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Abstract
AIM: To describe the variation that divalent metal
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transporter 1 (DMT1) shows in patients after Roux-
en-Y gastric bypass (RYGB) surgery.

METHODS: Prospective and analytical study of DMT1
level at the brush border of proximal jejunum in pa-
tients having undergone RYGB surgery. The mucosa of
proximal jejunum forming the gastrojejunal anastomo-
sis was biopsied during surgery and after 6 mo later
with an endoscopic biopsy. All the patients received
precise instructions regarding feeding and nutritional
supplementation. Both samples were processed at the
same time by immunohistochemistry and western blot.
Samples were analysed by a pathologist. For statistical
analysis, the »* and Wilcoxon tests were used.

RESULTS: Sixteen patients were recruited, 13 of whom
completed the study. Twelve were women. Average age
and body mass index (BMI) were 44.1 and 40.4, re-
spectively. Both body weight and BMI decreased signifi-
cantly during the study period, with an average percent
excess weight loss (%EWL) of 60% % 13.3% and an
average percent excess BMI loss (%EBMIL) of 79.6% =+
21.6%. Only two patients presented with mild anaemia
6 mo after surgery, but their ferritin levels stayed within
normal ranges. Staining for DMT1 showed a significant
increase in the cytoplasm of enterocytes located at the
tips of the villi (* = 6.03; 2 = 0.049). Nevertheless,
the total quantity of DMT1 decreased significantly (£ =
2.04; P = 0.04). Associated with these results, we ob-
served a significant increase in goblet cells in the villi 6
mo postoperatively (£ = -2.47; P = 0.013).

CONCLUSION: Six months after RYGB surgery, pa-
tients exhibit an increase in DMT1 expression in the en-
terocytes of the tips of the villi at the proximal jejunum.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Anaemia after Roux-en-Y gastric bypass
surgery is one of the most common nutritional defi-
ciencies. Different nutritional supplementation strate-
gies have been developed to prevent this complica-
tion, but a subset of patients still develop it. This
study brings readers the first report on the molecular
changes that occur in the physiology of iron absorp-
tion in these patients.

Marambio A, Watkins G, Castro F, Riffo A, Zuiiiga R, Jans J,
Villanueva ME, Diaz G. Changes in iron transporter divalent
metal transporter 1 in proximal jejunum after gastric bypass.
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INTRODUCTION

Nutritional deficiencies are common complications of
bariatric surgery, especially in association with Roux-
en-Y gastric bypass (RYGB). Of particular importance
are iron deficiency and anaemia. It is accepted that such
patients must receive vitamin supplements perpetually,
and iron supplements depending on the presence or ab-
sence of factors that influence the development of anae-
mia, such as gender or age. In spite of this, a fraction of
the patients will still develop iron deficiency and in some
cases will require the administration of intravenous iron
supplementationm.

The mechanisms that result in iron deficiency are
mainly related to a lack of gastric acidity and the exclu-
sion of the duodenum and part of the jejunum, the
main sites of iron absorptionm. The iron transporter di-
valent metal transporter 1 (DMT1) has been detected in
these regions. DMT1 is a transmembrane protein found
on the apical membrane of the enterocyte that, by the
proton-motive force, transports ferrous iron (Fe’") into
the cell”.

DMT1 is mainly found in the duodenum, and its
expression decreases along the digestive tract. In condi-
tions of iron deficiency, the duodenum is capable of
adapting by overexpressing DMT1, and in overload
conditions by diminishing its expressionm. In humans
there are no reports of the presence or absence of this
phenomenon at the proximal jejunum. Moreover, there

are no reports concerning over-expression in patients
undergoing RYGB surgery, which is an iron deficiency
model involving the described mechanism.

The aim of the current study is to describe the chang-
es in DMT1 expression in a group of patients having un-
dergone RYGB surgery. Because to our knowledge, no
research has been carried out on this topic, the intention
is to start a new line of research addressing the molecu-
lar aspects that regulate the occurrence of anaemia in
such patients.
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MATERIALS AND METHODS

For this prospective and analytical study, patients from
the Surgery Department of the University of Chile
Clinical Hospital were recruited. To be enrolled, patients
had to be scheduled for RYGB surgery. All patients were
informed of the nature of the study and authorised their
inclusion by signing an informed consent. The study was
approved by the ethics committee of our hospital. The
design consisted of an initial assessment that included
anamnesis and full physical examination. Age, weight,
height, body mass index (BMI), and medical, surgical
and family history were documented. All patients un-
derwent a complete blood count and a serum ferritin
test. Exclusion criteria were preoperative iron deficiency,
previous use of iron supplements, poor tolerance to iron
supplements, the presence of diseases that affect the red
series or jejunum, habitual smoking (> 1 pack per week)
and current pregnancy. In addition, patients who subse-
quently presented significant eatly or late postoperative
complications (leak, haemorrhage, stenosis, ez.) were
excluded from the final analysis.

All patients underwent RYGB surgery by a standard
techniquem. During the surgery, a sample of jejunal mu-
cosa was collected at the level of the gastrojejunal anas-
tomosis (GJA) for histological analysis (jejunum approxi-
mately 25 cm distal to Treitz’s angle). Once discharged,
all the patients received precise indications concerning
their feeding (similar guidelines for all patients having
undergone RYGB surgery) and vitamin supplement
intake. The latter consisted of Maltofer vitaminado®
(multivitamin complex with minerals, trace elements and
iron as iron Il 60 mg from Andrémaco laboratory, San-
tiago, Chile), 1 tablet per day for 1 mo, which was then
changed to Berocca Plus” (B complex, calcium and mag-
nesium from Bayer laboratory, Santiago, Chile), 1 tablet
per day permanently. In addition to the former, patients
were prescribed Neurobionta® (B complex, 10000 U,
from Merck laboratory, Santiago, Chile), 1 intramuscular
ampoule per month for 3 mo, and then every 3 or 6 mo
for women or men respectively.

Six months after surgery, patients underwent a com-
plete blood count, a serum ferritin test and an upper
digestive endoscopy with biopsy of the jejunal mucosa
at the alimentary limb (approximately 10 cm distal to
the GJA). The histological specimens were fixed in 4%
formaldehyde (for haematoxylin-eosin staining and im-
munohistochemistry analysis) and stored in liquid nitro-
gen at -80 C (for western blot analysis).

Haematoxylin and eosin staining

Immediately upon collection, the tissue specimens were
fixed in 4% formaldehyde in phosphate-buffered saline
(PBS) for 24 h. The specimens were subsequently dehy-
drated and embedded in paraffin in an automatic proces-
sor to create paraffin blocks in standard plastic cassettes.
Sections 5 um thick were obtained using a rotation
microtome with disposable blades. These were mounted
on xylan-coated glass slides and dried in an oven at 60 C
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for 24 h.

Sections for haematoxylin and eosin (H and E) stain-
ing were deparaffinised in xylene and hydrated in a se-
quence of ethanol in decreasing concentrations ending
in distilled water. Nuclear contrast was obtained with
Harris haematoxylin for 3 min. The sections were then
washed under running water to turn the nuclei blue.
Cytoplasmic staining with aqueous 0.5% eosin Y was
applied for 30 s. Finally, sections were dehydrated with
ethanol, clarified with xylene and mounted with perma-
nent synthetic medium.

Immunohistochemistry

Immunohistochemistry (IHQ) sections were processed
in the same way as for H and E staining but then rehy-
drated and pretreated with 1 mmol/L ethylenediamine-
tetraacetic acid (EDTA), pH 8.0 for 25 min at 96 C in a
steamer for antigen retrieval. The slides were washed in
distilled water, followed by incubation with 3% aqueous
hydrogen peroxide to block the endogenous peroxidase.
The slides were then washed 3 times for 2 minutes with
0.01 mol/L Tris-buffered saline with 200 iL./L Tween
20 (IBST), pH 7.6, and blockage of unspecific reactiv-
ity was carried out with horse serum for 10 min at room
temperature (RT).

Once the blockage was finished, sections were incu-
bated with anti-DMT1 antibody (pan-DMT1 rabbit poly-
clonal antibody, which recognises the amino-terminal se-
quence MVLGPEQKMSDDSVSGDH present in all the
isoforms of human DMT1 and which was prepared by
the Immunology Service of the School of Sciences of
the University of Chile) in 1:200 dilution in TBST, for
45 min at 37 C in a humid chamber. In parallel, sections
were incubated with horse serum under the same condi-
tions, as a negative control. After incubation with the
antibody, sections were washed with TBST and treated
with the detection kit Vector PK 7200 (Vector Laborato-
ries Inc. 30 Ingold Road, Burlingame, CA 94010 United
States). Sections were incubated for 25 min at RT with
biotinylated secondary antibody from the kit, followed
by a wash with TBST and finally incubation with devel-
oping solution (I mg/mL dimethylaminobenzidine in
0.01 mol/L saline phosphate buffer pH 7.6 with 0.003%
hydrogen peroxide) for 2 min at RT. The reaction was
interrupted with distilled water. Nuclear contrast was
obtained with Harris haematoxylin for 1 min. Finally, the
sections were dehydrated with ethanol, clarified with xy-
lene and mounted with permanent synthetic medium.

Western blot

The western blot protocol consisted of (1) initial ho-
mogenisation of the specimens with a tissue lysis buffer
solution in presence of enzymatic inhibitors (RIPA solu-
tion) in a glass-glass Wheaton® homogeniser; sonication
of the sample for 7 min; further homogenisation to en-
sure its total distribution; and then centrifugation of the
sample at 10000 rpm at 4 C for 10 min and extraction
of the supernatant that contained the protein of interest;
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(2) quantification of the protein in the extract by Low-
ry's method; (3) electrophoretic separation of the pro-
teins (according to their molecular weight), carried out in
acrylamide/polyacrylamide gels (8%); (4) electrotransfer
of the proteins to a nitrocellulose membrane; (5) incuba-
tion of membranes with a specific antibody against the
protein of interest (anti-DMT1) and a secondary horse-
radish peroxidase-conjugated antibody, followed by im-
munodetection with the method of chemoluminescence
and its subsequent detection with auto radiographic film;
and (6) quantification of protein bands by appropriate
software showing the results as total pixels per quantifi-

able band.

Histological analysis

The samples were analysed by a single pathologist (MV)
who was blinded to the groups (preoperative »s post-
operative). For morphological analysis of the villi and
goblet cells, haematoxylin and eosin staining was used.
For the analysis of DMT1 staining, the enterocyte was
divided into cytoplasm and brush border. Qualitative
analysis was performed to compare the intensity of the
staining at 0 and 6 mo after surgery. The staining was
classified into three levels: (+) mild, (++) moderate and
(+++) intense.

Statistical analysis

All data are presented as the mean * SD. Stata 8.1 soft-
ware (Stata Corp., Lakeway Drive, TX, United States)
was used for statistical analysis. Because the data were
normally distributed, we applied Wilcoxon’s test and the
;{2 test, considering P < 0.05 statistically significant.

RESULTS

We recruited 16 patients who met the inclusion/exclu-
sion criteria, but 3 patients were lost from the study
because they failed to complete the 6-mo post-surgery
follow-up control. There were no postoperative com-
plications. Among the 13 patients who were analysed,
the average age was 44.1 £ 12.7 years (20-66), and only
one patient was a male. Four of the patients had type 2
diabetes mellitus, 6 had arterial hypertension, and 6 had
dyslipidaemia. Twelve patients underwent non-resective
laparoscopic RYGB, whereas the patient with the highest
BMI (50.9) underwent an open technique with resection
of the gastric remnant.

Both weight and BMI decreased significantly (P =
0.001 for both variables), for an average percent excess
weight loss (YoEWL) of 60% * 13,3% and an average
percent excess BMI loss (YoEBMIL) of 79.6% * 21.6%.
Two patients presented with mild anaemia six months
after surgery (haemoglobin: 11.2 g/dL and 11.4 g/dL,
respectively). Nevertheless, their ferritin levels stayed
within normal ranges. When the group was analysed as a
whole, there was not a significant decrease in the level of
haemoglobin or ferritin. Table 1 shows the evolution of
anthropometric and haematologic variables.
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Figure 1 Morphological and immunohistochemical changes in the jejunal villus of patients subjected to Roux-en-Y gastric bypass. A and B are jejunal villus
stained with haematoxylin-eosin at 0 and 6 mo after surgery, respectively. Note the preserved normal morphological pattern together with an increase of goblet cells.
C and D show immunohistochemical staining for divalent metal transporter 1 during the same period, with an evident increase of such staining in the cytoplasm of

epithelial cells at the apex of the villi.

Table 1 Progress of the anthropometric and haematologic

variables

Variable (averages) Preoperative 6 mo postop. P

Weight (kg) 99.8 +17.7 71.7£12.3 0.001
BMI 404 +5.7 29.1+4 0.001
Haematocrit (%) 41427 39.7+35 0.272
Haemoglobin (g/dL) 1371 131+1.1 0.071
Ferritin (ng/mL) 85276 69.3 + 58.7 0.208

'Wilcoxon test. BMI: Body mass index.

During histological analysis, most of the villi and
crypts showed preservation of the normal morphologic
pattern 6 mo after surgery (Figure 1A, B). Villi showed
an increase in the number of goblet cells per millimetre
of epithelium (P = 0.013) (Figure 2). By IHC, DMT1
was present in the whole epithelium, mainly concentrat-
ed at level of the brush border.

At 6 mo there was a significant increase of DMT1 in
the cytoplasm of epithelial cells (3° = 6.03; P = 0.049) at
the apex of the villi (Figure 1C, D). At level of the brush
border, the expression of DMT1 did not show significant
variation (Table 2). In spite of these findings and having
analysed the total amount of the receptor in the jejunal
mucosa by western blot, we found a significant decrease
of DMT1 (P = 0.040) 6 mo post-surgery (Figure 3).

DISCUSSION

The number of bariatric surgeries has progressively

Baishidenge ~ WJG | www.wjgnet.com

40

30 -

Number of goblet cells
per millimeter

t (mo)

Figure 2 Change in the number of goblet cells in the proximal jejunum 6
mo after Roux-en-Y gastric bypass. Wilcoxon test: Z=-2.47; P=0.013.

increased given the obesity epidemic that affects the
population of many countries, especially in the West'”.
RYGB is one of the most frequent bariatric surger-
ies due to its excellent results, mainly in relation to the
resolution of comorbidities” and its low rate of com-
plications[s]. Nevertheless, as the quantity of operated
patients increases, so do the long-term complications,
some of the most important of which are nutritional
deficiencies. The most frequent nutritional deficiencies
after bariatric surgery is iron deficiency and secondary
anaemia” ! although in many cases it follows the deficit
of other minerals or vitamins, such as vitamin B12 and
the folates. This is why there are established follow-up
and nutritional supplementation protocols, usually with
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Table 2 Change in staining intensity for divalent metal trans-

porter 1 in jejunal mucosa from patients 6 mo after surgery

Patients Cytoplasm P Brush border P
0 mo 6mo 0.049 O mo é6mo 0.218
1 ++ F— ++ ++
2 ++ + ++ ++
3 + + ++ ++
4 ++ + ++ ++
5 ++ ++ ++ ++
6 + ++ + ++
7 ++ ++ ++ ++
8 ++ - ++ ++
9 ++ ++ ++ ++
10 + 4+ ++ o+
11 + + + ++
12 ++ + ++ ++
13 ++ — ++ ++

!y” test. Staining intensity: (+) mild; (++) moderate; (+++) intense.

multivitamin and iron oral intake. However, a subset of
patients still will still manifest the deficit.

No randomised and controlled studies have ad-
dressed the iron deficiency in such patients. There are
only retrospective data and case series. From the latter,
it is possible to estimate that between 30% and 50%!"""
of patients will show iron deficiency or anaemia, de-
pending on the study. These might manifest months or
even years after the surgery, but in most cases the disor-
der appears within the first 12 mo'"?. Thus, these pro-
portions might vary depending on the moment at which
the measurement is carried out. Some patients have a
higher tendency than others to present this complica-
tion because it is more common in women of fertile age
(due to increased blood loss), adolescents and pregnant
women (the latter due to higher iron requirements). This
disorder is seen frequently before surgery, as a result of
the eating and living habits of such patientsm’lsl.

There are various reasons for the greater tendency
towards iron deficiency and anaemia among bariatric
surgery patients, mainly the lack of gastric acidity, the
exclusion of the main absorption site (duodenum),
decreased ingestion, postoperative bleeding and the
presence of marginal ulcers?. The longer the alimen-
tary limb, the higher the incidence of this pathology“”,
because of the eventual increase of malabsorption. It
must be taken into account that these patients are also at
risk of presenting other mineral or vitamin deficiencies
that might also cause anaemia, such as vitamins from the
B complex, copper, vitamin C and protein deficiencies,
although these are less frequent reasons.

The iron in outr diet comes in two forms, either as
haeme iron or as inorganic iron. The former is highly
bioavailable and is mainly found in red meats. Its ab-
sorption mechanism is not completely clear, but haeme
carrier protein 1 (HCP1) has been suggested as the iron
transporter at the brush border"”. The non-haeme iron
is widely distributed and is absorbed in its ferrous state
(Fe’") by DMT1, which has the ability to transport non-

specific metals such as manganese, lead, cadmium, zinc
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Figure 3 Change in expression of divalent metal transporter 1 in the
proximal jejunum 6 mo after Roux-en-Y gastric bypass. Wilcoxon test: Z =
2.04; P=0.04.

and copper”. In its ferric form (Fe’"), iron is absorbed
in parallel by mobilferrin®'. However, the presence of
an apical ferric reductase (Dcytb) has been described at
the duodenal mucosa, where it reduces Fe' to facilitate
its absorption.

In conditions of iron deficiency, the duodenal mu-
cosa is the mucosa that adapts the most. The amount of
DMT1 mRNA in the duodenum increases in iron defi-
ciency™"*Y, as does Dcytb™*). The molecular mecha-
nisms for this adaptation are not well known, although it
has been suggested that the apical transporters are regu-
lated by local signals and the basolateral ones by systemic
signalspsl. We have demonstrated that in patients under-
going RYGB, DMT1 expression in the cytoplasm of en-
terocytes located in the apex of the villi of the proximal
jejunum is increased 6 mo after surgery. Nevertheless, we
were surprised that the total quantity of the receptor in
the same area decreased. To reduce the possibility of er-
ror in the measurements and in the handling of samples,
biopsies at 0 and 6 mo were kept under the same con-
ditions and finally processed simultaneously under the
same laboratory conditions and by the same staff. While
the biopsies varied in size, western blots were performed
by normalising protein levels to the tissue size, thereby
eliminating the vatiable amount of tissue as a bias.

Therefore, a possible explanation for our protein ex-
pression findings are the cellular changes seen in the villi
in such patients, such as the significant increase in the
number of goblet cells that displace enterocytes which
have greater absorptive capacity than goblet cells. This
might be triggered by the physical/chemical stimulus of
food, now undigested by the exclusion of the stomach
and the duodenum, a mechanism that acts within these
PO This might be the beginning of a compensa-
tion mechanism between the enterocyte decrease and the
increased DMT1 in the remaining enterocytes. This ad-
aptation would allow our patients to maintain their iron
reserves at normal levels despite all the side effects of
the RYGB that affect iron absorption, which after 6 mo
has already decreased”™. These changes might explain
the high rate of iron metabolism disorders observed in

cells
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all these patients during a longer-term follow-up, keep-
ing in mind that many other individual factors may influ-
ence the development of anaemia. Undoubtedly, further
cellular research is needed, prospective in nature and for
longer periods, in patients undergoing RYGB, including
other molecules involved in iron metabolism, such as
Decytb, ferroportin, hepcidin and hephaestin. This would
improve our understanding of the mechanisms that
produce iron metabolism disorders in bariatric surgery
patients.

In conclusion, 6 mo after RYGB surgery, patients
showed increased expression of DMT1 in the cytoplasm
of the enterocytes located in the apex of the villi of the
proximal jejunum. This could be a compensation mecha-
nism because it is associated with a decrease of the total
quantity of the receptor in the mucosa, most likely fol-
lowing the cellular changes experienced by the intestinal
villi in RYGB patients.
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effected by the divalent metal transporter 1 (DMT1). In spite of various protocols
of supplementation and nutritional management, iron deficiency is still present
in a proportion of patients.
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DMT1 is a transmembrane protein found on the apical membrane of the entero-
cyte that, by the proton-motive force, transports ferrous iron (Fe”) into the cell.
In conditions of iron deficiency, the duodenum is capable of adapting by over-
expressing the DMT1 transporter, and in overload conditions by downregulating
it. In this study, the authors demonstrate that 6 mo after RYGB surgery, patients
exhibit an increase in DMT1 expression in the enterocytes of the tips of the villi
at the proximal jejunum.

Innovations and breakthroughs

Several studies have highlighted the importance of nutritional deficiencies in
patients subjected to RYGB surgery, in particular iron deficiency, which occurs
in 30%-50% of patients. In this study, the authors demonstrate that the varia-
tions in the iron receptor DMT1 may help to explain why some patients develop
anaemia despite being supplemented.

Applications

Understanding the changes experienced by these patients in terms of iron
absorption mechanisms will help to create future strategies to prevent the de-
velopment of anaemia.
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The authors examined the variation that DMT1 shows in patients after Roux-
en-Y gastric bypass surgery. This study reveals that 6 mo after surgery, patients
exhibit an increase in the expression of DMT1 in the cytoplasm of enterocytes
of the tips of the villi at the proximal jejunum. This could be a compensation
mechanism because it is associated with a decrease in the total quantity of
the transporter in the mucosa, most likely as a result of the cellular changes
present at the intestinal villi of such patients. The results are interesting and
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represent the first report on the molecular changes that occur in the physiology
of iron absorption in these patients.
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