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Abstract
Background  This study investigated the correlation between protein intake and Alzheimer’s disease (AD)-related 
cognitive decline, particularly in episodic memory, among older adults without dementia. Furthermore, we assessed 
the moderating effect of apolipoprotein ε4 (APOE4) on this association and analyzed its influence on other cognitive 
functions beyond memory.

Methods  The study involved 196 participants who underwent assessments for protein intake, cognitive 
performance, APOE4 genotyping, and nutritional biomarkers. Protein intake was categorized into low, medium, and 
high based on the consumption of dairy, legumes, eggs, meat, and fish.

Results  High protein intake was significantly associated with better episodic memory and overall cognition. 
Moreover, a significant interaction was found between high protein intake and APOE4, indicating that APOE4 
moderates the association between high protein intake level and episodic memory. Sensitivity analysis confirmed 
these results among participants with stable food intake.

Conclusions  Our study results demonstrated that high protein intake is associated with better episodic memory 
among older adults without dementia. Furthermore, the findings highlight the significant role of APOE4 status in 
moderating the relationship between protein consumption and episodic memory. These results suggest that dietary 
interventions focusing on protein intake could be beneficial for cognitive health, particularly in individuals with a 
genetic predisposition to AD.
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Background
Alzheimer’s disease (AD), a widespread neurodegenera-
tive condition in older adults, is characterized primarily 
by a gradual decline in cognitive function. [1] This decline 
often starts years before the development of dementia, 
making cognitive decline the foremost clinical feature 
of AD [2]. Many studies have demonstrated a consis-
tent decline in episodic memory over the course of AD, 
spanning the preclinical, prodromal, and early stages. 
These findings indicate that episodic memory is typi-
cally the initial cognitive domain affected by AD. [3–6] 
Episodic memory, which refers to the ability to recollect 
specific events and experiences in time (e.g., remember-
ing a birthday party or a family vacation), is fundamental 
for daily functioning. Its decline can significantly impair 
quality of life and autonomy, impacting an individual’s 
ability to perform everyday tasks independently [7]. 

Though there are longstanding and novel pharmaco-
logical interventions that can help improve cognitive and 
functional symptoms of AD (e.g., donepezil, memantine, 
lecanemab), there is yet to be a treatment that prevents 
or reverses the impact of AD on the brain. As such, evi-
dence-based approaches focusing on lifestyle modifica-
tions, such as nutritional or dietary interventions, may 
help prevent or mitigate the decline in episodic memory 
and other cognitive functions related to AD [8]. Further-
more, such dietary adherence is also associated with AD 
biomarkers, which are precursors to cognitive decline 
and memory issues [9]. 

Proteins are vital nutrients that play a critical role in 
maintaining normal body functions. They are the fun-
damental components of muscles and organs and are 
indispensable for tissue and cell repair, as well as the syn-
thesis of neurotransmitters [10–13]. Additionally, they 
may exert neuroprotective effects, possibly by mitigating 
oxidative stress and inflammation within the brain, both 
of which are significant contributors to AD or related 
cognitive decline [11–13]. In animal studies, diets low in 
calories and protein have been linked to extended lifes-
pans and improved outcomes related to aging, [10, 14] 
while high protein intake has been reported to be asso-
ciated with an increased risk of cardiovascular diseases 
[15]. In contrast, studies in humans, particularly among 
older populations, suggest that inadequate protein intake 
may raise the risk of sarcopenia and frailty [16]. These 
conditions are closely associated with cognitive impair-
ments [17]. Therefore, while reducing protein intake 
might benefit longevity based on animal models, ensur-
ing sufficient protein consumption could be crucial for 
maintaining muscle mass and cognitive function in older 
adults.

However, epidemiological studies on protein intake and 
cognitive decline have yielded mixed results [18–20]. A 
previous study reported that high total protein intake 

could be related to a greater risk of cognitive decline, [19] 
while other studies, like the Nurses’ Health Study and the 
Health Professionals Follow-up Study, indicate it may 
reduce the likelihood of subjective cognitive decline [18]. 
Yet, the latter did not employ objective cognitive assess-
ments, highlighting the complexity and need for further 
study in this area.

Apolipoprotein ε4 (APOE4), known as the highest-
risk gene for AD [21], promotes the development of 
amyloid-beta (Aβ) pathology in older adults carrying 
the gene [21, 22]. It may also compromise several brain 
homeostasis pathways, leading to cognitive impairments 
and the onset of dementia [21, 23–25]. To examine the 
intricate connection between dietary protein intake and 
cognitive function more thoroughly, a notable cohort 
study has examined how genetic factors might influence 
this dynamic [20]. The study found no significant overall 
association between total or fish protein intake and cog-
nitive function. Intriguingly, however, it revealed a signif-
icant interaction with the APOE4 allele, a genetic variant 
known to elevated the risk of AD. Specifically, partici-
pants with the APOE4 allele who had high total or fish 
protein intake showed significantly lower odds of cogni-
tive decline, a pattern not observed in those without this 
allele [20]. This suggests that genetic predispositions can 
modulate the impact of diet on cognitive function. Yet, 
the study’s reliance on telephone-based cognitive assess-
ments raises concerns about the potential lack of preci-
sion compared to face-to-face evaluations, due to the 
inherent limitations such as the inability to observe visual 
cues and the potential for environmental distractions to 
influence test results [26]. 

In light of this, researchers have yet to thoroughly 
investigate the association between total protein intake 
and AD-specific cognition, including whether the APOE4 
allele influences this relationship, especially through 
more reliable face-to-face assessments. Recognizing 
this gap, we investigated using face-to-face assessments 
to explore the relationship between total protein intake 
and cognition specific to AD, particularly the decline in 
episodic memory, in older adults without dementia. Sub-
sequently, we explored how APOE4 status influences 
this relationship and examined the effect of total protein 
intake on non-memory cognitive functions to provide a 
comparative analysis.

Methods
Participants
This study is a component of the General Lifestyle and 
AD (GLAD) study, an ongoing prospective cohort inves-
tigation that started in 2020. As of September 2022, a 
total of 227 individuals had volunteered for the assess-
ment of eligibility for the GLAD study. Among them, 196 
older adults without dementia, aged between 65 and 90 
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years—comprising 113 cognitively normal (CN) adults 
and 83 adults with mild cognitive impairment (MCI)—
were enrolled in the GLAD study. However, 31 individu-
als were excluded for various reasons: 9 individuals met 
one of the exclusion criteria, such as major psychiatric 
disorders (e.g., schizophrenia, bipolar disorder, major 
depressive disorder, alcohol/substance abuse or depen-
dence, delirium) (n = 3), significant neurological or medi-
cal conditions affecting cognitive function (e.g., stroke, 
Parkinson’s disease) (n = 4), illiteracy, major visual or 
hearing impairments, severe communication or behav-
ioral problems (e.g., severe speech or language disorders, 
non-compliance with study protocols) that complicate 
clinical assessments (n = 1), or were undergoing treat-
ment with investigational drugs (n = 1). Additionally, 2 
participants were excluded for not fitting any diagnostic 
categories, and 20 participants were removed from the 
study due to withdrawal of consent (n = 17) or loss of con-
tact (n = 3).

Participants were recruited from a dementia screening 
program held at the memory clinic of Hallym Univer-
sity Dongtan Sacred Heart Hospital in Hwaseong, South 
Korea. Eligibility for study participation was determined 
through screening processes. Additional recruitment 
efforts reached out into the community, utilizing refer-
rals from current participants, as well as their families, 
friends, and acquaintances. The CN group comprised 
individuals who scored 0 on the Clinical Dementia Rat-
ing, [27] indicating no presence of MCI or dementia. 
Individuals exhibiting a score of 0.5 on the Clinical 
Dementia Rating and meeting the criteria for amnes-
tic MCI were categorized as MCI. This includes having 
memory complaints confirmed by an informant, measur-
able objective memory impairment, preserved general 
cognitive functions, the capacity to carry out daily activi-
ties independently, and no dementia diagnosis. Objec-
tive memory impairment was determined by age-, sex-, 
and education-adjusted z-scores below − 1.0 on any of 
the four episodic memory tasks in the Korean version of 
the Consortium to Establish a Registry for Alzheimer’s 
Disease (CERAD) neuropsychological battery [28–30], 
which includes word list memory, word list recognition, 
word list recall, and constructional recall tests.

Standard protocol approvals, registrations, and 
participants consent
The Institutional Review Board of Hallym University 
Dongtan Sacred Heart Hospital approved the study 
protocol, ensuring compliance with the Declaration of 
Helsinki. Informed consent was obtained from all partici-
pants before the study began.

Clinical assessments
The participants underwent comprehensive clinical 
evaluations led by experienced psychiatrists, with the 
CERAD clinical and neuropsychological battery [28–30] 
forming the core of these assessments, conducted by 
specialized neuropsychologists. The focus was primar-
ily on episodic memory, recognized as the initial cogni-
tive domain to manifest changes in AD, [3–6] juxtaposed 
against non-memory cognitive functions. An episodic 
memory score was calculated by summing the raw scores 
of four specific tests within the CERAD neuropsycho-
logical battery (scoring range: 0–61): word list memory 
(scoring range: 0–30), word list recognition (scoring 
range: 0–10), word list recall (scoring range: 0–10), and 
constructional recall (scoring range: 0–11). Conversely, 
the non-memory cognition score was derived by sum-
ming the raw scores of three distinct tests (scoring range: 
0–50): verbal fluency (scoring based on the number of 
correct words generated), a modified version of the Bos-
ton naming test (scoring range: 0–15), and constructional 
praxis (scoring range: 0–11). The overall cognitive perfor-
mance was based on the total score (TS) derived by sum-
ming the raw scores of seven CERAD tests, except VF for 
which maximum score of 24 was set for the purpose of 
TS based on the manual (scoring range: 0-111), incor-
porating both memory and non-memory assessments 
[31]. In addition, skilled researchers conducted thorough 
interviews with participants and their families to evaluate 
vascular risk factors such as hypertension, diabetes mel-
litus, dyslipidemia, coronary heart disease, transient isch-
emic attack, and stroke. A vascular risk score (VRS) was 
then computed by assigning one point for each present 
these vascular risk factor, resulting in a composite score 
ranging from 0 to 6, expressed as a percentage of the 
maximum possible score [32]. The Geriatric Depression 
Scale (GDS) was utilized to evaluate depressive symp-
toms in the participants [33, 34]. Economic status was 
categorized into three levels based on annual income in 
relation to the minimum cost of living (MCL) as defined 
by the Ministry of Health and Welfare, Republic of Korea, 
with benchmarks established in November 2012 (http://
www.law.go.kr). For a single-person household, the MCL 
was 572,168 Korean Won (approximately US$ 507.9) per 
month, increasing by 286,840 Korean Won (around US$ 
254.6) monthly for each additional family member. To 
measure physical activity levels, the Korean version of the 
Physical Activity Scale for the Elderly (PASE) was used, 
[35, 36] which assesses the intensity of leisure, frequency, 
and duration, household, and occupational activities 
over the past week. The PASE score, combining these 
activity areas, served as an indicator of the participants’ 
overall physical activity. A higher PASE score indicates 
more physical activity, while a lower score indicates less 

http://www.law.go.kr
http://www.law.go.kr
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physical activity. The accuracy of the data was verified 
through interviews with reliable informants.

Assessment of protein intake
The Mini Nutritional Assessment (MNA), a compre-
hensive tool developed to assess the nutritional sta-
tus of elderly individuals, was used in the interviews to 
investigate dietary protein intake [37]. It includes ques-
tions with three-month assessment period that cover 
four main areas: anthropometric measurements, dietary 
intake, global assessment, and self-perceived health and 
nutrition [37, 38]. In our study, we utilized the long-
version MNA, which has been extensively validated and 
shown to be a reliable measure for assessing nutritional 
status in elderly populations [37, 38]. While some items 
in the MNA focus on changes over the past three months 
(e.g. decreased food intake), others, like protein intake 
and fruit and vegetable consumption, assess the current 
nutritional status [37, 38]. While the MNA may not pro-
vide the precision of methods like 24-hour dietary recalls 
or dietary diaries, it has shown moderate correlation with 
these detailed assessments [38]. Additionally, the MNA’s 
effectiveness in evaluating protein intake has been vali-
dated in studies that demonstrate its ability to identify 
low protein intake and its association with health out-
comes such as sarcopenia, frailty, and cognitive decline 
[37, 39]. 

Protein intake levels were classified as ‘low’, ‘medium’, 
or ‘high’ based on adherence to three key consumption 
markers: daily dairy, weekly legumes or eggs (two or 
more servings), and daily meat, fish, or poultry. Levels 
were defined as low (0–1 markers met), medium (2 mark-
ers met), and high (all 3 markers met) [37]. 

Assessment of other dietary patterns
In the interviews conducted using the MNA [37], we also 
examined other dietary patterns, including the types of 
food consumed such as fruits and vegetables, as well as 
the participants’ nutritional status. Included in this were 
any modifications in dietary intake over the previous 
three months caused by issues like diminished appetite, 
gastrointestinal troubles, or difficulties in chewing and 
swallowing.

Blood test
Blood samples were obtained via venipuncture after 
an overnight fast, specifically between 8 and 9 a.m. in 
the early morning. The levels of albumin, glucose, high-
density lipoprotein (HDL) cholesterol, and low-density 
lipoprotein (LDL) cholesterol were measured utilizing 
a COBAS c702 analyzer along with specialized reagents 
from Roche Diagnostics (Mannheim, Germany).

APOE4 genotyping
Using EDTA anticoagulated vacutainer tubes, blood 
samples were collected, and DNA extraction was per-
formed with the QIAamp DSP DNA Blood Mini Kit and 
QIAcube HT System from QIAGEN in Hilden, Germany. 
APOE genotyping was conducted using the Seeplex ApoE 
ACE Genotyping Kit (Seegene, Seoul, Korea) and the 
ProFlex PCR system (ThermoFisher Scientific, Waltham, 
USA), following the specified protocols. Capillary elec-
trophoresis (QIAxcel Advanced System, QIAGEN, 
Hilden, Germany) was used to analyze the PCR products. 
Genotypes were determined as ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3, 
ε3/ε4, or ε4/ε4 based on the electrophoresis results and 
the manufacturer’s guidelines. Individuals possessing at 
least one ε4 allele were classified as APOE4-positive.

Statistical analyses
To explore the link between protein intake and cognitive 
function, we performed multiple linear regression analy-
ses with protein intake levels as the independent variable 
and cognitive function as the dependent variable. Low 
protein intake level was used as the reference category. 
Recognizing the influence of various factors on cognitive 
performance, we considered potential confounders such 
as age, sex, APOE4 status, education, clinical diagnosis, 
vascular risk factors, levels of depression, annual income, 
overall physical activity, dietary habits (specifically fruit 
and vegetable intake), and blood nutritional markers (like 
glucose, HDL, and LDL cholesterol).

We used two models to adjust for covariates step-by-
step. The first model included age, sex, APOE4 status, 
education, and clinical diagnosis. The second model 
added VRS, GDS score, annual income, PASE total score, 
dietary habits, and blood nutritional markers. To confirm 
the robustness of our regression analyses, we assessed the 
assumptions of normality and homoscedasticity of resid-
uals, and verified the absence of collinearity by utilizing 
normal probability plots, scatter plots, and variance infla-
tion factor (VIF) values. Additionally, we examined the 
moderating effect of certain covariates (age, sex, APOE4 
status, education, and clinical diagnosis) by incorporat-
ing two-way interaction terms in our multiple linear 
regression analyses. When significant interactions were 
found, we conducted further linear regression analyses 
to delve deeper into these effects. For sensitivity analy-
ses, we repeated our analyses with participants who had 
not reported decrease in food intake over the past three 
months due to decrease in appetite, problem of diges-
tion, or difficulties with chewing/swallowing. These were 
done to remove the potential impact of physical or men-
tal health conditions on both protein intake levels and 
cognitive function. A GPower analysis (GPower 3.1.9.6 
software) was conducted to ensure adequate power for 
detecting significant effects, using an effect size (f²) of 
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0.15 (medium effect size), alpha level of 0.05, power (1-β) 
of 0.90, and 10 predictors (including 3 main predictors 
for protein intake levels, 5 covariates, and 2 interaction 
terms). The analysis indicated that a minimum sample 
size of 147 participants was required. Our study includes 
196 participants, exceeding this requirement and ensur-
ing sufficient power. All statistical analyses were per-
formed using SPSS software (version 28.0; IBM Corp, 
Armonk, NY, USA).

Results
Participant characteristics
The demographic and clinical characteristics of the 
study participants are outlined and classified according 
to their protein intake levels in Table 1. Among the 196 
participants, the distribution across the protein intake 

categories was as follows: 92 participants were classified 
within the low protein intake group, 73 were allocated 
to the medium protein intake group, and the remaining 
31 participants fell into the high protein intake group. 
Notably, those with higher protein intake performed bet-
ter on the mini-mental status examination (MMSE) and 
total, memory, and non-memory composite scores, had 
higher income, and had better HDL levels. None of the 
study participants were malnourished, i.e., serum albu-
min < 3.5 g/dL [40]. 

Association between protein intake levels and cognition
The high protein intake group demonstrated greater 
episodic memory (β = 0.147, p = 0.004) compared to the 
low protein intake group, although no significant differ-
ence was observed in non-memory cognition, even after 

Table 1  Baseline participant characteristics according to protein intake categories
Characteristic Protein intake

Total Low Medium High p
N 196 92 73 31
Age, y 72.65 (5.95) 73.65 (5.88) 71.80 (5.91) 71.68 (6.00) 0.086a

Female, No. (%) 138 (70.41) 64 (69.57) 51 (69.86) 23 (74.19) 0.880b

Education, No. (%) 9.62 (4.51) 9.30 (4.67) 9.49 (4.02) 10.87 (5.01) 0.236a

MMSE 25.58 (3.45) 24.93 (3.97) 25.62 (2.98) 27.42 (1.88) 0.002a

APOE4 positivity, No. (%) 40 (20.41) 16 (17.39) 14 (19.18) 10 (32.26) 0.196b

Clinical diagnosis, CN, No. (%) 113 (57.65) 52 (56.52) 40 (54.79) 21 (67.74) 0.453b

VRS, % 23.98 (18.58) 26.99 (19.27) 22.15 (18.44) 19.35 (15.57) 0.079a

GDS score 10.92 (7.24) 11.47 (7.15) 10.92 (7.50) 9.29 (6.88) 0.353a

PASE total score 64.77 (46.21) 68.75 (49.22) 63.84 (45.07) 55.16 (38.80) 0.360a

Annual income, No. (%) 0.004b

  < MCL 25 (12.75) 17 (18.48) 7 (9.59) 1 (3.23)
  ≥ MCL, < 2 × MCL 62 (31.63) 29 (31.52) 29 (39.73) 4 (12.90)
  ≥2× MCL 109 (55.61) 46 (0.50) 37 (50.68) 26 (83.87)
Decrease in food intake over the past three months 0.368b

  no, n (%) 182 (92.86) 83 (90.22) 70 (95.89) 29 (93.55)
  yes, n (%) 14 (7.14) 9 (9.78) 3 (4.11) 2 (6.45)
Fruit or vegetables, n (%) 0.679b

  high 119 (60.71) 55 (59.78) 43 (58.90) 21 (67.74)
  low 77 (39.29) 37 (40.22) 30 (41.10) 10 (32.26)
Serum nutritional markers
  Glucose, fasting, mg/dL 108.15 (19.94) 110.53 (20.88) 104.74 (14.41) 109.23 (27.01) 0.173a

  HDL-Cholesterol, mg/dL 54.64 (12.96) 51.91 (12.75) 56.38 (13.09) 58.70 (11.80) 0.015a

  LDL-Cholesterol, mg/dL 96.40 (33.82) 95.31 (35.07) 97.85 (31.52) 96.23 (36.34) 0.893a

Malnutrition, No. (%) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
CERAD-NP
Total score 69.98 (15.61) 66.66 (14.38) 68.45 (14.46) 83.42 (15.13) < 0.001a

Episodic memory score 35.10 (9.48) 33.66 (9.27) 33.67 (8.91) 42.71 (7.90) < 0.001a

Non-memory score 34.25 (6.62) 33.22 (6.86) 33.96 (6.10) 38.00 (6.62) 0.002a

MMSE mini-mental status examination, APOE4 apolipoprotein ε4, CN cognitively normal, MCL minimum cost of living, VRS vascular risk score, GDS geriatric 
depression scale, PASE physical activity scale for the elderly, MCL, minimum cost of living, CERAD-NP, consortium to establish a registry for Alzheimer disease 
neuropsychological battery

Data are expressed as mean (standard deviation), unless otherwise indicated
a by one-way analysis of variance
b by chi-square test
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Table 2  Results of multiple linear regression analyses for the associations between protein intake categories and cognition
Total score Episodic memory score Non-memory score

β † p β † p β † p

Overall
Model 1a

  High 0.236 < 0.001 0.189 < 0.001 0.125 0.087
  Medium 0.047 0.849 < 0.001 0.997 0.039 0.575
  Low - - -
Model 2b

  High 0.197 < 0.001 0.147 0.004 0.073 0.311
  Medium 0.022 0.693 -0.031 0.520 0.005 0.934
  Low - - -
APOE4 apolipoprotein ε4, VRS vascular risk score, GDS geriatric depression scale
† By multiple linear regression analysis (low protein intake served as the reference group)
a Adjusted for age, sex, apolipoprotein ε4, education, and clinical diagnosis
b Adjusted for age, sex, apolipoprotein ε4, education, clinical diagnosis, VRS, GDS score, annual income, physical activity, fruit/vegetable, fasting glucose, and HDL- 
or LDL- cholesterol

Fig. 1  Plots of the associations between protein intake and cognition (A-E): (A) protein intake categories vs. total score (TS), (B) protein intake categories 
vs. episodic memory score, (C) protein intake categories vs. non-memory score, (D) protein intake categories vs. episodic memory score in APOE4-positive 
status, and (E) protein intake categories vs. episodic memory score in APOE4-negative status. (A–E) were adjusted for potential covariates; mean cogni-
tion values are presented and error bars represent standard error
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adjusting for confounding factors [Table 2; Fig. 1(B) and 
1(C)]. The high protein intake group also showed better 
overall cognition (β = 0.197, p < 0.001) compared to the 
low protein intake group [Table 2; Fig. 1(A)].

Moderation of the association between protein intake 
levels and cognition
A significant interaction was found between high protein 
intake and APOE4 (β = 0.146, p = 0.018), indicating that 
APOE4 moderates the association between high protein 
intake level and episodic memory (Table 3). In contrast, 
age and sex were also significant factors, with older age 

Table 3  Moderating effects of age, sex, APOE4, and clinical diagnosis on the association between each of protein intake categories 
and cognition

Total score Episodic memory score Non-memory score

β † p β † p β † p

Model for age effect
Protein intake categories
  High 0.372 0.573 0.382 0.506 -0.646 0.419
  Medium -0.556 0.411 0.012 0.983 -0.756 0.357
  Low - - -
Age -0.290 < 0.001 -0.264 < 0.001 -0.253 0.009
Protein intake categories× Age
  High×  Age -0.142 0.829 -0.201 0.725 0.751 0.345
  Medium ×  Age 0.577 0.389 -0.040 0.945 0.750 0.356
  Low ×  Age - - -
Model for sex effect
Protein intake categories
  High 0.309 < 0.001 0.213 < 0.001 0.105 0.199
  Medium -0.001 0.989 -0.067 0.247 -0.008 0.918
  Low - - -
Sex 0.167 0.023 0.129 0.045 0.129 0.154
Protein intake categories× Sex
  High×  Sex -0.114 0.080 -0.081 0.156 -0.132 0.092
  Medium ×  Sex 0.019 0.804 0.076 0.261 -0.012 0.900
  Low ×  Sex - - -
Model for APOE4 effect
Protein intake categories
  High 0.165 0.014 0.084 0.143 0.030 0.716
  Medium 0.010 0.871 -0.050 0.336 -0.008 0.917
  Low - - -
APOE4 -0.078 0.322 -0.108 0.111 -0.042 0.662
Protein intake categories× APOE4
  High×  APOE4 0.073 0.307 0.146 0.018 0.100 0.253
  Medium ×  APOE4 0.038 0.611 0.062 0.329 0.043 0.637
  Low ×  APOE4 - - -
Model for clinical diagnosis effect
Protein intake categories
  High 0.252 < 0.001 0.159 0.006 0.147 0.067
  Medium -0.049 0.525 -0.105 0.119 -0.036 0.701
  Low - - -
Clinical diagnosis -0.457 < 0.001 -0.630 < 0.001 -0.205 0.025
Protein intake categories× Clinical diagnosis
  High×  Clinical diagnosis -0.066 0.292 0.022 0.685 -0.096 0.207
  Medium ×  Clinical diagnosis 0.117 0.194 0.127 0.105 0.062 0.569
  Low ×  Clinical diagnosis - - -
APOE4 apolipoprotein ε4, GDS geriatric depression scale, VRS vascular risk score
† By multiple logistic regression analysis controlling for age, sex, apolipoprotein ε4, education, clinical diagnosis, VRS, GDS score, annual income, physical activity, 
fruit/vegetable, fasting glucose, and HDL- or LDL- cholesterol as covariates when appropriate
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and sex, being associated with worse performance on 
tests of episodic memory and cognition. However, unlike 
APOE4 status, no moderating effect on the association 
between protein intake and cognition was observed for 
age and sex.

Further subgroup analyses showed that high protein 
intake level was significantly associated with better epi-
sodic memory only in the APOE4-positive subgroup 
(β = 0.443, p = 0.009), not in the APOE4-negative one 
[Table  4; Fig.  1(D) and 1(E)]. On the other hand, there 
were no significant interactions between protein intake 
levels and variables like age, sex, and clinical diagnosis 
(Table 3).

Sensitivity analyses
Older individuals who maintained consistent food intake 
over the past 3 months showed cognitive performance 
comparable to that of the entire cohort (Table 5).

Discussion
In this study of older adults without dementia, par-
ticipants with high protein intake demonstrated greater 
episodic memory and overall cognition, but not in non-
memory cognitive functions, compared to those with 
low protein intake. Interestingly, the APOE4 status 
influenced the link between high protein intake and epi-
sodic memory, with APOE4 carriers showing a positive 

correlation, which was not observed in non-carriers. 
These results indicate that dietary protein, APOE4 status, 
and AD or related cognitive declines may interact in sig-
nificant ways.

In this study, we explored the association between high 
protein intake and episodic memory, aligning with prior 
research that suggests high protein consumption may 
safeguard against conditions like sarcopenia and frailty, 
which are linked to cognitive decline.14,15 This connec-
tion extends to subjective cognitive decline as well, high-
lighting the potential cognitive benefits of dietary protein 
[18]. Despite these findings, the relationship between 
total protein intake and cognitive decline remains ambig-
uous in epidemiological human studies [18–20, 41]. 
For instance, one cohort study found no significant link 
between total or fish protein intake and cognitive decline, 
while another associated high total protein consumption 
with an increased risk of cognitive decline, as measured 
by brief telephone-based cognitive assessments [19]. 
However, these assessments might be less accurate and 
reliable due to their inherent limitations, such as the lack 
of observational depth, absence of visual cues and body 
language, and susceptibility to environmental distrac-
tions. Studies have shown that telehealth assessments 
can have reduced validity compared to face-to-face 
assessments in certain contexts, particularly for nuanced 
cognitive evaluations [42]. One meta-analysis study 

Table 4  Results of multiple linear regression analyses for the associations between protein intake categories and cognition according 
to APOE4 status

Total score Episodic memory score Non-memory score

β † p β † p β † p

APOE4-positive
Model 1a

  High 0.523 0.001 0.547 < 0.001 0.352 0.059
  Medium 0.155 0.230 0.123 0.318 0.172 0.281
  Low - - -
Model 2b

  High 0.415 0.011 0.463 0.009 0.180 0.272
  Medium 0.007 0.958 0.022 0.886 -0.027 0.855
  Low - - -
APOE4-negative
Model 1a

  High 0.137 0.029 0.073 0.166 0.022 0.780
  Medium -0.017 0.774 -0.071 0.158 -0.025 0.735
  Low - - -
Model 2b

  High 0.115 0.064 0.048 0.361 -0.006 0.933
  Medium -0.016 0.784 -0.073 0.144 -0.028 0.701
  Low - - -
APOE4 apolipoprotein ε4, VRS vascular risk score, GDS geriatric depression scale
† By multiple linear regression analysis (low protein intake served as the reference group)
a Adjusted for age, sex, apolipoprotein ε4, education, and clinical diagnosis
b Adjusted for age, sex, apolipoprotein ε4, education, clinical diagnosis, VRS, GDS score, annual income, physical activity, fruit/vegetable, fasting glucose, and HDL- 
or LDL- cholesterol
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found no strong association between meat consump-
tion and cognitive disorders, with most studies showing 
non-significant results and some indicating a protective 
effect of regular meat intake [41]. In contrast, our study 
demonstrated a significant positive association between 
high overall protein intake from diverse sources and bet-
ter episodic memory. The potential reasons for mixed 
results in the literature could include variations in pro-
tein intake measurement, differences in sample charac-
teristics, and the stage of AD in participants. Conversely, 
data from the Nurses’ Health Study and the Health Pro-
fessionals Follow-up Study suggested that high total pro-
tein intake could be linked to reduced odds of subjective 
cognitive decline [18]. Notably, this study did not incor-
porate objective cognitive assessments, which could 
have provided a more comprehensive understanding of 

the cognitive implications of protein intake. Our study 
addresses these methodological limitations by employ-
ing a more rigorous approach to evaluating cognitive 
function. We utilized a comprehensive battery of objec-
tive cognitive tests administered face-to-face, thereby 
enhancing the reliability and depth of our cognitive 
assessments. Through this refined methodology, we have 
identified a significant association between high protein 
intake and better episodic memory performance. This 
finding contributes to the ongoing discourse on dietary 
influences on cognitive health, suggesting that protein 
intake may play a crucial role in maintaining cognitive 
function, particularly in aging populations.

It is indeed interesting that our human study results 
contrast with existing animal study findings [10, 14] 
regarding the associations between protein intake and 

Table 5  Results of multiple linear regression analyses for the associations between protein intake categories and cognition in old 
adults with no decrease in food intake over the past 3 months (n = 182)

Total score Episodic memory score Non-memory score

β † p β † p β † p

Overall
Model 1a

  High 0.243 < 0.001 0.192 < 0.001 0.120 0.107
  Medium 0.083 0.142 0.032 0.521 0.071 0.319
  Low - - -
Model 2b

  High 0.218 < 0.001 0.161 0.002 0.085 0.259
  Medium 0.068 0.276 0.002 0.970 0.045 0.528
  Low - - -
APOE4-positive
Model 1c

  High 0.483 0.002 0.510 < 0.001 0.323 0.081
  Medium 0.112 0.392 0.091 0.473 0.125 0.445
  Low - - -
Model 2d

  High 0.401 0.017 0.442 0.014 0.233 0.161
  Medium -0.017 0.909 -0.001 0.993 -0.043 0.783
  Low - - -
APOE4-negative
Model 1c

  High 0.154 0.015 0.081 0.113 0.031 0.703
  Medium 0.029 0.635 -0.033 0.509 0.020 0.796
  Low - - -
Model 2d

  High 0.144 0.028 0.064 0.221 0.012 0.881
  Medium 0.033 0.595 -0.034 0.494 0.022 0.785
  Low - - -
APOE4 apolipoprotein ε4, VRS vascular risk score, GDS geriatric depression scale
† By multiple linear regression analysis (low protein intake served as the reference group)
a Adjusted for age, sex, apolipoprotein ε4, education, and clinical diagnosis
b Adjusted for age, sex, apolipoprotein ε4, education, clinical diagnosis, VRS, GDS score, annual income, physical activity, fruit/vegetable, fasting glucose, and HDL- 
or LDL- cholesterol
c Adjusted for age, sex, education, and clinical diagnosis
d Adjusted for age, sex, education, clinical diagnosis, VRS, GDS score, annual income, physical activity, fruit/vegetable, fasting glucose, and HDL- or LDL- cholesterol
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health. One reason for these discrepancies is the role of 
the APOE4 gene. In humans, the APOE4 allele is linked 
to higher risks of AD and cardiovascular issues, influenc-
ing protein intake’s effects on health [43]. In animal mod-
els, the APOE4 gene’s impact differs significantly, making 
it challenging to replicate human conditions accurately 
[44]. Additionally, variations in study design contribute 
to these inconsistent findings. Human studies include 
diverse populations, enhancing real-world applicability, 
while animal studies use controlled environments with 
genetically similar subjects [45]. Metabolic and physi-
ological differences between species further complicate 
the comparison [46]. These factors highlight the need for 
more standardized and comprehensive research to bet-
ter understand protein intake’s impact on health across 
species. Future research should address genetic varia-
tions, improve study designs, and use animal models that 
closely mimic human physiology.

Our study also examined how the APOE4 allele affects 
the association between total protein and cognitive 
decline, focusing on its specific effect on episodic mem-
ory compared to other cognitions. This focus is crucial, 
as the decline in episodic memory is often the first sign of 
AD progression [3–5, 47–49]. The specific way in which 
the APOE4 allele impacts episodic memory highlights its 
potential importance in early detection and understand-
ing of AD. A cohort study observed significant interac-
tion of total protein or fish protein intake with APOE4, 
indicating that high total protein intake and fish protein 
intake were both significantly associated with lower odds 
of cognitive decline among the participants with APOE4 
allele, but not among those without APOE4 allele [20]. 
However, the study’s reliance on telephone-based cog-
nitive assessments introduces limitations, particularly 
concerning the accuracy of cognitive evaluations in older 
adults. To overcome these limitations, our study used 
detailed, in-person assessments of cognitive function. 
Through this approach, we found that the APOE4 allele 
significantly affects the relationship between high dietary 
protein intake and episodic memory improvement. 
Specifically, a strong link between high protein intake 
and better episodic memory was seen only in individu-
als with the APOE4 allele, not in those without it. This 
clear insight into how genetics can influence the effects 
of high-protein diet on AD-related cognitive decline not 
only elucidates understanding of the complex relation-
ship between genetics, high-protein diet, and AD-related 
cognitive decline but also suggests the need for person-
alized high-protein diet advice. Such personalized high-
protein diet advice could enhance AD-related cognitive 
function in older adults, especially those at genetic risk 
for AD, offering a new way to use high-protein diet as a 
tool to fight against the AD-related cognitive decline.

It is interesting to consider why age and sex did 
not moderate the effects of protein intake on cogni-
tive functioning, while APOE4 status did. APOE4 has 
a well-established biological mechanism affecting lipid 
metabolism and amyloid-beta deposition, directly 
impacting cognitive decline and AD progression. [43, 
50, 51] Protein intake may interact with these pathways 
differently than with general aging or sex differences. 
Age and sex, although influential on cognitive perfor-
mance, may not interact with dietary protein intake in 
the same direct manner. Older adults face various age-
related factors (e.g., overall health, comorbidities) that 
can overshadow the benefits of higher protein intake on 
cognitive function [52]. Similarly, sex differences in cog-
nitive decline involve hormonal, social, and lifestyle fac-
tors, making the interaction with dietary protein less 
consistent [53]. This suggests that the moderating effect 
of protein intake on cognitive function is more specifi-
cally linked to genetic factors like APOE4 status rather 
than broader demographic factors. Further investigation 
is needed to understand this hypothesis fully.

The underlying mechanism linking high protein intake 
to the prevention of AD or related cognitive decline is 
multifaceted, potentially involving the dysfunction of 
critical biological pathways that are central to AD patho-
genesis [10–12]. The protective role of dietary protein in 
AD can be attributed to its essential functions in main-
taining neuronal integrity, repairing tissue, and synthe-
sizing neurotransmitters vital for cognitive processes 
[10–12]. Adequate protein consumption facilitates neu-
roplasticity, pivotal for memory and learning, and influ-
ences the regulation of brain-derived neurotrophic factor 
(BDNF), a key player in maintaining cognitive health 
[11, 12, 54]. Furthermore, certain amino acids present in 
proteins may exert neuroprotective effects, possibly by 
mitigating oxidative stress and inflammation within the 
brain, both of which are significant contributors to AD or 
related cognitive decline [11–13]. 

For individuals carrying the APOE4 allele, the ben-
eficial impact of high protein intake against cognitive 
decline is notably pronounced, likely due to the interac-
tion between dietary proteins and lipid metabolism [25]. 
APOE4 adversely affects lipid and cholesterol transport 
in the brain, thereby influencing amyloid-beta deposition 
and clearance [21, 23–25]. A diet high in protein may 
offset the detrimental effects of APOE4 on lipid metabo-
lism, reducing amyloid accumulation. This mechanism 
is particularly relevant for APOE4 carriers, who face 
an increased risk of AD [21, 23–25, 55, 56]. The dietary 
proteins’ engagement with APOE4 could also modulate 
other critical pathways, including neuronal repair and 
inflammation, underscoring a more pronounced protec-
tive effect against cognitive decline [25, 55, 56]. 
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In our study, we conducted a comprehensive clini-
cal assessment, including an analysis of protein intake 
levels (type, frequency, and quantity), laboratory blood 
tests, nutritional markers, and multiple cognitive domain 
tests. To explore the link between high protein intake 
and AD-related cognitive decline, we utilized statistical 
models to account for potential confounders. Notably, 
higher protein intake was associated with better episodic 
memory even when controlling for variables such as age, 
sex, APOE4 status, education, clinical diagnosis, vascular 
risk factors, levels of depression, annual income, over-
all physical activity, dietary habits (specifically fruit and 
vegetable intake), and blood nutritional markers (like glu-
cose, HDL, and LDL cholesterol). This finding highlights 
the potential cognitive benefits of higher protein intake 
in the context of AD. However, this study has several 
limitations. Firstly, being cross-sectional, it restricts our 
ability to determine bi-directionality and limits causal 
inferences. To establish the potential benefits of high pro-
tein intake on AD-related cognitive function, the find-
ings need to be replicated in well-powered prospective 
or trial studies. Second, we did not extensively evaluate 
the impact of other dietary components or overall dietary 
patterns that might influence cognitive health while we 
focused on total protein intake. Instead, we attempted 
to mitigate the influence of other foods by examining the 
intake of fruits and vegetables, which are known to ben-
efit cognitive function. Third, the association between 
protein intake and cognition may have been affected by 
retrospective recall bias. With approximately 40% of 
participants diagnosed with MCI, there is a potential 
for inaccurate self-reported protein intake history. Nev-
ertheless, while MCI individuals have recent memory 
issues, their remote memory remains intact [57]. There-
fore, it is unlikely that participants with MCI reported 
their protein intake inaccurately, as these self-reports are 
based mainly on long-standing lifestyle habits rather than 
short-term memory. Additionally, our results remained 
consistent after adjusting for clinical diagnosis (CN vs. 
MCI) as an extra variable in Models 1 and 2 (Tables 2 and 
4, and 5). Fourth, given the smaller cell sizes when the 
sample is broken down by APOE4 status, these findings 
should be interpreted with caution. Further research with 
larger sample sizes is necessary to confirm these findings 
and fully understand the implications of APOE4 on the 
relationship between protein intake and cognitive func-
tion. Lastly, we did not employ an objective method to 
measure protein intake. Similar to previous studies that 
used self-reported methods like food frequency ques-
tionnaires (FFQs) [18, 19] and semi-quantitative FFQs 
[20] to assess protein intake, our approach also has inher-
ent constraints.

To address this, some studies have used objective 
methods like controlled dietary intervention [58], blood 

or urinary biomarkers (e.g., serum albumin [59] and 
urinary or plasma amino acid [60]) and isotope tracer 
methods (e.g., indicator amino acid oxidation [61, 62]) 
However, these methods have not been sufficiently vali-
dated in accurately reflecting dietary protein intake. 
Future research should combine self-reported dietary 
assessments with more precise objective methods to bet-
ter validate the link between protein intake and cogni-
tive function. Moreover, we did not differentiate protein 
intake by types, plant or animal sources, and processing 
methods. Given the ongoing debate over the impact of 
protein types (plant vs. animal sources) [63] and process-
ing methods [64] on health outcomes, a more granular 
analysis in future studies is warranted.

Conclusions
Our study results demonstrated that high protein intake 
is associated with better episodic memory among older 
adults without dementia. Furthermore, the findings high-
light the significant role of APOE4 status in moderating 
the relationship between protein consumption and epi-
sodic memory. These results suggest that dietary inter-
ventions focusing on protein intake could be beneficial 
for cognitive health, particularly in individuals with a 
genetic predisposition to AD.

Abbreviations
AD	� Alzheimer’s disease
APOE4	� Apolipoprotein ε4
GLAD	� General Lifestyle and Alzheimer’s disease study
CN	� Cognitively normal
MCI	� Mild cognitive impairment
CERAD	� Consortium to Establish a Registry for Alzheimer’s Disease
TS	� Total score
VRS	� Vascular risk score
GDS	� Geriatric Depression Scale
MCL	� Minimum cost of living
PASE	� Physical Activity Scale for the Elderly
MNA	� Mini Nutritional Assessment
HDL	� High-density lipoprotein
LDL	� Low-density lipoprotein
VIF	� Variance inflation factor
BDNF	� Brain-derived neurotrophic factor

Acknowledgements
We thank the GLAD study participants and their caregivers.

Author contributions
M.K., B.C.L., Y.M.C., G-H.S., S.G.K., H.S.K., J.H., D.Y. and J.W.K. were responsible for 
the study concept and design. M.K. and B.C.L. performed the investigation 
and formal analysis. Y.M.C., G-H.S., S.G.K., H.S.K., J.H., and D.Y. contributed to 
the methodology, formal analysis, and writing of the original draft. M.K. and 
B.C.L. drafted the paper. J.W.K. handled conceptualization, funding acquisition, 
methodology, formal analysis, writing of the original draft, and supervision. All 
authors reviewed and critically revised the draft manuscript. Authors approved 
the final manuscript.

Funding
This study was supported by grants from the Hallym University Research 
Fund (grant no. HURF-2023-36). The funding sources had no role in the 
study design, data collection, data analysis, data interpretation, writing of the 
manuscript, or decision to submit it for publication.



Page 12 of 13Keum et al. Alzheimer's Research & Therapy          (2024) 16:181 

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study protocol was approved by the Institutional Review Board of Hallym 
University Dongtan Sacred Heart Hospital and the study was conducted 
in accordance with the Declaration of Helsinki. All participants provided 
informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 24 May 2024 / Accepted: 26 July 2024

References
Uncategorized References
1.	 Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress 

and problems on the road to therapeutics. Science. 2002;297(5580):353–6.
2.	 Wilson RS, Segawa E, Boyle PA, Anagnos SE, Hizel LP, Bennett DA. The 

natural history of cognitive decline in Alzheimer’s disease. Psychol Aging. 
2012;27(4):1008–17.

3.	 Howieson DB, Dame A, Camicioli R, Sexton G, Payami H, Kaye JA. Cognitive 
markers preceding Alzheimer’s dementia in the healthy oldest old. J Am 
Geriatr Soc. 1997;45(5):584–9.

4.	 Backman L, Small BJ, Fratiglioni L. Stability of the preclinical episodic memory 
deficit in Alzheimer’s disease. Brain. 2001;124(Pt 1):96–102.

5.	 Backman L, Jones S, Berger AK, Laukka EJ, Small BJ. Cognitive impairment 
in preclinical Alzheimer’s disease: a meta-analysis. Neuropsychology. 
2005;19(4):520–31.

6.	 Lim YY, Kong J, Maruff P, Jaeger J, Huang E, Ratti E. Longitudinal cognitive 
decline in patients with mild cognitive impairment or dementia due to 
Alzheimer’s Disease. J Prev Alzheimers Dis. 2022;9(1):178–83.

7.	 Tulving E. Episodic memory: from mind to brain. Annu Rev Psychol. 
2002;53:1–25.

8.	 Bartochowski Z, Conway J, Wallach Y, Chakkamparambil B, Alakkassery S, 
Grossberg GT. Dietary interventions to prevent or Delay Alzheimer’s Disease: 
what the evidence shows. Curr Nutr Rep. 2020;9(3):210–25.

9.	 Hill E, Goodwill AM, Gorelik A, Szoeke C. Diet and biomarkers of Alzheim-
er’s disease: a systematic review and meta-analysis. Neurobiol Aging. 
2019;76:45–52.

10.	 Wu G. Dietary protein intake and human health. Food Funct. 
2016;7(3):1251–65.

11.	 Gomez-Pinilla F. Brain foods: the effects of nutrients on brain function. Nat 
Rev Neurosci. 2008;9(7):568–78.

12.	 van de Rest O, van der Zwaluw NL, de Groot LC. Literature review on the role 
of dietary protein and amino acids in cognitive functioning and cognitive 
decline. Amino Acids. 2013;45(5):1035–45.

13.	 Zhang W, Xiao D, Mao Q, Xia H. Role of neuroinflammation in neurodegen-
eration development. Signal Transduct Target Ther. 2023;8(1):267.

14.	 Nakagawa S, Lagisz M, Hector KL, Spencer HG. Comparative and meta-
analytic insights into life extension via dietary restriction. Aging Cell. 
2012;11(3):401–9.

15.	 Lagiou P, Sandin S, Lof M, Trichopoulos D, Adami HO, Weiderpass E. Low 
carbohydrate-high protein diet and incidence of cardiovascular diseases in 
Swedish women: prospective cohort study. BMJ. 2012;344:e4026.

16.	 Morais JA, Chevalier S, Gougeon R. Protein turnover and requirements in the 
healthy and frail elderly. J Nutr Health Aging. 2006;10(4):272–83.

17.	 Robertson DA, Savva GM, Kenny RA. Frailty and cognitive impairment–
a review of the evidence and causal mechanisms. Ageing Res Rev. 
2013;12(4):840–51.

18.	 Yeh TS, Yuan C, Ascherio A, Rosner BA, Blacker D, Willett WC. Long-term 
dietary protein intake and subjective cognitive decline in US men and 
women. Am J Clin Nutr. 2022;115(1):199–210.

19.	 Gao R, Yang Z, Yan W, Du W, Zhou Y, Zhu F. Protein intake from different 
sources and cognitive decline over 9 years in community-dwelling older 
adults. Front Public Health. 2022;10:1016016.

20.	 Zhang Y, Jin X, Lutz MW, Ju SY, Liu K, Guo G, Zeng Y, Yao Y. Interaction 
between APOE epsilon4 and dietary protein intake on cognitive decline: a 
longitudinal cohort study. Clin Nutr. 2021;40(5):2716–25.

21.	 Yamazaki Y, Zhao N, Caulfield TR, Liu CC, Bu G. Apolipoprotein E and 
Alzheimer disease: pathobiology and targeting strategies. Nat Reviews 
Neurol. 2019;15(9):501–18.

22.	 Morris JC, Roe CM, Xiong C, Fagan AM, Goate AM, Holtzman DM, Mintun MA. 
APOE predicts amyloid-beta but not tau Alzheimer pathology in cognitively 
normal aging. Ann Neurol. 2010;67(1):122–31.

23.	 Lowe VJ, Weigand SD, Senjem ML, Vemuri P, Jordan L, Kantarci K, Boeve B, 
Jack CR Jr., Knopman D, Petersen RC. Association of hypometabolism and 
amyloid levels in aging, normal subjects. Neurology. 2014;82(22):1959–67.

24.	 Jeon SY, Byun MS, Yi D, Lee JH, Ko K, Sohn BK, Lee JY, Ryu SH, Lee DW, Shin 
SA, et al. Midlife lifestyle activities moderate APOE epsilon4 effect on in vivo 
Alzheimer’s Disease pathologies. Front Aging Neurosci. 2020;12:42.

25.	 Yang LG, March ZM, Stephenson RA, Narayan PS. Apolipoprotein E in lipid 
metabolism and neurodegenerative disease. Trends Endocrinol Metab. 
2023;34(8):430–45.

26.	 Castanho TC, Amorim L, Zihl J, Palha JA, Sousa N, Santos NC. Telephone-
based screening tools for mild cognitive impairment and dementia in aging 
studies: a review of validated instruments. Front Aging Neurosci. 2014;6:16.

27.	 Morris JC. The clinical dementia rating (CDR): current version and scoring 
rules. Neurology. 1993;43(11):2412–4.

28.	 Morris JC, Heyman A, Mohs RC, Hughes JP, van Belle G, Fillenbaum G, Mellits 
ED, Clark C. The Consortium to establish a Registry for Alzheimer’s Disease 
(CERAD). Part I. Clinical and neuropsychological assessment of Alzheimer’s 
disease. Neurology. 1989;39(9):1159–65.

29.	 Lee JH, Lee KU, Lee DY, Kim KW, Jhoo JH, Kim JH, Lee KH, Kim SY, Han SH, 
Woo JI. Development of the Korean version of the Consortium to establish 
a Registry for Alzheimer’s Disease Assessment Packet (CERAD-K): clinical and 
neuropsychological assessment batteries. J Gerontol B Psychol Sci Soc Sci. 
2002;57(1):P47–53.

30.	 Lee DY, Lee KU, Lee JH, Kim KW, Jhoo JH, Kim SY, Yoon JC, Woo SI, Ha J, Woo JI. 
A normative study of the CERAD neuropsychological assessment battery in 
the Korean elderly. J Int Neuropsychol Soc. 2004;10(1):72–81.

31.	 Seo EH, Lee DY, Lee JH, Choo IH, Kim JW, Kim SG, Park SY, Shin JH, Do YJ, Yoon 
JC, et al. Total scores of the CERAD neuropsychological assessment battery: 
validation for mild cognitive impairment and dementia patients with diverse 
etiologies. Am J Geriatric Psychiatry: Official J Am Association Geriatric 
Psychiatry. 2010;18(9):801–9.

32.	 DeCarli C, Mungas D, Harvey D, Reed B, Weiner M, Chui H, Jagust W. Memory 
impairment, but not cerebrovascular disease, predicts progression of MCI to 
dementia. Neurology. 2004;63(2):220–7.

33.	 Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, Leirer VO. Develop-
ment and validation of a geriatric depression screening scale: a preliminary 
report. J Psychiatr Res. 1982;17(1):37–49.

34.	 Kim JY, Park JH, Lee JJ, Huh Y, Lee SB, Han SK, Choi SW, Lee DY, Kim KW, Woo 
JI. Standardization of the Korean version of the geriatric depression scale: 
reliability, validity, and factor structure. Psychiatry Invest. 2008;5(4):232–8.

35.	 Choe M-A, KJ, Jeon M, Chae Y-R. Evaluation of the Korean Version of Physi-
cal Activity Scale for the Elderly (K-PASE). Korean J Women Health Nurs. 
2010;16:47.

36.	 Washburn RA, Smith KW, Jette AM, Janney CA. The physical activity scale 
for the Elderly (PASE): development and evaluation. J Clin Epidemiol. 
1993;46(2):153–62.

37.	 Vellas B, Guigoz Y, Garry PJ, Nourhashemi F, Bennahum D, Lauque S, Albarede 
JL. The Mini Nutritional Assessment (MNA) and its use in grading the nutri-
tional state of elderly patients. Nutrition. 1999;15(2):116–22.

38.	 Guigoz Y. The Mini Nutritional Assessment (MNA) review of the literature–
what does it tell us? J Nutr Health Aging. 2006;10(6):466–85. discussion 
485 – 467.

39.	 Milne AC, Potter J, Vivanti A, Avenell A. Protein and energy supplementation 
in elderly people at risk from malnutrition. Cochrane Database Syst Rev. 
2009;2009(2):CD003288.

40.	 Cabrerizo S, Cuadras D, Gomez-Busto F, Artaza-Artabe I, Marin-Ciancas F, 
Malafarina V. Serum albumin and health in older people: review and meta 
analysis. Maturitas. 2015;81(1):17–27.



Page 13 of 13Keum et al. Alzheimer's Research & Therapy          (2024) 16:181 

41.	 Zhang H, Hardie L, Bawajeeh AO, Cade J. Meat consumption, cognitive 
function and disorders: a systematic review with narrative synthesis and 
Meta-analysis. Nutrients 2020, 12(5).

42.	 Carlew AR, Fatima H, Livingstone JR, Reese C, Lacritz L, Pendergrass C, Bailey 
KC, Presley C, Mokhtari B, Cullum CM. Cognitive Assessment via Telephone: a 
scoping review of instruments. Arch Clin Neuropsychol. 2020;35(8):1215–33.

43.	 Liu CC, Liu CC, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer 
disease: risk, mechanisms and therapy. Nat Rev Neurol. 2013;9(2):106–18.

44.	 Raber J, Huang Y, Ashford JW. ApoE genotype accounts for the vast majority 
of AD risk and AD pathology. Neurobiol Aging. 2004;25(5):641–50.

45.	 Mente A, Dehghan M, Rangarajan S, McQueen M, Dagenais G, Wielgosz A, 
Lear S, Li W, Chen H, Yi S, et al. Association of dietary nutrients with blood 
lipids and blood pressure in 18 countries: a cross-sectional analysis from the 
PURE study. Lancet Diabetes Endocrinol. 2017;5(10):774–87.

46.	 Lynch CJ, Adams SH. Branched-chain amino acids in metabolic signalling and 
insulin resistance. Nat Rev Endocrinol. 2014;10(12):723–36.

47.	 Grober E, Lipton RB, Hall C, Crystal H. Memory impairment on free and cued 
selective reminding predicts dementia. Neurology. 2000;54(4):827–32.

48.	 Tromp D, Dufour A, Lithfous S, Pebayle T, Despres O. Episodic memory in 
normal aging and Alzheimer disease: insights from imaging and behavioral 
studies. Ageing Res Rev. 2015;24(Pt B):232–62.

49.	 Laakso MP, Hallikainen M, Hanninen T, Partanen K, Soininen H. Diagnosis of 
Alzheimer’s disease: MRI of the hippocampus vs delayed recall. Neuropsycho-
logia. 2000;38(5):579–84.

50.	 Lou T, Tao B, Chen M. Relationship of apolipoprotein E with Alzheimer’s 
Disease and Other Neurological disorders: an updated review. Neuroscience. 
2023;514:123–40.

51.	 Verghese PB, Castellano JM, Holtzman DM. Apolipoprotein E in Alzheimer’s 
disease and other neurological disorders. Lancet Neurol. 2011;10(3):241–52.

52.	 Gale CR, Cooper C, Sayer AA. Prevalence of frailty and disability: findings from 
the English Longitudinal Study of Ageing. Age Ageing. 2015;44(1):162–5.

53.	 Mielke MM, Vemuri P, Rocca WA. Clinical epidemiology of Alzheimer’s disease: 
assessing sex and gender differences. Clin Epidemiol. 2014;6:37–48.

54.	 Daily JW, Park S. Interaction of BDNF rs6265 variants and energy and protein 
intake in the risk for glucose intolerance and type 2 diabetes in middle-aged 
adults. Nutrition. 2017;33:187–94.

55.	 Asaro A, Sinha R, Bakun M, Kalnytska O, Carlo-Spiewok AS, Rubel T, Rozeboom 
A, Dadlez M, Kaminska B, Aronica E et al. ApoE4 disrupts interaction of sortilin 

with fatty acid-binding protein 7 essential to promote lipid signaling. J Cell 
Sci 2021, 134(20).

56.	 Ramakrishna S, Jhaveri V, Konings SC, Nawalpuri B, Chakraborty S, Holst 
B, Schmid B, Gouras GK, Freude KK, Muddashetty RS. APOE4 affects basal 
and NMDAR-Mediated protein synthesis in neurons by perturbing Calcium 
Homeostasis. J Neurosci. 2021;41(42):8686–709.

57.	 Leyhe T, Muller S, Milian M, Eschweiler GW, Saur R. Impairment of epi-
sodic and semantic autobiographical memory in patients with mild 
cognitive impairment and early Alzheimer’s disease. Neuropsychologia. 
2009;47(12):2464–9.

58.	 Jakobsen LH, Kondrup J, Zellner M, Tetens I, Roth E. Effect of a high protein 
meat diet on muscle and cognitive functions: a randomised controlled 
dietary intervention trial in healthy men. Clin Nutr. 2011;30(3):303–11.

59.	 Kim JW, Byun MS, Lee JH, Yi D, Jeon SY, Sohn BK, Lee JY, Shin SA, Kim YK, Kang 
KM, et al. Serum albumin and beta-amyloid deposition in the human brain. 
Neurology. 2020;95(7):e815–26.

60.	 Altorf-van der Kuil W, Brink EJ, Boetje M, Siebelink E, Bijlsma S, Engberink MF, 
van ‘t Veer P, Tome D, Bakker SJ, van Baak MA, et al. Identification of biomark-
ers for intake of protein from meat, dairy products and grains: a controlled 
dietary intervention study. Br J Nutr. 2013;110(5):810–22.

61.	 Elango R, Ball RO, Pencharz PB. Recent advances in determining protein and 
amino acid requirements in humans. Br J Nutr. 2012;108(Suppl 2):S22–30.

62.	 Burd NA, McKenna CF, Salvador AF, Paulussen KJM, Moore DR. Dietary protein 
quantity, Quality, and Exercise are key to healthy living: a muscle-centric 
perspective across the Lifespan. Front Nutr. 2019;6:83.

63.	 Ferrari L, Panaite SA, Bertazzo A, Visioli F. Animal- and Plant-based protein 
sources: a scoping review of Human Health outcomes and Environmental 
Impact. Nutrients 2022, 14(23).

64.	 Yu J, Wang L, Zhang Z. Plant-based meat proteins: Processing, Nutrition 
Composition, and future prospects. Foods 2023, 12(22).

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


	﻿Protein intake and episodic memory: the moderating role of the apolipoprotein E ε4 status
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Standard protocol approvals, registrations, and participants consent
	﻿Clinical assessments
	﻿Assessment of protein intake
	﻿Assessment of other dietary patterns
	﻿Blood test
	﻿APOE4 genotyping
	﻿Statistical analyses

	﻿Results
	﻿Participant characteristics
	﻿Association between protein intake levels and cognition
	﻿Moderation of the association between protein intake levels and cognition
	﻿Sensitivity analyses

	﻿Discussion
	﻿Conclusions
	﻿References


