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Neuregulin-4 is an angiogenic factor that is critically involved in the

maintenance of adipose tissue vasculature
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SUMMARY

‘ Obesity is a pandemic and it certainly has become a global health issue. Obesity
causes systemic metabolic disorders by inducing insulin resistance, and consequently
increases the morbidity and mortality of atherosclerotic diseases such as stroke and
myocardial infarction . Chronic inflammation in WAT plays a fundamental role in
obesity-associated adipocyte dysfunction, and adipose tissue hypoxia is an emerging
factor that triggers and/or exacerbates inflammatory mechanisms in WAT. WAT
contains well-developed vascular networks; however, the rapid expansion of adipocytes
during obesity causes imbalanced angiogenesis, leading to a reduction in blood vessel
density and consequent hypoxia in AT .

Brown adipose tissue (BAT) is one of the most vascularized tissues throughout
the body, and it fulfills the demand for oxygen and nutrient supplies for heat generation.
Blood perfusion of BAT determines the thermogenic capacity, whereas thermogenesis
in BAT makes a great impact on the whole-body energy expenditure. Accordingly,
angiogenesis in BAT is integrally involved in metabolic rate and adiposity. Obesity also
causes BAT blood vessel rarefaction, leading to a decline in thermogenic capacity and
energy expenditure, which further exacerbates obesity. Therefore, AT angiogenesis is
closely associated with adipocyte functions, and is implicated in systemic energy
metabolism and glucose homeostasis. However, it remains unclear whether vascular
rarefaction in AT is simply secondary to excessive adipocyte hypertrophy, or if AT
angiogenesis is negatively regulated (or éctively inhibited) during the progression of
obesity. We searched for genes highly 4 expressed in healthy WAT and are down-
regulated in obesity; accordingly, we identified neuregulin-4 (Nrgd) as oné of such
growth factors. It has been reported that Nrg4 expression was significantly enhanced
by cold exposure in WAT, and that Nrgd4 was involved in systemic metabolic
homeostasis by modulating lipogenic gene expression in liver. However, its role in AT
angiogenesis remained to be unknown. Here, we revealed that Nrg4 is an angiogeic
growth factor, and is critically involved in the maintenance of AT vascular networks.

To identify unique pathway(s) in AT angiogenesis, which is impaired in obesity,
we performed microarray analysis using RNAs prepared from WAT of lean or obese
mice. We searched for growth factors that are highly expressed in healthy WAT and
down-regulated in WAT of obese mice, and identified Nrg4, the newest member of

neuregulins that belong to the EGF family of extracellular ligands. Neuregulins are



membrane proteins, and their extracellular domain that contains a characteristic EGF-
like domain is released through shedding and functions as a growth factor through
activating ErbB receptors. Among neuregulin family members, Nrg4 shows unique
structural features such as a small size and short intracellular domain. Of note, its tissue
distribution was strikingly different from that of other family members. Nrgd was
highly and preferentially expressed in AT, whereas other members were predominantly
expressed in brain.

In consistent with previous reports, Nrg4 is primarily expressed in mature
adipocytes, and its expression in WAT and BAT was reduced by diet-induced obesity.
Treatment with inflammatory cytokine and endoplasmic reticulum (ER)-stress inducer
significantly reduced Nrg4 expression in 3T3-L1 adipocytes, suggesting that these
stresses may cause the decline inNrg4 expression in WAT during obesity.

We then examined the expression of Nrg4 in various types of cells, and
confirmed its high and preferential expression in 3T3-L1 mature adipocytes, while its
receptor ErbB4 is highly expressed in endothelial cells. Immunohistochemistry for
ErbB4 in WAT and BAT showed that most of endothelial cells in AT vasculature
appeared to express ErbB4. These results suggest that adipocyte-derived Nrgd might
activate endothelial cells in AT vasculature.

Functionally, recombinant Nrg4 significantly enhanced proliferation and tube-
formation of endothelial cells, whereas it reduced endothelial apoptosis. Moreover,
Nrg4 significantly enhanced-in vivo angiogenesis in Matrigel-plugs that were
subcutaneously implanted in mice. These data indicate that Nrg4 is a novel angiogenic
factor preferentially produced by adipocytes.

To explore the role of Nrg4 in AT angiogenesis in vivo, we generated mice in
which Nrg4 was genetically deleted. Loss of Nrg4 caused reduction in blood vessels
both in WAT and BAT. Interestingly, Nrgd—/— mice showed increased body weight and
adiposity even under normal dietary condition, while their food intake and muscle mass
were similar compared with WT mice. )

Expression of some thermogenic genes decreased in BAT, and oxygen
consumption was reduced without decline in activity in Nrgd—/— mice compared with
those in WT mice. These findings suggest that loss of Nrg4 caused reduction in BAT
blood vessels and impaired thermogenic capacity, which resulted inreduced energy
expenditure and consequent overweight. Of note, Nrgd—/— mice showed reduced

insulin sensitivity and impaired glucose tolerance compared with WT mice even while

consuming normal chow. Expression of several inflammatory genes showed tendency
toward increase, and the adiponectin expression was considerably reduced in WAT of
Nrgd—/— mice when compared with those in WT mice. These data collectively indicate
that Nrg4 is essential to maintain AT vasculature, failure of which causes adipocyte
dysfunction, leading to impaired metabolic health even under normal nutritional
condition.

To further validate a role of adipocyte-derived Nrg4 in AT angiogenesis, we
generated mice in which Nrg4 was specifically deleted in brown adipocytes (Nrg4-
bKO). We confirmed the specific silencing of Nrg4 in BAT in Nrg4-bKO mice. Of note,
loss of Nrg4 in brown adipocytes reduced blood vessels in BAT but not in WAT.
Expression of some genes associated with thermogenesis was reduced in BAT of Nrg4-
bKO mice comparing with that in control Nrg4-flox mice, though the gene expression
pattern was different from that in Nrg4-null-KO mice. In contrast to Nrg4-null-KO mice,
adiponectin expression in WAT was similar between Nrg4-flox and Nrg4-bKO mice. In
a way similar to Nrg4-null-KO mice, Nrg4-bKO mice showed increased body weight
and adiposity with no changes in food intake under normal nutritional condition. Also,
Nrg4-bKO mice showed reduced insulin sensitivity and-impaired glucose tolerance in
a way similar to Nrg4-null-KO mice.

These findings collectively indicate that adipocyte-derived Nrg4 plays a critical
role in maintaining AT vasculature and its metabolic functions in a paracrine manner

In the current study, we revealed a previously undescribed mechanism in the
regulation of AT angiogenesis via Nrg4. Obesity often accompany the AT vascular
rarefaction, and obesity and its-related metabolic disorders could be prevented by .
enhancing AT angiogenesis. In this study, we identified a novel angiogenic role of Nrg4,
and found that adipocyte-derived Nrg4 is essential to maintain AT vasculature and
adipocyte metabolic functions under normal nutritional condition. Nrg4 is highly
expressed in healthy adipocytes and its expression was down-regulated in obesity;
therefore, Nrg4-mediated AT angiogenesis is probably inhibited in obesity, which could
play a causative role in obesity-associated AT vascular rarefaction. Given that Nrg4-
bKO mice showed metabolic phenotype similar to Nrgd-null-KO mice, BAT
dysfunction due to reduced blood vessels dominantly contributes to the impaifed
metabolic health induced by loss of Nrg4 under normal nutritional condition. However,
reduction of blood vessels and adiponectin expression in WAT, which was detected in

Nrgd-null-KO mice, was not observed in Nrg4-bKO mice, suggesting a role of WAT-



derived Nrg4 in adipocyte functions and metabolic control as well. During our work to
characterize Nrg4 angiogenic functions, several studies regarding Nrg4 were reported.
One study showed that Nrg4 is a BAT-enriched gene and its expression was
significantly enhanced by cold exposure in WAT. In this study, potential role of Nrg4 in
neurite outgrowth in PC12 pheochromocytoma cells was also revealed. Other study
reported that Nig4 is a brown adipocytes-derived endocrine factor that modulates the
expression of lipogenic genes in liver and consequently preserves metabolic
homeostasis under obese condition. AT angiogenesis was not analyzed, and the
metabolic effects of Nirg4-deletion in mice under normal dietary condition was not
characterized in detail in the previous works. Furthermore, we generated BAT-specific
Nrg4-deficient mice for the first time, and revealed a critical role of adipocyte-derived
Nrg4 in the maintenance of AT vasculature and its metabolic functions in a paracrine
manner. Many growth factors have various functions depending on target cells;
therefore, Nrg4 could be a multifunctional growth factor targeting neuronal cells,
hepatocytes, and endothelial cells.

Our findings emphasize the important and active roles of AT angiogenesis in the
maintenance of AT metabolic functions, and thus support the rationale for AT
angiogenesis as a potential therapeutic target; however, AT-targeting therapy is certainly
required because angiogenesis plays an important role in various biological processes

including tumor progression.
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In this study, the authors searched for growth factors whose expression in AT is down-regulated in
obesity. They have performed microarray analysis using RNAs prepared from WAT of lean or obese mice to
identify unique path\x;ay(s) in AT angiogenesis, which is impaired in obesity. They searched for growth factors that
are highly expressed in healthy WAT and down-regulated in WAT of obese mice, and identified Nrg4, the newest
member of neuregulins that belong to the EGF family of extracellular ligands. Among neuregulin family members,
Nig4 shows unique structural features such as a small size and short intracellular domain. Of note, its tissue
distribution was strikingly different from that of other family members. Nrg4 was highly and preferentially
expressed in AT, whereas other members were predominantly expressed in brain. Nrg4 is primarily expressed in
mature adipocytes, and its expression in WAT and BAT was reduced by diet-induced obesity. Nrg4 is primarily
expressed in mature adipocytes, and its expression in WAT and BAT was reduced by diet-induced obesity.
Treatment with inflammatory cytokine and endoplasmic reticulum (ER)-stress inducer significantly reduced Nrg4
expression in 3T3-L1 adipocytes, suggesting that these stresses may cause the decline in Nrg4 expression in WAT
during obesity. They then examined the expression of Nrg4 in various types of cells, and confirmed its high and
preferential expression in 3T3-L1 mature adipocytes, while its receptor ErbB4 is highly expressed in endothelial
cells. Immunohistochemistry for ErbB4 in WAT and BAT showed that most of endothelial cells in AT vasculature
appeared to express ErbB4.

To explore the role of Nrg4 in AT angiogenesis in vivo, the authors generated mice in which Nrg4 was
genetically deleted. Nrgd—/— mice showed increased body weight and adiposity even under normal dietary
condition, while their food intake and muscle mass were similar compared with WT mice. Expression of some
thermogenic genes decreased in BAT, and oxygen consumption was reduced without decline in activity in Nrgd—/—
mice compared with those in WT mice, suggesting that loss of Nrg4 caused reduction in BAT blood vessels and
impaired thermogenic capacity. Nrg4—/— mice showed reduced insulin sensitivity and impaired glucose tolerance.

To further validate a role of adipocyte-derived Nrg4 in AT angiogenesis, the authors generated mice in
which Nrg4 was specifically deleted in brown adipocytes (Nrgd-bKO). Loss of Nrg4 in brown adipocytes reduced
blood vessels in BAT but not in WAT. Expression of some genes associated with thermogenesis was reduced in BAT
of Nrg4-bKO mice comparing with that in control Nrg4-flox mice, though the gene expression pattern was different
from that in Nrg4-null-KO mice. In contrast to Nrg4-null-KO mice, adiponectin expression in WAT was similar
between Nrgd-flox and Nrg4-bKO mice. In a way similar to Nrg4-null-KO mice, Nrg4-bKO mice showed
increased body weight and adiposity with no changes in food intake under normal nutritional condition. Also,
Nrg4-bKO mice showed reduced insulin sensitivity and impaired glucose tolerance in a way similar to
Nrgd-null-KO mice. These findings collectively indicate that adipocyte-derived Nrg4 plays a critical role in
maintaining AT vasculature and its metabolic functions in a paracrine manner. o

The candidate, having completed studies on Neuregulin-4 in the regulation of the vasculature and the
thermogenic function in brown adipose tissue, and having advanced the filed of knowledge: in the area of the
pathogenesis and the treatment of obesity, is hereby recognized as having qualified for the degree of Ph. D
(Medicine). '






