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Abstract – Objective: The dietary acid load can contribute to metabolic acidosis, which is 
closely linked to cancer development through mechanisms of inflammation and cell transforma-
tion. However, very limited epidemiologic evidence is linking diet-dependent acid load and cancer 
risk. Since no published studies focused on dietary acid load and gastric cancer (GC) risk, we ex-
plored this association in the present study. 

Patients and Methods: A case-control study was performed in 1370 patients (274 cases and 
1096 age-frequency, sex, and urban/rural residence matched controls) through a multi-topic inqui-
ry, including a food frequency questionnaire. Food-derived nutrients were calculated from avail-
able databases. The dietary acid load was calculated based on two validated measures: Potential 
Renal Acid Load (PRAL) score and Net Endogenous Acid Production (NEAP) score. Odds ratios (OR) 
and their 95% confidence intervals (95% CI) were estimated by unconditional logistic regression, 
adjusting for potential confounders.    

Results: We found direct, significant associations between dietary acid load and GC risk: 
(OR=1.74, 95% CI 1.13-2.66) and (OR=1.90, 95% CI 1.26-2.84) for highest PRAL and NEAP, respec-
tively. Both risk estimates also displayed linear trends. Both acid load scores were directly associat-
ed with animal-based foods (mainly meat) and inversely associated with the intake of plant-based 
foods. 

Conclusions: A high dietary acid load may contribute to GC development. To the best of our 
knowledge, the present is the first epidemiologic case-control study analyzing associations of di-
etary acid load and GC risk in a Western population. Further research is warranted to confirm our 
findings.
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received little attention: the microenvironment of 
GC cells17. In an in-vitro study, Li et al17 demon-
strated that a microalkaline environment (as op-
posed to a microacidic one) promoted the apopto-
sis of GC cells and thus inhibited tumor growth. 
This appears of paramount importance, as human 
diets may, in fact, influence acid-base balance 
by providing acid or base precursors18. Recent 
studies emphasized that a high dietary acid load 
(DAL) may result in a low-grade metabolic acido-
sis state18, which has been closely linked to can-
cer development through low-grade inflammation 
and cell transformation19. 

A series of studies investigated the role of 
DAL in several cancers and found mixed re-
sults. For example, some studies found positive 
associations for colorectal20,21, pancreas22, lung23, 
prostate24, bladder25, breast cancer26,27, head and 
neck28, esophagus29, and central nervous sys-
tem30, whereas others found no associations for 
kidney and breast cancer31,32. Besides, a recent 
study based on the American NHANES data re-
ported that DAL scores were consistently high-
er in cancer survivors compared with general 
population33. As the role of an increased DAL 
and cancer development remains controversial, 
we sought to illuminate potential associations 
in GC, which appears to be susceptible to an al-
tered environmental pH17.

PATIENTS AND METHODS

Cases and Controls selection

This is a case-control study on environmental 
factors and the risk of cancer conducted between 
1996 and 2004 in Montevideo, Uruguay. We de-
scribed the methods elsewhere in detail21,23-25. All 
newly diagnosed cases of GC registered in the four 
major hospitals of Montevideo during that period 
were considered eligible for this study. Trained 
social workers (blinded with regard to research 
goals) performed routine screenings to identify 
potentially eligible participants. Potentially eli-
gible individuals and controls were contacted by 
the interviewers and interviewed face-to-face af-
ter consenting to the study. We did not accept any 
form of proxy interviews. We identified 274 cases 
in total. At the same time and in the same institu-
tions, 1096 controls afflicted with non-neoplastic 
diseases were considered eligible. Controls were 
admitted for conditions unrelated to tobacco us-
age or alcohol disorders. Controls with a recent 
history of a dietary modification were considered 
ineligible. Controls presented with the following 
conditions: eye disorders (260, 23.7%), abdominal 

INTRODUCTION 

Gastric cancer (GC) is one of the most common 
causes of cancer deaths globally1. GC represents a 
clinically and biologically heterogeneous group of 
malignancies with an incidence varying substan-
tially across different world regions and among 
various ethnic groups1,2. Recent studies indicated 
an up to 20-fold variation in risk between low-risk 
populations (particularly in North America and 
some African regions) and high-risk areas (which 
include Eastern Asia, Eastern Europe as well as 
Central and South America)2,3.

Despite continuous advances in the diagnosis 
and treatment of GC, the five-year survival rate 
remains poor in many countries2. Rates vary from 
approximately 10% to 30% in some European 
countries to about 90% in Japan3,4. Nowadays, it 
is estimated that more than 50% of the new GC 
cases occur in developing countries3. Notably, 
the mortality-to-incidence ratio for GC is higher 
than for many other cancers5. In light of the few 
treatment options available in many developing 
nations, reducing GC incidence seems of utmost 
importance to reducing mortality6. Thus, risk fac-
tor identification and management are essential7.

The etiology of GC is multifactorial and pre-
viously identified non-modifiable risk factors 
include age, gender, race/ethnicity, and family 
history1,2. Among the factors contributing to the 
development of GC, the Gram-negative bacteri-
um Helicobacter pylori infection has been rec-
ognized in the last decades as a significant one 
and considered a Class I carcinogen8. It initiates 
a pathogenic cascade with chronic inflamma-
tion and is continued by the formation of chronic 
non-atrophic gastritis, chronic atrophic gastritis, 
intestinal metaplasia, dysplasia, and finally gas-
tric adenocarcinoma9. 

Other modifiable risk factors include a high 
nitrate and salt intake2, a high intake of red and 
processed meats10, excessive alcohol consump-
tion (particularly beer and liquor)11, and, final-
ly, low consumption of vegetables, fruits, and 
legumes12,13. Recently, dietary habits became 
considered important factors modulating H.py-
lori-linked gastric diseases as GC14,15. In this re-
gard, the infection with H.pylori may contribute 
to microbial dysbiosis, which can be induced by 
consuming unhealthy and unbalanced diets16. In 
addition, an excessive salt intake contributes to 
the formation of N-nitroso compounds that speed 
up the carcinogenesis process of GC, facilitated 
by the pathogenesis of H. pylori cytotoxic-associ-
ated gene A (CagA) protein8.

A recent Chinese study highlighted the impor-
tance of a potential additional risk factor that still 



3

DIETARY ACID LOAD AND GASTRIC CANCER RISK

hernia (238 patients, 21.7%), injuries and trauma 
(138, 12.6%), nephrourinary infections (98, 8.9%), 
skin diseases (88, 9.5%), appendicitis (72, 6.6%), 
varicose veins (60, 5.5%), hydatid cyst (47, 4.3%), 
blood disorders (45, 4.1%), and other medical dis-
orders (39, 3.6%). 

Questionnaire

The administered questionnaire included so-
cio-demographic and anthropometric variables, 
a detailed history of substance usage (including 
tobacco and alcohol), occupational exposures 
and, cancer history in 1st-2nd degree relatives. 
One key element of the questionnaire was a food 
frequency questionnaire (FFQ) with 64 items rep-
resentative of the Uruguayan diet. This FFQ was 
tested for reproducibility with good results34. All 
dietary questions were open-ended. In addition, 
we used local tables of food composition to esti-
mate total energy and nutrient intake.

Dietary Acid Load Estimation

The methods used for DAL estimation can be 
found elsewhere in detail21,23-25,27-29. In brief, we 
used two common and validated formulas to cal-
culate DAL35,36. Potential renal acid load (PRAL) 
of diet was calculated as follows:

PRAL (mEq/day) = (0.49 × total protein [g/day]) 
+

 (0.037 × phosphorus[mg/day]) − 
(0.021 × potassium[mg/day]) − 

(0.026 × magnesium[mg/day]) − 
(0.013 × calcium[mg/day])

This formula considers intestinal absorption 
rates protein, potassium, phosphate, magnesium, 
and calcium. The score has been validated vs. uri-
nary pH in healthy individuals with good results35.

Net endogenous acid production (NEAP) was 
calculated as follows36:

NEAP (mEq/day) = (54.5 × protein[g/day]) / 
(0.0256 × potassium[mg/day]) – 10.2 

This score takes into account the sulphuric 
acid production due to protein metabolism and the 
rate of bicarbonate production subsequent to the 
metabolization of intestinally absorbed potassium 
salts of organic acids35. A positive NEAP or PRAL 
score reflects an acid-forming potential, whereas 
negative scores indicate an alkaline-forming po-
tential36. 

Statistical Analysis

We used STATA software (Release 10, Stata Corp 
LP, College Station, TX, USA. 2007) for statis-
tical analysis. Standard calculations indicate that 
including ~300 cases of a specific disease, with 
a control:case ratio of 4:1, will have a statistical 
power of 0.80 (at a significance level of 0.05) to 
detect and odds ratio (OR) of about 1.4 for a binary 
exposure with 20% population prevalence, or an 
OR of about 1.5 for top vs. bottom quartile catego-
ries of an exposure or risk factor. For the majority 
of analyses, we treated the questionnaire variables 
as continuous variables. Categorization was done 
for analysis purposes only. Basic descriptive anal-
yses include frequencies for categorical variables 
and means (standard error in parenthesis) for con-
tinuous, normally-distributed variables. ORs and 
95% confidence intervals (95% CI) were calculat-
ed by unconditional logistic regression. Terms for 
potential observable confounders were included 
in the multivariate analyses. They included age, 
sex, residence, urban years, family history of can-
cer, education level, smoking status and intensity, 
energy, body mass index, animal and plant iron 
intake, and “mate” intake. No participants were 
excluded as outliers for any dietary component. 
Heterogeneities in the stratified analyses were 
explored through likelihood-ratio tests. Final-
ly, 3-D graphic analyses were performed using 
STATISTICA software (Release 10, StatSoft Inc, 
Tulsa, OK, U.S.A. 2011) by applying the distance 
weighted least squares option.

RESULTS

Table 1 shows the distribution of cases and con-
trols according to selected variables. The study 
design yielded a distribution of age, sex, and res-
idence (urban/rural status) with similar propor-
tions. Education years were slightly less among 
cases. Besides, cases had a higher energy intake 
than controls and a higher smoking intensity than 
controls. No statistical differences were found 
concerning the family history of cancer rate, the 
alcohol status, and the “mate” intake. 

Table 2 presents selected nutritional variables, 
which were analyzed as mean values ± SD. Can-
cer cases had higher mean intakes of energy and 
all iron types. Conversely, they showed lower 
mean intakes of total fiber, carotenoids, vitamin 
C, and vitamin E.

Table 3 shows the mean values of both acid 
load scores (PRAL and NEAP) and their original 
components, and the latter expressed adjusted by 
1000 kcal/day. Scores were significantly higher in 
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the highest vs. lowest tertile of PRAL derived 
significant adjusted estimates (OR=1.74, 95% CI 
1.13-2.66, ptrend <0.001). Similar results were found 
when analyzing the NEAP score: both risk and 
trend estimates were significant (OR=1.90, 95% 
CI 1.26-2.84, ptrend=0.002). These scores were ob-
tained using the most demanding regression mod-
el, which included age, sex, residence, urban years, 
family history of cancer, education level, smoking 
status and intensity, energy, body mass index, ani-
mal and plant iron intake, and “mate” intake. 

Table 5 shows the continuous ORs, their 95% 
CI of gastric cancer risk, and the p-trend values 

cases than in controls. Regarding protein and cal-
cium intake, it was also higher but not significant-
ly. However, the intake of phosphorus, potassium, 
and magnesium was significantly higher among 
controls than in cases. Regardless of statistical 
significance, all intakes derived from plant sourc-
es were also higher among controls.

Table 4 displays the adjusted ORs for both 
acid load scores. Even the basic regression mod-
els (using the matching variables plus urban years) 
derived significant estimates: OR=1.84, 95% CI 
1.32-2.58, ptrend <0.001 for PRAL, and OR=1.78, 
95% CI 1.27-2.48, ptrend=0.002 for NEAP. Besides, 

TABLE 1. Selected socio-demographic characteristics and habits of the population under study (n=1370). Distribution of 
cases and controls.

Abbreviations: FH of Cancer = family history of cancer.

Variables Categories Controls (n=1096) % Cases (n=274) %  p-value 

Age groups < 50  96 8.8 54 8.8 
 50-59  236 21.5 59 21.5 
 60-69  316 28.8 79 28.8  
 70-79  344 31.4 86 31.4 
 80-89  104 9.5 26 9.5  1.00
Urban/Rural status Urban  913 83.3 227 82.9 
 Rural  183 16.7 47 17.1  0.86
Sex Men  760 69.3 190 69.3 
  Women  336 30.7 84 30.7  1.00
Education years <5  564 51.5 168 57.7 
 ≥ 5  532 48.5 116 42.3  0.07 
Body Mass Index <18.50  16 1.5 4 1.5 
 (kg/m2) 18.50-24.99  477 43.5 139 50.7 
 25.00-29.99  448 40.9 93 33.9 
 ≥ 30.00  155 14.1 38 13.9  0.16
FH of cancer in  No  810 73.9 207 75.6 
1st & 2nd degree Yes  286 26.1 67 24.4  0.58
“Mate” intensity Non drinkers  156 14.2 34 12.4 
 (liters-years) 0.1-39.9  305 27.8 88 32.1 
 4-63.9  322 29.4 73 26.6  
 ≥ 64.0  313 28.6 79 28.8  0.47
Dietary energy ≤ 1347  402 36.7 55 20.1 
 (kcal/day) 1348-1741  364 33.2 93 33.9 
 ≥ 1742  330 30.1 126 46.0 <0.001
Alcohol status Never  558 50.9 133 48.5 
 Ex drinker  111 10.1 32 11.7  
 Current  427 39.0 109 39.8  0.67
Smoking status Non smoker  439 40.0 94 34.3 
 Ever smoker  657 60.0 180 65.7  0.08
Smoking intensity Non smoker  439 40.0 94 34.3 
 (pack-years) 0.01-26.0  239 21.8 48 17.5 
  26.1-49.0  228 20.8 54 19.7 
 ≥ 49.1  190 17.3 78 28.5 <0.001
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Figure 1 shows a 3-D graphic based on select-
ed data of the studied population. It compares the 
features of the control subset with the cancer cases, 
analyzing the interrelationships of three variables 
employed in the regression model: the age (X-ax-
is), the education level (Y-axis), and the PRAL 
score (Z-axis). Controls (left picture) display low 

derived from stratified analyses of acid load scores 
performed to selected variables of interest. Both 
PRAL and NEAP scores displayed similarities 
to be remarked: significant ORs and linear trends 
were found only among men, in the absence of a 
family history of cancer, and with high intensity 
of smoking and “mate” drinking.

TABLE 2. Mean daily values ± standard deviation (SD) of selected nutrients and bioactive substances adjusted by energy. 
Comparison between cases and controls.

Abbreviations: g=grams; mg=milligrams; kcal=kilocalories; A/P=animal/plant; H/NH=heme/non-heme.

Variable Units Controls Cases p-value
  Mean ± SD Mean ± SD 

Energy Kcal  1533 ± 451 1697 ± 424 <0.0001
Total iron mg/103 Kcal  7.41 ± 1.45  7.71 ± 1.49  0.003
Animal iron mg/103 Kcal  2.85 ± 0.96  2.94 ± 0.99  0.15
Plant iron mg/103 Kcal  4.57 ± 1.49  4.76 ± 1.50  0.048
Heme iron mg/103 Kcal  1.68 ± 0.67  1.76 ± 0.68  0.08
NHeme iron mg/103 Kcal  5.74 ± 1.38  5.95 ± 1.40  0.02
Vitamin C mg/103 Kcal  91.5 ± 45.5  77.5 ± 37.7 <0.0001
Vitamin E mg/103 Kcal  2.69 ± 0.86  2.46 ± 0.87  0.0001
Carotenoids mg/103 Kcal  8.04 ± 4.97  6.62 ± 3.86 <0.0001
Total fibre g/103 Kcal   7.76 ± 3.02  6.68 ± 2.64 <0.0001

TABLE 3. Mean daily values ± standard errors of the acid load scores and standard deviations of their components*. Stratifi-
cation of items according to their animal/plant original source. Comparison between cases and controls. 

*Mean values of minerals are presented in units/1000 kilocalories per day.

Variable Units Controls Cases p-value
  Mean ± SD Mean ± SD 

Total Proteins g/d  35.5 ± 7.1  34.9 ± 6.7  0.22
Animal proteins g/d  32.2 ± 7.3  31.9 ± 7.0  0.54
Plant proteins g/d  3.3 ± 1.4  3.0 ± 1.2   0.002
    
Total Phosphorus mg/d  512.9 ± 59.3  503.2 ± 52.2  0.01
Animal phosphorus mg/d  309.4 ± 74.1  308.1 ± 70.4  0.80
Plant phosphorus mg/d  203.5 ± 57.4  195.1 ± 55.0  0.03
    
Total Potassium mg/d 1285.1 ± 293.3 1190.8 ± 245.9 <0.001
Animal potassium mg/d  435.5 ± 109.3  437.5 ± 106.5  0.79
Plant potassium mg/d  849.5 ± 309.9  753.3 ± 272.0 <0.001
    
Total Magnesium mg/d 119.1 ± 25.4 113.8 ± 22.8  0.002
Animal magnesium mg/d  34.2 ± 8.1  34.3 ± 7.8  0.85
Plant magnesium mg/d  84.9 ± 28.0  79.5 ± 25.9  0.004
    
Total Calcium mg/d  386.2 ± 126.5  372.3 ± 116.2  0.10 
Animal calcium mg/d  229.4 ± 127.1  217.4 ± 116.9  0.15
Plant calcium mg/d 156.7 ± 48.4  154.9 ± 46.7  0.57

  Mean ± SE Mean ± SE 

PRAL score mEq/d   2.69 ± 0.33  5.88 ± 0.71 <0.001
NEAP score mEq/d   51.17 ± 0.52 54.74 ± 1.10  0.002
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comparison displays similarities for PRAL score 
in the aged population. Cases show two peaks of 
PRAL score: the first one, at young ages and low 
educational level; the second one and even higher, 
at middle ages and mid-to-high education levels. 

PRAL scores across all ages. Furthermore, there is 
a remarkable (alkaline load) trend in ages <50 and 
mostly among better educated patients. Regarding 
cases (right picture), there is a noteworthy high 
(acid load) area among cases under ages >70. The 

TABLE 4. Crude and Adjusted Odds Ratios (OR) of GC for acid load scores (PRAL and NEAP). p-values for their linear trends.

Regression models:
Model 1 = Adjusted by age (continuous), sex (male,female), residence (urban/rural), and urban years (continuous) 
Model 2 = Model 1 + family history of cancer in 1st and 2nd degree (binary No/Yes) + education (categorical, 3) + smoking 
status (categorical, 3) + smoking intensity (categorical, 4) + “mate” intensity (categorical, 4) + body mass index (continuous) + 
energy (categorical, 3)
Model 3 = Model 2 + animal iron (continuous) + plant iron (continuous) 
Iron variables = dietary iron/1000 kcal/day (in mg) 
Animal or Plant iron, based on their dietary sources.

                  I                  II                     III  Trend (p)

 OR 95% CI OR 95% CI OR 95% CI 

PRAL (mEq/d)                    ≤ -0.72  -0.73  - 7.64                  ≥ 7.65  
 Model 1  1.00  --- 1.32 0.81-1.52 1.84 1.32-2.58 <0.001
 Model 2 1.00  --- 1.26 0.88-1.79 1.45 1.02-2.07 0.004
 Model 3  1.00  --- 1.38 0.94-1.87 1.74 1.13-2.66 <0.001
       
NEAP (mEq/d)                     ≤ 43.2                        43.3 - 57.5                  ≥ 57.6  
 Model 1 1.00  --- 1.38 0.98-1.94 1.78 1.27-2.48 0.002
 Model 2 1.00 --- 1.30 0.92-1.85 1.55 1.09-2.18 0.017
 Model 3  1.00 --- 1.45 1.00-2.10 1.90 1.26-2.84 0.002

TABLE 5. Continuous Odds Ratios (OR) and 95% Confidence Intervals of gastric cancer risk, derived from stratified analyses 
of acid load scores performed to selected variables of interest. p-values for their linear trends.

Significant estimates in bold letter. Abbreviations: FH of Cancer = Family History of Cancer.

PRAL  Variable Categories OR 95% CI Trend (p)

 Sex  Male 1.036 1.016 – 1.056  <0.0001
   Female 1.015 0.985 – 1.046  0.32
 FH of Cancer  No 1.031 1.011 – 1.051  0.002
   Yes 1.030 0.999 – 1.062  0.059
 Smoking intensity  ≤26 Pack-years 1.019 0.997 – 1.041  0.10
  ≥27 Pack-years 1.042 1.016 – 1.068  0.001
 “Mate” intensity  <40 Liters-years 1.021 0.998 – 1.044  0.08
  ≥40 Liters-years 1.038 1.014 – 1.061  0.001

NEAP  Variable Categories OR 95% CI Trend (p)

 Sex  Male 1.017 1.007 – 1.027  0.001
   Female 1.008 0.989 – 1.028  0.43
 FH of Cancer  No 1.016 1.005 – 1.028  0.004
   Yes 1.010 0.994 – 1.027  0.22
 Smoking intensity  ≤26 Pack-years 1.006 0.993 – 1.019  0.38
  ≥27 Pack-years 1.023 1.009 – 1.036  0.001
 “Mate” intensity  <40 Liters-years 1.009 0.995 – 1.023  0.20
  ≥40 Liters-years 1.020 1.007 – 1.032  0.002
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Although salt intake (NaCl) can enhance the 
carcinogenicity of H.pylori, as mentioned earli-
er in this text, its role should be emphasized as 
a pro-acidogenic element8. Indeed, the intake of 
non-negligible amounts of NaCl is reported to be 
an independent predictor of plasma bicarbonate 
concentration. Assuming a causal relationship, 
NaCl may exert approximately 50-100% of the 
acidosis-producing effect of the DAL and is there-
fore considered a predictor of diet-induced low-
grade metabolic acidosis38. Within this context, 
NaCl may produce inflammation of gastric cells 
through exogenous and endogenous ways at the 
same time.

 Besides, salt-cured and preserved foods such 
as pickles are a relevant dietary source of carcino-
gens. Whereas pickles made with salt, consumed 
in Japan, constitute a risk factor, those made by 
adding vinegar and spices are prevalent in coun-
tries where GC has lower rates14. Again, the ac-
idogenic properties of salt, and the alkalizing 
properties of vinegar and spices, should not be 
ruled out as playing their roles also by influenc-
ing the DAL. “Mate” intake was included in our 
analysis for better risk modeling. It is a hot aque-
ous infusion made from the herb Ilex paraguar-
iensis and is a staple in temperate South America. 
Uruguayans are the world’s highest “mate” con-
sumers: ~85% of the population has the habit (ap-
prox. 9-10 kg/person/year of the herb and approx. 
400 liters/person/year of infusion)39. The Interna-
tional Agency for Research on Cancer (IARC)40 
considered hot “mate” drinking as a 2A agent (a 
possible carcinogenic for humans) because of the 
presence of polycyclic aromatic hydrocarbons41. 
In 2016, the IARC revised the “mate” classifica-

DISCUSSION 

This study explored whether a high DAL was associ-
ated with an increased risk for GC in an Uruguayan 
population. Our results demonstrate that higher acid 
load scores (both NEAP and PRAL) were significant-
ly associated with GC risk. The ORs for the highest 
vs. lowest tertiles were OR=1.74, 95% CI 1.13-2.66, 
ptrend <0.001 for PRAL, and OR=1.90, 95% CI 1.26-
2.84, ptrend=0.002 for NEAP, respectively. Besides, 
the estimates showed statistical significance only 
among men and within the strata of intense smokers 
and intense “mate” drinkers. The stratified analyses 
do not suggest any risk contribution for a positive 
family history of cancer. The graphic data displayed 
in Figure 1 reveals very different DAL between GC 
cases and controls, all across the ages between 20 
and 70. The older subgroups suggest that they would 
share a dietary behavior, probably derived from med-
ical recommendations to mitigate chronic diseases 
usually linked to aging. This fact might be reflected 
by a lower DAL, as a consequence of decreasing red 
and processed meats and at the same time increasing 
plant-based foods.

The association of a high DAL and cancer risk 
is a topical area of current epidemiological research 
and major interest to our group21,23-25,27-29. A high 
DAL has recently been associated with increased 
odds for many types of solid cancer21-30 and, impor-
tantly, with cancer recurrence among breast cancer 
survivors, too37. As such, DAL appears to be an 
important novel risk factor in the field of general 
Oncology - a fact that apparently applies for GC, as 
well. Thus, our findings warrant a careful discussion 
in the context of previous studies and a succinct elu-
cidation of potential biological mechanisms.

Fig. 1. 3-D graphic comparison between cases and controls, based on data of PRAL score, ages and education level of the stu-
died population (X-axis=age, Y-axis=education years, and Z-axis=PRAL score). Controls (left picture) display low PRAL scores 
along all the ages, being remarkable the low acid load among young-to-mid ages. Regarding cases (right picture), there is a 
remarkable high acid load area under ages ≥70. Differences are stronger among mid-to-high educated people.
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as cinnamon (inhibiting IL-8 secretion), exhibited 
promising anti-H.pylori activities in experimental 
studies and also have alkalizing properties14,58. 

Strengths and Limitations

The present analysis has multiple limitations and 
strengths that deserve mentioning. First, we tried 
to minimize selection bias by frequency matching 
controls and cases on age, sex, and urban/rural 
residence. Potential confounders, such as occupa-
tional or home exposure to pollution (e.g., toxic 
chemicals, heavy metals, etc.) and smoking, were 
not assessed. Yet, some of these occupational ex-
posures are non-negligible risk factors for GC59,60 
that require consideration in future studies. Be-
sides, no information about the presence of H.py-
lori was initially recorded, because our study was 
designed exclusively using a questionnaire and 
without any biological samples. Therefore, poten-
tial interactions between bacterial features and 
DAL was not feasible to analyze; it would have 
been desirable to perform such analyses, however, 
this is a pending task for future studies. Although 
our employed FFQ showed satisfactory reproduc-
ibility in other studies34, it has never been validat-
ed due to external factors. Yet, a recent study in-
vestigating dietary patterns in Uruguay revealed 
comparable results to our analysis61. As such, we 
believe that our nutritional assessment provides 
sufficient validity. The fact that all study inter-
views were done face-to-face by the same inter-
viewers at the same hospitals is a major strength 
of this study. The same applies to the low attrition 
rate.

CONCLUSIONS

In conclusion, both calculated PRAL and NEAP 
scores were found as directly and significantly as-
sociated with GC risk, in both cases supported by 
adjusted regression models. As reported in previ-
ous studies, DAL scores reflect direct associations 
with meat intake and inversely with the intake 
of plant foods. According to our results, an aci-
dogenic dietary style could contribute to the GC 
risk. To the best of our knowledge, the present is 
the first epidemiologic case-control study analyz-
ing DAL and GC risk associations in a Western 
population. Further investigations are needed to 
confirm our findings.

Ethical approval:
Each hospital Director has allowed the project after receiving 
approval from the respective Ethical Committee. 

tion, changing it from group 2A to the low-risk 
group 3. However, this assignment was only for 
“not very hot” mate, based on insufficient ani-
mal and human evidence, establishing >65ºC as 
a lower limit for the “very hot” category42. The 
previous study had reported 69.5ºC as the mean 
temperature for regional consumers40. A recent 
meta-analysis considered “mate” as a risk factor 
for upper aerodigestive cancers43. Different anal-
yses showed it as a risk factor for GC among the 
Uruguayan population44-46. Therefore, we believe 
it was justified to include the infusion in our cal-
culations since those consumers labeled as “hot 
mate” drinkers seem to have a high proportion of 
“very hot mate” consumers, according to IARC.

Cancer is increasingly seen as a “disease of 
metabolism,” and malignancies are highly asso-
ciated with metabolic reprogramming47. A com-
mon feature of solid cancers is their generation of 
lactic acid (due to elevated rates of fermentative 
glycolysis)48, resulting in subsequent acidification 
of their surrounding microenvironment47. This 
acidic microenvironment, which is reinforced by 
local perfusion deficits49, has strongly influenced 
cancer progression50. Local acidosis has toxic ef-
fects on normal cells51 while stimulating tumor 
invasion and metastasis52. In addition, an acid mi-
croenvironment inhibits immune cell surveillance 
(by promoting T-cell stasis)53,54. Most importantly, 
acidosis induces genomic instability and acts as 
an “evolutionary force” for aggressive clones of 
acid-adapted cells55.

The enhancement of various metabolic path-
ways (e.g., an increased drive of the pentose path-
way with a subsequent increase in NADPH pro-
duction countering reactive oxygen species and 
promoting cancer cell survival) is an additional 
factor worth mentioning53. While a detailed de-
scription of this pathway is beyond the scope of 
this epidemiological study, there is accumulating 
evidence that, altogether, these changes allow 
cancer cells to outcompete neighboring non-can-
cer cells56. As such, our epidemiologic findings 
are supported by various plausible biological 
mechanisms.

The use of adequate dietary styles could reduce 
the levels of H. pylori colonization or virulence, 
prevent or delay the development of GC, and be 
attractive from several perspectives, including 
cost, tolerability, and acceptability, as suggested 
by Raei et al15. From a translational perspective, 
our findings could also be significant. Various di-
rect acidity targeting approaches exist (e.g., oral 
buffers, targeted (experimental) agents to raise 
tumor pH)47, and diet is probably the most acces-
sible option to most populations57. Furthermore, 
spices like turmeric, nutmeg, cumin, e.g., as well 



9

DIETARY ACID LOAD AND GASTRIC CANCER RISK

  9. Correa P, Piazuelo MB. The gastric precancerous cas-
cade. J Dig Dis 2012; 13: 2-9.

 10. Shah SK, Sunuwar DR, Chaudhary NK, Rai P, Pradhan 
PMS, Subedi N, Devkota MD. Dietary risk factors as-
sociated with development of gastric cancer in Nepal: 
A hospital-based case-control study. Gastroenterol Res 
Pract 2020; 2020: e5202946. 

 11. Fang X, Wei J, He X, An P, Wang H, Jiang L, Shao D, 
Liang H, Li Y, Wang F, Min J. Landscape of dietary 
factors associated with risk of gastric cancer: A sys-
tematic review and dose-response meta-analysis of 
prospective cohort studies. Eur J Cancer 2015; 51: 
2820-32. 

 12. Boeing H, Jedrychowski W, Wahrendorf J, Popiela T, 
Tobiasz-Adamczyk B, Kulig A. Dietary risk factors in 
intestinal and diffuse types of stomach cancer: a mul-
ticenter case-control study in Poland. Cancer Causes 
Control 1991; 2: 227-33. 

 13. De Stefani E, Correa P, Boffetta P, Deneo-Pellegrini H, 
Ronco AL, Mendilaharsu M. Dietary patterns and risk 
of gastric cancer: a case-control study in Uruguay. 
Gastric Cancer 2004; 7: 211-20. 

 14. Zaidi SF, Ahmeda K, Saeeda SA, Khanc U, Sugiyamad 
T. Can diet modulate Helicobacter pylori-associated 
gastric pathogenesis? An Evidence-Based Analysis. 
Nutr Cancer 2017; 69: 979-89.

 15. Raei N, Behrouz B, Zahri S, Larifi-Navid S. Helicobacter 
pylori infection and dietary factors act synergistically to 
promote gastric cancer. Asian Pac J Cancer Prev 2016; 
17: 917-21.

 16. Rueda-Robles A, Rubio-Tomás T, Plaza-Diaz J, Álva-
rez-Mercado AI. Impact of dietary patterns on H. 
pylori infection and the modulation of microbiota to 
counteract its effect. A narrative review. Pathogens 
2021; 10: 875.

 17. Li W, Zhou Y, Shang C, Sang H, Zhu H. Effects of en-
vironmental pH on the growth of gastric cancer cells. 
Gastroenterol Res Pract 2020; 2020: 3245359. 

 18. Osuna-Padilla IA, Leal-Escobar G, Garza-García CA, 
Rodríguez-Castellanos FE. Dietary Acid Load: mecha-
nisms and evidence of its health repercussions. Nefro-
logia 2019; 39: 343-54. 

 19. Robey IF. Examining the relationship between diet-in-
duced acidosis and cancer. Nutr Metab (Lond) 2012; 
9: 72. 

 20. Nasab SJ, Rafiee P, Bahrami A, Rezaeimanesh N, 
Rashidkhani B, Sohrab G, Naja F, Hejazi E, Sadeghi 
A.Diet-dependent acid load and the risk of colorec-
tal cancer and adenoma: a case-control study. Publ 
Health Nutr 2021; 24: 4474-81. 

 21. Ronco AL, Martínez-López W, Calderón JM, Mendoza 
BA. Dietary acid load and colorectal cancer risk: a 
case-control study. World Cancer Res J 2020; 7: e1750. 

 22. Shi LW, Wu YL, Hu JJ, Yang PF, Sun WP, Gao J, Wang 
K, Peng Y, Wu JJ, Zhong GC. Dietary acid load and the 
risk of pancreatic cancer: A prospective cohort study. 
Cancer Epidemiol Biomarkers Prev 2021; 30: 1009-19. 

 23. Ronco AL, Martínez-López W, Calderón JM, Golomar 
W. Dietary acid load and lung cancer risk: A case-con-
trol study in men. Cancer Treat Res Commun 2021; 28: 
100382. 

 24. Ronco AL, Storz MA, Martínez-López W, Calderón JM, 
Golomar W. High dietary acid load is associated with 
prostate cancer risk: an epidemiological study. World 
Cancer Res J 2021; 8; e2119. 

 25. Ronco AL, Storz MA, Martínez-López W, Calderón JM, 
Golomar W. Dietary Acid Load and Bladder Cancer 
Risk: An Epidemiologic Case-Control Study. Multidiscip 
Cancer Investig 2022; 6: 1-12. 

informEd consEnt:
In past years in Uruguay, up to 2009, it required only oral 
consent from the patients assuming their data confidential-
ity, and no specific code was formally requested for epide-
miologic observational studies. However, an auto-generated 
number was built to preserve anonymity based on first and 
last name + ID number.

availability of data and matErial:
The database is available under reasonable request.

conflict of intErEst:
The authors (ALR, WML, JMC, BM, and MAS) declare that 
they have no known competing financial interests or personal 
relationships that could have appeared to influence the work 
reported in this paper.

funding:
This research received no specific grant from any funding 
agency in the public, commercial, or not-for-profit sectors.

authors contributions:
A.L.R. participated in the original idea, design, data pro-
cessing, statistical analyses, text redaction, graph design, 
and general supervision; W.M.L. collaborated in the text 
supervision, biochemical and molecular supervision, and 
final draft supervision; J.M.C. collaborated in tables de-
sign and the text supervision; B.M. collaborated in the 
text redaction and supervision; M.S. collaborated in the 
text redaction, draft supervision, language checking, and 
general supervision. 

orcid id:
Alvaro L. Ronco, MD 0000-0002-6328-1482 

REFERENCES

  1. Joshi SS, Badgwell BD. Current treatment and recent prog-
ress in gastric cancer. CA: A Cancer J Clin 2021; 71: 264-79. 

  2. Nagini S. Carcinoma of the stomach: A review of epide-
miology, pathogenesis, molecular genetics and chemopre-
vention. World J Gastrointest Oncol 2012; 4: 156-69. 

  3. Sitarz R, Skierucha M, Mielko J, Offerhaus GJA, Ma-
ciejewski R, Polkowski WP. Gastric cancer: epidemiol-
ogy, prevention, classification, and treatment. Cancer 
Manag Res 2018; 10: 239-48. 

  4. Katai H, Ishikawa T, Akazawa K, Isobe Y, Miyashiro 
I, Oda I, Tsujitani S, Ono H, Tanabe S, Fukagawa S, 
Nunobe S, Kakeji Y, Nashimoto A; Registration Com-
mittee of the Japanese Gastric Cancer Association. 
Five-year survival analysis of surgically resected gastric 
cancer cases in Japan: a retrospective analysis of more 
than 100,000 patients from the nationwide registry of 
the Japanese Gastric Cancer Association (2001-2007). 
Gastric Cancer 2018; 21: 144-54. 

  5. Wong MCS, Huang J, Chan PSF, Choi P, Lao XQ, Chan SM, 
Teoh A, Liang P. Global incidence and mortality of gastric can-
cer, 1980-2018. JAMA Network Open 2021; 4: e2118457. 

  6. Rawla P, Barsouk A. Epidemiology of gastric cancer: 
global trends, risk factors and prevention. Prz Gastro-
enterol 2018; 14: 26-38. 

  7. Yusefi AR, Bagheri Lankarani K, Bastani P, Radinmanesh 
M, Kavosi Z. Risk factors for gastric cancer: A systematic 
review. Asian Pac J Cancer Prev 2018; 19: 591-603. 

  8. Sukri A, Hanafiah A, Mohamad Zin N, Kosai NR. Epidemi-
ology and role of Helicobacter pylori virulence factors in 
gastric cancer carcinogenesis. APMIS 2020; 128: 150-61.



1 0

DIETARY ACID LOAD AND GASTRIC CANCER RISK

 43. Mello FW, Scottia FM, Melo G, Warnakulasuriya S, Silva 
Guerra EN, Correa Rivero ER. Maté consumption associa-
tion with upper aerodigestive tract cancers: A systematic 
review and meta-analysis. Oral Oncol 2018; 82: 37-47. 

 44. Sewram V, De Stefani E, Brennan P, Boffetta P. Mate 
consumption and the risk of squamous cell esophageal 
cancer in Uruguay. Cancer Epidemiol Biomarkers Prev 
2003; 12: 508-13. 

 45. De Stefani E, Boffetta P, Deneo-Pellegrini H, Correa P, 
Ronco AL, Brennan P. Non-alcoholic beverages and risk 
of bladder cancer in Uruguay. BMC Cancer 2007; 7: 57. 

 46. De Stefani E, Moore M, Aune D, Deneo-Pellegrini H, 
Ronco AL, Boffetta P, Correa P, Acosta G, Mendilahar-
su M, Luaces ME, Silva C, Landó G. Maté consumption 
and risk of cancer: a multi-site case-control study in 
Uruguay. Asian Pac J Cancer Prev 2011; 12:1089-93. 

 47. Gillies RJ, Pilot C, Marunaka Y, Fais S. Targeting acid-
ity in cancer and diabetes. Biochim Biophys Acta Rev 
Cancer 2019; 1871: 273-80. 

 48. Cassim S, Vučetić M, Ždralević M, Pouyssegur J. 
Warburg and beyond: The power of mitochondrial 
metabolism to collaborate or replace fermentative 
glycolysis in cancer. Cancers (Basel) 2020; 12: E1119. 

 49. Jordan BF, Sonveaux P. Targeting tumor perfusion and 
oxygenation to improve the outcome of anticancer 
therapy. Front Pharmacol 2012; 3: 94. 

 50. Gatenby RA, Gillies RJ. A microenvironmental model 
of carcinogenesis. Nat Rev Cancer 2008; 8: 56-61. 

 51. Estrella V, Chen T, Lloyd M, Wojtkowiak J, Cornnell 
HH, Ibrahim-Hashim A, Bailey K, Balagurunathan Y, 
Rothberg JM, Sloane BF, Johnson J, Gatenby RA, Gillies 
RJ. Acidity generated by the tumor microenvironment 
drives local invasion. Cancer Res 2013; 73: 1524-35. 

 52. Moellering RE, Black KC, Krishnamurty C, Baggett 
BK, Stafford P, Rain M, Gatenby RA, Gillies RJ. Acid 
treatment of melanoma cells selects for invasive phe-
notypes. Clin Exp Metastasis 2008; 25: 411-25. 

 53. Lardner A. The effects of extracellular pH on immune 
function. J Leukocyte Biol 2001; 69: 522-30. 

 54. Wang JX, Choi SYC, Niu X, Kang N, Xue H, Killam J, Wang 
Y. Lactic acid and an acidic tumor microenvironment sup-
press anticancer immunity. Int J Mol Sci 2020; 21: 8363. 

 55. Gillies RJ, Verduzco D, Gatenby RA. Evolutionary dy-
namics of carcinogenesis and why targeted therapy 
does not work. Nat Rev Cancer 2012; 12: 487-93. 

 56. Quade BN, Parker MD, Occhipinti R. The therapeutic 
importance of acid-base balance. Biochem Pharmacol 
2021; 183: 114278. 

 57. Müller A, Zimmermann-Klemd AM, Lederer A-K, Han-
nibal L, Kowarschik S, Huber R, Storz MA. A vegan diet 
Is associated with a significant reduction in dietary acid 
load: Post hoc analysis of a randomized controlled trial 
in healthy individuals. Int J Environ Res Public Health 
2021; 18: 9998. 

 58. Grygiel-Górniak B, Puszczewicz MJ. Diet in hyperurice-
mia and gout - myths and facts. Reumatologia 2014; 
52: 269-75.

 59. Ekström AM, Eriksson M, Hansson L-E, Lindgren A, 
Signorello LB, Nyrén O, Hardell L. Occupational expo-
sures and risk of gastric cancer in a population-based 
case-control study. Cancer Res 1999; 59: 5932-7. 

 60. Yuan W, Yang N, Li X. Advances in understanding how 
heavy metal pollution triggers gastric cancer. Biomed 
Res Int 2016; 2016: 7825432. 

 61. Moliterno P, Donangelo CM, Borgarello L, Pécora 
M, Olascoaga A, Noboa O, Boggia J. Association of 
dietary patterns with cardiovascular and kidney phe-
notypes in an Uruguayan population cohort. Nutrients 
2021; 13: 2213. 

 26. Park Y-MM, Steck SE, Fung TT, Merchant AT, Hodgson 
ME, Keller JA, Sandler DP. Higher diet-dependent acid 
load is associated with risk of breast cancer: Findings 
from the Sister Study. Int J Cancer 2019; 144: 1834-43. 

 27. Ronco AL, Martínez-López W, Mendoza BA, Calderón 
JM. Epidemiologic evidence for association between 
a high dietary acid load and the breast cancer risk. 
SciMed J 2021; 3: 166-76. 

 28. Ronco AL, Martínez-López W, Calderón JM, Storz MA. 
Dietary acid load and risk of head and neck and oral cavity 
cancers: an epidemiologic study. Oral Sci Int 2022; 1-10.

 29. Ronco AL, Martínez-López W, Calderón JM, Storz 
MA. Dietary acid load and esophageal cancer risk: a 
case-control study. Thorac Cancer 2022 Aug 21. doi: 
10.1111/1759-7714.14612. Epub ahead of print. PMID: 
36054595.

 30. Milajerdi A, Shayanfar M, Benisi-Kohansal S, Moham-
mad-Shirazi M, Sharifi G, Tabibi H, Esmaillzadeh A. A 
Case-Control Study on Dietary Acid Load in Relation 
to Glioma. Nutr Cancer 2022; 74: 1644-51.

 31. Ronco AL, Storz MA, Martínez-López W, Calderón 
JM, Golomar W. Dietary acid load and risk of kidney 
cancer: an epidemiologic case-control study. World 
Cancer Res J 2021; 8: e2096. 

 32. Safabakhsh M, Imani H, Yaseri M, Omranipour R, 
Shab-Bidar S. Higher dietary acid load is not associated 
with risk of breast cancer in Iranian women. Cancer 
Rep (Hoboken) 2020; 3: e1212. 

 33. Storz MA, Ronco AL. Quantifying dietary acid load 
in U.S. cancer survivors: an exploratory study using 
NHANES data. BMC Nutr 2022; 8: 43. 

 34. Ronco AL, De Stefani E, Boffetta P, Deneo-Pellegrini H, 
Acosta G, Mendilaharsu M. Food patterns and risk of 
breast cancer: A factor analysis study in Uruguay. Int J 
Cancer 2006; 19: 1672-8. 

 35. Remer T, Manz F. Estimation of the renal net acid ex-
cretion by adults consuming diets containing variable 
amounts of protein. Am J Clin Nutr 1994; 59: 1356-61. 

 36. Frassetto LA, Todd KM, Morris RC, Sebastian A. 
Estimation of net endogenous noncarbonic acid pro-
duction in humans from diet potassium and protein 
contents. Am J Clin Nutr 1998; 68: 576-83.

 37. Wu T, Hsu F-C, Wang S, Luong D, Pierce JP. Hemoglobin 
A1c levels modify associations between dietary acid load 
and breast cancer recurrence. Nutrients 2020; 12: 578. 

 38. Frassetto LA, Morris RC Jr, Sebastian A. Dietary sodium 
chloride intake independently predicts the degree of 
hyperchloremic metabolic acidosis in healthy humans 
consuming a net acid-producing diet. Am J Physiol Ren 
Physiol 2007; 293: F521-25. 

 39. Comision Honoraria de Lucha Contra el Cancer. Knowl-
edge, beliefs, attitudes and practices related to cancer: 
population survey. Technical cooperation PNUD/BID. 
Comision Honoraria de Lucha Contra el Cancer 1993, 
Montevideo, Uruguay. (in Spanish) 

 40. International Agency for Research on Cancer. Monographs 
on the Evaluation of Carcinogenic Risks to Humans. Some 
non-heterocyclic polycyclic aromatic hydrocarbons and 
some related exposures. IARC, Lyon 2010; 92: 1-853.

 41. Oranuba E, Deng H, Peng J, Dawsey SM, Kamangar F. 
Polycyclic aromatic hydrocarbons as a potential source 
of carcinogenicity of mate. J Environ Sci Health Part C 
Environ Carcinog Ecotoxicol Rev 2019; 37: 26-41. 

 42. Loomis D, Guyton KZ, Grosse Y, Lauby-Secretan B, El 
Ghissassi F, Bouvard V, Benbrahim-Tallaa L, Guha N, 
Mattock H, Straif K, International Agency for Research 
on Cancer Monograph Working Group. Carcinogenic-
ity of drinking coffee, mate, and very hot beverages. 
Lancet Oncol 2016; 17: 877-8. 


