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Abstract

Background Sulfur microbial diet (SMD) is a dietary pattern closely related to the intestinal load of sulfur-
metabolizing microbes in humans. Diet and microbes may play an important role in the carcinogenesis of esophagus.
However, epidemiological studies on SMD and esophageal cancer (EC) risk are scarce. Here, we evaluated this
association based on a large American cohort.

Methods In the cohort of the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, a SMD score was
calculated to evaluate participants’compliance of SMD pattern, with higher scores presenting greater adherence.
Cox hazards regression model was used to explore the association between the SMD score and the incidence of

EC, esophageal squamous cell carcinoma (ESCC), and esophageal adenocarcinoma (EA). Subgroup analyses were
conducted to figure out potential modifiers interacting with SMD on EC. Sensitivity analyses were used to testify the
robustness of our main result.

Results Among 101,752 participants, 154 EC cases, consisted of 41 ESCC cases and 97 EA cases, were identified with
mean follow-up of 8.9 years. In the fully adjusted model, the highest versus the lowest quartiles of the SMD score
were found to be associated with an increased risk of EC and ESCC (EC: HRy, 5 o 1.64; 95% Cl: 1.05, 2.56; P=0.016 for
trend; ESCC: HRqy, s 071 2.37;95% Cl: 1.02, 5.47; P=0.031 for trend), while not significantly associated with increases risk
of EA (HRy s 012 1.41; P=0.144 for trend). The main result remained through a series of sensitivity analyses. Subgroup
analyses showed a stronger association between SMD and EC in participants with no regular consumption of aspirin
(HRg4 s 011 1.90; 95% Cl: 1.04, 3.47) than in those using aspirin regularly (HRq, s o 1.37; 95% Cl: 0.71, 2.66) (P=0.008 for
interaction).
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Conclusion Adherence to the SMD pattern may be associated with increased risks of EC and ESCC, particularly for EC

in individuals who do not regularly consume aspirin.

Keywords Sulfur microbial diet, Esophageal cancer, Sulfur-metabolizing microbes, PLCO cancer screening trial, Cox

hazards regression analysis

Introduction

Esophageal cancer (EC) is reported to be the 7th most
common and 6th most lethal cancer in the world, con-
tributing to 18,440 new cases and 16,170 cancer-related
deaths in America in 2020 [1, 2]. Although the incidence
of EC shows a downward trend, its 5-year survival rate
(20%) is the second lowest, only after pancreatic can-
cer [3, 4]. Therefore, it is imperative to explore some
strategies to prevent the onset and progression of EC.
Esophagus serves as the entrance into the gastrointesti-
nal tract, its malignant transformation has been proved
to be related to dietary habits and specific food items
[5-7]. Epidemiologic studies have reported high intake
of fruits, vegetables, and dietary fiber were associated
with a decreased risk of EC [8, 9]. In contract, a signifi-
cantly higher risk of EC was linked with higher intake of
red and processed meat and higher alcohol consumption
[8-10]. Recently, Nguyen et al. constructed and derived
a particular pattern of food intake closely associated
with the enrichment of sulfur-metabolizing microbes
in human gut, namely sulfur microbial diet (SMD) [11],
which is characterized by higher intake of processed
meat, liquor, and low-calorie drinks, and lower intake
of beer, legumes, vegetables, fruit juice, and sweets/des-
serts [11]. Among them, processed meat, liquor, and low-
calorie drinks were found to be positively associated with
the enrichment of sulfur-metabolizing microbes, whereas
the remaining five components showed an inverse asso-
ciation [11]. Indeed, sulfur-metabolizing microbes can
produce a large amount of genotoxic hydrogen sulfide
gas (H,S), which plays a vital role in tumor pathogenic-
ity [12, 13]. Previous prospective studies have demon-
strated that the SMD pattern could significantly increase
the risk of digestive system neoplasms, such as colorec-
tal cancer and early-onset colorectal adenoma [11, 14,
15]. However, the relationship between the SMD and the
incidence of EC remains uncertain. Given the features
of SMD and the existed links between EC and diet, we
sought to examine whether SMD may influence risk of
EC incidence in a US population.

Materials and methods

Study population

The sample population used in this study was derived
from the Prostate, Lung, Colorectal, and Ovarian (PLCO)
Cancer Screening Trial, which was a large population-
based randomized controlled study. This trial aimed to
ascertain whether a few screening procedures, such as

colonoscopy, chest X-ray, digital rectal examination,
prostate-specific antigen (PSA), cancer antigen 125 (CA-
125), etc., could reduce the risk of death from PLCO
malignancies [16]. In this trial, subjects were selected to
participate in between November 1993 and September
2001, finally, 154,887 participants aged between 55 and
74 years were registered [16]. The registered participants
were then randomly divided into the control and screen-
ing groups. Participants in the control group received
standard cares, whereas those in the screening group
were subjected to above-mentioned specific screening
tests. All participants were asked to answer question-
naires related to demographics, lifestyle, dietary habits,
health behaviors, medication use, diagnoses of diseases,
and other exposures of interest. The Supplemental Ques-
tionnaire (SQX), Baseline Questionnaire (BQ), and Diet
History Questionnaire (DHQ) were some of the specific
questionnaires that were used in this study.

Based on the objectives of our study, the following par-
ticipants were excluded: (1) Participants who failed to
submit the BQ (#=4918); (2) Participants who submit-
ted an invalid DHQ (7=38,462) (Invalid DHQ refers to
DHQs that missed the completion date, subjects were
deceased before DHQ completion, containing 8 or more
missing/multiple frequency responses on DHQ, and hav-
ing extreme energy consumption on DHQ [participants
within the first and last percentile by gender]); (3) Partici-
pants having a history of cancer (excluding the nonmela-
noma skin cancer) before DHQ analysis entry (n=9684);
and (4) participants with outcome events (diagnoses of
EC, death, loss of follow-up, and the end of follow-up)
occurred before DHQ completion (n=71). The whole
baseline sample included 101,752 individuals (Fig. 1).
Written informed permission was required from every
participant. The National Cancer Institute approved the
experimental procedures and protocols used in this study
(Project ID: PLCO-1134).

Assessment of sulfur microbial diet scores

The DHQ, a self-administered, 124-item food frequency
questionnaire, was used to collect dietary data in this
study. The DHQ was designed to assess the serving sizes
and frequency of food consumed for the 12 months prior
to registration, its validity and dependability have already
been described [17]. Participants’ consumption of each
food was calculated by multiplying the serving sizes and
food frequency.
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154887 American participants aged 55 to 74 years
were enrolled in the PLCO trail

\a

Following individuals were excluded:
(1)Subjects failing to return the baseline
questionnaire (n=4918)

(2)Subjects with an invalid DHQ (n=38462)
(3)Subjects with a history of any cancer prior to
DHQ analysis entry (n=9684)

(4)Subjects with outcome events occurred before

DHQ completion (n=71)

N
| Participates included in this study (n=101752)

Fig. 1 The flow chart of identifying eligible subjects. PLCO: Prostate, Lung, Colorectal, and Ovarian; BQ: Baseline Questionnaire; DHQ: Diet History

Questionnaire

SMD scores were calculated to quantify the par-
ticipants’ adherence to SMD following an established
method [11]. The food component groups in SMD
included liquor, processed meat, low-calorie drinks, beer,
fruit juice, legumes, other vegetables (including corn,
eggplant, mixed vegetables, mushrooms, celery, green
pepper, and summer squash), and sweets/desserts. Each
food group was ranked into quartiles and was given posi-
tive or negative scores. For example, in the case of liquor,
processed meat, and low-calorie drinks, participants
below the lowest quartile, received a score of 1, whereas
those above the highest quartile of a food group received
a score of 4. As for beer, fruit juice, legumes, other vege-
tables, and whole grains, the scoring pattern was reversed
(Supplementary Table 1). The SMD score was computed
by summing the scores of the above-mentioned 8 food
groups, and the total score of every participant ranged
from 8 to 32. Higher SMD scores reflected greater adher-
ence to the SMD pattern.

Assessment of the covariates

In this study, we evaluated the individual and population
level risks associated with 15 potentially modifiable risk
factors. The self-reported BQ was used to gather infor-
mation regarding the demographic and lifestyle charac-
teristics, including sex, race, marital status, body mass
index (BMI), educational level, smoking status, regular
consumption of aspirin, history of diabetes, history of
hypertension, pack-years of smoking, and family history
of EC. The terms “white” and “non-white” were used to
represent the race, the marital status was described as
“married or living as married” and “other’, and the edu-
cational level of the participants were described as “col-
lege below’, “college graduate’, and “postgraduate” BMI
was computed by dividing the weight (kg) by height

(m?). Other risk factors that were evaluated using the
aforementioned DHQ included age at DHQ comple-
tion, energy consumption from the diet, intake of pickled
vegetables and fruits. The SQX was used to collect data
on physical activity levels, which were calculated as the
weekly sum of self-reported minutes of moderate to vig-
orous activity.

Outcome ascertainment

To gather data regarding newly diagnosed EC cases, the
date of diagnosis, and more detailed relative informa-
tion, participants were emailed a self-reporting annual
study update form. Researchers checked the participants’
medical records after obtaining the consent of them
to validate the diagnosis. Family reports and death cer-
tificates were used as supplemental information to iden-
tify deaths. It should be noted that the diagnosis of EC
(ICD-0O-2 codes: C150-C15, C153-155, and C158-C159)
was the primary outcome of this study. The diagnoses of
esophageal squamous cell carcinoma (ESCC) and esoph-
ageal adenocarcinoma (EA) were the secondary end-
points (ICD-O-2 codes: ESCC: 8070, and 8071; EA: 8140,
84380, and 8481).

Statistical analysis

This study includes a few variates with missing data.
For variables containing<5% missing values, categorical
covariates such as marital status, educational level, aspi-
rin consumption, history of diabetes and hypertension,
family history of EC, and smoking status were imputed by
the modal value; while the continuous covariates namely
BMI and pack-years of smoking were imputed by the
median value. In our analysis, the “physical activity lev-
els” variable with >25% missing values was assumed to be
missing at random and implement using the Multivariate
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Imputation by Chained Equations (MICE) approach [18],
which is a robust method of data imputation. In this
method, missing data were replaced by iteratively draw-
ing from the fitted conditional distributions of partially
observed variables, given the observed and imputed val-
ues of the remaining variables in the imputation model.
In this study, 25 imputed datasets were created for physi-
cal activity. Considering the heterogeneity of the imputed
results, we took the mean value of the 25 imputed results
for physical activity and applied it as a covariate in the
final analysis. Supplementary Tables 2 and Supplemen-
tary Table 3 presents additional details regarding the rel-
evant data imputation.

To calculate the hazard ratios (HRs) and 95% confi-
dence intervals (CIs) of the EC, ESCC and EA incidence
related to SMD scores, the Cox proportional hazards
regression models were utilized. The follow-up period
spanned from the DHQ completion date to the date of
EC diagnosis, death, loss of follow-up, or the completion
of follow-up (December 31, 2009), whichever occurred
first (Fig. 2). Person-years were calculated by summing
up the follow-up time of each participant and were used
as the time variable. For all analyses, the SMD scores
were divided into quartiles, and the first quartile (Q1)
was set as the reference group. To estimate the linear
trends of the association, the median scores of SMD in
every quartile was assigned to every participant in this
quartile, and the scores were regarded as continuous
variables to conduct Cox regression analyses and acquire
the P-value for trend. To adjust for potential relevant
confounders, two multivariate Cox proportional haz-
ards regression models were used. Particularly, Model 1
adjusted for a variety of demographic variables, includ-
ing sex, age, race, educational level, and marital status.

Randomization
(trial entry)

Follow-up time 3233days
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Potential effect moderating covariates, such as BMI,
regular consumption of aspirin, levels of physical activ-
ity, history of hypertension, history of diabetes, energy
intake from diet, smoking status, pack-years of smoking,
and consumption of pickled vegetables/fruit, were fur-
ther adjusted in Model 2. The multivariable-adjusted HRs
and 95% Cls associated with a 1-point increment in SMD
score were also estimated. In this study, we employed a
restricted cubic spline (RCS) model with three strategi-
cally placed knots at the 10th, 50th, and 90th percen-
tiles to investigate the nonlinear association between
the SMD score and the risk of EC and its subtypes after
adjusting for confounders. The structure of the RCS
model, with its first knot dictating linear behavior at
the lower exposure range, internal knots allowing the
model to introduce nonlinearity within these intervals,
and the final knot ensuring linear behavior at the upper
range, was designed to effectively captures the complex-
ity of the dose-response relationship. The “second spline”
coefficient, representing the spline function’s coefficient
after the first knot, is key to identifying the nonlinearity
between the variable and the response.

Prespecified subgroup analyses were conducted to
assess the probable effect of the interaction factors,
such as sex (male or female), age (>65 or <65 years),
BMI (>30 kg/m? or <30 kg/m?), regular consumption
of aspirin (yes or no), smoking status (never or current/
former), history of diabetes (yes or no), history of hyper-
tension (yes or no), dietary energy intake (>medium or
<medium), and physical activity levels (>medium or
<medium). We used the likelihood ratio test as a mean
to obtain P value in assessing the effect of adding the
interaction term into a multivariate linear mixed-effects
model. To test the robustness of the findings, some

1 1
I/ \I
€ 4
1 1
! .I Cancer diagnosis or trial exit
| 4374.24days
1
1
: DHQ completion

0

1141.25days
BQ completion
8.77days Note: all time are the mean values, the end of
follow-up is December 31, 2009.
I | T
0 2000 4000 6000

Timeline (days)

Fig. 2 The timeline and follow-up scheme of our study
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sensitivity analyses were carried out as follows: (1) Firstly,
the participants with family history of EC were excluded;
(2) Secondly, the participants in the control group were
excluded; (3) Thirdly, participants with extreme BMI
(defined as top 1% and bottom 1%) were excluded; (4)
Additionally, participants with unbelievable energy intake
(>4000 kcal/day or <500 kcal/day) [19] was excluded; (5)
Physical activity were excluded from covariates to help
better rule out the impact of such high missingness; (6)
Finally, cases observed within the first 1 years of follow-
up were exclude to test the potential inverse causation.

Cox regression analyses for each of these SMD compo-
nents in relation to the risk of EC were further conducted
to ascertain the principal contributing components to
this relationship.

All data were statistically analyzed using the R (ver.
4.2.1) software. A two-tailed P-value<0.05 indicated the
significance level.

Results

Participant characteristics

A total of 101,752 participants were included in our
analysis, which consisted of 49,494 (48.64%) males and
52,258 (51.36%) females, with the average (standard
deviation) age of 65.53 (5.73). The mean (standard devia-
tion) SMD score of subjects was 20.14 (3.09). According
to the SMD scores, subjects were divided into quartiles
[Quartile 1 (SMD score<18), n=30685; Quartile 2 (SMD
score 19-20), n=25085; Quartile 3 (SMD score 21-22),
n=23103; Quartile 4 (SMD score>23), n=22879]
(Table 1). The higher the SMD scores, the greater the
adherence to SMD. In comparison to the participants
included in Quartile 1, those included in Quartile 4 were
more likely to be male, white, and current/former smok-
ers. In addition, the participants in the highest quartile
of SMD scores showed higher pack-years of smoking,
higher BMI, no aspirin regularly consumption, lower
physical activity levels, energy intake from diet, and pick-
led vegetables/fruit intake versus the lowest quartiles.

SMD scores and the risk of esophageal cancer and its
subtypes

During follow-up period (900,654 person years, median
follow-up time 9.4 years), 154 incident EC events, con-
sisted of 41 ESCC cases and 97 EA cases, occurred with
an incidence rate of 1.7 per 10,000 person-years. In the
unadjusted model, participants in the highest quartile
had a significantly higher risk of EC than those in the low-
est quartile (HRqy, s q1° 2:05; 95% CI: 1.33, 3.14; P<0.001
for trend; HR per 1-point increment: 1.11; 95% CI: 1.05,
1.17; P<0.001) (Table 2). After full adjustment for poten-
tial confounders, positive association of the SMD score
with the risk of EC was also observed (HRq, ys g1t 1.64;
95% CI: 1.05, 2.56; P=0.016 for trend; HR per 1-point
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increment: 1.08; 95% CI: 1.02, 1.14; P=0.005) (Table 2). A
similar positive relationship between SMD score and the
risk of ESCC was documented (HRqyy s o0 2-37; 95% CL
1.02, 5.47; P=0.031 for trend; HR per 1-point increment:
1.14; 95% CI: 1.03, 1.26; P=0.014). However, in the Cox
regression analysis for EA, we did not observe signifi-
cant positive association (HRqy s q10 1415 95% CI: 0.81,
2.45; P=0.144 for trend; HR per 1-point increment: 1.07;
95% CI: 1.00, 1.14; P=0.062) (Table 2). The restricted
cubic spline model indicated that SMD scores were posi-
tively related to EC and ESCC incidence in a linear dose-
dependent manner (P>0.05 for nonlinearity) (Fig. 3).

Additional analyses

In subgroup analyses of age, sex, BMI, regular consump-
tion of aspirin, smoking status, food energy intake from
diet, history of hypertension, history of diabetes, and
physical activity levels, the association between SMD
score and EC risk was stronger in participants with
no regular consumption of aspirin (HRqyy s i 1.90;
95% CI: 1.04, 3.47) than in those using aspirin regularly
(HRqq s, 1t 1.37; 95% CI: 0.71, 2.66) (P=0.008 for inter-
action) (Table 3). A high robustness of our primary result
was obtained with a series of sensitive analyses (Table 4).
The positive association between the SMD score and the
EC incidence was still recorded when participants with a
family history of EC, and in the control group were sepa-
rately excluded. Additionally, after excluding participants
with extreme BMI levels (defined as top 1% and bottom
1%) or extreme levels of energy intake (>4000 kcal/day
or <500 kcal/day) [19], no significant alterations in the
final results were observed (Table 4). Furthermore, when
excluded physical activity from covariates, the positive
association between SMD and EC still existed. Excluding
cases observed within the first 1 years of follow-up, the
main result remained (with a marginal P value=0.052)
(Table 4).

Individual components of SMD and the risk of esophageal
cancer

According to Supplementary Table 4, for processed meat,
liquor, low-calorie drinks, beer, fruit juice, legumes, other
vegetables, and sweets/desserts, no significant associa-
tions were observed with the risk of EC.

Discussion

In the multicenter cohort of American adults from PLCO
Cancer Screening Trail, we found that greater adherence
to SMD pattern was associated with an increased risk of
EC and ESCC. Interestingly, a significant stronger posi-
tive associate between SMD pattern and EC was found
in participants without regular consumption of aspi-
rin. The restricted cubic spline models showed that the
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Quartiles of sulfur microbial diet score

Characteristics Overall Quartile 1(<18)  Quartile2(19-20)  Quartile 3(21-22)  Quartile 4 (=23)
Number of participants 101,752 30,685 25,085 23,103 22,879
sulfur microbial diet score 20.14+£3.09 16.56+1.49 19.51+£0.50 2147+0.50 24311144
Age 65.53+5.73 65.92+5.80 65.63+574 65.44+5.69 64.99+5.63
Sex

Male 49,494 (48.64%) 13,081 (42.63%) 12,069 (48.11%) 11,867 (51.37%) 12,477 (54.53%)

Female 52,258 (51.36%) 17,604 (57.37%) 13,016 (51.89%) 11,236 (48.63%) 10,402 (45.47%)
Race

White 94,063 (92.44%) 27,887 (90.88%) 23,133(92.22%) 21,501 (93.07%) 21,542 (94.16%)

Non-white 7689 (7.56%) 2798 (9.12%) 1952 (7.78%) 1602 (6.93%) 1337 (5.84%)
Education level

College below 64,953 (63.83%) 19,144 (62.39%) 16,015 (63.84%) 14,930 (64.62%) 14,864 (64.97%)

College graduate 17,847 (17.54%) 5307 (17.30%) 4415 (17.60%) 4062 (17.58%) 4063 (17.76%)

Postgraduate 18,952 (18.63%) 6234 (20.32%) 4655 (18.56%) 4111 (17.79%) 3952 (17.27%)
Marital status

Married or living as married 79,823 (78.45%) 23,928 (77.98%) 19,882 (79.26%) 18,205 (78.80%) 17,808 (77.84%)

Other 21,929 (21.55%) 6757 (22.02%) 5203 (20.74%) 4898 (21.20%) 5071 (22.16%)

Body mass index (kg/mz) 27.22+4.79 26.64+4.65 27.26+4.80 2745+4.79 27.74+4.88
Smoking status

Never 48,579 (47.74%) 16,472 (53.68%) 12,372 (49.32%) 10,657 (46.13%) 9078 (39.68%)

Current 9401 (9.24%) 2185 (7.12%) 2069 (8.25%) 2257 (9.77%) 2890 (12.63%)

Former 43,772 (43.02%) 12,028 (39.20%) 10,644 (42.43%) 10,189 (44.10%) 10,911 (47.69%)

Smoking pack-years 17.65+£26.59 14.22 +£24.04 16.53+£25.82 18.76+27.36 22.37+29.02
Regular consumption of aspirin

No 53,953 (53.02%) 16,635 (54.21%) 13,299 (53.02%) 12,141 (52.55%) 11,878 (51.92%)

Yes 47,799 (46.98%) 14,050 (45.79%) 11,786 (46.98%) 10,962 (47.45%) 11,001 (48.08%)
Arm

Intervention
Control
History of diabetes
No
Yes
History of hypertension
No
Yes
Family history of esophageal cancer
No
Yes
Possible
Physical activity level (min/week)
Energy intake from diet (kcal/day)
Pickled Vegetables/Fruit intake (g/day)

51,816 (50.92%)
49,936 (49.08%)

94,947 (93.31%)
6805 (6.69%)

68,707 (67.52%)
33,045 (32.48%)

98,281 (96.59%)
813 (0.80%)
2658 (2.61%)
122.75+108.73

17386473643

210243

Components of sulfur microbial diet intake

Processed meat (g/day)
Liquor (g/day)
Low-calorie drinks (g/day)
Beer (g/day)

Fruit juice (g/day)
Legumes (g/day)

Other Vegetables (g/day)
Sweets & desserts (g/day)

17.02+18.84
10.68+46.12
218.58+393.85
99.19+485.05
4590+157.27
35.38+43.76
20.79+44.67
39.62+42.66

15,561 (50.71%)
15,124 (49.29%)

29,355 (95.67%)
1330 (4.33%)

21,395 (69.72%)
9290 (30.28%)

29,640 (96.59%)
264 (0.86%)

781 (2.55%)
134.60+111.96
1884.10+£751.86
2.19£243

13.13£16.39
4272424
107.95+24579
100.69+450.04
71.64+188.44
53.63+57.48
37865801
47.58+43.66

12,866 (51.29%)
12,219 (48.71%)

23,496 (93.67%)
1589 (6.33%)

16,905 (67.39%)
8180 (32.61%)

24,264 (96.73%)
184 (0.73%)

637 (2.54%)
124.37+10843
1754.13+742.20
2.18+£245

16.51+£1832
8.26+36.56
182.88+333.89
98.16 +468.04
49.22+163.67
36.34+40.65
20.96+£44.00
41.99+44.23

11,889 (51.46%)
11,214 (48.54%)

21,419 (92.71%)
1684 (7.29%)

15,439 (66.83%)
7664 (33.17%)

22,292 (96.49%)
177 (0.77%)

634 (2.74%)
117.52+107.21
1664.84+719.77
207+244

1822+19.25
12.14+4567
245.94+405.08
102.79+521.02
3448+132.09
26.62+£29.75
1231+32.28
37.07+42.50

11,500 (50.26%)
11,379 (49.74%)

20,677 (90.38%)
2202 (9.62%)

14,968 (65.42%)
7911 (34.58%)

22,085 (96.53%)
188 (0.82%)

606 (2.65%)
110.38+104.39
1601.07 +688.22
1.93+241

21.60+20.83
2048+70.30
378.46+526.13
94.65+510.30
19.26+116.81
18.69+23.98
6.28+22.59
28.93+36.86

*Values are means (standard deviation) for continuous variables and percentages for categorical variables
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Table 2 Hazard ratios of the association of sulfur microbial diet scores with the risk of esophageal cancer and its subtypes

No. of participants No. of cases Hazard ratio (95% confidence interval)
Quartiles of SMD score Person-years Unadjusted Model 12 Model 2°
Esophageal Cancer
Quartile 1 (<18) 30,685 35 274480.10 00 (reference)  1.00 (reference)  1.00 (reference)
Quartile 2 (19-20) 25,085 28 222019.20 0.99 (0.60, 1.63) 0.93(0.56, 1.53) 0.90 (0.55, 1.49)
Quartile 3 (21-22) 23,103 39 204082.00 50(0.95,2.37) 1.35(0.85,2.13) 1.29(0.81,2.05)
Quartile 4 (=23) 22,879 52 200072.70 2.05(1.33,3.14) 80 (1.17,2.77) 1.64(1.05,2.56)
P for trend <0.001 0.004 0.016
SMD as a continuous variable (per 1 score) 1(1.051.17) 1.09(1.04,1.15) 1.08(1.02,1.14)
P for trend <0.001 0.001 0.005
Esophageal Squamous Cell Carcinoma
Quartile 1 (<18) 30,685 10 274480.10 00 (reference)  1.00 (reference)  1.00 (reference)
Quartile 2 (19-20) 25,085 6 222019.20 0.75(0.27,2.05) 0.76 (0.28,2.09) 0.80(0.29,2.22)
Quartile 3 (21-22) 23,103 10 204082.00 35(0.56,3.25) 1.39(0.58,3.35) 1.51(0.62,3.70)
Quartile 4 (=23) 22,879 15 200072.70 2.08(0.93,462) 2.21(099,497) 237(1.02,547)
P for trend 0.051 0.038 0.031
SMD as a continuous variable (per 1 score) 1.12(1.01,1.23) 1.13(1.02,1.25) 1.14(1.03,1.26)
P for trend 0.027 0.018 0.014
Esophageal Adenocarcinoma
Quartile 1 (<18) 30,685 23 274480.10 00 (reference) 1.0 (reference) 1.00 (reference)
Quartile 2 (19-20) 25,085 16 222019.20 0.86 (0.45,1.63) 0.78(041,1.48) 0.74(0.39, 1.41)
Quartile 3 (21-22) 23,103 25 204082.00 46 (0.83,2.58) 1.25(0.71,2.21) 1.16(0.65, 2.06)
Quartile 4 (=23) 22,879 33 200072.70 97 (1.16,3.36) 62 (0.95,2.76) 1.41(0.81,245)
P for trend 0.007 0.046 0.144
SMD as a continuous variable (per 1 score) 1(1.04,1.18) 1.08(1.02,1.16) 1.07(1.00,1.14)
P for trend 0.001 0.015 0.062

a:model 1 was adjusted for age(years), sex (male, female), race (white, non-white), marital status (married or living as married, other), education level (college below,

college graduate, postgraduate)

b: model 2 added other potential risk factors: smoking status (never, current, former), pack-years of smoking (continuous), body mass index (kg/m?), aspirin use (no,
yes), history of diabetes (no, yes), history of hypertension (no, yes), energy intake from diet (kcal/day), physical activity (min/week), intake of pickled vegetables/

fruit(g/day)

Esophageal Cancer

P for overall association = 0,006
P for nonlinear = 0.206

2

Esophageal Squamous Cell Carcinoma

P for overall association = 0.006
P for nonlinear = 0.098

Esophageal Adenocarcinoma

P for overall association = 0.08
P for nonlinear = 0.257

& 3

Hazard Ratio(95%C1)
Hazard Ratio(95%CT)

S

14 E) % b)) ]
Sulfur Microbial Diet Score

E)
Sulfur Microbial Diet Score

% 32 14 2 % 2
Sulfur Microbial Diet Score

Fig. 3 Dose-response analysis on the association of sulfur microbial diet score with the risk of esophageal cancer. Hazard ratio was adjusted for age
(years), sex (male, female), race (white and non-white), marital status (married or living as married, other), smoking status (never, current, former), pack-
years of smoking, educational level (college below, college graduate, post graduate), physical activity levels (min/week), body mass index (kg/m?), aspirin
use (yes, no), pickled vegetables/fruit intake (g/day), history of diabetes (yes, no), history of hypertension (yes, no), and energy intake from diet (kcal/day)

relationships were linear and dose-dependent, and the
finding was validated by multiple sensitivity analyses.
Researches on the relationship between dietary pat-
terns and EC risk began as early as the 20th century.
These included studies on the Dietary Inflammatory
Index [20], Mediterranean Diet [21], and glycemic index
and glycemic load diet [22]. It is worth noting that our
study was the first to identify the positive association
between SMD pattern and the risk of EC and ESCC.

Previous studies have shown that adherence to SMD may
lead to the enrichment of sulfur-metabolizing microbes,
including Bacteroides, Acidaminococcus, Escherichia coli
(E. coli), Parabacteroides, Streptococcus, and Veillonella
sp., et al,, in the human gut [14]. Dysbiosis of gut micro-
biota is possible response for the occurrence and devel-
opment of EC. Several existing studies have provided
insights into this relationship. Zaidi et al. figured out
that E. coli primarily existed in Barrett’s esophagus and
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Table 3 Subgroup analyses on the association of SMD scores with the risk of esophageal cancer
Subgroup variable No. of Hazard Ratio (95% Confidence Interval) Sulfur Microbial Diet Scores ? P for P for
cases  person-years  Quartile 1(<18) Quartile 2 Quartile 3 Quartile 4 (=23) trend inter-
(19-20) (21-22) ac-
tion
Age (years) 0.600
<65 61 470143.53 1.00 (reference)  0.86 (0.37,1.99) 1.09 (049, 2.42) 1.87 (0.92,3.80) 0.042
>65 93 430510.50 1.00 (reference) ~ 0.90 (0.48, 1.68) 1.34(0.76, 2.38) 1.36 (0.76, 2.43) 0.236
Sex 0.523
Male 131 433166.85 1.00 (reference) 1.03 (0.60, 1.80) 145 (0.87,243) 1.74 (1.05, 2.86) 0.018
Female 23 467487.18 1.00 (reference)  0.48(0.13,1.79) 0.75(0.22,2.48) 142 (0.50,4.02) 0.597
Body mass index (kg/ 0.236
m?)
<30 114 699902.04 1.00 (reference) 1.23(0.70,2.17) 1.50(0.86,2.62) 2.07(1.22,352) 0.005
>30 40 200751.99 1.00 (reference)  0.31(0.10,0.97) 0.82(0.35,1.93) 0.84(0.37,1.91) 0.951
Physical activity (min/ 0.184
week)
<Medium ? 62 457406.83 1.00 (reference)  0.77 (0.36, 1.64) 1.00 (049, 2.03) 0.92 (0.45, 1.86) 0.891
> Medium ® 92 443247.20 1.00 (reference) 1.02 (0.53,1.98) 1.58 (0.86,2.93) 2.58(1.46,4.57) 0.001
Smoking status 0.981
Never 34 436496.59 1.00 (reference)  0.73 (0.26,2.02) 1.26 (0.50,3.17) 149 (0.58,3.79) 0373
Current/Former 120 46415745 1.00 (reference)  0.96 (0.54,1.71) 1.31(0.76, 2.25) 1.71(1.03,2.85) 0.022
Aspirin consumption 0.008
No 82 481469.63 1.00 (reference) 1.30(0.70, 243) 0.85(042,1.74) 1.90 (1.04,3.47) 0.045
Yes 72 419184.40 1.00 (reference) 047 (0.19, 1.14) 1.71(0.91,3.23) 1.37 (0.71, 2.66) 0.177
History of diabetes 0.626
No 143 844507.89 1.00 (reference)  0.98 (0.59, 1.64) 1.36 (0.84,2.21) 1.79(1.12,2.84) 0.008
Yes 1 56146.14 1.00 (reference) ~ 0.24 (0.02, 2.33) 0.62(0.12,3.16) 0.57(0.12,2.75) 0.655
History of 0.502
hypertension
No 97 613252.76 1.00 (reference) 1.00(0.52,1.92) 1.68 (0.94,3.02) 1.94 (1.09, 3.46) 0.014
Yes 57 287401.27 1.00 (reference)  0.77 (0.35,1.67) 0.78 (035, 1.71) 1.23(0.61,2.46) 0.505
Energy intake from 0437
diet (kcal/day)
<Medium ¢ 67 450579.80 1.00 (reference)  0.88(0.39, 1.96) 1.36 (0.67,2.79) 1.18(0.58,2.42) 0.554
> Medium © 87 450074.23 1.00 (reference) ~ 0.90 (0.47,1.70) 1.15(0.61,2.14) 2.00(1.15,3.49) 0.007

?Hazard ratios were adjusted for age(years), sex (male, female), race (white, non-white), marital status (married or living as married, other), education level (college
below, college graduate, postgraduate), smoking status (never, current, former), pack-years of smoking (continuous), body mass index (kg/m?), aspirin use (no, yes),
history of diabetes (no, yes), history of hypertension (no, yes), energy intake from diet (kcal/day), physical activity (min/week), intake of pickled vegetables/fruit(g/

day)
®The median value of physical activity was 105 min/week in the study
‘The median value of energy intake from diet was 1607.53 kcal/day in this study

esophageal adenocarcinoma in their analysis of 54 sam-
ples [23]. Another study of Narikiyo M et al. suggested
the adverse effects of Streptococcus on EC and the eradi-
cation of Streptococcus can reduce the risk of EC recur-
rence [24]. In addition, Bacteroidetes were also proved to
significantly increase in EC samples [25, 26]. H,S, as one
of the major metabolic products of sulfur-metabolizing
microbes, has been found to be associated with tumor
formation. Some studies have indicated that excessive
production of H,S is linked to the development of tumors
[27, 28], and the production of H,S increased in many
cancers including colorectal cancer, gastric cancer, etc
[29]. However, there is no consensus on the association
between H,S and EC.

Several mechanisms could be used to explain the det-
rimental effect of sulfur-metabolizing microbes on the
incidence of EC. (1) DNA damage: Gut microbes can
regulate the bile acid metabolism through different
hydrolase enzyme activities, whereas the dysregulation of
intestinal microbiota could lead to an increase in deoxy-
cholate secretion, which induces DNA damage [30].
High concentrations of H,S, as the main metabolite of
sulfur-metabolizing microbes, can also cause DNA dam-
age [31, 32]. (2) Altered host cell proliferation and death:
Excessive H,S can diffuse into blood [33] and enter the
esophageal tissue, where it promotes cell proliferation,
anti-apoptosis, and angiogenesis by the up-regulation
of HSP90, which causes cancerization and migration of
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Table 4 Sensitivity analyses on the association of sulfur microbial diet scores with the risk of esophageal cancer ?

Categories No. of No. of Hazard Ratio (95% Confidence Interval) by P for

Participants Cases Sulfur Microbial Diet Scores ® trend

Quartile 1 Quartile2 Quartile3 Quartile 4
(<18) (19-20) (21-22) (=23)

Excluded participants with a family history of esophageal 98,281 147 1.00 0.87(052, 1.31(082, 1.62(1.03, 0.020

cancer® (reference) 1.45) 2.10) 2.55)

Excluded participants who were in control group © 51,816 69 1.00 1.53 (0.68, 162 (0.73, 259(1.23, 0.008
(reference) 3.42) 3.61) 545)

Excluded participants with extreme body mass index d 99,761 152 1.00 0.92 (0.56, 1.31(0.82, 1.62(1.04, 0.020
(reference) 1.52) 2.09) 2.55)

Excluded participants with extreme energy intake © 100,276 150 1.00 0.88(0.53, 126(0.79, 1.60(1.02, 0023
(reference) 1.47) 2.01) 2.51)

Excluded physical activity from covariates 101,752 154 1.00 0.90 (0.54, 1.27 (0.80, 1.61(1.03, 0.020
(reference) 1.48) 2.02) 2.50)

Excluded cases observed within the first 1 years of 101,740 142 1.00 0.88 (0.52, 1.23(0.76, 1.51(0.95, 0.052

follow-up (reference) 1.47) 1.98) 2.39)

a HR were adjusted for age(years), sex (male, female), race (white, non-white), marital status (married or living as married, other), education level (college below,
college graduate, postgraduate), smoking status (never, current, former), pack-years of smoking (continuous), body mass index (kg/m?), aspirin use (no, yes), history
of diabetes (no, yes), history of hypertension (no, yes), energy intake from diet (kcal/day), physical activity (min/week), and intake of pickled vegetables/fruit(g/day)

b HR was not adjusted for family history of esophageal cancer
¢ HR was not adjusted for control group

d HR was not adjusted for extreme BMI

e HR was not adjusted for extreme energy intake

f physical activity has a high missingness of more than 25%, which may have a significant impact on the results

cells [34]. (3) Inflammation: The gut microbes and their
metabolites promote inflammation. Some Gram-negative
rods, such as E. coli, can induce chronic inflammation
and promote a cascade of reactions leading to EC [35].
A few of the compounds like Lipopolysaccharide (LPS),
activated the NF-kB signaling pathway, which led to an
increase in the inflammatory cytokine levels [36]. The
accumulation of inflammatory cytokine causes angiogen-
esis, cell proliferation and invasion, mutation, and finally
tumor formation [37]. (4) Immune regulation: Mas-
sive accumulation of sulfur-metabolizing microbes and
H,S lead to an increase in intestinal permeability, which
allows the gut microbes to translocate into the body, and
disrupt immunological homeostasis by inducing innate
and adaptive immune responses [38—-40] and affect the
development of immune cells like neutrophils, T lym-
phocytes, B lymphocytes, etc [41]. The immune system
can also be stimulated by the structural components of
bacteria, such as flagellin, LPS, etc [42]. Interestingly,
gut microorganisms can cause immunosuppression,
which lowers anticancer immunity [43]. However, there
is currently no research focusing on the mechanisms
underlying the relationship between sulfur-metabolizing
microbes, H,S and EC.

The SMD pattern showed a positive association with
EC and ESCC, but only a statistically significant associa-
tion between each 1 score increment of SMD and EA in
our results. ESCC and EA are two common histologi-
cal subtypes of EC, and they display considerable differ-
ences in pathogenesis, epidemiological characteristics,

and other aspects [44]. ESCC is closely related to fac-
tors such as smoking, alcohol consumption, intake of
hot foods, and chronic esophagitis, whereas EA is more
closely related to gastroesophageal reflux disease, Bar-
rett’s esophagus, and obesity. The incidence of ESCC is
higher in Asian and African regions, while EA is more
prevalent in Western countries. Our study population is
based in the United States, and we only recorded 39 cases
of ESCC, which may be related to the lower incidence of
ESCC in Western countries. Moreover, this study aimed
to explore the association between diet and EC, and pre-
vious research suggested that the link between ESCC and
diet was more pronounced, which may explain why we
found a positive correlation in ESCC but not in EA. Of
course, given that we only recorded 39 cases of ESCC, we
cannot dismiss the possibility that this is a chance find-
ing, and larger population studies are required to confirm
our conclusions.

In our subgroup analyses, we found a stronger inverse
correlation between SMD score and EC incidence in par-
ticipants without regular consumption of aspirin. In fact,
as early as 2003, Douglas A Corley et al. discovered the
protective effect of aspirin on EC [45]. Their meta-anal-
ysis results showed that aspirin/NSAIDs could reduce
the risk of EC by 43%. In addition, they found that regu-
lar use of aspirin was associated with a lower risk of EC
compared to intermittent use. The possible mechanisms
include: (1) Aspirin can inhibit the activity of cyclooxy-
genase-2 (COX-2), which act as Prostaglandin Synthe-
tase and is highly expressed in EC tissue and involved in
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some key cellular activities such as cell proliferation and
apoptosis [46]; (2) Aspirin can promote tumor apopto-
sis through activation of the NF-«B signaling pathway
or upregulation of anti-cancer gene expression [46, 47];
(3) Aspirin can regulate human gut microbes: increase
beneficial bacteria and reduce pathogenic bacteria, such
as Bacteroides [48]. Therefore, in populations using aspi-
rin regularly, the adverse effects of SMD on EC may be
counteracted by the action of aspirin, which needs more
research to testify.

A major strength of this study is that we firstly esti-
mate the correlation between SMD (which is a microbe-
associated dietary pattern) and the risk of EC. This study
offered additional insights into the pathogenesis of EC.
Secondly, the data collection instrument used for collect-
ing the dietary data was well-validated. As a prospective
designed cohort analysis, the recall and selection bias
were minimized. Thirdly, by focusing on dietary patterns
rather than specific food items, the interactions between
foods could be taken into consideration, and the prob-
ability of accidental statistical significance was reduced.
Lastly, we could adjust for multiple confounding factors
in the prospective cohort study.

Despite the above superiorities, this study exhibited a
few limitations. Firstly, a limited number of EC patients
were studied in this study, there were only 41 cases
of ESCC and 97 cases of EA. There were limited data
regarding the molecular subtypes, which affected our
ability to determine the associations between different
subtypes and the robustness of the statistical outcomes.
Secondly, all participants in this study were American
and aged more than 55, which affected the generaliza-
tion of the findings. Thirdly, no study has determined the
probable mechanism between the SMD, sulfur-metab-
olizing microbes and EC to date. Finally, many studies
have already confirmed the impact of cooking methods
and temperatures on EC [49, 50], relevant data was lack
in our study, so we cannot take it into consideration. Fur-
ther researches are needed to fill these gaps.

Conclusion

In conclusion, our results indicated positive associations
between SMD pattern and EC, as well as ESCC, and the
association between SMD and EC was more pronounced
in participants with no regular consumption of aspirin.
Therefore, avoiding SMD pattern may be beneficial for
EC prevention.
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