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Abstract — Objective: Dietary acid load can contribute to metabolic acidosis, which is closely linked
to cancer development through inflammation and cell fransformation mechanisms. However, limited ep-
idemiologic evidence is still linking diet-dependent acid load and cancer risk. Since we published nine
studies specifically focusing on dietary acid load and the risk of cancer development, we decided to ex-
plore its potential role more deeply through the analysis of all databases combined.

Materials and Methods: A case-control study was performed on 13270 subjects (3736 cases and
9534 age-frequency and residence-matched controls) drawn from the major public hospitals in Uru-
guay. Participants were interviewed through a multi-topic questionnaire, including a food frequency
questionnaire. Food-derived nutrients were calculated from available databases. The dietary acid load
was calculated based on validated measures, including Potential Renal Acid Load and Net Endoge-
nous Acid Production scores. Odds ratios (OR) were estimated by logistic regression, adjusting for
potential confounders.

Results: We found significant and direct associations between dietary acid load and cancer risk
(OR= 1.44 and OR= 1.64 for the highest scores). The estimated methionine intake was found also
significantly and directly associated (OR= 1.97), while the plant fiber was significantly and inversely
associated (OR= 0.49).

Conclusions: Results confirm that an acidogenic dietary style may increase the risk of cancer. Our
findings suggest that both methionine and plant fiber intakes might be independent factors influencing the
risk linked to acid-base disbalance which turn into a metabolic stress, but acting in opposite directions.
Furthermore, methionine intake displayed comparable odds ratios as the scores themselves.
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INTRODUCTION

Cancer is among the leading causes of death glob-
ally, and exposure to risk factors plays a crucial
role in the biology and burden of numerous can-
cer types'. Most cancers are caused by a complex
multifactorial etiology, including lifestyle, envi-
ronmental and genetic factors**. In addition, pre-
vention offers the most cost-effective long-term
strategy for cancer control, and the World Health
Organization suggested that up to 50% of cancers
are preventable®. Through changes on hormonal,
metabolic, and inflammatory effects, diet may
play a pivotal role in cancer prevention strate-
gies®. Whereas solid epidemiological associations
exist between obesity and cancer®, well-balanced,
healthy diets abundant in plant foods are supposed
to reduce cancer risk’®. In recent years, a relative-
ly new index to assess the overall quality of diet
has gained increasing attention in this context: the
Dietary Acid Load (DAL). It has been recently
proposed that a higher DAL, representing a higher
intake of (acidifying) animal products and a lower
intake of vegetables and fruits, could lead to det-
rimental changes in acid-base balance’. An unfa-
vorable acid-base disbalance with pH values at the
lower end of the normal physiological range was
shown to modulate molecular activity, including
insulin growth factor and glucocorticoid activity,
as well as altered adipocyte cytokine signaling.
There are known consequences of these facts, ex-
pressed by a risk increase of chronic kidney dis-
ease’, osteoporosis'®, non-fatty acid liver disease,
among several other chronic diseases such as sar-
copenia, and cardiovascular ones'!. In addition,
the aforementioned molecular disbalances may
indirectly serve as intermediary or downstream
effectors of carcinogenesis or tumor promotion'2.
Moreover, it has been demonstrated that low pH
reduced the removal of DNA damage induced by
Benzo[a]Pyrenes in pulmonary epithelial cells
maintained in culture, leading to an accumulation
of DNA damage®®. Experimental and translational
work suggests that an acidifying microenviron-
ment favors cancer cells’ survival and facilitates
tumors’ invasion and metastasis. In contrast, an
alkalizing microenvironment has opposite ef-
fects'*!>. Numerous epidemiological studies ex-
amined potential associations between cancer
and DAL, and three independent meta-analyses
confirmed these associations®!'%', In this respect,
Williamson et al'® summarized the relevant mo-
lecular pathways that can be sensitive to acid-base
equilibria in mammalian cells, their possible cel-
lular effects, as well as the cascade of events that
turn into an organism-level manifestation of the
metabolic stress followed by disease. Despite

these preliminary results, additional high-quality
studies are warranted to determine further poten-
tial associations between DAL and risk and prog-
nosis for specific cancers — particularly in large
populations. In this respect, our research group
has a strong interest in the role of DAL in health
and disease and conducted numerous epidemio-
logical analyses investigating the importance of
DAL in various cancer types. This is a topic of
current epidemiologic interest”. We merged here-
with our nine (published) subsite-specific cancer
databases?*® and conducted an extensive analysis
with more than 13,000 participants.

Acidogenic foods are rich in sulfur-containing
amino acids such as methionine (Met) and cysteine
(Cys). Met is an essential amino acid in mammals.
In addition to its role as a component of proteins,
Met links to some important metabolic pathways
that play vital roles in epigenetics (S-adenosyl-
methionine), nuclear functions (polyamines), de-
toxification (glutathione), and cellular membranes
(phospholipids). Furthermore, the Met cycle is inti-
mately linked with folate metabolism and thus can
indirectly modulate nucleotide biosynthesis®.

Part of the earlier literature has focused on
the effects of Met restriction because low Met
diets appear to improve overall metabolic health
by impacting several critical metabolic and nu-
trient-sensing pathways, improving glucose me-
tabolism, reducing the accumulation of hepatic
triglycerides, and favoring corrections in plasma
biomarker levels as adiponectin, leptin, among
others®. In addition, several biomarkers are usu-
ally affected when a high DAL is reported?®'*.
Therefore, it has become apparent that dietary
Met and Cys reductions are required for maxi-
mum benefits. This is particularly relevant for
translational consideration since Met and Cys are
both common constituents in the diet®.

Met metabolism has been connected to cancer
on several levels*. However, since the human ep-
idemiological evidence for Met intake and risk of
diseases such as cancer is mixed?, we decided to
estimate its intake and analyze it in our study on
cancer, given its relevant part as a component of
the DAL scores. Regarding these latter, since the
alkalizing effects rely mostly on fruits and vege-
tables and their contribution to fiber is consider-
able, we considered it timely to analyze the fiber
intake within the context of our study. We paid
particular consideration to the suggestions made
by Wang et al* and included a large set of potential
confounders as well as already known DAL mea-
surements: potential renal acid load (PRAL) and
net endogenous acid production (NEAP) scores to
enhance our understanding of this topic of high
epidemiological interest.
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MATERIALS AND METHODS
Selection of cases and controls

As part of a multisite epidemiologic research (1993-
2005), all newly diagnosed and confirmed cases of
cancer, drawn from the four major public hospitals
of Montevideo, Uruguay (Clinicas University Hos-
pital, Maciel and Pasteur Public Hospitals, and the
Oncology Institute), were considered eligible for
this study. These institutions screen a significant
fraction of patients from the public system to di-
agnose and/or treat cancer. In addition, the public
health system is centralized in Montevideo, where
~50% of total incident cancer cases are diagnosed.

During the study period (1993-2005), 3736 can-
cer cases were identified and included in the already
published original studies?®?®. At the same period
and in the same hospitals, all patients hospitalized
for conditions unrelated to tobacco smoking or alco-
hol drinking and without recent changes in their di-
ets were considered eligible for the study. A total of
9534 patients were included in the study, who have
completed the questionnaire. They were frequen-
cy matched to cases on age (10-year groups), resi-
dence (urban/rural), and region (Montevideo/Other
18 counties). The corresponding control group was
not hospitalized but had ambulatory consultation for
medical reasons.

Trained social workers, unaware of the study ob-
jectives, worked at the hospitals in two phases: First,
they screened routinely for newly diagnosed cancer
patients, working with Medical Records personnel’s
collaboration. Second, they contacted patients who
were eligible to be matched by the age-frequencies of
the cases, as well as their urban/rural residence and
their region (Montevideo/Other counties). After ob-
taining consent for the study, all participants under-
went an in-person interview at the hospitals. Proxy
interviews were not accepted in our research. Patients
admitted to Public or University Hospitals were peo-
ple with low incomes from all around the country,
with free access to most medical services, which was
mandatory by Uruguayan law. According to the pop-
ulation features the public health system served, they
were considered good representatives of a third-world
country population. Therefore, we have excluded no
participants as outliers for any dietary component.

Questionnaire

Participants answered a structured questionnaire
that included socio-demographic variables; occu-
pation; cancer history in 1st-2nd degree relatives;
self-reported height and weight five years before
the interview; smoking and alcohol; a history of

“mate,” tea and coffee drinking; a food frequency
questionnaire (FFQ) of 64 items, representative of
the Uruguayan diet, focused on food consumption
five years before the interview. The FFQ was not
validated, although it was tested for reproducibili-
ty¥, allowing the estimation of individual energy.
All dietary questions were open-ended. Local ta-
bles of food composition were used for estimating
energy and nutrients*®, and an external source was
consulted to obtain information on Met in foods™.

Regarding smoking habit, there were eight
items considered: smoking status (Non-smoker,
Ex-, Current); amount (N° of cigarettes/day); type
(blond, mixed, black); rolling (manufactured,
hand-rolled); age at start and at quitting; duration
(age at stopping—the age at the start); and intensity
(pack-years, = the product of calculated packs of
20 units smoked per day x smoking duration in
years). Patients who reported quitting within the
same year of their interview were considered cur-
rent smokers.

Estimation of dietary acid load

We calculated diet-dependent DAL using formu-
las that have been previously defined and validat-
ed*®* and applied for our previous epidemiologic
studies on DAL and cancer®*?®: PRAL and NEAP.
These measures were calculated as follows:

PRAL (mEq/day) = (0.49 x total protein [g/day])
+ (0.037 x phosphorus[mg/day]) — (0.021
x potassium[mg/day]) — (0.026 x magnesium|[mg/
day]) — (0.013 x calcium[mg/day]);

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

The PRAL score considers the intestinal absorp-
tion rates for protein, potassium, calcium, magne-
sium, and phosphate and has been validated against
urine pH in healthy adults. The rate of sulfuric acid
production from protein metabolism and bicarbon-
ate generation from the metabolism of intestinally
absorbed potassium salts of organic acids are promi-
nent and become a highly variable component of the
NEAP score, as developed by Frassetto et al*. These
authors stated that “by considering both, the acidi-
fying effect of protein and the alkalinizing effect of
potassium (organic anions), NEAP can be predicted
with confidence from the readily available contents
of only two food nutrients”. In addition, they found
that PRAL and NEAP were highly correlated (=
0.84, p< 0.001). Negative PRAL or reduced NEAP
values reflect an alkaline-forming potential, whereas
a positive or increased value reflects an acid-forming
potential, respectively.
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Estimation of nutrients intake

An analysis software was compiled to calculate
energy as the sum of all individual values. Each
one was obtained after multiplying the numbers
of servings/year by the ratio of calories of the
serving/100 g of each, divided by 365 days. Most
typical or average servings of solid foods are
within the range of 100-150 g. This applies to Met
and other nutrients’***’. Animal-based nutrients
were calculated by adding estimations from all
animal foods; plant-based nutrients were derived
by subtracting the animal-based one from the to-
tal intake. For research purposes, we calculated a
nutrient density expressed as daily milligrams or
grams of the substance/kilocalories * 1000.

Statistical analysis

Most questionnaire variables were originally con-
tinuous; when necessary, they were categorized for
analysis purposes. Categorization into quartiles
was performed overall. Preliminary univariate
analyses were performed to select variables to be
further entered into the regression models. To make
comparisons, selected interest variables were pre-
sented as mean values + standard deviation (SD).
We estimated Odds Ratios (ORs) and 95% confi-
dence intervals (95% CI) for each interest variable
to analyze the association between exposure levels
of acid load scores and LC, which were calculat-
ed by unconditional logistic regression. Reported
p-values were two-sided, and associations with
p-values< 0.05 were considered statistically signifi-
cant. The regression models were compared using
a term for “energy” as a continuous and categori-

cal variable, searching for the best OR estimates.
Potential observable confounders were included in
the multivariate analyses.

Equations included terms for the following in-
dependent variables: age (categorical, 6), sex (bi-
nary), family history of cancer in 1st and 2nd-de-
gree relatives (binary, no/yes), smoking status
(categorical, 3), smoking intensity (pack-years,
continuous), and intakes of energy (continuous),
total fiber (categorical, 5), a-carotene (continu-
ous), lycopene (continuous), calorie-adjusted total
iron (continuous), and Met (categorical, 5). Cal-
culations were performed with STATA software
(Release 10, Stata Corp., LP, College Station, TX,
USA; 2007).

RESULTS

The distribution of the analyzed sample is sum-
marized in Table 1: the cancer sites (cases) and the
main health afflictions among controls. Besides,
Table 1 shows the classification of cases accord-
ing to anatomic sites and controls according to
pathologies. A small subset of women (n= 333) be-
longed to the Prepaid Healthcare system, partici-
pating in the study on DAL and breast cancer®.

Relevant socio-demographic features, select-
ed habits, and a comparison between cases and
controls (frequencies, mean + standard deviation)
of selected dietary items are shown in Table 2.
The age distribution significantly differs due to
the employed procedure of database merge. Other
significant differences between cases and controls
were found for almost all variables unless for sex,
urban/rural status, as well as intakes of a-caro-
tene and total iron.

TABLE 1. Distribution of the analyzed sample: number and relative frequency of the cancer sites (in cases) and main health

afflictions (among controls).

Tumor sites in n % Health afflictions n %
cancer cases in controls

Lung 839 22.5 Abdominal hernia 1792 18.8
Breast 572 15.3 Eye diseases 1763 18.5
Prostate 323 8.6 Osteoarticular diseases 1725 18.1
Colon 319 8.5 Skin diseases 1010 10.6
Rectum 292 7.8 Traumatic injuries 925 9.7
Larynx 275 7.4 Appendicitis 610 6.4
Stomach 274 7.3 Varicose veins 534 5.6
Bladder 255 6.8 Other pathologies 505 5.3
Esophagus 185 4.9 Hydatic cyst 276 2.9
Pharynx 185 4.9 Not hospitalized 222 2.3
Kidney 114 3.0 Benign blood diseases 172 1.8
Oral cavity 103 2.7

All cases 3736 100.0 All controls 9534 100.0
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TABLE 2. Socio-demographic features, selected habits and comparison between cases and controls (frequency, mean =+ standard
deviation) of selected dietary items in the studied population.

Variables Categories Controls Cases Differences
(n=9534) % (n=3736) % p-value
Age groups <40 215 23 89 24
40-49 787 8.2 355 9.5
50-59 1815 19.0 777 20.8
60-69 3245 34.0 1249 334
70-79 2870 30.1 1053 28.2
80-89 602 6.3 213 5.7 0.02
Status Urban/Rural Urban 7696 80.7 2983 79.8
Rural 1838 19.3 753 20.2 0.25
Residence region Montevideo 5060 53.1 1814 48.6
Other counties 4474 46.9 1922 514 <0.001
Sex Men 7195 75.5 2763 74.0
Women 2339 24.5 973 26.0 0.07
Education years <5 4990 52.3 2044 54.7
>3 4544 477 1692 453 0.01
Body Mass Index <18.50 164 1.7 60 1.6
(kg/m?) 18.50-24.99 4314 453 1935 51.8
25.00-29.99 3844 40.3 1307 35.0
>30.00 1212 12.7 448 11.6 <0.001
Family history of cancer ~ No 7093 74.4 2559 68.5
In 1**and 2" degree Yes 2441 25.6 1177 32.5 <0.001
Smoking Status Not smoker 3194 335 977 26.2
Ex-smoker 2704 28.4 924 247
Current smoker 3636 38.1 1835 49.1 <0.001
Smoking intensity Not smoker 3194 335 977 26.2
(pack-years) 0.01-27.0 2442 25.6 606 16.1
27.1-53.0 2103 22.1 914 24.5
>53.1 1795 18.8 1239 33.2 <0.001
Alcohol drinking Not drinker 4128 433 1465 39.2
Ex drinker 1157 12.1 540 14.5
Current drinker 4249 44.6 1731 46.3 <0.001
“Mate”” status Not drinker 1279 13.4 390 10.4
Ever drinker 8255 86.6 3346 89.6 <0.001
“Mate” intensity 0.1-39 2747 28.8 1114 29.8
(liters-years) 39.1-62.9 2773 29.1 1009 27.0
>63.0 2735 28.7 1223 32.8 <0.001
Total iron mg/10° Kcal/d 773 +£1.40 7.82 +1.43 0.29
Animal iron mg/10° Kcal/d 2.98 +£0.96 3.27+1.03 <0.0001
Plant iron mg/10° Kcal/d 475+ 1.55 4.54 + 1.50 0.02
a-carotene mg/d 1.54 £ 1.41 1.54 £ 1.45 0.87
Lycopene mg/d 1.17 £ 0.79 1.10 £ 0.78 <0.0001
Total fiber 2/10° Kcal/d 5.16 £2.07 441+2.65 <0.0001
Total methionine g/d 2.68 +0.98 2.94+1.05 <0.0001
Methionine mg/kg body weight/d 38.1 +£15.6 42.8+173 <0.0001
Energy Kcal/d 2256 + 573 2499 + 682 <0.0001

Abbreviations: g=grams; mg=milligrams; kcal=kilocalories; /d = per day.

On the other hand, Table 3 displays the Met
contents in representative foods of our FFQ, elev-
en animal sources, and nineteen plant sources,
according to the American dietary reference®.

The fractions used were adapted to those of the
Uruguayan FFQ (in units or servings). Substan-
tial differences exist between animal and plant
sources.
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TABLE 3. Methionine contents in selected, representative, analyzed foods, according to Ref. 31.

Food item — Units Content  Food item — Units Content
Animal source Q) Plant source (9)
Beef, roasted, mid-size S 0.957 Carrot, raw, mid-size U 0.012
Lamb, roasted, mid-size S 0.677 Tomato, raw, mid-size 18] 0.007
Chicken, breast, skin S 0.659 Lettuce, raw S 0.013
Fish, white, mid-size S 1.120 Onion, raw S 0.010
Bacon S 0.166 Chard, cooked S 0.035
Sausage, pork U 0.132 Spinach, cooked S 0.099
Ham, cured S 0.764 Potato, cooked S 0.045
Cheese, Gruyere-type S 0.429 Sweet potato, cooked S 0.062
Butter, saltless S 0.024 Pumpkin, cooked S 0.020
Milk, whole S 0.845 Cabbage, cooked S 0.026
Egg, whole, boiled U 0.210 Beans, kidney, cooked S 0.261
Lentils, cooked S 0.152
Oranges U 0.010
Apples U 0.002
Pears 18] 0.040
Grapes S 0.016
Peaches U 0.014
Bananas U 0.011
Bread, white, small 18] 0.130

Abbreviations: S = serving; U = unit.

The correlations found between DAL scores played significant differences between cases and

and different fiber types are displayed in Table 4.
All found correlations were statistically significant.
The cereal fiber showed opposite associations:
while it was inversely correlated to the NEAP
score (same as the rest of fiber types), it was posi-
tively and significantly associated with the PRAL
score. The other fiber types showed similar signifi-
cant, inverse correlations with DAL scores.

The Odds Ratios for the PRAL and NEAP
scores calculated in the previous Uruguayan stud-
ies are presented in Table 5. Depending on the sam-
ple size, some of those studies were categorized
into tertiles (oral cavity, pharynx, larynx, esoph-
agus, stomach, bladder, and prostate) or quartiles
(breast, lung, colorectum, and kidney). Some can-
cers showed coincidence in the significance of high
estimates for both scores (pharynx, larynx, esoph-
agus, stomach, breast, bladder, and prostate). In
addition, there were two tumor sites without a risk
association (oral cavity and kidney), and the rest
displayed significantly elevated ORs for one of the
employed scores and nonsignificant estimates for
the other score (lung, rectum, colorectum).

Table 6 compares the main PRAL and NEAP
components (mean =+ standard deviation) between
cases and controls, including an adjusted calcu-
lation by energy for each item. Additionally, the
table includes a stratification of items according
to their animal or plant source. Unless three vari-
ables (plant phosphorus, plant calcium, and ener-
gy-adjusted calcium), all analyzed variables dis-

controls. In general, the intake of alkalizing com-
ponents was higher among controls, and those of
acidifying ones were higher among cases. Re-
garding animal or plant sources, the latter tended
to be more consumed by controls, and the former
more consumed by cancer cases.

Table 7 shows the ORs of cancer for the expo-
sure to PRAL and NEAP scores in the whole sam-
ple. Different regression models were employed:
A basic one, only adjusting for sex and age, which
yielded similar ORs for both scores (OR= 2.39
and OR= 2.37 for the highest quintiles of PRAL
and NEAP, respectively). Then, three adjusted
models, controlling for significantly associated
variables, adding dietary fiber, and finally, Met.
The highest quintiles of PRAL and NEAP were
also highly and significantly associated with the
risk of cancer, even with the more complex mod-

TABLE 4. Pearson correlation coefficients for dietary acid
load scores and fiber types.

PRAL NEAP
Cereal fiber .091 * -.080 *
Vegetable fiber -403 * =379 *
Legume fiber -173 * -239 *
Fruit fiber -469 * -378 *
Vegetabletfruit+legume fiber =542 * -.507 *
Total fiber =511 * -514 *

(*) = statistically significant (p<0.05).
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TABLE 5. Odds Ratios for the PRAL and NEAP scores calculated in the previous Uruguayan studies.

PRAL
I 1 n 114 Trend
Tumor site Ref. OR 95%ClI OR 95%ClI OR 95%CI OR 95%CI (p)
Oral cavity 26 1.00 --- 0.84 0.46-1.55 1.29  0.69-2.43 --- 0.49
Pharynx 26 1.00 --- 1.16 0.71-1.91 2.40 1.44-4.01 --- 0.005
Larynx 26 1.00 --- 1.14  0.74-1.77 2.22 1.42-3.47 --- <0.001
Oro-Phar-larynx 26 1.00 --- 1.11 0.79-1.57 210 1.46-3.03 --- <0.001
Lung 21 1.00 --- 1.00  0.73-1.36 122 0.87-1.72 099 0.64-1.52 0.94
Esophagus 27 1.00 --- 1.74 1.09-2.77 2.28 1.44-3.61 --- <0.001
Stomach 28 1.00 --- 1.38  0.94-1.87 1.74 1.13-2.66 --- <0.001
Colon 20 1.00 --- 0.91 0.61-1.37 1.23  0.80-1.89  1.29  0.76-2.19  0.052
Rectum 20 1.00 --- .42 0.92-2.18 1.33  0.82-2.15 177 1.00-3.12 0.048
Colorectum 20 1.00 --- 114 0.83-1.55 1.28 091-1.79 1.53 1.02-2.31 0.03
Breast 22 1.00 --- 1.01  0.73-1.40 1.76 1.28-2.42 2.46 1.76-3.44 <0.001
Kidney 24 1.00 --- 0.69 0.38-1.24 091 0.42-196 098 094-1.02 0.34
Bladder 25 1.00 --- 1.72  1.12-2.62 1.74 1.08-2.82 --- 0.002
Prostate 23 1.00 --- 1.28  0.90-1.83 1.52  1.01-2.28 --- 0.01
NEAP
I /] i v Trend
Tumor site Ref. OR 95%ClI OR 95%ClI OR 95%ClI OR 95%CI (p)
Oral cavity 26 1.00 --- 1.04  0.56-1.91 1.06  0.56-1.98 --- 0.98
Pharynx 26 1.00 --- 1.21  0.73-1.99 2.28 1.40-3.71 --- 0.006
Larynx 26 1.00 --- 1.37  0.89-2.11 2.00 1.29-3.09 --- 0.006
Oro-Phar-larynx 26 1.00 --- 1.27  0.89-1.79 1.95 1.37-2.78 --- 0.002
Lung 21 1.00 --- 1.09  0.81-1.49 1.48 1.06-2.05 2.22 1.52-3.22 <0.001
Esophagus 27 1.00 --- .53  096-2.44 217 1.38-3.41 --- <0.001
Stomach 28 1.00 --- 145 1.00-2.10 190 1.26-2.84 --- 0.002
Colon 20 1.00 --- 1.08  0.74-1.59 1.18  0.78-1.79 1.37 0.85-2.24 0.20
Rectum 20 1.00 --- 1.06  0.70-1.59 1.18  0.76-1.83 .22 0.73-2.04 0.24
Colorectum 20 1.00 --- 1.07  0.80-1.44 1.19  0.67-1.84 1.29 0.89-1.88 0.11
Breast 22 1.00 --- 098  0.72-1.35 1.56 1.15-2.13 178 1.30-2.42 <0.001
Kidney 24 1.00 --- 091  0.49-1.68 1.59  0.77-3.31 1.00  0.98-1.02 0.92
Bladder 25 1.00 --- 2,10 1.38-3.20 1.83 1.15-2.89 --- 0.02
Prostate 23 1.00 --- 1.58 1.10-2.18 1.72 1.16-2.48 --- 0.048
els (OR= 1.44 and OR= 1.64 for PRAL and NEAP, DISCUSSION

respectively). Furthermore, all p-values for trend
were highly significant.

Finally, given the obtained results with the
aforementioned complex regression models, we
decided to regress dietary fiber and Met as our in-
terest variables independently. The results of such
analyses are displayed in Table 8. On the one hand,
even including adjustments for PRAL and NEAP
scores, fiber always showed significantly reduced
ORs (OR= 0.60 and 0.66, respectively, p-trend <
0.001). On the other hand, Met intake kept signifi-
cantly increased risks for the highest quantiles,
even when we adjusted for PRAL and NEAP scores
(OR= 1.79 and OR= 1.38, respectively). Again, the
p-trend were also significant.

The analysis of the global database created by
merging those of our previous studies**?* showed
an expected increase in cancer risk, taking into
account the individual outcomes of each publi-
cation. The highest quintiles of both DAL scores
were highly and significantly associated with the
risk of cancer even with the more complex regres-
sion models (OR= 1.44 and OR= 1.64 for PRAL
and NEAP, respectively), and all p-values for
trend were highly significant.

In the present analysis, we introduced two vari-
ables considered relevant for their potential roles re-
lated to cancer risk: the intakes of fiber and Met. The
inclusion of dietary fiber is not new for the present
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TABLE 6. Comparison of the main PRAL and NEAP components (mean =+ standard deviation) between cases and controls,
including an adjusted calculation by energy for each item. Stratification of items according to their animal or plant source.

Variable Unit Controls Cases Mean Differ.
Mean = SD +SD (p-value)
Total Proteins g/d 55.0 £ 193 60.3 + 213 <0.001
Total Proteins adj. g/10° kecal/d 357 + 73 369 + 7.5 <0.001
Animal source g/d 50.2 + 18.6 55.7+20.6 <0.001
Plant source g/d 4.8 + 2.2 4.6 + 22 <0.001
Total Phosphorus mg/d 792.5 £ 250.6 8372 + 272.1 <0.001
Total Phosphorus adj. mg/10° kcal/d 513.8 + 61.1 511.0 £ 597 0.02
Animal source mg/d 476.2 +179.1 521.0 + 201.4 <0.001
Plant source mg/d 3163 + 131.0 316.2 + 137.0 0.96
Total Potassium mg/d 1939.7 +635.5 19649 + 677.3 0.04
Total Potassium adj. mg/10° kcal/d 1275.6 +287.8 1211.7 + 259.8 <0.001
Animal source mg/d 673.2 + 261.6 744.0 + 290.4 <0.001
Plant source mg/d 1266.5 + 517.5 1220.9 + 545.3 <0.001
Total Magnesium mg/d 181.6 + 60.7 184.8 + 64.3 0.006
Total Magnesium adj. mg/103 kcal/d 118.9 + 254 113.7 £ 22.6 <0.001
Animal source mg/d 527 + 199 582 £22.3 <0.001
Plant source mg/d 1289 + 52.2 126.7 + 54.8 0.03
Total Calcium mg/d 594.3 + 2545 622.4 + 269.7 <0.001
Total Calcium adj. mg/10° kcal/d 387.4 + 1339 384.0 + 1374 0.19
Animal source mg/d 351.0 + 220.6 377.2 + 238.6 <0.001
Plant source mg/d 2433 + 979 245.2 + 100.6 0.31
PRAL mEq/d 3.10 + 10.57 6.37 £ 11.29 <0.001
PRAL adj. mEq/10® kcal/d 1.59 + 7.05 3.61 + 6.64 <0.001
NEAP mEq/d 51.88 + 17.51 57.04 +17.81 <0.001
NEAP adj. mEq/10° kcal/d 36.39 + 17.10 3791 £ 1740 <0.001

study; we have already included it in our studies on
DAL and colorectum?®, lung?, and kidney cancer®,
being part of the best regression models found. Re-
cent research on nephrolithiasis showed that fiber
was negatively correlated with PRAL (r = -0.246)
and with NEAP (r = -0.399)*. In our study, dietary
fiber is mostly inversely correlated with PRAL and
NEAP scores (r ~ -.050), except for cereal fiber and
PRAL, which showed a modest but significant posi-
tive correlation (r = 0.091).

Besides, it is recommended to ingest 20-35 g/
day dietary fiber in healthy adults*. However, the
control population in our study had a mean intake
of 11.8 g/day (results not shown: Table 2 displays
5.16 g/ 10° Kcal/d of energy-adjusted fiber). This
value is far below the lower limit of recommenda-
tions. Furthermore, aside from some hormonal reg-
ulations (estrogens, insulin growth factor), dietary
fiber can inhibit histone deacetylases and related
signaling pathways and may have anti-inflamma-
tory effects, both through the production of short-
chain fatty acids (SCFA) such as butyrate®.

The consumption of hydrogen ions upon me-
tabolization has alkalizing effects®. Most plant

foods (unless ripened and processed grains)
contain substantial amounts of organic anions,
whereas they are scarce in animal-based foods®.
The daily food supply of organic anions strongly
depends on dietary patterns, ranging from 1 g/d
in low plant consumers, 3-4 g/d in a diversified
omnivorous diet, to > 5 g/d among vegetarians
and vegans®. Another essential source of organ-
ic anions is SCFA (including butyrate, acetate,
and propionate), which are the end-products
of microbial fermentation, mainly in the distal
part of the digestive tract®®. SCFA production
is closely dependent on nutritional factors, and
fecal levels of those metabolites correlate posi-
tively with the consumption of vegetables, fruits,
and legumes*. Significant increases in SCFA
production were observed when omnivores con-
sume a diet rich in fruits and vegetables®. Re-
cent studies indicated that Met restriction (MR)
considerably increased SCFAs by up- and down-
regulating the abundance of specific bacteria**.
Now is widely accepted that a plant-based vegan
diet may increase SCFA production by modula-
tion of the gut microbiota*®.
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TABLE 7. Odds Ratios of cancer for the exposure to PRAL and NEAP scores in the whole sample. Comparisons among the employed regression models.

PRAL I I m v v Trend
Cases/cont. 554/2099 640/2015 722/1936 800/1854 1020/1630 (®)
(mEq/d) =-3.97 -3.96 - 1.83 1.84 - 6.58 6.59 - 12.37 =12.38
OR 95 % CI OR 95 % CI OR 95 % CI OR 95 % CI OR 95 % CI
Crude 1.00 - 1.20 1.06-1.37 1.41 1.24-1.60 1.63 1.44-1.85 2.39 2.12-271 <0.001
Model 1 1.00 - 1.21 1.05-1.38 1.41 1.23-1.62 1.60 1.39-1.84 2.20 1.91-2.54 <0.001
Model 2 1.00 - 1.12 0.97-1.29 1.22 1.05-1.42 1.30 1.11-1.52 1.65 1.38-1.97 <0.001
Model 3 1.00 - 1.09 0.94-1.25 1.14 0.98-1.33 1.17 0.99-1.38 1.44 1.20-1.73  <0.001
NEAP I I T v v Trend
Cases/cont. 539/2116 631/2023 719/1934 849/1802 998/1659 (®)
(mEq/d) =38.53 38.54 - 47.58 47.59 - 55.89 55.90 - 67.01 =67.02
OR 95 % CI OR 95 % ClI OR 95 % ClI OR 95 % ClI OR 95 % CI
Crude 1.00 - 1.22 1.08-1.39 1.46 1.28-1.66 1.84 1.63-2.09 2.37 2.09-2.68 <0.001
Model 1 1.00 - 1.16 1.01-1.32 1.41 1.23-1.62 1.83 1.59-2.10 2.35 2.04-2.70  <0.001
Model 2 1.00 - 1.11 0.97-1.28 1.31 1.14-1.51 1.60 1.38-1.86 1.93 1.63-2.28 <0.001
Model 3 1.00 - 1.06 0.92-1.22 1.21 1.04-1.41 1.43 1.20-1.69 1.64 1.34-2.01 <0.001

Crude model — Dependent variable: cancer (yes/no). Independent variables: age (categorized), sex (binary).

Model 1 — Dependent variable: cancer (yes/no). Independent variables: age (categorical, 6), sex (binary), family history of cancer in 1st and 2nd -degree relatives (binary, no/yes), smoking
status (categorical, 3), smoking intensity (pack-years, continuous), and intakes of energy (continuous), a-carotene (continuous), lycopene (continuous), calorie-adjusted total iron (continuous),

PRAL or NEAP (categorical, 5).
Model 2 — Model 1 + total fiber (categorical, 5)
Model 3 — Model 1 + total fiber (categorical, 5) + Met (categorical, 5).
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TABLE 8. Odds Ratios of cancer for the exposure to plant fiber and methionine in the whole sample. Comparisons between the employed regression models.

FIBER 1 n m v 4 Trend
Cases/cont. 889/1765 807/1848 734/1924 654/1998 652/1999 (p)
(g/d) =5.21 5.22-7.27 7.28 - 9.58 9.59-12.97 =12.98
OR 95 % CI OR 95 % CI OR 95 % CI OR 95 % CI OR 95 % CI
Crude 1.00 --- 0.87 0.78-0.98 0.76 0.68-0.86 0.65 0.58-0.73 0.65 0.57-0.73  <0.001
Adjusted 1.00 --- 0.83 0.73-0.94 0.67 0.59-0.76 0.54 0.47-0.62 0.49 0.42-0.57 <0.001
Adj.incl. PRAL 1.00 --- 0.87 0.77-0.99 0.73 0.64-0.83 0.62 0.53-0.72 0.60 0.50-0.72  <0.001
Adj.incLNEAP 1.00 --- 0.90 0.80-1.02 0.77 0.67-0.89 0.68 0.58-0.79 0.66 0.55-0.80 <0.001
METHIONINE ) /) 1/]) v v Trend
Cases/cont. 559/2097 688/1964 714/1942 825/1829 950/1702 (p)
(g/d) =1.90 1.91-2.43 2.44-2.89 2.90 -3.52 =3.53
OR 95 % CI OR 95 % CI OR 95 % CI OR 95 % CI OR 95 % CI
Crude 1.00 --- 1.34 1.18-1.52 1.40 1.24-1.59 1.72 1.52-1.95 2.14 1.89-2.42 <0.001
Adjusted 1.00 --- 1.32 1.15-1.51 1.41 1.22-1.63 1.66 1.41-1.94 1.97 1.64-2.37 <0.001
Adj.inc. PRAL 1.00 --- 1.30 1.13-1.49 1.36 1.17-1.57 1.56 1.33-1.84 1.79 1.48-2.17  <0.001
Adj.incLNEAP 1.00 --- 1.19 1.03-1.37 1.18 1.00-1.38 1.28 1.07-1.54 1.38 1.10-1.73 0.011

Crude model — Dependent variable: cancer (yes/no). Independent variables: age (categorical, 6), sex (binary).

Adjusted model — Dependent variable: cancer (yes/no). Independent variables: age (categorical, 6), sex (binary), family history of cancer in 1* and 2™ -degree relatives (binary, no/yes),
smoking status (categorical, 3), smoking intensity (pack-years, continuous), and intakes of energy (continuous), a-carotene (continuous), lycopene (continuous), calorie-adjusted total iron (con-

tinuous) + total fiber (categorical, 5), and methionine (categorical, 5).
Adj.incl.PRAL — Adjusted model + PRAL score (categorical, 5).
Adj.inc.NEAP — Adjusted model + NEAP score (categorical, 5).
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Besides, the emphasis analysis on Met intake
is unique for this study. Met is an essential, sul-
fur-containing amino acid necessary for normal
growth and development, which functions as an
initiator of protein synthesis. It is found in higher
levels of animal foods such as pork, beef, dairy
products, and eggs compared to a plant-based diet.
In humans, Met is obtained from both food and
gut microbes and is also supplied by autophagy.
Met is used not only for protein synthesis but also
as a direct precursor for S-adenosylmethionine
(SAM), the universal methyl donor for DNA and
proteins, including histones®.

In addition, Met metabolites contribute to
many metabolic processes, including the synthe-
sis of polyamine and nucleotide and glutathione
production®. The average daily requirement of
Met is 10.4 mg/kg body weight/day’!. Both ex-
cessive and too low Met in the diet can cause
adverse effects. Western diets contain Met at
levels many times higher than dietary require-
ments: the harmful effects of this amino acid on
lifespan have been strongly related to its disad-
vantageous ability to promote oxidative stress by
several mechanisms, which might facilitate the
aging process, among other health disruptions®.
In this sense, according to our database and cal-
culations displayed in Table 2, the studied popu-
lation has a very high daily Met intake (~ 40 mg/
kg body weight/day).

High levels of dietary Met mimicking those
seen in the Western diet (1.95% per weight) were
found to alter the intestinal microbiome in ro-
dents. These changes were associated with dam-
age to the gut epithelium, a loss of expression
of tight junction proteins, and translocation of
bacterial genetic material to the liver®®. Since the
Bacteroidetes/Firmicutes ratio is also correlated
with alterations in gene-specific DNA methyla-
tion in blood*, changes in Met intake may also
have indirect effects on DNA and protein meth-
ylation through the synthesis of compounds by
the gut microbiome, such as folate. It also high-
lights the interconnections between diet, gut mi-
crobiome, epigenetic regulation, and finally the
human health®. Besides, modifications in the
“one-carbon metabolism” due to the excess of
Met may exacerbate the toxic potential of homo-
cysteine and its metabolites, affecting the “meth-
ylation index®, which in turn will change gene
regulation™.

Some of the facts mentioned above led re-
searchers to explore the MR, first reported three
decades ago, which has similar physiological ef-
fects as caloric restriction and is related to longev-
ity and metabolic health®>. A glucose restriction
down-regulates Met biosynthesis and uptake™.

The dietary MR seems to be related to reduced ox-
idative stress, induction of autophagy (more spe-
cifically mitophagy), and activation of the trans-
sulfuration pathway. However, the mechanisms
are very complex and still not well understood.
Studies have shown that an 80% MR increases
the glutathione content in the erythrocytes of rats
via transsulfuration®. Currently, there is a high
interest in the effects of MR in the fight against
cancer, not only due to the cited mechanisms but
also to the Met addiction in cancer cells, known
as the Hoffman effect’*’. This phenomenon de-
scribes the inability of cancer cells to proliferate
when Met is replaced with its metabolic precur-
sor, homocysteine. In contrast, the proliferation of
non-tumor cells is unaffected by these conditions.
Dietary MR has been demonstrated to have an-
titumor activity against a broad spectrum of tu-
mors in vivo and extend survival>*,

In this context, it is mandatory to mention
the amino acid glycine. As recently reviewed by
Storz¥, glycine can act as a functional Met an-
tagonist since it can fulfil the role of a methyl
group acceptor in a biochemical reaction cata-
lyzed by the enzyme glycine n-methyltransferase
—a key enzyme in the methyl group metabolism.
It seems that the level of SAM must be regulated
in response to developmental stages and metabol-
ic changes, and glycine n-methyltransferase has
been shown to play a significant role in such reg-
ulation in mammals®. In addition, plant proteins
are higher in glycine than most animal proteins™.
Interestingly, more than a half century ago, re-
duced circulating concentrations of glycine in
obese humans were recognized®, and recently the
participating mechanisms were experimentally
discovered®.

Including dietary fiber in the regression models
(Table 7, Model 2) represented a remarkable effect
on both DAL scores estimates. Regarding PRAL,
the highest OR fell from 2.20 to 1.64 (a reduction
of 25 %), and regarding NEAP, the highest OR
fell from 2.35 to 1.93 (a decrease of 18 %). After
adding a term for Met in the regression models,
the estimates were slightly reduced, but they still
yielded significantly increased ORs for each DAL
score. We observed significant results either for
the highest quintiles of PRAL score (OR= 1.44,
p-trend <.001) as well as for the NEAP score (OR=
1.64, p-trend <.001), when the regression models
included an adjustment for fiber and Met. On the
one hand, the putative protective effect of alka-
lizing foods (mainly plant-source foods) might be
influenced by their fiber content. On the contrary,
the putative risk effect of acidifying foods (mainly
animal-source foods) might be influenced by the
content of the principal sulfur amino acid, Met,
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contained in them.

To explore possible independent effects of
fiber and Met, we have analyzed them, as it is
shown in Table 7. Even employing the more de-
manding regression models allowed us to keep
significant estimates for both variables. Results
made us to think that the calculated ORs for
PRAL and NEAP scores were only partially de-
pendent on their Met content (for their direct risk
association) or their fiber content (for their in-
verse risk association). Therefore, Met, the main
sulfur amino acid in the diet, is partially respon-
sible for the DAL. Nevertheless, the reviewed lit-
erature on cancer does not emphasize its excess’s
potential acidifying effect nor mentions a pos-
sible alkalizing impact of Met restriction*32->4,
In contrast, the leading roles described as being
played by this amino acid are an antioxidant ac-
tivity of its derivatives* and the participation in
the one-carbon metabolism®. The latter encom-
passes both the folate and Met cycles and allows
cells to generate one-carbon units (also referred
to as methyl groups) and utilize them for the
biosynthesis of critical anabolic precursors and
methylation reactions.

Our study has several strengths and limita-
tions that require a detailed discussion. As for
the weaknesses, the study included a detailed but
non-validated FFQ due to external factors. How-
ever, as reported earlier, the FFQ was shown
to be satisfactorily reproducible in other stud-
ies®*. Although our investigation dates back to
the early 2000s, the general dietary habits were
relatively stable in the Uruguayan population®,
and recent studies demonstrated the same heav-
ily meat-based pattern. As such, our nutritional
assessment still provides sufficient validity. We
tried to minimize selection bias by frequen-
cy-matching techniques. We matched controls
and cases on age and residence in each of the
original studies that are part of the current da-
tabase. The results of such matching yielded a
not-perfect distribution of cases and controls
in the global database. Besides, some epidemi-
ological items, such as occupational, microbial,
medicine prescription and supplementation, or
home exposures, needed to be better captured in
our questionnaire, and we recognize them as a
limitation. Finally, it would have been helpful to
have more significant numbers of women. Still,
during the study years, several cancers were not
high-ranked tumors regarding their incidence or
mortality in the female sex. This now represents
limited information for the desirable comparison
between sexes. Mineral estimations became one
of the limitations of the present study since they
were based on average serving sizes rather than
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actual food sizes. Finally, we could not exclude
confounders’ role by other dietary factors, such
as other constituents of animal foods, the effects
of different cooking methods, and the mineral
contents in water.

As for the strengths, all the interviews with
participants were done face-to-face (excluding
proxy interviews) by the same interviewers at the
same institutions to reduce potential selection bias.
Besides, the times of data collection were coinci-
dent. Selection bias was limited by the nearly full
participation of the identified cases and controls
(rates ~97%), favored by the interview during the
hospital stay. In addition, the selected population
sample was comprehensive from the viewpoint of
country areas: ca. 50 % proceeded from the Capi-
tal city, Montevideo, and ca. 50% from the rest of
the country, from each one of the other eighteen
political departments. Another strength is the ex-
clusion of individuals that reported previous di-
etary modifications. Furthermore, a recall bias re-
lated to nutritional habits should be negligible in
our study population, as the awareness of cancer’s
dietary hypothesis was inexistent or very limited
during the years of data collection.

CONCLUSIONS

Results confirm that an acidogenic dietary style
may increase the risk of cancers. Our findings
suggest that the intakes of Met and plant fiber
might be independent factors, both influencing
the risk linked to acid-base balance and epigenetic
actions, but in opposite directions. Furthermore,
Met intake displayed comparable ORs to the DAL
scores themselves. The DAL could play a role di-
rectly associated with Met in terms of cancer risk.
However, further studies are warranted to con-
firm these findings.
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