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Abstract.

Background: Metals, silicon, and homocysteine are linked to Alzheimer’s disease. B vitamin therapy lowers homocysteine
and slows brain atrophy and cognitive decline in mild cognitive impairment (MCI).

Objective: Examine metals and silicon as predictors of cognition/brain atrophy in MCI, their interaction with homocysteine
and cysteine, and how B vitamins affect these relationships.

Methods: MCI participants (n =266, 77.6-year-old, 60.7% female) in VITACOG trial were randomized to receive daily folic
acid (0.8 mg)/vitamin Bj, (0.5 mg)/vitamin B (20 mg) (n=133) or placebo for two years. At baseline and end-of-study,
cranial MRIs were obtained from 168 participants, cognition was analyzed by neuropsychological tests, and serum iron,
copper, arsenic, aluminum, and silicon quantified by inductively-coupled plasma mass spectrometry in 196 participants. Data
were analyzed by bivariate and multiple regression.

Results: Baseline iron, cysteine, and homocysteine were significantly associated with brain atrophy rate. Homocysteine effects
on brain atrophy rate were modified by iron and cysteine. At baseline, iron, copper, aluminum, and silicon were significantly
associated with one or more domains of cognition: semantic memory, verbal episodic memory, attention/processing speed,
and executive function. At end-of-study, baseline iron, copper, aluminum, and silicon predicted cognition in at least one
domain: semantic memory, verbal episodic memory, visuospatial episodic memory, attention/processing speed, and global
cognition in the placebo but not the B vitamin group.
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Conclusion: Disparate effects of serum iron, copper, aluminum, silicon, and homocysteine on cognition and brain atrophy in

MCI suggest that cognitive impairment is independent of brain atrophy. These factors showed domain-specific associations

with cognition, which were abrogated by B vitamin therapy.

Keywords: Aluminum, brain atrophy, cognitive decline, copper, cysteine, homocysteine, iron, silicon

INTRODUCTION

Dementia is a major public health issue in aging
modern societies that affects 50 million individuals
worldwide (as of 2017) and continues to increase
[1]. Brain atrophy occurs during normal aging and
is a feature of neurodegeneration that becomes more
prominent in individuals with mild cognitive impair-
ment (MCI) and is further accelerated in Alzheimer’s
disease (AD) [2]. As no effective treatment for
dementiais available, identification of modifiable risk
factors that affect the rate of brain atrophy and cog-
nitive decline is important for the development of
preventive and treatment strategies [3, 4]. Reducing
the rate of brain atrophy is likely to slow the conver-
sion of individuals with MCI to AD [2].

Homocysteine (Hcy) is an emerging risk factor
for dementia and AD (reviewed in [5]). Elevated
plasma total Hey (tHcy) is associated with brain atro-
phy in healthy elderly [6] and in AD patients [7].
Brain atrophy in patients with MCI can be reduced
by tHcy-lowering B vitamin therapy [8] which also
improves global cognition, episodic memory, and
semantic memory [9].

Homeostasis of metals has been linked to neurode-
generative diseases, including AD (reviewed in [10]).
For example, copper (Cu) [11] and iron (Fe) levels
[12] are elevated in AD brains. Brain Fe accumulation
is associated with accumulation of amyloid-@, tau,
accelerated neurodegeneration, and cognitive decline
in AD patients [13, 14]. Aluminum (Al) accumulates
in senile plaques [15] and a high daily intake of Al is
associated with increased risk of dementia [16]. Sil-
icon (Si) has been shown to prevent gastrointestinal
absorption of Al [17], its deleterious effects on cogni-
tion, and to reduce the risk of AD [18]. In the general
population, plasma levels of Fe and Cu [19, 20] are
associated with cognitive function, while arsenic (As)
can cause learning and memory disorders and mood
deficits [21].

Although homeostasis of iron and other elements
has been linked to neurodegenerative diseases, their
influence on structural and functional aspects of cog-
nition in MCT has not been examined. For this reason,

we quantified serum levels on Fe, Cu, As, Al, and Si
in a cohort of MCI patients from the VITACOG trial,
studied associations of these elements with brain atro-
phy rate and cognition, their interaction with tHcy
and Cys, and effects of B vitamin therapy on these
associations.

MATERIALS AND METHODS

Farticipants

We analyzed stored serum samples from individ-
uals with MCI who fulfilled the Petersen criteria
[22] and participated in a randomized controlled
trial registered as VITACOG, ISRCTN 94410159
(http://www.controlled-trials.com) [8]. MCI patients
had Mini-Mental State Examination (MMSE) scores
of >24/30 and no evidence of dementia. Other
patients’ characteristics were collected at baseline
and have been previously described, as was the study
protocol [8]. Briefly, the study included 77.6 £ 4.8-
year-old patients (n=266, 60.7% female) some of
whom (n=168) had MRI scans at baseline and at
24.3 £0.7 months of follow-up. Participants were
randomly assigned to the B vitamin treatment and
placebo groups. Each participant received a daily oral
TrioB Plus® supplement tablet (folic acid, 0.8 mg;
vitamin By, - cyanocobalamin, 0.5 mg; vitamin Bg
- pyridoxine-HCl, 20 mg) or a placebo tablet for an
average of two years. At baseline, 15.3 to 18.1%
participants had history of stroke, transient ischemic
attack, or MRI infarct, 4.7 to 12.0% had diabetes,
and 7.1 to 7.3% had myocardial infarction (in the B
vitamin treatment and placebo group, respectively);
49.4t043.4%, 30.6 to 33.7%, and 16.5 to 20.5% par-
ticipants used cardiovascular disease drugs, aspirin,
and B vitamins, respectively, at baseline (see Table 1
in [8]). Blood samples were collected at baseline
and at the 2-year follow-up. All participants gave
written informed consent. The study was carried
out according to the principles of the Declaration
of Helsinki and was approved by the Oxfordshire
National Health Service research ethics committee
(COREC 04/Q1604/100).
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Table 1

Baseline determinants of the Ln[brain atrophy rate] — placebo group

1041

Variable Pearson Multiple regression™
(n=68-81) correlation®
(n=68-81)
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
B )4 B P ) p B p B p ) p B p
LnFe_1 028 0.011 026 0.025 029 0.010 024 0.038 041  0.009
0.28 0.0121 036t 0.003¢
LnCys_1 030  0.004 028 0.050 0.37 0.004 0.18  0.144 0.25 0.088
0.29  0.0421 0.29f  0.013¢
LntHcy_1 041  0.000 0.19 0.208 033 0.013 027 0052 037 0.003 022 0.161
022 0.194f 0.30  0.042f
LnSi_1 0.15 0.116 —-0.26 0.140
LnAl_1 —0.05 0.352 -0.01 0.942
LnAs_1 —0.08  0.249 —-0.11 0.353
LnCu_1 0.00  0.485 —-0.10  0.400
LnBrain_Volume_1 -0.24  0.014 -027 0.055 -0.34 0.009 NS NS NS 026 0.073
0.050"
Age 023 0.021 NS NS NS NS NS NS
Sex 0.12  0.153 NS NS NS NS NS NS
F=4.9, F=5.5, F=4.9, F=3.3, F=4.3, F=3.3,
p=0.000, p=0.000, p=0.001, p=0.006, p=0.003, p=0.002,
Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted
R2=0.26 R2=0.25 R2=0.22; R2=0.15; R2=0.14 R2=0.25
0.14% 0.12%

*Adjusted for LnBrain_Volume_1, age, and sex. NS, not significant; _1, baseline. TAdditionally adjusted for creatinine_1, and taurine_1.

#One-sided T-test. {Model w/o tHcy.

MRI scans

High-resolution T1-weighted images were ac-
quired at baseline and at 2-year follow-up on a 1.5T
Sonata MRI system (Siemens Medical Systems) and
analyzed as previously described [8, 23].

Cognitive testing

At baseline and at the end of study at 2 years,
neuropsychological tests were carried out by trained
research nurses and psychologists blind to patient’s
clinical dementia rating, as previously described
in the trial protocol [8]. The tests are representa-
tive of cognitive domains affected in MCI: global
cognition (MMSE [24], Telephone Inventory for
Cognitive Status modified (TICS-m) [25]); episodic
memory (Hopkins Verbal Learning Test-revised
(HVLT-R) with delayed recall (HVLT-DR) [26]);
selective attention/processing speed (Map Search)
[27]; visual tracking/speed (Trail Making A) [28];
attention/executive function (Symbol Digits Modali-
ties Test, SDMT); executive function (Trail Making
B, CLOX); and semantic memory (Graded Naming,
Category Fluency). The CANTAB Paired Asso-
ciate Learning (PAL total errors score) and Spatial

Recognition Memory (SRM) tests were also used as
outcome measures [9]. Higher accuracy scores indi-
cate better performance in all tests except the Trail
Making Test A and B, where longer time taken indi-
cates poorer performance, the CLOX test, based on
subtraction of 2 scores on the test (as described in [9]),
and the PAL total errors where more errors indicate
worse performance.

Serum Iron, copper, arsenic, aluminum, and
silicon quantification by inductively coupled
plasma-mass spectrometry

Serum (100 wL) samples were mineralized with
a mixture of redistilled nitric acid (70%, 300 wL),
hydrogen peroxide (25-35% for ultra-trace analy-
sis, 100 wL), and hydrochloric acid (30% suprapure,
100 L) for 24 h. Serial dilutions of ICP-MS single
Al, As, Cu, Fe, and Si standard solutions were used for
calibration. Additionally, for ICP-MS Sc, Rh, Be, and
Ge in 1% HNO3 > 99.999% trace metals basis were
used as internal standards (automatically added dur-
ing analysis through T-piece). Reagents and standards
for mineralization were purchased from the Sigma
Aldrich Merck group, Poznan, Poland. Deionized
water was obtained from the Milli-Q Direct 8 Water



1042 H. Jakubowski et al. / Fe, Cu, Al, and Si Predict Cognition in MCI

Purification System (Merck Millipore). Standard
Reference Material (SRM) 909¢ was used for serum
Fe measurements. Certified reference materials BCR
637 (Institute for Reference Materials and Mea-
surements) and ERM-DA120 (European Reference
Materials) were analyzed to validate the calibration
for Cu and Al respectively. Analyses were in agree-
ment with the certified values, with recoveries from
93 to 104%. Analyses were carried out using model
2030 ICP-MS instrument from Shimadzu, Japan. The
intra-assay analytical variability, determined with six
assays of the same sample in one run, was 1.3% and
6.4% for Cu and Fe, respectively. The inter-assay
variability, determined with 20 samples assayed on
different days was for 20.1%, 13.1%, 1.7%, 13.2%,
and 2.1% for Al, As, Cu, Fe, and Si, respectively.
Serum metal and Si test results were available for 95
B vitamin-treated and 101 placebo participants.

Metabolite and other variable assays

Values for serum total homocysteine (tHcy), total
cysteine (Cys), creatinine, taurine, folate, vitamins
Bg and By, and other variables were obtained from
analyses reported previously [8, 29].

Statistical analysis

Normality of a variable distribution was tested with
the Shapiro-Wilk’s statistic. For normally distributed
variables, mean = standard deviation (SD) was cal-
culated. For non-normally distributed variables,
medians were calculated. An unpaired two-sided #-
test was used for comparisons between two groups of
variables with normal distribution. A Mann-Whitney
rank sum test was used for comparisons between
two groups of non-normally distributed variables.
Associations between brain atrophy rate or cogni-
tive performance and other variables were examined
by bivariate and multiple linear regression. In mul-
tiple regression analysis, variables that have been
included in each model are indicated by numeri-
cal entries in tables (a variable that has not been
included in a model does not have an entry in the
B and p value columns). Models were adjusted for
age, sex, and other variables as described in the
legend to each table. Statistical software packages
PSPP, version 1.0.1 (www.gnu.org) and Statistica,
version 13 (TIBCO Software Inc., Palo Alto, CA,
USA, http://statistica.io) were used. Probability val-
ues were 2-sided and p value <0.05 was considered
statistically significant.

RESULTS

Serum levels of metals and Si at baseline and end
of study

Previous studies showed that supplementation with
B vitamins for 2 years slowed the rate of brain atrophy
in individuals with MCI and that the effect was asso-
ciated with the reduction in plasma tHcy levels [8].
To identify other factors, in addition to tHcy, which
might affect brain atrophy, we quantified serum met-
als (Fe, Al, As, Cu), Si, and cysteine (Cys) at baseline,
and examined their relationships with brain atrophy
rate in these individuals. To examine possible effects
of B vitamin therapy on serum Fe, Al, As, Cu, Si,
and Cys, we also quantified their levels at the end of
study.

We found that levels of serum Fe were significantly
decreased both in the placebo (3.7-fold, p =4.E-26)
and B vitamin groups (3.2-fold, p =2.E-22) at the end
of study compared to baseline. Levels of serum Al
and As were also were significantly decreased: 2.1-
to 3.2-fold for Al, and 3.7- to 8.1-fold for As. In
contrast, levels of serum Cu and Si were significantly
increased (1.1—and 1.3- fold, respectively; p < 0.000)
in the placebo and B vitamin groups (Supplementary
Table 1). Similar changes of serum Fe [12] and Cu
[11] levels were previously reported in AD patients
compared to healthy controls.

However, there was no significant difference in lev-
els of serum Fe, Cu, As, Al, Si, and Cys between
B vitamin and placebo groups at the end of study
(Supplementary Table 1).

Determinants of serum Fe, Cu, As, Al, and Si at
baseline

Associations between serum Fe and other vari-
ables at baseline are shown in Supplementary
Table 2. In Pearson correlation analysis, serum Fe
was significantly positively associated with Si (3 =
0.59, p=0.000), Al (3=0.27, p=0.000), tHcy
(B=0.19, p=0.004), creatinine (f =0.14, p=0.025),
and age (B =0.15, p =0.021), and negatively with cys-
tathionine (B =-0.15, p=0.020), taurine (3 =-0.24,
p=0.000), and phenylacetate hydrolase activity of
PONI1 (PhAcase) (B =-0.32, p=0.000). In multiple
regression analysis, baseline serum Fe was posi-
tively associated with serum Si (3 =0.57, p=0.000),
As (=0.17, p=0.003), and negatively with cys-
tathionine (B =-0.20, p=0.000), taurine (3 =-0.18,
p=0.001), and PhAcase (3=-0.21, p=0.000); the
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Fig. 1. Relationships between brain atrophy rate over two years and baseline concentrations of serum iron (Fe_1: A, D), cysteine (Cys_1: B,
E), and homocysteine (tHcy-1: C, F) in MCI individuals. A, B, C) Placebo group; D, E, F) B vitamin group.

adjusted R> was 0.46 (Supplementary Table 2).
Although serum Fe was associated with Al, tHcy, and
creatinine in the bivariate analysis, there was no asso-
ciation between Fe and Al, tHcy, or creatinine in the
multiple regression analysis.

In Pearson correlation analysis, baseline serum Si
was significantly positively associated with serum
Fe (8=0.59, p=0.000), Al (8 =0.33, p=0.000), Cu
(B=0.13, p=0.040), and tHcy (B =0.24, p=0.000),
and negatively with As (B=-0.28, p=0.000)
and PhAcase (3=-0.20, p=0.003). In multiple
regression analysis, baseline serum Si was posi-
tively associated with baseline serum Fe (3 =0.56,
p=0.000), Cu (B=0.14, p=0.010), Al (B =0.15, p=
0.006), and cystathionine (3=0.15, p=0.007),
and negatively with As (3 =-0.27, p=0.000); the
adjusted R> was 0.46 (Supplementary Table 2).
Although serum Si was associated with tHecy and
PhAcase in the bivariate analysis, there was no associ-
ation between Si and tHcy or PhAcase in the multiple
regression analysis.

Baseline serum Cu was significantly positively
associated with baseline serum Si, taurine, and sex
(higher Cu in men) both in Pearson correlation and
multiple regression analysis; the adjusted R? was 0.21
(Supplementary Table 2).

Baseline serum Al was positively associated with
baseline serum Si and negatively with PhAcase, both

in Pearson correlation and multiple regression anal-
ysis; the adjusted R? was 0.11. Although Al was
positively associated with serum Fe in the bivariate
analysis, there was no association between Al and Fe
in the multiple regression analysis (Supplementary
Table 2).

In multiple regression analysis, baseline serum As
was positively associated with baseline serum Fe
(B=0.28, p=0.003) and Cys (3=0.18, p=0.009),
negatively with Si (8 =-0.43, p=0.000), and there
was a tendency for a positive association with cys-
tathionine (B =0.12, p =0.089); the adjusted R? was
0.14 (Supplementary Table 2). In Pearson corre-
lation analysis, As was positively associated with
cystationine and Cys, negatively with Si, but not
with Fe.

Brain atrophy rate is associated with baseline
serum Fe and Cys

In Pearson correlation analysis for the placebo
group, we found that baseline serum Fe_1 (Fig. 1A)
and Cys_1 (Fig. 1B) were positively associated with
the rate of brain atrophy. These associations are remi-
niscent of the relationship between baseline tHcy and
brain atrophy rate, which was previously identified
in the same cohort [8] and is shown for compari-
son in Fig. 1C. In contrast, we found no correlations
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between brain atrophy rate and baseline serum Cu,
As, or Al (not shown).

In multiple regression analysis for the placebo
group, brain atrophy rate was significantly associ-
ated with serum Fe_l and Cys_1 (Table 1: Model 1
and 2). Notably, brain atrophy rate was not associ-
ated with tHecy (Model 1). However, brain atrophy
rate was associated with tHcy_1 in models without
Cys_-1 (Model 3 and 5) (Table 1).

Baseline serum Cys_1 was a significant predictor of
brain atrophy rate in models with (Model 1) or with-
out tHcy_1 (Model 2 and Model 4) as well as in a
model without Fe_1 (Model 4). In contrast, baseline
tHey_1 was a significant predictor of brain atrophy
rate only in models without Cys_1 (Model 3 and 5)
(Table 1). However, predictive values of models with-
out Cys_1 (Model 3, R?>=0.22; Model 5, R>=0.14)
were lower than the predictive value of a model with
Cys_1 (Model 1: R?=0.26). In contrast, R>=0.25
for a model without tHcy (Model 2) was similar to
R? =0.26 for a model with tHcy (Model 1).

In models without baseline Fe_1, brain atrophy rate
was significantly associated with Cys_1 (Model 4)
or with tHey_-1 (Model 5) (Table 1). However, the
adjusted R? values for Model 4 (R?=0.12-0.15) and
Model 5 (R2=0.14) were lower than for Model 1
(R?=0.26), suggesting that Fe accounts for a signif-
icant proportion (11-13%) of the variation in brain
atrophy rate.

Other baseline metals (Al_1, As_1, Cu_1) and Si_1
were not associated with the rate of brain atrophy in
the placebo group and did not affect the association
between brain atrophy rate and baseline Fe_1 (Model
6, Fe_1: 3=0.41, p=0.009; adjusted RZ= 0.25).

Taken together, these findings identify baseline
serum Fe_l as a major determinant of the brain atro-
phy rate.

B vitamin treatment abrogates associations of
brain atrophy rate with Fe and Cys

Bivariate associations of brain atrophy rate with
baseline Fe_1 and Cys_1, observed in the placebo
group (Fig. 1A, B), were absent in the B vitamin
group (Fig. 1D, E). The nullifying effects of B vitamin
treatment on the associations between brain atrophy
rate and baseline Fe_1 and Cys-1 are reminiscent
of a similar effect of B vitamins on the association
between baseline tHcy_1 and brain atrophy rate pre-
viously reported in the same cohort [8], shown in
Fig. 1C, F for comparison.

In multiple regression analysis, associations of the
brain atrophy rate with Fe_1 and/or Cys_1 (Model
1, 2,3, 4, 6), and with tHcy_1 in models w/o Cys_1
(Models 3, 5) observed in the placebo group (Table 1)
were absent in the B vitamin group (not shown).

Baseline Fe, Al, Cu, and Si are associated with
baseline neuropsychological measures of
cognition

Previous studies showed that supplementation with
B vitamins for two years improved executive function
(CLOX_2) in individuals with MCI and that the effect
was associated with the reduction in plasma tHcy
levels. B vitamin treatment also improved global cog-
nition (MMSE_2), episodic memory (HVLT-DR_2),
and semantic memory (Category_Fluency_2) in par-
ticipants with elevated tHcy [9]. To identify other
factors, in addition to tHcy, which might affect brain
function, and assess their predictive values, we exam-
ined relationships between baseline serum metals
(Fe, Al, As, Cu), Si and Cys, and cognitive per-
formance assessed by neuropsychological testing at
baseline and 2 years later at the end of study. Effects
of a 2-year B vitamin therapy on these relationships
were also examined.

In Pearson correlation analysis, baseline Fe_l
was significantly negatively associated with baseline
neuropsychological measures in three domains of
cognition: semantic memory (Category_Fluency-
1, Fig. 2A; Graded Naming_1), verbal episodic
memory (HVLI-TR_1), and attention/processing
speed (Map_Search_1) (Supplementary Table 3).
Baseline Si_1 was significantly associated with base-
line neuropsychological measures in five domains
of cognition: semantic memory (Category_Fluency -
1, Fig. 2B; Graded Naming_1); verbal episodic
memory (HVLT-TR_1), attention/processing speed
(Trail_Making_A_1,  Trail Making B_.1, = Map_
Search_1, LnSDMT_1), executive function (CLOX_
1), and global cognition (MMSE_1) (Supplementary
Table 3). Baseline Cu_1 was significantly positively
associated with verbal episodic memory (HVLT-DR_
1, Figure 2D; HVLT-TR_1) while baseline Al_1
was significantly negatively associated with atten-
tion/processing speed (Trail_Making_A_1, Fig. 2E)
and there was a tendency for negative association
with executive function (CLOX_1) (Supplementary
Table 3).

We also found that cognition was significantly
associated with several other variables in Pearson
analysis. Specifically, attention/processing speed was
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Fig. 2. Pearson correlations between baseline sematic memory (Category _Fluency_1), episodic memory (HVLT-DR_1), attention/processing
speed (SDMT_1, Trail Making A) and baseline metals, silicon, tHcy, Cys. Higher scores indicate better performance in all tests except

Trail_Making_A, where longer time taken indicates poorer performance.

negatively associated with Cys_1 (SDMT_1, Fig. 2F)
and tHcy_1 (Map_Search_1, SDMT_1) (Supplemen-
tary Table 3) while tHcy_1 was negatively associated
also with semantic memory (Category_Fluency_1,
Fig. 2C), verbal episodic memory (HVLT-TR_1,
HVLT-DR_1), and executive function (CLOX_1)
(Supplementary Table 3). Brain_Volume_1 was
associated with better performance in all neuropsy-
chological tests, except the CLOX test, which was not
affected by brain volume; age—with poorer perfor-
mance in all tests; and sex—with semantic memory
(Category_Fluency_1, Graded_Naming_1) and verbal
episodic memory (HVLT-TR_1; HVLT-DR_1), both
better in men (Supplementary Table 3).

In multiple regression analysis, controlling for age,
sex, and Brain_Volume_1, baseline Fe_1 remained
significantly negatively associated with baseline
neuropsychological measures in three domains of
cognition: semantic memory (Category_Fluency_
1), verbal episodic memory (HVLT-TR_1), and
attention/processing speed (Map_Search_1) (Sup-
plementary Table 4). Other baseline metals and
Si_1 were either positively or negatively associated
with different domains of cognition. Baseline
Si_1 was significantly associated with baseline
neuropsychological measures in four domains of
cognition: verbal episodic memory (HVLT-TR_1),

attention/processing  speed  (Trail_Making_A_1,
Map_Search_1, SDMT_1), and executive function
(CLOX_1), with higher Si_1 associated with worse
cognition. Baseline Al_1 was significantly associ-
ated with baseline semantic memory (Category-
Fluency_1), verbal episodic memory (HVLT-TR_1),
and attention/processing speed (Trail_ Making A_1,
SDMT._1), with higher Al_1 associated with better
cognition. Baseline Cu_1 was positively associated
with baseline verbal episodic memory (HVLT-DR._
1) (Supplementary Table 4).

In contrast to baseline metals and Si_1, baseline
tHcy_1 only retained association with executive func-
tion (CLOX_1) after controlling for age, sex, and
Brain_Volume_1, while Cys_1 was not associated
with any of the measures of cognition at baseline.
Brain_Volume_1, age, and sex contributed to the
variance of some but not all measures of cognition
(Supplementary Table 4).

Baseline Fe, Al, and Cys predict cognition at the
end of study — Pearson correlation

The placebo group
In Pearson correlation analysis for the placebo
group, baseline Fe_1 was significantly associated
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Table 2

Association of cognition at the end of study with serum iron, tHcy, and Cys at baseline — Pearson correlation™

Baseline Semantic Visuospatial Verbal episodic memory Attention/processing speed

variable memory episodic

(n=92-97) memory
LnGraded_ LnPal_ LnHVLT- LnHVLT- LnSDMT_2 LnMap_ LnTrail_
Naming_2 Totter_2 TR:2 DR:2 Search_2 Making_A_2
B p B p B p p B p B p B p

Placebo group
LnFe_1 -0.17 0.049 0.18 0.041 -0.15 0.072 0.045
LnAl_1 0.037 0.18 0.044 021 0.026 -020 0.027

LnHcy-1  -033 0.000 0.10 0.156  -0.36  0.000
LnCys_.1  -0.22 0.009 0.19 0.027

0.000 -0.31 0.000 -0.39 0.000 0.38 0.000
-0.23  0.009 -0.14 0.081 0.21 0.012

B vitamin group

LnFe_1 0.07 0.241  0.06 0280 -0.07 0.251
LnAl_1

LnHcy_1 0.09 0.189 -0.04 0.333 0.03  0.366
LnCys_1 0.09 0.189 -0.23  0.008

0.298

0282 0.02 0426 -0.01 0457 0.03 0.395

0236 -021 0.013 0.07 0246 0.01 0.459
0.00 0489 -0.02 0415 -0.02 0431

*Ln, natural logarithm; _1, baseline; -2, end of study; one-sided 7-test. Empty 8 and P cells indicate no correlation. Note: higher Pal_Totter_2

and Trail_Making_A_2 scores indicate worse cognitive performance.

with worse cognitive performance assessed by neu-
ropsychological measures in three domains of cogni-
tion at the end of study: semantic memory (Graded._
Naming_2), verbal episodic memory (HVLT-DR_2),
and visuospatial episodic memory (Pal_Totter_2)
(Table 2). In addition, Fe_1 showed a trend for a
negative association with verbal episodic memory,
HVLT-TR_2. These associations are reminiscent of
the relationship between baseline tHcy (tHey_1) and
semantic (Category_Fluency_2) as well as episodic
memory (HVLT-DR_2) at the end of study, where
elevated tHcy was associated with worse cognition
as was previously identified in the same cohort and
is shown for comparison in Table 2.

The bivariate correlation analysis also showed that
baseline Al_1 was negatively associated with verbal
episodic memory (HVLT-DR_2) but positively with
attention/processing speed (SDMT_2, Map_Search_
2, and Trail Making_A_2), suggesting that Al has
cognition domain-dependent effects. Baseline Cys_1
was negatively associated with attention/processing
speed (SDMT_2 and Trail_Making_A_2), seman-
tic memory (Graded Naming_2) and visuospatial
episodic memory (Pal_Totter_2), suggesting worse
cognition with higher Cys_1 (Table 2). Higher base-
line tHey_1 was also associated with worse cognition
in the attention/processing speed domain at the end of
study. In contrast, there were no associations between
baseline Cu, Si, or As, and any of these neuropsycho-
logical measures of cognition at the end of study (not
shown).

The B vitamin group

The bivariate associations between Fe_1 or Al_
1 and neuropsychological measures of cognition
observed in the placebo group (Fig. 3A, B) were
absent in the B vitamin group (Fig. 3D, E, Table 2).
The nullifying effect of B vitamin treatment on the
association of Fe_1 or Al_1 with cognition is rem-
iniscent of a similar effect of B vitamins on the
tHcy-cognition relationships in the same cohort [9],
shown in Fig. 3C and 3F and Table 2 for comparison.

Baseline Fe, Cu, Al, and Si predict cognition in
the placebo group at the end of study: multiple
regression analysis

Multiple regression analysis for the placebo group
in models including baseline serum Fe, Si, Al, As,
Cu, Cys, tHcy, neuropsychological test score, and
brain atrophy rate, controlling for age, sex, LnCre-
atinine_1, and LnTaurine_1, revealed that five of
these baseline variables (Fe_1, Si_1, Al_1, Cu_1, and
tHcy_1) predicted cognition in one or more domains
at the end of study at 2 years: Fe_1 and tHcy_1
predicted global cognition (MMSE_2), semantic
memory (Category_Fluency_2, Graded_Naming_2),
and attention/speed (Trail_Making. A_2); Si_l
predicted attention/processing speed in each of
the three tests (Map_Search_2, Trail Making A _2,
Trail Making B 2) while Cu_l predicted atten-
tion/processing speed in the Map_Search_2 test); Al_1
predicted global cognition (MMSE_2).
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Fig. 3. Pearson correlations between verbal episodic memory at the end of study (HVLT-DR_2) and baseline concentrations of serum iron
(Fe_1) (A, D), aluminum (Al-1) (B, E), and tHcy (C, F) in MCI individuals. A, B, C) Placebo group; D, E, F) B vitamin group.

Global cognition: MMSE 2

Pearson correlation analysis for the placebo group
showed that global cognition at the end of study
(MMSE_2 score) was associated with the brain atro-
phy rate, age, baseline serum tHcy_1, Cys_1, and
Brain_Volume_1 (Table 3).

In multiple regression analysis for the placebo
group, global cognition at the end of study (MMSE_2)
was determined by baseline Fe_1, Al_1, and tHcy_1
as well as brain atrophy rate and baseline MMSE_1
score; adjusted R? was 0.50 (Model 1, Table 3).
PhAcase_1 and triglycerides (TG_1), identified in the
previous study as contributing to the variance [29],
were also included in the analyses (Table 3). Cys_1
and age, significantly associated with MMSE_2 in
bivariate analysis, was not significant in multiple
regression analysis.

The positive association of MMSE_2 with Fe_1
was significant in models without TG_1 (Model 5)
and PhAcase_1 (Model 6), indicating that the effect
of Fe_1 on MMSE_2 was independent of TG_1 and
PhAcase_1. In contrast, the association of MMSE_2
with Fe_1 was not significant in models without
tHey_1 (Model 3) and Al.1 (Model 4), indicat-
ing that the effect of baseline Fe_.1 on MMSE_2
at the end of study was dependent on tHcy_1 and
Al_l and that there was an interaction between
Fe_1, Al_1, tHcy_1, which modified their effects on
MMSE_2.

Models without Fe_1 (Model 2; adjusted R*=
0.47), tHey_1 (Model 3, RZ=0.46), Al_1 (Model 4;
R2=0.47), TG_1 (Model 5, R =0.47), or PhAcase_1
(Model 6, R2 =0.44), all had lower R? values com-
pared to Model 1 (R>=0.51), suggesting that each of
these variables independently contributed to the pre-
dictive value of Model 1 (Table 3). Because higher
score in the MMSE test indicates better global cogni-
tive performance, these findings suggest that Fe has a
beneficial effect on global cognition while Al, tHcy,
TG, and PhAcase are detrimental.

Semantic memory: Category Fluency_2

In Pearson correlation analysis for the placebo
group, semantic memory at the end of study (Cat-
egory_Fluency_2) was significantly associated with
baseline tHcy_1, creatinine_1, Category_Fluency_1,
Brain_Volume_1, brain atrophy rate, age, and sex (bet-
ter semantic memory in women) (Table 4).

In multiple regression analysis, baseline Fe_1 and
baseline Category_Fluency_1 were significant pre-
dictors of better semantic memory at the end of
study (Category_Fluency_2), while tHcy_1 predicted
worse performance (Model 1, Table 4; adjusted
R? was 0.59). The positive association of Cate-
gory_Fluency_2 with baseline Fe_1 was significant
in a model without tHcy_1 (Model 3), which indi-
cates that the effect of baseline Fe_1 on Category.-
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Determinants of global cognition at the end of study: LAMMSE_2, placebo group*

Variable Pearson Multiple regression®
(n=82-112) correlation
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
B p B p B p B p B p B p B p
LntHcy-_1 -0.28 0.003 -0.38 0.011 -0.33 0.031 -0.31 0.038 -0.29 0.050 -0.41 0.010
LnCys_1 -0.19  0.048
LnFe_1 0.05 0.650 025 0.035 0.19 0.109 0.17 0.130 024 0.051 032 0.008
LnAl_l 0.08 0425 -0.20 0.050 -0.13 0.192 -0.13 0.201 -0.17 0.103 -0.19 0.078
LnTG-1 0.09 0370 -0.21 0.031 -0.19 0.057 -0.07 0.512 -0.19 0.059 -0.20 0.052
LnPhAcase_1 -0.11 0.286 -0.27 0.008 -0.33 0.002 -0.29 0.008 -0.26 0.012 -0.27 0.011
LnBrain Volume_1 0.39  0.000 033 0.007 041 0.001 036 0.006 032 0.010 032 0.012 027 0.032
Atrophy rate -0.36 0.006 -0.25 0.027 -0.18 0.096 -0.33 0.004 -023 0.044 -0.27 0.018 -0.22 0.061
LnMMSE_1 034  0.000 025 0.009 025 0012 023 0.022 025 0.010 025 0.011 030 0.003
Age -0.28  0.003 NS NS NS NS NS NS
F=6.3, F=6.0, F=5.6, F=6.2, F=6.0, F=5.5,
p=0.000, p=0.000, p=0.000, p=0.000, p=0.000, p=0.000,
Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted
R?=0.50 R?=0.47 R?=045 R%?=0.47 R%2=0.46 RZ=0.44

*Ln, natural logarithm; PhAcase, phenylacetate hydrolase; TG, triglyceride; _1, baseline; -2, end of study; NS, not significant. #Adjusted for

age, sex, LnCreatinine_1, and LnTaurine_1.

Table 4

Determinants of semantic memory at the end of study: LnCategory_Fluency_2, placebo group*

#

Variable Pearson Multiple regression
(n=82-112) correlation
Model 1 Model 2 Model 3 Model 4
B )4 B )4 B )4 B )4 g )4
LntHcy_1 -0.47 0.000 -0.35 0.004 -0.22 0.046
LnFe_1 -0.08 0.448 0.27 0.003 0.25 0.007
LnCreatinine_1 -0.30 0.001 NS NS NS NS
LnBrain_Volume_1 0.38 0.000 NS NS NS NS
Atrophy rate -0.36 0.006 -0.19 0.058 -0.13 0.194 -0.28 0.005 -0.21 0.038
LnCategory_Fluency_1 0.70 0.000 0.57 0.000 0.52 0.000 0.54 0.000 0.54 0.000
Age -0.37 0.000 NS NS NS NS
Sex 0.19 0.043 NS NS NS NS
F=11.8, F=11.5, F=124, F=12.0,
p=0.000, p=0.000, p=0.000, p=0.000,
Adjusted Adjusted Adjusted Adjusted
R?=0.60 R%2=0.53 R%=0.56 R%2=0.51

*Ln, natural logarithm; _1, baseline; -2, end of study; NS, not significant.

Fluency_2 at the end of study was independent from
baseline tHcy_1. As higher score in the Category Flu-
ency test indicates better semantic memory, these
findings suggest that Fe is beneficial while elevated
tHcy impairs semantic memory.

Semantic memory: Graded Naming_2

In Pearson analysis for the placebo group, seman-
tic memory at the end of study (Graded_Naming_2)
was associated with baseline tHcy_1, creatinine_1,
brain_volume_1 (=0.29, P=0.009), brain atrophy
rate, age, and baseline Graded Naming_1 (Table 5).

#Adjusted for age, sex, LnCreatinine_1, and LnTaurine_1.

Variables that significantly determined semantic
memory at the end of study (Graded Naming_2)
included baseline Fe_1, tHcy_1, and baseline Graded
Naming_1; adjusted R?> was 0.89 (Table 5). The
positive association of Graded_Naming_2 with Fe_1
was not significant in a model without baseline
tHey_1 (Model 3). Similarly, the negative associa-
tion between Graded_Naming_2 and tHcy_1 was not
significant in a model without Fe_1 (Model 2). These
findings indicate that the effect of baseline Fe_1 on
Graded_Naming_2 at the end of study was depen-
dent on baseline tHcy_1 and suggest that there was
an interaction between baseline Fe_1 and tHcy_1,
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Table 5

Determinants of semantic memory at the end of study: LnGraded_Naming_2, placebo group*

#

Variable Pearson Multiple regression
(n=82-112) correlation
Model 1 Model 2 Model 3 Model 4
B p B p B p B p B p
LntHcy_1 -0.33 0.000 -0.14 0.037 -0.09 0.108
-0.13%  047°
LnFe_1 -0.17 0.102 0.10 0.035 0.10 0.052
0.09% 0.59%
LnCreatinine_1 -0.23 0.016 NS NS NS NS
LnBrain_Volume_1 0.29 0.009
Atrophy rate -0.30 0.008 NS NS -0.11 0.023 NS
LnGraded_Naming_1 0.92 0.000 0.87 0.000 0.87 0.000 0.88 0.000 0.88 0.000
Age -0.33 0.000 -0.09 0.071 -0.13 0.090 -0.14 0.011 -0.13 0.021
F=64.8, F=75.5, F=68.7, F=85.6,
p=0.000, p=0.000, p=0.000, p=0.000,
Adjusted Adjusted Adjusted Adjusted
R%=0.89 R?>=0.88 R%2=0.88 R%=0.87

*Ln, natural logarithm; _1, baseline; -2, end of study; NS, not significant.

with LnBrain_Volume_1.

which modified their effects on semantic memory.
As higher score in the Graded Naming test indicates
better semantic memory, these findings suggest that
Fe and tHcy have opposite effects on semantic mem-
ory: Fe_l improves sematic memory, while tHcy_1
impairs it.

Attention/speed: Trail Making A_2

In Pearson correlation analysis for the placebo
group, attention/speed at the end of study (Trail-
Making_A_2) was associated with baseline tHcy_1,
Cys_1, Trail Making A_1, brain_volume_l, brain
atrophy rate, and age (Table 6).

In multiple regression analysis, baseline Fe_1 was
a significant predictor of better performance in the
Trail_Making_A_2 test (shorter time to accomplish
a task) at the end of study in models with (Model 1)
and without (Model 2) brain_volume_1, while tHcy_1
was not significant. However, Fe_1 did not predict the
Trail_Making_A _2 score at the end of study in a model
with baseline PhAcase_1 (Model 3; adjusted R? was
0.50) or in a model with Si_1 (Table 6).

Baseline PhAcase_1 was a significant predictor of
Trail_Making_A_2 only in a model without baseline
Fe_1 (Model 4), in which adjusted R? was reduced
from 0.50 to 0.48. Both Fe_1 and PhAcase_1 became
not significant in a model without tHey_1 (Model 5,
Table 6; adjusted R? was 0.47). Brain atrophy rate,
Trail_Making_A_1, and age were significant predic-
tors of Trail_Making_A_2.

#Adjusted for LnCreatinine_1, LnTaurine_1, age, and sex. $Model

Although the Trail_Making 2 was significantly
associated with baseline tHcy_1, Cys_1, and brain
volume_1 in bivariate analyses, these associations
were absent in multiple regression analysis in a model
with Fe_1 (Model 1, Table 6).

Taken together, these findings suggest interactions
between Fe_1, Si_1, Hcy_1, and PhAcase_1, which
modify their effects on cognition. As higher score in
the Trail Making A test indicates worse cognition,
these findings suggest that Fe_1 and PhAcase_1 have
opposite effects on the Trail_Making_A_2 score: Fe_1
improves cognition in the attention/speed domain
while PhAcase_1 impairs it.

Attention/speed: Trail Making_B_2

In Pearson correlation analysis for the placebo
group, attention/speed at the end of study (Trail-
Making B_2 score) was associated with baseline
tHey_1 (3=0.21, p=0.033), baseline Trail_ Making_
B_1 score (B=0.66, p=0.000), brain volume (3=
-0.37, p=0.001), and age (3=0.37, p=0.000)
(Table 7).

In  multiple regression analysis, better
Trail_Making_B_2 score (shorter time to accomplish
a task) at the end of study was significantly predicted
by baseline Fe_1 (Model 1), Si_1 (Model 2), Al_l
(Models 1 — 3), and Trail Making B_1 (Models 1
— 4) but not by tHcy_1 (Models 1 — 4) (Table 7).
Fe_l and Si_l were significant when included
separately in models with Al_1 (Model 1 and Model
2, respectively). However, Fe_1 and Si_1 became not
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Table 6

Determinants of attention/speed at the end of study: LnTrail_ Making_A_2, placebo group™

Variable Pearson Multiple regression”
(n=82-112) correlation
Model 1 Model 2 Model 3 Model 4 Model 5
B p B p B p B p B p B p
LnCys_1 0.21 0.024 NS NS NS NS NS
LntHcy_1 0.38 0.000 0.25 0.051 0.24 0.039 0.25 0.042 0.27 0.033 0.26 0.043
0.24%  0.083°
LnFe_1" -0.08 0.457 -0.23 0.026 -0.18 0.086
-0.22%  0.041%
LnSi_1" -0.02 0.852 -0.18 0.077 -0.21  0.043
LnPhAcase_1 0.14 0.163 0.21 0.036 0.23 0.022
LnBrain Volume_l 040  0.000  —0.04° 0.771°
Atrophy rate 0.34 0.002 0.28 0.012 0.18 0.067 0.32 0.005 0.28 0.012 0.23 0.040
LnTrail Making A_1  0.52 0.000 0.31 0.002 0.35 0.000 0.33 0.001 0.35 0.000 0.34 0.001
Age 0.37 0.000 0.28 0.015 0.19 0.073 0.29 0.011 0.32 0.006 0.31 0.009
F=9.6, F=8.38, F=8.9, F=9.3, F=9.1,
p=0.000, p=0.000, p=0.000, p=0.000, p=0.000,
Adjusted Adjusted Adjusted Adjusted Adjusted
R%Z=0.44 R%=0.46 R%=0.50 R%2=0.48 R%=0.47

*Ln, natural logarithm; _1, baseline; 2, end of study; NS, not significant. # Adjusted for LnCys_1 and sex. " Fe and Si were not significant
when present in models together. *Model with LnBrain Volume_1. Note: Trail_ Making_A 2 score indicates worse cognitive performance.

Table 7

Determinants of attention/speed at the end of study: LnTrail_Making_B_2, placebo group™

Variable Pearson Multiple regression®
(n=82-112) correlation
Model 1 Model 2 Model 3 Model 4
B P B P B p B P B P
LntHey_1 0.21 0.033 0.08 0.389 0.11 0.277 0.11 0.256 0.08 0.439
LnFe_1" -0.10 0.342 -0.21 0.016 -0.13 0.225 -0.08 0.459
-0.11%  0.246°
LnSi_1" -0.04 0.727 -0.23 0.014 -0.15 0.181 -0.09 0.399
-0.18% 0.082%
LnAl_1 -0.03 0.759 0.18 0.039 0.19 0.036 0.21 0.022
0.19% 0.049° 0.23% 0.023%
LnBrain Volume_1 ~ —0.37 0.001 -0.17% 0.110% -0.16° 0.137%
LnAtrophy _rate 0.11 0.327
Trail_Making_B_1 0.66 0.000 0.66 0.000 0.67 0.000 0.67 0.000 0.62 0.000
Age 0.30 0.002 NS NS NS NS
F=120, F=104, F=10.8, F=1238,
p=0.000, p=0.000, p=0.000, p=0.000,
Adjusted Adjusted Adjusted Adjusted
R2=0.46, R2=0.46, R2=0.46 R2=0.44
0.55% 0.56%

*Ln, natural logarithm; _1, baseline; _2, end of study: NS, not significant. #Adjusted for LntHcy-1, LnCys_1, age, and sex. $Models with
LnBrain_Volume_1. * Not significant in models w/o Al. Note: Trail_ Making_B_2 score indicates worse cognitive performance.

significant when both were included together in a
model with Al_1 (Model 3) or separately in a model
without Al_1. These findings suggest that interactions
between Fe_1, Si_1, and Al_1 modify their effects of
cognition in the attention/processing speed domain.
As higher score (longer time to accomplish a task)
in the Trail Making B test indicates worse cognition,
these findings suggest that Fe_1, Si_1, and Al_1 have

opposite effects on Trail_Making_B_2 score: Fe and
Si improve cognition in the attention/speed domain
while Al_1 impairs it.

Complex attention/processing speed: Map Search_2

In Pearson analysis for the placebo group, com-
plex attention/processing speed at the end of study
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Table 8
Determinants of attention/speed at the end of study: LnMap_Search_2, placebo group*

Variable Pearson Multiple regression”
(n=82-112) correlation
Model 1 Model 2 Model 3 Model 4
B p B p B P B )4 B P
LntHey_1 -0.39 0.000 NS NS NS NS
LnSi-1 -0.02 0.858 0.27 0.010 0.25 0.021
0.25% 0.022% 0.22% 0.048°
LnCu_l -0.10 0.347 -0.25 0.033 -0.22 0.072
0225  0.061%
LnBrain Volume_1 0.40 0.000 0.09% 0.490% 0.16% 0.231%
LnAtrophy_rate -0.30 0.011 -0.15 0.194 -0.13 0.255 -0.12 0.300 -0.14 0.159
LnMap_Search_1 0.65 0.000 0.42 0.000 0.41 0.001 0.40 0.001 0.41 0.000
Age -0.36 0.000 -0.25 0.048 -0.21 0.137 -0.24 0.065 -0.27 0.011
F=7.16, F=6.42, F=6.95, F=9.96,
p=0.000, p=0.000, p=0.000, p=0.000,
Adjusted Adjusted Adjusted Adjusted
R2=0.48 R2=0.42 R2=0.44 R2=0.46

*Ln, natural logarithm; _1, baseline; -2, end of study; NS, not significant. #Adjusted for LntHcy-1, LnCys_1, LnTaurine_1, age, and sex.

$ Adjusted for LnBrain_Volume_1.

(Map_Search_2) was associated with age, brain
atrophy rate, baseline tHcy_1, brain_volume_1, and
Map_Search_1 (Table 8).

In multiple regression analysis, baseline Si-1 and
baseline Map_Search_1 predicted better performance
in the Map_Search_2 test at the end of study while
baseline copper (Cu_1) and age predicted worse per-
formance (Model 1, Table 8; adjusted R? was 0.48).
Si_1 was significant in a model without Cu_1 but
adjusted R2 was reduced to 0.44 (Model 3). In con-
trast, Cu_1 was not a significant predictor of the
Map_Search_2 score in a model without Si_1, which
also had an R? value reduced to 0.42 (Model 2),
suggesting that an interaction between these two ele-
ments determines their effects on cognition. Other
baseline metals (Fe_1, Al_1, As_1) did not affect asso-
ciations of Si_1 and Cu_1 with Map_Search_2.

Although the Map_Search 2 score was signifi-
cantly associated with baseline tHcy_-1 and brain
volume in bivariate analyses, these associations were
absent in multiple regression analyses. As higher
score in the Map Search test indicates better cogni-
tion, these findings suggest that baseline Si and Cu
have opposite effects: Si improves cognition in the
attention/speed domain at the end of study while Cu
impairs it.

B vitamin treatment abrogates effects of Fe, Si,
Al, and Cu on cognition

As illustrated in Table 2 and Fig. 2 above, Pear-
son analysis showed that the significant associations

of Fe_1 with semantic memory (Graded_Naming_2),
verbal episodic memory (HVLT-DR_2), and visu-
ospatial episodic memory (Pal_Totter_2), and of
Al_1 with attention/processing speed (SDMT_2,
Map_Search_2, and Trail_Making_A_2) observed in
the placebo group at the end of study were absent in
the B vitamin group.

In multiple regression analysis, the associations
of baseline Fe_1, Si_l1, Al.l, and tHcy.-1 with
global cognition (MMSE_2), semantic memory (Cat-
egory_Fluency_2, Graded Naming_2), and attention/
processing speed (Trail_Making A_2, Trail Mak-
ing_ B_2, Map_Search_2) observed in the placebo
group at the end of study were absent in the B vita-
min group for any model that showed association in
the placebo group (shown in Supplementary Table 5
for Model 1 from each cognitive test). The B vitamin
treatment also abrogated associations of baseline Si-
1 and Cu_1 with complex attention/processing speed
(Map_Search_2). However, Si_1, which was not asso-
ciated with semantic memory (Category_Fluency_2)
in the placebo group at the end of study (Table 4), was
negatively associated with Category_Fluency_2 in the
B vitamin treatment group (Supplementary Table 5).
These findings suggest that B vitamin treatment
abrogated effects of Fe_1, Al_1, and tHcy_1 on cog-
nition but may not ameliorate some of the effects of
Si_1.

Associations between neuropsychological test
scores and brain atrophy rate were also abrogated by
B vitamin treatment. However, neuropsychological
test scores in the B vitamin group at the end of study
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were still associated with the corresponding scores at
baseline (Supplementary Table 5).

DISCUSSION

The present study, using a well-characterized
cohort of patients with MCI, provides evidence sug-
gesting that: 1) baseline serum Fe and Cys are
independent predictors of brain atrophy rate at 24-
month follow-up; 2) effects of baseline tHcy on brain
atrophy were modified by Fe and Cys; 3) B vitamin
therapy abrogated effects of Fe and Cys on brain
atrophy rate; 4) baseline Fe, Cu, Al, Si, and tHcy
were associated with cognition at baseline and pre-
dicted cognition at 24-month follow-up in the placebo
group; 5) interactions between these variables modi-
fied their effect on cognition; 6) B vitamin treatment
abrogated effects of Fe, Al, Si, Cu, and Hcy on cog-
nition.

Notably, we found that associations between met-
als, Si, tHcy and cognition were domain-specific.
For example, in multiple regression analysis, base-
line Fe_1 was associated with baseline seman-
tic memory (Category_Fluency_1), verbal episodic
memory (HVLT-TR_1), and attention/processing
speed (Map_Search_1); baseline Si_1 with baseline
verbal episodic memory (HVLT-TR_1), attention/
processing speed (Trail_ Making_A_1, Map_Search_
1, SDMT_1), and executive function (CLOX_1);
baseline Cu_1 with baseline verbal episodic memory
(HVLT-DR_1); baseline Al_1 with all four base-
line cognitive domains; in contrast, baseline tHcy
was associated only with baseline executive function
(CLOX_1) (Supplementary Table 4).

Further, baseline Fe_1 and tHcy_1 predicted global
cognition (MMSE_2, Model 1, Table 3) and seman-
tic memory (Category_Fluency_2, Model 1, Table 4;
Graded Naming_2, Model 1, Table 5) at the end
of study. Baseline Fe_1, but not tHcy_1, predicted
attention/speed (Trail_Making_A_2, Modell, Table 6;
Trail_Making_B_2, Modell, Table 7), which was also
predicted by Si_1 and Al_1 in the Trail Making B_2
test (Model 2, Table 7) and by Si_1 and Cu_1 in the
Map_Search_2 test (Model 1, Table 8) at the end of
study.

Our finding that baseline serum Fe predicts brain
atrophy rate in MCI is consistent with previous
extensive evidence suggesting that Fe contributes
to dementia and AD (reviewed in [30]). For exam-
ple, interaction between polymorphisms in the genes
for transferrin and hemochromatosis, associated with

increased iron load, is a strong risk factor for AD
[31]. Furthermore, Fe was found to accumulate in
AD brains and co-localize with amyloid plaques.
For example, in AD patients, cortical iron levels are
elevated compared to age and sex-matched healthy
individuals, as measured by various methods in post-
mortem tissue [32-35]. Furthermore, levels of brain
Fe [35] and the Fe-binding protein ferritin [36] are
correlated with the extent of amyloid deposition. Sim-
ilar to the postmortem findings, brain Fe, quantified
by MRIin living AD patients, is elevated [37-39] and
associated with the extent of A3 deposition, quanti-
fied by PET A imaging [39-41].

Although blood biomarkers of Fe metabolism,
such as ferritin and transferrin, have been studied
in relation to cognition and AD, the value of serum
Fe as a predictor of brain atrophy rate and cognitive
decline in MCI patients has not been investigated.
In postmenopausal women, levels of ferritin, a blood
biomarker of Fe, during midlife are known to be neg-
atively associated with cognitive performance later in
life [42]. In another study, levels of plasma transfer-
rin, an Fe-transporting protein, have been reported to
be negatively associated with the MMSE score in a
control group but not in the MCI or AD group [43].
Although there was no difference in transferrin lev-
els between the three groups, longitudinal analyses
showed that higher transferrin levels were associated
with faster cognitive decline in patients with MCI or
AD, relative to the control group. Our present find-
ings in MCI patients that baseline serum Fe predicted
brain atrophy rate and cognition at the end of study 2
years later, suggest that serum Fe levels are linked to
the progression of MCI.

In addition to Fe, other elements such as Cu [20],
Al, and Si [16] have been studied in relation to
cognition and AD but their role has not been fully
investigated in MCI. Al has been shown to accu-
mulate in amyloid plaques in AD brains [15] and
to modulate amyloidosis through oxidative stress in
APP transgenic mice [44]. Si prevents accumulation
of Al [17] and thus protects against its neurotoxicity
[45]. Cu has been associated with cognitive func-
tion in younger [20] and older individuals [19]. Our
findings in MCI patients showing that serum Cu, Al,
and Si predict cognition in a domain-specific manner,
suggest that serum levels of these elements play an
important role in the progression of MCL.

We found in multiple regression analyses that
baseline Fe and Si were associated with better
performance in several domains of cognition at the
end of study: Fe_1 with global cognition (MMSE_2),
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semantic memory (Category_Fluency_2, Graded-
Naming_2), attention/speed (Trail Making_A_2,
Trail_Making_B_2); Si with attention/speed (Trail-
Making_A_2, Trail_Making_B_2, Map_Search_2). In
contrast, baseline Al and Cu were associated with
worse performance at the end of study: Al in global
cognition (MMSE_2), attention/speed (Trail Mak-
ing_B_2); and Cu in attention/speed (Map_search_
2). tHcy was also associated with worse performance
in cognitive domains that were positively affected
by Fe (global cognition: MMSE_2; semantic mem-
ory: Category Fluency 2, Graded_Naming 2) and
negatively by Al (global cognition: MMSE_2).

Notably, we found that baseline Fe, Cu, Al, and Si
exhibited disparate effects on brain atrophy rate and
cognition. Specifically, baseline Fe was associated
with cognition and brain atrophy. In contrast, Cu, Al,
and Si were associated with cognition but not with
brain atrophy. Further, Fe was positively associated
with accelerated brain atrophy both in bivariate and
multiple regression analyses. However, baseline Fe
was associated with worse cognition in bivariate anal-
yses but with better cognition in multiple regression
analyses. These findings show that effects of baseline
Cu, Al, and Si on cognition are independent of brain
atrophy and suggest that brain atrophy is independent
of cognitive impairment. This suggestion is supported
by our findings that in multivariate regression models,
in which Cu, Al, or Si predicted cognition, brain atro-
phy did not predict cognition (Model 1 in Tables 7,
8). In contrast, in models in which Fe predicted cog-
nition, brain atrophy also predicted cognition (Model
1in Tables 3, 4, 6). When Fe was removed from those
models, brain atrophy was not a predictor of cognition
(Model 2 in Tables 3, 4, 6).

We found that levels of serum Fe, Al, and As signif-
icantly decreased while serum Cu and Si significantly
increased during a 2-year follow-up in participants
with MCI. We believe that these changes in serum
elements reflect the conversion from MCI to AD in
the participants. This interpretation is supported by
earlier findings showing that serum Fe levels were
reduced [12] and serum Cu levels were elevated [11]
in AD patients compared to healthy controls.

Our present findings underscore the need for iden-
tification of factors affecting levels of metals and Si
and elucidation of mechanisms involved in their inter-
actions. In multiple regression analysis, we found
that levels of serum Fe were determined by Si, As,
PhAcase, and two sulfur-containing metabolites, cys-
tathionine and taurine; serum Si was determined by
four metals (Fe, Cu, Al, As) and cystathionine; serum

Cu was determined by Si, taurine, and sex; serum
Al was determined by Si and PhAcase; serum As
was determined by Fe, Si, and Cys. Molecular bases
for these associations are unclear and remain to be
investigated in future studies.

In addition to Fe and Cu, Al is also known to accu-
mulate in senile plaques [15] and a high daily intake of
Al is associated with increased risk of dementia [16].
To slow the clinical progression of AD, previous stud-
ies have explored interventions targeting Fe [46, 47]
or Cu [11] using chelation therapy, Al using Si(OH)4
therapy [17], or tHcy using B vitamin therapy [8, 48,
49]. Our present findings suggest that interventions
aimed atenhancing cognition by targeting serum iron,
copper, aluminum to restore metal homeostasis, and
tHcy at the same time might be an effective strategy to
reduce the risk and/or the conversion of MCI to AD.

In conclusion, we showed that baseline serum Fe
predicted the rate of brain atrophy and cognition at 2-
year follow-up in MCI patients. We also showed that
baseline Fe and Si were predictors of better cogni-
tive performance, baseline Al and Cu predicted worse
cognition at follow-up, and that effects of baseline Cu,
Al, and Si on cognition were independent of brain
atrophy rate. Although Cys and tHcy were also asso-
ciated with accelerated brain atrophy rate, tHcy but
not Cys predicted worse cognition. Our findings sup-
port a notion that structural changes in the brain are
independent of cognitive impairment. These effects
on brain atrophy rate and cognition were abrogated by
B vitamin treatment. Given that dementia continues
to increase worldwide and no effective treatment is
available, our findings have clinical and public health
relevance.
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