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Abstract: Dietary acid load (DAL) may be associated with all-cause mortality (ACM) and breast
cancer-specific mortality (BCM), and these associations may be modified by serum polychlorinated
biphenyl (PCB) levels. Participants included 519 women diagnosed with first primary in situ or
invasive breast cancer in 1996/1997 with available lipid-corrected PCB data. After a median of
17 years, there were 217 deaths (73 BCM). Potential renal acid load (PRAL) and net endogenous acid
production (NEAP) scores calculated from a baseline food frequency questionnaire estimated DAL.
Cox regression estimated covariate-adjusted hazard ratios (HRs) and 95% confidence intervals (CIs)
for associations between PRAL and NEAP with mortality. We evaluated effect measure modification
by total serum PCB levels (>median vs. ≤median). PRAL quartile 4 versus quartile 1 was associated
with an ACM HR of 1.31 (95%CI = 0.90–1.92). In the upper median of PCBs, ACM HRs were 1.43
(95%CI = 0.96–2.11) and 1.40 (95%CI = 0.94–2.07) for PRAL and NEAP upper medians, respectively. In
the lower median of PCBs, the upper median of NEAP was inversely associated with BCM (HR = 0.40,
95%CI = 0.19–0.85). DAL may be associated with increased risk of all-cause mortality following breast
cancer among women with high total serum PCB levels, but inversely associated with breast cancer
mortality among women with low PCB levels.

Keywords: dietary acid load; potential renal acid load; net endogenous acid production; breast
cancer; mortality; survival; polychlorinated biphenyls

1. Introduction

In 2012, the American Cancer Society (ACS) published its nutrition and physical
activity guidelines, which included recommendations of balancing caloric intake with
physical activity, eating five or more vegetable and fruit servings each day, and limiting
the consumption of processed and red meat [1]. Since publication of the ACS guidelines,
numerous observational epidemiologic studies and randomized clinical trials (RCTs) have
been conducted to elucidate the role of diet on breast cancer risk and to refine dietary
recommendations for women with breast cancer. In these studies, higher adherence to
the Chinese Food Pagoda and to the Dietary Approaches to Stop Hypertension diets was
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reported to be associated with reduced risk of overall mortality and recurrence among
breast cancer survivors [2]. In the Women’s Intervention Nutrition Study RCT, reducing
fat intake was associated with improvements in relapse-free survival in post-menopausal
women with breast cancer [3]. These diets, characterized by high intake of fruits and
vegetables and low intake of meat, suggest that improvements in breast cancer prognosis
may occur through influences on the body’s acid–base balance.

The normal function of the body’s physiological processes is tied to proper acid–base
balance [4]. As such, even slight variations in the acid–base ratio may result in changes
in oxygen delivery to tissues, structure of proteins, and biochemical properties [5]. Of
relevance to breast cancer, an acid–base imbalance may also result in increased inflamma-
tion [6,7] and alterations in the tissue microenvironment [8–10]. Diet is a major determinant
of acid load and is influenced by the intake of acid-inducing (e.g., meats and cheeses) and
base-inducing (e.g., fruits and vegetables) foods [7]. As such, dietary acid load (DAL)
is estimated in epidemiologic studies using food frequency questionnaires (FFQs) [11].
Results from studies of the association between FFQ-estimated DAL and risk of incident
breast cancer have been mixed [12–15] and, to date, only one study has examined DAL in
association with mortality following breast cancer [16]. In that study, the rates of all-cause
and breast cancer mortality were elevated 54% and 52%, respectively, for the highest versus
the lowest quartiles of NEAP, and associations were stronger among smokers with over
15 pack-years [16].

Using resources from the Long Island Breast Cancer Study Project (LIBCSP), a
population-based study of breast cancer, we examined whether DAL was associated with
increased risk of long-term mortality following breast cancer. We also examined whether
this association was modified by total levels of serum polychlorinated biphenyls (PCBs),
synthetic, organic and toxic compounds given that the kidneys serve the important role
of maintaining acid–base balance of the body [17,18] and PCBs have been associated with
nephropathy [19] and are hypothesized to increase the risk of breast cancer mortality [20,21].
We hypothesized that higher DAL would be associated with a higher risk of mortality
following breast cancer and that this association would be more pronounced among women
with higher PCB levels than among women with lower PCB levels.

2. Materials and Methods
2.1. Study Design

The LIBCSP is a population-based study of breast cancer initiated as a case–control
study with subsequent follow-up of participants to identify breast cancer prognostic fac-
tors [22,23]. Breast cancer cases were women from the Nassau and Suffolk Counties on
Long Island, New York with newly diagnosed first primary in situ or invasive breast
cancer between 1 August 1996 and 31 July 1997 [22]. Among the 1508 women with breast
cancer who completed the in-person interview, on average, within three months of breast
cancer diagnosis, we excluded 27 women without FFQ data and 890 women without data
on lipid-adjusted PCBs as described below, resulting in an analytic sample size of 591.
Institutional Review Board approval was obtained from all participating institutions and
written informed consent was obtained prior to study participation.

2.2. Outcome Assessment

The 591 women with breast cancer included in this study were followed from enroll-
ment in 1996/1997 through 31 December 2014. Date and causes of death were determined
by linkage to the National Death Index. Breast cancer-related deaths were identified using
the International Statistical Classification of Diseases codes 174.9 and C-50.9 listed on the
death certificate. For analyses of all-cause mortality (ACM), women alive at the end of
follow-up were censored. For analyses of breast cancer-specific mortality (BCM), we also
censored women who died from other causes at the time of death. After a median follow-up
of 17 years (range = 0.41–18.41 years), we identified 217 deaths, 73 of which were due to
breast cancer.



Int. J. Environ. Res. Public Health 2022, 19, 374 3 of 13

2.3. Dietary Assessment

All 1508 LIBCSP women with breast cancer completed a comprehensive interviewer-
administered questionnaire on known and suspected breast cancer risk factors. Of these
1481 also completed a modified Block FFQ that captured intake, usual frequency, and
portion sizes of ~100 foods and beverages in the 12 months before diagnosis [24]. The
FFQ items included eight frequency options for each food item, from <1 per month to
2+ per day. Reference average servings were provided, and participants indicated whether
their portion consumption was less, average, or more than the indicated amount [24,25].
Daily nutrient intakes were estimated by converting frequencies and portion sizes using
the National Cancer Institute’s DietSys Version 3 [26]. These nutrient values were used to
estimate DAL by calculating the potential renal acid load [PRAL, [27]] and net endogenous
acid production [NEAP, [28]] scores using the following formulas:

PRAL (mEq/day) = (0.49 × protein (g/day)) + (0.037×phosphorus (mg/day)) − (0.021 × potassium (mg/day))
− (0.026 × magnesium (mg/day)) − (0.013 × calcium (mg/day))

NEAP (mEq/day) = (54.5 × protein (g/day)/potassium (mEq/day)) − 10.2.

PRAL measures the renal net acid excretion by measuring the mean intestinal absorp-
tion rates for individual nutrients and post-absorptive metabolism of sulfur-containing
amino acids [11]. NEAP facilitates the measurement of diet-dependent acidosis by focusing
on protein and potassium contents of an individual’s diet due to their role in the production
of sulfuric acid and bicarbonate following consumption [28]. In analyses, we used total
calorie-adjusted PRAL and NEAP scores, which were derived by adding the residuals from
generalized linear models regressing PRAL/NEAP on total caloric intake to the sample
means of PRAL (mean = 1.69 mEq/day) and NEAP (mean = 44.55 mEq/day) [29].

2.4. PCBs Measurement

At the time of the interview, 1102 of the 1508 women with breast cancer provided a
non-fasting 40 mL blood sample for laboratory analyses, including the quantification of
29 PCB congeners and total lipids in a subsample (n = 646), as previously reported [23].
Samples selected for laboratory analyses included a random sample from women with
invasive breast cancer (n = 415), all samples from women with in situ tumors and from
those initially categorized as in situ that were subsequently determined to be invasive
(n = 226), and samples from African American women who were not selected in the first
three steps (n = 5). Of the women who provided blood samples, 77% were collected prior
to chemotherapy initiation [30]. PCBs were measured by gas chromatography and electron
capture detection using the method described by Brock et al. [31]. PCB levels below the
limit of detection (LOD = 0.07 ng/mL) were set to 0 ng/mL. Total PCBs was computed as
the sum of the 29 lipid-adjusted PCBs and dichotomized at the median.

2.5. Covariates

Covariates were identified a priori based on previous studies of DAL and breast cancer
incidence/mortality [6,16,32], and using directed acyclic graphs. The covariates were in-
cluded in our multivariable regression models to control for confounding of the association
between DAL and mortality following breast cancer. Model 1 covariates included age at
diagnosis (continuous in years). Model 2 covariates included age, education (<high school-
high school graduate [ref]; some college or college graduate; or post-college), menopausal
status (pre-menopausal [ref] or post-menopausal), income (≤$24,999 United States Dollars
[USD] [ref]; $25,000 to ≤$49,999 USD; or ≥$50,000 USD), body mass index (BMI, continuous
in kg/m2), parity and lactation (nulliparous [ref]; parous/never lactated; or parous/ever
lactated), alcohol intake (non-drinkers [ref]; lifetime intake less than 15 g/day; lifetime
intake between 15 and 30 g/day; lifetime intake ≥30 g/day), smoking status (never smoker
[ref]; current smoker within the last 12 months; or former smoker), and breast cancer stage
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at diagnosis (in situ [ref] or invasive). We also included adjustment for PCBs (≤median
[ref] vs. >median), as appropriate.

2.6. Statistical Analysis

We used Cox regression modeling to estimate hazard ratios (HRs) and 95% confidence
intervals (CIs) of the associations between PRAL and NEAP with ACM and BCSM from
diagnosis in 1996/1996 to 31 December 2014. We examined quartiles of PRAL and NEAP
scores (reference = Quartile 1) as well as the continuous scores per standard deviation
(SD) increases. The PTrend was the p-value of the continuous PRAL or NEAP (per SD)
variables in age-adjusted and fully adjusted cox regression models. The proportional
hazards assumption was assessed using Schoenfeld residuals, which were independent
of time [i.e., time, log(time), or time2 (time × time)]. In sensitivity analyses, we restricted
the follow-up to seven years to examine whether DAL (using median splits of PRAL and
NEAP) was associated with short-term mortality following breast cancer.

To examine whether total serum PCB levels modified the associations between PRAL
and NEAP with ACM and BCSM, effect measure modification on the multiplicative scale
was evaluated by conducting stratified analyses (total PCBs >median versus ≤median)
and by including median split DAL-by-dichotomous PCB level interactions in the Cox
regression models. These associations were visualized using forest plots for the fully
adjusted models. Interaction on the additive scale was evaluated by examining joint
indicators of PRAL or NEAP and PCB levels (i.e., low PRAL or NEAP/low PCB levels
(reference); high/low; low/high; high/high) in the fully adjusted model, which were used
to compute interaction contrast ratios (ICRs) and 95% CIs [33]. The absence of interaction
on the additive scale is indicated by an ICR value of 0.

3. Results

Of the 591 women included in this study, 72.1% were 50 years or older, 44.2% had high
school or less education, 51.1% had an annual income of $50,000 or greater, and 20.8% had a
BMI ≥ 30 kg/m2 (Table 1). The median levels of total calorie-adjusted DAL scores were 2.14
(Interquartile Range [IQR] = −3.53–7.20) mEq/day for PRAL and 43.4 (IQR = 36.61–51.05)
mEq/Day for NEAP. Compared to women in the upper median of PRAL, women in the
lower median had higher proportions of women ages 50 or older (79.8% vs. 63.6%), with
some college or graduate education or greater (58.8% vs. 52.6%), were former smokers
(41.2% versus 27.9%) and were post-menopausal (71.8% vs. 59.4%). Similar patterns were
seen by NEAP median splits.

Table 1. Characteristics of the Long Island Breast Cancer Study Project women with breast cancer
(n = 591).

Characteristics
Overall

PRAL NEAP

≤2.14 mEq/day >2.14 mEq/day ≤43.4 mEq/day >43.4 mEq/day

n (%) n (%) n (%) n (%) n (%)

n 591 308 283 306 285
Age at Diagnosis (years)

<50 165 (27.9%) 62 (20.1%) 103 (36.4%) 59 (19.3%) 106 (37.2%)
50–64 234 (39.6%) 135 (43.8%) 99 (35.0%) 131 (42.8%) 103 (36.1%)
≥65 192 (32.5%) 111 (36.0%) 81 (28.6%) 116 (37.9%) 76 (26.7%)
Mean (SD) 58.1 (12.1) 60.0 (11.3) 56.1 (12.6) 60.5 (11.4) 55.6 (12.4)

Education (USD)
<HS-HS graduate 261 (44.2%) 127 (41.2%) 134 (47.3%) 130 (42.5%) 131 (46.0%)
Some college/graduate 236 (39.9%) 134 (43.5%) 102 (36.0%) 128 (41.8%) 108 (37.9%)
Post-college 94 (15.9%) 47 (15.3%) 47 (16.6%) 48 (15.7%) 46 (16.1%)
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Table 1. Cont.

Characteristics
Overall

PRAL NEAP

≤2.14 mEq/day >2.14 mEq/day ≤43.4 mEq/day >43.4 mEq/day

n (%) n (%) n (%) n (%) n (%)

Annual Income
<$24,999 113 (19.1%) 54 (17.5%) 59 (20.8%) 59 (19.3%) 54 (18.9%)
$25,000–$49,999 176 (29.8%) 103 (33.4%) 73 (25.8%) 101 (33.0%) 75 (26.3%)
≥$50,000 302 (51.1%) 151 (49.0%) 151 (53.4%) 146 (47.7%) 156 (54.7%)

BMI (kg/m2)
<25 269 (45.5%) 137 (44.5%) 132 (46.6%) 140 (45.8%) 129 (45.3%)
25–29 199 (33.7%) 114 (37.0%) 85 (30.0%) 110 (35.9%) 89 (31.2%)
≥30 123 (20.8%) 57 (18.5%) 66 (23.3%) 56 (18.3%) 67 (23.5%)
Mean (SD) 26.5 (5.5) 26.4 (5.1) 26.7 (6.0) 26.3 (5.0) 26.8 (6.1)

Menopausal Status
Pre-menopausal 202 (34.2%) 87 (28.2%) 115 (40.6%) 80 (26.1%) 122 (42.8%)
Post-menopausal 389 (65.8%) 221 (71.8%) 168 (59.4%) 226 (73.9%) 163 (57.2%)

Parity and Lactation History
Nulliparous 78 (13.2%) 38 (12.3%) 40 (14.1%) 36 (11.8%) 42 (14.7%)
Parous/Never lactated 310 (52.5%) 155 (50.3%) 155 (54.8%) 159 (52.0%) 151 (53.0%)
Parous/Ever lactated 203 (34.3%) 115 (37.3%) 88 (31.1%) 111 (36.3%) 92 (32.3%)

Lifetime Alcohol Intake (g/day)
Non-drinkers 217 (36.7%) 110 (35.7%) 107 (37.8%) 113 (36.9%) 104 (36.5%)
<15 288 (48.7%) 148 (48.1%) 140 (49.5%) 144 (47.1%) 144 (50.5%)
15–30 60 (10.2%) 34 (11.0%) 26 (9.2%) 32 (10.5%) 28 (9.8%)
≥30 26 (4.4%) 16 (5.2%) 10 (3.5%) 17 (5.6%) 9 (3.2%)

Smoking Status
Never smoker 283 (47.9%) 140 (45.5%) 143 (50.5%) 142 (46.4%) 141 (49.5%)
Current smoker 102 (17.3%) 41 (13.3%) 61 (21.6%) 41 (13.4%) 61 (21.4%)
Former smoker 206 (34.9%) 127 (41.2%) 79 (27.9%) 123 (40.2%) 83 (29.1%)

Stage Status
In situ 169 (28.6%) 84 (27.3%) 85 (30.0%) 84 (27.5%) 85 (29.8%)
Invasive 422 (71.4%) 224 (72.7%) 198 (70.0%) 222 (72.5%) 200 (70.2%)

Nodal Involvement
No 255 (43.1%) 128 (41.6%) 127 (44.9%) 131 (42.8%) 124 (43.5%)
Yes 113 (19.1%) 62 (20.1%) 51 (18.0%) 62 (20.3%) 51 (17.9%)
Missing 255 128 127 131 124

ER/PR Status
ER−/PR− 261 (44.2%) 138 (44.8%) 123 (43.5%) 142 (46.4%) 119 (41.8%)
ER−/PR+ 73 (12.4%) 33 (10.7%) 40 (14.1%) 33 (10.8%) 40 (14.0%)
ER+/PR− 73 (12.4%) 33 (10.7%) 40 (14.1%) 33 (10.8%) 40 (14.0%)
ER+/PR+ 41 (6.9%) 27 (8.8%) 14 (4.9%) 26 (8.5%) 15 (5.3%)
Missing 261 138 123 142 119

Vital Status
Alive 374 (63.3%) 195 (63.3%) 179 (63.3%) 189 (61.8%) 185 (64.9%)
Deceased 217 (36.7%) 113 (36.7%) 104 (36.7%) 117 (38.2%) 100 (35.1%)
BRCA death 73 (12.4%) 39 (12.7%) 34 (12.0%) 41 (13.4%) 32 (11.2%)

BMI, body mass index; ER, estrogen receptor; g, grams; HS, high school; kg, kilograms; m, meter; mEq, milliequiv-
alent; NEAP, net endogenous acid production; PRAL, potential renal acid load; PR, progesterone receptor; SD,
standard deviation; USD, United States dollar.

The associations between DAL with ACM and BCSM are reported in Table 2. In
Model 1, the highest (vs. lowest) quartiles of PRAL were associated with HRs of 1.20
(95%CI = 0.95–1.51) for ACM and 0.95 (95%CI = 0.66–1.36) for BCSM. HR estimates were
more pronounced in fully adjusted models (Model 2) with HRs of 1.31 (95%CI = 0.90–1.23)
for ACM and 0.89 (95%CI = 0.46–1.72) for BCSM. For NEAP, the highest (vs. lowest)
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quartiles of NEAP were associated with HRs of 1.09 (95%CI = 0.87–1.37) for ACM and
1.00 (95%CI = 0.69–1.45) for BCSM in Model 1. The HR was similar in Model 2 for ACM
(HR = 1.07, 95%CI = 0.74–1.55), but inverse for BCSM (HR = 0.78, 95%CI = 0.40–1.51)
(Table 2). In sensitivity analyses examining 7-year mortality among all women over-
all, BCSM rates were increased in the upper (vs. lower) medians of PRAL (HR = 1.30
95%CI = 0.81–2.08) and NEAP (HR = 1.24 95%CI = 0.77–1.99) (Table 1).

Table 2. Hazard ratios (HRs) and 95% confidence intervals (CIs) for the associations between dietary
acid load and all-cause and breast cancer-specific mortality in the Long Island Breast Cancer Study
Project (n = 591).

Dietary Acid Load

All-Cause Mortality

Model 1 a Model 2 b

Deaths Censored HR (95%CI) PTrend
c HR (95%CI) PTrend

c

PRAL (mEq/day)
−46.5 to −3.5 (Q1) 57 101 1.00 (Ref.) 1.00 (Ref.)
−3.6 to 2.1 56 94 1.04 (0.83–1.31) 1.19 (0.81–1.75)
2.2 to 7.2 46 84 1.12 (0.89–1.40) 1.16 (0.78–1.72)
7.3 to 38.9 (Q4) 58 95 1.20 (0.95–1.51) 1.31 (0.90–1.92)
Linear (per SD) 217 374 1.10 (0.96–1.26) 0.19 1.08 (0.93–1.23) 0.34

NEAP (mEq/day)
11.8 to 36.5 (Q1) 65 97 1.00 (Ref.) 1.00 (Ref.)
36.6 to 43.4 52 92 0.97 (0.77–1.22) 0.96 (0.66–1.40)
43.5 to 51.0 44 90 1.04 (0.83–1.30) 1.02 (0.68–1.52)
51.1 to 112.8 (Q4) 56 95 1.09 (0.87–1.37) 1.07 (0.74–1.55)
Linear (per SD) 217 374 1.10 (0.96–1.25) 0.14 1.06 (0.92–1.21) 0.42

Dietary Acid Load

Breast Cancer-Specific Mortality

Model 1 a Model 2 b

Deaths Censored HR (95%CI) PTrend
c HR (95%CI) PTrend

c

PRAL (mEq/day)
−46.5 to ≤ −3.5 (Q1) 21 137 1.00 (Ref.) 1.00 (Ref.)
−3.5 to ≤2.14 18 132 0.78 (0.54–1.14) 0.96 (0.50–1.84)
2.1 to ≤7.2 15 115 0.93 (0.65–1.33) 0.81 (0.41–1.62)
7.2 to ≤38.9 (Q4) 19 134 0.95 (0.66–1.36) 0.89 (0.46–1.72)
Linear (per SD) 73 518 0.98 (0.77–1.24) 0.49 0.96 (0.75–1.23) 0.73

NEAP (mEq/day)
11.8 to ≤36.5 (Q1) 22 140 1.00 (Ref.) 1.00 (Ref.)
36.6 to ≤43.4 19 125 0.96 (0.66–1.38) 0.96 (0.51–1.81)
43.4 to ≤51.0 14 120 1.00 (0.69–1.44) 0.66 (0.32–1.34)
51.1 to ≤112.8 (Q4) 18 133 1.00 (0.69–1.45) 0.78 (0.40–1.51)
Linear (per SD) 73 518 0.96 (0.75–1.22) 0.58 0.91 (0.71–1.18) 0.49

Long Island Breast Cancer Study Project (LIBCSP) participants diagnosed with breast cancer between 1 August
1996 and 31 July 1997 and followed-up through 31 December 2014. CI, confidence interval; HR, hazard ratio;
mEq, milliequivalent; NEAP, net endogenous acid production; PRAL, potential renal acid load; Ref., reference;
SD, standard deviation; a Model 1 is adjusted for age at diagnosis (continuous in years). b Model 2 is adjusted
for age at diagnosis (continuous in years), education (<high school-high school graduate [ref]; some college
or college graduate; or post-college), menopausal status (pre-menopausal [ref] or post-menopausal), income
(≤$24,999 United States Dollars [USD]; $25,000 to ≤$49,999 USD; or ≥$50,000 USD), body mass index (BMI,
continuous in kg/m2), parity and lactation (nulliparous [ref]; parous/never lactated; or parous/ever lactated),
alcohol intake (non-drinkers [ref]; lifetime intake less than 15 g/day; lifetime intake between 15 and 30 g/day;
lifetime intake ≥30 g/day), smoking status (never smoker [ref]; current smoker within the last 12 months; or
former smoker), breast cancer stage at diagnosis (in situ [ref] or invasive), and PCB level (lower median [ref] or
upper median); c PTrend is the p-value from Cox regression models using continuous measures of DAL.

The associations between joint indictors of DAL and total PCB levels are reported
in Table 3. Based on the ICR, there was excess risk associated with NEAP in Models 1
(ICR = 0.47 95%CI = 0.03, 0.90) and 2 (ICR = 0.55 95%CI = 0.12, 0.97) for ACM; and in
Models 1 (ICR = 0.86 95%CI = 0.28, 1.43) and 2 (ICR = 0.68 95%CI: 0.09, 1.27) for BCSM.
There was excess risk of BCSM for PRAL in Models 1 (ICR = 0.77 95%CI = 0.13, 1.41) and 2
(ICR = 0.82 95%CI = 0.18, 1.46) (Table 3).
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Table 3. Hazard ratios (HR) and 95% confidence intervals (CIs) for the associations between the
joint effects of dietary acid load and total serum PCB levels and all-cause and breast cancer-specific
mortality in the Long Island Breast Cancer Study Project (n = 591).

All-Cause Mortality

Model 1 Model 2

Dietary Acid Load PCB Levels HR (95%CI) a ICR (95%CI) a HR (95%CI) b ICR (95%CI) b

NEAP (mEq/day) PCB (µg/g lipid)
11.8 to 43.4 (≤med) 0.07 to 0.87 (≤med) 1.00 (Ref.) - 1.00 (Ref.) -
43.5 to 112.8 (>med) 0.07 to 0.87 (≤med) 0.89 (0.60–1.32) - 0.78 (0.52–1.16) -
11.8 to 43.4 (≤med) 0.87 to 3.58 (>med) 0.69 (0.48–1.00) - 0.74 (0.50–1.08) -
43.5 to 112.8 (>med) 0.87 to 3.58 (>med) 1.04 (0.72–1.52) 0.47 (0.03, 0.90) 1.04 (0.71–1.52) 0.55 (0.12, 0.97)

PRAL (mEq/day) PCB (µg/g lipid)
−46.45 to 2.1 (≤med) 0.07 to 0.87 (≤med) 1.00. (Ref.) - 1.00. (Ref.) -
2.2 to 38.9 (>med) 0.07 to 0.87 (≤med) 1.03 (0.70–1.53) - 0.90 (0.61–1.35) -
−46.45 to 2.1 (≤med) 0.87 to 3.58 (>med) 0.74 (0.51–1.09) - 0.79 (0.53–1.16) -
2.2 to 38.9 (>med) 0.87 to 3.58 (>med) 1.10 (0.75–1.61) 0.33 (−0.15, 0.82) 1.11 (0.75–1.63) 0.46 (−0.01, 0.92)

Breast Cancer-Specific Mortality

Model 1 Model 2

Dietary Acid Load PCB Levels HR (95%CI) a ICR (95%CI) a HR (95%CI) a ICR (95%CI) a

NEAP (mEq/day) PCB (µg/g lipid)
11.8 to 43.4 (≤med) 0.07 to 0.87 (≤med) 1.00 (Ref.) - 1.00 (Ref.) -
43.5 to 112.8 (>med) 0.07 to 0.87 (≤med) 0.44 (0.22–0.89) - 0.40 (0.20–0.83) -
11.8 to 43.4 (≤med) 0.87 to 3.58 (>med) 0.63 (0.33–1.18) - 0.66 (0.34–1.26) -
43.5 to 112.8 (>med) 0.87 to 3.58 (>med) 0.92 (0.51–1.67) 0.86 (0.28, 1.43) 0.86 (0.47–1.59) 0.68 (0.09, 1.27)

PRAL (mEq/day) PCB (µg/g lipid)
−46.45 to 2.1 (≤med) 0.07 to 0.87 (≤med) 1.00 (Ref.) - 1.00 (Ref.) -
2.2 to 38.9 (>med) 0.07 to 0.87 (≤med) 0.58 (0.30–1.14) - 0.54 (0.27–1.07) -
−46.45 to 2.1 (≤med) 0.87 to 3.58 (>med) 0.68 (0.36–1.30) - 0.69 (0.36–1.34) -
2.2 to 38.9 (>med) 0.87 to 3.58 (>med) 1.04 (0.56–1.90) 0.77 (0.13, 1.41) 0.99 (0.53–1.86) 0.82 (0.18, 1.46)

Long Island Breast Cancer Study Project (LIBCSP) participants diagnosed with breast cancer between 1 August
1996 and 31 July 1997 and followed-up through 31 December 2014. CI, confidence interval; HR, hazard ratio; mEq,
milliequivalent; NEAP, net endogenous acid production; PRAL, potential renal acid load; Ref., reference. a Model
1 is adjusted for age at diagnosis (continuous in years). b Model 2 is adjusted for age at diagnosis (continuous
in years), education (<high school-high school graduate [ref]; some college or college graduate; or post-college),
menopausal status (pre-menopausal [ref] or post-menopausal), income (≤$24,999 United States Dollars [USD];
$25,000 to ≤$49,999 USD; or ≥$50,000 USD), body mass index (BMI, continuous in kg/m2), parity and lactation
(nulliparous [ref]; parous/never lactated; or parous/ever lactated), alcohol intake (non-drinkers [ref]; lifetime
intake less than 15 g/day; lifetime intake between 15 and 30 g/day; lifetime intake ≥30 g/day), smoking status
(never smoker [ref]; current smoker within the last 12 months; or former smoker), breast cancer stage at diagnosis
(in situ [ref] or invasive), and lipid-adjusted PCB level (lower median [ref] or upper median).

The associations between DAL with ACM and BCSM stratified by PCB levels are
reported in Table 4, and the fully adjusted associations are visualized in Figure 1. In
the upper median of PCB levels, a one-SD increase in PRAL was associated with an
ACM HR of 1.15 (95%CI = 0.95–1.40) in Model 2 (Table 4). For ACM, p-values for the
multiplicative interactions (PInteraction) between NEAP/PCBs and PRAL/PCBs in fully-
adjusted models were 0.02 and 0.06, respectively. For BCSM, all NEAP or PRAL-by-PCB
PInteraction’s were ≥0.73. In the upper median of PCBs, mortality rates were elevated
for ACM for the upper (vs. lower) median of PRAL (HR = 1.43, 95%CI = 0.96–2.11)
and NEAP (HR = 1.40, 95%CI = 0.94–2.07) in Model 2. In the lower median of PCBs for
Model 2, the upper (vs. lower) median of NEAP was inversely associated with BCSM
(HR = 0.40, 95%CI = 0.19–0.85); this association was null in the upper median of PCBs
(HR = 1.16, 95%CI = 0.57–2.36) (Table 4). In sensitivity analyses in which we examined 7-
year mortality overall and stratified by PCB levels. no associations were observed between
for the overall model (Table 1). There were elevated ACM rates among women in the upper
PCB medians with upper (vs. lower) median of NEAP (HR = 2.03 95%CI = 1.04–3.97) and
PRAL (HR = 2.21 95%CI = 1.12–4.33) in Model 2 (Table 4). The p-values for multiplicative
interaction terms were ≤0.10 for all NEAP or PRAL-by-PCB interactions.
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Table 4. Hazard ratios (HRs) and 95% confidence intervals (CIs) for the associations between dietary
acid load scores and all-cause and breast cancer-specific mortality by serum total lipid-adjusted PCB
levels (n = 591).

All-Cause Mortality

PCB Levels 0.07–0.87 µg/g Lipid (≤med) PCB Levels 0.88–3.58 µg/g Lipid (>med)

Model 1 a Model 2 b Model 1 a Model 2 b

Deaths Censored HR (95%CI) HR (95%CI) Deaths Censored HR (95%CI) HR (95%CI) PInt.
c

NEAP (mEq/day) 0.02
11.8 to 43.4

(≤med) 45 105 1.00 (Ref.) 1.00 (Ref.) 55 80 1.00 (Ref.) 1.00 (Ref.)

43.5 to 112.8
(>med) 55 91 0.90 (0.60–1.33) 0.81 (0.53–1.23) 62 98 1.50 (1.03–2.17) 1.40 (0.94–2.07)

Linear (per SD) 100 196 0.96 (0.78–1.18) 0.95 (0.77–1.19) 117 178 1.19 (1.02–1.40) 1.14 (0.95–1.36)

PRAL (mEq/day) 0.06
−46.45 to 2.1

(≤med) 52 94 1.00 (Ref.) 1.00 (Ref.) 61 101 1.00 (Ref.) 1.00 (Ref.)

2.2 to 38.9 (>med) 48 102 1.04 (0.70–1.55) 0.95 (0.63–1.43) 56 77 1.47 (1.02–2.12) 1.43 (0.96–2.11)
Linear (per SD) 100 196 1.00 (0.83–1.22) 1.00 (0.82–1.09) 117 178 1.19 (0.99–1.43) 1.15 (0.95–1.40)

Breast Cancer-Specific Mortality

PCB Levels 0.07–0.87 µg/g Lipid (≤med) PCB Levels 0.88–3.58 µg/g Lipid (>med)

Model 1 a Model 2 b Model 1 a Model 2 b

Deaths Censored HR (95%CI) HR (95%CI) Deaths Censored HR (95%CI) HR (95%CI) PInt.
c

NEAP (mEq/day) 0.80
11.8 to 43.4

(≤med) 24 122 1.00 (Ref.) 1.00 (Ref.) 17 143 1.00 (Ref.) 1.00 (Ref.)

43.5 to 112.8
(>med) 12 138 0.45 (0.23–0.92) 0.40 (0.19–0.85) 20 115 1.44 (0.74–2.80) 1.16 (0.57–2.36)

Linear (per SD) 36 260 0.74 (0.51–1.08) 0.69 (0.46–1.05) 37 258 1.14 (0.86–1.51) 1.03 (0.74–1.45)

PRAL (mEq/day) 0.73
−46.45 to 2.1

(≤med) 22 124 1.00 (Ref.) 1.00 (Ref.) 17 145 1.00 (Ref.) 1.00 (Ref.)

2.2 to 38.9 (>med) 14 136 0.60 (0.30–1.19) 0.55 (0.27–1.12) 20 113 1.48 (0.77–2.85) 1.29 (0.63–2.64)
Linear (per SD) 36 260 0.84 (0.61–1.15) 0.80 (0.57–1.12) 37 258 1.15 (0.83–1.60) 1.11 (0.77–1.59)

Long Island Breast Cancer Study Project (LIBCSP) participants diagnosed with breast cancer between 1 August
1996 and 31 July 1997 and followed-up through 31 December 2014. CI, confidence interval; HR, hazard ratio; mEq,
milliequivalent; NEAP, net endogenous acid production; PCB, polychlorinated biphenyls; PRAL, potential renal
acid load; Ref., reference. a Model 1 is adjusted for age at diagnosis (continuous in years). b Model 2 is adjusted
for age at diagnosis (continuous in years), education (<high school-high school graduate [ref]; some college
or college graduate; or post-college), menopausal status (pre-menopausal [ref] or post-menopausal), income
(≤$24,999 United States Dollars [USD]; $25,000 to ≤$49,999 USD; or ≥$50,000 USD), body mass index (BMI,
continuous in kg/m2), parity and lactation (nulliparous [ref]; parous/never lactated; or parous/ever lactated),
alcohol intake (non-drinkers [ref]; lifetime intake less than 15 g/day; lifetime intake between 15 and 30 g/day;
lifetime intake ≥30 g/day), smoking status (never smoker [ref]; current smoker within the last 12 months; or
former smoker), and breast cancer stage at diagnosis (in situ [ref] or invasive). c Pinteraction is the p-value from
fully adjusted Cox regression models using median split DAL-by-dichotomous PCB level interactions.
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Figure 1. Forest plot of hazard ratios (HRs) and 95% confidence intervals (CIs) for the fully adjusted
associations between dietary acid load scores and all-cause and breast cancer-specific mortality by
serum total lipid-adjusted PCB levels (n = 591). Model is adjusted for age at diagnosis (continuous in
years), education (<high school-high school graduate [ref]; somecollege or college graduate; or post-
college), menopausal status (pre-menopausal [ref] or post-menopausal), income (≤$24,999 United
States Dollars [USD]; $25,000 to ≤$49,999 USD; or ≥$50,000 USD), body mass index (BMI, continuous
in kg/m2), parity and lactation (nulliparous [ref]; parous/never lactated; or parous/ever lactated),
alcohol intake (non-drinkers [ref]; lifetime intake less than 15 g/day; lifetime intake between 15 and
30 g/day; lifetime intake ≥30 g/day), smoking status (never smoker [ref]; current smoker within the
last 12 months; or former smoker), and breast cancer stage at diagnosis (in situ [ref] or invasive).

4. Discussion

In this study of mortality following breast cancer, DAL at diagnosis was not associated
with increased risk of ACM or BCSM after a median 17 years of follow-up among all
women. However, PCB exposure modified the relationship between DAL and ACM; we
identified interactions between PCBs and DAL on the additive and multiplicative scales.
In the lower median of PCB levels, higher NEAP scores were inversely associated with
mortality, while in the upper median of PCB levels, higher DAL was associated with an
increased risk of ACM.

To date, the relationship between DAL and mortality among women with breast
cancer has only been examined in one study [16]. In the WHEL Study, higher NEAP and
PRAL scores were associated with increased rates of ACM and BCSM [16]. The differences
between our results may be due to several reasons. First, the WHEL study recruited breast
cancer survivors who were diagnosed 2–4 years before enrollment, while the LIBCSP
enrolled women within 3 months of diagnosis. Second, the WHEL study measured dietary
intakes using a 24 h dietary recall, while our study used a FFQ that assessed pre-diagnosis
diet. Third, given diet changes throughout the course of cancer treatment [34], longitudinal
measures of dietary intake may better recover the association than only a baseline measure.
The PRAL and NEAP scores reported in the WHEL Study were also more alkaline than
those reported in the LIBCSP [16]. Last, the follow-up periods differed between the WHEL
study (7 years) and LIBCSP (17 years). Although we did not observe a strong association
between baseline DAL and 7-year mortality overall, when stratifying by PCB associations
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between NEAP and PRAL with mortality were strengthened in the upper median of PCB
exposure. Therefore, the interaction effect between PCB exposure and DAL is more evident
at a shorter follow-up period.

Several hypotheses underlying the association between DAL and breast cancer mor-
tality have been proposed. Cancer patients and survivors have been reported to have
reduced kidney function, which can lead to increased susceptibility to higher acidogenic
diets [35–38]; acute renal failure and chronic renal dysfunction have also been reported
as a consequence of breast cancer treatments including chemotherapy and may persist
following the completion of treatment [39,40]. Injured kidneys are less efficient at stabi-
lizing the acid–base balance and can lead to metabolic acidosis [41,42], which has been
linked to increased invasiveness of breast cancer cells [8,10]. Thus, breast cancer survivors
are at an increased risk of metabolic acidosis, which can be augmented by a highly acidic
diet. On the other hand, the inverse association we observed between DAL and breast
cancer mortality among women with low levels of PCBs requires further investigation. At
least one recent study suggests that DAL may have a non-linear association with health
outcomes [43].

The mechanism of action by which DAL impacts overall mortality may also be due
to its association with other comorbidities. The association between PRAL and ACM
may be related to the impact of diet’s acidity on the cardiovascular system, as excess diet
alkalinity and acidity was associated with higher mortality from cardiovascular conditions
in Swedish and Japanese adults [44,45]. High PRAL scores have also been associated with
increased risk for depression in breast cancer survivors, a condition that is found to reduce
quality of life and increase ACM risk [46,47]. Last, metabolic acidosis has also been found
to impair the immune response and lead to muscle degradation [48].

The additive effects of PCB exposure and acidogenic diets on mortality of cancer
survivors has not been well established, but may be due to the negative effects of PCBs on
kidney function. The kidneys are crucial to maintaining acid–base balance, as the metabolic
process which generates both volatile (CO2 respiration) and non-volatile (H+ excretion)
acid from consumed food are excreted by this organ [7,49]. Prior studies have reported
that exposure to PCBs 153 and 77 reduces the proper function of kidney and liver cells. In
in vitro studies, PCB exposure induced and accelerated apoptotic death of kidney cells [50].
A mass PCB food poisoning of 1900 individuals in Japan resulted in multiple health effects,
including high uric acid concentrations, suggesting that exposure contributed to acid–base
imbalance [19,51]. Given that both PCB exposure and cancer may affect renal function, the
joint contributions may explain our findings reported here.

The strengths of this study included the prospective cohort design with long-term
follow-up among a population-based sample of women, and passive linkage to the NDI,
which allowed near complete ascertainment of deaths. However, several limitations should
be noted. First, we only considered one pre-diagnosis measurement of DAL and had only
one measurement of PCB levels from blood samples collected at diagnosis, and thus we
were unable to account for changes in diet or PCB levels over time. Second, we relied on
a subjective measure of diet (i.e., FFQ), which may have higher measurement errors in
assessing DAL than, for example, repeated 24 h recalls and we did not use a biomarker
of DAL to confirm pH levels estimated using PRAL and NEAP values. Third, we did not
collect information on metastasis in the LIBCSP; however, breast cancer stage at diagnosis
was included in the models to help control for confounding by severity of breast cancer.
Last, the LIBCSP was comprised primarily of White women and therefore the findings
might not be generalizable to the all women with breast cancer. Future studies should
consider collecting multiple biomarker-based measurements of DAL over time in a diverse
sample of women with breast cancer, to better understand the relationship between DAL
and mortality.
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5. Conclusions

Although we did not find a strong relationship between baseline DAL and mortality
following breast cancer, there was a modest increase in risk of ACM among women with
higher PCB levels and higher DAL. Women with breast cancer with diets high in animal fats,
thus, may be at increased risk of mortality due to the resulting acid–base imbalance and
exposure to PCBs. Although exposure to PCBs has declined since their use and production
have been banned in the US, some PCB congeners are still detectable at high levels in US
children and adults [52]. This is coupled with the fact there has been a rise in acidic diets
in the Western world, as consumption of dairy and meat products have grown with a
reduction in alkaline foods. Therefore, gaining better understanding of its potential role on
mortality is crucial to help clinicians provide proper dietary guidelines for their patients in
order to improve long-term survival of breast cancer survivors.

Author Contributions: Conceptualization, B.N.C.C., T.W., A.I.N. and H.P.J.; data curation, R.M.S.,
M.S.W., J.C. and S.L.T.; formal analysis, B.N.C.C. and H.P.J.; funding acquisition, R.M.S., A.I.N.,
M.S.W., J.C. and S.L.T.; investigation, T.W., R.M.S., A.I.N., M.S.W., J.C., S.L.T. and H.P.J.; methodology,
B.N.C.C., T.W., R.M.S., A.I.N., M.S.W., S.L.T. and H.P.J.; project administration, R.M.S., A.I.N., J.C. and
S.L.T.; supervision, H.P.J.; writing—original draft, B.N.C.C. and H.P.J.; writing—review and editing,
B.N.C.C., T.W., R.M.S., A.I.N., M.S.W., J.C., S.L.T. and H.P.J. All authors have read and agreed to the
published version of the manuscript.

Funding: The Long Island Breast Cancer Study Project (LIBCSP) was supported in part by funds
from the National Cancer Institute and the National Institute of Environmental Health Sciences (U01
CA/ES66572, U01 CA66572), and by the Babylon Breast Cancer Coalition. H Parada Jr was supported
by the National Cancer Institute (K01 CA234317), the SDSU/UCSD Cancer Center Comprehensive
Partnership (U54 CA132384 and U54 CA132379), and the Alzheimer’s Disease Resource Center for
advancing Minority Aging Research at the University of California San Diego (P30 AG059299). B.
Chronister was supported by the National Institute of Mental Health (T32 MH122376).

Institutional Review Board Statement: All procedures performed in the Long Island Study Project
involving human participants were in accordance with the ethical standards of the Institutional
Review Boards of all participating institutions and were in compliance with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: No appliable.

Acknowledgments: We acknowledge the principal investigator of the Long Island Breast Cancer
Study Project: Marilie D. Gammon, without whom this project would not be accomplished.

Conflicts of Interest: Declare Dr. Neugut has consulted for Otsuka, United Biosource Corporation,
Hospira, GlaxoSmithKline and Eisai, serves on the Medical Advisory Board of EHE Intl, and has
grant support from Otsuka. The authors declare no other conflict of interest.

References
1. Rock, C.L.; Doyle, C.; Demark-Wahnefried, W.; Meyerhardt, J.; Courneya, K.S.; Schwartz, A.L.; Bandera, E.V.; Hamilton, K.K.;

Grant, B.; McCullough, M.; et al. Nutrition and physical activity guidelines for cancer survivors. CA Cancer J. Clin. 2012, 62,
243–274. [CrossRef] [PubMed]

2. Wang, F.; Cai, H.; Gu, K.; Shi, L.; Yu, D.; Zhang, M.; Zheng, W.; Zheng, Y.; Bao, P.; Shu, X.O. Adherence to dietary recommendations
among long-term breast cancer survivors and cancer outcome associations. Cancer Epidemiol. Biomark. Prev. 2020, 29, 386–395.
[CrossRef]

3. Chlebowski, R.T.; Blackburn, G.L.; Elashoff, R.E.; Thomson, C.; Goodman, M.T.; Shapiro, A.; Giuliano, A.E.; Karanja, N.; Hoy,
M.K.; Nixon, D.W. Dietary fat reduction in postmenopausal women with primary breast cancer: Phase III women’s intervention
nutrition study (WINS). J. Clin. Oncol. 2005, 23, 10. [CrossRef]

4. Quade, B.N.; Parker, M.D.; Occhipinti, R. The therapeutic importance of acid-base balance. Biochem. Pharmacol. 2021, 183, 114278.
[CrossRef] [PubMed]

5. Hopkins, E.; Sanvictores, T.; Sharma, S. Physiology, Acid Base Balance [Updated 2021 Sep 14]; StatPearls Publishing: Bethesda, MD,
USA, 2021.

http://doi.org/10.3322/caac.21142
http://www.ncbi.nlm.nih.gov/pubmed/22539238
http://doi.org/10.1158/1055-9965.EPI-19-0872
http://doi.org/10.1200/jco.2005.23.16_suppl.10
http://doi.org/10.1016/j.bcp.2020.114278
http://www.ncbi.nlm.nih.gov/pubmed/33039418


Int. J. Environ. Res. Public Health 2022, 19, 374 12 of 13

6. Wu, T.; Seaver, P.; Lemus, H.; Hollenbach, K.; Wang, E.; Pierce, J.P. Associations between dietary acid load and biomarkers of
inflammation and hyperglycemia in breast cancer survivors. Nutrients 2019, 11, 1913. [CrossRef] [PubMed]

7. Scialla, J.J.; Anderson, C.A.M. Dietary acid load: A novel nutritional target in chronic kidney disease? Adv. Chronic Kidney Dis.
2013, 20, 141–149. [CrossRef]

8. Gupta, S.C.; Singh, R.; Pochampally, R.; Watabe, K.; Mo, Y.Y. Acidosis promotes invasiveness of breast cancer cells through
ROS-AKT-NF-κB pathway. Oncotarget 2014, 5, 12070–12082. [CrossRef] [PubMed]

9. Di Pompo, G.; Lemma, S.; Canti, L.; Rucci, N.; Ponzetti, M.; Errani, C.; Donati, D.M.; Russell, S.; Gillies, R.; Chano, T.; et al.
Intratumoral acidosis fosters cancer-induced bone pain through the activation of the mesenchymal tumor-associated stroma in
bone metastasis from breast carcinoma. Oncotarget 2017, 8, 54478–54496. [CrossRef]

10. Boedtkjer, E.; Pedersen, S.F. The acidic tumor microenvironment as a driver of cancer. Annu. Rev. Physiol. 2020, 82, 103–126.
[CrossRef] [PubMed]

11. Remer, T.; Manz, F. Potential renal acid load of foods and its influence on urine pH. J. Am. Diet. Assoc. 1995, 95, 791–797.
[CrossRef]

12. 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. 2020, 3, e1212. [CrossRef]

13. Fenton, T.R.; Huang, T. Systematic review of the association between dietary acid load, alkaline water and cancer. BMJ Open 2016,
6, e010438. [CrossRef]

14. Ronco, A.; Calderón, J.; Mendoza, B. Dietary acid load and breast cancer risk: A case-control study in Uruguay. Eur. J. Cancer
2020, 138, S122. [CrossRef]

15. Park, Y.M.M.; Steck, S.E.; Fung, T.T.; Merchant, A.T.; Elizabeth Hodgson, M.; Keller, J.A.; Sandler, D.P. Higher diet-dependent acid
load is associated with risk of breast cancer: Findings from the sister study. Int. J. Cancer 2019, 144, 1834–1843. [CrossRef]

16. Wu, T.; Hsu, F.-C.; Pierce, J.P. Increased acid-producing diet and past smoking intensity are associated with worse prognoses
among breast cancer survivors: A prospective cohort study. J. Clin. Med. 2020, 9, 1817. [CrossRef]

17. Lee Hamm, L.; Nakhoul, N.; Hering-Smith, K.S. Acid-base homeostasis. Clin. J. Am. Soc. Nephrol. 2015, 10, 2232–2242. [CrossRef]
[PubMed]

18. Chung, A.C. Environmental Organic Pollutants Are Another Risk Factors for Chronic Kidney Diseases; SMGroup: Hong Kong,
China, 2016.

19. Kataria, A.; Trasande, L.; Trachtman, H. The effects of environmental chemicals on renal function. Nat. Rev. Nephrol. 2015, 11,
610–625. [CrossRef]

20. Parada, H.; Sun, X.; Tse, C.K.; Engel, L.S.; Hoh, E.; Olshan, A.F.; Troester, M.A. Plasma levels of polychlorinated biphenyls (PCBs)
and breast cancer mortality: The carolina breast cancer study. Int. J. Hyg. Environ. Health 2020, 227, 113522. [CrossRef]

21. Parada, H.; Wolff, M.S.; Engel, L.S.; Eng, S.M.; Khankari, N.K.; Neugut, A.I.; Teitelbaum, S.L.; Gammon, M.D. Polychlorinated
biphenyls and their association with survival following breast cancer. Eur. J. Cancer 2016, 56, 21–30. [CrossRef] [PubMed]

22. Gammon, M.D.; Neugut, A.I.; Santella, R.M.; Teitelbaum, S.L.; Britton, J.A.; Terry, M.B.; Eng, S.M.; Wolff, M.S.; Stellman, S.D.;
Kabat, G.C.; et al. The long island breast cancer study project: Description of a multi-institutional collaboration to identify
environmental risk factors for breast cancer. Breast Cancer Res. Treat. 2002, 74, 235–254. [CrossRef] [PubMed]

23. Gammon, M.D.; Wolff, M.S.; Neugut, A.I.; Eng, S.M.; Teitelbaum, S.L.; Britton, J.A.; Terry, M.B.; Levin, B.; Stellman, S.D.; Kabat,
G.C.; et al. Environmental toxins and breast cancer on Long Island. II. Organochlorine compound levels in blood. Cancer
Epidemiol. Biomark. Prev. 2002, 11, 686–697. [CrossRef]

24. Gaudet, M.M.; Britton, J.A.; Kabat, G.C.; Steck-Scott, S.; Eng, S.M.; Teitelbaum, S.L.; Terry, M.B.; Neugut, A.I.; Gammon, M.D.
Fruits, vegetables, and micronutrients in relation to breast cancer modified by menopause and hormone receptor status. Cancer
Epidemiol. Biomark. Prev. 2004, 13, 1485–1494.

25. Potischman, N.; Swanson, C.A.; Coates, R.J.; Gammon, M.D.; Brogan, D.R.; Curtin, J.; Brinton, L.A. Intake of food groups and
associated micronutrients in relation to risk of early-stage breast cancer. Int. J. Cancer 1999, 82, 315–321. [CrossRef]

26. National Cancer Institute. HHHQ-DietSys Analysis Software Version 3.0; National Cancer Institute: Bethesda, MD, USA, 1999.
27. Remer, T.; Dimitriou, T.; Manz, F. Dietary potential renal acid load and renal net acid excretion in healthy, free-living children and

adolescents. Am. J. Clin. Nutr. 2003, 77, 1255–1260. [CrossRef] [PubMed]
28. Frassetto, L.A.; Todd, K.M.; Morris, R.C.; Sebastian, A. Estimation of net endogenous noncarbonic acid production in humans

from diet potassium and protein contents. Am. J. Clin. Nutr. 1998, 68, 576–583. [CrossRef] [PubMed]
29. Willett, W.; Stampfer, M.J. Total energy intake: Implications for epidemiologic analyses. Am. J. Epidemiol. 1986, 124, 17–27.

[CrossRef] [PubMed]
30. Gammon, M.D.; Wolff, M.S.; Neugut, A.I.; Terry, M.B.; Britton, J.A.; Greenebaum, E.; Hibshoosh, H.; Levin, B.; Wang, Q.; Santella,

R.M. Treatment for breast cancer and blood levels of chlorinated hydrocarbons. Cancer Epidemiol. Biomark. Prev. 1996, 5, 467–471.
31. Brock, J.W.; Melnyk, L.J.; Caudill, S.P.; Needham, L.L.; Bond, A.E. Serum levels of several organochlorine pesticides in farmers

correspond with dietary exposure and local use history. Toxicol. Ind. Health 1998, 14, 275–289. [CrossRef]
32. Wu, T.; Hsu, F.C.; Pierce, J.P. Acid-producing diet and depressive symptoms among breast cancer survivors: A longitudinal study.

Cancers 2020, 12, 3183. [CrossRef]
33. Hosmer, D.W.; Lemeshow, S. Confidence interval estimation of interaction. Epidemiology 1992, 3, 452–456. [CrossRef] [PubMed]

http://doi.org/10.3390/nu11081913
http://www.ncbi.nlm.nih.gov/pubmed/31443226
http://doi.org/10.1053/j.ackd.2012.11.001
http://doi.org/10.18632/oncotarget.2514
http://www.ncbi.nlm.nih.gov/pubmed/25504433
http://doi.org/10.18632/oncotarget.17091
http://doi.org/10.1146/annurev-physiol-021119-034627
http://www.ncbi.nlm.nih.gov/pubmed/31730395
http://doi.org/10.1016/S0002-8223(95)00219-7
http://doi.org/10.1002/cnr2.1212
http://doi.org/10.1136/bmjopen-2015-010438
http://doi.org/10.1016/S0959-8049(20)30866-2
http://doi.org/10.1002/ijc.31889
http://doi.org/10.3390/jcm9061817
http://doi.org/10.2215/CJN.07400715
http://www.ncbi.nlm.nih.gov/pubmed/26597304
http://doi.org/10.1038/nrneph.2015.94
http://doi.org/10.1016/j.ijheh.2020.113522
http://doi.org/10.1016/j.ejca.2015.11.023
http://www.ncbi.nlm.nih.gov/pubmed/26798968
http://doi.org/10.1023/A:1016387020854
http://www.ncbi.nlm.nih.gov/pubmed/12206514
http://doi.org/10.7916/D8W957V6
http://doi.org/10.1002/(SICI)1097-0215(19990730)82:3&lt;315::AID-IJC1&gt;3.0.CO;2-N
http://doi.org/10.1093/ajcn/77.5.1255
http://www.ncbi.nlm.nih.gov/pubmed/12716680
http://doi.org/10.1093/ajcn/68.3.576
http://www.ncbi.nlm.nih.gov/pubmed/9734733
http://doi.org/10.1093/oxfordjournals.aje.a114366
http://www.ncbi.nlm.nih.gov/pubmed/3521261
http://doi.org/10.1177/074823379801400117
http://doi.org/10.3390/cancers12113183
http://doi.org/10.1097/00001648-199209000-00012
http://www.ncbi.nlm.nih.gov/pubmed/1391139


Int. J. Environ. Res. Public Health 2022, 19, 374 13 of 13

34. Doyle, C.; Kushi, L.H.; Byers, T.; Courneya, K.S.; Demark-Wahnefried, W.; Grant, B.; McTiernan, A.; Rock, C.L.; Thompson, C.;
Gansler, T.; et al. Nutrition and Physical Activity during and after Cancer Treatment: An American Cancer Society Guide for
Informed Choices. CA. Cancer J. Clin. 2006, 56, 323–353. [CrossRef]

35. Launay-Vacher, V.; Spano, J.P.; Janus, N.; Gligorov, J.; Ray-Coquard, I.; Oudard, S.; Pourrat, X.; Morere, J.F.; Beuzeboc, P.; Deray, G.
Renal insufficiency and anticancer drugs in elderly cancer patients: A subgroup analysis of the IRMA study. Crit. Rev. Oncol.
Hematol. 2009, 70, 124–133. [CrossRef]

36. Launay-Vacher, V.; Chatelut, E.; Lichtman, S.M.; Wildiers, H.; Steer, C.; Aapro, M. Renal insufficiency in elderly cancer patients:
International society of geriatric oncology clinical practice recommendations. Ann. Oncol. 2007, 18, 1314–1321. [CrossRef]

37. Mudi, A.; Levy, C.S.; Geel, J.A.; Poole, J.E. Paediatric cancer survivors demonstrate a high rate of subclinical renal dysfunction.
Pediatr. Blood Cancer 2016, 63, 2026–2032. [CrossRef]

38. O’Sullivan, D. Late effects of chemotherapeutic agents on renal function in childhood cancer survivors: A review of the literature.
Ir. J. Med. Sci. 2017, 186, 49–55. [CrossRef]

39. Merouani, A.; Shpall, E.J.; Jones, R.B.; Archer, P.G.; Schrier, R.W. Renal function in high dose chemotherapy and autologous
hematopoietic cell support treatment for breast cancer. Kidney Int. 1996, 50, 1026–1031. [CrossRef] [PubMed]

40. Sahni, V.; Choudhury, D.; Ahmed, Z. Chemotherapy-associated renal dysfunction. Nat. Rev. Nephrol. 2009, 5, 450–462. [CrossRef]
[PubMed]

41. Phisitkul, S.; Hacker, C.; Simoni, J.; Tran, R.M.; Wesson, D.E. Dietary protein causes a decline in the glomerular filtration rate of
the remnant kidney mediated by metabolic acidosis and endothelin receptors. Kidney Int. 2008, 73, 192–199. [CrossRef]

42. Wesson, D.E.; Simoni, J. Increased tissue acid mediates a progressive decline in the glomerular filtration rate of animals with
reduced nephron mass. Kidney Int. 2009, 75, 929–935. [CrossRef]

43. Hejazi, E.; Emamat, H.; Sharafkhah, M.; Saidpour, A.; Poustchi, H.; Sepanlou, S.; Sotoudeh, M.; Dawsey, S.; Boffetta, P.; Abnet,
C.C.; et al. Dietary acid load and mortality from all causes, CVD and cancer: Results from the golestan cohort study. Br. J. Nutr.
2021, 1–7. [CrossRef] [PubMed]

44. Xu, H.; Akesson, A.; Orsini, N.; Hakansson, N.; Wolk, A.; Carrero, J.J. Modest U-shaped association between dietary acid load
and risk of all-cause and cardiovascular mortality in adults. J. Nutr. 2016, 146, 1580–1585. [CrossRef] [PubMed]

45. Akter, S.; Nanri, A. Dietary acid load and mortality among Japanese men and women: The Japan public health center–based
prospective study. Am. J. Clin. Nutr. 2017, 106, 146–154. [CrossRef]

46. Wulsin, L.R.; Vaillant, G.E.; Wells, V.E. A systematic review of the mortality of depression. Psychosom. Med. 1999, 61, 6–17.
[CrossRef] [PubMed]

47. Grassi, L.; Indelli, M.; Marzola, M.; Maestri, A.; Santini, A.; Piva, E.; Boccalon, M. Depressive symptoms and quality of life in
home-care-assisted cancer patients. J. Pain Symptom Manag. 1996, 12, 300–307. [CrossRef]

48. Kraut, J.A.; Madias, N.E. Metabolic acidosis: Pathophysiology, diagnosis and management. Nat. Rev. Nephrol. 2010, 6, 274–285.
[CrossRef] [PubMed]

49. Hood, V.L.; Tannen, R.L. Protection of acid–base balance by ph regulation of acid production. N. Engl. J. Med. 1998, 339, 819–826.
[CrossRef] [PubMed]

50. Ghosh, S.; De, S.; Chen, Y.; Sutton, D.C.; Ayorinde, F.O.; Dutta, S.K. Polychlorinated biphenyls (PCB-153) and (PCB-77) absorption
in human liver (HepG2) and kidney (HK2) cells in vitro: PCB levels and cell death. Environ. Int. 2010, 36, 893–900. [CrossRef]

51. Imamura, T.; Matsumoto, S.; Akahane, M.; Kanagawa, Y.; Koike, S.; Tajima, B.; Matsuya, S.; Uchi, H.; Shibata, S.; Furue, M.
Cutaneous symptoms such as acneform eruption and pigmentation are closely associated with blood levels of 2,3,4,7,8-penta-
chlorodibenzofurans in Yusho patients, using data mining analysis. BMC Res. Notes 2009, 2, 27. [CrossRef] [PubMed]

52. Xue, J.; Liu, S.V.; Zartarian, V.G.; Geller, A.M.; Schultz, B.D. Analysis of NHANES measured blood PCBs in the general US
population and application of SHEDS model to identify key exposure factors. J. Expo. Sci. Environ. Epidemiol. 2014, 24, 615–621.
[CrossRef] [PubMed]

http://doi.org/10.3322/canjclin.56.6.323
http://doi.org/10.1016/j.critrevonc.2008.09.012
http://doi.org/10.1093/annonc/mdm011
http://doi.org/10.1002/pbc.26132
http://doi.org/10.1007/s11845-016-1473-z
http://doi.org/10.1038/ki.1996.405
http://www.ncbi.nlm.nih.gov/pubmed/8872980
http://doi.org/10.1038/nrneph.2009.97
http://www.ncbi.nlm.nih.gov/pubmed/19564889
http://doi.org/10.1038/sj.ki.5002647
http://doi.org/10.1038/ki.2009.6
http://doi.org/10.1017/S0007114521003135
http://www.ncbi.nlm.nih.gov/pubmed/34392847
http://doi.org/10.3945/jn.116.231019
http://www.ncbi.nlm.nih.gov/pubmed/27385761
http://doi.org/10.3945/ajcn.117.152876
http://doi.org/10.1097/00006842-199901000-00003
http://www.ncbi.nlm.nih.gov/pubmed/10024062
http://doi.org/10.1016/S0885-3924(96)00181-9
http://doi.org/10.1038/nrneph.2010.33
http://www.ncbi.nlm.nih.gov/pubmed/20308999
http://doi.org/10.1056/NEJM199809173391207
http://www.ncbi.nlm.nih.gov/pubmed/9738091
http://doi.org/10.1016/j.envint.2010.06.010
http://doi.org/10.1186/1756-0500-2-27
http://www.ncbi.nlm.nih.gov/pubmed/19284523
http://doi.org/10.1038/jes.2013.91
http://www.ncbi.nlm.nih.gov/pubmed/24424407

	Introduction 
	Materials and Methods 
	Study Design 
	Outcome Assessment 
	Dietary Assessment 
	PCBs Measurement 
	Covariates 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References



