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Abstract

The near universal presence of chronic low-grade systemic inflammation among patients with
severe obesity disrupts iron homeostasis and underlies the association between obesity and iron
deficiency. Immune activation and inflammation results in a reduction in circulating iron and
diminished iron bioavailability for erythropoiesis. Inflammation also alters blood levels of
commonly measured markers of iron nutrition status, which makes the diagnosis of iron deficiency
difficult and has led to new recommendations regarding laboratory markers for the diagnosis.
Recent evidence utilizing these newly recommended laboratory markers which include levels of
ferritin, C Reactive Protein, and Transferrin Saturation suggests that the actual prevalence of iron
deficiency among candidates for metabolic surgery may be double or triple the prevalence
identified by low levels of ferritin alone. Thus, large numbers of surgical candidates have iron
deficiency which has been heretofore largely unrecognized and inadequately treated. The
assessment of iron status utilizing the currently recommended markers in the presence of chronic
inflammatory diseases, and repletion of depleted stores for surgical candidates with deficiency
during the pre-operative period presents an important opportunity for mitigating this condition in
post-operative patients.
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INTRODUCTION

Accumulating clinical evidence substantiating disordered iron nutrition in most patients with
severe obesity has raised concern about validity of the traditional approach to the diagnosis
and management of iron deficiency and its associated anemia in candidates for metabolic
surgery. The near universal prevalence of chronic low-grade systemic inflammation in
patients with severe obesity,1=3 which results in reduced iron absorption from the intestine,
enhanced iron sequestration in macrophages, and reduced iron bioavailability accounts for
the common occurrence of iron deficiency (ID) in patients with severe obesity.4 The
presence of inflammation also alters the direct relationship between the blood level of
ferritin and available iron stores, because ferritin is an acute phase reactant which is elevated
by inflammation whatever the iron status.® Furthermore, inflammation may influence the
optimal strategies for iron repletion among patients with ID.

The purpose of this narrative review is (1) to describe the prevalence of inflammation and its
consequences in candidates for metabolic surgery (2) to review the effects of this chronic
low-grade systemic inflammation on traditional diagnostic thresholds for the usual markers
of 1D and (3) to propose a new diagnostic algorithm for the diagnosis of ID that will more
accurately identify the high prevalence of ID among candidates for metabolic surgery. We
propose that these new concepts in iron nutrition provide an opportunity to improve overall
outcome as well as to reduce the risk of ID and anemia which is known to complicate
metabolic surgery procedures.

THE ASSOCIATION OF SYSTEMIC INFLAMMATION AND OBESITY

Obesity is one of the many chronic diseases characterized by a low-level activation and/or
insufficient resolution of an inflammatory response producing a state of chronic, mild
systemic inflammation.1=3 Inflammation in severe obesity is thought to be activated by
excessive adipocyte enlargement (primarily in visceral adipose tissuel:”-8) in response to
caloric excess leading to immune activation, macrophage infiltration into predominantly
visceral adipocytes, enhanced release of pro-inflammatory cytokines, a reduction in anti-
inflammatory adipokine levels,® and dysregulated release of free fatty acids.®’

Activation of the inflammatory response stimulates the synthesis and release of acute phase
reactants which are markers of inflammation. C-Reactive Protein (CRP) is the inflammatory
biomarker which has been most extensively studied.1° It is produced in the liver in response
to an increase in IL-6. The plasma half-life of CRP is 19 hours, which does not vary with
differing disease conditions, thus rendering the blood level an accurate measure of the
intensity of the inflammatory response.19 In healthy individuals from the general population,
the median CRP level is 0.8 mg/L. Levels up to 3mg/L are considered normal, and levels of
3-8mg/L represent subclinical inflammation. Clinically significant inflammation is
identified by levels above 8 mg/L.11
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Several studies have documented a direct correlation between BMI and CRP levels.12-15 In
addition, a number of studies have reported CRP levels in patients with severe obesity
undergoing metabolic surgery showing a high prevalence of clinically significant
inflammation. The findings in 4 studies totaling 2246 patients are shown in Table 1. Note
that the mean levels and range of CRP reflect a mild to modest level of inflammation.

IRON HOMEOSTASIS AND INFLAMMATION

Iron homeostasis is tightly regulated in the absence of an excretory pathway. In times of
need when stores are depleted, absorption is increased, and when stores are replete,
absorption from enterocytes and release of iron from stores is reduced. The primary
regulator of circulating iron availability is hepcidin, a peptide hormone produced in the liver.
18 Hepcidin acts to limit circulating iron by inhibiting iron exporters that transport ingested
iron absorbed from the diet by enterocytes into the circulation and export from stored iron in
hepatocyte ferritin and in macrophages of the reticuloendothelial system.1® When iron stores
are replete, hepcidin levels are increased as production is upregulated and circulating iron is
reduced. With increased hepcidin levels, transferrin-bound iron in the circulation is also
reduced resulting in decreased iron availability for hematopoiesis and other functions.1® Iron
depletion or a demand for erythropoiesis down regulates hepcidin gene expression, and
levels fall resulting in enhanced iron absorption from enterocytes and increased release from
storage sites.20 More detailed information about iron homeostasis and its regulation can be
obtained from several excellent reviews.21:22

Immune activation and the resultant inflammatory response leads to disruption of the normal
regulation of iron homeostasis. Hepcidin is also an acute phase reactant and its production is
upregulated in response to the release of interleukin 6 (IL6) which occurs with immune
activation and inflammation.19 In obesity accompanied by systemic inflammation, hepcidin
levels are increased,® which can lead to reduced levels of circulating transferrin-bound iron
and the anemia of inflammation (also called the anemia of chronic disease) where iron
availability for hematopoiesis is limited despite the presence of what would normally be
adequate total body iron stores.23 In diseases like obesity, chronic inflammation may remain
for an extended period of time. The associated sustained elevations in levels of hepcidin will
reduce intestinal iron absorption increasing the risk of absolute ID and potentially worsening
the anemia of inflammation.23

INFLAMMATION AND THE DIAGNOSIS OF IRON DEFICIENCY

Inflammation, when present, also complicates the diagnosis of 1D because many of the
laboratory markers of iron status such as serum iron, ferritin, transferrin (iron binding
capacity) and transferrin saturation (T Sat) are also affected by the presence of
inflammation. Levels of iron, transferrin and T Sat in blood fall and levels of ferritin
increase with increasing degrees of inflammation.24 In the presence of inflammation, the
ferritin level thus loses its specificity as a predictor of iron stores,2° and levels extending into
the normal range can be consistent with iron deficiency.26:27 The high prevalence of
systemic inflammation and dysregulated iron homeostasis among patients with severe
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obesity argues for the assessment of the degree of inflammation when measuring iron status
in patients.

Although the blood hepcidin level is a potential marker of iron homeostasis, the hepcidin
level is also a marker of inflammation, and each stimulus influences the level in opposite
directions. Thus, an elevated hepcidin level can be consistent with normal iron nutrition with
abundant stores or with inflammation, and a normal hepcidin level can indicate iron
deficiency complicated by inflammation. Furthermore, this test is not generally clinically
available with the standard reference range relating to age and gender currently under
investigation.28 At the present time, the most widely tested marker of the presence of
inflammation is the CRP level.

IRON DEFICIENCY DIAGNOSIS AND PREVALENCE AMONG CANDIDATES
FOR SURGERY

Recognition of the high prevalence of inflammation in patients with severe obesity, the
competing effects of inflammation and iron status on the availability of iron, and the altered
relationship between levels of ferritin and iron stores in the presence of inflammation has led
to investigative efforts to redefine more accurate laboratory thresholds for the diagnosis of
ID in obesity and other chronic inflammatory diseases.?® For patients with heart failure,
chronic kidney disease and inflammatory bowel disease with associated inflammation, the
following laboratory cut-off values for ID have been proposed: Serum ferritin < 100 ng/dL
or T Sat < 20%.2° Additional recommendations suggest that when clinical inflammation is
present in patients with severe obesity as determined by a CRP level > 8 mg/L (the
traditional level defining clinical inflammation), or if T Sat < 20%, serum ferritin levels
between 30-<100 ng/ml suggest absolute ID. CRP levels between 3 and 8 mg/L using the
highly sensitive CRP determination reflect lower degrees of inflammation. These levels do
have clinical relevance, as they are known to increase cardiovascular risk.30 Levels of CRP
>5mg/L have been proposed as a level of inflammation above which measures of ID are
affected,?9 but additional study of CRP levels between 3-8mg/L and their relation to iron
homeostasis are needed.

When ferritin levels equal or exceed 100 ng/mL in association with T Sat < 20%,these
findings suggest iron sequestration as seen in the anemia of inflammation, 3132, However
this remains controversial because in heart failure, chronic renal disease, and inflammatory
bowel disease, the combination of a ferritin level of 100-300ng/dL with T Sat < 20% is also
considered consistent with 1D.29:33. However the level of inflammation in severe obesity is
generally milder than in the above conditions when they are severe.

The prevalence of ID among candidates for metabolic surgery has been extensively studied
in the past with reported findings of 5.7—19% (Table 2).34-40 These studies are likely to
reflect underestimates, because the diagnostic thresholds for 1D are based solely on low
levels of ferritin or iron without consideration of the effects of systemic inflammation on
these parameters. Several more recent studies have incorporated an assessment of
inflammation by either measuring CRP levels, or by adjustment of current laboratory
thresholds and have proposed that the prevalence may be much higher, approximating 20—
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509%.17:3141 Thus, it appears that when the high prevalence of inflammation in patients with
severe obesity is assessed, the actual prevalence of ID may actually be double or triple the
prevalence shown in Table 2 determined using only low levels of ferritin.

A new diagnostic algorithm for the diagnosis of ID in patients with inflammation utilizing
levels of ferritin and T Sat, recently proposed by a consensus panel of experts is shown in
Figure 1.2942 |n order to show the potential impact of this new diagnostic algorithm, we
have utilized our established clinical registry of research-consented patients undergoing
metabolic surgery*3 with iron status data from n= 3723 of such patients from our previous
studies of perioperative iron nutrition.*4. When these proposed diagnostic thresholds for 1D
are tested in this registry, and the prevalence of clinically significant inflammation is
recognized at 76-88% as shown in Figure 1,16:17 the actual prevalence of ID in our cohort of
pre-operative patients with severe obesity is consistent with recent studies.1?:3141 Thus, the
use of a low level of ferritin alone as an indicator of ID vastly underestimates the actual
prevalence.

These findings suggest that, if the level of ferritin is used as the only indicator of iron
nutrition status in patients with severe obesity, the majority of patients with 1D would be
missed and untreated. This also suggests that there are large numbers of patients with
unrecognized depletion of iron stores which will likely be worsened significantly when they
subsequently undergo either a Roux-en-Y gastric bypass or sleeve gastrectomy, both of
which sharply reduce gastrointestinal iron absorption. This impaired iron status would be
further compromised postoperatively by dramatic reduction of dietary iron intake and
absorption in the first postoperative year when dietary intake is severely restricted and
accelerated weight loss occurs. It is likely that the lack of provider recognition of disordered
iron status among preoperative patients may be a major contributor to the high prevalence of
ID (13-53%) and anemia (16-54%), both of which increase with time after surgery.4044 It is
evident from this preliminary work that additional investigation is needed to assess the
impact of systemic inflammation on iron nutrition status in severe obesity, and to confirm
that obesity warrants consideration as a chronic inflammatory disease requiring new
diagnostic thresholds for the definition of ID.

MANAGEMENT OF IRON DEFICIENCY IN CANDIDATES FOR METABOLIC
SURGERY

All candidates for surgery should undergo laboratory assessment of iron nutrition at least 30
days before surgery in order to allow a time period for treatment.31:45 Laboratory studies
should include serum ferritin, iron and iron binding capacity (for calculation of T Sat) as
well as a standard CRP level to assess the presence and extent of inflammation. Although
the introduction of multidisciplinary care has improved the preoperative nutritional
screening, a recent large study reviewing claims data from 21,345 surgery eligible patients
suggested that preoperative nutritional assessment occurred in < 25% of patients.#® In the
presence of inflammation, the diagnosis of ID is challenging. If inflammation is present and
there are findings suggestive of ID, further clarification can be obtained by measuring levels
of soluble transferrin receptor where levels increase in 1D, but are not affected by
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inflammation.#748 A reasonable option if there is strong suspicion of ID is to provide
supplementation and check for a response. When anemia is present, the amount of iron to be
provided can be estimated based on the hemoglobin deficit and body weight.23 However in
most circumstances use of the diagnostic algorithm in Figure 1 is a reasonable guide to
define the presence of likely ID for patients with severe obesity.

ID is now increasingly recognized as a disorder needing treatment in the absence of anemia
because of increased awareness of its involvement in mitochondrial electron transport,
energy production, the immune response, muscle oxygen utilization, and other vital
functions.21:49.50 | D with symptoms can occur in the absence of anemia, because iron stores
must be significantly depleted before erythropoiesis is substantially reduced.3! A cardinal
clinical symptom of 1D in this situation is chronic fatigue.31:4% Non-anemic candidates for
surgery who have laboratory evidence of ID with decreased stores should receive treatment
for deficiency preoperatively and possibly receive a higher dose of supplementation with the
recognition that tolerance to oral iron is often limited to moderate doses particularly in the
postoperative period. A good example of such a patient is a non-anemic premenopausal
woman with a ferritin level <30 ng/mL. Iron replacement, both oral and parenteral has been
demonstrated as effective in the treatment of non-anemic 1D fatigue in menstruating women
and in other populations.#9:51.52 Aggressive attention to the restoration and maintenance of
iron stores in this situation may attenuate the major risk of 1D and severe ID anemia which
commonly occur after surgery, and patients with preoperative ID are at the highest risk.44
This is an important area in need of further study, as treatment needs for iron deficient
metabolic surgery candidates with a relatively brief interval before surgery may be different
from those of the general population.

The highest risk patients for postoperative iron deficiency and anemia after surgery are
women with preoperative evidence of low iron stores or anemia.*0:44 Obesity is a major risk
factor for abnormal menstrual bleeding,>3 a condition with a prevalence of 5-52% in the
general population.>* Body iron in males can be up to 6 grams and 2 grams in females. The
majority of iron (1-2 grams) is in red blood cells as hemoglobin, with 0.5-1 gram as storage
iron in bone marrow, spleen and liver. Before Hemoglobin begins to fall, a large portion of
body iron stores must be lost.*® A non-anemic female candidate for surgery with a ferritin
level < 30 ng/L is likely to have a body iron deficit of 300-500 grams. The presence of
anemia will add to this deficit. Normal iron absorption is about 1-2 mg per day>® which
suggests that replacement of such a large iron deficit will be slow and poses challenges
related to the time needed for repletion, patient compliance issues, and decisions regarding
the optimal mode of repletion.

Current guidelines suggest routine screening of iron nutrition prior to metabolic surgery.*’
Oral iron supplementation is currently considered as the first line treatment for ID for the
general population.23 Specific recommendations for the treatment of 1D in candidates for
metabolic surgery are lacking. Adults should ideally receive 100-200 mg of elemental iron
ideally in the ferrous state in divided doses daily.28 The most commonly available oral iron
preparations include Ferrous Sulfate (65 mg iron per tablet), ferrous gluconate (35 mg iron
per tablet), and ferrous fumarate (100 mg iron per tablet). Ferrous sulfate is the least
expensive and most commonly used. Since the recommended dietary allowance (RDA) in
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normal healthy individuals is 8 mg/day orally, these amounts if taken should easily meet
daily plus replacement needs in metabolic surgical patients with impaired iron uptake by
surgery and inflammation. Interested providers should refer to information from the Society
for the Advancement of Blood Management, A Physicians Guide to Oral iron Supplements
for additional information and recommendations regarding oral iron supplementation.>8

Patients receiving oral supplementation must be followed closely because compliance with
treatment is a major problem primarily because up to 70% of patients will experience
significant gastrointestinal side effects including dyspepsia, constipation, abdominal pain,
and nausea.”’ Alternate dosing strategies involving lower doses initially with graded
increases can be used with fewer side effects.56: 58 In addition, recent evidence from
randomized controlled trials suggest that newer iron preparations like Sucrasomial iron with
an altered chemical structure and a different pathway for absorption may offer another
option for patients who do not tolerate ferrous sulfate and other salt-based oral iron
preparation.®9 Preliminary studies primarily in Europe suggest that this preparation may be
associated with improved gastrointestinal tolerance and bioavailability.>°

Oral supplementation should be closely monitored and supervised by a dietitian, as iron is
best administered between meals and in the absence of certain foods and medications,31:32:60
Patients with higher levels of inflammation, as has been recently shown in patients with
central obesity,61 may not respond to oral iron due to the inhibitory effects of hepcidin on
iron export from enterocytes. Patients with ID or ID anemia who cannot take or do not
respond to oral supplementation should be considered for parenteral iron where the response
is prompt, effective in the presence of inflammation, and, with newer formulations of
parenteral iron, much better tolerated.2 Parenteral iron is now the treatment of choice for 1D
in patients with chronic renal disease requiring dialysis and in patients with heart failure,
conditions associated with levels of inflammation comparable to patients with severe
obesity.33: 63 As intravenous iron has demonstrated its efficacy and safety in these diseases
complicated by inflammation, it should be considered and studied for iron repletion in
preoperative patients with depleted iron stores who cannot tolerate or do not respond to oral
iron supplementation, and when depleted patients have limited time prior to surgery
associated with the risk of major blood loss. Comparisons between oral vs parenteral iron
replacement are summarized in Table 3.26:29

Iron repletion in preoperative patients with ID is associated with improved surgical
outcomes,*® and current perioperative guidelines recommend the use of parenteral iron as
front line treatment when surgery with the potential for major blood loss is planned for less
than 6 weeks.%4 A parenteral dose of 800—-1000 mg or iron would provide sufficient iron to
meet the daily needs of iron (1 mg/day) for about 3 years, and has the potential to avoid to a
great extent the development of iron deficiency during the phase of rapid weight loss
characterized by decline in inflammation, inadequate dietary intake, and poor tolerance to
oral iron.

For most patients undergoing metabolic surgery for severe obesity, the procedure is
permanent with its potential impact on dietary iron intake and absorption rates long lasting,
and with residual obesity present in many having potential effects on iron metabolism
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through continued inflammation, although presumably of a much lower degree. Whether full
iron repletion in the initial preoperative and/or early postoperative period could improve
subsequent outcomes including greater net weight loss with better iron status and improved
physical stamina as well as less likelihood for the development of 1D anemia over the long-
term will require clinical study. In this regard, there is some evidence that preoperative ID
has a negative association with weight loss and that preoperative anemia is associated with
reduced short-term weight loss.6%:66

An important limitation of this review is the fact that the concept of systemic inflammation
as it relates to the pathophysiology of severe obesity, its effect on iron homeostasis, and its
clinical implications has not been well studied to date. A growing number of studies do
acknowledge that obesity has joined the list of chronic diseases characterized by altered iron
homeostasis related to the presence of systemic inflammation,23-27.29.32,4249.67 anq that
updated diagnostic markers of iron nutrition are indicated for identification of the true
prevalence of 1D27:29.32.42,67-70 \whjch is underdiagnosed in the previously reported
prevalences (5.7—-19%, Table 2) based solely on low blood levels of ferritin or iron.34-39
These updated algorithms for the diagnostic approach for 1D are based on expert opinion and
not on systematic review of published material. In view of the high prevalence of ID among
surgical candidates and current guidelines regarding the best practices for pre-operative
management of these conditions, this is important information for providers in metabolic
surgery programs.

Areas where gaps in knowledge exist include defining the role of inflammatory markers like
CRP in the diagnostic algorithm for ID. An algorithm including the presence or absence of
inflammation has recently been proposed (Figure 1), and a suggested cutoff for the CRP
level of >5mg/L has been proposed, but this has not been confirmed.27:32.68 |n addition, the
role of hepcidin levels in the evaluation of iron status beyond predicting the optimal route of
repletion in patients with inflammation needs clarification.

The concept of improved early recognition and management of ID and ID anemia in
candidates for metabolic surgery provides an opportunity for improvement in surgical safety
and to possibly mitigate the alarming prevalence of ID and ID anemia occurring longer-term
after surgery. A recent retrospective study of 80 patients undergoing sleeve gastrectomy
found that preoperative correction of micronutrient deficiencies was protective in the short-
term (one year) after surgery.’ The known challenges with oral iron replacement and the
emerging evidence for the safety and efficacy of parenteral iron argue for additional study of
this modality in surgical candidates. Preoperative restoration of iron stores for metabolic
surgery candidates at high risk for postoperative 1D and severe anemia after surgery, and
validation of alternate diagnostic criteria for ID are important areas in need of further study
to establish evidence-based guidelines for the perioperative management of ID.
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. Obesity is associated with an increased risk of iron deficiency

. Chronic low-grade systemic inflammation is present in the vast majority of
patients with severe obesity and leads to reduced iron availability despite
adequate stores.

. inflammation affects the blood levels of markers of iron nutrition status which
complicates the assessment of iron nutrition and has led to new
recommendations for laboratory markers for the assessment of iron nutrition
status.

. Current estimates for the prevalence of iron deficiency among candidates for
metabolic surgery utilizing the newer diagnostic criteria which include an
assessment of inflammation suggest that the prevalence may be as high as
60%.

. many candidates for metabolic surgery have undiagnosed and untreated iron
deficiency which contributes to the alarming prevalence after surgery
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Fig. 1.
Laboratory thresholds for the diagnosis of anemia and iron deficiency proposed by an expert

panel. Modified from Cappellini et al.25,27 T SAT = transferrin saturation.
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CRP levels in studies of patients prior to Metabolic Surgery
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AUTHOR NUMBER OF PATIENTS | BMI (KG/M2) | MEAN CRP LEVEL (MG/L) | PER CENT WITH ELEVATED
CRP

CHEN?® 640 41567 8.4 + 1.1 (mean * SD) 74%

CAREAGAY | 803 474+ 2 12.4 % .4 (mean +. SD) 88%

ARISMENDI2 | 129 46+.6 7.8 (4.3-14.5) (mean, range) NOT REPORTED

PAEPEGAEY!S | 674 46 6.9 (0.2-55.9) (mean, range NOT REPORTED
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Reported rates of anemia and iron deficiency in pre-bariatric surgery patients (Benotti et al)*® (ID: iron
deficiency; Hgb: hemoglobin; gm: grams; ?: female; & male; mmole: millimoles; I,L: liter; dl: deciliter; pmol:
picomole; ng: nanogram; pmol; micromole)

AUTHOR YEAR NUMBER 9% ANEMIA % ID ANEMIA diagnosis IRON DEFICIENCY
diagnosis
SKROUBIS® 2002 79 18% 16% Hgh<13.4gm/dl o'; <12.5 gm/dI @ Ferritin < 9 ng/ml
FLANCBAUM3> 2006 379 22% 8.4%  Hgb below normal; (not provided) Ferritin below normal
TOHS36 2009 232 6.4% 15.7% Hgb<13.4gm/dl 5; <12.5 gm/dI @ Serum Iron < 9 pmol/L
ERNST3 2009 232 6.9% 6.9%  Hgb<87mmol/l &; <7.5mmol/l 2  Serum Ferritin < 18 pmol/I
SCHWEIGER3® 2010 114 18.4 24% Hgb < 12gm/dl ¢; < 14 gm/dl & Serum ferritin <20ng/ml.
LEFEBVRE3® 2014 267 6.1% 5.7%  Hgb < 13gm/dl &; < 12ng/dl ? Serum Ferritin < 24 ng/ml &

<11 ng/ml ¢
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Comparisons between oral iron replacement vs. parenteral replacement regarding indications, advantages and

disadvantages. (adapted from Cappellini et al?® and Camaschella et al.25)

IRON REPLACEMENT MODALITY

ORAL

PARENTERAL

CURRENT INDICATIONS

Preferred replacement mode
Current standard of care

Failure of oral replacement
Intolerance to oral replacement

EMERGING Presence of inflammation (reduced absorption).
INDICATIONS functional iron deficiency
Need for quick response (pre-operative patients)
ADVANTAGES Ease of use Rapid response to treatment
Low cost Effective when inflammation present

Eliminates need for patient compliance

DISADVANTAGES

Limited absorption

Slow efficacy

Unpredictable in inflammatory conditions
Gastrointestinal side effects common
Poor patient adherence to treatment

Requires specialty care

Must be administered in a medical facility
Hypersensitivity reactions

Cost

NEWER TREATMENT

ALTERNATIVES

Sucrasomial Iron (different absorption mechanism,
possibly reduced side effects)

Improved safety with the newer formulations
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