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Abstract: Dysfunctions in liver metabolic activities may increase the risk of cognitive impairment
and dementia. In a cohort of community-dwelling older persons investigated for a suspected
cognitive decline, we studied the association between liver status and dementia, considering sex
and frailty contribution. Serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) concentrations, and the AST/ALT ratio were used to assess liver function in 419 older adults
(248 persons with dementia and 171 age- and sex-matched subjects without cognitive decline).
Although the serum concentrations of the liver enzymes were in the physiologic range, patients
with dementia showed lower ALT concentrations (p = 0.005) and higher AST/ALT ratios (p = 0.003)
compared to controls. The same differences were found when comparing men with and without
dementia (ALT, p = 0.009; AST/ALT ratio, p = 0.003) but disappeared in women. Curiously, comparing
women and men with the same diagnosis, the ALT concentrations were lower (p = 0.008), and the
AST/ALT ratio was higher (p = 0.001) in control women than men, whereas no significant difference
was found between persons with dementia. In conclusion, in our cohort of older people living
in the community, the association between serum aminotransferases and dementia was remarked.
Moreover, our results support attention to sex difference in liver function, suggesting a role in the
pathogenesis of dementia.
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1. Introduction

In 2022, the World Health Organization counted more than 55 million people living
with dementia worldwide, and nearly 10 million new cases occur every year. Due to
the increase in older people in almost every country, this number is expected to rise to
78 million in 2030 and 139 million in 2050 [1]. Dementia is the seventh leading cause of
death among all diseases and one of the major causes of disability and dependency among
people aged 65 and older [1]. Mounting evidence shows that the prevalence of dementia
is higher in women than men, with 1.7 times more women with dementia than men in
2019 [2].

The most common forms of dementia affecting older people are Alzheimer’s disease
(AD) and vascular dementia. However, the boundaries between the different forms of
dementia are often blurred in older persons, and most people share the presence of both
neurodegenerative and vascular features in the brain, resulting in a mixed dementia
(MD) [3,4].

Numerous studies have revealed that metabolic dysfunctions (e.g., alterations in
energy metabolism, metabolic signaling, and insulin resistance) may increase the risk of
dementia [5–7]. In this context, the liver is one of the major metabolic hubs, and metabolic
activities in the liver determine the state of the metabolic readout of peripheral circulation.
Dysfunctions in the hepatic metabolic activities are reported to contribute to cognitive
impairment and dementia [8–13].
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To assess liver function and measure liver injury, serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) concentrations are widely used in clinical
practice [14,15]. ALT catalyzes a reaction between alanine and α-ketoglutarate to pro-
duce pyruvate and glutamate, whereas AST catalyzes a reaction between aspartate and
α-ketoglutarate to produce oxaloacetate and glutamate [16]. ALT is mainly found in the
cytosol of hepatocytes, thus it is considered the most liver-specific enzyme. In contrast,
AST is synthesized not only in the liver but also in skeletal muscle, the heart, the brain,
and other tissues of the body. The AST to ALT ratio (De Ritis ratio) is an indicator of liver
function and prognosticates the severity of hepatic disease [17,18].

There is some evidence that low serum concentrations of liver enzymes, in particular
ALT, are a biomarker for sarcopenia, malnutrition, frailty, and disability [19–23]. Moreover,
many studies have associated raised levels of ALT with insulin resistance, a metabolic syn-
drome, and type 2 diabetes [24–26], and sex differences in these liver-associated metabolic
adaptations have clearly been illustrated [27–29]. Interestingly, a strong age dependence
of ALT concentrations was shown in men, whereas this difference was attenuated in
women [30].

The liver is known to have a pivotal role in the metabolism of toxic compounds such
as drugs or alcohol, but when exposure to large amount of these compounds becomes
chronic, hepatic pathologies can be induced, and the release of several harmful substances
(e.g., ammonium and pro-inflammatory cytokines) may be promoted [31]. For instance, the
release of these toxic compounds promotes the development of hepatic encephalopathy,
a common and debilitating neuropsychiatric complication of chronic liver disease [32–34].
In hepatic encephalopathy, the liver failure is accompanied by neuroinflammation, induced
by transport through the systemic circulation and the accumulation in the brain of ammonia
and pro-inflammatory cytokines [35–38], which trigger the reactivity of microglia, promote
the recruitment of monocytes, and alter the permeability of the blood–brain barrier [39].

A recent study conducted in a mouse model of alcohol-induced liver disease confirmed
that chronic alcohol intake increases peripheral as well as brain alcohol levels, leading to
an increase in ALT production in the serum as well as neuroinflammation that seems to
cause memory impairment and reduce sensorimotor coordination [12].

Interestingly, growing evidence suggests a key role of liver function and, in particular,
liver hypometabolism (indexed by a reduction in ALT and AST synthesis) also in the patho-
physiology of AD [8]. Indeed, lower ALT levels in serum and higher AST/ALT ratio values
were found in patients with AD compared to subjects without cognitive decline [8,40]. Re-
duced levels of ALT have been associated with reduced brain glucose metabolism, cerebral
atrophy, brain amyloid-β deposition, and alterations in neurodegenerative biomarkers
concentrations in the cerebrospinal fluid of persons with AD [8].

In light of these premises, we characterized the liver status, investigating the AST and
ALT concentrations and AST/ALT ratio values in a cohort of older persons living in the
community investigated for a suspected cognitive decline. In particular, as sex differences
in liver-associated metabolic functions are known, our aim was to explore the association
between hepatic enzymes and dementia, evaluating the contribution of sex and frailty.

2. Materials and Methods
2.1. Study Design

The cohort consisted of 419 community-dwelling older adults (65–93 years) who
consecutively underwent a first geriatric visit to the Geriatric Unit of the Fondazione
IRCCS Ca’ Granda Ospedale Maggiore Policlinico of Milan (Italy) from March 2009 to
February 2018.

All participants were admitted to investigate a suspected cognitive decline. A mul-
tidimensional geriatric assessment provided information on their medical history and
cognitive, functional, and physical status. Relatives often participated in the geriatric visit
by providing additional information about the subject’s medical history. The collected data
were recorded in “Registro di Raccolta Dati della Unità di Geriatria” (REGE 2.0).
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A modified version of the mini mental state examination (MMSE) was used to assess
the cognitive status of all subjects involved in the study [41]. A neuropsychological assess-
ment battery (i.e., trail making test, verbal fluency test, digit span forward and backward
tests, verbal learning tests, token test, Rey’s figure copy and delayed recall, Raven’s colored
progressive matrices) was administered in case of MMSE < 24. The geriatric depression
scale (GDS) was used to evaluate the presence of depression.

For each participant, the body mass index (BMI) was calculated. Persons with
BMI < 18.5 kg/m2 were considered underweight, 18.5 kg/m2 ≤ BMI < 25 kg/m2 normal,
25 kg/m2 ≤ BMI < 30 kg/m2 pre-obese, and BMI ≥ 30 kg/m2 obese [42].

The cohort consisted of 248 persons with dementia comprising 65 AD and 183 MD
patients and 171 age- and sex-matched subjects without cognitive decline (controls). The
diagnosis of AD was made according to the criteria by Dubois et al. [43], whereas individu-
als showing an overlap between neurodegenerative features (hippocampal atrophy and
markers of neurodegeneration) and vascular brain injury (cerebral microangiopathy and in-
farcts) were diagnosed as MD [44,45]. Controls were subjects with a MMSE score ≥ 24 and
absence of neurological or psychiatric disorders. These subjects were examined once a year
for up to five years to assess their cognitive status and ensure that they kept their cognitive
abilities intact.

Subjects who reported a past or current history of abuse of and/or dependence on
alcohol were not considered for this study.

All the participants gave informed consent personally or through their legal guardian
(if the person was mentally incapable of making an autonomous decision) for their clinical
and biological data to be used for properly anonymized research purposes.

The study was conducted in accordance with the Declaration of Helsinki, and the
research protocol received approval from the Ethics Committee of the Fondazione IRCCS
Ca’ Granda Ospedale Maggiore Policlinico of Milan (REGE 2.0, protocol number 1696,
4 June 2021).

2.2. Frailty Index

Frailty was measured through the frailty index (FI) [46]. The FI results from the
count of various health deficits, including signs, diseases, disabilities, and biochemical
parameters, as previously described [47].

Briefly, each deficit was dichotomized and scored as ‘0’ (absence of the deficit) or ‘1’
(presence of the deficit). The FI of each subject included in the study was calculated as the
total number of health deficits divided by the total number of variables considered for its
computation (n = 47) (Table S1).

The FI is measured on a continuous scale, which can be divided into severity levels
to define the different health status. Rockwood et al. found that frailty was defined as
FI > 0.25 [48,49].

2.3. Determination of Serum Liver Enzyme Concentrations

Serum AST and ALT concentrations were measured using the method recommended
by the International Federation of Clinical Chemistry (IFCC) with pyridoxal phosphate
activation at 37 ◦C with the Cobas c 702 Analyzer (Roche, Basel, Switzerland).

The normal range of values for AST in serum was 10–33 U/L in women and 10–35 U/L
in men. In comparison, the normal range of values for ALT in serum was 6–41 U/L in
women and 9–59 U/L in men. The AST to ALT ratio (AST/ALT ratio) is the ratio between
the concentrations of AST and ALT enzymes.

2.4. Statistical Analysis

The statistical analyses were conducted using IBM SPSS Statistic software (version 27,
IBM Inc., Chicago, IL, USA).

The distribution of clinical and biochemical parameters was assessed using Kolmogorov–
Smirnov test to investigate the adherence to the Gaussian graph. Normally distributed
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variables (age, education, MMSE, GDS, and BMI) were reported as mean and standard
deviation (SD), whereas non-normally distributed variables (FI, AST and ALT concen-
trations, and AST/ALT ratio) were expressed as median and interquartile range (IQR:
25–75th percentile).

The normally distributed variables were analyzed using the Student’s t-test and the
analysis of variance (ANOVA), followed by Bonferroni post-hoc test, whereas the non-
normally distributed variables were examined using the Mann–Whitney U test and the
Kruskal–Wallis test.

FI, AST, and ALT concentrations and AST/ALT ratio values were log-transformed for
regression analyses. Multivariate linear regression analyses were assessed to investigate
the association between liver enzyme parameters and MMSE scores, after adjustment
for age, FI, and BMI as confounding factors. The regression results were expressed as
unstandardized beta (B) coefficient, followed by the standard error for the unstandardized
beta (SE(B)).

Values of p < 0.05 were considered statistically significant.

3. Results

In the overall cohort, the percentage of women was 70.2%. The FI values ranged
from 0.04 to 0.69. Regarding the liver parameters, the AST concentrations ranged from 7.0
to 45.0 U/L, ALT concentrations from 5.0 to 43.0 U/L, and AST/ALT ratio values from
0.58 to 4.75.

Categorizing the subjects by sex, no difference was found in the age, MMSE score, and
BMI between women and men (Table 1). As expected, women showed a lower educational
level and a higher GDS score than men, but they were less frail compared to men (Table 1).

Table 1. Characteristics and liver enzyme concentrations in the overall cohort and in subjects
categorized by sex.

Overall Cohort
(n 419)

Women
(n 294)

Men
(n 125) p

Age (years) 79.9 (5.5) 79.8 (5.6) 79.9 (5.0) 0.86
Education (years) 9.1 (4.6) 8.5 (4.4) 10.3 (4.8) 0.001

MMSE score 23.1 (5.6) 23.0 (5.7) 23.3 (5.3) 0.64
GDS score 12.4 (6.7) 13.4 (6.6) 9.6 (6.0) <0.001

FI 0.28 (0.21–0.37) 0.27 (0.19–0.37) 0.32 (0.23–0.40) 0.02
BMI (kg/m2) 25.6 (4.8) 25.4 (5.1) 26.2 (3.9) 0.09

AST (U/L) 19.0 (16.0–22.0) 19.0 (16.0–22.0) 19.0 (16.0–23.5) 0.28
ALT (U/L) 15.0 (11.0–19.0) 14.0 (11.0–18.0) 15.0 (12.0–20.0) 0.007

AST/ALT ratio 1.31 (1.08–1.54) 1.33 (1.15–1.55) 1.23 (1.04–1.46) 0.003
Education was indicated as years of schooling; MMSE: mini-mental state examination; GDS: geriatric depression
scale; FI: frailty index; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase.

Regarding liver enzymes, the AST levels were comparable between the groups. Con-
trarily, women showed lower ALT levels and higher AST/ALT ratio values than men
(Table 1).

The multivariate linear regression analyses adjusted for age, FI, and BMI showed
associations between the ALT concentrations and MMSE (R2 = 0.22, B = 1.99, SE(B) = 0.91,
p = 0.03), and the AST/ALT ratio and MMSE (R2 = 0.22, B = −3.01, SE(B) = 1.24, p = 0.02) in
women. Contrarily, no significant association emerged in men.

Considering women and men according to the presence or absence of dementia, sig-
nificant associations were found only in women without dementia. In particular, after
adjustment for age, FI, and BMI, the multivariate linear regression analyses highlighted sig-
nificant results between the ALT concentrations and MMSE (R2 = 0.31, B = 1.84, SE(B) = 0.79,
p = 0.02), and the AST/ALT ratio and MMSE (R2 = 0.30, B = −2.18, SE(B) = 1.05, p = 0.04).

Categorizing the subjects by diagnosis, age and sex distribution were similar between
controls and patients with dementia (Table 2). As expected, the analyses highlighted
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differences in education, MMSE scores, and FI values between the groups. In particular,
the demented patients showed a lower educational level and MMSE score than controls
(p < 0.001) and were the frailest (p < 0.001). Contrarily, no difference was found in the GDS
score and BMI (Table 2).

Table 2. Characteristics and liver enzyme concentrations in subjects categorized by diagnosis.

Controls
(n 171)

Dementia
(n 248) p

Age (years) 79.5 (5.7) 80.1 (5.3) 0.22
Sex (% women) 69.6% 70.6% 0.46

Education (years) 10.2 (4.5) 8.2 (4.4) <0.001
MMSE score 27.0 (3.4) 20.4 (5.2) <0.001
GDS score 12.4 (6.6) 12.5 (6.8) 0.97

FI 0.24 (0.17–0.32) 0.32 (0.24–0.41) <0.001
BMI (kg/m2) 26.1 (5.0) 25.3 (4.6) 0.13

AST (U/L) 19.0 (16.0–23.0) 19.0 (16.0–22.0) 0.42
ALT (U/L) 15.0 (12.0–20.0) 14.0 (11.0–18.0) 0.005

AST/ALT ratio 1.26 (1.05–1.47) 1.36 (1.12–1.60) 0.003
Education was indicated as years of schooling; MMSE: mini-mental state examination; GDS: geriatric depression
scale; FI: frailty index; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase.

Regarding the liver enzymes, no difference was detected in the AST levels between
the groups. To note, the patients with dementia showed lower levels of ALT compared to
controls (p = 0.005) and, consequently, the highest AST/ALT ratio value (p = 0.003) (Table 2).

Considering women in relation to diagnosis, no difference was found in the age, GDS
score, and BMI between the groups (Table 3). Women with dementia had a lower educa-
tional level and MMSE score compared to controls (p = 0.004 and p < 0.001, respectively)
and were frailer than the other group (p < 0.001) (Table 3).

Table 3. Characteristics and liver enzyme concentrations in controls and patients with dementia
categorized by sex.

Women Men

Controls
(n 119)

Dementia
(n 175) p Controls

(n 52)
Dementia

(n 73) p

Age (years) 79.5 (5.9) 80.1 (5.4) 0.37 79.4 (5.3) 80.3 (4.8) 0.35
Education (years) 9.4 (4.2) a 7.9 (4.4) 0.004 12.0 (4.8) 9.0 (4.4) 0.001

MMSE score 27.1 (3.3) 20.2 (5.3) <0.001 26.8 (3.6) 21.0 (4.9) <0.001
GDS score 13.3 (6.6) b 13.6 (6.8) c 0.79 9.9 (6.1) 9.2 (6.0) 0.70

FI 0.23 (0.17–0.31) 0.30 (0.23–0.40) d <0.001 0.26 (0.19–0.34) 0.35 (0.26–0.43) <0.001
BMI (kg/m2) 26.1 (5.6) 24.9 (4.7) 0.07 26.2 (3.0) 26.3 (4.4) 0.88

AST (U/L) 19.0 (16.0–22.0) 18.0 (16.0–22.0) 0.42 19.0 (16.0–24.0) 19.0 (16.0–22.0) 0.77
ALT (U/L) 15.0 (12.0–18.0) a 13.0 (10.0–18.0) 0.09 17.0 (14.0–23.0) 14.0 (12.0–19.0) 0.009

AST/ALT ratio 1.31 (1.11–1.50) a 1.36 (1.15–1.60) 0.11 1.14 (0.97–1.32) 1.31 (1.06–1.60) 0.003

Education was indicated as years of schooling; MMSE: mini-mental state examination; GDS: geriatric depression
scale; FI: frailty index; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase.
a p < 0.01 vs. control men, b p = 0.03 vs. control men, c p = 0.007 vs. men with dementia, d p = 0.02 vs. men
with dementia

Regarding men in relation to diagnosis, as observed in women, no difference was
found in terms of age, GDS score, and BMI (Table 3). Our results showed that demented
men were less literate compared to controls (p = 0.001) and, as expected, showed MMSE
scores significantly lower than control men (p < 0.001). Similar to women, men with
dementia were frailer than the other group (p < 0.001) (Table 3).

Interestingly, regarding the liver enzymes in women, there was no difference in both
the AST concentrations and AST/ALT ratio values between the two groups (Table 3),
whereas a trend resulted for the ALT serum concentrations (p = 0.09).
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Differently, in men, the AST did not differ, whereas the ALT and AST/ALT ratio did.
Specifically, demented men showed significantly lower levels of ALT (p = 0.009) and a
higher AST/ALT ratio value (p = 0.003) compared to controls (Table 3).

When we compared men and women with the same diagnosis, we showed a lower
educational level in control women than men (p = 0.001). Women were the most depressed
both in controls and demented persons (p = 0.03 and p = 0.007, respectively). FI was higher
in men compared to women in persons with dementia (p = 0.02) (Table 3).

Regarding the plasmatic concentrations of transaminases, the ALT were lower, and the
AST/ALT ratio was higher in control women than control men (p = 0.008 and p = 0.001, re-
spectively). No difference was found in the AST and ALT concentrations and the AST/ALT
ratio between women and men in persons with dementia (Table 3).

4. Discussion

This study analyzed the most diffused serum-based liver function markers in a cohort
of older people resident in the community investigated for a suspected cognitive decline,
providing several interesting findings.

First, although the serum concentrations of the liver enzymes were within the normal
range, a difference was found in the ALT (but not in the AST) levels and the AST/ALT ratio
when comparing subjects without cognitive decline and patients with dementia. Specifically,
patients suffering from dementia showed significantly lower ALT concentrations and higher
AST/ALT ratio values compared to controls. The same differences were found between
men with dementia and men without dementia but disappeared in women. Curiously,
differences in the hepatic enzyme parameters were discovered between control women
and men, whereas no difference resulted between demented women and men.

ALT and AST are the most commonly employed laboratory parameters for screening,
diagnosing, or monitoring liver status [50]. The serum concentrations of these enzymes, in
particular ALT, are age-dependent [51], and their reduction may be considered a feature
of hepatic aging. These enzymes are also correlated with dementia [8,40], as confirmed in
our cohort.

Some studies argue that the reduced hepatic synthesis and metabolic function may
contribute to or correlate with cerebral hypometabolism, which is recognized as a common
feature in demented persons [5,8]. Indeed, a reduction in ALT levels seems to cause a drop
in pyruvate production, leading to a reduced gluconeogenesis and, thus, a lower glucose
availability as an energy source to various tissues (e.g., brain) [52], inducing a fragilization
in older persons [19,21,53]. In a recent study, low levels of plasma aminotransferases and
increased enzyme ratios have been associated with brain glucose hypometabolism, particu-
larly in the areas implicated in memory and executive function [8]. Moreover, the variation
in ALT and AST concentrations may have an effect on glutamate, an excitatory neurotrans-
mitter of the central nervous system with a role in synaptic transmission [54]. Moreover,
a number of studies reported that low serum concentrations of liver enzymes, in particular
ALT, are a biomarker for sarcopenia, malnutrition, frailty, and disability [19–23,55].

Interestingly, a recent study reported an age dependence of ALT concentrations in
men, whereas this dependence was weaker in women [30]. Moreover, this study also
showed that ALT concentrations were reduced in healthy men aged more than 65 years
compared to women of the same age [30], not only confirming the strong dependence of
liver enzymes concentrations on age but also illustrating sex differences in liver-associated
metabolic functions [30]. The lowest ALT and the highest AST/ALT ratio values found in
the women in our cohort confirm that sex-specific changes (probably driven by different
hormone settings [56]) occur in the liver during aging.

Effectively, the liver can undoubtedly be considered one of the most sexually dimor-
phic organs, known to have a different essential role in the regulation of energy storage
and metabolic fluxes in women and men [57]. However, to date, studies investigating the
possible contribution of sex to the relation between liver function and cognitive decline as
well as dementia are lacking.
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In the women in our study, independently of the presence of dementia, the ALT
concentrations and the AST/ALT ratio values showed a positive (ALT) and a negative
(ratio) association with the MMSE score. In men, no significant results were obtained,
suggesting a role of sex in the occurrence of this association.

In our cohort, women were more numerous than men; therefore, there is the possibility
that the lower ALT concentrations and the higher AST/ALT ratio values found in controls
than demented patients could be driven by the high percentage of women. Surprisingly, cat-
egorizing the subjects by sex, these differences were confirmed only in men and completely
disappeared in women. This data could be due to the influence of sex steroids [29,57].

Unexpectedly, when we compared women and men with the same diagnosis, a differ-
ence in the hepatic enzyme parameters emerged in cognitively healthy subjects but not in
persons with dementia. This is an interesting result, suggesting that sex differences weaken
when dementia takes over.

Frailty has been reported to predict incident dementia [58]; therefore, the lowest FI
values found in our demented persons were expected. Moreover, the men in our cohort
were frailer than the women. This could be due to the high FI values observed in the
demented men who were much frailer, not only than control men but also than demented
women. Therefore, the high frailty characterizing men with dementia might contribute to
raising the FI value of men in the overall cohort.

Our research has some limitations. First, in addition to AST and ALT, we did not
consider other liver function markers (e.g., total bilirubin, albumin, alkaline phosphatase)
which could help to better describe liver status. Second, AST and ALT are state variables
that may be affected by the influence of many other factors not taken into consideration in
this study. Third, this is a cross-sectional study that consecutively included community-
dwelling older adults from March 2009 to February 2018. This extended period of time
could be considered a limitation as well as a strength of the study because it allowed us to
collect data from a large number of subjects.

In conclusion, we observed an association between serum aminotransferases and
dementia in a cohort of community-dwelling older persons investigated for a suspected
cognitive decline. In particular, our findings support attention to sex difference in liver
function, suggesting a role in the pathogenesis of dementia.

Based on these considerations, as physical exercise and diet are known lifestyle factors
that not only contrast metabolic diseases but also reduce the risk of dementia [59,60], both
physical and nutritional interventions could be proposed as powerful means to positively
influence liver parameters and reverse their possible negative effect on brain function.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14234973/s1, Table S1: List of the 47 biochemical and health
deficits included in the FI.

Author Contributions: Conceptualization, E.F. and B.A.; data curation, E.F. and M.S.; writing—
original draft preparation, E.F.; writing—review and editing, P.D.R., T.A.L. and B.A.; supervision,
B.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Italian Ministry of Health, Ricerca Corrente 2022 (R.C. 2022
200-01). The APC was funded by Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico
of Milan.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Fondazione IRCCS Ca′ Granda Ospedale
Maggiore Policlinico of Milan (REGE 2.0, protocol number 1696, 4 June 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/nu14234973/s1
https://www.mdpi.com/article/10.3390/nu14234973/s1


Nutrients 2022, 14, 4973 8 of 10

References
1. Dementia. Available online: https://www.who.int/news-room/fact-sheets/detail/dementia (accessed on 10 October 2022).
2. GBD 2019 Dementia Forecasting Collaborators. Estimation of the Global Prevalence of Dementia in 2019 and Forecasted

Prevalence in 2050: An Analysis for the Global Burden of Disease Study 2019. Lancet Public Health 2022, 7, e105–e125. [CrossRef]
[PubMed]

3. De Reuck, J.; Maurage, C.-A.; Deramecourt, V.; Pasquier, F.; Cordonnier, C.; Leys, D.; Bordet, R. Aging and Cerebrovascular
Lesions in Pure and in Mixed Neurodegenerative and Vascular Dementia Brains: A Neuropathological Study. Folia Neuropathol.
2018, 56, 81–87. [CrossRef] [PubMed]

4. James, B.D.; Bennett, D.A.; Boyle, P.A.; Leurgans, S.; Schneider, J.A. Dementia from Alzheimer Disease and Mixed Pathologies in
the Oldest Old. JAMA 2012, 307, 1798–1800. [CrossRef]

5. Clarke, J.R.; Ribeiro, F.C.; Frozza, R.L.; De Felice, F.G.; Lourenco, M.V. Metabolic Dysfunction in Alzheimer’s Disease: From Basic
Neurobiology to Clinical Approaches. J. Alzheimers Dis. JAD 2018, 64, S405–S426. [CrossRef]

6. Kapogiannis, D.; Mattson, M.P. Disrupted Energy Metabolism and Neuronal Circuit Dysfunction in Cognitive Impairment and
Alzheimer’s Disease. Lancet Neurol. 2011, 10, 187–198. [CrossRef] [PubMed]

7. Toledo, J.B.; Arnold, M.; Kastenmüller, G.; Chang, R.; Baillie, R.A.; Han, X.; Thambisetty, M.; Tenenbaum, J.D.; Suhre, K.;
Thompson, J.W.; et al. Metabolic Network Failures in Alzheimer’s Disease: A Biochemical Road Map. Alzheimers Dement. J.
Alzheimers Assoc. 2017, 13, 965–984. [CrossRef] [PubMed]

8. Nho, K.; Kueider-Paisley, A.; Ahmad, S.; Mahmoudian Dehkordi, S.; Arnold, M.; Risacher, S.L.; Louie, G.; Blach, C.; Baillie, R.;
Han, X.; et al. Association of Altered Liver Enzymes With Alzheimer Disease Diagnosis, Cognition, Neuroimaging Measures, and
Cerebrospinal Fluid Biomarkers. JAMA Netw. Open 2019, 2, e197978. [CrossRef]

9. Lu, Y.; Pike, J.R.; Selvin, E.; Mosley, T.; Palta, P.; Sharrett, A.R.; Thomas, A.; Loehr, L.; Sidney Barritt, A.; Hoogeveen, R.C.; et al.
Low Liver Enzymes and Risk of Dementia: The Atherosclerosis Risk in Communities (ARIC) Study. J. Alzheimers Dis. JAD 2021,
79, 1775–1784. [CrossRef]

10. Kamada, Y.; Hashimoto, R.; Yamamori, H.; Yasuda, Y.; Takehara, T.; Fujita, Y.; Hashimoto, K.; Miyoshi, E. Impact of Plasma
Transaminase Levels on the Peripheral Blood Glutamate Levels and Memory Functions in Healthy Subjects. BBA Clin. 2016, 5,
101–107. [CrossRef]

11. Li, W.; Yue, L.; Sun, L.; Xiao, S. An Increased Aspartate to Alanine Aminotransferase Ratio Is Associated With a Higher Risk of
Cognitive Impairment. Front. Med. 2022, 9, 780174. [CrossRef]

12. King, J.A.; Nephew, B.C.; Choudhury, A.; Poirier, G.L.; Lim, A.; Mandrekar, P. Chronic Alcohol-Induced Liver Injury Correlates
with Memory Deficits: Role for Neuroinflammation. Alcohol 2020, 83, 75–81. [CrossRef] [PubMed]

13. Estrada, L.D.; Ahumada, P.; Cabrera, D.; Arab, J.P. Liver Dysfunction as a Novel Player in Alzheimer’s Progression: Looking
Outside the Brain. Front. Aging Neurosci. 2019, 11, 174. [CrossRef] [PubMed]

14. Sookoian, S.; Pirola, C.J. Alanine and Aspartate Aminotransferase and Glutamine-Cycling Pathway: Their Roles in Pathogenesis
of Metabolic Syndrome. World J. Gastroenterol. 2012, 18, 3775–3781. [CrossRef] [PubMed]

15. Sookoian, S.; Castaño, G.O.; Scian, R.; Fernández Gianotti, T.; Dopazo, H.; Rohr, C.; Gaj, G.; San Martino, J.; Sevic, I.; Flichman,
D.; et al. Serum Aminotransferases in Nonalcoholic Fatty Liver Disease Are a Signature of Liver Metabolic Perturbations at the
Amino Acid and Krebs Cycle Level. Am. J. Clin. Nutr. 2016, 103, 422–434. [CrossRef] [PubMed]

16. Ellinger, J.J.; Lewis, I.A.; Markley, J.L. Role of Aminotransferases in Glutamate Metabolism of Human Erythrocytes. J. Biomol.
NMR 2011, 49, 221–229. [CrossRef]

17. Liu, Y.; Zhao, P.; Cheng, M.; Yu, L.; Cheng, Z.; Fan, L.; Chen, C. AST to ALT Ratio and Arterial Stiffness in Non-Fatty Liver
Japanese Population:A Secondary Analysis Based on a Cross-Sectional Study. Lipids Health Dis. 2018, 17, 275. [CrossRef]

18. Giannini, E.; Botta, F.; Fasoli, A.; Ceppa, P.; Risso, D.; Lantieri, P.B.; Celle, G.; Testa, R. Progressive Liver Functional Impairment Is
Associated with an Increase in AST/ALT Ratio. Dig. Dis. Sci. 1999, 44, 1249–1253. [CrossRef]

19. Vespasiani-Gentilucci, U.; De Vincentis, A.; Ferrucci, L.; Bandinelli, S.; Antonelli Incalzi, R.; Picardi, A. Low Alanine Aminotrans-
ferase Levels in the Elderly Population: Frailty, Disability, Sarcopenia, and Reduced Survival. J. Gerontol. A Biol. Sci. Med. Sci.
2018, 73, 925–930. [CrossRef]

20. Koehler, E.M.; Sanna, D.; Hansen, B.E.; van Rooij, F.J.; Heeringa, J.; Hofman, A.; Tiemeier, H.; Stricker, B.H.; Schouten, J.N.L.;
Janssen, H.L.A. Serum Liver Enzymes Are Associated with All-Cause Mortality in an Elderly Population. Liver Int. Off. J. Int.
Assoc. Study Liver 2014, 34, 296–304. [CrossRef]

21. Le Couteur, D.G.; Blyth, F.M.; Creasey, H.M.; Handelsman, D.J.; Naganathan, V.; Sambrook, P.N.; Seibel, M.J.; Waite, L.M.;
Cumming, R.G. The Association of Alanine Transaminase with Aging, Frailty, and Mortality. J. Gerontol. Ser. A 2010, 65, 712–717.
[CrossRef]

22. Ramaty, E.; Maor, E.; Peltz-Sinvani, N.; Brom, A.; Grinfeld, A.; Kivity, S.; Segev, S.; Sidi, Y.; Kessler, T.; Sela, B.A.; et al. Low ALT
Blood Levels Predict Long-Term All-Cause Mortality among Adults. A Historical Prospective Cohort Study. Eur. J. Intern. Med.
2014, 25, 919–921. [CrossRef] [PubMed]

23. Williams, K.H.; Sullivan, D.R.; Nicholson, G.C.; George, J.; Jenkins, A.J.; Januszewski, A.S.; Gebski, V.J.; Manning, P.; Tan, Y.M.;
Donoghoe, M.W.; et al. Opposite Associations between Alanine Aminotransferase and γ-Glutamyl Transferase Levels and
All-Cause Mortality in Type 2 Diabetes: Analysis of the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) Study.
Metabolism 2016, 65, 783–793. [CrossRef] [PubMed]

https://www.who.int/news-room/fact-sheets/detail/dementia
http://doi.org/10.1016/S2468-2667(21)00249-8
http://www.ncbi.nlm.nih.gov/pubmed/34998485
http://doi.org/10.5114/fn.2018.76610
http://www.ncbi.nlm.nih.gov/pubmed/30509027
http://doi.org/10.1001/jama.2012.3556
http://doi.org/10.3233/JAD-179911
http://doi.org/10.1016/S1474-4422(10)70277-5
http://www.ncbi.nlm.nih.gov/pubmed/21147038
http://doi.org/10.1016/j.jalz.2017.01.020
http://www.ncbi.nlm.nih.gov/pubmed/28341160
http://doi.org/10.1001/jamanetworkopen.2019.7978
http://doi.org/10.3233/JAD-201241
http://doi.org/10.1016/j.bbacli.2016.02.004
http://doi.org/10.3389/fmed.2022.780174
http://doi.org/10.1016/j.alcohol.2019.07.005
http://www.ncbi.nlm.nih.gov/pubmed/31398460
http://doi.org/10.3389/fnagi.2019.00174
http://www.ncbi.nlm.nih.gov/pubmed/31379558
http://doi.org/10.3748/wjg.v18.i29.3775
http://www.ncbi.nlm.nih.gov/pubmed/22876026
http://doi.org/10.3945/ajcn.115.118695
http://www.ncbi.nlm.nih.gov/pubmed/26791191
http://doi.org/10.1007/s10858-011-9481-9
http://doi.org/10.1186/s12944-018-0920-4
http://doi.org/10.1023/A:1026609231094
http://doi.org/10.1093/gerona/glx126
http://doi.org/10.1111/liv.12311
http://doi.org/10.1093/gerona/glq082
http://doi.org/10.1016/j.ejim.2014.10.019
http://www.ncbi.nlm.nih.gov/pubmed/25468741
http://doi.org/10.1016/j.metabol.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/27085785


Nutrients 2022, 14, 4973 9 of 10

24. Vozarova, B.; Stefan, N.; Lindsay, R.S.; Saremi, A.; Pratley, R.E.; Bogardus, C.; Tataranni, P.A. High Alanine Aminotransferase
Is Associated with Decreased Hepatic Insulin Sensitivity and Predicts the Development of Type 2 Diabetes. Diabetes 2002, 51,
1889–1895. [CrossRef] [PubMed]

25. Chen, P.-H.; Chen, J.-D.; Lin, Y.-C. A Better Parameter in Predicting Insulin Resistance: Obesity plus Elevated Alanine Amino-
transferase. World J. Gastroenterol. 2009, 15, 5598–5603. [CrossRef]

26. Zhang, Y.; Lu, X.; Hong, J.; Chao, M.; Gu, W.; Wang, W.; Ning, G. Positive Correlations of Liver Enzymes with Metabolic
Syndrome Including Insulin Resistance in Newly Diagnosed Type 2 Diabetes Mellitus. Endocrine 2010, 38, 181–187. [CrossRef]

27. Buday, B.; Pach, P.F.; Literati-Nagy, B.; Vitai, M.; Kovacs, G.; Vecsei, Z.; Koranyi, L.; Lengyel, C. Sex Influenced Association
of Directly Measured Insulin Sensitivity and Serum Transaminase Levels: Why Alanine Aminotransferase Only Predicts
Cardiovascular Risk in Men? Cardiovasc. Diabetol. 2015, 14, 55. [CrossRef]

28. Tramunt, B.; Smati, S.; Grandgeorge, N.; Lenfant, F.; Arnal, J.-F.; Montagner, A.; Gourdy, P. Sex Differences in Metabolic Regulation
and Diabetes Susceptibility. Diabetologia 2020, 63, 453–461. [CrossRef]

29. Della Torre, S.; Mitro, N.; Meda, C.; Lolli, F.; Pedretti, S.; Barcella, M.; Ottobrini, L.; Metzger, D.; Caruso, D.; Maggi, A. Short-Term
Fasting Reveals Amino Acid Metabolism as a Major Sex-Discriminating Factor in the Liver. Cell Metab. 2018, 28, 256–267.e5.
[CrossRef]

30. Petroff, D.; Bätz, O.; Jedrysiak, K.; Kramer, J.; Berg, T.; Wiegand, J. Age Dependence of Liver Enzymes: An Analysis of Over
1,300,000 Consecutive Blood Samples. Clin. Gastroenterol. Hepatol. 2022, 20, 641–650. [CrossRef]

31. Romero-Gómez, M.; Montagnese, S.; Jalan, R. Hepatic Encephalopathy in Patients with Acute Decompensation of Cirrhosis and
Acute-on-Chronic Liver Failure. J. Hepatol. 2015, 62, 437–447. [CrossRef]

32. Rose, C.F.; Amodio, P.; Bajaj, J.S.; Dhiman, R.K.; Montagnese, S.; Taylor-Robinson, S.D.; Vilstrup, H.; Jalan, R. Hepatic En-
cephalopathy: Novel Insights into Classification, Pathophysiology and Therapy. J. Hepatol. 2020, 73, 1526–1547. [CrossRef]
[PubMed]

33. Bosoi, C.R.; Rose, C.F. Identifying the Direct Effects of Ammonia on the Brain. Metab. Brain Dis. 2009, 24, 95–102. [CrossRef]
[PubMed]

34. Ochoa-Sanchez, R.; Rose, C.F. Pathogenesis of Hepatic Encephalopathy in Chronic Liver Disease. J. Clin. Exp. Hepatol. 2018, 8,
262–271. [CrossRef] [PubMed]

35. Beraza, N.; Trautwein, C. The Gut-Brain-Liver Axis: A New Option to Treat Obesity and Diabetes? Hepatology 2008, 48, 1011–1013.
[CrossRef]

36. Poulose, S.M.; Miller, M.G.; Scott, T.; Shukitt-Hale, B. Nutritional Factors Affecting Adult Neurogenesis and Cognitive Function.
Adv. Nutr. Int. Rev. J. 2017, 8, 804–811. [CrossRef]

37. Wahl, D.; Solon-Biet, S.M.; Cogger, V.C.; Fontana, L.; Simpson, S.J.; Le Couteur, D.G.; Ribeiro, R.V. Aging, Lifestyle and Dementia.
Neurobiol. Dis. 2019, 130, 104481. [CrossRef]

38. Popa-Wagner, A.; Dumitrascu, D.I.; Capitanescu, B.; Petcu, E.B.; Surugiu, R.; Fang, W.-H.; Dumbrava, D.-A. Dietary Habits,
Lifestyle Factors and Neurodegenerative Diseases. Neural Regen. Res. 2020, 15, 394–400. [CrossRef]

39. Butterworth, R.F. The Liver-Brain Axis in Liver Failure: Neuroinflammation and Encephalopathy. Nat. Rev. Gastroenterol. Hepatol.
2013, 10, 522–528. [CrossRef]

40. Giambattistelli, F.; Bucossi, S.; Salustri, C.; Panetta, V.; Mariani, S.; Siotto, M.; Ventriglia, M.; Vernieri, F.; Dell’Acqua, M.L.;
Cassetta, E.; et al. Effects of Hemochromatosis and Transferrin Gene Mutations on Iron Dyshomeostasis, Liver Dysfunction and
on the Risk of Alzheimer’s Disease. Neurobiol. Aging 2012, 33, 1633–1641. [CrossRef]

41. Magni, E.; Binetti, G.; Bianchetti, A.; Rozzini, R.; Trabucchi, M. Mini-Mental State Examination: A Normative Study in Italian
Elderly Population. Eur. J. Neurol. 1996, 3, 198–202. [CrossRef]

42. Global Database on Body Mass Index—World Health Organization. Available online: http://www.assessmentpsychology.com/
icbmi.htm (accessed on 10 October 2022).

43. Dubois, B.; Feldman, H.H.; Jacova, C.; Hampel, H.; Molinuevo, J.L.; Blennow, K.; DeKosky, S.T.; Gauthier, S.; Selkoe, D.; Bateman,
R.; et al. Advancing Research Diagnostic Criteria for Alzheimer’s Disease: The IWG-2 Criteria. Lancet Neurol. 2014, 13, 614–629.
[CrossRef] [PubMed]

44. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (DSM-5), 5th ed.; American Psychiatric
Publishing: Washington, DC, USA, 2013; ISBN 978-0-89042-555-8.

45. Fierini, F. Mixed Dementia: Neglected Clinical Entity or Nosographic Artifice? J. Neurol. Sci. 2020, 410, 116662. [CrossRef]
[PubMed]

46. Mitnitski, A.B.; Mogilner, A.J.; Rockwood, K. Accumulation of Deficits as a Proxy Measure of Aging. Sci. World J. 2001, 1, 323–336.
[CrossRef] [PubMed]

47. Arosio, B.; Rossi, P.D.; Ferri, E.; Cesari, M.; Vitale, G. Characterization of Vitamin D Status in Older Persons with Cognitive
Impairment. Nutrients 2022, 14, 1142. [CrossRef]

48. Rockwood, K.; Song, X.; MacKnight, C.; Bergman, H.; Hogan, D.B.; McDowell, I.; Mitnitski, A. A Global Clinical Measure of
Fitness and Frailty in Elderly People. CMAJ Can. Med. Assoc. J. 2005, 173, 489–495. [CrossRef] [PubMed]

49. Rockwood, K.; Song, X.; Mitnitski, A. Changes in Relative Fitness and Frailty across the Adult Lifespan: Evidence from the
Canadian National Population Health Survey. CMAJ Can. Med. Assoc. J. 2011, 183, E487–E494. [CrossRef]

http://doi.org/10.2337/diabetes.51.6.1889
http://www.ncbi.nlm.nih.gov/pubmed/12031978
http://doi.org/10.3748/wjg.15.5598
http://doi.org/10.1007/s12020-010-9369-6
http://doi.org/10.1186/s12933-015-0222-3
http://doi.org/10.1007/s00125-019-05040-3
http://doi.org/10.1016/j.cmet.2018.05.021
http://doi.org/10.1016/j.cgh.2021.01.039
http://doi.org/10.1016/j.jhep.2014.09.005
http://doi.org/10.1016/j.jhep.2020.07.013
http://www.ncbi.nlm.nih.gov/pubmed/33097308
http://doi.org/10.1007/s11011-008-9112-7
http://www.ncbi.nlm.nih.gov/pubmed/19104924
http://doi.org/10.1016/j.jceh.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/30302043
http://doi.org/10.1002/hep.22478
http://doi.org/10.3945/an.117.016261
http://doi.org/10.1016/j.nbd.2019.104481
http://doi.org/10.4103/1673-5374.266045
http://doi.org/10.1038/nrgastro.2013.99
http://doi.org/10.1016/j.neurobiolaging.2011.03.005
http://doi.org/10.1111/j.1468-1331.1996.tb00423.x
http://www.assessmentpsychology.com/icbmi.htm
http://www.assessmentpsychology.com/icbmi.htm
http://doi.org/10.1016/S1474-4422(14)70090-0
http://www.ncbi.nlm.nih.gov/pubmed/24849862
http://doi.org/10.1016/j.jns.2019.116662
http://www.ncbi.nlm.nih.gov/pubmed/31911281
http://doi.org/10.1100/tsw.2001.58
http://www.ncbi.nlm.nih.gov/pubmed/12806071
http://doi.org/10.3390/nu14061142
http://doi.org/10.1503/cmaj.050051
http://www.ncbi.nlm.nih.gov/pubmed/16129869
http://doi.org/10.1503/cmaj.101271


Nutrients 2022, 14, 4973 10 of 10

50. Pacifico, L.; Ferraro, F.; Bonci, E.; Anania, C.; Romaggioli, S.; Chiesa, C. Upper Limit of Normal for Alanine Aminotransferase:
Quo Vadis? Clin. Chim. Acta 2013, 422, 29–39. [CrossRef]

51. Elinav, E.; Ben-Dov, I.Z.; Ackerman, E.; Kiderman, A.; Glikberg, F.; Shapira, Y.; Ackerman, Z. Correlation Between Serum Alanine
Aminotransferase Activity and Age: An Inverted U Curve Pattern. Am. J. Gastroenterol. 2005, 100, 2201–2204. [CrossRef]

52. Qian, K.; Zhong, S.; Xie, K.; Yu, D.; Yang, R.; Gong, D.-W. Hepatic ALT Isoenzymes Are Elevated in Gluconeogenic Conditions
Including Diabetes and Suppressed by Insulin at the Protein Level: Regulation of ALT Isoforms in Diabetes. Diabetes Metab. Res.
Rev. 2015, 31, 562–571. [CrossRef]

53. Yamazaki, H.; Kamitani, T.; Matsui, T.; Yamamoto, Y.; Fukuhara, S. Association of Low Alanine Aminotransferase with Loss of
Independence or Death: A 5-Year Population-Based Cohort Study. J. Gastroenterol. Hepatol. 2019, 34, 1793–1799. [CrossRef]

54. Reis, H.; Guatimosim, C.; Paquet, M.; Santos, M.; Ribeiro, F.; Kummer, A.; Schenatto, G.; Salgado, J.; Vieira, L.; Teixeira, A.; et al.
Neuro-Transmitters in the Central Nervous System & Their Implication in Learning and Memory Processes. Curr. Med. Chem.
2009, 16, 796–840. [CrossRef] [PubMed]

55. Elinav, E.; Ackerman, Z.; Maaravi, Y.; Ben-Dov, I.Z.; Ein-Mor, E.; Stessman, J. Low Alanine Aminotransferase Activity in Older
People Is Associated with Greater Long-Term Mortality. J. Am. Geriatr. Soc. 2006, 54, 1719–1724. [CrossRef] [PubMed]

56. Mauvais-Jarvis, F.; Clegg, D.J.; Hevener, A.L. The Role of Estrogens in Control of Energy Balance and Glucose Homeostasis.
Endocr. Rev. 2013, 34, 309–338. [CrossRef] [PubMed]

57. Maggi, A.; Della Torre, S. Sex, Metabolism and Health. Mol. Metab. 2018, 15, 3–7. [CrossRef]
58. Bai, G.; Wang, Y.; Kuja-Halkola, R.; Li, X.; Tomata, Y.; Karlsson, I.K.; Pedersen, N.L.; Hägg, S.; Jylhävä, J. Frailty and the Risk of

Dementia: Is the Association Explained by Shared Environmental and Genetic Factors? BMC Med. 2021, 19, 248. [CrossRef]
59. De Bruijn, R.F.A.G.; Schrijvers, E.M.C.; de Groot, K.A.; Witteman, J.C.M.; Hofman, A.; Franco, O.H.; Koudstaal, P.J.; Ikram, M.A.

The Association between Physical Activity and Dementia in an Elderly Population: The Rotterdam Study. Eur. J. Epidemiol. 2013,
28, 277–283. [CrossRef]

60. Ogino, E.; Manly, J.J.; Schupf, N.; Mayeux, R.; Gu, Y. Current and Past Leisure Time Physical Activity in Relation to Risk of
Alzheimer’s Disease in Older Adults. Alzheimers Dement. J. Alzheimers Assoc. 2019, 15, 1603–1611. [CrossRef]

http://doi.org/10.1016/j.cca.2013.03.030
http://doi.org/10.1111/j.1572-0241.2005.41822.x
http://doi.org/10.1002/dmrr.2655
http://doi.org/10.1111/jgh.14631
http://doi.org/10.2174/092986709787549271
http://www.ncbi.nlm.nih.gov/pubmed/19275596
http://doi.org/10.1111/j.1532-5415.2006.00921.x
http://www.ncbi.nlm.nih.gov/pubmed/17087699
http://doi.org/10.1210/er.2012-1055
http://www.ncbi.nlm.nih.gov/pubmed/23460719
http://doi.org/10.1016/j.molmet.2018.02.012
http://doi.org/10.1186/s12916-021-02104-3
http://doi.org/10.1007/s10654-013-9773-3
http://doi.org/10.1016/j.jalz.2019.07.013

	Introduction 
	Materials and Methods 
	Study Design 
	Frailty Index 
	Determination of Serum Liver Enzyme Concentrations 
	Statistical Analysis 

	Results 
	Discussion 
	References

