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ABSTRACT

Background: Metabolic acidosis caused by acidogenic diets increases muscle catabolism. High acidogenic diets
can increase muscle loss in older adults; however, their association with functional outcomes remains unclear.
Objectives: To investigate whether high acidogenic diets increase the incidence of disability.

Design: Longitudinal study.

Setting: Community-based.

Participants: We included 1,704 community-dwelling Japanese individuals aged > 75 years without disabilities
at baseline (52.2 % females).

Measurements: Baseline dietary acid load was assessed using potential renal acid load (PRAL) values, which reflect
urinary acidity—with higher values indicating more acidogenic diets. The outcome measure was the one-year
incidence of disability, defined as needing for long-term care or support based on certification by the Japanese
long-term care insurance system. As the effects of PRAL are reportedly sex-specific, separate analyses were con-
ducted for males and females. The participants were categorized into tertiles (T1-T3, with T1 as the reference)
based on their PRAL values. Odds ratios (ORs) and 95 % confidence intervals (CIs) for outcome were calculated
using multiple logistic regression analysis after adjusting for age, body mass index, living status, smoking status,
hypertension, diabetes, dyslipidemia, energy intake, and alcohol intake.

Results: The PRAL ranges in groups T1, T2, and T3 were: —64.51 to 0.21, 0.27 to 11.34, and 11.41 to 61.00,
respectively, in males, and —61.22 to —3.84, —3.75 to 5.89, and 5.90 to 38.68, respectively, in females. Disabilities
occurred in 44 (5.7 %) males and 71 (8.7 %) females. ORs (95 % ClIs) for disability in T2 and T3 were 0.79 (0.35-
1.76) and 0.81 (0.37-1.79), respectively, in males and 1.10 (0.57-2.13) and 1.96 (1.06-3.61), respectively, in
females.

Conclusions: A high dietary acid load increased the incidence of disability in older females. Therefore, managing
an acidogenic diet may help maintain daily living functions in older females. Future studies should investigate
whether sex is an effect modifier.

1. Introduction

[2-4]. However, recently, the focus in the field of nutrition has shifted
from single nutrients to overall dietary features [5]. This is because in-

By 2050, the number of older adults who need assistance with their
activities of daily living is predicted to increase four-fold [1]. Therefore,
addressing the care needs of older adults has become a public health pri-
ority worldwide. Maintaining muscle health is important for preventing
declines in physical function and disability. Nutritional intake repre-
sents a key modifiable lifestyle factor that is necessary for maintaining
proper muscle function. Certain nutrients may play a key role in main-
taining muscle function, such as protein, vitamin D, and antioxidants
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dividual nutrients are not consumed in isolation, and different nutrients
interact with each other during various metabolic processes [6,7]. As di-
ets are frequently influenced by ethnicity and culture, examining them
in terms of nutrient composition may be more useful when applying
research findings to the diets of different ethnic groups.

The potential renal acid load (PRAL) is one of the values defined
by the combination of several nutrients in the diet [8]. This parameter
indicates the acid- or base-producing capacity of the diet. It is calcu-
lated based on the acidic (protein and phosphorus) and alkaline (cal-
cium, potassium, and magnesium) nutrients in the diet [8,9]. PRAL re-
flects urine acidity, with higher values indicating a more acidogenic diet
[8,10]. Thus, proteins that are important for maintaining physical func-
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tion exert acidogenic effects. In contrast, calcium, potassium, and mag-
nesium are abundant in vegetables and fruits. An acidic diet could lead
to skeletal muscle protein catabolism, whereas the intake of alkalinizing
compounds has been reported to increase muscle strength [2].

In acute metabolic acidosis, muscle protein breakdown is acceler-
ated, and muscle synthesis is suppressed, leading to progressive mus-
cle catabolism [11]. The amino acids released by this skeletal muscle
catabolism cause protons (H*) to be excreted as ammonium ions, which
relieves acidosis. Therefore, skeletal muscle catabolism is considered
an adaptive response to metabolic acidosis [12-14]. Muscle catabolism,
caused by metabolic acidosis, occurs during starvation, trauma, sepsis,
burns, and chronic renal failure. However, muscle catabolism can also
occur because of age-related reduction in the urinary excretion of H*
and acidogenic diets (i.e., diets with high PRAL values) [15]. Recently,
several studies have reported that chronic diet-induced acidosis is asso-
ciated with poor musculoskeletal health [9,15-22]. In older adults, diets
with high PRAL levels may accelerate the decline in physical function
and hasten the occurrence of disabilities related to activities of daily
living. However, to the best of our knowledge, the association between
dietary acid load and disability has not been reported. Therefore, we hy-
pothesized that an acidogenic diet is likely to cause disability and aimed
to investigate the association between dietary acid load and disability
in community-dwelling older adults.

2. Methods
2.1. Study design and participants

This study was conducted among community-dwelling older adults
aged > 75 years who were living in Higashiura Town, Aichi, Japan, as
of April 1, 2021. Higashiura is located in the center of Japan, has a total
area of 31.14 km?, and is home to approximately 50,000 people living
in 21,000 households [23].

This study used health checkup and postal survey records as the base-
line data. The local government conducted health checkups between
June and August of 2021. In accordance with the Japanese medical sys-
tem, this health checkup is conducted nationwide for older people aged
> 75 years. Health conditions, medical histories, blood test results, phys-
ical measurements, and health-related information (including smoking
status) were all assessed by physicians and stored in the local govern-
ment’s database. In November 2021, a postal survey was conducted
among all self-reliant citizens (including individuals who needed sup-
port for daily living based on the Japanese long-term care insurance sys-
tem, further details of which are provided below) of Higashiura aged >
75 years (n = 4,970 respondents). The questionnaire included a dietary
assessment (further details of which are provided below) and household
information, such as whether each participant lived alone. Thus, base-
line data was collected between June and November 2021. Incidence
rates of long-term care or support needs and deaths for all Higashiura
citizens were also recorded in the local government’s database. As of
March 2023, the new certification of needing long-term care or support
status that occurred after the baseline survey was used as outcome data.

This study employed an opt-out consent procedure, where potential
participants were informed about the study through our official website.
Participants were informed that their participation was voluntary and
that they could decline to participate by email or telephone contact. This
study was conducted in accordance with the Declaration of Helsinki and
approved by the Ethics Committee of Human Research of the National
Center for Geriatrics and Gerontology, Japan (Approval no. 1532-2).

2.2. Outcome measure

The outcome measure was the incidence of new disability during the
1-year follow-up period. Disability was defined as a case where there
was a need for care or support in daily living. These statuses were cer-
tificated based on the Japanese long-term care insurance system [24].
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In the system, the Certification Committee of Needed Long-Term Care,
comprising health, social care, and medical experts, decides how much
care is needed based on the assessment results by the local authority and
the physician’s opinion [24]. The need for care is rated from level 1 to 5,
and the need for support is rated from 1 to 2 [24]. Individuals who need
long-term care are those who need help to live on a day-to-day basis,
and individuals who need support are those who are basically able to
live on their own but need help with certain aspects of their daily lives,
such as cleaning, laundry, bathing, and cooking.

2.3. Assessment of dietary intake

For the baseline postal survey, the Brief Self-administered Diet His-
tory Questionnaire (BDHQ) was used to characterize habitual dietary
intake [25]. Given the differences in food culture and dietary habits be-
tween countries, it is important to select appropriate questionnaires for
each region. The BDHQ is commonly used to assess dietary habits in
Japan, and its validity has been demonstrated in both young and older
Japanese adults [25,26]. In its development, foods and beverages were
specifically selected from those that are most commonly consumed in
Japan, based on data from the National Health and Nutrition Survey of
Japan [27]. The portion sizes for the selected items were derived from
various recipe books for Japanese dishes [28,29].

The time required to complete the BDHQ is 15-20 min. Participants
reported how frequently they had consumed selected foods and bever-
ages during the previous month, following the instructions on the form.
If participants were unable to complete the questionnaire themselves,
a family member could complete it on their behalf. A BDHQ developer
(EBNJAPAN, Tokyo, Japan) estimated nutrient intakes from the partic-
ipants’ responses based on the Standard Tables of Food Composition in
Japan [30]. Similar to a previous study that also used the BDHQ [31],
the total daily intake of each nutrient was adjusted for energy intake and
normalized for each respondent based on their sex- and age-specific es-
timated energy requirements for moderate physical activity, according
to the Dietary Reference Intakes for Japanese [32].

2.4. Assessment of dietary acid load

Dietary acid load was assessed using the PRAL value, which has been
shown to reflect actual measurements of urinary acid excretion by Re-
mer and Manz [8,10]. The value was calculated from the daily nutrient
intake using the following formula:

PRAL (ET) — (0.4888 x protein intake ( -2
day day

+ (0.0366 X phosphorus <£>>
day

- <0.0205 X potassium <B>>
day

- <0.0125 X calcium <£>>

day

- (0.0263 X magnesium <m_g>>

day

A positive PRAL value indicates an acid-forming diet, while a neg-
ative one indicates a base-forming (or alkaline-forming) diet. After the
digestion and absorption of food, acids or bases are produced as a result
of various metabolic processes. The PRAL value shows the balance be-
tween acid- and base-forming diets. Acid-forming foods produce more
acids than bases, while base-forming foods produce more bases than
acids.

Dietary acid load can be assessed using the Net Endogenous Acid
Production (NEAP) or the PRAL. To accurately measure NEAP, renal
net acid excretion is measured using biochemical analysis of urine [33].
Remer and Manz [8,10] reported that PRAL is calculated based on ‘di-
etary intake’. The objective of this study was to measure dietary acid
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(0=1,950)

Participants with both health checkups (June to August 2021) and postal survey (November 2021) data available

Fig. 1. Participant selection flowchart. This
figure illustrates the flow of participant inclu-
sion and exclusion for analysis in this study.

This study used health checkup and postal sur-

Excluded participants:

- those with unreliable data (n=28)
- those needing support for daily living at baseline (n=136)
- those who had missing data (n=42)

vey records as the baseline data. The new cer-
tification of needing long-term care or support
status as of March 2023, which occurred af-
ter the baseline survey, was used as outcome

data. Incidence rates of long-term care or sup-
port needs and deaths for all of Higashiura cit-

(n=1,744)

Follow-up data were available for all participants because the local government maintained information for all
citizens regarding certification of needing care or support status and death.

izens were recorded in the local government’s
database; thus, all of the participants could be
followed. A total of 1,950 participants had both

health checkup and postal survey data. Among

Excluded participants:

>

- those who died during the follow-up period
(i.e., after the baseline survey up to March 2023) (n=40)

them, 28 participants were excluded because
their responses to the postal survey were con-
sidered unreliable. We also excluded partici-
pants who already had certification of needing

Analysis set
(0=1,704; 75-98 years, 47.8% males)

support for daily living based on the Japanese
long-term care insurance system at the baseline
(n=136), those with missing data (missing liv-
ing status data, n = 39; and missing smoking
status data, n = 3), and those who had died dur-

ing the one-year follow-up period (n = 40). Finally, data from 1,704 participants were analyzed.

load based on dietary intake. Despite the availability of a formula for
NEAP estimation using dietary intake, this formula only considers two
nutrients: protein and potassium [33]. Hence, we employed the PRAL
value in this study.

2.5. Covariates

Data regarding body mass index (BMI, kg/m?; calculated from an-
thropometric data), medical histories of hypertension, diabetes, and dys-
lipidemia, and smoking status were obtained from health checkup data.
Living status, energy intake (kcal/day), and alcohol intake (g/day) were
obtained from the postal survey data. These covariates were determined
based on previous studies [16,34,35].

2.6. Statistical analysis

Statistical analyses were conducted separately for males and females
(defined based on biological sex), as sex-based differences have been
reported regarding the physiological effects of PRAL values [17]. The
participants were classified into three groups (T1, T2, and T3) based on
sex-stratified tertiles of PRAL values. The T1 group had alkaline-forming
diets, whereas the T3 group had acid-forming ones.

The characteristics of the participants between the PRAL groups were
compared using a one-way analysis of variance and y? test for contin-
uous and categorical variables, respectively. Daily nutrients and food
intake values were analyzed using the general linear model of the dif-
ference and trend among the three PRAL groups. Continuous variables
are presented as means and standard deviations (SDs), whereas categor-
ical ones are presented as numbers (n) and percentages (%).

Associations between the new occurrence of disability during the
follow-up period and the PRAL group were analyzed using multiple lo-
gistic regression models. Odds ratios (ORs) and 95 % confidence inter-
vals (CIs) for the incidence of disability were estimated using T1 as the
reference group. Covariates included age; BMI (kg/m?); energy intake
(kcal/day); living status; smoking status; a medical history of hyperten-
sion, diabetes, and dyslipidemia (used as the number of comorbidities of
these diseases, i.e., 0 to 3); and alcohol intake (g/day). These covariates
were determined based on previous studies [16,34,35].

In the analysis, the participants with unreliable responses to the
postal survey were excluded. An unreliable response was determined
if the participants’ dietary intake was estimated to be < 600 or >4,000
kcal/day based on a previous study [36].

All statistical analyses were performed using IBM SPSS Statistics for
Windows, version 28.0 (IBM Corp., Armonk, N.Y., USA), and statistical
significance was indicated by two-sided P-values of < 0.05.

3. Results

Data were available for both the postal survey and health checkups
for 1,950 participants. Among them, 28 participants were excluded be-
cause their responses to the postal survey were considered unreliable.
We also excluded participants who already had certification of needing
support for daily living based on the Japanese long-term care insurance
system at baseline (n = 136), those with missing data (missing living
status data, n = 39; and missing smoking status data, n = 3), and those
who died during the one-year follow-up period (n = 40). Eventually,
data from 1,704 participants were analyzed (age range, 75-98 years;
males, n = 814 [47.8 %], Fig. 1).

Table 1 shows the characteristics of the participants at baseline.
There were no significant differences in age among the three PRAL
groups for both males and females. For females, we detected a signifi-
cant difference in BMI among T1, T2, and T3 for the PRAL groups (22.7
+ 3.3, 22.0 + 3.2, and 23.1 + 3.8, respectively, P < 0.001). For males,
significant differences were observed in proportion (%) of participants
living alone and hypertension among T1, T2, and T3 for the PRAL groups
(living alone: 5.2, 6.6, and 10.7, respectively, P = 0.040; hypertension:
53.9, 50.4, and 69.4, respectively, P < 0.001). Tables 2 and 3 present the
participants’ nutritional intakes at baseline. The PRAL values for females
in the T1 group ranged from —61.22 to —3.84, indicating that these par-
ticipants consumed alkaline-forming diets, whereas those of males in
T1 ranged from —61.5 to 0.21, thus including acid-forming diets. The
protein intake per kg body weight significantly increased from the T1
to T3 group (P for group difference and trend were both < 0.001, for
both males and females), and the animal protein ratio also significantly
increased between these groups (P for group difference and trend were
both < 0.001, for both males and females). In contrast, the intake of
vegetables and fruits significantly decreased from the T1 to T3 group (P
for group difference and trend were both < 0.001, for both males and
females).

The multivariate-adjusted associations between the incidence of dis-
ability and the three PRAL groups are shown in Table 4. Disability oc-
curred in 44 (5.7 %) males and 71 (8.7 %) females. Taking the T1 group
as the reference, the adjusted ORs (95 % CIs) of the T1 and T2 PRAL
groups for disability were 1.10 (0.57-2.13) and 1.96 (1.06-3.61), re-
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Table 1
Characteristics of the study participants at baseline.

PRAL groups in females* (n = 890) PRAL groups in males” (n = 814)

T1 T2 T3 T1 T2 T3

-61.22 to -3.84 -3.75 to 5.89 5.90 to 38.68 -61.54 t0 0.21 0.27 to 11.34 11.41 to 61.00

(n=296) (n=297) (n=297) P-value’ (n=271) (n=272) (n=271) P-value’
Age, years 80.1 + 4.0 80.2 + 3.6 79.8 + 3.8 0.487 79.6 + 3.8 799+ 4.1 79.9 + 3.6 0.536
BMI, kg/m? 22.7 +3.3 22.0 +3.2 23.1+3.8 <0.001 23.2+28 23.0+28 23.5+28 0.056
EER, kcal/day 1,733.2 + 265.8 1,652.3 + 259.7 1,747.8 + 299.3 <0.001 2,191.1 + 291.5 2,125.4 + 297.9 2,200.5 + 307.6 0.006
Living alone 76 (25.7) 73 (24.6) 68 (22.9) 0.729 14 (5.2) 18 (6.6) 29 (10.7) 0.040
Current smoker 5(1.7) 3(1.0) 3(1.0) 0.689 18 (6.6) 16 (5.9) 19 (7.0) 0.863
Hypertension 168 (56.8) 154 (51.9) 180 (60.6) 0.098 146 (53.9) 137 (50.4) 188 (69.4) <0.001
Diabetes 32 (10.8) 27 (9.1) 31 (10.4) 0.766 51 (18.8) 40 (14.7) 37 (13.7) 0.218
Dyslipidemia 128 (43.2) 111 (37.4) 119 (40.1) 0.345 65 (24.0) 67 (24.6) 69 (25.5) 0.923
Albumin, g/dL 41 +0.2 4.1 +0.2 4.1+0.2 0.192 4.1 +0.2 41+03 41+0.2 0.590
Triglycerides, mg/dL 111.3 £ 50.7 104.7 + 51.2 109.5 + 50.7 0.135 115.2 + 57.9 120.1 +101.1 112.9 + 57.7 0.520
HDL-C, mg/dL 63.0 +13.4 65.4 +15.2 63.9 +15.9 0.123 56.4 + 14.6 56.9 + 15.6 56.4 +15.1 0.913
LDL-C, mg/dL 120.5 + 28.0 121.8 +27.9 121.4 + 28.7 0.797 112.7 + 27.5 111.6 + 29.4 109.5 + 26.5 0.399
HbAlc, % 5.8+ 0.6 5.8+ 0.6 5.8+ 0.6 0.818 5.9+0.8 5.9+08 5.8+ 0.6 0.215
Hemoglobin, g/dL 128 + 1.1 12.8 +1.2 129+ 1.3 0.624 140+ 1.4 139+ 1.6 140+ 1.4 0.921

Data are presented as the mean + SD or n (%).

* A higher PRAL value indicates a more acidogenic diet.

T P-values were obtained using they? test for categorical variables and the general linear model for continuous ones.BMI, body mass index; EER, estimated
energy requirement; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; PRAL, potential renal
acid load; SD, standard deviation; T, tertile.

Table 2
Nutritional intake at baseline in female participants.

PRAL groups*

T1 T2 T3 P-values'

(n = 296) (n =297) (n=297) Diff. Trend

Energy and nutrients
Energy, kcal/day 1,673.8 + 529.4 1,894.4 + 577.2 1,934.0 + 622.1 <0.001 <0.001
Energy per BW, kcal/day 33.9+123 40.0 + 13.5 38.9+14.3 <0.001 <0.001
Protein, g/day 72.7 +16.2 71.2+17.1 81.4 + 20.5 <0.001 <0.001
Protein per BW, g/day 1.4+03 1.5+0.3 1.6 £ 0.3 <0.001 <0.001
Animal protein, g/day 41.0 £ 14.5 42.7 + 15.0 54.0 +19.0 <0.001 <0.001
Plant protein, g/day 31.7 £ 6.2 28.6 + 5.6 27.4 + 6.0 <0.001 <0.001
Animal protein ratio, % 549 +10.5 58.4+9.4 64.9 +9.1 <0.001 <0.001
Protein energy ratio, % 16.8 + 3.0 17.2 £ 3.1 18.7 £ 3.6 <0.001 <0.001
Carbohydrates energy ratio, % 55.0 + 6.9 524 +7.3 49.1 +7.6 <0.001 <0.001
Fat energy ratio, % 28.1 £5.1 29.6 +5.3 30.4 + 5.2 <0.001 <0.001
Alcohol, g/day 0.4 +1.7 0.7 +4.7 1.7 +£6.3 0.002 0.001
Phosphorus, mg/day 1,163.9 + 268.3 1,101.3 + 284.2 1,235.9 + 331.3 <0.001 0.003
Potassium, mg/day 3,559.3 + 817.6 2,823.9 +722.3 2,698.8 + 783.6 <0.001 <0.001
Calcium, mg/day 722.7 + 212.5 626.6 + 205.3 656.8 + 224.8 <0.001 <0.001
Magnesium, mg/day 305.2 + 66.9 262.3 + 65.2 267.5+72.8 <0.001 <0.001
Food groups

Grains, g/1,000 kcal 159.7 + 58.3 170.4 + 65.8 179.5 + 66.5 0.001 <0.001
Tubers and roots, g/1,000 kcal 47.3 + 33.2 33.0 +20.3 251 +17.7 <0.001 <0.001
Sugar and Sweeteners, g/1,000 kcal 3.3+25 3.2+22 29+1.8 0.059 0.025
Legumes, g/1,000 kcal 44.2 + 29.0 41.5 + 229 37.7 £ 27.4 0.012 0.003
Vegetables, g/1,000 kcal 245.3 +79.4 183.0 + 56.4 142.6 + 55.8 <0.001 <0.001
Fruits, g/1,000 kcal 157.5 + 83.0 107.6 + 52.6 84.2 +47.4 <0.001 <0.001
Fish and seafood, g/1,000 kcal 42.4 £ 25.1 52.7 £ 26.5 68.8 + 35.1 <0.001 <0.001
Meats, g/1,000 kcal 38.3 +19.5 41.0 + 20.5 46.7 + 22.7 <0.001 <0.001
Eggs, /1,000 kcal 27.2+16.4 249 +£13.2 283 +17.1 0.024 0.395
Milk and dairy, g/1,000 kcal 104.8 +71.0 93.2 + 57.2 88.4 + 60.6 0.005 0.002
Fat and oils, g/1,000 kcal 51+25 5.7+25 59+25 0.001 <0.001
Confectionery, g/1,000 kcal 33.1 +£23.2 39.0 +24.8 32.1 +23.4 0.001 0.631
Beverages, g/1,000 kcal 411.5 + 204.9 322.0 + 148.8 292.5 + 164.2 <0.001 <0.001
Condiment, g/1,000 kcal 116.3 + 68.7 122.4 +75.5 124.0 + 74.1 0.401 0.200

Data are presented as the mean + SD.

* A higher PRAL value indicates a more acidogenic diet.

T P-values for group difference and trend were obtained using the general linear model for continuous ones.BW, body weight; Diff., Difference; PRAL, potential
renal acid load; SD, standard deviation; T, tertile.
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Table 3
Nutritional intake at baseline in male participants.

PRAL groups

T1 T2 T3 P-values'

(n=271) (n=272) (n=271) Diff. Trend

Energy and nutrients
Energy, kcal/day 2,078.4 + 583.6 2,159.4 + 597.5 2,112.5 + 646.9 0.299 0.515
Energy per BW, kcal/day 34.2 +10.7 36.9 £ 12.1 346 £11.5 0.013 0.678
Protein, g/day 85.8 + 20.5 84.2 +19.9 95.3 + 22.2 <0.001 <0.001
Protein per BW, g/day 1.4+0.3 1.4+03 1.5+ 0.3 <0.001 <0.001
Animal protein, g/day 46.7 + 18.4 49.5 +17.6 61.8 + 21.4 <0.001 <0.001
Plant protein, g/day 39.1 8.7 347 +£7.1 33.5+7.2 <0.001 <0.001
Animal protein ratio, % 529+ 11.4 57.4 +9.7 63.4 +9.9 <0.001 <0.001
Protein energy ratio, % 15.6 + 3.0 159 +3.1 17.4 + 3.5 <0.001 <0.001
Carbohydrates energy ratio, % 52.8+7.6 51.4 £ 8.1 48.8 + 8.4 <0.001 <0.001
Fat energy ratio, % 27.1+5.0 27.2+5.3 28.5+5.8 0.003 0.002
Alcohol, g/day 12.1 +18.3 13.8 +21.3 11.8 +18.0 0.410 0.861
Phosphorus, mg/day 1,367.3 + 339.8 1,292.4 + 336.7 1,426.6 + 368.8 <0.001 0.048
Potassium, mg/day 4,045.3 + 999.8 3,139.5 + 822.9 2,965.4 + 826.0 <0.001 <0.001
Calcium, mg/day 838.7 + 265.2 713.8 + 258.5 729.4 + 264.6 <0.001 <0.001
Magnesium, mg/day 361.7 + 86.0 305.7 +79.8 309.0 +79.0 <0.001 <0.001
Food groups

Grains, g/1,000 kcal 168.7 + 62.0 187.8 +£ 65.3 196.0 + 70.3 <0.001 <0.001
Tubers and roots, g/1,000 kcal 39.5 + 30.4 26.4 + 19.0 18.9 + 16.7 <0.001 <0.001
Sugar and Sweeteners, g/1,000 kcal 3.0+25 3.2+25 3.2+26 0.577 0.391
Legumes, g/1,000 kcal 43.5 £ 30.2 36.8 +27.9 34.5 + 23.8 <0.001 <0.001
Vegetables, g/1,000 kcal 223.8 + 81.1 151.5 £ 59.1 121.4 + 51.0 <0.001 <0.001
Fruits, g/1,000 kcal 119.6 + 66.0 81.6 + 50.7 63.3 + 39.9 <0.001 <0.001
Fish and seafood, g/1,000 kcal 38.7 + 22.1 47.0 + 26.8 63.3 + 33.6 <0.001 <0.001
Meats, g/1,000 kcal 34.6 +19.2 37.4+17.4 42.6 + 20.7 <0.001 <0.001
Eggs, g/1,000 kcal 24.2 +14.8 24.1 +14.2 28.4 +16.6 0.001 0.001
Milk and dairy, g/1,000 kcal 91.4 +58.3 85.0 + 63.5 74.3 + 60.7 0.004 0.001
Fat and oils, g/1,000 kcal 5.5+ 27 53+23 6.0 + 2.7 0.012 0.025
Confectionery, g/1,000 kcal 31.4 + 23.6 33.5+ 244 28.4 +21.5 0.034 0.124
Beverages, g/1,000 kcal 384.1 +192.8 351.1 £ 179.2 304.9 + 165.8 <0.001 <0.001
Condiment, g/1,000 kcal 122.4 + 65.6 127.9 + 63.0 140.1 £ 74.8 0.008 0.002

Data are presented as the mean + SD.
* A higher PRAL value indicates a more acidogenic diet.

T P-values for group difference and trend were obtained using the general linear model for continuous ones.BW, body weight; Diff., Difference; PRAL, potential

renal acid load; SD, standard deviation; T, tertile.

Table 4
Multivariable-adjusted association between the incidence of disability and PRAL group.
PRAL groups’ Case/total, n (%) Crude Model 1 Model 2
OR 95 % CI P-values” OR 95 % CI P-values” OR 95 % CI P-values”
Females
T1 20/296 (6.8) Ref. Ref. Ref.
T2 20/297 (6.7) 1.00 0.52-1.89 0.991 1.08 0.562.08 0.827 1.10 0.57-2.13 0.781
T3 31/297 (10.4) 1.61 0.89-2.89 0.113 1.90 1.04-3.48 0.037 1.96 1.06-3.61 0.032
Males
T1 16/271 (5.9) Ref. Ref. Ref.
T2 14/272 (5.1) 0.86 0.41-1.81 0.700 0.77 0.35-1.70 0.512 0.79 0.35-1.76 0.562
T3 14/271 (5.2) 0.87 0.42-1.82 0.707 0.79 0.36-1.73 0.558 0.81 0.37-1.79 0.601

* A higher PRAL value indicates a more acidogenic diet.

T P-values were obtained using multiple logistic regression analysis. Model 1: adjusted for age, BMI, and energy intake. Model 2: adjusted for Model 1 vari-
ables + living alone, current smoker, number of comorbidities of hypertension, diabetes, and dyslipidemia (i.e., 0 to 3).BMI, body mass index; CI, confidence
interval; OR, odds ratio; PRAL, potential renal acid load; Ref, reference; SD, standard deviation; T, tertile.

spectively, in females and 0.79 (0.35-1.76) and 0.81 (0.37-1.79), re-
spectively, in males.

4. Discussion

In this study, we followed community-dwelling older adults aged >
75 years to investigate the association between dietary acid load and
disability incidence. In females, diets with a high acid load, as assessed
using PRAL (i.e., diets that were more likely to cause metabolic acidosis),
were associated with disability. To the best of our knowledge, this is the

first study to report a longitudinal association between diet that caused
acidosis and functional disability for daily living.

Age-related reductions in urinary H* excretion combined with acidic
diets are thought to predispose older adults to muscle wasting caused
by mild metabolic acidosis [15]. Acidosis increases skeletal muscle
catabolism. The amino acids released during this catabolism are con-
verted to glutamine in the liver, which increases ammonia synthesis in
the kidneys. Ammonia buffers H* and is then excreted as ammonium
ions to alleviate acidosis [37]. Older patients with sarcopenia have lower
urine pH values than those without sarcopenia [38]. The negative effects
of dietary acid load on skeletal muscle function have been suggested; di-
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ets with a high acid load are associated with decreased skeletal muscle
mass and symptoms of physical frailty, particularly slowness and weak-
ness [16,39,40]. The decline in physical functions makes it difficult to
maintain activities of daily living. According to a survey by the Japanese
Cabinet Office, 26.3 % of the underlying reasons for needing long-term
care can be attributed to factors associated with physical function de-
cline, such as frailty and falls [41]. Based on the findings of previous
studies, although our follow-up period was short, the intake of a diet
capable of causing metabolic acidosis may have led to the incident dis-
ability.

In this study, sex-based differences were observed regarding the as-
sociation between PRAL and disability. A high dietary acid load was
found to be associated with the occurrence of disability only in female
participants. Previous studies have also reported sex-based differences
in the effects of PRAL. Faure et al. also reported a no[association be-
tween PRAL and lean body mass only in females [17]. A study exam-
ining the effect of bicarbonate intervention to relieve acidosis on lower
extremity muscle strength reported that treatment was effective in fe-
males but not in males [42]. In a meta-analysis exploring the effect of
dietary acid load on the development of type 2 diabetes, sub-analysis re-
sults showed that the effect was significant only in females [43]. Thus,
although some studies have reported that dietary acid-base balance may
exert a negative impact on health only in females, none have addressed
the mechanism underlying sex-based differences in dietary acid load.
Therefore, future research is warranted on this topic.

Although protein intake is crucial for maintaining physical function
in older adults, protein is considered an acidogenic nutrient in PRAL
calculations [8]. However, the protein intake in the T1 group meets the
requirement for older individuals to maintain physical function [44]. Al-
though meat and fish have higher acid loads [8], the T1 group consumed
the equivalent of one fish and one meat dish per day, which is unlikely
to be a low intake. Animal proteins have higher bioavailabilities than
plant proteins such as beans [45]. Therefore, it may be important to
avoid eating excess animal protein. While, the intake of vegetables and
fruits rich in alkaline nutrients in the T3 group was approximately half
of that in the T1 group. In contrast to protein-rich foods, vegetables and
fruits produce alkalis [22]. These findings indicate that the T3 group
may require an increased fruit and vegetable intake to reduce the ele-
vated acid load due to animal protein intake. Although the optimal ratio
of animal to plant protein is debated worldwide, the 55 % animal protein
intake in the T1 group may provide important insights. Further research
to clarify these findings would be worthwhile. Therefore, consuming a
combination of protein-rich foods, as well as vegetables and fruits rich
in alkaline nutrients such as potassium, may represent an important di-
etary strategy for maintaining physical function in older adults. Diets
are influenced by different ethnicities and cultures; therefore, even if a
diet is considered good for some countries, it may be difficult to adopt
a similar diet in countries with different cultures. However, by deter-
mining the optimal proportions of food groups from PRAL values, they
can be translated into different dietary patterns. This will have positive
implications for public health measures across cultures.

This study had some limitations. First, the BDHQ was used to assess
dietary intake, and nutrient intake was estimated based only on foods
and dishes mentioned in the questionnaire; thus, the intake of some
foods could not be estimated. However, the BDHQ was developed based
on the general dietary habits of the Japanese population, and its validity
has been demonstrated in previous studies [25,28]. Second, the BDHQ
requires participants to review their meals over the previous month and
report their frequency of intake; therefore, it may have been difficult
for older individuals with cognitive impairments to provide accurate re-
sponses. However, our participants were excluded if their reports on the
postal questionnaire (which included dietary assessments) were unreli-
able. Additionally, this study targeted participants who led self-reliant
lives and could return the questionnaire by mail. Therefore, it is un-
likely that the study included many individuals with substantial cogni-
tive impairments. Third, we were unable to assess whether there were
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any foods that participants could not eat owing to food allergies or dis-
ease. Hypertension, diabetes, and dyslipidemia, which were used as co-
variates in this study, are the three major diseases most likely to receive
dietary advice under the Japanese medical system, but adjustment for
these factors alone may not be insufficient. Fourth, because this study
was conducted during the coronavirus disease 2019 pandemic in 2021,
the participants’ lifestyles and dietary behaviors may have been influ-
enced by their social conditions [46]. Fifth, we could not consider the
history of stroke and ischemic heart diseases, which are associated with
a high mortality risk, especially if the PRAL score is high [34]. Sixth, all
included participants were able to complete a postal survey and had un-
dergone health checkups. Therefore, the cohort may have been biased
toward healthier and more health-conscious individuals. Finally, this
study was conducted in a single region; therefore, the obtained results
should be confirmed in other populations.

5. Conclusions

In community-dwelling Japanese females aged > 75 years, a high-
acid load diet was found to increase the incidence of disability. Although
future research should investigate sex-based differences regarding the
effects of PRAL, for older individuals who need high protein intake to
prevent disability, diets rich in vegetables and fruits, along with protein-
rich foods, may represent important dietary strategies.
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