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Citrulline and kynurenine 
to tryptophan ratio: potential 
EED (environmental enteric 
dysfunction) biomarkers in acute 
watery diarrhea among children 
in Bangladesh
Rina Das 1,2*, Md. Ahshanul Haque 1, Rukaeya Amin Sobi 1, Al‑Afroza Sultana 1, 
Murad Alam Khan 1, Amran Gazi 1, Mustafa Mahfuz 1,3, Baitun Nahar 1, 
Pradip Kumar Bardhan 1 & Tahmeed Ahmed 1,4,5

Two emerging biomarkers of environmental enteric dysfunction (EED) include plasma citrulline 
(CIT), and the kynurenine (KYN): tryptophan (TRP)/ (KT) ratio. We sought to investigate the plasma 
concentration of CIT and KT ratio among the children having dehydrating diarrhea and examine 
associations between concentrations of CIT and KT ratio with concurrent factors. For this analysis, 
we used cross‑sectional data from a total of 102, 6–36 months old male children who suffered from 
non‑cholera acute watery diarrhea and had some dehydration admitted to an urban diarrheal hospital, 
in Bangladesh. CIT, TRP, and KYN concentrations were determined at enrollment from plasma 
samples using ELIZA. At enrollment, the mean plasma CIT concentration was 864.48 ± 388.55 µmol/L. 
The mean plasma kynurenine, tryptophan concentrations, and the KT ratio (× 1000) were 
6.93 ± 3.08 µmol/L, 33.44 ± 16.39 µmol/L, and 12.12 ± 18.10, respectively. With increasing child age, 
KYN concentration decreased (coefficient: − 0.26; 95%CI: − 0.49, − 0.04; p = 0.021); with increasing 
lymphocyte count, CIT concentration decreased (coef.: − 0.01; 95% CI: − 0.02,0.001, p = 0.004); the 
wasted child had decreased KT ratio (coef.: − 0.6; 95% CI: − 1.18, − 0.02; p = 0.042) after adjusting for 
potential covariates. The CIT concentration was associated with blood neutrophils (coef.: 0.02; 95% 
CI: 0.01, 0.03; p < 0.001), lymphocytes (coef.: − 0.02; 95% CI: − 0.03, − 0.02; p < 0.001) and monocyte 
(coef.: 0.06; 95% CI: 0.01, 0.11; p = 0.021); KYN concentration was negatively associated with basophil 
(coef.: − 0.62; 95% CI: − 1.23, − 0.01; p = 0.048) after adjusting for age. In addition, total stool output 
(gm) increased (coef.: 793.84; 95% CI: 187.16, 1400.52; p = 0.011) and also increased duration of 
hospital stay (hour) (coef.: 22.89; 95% CI: 10.24, 35.54; p = 0.001) with increasing CIT concentration. 
The morphological changes associated with EED may increase the risk of enteric infection and 
diarrheal disease among children. Further research is critically needed to better understand the 
complex mechanisms by which EED biomarkers may impact susceptibility to dehydrating diarrhea in 
children.

Although oral rehydration therapy has greatly reduced diarrhea-associated mortality, the burden of diarrheal 
disease persists in children below 5 years who are living under unsanitary conditions and limited public health 
resources. This contributes to 43% of stunted growth and impaired cognitive development, affecting one-fifth 
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of children worldwide and one-third of children in low- and middle-income countries (LMICs)1,2.About 80% 
of the deaths from diarrhea among children happen in the African and South-East Asian regions including 
Bangladesh. According to the United Nations Children’s Emergency Fund (UNICEF), the mortality rate among 
children younger than age 5 years in Bangladesh has declined from 143 to 30 per 1000 live births but the trends 
in the prevalence of childhood diarrhea remained mostly unchanged during 1990–20183. Even with the progress 
in the management of diarrhea, it is still responsible for a death toll of about 525,000 deaths per year in under-
five children  worldwide4. However, Bangladesh remains among the top 15 countries with a high prevalence of 
childhood mortality attributable to ARI (Acute respiratory infection) and diarrhoeal  disease5. The vicious cycle 
of enteric infection and malnutrition often leads to enteropathy for extended periods in young children when 
adequate water and sanitation are  lacking1,6. This type of enteropathy is known as Environmental Enteric Dys-
function (EED). EED, previously known as tropical enteropathy or environmental enteropathy, is a sub-acute 
inflammatory condition of the small intestinal mucosa of unknown  etiology7. It is characterized by structural 
changes in the small intestine including villous atrophy and crypt hyperplasia compromising nutrient absorp-
tion and pathogenic barrier (increased permeability and inflammatory cell), impaired gut immune function, 
malabsorption, growth faltering, and generally asymptomatic, as distinct from the diarrheal  disease6,8.

Numerous biomarkers have been tested to gauge various elements of the proposed EED pathway because 
EED is a complicated condition with an uncertain origin and unclear diagnostic criteria. Five categories—
intestinal injury and repair, permeability and absorption, microbial translocation, intestinal inflammation, and 
systemic inflammation—were used to group the putative biomarkers in a recent review by Harper et al.9. Plasma 
citrulline (CIT), a sign of intestinal injury and repair, and the kynurenine: tryptophan (KT) ratio, a marker of 
systemic inflammation, are two newly discovered biomarkers. It is possible to measure intestinal epithelial cell 
loss, enterocyte bulk, and absorptive activity using CIT, a nonessential amino acid that is largely generated by 
 enterocytes10. A brand-new biomarker of the systemic immune response is the KT ratio. Pro-inflammatory 
cytokines, such as tumor necrosis factor-alpha (TNF-alpha), activate the indoleamine 2,3-dioxygenase (IDO1) 
enzyme during inflammation, which increases tryptophan catabolism to kynurenine and causes low tryptophan 
and high kynurenine concentrations as well as a raised KT  ratio11. Low tryptophan concentrations have been 
linked to slower linear growth rate, and tryptophan availability for protein synthesis is  reduced12,13. Additionally, 
kynurenine itself may have immunomodulatory properties, such as lowering T cell survival and  proliferation14.

One animal study reported lower plasma CIT levels in neonatal calves with diarrhea compared to healthy 
 control15. Tryptophan (TRP), a plant-derived essential amino acid (EAA) is needed to support growth and health 
in humans. Low plasma TRP, high KYN, and elevated KT ratio are found to be associated with infections (e.g. 
patients with inflammatory bowel disease suffer from diarrhea) and chronic immune  activation2. In diseases 
such as sepsis, type 2 diabetes, obesity, inflammatory bowel disease, and immunodeficiency syndrome, the KT 
ratio has been utilized as a measure of systemic  inflammation16–20. Additionally, it was discovered that among 
children in Malawi, serotonin/TRP and KT ratios were favorably linked with intestinal  permeability21. Since 
tryptophan cannot be converted back into protein after being converted to KYN or serotonin, their ratios to TRP 
can be utilized as a proxy indicator of inflammatory conditions. Plasma citrulline might be a good parameter for 
mucosal barrier injury in pediatric  patients22. In animals with parvoviral enteritis, the plasma CIT concentration 
has been studied to show acute small intestinal injury and assess its prognostic  importance23. Studies looked at 
whether citrulline levels in kids receiving a myeloablative allogeneic transplant regimen correspond with clini-
cal indicators of intestinal  damage24. An animal study found plasma citrulline is a sensitive safety biomarker for 
small intestinal injury in  rats25.

Each year, there are over 1.7 billion instances of diarrhea worldwide, making it the second largest cause of 
death for children under  five26. Acute infectious diarrheal diseases are caused by several microbial pathogens. 
The bacterial pathogens include Vibrio Cholerae, Enterotoxigenic E. coli, Shigella, Salmonella, and Campylobac-
ter. Rotavirus is the most prominent viral diarrheagenic pathogen and also the leading cause of infantile diar-
rhea, whereas Entamoeba histolytica, Giardia lamblia, and Cryptosporidium are the important parasites causing 
 diarrhea27. Based on the pathogenetic mechanisms, these organisms may be broadly divided into two groups—
secretory and  invasive28. There is insignificant inflammation or structural change in the intestinal mucosa and 
the diarrhea is  watery29. On the other hand, Shigella (the prototype invasive pathogen) invades the gut mucosa 
and induces an inflammatory reaction, producing a dysenteric  illness30. In developing countries, recent studies 
show that the commonest attributable microbial causes of moderate-to-severe diarrheal illnesses in infants and 
young children are: rotavirus, Cryptosporidium, and Enterotoxigenic E. coli producing heat-stable  toxins31. Long-
term exposure to enteric pathogens causes structural changes in the gut, including inflammation, epithelium 
destruction, blunting of the intestinal villa, and decreased nutritional  absorption32–35. While the morphological 
changes associated with EED may increase susceptibility to invasive enteric pathogens, no studies to date have 
examined the impact of childhood diarrhea on EED biomarkers.

Data are limited from LMICs including Bangladesh on inflammatory and pathological changes in the gut wall 
among children with dehydrating diarrhea. Although EED is recognized as an important predictor of susceptibil-
ity to diarrheal disease, no research to date has examined the mechanisms by which EED may cause diarrheal 
 disease36. In this study, the primary objectives were to (1) examine associations between baseline concentrations 
of these EED biomarkers and concurrent factors; and (2) hypothesize whether the raised EED biomarkers have 
any role in the hospital outcome of diarrheal children.

Result
Characteristics of the participants. A total of 102 venous blood samples were analyzed for citrulline, 
kynurenine, and tryptophan concentrations. The mean age at enrollment was 12.24 ± 4.78 months. The mean 
duration of diarrhea before hospitalization was 24.02 ± 10.86  h. More than 80% of patients had vomiting ≥ 3 
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times/day and 23.5% of patients were febrile. About 75% of children were breastfed. Around 85% of participants’ 
family income was more than 10,000 taka per month. 96% of children were vaccinated for the EPI (Extended 
Program on Immunization) vaccines according to their age. Children generally had a lower prevalence of stunt-
ing (13.73%), wasting (11.76%), and underweight (13.73%) at the time of enrollment. At baseline, the mean 
plasma CIT concentration was 864.48 ± 388.55 µmol/L. The mean plasma kynurenine and tryptophan concen-
trations and the KT ratio (× 1000) were 6.93 ± 3.08 µmol/L, 33.44 ± 16.39 µmol/L, and 12.12 ± 18.10, respectively. 
Around 76% of children living in a house had cemented floor material, 82% had improved toilet facility in the 
household, only 28% of children’s caregivers’ used boil water as a water treatment method for drinking purposes, 
and more than 90% of caregivers used soap and water for their handwashing practice and around 80% caregivers 
washed hand with soap before feeding a child. The mean duration of hospital stay was 54.84 ± 33.97 hours and 
the mean total stool output was 2158.12 ± 1590.9 gm. And 97.06% of enrolled children were discharged after 
recovering from diarrhea (Table 1).

Baseline citrulline, kynurenine, and tryptophan concentrations were positively correlated with one another; 
tryptophan correlated negatively with kynurenine, and the KT ratio correlated negatively with tryptophan, and 
positively with kynurenine which was statistically significant (Table 2).

Biomarkers of EED at baseline and associated predictors. With increasing child age, kynurenine 
concentration decreased (coef. − 0.26; 95% CI: − 0.49, − 0.04; p = 0.021); increasing lymphocyte count, CIT con-
centration decreased (coef. − 0.01; 95% CI: − 0.02,0.001, p = 0.004); wasted child had lower KT ratio (coef. − 0.6; 
95% CI: − 1.18, − 0.02; p = 0.042) after adjusting for potential covariates. However, there were no other associa-
tions between markers of intestinal injury repair and systemic inflammation and breastfeeding status, maternal 
education, WASH (water, sanitation, and hygiene), and isolated pathogens (EAEC and rotavirus) from baseline 
fecal samples (Table 3).

In Table 4, after adjustment of age in separate linear regression models the tryptophan concentration and the 
KT ratio were not associated with blood leukocyte concentrations (lymphocytes, monocytes, neutrophils, eosino-
phils, and basophils) as a marker of systemic inflammation (Table 4). However, CIT concentration was associated 
with neutrophils (coef.: 0.02; 95% CI: 0.01, 0.03; p < 0.001), lymphocytes (coef.: − 0.02; 95% CI: − 0.03, − 0.02; 
p < 0.001) and monocyte (coef.: 0.06; 95% CI: 0.01, 0.11; p = 0.021); kynurenine concentration was negatively 
associated with basophil (coef.: − 0.62; 95% CI: − 1.23, − 0.01; p = 0.048).

The co-pathogens (EAEC and rotavirus) isolated from baseline stool samples were not associated with citrul-
line, kynurenine, and tryptophan concentrations and the KT ratio at baseline (Table 5).

Biomarkers of EED at baseline and disease outcome. The EED biomarkers: kynurenine, tryptophan, 
and KT ratio had no association with the duration of hospitalization and total stool output. But with increasing 
CIT concentration, total stool output (gm) increased (coef.: 793.84; 95% CI: 187.16, 1400.52; p = 0.011) and also 
increased duration of hospital stay (hour) (coef.: 22.89; 95% CI: 10.24, 35.54; p = 0.001) and both were statisti-
cally significant (Table 6).

Discussion
Comparisons to the body of existing literature are challenging since this study is the first to explore the effects 
of dehydrating diarrhea on CIT and KT ratio as potential novel indicators of alterations in systemic inflamma-
tion and EED.

Age, lymphocyte count (a measure of systemic inflammation and immunological function), and wasting were 
the three primary groups into which concomitant covariates that were reliably related with citrulline, kynure-
nine, and tryptophan concentrations and the KT ratio tended to  cluster37,38. In our study we also found that with 
increasing child age, kynurenine concentration decreased, increasing lymphocyte count, and CIT concentration 
decreased. Some evidence suggested that tryptophan and citrulline were positively correlated with household 
wealth (e.g., socioeconomic status index and the presence of domestic animals in a household)39. But in our 
study, we could not observe any association with the presence of domestic animal and citrulline or kynurenine, 
as most of the enrolled children were from urban site. Citrulline, kynurenine, and tryptophan concentrations 
and the KT ratio, on the other hand, were only weakly significantly correlated with markers of anthropometry, 
IYCF (Infant and child feeding) practices, and maternal features, as other research  suggests12,40,41, but not  all12,42 
of the previous literature. There were only weak correlations in the current study between the KT ratio, citrulline, 
kynurenine, and tryptophan concentrations, and the indicators of water, sanitation, and hygiene (WASH). Recent 
community-based randomized controlled efficacy trials of three WASH interventions have been performed. These 
studies were predicated on the idea that fecal–oral pollution in the presence of subpar WASH causes  EED43–46. 
In Bangladesh, WASH interventions reduced intestinal permeability and inflammation in infants as young as 
3 months old when compared to controls, but they were later linked to higher EED biomarkers in infants as 
old as 28  months47–49. However, none of the three trials found a correlation between the WASH interventions 
and children’s growth, suggesting the interventions may not have been sufficiently intense to have a significant 
 influence43–46.

In the present study, citrulline was negatively associated with concurrent concentrations of lymphocytes and 
the Kynurenine was negatively associated with basophil count. The relationship between intestinal injury and 
repair and systemic inflammation was further supported by the favorable associations of citrulline with neu-
trophil and monocyte  count9. However, somewhat unexpectedly, we did not observe a significant association 
between blood leukocyte concentrations (as immune biomarkers) and tryptophan, or the KT ratio. Decreased 
citrulline and kynurenine levels have been reported during infections in animal  models13, likely due to increased 
IDO1 activity during  inflammation50. Higher plasma kynurenine levels could very well be associated with better 
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Variables n = 102 (%)

Age (months)* 12.24 ± 4.78

Duration of diarrhea before hospitalization (hours)* 24.02 ± 10.86

Breastfeed 77 (75.49)

Number of members in the household* 4.51 ± 1.44

Maternal education

 Below primary 15.69 (16)

 Primary and above 86 (84.31)

Family income (BDT) >  = 10,000/ month 86 (84.31)

Anthropometry

Stunted 14 (13.73)

Wasted 12 (11.76)

Underweight 14 (13.73)

Outcome

Total stool output from randomization to diarrhea resolved (gm)* 2158.12 ± 1590.9

Duration of hospital stay (hour)* 54.84 ± 33.97

Outcome

 Left against medical advice 1 (0.98)

 Transferred to another ward 2 (1.96)

 Usual discharge 99 (97.06)

Baseline laboratory investigations

Gut biomarkers*

Citrulline (µmol/L) (n = 101) 864.48 ± 388.55

Kynurenine (µmol/L) (n = 102) 6.93 ± 3.08

Tryptophan (µmol/L) (n = 102) 33.44 ± 16.39

KT ratio (ratio × 1,000) (n = 102) 12.12 ± 18.10

Complete blood picture*

Hemoglobin (Hb) gm/dl 10.18 ± 1.5

Total WBC count  (109/L) 11.48 ± 4.33

Neutrophils (%) 52.3 ± 14.86

Eosinophils (%) 0.98 ± 2.02

Basophils (%) 0.24 ± 0.14

Lymphocytes (%) 40.47 ± 14.38

Monocytes (%) 5.99 ± 2.07

Blood biochemistry*

Serum sodium (mmol/L) 136.72 ± 4.43

S. potassium (mmol/L) 4.27 ± 0.56

S. chloride (mmol/L) 109.18 ± 5.03

S. TCO2 (mmol/L) 15.9 ± 2.85

S. creatinine (micromole/L) 27.65 ± 6.33

Blood glucose (mmol/L) 5.25 ± 0.84

Pathogen isolated from stool

Cryptosporidium 5 (4.90)

V. cholerae 3 (2.94)

EPEC 1 (0.98)

EAEC 50 (49.02)

ETEC 1 (0.98)

Shigella 1 (0.98)

Campylobacter 2 (1.96)

Rotavirus antigen (positive) 80 (68.0)

Household characteristics

Floor material

 Cemented 68 (76.4)

 non-cemented 21 (23.6)

Available improved toilet facility 73 (82.02)

Handwashing practice

 Water only 6 (6.74)

Continued
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maintenance of T-cell homeostasis in healthy individuals, although such data have not, to our knowledge, been 
reported previously. This is why the negative correlation between citrulline and kynurenine levels and lymphocyte 
and basophil count observed in the current study was not entirely unexpected. A study conducted among rural 
Laotian children found, that the KT ratio was not associated with blood leukocyte concentrations (lymphocytes, 
monocytes, neutrophils, eosinophils, and basophils) but tryptophan level is positively associated with Lympho-
cyte  count51. Confirmation of this hypothesis would require further work with more specific characterization 
of systemic inflammation.

We did not find any association of pathogens (EAEC and rotavirus) isolated from the fecal samples of our 
study children. Similar findings were observed among the children in Zambia, the EED severity score was sig-
nificantly higher among asymptomatic controls compared to cases with rotavirus diarrhea (p = 0.02)26. Another 
study analyzed a total of 16 age-paired stool samples: 8 diarrheal samples positive for one diarrhoeagenic E. coli 
pathotype and 8 stool samples from healthy children and they observed almost similar findings: arginine levels 
were similar in both groups, but citrulline levels were higher in healthy  samples52. However, impacts from the 
metabolism of citrulline or tryptophan may also play a role in important pathways. These essential metabolites 
might be less readily available in children due to changed host or microbial metabolism or signaling, higher 
needs, or both. We also found that lower plasma tryptophan levels are not surprisingly associated with biomarkers 

Variables n = 102 (%)

 Soap and water 83 (93.26)

Use of water treatment method

 Boiled 25 (28.09)

 not boiled 64 (71.91)

Wash hands with soap before feeding a child 71 (79.78)

Table 1.  Baseline socio-demographic, anthropometric, clinical characteristics, and laboratory findings of 
the enrolled male children (6–36 months)  (n = 102).  *mean ± SD (standard deviation);  TCO2: total carbon 
dioxide; Stunting: height/length for age z score < -2; Wasting: weight for height z score < -2; Underweight: 
weight for age z score < -2; EAEC: Enteroaggresive E. coli; EPEC: Enteropathogenic E. coli; ETEC: 
Enterotoxigenic E. coli.

Table 2.  The correlation coefficient for gut health biomarkers at enrollment. KT kynurenine: tryptophan. 
*P value < 0.05.

Citrulline Kynurenine Tryptophan KT ratio

Citrulline 1 0.1687 0.2139* 0.8452

Kynurenine 1  − 0.5836* 0.8618*

Tryptophan 1  − 0.8999*

KT ratio 1

Table 3.  Gut health biomarkers at baseline and associated predictors. Coef.: coefficient; 95% CI: 95% 
confidence interval; Models adjusted for all the variables mentioned in the table at enrollment. Values represent 
the beta coefficient and 95% CI from linear regression models. For continuous predictors, this represents the 
change in outcome corresponding to a one-unit increase in the predictor. For dichotomous predictors, this 
corresponds to the change in mean concentration from the reference group.

Variables

Citrulline (µmol/L) 

P value

Kynurenine (µmol/L) 

P value

Tryptophan (µmol/L) 

P value

KT ratio (ratio × 1,000) 

P value
Adjusted Coef. (95% 
CI)*

Adjusted Coef. (95% 
CI)*

Adjusted Coef. (95% 
CI)* Adjusted Coef. (95% CI)*

Age (months)  − 0.1 (− 0.32,0.11) 0.346  − 0.26 (− 0.49, − 0.04) 0.021  − 0.2 (− 0.44,0.05) 0.113 0.13 (− 0.26,0.53) 0.507

Breastfeed  − 0.03 (− 0.27,0.2) 0.773  − 0.07 (− 0.31,0.17) 0.583  − 0.18 (− 0.45,0.08) 0.177 0.3 (− 0.13,0.73) 0.170

Wasting 0.07 (− 0.25,0.38) 0.678 0.03 (− 0.29,0.36) 0.840 0.32 (− 0.04,0.68) 0.084  − 0.6 (− 1.18, − 0.02) 0.042

Lymphocyte count  − 0.01 (− 0.02,0) 0.004 0.01 (− 0.01,0.01) 0.435 0.003 (− 0.01,0.01) 0.548 0 (− 0.02,0.01) 0.757

Maternal education (pri-
mary and above) 0.19 (− 0.14,0.51) 0.254 0.08 (− 0.25,0.41) 0.640 0.17 (− 0.19,0.54) 0.350  − 0.27 (− 0.86,0.32) 0.367

Improved toilet facility  − 0.15 (− 0.43,0.13) 0.292  − 0.28 (− 0.57,0.01) 0.055  − 0.09 (− 0.41,0.22) 0.558  − 0.09 (− 0.6,0.42) 0.714

Use boiled water for 
drinking 0.04 (− 0.2,0.28) 0.739  − 0.05 (− 0.29,0.19) 0.689  − 0.06 (− 0.33,0.21) 0.646 0.08 (− 0.36,0.51) 0.729

EAEC 0.06 (− 0.15,0.27) 0.572  − 0.11 (− 0.32,0.11) 0.335 0.04 (− 0.2,0.28) 0.723  − 0.19 (− 0.58,0.2) 0.326

Rotavirus 0.11 (− 0.15,0.37) 0.398  − 0.07 (− 0.33,0.2) 0.620  − 0.12 (− 0.41,0.18) 0.430 0.17 (− 0.3,0.64) 0.481
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of barrier disruption and intestinal and systemic  inflammation53. This information might be useful to identify 
mechanisms and signaling molecules involved in the crosstalk between EED biomarkers and the isolation of 
diarrhoeagenic E. coli and other pathogens in the stool.

In patients with inflammatory bowel illnesses, HIV patients, and those who are critically ill, plasma citrulline, 
which is virtually solely produced by the enterocytes, is a marker of enterocyte  mass54. It could be a quantitative 
biomarker of small intestine mass integrity in a group with tropical enteropathy and HIV-associated villous 
atrophy in Zambia that correlates with crypt depth and xylose  absorption55. In our study, we found almost 68% 
of children had rotaviral diarrhea. Viral infections damage small bowel enterocytes and cause low-grade fever 
and watery diarrhea without  blood56. Plasma Citrulline levels reflect enterocyte mass and children with viral 
watery diarrhea have acute enterocyte volume loss due to damage small bowel enterocytes. However, its appli-
cation in the context of children with dehydrating diarrhea is yet to be explored. In our analysis, we found that 
raised citrulline levels increased stool output among dehydrated hospitalized children and subsequently caused 
prolonged hospital stays. This might be due to the children who had higher citrulline levels had increased school 
output and had worse hospital outcomes due to more acute intestinal damage in dehydrating diarrhea. From a 
systematic review and meta-analysis57, citrulline levels are strongly negatively correlated with intestinal disease 

Table 4.  Concurrent predictors associated with citrulline, kynurenine, and tryptophan concentrations 
and the KT ratio at baseline with blood leukocyte concentrations (lymphocytes, monocytes, neutrophils, 
eosinophils, and basophils) as a marker of systemic inflammation. Coef.: coefficient; 95% CI: 95% confidence 
interval; *Models adjusted for age at enrollment. Values represent the beta coefficient and 95% CI from linear 
regression models. For continuous predictors, this represents the change in outcome corresponding to a one-
unit increase in the predictor.

Variables

Citrulline (µmol/L) Kynurenine (µmol/L) Tryptophan (µmol/L) KT (ratio × 1000) 

Adjusted 
Coef. (95% CI)* p-value

Adjusted 
Coef. (95% CI)* p-value

Adjusted 
Coef. (95% CI)* p-value

Adjusted 
Coef. (95% CI)* p-value

Total WBC count 
 x109L

 − 0.02 (− 0.04, 
0.01) 0.151 0.01 (− 0.01, 0.02) 0.617 0.01 (− 0.02, 0.03) 0.454  − 0.01 (− 0.06, 

0.03) 0.530

Neutrophils 0.01 (0.01, 0.02)  < 0.001 0.002 (− 0.003, 
0.01) 0.356 0.002 (− 0.01, 

0.01) 0.526  − 0.002 (− 0.04, 
0.01) 0.759

Eosinophil  − 0.01 (− 0.05, 
0.04) 0.812  − 0.01 (− 0.05, 

0.03) 0.571  − 0.004 (− 0.06, 
0.05) 0.864  − 0.002 (− 0.10, 

0.09) 0.952

Basophil  − 0.42 (− 1.15, 
0.31) 0.255  − 0.62 

(− 1.23, − 0.01) 0.048  − 0.66 (− 1.44, 
0.12) 0.096 0.70 (− 0.68, 2.09) 0.315

Lymphocytes  − 0.02 
(− 0.02, − 0.01)  < 0.001  − 0.002 (− 0.01, 

0.003) 0.437  − 0.002 (− 0.01, 
0.01) 0.504 0.002 (− 0.01, 

0.02) 0.681

Monocyte 0.06 (0.01, 0.10) 0.018  − 0.01 (− 0.05, 
0.03) 0.592 0.01 (− 0.04, 0.06) 0.679  − 0.03 (− 0.13, 

0.06) 0.475

Table 5.  Association of citrulline, kynurenine, and tryptophan concentrations and the KT ratio at baseline 
with isolated pathogens in stool culture. Coef.: coefficient; 95% CI: 95% confidence interval; *Models adjusted 
for age at enrollment. Values represent the beta coefficient and 95% CI from linear regression models.

Co-pathogens 
isolated

Citrulline (µmol/L) * Kynurenine (µmol/L) * Tryptophan (µmol/L) * KT (ratio × 1,000) *

Adjusted Coef. 
(95% CI)* p-value

Adjusted 
Coef. (95% CI) * p-value

Adjusted Coef. 
(95% CI). * p-value

Adjusted Coef. 
(95% CI)* p-value

EAEC 0.03 (− 0.17,0.23) 0.780  − 0.05 
(− 0.22,0.12) 0.531 0.1 (− 0.11,0.32) 0.341  − 0.27 (− 0.65, 

0.12) 0.170

Rotavirus 0.12 (− 0.12,0.36) 0.341  − 0.14 
(− 0.38,0.09) 0.232  − 0.18 

(− 0.44,0.08) 0.179 0.22 (− 0.22, 0.65) 0.328

Table 6.  Association of citrulline, kynurenine, and tryptophan concentrations and the KT ratio at baseline 
with diarrhea outcome. Coef.: coefficient; 95% CI: 95% confidence interval; Separate models adjusted for age at 
enrollment. Values represent the beta coefficient and 95% CI from linear regression models.

Gut EED biomarkers

Total stool output (gm) Duration of hospital stay (hour)

Adjusted Coef. (95% CI)* p-value
Adjusted Coef. (95% 
CI)* p-value

Citrulline (µmol/L) 793.84 (187.16, 1400.52) 0.011 22.89 (10.24, 35.54) 0.001

Kynurenine (µmol/L)  − 21.06 (− 778.62, 736.50) 0.956  − .04 (− 16.08, 16.01) 0.996

Tryptophan (µmol/L)  − 509.69 (− 1092.10, 72.73) 0.086  − 6.62 (− 19.17, 5.92) 0.297

KT (ratio × 1,000) 328.13 (− 3.03, 659.29) 0.052 4.49 (− 2.81, 11.79) 0.225
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severity with regard to enteropathies (coeliac disease, tropical enteropathy, mucositis, acute rejection in intestinal 
transplantation, but not Crohn’s disease), and strongly positively correlated with small bowel length in patients 
with short bowel syndrome. Citrulline levels were 10 μmol/L lower compared to controls, and citrulline cut-off 
levels have an overall sensitivity and specificity of 80%. According to these findings, citrulline may be a sign of 
acute intestine damage or intestinal  insufficiency57. The importance of plasma citrulline as a biomarker of gut 
mass, where plasma citrulline levels are predictive of intestinal healing, has also been highlighted by studies in 
children with short bowel  syndrome58,59. Overall, further studies are recommended as exploratory EED bio-
markers among children with dehydrating diarrhea which is essential to foster the hypothesis and to understand 
completely the clinical relevance of citrulline among the diarrhea patients for better hospital outcome.

This analysis has several limitations. A primary limitation of this study is the lack of clear diagnostic criteria 
for EED. We used cross-sectional data and had a small sample size; therefore, we are unable to draw any conclu-
sions about the causality of the link between EED biomarkers and dehydration acute diarrhea. Based on univari-
ate relationships with the outcome of diarrheal disease, data-driven selection of factors to include in adjusted 
models may be more susceptible to unmeasured confounding. Moreover, we did not analyze fecal markers of 
intestinal inflammation in the trial for our cost constraints. As the data were collected from hospital-admitted 
male children of an urban hospital in Bangladesh, results may not be generalizable for all. Nevertheless, the 
present study provided new insights into the role of CIT and KT ratios with dehydrating diarrhea and their 
hospital outcome.

We provide the first estimates, to our knowledge, of the association between dehydrating watery diarrhea 
and EED biomarkers. Our findings not only identify the predictors of EED biomarkers among children having 
diarrhea but also stress the urgent requirement for EED measures to be included in upcoming research projects 
in order to better understand the intricate correlations between diarrheal disease and EED biomarkers. Future 
research examining the association between EED biomarkers and diarrheal disease should therefore utilize 
longitudinal follow-ups.

Methodology
Study design, study setting, and study population. The current analyses are based on data from a 
subsample of 102 participants enrolled in the VS002A clinical  trial60. The VS002A trial is a randomized, double-
blind, two-cell superiority clinical trial comparing WHO-ORS and amino acid-based ORS: VS002A conducted 
in children, presenting with non-bloody acute non-cholera diarrhea with some dehydration in the Dhaka Hos-
pital of icddr,b situated in Dhaka, capital of Bangladesh. The Dhaka Hospital is the largest diarrheal disease 
hospital in the world. An average of 250 patients are treated in the hospital each day. Details about the study site 
have been reported  elsewhere61.

In brief, the study was conducted among 312 male (to facilitate separate collection of urine and stool) children 
who were 6–36 months old presenting with non-cholera acute watery diarrhea (onset ≤ 48 h) and some dehydra-
tion, admitted to Dhaka Hospital of icddr,b in between June 2021 and September 2022.

Children were eligible to participate in the study if they were 6–36 months, duration of diarrhea ≤ 48 h, some 
dehydration (judged clinically according to the “Dhaka method”)62, and written informed consent was obtained 
by either parent/guardian. Children were excluded from the study if they presented with any of the following: 
Severe malnutrition (Weight-for-length WLZ/weight-for-height WHZ/ weight-for-age WAZ < − 3 or presence 
of nutritional edema), patients with cholera, bloody diarrhea, presence of systemic illness (e.g. Pneumonia, 
tuberculosis, enteric fever, meningitis, etc.), any congenital anomaly or disorder (e.g. diagnosed inborn error of 
metabolism, congenital cardiac disease, seizure disorders, hypothyroidism, Down’s syndrome, etc.), a requirement 
of additional intravenous fluids after being provided with an IV for 4 h on admission if severely dehydrated, has 
documentation of taking antibiotics and/or antidiarrheal within the last 48 h before hospitalization. The study 
protocol is described in  detail60.

For this study, the sample was restricted to 102 enrolled children based on the availability of tests done for 
biomarkers in the laboratory except for the weekly holidays from June 2021 to March 2022. To date, as there is 
no data available for this type of study, we estimated to collect first one-third of patients’ EED biomarker data 
from the total enrolled children (n = 312) admitted in icddr,b Dhaka Hospital with dehydrating diarrhea based 
on our study budget and cost (Fig. 1, Supplementary file 1).

Ethical consideration. The study was conducted following the Declaration of Helsinki of 1975, revised in 
1983, and was approved by the Institutional Review Board (IRB) of icddr,b (protocol no PR-17028). The IRB 
of icddr,b comprises the Research Review Committee (RRC) and Ethical Review Committee (ERC). This study 
was registered as a clinical trial (www. Clini calTr ials. gov; NCT04677296. Registered on December 21, 2020). All 
methods were performed in accordance with the relevant guidelines and regulations. https:// clini caltr ials. gov/ 
ct2/ show/ NCT04 677296? term= NCT04 67729 6& draw= 2& rank=1. Written informed consent was obtained from 
the parents or legal guardians of every child.

Data collection. Case record form. Information on maternal and paternal education, household socio-
economic and demographic characteristics, infant and young child feeding (IYCF) practices (breastfeeding, and 
formula feeding), and vaccination were collected via a structured interview at the time of enrollment. A thor-
ough clinical history and physical examination were done, and body weight and height were measured. For 
children, weight-for-age (WAZ), length-for-age (LAZ), and weight-for-length (WHZ) Z-scores were calculated 
according to the WHO growth standards at  enrollment63.

http://www.ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT04677296?term=NCT04677296&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04677296?term=NCT04677296&draw=2&rank=1
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Variable of interest. Based on a comprehensive literature review, previous descriptive studies, and the 
availability of data in our investigation, several variables were considered explanatory variables. The outcome 
variables for this study were the level of gut health biomarkers: citrulline and KT ratio among the children hav-
ing dehydrating diarrhea.

Household data. During hospital visits, detailed household data were obtained. The household demographic 
variables included type of floor (cemented or non-cemented), handwashing practices (before nursing or pre-
paring baby food; after cleaning a child), access and the main source of drinking water (tube well water and 
non-tube well water), water treatment method (boiled or not), sanitation facilities (improved toilet facility for 
disposal of human fecal waste available or not), and the use of handwashing materials (water with soap or with-
out soap). Parenteral education (illiterate or below primary level or primary and above), household size (number 
of children < 5 years of age), family income.

Feeding history. Breastfeeding referred to the breastfed baby or not. And whether the child was offered formula 
milk or not.

Vomiting and fever. Many of the components, such as vomiting (≥ 3 times/ day), and fever on admission (meas-
ured at least 38 degrees Celsius) were assessed.

Vaccination status. Defined as not vaccinated/vaccinated (age appropriate)/partially vaccinated, which can 
only be retrospectively assessed.

Measurement of stool output and hospital outcome. Stool output was measured from 4 h up to 120 h after rand-
omization. We analyzed the data on total stool output (gram) till caseation of diarrhea (passage of soft or formed 
stool/no stool for 12 h) in the hospital, total duration of hospital stays in hours, and outcome of the child: usual 
discharge/treatment failure/DORB (Discharge on risk bond)/ dropout.

Assessed for eligibility (n= 425)

Excluded (n= 222)
� Antibiotic received (n= 112)
� Declined to participate (n= 53)
� Other reasons (n= 57 )
-Systemic Illness (n=18)
-Severe malnutrition (n=16)
-Blood in stool (n=11)
-Cholkit positive (n=5)
- Addi�onal IV on Admission (n=4)
- Congenital Disorder/ Anomaly (n=3)

Randomized (n= 203)

Biomarker Analysis (n= 102)

Excluded (n= 101)
(Admitted on weekly holidays from June 
2021 to March 2022)

Figure 1.  Study flow diagram.
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Stool sample collection and fecal microbiology. A single, fresh, stool specimen was collected from all enrolled 
patients at the time of enrollment, and immediately Cholkit  test64 was done to exclude Vibrio Cholerae. Then sub-
mitted immediately to the clinical microbiology laboratory in Dhaka Hospital. All stool samples were routinely 
screened for common enteric pathogens, including bacterial pathogens (Salmonella, Shigella, Vibrio cholerae, 
Campylobacter, Aeromonas spp. and (enterotoxigenic, enteropathogenic, and enteroaggregative) Escherichia 
coli), rotaviruses antigen, and protozoa (Giardia intestinalis, Entamoeba histolytica, and Cryptosporidium spp.) 
have been identified by standard laboratory methods referred  elsewhere65,66. Susceptibility to antimicrobials was 
determined by the standard disc diffusion method on Muller–Hinton agar with commercial discs (BD, Becton, 
Dickinson, and Company, Franklin Lakes, NJ), and the results were reported as S, I, R (sensitive, intermediate, 
and resistant) by a method based on the cutoff of the zone size for different antibiotics according to the latest 
available Clinical and Laboratory Standards Institute  guidelines67.

Baseline blood biochemistry. Around 5 ml of venous blood samples were collected at enrolment and 24 h after 
the enrollment to determine serum electrolytes and blood glucose. We also performed a complete blood count, 
and serum creatinine, for all 102 patients on admission following standard microbiological laboratory proce-
dures in the Dhaka Hospital, icddr,b68.

Gut health biomarkers. On admission and 24 h after enrolment of the 102 children, plasma CIT and KT 
ratios were measured to assess the absorptive functions of the intestine and gut inflammation. The tests were 
done at the icddr,b laboratory, using the serum collected for routine blood testing, therefore no extra amount of 
blood or venipuncture was required. To separate the plasma, blood samples were centrifuged at 4000 rotations 
per minute (rpm) for 10 min. Quantitative analyses of plasma CIT concentrations and KT ratios are performed 
at icddr,b using the Enzyme-linked immunosorbent assay (ELISA) method.

Determination of citrulline and K/T ratio with enzyme‑linked immunosorbent assay 
(ELISA). Citrulline, tryptophan (Immusmol, Bordeaux, France), and kynurenine (Immusmol, Bordeaux, 
France) levels were determined using commercially available kits following the manufacturer’s instructions. The 
measurement ranges for kynurenine and tryptophan were from 0.5 to 50 μmol/L and 15 to 150 μmol/L respec-
tively. All samples yielded measurable results and are included in the data presented. The KT ratio was obtained 
by dividing the plasma concentration of KYN (μmol/L) by the TRP concentration (μmol/L) and multiplying the 
quotient by  100016,17. The methods to determine CIT and KT ratios are described in detail  elsewhere69,70.

Statistical analysis. We reported the child, parental, and household-level characteristics by using mean 
and standard deviation (SD) for continuous variables and frequency as a percentage for categorical variables 
to summarize the data. Raw data of EED biomarkers were subsequently normalized by log transformation. To 
examine the relations between biomarkers of EED at baseline and associated predictors, potential factors associ-
ated with citrulline, kynurenine, and tryptophan concentrations and the KT ratio were examined with linear 
regression; analyses were adjusted for age, breastfeeding status, wasting, lymphocyte count, maternal education, 
WASH and co-pathogen (EAEC and rotavirus) isolated from stool sample at enrollment; dependent variables 
were the EED biomarkers. In addition, to find the association between hospital outcome with EED biomark-
ers among diarrheal children we used a linear regression model where the outcome variables were duration of 
hospitalization (hours) till diarrhea ceased and total stool output during hospitalization in gram. Minimally 
adjusted separate models controlled for child age were used during the analysis (due to the small sample size, 
n = 102). To detect multicollinearity, the variance inflation factor (VIF) was calculated, and no variable produc-
ing a VIF value > 5 was found in the final model. The criterion of significance was set at 0.05, and 95% confidence 
intervals were calculated to determine the directions and strength of the effects. All data were analyzed using 
version 15.0 IC of STATA (College Station, TX, USA: Stata Corp LLC).

Informed consent. Written informed consent was obtained from all the participants involved in this study.

Data availability
The dataset analyzed during the current study are not publicly available due to the data of this manuscript has 
been obtained from a clinical trial with a huge data set that deals with several objectives. The submitted manu-
script deals with one of the objectives of that data set. This data set contains some personal information of the 
study patients (such as name, date of birth, admission date, month, and area of residence). However, during 
taking the consent from the patients, it has been ensured that their personal information of them will not be 
disclosed, but, the study results will be published. Thus, the availability of this whole data set in the manuscript, 
the supplemental files, or a public repository will open all the personal information of the patients that should 
not be disclosed; additionally, this will disclose other important information that is yet to be published. Thus, the 
policy of our center (icddr,b) is that we should not make the availability of the whole data set in the manuscript, 
the supplemental files, or a public repository. However, part of the data set related to this manuscript is available 
upon request and readers may contact Ms. Armana Ahmed (aahmed@icddrb.org) of the Research Administra-
tion & Strategy of icddr,b to request the data (http:// www. icddrb. org/).

Received: 11 August 2022; Accepted: 12 January 2023

http://www.icddrb.org/


10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1416  | https://doi.org/10.1038/s41598-023-28114-0

www.nature.com/scientificreports/

References
 1. Guerrant, R. L. et al. Magnitude and impact of diarrheal diseases. Arch. Med. Res. 33, 351–355 (2013).
 2. Kosek, M., Bern, C. & Guerrant, R. L. The global burden of diarrhoeal disease, as estimated from studies published between 1992 

and 2000. Bull. World Health Organ. 81, 197–204 (2003).
 3. Kamal, M. M., Tewabe, T., Tsheten, T. & Hossain, S. Z. Individual- and community-level factors associated with diarrhea in children 

younger than age 5 years in Bangladesh: Evidence from the 2014 Bangladesh demographic and health survey. Curr. Ther. Res. 97, 
100686. https:// doi. org/ 10. 1016/j. curth eres. 2022. 100686 (2022).

 4. Hossain, M. I., Faruque, A. S. G., Sarmin, M., Chisti, M. J. & Ahmed, T. Prolonged diarrhea among under-five children in Bang-
ladesh: Burden and risk factors. PLoS ONE 17 (10), e0273148. https:// doi. org/ 10. 1371/ journ al. pone. 02731 48 (2022).

 5. Sultana, M. et al. Prevalence, determinants and health care-seeking behavior of childhood acute respiratory tract infections in 
Bangladesh. PLoS ONE 14 (1), e0210433 (2019).

 6. Owino, V. et al. Environmental enteric dysfunction and growth failure/stunting in global child health. Pediatrics 138 (6), e20160641 
(2016).

 7. Ramakrishna, B. S., Venkataraman, S. & Mukhopadhya, A. Tropical malabsorption. Postgrad. Med. J. 82 (974), 779–787 (2006).
 8. Sullivan, P. B. et al. Chronic diarrhea and malnutrition–histology of the small intestinal lesion. J. Pediatr. Gastroenterol. Nutr. 12 

(2), 195–203 (1991).
 9. Harper, K. M., Mutasa, M., Prendergast, A. J., Humphrey, J. & Manges, A. R. Environmental enteric dysfunction pathways and 

child stunting: A systematic review. PLoS Negl. Trop. Dis. 12 (1), e0006205 (2018).
 10. Crenn, P. et al. Plasma citrulline: A marker of enterocyte mass in villous atrophy-associated small bowel disease. Gastroenterology 

124 (5), 1210–1219 (2003).
 11. DeBoer, M. D. et al. Early life interventions for childhood growth and development in tanzania (ELICIT): A protocol for a ran-

domised factorial, double-blind, placebo-controlled trial of azithromycin, nitazoxanide and nicotinamide. BMJ Open 8 (7), e021817 
(2018).

 12. Kosek, M. N. et al. Plasma tryptophan and the kynurenine–tryptophan ratio are associated with the acquisition of statural growth 
deficits and oral vaccine underperformance in populations with environmental enteropathy. Am. J. Trop. Med. Hyg. 95 (4), 928 
(2016).

 13. Floc’h, L., Otten, W. & Merlot, E. Tryptophan metabolism, from nutrition to potential therapeutic applications. Amino Acids. 41 
(5), 1195–1205 (2011).

 14. Cervenka, I., Agudelo, L. Z. & Ruas, J. L. Kynurenines: Tryptophan’s metabolites in exercise, inflammation, and mental health. 
Science 357 (6349), eaaf9794 (2017).

 15. Gultekin, M. et al. Plasma citrulline, arginine, nitric oxide, and blood ammonia levels in neonatal calves with acute diarrhea. J. 
Vet. Intern. Med. 33 (2), 987–998 (2019).

 16. Darcy, C. J. et al. An observational cohort study of the kynurenine to tryptophan ratio in sepsis: Association with impaired immune 
and microvascular function. PLoS ONE 6 (6), e21185 (2011).

 17. Huengsberg, M. et al. Serum kynurenine-to-tryptophan ratio increases with progressive disease in HIV-infected patients. Clin. 
Chem. 44 (4), 858–862 (1998).

 18. Rebnord, E. W. et al. The kynurenine: Tryptophan ratio as a predictor of incident type 2 diabetes mellitus in individuals with 
coronary artery disease. Diabetologia 60 (9), 1712–1721 (2017).

 19. Favennec, M. et al. The kynurenine pathway is activated in human obesity and shifted toward kynurenine monooxygenase activa-
tion. Obesity 23 (10), 2066–2074 (2015).

 20. Ciorba, M. A. Indoleamine 2, 3 dioxygenase (IDO) in intestinal disease. Curr. Opin. Gastroenterol. 29 (2), 146 (2013).
 21. Semba, R. D. et al. Metabolic alterations in children with environmental enteric dysfunction. Sci. Rep. 6 (1), 1–9 (2016).
 22. van Vliet, M. J. et al. Citrulline as a marker for chemotherapy induced mucosal barrier injury in pediatric patients. Pediatr. Blood 

Cancer 53 (7), 1188–1194 (2009).
 23. Dossin, O. et al. Effect of parvoviral enteritis on plasma citrulline concentration in dogs. J. Vet. Intern. Med. 25 (2), 215–221 (2011).
 24. Karlik, J. B. et al. Plasma citrulline as a biomarker for enterocyte integrity in pediatric blood and BMT. Bone Marrow Transplant. 

49 (3), 449–450. https:// doi. org/ 10. 1038/ bmt. 2013. 165 (2014).
 25. Saitoh, W. et al. Plasma citrulline is a sensitive safety biomarker for small intestinal injury in rats. Toxicol. Lett. 295, 416–423. 

https:// doi. org/ 10. 1016/j. toxlet. 2018. 07. 009 (2018).
 26. Koyuncu, A., Simuyandi, M., Bosomprah, S. & Chilengi, R. Nutritional status, environmental enteric dysfunction, and prevalence 

of rotavirus diarrhoea among children in Zambia. PLoS ONE 15 (10), e0240258. https:// doi. org/ 10. 1371/ journ al. pone. 02402 58 
(2020).

 27. Tellevik, M. G. et al. Prevalence of Cryptosporidium parvum/hominis, Entamoeba histolytica and Giardia lamblia among young 
children with and without diarrhea in Dar es Salaam, Tanzania. PLoS Negl. Trop. Dis. 9 (10), e0004125 (2015).

 28. Giannella, R. A., Formal, S. B., Dammin, G. J. & Collins, H. Pathogenesis of salmonellosis studies of fluid secretion, mucosal inva-
sion, and morphologic reaction in the rabbit ileum. J. Clin. Investig. 52 (2), 441–453 (1973).

 29. Sharma, S. & Sinha, V. R. Current pharmaceutical strategies for efficient site specific delivery in inflamed distal intestinal mucosa. 
J. Control. Release 272, 97–106 (2018).

 30. Levine, M. M. Bacillary dysentery: Mechanisms and treatment. Med. Clin. North Am. 66 (3), 623–638 (1982).
 31. Podewils, L. J., Mintz, E. D., Nataro, J. P. & Parashar, U. D. Acute, infectious diarrhea among children in developing countries. 

Semin. Pediatr. Infect. Dis. 15 (3), 155–168. https:// doi. org/ 10. 1053/j. spid. 2004. 05. 008 (2004).
 32. Korpe, P. S. & Petri, W. A. Jr. Environmental enteropathy: Critical implications of a poorly understood condition. Trends Mol. Med. 

18 (6), 328–336 (2012).
 33. Kosek, M. et al. Fecal markers of intestinal inflammation and permeability associated with the subsequent acquisition of linear 

growth deficits in infants. Am. J. Trop. Med. Hyg. 88 (2), 390–396 (2013).
 34. Prendergast, A. J. et al. Assessment of environmental enteric dysfunction in the SHINE trial: Methods and challenges. Clin. Infect. 

Dis. 61 (suppl7), S726–S732 (2015).
 35. Prendergast, A. & Kelly, P. Enteropathies in the developing world: Neglected effects on global health. Am. J. Trop. Med. Hyg. 86 

(5), 756 (2012).
 36. Crane, R. J., Jones, K. D. & Berkley, J. A. Environmental enteric dysfunction: An overview. Food Nutr. Bull. 36 (1 Suppl), S76-87. 

https:// doi. org/ 10. 1177/ 15648 26515 0361s 113 (2015).
 37. Wachter, H., Fuchs, D., Hausen, A., et al. Neopterin: Biochemistry-methods-clinical application. Walter de Gruyter (2011).
 38. Wen, B. Understanding Pathways Underlying Inpatient Mortality of Children with Complicated Severe Malnutrition. University of 

Toronto (Canada) (2022).
 39. Crane, R. Epidemiology of environmental enteric dysfunction, malnutrition and intestinal microbiota amongst children in Kilifi, 

Kenya. (2019).
 40. Danaei, G. et al. Risk factors for childhood stunting in 137 developing countries: A comparative risk assessment analysis at global, 

regional, and country levels. PLoS Med. 13 (11), e1002164 (2016).
 41. Gosselin, K. et al. Serum citrulline does not predict stunting or environmental enteric dysfunction in Tanzanian and Malawian 

infants. FASEB J. 29, 403–405 (2015).

https://doi.org/10.1016/j.curtheres.2022.100686
https://doi.org/10.1371/journal.pone.0273148
https://doi.org/10.1038/bmt.2013.165
https://doi.org/10.1016/j.toxlet.2018.07.009
https://doi.org/10.1371/journal.pone.0240258
https://doi.org/10.1053/j.spid.2004.05.008
https://doi.org/10.1177/15648265150361s113


11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1416  | https://doi.org/10.1038/s41598-023-28114-0

www.nature.com/scientificreports/

 42. Guerrant, R. L. et al. Biomarkers of environmental enteropathy, inflammation, stunting, and impaired growth in children in 
northeast Brazil. PLoS ONE 11 (9), e0158772 (2016).

 43. Null, C. et al. Effects of water quality, sanitation, handwashing, and nutritional interventions on diarrhoea and child growth in 
rural Kenya: A cluster-randomised controlled trial. Lancet Glob. Health 6 (3), e316–e329 (2018).

 44. Humphrey, J. H. et al. Independent and combined effects of improved water, sanitation, and hygiene, and improved complemen-
tary feeding, on child stunting and anaemia in rural Zimbabwe: A cluster-randomised trial. Lancet Glob. Health 7 (1), e132–e147 
(2019).

 45. Prendergast, A. J. et al. Independent and combined effects of improved water, sanitation, and hygiene, and improved complementary 
feeding, on stunting and anaemia among HIV-exposed children in rural Zimbabwe: A cluster-randomised controlled trial. Lancet 
Child Adolesc. Health 3 (2), 77–90 (2019).

 46. Luby, S. P. et al. Effects of water quality, sanitation, handwashing, and nutritional interventions on diarrhoea and child growth in 
rural Bangladesh: A cluster randomised controlled trial. Lancet Glob. Health 6 (3), e302–e315 (2018).

 47. Lin, A. et al. Effects of water, sanitation, handwashing, and nutritional interventions on environmental enteric dysfunction in 
young children: A cluster-randomized, controlled trial in rural Bangladesh. Clin. Infect. Dis. 70 (5), 738–747. https:// doi. org/ 10. 
1093/ cid/ ciz291 (2019).

 48. Gough, E. K. et al. Effects of improved water, sanitation, and hygiene and improved complementary feeding on environmental 
enteric dysfunction in children in rural Zimbabwe: A cluster-randomized controlled trial. PLoS Negl. Trop. Dis. 14 (2), e0007963. 
https:// doi. org/ 10. 1371/ journ al. pntd. 00079 63 (2020).

 49. Mutasa, K. et al. Biomarkers of environmental enteric dysfunction are not consistently associated with linear growth velocity in 
rural Zimbabwean infants. Am. J. Clin. Nutr. 113 (5), 1185–1198. https:// doi. org/ 10. 1093/ ajcn/ nqaa4 16 (2021).

 50. Van der Leek, A. P., Yanishevsky, Y. & Kozyrskyj, A. L. The kynurenine pathway as a novel link between allergy and the gut micro-
biome. Front. Immunol. 8, 1374 (2017).

 51. Wessells, K. R. et al. Impact of daily preventive zinc or therapeutic zinc supplementation for diarrhea on plasma biomarkers of 
environmental enteric dysfunction among rural laotian children: a randomized controlled trial. Am. J. Trop. Med. Hyg. 102 (2), 
415–426. https:// doi. org/ 10. 4269/ ajtmh. 19- 0584 (2020).

 52. Gallardo, P. et al. Gut microbiota-metabolome changes in children with diarrhea by diarrheagenic E. coli. Front. Cell Infect. Micro-
biol. 10, 485. https:// doi. org/ 10. 3389/ fcimb. 2020. 00485 (2020).

 53. Guerrant, R. L. et al. Biomarkers of environmental enteropathy, inflammation, stunting, and impaired growth in children in 
Northeast Brazil. PLoS ONE 11 (9), e0158772. https:// doi. org/ 10. 1371/ journ al. pone. 01587 72 (2016).

 54. Lanyero, B. et al. Correlates of gut function in children hospitalized for severe acute malnutrition, a cross-sectional study in Uganda. 
J. Pediatr. Gastroenterol. Nutr. 69 (3), 292–298. https:// doi. org/ 10. 1097/ mpg. 00000 00000 002381 (2019).

 55. Guerrant, R. L., DeBoer, M. D., Moore, S. R., Scharf, R. J. & Lima, A. A. M. The impoverished gut—A triple burden of diarrhoea, 
stunting and chronic disease. Nat. Rev. Gastroenterol. Hepatol. 10 (4), 220–229. https:// doi. org/ 10. 1038/ nrgas tro. 2012. 239 (2013).

 56. Elliott, E. J. Acute gastroenteritis in children. BMJ (Clin. Res. Ed.) 334 (7583), 35–40. https:// doi. org/ 10. 1136/ bmj. 39036. 406169. 
80 (2007).

 57. Fragkos, K. C. & Forbes, A. Citrulline as a marker of intestinal function and absorption in clinical settings: A systematic review 
and meta-analysis. United Eur. Gastroenterol. J. 6 (2), 181–191. https:// doi. org/ 10. 1177/ 20506 40617 737632 (2018).

 58. Jianfeng, G. et al. Serum citrulline is a simple quantitative marker for small intestinal enterocytes mass and absorption function 
in short bowel patients. J. Surg. Res. 127 (2), 177–182 (2005).

 59. Bailly-Botuha, C. et al. Plasma citrulline concentration reflects enterocyte mass in children with short bowel syndrome. Pediatr. 
Res. 65 (5), 559–563 (2009).

 60. Das, R. et al. A double-blind clinical trial to compare the efficacy and safety of a multiple amino acid-based ORS with the standard 
WHO-ORS in the management of non-cholera acute watery diarrhea in infants and young children: “VS002A” trial protocol. Trials 
23 (1), 706. https:// doi. org/ 10. 1186/ s13063- 022- 06601-5 (2022).

 61. Chisti, M. J. et al. A prospective study of the prevalence of tuberculosis and bacteraemia in Bangladeshi children with severe 
malnutrition and pneumonia including an evaluation of Xpert MTB/RIF assay. PLoS ONE 9 (4), e93776 (2014).

 62. Farthing, M. et al. Acute diarrhea in adults and children: A global perspective. J. Clin. Gastroenterol. 47 (1), 12–20. https:// doi. org/ 
10. 1097/ MCG. 0b013 e3182 6df662 (2013).

 63. Group WMGRS. WHO Child Growth Standards based on length/height, weight and age. Acta Paediatr. (Oslo, Norway: 1992) 
Supplement 450, 76–85 (2006).

 64. Sayeed, M. A. et al. Development of a new dipstick (Cholkit) for rapid detection of Vibrio cholerae O1 in acute watery diarrheal 
stools. PLoS Negl. Trop. Dis. 12 (3), e0006286 (2018).

 65. Isenberg, H. D. Essential Procedures for Clinical Microbiology (ASM press, 1998).
 66. Holt, J. G., Krieg, N. R., Sneath, P. H. Bergey’s manual of determinative bacterology. (1994).
 67. WHO. Manual for laboratory investigations of acute enteric infections. Manual for Laboratory Investigations of Acute Enteric 

Infections. (1987).
 68. Shahunja, K. et al. Predictors of death in under-five children with sepsis attending an urban diarrheal treatment centre in Bang-

ladesh. Food Nutr. Sci. 4 (7), 709 (2013).
 69. Adu-Gyamfi, C. G. et al. Diagnostic accuracy of plasma kynurenine/tryptophan ratio, measured by enzyme-linked immunosorbent 

assay, for pulmonary tuberculosis. Int. J. Infect. Dis. 99, 441–448 (2020).
 70. Kawaguchi, H. et al. Identification of novel biomarker as citrullinated inter-alpha-trypsin inhibitor heavy chain 4, specifically 

increased in sera with experimental and rheumatoid arthritis. Arthr. Res. Ther. 20(1), 1–13 (2018).
 71. WHO. Pocket book of hospital care for children: Guidelines for the management of common illnesses with limited resources. World 

Health Organization (2005).

Acknowledgements
The authors thank the participants of the trial as well as the Study Nurses, Health Workers, Research assistants of 
the VS002A study, and laboratory staff at icddr,b for their valuable contributions. We acknowledge the contribu-
tion of Dr. Rukaeya Amin Sobi and Dr. Al-Afroza Sultana, Project Research Physicians; Murad Alam Khan, Data 
Management Assistant of the VS002A trial for their tremendous effort in sample collection, data collection, and 
data entry of the study participants. This research protocol was funded by core donors who provide unrestricted 
support to icddr,b for its operations and research. Current donors providing unrestricted support include the 
Governments of Bangladesh, Canada, Sweden, and the UK. We gratefully acknowledge our core donors for their 
support and commitment to icddr,b’s research efforts.

Author contributions
T.A., P.K.B., B.N., and R.D. conceptualized the study; R.A.S. and A.S. collected the blood samples and patients’ 
data; M.A.K gave technical support to manage the data; R.D. and M.A.H. analyzed the data: R.D. constructed 

https://doi.org/10.1093/cid/ciz291
https://doi.org/10.1093/cid/ciz291
https://doi.org/10.1371/journal.pntd.0007963
https://doi.org/10.1093/ajcn/nqaa416
https://doi.org/10.4269/ajtmh.19-0584
https://doi.org/10.3389/fcimb.2020.00485
https://doi.org/10.1371/journal.pone.0158772
https://doi.org/10.1097/mpg.0000000000002381
https://doi.org/10.1038/nrgastro.2012.239
https://doi.org/10.1136/bmj.39036.406169.80
https://doi.org/10.1136/bmj.39036.406169.80
https://doi.org/10.1177/2050640617737632
https://doi.org/10.1186/s13063-022-06601-5
https://doi.org/10.1097/MCG.0b013e31826df662
https://doi.org/10.1097/MCG.0b013e31826df662


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1416  | https://doi.org/10.1038/s41598-023-28114-0

www.nature.com/scientificreports/

the tables, and wrote the manuscript’s initial draft. P.K.B., B.N., A.G., M.M., and T.A. have critically revised the 
manuscript for essential intellectual content; T.A. gave final approval for the version to be published. Every author 
was sufficiently involved in the research to take on public responsibility for content-related sections. All authors 
have read and agreed to the published version of the manuscript.

Funding
This study was funded by Entrinsic Bioscience Inc. The funder had no role in study design, data collection, 
analysis, decision to publish, or preparation of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 28114-0.

Correspondence and requests for materials should be addressed to R.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author (s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-28114-0
https://doi.org/10.1038/s41598-023-28114-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Citrulline and kynurenine to tryptophan ratio: potential EED (environmental enteric dysfunction) biomarkers in acute watery diarrhea among children in Bangladesh
	Result
	Characteristics of the participants. 
	Biomarkers of EED at baseline and associated predictors. 
	Biomarkers of EED at baseline and disease outcome. 

	Discussion
	Methodology
	Study design, study setting, and study population. 
	Ethical consideration. 
	Data collection. 
	Case record form. 

	Variable of interest. 
	Household data. 
	Feeding history. 
	Vomiting and fever. 
	Vaccination status. 
	Measurement of stool output and hospital outcome. 
	Stool sample collection and fecal microbiology. 
	Baseline blood biochemistry. 

	Gut health biomarkers. 
	Determination of citrulline and KT ratio with enzyme-linked immunosorbent assay (ELISA). 
	Statistical analysis. 
	Informed consent. 

	References
	Acknowledgements


