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Abstract

Background

The nutritional status of communities susceptible to Buruli ulcer (BU, a skin NTD caused
by infection with Mycobacterium ulcerans) remains almost completely obscure. We have
assessed the diets of BU patients vs. controls from the same BU-endemic communities,
and compared their circulating biomarkers of nutrients and inflammation.

Methods/Principal Findings

We investigated two cohorts of BU patients and controls. The first were administered

food frequency and multi-pass 24-hour recall questionnaires to determine patterns of
foods consumed, nutrient intake and nutrient adequacy. The second used archived serum
samples collected as baseline to measure the circulating concentration of zinc, vitamin

C, CRP, IL-1B, IFN-y, TNF-a and IL-6. Stunted growth was more prevalent than expected
(31%), while 18% of participants were underweight and most had inadequate intake of

all micronutrients except for carbohydrate. BU patients had a lower intake of, selenium,
vitamin B,, and zinc, and for selenium and vitamin B,, a higher proportion had dietary
insufficiency (40% vs. 15% and 80% vs. 55%, respectively). In line with this, BU patients
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had significantly lower levels of zinc in their serum, and more had levels below the normal
range (72% vs. 43%). Despite many participants having a good intake of vitamin C, serum
levels were low, and lower amongst the BU patients. As expected, there was little evidence
of systemic inflammation (CRP <0.6 mg/L). Elevated IL-6 levels were present in several
participants suggesting that environmental enteric dysfunction may be prevalent in these
communities, however this was similar in cases vs. controls.

Conclusions/Significance

Diet and nutritional status may be a contributing factor to BU pathogenesis. Protein and
the micronutrients zinc, selenium, vitamin B,, and vitamin C may be of particular impor-
tance. Nutritional interventions may have potential for both prophylaxis and treatment of
BU, which may be a cost-effective approach to achieving the NTD Roadmap goals.

Author summary

Buruli ulcer is a serious and debilitating neglected tropical disease of public health
concern, one of several with skin manifestations known as Skin NTDs. Buruli ulcer
mostly affects rural communities in some parts of sub-Saharan Africa. The diets of these
communities are rarely studied, including potential links with infectious diseases. In this
paper, we employed dietary surveys and blood analysis to investigate the potential links
between nutrition and Buruli ulcer in two sets of patients and controls from the Ashanti
and Central regions of Ghana. We found that the diets of the study population were inad-
equate in many vitamins and minerals. Their blood levels of vitamin C and

zinc were also frequently lower than normal. The Buruli ulcer patients had poorer

diets and were also more likely to have vitamin and mineral inadequacies compared to
matched controls. Supplementing the diets of at-risk communities and patients with Bu-
ruli ulcer may therefore be valuable in its prevention and treatment, respectively. It could
also be a cost-effective strategy to reduce the burden of skin NTDs more broadly.

Introduction

Buruli ulcer (BU) is a necrotizing skin disease caused by the non-tuberculous Mycobacterium
ulcerans [1]. It is one of the neglected tropical diseases (NTDs) with skin manifestations [2],
occurring as a painless nodule, plaque, oedema or ulcer [3]. A pathogen-derived exotoxin,
mycolactone, is known to play a central role in disease pathogenesis [4,5] due to its blockade
the Sec61 translocon [6] underpinning its cytotoxic and immunosuppressive activities [7]

as well as its induction of vascular dysfunction [8]. Hence, patients with BU do not have a
systemic inflammatory response and generally present without fever or malaise even when
ulceration is extensive [9,10]. However, it is known that the immune system does control sus-
ceptibility to BU, with evidence from patients and animal models showing that macrophage
function can influence infection outcomes [11-13].

Globally, BU is the third most prevalent mycobacterial disease and is commonly found in
tropical or semitropical climates and most frequently in West Africa and Australia [1,10,14].
In Africa, the disease is widespread in poor rural communities with most cases found in
children below 15 years. Even in high-resource settings, delays in treatment can result in
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permanent skin deformation or lifelong disabilities. Early case detection is currently the most
effective approach for harm-minimisation as no vaccine exists.

To seek novel and cost-effective prevention approaches, and knowing that nutritional
inadequacy is a risk factor for other mycobacterial infections (for example tuberculosis [15,16]
and leprosy [17,18]) because it compromises immunity [19,20], we postulated that this may
also be the case for BU. However, there is a paucity of data for both BU patients and marginal-
ised rural subsistence communities in West African countries. We, therefore, aimed to fill this
knowledge gap by investigating the potential role of nutrition in the pathogenesis of BU.

Methods
Ethics statement

This study received favourable ethical opinion from the School of Medical Sciences Com-
mittee on Human Research, Publication and Ethics of KNUST (CHRPE/AP/18, CHRPE/
AP/310/21) and the Faculty of Health and Medical Sciences Ethics Committee of the Uni-
versity of Surrey (UEC 2017 98 FHMS). All adult study participants gave written informed
consent. Written formal consent was obtained from the parent/guardian for child participants.

Study area

BU patients were recruited from Agogo Presbyterian Hospital, Dunkwa Government Hospi-
tal, and Tepa Government Hospital in Ghana, which are located in areas of known BU ende-
micity. The archived serum samples were from previously published cohorts [21,22].

Study design, population, and sampling

BU patients <5 years old, pregnant and lactating mothers were excluded from the study.
Demographic and clinical data of cases was collected on a standardised skin NTDs [23] or
BUO1 form [21,22]. The type and category of the lesion were assigned based on the WHO
case definition [24]. Ulcerated lesions were dressed by nurses according to the WHO-
recommended wound management protocol [24]. BU case confirmation was by a validated
combined 16S rRNA reverse transcriptase/1S2404 qPCR assay [22] or 152404 qPCR [21,22].
Controls were recruited from the same study sites to ensure an unbiased reflection of the
socioeconomic status, and food availability of the study population. Controls were age-sex-
matched (as closely as possible) and residing in the same community of a recruited BU patient
but from a different household.

Anthropometry

Anthropometric measures were obtained from as many participants as possible. Stratification
of BMI was as advised by the WHO [25] including BMI-for-age estimation for participants
5-19 years [26,27]. Anthropometry data had not been collected for the controls in Cohort 2.
The height-for-age z-score (HAZ) was used to determine the stunting status of young people
using AnthroPlus (WHO; Version 1.0.4.0) [27,28].

Dietary assessment (Cohort 1)

A Ghana-specific food frequency questionnaire (FFQ) made up of 105 foods (S1 Table) was
used to assess the frequency with which food items were consumed over the previous month
at the time of recruitment (daily, weekly, monthly, and rarely/never) [29,30]. These foods were
divided into 25 food groups, using an approach adapted from a previous study of Ghanaian
diets [31].
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A Ghana-specific multi-pass 24-hour dietary recall questionnaire was also administered to
obtain information on foods consumed for two week-days and one weekend day [32]. House-
hold measures and food models were used to aid easy quantification of foods consumed,
which were then converted into grams using a standardized unit of measure provided on a
nutrient analysis template for each participant, which also estimated the nutritional content
of these foods [33, 34]. Each participant’s nutrient intake was compared to the relevant cut-off
for their age (and gender if relevant), using information from the Estimated Average Require-
ment (EAR) of Food and Agriculture Organization (FAO)/WHO [35] or the Recommended
Dietary Allowance (RDA) [36] if no EAR was available. The dietary diversity score (DDS)
was also generated from the 24-hour recall data. This had 15 food groups (S2 Table) adapted
from FAO guidelines for measuring household and individual dietary diversity [37], but with
different numbers of food groups.

We assessed potential socioeconomic factors influencing the diets of participants using
a questionnaire to obtain data on the gender, household income, education level and occu-
pation of study participants. The household income was estimated based on the reported
household monthly income per individual. Some of the participants depended on foodstuffs
from their farms or livestock rearing. Those participants made an estimate on the current cost
of the foods consumed from their farms or livestock to help ensure accurate determination of
the monthly household income. Parents were allowed to make the estimation of household
income for their children.

The highest educational status of the participants was categorized into elementary (none,
primary or junior-high), secondary (senior-high and post-secondary) and higher (tertiary
education only) [38]. The occupation was grouped into formal or informal. Formal included
professionals, managers, clerical support staff, higher grade routine non-manual employees ser-
vice and sales-related occupations while informal consisted of craft and related trades workers,
elementary occupations (work that requires unskilled and semi-skilled labour) and farmers [38].

Quantification of nutritional and inflammatory biomarkers (Cohort 2)

Vitamin C, zinc, and inflammatory markers were assessed in archived serum samples had
been stored at stable -80°C for up to 8 years. Vitamin C and CRP were assessed by competi-
tive and sandwich ELISA, respectively (MBS2700398, MBS8807458 MyBioSource, San Diego,
USA). Zinc quantification used a colorimetric assay (MBS841453 MyBioSource).

A bespoke Cytometric Bead Array (CBA) LEGENDplex (Biolegend, USA) was used for the
simultaneous detection of four cytokines [IL-1f (B326518), IL-6 (B326531), IFN-y (B326521)
and TNF-a (B326522)] in 92 serum samples according to the manufacturer’s instructions.

Vitamin C and zinc concentrations were compared to normal ranges that have been
determined in and for European populations [39-42]. We have no reason to believe that the
nutritional requirements for Africans would vary widely from these values.

Statistical analysis

Data were analysed using GraphPad Prism version 9.4.1 (GraphPad Software Inc., USA).

All continuous variables were tested for normal distribution. Non-Gaussian data compared
medians between two groups using a one- or two-tailed Mann-Whitney-U test. Multiple com-
parisons used the Kruskal-Wallis test together with the Dunn's post-hoc correction. Multiple
t-tests were used to compare nutrient intake between patients and controls, as many nutri-
ents correlated with each other (determined in Pearson correlation matrix). To compare the
frequency of categorical variables we used Fisher’s exact test or Chi-squared where there were
more than two variables.
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Results
Characteristics of the study populations

We recruited 40 confirmed BU cases and 40 controls in Cohort 1, and identified archived
samples from 80 confirmed BU cases and 80 controls in Cohort 2 (Table 1). The median age of
the cohorts was 19.5 (IQR 11-34) and 14.5 (IQR 10-27) years, respectively (range 5-63 years).
In both cohorts the majority of cases presented with ulcers, and lesions were predominately
of Category I or IT (80% and 73% respectively). Notably the rate of category III lesions was
higher in the most recently recruited patients (Cohort 1), probably due to the disruption in
case detection due to the COVID-19 pandemic. In line with the age profile of Cohort 1, the
approximately half had (or were having) primary school education, and the socioeconomic
profile was similar between cases and controls (S3 Table).

While the majority of the participants had normal weight categorisation, 18.1% were
underweight including 22.5% and 19% of BU cases and 12.5% of controls. In Cohort 1 the
difference in proportion of underweight participants was not statistically significant (Table
1). Among the 86 young participants for whom we had anthropometry data, 27 (31.4%) had
stunted growth (Table 1). The relatively low numbers in the subgroups make it hard to com-
pare BU cases and controls, but in Cohort 2, 3 out of 46 BU cases (7%) were categorised as
being severely stunted.

Frequency of food consumption

The FFQ gave qualitative insights into the frequency with which Cohort 1 study partic-
ipants ate foods within a range of different food groups (S1 Fig). Overall, this analysis
shows that the participants in this study ate a fairly typical rural Ghanaian diet consisting
of carbohydrate-rich foods. For example, whole grain cereals, refined cereals, fermented
maize products, rice and pasta, roots/tubers/plantain were eaten frequently by more than
half the participants (SIA-S1E Fig). This was alongside protein sources (predominantly
chicken, fish and legumes S1F, SIM and S1L Fig), fruit (S1] Fig) and vegetables (S1G-S1T
Fig). Some participants also partook in “Western” processed foods and drinks such as
sodas and sweets/cakes (S10 and S1Q Fig), although more than three-quarters of the
participants reported they never ate potatoes or processed meat (S1IR-S1Q Fig). However,
since the FFQ did not include a measure of quantity, it was hard to know how fully this
meets the dietary requirements of the participants.

Nutrient intake and dietary diversity

A multi-pass 24-hour recall questionnaire was used to determine the overall energy, as well
as dietary macro- and micro-nutrient, intake of Cohort 1 study participants. This showed
that, on average, the proportion of macronutrients making up the daily intake was close to
expected norms (54 Table). In line with the FFQ, carbohydrate was the predominant nutrient
in the meals of both BU cases and controls (64% of daily energy intake), which is at the higher
end of expected norms (45-65%). On the other hand, protein made up the smallest portion of
energy intake (9.6%), at the lower end of the normal requirement of 10-35%.

While nutrient distribution was relatively normal, the energy intake (1629+638 Kcal,
Table 2) for the vast majority of the participants was inadequate, with only 15% meeting this
requirement (Table 3). For macronutrients, while almost all Cohort 1 participants had ade-
quate dietary carbohydrate, only 49% of the study population had inadequate intake of protein
(Table 3). There were no differences in total daily macronutrient intake between BU cases and
controls (Table 2).
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Table 1. Characteristics of study participants.

Cohort 1 Cohort 2
Variables BU cases Controls P-value BU cases Controls P-value
N=40 N=40 N=80 N=80
Age range (years) 5-63 5-58 0.530° 5-56 5-62 0.9599°
Median (IQR) 17 (10-38) 21.5 (13-29) 14.5 (10-25) 14.5 (10-28)
Gender, N (%)
Male 19 (48%) 22 (55%) 0.654° 39 (49) 40 (50) >0.9999"
Female 21 (52%) 18 (45%) 41 (51) 40 (50)
Lesion type, N (%)
Nodule 3 (8%) - 19 (24%) -
Plaque 11 (28%) - 18 (23%) -
Oedema 0 (0%) - 1 (1%) -
Ulcer 25 (63%) - 42 (53%) -
Osteomyelitis 1(3%) - 0 (0%) -
Lesion Category, N (%)
1 14 (35%) - 42 (53%) -
I 18 (45%) - 32 (40%) -
I 8(20%) - 6 (8%) -
Waist-hip ratio?
Median 0.88 0.90 0.643*
IQR 0.73-1.02 0.77-0.96
Weight categorisation®<, N (%)
All 40 40 69
Underweight 9 (22.5%) 5(12.5%) 0.582¢ 13 (19%) N/A
Normal 27 (67.5%) 31 (77.5%) 51 (74%) N/A
Overweight 3(7.5%) 2 (5%) 5(7%) N/A
Obese 1(2.5%) 2 (5%)
Adult (=20yr) 18 20 23
Underweight 3(16.7%) 3 (15%) 0 (0%) N/A
Normal 13 (72.2%) 15 (75%) 19 (83%) N/A
Overweight 1(5.6%) 1 (5%) 4 (17%) N/A
Obese 1(5.6%) 1(5%)
Young people (5-19yr) 22 18 46
Underweight 6 (27.3%) 1(5.6%) 13 (28%) N/A
Normal 14 (77.8%) 15 (83.3%) 32 (70%) N/A
Overweight 2 (11.1%) 1 (5.6%) 1(2%) N/A
Obese 0 (0%) 1(5.6%)
Height-for-age status (5-19yr)*, N (%)
Not stunted 15 (68.2%) 14 (77.8%) 0.734% 30 (65%) N/A
Moderately stunted 7 (31.8%) 4(22.2%) 13 (28%) N/A
Severely stunted 0 (0%) 0 (0%) 3(7%)

Counts of demographic, clinical, and socioeconomic characteristics of study participants. % Two-tailed Mann-Whitney tests, ®; Fisher’s exact test, ; x> test (p-value < 0.05
was considered statistically significant), % Anthropometric data was available for 69 BU patients and no controls in Cohort 2, & Weight categorisation used BMI-for-age
for study participants aged 5-19 [31], and BMI for adults, ; stunting according to WHO AnthroPlus. Abbreviation: SD; Standard Deviation, IQR; Interquartile range,

N/A: not available.

https://doi.org/10.1371/journal.pntd.0012871.t001
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Table 2. Comparison of nutrient intake amounts between Cohort 1 participants.

Nutrients All BU Cases Controls P-value

N=80 N=40 N=40

Meanx SD Meant SD Meant SD
Energy (Kcal) 1629+638 1594+625.7 1664+655.9 0.624
Carbohydrate (g) 2924259 261.9+119.1 322.7+345.7 0.298
Protein (g) 42.2+19.6 38.84+16.32 45.63+£22.05 0.122
Fat (g) 47.3£23.7 46.99+27.29 47.52+19.88 0.921
Fibre (g) 23.5£10.7 23.72+10.18 23.23+11.29 0.838
Folate (pug) 297+176 303.3+181.4 289.8+172.6 0.733
Iron (mg) 9.94+4.68 9.58+4.60 10.29+4.80 0.500
Selenium (pg) 65.00+40.5 52.69+31.71 77.35+44.53 0.006
Vitamin A (ug) 597+£715 573.2+645.7 620.0+785.8 0.773
Vitamin B , (ug) 1.61+2.11 0.89£0.92 2.3324+2.68 0.002
Vitamin C (mg) 110£77.0 124.8+91.40 95.01+56.54 0.084
Vitamin E (mg) 6.22+3.43 6.096+3.961 6.340£2.86 0.752
Vitamin K (pg) 49.4+44.5 48.88+37.36 50.94+51.14 0.761
Zinc (mg) 6.23£2.49 5.55£1.70 6.90£2.96 0.015

Data were compared between cases and controls using an unpaired t-test. P-value <0.05 are indicated in bold text.

https://doi.org/10.1371/journal.pntd.0012871.t002

Nutritional adequacy was determined using the EAR for all nutrients except for energy,
fibre and vitamin K that do not have an EAR, and here RDA was used instead. Both vary
depending on age, gender, height, pregnancy, and lactation (although pregnant and lactat-
ing mothers were excluded from the study). * two-sided Fisher’s exact test. P-value <0.05 are
indicated in bold text.

In terms of the micronutrient intake of Cohort 1, while the majority of the cohort had
adequate intakes of dietary iron, selenium, and vitamin C (74%, 72%, and 82%, respectively,
Table 3), >60% had inadequate intakes of dietary vitamin A (60%), vitamin B,, (68%), vitamin E
(86%), vitamin K (79%), and zinc (68%). For most micronutrients, there was no statistically sig-
nificant difference in nutritional adequacy between BU cases and controls. However, a higher
proportion of BU patients were below the EAR for dietary selenium and vitamin B, compared
with the controls (Table 3). Moreover, when comparing the mean intake of micronutrients
calculated from the 24-hour recall interviews, selenium, vitamin B, , and zinc were significantly
lower in BU cases than controls (Table 2), and vitamin C was different with a P-value of 0.084.

There were no statistical differences in intake amongst those with different categories of
BU lesion (S2 Fig), sex (S5 Table, except for folate in controls; p=0.018), or household income
(S6 Table), although in some cases, this may have been driven by the power of our study.

A diverse diet is strongly associated with diet quality; therefore, we generated a DDS for
the participants. This showed the diversity of the foods consumed among 15 food groups over
a period of 3 days. Overall, the DDS of this cohort were within acceptable ranges for both
groups, with only 6 BU cases and 4 controls consuming foods from less than 5 of these food
groups in this time period (Fig 1). However, the DSS for BU cases was significantly lower than
in the controls (6.2 vs. 7.2, p = 0.0320).

Nutritional biomarkers

Based on these dietary data, we used archived serum samples to carry out a proof of princi-
ple that these dietary differences would translate to changes in serum concentrations, and
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Table 3. Percentage adequacy of nutrient intake in Cohort 1 participants.

Nutrients Frequency All BU cases Controls P-value®
N=80 N=40 N=40

Energy (Kcal) Adequate 12 (15%) 6 (15%) 6 (15%) 1.000
Inadequate 68 (85%) 34 (85%) 34 (85%)

Carbohydrate (g) Adequate 79 (99%) 40 (100%) 39 (98%) 1.000
Inadequate 1(1%) 0 1 (2%)

Protein (g) Adequate 41 (51%) 18 (45%) 23 (57%) 0.371
Inadequate 39 (49%) 22 (55%) 17 (43%)

Fibre (g) Adequate 28 (35%) 17 (43%) 11 (28%) 0.241
Inadequate 52 (65%) 23 (58%) 29 (73%)

Folate (pug) Adequate 40 (50%) 21 (52%) 19 (47%) 0.823
Inadequate 40 (50%) 19 (48%) 21 (53%)

Iron (mg) Adequate 59 (74%) 29 (72%) 30 (75%) 1.000
Inadequate 21 (26%) 11(14%) 10 (25%)

Selenium (pg) Adequate 58 (72%) 24 (60%) 34 (85%) 0.023
Inadequate 22 (28%) 16 (40%) 6 (15%)

Vitamin A (ug) Adequate 32 (40%) 18 (45%) 14 (35%) 0.494
Inadequate 48 (60%) 22 (55%) 26 (65%)

Vitamin B, (ug) Adequate 26 (32%) 8 (20%) 18 (45%) 0.031
Inadequate 54 (68%) 32 (80%) 22 (55%)

Vitamin C (mg) Adequate 66 (82%) 36 (90%) 30 (70%) 0.139
Inadequate 14 (18%) 4 (10%) 10 (25%)

Vitamin E (mg) Adequate 11 (14%) 8 (20%) 3 (7%) 0.193
Inadequate 69 (86%) 32 (80%) 37 (93%)

Vitamin K (ug) Adequate 17 (21%) 10 (25%) 7 (18%) 0.586
Inadequate 63 (79%) 30 (75%) 33 (83%)

Zinc (mg) Adequate 26 (32%) 12 (30%) 14 (35%) 0.812
Inadequate 54 (68%) 28 (70%) 26 (65%)

https://doi.org/10.1371/journal.pntd.0012871.t003

selected zinc and vitamin C for analysis. The serum concentration of zinc and vitamin C was
significantly lower in BU cases compared to controls (Fig 2A). Notably many BU patients
and controls had levels below the expected normal ranges in serum, and this was significantly
more frequent amongst BU patients than controls (P< 0.001, Table 4).

Severity of BU disease can be determined both by the different clinical presentations, and
by the lesion category which is based on the longest diameter of the lesion (Fig 2B and 2C).
There were no differences in the serum concentration of zinc or vitamin C between BU cases
with less severe disease as defined by WHO category L, II or III lesion (Fig 2B), although a
trend for lower vitamin C with increasing seriousness may have been limited by the few cases
of Category III lesions in this cohort (n=6; 8%). However, BU patients with plaque forms had
significantly lower levels of vitamin C compared to those who presented with nodules (Fig
2C), which are normally the first sign of infection.

Inflammatory biomarkers

The serum levels of CRP, IL-1f, IFN-y, TNF-a and IL-6 were also assessed in a subset of
Cohort 2. However, with the exception of IL-6, many samples had circulating levels below the
detection limit of the assays. Therefore, we took an approach that assigned each participant
within a threshold (Table 5). No participants had levels of CRP that indicated the presence
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Fig 1. Comparison of dietary diversity between BU cases and controls. The dietary diversity score (DDS) was
generated from 24-hour recall data obtained from all 80 Cohort 1 participants (40 BU cases, 40 controls), which
assessed whether each participant ate any food from a particular group, out of 15, over the three days of the multi-
pass (2 weekdays and one weekend day). The food groups for the were cereals, roots & tubers, green leafy vegetables,
other vegetables, fruits, meat, fish & seafood, eggs, pulses & nuts, milk & milk products, oils & fats, sugar, condiments,
drinks & beverages, and ‘other’. Dietary diversity between BU cases and controls was compared using a two-tailed
Mann-Whitney test. A p-value < 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pntd.0012871.9001

of even “high-normal” [43] levels of CRP. For IL-1p, we chose a cut-off of 57pg/ml, and only
7-13% of Cohort 2, respectively, were above this level, (Table 5). For TNF-a and IFN-y we
choose two cut-offs, with 2-5% having levels above the higher cut-off. There was no statisti-
cally significant difference between BU cases and controls for these parameters.

For IL-6, such cut-offs are less well-defined than for CRP, but better defined than for other
cytokines, including by systematic review that showed the range of IL-6 measured in cohorts
of healthy patients was from 0-43.5pg/ml [44], although other reports from the global North
report at the lower end of this (2-3pg/mL [43,45,46]). Hence, for our analysis, we decided to
stratify our data based on whether they were normal (<7pg/ml), slightly (7-50pg/ml), mod-
erately (50-500pg/ml) or highly (>500pg/ml) elevated (Table 5). The proportion of BU cases
and controls in these different criteria were not statistically different, and neither was there a
difference in serum IL-6 levels (Fig 3A). There was no significant increase in IL-6 levels within
the presentation of BU (Fig 3B), nor the category of lesion (Fig 3C). However, like vitamin C,
this may be due to the small number of category III lesions.

However, this analysis showed that more than half of both groups had evidence of elevated
IL-6 compared to literature reports in European populations (Table 5). In order to understand
if these elevated levels of IL-6 might explain the reduced zinc or vitamin C with IL-6, these
were correlated (S3 Fig). No significant associations were identified for BU patients (S3A Fig)
or controls (S3B Fig).

Inflammation markers serum level concentration of study participants grouped according
to thresholds that indicate the degree to which the marker was elevated. Numbers in each
category were compared using contingency tables, using Fisher’s exact or chi-square tests with
P < 0.05 considered statistically significant. * Includes 67 patients and 72 controls whose CRP
levels were lower than the detection limit of the assay. ® Includes 32 patients and 36 controls
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Fig 2. BU patients have significantly lower zinc and vitamin C serum levels than controls. The serum concentrations of zinc and vitamin C were assessed
in BU cases and controls from Cohort 2 (40 BU cases, 40 controls). Individual data representing the average of duplicate assays is displayed along with the
median and interquartile range. The expected normal ranges for each analyte are indicated with the dotted line (zinc 65-130pg/dL; vitamin C 0.4/0.6-2 mg/
dL). P-values are displayed, with P < 0.05 considered significant. A. Data were compared using a one-tailed Mann-Whitney test. B&C. Subgroup analysis for
BU cases with different clinical forms of the disease (N = 19, 18, and 42 for nodule, plaque and ulcer respectively, B) and different WHO lesion categories at
presentation (N = 42, 32, and 6 for category I, category II, and category III lesions respectively, C). Data were compared between groups using the Kruskal-
Wallis test and Dunn post-hoc test for non-parametric data.

https://doi.org/10.1371/journal.pntd.0012871.9002
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Table 4. Serum zinc and vitamin C below the normal range are more common in BU patients than controls in Cohort 2.

Markers Description Threshold AllL, N (%) BU Cases, N (%) Controls, N (%) P-value®
N=80 N=80

Zinc Normal >60 pg/dL (42%) 22 (28%) 46 (57%) 0.0002
Reduced <60 pg/dL 2 (58%) 58 (72%) 34 (43%)

Vitamin C Normal >0.6 mg/dL 19 (12%) 2 (3%) 7 (21%) 0.0003
Reduced <0.6mg/dL 141 (88%) 78 (97%) 63 (79%)
Normal >0.4mg/dL 72 (45%) 16 (20%) 56 (70%) <0.0001
Reduced <0.4mg/dL 88 (55%) 64 (80%) 24 (30%)

“Fisher’s exact test with P < 0.05 considered statistically significant.

https://doi.org/10.1371/journal.pntd.0012871.t004

Table 5. Comparable serum concentration of inflammation markers in patients and controls in Cohort 2.

Markers Description Threshold BU Cases, N (%) Controls, N (%) P-value

Total 45 47

hs-CRP Normal <0.6mg/L* 80 (100) 80 (100) ND
High normal 0.6-3mg/L 0(0) 0(0)
Minor 3-10mg/L 0(0) 0(0)
Moderate 10-80mg/L 0(0) 0(0)
Major >80mg/L 0(0) 0(0)

IL-1B Normal/slightly elevated <57 pg/mL® 42 (93) 41 (87) 0.4861
Elevated >57 pg/mL 3(7) 6 (13)

TNF-a Normal <7 pg/mL¢ 37 (82) 36 (77) 0.6094¢
Slightly elevated 7-50 pg/mL 6 (13) 9 (19)
Elevated >50 pg/mL 2 (5) 2 (4)

IFN-y Normal <5 pg/mL? 32(71) 34 (72) >0.9999¢
Slightly elevated 5-50 pg/mL 12 (27) 12 (26)
Elevated >50 pg/mL 1(2) 1(2)

1L-6 Normal <7 pg/mL 21 (47) 22 (49) 0.8645"
Slightly elevated 7-50 pg/mL 15 (33) 16 (36)
Elevated 50-500 pg/mL 6(13) 6(13)
Highly elevated >500 pg/mL 3(7) 1(2)

https://doi.org/10.1371/journal.pntd.0012871.t005

whose IL-1f levels were lower than the detection limit of the assay. < Includes 28 patients and
30 controls whose TNFa levels were lower than the detection limit of the assay. ¢ Includes 18
patients and 24 controls whose IFNy levels were lower than the detection limit of the assay. ©
Participants in slightly elevated and elevated categories had to be combined for this analysis. f
Elevated and highly elevated categories had to be combined for this analysis.

Discussion

The intimate links between diet, the immune system, and infectious disease have been known
for some time [47]. Indeed, malnutrition has been shown to be a predominant underlying
cause of death from a range of infectious diseases [48,49]. Inadequate dietary intake results

in decreased immune function which leads to increased incidence of infection/disease and
consequently increased severity and duration of disease as the systemic and local responses
to infection are impaired. In addition, many infectious diseases lead to decreased intake or
malabsorption of, or increased requirements for, proteins (amino acids), specific fatty acids,
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Fig 3. IL-6 levels are not significantly different between BU patients vs controls, between BU lesion forms or lesion category. Serum IL-6 was quantified in 45
BU patients and 47 controls and presented on a log, scale. A. Data for patients and controls were compared using a two-tailed Mann-Whitney test. B. Levels were
compared between BU patients with different clinical presentations of the disease (Nodules, N=6; Plaques; N=11 and Ulcer; N=27), using the Kruskal-Wallis test
with Dunn’s correction for multiple comparisons. C. Levels were compared between BU patients with different WHO lesion category at presentation (Category I;
N=21, Category II; N=21 and Category III; N=3), using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons. GraphPad Prism version 9.4.1
(GraphPad Software Inc., USA) was used for all analyses. P values are displayed, with P < 0.05 considered significant.

https://doi.org/10.1371/journal.pntd.0012871.9003

vitamins and trace elements. The increased metabolic demand for specific nutrients can also
lead to their deficiency leading to a vicious cycle of the emergence of new infections or resur-
gence of old infectious diseases.

Perhaps because of the perceived dominant effect of the cytotoxin mycolactone in disease
progression, the role of diet in BU has received little attention to date. In the current work, we
show that many of those living in BU endemic regions of Ghana have diets inadequate in all
macronutrients except carbohydrates, as well as vitamins A, B,,, E and K, and zinc. More-
over, BU patients’ diets were worse than their control counterparts who had similar age and
socioeconomic backgrounds and who were also from the same villages as the BU patients (and
therefore had access to similar foods). Our approach to nutritional intake used two indepen-
dent tools, both of which have been used previously in rural and urban Ghanaian settings
[32,50]. These were appropriate for low-literacy populations which was the case here, and for
those who reside in rural and at times remote communities.

Insights into the diet of BU endemic areas

The WHO defines malnutrition as the deficiency or excess of nutrient intake, an imbalance of
nutrients or impaired nutrient utilisation in children and adults. Undernutrition can manifest
in different ways including wasting, stunting, underweight and micronutrient deficiencies. On
the other hand, excessive nutrients can cause overweight or obesity. Women, infants, children,
and adolescents are at particular risk of malnutrition, and poverty exacerbates the risk of
malnutrition [51].

This study showed that those living in BU endemic regions in the Ashanti and Central
regions of Ghana had a typical rural West African diet [31,52], which is mainly carbohydrate-
based. The diets of Ghanaians have been undergoing an evolution over recent years, partic-
ularly in urban areas [53], where diets are shifting towards a ‘Western-like’ pattern [52,54].
However, the present study confirms that in rural areas, the dietary pattern has remained pre-
dominantly carbohydrate-based. Apart from socio-cultural beliefs [54], the accessibility and
relatively cheap cost of starchy staples at the study sites may be the reason. Cereal-based meals
like akple, kenkey, and rice and root tubers like yam, cassava, and cocoyam (used in prepara-
tion of staples like fufu and ampesi), were the most consumed by the study participants. Fufu
is a well-known staple food in Ghana and is eaten by most ethnic groups and is prepared by
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pounding cassava and plantain or yam/cocoyam, and is consumed with soup. Additionally,
phytate content of plant-based diets will reduce absorption of micronutrients including zinc
and iron.

Despite the high proportion of calories from carbohydrate, the estimated requirement was
not met by most of the Cohort 1 participants. Other studies have also reported nutritional
inadequacies in rural (but not urban) Ghana [31,50,55]. Moreover, the energy intake was
lower than reported for people in Eastern and Southern Africa, which were 2245 and 2618
Kcal/capita/day, respectively [56]. This suggests that diets in BU endemic areas are poorer
than African averages, highlighting the need for further research to understand nutrition in
such marginalised communities. Indeed, this is the first study to report in the diets of people
in these areas of Ghana.

Protein in the diets of the study participants was inadequate in about 50% of the partici-
pants. This was in line with a cross-sectional study that found low protein consumption more
often in rural Ghana compared to people residing in urban areas and migrants in Europe [31].
Moreover, in a wildlife-depleted farm-forest landscape in South-Western Ghana, between
14% and 60% of households ate less than the recommended daily allowance of protein [57].
Although livestock rearing is common in the study sites, Cohort 1 participants frequently
ate fish and poultry, and rarely ate red or processed meat. The cost of meat could be a factor
affecting the low protein intake, with the majority of the protein coming from starchy staples,
which may then reduce the intake of some essential amino acids.

In terms of micronutrients, Cohort 1 also had a high prevalence of dietary inadequacy of
vitamins A, B ), E, K and zinc. In line with this, overall micronutrient intake has been shown
to be inadequate in other studies of diet in West Africa and Ghana. This is thought to be
because they are mostly found in the vegetables, fruits, and nuts that are found in the soups,
stews, and sauces that accompany the main starchy component of a meal [58-61]. While,
some micronutrients can be found in carbohydrate-rich foods, including roots and tubers that
were frequently consumed by Cohort 1 participants, their low DDS could be the source of this
inadequacy. This is because it suggests that many of them ate from a relatively small palette of
foods on a regular basis.

In the context of a population at risk of BU, the widespread inadequacy of micronutrient
intake is interesting because they are essential for immune function [20] and are also seen in
patients with chronic wounds. For example, inadequacies of serum vitamins A, E, zinc, and
carotenes have been reported in patients with chronic leg ulcers [62]. During the inflamma-
tory stage of wound healing, vitamin E helps reduce free radical damage caused by neutrophils
[63]. On the other hand, vitamin K is necessary for the functionally essential post-translational
modification of proteins involved in blood coagulation, which is known to be linked to the his-
topathology of the disease [8,64,65]. Inadequacy in vitamin K is known to cause haemorrhage
and purpura in newborns and has recently been shown to affect bone and vascular health [66].
Zinc status has previously been reported to be low in Ghana [67] (prevalence of zinc deficiency
~22% in 2005 [68, 69]), and the prevalence of zinc deficiency in Sub-Saharan Africa varies
between 15-50%. The current work found higher prevalence of zinc deficiency at 58%, further
emphasising the poor quality of BU endemic diets compared to the country at large.

Potential role for environmental enteric dysfunction (EED) in malnutrition
in BU endemic areas
Despite finding no overt systemic inflammation in BU cases, we did find evidence for circulat-

ing cytokines above normal levels (low pg/ml concentrations) in a proportion (approximately
10-50%) of both cases and controls of Cohort 2. Indeed, this is in line with studies of healthy
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controls in other low- and middle-income countries (LMICs), including Ghana [70-72]. Of
particular note, elevated IL-6 levels were measured in more than half the participants. This
likely reflects participants who were currently or recently co-infected with other pathogens.
For instance, malaria infection can modulate circulating cytokines [73]. However, it could also
reflect a prevalence of environmental enteric dysfunction (EED), a syndrome linked to areas
of poor sanitation and hygiene that is characterised by weight loss, and histopathological evi-
dence of chronic infection without a clearly diagnosed infection being present [74]. Notably

it can cause stunting in children and here approximately one third of the young participants
had stunted growth, adding further weight to this hypothesis. This is higher than national and
regional prevalence, which in 2022 was reported to be 17% (20% in rural areas) and 17% in
the Ashanti region in under 5 year olds, respectively [75]. One of the consequences of EED

is malabsorption of nutrients (with the best evidence for zinc) [76], which could potentially
affect the interpretation of our findings. On the other hand, IL-6 levels did not correlate
inversely with those of zinc, suggesting that the degree of systemic inflammation in patients
was not sufficient to cause the physiological and molecular changes that resulted in hypoz-
incaemia [77]. Moreover, they were observed in the absence of a high level of CRP, which
would be an indication of systemic inflammation [78]. Additional specific studies aimed at
identifying EED, co-infections and systemic inflammation would be required to find out if
this is a general feature of the population and whether this influences BU susceptibility and/or
pathogenesis.

One interesting and unexpected finding was that, despite vitamin C having similar preva-
lence of dietary sufficiency (82%) and generally a good intake in their diets, many participants
had serum vitamin C levels below the assumed normal range (55-88% depending on the cut-
off used). This could potentially be attributed to these measurements being taken from two
independent cohorts. However, both cohorts came from the same distribution of BU-endemic
communities surrounding Agogo, Tepa and Dunkwa, ruling out local availability of food.
Moreover, since BU disease has become less common, both cohorts were recruited over a long
period (Cohort 1; July 2018 to May 2022, Cohort 2; October 2008 to June 2016), and therefore
experienced similar seasonal variation in food availability. Therefore, it seems that even in the
setting of adequate vitamin C intake, this did not translate to normal circulating vitamin C.
This could be due to several factors, including that the main source of vitamin C is likely to
be stews that may have been boiled for extensive periods, meaning that the intake was an over-
estimate as the nutrient was destroyed [79]. It is also possible that participants over-estimated
their intake during the 24-hour recall for psychological reasons or that EED could contribute
since intestinal inflammation may be a confounding factor in vitamin C status [67,74] as it is
absorbed in the jejunum and ileum.

Insights into the role of diet in the pathogenesis of BU

While we could see no difference in the patterns of foods consumed between the BU cases and
controls in the FFQ, the 24-hour recall showed that the cases consumed diets with a signifi-
cantly lower DDS than the controls. This is in line with our findings that macronutrient intake
(predominately carbohydrate) was similar between BU cases and controls, but the intake of
micronutrients was different. In other words, it suggests that the lower dietary diversity of the
BU patients could be one cause of the lower micronutrient intake due to the narrower range
of foods eaten. In the context of a predominantly carbohydrate diet, a recent mouse study is of
interest when considering underlying risk factors for BU in this population. Here, a ketogenic
diet was modelled using b-hydroxybutyrate (the main ketone body produced in such diets),
and this suppressed skin ulceration by stopping M. ulcerans growth and mycolactone synthe-
sis with contrasting results observed in mice with a carbohydrate-rich diet [69]. Therefore, the
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bacterium seems to require a diet rich in carbohydrates for growth and mycolactone produc-
tion, which is more than adequately provided by the diet of the participants.

When considering micronutrient differences in detail, BU cases’ diets contained signifi-
cantly less selenium and vitamin B, and they were more likely to have dietary insufficiencies
of these micronutrients. Vitamin B , deficiency is prevalent in regions with a high burden
of NTDs including helminth infection, Chagas disease and leprosy [80]. However, vitamin
B,, was recently shown to be an important host-requirement for Mtb infection, as it has lost
the biosynthetic machinery for this vitamin [81]. In contrast, selenium, a trace element, is
required to clear mycobacteria [15]. In M. tuberculosis infection, selenium was shown to have
a restricting function against MTB by regulating autophagy in macrophages contributing to
low levels in patients compared to controls [82].

Zinc. Another of the largest differences in micronutrient intake between BU cases
and controls was in zinc, which was 20% lower in cases. Here we were able to confirm, in
an independent cohort, that serum levels were similarly 25% lower in cases than control.
Moreover, BU patients were much more likely to have serum zinc levels below that of the
assumed normal range than control counterparts. We are confident this represents a genuine
micronutrient deficiency, since CRP levels were extremely low in both groups (below 0.05mg/
dL) so we did not need to correct this [83]. Moreover, our IL-6 data supports that both cases
and controls had equal exposure to other infections and/or EED, and hence BU is associated
with an additional reduction in zinc. Our findings relating to circulating cytokines are in line
with previous reports of BU, which were found to be either unchanged or reduced compared
to control groups [70,84]. This is thought to be due to the anti-inflammatory activity of
mycolactone, which blocks the Sec61 translocon, causing a sharp reduction in the production
of proinflammatory cytokines that are reliant on Secé61 for secretion [6]. Therefore, while it
is difficult to separate cause vs. effect for micronutrient measurement, our finding that BU
patients’ nutritional intake of zinc was lower than controls supports a nutritional component
to the susceptibility to disease.

For BU patients, inadequate zinc may be implicated in disease susceptibility and progress
due to the role that this mineral plays particularly in the immune response. Indeed, zinc sup-
plementation has been reported to be an effective solution for immune recovery and wound
healing [85]. Zinc deficiency has been shown to decrease the production of TNF-a, IFN-y
and IL-2 by peripheral blood mononuclear cells [86]. Zinc deficiency is reported to increase
susceptibility to leishmaniasis and TB [87], and in TB and leprosy hypozincaemia has been
observed at the time of diagnosis [17]. In leprosy, there is a gradual reduction in serum zinc
concentration as severity moves from Tuberculoid Leprosy to Lepromatous Leprosy, affecting
Th1/ Th2 cytokine responses [88]. Furthermore, in humans, low serum zinc concentrations
in cases with cutaneous leishmaniasis increase during antimonial therapy. This may be due to
pre-existing zinc deficiencies or related to redistribution associated with the APR of visceral
leishmaniasis [87,89].

Vitamin C. The findings for vitamin C are more difficult to interpret. When comparing
BU cases with controls, intake of vitamin C was >30% higher in BU cases of Cohort 1
although this did not reach statistical significance. On the other hand, serum levels were 20%
lower in Cohort 2, and a higher proportion of BU cases had abnormal serum levels that was
highly significant. Furthermore, within the BU cases, there was also an association between
BU lesion category and serum levels of vitamin C (in Cohort 2). Indeed, those with the
more serious plaque form of the disease had significantly lower vitamin C serum levels than
those with its earliest presentation, the nodule. Since all nodules are Category I lesions, it is
notable that the few Category III lesions in Cohort 2 were all associated with vitamin C levels
below the lower limit of the normal range. While these were approximately half those of the
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Category I group, this difference did not reach statistical significance, perhaps due to the low
numbers in this sub-group.

Therefore, while acknowledging that dietary and biomarker data were collected in different
cohorts, our data suggests that the presence of M. ulcerans infection itself can affect vitamin C sta-
tus. Notably, others have found this to be the case in patients with sepsis [90] and a cross-sectional
analysis of the NHANES database found a negative correlation between inflammatory markers and
vitamin C [39] possibly due to increased demands from the inflammatory response. Although vita-
min C levels did not correlate with IL-6 in the current work, it may be that the presence of chronic,
localised inflammation in BU patients is influencing the vitamin C levels in these patients.

Vitamin C is well-known to have important functions in skin health [91] as it is required
for the production and stability of collagen [91,92]. Furthermore, a deficiency in vitamin C
dysregulates both phagocytosis and the respiratory burst [93]. The stimulation of proinflam-
matory and Th1 cytokines is lower during vitamin C deficiency as it alters redox signalling,
essential during differentiation of Th cells [94]. We speculate that mycolactone’s known effect
on extracellular collagen [8,95] could synergise with these lower vitamin C levels to have seri-
ous consequences for skin integrity.

Limitations and conclusion

There are some limitations that should be noted in this study. Here, dietary patterns and
dietary intake of the study group were assessed using methodological tools that rely on the
memory of the subjects, which can be biased. It is known that participants tend to underesti-
mate or overestimate dietary recalls, especially in food frequency questionnaires, even though
efforts were made to reduce possible biases to the minimum. The study also includes two
independent cohorts of BU patients and controls that were matched as closely as possible. In
Cohort 2, anthropometry data was not collected when these were recruited, and so could not
be reported It was not possible to determine the inflammation markers in all patients, and our
attempt to measure vitamin B, in this same cohort was subject to assay failure.

Despite these limitations, these findings align with two recent independent reports of BU
patients in Cote d’Ivoire [96,97]. While there was no information on controls, in one study, 51 BU
patients also ate predominantly starchy foods and minimal proteins; indeed, dairy products, fruits,
vegetables, and vegetable oils were consumed by only 8% of the cases [97]. Their food choices were
found to be influenced by societal norms where food types were prohibited in their communities,
including certain animal and plant proteins, vegetables, and fruits. Being underweight tended to be
higher in Céte d’Ivoire vs Ghanaian BU cases (33-53% vs 19-23%), and acute malnutrition was also
reported [97]. Interestingly, CRP levels >20 mg/L were reported in 7-20% of the cases, suggesting
that EED may be more prevalent in Cote d’Ivoire. However, in a subset of these patients and sim-
ilar to here, zinc was found to be below normal levels in all BU patients [96]. Importantly, nutri-
tional assistance provided at one health centre significantly improved wound healing alongside
marked improvement in anthropometrics and anaemia compared to another where no nutritional
support was included in BU patients’ management package [97]. Taken together, the findings
strongly support large scale randomised control studies for nutritional intervention in at-risk com-
munities for BU and nutritional support for all BU patients, alongside a detailed assessment of the
prevalence of EED and how this may influence susceptibility to BU and other NTDs.

Supporting information

S1 Fig. The most and least frequently consumed food groups by the study participants. A
food frequency questionnaire was put to all 80 Cohort 1 participants (40 BU cases, 40 con-
trols), covering a total of 105 foods from 25 food groups. There are 4 possible answers for
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frequency of consumption for each food, namely daily, weekly, monthly, and rarely/never.
This figure visualises the distribution of the most frequent consumption of one or more foods
in that food group in the past month amongst the participants. The red line represents the
frequency of consumption, and its length is proportional to the number of participants with
that maximal frequency. Data from the food groups showed that at least 60% of the partic-
ipants ate foods from these food groups at least weekly, where similar numbers consumed
foods monthly, rarely or never vs. weekly or daily (N-Q), and those where at least 60% of the
participants ate them monthly, rarely or never (R-Y).

(TIF)

S2 Fig. No correlation between nutrition and inflammation markers in BU cases and
controls. Serum concentrations of vitamin C, zinc and IL-6 were analysed using Spearman’s
correlation, and are presented as a heatmap. Spearman’s correlation coefficients are given
along with P-value (in brackets).

(TIF)

S3 Fig. No correlation between nutrition and inflammation markers in BU cases and
controls. Serum concentrations of vitamin C, zinc and IL-6 were analysed using Spearman’s
correlation, and are presented as a heatmap. Spearman’s correlation coefficients are given
along with P-value (in brackets).

(TIF)

S1 Table. List of foods used in the FFQ administration.
(DOCX)

S2 Table. Food groups used in the Dietary Diversity Score, generated from 24-hour recall
data.
(DOCX)

$3 Table. Socioeconomic status of Cohort 1 study participants. a; T x” test. p-value < 0.05
was statistically significant.
(DOCX)

S4 Table. Mean percentage of macronutrients in the diet of Cohort 1 participants. Unit
conversions: 1g of carbohydrate is equivalent to 4 Kcal, 1g of protein is equivalent to 4 Kcal
and 1g of fats is equivalent to 9 Kcal, which were then used to calculate percentages.
(DOCX)

S5 Table. Comparison of energy and nutrient intake of Cohort 1 study participants
between sexes. Data were compared in cases and controls between males and females using a
Mann-Whitney test. P-value <0.05 are indicated in bold text.

(DOCX)

S6 Table: Comparison of energy and nutrient intake of Cohort 1 study participants
between those with different household income. Data were compared in cases and controls
between those with different levels of household monthly income, using the Kruskal-Wallis
test and Dunn’s post-hoc test for multiple comparisons.

(DOCX)

Acknowledgement

The authors would like to thank all study participants and community leaders, as well as the
nurses, diseases control officers, and physiotherapists from Agogo Presbyterian Hospital,
Tepa Government Hospital and Dunkwa Government Hospital who support BU patient

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011982 March 12, 2025 17/23



http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0012871.s009

PLOS NEGLECTED TROPICAL DISEASES Role of diet in the pathogenesis of Buruli ulcer

management. We are grateful to the District Directors and the National Buruli ulcer Control
programme. We thank Dr Peter Williams (University of Surrey) for statistical advice.

Author contributions

Conceptualization: Aloysius Dzigbordi Loglo, Richard Odame Phillips, Reginald Annan,
Barbara Engel, Rachel E Simmonds.

Formal analysis: Aloysius Dzigbordi Loglo, Rachel E Simmonds.

Funding acquisition: Aloysius Dzigbordi Loglo, Richard Odame Phillips, Reginald Annan,
Rachel E Simmonds.

Investigation: Aloysius Dzigbordi Loglo, Philemon Boasiako Antwi, Kabiru Mohammed
Abass, Samuel Osei-Mireku, George Amofa, Elizabeth Ofori, Jonathan Kofi Adjei, Michael
Ntiamoah Oppong.

Methodology: Aloysius Dzigbordi Loglo, Rachel E Simmonds.

Project administration: Aloysius Dzigbordi Loglo, Richard Odame Phillips, Reginald Annan,
Barbara Engel, Rachel E Simmonds.

Resources: Aloysius Dzigbordi Loglo, Richard Odame Phillips, Rachel E Simmonds.
Supervision: Richard Odame Phillips, Reginald Annan, Barbara Engel, Rachel E Simmonds.
Validation: Aloysius Dzigbordi Loglo, Reginald Annan, Barbara Engel, Rachel E Simmonds.
Visualization: Aloysius Dzigbordi Loglo, Rachel E Simmonds.

Writing - original draft: Aloysius Dzigbordi Loglo, Rachel E Simmonds.

Writing - review & editing: Aloysius Dzigbordi Loglo, Richard Odame Phillips, Reginald
Annan, Barbara Engel, Rachel E Simmonds.

References

1. Yotsu RR, Suzuki K, Simmonds RE, Bedimo R, Ablordey A, Yeboah-Manu D, et al. Buruli Ulcer: a
Review of the Current Knowledge. Curr Trop Med Rep. 2018;5(4):247-56. https://doi.org/10.1007/
s40475-018-0166-2 PMID: 30460172

2. Yotsu RR, Fuller LC, Murdoch ME, van Brakel WH, Revankar C, Barogui MYT, et al. A global call for
action to tackle skin-related neglected tropical diseases (skin NTDs) through integration: An ambitious
step change. PLoS Negl Trop Dis. 2023;17(6):e0011357. https://doi.org/10.1371/journal.pntd.0011357
PMID: 37319139

3. Portaels F, Silva MT, Meyers WM. Buruli ulcer. Clin Dermatol. 2009;27(3):291-305. https://doi.
org/10.1016/j.clindermatol.2008.09.021 PMID: 19362692

4. George KM, Chatterjee D, Gunawardana G, Welty D, Hayman J, Lee R, et al. Mycolactone: a
polyketide toxin from Mycobacterium ulcerans required for virulence. Science. 1999;283(5403):854—7.
https://doi.org/10.1126/science.283.5403.854 PMID: 9933171

5. Sarfo FS, Phillips R, Wansbrough-Jones M, Simmonds RE. Recent advances: role of mycolactone in
the pathogenesis and monitoring of Mycobacterium ulcerans infection/Buruli ulcer disease. Cell Micro-
biol. 2016;18(1):17-29. https://doi.org/10.1111/cmi.12547 PMID: 26572803

6. Hall BS, Hill K, McKenna M, Ogbechi J, High S, Willis AE, et al. The pathogenic mechanism of the
Mycobacterium ulcerans virulence factor, mycolactone, depends on blockade of protein translocation
into the ER. PLoS Pathog. 2014;10(4):e1004061. hitps://doi.org/10.1371/journal.ppat.1004061 PMID:
24699819

7. Demangel C, High S. Sec61 blockade by mycolactone: A central mechanism in Buruli ulcer disease.
Biol Cell. 2018;110(11):237—-48. https://doi.org/10.1111/boc.201800030 PMID: 30055020

8. Hsieh LT-H, Hall BS, Newcombe J, Mendum TA, Santana-Varela S, Umrania Y, et al. Mycolactone
causes destructive Sec61-dependent loss of the endothelial glycocalyx and vessel basement mem-
brane: a new indirect mechanism driving tissue necrosis in Mycobacterium ulcerans infection. bioRxiv.
2024;2023.02.21.529382. https://doi.org/10.1101/2023.02.21.529382 PMID: 36865118

PLOS Neglected Tropical Diseases | https:/doi.org/10.1371/journal.pntd.0011982 March 12, 2025 18/23



https://doi.org/10.1007/s40475-018-0166-2
https://doi.org/10.1007/s40475-018-0166-2
http://www.ncbi.nlm.nih.gov/pubmed/30460172
https://doi.org/10.1371/journal.pntd.0011357
http://www.ncbi.nlm.nih.gov/pubmed/37319139
https://doi.org/10.1016/j.clindermatol.2008.09.021
https://doi.org/10.1016/j.clindermatol.2008.09.021
http://www.ncbi.nlm.nih.gov/pubmed/19362692
https://doi.org/10.1126/science.283.5403.854
http://www.ncbi.nlm.nih.gov/pubmed/9933171
https://doi.org/10.1111/cmi.12547
http://www.ncbi.nlm.nih.gov/pubmed/26572803
https://doi.org/10.1371/journal.ppat.1004061
http://www.ncbi.nlm.nih.gov/pubmed/24699819
https://doi.org/10.1111/boc.201800030
http://www.ncbi.nlm.nih.gov/pubmed/30055020
https://doi.org/10.1101/2023.02.21.529382
http://www.ncbi.nlm.nih.gov/pubmed/36865118

PLOS NEGLECTED TROPICAL DISEASES Role of diet in the pathogenesis of Buruli ulcer

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.
24,

25.

26.

27.

28.

Fevereiro J, Fraga AG, Pedrosa J. The Immunology of Buruli Ulcer. In: Pluschke G, Réltgen K,
editors. Buruli ulcer: Mycobacterium ulcerans disease. Cham (CH): Springer; 2019. p. 135-58. doi:
10.1007/978-3-030-11114-4_8.

Wansbrough-Jones M, Phillips R. Buruli ulcer: emerging from obscurity. Lancet.
2006;367(9525):1849-58. https://doi.org/10.1016/S0140-6736(06)68807-7 PMID: 16753488

Foulon M, Robbe-Saule M, Manry J, Esnault L, Boucaud Y, Alcais A, et al. Mycolactone toxin induces
an inflammatory response by targeting the IL-1p pathway: Mechanistic insight into Buruli ulcer patho-
physiology. PLoS Pathog. 2020;16(12):e1009107. https://doi.org/10.1371/journal.ppat. 1009107 PMID:
33338061

Capela C, Dossou AD, Silva-Gomes R, Sopoh GE, Makoutode M, Menino JF, et al. Genetic Variation
in Autophagy-Related Genes Influences the Risk and Phenotype of Buruli Ulcer. PLoS Negl Trop Dis.
2016;10(4):e0004671. https://doi.org/10.1371/journal.pntd.0004671 PMID: 27128681

Bieri R, Bolz M, Ruf M-T, Pluschke G. Interferon-y Is a Crucial Activator of Early Host
Immune Defense against Mycobacterium ulcerans Infection in Mice. PLoS Negl Trop Dis.
2016;10(2):e0004450. https://doi.org/10.1371/journal.pntd.0004450 PMID: 26863011

Zingue D, Bouam A, Tian RBD, Drancourt M. Buruli Ulcer, a Prototype for Ecosystem-Related
Infection, Caused by Mycobacterium ulcerans. Clin Microbiol Rev. 2017;31(1):e00045-17. https://doi.
org/10.1128/CMR.00045-17 PMID: 29237707

Gupta KB, Gupta R, Atreja A, Verma M, Vishvkarma S. Tuberculosis and nutrition. Lung India.
2009;26(1):9—16. https://doi.org/10.4103/0970-2113.45198 PMID: 20165588

Schwenk A, Macallan DC. Tuberculosis, malnutrition and wasting. Curr Opin Clin Nutr Metab Care.
2000;3(4):285-91. https://doi.org/10.1097/00075197-200007000-00008 PMID: 10929675

Dwivedi VP, Banerjee A, Das |, Saha A, Dutta M, Bhardwaj B, et al. Diet and nutrition: An important
risk factor in leprosy. Microb Pathog. 2019;137:103714. https://doi.org/10.1016/j.micpath.2019.103714
PMID: 31493502

Passos Vazquez CM, Mendes Netto RS, Ferreira Barbosa KB, Rodrigues de Moura T, de Almeida
RP, Duthie MS, et al. Micronutrients influencing the immune response in leprosy. Nutr Hosp.
2014;29(1):26-36. https://doi.org/10.3305/nh.2014.29.1.6988 PMID: 24483959

Raiten DJ, Sakr Ashour FA, Ross AC, Meydani SN, Dawson HD, Stephensen CB, et al. Inflammation
and Nutritional Science for Programs/Policies and Interpretation of Research Evidence (INSPIRE). J
Nutr. 2015;145(5):1039S-11088S. https://doi.org/10.3945/jn.114.194571 PMID: 25833893

Gombart AF, Pierre A, Maggini S. A Review of Micronutrients and the Immune System-Working
in Harmony to Reduce the Risk of Infection. Nutrients. 2020;12(1):236. hitps://doi.org/10.3390/
nu12010236 PMID: 31963293

Loglo AD, Frimpong M, Sarpong Duah M, Sarfo F, Sarpong FN, Agbavor B, et al. IFN-y and IL-5
whole blood response directed against mycolactone polyketide synthase domains in patients with
Mycobacterium ulcerans infection. Peerd. 2018;6:€5294. https://doi.org/10.7717/peer|.5294 PMID:
30090691

Sarpong-Duah M, Frimpong M, Beissner M, Saar M, Laing K, Sarpong F, et al. Clearance of
viable Mycobacterium ulcerans from Buruli ulcer lesions during antibiotic treatment as deter-
mined by combined 16S rRNA reverse transcriptase /IS 2404 gPCR assay. PLoS Negl Trop Dis.
2017;11(7):e0005695. https://doi.org/10.1371/journal.pntd.0005695 PMID: 28671942

World Health Organization. Skin NTDs clinical and treatment form. 2020.

WHO. Treatment of Mycobacterium ulcerans disease (Buruli ulcer); guidance for health workers: Wold
Health Organisation; 2012 [cited 14th Jun 2024]. Available from: https://www.who.int/publications/i/
item/9789241503402

Nishida C, Uauy R, Kumanyika S, Shetty P. The joint WHO/FAQO expert consultation on diet, nutrition
and the prevention of chronic diseases: process, product and policy implications. Public Health Nutr.
2004;7(1A):245-50. hitps://doi.org/10.1079/phn2003592 PMID: 14972063

WHO. Growth reference data for 5-19 years: BMI-for-age (5—-19 years): World Health

Organization 2024 [cited 14th June 2024]. Available from: https://www.who.int/tools/
growth-reference-data-for-5to19-years/indicators/bmi-for-age

de Onis M, Onyango AW, Borghi E, Siyam A, Nishida C, Siekmann J. Development of a WHO growth
reference for school-aged children and adolescents. Bull World Health Organ. 2007;85(9):660—7.
https://doi.org/10.2471/blt.07.043497 PMID: 18026621

WHO. WHO AnthroPlus for personal computers Manual: Software for assessing growth of the world’s
children and adolescents: WHO; 2009 [cited 14th June 2024]. Available from: hitp://www.who.int/
growthref/tools/en/.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011982 March 12, 2025 19/23



https://doi.org/10.1016/S0140-6736(06)68807-7
http://www.ncbi.nlm.nih.gov/pubmed/16753488
https://doi.org/10.1371/journal.ppat.1009107
http://www.ncbi.nlm.nih.gov/pubmed/33338061
https://doi.org/10.1371/journal.pntd.0004671
http://www.ncbi.nlm.nih.gov/pubmed/27128681
https://doi.org/10.1371/journal.pntd.0004450
http://www.ncbi.nlm.nih.gov/pubmed/26863011
https://doi.org/10.1128/CMR.00045-17
https://doi.org/10.1128/CMR.00045-17
http://www.ncbi.nlm.nih.gov/pubmed/29237707
https://doi.org/10.4103/0970-2113.45198
http://www.ncbi.nlm.nih.gov/pubmed/20165588
https://doi.org/10.1097/00075197-200007000-00008
http://www.ncbi.nlm.nih.gov/pubmed/10929675
https://doi.org/10.1016/j.micpath.2019.103714
http://www.ncbi.nlm.nih.gov/pubmed/31493502
https://doi.org/10.3305/nh.2014.29.1.6988
http://www.ncbi.nlm.nih.gov/pubmed/24483959
https://doi.org/10.3945/jn.114.194571
http://www.ncbi.nlm.nih.gov/pubmed/25833893
https://doi.org/10.3390/nu12010236
https://doi.org/10.3390/nu12010236
http://www.ncbi.nlm.nih.gov/pubmed/31963293
https://doi.org/10.7717/peerj.5294
http://www.ncbi.nlm.nih.gov/pubmed/30090691
https://doi.org/10.1371/journal.pntd.0005695
http://www.ncbi.nlm.nih.gov/pubmed/28671942
https://www.who.int/publications/i/item/9789241503402
https://www.who.int/publications/i/item/9789241503402
https://doi.org/10.1079/phn2003592
http://www.ncbi.nlm.nih.gov/pubmed/14972063
https://www.who.int/tools/growth-reference-data-for-5to19-years/indicators/bmi-for-age
https://www.who.int/tools/growth-reference-data-for-5to19-years/indicators/bmi-for-age
https://doi.org/10.2471/blt.07.043497
http://www.ncbi.nlm.nih.gov/pubmed/18026621
http://www.who.int/growthref/tools/en/
http://www.who.int/growthref/tools/en/

PLOS NEGLECTED TROPICAL DISEASES Role of diet in the pathogenesis of Buruli ulcer

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44.

45.

46.

Mantey AA, Annan RA, Lutterodt HE, Twumasi P. Iron status predicts cognitive test performance
of primary school children from Kumasi, Ghana. PLoS One. 2021;16(5):e0251335. https://doi.
org/10.1371/journal.pone.0251335 PMID: 34010354

Azupogo F, Abizari A-R, Aurino E, Gelli A, Osendarp SJM, Bras H, et al. Malnutrition, Hypertension
Risk, and Correlates: An Analysis of the 2014 Ghana Demographic and Health Survey Data for 15-19
Years Adolescent Boys and Girls. Nutrients. 2020;12(9):2737. https://doi.org/10.3390/nu12092737
PMID: 32911770

Galbete C, Nicolaou M, Meeks K, Aikins A-G, Addo J, Amoah S, et al. Food consumption, nutrient
intake, and dietary patterns in Ghanaian migrants in Europe and their compatriots in Ghana. Food
Nutr Res. 2017.

Annan RA, Apprey C, Asamoah-Boakye O, Okonogi S, Yamauchi T, Sakurai T. The relationship
between dietary micronutrients intake and cognition test performance among school-aged children in
government-owned primary schools in Kumasi metropolis, Ghana. Food Sci Nutr. 2019;7(9):3042-51.
https://doi.org/10.1002/fsn3.1162 PMID: 31572597

Science F, Nutrition Department UoG. The nutrient analysis template software excel spreadsheet for
Ghanaian foods. University of Ghana Accra; 2010.

Opoku K. Estimation of food portion sizes: A comparison between the use of household measures
and a photographic food atlas in a rural population in Ghana. MSc Thesis: University of Ghana; 2017.
Available from: http://ugspace.ug.edu.gh/handle/123456789/23257

WHO, FAQ. Vitamin and mineral requirements in human nutrition: report of a joint FAO/WHO expert
consultation, Bangkok, Thailand, 21-30 September 1998. 2nd Edition: World Health Organization
1998 [cited 14th June 2024]. Available from: https://www.who.int/publications/i/item/9241546123

Dietary reference values for food energy and nutrients for the United Kingdom. Report of the Panel on
Dietary Reference Values of the Committee on Medical Aspects of Food Policy. Rep Health Soc Subj
(Lond). 1991;41:1-210. PMID: 1961974

FAQ. Guidelines for measuring household and individual dietary diversity: Food and Agriculture
Organization of the United Nations; 2010 [cited 14th June 2024]. Available from: https://www.fao.org/4/
i11983e/i1983e00.pdf

Addo J, Agyemang C, de-Graft Aikins A, Beune E, Schulze MB, Danquabh |, et al. Association between
socioeconomic position and the prevalence of type 2 diabetes in Ghanaians in different geo-

graphic locations: the RODAM study. J Epidemiol Community Health. 2017;71(7):633-9. hitps://doi.
org/10.1136/jech-2016-208322 PMID: 28348205

Crook J, Horgas A, Yoon S-J, Grundmann O, Johnson-Mallard V. Insufficient Vitamin C Levels
among Adults in the United States: Results from the NHANES Surveys, 2003-2006. Nutrients.
2021;13(11):3910. https://doi.org/10.3390/nu13113910 PMID: 34836166

Gordon BL, Galati JS, Yang S, Longman RS, Lukin D, Scherl EJ, et al. Prevalence and factors
associated with vitamin C deficiency in inflammatory bowel disease. World J Gastroenterol.
2022;28(33):4834—45. https://doi.org/10.3748/wjg.v28.i33.4834 PMID: 36156920

Rutkowski M, Grzegorczyk K. Vitamin C in medicine: “normal concentration” in serum. Pol Merkur
Lekarski. 1999;6(31):57-60. PMID: 10344160

King JC, Brown KH, Gibson RS, Krebs NF, Lowe NM, Siekmann JH, et al. Biomarkers of Nutrition
for Development (BOND)-Zinc Review. J Nutr. 2015;146(4):8585—-885S. https://doi.org/10.3945/
in.115.220079 PMID: 26962190

Held C, White HD, Stewart RAH, Budaj A, Cannon CP, Hochman JS, et al. Inflammatory Biomarkers

Interleukin-6 and C-Reactive Protein and Outcomes in Stable Coronary Heart Disease: Experiences

From the STABILITY (Stabilization of Atherosclerotic Plaque by Initiation of Darapladib Therapy) Trial.
J Am Heart Assoc. 2017;6(10):e005077. hitps://doi.org/10.1161/JAHA.116.005077 PMID: 29066452

Said EA, Al-Reesi |, Al-Shizawi N, Jaju S, Al-Balushi MS, Koh CY, et al. Defining IL-6 levels in healthy
individuals: A meta-analysis. J Med Virol. 2021;93(6):3915—24. https://doi.org/10.1002/jmv.26654
PMID: 33155686

Kim HO, Kim H-S, Youn J-C, Shin E-C, Park S. Serum cytokine profiles in healthy young and elderly
population assessed using multiplexed bead-based immunoassays. J Transl Med. 2011;9:113. https:/
doi.org/10.1186/1479-5876-9-113 PMID: 21774806

Spranger J, Kroke A, Méhlig M, Hoffmann K, Bergmann MM, Ristow M, et al. Inflammatory cytokines
and the risk to develop type 2 diabetes: results of the prospective population-based European Pro-
spective Investigation into Cancer and Nutrition (EPIC)-Potsdam Study. Diabetes. 2003;52(3):812—7.
https://doi.org/10.2337/diabetes.52.3.812 PMID: 12606524

PLOS Neglected Tropical Diseases | https:/doi.org/10.1371/journal.pntd.0011982 March 12, 2025 20/23



https://doi.org/10.1371/journal.pone.0251335
https://doi.org/10.1371/journal.pone.0251335
http://www.ncbi.nlm.nih.gov/pubmed/34010354
https://doi.org/10.3390/nu12092737
http://www.ncbi.nlm.nih.gov/pubmed/32911770
https://doi.org/10.1002/fsn3.1162
http://www.ncbi.nlm.nih.gov/pubmed/31572597
http://ugspace.ug.edu.gh/handle/123456789/23257
https://www.who.int/publications/i/item/9241546123
http://www.ncbi.nlm.nih.gov/pubmed/1961974
https://www.fao.org/4/i1983e/i1983e00.pdf
https://www.fao.org/4/i1983e/i1983e00.pdf
https://doi.org/10.1136/jech-2016-208322
https://doi.org/10.1136/jech-2016-208322
http://www.ncbi.nlm.nih.gov/pubmed/28348205
https://doi.org/10.3390/nu13113910
http://www.ncbi.nlm.nih.gov/pubmed/34836166
https://doi.org/10.3748/wjg.v28.i33.4834
http://www.ncbi.nlm.nih.gov/pubmed/36156920
http://www.ncbi.nlm.nih.gov/pubmed/10344160
https://doi.org/10.3945/jn.115.220079
https://doi.org/10.3945/jn.115.220079
http://www.ncbi.nlm.nih.gov/pubmed/26962190
https://doi.org/10.1161/JAHA.116.005077
http://www.ncbi.nlm.nih.gov/pubmed/29066452
https://doi.org/10.1002/jmv.26654
http://www.ncbi.nlm.nih.gov/pubmed/33155686
https://doi.org/10.1186/1479-5876-9-113
https://doi.org/10.1186/1479-5876-9-113
http://www.ncbi.nlm.nih.gov/pubmed/21774806
https://doi.org/10.2337/diabetes.52.3.812
http://www.ncbi.nlm.nih.gov/pubmed/12606524

PLOS NEGLECTED TROPICAL DISEASES Role of diet in the pathogenesis of Buruli ulcer

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Scrimshaw NS, SanGiovanni JP. Synergism of nutrition, infection, and immunity: an overview. Am J
Clin Nutr. 1997;66(2):464S-477S. https://doi.org/10.1093/ajcn/66.2.464S PMID: 9250134

Caulfield LE, de Onis M, Bléssner M, Black RE. Undernutrition as an underlying cause of child deaths
associated with diarrhea, pneumonia, malaria, and measles. Am J Clin Nutr. 2004;80(1):193-8.
https://doi.org/10.1093/ajcn/80.1.193 PMID: 15213048

WHO. Communicable Diseases and Severe Food Shortage: WHO Technical Note: World Health
Organization; 2010 [cited 14th June 2024]. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK304204/

Ayensu J, Annan R, Lutterodt H, Edusei A, Peng LS. Prevalence of anaemia and low intake of dietary
nutrients in pregnant women living in rural and urban areas in the Ashanti region of Ghana. PLoS
One. 2020;15(1):e0226026. https://doi.org/10.1371/journal.pone.0226026 PMID: 31978048

WHO. Malnutrition: World Health Organization 2024 [cited 14th June 2024]. Available from: https://
www.who.int/news-room/fact-sheets/detail/malnutrition/.

Bosu WK. An overview of the nutrition transition in West Africa: implications for non-communicable
diseases. Proc Nutr Soc. 2015;74(4):466-77. hitps://doi.org/10.1017/S0029665114001669 PMID:
25529539

Aberman N-L, Billings L, Hidrobo M, Verstraeten R, Salm L, van den Bold M. Building evidence for
policy and program action for nutrition in Ghana: International Food Policy Research Institute; 2018
[cited 14th June 2024]. Available from: http://ebrary.ifpri.org/cdm/singleitem/collection/p15738coll2/
id/132558

Oniang’o RK, Mutuku JM, Malaba SJ. Contemporary African food habits and their nutritional and
health implications. Asia Pac J Clin Nutr. 2003;12(3):331-6. PMID: 14505997

Amugsi D. Dietary Diversity is a Predictor of Acute Malnutrition in Rural but Not in Urban Settings:
Evidence from Ghana. BJMMR. 2014;4(25):4310—24. https://doi.org/10.9734/bjmmr/2014/10014

van Wesenbeeck CFA, Keyzer MA, Nubé M. Estimation of undernutrition and mean calorie
intake in Africa: methodology, findings and implications. Int J Health Geogr. 2009;8:37. https://doi.
0rg/10.1186/1476-072X-8-37 PMID: 19558705

Heinbuch U. Animal protein sources for rural and urban populations in Ghana: Programme for the
Integrated Development of Artisanal Fisheries in West Africa of the Food and Agriculture Organiza-
tion of the United Nations; 1994 [cited 14th June 2024]. Available from: https://www.fao.org/4/ad341e/
ad341e00.pdf

Chadare FJ, Affonfere M, Aidé ES, Fassinou FK, Salako KV, Pereko K, et al. Current state of nutri-
tion in West Africa and projections to 2030. Global Food Security. 2022;32:100602. https://doi.
org/10.1016/j.gfs.2021.100602

Chagomoka T, Drescher A, Glaser R, Schlesinger J, Marschner B, Nyandoro G. Vegetable produc-
tion, consumption and its contribution to diets along the urban — rural continuum in northern Ghana.
AJFAND. 2015;15(71):10352—67. https://doi.org/10.18697/ajfand.71.15530

FAO, IFAD, UNICEF, WFP, WHO. The state of food security and nutrition in the world 2018: building
climate resilience for food security and nutrition: Food and Agriculture Organization of the United
Nations; 2018 [cited 14th June 2024]. Available from: hitp:/www.fao.org/3/I19553EN/i9553en.pdf

2020 global nutrition report: action on equity to end malnutrition: Development Initiatives; 2020 [cited
14 June 2024]. Available from: https://globalnutritionreport.org/reports/2020-global-nutrition-report/

Rojas Al, Phillips TJ. Patients with chronic leg ulcers show diminished levels of vitamins A and E, car-
otenes, and zinc. Dermatol Surg. 1999;25(8):601—4. https://doi.org/10.1046/].1524-4725.1999.99074.x
PMID: 10491041

Sinno S, Lee DS, Khachemoune A. Vitamins and cutaneous wound healing. J Wound Care.
2011;20(6):287-93. https://doi.org/10.12968/jowc.2011.20.6.287 PMID: 21727879

Hsieh LT-H, Dos Santos SJ, Hall BS, Ogbechi J, Loglo AD, Salguero FJ, et al. Aberrant stromal tissue
factor localisation and mycolactone-driven vascular dysfunction, exacerbated by IL-1, are linked to
fibrin formation in Buruli ulcer lesions. PLoS Pathog. 2022;18(1):e1010280. https://doi.org/10.1371/
journal.ppat.1010280 PMID: 35100311

Ogbechi J, Ruf M-T, Hall BS, Bodman-Smith K, Vogel M, Wu H-L, et al. Mycolactone-Dependent
Depletion of Endothelial Cell Thrombomodulin Is Strongly Associated with Fibrin Deposition in Buruli
Ulcer Lesions. PLoS Pathog. 2015;11(7):e1005011. https://doi.org/10.1371/journal.ppat. 1005011 PMID:
26181660

Vermeer C, Shearer MJ, Zittermann A, Bolton-Smith C, Szulc P, Hodges S, et al. Beyond defi-

ciency: potential benefits of increased intakes of vitamin K for bone and vascular health. Eur J Nutr.
2004;43(6):325-35. https://doi.org/10.1007/s00394-004-0480-4 PMID: 15309455

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011982 March 12, 2025 21/23



https://doi.org/10.1093/ajcn/66.2.464S
http://www.ncbi.nlm.nih.gov/pubmed/9250134
https://doi.org/10.1093/ajcn/80.1.193
http://www.ncbi.nlm.nih.gov/pubmed/15213048
https://www.ncbi.nlm.nih.gov/books/NBK304204/
https://www.ncbi.nlm.nih.gov/books/NBK304204/
https://doi.org/10.1371/journal.pone.0226026
http://www.ncbi.nlm.nih.gov/pubmed/31978048
https://www.who.int/news-room/fact-sheets/detail/malnutrition/
https://www.who.int/news-room/fact-sheets/detail/malnutrition/
https://doi.org/10.1017/S0029665114001669
http://www.ncbi.nlm.nih.gov/pubmed/25529539
http://ebrary.ifpri.org/cdm/singleitem/collection/p15738coll2/id/132558
http://ebrary.ifpri.org/cdm/singleitem/collection/p15738coll2/id/132558
http://www.ncbi.nlm.nih.gov/pubmed/14505997
https://doi.org/10.9734/bjmmr/2014/10014
https://doi.org/10.1186/1476-072X-8-37
https://doi.org/10.1186/1476-072X-8-37
http://www.ncbi.nlm.nih.gov/pubmed/19558705
https://www.fao.org/4/ad341e/ad341e00.pdf
https://www.fao.org/4/ad341e/ad341e00.pdf
https://doi.org/10.1016/j.gfs.2021.100602
https://doi.org/10.1016/j.gfs.2021.100602
https://doi.org/10.18697/ajfand.71.15530
http://www.fao.org/3/I9553EN/i9553en.pdf
https://globalnutritionreport.org/reports/2020-global-nutrition-report/
https://doi.org/10.1046/j.1524-4725.1999.99074.x
http://www.ncbi.nlm.nih.gov/pubmed/10491041
https://doi.org/10.12968/jowc.2011.20.6.287
http://www.ncbi.nlm.nih.gov/pubmed/21727879
https://doi.org/10.1371/journal.ppat.1010280
https://doi.org/10.1371/journal.ppat.1010280
http://www.ncbi.nlm.nih.gov/pubmed/35100311
https://doi.org/10.1371/journal.ppat.1005011
http://www.ncbi.nlm.nih.gov/pubmed/26181660
https://doi.org/10.1007/s00394-004-0480-4
http://www.ncbi.nlm.nih.gov/pubmed/15309455

PLOS NEGLECTED TROPICAL DISEASES Role of diet in the pathogenesis of Buruli ulcer

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Gibson RS. Zinc: the missing link in combating micronutrient malnutrition in developing countries.
Proc Nutr Soc. 2006;65(1):51—60. https://doi.org/10.1079/pns2005474 PMID: 16441944

Ritchie H, Roser M. Micronutrient deficiency: OurWorldIinData.org; 2017 [cited 14th June 2024]. Avail-
able from: https://ourworldindata.org/micronutrient-deficiency

Wessells KR, Brown KH. Estimating the global prevalence of zinc deficiency: results based on zinc
availability in national food supplies and the prevalence of stunting. PLoS One. 2012;7(11):e50568.
https://doi.org/10.1371/journal.pone.0050568 PMID: 23209782

Phillips RO, Sarfo FS, Landier J, Oldenburg R, Frimpong M, Wansbrough-Jones M, et al. Combined
inflammatory and metabolic defects reflected by reduced serum protein levels in patients with Buruli
ulcer disease. PLoS Negl Trop Dis. 2014;8(4):e2786. https://doi.org/10.1371/journal.pntd.0002786
PMID: 24722524

Kumar NP, Moideen K, Banurekha VV, Nair D, Babu S. Plasma Proinflammatory Cytokines Are
Markers of Disease Severity and Bacterial Burden in Pulmonary Tuberculosis. Open Forum Infect Dis.
2019;6(7):0fz257. https://doi.org/10.1093/0ofid/ofz257 PMID: 31281858

Joshi L, Ponnana M, Sivangala R, Chelluri LK, Nallari P, Penmetsa S, et al. Evaluation of TNF-q, IL-10
and IL-6 Cytokine Production and Their Correlation with Genotype Variants amongst Tuberculosis
Patients and Their Household Contacts. PLoS One. 2015;10(9):e0137727. https://doi.org/10.1371/jour-
nal.pone.0137727 PMID: 26359865

Ozarslan N, Robinson JF, Gaw SL. Circulating Monocytes, Tissue Macrophages, and Malaria. J Trop
Med. 2019;2019:3720838. https://doi.org/10.1155/2019/3720838 PMID: 31662766

Tickell KD, Atlas HE, Walson JL. Environmental enteric dysfunction: a review of potential mecha-
nisms, consequences and management strategies. BMC Med. 2019;17(1):181. hitps://doi.org/10.1186/
§12916-019-1417-3 PMID: 31760941

GSS, ICF. Ghana Demographic and Health Survey 20222024 [cited 14th June 2024]. Available from:
https://dhsprogram.com/pubs/pdf/PR149/PR149.pdf

Kelly P. The contribution of environmental enteropathy to the global problem of micronutrient
deficiency. Proc Nutr Soc. 2021;80(3):303—10. https://doi.org/10.1017/S0029665121000549 PMID:
33663621

Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb
Perspect Biol. 2014;6(10):2016295. hitps://doi.org/10.1101/cshperspect.a016295 PMID: 25190079

Del Giudice M, Gangestad SW. Rethinking IL-6 and CRP: Why they are more than inflamma-
tory biomarkers, and why it matters. Brain Behav Immun. 2018;7061-75. https://doi.org/10.1016/].
bbi.2018.02.013 PMID: 29499302

Lee S, ChoiY, Jeong HS, Lee J, Sung J. Effect of different cooking methods on the content of vita-
mins and true retention in selected vegetables. Food Sci Biotechnol. 2017;27(2):333—42. https://doi.
org/10.1007/s10068-017-0281-1 PMID: 30263756

Gibson RS, Charrondiere UR, Bell W. Measurement Errors in Dietary Assessment Using Self-
Reported 24-Hour Recalls in Low-Income Countries and Strategies for Their Prevention. Adv Nutr.
2017;8(6):980-91. https://doi.org/10.3945/an.117.016980 PMID: 29141979

Campos-Pardos E, Uranga S, Picé A, Gémez AB, Gonzalo-Asensio J. Dependency on host vitamin
B12 has shaped Mycobacterium tuberculosis Complex evolution. Nat Commun. 2024;15(1):2161.
https://doi.org/10.1038/s41467-024-46449-8 PMID: 38461302

Chen W, Liu Z, Zheng Y, Wei B, Shi J, Shao B, et al. Selenium donor restricts the intracellular growth
of Mycobacterium tuberculosis through the induction of c-Jun-mediated both canonical autophagy
and LC3-associated phagocytosis of alveolar macrophages. Microb Pathog. 2021;161(Pt B):105269.
https://doi.org/10.1016/j.micpath.2021.105269 PMID: 34742891

McMillan DC, Maguire D, Talwar D. Relationship between nutritional status and the systemic
inflammatory response: micronutrients. Proc Nutr Soc. 2019;78(1):56—67. https://doi.org/10.1017/
S0029665118002501 PMID: 30220267

Phillips R, Sarfo FS, Guenin-Macé L, Decalf J, Wansbrough-Jones M, Albert ML, et al. Immunosup-
pressive signature of cutaneous Mycobacterium ulcerans infection in the peripheral blood of patients
with Buruli ulcer disease. J Infect Dis. 2009;200(11):1675-84. https://doi.org/10.1086/646615 PMID:
19863437

Blass SC, Goost H, Tolba RH, Stoffel-Wagner B, Kabir K, Burger C, et al. Time to wound closure in
trauma patients with disorders in wound healing is shortened by supplements containing antioxi-
dant micronutrients and glutamine: a PRCT. Clin Nutr. 2012;31(4):469-75. https://doi.org/10.1016/}.
clnu.2012.01.002 PMID: 22284340

PLOS Neglected Tropical Diseases | https:/doi.org/10.1371/journal.pntd.0011982 March 12, 2025 22/23



https://doi.org/10.1079/pns2005474
http://www.ncbi.nlm.nih.gov/pubmed/16441944
https://ourworldindata.org/micronutrient-deficiency
https://doi.org/10.1371/journal.pone.0050568
http://www.ncbi.nlm.nih.gov/pubmed/23209782
https://doi.org/10.1371/journal.pntd.0002786
http://www.ncbi.nlm.nih.gov/pubmed/24722524
https://doi.org/10.1093/ofid/ofz257
http://www.ncbi.nlm.nih.gov/pubmed/31281858
https://doi.org/10.1371/journal.pone.0137727
https://doi.org/10.1371/journal.pone.0137727
http://www.ncbi.nlm.nih.gov/pubmed/26359865
https://doi.org/10.1155/2019/3720838
http://www.ncbi.nlm.nih.gov/pubmed/31662766
https://doi.org/10.1186/s12916-019-1417-3
https://doi.org/10.1186/s12916-019-1417-3
http://www.ncbi.nlm.nih.gov/pubmed/31760941
https://dhsprogram.com/pubs/pdf/PR149/PR149.pdf
https://doi.org/10.1017/S0029665121000549
http://www.ncbi.nlm.nih.gov/pubmed/33663621
https://doi.org/10.1101/cshperspect.a016295
http://www.ncbi.nlm.nih.gov/pubmed/25190079
https://doi.org/10.1016/j.bbi.2018.02.013
https://doi.org/10.1016/j.bbi.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29499302
https://doi.org/10.1007/s10068-017-0281-1
https://doi.org/10.1007/s10068-017-0281-1
http://www.ncbi.nlm.nih.gov/pubmed/30263756
https://doi.org/10.3945/an.117.016980
http://www.ncbi.nlm.nih.gov/pubmed/29141979
https://doi.org/10.1038/s41467-024-46449-8
http://www.ncbi.nlm.nih.gov/pubmed/38461302
https://doi.org/10.1016/j.micpath.2021.105269
http://www.ncbi.nlm.nih.gov/pubmed/34742891
https://doi.org/10.1017/S0029665118002501
https://doi.org/10.1017/S0029665118002501
http://www.ncbi.nlm.nih.gov/pubmed/30220267
https://doi.org/10.1086/646615
http://www.ncbi.nlm.nih.gov/pubmed/19863437
https://doi.org/10.1016/j.clnu.2012.01.002
https://doi.org/10.1016/j.clnu.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/22284340

PLOS NEGLECTED TROPICAL DISEASES Role of diet in the pathogenesis of Buruli ulcer

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Prasad AS. Effects of zinc deficiency on Th1 and Th2 cytokine shifts. J Infect Dis. 2000;182(Suppl
1):S62-8. https://doi.org/10.1086/315916 PMID: 10944485

Cuevas LE, Koyanagi A. Zinc and infection: a review. Ann Trop Paediatr. 2005;25(3):149-60. https://
doi.org/10.1179/146532805X58076 PMID: 16156979

Shankar AH, Prasad AS. Zinc and immune function: the biological basis of altered resistance to
infection. Am J Clin Nutr. 1998;68(2 Suppl):447S—-463S. https://doi.org/10.1093/ajcn/68.2.447S PMID:
9701160

Dehghan M, Mente A, Zhang X, Swaminathan S, Li W, Mohan V, et al. Associations of fats and
carbohydrate intake with cardiovascular disease and mortality in 18 countries from five continents
(PURE): a prospective cohort study. Lancet. 2017;390(10107):2050-62. https://doi.org/10.1016/S0140-
6736(17)32252-3 PMID: 28864332

Carr AC, Rosengrave PC, Bayer S, Chambers S, Mehrtens J, Shaw GM. Hypovitaminosis C and
vitamin C deficiency in critically ill patients despite recommended enteral and parenteral intakes. Crit
Care. 2017;21(1):300. https://doi.org/10.1186/s13054-017-1891-y PMID: 29228951

Pullar JM, Carr AC, Vissers MCM. The Roles of Vitamin C in Skin Health. Nutrients. 2017;9(8):866.
https://doi.org/10.3390/nu9080866 PMID: 28805671

Peterkofsky B. Ascorbate requirement for hydroxylation and secretion of procollagen: relationship to
inhibition of collagen synthesis in scurvy. Am J Clin Nutr. 1991;54(6 Suppl):1135S—11408S. https://doi.
org/10.1093/ajcn/54.6.1135s PMID: 1720597

Carr AC, Maggini S. Vitamin C and Immune Function. Nutrients. 2017;9(11):1211. https://doi.
0rg/10.3390/nu9111211 PMID: 29099763

Elmadfa I, Meyer AL. The Role of the Status of Selected Micronutrients in Shaping the Immune Func-
tion. Endocr Metab Immune Disord Drug Targets. 2019;19(8):1100—15. https://doi.org/10.2174/1871530
319666190529101816 PMID: 31142256

Guenin-Macé L, Veyron-Churlet R, Thoulouze M-I, Romet-Lemonne G, Hong H, Leadlay PF, et al.
Mycolactone activation of Wiskott-Aldrich syndrome proteins underpins Buruli ulcer formation. J Clin
Invest. 2013;123(4):1501-12. https://doi.org/10.1172/JCI66576 PMID: 23549080

Ugai K, Koffi DY, Kouadio K, Yao A, Yotsu RR. Nutritional status and wound healing in patients with
Mycobacterium ulcerans disease (Buruli ulcer): a pilot study from rural Céte d’Ivoire. Eur J Dermatol.
2022;32(2):227-36. https://doi.org/10.1684/ejd.2022.4225 PMID: 35866902

Koffi YD, Konan AG, Delmont J, Adjet AA, Rey JL. Nutritional approach to management of Buruli ulcer
in Cote d’lvoire. Med Sante Trop. 2019;29(4):409—14. https://doi.org/10.1684/mst.2019.0935 PMID:
31884996

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011982 March 12, 2025 23/23



https://doi.org/10.1086/315916
http://www.ncbi.nlm.nih.gov/pubmed/10944485
https://doi.org/10.1179/146532805X58076
https://doi.org/10.1179/146532805X58076
http://www.ncbi.nlm.nih.gov/pubmed/16156979
https://doi.org/10.1093/ajcn/68.2.447S
http://www.ncbi.nlm.nih.gov/pubmed/9701160
https://doi.org/10.1016/S0140-6736(17)32252-3
https://doi.org/10.1016/S0140-6736(17)32252-3
http://www.ncbi.nlm.nih.gov/pubmed/28864332
https://doi.org/10.1186/s13054-017-1891-y
http://www.ncbi.nlm.nih.gov/pubmed/29228951
https://doi.org/10.3390/nu9080866
http://www.ncbi.nlm.nih.gov/pubmed/28805671
https://doi.org/10.1093/ajcn/54.6.1135s
https://doi.org/10.1093/ajcn/54.6.1135s
http://www.ncbi.nlm.nih.gov/pubmed/1720597
https://doi.org/10.3390/nu9111211
https://doi.org/10.3390/nu9111211
http://www.ncbi.nlm.nih.gov/pubmed/29099763
https://doi.org/10.2174/1871530319666190529101816
https://doi.org/10.2174/1871530319666190529101816
http://www.ncbi.nlm.nih.gov/pubmed/31142256
https://doi.org/10.1172/JCI66576
http://www.ncbi.nlm.nih.gov/pubmed/23549080
https://doi.org/10.1684/ejd.2022.4225
http://www.ncbi.nlm.nih.gov/pubmed/35866902
https://doi.org/10.1684/mst.2019.0935
http://www.ncbi.nlm.nih.gov/pubmed/31884996

