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Diabetes mellitus is a chronic disease
characterized by sustained hyperglyce-
mia, and it affects �400 million people
worldwide (World Health Organization,
2018). There are two types of diabetes,
characterized by their etiology, as follows:
type 1 diabetes, an autoimmune disease
that leads to defective insulin production;
and type 2 diabetes, characterized by im-
paired insulin signaling.

The main complication among dia-
betic patients is vascular damage. This
damage is a consequence of prolonged hy-
perglycemia, which leads to glycation of
proteins and lipids, thus producing ad-
vanced glycation end-products (AGEs).
AGEs lead to endothelial dysfunction by
activating AGE receptors and stimulating
ROS production, causing oxidative stress
and inflammation (Domingueti et al.,
2016).

Vascular damage normally activates
microglia, recruiting them to the injury
site by a mechanism involving ATP release

by damaged endothelial cells and the
binding of ATP to P2Y12R in microglia
(Fig. 1A). When microglia reach the dam-
aged vessel, they extend their processes to
reconnect the severed ends. In diabetes,
however, hyperglycemia and chronic in-
flammation alter the balance between
proinflammatory and anti-inflammatory
cytokines in the brain, thus shifting mi-
croglia toward a so-called M1-like, proin-
flammatory profile and away from the
M2-like anti-inflammatory phenotype
crucial for tissue repair (Fig. 1A; Hu et al.,
2015). This prolonged M1-like activation
reduces the efficiency of vascular repair
(Fig. 1B; Okizaki et al., 2015).

Because microglia play a key role in
blood– brain barrier (BBB) repair, their
dysfunction contributes to BBB instability
and microvascular leakage. In fact, micro-
glial depletion leads to vessel damage and
BBB disruption after microvascular le-
sions (Szalay et al., 2016). Importantly,
microglial responses to vascular injury are
altered in diabetic animal models and pa-
tients (Kondo et al., 2001; Li et al., 2011).
Nevertheless, the exact mechanism by
which diabetes alters microglial response
to cerebral microbleeds has not yet been
addressed.

In a recent issue of The Journal of Neu-
roscience, Taylor et al. (2018) investigated
the microglial response to microvessel
rupture in a mouse model of type 1 diabe-
tes. Specifically, they injected streptozoto-

cin, a toxin that destroys insulin-
producing pancreatic �-cells, leading to
reduced insulin release and, as a result,
hyperglycemia. To investigate the micro-
glial response to cerebral microbleeds,
Taylor et al. (2018) performed microves-
sel laser ablation. Compared with control
brains, they found fewer microglial pro-
cesses at distant sites to microbleeds and
an increase in secondary plasma leakage in
diabetic mice, suggesting a deficient mi-
croglial response to injury. Because they
did not observe any differences in the
growth rate of microglial processes, it is
likely that dysfunction in the microglial
response in diabetic mice reflects a che-
motaxis impairment.

To investigate whether the impaired
microglial response was triggered by im-
mune system activation, Taylor et al.
(2018) treated mice with immunosup-
pressant dexamethasone (DEX) for 5 d
before microvessel damage. As hypothe-
sized, DEX restored microglial processes
and repair function, assayed by the leak-
age levels of a fluorescent dye. Because
DEX also reversed increases in the level of
the proinflammatory cytokine interferon-�
(IFN-�) in diabetic mice, the authors
tested whether treatment with an IFN-�-
neutralizing antibody had the same effects
as the immunosuppressant. Indeed,
blocking IFN-� in diabetic mice restored
microglial process polarity toward the mi-
crobleeds and reduced secondary leakage.
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These findings indicate that hyperglycemia-
induced brain inflammation impairs the
microglial response to vascular injury
through IFN-� signaling.

The inability to repair injured vessels
also aggravates the disruptive effect that
permeable blood vessels have on local syn-
aptic structure and function, thereby
compromising synaptic plasticity and
memory (Zhang and Murphy, 2007;
Cianchetti et al., 2013; Reeson et al., 2015;
Taylor et al., 2015). Indeed, vascular dam-
age has been associated with cognitive im-
pairment and risk of dementia (Seo et al.,
2007; Hilal et al., 2014; Valenti et al.,
2016). In addition, patients with diabetes
have a higher risk of the development of
dementia, and diabetes is more prevalent
among patients with dementia (Ott et al.,
1996; Biessels et al., 2006). Therefore, vas-
cular complications might be a link in the
relationship between these disorders.

Alzheimer�s disease (AD) and vascular
dementia (VaD) are the most prevalent
forms of dementia among patients with
diabetes (Biessels et al., 2006; Ninomiya,
2014; Biessels and Despa, 2018). Notably,
the presence of cerebral microbleeds also
correlates with decreased amyloid-� pep-
tide levels in CSF, as in patients with AD
(Noguchi-Shinohara et al., 2017; Sparacia
et al., 2017). In addition, IFN-� levels are
increased in the sera of patients with VaD
(Schmitz et al., 2015) and AD (Lai et al.,
2017). Moreover, a study in a small cohort
showed that peripheral IFN-� levels are
higher in patients with mild to severe
AD, compared with control subjects
(Belkhelfa et al., 2014). Transgenic mouse
models of AD also display increased levels
of IFN-�, and treatment with an anti-
IFN-� antibody attenuates microglial ac-
tivation and memory deficits (Browne et
al., 2013). Finally, recent work indicated
that cerebrovascular damage can be an

early biomarker of dementia in patients
with AD (Nation et al., 2019). Together,
these results suggest that increased IFN-�
levels observed in patients with diabetes
might increase the risk of dementia.

Conversely, vascular lesions and BBB
instability have also been reported in pa-
tients with VaD and AD (Janelidze et al.,
2017), leading to microglial dysfunction
and increased proinflammatory cytokine
secretion (Zuliani et al., 2007). In aged AD
model mice, BBB stability is compro-
mised, and microglia are abnormally acti-
vated, along with high IFN-� levels
(Minogue et al., 2014). Thus, the anti-
IFN-� therapy proposed by Taylor et al.
(2018) may also ameliorate the cognitive
symptoms in VaD and AD. It is possible
that anti-IFN-� therapy for diabetes may
also prevent dementia later in life by de-
creasing the proinflammatory state and
vessel damage.

How do increases in IFN-� impair mi-
croglial function? Taylor et al. (2018) sug-
gest that microglial dysfunction is caused
by chemotaxis impairment. The P2Y12R,
which has an important role in mediating
microglial chemotaxis to BBB repair
(Haynes et al., 2006), was downregulated
in diabetic mice (Taylor et al., 2018). No-
tably, both DEX and anti-IFN-� treat-
ments rescued P2Y12R expression levels
(Taylor et al., 2018). Together, these re-
sults indicate that microglial recognition
and migration to the damaged vessel is
impaired in response to insulin depletion,
and that P2Y12R and IFN-� are key regu-
lators of microglial dysfunction.

Impairments in microglial chemotaxis
and P2Y12R levels have also been de-
scribed in systemic inflammation and ag-
ing (Damani et al., 2011; Hickman et al.,
2013; Gyoneva et al., 2014; Rawji et al.,
2016). While microglial cells from pa-
tients with AD have lower levels of

P2Y12R (Mildner et al., 2017), the up-
regulation of this receptor has been linked
to a neuroprotective M2-like phenotype
(Moore et al., 2015). P2Y12R levels are
also decreased in AD model mice, relative
to controls (Jay et al., 2015). Given that
vascular damage is a key player in the pro-
gression of dementia and that P2Y12R has
a key role in microglial-dependent repair,
P2Y12R might be a potential target to
modulate microglial responses in VaD
and AD (Haynes et al., 2006).

Whether P2Y12R reciprocally regu-
lates IFN-� signaling remains to be eluci-
dated. It has been shown that the related
purinergic receptor P2Y11R regulates
IFN-�-induced IL-6 production (Ishi-
maru et al., 2013). This evidence suggests
that microglial P2Y12R might also regu-
late IFN-� production. But Taylor et al.
(2018) showed that blocking IFN-� re-
stores P2Y12R expression levels. IFN-� is
produced by both leukocytes and micro-
glia, so future work should assess which
cells are responsible for the increase in
IFN-� in hyperglycemic mice. Given the
BBB dysfunction, it is possible that pe-
ripheral IFN-� permeates into the brain
(Pan et al., 1997; Filiano et al., 2016; Bialas
et al., 2017), thereby activating adaptive
immune responses and increasing micro-
glial IFN-� production.

In conclusion, the microglial response
to cerebral microbleeds is impaired in hy-
perglycemic mice. Increased levels of
IFN-� are likely crucial for this dysfunc-
tion, activating microglia into an M1-like
state. In turn, P2Y12R is downregulated
and microglial chemotaxis is deficient.
Notably, inflammation and vascular dam-
age have been widely associated with neu-
rodegenerative disorders, such as VaD
and AD (Fig. 1B). Data from the study by
Taylor et al. (2018), along with previous
findings on vessel damage and dementia,

Figure 1. Differences in microglial activation in response to vascular injury in normal and diabetic mice. A, Cerebral microbleeds trigger ATP release in brain parenchyma, resulting in the activation
of microglial P2Y12 receptors. The M2-like microglia migrate to the injured vessel and repair the lesion. B, In diabetic/hyperglycemic mice, IFN-� triggers a shift in microglia to a proinflammatory
M1-like phenotype, which expresses lower levels of P2Y12R. Thus, microglial cells are no longer able to repair vascular lesions; this leads to secondary vascular leakage. These events might increase
the risk of the development of dementia later in life. C, Blocking IFN-� signaling restores P2Y12R expression levels, M2-like microglial response, and vascular repair. This approach might also
decrease the risk of vascular dementia and Alzheimer’s disease.
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encourage future studies on IFN-� as a
therapeutic target for both diabetes and
dementia (Fig. 1C), and set the grounds
for further steps toward preclinical and
clinical trials.

References
Belkhelfa M, Rafa H, Medjeber O, Arroul-

Lammali A, Behairi N, Abada-Bendib M,
Makrelouf M, Belarbi S, Masmoudi AN, Tazir
M, Touil-Boukoffa C (2014) IFN-� and
TNF-� are involved during alzheimer disease
progression and correlate with nitric oxide
production: a study in Algerian patients. J In-
terferon Cytokine Res 34:839 – 847.

Bialas AR, Presumey J, Das A, van der Poel CE,
Lapchak PH, Mesin L, Victora G, Tsokos GC,
Mawrin C, Herbst R, Carroll MC (2017) Mi-
croglia dependent synapse loss in type I
interferon-mediated lupus. Nature 546:539 –
543.

Biessels GJ, Despa F (2018) Cognitive decline
and dementia in diabetes mellitus: mecha-
nisms and clinical implications. Nat Rev En-
docrinol 14:591– 604.

Biessels GJ, Staekenborg S, Brunner E, Brayne C,
Scheltens P (2006) Risk of dementia in dia-
betes mellitus: a systematic review. Lancet
Neurol 5:64 –74.

Browne TC, McQuillan K, McManus RM,
O’Reilly JA, Mills KH, Lynch MA (2013)
IFN-� production by amyloid-� specific Th1
cells promotes microglial activation and in-
creases plaque burden in a mouse model of
Alzheimer’s disease. J Immunol 190:2241–
2251.

Cianchetti FA, Kim DH, Dimiduk S, Nishimura
N, Schaffer CB (2013) Stimulus-evoked cal-
cium transients in somatosensory cortex are
temporarily inhibited by a nearby microhem-
orrhage. PLoS One 8:e65663.

Damani MR, Zhao L, Fontainhas AM, Amaral J,
Fariss RN, Wong WT (2011) Age-related al-
terations in the dynamic behavior of micro-
glia. Aging Cell 10:263–276.

Domingueti CP, Dusse LM, Carvalho Md, de
Sousa LP, Gomes KB, Fernandes AP (2016)
Diabetes mellitus: the linkage between oxida-
tive stress, inflammation, hypercoagulability
and vascular complications. J Diabetes Com-
plications 30:738 –745.

Filiano AJ, Xu Y, Tustison NJ, Marsh RL, Baker
W, Smirnov I, Overall CC, Gadani SP, Turner
SD, Weng Z, Peerzade SN, Chen H, Lee KS,
Scott MM, Beenhakker MP, Litvak V, Kipnis J
(2016) Unexpected role of interferon-� in
regulating neuronal connectivity and social
behaviour. Nature 535:425– 429.

Gyoneva S, Davalos D, Biswas D, Swanger SA,
Garnier-Amblard E, Loth F, Akassoglou K,
Traynelis SF (2014) Systemic inflammation
regulates microglial responses to tissue dam-
age in vivo. Glia 62:1345–1360.

Haynes SE, Hollopeter G, Yang G, Kurpius D,
Dailey ME, Gan WB, Julius D (2006) The
P2Y12 receptor regulates microglial activation
by extracellular nucleotides. Nat Neurosci
9:1512–1519.

Hickman SE, Kingery ND, Ohsumi TK, Borowsky
ML, Wang LC, Means TK, El Khoury J (2013)
The microglial sensome revealed by direct

RNA sequencing. Nat Neurosci 16:1896 –
1905.

Hilal S, Saini M, Tan CS, Catindig JA, Koay WI,
Niessen WJ, Vrooman HA, Wong TY, Chen
C, Ikram MK, Venketasubramanian N
(2014) Cerebral microbleeds and cognition:
the epidemiology of dementia in singapore
study. Alzheimer Dis Assoc Disord 28:106 –
112.

Hu X, Leak RK, Shi Y, Suenaga J, Gao Y, Zheng P,
Chen J (2015) Microglial and macrophage
polarization—new prospects for brain repair.
Nat Rev Neurol 11:56 – 64.

Ishimaru M, Tsukimoto M, Harada H, Kojima S
(2013) Involvement of P2Y11 receptor in
IFN-�-induced IL-6 production in human
keratinocytes. Eur J Pharmacol 703:67–73.

Janelidze S, Hertze J, Nägga K, Nilsson K, Nilsson
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