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Abstract: High-quality protein has been associated with child growth; however, the role of the amino
acid cysteine remains unclear. The aim was to measure the extent to which plasma total cysteine
(tCys) concentration is associated with anthropometric status in children aged 6–30 months living in
New Delhi, India. The study was a prospective cohort study including 2102 children. We calculated
Z-scores for height-for-age (HAZ), weight-for-height (WHZ), or weight-for-age (WAZ) according to
the WHO Child Growth Standards. We used multiple regression models to estimate the association
between tCys and the anthropometric indices. A high proportion of the children were categorized
as malnourished at enrolment; 41% were stunted (HAZ ≤ −2), 19% were wasted (WHZ ≤ −2) and
42% underweight (WAZ ≤ −2). Plasma total cysteine (tCys) was significantly associated with HAZ,
WHZ and WAZ after adjusting for relevant confounders (p < 0.001). Low tCys (≤25th percentile) was
associated with a decrease of 0.28 Z-scores for HAZ, 0.10 Z-scores for WHZ, and 0.21 Z-scores for WAZ
compared to being >25th percentile. In young Indian children from low-to-middle socioeconomic
neighborhoods, a low plasma total cysteine concentration was associated with an increased risk of
poor anthropometric status.

Keywords: wasting; stunting; underweight; child growth; low- and middle-income countries (LMIC);
malnutrition; amino acid; metabolism; pre-school children; under-5 children

1. Introduction

Child undernutrition is a significant public health problem in developing countries. It is estimated
that globally, 150.8 million children under the age of 5 are stunted and 50.5 million are wasted [1].
These forms of malnutrition are associated with adverse short- and long-term consequences for growth
and development [2–4] as well as for survival [5,6].

Young children grow rapidly and have additional nutritional demands to enhance optimal growth
and development [7]. These demands are increased by environmental influences, such as a high
burden of clinical and sub-clinical infections [8–10]. Intake of high-quality protein has been shown
to promote childhood growth [9–13] with a suggested pathway via the production of insulin-like
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growth factor I (IGF-I). Additionally, a sensing pathway, the mechanistic target of rapamycin (mTOR),
has been described, which regulates energy balance and suppresses cellular growth in the case of
amino acid deficiency [11,14]. In a study among Malawian children, stunted children had lower
serum concentrations of essential, conditionally essential, and non-essential amino acids compared
to non-stunted children [11]. However, there is no evidence that the conditionally essential amino
acid cysteine is associated with linear growth in children. Cysteine is an important component in the
structure and function of proteins and enzymes and is the rate-limiting precursor of the antioxidant
glutathione, which is involved in the prevention of cell damage and functioning of the immune
system [15].

Animal studies have shown that cysteine supplementation in mice increased growth plate
thickness through upregulation of insulin-like growth factor-I (IGF-1), and led to improvements in
different bone parameters [16]. Thus, there is a biological plausibility that cysteine supplementation
can increase IGF-1 levels in children, which can improve linear growth. If cysteine supplementation
would show to improve linear growth in children as well, this could contribute to alleviating the high
burden stunting, especially in countries such as India. However, as a first step, the association between
cysteine and linear growth should be elucidated in a child population.

Further, high cysteine levels have repeatedly been associated with adult obesity based on evidence
from cellular, animal, and epidemiological studies [17–20], but here is only scarce evidence on the
associations of low levels of cysteine and undernutrition during childhood with a few studies focusing
on edematous children [21–23], or on pregnancy outcomes such as preterm birth and low birth
weight [24,25].

In this secondary analysis, we aimed to assess to what extend plasma total cysteine (tCys)
concentration is associated with poor anthropometric status in children aged 6–30 months living in
low-to-middle socioeconomic neighborhoods of New Delhi, India.

2. Materials and Methods

2.1. Original Study

We used data from a randomized controlled trial (NCT00272116 at www.clinicaltrials.gov),
which took place from 1998 until 2000 in New Delhi, India. It evaluated the effect of daily zinc
supplementation on the incidence of acute lower respiratory tract infections and pneumonia [26].
Details are described elsewhere [26]. In brief, the trial enrolled 2482 children aged 6–30 months, living in
the community of Dakshinpuri that had around 75,000 inhabitants at the time of the study. All children
aged 6–30 months were identified through a survey. Exclusion criteria were no informed consent,
plans to move out of the study area within the next four months, the need for urgent admission to the
hospital, and a recent massive dose of vitamin A (100,000 IU for infants; 200,000 for older children).
All analyses in the current study are restricted to the group of 2102 children whose tCys concentration
and anthropometry measurements were available.

Ethical clearance for the trial was given by the All India Institute of Medical Sciences Ethics
Committee. In the main trial, written informed consent was obtained from the caretaker; permission was
also sought to store the children’s blood specimen for use in future research. All parents consented to
this. All activities were performed in accordance with the Declaration of Helsinki.

2.2. Measurements

All measurement procedures were described in a manual, and standardization exercises were
done every three months. Supervisors monitored all field workers’ activities and independently
checked data collection (1% of visits).

Anthropometric measurements and non-fasting venous blood samples were taken at enrollment
and the end of the study, i.e., exactly four months after enrollment. Weight was measured with
electronic scales (seca), reading to the nearest 100 g. Length (or height for children ≥ 24 months) was
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measured with locally manufactured length boards with a precision of 0.1 cm. Heavy clothing and
nappies were removed before measurements. Blood samples (≈5 mL) were collected between 900 h
and 1200 h in heparinized polypropylene tubes (Sarstedt) by a study physician. The samples were
centrifuged, and plasma was stored immediately in polypropylene vials (Eppendorf) at −20 ◦C for
subsequent analysis. A microbiological assay with a chloramphenicol-resistant strain of Lactobacillus
casei was used to measure plasma cobalamin concentrations [27], while a colistin sulfate–resistant
strain of Lactobacillus leichmannii was used for plasma folate [28]. Measurements were done by a
robotic workstation using a microtiter plate format. Plasma methylmalonic acid (MMA), plasma total
homocysteine (tHcy) and plasma total cysteine (tCys) concentrations were measured with a modified
gas chromatography–mass spectrometry method based on ethylchloroformate derivatization [29].
The between-day coefficient of variation is reported as <5% for all assays except for tCys, where it
is ~10% [27–29]. For cobalamin, we calculated a composite measure status (3cB12) according to the
formula presented by Fedosov, et al. [30]. The composite score we used combines three biomarkers of
vitamin B12 (total B12, MMA, tHcy) and corrects for age and folate status. This is suggested to increase
the precision of the diagnosis of vitamin B12 deficiency [30]. We included 3cB12 because cobalamin is
an important factor in the transsulfuration pathway from methionine to cysteine [31].

Upon enrolment, the study physician also interviewed the caretaker including questions on
the birthdate of the child, breastfeeding practices, years of education of the parents, family size and
household income.

2.3. Data management and Analysis

Statistical analyses were done with STATA 15.0 statistical software (StataCorp, College Station,
TX) and R version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).

We calculated Z-scores for height-for-age (HAZ), weight-for-height (WHZ) and weight-for-age
(WAZ) according to the WHO Child Growth Standards [32]. Stunting, wasting and underweight are
defined as Z-scores ≤ −2 for height-for-age, weight-for-height, and weight-for-age, respectively.

Baseline characteristics are reported as mean (SD), median (IQR) or proportion, as appropriate.
We dichotomized values for plasma cysteine at the 25th percentile because established reference values
for plasma cysteine concentrations do not exist. Differences in means, medians or proportions between
children with a tCys concentration above the 25th percentile compared to those on the 25th percentile
or below were tested with an unpaired t-test, a Wilcoxon rank-sum test or a Chi2-Test, respectively.

We built generalized estimating equation (GEE) models with anthropometric indices as outcome
and tCys concentration at enrollment as exposure. This approach uses growth data from both
time points (enrollment and 4 months later) and accounts for interdependence between multiple
measurements in the same child [33]. For continuous outcomes (HAZ, WHZ, WAZ), we used GEE
models of the Gaussian family with an identity-link function. All outcome variables were normally
distributed (skewness < 0.2). For binary outcomes (stunting, wasting, and underweight) we used
GEE models with the Poisson distribution family with a log-link function to calculate the risk ratio
(RR) [34]. For all models, we specified a robust estimator of variance and an unstructured correlation
structure. The exposure variable was tCys concentration; potential confounding variables were age (in
months), breastfeeding (yes/no), baseline plasma folate concentration, years of education of mother
and father, household income (in US$), family size, intervention group, and a composite measure
for vitamin B12 status (3cB12). In addition, we assessed an interaction between breastfeeding status
and age. All potential confounders were assessed in bivariable models, and all variables significant
at a level of 0.2 were taken into a multivariable model simultaneously. All variables not significant
at a level of 0.05 were taken out one by one and removed if the coefficient for tCys did not change
considerably (>15%). After all non-significant variables were removed from the multivariable model,
all variables initially not taken into the model, were entered one by one again and retained if now
significant (p < 0.05).
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We used generalized additive models (GAM) to depict a potential non-linear relationship between
tCys concentration and anthropometric indices (HAZ, WHZ or WAZ). We adjusted for all confounders
identified in the GEE model (of the Gaussian family) and deleted values <2.5th percentile and ≥97.5th
percentile for tCys to avoid overfitting at the extremes.

3. Results

3.1. Baseline Characteristics

Plasma total cysteine concentrations and anthropometric measurements at both time points were
available for 2102 children (Figure 1). The demographic, nutritional, and socio-economic characteristics
of the included children are summarized in Table 1. On average, children were 15 months old at
enrolment, and the majority were breastfed (69%). The families had on average five family members,
but family size varied substantially (between 2 and 19 persons living together). Fathers had on average
more years of schooling (median 8 years) than mothers (median 5 years). A high proportion of the
children were defined as malnourished at enrolment; 41% were stunted (HAZ ≤ −2), 19% were wasted
(WHZ ≤ −2) and 42% underweight (WAZ ≤ −2). At the end of the study (4 months after enrollment),
the prevalence was 46%, 20% and 43%, respectively. A display of the distribution of all anthropometric
indicators can be found in Supplementary Table S1. All characteristics shown in Table 1 differed
between those children that had a plasma cysteine concentration ≤25th percentile compared to >25
percentile, except family size, sex, and vitamin B12 concentration.
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Figure 1. Study participant flow chart.

Table 1. Baseline characteristics of 2102 children aged 6–30 months living in New Delhi, India included
in the analysis.

Characteristic All Children (n = 2102) <25th Percentile
Cysteine (n = 1576)

≥25th Percentile
Cysteine (n = 526)

Mean age (SD), months 15.4 (7.5) 17.0 (7.1) ** 14.8 (7.6)
Proportion male, % 52.1 49.6 53.0
Proportion breastfed, % 69.1 53.4 ** 74.3
Mean years of schooling of mother (SD) 5.2 (4.5) 4.8 (4.5) * 5.3 (4.6)
Mean years of schooling of father (SD) 8.4 (4.1) 7.8 (4.2) ** 8.6 (4.0)
Median family size (IQR) 5 (4–7) 6 (4–7) 5 (4–7)
Median annual household income (IQR), US$ 720 (480–1080) 660 (480–960) * 720 (480–1200)
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Table 1. Cont.

Characteristic All Children (n = 2102) <25th Percentile
Cysteine (n = 1576)

≥25th Percentile
Cysteine (n = 526)

Mean HAZ at enrolment (SD) −1.78 (1.18) −2.10 (1.19) ** −1.67 (1.16)
Mean HAZ at study end (SD) −1.92 (1.14) −2.24 (1.13) ** −1.81 (1.12)
Mean WHZ at enrolment (SD) −1.15 (1.03) −1.35 (0.98) ** −1.09 (1.03)
Mean WHZ at study end (SD) −1.19 (0.95) −1.21 (0.94) −1.18 (0.96)
Mean WAZ at enrolment (SD) −1.81 (1.09) −2.11 (1.07) ** −1.71 (1.08)
Mean WAZ at study end (SD) −1.86 (1.04) −2.06 (1.05) ** −1.80 (1.04)
Mean plasma total cysteine concentration
(SD), µmol/L 179 (25) 149 (14) 190 (19)

Median plasma cobalamin concentration
(IQR), pmol/L 206 (141–300) 213 (145–308) 204 (140–297)

Median plasma folate concentration (IQR),
nmol/L 10.6 (6.4–19.8) 7.3 (4.8–12.1) ** 12.0 (7.3–22.7)

Median plasma MMA concentration (IQR),
µmol/L 0.65 (0.37–1.29) 0.55 (0.33–1.13) * 0.67 (0.38–1.34)

Median plasma tHcy concentration (IQR),
µmol/L 10.8 (8.3–14.8) 9.6 (7.6–13.1) ** 11.2 (8.6–15.5)

Mean 3cB12 (SD) −1.03 (1.01) −0.84 (1.06) −1.09 (0.99)

* Statistically significant difference to children in ≥25th percentile category, p-value < 0.05; ** Statistically significant
difference to children in ≥25th percentile category, p-value < 0.001; Abbreviations: HAZ = height-for-age Z-score,
IQR = interquartile range, MMA = methylmalonic acid, SD = standard deviation, tHcy = total homocysteine,
WAZ = weight-for-age Z-score, WHZ = weight-for-height Z-score, 3cB12 = combined indicator for vitamin B12.

3.2. Cysteine and Undernutrition

Plasma total cysteine (tCys) at baseline was significantly associated with HAZ, WHZ, and WAZ
after adjusting for relevant confounders (p < 0.001). With one unit increase in cysteine concentration
(in µmol/L), the Z-scores for all anthropometric indicators increased by 0.003–0.005 Z-scores (Table 2;
GEE 1). The GAM plots also confirm this general trend of an increase in anthropometric status with
increasing tCys concentration (Figure 2). Having a low tCys concentrations (≤25th percentile) was
associated with a lower Z-score for HAZ (−0.28; 95% Confidence Interval (CI): −0.39, −0.18), for WHZ
(−0.10; 95% CI: −0.19, −0.01), and for WAZ (−0.21; 95% CI: −0.31, −0.11), also after adjustment for
relevant confounders (Table 2; GEE 2). In those with a low cysteine concentration (<25th percentile),
the risk was significantly higher for being stunted (Relative Risk (RR) 1.22, 95% CI: 1.12, 1.33) and
underweight (RR 1.21, 95% CI: 1.10, 1.33), respectively (Table 2; GEE 3). The risk of being wasted was
higher in those children with a low tCys, but it did not reach statistical significance when adjusted for
relevant confounders (RR 1.12, 95% CI: 0.95, 1.32).

Table 2. Association between plasma total cysteine and selected repeated anthropometric indicators
among 2102 children aged 6–30 months living in Dakshinpuri, New Delhi, India estimated in generalized
estimating equations (GEE) with robust variance estimation.

GEE 1 1 GEE 2 2 GEE 3 3

Outcome Coeff (95% CI) Coeff (95% CI) RR (95% CI)

HAZ
Unadjusted 0.0083 (0.0063, 0.0102) −0.42 (−0.53, −0.31) 1.37 (1.26, 1.50)
Adjusted 4 0.0053 (0.0034, 0.0071) −0.28 (−0.39, −0.18) 1.22 (1.12, 1.33)

WHZ
Unadjusted 0.0046 (0.0031, 0.0061) −0.16 (−0.25, −0.08) 1.17 (1.01, 1.38)
Adjusted 5 0.0034 (0.0018, 0.0049) −0.10 (−0.19, −0.01) 1.12 (0.95, 1.32)
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Table 2. Cont.

GEE 1 1 GEE 2 2 GEE 3 3

Outcome Coeff (95% CI) Coeff (95% CI) RR (95% CI)

WAZ
Unadjusted 0.0073 (0.0056, 0.0090) −0.33 (−0.43, −0.23) 1.32 (1.20, 1.44)
Adjusted 6 0.0050 (0.0033, 0.0066) −0.21 (−0.31, −0 11) 1.21 (1.10, 1.33)

1 In this GEE model, the outcome is entered as continuous Z-score (Gaussian distribution with identity link);
plasma total cysteine is entered as continuous variable (mmol/L). 2 In this GEE model, the outcome is entered as
continuous Z-score (Gaussian distribution with identity link); plasma total cysteine is entered as dichotomous
variable (≤25th percentile compared to >25th percentile). 3 In this GEE model, the outcome is entered as dichotomous
variable (≤−2 Z-scores compared to >−2 Z-scores) specified as Poisson distribution with a log link); plasma total
cysteine is entered as dichotomous variable (≤25th percentile compared to >25th percentile). 4 adjusted for age,
breastfeeding status, interaction between age and breastfeeding, mother’s education, father’s education, number
of family members, and B12 at baseline. 5 adjusted for age, breastfeeding status, interaction between age and
breastfeeding, mother’s education, number of family members, folate, and B12 at baseline. 6 adjusted for age,
breastfeeding status, interaction between age and breastfeeding, mother’s education, father’s education, number of
family members, folate, and B12 at baseline; Abbreviations: CI: confidence interval; coeff: regression coefficient;
GEE: generalized estimating equations; HAZ: height-for-age Z-score; RR: relative risk; WAZ: weight-for-age Z-score;
WHZ: weight-for-height Z-score.
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Figure 2. Generalized additive model (GAM) plots showing the relation between plasma total cysteine
(in µmol/L) and Z-scores centred around the median (left y-axis) for the anthropometric indicators
height-for-age (HAZ), weight-for-height (WHZ) and weight-for-age (WAZ) (solid lines), in children
aged 6–30 months living in Delhi, India. All anthropometric indicators are calculated based on the
WHO Child Growth Standards. The grey area depicts the 95% confidence interval and the dashed line
depicts the density distribution of the plasma total cysteine values (right y-axis).
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Information for this analysis was available for 85% of all the children enrolled in the original
trial. In children with no available information on anthropometry (n = 256), tCys concentration did
not differ from children with this information. Those children without information on tCys (n = 216),
had slightly higher mean Z-scores for all anthropometric indicators at baseline (HAZ, WHZ and WAZ).
Density plots can be seen in the Supplemental Material, Figure S1. All other characteristics included in
Table 1 did not differ significantly, nor did the means of the anthropometric indicators at endpoint of
the study.

4. Discussion

In our study sample of 2102 children aged 6–30 months living in low-to-middle socioeconomic
neighborhoods of New Delhi, India, plasma total cysteine (tCys) concentration was positively associated
with height-for-age (HAZ), weight-for-height (WHZ) and weight-for-age (WAZ). Children with low
tCys concentrations (≤25th percentile) had a ~20% higher risk of being stunted, or underweight.
The risk of wasting did not reach statistical significance.

The low intake of high-quality protein intake, as well as amino acid, is associated with poor
childhood growth [9–14]. In a targeted metabolomics approach, Semba and colleagues [11] showed
that 16 of 19 measured proteinogenic amino acids were significantly associated with stunting in
Malawian children. They suggested a potential biological framework through the mechanistic target
of rapamycin complex C1 (mTORC1) which has been shown to repress the synthesis of proteins,
lipids and thus limited cell growth in the absence of amino acids [14]. However, cysteine was not
included in their study and we are not aware of any other studies on linear growth in children in
relation to cysteine. In mice experiments, cysteine administration resulted in increased growth plate
thickness, probably through an upregulation of IGF-1 [16], which makes a direct effect of cysteine on
linear growth plausible. While the regression coefficients in our analysis are significant, the effect size
of GEE 1 using continuous variables can seem small; however, it needs to be emphasized that this is
not surprising for a single nutrient. It was estimated that, even if all nutrition-specific interventions
that have a solid scientific evidence base would be implemented in 90% of all children in the world,
childhood stunting would only be reduced by 20% [35]. Indeed, many interventions have had a modest
or no effect on child growth [36]. If cysteine would improve linear growth in children as shown in
the animal experiment [16], this could be a small contribution to alleviating the prevailing burden of
stunting in many countries such as India. However, further studies are needed to confirm our findings,
addressing our limitations, and to subsequently establish if a randomized supplementation would
show any effect.

The role of cysteine in kwashiorkor, a form of severe malnutrition, has been the focus in some
studies [21–23] set within the framework of the antioxidant theory proposed by Golden et al. [37].
These suggest that severely malnourished children require more cysteine as a precursor of glutathione
(GSH) for anti-oxidant defense, as a building block for acute-phase proteins or mucins for an adequate
immune response, or for gut mucosal proteins supporting to reverse the impaired gut function
associated with severe acute malnutrition [21]. However, the only randomized controlled trial
identified through a Cochrane Review [38] did not show any effects of supplementary antioxidant
micronutrients including cysteine to Malawian children on the occurrence of kwashiorkor [39].

Other relevant literature on cysteine comes from studies on growth restrictions in utero. In animal
studies, supplementing pregnant piglets with N-acetylcysteine (NAC), a precursor converted to
cysteine in the liver, prevented intra-uterine growth restriction (IUGR) [40]. The administration to
neonatal piglets with IUGR reduced mucosa damage. The authors suggest protection of the intestinal
morphology, through a reduced mitochondrial swelling and prevention of reactive oxygen species (ROS)
overproduction. Further, they suggest improvements in energy metabolism and antioxidant effects on
the intestine [41]. In studies involving humans, maternal cysteine levels have been associated with low
birth weight. One study including pregnant women found an association of low maternal cysteine
(and GSH) concentrations with pre-term birth as well as cysteine concentration in the offspring [25].
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However, other studies reported an association between high levels of maternal plasma tCys and
pre-eclampsia, pre-term birth, low birth weight, and length at birth [24,42]. We did not have any data
on pregnancy outcomes and can therefore not make any statement about the timing of the onset of the
poor anthropometric status.

The GAM plots in our work (Figure 2) show a general trend of an increase in anthropometric
Z-score (centered around the mean) with increasing tCys concentration. Although the lines are not
completely linear, they support the notion of an approximately linear relationship previously reported
in adults [43]. However, this is in contrast to a study in children aged 4–19 years, where total cysteine
was significantly associated with body fat only in overweight/obese children but not in those with
normal weight [44]. There were very few children in the upper range of weight-for-height in our
sample (7 children had a WHZ >2 at baseline).

Limitations and Strength

Data for the study come from a randomized controlled trial on zinc supplementation which limits
the generalizability. Information for this analysis was available for 85% of all the children enrolled in
the original trial. Although children without information on tCys had slightly higher mean Z-scores
for all anthropometric indicators, all other characteristics in our analysis did not differ significantly;
thus, we do not expect that missing data on tCys would bias our results considerably. The strength of
our study was that we could base our analysis of high-quality data from a community-based cohort.
This investigation was designed as an observational study, and although we considered several relevant
confounders, we cannot exclude residual confounding. Half of the children were supplemented with
zinc in this study. Although in the main trial the zinc group had a significantly reduced incidence of
diarrhea and respiratory tract infections compared to those receiving placebo [26,45], oral zinc did
not result in improved growth [46]. When included in our models, zinc supplementation was not
significantly associated with either of the anthropometric indicators, and therefore not included in the
final multivariable models.

The 10% variation in the cysteine assay is a potential limitation; however, this non-differential
misclassification in the exposure decreased the precision of our effect measure estimates and could
attenuate the observed associations between tCys and growth [47]. We used the 25th percentile as
a cut-off to indicate a low concentration of tCys. There are no recognized cut-offs for cysteine to
indicate a deficiency and therefore we based the choice on a statistical approach to capture the part of a
population with increased vulnerability. Although the GAM plots do not show any clear cut-point at
which the risk for poor anthropometric status increases, a slightly steeper curve at the left tail until
around the 25th percentile (i.e., 164 µmol/L) supports our decision.

The low intake of high-quality protein intake, as well as amino acid, is associated with poor
childhood growth [9–14]. We did not include dietary intake in this analysis, and thus, we cannot
exclude that tCys concentrations were only a marker of the overall quality of the diet and the role of
other dietary components remains unclear. Moon et al. [16] hypothesize that part of the effect of cysteine
supplementation on bone growth in mice was due to sulfur. The intake of methionine, an essential sulfur
amino acid, can affect cysteine concentrations, as it is a precursor thereof. Cysteine can replace parts of
methionine intake, but not all of it [48]. We did not have data on methionine concentrations, but we
account for its potential association through adjusting for tHcy and cobalamin in our multivariate
models, both of which are necessary for the transsulfuration pathway from methionine to cysteine.
The main source of dietary cysteine is animal source proteins [48] and diets in this population are
commonly characterized by low intake of animal products [49]. In our study, the mean (SD) tCys
concentration was 179 (25) µmol/L. There is no recognized normal range for cysteine and we did not
find any directly comparable study reporting on serum tCys concentrations. For adults, Stipanuk [48]
states that plasma tCys concentration in healthy adults would range from about 220–320 µmol/L. In a
hospital-based study among 48 pre-term neonates with gastrointestinal disease, the mean serum tCys
concentration was 153 (25), and among 288 US children who were on average 10 years old, the mean
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concentration was 193 µmol/L [44]. Cysteine dioxygenase (CDO), an enzyme involved in cysteine
catabolism, is one of the most highly regulated enzymes responding to changes in dietary intake within
hours, suggesting that cysteine homeostasis plays a central role in the human body [50]. However,
Jones, et al. [51] state that insufficient intake of sulfur amino acid (such as cysteine) over a long time
cannot be masked by recent intakes.

We did not include morbidity data in our analyses and cannot assess if cysteine concentration is
associated with ponderal and linear growth via inflammation, mucosal damage, or other morbidities.
A large part of the pediatric populations in low- and middle-income countries are affected by
environmental enteric dysfunction (EED), characterized by structural and functional changes in the
small intestines, leading to chronic inflammation and malabsorption of nutrients. EED is increasingly
recognized as a risk factor for malnutrition [52–55]. The association of cysteine with reduced oxidative
stress, inflammation and cell apoptosis, as well as improved integrity of the gut mucosa [56,57] and the
potential role thereof in the complex etiology of malnutrition, warrants further research on metabolic
alterations involving cysteine.

5. Conclusions

In our community-based population, young Indian children with a low plasma total cysteine
concentration had an elevated risk of a poor anthropometric status. Based on our results, we cannot
conclude that cysteine deficiency causes poor growth. Whether or not the association between cysteine
and growth is due to metabolic processes related to nutritional status or due to residual confounding is
not known. The role of cysteine in malnutrition should be estimated in more comprehensive studies,
including several biomarkers, dietary intake, and preferably in populations representing the whole
range of nutritional status during various critical life-cycle windows.
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Author Contributions: C.S., T.A.S., R.C. and S.S. designed the analysis. N.B. and S.T. were responsible for data
collection; P.M.U. was responsible for analysis of blood samples; C.S. analysed the data and performed statistical
analyses; C.S. wrote the first draft of the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: The original trial was supported by from the European Union (EU-INCO-DC contract no. IC18 CT96-0045)
and the Indian Council of Medical Research. The contribution by C.S., R.C., S.S. and T.A.S. was supported by
the Centre for Intervention Science in Maternal and Child Health (CISMAC), which is funded by the Research
Council of Norway (project number 223269) and the University of Bergen (UiB), Norway.

Acknowledgments: We would like to acknowledge Helga Refsum and Jörn Schneede, who contributed to the
biochemical analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. UNICEF; WHO; World Bank Group. Levels and Trends in Child Malnutrition—Key Findings of the 2018 Edition;
World Health Organization: Geneva, Switzerland, 2018.

2. Victora, C.G.; Adair, L.; Fall, C.; Hallal, P.C.; Martorell, R.; Richter, L.; Sachdev, H.S.; Maternal Child
Undernutrition Study Group. Maternal and child undernutrition: Consequences for adult health and human
capital. Lancet 2008, 371, 340–357. [CrossRef]

3. Fink, G.; Peet, E.; Danaei, G.; Andrews, K.; McCoy, D.C.; Sudfeld, C.R.; Smith Fawzi, M.C.; Ezzati, M.;
Fawzi, W.W. Schooling and wage income losses due to early-childhood growth faltering in developing
countries: National, regional, and global estimates. Am. J. Clin. Nutr. 2016, 104, 104–112. [CrossRef]
[PubMed]

http://www.mdpi.com/2072-6643/12/10/3146/s1
http://dx.doi.org/10.1016/S0140-6736(07)61692-4
http://dx.doi.org/10.3945/ajcn.115.123968
http://www.ncbi.nlm.nih.gov/pubmed/27357091


Nutrients 2020, 12, 3146 10 of 12

4. Grantham-McGregor, S.; Cheung, Y.B.; Cueto, S.; Glewwe, P.; Richter, L.; Strupp, B.; International Child
Development Steering Group. Developmental potential in the first 5 years for children in developing
countries. Lancet 2007, 369, 60–70. [CrossRef]

5. Olofin, I.; McDonald, C.M.; Ezzati, M.; Flaxman, S.; Black, R.E.; Fawzi, W.W.; Caulfield, L.E.; Danaei, G.;
for the Nutrition Impact Model Study. Associations of suboptimal growth with all-cause and cause-specific
mortality in children under five years: A pooled analysis of ten prospective studies. PLoS ONE 2013, 8,
e64636. [CrossRef] [PubMed]

6. Black, R.E.; Victora, C.G.; Walker, S.P.; Bhutta, Z.A.; Christian, P.; de Onis, M.; Ezzati, M.;
Grantham-McGregor, S.; Katz, J.; Martorell, R.; et al. Maternal and child undernutrition and overweight in
low-income and middle-income countries. Lancet 2013. [CrossRef]

7. Imura, K.; Okada, A. Amino acid metabolism in pediatric patients. Nutrition 1998, 14, 143–148. [CrossRef]
8. WHO. Protein and Amino Acid Requirements in Human Nutrition: Report of a Joint FAO/WHO/UNU Expert

Consultation; World Health Organization: Geneva, Switzerland, 2002.
9. Shivakumar, N.; Kashyap, S.; Kishore, S.; Thomas, T.; Varkey, A.; Devi, S.; Preston, T.; Jahoor, F.;

Sheshshayee, M.S.; Kurpad, A.V. Protein-quality evaluation of complementary foods in Indian children.
Am. J. Clin. Nutr. 2019, 109, 1319–1327. [CrossRef]

10. Uauy, R.; Kurpad, A.; Tano-Debrah, K.; Otoo, G.E.; Aaron, G.A.; Toride, Y.; Ghosh, S. Role of Protein and
Amino Acids in Infant and Young Child Nutrition: Protein and Amino Acid Needs and Relationship with
Child Growth. J. Nutr. Sci. Vitaminol. 2015, 61, S192–S194. [CrossRef]

11. Semba, R.D.; Shardell, M.; Sakr Ashour, F.A.; Moaddel, R.; Trehan, I.; Maleta, K.M.; Ordiz, M.I.; Kraemer, K.;
Khadeer, M.A.; Ferrucci, L.; et al. Child Stunting is Associated with Low Circulating Essential Amino Acids.
EBioMedicine 2016, 6, 246–252. [CrossRef]

12. Ordiz, M.I.; Semba, R.D.; Moaddel, R.; Rolle-Kampczyk, U.; von Bergen, M.; Herberth, G.; Khadeer, M.;
Roder, S.; Manary, M.J. Serum Amino Acid Concentrations in Infants from Malawi are Associated with
Linear Growth. Curr. Dev. Nutr. 2019, 3, nzz100. [CrossRef]

13. Manary, M.; Callaghan, M.; Singh, L.; Briend, A. Protein Quality and Growth in Malnourished Children.
Food Nutr. Bull. 2016, 37 (Suppl. 1), S29–S36. [CrossRef]

14. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293.
[CrossRef]

15. Banerjee, R. Redox outside the Box: Linking Extracellular Redox Remodeling with Intracellular Redox
Metabolism. J. Biol. Chem. 2012, 287, 4397–4402. [CrossRef] [PubMed]

16. Moon, P.D.; Kim, M.H.; Oh, H.A.; Nam, S.Y.; Han, N.R.; Jeong, H.J.; Kim, H.M. Cysteine induces longitudinal
bone growth in mice by upregulating IGF-I. Int. J. Mol. Med. 2015, 36, 571–576. [CrossRef]

17. Elshorbagy, A.K.; Valdivia-Garcia, M.; Mattocks, D.A.; Plummer, J.D.; Smith, A.D.; Drevon, C.A.; Refsum, H.;
Perrone, C.E. Cysteine supplementation reverses methionine restriction effects on rat adiposity: Significance
of stearoyl-coenzyme A desaturase. J. Lipid Res. 2011, 52, 104–112. [CrossRef] [PubMed]

18. Elshorbagy, A.K.; Smith, A.D.; Kozich, V.; Refsum, H. Cysteine and obesity. Obesity 2012, 20, 473–481.
[CrossRef] [PubMed]

19. Elshorbagy, A.K.; Kozich, V.; Smith, A.D.; Refsum, H. Cysteine and obesity: Consistency of the evidence
across epidemiologic, animal and cellular studies. Curr. Opin. Clin. Nutr. Metab. Care 2012, 15, 49–57.
[CrossRef]

20. Elshorbagy, A.K.; Samocha-Bonet, D.; Jerneren, F.; Turner, C.; Refsum, H.; Heilbronn, L.K. Food
Overconsumption in Healthy Adults Triggers Early and Sustained Increases in Serum Branched-Chain
Amino Acids and Changes in Cysteine Linked to Fat Gain. J. Nutr. 2018, 148, 1073–1080. [CrossRef]

21. Badaloo, A.; Hsu, J.W.; Taylor-Bryan, C.; Green, C.; Reid, M.; Forrester, T.; Jahoor, F. Dietary cysteine is used
more efficiently by children with severe acute malnutrition with edema compared with those without edema.
Am. J. Clin. Nutr. 2012, 95, 84–90. [CrossRef]

22. Green, C.O.; Badaloo, A.V.; Hsu, J.W.; Taylor-Bryan, C.; Reid, M.; Forrester, T.; Jahoor, F. Effects of randomized
supplementation of methionine or alanine on cysteine and glutathione production during the early phase of
treatment of children with edematous malnutrition. Am. J. Clin. Nutr. 2014, 99, 1052–1058. [CrossRef]

23. Jahoor, F.; Badaloo, A.; Reid, M.; Forrester, T. Sulfur amino acid metabolism in children with severe childhood
undernutrition: Cysteine kinetics. Am. J. Clin. Nutr. 2006, 84, 1393–1399. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(07)60032-4
http://dx.doi.org/10.1371/journal.pone.0064636
http://www.ncbi.nlm.nih.gov/pubmed/23734210
http://dx.doi.org/10.1016/S0140-6736(13)60937-X
http://dx.doi.org/10.1016/S0899-9007(97)00230-X
http://dx.doi.org/10.1093/ajcn/nqy265
http://dx.doi.org/10.3177/jnsv.61.S192
http://dx.doi.org/10.1016/j.ebiom.2016.02.030
http://dx.doi.org/10.1093/cdn/nzz100
http://dx.doi.org/10.1177/0379572116629023
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://dx.doi.org/10.1074/jbc.R111.287995
http://www.ncbi.nlm.nih.gov/pubmed/22147695
http://dx.doi.org/10.3892/ijmm.2015.2257
http://dx.doi.org/10.1194/jlr.M010215
http://www.ncbi.nlm.nih.gov/pubmed/20871132
http://dx.doi.org/10.1038/oby.2011.93
http://www.ncbi.nlm.nih.gov/pubmed/21546934
http://dx.doi.org/10.1097/MCO.0b013e32834d199f
http://dx.doi.org/10.1093/jn/nxy062
http://dx.doi.org/10.3945/ajcn.111.024323
http://dx.doi.org/10.3945/ajcn.113.062729
http://dx.doi.org/10.1093/ajcn/84.6.1393


Nutrients 2020, 12, 3146 11 of 12

24. El-Khairy, L.; Vollset, S.E.; Refsum, H.; Ueland, P.M. Plasma total cysteine, pregnancy complications, and
adverse pregnancy outcomes: The Hordaland Homocysteine Study. Am. J. Clin. Nutr. 2003, 77, 467–472.
[CrossRef]

25. Kuster, A.; Tea, I.; Ferchaud-Roucher, V.; Le Borgne, S.; Plouzennec, C.; Winer, N.; Roze, J.C.; Robins, R.J.;
Darmaun, D. Cord blood glutathione depletion in preterm infants: Correlation with maternal cysteine
depletion. PLoS ONE 2011, 6, e27626. [CrossRef]

26. Bhandari, N.; Bahl, R.; Taneja, S.; Strand, T.; Molbak, K.; Ulvik, R.J.; Sommerfelt, H.; Bhan, M.K. Effect of
routine zinc supplementation on pneumonia in children aged 6 months to 3 years: Randomised controlled
trial in an urban slum. BMJ 2002, 324, 1358. [CrossRef] [PubMed]

27. Kelleher, B.P.; Broin, S.D. Microbiological assay for vitamin B12 performed in 96-well microtitre plates. J. Clin.
Pathol. 1991, 44, 592–595. [CrossRef] [PubMed]

28. Molloy, A.M.; Scott, J.M. Microbiological assay for serum, plasma, and red cell folate using cryopreserved,
microtiter plate method. Methods Enzymol. 1997, 281, 43–53. [CrossRef]

29. Husek, P. Simultaneous profile analysis of plasma amino and organic acids by capillary gas chromatography.
J. Chromatogr. B Biomed. Appl. 1995, 669, 352–357. [CrossRef]

30. Fedosov, S.N.; Brito, A.; Miller, J.W.; Green, R.; Allen, L.H. Combined indicator of vitamin B12 status:
Modification for missing biomarkers and folate status and recommendations for revised cut-points. Clin. Chem.
Lab. Med. 2015, 53, 1215–1225. [CrossRef]

31. Brosnan, J.T.; Brosnan, M.E. The sulfur-containing amino acids: An overview. J. Nutr. 2006, 136, 1636S–1640S.
[CrossRef]

32. WHO. WHO Child Growth Standards: Methods and Development: Length/Height-for-Age, Weight-for-Age,
Weight-for-Length, Weight-for-Height and Body Mass Index-for-Age World Health Organization Multicentre Growth
Reference Study; WHO: Geneva, Switzerland, 2006.

33. Twisk, J.W.R. Continuous outcome variables—Relationships with other variables. In Applied Longitudinal Data
Analysis for Epidemiology: A Practical Guide; Cambridge University Press: Cambridge, UK, 2012; pp. 51–85.
[CrossRef]

34. Zou, G. A modified poisson regression approach to prospective studies with binary data. Am. J. Epidemiol.
2004, 159, 702–706. [CrossRef]

35. Bhutta, Z.A.; Das, J.K.; Rizvi, A.; Gaffey, M.F.; Walker, N.; Horton, S.; Webb, P.; Lartey, A.; Black, R.E.;
The Lancet Nutrition Interventions Review Group; et al. Evidence-based interventions for improvement of
maternal and child nutrition: What can be done and at what cost? Lancet 2013, 382, 452–477. [CrossRef]

36. Nabwera, H.M.; Fulford, A.J.; Moore, S.E.; Prentice, A.M. Growth faltering in rural Gambian children
after four decades of interventions: A retrospective cohort study. Lancet. Global Health 2017, 5, e208–e216.
[CrossRef]

37. Golden, M.H.; Ramdath, D. Free radicals in the pathogenesis of kwashiorkor. Proc. Nutr. Soc. 1987, 46, 53–68.
[CrossRef] [PubMed]

38. Odigwe, C.C.; Smedslund, G.; Ejemot-Nwadiaro, R.I.; Anyanechi, C.C.; Krawinkel, M.B. Supplementary
vitamin E, selenium, cysteine and riboflavin for preventing kwashiorkor in preschool children in developing
countries. Cochrane Database Syst. Rev. 2010, CD008147. [CrossRef] [PubMed]

39. Ciliberto, H.; Ciliberto, M.; Briend, A.; Ashorn, P.; Bier, D.; Manary, M. Antioxidant supplementation for the
prevention of kwashiorkor in Malawian children: Randomised, double blind, placebo controlled trial. BMJ
2005, 330, 1109. [CrossRef] [PubMed]

40. Herrera, E.A.; Cifuentes-Zuniga, F.; Figueroa, E.; Villanueva, C.; Hernandez, C.; Alegria, R.; Arroyo-Jousse, V.;
Penaloza, E.; Farias, M.; Uauy, R.; et al. N-Acetylcysteine, a glutathione precursor, reverts vascular
dysfunction and endothelial epigenetic programming in intrauterine growth restricted guinea pigs. J. Physiol.
2017, 595, 1077–1092. [CrossRef]

41. Zhang, H.; Li, Y.; Chen, Y.; Zhang, L.; Wang, T. N-Acetylcysteine protects against intrauterine growth
retardation-induced intestinal injury via restoring redox status and mitochondrial function in neonatal
piglets. Eur. J. Nutr. 2019, 58, 3335–3347. [CrossRef]

42. Arora, N.; Strand, T.A.; Chandyo, R.K.; Elshorbagy, A.; Shrestha, L.; Ueland, P.M.; Ulak, M.; Schwinger, C.
Association of Maternal Plasma Total Cysteine and Growth among Infants in Nepal: A Cohort Study.
Nutrients 2020, 12, 2849. [CrossRef]

http://dx.doi.org/10.1093/ajcn/77.2.467
http://dx.doi.org/10.1371/journal.pone.0027626
http://dx.doi.org/10.1136/bmj.324.7350.1358
http://www.ncbi.nlm.nih.gov/pubmed/12052800
http://dx.doi.org/10.1136/jcp.44.7.592
http://www.ncbi.nlm.nih.gov/pubmed/1856292
http://dx.doi.org/10.1016/s0076-6879(97)81007-5
http://dx.doi.org/10.1016/0378-4347(95)00115-Y
http://dx.doi.org/10.1515/cclm-2014-0818
http://dx.doi.org/10.1093/jn/136.6.1636S
http://dx.doi.org/10.1017/CBO9781139342834.005
http://dx.doi.org/10.1093/aje/kwh090
http://dx.doi.org/10.1016/S0140-6736(13)60996-4
http://dx.doi.org/10.1016/S2214-109X(16)30355-2
http://dx.doi.org/10.1079/PNS19870008
http://www.ncbi.nlm.nih.gov/pubmed/3575323
http://dx.doi.org/10.1002/14651858.CD008147.pub2
http://www.ncbi.nlm.nih.gov/pubmed/20393967
http://dx.doi.org/10.1136/bmj.38427.404259.8F
http://www.ncbi.nlm.nih.gov/pubmed/15851401
http://dx.doi.org/10.1113/JP273396
http://dx.doi.org/10.1007/s00394-018-1878-8
http://dx.doi.org/10.3390/nu12092849


Nutrients 2020, 12, 3146 12 of 12

43. Elshorbagy, A.K.; Nurk, E.; Gjesdal, C.G.; Tell, G.S.; Ueland, P.M.; Nygard, O.; Tverdal, A.; Vollset, S.E.;
Refsum, H. Homocysteine, cysteine, and body composition in the Hordaland Homocysteine Study: Does
cysteine link amino acid and lipid metabolism? Am. J. Clin. Nutr. 2008, 88, 738–746. [CrossRef]

44. Elshorbagy, A.K.; Valdivia-Garcia, M.; Refsum, H.; Butte, N. The association of cysteine with obesity,
inflammatory cytokines and insulin resistance in Hispanic children and adolescents. PLoS ONE 2012, 7,
e44166. [CrossRef]

45. Bhandari, N.; Bahl, R.; Taneja, S.; Strand, T.; Molbak, K.; Ulvik, R.J.; Sommerfelt, H.; Bhan, M.K. Substantial
reduction in severe diarrheal morbidity by daily zinc supplementation in young north Indian children.
Pediatrics 2002, 109, e86. [CrossRef]

46. Taneja, S.; Strand, T.A.; Sommerfelt, H.; Bahl, R.; Bhandari, N. Zinc supplementation for four months does
not affect growth in young north Indian children. J. Nutr. 2010, 140, 630–634. [CrossRef] [PubMed]

47. Hutcheon, J.A.; Chiolero, A.; Hanley, J.A. Random measurement error and regression dilution bias. BMJ
2010, 340, c2289. [CrossRef]

48. Stipanuk, M.H. Cysteine, Taurine, and Homocysteine. In Modern Nutrition in Health and Disease, 11th ed.;
Ross, C.A., Ed.; Wolters Kluwer Health; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2014.

49. Kuriyan, R.; Kurpad, A.V. Complementary feeding patterns in India. Nutr. Metab. Cardiovasc. Dis. 2012, 22,
799–805. [CrossRef]

50. Stipanuk, M.H.; Ueki, I.; Dominy, J.E., Jr.; Simmons, C.R.; Hirschberger, L.L. Cysteine dioxygenase: A robust
system for regulation of cellular cysteine levels. Amino Acids 2009, 37, 55–63. [CrossRef]

51. Jones, D.P.; Park, Y.; Gletsu-Miller, N.; Liang, Y.; Yu, T.; Accardi, C.J.; Ziegler, T.R. Dietary sulfur amino acid
effects on fasting plasma cysteine/cystine redox potential in humans. Nutrition 2011, 27, 199–205. [CrossRef]
[PubMed]

52. Keusch, G.T.; Denno, D.M.; Black, R.E.; Duggan, C.; Guerrant, R.L.; Lavery, J.V.; Nataro, J.P.; Rosenberg, I.H.;
Ryan, E.T.; Tarr, P.I.; et al. Environmental enteric dysfunction: Pathogenesis, diagnosis, and clinical
consequences. Clin. Infect. Dis. 2014, 59 (Suppl. 4), S207–S212. [CrossRef] [PubMed]

53. Keusch, G.T.; Rosenberg, I.H.; Denno, D.M.; Duggan, C.; Guerrant, R.L.; Lavery, J.V.; Tarr, P.I.; Ward, H.D.;
Black, R.E.; Nataro, J.P.; et al. Implications of acquired environmental enteric dysfunction for growth and
stunting in infants and children living in low- and middle-income countries. Food Nutr. Bull. 2013, 34,
357–364. [CrossRef] [PubMed]

54. Prendergast, A.J.; Kelly, P. Interactions between intestinal pathogens, enteropathy and malnutrition in
developing countries. Curr. Opin. Infect. Dis. 2016, 29, 229–236. [CrossRef]

55. Prendergast, A.J.; Rukobo, S.; Chasekwa, B.; Mutasa, K.; Ntozini, R.; Mbuya, M.N.; Jones, A.; Moulton, L.H.;
Stoltzfus, R.J.; Humphrey, J.H. Stunting is characterized by chronic inflammation in Zimbabwean infants.
PLoS ONE 2014, 9, e86928. [CrossRef]

56. Hou, Y.; Wang, L.; Yi, D.; Wu, G. N-acetylcysteine and intestinal health: A focus on its mechanism of action.
Front. Biosci. 2015, 20, 872–891. [CrossRef]

57. Wu, G.Y. Amino acids: Metabolism, functions, and nutrition. Amino Acids 2009, 37, 1–17. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/ajcn/88.3.738
http://dx.doi.org/10.1371/journal.pone.0044166
http://dx.doi.org/10.1542/peds.109.6.e86
http://dx.doi.org/10.3945/jn.109.115766
http://www.ncbi.nlm.nih.gov/pubmed/20107146
http://dx.doi.org/10.1136/bmj.c2289
http://dx.doi.org/10.1016/j.numecd.2012.03.012
http://dx.doi.org/10.1007/s00726-008-0202-y
http://dx.doi.org/10.1016/j.nut.2010.01.014
http://www.ncbi.nlm.nih.gov/pubmed/20471805
http://dx.doi.org/10.1093/cid/ciu485
http://www.ncbi.nlm.nih.gov/pubmed/25305288
http://dx.doi.org/10.1177/156482651303400308
http://www.ncbi.nlm.nih.gov/pubmed/24167916
http://dx.doi.org/10.1097/QCO.0000000000000261
http://dx.doi.org/10.1371/journal.pone.0086928
http://dx.doi.org/10.2741/4342
http://dx.doi.org/10.1007/s00726-009-0269-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Original Study 
	Measurements 
	Data management and Analysis 

	Results 
	Baseline Characteristics 
	Cysteine and Undernutrition 

	Discussion 
	Conclusions 
	References

