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Abstract
Background: Inflammation and oxidative stress (OS) have been clearly linked to neurodegeneration.
However, studies investigating the associations between peripheral markers of inflammation and
cognitive decline have produced mixed results. This is possibly due to the fact that markers are
typically tested individually despite the fact that biologically they function interactively. Thus, the
aim of this study was to investigate the association between a combination of OS/inflammation
markers and outcomes including MCI diagnosis, cognitive decline, and hippocampal atrophy.
Methods: OS/inflammation status was assessed in 380 older community-living individuals. Thirteen
blood markers were assayed. Principal component analysis (PCA) of all markers was conducted to
identify the more salient inflammatory components. Associations between significant principal
components, MCI diagnosis, previous change in MMSE score and hippocampal atrophy were
investigated through logistic and linear multiple regression.
Results: Two factors (PC1&PC2) reflecting predominantly broad pro-inflammatory activity and two
factors (PC3&PC4) reflecting predominantly OS activity were identified by PCA analysis. PC3 and PC4
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were predictive of MCI. PC3 was also predictive of prior MMSE change. PC1, PC2, and PC3 were

Accepted Article

significantly associated with hippocampal atrophy.
Conclusions: Combined analysis of complex and interacting biomarkers revealed a protective
association between anti-oxidant activity and MCI that is consistent with lifestyle factors shown to
reduce risk of cognitive decline. Oxidative stress and broad systemic inflammation were also found
to be associated with hippocampal atrophy further highlighting the benefits of the PCA
methodology applied in this study.

Text
Introduction
In order to develop strategies to slow down or prevent neurodegenerative processes which occur
increasingly with ageing, it is necessary to better understand the subtle biological mechanisms
involved. Two broad and inter-related mechanisms, oxidative stress and inflammation, have been
shown to be strongly implicated in neurodegeneration1-3. Oxidative stress (OS) is a bi-product of
energy metabolism in the human body. It refers to the elevated cellular production of reactive
oxygen species (ROS) that are not buffered by anti-oxidant activity. Seminal research conducted by
Denham Harman originally suggested that OS was the principal cause of DNA and cellular damage
which accumulates with ageing and leads to senescence and thus underpinned the free-radical
theory of ageing4. However, research conducted over the past 30 years revealed that ROS also
contributes to important cellular communication functions in close proximity to the producing
source (mostly the mitochondrion), and that excess ROS can also contribute to DNA and cellular
damage more distally if their levels are not sufficiently buffered by anti-oxidants either produced in
the cell or absorbed from exogenous sources (e.g. diet)5.
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Similarly, inflammatory processes are essential to tissue repair and to fight infections, are involved
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in physiological cell signalling pathways, and when excessively or chronically activated lead to overproduction of ROS, increased tissue damage and impaired cellular function6,7. Moreover,
inflammation is not a uniform biological mechanism that is simply up or down-regulated in the
presence of injury or infection. Instead, it is a complex system of feedback loops in which signalling
proteins (e.g. cytokines) may not only have pro- or anti-inflammatory actions, but at least for some,
have anti-inflammatory actions at low levels and pro-inflammatory actions at higher levels and vice
versa.

A large number of studies have focused on single markers, and while many identified significant
associations between OS/inflammation markers and a variety of outcome measures, there is a great
deal of heterogeneity in the direction and magnitude of findings and how different markers interact
together is not well understood. For example, Lai and colleagues1 conducted a meta-analysis of the
difference in single peripheral inflammatory markers between individuals with Alzheimer’s disease
and those with normal cognition. Of the 19 markers that could be analysed only one led to findings
that showed low heterogeneity between studies. For all others very large heterogeneity between
studies was identified. As an illustration, for IL6, while the meta-analysis identified a significant
difference, the majority of studies reported either non-significant or negative findings.

Few studies have investigated inflammatory markers in Mild Cognitive Impairment (MCI) but where
markers overlap between studies, findings have been mixed or contradictory8. For example, in a
recent review the marker most investigated was TNF with 5 reports (three indicating no
associations and two reporting elevated levels). For IL8, two studies reported no associations while
one reported decreased levels. For other markers, either a single study was available or where two
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studies were available they often report contradictory findings. The reason for heterogeneous
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findings is not clear but given the complex regulating mechanisms and feedback loops between
different inflammatory markers it is likely that the combined actions of several cytokines are
associated with clinical outcomes (e.g. MCI), rather than variation in a single marker. In addition,
from a methodological perspective an approach which tests a long list of single markers is also
problematic as it heightens the possibility of erroneous findings due to false positive or, if
corrections for multiple comparisons are implemented, it becomes very difficult to detect other
than very large effects unless unusually large sample sizes are available.

To address these issues in the present study we aimed to assess the influence of ROS and
inflammation on cognitive decline by identifying salient combinations of several biomarkers (Figure
1). We used principal component analysis (PCA) to summarise the contribution of 13 biomarkers to
components representing different states of OS and inflammation across a large sample of
community-living individuals. Elevated OS/inflammation levels have already been demonstrated in
clinical dementia1, but there is a pressing need for early markers of disease progression. Because of
this, we tested associations between different OS/inflammatory components with MCI diagnosis
and prior change in cognitive function (decrease in MMSE scores). In addition, we also conducted
further analyses to determine whether those factors associated with cognitive decline are also
associated with prior change in one of the structures most affected by early neurodegenerative
processes, the hippocampus9.
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Methods and Materials
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Study population
Participants from the PATH Through Life (PATH) project10 with detailed blood inflammatory markers
available (n=422) and who were free of neurological disorders (n=380) were included in this study.
All participants provided written informed consent and the study was approved by the Australian
National University Ethics Committee.

Inflammatory cytokines and OS markers
Available measures considered as markers of inflammation were Tumor Necrosis Factor alpha and

TNF receptors (TNF, TNF-R1, TNF-R2), and interleukins (IL1, IL4, IL6, IL8, IL10). Measure
considered as OS markers included nitric oxide (NO), neopterin (NEO), total anti-oxidant capacity
(TAC), as well as related markers of DNA damage strongly associated with OS including
malondialdehyde (MDA) and 8-hydroxy-2-deoxyguanosine (GUA). All markers were assessed in
duplicates as recommended by assay manufacturers (see supplementary material for details).

Diagnosis and cognitive change
MCI and dementia diagnoses were established based on a neuropsychological assessment and
consensus diagnosis if clinical criteria (DSM-IV/Petersen/Winblad11,12, see supplementary material)
were met. Cognitive change was operationalised as a change in MMSE score between wave 1 and
wave 4.
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MRI scan acquisition and image analysis
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Neuroimaging data was only available for a sub-sample of participants (n=226) who were imaged
with a fast-field echo sequence for T1-weighted 3-D structural scan acquired on the same scanner
for all participants. All images were processed using FreeSurfer (v. 5.3)13. The only regions of
interest considered in this study were the left and right hippocampi (HC) because it is particularly
sensitive to inflammatory processes and known to be implicated in cognitive decline and
Alzheimer’s disease14,15.

Statistical analysis
Statistical analyses were computed in the R statistical package (version 3.2). Missing values (<1% of
all variables analysed) were imputed by chained equations with the package “mice” using the
“pmm” algorithm16. Descriptive analyses were conducted using Chi-square tests for categorical data
and t-tests to compare groups on continuous variables. The principal components of the observed
cytokine response across all inflammatory and oxidative stress markers were extracted through a
principal component analysis (PCA) using the R package “prcomp”17. Principal components were
selected based on an eigen value >1. Sensitivity analyses were conducted to determine whether
including a greater number of factors, or analysing inflammatory and OS markers in separate PCAs
led to substantially different results. Associations between principal components and outcome
measures were investigated by logistic regression for MCI and by linear regression analyses for
continuous measures (change in MMSE and in HC volume) while controlling for age, sex, education
and (for HC analyses only) intra-cranial volume. Additional information is provided in the
supplementary material
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Results
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The sample’s demographic characteristics and OS/inflammation markers’ levels are presented in

Table 1.

Principal component analysis
Pearson bivariate correlations are presented in Figure 2 and indicate that none of the markers were
exclusively positively or negatively associated with other measures. TNF-R1 and TNF-R2 were the
most highly correlated measures. Notably, the shared variance between pairs of markers was on
average relatively low and ranged from 0.04% to 23% (with one exception TNF-R1-TNF-R2 at 86%).
NO and TAC shared least variance with other markers while IL4 and IL8 shared most.

Results of the PCA analysis are presented in supplementary material (Table E1 and Figure E1). Using
an eigen-value cut-off of 1, four main principal components (PC1-PC4) which explained 54.86% of
the variance in pro-inflammatory and OS markers were identified. The relative contribution of the
different markers to each PC is presented in Figure 3. PC1 can be interpreted as consisting of
relatively unspecific heightened pro-inflammatory response particularly involving TNF and TNF
receptors, in the context of low OS activity. PC2 suggests a lower pro-inflammatory response in the
context of a somewhat increased anti-oxidant activity. PC3 is indicative of decreased antioxidant
activity (TAC) and increased DNA damage (MDA, GUA) in the context of a low inflammatory
response. And PC4, is also suggestive of lower anti-oxidant activity involving increased GUA and low
inflammation, but unlike PC3, in the context of decreased MDA.
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Associations between principal components, MCI, and cognitive decline
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Analyses testing associations between the main PCs and MCI diagnosis at wave 4 or change in

MMSE score between wave 1 and wave 4 are presented in Table 2 see also sensitivity analyses in
the supplementary material). They show that PC3 (OR: 1.76, 95%CI 1.36-2.31, p=0.00003) and PC4
(OR: 1.45, 95%CI 1.11-191, p=0.007) (lower anti-oxidant activity) were associated with a 76% and
45% increased risk of MCI. In addition, PC3 was associated with less prior decline in MMSE in the
whole sample and in the MCI sub-sample, but not in the normal subsample. Moreover, PC2 (proinflammatory response) was associated with larger prior decline in MMSE but only in the whole
sample. And finally, PC1 (pro-inflammatory response) was associated with a greater prior decline in
MMSE score but only in cognitively normal participants. However, after correction for multiple
comparisons the associations between PC3/PC4 and MCI/MMSE change were the only ones to
remain significant.

Association between principal components and hippocampal atrophy
Analyses testing associations between the main PCs and change in hippocampal volume between
wave 1 and wave 4 are presented in Table 2. They show that PC1 (pro-inflammatory response) was
consistently associated with a greater prior hippocampal atrophy. However, this effect was only
significant after correction for multiple comparisons for the right HC in the whole sample and the
normal sub-sample. The only other significant principal component after correction for multiple
comparison was PC3 for the left (trend) and right HC in the MCI sub-sample.
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Main contributors to the effects of principal components

Accepted Article

Additional analyses investigating the markers contributing to significant principal component (PC1 &
PC3; see supplementary material and Table 2&3) showed that higher TAC levels were associated
with decreased risk of MCI and a lower decrease in MMSE, while TAC was associated with greater
left HC atrophy. TNF was associated with greater HC atrophy in the whole sample and the
“normal” sub-sample NEO was associated with greater HC.

Discussion
This study’s main findings were that the pattern of OS/inflammation observed in the population
surveyed was associated with having MCI, prior cognitive decline and hippocampal atrophy.
Importantly, lower anti-oxidant activity was found to be the strongest predictor of hippocampal
atrophy and cognitive decline.

The PCA analysis revealed four significant principal components which together explained over 54%
of the variability in all markers. Of the four principal components identified one component (PC3,
high anti-oxidant and low OS damage), was significantly associated with a decreased risk of MCI
after stringent correction for multiple comparisons. Follow up analyses indicated that this effect was
mostly attributable to total anti-oxidant levels with every one pg increase in TAC being associated
with an 8% decreased risk of MCI. Notably, consistent associations were also detected for MMSE
score change, not only in the whole sample, but also within the normal and MCI sub-samples. This is
important because it suggests a potent and continuous effect of TAC across the whole cognitive
range. Further, attesting to the robustness of these findings, is the fact PC3 and TAC were also
significantly associated with past hippocampal atrophy although only in MCI participants. The
reason for the lack of association in the whole sample or normal sub-sample is not clear but we
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speculate that OS damage may only start to be detectable in the pre-clinical stages of dementia-
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related neurodegeneration and may not yet be detectable in those without MCI. Another
component (PC4) reflecting high OS activity through lipid peroxidation (MDA) in the context of
higher anti-oxidant activity but lower DNA damage (GUA) was also associated with hippocampal
atrophy but not MCI or MMSE. It is not clear why PC4, which like PC3 reflected TAC activity, was not
associated as consistently with outcome measures. One possible explanation is that TAC
contribution to PC3 is greater than to PC4 and therefore may afford a greater protective effect to
this factor. Alternatively, this difference may reflect NO activity which is decreased in the presence
of OS and importantly, whose down-regulation plays a significant role in the development of
hypertension. Thus, PC4 may be less strongly associated with cardio-vascular disease which is a
potent risk factor for neurodegeneration and cognitive decline.

These are important results as they show that more subtle analyses can reveal how proinflammatory states rather than individual markers are associated with neurodegenerative
processes. It is also particularly notable that of all the markers investigated total anti-oxidant
capacity is the only one being consistently associated with neurodegeneration and cognitive decline
in the population investigated. These findings may have important clinical and population health
implication as it suggests that targeting anti-oxidant levels may be more effective than lowering
specific pro-inflammatory cytokines. This also seems consistent with current evidence indicating
that administration (as opposed to use which is conflated with confounders in population studies) of
anti-inflammatory treatments is not effective at decreasing cognitive decline or dementia risk18,19,
while interventions that boost anti-oxidant levels including diet, omega 3 fatty acids, and exercise
have been found to be on average very effective20-23.
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In conclusion, this study showed that systemic OS/inflammatory states are associated with cognitive
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decline and neurodegeneration and that higher anti-oxidant activity appears to be particularly
protective. Future investigations are needed to identify the main determinants of anti-oxidant and
pro-inflammatory states. Moreover, this study has also made an important methodological
contribution by showing that using PCA to assess how combinations of markers, rather than
individual ones, might lead to the detection of more meaningful associations between complex
pathological mechanisms and health and functional outcomes.
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Table/Figure Legends

Table 1. Participants’ demographic characteristics.

Table 2. Associations between principal components of oxidative stress and inflammation and their
principal contributing markers, and MCI and cognitive decline (MMSE change in previous 12 years) in
the whole sample and MCI or normal sub-samples.

Table 3. Associations between principal components of oxidative stress and inflammation and their
principal contributing markers, and hippocampal atrophy in the whole sample and MCI or normal
sub-samples.

Figure 1. Path depicting the spectrum of inflammation and oxidative stress spanning normal cell
signalling function to pathological chronic inflammation and their link to neurodegeneration and
cognitive decline.

Figure 2. Bivariate correlation matrix between oxidative stress and OS/inflammation markers.

Figure 3. Main oxidative stress and inflammatory markers’ contribution to each of the four
significant principal components (PC1-PC4) identified in the PCA analysis. Red line represents the
significance threshold.
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Table 1. Participants’ demographic characteristics.
Measures

Whole Sample (n=380) Males (n=211) Females (n=169) T/chi-sq Test (P value) Normal (n=299)

MCI (n=81)

T/chi-sq Test (P value)

Age, years (SD)

75.35 (1.41)

75.37 (1.41)

75.32 (1.40)

0.29 (0.774)

75.31 (1.37)

75.48 (1.54)

-0.86 (0.392)

Education, years (SD)

14.22 (2.67)

14.76 (2.63)

13.56 (2.58)

4.46 (0.000)

14.43 (2.53)

13.46 (3.04)

2.64 (0.009)

MMSE, score (SD)

28.77 (1.49)

28.53 (1.66)

29.06 (1.19)

-3.61 (0.000)

29.08 (1.14)

27.60 (2.00)

6.35 (0.000)

BMI, kg/m2 (SD)

26.46 (4.79)

26.76 (4.43)

26.07 (5.20)

1.38 (0.169)

26.32 (4.54)

26.96 (5.62)

-0.95 (0.345)

Hypertension, n (%)

284 (74.74%)

155 (73.46%)

129 (76.33%)

0.27 (0.602)

230 (76.92%)

54 (66.67%)

3.03 (0.082)

Diabetes, n (%)

62 (16.32%)

38 (18.01%)

24 (14.20%)

0.74 (0.391)

42 (14.05%)

20 (24.69%)

4.54 (0.033)

APO*E4 genotype, n (%)

103 (27.11%)

56 (26.54%)

47 (27.81%)

0.03 (0.872)

72 (24.08%)

31 (38.27%)

5.80 (0.016)

IL1, pg/ml (SD)

0.04 (0.04)

0.04 (0.04)

0.04 (0.05)

-1.09 (0.277)

0.04 (0.04)

0.03 (0.04)

0.86 (0.389)

IL4, pg/ml (SD)

0.21 (0.18)

0.21 (0.18)

0.21 (0.17)

0.07 (0.943)

0.21 (0.18)

0.21 (0.15)

-0.00 (0.999)

IL6, pg/ml (SD)

0.66 (0.79)

0.69 (0.76)

0.62 (0.84)

0.81 (0.417)

0.61 (0.68)

0.66 (0.61)

-0.67 (0.504)

IL8, pg/ml (SD)

2.61 (1.89)

2.57 (2.00)

2.66 (1.76)

-0.48 (0.631)

2.49 (1.73)

2.82 (2.10)

-1.26 (0.209)

IL10, pg/ml (SD)

0.56 (0.48)

0.55 (0.34)

0.58 (0.61)

-0.59 (0.558)

0.57 (0.50)

0.53 (0.25)

1.02 (0.309)
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NO, pg/ml (SD)

22.26 (13.13)

22.16 (12.42)

22.39 (14.00)

-0.16 (0.872)

22.12 (12.35)

22.80 (15.75)

-0.36 (0.720)

TAC, mmol/l (SD)

64.24 (10.48)

65.24 (10.76)

62.99 (10.01)

2.11 (0.036)

65.52 (10.87)

59.52 (7.20)

5.90 (0.000)

NEO, pg/ml (SD)

3.01 (2.72)

3.19 (2.85)

2.79 (2.53)

1.42 (0.157)

2.97 (2.68)

3.17 (2.86)

-0.58 (0.561)

MDA, pg/ml (SD)

85.69 (36.51)

84.74 (31.59)

86.88 (41.92)

-0.55 (0.581)

84.26 (36.39)

90.99 (36.67)

-1.47 (0.144)

GUA, ng/ml (SD)

12.89 (4.49)

13.42 (4.52)

12.22 (4.38)

2.63 (0.009)

12.63 (4.44)

13.84 (4.61)

-2.11 (0.037)

TNF, pg/ml (SD)

2.41 (1.34)

2.41 (1.14)

2.40 (1.55)

0.06 (0.955)

2.42 (1.33)

2.36 (1.38)

0.34 (0.735)

TNF-R1, ng/ml (SD)

1.31 (0.49)

1.32 (0.45)

1.29 (0.54)

0.58 (0.559)

1.30 (0.49)

1.31 (0.47)

-0.15 (0.881)

TNF-R2, ng/ml (SD)

1.43 (0.54)

1.45 (0.49)

1.41 (0.59)

0.79 (0.432)

1.42 (0.54)

1.47 (0.52)

-0.65 (0.515)

Significance: p<0.05
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Table 2. Associations between principal components of oxidative stress and inflammation and their principal contributing markers, and MCI and cognitive
decline (MMSE change in previous 12 years) in the whole sample and MCI or normal sub-samples.

PC1

PC2

PC3

PC4

Constant

PCA Components

MCI

Significant Contributing Markers

MMSE Change
Whole
0.03

p = 0.694

MCI
0.026

-0.145
p = 0.144

-0.120**

-0.296*

p = 0.275

p = 0.016

p = 0.052

0.567***

-0.171***

-0.432**

p = 0.00003

p = 0.004

p = 0.024

0.371***
p = 0.008
-0.124

-0.038

MMSE Change

Normal

p = 0.464

0.121

MCI

0.011

0.076**
p = 0.026
-0.057

MDA

p = 0.219

MCI

Normal

-0.079***

0.023***

0.053**

0.010*

p = 0.00002

p = 0.0002

p = 0.038

p = 0.068

0.004
p = 0.294

-0.002

-0.009*

0.001

p = 0.175

p = 0.056

p = 0.595

15.101***

15.976*

18.214***

-0.027
p = 0.616
-0.052

p = 0.539

p = 0.953

p = 0.393

16.725***

15.526*

19.569***
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TAC

Whole

Constant

6.284

ccepted Articl

Observations

p = 0.987

p = 0.00001

p = 0.096

p = 0.00000

380

380

81

299

Log Likelihood

-176.37

-611.226

-146.309

-427.195

Akaike Inf. Crit.

368.74

1,240.45

310.619

872.391

Note:

p<0.1; p<0.05; p<0.01
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p = 0.400
Observations

p = 0.0001

p = 0.092

p = 0.00001

380

380

81

299

Log Likelihood

-175.786

-610.498

-147.626

-429.353

Akaike Inf. Crit.

363.572

1,235.00

309.251

872.706
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Table 3. Associations between principal components of oxidative stress and inflammation and their
principal contributing markers, and hippocampal atrophy in the whole sample and MCI or normal
sub-samples.

Hippocampal Volume Change
Whole

MCI

L

Normal

R

L

R

L

R

26.149**

36.936***

61.634**

87.797**

21.354*

36.865***

p = 0.029

p = 0.007

p = 0.039

p = 0.029

p = 0.100

p = 0.010

-30.578*

-196.403**

-119.576

p = 0.074

p = 0.020

p = 0.143

179.416**

274.933***

p = 0.017

p = 0.003

Principal Components

PC1

PC2

PC3

PC4

Constant

Observations
Log Likelihood
Akaike Inf. Crit.

-15.395
p = 0.311

-11.817
p = 0.556
9.323
p = 0.639

-1.47
p = 0.948
-4.246
p = 0.848

-23.939

86.09

p = 0.698

0.09
p = 0.996

-24.216
p = 0.244
9.899

p = 0.097

2,047.93

p = 0.027

p = 0.125

p = 0.052

p = 0.699

p = 0.028

3,218.60

-15.669

2,287.667
*

8,918.137*

-1,599.30 -1,624.85

p = 0.396

p = 0.493

2,051.83

25

-19.147

p = 0.640

2,775.109*
*

226

p = 0.680

p = 0.260

2,629.676*
*

226

-7.299

25

201

201

-164.09 -167.193

-1,423.12

-1,440.08

3,269.69

348.18

354.385

2,866.23

2,900.16

1.563

-21.601***

-11.131

2.495

2.027

Significant Contributing Markers
TAC

1.921
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p = 0.294

Accepted Article

NEO_(log)

Constant

Observations
Log Likelihood
Akaike Inf. Crit.
Note:

p = 0.449

p = 0.004

-89.806*

-132.189**

310.593***

-236.561

p = 0.085

p = 0.025

p = 0.003

p = 0.130

p = 0.177

2,469.540*
*

1,813.16

6,241.718*

8,610.19

2,618.812*
*

p = 0.040

p = 0.182

p = 0.098

p = 0.198

p = 0.042

226

p = 0.305

p = 0.196

p = 0.334

-85.165 174.297**
p = 0.012

2,187.38
p = 0.118

226

25

25

201

201

-1,600.59 -1,627.41

-166.979

-180.27

-1,423.77

-1,440.67

349.958

376.53

2,863.53

2,897.33

3,217.17

3,270.82

p<0.1; p<0.05; p<0.01

Figure 1.
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Figure 2.
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Figure 3.
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