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Purpose of review

Type 2 diabetes mellitus (T2DM) negatively affects brain structure and function. Meta-analytical data show
that relative to age and sex matched non-psychiatric controls, patients with bipolar disorders have double

the risk of T2DM. We review the evidence for association between T2DM and adverse clinical and brain

imaging changes in bipolar disorders and summarize studies investigating effects of diabetes treatment on
psychiatric and brain outcomes.

Recent findings

Participants with bipolar disorders and T2DM or insulin resistance demonstrate greater morbidity, chronicity
and disability, and lower treatment response to Li. Bipolar disorders complicated by insulin resistance/
T2DM are associated with smaller hippocampal and cortical gray matter volumes and lower prefrontal N-
acetyl aspartate (neuronal marker). Treatment of T2DM yields preservation of brain gray matter and insulin
sensitizers, such as pioglitazone, improve symptoms of depression in unipolar or bipolar disorders.

Summary

T2DM or insulin resistance frequently cooccur with bipolar disorders and are associated with negative
psychiatric clinical outcomes and compromised brain health. This is clinically concerning, as patients with
bipolar disorders have an increased risk of metabolic syndrome and yet often receive suboptimal medical
care. At the same time treatment of T2DM and insulin resistance has positive effects on psychiatric and
brain outcomes. These findings create a rich agenda for future research, which could enhance psychiatric
pharmacopeia and directly impact patient care.
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Neuroanatomical alterations have been replicated
in bipolar disorders, but are not found in all studies.
Meta-analyses of neuroimaging findings in bipolar
disorders typically show nonsignificant pooled
effect sizes in the presence of significant between
group differences in some individual investigations
[1]. This statistical heterogeneity suggests that
changes in brain structure may not be related to
the diagnosis of bipolar disorders as such, but may
be secondary to the presence of certain clinical
variables [2"-4%]. Yet, the specific clinical factors
associated with these secondary changes remain
unknown. One potential and understudied source
of heterogeneity in psychiatric neuroimaging is the
comorbidity with medical conditions known to
affect the brain. Perhaps, certain neuroimaging
alterations in bipolar disorders are associated with
the presence of certain medical comorbidities. This
could explain why neuroimaging changes are not
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found in all patients with bipolar disorders. In
addition, studying comorbidities could identity pre-
ventable risk factors for brain changes in bipolar
disorders, provide insight into mechanisms under-
lying these alterations, and yield new treatment
targets. Type 2 diabetes mellitus (T2DM) is a medical
condition that frequently cooccurs with bipolar
disorders and is associated with brain abnormalities
similar to those observed in bipolar disorders.
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Mood and anxiety disorders

KEY POINTS

e Patients with bipolar disorders and T2DM or insulin
resistance show greater morbidity, lower treatment
response, greater chronicity and disability, as well as
lower hippocampal and cortical gray matter volumes.

e These negative clinical and brain outcomes are present
in bipolar patients with insulin resistance to a similar
extent as in those with fully developed T2DM.

e Treatment of diabetes or insulin resistance might
alleviate some of these negative psychiatric and
brain outcomes.

Diabetes mellitus and bipolar disorders

The largest available meta-analysis showed that
bipolar patients had roughly double the risk of
T2DM relative to nonpsychiatric controls of
comparable age and sex (relative risk= 1.98; 95%
CI, 1.6-2.4) [5™]. The overall risk is likely to be even
higher, as T2DM remains markedly under diagnosed
in bipolar disorders [6,7"]. A recent cross sectional
study among 121 adults with bipolar disorders
found that 13% of participants self-reported a
personal history of T2DM. After systematic testing,
this number increased to 21%, indicating that in
40% of cases, psychiatrists were the first to make the
diagnosis of T2DM [8"]. Moreover, an additional
32.2% of subjects suffered from prediabetes (insulin
resistance or glucose intolerance) and none of the
participants knew about these conditions. Taken
together, upon systematic assessment, 40% of all
patients in this sample had previously unidentified
metabolic disturbance [8%]. These findings are con-
cerning and clinically relevant.

Pathoplastic effects of type 2 diabetes
mellitus on bipolar disorders

High rates of T2DM in bipolar disorders may con-
tribute to the disproportionately high cardiovascu-
lar mortality reported in bipolar disorders [9%,10]
and to the fact that bipolar disorders is considered a
tier II moderate risk condition for cardiovascular
disease even among youth [117]. Interestingly, the
presence of T2DM or insulin resistance affects not
only somatic but also psychiatric outcomes. Bipolar
disorders complicated by T2DM is associated with
greater morbidity, lower treatment response, and
poorer outcome with greater chronicity and disabil-
ity [8%,12,13]. In a recent cross sectional study,
whereas most patients with excellent Li response
were euglycaemic, most of the subjects with T2DM
showed poor or no response to Li. Importantly,
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already insulin resistance was associated with these
adverse clinical outcomes. The proportion of Li
responders in euglycaemic participants was signifi-
cantly higher than among patients with insulin
resistance, who had comparably low rates of
response to Li as participants with manifest T2DM
[87]. Participants with insulin resistance typically
show a combination of normal fasting plasma glu-
cose and disproportionately elevated insulin level.
Therefore, the standard clinical measures, which
rely only on fasting glucose, would not detect this
important correlate of poor response.

Is it possible, that these pathoplastic effects of
T2DM or insulin resistance on psychiatric outcomes
are related to the negative effects of impaired glu-
cose metabolism on the brain? This is a viable hy-
pothesis, as brain is one of the targets for diabetic
end-organ damage [14,15].

Diabetes and the brain

Participants with T2DM typically show smaller
hippocampal and frontal lobe volumes relative to
euglycaemic subjects. In keeping with these struc-
tural alterations, patients with T2DM often suffer
from impairments in verbal memory or executive
functions [14,15,16%,17"], which show a replicated
significant, albeit weak association with measures
of glucose metabolism or insulin resistance [18].
Similarly, hyperglycaemia and insulin resistance
even without clinically diagnosed T2DM have been
related to poorer cognitive and brain measures,
particularly memory impairment and hippocampal
atrophy [16%,19,20,21%].

These changes resemble the most frequently
reported brain imaging and cognitive impairments
in bipolar disorders. They may also explain why
T2DM is a risk factor for mild cognitive impairment
or dementia [22%,23%]. Studying the effects of insulin
resistance/T2DM on brain structure and cognitive
functions may provide insight into molecular mech-
anisms, which contribute to these brain structural
and functional impairments.

Why does type 2 diabetes mellitus damage
the brain?

Some of the negative effects of T2DM may be medi-
ated by macrovascular/microvascular disease. How-
ever, studies have shown that measures of glucose or
insulin are a better predictor of brain and cognitive
changes in patients with T2DM than vascular
risk factors and the negative association between
T2DM/insulin resistance and brain structure occurs
already in the absence of cerebrovascular diseases
[16%,19,24" 25]. Itis generally thought that neuronal
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damage/loss seen in T2DM is mediated principally
by mechanisms other than hemodynamic causes,
such as withdrawal of trophic factors, inhibition
of insulin-responsive gene expression, neuro-
inflammation, and impaired mitochondrial energy
metabolism, which causes oxidative stress through
increased production of reactive oxygen species
[6,26]. The combination of these factors may lead
to pathological and clinical signs of Alzheimer’s
dementia, which has been termed diabetes of the
brain or type 3 diabetes.

Impaired energy metabolism/oxidative stress
are particularly damaging to neurons, which have
limited energy storage and a limited capacity to
counter oxidative damage. In keeping with this,
oxidative stress with resulting lipid peroxidation
and nitrosative damage plays an important role in
diabetes-related neuronal injury [26,27"] and con-
tributes to the overlap between T2DM and neuro-
degenerative disorders [26]. Although T2DM is the
prototypical disorder of impaired mitochondrial
energy metabolism/oxidative stress, similar mech-
anisms may play a role in the pathophysiology of
bipolar disorders. Patients with bipolar disorders
show evidence of oxidative stress, including
increased lipid peroxidation and nitrosative damage
28], and these measures negatively correlate
with structural brain changes [29""]. Considering
all these overlaps, it is logical to ask whether
T2DM or insulin resistance could be modifiable risk
factors for brain changes in bipolar disorders.

Type 2 diabetes mellitus, brain, and bipolar
disorders

The first evidence for association between metabolic
alterations and brain structure in bipolar disorders
came from a recent study [30,31*]. In a sample of
participants shortly after the first episode of mania,
Bond et al. showed that increased BMI was associ-
ated with decreased white matter and temporal lobe
volumes. Consequently, obese/overweight partici-
pants with bipolar disorders had smaller white
matter and temporal lobe volume than normal
weight patients [30]. Subsequently the authors
performed exploratory voxel-based analyses, which
demonstrated that elevated BMI in patients was
significantly associated with reduced gray matter
volume in the right superior, middle, and inferior
temporal gyri and uncus and with reduced white
matter in the right frontal and temporal lobes and
subcortical white matter [31"]. It is of note that
these weight-related volume reductions were detect-
able in people with only modestly elevated BMI and
overlapped with regions frequently associated with
bipolar disorders.
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To further investigate the association between
metabolic factors and brain structure in bipolar
disorders, we systematically measured glucose and
insulin levels and obtained brain scans in bipolar
participants and controls [2%,4"]. In keeping with our
a-priori hypotheses, participants with bipolar dis-
orders and impaired glucose metabolism (insulin
resistance, glucose intolerance, or T2DM) showed
lower N-acetyl aspartate (NAA), creatine levels and
smaller hippocampal, cortical gray matter volumes
than euglycaemic subjects with bipolar disorders,
who had comparable NAA, creatine levels, and
hippocampal, cortical gray matter volumes to eugly-
caemic, nonpsychiatric controls. Similar to the
clinical data, these adverse effects were seen already
in participants with insulin resistance. Although we
found the largest changes among the diabetic partici-
pants, even subjects with insulin resistance/glucose
intolerance showed lower NAA, creatine levels and
smaller hippocampal volumes than euglycaeimc
controls. These neuroimaging alterations were
associated with impaired psychosocial functioning,
which was lower among dysglycaemic relative to
euglycaemic participants. The changes remained
essentially unchanged, when we controlled for BMI.

Our results extend the findings of Bond et al.
[30,31""], to show that impaired glucose metabolism
in bipolar disorders may contribute to the brain
changes observed in overweight subjects. The con-
comitant decrease in levels of NAA, which is syn-
thesized in mitochondria and creatine, one of the
main energy metabolites and markers of cellular
energy status, suggests that the observed changes
may indicate impaired mitochondrial energy
metabolism in neurons. This is supported by the
fact, that we found alterations already at the level of
insulin resistance, when patients displayed a com-
bination of euglycaemia and disproportionately ele-
vated insulin levels. Consequently, hyperglycaemia-
related effects, such as elevation in advanced glyca-
tion end products or microangiopathy, may not be
necessary for these brain changes to occur. If T2DM
or insulin resistance are associated with brain
changes, does treatment of the metabolic disorder
alleviate some of these brain alterations?

Effects of diabetes treatments on brain
outcomes

Observational evidence suggests that although
T2DM is a strong risk factor for development of
dementia, treatment of T2DM may decrease this
risk [32]. Diabetes may even be among the largest
potentially modifiable risk factors for dementia
[23"]. These conclusions from observational studies
are in part supported by intervention studies.
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The Action to Control Cardiovascular Risk in
Diabetes — Memory in Diabetes trial, which is by far
the largest intervention study on brain changes in
diabetes mellitus (N =503), showed that intensive
glycaemic lowering treatment over 40 months
yielded a significant, but small preservation of total
brain volume relative to regular glycaemic control.
The preservation of gray matter predominantly
happened around the Sylvian fissure as well in the
medial-frontal cortex. The regions that showed
longitudinal alterations were mostly adjacent to
regions displaying significant cross-sectional
relationship with diabetes duration. Based on these
observations the authors concluded that intensive
glycaemic control slowed the spatial spreading of
the T2DM-related cortical changes [33"%,34]. How-
ever, there was no benefit of the intensive treatment
on cognitive functioning and this approach was in
fact associated with increased mortality and no
overall benefit on cardiovascular disease events [34].

Perhaps the lack of effects of diabetes treatment
on cognition could be related to short follow-up.
Perhaps the cognitive outcome measures may not
have been sensitive enough to diabetes-related
changes. Also, treatment emergent issues, such as
hypoglycaemia might have compromised any
benefits of the intensive glucose lowering regimen
on cognition. Most importantly, as elderly patients
with long standing diabetes were recruited, the
interventions might have occurred too late, after a
pathway of irreversible neuronal/cognitive damage
had started [34]. Late-life treatment of chronic dis-
ease may be less effective than preventive strategies
aimed at younger individuals or those earlier in the
course of the illness. Therefore, intervening earlier,
focusing primarily on insulin resistance, or selecting
more sensitive brain outcomes, such as depressive
symptoms, might have yielded different results.

Effects of diabetes treatment on psychiatric
outcomes

There is a growing pharmacopeia of treatments tar-
geting insulin resistance, so called insulin sensitizers.
The synthetic peroxisome proliferator-activated
receptor gamma agonists, the thiazolidinediones,
such as pioglitazone, are particularly interesting. Pio-
glitazone shows not only insulin-sensitizing proper-
ties, but is also antiapoptotic and antiinflammatory
[35"]. Several recent trials have shown that treatment
with insulin sensitizers was effective in alleviating
depressive symptoms, which we consider a particu-
larly sensitive brain outcome.

Two proof of concept studies demonstrated that
8-12 weeks of treatment with pioglitazone in
patients with unipolar or bipolar depression and
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metabolic syndrome reduced depressive symptoms
across both clinician and patient-rated assess-
ments. Additionally, pioglitazone was associated
with improvement in inflammation, fasting glu-
cose, triglycerides, and total body insulin resistance
[35%,36].

Two double blind, placebo controlled trials
showed greater reductions of depressive symptoms
when pioglitazone was added to citalopram in uni-
polar or to Li in bipolar depression. These improve-
ments started already at week 2 of treatment and
were present even among patients without meta-
bolic syndrome [37,38"].

These recent studies add to the emerging body of
evidence showing that treatments targeting glucose
regulation, such as insulin, metformin, and gluca-
gon-like peptide-1 agonists (liraglutide, exenatide)
have positive effects on brain-related outcomes
[397].

T2DM, brain and bipolar disorders -
implications

Taken together, these studies strongly suggest that
metabolic alterations, including obesity, insulin
resistance or T2DM are associated with adverse psy-
chiatric outcomes and brain structural alterations in
bipolar disorders. This is clinically concerning, as
patients with bipolar disorders have an increased
risk of metabolic syndrome and yet often receive
suboptimal medical care. At the same time these
metabolic alterations are preventable and even
treatable. Simply improving the screening for and
treatment of insulin resistance/T2DM in bipolar
disorders could minimize the neuroprogressive
changes in these patients. Increasing the awareness
of the adverse effects of T2DM on clinical and neuro-
imaging outcomes in bipolar disorders could help
bridge the translation gap and improve the unfortu-
nately low standard of diabetes care among psy-
chiatric patients.

After more than 50 years of modulating mono
amines, the study of metabolic comorbidities might
provide new molecular targets for treatment of mood
disorders. Targets, which unlike most other treat-
ments in psychiatry would emerge from research,
not serendipity. In other fields of medicine, such as
oncology, new molecular targets have led to marked
advancements, the likes of which have not been
achieved in psychiatry. It would be particularly
important to test whether insulin sensitizer could
alleviate brain changes in bipolar disorders. This
would allow us to expand the fairly limited psychi-
atric pharmacopoeia, as well as focus the treatment of
bipolar disorders on biological outcome measures
rather than just behavioural symptoms.
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These studies also suggest a potential blind
spot in clinical practice. The adverse clinical and
brain outcomes were associated with insulin resist-
ance, which is currently not monitored for. How-
ever, as association does not imply causation, we
need prospective studies to test the direction of the
association between insulin resistance and clinical
outcomes.

Last but not least, advancing our knowledge
about the effects of insulin resistance/T2DM on
brains of our patients could allow for a more
rational, personalized treatment approach and
might help bring neuroimaging research from
bench to the bedside. Treatment of insulin resist-
ance/T2DM might also prove beneficial for the
impaired cognitive and psychosocial functioning,
which were associated with the brain alterations.

The negative association between insulin resist-
ance or T2DM and brain structure/function and the
disproportionate rates of insulin resistance and
T2DM in bipolar disorders have implications for
interpretation of neuroimaging studies. Without
adequate screening for these conditions, it is
impossible to ascertain whether neuroimaging find-
ings are related to the presence of bipolar disorders
or whether they are confounded by higher rates of
insulin resistance or T2DM among patients with
bipolar disorders. Even in research of cognitive age-
ing, less than 10% of studies excluded subjects with
T2DM and only 12% of studies screened for T2DM
using laboratory testing [40%].

There is replicated and meta-analytical evidence
that T2DM and especially insulin resistance are very
frequent in bipolar disorders. The comorbidity with
dysglycaemia is associated with negative clinical
outcomes, poor response to Li as well as comprom-
ised brain health. At the same time these metabolic
disorders are under diagnosed and poorly treated in
bipolar disorders. Preclinical research has identified
a number of mechanisms through which insulin
dysregulation damages the brain. Some of these
could prove fruitful targets for treatment of certain
dimensions of psychiatric morbidity. Indeed,
seminal treatment studies have shown that strict
glycaemic control has positive effect on brain
health and insulin sensitizers treat depressive
symptoms. These findings create a rich agenda for
future research, which could enhance psychiatric
pharmacopeia and have direct clinical implications
for our patients.
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