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Abstract

Objectives: There is no clear summarised report of the association between dietary
acid load components including potential renal acid load (PRAL) and net-endogenous
acid production (NEAP) with cardiometabolic risk factors. In the current meta-analy-
sis, we aimed to systematically review and summarise the eligible observational stud-
ies evaluating the association between PRAL and NEAP with blood pressure and
hypertension and markers of glucose haemostasis among adults.

Design and Setting: In a systematic search from PubMed, SCOPUS, Web of Sciences
and Cochrane electronic databases up to May 2019, relevant studies were included in
the literature review. Observational studies evaluating the association between PRAL
and NEAP with the systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting
blood glucose, insulin, homeostatic model assessment of insulin resistance (HOMA-IR),
haemoglobin A,C (HbA,C), HOMA-p and quantitative insulin check index (QUICKI) and
also prevalence or odds of hypertension, hyperglycaemia and diabetes were included.
Results: Total number of studies included in the 14 separate meta-analyses were as
follows: Mean (SD) of SBP (PRAL, n = 12; NEAP, n = 6), mean (SD) of DBP (PRAL,
n = 8; NEAP, n = 3), mean (SD) of FBS (PRAL, n = 12; NEAP, n = 5), mean (SD) of HbA,C
(PRAL, n = 6; NEAP, n = 4), mean (SD) of HOMA-IR (PRAL, n = 7), mean (SD) of insulin
(PRAL, n = 7; NEAP, n = 2); OR of type 2 diabetes mellitus (T,DM) (PRAL, n = 8; NEAP;
n = 6), HTN prevalence (PRAL, n = 9; NEAP, n = 9), T,DM prevalence (PRAL, n = 7;
NEAP, n = 6). According to our results, being in the highest PRAL categories was as-
sociated with higher SBP (WMD = 0.98; CI: 0.51, 1.45; P < .001), DBP (WMD = 0.61;
Cl: 0.089, 1.135; P = .022), insulin (WMD = -0.235, Cl: 0.070, 0.400; P = .005), higher
odds of diabetes (OR = 1.19; Cl: 1.092, 1.311; P < .001), higher prevalence of T,DM
(13% and 11% in highest vs lowest category). While, being in the highest category of
NEAP was only associated with higher odds of diabetes (OR = 1.22; CI: 1.14, 1.31,
P < .001). In subgroup analysis for finding the possible source of heterogeneity, the
continent, dietary assessment tool, sample size and gender were the potent sources
of heterogeneity. No association between PRAL and NEAP with HbA,C, HOMA-IR

was reported.
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Conclusions: In the current meta-analysis, we found potent negative effects of

high dietary acid load particularly higher PRAL scores cardiometabolic risk factors.

Therefore, lower acidogenic food ingredients in the diets are suggested for the pre-

vention of cardiovascular risk factors and diabetes.

1 | INTRODUCTION

Metabolic risk factors including raised blood pressure, hyperglycae-
mia and insulin resistance are the most important leading causes of
numerous non-communicable diseases (NCDs) including cardiovas-
cular disease (CVD), type 2 diabetes mellitus (T,DM) and metabolic
syndrome, killing more than 41 million people each year equivalent
to 71% of deaths globally.! The diseases are a result of the combi-
nation of genetic, environmental and behavioural risk factors; diet
is an important changeable risk factor and dietary modifications
could substantially reduce the disease occurrence and mortality‘2
Acid-base balance is tightly regulated in human and even its minor
changes would lead to deleterious effects including chronic kidney
disease and its progression, impaired bone homoeostasis and in-
sulin resistance.® Recently, the role of diet-related low-level meta-
bolic acidosis in the pathogenesis of metabolic disorders including
metabolic syndrome, diabetes and CVDs has been suggested by
numerous researches highlighting the triggering effects of Western
dietary pattern.*” Several potential underlying mechanisms for the
association between dietary acid load and metabolic disorders have
also been suggested; it has been mentioned that the association of
the higher dietary acid load with hypertension and insulin resist-
ance is a result of excessive urinary execration of calcium and mag-
nesium, increased cortisol and reduced urinary citrate excretions.>¢
Reduced insulin sensitivity,® insulin secretion’ and reduced insulin
binding to its receptors because of impaired acid-base balance®®
are also several other possible suggested mechanisms. A diet rich
in acidogenic foods including meat, fish, cheese and low in alkaline
foods including fruits and vegetables are the potential cause of en-
dogenous acid production and elevated dietary acid load.* In fact,
diet is responsible for more than 10-fold difference in endogenous
acid production in different individuals.* The diet-induced acid
load is estimated according to potential renal acid load (PRAL) and
net-endogenous acid production (NEAP) according to information
about ingested protein, potassium, calcium, phosphorous and mag-
nesium.'? The PRAL calculation is based on the formula first sug-
gested by Remer et al'® as follows: PRAL (mEq/d) = 0.4888 x protein
intake (g/d) + 0.0366 x phosphorus (mg/d) - 0.0205 x potassium
(mg/d) - 0.0125 x calcium (mg/d) - 0.0263 x magnesium (mg/d).
While NEAP is calculated based on the Frassetto et al suggested
formula'* as: Estimated NEAP (mEqg/d) = (54.5 x protein intake
[g/d] + potassium intake [mEq/d]) - 10.2. These calculations are
validated according to the estimated equivalents in the 24 hours
urine measurement.*®** Numerous studies are available reporting
the association between metabolic risk factors with dietary acid
load as either PRAL or NEAP or both of them.”*21520 The results

Review criteria

The PubMed, SCOPUS, Web of Sciences and Cochrane
electronic databases were systematically searched from
their inception up to May 2019 identify all studies examin-
ing the associations between dietary acid load and its com-
ponents with cardiometabolic risk factors including blood
pressure, markers of glucose homoeostasis and risk of type
2 diabetes mellitus (T,DM). Key terms for in search strat-
egy are listed in the Material and Methods section.

Message for the clinic

e The current work evaluated the association between
dietary acid load, blood pressure, fasting blood sugar
and biomarkers of insulin resistance among adults in a
systematic review and meta-analysis.

e Higher dietary acid load was associated with increased
risk of cardiometabolic risk factors including blood pres-
sure, blood glucose, insulin and higher risk of T,DM.

e Dietary acid load could be assumed as a prognostic diet-
related risk factor for cardiovascular and diabetes risk.

of these studies are inconsistence; several reported the positive as-

5621 \while others not.*?2

sociation between metabolic risk factors
According to our literature review, only one meta-analysis was car-
ried out evaluating the association between dietary acid load and
risk of T,DM with literature review up to September 2017.%% While
no study is available summarising the association between dietary
acid load components (eg PRAL or NEAP) with metabolic risk fac-
tors. Therefore, in the current meta-analysis we summarised the
results of observational studies evaluated the association between
PRAL of NEAP with systolic and diastolic blood pressure (SBP and
DBP), serum glucose, insulin, HbA,C, markers of insulin resistance
including homoeostatic model assessment of insulin resistance
(HOMA-IR), hypertension (HTN), hyperglycaemia, prevalence of di-
abetes, hypertension and odds of diabetes in an updated systematic

review and meta-analysis.

2 | METHODS

The Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) was used for writing this report.>* The completed
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PRISMA checklist is provided in the Supporting Information (Table
S1). The 12-item PRISMA extension checklist was used to write the
Abstract.?

2.1 | Search strategy

We performed a systematic search using PubMed, SCOPUS, Web
of Sciences and Cochrane electronic databases to the studies
evaluated the association between dietary acid load and hyper-
tension and markers of glucose homoeostasis including fasting
serum glucose, insulin, HOMA-IR, HOMA-B, HbA,C, quantitative
insulin check index (QUICKI) and hyperglycaemia up to May 2019.
No language restriction was applied. Moreover, hand-searching
from reference lists of all relevant papers, previous reviews and
meta-analyses was performed to cover all relevant publications.
Strategy of search was created using a combination of the MeSH
(Medical Subject Headings) terms from the PubMed database
and free text words were used. For each electronic database,
search strategy was adopted. The PICO (patients, intervention,
comparator and outcome) for studies' selection is presented in
Table 1. The PICO is one of the most widely used models of for-
mulating and structuring clinical questions in connection with
evidence syntheses. The Cochrane Handbook for Systematic
Reviews specifies using PICO as a model for developing a re-
view question, thus ensuring that the relevant components of
the question are well defined.?®?” The protocol of the current
study has been registered in PROSPERO with the identification
number of CRD42019122272. Moreover, the study protocol has
also been registered by the ethics committee of Tabriz University
of Medical Sciences (Registration number: IRTBZMED.VCR.
REC.1398.140).

TABLE 1 The PICO criteria used for the present systematic
review

PICO criteria Description

Participants General adult population

Exposure
(interventions)

Highest category of dietary acid load
represented by higher scores of PRAL or NEAP

Comparisons Lowest category of dietary acid load

represented by lower scores of PRAL or NEAP

SBP, DBP, FBS, insulin, HOMA-IR, HOMA-B,
HbA,C, QUICKI and prevalence or odds of
hypertension, hyperglycemia, diabetes

Outcome

Study design Observational studies with the design of cross-

sectional, case control or cohort

Abbreviations: DBP, diastolic blood pressure; FBS, fasting blood sugar;
HbA,C, haemoglobin A,C; HOMA-IR, homeostatic model assessment of
insulin resistance; NEAP, net-endogenous acid production; PICO, patients,
intervention, comparator and outcome; PRAL, potential renal acid load;
QUICKI, quantitative insulin check index; SBP, systolic blood pressure.
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2.2 | Selection and characteristics of the
included studies

Our search obtained 658 potentially relevant articles from PubMed,
SCOPUS, Web of Sciences and Cochrane electronic databases.
Accordingly, 156 manuscripts were remained for full text screening
after removing duplicates and excluded according to title and ab-
stract reading. Totally, 124 manuscripts were excluded because of
their irrelevant subject, inappropriate design, reviews including meta-
analysis or systematic reviews, conferences and seminars, not rele-
vant age groups, not evaluating the studied parameters or the target
association between them or have a design other than observational
designs. Accordingly 32 manuscripts were included in the systematic
review. Figure 1 presents the flowchart of the study while and Table

S2 represents the details of excluded studies after screening.

2.3 | Inclusion criteria

In the current systematic review and meta-analysis, observational stud-
ies with the design of cross-sectional, case-control or cohort evaluating
the association between dietary acid load and hypertension, systolic
and diastolic blood pressure, serum or plasma glucose, insulin, HbA,C,
HOMA-IR, HOMA-B, QUICKI were included. According to our set of
parameters, we conducted 14 meta-analyses. Meta-analysis included
the studies evaluated the odds ratio (OR), relative risk (RR), prevalence
or mean * SD of target variable in the highest vs lowest dietary acid load
categories. For the search purpose, we used MESH (Medical Subject
Heading) and non-MESH keywords including the following: (‘dietary
acid load’ OR ‘dietary acid-based load’) AND (‘glucose’ OR ‘fasting
serum glucose’ OR ‘fasting blood glucose’ OR ‘fasting blood sugar’ OR
‘blood sugar’ OR ‘insulin’ OR ‘insulin resistance’ OR ‘homeostatic model
assessment of insulin resistance’ OR ‘HOMA-IR' OR ‘quantitative insulin
check sensitivity’ OR ‘QUICKI’ OR ‘insulin sensitivity’ OR ‘hypertension’
OR ‘systolic blood pressure’ OR ‘diastolic blood pressure’ OR ‘cardio-
vascular risk factors’ OR ‘cardiometabolic risk factors’ OR ‘HbA,C’ OR
‘glycosylated hemoglobin’ OR ‘hyperglycemia’ OR ‘obesity’ OR ‘BMI’
OR 'lipid profile’ (Table S3). The reviewed literatures were inserted into
the EndNote software (version X8, for Windows, Thomson Reuters).
Consequently retrieved citations were merged, duplications were elimi-
nated and the review process has been facilitated. Titles and abstracts
of all articles had been evaluated independently by two reviewers (MAF
and PD). Articles not meeting the eligibility criteria were excluded.
Moreover, the reference lists of relevant review article were also evalu-
ated to be included as additional studies. Full-texts of relevant articles
were retrieved if meet the eligibility criteria, and were re-evaluated. Any

disagreements were discussed and resolved by consensus.

2.4 | Quality assessment

The methodological quality assessment of the included papers

was performed by a nine-star Newcastle-Ottawa scale (NOS) for
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Records identified through
database searching (n = 656)

Duplicate removal (n = 494)

Additional records from manual
search of references or other
sources (n = 2)

(n=156)

Records full text screened / \
Records excluded for the following

reasons:

1. Irrelevant (73 studies)
2. Not evaluating the target study
parameters (13 studies)

N/

3. Not evaluated the target relationships
(20 studies)
3. Pregnant women or children (five

Articles retrieved for detailed studies) (three studies)
assessment (n = 32) 5. Review (10 studies)

studies)
4. Other designs (e.g. RCT, animal

o /

)

4 )

. . Relevant papers included in the NEAP meta-

Relevant papers included in the PRAL meta-analyses: analyses:

a. OR of diabetes (n=8) - k. OR of diabetes (n = 6)

b. Diabetes prevalence (n = 7) . Diabet 1 -6

c. HTN prevalence (n=9) : iabetes prevalence (n = 6)

d. CVD prevalence (n = 5) m. HTN prevalence (n = 9)

e. Mean (SD) of SBP and DII (n = 12) n. CVD prevalence (n = 5)

f. Mean (SD) of DBP and DII (n = 8) 0. Mean (SD) of SBP and DII (n = 3)

g. Mean (SD) of FBS and DII (n = 12) p.- Mean (SD) of DBP and DII (n = 3)

h. Mean (SD) of HbA1C and DII (n = 6) g. Mean (SD) of FBS and DII (n = 5)

1 Mean (SD) of Insulin and DII (n = 7) r. Mean (SD) of HbA1C and DII (n = 4)
KJ - Mean (SD) of HOMA-IR and DII (n =7) / s. Mean (SD) of Insulin and DII (n = 2)

\

FIGURE 1 Flow diagram of study screening and selection process

quality assessment of the cross-sectional, case-control and co-
hort studies. The 9-point NOS scale has scoring ranges from O to
9 and is categorised into selection, comparability and ascertain-
ing of outcome. Studies with equal or more than 8 stars were cat-
egorised as high quality.?® Moreover, the Agency for Healthcare
Research and Quality (AHRQ) checklist was used to assess the
quality of cross-sectional studies.?’ There were no quality criteria
for inclusion of the studies in the current meta-analysis. The items
were scored ‘1" if the answer was ‘Yes', and ‘0’ if the answer was
‘No’ or ‘Unclear’. The final quality assessments scores were as fol-
lows: low quality = 0-3; moderate quality = 4-7; high quality 28.

The details of quality scoring for all of the included studies are

provided in Tables S4 and S5 for cohort and cross-sectional stud-
ies, respectively.

2.5 | Data collection and extraction

Data were collected according to a standard data extraction form
gathering the information about the authors name, publication year,
geographical area, study design, participants age range, mean age
and number of case and control group, dietary assessment tool, set-
ting, gender, sample size, information about the adjustment for pos-

sible confounders, the main findings and estimates of associations.
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2.6 | Data synthesis and analysis

In the current meta-analysis, three meta-analysis approaches were
used: the association between odds of diabetes and dietary acid
load was analysed by estimating the ORs and 95% confidence in-
tervals (Cls) by calculating the Ln of ORs and its standard error of
mean (s.e.) as the effect size of the meta-analysis. Pooled OR (and
95% Cl) was estimated using a weighted random effect model (the
DerSimonian-Laird approach). The comparison of the continu-
ous variables including SBP, DBP, FBS, insulin, HOMA-IR, HbA,C,
QUICKI, HOMA-B between highest vs lowest category of dietary
acid load as the reference group was performed by measuring the
unstandardised mean differences as the effect size calculated by
pooled estimate of weighted mean difference (WMD) with 95% Cl,
and the fixed effects and random effects models. The prevalence of
diabetes and HTN in highest vs lowest dietary acid load categories
was performed by re-calculating the proportions of interest from
the relevant numerator and denominator. The overall proportions of
interest were derived using meta-analysis techniques by metaprop
command in the STATA and presented along with 95% Cls calcu-
lated using a normal approximation. Cochran's Q test and I-squared
test were used to identify between-study heterogeneity; 1% <25%,
no heterogeneity; 12 = 25%-50%, moderate heterogeneity; 1% >50%
large heterogeneity.30 The heterogeneity was considered significant
if either the Q statistic had P < .1 or I? >50%. Sensitivity analysis was
used to explore the extent to which inferences might depend on a
particular study or a number of publications. Subgroup analysis was
performed to identify possible sources of heterogeneity, if required.
Begg's Funnel plots were assessed to evaluate the publication bias
followed by the Egger's regression asymmetry test and Begg's ad-
justed rank correlation for formal statistical assessment of Funnel
plot asymmetry. The data were analysed using STATA version 13
(STATA Corp), and P-values less than .05 were considered as statisti-

cally significant.

3 | RESULTS

3.1 | Description of the studies reported the dietary
acid load as PRAL and NEAP with blood pressure and
hypertension associations

Table 2 presents the summary of systematically reviewed stud-
ies evaluated the association between dietary acid load (eg PRAL
or NEAP), blood pressure and hypertension prevalence. Totally,
20 studies reported the association between HTN, blood pres-
sure and PRAL or NEAP among the systematically reviewed litera-
ture 4>71215181922.31-42 |y the study by Akter et al'® evaluating the
association between dietary acid load and prevalence of HTN in the
Furukawa Nutrition and Health Study the odds of HTN in subjects in
the highest tertile of PRAL and NEAP was 31% and 40% more than
individuals in lowest tertile (PRAL; OR: 1.31; Cl: 1.01-1.70; NEAP
OR: 1.40; CI: 1.08-1.82) among 2028 working Japanese population.

50f 16
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Several other studies also reported similar results of higher preva-
lence of HTN*234% or higher SBP and DBP values in highest vs lowest
PRAL or NEAP groupings.'?'8324% Only one study reported inverse
association between HTN prevalence among NEAP quartiles* and
several other studies found no difference.”1%1%22:31-33.35-3842 |, tjye
data analysis of Rotterdam study by Engberink et al,*® SBP in the
highest tertile of PRAL was significantly higher than the lowest.
While, no significant difference in the mean values of DBP was ob-
served. In the study by Kiefte-de Jong®* higher prevalence of HTN
in highest vs lowest quintile of NEAP among NHS, NHS- Il and HPFS

cohorts was reported.

3.2 | Description of the studies reported the dietary
acid load as PRAL and NEAP with insulin resistance,
markers of glycaemic status and risk of diabetes
associations

The summary of the studies' characteristics evaluated the asso-
ciation between PRAL, NEAP and markers of glucose homoeo-
stasis, insulin resistance and the prevalence of T,DM are also
presented in Table 2. The association between dietary acid load
and glycaemic markers, insulin resistance and the prevalence of
diabetes or the odds of diabetes has been reported in 22 stud-
ies #67121517:22.31:3537-42 |y the study by Akter et al PRALand NEAP
scores were positively associated with HOMA-IR values (P-trend:
.045 and .03, respectively). NEAP was also positively associated
with HOMA-B values (P-trend: .03). No association between PRAL,
NEAP and FBS or HbA,C was reported.® Similar results indicating
higher HOMA-IR and HbA,C values, 832 higher insulin concentra-
tions'” and higher odds of insulin resistance® in top categories of
PRAL or NEAP vs lowest categories has also been reported in four
other studies. In the study by Akter,® no association between PRAL,
NEAP and FBS or HbA,C was reported. Similar findings were also
observed in several other studies.”!217:22:31.35.37.394042 Al ter et al®
reported that men in the highest quartiles of PRAL had 61% higher
odds of developing diabetes compared with the lowest quartile;
while no association was observed among women. Moreover, no
association was reported among NEAP scores and odds of T,DM.
Similarly, in the study by Fagherazzi,'® hazard ratio (HR) for the in-
cidence of T,DM according to the PRAL and NEAP categories in
the E3N-EPIC cohort study was OR: 1.56; Cl: 1.29, 1.90 and OR:
1.57; Cl :1.30, 1.89, respectively (P < .001). In a population-based
study by Gaede et al*” in Denmark, women in the fifth quintile of
PRAL were more likely to develop diabetes after 15 years follow-
up (OR =1.10; CI: 0.98, 1.25; P = .02). While no association among
men was reported. Similar findings of the higher prevalence of
diabetes or higher odds of diabetes were reported in two other
studies.>”*! In the study by Kiefte-de Jong,** the odds of T,DM in
highest quintile of NEAP and PRAL were higher compared with the
lowest in NHS and NHS Il cohorts while in the HPFS study these
associations were not significant. Other reports found no associa-
tions between odds or prevalence of T,DM and PRAL or NEAP
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scores.?022:32:343742 |nyerse associations of the higher prevalence
of T,DM in the lowest categories of NEAP in the study by Amodu
et al,* lower HbA,C concentrations in the higher quintile of PRAL
in a cross-sectional analysis of Inter99 cohort of Geaede et al study®’
and lower FBS concentrations in the higher category of PRAL'®

should also be mentioned.

3.3 | Findings from meta-analysis of mean SBP and
DBP across different dietary acid load categories

All of the studies included in the current meta-analysis had cross-
sectional design while only two studies were cohort. In the cross-
sectional and even in the cohort studies, the baseline data (data
before follow-up) were included in the meta-analysis. Therefore, the
design of the included studies could not be a source of bias in the
current analysis. Although, for more assurance, we also performed
subgroup analysis according to all of possible confounders includ-
ing design, country, sample size, gender, dietary assessment tool
and study quality score. Totally, in the meta-analysis of the mean
difference of SBP in different PRAL categories 12 studies were in-
cluded; the Forest plot is presented in Figure 2. Accordingly, higher
dietary acid load was associated with 0.97 mm Hg increase in SBP
(WMD = 0.98; Cl: 0.51, 1.45; P < .001) with the moderate hetero-
geneity (Heterogeneity chi-squared = 20.73 [df = 11]; P = .036;
12 = 49.6%; Tau? = 0.225). In the meta-analysis of NEAP and SBP
including six studies (Figure 2), however, no significant associa-
tion was observed (WMD = 0.495; Cl = -0.29, 1.28; P = .22) and
no evidence of heterogeneity was also present (Heterogeneity
chi-squared = 3.13 [df = 5]; P = .68; 1> = 0.0%; Tau® = 0.00). For

the meta-analysis of the association between dietary acid load
identified as PRAL and DBP (Figure 3), totally, eight studies were
included and higher PRAL categories were associated with signifi-
cant increase equal to 0.61 mm Hg in DBP values (WMD = 0.61; Cl:
0.089, 1.135; P = .022) with a partially high level of heterogeneity
(Heterogeneity chi-squared = 28.77 [df = 7]; P < .001; 12 = 75.7%;
Tau? = 0.31). Accordingly, in the meta-analysis of NEAP and DBP
associations (Figure 3), no evidence of association was observed
(WMD = 0.03; CI = -1.07, 1.13; P = .95) and no heterogeneity was
reported (Heterogeneity chi-squared = 0.1 [df = 2]; P = .95; 1?=0.0%;
Tau? = 0.00). The results of the subgroup analysis of the PRAL-DBP
associations (Table S6) showed that subgrouping according to coun-
try, dietary assessment tool and gender significantly reduced the
amount of heterogeneity and therefore, these parameters could be
considered as the possible sources of heterogeneity. Study quality

was not a source of heterogeneity.

3.4 | Findings from meta-analysis of mean FBS and
HbA,C across different dietary acid load categories

Totally the association between PRAL and NEAP with FBS was re-
ported in 12 and 5 studies (Figure 4). No effects of dietary acid
load measured by PRAL and NEAP on the serum FBS were iden-
tified (PRAL: WMD = 0.034, Cl: -2.913, 2.981; P = .98 and for
NEAP: WMD = 0.502; Cl: -0.164, 1.168; P = .139). The hetero-
geneity was also high for the FBS-PRAL analysis (Heterogeneity
chi-squared = 26.24 [df = 1]; P < .001; I? = 98.6%; Tau? = 26.23);
while no heterogeneity was observed for FBS-NEAP associations
(Heterogeneity chi-squared = 2.93 [df = 4]; P = .57; I> = 0.0%;

Study %
ID WMD (95% Cl)  Weight
PRAL [
Bahadoran Z (2015) - 0.70 (0.67,0.73)  27.85
Engberink MF (2012) B 1.30(0.09, 251)  7.01
Haghighatdoost F (2015) 250 (0.56, 4.44)  3.23
Han E (2016) _._' 1.80 (1.04, 2.56) 1284
lwase H (2015) -2.30 (-6.98.2.38) 0.61
—_—
Krupp D (2018) = -0.10(-1.48,1.28) 575
Kucharska AM (2018) y 0.40 (-0.71. 1.51)  7.98
Kucharska AM (2018) , ] 0.80 (-0.30, 1.90) 8.06
Luis D (2014) [ 2.00 (-0.34,4.34)  2.30
Maghadam SKH (2016) s 0.00(-3.09,3.09) 1.37
Maghadam SKH (2016) '_': -1.00 (-4.08, 2.08) 1.38
Murakami K (2008) ol 210 (0.4, 3.76)  4.23
Subtotal (/2= 46.9%, P = .036) <'> ® 0.98 (0.51, 1.45) 8259
NEAP i
Ikizler HO (2016) L 2.20 (-8.66, 13.06) 0.12
lwase H (2015) T -0.70 (-5.39. 3.99) 0.6
Ko BJ (2017) * [ -1.00 (-3.17.117) 264
Kucharska AM (2018) = 0.40 (-1.24.2.04) 432
Kucharska AM (2018) +' 1.00 (-0.07, 2.07)  8.41
Berg EVD (2012) } 0.00 (-3.16, 3.16)  1.31
Subtatal (/2 = 0.0%, P = .680) 0 0.50 (-0.29, 1.28) 17.41
9 . FIGURE 2 Forest plot illustrating
Overall (12 =29.5%, P = 116) 6 0.87(0.50,1.24)  100.00 weighted mean difference in systolic
NOTE. Weight . o effect e ! blood pressure (SBP) in highest vs lowest
- —Igh’s are Tom |ran om eflects analysis : T potential renal acid load (PRAL) and net-
-131 0 131 endogenous acid production (NEAP)
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FIGURE 3 Forest plot illustrating Study %
weighted mean difference in diastolic D WD (95% C1) Weight
blood pressure (DBP) in highest vs lowest .
potential renal acid load (PRAL) and net- PRAL '
endogenous acid production (NEAP) Bahadoran Z (2015) [ ] 010 (0.08, 0.12) 2187
Engberink MF (2012) —_ 0.60 (-0.22, 1.42) 12.76
Han E (2016) | - 0.90 (0.45, 1.35) 12.02
Krupp D (2018) = -0.50 (-1.46, 0.46) 11.13
Luis D (2014) —a— 2.00 (0.75, 3.25) 8.25
Moghadam SKH (2016) PR £ R— 0.70 (-1.25, 2.65) 435
Moghadam SKH (2016) — 0.20 (-1.79,2.19) 422
Murakami K (2008) — 1560 (0.21, 2.99) 722
Subtotal (/2 = 75.7%, P =.000) <}i> 0.61(0.09, 1.14) 87.82
5
: i
NEAP !
Ikizler HO (2016) ' 1.10 (-5.55, 7.75) 0.46
Ko BJ (2017) —_— 0.00 (-1.35, 1.35) 749
Berg EVD (2012) — e 0.00 (-1.98, 1.98) 423
Subtotal (/% = 0.0%, P = 950) <:‘> 0.03 (-1.07,1.13) 12.18
1
. i
Overall (* = 65.4%, P = 001) <> 0.53 (0.07, 0.98) 100.00
v
MOTE: Weights are from random effects analysis E
-7.‘75 0 7.;5
FIGURE 4 Forest plotillustrating Study %
weighted mean difference in fasting D WMD (35% CI) Weight

blood sugar (FBS) in highest vs lowest

U
potential renal acid load (PRAL) and net- ii:lr_s (2016) _‘:,._ 040 (101, 181) 607
endogenous acid production (NEAP) Bahadoran Z (2015) | ® 700(6.76,7.24) 621
Gaade J (2018) R | -3.60 (-5.50, -1.70) 5.96
Geede J (2018) — 2180 (-3.49, 0.11) 6.01
Haghighatdoost F (2015) ————————— | 430 (-7.07, -153) 570
Han E (2016) —a -0.80 (-1.95, 0.35) 6.12
Kucharska AM (2018) - 108 (-0.47,263) 6.04
Kucharska AM (2018) | —a— 180(022.338) 604
Moghadam SKH (2016) . -0.10 (-2.30, 2.10)  5.88
Moghadam SKH (2016) : - 2,60 (-0.70, 5.90)  5.51
Murakami K (2008) —a— -030 (-141,081) 612
Hong Xu (2014) —_— -180(-3.52, -0.08) 6.00
Subtotal {12 = 98.6%, P = .000) —_— T 0.03(-2.91,2.98) 7167
U
- U
NEAP ;
Akter S (2016) —_— 000 (-141,141) 607
Ikizler HO (2016) ] 020(-5.98.6.38) 431
Ko BJ (2017) —_— -1.00 (-3.70, 1.70) 5.73
Kucharska AM (2018) —a— 054 (-0.45 1.53) 6.14
Kucharska AM (2018) —-— 126 (-0.07, 2.59)  6.08
Subtotal (/2= 0.0%, P = 569) <> 050 (-0.16, 1.17)  28.33
I
- I
Overall (12 = 98.4%. P = .000) — 0.09 (-2.23, 2.41)  100.00
NOTE: Weights are from random effects analysis i
T T

-7.24

Tau? = 26.23). Sensitivity analysis showed no significant altera-
tions in the obtained results. The subgroup analysis for finding the
possible source of heterogeneity for the FBS-PRAL associations
is presented in Table S7 and country and dietary assessment tool
found to be the possible sources of heterogeneity. The Forest plot
of the associations between PRAL and NEAP with serum HbA,C
are presented in Figure 5 presenting no significant effects of nei-
ther PRAL nor NEAP on the serum glycosylated haemoglobin
(PRAL: WMD = -0.307, Cl: -0.954, 0.341; P = .35 and for NEAP:

0 7.24

WMD = -0.032; Cl: -0.088, 0.024; P = .265) while again, the
great heterogeneity was identified in the PRAL-HbA,C analysis
(Heterogeneity chi-squared = 2175.30 [df = 5]; P < .001; 12 = 99.8%;
Tau? = 0.649) but not in NEAP-HbA,C meta-analysis (Heterogeneity
chi-squared = 0.32 [df = 2]; P = .85; I? = 0.0%; Tau? = 0.00). Subgroup
analysis for the association between HbA,C and PRAL, presented in
Table S8 revealed that subgrouping according to country, continent,
dietary assessment tool and sample size are the possible sources of

observed heterogeneity.
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D
PRAL 1
Akter S (2016) i -
Gade J (2018) [
Gade J (2018) 3 -
Haghighatdoost F (2015) -+ |

3_—0—

Subtotal (/* = 99.8%, P = .000)

Akter S (2016)
Iwase H (2015)

Berg EVD (2012)

subtotal (12= 0.0%, P = .851)

i
|
NEAP |
|
|
I
i

Overall (I*=99.6%,P =.000)

NOTE: Weights are from random effects analysis

WMD (95% C1)

-0.02 (-0.08, 0.04)
0.10 (0.03, 0.17)
0.10 (0.02, 0.18)
-2.10 (-2.18, -2.02)
0.10 (-0.19, 0.39)
-0.01 (-0.07, 0.05)
-0.31 (-0.95, 0.34)

-0.04 (-0.10, 0.02)
0.00 (~0.29, 0.29)
0.00 (~0.14, 0.14)
-0.03 (-0.09, 0.02)

-0.21 (-0.67, 0.25)

% FIGURE 5 Forest plotillustrating

Weight weighted mean difference in haemoglobin
A,C (HbA,C) in highest vs lowest
potential renal acid load (PRAL) and net-

11.23 endogenous acid production (NEAP)

1122

11.21

11.21

10.76
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66.87

11.23
10.76
11.14
33.13

100.00
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3.5 | Findings from meta-analysis of mean
insulin and HOMA-IR across different dietary acid
load categories

The Forest plot of the effects of PRAL and NEAP on the serum
insulin concentrations is presented in Figure 6. High dietary PRAL
values, increases serum insulin concentrations by 0.23 plU/mL
(WMD = 0.235, CI: 0.070, 0.400; P = .005), while this effect was
not observed for the NEAP (WMD = -0.318, Cl: -0.039, 0.676;
P = .081). A modest heterogeneity was identified in the PRAL-
insulin analysis (Heterogeneity chi-squared = 14.09 [df = 6];
P =.029; I = 57.4%; Tau? = 0.022) and not in NEAP-insulin meta-
analysis (Heterogeneity chi-squared = 0.17 [df = 1]; P = .68;
12 = 0.0%; Tau? = 0.00). According to subgroup analysis (Table S9),
continent, dietary assessment tool, sample size and gender were
the possible source of heterogeneity. In evaluating the association
between HOMA-IR and dietary acid load, eight studies reported
the association between PRAL and HOMA-IR while only one study
reported the association as NEAP® therefore it was excluded from
the analysis. According to the meta-analysis results summarised
in Figure 7 as Forest plot, no evidence of the effects of PRAL
on HOMA-IR was obtained (WMD = -0.053, Cl: -0.007, 0.113;
P = .085). The sensitivity analysis revealed no meaningful change
in the results. Moreover, because of the high heterogeneity ob-
tained (Heterogeneity chi-squared = 14 759.28 [df = 6]; P < .001;
I = 100.0%; Tau? = 0.005) the subgroup analysis was also per-
formed and the results are presented in Table S10 and the results
introduced no source of heterogeneity except for the possible ef-
fects of dietary assessment tool. Moreover, only two studies®®?
reported the association of HOMA-f with PRAL which no signifi-
cant association was observed (Data not shown). The information
of QUICKI and hyperglycaemia was absent in almost all of the in-

cluded studies. Therefore no analysis was done.

218

3.6 | Findings from meta-analysis of proportions of
dietary acid load-hypertension, diabetes and odd's
ratios of diabetes

Totally, nine studies reported the prevalence of HTN in the high-
est vs lowest category of PRAL. The Forest plot of the prevalence
of HTN by subgroups highest vs lowest categories of PRAL is pre-
sented in Figure S1. Accordingly, the prevalence of HTN was 19%
(Cl: 0.19-0.20) in highest and lowest category of PRAL. No het-
erogeneity was observed in the meta-analysis. The Forest plot of
the prevalence of HTN in different NEAP categories is reported in
Figure S2 indicating 19% prevalence of HTN in lowest and highest
NEAP categories with no evidence of heterogeneity. The Forest
plot of the proportions of diabetes in lowest vs highest PRAL cat-
egories (Figure S3) presents the 13% (Cl: 0.13, 0.14) prevalence of
T,DM in the highest vs 11% (Cl: 0.10-0.12) in the lowest category
of PRAL including seven studies with no evidence of heterogeneity.
In the Forest plot of the T,DM prevalence in different NEAP cat-
egories (Figure S4), 9% prevalence was reported both in highest and
lowest category of NEAP with no evidence of heterogeneity. The
Forest plot of the meta-analysis of odds of T,DM in highest vs low-
est PRAL or NEAP categories is identified in Figure S5. A positive
association was observed between diabetes and PRAL (OR = 1.19;
Cl: 1.092, 1.311; P < .001) and NEAP (OR = 1.22; CI: 1.14, 1.31,
P <.001) in random effect model. In other word, being in the high-
est category of PRAL and NEAP makes individuals 19% and 22%
more likely to develop diabetes compared with the lowest category.
A great between-study heterogeneity was also observed for the
given results (for PRAL: Heterogeneity chi-squared = 22.55 [df = 7];
P = .002; 12 = 69.0%; Tau? = 0.0104 and for NEAP: Heterogeneity
chi-squared = 11.12 [df = 5]; P = .049; I? = 55.0%; Tau? = 0.0069). For
finding the possible source of heterogeneity, the subgroup analysis

based on the difference in included studies is performed (Tables S11
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FIGURE 6 Forest plot illustrating Study %
weighted mean difference in Insulin in ID WMD (95% CI) Weight
highest vs lowest potential renal acid .
i
load (PRAL) and net-endogenous acid PRAL ‘ '
production (NEAP) Akter S (2016) —- 0.27 (-0.09, 0.63) 10.40
Geede J (2018) - 0.44 (0.30, 0.57) 2539
Geede J (2018) re 0.29(0.15, 0.43) 2520
Han E (2016) - 0.20 (~0.06, 0.46) 1574
Moghadam SKH (2016) —a ~0.40 (-0.95, 0.15) 5.49
1
Moghadam SKH (2016) —_— 0.40 (-0.36, 1.16) 312
Hong Xu (2014) —-——L -0.29 (-0.94, 0.36) 408
Subtotal {12 = 57.4%, P = .029) (P 0.24 (0.07, 0.40) 89.39
:
|
NEAP !
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|
'
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X
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424 0 424
FIGURE 7 Forest plot illustrating Study %
weighted mean difference in homeostatic
. . . D WMD (95% CI) Weight
model assessment of insulin resistance
(HOMA-IR) in highest vs lowest ‘
‘
potential renal acid load (PRAL) and net- AKter S (2016) S 006(003,015) 1346
endogenous acid production (NEAP) !
Banerjee T (2018) | a 0.14 (0.13, 0.15) 18.83
|
Gaede J (2018) a 0.00 (-0.00, 0.00) 18.87
|
Gade J (2018) : (] 010 (010, 0.10) 18.87
i
Han E (2016) — - 0.00 (-0.10, 0.10) 12.72
i
Moghadam SKH (2016) —_— 3 010 (-0.21,0.01) 1164
Moghadam SKH (2016) : 0.20 (-0.01,0.41) 562
Overall (J* = 100.0%, P = .000) <> 0.05 (-0.01,0.11) 100.00
|
NOTE: Weights are from random effects analysis 3

T
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and S12). Accordingly, in the studies evaluating the dietary acid load
by PRAL and odds of diabetes, country and the sample size could
be considered as the source of heterogeneity. In NEAP evaluating
studies country, design, sample size and gender difference could be

a source of heterogeneity.

3.7 | Publication bias

The Funnel plots revealed moderate asymmetry (Figures S6 and
S7). However, the Begg's and Egger's tests provided no evidence
of substantial publication bias for all of the variables. Exceptionally,
Egger's test for the FBS was significant as an evidence of possible
publication bias. The provided values are as follows: DBP, Egger's
test (P = .087) and Begg's test (P = 0.93); SBP, Egger's test (P = .72)
and Begg's test (P = 0.54); FBS, Egger's test (P < .001) and Begg's test

T
0 413

(P =.09); HOMA-IR, Egger's test (P = .87) and Begg's test (P = 0.38).
Insulin, Egger's test (P = .17) and Begg's test (P = .99); HbA,C, Egger's
test (P = .87) and Begg's test (P = 0.09); OR diabetes, Egger's test
(P =.33) and Begg's test (P = .11).

4 | DISCUSSION

In the current meta-analysis, we summarised the results of studies
reporting the association between PRAL, NEAP and metabolic risk
factors of glucose homoeostasis, blood pressure, the prevalence
of diabetes, HTN and the odds of diabetes. Accordingly, being in
the highest category of PRAL scores was associated with higher
SBP, DBP, insulin concentrations and higher prevalence and risk of
diabetes compared with lowest category. Whereas, being in the

highest category of NEAP was only associated with higher odds
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of diabetes. No association between markers of glucose homoeo-
stasis including fasting blood glucose, HbA,C and HOMA-IR with
PRAL or NEAP was observed. Animal foods including meat, fish,
egg, chicken, cheese and also cereals are rich in sulphur-containing
amino acids, phosphorous and chloride are potentially acid form-
ers; while vegetables and fruits high in malate, citrate and gluta-
mate are potentially base formers therefore, animal-based foods
and high contents in western diets are potentially considered as
most important acid-producer diets and are associated with higher
risk of insulin resistance, high blood pressure and diabetes as estab-
lished in numerous works.!* Accordingly, western dietary pattern
with high dietary acid load content, is a potent inducer of meta-
bolic disorders; several studies had revealed significant relation-
ships between western dietary pattern and the increased risk of
metabolic syndrome, hypertension and dyslipidemia. Accordingly,
western dietary pattern with high content of red meat, eggs and
refined grains is associated with increased risk of obesity and in-
creased levels of blood sugar, systolic blood pressure, triglycerides,
and reduced levels of HDL.*3*° It has been suggested that PRAL
is a more accurate measure of dietary acid load because it consid-
ers dietary intake of protein and numerous micronutrients, potas-
sium, calcium phosphorus and magnesium and takes into account
the absorption rate of the nutrients in the intestinal border, unlike
the NEAP score, which only consider the dietary protein and potas-
sium intake.?® Therefore, this lead to PRAL be a good predictor of
the effects of acidity on the body.*¢ In subgroup analysis of men
and women separately, the odds of diabetes among women were
stronger than men in both PRAL and NEAP assessment. A possible
explanation is the difference in sex-hormones affecting acid-base
balance*” and also possibly the higher sample size of women partic-
ipants compared with men is a possible source of higher effect size
among them. As mentioned in the results section, gender, dietary
assessment tool and continent could be a source of heterogeneity
among observed association. In the current meta-analysis, PRAL
and NEAP calculations were based on self-reported data gathered
by 24-hour recall method, 24-hour record method and food fre-
quency questionnaire which might be potential sources of bias.
Moreover, difference in the items of the FFQ might be a source of
heterogeneity; as described previously, the FFQ items ranged from
63 to 168 items and the local foods in the FFQ could also affect
the heterogeneity,*® although, almost all of the included studies
used validated and reliable FFQs. FFQ covers a wide range of di-
etary ingredients and is more accurate than 24-hour recall method
reflecting usual dietary intake in a short period of time; it has
been confirmed that FFQ could be more helpful in evaluating the
diet-disease relationships.*’ Another source of heterogeneity, the
continent, presents the possible role of geographical distribution,
genetic background and cultural factors influencing the association
between dietary acid load and metabolic risk factors.>® In the cur-
rent meta-analysis, higher PRAL scores were associated with both
higher SBP and DBP concentrations although no difference in the
odds of HTN in different PRAL or NEAP categories was reported.

The possible underlying mechanisms are decline in renal function

and reduced citrate excretion, increased calcium and cortisol secre-
tion.>® We did not observe any association between PRAL, NEAP
and markers of glucose homoeostasis including FBS, HbA,C and
HOMA-IR values. Higher FBS concentrations in higher PRAL cat-
egories were reported in the Haghighatdoost et al study*® although
this association did not achieve significant threshold, while other
studies reported no significant difference.”'2172231.35.37.39,40,42
The current meta-analysis has several limitations and strengths;
the current meta-analysis included the results of observational
studies with the cross-sectional or cohort design which makes
the causal inference impossible; although, the studies were large
population-based studies with acceptable quality. However, our
study, based on our knowledge, is the first meta-analysis evaluat-
ing the association between dietary acid load as both PRAL and
NEAP scores with a wide range of metabolic risk factors includ-
ing systolic and diastolic blood pressure, fasting serum glucose,
HbA,C, insulin, HOMA-IR and the prevalence of hypertension and
diabetes. In conclusion, in the current meta-analysis, we found a
potent role of high acid content of diet as a possible leading cause
of metabolic abnormalities, high blood pressure, higher insulin
concentrations and high prevalence of hypertension. We suggest

interventional studies in this regard for better causal inference.
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