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Abstract
Background: Hepatocyte growth factor (HGF) plays a role in neuronal survival and development, and has been
implicated in neurodegenerative diseases. We sought to examine the associations of the CSF HGF with Alzheimer’s
disease (AD) pathology and cognitive function.
Methods: A total of 238 participants (including 90 cognitively normal (CN) and 148 mild cognitive impairment
(MCI)) who had measurements of CSF HGF were included from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database. Multiple linear regression models were utilized to explore the cross-sectional
associations of CSF HGF with AD biomarkers (including Aβ42, pTau, and tTau proteins) in non-demented
participants. Moreover, linear mixed-effects regression models were utilized to explore the longitudinal
associations of HGF subgroups with cognitive function. Mediation analyses were utilized to explore the
mediation effects of AD markers.
Results: MCI individuals had significantly increased CSF HGF compared with the CN individuals. Results of
multiple linear regressions showed significant correlations of CSF HGF with CSF Aβ42, pTau, and tTau in nondemented participants. Higher level of baseline CSF HGF was associated with faster cognitive decline.
Influences of the baseline CSF HGF on cognition were partially mediated by Aβ42, pTau, and tTau
pathologies.
Conclusions: High concentrations of HGF in CSF may be related to faster cognitive decline. The cognitive
consequences of higher CSF HGF partly stem from AD pathology, which suggests that the CSF HGF may be
an attractive biomarker candidate to track AD progression.
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Background
Alzheimer’s disease (AD) is pathologically characterized
by aggregated amyloid plaques and neurofibrillary tangles (NFTs) [1]. Amyloid-β (Aβ) and tau/phosphorylated
tau (pTau) biomarkers in cerebrospinal fluid (CSF) have
been identified as reliable diagnostic biomarkers of AD
pathology [2, 3]. Hepatocyte growth factor (HGF) is a
plasminogen-like protein consisting of light and heavy
chains of 35 and 65 kDa. The receptor of HGF was identified as the c-Met protooncogene product of transmembrane receptor tyrosine kinase (RTK) [4, 5]. HGF-cMet
system is involved in a wide range of cellular targets (including epithelial, endothelial, and neurons et al.) [6].
HGF-induced signaling through the receptor Met initiates a series of cellular responses (including mitogenesis,
cell motility and morphogenesis et al.) [6, 7]. It has been
reported that the HGF can express in the mammalian
central nervous system (CNS) [8–11]. HGF immunoreactivity was present in astrocytes and microglia, which
was increased in both lacunar strokes and AD [11, 12].
HGF-Met system may plays an important role in microglial reactions to CNS injuries [13]. Moreover, several
studies suggested that the HGF levels were increased in
brain tissue, cerebrospinal fluid (CSF), and serum of AD
patients [12, 14, 15]. At present, there is insufficient evidence on associations between HGF and AD pathology.
Here, the aim of this study was to evaluate the association of CSF HGF with CSF AD biomarkers and cognitive function. We also sought to explore whether the AD
pathology mediated the associations between the HGF
and cognitive function.
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participants were adults aged 55 to 90 years. The specific
ADNI diagnostic criteria for distinguishing CN, MCI,
and AD participants were summarized in Additional
Table 1 [16, 17]. CN and MCI subjects were defined as
non-demented individuals in the study.
CSF measurements

In ADNI, CSF procedural protocols have been described
previously. INNOBIA AlzBio3 immunoassay (Fujirebio,
Belgium) was used to measure CSF AD biomarkers (including CSF Aβ1–42, total tau (tTau), and pTau (pg/ml)).
The within-batch precision values were < 10% (5.1–7.8%
for Aβ1–42, 4.4–9.8% for tTau and 5.1–8.8% for pTau).
CSF HGF was measured using a multiplex panel. The
multiplex panel is based upon Luminex immunoassay
technology and has been developed by Rules Based
Medicine (MyriadRBM) to measure a range of inflammatory, metabolic, lipid and other disease relevant indices. Quality control (QC) data that is specific for the
CSF samples included in this study are the test/retest results for the 16 randomly selected CSF samples (http://
adni.loni.usc.edu). Analytes were removed if the mean
percentage difference was greater than 35% or the testretest sample was less than 7 or the mean absolute percentage difference was greater than 60% or if the BlandAltman slope and intercept significantly differed from
zero. Participants who had extreme outliers (< 3-fold
or > 3-fold standard deviations (SD) from the mean
value) were removed. Finally, 5 participants were removed from the data set.
Cognitive assessment

Methods
ADNI database

Alzheimer’s Disease Neuroimaging Initiative (ADNI)
data are deposited in a open access repository and can
be accessed at http://adni.loni.usc.edu. The ADNI
(launched in 2003) was led by Dr. Michael W. Weiner.
All participants were recruited from more than 50 sites
across the Canada and United State. The ADNI aim to
develop clinical, biochemical, and imaging biomarkers
for tracking AD. ADNI was approved by all regional ethical committees, and contained written informedconsent documents of all participants.

Three cognitive measures (Mini-Mental State Examination (MMSE), ADNI memory (ADNI-MEM), and
ADNI executive function (ADNI-EF)) were used to
evaluating cognitive functions in this study. The ADNIMEM was developed from the Logical Memory Test,
Rey Auditory Verbal Learning Test, MMSE, and Alzheimer’s Disease Assessment Scale cognitive subscale
(ADAS-Cog) [18]. ADNI-EF consists of Category
Fluency-vegetables, 5 Clock Drawing items (circle,
symbol, numbers, hands, time), Category Fluencyanimals, Digit Span Backwards, Wechsler Adult
Intelligence Scale-Revised (WAIS-R) Digit Symbol Substitution, and Trail-Making Test parts (A and B) [19].

Participants

From ADNI, we included only cognitively normal (CN)
(n = 90), early MCI or late MCI (n = 148) participants.
Cerebral amyloid-β accumulation generally precedes the
dementia stage by many years. We excluded individuals
with dementia (due to AD), since the aim of this study
was to examine detection of the earliest accumulation of
amyloid-β. All participants underwent assessments of
CSF HGF and CSF AD biomarkers at baseline. All

APOE ε4 genotyping

The APOE genotyping was performed by Hhal restriction enzyme digestion, polymerase chain reaction (PCR)
amplification, and standard gel resolution and
visualization processes [20, 21]. Quality-controlled genotyping data were obtained from the database. Individuals
were classified as carriers of one APOE ε4 allele, carriers
of two APOE ε4 alleles, and APOE ε4 non-carriers.
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White matter hyperintensities (WMHs) measurement

Table 1 Demographic characteristics for all the participants

All subjects were examined using 3.0-Tesla MRI scanner. The procedure is described in previous studies [22,
23]. All parameters were available through the database
website (http://adni.loni.usc.edu/methods/mri-tool/mrianalysis). White matter hyperintensities volume
(WMHV) were measured using the Bayesian approach
for the segmentation of high-resolution 3D MPRAGE
T1-weighted and T2-FLAIR sequences [24].

Characteristics

CN

MCI

N

90

148

Age (Mean ± SD, year)

75.60 ± 5.46

74.82 ± 7.21

0.353

Sex (Female, %)

45 (50)

47 (31.8)

0.005

Education (Mean ± SD, year)

15.57 ± 2.94

15.96 ± 2.94

0.284

Statistical analysis

We used ANOVA, non-parametric Kruskal-Wallis H
test, and Chi-squared test to compare the baseline clinical and demographic characteristics. In addition, pearson correlation tests (for continuous variables) were
used to explore the associations between the baseline
CSF AD biomarkers (normally distributed) and CSF
HGF. All the non-demented participants were grouped
by tertiles of CSF HGF at baseline (Group A lowest tertile; Group B middle tertile; Group C highest tertile).
We used multiple linear regressions to explore the associations of HGF subgroups (independent variable) with
CSF AD biomarkers and cognition (dependent variables)
(covariates including age, sex, years of education, APOE4
status, and diagnosis). We used Tukey HSD post hoc
test to perform pairwise multiple comparisons. We used
linear mixed-effects regression models to explore the
longitudinal relationship of HGF subgroups with cognitive function (covariates including age, sex, years of education, APOE4 status, baseline diagnosis, and baseline
cognitive status). GraphPad Prism 8.00 and R version
3.6.2 software were used for statistical analyses and figure preparation.
Longitudinal rates of change in cognitive function (including MMSE, ADNI-MEM, and ADNI-EF) were computed by using linear mixed models (covariates
including age, sex, years of education, APOE4 status,
diagnosis, and baseline cognitive status). We estimated
the mean rates of change (by the sim function in the
arm package with 10,000 replicates) for the whole samples [25]. Mediation analyses were performed to test and
quantify the mediation effects of AD pathology on the
associations of the CSF HGF with cognitive function
(covariates including age, sex, education, and APOE4
status). We used bootstrapping (10,000 iterations)
methods to estimate the 95% CI [26]. These analyses
were performed by using R software packages (“lm”,
“arm”, “lme4”, “ggplot2”, and “mediation”). P < 0.05 was
considered significant.

P

APOE ε4 carrier status (Yes, %)

22 (24.4)

79 (53.4)

< 0.0001

WMHV (Mean ± SD, cm3)

0.77 ± 1.93

0.82 ± 2.64

0.894

CSF HGF (Mean ± SD, ng/ml)

0.39 ± 0.15

0.45 ± 0.17

0.006

ANOVA, non-parametric Kruskal-Wallis H test, and Chi-squared test were used
to compare the baseline demographic and clinical characteristics.
Abbreviations: CN cognitively normal; MCI mild cognitive impairment; WMHV
white matter hyperintensities volume; CSF cerebrospinal fluid; HGF Hepatocyte
Growth Factor

(including Aβ42, pTau, and tTau proteins) and HGF
were included. Demographical and clinical characteristics are described in Table 1. The participants were aged
56 to 90 (mean ± SD age, 75.1 ± 6.6) years. The study
population had a female proportion of 40.3%, 15.8 ± 2.9
years of education, and an APOE4 positive percentage of
42.4%. The level of CSF HGF was significantly higher in
MCI (P = 0.00639) compared to CN participants (Figure
1and Table 1). There was no significant difference between the diagnosis subgroups in WMHV (P = 0.894)
(Table 1).
The baseline CSF HGF is significant associated with
the CSF Aβ42 (R = − 0.23, P = 0.00077), CSF pTau (R =
0.38, P = 1.90e-08), and CSF tTau (R = 0.44, P = 7.10e-11)
in non-demented participants (Fig. 2). The associations
between CSF HGF and CSF AD biomarkers (stratified
by diagnosis) are presented in Additional Figure 1 to
Figure 3. The demographic and clinical characteristics of

Results
Characteristics of participants

A total of 238 participants (including 90 CN and 148
MCI) who had measurements of CSF AD biomarkers

Fig. 1 Associations of diagnosis with baseline CSF HGF. CSF HGF
was significantly higher in MCI (P = 0.00639) compared to
CN participants
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Fig. 2 Associations of baseline CSF HGF with CSF AD biomarkers in non-demented participants. The baseline CSF HGF is significant associated
with the CSF Aβ42 (R = − 0.23, P = 0.00077) (A), CSF pTau (R = 0.38, P = 1.90e-08) (B), and CSF tTau (R = 0.44, P = 7.10e-11) (C)

non-demented participants (stratified by HGF concentration) are presented in Table 2. Baseline demographics
were similar in the three subgroups (except mean levels
of age). There was no significant difference in WMHV
between different diagnostic groups and CSF HGF subgroups (Table 1 and Table 2). After controlling for a
range of potential confounders (age, sex, years of education, APOE4 status, and diagnosis), the HGF tertiles
were significantly associated with baseline CSF Aβ42
(β = − 8.4660, p = 0.0358), pTau (β = 6.2368, p = 3.96e07), and tTau (β = 21.6103, p = 3.00e-10) (Table 3).
Significant associations were not found between the
CSF HGF and baseline cognitive status (Table 3).
Using post hoc tests (Tukey HSD), it was found that
CSF Aβ42 was reduced among Group C participants
compared to Group A participants. CSF pTau and
CSF tTau were increased among Group C participants, as compared to Group A and Group B participants. (Additional Table 2).

Longitudinal relationship between CSF HGF and cognitive
function

After controlling for a range of potential confounders
(age, sex, years of education, APOE4 status, baseline

diagnosis, and baseline cognitive status), individuals in
group C (the highest tertile) showed faster decline in
MMSE (β = − 0.2155, P = 0.0371), ADNI_MEM (β = −
0.0271, P = 0.0397), and ADNI_EF (β = − 0.0442, P =
0.0037) compared to group A (the lowest tertile) (Fig. 3
and Additional Table 3).

Causal mediation analyses

We investigated whether these AD pathology mediated
the influences of CSF HGF on cognitive function. After
controlling for age, sex, years of education, and APOE4
status, 45.59% of the total association of the CSF HGF
with the decline in MMSE scores (Fig. 4A), 51.59% of
the total association of the CSF HGF with the decline in
ADNI-MEM scores (Fig. 4B), and 42.75% of the total association with the decline in ADNI-EF scores (Fig. 4C),
were attributed to baseline Aβ42. Moreover, 94.59% of
the total association of the CSF HGF with the decline in
MMSE scores (Fig. 4D), 89.52% of the total association
of the CSF HGF with the decline in ADNI-MEM scores
(Fig. 4E), and 58.54% of the total association with the decline in ADNI-EF scores (Fig. 4E), were attributed to
baseline pTau. In addition, 93.33% of the total association of the CSF HGF with the decline in MMSE scores

Table 2 Demographic characteristics for the non-demented participants
Characteristics

Group A

Group B

Group C

P

N

84

85

69

Age (Mean ± SD, year)

74.52 ± 6.65

73.92 ± 6.18

77.30 ± 6.60

0.0038

Sex (Female, %)

39 (46.4)

30 (35.3)

23 (33.3)

0.1872

Education (Mean ± SD, year)

15.73 ± 2.94

15.67 ± 3.13

16.08 ± 2.71

0.6551

APOE ε4 carrier status (Yes, %)

33 (39.3)

33 (38.8)

35 (50.7)

0.5560

WMHV (Mean ± SD, cm3)

1.03 ± 3.49

0.52 ± 0.92

0.87 ± 1.98

0.076

CSF HGF (Mean ± SD, ng/ml)

0.25 ± 0.09

0.44 ± 0.04

0.62 ± 0.07

< 0.0001

All participants were grouped by tertiles of CSF HGF at baseline. Group A lowest tertile; Group B middle tertile; Group C highest tertile. ANOVA, non-parametric
Kruskal-Wallis H test, and Chi-squared test were used to compare the baseline demographic and clinical characteristics. Abbreviations: WMHV white matter
hyperintensities volume; CSF cerebrospinal fluid; HGF Hepatocyte Growth Factor
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Table 3 The associations of CSF HGF groups with baseline CSF
AD biomarkers and cognitive function
Dependent
variable

CSF HGF
beta

p value

CSF Aβ42

−8.4660

0.0358

CSF pTau

6.2368

3.96e-07

CSF tTau

21.6103

3.00e-10

MMSE scores

0.0449

0.7268

ADNI-MEM scores

−0.0461

0.3075

ADNI-EF scores

−0.0661

0.2953

Multiple linear regression models were utilized to explore these associations.
All models were adjusted for age, sex, years of education, APOE4 status, and
diagnosis at baseline. Group A lowest tertile; Group B middle tertile; Group C
highest tertile. Abbreviations: AD Alzheimer’s disease; CSF cerebrospinal fluid;
HGF Hepatocyte Growth Factor

(Fig. 4G), 89.16% of the total association of the CSF
HGF with the decline in ADNI-MEM scores (Fig. 4H),
and 53.92% of the total association with the decline in
ADNI-EF scores (Fig. 4I), were attributed to baseline
tTau.

Discussion
To our knowledge, this is the first study to explore the
association between CSF HGF and AD biomarkers. MCI
participants had higher levels of CSF HGF compared to
CN participants. Higher concentration of CSF HGF was
related to higher levels of CSF markers of AD pathology
and faster cognitive decline in non-demented participants. Influences of CSF HGF on cognition were partially mediated by AD pathology.
It has been reported that the HGF level was increased
in CSF in AD, which was in line with our findings [14].
Previous studies have confirmed that HGF is expressed
in various brain cell types (including neurons, astrocytes,
microglia, and oligodendrocytes) [11, 12, 27]. Astrocytes
involved in regeneration of neurons and glia may played
important roles in HGF production in CSF [28].

Microglia- and astroglia- mediated innate immune responses are associated with aggregated and misfolded
proteins, which contribute to clinical staging and disease
progression in AD [29, 30]. The HGF immunoreactivity
was presented in neurons, microglia and astrocytes,
which was increased in AD [11, 12]. This increase in
HGF immunoreactivity is most likely due to the proliferation of both reactive microglia and astrocytes around
the periphery of senile plaques. The HGF may be
expressed in reaction to AD pathology [12]. In addition,
the production of HGF in the CSF might reflect damage
and repair of white matter of the brain and spinal cord
in neurologic disease [28]. Tsuboi et al. found that the
concentration of CSF HGF could reflect white matter
damage in AD individuals [14]. There were direct links
between AD pathology and white matter macrostructural and microstructural damage, which suggested a potential correlation between HGF and AD pathology [31,
32].
The cMet is a multifunctional protein receptor that
binds HGF and able to mediate all the known effects of
HGF [33]. HGF-cMet signaling induces cell proliferation,
glucose metabolism, neuroregeneration, and neuroprotection [34–36]. Hamasaki et al.’ study indicated that the
cMet level was decreased in granule cells of the dentate
gyrus and hippocampal pyramidal neurons in AD brains
[37]. In particular, cMet in hippocampal pyramidal neurons decreased more significantly than in neocortical
neurons [37]. It has reported that the HGF partially mediates cognitive enhancement, as well as structural and
functional recovery by activating cMet-AKT-GSK3β signaling pathway in the AD hippocampus [38]. Moreover,
HGF can mediate tau hyperphosphorylation via activation of cMet-AKT-GSK3β signaling pathway [38]. The
cMET plays a central role in neurotrophic, and its decline may adversely affect neuronal survival. HGF maybe
increase reactively in the AD brains. Because the hippocampus play important roles in cognitive function, the

Fig. 3 Associations of the CSF HGF with longitudinal changes in cognitive function in non-demented participants. Longitudinal rates of change
in cognitive function (including MMSE (A), ADNI-MEM (B), and ADNI-EF (C)) were computed by using linear mixed models. All models were
adjusted for age, sex, years of education, APOE4 status, baseline diagnosis, and baseline cognitive status
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Fig. 4 Mediation effects of baseline AD pathology on the associations of CSF HGF with cognitive function in non-demented participants. Results
of mediation analyses suggested that 45.59% of the total association of the CSF HGF with the decline in MMSE scores (A), 51.59% of the total
association of the CSF HGF with the decline in ADNI-MEM scores (B), and 42.75% of the total association with the decline in ADNI-EF scores (C),
were attributed to baseline Aβ42. Moreover, 94.59% of the total association of the CSF HGF with the decline in MMSE scores (D), 89.52% of the
total association of the CSF HGF with the decline in ADNI-MEM scores (E), and 58.54% of the total association with the decline in ADNI-EF scores
(F), were attributed to baseline pTau. In addition, 93.33% of the total association of the CSF HGF with the decline in MMSE scores (G), 89.16% of
the total association of the CSF HGF with the decline in ADNI-MEM scores (H), and 53.92% of the total association with the decline in ADNI-EF
scores (I), were attributed to baseline tTau. All models were adjusted for age, sex, years of education, and APOE4 status

decrease in cMet level may help to explain, at least in
part, the relationships between CSF HGF and cognitive
function [37]. In addition, higher levels of serum HGF
were also associated with pre-dementia and AD [15].
HGF is relatively stable in serum, and can crosses the
blood-brain barrier (BBB) in an intact form [39]. At least
a third of HGF can reach the cerebral circulation [38].
The serum HGF may be a potential biomarker for small
vessel disease in MCI and AD individuals. In addition,
the correlation between AD pathology and BBB

dysfunction has been well-reported [40, 41]. A vicious
circle between neurovascular unit impairments and Aβ
accumulation may exist during disease progression [40].
The increase of CSF HGF may also be partially caused
by increased permeability via BBB. The BBB may play a
potential mediational role in the relationships between
CSF HGF and cognition. Moreover, hypoperfusion and
BBB impairment appear in the normal-appearing white
matter (NAWM) and WMH, which increase in the
proximity of the WMH [42]. More sensitive indicators
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may be needed to measure BBB functionality. The more
detailed mechanisms need to be explored further.
There are limitations in this study. First, we did not
control for other potential confounding factors (e.g.,
other genetic factors, vascular risk factors, and socioeconomic status et al.) in our analyses. Second, we did not
discuss the association between the longitudinal changes
of CSF HGF and AD pathology due to the limited data.
Third, this study was conducted with modest samples
sizes, and the generalizability of our conclusions might
be restricted by sources of studied populations of ADNI
which recruited participants from volunteers. Further
large-scale community-based longitudinal studies are
warranted to validate these associations.

Conclusions
The present study showed that the CSF HGF levels were
significantly increased in MCI individuals. High concentrations of HGF in CSF may be related to AD pathology
and faster cognitive decline in non-demented participants. AD pathology may act as a key mediator for influences of HGF on cognitive function. The CSF HGF may
be an attractive biomarker candidate to track AD
progression.
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highest tertile) showed faster decline in MMSE (β = − 0.2155, P = 0.0371),
ADNI_MEM (β = − 0.0271, P = 0.0397), and ADNI_EF (β = − 0.0442, P =
0.0037) compared to group A (the lowest tertile). Figure 1. Associations
of baseline CSF HGF with CSF AD biomarkers in non-demented participants (stratified by diagnosis). The baseline CSF HGF is significant associated with the CSF Aβ42 in MCI (R = − 0.19, P = 0.045), but not in CN (R =
− 0.17, P = 0.12). Figure 2. Associations of baseline CSF HGF with CSF AD
biomarkers in non-demented participants (stratified by diagnosis). The
baseline CSF HGF is significant associated with the CSF pTau (CN, R =
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0.35, P = 8E-04; MCI, R = 0.34, P = 2E-04). Figure 3. Associations of baseline CSF HGF with CSF AD biomarkers in non-demented participants
(stratified by diagnosis). The baseline CSF HGF is significant associated
with the CSF tTau (CN, R = 0.44, P = 1.6E-05; MCI, R = 0.41, P = 6.8E-05).
Acknowledgements
We thank all patients and controls for their participation in this study.
The longitudinal data used in preparation for this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.
usc.edu). As such, the investigators within the ADNI contributed to the
design and implementation of ADNI and/or provided data but did not
participate in the analysis or writing of this report. A complete listing of
ADNI investigators can be found at:
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_
Acknowledgement_List.pdf.
Authors’ contributions
JTY, LT and QD contributed to the study conception and design. LJZ and
ZTW performed the analysis and interpretation of data. The first draft of the
manuscript was written by LJZ and ZTW. YHM and WZ commented on
previous versions of the manuscript. The authors read and approved the
final manuscript. Data used in preparation of this article were obtained from
the ADNI database. As such, the investigators within the ADNI contributed to
the design and implementation of ADNI and/or provided data but did not
participate in analysis or writing of this report. A complete listing of ADNI
investigators can be found at: http://adni.loni.usc.edu/wp-content/uploads/
how_to_apply/ADNI_Acknowledgement_List.pdf
Funding
This study was supported by grants from the National Key R&D Program of
China (2018YFC1314702), Shanghai Municipal Science and Technology Major
Project (No.2018SHZDZX01) and ZHANGJIANG LAB, Tianqiao and Chrissy
Chen Institute, and the State Key Laboratory of Neurobiology and Frontiers
Center for Brain Science of Ministry of Education, Fudan University. Data
collection and sharing for this project was funded by the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) (National Institutes of Health Grant U01
AG024904) and DOD ADNI (Department of Defense award number
W81XWH-12-2-0012). Data used in the preparation for this article were derived from the ADNI database (http://adni.loni.usc.edu/). The authors express
appreciation to contributors of Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database. ADNI is funded by the National Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering, and through generous contributions from the following: AbbVie, Alzheimer’s Association;
Alzheimer’s Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan
Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun; F. Hoffmann-La
Roche Ltd. and its affiliated company Genentech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen Alzheimer Immunotherapy Research & Development, LLC.; Johnson & Johnson Pharmaceutical Research & Development
LLC.; Lumosity; Lundbeck; Merck & Co., Inc.; Meso Scale Diagnostics, LLC.;
NeuroRx Research; Neurotrack Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition Therapeutics. The Canadian Institutes of Health Research
is providing funds to support ADNI clinical sites in Canada. Private sector
contributions are facilitated by the Foundation for the National Institutes of
Health (www.fnih.org). The grantee organization is the Northern California Institute for Research and Education, and the study is coordinated by the Alzheimer’s Therapeutic Research Institute at the University of Southern
California. ADNI data are disseminated by the Laboratory for Neuro Imaging
at the University of Southern California.
Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The authors are accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work are

Zhao et al. BMC Neurology

(2021) 21:387

appropriately investigated and resolved. The study procedures were
approved by the institutional review boards of all participating centers
(https://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_
Acknowledgement_List.pdf), and written informed consent was obtained
from all participants or their authorized representatives. Ethics approval was
obtained from the institutional review boards of each institution involved:
Oregon Health and Science University; University of Southern California;
University of California—San Diego; University of Michigan; Mayo Clinic,
Rochester; Baylor College of Medicine; Columbia University Medical Center;
Washington University, St. Louis; University of Alabama at Birmingham;
Mount Sinai School of Medicine; Rush University Medical Center; Wien
Center; Johns Hopkins University; New York University; Duke University
Medical Center; University of Pennsylvania; University of Kentucky; University
of Pittsburgh; University of Rochester Medical Center; University of California,
Irvine; University of Texas Southwestern Medical School; Emory University;
University of Kansas, Medical Center; University of California, Los Angeles;
Mayo Clinic, Jacksonville; Indiana University; Yale University School of
Medicine; McGill University, Montreal-Jewish General Hospital; Sunnybrook
Health Sciences, Ontario; U.B.C. Clinic for AD & Related Disorders; Cognitive
Neurology—St. Joseph’s, Ontario; Cleveland Clinic Lou Ruvo Center for Brain
Health; Northwestern University; Premiere Research Inst (Palm Beach Neurology); Georgetown University Medical Center; Brigham and Women’s Hospital; Stanford University; Banner Sun Health Research Institute; Boston
University; Howard University; Case Western Reserve University; University of
California, Davis—Sacramento; Neurological Care of CNY; Parkwood Hospital;
University of Wisconsin; University of California, Irvine—BIC; Banner Alzheimer’s Institute; Dent Neurologic Institute; Ohio State University; Albany Medical College; Hartford Hospital, Olin Neuropsychiatry Research Center;
Dartmouth-Hitchcock Medical Center; Wake Forest University Health Sciences; Rhode Island Hospital; Butler Hospital; UC San Francisco; Medical University South Carolina; St. Joseph’s Health Care Nathan Kline Institute;
University of Iowa College of Medicine; Cornell University; and University of
South Florida: USF Health Byrd Alzheimer’s Institute.
Consent for publication
Not applicable.
Competing interests
The authors declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.
Author details
Department of Neurology, Qingdao Municipal Hospital, Dalian Medical
University, Dalian, China. 2College of Medicine and Pharmaceutics, Ocean
University of China, Qingdao, China. 3Department of Neurology, Qingdao
Municipal Hospital, Qingdao University, Qingdao, China. 4Department of
Neurology and Institute of Neurology, Huashan Hospital, Shanghai Medical
College, Fudan University, 12th Wulumuqi Zhong Road, Shanghai 200040,
China.
1

Received: 22 November 2020 Accepted: 16 August 2021

References
1. van der Kant R, Goldstein LSB, Ossenkoppele R. Amyloid-beta-independent
regulators of tau pathology in Alzheimer disease. Nat Rev Neurosci. 2020;
21(1):21–35. https://doi.org/10.1038/s41583-019-0240-3.
2. Prins ND, van Swieten JC. Alzheimer disease: MRI and CSF biomarkers in
AD--accuracy and temporal change. Nat Rev Neurol. 2010;6(12):650–1.
https://doi.org/10.1038/nrneurol.2010.173.
3. Molinuevo JL, Ayton S, Batrla R, Bednar MM, Bittner T, Cummings J, et al.
Current state of Alzheimer's fluid biomarkers. Acta Neuropathol. 2018;136(6):
821–53. https://doi.org/10.1007/s00401-018-1932-x.
4. Bottaro DP, Rubin JS, Faletto DL, Chan AM, Kmiecik TE, Vande Woude GF,
et al. Identification of the hepatocyte growth factor receptor as the c-met
proto-oncogene product. Science. 1991;251(4995):802–4. https://doi.org/1
0.1126/science.1846706.
5. Naldini L, Vigna E, Narsimhan RP, Gaudino G, Zarnegar R, Michalopoulos GK,
et al. Hepatocyte growth factor (HGF) stimulates the tyrosine kinase activity
of the receptor encoded by the proto-oncogene c-MET. Oncogene. 1991;
6(4):501–4.

Page 8 of 9

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Imamura R, Matsumoto K. Hepatocyte growth factor in physiology and
infectious diseases. Cytokine. 2017;98:97–106. https://doi.org/10.1016/j.cyto.2
016.12.025.
Zhang Y, Xia M, Jin K, Wang S, Wei H, Fan C, et al. Function of the c-Met
receptor tyrosine kinase in carcinogenesis and associated therapeutic
opportunities. Mol Cancer. 2018;17(1):45. https://doi.org/10.1186/s12943-0180796-y.
Tashiro K, Hagiya M, Nishizawa T, Seki T, Shimonishi M, Shimizu S, et al.
Deduced primary structure of rat hepatocyte growth factor and expression
of the mRNA in rat tissues. Proc Natl Acad Sci U S A. 1990;87(8):3200–4.
https://doi.org/10.1073/pnas.87.8.3200.
Jung W, Castren E, Odenthal M, Vande Woude GF, Ishii T, Dienes HP, et al.
Expression and functional interaction of hepatocyte growth factor-scatter
factor and its receptor c-met in mammalian brain. J Cell Biol. 1994;126(2):
485–94. https://doi.org/10.1083/jcb.126.2.485.
Yamagata T, Muroya K, Mukasa T, Igarashi H, Momoi M, Tsukahara T, et al.
Hepatocyte growth factor specifically expressed in microglia activated Ras
in the neurons, similar to the action of neurotrophic factors. Biochem
Biophys Res Commun. 1995;210(1):231–7. https://doi.org/10.1006/bbrc.1
995.1651.
Yamada T, Tsubouchi H, Daikuhara Y, Prat M, Comoglio PM, McGeer PL,
et al. Immunohistochemistry with antibodies to hepatocyte growth factor
and its receptor protein (c-MET) in human brain tissues. Brain Res. 1994;
637(1–2):308–12. https://doi.org/10.1016/0006-8993(94)91250-5.
Fenton H, Finch PW, Rubin JS, Rosenberg JM, Taylor WG, Kuo-Leblanc V,
et al. Hepatocyte growth factor (HGF/SF) in Alzheimer's disease. Brain Res.
1998;779(1–2):262–70. https://doi.org/10.1016/s0006-8993(97)00958-x.
Di Renzo MF, Bertolotto A, Olivero M, Putzolu P, Crepaldi T, Schiffer D, et al.
Selective expression of the met/HGF receptor in human central nervous
system microglia. Oncogene. 1993;8(1):219–22.
Tsuboi Y, Kakimoto K, Nakajima M, Akatsu H, Yamamoto T, Ogawa K, et al.
Increased hepatocyte growth factor level in cerebrospinal fluid in
Alzheimer's disease. Acta Neurol Scand. 2003;107(2):81–6. https://doi.org/1
0.1034/j.1600-0404.2003.02089.x.
Zhu Y, Hilal S, Chai YL, Ikram MK, Venketasubramanian N, Chen CP, et al.
Serum hepatocyte growth factor is associated with small vessel disease in
Alzheimer's dementia. Front Aging Neurosci. 2018;10:8. https://doi.org/10.33
89/fnagi.2018.00008.
Petersen RC, Aisen PS, Beckett LA, Donohue MC, Gamst AC, Harvey DJ, et al.
Alzheimer's disease neuroimaging initiative (ADNI): clinical characterization.
Neurology. 2010;74(3):201–9. https://doi.org/10.1212/WNL.0b013e3181cb3e2
5.
Thomas KR, Eppig JS, Weigand AJ, Edmonds EC, Wong CG, Jak AJ, et al.
Artificially low mild cognitive impairment to normal reversion rate in the
Alzheimer's disease neuroimaging initiative. Alzheimers Dement. 2019;15(4):
561–9. https://doi.org/10.1016/j.jalz.2018.10.008.
Crane PK, Carle A, Gibbons LE, Insel P, Mackin RS, Gross A, et al.
Development and assessment of a composite score for memory in the
Alzheimer's disease neuroimaging initiative (ADNI). Brain Imaging Behav.
2012;6(4):502–16. https://doi.org/10.1007/s11682-012-9186-z.
Gibbons LE, Carle AC, Mackin RS, Harvey D, Mukherjee S, Insel P, et al. A
composite score for executive functioning, validated in Alzheimer's disease
neuroimaging initiative (ADNI) participants with baseline mild cognitive
impairment. Brain Imaging Behav. 2012;6(4):517–27. https://doi.org/10.1007/
s11682-012-9176-1.
Reymer PW, Groenemeyer BE, van de Burg R, Kastelein JJ. Apolipoprotein E
genotyping on agarose gels. Clin Chem. 1995;41(7):1046–7. https://doi.org/1
0.1093/clinchem/41.7.1046.
Hixson JE, Vernier DT. Restriction isotyping of human apolipoprotein E by
gene amplification and cleavage with HhaI. J Lipid Res. 1990;31(3):545–8.
https://doi.org/10.1016/S0022-2275(20)43176-1.
Weiner MW, Veitch DP, Aisen PS, Beckett LA, Cairns NJ, Cedarbaum J, et al.
2014 update of the Alzheimer's disease neuroimaging initiative: a review of
papers published since its inception. Alzheimers Dement. 2015;11(6):e1–120.
https://doi.org/10.1016/j.jalz.2014.11.001.
Jack CR Jr, Bernstein MA, Fox NC, Thompson P, Alexander G, Harvey D, et al.
The Alzheimer's disease neuroimaging initiative (ADNI): MRI methods. J
Magn Reson Imaging. 2008;27(4):685–91. https://doi.org/10.1002/jmri.21049.
Wang YL, Chen W, Cai WJ, Hu H, Xu W, Wang ZT, et al. Associations of
white matter Hyperintensities with cognitive decline: a longitudinal study. J
Alzheimers Dis. 2020;73(2):759–68. https://doi.org/10.3233/JAD-191005.

Zhao et al. BMC Neurology

(2021) 21:387

25. Josephs KA, Dickson DW, Tosakulwong N, Weigand SD, Murray ME,
Petrucelli L, et al. Rates of hippocampal atrophy and presence of postmortem TDP-43 in patients with Alzheimer's disease: a longitudinal
retrospective study. Lancet Neurol. 2017;16(11):917–24. https://doi.org/10.1
016/S1474-4422(17)30284-3.
26. Baron RM, Kenny DA. The moderator-mediator variable distinction in social
psychological research: conceptual, strategic, and statistical considerations. J Pers
Soc Psychol. 1986;51(6):1173–82. https://doi.org/10.1037//0022-3514.51.6.1173.
27. Honda S, Kagoshima M, Wanaka A, Tohyama M, Matsumoto K, Nakamura T.
Localization and functional coupling of HGF and c-met/HGF receptor in rat
brain: implication as neurotrophic factor. Brain Res Mol Brain Res. 1995;32(2):
197–210. https://doi.org/10.1016/0169-328x(95)00075-4.
28. Tsuboi Y, Kakimoto K, Akatsu H, Daikuhara Y, Yamada T. Hepatocyte growth
factor in cerebrospinal fluid in neurologic disease. Acta Neurol Scand. 2002;
106(2):99–103. https://doi.org/10.1034/j.1600-0404.2002.01125.x.
29. Pereira CF, Santos AE, Moreira PI, Pereira AC, Sousa FJ, Cardoso SM, et al. Is
Alzheimer's disease an inflammasomopathy? Ageing Res Rev. 2019;56:
100966. https://doi.org/10.1016/j.arr.2019.100966.
30. Wang ZT, Zhang C, Wang YJ, Dong Q, Tan L, Yu JT. Selective neuronal
vulnerability in Alzheimer's disease. Ageing Res Rev. 2020;62:101114. https://
doi.org/10.1016/j.arr.2020.101114.
31. Pietroboni AM, Scarioni M, Carandini T, Basilico P, Cadioli M, Giulietti G, et al.
CSF beta-amyloid and white matter damage: a new perspective on
Alzheimer's disease. J Neurol Neurosurg Psychiatry. 2018;89(4):352–7. https://
doi.org/10.1136/jnnp-2017-316603.
32. Strain JF, Smith RX, Beaumont H, Roe CM, Gordon BA, Mishra S, et al. Loss
of white matter integrity reflects tau accumulation in Alzheimer disease
defined regions. Neurology. 2018;91(4):e313–e8. https://doi.org/10.1212/
WNL.0000000000005864.
33. Weidner KM, Sachs M, Birchmeier W. The met receptor tyrosine kinase
transduces motility, proliferation, and morphogenic signals of scatter factor/
hepatocyte growth factor in epithelial cells. J Cell Biol. 1993;121(1):145–54.
https://doi.org/10.1083/jcb.121.1.145.
34. Sharma GD, Kakazu A, Bazan HE. Protein kinase C alpha and epsilon
differentially modulate hepatocyte growth factor-induced epithelial
proliferation and migration. Exp Eye Res. 2007;85(2):289–97. https://doi.org/1
0.1016/j.exer.2007.05.004.
35. Maina F, Klein R. Hepatocyte growth factor, a versatile signal for developing
neurons. Nat Neurosci. 1999;2(3):213–7. https://doi.org/10.1038/6310.
36. Kokuzawa J, Yoshimura S, Kitajima H, Shinoda J, Kaku Y, Iwama T, et al.
Hepatocyte growth factor promotes proliferation and neuronal
differentiation of neural stem cells from mouse embryos. Mol Cell Neurosci.
2003;24(1):190–7. https://doi.org/10.1016/s1044-7431(03)00160-x.
37. Hamasaki H, Honda H, Suzuki SO, Hokama M, Kiyohara Y, Nakabeppu Y, et al.
Down-regulation of MET in hippocampal neurons of Alzheimer's disease
brains. Neuropathology. 2014;34(3):284–90. https://doi.org/10.1111/neup.12095.
38. Jia Y, Cao N, Zhai J, Zeng Q, Zheng P, Su R, et al. HGF mediates clinical-grade
human umbilical cord-derived mesenchymal stem cells improved functional
recovery in a senescence-accelerated mouse model of alzheimer's disease. Adv
Sci (Weinh). 2020;7(17):1903809. https://doi.org/10.1002/advs.201903809.
39. Pan W, Yu Y, Yemane R, Cain C, Yu C, Kastin AJ. Permeation of hepatocyte
growth factor across the blood-brain barrier. Exp Neurol. 2006;201(1):99–
104. https://doi.org/10.1016/j.expneurol.2006.03.026.
40. Yamazaki Y, Kanekiyo T. Blood-brain barrier dysfunction and the
pathogenesis of Alzheimer's disease. Int J Mol Sci. 2017;18(9):9. https://doi.
org/10.3390/ijms18091965.
41. Cai Z, Qiao PF, Wan CQ, Cai M, Zhou NK, Li Q. Role of blood-brain barrier in
Alzheimer's disease. J Alzheimers Dis. 2018;63(4):1223–34. https://doi.org/1
0.3233/JAD-180098.
42. Wong SM, Jansen JFA, Zhang CE, Hoff EI, Staals J, van Oostenbrugge RJ,
et al. Blood-brain barrier impairment and hypoperfusion are linked in
cerebral small vessel disease. Neurology. 2019;92(15):e1669–e77. https://doi.
org/10.1212/WNL.0000000000007263.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 9 of 9

