intra-ovarian control. Distinct charac-
teristics of follicular atresia are present at the level of morphology 
and apoptosis, but also lower E2 concentrations can indicate 
atretic degeneration of follicles. When compared to healthy or 
atretic follicles from human donors, IGFBP-2 concentrations 
were increased in human atretic follicular fluid (40). IGFBP-2 was 
also increased in atretic follicles from pigs after estrus (41). At the 
same time, E2 was decreased, whereas apoptosis was increased 
in follicles from pigs (41) and humans (40), and therefore, the 
authors discussed control of IGFBP-2 concentrations by E2. As 
reviewed before, expression of IGFBP-2 by steroids is observed 
in multiple tissues including various tissues from the female 
reproductive system (42). Notably, the vast majority of studies 
identified positive effects of exogenous steroids on the expression 
of IGFBP-2 (42). In mice, higher expression of IGFBP-2 mRNA 
was associated with late but not with earlier stages of atresia (18). 
The potential effects of IGFBP-2 on follicular atresia could be 
mediated by IGF-dependent or IGF-independent mechanisms 
(43). Interestingly, IGFBP-2 was able to inhibit FSH-dependent 
induction of aromatase and cholesterol side-chain cleavage 
enzyme (CYP11A1) expression (22). The inhibitory effect of 
IGFBP-2 was compensated by the addition of excess IGF-I, and 
the contribution of IGFBP-2 in the control of steroidogenesis thus 
cannot be excluded (22).

eFFeCTS OF iGFBP-2 On 
RePRODUCTive PeRFORMAnCe

In granulosa cells from polycystic follicles isolated from dairy 
cows, reduced mRNA expression of IGFBP-2 was found when 
compared to granulosa cells from normal follicles (44). Also in 
human granulosa cells isolated from polycystic ovaries, IGFBP-2 
expression was reduced when compared to controls (45). 
Therefore, an active contribution of IGFBP-2 on reproductive 
performance might be indicated. In fact, single nucleotide poly-
morphisms (SNP) in the IGFBP2 gene locus were identified as 
candidate markers for reproduction traits or litter size in different 
pig populations (46, 47). In dairy cows, reproductive develop-
ment (e.g., age of first conception or calving) was correlated with 
a number of distinct SNPs on the IGFBP2 gene (48). In fact, 

forced expression of IGFBP-2 delayed reproductive development 
in female transgenic mice (49). In this model, the expression of 
wildtype but not mutated IGFBP-2 delayed the onset of first 
estrus and hence ovarian cycle activity (49). Mutated IGFBP-2 
lacked the integrin binding sequence and was thus discussed in a 
functional context in regard to altered reproductive performance; 
the negative effect of IGFBP-2 on reproductive development 
appears to be IGF independent. Regulation of IGFBP-2 expres-
sion by steroid hormones is observed in different vertebrate 
species in multiple cells and tissues, including the follicle (42). In 
addition, a mutual relationship was observed between expression 
of IGFBP-2 and estrogen receptors in breast epithelial cells (50). 
Notably, the presence of the RGD motif was also required for the 
effects on ER expression as demonstrated by Foulstone et al. (50). 
However, the relationship between estrogen receptor expression 
and IGFBP-2 remains to be assessed in ovarian follicles.

SUMMARY AnD COnCLUSiOn

IGFBP-2 is present in high abundance in follicular fluid and 
a number of studies identified IGFBP-2 by Western ligand 
blotting. Accordingly, it is unclear why mainly only descriptive 
studies are available on the functions of IGFBP-2 in regard to 
folliculogenesis. Studies describing altered expression of IGFBP-2 
in growing versus atretic, in dominant versus subordinate, or in 
earlier versus later stages of follicles are available. The majority of 
studies reported lower levels of IGFBP-2 in healthy, larger, or later 
developmental stages of follicles or higher expression of IGFBP-2 
in atretic follicles.

In follicles, IGFBP-2 is regulated by steroids, FSH, and LH, 
and there is experimental evidence that also steroidogenesis is 
negatively coregulated by IGFBP-2. The effect of IGFBP-2 on ster-
oidogenic gene expression, including aromatase in the dominant 
follicles, could be exerted by IGF-dependent or IGF-independent 
mechanisms. In fact, in IGFBP-2 transgenic mice, the negative 
effects on reproductive development have been suggested to be 
IGF independent. In ovarian follicles, so far only IGF-dependent 
effects of IGFBP-2 on steroidogenesis have been provided. Since 
AKT is regulated both in an IGF-dependent and -independent 
fashion, e.g., by integrins or proteoglycans in various cell types 
and required for steroidogenesis in follicles, AKT appears as an 
attractive target for future research also on IGF-independent 
effects of IGFBP-2 during folliculogenesis and steroidogenesis.
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Follicle-stimulating hormone 
regulates igfbp gene expression 
Directly or via Downstream  
effectors to Modulate igf3 effects  
on Zebrafish spermatogenesis
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Previous work showed that pharmacological inactivation of Igf-binding proteins (Igfbps), 
modulators of Igf activity, resulted in an excessive differentiation of type A undifferen-
tiated (Aund) spermatogonia in zebrafish testis in tissue culture when Fsh was present 
in the incubation medium. Using this testis tissue culture system, we studied here the 
regulation of igfbp transcript levels by Fsh and two of its downstream effectors, Igf3 and 
11-ketotestosterone (11-KT). We also explored how Fsh-modulated igfbp expression 
affected spermatogonial proliferation by adding or removing the Igfbp inhibitor NBI-
31772 at different times. Fsh (100 ng/mL) decreased the transcript levels of igfbp1a, 
-3, and -6a after 1 or 3 days, while increasing igfbp2a and -5b expression, but only 
after 5 days of incubation. Igf3 down-regulated the same igfbp transcripts as Fsh but 
with a delay of at least 4 days. 11-KT increased the transcripts (igfbp2a and 5b) that 
were elevated by Fsh and decreased those of igfbp6a, as did Fsh, while 11-KT did not 
change igfbp1a or -3 transcript levels. To evaluate Igfbps effects on spermatogenesis, 
we quantified under different conditions the mitotic indices and relative section areas 
occupied by the different spermatogonial generations (type Aund, type A differentiating 
(Adiff), or type B (B) spermatogonia). Igf3 (100 ng/mL) increased the area occupied by 
Adiff and B while decreasing the one for Aund. Interestingly, a concentration of Igf3 that 
was inactive by itself (25 ng/mL) became active in the presence of the Igfbp inhibitor 
NBI-31772 and mimicked the effect of 100  ng/mL Igf3 on spermatogonia. Studies 
exploiting the different dynamics of igfbp expression in response to Fsh and adding 
or removing NBI-31772 at different times showed that the quick downregulation of 
three igfbp as well as the delayed upregulated of two igfbps all support Igf3 bioac-
tivity, namely the stimulation of spermatogonial differentiation. We conclude that Fsh 
modulates, directly or via androgens and Igf3, igfbp gene expression, supporting Igf3 
bioactivity either by decreasing igfbp1a, -3, -6a or by increasing igfbp2a and -5b gene 
expression.

Keywords: follicle-stimulating hormone, igf3, igf-binding proteins, spermatogonia, differentiation
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inTrODUcTiOn

In vertebrates, the brain–pituitary system is the major regulator 
of spermatogenesis and coordinates the activities of somatic cell 
types in the testis. These activities include the modulation of 
spermatogonial stem cell (SSC) fate (1–3). The SSCs can self-
renew or differentiate, depending on the signaling environment 
produced by Sertoli cells (SCs) and other somatic cell types  
(4, 5). Follicle-stimulating hormone (Fsh) regulates the activity 
of SCs, which then communicate with germ cells via short-
range signaling. In fish, the fshr is expressed not only by SCs 
but also by Leydig cells (LCs), thus stimulating for example 
androgen and insulin-like peptide 3 (Insl3) production (6, 7). 
In eel and zebrafish, recombinant Fsh-induced spermatogonial 
proliferation and differentiation by stimulating androgen pro-
duction (8, 9). In zebrafish, Fsh also promoted spermatogenesis 
in an androgen-independent manner by promoting Igf3 (9) 
and Insl3 (7), by suppressing anti-Müllerian hormone signal-
ing (10), and by modulating the Notch, Wnt, and Hedgehog 
signaling systems (11).

IGF signaling promotes proliferation and differentiation of 
many different cell types across animal species. In most verte-
brates, the IGF signaling system is composed of two ligands  
(IGF1 and 2), two IGF1 receptors (IGF1R1 and 2), and six IGF-
binding proteins (IGFBP1-6) (12). Systemic IGFs are mainly 
secreted by the liver, controlled by growth hormone (GH), but 
IGFs are also produced locally in many tissues (13).

IGF signaling modulates spermatogenesis in a wide range 
of animals. Insulin/IGF signaling regulates early stages of 
male germ cell development (14–16). In mice, the combined 
knockout of insulin and IGF1 receptors strongly reduced testis 
size as a consequence of decreased SC proliferation and the 
resulting reduction of the germ cell supporting capacity (17).  
A more recent report indicated that blocking the IGF1 receptor 
in primary cultures of mouse SSCs reduced their proliferation 
and decreased their colonization capacity when injected in 
busulfan-treated recipients (18). In rainbow trout, igf1 and igf1r 
expression was found in cell fractions enriched in SCs but also 
in spermatogonia and primary spermatocytes (19), while igf1 
expression was restricted to cysts containing spermatogonia  
in sea bass (20). Furthermore, primary tissue culture studies 
using prepubertal eel testis showed that IGF was required as 
permissive factor for the androgen-stimulated differentiating 
proliferation of spermatogonia (21).

An additional ligand member of the Igf family, Igf3, has been 
identified in fish gonads (22). In zebrafish testis, Fsh increased 
igf3 but not igf1, 2a, or 2b transcript levels, and recombinant 
zebrafish Igf3 increased the proliferation activity of Aund and Adiff 
spermatogonia and upregulated the expression of dazl, a marker 
for type B spermatogonia and spermatocytes (9). Also, Igfbps 
appear to be relevant for testis function in zebrafish (23). Igfbps 
bind Igfs with high affinity, thereby inhibiting or potentiating Igf 
actions (12, 24). Similar to igfs, the igfbps are expressed in several 
tissues, suggesting that local Igfbps can modulate systemic but in 
particular locally produced Igfs (12). Fsh and triiodothyronine 
(T3), another regulator of igf3 expression (25), modulated the 
expression of selected igfbps, and interestingly, adding an Igfbp 

inhibitor further shifted spermatogonial development toward 
differentiation at the expense of Aund spermatogonia (23). This 
observation suggested that Igfbps play important roles in modu-
lating spermatogonial proliferation and differentiation behavior.

Here, we studied the transcriptional regulation of the nine 
zebrafish igfbps that are all expressed in testis tissue, by examin-
ing the effects of Fsh and of two downstream mediators of Fsh 
action in the testis, Igf3, and 11-KT. We also report the effects 
of Igf3 on spermatogonial proliferation and the area occupied 
by spermatogonia in zebrafish testis, under basal conditions or 
in the presence of an Igfbp inhibitor. Finally, we have started 
exploring a potential, functional differentiation among the 
Igfbps in the zebrafish testis.

MaTerials anD MeThODs

animals
Adult male zebrafish between 4 and 12 months of age were used 
in this study. Six to eight animals were used per experiment. 
All experiments carried out in this study followed the Dutch 
National regulations for animal care and use in experimenta-
tion, and the experimental protocols have been submitted to,  
and were approved by, the Utrecht University Experimental 
Animal Committee (2015.I.857.013 and AVD108002015333).

Tissue culture
To study the regulation of igfbp transcript levels, adult zebrafish 
testes were dissected for tissue culture experiments using a previ-
ously described system (26), in which one testis was incubated 
under control conditions, the other testis under experimental 
conditions.

Zebrafish testes were incubated for 5 days under basal condi-
tions or in the presence of recombinant zebrafish Fsh (25, 50, 100, 
or 1,000 ng/mL) (6). In a second series of experiments, zebrafish 
testes were incubated under basal conditions or in the presence 
of Fsh (100 ng/mL) for 1, 3, 5, or 7 days.

To study the effect of Igf3 on igfbp expression, zebrafish 
testes were incubated in the absence or presence of recombinant 
zebrafish Igf3 (100 ng/mL) (9) for 3 or 7 days. Based on the slow 
effect of Igf3 on igfbp expression, testes were incubated for 5 
or 7 days in the presence of Fsh (100 ng/mL) with or without 
NVP-AEW541 [10 µM; Selleckchem (25)], an inhibitor of Igf1 
receptors; incubation media for the control and experimental 
groups contained the same final concentration of dimethyl 
sulfoxide (0.1%).

In a different set of experiments, zebrafish testes were incubated 
under basal conditions or in the presence of 11-KT [200 nM in 
ethanol (0.01%); Sigma] for 3 or 7 days (10), or in the presence 
of 11-KT (200  nM) with or without 10  µM NVP-AEW541 for 
7 days. The reason to carry out this experiment was the previously 
reported, slight stimulatory effect of 11-KT on igf3 transcript 
levels (9). At the end of the incubation period, testis tissue was 
snap-frozen in liquid nitrogen and stored at −80°C until RNA 
extraction.

We have reported previously that 100 ng/mL Igf3 stimulated 
the proliferation of type A spermatogonia and increased the 
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Table 1 | Primers used for gene expression studies.

Target genes Primers name sequence (5′–3′) gene information

igfbp1a 4194 (Fw) GAGCCCCGAGCCTAACCA Safian et al. (23)
4196 (Rv) TCTCATAACGGGCCGACG

igfbp1b 4199 (Fw) GTGGAGCACCACCCTACTGAAG Safian et al. (23)

4200 (Rv) TGCATCACCTGCTGAGCC

igfbp2a 4206 (Fw) GACCCTAAAGCACCACATGCTAA Safian et al. (23)

4207 (Rv) TTGACCAGGTGCTGGAAAGG

igfbp2b 4211 (Fw) GCCCACCATGACCAACCA Safian et al. (23)

4213 (Rv) GAAGTAAATGGCACGCGGTC

igfbp5a 4226 (Fw) CTCCCCTTCCCATCGACAA Safian et al. (23)

4227 (Rv) CAGAAGGAAGCTGGACGGAAT

igfbp5b 4333 (Fw) CGCAAACATGTAAGCCCTCTAG Safian et al. (23)

4334 (Rv) ATGGAGTTCAAATGCCGGG

igfbp6a 4955 (Fw) CCTCTGGTGGCGACAAATATG Safian et al. (23)

4956 (Rv) TGCATCAACTGCCAGAACTCTAA

igfbp6b 4928 (Fw) TGACATCTACATCCCAAACTGTGA Safian et al. (23)

4929 (Rv) GGAAAAAGCAGTGTCGGTCC

foxa2 5741 (Fw) GTCAAAATGGAGGGACACGAAC Potential marker for type A undifferentiated spermatogonia

5743 (Rv)  CATGTTGCTGACCGAGGTGTAA

piwil2 2994 (Fw) TGATACCAGCAAGAAGAGCAGATCT Expressed in all germ cell type except type Aund spermatogonia and spermatozoa (29)

2995 (Rv) ATTTGGAAGGTCACCCTGGAGTA

dazl 3104 (Fw) AGTGCAGACTTTGCTAACCCTTATGTA Expressed mainly in type B spermatogonia and primary spermatocytes (30)

3105 (Rv) GTCCACTGCTCCAAGTTGCTCT

igf1ra 2362 (Fw) TACATCGCTGGCAACAAGCA Igf1 receptor a (30)

2363 (Rv) TCATTGAAACTGGTCCTTATGCAAT

igf1rb 2595 (Fw) GTGCTGGTCCTCTCCACACTCT Igf1 receptor b (30)

2596 (Rv) TTACCGATGTCGTTGCCAATATC

Fw, forward; Rv, reverse.
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transcript levels of marker genes associated with spermatogonial 
differentiation (9). To further study Igf3 effects and the role of 
Igfbps on zebrafish spermatogenesis, we incubated testes under 
basal conditions or in the presence of 25 or 100 ng/mL Igf3 for 
3 days. The lower dose was expected to have no/little effect on 
its own, based on a previous dose-response study (9). In addi-
tion, zebrafish testes were incubated for 3 days in the presence 
of 25  ng/mL Igf3 with or without NBI-31772 (10  µM; Sigma-
Aldrich), an Igfbp inhibitor (27, 28); NBI-31772 alone has no 
effects on spermatogenesis or expression of germ cells markers 
(23).

The Fsh time-course experiment showed that two igfbp 
mRNAs were upregulated with a delay of at least 3 days, so that 
two experiments were designed to preferentially study these 
two igfbps upregulated by Fsh. To this end, zebrafish testes were 
incubated for 7 days with 100 ng Fsh/mL in both control and 
experimental groups. During the last 4 days, the experimental 
group was in addition exposed to 10  µM NBI-31772. In the 
second experiment, testes of the control group were incubated in 
the presence of 100 ng/mL Fsh and 10 µM NBI-31772 for 7 days, 
whereas in the experimental group, testes were incubated for 
the first 3 days under the same conditions but for the remaining 
4 days, the medium contained only Fsh but no NBI-31772. At the 
end of the 7 days long incubation period, testis tissue was fixed 
for morphological analyses.

The production of biologically active steroids was blocked 
by including trilostane (25  µg/mL; Chemos), an inhibitor of 
3β-hydroxysteroid dehydrogenase activity, in all experiment  
with Fsh, a potent steroidogenic hormone in fish (6).

gene expression
The relative transcript levels of igfbps, germ cells markers, and 
other genes of interest (Table  1) were analyzed by real-time, 
quantitative polymerase chain reaction (qPCR) assays. The 
expression of igfbp3 was analyzed using a commercial avail-
able TaqMan gene expression assay (Applied Biosystems, Cat# 
4351372).

Total RNA was isolated from the tissue using an RNAqueous 
Micro kit (Ambion), according to the manufacturer’s pro-
tocol. cDNA synthesis from total RNA and quantification of 
transcript levels were carried out as described previously (31).  
In brief, 2  µg of total RNA were reverse transcribed using 
250 U of Supercript II RNase-reverse transcriptase (Life 
Technologies). qPCR were performed by using 2× SYBER 
Green assay mix (Applied Biosystems), specific qPCR primers 
(900 nM) and 5 µL of cDNA in a total volume of 20 µL. The 
quantification cycle (Cq) values were determined in a Step One 
Plus Real-Time PCR System (Applied Biosystems) using default 
settings. The relative amounts of mRNA in the cDNA samples 
were calculated using the arithmetic comparative method 
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(ΔΔCt method), according to Bogerd et  al. (31). Expression 
of the ribosomal RNA 18S (18S) transcript was stable (Figure 
S1 in Supplementary Material). 18S expression served as 
reference transcript and was analyzed using a commercially 
available TaqMan gene expression assay (Applied Biosystems). 
All results were expressed as fold change with respect to the 
control group.

Morphological analysis
To quantify the proliferation activity of Aund, Adiff, and B sper-
matogonia, 100 µg/mL of the proliferation marker 5-bromo-2′-
deoxyuridine (BrdU; Sigma-Aldrich) was added to the tissue 
culture medium during the last 6  h of the incubation period. 
After fixation in methacarn (60% [v/v] absolute ethanol, 30% 
chloroform, and 10% acetic acid), the samples were dehydrated 
in graded ethanol (70, 96, and 100%), embedded in Technovit 
7100 (Heraeus Kulzer) and sectioned at a thickness of 4 µm. To 
determine the proliferation activity, one set of sections was used 
to localize BrdU as described previously (26). The mitotic index 
was determined by analyzing 100 spermatogenic cysts (Adiff and 
B spermatogonia) or 100 Aund cells, discriminating between BrdU 
positive and negative cysts/cells, respectively.

To quantify the proportion of section area occupied by the 
different spermatogonial cell types, another set of sections was 
stained with toluidine blue and 10 randomly chosen, non-
overlapping fields were photographed at ×400 magnification 
with a digital camera. The images were analyzed quantitatively 
based on the number of points counted over the germ cell types 
investigated (Aund, Adiff, and B spermatogonia), using the ImageJ 
freeware (National Institutes of Health, Bethesda, MD, USA, 
http://rsbweb.nih.gov/ij) with a 540-point grid.

statistical analysis
Statistical analyses were carried out using the GraphPad Prism 5 
software package (San Diego, CA, USA). Since our tissue culture 
system compares the two testes of a given fish incubated under 
control versus experimental conditions, we applied Student’s 
t-test for paired observation to estimate statistical significance.  
All data are presented as fold of basal (mean ± SEM). The indi-
vidual data before normalization are provided as supplemental 
figures (Figure S2 in Supplementary Material). To achieve 
homogeneity of variance, data were log transformed when 
appropriate.

resUlTs

Fsh and Downstream Mediators Modulate 
igfbp expression
To study the regulation of igfbp transcript levels by Fsh, 
dose-response and time-course experiments were carried out. 
igfbp1b, 2b, 5a, and 6b transcript levels were not regulated 
by Fsh at any concentration or time evaluated in the present 
study (data not shown). From the five remaining transcripts, 
three (igfbp1a, 3, and 6a) were down- and two (igfbp2a and 
5b) were upregulated by Fsh. The Fsh dose-response experiment 
was carried out using 5 days of incubation. The downregulated 

igfbp1a, 3, and 6a responded to the two higher concentrations 
of 100 and 1,000  ng/mL Fsh (Figures  1A–C). This was also 
the case as regards the upregulated igfbp5b, while the second 
upregulated igfbp2a responded to all Fsh concentrations used 
(Figures 1D,E).

Based on these data, we used 100 ng Fsh/mL in the time-course 
experiment. We found that igfbp1a expression was quickly down-
regulated after 1 day, while igfbp3 and 6a transcript levels had 
decreased significantly after 3 days of incubation (Figures 2A–C). 
Upregulation of igfbp2a and 5b required more time and became 
significant after 5 days of tissue culture (Figures 2D,E).

Since Fsh increased Igf3 release, we studied if (some of) 
the changes induced by Fsh are mediated by Igf3. As shown in 
Figure  2, Fsh modulated the transcript levels of some igfbps after  
a short (1 or 3 days for igfbp1a, igfbp3, and igfbp6a) and others 
after a longer (5 or 7  days for igfbp2a and igfbp5b) period of 
incubation. Therefore, testes were incubated in the presence of 
recombinant zebrafish Igf3 (100 ng/mL) for 3 or 7 days. Effects 
of Igf3 on igfbp expression were evident after 7  days of incu-
bation only, when we found significantly decreased transcript 
levels of igfbp1a, 3, and 6a (Figure  3A); igfbp2a and igfbp5b 
expression did not change in response to Igf3 after 3 or 7 days 
of incubation (data not shown). To directly examine if the slow 
Igf3 effects on igfbp transcript levels are downstream of Fsh, we 
incubated testis tissue for 5 or 7 days with Fsh in the absence or 
presence of a pharmacological Igf receptor inhibitor. While igfbp 
transcript levels did not change after 5 days (data not shown), 
all three transcripts (igfbp1a, igfbp3, and igfbp6a) increased in 
response to the Igf receptor inhibitor after 7 days of incubation 
(Figure 3B). This data shows that the late decrease of igfbp1a, 
-3, and -6a transcripts specifically depends on Fsh-triggered, 
Igf3-dependent signaling.

In fish, other mediators of Fsh effects are androgens, con-
sidering the strong steroidogenic potency of zebrafish Fsh, for 
example (6). While steroid-mediated effects were neutralized by 
including trilostane in the incubation medium in experiments 
with Fsh, the next set of experiments aimed at investigating 
potential androgen effects. 11-KT (200  nM) upregulated the 
expression of igfbp2a and igfbp5b, while igfbp6a was downregu-
lated after 7 days but not after 3 days of incubation (Figure 3C). 
Igfbp1a, 3, and 6a transcript levels did not response to 11-KT 
after 3 or 7  days of incubation (data not shown). Since igf3 
expression also responds to 11-KT (9) and since igfbp transcript 
levels responded to 11-KT after 7  days, the experiment was 
repeated in the presence of the Igf receptor inhibitor for 7 days. 
However, the effects of 11-KT on the transcript levels of igfbps 
did not change in the additional presence of the Igf receptor 
inhibitor (data not shown), suggesting that the 11-KT effects 
were not mediated by Igf3.

igf3 effects on spermatogonial 
Development
Exposure to 25 ng/mL Igf3 did not modulate the mitotic index 
and proportion of spermatogonia after 3  days of incubation 
(Figures  4A,C,D), different from a higher concentration of 
Igf3 (100 ng/mL) that increased the mitotic indices of all sper-
matogonia (Figures 4A,E). The proportion of area occupied by 
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FigUre 1 | Follicle-stimulating hormone (Fsh) dose-response study on igfbp transcript levels in adult zebrafish testis after 5 days of primary organ culture. 
Fold-change of gene expression of igfbp1a (a), igfbp3 (b), igfbp6a (c), igfbp2a (D), and igfbp5b (e) under basal conditions (dotted line) or in the presence of 25, 
50, 100, or 1,000 ng recombinant zebrafish Fsh per mL (n = 6 for all concentrations) (bars). Asterisks indicate significant differences (*P < 0.05) compared to the 
respective control group.

FigUre 2 | Follicle-stimulating hormone (Fsh) time-course study on igfbp transcript levels in adult zebrafish testis after 1–7 days of primary organ culture. Transcript 
levels of igfbp1a (a), igfbp3 (b), igfbp6a (c), igfbp2a (D), and igfbp5b (e) are expressed as fold-change compared to basal conditions (absence of Fsh; represented 
by a dotted line), as induced by recombinant zebrafish Fsh (100 ng/mL) (bars). The duration of the ex vivo culture varied between 1 and 7 days (n = 5–7). Asterisks 
indicate significant differences (*P < 0.05) compared to the respective control group.
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FigUre 3 | Effect of Igf3 and 11-KT on igfbp transcript levels in adult 
zebrafish testis. (a) Transcript levels of igfbps in the presence of Igf3  
(100 ng/mL) after 3 or 7 days of incubation (n = 8). (b) Igfbp expression in 
response to follicle-stimulating hormone (Fsh; 100 ng/mL) in the absence or 
presence of Igf receptor inhibitor NVP-AEW541 (10 µM) after 7 days of 
incubation (n = 8). (c) Transcript levels of igfbps in basal conditions or in the 
presence of 11-KT (200 nM) after 3 (n = 7) or 7 (n = 6) days of incubation. 
Transcript levels of igfbps are expressed as fold-change compared to the 
respective control condition (basal or 100 ng/mL Fsh) represented by a 
dotted line. Asterisks indicate significant differences (*P < 0.05) compared  
to the respective basal group.
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Aund was reduced, while the one for Adiff and B spermatogonia 
increased in the presence of 100  ng/mL of Igf3 for 3  days 
(Figure 4B).

a subthreshold Dose of igf3 becomes 
active in the Presence of an igfbp inhibitor
In order to better understand Igf3 signaling and its modulation 
by Igfbps in regulating spermatogenesis, we used NBI-31772, an 
inhibitor of Igf-Igfbp interaction. We asked if a low concentra-
tion of Igf3 not eliciting effects by itself (25 ng/mL; see Figure 4), 
does modulate BrdU incorporation and the proportion of section 
area occupied by spermatogonia when NBI-31772 was present as 
well. Indeed, the mitotic indices of all types of spermatogonia 
increased after 3 days of incubation in response to Igf3 and NBI-
31772 (Figures  5A,C); also, the proportion of section surface 
area occupied by type Adiff and B spermatogonia increased, while 
the one for Aund decreased (Figure 5B). In parallel experiments, 
we quantified the transcript levels of selected genes to comple-
ment morphological with molecular data. Considering germ cell 
marker transcripts, foxa2 (a potential marker for undifferenti-
ated spermatogonia) transcript levels decreased, whereas dazl 
[expressed by B spermatogonia and primary spermatocytes 
(30)] and piwil2 [expressed by all germ cells except Aund and 
spermatozoa (29)] expression was upregulated in the presence 
of Igf3 and NBI-31772 (Figure  5D), suggesting that the total 
number of germ cells has increased, associated with a shift 
from undifferentiated spermatogonia to B spermatogonia and 
spermatocytes. Transcript levels of igf1rb were also upregulated 
significantly (Figure 5D).

igfbps Upregulated by hormones support 
spermatogonial Differentiation
Previous work has shown that blocking Igf binding to Igfbps by 
NBI-31772 during 4  days of incubation with Fsh resulted in a 
strong pro-differentiation signal for spermatogonia and depleted 
undifferentiated spermatogonia (23), suggesting that Igfbps 
mainly restricted Igf3 bioactivity. However, the present time 
course and dose response experiments also showed that Fsh and 
11-KT, two hormones promoting germ cell differentiation, can 
upregulate two igfbp transcripts with a delay of at least 3 days. It 
therefore seems possible that these Igfbps can support Igf3 bio-
activity and contribute to the pro-differentiation signaling of Fsh 
and 11-KT. When the Igfbp inhibitor NBI-31772 was present only 
during the last 4 days of incubation (Figures 6A,B), when igfbp2a 
and -5b transcripts were upregulated by Fsh (Figures  2D,E) 
or 11-KT (Figure  3), the mitotic indices of Aund and Adiff did 
not change, whereas the one for type B decreased in response 
to Fsh (Figure  6A). The section surface area occupied by Aund 
increased, while the one for type B spermatogonia decreased in 
the presence of Fsh in combination with NBI-31772 during the 
last 4 days (Figure 6B). These observations suggest that blocking 
the “late rising” Igfbps partially inhibited spermatogonial dif-
ferentiation. Inversing the experimental setting (i.e., NBI-31772 
was only absent during the last 4  days of incubation) showed 
that the mitotic index and proportion of surface area of type B 
spermatogonia increased (Figures  6C,D). Under these condi-
tions, the “early decreasing” Igfbps were blocked from the start 
of Fsh exposure, and the “late rising” Igfbps were allowed to bind 
Igf ligands. This resulted in a stronger pro-differentiation effect 
of Fsh, in particular for the type B spermatogonia (Figure 6D).
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FigUre 4 | Effect of 25 or 100 ng/mL Igf3 on spermatogonial proliferation and proportion of area after 3 days of primary testis tissue culture. (a) Mitotic index  
of type Aund, type Adiff, and type B spermatogonia in the presence of 25 ng/mL (black bars) (n = 6) or 100 ng/mL Igf3 (gray bars) (n = 7). (b) Proportion of section 
surface area occupied by cysts containing type Aund, type Adiff, or type B spermatogonia, following exposure to 25 ng/mL (black bars) (n = 6) or 100 ng/mL Igf3 (gray 
bars) (n = 7). (c–e) Immunocytochemical detection of BrdU in sections of zebrafish testis incubated under basal conditions (c) or in the presence of 25 ng/mL  
(D) or 100 ng/mL Igf3 (e) for 3 days, showing BrdU positive (+) and negative (−) Aund, Adiff, and B spermatogonia. Bars, 25 µm. Dotted lines in A and B represent  
the mean values of the control groups (absence of Igf3). Asterisks indicate significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared to the respective 
control group.
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DiscUssiOn

regulation of the igfbp expression  
in Zebrafish Testis by Fsh and 
Downstream Mediators
More than 90% of the circulating IGF is bound to IGFBPs 
(32); hence, locally produced IGFBPs seem primarily involved 
in modulating locally produced IGF bioactivity. The recently 
discovered Igf3 is prominently [e.g., zebrafish (33)], in certain 
species preferentially (22), expressed in gonadal tissue of adult 
fish (34–37). Previous studies showed that one possibility for Fsh 
to stimulate the differentiating proliferation of type A spermato-
gonia in an androgen-independent manner is to release Igf3 (9). 
This Fsh effect was strengthened, leading to a partial depletion of 
type Aund spermatogonia, by blocking Igfbps during a 4-day cul-
ture period, suggesting that Igfbps protected Aund from excessive 
differentiation via Fsh-stimulated Igf3 release (23). These recent 
studies highlight the importance of the Igf signaling system in 
modulating zebrafish spermatogenesis. Here, we report that Fsh, 
next to regulating igf3 and igfbp1a expression, modulated the 
expression of four other igfbps. While igfbp1a, igfbp3, and igfbp6a 
transcript levels were downregulated quickly by Fsh, or more 
slowly by Igf3 or 11-KT, the expression of igfbp2a and igfbp5b 
increased with a delay of at least 3  days in response to Fsh or 
11-KT. Information on the regulation of igfbp transcript levels is 

scarce, and few studies have addressed igfbp expression in gonads.  
In rat, Igfbp2, 3, and 4 transcripts have been detected in LCs and 
seminiferous tubules (38) and FSH reduced Igfbp3 transcript lev-
els in hypophysectomized rats (39). Igfbp2-6 were found in sheep 
testis in association with high Igf1 levels (40). In rainbow trout 
testis, the expression of igfbp6 was upregulated by Fsh and its 
levels slightly decreased in the additional presence of trilostane, 
suggesting that both Fsh and androgens increased igfbp6 expres-
sion in this species (41). To our knowledge, our study is the first 
to investigate dose and time effects of Fsh, revealing a dynamic 
modulation of igfbp transcript levels that is apparently relevant 
for modulating Igf3 bioactivity in zebrafish testis.

Igf and steroid hormones modulated igfbp expression in 
non-gonadal tissues in fish (42, 43). We examined if Igf3 or 
11-KT, both mediators of Fsh bioactivity, were involved in  
the regulation of the Fsh-modulated testicular igfbps. The 
transcript levels of igfbp1a, -3, and -6a were modulated in the 
presence of Igf3 or in response to Fsh and an Igf1r inhibitor 
after 7 days of incubation, suggesting that Igf3 is a downstream 
mediator of Fsh on igfbp expression and that the faster response 
induced by Fsh used a different mechanism than the delayed 
response mediated by Igf3.

However, since Fsh increases Igf3 release (9), we can expect a 
fast drop of igfbp transcript levels induced by Fsh, and a continued 
suppression of transcript levels mediated by Igf3. The androgen 
11-KT, on the other hand, selectively increased igfbp2a and -5b 
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FigUre 5 | Effect of 25 ng/mL Igf3 in the presence of an IGF-binding protein inhibitor on spermatogonial proliferation and proportion of area after 3 days of primary 
testis tissue culture. (a) Mitotic indices of type Aund, type Adiff, and type B spermatogonia in the presence of Igf3 alone (25 ng/mL) (dotted line; control condition) or in 
combination with 10 µM NBI-31772 (bars) (n = 6). (b) Proportion of section surface area occupied by cysts containing type Aund, type Adiff, or type B spermatogonia 
in the presence of Igf3 alone (25 ng/mL) (dotted line; control condition) or in combination with 10 µM NBI-31772 (bars) (n = 6). (c) Immunocytochemical detection of 
BrdU in sections of zebrafish testis incubated with 25 ng/mL alone (upper panel; control condition) or in combination with 10 µM NBI-31772 (lower panel) for 3 days 
showing BrdU positive (+) and negative (−) Aund, Adiff, and B spermatogonia. Bars, 25 µm. (D) Gene expression analysis in adult zebrafish testis after 3 days of tissue 
culture in the presence of Igf3 (25 ng/mL) (represented by a dotted line) or in combination with 10 µM NBI-31772 (bars) (n = 7). Results are presented as fold 
changes with respect to the control group (25 ng/mL Igf3). Asterisks indicate significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) between groups.
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but reduced igfbp6a transcript levels after 7 days of incubation. 
Based on these results, the igfbps produced in the testis can be 
grouped in three categories: (1) non-responding to Fsh, Igf3, or 
11-KT, (2) downregulated by Fsh, Igf3 or 11-KT, and (3) upregu-
lated by Fsh and 11-KT but not by Igf3 (Figure 7).

The present data not only show that igfbp transcript levels 
respond to Fsh and downstream mediators but also open the 
possibility that Igfbps exert differential effects on testicular Igfs, 
potentially restricting or supporting Igf signaling. Still, the igfbps 
not modulated by Fsh, Igf3 or 11-KT should not be disregarded. 
In addition, Igfbps can act in an Igf-independent manner in mam-
mals (44). Also in zebrafish, Igfbp3 blocked bone morphogenetic 
protein (Bmp) signaling by binding Bmp2a during embryonic 
development (45). Zebrafish Igfbp3, -5a, and -5b were localized 
also in the nucleus of U2O2 and HEK 293 cells (45, 46). Igfbp5a 
and -5b differ considering that Igfbp5b, but not -5a, shows trans-
activation activity in zebrafish (46). Since igfbp5b transcript levels 
are ~250-fold higher than those of igfbp5a, the latter also not 
being regulated by Fsh or 11-KT, it seems possible that Igfbp5b 
might be the more relevant form for potential nuclear functions 

in the testis. However, in general, the functional significances of 
nuclear Igfbps are still not well understood.

Fsh-Modulated igfbps can support or 
inhibit spermatogonial Differentiation  
in Zebrafish Testis
Previous studies have suggested that Igfbp can inhibit or enhance 
Igf action. While IGFBP1 and -6 generally inhibited IGF actions, 
IGFBP2-5 can inhibit or potentiate the IGF action, depending 
on the cell or tissue type, or on the physiological or experimental 
context (24). Due to the important role of Igf in muscle, many 
studies on extrahepatic IGFBP function addressed this tissue. 
In vascular smooth muscle cells, IGFBP2 and IGFBP4 exert 
an inhibitory effect on IGF1-induced DNA synthesis, while 
IGFBP5 potentiates the mitogenic effect of IGF1 (47, 48). Knock 
down of IGFBP5 impairs myogenesis and downregulated IGF2 
expression in cultured myoblast cells (49). Administration 
of IGFBP5 in combination with a low concentration of IGF2 
restored IGF2 expression and myogenic differentiation, whereas a 
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FigUre 6 | Effect of the presence (left panel) or absence (right panel) of an IGF binding protein inhibitor on follicle-stimulating hormone (Fsh)-stimulated 
spermatogonial proliferation and proportion of area after 7 days of primary testis tissue culture. (a) Mitotic indices and (b) proportion of area occupied by cysts 
containing type Aund, type Adiff, and type B spermatogonia in the presence of Fsh (100 ng/mL) for 7 days (control group, represented by stippled line) or 3 days in the 
presence of Fsh (100 ng/mL) and the remaining 4 more days in the additional presence of 10 µM NBI-31772 (experimental group); a schematic representation of the 
experimental setup is shown in the upper left panel (n = 6). (c) Mitotic indices and (D) proportion of area occupied by cysts containing type Aund, type Adiff, and type 
B spermatogonia in the presence of Fsh (100 ng/mL) and 10 µM NBI-31772 for 7 days (control group, represented by stippled line) or 3 days under the same 
conditions and the remaining 4 more days in the presence of Fsh (100 ng/mL) only (experimental group); a schematic representation of the experimental setup is 
shown on the upper right panel (n = 7). The production of biologically active steroids by Fsh was blocked by trilostane (25 µg/mL) in all cases. Results are presented 
as fold changes with respect to the control group. Asterisks indicate significant differences (*P < 0.05; **P < 0.01) between groups.

non-functional IGFBP-5 or an IGF analog that activates the IGF1R 
but cannot bind IGFBPs, had no or a limited effect, respectively 
(49). These differential Igfbp effects seem to be conserved in fish. 
The transition from zero growth (achieved by food restriction) 
to fast growth involves upregulation of igf1, igfbp4, and -5b in 
Atlantic salmon skeletal muscle (50). Moreover, primary cultures 
of Atlantic salmon myogenic satellite cells (stem cells in muscle) 
respond to amino acids and/or Igf1 by expressing high levels of 
igf1 and igf2, and igfbp4, -5a, and -5b (42). Similarly, upregulation 
of igfbp2, igfbp4, igfbp5, and igf1 was recorded during muscle 
growth recovery after the end of a starvation period in rainbow 
trout (51). A dual role for the Igfbps has also been suggested in 
the regulation of zebrafish muscle growth and differentiation 
(12). Here, we have started exploring the potentially dual role of 
Fsh-regulated igfbps on zebrafish spermatogenesis.

Stimulatory effects of Igf3 on spermatogonial proliferation 
have been reported previously (9). The latter study did neither 
examine potential effects on type B spermatogonia nor on the 
volume fractions occupied by the different spermatogonia.  

We report here that Igf3 (100 ng/mL) promoted the proliferation 
of all spermatogonial cell types and also increased the areas occu-
pied by Adiff and B spermatogonia while reducing the one occu-
pied by Aund spermatogonia. This suggests that Fsh-stimulated 
Igf3 release promotes differentiation of Aund into Adiff and further 
into B spermatogonia. Our study also reports several findings as 
regards Igfbp functions in testis physiology, based on examining 
the effects of NBI-31772 on Igf3 activity. For example, blocking 
Igfbps increased the biological activity of a sub-threshold dose of 
Igf3, and Igf3 release stimulated by either Fsh or thyroid hormone 
preferentially promoted differentiation of Aund spermatogonia 
when Igfbps were blocked (23). These findings suggest that 
Igfbps protect the pool of Aund spermatogonia against excessive 
differentiation driven by high levels of Igf3. Our data moreover 
indicate that this protective effect may be mediated by the three 
igfbps rapidly down regulated by Fsh. Interestingly, the response 
to blocking Igfbps included upregulation of the expression of 
igf1rb. As mentioned above, zebrafish testis tissue expresses both 
igf1 receptor genes and the expression of igf1rb was previously 
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FigUre 7 | Schematic representation of the effects of follicle-stimulating hormone (Fsh) and two downstream mediators, Igf3 and 11-KT, on IGF-binding protein 
(igfbp) transcript levels and potential roles of Igfbps in adult zebrafish testis. (a) Fsh rapidly reduced transcript levels of subgroup 2 (consisting of igfbp1a, -3, and 
-6a) and increased the expression/release of Igf3 and 11-ketotestosterone (11-KT). Igf3 also reduced the transcript levels of subgroup 2 members whereas those  
of subgroup 3 (consisting of igfbp1b, -2b, -5a, and -6b) were increased by Fsh and 11-KT. The transcript levels of subgroup 1 (consisting of igfbp2a and -5b) were 
not modulated in the present experiments. (b) Schematic representation of the igfbp transcript levels and their hormonal regulation in zebrafish testis tissue. The 
representation of the igfbp transcript amounts reflects read numbers from RNAseq data (Crespo, Bogerd, and Schulz, unpublished data) from 5 testes of normal 
adult males. The mean read numbers were transformed using the logarithm to the base 2, i.e., the scale covers a 1024-fold (210) difference in average read numbers.

upregulated under experimental conditions promoting sper-
matogonial proliferation (30). Altogether these results suggest 
that Igf3-mediated stimulation of spermatogonial proliferation 
and differentiation that is enhanced by blocking inhibitory Igfbps 
may involve upregulation of igf1 receptor expression.

In addition to the three igfbp transcripts being downre-
gulated by Fsh, Igf3, or 11-KT, two other family members (igfbp2a 
and -5b) were upregulated in a delayed manner by Fsh or 11-KT. 
Blocking and de-blocking experiments suggested that the “late-
rising” binding proteins facilitate pro-differentiation effects of Igf. 

108

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


Safian et al. Fsh Modulates Testicular Igfbp Activity

Frontiers in Endocrinology | www.frontiersin.org November 2017 | Volume 8 | Article 328

Therefore, we propose that the concept of specific Igfbps either 
limiting or supporting Igf bioactivity, is also valid for testis tissue, 
where Fsh, but also downstream mediators (Igf3 and androgens), 
modulate igfbp gene expression. While Fsh and Igf3 or Fsh and 
11-KT have similar effects as regards the direction of change, they 
exert their effects on igfbp transcript levels with differences in the 
time course, suggesting the use of different mechanisms to modu-
late igfbp gene expression. This may allow more sustained effects. 
Both, the acute as well as the delayed effects of Fsh via the Igf signal-
ing system affected all spermatogonial cell types (Aund, Adiff, and B),  
suggesting that Fsh promotes spermatogonial development in a 
broad sense, making use of the Igf signaling system to generate 
different signals over time to different germ cell generations.

Several other signaling systems are also modulated by Fsh, 
next to the Igf/Igfbp system (11). It will be interesting to address 
in future studies the differentiation of the response to Fsh in space, 
e.g., by examining if spermatogenic cysts containing germ cells in 
different stages of development respond differently to a given Fsh 
challenge with respect to the expression of different igfbp tran-
scripts or transcript amounts. Also in context with our previous 
observations (23), we propose that Igfbps negatively modulate the 
activity of Igf3 in the presence of a comparatively weak stimulator 
of Igf3 release, T3, whereas when Fsh is present, Igfbps restricting 
Igf3 action (Igfbp1a, Igfbp3, and Igfbp6a) are rapidly suppressed, 
while the availability of Igfbps supporting Igf3 action (Igfbp2a 
and Igfbp5b) increases after a lag phase of 3–5 days, when sup-
pression of the inhibitory Igfbps is also supported by downstream 
effectors of Fsh, such as Igf3 and androgens (Figure 7).

In conclusion, we have shown that of the nine igfbps 
expressed in zebrafish testis tissue, five are selectively modulated 
by Fsh and two Fsh downstream mediators (Igf3 and 11-KT) 
to promote spermatogonial differentiation. We also report that 

the pro-differentiation effect of Igf3 is reinforced by blocking  
the binding of Igf to the rapidly downregulated Igfbps, support-
ing the role for certain Igfbp as protecting Aund from excessive 
differentiation in response to Igf3.
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With chemotherapy
Sohel M. Julovi, Janet L. Martin and Robert C. Baxter*

Kolling Institute, University of Sydney, Royal North Shore Hospital, St. Leonards, Sydney, NSW, Australia

Triple-negative breast cancer (TNBC) typically has a worse outcome than other breast can-
cer subtypes, in part owing to a lack of approved therapeutic targets or prognostic markers. 
We have previously described an oncogenic pathway in basal-like TNBC cells, initiated 
by insulin-like growth factor binding protein-3 (IGFBP-3), in which the epidermal growth 
factor receptor (EGFR) is transactivated by sphingosine-1-phosphate (S1P) resulting from 
sphingosine kinase (SphK)-1 activation. Oncogenic IGFBP-3 signaling can be targeted by 
combination treatment with the S1P receptor modulator and SphK inhibitor, fingolimod, 
and the EGFR kinase inhibitor, gefitinib (F + G). However, the interaction of this treatment 
with chemotherapy has not been documented. Since we observed nuclear localization of 
IGFBP-3 in some TNBC tumors, this study aimed to evaluate the prognostic significance of 
nuclear IGFBP-3 in pre-clinical models of basal-like TNBC treated with F + G and doxorubi-
cin. Orthotopic xenograft tumors were grown in nude mice from the human basal-like TNBC 
cell lines MDA-MB-468 and HCC1806, and were treated with gefitinib, 25 mg/Kg, plus 
fingolimod, 5 mg/Kg, 3-times weekly. In some studies, doxorubicin was also administered 
once weekly for 6 weeks. Tumor tissue proteins were quantitated by immunohistochemistry 
(IHC). Interaction between doxorubicin and F + G was also studied in proliferation assays 
in  vitro. In both tumor models, tissue staining for IGFBP-3 was predominantly nuclear. 
Combination of F + G significantly enhanced mouse survival, decreased nuclear IGFBP-3 
and Ki67 staining, and increased apoptosis (cleaved caspase-3) staining. Kaplan–Meier 
survival analysis showed that a high tumor IGFBP-3 IHC score (>median), like a high Ki67 
score, was significantly associated with shorter survival time, whereas a high apoptosis 
score was associated with prolonged survival. Studied in vitro in both cell lines, low-dose 
doxorubicin that had little effect alone, strongly enhanced the cytostatic effect of low-dose 
F + G combination. However, in both in vivo models, doxorubicin at maximum-tolerated 
dose neither inhibited tumor growth when administered alone, nor enhanced the significant 
inhibitory effect of F + G. We conclude that doxorubicin may not add benefit to the inhibitory 
effect of F + G unless its dose-limiting toxicity can be overcome. Nuclear IGFBP-3 appears 
to have potential as a prognostic marker in TNBC and could be evaluated for clinical utility.

Keywords: insulin-like growth factor binding protein-3, basal-like, triple-negative, breast cancer, targeted therapy, 
chemotherapy
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inTrODUcTiOn

Breast cancer is recognized as a heterogeneous disease, com-
monly classified into subtypes on the basis of phenotypic and/or 
molecular characteristics (1, 2). Of the breast cancers with absent 
or very low estrogen receptor (ER) and progesterone recep-
tor (PR), and without overexpression of the human epidermal 
growth factor receptor-2, known as triple-negative breast cancers 
(TNBC), about 80% have a basal-like profile, in terms of both 
gene expression profile (3) and the display of established basal 
histology markers, such as cytokeratin 5/6 and the epidermal 
growth factor receptor (EGFR) (4). Triple-negative breast cell 
lines that display a basal-like phenotype and have high EGFR 
expression (5) include MDA-MB-468 (classified as basal-like 1) 
and HCC1806 (classified as basal-like 2) (3).

There are no established molecular targets or prognostic mark-
ers for TNBC, which typically has a worse outcome than other 
breast cancer subtypes (6). Immunotherapeutic approaches have 
recently shown some durable responses, and the development of 
tumor-specific neoantigens and other new therapeutic targets 
offers hope for the future (7). Our recent pre-clinical studies have 
revealed an unexpected immune modulator in a murine TNBC-
like model, with the demonstration that mammary tumors in mice 
null for insulin-like growth factor binding protein-3 (IGFBP-3) 
grow 50% smaller than those in wild-type mice and show increased 
accumulation of CD8+ lymphocytes (8). In wild-type mice, tumor 
IGFBP-3 gene expression was positively associated with tumor 
weight (8), consistent with some clinical studies showing that high 
IGFBP-3 abundance in breast tumor tissue is associated with high 
tumor grade (9) and poor prognosis (10, 11).

Insulin-like growth factor binding protein-3 is also known to 
drive an oncogenic pathway in human TNBC cell lines involving 
activation of the receptor tyrosine kinase, EGFR, and the lipid 
kinase, sphingosine kinase (SphK) (12, 13). We have shown that 
inhibitors of these two IGFBP-3-activated kinases, administered 
in combination, act synergistically to significantly inhibit TNBC 
cell growth in vitro and in xenograft tumors (5, 13). However, the 
importance of high tumor IGFBP-3 levels in the progression of 
many cancer types remains unclear because there are some cancers 
in which IGFBP3 appears to act as a tumor suppressor gene, with 
low IGFBP-3 levels associated with poor patient outcome (14).

Insulin-like growth factor binding protein-3, a secreted 
glycoprotein found in both the circulation and the pericellular/
intracellular environment, is known to translocate to the cell 
nucleus in some conditions, and its interaction with nuclear 
ligands, influencing both gene transcription and DNA damage 
repair, has been documented (15). Intriguingly, while nuclear 
interactions of IGFBP-3 have been associated with its induction 
of apoptotic death in prostate cancer cell lines (16, 17), a clinical 
study showed that high nuclear staining of IGFBP-3 in prostate 
cancer tissue was prognostic for earlier disease recurrence (18).

In breast cancer, the significance of nuclear IGFBP-3, both 
functionally and as a biomarker, is not fully understood. The pri-
mary goal of this study was to evaluate the prognostic significance 
of nuclear IGFBP-3 using pre-clinical models of basal-like TNBC 
treated with EGFR and SphK inhibitors. We also examined the 
relationship between nuclear IGFBP-3 and indicators of tumor 

proliferation and apoptosis. Our secondary goal was to compare 
combination kinase inhibition with the chemotherapeutic agent 
doxorubicin in vitro and in vivo, and to evaluate the effect of co-
administering the targeted drugs with chemotherapy.

MaTerials anD MeThODs

reagents
The EGFR kinase inhibitor gefitinib (ZD1838, Iressa), the SphK 
inhibitor and sphingosine-1-phosphate receptor modulator, fingo-
limod (FTY720, Gilenya), and the chemotherapy drug doxoru-
bicin (adriamycin), were purchased from MedChem Express, 
Princeton, NJ USA.

human TnBc cell lines
The human basal-like TNBC cell lines, MDA-MB-468 and 
HCC1806, were obtained from ATCC, Manassas, VA, USA and 
maintained under standard conditions in RPMI 1640 medium 
containing 5% FBS and 10 µg/mL bovine insulin. Stocks of these 
cells were frozen within 1 month of purchase, and fresh cultures 
for experimental use were established every 2–3 months. All cell 
lines were negative on mycoplasma testing.

Measurement of cell Proliferation
Cells (4 × 103/well for HCC1806; 8 × 103/well for MDA-MB-468) 
were dispensed into 96-well plates in complete medium and 
incubated overnight before changing to fresh medium containing 
5% FBS and inhibitors. The inhibitors tested were the targeted 
therapies fingolimod (1 µM) plus gefitinib (1 µM), doxorubicin 
(10 nM), or the targeted therapies plus doxorubicin. Plates were 
transferred to the IncuCyte live-cell imager (Essen BioScience, 
Ann Arbor, MI, USA), and incubated for 120  h, with images 
collected every 3 h.

Murine Models of human TnBc
All animal procedures were approved by the institutional Animal 
Ethics Committee (Protocols RESP/14/280 and RESP/15/103), 
and followed recently described protocols (5). In brief, xenograft 
tumors were grown from human basal-like TNBC cell lines, 
implanted into the fourth left mammary fat pad of 8-week-
old female BALB/c nude (immune-deficient) mice. For both 
MDA-MB-468 and HCC1806 tumors, 5 × 106 cells were implanted 
in a volume of 150  µL, which included 50  µL of Matrigel (BD 
Biosciences, Franklin Lakes, NJ, USA). Tumors were allowed to 
develop until they reached a volume of 100 mm3, as determined 
by Vernier caliper measurement. For each cell type, randomized 
groups of tumor-bearing mice were then started on 3-times 
weekly i.p. injections of a combination of fingolimod (5 mg/Kg)  
plus gefitinib (25 mg/Kg), or vehicle, for up to 12 weeks. We previ-
ously showed that this drug combination substantially increased 
survival time in mice bearing both of these tumor types (5). 
For both tumor models, some studies included two additional 
groups of mice bearing ~100  mm3 tumors, treated with doxo-
rubicin, 2 mg/Kg i.p., once weekly for 6 weeks, either alone or 
together with the fingolimod-gefitinib combination as described 
above (3-times weekly for up to 12 weeks). A higher doxorubicin 
dose (4 mg/Kg), or administration for more than 6 weeks, both 
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FigUre 1 | The effect of combination (fingolimod + gefitinib) treatment on 
the survival of nude mice bearing human xenograft TNBC tumors.  
(a,B) Kaplan–Meier survival curves compare the effect of control (no 
treatment) or combination fingolimod + gefitinib (F + G) therapy on survival  
of mice bearing HCC1806 (a) or MDA-MB-468 (B) xenograft tumors. For 
ethical reasons mouse survival is defined as tumor size below 1,000 mm3. 
For HCC1806, control: n = 16; combination: n = 16. For MDA-MB-468, 
control: n = 10; combination: n = 10.

FigUre 2 | Insulin-like growth factor binding protein-3 (IGFBP-3) 
immunohistochemistry of HCC1806 and MDA-MB-468 tumors.  
(a,B) Representative IGFBP-3 staining of each tumor type from control mice, 
showing strong nuclear localization. (c,D) Representative IGFBP-3 staining 
of each tumor type from mice treated with fingolimod + gefitinib (F + G).  
(e,F) Negative control staining—non-immune rabbit serum at the same 
dilution as IGFBP-3 antiserum. Bar = 200 µm. Inset: higher magnification  
of HCC1806 section from control tumor. Bar = 50 µm.
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caused toxicity (weight loss and/or death) that exceeded our 
ethical guidelines. Each mouse was terminated when its tumor 
reached the ethically approved endpoint of 1,000 mm3, otherwise 
12 weeks after cell implantation.

immunohistochemistry (ihc) and Western 
Blotting
Immunohistochemistry staining for IGFBP-3, the prolifera-
tion marker Ki67, and the apoptosis marker cleaved caspase-3 
(CCasp-3), was carried out as described previously (5). In brief, 
4  µm sections of formalin-fixed paraffin-embedded tumor 
samples were incubated with antibodies against Ki67 (ab66155, 
1:600, Abcam, Melbourne, VIC, Australia), CCasp-3 (Asp175) 
(#9661, 1:200, Cell Signaling), IGFBP-3 (in-house antiserum 
R-100, 1:2,000), and isotyped-matched IgG antibodies or rab-
bit serum alone, with nuclear counterstaining using Mayer’s 
hematoxylin and Scott’s bluing solution. For all three markers, 
the percentage of positive cells was scored for each tumor fol-
lowing recommendations for Ki67 analysis (19), calculated from 
the five highest staining areas at 10× magnification for each slide. 
Nuclear IGFBP-3 immunoreactivity was detected by western 
blotting of solubilized nuclei isolated from cell cultures, after 
immunoprecipitation using R-100 anti-IGFBP-3 Fab fragment 
conjugated to agarose beads, as previously described (20).

statistical analysis
Kaplan–Meier survival analyses were undertaken using SPSS v.22 
for Mac (IBM Corp., Armonk, New York, NY, USA). IHC scores 
were coded as low (≤the median value) or high (>the median 
value). Mice with MDA-MB-468 tumors below the ethical end-
point of 1,000 mm3 at day 82 after cell implantation were regarded 
as survivors. For HCC1806 tumors, all mice had reached the 
ethical endpoint before 12 weeks (i.e., there were no survivors). 
Linear and non-linear (exponential) correlations between IHC 
scores were fitted using Deltagraph v.7 (Red Rock Software, Salt 
Lake City, UT, USA) with P values calculated by SPSS.

resUlTs

nuclear igFBP-3 is associated With Poor 
Outcome in TnBc Xenografts
As recently reported (5), the combination of SphK inhibition  
with fingolimod and EGFR kinase inhibition with gefitinib 
(F + G) was significantly inhibitory to the proliferation of both 
HCC1806 and MDA-MB-468 basal-like TNBC tumors. For 
HCC1806 tumors, mean mouse survival (measured for ethical 
reasons as the time for tumors to reach 1,000 mm3) was increased 
87% by treatment compared to untreated controls, from 
18.5 ± 2.8 to 34.6 ± 3.5 days (mean ± SEM, P = 0.001), while for 
MDA-MB-468 tumors, no tumors in treated mice had reached 
1,000 mm3 after 82 days, compared to 8/10 tumors in control mice 
(P < 0.001). Figures 1A,B shows Kaplan–Meier survival curves 
for combination-treated vs. control-treated mice for HCC1806 
and MDA-MB-468 tumors, respectively.

To evaluate the relationship between tumor IGFBP-3 immu-
nohistochemical staining and mouse survival, tumor tissues were 

stained for IGFBP-3 as well as the proliferation marker, Ki67 and 
the apoptosis marker, CCasp-3. Representative examples of stain-
ing patterns have been reported previously (5). Notably, IGFBP-3 
staining, using a high-titer, primate-specific antiserum that does 
not detect murine IGFBP-3, was predominantly nuclear in both 
tumor types, as shown in Figures  2A,B. For both cell types, 
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FigUre 4 | The relationship between tumor Ki67 and mouse survival.  
(a,B) Representative Ki67 staining of each tumor type from control mice 
and mice treated with fingolimod + gefitinib (F + G). (c,D) Quantitation of 
immunohistochemistry (IHC) scores for Ki67 in control and combination-
treated mice. For HCC1806 (c) and MDA-MB-468 (D) tumors, mean 
scores ± SEM are shown, numbers of mice in parentheses. Comparison 
with controls (2-sided t-test): (a) P < 0.001; (b) P = 0.001. Also shown are 
IgG isotype negative staining controls for both tumor types. (e,F) Nuclear 
insulin-like growth factor binding protein-3 scores are positively correlated 
with Ki67 scores for both HCC1806 (e) and MDA-MB-468 (F) tumors. 
Linear regression lines are shown with R2 and P values indicated.  
(g,h) Kaplan–Meier survival curves compare the effect of tumor Ki67 IHC 
scores > or ≤ the median value on survival of mice bearing HCC1806  
(g) or MDA-MB-468 (h) xenograft tumors. For ethical reasons mouse 
survival is defined as tumor size below 1,000 mm3. For HCC1806,  
n (>median) = 15; n (≤median) = 17. For MDA-MB-468, n (>median) = 9;  
n (≤median) = 11.

FigUre 3 | The relationship between tumor nuclear insulin-like growth 
factor binding protein-3 (IGFBP-3) and mouse survival. (a,B) Left: western 
blot of immunoreactive IGFBP-3 after immunoprecipitation from solubilized 
nuclei isolated from cultured cells; molecular weight markers in kDa are 
indicated by arrows. Right: quantitation of immunohistochemistry (IHC) 
scores for nuclear IGFBP-3 in control mice and mice treated with 
fingolimod + gefitinib (F + G). For HCC1806 (a) and MDA-MB-468  
(B) tumors, mean scores ± SEM are shown, numbers of mice in 
parentheses. Comparison with controls (2-sided t-test): (a) P < 0.001;  
(b) P = 0.001. (c,D) Kaplan–Meier survival curves compare the effect of 
tumor nuclear IGFBP-3 IHC scores > or ≤ the median value on survival of 
mice bearing HCC1806 (c) or MDA-MB-468 (D) xenograft tumors. For 
HCC1806, n (>median) = 16; n (≤median) = 16. For MDA-MB-468, n 
(>median) = 9; n (≤median) = 9.
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nuclear IGFBP-3 IHC staining in tumor sections was greatly 
decreased in combination-treated mice compared to controls 
(Figures 2C,D). Figures 2E,F shows negative staining controls 
for both tumor types.

Nuclear IGFBP-3, examined by western blotting of nuclear 
extracts from both HCC1806 and MDA-MB-468 cell lines, 
typically showed diffuse bands of approximately 40 kDa as well 
as immunoreactivity around 35 kDa which may represent par-
tially proteolyzed or underglycosylated IGFBP-3. The origin of 
diffuse IGFBP-3 immunoreactivity around 55 kDa is unknown 
(Figures 3A,B; left panels). Figures 3A,B (right panels) show 
mean IHC scores for IGFBP-3 from control and combination-
treated mice. For both HCC1806 (A) and MDA-MB-468 
(B) tumors, IGFBP-3 staining was significantly decreased. 
Kaplan–Meier survival analysis indicated a strong association 
between nuclear IGFBP-3 and mouse survival, IGFBP-3 IHC 
scores above the median value being associated with poor 
survival for both HCC1806 tumors (P = 0.009; Figure 3C) and 
MDA-MB-468 tumors (P = 0.001; Figure 3D).

To assess whether decreased nuclear IGFBP-3 was linked to 
changes in proliferation or apoptosis, we examined the effect of 
combination F + G treatment on Ki67 and CCasp-3. As previously 

reported (5), the combination treatment significantly decreased 
cell proliferation, as indicated by Ki67 staining (Figures 4A–D). 
Nuclear IGFBP-3 staining was positively correlated with nuclear 
Ki67, more strongly in HCC1806 tumors (Figure  4E) than 
MDA-MB-468 tumors (Figure  4F). This was reflected in the 
Kaplan–Meier survival curves, in which high Ki67 levels (above 
the median) were strongly associated with poor survival for 
HCC1806 tumors (Figure  4G), but not with MDA-MB-468 
tumors (Figure 4H).

Apoptosis, as indicated by caspase-3 cleavage, was also strongly 
induced by combination F + G treatment (Figures 5A–D). The 
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FigUre 5 | The relationship between tumor cleaved caspase-3 
(CCasp-3) and mouse survival. (a,B) Representative CCasp-3 staining  
of each tumor type from control mice and mice treated with 
fingolimod + gefitinib (F + G). (c,D) Quantitation of immunohistochemistry 
(IHC) scores for CCasp-3 in control and combination-treated mice. For 
HCC1806 (c) and MDA-MB-468 (D) tumors, mean scores ± SEM are 
shown, numbers of mice in parentheses. Comparison with controls 
(2-sided t-test): (a) P < 0.001; (c) P = 0.006. Also shown are IgG isotype 
negative staining controls for both tumor types. (e,F) Nuclear insulin-like 
growth factor binding protein-3 scores are negatively correlated with 
CCasp-3 scores for both HCC1806 (e) and MDA-MB-468 (F) tumors. 
Exponential regression lines are shown with R2 and P values indicated. 
(g,h) Kaplan–Meier survival curves compare the effect of tumor CCasp-3 
IHC scores > or ≤ the median value on survival of mice bearing HCC1806 
(g) or MDA-MB-468 (h) xenograft tumors. For ethical reasons mouse 
survival is defined as tumor size below 1,000 mm3. For HCC1806, n 
(>median) = 15; n (≤median) = 15. For MDA-MB-468, n (>median) = 9; n 
(≤median) = 10.

FigUre 6 | The effect of kinase inhibitors and doxorubicin on the 
proliferation of basal-like triple-negative breast cancer cells. (a,B) Cell  
culture studies using the IncuCyte live-cell imager. (a) HCC1806 cells;  
(B) MDA-MB-468 cells. Data are expressed as the change in percent 
confluence, corrected for confluence at time zero; mean values ± SEM at 
each time point, from triplicate wells for each treatment. Similar results were 
obtained in three replicate experiments for each cell line. Treatments are: 
control (blue); doxorubicin, 10 nM (red); fingolimod, 1 µM + gefitinib, 1 µM 
(F + G; orange); and F + G plus doxorubicin (green). (c,D) In vivo studies of 
orthotopic xenograft tumor growth in nude mice; mean values ± SEM, 
numbers in parentheses. (c) HCC1806 tumors. Repeated measures ANOVA 
up to day 26: overall effect of treatment, P = 0.003. Post hoc Tukey’s test: 
F + G vs. control, P = 0.036; F + G/dox vs. control, P = 0.004; F + G/dox 
vs. dox, P = 0.045. (D) MDA-MB-468 tumors. Repeated measures ANOVA 
up to day 47: overall effect of treatment, P < 0.001. Post hoc Tukey’s test: 
F + G vs. control, P = 0.001; F + G/dox vs. control, P < 0.001; F + G/dox 
vs. dox, P = 0.001. Treatments are: control (blue); doxorubicin, 2 mg/Kg 
(red); fingolimod, 5 mg/Kg + gefitinib, 25 mg/Kg (F + G; orange); and F + G 
plus doxorubicin (green). See Section “Materials and Methods” for further 
details.
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increased apoptosis was particularly notable in HCC1806 tumors, 
in which CCasp-3 staining increased over 25-fold. Nuclear 
IGFBP-3 was inversely correlated with CCasp-3 staining for both 
tumor types (Figures  5E,F), and survival analysis showed that 
CCasp-3 staining above the median level was significantly associ-
ated with improved mouse survival (Figures 5G,H). Collectively 
these data suggest that, in these xenograft models of human 
basal-like TNBC, a high nuclear IGFBP-3 level may be a poor 
prognostic feature, associated with high tumor proliferation and 
decreased apoptosis.

comparison Between combination 
Targeted Therapy and chemotherapy
In the absence of any approved targeted therapies for TNBC, 
cytotoxic chemotherapy is regarded as the front-line treatment 
(6). We, therefore, evaluated the efficacy of F  +  G therapy in 
combination with the widely used anthracycline chemotherapy 
drug, doxorubicin. We previously established concentrations 
of the two kinase inhibitors that showed a strongly synergistic 
cytostatic effect in  vitro in various TNBC cell lines (5). In this 
study, their concentrations were lowered to ensure that the drug 
combination, when used alone, would have minimal cytostatic 
effect, in order to examine the additional effect of doxorubicin. 
Figures  6A,B shows that 1  µM fingolimod  +  1  µM gefitinib 
had little cytostatic effect, measured by IncuCyte real-time 
imaging over 120  h, in either HCC1806 or MDA-MB-468 cell 
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FigUre 7 | Response of basal-like triple-negative breast cancer tumors 
to doxorubicin and combination therapy. Immunohistochemistry scores 
for nuclear insulin-like growth factor binding protein-3, Ki67, and 
cleaved caspase-3 in mice with HCC1806 tumors (a–c) or MDA-
MB-468 tumors (D–F) treated with vehicle alone (Con), doxorubicin 
(Dox), fingolimod + gefitinib (F + G), or Dox plus F + G (DFG). For both  
tumor types, data are mean values ± SEM, numbers in parentheses. 
Comparison with controls (one-way ANOVA, post hoc Tukey’s test):  
(a) p < 0.001; (b) p < 0.005; (c) p < 0.02. Comparison with Dox: *, 
P < 0.01.
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cultures. Similarly, doxorubicin was minimally cytostatic at 
10 nM. However, treatment with doxorubicin plus the targeted 
drug combination resulted in almost complete inhibition of cell 
proliferation in both cell lines, suggesting a synergistic effect 
between the kinase inhibitors with the chemotherapeutic agent 
(Figures 6A,B).

To evaluate this effect in  vivo, the two xenograft models of 
TNBC were treated with the combination F  +  G therapy plus 
doxorubicin. Doxorubicin was administered at the maximum 
tolerated dose (MTD) of 2 mg/Kg i.p. once weekly for 6 weeks, 
since a higher dose (4  mg/Kg) or longer duration resulted in 
drug-related toxicity in our BALB/c nude mouse model (data not 
shown). As shown in Figures 6C,D, doxorubicin at the highest 
tolerable dose of 2 mg/Kg had only a small inhibitory effect on the 
growth of either tumor type in vivo, not statistically significant, 
whereas the targeted combination was significantly inhibitory in 
both models as previously reported (5). Notably, and in contrast 
to the in vitro studies, treatment with both doxorubicin and the 
F + G combination did not significantly slow down the tumor 
growth rate in either model, beyond the effect seen with F + G 
alone. Immunohistochemical analysis of tumors for IGFBP-3, 
Ki67, and CCasp-3 showed that, at the doses tested in these 
experiments, doxorubicin had no significant effect either admin-
istered alone or in combination with F + G treatment, in either 
HCC1806 (Figures  7A–C) or MDA-MB-468 (Figures  7D–F) 
tumors.

DiscUssiOn

igFBP-3 as a Therapeutic Target and 
Biomarker
The first goal of this study was to evaluate tumor IGFBP-3 
abundance for potential value as a prognostic indicator in basal-
like triple-negative breast tumors, using as model systems, two 
basal-like TNBC cell lines grown as orthotopic xenograft tumors 
in nude mice. Our studies over several years have shown that 
IGFBP-3 stimulates an oncogenic pathway in which the activation 
of SphK 1, leading to increased sphingosine-1-phosphate genera-
tion, results in the transactivation of EGFR which drives tumor 
proliferation (12, 13). The importance of SphK/sphingosine-
1-phosphate in oncogenesis, and its potential as a therapeutic 
target in breast and other cancers, has been studied extensively 
(21, 22), and a recent study in a metastatic TNBC cell model 
(23) has confirmed our earlier observations that SphK inhibition 
decreases EGFR-dependent cell proliferation and survival.

Although IGFBP-3 itself, which is abundant in the circulation 
(14) and in ER-negative breast cancer tissue (24), is a challenging 
therapeutic target, we showed that IGFBP-3-dependent onco-
genic signaling can be successfully targeted by dual therapy with 
an EGFR kinase inhibitor and a SphK inhibitor, giving a highly 
synergistic inhibitory effect (5, 13). This may offer benefits over 
EGFR-directed therapies used alone, since both EGFR kinase 
inhibitors and monoclonal antibodies have failed to demonstrate 
consistent results in the treatment of TNBC (25). Since we found, 
using cell models, that IGFBP-3 downregulation attenuated the 
synergism between the EGFR and SphK inhibitors, we proposed 
that tumor IGFBP-3 levels might act as a biomarker for the effi-
cacy of the combination therapy (5).

As a key regulator of the bioavailability of circulating IGF-1 
and IGF-2, IGFBP-3 has major effects outside the cell (14), but its 
intracellular (including intranuclear) actions are also well docu-
mented (15, 26). IGFBP-3 has been identified in the cell nucleus 
in a variety of healthy and cancerous human tissues, including 
non-malignant colon (27), lung (28), articular cartilage (29), and 
bone (30), as well as malignant colon (27), liver (31), Barrett’s 
tissue associated with esophageal cancer (32), and prostate (18) 
[including reactive stroma (33)] tissue.

nuclear and cytoplasmic igFBP-3 in 
cancer
Although IGFBP3 is epigenetically suppressed in some cancers, 
with an apparent tumor suppressor role (34, 35), in other cancer 
types it shows high expression in association with high tumor 
grade and/or poor patient survival, although often the IGFBP-3 
protein is located predominantly in the cytoplasm. For example, 
IGFBP-3 is highly overexpressed in the cytoplasm of high-
grade clear cell renal cell carcinomas compared to low-grade 
or normal kidney (36). A similar finding was reported in brain 
tumors, with highest IGFBP-3 levels by both gene expression 
and IHC found in glioblastoma (grade IV) compared to normal 
brain and astrocytomas of lower grade (37). High IGFBP-3 
staining in glioblastoma patients was significantly associated 
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with shorter survival, and was described as “mostly confined 
to the cytoplasm” although some positive nuclei were also 
evident (37). In pancreatic endocrine (i.e., islet cell) neoplasms  
(38) and melanoma (39), high tumor IGFBP-3 levels by IHC are 
associated with increased metastasis, but again the staining is 
predominantly cytoplasmic. In head and neck squamous cell 
carcinoma, high IGFBP-3 staining was associated with higher 
clinical stage (40) and decreased time to progression (41), and 
was similarly mainly seen in the cytoplasm. In an IHC study 
of breast cancer tissue sections, in which high IGFBP-3 stain-
ing showed a trend (non-significant) of association with worse 
patient survival, “no clear evidence” of nuclear IGFBP-3 staining 
was reported (42).

In contrast, in a study of hepatocellular carcinoma Yan et al. (31) 
scored nuclear IGFBP-3 staining, finding an association between 
low nuclear IGFBP-3 and several markers of poor prognosis. 
Finally, Seligson et al. (18) observed increased IGFBP-3 staining 
in both the cytoplasm and nucleus of prostate cancers compared 
to benign tissue, but only the nuclear staining was significantly 
prognostic for cancer recurrence, being more highly predictive 
than baseline PSA or any other pathological marker. Therefore, 
both the subcellular localization and prognostic value of tumor 
IGFBP-3 staining appears to be highly dependent on tumor type.

We recently reported that human basal-like TNBC cells 
growing as xenograft tumors showed predominantly nuclear 
IGFBP-3 staining (5). We have now extended this observation 
by showing in two xenograft models that high levels of nuclear 
IGFBP-3 (i.e., above the median value), measured by IHC, are 
significantly associated with shorter mouse survival time. Mature 
human IGFBP-3 is a glycoprotein of 264 amino acids with a 
core molecular weight of 28.7 kDa, increased to approximately 
40 kDa by N-glycosylation on residues 89, 109, and 172. Variable 
glycosylation leads to the appearance of diffuse bands around 
40  kDa when analyzed by SDS-PAGE (43–45). The IGFBP-3 
structure may be viewed as three domains of approximately equal 
size: cysteine-rich amino- and carboxyterminal domains that 
bind IGF-1 and IGF-2 cooperatively (46), and a central or linker 
domain that is the major site for posttranslational modification. 
Limited proteolysis in the central domain may be involved in 
the release of IGFs from the high-affinity binding pocket, and 
accounts for frequently observed IGFBP-3 fragments in the 
circulation and tissues (26, 45).

Although nuclei were not isolated from xenograft tumors in 
this study, nuclear extracts of the corresponding cell lines showed 
IGFBP-3 immunoreactive bands of approximately 40  kDa that 
may represent glycosylated isoforms of the full-length protein, as 
well as larger (~55 kDa) and smaller (~35 kDa) bands that may 
represent glycosylation and/or proteolysis variants. Our studies 
do not indicate which of these bands are downregulated by drug 
treatment, or whether the size distribution of the variants changes 
on treatment. Nuclear IGFBP-3 IHC staining correlated positively 
with nuclear Ki67 and inversely with CCasp-3, consistent with the 
role of IGFBP-3 in promoting proliferation and survival in basal-
like TNBC cells. If extrapolated to TNBC tumors in patients, 
our findings suggest that a high nuclear IGFBP-3 score by IHC, 
complementing a high Ki67 score and a low CCasp-3 score, may 
be prognostic for poor patient survival in women with TNBC. 

Further refinement of such a prognostic test might be possible 
with more detailed analysis of the structure and size distribution 
of IGFBP-3 variants in tumors. Since treatment with combination 
fingolimod and gefitinib significantly prolonged survival in our 
mouse models, this combination therapy might be considered for 
evaluation in clinical trials.

effect of Doxorubicin in TnBc Models
Anthracycline drugs (e.g., doxorubicin and epirubicin) are a 
standard component of adjuvant chemotherapy for women 
with TNBC (47). The second goal of this study was to evaluate 
whether the SphK/EGFR inhibitor combination (F + G) might 
act cooperatively with doxorubicin as an effective treatment 
for TNBC. Since doxorubicin has well-documented toxicity 
toward the brain, liver, kidney, and notably the heart (48), 
lowering the dose by the addition of a targeted therapy might 
be clinically advantageous. In this pre-clinical study, the dose of 
doxorubicin, 2 mg/Kg i.p. weekly for 6 weeks was used to avoid 
toxicity seen at higher or more prolonged dosing schedules in 
the BALB/c nude mice. In the initial cell growth studies in vitro, 
a strong combination effect between F  +  G and doxorubicin 
was observed, in which sub-cytostatic doses of each caused 
almost complete cytostatsis when combined. However, this 
trend was not recapitulated in two xenograft tumor models in 
which doxorubicin, administered alone or in combination with 
the kinase inhibitors, showed no significant effect on tumor 
volume or on cellular markers of proliferation and apoptosis. 
Similarly, IGFBP-3 staining did not show a differential response 
to doxorubicin in our models. Although IGFBP3 is activated by 
wild-type p53 (49), and, therefore, expected to be induced by 
chemotherapy, we have previously shown that in some TNBC 
cell lines with gain-of-function p53 mutations, IGFBP-3 is para-
doxically downregulated by DNA-damaging chemotherapeutic 
drugs (50). Effective doxorubicin activity might, therefore, be 
expected to downregulate IGFBP-3 (as seen for the effective 
combination kinase inhibitor therapy), but this was not observed 
in our study.

While it is unclear why the in vivo experiments failed to show 
any significant beneficial effect of doxorubicin in these models, 
a likely limiting factor was the MTD of 2 mg/Kg i.p. weekly for 
6 weeks in our BALB/c nude mouse model. A similar doxorubicin 
dose for 3 weeks gave only a “minimum to partial response” in 
patient-derived TNBC xenograft tumors in NOD-SCID mice 
(51), whereas 1.5  mg/Kg weekly as an i.v. bolus significantly 
reduced the volume of MDA-MB-231 TNBC xenograft tumors in 
nude mice (52). In our study, the very small and non-significant 
effect of doxorubicin provided an opportunity to observe a coop-
erative inhibitory effect with F + G treatment, but no such effect 
was observed in the tumor models used. It is possible that by 
increasing doxorubicin tolerability through the use of liposomes 
or other nano-delivery systems (48), a tolerable dose may have 
been achieved at which doxorubicin would complement the 
effects of the kinase inhibitors. However, our study reinforces the 
conclusion (5) that, since both fingolimod (53) and gefitinib (54) 
are FDA-approved drugs (though not for breast cancer), inhibit-
ing IGFBP-3-dependent oncogenic signaling by F + G therapy is 
a plausible approach to targeting basal-like TNBC tumors.
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cOnclUsiOn

Insulin-like growth factor binding protein-3-dependent signal-
ing may be viewed as a controversial target for cancer therapy, 
since in some cancers IGFBP3 appears to act as a tumor suppres-
sor gene, but our data suggest the plausibility of this approach 
for women with TNBC. IGFBP-3 is highly expressed and a poor 
prognostic feature in ER-negative breast cancers, and initiates 
an oncogenic signaling cascade in both in vitro and in vivo pre-
clinical models of basal-like TNBC. Combined EGFR and SphK 
inhibition, to block IGFBP-3-dependent signaling, synergisti-
cally inhibits cell proliferation and this effect is attenuated by 
IGFBP-3 downregulation (5). This pre-clinical study has shown 
that combination of fingolimod  +  gefitinib-targeted therapy 
is more effective than doxorubicin at its MTD, in inhibiting 
the growth of basal-like TNBC xenograft tumors. IGFBP-3, 
detected predominantly in the cell nucleus in these tumors, 
is less abundant in more slowly growing tumors, and its high 
nuclear staining is similar to high Ki67 staining as a marker 
of decreased mouse survival. We, therefore, conclude that fin-
golimod + gefitinib combination therapy for basal-like TNBC 
tumors with high IGFBP-3 might be suitable for evaluation in 
a neoadjuvant setting as an effective alternative to cytotoxic 
chemotherapy.
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Background: Epidemiologic evidence shows that obesity is associated with a greater 
risk of aggressive prostate cancer (PCa) and PCa-specific mortality and this is observed 
mainly in men with the TMPRSS2-ERG gene fusion. Obesity is often associated with 
comorbid conditions such as type 2 diabetes and hyperglycemia: we investigated 
whether some of the exposures associated with disturbed metabolism can also affect 
the frequency of this gene fusion.

Methods: Fusion was induced in LNCaP PCa cells in normal or high levels of glucose, 
with or without insulin-like growth factor binding protein-2 (IGFBP-2) silenced or the 
presence of insulin-like growth factor-1 (IGF-I), insulin, or epidermal growth factor (EGF). 
RNA was extracted for analysis by nested PCR. Abundance of IGFBP-2, γH2AX, DNA-
dependent protein kinase catalytic subunit (DNAPKcs), and β-actin were analyzed by 
Western immunoblotting.

results: Our data suggest that hyperglycemia-induced IGFBP-2 increased the fre-
quency of the gene fusion that was accompanied by decreased levels of DNAPKcs 
implying that they were mediated by alterations in the rate of repair of double-strand 
breaks. In contrast insulin, IGF-I and EGF all decreased gene fusion events.

conclusion: These novel observations may represent a further mechanism by which 
obesity can exert an effect aggravating PCa progression.

Keywords: prostate cancer, insulin-like growth factor-binding protein-2, TMPrss2-erg, hyperglycemia, type ii 
diabetes

inTrODUcTiOn

The TMPRSS2-ERG fusion oncogene is thought to be important during tumor progression and 
development as it is found in approximately half of all prostate cancer (PCa) biopsies and also in 
metastases (1–3).

Joining of the 5′-untranslated region of TMPRSS2 with the oncogenic ETS transcription factor, 
ERG culminates in the TMPRSS2-ERG gene fusion. TMPRSS2 possesses androgen-responsive ele-
ments and so in response to androgens TMPRSS2 drives ERG overexpression. Antiandrogens can 
decrease ERG in patients carrying TMPRSS2-ERG through its ability to reduce the levels of androgen. 
In contrast, for patients whose PCa progresses and becomes resistant to antihormone therapy, the 
fusion oncogeneTMPRSS2-ERG can be reactivated and could thus contribute to tumor progression (4).
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We are currently facing a global obesity epidemic that has been 
associated with a negative impact on PCa. There is strong epide-
miologic evidence that obesity is associated with a greater risk 
of aggressive PCa and increased PCa-specific mortality (5–7). 
Furthermore, the negative impact of obesity on PCa prognosis 
has mainly been observed in men with the TMPRSS2-ERG gene 
fusion (8) implying an interaction.

Obesity is often associated with comorbid conditions such as 
insulin resistance, hyperglycemia, and type 2 diabetes. We have 
shown previously that hyperglycemia-induced chemoresistance 
in PCa cells and that this was mediated by an epigenetic upregula-
tion of insulin-like growth factor binding protein-2 (IGFBP-2) (9). 
IGFBP-2 is one of the six high-affinity IGF-binding proteins, which 
bind to IGFs, acting as a carrier and protecting them from clear-
ance, increasing their half-lives, and modulating their availability 
and activity. These IGFBPs, including IGFBP-2 can also regulate 
cell function independently of the insulin-like growth factor-1 
(IGF-I) receptor (10, 11). IGFBP-2 is considered to be a key player 
in PCa progression (12) with IGFBP-2 levels being raised in the 
serum and in the tumors of patients with PCa (13, 14).

PTEN is a phosphoprotein that exhibits both protein- and 
lipid-phosphatase activity that inhibits the phosphatidylinositol 
3-kinase/Akt and mitogen-activated protein kinase signaling 
pathways (15–17), thereby acting in an opposite manner to growth 
factors, which promote cell growth and survival. We identified that 
IGFBP-2 inhibited PTEN function in PCa cells by increasing its 
phosphorylation (18) and global expression profiling indicated that 
IGFBP-2 was the most important biomarker to indicate the status 
of PTEN in tumors (19). When PTEN is silenced, mice develop 
high grade prostatic intraepithelial neoplasia, but do not progress 
to develop cancer (20). 93% of ERG rearrangement positive sam-
ples showed either absent or reduced PTEN (21) and tumors lack-
ing functional PTEN express higher levels of ERG rearrangement 
(22). IGFBP-2 has also been shown to translocate to the nucleus in 
neuroblastoma cells, via its nuclear localization sequence, where 
it directly associates with DNA and functions as a transcription 
factor, modulating specific tumorigenic genes (23, 24).

The high frequency of the TMPRSS2-ERG gene fusion in 
PCa is not due to random translocations but is promoted by the 
androgen receptor inducing changes in chromosomal architec-
ture leading to the proximity of the TMPRSS2 and ERG genes that 
are then fused following double-strand breaks (DSB) and repair 
via the non-homologous end joining (NHEJ) pathway (25). There 
have been several studies examining the effects of androgen 
exposure on the formation of fusion products (26, 27), but little 
work examining potential effects of other exposures. In this study, 
we examined the effect of some of the exposures associated with 
disturbed metabolism on TMPRSS2-ERG gene fusion, in particu-
lar, hyperglycemia and the potential role of IGFBP-2 in the latter.

MaTerials anD MeThODs

Materials
All chemicals, unless otherwise stated, were purchased from 
Sigma (Poole, UK). LNCaP cells were bought from ATCC and 
cultured as described previously (9). All cell lines tested negative 
for mycoplasma.

Fusion induction
LNCaP cells were seeded in 6-well plates in DMEM growth media 
(Basel, Switzerland, GM: 5 mM glucose) with or without IGFBP-2 
silenced for 24 h, serum starved for 24 h in the presence of aphidi-
colin (2 µg/ml) in DMEM and HAM’S Nutrient Mix F12 media 
containing charcoal-stripped serum (Invitrogen, Paisley, UK, 
SFM: 25 mM) and then dosed with dihydrotestosterone (DHT:0.1 
μM) in the presence or absence of IGF-I, Gropep, Adelaide, SA, 
Australia (100  ng/ml), insulin, Novo Nordisk, West Sussex, 
UK (100  ng/ml), or epidermal growth factor (EGF), Merck, 
Hertfordshire, UK (20 ng/ml) for 2 h in fresh charcoal-stripped 
serum based media followed by the addition of etoposide (60 µM) 
for 1 h. We confirmed that dosing with etoposide at this dose for 
1 h did not induce any consequent cell death (data not shown). 
Before assessing whether IGF-I, insulin, or EGF affected the rate 
of fusion in LNCaP cells, we initially assessed how responsive 
these cells were to the factors in relation to DNA proliferation. 
On performing dose responses, we found that 20 ng/ml EGF and 
100 ng/ml IGF-I and insulin gave the greatest response in terms 
of growth and so used these doses for the fusion experiments. 
Optimum doses of DHT and etoposide that were used were 
selected from previous dose response curves (data not shown). 
Cells were incubated in fresh charcoal-stripped serum based 
media for a further 24  h prior to the extraction of RNA using 
Trizol reagent from Invitrogen (Carlsbad, CA, USA) according to 
manufacturer’s instructions and conversion to cDNA using a kit 
from Invitrogen (SuperScript III First-Strand Synthesis System). 
IGFBP-2 was silenced, parallel to non-silencing controls, using 
siRNA (100  nM) and a second siRNA for IGFBP-2 was also 
used to exclude off-target responses: sequences of siRNAs and 
methodology described previously (9, 28).

Quantitative nested Pcr
Each tube of cDNA was separated into 10 × 2 µl aliquots. These 
were used in 10 separate nested PCR reactions amplified using 
primer pair 1 (TMPRSS2 forward CAGGAGGCGGAGGCGGA: 
ERG reverse GGCGTTGTAGCTGGGGGTGAG). 2  μl of this  
PCR product was then taken and used to initiate the second 
round of PCR amplified using primer pair 2 (TMPRSS2 for-
ward GGAGCGCCGCCTGGAG: ERG reverse CCATATTC 
TTTCACCGCCCACTCC) in a further 10 reactions as described 
previously (29). Each PCR product was run on a 1.7% agarose gel 
and the total number of PCR products from these 10 reactions 
counted and compared. This process was repeated for each treat-
ment in triplicate.

Western immunoblotting
Insulin-like growth factor binding protein-2, γH2AX, DNA-
dependent protein kinase (DNAPK)cs, and β-actin were analyzed 
by Western immunoblotting as described previously (9).

statistical analysis
Data were analyzed with SPSS 12.0.1 for Windows using 
one-way ANOVA followed by least significant difference 
post hoc test. A statistically significant difference was present 
at *p < 0.05.
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FigUre 1 | Effects of hyperglycemia on TMPRSS2:ERG fusion induction in LNCaP prostate cancer cells. LNCaP cells were seeded (0.7 × 106 cells/well) in 6-well 
plates in normal glucose-containing DMEM growth media (GM: 5 mM glucose) for 24 h, serum starved for 24 h in the presence of aphidicolin (2 µg/ml) in either normal 
or high glucose-containing DMEM and HAM’S Nutrient Mix F12 media containing charcoal-stripped serum (SFM: 25 mM), and then dosed with DHT (0.1 µM) for 2 h 
in fresh charcoal-stripped serum based media followed by the addition of etoposide (60 µM) for 1 h. Cells were incubated in fresh charcoal-stripped serum based 
media for a further 24 h. LNCaP cells were also seeded (0.7 × 106 cells/well) in high glucose-containing GM and insulin-like growth factor binding protein-2 (IGFBP-2) 
was silenced parallel to non-silencing controls using siRNA (100 nM). After 16 h cells were serum starved in high glucose-containing SFM as above for a further 24 h 
and treated with 0.1 µM DHT for 2 h and 60 µM etoposide for a further 1 h. Cells were incubated in fresh SFM for a further 24 h. Cells were extracted in trizol for 
performing nested PCR. (a,c) Illustrate three repeats of the gels showing PCR products (each indicated by an arrow) and number of PCR products in top corner of 
each blot (B,D) is the quantification of the PCR products. Insert to (D) is a representative western immunoblot for IGFBP-2 and β-actin (NS, non-silencing siRNA).
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FigUre 2 | Continued  
Effects of insulin, epidermal growth factor (EGF), and insulin-like growth 
factor-1 (IGF-I) on TMPRSS2:ERG fusion induction in LNCaP prostate cancer 
cells. LNCaP cells (0.7 × 106 cells/well) were seeded in 6-well plates and 
serum starved as described in figure legend 1 for a further 24 h and treated 
with 0.1 µM DHT for 2 h in the presence or absence of IGF-I (100 ng/ml), 
insulin (100 ng/ml), or EGF (20 ng/ml) followed by 60 µM etoposide for a 
further hour. A final 24 h incubation with fresh SFM was followed by RNA 
extraction in Trizol for analysis by nested PCR. (a–l) Illustrates three repeats of 
the gels showing PCR products with the number of PCR products in brackets 
after the title of each blot and (M) is the quantification of the PCR products.
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resUlTs

effect of glucose on the number of 
TMPrss2:erg Fusion Products: a role 
for igFBP-2
Figures 1A,B show that the average number of TMPRSS2:ERG 
fusion products was higher in 25 mM glucose (6.3) compared to 
5 mM glucose (3), with the average rate over 2.1-fold higher at 
25 mM than at 5 mM (p < 0.01). As we have shown previously, 
using ELISA and western blotting that high glucose increases 
the abundance of IGFBP-2 compared with levels observed in 
5 mM glucose by 1.8-fold (p < 0.01) (9), these data suggested 
that the glucose-induced increase in IGFBP-2 may be related 
to the increase in TMPRSS2:ERG fusion products. Therefore, 
to examine this more specifically, we silenced IGFBP-2 using 
siRNA in high glucose conditions and observed a significant 
decrease in TMPRSS2:ERG fusion products (p < 0.05): effec-
tive silencing of IGFBP-2 is indicated by a western blot 
(Figures 1C,D).

effect of insulin, egF, and igF-i on the 
number of TMPrss2-erg Fusion 
Products
The average rate of fusion induction was decreased 3.5-fold 
by insulin (that does not bind IGFBPs) (Figures  2A,B,E,F,I,J) 
and over 2.5-fold by IGF-I (Figures  2A,D,E,H,I,L). We also 
observed a 3.5-fold decrease by an alternative growth factor, EGF 
(Figures 2A,C,E,G,I,K). While the decrease in fusion induction 
with insulin and EGF treatment were statistically significant 
(p < 0.05), the decrease observed in the presence of IGF-I was 
not statistically significant (Figure 2M).

effects of silencing igFBP-2 or adding 
igF-i on levels of γh2aX and Dna-
Dependent Protein Kinase catalytic 
subunit (DnaPKcs)
Figure 3A shows an increase in γH2AX after etoposide treatment, 
corresponding to a dramatic increase in DSBs. At 3, 4, and 5 h the 
bands depicting the levels of γH2AX were substantially higher 
in cells in which IGFBP-2 had been knocked down compared to 
non-silencing controls. A decrease in the levels of DNAPKcs after 
IGFBP-2 knockdown was observed at 3, 4, and 5 h after etoposide 
and DHT dosing compared to non-silencing treated cells. This 
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FigUre 3 | Continued  
Effects of silencing insulin-like growth factor binding protein-2 (IGFBP-2) or adding insulin-like growth factor-1 (IGF-I) on levels of γH2AX and DNA-dependent protein 
kinase catalytic subunit (DNAPKcs) in LNCaP prostate cancer cells. Cells were seeded and dosed as in the legend for Figure 1 and following etoposide treatment 
were incubated in fresh SFM and lysed every 1 h from 3 h in SFM. (a) Shows a representative blot of levels of IGFBP-2, γH2AX, DNAPKcs, and β-actin analyzed by 
Western immunoblotting as described previously (9). (B) Densitometry of the western blot shown in (a) indicating levels of γH2AX, DNAPKcs normalized to β-actin 
levels relative to the non-silencing untreated control. Following etoposide, treatment cells were lysed after 4 h in fresh SFM and (c) shows a representative western 
blot that has been repeated three times showing of levels of IGFBP-2, γH2AX, DNAPKcs normalized to tubulin levels. [(c)i,ii,iii] densitometry showing the mean 
changes of three experiments showing levels ofγH2AX and DNAPKcs, respectively, normalized to tubulin levels relative to the non-silencing untreated control. Cells 
were seeded and dosed with IGF-I (100 ng/ml) as in the legend for Figure 2 and following etoposide treatment cells were lysed after 4 h in fresh SFM. (D) Shows a 
representative western blot that has been repeated three times showing of levels of γH2AX and DNAPKcs normalized to tubulin levels and [(D)i,ii] show densitometry 
of the mean changes of three experiments indicating levels of DNAPKcs and γH2AX, respectively, normalized to tubulin levels.

was verified by densitometry shown in Figure 3B. We repeated the 
experiment at the 4 h time point to confirm that levels of γH2AX 
were significantly increased (p = 0.003) and those of DNAPKcs 
were significantly (p = 0.011) decreased with IGFBP-2 silenced 
(p = 0.009) (Figure 3Ci,ii,iii). Figure 3Di,ii show that DHT and 
etoposide treatment alone increased levels of DNAPKcs and of 
γH2AX (p  =  0.01 and p  <  0.01, respectively). Although IGF-I 
alone increased DNAPKcs (p < 0.05), in the presence of DHT and 
etoposide, IGF-I acted in an opposite way and reduced DNAPKcs 
(p = 0.01). IGF-I, however, had no effect on γH2AX either alone 
or in combination with DHT and etoposide.

DiscUssiOn

Knowing that high glucose increases the abundance of IGFBP-2 
in PCa cells (9), we used this model to assess whether increasing 
levels of glucose altered the number of TMPRSS2-ERG fusion 
products induced by exposure to DHT and etoposide and if this 
was mediated by IGFBP-2. Our data suggest that high glucose 
increases the number of TMPRSS2:ERG fusion products, and this 
was not seen when the accompanying increase in IGFBP-2 was 
prevented, consistent with IGFBP-2 playing a role in this effect. 
It would be interesting to investigate whether other inducers of 
IGFBP-2 also elicit such an effect and indeed whether adding 
exogenous IGFBP-2 to the cells in normo-glycemic conditions 
also increased the number of TMPRSS2-ERG fusion products 
induced by exposure to DHT and etoposide, as this would infer 
a more general role for IGFBP-2. The NHEJ pathway is a process 
that repairs DSB in DNA (30). Silencing components involved in 
the process of NHEJ prevents TMPRSS2:ERG gene fusions (25) 
indicating that NHEJ is a major method for generating fusions. 
DNAPK is a large protein complex that plays an important role in 
NHEJ in DNA-DSB repair and possesses a catalytic subunit called 
DNAPKcs. DNAPK is critical for controlling progression through 
the cell cycle and maintaining genomic stability (31). As well as 
DNAPK being modulated through its interactions with DNA, its 
activity can also be regulated by a variety of other mechanisms, 
including modulation of DNAPKcs. A study in HeLa cells (32) 
concluded that DNAPKcs plays an important role in the regula-
tion of γH2AX phosphorylation in response to DNA damage. 
Phosphorylation of γH2AX is essential to mark the DSB allowing 
the DNA repair machinery to identify its location (33). Our data 
suggest that IGFBP-2 has a role in increasing the rate of repair 
of DSBs by increasing levels of DNAPKcs and this culminates in 
increased TMPRSS2:ERG gene fusion. An effect of IGFBP-2 on 

DNAPK has previously been observed: treatment of astrocytes 
with IGFBP-2 resulted in a direct induction of DNAPKcs (34). 
Additional studies provide further support suggesting a role of 
IGFBP-2 in facilitating DNA repair: in glioblastoma studies, 
IGFBP-2 alters the expression of the following DNA repair genes: 
X-ray repair complementing defective repair 2, cyclin-dependent 
kinase inhibitor 1A, and CDC28 protein kinase 2 (35). In addi-
tion, a large-scale study, also in glioblastomas, showed that both 
the DNA-DSB repair pathway and the homologous recombina-
tion pathway are associated with IGFBP-2 expression, altering a 
broad range of proteins including p53, GADD45, TOP2A, and 
BRCA1 (36). Of all the six similar IGFBPs, IGFBP-2 has most 
frequently been reported to be overexpressed in a range of human 
cancers and only IGFBP-2 has been linked to the DNA-DSB 
repair pathway. It would, however, be interesting to investigate 
whether other IGFBPs could have similar actions. In our model 
showing that adding or silencing any of the other IGFBPs had no 
effect on fusion induction would imply that this was a specific 
effect of IGFBP-2.

It has become increasingly clear that IGFBPs, including 
IGFBP-2, can exert effects that are both dependent and independ-
ent of its interactions with IGFs (11). To investigate if the effects 
of IGFBP-2 in promoting TMPRSS2:ERG gene fusions through 
facilitating DNA repair were dependent on IGF-I, we exposed 
LNCaP cells to IGF-I alone or following treatment with DHT 
and etoposide and compared this to the effects of insulin (that 
does not bind IGFBPs) and EGF (an alternative growth factor). 
The effects of IGF-I on DNAPKcs might suggest the effects of 
IGFBP-2 on DNAPKcs were dependent on binding to IGF-I 
and negating its effect. Further work is required to confirm the 
IGF-dependency of IGFBP-2 in DSB repair and the induction of 
fusion; as we did not observe any effect of IGF-I on γH2AX at this 
time point, although IGF-I induced a reduction in the frequency 
of fusion products, it was not statistically significant. It is possible 
that a potential reduction in fusion products induced by IGF-I 
was not due to an effect on DNA repair but could have been an 
effect on chromosomal architecture. It has been observed that, 
in LNCaP-LN3 cells (a derivative of the LNCaP cells that were 
used in our study), blocking the IGF-I receptor had no effect on 
γH2AX focus formation, suggesting that activation of the IGF-IR 
in this cell line has no effect on DSB repair (37).

In summary, our data suggest that exposure to insulin and 
potentially IGF-I reduced the frequency of formation of fusion 
products whereas both hyperglycemia and IGFBP-2 increased 
the number of TMPRSS2-ERG gene fusions and these factors 
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Cellular senescence is the complex process of deterioration that drives the aging of an 
organism, resulting in the progressive loss of organ function and eventually phenotypic 
aging. Senescent cells undergo irreversible growth arrest, usually by inducing telomere 
shortening. Alternatively, senescence may also occur prematurely in response to var-
ious stress stimuli, such as oxidative stress, DNA damage, or activated oncogenes. 
Recently, it has been shown that IGF binding protein-5 (IGFBP-5) with the induction of 
the tumor suppressor p53 is upregulated during cellular senescence. This mechanism 
mediates interleukin-6/gp130-induced premature senescence in human fibroblasts, irra-
diation-induced premature senescence in human endothelial cells (ECs), and replicative 
senescence in human ECs independent of insulin-like growth factor I (IGF-I) and IGF-II. 
Additionally, a link between IGFBP-5, hyper-coagulation, and inflammation, which occur 
with age, has been implicated. Thus, IGFBP-5 seems to play decisive roles in controlling 
cell senescence and cell inflammation. In this review, we describe the accumulating 
evidence for this role of IGFBP-5 including our new finding.

Keywords: iGF binding protein-5, cell senescence, inflammation, coagulation system, age-related disease

iNTRODUCTiON

Insulin-like growth factor I (IGF-I) and II (IGF-II) are insulin superfamily members and are ubiq-
uitously distributed in several organs (1, 2). Six high-affinity IGF binding proteins (IGFBPs) interact 
with IGFs, regulating IGF-I/II bioavailability, distribution, and signaling. IGFBPs are secreted and 
bind to IGFs in the circulation and extracellular environment (3). In addition to IGF-dependent 
action, IGF-independent functions of IGFBPs, many of which occur intracellularly, have recently 
been reported (4, 5). For example, IGFBP-1 and -2 are associated with cancer cell proliferation, 
adhesion, and migration through the specific binding of IGFBP-1 and -2 to alpha 5 beta1 integrin, 
followed by alterations in the phosphorylation status of downstream signaling molecules (6, 7). By 
regulating enzymes involved in sphingolipid metabolism, IGFBP-3 and -5 affect the balance between 
growth inhibitory lipids and growth stimulatory lipids (8, 9). Additional evidence has implicated 
that IGF binding protein-5 (IGFBP-5) is upregulation in the irradiation-induced premature senes-
cence and replicative senescence of umbilical vein endothelial cells (HUVECs) (10). Knockdown of 
IGFBP-5 in aged HUVECs partially reversed the process of senescence, whereas the application of 
exogenous IGFBP-5 or IGFBP-5 overexpression induced premature senescence in HUVECs in vitro 
(11), indicating a decisive role for IGFBP-5 in controlling cell senescence and proliferation. The 
insulin/IGF signaling pathway has been implicated in the aging of many organisms, ranging from 
nematodes to mammals. The observation that IGFBPs modulate the availability or the distribution of 
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FiGURe 1 | Source of “inflammaging.” Among the main causes of inflammaging, the accumulation of pro-coagulation factors, cell senescence, cell debris such as 
circulating mitochondrial DNA (cmtDNA), gut dysbiosis, and immune senescence are the main causes of inflammaging. Pro-coagulation factors also cause cell 
senescence. Inflammaging can also be influenced by many other factors, including age, reactive oxygen species, and those not directly related to inflammation, 
such as microRNAs (miRs) and agalactosylated N-glycans. SASP, senescence-associated secretory phenotype.
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IGF-1 adds further support to the hypothesis that IGFBPs have a 
vital role in the aging process (12). Many changes in the immune 
system, hemostasis, and vasculature, including alterations in 
inflammation, coagulation, and vascular senescence, occur dur-
ing aging. However, its mechanism is not fully understood.

In this review, we first overview the mechanism of chronic 
inflammation during aging and later possible mechanism linking 
between cell senescence and senescence-inducing stimuli via 
IGFBP-5 is discussed.

MeCHANiSM OF CHRONiC 
iNFLAMMATiON iN AGiNG

Inflammation is required for an acute, transient immune 
response to invading pathogens or acute traumatic injury. This 
process is essential for facilitating the tissue repair by increasing 
division and migration of cells. In contrast, chronic inflammation 
causes low-grade and persistent inflammation leading to tissue 

degeneration rather than the solution to infection, injury, or 
disease (13). Many aged tissues are chronically inflamed, which 
is the common pathological mechanism for age-associated 
diseases, such as cardiovascular disease, diabetes, cancer, and 
Alzheimer’s disease (14). Interleukin-6 (IL-6) and tumor necro-
sis factor-α (TNF-α) counteracts anabolic signaling, including 
insulin and erythropoietin cascades. Thus, chronic low-grade 
inflammation is now recognized as an important causative fac-
tor for insulin resistance and sarcopenia (15). Several sources 
of chronic inflammation during aging termed “inflammaging” 
have been described (Figure  1) (14). (i) Debris from cells or 
immunoglobulin accumulation due to increased cell death or 
inappropriate cell elimination systems in aging activates the 
innate immune system, resulting in chronic inflammation in 
aged organs (16). According to Zhang et  al. (17), circulating 
mitochondrial damage-associated molecular patterns cause 
inflammation in response to injury. Mitochondrial damage-
associated molecular patterns released from damaged cells are 
evolutionally conserved with bacterial pathogen-associated 
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FiGURe 2 | Activation of the pro-coagulation cascade and interleukin-6 
(IL-6)/signal transducer and activator of transcription (STAT3) pathway induce 
cell senescence and persistent inflammation through IGF binding protein-5 
(IGFBP-5). ROS, reactive oxygen species; SASP, senescence-associated 
secretory phenotype.
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molecular patterns activating innate immunity (18). Thus, 
age-related failing of mitochondria quality control is associated 
with inflammaging. (ii) The ability of the oral and gut mucosa 
to protect against bacterial invasion declines with age, leading 
to persist low-grade inflammation (19). Periodontal disease has 
been also demonstrated to increase the inflammatory response 
with age (20). Additionally, the abundance of anti-inflammatory 
microbiota decreases with age and is inversely correlated with 
serum level of inflammatory cytokines, such as TNF-α and 
IL-1β (21). (iii) The increased number of senescent cells in tissue 
secretes various inflammatory cytokines, which play a causal role 
in age-related diseases. Senescent cells have been identified in 
age-related diseases including atherosclerosis, cancer, and diabe-
tes (22–24). Senescence-associated secretory phenotype (SASP) 
is considered to be the main mechanism by which persistent pro-
longed inflammation occurs even after the initial stimulus has 
been removed. (iv) Age-related changes in the immune system 
termed “immunosenescence” increase the susceptibility to infec-
tions, malignancy, and autoimmunity, decrease the response to 
vaccinations, and impair wound healing (25, 26). These changes 
in the innate and adaptive immune responses associated with 
increasing age cause inappropriate inflammation. (v) Increased 
activity of the coagulation and fibrinolysis systems during aging 
has recently been reported to increase inflammation through the 
protease-activated receptors (PARs) (27, 28). The plasma con-
centrations of coagulation factors V, VII, VIII, and IX increase 
in healthy humans in parallel with the physiological processes 
of aging. In addition, fibrinogen levels, which have emerged in 
several trials as a primary risk factor for thrombotic disorders, 
have been shown to increase with advancing age (29). Thus, 
uncontrolled coagulation activity and the subsequent activation 
of the fibrinolysis system contribute to the pathophysiology of 
aging and several age-related chronic inflammatory diseases, 
such as atherosclerosis and lung fibrosis (30).

iGFBP-5 AND CeLL SeNeSCeNCe

Increasing evidence has implied that the clearance of senescent 
cells in animal models attenuates the progression of age-related 
disorders, including osteoarthritis and atherosclerosis (31–33). 
This evidence strongly supports the hypothesis that senescent 
cell clearance or the modulation of pro-inflammatory pathways 
related to the acquisition of SASP might be potential therapeutic 
strategies for combating age-related diseases and expanding 
the health span of humans. The IGF/IGFBPs system has been 
implicated to be a potential target of age-related disease. Of the 
six IGFBPs, IGFBP-5 plays a critical role in the process of replica-
tive and premature cell senescence (10, 11). PAR-1/2 signaling 
induced by coagulation factor Xa (FXa) and the fibrinolytic fac-
tor plasmin has been shown to increase IGFBP-5 expression in 
endothelial cells (ECs) and smooth muscle cells (SMCs) (34–36). 
FXa stimulation of ECs and SMCs increased inflammatory 
cytokine secretion via enhancing cellular senescence through 
the early growth response 1–IGFBP-5–p53 pathway (34, 37). 
Interestingly, the FXa- and IGFBP-5-positive areas within the 
atherosclerotic plaques of human were similarly distributed (37). 
Kojima et al. have demonstrated that IGFBP-5, as a major signal 

transducer and activator of transcription 3 mediator, regulates 
IL-6-induced reactive oxygen species (ROS) production, as well 
as the subsequent DNA damage response and senescence of TIG3 
fibroblast cells (38). They also discovered that IGFBP-5 itself had 
senescence-inducing activity in TIG cells with increased ROS 
production. Knocking down of IGFBP-5 significantly reduced 
IL-6/IL-6R-induced ROS increase and premature senescence. 
Together, all of these data support the hypothesis that IGFBP-5, 
which is produced in p53-dependent manner, plays an impor-
tant role in FXa- or IL-6-induced premature senescence of ECs, 
SMCs, and fibroblast. IGFBP-5 plays a multifunctional role, pos-
sessing growth inhibitory and growth promoting functions (39). 
IGFBP-5 in breast cancer cells enhances cell proliferation (40). 
In contrast, IGFBP-5 transgenic mice show retarded growth and 
reduced litter size (41). Additionally, IGFBP-5 directly regulates 
apoptosis by interfering with the IGF signaling cascade (42). 
Moreover, cytoplasmic accumulation of IGFBP-5 in breast cancer 
cells interacted with sphingosine kinase and protein kinase C, 
stimulating antiapoptotic effects (9, 43). Thus, IGFBP-5 seems 
to exert its multifunction depending on cell type, pattern of its 
distribution in cells and tissue, and IGF-I/II bioavailability.

IGFBP-3, -4, and -6 are also associated with the process of 
cell senescence. Through Akt, p53, FOXO3a, IGFBP-3 promotes 
ECs and fibroblast senescence (44, 45). Senescent mesenchymal 
stem cells secrete IGFBP-4, and it promotes their senescence (39). 
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Senescence induced by pro-oxidative stimuli increases IGFBP-6 
levels and IGFBP-6 enhances cell senescence in fibroblast (46, 47), 
although some experiments demonstrated contradictory results 
(48). Structurally, six IGFBPs have highly conserved N- and 
C-terminal domains (49) and different protein sequence in the 
linker domains (3). Considering their tissue distribution pattern 
(50), the six IGFBPs might have similar effect on cell senescence in 
different tissues. Alternatively diverse posttranslational modifica-
tion in the linker domain of IGFBPs during aging might modify 
their function on cell growth and senescence. Additional work is 
required for the elucidation of their function in cell senescence.

CONCLUSiON

IGF binding protein-5 has decisive roles in controlling cell senes-
cence and subsequent cell inflammation independent of IGF-I 
and -II. IGFBP-5 expression was recently shown to be increased 
following stimulation with coagulation fXa, plasmin, IL-6, and 
irradiation, leading to cell senescence (Figure 2). Additionally, 
IGFBP-5 induces fibroblast activation and the inflammatory 
response, contributing to tissue fibrosis. Currently, information 
on the roles of IGFBPs in the aging of different cells and tissues and 
the molecules related to IGFBPs signaling is limited. Therefore, 
the molecular mechanisms underlying the effect of the IGFBP 
system on aging requires further research. Therapies targeting 

the coagulation and fibrinolysis cascades might represent new 
options for the treatment of chronic inflammatory diseases.
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Pulmonary fibrosis is a hallmark of diseases such as systemic sclerosis (SSc,

scleroderma) and idiopathic pulmonary fibrosis (IPF). To date, the therapeutic options for

patients with pulmonary fibrosis are limited, and organ transplantation remains the most

effective option. Insulin-like growth factor-binding protein 5 (IGFBP-5) is a conserved

member of the IGFBP family of proteins that is overexpressed in SSc and IPF. In

this study, we demonstrate that both exogenous and adenovirally expressed IGFBP-5

promote fibrosis by increasing the production of extracellular matrix (ECM) genes and the

expression of pro-fibrotic genes in primary human lung fibroblasts. IGFBP-5 increased

expression of the pro-fibrotic growth factor CTGF and levels of the matrix crosslinking

enzyme lysyl oxidase (LOX). Silencing of IGFBP-5 had different effects in lung fibroblasts

from normal donors and patients with SSc or IPF. Moreover, we show that IGFBP-5

increases expression of ECM genes, CTGF, and LOX in human lung tissues maintained

in organ culture. Together, our data extend our previous findings and demonstrate

that IGFBP-5 exerts its pro-fibrotic activity by directly inducing expression of ECM and

pro-fibrotic genes. Further, IGFBP-5 promotes its own expression, generating a positive

feedback loop. This suggests that IGFBP-5 likely acts in concert with other growth factors

to drive fibrosis and tissue remodeling.

Keywords: fibrosis, insulin-like growth factor binding protein-5 (IGFBP-5), systemic sclerosis (SSc), idiopathic

pulmonary fibrosis (IPF), extracellular matrix (ECM)

INTRODUCTION

Pulmonary fibrosis is a complication of several different diseases such as systemic sclerosis (SSc,
scleroderma) and idiopathic pulmonary fibrosis (IPF). SSc is a complex autoimmune disease
characterized by progressive fibrosis of the skin and multiple visceral organs (1, 2). Despite active
research, the etiology of this connective tissue disease, which causes high morbidity and mortality
in the patients, is still unknown. In recent years, SSc-associated lung disease has become the leading
cause of death in scleroderma patients (2, 3). Lung fibrosis is also the hallmark of IPF. In fact, IPF
and SSc, while being different diseases, show some similarities (4, 5). Pulmonary fibrosis in both of
these diseases is characterized by the overproduction of extracellular matrix (ECM) components in
the lung. To date, the therapeutic options for patients with pulmonary fibrosis are limited, and lung
transplantation remains the most effective treatment (2). Therefore, identifying novel therapeutic
targets would significantly advance the treatment of IPF and SSc-associated lung disease.
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Insulin-like growth factor-binding proteins (IGFBPs)
comprise a family of six secreted proteins that interact with
insulin-like growth factors (IGF)-I and II to modulate their
bioavailability (6). Although IGFBPs can regulate IGF activity,
they also have IGF-independent effects (7). IGFBP-5 is the most
conserved member of the IGFBP family and binds IGF-1 with
high affinity (7, 8). Similar to other IGFBPs, IGFBP-5 also exerts
both IGF-dependent and -independent effects (7, 9, 10).

We previously demonstrated increased expression of IGFBP-
5 in skin and lung tissues of patients with SSc and lung
tissues of patients with IPF (7, 11, 12). We further showed
that IGFBP-5 induced a fibrotic phenotype in vitro in primary
human pulmonary fibroblasts, in vivo in mouse skin and lung,
and ex vivo in human skin maintained in organ culture
(7, 10–15). Furthermore, the expression of IGFBP-5 is increased
in bleomycin-induced pulmonary fibrosis in rats (8). Taken
together, these findings suggest that IGFBP-5 levels are elevated
in the setting of tissue fibrosis and that IGFBP-5 can promote the
development of fibrosis.

Multiple growth factors have been implicated in the
development and progression of pulmonary fibrosis. Although
some of the mechanisms mediating the effects of IGFBP-5 and
downstream signaling pathways have been identified, the effect
of IGFBP-5 on other growth factors and proteins known to
promote fibrosis has not been previously examined. Our goal
was to determine whether IGFBP-5 can modulate the levels
of known pro-fibrotic factors. Our findings demonstrate that
IGFBP-5 increases expression of pro-fibrotic factors, creating a
positive feedback loop that may explain how IGFBP-5 triggers
fibrosis and perpetuates it.

MATERIALS AND METHODS

Lung Tissues
Lung tissues were obtained from patients with SSc and IPF
undergoing lung transplantation at the Unviersity of Pittsburgh
Medical Center under a protocol approved by the Institutional
Review Board of the University of Pittsburgh and following
written informed consent. Lung tissues were also obtained from
organ donors (normal lung; NL) whose lungs were not used for
transplantation under a protocol approved by the Institutional
Review Board of the University of Pittsburgh.

Ex vivo Human Lung Culture and
Stimulation
Human normal lung tissues were cut into approximately 3 mm2

pieces, and 6 pieces of tissue were placed in each well of a
6-well plate in serum-free Dulbecco’s Modified Eagle Medium
(DMEM) (Mediatech, Inc., Manassas, VA, USA) supplemented
with penicillin, streptomycin, and antimycotic agent (Invitrogen,
Carlsbad, CA, USA). Lung tissue cores were treated with
500 ng/ml recombinant IGFBP-5 (rBP5) (GroPep Bioreagents
Pty Ltd, Adelaide BC, Australia), a concentration within the
physiological range found in the serum of healthy donors
(16–19). 10mM HCl was used as a vehicle control. RNA was
extracted from lung tissues after 16 and 30 h of incubation.

Primary Human Lung Fibroblast Culture
Primary human lung fibroblasts were cultured from lung tissues
of patients with SSc and IPF undergoing lung transplantation
following written consent as previously described (12) under a
protocol approved by the University of Pittsburgh Institutional
Review Board. Primary fibroblasts were also cultured from the
lung tissues of normal donors whose lungs were not used for
transplantation (12). Briefly, ∼ 2–3 mm2 pieces of tissue were
minced and fibroblasts were cultured and maintained in DMEM
(Mediatech, Inc., Manassas, VA, USA) supplemented with 10%
fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA),
penicillin, streptomycin, and antimycotic agent (Invitrogen,
Carlsbad, CA, USA). Cells were used in passages 2–7.

In vitro Fibroblast Stimulation
Actively growing primary human lung fibroblasts were
stimulated as previously described with some modifications
(12). Briefly, 2.0 × 105 primary fibroblasts were plated in 35mm
tissue culture plates in 10% FBS-containing DMEM. After
24 h, the cells were serum-starved in DMEM for 24 h prior
to stimulation with 500 ng/ml recombinant IGFBP-5 (GroPep
Bioreagents Pty Ltd, Adelaide BC, Australia) or vehicle (10mM
HCl) and harvested after 1 and 3 h for RNA extraction. In
addition, primary human lung fibroblasts were infected with
adenovirus expressing human IGFBP-5 or a control adenovirus
at a multiplicity of infection (MOI) of 50 as we previously
described (12).

Adenovirus Construct Preparation
The full-length cDNA of human IGFBP-5 was generated as
previously described (7, 12), cloned into the shuttle vector
pAdlox with a C-terminal triplicate (3x) Flag tag, and used
for the generation of replication-deficient adenovirus expressing
IGFBP-5-3xFlag in the Vector Core facility at the University of
Pittsburgh. Adenovirus expressing 3x Flag tag alone (AdCN-
Flag) was used as a control (7, 14).

Small Interfering RNA (siRNA) Transfection
Primary human lung fibroblasts were seeded in 35mm plates
24–48 h prior to transfection with siRNA. Insulin-like growth
factor binding protein-5 (IGFBP-5) sequence-specific siRNA
and negative control scrambled siRNA were purchased from
DharmaconTM (Lafayette, CO, USA). Transfection was done
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
and 100 nM siRNA diluted in Opti-MEM I Reduced-Serum
Medium (Life Technologies, Carlsbad, CA, USA) following
the manufacturer’s recommendation. Fibroblasts were harvested
at 48 h.

Quantitative PCR
Total RNA was extracted from primary human lung fibroblasts
using the RNeasy R© mini kit (Qiagen Inc., Valencia, CA,
USA). First-strand cDNA was reverse-transcribed with an
oligo (dT)12-15 primer (Invitrogen, Carlsbad, CA, USA) and
SuperScript IV Reverse Transcriptase (Invitrogen). Gene mRNA
expression levels were evaluated by quantitative PCR using the
TaqMan R© real-time PCR system (Applied Biosystems, Foster
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City, CA, USA) according to the manufacturer’s protocol.
Gene expression levels were normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Relative expression
levels of fibroblasts were compared to RNA levels using the
comparative CT method formula 2−11Ct . Specific primers and
probes for amplifying genes encoding human collagen 1A1 (Col)
(Hs00164004_m1), human fibronectin (FN) (Hs00365052_m1),
human lysyl oxidase (LOX) (Hs00184700_m1), human IGFBP-
5 (Hs00181213_M1), human connective tissue growth
factor (CTGF) (Hs01026927_g1), and human GAPDH
(Hs02758991_g1) were purchased from Applied Biosystems.
Human B2M (Hs00187842_m1) was also used to confirm results
obtained with GAPDH with no notable differences (data not
shown).

Western Blot Analysis
Western blot analysis of fibroblast extracellular matrix fractions
was done as previously described (12). The following antibodies
were used: fibronectin (FN) monoclonal antibody (clone EP5),
collagen type I (COL) polyclonal antibody, GAPDH monoclonal
antibody (Santa Cruz, Dallas, TX, USA), vitronectin (VN)
polyclonal antibody (Biogenesis, Poole, UK), and horseradish
peroxidase-labeled secondary antibody (Santa Cruz, Dallas,
TX, USA). Signals were detected using chemiluminescence
(ProteinSimple, San Jose, CA, USA).

Statistical Analysis
For graphical purposes, fold-change estimates were calculated
and displayed. For Figure 1, the data was analyzed using the
Mann-Whitney U-test with 2-sided p-values. For the rest of the
figures, due to a lack of normality of the underlying expression
level fold-change estimate, comparisons between treatments
(i.e., vehicle vs. IGFBP-5, control adenovirus vs. adenovirus
expressing IGFBP-5-Flag, scramble siRNA vs. small interfering
RNA targeting IGFBP-5) at each time point were conducted
using Wilcoxon signed rank tests, which account for the fact
that the data are paired within cell lines. Since pro-fibrotic
effects of IGFBP-5 have been demonstrated in the past, one-sided
hypothesis testing was used for these analyses. P-values < 0.05
were considered statistically significant, and no adjustment was
made for multiple comparisons. SAS v9.4 (SAS Institute, Cary,
NC, USA) or GraphPad Prism version 7 forWindows (GraphPad
Software, La Jolla, California, USA) were used for all analyses.

RESULTS

IGFBP-5 Expression Is Increased in Lung
Tissues and Primary Fibroblasts From
Patients With SSc
We previously reported that IGFBP-5 levels are increased in lung
tissues of patients with IPF and primary fibroblasts derived from
those lung tissues (12).We also reported that IGFBP-5 expression
is increased in dermal fibroblasts from patients with SSc and
dermal fibrosis (11). We now show that IGFBP-5 expression
is also significantly elevated in lung tissues (Figure 1A) and
matching primary fibroblasts (Figure 1B) from patients with SSc-
associated lung disease. These and our previous findings suggest

that IGFBP-5 is increased in different fibrotic tissues, skin and
lung, and across two diseases, IPF and SSc.

IGFBP-5 Induces Extracellular Matrix and
Pro-Fibrotic Gene Expression in Primary
Human Lung Fibroblasts
We previously showed that IGFBP-5 promotes deposition of
collagen and fibronectin in the extracellular matrix fraction of
fibroblasts (12, 20). However, we had not examined whether
the regulation of ECM production also occurred at the
transcriptional level. To determine if exogenous recombinant
IGFBP-5 contributes to the development of fibrosis by increasing
expression of ECM genes, human primary lung fibroblasts
from normal donors were treated with recombinant IGFBP-
5 (rBP5) for 1 and 3 h and gene expression was measured
using quantitative PCR. rBP5 treatment significantly increased
expression of the ECM gene collagen 1A1 (Col) and showed
an increasing trend in fibronectin (FN) (Figures 2A,B). Since
several pro-fibrotic factors have been implicated in fibrosis,
we also examined the effect of IGFBP-5 on CTGF, the ECM-
crosslinking enzyme lysyl oxidase (LOX), and IGFBP-5 itself.
IGFBP-5 resulted in an increased trend in expression of CTGF
(Figure 2C), and significantly increased its own expression
(Figure 2D) and the expression of LOX (Figure 2E) within
1 h of stimulation. Expression levels of all genes examined
were comparable in IGFBP-5 and vehicle-treated fibroblasts
3 h post-treatment, suggesting that they are immediate early
genes downstream of IGFBP-5 and may respond to IGFBP-5
stimulation in a transient manner. The increased production of
collagen 1α1 (Col1α1) and fibronectin (FN) was also confirmed
at the protein level in fibroblast ECM fractions (Figure 2F
and Supplemental Figure 1). Our findings show that increased
protein levels can be detected at earlier time points, and the
protein response is sustained as we previously reported (10, 12,
20).

To further confirm the ECM-promoting effect of
exogenous IGFBP-5 and compare it to adenovirally-mediated
overexpression of the protein, IGFBP-5 was expressed in normal
human primary lung fibroblasts using replication-deficient
adenovirus as we previously described (7, 12). Primary lung
fibroblasts were infected with adenovirus expressing full length
human IGFBP-5 (AdIGFBP-5-3xFlag) or a control adenovirus
(AdCN-3xFlag) for 16 h after which the media was changed
and incubation was continued for an additional 6 or 12 h,
corresponding to 22 and 28 h of total infection time, respectively.
These time points were selected as they represent the earliest time
points when adenovirally encoded IGFBP-5 protein is detected
in the supernatants of primary lung fibroblasts (data not shown).
We first confirmed expression of human IGFBP-5 in fibroblasts
infected with AdIGFBP-5-3xFlag. Significantly increased IGFBP-
5 expression levels were noted at both 22 and 28 h (Figure 3A).
Adenovirally-mediated expression of IGFBP-5 was on average
259- and 463-fold higher than control virus-infected cells at 22
and 28 h, respectively. Collagen 1A1 expression showed a trend
toward an increase at 28 h (Figure 3B), although the difference
did not reach statistical significance, unlike the response to rBP5
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FIGURE 1 | IGFBP-5 mRNA levels are increased in lung tissues and primary fibroblasts of SSc patients. (A) Expression of IGFBP-5 was evaluated in lung tissues from

7 normal controls (NL) and 8 patients with SSc pulmonary fibrosis using real-time PCR. (B) Expression of IGFBP-5 was evaluated in human primary lung fibroblasts

from 8 normal controls (NL) and 8 patients with SSc pulmonary fibrosis using real-time PCR. Each dot represents one individual sample. Graphical presentation of the

data analyzed by Mann-Whitney U-test. Values represent mean ± standard deviation. *P < 0.05, ***P < 0.001.

treatment. IGFBP-5 expression significantly increased mRNA
levels of FN, CTGF, and LOX at 22 h (Figures 3C–E). Although
AdIGFBP-5 infection significantly increased levels of CTGF at
22 h, it reduced its expression levels 28 h post-infection. Thus,
both exogenously added recombinant IGFBP-5 and adenovirally
expressed IGFBP-5 induce the expression of ECM and pro-
fibrotic factors in primary human lung fibroblasts. We further
validated increased ECMprotein levels in the extracellular matrix
fraction of fibroblasts using a representative donor fibroblast
strain that had shown increased ECM gene transcription in
response to IGFBP-5 (Figure 3F). Interestingly, increased
collagen 1α1 (Col1α1) was noted in the ECM fraction of
fibroblasts expressing IGFBP-5 for 24 h, although mRNA levels
were not significantly increased. This could in part be due to
the fact that IGFBP-5 acts by protecting ECM protein from
degradation (20). The increased deposition of ECM proteins
in the matrix of fibroblasts confirms our previously reported
findings (12).

Silencing of IGFBP-5 Has Different Effects
on the Expression of Extracellular Matrix
and Pro-Fibrotic Genes in Fibroblasts From
Normal and Fibrotic Lung Tissues
We previously reported increased IGFBP-5 production by
fibroblasts from fibrotic skin and lung tissues (11, 12). To
further understand the role of IGFBP-5 in the development of
fibrosis, we silenced endogenous IGFBP-5 in primary human
lung fibroblasts derived from lung tissues of normal donors
(NL) and patients with IPF or SSc using a sequence-specific
siRNA (siBP-5). Scrambled siRNA that in our experience parallels
gene expression levels in untreated fibroblasts was used as a
control (siCN). We first confirmed efficient silencing of IGFBP-5
expression using siBP5 (Figure 4A). siBP-5 resulted on average in
57, 72, and 69% reduction in IGFBP-5 mRNA levels in NL, IPF,
and SSc primary human lung fibroblasts, respectively. Decreased
IGFBP-5 expression was significant in IPF fibroblasts (P = 0.03)
and trended toward significance in NL and SSc fibroblasts (P
= 0.06). As shown in Figure 4B, silencing of IGFBP-5 in IPF

fibroblasts significantly reduced Col1A1 expression, but had no
significant effects on the expression levels of FN (Figure 4C). For
the pro-fibrotic factors, silencing IGFBP-5 reduced CTGF levels
in IPF fibroblasts (Figure 4D), whereas silencing endogenous
IGFBP-5 increased LOX expression (Figure 4E) at the examined
time point of 48 h. Similar to what we observed in IPF fibroblasts,
silencing endogenous IGFBP-5 in NL fibroblasts also increased
LOX expression (Figure 4E). Increases in LOX expression did
not reach statistical significance as our hypothesis was one-sided.
In NL and SSc fibroblasts, silencing IGFBP-5 had no effect on
the other genes examined, although CTGF levels showed a trend
toward decrease in SSc fibroblasts (P = 0.06). Thus, the effect
of silencing endogenous IGFBP-5 in healthy and diseased lung
tissue fibroblasts had different effects on the expression of ECM
and pro-fibrotic genes. The difference in response of cells from
different donors and diseases may be due to the different extent of
silencing of IGFBP-5, withmore efficient silencing of endogenous
IGFBP-5 noted in IPF fibroblasts.

IGFBP-5 Induces Expression of ECM and
Pro-Fibrotic Factors ex vivo
To extend our findings from the in vitro studies using primary
fibroblasts, we examined the effect of rBP5 ex vivo in human
normal donor lung tissues maintained in organ culture. Lung
tissue cores were treated with rBP5 (500 ng/ml) or 10mM HCl
as a vehicle control for 16 and 30 h. Recombinant IGFBP-
5 increased expression of the ECM genes Col1A1 and FN
(Figures 5A,B), although the increase in Col1A1 did not reach
statistical significance whereas that of FN did. IGFBP-5 also
significantly increased expression of CTGF in human lung tissues
(Figure 5C). Furthermore, IGFBP-5 significantly increased LOX
expression (Figures 5D,E). Although the increase in ECM and
CTGF occurred at 16 h and was reduced by 30 h (data not
shown), the induction of LOX was sustained through 30 h. This
suggests that the increase in ECM occurs early while the increase
in the levels of LOX is sustained, thus providing longer ECM
crosslinking activity. Thus, IGFBP-5 can promote expression of
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FIGURE 2 | IGFBP-5 exogenously promotes extracellular matrix (ECM) and pro-fibrotic factor production in vitro. Primary human lung fibroblasts were treated with

vehicle control or recombinant protein IGFBP-5 (rBP5). Samples were harvested after 1 and 3 h of stimulation. Gene expression levels were quantified using qPCR,

and fold-change estimates were calculated to compare rBP5 to vehicle. The following genes were analyzed: (A) Collagen 1A1. (B) FN. (C) CTGF. (D) IGFBP-5.

(E) LOX. The data were obtained from 9 different experiments using fibroblasts from lung tissues of 9 different individual normal donors. Graphical presentation of the

data analyzed by one-sided Wilcoxon signed rank tests. A dotted line at a fold-change of 1.0 (i.e., which would represent no change) is provided in each graph for

reference. (F) Immunoblotting results of extracellular matrix fractions of primary human lung fibroblasts from three different donors treated with vehicle or rBP5 for 1 h.

Upper images: Collagen1α1 (COL) and Fibronectin (FN) in ECM fractions from an equivalent number of fibroblasts were detected by immunoblotting and signals were

normalized to vitronectin (VN). Lower graphs: Graphical presentation of the data analyzed by one-sided paired t-test. Values represent mean ± standard deviation.

*P < 0.05, **P < 0.01.

ECM and fibrotic genes ex vivo in human lung tissues, validating
and extending our in vitro findings.

DISCUSSION

Pulmonary fibrosis is a manifestation of diseases such as SSc and

IPF. Elevated levels of IGFBP-5 have been detected in primary

fibroblasts from both of those diseases and in vivo in fibrotic
lung tissues (12). Further, IGFBP-5 expression is increased in

liver fibrosis in vivo and during hepatic stellate cell (HSC)
transdifferentiation in vitro (21, 22). IGFBP-5 has also been

implicated in different types of cancers such as breast, ovarian,
and colorectal cancer as well as in wound healing and tissue
regeneration (6, 23–26). The effects of IGFBP-5 are known to be
cell type- and tissue-specific.

Fibroblasts are essential effector cells responsible for the
increased production of ECM and thus fibrosis in different
organs (27). As a result, examining the response of fibroblasts
to both pro- and anti-fibrotic factors is essential for elucidating
mechanisms that regulate these cells in the setting of fibrosis. In
fact, fibroblasts have been widely used for assessing the effect of
pro-fibrotic factors and for testing the efficacy of potential anti-
fibrotic therapies (27). To complement findings using pulmonary
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FIGURE 3 | IGFBP-5 expression promotes extracellular matrix (ECM) and pro-fibrotic factor expression in vitro. Primary human lung fibroblasts were infected with

control adenovirus AdCN-Flag or adenovirus expressing IGFBP-5-Flag (AdBP-5-Flag). Samples were harvested after 22 and 28 h of infection. Levels of expression

were quantified using qPCR at 22 and 28 h, and post-infection fold-change estimates were calculated to compare AdBP-5-Flag to control. The following genes were

analyzed: (A) IGFBP-5. (B) Collagen 1A1. (C) FN. (D) CTGF. (E) LOX. The data are obtained from 7 different experiments using fibroblasts from lung tissues of 7

different normal donors. Graphical presentation of the data analyzed by one-sided Wilcoxon signed rank tests. Values represent mean ± standard deviation. A dotted

line at a fold-change of 1.0 (i.e., which would represent no change) is provided in each graph for reference. (F) Representative protein levels of Collagen 1A1 (Col) and

Fibronectin (FN) in the ECM fraction from an equivalent number of fibroblasts infected with AdCN-Flag or adenovirus expressing IGFBP-5-Flag (AdBP-5-Flag) for 24 hr

and analyzed by immunoblotting. GAPDH was detected in the corresponding lysates using immunoblotting. *P < 0.05, **P < 0.01.

fibroblasts, lung tissue slices have been used to extend in vitro
findings and establish their relevance in a human tissue. We have
used a similar approach with our own modifications using lung
tissue cores rather than slices for assessing the effects of IGFBP-5
in human lung tissues. This allows us to extend our findings from
isolated cells in culture and use a model that is more comparable
to the in vivomilieu.

In this study, we investigated the effect of endogenous
and exogenous IGFBP-5 on fibroblast production of ECM
components and factors involved in the promotion of fibrosis
in different organs. Our results demonstrate that the increase in
IGFBP-5 levels is a primary and early event in pulmonary fibrosis

since IGFBP-5 induces expression of ECM and pro-fibrotic genes
as early as 1 h post-stimulation. The rationale for examining both
exogenously added recombinant IGFBP-5 and the adenovirally
expressed form is that these forms of IGFBPs may exert
different effects (28, 29). As we previously reported (12), both
adenovirally-expressed and exogenous IGFBP-5 promote ECM
deposition in primary human lung fibroblasts (12). In contrast,
in osteosarcoma cells, endogenous and exogenous IGFBP-5 have
been shown to exert opposite effects (29). Further, Yamaguchi
et al. (20) demonstrated a role for IGFBP-5 trafficking into
fibroblasts and ECM-protective effects of extracellular IGFBP-
5 (20). Our findings suggest that endogenous and exogenous
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FIGURE 4 | Knockdown of IGFBP-5 shows variable effects in primary pulmonary fibroblasts from different donors. IGFBP-5 was silenced in primary human lung

fibroblasts from normal lung (NL, circles) and lung tissues of patients with IPF (squares) and SSc (triangles) using small interfering IGFBP-5 (siBP-5) or scramble siRNA

as a negative control (siCN) for 48 h. Levels of expression were quantified using qPCR, and fold-change estimates were calculated to compare siBP-5 to siCN. The

following genes were analyzed: (A) IGFBP-5. (B) Collagen 1A1. (C) FN. (D) CTGF. (E) LOX. The data shown are obtained using fibroblasts from 4 different normal

donors (NL), 5 patients with IPF and 4 patients with SSc. Graphical presentation of the data analyzed by one-sided Wilcoxon signed rank tests. A dotted line at a

fold-change of 1.0 (i.e., which would represent no change) is provided in each graph for reference. Values represent mean ± standard deviation. *P < 0.05.

IGFBP-5 may exert similar effects on the expression of certain
genes such as ECM components and CTGF which were induced
by rBP5 and reduced by silencing endogenous IGFBP-5. In
contrast, our data show that endogenous and exogenous IGFBP-
5 may exert opposite effects on other genes examined in the same
cells. This is the case for LOX expression which was induced by
recombinant IGFBP-5 and silencing of endogenous IGFBP-5. It
is possible that endogenous IGFBP-5 may provide an inhibitory

effect and silencing endogenous expression would support the
pro-fibrotic effects of recombinant exogenous IGFBP-5. Thus,
understanding the effect of both endogenous and exogenous
IGFBP-5 will lead to a better understanding of the role that
compartmentalization of this protein plays in fibrosis. Our
findings support the concept that endogenous and exogenous
IGFBP-5 might exert different effects in primary human lung
fibroblasts from healthy and diseased tissues as well. Since
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FIGURE 5 | IGFBP-5 promotes ECM and pro-fibrotic factor production ex vivo in human lung tissues. Human lung tissue cores were treated with vehicle control (VC,

10mM HCl) or recombinant IGFBP-5 (rBP5, 500 ng/ml) for 16 and 30 h. Gene expression levels were measured using qPCR at the indicated time points, and

fold-change estimates were calculated to compare IGFBP-5 to VC. The following genes were analyzed: (A) Collagen 1A1 mRNA levels at 16 h. (B) FN mRNA levels at

16 h. (C) CTGF mRNA levels at 16 h. (D). LOX mRNA levels at 16 h. (E) LOX mRNA levels at 30 h. The data shown are obtained from lung tissues of 7–9 different

donors. Graphical presentation of the data analyzed by one-sided Wilcoxon signed rank tests. A dotted line at a fold-change of 1.0 (i.e., which would represent no

change) is provided in each graph for reference. Values represent mean ± standard deviation. *P < 0.05; **P < 0.01.

IGFBP-5 is a secreted protein, this suggests that localization of
IGFBP-5 intracellularly or extracellularly may dictate its effects
on cell function.

We had previously shown that IGFBP-5 can trigger a fibrotic
phenotype in vitro in primary human fibroblasts, in vivo inmouse
skin and lung, and ex vivo in human skin in organ culture
(12–15). However, the question as to whether the promotion
of fibrosis was directly mediated by IGFBP-5 or via other

pro-fibrotic factors that may be downstream of IGFBP-5 had
remained unanswered. In fact, our data show that IGFBP-5 not
only directly induced the expression of ECM genes such as
collagen I and fibronectin, but it also increased the expression
of pro-fibrotic genes such as CTGF and IGFBP-5 itself. Further,
IGFBP-5 increased the expression of LOX, an enzyme responsible
for the covalent crosslinking of extracellular matrix proteins such
as collagen and elastin (30, 31). Elevated expression of cytokines
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and growth factors with pro-fibrotic activity such as CTGF have
been reported in SSc and related diseases. For example, the
pro-fibrotic activity of CTGF is well documented. Mori et al.
(32) reported that subcutaneous injection of TGF-β and CTGF
promoted dermal fibrosis. The investigators demonstrated that
persistent fibrosis required both CTGF and TGF-β stimulation
and that CTGF alone caused little granulation (32). In contrast,
others have shown that CTGF is required for bleomycin-induced
skin fibrosis in mice (33), and transgenic targeted expression of
CTGF alone in fibroblasts promotes fibrosis in different organs
including skin, lung, kidney, and vasculature (34). The critical
role of CTGF in fibrosis has been the focus of ongoing research
and the development of potential therapies targeting this growth
factor (35). For example, a recent study by Makino et al. (36)
examined the therapeutic effect of CTGF inhibition using anti-
CTGF monoclonal antibody (36). CTGF inhibition reduced
inflammation and vascular damage in a murine model of fibrosis
(36). We propose that IGFBP-5 promotes pulmonary fibrosis by
directly inducing expression of ECM genes and by increasing
levels of other pro-fibrotic proteins such as CTGF, resulting in
further increase of ECM production. Thus, IGFBP-5 is likely to
promote fibrosis by working in concert with other pro-fibrotic
factors, such as CTGF, which then potentiate the anti-fibrotic
activity of IGFBP-5.

In addition to regulating ECM and growth factor genes,
IGFBP-5 also increased expression of LOX, an enzyme
responsible for cross-linking the matrix. Thus, in addition
to increasing expression of ECM components, IGFBP-5 also
promotes their cross-linking via increasing LOX levels, thus
altering tissue structure and function. The critical role of LOX
in fibrosis has been demonstrated in several studies. For example,
targeting LOX has been shown to reduce peritoneal fibrosis (37)
cardiac fibrosis (38) and pulmonary fibrosis (39–41). LOX has
even been proposed as a biomarker of fibrosis in patients with
SSc (42). Thus, induction of LOX by IGFBP-5 further potentiates
the pro-fibrotic effects of IGFBP-5 by increasing the enzymatic
crosslinking of collagen and other matrix components, rendering
the ECMmore resistant to proteolytic degradation.

The induction of pro-fibrotic genes by IGFBP-5 showed
an immediate early response pattern. Such a pattern has
been reported for other pro-fibrotic factors such as TGF-β
which increases the expression of genes such as early growth
response (Egr-1) (43), inhibitor of differentiation 1 (Id1) (44,
45) and CTGF (46) early while it induces collagen levels
in a delayed manner. Growth factors typically induce an
immediate early transcriptional response that is independent of
protein synthesis and a more delayed response that requires
proteins. Often, these immediate early genes are transcription
factors. The immediate early response to IGFBP-5 stimulation
of fibroblasts follows the pattern typical of growth factors
in the kinetics of its effects, although its immediate early
gene response includes ECM components and growth factors.
We recently showed that IGFBP-5 with a mutated NLS that
abrogates its nuclear localization retains the ability to induce
dermal fibrosis when expressed in primary human fibroblasts
or in human skin in organ culture using an adenoviral vector
(7). This may reflect (a) the ability of secreted IGFBP-5 to

bind ECM components and protect them from degradation,
thus promoting ECM accumulation and fibrosis, and/or (b)
the possibility that cytoplasmic IGFBP-5 can promote the
translocation of a “partner” factor/protein to the nucleus, thus
exerting transactivating effects, which might be further facilitated
by target genes being in a “transcriptionally poised” state—
a chromatin state that allows for rapid gene activation—thus
allowing for an “immediate early” gene response.

Growth factors mediating their effects via other cytokines
or pro-fibrotic factors has also been previously noted in the
scientific literature. For example, polypeptide growth factors
such as the platelet-derived growth factor (PDGF) (47) family
and the epidermal growth factor (EGF) (48) family are also
known to mediate pro-fibrotic effects by inducing expression
of extracellular matrix genes directly or as mediators of the
effects of TGF-β (47, 48). Further, the pro-fibrotic factor, IL-6 is
known to induce collagen directly, and to also regulate IGFBP-
5 (49, 50). O’Reilly et al. (50) examined the effects of IL-6 trans
signaling in mediating fibrosis. Their study showed that IL-6
mediated fibrosis through enhanced TGF-β signaling which was
due to Gremlin-1, a bone morphogenetic protein antagonist and
a member of TGF-β family (50). We now add IGFBP-5 as an
upstream regulator of pro-fibrotic growth factor gene expression,
suggesting that IGFBP-5 regulation of genes such as CTGF may
be one of the mechanisms that sustain its fibrotic effects.

To further delineate the role of endogenous IGFBP-5
in primary fibroblasts, we silenced IGFBP-5 expression in
fibroblasts from normal donors and patients with IPF and
SSc. Knock down of IGFBP-5 showed that NL, IPF, and SSc
fibroblasts respond differently to a reduction in endogenous
IGFBP-5 expression. Since silencing does not result in a complete
loss of IGFBP-5, it is plausible that the variable effects are due
to the fact that fibroblasts from different diseases and different
individuals vary in their sensitivity to IGFBP-5 and that some
retain their phenotype with residual low levels of expression of
IGFBP-5. Use of tissue-derived primary fibroblasts from different
donors has inherent challenges with respect to variability of
respone to stimuli (which is noted even in response to potent
pro-fibrotic factors such as TGF-β), however it provides greater
relevance of findings to human disease than immortalized cell
lines. Several factors may contribute to the variability of the
response, including different kinetics in fibroblasts from different
donors, variable levels of the IGFBP-5 “receptor,” dissimilar levels
of secreted proteases that target IGFBP-5, as well as differing
propensities of individuals to develop fibrosis, to name a few.
In contrast to the variability we see with primary fibroblasts,
IGFBP-5 silencing was shown to consistently affect the survival
of hepatic stellate cells in liver fibrosis due to increased cell
apoptosis (22). Our findings show that reducing endogenously
expressed IGFBP-5 does not necessarily impair the fibrotic
phenotype in all fibroblasts examined, at least within the duration
of transient in vitro silencing and to the extent of silencing
observed in fibroblasts from different donors, and confirm the
diverse functions of IGFBP-5 in different cells. They further
suggest that targeting extracellular IGFBP-5 in diseases such as
SSc or IPF where IGFBP-5 levels are elevated may be a more
appropriate strategy for ameliorating fibrosis.
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In summary, our data builds on our previous findings and
provides new compelling evidence that IGFBP-5 is directly
involved in the pathogenesis of pulmonary fibrosis by increasing
production of extracellular matrix proteins and indirectly by
inducing expression of growth factors that promote and sustain
fibrosis. IGFBP-5 also functions in an autocrine manner to
increase its own expression, further potentiating the fibrotic
effect. Our current study establishes the role of IGFBP-5
as an important mediator in fibrosis that is upstream of
known pro-fibrotic factors, suggesting that strategies to inhibit
IGFBP-5 function might be effective for the amelioration of
fibrosis.
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