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Fibrosis accompanies most common pathophysiological features of diabetes complications in different organs. It is characterized by
an excessive accumulation of extracellular matrix (ECM) components, the response to which contributes to inevitable organ injury.
The extracellular protein thrombospondin-1 (TSP-1), a kind of extracellular glycoprotein, is upregulated by the increased activity of
some transcription factors and results in fibrosis by activating multiple pathways in diabetes. The results of studies from our team
and other colleagues indicate that TSP-1 is associated with the pathological process leading to diabetic complications and is
considered to be the most important factor in fibrosis. This review summarizes the molecular mechanism of increased TSP-1
induced by hyperglycemia and the role of TSP-1 in fibrosis during the development of diabetes complications.

1. Introduction

Diabetes mellitus (DM) is one of the major metabolic and
epidemic diseases that have increased significantly both in
developed and developing nations. For instance, the preva-
lence of diabetes was less than 1% in the Chinese population
in 1980, but in 2013, it affected approximately 11.6% of the
adult Chinese population [1]. Based on their different etiolo-
gies, two types of diabetes cases are recognized. Although the
underlying mechanisms of pathogenesis and the number of
people affected are not the same for type 1 diabetes mellitus
(T1DM) and type 2 diabetes mellitus (T2DM), some chronic
complications induced by hyperglycemia are shared by peo-
ple with either of these two distinct types of diabetes [2–4].
Due to these complications, diabetic patients experience
significant morbidity and mortality [4, 5].

Diabetic complications pose a risk for metabolic abnor-
malities, such as endothelial dysfunction, inflammation, vaso-
constriction, oxidation, and fibrosis. Among these results of

diabetes, fibrosis, the chronic complications of which are
features of both distinct types of diabetes, is an important
determinant of morbidity and mortality for diabetic patients
[2, 4]. Fibrosis can occur in various organs and tissues of
diabetes patients, including the heart, liver, kidney, and retina
[6–8]. Furthermore, intensified fibrosis and endothelial
dysfunction in the penile corpora cavernous were diagnosed
in streptozotocin- (STZ-) induced diabetic rats and resulted
in erectile dysfunction (ED), one of the most common penile
symptoms of diabetes mellitus [9]. Although the complete
mechanism for fibrosis progression in diabetes remains
unclear, glucose metabolism and insulin resistance are con-
sidered the major forms of fibrosis etiopathogenesis.

The process of fibrosis requires the dynamic participation
of the extracellular matrix (ECM) and is controlled by a
family of structurally unrelated macromolecules called multi-
cellular proteins [4, 10]. Mounting evidence indicates that
thrombospondin-1 (TSP-1), as one kind of glycoprotein,
plays an important role in vascular remodeling by regulating
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the arterial response to injury and is a protein found widely
in the ECM [11]. Previous studies have indicated that
increased TSP-1 is involved in the pathological process of
fibrosis in multiple organs of DM patients [12, 13], except
the retina [14]. However, few reviews have summarized the
role of TSP-1 in different chronic diabetic complications.
Therefore, this review focuses on the following research
questions: is the regulatory mechanism of TSP-1 modulated
by hyperglycemia or by DM itself? How do the downstream
signaling pathways activated by TSP-1 and the pathogenesis
mechanism of fibrosis differ among diabetic organs?

2. The Biology of Thrombospondin-1 (TSP-1)

TSP-1 is a common secreted glycoprotein that belongs to the
thrombospondin (TSP) family. This protein was named
thrombin-sensitive protein (TSP) when it was first identified
through its release in response to the activation of platelets by
thrombin [15]. According to molecular organization, the
thrombospondin gene family, which comprises proteins
encoded by five separate genes, is divided into two subfam-
ilies, types A and B [16]. TSP-1 and TSP-2 belong to subgroup
A, and subgroup B consists of TSP-3, TSP-4, and TSP-5. TSP-
1 is encoded by a gene named Thbs1 (22 exons) in different
chromosomal locations among different species [16]
(Figure 1(a)). According to previous studies, multiple putative
binding sites in the region of the TSP-1 promoter can be
activated by hyperglycemia to increase its expression, and
some of these TSP-1-stimulating factors include upstream
stimulatory factors (USF), activator protein 1 (AP1), E2F1,
nuclear factor-kappa B (NF-κB), early growth response 1
(Egr1), and stimulating protein (Sp1) [17–23] (Figure 1(b)).
The TSP-1 protein consists of five subunits, namely, an N-
terminal domain (NTD), an oligomerization sequence (O), a
procollagen homology region (PC), three types of repeat units
(types 1, 2, and 3), and a C-terminal domain (CTD) [24]
(Figure 1(c)). In contrast to the various structural proteins of
the ECM, TSP-1 does not seem to contribute directly to the
integrity of a physical entity, such as a fiber or a basement
membrane. Rather, it acts contextually to influence cell func-
tion by modulating cell-matrix interactions [25]. Although
the increased expression of TSP-1 has been proposed to play
a critical role in the process of diabetic complications, the
identification of such a role has not been fully investigated.

3. The Progression of Fibrosis Induced by the
Increase of Hyperglycemia-Mediated TSP-
1 Expression

The previous results have shown that hyperglycemia stimu-
lates the expression of TSP-1 [26–28]; however, multiple
pathways and/or factors are involved. The entire process is
composed of three steps. First, some pathways are triggered
by hyperglycemia. Second, these activated pathways induce
increased transcription factor activity, and these transcrip-
tion factors directly bind to the TSP-1 promoter to induce
TSP-1 expression (Figure 2). Finally, increased production
of TSP-1 leads to binding to different receptors to cause

fibrosis by regulating a large proportion of the ECM proteins
expressed (Figure 3).

3.1. Pathways Activated by Hyperglycemia

3.1.1. Protein Kinase C (PKC). Protein kinase C (PKC) is a
ubiquitous intracellular messenger shown to be required
for cell proliferation and migration. In cultured human
mesangial cells (MCs), increased PKC activation mimicked
the glucose-induced elevation of TSP-1. In contrast, GFX,
a PCK inhibitor, abolished the effect of high glucose levels
in regulating the expression of TSP-1 [29]. Hence, PKC
activity was involved in the mechanism by which glucose
stimulated TSP-1 activation, leading to the following ques-
tion: what is the mechanism by which high glucose levels
increase PKC activity? Some authors have suggested that
hyperglycemia caused by diabetes induces immediate activa-
tion of PKC through the synthesis of diacylglycerol (DAG),
which is triggered by oxidative stress [30]. This supposition
leads to the following question: what is the precise PKC-
activated pathway that induces the expression of TSP-1? It
has been shown that the increased expression of TSP-1
induced by PKC is mediated by angiotensin II (Ang II)
[31]. On the other hand, PKC can also be activated via the
mitogen-activated protein kinase (MAPK) pathway, through
which some transcription factors are activated to facilitate
TSP-1 expression [32]. This finding confirms that PKC
upregulates TSP-1 production via anfractuous signal trans-
duction and complex interactions. Further work is required
to identify fully the precise mechanism.

3.1.2. Mitogen-Activated Protein Kinase (MAPK). The
mitogen-activated protein kinase (MAPK) family is a group
of serine/threonine kinases that transduce signals from the
cell surface to the nucleus, resulting in a diverse range of bio-
logical functions by modulating transcription factor function
and thereby changing the pattern of gene transcription,
including genes related to fibrosis [33]. The MAPK family
mainly consists of c-Jun amino terminal kinase (JNK), extra-
cellular signal-regulated kinase (ERK), and MAPK p38.
Nakagawa et al. showed that simultaneously blocking both
p38 and ERK1/2 resulted in the complete inhibition of
TSP-1 expression in rat proximal tubular cells and mouse
fibroblasts [34]. This finding was supported by McGillicuddy
et al., who demonstrated that blocking the MAPK p38 path-
way with the upstream inhibitor SB-203580 also abolished
TSP-1 expression [35]. More detailed experiments are neces-
sary to demonstrate that, after activation of the MAPK path-
way, TSP-1 expression is still enhanced by the activity of
some transcription factors [17, 18, 32, 36–38]. The findings
thus far indicate that activation of the MAPK pathway has
an additive role in inducing the expression of TSP-1.

3.1.3. Angiotensin II (Ang II). Angiotensin II (Ang II) is a key
effector molecule produced by the renin-angiotensin system
(RAS), which is activated in diabetes cases by increased
AGE levels [39]. The accumulated evidence suggests that
Ang II plays a role in the development of fibrosis through
the Ang II type 1 (AT1) receptor, resulting in fibroblast pro-
liferation and net accumulation of fibrillar collagen. A recent
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report has demonstrated that candesartan is one of the AT1
receptor blockers, which have attracted attention for their
potential antifibrotic activity [40]. This attenuation of fibrosis
following the blockage of the AT1 receptor is also mediated
by impaired activity of transforming growth factor-β1
(TGF-β1), which is also a factor that induces the expression
of TSP-1 [34, 35]. Indeed, it was found that blocking the
AT1 receptor antagonist slows the progression of fibrosis
associated with diabetic complications by decreasing the
expression of TSP-1 [41]. However, blocking the AT2 recep-
tor with PD-123319 does not affect the Ang II-induced
upregulation of TSP-1 mRNA or protein, which is induced
via the AT1 receptor, not the AT2 receptor. Although it
had been demonstrated that Ang II can stimulate the expres-
sion of TSP-1 activation in conditioned media, it is not
exactly known which signaling pathway(s) downstream of
the AT1 receptor mediates this TSP-1 upregulation. How-
ever, it has been proven that the MAPK pathway is medi-
ated by the increased TSP-1 expression induced by Ang
II. On the other hand, the TSP-1 production induced by
Ang II might be associated with MAPK p38 and JNK
[42]. Consistent with these studies, Naito found that either
the MAPK p38 inhibitor SB-203580 or the JNK inhibitor
SP-600125 can significantly reduce TSP-1 production [43].
We believe that TSP-1 is also associated with TGF-β1
activity, which plays a critical role, since TGF-β1 directly
activates the MAPK pathway by elevating some transcrip-
tion factor activity.

3.1.4. Endoplasmic Reticulum (ER) Stress.Under condition of
hyperglycemia, ER stress was activated by increased ROS
expression which was produced by glucose oxidation in
mitochondria [44]. At the initial stage of ER stress, unfolded
protein response (UPR) was activated to enhance the degra-
dation of unfolded proteins [45]. However, if the activation
of ER stress is prolonged, fibrosis will be induced due to the
acceleration of fibroblast proliferation extracellular matrix
protein, such as TGF-β1 and TSP-1 [46, 47]. According to
a previous study, it has been shown that pharmacological
inhibition of ER stress prevents pulmonary fibrosis via sup-
pressing the expression of TGF-β1 and TSP-1 [48]. Although
the underlying mechanism was not completely revealed yet,
some studies have shown that interference or knockout of
transcription factor C/EBP homologous protein (CHOP)
could significantly reduce the expression of TGF-β1 [49,
50]. CHOP is a proapoptotic transcription factor which was
activated via three pathways, including protein kinase
RNA- (PKR-) like/pancreatic ER kinase (PERK), activating
transcription factor 6 (ATF-6), and inositol-requiring
enzyme 1 (IRE-1) pathways [51]. In addition to inducing
apoptosis, CHOP also plays an important role in modulating
NF-κB signaling [52] which is a major regulator to modulate
the expression of TSP-1 [21]. Furthermore, an increase in
ROS production under ER stress could also activate multiple
proinflammatory cytokines, including NF-κB [53]. There-
fore, we hypothesized that ER stress induces the expression
of TSP-1 via activating NF-κB signaling.
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Figure 1: Schematic diagrams of the THBS1 gene and the thrombospondin-1 (TSP-1) protein. (a) Intron-exon organization of the THBS1
gene. The THBS1 gene consists of 16,393 bases including 22 exons. Exons 2-21 encode the 5729 b of mRNA. (b) Different transcription
factors bind to the promoter of TSP-1 to induce its expression. USF1/2: upstream stimulatory factors 1/2; Sp1: stimulating protein; NF-κB:
nuclear factor-kappa B; Egr1: early growth response 1; and AP1: activator protein 1. (c) Domain organization of TSP-1. NTD: N-terminal
domain; O: oligomerization sequence; PC: procollagen homology region; types 1, 2, and 3: the three types of repeat units; CTD: C-
terminal domain.
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3.1.5. MicroRNAs (miRNAs). MicroRNAs (miRNAs) are
small, noncoding RNA molecules that modulate the gene
expression and protein synthesis [54]. In recent years, some
reports showed that miRNAs were involved in the fibrosis
process of diabetic complications [55–57]. Silambarasan
et al. found that more than 100 miRNAs showed differen-
tial expression from diabetes patients [58], including miR-
155 and miR-146a which play an important role in the
process of fibrosis [59]. Although the underlying mecha-
nism was not classified, it was shown that these two miR-
NAs could activate the expression levels of TGF-β1 and
NF-κB in renal tissue of diabetic patients and animal
models [60]. Furthermore, miR-21 was also increased
under the condition of hyperglycemia and targeted to the
expression of TSP-1 [61] which was linked to activation
of TGF-β1/Smad7 signaling [62]. In contrast, other miR-
NAs were reduced in diabetic conditions, such as miR-
30c, miR-23, and miR-29 [63]. These miRNAs could signif-
icantly inhibit TGF-β1-induced EMT formation [64].
Although there are a large number of miRNAs involved
in the fibrosis of diabetic complications [65, 66], the specific
mechanisms need to be investigated.

3.2. Transcription Factors Involved in the Induction of TSP-1
Expression. The three major pathways discussed above target
some transcription factors to promote the expression of TSP-
1 after binding to the TSP-1 promoter, including upstream

stimulatory factors (USFs) [17, 19], activator protein 1
(AP1) [18, 21], nuclear factor-kappa B (NF-κB) [21], E2F1
[20], Egr1 [22, 67], and Sp1 [22]. In Section 3.2.1–3.2.6, we
discuss some primary transcription factors that bind the
TSP-1 promoter region to increase TSP-1 transcription upon
activation by hyperglycemia.

3.2.1. Upstream Stimulatory Factors (USFs).Upstream stimu-
latory factors (USFs), which are encoded by two distinct genes
(USF1 andUSF2), belong to the basic helix-loop-helix leucine
zipper (b-HLH-LZ) family of transcription factors [68]. USF1
and 2 are clearly upregulated by high glucose levels [19]. Acti-
vation of PKC under high glucose conditions is critical to the
signaling pathway affecting USF1 levels; on the other hand,
USF2 appears to be regulated by several signaling pathways,
including ERK1/2,MAPKp38, andAng II [17, 69]. Therefore,
the molecular mechanisms governing USF2 synthesis in
response to glucose level are involved withmultiple pathways.
According to a previous study, increased amounts of USF1
and USF2 are bound to the endogenous TSP-1 promoter
(-1172 to -878) to regulate hyperglycemia-induced TSP-1
expression [17, 19]. On the other hand, USF1 and USF2 are
also involved in the mediated glucose-induced stimulation
of TGF-β1 [70]. These results indicate that both USF1 and
USF2 are important regulators of glucose-induced TSP-1
and may contribute to the development of fibrosis during
the progression of diabetic complications.
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Figure 2: The activation of pathways triggered by hyperglycemia to induce TSP-1 expression. This diagram shows the pathways of PCK and
Ang II induced by AGE; in addition, PKC also directly enhances Ang II activity. Then, two pathways induce some transcription factors
binding the TSP-1 promoter to enhance the expression of TSP-1 via the MAPK pathway. ER stress and miRNAs also induce the
expression of TSP-1 via activating NF-κB signaling. AGE: advanced glycation end products; DAG: diacylglycerol; PKC: protein kinase C;
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factor-kappa B; Egr1: early growth response 1; AP1: activator protein 1.
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3.2.2. Activator Protein 1 (AP1). Activator protein 1 (AP1), as
a complex of Jun and other phosphoproteins, belongs to the
basic leucine-zipper family of transcription factors. It has been
demonstrated that the activity of AP1 is triggered by high
glucose levels [18, 19]. It has also been demonstrated that,
through this glucose-mediated activity, AP1 binds to the pro-
moter for TSP-1 (from -459 to -453), an interaction enhanced
by c-Jun and nuclear proteins [18, 21].MAPKp38 contributes
to increased AP1 expression and binding activity [18].

3.2.3. E2F1. The transcription factor E2F1 is involved in cell
cycle regulation by mediating the expression of a large
number of genes [71]. According to a previous study,
hyperglycemia-induced cell proliferation was mediated by
an increase in E2F1 activity [72]; however, this increase in
E2F1 activity was not induced by Ang II but was induced by
PKC and ERK1/2 [32, 72]. In addition, a recent study showed
that E2F1 could also directly bind to the TSP-1 promoter
region from -144 to -137. Furthermore, knocking down
endogenous E2F1 significantly inhibited TSP-1 promoter
activity [20]. Therefore, high levels of E2F-1 activity also
contribute to an increase in TSP-1 expression.

3.2.4. Nuclear Factor-Kappa B (NF-κB).Nuclear factor-kappa
B (NF-κB) is an inducible transcription factor consisting of
DNA-binding dimers of various subunit combinations that
determine functionality. The DNA-binding activity of NF-
κB was increased in an animal diabetes model, in which it

may have been mediated by ERK1/2, MAPK p38, and/or
JNK [36, 73]. Yang et al. demonstrated that there are at least
two binding sites for NF-κB (from -1315 to -1306 and from
-1758 to -1749) in the TSP-1 promoter region [21]. Indeed,
TSP-1 was upregulated in response to the increase in NF-
κB activity [74], while inhibition of NF-κB activity reduced
TSP-1 protein release and mRNA expression [75]. Although
direct evidence of increased NF-κB-dependent TSP-1 expres-
sion induced by hyperglycemia has not yet been reported, we
believe that NF-κB plays a critical role in the induction of
TSP-1 in diabetes. Therefore, we want to determine the role
of NF-κB in a future study.

3.2.5. Early Growth Response 1 (Egr1). Early growth response
1 (Egr1) is an immediately and early activated gene that
encodes a protein that binds at approximately -70 in the
TSP-1 promoter [76]. Only a sustained increase in glucose
flux-induced activation of Egr1 has been reported [77]; how-
ever, the exact mechanism by which increased Egr1 activity is
induced by hyperglycemia has not been fully investigated.
Although a recent study showed that Egr1 expression is
increased by the activation of ERK1/2, but not JNK or MAPK
p38 [38], more investigation is necessary to determine
whether another factor may be involved in the increased
activity of Egr1.

3.2.6. Stimulating Protein (Sp1). Stimulating protein (Sp1)
belongs to the two-cysteine–two-histidine zinc-finger
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(Cys2His2 zinc-finger) family of ubiquitous transcription
factors that are mainly involved in basal promoter activity
and cell cycle regulation [19]. It has been demonstrated that
Sp1 regulates the expression of a wide variety of many
ECM genes, such as TGF-β1 and TSP-1; however, the role
of Sp1 in glucose-mediated gene expression has not been
defined [19, 23]. Okamoto et al. found that Sp1 can bind at
-267 and -71 in the 5′ region of the TSP-1 gene, which has
two GC boxes, to enhance the expression of TSP-1 [23].
Therefore, Sp1 is thought to cooperate with other transcrip-
tion factors, such as Egr1, which binds at -70, to regulate
TSP-1 transcription [22]. MAPK p38 and ERK1/2 all
contribute to the increased Sp1 activity that is induced by
hyperglycemia [37, 78]; however, no study has reported
whether the increased Sp1 activity induced by these pathways
to mediate TSP-1 expression is the result of direct binding.

3.3. The Downstream Pathway of TSP-1 That Activates ECM
Expression. As indicated in the discussion above, multiple
pathways and transcription factors induce TSP-1 expression.
After TSP-1 expression is increased, TSP-1 binds to some
receptors to trigger the expression of ECM proteins that
induce fibrosis (Figure 3).

3.3.1. Transforming Growth Factor-β1 (TGF-β1). The trans-
forming growth factor-β (TGF-β) superfamily plays a critical
role in promoting the process of fibrosis [79]. According to
ligands that are generated by cleavage of a prodomain, the
family is divided into TGF-β1 and TGF-β2. It has been
shown that hyperglycemia stimulates an increase in TGF-
β1 activity, resulting in the promotion of fibrosis in different
organs of animal diabetes models [34, 70, 80, 81]. According
to previous studies, distinct pathways are thought to be
involved in activating TGF-β1, including Ang II, MAPK,
and TSP-1 [34, 40, 82]. It has been proven that TSP-1 is
critical for the activation of TGF-β1 in cells exposed to high
concentrations of glucose, which contributes to the accumu-
lation of extracellular matrix proteins [34, 83]. This process is
needed for CD36 expression [84]. Increasing evidence has
shown that the increase in the expression of TGF-β1, as
induced by elevated levels of glucose, is attenuated after
inhibition of TSP-1 with siRNA technology [85].

After activation, TGF-β1 initiates a cellular response by
binding to its distinct receptor, TGF-β receptor II (TβRII),
to enhance the transcription of 60 ECM-related genes [86].
After ligand binding, two different pathways initiate
activation. One is Smad signaling. According to a previous
study, TβRII activates TβRI kinase, which phosphorylates
receptor-regulated Smad2 and Smad3 to induce fibrosis [82,
85]. Smad signaling is also critical to a pathway in the process
of fibrosis that is induced by other profibrotic factors, such as
Ang II and advanced glycation end products (AGE), which
are enzymes that generate Ang II [40, 82]. In addition,
TGF-β1 and Ang II are stress-response proteins, and both
are known to be general inducers of fibrosis that are recipro-
cally activated [82]. Therefore, TGF-β1 also enhances the
expression of Ang II via Smad signaling. After phosphoryla-
tion, Smad2 and Smad3 are translocated from the cytoplasm
into the nucleus, where they promote expression of connec-

tive tissue growth factor (CTGF), which is a downstream
mediator of TGF-β1 and plays an essential role in fibrosis
[82]. In addition to CTGF, TGF-β1 is a potent stimulus for
the production of matrix molecules such as collagen I and
fibronectin through the Smad pathway [87, 88]. It has been
well established that collagen accumulation is a key symptom
of fibrosis; in addition, collagen I, and other types of collagen,
such as type III and type IV, are induced by TGF-β1 [89].
Other pathways initiated through TGF-β binding to TβRII
involve non-Smad signals and include the ERK1/2 and
MAPK p38 pathways [90]. The initiation of the non-Smad
signaling pathways is very interesting since, as we discuss
above, the MAPK family can also induce TSP-1 expression
[34]; these findings indicate that TSP-1 is not only an activa-
tor of TGF-β1 but also the subject of TGF-β1 regulation [34,
35, 91]. Thus, a feedback cycle has been established for TSP-1
and TGF-β1.

3.3.2. CD47. CD47, originally named integrin-associated
protein (IAP), is a receptor of TSP-1 [92]. After binding with
the C-terminal domain of TSP-1, CD47 initiates heterotri-
meric G-protein signaling that augments the functions of
the integrin beta 1, beta 2, and beta 3 families [92–94]. A
number of important roles for CD47 have been defined in
modulating a range of cellular activities, including cell
migration, proliferation, platelet activation, and cellular
motility [93]. The CD47 fragment binding to TSP-1 activates
the Rho-Rho kinase- (ROCK-) myosin pathway to induce
defenestration, which is a pathological dedifferentiation pro-
cess that leads to fibrosis [92]. In addition, intravenous
administration of the ROCK inhibitor Y-23763 (Ycmpd)
has been shown to prevent fibrosis [95]. Furthermore, TSP-
1-CD47 signaling stimulates the production of reactive
oxygen species (ROS), which are also factors that accelerate
the progression of fibrosis [94].

3.3.3. CD36. CD36 was described nearly 30 years ago as “gly-
coprotein IV,” and increased synthesis of the CD36 protein
has been observed in people with diabetes [96]. CD36 is
involved in a variety of biological processes, including lipid
metabolism, inflammation, atherosclerosis, and angiogenesis,
depending on the nature of the ligand to which it is exposed,
since there are multiple proteins that bind to CD36, including
TSP-1 [92, 96, 97]. Atherogenesis is highly associated with the
process of fibrosis; therefore, increased CD36 expression has
been described in diabetes cases and is thought to be associ-
ated with the pathogenesis of diabetic complications. CD36
interacts with TSP-1 via the CSVTCG sequence in TSP-1
[97]. After binding, the CD36-TSP-1 complex activates
TGF-β1 to initiate cellular fibrosis [98]. Yang et al. found that
CD36 siRNA has antifibrotic effects via the reduction in the
levels of CD36, TGF-β1, and even fibronectin, another impor-
tant fibrotic marker [98]. Therefore, CD36 is an important
factor in a pathway that leads to fibrosis.

4. Short Summary

From the complexity of the TSP-1 signaling pathway, it is
clear to see the importance of TSP-1 in the induction of
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fibrosis under elevated glucose. Therefore, many transcrip-
tion factors and pathways are involved in the TSP-1 signaling
pathway. However, the interaction of different molecules has
not yet been fully investigated, and the number and nature of
them are, indeed, very difficult to determine. Therefore,
many questions have not yet been answered. For example,
it is not clear whether all of the identified transcription fac-
tors induced by hyperglycemia can regulate the expression
of TSP-1. Which transcription factor(s) or pathway(s) is a
contributor(s) to the increase in TSP-1? What kinds of
ECM proteins play important roles in fibrosis due to diabetic
complications, and which ECM proteins are secreted at high
levels after the induction of TSP-1? We hypothesize that the
majority of the answers depend on determining the most
important transcription factor or pathway in the induction
of TSP-1-mediated fibrosis; only after the results are obtained
will we be able to selectively choose drugs and other thera-
peutic treatments with the greatest effectiveness.

5. The Effect of TSP-1 on Fibrosis in
Diabetic Complications

As we discuss above, increased TSP-1 expression induced by
hyperglycemia is a key regulator of tissue fibrosis in diabetes.
Fibrosis, which is characterized by ECM accumulation, is
thought to be a common pathological response that leads to
diabetic complications and is also a major cause of significant
morbidity and mortality of diabetic patients [4, 5]. Although
TSP-1 has been shown in different tissues and organs, ECM
activation induced by TSP-1 differs qualitatively and quanti-
tatively from tissue to tissue and within various organs (sum-
marized in Figure 4).

5.1. The Role of TSP-1 in Diabetic Nephropathy. Diabetic
nephropathy (DN) is a common complication in diabetes
patients, is marked by ECM accumulation, and is related to
the increased production and activity of TGF-β1 [24]. It is
obvious that TSP-1 converts latent TGF-β1 to the active form
[34, 99, 100]. Therefore, we also found that TSP-1 and TGF-
β1 expression was significantly increased in the kidneys of
rats in which diabetes was induced by injection of STZ [81].
In addition, compared to wild-type mice, the time course of
STZ-induced diabetic nephropathy in TSP-1-null mice was
attenuated, as demonstrated by a significant reduction in
glomerular matrix accumulation, renal infiltration with
inflammatory cells, and renal functional parameter measures
[101]. What is the main factor induced by TSP-1 expression
in renal tissue? Firstly, three major pathways, including the
PKC, MAPK, and Ang II pathways, are involved in triggering
TSP-1 expression [17, 34, 41, 43]. Second, miRNAs are
involved in increasing the expression of TSP-1. For instance,
deregulation of miR-320c, miR-21, and miR-192 which has
an effect on TGF-β1 and TSP-1 attenuated the progression
of DN [62, 63, 66]. Finally, suppression of ER stress could
prevent the progression of fibrosis in DN [102], which might
be associated with inhibiting the expression of TSP-1 [48].
For ECM expression, each of these pathways has been
observed to be involved in diabetic nephropathy, as were
the TGF-β1 [70], CTGF [103], fibronectin [100], collagen

type I [88], and collagen type III and type IV [100] pathways.
Therefore, these findings suggest that different types of ECM
may be increased to induce fibrosis in DN.

5.2. The Role of TSP-1 in Diabetic Cardiomyopathy. Diabetic
cardiomyopathy (DC) is characterized by extensive fibrotic
changes and expansion of cardiac interstitial areas leading
to myocardial hypertrophy and diastolic dysfunction [104].
It was observed that the expression of TSP-1 was upregulated
in the myocardium of people in the diabetic group, showing
hypertrophy and interstitial fibrosis [105]. On the other
hand, a recent report revealed that TSP-1 loss attenuated
diabetes mellitus-associated cardiac fibrosis and enhanced
myocardial protease activity without significantly enhancing
diastolic function in TSP-1-knockout transgenic mice [12].
The hallmarks of DC are increased and include TGF-β1,
collagen (types I, III, and IV), CTGF, and fibronectin [85,
89, 106]. All of these markers are associated with marked
upregulation of TSP-1.

What is the mechanism of unregulated TSP-1 expression
and the role of TSP-1 in DC? TSP-1 was found to be a signif-
icant mediator of fibrotic complications of diabetes associated
with stimulation of Ang II, which is upregulated in diabetes
and has been implicated in cardiac fibrosis. This kind of
cardiac fibroblast proliferation and the net accumulation of
fibrillar collagen are due to increased expression of TSP-1
induced by Ang II [106]. In addition, the activation of the
PKC andMAPK pathways were also observed to be enhanced
in DC patients [35, 107]. Furthermore, inhibition of ER stress
could ameliorate myocardial fibrosis via MAPK in activation
in DC [108]. Hence, there are multiple pathways involved in
the increased expression of TSP-1 in DC cases. Although
some miRNAs were also involved in the fibrosis of DC [109,
110], the specific mechanism needs to be further investigated.

5.3. The Role of TSP-1 in Diabetic Retinopathy. Diabetic reti-
nopathy (DR) is a vascular complication of diabetes, and it
progresses to the proliferative stage with active neovasculari-
zation, which is marked by proliferative diabetic retinopathy
(PDR). A clinical marker of DR is the thickening of capillary
basement membranes resulting from increased production
of collagen types I, III, and IV; fibronectin; CTGF; and TGF-
β1 [4, 111, 112]. The fibrotic tissue induced by some
angiogenic factors tends to contract and leads to retinal
detachment. Hence, the relentless abnormal fibrovascular
proliferation with subsequent bleeding and retinal detach-
ment results in blindness.

In contrast to the expression of TSP-1 in renal and car-
diac tissue, TSP-1 was virtually absent in samples prepared
from the eyes of diabetic rats [113]. This result is consistent
with our research results showing that TSP-1 is significantly
decreased in retinal tissue from diabetic rats compared to
that from control rats [114]. It is quite interesting that most
ECM proteins are significantly increased [4, 111]; however,
these increases are not mediated by TSP-1. On the basis of
the literature, TSP-1 has antiangiogenic effects in addition
to its function in fibrosis [113]. In contrast to those in
macrovascular cells, TSP-1 protein levels are dramatically
decreased in response to high glucose levels in microvascular
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endothelial cells and retinal pigment epithelial cells (RPEs)
[115]. However, no exact mechanism has been found to
explain this outcome, which may be dependent on cell type-
and tissue-specific production of angiogenesis regulators
[116]. In DR patients, the antiangiogenic activity of TSP-1
is predominant in the retinal region; therefore, the process
of fibrosis is mainly induced by active neovascularization
and angiogenesis [4, 113]. VEGF, a major angiogenic factor
that contributes to neovascularization of the retina, has been
reported to be increased in the presence of diabetes [113,
117]. Some studies have reported dynamic changes in the
expression of TSP-1 and VEGF in cases of ischemia-
induced retinal neovascularization. An early increase in the
expression of VEGF enables vascular endothelial cell migra-
tion and proliferation, which later inhibits the enhanced
production of TSP-1 [113]. Some miRNAs, such as miR-
27b and miR-320a, which are implicated in angiogenesis
could suppress the expression of TSP-1 in DR [118]. In the
future, more attention should be paid to determining the
mechanism by which TSP-1 expression is altered in retinal
tissue compared to its expression in other tissues and organs.

5.4. The Role of TSP-1 in Diabetic Erectile Dysfunction. Erec-
tile dysfunction (ED) is one of the secondary complications
of diabetes, affecting more than 37% of men with DM
[119]. The mechanisms of diabetes-related ED are multifac-
torial, and different types of cells are affected, including endo-
thelial and smooth muscle cells, and the thickness of collagen

bundles and proliferation of the intercellular matrix are
increased [120]. It has been shown that significantly high
levels of oxidative stress and low levels of antioxidants in
penile tissue seem to contribute to the increased collagen
deposition and fibrosis of the erectile tissue in STZ-treated
rats [121]; however, the exact mechanism of diabetic ED
remains unknown.

Recently, much attention has been focused on the role of
TGF-β1 as a fibrogenic cytokine that induces fibrosis, and it
has been consistently identified in penile-localized fibrosis
[122]. Results from our recent study indicated that TSP-1
expression is, indeed, unregulated in the cavernous tissue of
rats with STZ-induced diabetes. From these results, we
concluded that an increase in the activation of TSP-1 and
TGF-β1 under hyperglycemic conditions results in thicken-
ing of the tunica albuginea, injury to the collagen fibrils of
the penis, and degeneration of smooth muscle cells. These
are linked, in turn, to the pathogenesis of diabetes-associated
ED [80]. According to previous studies, CTGF, fibronectin,
and collagen types III and IV induced by TGF-β1 were
increased in the corpus cavernosum [86, 123]; however,
collagen I and the ratio of collagen I/III fibers were reduced
significantly during the decline in penile vascular response
[86, 124]. These resultsmight be associatedwith the reduction
in cavernous smooth muscle and endothelial cell content
[123]. Although no other recent papers have directly
reported on the expression of TSP-1 in the penis, except
our study [80], we believe that TSP-1 plays a critical role

Diabetic
nephropathy

Diabetic
cardiomyopathy

Diabetic
retinopathy

Diabetic
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Nonalcoholic fatty liver
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Figure 4: Summary of the expression of TSP-1 and ECM proteins in diabetic complications. TSP-1: thrombospondin-1; TGF-β1:
transforming growth factor β1; CTGF: connective tissue growth factor; ↑: increased expression; ↓: decreased expressions.
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in the progression of fibrosis in the diabetic penis. Mean-
while, ER stress also plays an important role in the progres-
sion of DR through activating inflammation response [125].
Some antifibrotic microRNAs (miR-let7b and miR-let7c)
could decrease fibrosis of corpus cavernosum and ameliorate
erectile function in diabetic rats [126]; however, the molecu-
lar mechanism is not fully clarified.

5.5. The Role of TSP-1 in Nonalcoholic Fatty Liver Disease
(NAFLD) in Diabetes. Nonalcoholic fatty liver disease
(NAFLD) is a common liver disease in diabetes that is also
characterized by advanced fibrosis [4, 127]. Fibrosis markers,
including TGF-β1; collagen types I, III, and IV; CTGF; and
fibronectin, are all observed in the diabetic liver tissue
[128–130]. Furthermore, significant upregulation in the
expression of TSP-1 is also observed in hepatic cells [128];
however, no direct evidence on changes to the expression of
TSP-1 in the liver tissue of a diabetes model has been
reported. We also believe that TSP-1 plays a critical role in
fibrosis in the NAFLD in diabetes models since PKC, MAPK,
Ang II, and ER stress [39, 131], which are traditionally con-
sidered factors that induce TSP-1 expression, are all activated
in the liver tissue after high glucose stimulation. Further-
more, the expression of hepatic microRNAs was altered in
NAFLD-related fibrosis [132]. Therefore, future studies
should focus on examining the expression of TSP-1 in liver
tissue and investigating its specific role in fibrosis.

5.6. The Role of TSP-1 in Abnormal Angiogenesis in Diabetes
Mellitus. It is well known that diabetic hyperglycemia has
been affected in the progression of angiogenesis since ele-
vated blood glucose could lead to integrity loss of capillaries
and dysfunctional endothelial cells [133]. As discussed above,
the antiangiogenic effects of TSP-1 are implicated in the
development of vascular diabetic complications [101, 113,
134], which might be associated with the inhibition of endo-
thelial cell growth [135]. On the cellular level, the endothelial
cell is a determinant of initiation of angiogenesis through
expressing vascular endothelial cell growth factor (VEGF).
However, TSP-1 binds directly to VEGF to inhibit VEGF
release [136]; meanwhile, TSP-1 has also been shown to
inhibit VEGF signal transduction via decreasing VEGFR2
phosphorylation [137]. Furthermore, the binding of TSP-1
to CD36 results in the suppression of angiogenesis by inhibit-
ing endothelial cell migration and inducing endothelial cell
apoptosis [138]. Finally, inhibition of nitric oxide (NO) by
TSP-1 has also been shown to inhibit angiogenesis since
NO has an effect on endothelial cell proliferation [139].
Therefore, the molecular regulation of angiogenesis by TSP-
1 is complicated.

6. Summary and Perspectives

Although existing knowledge on the properties of TSP-1
remains incomplete, TSP-1 clearly has an important role in
the progression of fibrosis in diabetic complications. In this
review, we emphasize that the role of TSP-1 may be different
in altered tissues and organs. It is well known that the expres-
sion of TSP-1 is not solely associated with many proteins, as

it can also stimulate different substances to accelerate the
progression of fibrosis. Multiple pathways and ECM proteins
have been shown to trigger the progression of fibrosis
resulting from increases in TSP-1 expression, as explained
in the discussion above. Therefore, anti-TSP-1 agents that
reduce TSP-1 expression are definitely effective targets for
attenuating the symptoms offibrosis. Onlywhen all themech-
anisms are clearly determined can we understand how and
when to abolish TSP-1 expression to protect against fibrosis
in diabetic complications.
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