






bition of neurite outgrowth induced by Nogo-66 was

ameliorated to 66.3 ± 8.5 lm (P \0.05 compared with

N2a/vector?Nogo-66). However, when MARK was

simultaneously inhibited (N2a/tau?Nogo-66?HD), the

rescue of neurite outgrowth by tau was abolished to 33.2 ±

5.3 lm (P\0.05 compared with N2a/tau?Nogo-66). These

findings indicate that overexpression of tau can rescue

Nogo-66-induced neurite outgrowth inhibition when

MARK is uninhibited.

Overexpression of Tau Rescues Nogo-66-Induced

Axonal Outgrowth Inhibition in Primary Cortical

Neurons

To further determine whether tau is involved in the

inhibition of axonal outgrowth induced by Nogo-66,

primary cortical neurons were transfected with tau441

plasmids, followed by Nogo-66 application (Fig. 5A).

Under control conditions (vector?DMSO), the axon

Fig. 4 Neurite outgrowth in

N2a cells with differing

treatments. A Vector, N2a/

vector cells treated with PBS;

Vector?Nogo-66, N2a/vector

cells treated with Nogo-66;

Tau?Nogo-66, N2a/tau cells

treated with Nogo-66;

Tau?Nogo-66?HD, N2a/tau

cells treated with Nogo-66 and

HD. To measure neurite length,

cells were stained with a p-S262

tau antibody; EGFP indicates

infected cells; DAPI, stained

nuclei; and Merge, color

synthesis of EGFP, DAPI, and

p-S262 tau. Scale bars, 50 lm.

B Values were normalized to

baseline outgrowth in the

vehicle control (vector). One-

way ANOVA (Tukey’s post-

hoc) was performed to compare

the Vector, Vector?Nogo-66,

Tau?Nogo-66, and Tau?Nogo-

66?HD groups. The data

represent the mean ± SEM from

six separate experiments

(*P \0.05 compared with the

Vector group; mP \0.05

compared with the

Vector?Nogo-66 group;
#P \0.05 compared with the

Tau?Nogo-66 group).
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length was 74.2 ± 4.6 lm, and treatment with Nogo-66

reduced it to 44.6 ± 5.8 lm (P \0.01; Fig. 5B). In these

transfected neurons, the inhibition of axon length

induced by Nogo-66 was ameliorated to 65.5 ± 6.5 lm

(P \0.05 compared with vector?Nogo-66). Overex-

pression of tau increased the axon length to 96.3 ± 9.7

lm (P \0.05 compared with vector?DMSO). These

findings further indicate that overexpression of tau can

rescue the Nogo-66-induced neurite outgrowth inhibition

in neuronal cells.

Discussion

In the present study, plasmid overexpression of tau

(tau441) significantly increased the levels of tau (total and

phosphorylated) and MARK. Nogo-66 transiently elevated

the total tau levels and persistently reduced the levels of tau

phosphorylated at serine 262 (p-S262 tau); however, Nogo-

66 did not influence the levels of tau phosphorylated at

threonine 205 (p-T205 tau). Nogo-66 significantly

decreased the level of MARK. HD, an inhibitor of MARK,

significantly reduced the level of p-S262 tau. Overexpres-

sion of tau rescued the inhibition of neurite outgrowth

induced by Nogo-66 in N2a cells and primary cortical

neurons. However, when MARK was simultaneously

inhibited, the rescue of neurite outgrowth by tau was

abolished in N2a cells.

It is well known that abnormal tau aggregation leads to

neurodegeneration, and that Nogo-66 inhibits neurite out-

growth. However, no relationship between tau and Nogo-

66 in the pathological mechanisms leading to disease had

been defined. Tau is thought to be involved in growth

factor signaling [22, 23]. Inhibition of Nogo-66 is being

investigated as a major axon regeneration strategy [24]. In

the present study, we verified that communication occurs

between the regeneration inhibitor Nogo-66 and tau, since

the presence of Nogo-66 altered the phosphorylation state

of tau at Ser262.

The precise functions of tau in neurite outgrowth are not

firmly established. Dawson et al. [4] reported that primary

hippocampal cultures from tau-knockout mice exhibit a

significant reduction in axonal elongation. However,

overexpression of tau induces long cellular processes in

non-neuronal Sf9 cells [25]. Studies of primary neurons

from different lines of microtubule-associated protein tau

(MAPT)-knockout mice have yielded controversial results

[26]. Neurons from one MAPT-knockout line exhibited

slowed maturation and reduced neurite length, whereas

neurons from another MAPT-knockout line did not display

either of these effects [27]. In the present study, overex-

pression of tau efficiently reversed the Nogo-66-induced

inhibition of neurite outgrowth. Our results were in

accordance with the reports by Dawson et al., and Knops

et al., [4, 25]. This suggests that tau may mediate inhibition

by Nogo-66 via phosphorylation at Ser262, since overex-

pression of tau ameliorated the inhibitory effects of Nogo-

66.

Phosphorylation is the most commonly described post-

translational modification of tau. This plays a crucial role

in regulating its physiological functions, including

binding to microtubules, and regulating their stabilization

and assembly [28]. The phosphorylation of KXGS motifs

(particularly Ser262) in the repeat domain of tau by

Fig. 5 Axonal elongation in primary cortical neurons with differing

treatments. A Vector?DMSO, neurons transfected with pcDNA

plasmids and treated with DMSO; Vector?Nogo-66, neurons

transfected with pcDNA plasmids and treated with Nogo-66;

Tau?DMSO, neurons transfected with tau441 plasmids and treated

with DMSO; Tau?Nogo-66, neurons transfected with tau441

plasmids and treated with Nogo-66. To measure neurite length,

cells were stained with a p-S262 tau antibody. Scale bar, 50 lm.

B Values were normalized to baseline outgrowth in the vehicle

control (vector?DMSO). One-way ANOVA (Tukey’s post-hoc) was

used to compare Vector?DMSO, Vector?Nogo-66, Tau?DMSO,

and Tau?Nogo-66 groups. The data represent the mean ± SEM

from six separate experiments (*P \0.05, **P \0.01 compared with

the Vector?DMSO group; #P \0.05 compared with the Vec-

tor?Nogo-66 group).
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MARK, protein kinase A, or calcium/calmodulin-

dependent protein kinase II can reduce the affinity of tau

binding to microtubules [29].

MARK predominantly phosphorylates tau at Ser262

[19, 29]. In the present study, we demonstrated that Nogo-

66 significantly decreased the level of p-S262 tau, over-

expression of tau significantly elevated the level of MARK,

and inhibition of MARK by HD decreased the levels of

phosphorylated tau and abolished the rescue of neurite

outgrowth by tau. Our results highlight potential cross-talk

between Nogo-66 and MARK signaling, since Nogo-66

significantly decreased the levels of MARK. In addition,

MARK phosphorylation of tau in KXGS motifs influences

the inhibition of neurite outgrowth mediated by Nogo-66.

In summary, we conclude that regulating Ser262 tau

phosphorylation might play a role in altering the Nogo-66

signaling pathway, and that the overexpression of tau can

rescue Nogo-66-induced neurite outgrowth inhibition

in vitro.
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Abstract Previous studies have suggested that cortical

functional reorganization is associated with motor recovery

after stroke and that normal afferent sensory information is

very important in that process. In this study, we selected

patients who had a stroke in or under the thalamus, with

potentially impaired afferent sensory information and

analyzed the differences between these patients and healthy

controls at three levels: brain regions, the functional con-

nectivity between brain areas, and the whole-brain func-

tional network. Compared with healthy controls, regional

homogeneities in the left middle temporal gyrus decreased

and functional connectivity between the left middle tem-

poral gyrus and the stroke area increased in the patients.

However, there was no significant change in the whole-

brain functional network. By focusing on stroke located in

or under the thalamus, our study contributes to wider

inquiries into understanding and treating stroke.

Keywords ReHo � Stroke � Thalamus � Resting-state

Introduction

Stroke is a common condition that can cause various

degrees of neurological defects with a high probability of

long-term disability [1–5]. Using functional magnetic res-

onance imaging (fMRI), previous studies have shown that

an activation response to upper limb stimulation may be

absent in the somatosensory cortical representation after

stroke [6]. Cortical functional reorganization is closely

associated with motor recovery following stroke [7].

However, the neural mechanisms of rehabilitation after

stroke are unclear because stroke can occur in various

regions of the brain. To understand the neural mechanisms

of rehabilitation after stroke in a specific location and to

provide personalized treatment to patients with strokes in

different locations in the future, it is necessary for inves-

tigations to isolate stroke locations.

The thalamus has multiple neuronal connections with

cortical areas such as those involved in emotion, arousal,

and a variety of cognitive functions [8]. Most information

is transmitted to the cerebral cortex from the spinal nerves

via many subcortical structures. The thalamus and regions

below it have more transmission fibers than other regions.

Further, most external information from the spinal cord to
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the brain passes through the thalamus and regions under it.

According to the cortico-thalamo-cortico loop theory, after

the information from primary sensory afferents reaches the

cortex, thalamic regions innervated by cortical drivers in

turn relay these signals to other regions via ascending

thalamo-cortical projections [9]. The temporal gyrus and

the occipital gyrus are important areas in the thalamo-

cortical circuit [10]. If stroke occurs in or below the tha-

lamus, many cortical areas involved in the thalamo-cortical

circuit, such as the temporal and occipital gyri might be

affected and corresponding disorders might occur. For

more effective treatment after stroke, it is important to

study the changes of brain function after stroke in or under

the thalamus.

Resting-state fMRI (rs-fMRI) has been used widely

[11–14]. In stroke patients, altered resting-state connec-

tivity and corresponding neurological deficits have been

demonstrated in recent studies [2, 11]. And scientists

generally study brain function in the resting-state at three

levels: (1) brain region, (2) functional connectivity between

brain areas, and (3) the whole-brain functional network. In

this study, we investigated 8 acute ischemic stroke patients

whose stroke was in or under the thalamus and 19 healthy

controls using rs-fMRI and analyzed the differences

between them using three methods: regional homogeneity

(ReHo), functional connectivity, and the graph theoretical

approach.

ReHo [15] is a method that maps regional spontaneous

activity and is calculated as Kendall’s coefficient of con-

cordance (KCC). The ReHo value reflects, to some extent,

the level of brain function. A stroke in or under the tha-

lamus might affect the function of the stroke area and some

cortical regions because of the injured sensory afferents

and the injured ascending thalamo-cortical projections [9].

Previous studies [16, 17] have shown that stroke patients

exhibit changed ReHo. Therefore, we hypothesized that the

ReHo of the stroke area and some other cortical areas

might be changed.

Functional connectivity is a method that measures the

connectivity among different brain regions in different

spaces using the connectivity of time series. A previous

study [18] has shown that the functional connectivity

increases as a compensatory effect after a stroke. This kind

of effect might occur in our study. Therefore, we hypoth-

esized that the functional connectivity between the func-

tional regions that were injured would increase because of

the compensatory effect.

The whole-brain functional network is generally mea-

sured using graph theoretical approaches, and can be dis-

played graphically by a collection of nodes and edges.

Changed topological properties of brain networks have

been found in many psychiatric and neurological disorders,

including stroke [19–22]. Therefore, we also tried to detect

differences in the whole-brain functional network between

the patients and healthy controls as an exploratory analysis.

Materials and Methods

Participants

Eight patients with acute ischemic stroke (stroke located in

or under the thalamus, P group, mean age

54.7 ± 9.6 years) participated in our study. All patients

had had a stroke in the previous 7 days, felt limb numbness

on one side, and had no psychiatric disorders. We also

recruited 19 healthy participants (H group, mean age

57.8 ± 8.9 years) as controls. There were no significant

differences in age (P = 0.440) and gender (P = 0.527)

between the two groups. Participants were asked to relax,

close their eyes, think of nothing systematically, remain

motionless, and not fall asleep. After scanning, every

participant was asked about his/her waking state during

scanning, and none reported having fallen asleep. The

demographic profiles and clinical features of all partici-

pants are listed in Table S1. Informed consent was given by

all participants and the study was approved by the Ethics

Committee at the University of Science and Technology of

China.

Data Acquisition

All images were acquired on a 3.0 Tesla GE-Signa HDxt

MRI scanner (General Electric, Milwaukee, WI) at the

Medical Imaging Center at the First Affiliated Hospital of

Wannan Medical College. The rs-fMRIs were obtained in

axial orientation using the echo-planar imaging sequence

TR = 3 s, number of slices = 30, TE = 40 ms,

matrix = 96 9 96, FOV = 240 9 240 mm2, FA = 90�,

voxel size = 2.5 9 2.5 9 5 mm3, slice thickness = 5 mm

with no gap. We had three dummies before the resting scan

to reach the signal equilibrium. Then a total of 128 images

were acquired on each participant in 6 min and 24 s and all

participants were instructed to close their eyes without

thinking anything and without falling asleep during the

resting-state scanning. After the resting-state scanning,

anatomical T1-weighted images were acquired in axial

orientation for each participant (TR = 6.28 ms, TE =

2 ms, number of slices = 248, FOV = 240 9 240 mm2,

FA = 15�, matrix = 320 9 256, voxel size = 0.75 9

0.9375 9 1.2 mm3, thickness = 1.2 mm). Axial diffusion-

weighted images were also acquired to detect clinically

silent lesions (TE = minimum, TR = 4800 ms, spac-

ing = 2 mm, slice thickness = 6 mm, NEX = 2). Two

professional radiologists (C.L. and A.W. in the author list)

diagnosed the infarct locations.
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Image Preprocessing

Preprocessing of data was performed using AFNI software

(http://afni.nimh.nih.gov/). The first 2 images of each

resting scan were removed. The remaining 126 images

were realigned, spatially normalized to the Talairach space

and resampled to 3 9 3 9 3 mm3. All maps were spatially

smoothed using a 10 mm FWHM (full width at half-

maximum) filter. Furthermore, 6 head motion parameters

were regressed out from all functional time series of every

participant. The anatomical images were partitioned into

white matter, gray matter, and cerebrospinal fluid. Then

average BOLD signals in white matter and ventricles were

removed. A band-pass filter (0.01 to 0.08 Hz) was applied

to every time series. We made a flip on 4 patients whose

stroke locations were on the left side and then analyzed the

data using the methods below.

Resting-State fMRI Analysis

ReHo

Individual ReHo maps were generated from each partici-

pant by claculating the KCC value of each voxel in the

whole brain, consistent with a previous study [23]. We then

normalized each map. Finally, we performed a two-tailed,

group t-test between the P and H groups. The group-level t-

test map was masked by the gray matter of the brain.

Multiple comparison correction was performed using the

AFNI AlphaSim program(http://afni.nih.gov/afni/docpdf/

AlphaSim.pdf) based on Monte Carlo simulation and the

corrected P \ 0.05 was used (uncorrected P = 0.005,

minimal volume = 918 mm3).

To confirm that the function of the stroke area was

impaired, we drew a region-of-interest (ROI) (Fig. 1A)

which included each patient’s stroke area. Then we cal-

culated the mean ReHo of the ROI (containing each

patient’s stroke area) for each participant and performed a

two-tailed, group t-test between the P and H groups.

Functional Connectivity

We defined the area in which the ReHo was significantly

lower in the P than in the H group as another ROI. We

extracted the time series of the two ROIs and calculated the

functional connectivity between them for each participant.

Then, we performed a one-tailed, group t-test between the

P and H groups.

However, a large ROI covering all stroke areas may ignore

individual differences and lead to insignificant results. So, to

test the reliability of our results, we calculated the individual

connectivity between each patient’s individual specific stroke

region (Fig. 1B) and the left middle temporal gyrus. We also

calculated the corresponding connectivity in healthy partici-

pants and took the average of the 19 healthy participants for

each connectivity between every stroke area and the left

middle temporal gyrus. Then, we performed a one-tailed,

group t-test between the P and H groups.

Graph Theoretical Analysis

We performed graph theoretical analysis using Gretna

software (http://www.nitrc.org/projects/gretna). After pre-

processing, we used an automated anatomical labeling

template [24] to extract the time courses of 90 brain

regions. We then performed Pearson’s correlation analysis

between all possible pairs of the 90 regions to produce a

90 9 90 symmetric correlation matrix for each participant.

To increase the normality of the matrix, we performed a

Fisher r-to-z transformation.

Fig. 1 Region of interest (ROI). (A) This ROI contains all stroke areas from each patient. (B) Mask for each patient’s stroke area.
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A previous study [25] suggested that graphs resulting

from the above analyses would contain different numbers

of edges because of variance in low-level correlations

when the same correlation thresholds are used in the cor-

relation matrices of patients and healthy controls. As such,

differences across groups in network parameters might not

purely reflect the change in topological organization. To

control this effect, the network sparsity, which is defined as

the number of surviving connections divided by all possi-

ble connections, was used as a threshold for producing the

graph [22, 25–27].

Following previous studies, we chose the network

sparsity as a threshold for producing a binary graph. The

range of sparsity was identified as follows: first, to assure

that functional connectivity actually existed between

nodes, we performed a two-tailed one-sample t-test

(P \ 0.05, Bonferroni corrected) on the correlation matri-

ces of all participant, and found 1173 significant connec-

tions. According to the formula Kcost = E/(N(N–1)/2)

(where E is the number of existing edges and N is the

number of nodes), an upper bound value of sparsity

Kcost = 0.2 was identified. Second, previous studies have

shown that functional networks have small-world proper-

ties at relatively low cost (i.e., sparsity) [26, 28]. However,

the minimum sparsity must assure that each network is

fully connected with N nodes. So, the degree K of the

graph must be more than ln (N) (here, K [ ln (90) & 4.5)

[29]. Thus, the lower bound of sparsity was Kcost =

N 9 K/(N(N–1)/2) & 0.1, and K is the average number of

edges for each node. Above all, the sparsity was identified

as 0.1 B Kcost B 0.2 with an interval of 0.01.

We also calculated shortest path length, clustering

coefficients, local efficiency, and global efficiency. We

then compared all these between the P and H groups using

a two-tailed, group t-test over a wide range of sparsity

(P \ 0.05, FDR corrected).

Results and Discussion

Our results showed that the mean ReHo of the stroke area (a

large ROI covering all stroke areas) in the P group was lower

than that in the H group (P = 0.02; Fig. S1). The low ReHo

of the stroke area in the P group suggests injured sensory

afferents and injured ascending thalamo-cortical projections.

Compared with the H group, the P group had signifi-

cantly lower ReHo in the left middle temporal gyrus/left

superior occipital gyrus (Fig. 2, Table 1) whereas the

functional connectivity between the left middle temporal

gyrus/left superior occipital gyrus and the stroke area (a

large ROI covering all stroke areas) was higher with

marginal significance in the P group than in the H group

(Fig. 3, P = 0.08). Further, confirmatory individual

connectivity analysis (using individual specific ROIs)

showed a similar trend (P = 0.09) with results obtained

using a large ROI covering all stroke areas.

The left middle temporal gyrus/left superior occipital

gyrus are near BA19 and are involved in the integration of

different kinds of sensory input such as somatosensory,

visual, and auditory [30]. Another important function of the

left middle temporal gyrus is that it is involved in short-term

verbal memory [31, 32]. The decreased ReHo in the left

middle temporal gyrus/left superior occipital gyrus in the P

group might suggest that integration of sensory information

and short-term verbal memory are impaired. The increased

connectivity between the left middle temporal gyrus/left

superior occipital gyrus and the stroke area including the

thalamus might reflect compensation. These findings are

consistent with those obtained in a previous study [32].

Previous studies have shown significant connectivity

between the thalamus and numerous functional regions

including the temporal gyrus [33–35]. The temporal gyrus

is an important area in the thalamo-cortical circuit [10] and

a damaged thalamus could affect the temporal area [8].

Therefore, in our study, the low ReHo of the temporal area

might be associated with the impaired thalamo-temporal

circuit because of the impaired information input from the

thalamus. Furthermore, our results of functional connec-

tivity between these two areas also support this point.

Further investigation of this conclusion is needed because

our current results lacked behavioral data.

Before data analysis, we flipped all stroke locations that

were on the left to the right. However, we found decreased

ReHo in the left middle temporal gyrus. In our study, most

strokes occurred in the inferior brain stem near the pyra-

midal decussation and this might explain the decreased

ReHo of the middle temporal gyrus on the other side. More

studies are required to further support this conclusion.

Fig. 2 Change of regional homogeneity. Significantly lower ReHo in

the left middle temporal gyrus in the P group (stroke patients) than in

the H group (healthy controls) (FWE corrected P \ 0.05). T-score

bars are shown on the right.
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Besides, our results showed no significant difference in

topological properties between the P and H groups (all

P [ 0.5; Fig. S2), suggesting that strokes in or under the

thalamus did not significantly influence the topological

properties of the whole-brain functional network in the

resting state.

In this study, we targeted strokes located in or below the

thalamus when we recruited stroke patients. We did not

find significant changes in many brain regions as well as in

the whole-brain functional network. These results are

inconsistent with those obtained in a previous study in

which stroke locations were not isolated [17, 21]. This

suggests that specific stroke locations might cause specific

local changes but not changes in the whole-brain functional

network. However, a potential limitation of our study is

that the number of stroke patients was small.

There were several limitations in this study. First, the rel-

atively large age range of participants (43 to 73 years) might

have affected the results. However, this large range might also

help to generalize our results to a wide range of age groups.

Second, the sample size of the P group was relatively small.

The sample size of 8 was very small for a resting-state study,

so type II errors might have occurred. Future replicative

studies should use large samples to confirm or deny our

findings. Third, there was no score for symptoms. Fourth, the

P value of functional connectivity was 0.08. We believed that

this was caused by the small sample of patients. Finally, as this

study involved acute cases, it is necessary to do serial follow-

ups to investigate sequential changes of ReHo over time; a

task we shall undertake in the next phase of this study.

Conclusions

We investigated the differences between patients with

specific strokes (in or under the thalamus) and healthy

controls. Our results suggest that a stroke in this location

might impair local brain function but might not signifi-

cantly influence the topological properties of the whole-

brain functional network. As far as we know, our study is

the first to investigate differences between stroke patients

whose stroke is located in or under the thalamus and

healthy controls using resting-state fMRI. Our results may

provide a new direction for treatment, thus, if strokes in

this location can cause functional impairment of cortical

areas such as the left middle temporal gyrus, then the

corresponding cortical areas may present as potential

therapeutic targets. Different tools and techniques (e.g.,

transcranial magnetic stimulation or transcranial direct

current stimulation) can be used to stimulate these targets

to make them work normally. This study is a positive

contribution to wider studies searching for comprehensive

understanding and treatment of stroke.
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Abstract To date, we still lack disease-modifying thera-

pies for Alzheimer’s disease (AD). Here, we report that

long-term administration of benfotiamine improved the

cognitive ability of patients with AD. Five patients with

mild to moderate AD received oral benfotiamine (300 mg

daily) over 18 months. All patients were examined by

positron emission tomography with Pittsburgh compound

B (PiB-PET) and exhibited positive imaging with b-

amyloid deposition, and three received PiB-PET imaging at

follow-up. The five patients exhibited cognitive improve-

ment as assayed by the Mini-Mental Status Examination

(MMSE) with an average increase of 3.2 points at month

18 of benfotiamine administration. The three patients who

received follow-up PiB-PET had a 36.7% increase in the

average standardized uptake value ratio in the brain com-

pared with that in the first scan. Importantly, the MMSE

scores of these three had an average increase of 3 points

during the same period. Benfotiamine significantly

improved the cognitive abilities of mild to moderate AD

patients independently of brain amyloid accumulation. Our

study provides new insight to the development of disease-

modifying therapy.

Keywords Alzheimer’s disease � Therapy � Benfotiamine �
PiB-PET � Amyloid deposition

Introduction

Alzheimer’s disease (AD) is a devastating neurodegener-

ative disorder in the aging society and has severely

impacted the global healthcare system. Unfortunately,

there is no effective disease-modifying therapy for AD. To

date, almost all clinical trials aiming to halt or delay AD

progression have failed. Particularly, multiple approaches

such as vaccines, antibodies, and b or c-secretase inhibi-

tors, have been exploited to reduce amyloid deposition in

the brain but have little beneficial effect on the cognitive

ability of AD patients [1–4]. Generally, the failure in

cognitive improvement is attributed to the fact that these

therapies were performed on patients at the dementia stage

of AD, and this may be too late.

Despite these difficulties, there is an unmet need to

reduce the suffering of millions of AD patients and the

increasingly staggering cost of caring for them. Given that

AD is a complex disorder with multiple etiologies and

courses of disease progression, current strategies do not

necessarily encompass all possible mechanisms that may

be used to delay or halt it. Therefore, new approaches are

needed to explore other possibilities for disease-modifying

therapy than those commonly used in current clinical trials.

For instance, the disturbance of cerebral glucose metabo-

lism is an invariant and significant pathophysiological

alteration in AD, which precedes and is closely correlated

with cognitive impairment [5, 6]. Thus, factors associated
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with brain glucose hypometabolism may be potential

therapeutic targets.

Thiamine diphosphate (TDP), the active form of thi-

amine, is critical for glucose metabolism because it serves

as a key coenzyme of three rate-limiting enzymes of glu-

cose catabolism (pyruvate dehydrogenase and a-ketoglu-

tarate dehydrogenase in the Krebs cycle, and transketolase

in the pentose phosphate pathway). Both the TDP level and

the activity of TDP-dependent enzymes are significantly

reduced in blood and brain autopsy samples from AD

patients [7–9]. Our previous study showed that TDP

reduction is a significant biomarker for AD diagnosis [10].

The reduction of brain glucose metabolism and its possible

pathogenic indicator, TDP reduction, implicate multiple

pathogenic pathways in AD, including oxidative stress

[11], neuroinflammation [12], and enhanced activity of

glycogen synthase kinase-3 [13] and b-secretase [14].

Therefore, we hypothesized that disruption of thiamine

metabolism directly contributes to AD pathogenesis by

perturbing glucose utilization and by activating multiple

pathophysiological cascades in the brain [15]. Based on

this hypothesis, a strategy of simultaneously correcting the

abnormal thiamine metabolism while treating other

pathogenic factors may be a viable approach to modify the

progression of AD.

Benfotiamine is a synthetic thiamine derivative with better

bioavailability than thiamine and has been shown to prevent

abnormal glucose metabolism via multiple pathways [16, 17].

Our previous study demonstrated that benfotiamine improves

cognitive impairment in a mouse model of AD (amyloid pre-

cursor protein/presenilin-1 (APP/PS1) transgenic mice) [18].

Here, we investigated the effects of benfotiamine on the cog-

nitive ability and amyloid accumulation in the brain assayed by

positron emission tomography with Pittsburgh compound-B

(PiB-PET) in five patients with mild to moderate AD.

Materials and Methods

Study Design and Participants

This study was designed as an open and uncontrolled study

with the purpose of assessing long-term cognitive improve-

ment after benfotiamine administration. It was approved by

the Committee of Medical Ethics of Zhongshan Hospital,

Fudan University (No. 2009-013). All patients or their

caregivers provided written informed consent.

Five patients with mild to moderate AD from the out-

patient clinic of the Neurology Department at Zhongshan

Hospital were recruited. They were diagnosed with AD

according to the clinical criteria proposed by the National

Institute of Aging-Alzheimer’s Association in 2011 [19]

and PiB-PET imaging. All patients displayed an insidious

onset of the disease and gradual progression of cognitive

dysfunction. Based on careful inquiry into their medical

history, a neurological/psychological examination, and

cranial CT and/or MRI scans, these patients had no other

diseases known to cause cognitive decline, e.g., cere-

brovascular disease or toxic–metabolic disorder. The neu-

ropsychological evaluations included the Mini-Mental

Status Examination (MMSE), Activities of Daily Living,

Clinical Dementia Rating, and Hamilton Depression Rating

Scales. Blood folate, vitamin B12, free triiodothyronine,

free thyroxine, and thyroid stimulating hormone levels

were in the normal range for all patients.

All patients received oral benfotiamine (300 mg/day;

Doctor’s Best, Irvine, CA) over 18 months. Cases I to IV

continued previous donepezil administration (5 mg/day)

during benfotiamine administration. Case V had only

monotherapy with benfotiamine. Detailed demographic

data is listed in Supplemental Table S1.

Measurement of Blood Thiamine Metabolites

TDP, thiamine monophosphate (TMP), and thiamine levels

were determined using high performance liquid chro-

matography (HPLC), as previously described [18]. Briefly,

150 lL of whole blood anticoagulated with heparin was

collected and immediately deproteinized with an equal

volume of 7.4% perchloric acid. After centrifugation at

10,000 rpm at 4 �C for 6 min, the supernatant was col-

lected and stored at -20 �C. Thiamine and its phosphate

esters were derivatized into thiochromes using potassium

ferricyanide and separated by gradient elusion on a C18

reversed-phase analytical column (250 9 4.6 mm2) by

HPLC (Agilent 1100, Santa Clara, CA); the derivatives

were detected using an excitation wavelength of 367 nm

and an emission wavelength of 435 nm. Blood TDP, TMP,

and thiamine levels were quantified using standard samples

(Sigma-Aldrich, St. Louis, MO).

PiB-PET Imaging

Synthesis of the radioactive ligand PiB with 11C was based

on the method described previously [20]. Approximately

10 mCi of radiotracer was injected through the opisthenar

vein within 60 s and was flushed with 1 mL saline. Subse-

quently, 3D dynamic PET acquisition was performed from 0

to 60 min post-injection following an attenuation correction

CT using a PET/CT scanner (Biograph 64 Truepoint, Sie-

mens Medical Solutions, Munich, Germany). The 40- to

60-min static images were reconstructed using an iterative

3D method with a Gaussian filter of 6 mm in Full Width of

Half Maximum. The pixel size was 2.0 mm and the slice

thickness was 1.5 mm. The deposition/retention of 11C-PiB

was calculated using the method previously described by
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Klunk et al. [21]. Data from all participants imaged by PiB-

PET was used to calculate the in vivo amyloid plaque load

represented by SUVR, which is defined as the ratio of the

standardized uptake value in each region of interest (ROI) to

that of the cerebellar cortex [22].

The PiB-PET examination was performed on three

patients before benfotiamine administration and on two

patients at month 6 of benfotiamine administration. Fur-

ther, three patients received follow-up PiB-PET imaging

after 18 months of benfotiamine administration. All five

patients had SUVRs [ 1.3 for PiB.

Results

Changes in the cognitive function of all five patients were

evaluated by MMSE scoring or by the Clinical Dementia

Rating during the 18 months of treatment or longer. We

found that the MMSE scores increased by 2 to 6 points in

four patients and did not significantly change in one

patient, averaging 3.2 ± 1.3 points (n = 5) at month 18 of

benfotiamine administration (case I was assayed at month

20 and case IV at month 17). Three patients received

follow-up examinations later than 22 months. The MMSE

scores of case I increased from 25 to 27 points and of case

II from 12 to 18 points during the follow-up period. In case

IV, the MMSE score at month 22 did not significantly

differ from that at baseline (Fig. 1; Table 1).

The effect of benfotiamine on amyloid deposition was

also evaluated. Three cases (I, II, and V) received a follow-

up PiB-PET examination. After benfotiamine administra-

tion, all three cases still manifested significantly elevated

Fig. 1 Benfotiamine improved cognitive function as assessed by

MMSE scores.

Table 1 Neuropsychological

functions and PiB SUVRs of the

five cases given benfotiamine.

Case No. Time (months) Neuropsychological evaluation PiB SUVRs

MMSE (–/30) CDR (–/3) ADL (–/32) FC PC TC Average

Case I 0 25 0.5 8 2.034 1.598 1.947 1.860

9 28 0.5 8

16 26 1 8

20 29 1 8 2.504 2.409 2.390 2.435

24 27 0.5 8

Case II 0 12 1 10 2.584 1.895 1.811 2.097

4 15 1 10

14 14 1 16

18 17 1 13 4.040 3.022 2.857 3.306

23 18 1 10

Case III 0 20 1 8

6 23 1 11 1.498 1.727 1.314 1.513

18 23 1 9

Case IV 0 16 1 8 1.485 1.338 1.375 1.399

3 18 0.5 8

10 22 1 9

14 16 0.5 8

17 17 1 8

22 16 1 9

Case V 0 12 2 9

6 15 1 9 1.447 1.242 1.386 1.358

11 18 1 8

18 15 1 9 1.606 1.502 1.461 1.532

MMSE Mini-Mental Status Examination, CDR Clinical Dementia Rating, ADL Activities of Daily Living,

FC frontal cortex, PC parietal cortex, TC temporal cortex, SUVR ratio of the standardized uptake value.
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