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Impaired Intestinal Iron Absorption in Crohn’s Disease
Correlates with Disease Activity and Markers
of Inflammation

Gaith Semrin, MD,*§ Douglas S. Fishman, MD,* Athos Bousvaros, MD, MPH ,* Anna Zholudev, MPH *
Andrew C. Saunders, BS,1 Catherine E. Correia, BS, 19 Elizabeta Nemeth, PhD,//
Richard J. Grand, MD,* f and David A. Weinstein, MD, MMSc 19

Background: Anemia in patients with Crohn’s disease (CD) is a
common problem of multifactorial origin, including blood loss, mal-
absorption of iron, and anemia of inflammation. Anemia of inflamma-
tion is caused by the effects of inflammatory cytokines [predominantly
interleukin-6 (IL-6)] on iron transport in enterocytes and macrophages.
We sought to elucidate alterations in iron absorption in pediatric
patients with active and inactive CD.

Methods: Nineteen subjects with CD (8 female, 11 male patients)
were recruited between April 2003 and June 2004. After an overnight
fast, serum iron and hemoglobin levels, serum markers of inflamma-
tion [IL-6, C-reactive protein (CRP), and erythrocyte sedimentation
rate], and a urine sample for hepcidin assay were obtained at 8 am.
Ferrous sulfate (1 mg/kg) was administered orally, followed by de-
termination of serum iron concentrations hourly for 4 hours after the
ingestion of iron. An area under the curve for iron absorption was
calculated for each patient data set.

Results: There was a strong inverse correlation between the area
under the curve and IL-6 (P = 0.002) and area under the curve
and CRP levels (P = 0.04). Similarly, the difference between base-
line and 2-hour serum iron level (A[Fe]2hr) correlated with IL-6
(P = 0.008) and CRP (P = 0.045). When cutoff values for IL-6
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(>5 pg/mL) and CRP (>1.0 mg/dL) were used, urine hepcidin levels
also positively correlated with IL-6 and CRP levels (P = 0.003 and
0.007, respectively).

Conclusions: Subjects with active CD have impaired oral iron
absorption and elevated IL-6 levels compared with subjects with
inactive disease. These findings suggest that oral iron may be of
limited benefit to these patients. Future study is needed to define the
molecular basis for impaired iron absorption.

Key Words: inflammatory bowel disease, hepcidin, interleukin-6,
pediatric
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pproximately 30% to 80% of subjects with Crohn’s
disease (CD) develop anemia as a complication of their
illness (77% in a recent pediatric cohort).' > The anemia in
these subjects is multifactorial and may be caused by lack of
intake, chronic blood loss, micronutrient deficiency (iron, fo-
late, and vitamin B12), hemolysis, and medication-induced
myelosuppression. However, the 2 most common causes of
anemia in CD subjects are iron deficiency and anemia of
inflammation (ACI; also referred to as the anemia of chronic
disease). Typical laboratory features of ACI include a
normocytic or microcytic anemia, low serum iron level, low
total iron binding capacity (TIBC), normal or high serum
ferritin level, and high reticuloendothelial stores relative to
the amount of total body iron. Oral iron therapy may be of
limited or no benefit in subjects with ACI.
Although the exact pathogenesis of ACI is unknown,
one hypothesis suggests that ACI arises in part as a result of a
defect in the ability of enterocytes to transport iron and the of
inability reticuloendothelial cells to recycle iron. Ferroportin
(FPN), an iron export protein at the basolateral membrane of
the enterocyte, is internalized and degraded under the in-
fluence of inflammatory cytokines (hepcidin and tumor ne-
crosis factor-at), thus blocking iron absorption at the intestinal
level.*> The impaired transport of iron by the enterocyte
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results in a net decrease in intestinal iron absorption into the
systemic circulation. In addition, there is increased phagocytosis
of red cells by macrophages and impaired release of iron from
cells of the reticuloendothelial system (e.g. macrophages) into
the circulation.® As a result, serum transferrin is decreased, and
iron delivery to erythroid precursors is impaired, leading to a
blunted erythropoietin response and a decreased response to
iron therapy.

Hepcidin, a circulating peptide hormone produced by
the liver and detectable in the urine, has been found to be
induced by inflammation and iron overload.”® Animal studies
have shown that loss of hepcidin causes iron overload, and
excess hepcidin causes iron-deficiency anemia.’'! Excessive
hepcidin production associated with large hepatic adenomas
in patients with type Ia glycogen storage disease results in a
severe refractory iron-deficiency anemia. These glycogen
storage disease subjects do not respond to oral iron sup-
plementation and have a limited response to intravenous iron
dextran, similar to subjects with ACL'? Thus, animal and
human data indicate that hepcidin is a mediator of ACI acting
on FPN to exert its effect.”® Hepcidin is induced by the
cytokine interleukin-6 (IL-6), which is increased in subjects
with CD and other inflammatory conditions.'*™'¢

We hypothesized that iron absorption is impaired in
subjects with active CD because inflammatory cytokines re-
leased by the inflamed bowel stimulate hepcidin release by the
liver. The released hepcidin in turn impairs enterocyte iron
absorption by downstream effects on DMT-1 and internalization
and degradation of FPN, which leads to anemia. In this study, we
compared iron absorption of subjects with active and inactive CD
disease. To evaluate iron absorption in ACI, we used a diagnostic
test previously developed to study iron-deficiency anemia in
children.'"® We found that subjects with moderate to severe
CD have impaired oral iron absorption and elevated IL-6 levels
compared with subjects with inactive disease.

METHODS

Subject Recruitment

Subjects were recruited from the in-patient service and
out-patient gastroenterology clinics of Children’s Hospital
(Boston, Mass). Subjects who enrolled in the study had the
diagnosis of CD made by standard criteria.'® Other inclusion
criteria were age between 5 and 25 years at the time of diag-
nosis and normal serum creatinine and vitamin E levels.
Subjects were excluded if they had other concomitant in-
flammatory disorders, a serum creatinine level 1.5 times the
upper limit of normal, or low serum vitamin E levels (because
of potential increased risk of hemolysis while performing the
oral iron challenge test). The protocol was approved by the
Children’s Hospital Committee on Clinical Investigation.
Informed consent was obtained from all subjects, and assent
was obtained from all minors.
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Subjects were studied in the General Clinical Research
Center. Disease activity for each subject was assessed using
the erythrocyte sedimentation rate (ESR) and serum C-reactive
protein (CRP) and IL-6 levels. The normal values for these
tests are <20 mm/h for ESR and <1.0 mg/dL for CRP. IL-6
levels were assessed because of the known relationship be-
tween IL-6 and hepcidin, and IL-6 levels are known to be
strongly linked to intestinal inflammation in patients with
inflammatory bowel disease (IBD).>'® The upper limit of
normal for IL-6 was defined as 5 pg/mL'*'> because no normal
subject had a serum IL-6 level >5 pg/mL in past studies. We
defined active disease as those with IL-6 levels >5 pg/mL and
inactive disease as IL-6 levels <5 pg/mL. A clinical activity
score for each subject was also recorded using the Pediatric
Crohn’s Disease Activity Index (PCDAI).*’ Complete blood
counts, serum iron levels (normal, 50 to 120 pg/L), and TIBC
(normal, 250 to 420 pg/dL) were measured in all subjects.

Iron Absorption Test

We modified the protocol used by Gross et al'’ for the
diagnosis of iron-deficiency anemia. The subjects fasted over-
night. Baseline serum iron level and a urine sample for hepcidin
assay were obtained at 8 am in the fasting state. Ferrous sulfate
(dosed as 1 mg/kg elemental iron with a 60-mg maximum) was
then administered orally as a liquid preparation, followed by
determination of serum iron and TIBC concentrations hourly for
4 hours after the ingestion of iron. The area under the curve
(AUC) for iron absorption was calculated as the sum of the
areas under the trapezoids formed between time points of serum

TABLE 1. Clinical Characteristics of the Subjects

Active CD Inactive/Mild CD
Patient Characteristics =~ (IL-6 >5 pg/mL)  (IL-6 <5 pg/mL)
Patients, no. 6 9
Gender, no.
Male 3 7
Female 3 2
Mean PCDAI 29.6 15.6
Mean age, years 15 18
Range 12-17 14-21
Disease distribution
Ileal only 0 0
Ileocolonic 5/6 5/9
Colonic 1/6 4/9
Disease behavior
Mucosal 6/6 9/9
Fistulizing 2/6 3/9
Stricturing 1/6 3/9

Twelve of 15 subjects underwent upper endoscopy during the course of
the disease. Only 2 of 12 had duodenal inflammation histologically.
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FIGURE 1. Iron absorption in a single subject during periods of
active and inactive disease. This 18-year-old male with CD
received 1.0 mg/kg body weight at time 0 after fasting serum

iron levels. The fasting (time 0) serum iron value served as the
base of the trapezoid. The change in iron levels between
baseline and 2 hours (A[Fe]2hr) also was calculated.

Laboratory Analysis of Cytokines

The assay for serum IL-6 was performed with a com-
mercially available enzyme-linked immunosorbent assay
(Quantikine, R & D Systems, Minneapolis, MN). Hepcidin
urinary concentrations were determined by immunodot
assay.”! Urine extracts equivalent to 0.1 to 0.5 mg of
creatinine were dotted on Immobilon-P membrane (Millipore
Corp, Bedford, Mass), along with a range of synthetic
hepcidin standards (0 to 40 ng). Hepcidin was detected on
the blots with rabbit anti-human hepcidin antibodies®' with
goat anti-rabbit horseradish peroxidase as a secondary anti-
body. Dot blots were developed by the chemiluminescent
detection method (SuperSignal West Pico Chemiluminescent
Substrate, Pierce Chemical Co, Rockford, Ill) and quantified
with the Chemi-doc cooled camera running Quantity One
Software (BioRad Laboratories Inc, Hercules, Calif). The
urinary hepcidin concentration was adjusted on the basis of the
urinary creatinine concentration.

Statistical Analysis

The Mann-Whitney test was used to determine whether
iron absorption was impaired in children with active CD using
the AUC of the iron absorption test as the primary outcome

variable. We compared the AUC in children with active CD
(IL-6 levels >5 pg/mL) with that of subjects with inactive CD
(IL-6 levels <5 pg/mL). As secondary outcome variables, we
compared the AUC with CRP (<1.0 or >1.0 mg/dL) and
urinary hepcidin (<100 or >100 ng/mg creatinine). The
Wilcoxon rank test was used to compare subjects with active
and inactive CD in each data set. Spearman’s correlation co-
efficient was used to determine the relationship between AUC,
inflammatory cytokines, hepcidin, and acute-phase reactants.
Spearman’s correlation analysis also was performed to deter-
mine the linear relationship between AUC, A[Fe]2hr, and other
characteristics of iron status. In addition, this test was used to
determine the relationship between hepcidin expression and
markers of iron absorption. Significance was defined as P <
0.05. SPSS version 12.0.1 was used for statistical analysis.

RESULTS

Subject Demographics

We recruited 19 subjects with CD (8 female, 11 male
patients) between April 2003 and June 2004. The clinical
characteristics of the subjects are summarized in Table 1. One
subject participated in the study twice, once when his disease was
active and a second time when his disease was in remission. For
purposes of data analysis, this subject’s information from the
“active” period was used, but the AUC from both the “active”
and the “remission” periods is shown in Figure 1. Three other
subjects were excluded for the following reasons: subject
withdrawal after lost intravenous, mishandled blood sample, and
an incorrect dose of ferrous sulfate. The subjects were receiving a
variety of medications, including 5-aminosalicylate, corticoste-
roids, 6-mercaptopurine/azathioprine, and infliximab. Most sub-
jects had ileocolonic involvement; 1 subject also had perianal
disease, and 1 subject had clinically significant esophageal CD.
At the time of study participation, 6 subjects had active CD (IL-6
>5 pg/mL), and 9 had inactive CD (IL-6 <5 pg/mL).

Laboratory Characteristics of Subjects

Table 2 depicts the measures of inflammatory activity
and iron status for all study subjects. Serum IL-6 levels di-
vided the subjects into 2 distinct groups: those with IL-6
>5 pg/mL had a mean value of 20.5, and those with IL-6
<5 pg/mL had a mean value of 2.5 pg/mL. The ESR and
CRP levels also were significantly elevated when disease was

TABLE 2. Measures of Inflammation and Iron Status in Study Subjects

Urine Hepcidin,
ng/mg creatinine

Hemoglobin, g/dL.  Iron, pg/LL. TIBC, pg/dL

Subjects IL-6, pg/mL ESR, mm/h CRP, mg/dL
Active CD (n =6)  20.5 £ 18.8 39 +21 38+26
Inactive CD (n=9) 25+1.2 17+7 04+0.5
Wilcoxon P NA 0.05 0.003

2953 +177.3 11.7 £ 1.0 29.7 £ 18.7 340.7 £ 118.7
31.22 +£48.35 11.6 £ 3.0 57.67 +40.5 370.0 £ 68.8
0.003 NS NS NS
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TABLE 3. Mean Iron Absorption in Subjects with Active and Inactive CD

Baseline [Fe], 1 hr [Fe], 2hr [Fe], 3 hr [Fe], 4 hr [Fe],
Subjects pg/dL pg/dL pg/dL pg/dL pg/dL AUC A [Fe]2hr
Active CD (n = 6) 29.7 £ 19 56.8 + 43 553 +52 50.0 £ 52 475 + 47 82.1 £ 117 25.7 + 36
Inactive CD (n = 9) 29.7 £ 41 112.1 + 38 126.4 + 56 119.6 + 58 102.6 + 62 227.8 £ 165 68.8 £ 54
Wilcoxon (P value) NS 0.03 0.01 0.03 0.09 0.02 0.02

active. During active disease, urinary hepcidin levels were
elevated; during remission, however, urinary hepcidin levels
decreased (295.3 £ 177.3 versus 31.2 + 48.4; P < 0.003). A
mean PCDALI score of 29.6 was calculated for patients with
IL-6 levels >5 pg/mL and 15.6 for patients with IL-6 <5 pg/mL
(P = NS). Because the mean PCDAI scores were not sta-
tistically different for active and inactive subjects, they were
not used in further data analyses.

Intestinal Iron Absorption Is Decreased
in Subjects with Active CD

Table 3 demonstrates the mean change in serum iron
concentrations in subjects with active compared with those
with inactive disease at different time points after the oral iron
challenge. In those with active CD, after a small increase in
serum iron level at 1 hour after the oral dose, the hourly levels
showed a steady decline to a nadir at 4 hours. In contrast,
subjects with inactive CD demonstrated a brisk increase in
serum iron values that was maintained for 4 hours. At each time
point after baseline recordings, the mean serum iron value for
subjects with active CD was statistically significantly lower
than for those with inactive disease. Mean iron absorption as

TABLE 4. Nonlinear and Linear Correlation of Inflammatory
Cytokines and Iron Absorption

Nonparametric correlation P*
AUC vs IL-6 (<5 or =5 pg/mL) 0.018
AUC vs CRP (<1 or >1 mg/dL) 0.013
AUC vs hepcidin (<100 or >100) 0.064
A[Fe]2hr vs IL-6 (<5 or >5 pg/mL) 0.018
A[Fe]2hr vs CRP (<1 or >1 mg/dL) 0.010
Hepcidin vs IL-6 (<5 or >5 pg/mL) 0.003
Hepcidin vs CRP (<1 or >1 mg/dL) 0.007

Linear correlation Spearman’s p P*
AUC vs IL-6 —0.720 0.002
AUC vs CRP —0.534 0.040
AUC vs Hepcidin —0.386 0.155
A[Fe]2hr vs IL-6 —0.654 0.008
A[Fe]2hr vs CRP —0.524 0.045
Hepcidin vs IL-6 0.665 0.007
Hepcidin vs CRP 0.405 0.134

*P < 0.05 is statistically significant (2-tailed values).
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determined by the AUC was lower in subjects with active CD
compared with those with inactive CD (Table 3). Similarly,
A[Fe]2hr was significantly lower in subjects with active CD
compared with those with inactive disease (Table 3).

Figure 1 demonstrates representative iron absorption
curves in the same subject during 2 different periods: a period
of active disease showing poor iron absorption and a period
of remission showing recovery of iron absorption.

Relationships Between Tests of Iron Status and
Markers of Inflammation

As shown in Table 4, there was a strong inverse cor-
relation between the AUC and the dichotomized IL-6 and
CRP levels. The value of A[Fe]2hr also was inversely cor-
related with IL-6 and CRP levels, whereas the urinary
hepcidin concentrations showed a significant correlation with
dichotomized IL-6 and CRP levels. The AUC, however, was
not correlated with urinary hepcidin concentrations.

Using the Spearman coefficient we also showed statisti-
cally significant inverse linear correlations between the AUC
and both IL-6 and CRP. The A[Fe]2hr also showed an inverse
correlation with both IL-6 and CRP. Urinary hepcidin
concentrations correlated with serum IL-6 levels, whereas
CRP levels did not. As in the analysis of dichotomized data,
there was no significant correlation between the AUC and
urinary hepcidin concentrations.

DISCUSSION

To the best of our knowledge, this is the first study to
investigate the association between iron absorption, disease
activity, and proinflammatory cytokines in children with CD.
We demonstrate that subjects with active CD have significantly
impaired intestinal iron absorption compared with subjects with
inactive disease. We also demonstrate a correlation between
impaired oral iron absorption and serum IL-6 levels. Of clinical
importance, both the AUC and the A[Fe]2hr showed significant
correlation with serum IL-6 and CRP levels, providing
potential therapeutically important information.

The oral iron absorption test, developed >70 years ago,
has been used to evaluate iron uptake in children with iron-
deficiency anemia.'”** Children with iron deficiency charac-
teristically demonstrate a robust rise (>100 pg/dL) in serum
iron concentration from 1 to 4 hours after an oral iron dose of
1 mg/kg.'” In contrast, adult subjects with ACI demonstrate
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only small increases in serum iron after oral challenge,'®
which would suggest impaired small intestinal iron absorp-
tion. Furthermore, analysis of bone marrow iron content in
those subjects with a blunted response to the oral iron chal-
lenge demonstrated findings consistent with anemia of
chronic disease rather than iron deficiency.'®

In the present study, although frank anemia was not
present in any subject, there were striking differences in iron
absorption in subjects with active disease compared with those
with inactive disease. Furthermore, the higher the IL-6 and
CRP values and the lower the AUC and A[Fe]2hr were, the
higher the likelihood of cytokine-induced impairment of iron
absorption was.

The absorption of iron by the enterocyte is a complex
process that has recently been reviewed by Fleming and Bacon.”
In brief, dietary ferrous iron (Fe*") is taken up from the apical
surface of the enterocyte into the cytoplasm by the protein
DMT-1 (divalent metal transporter).* 2® Once intracellular, iron
can be ecither stored as ferritin or transported out of the
basolateral surface of the cell into the circulation by FPN.?¢27
In the circulation, iron is bound to transferrin and distributed to
the liver and bone marrow, where it may be incorporated into
hemoglobin. Free iron from senescent red cells phagocytosed by
the reticuloendothelial system is incorporated into macrophages,
from which it can then be released by FPN into the plasma,
bound to transferrin, and recycled.**® In the presence of in-
flammatory cytokines, hepcidin downregulates FPN in the mac-
rophage, trapping iron intracellularly.

As noted above, the peptide hepcidin is a key regulator
of iron absorption by its action on FPN in the enterocyte and its
release from macrophages.®*'*** Hepcidin is a hormone pri-
marily synthesized by hepatocytes, in which an 84—amino
acid precursor protein (prohepcidin) is processed to the
bioactive 25-amino acids form found in circulation and
urine.®?° Studies in mice demonstrate that hepcidin inhibits
intestinal iron absorption,”!" placental iron transport,®' and
the release of recycled iron from macrophages.'' In the
human intestinal epithelial cell line, Caco-2, hepcidin de-
creases apical iron uptake and decreases expression of the
DMT-1 apical transporter.* In humans, production of excess
hepcidin by liver adenomas in glycogen storage disease type
Ia results in a profound anemia that is unresponsive to oral
iron supplementation.®” In addition, a defective mutant hep-
cidin protein has been associated with increased iron ab-
sorption and juvenile hemochromatosis.*

Evidence now suggests that the proinflammatory cyto-
kine IL-6 stimulates hepcidin release from the liver of mice and
humans.** In a murine model of inflammation, wild-type mice
injected with turpentine exhibited increases in hepcidin mRNA
and a reduction in serum iron, whereas IL-6—null mice did
not.’ In addition, humans injected with recombinant human
IL-6 exhibit increases in urinary hepcidin and reductions in
serum iron.” In human hepatocytes, hepcidin is induced by

© 2006 Lippincott Williams & Wilkins

IL-6, but not IL-1 or tumor necrosis factor-a.>! A number of
studies have demonstrated increased serum IL-6 levels in
CD."*'5 We hypothesize that the release of IL-6 by the
inflamed intestine stimulates hepcidin synthesis in the liver
and that hepcidin inhibits intestinal iron absorption.

We used IL-6 levels rather than PCDALI to assess disease
activity for several reasons: (1) Many aspects of the PCDALI,
including abdominal pain, fatigue, and well-being, are in-
fluenced by noninflammatory factors; (2) other factors (e.g.,
perianal disease) may not correlate with systemic inflammation
or iron absorption; and (3) 1 marker of PCDALI is anemia. Our
study has a variety of implications for the management of IBD
subjects. First, we have established a simple and straightforward
means of identifying subjects with CD who may not respond to
oral iron supplementation. Second, we have demonstrated that a
lack of response to oral iron correlates well with IL-6 levels.
Third, we provide evidence for a link between elevated urinary
hepcidin level and reduced iron absorption in IBD. This study
also indicates that control of disease activity is essential if a
subject with active inflammation is to respond to oral iron sup-
plementation. Further work is necessary to determine whether
the oral iron absorption test and serum IL-6 level can predict a
priori which IBD subjects will respond to iron supplementation
and whether higher doses of ferrous sulfate can overcome the
reduced absorption seen with the dose used in this study, as
suggested by Lanzkowsky et al*® in children without IBD.
Additional limitations of our study were the small sample size,
lack of repeated measures, potential variations in the timing of
urine processing, and the wide standard deviation in PCDAI
among patients with active disease.”

We hope that this study will encourage further inves-
tigation into the pathogenesis of the anemia of chronic
inflammation and perhaps encourage the development of
new approaches to the treatment of anemia in children with
IBD. Furthermore, future studies should focus on the relation-
ship between iron status and urinary or serum hepcidin levels
and the interactions with FPN and DMT-1. Such studies are
currently underway in our IBD center.
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