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Abstract

Across the years the CCNs have been increasingly implicated in the development of obesity, diabetes and its complications.
Evidence for this is currently derived from their dysregulation in key metabolic pathological states in humans, animal and in vitro
models, and also pre-clinical effects of their bioactivities. CCN2 is the best studied in this disease process and the other CCNs are
yet to be better defined. Key steps where CCNs may play a pathogenic metabolic role include: (i) obesity and insulin resistance,
where CCN2 inhibits fat cell differentiation in vitro and CCN3 may induce obesity and insulin resistance; (ii) elevated blood
glucose levels to diabetes mellitus onset, where CCN2 may contribute to pancreatic beta cell and islet function; and (iii) in
diabetes complications, such as nephropathy, retinopathy, liver disease (NAFLD/NASH), CVD and diabetes with heart failure. In
contrast, CCN1, CCN2 and possibly CCN3, may have a reparative role in wound healing in diabetes, and CCN2 in islet cell
development. In terms of CCN2 regulation by a diabetes metabolic environment and related mechanisms, the author’s laboratory
and others have progressively shown that advanced glycation-end products, protein kinase C isoforms, saturated fatty acids,
reactive oxygen species and haemodynamic factors upregulate CCN2 in relevant cell and animal systems. Recent data has
suggested that CCN2, CCN3 and CCN6 may affect energy homeostasis including in regulating glycolysis and mitochondrial
function. This paper will address the current data implicating CCNs in diabetes and its complications, focusing on recent aspects
with translational clinical relevance and future directions.
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The metabolic conditions of overweight and obesity collec-
tively affect the majority of adults in developed societies
(Twigg and Wong 2015). In addition, those states
characterised by hyperglycemia, namely pre-diabetes and di-
abetes mellitus are becoming increasingly common globally,
being driven mainly by combinations of: an ageing popula-
tion, sedentary lifestyle with obesity, especially in ethnically
susceptible groups. The major concern with diabetes is that it
commonly causes premature mortality and morbidity due to
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the microvascular and macrovascular complications of diabe-
tes (Twigg and Wong 2015).

The CCN family of proteins have diverse roles in regulat-
ing cellular function and tissue pathology (Brigstock 2003).
This article will address current knowledge in the regulation
and bioactivity of this family of proteins and genes, sequen-
tially in the disease states of obesity, diabetes and diabetes
complications settings.

CCNs in overweight, obesity and insulin
resistance

The current high prevalence of overweight and obesity in
humans is thought to be related to an energy imbalance, where
excessive calories are consumed relative to those expended,
resulting in excess caloric storage mainly as lipid in adipose
tissue. One evolving concept in that environment is that peo-
ple vary in the degree to which their bodies are able to store
the excess calories as fat and expend the calories through
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thermogenesis. Indeed, it may be that in people whose fat
tissue is less prone to result in thermogenesis and less prone
to store energy in subcutaneous fat, they are then at increased
risk of low grade systemic inflammation and insulin resis-
tance, in many cases leading to diabetes mellitus (Fig. 1).
Limited series of intriguing studies to date have been un-
dertaken addressing the CCNs in fat tissue and insulin resis-
tant states. CCN2 has been found to inhibit fat cell differenti-
ation in murine NIH3T3L1 cells in vitro and in primary mu-
rine cultures of pre-adipocytes (Tan et al. 2008). This was
shown to occur through TGF-beta pathway dependent mech-
anisms (Song et al. 2015), and to involve the key early tran-
scription factors in adipocyte differentiation, the CCAAT/
enhancer binding proteins, particularly CEBP-beta and
CEBP-delta (Song et al. 2015). Studies in obesity induction
in high fat diet environments have shown that adipose CCN2
mRNA is upregulated in adipose tissue in obese mice, and less
so in mice less prone to gain weight (Tan et al. 2013). In
humans CCN2 expression correlates positively with the
amount of peri-adipocyte fibrosis in white adipose tissue from
obese individuals, which itself may impair adipocyte function
(Pellegrinelli et al. 2014). Studies by other groups have also
implicated CCN2 in inhibition of commitment of mesenchy-
mal stem cells to the adipocyte lineage and preferentially to
the osteoblast lineage, through cellular mechanisms, involving
Wnt signaling (Si et al. 2006), whereas more recent publica-
tion has indicated suppression of CCN2 expression potenti-
ates adipocyte differentiation (Battula et al. 2013).
Collectively, this data suggests that CCN2 in adipose tissue
may variably affect mesenchymal stem cell differentiation into
adipocytes, inhibit initial and terminal fat cell differentiation,
and also contribute to obesity and adipoyte dysfunction.
However, CCN2 knockout mice and overexpression mice,
on a background of high fat and caloric feeding have not been

reported, either for CCN2 globally dysregulated mice or for
adipose tissue specific and time-regulated genetically modi-
fied mice, nor whether CCN2 may impact on browning of
adipose tissue and thus affect energy expenditure through
thermogenesis.

More recent publication addressing CCN3 dysregulation
and its bioactivity, has identified that this protein may be in-
volved in the induction of obesity, and insulin resistance
(Martinerie et al. 2016). Studies in humans showed that high
blood levels of CCN3 correlate strongly with adiposity and
insulin resistance, and circulating levels fall with weight loss
(Pakradouni et al. 2013). Subsequently, CCN3 was found to
be produced by adipocytes and CCN3 ™~ knockout mice in the
presence of a high fat diet ad libitum, were less prone to gain
weight, less obese and less insulin resistant than wild type
mice, with reduced adipose tissue inflammatory changes and
adipose gene expression profile suggesting greater thermo-
genesis (Martinerie et al. 2016). These data, especially if in-
dependently confirmed by other research groups, provide a
rationale to target CCN3 and its bioactivity, especially in an
adipokine setting for CCN3, to prevent obesity-induced insu-
lin resistance.

To date, studies of members of the CCN family other than
CCN2 and CCN3, are lacking and are required to complete
the profile of regulation and potential action of CCNs in obe-
sity and insulin resistant states.

CCNs in pancreatic endocrine function linking
to insulin secretion

In order for diabetes and the less hyperglycemic condition
of pre-diabetes, to develop, the insulin secretion from pan-
creatic beta-cells needs to become impaired. This is the

Fig. 1 Pathogenesis of diabetes
and its complications, reflecting
where CCN proteins may take
part. An overview of a schematic
linear pathway by which obesity
may lead to diabetes mellitus, and
subsequently, diabetes
complications. The article refers
sequentially to this figure and the
potential role of CCNs at each
step of the disease pathway. The
CCNss currently implicated in
affecting this pathogenesis and
being dysregulated at various
points, are indicated at the right of
the figure; explanatory detail
addressing promotion or
protection by the respective CCN,
is provided in the article text
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case in the pathogenesis of any type of diabetes mellitus
(Fig. 1), including type 1 diabetes where autoimmune de-
struction of pancreatic beta-cells occurs, or in type 2 dia-
betes, where resistance to the action of insulin is thought to
contribute to pancreatic beta cell exhaustion in genetically
susceptible individuals.

Current published data addressing CCNs in pancreatic
islets, and specifically in pancreatic beta-cells, suggests
multiple roles of the CCNs in differing stages of pancre-
atic beta-cell development and pathology. While the orig-
inal studies of CCN2 homozygous global gene knockout
did not find an overt pancreatic abnormality (Ivkovic
et al. 2003), more recent publications have interrogated
and found an important role for CCN2 in endocrine pan-
creatic development prenatally, indicating it is required
for beta-cell proliferation, differentiation, and islet mor-
phogenesis during development (Charrier and Brigstock
2013), (Crawford et al. 2009), as well as beta- cell func-
tion gestationally (Pasek et al. 2016), (Pasek et al. 2017).
CCN2 also mediated adult beta-cell proliferation in the
setting of a murine model of partial beta-cell ablation in
a macrophage dependent manner, suggesting CCN2 may
have a role in preventing persistent adult islet dysfunction
linked to inflammation (Riley et al. 2015).

Reports have overall indicated that CCN3 dysregulates
pancreatic endocrine function. One group demonstrated by
in vitro studies in rat pancreatic beta-cells, that CCN3 is a
transcriptional target for the key transcription factor,
FoxO1, and that CCN3 inhibits pancreatic beta-cell func-
tion, in that CCN3 decreases glucose oxidation, which
translates into inhibition of glucose-stimulated Ca(2+) en-
try and impaired insulin secretion (Paradis et al. 2013).
CCN3 also impaired (3-cell proliferation concomitantly
with a reduction in cAMP levels (Paradis et al. 2013). A
more recent publication studying CCN3 '~ knockout mice
reportedly did not show dysregulated blood insulin levels
in normal chow fed mice, and in isolated islets from global
CCN3 ™/~ mice, pancreatic insulin content and insulin re-
lease was described as being similar in knockout and wild-
type mice (Martinerie et al. 2016). Thus whether CCN3
may directly impair islet cell function and insulin secretion
in humans, as well as through secondary effects on insulin
resistance, remains to be better determined.

Studies of members of the CCN family other than CCN2
and CCN3 in pancreatic endocrine development and function,
are limited. CCN5 which is expressed in pancreatic beta-cells,
has been reported to promote pancreatic beta-cell proliferation
and cell survival against streptozotocin-induced cell death,
thus indicating some similarity in function in this cell type to
that of CCN2 (Liu et al. 2017).

A summary of CCNs in obesity, insulin resistance and pan-
creatic beta-cell deficiency, is given in Table 1, including CCN
action, proposed mechanisms, and CCN regulation.

CCNs in microvascular complications
of diabetes

The traditional microvascular organ complications of dia-
betes are diabetic retinopathy, diabetic kidney disease, and
diabetic neuropathy often linking in to foot disease,
(Fig. 1). Studies in this type of diabetes complication se-
ries have reported dysregulation of CCN family members
and have implicated them in prevention of, or potentiat-
ing, certain complications.

In diabetic retinopathy, both CCN1 and CCN2 have been
implicated as pathogenic factors. CCN1 acts as an angiogenic
mediator of ocular neovascularization in vitro and in vivo, and
it is implicated as a causative factor upregulating vascular
endothelial growth factor (VEGF) leading to proliferative ret-
inopathy in a mouse model of hyperoxia induced retinopathy
(You et al. 2009). Interestingly in a similar mouse model,
targeting of pericyte, rather than endothelial, CCNI1, signifi-
cantly decreased pathological retinal neovascularization, indi-
cating that cell type of origin may affect CCN1 bioactivity
(Lee et al. 2017).

CCN2 was found to be induced in diabetic rodent retinae
compared with controls (Hughes et al. 2007), especially in the
deep retinal neuronal or Muller cell layer (Tikellis et al. 2004),
where it is thought to be a pathogenic factor in non-
proliferative diabetic retinopathy preclinical models and
in vitro, contributing to thickening of the retinal capillary basal
lamina, and it is involved in loss of retinal vascular pericytes
(Van Geest et al. 2014), (Klaassen et al. 2015). CCN2 is in-
creased in the human retina especially in retinal pericytes,
moreso than microglial cells in people with diabetes (Kuiper
et al. 2004), and in the severe vision threatening complication
of proliferative diabetic retinopathy (Kuiper et al. 2008),
(Ciprian 2015). Furthermore, intraocular administration of a
dominant negative fragment of CCN2 prevented retinal neo-
vascularization in the hyperoxia induced retinopathy model
(Pi et al. 2012). Concern has been raised that blocking of the
action of the growth factor, VEGF, using intraocular anti-
VEGF monoclonal antibodies may result in excess CCN2
action and retinal and vitreous fibrosis (Kuiper et al. 2008).
However, to date intraocular anti-VEGF therapy has been
shown to result in generally sustained improvement in visual
acuity, when administered in a repeated manner, with transient
pro-fibrotic changes that may be CCN2 linked; indeed CCN2
is thought to be pro-fibrotic factor in diabetic proliferative
retinopathy, and a shift in the balance between CCN2 and
VEGF parallels the switch from angiogenesis to fibrosis in
proliferative retinopathy (Van Geest et al. 2012), (Klaassen
et al. 2015). As intraocular anti-VEGF therapy may induce
CCN2 and other profibrotic proteins in the diabetic retina
(Zhang et al. 2016), there is increasing interest in simulta-
neously inhibiting both intraocular VEGF-A and CCN2 action
to prevent abnormalities in early (Hu et al. 2014) and fibro-
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Table 1 Summarised CCN Reports in Obesity, Insulin resistance and Pancreatic Beta-Cell Dysfunction
CCN  CCN function CCN mechanism(s) of action Relevant CCN regulation
species
CCN1 NR NR NR
CCN2  Inhibits mesenchymal stem cell commitment Wnt signaling dependent; TGF-beta pathway Levels fall in parallel with adipocyte
into adipogenesis; and inhibits fat cell and CCEBP-beta and -delta dependent differentiation in vitro, adipose tissue
differentiation mechanisms levels are increased in obese, insulin
resistant wild type mice
CCN2 s required for pancreatic beta-cell Direct effects of CCN2 on pancreatic beta-cell CCN2 is induced during normal embryonic
proliferation, differentiation, and islet proliferation - CCN2 is both required and pancreatic islet morphogenesis.
morphogenesis during development; sufficient to induce proliferation of Expression and protein levels are much lower
CCN2 mediated adult beta-cell embryonic pancreatic beta-cells; also in postnatal life.
proliferation in the setting of a murine indirect effects of CCN2 via reparative
model of partial beta-cell ablation macrophages to cause beta-cell immaturity
and shortening cell replicative refractory
period
CCN3  Induction of obesity and insulin resistance, Induction of pro-inflammatory cytokines in ~ Blood levels rise with obesity, possibly from
and impairment of adipocyte adipose tissue inflammation and possibly CCN3 produced by adipocytes in fat tissue.
differentiation lesser thermogenesis during high fat feed-
ing in mice
CCN3 Inhibits both: pancreatic beta-cell CCN3 decreases glucose oxidation; CCN3 Present in pancreatic beta-cells and increased
proliferation, and glucose-stimulated also impairs (3-cell proliferation concomi- CCN3 protein levels in db/db and Irs2—/—
Ca(2+) entry thus impairing insulin tantly with a reduction in cAMP levels mouse islets; the key transcription factor
secretion FoxOl binds to a conserved response
element in the CCN3 promoter to regulate
its expression in beta-cells
CCN4 NR NR NR
CCNS5  Promotes pancreatic beta- cell (insulinoma)  Direct effect of CCNS5 on pancreatic beta-cells Present in pancreatic beta-cells, stimulated by
proliferation and cell survival against to promote cell proliferation induces AKT IGF-1 together with Wnt signaling. No
streptozotocin-induced cell death phosphorylation and cyclin D1 levels reports of pancreatic expression in obesity
or diabetes
CCN6 NR NR NR

NR no reports. For relevant references refer to the text

proliferative pathology in advanced diabetic retinopathy
(Bagheri et al. 2015).

Across the totality of diabetes complications, it is diabetic
kidney disease where the CCNs have been most extensively
studied. The reader is referred to a more expansive review of
this topic, relating CCN2 regulation and action in various
stages of diabetic kidney disease, across various renal cell
types and parts of the nephron (Twigg 2010). To highlight
seminal publications, CCN2 was originally shown to be in-
duced in vitro in human renal mesangial cells in response to
elevated extracellular D-glucose through a classical PKC de-
pendent isoform and in a TGF-31 dependent manner (Murphy
et al. 1999). Subsequent work by others showed that circulat-
ing CCN2 is elevated in people with diabetic kidney disease,
and in post-translationally modified forms in urine (Riser et al.
2003), (Gilbert et al. 2003), and also that higher circulating
CCN2 (Nguyen et al. 2008) and CCN2 mRNA in human
kidneys (Adler et al. 2001) each predict progressive diabetic
nephropathy. We and many others studied the cellular mech-
anisms by which CCN2 may be up-regulated in diabetes, in-
cluding in renal mesangial cells, podocytes, and tubular
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epithelial cells: factors downstream of glucose - advanced
glycation-end products, protein kinase C isoforms, as well as
saturated fatty acids, and reactive oxygen species, may each
induce CCN2 (Twigg 2010), (van Nieuwenhoven et al. 2005).
In addition, haemodynamic factors such as endothelin-1, an-
giotensin-II, and aldosterone, each up-regulate CCN2 (Twigg
2010). CCN2 may work through inhibition of (matrix metal-
loproteinase) MMP action and tissue inhibitor of MMP-1
(TIMP-1) upregulation, to cause renal extracellular matrix in-
duction (McLennan et al. 2004).

Studies of inhibition of CCN2 bioactivity have implicated
CCN2 in diabetic nephropathy. In CCN2*"~ whole body het-
erozygous mice rendered diabetic compared with wild type
controls, and in anti-CCN2 neutralising antibody studies in
diabetic rodents, the diabetes induced GBM thickening was
reported to be prevented by the CCN2 inhibition strategies
(van Nieuwenhoven et al. 2005). A recent study using anti-
CCN2 neutralising antibody prevented structural and func-
tional renal pathology in a diabetic mouse model of nephrop-
athy (Dai et al. 2017). The most definitive direct preclinical
evidence for a role of renal CCN2 in mediating diabetic
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kidney disease is shown by studies that target CCN2 specifi-
cally in the kidney: over-expression of CCN2 in podocytes
worsens diabetic nephropathy in mice (Yokoi et al. 2008),
and inhibition of CCN2 expression in diabetes by antisense
oligonucleotide administered to the kidney attenuates structur-
al and functional changes of nephropathy in mouse models of
diabetes (Guha et al. 2007). Moreover, a phase 1b clinical trial
showed that an anti-CCN2 neutralising antibody had promise
in being well tolerated and in possibly preventing albuminuria
progression (Adler et al. 2010). Clearly, later phase studies in
people with diabetic kidney disease, especially pathological
albuminuria, are required as a next step to address potential
clinical utility of targeting CCN2 in incipient, and more overt,
diabetic nephropathy.

CCN3 is often found to have actions in cells and tissues
which are apposite to those of CCN2. Indeed, CCN3 is said to
be the balancing ‘yang’ to the ‘ying’ effects of CCN2 includ-
ing in in vitro models of diabetic kidney disease where CCN3
inhibited the expression of CCN2 mRNA and protein and
profibrotic changes (Riser et al. 2009). In rodent diabetic kid-
ney disease, CCN3 is down-regulated (Mason 2013), and it is
yet to be demonstrated if CCN3 as therapy, alone or combined
with anti-CCN2 strategies, may prevent preclinical diabetic
kidney disease.

In contrast to diabetic kidney and eye disease, there is a
notable lack of data reported about CCNss in diabetic neurop-
athy, including the classical peripheral neuropathy that can
lead to loss of sensation in the feet. There is certainly ample
rationale to explore CCN regulation in nerve biopsies in
humans who have varying degrees of attendant diabetic neu-
ropathy, and in studying roles of CCNss in this metabolic neu-
ropathy - recent publication that CCN3 may have important
neuroprotective roles, albeit for the central nervous system via
immune based T-Regulatory cells (Dombrowski et al. 2017),
supports this consideration.

In foot ulceration in diabetes at a wound microenviron-
ment level, a lack of trophic factors such as platelet de-
rived growth factor (PDGF), in the presence of the ob-
served persistent wound inflammation, may contribute to
delayed wound healing (Twigg and Wong 2015). Our
studies of CCN2 in wounds showed that: in diabetic com-
pared with non-diabetic baboons levels of that tissue pro-
tein were lacking in subcutaneously placed drums
(Thomson et al. 2010); that protein CCN2 is induced in
post-debridement wound fluid as human diabetic foot ul-
cers heal (Henshaw et al. 2015); and that thCCN2 as
topical therapy accelerates wound healing in diabetic full
thickness rat wounds (Henshaw et al. 2015). Known bio-
activities of CCN2, including macrophage chemotaxis,
pro-angiogenesis, induction of ECM including relevant
collagens and induction of keratinocyte proliferation,
may all be relevant to the evidence that CCN2 can aid
wound healing in diabetes, as it also did in a pre-clinical

burns model (Penn et al. 2012). Further studies will be
required to examine other CCNs in a diabetes wound set-
ting, especially CCN1 which is dysregulated in diabetic
skin wounds (Ge et al. 2015) with recent promise of it as
a local treatment in wounds including in diabetic rodents
including to aid neutrophil wound clearance or
efferocytosis (Jun et al. 2015). CCN3 which is induced
in physiological cutaneous wound healing, promotes
proangiogenic activities in vascular endothelial cells
through integrin receptors, induces neovascularization
in vivo, and induces responses in primary fibroblasts con-
sistent with promotion of wound healing (Lin et al. 2005).

CCNs in macrovascular complications
of diabetes

Some of the CCN family members have been found to be
present in atheromatous plaques, the later which form the
basis for cardiovascular and cerebrovascular disease events
and peripheral arterial disease. CCN2 protein is increased
in the fibrotic areas of human atheromatous plaques (Cicha
et al. 2005), in the fibrous cap in particular (Leeuwis et al.
2010). Subsequent studies using advanced glycation end-
products (AGEs) cross-link breakers have shown that
CCN2 mRNA and protein is inhibited as plaque amount
is reduced in a chronic diabetic rodent ApoE ™'~ deficient
model (Candido et al. 2002). As CCN2 may induce pro-
inflammatory macrophage chemotaxis and CXCL2 (Cicha
et al. 2005) and high shear stress induces greater platelet
CCN2 release (Cicha et al. 2006), it remains unclear
whether CCN2 may prevent or promote plaque instability,
although data overall certainly suggests it may well pro-
mote plaque lesion complexity (Cicha et al. 2005). Human
carotid atheroma series relate higher plaque CCN2 pres-
ence to more stable clinical disease following a cerebro-
vascular event (Leeuwis et al. 2010). Studies targeting
CCN2 regulation are required to address this issue; notably
a recent small study in ApoE "~ (albeit, non-diabetic) mice
using a carotid artery partial-ligation model, showed that
anti-CCN2 antibody administered for 3 weeks, reduced
macrophage deposition and lesion plaque volume (Yao
et al. 2017). Studies of other CCNs in human atheromatous
plaques and in diabetes preclinical models are required to
address the presence, regulation and role of these CCNs. A
recent report also in the ApoE™"~ atheromatous model
using adoptive transfer methods crossed with CCN3 ™~
mice, implicated bone marrow derived CCN3 in causing
enhanced atheromatous lesions through regulation of mac-
rophage foam cells (Shi et al. 2017), suggesting CCN3
may indirectly promote atheromatous disease in its earliest
stages, of lipid insudation into the sub-endothelial space
and lipid-laden plaque.
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CCNs in less traditional diabetes organ
complications

In recent years, diabetes complications which are common
and cause significant morbidity and mortality, yet which are
not routinely screened for at present, have been investigated.
In diabetic cardiomyopathy, where diabetes directly injures
the myocardium causing dysfunction and in some cases, heart
failure, myocardial CCN2 is induced in fibroblasts and
myocytes in preclinical rodent models (Way et al. 2002),
(Wang et al. 2009), (Ivanovic-Matic et al. 2010), and it is also
increased in other cardiomyopathies, likely contributing to
myocardial fibrosis and remodeling (Chatzifrangkeskou
et al. 2016), (Gabrielsen et al. 2007), (Tsoutsman et al.
2013). CCN2 has been reported in vitro in murine H9C2
cardiomyocytes, to mediate pathological myocyte hypertro-
phy and also apoptosis, when each are induced by the saturat-
ed fatty acid, palmitate (Wang et al. 2009). It has been sug-
gested that inhibition of cardiac CCN2 may be a mechanism
by which the thiazolidenedione diabetes medicines (Thm et al.
2010) and angiotensin pathways modulators (Sukumaran
et al. 2017) prevent diabetic and other cardiomyopathy, and
CCN2 was more recently reported to prevent dilated

cardiomyopathy, albeit in a non-diabetic mouse model
(Koshman et al. 2015). In contrast, our group could not find
evidence of increased myocardial CCN2 protein in diabetes
cases of dead in bed syndrome which is thought to be arrhyth-
mia mediated (Tu et al. 2010). At a circulating level, CCN2
increases with overt heart failure presence in humans suggest-
ing that it may have some utility as a blood marker of this
condition (Yagi et al. 2012), although some publications have
suggested that it may have less utility than other circulating
profibrosis markers in some forms of cardiomyopathy (Rubis
et al. 2017) and in subclinical diabetic cardiomyopathy
(Brooks et al. 2008). Thus the field remains in some conflict,
as to the importance of CCN2 in mediating diabetic cardio-
myopathy and it is role as a circulating marker of fibrosis in
the same condition. In terms of the other CCNs, CCN1 as well
as CCN2 steady state mRNA levels, have recently been found
to be up-regulated by the conserved hippo pathway in failing
human hearts with ischemic heart disease (some with diabe-
tes) and idiopathic dilated cardiomyopathy, and in mouse
desmin-related cardiomyopathy, implicating Yap1/Taz signal-
ing (Hou et al. 2017). In the case of CCN3, CCN3™~ global
deletions in mice cause a specific form of cardiomyopathy
(Heath et al. 2008), and whether CCN3 presence in the heart

Table2  Summarised CCN Bioactivities and Mechanisms of Action in Diabetes End-Organ Complications
Diabetes CCNI1 action CCNI main proposed CCN2 action CCN2 main proposed CCN3 action CCN3 main proposed
complication mechanism mechanism mechanism
type
Diabetic Pos Proangiogenic via Pos Retinal capillary basal NR NR

retinopathy CCNI1 esp. in lamina thickening, and

vascular pericytes loss of retinal vascular
pericytes

Diabetic kidney NR NR Pos Pro-fibrotic - glomerular ~ Prev Inhibition of CCN2 mRNA

disease and renal interstitial induction

Diabetic foot Prev (+ulcer Promotes wound Prev +ulcer

ulceration treatment) neutrophil treatment
/wounds effero-cytosis

Cardiovasc-ular NR NR Pos (for the
disease complex

lesions)
NR NR Pos (for complex

Cerebrovasc-- lesions)
ular disease

Diabetic NR NR Pos
cardiomyop--
athy

Non-alcoholic ~ Prev Induction of activated Pos
fatty liver stellate cell
disease senescence

including via mesangial

cell TIMP-1
Granulation tissue Prev Proangio-genic via integrin
induction receptors; induces

cutaneous primary
fibroblast action

Induction of matrix in Pos (for lipid Marrow derived CCN3

plaques laden with macrophage early
lesions) plaque infiltration

Induction of matrix in NR NR

plaques
Profibrotic; proapoptotic, NR NR

proinflammat-ory and

hypertrophic in

cardiomyo-cytes
Induction of activated NR NR

stellate cell action

For relevant references refer to the text. Please note that no bioactivities in diabetes organ complications have been reported for CCN4, CCNS or CCN6.
In addition, no effects for any CCNs have been reported to date in diabetic peripheral neuropathy or peripheral arterial disease.

Key: Pos promotes the complication, Prev inhibits the complication, NR no reports
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may help to protect from clinical diabetic cardiomyopathy in
mice and man with diabetes, is yet to be reported.

In the common metabolic condition of non-alcoholic fatty
liver disease (NAFLD), diabetes presence in humans and in
mouse models is known to induce the more severe fibrotic
form of NAFLD known as non-alcoholic steatohepatitis
(NASH), especially with fibrosis (Williams et al. 2013). In
fibrotic liver, CCN2 mRNA and protein are produced by fi-
broblasts, myofibroblasts, hepatic stellate cells (HSCs), endo-
thelial cells, and bile duct epithelial cells (Rachfal and
Brigstock 2003). In a mouse model of high fat feeding with
diabetes, CCN2 mRNA and protein are induced particularly in
hepatocytes (Lo et al. 2011), and in the same model CCN3 is
reduced (Twigg 2017a, b); blockade of CCN2 protein using a
neutralising polyclonal anti-CCN2 antibody prevents, albeit
partially, the fibrosis in the diabetes NASH model (Twigg
2017a, b). Other studies indicate that CCN2 levels are elevat-
ed in human NASH fibrosis livers and in blood (V. Paradis
et al. 2001). In mice with hepatocyte hCCN2 overexpression,
the transgene exacerbates pathogenic stimuli such as carbon
tetrachloride and bile duct ligation to cause increased liver
fibrosis (Tong et al. 2009). Recent data has suggested that
key micro RNA species through exosomes may regulate
CCN2 expression in the pro-fibrotic activated hepatic stellate
cells (Chen et al. 2014), implicating that methodology as a
future approach in NASH fibrosis in diabetes. For other
CCNs, CCNI therapy systemically in NAFLD helps to pre-
vent progressive disease and fibrosis in a high fat feeding non-
diabetic murine model (Kim et al. 2013), and no studies have
been undertaken to date combining CCNs as targets in
NAFLD.

Thus, overall, CCN2 is implicated in potentially contribut-
ing to pathology in NASH fibrosis in diabetes, and in diabetic
cardiomyopathy, and strategies to inhibit CCN2 action espe-
cially in a tissue specific manner, hold promise in these con-
ditions, which currently have no specific treatment clinically.
Regulation of CCN1 and CCN3 may also be of utility in
NAFLD including that linked to diabetes. A summary of
CCNs in diabetes end-organ complications, is provided in
Table 2, currently reflecting that only CCN1, CCN2, and
CCN3 have been reported in this context.

CCNs, metabolic disease and future directions

Potential roles of CCNs acutely in regulation of macronutri-
ents of protein, lipids and carbohydrate, and cellular down-
stream pathways, for example of glucose metabolism, have
been minimally examined. Of much intrigue, a recent abstract
identified CCNG6 as protein that localizes to mitochondria and
may act as a regulator mitochondrial electron transport in eu-
karyotic cells (Patra et al. 2017). At the same recent interna-
tional CCN Workshop, it was reported that in chondrocytes

CCN2 and CCN3 may differentially regulate glycolysis in a
sub-acute time course (Kubota et al. 2017). Collectively, this
work suggests that the CCNs may have as yet only partially
defined roles in cellular macronutrient and energy
homeostasis.

The reports of CCNs in obesity and diabetes and its com-
plications described in this article reflect that for most of the
CCN family of proteins and genes, their regulation and poten-
tial role as disease mediators and modifiers including in end-
organ complications, is yet to be defined. However, the data
which is better developed suggests that CCN1 may be impor-
tant in vascular complications and in NAFLD, CCN2 is im-
plicated as a mediator of end-organ complications such as
nephropathy, cardiomyopathy and NASH fibrosis, and alter-
natively in diabetic wounds as a treatment (as is CCN1),
whereas CCN3 may induce obesity and insulin resistance,
and may be protective to diabetes end-organ complications.
The research field in exploring roles of this fascinating family
of genes and proteins in obesity and diabetes remains in its
relative infancy, and the data reported to date continue to sug-
gest clinically relevant pathophysiological roles in these com-
mon metabolic disease states for CCNs as markers, as well as
mediators or protective factors.

NR =no reports. For relevant references refer to the text.

Key: Pos = promotes the complication; Prev = inhibits the
complication; NR =no reports.

For relevant references refer to the text. Please note that no
bioactivities in diabetes organ complications have been report-
ed for CCN4, CCNS5 or CCNG6. In addition, no effects for any
CCNs have been reported to date in diabetic peripheral neu-
ropathy or peripheral arterial disease.
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