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Obesity is a rapidly growing health problem and is paralleled by a multitude of comorbidities, including nonalcoholic fatty
liver disease (NAFLD). NAFLD has become the most common chronic liver disease in both adults and children. The current
understanding of NAFLD is still fragmentary. While simple steatosis is characterized by the interplay between excessive free
fatty acid accumulation and hepatic insulin resistance, the progression to NASH has been related to oxidative stress and a
proinflammatory state with dysbalanced adipokine, cytokine levels, and endotoxin-mediated immune response. In addition,
oxidative stress has been suggested to play a central role for the sequelae leading to NASH. Trace elements are critical in regulatory,
immunologic, and antioxidant functions resulting in protection against inflammation and peroxidation and consequently against
the known comorbidities of obesity. Disruptions of the metal detoxification processes located in the liver are plausibly related to
NAFLD development via oxidative stress. Perturbations of iron and copper (Cu) homeostasis have been shown to contribute to
the pathogenesis of NAFLD. This review presents current data from pediatric studies. In addition, data from adult studies are
summarized where clinical relevance may be extrapolated to pediatric obesity and NAFLD.

1. Introduction

Obesity is a rapidly growing health problem. The increase
in the prevalence of obesity is paralleled by a multitude
of comorbidities, including nonalcoholic fatty liver disease
(NAFLD) [1].The latter encompasses a range of clinicopatho-
logical entities ranging from simple steatosis through non-
alcoholic steatohepatitis (NASH) to cirrhosis and end-stage
liver disease. NAFLD has become the most common chronic
liver disease in both adults and children. Schwimmer et al.
showed in a landmark US autopsy study that fatty liver
prevalence increases with age, ranging from 0.7% for ages 2 to
4 up to 17.3% for ages 15 to 19 years, the highest rate being seen
in obese children (38%) [2].The current understanding of the
pathogeneticmechanisms behindNAFLD and its phenotypic
variations is still fragmentary. Although pediatric NAFLD
has been shown to be relatively benign in the majority of
patients, severe hepatic complications including cirrhosis and

the need for liver transplantation already occur in a subgroup
of children with obesity [3]. Histopathologically, advanced
fibrosis, which includes bridging fibrosis and cirrhosis, is seen
as the most important factor in determining the prognosis of
NAFLD. Children with NASH have been shown to present
with distinct histopathological subtypes. Key differences
between these subtypes include age, sex, race/ethnicity, and
severity of obesity [4]. Liver biopsy thus remains the gold
standard for assessing NAFLD severity and staging of fibrosis
[5]. However, the biological underpinnings of these subtypes
remain to be elucidated.

Besides calorie excess, perturbations of iron and Cu (Cp)
homeostasis have been shown to contribute to the patho-
genesis of NAFLD, although investigations have mainly been
conducted in adults. This review summarizes available data
from pediatric studies. In addition, data from adult studies
are summarized where clinical relevancemay be extrapolated
to pediatric obesity and NAFLD.
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2. The Physiology of Iron

Iron is mainly required for heme biosynthesis in erythro-
poiesis [6]. Approximately 1-2mg of iron is absorbed from the
duodenum daily [7] whereas the majority is obtained by the
reuse of senescent erythrocytes.

Dietary iron is absorbed via the divalent metal trans-
porter 1 (DMT1) as Fe2+ in the proximal duodenum [8];
subsequently the transport of iron trough the basolateral
membrane is performed by ferroportin (FPN) [9]. Although
heme constitutes an important source of iron from the diet
and also supplies iron for cellular iron requirements via reuti-
lization, the mechanism for enteral heme uptake has not yet
been identified [10]. Prior to entering the bloodstream loaded
onto transferrin [11], iron undergoes oxidation into the
ferric form (Fe3+) by the transmembrane Cu-dependent fer-
roxidase hephaestin [12].

Cells generally facilitate the uptake of iron via the trans-
ferrin receptor (TfR1) according to intracellular iron demand
[13] and export iron via FPN. Excess iron is mainly stored in
hepatocytes or macrophages as ferritin [14].

Systemic iron homeostasis is maintained in a hormone-
like negative feedback mechanism by the 25-amino acid
peptide hormone hepcidin (hepatic bactericidal protein) [15].
Hepcidin exerts its regulatory functions on iron homeostasis
via binding to FPN, thereby leading to FPN phosphory-
lation, degradation, and consequently blockage of cellular
iron export which induces a decrease in serum iron [16].
Apart from the liver, hepcidin is produced by adipose tissue
(AT), macrophages, and pancreatic islet cells [17, 18]. The
expression of hepcidin is stimulated by iron, hypoxia, and
proinflammatory cytokines or adipokines [19], such as inter-
leukin 6 (IL-6) and also leptin [20, 21]. Hepcidin deficiency
leads to uninhibited iron uptake and is the pathophysiological
mechanism underlying hereditary hemochromatosis [22].
Conversely, hepcidin expression is enhanced in inflammatory
conditions leading to iron retention in macrophages and
decreased iron uptake from enterocytes, as observed in the
anemia of chronic disease [23].

3. Iron Status in Obese Children

Regarding dietary iron intake no difference has been found
between obese and nonobese children [24, 25]. However
the prevalence of iron deficiency was higher in obese chil-
dren compared to normal weight subjects in industrialized
countries [26, 27]. Both serum iron concentrations and iron
stores, as indicated by serum ferritin concentrations, show a
negative correlation with BMI [28, 29]. Likewise, iron defi-
ciency increased with the percentage of body fat and visceral
fat mass in preadolescents [25]. The prevalence of iron
deficiency is similar in obese pubertalmales and females [28].
This is in contrast to normal weight children, where iron
deficiency is more prevalent in girls than boys [30].

In addition to the higher prevalence of iron deficiency in
obese adolescents, iron supplementation is less effective in
overweight children due to decreased duodenal iron absorp-
tion compared to normal weight peers which also may be

explained by increased circulating hepcidin [31]. Along this
line, weight reduction leads to a decrease of hepcidin and lep-
tin levels and further to an increase of iron absorption and an
improvement of iron status, thus providing indirect evidence
that obesity-associated inflammation underlies insufficient
duodenal iron uptake [32, 33].

4. Mechanisms Underlying Iron Deficiency in
Juvenile Obesity

A study by Aeberli showed that no difference occurs either
in nutritional iron intake or in dietary iron bioavailability
between obese and nonobese children [34]. However lower
iron absorption has consistently been observed in overweight
subjects [35].These findings suggest that the diminished iron
uptake via enterocytes can be viewed as main cause for iron
dysregulation in obesity.

Hepcidin is the key regulator of iron metabolism and
hence has been investigated in adolescent obesity. Iron
deficiency in overweight children is associated with elevated
serum hepcidin concentrations [34]. Several studies have
found significantly higher concentrations of hepcidin in over-
weight children in comparison to normal weight children
[34, 36]. This may be caused by obesity related inflammation
since proinflammatory cytokines enhance hepcidin expres-
sion [37] and are increased in obese children [34].

Weight loss in obese children leads to a decrease of serum
hepcidin levels along with improvement of iron absorption
[32]. Although in quantitative terms hepcidin is mainly
derived from the liver, AT of morbidly obese, anemic, iron
deficient subjects produces hepcidin, in contrast to AT of lean
subjects [17]. Hence, hepcidin produced in obese AT may
directly impact iron homeostasis. However, a recent study
shows that hepcidin expressed in ATmay not be secreted and
thus may have no effect on systemic iron homeostasis [38].
Still, AT-derived cytokines such as IL-6 and IL-1 function as
potent inducers of hepcidin expression in the liver also in
obesity, thereby contributing to elevated serum hepcidin
concentrations proportional to AT inflammation [39]. The
current understanding of mechanisms underlying iron defi-
ciency in obesity is summarized in Figure 1.

5. Iron and Pediatric NAFLD

Although juvenile obesity is linked to a higher prevalence of
iron deficiency, in pediatric NAFLD serum ferritin concen-
trations are within normal range [40]. Additionally, trans-
ferrin saturation, an early indicator of increasing iron stores,
is higher in obese children with NAFLD compared to those
without. According to Demircioğlu et al. these observations
may represent incipient iron perturbations corresponding to
the dysmetabolic iron overload syndrome (DIOS) in adults
[41]. Hence, NAFLD may impact on iron homeostasis in
a way that differs from mere obesity related inflammation
leading to iron deficiency. DIOS is characterized by elevated
serum ferritin concentrations with normal or mildly trans-
ferrin saturation in patients with NAFLD or various com-
pounds ofmetabolic syndrome, particularly inmales or post-
menopausal women [42, 43]. Similar to these data from adult
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Figure 1: Current understanding ofmolecular links between obesity and iron deficiency. Obese adipose tissue is characterized by an increased
production of several proinflammatory cytokines and adipokines as opposed to healthy lean adipose tissue. These may directly impact iron
absorption from the enterocyte. Additionally, proinflammatory cytokines such as interleukin 1 and interleukin 6 represent potent inducers
of hepcidin production in the liver, which may further impair iron absorption. Both cytokines and hepcidin lead to iron retention in spleen,
liver, or bone marrow macrophages, thereby lowering serum iron concentrations and iron availability for erythropoiesis.

populations, 22% of children with NAFLD hadmild siderosis
on histological examination. The hepatic iron deposition in
children is predominantly found in nonparenchymal Kupffer
cells [40]. In contrast to siderosis in adults with NAFLD, no
association between the pattern of iron accumulation and
severity of fibrosis or insulin resistance has been found in
children [40, 44]. Along the same line of evidence, higher iron
stores were related to serum alanine amino transferase (ALT)
andmetabolic parameters such as lipids and fasting glucose in

otherwise healthy teenagers, which was likewise reminiscent
of the link of elevated iron stores with insulin resistance in
adults [45]. Moreover, children with NAFLD have higher
serum levels of hepcidin in comparison with obese children
withoutNAFLDwhichmay reflect higher iron stores or inflam-
mation [41]. In adults, excess iron is assumed to enhance
endoplasmatic reticulum [46] and oxidative stress inNAFLD,
and thereby liver damage, due the formation of highly toxic
hydroxyl radicals via the Fenton reaction [47]. Conversely, a
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recent study byMoya et al. reported that biopsy provedNASH
patients of 12 to 20 years had significantly lower serum iron
concentrations and undetectable histological iron compared
to controls and to subjectswith simple steatosis. Furthermore,
an elevated expression of transferrin receptor 2 was found,
which is a well-recognized positive upstream regulator of
hepcidin expression [48].

In addition, while simple steatosis is characterized by
the interplay between excessive free fatty acid accumulation
and hepatic insulin resistance, the progression to NASH has
been related to oxidative stress and a proinflammatory state
with dysbalanced adipokine, cytokine levels, and endotoxin-
mediated immune response, among other factors [49]. In
particular, oxidative stress has been suggested to play a central
role for the sequelae leading toNASH. Studies in both human
livers and an animal model of NASH have demonstrated that
the increased expression of the cytochrome P450 (CYP 2E1)
and reactive oxygen species (ROS) are related to FFA levels as
well as mitochondrial dysfunctions [50]. Disruptions of the
metal detoxification processes located in the liver are plau-
sibly related to NAFLD development via oxidative stress [51,
52].

In adults, several studies demonstrated that hyperfer-
ritinemia and/or iron deposition in liver biopsies were linked
to more progressed stages of NAFLD, insulin resistance and
that it may even be related to the development of hepatocellu-
lar carcinoma in NASH [53, 54], the mortality of patients on
the transplantation waiting list, and it also had an impact on
posttransplant mortality [55, 56].Thus the prevailing body of
evidence suggests that excess iron is a contributing factor for
the progression of steatosis to NASH, liver cirrhosis in adults,
but these aspects have not been examined sufficiently in pedi-
atric cohorts.The natural course, the long-term outcome, and
the onset of these pathophysiological changes in children and
adolescents remain to be studied in detail, in order to shed
light on the role of iron in the transition of adolescent to adult
NAFLD.

6. Copper and Pediatric NAFLD

A sufficient supply of Cu is known to be essential for many
physiologic processes, as chronic Cu deficiency is associated
with anemia, leucopenia, myelopathy, skin pathologies, and
dysfunctional lipid metabolism [57, 58]. We could previously
show that reduced hepatic Cu concentrations are found in
human NAFLD and are associated with more pronounced
hepatic steatosis, NASH, and components of the metabolic
syndrome. In addition, a Cu-restricted diet induced hepatic
steatosis and insulin resistance in Sprague-Dawley rats [59].
Population based investigations suggested that Cu deficiency
may be associated with atherogenic dyslipidemia [60]. Fur-
thermore, in rodent models Cu restriction leads to hyper-
tension, elevated triglycerides and cholesterol, and modified
lipoprotein composition [58, 61]. Oxidative stress is involved
in the pathophysiology of NAFLD and Cu/Zinc superoxide
dismutase which neutralizes oxidative stress and requires Cu
for its biological function, potentially linking Cu and antiox-
idant defence [62]. Correspondingly, a Cu deficient diet was

linked to an enhanced proinflammatory response in Sprague-
Dawley rats [63]. Changes in mitochondrial morphology and
function have been reported in human NAFLD and similar
changes are found as a consequence of Cu deficiency [64].
Hence, these pathophysiological mechanisms may represent
links between Cu homeostasis and NAFLD.

A recent study showed that trace element levels in obese
childrenmay vary strongly due to poor nutritional status [65].
In pediatric cohorts, serum Cu levels were reported to be
significantly higher in obese patients than in normal weight
controls in some [66] but not all [67, 68] studies. Moreover,
Lima et al. [69] did not find a difference in Cu erythrocyte
concentrations between obese children and normal weight
controls. Laitinen et al. [70] studied a Finnish pediatric cohort
documenting a negative correlation between serum Cu and
HDL-cholesterol, with obesity not affecting this relationship.
Interestingly, serum antioxidant capacity owing to cerulo-
plasmin (Cp) failure was strongly associated with pediatric
NAFLD-related damage. Further, the study by Nobili et al.
shows that low Cu and Cp levels are associated with a higher
NAS score reflecting hepatic damage. The authors suggested
that Cp may serve as an additional noninvasive marker for
NAFLD, in particular for NASH, ballooning, and inflamma-
tion. There are several hypotheses supporting a role of Cp
as an indicator of liver dysfunction: first, there are striking
histological similarities between the hypoceruloplasminemia
inWilson disease and severe NAFLD. InNAFLD, a decreased
hepatocellular Cp synthesis capacity secondary to liver
dysfunction may—as delineated above for a deranged iron
metabolism—reflect higher susceptibility to oxidative stress
directed to the hepatocyte, which could be related to mis-
folded proteins and hence ballooning in NASH [71]. In
addition, an excessive consumption of fructose, which paral-
lels the increasing prevalence of obesity worldwide, is a well-
recognized risk factor for NAFLD [72]. Recent studies
showed that experimentally increased fructose intake reca-
pitulates many of the pathophysiological characteristics of
the metabolic syndrome in humans including NAFLD [73].
Further, Song et al. [74] suggested that high fructose-induced
NAFLD may be due, in part, to inadequate dietary Cu
related to impaired duodenum Cu transporter 1 absorption
in rats. Thereby, dietary marginal Cu deficiency and fructose
feeding would contribute to liver dysfunction and increased
lipid accumulation, potentially mediated by iron overload. In
keeping with this, building upon knowledge that iron and Cu
metabolism are closely linked [75], Cu availability has been
shown to contribute to iron perturbations in adults with
NAFLD. Further, reduced Cu availability was suggestive of
inducing increased iron stores via decreased ferroportin-1
expression and ceruloplasmin ferroxidase activity thus block-
ing liver iron export in Cu deficient adults [76].

Thus, since the Cu-dependent ferroxidase ceruloplasmin
facilitates the release of iron from hepatic cells [77], low
concentrations may lead to iron retention and may thereby
augment oxidative stress [71]. In contrast to these adult data,
markers of iron status were apparently normal in a pediatric
NAFLD cohort, while Cp levels appeared disarranged. The
discrepancy between adult and these pediatric data was sug-
gested to be explained by an augmented ferroxidase activity
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in the presence of lower Cp in children as compared to adults
[71]. However, considering the paucity of pediatric studies
concentrating on the link between NAFLD and changes
in serum Cu levels, long-term investigations of pediatric
NAFLD cohorts with follow-up into adulthood will be
required to clarify the contribution of Cu and ceruloplasmin
in NAFLD.

7. Summary

Distinct changes of iron and Cu homeostasis are observed
in pediatric obesity and NAFLD. Obese children without
NAFLD are mainly prone to develop iron deficiency which
is related to visceral AT inflammation and consecutively
impaired iron uptake. Increased iron requirements due to
physical growth likely lead to the manifestation of iron
deficiency or even anemia. In NAFLD subjects, hepatic iron
deposition has been reported in a manner similar to adult
DIOS. Since available data also suggest that Cu and cerulo-
plasmin may also be involved in NAFLD pathogenesis, it will
be an important agenda of research to elucidate details of the
interaction of iron and Cu with oxidative stress, insulin resis-
tance, and histological damage in longitudinal studies.
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