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Abstract

Importance: The neuropathological links underlying the association between changes in liver 

function and AD have not yet been clearly elucidated.

Objective: We aimed to examine the relationship between liver function markers and 

longitudinal changes in Alzheimer’s disease (AD) core pathologies.

Design: Data from the Korean Brain Aging Study for the Early Diagnosis and Prediction of 

Alzheimer’s Disease, a longitudinal cohort study initiated in 2014, were utilized.

Setting: Community and memory clinic setting.

Participants: Three hundred forty-seven older adults.

Main Outcome and Measures: Participants underwent baseline and 2-year follow-up 

evaluations, including liver function assessments and various brain imaging techniques, such as 

amyloid and tau PET, FDG-PET, and MRI). Liver function indicators [alanine aminotransferase 

(ALT), aspartate aminotransferase (AST), and total bilirubin] were examined as exposure 

variables.

Results: Higher baseline ALT levels were associated with a greater increase in beta-amyloid 

deposition over 2 years [β = 0.166, Bonferroni-corrected P (PB) = 0.012], while lower total 

bilirubin levels were associated with a greater increase in tau deposition over the same period (β = 

−0.570, PB < 0.001). In contrast, AST alone showed no significant association with changes of AD 

pathologies.

Conclusions and Relevance: The findings suggest a possible link between lower liver 

function and the accumulation of core AD pathologies in the brain. These results also support 

the possibility that the liver-brain axis could be a potential target for therapeutic or preventive 

strategies against AD.
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Introduction

Growing evidence indicates that metabolic disturbances may contribute to Alzheimer’s 

disease (AD) [1]. The liver and its related signaling pathway, as a major metabolic hub 

[2,3], also has been proposed as a new window to understand the pathogenesis of AD [4–8]. 

Many human studies have shown association of altered liver function with AD or related 

dementia [7,9–12]. A cross-sectional study demonstrated that AD dementia was significantly 
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associated with decreased alanine aminotransferase (ALT) levels [7]. Other cross-sectional 

studies reported lower [9,10] or higher [13] serum bilirubin in AD dementia patients. Liver 

cirrhosis was also reported as one of the most common comorbidities of dementia [11]. 

A longitudinal study showed that frail older adults with a high liver fibrosis score had an 

increased overall risk of dementia [12].

Nevertheless, the neuropathological links underlying the association between liver function 

change and AD have not yet been clearly elucidated. Although only one cross-sectional 

study reported that lower ALT levels were associated with reduced cerebrospinal fluid beta-

amyloid protein (Aβ) level [7], little information is available for the relationship between 

liver function and longitudinal change of AD pathology.

Therefore, we aimed to test the hypothesis that baseline liver function markers are associated 

with longitudinal changes in in vivo AD core pathologies, such as brain Aβ and tau 

deposition, using [11C] Pittsburgh compound B (PiB)-positron emission tomography (PET) 

and [18F] AV-1451 PET scans, respectively, in older adults. As an exploratory analysis, 

we additionally investigated the association between baseline liver function markers 

and longitudinal changes in cerebral glucose metabolism (AD-CM) and white matter 

hyperintensities (WMHs), using [18F] fluorodeoxyglucose (FDG)-PET imaging and MRI, 

respectively.

Methods

Participants

This study is a component of the Korean Brain Aging Study for the Early Diagnosis 

and Prediction of Alzheimer’s Disease (KBASE), a continuous prospective cohort study 

initiated in 2014 [14]. By March 2017, 758 individuals volunteered for the KBASE cohort 

assessment. Of these, 591 were included in the baseline cohort, while 167 were excluded. 

The exclusions were due to: meeting exclusion criteria, such as medical, psychiatric, or 

neurological conditions (63 individuals); not meeting inclusion criteria for any diagnostic 

group (46 individuals); and withdrawal of consent or loss of contact (58 individuals) [14]. 

The 591 individuals included in the baseline KBASE cohort consisted of 74 cognitively 

normal (CN)-young (age 20-54 years), 291 CN-old (age 55-90 years), 139 mild cognitive 

impairment (MCI), and 87 AD dementia individuals. As of March 2019, we had finally 

enrolled a total of 347 participants between 55 and 90 years of age who had completed 

a baseline and 2-year follow-up assessments, including comprehensive clinical assessment, 

and multimodal neuroimaging scans such as [11C] Pittsburg compound B (PiB)-positron 

emission tomography (PET), [18F] fluorodeoxyglucose (FDG)-PET, and MRI for the current 

study. Among them, 73 participants had completed additional [18F] AV-1451 PET scans at 

baseline and 2-year follow-up visit. The inclusion criteria for the study required participants 

to be between 55 and 90 years old and to have completed baseline and 2-year follow-up 

assessments, including clinical evaluation and neuroimaging. Participants also had to meet 

one of the following cognitive criteria: cognitively normal individuals with a Clinical 

Dementia Rating (CDR) of 0, without mild cognitive impairment (MCI) or dementia; 

individuals with amnestic MCI with a CDR of 0.5, meeting the National Institute on Aging 

and Alzheimer’s Association (NIA-AA) guidelines [15]; or individuals with Alzheimer’s 
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disease (AD) dementia with a CDR of 0.5 or 1, meeting the Diagnostic and Statistical 

Manual of Mental Disorders, 4th edition (DSM-IV-TR) criteria [16] and probable AD 

dementia according to the NIA-AA guidelines [17]. The exclusion criteria were as follows: 

the presence of a major psychiatric illness; significant neurological or medical conditions 

that could affect mental function; contraindications for MRI; illiteracy; significant visual or 

hearing difficulties and/or severe communication or behavioral problems that would make 

clinical examinations or brain scans difficult; and taking an investigational drug. More 

detailed information on the recruitment of the KBASE cohort is presented in a previous 

report from the research group [14].

Standard protocol approvals, registrations, and participants consent

This study protocol was approved by the institutional review boards of the Seoul National 

University Hospital (C-1401-027-547) and the Seoul Metropolitan Government-Seoul 

National University (SMG-SNU) Boramae Medical Center (26-2015-60), in Seoul, South 

Korea; and we conducted it in accordance with the recommendations of the current version 

of the Declaration of Helsinki. All the participants provided written informed consent.

Clinical assessments

Participants underwent standardized clinical and neuropsychological assessments conducted 

by trained board-certified psychiatrists. The assessments were based on the Korean Brain 

Aging Study for the KBASE clinical assessment protocol, which incorporated the Korean 

version of the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD-K) 

clinical assessment [14]. A clinical neuropsychologist or trained psychometrists also 

administered a comprehensive neuropsychological assessment battery to the participants, 

following a standardized protocol that incorporates the CERAD-K neuropsychological 

battery. Details on the full assessment battery have been previous described [14].

Measurement of liver function markers and blood tests for potential confounders

Blood samples were collected through venipuncture in the morning (between 8 to 9 a.m.) 

after an overnight fast, at the initial baseline assessment. Serum levels of ALT, aspartate 

aminotransferase (AST), and total bilirubin were determined using a colorimetric method on 

the ADVIA 1800 Auto Analyzer by Siemens, located in Washington, DC, USA. Genomic 

DNA was extracted from whole blood and apolipoprotein E (APOE) genotyping was 

performed as described [18]. APOE ε4 (APOE4) positivity was defined as the presence 

of at least one ε4 allele.

Assessment of dietary patterns

All participants underwent systematic interviews to identify their dietary patterns including 

food types, such as protein and fruit or vegetables, using the Mini Nutritional Assessment 

[19].

Assessment of other potential confounders

The association between liver function markers and AD pathology or cerebrovascular 

injury could be influenced by factors such as age, sex, APOE4, clinical diagnosis, 
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depression, vascular risks, body mass index (BMI), alcohol drinking, smoking, concomitant 

prescriptions, supplement use, hormone use, and medical conditions affecting liver enzymes. 

The extent of depressive symptoms was evaluated using the 30-item Geriatric Depression 

Scale (GDS) [20,21]. Additionally, the prevalence of vascular risk factors was assessed 

through interviews with participants and their reliable informants, leading to the calculation 

of a vascular risk score (VRS) [22]. This score, reflecting the number of vascular risk factors 

present, was expressed as a percentage. The Body Mass Index (BMI) was determined using 

the individual’s weight in kilograms divided by their height in meters squared. We calculated 

each participant’s lifetime alcohol intake per week (standard drink/week) according 

to the WHO guideline (http://www.who.int/topics/alcohol_drinking/en/) [23] as well as 

their lifetime smoking per day (pack/day). In addition, concomitant prescriptions—such 

as antihypertensive medications, coronary artery medications, diabetes medications, lipid-

lowering medications, aspirin, antiplatelet medications, non-steroidal anti-inflammatory 

drugs, ginkgo biloba extract, cerebral blood flow enhancers, and acetylcholinesterase 

inhibitors or memantine—were assessed, along with supplement use (such as vitamins, 

ginseng, omega-3 fatty acids, and green tea extract), hormone use (such as hormone 

replacement therapy), and medical conditions affecting liver enzymes (such as liver diseases 

including cirrhosis, hepatitis, or fatty liver disease, as well as infectious, endocrine, and 

metabolic diseases). To obtain precise information, interviews were conducted with reliable 

informants, and medical records were thoroughly reviewed.

Measurement of cerebral Aβ deposition

Cerebral Aβ deposition was measured by conducting simultaneous three-dimensional (3D) 

[11C] PiB-PET and 3D T1-weighted MRI scans with a 3.0 T Biograph mMR (PET-MR) 

scanner (Siemens; Washington DC, USA) at both the initial baseline and the 2-year follow-

up visit. The specifics of PiB-PET acquisition and preprocessing have been detailed in our 

prior report [18] and the supplementary materials (eMethods).

Measurement of cerebral tau deposition

A subset of participants (n = 73) underwent [18F] AV-1451 PET scans utilizing a Biograph 

TruePoint 40 PET/CT scanner (Siemens), following the manufacturer’s instructions. While 

all other neuroimaging scans were carried out at baseline and subsequently at the 2-year 

follow-up visit, AV-1451 PET imaging was first performed on average 2.5 years (with a 

standard deviation of 0.3 years) following the baseline visit, and then once more 2 years 

after the initial AV-1451 scan. The specifics of AV-1451 PET imaging acquisition and 

preprocessing are outlined in our previous report [18] and the supplementary materials 

(eMethods).

Measurement of AD-signature cerebral glucose metabolism

All participants underwent [18F] fluorodeoxyglucose (FDG)-PET imaging at baseline and 

the 2-year follow-up visit using the PET-MR scanner previously mentioned. The process of 

FDG-PET image acquisition and preprocessing is detailed in a previous report [24] and the 

supplementary materials (eMethods).
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Measurement of WMHs

All participants underwent MRI scans utilizing fluid-attenuated inversion recovery (FLAIR) 

with the previously mentioned PET-MR scanner. The details of WMH image acquisition and 

preprocessing were described in the supplementary materials (eMethods).

Statistical analysis

To examine the association between liver function markers at baseline and longitudinal 

changes of AD core pathology, we performed multiple linear regression with liver function 

marker level as an independent variable and corresponding longitudinal changes in global 

Aβ retention and AD-signature tau deposition, as dependent variables. In the analyses, 

liver function markers were initially used as continuous variables after undergoing natural 

log-transformation to achieve a normal distribution in the model. Each liver function marker 

was also used as a categorical variable, divided into three levels based on tertile values: 

high, middle, and low strata were > 24, 19 to 24 and < 19 U/L for ALT, > 28, 24 to 28 

and < 24 U/L for AST, and > 0.94, 0.69 to 0.94 and < 0.69 mg/dL for total bilirubin, 

respectively. Global Aβ retention were also used after undergoing natural log-transformation 

to achieve a normal distribution. The longitudinal change in neuroimaging markers for each 

participant was determined by calculating the difference between the values at follow-up 

and those at baseline, denoted as delta (Δ). Linear mixed effect model analyses were also 

conducted to examine time × liver marker group interaction effect or time effect (i.e., 

within-subject effect) as well as liver marker group effect (i.e., between-subject effect). For 

each type of analyses, a Bonferroni-corrected P (PB = 0.05/number of analyses) was applied 

as the threshold for statistical significance; the PB was < 0.0083 (= 0.05/6). All the models 

included age, sex, APOE4 positivity, VRS, BMI, clinical diagnosis, education, GDS, alcohol 

intake, smoking, and dietary nutritional markers (such as protein, fruit, and vegetable 

intake) as covariates. As sensitivity analyses, we additionally conducted the same analyses 

1) including drug use (such as antihypertensive medications, diabetes medications, lipid-

lowering agents, aspirin, antiplatelet medications, non-steroidal anti-inflammatory drugs, 

ginkgo biloba extract, cerebral blood flow enhancers, acetylcholinesterase inhibitors, and 

memantine), supplement use (such as vitamins, ginseng, and green tea extract), and hormone 

use (such as hormone replacement therapy) as additional covariates; and 2) excluding 

participants with medical conditions that may affect liver enzymes, including liver diseases, 

infectious diseases, endocrine diseases, and metabolic diseases.

In addition, we investigated the moderating effects of age, sex, APOE4, BMI status, Aβ 
positivity, and lifetime alcohol intake status on the relationships between liver function 

markers and the neuroimaging markers that showed significant results in above analyses: 

We included a two-way interaction term between liver function markers and each factor 

(age, sex, APOE4, BMI status, Aβ positivity, or lifetime alcohol intake status), along with 

liver function marker itself, as independent variables in the regression model. For significant 

interactions, subsequent subgroup analyses were conducted using an additional regression 

model for each subgroup divided based on the moderating variable.

As an exploratory analysis, we performed the same multiple linear regression analyses 

with liver function marker level as an independent variable and corresponding longitudinal 
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changes in AD-CM and WMHs, as dependent variables. All statistical analyses were 

conducted using SPSS Statistics software (version 28; IBM Corp., Armonk, NY, USA).

Results

Participant characteristics

Table 1 displays the demographics and characteristics of the individuals participating in the 

study. The mean age (standard deviation) of all 347 participants was 70.6 (7.9), and 199 

(57.4%) were women. Among all participates, 209 (60.2%) were CN, 95 (27.4%) had MCI, 

and 43 (12.4%) had AD dementia individuals at baseline. During a follow-up period of two 

years, 17 out of the 209 CN individuals at baseline converted to MCI, and 25 out of the 95 

MCI individuals at baseline progressed to AD dementia. No participants were malnourished 

(i.e., serum albumin <3.5 g/dL [25]). Most of the liver function markers were within the 

normal range, indicating the participants rarely showed liver function abnormalities.

Longitudinal association between liver function markers and in vivo brain core AD 
pathologies

A higher ALT level at baseline was associated with a greater increase of Aβ retention over 

a 2-year period (i.e., greater ΔAβ retention), but not with changes in tau deposition (Table 

2 and Fig. 1(A)). A lower total bilirubin level was associated with a greater increase of 

tau deposition over a 2-year period (i.e., smaller Δtau deposition), but not with the changes 

in Aβ retention (Table 2 and Fig. 1(B)). In contrast, AST was not associated with the 

change of any in vivo brain AD core pathologies (Table 2). When stratified categorical 

values of liver function biomarkers were entered into the model instead of continuous 

values, the results were similar. The high ALT group showed significantly greater ΔAβ 
retention compared to the low ALT group (reference group), while the middle ALT group 

did not (Table 2). The low total bilirubin group had significantly greater Δtau deposition 

compared to the high bilirubin group (reference), while the middle group did not (Table 2). 

The linear mixed effects model analyses revealed results similar to those from the multiple 

regression analyses: we found a significantly positive time × ALT group interaction on 

Aβ deposition and a negative time × total bilirubin group interaction on tau deposition 

(Table 3, Figure 1(C) and Figure 1(D)), but did not observe a time AST group interaction 

effect on any AD pathologies (Table 3). The sensitivity analyses, which controlled for 

the use of drugs, supplements, hormones as additional covariates, or excluded participants 

with medical conditions that may affect liver enzymes, including liver diseases, infectious 

diseases, endocrine diseases, and metabolic diseases, revealed similar results (eTables 1–4).

Moderation effects of potential confounders on the association between liver function 
markers and longitudinal change of in vivo brain Aβ or tau deposition

There were no significant interaction effects between ALT and each of age, sex, APOE4, 

BMI status, Aβ positivity, and lifetime alcohol intake status on ΔAβ retention. Similarly, 

there were no significant interactions between total bilirubin levels and any of the 

confounders on Δtau deposition (Table 4).
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Longitudinal association between liver function markers and in vivo AD-CM, or WMH 
volume

No significant association was found between liver function markers and either AD-CM or 

WMH volume (Tables 2 and 3, eTables 1–4).

Discussion

The present study demonstrated that higher ALT levels were associated with greater amyloid 

deposition over a 2-year period, while the AST level was not associated with any changes in 

brain pathologies. Additionally, a lower total bilirubin level was associated with greater tau 

deposition over 2 years, but not with other brain pathologies.

While significantly high aminotransferase levels exceeding the normal range can serve 

as biomarkers of hepatic injury [26–28], even slightly elevated levels of aminotransferase 

within the normal range may indicate liver dysfunction [29]. Given this, the observed 

relationship between higher ALT levels and an increase in Aβ retention in this study 

may indicate an association between subtle liver dysfunction and Aβ pathology. The liver 

is a major peripheral organ for metabolic detoxification and plays an essential role in 

clearing circulating Aβ, which can shift the dynamic equilibrium from Aβ deposition 

in senile plaques toward soluble Aβ [5]. The liver’s uptake of peripheral circulating 

Aβ may be facilitated by the low-density lipoprotein receptor-related protein 1 (LRP-1), 

which is abundantly expressed in hepatocytes [30–32]. One animal study using AD 

transgenic mice demonstrated that stimulation of LRP-1-mediated liver uptake decreased 

brain Aβ aggregation [31]. An in-vitro cell culture study demonstrated that enhancing the 

translocation of LRP-1 to the hepatic plasma membrane from the intracellular pool notably 

increased the liver’s uptake of Aβ from circulating blood [32]. Another study also reported 

that Aβ levels in liver samples from AD dementia patients were lower than those from 

healthy controls, suggesting the potential that the liver might not be effectively clearing 

circulating Aβ [33]. In addition, a human study indicated that plasma Aβ levels had a 

positive correlation with the severity of liver cirrhosis, implying that liver function plays 

a role in regulating Aβ balance in the peripheral system [34]. A recent study using an 

AD mouse model also demonstrated that age-related alterations in hepatic soluble epoxide 

hydrolase activity increased brain Aβ deposition via plasma 14,15-epoxyeicosatrienoic acid, 

which rapidly crosses the blood-brain barrier [4].

Interestingly, in the present study, only higher ALT (and not AST) was related to Aβ in the 

present study. ALT is predominantly generated in the liver, whereas AST can be synthesized 

in the skeletal muscle, heart, brain, and other tissues as well as liver [28]. This discrepancy 

in production sites may explain the different relationships with Aβ between ALT and AST.

A cross-sectional study reported that lower ALT levels were associated with lower Aβ in 

CSF [7]. These results seem to contrast with our findings, which showed a relationship 

between higher ALT and greater increase of global Aβ deposition on PET. However, this 

discrepancy may be partly attributed to the differences in study methodology, including 

study design and population, and the measurement of brain Aβ deposition. First of all, 

compared to our longitudinal design, the study had a cross-sectional design. In addition, 
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we measured brain Aβ deposition with PET, their primary analysis used CSF Aβ data. 

Regarding the cross-sectional relationship between liver function markers and global Aβ 
deposition on PET, there were also no significant results in previous study, which is similar 

to our results from the cross-sectional analyses shown in the supplementary materials 

(eTable 5). Moreover, while our participants included 60.2 % CN individuals and 39.8 

% of cognitively impaired participants (27.4 % MCI and 12.4 % AD dementia), the study 

compromised 25.7 % of CN and 73.0 % of cognitively impaired participants (53.3 % MCI 

and 19.7 % AD dementia) [7]. Given that a state of dementia can influence health seeking 

behavior and self-care, including nutritional intake [35], a larger proportion of cognitively 

impaired participants could potentially affect the liver function markers or confound the 

relationship between these markers and AD pathology in the study. Clinically defined AD 

dementia state, as well as CSF Aβ was associated with decreased ALT levels in the same 

report [7]. Additionally, the study did not measure alcohol consumption, despite the liver 

being a primary organ for metabolizing alcohol, which significantly impacts liver function 

[7].

The present study revealed that a lower total bilirubin level was associated with an 

increase of tau deposition over 2 years. Bilirubin, a lipophilic linear tetrapyrrole found 

abundantly in the blood, represents the end product of heme metabolism. The enzyme 

heme oxygenase breaks down the heme ring, producing water-soluble biliverdin, which is 

subsequently reduced by biliverdin reductase (BVR) to bilirubin [36]. Notably, bilirubin 

demonstrates significant antioxidant capabilities, excelling in neutralizing peroxyl radicals 

and offering superior protection against lipid peroxidation compared to α-tocopherol [36]. 

Biliverdin reductase-A (BVR-A), one of the isoforms, specifically converts biliverdin IXα 
into bilirubin IXα, establishing it as one of the most potent endogenous antioxidants [37]. A 

reduction of BVR-A, accompanied by metabolic and liver dysfunction and a subsequent 

decrease in bilirubin, impairs the neuroprotective Akt-mediated inhibition of glycogen 

synthase kinase (GSK)-3 β. This enzyme significantly influences the pathological alterations 

of tau protein in AD in reaction to oxidative stress, thereby playing a part in the hyper-

phosphorylation of tau [38–40]. Therefore, a lower bilirubin level could be associated with 

higher tau deposition due to reduced GSK-3 β inhibition.

Unlike the association with Aβ or tau deposition, there were no associations between 

liver biomarkers and neurodegeneration or WMHs. Our findings using FDG-PET (cerebral 

glucose metabolism) and structural MRI (WMHs) indicate that liver biomarkers do not 

exert their effects directly through neurodegenerative or vascular mechanisms in the brain. 

ALT and total bilirubin reflect liver function and hepatocellular integrity rather than brain 

function or structure. Their lack of association with brain glucose metabolism and WMHs 

may be due to distinct metabolic processes in the brain and liver, brain compensatory 

mechanisms, and the blood-brain barrier limiting their direct impact on the brain [41,42]. 

Additionally, other mechanisms like inflammation or lipid metabolism might better link liver 

function to brain health [41,42]. Further research is needed to clarify these relationships.

Our study found no significant cross-sectional association between liver function measures 

and AD pathologies at baseline, as shown in the supplementary materials (eTable 5). 

However, over a two-year follow-up, lower liver function at baseline was linked to cognitive 
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decline and AD progression. This indicates that liver function may play a more critical role 

in the progression rather than the onset of cognitive impairment. These findings highlight 

the importance of longitudinal data to uncover dynamic and temporal relationships that are 

not apparent in cross-sectional analyses, providing a deeper understanding of the interplay 

between liver function and AD progression. It is important to clarify that the cross-sectional 

data, as shown in the supplementary materials (eTable 5), refers to the analysis performed 

at baseline. However, caution is needed when interpreting the data, since this study targets 

patients with early-stage AD dementia classified as CDR 0.5 or 1. Further research is 

required to determine whether liver function markers continue to impact AD pathology in 

the later stages of the disease.

Limitations

Our study had several limitations. First, the 2-year follow-up period for longitudinal analysis 

may not sufficient to detect all changes in AD pathologies or cerebrovascular injury. The 

relatively short observational period might contribute to some null findings regarding the 

association between liver function marker and brain pathology. Indeed, further investigations 

with a longer follow-up period are warranted. Second, the initial tau PET was performed 

on average of 2.5 years (standard deviation 0.3 years) after the baseline measurement, while 

the initial amyloid PET and MRI scans were performed at baseline. This temporal gap 

may have influenced our results. However, the outcomes remained consistent even after 

adjusting for the temporal gap as an additional covariate. Third, as previously mentioned, 

only a subset of study participants underwent tau PET scans, making it challenging to 

detect any potential association between liver function markers (other than total bilirubin) 

and tau deposition. Fourth, the present study did not explore whether participants in the 

lowest tertile of ALT (or highest tertile of bilirubin) have lower rates of progression to 

MCI or from MCI to AD. Although we observed pathological changes over two years, the 

small number of clinical conversions (17 out of 209 individuals with baseline CN converted 

to MCI, and 25 out of 95 individuals with baseline MCI progressed to AD dementia) 

prevented thorough analysis, especially when dividing samples into tertiles based on liver 

function markers. Future long-term studies with larger sample sizes should investigate both 

pathological and clinical cognitive changes to fully understand the impact of liver function 

on AD progression. Lastly, the homogeneity of the cohort, consisting entirely of Korean 

individuals, may limit the generalizability of our findings to other populations.

Conclusions

These longitudinal findings in older adults suggest a possible link between lower liver 

function and the accumulation of core AD pathologies in the brain. These results also 

support the possibility that the liver-brain axis could be a potential target for therapeutic or 

preventive strategies against AD.
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Figure 1. 
Partial regression and profile plots illustrating the associations of ALT and total bilirubin 

levels with two-year changes of Aβ and tau deposition. ALT=alanine aminotransferase, Aβ 
= beta-amyloid, SUVR=standardized uptake value ratio.Partial regression plots depict the 

association of baseline ALT with two-year change in Aβ deposition (A), and baseline total 

bilirubin with two-year change in tau deposition (B), adjusted for factors including age, 

sex, apolipoprotein ε4, vascular risk score, body mass index, clinical diagnosis, education, 

geriatric depression scale, alcohol intake, smoking, and dietary nutritional markers. Profile 

plots illustrate two-year changes in Aβ (C) and tau (D) according to baseline ALT and total 

bilirubin strata, respectively.
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Table 4
Moderation effects of age, sex, APOE4, BMI, Aβ positivity, and alcohol intake on associations between liver 

function markers and two-year changes of Aβ or tau retention*.

Δ Aβ, SUVR Δ tau, SUVR

β p β p

ALT 0.360 0.056 - -

Age 0.622 0.095 - -

ALT × Age −0.448 0.250 - -

ALT 0.165 0.016 - -

Sex 0.083 0.831 - -

ALT × Sex −0.120 0.763 - -

ALT 0.155 0.007 - -

APOE4 0.288 0.495 - -

ALT × APOE4 −0.061 0.885 - -

ALT 0.092 0.820 - -

BMI −0.206 0.601 - -

ALT × BMI 0.091 0.882 - -

ALT 0.175 0.002 - -

Aβ positivity 0.697 0.043 - -

ALT × Aβ positivity −0.173 0.614

ALT 0.150 0.008

Alcohol 0.020 0.975

ALT × Alcohol 0.047 0.940

Total bilirubin - - 0.453 0.542

Age - - −0.140 0.433

Total bilirubin × Age - - −0.905 0.226

Total bilirubin - - −0.571 <0.001

Sex - - 0.027 0.817

Total bilirubin × Sex - - 0.183 0.197

Total bilirubin - - −0.361 0.014

APOE4 - - −0.070 0.622

Total bilirubin × APOE4 - - −0.176 0.283

Total bilirubin - - 0.460 0.676

BMI - - −0.211 0.146

Total bilirubin × BMI - - −0.905 0.412

Total bilirubin - - −0.007 0.904

Aβ positivity - - 0.518 <0.001

Total bilirubin × Aβ positivity - - −0.024 0.696

Total bilirubin −0.498 <0.001

Alcohol 0.138 0.331

Total bilirubin × Alcohol 0.186 0.176

Abbreviations: APOE4=apolipoprotein ε4, BMI=body mass index, Aβ=beta-amyloid, SUVR=standardized uptake value ratio, ALT=alanine 
aminotransferase, AST=aspartate aminotransferase.
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*
by multiple linear regression analyses including a two-way interaction term between liver function markers and each factor (age, sex, APOE4, 

BMI status, Aβ positivity, or lifetime alcohol intake status), along with liver function marker itself, as independent variables in the regression 
model.
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