
Neuroscience and Biobehavioral Reviews 35 (2011) 804–817

Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews

journa l homepage: www.e lsev ier .com/ locate /neubiorev

Review

Pathways underlying neuroprogression in bipolar disorder: Focus on
inflammation, oxidative stress and neurotrophic factors�

M. Berka,b,c,d,∗, F. Kapczinskie, A.C. Andreazzae,f, O.M. Deana,d, F. Giorlandoa,c, M. Maesg, M. Yücelb,h,
C.S. Gamae, S. Dodda,c, B. Deand,i, P.V.S. Magalhãesa,e, P. Ammingerb, P. McGorryb, G.S. Malhi j,k

a Department of Clinical and Biomedical Sciences, University of Melbourne, Victoria 3010, Australia
b Orygen Youth Health Research Centre, Centre for Youth Mental Health, University of Melbourne, 35 Poplar Rd, Parkville, Victoria 3052, Australia
c Barwon Health and the Geelong Clinic, Swanston Centre, PO Box 281, Geelong, Victoria 3220, Australia
d The Mental Health Research Institute of Victoria, 155 Oak Street, Parkville, Victoria 3052, Australia
e National Institute for Translational Medicine (INCT-TM) & Bipolar Disorders Program, HCPA, UFRGS 90035-000, RS, Brazil
f Department of Psychiatry, University of British Columbia, 2255 Wesbrook Mall, Vancouver, BC V6T 2A1, Canada
g Maes Clinics@TRIA, Piyavate Hospital, 998 Rimklongsamsen Road, Bangkok 10310, Thailand
h Melbourne Neuropsychiatry Centre, Melbourne Health and Department of Psychiatry, University of Melbourne, 161 Barry Street, Carlton, Victoria 3053, Australia
i Department of Psychiatry, The University of Melbourne, Victoria, 3010, Australia
j Discipline of Psychiatry, Sydney Medical School, University of Sydney, Level 5, Building 36, Royal North Shore Hospital, St Leonards, NSW 2065, Australia
k Psychiatry Department, Northern Clinical School, Royal North Shore Hospital, Level 5, Building 36, Royal North Shore Hospital, St Leonards, NSW 2065, Australia

a r t i c l e i n f o

Article history:
Received 21 July 2010
Received in revised form
29 September 2010
Accepted 1 October 2010

Keywords:
Cytokines
Neurotrophins
BDNF
Oxidative stress
Early intervention
Bipolar disorders
Mania
Depression neuroprotection
Neuroprogression
Mitochondria
Lipids

a b s t r a c t

There is now strong evidence of progressive neuropathological processes in bipolar disorder (BD). On
this basis, the current understanding of the neurobiology of BD has shifted from an initial focus on
monoamines, subsequently including evidence of changes in intracellular second messenger systems
and more recently to, incorporating changes in inflammatory cytokines, corticosteroids, neurotrophins,
mitochondrial energy generation, oxidative stress and neurogenesis into a more comprehensive model
capable of explaining some of the clinical features of BD. These features include progressive shortening of
the inter-episode interval with each recurrence, occurring in consort with reduced probability of treat-
ment response as the illness progresses. To this end, emerging data shows that these biomarkers may
differ between early and late stages of BD in parallel with stage-related structural and neurocognitive
alterations. This understanding facilitates identification of rational therapeutic targets, and the devel-
opment of novel treatment classes. Additionally, these pathways provide a cogent explanation for the
efficacy of seemingly diverse therapies used in BD, that appear to share common effects on oxidative,
inflammatory and neurotrophic pathways.
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1. Introduction

Despite Kraepelin (1921) first noting that manic-depressive ill-
ness has an accelerating and progressive course, the molecular
foundations for this disease progression are only just beginning to
be explained. By contrast, there is a wealth of clinical data sup-
porting this pattern of an accelerating and progressive disease
course which includes the observation of a progressive reduction
in the inter-episode duration with recurrence (Kraepelin, 1921;
Zis et al., 1980; Roy-Byrne et al., 1985; Kessing et al., 1998).
Increasing episode number is linked to a reduction in the likeli-
hood of response to appropriate treatment, both biological such
as lithium (Franchini et al., 1999; Swann et al., 1999), and psy-
chological such as CBT (Scott et al., 2006). People with more
recurrent bipolar disorder (BD) tend to have higher rates of comor-
bidity, especially substance abuse (Brady and Goldberg, 1996),
more difficulty with social adjustment (Matza et al., 2005) and
increased risk of hospitalisation (Goldberg and Ernst, 2002), sui-
cide (Hawton et al., 2005) and forensic complications (Conus and
McGorry, 2002). These clinical observations suggest that BD is at
least in part a neuroprogressive disorder where there is the poten-
tial for a potentially modifiable pathophysiological process to occur
over the longitudinal trajectory of the illness and that part of this
neuroprogressive pathophysiology is associated with inadequately
compensated metabolic stress. The end point of such neuropro-
gressive changes would be tissue damage, structural changes and
functional sequelae that are the neural substrate of mood regula-
tion, that has the potential to increase the risk of further recurrence
and reduce the potential of treatment response (Waddington et al.,
1998). It is likely that this process is present or accelerates during
acute exacerbations of the illness, and this paper will present data
that this may be particularly true of manic relapse.

2. The structural basis and functional sequelae of
neuroprogression in bipolar disorder

The observed clinical progression of BD is reflected by grow-
ing evidence of stage-related structural brain changes in affected
individuals. Structural abnormalities are not consistently found
at illness onset, but more commonly found in chronic and more
recurrent forms of the illness. An example being, ventricular
enlargement has been reported in individuals with recurrent ill-
ness that was not apparent in a cohort with during first-episode of

mania (Strakowski et al., 2002). These observations that supports
the notion of neuroprogressive changes over time in BD.

Progressive changes in brain structure are also supported by
observations of a progressive loss of grey matter thickness asso-
ciated with chronicity in people with BD (Lyoo et al., 2006). The
cerebellar vermal V3 was reduced in individuals who have had mul-
tiple episodes, compared to both controls and those measured at
first-episode (DelBello et al., 1999).

Bora et al. (2010) recently conducted a meta-analyses of the
voxel-based morphometry (VBM) studies of gray matter in BD.
Specifically, they compared gray matter volumes of 660 BD patients
and 770 healthy controls and found that gray matter reduction in
left rostral anterior cingulate cortex (ACC) and right frontoinsu-
lar cortex was associated with BD. Importantly, a longer duration
of illness was associated with increased gray matter in a cluster
that included basal ganglia, subgenual ACC and amygdala. Lithium
treatment was associated with enlargement of ACC gray matter vol-
umes, which overlapped with the region where gray matter was
reduced in BD. These authors concluded that the most robust grey
matter reductions in BD occur in anterior limbic regions, which
may be related to the executive control and emotional processing
abnormalities seen in this patient population.

Importantly, whilst there is growing evidence to suggest there
are progressive changes in the CNS of individuals with BD, neu-
roanatomical changes are present early in the onset of the disorder.
For example, males experiencing their first-episode of psychosis,
displayed increased thickness in the right subcallosal limbic
anterior cingulate cortex (Fornito et al., 2009). These authors inter-
preted this finding to suggest that relative hypertrophy in brain
regions critical for regulating HPA axis activation (i.e., the anterior
cingulate cortex, amygdala and pituitary) are associated with an
elevated stress response around the time of psychosis onset that
ultimately results in volumetric shrinkage in later illness stages.
There is however novel data showing that “ultra high risk” individ-
ual who had not yet manifested a first-episode of threshold mania
already show amygdala and insular volume reductions but no dif-
ferences in lateral ventricular volumes (Bechdolf et al., unpublished
data). This has led to the suggestion that there may be early neu-
rodevelopmentally mediated CNS changes (Fornito et al., 2007), as
well as ongoing neuroprogressive changes, that are associated with
the pathophysiology of BD.

Significantly, there is now some data to suggest that some
abnormalities in CNS development that underpin BD may have a
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