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A B S T R A C T

Background: Considering the pivotal role of diet and microbiome in modulating the disease’s severity and pro
gression in patients with ulcerative colitis (UC), we performed a cross-sectional study to elucidate the link be
tween the Sulfur microbial diet (SMD) score and the clinical course of UC.
Methods: 158 patients with UC were enrolled. An expert gastroenterologist reported the disease severity using the 
Mayo score. An expert nutritionist recorded the amount and frequency of intake of 168 food items by the valid 
Food Frequency Questionnaire (FFQ). The method introduced by Nguyen et al. was used to calculate SMD score. 
The association between disease severity and adapted SMD score was analyzed by the logistic regression 
adjusting for dietary factors, demographic values, and lifestyle factors.
Results: The mean age of participants was 42.52 ± 12.61 years old and there were no significant differences in 
baseline information of patients in different adapted SMD score tertiles except for protein intake. There were 
significant differences in dietary intake of all components across the tertile of the adapted SMD score except for 
processed meat (p = 0.97). In the fully adjusted model, the odds of severe disease were 4.29 times higher in the 
patients in the third tertile of the adapted SMD score compared with the first tertile (OR: 4.29, 95 %CI: 1.42, 
12.91).
Conclusions: The higher score of adapted SMD was associated with higher severity of UC. However, due to the 
limitations of this study, more longitudinal and clinical trials considering the different confounders should be 
undertaken to improve this conclusion.

1. Background

Ulcerative colitis (UC) is a lifelong inflammatory bowel disease (IBD) 
described by frequent inflammation of the colon and rectum [1]. The 
true origin of UC remains elusive; however, the interaction of genetic, 
environmental, immune, and microbial factors has been suggested [2]. 
The findings of different studies indicate that diet and the gut micro
biome play pivotal roles in modulating the disease’s severity and pro
gression (Faghfoori, Navai et al., 2011, [3–10]) and IBD patients believe 
that their symptomatic relief relies more on their diet than their medi
cation [11].

In this regard, researchers have investigated the association between 
various dietary components or patterns and disease severity in UC pa
tients [3–10,12] to introduce novel diet strategies to improve disease 

symptoms. The detrimental role of a high-sulfur diet in disrupting the 
gut mucosal barrier and increasing inflammation in patients with UC has 
been suggested. In two studies, it has been shown that a higher intake of 
sulfate was associated with increased rates of clinical relapse [13–15]. 
However, a prospective study showed that the intake of processed meat, 
alcohol, and foods high in sulfur has no association with the risk of 
flare-ups in patients with UC [16]. As is apparent, most previous studies 
have focused on individual food component intake that has positive 
associations with gut microbes related to sulfur metabolism. However, 
on the other hand in the diet, people also consume some food items that 
have negative associations with gut microbes related to sulfur meta
bolism. Thus, instead of focusing solely on the effect of the intake of an 
individual dietary element on the UC course, it is important to consider 
the overall diet patterns. In this context, a study has introduced a new 
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nutritional score namely a sulfur microbial diet (SMD), which correlates 
with the proliferation of sulfur-metabolizing gut bacteria [17]. This diet 
is based on the interaction of sulfate-reducing bacteria with colonic flora 
and epithelium. Previous studies showed a higher content of these 
bacteria in the fecal sample of patients with UC compared with healthy 
people [18]. Sulfate-reducing bacteria’s metabolism can lead to the 
production of Hydrogen sulfide [19]. High concentration of hydrogen 
sulfide inhibits butyrate oxidation, the principal energy source for 
colonocytes [19]. A higher level of Hydrogen sulfide has been shown in 
patients with UC [20,21]. In a large-scale investigation from a United 
Kingdom biobank study, it has been shown that In patients with IBD, a 
higher SMD score was associated with a higher risk of bowel resection 
surgery and CRC [22].

To the best of our knowledge, no published study has focused on the 
association between SMD score, and disease severity in UC patients. We 
believe that studying this association could pave the way for novel di
etary strategies aimed at reducing inflammation and managing disease 
symptoms in UC patients. So, we performed a cross-sectional study to 
elucidate the link between the SMD score and the clinical course of UC.

2. Methods

We adhered to Strengthening the Reporting of Observational Studies 
in Epidemiology (STROBE) guidelines for reporting.

2.1. Study design and participants

This study was a cross-sectional investigation that enrolled 158 pa
tients with UC from July 2022 to March 2023. The sampling was done by 
the convenience sampling method from the IBD clinic of Imam Reza 
Hospital. This clinic is a focal point of services for patients with IBD in 
East Azerbaijan, Iran.

This study adhered to the ethical guidelines of the Declaration of 
Helsinki and was approved by the local ethics committee of Tabriz 
University of Medical Sciences (Ethics code: IR.TBZMED. 
REC.1404.166). In addition, all patients signed informed consent forms 
before participating.

The previous study results were used for the calculation of sample 
size [14,15]. In the mentioned study, the risk of relapse according to 
intake of different food groups was reported [14,15]. Moreover, confi
dence intervals of 95 % and power of 80 % were considered in the 
analysis (PASS 2021, NCSS, LLC. Kaysville, Utah, USA, ncss. 
com/software/pass).

The patients included in the present study were those who were older 
than 20 and younger than 60 years old and diagnosed at least 6 months 
prior to the contribution. Patients who had other digestive issues, can
cers, autoimmune illnesses, or other conditions that necessitated 
following special diets were not included in the study.

2.2. Data collection

The general characteristics of all patients were recorded by in-person 
interview. This information was age, sex, and smoking a cigarette. In 
addition, an expert gastroenterologist recorded the information 
regarding the UC such as diagnosis time, the UC extensions, and drug 
treatment. The same gastroenterologist reported the disease severity 
using the Mayo score, consisting of rectum hemorrhage, defecation rate, 
physician’s global assessment, and outcomes of endoscopy components. 
Each component was scored from 0 to 3 and the range of the Mayo score 
was 0–12. In the present study, we considered a total Mayo score<6 as 
an inactive or mild disease severity, and a score≥6 as a moderate or 
severe UC stage [23,24].

Height and weight were measured according to standard protocols 
and instruments (SECA weight scale), and the body mass index (BMI) 
was calculated by dividing the weight (kg) by the square of height 
(meters).

To assess the dietary intake of participants in the previous year, an 
expert nutritionist recorded the amount and frequency of dietary intake 
by the valid Food Frequency Questionnaire (FFQ) [25]. The participants 
were asked to report the frequency and amount of consumption of a list 
of 168 food items during the year prior to the examination. Portion sizes 
are requested for items using units (one egg, two eggs), manufacturers’ 
containers (one can of soft drink, etc.), or household measures (one 
teaspoon, two teaspoons, etc.). Then the amount of consumption of each 
food item in g/day, has been estimated by multiplying the frequencies 
by portion sizes. Then the Nutritionist IV software was used to calculate 
the daily energy, macro-, and micronutrient intakes (N Squared 
Computing, California, USA).

For the calculation of the SMD score, the method introduced by 
Nguyen et al [17] was applied. They associated the consumption of 
various foods with the log-transformed abundance of 43 gut microbes 
related to sulfur metabolism [17]. This score included three food groups 
with positive associations (processed meats, liquor, and low-calorie 
drinks) and five groups with negative associations (beer, fruit juice, le
gumes, other vegetables, and sweets or desserts) with gut microbes 
related to sulfur metabolism. In the present study, due to the illegal 
nature of alcohol consumption in Iran, which may encourage people to 
hide their alcohol consumption [26], liquor and beer consumption were 
not considered for calculation. So, the total grams of six food groups 
were multiplied by the provided β-coefficients to compute each group 
score (Table S1) [17]. Then the total SM” score was calculated by 
summing all food group scores. Next, the participants were categorized 
based on their tertile intake of the SMD score.

2.3. Statistical analysis

The data analysis was performed in IBM SPSS Statistics 26. The 
continuous and categorical variables were represented as mean with 
standard deviations (SD), and frequency (percentages) respectively. The 
tertiles were defined by ranking the adapted SMD score variable. The 
comparison of the numerical and categorical data across tertiles of the 
adapted SMD score was analyzed by the one-way ANOVA and chi- 
square, respectively. For analyzing the association between disease 
severity (binomial dependent factor) and adapted SMD score (inde
pendent factor with three levels), the logistic regression was applied in 
crude and adjusted models. We suggested the covariates based on the 
results of the previous studies. It has been shown that IBD symptoms and 
activity may be influenced by demographic factors [27] lifestyle [28], 
dietary [29,30], and disease-related parameters. Based on this, dietary 
intake of energy, carbohydrates, fat, and protein, BMI, nutritional sup
plement use, age, sex, smoking, treatments, and disease duration were 
considered as covariates. We performed a sensitivity analysis to test the 
robustness of results by exploring the alternative categorizations of the 
adapted SMD score. A significance level of 0.05 was used.

3. Results

In this study, 84 male and 74 female UC patients with a mean age of 
42.52 ± 12.61 years were included. As can be seen in Table 1, there 
were no significant differences in demographic, disease-related, and 
dietary-related information of patients in different adapted SMD score 
tertiles, except for protein intake, which was significantly higher in the 
first tertile of adapted SMD score.

The mean dietary intakes of adapted SMD diet components among 
participants across tertiles of the adapted SMD diet score are presented 
in Table 2. There were significant differences in dietary intake of all 
components across the tertiles of the adapted SMD score, except for 
processed meat (p = 0.97).

The association between adapted SMD score tertiles and disease 
severity in patients with UC in the crude model and two adjusted models 
is shown in Table 3. In the crude model, there was a significant associ
ation between disease severity and tertile 2 (OR: 1.83, 95 %CI: 0.83, 
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4.05), and 3 (OR: 2.90, 95 %CI: 1.30, 6.43) adapted SMD scores. In the 
fully adjusted model, we also showed that the odds of severe disease 
were 4.29 times higher in the patients in the third tertile of the adapted 
SMD score compared with the first tertile (OR: 4.29, 95 %CI: 1.42, 
12.91).

The result of the sensitivity analysis showed a similar pattern in the 
odds of severe disease (Table S2)

4. Discussion

This cross-sectional study highlights the positive association between 
adhering to a high-sulfur microbiome diet and disease severity in pa
tients with UC. This finding was matched with the result of a previous 
prospective human study that included 191 patients with IBD. The result 
of a previous study showed that a higher intake of dietary sources of 
sulfate was associated with increased rates of clinical relapse [14,15]. 
Jowett et al [14] used the sulfur content of foods available in the food 
table that is not complete [14,15].

These findings were biologically possible via microbial H2S gener
ation. H2S was produced in the intestine through the metabolism of 
sulfate, sulfite, and various proteins by sulfur-metabolizing bacteria. The 
role of these bacterial communities in increasing inflammation in pa
tients with IBD has been reported [31]. In a randomized clinical trial on 
28 adults with UC, it has been reported that decreasing the H2S through 
the 4-strategies-to-Sulfide-Reduction (4-SURE) dietary strategy could 
improve clinical response in mild to moderately active UC [32].

In this diet, the consumption of animal-based proteins such as pro
cessed meat was directly associated, and the consumption of plant-based 
foods such as legumes, fruit juices, and vegetables was inversely asso
ciated with the sulfur microbial score [17]. In previous studies, the in
verse association of the plant-based diet with UC disease severity has 
been indicated. In addition, in a clinical trial, the reducing effect of a 
plant-based, high-fiber diet compared with an animal-based, low-fiber 
diet on fecal H2S has been presented [33]. The plausible reason for the 
dissimilar effect of animal-based and plant-based diets on H2S is related 
to the differences in the sulfur source of these two diets. The main source 
of sulfur in an animal-based diet is sulfur-containing amino acids, such 
as taurine and cysteine [34]. It has been shown that the metabolism of 
these amino acids results in the production of sulfate, and gut microbes 
catabolize them into hydrogen sulfide leading to an increase in intestinal 
inflammation [13,35]. However, the main source of sulfur in the 
plant-based diet was glucosinolate [36,37] which has anti-inflammatory 
effects [38,39]. A previous animal study showed that a diet high in 
glucosinolates decreases the expression of inducible nitric oxide syn
thase and inhibits activators of transcription 3 (STAT3) phosphoryla
tion, which can lead to the prevention of pro-inflammatory cytokines 
production and, through these, they can exert anti-inflammatory effects 
[40]. In addition to the dissimilar effect of an animal-based and 
plant-based diet on H2S production, the animal-based diet or low-fiber 
diet has been shown to lead to proteolytic fermentation that results in 
the production of microbial metabolites such as ammonia, indoles, 

Table 1 
The demographic characteristics of participants across adapted SMD score 
tertiles.

Variables Adapted SMD score

Tertile 1 (n 
= 52)

Tertile 2 
(n = 53)

Tertile 3 (n 
= 53)

p- 
valueb

Demographic information
Age (years) mean ± SD 40.23 ±

13.60
45.36 ±
11.61

41.92 ±
12.26

0.10

Sex (male) n(%) 25 (48.1) 29 (54.7) 30 (56.6) 0.6
Current smoker n(%) 6 (11.5) 4 (7.5) 12 (22.6) 0.06
Disease-related information
Disease duration 

(Month) mean ± SD
8.23 ±
5.73

7.41 ± 4.7 8.24 ± 6.91 0.70

Treatments
Mezalazine n(%) 52 (100) 53(100) 53 (100) –
Azathioprine n(%) 35 (67.3) 34 (64.2) 39 (73.6) 0.56
Prednisolone n(%) 21 (40.4) 18 (34) 20 (37.7) 0.79

Disease extension n(%)
Ulcerative proctitis 6 (11.5) 8 (15.1) 2 (3.8) 0.06
Left-sided colitis 34 (65.4) 24 (45.3) 29 (54.7)
Proctosigmoiditis 10 (19.2) 15 (28.3) 20 (37.7)
Pancolitis 2 (3.8) 6 (11.3) 2 (3.8)

Nutrition-related information
Energy intake (kcal/day) 

mean ± SD
2273.12 ±
358.4

2122.7 ±
413.56

2169.25 ±
359.96

0.05

Carbohydrate (g/day) 350.77 ±
70.35

328.34 ±
75.39

330.01 ±
72.56

0.21

Protein (g/day) 70.78 ±
12.73

64.64 ±
12.91

62.32 ±
13.45

0.003a

Fat (g/day) 69.77 ±
13.99

64.93 ±
12.45

64.24 ±
12.02

0.05

BMI (Kg/m2) mean ± SD 26.40 ±
5.64

25.48 ±
4.08

25.55 ±
2.92

0.48

Nutritional supplements 
use n(%)

41 (78.8) 47 (88.7) 50 (94.3) 0.05

Following diet n(%) 19 (36.5) 17 (32.1) 20 (36.7) 0.68

BMI: body mass index; SMD: Sulfur microbiome diet.
a Significant differences (P < 0.05).
b The continuous and categorical/nominal variables were compared by one- 

way ANOVA and chi-square respectively.

Table 2 
Dietary intakes of adapted SMD diet components among participants across 
tertiles of the adapted SMD diet score.

Variables Adapted SMD score

Tertile 1 (n =
52)

Tertile 2 (n =
53)

Tertile 3 (n =
53)

p- 
valueb

Positive associations
Processed 
meat

2.19 ± 4.53 2.05 ± 4.27 2.25 ± 4.73 0.97

Low-calorie 
drinks

8.13 ± 13.04 5.32 ± 8.20 13.65 ± 18.74 0.002a

Negative associations
Fruit juices 44.03 ± 54.91 19.93 ± 29.27 15.82 ± 14.24 <0.001a

Legumes 58.95 ± 18.92 32.81 ± 12.34 18.83 ± 11.91 <0.001a

Other 
vegetables

64.96 ± 25.93 56.74 ± 23.26 45.37 ± 19.93 <0.001a

Pastries and 
sweets

19.77 ± 16.93 12.50 ± 10.01 13.51 ± 10.58 0.009a

SMD: Sulfur microbiome diet.
a Significant differences (P < 0.05).
b p-value of one-way ANOVA.

Table 3 
The association between disease severity and Adapted SMD score tertile in pa
tients with ulcerative colitis.

Models Adapted SMD score

Tertile 1 (n 
= 52)

Tertile 2 (n = 53) Tertile 3 (n = 53)

OR (95 % CI) p- 
value

OR (95 % CI) p-value

Crude 
model

1 1.83 (0.83, 
4.05)

0.13 2.90 (1.30, 
6.43)

0.009***

Model 1a 1 1.84 (0.82 
4.23)

0.13 3.01 
(1.30–6.99)

0.01***

Model 2b 1 2.15 
(0.80–5.76)

0.12 4.29 (1.42, 
12.91)

0.01***

SMD: sulfur microbiome diet; OR: odds ratio; CI: confidence interval.
Dependent variable: disease severity; independent variable: tertiles of SMD 
score.
Disease severity was categorized into remission and mild active (mayo score 
≤5), and moderately and severe active disease (mayo score ≥6).
**significant association (P < 0.05).

a Adjusted for age, sex, smoking, treatments, and disease duration.
b Adjusted for model 2 plus dietary energy, carbohydrate, protein, fat intake, 

BMI, following special diet, and nutritional supplement use.
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amines, phenols, branched-chain fatty acids, and sulfides that have a 
negative influence on health [41]. These metabolites can increase gut 
permeability, and inflammatory responses, and eventually even lead to 
colitis in the gut [42].

The result of the present study was in contrast to the findings of a 
previous prospective study on 412 patients with UC. The result of the 
study showed no association between the intake of processed meat, 
alcohol, and foods high in sulfur, and increased risk of a flare-up in 
patients with UC [16]. The differences between the results of this study 
and ours may be related to the design of the study (cross-sectional versus 
prospective study design) or the method of assessment of UC severity 
(Mayo score with endoscopy activity information versus simple clinical 
colitis activity index without information regarding endoscopic activ
ity). Moreover, Barnes et al. [16] have assessed the association of 
different food groups with disease severity; however, we assessed the 
adapted SMD score association with UC severity.

The present study has some limitations. The design of the study was 
cross-sectional, which limited the causal inference. Although this center 
is the focal point for managing IBD patients, it is a single-center study 
with a relatively small sample size, which may limit the generalizability 
of findings. Moreover, considering the effect of dietary patterns on 
microbiome diversity and composition [43,44], and because every re
gion has unique dietary habits, we cannot generalize this study’s find
ings to other regions. Additionally, we used the FFQ for the assessment 
of dietary intake. The limitations of this questionnaire such as a lack of 
accuracy in estimating intake [45] and capturing dietary details [46] 
and respondent difficulties in estimating consumption frequencies or 
answering questions about food groups [47], may affect the accuracy of 
dietary intake data. However, despite the limitations of this question
naire, it is widely used in epidemiological studies. Next to this, consid
ering the stigma linked to the consumption of alcohol in Muslim 
countries like Iran, and owing to the prohibition of alcohol consumption 
in Iran, most of the patients did not report the consumption of alcohol 
accurately. So, we did not consider the consumption of beer and liquor 
in the scoring of the sulfur microbiome score, which may underestimate 
the effect of the SMD score. Besides, considering the lack of studies that 
assess the association between SMD score and UC severity, we used the 
result of the Jowett et al [14,15] study to calculate the sample size. In 
the mentioned study, the association between intake of dietary sources 
of sulfate and increased rates of clinical relapse was investigated [14,
15]. Although we consider different factors as covariates, some un
identified covariates like genetic features [48], biochemical status [49,
50], and workout level [51] were not considered in the logistic models.

5. Conclusion

To sum up the result of the present study, the higher score of adapted 
SMD was associated with higher severity of ulcerative colitis indepen
dent of dietary, demographic, and other disease-related factors. From 
the clinical point of view, the clinicians and diet therapists could advise 
these patients to eat more from food groups that have a negative cor
relation with the adapted SMD score to decrease the disease severity. 
Besides, the patients in the remission phase of the disease should be 
advised to follow this recommendation to prevent flare-ups. However, 
considering the potential limitations of this study, these results should 
be considered as a pilot, and more longitudinal and clinical trials 
considering the different confounders should be undertaken to improve 
this conclusion.
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