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I would like to dedicate this book to the
patients with inflammatory bowel diseases,
their family, healthcare professionals,

and researchers working to address

the challenges of these complex diseases






Foreword

The management of a patient with inflammatory bowel disease (IBD) is complex
and multilayered. Choosing appropriate effective yet safe therapy is utmost in the
minds of most providers, but to the patient “Doctor what can I eat?” is the most
important discussion that occurs in the office. While the science moves forward with
understanding the intricate interplay of the microbial environment of the GI tract, it
is apparent that what a patient consumes becomes part of that environment as well.
For some, enteral nutrition is the treatment of choice for their Crohn’s disease.

So the timeliness of this book cannot be understated. The authors here have bro-
ken down the different aspects of “nutrition” for providers so that they can have
informed discussions with their patients regarding this important topic. Separating
fact from fiction and science from speculation, this book will ultimately help patients
make responsible choices and hopefully prevent even more complications that can
result from elimination or fad diets meant to promote “health” or “healing.”

I welcome the knowledge points brought forth in this book and hope that other
readers use this information in formulating informed, evidence-based management
plans for their patients with IBD.

Mayo Clinic Sunanda Kane, M.D., M.S.P.H., FA.C.G.
Rochester, MN, USA
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Preface

Nutrition and Inflammatory Bowel Diseases: A Complex
and Continuous Interface

Inflammatory bowel diseases (IBD), comprising Crohn’s disease and ulcerative
colitis, affect an estimated 1.5 million Americans, 2.2 million individuals in Europe,
and several thousands more worldwide. They are complex in their origin, arising
due to a dysregulated immune response to the microbiome in a genetically predis-
posed individual. The past two decades have witnessed an exponential increase in
our understanding of the pathogenesis of these complex diseases, highlighting the
role of innate and adaptive immune responses, integrity of the intestinal barrier
function, as well as alterations in the diversity and composition of the intestinal
microbiome. Yet, much remains unknown regarding the origin and natural history
of these diseases. In particular, the role of modifiable environmental and behavioral
factors, and in particular diet, remains poorly understood.

The effects of dietary influences on the onset of IBD as well as its potential effect
on the natural history and maintenance of remission are among the most frequently
voiced concerns by patients and family members. Indeed, despite the advances in
therapeutic agents targeting the immune response that have revolutionized IBD
care, safety and durability of such therapies over the long term remains an important
concern. Most patients with IBD express an interest in active management of their
disease and in particular through dietary modifications. Yet this is an area where
there is limited data and consequently a dearth of resources to guide patients and
providers. Additionally, by virtue of pan-gastrointestinal tract involvement in IBD
and the effect of both disease and treatments on absorption and eating behavior,
malnutrition and specific nutritional deficiencies are common in these patients.

This book was developed to serve as a comprehensive resource to healthcare
providers involved in the management of IBD. Leading experts in the field summa-
rize the state of the art in diet and nutritional management in IBD and provide useful
practical tips for patient care.



X Preface

Part I lays the ground for how dietary factors may influence the development and
subsequent course of inflammatory bowel diseases. The first chapter on the influ-
ence of diet on the gut microbiome proposes mechanisms how dietary factors may
alter the microbiome sufficiently to serve as a pro-inflammatory trigger for immune
responses, while the second chapter examines the epidemiologic evidence support-
ing the association between various dietary patterns, micro- and macronutrient
intake, and disease onset and relapse.

Part II of this book addresses the nutritional deficiencies that affect patients with
IBD with specific chapters on iron and vitamin D, both of which are frequently
deficient. The third chapter in this section provides a comprehensive A-to-zinc over-
view of other micronutrient deficiencies and guide to their management.

Part III provides insights on various dietary therapies for the management of
established inflammatory bowel disease by first reviewing the most rigorously sup-
ported dietary intervention—enteral nutrition. Less well-supported but nevertheless
widely popular interventions such as elimination diets, prebiotics, and probiotics
are addressed in the next two chapters.

Part IV closes with a discussion of the most complex nutritional issues affecting
patients with protracted and complicated courses of their IBD. The long-term
outcomes and complications of total parenteral nutrition are discussed. The next
two chapters summarize the pathophysiology, nutritional, and pharmacologic man-
agement of short bowel syndrome. Finally, the role of small bowel transplantation
in those with refractory disease is discussed.
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Part I
Diet and the Pathogenesis of
Inflammatory Bowel Diseases



Chapter 1
Diet and Microbiome in Inflammatory Bowel
Diseases

Jenny Sauk

Introduction

The pathogenesis of inflammatory bowel disease (IBD) remains elusive. As genetics
accounts for only 30—40 % of disease penetrance, focus has shifted towards the con-
tribution of environmental factors, such as antibiotics, smoking, and diet, on IBD
disease risk and trajectory [1-7]. Alterations in the intestinal microbiota parallel
changes in these environmental factors, with evidence suggesting a role of the intesti-
nal microbiota in immune modulation [8—11]. Of all the exogenous factors, long-term
diet has the largest effect in shaping the intestinal microbiome [12]. Therefore, under-
standing the effect of diet on the intestinal microbiome in IBD and in health can
potentially identify new dietary therapeutic avenues to modulate disease course.

Intestinal Microbiome: Primer

Our gastrointestinal tract harbors a rich microbial community varying in composi-
tion and density based on anatomic site, host secretions, and intestinal transit time.
Due to high acidity and rapid transit, the stomach and proximal small intestine hold
relatively few microorganisms. However, the large intestine is home to roughly 10!
bacteria/g of luminal content in the colon, dominated mainly by obligate anaerobic
bacteria that ferment non-digested dietary components [13].

J. Sauk, M.D. (<)
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Colonization of our intestinal tract begins at birth with fluctuations noted until
age 2-3 years, after which the intestinal microbiota stabilizes and resembles that of
the adult [14]. Early life factors, such as mode of delivery and breastfeeding, affect
intestinal colonization of the infant, with Lactobacillus and other microbial com-
munities resembling the mother’s vaginal microbiota, more frequently colonizing
the intestinal tract of infants born via vaginal delivery versus C-section. Once diet is
introduced, there is frequently a shift in the dominant community, with
Bifidobacterium species more consistently represented in breastfed infants versus
formula-fed infants [15, 16].

With more sophisticated DNA-sequencing technologies and bioinformatics
tools, our understanding of the intestinal microbiota has progressed rapidly. Both
targeted 16S rRNA gene sequencing and whole-genome shotgun sequencing can be
used to determine the microbial populations present and their abundance within a
community. Whole genome shotgun sequencing has the added benefit of providing
information on all genes, including bacterial sequences for which no reference
sequence is available and sequences of eukaryotic, archaeal, and viral origin.
Furthermore, as shotgun-sequencing samples the entire community gene content,
genes associated with microbial function can also be determined [17].

Intestinal bacteria recovered from the stool belong to mainly two phyla,
Bacteroides and Firmicutes. Bacteroides phylum breaks down further to two main
genera, Bacteroides and Prevotella. Firmicutes include several species recognized
as butyrate producers capable of breaking down indigestible polysaccharides. Other
phyla, such as Actinobacteria and Proteobacteria are much less abundant in the
healthy intestinal microbiota. These lesser abundant organisms can still play an
important role in disease and health. As the intestinal microbiome includes 150-fold
more genes than the human microbiota, it is likely that the intestinal microbiome
plays a significant role in health and disease [18, 19].

IBD and the Microbiome: OQverview

The dysbiosis described in IBD is characterized by lower microbial diversity and
species richness, a greater prevalence of pro-inflammatory pathobionts, mainly
described within the phylum, Proteobacteria, and a lower prevalence of commensal
bacteria within the phylum, Firmicutes [20-23].

In ulcerative colitis, Firmicutes within the Clostridia cluster IV and XIVa, such
as Faecalibacterium prausnitzii and Roseburia hominis, have been shown to have
decreased representation in active UC than controls with an inverse correlation
between disease activity and the presence of these organisms [24]. Furthermore,
Faecalibacterium prausnitzii recovery after relapse also has been associated with
maintenance of clinical remission in UC [25]. Reductions in bacteria involved in
butyrate or proprionate metabolism, such as Ruminococcus bromii, Eubacterium
rectale, and Roseburia sp. with increases in pathobionts such as Fusobacterium
sp., Campylobacter sp., Helicobacter sp., and Clostridium difficile have been
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reported with UC [26]. A recent study also showed that the healthy sibling within
a twin pairs discordant for IBD harbored the same microbial alterations as seen in
the UC affected twin, suggesting that alterations in the gut microbiota may pre-
cede disease [27].

Similar sibling studies in CD have demonstrated a reduced microbial diversity,
with lower abundance of Faecalibacterium prausnitzii, noted in the unaffected sib-
ling of patients with CD [28]. Faecalibacterium prausnitzii has also featured promi-
nently in other studies in CD that showed its decreased abundance is associated with
a higher risk of postoperative recurrence in ileal CD. A lower proportion of F.
prausnitzii in the resected ileal CD mucosal specimen was also associated with a
higher risk of endoscopic recurrence at 6 months [29]. A recent, multicenter pediat-
ric study in treatment-naive, newly diagnosed CD patients went further to show a
decreased abundance of Erysipelotrichales, Bacteroidales, and Clostridiales with an
increased abundance of Enterobacteriaceae, Pasteurellaceae, Veillonellaceae, and
Fusobacteriaceae in both ileal and rectal biopsies [30]. Larger, longitudinal studies
are necessary to determine the cause—effect relationship between the microbiome
and disease onset. Cross-sectional studies at diagnosis and before diagnosis in
higher risk individuals suggest that a microbial dysbiosis is present early in the
course of disease.

Diet, IBD, and Microbiome: Overview

As the incidence of IBD has increased in developing nations such as East Asia,
India, and Northern Africa, there is greater attention centered on the effects of the
“Westernized” diet on IBD [1, 31, 32]. Supporting the role of the “Westernized” diet
on intestinal inflammation, a study comparing the intestinal microbiome of European
(EU) children with that of children from a rural African village of Burkina Faso
(BF) revealed a higher representation of Enterobacteriaceae (Shigella and
Escherichia) in EU children than BF children [33]. In parallel, there was a greater
abundance of short-chain fatty acids (SCFA) seen in BF children than EU children
thought to be related to high plant polysaccharide consumption in BF children and
leading to the hypothesis that the SCFA-producing bacteria that figured prominently
in BF children could help prevent the establishment of pathogenic bacteria. Other
studies have supported a greater abundance of bile-tolerant organisms (Alistipes,
Bilophila, Bacteroides) with decreased Firmicutes noted on an animal-based diet,
which is prominently featured in a Westernized diet. One bile-tolerant organism
represented with higher abundance on the animal-based diet, Bilophila wadswor-
thia, in particular, has been linked to IBD in animal studies [34, 35].

Long-term dietary habits influence an individual’s final microbial composition.
However, short-term microbiome changes can occur with brief dietary perturba-
tions [19, 36]. Wu et al. performed a controlled feeding experiment on ten healthy
subjects where subjects were given either a high-fat/low-fiber diet or low-fat/high-
fiber diet and the stool samples were analyzed over 10 days. While changes were
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detectable within 24 h, the change was not significant enough to alter the major
bacterial groups. Furthermore, the microbiome after intervention was still more
similar to the individual before intervention than that of other subjects. A study by
David et al. also demonstrated rapid alterations in microbial composition with
dietary intervention (animal-based diet) will return to baseline within 2 days of the
end of the intervention [34]. Long-term dietary interventions are likely necessary to
lead to more significant and permanent shifts in microbial composition.

As these studies demonstrate the impact of diet on microbial composition in
health and disease with dysbiosis prevailing in IBD, a greater effort to understand
the effects of various components of our diet on the IBD microbiome may reveal
mechanisms by which we can alter the course of the disease.

Fiber

Carbohydrates can be classified by their availability for metabolism in the small
intestine. Carbohydrates (simple sugars/starch) are hydrolyzed and absorbed in the
small intestine. Resistant starches, including inulin, pullan, fructooligosaccharides,
and galactooligosaccharides, are carbohydrates that cannot be hydrolyzed in the
small intestine but are fermented by the microbiota in the large intestine. Lastly,
insoluble fiber, such as cellulose or bran, pass through the digestive tract intact but
can have a laxative effect and add bulk to intestinal contents [37].

Higher dietary fiber, fruits and vegetable intake has been shown to have an
inverse relationship to risk of Crohn’s disease in pediatric and adult studies [38,
39]. In a large prospective study, soluble fiber from fruits and vegetables drove the
strong inverse association between dietary fiber and CD risk [39]. Insoluble fiber,
from whole grain and cereal, did not decrease this risk in CD or UC. However,
intervention studies where fiber was used to affect disease course have had hetero-
geneous outcomes [6].

Microbial fermentation products from fiber, particularly short-chain fatty acids
(SCFAs), can promote immune tolerance by increasing T regulatory (Treg) cell
expression, via G-protein coupled receptor-mediated (GPR43) epigenetic modifi-
cations involving the inhibition of histone deacetylase [6, 10]. Supporting the
importance of SCFAs, Erickson et al. demonstrated in twins discordant for CD
that the affected twin experienced a decrease in microbial diversity along with a
reduction in SCFA production [40]. Morgan et al. also revealed a decrease in
SCFA pathways in CD patients compared to healthy controls [23]. A TNBS-
induced colitis model suggested the role of roughly 17 bacterial strains from the
Clostridia clusters IV, XIVa, and XVIII in expanding the colonic Treg population
with a study by Smith et al. suggesting that SCFAs regulate the size and function
of this colonic Treg pool [41, 42].

While specific fruits or vegetables have not been targeted as having particular
health benefit in UC or CD, several small studies have evaluated immunologic and
microbial changes with prebiotics, nondigestable fiber compounds that pass
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undigested through the upper part of the gastrointestinal tract and are meant to stim-
ulate the growth of commensal bacteria, in CD and UC. Inulin, resistant starches,
and fructo-oligosaccharides (FOS) have been studies as potential prebiotics.

The anti-inflammatory effects of FOS were explored in one small study of 10
CD patients receiving 15 g of FOS for 3 weeks revealing a significant reduction in
the Harvey Bradshaw Index with an increase in Bifidobacteria concentrations
[43]. Subsequently, FOS was studied in 103 CD patients receiving 15 g a day of
FOS versus placebo for 4 weeks. While there was no significant clinical benefit
seen in patients receiving FOS, there was a decrease in IL-6-positive lamina pro-
pria dendritic cells (DC) with increased DC IL-10 staining. No significant differ-
ences in F. prausnitzii or Bifidobacteria were noted in stool samples after the
4-week intervention [44].

In UC, a prospective, randomized, placebo-controlled trial of 19 patients treated
with mesalamine showed that the group who received an oligofructose-enriched
inulin supplementation for 2 weeks had a significantly lower fecal calprotectin level
than controls (day 0: 4377; day 7: 1033; p<0.05). No microbiome data were pre-
sented in this study [45]. Inulin supplementation was also explored in a study on
pouchitis, where 24 g of inulin supplementation in 3 weeks lowered concentrations
of Bacteroides fragilis, increased butyrate levels in the stool and decreased endo-
scopic inflammation [46].

In several UC studies, germinated barley food (GBF) has been explored, demon-
strating induction of remission in patients with mild-to-moderate ulcerative colitis
with one study revealing an increase in butyrate concentrations in the stool and
another study finding increased levels of Bifidobacteria and Eubacterium limosum
after GBF supplementation [47-49]. Larger, controlled clinical studies in well-
phenotyped patients using prebiotic formulations linking microbial and metabolo-
mic changes with disease outcome are needed to elucidate the patient population
that would benefit most from these interventions.

Fat

The Western diet is characterized by higher fat and lower fiber. In mouse and human
studies, high fat, in particular, high n-6 polyunsaturated fatty acid (PUFAs), con-
sumption has been associated with increased risk of IBD and acceleration of inflam-
mation [50-53].

A high-fat diet (HFD) is thought to propagate inflammation by changing the
intestinal barrier function, activating various pro-inflammatory signaling pathways
and altering the composition of the intestinal microbiota [54-57]. For example, a
HFD was fed to wild-type mice and mice that overexpressed carcinoembryonic
antigen-related cell adhesion molecules, CEACAMs, of which CEACAMBS is over-
expressed in CD patients, leading to increases in Ruminococcus torques species that
degrade mucus. Changes in intestinal permeability and goblet cell numbers, further
promoted adherent-invasive E. coli (AIEC) invasion [56].
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In another mouse model, a high milk fat diet accelerated the onset of colitis in
IL-10-deficient mice, promoting taurine conjugation of bile acids, greater avail-
ability of luminal sulfur and subsequent expansion of a specific sulfite-reducing
opportunistic pathogen, Biophilia wadsworthia [35]. To parallel these findings,
humans placed on an animal-based diet showed an expansion of B. wadsworthia
and other bile-tolerant microbes in the stool [34]. Decreases in microbes associated
with plant polysaccharide metabolism, including Eubacterium rectale, Roseburia
sp., and Ruminococcus bromii were also decreased in these human subjects on an
animal-based HFD. Reduced microbial carbohydrate fermentation products, par-
ticularly short-chain fatty acids, were also witnessed in this group.

To expand on these observations, a mouse study further determined that parental
HFD during gestation and lactation could impact immunity of the pups, leading to
higher circulating bacterial LPS and lower bacterial diversity in the HFD pups.
Therefore, the effects of parental high-fat diet consumption could potentially pass
on to the subsequent generation [57, 58].

Enteral Nutrition

Enteral nutrition (EEN) is a complete liquid diet composed of one of the three
formulas: elemental, comprised of partially or completely hydrolyzed nutrients;
semi-elemental, comprised of peptides, simple sugars, glucose or starch poly-
mers, and fats (as medium chain triglycerides); and polymeric, which includes
intact fats, carbohydrates, and proteins [37]. These formula diets have been stud-
ied extensively for induction and maintenance of remission of CD with 4-12
weeks of the exclusive EEN typically required to induce remission and partial
EEN required to maintain remission [19].

Mainly in pediatric studies, EEN is equivalent to corticosteroids in inducing
remission with up to 80 % of active CD patients experiencing reductions in Pediatric
Crohn’s Disease Activity Index (PCDAI) scores and a decrease in inflammatory
markers (C-reactive protein) following 8—12 weeks of EEN therapy [59-61, 92].
As adults struggle more with compliance, studies demonstrating efficacy of EEN
have not been consistent in the adult population [62].

The mechanism by which EEN reduces inflammation in CD patients is
largely unknown. Elemental formulas are absorbed in the proximal small intes-
tine, eliminating any dietary components that reach the distal small bowel and
colon [6]. Studies suggest that EEN work by improving intestinal barrier func-
tion, directly reducing proinflammatory cytokines and alterating the intestinal
microbiota [63-65].

The microbial patterns with EEN treatment have not been consistent. Shiga and
colleagues examined the microbiome of 33 active CD patients and 17 healthy sub-
jects after elemental diet (8 patients) and total parental nutrition (TPN; 9 patients)
via terminal restriction fragment length polymorphism (T-RFVPs) and revealed a
significant decline in the Bacteroides fragilis population after elemental diet while
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maintaining overall diversity [65]. Leach et al. explored various microbial targets
of interest and suggested that decreases in C. leptum correlated negatively with
changes in the PCDAI, suggesting that C. leptum group stability was associated
with reduced intestinal inflammation and disease activity [66].

Two studies have reported a decrease in microbial diversity with EEN therapy
[60, 67]. Most recently, Kaakoush and colleagues used 16S rRNA and whole
genome shotgun sequencing to determine changes in the fecal microbiota of 5 CD
children before, during and after EEN therapy and compared these changes with 5
healthy controls to determine the effect of EEN on the intestinal microbiota. There
was a reduced microbial diversity and reduced number of OTUs in CD patients,
which correlated with disease remission [60]. It is likely that depletion of com-
mensals by EEN therapy decreases the immune reactivity towards the CD micro-
biota. Larger studies are needed to further characterize the effects of EEN on the
intestinal microbiota.

Aryl Hydrocarbon Receptor

Several studies in IBD have suggested a protective role of the aryl hydrocarbon
receptor (AhR), a pathway involved in the detoxification of environmental sub-
stances with immunological functions. Compounds from cruciferous vegetables,
such as broccoli, cauliflower, and cabbage, can activate the AhR pathway [10, 57].
AhR-deficient mice fail to produce IL-22 and are unable to mount a protective
innate immune response to Citrobacter rodentium with severe colitis and high bac-
terial titers in the draining lymph nodes, liver, and feces [68]. In another study, the
absence of AhR ligands increased the severity of colitis in mice, and when mice
were placed on diets enriched in AhR ligands, alterations could be partially reversed
[69]. IBD patients have decreased AhR expression in the intestinal tissue with acti-
vation of AhR signaling shown to decrease colitis [70].

Microbial metabolites or dietary factors may affect this pathway. For example,
when availability of tryptophan, an essential amino acid, is high in the gastrointes-
tinal tract, several species of microbes, predominantly Lactobacilli acidophilus, are
able to utilize this amino acid, producing indole-3-aldehyde, activating AhR-driven
IL-22 production by innate lymphoid cells to maintain mucosal homeostasis and
confer colonization resistance to Candida albicans [71].

Another example of AhR modulation is with a microbial metabolite,
1,4-dihydroxy-2-naphthoic acid (DHNA), a precursor of Vitamin K2 made by
Propionibacterium freudenreichii ET-3, found in cheese [10]. Via the AhR path-
way, DHNA administration increased synthesis of antimicrobial peptides,
RegllIIp and vy, thus preventing the induction of DSS colitis [72]. Dietary or
microbial factors that activate the AhR can affect expression of cytokines (such
as IL-22) and production of antimicrobial peptides can influence intestinal
homeostasis [57].
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Micronutrients

Vitamin D deficiency has emerged as a key factor in the pathogenesis in IBD [73, 74]. An
association between polymorphisms in the vitamin D receptor (VDR) and IBD suscepti-
bility has been demonstrated [75, 76]. One study evaluated barrier function in polarized
epithelial Caco-2bbe cells grown in medium with or without vitamin D and challenged
with adherent invasive E. coli (AIEC) strain LF82. Caco-2bbe cells incubated with
1,25(0OH),D; were protected against AIEC-induced disruption of transepithelial electri-
cal resistance and tight junction protein redistribution. Mice were also fed vitamin D
sufficient or deficient diets for 5 weeks and then were infected with AIEC, in the absence
or presence of a low-dose Dextan Sodium Sulfate (DSS). Vitamin D-deficient mice given
2 9% DSS exhibited pronounced epithelial barrier dysfunction and were more susceptible
to AIEC colonization. Vitamin D-deficient mice also had significant increases in the rela-
tive quantities of Bacteroidetes. Therefore, vitamin D was able to maintain epithelial
barrier homeostasis, protecting against the effects of AIEC [77].

Iron

Iron is an essential nutrient in humans but also in nearly all bacterial species that coex-
ist with humans. Animal and human studies have revealed an effect of oral iron on
microbial composition [78—-80]. In IBD, the role of oral iron is controversial. Mouse
models of CD suggest ingested iron aggravates disease activity, whereas parenteral
iron has no disease promoting effect [80]. Microbial composition parallels these
trends with a decrease in Desulfovibrio sp. seen with luminal iron depletion [80].
However, conflicting results arise from human IBD studies evaluating disease-modi-
fying effects of oral iron supplementation with one study showing an increase in dis-
ease activity, but other studies showing no clear difference in disease activity between
oral and intravenous iron treatment [8§1-83]. Studies have not explored the microbi-
ome with respect to iron status in IBD patients, but dysbiosis has been described in
anemic African children after oral iron fortification, resulting in an unfavorable ratio
of fecal Enterobacteriaceae to Bifidobacteria and Lactobacilli, with an associated
increase in fecal calprotectin correlating with the increase in fecal Enterobacteriaceae
[84]. As most ingested iron is not absorbed but passes on to the terminal ileum and
colon, iron can potentially create an inflammatory milieu by increasing local produc-
tion of reactive oxygen species [85]. Further studies should be performed to under-
stand the effects of parenteral versus oral iron in the IBD microbiome.

Food Additives

Polysaccharides, such as carrageenan, carboxymethyl cellulose, and maltodextrin,
added to foods as emulsifiers, stabilizers, or bulking agents have been linked to
bacteria-associated intestinal disorders [86—89]. The increasing consumption of
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polysaccharides in Western diets parallels the rise in CD [37]. Maltodextrin
(MDX), in particular, has been shown to be linked to CD pathogenesis, with stud-
ies demonstrating an increased prevalence of bacteria for MDX metabolism in the
ileal mucosa of CD patients. MDX also markedly enhanced AIEC LF82 strain-
specific biofilm formation [90]. However, MDX alone was not sufficient to induce
spontaneous intestinal inflammation in wild-type mice or full-term piglets [37, 91].
Dietary additives likely require the presence of concomitant risk factors to pro-
duce intestinal inflammation.

Conclusion

Modulating the intestinal microbiota remains an attractive therapeutic potential for
IBD.

While the armamentarium of promising IBD medications continue to expand,
many act as immunosuppressive agents and concern regarding adverse side effects
prevail. As dietary interventions lack the side effect profile of immunosuppressive
agents, patients frequently ask and desire a dietary prescription to treat
IBD. Further understanding of the role of diet in IBD pathogenesis is needed and
as diet affects the microbiome, it is only natural to explore how diet can modulate
the course of IBD and affect the intestinal microbiome. While dietary modulation
can alter the intestinal microbiota, the studies above demonstrate that these
changes appear short-lived with relatively minor impact on the stable individual
microbial composition.

Nevertheless, larger and longer studies have yet to be performed to assess if
long-term dietary changes can create more durable changes with greater impact on
the intestinal microbiome. Future studies should explore whether dietary interven-
tions earlier in the course of disease could make more of an impact in disease course
or if dietary interventions should be considered more as maintenance agents than
induction therapies for IBD. Such considerations would influence future dietary
intervention studies. Furthermore, understanding the individual variation in the
microbiome and the unique immune response to an individual’s microbiome may
lead to the creation of a personalized microbial therapeutic prescription including
dietary modulation that can provide a safe and durable treatment and maintenance
option for patients with IBD in the future.
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Chapter 2
Dietary Risk Factors for the Onset
and Relapse of Inflammatory Bowel Disease

Andrew R. Hart and Simon S.M. Chan

Introduction

The aetiology of Crohn’s disease (CD) and ulcerative colitis (UC), and the factors
that influence disease relapse are largely unknown. Identifying the relevant expo-
sures is vital, so that measures may be instituted to prevent inflammatory bowel
disease (IBD) in high-risk groups, and interventions recommended to help patients
remain in clinical remission. Diet is an obvious exposure to investigate as there are
plausible biological mechanisms for how this may be involved in both the pathogen-
esis and natural history. The potential biological mechanisms will be discussed in
the following sections, but diet can affect: the composition of the gut microbiota,
have direct toxic actions on intestinal cells and influence the local mucosal inflam-
matory mechanisms. A role for diet in IBD pathogenesis is supported by the results
from ecological epidemiological studies. The incidence of both CD and UC is
higher in Western than Eastern countries, which may reflect variations in dietary
patterns [1]. In the East, the increasing adoption of westernised diets could be con-
tributing to the rising incidence there. In Europe, where there are differences in
patterns of food consumption across the continent, the incidence in northern
European countries, compared to those in the south, is 80 % higher for CD and 40 %
higher for UC [2]. Migrants to new countries adopt the incidence pattern of their
host nation [3]. Finally, the dramatic increases in incidence in IBD, particularly during
the latter part of the twentieth century [1] may hypothetically be explained by
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Table 2.1 Summary of the evidence for foods in the aetiology of IBD

Nutrient/food
group
Fatty acids

Vitamin D

Fibre

Sulphur, iron
and zinc

Evidence to date

PUFAs are precursors of inflammatory and
anti-inflammatory mediators affect the gut
microbiota and influence obesity.
Epidemiological evidence from two cohort
studies suggest a beneficial effect of a low
n-6/n-3 PUFA ratio in UC, but the findings are
inconsistent for UC

In vitro studies have demonstrated the
anti-inflammatory effects of vitamin D via
modulating toll-like receptor activation and
antibacterial responses. Descriptive
epidemiological studies report a north—south
gradient in incidence which may reflect
variations in sunlight exposure. Data from the
US cohort study showing inverse associations
between predicted total vitamin D status and
CD, and dietary vitamin D and UC

Fibre is converted to short-chain fatty acids,
such as butyrate, which is the energy source for
colonocytes and have immunomodulatory
properties including inhibition of NF-KB. The
two cohort investigations report no associations
between dietary fibre and UC. The US work
found inverse associations between fibre from
fruit and CD

Toxic effects on the mucosa including sulphur
inhibiting butyrate metabolism and pro-oxidant
effects of iron. Conversely, zinc appears to be
required for maintenance of intestinal barrier
integrity and down-regulation of pro-
inflammatory cytokines

Suggestions for future
work

Cohort studies to
investigate the effects of
particular PUFAs and to
consider if there are
interactions between
different groups

Investigation of vitamin D
status and dietary intake in
other cohort studies

Investigation of fibre
intake from different
sources in CD in other
cohort studies

Observational
epidemiological work to
justify any clinical
interventions

dietary changes. This chapter will review the current evidence on how food and its
components may be involved in both the aetiology of IBD and affect the natural
history of established disease in patients and suggest what further research is
required for clarification (Table 2.1).

Methodology to Investigate Diet

The ideal methodology to investigate if diet influences the aetiology of incident
IBD and clinical outcomes in patients is to adopt randomised controlled trials of
either dietary supplementations or exclusions. However, for investigating aetiol-
ogy and diet, randomised controlled trials are unethical and non-pragmatic. The
practical difficulties are that hundreds of thousands of initially well people
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would need to be recruited and then followed up for many years for adequate
numbers to develop IBD to ensure that the trial had sufficient power. Asking well
people to continuously modify their diet over many years is unrealistic, and it is
unethical to encourage participants to eat foods which may be deleterious.
Therefore, to study IBD aetiology, non-interventional observational investiga-
tions are required, where participants’ habitual diet is recorded and compared
between those with and without IBD. The two types of observational study
design available are retrospective case—control studies and prospective cohort
investigations. The latter are more scientifically robust for nutritional epidemio-
logical work, as they reduce both selection and recall biases for diet which are
associated with case—control work. In a cohort study, many thousands of well
people complete information on their habitual diet and are then followed up over
many years to identify those who develop IBD. As participants are recording
their current diet at recruitment, there is less recall bias for eating habits, than in
case—control work, where patients have difficulties accurately recalling their diet
months or years before the onset of their symptoms. Furthermore, in prospective
studies as both future cases and those who remain as controls are recruited from
the same baseline population then selection bias is minimised. Whilst cohort
studies are more time consuming and expensive to conduct than case—control
work, they are the preferred methodology for investigating diet and IBD aetiol-
ogy. To date, two such studies exist: EPIC-IBD (European Prospective
Investigation into Cancer and Nutrition) in a cohort of 401,326 men and women
in eight European countries and secondly the US Nurses’ Health Study (NHS) of
238,386 female nurses.

For studying dietary modifications and the subsequent clinical outcomes in
patients with established disease, randomised controlled clinical trials are possi-
ble as sufficient numbers of patients can be recruited. An approach to deciding
which foods to investigate can be based on firstly plausible mechanisms and sec-
ondly surveys of patients who report foods which they feel may exacerbate their
symptoms. In a survey of 244 French patients with IBD, 40 % identified food as a
risk factor for precipitating relapse, and 47.5 % reported that the disease had
changed the pleasure of eating [4]. In a cohort study from the USA, diet was mea-
sured with both semi-quantitative food frequency questionnaires and open-ended
questions [5]. Foods reported to frequently worsen symptoms included: vegeta-
bles, spicy foods, fruit, nuts, milk, red meat, soda, popcorn, dairy, alcohol, high-
fibre foods, coffee and beans and those which improved symptoms included:
yogurt, rice and bananas.

When investigating aetiology or treatments, whether the findings in individual
studies are indeed casual need to be considered in the context of The Bradford Hill
Criteria [6]. These state that causality is implied if: there are plausible biological
mechanisms for any findings, the effect sizes are large with dose-response effects,
there are consistent findings across many studies, co-variates are considered and the
data on exposures are recorded before the onset of symptoms. The sections below
summarise the prospective cohort studies which have investigated diet in the aetiol-
ogy of IBD and also the few randomised controlled clinical trials of dietary
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interventions in patients with UC and CD. Whether the findings are causal will be
discussed in the context of the Bradford Hill Criteria, and where appropriate we
suggest what further research or clarification is required.

Hypothesis Generating Studies

One approach to studying dietary factors in IBD aetiology is to investigate if there are
any associations with many nutrients, namely a hypothesis-free approach. Although
this may generate several false-positive findings, any associations detected may stimu-
late further work to explore potential biological mechanisms for nutrients to investigate
in greater detail. As discussed above, the preferred aetiological methodology for this
are prospective cohort investigations. Such data were first reported from the EPIC-IBD
study in 2008 where in a subcohort of EPIC, 260,686 initially well men and women
were followed up for a median time of 3.8 years during which 139 participants devel-
oped incident UC [7]. A total of 18 nutrients, vitamins and minerals were studied and
no associations were detected, apart from a borderline significant positive association
with an increasing percentage energy intake from total polyunsaturated fatty acids
(PUFAs) (trend across quartiles OR=1.19, 95 % CI=0.99-1.43, P=0.07). These mac-
ronutrients may influence the inflammatory process, and this association led to further
work investigating PUFAs [8—11], which is discussed in the following section. A simi-
lar exploratory analysis for many nutrients has not yet been conducted for EPIC partici-
pants who subsequently developed Crohn’s disease. In the US Nurses’ Health Study,
such a global nutrient analysis has not yet been reported, although the effects of par-
ticular food groups including dietary fat [12], fibre [13] and vitamin D [14] have been
published. The EPIC-IBD study investigated dietary carbohydrate intake and the risk
of CD and UC and reported no associations with either total sugar, carbohydrate or
starch intakes [15]. Conversely, several previous case—control investigations had docu-
mented positive associations between a high sugar intake and the development of CD
[16-19], although the definitions of sugar varied in different investigations. However,
the positive links in the latter study design may be due to recall bias, where subjects
with CD reported their current rather than their pre-symptomatic diet that included
soluble sugars which they could tolerate. This potential recall bias for sugar intake
emphasises the importance of prospective cohort studies for investigating diet and the
risk of IBD. The aetiological prospective epidemiological studies investigating specific
dietary hypothesis in both cohort investigations are now discussed.

Fatty Acids

The different PUFAs chiefly omega-6 (n-6 PUFAs) and omega-3 (n-3 PUFAs) are
characterised by the position of the double bond on their long aliphatic tail. The
synthesis of both groups is limited in humans and dietary intakes are the main
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sources. Significant quantities of n-6 PUFAs are found in red meat, certain cooking
oils (e.g. sunflower and corn oils) and some margarines. Similarly, foods rich in n-3
PUFAs are oily fish, rape-seed oil and soya bean oil. In Western countries, the ratio
of n-6/n-3 dietary PUFA intakes is higher in comparison to those people living in
developing countries, and there is emerging evidence that these macronutrients may
play a role in IBD aetiology. The pathophysiological effects of PUFAs may hypo-
thetically be via a variety of mechanisms that affect inflammatory processes in dif-
ferent ways. Firstly, both n-6 and n-3 PUFAs are precursors to a large range of key
mediators involved in modulating the intensity and duration of inflammatory
responses [20]. Lipid mediators derived from n-6 PUFAs are converted via the ara-
chidonic acid pathway to substrates for the enzymes cyclooxygenase and lipoxy-
genase which leads to the production of prostaglandins and leukotrienes with
pro-inflammatory effects. Conversely, the same enzymes metabolise n-3 PUFAs to
lipid mediators with biologically less potent inflammatory properties than those
derived from n-6 PUFAs. Competitive inhibition may exist between n-6 and n-3
metabolism as a consequence of dietary intakes which affects the relative produc-
tion of the different prostaglandins and leukotrienes. More recently, n-3 PUFAs are
reported to give rise to a novel class of lipid mediators that limit the inflammatory
process [21]. A second possible mechanism of PUFAs is diets containing differing
proportions of fatty acids may shape the composition of the gut microbiota to one
that predisposes to the development or relapse of IBD. The nature of the diet affects
the composition of the gut microbiota and the metabolites they produce, which may
have diverse effects on host immune and inflammatory responses [22]. Thirdly,
excess intakes of fat can lead to obesity which itself is associated with increased
markers of bowel inflammation and intestinal permeability, both hallmarks of IBD
[23]. Finally, n-3 PUFAs can act directly on inflammatory cells to inhibit key tran-
scription factors such as PPARy and NF«xB, required for the intracellular signalling
cascade that activates inflammation [24]. However, the effects of these fatty acids
may be dependent on having a background of susceptible genetics as a study in
children reported that those who consumed a higher ratio of n-6:n-3 and were carri-
ers of specific single nucleotide polymorphisms in the genes CYP4F3 and FADS2
had an increased susceptibility to paediatric Crohn’s disease [25].

There are several epidemiological studies which report that PUFAs are associ-
ated with IBD aetiology, although the evidence is more compelling for UC than
CD. In the EPIC-IBD study, the highest quintile for dietary intakes of the n-6 PUFA
linoleic acid, as measured by food frequency questionnaires (FFQs) were associated
with an increased odds of developing UC (OR=2.49, 95 % CI=1.23-5.07) [10].
Conversely, the same EPIC-IBD nested case—control study reported that the highest
quintile for dietary intakes of docosahexaenoic acid, an n-3 PUFA, were associated
with a decreased odds of developing UC (OR=0.32, 95 % CI=0.06-0.97) [10]. In
addition to FFQs, a subcohort of the EPIC-IBD study from Denmark has used bio-
marker measurements of n-6 PUFA intakes from gluteal fat biopsies, which provide
a more accurate assessment of longer term dietary intake compared to FFQs [9]. In
this particular study, an association with increased arachidonic acid intake, an n-6
PUFA, measured from gluteal fat biopsies and odds of developing UC was reported
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(Pyena per 0.1 % unit increase in arachidonic acid concentration=0.0001). The US
prospective Nurses’ Health Study cohort has also found associations between
PUFAs and the risk of developing IBD having observed that participants in the
highest quintile of n3/n6 PUFA ratio intake had a decreased risk of developing UC
(HR=0.69, 95 % CI=0.49-0.98, P for trend=0.03) [13]. No associations were seen
for the intakes of the n-6 PUFAs, arachidonic acid and linoleic acid or the total
intake of long-chain n-3 PUFAs (docosapentaenoic acid, eicosapentaenoic acid and
docosahexaenoic acid). For CD only the EPIC-IBD study has reported an associa-
tion between PUFAs and CD aetiology, with participants in the highest quintile of
docosahexaenoic acid intake having a decreased odds for CD (OR=0.06, 95 %
CI=0.01-0.72) [11]. The dissimilarities in the n-3 PUFA results with the Nurses’
Health Study Cohort may be due to differences in the reporting of individual n-3
PUFAs as opposed to total n-3 PUFAs. The only consistent finding from the two
cohort studies was that no associations were seen for n-6 PUFAs and the develop-
ment of CD. Clarification of the inconsistencies of the role of all PUFAs in UC
aetiology, and n-3 PUFAs in CD are required by providing more precise estimates
of the intakes from biomarker studies.

In the clinical setting, there is currently no evidence to support the use of actual
PUFA dietary modifications in preventing the relapse of either UC or CD in patients.
Most clinical trials have assessed fish oil supplements, rich in n-3 PUFAs with the
results having shown no benefits. These trials in UC and CD are summarised in
Cochrane reviews [26, 27], although the conclusions are limited by heterogeneity in
study design and in several the small sample sizes. To date, large randomised
controlled clinical trials (EPIC-1 and EPIC-2) investigating fish oils for the mainte-
nance of disease remission have been performed in CD only [28]. Each of these
enrolled over 350 CD patients in remission who were randomised to receive either
placebo or gelatin capsules containing fish oils. The Kaplan—-Meier analyses showed
no differences in the time to relapse between these interventions in either study
(EPIC-1, p=0.30; EPIC-2, p=0.48). Similar large trials need to be conducted in
patients with UC.

Vitamin D

Vitamin D is a hormone with a broad range of biological activities that are mediated
via signalling of the vitamin D receptor (VDR), which belongs to the nuclear hor-
mone receptor superfamily. Cells of the immune system including T cells and
antigen-presenting cells all express VDR as do intestinal epithelial cells. Whilst the
role of VDR signalling in the gut has not been fully elucidated, there are plausible
biological mechanisms for how vitamin D may prevent IBD via modulating innate
and adaptive immune responses between toll-like receptors (TLR) and the TLR-
induced antibacterial responses. Other potential protective mechanisms include a
synergistic interaction with NF-kb inducing expression of B-defensin [29] which
facilitates autophagy in macrophages [30] and preventing the production of TNFa
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in monocytes [31]. Vitamin D has further effects on both B and T cells [32], including
tolerance to self-antigens and inhibition of IL-2 production required for lymphocyte
proliferation. Deficiency of vitamin D, which is derived predominantly from expo-
sure to sunlight and in smaller amounts from diet, may therefore predispose to IBD
through over activation of the immune system or lack of a response to foreign anti-
gens. These anti-inflammatory mechanisms are supported by animal work reporting
mice lacking VDR are more susceptible to dextran sodium sulphate colitis which
may be due to disruption in epithelial junctions [33].

There is supportive evidence for a role for vitamin D deficiency in the aetiol-
ogy of IBD from descriptive, aetiological and genetic epidemiological studies.
There is a north—south gradient in IBD incidence in both the USA [34] and Europe
[2], which may reflect differences in exposure to sunlight. Furthermore, there may
be a link between polymorphisms in the VDR gene on chromosome 12 and the
development of IBD [35, 36]. The US Nurses’ Health Study has investigated a
validated score predictive of plasma vitamin D status and the subsequent risk of
CD and UC in their cohort of 72,719 women aged 40-73 years recruited in 1986
and followed up to 2008 [14]. The predicted vitamin D status was based on a
combination of variables including: dietary intake and supplements, body mass
index, racial origin, exposure to sunlight and regional ultraviolet radiation inten-
sity [14]. During the follow-up of 1,492,811 person-years, there were 122 docu-
mented incident cases of CD and 123 of UC. For CD, there was a significant
inverse association for total predicted vitamin D status (highest vs. lowest quartile
HR =0.54,95 % CI=0.30-0.99, P.,a=0.02), but none for UC. However, for vita-
min D intake from dietary and supplement sources, there were statistically non-
significant inverse associations with CD, but an inverse trend across quartiles for
UC (Pyena=0.04). The reasons for the discrepancies between vitamin D sources
for the two forms of IBD are unknown, but the possibilities include firstly varying
biological properties of vitamin D derived from different sources and secondly
residual confounding. The latter are other factors associated with vitamin D sta-
tus, which themselves influence the development of IBD. In the first report from
the EPIC-IBD study, no association was found for dietary vitamin D intake and
UC (excluding supplement use) [7]. In the clinical setting, as far as we are aware
there are no randomised controlled trials of foods rich in vitamin D in the treat-
ment of either the relapse or maintenance of remission in patients with IBD. The
results from such trials would be difficult to interpret as foods rich in vitamin D
also contain n-3 PUFAs, the latter which could also have therapeutic benefits.
Furthermore, the relevance of such work could be questionable as exposure to
sunlight is a major source of vitamin D. There is only one controlled trial assess-
ing dietary supplements of vitamin D, which randomised 104 patients with CD in
remission to receive either 1200 IU of oral vitamin D3 plus 1200 mg of calcium
daily, or 1200 mg calcium alone, as a maintenance therapy for 1 year [37]. There
were fewer relapses during follow-up in the test group compared to controls (13 %
vs. 29 %, P=0.06). We believe there is no similar work in UC, and these plus
confirmatory clinical trials in CD are needed to confirm if there any therapeutic
benefits of vitamin D supplementation.
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In summary, there is emerging but as yet insufficient evidence to state vitamin D
is involved in either preventing the development of IBD or has any therapeutic prop-
erties. Laboratory and animal studies have reported many biological mechanisms
for how vitamin D may have beneficial effects on the immune system and protect
against the development of intestinal inflammation. To fulfil the Bradford Hill
Criteria as to whether vitamin D deficiency is important, confirmatory prospective
cohort studies are required to confirm the results reported in the US Nurses’ Health
Study and further clinical trials in patients.

Fibre

Dietary fibre may protect against the development of IBD, through several mecha-
nisms, through its conversion to the short-chain fatty acids (SCFAs) acetate, butyrate
and propionate. Butyrate is the main energy source for colonocytes and is associated
with the maintenance of the intestinal epithelium, whilst SCFAs have immunomodula-
tory roles including inhibition of the transcription factor NF-KB [38]. The fermentation
of fibre is dependent on the gut microbiota, including Bacteroidetes species, which
some studies report are deficient in patients with IBD [39]. The intake of total dietary
fibre, and that from different food sources, was recorded in FFQs completed every 4
years, in the US Nurses’ Health Study of 170,776 women with 3,317,425 person-years
of follow-up over 26 years [13]. In this report, there were 269 incident cases of CD
diagnosed and 338 cases of UC. For UC, there were no associations with either total
dietary fibre intake or that from any specific food groups. However, for CD the highest
quintile of energy-adjusted cumulative average dietary fibre intake, namely 24.3 g/day,
was associated with a 41 % reduction in risk compared with the lowest quintile
(HR=0.59, 95 % CI=0.39-0.90). This reduction was largely due to the fibre content
from fruits (highest vs. lowest quintile HR=0.57, 95 % CI=0.38-0.85), with no asso-
ciations detected for fibre from either: vegetables, cereals or legumes. The dose—effect
relationship across quintiles (P=0.02) for fruit fibre adds support for a causal associa-
tion. In the EPIC-IBD study, no associations were reported for total fibre intake (OR
trend across quartiles=1.03, 95 % CI=0.84-1.25) and the odds of developing UC,
although fibre intake from specific foods nor fibre in CD have yet been investigated [7].
To date, no clinical trials have investigated dietary fibre as a treatment for IBD. In sum-
mary, although there are biological mechanisms for fibre deficiency in IBD, these are
not fully supported by the epidemiological evidence. To clarify if there is a causal
association in CD, further prospective aetiological data are required and evidence from
randomised controlled clinical trials of fibre supplements in patients.

Sulphur, Iron and Zinc

Excess dietary sulphur may be involved in the aetiology of IBD as it is converted to
hydrogen sulphide which may be deleterious to the colon through inhibiting butyrate
oxidation, the principal energy source for colonocytes [40]. The mineral is obtained
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from several sources: namely sulphated amino acids (cysteine and methionine in
red meat, cheese, whole milk, eggs, fish and nuts), and inorganic sulphur present
firstly in Brassica vegetables, (cauliflower, cabbage, broccoli and sprouts) and sec-
ondly in preservatives in processed foods (breads, beers, sausages and dried fruit).
Excess hydrogen sulphide is present in the faeces of patients with ulcerative colitis
[41] and is the principal by-product of sulphate-reducing bacteria. These obligate
anaerobic flagellated organisms are present in higher numbers in the faeces of
patients with ulcerative colitis than in healthy controls [42]. However, faecal flora
cultures do not accurately reflect bacteria colonising both the intestinal mucous gel
layer and tissues themselves. Tissue colonisation was investigated by using FISH
(fluorescent in situ hybridisation) to determine the presence of sulphate-reducing
bacteria microbial composition in specimens resected from patients with IBD. In a
small study, whose findings need confirmation from larger work, such bacteria were
not detected in control tissues, but were in 3 of 12 patients with UC and 1 of 8
patients with colonic CD, but none in ileal specimens [43]. To the best of our knowl-
edge, there are no epidemiological studies which have assessed if dietary sulphur is
involved in the aetiology of either UC or CD. However, the effect of dietary sulphur
intake was investigated, as measured by food-frequency questionnaires, in 183
patients with known UC in remission and their subsequent rates of relapse [44].
During the 1-year follow-up period, 52 % of patients relapsed and for those in the
top tertile of sulphur intake, compared to the lowest, the odds ratio for relapse was
nearly trebled (OR=2.76, 95 % CI=1.19-6.40) and for sulphate intake (OR=2.61,
95 % CI=1.08-6.30). For red and processed meat intakes which contain sulphur,
higher intakes were associated with more than a fivefold chance of relapse
(OR=5.19, 95 % CI1=2.09-12.9). To advance our knowledge of whether sulphur is
important, validated dietary questionnaires need to be developed to measure dietary
sulphur intake and randomised controlled clinical trials performed in patients of a
diet low in sulphur.

For dietary iron, there are plausible mechanisms for a potential role in aetiology
and relapse due to the mineral’s pro-oxidant properties resulting in tissue damage
to: proteins, DNA and lipids. Iron may induce oxidant activity in the intestinal
mucosa by enhancing the conversion of hydrogen peroxide to the highly reactive
hydroxyl-free radical. Of note the aminosalicylate drugs used to treat IBD possess
antioxidant properties [45]. In vitro work on colonic biopsies from patients with UC
and normal control subjects, reported the amounts of mucosal reactive oxygen
species, as measured by luminol-amplified chemiluminescence, were significant
lowered by the iron-chelating agent desferrioxamine in inactive and active disease,
respectively [46]. To date, the cohort investigations have not currently assessed
dietary iron in either UC or CD, although the positive associations in work on
relapse in UC with red meat intake could plausibly involve haem [44]. Clarification
of any possible mechanisms of iron and data from observational work are required
to fully justify randomised controlled trials of iron-chelating therapies.

The micronutrient zinc also has strong biological plausibility in the development
and risk of IBD relapse. At present, this is limited to in vitro work and animal mod-
els of colitis reporting that zinc is required to maintain the integrity of the intestinal
mucosal barrier and down-regulation of pro-inflammatory cytokines [47—-49].
Notably zinc deficiency is associated with severity of colitis in animal models [50].
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To date, there are no published cohort studies investigating the association between
zinc and IBD aetiology or relapse. However, unpublished work from the US pro-
spective Nurses’ Health Study cohort suggests that intakes of zinc are inversely
associated with the risk of developing CD but not UC.

Conclusions

There are many plausible mechanisms for how several dietary constituents, namely
PUFAs, vitamin D, fibre, sulphur, iron and zinc may influence the development of UC
and CD. The effects of specific nutrients needs to be further studied in both the
European and US follow-up studies, which currently does not exist for all nutrients, to
see if the findings are consistent. Dietary interventions in patients cannot be recom-
mended at present. Interventional studies would require representative patient groups,
a precise dietary modification to be determined and involve a sufficiently large sample
size. Work investigating diet needs to progress as it is eminently modifiable if it is
found to be associated with both the development and natural history of IBD.
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Chapter 3
Vitamin D and Inflammatory Bowel Disease

Athanasios P. Desalermos, Francis A. Farraye, and Hannah L. Miller

Introduction

Vitamin D Synthesis and Metabolism

Vitamin D is an essential vitamin for humans. It plays a crucial role in calcium
homeostasis and bone metabolism. Furthermore, vitamin D has key effects on the
immune system, muscle function, and brain development [1]. It consists of a group
of fat-soluble molecules with a four-ringed cholesterol backbone. The main circu-
lating molecule is the 25-hydroxyvitamin D [25(OH)D] (calcidiol). The active form
of vitamin D is 1,25-dihydroxyvitamin D [1,25(OH)2D] (calcitriol). 1,25(OH)2D
acts intracellularly, through the vitamin D receptor (VDR), and regulates gene tran-
scription. VDR is a nuclear hormone receptor, can be found in all nucleated cells,
and belongs to class II steroid hormone receptor [2].

Vitamin D can be found in a limited number of foods. Its main natural source is
the dermal synthesis. Vitamin D in the skin is formed as vitamin D3 (cholecalcif-
erol). 7-dehydrocholesterol in skin cells under exposure to solar ultraviolet B radia-
tion converted to pre-vitamin D3, which is transformed to vitamin D3 after a thermal
induction. Skin production is very efficient and minimal exposure of arms and face
can produce vitamin D equivalent of 200 international units (IU) from food
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consumption [3]. Nevertheless, the specific amount of vitamin D produced by sun
exposure cannot be estimated with accuracy as it is dependent on the season, lati-
tude, time of the day, the presence of sunscreen and skin type [4]. Of note, melanin
lessens the dermal production of vitamin D3. People with limited exposure to sun-
light such as disabled persons and older people with less effective cutaneous pro-
duction are prone to vitamin D deficiency. Vitamin D, (ergocalciferol) and vitamin
D3 (cholecalciferol) can be found in very few foods, including salmon, tuna, and
mushrooms. Human-made ergocalciferol and cholecalciferol supplements have
been developed, and fortified food with ergocalciferol and cholecalciferol is com-
mon in many countries including the United States [1]. Vitamin D3 and D2 are of
similar potency. The absorption of the vitamin D contained in food is performed by
enterocytes. Micelles are formed in the gut, absorbed by the enterocytes, and incor-
porated into chylomicrons. Various diseases affecting the fat absorption distress the
vitamin D absorption, examples include Crohn’s disease (CD), pancreatic insuffi-
ciency, celiac disease, cholestatic liver disease, and cystic fibrosis [1, 5]. Dermal
produced and diet delivered inactive vitamin D is metabolized to the liver and kid-
neys to its active forms, by two enzymatic hydroxylation reactions, which form
25(OH)D and 1,25(0OH)2D, respectively (Fig. 3.1). Synthesis of the active form of
vitamin D, calcitriol, is performed by the kidneys, and is regulated by two hor-
mones, the parathyroid hormone (PTH) which increases the production, and
fibroblast-like growth factor-23 (FGF23), which decreases it [1]. The half-life of
25(OH)D is 2-3 weeks, while for 1,25(OH)2D it is between 4 and 6 h.

Cholesterol

7-dehydro cholesterol
reductase

7-dehydrocholesterol

NV exposure/Sunlight

Pre-vitamin D3

l Dietary vitamin D

N

Vitamin D3 Vitamin D2
Cholecalciferol Ergocalciferol

l 25-hydroxylase (liver) l

25-hydroxy vitamin D
1-alpha hydroxylase (proximal tubules of kidney)
1-alpha hydroxylase (intracellular in nonrenal cells like

intestinal epithelial cells and monocytes)

1,25-dihydroxyvitamin D

Fig. 3.1 Vitamin D metabolism



3 Vitamin D and Inflammatory Bowel Disease 33

IBD and Vitamin D Deficiency

Vitamin D Requirements and Deficiency

The ideal level of vitamin D is an area of controversy and under research. Levels
of 25(OH)D are used as an estimation of vitamin D adequacy, as this is the best
indicator of vitamin D status. Levels lower than 20 ng/mL (50 nmol/L) are gener-
ally considered deficient, levels between 21 and 29 ng/mL (52.5 and 72.5 nmol/L)
are insufficient and levels between 30 and 100 ng/mL (75 and 250 nmol/L) are
considered normal [1, 5-7]. Interestingly, these numbers are based on observations
that do not take into account extra-skeletal health. Those observations include suf-
ficient production by the kidneys of 1,25(OH)2D for optimal calcium absorption
from the gut, maximum level of suppression of PTH, and a protective level against
a clinical end point, such as a fracture. Racial differences in vitamin D levels have
been observed. African Americans have lower total serum 25(OH)D concentra-
tions than other races without the consequences of vitamin D deficiency as the
bioavailable 25(OH)D is similar between the different ethnic groups. The phenom-
enon is explained by lower levels of vitamin D-binding protein in this ethnic group
as well [8].

Deficiency to vitamin D among people of all ages is very common and has
multiple pathogenetic mechanisms [1, 5, 6, 9-11]. Impaired cutaneous produc-
tion, insufficient dietary intake, and fat malabsorption decrease the availability of
the vitamin. Residents of northern latitudes, dark skinned, hospitalized, or institu-
tionalized individuals, and older adults have suboptimal dermal production of
vitamin D. Furthermore, older adults minimize the vitamin D containing food
intake. Disorders in the metabolism of the vitamin D, like hydroxylation by the
liver or kidney, affect the active forms of the vitamin. Finally, in hereditary dis-
eases, such as hereditary vitamin D-resistant rickets, where the VDR is defective
and resistant to vitamin D, patients develop rickets within the first 2 years of life.
Moreover, obese people, and patients taking medications that increase the metab-
olism of vitamin D, like phenytoin, are prone to low levels of the vitamin [1, 5, 6,
9-11]. Research data underline the correlation between obesity and vitamin D
deficiency, and causative mechanisms include preferred deposition of vitamin D
in fatty tissue, making it unavailable, or volumetric dilution, as higher body mass
can cause a dilution effect [12—15].

Prevalence of Vitamin D Deficiency in IBD

A particularly at risk population for vitamin D deficiency are patients with inflam-
matory bowel disease (IBD). In addition to environmental and genetic factors men-
tioned above, IBD-specific factors include an inflamed bowel causing losses
through the gastrointestinal tract, resected bowel causing reduced absorption,
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medication use that affects vitamin D absorption from the intestine, and anorexia
from severely active disease. A recent study in pediatric patients with IBD showed
an abnormal metabolism of vitamin D, where the PTH is not rationally elevated in
the setting of a low vitamin D, compared with healthy controls. Furthermore, con-
version of 25(OH)D to 1,25(OH)2D appeared impaired. In the study elevated
tumor necrosis factor o (TNF-a) levels were statistically associated with lower
1,25(OH)2D levels. PTH and renal 1-a-hydroxylase suppression from inflamma-
tory cytokines, like TNF-a, may be the cause for abnormal metabolism of vitamin
D in IBD patients [16]. Multiple studies have assessed the prevalence of vitamin D
deficiency among individuals with IBD, ranging from 22 to 70 % for CD, and as
high as 45 % for ulcerative colitis (UC) [17]. In a study of 242 patients with CD
from Canada, 8 % of the patients were found to be vitamin D deficient and 22 % of
the patients were vitamin D insufficient, defined as 25(OH)D less than 25 nmol/L,
and less than 40 nmol/L, respectively. In this patient cohort, predictors of vitamin
D deficiency were smoking status, nutrition, and sunlight exposure of the patient
[18]. A Norwegian study of 120 IBD adult patients found vitamin D deficiency in
27 % of subjects with CD, and 15 % with UC. The difference was statistically
significant between the two groups, P <0.05. Of note, 37 % of the individuals with
CD, who had small bowel resection, were found to have secondary hyperparathy-
roidism [19].

Metabolic Bone Disease in IBD Patients

Vitamin D and Metabolic Bone Disease

Among the main reasons for the clinically significant metabolic bone disease in
IBD patients, vitamin D deficiency plays a crucial role. As a critical risk factor for
bone disease, a severe and prolonged vitamin D deficiency can cause hypocalcemia
by a decreased intestinal absorption of calcium. Low levels of calcium cause upreg-
ulation of the production of PTH, and secondary hyperparathyroidism. This can
lead to demineralization of bones and eventually, osteomalacia in adults and rickets
and osteomalacia in children. Osteomalacia can be asymptomatic or produce vari-
ous symptoms like bone pain and muscle weakness, difficulty walking, and fracture
[1, 5]. Typical levels of vitamin D (25-hydroxyvitamin D) in the setting of osteoma-
lacia are less than 10 ng/mL.

The prevalence of osteopenia and osteoporosis among patients with IBD appears
high. In a study of 63 patients with CD and 41 with UC, 42 % of the patients had
osteopenia of the femoral neck [-2.5 Standard Deviation (SD)<bone mineral den-
sity (BMD) T score<—1 SD] and 41 % had osteoporosis (BMD T score <—2.5) [20].
In another study of 44 patients with CD and 35 with UC, a high prevalence of osteo-
penia and osteoporosis were also found, T scores<—1.0 from 51 to 77 %; T
scores <—2.5 from 17 to 28 % [21]. A recent study of 143 patients, determined that
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48.07 %, and 18.26 % of UC patients had osteopenia and osteoporosis, respectively.
For CD patients, 56.41 % had osteopenia, and 15.38 % had osteoporosis [22]. These
observations underline the crucial role of adequate vitamin D intake for optimal
bone that in turn can improve the overall quality of life for individuals with IBD.

Clinical Consequences of Metabolic Bone Disease in IBD
Patients

The clinical significance of osteopenia and osteoporosis of patients with IBD, and
the associated risk of fracture have been studied extensively over the past 10 years.
The results are conflicting, however, overall an increased risk for fracture among
people of IBD has been observed. Several studies highlight the risk of fracture. A
large study from the University of Manitoba using an extensive IBD database with
6027 patients, found an increased incidence of fractures, 40 % higher compared
with the general population, especially among people older than 60 years of age.
More specifically, fractures of the spine, hip, wrist, forearm, and rib were all
increased, with incidence ratios 1.74, 1.59, 1.33, 1.25, respectively. Notably, there
was no difference between CD and UC, and similar fracture rates were calculated in
each age stratum [23]. An analysis of 434 patients with UC, 383 with CD, and 635
controls showed an increased risk of fracture among females with CD, with a rela-
tive risk of 2.5. The difference was not statistically significant for male patients with
CD or patients with UC [24]. Furthermore, a cohort of CD patients, showed an
elevated prevalence of vertebral fractures. Notably, the incidence was similar among
patients with normal BMD, and patients with osteopenia and osteoporosis. In the
study, the inflammatory process expressed by the C-reactive protein (CRP) posi-
tively correlated with height reductions of vertebrae [25]. Subsequent studies have
not been able to validate the increased risk of fracture. For example, in a population
based study in Olmsted County Minnesota of 238 CD patients were compared with
controls matched by sex and age, and the risk of fracture was not increased, com-
pared with the matched controls [26].

The importance of screening for osteoporosis in IBD patients was underlined by
the American Gastroenterological Association (AGA). Based on their recommen-
dations, patients with IBD should be screened with dual energy X-ray absorptiom-
etry (DXA) if they have one or more risk factors for osteoporosis, which include
postmenopausal women, male older than 50, history of vertebral fractures, hypogo-
nadism, or chronic corticosteroid therapy. Furthermore, they recommend repeat of
the test after 2—-3 years if the initial test was normal. For patients found with osteo-
porosis or low trauma fracture, workup for secondary causes of osteoporosis should
be initiated, including complete blood count, serum calcium, 25(OH)D, creatinine,
alkaline phosphatase, testosterone in males, and serum protein electrophoresis [27].
In the setting of an increased risk of fracture, the impact of osteoporosis and osteo-
penia on the general health and quality of life of IBD individuals is significant,
especially for older adults.
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Vitamin D and Immune Response

Vitamin D plays an important role in innate and adaptive immunity [28-30]. VDR
is expressed in the majority of immune system cells like macrophages, monocytes,
dendritic cells, T and B cells. Immune cells have the necessary enzymes to convert
25(OH)D to its active form of 1,25(OH)2D. Locally produced active vitamin D has
autocrine and paracrine effects, direct and indirect effect on B and T activated cells,
modulating effect on the adaptive immune response and on antigen-presenting cells,
like dendritic and macrophages, all of which regulate the innate immunity [31].
Largely, this effect facilitates mucosa integrity, supports a balanced microbiome,
and promotes an immunosuppressive state by switching from a helper T cell (Th) 1
and 17 profile to Th 2 cell and T regulator (Treg) cell profile.

Antibacterial Activity of Vitamin D

Vitamin D upregulates the innate immune system and coordinates the immune
response to bacterial infections. Therefore, vitamin D antibacterial properties
regulate a balanced microbiome. Intracellular bacteria, like Mycobacterium tuber-
culosis activate Toll-like receptors (TLRs), which institute a direct antimicrobial
action against those pathogens. Activation of TLRs of macrophages, by M. tuber-
culosis derived lipopeptide, upregulates VDR gene and vitamin D-1a-hydroxylase
(CYP27bl in humans) gene, which converts the 25(OH)D to the active
1,25(0OH)2D. A cascade of reactions occurs which produce an immune response
of the host towards the pathogen, including cathelicidin, an antimicrobial peptide
[32]. Vitamin D directly influences cathelicidin production [33]. Moreover, vita-
min D stimulates the upregulation of pattern recognition receptor NOD2. Muramyl
dipeptide is a product of Gram-negative and Gram-positive bacteria and activates
the NOD2 receptor. As a consequence, the nuclear transcription factor kappa-
light-chain-enhancer of activated B cells (NF-kB) is stimulated, which causes
expression of the gene DEFB2, encoding antimicrobial peptide defensin (2.
Importantly, the pathogenesis of CD has been linked with the impaired function
of NOD2 and DEFB2 [34].

Autophagy and Vitamin D

Autophagy is an important part of immune innate system. Vitamin D plays a crucial
role as it induces and regulates this catabolic process [35]. By affecting different
pathways which induce autophagy, vitamin D regulates immune and inflammatory
responses. More specifically, 1,25(OH)2D via cathelicidin helps the co-localization
of mycobacterial phagosomes with autophagosomes in human macrophages [36].
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Vitamin D and Dendritic Cells

Vitamin D has significant effects on adaptive immunity, as it acts as an immune modu-
lator. VDR can be found in activated B and T cells, and dendritic cells [37]. Dendritic
cells, as antigen-presenting cells, act as a messenger between innate and adaptive
immune system and play a significant role in the regulation of adaptive immunity.
Vitamin D decreases the proliferation, differentiation, and maturation of dendritic cells.
Dendritic cells are stimulated by lipopolysaccharide, part of the Gram-negative bacte-
ria cell wall, and are able to produce more 1,25(OH)2D after an increased expression
of vitamin D la-hydroxylase [38]. Monocytic differentiation to dendritic cells is sup-
pressed by vitamin D action, and in this way the ability of dendritic cells to stimulate
T-cell proliferation is reduced. Vitamin D decreases the production of interleukin (IL)
12, and the upregulation of the co-stimulatory molecules cluster of differentiation 40
(CD40), CD80, CD86, and class II major histocompatibility complex (MHC) mole-
cules. Vitamin D also increases the production of IL-10 by the dendritic cells. Overall,
the effect is immunosuppressive, as IL-12 induces Th 1 cells, and upregulation of
CD40, CD80, and CD86 in antigen-presenting cells activates Th 1 cells. Moreover,
vitamin D increases the production of Treg, by an upregulation of Fox2 and IL-10 [39].
In this way, vitamin D supports a nonspecific antigen response and drives a possible
over response of the immune system that could lead to pathologic conditions [40, 41].

Vitamin D and Macrophages

Vitamin D upregulates the differentiation of monocytes to macrophages, increases the
production of prostaglandin E2, which has immunosuppressant properties, and decreases
the granulocyte macrophage colony stimulating factor (GM-CSF). Furthermore, it
reduces proinflammatory cytokines like interferon (IFN) vy, lysosomal acid phosphatase,
hydrogen peroxide, and macrophage-specific membrane antigens production from mac-
rophages. Of note, decreased production of INF-y causes impaired activation of macro-
phages [42]. Also, vitamin D can reduce the antigen-presenting ability of macrophages
by blocking the expression of MHC-2 antigens. In addition, 1,25(OH)2D impairs the
expression of TLR2, TLR4, and TLRY, and as an effect less IL-6 is produced after a
TLRO challenge [43]. In antigen-presenting cells like macrophages, vitamin D impairs
the IL-6 and IL-23 production, thus blocking the Th 17 cells response [39].

Vitamin D and T Cells Differentiation

Vitamin D key targets are the Th 1, 2, and 17 cells, follicular helper T cells (Try) and
Treg cells, and their differentiation. Type 1 Th cells act on cell-mediated immune
responses and produce pro-inflammatory cytokines like IFN-y and lymphotoxin. In
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IBD, Th1 cells are directed against self-proteins. Type 2 Th cells play a role on antibody-
mediated immunity and produce anti-inflammatory cytokines, IL-4, IL-5, and IL-13.
Examples of diseases influenced by type 2 Th cells are asthma and food allergies [28].
1,25(OH)2D suppresses Th1 cells activity, and in this way decreases their production of
pro-inflammatory cytokines like IFN-y, IL-2, and TNF-a. Also, it inhibits the Th 17 and
Try cells pro-inflammatory cytokine production, IL-17 and IL-21, respectively [44].
Vitamin D controls the overproduction of these cytokines, and appears to have a poten-
tial role in controlling IBD [30]. Vitamin D acts on the differential of T cells in favor of
Th 2, and Treg cells over Th 1 and Th 17 cells. Thus, a balance is achieved between an
inflammatory and immunosuppressive response of the immune system. In parallel, vita-
min D acts directly on B cells, inhibiting the proliferation and increasing the apoptosis
of activated B cells. Also, cytotoxic activity of CD+ T cells is reduced by the action of
vitamin D [44-46]. Moreover, 1,25(OH)2D limits the production of plasma cells,
immunoglobulin production, and post-switch memory B cells [47].

Vitamin D and IBD Pathogenesis

Vitamin D deficiency has been proposed as a pathogenetic mechanism of IBD
(Table 3.1). Multiple studies and observations underline the significance of vitamin
D deficiency in the development of IBD, and possible mechanisms have been sug-
gested. However, only one clinical study has examined the vitamin D level in rela-
tion to risk of IBD. A large prospective cohort study of more than 70,000 women
found that sufficient levels of vitamin D were linked with statistically significant
lower incidence of CD, P<0.02 [48].

North-South Gradient of IBD

Studies in Europe and United States have observed a geographical distribution and
variation of UC and CD. The incidence of IBD is higher in northern latitudes [49-52].
The putative explanation for this north—south gradient is the exposure to UVB radia-
tion, which is lower in northern latitudes. Dermal vitamin D production depends on the
sunlight exposure, and populations of southern latitudes have lower risk of developing
IBD, and low sun exposure has been proven as risk factor for IBD [53, 54].

Distorted Immunity in Vitamin D Deficiency

Experimental models have been developed to assess the relation of vitamin D status
with the pathogenesis of IBD. An experimental IBD animal model was developed
using IL-10 knockout mice, who displayed diarrhea, enterocolitis, and weight loss.



3 Vitamin D and Inflammatory Bowel Disease 39

Table 3.1 Vitamin D and IBD pathogenesis

1. Epidemiological
studies

2. Distorted immunity
in vitamin D
deficiency
(a) Control of the

inflammation

(b) Maintenance of
epithelial barrier

(c) Dysbiosis

(d) Innate immune
response

(e) Adaptive immune
response

3. Genetic associations,
polymorphism
4. Animal studies

A north—south gradient and a geographical distribution
and variation of UC* and CD" have been observed. The
incidence of IBD¢ is higher in northern latitudes, likely
due to less sunlight exposure and impaired production of
vitamin D

[49-54]

VDRS¢, IL-10 double KOf mice colitis model found with
high expression of inflammatory cytokines (INF&-y,
IL-1p, IL-2, IL-12, TNF"-a). VDR was essential in the
model to control the inflammation in the KO mice

[57,
65-67]

Serum 25(OH)D' is inversely correlated with calprotectin,
in IBD patients

VDR downregulates the NF-xB/ by increasing the
production of the inhibitor of kBa, an endogenous inhibitor!
of NF-kB, thus reduces the inflammation in the intestine
Epithelial VDR has an anticolitic potential, reduces
apoptosis by downregulating pre-apoptotic modulator,
PUMA

Vitamin D supports epithelial junctions of mucosa, and
upregulates junction proteins, like claudins, ZO-1, and
occludins. Disruption of the mucosal barrier has been
noted in IBD

In a VDR, IL-10 double KO colitis model, a 50-fold
bacteria increase in the colon, a change in the gut
microbiome, and a reduced angiogenin-4, was found in
vitamin D deficient mice

Autophagy gene ATG16L1, which affects Paneth cells
antimicrobial action and autophagy, is regulated by
vitamin D. Bacterial products upregulate VDR and
ATGI6LI and decrease inflammation. Vitamin D
deficiency impairs autophagy, and influences chronic
mucosal inflammation, and potentially IBD

[58-60]

[63]

[64]

A trinitrobenzene sulfonic acid Th 1 cell-mediated colitis | [39]
in mice found that vitamin D inhibits the Th 1 cell
production, promotes the Th* 2 cell action, and enhances
regulatory T cell functions

IBD susceptibility has a strong genetic component. [68-72]
Examples: VDR and DBP' gene polymorphism
Animal IBD model with IL-10 KO mice develop more

severe symptoms if were vitamin D deficient

[39, 55,
56, 61,
Mice model of dextran sodium sulfate-induced colitis 62]
sufficient vitamin D levels improved the colitis. Moreover,

the secretion of TNF-a was reduced

A trinitrobenzene sulfonic acid Th 1 cell-mediated colitis

in mice found that 1,25(OH)2D™ improves the severity of

the colitis

(continued)
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Table 3.1 (continued)

5. Clinical studies A prospective cohort study of more than 70,000 women [48 73,
found an inverse relationship between vitamin D levels 74, 83,
and risk of CD 84]

13 % of patients with IBD treated with 1200 I[U" of
1,25(0OH)2D and 1200 mg of calcium had a relapse after a
year, compared with 29 % of IBD patients treated with
calcium alone (P=0.06)

Individuals with IBD receiving 1,25(OH)2D for 6 weeks
had significantly decreased Crohn’s disease activity index,
C-reactive protein, and markers of bone turnover (P <0.05),
but no significant differences after 12 months

Low pretreatment levels of vitamin D are associated with
earlier discontinuation of anti-TNF-a therapy (P <0.05)

Low vitamin D appears as a risk factor for IBD-related
surgery in IBD, improvement of the 25(OH)D serum
level reduces the risk in CD

aUlcerative colitis

"Crohn’s disease

‘Inflammatory bowel disease

4Vitamin D receptor

“Interleukin

Knockout

¢Interferon

"Tumor necrosis factor

i25-Hydroxyvitamin D

Nuclear transcription factor kappa-light-chain-enhancer of activated B cells

T helper cell

'Vitamin D-binding protein

™1,25-Dihydroxyvitamin D

"International units

The researchers showed that vitamin D deficient mice had more severe symptoms
than vitamin D sufficient mice, and the difference was statistically significant [55,
56]. Interestingly, in a similar experimental model with VDR and IL-10 double
knockout mice, high expression of inflammatory cytokines, such as IFN-y, IL-1p,
IL-2, IL-12, and TNF-a, was observed in the experimental colitis, and VDR was
essential in the model to control the inflammation in the knockout mice [57].
Furthermore, vitamin D appears vital for the preservation of an intact intestinal bar-
rier in the intestine, as it supports the integrity of junction complexes of the mucosa.
This was shown in a colitis model using dextran sulfate sodium as stressor for the
mucosa of the intestine. Mice deficient of VDR developed severe colitis, character-
ized by diarrhea, rectal bleeding, and death. These mice were shown to have severe
disruption in epithelial junctions and reduction in the junction proteins like clau-
dins, ZO-1, and occludins [58-60]. Interestingly, a disrupted and malfunctioning
intestinal epithelial barrier, with distorted tight junctions, has been found in CD, in
parallel with impaired expression and distribution of claudin 2, 5, and 8 [60]. Further
research with the model of dextran sodium sulfate-induced colitis in mice showed
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that 1,25(OH)2D produced locally in the colon, and distally in the kidneys affect the
severity of the colitis, and mice with normal vitamin D levels demonstrate less his-
tological evidence of colitis, symptom of weight loss, and expression of inflamma-
tory cytokines [61]. In the same animal model, vitamin D has been shown to
ameliorate the symptoms of colitis and reduce secretion of TNF-a. The reduction of
TNF-a was performed by downregulating a number of genes, which are associated
with TNF-a production, a crucial factor of inflammation in IBD [62].

Vitamin D, Dysbiosis, and IBD

Low vitamin D levels can alter the enteric flora and distort the microbiome. Recent
studies have proposed an interesting link between vitamin D status, dysbiosis, and
IBD. Using the VDR and IL-10 double knockout model, vitamin D deficient mice
showed 50-fold bacteria increase in the colon and in parallel, angiogenin-4, an
antibacterial protein associated with enteric bacteria control, was reduced. It was
hypothesized that vitamin D deficiency influenced a colitis, which was driven by
a distorted antibacterial activity and a change in the gut microbiota [63]. In addi-
tion, autophagy, as we mentioned earlier, is regulated by vitamin D, and insuffi-
cient vitamin D can affect autophagy. This can change the microbiome, the
intestinal homeostasis, and contribute to the pathophysiology of IBD. A correla-
tion between vitamin D, dysbiosis, autophagy, and genetic susceptibility for IBD
has been observed. Another study demonstrated that vitamin D regulates autoph-
agy gene ATGI6LI. This is a susceptibility gene for IBD, which affects the anti-
microbial action of Paneth cells and autophagy by decreased lysozyme activity. At
the same time, the bacterial product butyrate positively influences VDR and
expression of ATGI6L! and reduces inflammation in an experimental colitis
model. Vitamin D deficiency could affect intestinal homeostasis by decreased
autophagy and lead to development of states of chronic mucosal inflammation,
and potentially IBD [64].

Intestinal Inflammation and Vitamin D

The research findings highlight the vital role of VDR for the homeostasis of the
mucosal barrier of the intestine and inflammation of the epithelium. A correlation
between intestinal inflammation markers, like calprotectin, and vitamin D status has
been noted, and underlines the link between vitamin D and gut inflammation. In a
study of patients with UC and CD, the serum 25(OH)D was inversely correlated
with fecal calprotectin, but not with other systemic inflammation markers like
CRP. This correlation was statistical significant [65]. In addition, NF-kB has a criti-
cal role in inflammation. VDR negatively regulates the NF-kB by positively modu-
lating the inhibitor of kB, an endogenous inhibitor of NF-kB, and in this way



42 A.P. Desalermos et al.

regulates the inflammation level in the intestine [66]. Moreover, a study showed the
anticolitic potential of epithelial VDR, which reduces apoptosis by acting on a cru-
cial pre-apoptotic modulator PUMA, which downregulates and hence decreases the
colonic inflammation and protects the intestinal mucosa [67].

Vitamin D Receptor Gene Polymorphism

IBD susceptibility appears to have a strong genetic component. Examples of genetic
components are VDR and vitamin D-binding protein (DBP) gene polymorphism.
VDR gene is located in a region on chromosome 12, and genome screening tech-
niques have found a linkage between the polymorphism of VDR gene with the
pathogenesis of IBD [68—70]. A recent meta-analysis evaluated the relation between
IBD and four genetic polymorphisms in VDR gene, Apal, Bsml, Fokl, and
Taql. Based on their subgroup analysis, a significant link found between VDR Apal
polymorphism and an increased risk for CD, as well as the Taql polymorphism and
a decreased risk for UC. Furthermore, the study highlights the varying genetic fin-
gerprinting of different ethnic groups [71]. Moreover, DBP gene polymorphism has
been associated with IBD. A statistical analysis of 884 individuals, including 636
IBD individuals showed that DBP 420 variant Lys found more frequently in non-
IBD controls than in IBD patients [72].

Vitamin D Status and IBD Severity

Multiple clinical studies have been conducted to assess a possible correlation
between vitamin D level and severity of IBD. The results of the studies are conflict-
ing, but overall highlight the significance of sufficient vitamin D level for optimal
control of IBD. A recent multi-institution IBD cohort with 3217 patients demon-
strated that vitamin D deficiency is an independent risk factor for IBD-related sur-
gery. A dose—response correlation was found in the CD cohort, and restoration of
normal levels of vitamin D was associated with reduced risk for subsequent surgery
[73]. A retrospective cohort study of 101 IBD patients from a single academic ter-
tiary referral center examining the vitamin D status in patients with IBD on anti-
TNF-a therapy found vitamin D insufficiency in the cohort of both primary
nonresponders and those with a loss of response [74]. Severity of disease activity
was found to negatively correlate with 25(OH)D levels in a cohort study of 34
patients with CD [75]. A cross-sectional study of 182 patients with CD found dis-
ease activity, assessed by the CD activity index and CRP levels, correlated with
lower vitamin D levels [76]. Moreover, in a cohort of 220 IBD patients, 141 with
CD and 79 with UC, serum concentration of vitamin D correlates with health-
related quality of life in UC and CD during the winter and spring period [77].
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Fewer studies explored the significance of optimum vitamin D level for the
severity of UC. Vitamin D status and clinical disease activity using the six-point
partial Mayo index were assessed in a cross-sectional study with 34 patients with
UC, and individuals with low levels of 25(OH)D were statistically more likely to
have elevated severity of UC [78]. Recently, preliminary results of a 5-year pro-
spective study of over 1000 patients with IBD found that lower vitamin D levels
correlated with poor quality of life, increased utilization of health care system by
44 %, and increased use of medications like steroids, biologics, and narcotics [79].
Although these studies show positive correlations, many studies have found no
association between vitamin D status and disease severity, even though a large por-
tion of patients were vitamin D deficient [80, 81].

Vitamin D as Therapeutic Modality for IBD

Published data from experimental models of colitis, and observational studies, have
shown that vitamin D could be used as a potential therapeutic agent for IBD [39, 58,
82]. Two main treatment studies have examined the effect of vitamin D supplementa-
tion on CD and UC, and the potential of its use as a therapeutic modality. A multicenter,
randomized, double-blind, placebo-controlled study in Denmark was performed in 180
patients with CD in remission. In the two treatment groups, 1200 IU of 1,25(OH)2D
with 1200 mg of calcium or 1200 mg of calcium (placebo group) were administered
daily for 1 year. Twenty nine percent of the individuals on calcium alone had a relapse,
compared with 13 % for the group of vitamin D, which was not statistically significant
(P=0.06) [83]. A second prospective study in patients with CD compared the efficacy
of 1,25(OH)2D and 25(OH)D as a therapeutic intervention for disease activity and
bone health [84]. In the short term, after 6 weeks CD activity index, CRP protein, and
markers of bone turnover were significantly decreased (P<0.05) in the 1,25(OH)2D
treatment arm. Of note, no significant differences were noted for the 25(OH)D treat-
ment group at 6 weeks, and for either group at 12 months [84].

Vitamin D and Risk of Clostridium difficile Infection in IBD
Patients

Patients with IBD are at increased risk for Clostridium difficile infection (CDI) [85,
86]. Vitamin D influences the antibacterial properties of the intestine, and produc-
tion of antimicrobial compounds like cathelicidins. It acts prophylactically against
infections and as modulator of the microbiome [32, 33, 87]. A recent multi-
institutional IBD cohort study found that sufficient plasma 25(OH)D level was
associated with lower risk of CDI in IBD patients [88]. Vitamin D could potentially
be used to aid in the prevention of CDI.
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Vitamin D and Risk of Colon Cancer in IBD Patients

Individuals with IBD are in increased risk for colorectal cancer (CRC). CRC is one
of the main causes for mortality among patients with IBD [89]. Inflammation is a
risk factor for the development of CRC and frequent relapses of IBD add signifi-
cantly to that risk [90, 91]. Vitamin D through its anti-inflammatory properties may
act as potential protective agent against CRC in IBD. In vitro studies have shown
1,25(OH)2D reduces the growth and promotes differentiation of colon cancer cell
lines [92-94]. A study using the human colon cancer line, HT-29, found an impaired
growth of HT-29 cells treated with vitamin D. The study proposes a putative target
of vitamin D, via the TLR4 pathway, against CRC in populations with IBD [95]. UC
patients have lower expression of VDR, and have been shown to have a higher risk
of CRC, and thus, a low VDR expression has been proposed as marker of dysplasia
and cancer in individuals with UC [96]. A meta-analysis of case—control studies
found that daily vitamin D supplementation could decrease the CRC incidence, as
patients with sufficient vitamin D serum levels had a 50 % lower risk of CRC com-
pared with patients with low vitamin D levels [97]. Furthermore, daily intake of
1000 IU of vitamin D could reduce the risk for CRC by 50 % [98]. Conversely, a
randomized, double-blind, placebo-controlled clinical study of 36,282 postmeno-
pausal women didn’t demonstrate a significance reduction of the risk of CRC among
postmenopausal women receiving 400 IU/day of vitamin D for 7 years [99]. Notably,
the study has significant limitations as the dose of vitamin D, 400 IU/day, appears
lower than the current recommendations, and the serum level of vitamin D was not
assessed during the study.

Clinical Recommendations

The significance of optimal vitamin D status for intestinal health and homeostasis is
well known and accepted among clinical experts. Even though more research is needed
to prove the link between vitamin D deficiency and gut inflammation, it is appropriate
to ensure that every patient with IBD has an optimal serum 25(OH)D level (Table 3.2).
At this point, no gastroenterology guidelines have been proposed for the assessment of
vitamin D status in subjects with IBD. The Clinical Guidelines Subcommittee of The
Endocrine Society recommends testing serum 25(OH)D level for every patient with
IBD on steroid therapy [6]. We believe that a reasonable approach consists of screening
for vitamin D deficiency yearly. More frequent testing is needed in deficient patients
with or without metabolic bone disease, and in those with active IBD on steroids. The
ideal timing to screen patients is the late winter or early spring when the level of vita-
min D is the lowest, especially in patients living in northern latitudes [100]. The
U.S. Preventive Services Task Force recently released its recommendations where
screening for vitamin D deficiency for asymptomatic adults is not recommended as the
current evidence is insufficient to assess the balance of benefit and harm.



3 Vitamin D and Inflammatory Bowel Disease 45

Table 3.2 Clinical recommendations for IBD patients

Whom to test for vitamin D Every patient with IBD? [6]
deficiency?
When should we test? Yearly, or more often based on the level of vitamin | [100]

D and risk for deficiency. Better time to test in late
winter or early spring, when level in nadir

Serum 25(0OH)D level [1,5-7]
Deficiency <25 nmol/L (10 ng/mL) (IOM")
<50 nmol/L (20 ng/mL) (Endocrine society)
Insufficiency 25 to <50 nmol/L (10-20 ng/mL) (IOM) [1,5-7]
50 to <75 nmol/L (20-30 ng/mL) (Endocrine
society)
Sufficiency >50 nmol/L (20 ng/mL) (IOM) [1,5-7]

>75 nmol/L (30 ng/mL) (Endocrine society)
Vitamin D intake
recommendations
Age <1 year of age with 400 IU</day [6,101]
sufficient levels
Age 1-70 years of age with 600 IU/day
sufficient levels
Age >70 years of age with 800 IU/day
sufficient levels
Adults in risk for vitamin D 1000 IU/day

deficiency
Adults with vitamin D 6000 IU/day for 6 weeks, or 50,000 IU once a
deficiency week for 8§ weeks

“Inflammatory bowel disease
“Institute of Medicine
“International units

The ideal daily vitamin D intake for patients with IBD depends on age and
level of serum 25(OH)D. For patients with normal vitamin D levels, infants
should receive 400 IU of vitamin D per day, children 1 year and older and adults
should receive 600 IU, and the elderly over 70 years 800 IU, based on the rec-
ommendations from the Institute of Medicine and the Endocrine Practice
Guidelines [101]. For patients at risk for vitamin D deficiency, the recommenda-
tion is for at least 1000 IU/day. For adults with documented low levels of
25(0OH)D 6000 IU/day for 6 weeks, or 50,000 IU/week for 8 weeks is recom-
mended [6]. The most appropriate vitamin D regimen for patients with IBD was
tested in a randomized, controlled, non-blinded, clinical trial. Three different
oral regimens were used for 6 weeks, including 2000 IU of vitamin D2 daily,
2000 IU of vitamin D3 daily, and 50,000 IU of vitamin D2 weekly. All 3 regi-
mens were well tolerated, but two oral regimens of 2000 IU of vitamin D3 daily
and 50,000 IU of vitamin D2 weekly were superior in raising the 25(OH)D
serum levels [102].
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Table 3.3 Future areas of research

1. Vitamin D deficiency and IBD?* pathogenesis: confirmation of the causative association

»

Vitamin D supplementation as therapeutic modality for IBD prevention, control, and
treatment

Verification of the optimal serum vitamin D level for the control of intestinal inflammation
Link of dysbiosis with vitamin D deficiency and IBD pathogenesis
Vitamin D status and risk of colon cancer

| P

Association between severity and relapse of IBD and vitamin D serum level
7. Clostridium difficile colitis in IBD and vitamin D as possible protective factor

“Inflammatory bowel disease

Future Areas of Research

Future research is needed to expand our understanding on various aspects of the
interaction between vitamin D status and IBD pathogenesis and its effect on the
natural course of IBD (Table 3.3). It is still unclear if low vitamin D is a risk factor
for the development of CD and UC. Experimental models have shown a possible
relationship but very few clinical studies have been performed and demonstrate a
causative association [48]. Most of those studies are cross-sectional and underpow-
ered. More prospective, well-designed studies are needed to clarify the conse-
quences of vitamin D deficiency and answer if vitamin D can prevent the
development of the disease. Additional studies are needed to investigate if vitamin
D deficiency promotes IBD relapses, or if low vitamin D level is just the result of
an inflamed gut with impaired absorption. Data from published research works
suggest this association but larger, high quality studies are required to prove the
theoretical risk of a more severe disease in the setting of vitamin D deficiency
[73-76, 78, 103]. Moreover, the optimal dosing of vitamin D and appropriate vita-
min D serum level for ideal intestinal health are additional research areas. The use
of vitamin D as a potential therapeutic modality for the treatment of IBD comes
with advantages, as it is cheap, easily tolerated and has a safe pharmaceutical
profile. Fortunately, research efforts are underway to improve our knowledge of
vitamin D deficiency and its effects, and new progress will be made in the preven-
tion and treatment of IBD.
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Chapter 4
Diagnosis and Management of Iron Deficiency
in Inflammatory Bowel Disease

Thomas Greuter and Stephan R. Vavricka

Introduction

Iron is a critical element and essential for fundamental metabolic processes in cells
with a major role in oxygen (O,) carry (hemoglobin), muscle function (myoglobin),
and mitochondrial processes [ 1]. Despite this fundamental role in human metabolism,
there is a narrow balance between iron supply and absorption on one side, and iron
demand on the other. Iron deficiency is the most common nutritional deficiency [2]
and the leading cause of anemia worldwide [3-5]. In the United States, prevalence
of iron deficiency ranges from 4.5 to 18.0 % [6-8], while 50 % of anemia worldwide
is thought to be caused by iron deficiency [9]. A number which seems huge given
2.2 billion people globally affected by anemia [4].

While iron deficiency is a common medical condition, clinical presentation is
rather nonspecific with most of cases remaining undiagnosed therefore. Among the
most frequently reported symptoms are paleness, fatigue, headache, and dyspnea
[2, 10-12]. In contrast, more typical findings such as tachycardia, vertigo, or even
syncope are less often reported and suggest severe states of anemia [13, 14]. Due to its
mostly chronic and asymptomatic disease course, a majority of cases are identified
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based on routine laboratory work-up including hemoglobin and ferritin. Thus, regular
laboratory testing including screening for iron deficiency and anemia is indicated
particularly in those patients with a high risk of decreased iron supply such as vege-
tarians or children, those with impaired intestinal absorption (celiac disease or inflam-
matory bowel disease), increased blood (intestinal tumors or intestinal parasites), or
the presence of chronic inflammation with a combination of anemia of chronic dis-
ease and iron deficiency anemia. However, most of the cases with iron deficiency
anemia are seen in otherwise healthy patients showing an increased iron demand such
as pregnant women, adolescents, or athletes [2]. Awareness of a mostly chronic and
asymptomatic disease course is especially important regarding the possible conse-
quences of iron deficiency, among which are impaired quality of life and the ability to
work, increased hospitalizations and health care costs [15-17].

In inflammatory bowel disease patients, anemia is the most common systemic
complication and extraintestinal manifestation [18-21]. Prevalence ranges from 9 to
74 % [22]. Iron deficiency anemia accounts for the majority of anemic patients fol-
lowed by anemia of chronic disease [23, 24]. While the former develops as the
consequence of iron deficiency (decreased intake or intestinal absorption, continu-
ous or recurrent blood loss), the latter is caused by inflammatory processes.
However, the two types are frequently overlapping [23]. Other causes are vitamin
B12 deficiency, folic acid deficiency or toxic effects of medications. Given the
above-mentioned consequences of untreated iron deficiency and anemia, these two
IBD complications are more than just laboratory markers [20]. Prevention and treat-
ment of those conditions is key in the management of IBD patients and awareness
of those is especially important given the frequent recurrence despite adequate and
successful anti-inflammatory therapy [25].

In this chapter, we focus mainly on iron deficiency anemia and discuss the most
important physiological mechanisms in human iron cycle, diagnostic steps in clini-
cal practice, and therapeutic approaches in IBD patients with iron deficiency.
Recommendations regarding screening, treatment, and prevention of iron deficiency
and anemia are mainly based on the current European Crohn’s and Colitis
Organisation (ECCO) Guidelines [25].

The Iron Cycle

The only physiological way of iron uptake is via intestinal absorption, which addition-
ally represents the critically controlled process in iron metabolism [1]. In contrast,
excretion of iron is not regulated and loss of iron happens in a non-controlled way via
desquamation of skin, intestinal epithelial cells, or blood loss (e.g., menstruation).
Normally, 1-2 mg iron is lost through these mechanisms [26]. While human body
contains 3-5 g total iron, 20-25 mg is needed for production of red blood cells and
cellular metabolism daily [26]. Most of the needed iron can be recycled from senes-
cent blood cells by the reticuloendothelial system (RES) [1]. However, uncontrolled
loss of iron has to be compensated by intestinal absorption only.
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Thus, margins between intestinal uptake und iron requirements are narrow.
Dietary iron is available in two forms as heme and non-heme iron; the former con-
sists of Fe?* (ferrous iron) and can be found in animal food sources such as meat or
poultry, the latter consists of the ferric ion (Fe*), which is present in vegetarian
foods [2, 27]. Iron is transported through the intestinal brush border via a divalent
metal transporter (DMTT1) only in its ferrous form; [28] Iron from vegetarian food
has to be reduced by a membrane-associated ferrireductase DcytB first [29]. Thus,
absorption rates of iron from animal sources are generally higher [2]. At the baso-
lateral membrane, Ferroportin transports iron into systemic circulation [30, 31]
where it is transformed to its ferrous form again by a multicopper oxidase homolo-
gous to ceruloplasmin [1]. In its ferrous form, iron is finally able to bind to
Transferrin, an iron-transporting protein. The iron-Transferrin complex conse-
quently binds cells expressing a Tf-binding protein on its surface, among which
erythroblasts in the bone marrow are the most important and most frequent [1].

Iron absorption needs a close control in order to up- or down-regulate intestinal
uptake in accordance with body requirements. This narrow homeostasis is basically
controlled by hepcidin, a peptide hormone synthesized in the liver, which allows
immediate adjustments of iron fluctuation by binding to and inducing degradation
of ferroportin [32]. Hepcidin itself is increased in the presence of iron overload,
systemic inflammation, and/or infection [1, 33], which partly explains the overlap
of anemia of chronic disease in inflammatory disorders and iron deficiency. In con-
trast, Hepcidin decreases in the presence of iron deficiency, tissue hypoxia, or
increased erythropoiesis [1, 3].

Iron Deficiency and Anemia in IBD Patients

Extraintestinal manifestations (EIM) of IBD are frequently observed with a
prevalence ranging from 6 to 47 % [34—41]. They considerably affect morbidity and
mortality in IBD patients [42, 43]. Besides typical EIM such as arthritis, uveitis, or
skin changes, which are seen as reactive to underlying IBD, systemic manifestations
may also include IBD-related complications due to metabolic abnormalities such as
nephrolithiasis, amyloidosis, osteopathy, or anemia [41]. Nonetheless, compared to
classical EIM, anemia in IBD has received only little attention [23], as it may be too
common to be specifically recognized as a complication [44]. In addition, treating
anemia has often low priority [44]. However, prevalence of anemia in IBD seems to
be high, although studies show differences ranging from 9 to 74 % [22]. A recent
review showed a mean prevalence of 17 %, increasing up to 68 % in those patients
hospitalized for IBD [21]. Thus, anemia can be considered as one of the most
common systemic complications of acute IBD [23]. Iron deficiency, which is the
most frequent cause of anemia in IBD, is seen in 36-90 % of all IBD patients [19].
Although chronic blood loss and decreased iron absorption leads to iron deficiency
with a consecutively developing anemia, anemia in IBD patients is often
multifactorial with the two main causes of iron deficiency [45] and anemia of
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chronic disease [46]. Further possible causes are drug toxicity (sulfasalazine,
thiopurines), IBD-associated autoimmune hemolysis, myelodysplastic syndrome,
or impaired absorption of vitamin B12 or folate [23].

Independent of the underlying mechanism, anemia has been recognized as a key
symptom in IBD [44]. Furthermore, the impact of anemia on quality of life of IBD
patients is substantial [25]. Several studies have shown impaired quality of life for
anemia in general patients [47, 48] and in those affected with IBD [17, 18, 22, 44].
Even in the absence of specific symptoms, anemia seems to impair quality of life
[15, 17, 23]. Of note, quality of life may be as low as in anemic patients with
advanced cancer and anemia in IBD patients seems to raise comparable concerns as
abdominal pain or diarrhea does [44, 49]. In addition to an impaired quality of life,
anemia negatively affects the ability to work, hospitalization, and health care costs
[16, 25]. Thus, anemia is more than just a common feature of IBD; it is of great
clinical relevance for the patient [23]. Doctors caring for IBD patients should be
more aware of this frequent medical condition.

Diagnosis of Iron Deficiency and Anemia

Anemia in IBD is defined indifferent to other conditions. The cut-off limits accord-
ing to the WHO definition can be applied in all IBD patients [25]. However, inter-
individual differences and modulating factors such as age, gender, pregnancy, high
altitude, smoking, and ethnicity should be taken into account [50, 51]. According to
the World Health Organization WHO, minimum hemoglobin levels used to define
anemia in white people living at sea level are: 12.0 g/L for non-pregnant women,
13.0 g/L for men. Iron deficiency is usually diagnosed by serum ferritin. Lower
limits are defined according to the level of systemic inflammation. In the absence of
biochemical (assessed by CRP, ESR, and leukocyte count) and clinical evidence
(assessed by CDAI, CDEIS, Mayo Score) of inflammation, serum ferritin cut-off
level for the presence of iron deficiency is <30 pg/L [25]. Definition of iron defi-
ciency in the presence of systemic inflammation is rather challenging. A serum
ferritin up to 100 pg/L may still be consistent with iron deficiency. In such cases,
concentration of soluble transferrin receptor (sTfR) in the serum and sTfR/log fer-
ritin index have been shown to be an indicator of iron supply available for erythro-
poiesis and therefore to help distinguish between iron deficiency anemia and anemia
of chronic disease [52-55]. A serum ferritin of more than 100 pg/L likely excludes
true iron deficiency [44, 56]. In addition an sTfR/log serum ferritin ratio of less than
1 is useful to exclude true iron deficiency in anemia of chronic disease [52, 56].
However, anemia of chronic disease often goes along with functional iron defi-
ciency, which is indicated by a transferrin saturation (TfS) <20 % [25].

Screening for anemia and iron deficiency is recommended in all IBD patients
and consists of complete blood count, serum ferritin, and CRP. Screening should be
repeated every 6-12 months for all patients in clinical remission, while anemia and
iron deficiency screening should be at least performed every 3 months in those IBD
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patients with active disease [25]. In addition, vitamin B12 and folic acid should be
measured regularly, at least every year, but more often in high-risk patients with
ileal resection or those showing macrocytosis. Anemia work-up is indicated in all
patients showing hemoglobin below normal limits and should include the following
parameters: red blood cell indices (RDW, MCV), reticulocyte count, differential
blood count, transferrin saturation, CRP, and serum ferritin. Based on a hematologic
algorithm, most of the anemia forms can be easily classified without additional
measurements. More extensive work-up includes serum concentrations of vitamin
B12, folic acid, haptoglobin, the percentage of hypochromic red cells, reticulocyte
hemoglobin, lactate dehydrogenase, soluble transferrin receptor, creatinine, and
urea [25]. If the cause of anemia remains unclear after extensive work-up, referral
to a hematologist is recommended.

Treatment of Iron Deficiency and Anemia in IBD Patients

Every IBD patients with iron deficiency anemia should be treated given significant
improvements regarding quality of life [17, 57]. Intravenous iron supplementation
is favored over oral supplementation in IBD patients for different reasons. The intra-
venous formulas are more effective, lead to a faster response, and are generally
better tolerated [58—61]. They have been shown to be safe, effective, and well toler-
ated for the correction of iron deficiency anemia in IBD patients in several trials [57,
60, 62, 63]. In the presence of intestinal inflammation, iron absorption is limited and
non-absorbed iron can be exposed to the ulcerated intestinal surface, which may
lead to mucosal harm and even disease exacerbation [64—67]. Thus, oral supple-
mentation is actually only recommended for those patients with mild anemia,
absence of intestinal inflammatory activity, and no prior intolerance to oral regi-
mens [25]. No more than 100 mg elemental iron per day is recommended; higher
doses may lead to more side effects and therefore lower compliance. However, in
most cases low dose oral iron is effective [68—70]. Oral iron-containing preparations
differ regarding dosage, salt, chemical state of iron (ferrous or ferric), and galenic
form (quick vs. prolonged release.) [71] In non-IBD iron deficiency anemia, biva-
lent iron preparations are of high efficacy, acceptable tolerability (especially as
prolonged-release formulation), and low cost, while trivalent preparations have a
poorer absorption and are more expensive [71]. The four commonly available fer-
rous iron supplementations are: ferrous sulfate, which is the standard treatment,
ferrous sulfate exsiccated, ferrous gluconate, and ferrous fumarate [2]. In contrast to
non-IBD conditions, where oral supplementation is considered first-line in most
cases, intravenous iron should be considered as first-line treatment in the majority
of IBD patients with iron deficiency anemia. The primary goal in IBD patients with
iron deficiency anemia is normalization of hemoglobin levels and iron stores.
Importantly, serum ferritin levels should not be measured within the first 8 weeks
after intravenous supplementation given possible interference and false-high values
[72]. Six different intravenous regimens are available for treatment of iron
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deficiency anemia: iron sucrose, ferric gluconate, ferric carboxymaltose, iron
isomaltoside-1000, ferumoxytol, and iron dextran (low-molecular-weight forms) [2].
High-molecular-weight iron dextran has been withdrawn from the market due to
higher frequency of serious adverse events including anaphylactic reactions [73],
while low-molecular-weight forms show a safety profile comparable to other intra-
venous iron formulations [74]. Practical guidelines recommend slow infusion rates,
patient observation, and administration in an adequate setting with access to resus-
citation facilities to further minimize risk of serious adverse events [3, 73, 74].
Different compositions of these formula lead to different iron release rates, which
determine the amount of iron given as a single dose. Table 4.1 summarizes the cur-
rently available intravenous iron formulations according to reviews by Larson [75]
and Auerbach [76]. The dose needed for intravenous supplementation can be calcu-
lated with the Ganzoni’s formula: body weight in kg x2.3 x hemoglobin deficiency
(target hemoglobin level—patient hemoglobin level)+500-1000 mg iron [77].
However, a simplified scheme has been established and seems to be of better effi-
cacy and compliance than the Ganzoni’s formula [57]. The estimation of total iron
need can be based on baseline hemoglobin and body weight only. Although this
scheme has only been tested for ferric carboxymaltose in the FERGIcor trial [57], it
can also be applied for dosing of other intravenous iron formulations.

In contrast to iron deficiency anemia, treatment recommendations for IBD
patients with iron deficiency, but without anemia are rather controversial [25]. There
is some evidence for a benefit of treating iron deficiency before development of
anemia with studies showing improvement of fatigue or physical performance in
women of reproductive age and in other conditions such as heart failure [78—80].

Table 4.1 Intravenous iron preparations (according to Larson [75] and Auerbach [76])

Molecular Maximal Higher
weight single doses (off
(kDa) Test dose Preservatives dose label use)
LMW Dextran 165 Yes (25 mg None 100 mg Total dose
(CosmoFer®, 15-30 min) (>305s) infusion
INFeD®) over4 h
Iron sucrose 34-60 No None 200 mg 300 mg
(Venofer®) (2-5min) |over 1l h
Ferric gluconate | 289444 No Benzyl alcohol 125 mg 250 mg
(Ferrelcit®, (10 min) (15 min)
Nulecit®)
Ferumoxytol 750 No None 510 mg no
(Feraheme®) (<1 min)
Ferric 150 No Intravenous iron 750 mg no
carboxymaltose preparationsNone (slow push
(Injectafer®, or over 15
Ferinject®) min)
Iron 150 No None 20 mg/kg | no
isomaltoside (30—

(Monofer®) 60 min)
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However, data about treating iron deficiency in IBD patients is lacking hitherto.
Current guidelines recommend iron supplementation depending on patients’ his-
tory, symptoms, and individual preferences [25].

How to Prevent Iron Deficiency and Anemia in IBD Patients

Given a strong correlation between intestinal disease extent and activity on one side
and blood loss and severity of anemia on the other, treatment of underlying disease
activity is key in both treatment and prevention of iron deficiency and anemia [19,
81, 82]. Recurrence of anemia is often an indicator for persistence of intestinal dis-
ease activity and warrants further investigation of possible subclinical disease activ-
ity [25]. After successful treatment of iron deficiency anemia, patients should be
followed up closely given a high rate of recurrence in the first year thereafter [62,
83]. Guidelines recommend monitoring with full blood count and ferritin levels
every 3 months for the first year and every 6—12 months thereafter [25]. Interestingly,
a study could show a relation between the size of post-treatment iron stores and the
speed of recurrence of iron deficiency anemia in IBD patients [83]. A cut-off level
of more than 400 pg/L prevented recurrence significantly better than levels below
[83]. Of note, the FERGImain trial showed significantly lower recurrence rates in
those patients, where iron supplementation was reinitiated if ferritin levels fell
below 100 pg/L, which was assessed at 2-months intervals [62]. In addition, those
patients receiving preventive iron supplementation reported less gastrointestinal
symptoms and IBD flares than those without [62]. Thus, a proactive approach is
recommended rather than just a watch-and-wait strategy and such an approach
seems to be cost-effective given the possible savings compared to anemic IBD
patients [84].

Other anemia treatment options such as erythropoiesis-stimulating agents or
even blood transfusion should be considered only in those patients with anemia of
chronic disease who have shown insufficient response to intravenous iron supple-
mentation and who continue to have low hemoglobin levels despite adequate anti-
inflammatory treatment including biologic agents. Blood transfusion should be
restricted to those patients with a hemoglobin concentration of less than 7 g/dL or
above if anemia is symptomatic or if comorbidities such as coronary artery disease
are present [85-87]. In most patients, even hemoglobin levels of less than 7 g/dL.
can be tolerated in the meantime. Iron supplementation remains key in those patients
receiving erythropoiesis-stimulating factors or blood transfusions.

What to Tell Patients?

Screening for iron deficiency and anemia is key in management of IBD patients and
should not depend on clinical symptoms given a mostly chronic and asymptomatic
disease course. Dietary iron from animal food sources are better absorbed than iron
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present in the vegetarian diet [88]. Anemia should be seen as a systemic manifesta-
tion of IBD comparable to other EIM such as arthritis or skin problems [20].
Possible impact of anemia on quality of life and the ability to work should be dis-
cussed with IBD patients and treatment for anemia should be started in every patient
fulfilling WHO criteria of iron deficiency anemia [16, 25]. Intravenous iron supple-
mentation should be first-line therapy and oral supplementation only seems to be an
option in those patients with mild anemia, absence of intestinal disease activity, and
no history of prior intolerance. Oral iron supplementation may even exacerbate dis-
ease activity in IBD patients with intestinal inflammation [64—-67]. Controversy
about evidence of iron supplementation in patients with iron deficiency without
anemia should be discussed with the patient in detail and decision about supplemen-
tation or not should be based on clinical presentation, patient’s history, and indi-
vidual preferences. Information about frequent and fast recurrence of anemia
despite adequate treatment should be provided with a close follow-up during the
first year [62, 83]. Patients with a drop-down in their serum ferritin below 100 pg/L
should be motivated to reinstall intravenous iron supplementation [62]. Data about
possible prevention of disease flares by this proactive approach should be provided.
Last but not least, proactive prevention of recurrence of iron deficiency should be
seen as cost-effective given the possibility of preventing anemic IBD patients and
their consequences [84].
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Chapter 5

Other Micronutrient Deficiencies
in Inflammatory Bowel Disease:
From A to Zinc

Caroline Hwang and Kurt Hong

Introduction

The inflammatory bowel diseases (IBD), which include ulcerative colitis and
Crohn’s disease, are chronic inflammatory conditions of the gastrointestinal tract
which increase patients’ risk of malnutrition. Previous retrospective studies demon-
strated that as many as 70-80 % of IBD patients exhibited weight loss during their
disease course [1-4]. However, most of these studies were performed from the
1960-1980s and primarily included hospitalized patients with severe active disease,
often on chronic steroid therapy.

In the last three decades, there have been several important advances in the treat-
ment of IBD—namely, the development of multiple biologic drugs and increased
use of “top-down” strategies with early combination therapy —that may be leading
to a greater proportion of IBD patients attaining sustained clinical remission.
Nutritional studies performed in the post-biologic era seem to suggest that IBD
patients who are in remission generally have similar macronutrient intake [5, 6] and
similar body mass indices [7, 8] as healthy controls. In fact, several recent studies
have reported that there is a growing proportion of obese IBD patients [7, 9, 10].
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In general, malnutrition can be divided into forms that involve deficiencies in
macronutrients (energy and protein intake) and those of micronutrients (vitamins,
minerals, trace elements). Protein-energy malnutrition can result in weight loss and
loss of muscle mass, and most often occurs with active, severe IBD. However,
micronutrient deficiencies can occur even with disease that is relatively mild or in
remission. Multiple simultaneous deficiencies in micronutrients are more common
in patients with Crohn’s disease (CD), especially those with fistulas, strictures, or
prior surgical resections of the small bowel [2].

Numerous vitamin and mineral deficiencies have been reported in IBD patients
[1-4]. Notably, the research in this area is lacking, as many of the studies are limited
by small sample sizes, retrospective design, and frequent use of non-validated nutri-
tional assessment methods and statistical analysis. In addition, laboratory testing
that is clinically available (often measurements of plasma or serum levels of micro-
nutrients) can be inaccurate in reflecting micronutrient status, and optimal levels of
many micronutrients have yet to be established.

The most common micronutrient deficiencies in IBD patients are those of iron
and vitamin D, which are discussed in detail in separate chapters. In this section, we
will review the available data on the other micronutrient deficiencies that can occur
with IBD and their clinical significance in this population.

Normal Micronutrient Absorption and Dietary Requirements

Vitamins and minerals are required for diverse biochemical functions in the body,
including regulation of cell and tissue growth, energy metabolism, and direct
antioxidant actions [11, 12]. Since all vitamins and many minerals (the so-called
essential elements) are not sufficiently synthesized by humans, they need to be
obtained from the diet.

Vitamins are organic compounds that can be classified as either water- or fat-
soluble. Water-soluble vitamins (B vitamins, vitamin C) are readily absorbed in the
intestinal lumen across enterocyte membranes by either diffusion (for non-charged,
low-molecular vitamins such as vitamins B3, B6, and C) or by carrier-dependent
active transport. The fat-soluble vitamins (A, D, E, and K) are hydrophobic sub-
stances that are dissolved first within fat droplets, then broken down by lipases and
combined with bile salts in the duodenum to form mixed micelles which can diffuse
across the enterocyte membrane [11].

Dietary minerals are inorganic elements that are important in the makeup of cel-
lular structure and as cofactors and catalysts in enzymatic processes. The so-called
“macro” minerals are those present in larger quantities in the body (i.e., kilo- or
milligrams) and include calcium, phosphate, potassium, magnesium, and iron.
Trace elements are present in very small amounts in the body (i.e., nanograms or
parts per million), and include zinc, copper, and selenium. Macrominerals and trace
elements are absorbed by passive or active transport through the intestinal mucosa,
often using specialized transport proteins such as the calcium-specific TRPV6
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(Transient Receptor Protein) or the more diverse DMT1 (divalent metal transporter 1)
which transports several divalent metals including ferrous (Fe?*), zinc (Zn?*), and
copper (Cu?) [11, 12].

Normally, over 95 % of vitamins and minerals within food are absorbed in the
proximal small bowel, usually prior to reaching the mid-jejunum [11]. The excep-
tion to this is vitamin B12, which, when bound to intrinsic factor, is absorbed in the
terminal ileum. In addition, the distal ileum also absorbs bile acids, which are criti-
cal for the absorption of fat and fat-soluble vitamins.

Dietary Requirements

Recommendations for the dietary intake of individual vitamins and minerals vary
tremendously, ranging on the order of nanograms to milligrams per day. In the
United States, the most widely accepted dietary guidelines were developed by the
Institute of Medicine’s Food and Nutrition Board, mainly for public health purposes
such as food labeling and school meal planning. These guidelines (often termed
“Dietary Reference Intakes™) were expanded recently to account for new data that
certain nutrients may help promote health and prevent disease [11, 12]. In addition,
because of the recognition that a growing number of persons (39 % of American
adults surveyed in the National Health and Nutrition Examination Survey
[NHANES] [13]), take multivitamins and other dietary supplements, DRIs also now
include information about levels associated with toxicity.
The DRI’s are actually a set of four reference values (Table 5.2):

* Recommended Dietary Allowance (RDA): Average daily dietary intake of a
nutrient that is sufficient to meet the requirement of nearly all (97-98 %) healthy
persons. This is the most commonly referenced DRI value.

* Adequate Intake (Al): For nutrients for which an RDA cannot be determined
based on a lack of available data. The Al is established based on observed intakes
of that individual nutrient by a group of healthy persons.

» Tolerable Upper Intake Level (UL): Highest daily intake of a nutrient that is
likely to pose no risks of toxicity for almost all individuals.

» Estimated Average Requirement (EAR) is the amount of a nutrient that is esti-
mated to meet the requirement of half of all healthy individuals in the
population.

These values are listed in Table 5.2, and are also available online on the USDA
or IOM websites:

http://fnic.nal.usda.gov/dietary-guidance/dietary-reference-intakes/dri-tables,

http://www.iom.edu/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx.

It is important to recognize that the DRI values were established based on healthy
populations and thus may not reflect the needs of IBD patients. Notably, for patients
with active disease and significant diarrhea, daily requirements for iron, potassium,
calcium, magnesium, and zinc may increase significantly [2, 5]. In addition, many
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of the foods that are rich in these micronutrients may be difficult for some IBD
patients to tolerate (refer to Table 5.2 for a list of foods). Therefore, oral supplemen-
tation may be required in certain situations, though caution must be taken with
regard to counseling about supplementation, especially with certain micronutrients
such as zinc and vitamin A, in which there is a narrow margin between the recom-
mended dietary allowance (RDA) and the upper limit (UL) exists. In general, care-
ful monitoring of supplementation should be practiced with any micronutrient that
has an UL.

Pathophysiology of Micronutrient Deficiencies in IBD

Micronutrient deficiencies in IBD patients can occur by multiple mechanisms.
As summarized in Table 5.1, there are a multitude of risk factors in IBD, which can
be related to disease symptoms (i.e., diarrhea, anorexia), disease-related complica-
tions (i.e., bowel resection), and from drug treatments (i.e., sulfasalazine and folate
antagonism).

One of the most important and probably underrecognized mechanisms for
malnutrition in IBD is reduced food intake. Globally reduced intake and specific
avoidance of foods is common among IBD patients. This may be particularly significant

Table 5.1 Pathogenesis of micronutrient deficiency in IBD

Decreased food intake ¢ Anorexia (TNF-mediated)

¢ Avoidance of high-residue food (can worsen abdominal
pain and diarrhea)

¢ Avoidance of lactose-containing foods (high rates of
concomitant lactose intolerance)

Increased intestinal loss ¢ Diarrhea (increased loss of Zn*, K*, Mg?*)
¢ Occult/overt blood loss (iron deficiency)
¢ Exudative enteropathy (protein loss, and decrease in
albumin-binding proteins (e.g., vitamin D-binding protein))
¢ Steatorrhea (fat and fat-soluble vitamins)

Malabsorption ¢ Loss of intestinal surface area from active inflammation,
resection, bypass, or fistula

¢ Terminal ileal disease associated with deficiencies in B12
and fat-soluble vitamins

Hypermetabolic state e Alterations of resting energy expenditure
Drug interactions ¢ Sulfasalazine and methotrexate inhibits folate absorption

¢ Glucocorticoids impair Ca**, Zn*, and phosphorus
absorption, vitamin C losses and vitamin D resistance

¢ PPIs impair iron absorption, cholestyramine impairs
absorption of fat-soluble vitamins, vitamin B12, and iron

Long-term total parenteral e Can occur with any micronutrient not added to TPN

nutrition Reported deficiencies include thiamine, vitamin A, and trace
elements Zn**, Cu?*, selenium, chromium
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with active disease, due to anorexia (secondary to inflammatory cytokines, including
interleukin IL-6, and tumor necrosis factor-alpha [TNF-«]) [14]. Many patients also
self-restrict their diet to minimize symptoms of abdominal pain and diarrhea, com-
monly thought to be exacerbated by large fatty meals and high-residue diets.

A recent study showed that even in patients with disease in remission, persistent
avoidance of major food groups remains common, with approximately one-third
avoiding grains, another one-third avoiding dairy, and 18 % avoiding vegetables
entirely [9]. In addition, multiple studies have reported that the majority of IBD
patients, regardless of disease activity, intake levels of calcium and vitamin C that
are significantly lower than Recommended Daily Allowance (RDA, Table 5.2).
In addition, suboptimal intake of folate, thiamine (B1) and pyridoxine (vitamin B6),
vitamin K, vitamin E and beta-carotene have also been reported to be prevalent
amongst IBD patients [5, 15].

Two other important potential causes of malnutrition are enteric loss of nutrients
(i.e., from diarrhea or fistula output) and malabsorption. Chronic diarrhea and fistula
output can lead to wasting of zinc, calcium, and potassium [3] while iron deficiency
is the most common nutritional deficiency in colitis, due largely to chronic gastro-
intestinal bleeding [16]. Malabsorption more frequently occurs in CD, due to small
bowel inflammation or resection. Specifically, significant terminal ileal disease and/
or resections >40-60 cm can lead to vitamin B12 deficiency as well as bile-salt
wasting and resultant impaired fat-soluble vitamin absorption [17]. In addition,
patients with advanced primary sclerosing cholangitis are also at risk for malab-
sorption, as biliary strictures especially within the main branches of the biliary tract
can lead to bile-salt insufficiency and steatorrhea [17].

Finally, several medications used commonly in IBD can interfere with normal
micronutrient absorption. Glucocorticoids potently inhibit calcium, phosphorus,
and zinc absorption and may also lead to impaired metabolism of vitamins C and D
[4]. Methotrexate is a potent folate antagonist and sulfasalazine interferes with
folate absorption [18]. Proton pump inhibitors, antacids, and calcium supplements
can inhibit iron absorption, if taken simultaneously as dietary or supplemental iron
[16]. Cholestyramine, which may be used as an antidiarrheal adjunct, can interfere
with absorption of fat-soluble vitamins [4, 11]. Finally, the use of long-term paren-
teral nutrition can lead to deficiencies in any micronutrient not added in sufficient
quantities, most commonly vitamins A, D, E, zinc, copper, and selenium [19].

Specific Micronutrient Deficiencies in IBD

A wide array of vitamin and mineral deficiencies may occur in IBD patients, par-
ticularly those with moderate-to-severe disease activity, small bowel Crohn’s
involvement, and history of bowel resection [1-4]. The most well-recognized nutri-
tional deficiencies are those of iron, vitamin D, folate, cobalamin, and zinc [4-6].
Besides being relatively common in IBD cohorts, deficiencies in these micronutrients
are associated with well-known clinical manifestations (i.e., anemia with iron or
folate deficiency, and osteoporosis with vitamin D).
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For many of the other micronutrients, the literature is sparse and the results of
existing studies are often difficult to interpret, as there is significant variation with
regard to the definitions of deficiency (i.e., inadequate dietary intake vs. serum lev-
els vs. suspected clinical syndrome) and the type of IBD cohort studied (pediatric
vs. adult, active disease vs. remission).

In this section, we will review the data available on the major essential micronu-
trients and the risk of deficiency for each in IBD. Specifically, we will focus on the
prevalence, risk factors, clinical manifestations, diagnostic testing, and treatment
with both diet and supplementation (summarized also in Tables 5.2, 5.3, and 5.4).

Major B Vitamins
Folate (Vitamin B9)

Folic acid plays an important role in erythrocyte metabolism, serving as a cofactor
in DNA synthesis and erythrocyte division [11, 18]. Consequently, folate deficiency
is classically associated with a macrocytic megaloblastic anemia. In addition,
because folate is an important cofactor in the conversion of homocysteine to methi-
onine, folate deficiency can lead to accumulation of homocysteine levels in the
blood. Hyperhomocysteinemia is a known risk factor for arterial and potentially
venous thromboembolism [28, 29]. In patients with IBD there is an increased preva-
lence of hyperhomocysteinemia (defined as fasting plasma level >15 ng/mL), with
reported frequency between 11 and 52 %, compared with 3.3-5 % in the control
population [30-33], which may at least partially account for the increased risk of
thromboembolic disease in IBD patients.

A controversial association between folate deficiency and increased colorectal
cancer risk in IBD has also been reported. Folate may play an important role in
colonic inflammation and carcinogenesis, since it participates in biological methyla-
tion and nucleotide synthesis. In animal models, deficiencies have been associated
with reduced levels of p53 mRNA, increased DNA strand breaks, and DNA hypo-
methylation in the colon [33, 34]. In human epidemiologic studies, low dietary folate
intake has been associated with sporadic colorectal cancer [35-38]. Within the IBD
population, there have been two case-control studies and a retrospective analysis that
have shown decreased serum folate levels in patients with premalignant lesions or
cancer in the colon, compared with colitis patients without neoplasms [39—41].

Folate deficiency can occur rather rapidly without regular daily intake, since
total body stores only averages ~500-20,000 pg in healthy individuals and may
be much lower in patients with acute illness or with malabsorptive disease [18].
Recommended Daily Allowance (RDA) for folic acid is 400 pg for healthy adults
and 500-600 pg during pregnancy and lactation [11]. Daily intake up to 1000 pg
might be required for individuals at higher risk for deficiency, including those on
folate antagonist drugs such as methotrexate or sulfasalazine and those who consume
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significant and regular alcohol. Foods naturally rich in folic acid include dark leafy
greens (spinach, collard, and turnip greens), asparagus, broccoli, citrus fruits, avo-
cado, beets, and lentils (refer to Table 5.2). In the United States and Canada, nearly
all cereals and enriched grain products are enriched with folate, due to national
mandated programs launched in the 1980s to decrease rates of neural tube birth
defects [42].

In spite of these folate fortification programs, IBD patients may be at increased
risk of folic acid deficiency compared with the general population. While more
recent studies demonstrate that folate deficiency is less prevalent than was previ-
ously reported in historical IBD cohort studies (51-80 %) [3, 4, 18], folate deficiency
still appears to be relatively common, particularly in CD. In a recent retrospective
case-control study performed in 2010, abnormal serum folate levels (<3 ng/mL)
were found in 28.8 % of the CD patients, 8.8 % of ulcerative colitis (UC) patients,
and 3 % of controls [43]. Three studies performed in CD—one of which only
included patients with disease in remission—reported similar rates (20-26 %) of
subnormal folate levels [24, 43, 44]. It should be noted that all of the above studies
used serum folate level, although red blood cell (RBC) folate levels is a superior
test as it averages folate levels over the preceding 3 months. There have been two
studies utilizing RBC folate levels in IBD patients, showing much lower rates of
deficiency seen (0-7 %) [45].

Potential mechanisms of folate deficiency in IBD include inadequate dietary
intake, malabsorption, and medication interactions. Inadequate intake is likely a
major contributor, as supported by two studies in which prospective food records of
outpatient IBD showed inadequate folate intake in 40-78 % [5, 45]. Active Crohn’s
ileitis and history of small bowel resection have been demonstrated to be risk factors
for folate deficiency, supporting malabsorptive mechanisms [24, 43]. Finally, sul-
fasalazine and methotrexate both can cause folate deficiency, as both are inhibitors
of dihydrofolate reductase and cellular uptake of folate [46].

Currently, there are no clear guidelines on screening for folate deficiency in IBD
patients, especially in patients with disease in remission and who report no major
restrictions in their diet. However, measuring folate levels (RBC levels preferred
over serum) is definitely indicated in all anemic IBD patients, particularly those with
CD. In addition, if patients display other clinical symptoms of folate deficiency, such
as glossitis, angular stomatitis, or depression, checking folate status is warranted
[11]. If RBC folate level is normal, but suspicion for folate deficiency is high, homo-
cysteine levels can also be assessed. Elevated serum homocysteine is potentially
more sensitive, although less specific for folate deficiency, since hyperhomocystein-
emia can also occurs with deficiencies of vitamin B6 and B12 [18].

Once folate deficiency is diagnosed, folate supplementation of 1 mg/day is usu-
ally sufficient to replenish deficient folate stores within 2-3 weeks [47]. Following
repletion of folate stores, folate intake at the DRI levels of 400-600 pg should be
sufficient in the long term. The exception to this is patients who are on folate antag-
onist drugs (methotrexate or sulfasalazine), pregnant IBD patients, and those on
long-term TPN [48]. These higher-risk patients should receive at least 1 mg/day of
folate indefinitely or for as long as their risk factor is present (i.e., until they are
taken off folate antagonist/TPN or give birth).
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Another potential indication for folate supplementation in IBD patients is the
prevention of colitis-associated colorectal cancer (CRC), although this is more con-
troversial. There have been several small studies that have suggested folate may
potentially have chemopreventative effects, at least on the molecular level. In one
small prospective, placebo-controlled study of patients with sporadic adenomas, it
was found that daily supplementation with 5 mg of folate was associated with an
increase in genomic DNA methylation and a decrease in the extent of p53 strand
breaks, after 6 and 12 months [33]. In UC patients, supplementation with folate at
doses of 15 mg/day resulted in reduced cell proliferation/kinetics in the rectal
mucosa [49]. Despite these preclinical studies, the findings of several meta-analyses
cannot convincingly demonstrate a clear chemopreventative effect for folate [50, 51].
However, given the safety and low cost of folate, additional folate supplementation
of at least 1 mg/day (or at least counseling about adequate dietary intake) should be
considered in patients with multiple years of pancolitis or other risk factors for CRC.

Cyanocobalamin (Vitamin B12)

Vitamin B12, also known as cyanocobalamin, is an essential nutrient which serves
as an important cofactor in normal energy metabolism as well as amino acid and
fatty acid metabolism. Additionally, B12 is vital in a myriad of other vital physio-
logical processes such as neuron function, blood formation, bone marrow health,
and DNA synthesis/regulation.

Although probably less common than folate deficiency in the general population,
vitamin B12 deficiency is an especially important consideration in patients with
Crohn’s disease and in all elderly IBD patients. Similar to folate, deficiency in vita-
min B12 is associated with a megaloblastic anemia and hyperhomocysteinemia [17,
30]. In addition to these hematological abnormalities, other clinical manifestations
of B12 deficiency include neurologic and skeletal changes. Vitamin B12 deficiency
appears to be associated with an increased risk of osteoporosis [52] and hip and
spine fractures [53], possibly due to suppression of osteoblast activity [54]. In pati-
ents with neuropsychiatric manifestations, deficiency in vitamin B12 likely impacts
neuronal myelin formation, leading to a syndrome marked by dementia, paresthe-
sias, ataxia, weakness, and spasticity [11, 55].

Dietary sources of B12 principally come from animal products, particularly red
meats, and marine sources such as mackerel, salmon, and sardine. Other sources of
vitamin B12 are listed in Table 5.2. Gastrointestinal absorption of vitamin B12
occurs by a fairly complex process. Dietary cobalamin is cleaved from R factor by
pancreatic proteases and binds to intrinsic factor, which is produced in the stomach.
The IF-cobalamin compound then travels to the ileum where it binds to a specific
receptor, cobalamin, and then is absorbed through the distal ileal mucosa. Since CD
frequently affects the ileum, with 25-35 % of patients with isolated ileal inflamma-
tion and another 30—40 % with ileocolonic involvement [1], long-term inflammation
can lead to impaired absorption of vitamin B12. Therefore, patients with CD are
thought to be at significant risk for developing vitamin B12 deficiency [43].
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In IBD cohorts, there have been few recent studies evaluating vitamin B12 status.
In patients with CD, deficiency was reported in 11-22 % [17, 43, 56]. In the largest
of these studies, Headstrom et al. [56] found in a retrospective multivariate analysis
of 200 CD patients that the greatest risk factors for B12 deficiency were prior ileal
resection (odds ratio [OR] 7.22; 95 % confidence interval [CI], 1.97-26.5) or ileoco-
lonic resection (OR 5.81; 95 % CI, 2.09-10.12). Neither disease location nor dura-
tion was independently associated with risk of B12 deficiency. In contrast, UC is
always confined to inflammation within the colon, and thus rates of B12 deficiency
have generally been found to be comparable to that of the general population [43, 44].
However, there have been several reports of B12 deficiency in UC patients who have
undergone proctocolectomy with ileoanal pouch anastomosis, although it is unclear
if this may be related to the small amount of ileum resected during this anastomotic
reconstruction (~20—40 cm) or small bowel overgrowth of the pouch [57].

Diagnosis of vitamin B12 deficiency has traditionally been based on serum vita-
min B12 levels, usually defined as less than 200 pg/mL (150 pmol/L), along with
clinical evidence of disease. However, in many individuals, particularly elderly
patients, irreversible neuropsychiatric manifestations can begin to occur, even in the
absence of hematological manifestations of B12 deficiency [55]. Therefore, it is
advocated that if serum B12 levels are normal in at-risk populations (Crohn’s dis-
ease patients with ileal disease, elderly IBD patients), that methylmalonic acid and
homocysteine levels—metabolites of vitamin B12—be assessed next, as these
appear to be more sensitive [55, 56].

Assessing for vitamin B12 status is definitively indicated in all IBD patients with
anemia. In addition, any patient with new onset of depression, memory difficulties,
motor dysfunction, severe fatigue, or personality changes should also be tested for
B12 deficiency. In addition, periodic screening should be considered in all CD
patients, especially those with active ileal CD or history of ileal resection, although
the recommended intervals for screening have not been established. Previous stud-
ies have demonstrated that patients with terminal ileal resections of >60 cm will
need lifelong B12 replacement, while up to 48 % of patients with shorter resection
lengths of 20—40 cm are at risk of eventually developing B12 deficiency [58, 59].

In CD patients with intact ileum and whose disease is in remission, either oral or
sublingual vitamin B12 supplementation can be considered. In patients with ileal
resection or those with severe ileal inflammation, the optimal method for supple-
mentation is less clear. Traditionally, the preferred approach has been monthly par-
enteral injections, as this route is inexpensive and is effective in quickly correcting
B12 deficiency [47]. A recent Cochrane meta-analysis suggested that high-dose oral
cobalamin of 1000-2000 pg (initially daily, then weekly, then monthly) was as
effective as intramuscular injections in patients with B12 deficiency, although the
studies did not include patients with CD [60]. However, it seems reasonable to
assume that patients with IBD, especially active small bowel disease, may have
impaired absorption of oral cobalamin. Therefore, at the current time further studies
need to be performed before oral supplements can be widely recommended to IBD
patients with B12 deficiency.
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Pyridoxine (Vitamin B6)

Vitamin B6 (pyridoxine) is a water-soluble B vitamin that comes in several
forms, including pyridoxine, pyridoxal, and pyridoxamine, as well as 5’ phosphates.
Pyridoxal-5-phosphate (PLP), the biologically active form of vitamin B6, is a
cofactor for over 140 biochemical reactions, including those involved in carbohy-
drate and protein metabolism, neuronal function, and RBC production. In addition,
vitamin B6 may also play a role in inflammation, as Plasma PLP concentrations are
inversely related to markers of inflammation such as C-reactive protein [61].

Since vitamin B6 is absorbed by passive diffusion in both jejunum and ileum,
deficiency is less common than other B vitamins and rarely occurs in isolation.
Although severe vitamin B6 deficiency is rare in the general population, mild
inadequacy [plasma pyridoxal 5’-phosphate (PLP) <20 nmol/L] is observed in
19-27 % of the US population [62]. In IBD patients, only two studies to date have
looked at vitamin B6 status. From these small studies, it appears that rates of vita-
min B6 deficiency were 10—13 %, with one study demonstrating a greater risk in
patients (27 % vs. 2.9 %, p<0.01) with active disease compared with those with
quiescent disease [63, 64]. Similar to earlier observations in rheumatoid arthritis, it
has been suggested that inflammation can deplete plasma vitamin B6. Lastly,
certain drugs, including corticosteroids and isoniazid, may interfere with B6
metabolism [46].

The RDA for vitamin B6 is 1.3—1.7 mg/day (Table 5.2) and sources can be found
in both plant and animal sources, including grains, nuts, vegetable such as spinach
and cabbage, and meats such as tuna, turkey, and beef. Food preparation and pro-
cessing—particularly overcooking—can significantly reduce vitamin B6 availabil-
ity up to 50 % [62].

Classic manifestations of vitamin B6 deficiency include a seborrheic dermatitis-
like rash, atrophic glossitis, and neurological symptoms including neuropathy.
Vitamin B6 status can be assessed by measuring PLP level (deficiency defined as
<10 ng/mL). In certain IBD patients with suggestive symptoms, erythrocyte trans-
aminase activity, with and without PLP added, can also used as a functional test of
pyridoxine status, and may be a more accurate reflection of vitamin B6 status in
critically ill patients [61, 62]. Vitamin B6 deficiency can be treated with 50-100 mg/
day of pyridoxine daily [11].

Other B Vitamins
Thiamine (Vitamin B1)

Thiamine is a water-soluble vitamin that is important in the catabolism of sugars
and amino acids, and in which severe deficiencies are associated with peripheral
neuropathy and cardiomyopathy (beri-beri) [11]. Thiamine is found in multiple
dietary sources (eggs, meats, bread, nuts), and high temperature cooking and baking
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as well as pasteurization can destroy thiamine. Similar to vitamin B6, thiamine
absorption mainly occurs in the jejunum by varying degrees of active and passive
transport, depending on body stores and luminal concentrations of thiamine.

There have been two small studies demonstrating that thiamine deficiency may
be more common in CD patients compared with controls [5, 63]. The more recent
of these studies was performed within the last decade on 54 CD patients whose
disease was in remission. Even in this group, dietary thiamine intake was signifi-
cantly lower than controls and low serum vitamin B1 was found in 32 % of patients
[5]. The rate of thiamine deficiency in either active CD or in patients with UC is not
known. In another study, IBD patients with fatigue attribute to mild intracellular
thiamine deficiency were treated with oral or parenteral thiamine with reported
improved in symptom [65]. The RDA for thiamine is 1.2—1.4 mg/day for the general
population [11] and at least this amount should be recommended for patients with
IBD. If patients are unable to meet these requirements through dietary sources, most
B-complex multivitamins will provide sufficient amounts of thiamine.

Riboflavin (Vitamin B2)

Vitamin B2 (riboflavin) is a water-soluble vitamin that acts as an oxidant in several
important reactions, including fatty acid oxidation, reduction of glutathione, and
pyruvate decarboxylation. Dietary sources of vitamin B2 include meats, fish, eggs
and milk, green vegetables, yeast, and certain enriched foods. Absorption occurs in
the jejunum by sodium-dependent active transport. Deficiency can manifest with
oral (angular cheilitis, cracked lips) and ocular (photophobia) symptoms. Riboflavin
deficiency does not appear to be common in IBD, with only one study performed in
1983 documenting a modestly elevated incidence in CD patients compared with
controls [63].

Niacin (Vitamin B3)

Niacin or nicotinic acid is another water-soluble member of the B complex family.
It is a precursor to NAD+/NADH and NADP+/NADPH, and also is involved in both
DNA repair and production of adrenal steroid hormones. Absorption of niacin
occurs mainly in the jejunum, and dietary sources include chicken, beef, fish, cereal,
nuts, dairy, and eggs. Severe deficiency can cause pellagra (diarrhea, dermatitis, and
dementia), although dermatological and psychiatric symptoms are common in even
mild deficiency [66].

A recent study found plasma vitamin B3 levels to be low in 77 % of CD patients
with disease in remission [5]. However, these results need to be carefully interpreted,
given that niacin status should be assessed via urinary biomarkers, as these are more
reliable than plasma levels. Nevertheless, this study does suggest that niacin defi-
ciency may be fairly prevalent in the CD population (prevalence in UC patients is not
known). The recommended daily allowance of niacin is 14 mg/day for women,
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16 mg/day for men, and 18 mg/day for pregnant or breast-feeding women [11].
If patients cannot meet these requirements, oral vitamin B3 at doses commonly
found in standard multivitamin preparations should be encouraged.

Biotin (Vitamin B7)

Vitamin B7 (biotin) is a coenzyme in the metabolism of fatty acids and leucine, and
it plays a role in gluconeogenesis. Like the other B vitamins, its absorption occurs
primarily in the jejunum. Deficiency in biotin is rare and tends to present with mild
symptoms. There has only been one study of biotin status in IBD patients, in which
serum levels did not differ from that of healthy controls [63].

Fat-Soluble Vitamins
Vitamin A

Vitamin A actually refers to a group of related compounds which includes retinol/
retinal (so-called preformed active forms of vitamin A that can only be found from
animal sources, such as beef and eggs), retinoic acid (converted from retinal by the
body), and the carotenoids (provitamin A compounds which are synthesized by
plants and can be converted by humans into retinol). The most important of the
carotenoids is B-carotene, which is found in carrots, greens, spinach, orange juice,
sweet potatoes, and cantaloupe [11].

The vitamin A compound group plays an important role in vision and wound
healing. Retinal is a vital structural component of the visual pigments of retinal rod
and cone cells [20]. Retinoic acid plays an important role in wound healing, by
augmenting the presence of macrophage and monocyte at the wound site and stimu-
lating fibroblasts’ production of collagen [20, 67]. Vitamin A also plays an impor-
tant role in reproduction as well as serving as a hormone-like growth factor for
epithelial cells, participating in cellular differentiation and gene regulation [20].

Following ingestion of dietary retinol and carotenoids, these compounds are
solubilized by bile salts, absorbed by enterocytes throughout the small bowel, incor-
porated in chylomicrons, and shuttled between the liver (main storage site, 50-80 %
of stores) and to tissues such as the retina and skin. The amount of vitamin A avail-
able from dietary carotenoids depends on the efficiency of absorption (can vary
between 5 and 50 %, depending on the type and source of carotenoid), the digest-
ibility of the associated protein complex, and the level of dietary fat accompanying
carotenoid intake [11, 20]. Normal vitamin A metabolism is dependent on zinc, as
this mineral is necessary for the synthesis of retinol binding protein (RBP), which
transports retinol through the circulation and also is required for enzymatic reac-
tions that activate retinol.
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There have been several small studies in which mean vitamin A and fB-carotene
levels were found to be significantly lower in IBD patients [14, 21, 22]. These studies
need to be interpreted carefully, as assessing vitamin A status can be quite compli-
cated and serum testing does not accurately reflect body stores, as discussed further
below. However, there have been also several cohort studies which suggest that
the majority of IBD patients—between 36 and 90 % —have inadequate vitamin A
intake with significantly lower dietary levels than the RDA (700 pg in women,
900 pg in men) [5, 6, 45].

Vitamin A deficiency remains more of a clinical diagnosis, as serum testing can
be quite inaccurate and confusing. The tests available include serum retinol levels,
serum retinal-binding protein, and serum carotene levels. Because most vitamin A
is stored in the liver, serum retinol testing can underestimate deficiency, since reti-
nol can be released by liver until very late stages of vitamin A deficiency. Conversely,
serum retinol tests can be artificially low in the setting of severe protein-energy
malnutrition (i.e., IBD patient who is cachectic or losing weight), partially because
production of the retinol’s binding protein (RBP) is decreased. Serum carotene
levels can vary tremendously based on recent intake of dietary vitamin A.

Despite these limitations, serum retinol levels (levels less than 20 pg/dL or a ratio
of retinol:RBP (a molar ratio <0.8)) are suggestive of vitamin A deficiency [20].
However, in high-risk patients who do not meet these laboratory criteria, one should
keep a high suspicion and observe for earlier clinical signs of vitamin A deficiency.
This includes dry eyes (xerophthalmia) and impaired night vision (nyctalopia) from
the loss of visual pigments—both can actually occur quite quickly in the setting of
vitamin A deficiency. In addition, vitamin A deficiency is also associated with skin
texture changes involving follicular hyperkeratosis (phrynoderma), impaired wound
healing, unexplained anemia, and impaired immunocompetence (reduced numbers
and mitogenic responsiveness of T lymphocytes) [20].

Vitamin A supplementation in IBD patients has not been well studied, so cur-
rently it is suggested that, in the absence of suspected deficiency, vitamin A should
not be routinely recommended because of the risk of toxicity. For patients with
deficiency, particularly those with visual changes, short courses of higher-dose vita-
min A is usually recommended. For example, to treat xerophthalmia, ultra-high
doses of 100,000 IU (20,000 pg) have been used, but these doses should only be
done in conjunction with an ophthalmologists. In general, to replete deficient IBD
patients, doses should be aimed at the DRI’s Tolerable Upper Limit Intake Levels
(UL) of 10,000-15,000 IU (2000-3000 pg of retinol or 3000—4500 pg of carotenoid
form) per day for a 1-2 week period. Once patients are started on therapy, signs of
vitamin A toxicity (headache, bone pain, liver toxicity, hemorrhage) should be
closely monitored [11].

In addition, another potential indication for vitamin A supplementation may be
in the perioperative period after bowel surgery and/or for patients with refractory
fistulas. To enhance wound healing in the acute setting, several expert groups have
recommended 10,000 TU-15,000 IU/day orally or intramuscularly for 10 days [20,
68]. This may be especially beneficial for patients who are on corticosteroids or
have concomitant protein malnutrition.
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Vitamin D

Vitamin D is a fat-soluble vitamin that is essential for skeletal bone health and may
have an important role in regulating the adaptive immune system. Several reports
have demonstrated that IBD patients are at higher risk for hypovitaminosis D, with
rates between 22 and 70 % for CD patients and up to 45 % in UC [68, 69]. A more
detailed discussion of the vitamin D deficiency will be covered in a separate
chapter.

Vitamin E

Vitamin E refers to a group of fat-soluble vitamins which play a fundamental role in
protecting the body against the damaging effects of reactive oxygen species. When
located in the lipid portion of cell membranes, vitamin E protects the unsaturated
membrane phospholipids from oxidative degradation from highly reactive oxygen
free radicals. Vitamin E includes two classes of biologically active substances: (1)
the tocopherols and (2) the related but less biologically active compounds, the toco-
trienols. Amongst the tocopherols, y-tocopherol is the most common in the North
American diet, found in corn oil, soybean oil, margarine, and dressings. Alpha (a-)
tocopherol, the most biologically active form of vitamin E and the second most
common dietary form of vitamin E, is found in sunflower and safflower oils. Vitamin
E is absorbed in the duodenum via micelle-dependent diffusion. Similar to other
fat-soluble vitamins, its use depends on the presence of dietary fat and sufficient
biliary and pancreatic function. Vitamin E in the form of supplements is usually
found in esterified forms (which can be more stable) but is absorbed only after
hydrolysis by duodenal esterases [70].

In patients with evidence of fat malabsorption and/or those receiving cholestyr-
amine treatment, risk for potential vitamin E deficiency is increased. Currently, the
RDA for vitamin E is quantified in terms of a-tocopherol equivalents (a-TEs); 1 mg
of a-tocopherol is defined as one a-TE. Typical recommendation for adults (both
male/female) is 15 mg/day of a-tocopherol (or 15 a-TE). Clinical manifestations
suggestive of vitamin E deficiency can include the neuromuscular, vascular, and
reproductive systems, including impaired vibratory and position sensation, changes
in balance and coordination, muscle weakness, loss of deep tendon reflexes and
visual disturbances [70, 71].

There have been three studies to date looking at vitamin E status in IBD patients.
The cohorts used were heterogeneous, with one only including CD patients [63] one
with only UC [72] and one study which combined UC and CD patients [22]. Of these
three studies, only the study of CD patients found a significantly lower serum vita-
min E level, compared with controls, and this difference appeared irrespective of
disease activity. Given the very scant data available on vitamin E deficiency in IBD,
there are no current recommendations on monitoring and replacement of vitamin
E. However, in patients with suggestive symptoms for possible deficiency, particu-
larly CD patients with significant fat malabsorption, low-dose supplementation
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(15 mg/day) for a limited period may be warranted. Regular interval monitoring of
vitamin E level is recommended during supplementation in order to prevent
toxicity.

Vitamin K

Vitamin K is a fat-soluble vitamin that exists in two major forms: (1) phylloqui-
nones, which are primarily synthesized by green plants and (2) menaquinones,
which are derived mainly from bacteria. Dietary phylloquinones are absorbed by an
energy-dependent process in the small intestine while the menaquinones are
absorbed in the small intestine and colon by passive diffusion [73]. Like the other
fat-soluble vitamins, absorption depends on a minimum amount of dietary fat and
on bile salts and pancreatic juices. Good dietary sources of vitamin K include green
vegetables (collards, spinach, salad greens, broccoli), brussel sprouts, cabbage,
plant oils, and margarine. Because of a lack of data on optimal vitamin K need, the
DRI does not provide an RDA but rather than “Adequate Intake” value for vitamin
K (an observed mean value of what a group of “healthy persons” was noted to con-
sume— which is 90 pg/day (women) to 120 pg (for men)) [11].

Vitamin K serves an important function in both skeletal bone health and normal
blood clotting. Vitamin K is a known cofactor for posttranslational y-carboxylation
of multiple proteins, including blood coagulation factors as well as osteocalcin
(0OC), a regulator of bone mineral maturation [74, 75]. Osteocalcin is produced by
osteoblasts and requires y-carboxylation in order to bind calcium. Under conditions
of vitamin K deficiency, OC remains uncarboxylated and is transferred into the
circulation. Serum uncarboxylated osteocalcin (percent or total) reflects vitamin K
status in the bone and is often used as an indirect measure of total vitamin K stores.
The other method of measuring vitamin K status is serum phylloquinone levels,
although levels can be influenced by recent dietary intake and triglyceride levels
[75, 76]. The lack of a single reliable and direct method of vitamin K status is a
principle limitation in interpretation of studies on this vitamin’s importance in bone
health.

There have been several large epidemiological studies, including one that used
the Nurses’ Health Study cohort and another the Framingham cohort, which dem-
onstrate that low dietary intake of vitamin K appears to be associated with osteopo-
rotic fracture risk and low BMD [75-77]. However, studies correlating biochemical
measures of vitamin K (uncarboxylated osteocalcin level or serum phylloquinone
levels) with bone disease have been less consistent, with some studies showing an
association while others do not [78—80]. This likely reflects either limitations of
current tests of vitamin K status, or a weak association between vitamin K status
and bone disease.

In the general population, vitamin K deficiency is rare, but patients with malab-
sorptive disorders or who have been on chronic or frequent antibiotics may be at
increased risk. Within the IBD literature, there have been relatively few studies
addressing vitamin K status. The earliest study utilized abnormal prothrombin
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antigen assay as a surrogate measure of vitamin K status, and found that in an IBD
cohort (17 CD/1 UC), 31 % were vitamin K-deficient [73]. There have been two
more recent studies that measured serum uncarboxylated osteocalcin levels in CD
patients and found levels to be significantly lower compared with controls [81] and
with UC patients [82, 83]. Although these studies were too small to perform sub-
group analysis, there was a suggestion that vitamin K deficiency was more common
in patients with active inflammation and more extensive small bowel involvement,
suggesting malabsorption as a potential mechanism. There have been multiple stud-
ies showing that dietary intake of vitamin K is also significantly lower in IBD
patients, even in patients with disease remission, compared with controls [9, 81].

While in older adults, low intake of vitamin K has been associated with increased
incidence of hip fractures, currently there does not appear to be sufficient evidence
to support the use of vitamin K supplements in IBD patients as a means to prevent
or treat bone disease. While there have been no trials performed in the IBD popula-
tion, there have been four randomized controlled trials of phylloquinone supple-
mentation in elderly women and healthy controls. None of these showed increased
BMD in >1 skeletal site [84—86]. There have been a few positive studies from Japan,
in which menaquinone-4 (a different form of vitamin K, naturally present in natto,
a fermented soybean product common in Japan) at doses of 45 mg/day appeared to
be more effective at improving BMD and decreased fracture risk [87, 88]. However,
these studies lacked sufficient sample size and many were not placebo-controlled,
so further prospective studies need to be performed.

In summary, there is evidence that inadequate dietary vitamin K may increase
risk of bone disease, although this may not be adequately reflected in current mea-
surements of vitamin K. Because of malabsorption and dietary restrictions, IBD
patients may be at risk for vitamin K deficiency. There is limited evidence suggest-
ing vitamin K deficiency may contribute to bone disease, especially in those with
normal vitamin D status, although currently there is insufficient evidence to recom-
mend oral vitamin K supplements. Rather, since vitamin K is found in large amounts
in green leafy vegetables (typically at levels greater than 100 pg/100 g), increased
dietary intake should be encouraged in all patients to improve bone health.

Vitamin C

Vitamin C, also known as ascorbic acid or L-ascorbic acid, is an important antio-
xidant in multiple tissues and also serves as a cofactor in multiple enzymatic
reactions, including collagen synthesis. With respect to wound healing, vitamin C is
also important, as it supports angiogenesis and regulates neutrophil activity [23].

Vitamin C cannot be synthesized intrinsically due to lack of the enzyme
L-gulonolactone oxidase in humans. The RDA for vitamin C intake is 75 mg for
women and 90 mg for men. Fruits and vegetables are the best dietary sources of
vitamin C, particularly citrus fruits, tomatoes, and potatoes. Vitamin C is absorbed
from the diet in the jejunum by active transport and passive diffusion. Once
absorbed, vitamin C is concentrated primarily in its oxidized form (dehydroascorbic
acid) in many vital organs, including the adrenals, brain, and eye [11].
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In the general population, significant vitamin C deficiency is rare. Severe vitamin
C deficiencies can result in clinical scurvy, which is characterized by bleeding
gums, hemarthroses, and poor wound healing. Less severe deficiency, as measured
by subnormal serum vitamin C levels, have been reported to be relatively common
inIBD [21, 22]. This is most likely due to low dietary intake, which has been shown
in several IBD cohort studies to be quite common [5, 15].

Vitamin C status is typically assessed by measuring plasma vitamin C levels.
Other measures, such as leukocyte vitamin C concentration, could be more accurate
indicators of tissue vitamin C levels, but are not yet readily available in commercial
laboratories [89]. Vitamin C deficiency should also be suspected in patients with
easy bruising, gingival bleeding, and enlargement and hyperkeratosis of the hair
follicles. In IBD patients with vitamin C deficiency, higher dose of supplementation
at 100-200 mg/day may be needed. Higher-dose vitamin C may also be helpful for
those with acute wound healing needs, including fistulas or recent surgery [23]. One
special consideration should be made for IBD patients who are smokers. Because of
the lower concentrations of ascorbic acid in this population, it has been recom-
mended that smokers increase their intake by an additional 35 mg/day.

Macrominerals
Calcium

Calcium is the most abundant mineral in the human body, with average body stores
of 1-2 kg, 99 % of which is in the skeleton and teeth. Serum calcium level is main-
tained within a narrow range of 8.8—10.8 mg/dL, of which the ionized calcium con-
centrations range from 4.4 to 5.2 mg/dL, since both hypocalcemia and hypercalcemia
have significant physiologic effects. Extracellular calcium is normally regulated in
a narrow range by the combined actions of calcitonin and parathyroid hormone,
which in turn regulates the activity of the vitamin D system, the main inducer of
active calcium absorption in the intestine [90].

Intestinal absorption of calcium primarily occurs in the duodenum and proximal
jejunum. Calcium absorption occurs by two mechanisms: (1) an unregulated para-
cellular route, which largely depends on dietary intake and luminal calcium concen-
tration and (2) an active intracellular route via calcium channels, the transcription of
which is dependent on vitamin-1,250H D (1,25-OHD). In addition, calcium is
secreted in the distal small bowel (distal jejunum and ileum) as well as in the colon
by unclear mechanisms. Intestinal calcium losses are likely aggravated by diarrhea
and malabsorption, although the extent has not been well studied [90].

Surprisingly little is known about the extent to which active small bowel inflam-
mation can directly affect calcium absorption and impact risk for osteoporosis. This
is difficult to study, given that calcium absorption is interdependent on vitamin D, a
micronutrient which is insufficient in a large proportion of IBD patients, as dis-
cussed elsewhere. Further, calcium malabsorption is known to be exacerbated by
magnesium deficiency (can occur with diarrhea) and glucocorticoids, which causes
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decreased absorption of calcium from both the intestine and kidney. In addition to
malabsorption, several studies have demonstrated that as many as 80-86 % of IBD
patients have inadequate daily dietary calcium intake [5, 15]. This is not surprising,
since avoidance of milk and other dairy products is quite common in IBD patients,
due to rates of concomitant lactose intolerance of 70-90 % [90].

Adequate calcium intake is recommended in most patients with IBD, at doses of
1000-1500 mg/day (1000 mg for women age 25 until menopause and men <65
years old; 1300 mg for women between 18 and 25 years; 1500 mg for post-
menopausal women, and men >65 years old). For patients unable to tolerate dairy
products, dark green leafy vegetables such as kale, collards, turnip greens, and broc-
coli as well as almonds, sardines, and canned salmon are recommended. For IBD
patients unable to meet dietary calcium goals, calcium supplements are widely
available.

There have been relatively few studies evaluating the efficacy of calcium alone
or combined with vitamin D supplementation. However, from two observational
cohorts, it did appear that calcium at doses of 1000 mg with nontreatment doses of
vitamin D may have resulted in a slight improvement in BMD after 1 year, although
no change in the incidence of fractures was seen [91]. In general, however, calcium
supplementation alone is probably not sufficient to prevent bone loss in IBD
patients, especially those with significant glucocorticoid exposure [92, 93], so
bisphosphonate medications may be needed for clinically significant bone loss.

Magnesium

Magnesium is the fourth most abundant cation in the body and plays a fundamental
role in most cellular reactions, mainly as a cofactor in enzymatic reactions involving
ATP. In addition, 50-60 % of the body’s magnesium is incorporated in the hydroxy-
apatite crystal of bone and may be important in bone cell activity. The efficiency of
absorption of magnesium ranges from 35 to 45 %, typically absorbed along the
length of the small intestine, particularly in the jejunum. Once in circulation,
approximately half the magnesium in plasma is free; approximately one-third is
bound to albumin while the rest is complexed with citrate, phosphate, or other
anions. Homeostasis of magnesium homeostasis is regulated by intestinal absorp-
tion and renal excretion [94].

There have been several epidemiological studies suggesting that dietary magne-
sium and hypomagnesemia may be weakly associated with osteoporosis [94, 95].
The mechanisms for magnesium deficiency on bone disease are not clear. In cell
culture and animal models, magnesium has a mitogenic role on osteoblasts and
deficiency of this cation leads to a decrease in osteoblastic activity. Likely more
important, however, is the influence that magnesium balance has on calcium homeo-
stasis. Magnesium deficiency is known to induce hypocalcemia, via impaired
parathyroid gland function and inappropriately low PTH levels, which leads to
lower intestinal calcium absorption [95]. Hypokalemia is also commonly observed
in hypomagnesemic patients, occurring in 40—60 % of cases [96]. This is likely due
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to underlying disorders that cause both magnesium and potassium loss, such as
diarrhea or malabsorption.

Magnesium deficiency is a growing problem in the Western world, with 32 % of
Americans failing to meet US recommended daily allowance (RDA) [97]. IBD
patients appear to be at increased risk of magnesium deficiency, with rates reported
in 13-88 % of patients [98, 99]. Deficiency is likely due to a combination of
decreased dietary intake [9, 99], losses from chronic diarrhea and fistula output
[98], and malabsorption [98]. Clinical manifestation of magnesium deficiency
includes neuromuscular hyperexcitability such as tremor and weakness, cardiovas-
cular manifestations including widening of the QRS, and other mineral and hor-
mone imbalance hypocalcemia, hypokalemia, and hypoparathyroidism.

Magnesium status is generally assessed by random serum magnesium levels,
although these levels do not accurately reflect total body stores of magnesium as
they may remain constant despite a wide range of intake levels. Leukocyte magne-
sium content is a much more sensitive test of nutritional status. Alternatively, 24-h
urinary magnesium is quite accurate in determining total body stores, though bur-
densome for patients to complete. Magnesium screening and supplementation
should be considered in all patients with significant diarrhea (>300 g/day), while
diarrheal symptoms are active [97].

For patient with minimal food restriction, good dietary sources include seeds,
nuts, legumes, and milled cereal grains, as well as dark green vegetables. For IBD
patient requiring supplementation, most oral magnesium formulations can exacer-
bate diarrhea, although magnesium heptogluconate (Magnesium-Rougier) or
magnesium pyroglutamate (Mag 2) may be better tolerated, especially if mixed
with oral rehydration solution and sipped throughout the day oral magnesium
(Magnesium-Rougier) or magnesium pyroglutamate (Mag 2) may be better toler-
ated, especially if mixed with oral rehydration solution and sipped throughout the
day. The total dose of elemental magnesium required to ensure normal serum mag-
nesium varies between 5 and 20 mmol/day [100].

Iron

Iron deficiency is the leading cause of anemia in the IBD population, present in
36-90 % of patients [101, 102]. The clinical significance, diagnosis, and treatment
of iron deficiency in IBD cohorts are discussed elsewhere in a separate chapter.
Trace Elements

Zinc

Zinc is an abundant trace mineral widely distributed in different organs, with high

concentrations in the kidney, liver, muscle, bone, pancreas, hair, and skin. Zinc is an
essential mineral, required for catalytic activity of ~100 enzymes, including
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metalloproteinases, and is also important in immune function, protein and collagen
synthesis, and wound healing. Zinc is absorbed along the length of the small intes-
tine by a poorly characterized transport mechanism [103]. Typically, good dietary
sources of zinc can be found in meats, poultry, and milk. In addition, since many
breads and cereal-based products are currently fortified with zinc, zinc deficiency is
not common in the general population.

Zinc deficiency is thought to be relatively common in patients with chronic
diarrhea, malabsorption, and hypermetabolic states. In IBD patients, a number of
studies have reported low plasma zinc levels in IBD patients [5, 15]. These results
are difficult to interpret, given that very little zinc is present in the serum, so this is
likely a poor measure of zinc status. There have been several historical studies
reporting that clinical symptoms of zinc deficiency (acrodermatitis, poor taste
acuity) were not uncommon especially in CD [2], although more recent assess-
ments of the incidence of subclinical zinc deficiency among IBD cohorts are not
well characterized. Clinicians should also observe for other signs of possible zinc
deficiency —including mild anemia, hair and skin changes, hypogeusia, and poor
wound healing [103].

The current RDA recommendation for zinc intake is 11 mg/day for men and
8 mg/day for women. It has been suggested that for patients with significant diar-
rhea (>300 g of stool/day), additional zinc supplementation is reasonable with
25-50 mg of elemental zinc [103]. Unless patients have severe ongoing diarrhea,
such doses should not be given for longer than 2—-3 weeks as excess zinc can inter-
fere with iron and copper absorption and can lead to deficiency of these important
minerals.

To enhance wound healing, zinc supplementation of 40 mg of elemental zinc
(176 mg zinc sulfate) for 10 days has been suggested [23, 103]. Zinc comes in two
major forms: zinc sulfate (contains 23 % elemental zinc, so that 220 mg zinc sulfate
contains 50 mg elemental zinc) and zinc gluconate (contains 14.3 % elemental zinc;
10 mg zinc gluconate contains 1.43 mg elemental zinc). One must also be careful to
monitor calcium and folic acid consumption with zinc, since high intake calcium or
folic acid can reduce zinc absorption. Conversely, high doses of zinc can impair
absorption of iron from ferrous sulfate if a patient is also concomitantly being
treated for iron deficiency anemia.

Selenium

Selenium is a necessary component of vital enzymes with antioxidant function,
including glutathione peroxidase and thioredoxin reductase. In animal models, sele-
nium has been associated with reduced risk of cancer, including colorectal cancer
[104, 105], although human epidemiological data are mixed [106].

A narrow dietary intake range exists for selenium; current RDA is 55 pg/day for
both men and women. Seafoods and organ meats are the richest food sources of
selenium. Other sources include muscle meats, cereals and other grains, and dairy
products. With prolonged low intake of selenium, symptoms associated with
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deficiency can manifest in form of joint pain in mild disease, and cardiomyopathy
when severe. Minimal dietary intake of approximately 40 pg of selenium per day
seems to be necessary to maintain glutathione peroxidase (GSH-Px), an enzyme
containing selenium [105].

Absorption of selenium is poorly understood, but is believed to occur most avidly
in the ileum, followed by the jejunum and large intestine. There have been five stud-
ies to date, in which selenium levels were found to be significantly lower in both UC
and CD patients, compared with controls [25-27]. This observation was seen irre-
spective of disease activity and/or location. The exact prevalence of true selenium
deficiency was not obtainable from these studies, as most only reported mean
selenium levels, which can vary widely without accurately reflecting true body sele-
nium storage.

More recently, it has been suggested that selenium status may be better assessed
by measuring selenium or GSH-Px in serum, platelets, and erythrocytes and/or in
whole blood. Erythrocyte selenium measurement is an indicator of long-term intake.
Since no studies have yet to assess these new biomarkers, currently there is no evi-
dence to support checking for or repleting selenium deficiency in IBD patients. The
exception to this is in patients on long-term total parenteral nutrition (TPN). Selenium
is now routinely added to TPN, often in premixed commercial trace element concen-
trates (often also including zinc, copper, manganese, and chromium). Updated guide-
lines from the American Society of Parenteral or Enteral Nutrition (A.S.P.E.N.)
recommend that 20-60 pg daily be supplemented in TPN.

Copper

Copper is a trace element that has diverse roles in biological electron transport and
oxygen transportation. Because of large stores of copper in the liver, muscle, and
bone, deficiency is relatively rare. Copper absorption is tightly controlled, with
absorption occurring in the small intestine. Entry at the mucosal surface is by facili-
tated diffusion, and exit across the basolateral membrane is primarily by active
transport [26].

There have been several small studies that have addressed copper status in IBD
patients, with equivocal results. While a recent study of CD patients in remission
reported that serum copper was found to be low in up to 84 % of patients [5], two
other studies have failed to show this. In several studies of UC patients, serum cop-
per was found to be similar to controls in one study, and elevated in UC patients in
two studies [27]. However, one must be careful in interpreting these results. Since
copper does not exist as a free ion in the body, 90 % of the copper in serum is incor-
porated into ceruloplasmin, a functional enzyme at the erythrocyte-forming cells of
the bone marrow. The remaining 10 % of copper is bound loosely to albumin. This
highlights the limitation of serum copper and ceruloplasmin in determining body
copper stores, as both may also be acute phase reactants. Serum copper may also be
falsely decreased with certain renal diseases, with prolonged inflammation, and due
to increased iron or zinc intake [106].
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An RDA of 900 pg/day of copper is recommended for adults of both genders.
Copper is widely available in animal products, including organ and muscle meats,
chocolate, nuts, and cereal grains. Fruits and vegetables contain little copper. Currently,
there are no recommended screening or supplementation guidelines for copper, other
than in TPN. Guidelines from A.S.P.E.N. recommend that 0.3-0.5 mg daily be supple-
mented in TPN. Copper is normally excreted in bile, so lower doses should be utilized
in patients with cholestasis (i.e., PSC with elevated bilirubin).

Chromium

Chromium is a trace mineral with function including potentiation of insulin action
and regulation of lipid and protein metabolism. Chromium potentiates insulin
action and influences carbohydrate, lipid, and protein metabolism. Chromium can
exist in several valency states, with trivalent chromium being the only biologically
active form and an important regulator of insulin action. As with other minerals,
organic and inorganic forms of chromium are absorbed differently. Less than 2 % of
the trivalent chromium consumed is absorbed [11]. In animal studies, chromium
absorption was shown to be increased by oxalate intake and is higher in iron-
deficient animals than in animals with adequate iron, suggesting that it shares some
similarities with the iron absorption pathway.

Chromium deficiency is rare and has been reported mainly in patients on long-
term TPN who presented with glucose intolerance and neuropathy, both of which
were reversed with addition of chromium to TPN. Currently, A.S.P.E.N. recom-
mends 10-15 g of chromium is added daily to TPN.

Manganese

Manganese is an essential trace element required as a catalytic cofactor for multiple
enzymatic reactions. Manganese is absorbed throughout the small intestine, with
iron competing for common binding sites for absorption. Good food sources include
whole grains, legumes, nuts, and tea [11].

There have been virtually no cases of clinically significant manganese deficiency
reported in the literature, so assessing manganese status is not necessary for IBD
patients. The only exception to this is in patients on long-term TPN, in which manga-
nese toxicity is an increasingly important problem. This is especially problematic in
patients with chronic liver disease and/or cholestasis, as manganese is primarily
excreted in bile. Manganese toxicity is associated with liver injury as well as neuro-
toxicity. The 2004 guidelines put forth by A.S.P.E.N. recommended lower doses of
manganese (0.04-0.1 mg) than previous guidelines. However, there have been several
studies demonstrating that even at these lower doses, whole-blood manganese levels
was elevated in 82-93 % of long-term TPN patients. This may be due to the fact that
most TPN formulas contain high levels of manganese contaminants and commercial
trace element mixtures contain excessive manganese.
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Conclusions

IBD has classically been associated with malnutrition and weight loss, although this
has become less common with advances in treatment and greater proportions of
patients attaining clinical remission. However, micronutrient deficiencies are still
relatively common, particularly in CD patients with active small bowel disease and/
or multiple resections.

Micronutrient deficiencies are associated with several important extraintestinal
complications of IBD. Anemia is the most common of these complications, and can
be due to iron, vitamin B12, folate, zinc, or vitamin A deficiencies. Abnormal bone
metabolism, manifesting as osteopenia or osteoporosis, can be due to inadequate
intake of calcium, vitamin D, magnesium, and possibly vitamin K and vitamin B12.
IBD patients have an increased incidence of venous thromboembolism, which may
be due at least partly to hyperhomocysteinemic states induced by folate, vitamin
B12, or pyridoxine deficiencies.

The goal of advancing nutritional therapy in IBD is to recognize and treat these
complications earlier, so as to decrease morbidity and prevent long-term sequelae.
Unfortunately, there are no guidelines about the timing and frequency we should be
assessing micronutrient status in IBD patients. Clearly, in the presence of clinical
symptoms, evaluating micronutrient status and treating deficiencies is indicated
(Tables 5.4 and 5.5).

In certain high-risk populations, it may make sense to empirically supplement
for a specific time period, as there is some evidence that doing so can improve out-
comes or prevent complications.

Some of the more common situations are listed below (Table 5.6):

Table 5.5 Clinical manifestations and workup of micronutrient deficiency [9, 16, 106]

Clinical situation Diagnostic testing

Anemia Iron studies (ferritin with adjusted ranges for disease status,
Transferrin, % transferrin saturation)
Folate status (RBC folate >serum folate, homocysteine)
B12 status (serum B12, methylmalonic acid)
Consider zinc and serum vitamin A (serum retinol and retinol
binding protein) in patients with diarrhea and malabsorption

Osteopenia/osteoporosis Vitamin D status (vitamin 25=0H level) with goal>30
Consider vitamin K status (serum uncarboxylated
osteocalcin) Dietary evaluation of sufficient calcium,
magnesium, vit K intake

Thromboembolism Homocysteine, RBC folate, serum B12

Neuropathy B12 status (serum B12, methylmalonic acid, B6 status
(Plasma Pyridoxal-5-phosphate [PLP] level))

Dermatitis Zinc status (dietary assessment, serum zinc); B6 status (PLP

level)
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Table 5.6 Empiric micronutrient supplementation in high-risk groups

Clinical situation Empiric supplementation
e Al IBD patients Calcium 1000-1500 mg/day, Vit D 600-2000 I1U/day (2-3x
higher in obese patients or patients on glucocorticoids) [92, 107]

e Treatment with MTX Folate 1 mg/day for as long as on drug or until delivery [18, 46]
or Sulfasalazine

¢ Pregnancy

e Terminal ileal resection | Vitamin B12 1000 pg IM for life [17, 43]
>60 cm

¢ Shorter TI resections, Higher-dose oral B12 supplements of 1000-2000 pg/day [17, 43]
severe ileitis

e Elderly IBD patients

e Significant diarrhea Magnesium (300-400 mg/d) [98—-100]
(>300 g/day) Zinc gluconate 2040 mg/day
¢ Steatorrea, severe PSC Vitamin D 20,000—40000 IU/day [107]
with cholestasis Vit A 5000-10,000 IU/day [20, 22]
B12 1000-2000 pg/day [17, 43]
* Fistulas, nonhealing Zinc sulfate 220 mg BID x 2—4 weeks [103]
wounds
* Perioperative patients Vitamin A 10,000 IU/day x 3-5 days [20-22]
on steroids Vitamin C 100 mg/day [23, 89]

Table 5.7 Screening for micronutrient deficiencies in asymptomatic patients [9, 106]

All IBD patients Annual ferritin, % iron sat, RBC folate, vitamin D-250H
Ileal CD and elderly Annual vitamin B12

Finally, in lower-risk patients (mild disease, in remission), recommendations for
nutritional screening is even less clear. However, based on the current literature it
does appear that certain micronutrients may still be commonly deficient in patients
in remission, we generally recommend (Table 5.7).

While nutrition is one of the most common concerns of patients with IBD, the
literature remains inadequate with respect to clear guidelines for micronutrient
monitoring and supplementation. The above recommendations are based on cur-
rently available data. These will likely change over time based on ongoing studies,
but currently can serve as a useful tool for clinicians to apply in their practice.
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Chapter 6
Enteral Nutrition in the Treatment
of Inflammatory Bowel Disease

Athos Bousvaros

Introduction

For over 30 years, exclusive enteral nutrition (EEN) has been utilized to treat
Crohn’s disease both in children and in adults. However, while EEN has gained
widespread acceptance in Europe, Canada, and Japan, EEN treatment is not widely
utilized in the USA. A study by Levine et al. demonstrated that approximately 60 %
of European pediatric gastroenterologists utilize EEN, compared to approximately
4 % of their American counterparts [1]. The chapter below will review the evidence
that EEN is effective in both adult and pediatric Crohn’s disease. I will discuss the
impact of EEN on clinical disease activity, biomarkers, and endoscopic healing. The
chapter will also provide instruction on how to implement an EEN program, as well
as the challenges one may face. The advantages and disadvantages of this form of
treatment in Crohn’s disease are listed in Table 6.1. The chapter will focus almost
exclusively on the treatment of Crohn’s disease, as there is no evidence that EEN
brings about a remission in ulcerative colitis. The reader is also referred to the excel-
lent North American Society for Pediatric Gastroenterology, Hepatology and
Nutrition (NASPGHAN) clinical report on use of EEN to treat pediatric Crohn’s
disease [2].
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Table 6.1 Advantages and disadvantages of enteral nutrition therapy in inflammatory bowel
disease

Advantages

Reduces disease activity

Reduces biomarkers of inflammation (sedimentation rate, fecal calprotectin)
May induce remission

Promotes weight gain

Promotes linear growth (in children)

Corrects micronutrient deficiencies

Reduces intestinal permeability

Steroid-sparing

Not immunosuppressive

Extensive experience for over 30 years, especially outside the USA
Disadvantages

May be less effective than corticosteroids, especially in adults

Usually used as a short-term induction treatment (6—12 weeks)

Limited evidence to support the use of EN as a maintenance therapy

No evidence of efficacy in ulcerative colitis

Less efficacy (though still effective) in colonic Crohn disease

Refeeding syndrome may occur

May need to be administered through nasogastric tube

Most efficacious when the patient does not eat during the induction period
Insurance may not pay

Requires large multidisciplinary team to effectively implement (including physician, nurse,
registered dietician, possibly psychologist or social worker)

History

The development of EEN to treat pediatric Crohn’s disease was actually preceded
by encouraging preliminary data regarding home parenteral nutrition in Crohn’s
disease. In 1979, Strobel et al. published a case series of 17 children, age 9-20
years, who were placed on home parenteral nutrition for severe symptomatic
Crohn’s disease. At that time, the only readily available maintenance therapies for
Crohn disease were sulfasalazine and corticosteroids. All patients had disease of
their small intestine and/or colon, and many of them had complications including
enterocutaneous fistulae and growth failure. The patients were placed on home par-
enteral nutrition with a dosage of 60—80 kcal per kilo and a daily home in volume of
3-4 L/day. The duration of remission in patients ranged from 15 days to 539 days.
Benefits included fistula closure, reduction of corticosteroid dose, increase in serum
albumin, improved growth, and improved nutritional status. Complications of par-
enteral nutrition use in this cohort included dislodgement, catheter infections, and
zinc deficiency dermatitis [3].

Based on the encouraging results from home parenteral nutrition studies, Morin
and colleagues published a case series in 1980 of four children who received a 6
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week period of continuous enteral alimentation with elemental formula, and no con-
comitant treatment. Children were given approximately 80 cal per kilogram of body
weight. One patient developed symptoms of bowel obstruction and underwent an
ileocecectomy during the period of treatment. All children gained weight and height
during treatment, and also developed reductions in the Crohn disease activity index.
These children gained a mean of only 1.7 cm of height in the 2 years prior to the
enteral nutrition therapy. After 6 weeks of EEN, they gained a mean of approxi-
mately 5 kg in weight and 3 cm of height over the following 6 months. There was
also improvement in mid-arm circumference and triceps skin fold thickness [4].
Subsequently, O’Morain and colleagues performed a randomized 4 week trial of
exclusive enteral therapy with elemental formula vs. prednisolone (0.75 mg/kg/day)
in 21 patients (mostly adults: age range 15-60), with active CD (mostly small and
large bowel). The investigators reported comparable changes in clinical disease
activity and sedimentation rate. Patients treated with steroids exhibited greater
weight gain by 3 months, while those treated with elemental diet exhibited more
improvement in hemoglobin and albumin [S]. Many additional open-label and ran-
domized trials performed in the following decade continued to demonstrate efficacy
of this enteral therapy. In 1995, Griffiths and colleagues performed a meta-analysis
comprising 8 randomized trials, and including 413 patients. These trials included
studies comparing one type of formula with another (e.g., elemental vs. polymeric),
and formula compared to corticosteroids. All trials were small or medium sized, the
largest being 107 patients [6]. The rates of clinical remission in the EEN groups
ranged from 22 to 82 %, whereas in the corticosteroid group the rates of clinical
remission ranged from 50 to 90 %. The meta-analysis concluded that enteral nutri-
tion was inferior to corticosteroids at inducing remission (pooled odds ratio 0.35,
95 % confidence interval 0.23—0.53), but there was no difference between elemental
and polymeric formula [7]. A subsequent meta-analysis suggested that EEN may be
more effective in children than adults [8].

Biological Effects of Exclusive Enteral Nutrition Treatment

Reduced Intestinal Permeability

Intestinal permeability in inflammatory bowel disease can be assessed utilizing a
number of assays. Most commonly, permeability is assayed by asking a patient to
ingest a compound that is only partially absorbed across the epithelial barrier, and
assessing absorption of that compound by measuring levels in the blood or urine.
Compounds utilized to assess permeability include lactulose, polyethylene glycol,
and chromium-labeled EDTA. Studies consistently demonstrate increased permea-
bility (a.k.a. “leaky gut”) in patients with active Crohn disease, but some studies
also suggest increased permeability in inactive CD, as well as unaffected family
members [9, 10]. In vitro, enteral nutrition may improve epithelial cell adhesion,
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reduce intestinal permeability to macromolecules by restoring epithelial cell conti-
nuity, and increase epithelial monolayer integrity [11, 12]. In vivo, CD patients
treated with elemental diet demonstrate reduced intestinal permeability after 4
weeks of EEN [13].

Alteration of Intestinal Microbiota

Current evidence regarding the pathogenesis of inflammatory bowel disease sug-
gests that IBD occurs when a genetically predisposed individual is exposed to
potential environmental triggers, resulting in poorly controlled intestinal inflamma-
tion. Over 140 genes have been identified that either increase or decrease the risk of
inflammatory bowel disease. The lack of a clear monogenic etiology in the majority
of our patients suggests that environmental causes are central in the pathogenesis of
IBD. Diet is an obvious environmental factor that is an ongoing and active topic of
study with respect to the pathogenesis of IBD. Current studies suggest that breast-
feeding may protect against the development of IBD. In addition, patients who con-
sume greater amounts of meat fats, polyunsaturated fatty acids, and omega-6 fatty
acids may have a higher incidence of inflammatory bowel disease. There are many
animal models where modification of the diet may result in the development of
inflammation in a genetically predisposed post [14, 15].

An underlying common pathway by which diet might affect the development of
IBD in both animals and humans is via alteration of the intestinal microbiota [16].
Through high throughput sequencing methods, we are now able to analyze the micro-
biota of patients with chronic illness. Published data suggests that the microbial pop-
ulations are significantly different in patients with and without IBD, both at the time
of disease onset, and also during subsequent time periods. The microbiota can change
rapidly, and alterations in diet (such as the institution of exclusive elemental nutri-
tion) may result in the generation of a more beneficial, less inflammatory commensal
flora [17]. Interestingly, one recent study suggests that EEN may actually reduce the
levels of certain supposedly “protective” microbiota such as Faecalibacterium praus-
nitzii [18]. In summary, the research on how EEN affects intestinal microbiota is in
its infancy. While changes in microbiota do correlate with changes in disease activity
in IBD patients, it is unclear whether the microbial alterations precede the reduction
of inflammation, or occur because of the reduction in inflammation.

Immunologic Effects

Enteral nutrition contains many micronutrients that may influence the development
of the mucosal immune system. In particular, retinoic acid (derived from vitamin A)
may play a critical role in the development of oral tolerance, and in the maintenance
of the IgA mucosal barrier [19]. Vitamin D may also play a key role in the
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perpetuation of certain T-cell subsets that may mediate intestinal immune tolerance
[19, 20]. However, given that vitamin supplementation alone does not appear to
reduce IBD disease activity, there are probably other mechanisms by which EEN
more directly affects the intestinal immune system. Experiments by Sanderson and
colleagues suggest that EEN may both reduce antigen presentation by MHC class 11
cells and also reduce production of IL-6 by epithelial cell lines [21]. The precise
molecular mechanisms by which EEN impacts inflammation at the cellular level
have yet to be delineated.

Clinical Benefits of Exclusive Enteral Nutrition Therapy

Induction of Remission in Active Crohn Disease

Studies in both children and adults suggest that patients with active Crohn disease
treated with EEN for 6-10 weeks may achieve remission from 60 to 80 % of the
time [2, 22]. A Cochrane review comparing randomized trials of EEN to some other
treatment (usually corticosteroids) demonstrated an odds ratio of 0.33 favoring EEN
[23]. In the single most conclusive pediatric study, Borelli et al. randomized 37
children to receive either EEN therapy (exclusive polymeric diet, no other foods
allowed) or a course of tapering corticosteroids for a 10 week period. Assessments
performed at the beginning and the end of the trial included history, examination,
assessment of clinical disease activity, blood sampling, and ileocolonoscopy. Both
groups demonstrated similar improvements in the Pediatric Crohn disease activity
index (from over 35 down to 10 points), C-reactive protein (from 10 to 3 mg/dL),
and ESR (from 40 to 20 mm/h). However, at the end of the 10 weeks, the proportion
of children with endoscopic improvement was greater in the EEN group (74 %)
compared to the steroid group (33 %) [24].

Evidence suggests that EEN may not be as effective if children are allowed to eat
during the induction period. In a study by Johnson and colleagues, 50 children were
randomized to receive either EEN, or 50 % EN in addition to an unrestricted regular
diet. While both groups reported improved well-being, 42 % of children in the EEN
group entered remission, compared to only 15 % in the partial enteral nutrition
group [25]. In contrast, Levine and colleagues performed an open-label interven-
tion in 47 children and young adults consisting of 6 weeks of enteral nutrition in
conjunction with a restricted diet. The restrictive diet excluded gluten, casein, and
high fat foods, but allowed limited amounts of rice-based products, fresh chicken
breast, carrots, tomatoes, and water. Packaged snacks, sodas, and candies were
excluded. On this dietary intervention, remission rates (as measured by Harvey
Bradshaw index and PCDAI) were obtained in approximately 70 % of children and
adults. Between weeks 6 and 12, the diet was liberalized in a limited manner, and
80 % of the group in remission at 6 weeks was able to stay in remission. This study
suggests that limited amounts of certain types of food may not impair the efficacy
of EEN [26].
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Maintenance of Remission in Crohn Disease

While the evidence supporting induction of remission in both children and adults
with active Crohn disease is strong, the data supporting its use in maintenance therapy
is far weaker. One of the limitations of using EEN as enteral treatment is the adher-
ence to the medical recommendation. It is challenging for an adult, let alone a child,
to forego eating for prolonged periods of time. For this reason, many centers utilize
EEN as a steroid sparing “bridge” to some other maintenance treatment such as
immunomodulators. In adults, Takagi et al. randomized 51 adult patients with CD
in remission to either an unrestricted diet, or to a diet consisting of 50 % of required
calories as EN+50 % unrestricted diet. After 1 year, 64 % of patients in the unre-
stricted diet group had relapsed, compared to 35 % of the 50 % EN group [27].

A retrospective analysis of a protocol utilized at the Children’s Hospital of
Philadelphia also suggests that partial enteral nutrition may assist in maintaining
remission in a subset of patients. Forty three children underwent induction with EN
via nasogastric tube with continuous feedings given over 10—12 h, and for a period
ranging from 8 to 12 weeks. Unlike EEN protocols, these patients were allowed to
consume 10-20% of their calories as food on any given week. Clinicians utilized
either polymeric, partially hydrolyzed, or elemental formulas depending on physi-
cian preference. Concomitant therapies, including immunomodulators, biologics,
and aminosalicylates, were allowed. After the induction period, 65 % of patients had
achieved clinical remission. Over a 6 month period, 29 children elected to continue
with the nutritional therapy. Adverse effects included nausea, vomiting, diarrhea,
difficulty sleeping with the nasogastric tube, and increased urination [28].

Improvement of Nutritional Status and Growth

Treatment with corticosteroids is associated with reduction of inflammation and an
improved sense of well-being, but at a cost. As mentioned previously, mucosal
inflammation persists despite corticosteroid treatment. Patients receiving steroids
may gain weight and fat mass, but do not exhibit gains in muscle mass, bone den-
sity, and height velocity [29, 30]. For this reason, corticosteroid sparing agents
(immunomodulators and biologics) are essential in the long-term treatment of most
Crohn disease patients. Studies of medical therapy suggest that anti-TNF agents are
most likely superior to thiopurines and methotrexate as maintenance agents, and
might do a better job of promoting linear growth, acquisition of bone density and
muscle mass [31, 32]. Enteral nutrition may also play a crucial role in treating
growth failure, even if given periodically. In a study performed prior to the routine
use of immunomodulators for treating Crohn disease, Belli et al. administered a
continuous nasogastric infusion of an elemental formula to a group of adolescents
with CD and growth failure. Patients were given 50 % of their caloric requirement
as EN for 1 out of every 4 months for a period of 1 year. Patients grew 7 cm/year
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Fig. 6.1 Growth curve of a child treated with supplemental EN and biologics. The x axis repre-
sents age in years, and the y axis height in centimeters. The supplemental treatment was begun at
the age of 14 years, 6 months, with increase in the patient’s stature from below the third percentile
to the 25 % by age 18 years

during their treatment year, compared to 2.9 cm/year in the year prior to their treatment.
A comparison age matched control group only grew 1.7 cm during the period of
observation [33]. Figure 6.1 demonstrates the impact of combined enteral nutrition
and biologic treatment in a teenager who was not growing despite the use of immu-
nomodulators as steroid sparing agents.

Improvement in Bone Health

Children and adults with IBD are at risk for osteopenia and osteoporosis. The causes
of reduced bone density are multifactorial, and include: inflammation, reduced bone
formation, increased bone resorption, hypovitaminosis D, prolonged corticosteroid
therapy malnutrition, and physical inactivity [34]. Enteral nutrition therapy has
been shown to improve bone formation and reduce bone resorption (as measured by
C-terminal telopeptides of type 1 collagen) [35]. In addition to reducing disease
activity, EN may improve bone mass by providing supplemental calcium and
vitamin D [36].
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Effects on Quality of Life

While the effects of EN on physical health are apparent (including reduction of
inflammation, reduction of steroids dosage, and improved linear growth), the effects
of quality of life in children and adults with IBD are less well studied. Quality of life
is a holistic measure, encompassing not only physical but also psychological mea-
sures of well-being. Approximately 25 % of adolescents with IBD have symptoms
of anxiety or depression, and may benefit from psychological interventions like
cognitive behavioral therapy [37-39]. Psychological well-being has not been well
studied in children receiving EN. In one study, children and adolescents receiving
EEN related concerns about “feeling different” and disruption in daily activities [40].
Other studies have similarly given mixed results on the effects of EN on quality
of life, with some suggesting improvement and others suggesting deterioration
[41, 42]. While additional studies are needed, the current data suggests that some
psychological support may be needed for children embarking on an enteral nutrition
protocol. In addition, other potential contributors to reduced quality of life, such as
parental stress, should be assessed before embarking on this labor-intensive treat-
ment [43].

Infrastructure Needed for a Successful Enteral Nutrition
Regimen

After a diagnosis of Crohn disease is made in a child, the physician, patient, and family
typically have a meeting to plan an induction and maintenance strategy. The most
common two options offered for induction of moderate disease are corticosteroids
and EEN (though anti-TNF agents are increasingly being utilized earlier in the course
of treatment). For the patient, the choice may initially come down to “do I take a pill
once a day, or do I stop eating and have a tube down my nose for 8 weeks”? Unless
the provider takes the time to explain the benefits of enteral nutrition, and has an
infrastructure in place to ensure the EEN regimen is successful, prednisone becomes
the default treatment. Benefits of EEN include promoting growth and controlling
disease activity, while avoiding the cosmetic, immunosuppressive, and mood-altering
effects of corticosteroids. While educating the family, it is also important to commu-
nicate with the patient’s insurance on the benefits of treatment.

Assuming the child and family agree to proceed with EEN therapy, and the insur-
ance approves the regimen, the next step is to meet with a registered dietician (RD).
The RD can calculate the calories required by the child, and also work with the family
to determine the most palatable formula. There are a number of formulas to calculate
resting energy expenditure, but the Schofield equation is the one most commonly
utilized [2, 44]. Some children can drink the formula by mouth, especially polymeric
formulas which are more palatable. Many, however, will be unable to drink the large
volumes of liquid required (often 1.5-2.5 L), and will prefer to receive a portion of
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the formula while asleep through a nasogastric tube. These patients often benefit from
a 1 to 2 night hospitalization, so they can learn to place the tube, utilize the feeding
pump, and make sure they do not develop symptoms of GE reflux of nausea. We usu-
ally start at a slow rate (75—-100 mL/h, given over 10 h), then advance gradually to full
volume over several days. For children who are active and can’t receive all the
formula overnight, there are small pumps that can be hidden in backpacks and allow
administration of formula without impairment of ambulation. The choice of formula
is determined by the provider and patient. The primary factor determining which
formula to use is if the patient is willing to drink it. Our center has utilized both poly-
meric formulas (e.g. Ensure®) and partially hydrolyzed formulas (e.g. Peptomen®).

During this period, support of the patient is required in order to prevent them from
abandoning the therapy. Generally speaking, phone follow-up is the main method of
support, but for many patients in person visits with the nutritionist, nurse, social
worker, and physician are important. In addition to optimizing the induction regi-
ment, the physician must develop a maintenance regimen with the family. Such regi-
mens may involve addition of a medication (immunomodulator or biologic), while
others (usually in milder cases of CD) may involve some form of partial EN and
dietary therapy. Whatever the maintenance regimen chosen, the efficacy of the treat-
ment needs to be ascertained through frequent follow-up, clinical and laboratory
monitoring, and possibly follow-up colonoscopy. To quote the NASPGHAN Working
Group on Enteral Nutrition, “the optimal components of a successful EEN program
have not been determined. ...programs involving the coordinated services of a nurse
and dietitian in addition to medical staff have a greater chance of success [2]”.
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Chapter 7
Elimination Diets for Inflammatory Bowel
Disease

Jason K. Hou

Introduction

Questions about permissible foods are among the most common questions to health
care providers from patients with Crohn’s disease (CD) and ulcerative colitis (UC).
Many patients are trained at a young age that “you are what you eat,” and therefore
often attribute dietary intake to either the cause of the inflammatory bowel disease
(IBD) or to the exacerbation of symptoms from IBD. There are two competing
hypotheses of how dietary intake may influence IBD activity: (1) Certain dietary
components increase inflammation and (2) Certain dietary components reduce
inflammation. Elimination diets—diets where specific foods or food groups are
removed from the diet—are based on the first hypothesis. Advocates of the second
hypothesis use dietary supplements to reduce inflammation. This chapter will focus
on the first hypothesis—that certain dietary components may drive inflammation;
therefore, elimination of the offending agent may reduce inflammation and thereby
reduce IBD activity. For the purposes of focusing on the potential role of inflamma-
tion and dietary intake, the role of a low-residue diet for CD patients with an
obstructing or near-obstructing stricture is not included in this chapter.
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Potential Mechanisms of Action: The Interactions of Diet,
Microbiome, and Intestinal Inflammation

The most compelling data supporting influence of dietary intake on intestinal inflam-
mation is in Crohn’s disease. Two independent studies have demonstrated the effect
of diversion of the fecal stream after ileocolonic resection, observing that inflamma-
tion recurs after ileal resection within 8 days of exposure to fecal luminal products
[1, 2]. However, the fecal stream is a complex mixture of digested or partially
digested food components and microbiota which also interact with each other; there-
fore, the actual instigating component of the fecal stream remains to be determined.

The interactions between diet, microbiome, and inflammation are a plausible
link between dietary intake in either attenuating or perpetuating intestinal inflam-
mation in IBD. Agrarian dietary patterns, as observed in certain populations from
rural Africa where IBD is uncommon, have been associated with a microbiome
enterotype characterized of the genera Prevotella [3, 4]. Prevotella are efficient at
fermenting dietary fiber, resulting in higher concentrations of short chain fatty acids
(SCFA), compounds which serve as a primary fuel source to colonocytes and may
protect against intestinal inflammation [5, 6]. Conversely, high fat diets commonly
encountered in Western populations with a high incidence of IBD have been linked
to microbiota changes that increase bowel permeability, a hallmark of CD [7].
Hydrogen sulfide, a potentially mucosal toxic compound, is produced in the bowel
from bacterial fermentation of sulfa amino acids, commonly found in high protein
foods in Western diets. Furthermore, growth of populations of sulfate-reducing bac-
teria is fostered with diets containing milk-derived saturated fat in animal models
through alteration in the bile acid composition [8, 9].

Dietary Components Associated with Risk of Developing IBD

When considering which dietary components to potentially eliminate in the treat-
ment of IBD, it is useful to review what dietary components have been associated
with an increased risk of developing IBD. Several dietary components have been
implicated as the cause of IBD or intestinal inflammation associated with IBD activ-
ity; however, the majority of available studies are retrospective with small sample
sizes. Dietary studies are particularly prone to recall bias which questions the validity
of many of the existing retrospective studies. A systematic review of dietary compo-
nents associated with an increased risk of IBD observed that (1) high diets high in
fats, polyunsaturated fatty acids (PUFA), omega-6 fatty acids, and meat were associ-
ated with an increased risk of CD and UC; (2) diets high in fiber and fruit were asso-
ciated with a decreased CD risk; and (3) diets high vegetable intake were associated
with a decreased risk of UC [10]. The majority of studies included in the systematic
review were retrospective; however, observations from the few prospective studies
and subsequently published studies appear to support these general trends.
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One of the first dietary components associated with causing IBD or increasing
intestinal inflammation was sugar and refined carbohydrates [11-14]. These early
studies were questionnaire-based, case-control studies regarding dietary patterns
prior to IBD diagnosis. Subsequent studies have failed to consistently show an asso-
ciation with refined sugars or carbohydrates with either an increased risk of devel-
oping IBD or the exacerbation of IBD symptoms [10]. Furthermore, ecological
studies evaluating temporal trends of sugar consumption and CD incidence failed to
show an association between refined sugar intake and the incidence of CD [15].

Based on the most recent prospective cohort studies, the most compelling dietary
components associated an increased risk of developing IBD are fatty acid and pro-
tein composition [16—19]. In a large prospective European cohort, high intake of
animal protein was associated with an increased risk of developing UC (OR 3.29,
95 % CI 1.34-8.04), but not vegetable protein intake (OR 1.70, 95 % CI1 0.59-4.81)
[20]. A trend towards increased risk of animal protein intake and CD was observed,
but it was not statistically significant (OR 2.70, 95 % CI 0.69-10.52). One of the
potential explanations for the association of animal-based protein is that they result
in higher intestinal concentrations of sulfate, which has been associated with endo-
scopic activity in UC [21]. Another potential mechanism of action for red/animal
meats perpetuating intestinal inflammation may lie in the balance of PUFA. Long
chain omega-3-PUFA such as docosahexonenoic acid (DHA), eicosapentaenoic
acid (EPA), and docosepentaenoic acid (DPA) are metabolized into anti-
inflammatory cytokines such as leukotriene B5. On the other hand, omega-6 PUFA,
such as linoleic acid, are converted to arachidonic acid (AA) and its pro-inflammatory
cytokines (i.e., prostaglandin E2, leukotriene B4, and thromboxane B2). The pattern
of increased levels of pro-inflammatory cytokines such as prostaglandin E2 and
leukotriene B4 has been observed in the colonic mucosa of patients with UC, and
attenuation of prostaglandin E2 in rectal mucosa has been proposed as one of the
mechanisms of action for sulfasalazine [22].

Despite the biologic plausibility of the PUFA mechanism of intestinal inflamma-
tion, therapeutic attempts to supplement omega-3 PUFA have failed to show effi-
cacy in two large prospective randomized controlled trials in CD [23]. One potential
reason the trials failed to show efficacy may be that the absolute amount of omega-3
PUFA is not as important as the relative balance of omega-3 PUFA to omega-6
PUFA. Both omega-3 and omega-6 PUFA utilize lipoxygenase and cyclooxygenase
in a competitive manner, with increases in availability of omega-3 PUFA inhibiting
the metabolism of omega-6 PUFA and vice versa. Therefore, supplementation of
omega-3 PUFA without consideration of omega-6 PUFA may not result in adequate
changes of the cytokine milieu for clinical efficacy. Furthermore, there may be
genetic influences of dietary intake of PUFA on the risk of IBD and disease activity.
Single nucleotide polymorphisms of tumor necrosis factor oo (TNFa) 857 and inter-
leukin-6 174 have been reported to be associated with dietary fat intake and CD
activity. A dietary pattern with an increased ratio of omega-6 PUFA to omega-3
PUFA intake was associated with higher disease activity and polymorphism in 857
TNFa [24].
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Management of Superimposed Maldigestion

In addition to the microbiome and mucosal cytokine modulation, elimination diets
may reduce gastrointestinal symptoms among patients with IBD by treating super-
imposed maldigestion. Many elimination diets include a reduction or complete
exclusion of carbohydrates, gluten, and dairy products and may thus treat unrecog-
nized celiac disease, lactose intolerance, or irritable bowel syndrome (IBS). The
low Fermentable Oligo-, Di-, and Monosaccharides (FODMAP) diet, described in
more detail later in this chapter, has been associated with improvement in symptoms
of IBS [25, 26]. A randomized, crossover study of the low FODMAP diet compared
to a typical Australian diet showed a reduction in overall gastrointestinal symptoms,
and specifically in bloating, pain, and passage of wind among patients on the low
FODMAP diet—symptoms often seen in IBD [26]. Symptoms of pain and diarrhea
from IBS are particularly difficult to distinguish from symptoms of active IBD, yet
are very common among patients with IBD. In a systematic review, the prevalence
of IBS among patients with IBD was estimated to be 39 % (95 % CI 30-48 %) [27].
Even if elimination diets may not directly influence intestinal inflammation related
to IBD, improvement of gastrointestinal symptoms of IBS may improve the overall
quality of life in patients with IBD and hence remain valuable in the management of
IBD.

Bowel Rest

The most extreme form of an elimination diet is total bowel rest. The early hypoth-
esized reasons of the efficacy of bowel rest included reduction of mechanical
trauma, intestinal secretions, and antigenic stimuli from oral dietary intake [28, 29].
Concomitant TPN with bowel rest was also evaluated to offset malnutrition due to
increased requirements of protein and calories secondary to intestinal inflammation
[30]. Early reports in the 1970s report the effectiveness of bowel rest of avoiding
surgery in up to 70 % of hospitalizations for small bowel Crohn’s disease [31]. In a
case series of 100 patients with CD over a 7-year period, bowel rest was associated
with clinical remission of 77 %, of which 81 % achieved remission without predni-
sone [32]. The 1-year remission rate of patients who received TPN and bowel rest
was reported to be 54 %. Interestingly, bowel rest failed to show efficacy in colonic
disease, with 43 % of colonic CD and all patients with severe UC still requiring
surgery despite bowel rest [31]. Interpretation of these findings must be taken in
context of medical therapy, or lack thereof, at the time of those early reports, as well
as the retrospective, observational study designs.

In contrast to the promising data from descriptive studies, subsequent con-
trolled trials of bowel rest failed to show efficacy over oral intake for UC or CD
[28, 33]. One of the first controlled trials evaluating bowel rest included 36 IBD
patients (27UC, 9CD) with all patients receiving oral prednisone and randomized
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to either bowel rest with TPN or a routine oral diet. No benefit was observed in
this study, with 35 % requiring surgery in the oral diet arm and 47 % requiring
surgery in the bowel rest/TPN arm [33]. Similar results were reported in a sepa-
rate study of 47 patients with acute colitis, with surgery being required in 11 % of
patients in the bowel rest arm and 5 % in the oral diet arm (not statistically signifi-
cant) [11]. Following these studies, the use of total bowel rest as therapy for IBD
has been limited primarily to patients with short bowel syndrome or high output
fistulas.

Enteral Therapy

Exclusive enteral therapy (EEN), or use of prepared elemental, semi-elemental, or
complete liquid nutrition as the sole source of diet, may be considered the next level
of elimination diet after bowel rest with or without TPN. EEN has been studied
extensively in CD and is now considered first line therapy for induction of pediatric
CD in Europe [34, 35]. There have been several prospective clinical trials evaluating
the efficacy of EEN in the induction and remission of CD [36-55]. Overall, response
rates to EEN exceed 80 % among children with CD, although a Cochrane review of
EEN found that EEN was inferior to steroids in inducing remission [56]. An
additional barrier to EEN is the difficulty in maintaining EEN over long periods of
time due to the poor palatability of most EEN formulations or the requirement of feeding
tubes. For maintenance of remission, some studies have explored the use of non-
exclusive enteral nutrition with a diet in which half of the daily calories were from an
elemental supplement, with nearly 50 % reduction in CD relapse rates compared to
a regular diet [57]. Interestingly, there has been no substantial evidence that the
protein or fat content of EEN makes a significant difference in induction or
maintenance of remission [56].

As was observed in the limited data on bowel rest, EEN has not been shown to
be effective in UC, and observations from the clinical trials in CD suggest response
rates are higher among those with small bowel disease [56, 58]. The reason for the
lack of efficacy of EEN in ulcerative colitis or colonic Crohn’s is interesting and
will require further investigation.

Whole Food Restricted Diets

Whole food restricted diets refer to the elimination of specific foods with caloric
and nutritional requirements met through the consumption of whole foods, as
opposed to manufactured enteral or parenteral supplementation as in EEN or
TPN. Several small trials of diet restriction using whole foods have demonstrated
improved disease activity and prolonged time to relapse [59-64].
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Food-Based Elimination Diet

In a prospective study of patients with UC, patients who reported higher levels of
meat, eggs, protein, and alcohol consumption were more likely to have a relapse
[64]. In this study, the association was stronger for red and processed meats com-
pared to other forms of meat. In another small, unblinded, non-randomized study of
22 patients with CD, higher rates of clinical remission with a semi-vegetarian vs. an
omnivorous diet over 2 years (94 % vs. 33 %) was observed [59]. In this study,
patients with medically or surgically induced remission were included and treated
with a semi-vegetarian diet—allowing for fish once weekly and meat once every 2
weeks. Limitations of this study were that patients were allowed to self-select to
continue the restricted diet or resume a normal diet, which may contribute to bias.
Furthermore, this study was not randomized which limits the validity of its
findings.

Identifying food-specific IgG4 levels has also been evaluated as a method of
selecting food groups for elimination to treat IBD. In this study, eggs and beef were
the most common foods with high IgG4 antibody levels and were therefore excluded
by the greatest number of patients [60]. The 29 patients on the exclusion diet expe-
rienced a significant reduction in symptoms based on a modified Crohn’s Disease
Activity Index and reduction in the ESR as compared to pretreatment levels.
However, this study lacked a control group and this approach will require further
study.

Low Fermentable Oligo-, Di-, and Monosaccharides Diet

The low FODMAP diet has been studied primarily for IBS and functional gastroin-
testinal disorders, but has recently been studied as a potential therapy for IBD. The
underlying mechanistic theory of the FODMAP diet is that poorly absorbed carbo-
hydrates result in bacterial overgrowth and increased intestinal permeability, result-
ing in penetration of food or bacterial antigens and propagating intestinal
inflammation [65]. In other studies, bacterial overgrowth has been shown to increase
intestinal permeability, which has also been associated with the pathogenesis of CD
[66, 67].

Two small pilot studies evaluating the low FODMAP diet to treat IBD support
the possibility of efficacy in IBD [68, 69]. In one study among eight patients w/UC
who had undergone colectomy, the low FODMAP diet is associated with a drop in
median stool frequency per day from 8 to 4 (p=0.02). However, no benefit was
observed among five UC patients enrolled in the prospective arm of the same study
[69]. In a retrospective study of 72 patients with IBD who had received education
on the low FODMAP diet, 70 % of patients who self-reported adherence to the low
FODMAP diet at 3 months reported improvements in pain, bloating, and diarrhea
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compared to those who did not remain on the low FODMAP diet (p» <0.02) [68].
These studies are highly subject to bias due to their retrospective nature and lack
objective data regarding inflammatory changes associated with dietary intervention;
more rigorous, prospective studies evaluating the low FODMAP diet will be
required.

Patient-Directed Elimination Diet

In contrast to eliminating food groups based on potential inflammatory responses, a
patient-directed elimination diet relies on the clinical or subjective disease response
to food groups in individual patients. This approach is by definition anecdotal and
cannot be generalized between patients.

One of the early studies of patient-directed elimination was a small, unblinded
study of 20 patients with CD in remission [61]. The ten patients in the intervention
arm determined which foods they were intolerant to, and were instructed to specifi-
cally avoid them. Patients in the control group consumed a standard unrefined car-
bohydrate rich diet. At 6 months, 70 % of the intervention patients remained in
remission compared to none of the control group.

A multicenter study of 136 patients with active CD patients induced into remis-
sion with an elemental diet and oral corticosteroids further evaluated the role of a
patient-directed elimination diet [63]. Eighty-four percent of patients achieved clin-
ical remission with an elemental diet and oral steroids and were randomized to
either a steroid taper or diet treatment group. Patients randomized to the steroid
group received 40 mg/day of prednisone and tapered over 12 weeks. They were
provided general dietary advice on healthy eating. Patients randomized to the diet
treatment group were instructed to introduce one new food daily and to exclude
foods that precipitated CD symptoms. Intention-to-treat analysis showed a median
length of remission of 3.8 months in the steroid arm vs. 7.5 months in the diet arm;
relapse rates were 79 % vs. 62 % at 2 years in the steroid and diet arms, respectively
(p=0.048) [63].

Defined Diets

Defined diets are dietary regimens prescribed based on an underlying “theory” of
how food interacts with the body with little or no formal scientific data. Defined
diets are also typically promoted in the lay literature rather than through formal
medical advice. There are several defined diets promoted to reduce intestinal
inflammation and related medical conditions [65, 70-73]. In this chapter, we will
describe the most commonly advocated defined diet for IBD, the Specific
Carbohydrate Diet (SCD).
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Specific Carbohydrate Diet

Although initially promoted as a diet to treat celiac disease by Dr. Sidney Haas in
1924, the SCD was popularized for the treatment of IBD by biochemist Elaine
Gottschall through her lay book Breaking the Vicious Cycle [70]. Her daughter was
reportedly cured of UC on the SCD, and she has become a strong advocate for the
SCD to treat IBD [70]. The underlying theory of the SCD is that di- and polysac-
charide carbohydrates are poorly absorbed in the human intestinal tract, resulting in
bacterial and yeast overgrowth and subsequent overproduction of mucus. These
effects are hypothesized to result in small bowel injury thus perpetuating the cycle
of carbohydrate malabsorption and intestinal injury [70]. The proposed mechanism
of action for the SCD is similar to the low FODMAP diet; however, the SCD and
FODMAP diets are diametrically opposed when it comes to recommendations on
eliminating several food groups, such as honey and many fruits and vegetables [65].
While the SCD and low FODMAP diets are similar in with regard to unrestricted
meat intake and high restrictions of cereal grains, the FODMAP diet is highly
restrictive on certain fruit and vegetable intake, whereas the SCD has unrestricted
fruit and vegetable intake except for potatoes and yams.

The SCD is highly restrictive on all carbohydrates except for monosaccharides
(i.e., glucose, fructose, and galactose); grains are completely excluded. Fresh fruits
and vegetables are acceptable with the exception of potatoes and yams. Canned
fruits and vegetables are also excluded due to possible added sugars and starches.
Unprocessed meats are permitted in the SCD; however, processed, canned, and
most smoked meats are restricted due to possible sugars and starches used in addi-
tives. Certain legumes (i.e., lentils, split pea) are permitted, however others (i.e.,
chickpeas and soybeans) are not. Saccharin and honey are permitted in addition to
moderate use of sorbitol and xylitol. Milk is not permitted in the SCD due to lactose
content; however, certain lactose free cheeses are permitted as may be found in
homemade lactose-free yogurt.

There is only one study prospectively evaluating SCD among patients with CD,
which reported clinical and mucosal improvements with the SCD among pediatric
CD patients [74]. However, the study only consisted of 16 patients and was uncon-
trolled. As described above, there are inconsistent data showing any association
between dietary consumption of carbohydrates and an increased risk of
IBD. Although two cohort studies showed no association between carbohydrate
intake and IBD, neither study differentiated monosaccharides from other carbohy-
drates which could limit their applicability to the mechanism of action hypothesized
in the SCD [17, 20].

Data to support the mechanism of action regarding carbohydrate malabsorption
and subsequent bacterial overgrowth is difficult to interpret: detecting bacterial
overgrowth using commercially available tests are fraught with misclassification.
Carbohydrate intake has been associated with changes in the microbiome, including
influencing the relative abundance of firmicutes within human feces [3] and the
proportional abundance of Candida and the methanogen archaea Methanobrevibacter
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[75]. Other microbiome changes related to carbohydrate intake, such as growth of
Prevotella and Ruminococcus, can produce substrates for fermentation that can be
used by Methanobrevibacter to produce CH, and or CO, [75]. The subsequent intes-
tinal gas production may contribute to gas or bloating symptoms associated with
either IBD or functional GI disorders.

While dietary intake of carbohydrates may affect the microbiome composition,
how much mucosal bowel injury occurs through the production of short-chain
organic acids, as proposed by the SCD, is less clear. The references in Breaking the
Viscous Cycle only cite case studies on systemic D-lactic acidosis, not mucosal con-
centrations of organic acids or mucosal injury [76-78].

What to Tell Patients

There are several biologically plausible mechanisms through which dietary intake
may affect intestinal inflammation in IBD; however, with the exception of EEN for
CD, there is little formal scientific data to support dietary interventions as a primary
treatment for IBD. Although the palatability may limit the widespread acceptance
of EEN as a first line therapy, it demonstrates a crucial role of dietary intake in the
management of IBD (Table 7.1).

Table 7.1 How to discuss elimination diets with patients with IBD

Acknowledge that diet may affect * May alter mucosal inflammation

their GI symptoms »  May reduce gas/bloating from malabsorption or
IBS overlap

Avoid overly restrictive diets ¢ May result in protein-calorie or micronutrient
deficiencies

* Consult a dietician
Diet recommendations
Exclusive enteral nutrition « Of dietary therapies, has the most robust data
showing efficacy in IBD (primary in Crohn’s
disease)
» For highly motivated patients for PO intake or
willing to have a feeding tube
Food-based elimination diet ¢ Only small, non-randomized, uncontrolled studies

* Low FODMAP diet may be beneficial for patients
with suspected IBS overlap symptoms

Patient-directed elimination diet *  Must be individualized for each patient

« Initially encourage a liberal diet

» Encourage use of a food and symptom diary
Defined diets (i.e., specific *  Very little data to show benefit or harm
carbohydrate diet, paleolithic diet) +  Assess for micronutrient deficiencies

» Encourage patient to liberalize diet if no benefit
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Patients have access to a tremendous amount of information from lay literature
and the Internet which is often confusing and contradictory [79]. Many patients
with IBD develop strong perceptions that dietary intake influences IBD symptoms;
it is a necessity for clinical providers to be able to converse with patients regarding
questions involving dietary therapy or elimination diets. Although data are lacking
to support any one particular dietary therapy, there is little data to show any of the
described elimination dietary interventions have an adverse effect on IBD or intes-
tinal inflammation. If patients are highly motivated, consideration of EEN may be
considered. In patients who are interested in a whole food-based diet, one practical
approach to dietary therapy may be to start with a patient-directed, individualized
elimination diet. However, an important consideration is to work with patients and
a dietician to avoid an overly restrictive diet which may result in protein-calorie
malnutrition or micronutrient deficiency.
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Chapter 8
Prebiotics and Probiotics in Inflammatory
Bowel Disease (IBD)

Bincy P. Abraham and Eamonn M.M. Quigley

Introduction

There has been considerable interest in the potential role that the gut microbiome
might play, not just in the pathogenesis of inflammatory bowel disease (IBD), but
also as the source of new therapeutic approaches. The current, and most widely
held, hypothesis of the pathogenesis of IBD revolves around an abnormal adaptive
immune system response to the commensal intestinal microflora in a predisposed
host [1]. Several lines of evidence support this hypothesis. In several animal mod-
els of IBD, inflammation develops only in the presence of commensal bacteria;
germ-free animals will remain healthy [2, 3]. Animal studies also show that differ-
ent bacteria can provoke inflammation in different parts of the gastrointestinal
tract. For example, in the IL-10 knockout mouse model of IBD Klebsiella spp.
cause a moderate pancolitis whereas Bifidobacterium animalis induces inflamma-
tion localized to the distal colon and duodenum [4, 5]. Furthermore, bacterial prod-
ucts have been linked to fibrotic processes, adhesions, cicatrization, and even colon
carcinogenesis in animal models [6—10]. Evidence to support a role for the micro-
biome is not confined to animal studies. Crohn’s disease patients with the NOD2/
CARDI15 genetic mutation demonstrate defective epithelial clearance of invasive
bacteria [11] and subjects with IBD have been shown to demonstrate an altered
composition of their commensal bacterial population. In IBD, in comparison to
healthy control subjects and unaffected relatives, the diversity of the luminal micro-
biota is reduced, Bacteroides, Escherichia coli, and Enterococci are increased, and

B.P. Abraham, M.D., M.S., EA.C.P. (&)

E.M.M. Quigley, M.D., ER.C.P, FA.C.P, FA.C.G.,FR.C.PL

Division of Gastroenterology and Hepatology, Houston Methodist Hospital and Weill Cornell
Medical College, Fondren Inflammatory Bowel Disease Program, Lynda K and David M
Underwood Center for Digestive Disorders, 6550 Fannin St. SM 1001, Houston,

TX 77030, USA

e-mail: bpabraham @houstonmethodist.org

© Springer International Publishing Switzerland 2016 131
A.N. Ananthakrishnan (ed.), Nutritional Management of Inflammatory Bowel
Diseases, DOI 10.1007/978-3-319-26890-3_8


mailto:bpabraham@houstonmethodist.org

132 B.P. Abraham and E.M.M. Quigley

butyrate-producing bacteria such as Bifidobacterium and Lactobacillus spp. are
reduced [12—14]. Patients with pouchitis also demonstrate a reduction in the diver-
sity of their luminal microbiota compared to those with ileal pouch-anal anastomo-
sis IPAA) with no pouchitis [15]. The role of the microbiome is also supported by
an old observation, namely, that the restoration of the fecal stream after reanasto-
mosis of diverting ileostomies increases the risk of clinical relapse of Crohn’s dis-
ease [16]. Finally, Bacteroides species have been linked to exacerbations of colitis
and early postoperative recurrence of Crohn’s disease after surgical resection [17, 18].

The precise nature of the microbial, host, and environmental factors and their inter-
actions in IBD remain to be fully elucidated [19]. However, it must also be noted that
environmental triggers linked to the pathogenesis of IBD, such as cigarette smoking,
consumption of a high fat diet, use of nonsteroidal anti-inflammatory drugs (NSAIDs),
and early exposure to antibiotics, have also been found to modify the composition of
the intestinal microbiome, suggesting that their role in the precipitation and/or exacer-
bation of IBD may be related to their impact on the gut microbiome [20-24].

While these observations could indicate that interventions, such as prebiotics and
probiotics, that have the potential to modify the gut microbiome might beneficially
alter the course of disease in IBD, it remains unclear, at a very fundamental level,
whether tissue damage, in IBD, results from an abnormal immune response to a nor-
mal microbiota or from a normal immune response mounted appropriately against an
abnormal microbiota. To further complicate the issue, a study that examined mucosal
biopsies from IBD patients showed significant differences in microbiota composition
between inflamed and noninflamed areas of the gut suggesting that observed micro-
bial changes may be a consequence rather than a cause of the IBD process [25]. At
the very least and pending further clarification, relationships between the microbiota
and the host should, at this time, be considered bi-directional; a factor that must be
borne in mind when contemplating studies which involve manipulating the microbi-
ota in IBD [26]. Also, the timing of an individual’s exposure to risk factors, including
disruption of the microbiome, as well as of interventions such as the ingestion of
dietary supplements, such as prebiotics and probiotics, may be critical. For example,
exposure to antibiotics in early childhood has been identified as a risk factor for the
subsequent development of IBD [27] Reducing this risk may best be achieved by
early interventions, perhaps with the use of prebiotics and probiotics during or imme-
diately after antibiotic exposure; expecting similar results when these same interven-
tions are administered years later may be unrealistic. It may simply be too late.

Prebiotics and Probiotics: Definitions and Mechanisms
of Action Relevant to IBD

Prebiotics

Prebiotics are nondigestible but fermentable ingredients that beneficially affect the
host by selectively stimulating the growth and activity of one species or a limited
number of species of bacteria in the colon. Prebiotics undergo fermentation by
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resident bacteria into short chain fatty acids (SCFAs) and lactate in the colon,
thereby lowering luminal pH, and as a result, stimulating the growth and activity of
Firmicutes, Bifidobacteria, and Lactobacillus, but impeding the proliferation of
Bacteroidetes and Clostridium difficile [28-30]. Prebiotics have also been proposed
to promote the integrity of the intestinal barrier and modulate mucosal and systemic
immune responses by reducing activation of the pro-inflammatory cytokines tumor
necrosis factor (TNF)-alpha, interleukin (IL)-1B, IL-17, and IP-10 [31, 32].

Examples of nondigestible dietary oligosaccharides include lactosucrose,
fructo- and galacto-oligosaccharides, insulin, psyllium, bran, and germinated bar-
ley; of these, only two, inulin and oligofructose, fulfill all criteria required for
classification as a prebiotic. Both are found in certain plants as storage carbohy-
drates [33]. Prebiotics may not be harmful but may cause gastrointestinal side
effects such as nausea and abdominal pain and, as a consequence, may not be toler-
ated by everyone.

Probiotics

Probiotics are defined as live microbial food ingredients that alter the microflora and
confer a health benefit to the host [34, 35]. Dead organisms or bioactive molecules
produced by bacteria such as proteins, polysaccharides, nucleotides, or peptides,
may also benefit the host but have been little studied [36].

Probiotics can ameliorate intestinal inflammation through several mechanisms.
Studies show that probiotics alter the mucosal immune system through a process
mediated by Toll-like receptors (TLR’s) to promote T-helper] cell differentiation,
thereby, augmenting antibody production, increasing phagocytic and natural killer
cell activity, inhibiting the NF-KB pathway, inducing T cell apotosis, increasing
intestinal anti-inflammatory cytokines such as IL-10 and transforming growth fac-
tor (TGF)-beta, and simultaneously reducing pro-inflammatory cytokines such as
TNF-alpha, interferon(IFN)-gamma, and IL-8 [37—44].

Probiotics improve barrier function by inhibiting apoptosis of intestinal epithe-
lial cells, promoting synthesis of proteins that are critical components of tight junc-
tions, and increasing the mucus layer [45, 46]. Probiotics beneficially modulate the
composition of the microbiota by inhibiting the growth of potentially pathogenic
bacteria through the production of bacteriocins and the creation of a more acidic
milieu that is toxic to more pro-inflammatory bacteria, and promotes a predomi-
nance of beneficial Lactobacillus and Bifidobacterium species [47—49]. Probiotics
increase bacterial and decrease fungal diversity and can also increase production of
fatty acids that have anti-inflammatory and anticarcinogenic properties [5S0-52].

It is critical, at this juncture, to emphasize that no two probiotics are the same,
despite commercial claims to the contrary. To be effective at their likely site of
action, probiotics need to be able to survive stomach acid, bile, and digestive
enzymes [36]. Probiotics usually do not colonize the adult intestine and, therefore,
must be taken indefinitely for continued effects. Although probiotics and prebiotics
have a long safety record, there may still be risks in certain disease populations.
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Particular vigilance is recommended for example, among those who suffer from
immunodeficiency, those with a severe attack of acute pancreatitis, or those that
have central vein lines in situ [36, 53].

Synbiotics

Synbiotics, defined as a combination of a probiotic and a prebiotic, aim to increase
the survival and activity of proven probiotics in vivo, to promote or enhance the
beneficial properties of both products. In vitro studies show that synbiotics exert
anti-inflammatory effects and some demonstrate antiproliferative properties [54].

Prebiotics and Probiotics in the Management of IBD

Several studies have evaluated the use of prebiotics, probiotics, and synbiotics in
patients with Crohn’s disease, ulcerative colitis, and pouchitis.

Crohn’s Disease

Prebiotics

Only two published RCTs evaluated prebiotic therapy in CD. Interestingly, the placebo-
treated subjects in both studies had a better response than those who received the pre-
biotic. One study evaluated the response of 103 patients to fructo-oligosaccharides,
which, based on CDAI scores assessed at the end of 4 weeks, was not beneficial clini-
cally [55]. An evaluation of the microbiome of treated individuals showed no differ-
ences in fecal numbers of Bifidobacteria or Faecalobacterium prausnitzii [55]. The
other trial used lactulose which also showed no clinical benefit in CD [56].

Probiotics

The data on probiotic use in CD is also both very limited and far from promising.

Induction of Remission

For induction of remission in CD, two open label studies showed improvement in
CDAL scores: Together these two studies included a total of only 14 patients and
used Lactobacillus rhamnosus GG in one study and a combination of Lactobacillus
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and Bifidobacterium species in the other study [57, 58]. However, a placebo-
controlled trial admittedly involving only 11 patients who initially received concur-
rent antibiotic and steroid therapy for a week and were then randomized to placebo
or Lactobacillus GG, showed no difference between the groups in regard to the time
to relapse of Crohn’s disease (16 vs. 12 weeks, p=0,5). However, only 5 out of the
11 patients completed the study [59].

Maintenance of Remission

In the maintenance of remission in Crohn’s disease, a study involving the use of
Lactobacillus rhamnosus GG in children showed no benefit over placebo, and in fact
was stopped early due to these negative findings and difficulty in recruitment [60].

Overall, a Cochrane review and a more recent meta-analysis of eight randomized
controlled studies showed no benefit of probiotics in the maintenance of remission
in Crohn’s disease based on clinical and endoscopic relapse rates [61, 62]. Most of
the studies analyzed in these reviews involved Lactobacilli. Three studies using S.
boulardii showed a benefit with treatment but were limited to a maximum of only
32 patients, thereby, limiting the clinical significance of this observation [63—65]. In
fact, one study showed a benefit for Saccharomyces in comparison to mesalamine;
a medication class that does not have strong clinical evidence of efficacy in Crohn’s
disease [64]. A later, larger study administered S. boulardii to 165 patients and
failed to discern any difference in clinical relapse rates based on Crohn’s Disease
Activity Index (CDAI) between probiotic and placebo control groups [66]. A 1-year
long study of E. coli Nissle 1917 compared to placebo did not show any significant
difference in the time to relapse between the two groups [67].

Three low quality studies examined the efficacy of probiotics (Lactobacillus
rhamnosus GG, Lactobacillus johnsonii) in preventing postoperative recurrence of
Crohn’s disease and showed no benefit in terms of prolonging the time interval to
relapse after surgery [68, 69].

Synbiotics

A small open label trial of ten active Crohn’s disease patients taking the product
“Synergy” (containing oligofructose and inulin) for 21 days showed a significant
decrease from baseline in disease activity, an increase of numbers of Bifidobacteria,
and an increase in TLR expression and IL-10 secretion in mucosal dendritic cells
[70]. Another small study of 25 patients, using a symbiotic preparation that com-
bined Bifidobacterium longum and Synergy, showed an improvement in CDAI
scores in the symbiotic group in comparison to placebo at 3 and 6 months. However,
baseline CDAI scores were higher in the placebo group, thus, limiting the interpret-
ability of the study and its translation to clinical practice [71].
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A randomized controlled trial (RCT) using a synbiotic (containing lactobacilli
and fermentable fibers) to maintain infliximab-induced remission of luminal
Crohn’s disease did not show a statistically significant difference in time to relapse
between the groups given episodic infliximab with synbiotic in comparison to those
who received infliximab plus a placebo [72].

Therefore, prebiotics, probiotics, and synbiotics have not been found to be useful
in the induction or maintenance of remission, or in preventing postoperative recur-
rence in Crohn’s disease. Ghouri et al., in their systematic review, suggested that
these disappointing results may be due to the transmural nature of the disease, the
poor design of studies to date, or both [73].

Ulcerative Colitis

Prebiotics

Although lactulose demonstrated a protective effect as a prebiotic in mouse models
of colitis, human studies unfortunately have not been as positive. The lactulose trial
described previously in the section on Crohn’s disease also included UC patients.
Fourteen patients were given standard therapy alone or in combination with 10 g
lactulose daily. After 4 months, the lactulose group showed no clinical benefit based
on clinical or endoscopic activity over those randomized to placebo. However, those
on lactulose did have a greater improvement in quality of life [56].

Two studies evaluating a germinated barley food product and another ispaghula
husk showed efficacy in getting mild to moderately active UC patients into remis-
sion [74-76]. A preparation combining oligofructose with inulin was associated
with a reduction of inflammation in UC, as evidenced by lower calprotectin levels
in feces [77]. These studies suggest a potential role for prebiotics in UC that should
be reevaluated in larger RCTs.

Probiotics
Induction of Remission

A 2007 Cochrane review that evaluated the use of probiotics (Saccharomyces bou-
lardii and VSL#3) for inducing remission in mild to moderate UC had 4 studies that
met criteria totaling 244 patients concluded that probiotics in combination with con-
ventional therapy did not increase remission rates but did provide a modest benefit
in terms of reducing disease activity [78].

Two large studies that were published after the Cochrane review suggested a
favorable effect of VSL#3 [79, 80]. Both studies evaluated patients using the probi-
otic as an adjunct to standard therapy comprising either aminosalicylates or thiopu-
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rines. In the first of these studies, VSL#3 increased remission rates, defined as a
drop in Ulcerative Colitis Disease Activity Index (UCDAI) scores by more than
50 % together with mucosal healing, at 12 weeks; however, the generalizability of
these results was constrained by both the short duration of the study and a large
dropout rate of the placebo group [79]. The study by Tursi et al., while finding no
difference in remission rates, based on the physician’s global assessment and endo-
scopic scores, did note some clinical effects as evidenced by reductions in rectal
bleeding and stool frequency scores [80].

A study in 29 newly diagnosed children with UC that added VSL#3 to standard
treatment with steroids and 5-aminosalicylic acid reported a significantly higher
remission rate of 93 % for the combination therapy in comparison to only 36 % for
those who received standard therapy plus placebo [81].

A Japanese RCT using a Bifidobacteria-fermented milk (BFM), which contained
Bifidobacterium strains and L. acidophilus, also reported a significant reduction in
endoscopic and histologic scores compared to those on placebo [82].

In a relatively large study that randomized 100 patients with active UC to ciprofloxa-
cin or placebo for 1 week followed by E. coli Nissle or placebo for 7 weeks as adjunc-
tive treatments showed that fewer patients on the probiotic achieved clinical remission,
and that the probiotic group experienced the largest number of withdrawals [83].

While most probiotic studies have delivered the active agent orally, rectal admin-
istration has also been studied. One study that evaluated the use of E. coli strain
Nissle 1917, administered as an enema, in the treatment of acute proctitis or procto-
sigmoiditis did not show benefit over placebo [84]; in contrast, a study comparing
placebo plus mesalamine to Lactobacillus reuteri ATCC 55730 administered as an
enema plus mesalamine showed greater improvements in clinical disease severity,
inflammatory markers, and endoscopic findings, based on the Mayo score, in the
probiotic group [85].

Currently, there is insufficient evidence to recommend for or against the use of
probiotics for the induction of remission in UC. Indeed, a meta-analysis concluded
that, along with many methodological differences and significant heterogeneity of
studies, probiotics do not differ significantly from placebo for efficacy and safety in
achieving remission in ulcerative colitis [86].

Maintenance of Remission

Evidence from several controlled trials using several different probiotics, including E.
coli Nissle 1917, S. boulardii, B. breve strain Yakult, and B. bifidum strain Yakult, has
suggested a role for probiotics in the maintenance of remission in patients with mild
to moderate ulcerative colitis with most studies showing similar efficacy and safety to
standard 5-ASA regimens [87]. However, other studies using L. acidophilus La-5 and
Bifidobacterium animalis subspecies lactis BB-12 had less favorable results [88].
Several RCTs using E. coli Nissle 1917 (EcN) showed that this probiotic organ-
ism was equivalent to low dose mesalamine (1.2-1.5 g/day) in maintaining
remission based on either quality of life scores, endoscopy or histology [89-91].
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While there were no differences in time to relapse between the treatments, one
study reported relapse rates around 70 % in both arms suggesting the inclusion of a
sicker UC population [89]. An open-label RCT comparing the probiotic Lactobacillus
GG (18 x 10° viable bacteria/day) alone, mesalamine in a dose of 2.4 g/day, and the
combination of Lactobacillus GG and mesalamine failed to show any difference in
relapse rates between the three groups over a 12-month period based on UCDAI
scores [92]. Adverse events such as nausea, epigastric pain, headache, flatulence,
and diarrhea had been reported in these studies, but without any statistically signifi-
cant differences between the probiotic vs. the mesalamine groups.

Small studies in children support the use of probiotics for maintenance of remis-
sion in UC. The addition of VSL#3 to standard therapy significantly decreased
relapse rates compared to placebo (21.4 % vs. 73.3 %) when given within a year of
induction of remission in 29 children with UC [81]. An open label trial of VSL#3
given in addition to standard treatment reported a remission rate of 61 % in 18 chil-
dren with UC [93].

A 2011 Cochrane review that analyzed four studies containing a total of 587
patients concluded that there was insufficient data at that time to permit definitive
comparisons between probiotics and any other therapy in terms of their efficacy and
safety in the maintenance of remission of UC [94]. Relapses were actually numeri-
cally higher (40 %) in probiotic-treated patients in comparison to those treated with
mesalazine (34 %). Rates of adverse events were similar (26 % in probiotic- and
24 % in mesalazine-treated patients). Unfortunately, all four studies had issues with
either incomplete data and/or unclear methods of blinding or randomization [94].

Overall, studies of probiotics in the induction and/or maintenance of remission
in UC suggest a trend toward clinical benefit. Based on the available data it is impos-
sible to discern if a specific probiotic species, strain, or preparation is superior to
others in UC; further, large, high-quality clinical trials are needed to better define
the overall placement of probiotics in the management of UC and to delineate those
strains which are optimal.

Synbiotics

Several synbiotic products have been evaluated in UC. In a small randomized,
placebo-controlled study of 18 patients with active UC, the synbiotic, Synergy,
which combines Bifidobacterium longum with a prebiotic mixture of inulin and
oligofructose, when taken twice daily for 1 month produced a statistically signifi-
cant reduction in the inflammatory markers TNF-alpha and IL-1alpha, more epithe-
lial regeneration on mucosal biopsies, and a trend toward a reduction in
endoscopically visualized levels of inflammation [95].

In a large open label study, 120 UC patients who either were in remission or had
mildly active disease were randomized to receive either the probiotic B. Longum, a
prebiotic in the form of psyllium, or a synbiotic which combined the two products
[96]. After 4 weeks, while there was no improvement in health-related quality of
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life, as measured by the Inflammatory Bowel Disease Questionnaire, in those who
received either the probiotic or prebiotic alone, subjects in the synbiotic group had
a significant improvement in their quality of life. This study did not assess endo-
scopically defined disease activity, however. Another study that evaluated 41
patients using a synbiotic which combined a B. breve strain with a galacto-
oligosaccharide reported an improvement in endoscopically defined levels of
inflammation, based on Matt’s Classification [97], in the synbiotic group compared
to a placebo/standard therapy group when assessed after 1 year of follow-up [98].

There are several limitations to studies of synbiotics in UC, including substantial
variability in the types and doses of probiotics used, the small size of most study
populations, short duration of observation, and the lack of endoscopic assessment.
These severely limit our ability to provide a firm conclusion on the efficacy of syn-
biotics in UC. Larger studies are warranted.

Pouchitis

Up to 60 % of UC patients with an IPAA will develop pouchitis [99]. That pouchitis
can be successfully treated with antibiotics strongly suggests that the microbiome of
the pouch plays a key role in the development of this inflammatory process.

Probiotics

Five RCTs evaluated the effect of probiotics in pouchitis, as assessed by the
Pouchitis Disease Activity Index (PDAI); an 18-point scale incorporating symp-
toms, endoscopic appearances, and histological findings [100].

Induction of Remission

In a study evaluating the induction of remission in acute pouchitis, although
Lactobacillus GG was shown to alter the pouch flora, there were no associated ben-
efits in terms of symptoms or endoscopic findings when compared to placebo [101].

Maintenance of Remission

Four studies that evaluated the probiotic cocktail VSL#3 showed benefits in main-
taining remission in patients who had developed pouchitis and had been success-
fully treated with antibiotics; sustained remission was observed in 40-90 % of those
treated with the probiotic cocktail, in comparison to only 0-60 % in those who
received a placebo [102-105].
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Among asymptomatic UC patients with pouches who were monitored at 3—-6
month intervals after surgery, the administration of VSL#3 had a positive impact:
mucosal regulatory T cells were increased and the expression of the pro-inflammatory
cytokine IL-1 mRNA in the mucosa was reduced [105].

The most recent systematic review on probiotics in pouchitis noted limitations in
all five studies: small size of study populations (ranging from 15 to 40 patients),
short duration of study (ranging from 3 to 12 months), and a lack of uniformity in
probiotic dosing [73]. Veerappan, based on a review of several studies, suggested
that probiotics may be effective in pouchitis due to positive effects on bacterial
diversity in the pouch [106]. Indeed, diversity had been shown to be reduced in UC
patients with ileo-anal pouches in comparison to those who had undergone the same
surgical procedure for familial adenomatous polyposis (FAP) syndromes [107].
Bacterial diversity was significantly reduced in all UC patients compared to those
with FAP with or without pouchitis. Diversity was lower still in those with UC and
pouchitis in comparison to FAP patients who developed pouchitis.

Prebiotics

One small RCT in 21 patients with an IPAA compared the impact of 3 weeks of
dietary supplementation with inulin in a dose of 24 g/day with that of placebo, on
pouch morphology and physiology [108]. Inulin reduced inflammation in the pouch,
as assessed endoscopically and histologically. In comparison to placebo, the inulin
group demonstrated increased concentrations of butyrate, a lower pH, decreased
numbers of Bacteroides fragilis, and diminished concentrations of secondary bile
acids in feces; all of which may have contributed to its clinical benefits including
improvements in endoscopic and histologic inflammation.
There have been no RCTs evaluating the use of synbiotics in pouchitis.

Safety

Prebiotics, probiotics, and synbiotics are generally regarded as safe. Furthermore,
their track record in IBD, a population that may be susceptible to intestinal translo-
cation and, thus, systemic sepsis, has been reassuring. Of concern was a case of
systemic dissemination leading to sepsis in a newborn given E. coli strain Nissle
1917 for viral gastroenteritis [109]. Adequate longer-term maintenance studies are
unavailable and needed in the evaluation of both efficacy and safety. Due to cost of
some of these probiotics, a cost-effectiveness analysis would be useful in obtaining
insurance coverage as well as for documenting the cost to healthcare.
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Summary

Despite the undoubted role of the microbiota in IBD and the relative attractiveness of
prebiotics, probiotics, and synbiotics as therapeutic interventions, the extant litera-
ture on these therapies is far from impressive and suffers from the many aforemen-
tioned limitations. Furthermore, generic issues relating to quality control continue to
bedevil what is essentially a lightly regulated market. Many probiotic and symbiotic
products on sale in supermarkets and pharmacies have not been adequately tested for
the viability of their bacteria over the duration of their recommended shelf lives nor
have their precise composition been rigorously defined. Significant confounders,
such as diet and concomitant medications (including antibiotics, proton pump inhibi-
tors, and antidiarrheals), have often not been adequately controlled for.

The net result is that, given the thin database, firm recommendations on the use
of pre-, pro- and synbiotics in IBD are simply not possible at this time.

It is, therefore, abundantly clear that more randomized clinical trials involving
larger patient populations and of adequate duration are needed to properly evaluate
the benefits of these products and to evaluate optimal, strain, dosing, formulation,
and route of administration in each of the major subtypes of IBD. Such studies
should also seek to define those most likely to respond to these interventions; are
responses dictated by disease location and phenotype? Could a baseline study of the
microbiota predict responders or even allow one to define the optimal therapy for a
given individual? Longitudinal studies of the impact of pre-, pro- and synbiotics on
the microbiota would also be of great interest. Studies of the microbiota in IBD
should, ideally, include detailed examination of the juxtamucosal, as well as the
fecal microbiome.

Could interventions that modulate the microbiota prevent the de novo develop-
ment of IBD? Long-term studies of this strategy among individuals at increased risk
for the development of IBD, such as those with a strong family history or who have
been exposed to known environmental risk factors such as early antibiotic use,
smoking, high fat, and low fiber diet, are certainly possible. With regard to risk
factors for relapse in IBD, Clostridium difficile has been repeatedly identified as a
major culprit; could the prophylactic administration of a probiotic or prebiotic pre-
vent the development of C. difficile-related infections and IBD relapses in suscep-
tible individuals?

Conclusions

Despite their theoretical attractiveness, based on current concepts of IBD pathophys-
iology, available data on the benefits of prebiotics, probiotics, and synbiotics in the
management of IBD is far from convincing. While there is no evidence that probiot-
ics are of value in the treatment of Crohn’s disease, there remain some grounds for
optimism in UC and, especially, in pouchitis. It is to be hoped that the delineation of
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the role of components of the microbiota in IBD will permit the development of
optimal bacteriotherapeutic strategies and that high-quality clinical trials will pro-
vide the clinician with the robust evidence of efficacy and safety that he or she seeks.
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Total Parenteral Nutrition and Inflammatory
Bowel Disease: Indications, Long term
Outcomes, and Complications

Priya Loganathan, Alyce Anderson, William Rivers, Claudia Ramos Rivers,
Mahesh Gajendran, and David G. Binion

Introduction

Intestinal failure is associated with the inability to maintain protein, energy, electro-
lyte, fluid, or micronutrients balance while the individual is receiving a conventional
diet. Total parenteral nutrition (TPN) is a life saving modality which can sustain
individuals who are unable to eat with specialized, high osmolality intravenous flu-
ids administered into a high velocity flow central vein. TPN has demonstrated an
important role in sustaining individuals with life-threatening disease. Given the
strong propensity for intestinal damage and dysfunction in patients with inflamma-
tory bowel disease (IBD), a subset of IBD patients require TPN as a result of exten-
sive small bowel injury/stricture formation and associated obstructive symptoms
that prevent adequate oral intake. IBD patients also frequently report a history of
extensive small bowel surgery with loss of mucosal absorptive surface. Together,
obstructive disease and surgical manipulation of the gut represent the two most
common IBD related complications that will require parenteral nutrition support.
TPN can also be useful in the setting of perioperative nutritional support, and func-
tion to restore nutritional status in malnourished individuals who require surgery.
Perioperative TPN has been shown to improve operative outcomes and assists the
individual in regaining the ability to tolerate foods. Programs for intestinal
rehabilitation, TPN, and new medications that function to accelerate intestinal
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adaptation represent important advances in the care of IBD patients suffering from
intestinal failure and short bowel syndrome (SBS). In the following sections we
review the history of TPN in IBD management.

Background

The Development of Total Parenteral Nutrition and Home
Intravenous Fluid Support

The concept of providing nutrient and fluid support intravenously dates back to the
seventeenth century, when Sir Christopher Wren and Robert Boyle experimented
with the injection of animals with a variety of substances including oil and wine.
Later, Wilkinson described the intravenous infusion of an electrolyte salt solution
into a patient dying from cholera in 1963, which was followed by the introduction
of TPN by Lawson in 1965. The use of exclusive parenteral intravenous nutrition
support was demonstrated by Dudrick, Willmore, and Vars who showed that the
administration of continuous hypertonic dextrose and amino acids into a central
vein could provide sufficient calories, ensuring adequate nutrition and growth ini-
tially in beagle puppies, and subsequently in human infants [1].

Following these early clinical discoveries, TPN has emerged as an established
modality to provide intravenous nutrition to patients with a nonfunctioning gastro-
intestinal (GI) tract and in patients who are unable to obtain sufficient nutrition via
enteral routes. The successful implementation of TPN as a treatment modality
reflects the increasing number of physicians with expertise in intestinal rehabilita-
tion, the availability of specialty pharmacies to formulate and provide parenteral
nutrition to patients for home infusion, the advent of central venous access catheters
usable by patients, and finally better access to home nursing care expertise to assist
patients with the initiation and routine use of TPN. In the USA between 1989 and
1992, the annual prevalence of home parenteral nutrition (HPN) use was 120 per
100,000 individuals. This number was estimated as 40,000 patients in the USA
were on HPN as of 1997 [2].

TPN: Basic Principles of Administration

Routine use of TPN involves important logistic issues. These logistics include cen-
tral venous access devices, specialty pharmacies capable of formulating the intrave-
nous product, and nursing support.

Delivery of TPN to central veins as opposed to peripheral veins is essential, as
the hypertonicity of this fluid would cause injury/sclerosis to low flow peripheral
veins. Central veins have estimated flow rates of 1000 cm?/h, while peripheral veins
have flow rates which are typically 10 % of flow that characterizes central veins.
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The optimal location for central access is the subclavian vein, as this site carries the
lowest risk of infection. At the present time, ultrasound guided placement of the cath-
eter is recommended to avoid potential complications associated with subclavian
access. When TPN is anticipated for a prolonged time period, more permanent central
lines are preferred. Stable central lines used in TPN administration include percutane-
ous intravenous central catheters (PICC) placed in the brachial vein, tunneled subcla-
vian central catheters with a cuff serving to anchor the line and prevent infections (i.e.,
Hickman, Broviac, Hohn, Groshong catheters), and implanted ports (i.e., Infusaport,
Mediport). The choice of venous access is dependent on a variety of factors but not
limited to, patient preference, IBD complications, and frequency and necessity of
access the catheter. For example, daily use of TPN favors a tunneled line or PICC line,
while intermittent access may work best for a subcutaneous port. In the setting of IBD,
many patients have ostomies, which further complicates TPN administration. An
ostomy site increases the potential for bacterial contamination on the abdominal wall,
and warrants placement of the venous access device on the contralateral side of the
body. When subclavian access is no longer available due to venous damage (i.e., van-
ishing venous access), alternative central access sites can include tunneled PICC lines
into the internal jugular vein, femoral veins, and lumbosacral veins.

TPN solution macronutrients can be formulated in either 3 in 1 or 2 in 1 solu-
tions. The 3 in 1 solution includes a combination of protein, carbohydrate, and lipid
components in a single mixture, while the 2 in 1 solution only contains amino acid
and carbohydrate components. Administration of intravenous fat emulsion of
greater than 3 g/kg per day has been associated with hepatic dysfunction, one of the
important reasons for providing a variety of solutions for long term TPN support.
Although 2 in 1 solutions may prevent long term lipid injury to the liver, adequate
fat absorption from the gut will be required to prevent development of essential fatty
acid deficiency over time.

TPN administration requires pharmaceutical expertise to determine optimal pH
and macronutrient concentrations. This pharmaceutical expertise is essential to pre-
vent precipitation of ingredients which has the potential to result in iatrogenic pul-
monary emboli. Filters of 1.2 pm for 3 in 1 solutions and 0.22 pm for 2 in 1 solutions
are mandated by the FDA to prevent accidental infusion of particulates.

Indications for TPN in IBD: Overview

IBD consists of two primary disease classifications, Crohn’s disease (CD) and
ulcerative colitis (UC). Worsening malnutrition has historically been the major indi-
cation for TPN in the treatment of IBD. Malnutrition was most frequently observed
in the setting of small bowel inflammation in CD, as compared to UC where inflam-
mation is typically limited to the colon. In past decades, malnutrition was com-
monly encountered as adult CD patients would present clinically weighing typically
10 % less than ideal body weight. More recent data suggests that CD patients under
their ideal body weight are in fact rare, and the majority of CD patients will be
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above their ideal body weight [3]. In pediatric IBD, two-thirds of hospitalized CD
patients have hypoalbuminemia, anemia, and negative nitrogen balance at presenta-
tion prior to the initiation of therapy. In addition to weight loss and protein caloric
malnutrition [4] vitamin deficiency and deficiency of trace elements are hallmark
features of active IBD.

There are various underlying mechanisms which contribute to nutritional defi-
ciency in IBD, including extensive bowel disease impairing mucosal function and
the ability to absorb nutrition, anatomic short bowel due to extensive surgical
resection(s) with loss of absorptive surface area, anorexia, postprandial pain and
food aversion due to luminal stenosis, and intermittent partial obstruction along
with bacterial overgrowth. In patients who are unable to maintain nutritional needs
(or regain losses) with an injured gastrointestinal tract, TPN represents an essential
modality to both prevent further nutritional deficiency, restore nutritional homeosta-
sis and prevented long term complications of nutritional deficiency.

The potential benefits of initiating TPN must also be counterbalanced by potential
negative factors. Specifically, TPN high cost and potential serious complications and
adverse reactions, including thrombosis, loss of venous access and infection, most
commonly associated with the central venous catheter. The appropriate use of TPN in
the management of IBD relies on the selection of appropriate candidates with signifi-
cant nutritional deficits which cannot be corrected within a short time period using
enteral approaches. Guidelines for the optimized use of TPN have been developed by
the American Society for Parenteral and Enteral Nutrition (ASPEN) (Table 9.1).

Table 9.1 Guidelines for use of TPN in IBD and quality of evidence

TPN and Crohn’s disease
Category A
Parenteral nutrition is not the primary treatment in intraluminal Crohn’s disease
Category B
TPN is indicated in Crohn’s patients who are:
Malnourished
At risk of becoming malnourished
Have inadequate or unsafe oral intake
Have a non (or poorly) functioning or perforated gut

Or gut is inaccessible (obstructed gut, a short bowel, high intestinal output, enterocutaneous
fistula)

Specific deficiency like trace elements, vitamins should be corrected by appropriate
supplementation

TPN and Ulcerative colitis (UC)

Category B

TPN is indicated in UC patients only when they are malnourished or at risk of being
malnourished before or after surgery if they cannot tolerate food or enteral feed

No role for TPN during acute inflammatory state for enabling bowel rest
Category A suggests good research based evidence to support the recommendation
Category B suggests fair research based evidence to support the recommendation
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Thus, TPN is reserved for very specific indications where the success of enteral
nutrition is either impossible or poor. The following is a pragmatic list of the most
common indications for the use of TPN in the management of IBD:

1. Impossible enteral nutrition.

2. To prepare the nutritionally depleted IBD patient for surgery and support through
the postoperative period.

Post multiple major bowel resections for Crohn’s disease resulting in SBS.

For a patient who failed to respond to maximum medical therapy and in whom
surgery is to be avoided if possible.

In malnourished IBD patients with growth retardation.

Presence of intestinal fistula.

Avoidance of enteral nutrition.

Clinical features suggestive of ileus or subileus concerning the small intestine.

hal e

W

Specific Indications for TPN in IBD

Supportive Therapy for Short Bowel Syndrome and Life
Sustaining Therapy

SBS is the term used to describe the clinical condition where the gastrointestinal
tract fails to sustain nutritional and absorptive function due to the congenital or
acquired loss of intestinal anatomy. SBS most commonly develops in patients who
have suffered a loss of two-thirds of the length of their small intestine. However, the
relationship between resection length and development of SBS and intestinal failure
is highly variable between patients, and often reflects the age and underlying health
of the individual, the time over which enterectomy(ies) were performed (i.e., a sin-
gle massive resection will result in SBS more commonly than multiple smaller
resections over multiple years), the remaining anatomic segments of bowel, motility
patterns, and the capacity for the individual to undergo intestinal adaptation. In
general, older individuals who suffer from oncologic and vascular insults, as well as
massive single resections, are at the highest risk for developing SBS and requiring
parenteral intravenous support. CD patients who are at risk for SBS are typically
younger individuals, more commonly subjected to multiple, smaller resections.
Historically, up to 16 % of individuals developing SBS as a complication of intesti-
nal surgery suffered from CD [5].

SBS can lead to

Loss of absorptive surface area

Loss of site-specific transport processes

Loss of site-specific endocrine cells and gastrointestinal (GI) hormones
Loss of ileocecal valve



156 P. Loganathan et al.

The major complication of extensive enterectomy is loss of absorptive surface
area, but intestinal adaptation and redundancy of function will allow the majority of
patients to tolerate this insult. In individuals where the adaptive process is insuffi-
cient, chronic high diarrheal output and dehydration will ensue. Evaluation of indi-
viduals suffering from this acquired SBS will require detailed dietary histories to
determine the effects of specific foods and liquids on fecal output. The major goal
of intestinal rehabilitation is to prevent the need for parenteral fluid support by mod-
ifying diet to maximize nutrient absorption while minimizing malabsorption, most
frequently of simple carbohydrates and water which are often ingested in excess
amounts by individuals suffering from SBS and chronic dehydration. Emphasis on
monitoring fluid balance is essential in this early SBS physiology, as significant
short and long term morbidity and mortality can be associated with volume loss,
electrolyte shifts, and acute and chronic dehydration. Diarrhea in SBS originates in
the vasculature prior to being pumped into the gastrointestinal lumen where it will
fail to be reabsorbed in the second half of the GI tract due to anatomic loss. Diarrhea
in SBS results in malabsorption of macro and micronutrients, electrolytes, and
water. This malabsorption of water and electrolytes leads to voluminous diarrhea,
hyponatremia, and hypokalemia [6]. The careful management and appropriate
nutritional support is needed for these patients, especially in the case of parenteral
nutrition. Success of interventions to manage SBS will immediately impact the
daily input and output tally, and will also provide early guidance on the individual
with high losses who will require intravenous support. These individuals who fail to
respond adequately to oral rehydration solution and dietary modifications (separat-
ing solid foods from liquids at mealtime) will likely require either daily intravenous
volume support or TPN. Permanent TPN support is needed in patients with less than
120 cm of intestine without colon in continuity and less than 60 cm with colonic
continuity [7]. TPN administered as in home option not only avoids prolonged hos-
pitalization but also delays the need for surgery [8].

Volume and Calorie Replacement

TPN can be administered either through central line or a peripherally inserted cen-
tral catheter (PICC), but generally central line is preferred. Central TPN provides
the patient with the majority of nutrients including carbohydrates, protein, fat, vita-
min, salt, and trace elements. The subclavian vein is the usual site for catheteriza-
tion. During the first few days volume can be adjusted to 30—40 mL/kg body weight/
day depending on the patient hydration status [9]. The well-nourished adult patient
should receive 25-30 kcal’kg BW/day via central access and for a malnourished
patient it can be up titrated accordingly. For postoperative patients, 35-45 kcal/kg
BW/day might be necessary. Composition of TPN is given in Table 9.2.

Amino acids in the parenteral nutrition solution are tailored to maintain a stable
nitrogen balance. The amount of protein in TPN typically varies from 0.8 to 1.5 g/
kg/day according to the need of the patient. In rare situations where IBD has resulted
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Table 9.2 Composition of TPN

Nutritional element Volume | Calories | Amount Function
Amino acids 1000 340 85 g in well Stable nitrogen balance
nourished

To 125 g in high
catabolism state

Dextrose 1000 340 100 g and adjusted Important source of
according to the calorie
serum glucose level
Fat 500 550 50-70 % —linoleic Source of essential
acid fatty acid
5-10 % —Ilinolenic
acid
Glutamine 0.3-0.5 g/kg/day Intestino-trophic effect,
supplementation decrease IL6
production
Trace elements and 5 mL/day Integral part of human
vitamin enzymes function and
for the synthesis of
DNA

in a protein losing enteropathy/colopathy, higher amounts of amino acid support can
be considered (i.e., 2.0 g/kg/day). Postoperative patients and individuals with an
increased catabolic metabolism (i.e., extensive mucosal ulceration) require more
amino acids in their TPN compared to well-nourished patients. Amino acid support
in TPN includes glutamine, which is felt to be an essential amino acid for gut health,
as it plays a significant role in providing energy to enterocytes [10]. Additional
components of TPN support include high concentrations of dextrose, an inexpen-
sive and important source of calories and available in varied concentration.

Use of Teduglutide in Conjunction with TPN

Teduglutide is a glucagon-like peptide 2 analogue, which was developed to promote
intestinal adaptation, restoration of intestinal integrity, and ultimately decreasing
the need for TPN support in patients suffering from SBS. It is a subcutaneously
administered synthetic protein which differs from native GLP2 analogue by the
substitution of glycine for alanine at the second position from the N-terminus. This
substitution makes it resistant against dipeptidyl peptidase-4 and thereby increasing
its half-life from 60-90 min (native GLP-2) to 180-330 min (Teduglutide) [11].
Studies have shown that teduglutide improves intestinal function and structural
integrity through significant intestinotrophic and pro absorptive effects [12].
Repeated administration of teduglutide is thought to stimulate intestinal epithelial
crypt cell growth and reducing enterocyte apoptosis which results in increased vil-
lous height, plasma Citrulline concentration, and lean body mass. Additional
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mechanisms attributed to teduglutide which may benefit SBS include decreased
gastric acid secretion and gastric emptying and stimulating intestinal blood flow
thereby increasing the intestinal barrier function, leading to improved fluid and
nutrient and absorption [13]. Teduglutide was shown to be well tolerated and effec-
tive in CD patients on TPN in the pivotal trial and improved disease activity scores
in 44 % of CD patients in a separate study who were not on TPN [14].

Primary Therapy: Gut Rest in Patients with Severe Illness

Primary medical therapy for CD relies on induction treatment with steroids and/or
biologic anti-TNF agents, and maintenance treatment with immunomodulators and
biologics (anti-TNF agents and alpha4 integrin inhibitors). Therapy with
aminosalicylates and antibiotics have been used in specific subgroups of patients,
but failed to show the success of immunomodulators and biologic agents. Despite
the increase in available medical options, there are a subset of patients who may fail
to respond to medical therapy. Surgical intervention for medically refractory
inflammatory disease will often be considered in CD, but is more ominous in
patients with both small and large bowel involvement as the colectomy and end
ileostomy will not guarantee clinical remission. Relapse of CD will generally be
followed by small bowel resection, which raises the potential for SBS in patients
who have failed all medical options going on the require additional surgery [15]. In
this rare, but very serious cohort of CD patients, bowel rest with TPN to provide
exclusive nutritional support can achieve clinical remission in up to 77 % of
individuals. The exact mechanism of a TPN/bowel rest treatment approach is not
precisely known, and mechanisms have been hypothesized to include reduction in
enteric flora dependent on enteral intake as a “prebiotic” substrate, decreased
production of gut hormones, decreased autonomic stimulation, and simply halting
the digestive process. In the setting of enterocutaneous fistula, the interruption of
oral intake and digestion will typically cause a decrease in the secretion of digestive
fluids (i.e., pancreatic enzymes and bile) into the lumen which can potentially track
into the fistula, effectively “digesting” the wound and preventing it from healing.
Maintaining an NPO status will often allow enterocutaneous fistula to demonstrate
spontaneous closure. In the setting of partial small bowel obstruction, maintaining
an NPO status will decrease abdominal pain. Thus TPN and bowel rest promotes
resolution of CD symptoms such as diarrhea, abdominal pain, and abdominal
masses; also it improves sense of well-being and improves the body weight [16].
Attempts to demonstrate and confirm the beneficial effect of TPN in the management
of CD have been challenged by the heterogeneity of patients. Greenberg and
colleagues at the University of Toronto led a multicenter, prospective controlled
trial which failed to demonstrate an advantage of bowel rest using TPN as opposed
to good enteral nutrition support. Furthermore, many studies consistently showed
that TPN and bowel rest had lower remission rates for penetrating disease, colonic
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involvement, or ulcerative colitis. The therapeutic concept of bowel rest in the
management of CD has been debated since 1980s, but appears to be limited to a
small subset of patients and its clinical benefit does not appear to extend to the
majority of patients.

Complications of Parenteral Nutrition

Although TPN is efficacious in malnourished patients and individuals who are not
able to sustain themselves through enteral intake, this efficacy comes at the cost of
potential complications. Complications of TPN are numerous including gastrointes-
tinal, infectious, metabolic, vascular, biliary, and mechanical issues can contribute
to the patient’s morbidity and potentially mortality (Table 9.3).

Mechanical Complication

Parenteral nutrition requires venous access either peripherally or centrally.
Cannulation of the subclavian, internal jugular, or femoral veins with advancement
of the catheter to the superior or inferior vena cava achieves central venous accesses.
Peripheral or midline catheter placement is considered to be peripheral access, and
these access points do not have sufficient flow to allow for the high osmolality of
TPN. Cannulation success depends upon the anatomic site and the operator’s expe-
rience. Mechanical complication is often related to the catheter itself, but this com-
plication can include catheter misplacement upon insertion, thrombotic occlusion,
and catheter displacement or migration after it was placed.

Catheter misplacement: Improper placement of the central line may cause serious
conditions like pneumothorax, vessel injury leading to hemothorax, brachial plexus
injury, and even cardiac arrhythmia [17]. Malposition, arterial puncture, and subcuta-
neous hematoma are the other potential complications of catheter misplacement [18].

Thrombophlebitis/venous thrombosis: Intravenous catheters can cause endothelial
injury and inflammation of the vessel. This can lead to disruption of the intimal
layer of the vein, thrombosis, and accumulation of a fibrin sheath along the outer
surface of the catheter [19]. Serious consequences can include intracardiac throm-
bosis and pulmonary embolus. Venous thrombosis may lead to distension of neck
veins, swelling of the face and ipsilateral arm and can eventually progress to supe-
rior vena cava syndrome [20].

Nonthrombotic occlusion: Due to precipitation of various elements in TPN, non-
thrombotic occlusion of the vessel lumen can occur [21]. It is both time consuming
and challenging to differentiate between thrombotic and nonthrombotic occlusions.
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Table 9.3 Complications of
parenteral nutrition

P. Loganathan et al.

Overview of parenteral nutrition
related complication:
1. Mechanical/vascular

Catheter misplacement—organ
damage

Embolization
Thrombus formation
Nonthrombotic occlusion
Thrombophlebitis

1I. Infectious

Catheter related bloodstream
infection (CRBSI)

Septicemia

1I1. Metabolic
Fluid imbalance
Electrolyte/mineral imbalance
Acid-base disturbance
Glucose intolerance
Metabolic bone disease
Refeeding syndrome

IV, Biliary
Cholestasis
Cholangitis
Cholecystitis
Cholestatic liver dysfunction
Cholelithiasis

V. Nutritional
Trace metal deficiency
Vitamin deficiency

Malnourishment leading to
Immunosuppression

Fatty acid deficiency
VI. Gastrointestinal
Villous atrophy —In animal studies

Vanishing venous access: Long term TPN (administered through a central catheter)
predisposes the patient to central vein stenosis or thrombosis. Repeated venous

access can cause exhaustion of veins [22].

Air embolism: A rare, but serious, complication of air being inserted into the cathe-
ter while on TPN must be closely monitored [23].
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Infective Complication

This is the second most common complication during parenteral nutrition treat-
ment. Infective complications can arise from many potential sources. Microbes
introduced through the catheter pose a significant risk for infection while infection
through parenteral nutritional solutions is not as common.

Catheter related bloodstream infection (CRBSI) and catheter related bacteremia
are characterized by positive cultures from peripheral blood and the indwelling
catheter both producing positive cultures with the same microorganisms, without
any other known source of infection [24]. Infection of the catheter insertion site is
defined by the presence of inflammation, pus, quantitative culture of the proximal
catheter segment and/or tip of the catheter with >10° colonies or semiquantitative
culture of >15 colonies from fluid uptake from the insertion site [25] (Table 9.4).

Attempts to salvage catheters which have become contaminated have been
attempted. Instilling catheters with a high concentration antibiotic solution in suffi-
cient amounts to fill the lumen of the catheter (i.e., antibiotic lock) has proven to be
successful in infective complications, most commonly with Staphylococcus epider-
midis. Antibiotic sensitivity data from organisms isolated from blood cultures is the
preferred strategy, and this approach has been most successfully used with vanco-
mycin. There are case reports of antibiotic locks successfully rescuing catheters
using amikacin, imipenem, aminoglycosides, and amphotericin, although the major-
ity of gram negative and fungal line infections will require catheter removal [26].

Table 9.4 The wide Gram Positive

spectrum causative organisms Staphylococcus aureus

Enterococcus durans
Streptococcus viridans
Peptostreptococcus
Propionibacterium

Gram Negative
Escherichia coli
Pseudomonas aeruginosa
Klebsiella pneumoniae
Enterobacter cloacae
Fungus

Candida albicans
Candida glabrata
Candida guilliermondii
Mycobacterium
Mpycobacterium avium
Mpycobacterium chelonae
Mycobacterium fortuitum
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Metabolic Complications

Early metabolic complications of the TPN treatment can include fluid volume
overload, hyperglycemia, hypokalemia, hypophosphatemia, hypomagnesaemia,
refeeding syndrome, hypochloremic acidosis, and other electrolyte abnormalities.

Hyperglycemia/glucose intolerance: Initial hyperglycemic reactions can develop
due to the bolus of TPN and potassium infusions. The patient must be closely
monitored for hyperglycemia during this process. Chromium is an important
micronutrient that becomes deficient in a long term TPN patient. Chromium has
been shown to play a role in glucose intolerance, gestational diabetes, and type 2
diabetes mellitus. Studies have shown that 200 mcg/day of supplemental chro-
mium improves the glucose variables, such as HbAlc, in those who are mildly
glucose intolerant [27].

Refeeding syndrome: Malnourished patients who receive TPN are at an increased
risk of developing refeeding syndrome [28]. Refeeding syndrome can be defined as
the fatal shifts in fluids and electrolytes that may occur after receiving artificial
feeding after a period of calorie deprivation/starvation (which may be as short as 5
days). This sudden intracellular shift is caused by hormonal and metabolic changes,
leading to fluctuations in electrolyte levels and potentially serious clinical conse-
quences including cardiac arrhythmias, mental status changes, coma, seizure, and
cardiac failure. The hallmark electrolyte abnormalities associated with refeeding is
hypokalemia, which is mechanistically believed to result from glycemia induced
insulin secretion that causes potassium to shift into the cells, leading to loss of
potassium in the extracellular spaces. Insulin also promotes synthesis of protein,
glycogen, and fat, and this acceleration of metabolism can lead to rapid cellular
uptake of magnesium, potassium, and thiamine, potentially causing an insufficiency
of these nutrients. Thiamine (Vitamin B1) is an important coenzyme in carbohy-
drate metabolism and its rapid deficiency can result in Wernicke’s encephalopathy
(ocular abnormalities, ataxia, confusion state, hypothermia, and coma) or
Korsakoff’s syndrome (retrograde and anterograde amnesia, confabulation) [29].
Therefore customized TPN formulations which include extra thiamine, potassium,
magnesium, and phosphorus are required to avoid refeeding complications during
the initiation of enteral nutrition. Likewise, careful, close monitoring of these elec-
trolytes is required to ensure no.

Fluid/electrolyte disturbance: Fluid overload is a common side effect of TPN infu-
sion ranging from ankle edema to pulmonary congestion. Closely monitoring the
fluid intake and urine output is important during the entire course of TPN treatment.
Special attention to fluid and electrolyte balances should be implemented in patients
with renal disease and in pregnant women [30] (Table 9.5).
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Table 9.5 Electrolyte imbalance during TPN [30-32]

Problem
Hyperkalemia

Hypokalemia

Hyperosmolar,
Hyperglycemic,
Nonketotic coma
(HHNK)

Hypomagnesemia

Hypercalcemia

Hypocalcemia

Hypermagnesemia
Hyperphosphatemia
Hypoglycemia

Hypermagnesemia

Hypophosphatemia

Symptom

Nausea, slow heart rate,
confusion, restlessness,
diarrhea, abdominal
distention

Flaccid muscles (atonia),
malaise, fish mouth
breathing, tachycardia, and
arrhythmia

Hyperglycemia, absence of
ketone bodies, confusion,
eventually coma can rapidly
advance to death if untreated

Hallucinations, vertigo,
ileus, and hyperreflexia

Extreme thirst, increased
urination, confusion

Paresthesias, confusion,
positive Chvostek’s sign,
tetany

Headache, Loss of Deep
tendon reflex, hypocalcemia
Hyperreflexia, carpopedal
spasm

Diaphoresis, confusion,
agitation

Blocks neuromuscular
conduction, depresses the
conduction system in heart

Mental deterioration
Lethargy that may lead to
coma. Hemolytic anemia
may also occur

Management

Potassium should be withheld
from TPN solution until
underlying problem is resolved. If
severe, treat with prescribed IV
doses of bicarbonate, glucose,
insulin, and calcium for
cardioprotective effect

Regular monitoring of serum K+
and adjustments of potassium in
TPN

Stop hypertonic infusion and
hydrate with large amounts of
hypotonic solution, IV insulin
with careful monitoring.
Electrolyte abnormality has to be
corrected

Additional amounts of magnesium
sulfate can be added to TPN
solution

Treated on the basis of calcium
level

Mild <12 mg/dL: hydration

Moderate 12—14 mg/dL:
Hydration and Bisphosphonates

Severe >14 mg/dL: 1v isotonic
saline, Calcitonin, and
Bisphosphonates

Daily calcium supplement in
solution

Magnesium replacement

Limit phosphate intake, phosphate
binders

Dextrose infusion

Furosemide may increase its
excretion

Calcium gluconate antagonize the
neuromuscular blocking effect
Additional amounts of phosphate
added to daily TPN regimen based
on levels
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Hepatobiliary Complication

Liver complications are common during TPN treatment (25-75 % of all TPN
patients) and can occur within several days after initiating therapy with the majority
of these hepatobiliary complications being mild and transient. The most severe hep-
atobiliary complication is TPN associated cholestasis (TPNAC). This potentially
fatal condition can develop rapidly and will progress to fibrosis, cirrhosis, and portal
hypertension. TPNAC has been linked to inflammatory activity and there is a case
report of a CD patients resolving cholestasis following treatment initiation with the
anti-TNF antibody infliximab [33]. Cholestasis and biliary sludge can lead to acal-
culous cholecystitis, due to a lack of gallbladder stimulation by cholecystokinin.
Factors associated with liver dysfunction include deficiency of essential fatty acids,
imbalances in the composition of amino acids, fat deposition in the liver, deficiency
of choline, and absence of enteral nutrition intake [34].

Micronutrient Malnutrition

Micronutrient malnutrition can occur during long term TPN management. Chronic
TPN can lead to deficiency of trace metals, fatty acids, and electrolytes, leading to
the respective manifestation of deficiency symptoms. Table 9.6 shows the common
micronutrient deficiencies seen in IBD patients and their clinical features.

Table 9.6 Micronutrient deficiencies

Nutrient Clinical feature of its deficiency

Vitamins

e A Night blindness, dry skin and hair

¢ Bl Beriberi, Wernicke Korsakoff syndrome

e C Anemia, bleeding gums, dry hair, easy bruising, nosebleed

e D Muscle weakness, osteomalacia, rickets in children

« E Defective platelet aggregation, Hemolysis

Chromium Alopecia, T-cell disturbance, perineal acrodermatitis, Reduced serum
alkaline phosphate levels

Selenium Reduced levels of glutathione peroxidase level, myocarditis, and
myalgia

Molybdenum Color blindness, irritability, and tachycardia

Essential fatty acids | Dermatitis, lackluster skin and increased rate of trienoic: Tetraenoic
plasma fatty acids

Zinc Xerosis, acne, Eczema, alopecia, stomatitis, affects hunger sensation
leading to anorexia, diarrhea

Choline Fatty liver, hemorrhagic kidney necrosis
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Gastrointestinal Complication

Long term TPN has been shown to cause intestinal villi hypoplasia in experimental
rats. Studies on the human gastrointestinal tract have also shown a significant
decrease in jejunal villi with TPN, although not to the same extent as in rodents
[35]. Intestinal immunological cells have also been shown to express decreased
homeostatic cellular activity and to decrease in number within patients on paren-
teral nutrition [36].

Costs of TPN and Quality of Life

Patients being treated with parenteral nutrition have been shown to benefit the most
from a HPN treatment plan when comparing cost effective interventions due to its
success in keeping the patient out of the hospital. Based on national data, HPN is 5
times more expensive than home enteral nutrition [2]. Direct costs for HPN includes
the infusion pump, administration kits, catheter dressing kits, and nutrient solution.
In 1992, Medicare allowance for HPN was estimated to be between $238 and $390
per day, or $86,000-$140,000 per year. It is important to know that these charges do
not include medical visits, laboratory monitoring, home nursing support, or hospi-
talization for complications during parenteral nutrition. Medicare paid 80 % of
these charges and remaining 20 % was provided by a secondary insurance provider
or by the patient [37]. In European countries and Canada, the total cost of both home
parenteral and enteral nutrition is covered by the National Health Services [2]. In
order to be the most cost effective, it has been shown that following periodic reas-
sessment for compliance, determining the appropriateness of parenteral formula-
tion, infusion regimen, status of intestinal adaptation, and oral nutrient intake are
important interventions for HPN patients [38].

As per Jeppesen et al., HPN was associated with a lower sickness impact profile
overall, and is associated with a lower IBD Questionnaire score when compared
with the patients not receiving HPN [39]. There is a significant improvement in
quality of life when patients are transferred to HPN from hospitals [40].

Summary

The appropriate use of TPN in the treatment of IBD is limited to a small number of
patients who are challenged with life-threatening complications involving malnutri-
tion, SBS, and severe/refractory inflammation. Given the strong potential for com-
plications and cost, TPN is reserved for situations where enteral nutrition has either
failed or is contraindicated. The lack of clear data demonstrating the efficacy of
parenteral nutrition and bowel rest as primary therapy for the treatment of IBD has
positioned its role as adjunctive and supportive therapy. At the present time, more
effective medical treatment options for IBD have decreased the need for TPN as a
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rescue modality. Future investigation to further develop new agents which promote
intestinal adaptation may decrease the need for TPN support in IBD patients with
severe and refractory illness. At present, TPN remains a “last ditch” life saving
modality for extremely ill IBD patients with limited medical and surgical options,
which can include multi-visceral organ transplantation.
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CCK Cholecystokinin

CD Crohn’s disease

EGF Epidermal growth factor
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IBD Inflammatory bowel disease
IF Intestinal failure

v Intravenous

MCTs Medium chain triglycerides
Mg Magnesium
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SI Small intestine

SIBO Small intestinal bacterial overgrowth
TPN Total parenteral nutrition

US United States

Short bowel syndrome (SBS) refers to a malabsorptive state resulting from loss of
intestinal structure and/or function due to congenitally absent, extensively resected,
and/or diseased bowel. SBS can be divided into phases, some or all of which may
require the provision of parenteral nutrition (PN) and/or intravenous (IV) support
(i.e., fluids and/or electrolytes) to maintain adequate nutrition, hydration, and meta-
bolic balance. SBS is typically defined by the presence of <200 cm of residual small
intestine (SI) [1]. The SI has sufficient reserve such that lesser resections (of ~50 %)
may be well tolerated, particularly if the duodenum, proximal jejunum, and distal
100 cm of ileum are preserved. The spectrum of SBS dysfunction ranges from mild
dehydration with select nutritional deficiencies (i.e., limited intestinal resections) to
severe dehydration with serious nutritional consequences including electrolyte
derangements, debilitating diarrhea, and profound malnutrition (i.e., extensive
intestinal resections). SBS is the most common cause of intestinal failure (IF),
characterized by insufficient intestinal absorptive capacity and the inability to main-
tain macro- and micro-nutrient, fluid, or electrolyte autonomy without PN/IV
supplementation [2].

The clinical consequences of intestinal loss are influenced not only by length of
resected bowel but also by various other elements including extent and viability of
residual bowel, preservation of anatomic landmarks (e.g., terminal ileum, ileocecal
valve, and colon-in-continuity with SI), original organ length, and the compensa-
tory process of intestinal adaptation. A retrospective review of 95 patients with SBS
reported that most cases (76 %) resulted from a single massive intestinal resection
rather than repeated lesser resections (24 %) [3]. Furthermore, PN requirements
after 1 year were significantly greater in patients undergoing massive intestinal
resection compared to multiple smaller resections (56 % vs. 23 %, respectively,
P<0.05) [3]. As long-term PN requirements relate to the length of remnant SI,
patients with short intestinal segments are at high risk [4].

Clinical management involving dietary modifications and partial or complete
PN/IV support are generally necessary when approximately 75 % (~450 cm) of the
SI has been structurally or functionally compromised [5]. Adults with residual jeju-
nal length < approximately 100 cm without colon-in-continuity are typically perma-
nently dependent on PN in the absence of such treatments as intestinal transplantation
[6, 7]. Infants bearing <30 cm of residual SI are unlikely to be successfully weaned
from PN, although this has been reported in an infant with just over 10 cm of rem-
nant SI [8]. Important prognostic factors for SBS patients with a history of extensive
enterectomy include residual intestinal health, medical comorbidities, and preserved
splanchnic blood flow [7].
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Etiology

In adults, conditions most commonly associated with SBS include recurrent Crohn’s
disease (CD) necessitating multiple intestinal resections; mesenteric injury result-
ing from arterial embolism, venous or arterial thrombosis, or midgut volvulus; mas-
sive enterectomy in the setting of abdominal trauma or extensive tumor resection;
or radiation enteropathy. In the pediatric population, SBS most commonly results
from gastrointestinal congenital anomalies (such as gastroschisis, intestinal atresia,
aganglionosis, or malrotation) or infection (such as necrotizing enterocolitis). In
addition to physical intestinal losses, SBS and IF can be associated with a variety of
functional malabsorptive conditions in which the bowel length may be intact includ-
ing inflammatory bowel disease (IBD), radiation enteropathy, congenital microvil-
lus atrophy, refractory sprue, and chronic intestinal pseudo-obstruction, among

others (Table 10.1).

Table 10.1 Causes of short bowel syndrome [7, 17]

Pediatric considerations
Prenatal

Vascular insults

Intestinal malrotation/volvulus

Intestinal atresia

Abdominal wall defects/gastroschisis
Postnatal

Mesenteric vascular insults

— Superior mesenteric artery thrombosis or
embolism

— Superior mesenteric vein thrombosis
Necrotizing enterocolitis

Intestinal obstruction (meconium ileus,
intussusception)

Crohn’s disease (multiple intestinal
resections)?

Recurrent intestinal obstruction (repeated
resections + extensive adhesions)

Abdominal trauma requiring intestinal
resection

Functional short bowel syndrome*
Crohn’s disease (inflammation/strictures)
Extensive aganglionosis

Congenital microvillus atrophy
Radiation enteropathy

Adult considerations
Postsurgical effects
Mesenteric vascular insults

— Superior mesenteric artery thrombosis or
embolism

— Superior mesenteric vein thrombosis
Volvulus
Crohn’s disease (multiple intestinal resections)

Recurrent intestinal obstruction (repeated
resections + extensive adhesions)

Abdominal trauma requiring intestinal
resection

Jejunoileal bypass (obesity surgery)
Inadvertent gastrocolonic/ileal anastomosis

Tumor resection (primary or secondary
gastrointestinal tract involvement)

Functional short bowel syndrome*
Crohn’s disease (inflammation/strictures)

Radiation enteropathy

Refractory sprue
Scleroderma/mixed connective tissue disease
Chronic intestinal pseudo-obstruction

4Functional short bowel syndrome can occur in malabsorptive conditions with intact intestinal

lengths
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Epidemiology

The incidence and prevalence of SBS and IF in the United States (US) are difficult
to ascertain due to limited national registry data and lack of prospective studies in
defined SBS populations. Disease heterogeneity with variations in etiology, sever-
ity, and precise SBS definitions, combined with disparities in SI measurements,
pose potential challenges [2, 6, 9]. Registries of patients receiving home parenteral
support are limited to severe SBS cases and may underestimate true disease preva-
lence, not accounting for uncomplicated SBS patients weaned from PN/IV support
or those who did not survive [2, 9]. Based on multinational European data from
1993 to 1997, the mean incidence and prevalence of patients enrolled in home PN
programs slightly increased over time to an estimated 3 patients/million and 4
patients/million inhabitants/year, respectively [10, 11]. In both studies, SBS was the
most common primary indication for initiating home PN, comprising 31-35 % of
cases [10, 11]. A US study examining national registry information on 9288
Medicare patients receiving home nutritional support (1985-1992) estimated that
40,000 and 152,000 patients were using home parenteral and enteral nutrition,
respectively, in 1992. Utilization of home parenteral and enteral nutrition doubled
from 1989 to 1992, with a prevalence 4—10 times greater in the US than in other
Western countries [12]. A French retrospective cohort study of 268 adult patients
with nonmalignant SBS (remnant SI length <150 cm) followed over 25 years
reported that approximately 47 % of patients initiated on home PN required long-
term use [13]. Although 50-70 % of patients with SBS initially necessitating PN
can be successfully weaned, these patients often subsequently require aggressive
nutritional monitoring [7].

Intestinal Resection and Anastomotic Types in SBS

The main consequence of extensive intestinal resection is loss of absorptive surface
area resulting in abnormally rapid transit of intestinal contents (diarrhea) with mal-
absorption of macro- and micro-nutrients and loss of water and electrolytes. Clinical
manifestations and outcomes of SBS vary depending on residual intestinal anatomy
and functionality (such as preservation of site-specific transport processes, endo-
crine cells, and absorptive capacity, among others). Three types of intestinal resec-
tion typically associated with SBS include limited ileal resection, commonly with
cecectomy or right hemicolectomy (ileocolonic anastomosis); extensive ileal resec-
tion with or without partial colectomy (jejunocolonic anastomosis); and extensive
small intestinal resection with total colectomy resulting in proximal jejunostomy
(end-jejunostomy) [14]. Ileocolonic anastomoses are commonly seen with limited
CD resections, while the other two circumstances often result from extensive intes-
tinal resection(s) after mesenteric vascular injury or for recurrent CD. Patients with
jejunoileal anastomoses are less commonly seen and infrequently require nutritional
support; the approach to clinical management in such cases is generally similar to
that of jejunocolonic anastomoses [15].
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Relevant Anatomic and Physiologic Considerations

Small Intestine

The normal small bowel increases in length from approximately 250 cm in full-term
newborns to up to 6-8 m in adults [1, 16]. In adults, the jejunum refers to the proxi-
mal two-fifths (~240 cm) of the SI, and the ileum refers to the distal three-fifths
(~360 cm) [17]. Normal digestion and absorption reflect gradual gastric emptying
of partially digested nutrients into the duodenum, where nutrient mixing with bile
and pancreatic enzymes occurs. Contents are subsequently rapidly digested and
absorbed, beginning in the proximal SI. Most macronutrient absorption (of fats,
carbohydrates, and nitrogen) in healthy adults is primarily achieved within the prox-
imal 100-150 cm of SI [7].

Macroscopic inspection of the SI reveals that the plicae circulares (mucosal folds
on the luminal surface) appear more numerous in the proximal jejunum, decreasing
in the distal SI to eventual absence in the terminal ileum. Although small intestinal
enterocytes appear grossly uniform, a functional and morphologic proximal-to-
distal gradient exists from the duodenum to the ileocecal valve, such that the duode-
num and proximal jejunum bear greater absorptive surface area relative to the ileum.
The jejunal mucosa is characterized by taller villi and deeper crypts compared to the
ileum. Jejunal mucosa has “leaky” intercellular junctions, so the osmolality of its
luminal contents is similar to that of plasma. Ileal mucosa is comprised of relatively
impermeable, tight intercellular junctions, resulting in less water/sodium flux and
the concentration of luminal contents. The ileum provides an essential site of active
transport for both nutrients and non-nutrients; microvillus enzyme activity and
nutrient absorptive capacity per unit length of intestine are several-fold higher in the
proximal over the distal SI [14].

Overall, massive proximal jejunal resections are more favorable than equivalent
massive distal intestinal resections, reflecting the adaptive ability of the ileum to com-
pensate for absorptive processes lost with extensive jejunal resections (such as calcium
(Ca*), folate, and iron absorption). Residual jejunum cannot completely compensate
for massive ileal losses, particularly because it is unable to adopt specialized terminal
ileal functions of bile salt and vitamin B, absorption [7].

Jejunum

The intact jejunum provides a site of substantial water and nutrient absorption
(Table 10.2). Despite this, limited jejunal resections may be somewhat well toler-
ated due to the ability of the residual ileum to adapt and compensate for lost jejunal
absorption of free water, electrolytes, and macronutrients. Massive jejunal resec-
tion, however, results in rapid intestinal transit and impaired absorption of fluids,
nutrients, and intestinal secretions. High jejunostomy patients exhibit substantial
stomal losses due to rapid, early gastric emptying of liquids and loss of the colonic
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Table 10.2 Intestinal Dietary constituent and

locations with absorptive Intestinal location nutrient absorption

characteristics [7] Proximal small Fats

intestine Sugars

Peptides and amino acids

Iron

Folate

Calcium

Water and electrolytes
Middle small intestine | Sugars

Peptides and amino acids

Calcium

Water and electrolytes
Distal small intestine Vitamin B12

Bile salts

Water and electrolytes
Large intestine Amino acids

Medium chain triglycerides

Water and electrolytes

brake effect [18, 19]. Loss of glucagon-like peptide (GLP)-1, peptide Y'Y, and neu-
rotensin following intestinal and colonic resection contribute to disinhibited gastric
emptying and rapid intestinal transit (as seen in jejunostomy patients lacking a
colon) [20, 21]. A resultant decrease in nutrient-to-enterocyte contact time hinders
nutrient absorption. Significant postprandial fluid loss is typically seen in patients
bearing <100 cm of residual jejunum [19].

Gastric acid hypersecretion occurs as a result of jejunal resection due to the loss
of gastric inhibitory peptide, cholecystokinin (CCK), and vasoactive intestinal pep-
tide that are typically predominantly distributed in the jejunum. Gastric hypersecre-
tion and serum hypergastrinemia in this setting are likely related to resected bowel
length [17]. Decreased secretion of CCK and secretin are additional consequences
of jejunal resection that reduce biliary and exocrine pancreatic secretions, and fur-
ther impair nutrient absorption.

Tleum

The intact ileum plays a critical role in gastrointestinal motility by slowing intesti-
nal transit, thus increasing nutrient-enterocyte contact time [16, 17]. The ileum is
also the primary site for the absorption of bile acids and vitamin B ,-intrinsic factor
complexes, uptaken by specialized transport proteins located in ileal enterocytes.
Ileal resection markedly decreases intestinal transit time and significantly influ-
ences nutritional autonomy in SBS, which is highly influenced by the preservation
of the ileocecal valve. The ileocecal valve provides an intestinal “brake,” mediated
by peptide YY, an enteric hormone that delays gastric emptying and intestinal
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transit. The valve structure also provides a barrier to retrograde flow and prevents
migration of colonic bacteria into the small bowel. Absence of the ileocecal valve
yields more rapid gastric and intestinal transit times and therefore leaves less time
for nutrient, fluid, and electrolyte absorption. Small bowel bacterial colonization
can predispose to small intestinal bacterial overgrowth (SIBO) and bile salt decon-
jugation with decreased reabsorption and increased fecal losses of bile. Depletion of
the bile salt pool and diminished luminal bile salt content both lead to decreased
micelle concentrations that contribute to fat malabsorption and steatorrhea [17].
SIBO can also contribute to vitamin Bj, deficiency, as bacterial B, utilization
reduces that available for host absorption.

The ileum is the major intestinal site of active bile acid absorption, while only
small amounts of bile acids are absorbed via passive diffusion in the jejunum and
colon [17]. Ileal resections >100 cm generally impair active bile acid absorption and
quickly overwhelm the passive absorptive capacity of the remaining intestine.
Consequently, bile acids remaining in the SI lumen proceed to the colon, where they
are deconjugated by colonic bacteria. Conjugated bile acids directly stimulate the
colonic secretion of fluid and electrolytes and lead to secretory diarrhea through a
variety of mechanisms [17]. Although compensation for lost bile acids ensues dur-
ing the process of intestinal adaptation (with up to an eightfold increase in hepatic
bile acid synthesis), massive ileal resections can exceed this compensatory effort.
The resultant reduced bile acid pool hinders lipid solubilization, leading to fat mal-
absorption and steatorrhea. Fat present in the colon is hydroxylated to hydroxy fatty
acids that stimulate net secretion by enhancing mucosal permeability, shifting net
absorption to net secretion, and increasing propulsive motor movements [17].

The terminal ileum is the principal site for vitamin B,, absorption, a highly spe-
cialized and localized function. Residual ileum and jejunum appear unable to recruit
specialized receptors necessary for vitamin B,, absorption and are thus unable to
compensate for extensive distal ileal loss. Vitamin B;, malabsorption reflects the
extent of ileal resection and generally manifests with ileal losses over 60 cm. In
addition to vitamin B, malabsorption, extensive distal ileal resections may also
affect proximal intestinal functions including the absorption of jejunal calcium as
demonstrated in a rat model [22].

Colon

The presence of the colon in SBS has important functional and structural implica-
tions, including water and nutrient absorption, energy salvage, and extended avail-
able surface area for the storage of luminal contents. The most crucial of these
functions is water and electrolyte (e.g., Ca** and magnesium (Mg>*)) absorption,
although some nutrients unabsorbed in the SI are also reclaimed in the colon.
Intestinal motility is slowest in the colon to allow for such properties [17]. On aver-
age, 1-2 L of colonic fluid are resorbed daily, typically with only 100 mL of fecal
fluid loss. The structural presence of the colon provides additional intestinal surface
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area (length ~150 cm), stimulates small intestinal hyperplasia, and exerts a braking
effect on early gastric emptying, thus prolonging transit time, increasing luminal
contact, and facilitating nutrient absorption [7, 19, 23]. SI-to-colonic anastomosis
should be reestablished early if possible.

The colon serves as an important digestive organ for SBS patients and can salvage
upwards of 1000 kcal of energy/day [7, 24]. Bacterial fermentation by native colonic
flora converts unabsorbed complex carbohydrates into short chain fatty acids
(SCFAs), including acetate, butyrate, and propionate, that are readily absorbed and
used by colonocytes. SCFAs also serve as an intestinal trophic factor. Amino acids
and medium chain triglycerides (MCTs) may also be modestly absorbed in the colon.

Assessments of Intestinal Length

Despite unique structural and functional distinctions, there is no clear anatomic
delineation between jejunum and ileum. Such may preclude exact measurements of
residual SI length. Anatomic and functional considerations in the assessment of the
remnant intestine are described below.

Anatomic

Potential discrepancies may exist among autopsy, radiologic, and operative mea-
surements of residual SI length. Autopsy studies report SI lengths as measured from
the pylorus to the ileocecal valve. Alternatively, operative measurements often
report SI lengths from the ligament of Treitz to the ileocecal valve [17]. Some stud-
ies report that barium follow-through studies (using opisometer measurements) can
provide an accurate assessment of small bowel length in patients with residual intes-
tinal lengths <200-250 cm [25, 26]. However, barium follow-through studies
impose radiation exposure and can yield inherently limited SI measurements.
Magnification effect occurs on radiographic projections that may result in a 5-10 %
measurement discrepancy from actual length, depending on magnification.
Furthermore, intestinal segments oriented in the anterior-posterior plane can appear
foreshortened on two-dimensional radiographic imaging; this precludes accurate
measurements, particularly with longer bowel lengths, that can potentially be under-
estimated due to looping and closely arranged intestinal segments in the pelvis [27].
A recent study of 31 IBD patients undergoing elective laparotomy for CD reported
that magnetic resonance enterography images and intraoperative surgical measure-
ments of SI length (measured in standard fashion from duodenojejunal flexure to
ileocecal junction or ileocolic anastomosis) had a significant positive correlation
(P<0.001) irrespective of bowel length. Although larger studies are needed, this
technique may provide a noninvasive option guiding surgical and nutritional inter-
ventions, particularly for patients with significantly compromised bowel lengths [27].



10  Short Bowel Syndrome: Physiologic Considerations and Nutritional Management 177

The length of residual small bowel in continuity along the antimesenteric border
measured intraoperatively is perhaps the most precise but may vary based on the
degree of intestinal stretch at the time of surgery. As residual SI length reflects avail-
able postoperative absorptive surface area, documentation of this measurement
appears more important than length of the resected small bowel [1].

Functional

Citrulline is a nonessential amino acid synthesized from glutamine and derived
from enterocytes. Plasma citrulline concentration, as a reflection of enterocyte mass
and functional absorptive bowel length, appears significantly correlated to remnant
SIlength (P<0.0001) [28]. A postabsorptive plasma citrulline concentration thresh-
old of 20 pmol/L was shown to be an independent indicator distinguishing transient
from permanent IF in SBS patients (sensitivity 92 %; specificity 90 %) [28].

Intestinal Adaptation

Intestinal adaptation refers to the structural and metabolic responses to intestinal
loss that attempt to restore absorptive capacity for water and nutrients. Sparse
human data on the process and mechanisms of intestinal adaptation exist, and a
majority of studies have been performed in animal models [29]. It appears that this
compensatory process does occur in humans, primarily in the initial 6-12 months
following massive intestinal resection and continuing over 1-2 years (or more) to
reach maximal development [2, 30-32]. Structural changes that increase available
absorptive surface area include cellular hypertrophy (villus elongation and crypt
deepening) and increased enterocyte number along a given villus length. The intes-
tine may lengthen in gross form but more notably increases in diameter. Functional
adaptations include accelerated differentiation of crypt cells, enhanced absorptive
capacity with increased microvillus enzyme activity and nutrient transporter expres-
sion, and delayed intestinal (particularly ileal) transit time [7, 14]. Intraluminal
nutrients (particularly glucose and amino acids) obtained via enteral feedings and/
or oral hyperphagia provoke intestinal absorptive adaptation through three major
mechanisms: direct epithelial cell contact; stimulation of gastrointestinal/pancreati-
cobiliary secretions; and stimulation of trophic gastrointestinal hormone secretions
[14, 33]. Other intestinal trophic factors include hormones, peptide growth factors,
pancreaticobiliary secretions, and cytokines, among others (Table 10.3).

Remnant intestinal site appears to have an important influence on adaptive
response and subsequent functional outcome. Adaptation is overall more pro-
nounced in the ileum compared to the jejunum [7, 34, 35]. Functional jejunal adap-
tation generally requires the presence of some ileum and colon. Structural and
functional adaptation may be limited in jejunostomy patients as a result of low
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Table 10.3 Intestinal trophic factors involved in enterocyte and colonocyte proliferation [1, 7, 17]

Nutritional factors Short-chain fatty acids (SCFAs)
Fiber
Glutamine
Lecithins
Polyamines
Arginine

Hormones and peptide growth factors Glucagon-like peptide-2 (GLP-2)
Epidermal growth factor (EGF)
Human recombinant growth hormone
Insulin-like growth factor-1 (IGF-1)
Vascular endothelial growth factor (VEGF)
Peptide YY
Leptin
Neurotensin
Hepatocyte growth factor
Cholecystokinin (CCK)
Gastrin
Glutamine
Enteroglucagon
Somatostatin
Prostaglandins

Secretions Pancreatic
Biliary

Cytokines Interleukins [3, 11, 15]

circulating hormone levels including GLP-2 and peptide YY [20, 21]. Patients bear-
ing a jejunocolic anastomosis have not demonstrated strong structural intestinal
adaptation either although have shown elevated GLP-2 levels [36—-38]. Functional
adaptation manifests as delayed gastric emptying delayed gastric emptying and
small bowel transit in the presence of high circulating peptide YY levels [20].
Elements of colonic adaptation include SI mucosal hyperplasia and alterations in
colonic bacterial flora (such as increased bacterial mass and capacity for carbohy-
drate metabolism), leading to an increased absorption of glucose and amino acids
with an amplified capacity for fluid and electrolyte absorption [7, 23].

The extent to which malabsorption improves with time depends on a variety of
factors including site and length of intestinal remnant, provision of luminal nutri-
ents, status of other digestive organs, and intestinotrophic factors [23, 29]. The
degree of intestinal adaptation also appears to be dependent on type and complexity
of administered nutrients [39, 40]. For instance, disaccharides appear to stimulate
intestinal adaptation more than monosaccharides [40]. Highly unsaturated fats
appear to more effectively stimulate intestinal adaptation over less saturated fats
[41]. Some animal models have illustrated a significant degree of mucosal atrophy
with exclusive use of PN [42, 43]. However, this has been debated based on data
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from human studies reporting that exclusive use of PN was not associated with sig-
nificant intestinal atrophy, bacterial translocation, or immune dysfunction [43—46].
Although complete absence of enteral nutrition has been associated with villus
hypoplasia, the actual villi remain apparently normal [44].

Clinical Presentation

As aforementioned, SBS is a heterogeneous disorder with variations in symptoms
and malabsorptive severity based on extent and location of intestinal resection,
presence of ileocecal valve and colon, intestinal adaptation ability, and viability of
residual intestine. Diarrhea (particularly postprandial) with fluid losses predispose
to significant electrolyte abnormalities, renal insufficiency, and varying degrees of
acid-base disturbances. Malabsorption is a main consequence of SBS that can lead
to weight loss, protein-calorie malnutrition, and a variety of nutrient deficiencies.

Details of prior surgical intervention and residual bowel length can be used to
predict long-term fluid and nutritional requirements. Generally, patients with greater
SI length and colon-in-continuity have more favorable clinical improvements and
therapeutic outcomes. Patients with limited segmental resections may remain
asymptomatic without clinically significant malabsorptive effects. High-risk nutri-
tional categories include duodenostomy or jejunoileal anastomosis with <35 cm of
residual SI; ileocolic or jejunocolic anastomosis with <60 cm of residual SI; and
end-jejunostomy with <115 cm of residual SI [5]. Fecal energy loss may help to
define IF but does not necessarily correlate with residual SI length [24]. As fecal
energy loss reflects both energy intake and absorption, this may vary greatly among
individuals [1].

Complications of SBS

Complications of SBS include dehydration with hypovolemia and renal dysfunction,
electrolyte derangements, nutrient deficiencies, and generalized malnutrition.
Patients with extensive SI resection and colon-in-continuity are predisposed to the
formation of calcium oxalate renal stones, although uric acid stones may also
develop. Cholelithiasis can occur, particularly with residual ileum <120 cm, terminal
ileal resection, or total parenteral nutrition (TPN) use. Given that the incidence of
gallstones appears to increase (threefold to fivefold) following ileal resection,
prophylactic cholecystectomy may be considered, especially in SBS patients having
undergone massive intestinal resection for mesenteric vascular disease who are at
high risk for early biliary complications [17, 47, 48]. In addition, patients requiring
long-term PN are at risk for hepatic steatosis and cholestatic liver disease that can
result in cirrhosis and liver failure, cholecystitis (acalculous or calculous),
nephropathy, central venous catheter-related complications (e.g., infection,
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thrombotic or non-thrombotic occlusion, pneumothorax), and metabolic bone
disease [7]. D-Lactic acidosis (ataxia, visual changes, slurred speech, behavioral
changes, confusion) is a rare but serious neurologic manifestation of SBS,
precipitated by the increased oral intake of refined carbohydrates, that can occur in
the setting of a preserved colon and may progress to coma and death [7, 49].

SBS Stages and Management Considerations

Nutritional management of SBS may be divided into three postoperative phases that
reflect gradual intestinal adaptation. The first stage is characterized by massive diar-
rhea with resultant fluid and electrolyte losses that lasts for 1-2 weeks following
intestinal resection. Both PN and IV supportive care measures are essential during
this initial postoperative period. Aggressive replacement of fluid and electrolytes
(e.g., potassium, Ca**, and Mg*") is paramount. Fecal output may be up to several
liters per day but typically improves gradually over 1-3 months. Patients may
remain on bowel rest for 5-10 days after extensive ileal resection to measure base-
line water and electrolyte losses and to allow for a second operative look (assess-
ment of anastomotic healing). Of note, oral intake can aggravate fluid losses,
particularly in the early postoperative phase; gastric acid hypersecretion, parietal
cell hyperplasia, and hypergastrinemia alter duodenal pH and inactivate pancreatic
lipase, thus potentiating steatorrhea and fat malabsorption.

The second stage of intestinal adaptation may last from several months to over a
year or more. Nutritional therapy should be introduced once fluid and electrolyte
balances are adequately achieved, hemodynamic stability and intestinal blood flow
are restored, and postoperative ileus has resolved. TPN is generally required within
the first 7-10 days following massive enteral resection. Enteral tube feedings are
generally started in the late postoperative period and should be initiated as early as
possible to encourage intestinal adaptation. Standard enteral formula is generally
recommended following enteral resection, with gradual advancement as tolerated to
goal [1]. Oral feedings should be increased over time, with attempts to wean from
IV hydration and gradually reduce the volume of enteral or parenteral nutrition.
Enhanced digestion and absorption of carbohydrates and proteins are anticipated
during this time.

In the third stage, maximum intestinal adaptation is reached, as reflected by ade-
quate oral nutrition and weight maintenance. Such may occur within 1-2 years or
may extend beyond this timeframe. Although some patients eventually achieve
adequate nutrition with oral or enteral feeding, others may become partially or com-
pletely dependent on TPN and/or IV support (fluid and electrolytes).

As a myriad of management strategies exist, individualized approaches are
required including careful attention to hydration status, tailored dietary support with
provision of macro- and micro-nutrients, and correction of electrolyte and meta-
bolic derangements [5]. Mucosal integrity of the remnant intestine must be addressed
and treated accordingly, such as in cases of active CD. Additional factors for con-
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sideration in SBS management include gastrointestinal dysmotility, gastric acid
hypersecretion, bile acid depletion, and altered neuroendocrine signaling pathways,
among others. Optimization of pharmacotherapy, encouragement of intestinal adap-
tation, and prevention/treatment of complications are important considerations in
SBS. Health status and quality of life (QOL) assessments are also critical in mini-
mizing SBS morbidity and mortality.

Nutritional Management

Nutritional management of SBS is a dynamic and individualized process that may
ultimately result in a variety of outcomes. While some patients obtain complete
nutritional autonomy with a normal or modified diet, others require maintenance
with various combinations of supplemental enteral formulas, electrolyte and fluid
replacement, and PN. Most patients with <100 cm of remnant small bowel consum-
ing an oral diet absorb only about 50-60 % of oral energy intake and must therefore
be adequately supplemented. Caloric intake should be increased slowly over time to
a goal of about 32 kcal/kg/day (based on ideal body weight) to compensate for mal-
absorptive losses [17].

Restoration of intestinal continuity via reanastomosis of SI to colon should be
attempted as soon as possible once patient stability is achieved. This generally
bears low morbidity and mortality risks and may allow for the discontinuation of
TPN [5]. Patients exhibiting substantially preserved (=50 %) colonic function and
sufficient SI absorptive length (>100 cm) rarely require home PN. Those with
preserved colon and remnant SI <100 cm have demonstrated significantly reduced
home PN energy requirements compared to patients with remnant SI <100 cm and
no colon [50].

Parenteral Nutrition and Fluid Requirements

Most patients with SBS initially require TPN, supplied at 25-35 kcal/kg/day (based on
ideal body weight) for normally nourished adult patients [1]. Infants and children may
require higher levels of support per kg [1]. Protein (as free amino acids) should be sup-
plied at 1.0-1.5 g/kg/day (based on ideal body weight), with essential amino acids
comprising 25-30 % of the total protein intake. Carbohydrate in the form of dextrose
(monohydrate) is provided at approximately 3.4 kcal/mL, and the maximal infusion
rate should be 5-7 mg/kg/min. Daily blood sugar measurements should range from
<180-200 mg/dL. Regular insulin may be added to the TPN (initial dose 0.1 units/g
dextrose) with subsequent adjustments as needed. IV lipid emulsion (1.1 kcal/mL for
10 % form and 2.0 kcal/mL for 20 % form) usually comprises 20-30 % of total calo-
ries but should generally not exceed 1 g/kg/day. A greater lipid percentage may be used
in cases of difficult fluid management or glucose intolerance (using decreased dextrose
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caloriesif the supplemental insulin requirementis >0.2 units/g dextrose). Approximately
1-2 % of total calories should come from linoleic acid and 0.5 % from a-linoleic acid
to prevent essential fatty acid deficiency [51]. Serum triglycerides should be moni-
tored and kept at an optimal level of <400 mg/dL. Added PN components include
electrolytes, vitamins, minerals, and trace elements, and frequent blood chemistry
monitoring is required to maintain appropriate balance.

Baseline fluid requirements are about 1 mL/kcal, with additional replacement to
account for gastrointestinal losses. Initial fluid type is generally 0.5 % normal
saline IV. In the absence of renal insufficiency, urine output can be used to assess
volume status, and additional fluid should be administered urine output measure-
ments below the goal of 1.0-1.2 L/day. There is often a correlation between fecal
and urine output. Volume status, weight, and electrolytes (particularly sodium,
potassium, bicarbonate, and Mg?*) should be closely monitored to maintain meta-
bolic acid—base balance. Additionally, oral rehydration solution (ORS) should be
encouraged as tolerated. Pharmacotherapeutic approaches should be optimized to
reduce fluid losses (see next chapter).

The components and administration of PN and IV fluids are tailored and adjusted
based on individual course and progression. TPN is initially infused continuously as
immediate postoperative issues are addressed. Appropriate attempts at PN weaning
should be undertaken as intestinal adaptation progresses over the course of 2 years
or more. Home TPN infusion goals should be set (e.g., 1.5, 2.0, 2.5, or 3.0 L for
adults; less for pediatrics), and the total volume infused should be gradually com-
pressed (typically by 2—4 h increments) over shorter time periods toward a goal of
overnight administration (10 h with additional 30-60 min taper). As the half-life of
insulin is longer than that of dextrose, patients receiving significant amounts of
PN-insulin may require a longer (1 h) taper. PN should be decreased as intestinal
adaptation advances and fluid/nutritional balances become established, but care
should be taken to avoid drastic appetite suppression with the provision of supple-
mental calories. PN reduction with dietary advancements require attention to
laboratory data, clinical volume status and output measures (urine and fecal losses),
and nutritional parameters. Acid-base disturbances may be overcome with PN solu-
tion adjustments of the chloride:acetate ratio and control of diarrheal bicarbonate
loss. Visceral protein status (prealbumin), total lymphocyte count, and nitrogen bal-
ance should be routinely monitored throughout the course.

Enteral Feeding

Enteral feeding via nasogastric, nasoduodenal, or nasojejunal tube may be used to
provide continual nutrition temporarily for up to 6 weeks. In a randomized crossover
study of 15 postoperative SBS patients, enteral nutrition via continuous tube feeding
(either exclusively or in combination with oral feeding) significantly increased the
net absorption of proteins, lipids, and energy compared with oral feeding alone [52].
If a chemically defined enteral formula is used, the rate of infusion should be
controlled to match osmotic inflow and osmolar absorption. Infusion rates for full-
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strength formulas typically start at 25 cc/h and are gradually increased to 125 cc/h,
with adjustments based on demonstrated SI tolerance [17].

Placement of nasogastric tubes should be limited to 6 weeks before alternating
nostrils. Percutaneous endoscopic gastrostomy tubes are not routinely recom-
mended in typical SBS settings. Although limited published data exist to this end,
gastrostomy tubes have been inserted in attempts to maximize enteral intake during
PN weaning. Gastrostomy placement may be technically limited by altered postsur-
gical anatomy and/or the presence of abdominal adhesions following intestinal
resection. Lack of data exist regarding the use of percutaneous endoscopic jejunos-
tomy tubes in SBS. Caution is advised in this circumstance, as colonic loops may
overlie dilated SI loops as frequently seen in SBS [53].

Enteral feeding not only improves intestinal adaptation and segmental absorp-
tion but may also increase transit time [30, 37, 53]. Epidermal growth factor (EGF),
found in salivary glands, Brunner’s glands, and pancreaticobiliary secretions, is
released in response to oral intake and enhances intestinal adaptation [54]. EGF has
been shown to promote enterocyte proliferation, increase sodium-glucose transport,
upregulate intestinal amino acid transport, and attenuate enterocyte apoptosis dur-
ing intestinal adaptation [53, 55]. Enteral feeding also helps to reduce SBS-related
gallstone development. A lack of enteral stimulus for the production of CCK, the
hormone essential for stimulating intrahepatic bile flow and gallbladder contraction,
can predispose to cholestasis in SBS [56]. Enteral feeding also stimulates the release
of GLP-2 from intestinal L cells of the distal ileum and right colon, thus promoting
gallbladder contraction and decreasing biliary stone/sludge formation. Improvements
in SBS-related liver dysfunction have been demonstrated with enteral feeding, par-
ticularly when PN is withdrawn [57].

Dietary Macronutrient Recommendations: General
Considerations

Dietary macronutrient recommendations in SBS vary depending on the presence or
absence of colon in continuity with the SI (Table 10.4). The goal is to provide about
25-35 kcal/kg/day and 1.0-1.5 kg/day of protein, depending on whether the patient
requires support for weight maintenance or correction of malnutrition [1, 51].
Children, particularly neonates and infants, generally require additional energy and
protein. Permissive hyperphagia (oral energy intake equivalent >1.5-2 times the
pre-resection or pre-conditional oral intake) should be advocated, with aggressive
attempts to promote nutritional autonomy. This intake appears to be profoundly
important in reducing PN requirements [7]. Patients should be encouraged to eat
small frequent meals throughout the day, consuming as much as tolerated based on
underlying disease state, gastrointestinal symptoms, and fecal losses. This may
mean consuming upwards of 4000-6000 kcal and 150 g of nitrogen daily. Complete
assimilation of this intake may not be achieved based on such factors as absorptive
intestinal capacity and remnant anatomy.
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Table 10.4 Nutritional recommendations in short bowel syndrome based on remnant anatomy

Dietary Remnant anatomy
constituent Colon-in-continuity Jejunostomy/ileostomy
Protein 1.0-1.5 g/kg/day 1.0-1.5 g/kg/day
Intact protein Intact protein
+Peptide-based formula +Peptide-based formula
Carbohydrate 30-35 kcal/kg/day 30-35 kcal/kg/day
Complex carbohydrates/starches Variable types
Soluble fiber Soluble fiber
— Bulks stool — Bulks ostomy output
— Substrate for SCFA production in
colon
Fat 20-30 % of daily energy intake 20-30 % of daily energy intake
Medium- and long-chain triglycerides Long-chain triglycerides
+Low fat/high fat +Low fat/high fat
Oxalate Low oxalate diet (ensure adequate urine | No restriction needed
output)
Oral Fluids ORS and/or hypotonic solution ORS
Sodium - Increased dietary sodium intake

Due to SBS as a malabsorptive condition, actual energy needs may be greater than those listed.
Nutritional status must be adequately assessed and intake appropriately supplemented to maintain
metabolic demands

ORS oral rehydration solution, SCFA short chain fatty acid

Proteins should comprise about 20 % of dietary intake. Small studies have evalu-
ated the use of peptide-based diets in SBS with mixed results [S8—-60]. However, as
nitrogen is the macronutrient least affected by decreased intestinal absorptive
surface area, peptide-based diets are not routinely recommended [1, 5]. Fats should
comprise 20-30 % of caloric intake and contain a high concentration of essential
fatty acids to prevent deficiency. In general, complex carbohydrate intake should be
encouraged, with the avoidance of simple sugars and high osmotic loads (caused by
disaccharides) that can exacerbate diarrhea and increase ostomy output. In addition
to hypertonic fluids, patients should also avoid caffeine, osmotically active medica-
tions, and artificial sweeteners (e.g., sorbitol) that can increase fluid secretion, stim-
ulate intestinal motility, and further intensify rapid transit. There appears to be no
clear benefit to separating liquid and solid food intake [1, 5, 7]. Lactose-containing
products need not be restricted except in cases of confirmed lactase deficiency or
following significant proximal jejunal resections [61, 62].

Traditionally, high-carbohydrate and low-fat diets (typically with MCTs) have
been advocated in SBS. This has been based upon the central ideas that dietary fats
encourage gastrointestinal hormone secretion; steatorrhea adversely influences fluid
absorption; and carbohydrates pass unabsorbed through the SI to the colon, where
they are fermented to SCFAs to provide energy-salvage [17]. High-fat enteral diets
in animal models have been shown to enhance villus growth and accelerate intesti-
nal adaptation following massive small bowel resection and may also be beneficial
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in the retention of lean body mass [63—66]. Alternatively, early low-fat diets in the
rat model appear to impede post-resection intestinal adaptation in SBS by signifi-
cantly decreasing ileal cell proliferation, jejunal crypt depth, ileal villus height, and
ileal mucosal weight [67].

A small study in SBS patients (clinically stable for at least 6 months after intesti-
nal resection) reported no difference in stool or ostomy volume, total calories
absorbed or excreted, urine output, or electrolyte excretion when comparing high fat/
low carbohydrate (60 % fat/20 % carbohydrate) and low fat/high carbohydrate (20 %
fat/60 % carbohydrate) diets [68]. A subsequent study of 8 SBS patients (clinically
stable for at least 12 months after intestinal resection) tolerating oral, lactose-free,
low-fiber diets (22 % protein/32 % carbohydrate/46 % fat) did not support the need
for dietary fat restriction. Additionally, an increase in oral caloric intake to 35—40 kcal/
kg/day (based on ideal body weight) was encouraged to maintain positive nitrogen
balance [69]. A study of five metabolically stable, SBS jejunostomy patients on
home PN revealed that increasing dietary fat percentage led to increased amounts of
steatorrhea, although the increased intake of fat over carbohydrate calories did not
significantly alter ostomy volume [70]. Furthermore, high-fat diet type (based on
polyunsaturated/saturated fatty acid ratio) did not seem to affect fat absorption, nor
did the type or amount of dietary fat consistently impact jejunostomy output volume
[70]. In this study, high fat intake did not affect monovalent cation loss (i.e., sodium
and potassium) but was associated with a significant net secretion of divalent cations
(i.e., Ca*, Mg?*, copper, and zinc) [70]. In some reports, high-fat diets (although
high in energy) have been linked to colonic water secretion, delayed gastric empty-
ing, and early satiety [7]. Overall, it appears that the concept of net absorption gener-
ally takes precedence over high dietary fat content [17, 68]. An additional
consideration is that restricting fat as a calorically concentrated energy form (con-
taining 9 kcal/L compared to 4 kcal/L for carbohydrate) can predispose to decreased
oral energy intake.

Dietary Considerations After Limited Ileal Resection/Colon-in-Continuity

Response to solid food in the late postoperative phase following limited ileal resec-
tion (<100cm) is dictated primarily by the length of resection and presence of the
right colon. Patients frequently develop secretory diarrhea (without steatorrhea)
with consumption of a regular diet. Treatment with a bile acid-binding resin
(e.g., colestipol 1-2 g with meals or cholestyramine 2—4 g with meals) may amelio-
rate symptoms relating to bile acid malabsorption. Some patients with limited ileal
resection and right hemicolectomy do not respond to these agents, presumably due
to the loss of intestinal absorptive capacity for sodium chloride [7]. Bile salt replace-
ment therapy with ox bile or cholylsarcosine (synthetic conjugated bile acid) is
infrequently employed; although documented in some studies to increase fat absorp-
tion, fecal volume appears to remain unaltered or even increased [71-74]. Limiting
oral fat intake (<40 g/day) may be clinically beneficial for reducing steatorrhea in
settings of documented fat malabsorption such as in patients with limited terminal
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ileal resection and colon-in-continuity. This dietary modification can also improve
fat-soluble vitamin absorption and net absorption of Mg?*, Ca*, and zinc [7].

Complex carbohydrates, including starch, soluble fiber, and nonstarch polysac-
charides, should be encouraged for SBS patients with colon-in-continuity. These
substances are not absorbed by the SI and pass undigested into the colon, where
they are metabolized to SCFAs by anaerobic colonic bacteria. SCFAs, particularly
butyrate, are the preferred fuel for colonocytes, stimulating sodium and water
absorption, and providing colonic energy salvage of up to 525-1170 kcal/day [7, 24,
75, 76]. The amount of energy absorbed in this manner is proportional to the amount
of residual colon and can increase over time as intestinal adaptation takes place [7].
In addition to providing substrate for the production of SCFAs, soluble fiber can
bulk stool and increase colonic transit time [77, 78]. Insoluble fiber (such as wheat
bran) also appears to increase fecal weight but decreases transit time [79].

Water soluble MCTs (C8-C10 triglycerides) do not require micellar solubiliza-
tion and are absorbed independently of bile salts in the colon. MCTs may supply
additional energy as fat calories for patients with colon-in-continuity but appear to
be of little benefit for other SBS patients such as those with an end-jejunostomy [5, 7].
For patients with remnant colon, the addition of MCTs to long-chain triglycerides
can significantly improve fat and overall energy absorption compared to similar
diets containing only long-chain triglycerides [80]. However, MCTs do not provide
essential fatty acids and can lead to adverse effects, including nausea, vomiting, and
ketosis, at high doses.

Patients with ileal resections >100 cm and colon-in-continuity are at increased risk
for oxalate nephrolithiasis and should thus maintain a low oxalate diet. Calcium pre-
cipitation with free fatty acids in the colon leaves oxalate unbound and subject to
systemic absorption through the colonic mucosa. Additionally, the presence of bile
acids can increase colonic permeability to oxalate directly. Free oxalates in the blood-
stream can precipitate in the kidney, leading to renal stones [76]. Some of the vitamin
C contained in PN solutions can be converted to oxalate and result in hyperoxaluria.
Dehydration and high-oxalate substances (e.g., coffee, tea, cola, chocolate, spinach,
carrots, and celery) should be avoided. Increased calcium intake should be encour-
aged to decrease colonic oxalate absorption through formation of insoluble salts.
Cholestyramine, typically dosed to reduce bile acid-induced diarrhea with terminal
ileal resections <100cm, can also bind to intraluminal oxalate to further reduce oxa-
late absorption. Patients without a colon are theoretically not at increased risk for
oxalate nephrolithiasis [5].

Dietary Considerations After Extensive Intestinal Resection

A significant amount of calories should be obtained from complex carbohydrates in
SBS patients with a jejunostomy or an ileostomy. Jejunostomy patients, bearing no
colon, have similar energy absorption for low-carbohydrate/high-fat and high-
carbohydrate/low-fat diets and can generally consume more liberal, energy-rich diets
as tolerated [7]. Although increases in the percentage of dietary fat consumption may
contribute to steatorrhea, the type (polyunsaturated or saturated) and amount of
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dietary fat intake has not demonstrated a significant influence on jejunostomy output
volume [70]. MCT supplementation does not appear to increase overall energy
absorption in patients without a colon and appears to decrease carbohydrate and pro-
tein absorption [80]. Soluble fiber may be used to thicken ostomy output [51]. Patients
without a colon are unable to ferment complex carbohydrates to SCFAs but should
generally avoid simple carbohydrates and high osmolar loads. Such patients also
require more aggressive hydration in the setting of increased stool volume [2, 23].

Fluid and Electrolyte Recommendations

Water and sodium deficiencies are most commonly seen in SBS patients with
proximal jejunostomies who are unable to overcome stomal fluid losses with oral
intake alone. Obligatory electrolyte losses (sodium, potassium, and Mg**) may
occur in the setting of considerable stomal effluents (upwards of 3 L/day). The
high volume output is primarily due to the loss of normal daily secretions (0.5 L
salivary, 2 L gastric, 1.5 L pancreaticobiliary) that are further stimulated in
response to food and drink [ 18]. Stomal effluent generally contains 90—-100 mmol/L
of sodium and relatively little potassium (10-20 mmol/L), along with Ca**, Mg*,
zinc, copper, and iron [7].

Jejunostomy patients with net sodium absorption (“net absorbers”) generally
bear >100 cm residual jejunum (stomal output about 2 kg/24 h) and absorb more
water and sodium than they consume orally [81]. Text management includes sodium
and water supplementation, and parenteral support is typically not needed. Net
sodium secretors (“net secretors”) are high-output ostomy patients who generally
bear <100 cm residual jejunum (stomal output 4-8 kg/24 h) and lose more water
and sodium via stoma than consumed orally. “Secretor” output typically increases
markedly in the daytime in response to food and decreases at night [18]. These high-
output “secretor” jejunostomy patients are often persistently in negative sodium
balance and generally require parenteral IV fluid for the provision of adequate water
and sodium [82]. The goal is compression to overnight infusion, although additional
IV fluid hydration may also be required throughout the day.

Patients with stomal losses of <1200 mL/day can typically maintain sodium bal-
ance with the addition of dietary sodium. High-output jejunostomy patients should
be counseled to restrict oral hypotonic fluid intake and to consume glucose-polymer-
based ORS containing 90-120 mEq/L sodium chloride (NaCl) to reduce dehydra-
tion and TPN fluid needs. ORS takes advantage of the sodium-glucose co-transporter
to maintain hydration. A simply formulated ORS developed by the World Health
Organization can be created by mixing NaCl (2.5 g, table salt), sodium bicarbonate
(NaHCO;; 2.5 g), potassium chloride (KCI; 1.5 g, prescription required), and
sucrose (20 g, table sugar) in 1 L water (H,0). Commercial ORS types are also
available [17]. Patients should be advised to choose ORS as their drink of choice
over H,O when thirsty. Hypertonic fluids, such as juices and soda, present an
osmotic load and should be avoided. Along with these approaches, other dietary
modifications and pharmacotherapeutic options, such as antidiarrheal and antisecretory
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agents, can be prescribed to reduce ostomy output (see section on Dietary
Macronutrient Recommendations and subsequent chapter on SBS Pharmacotherapy).
For patients with residual ileum who lack jejunum, the ORS-glucose component is
not crucial, as ileal water resorption is not glucose-dependent [83]. ORS may ben-
efit patients with colon-in-continuity, although the ORS-sodium component may
not be as critical provided sufficient dietary sodium is ingested. This group of
patients readily absorbs sodium and water via a sharp electrochemical gradient.
Slow, continuous liquid intake should be encouraged throughout the day to avoid
gastric dumping [51].

Vitamin and Micronutrient Assessment and Supplementation

Micronutrients, including fat-soluble vitamins (A, D, E, K), water-soluble vitamins
(e.g., By, By, Bs, Bg), and trace elements (e.g., zinc, selenium, copper) should be
monitored and often require supplementation, particularly as patients are weaned
from enteral or parenteral solutions that customarily contain such substances
(Table 10.5). Vitamin deficiencies may develop due to a combination of
malabsorption and inadequate intake (such as in patients restricting intake to prevent
postprandial diarrhea). Vitamin and mineral levels must be routinely monitored and
repleted on an individual basis to ensure adequate supplementation and to prevent
toxicity (particularly with the fat-soluble vitamins). Supplement doses superseding
those of the standard dietary reference intake may be required in SBS patients due
to impaired absorption. Liquid preparations are generally preferable, as solid pills
may not be properly dissolved or absorbed in the setting of rapid intestinal transit.
Patients undergoing TPN weaning and those receiving <75 % of their nutritional
needs parenterally should have vitamin and trace mineral levels checked
approximately 2-3 times yearly or more frequently if clinically warranted.

Fat-Soluble Vitamins

Fat-soluble vitamin deficiencies are frequently detected in SBS as a consequence of
fat maldigestion and malabsorption. Vitamin A, vitamin D, and vitamin E levels, in
particular, should be carefully monitored to ensure adequacy of supplementation
and to avoid toxicity. Vitamin A deficiency should prompt cautious repletion, as
oversupplementation can lead to hepatotoxicity and liver failure.
25-Dihydroxyvitamin D levels should be monitored. SBS patients may require a
wide range of supplemental vitamin D doses (from 50,000 units twice weekly to
100,000 units daily) of the parent vitamin D compound based on individual degrees
of malabsorption. Serum vitamin E levels can vary based on total serum lipid con-
centrations, so the two values should be measured simultaneously and assessed as
aratio (vitamin E: total serum lipids). Vitamin K supplementation is rarely needed
in patients with colon-in-continuity, as enteric bacteria synthesize a majority of the
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Table 10.5 Vitamin, mineral, and trace element supplementation in selected patients with short
bowel syndrome [7]

Micronutrient Baseline dose requirement | Distinct considerations
Vitamin A 10,000-50,000 units orally |- Caution advised with supplementation,
or parenterally daily particularly in patients with underlying
liver disease, as overdosing can lead to
hepatotoxicity and liver failure
Vitamin D 50,000 units 1,25(0OH),D; -
twice weekly to twice daily
Vitamin E 30 International Units -
orally daily
Vitamin K 10 mg orally weekly — Deficiency frequent in patients without
residual colon and in those taking
broad-spectrum antibiotics
Vitamin B, 1000 pg injected — Active terminal ileal disease or resection
subcutaneously monthly of >60 cm of terminal ileum generally
require lifelong supplementation
Vitamin C 200-500 mg orally daily -
Bicarbonate Supplement as needed -
Biotin See text — Deficiency rarely reported
— Consumption of raw eggs should be
avoided
Calcium 1000-1500 mg orally daily |— Higher doses for patients with intact
colon and hyperoxaluria to precipitate
dietary oxalate
Chromium - — Deficiency rarely reported in association
with long-term parenteral nutrition
Copper - — Deficiency rarely reported
Folate 1 mg orally day — Proximal jejunal resection or disease
Iron Supplementation based on |- Chronic gastrointestinal blood loss (i.e.,
need active Crohn’s disease)
— Duodenal resection or disease
Magnesium See text -
Multivitamin See text -
Phosphorous See text — Deficiency rarely reported
— Close monitoring for refeeding syndrome
in settings of severe malnutrition
Selenium 60—150 pg orally daily -
Zinc 220-440 mg orally daily -

(gluconate or sulfate form)

Note: Table lists general guidelines for vitamin, mineral, and trace element supplementation. As
relative absorption and dosing requirements may vary, regular monitoring with tailored repletion
should occur as clinically appropriate on an individual basis.
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daily vitamin K requirement (1 mg/day). The remainder of the vitamin K require-
ment is generally obtained through dietary means. Decreased oral intake, broad-
spectrum antibiotics, and loss of residual colon predispose to vitamin K deficiency.
Vitamin K is present in I'V lipid emulsions but is not a component of all PN multi-
vitamin preparations; prothrombin time should thus be monitored with vitamin K
repletion when appropriate.

Water-Soluble Vitamins

Most water-soluble vitamins are absorbed in the proximal jejunum, so these
deficiencies are less common in SBS patients without PN requirements, except after
duodenal or proximal jejunal resection. Patients not receiving PN should generally
be advised to consume one or two B-complex vitamins along with vitamin C (200-
500 mg/day) on a daily basis. Niacin, pyridoxine, and riboflavin are found in multi-
vitamin and B-complex supplements and are basically nontoxic. Caution should be
exercised with vitamin C consumption, however, as excessive use can predispose to
calcium oxalate nephrolithiasis. Vitamin B, should be administered intramuscularly
(usually 1 mg dose) on a monthly basis, particularly in patients with active terminal
ileal disease or prior resection of >60 cm of terminal ileum who require lifelong
supplementation. The diagnosis of By, malabsorption can be made with a Schilling
test, and the adequacy of B, supplementation can be assessed by measuring serum
methylmalonic acid concentrations. Folate deficiency may develop in patients with
proximal jejunal resections and should be supplemented accordingly. Thiamine defi-
ciency can present in the form of beriberi or Wernicke-Korsakoft syndrome and can
be detected with measurement of erythrocyte thiamine transketolase activity or
serum thiamin concentration. Thiamine should be parenterally repleted in settings of
deficiency. Biotin deficiency has been rarely reported in SBS, particularly in patients
receiving PN; the consumption of raw eggs can contribute. Biotin replacement doses
have been debated, and a low dose (intramuscular 150-300 pg/day) has been sug-
gested. However, parenteral biotin is not commercially available [1, 7, 17].

Minerals and Trace Metals

Magnesium and zinc can be rapidly depleted with diarrhea or increased ostomy out-
put. As magnesium is normally absorbed in the distal SI and colon, deficiency is
particularly common in jejunostomy patients with high stomal output. Most magne-
sium is present in the intracellular space, with <1 % in the extracellular space, so
deficiency may occur despite normal serum concentrations. Measurement of 24-h
urinary Mg?* should be followed as a more sensitive indicator of Mg** levels com-
pared to serum or plasma Mg* measurements. Urine Mg?** concentrations
>70 mg/24 h suggest adequate stores. Mg?* repletion generally requires IV infusion.
Oral magnesium is a cathartic and may exacerbate diarrhea [5]. Zinc supplements
are routinely dosed due to substantial losses in small intestinal fluid (12 mg/L) and
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stool (16 mg/L). Standard PN formulas supply 2 mg zinc/day, and oral doses range
from 220 to 440 mg/day. Plasma and leukocyte zinc concentrations do not correlate
with tissue concentrations of zinc and may decline with acute and chronic inflamma-
tion; thus, erythrocyte zinc concentration may be used to assess levels. Zinc binds to
albumin, but there is currently no standard conversion to account for hypoalbumin-
emia. Selenium can be measured with plasma concentrations and supplemented as
needed at a dose of 60-150 pg/day. Copper deficiency is uncommon, as most is
excreted via biliary route. Chromium deficiency has been rarely reported in associa-
tion with long-term PN. Routine supplementation is not advocated, as high doses in
humans have been linked with nephrotoxicity.

Most SBS patients are in a state of negative calcium balance. Oral calcium is
recommended at a dose of 1000-1500 mg/day, and adequate supplementation in
combination with vitamin D is particularly important for maintaining bone health.
Larger calcium doses (e.g., ~2—4 g/day) may decrease diarrhea by binding to fatty
acids in the colonic lumen and may also decrease the risk of calcium oxalate stones.
Bone mineral density should be routinely monitored, as SBS patients are at increased
risk for metabolic bone disease in the setting of malabsorption. Iron absorption is
achieved in the duodenum and is not routinely supplemented in SBS patients.
Supplemental iron may be required in patients with prior duodenal resection, active
CD disease leading to ongoing blood loss, or other types of gastrointestinal hemor-
rhage. Serum ferritin should be monitored and may become elevated as an acute
phase reactant or in chronic disease states. Phosphorous deficiency is rare and
uncommonly requires supplementation [5]. However, close monitoring for refeed-
ing syndrome should generally be undertaken in settings of severe malnutrition; the
establishment of electrolyte replacement protocols may help to minimize risks for
electrolyte imbalance associated with feeding initiation [84—87].

Maintenance Parenteral Nutrition

Despite efforts to optimize SBS therapy using a combination of nutrition and phar-
macotherapy, a substantial group of patients require PN/IV support on a continual
or intermittent basis. Continuous home PN requires appropriate patient selection
and a multidisciplinary maintenance approach with provision of intense patient edu-
cation and competent nursing care.

Catheter Considerations and Maintenance of Care

TPN should be administered through a single-lumen catheter (with tip in superior vena
cava or inferior vena cava) to decrease risks of thrombosis and infection. Home TPN is
usually administered via implantable port or tunneled catheter, with percutaneously
inserted central catheters reserved for anticipated short-term use of <6 months [7].
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The line should be used exclusively for PN and fluids; routine blood draws should be
obtained from peripheral sites. Patients should be instructed in the principles of catheter
care (including handwashing plus meticulous cleaning of the line with each connec-
tion/disconnection, dressing changes, etc.) and should be trained to promptly recognize
signs/symptoms of catheter-related infection (i.e., erythema, tenderness, or exudate at
exit site suggesting cuff infection; erythema over site of subcutaneous tunnel tract sug-
gesting tunnel infection; fever, possibly only with PN infusions or chills with catheter
flushes suggesting catheter sepsis). Of note, the absence of exit site erythema or exuda-
tive drainage does not exclude catheter sepsis. Patients should also understand their
indications for TPN use and basic instructions for TPN preparation and care (i.e., TPN
component mixing, catheter flushing, and IV pump function). Home environments
should be evaluated to identify a clean space for TPN set-up; a small refrigerator des-
ignated only for TPN storage is recommended. Home care nurses are crucial in the
initial education and maintenance efforts for home TPN use. Patients should be encour-
aged to explore offerings for home TPN resources, outreach organizations, and sup-
portive care groups.

After hospital discharge, medical office appointments and laboratory monitoring
for home PN patients should initially be more frequent, while stable and reliable
SBS patients may have outpatient visits and laboratory testing approximately every
4 months. The catheter/port site, dressing, and surrounding skin/tissues should be
closely examined at each visit to assess for signs of infection. Questions pertaining
to catheter care and function should also be addressed. Appropriately maintained
catheters may remain in place for several years after insertion [5].

Home PN: Complications, Economic Impact,
and Quality of Life

Home PN dependence may be classified as transient or permanent (deemed irrevers-
ible). Home PN dependence appears significantly decreased with remnant SI length
>75 cm, presence of >57 % (4/7) remnant colon, and early (<6 months) plasma
citrulline concentration >20 pmol/L. Among 124 patients with nonmalignant SBS
who became home PN independent, 26.5 % achieved this status greater than 2 years
after SBS constitution [13].

Home PN is a life-sustaining therapy for SBS patients who would have otherwise
died as a result of dehydration or malnutrition [88]. Stable nutritional parameters
can be maintained in a majority of long-term PN patients [6]. However, home PN is
a high-expenditure therapy that has been associated with various complications
including catheter-related bloodstream infections, venous thrombosis, renal disease,
hepatobiliary disease, and metabolic bone disease, among others [88]. The most
common of these complications, line sepsis, may be recompensed with vigilant
instruction and improved catheter care techniques [6]. Liver failure is the home
PN-related complication associated with the greatest risk of death [89].
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Home PN appears to be a significantly increased risk factor for death (5.6-fold
higher, P=0.013) when comparing PN-dependent and enterally independent
patients [90]. The morbidity risk with home PN appears increased in the absence of
a specialist team and during the early treatment period [89]. Long-term outcome
reports in adults suggest that most home PN-related morbidity reflects the underly-
ing disease rather than complications from home PN itself [91]. Reduced survival
probability has been demonstrated with the presence of a stoma or very short bowel
remnant, age >40 or <2 years, initiation of home PN at age >45 years, and certain
pathologic conditions (i.e., radiation enteritis, congenital mucosal diseases, and
necrotizing enterocolitis, among others) [89, 90]. Long-term outcomes and compli-
cations of TPN are discussed in further detail in a separate chapter.

QOL measures are lower among patients requiring home PN compared to healthy
individuals and to patients with other intestinal diseases not necessitating home PN
[88]. Home PN-dependent patients report fears of home PN-associated adverse
events as well as daytime fatigue and impaired sleep due to nocturia, pump noises,
and equipment alarms [88, 92]. In a survey of 48 patients on long-term home PN,
QOL was significantly correlated with depression, anxiety, fatigue, disordered
sleep, and social impairment [93]. SBS-related diarrhea, food intolerance, and home
PN dependency can impact travel, leisure, and recreational activities [88, 94, 95].
Families and caregivers may encounter economic challenges as a result of reduced
employment rates and medical expenses (i.e., insurance premiums, copayments,
pharmaceuticals, medical supplies) along with psychosocial burdens including
decreased social activities, depression, and disrupted social relationships [88].
Interventions that may improve clinical outcomes and QOL among home PN
patients and their caregivers include patient education initiatives, connections with
support groups, and treatment of concomitant symptoms including depression and
fatigue [88]. Continued efforts toward PN weaning with optimization of nutritional
and pharmacotherapeutic strategies should be advocated [88].

Conclusion

SBS as a malabsorptive condition results from compromised intestinal structure
and/or function due to congenitally absent, extensively resected, and/or diseased
bowel. The severity of SBS is influenced by the extent and viability of residual
bowel, preservation of anatomic landmarks (e.g., terminal ileum, ileocecal valve,
and colon-in-continuity with SI), original organ length, and the compensatory pro-
cess of intestinal adaptation. Nutritional consequences range from mild dehydration
with select nutritional deficiencies (as in limited intestinal resections) to profound
dehydration with serious nutritional consequences including electrolyte derange-
ments, debilitating diarrhea, and malnutrition (as in extensive intestinal resections).
PN/IV support is generally required to maintain adequate nutrition, hydration, and
metabolic balance in the initial SBS management phases (e.g., postoperatively).
Enteral nutrition should be encouraged as early as possible. Patients with SBS
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require specialized dietary modifications based on remnant anatomy including the
presence of residual colon. Patients with SBS are prone to macro- and micro-
nutrient and essential fatty acid deficiencies as well as a variety of disease-related
complications. Despite efforts to optimize SBS therapy using a combination of
nutrition and pharmacotherapy, a substantial group of patients require continual or
intermittent PN/IV support. SBS is associated with multiple complications, high
utilization of healthcare resources, decreased QOL, and substantial morbidity and
mortality. A multidisciplinary approach, involving nutritional, pharmacotherapeu-
tic, psychological, and surgical facets, is paramount in the care of SBS patients.
Healthcare maintenance goals include restoring nutritional autonomy, preventing
complications, and enhancing QOL. Pharmacotherapeutic options to mitigate
clinical symptoms and enhance intestinal rehabilitation in SBS are discussed in the
subsequent chapter.
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Short bowel syndrome (SBS) refers to a malabsorptive state resulting from loss of
intestinal structure and/or function due to congenitally absent, extensively resected,
and/or diseased bowel. SBS is typically defined by the presence of <200 cm of
residual small intestine (SI) [1]. The spectrum of SBS dysfunction ranges from mild
dehydration with select nutritional deficiencies (i.e., limited intestinal resections) to
severe dehydration with serious nutritional consequences including electrolyte
derangements, debilitating diarrhea, and profound malnutrition (i.e., extensive
intestinal resections). Parenteral nutrition (PN) and/or intravenous (IV) (i.e., fluid
and/or electrolyte) support are generally required to maintain adequate nutrition,
hydration, and metabolic balance. The physiologic considerations and nutritional
management of SBS have been described in detail in the previous chapter.

Pharmacotherapy is generally required in SBS and tailored to mitigate clinical
symptoms. In healthy subjects, several medications are absorbed in the jejunum.
However, because medication malabsorption may exist in SBS, higher drug doses
or alternate delivery routes (sublingual or IV) may be required to achieve adequate
clinical responses. Factors influencing medication efficacy include available
absorptive surface area, remnant anatomy, intestinal transit and mucosal contact
time, and acid/alkaline environment, among others. Oral or enteral medication
formulations are preferred given the potential risk of catheter-related infections
with multiple line manipulations for IV dosing [1]. Pharmacologic therapies in
SBS are outlined in Table 11.1.

Pharmacologic Management of Diarrhea

The etiology of diarrhea in SBS may be complex and multifactorial. Management
strategies can be organized mechanistically (described below). As significant over-
lap may exist, a comprehensive approach with consideration of multiple treatment
options is required.

Rapid Intestinal Transit

Antidiarrheal agents can be used to slow intestinal motility and allow for increased
nutrient contact time. Opioid receptor agonists can decrease diarrhea by inhibiting
small intestinal contractions. First-line agents include loperamide hydrochloride and
diphenoxylate—atropine. Loperamide is a centrally acting p-opioid agonist lacking
potential for adverse central nervous system side effects (i.e., euphoria, sedation, or
addiction) [2—4]. Diphenoxylate is a centrally acting opioid agonist, and its abuse
potential may be limited by anticholinergic effects at high doses (i.e., tachycardia,
mydriasis, or xerostomia, among others) [3]. Second-line agents include such agents
as codeine or tincture of opium. In a double-blind crossover study, both loperamide
hydrochloride (4 mg three times daily) and codeine (60 mg three times daily)
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Table 11.1 Pharmacologic management in short bowel syndrome? [3]

Class Medication Dose
Antimotility agents Diphenoxylate 2.5-7.5 mg orally up to four times daily
(maximum dose 20-25 mg/day)
Loperamide 2—6 mg orally up to four times daily (maximum
dose 16 mg/day)
Codeine 15-60 mg orally four times daily
Morphine 2-20 mg orally up to four times daily

Opium tincture
(deodorized tincture
of opium; laudanum)®

0.3—1 mL orally up to four times daily

Proton pump inhibitors® | Esomeprazole 20—40 mg orally or IV twice daily

Omeprazole 20-40 mg orally twice daily

Lansoprazole 15-30 mg orally twice daily

Pantoprazole 20-40 mg orally twice daily
Histamine (H,) receptor | Cimetidine 200-400 mg orally or IV four times daily
blockers Famotidine 20-40 mg orally or IV twice daily

Ranitidine 150-300 mg orally or IV twice daily
®,-Adrenergic receptor | Clonidine 0.1-0.3 mg orally up to three times daily
blocker 0.1-0.3 mg transcutaneously/week
Somatostatin analog Octreotide 50-250 pg subcutaneously three to four times daily

Pancreatic enzyme

Pancrelipase

500 lipase units/kg/meal (maximum dose 2,500

replacement lipase units/kg/meal or 10,000 lipase units/kg/day)
Bile acid binding resin | Cholestyramine* 2-4 g orally up to four times daily
Antibiotics (for small Metronidazole 250 mg orally three times daily for 7-14 days
bowel bacterial Ciprofloxacin 500 mg orally twice daily for 7-14 days
overgrowth) Augmentin 500 mg orally twice daily for 7-14 days
Tetracycline 250-500 mg orally four times daily for 7-14 days
Rifaximin 200-500 mg orally three times daily for
7-14 days
Doxycycline 100 mg orally twice daily for 7-14 days
Neomycin 500 mg orally twice daily for 7-14 days
Recombinant human Somatropin 0.1 mg/kg injected subcutaneously daily
growth hormone (for duration of 4 weeks)
(r-hGH)
Glucagon-like peptide-2 | Teduglutide 0.05 mg/kg subcutaneously daily
(GLP-2) Analog (recombinant) (treatment duration not restricted)

1V intravenous

2PDoses exceeding maximum doses may be necessary in short bowel syndrome to overcome medication

malabsorption

"Gastric acid hypersecretion generally improves after 6 postoperative months

‘Opiates must be prescribed and dosed with care, particularly with opium tincture and paregoric.
Opium tincture (deodorized tincture of opium): liquid 10 mg anhydrous morphine equivalent/
mL. Paregoric (camphorated tincture of opium): liquid 2 mg anhydrous morphine equivalent/5 mL;
dosed at 5-10 mg orally 1-4 times daily. Opium tincture is 25-fold more concentrated than
paregoric and is thus dosed in drops (or fractions of a mL). Abbreviations should not be used when
prescribing these agents to avoid medication errors. As it appears safer to dose in mL, the use of
medicine droppers should be avoided [55]. Conversions: 1 mL of opium tincture =25 mL parego-
ric=65 mg codeine =10 mg morphine

dNot for use with presence of <100 cm terminal ileum
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significantly decreased daily volume and water content of ileostomy output, resulting
in a 27 % reduction in wet weight of the ostomy effluent. Loperamide treatment was
associated with fewer side effects and decreased daily losses of sodium and potas-
sium compared to codeine [5]. Antidiarrheal agents appear to be most effective when
administered 30—60 min before meals and snacks [6, 7]. As antidiarrheal effects may
diminish with use over time, appropriate symptom monitoring and medication adjust-
ments may be required [6].

Gastric Acid Hypersecretion

Hypergastrinemia leading to transient gastric acid hypersecretion can contribute to
fluid and electrolyte losses, particularly in the first 6—12 postoperative months fol-
lowing massive intestinal resection [8]. Other consequences of gastric acid hyperse-
cretion include compromised intestinal absorption (due to pancreatic enzyme and
bile salt denaturation in the duodenum) and peptic ulcer disease [7-9]. Gastric acid
hypersecretion appears to be proportional to the length of resected intestine and is
influenced by the loss of various enterogastrones such as cholecystokinin, peptide
YY, glucagon-like peptide (GLP)-1, secretin, and neurotensin [9, 10]. Proton pump
inhibitors (PPIs; first-line agents) and histamine-2 (H,) blockers (second-line
agents), absorbed in the proximal jejunum, can be used to reduce jejunal fluid and
potassium losses during this postoperative period. In a randomized, double-blind,
crossover study of SBS patients (median SI length of 100 cm; fecal weight >1.5 kg/
day), omeprazole 40 mg IV twice daily significantly increased median wet weight
absorption by 0.78 kg/day to a total median of 2.01 kg/day compared to ranitidine
150 mg IV twice daily and no treatment [11].

Transdermal or oral administration of clonidine, an o2-adrenergic receptor agonist,
can mediate several gastrointestinal functions by acting on enteric neurons. These
include inhibition of gastric acid secretion, reduction of intestinal fluid secretion,
stimulation of small intestinal absorption, and delay of gastrointestinal motility
(gastric, small intestinal, and colonic), among others. Clonidine may also be used to
facilitate colonic chloride absorption [12]. Although data in SBS is limited, a small
controlled study of 8 PN-dependent, high-output proximal jejunostomy patients found
that transdermal clonidine was associated with a clinically significant decrease in
fecal weight (P=0.05) along with a significantly decreased loss of fecal sodium
(P=0.036) [13]. The use of oral clonidine (dosed at 0.1 and 0.2 mg orally twice daily)
successfully reduced fecal output by 2.5-3.0 L/day when used in 2 high-output SBS
patients otherwise refractory to conventional SBS medical therapy [14]. Hypotension
may be a limiting factor for clonidine use.

Octreotide, a long-acting somatostatin analog, is considered a third-line agent
that may be particularly useful in high-output jejunostomy cases. This drug may
influence diarrheal output via multiple mechanisms, including inhibition of gastrin
and other gastrointestinal hormones. Inactivation of adenylate cyclase by octreotide
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inhibits the movement of ions across intestinal epithelium, thus decreasing fecal
output [15, 16]. Octreotide has been shown to prolong intestinal transit time in
SBS. In a 15-week, prospective, open-label trial involving 8 SBS patients, intramus-
cular sandostatin (20 mg dosed at weeks 0, 3, 7, and 11) significantly increased
small intestinal transit time (P=0.03) [15]. The use of octreotide may be limited by
its subcutaneous administration route, high associated cost, and association with
adverse events including malabsorption, pancreatic insufficiency, cholelithiasis, and
subacute intestinal obstruction, among others [17]. Some studies have suggested
that octreotide may inhibit intestinal adaptation, while other studies have not shown
such an association [18, 19].

Fat Malabsorption

Several mechanisms may lead to steatorrhea in SBS including inactivation of
pancreatic enzymes (particularly lipase) and depletion of the bile salt pool lead-
ing to insufficient micelle formation (particularly after ileal resection). In some
situations, the absorptive environment may be optimized with pancreatic enzyme
repletion to enhance fat absorption, particularly during the period of postopera-
tive gastric acid hypersecretion [3]. This treatment should be initiated after acid
suppressive and antimotility therapies have been optimized. Elemental calcium
at high oral doses (2.4-3.6 g/day) may decrease diarrhea, likely by binding to
fatty acids. Supplemental bile acids should only be considered with a normal
gastric pH given the potential for precipitation in settings of gastric acid hyper-
secretion [20]. As aforementioned, cholestyramine can be used to reduce bile
acid diarrhea after partial ileal resection (<100 cm of terminal ileum resected) in
patients with colon-in-continuity, although this may exacerbate diarrhea in
patients with a small amount of remaining ileum and intact colon by establishing
a relative bile salt deficiency. Cholestyramine may predispose to fat-soluble
vitamin deficiency and may worsen steatorrhea in patients with >100 cm ileal
resection by binding to dietary lipids. Cholestyramine can also bind to several
medications such as antibiotics, beta-blockers, oral hypoglycemic agents, and
warfarin, among others [4].

Small Intestinal Bacterial Overgrowth

Postsurgical anatomic changes, including ileocecal valve resection, intestinal adhe-
sions or strictures, and altered intestinal motility can predispose to small intestinal
bacterial overgrowth (SIBO), a condition manifesting primarily as diarrhea with gas
and bloating. Excess bacteria in the SI contribute to vitamin B, deficiency related
to bacterial consumption and fat malabsorption due to bacterial bile acid
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deconjugation. Rapid intestinal transit in the shortened bowel may make it difficult
to differentiate between SI and colonic hydrogen production and can yield false-
positive hydrogen breath test results for SIBO diagnosis. Thus, if clinical suspicion
for SIBO is high, a course of antibiotic therapy (e.g., with fluoroquinolone, metro-
nidazole, tetracycline, or rifaximin) may be beneficial. Rotating antibiotics and
including drug-free intervals (for instance, cycling antibiotic courses over the initial
7-10 days of each month) may decrease the development of resistant bacterial
strains [6]. However, caution must be exercised, as the use of broad-spectrum anti-
biotics can contribute to diarrheal symptoms and may also predispose to Clostridium
difficile infection.

Pharmacologic Therapy for Intestinal Rehabilitation

The primary goals of intestinal rehabilitation are to achieve nutritional autonomy
and improve quality of life (QOL). Promoting intestinal adaptation and optimizing
hydration and enteral nutrition needs can help to wean (and ideally eliminate) long-
term PN and/or IV (PN/IV) requirements [6, 21]. Growth factors may be recom-
mended in settings of suboptimal SBS control despite maximum medical and
nutritional care measures. There are currently two pharmacologic options available
for the short-term treatment of SBS in patients receiving PN/I'V support. Somatropin,
a recombinant form of human growth hormone (r-hGH), and Teduglutide, a GLP-2
analog, are progressive pharmacologic extensions of tailored fluid, nutritional, and
standard medication management strategies in SBS.

Recombinant Human Growth Hormone: Somatropin

Somatropin (Zorbtive®, EMD Serono Inc, Rockland, MA) is a type of r-hGH that
was approved by the Food and Drug Administration (FDA) in 2003 for the short-
term treatment of SBS in patients receiving nutritional support [22]. The recom-
mended dose is 0.1 mg/kg injected subcutaneously for a 4-week period. Early-phase
studies involving small patient samples and different doses of growth hormone in
conjunction with glutamine demonstrated variable effects on intestinal absorption
[23-29]. The largest included 61 patients prospectively studied using a combination
of growth hormone (mean dose 0.09 mg/kg/day for 4-6 weeks), oral glutamine
(30 g/day), patient education, and optimized diet. Results demonstrated that 20 of
49 (41 %) SBS patients (residual SI <200 cm) who initially required PN/IV support
became PN/IV-independent at 1-year follow-up, and another 25 (51 %) demon-
strated decreased PN/IV requirements. A majority of the subjects experienced the
drug’s adverse side effect of peripheral edema [25].

The phase III clinical trial was a 4-week, inpatient (dual center), double-blind,
randomized, placebo-controlled, parallel-group designinvolving 41 PN/IV-dependent
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SBS patients. The study investigated the effect of somatropin and optimized, gluta-
mine-supplemented (30 g/day) diet on PN/IV requirements. Its primary endpoint
was a change in weekly PN/IV requirements (collective measure of PN volume,
supplemental lipid emulsion, and IV fluids). A significantly greater reduction from
baseline in total parenteral volume was achieved in 16 patients receiving subcutane-
ous somatropin (0.1 mg/kg/day) plus glutamine-supplemented diet (7.7 L/week,
P<0.001) and in 16 patients receiving somatropin plus optimized non-glutamine-
supplemented diet (5.9 L/week, P<0.05) compared to 9 patients receiving gluta-
mine-supplemented diet alone (—3.8 L/week). Somatropin reduced weekly PN/IV
frequency to 4 days (somatropin plus glutamine-supplemented diet) and 3 days
(somatropin plus optimized non-glutamine-supplemented diet) compared with 2
days in the glutamine-supplemented diet only group. Optimized oral diet was
continued through an observation period. Significantly greater mean reductions in
the TPN-derived calorie requirement were achieved in the somatropin plus gluta-
mine-supplemented diet group (-5751 kcal/week, P<0.001) and in the somatro-
pin plus optimized non-glutamine-supplemented diet group (—4338 kcal/week,
P<0.01) compared with glutamine-supplemented diet alone (—2633 kcal/week).
At 3-month follow-up, only subjects who had received the somatropin plus gluta-
mine-supplemented diet maintained significant reductions in total PN volume
requirement compared to subjects who had received the glutamine-supplemented
diet alone (—7.2 vs. —4.7 L/week, P<0.005) [30].

The most common adverse events observed with somatropin were peripheral
edema (94 % vs. 44 % controls) and musculoskeletal-related events such as
arthralgias (44 % vs. 1 % controls) [30]. The use of r-hGH in various dosages has
also been associated with carpal tunnel syndrome, glucose intolerance and type 2
diabetes mellitus, acute pancreatitis, and unmasking of latent central hypothy-
roidism, among others. Somatropin is contraindicated in patients with active
malignancy or recurrent cancer, newly diagnosed SBS, active proliferative or
severe non-proliferative diabetic retinopathy, and sepsis or critical illness. Patients
with remnant colon should be screened for colon cancer prior to starting
r-hGH. Somatropin has been associated with the development of intracranial
hypertension, usually presenting within the first 8 weeks of medication initiation.
Fundoscopic examination should be performed routinely before starting therapy
to exclude preexisting papilledema and should be repeated periodically through-
out the treatment course. If papilledema is observed, somatropin should be
stopped. All reported signs and symptoms of intracranial hypertension appear to
rapidly resolve with drug cessation or dose reduction [22].

Somatropin is expensive, with an approximate cost of United States
(US)$20,000 for a 4-week treatment [31]. Although the drug is currently FDA
approved for a single course of therapy over 1 month, patients may need re-treat-
ment. Further studies are needed to determine long-term effects of r-hGH and
details of therapy such as optimal dosing/administration, duration, and mainte-
nance of treatment.
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Glucagon-Like Peptide-2 Analog: Teduglutide

GLP-2 is a neuroendocrine peptide secreted by intestinal L cells (of the terminal
ileum and colon) with targeted intestinotrophic effects. The hormone is released in
response to food and plays a role in the promotion of normal intestinal growth and
the proliferation of mucosal epithelium and enterocytes [32—35]. GLP-2 has been
demonstrated to delay gastric motility, reduce secretions, and increase intestinal
absorption [34, 36, 37]. In a study of 8 SBS patients (with resected terminal ileum
and colon and no postprandial GLP-2 release), administration of GLP-2 (400 pg
injected subcutaneously twice daily for 35 days) significantly improved intestinal
absorption of energy, nitrogen, and wet weight (all P=0.04). Body weight increased
by an average of 1.2 kg (P=0.01), with a significant decrease in fat mass (P=0.007)
and increase in lean body mass (P=0.004). Solid gastric emptying was also signifi-
cantly slowed (P<0.05) [38].

Teduglutide (Gattex®;, NPS Pharmaceuticals, Inc, Bedminster, NJ) is a recombi-
nant human GLP-2 analog (with a longer half-life than native GLP-2) that was
FDA approved in 2012 for the treatment of PN-dependent SBS [39]. Recommended
dosing is 0.05 mg/kg injected subcutaneously daily. Preclinical models of SI resec-
tion suggested that teduglutide functioned similarly to native GLP-2 in enhancing
intestinal barrier function and absorption [40, 41]. Teduglutide has been shown to
induce structural intestinal adaptation (increased villus height and crypt depth),
enhance intestinal fluid absorption, and increase plasma citrulline concentrations in
SBS patients [42—46]. In a study of 16 SBS patients (with and without colon-in-
continuity), subcutaneous teduglutide (given at 3 dose levels for 21 days) appeared
safe and well-tolerated, with significantly increased absolute and relative wet
weight absorption, urine sodium excretion, and urine weight (all P<0.001).
Reduction in fecal weight was also detected (P=0.001) [42]. SBS patients with an
end jejunostomy who received teduglutide demonstrated significantly increased
villus height, crypt depth, and mitotic index. Improvements in intestinal absorption
and fecal excretion reversed, however, after the drug-free follow-up period. Stomal
nipple enlargement and lower extremity edema were the most common adverse
effects [42]. Interestingly, treatment with teduglutide led to an almost twofold
improvement in wet weight absorption compared to the pilot study involving treat-
ment with native GLP-2, performed over 35 days in SBS subjects with similar
baseline wet weight absorption [38]. This distinction may be attributed to the lon-
ger half-life of teduglutide or dose variations of GLP-2.

Two double-blind, placebo-controlled, international, phase III trials random-
ized 169 SBS patients who were followed over 24 weeks [43, 45]. All participants
were dependent on nutritional support at baseline and required PN/IV support at
least 3 times/week for a minimum of 1 year before study entry. PN/IV optimization
and stabilization were undertaken in all cases (prior to randomization) to ensure
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consistent baseline parenteral requirements producing a urine output of 1-2 L/day.
After randomization and treatment initiation, PN/IV volumes were reduced, as
tolerated, if 48-h urine volumes increased at least 10 % from baseline [43, 45].

The first phase III study was a randomized, double-blind, placebo-controlled,
multicenter, outpatient design (n=83) comparing teduglutide (0.05 or 0.10 mg/kg/
day) with placebo for SBS-intestinal failure (IF). The leading causes of SI resection
were Crohn’s disease (CD, 36 %) and vascular disease (30 %). Results demon-
strated that 46 % of the 35 patients receiving teduglutide (0.05 mg/kg/day, the FDA-
approved dose) achieved >20 % reduction of PN/IV requirements by 20 weeks that
was maintained at 24 weeks compared to placebo (6 % of 16 patients, P<0.01). At
24 weeks, the treatment group achieved greater reductions in PN/IV volume (-2.5 L/
week from 9.6 L at baseline compared to —0.9 L/week from 10.7 L/week at baseline
in placebo group). Average reduction in the provision of parenteral support from
baseline to week 24 was statistically significant (912 + 1333 kJ/day, P=0.001). Two
patients in the treatment group (0.05 mg/kg/day) achieved complete PN/IV inde-
pendence by week 24. Patients in the teduglutide treatment arm demonstrated
increased villus height, crypt depth, and plasma citrulline concentrations as well as
increased body weight compared to placebo (P <0.05) [43].

The SBS-IF patients treated with 24 weeks of teduglutide (0.05 or 0.10 mg/kg/
day) were subsequently followed in a 28-week double-blind, open-label extension
study in which 52 patients continued teduglutide therapy at equivalent dosing. At 1
year, clinical efficacy (defined as a clinically meaningful, >20 % reduction in
weekly PN volume from baseline) was achieved in 68 % (0.05 mg/kg/day group;
—4.9 L/week) and 52 % (0.10 mg/kg/day group) of patients. Furthermore, both
groups decreased PN-dependency by 1 or more days (68 % and 37 %, respectively).
Four patients became completely PN-independent [46].

The second phase I1I trial was a 24-week study comparing the use of subcutaneous
teduglutide (0.05 mg/kg/day; n=43) to placebo (n=43) in SBS-IF [45]. The leading
causes of SBS were vascular disease (34 %) and CD (21 %) [45]. The primary efficacy
end point of this prospective study was the number of responders who achieved >20 %
reduction in parenteral support volume from baseline at weeks 20 and 24. This study
involved a more aggressive (10-30 % vs. 10 %) and earlier (2 vs. 4 week) PN/IV
weaning protocol than the earlier phase III study. Decreases in parenteral support were
undertaken if 48-h urine volumes surpassed baseline values by >10 %. Results dem-
onstrated significantly more responders in the teduglutide group (27/43 [63 %]) com-
pared to the placebo group (13/43 [30 %]; P=0.002). At week 24, there was a
significantly greater average reduction in PN/IV support volume in the teduglutide
group (—4.4 L/week from baseline 12.9 L/week) compared to placebo (2.3 L/week
from baseline 13.2 L/week; P<0.001). Additionally, reduction (of at least 1 day) in the
weekly need for PN/IV support was greater in the teduglutide group (21/39 [54 %])
than in the placebo group (9/39 [23 %]; P=0.005). Patients appeared to maintain their
body weight from baseline through week 24 [45].
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Eighty-eight patients were enrolled to receive teduglutide (0.05 mg/kg/day) in
an open-label, 2-year extension of the second phase III study [47]. Sixty-five
patients (74 %) finished the study to completion. Of 30 patients who received
teduglutide (0.05 mg/kg/day) over 30 months, 28 (93 %) achieved clinically
meaningful responses, defined as a 20-100 % PN/IV volume reduction (mean
—7.6 L/week). One or greater PN/IV infusion days were eliminated in 21 (71 %)
patients [47].

Assessment of both phase III trials and their long-term extension studies revealed
that 11 % of patients treated with teduglutide (0.05 mg/kg/day) achieved PN/IV
independence [48]. Although baseline demographics and SBS characteristics varied
greatly, it appeared that most patients who became PN/IV independent had colon-
in-continuity and/or lower PN/IV requirements at baseline [48]. Statistical analysis
for predictive factors of PN/IV independence was limited by the small patient num-
bers [48].

Overall, treatment was generally well tolerated, and treatment-emergent adverse
events causing study discontinuation were similar between groups (teduglutide,
n=2; placebo, n=3) [45]. The most common adverse effects of teduglutide
reported in the phase III studies involved the gastrointestinal tract (abdominal pain
and distension, nausea, stomal complications). The incidence of these effects was
greatest in the initial treatment period when PN/IV reductions were seen.
Concerning risks associated with teduglutide include accelerated neoplastic
growth, including colon polyps. Teduglutide should not be used in patients with
active malignancy. Patients should have a colonoscopy prior to drug initiation and
should have periodic colonoscopy surveillance [39]. Additional precautions should
be taken in patients with a history of intestinal obstruction or pancreatic, gallblad-
der, or biliary disease. Teduglutide use is associated with the potential risks of fluid
overload and increased intestinal absorption of oral medications. Therefore, close
monitoring should be undertaken in settings of cardiovascular disease or when
using medications with a narrow therapeutic index, respectively.

The average wholesale cost for teduglutide is about US$295,000 yearly per
individual patient. The duration of this treatment is not restricted [39]. Despite its
cost, teduglutide may yield substantial healthcare savings compared to the finan-
cial burdens of PN/IV therapy and its associated complications including hospi-
talizations. QOL gains attributable to reduced PN/IV time and/or volume must
also be considered. Individual costs related to the use of teduglutide may be quite
reasonable due to broad insurance drug coverage and patient support groups that
offer funding for out-of-pocket expenses [49].

As pharmacologic treatments for intestinal rehabilitation vary broadly, manage-
ment plans must be individualized based on factors such as patient anatomy, func-
tional status, comorbid conditions, symptoms, and response to therapy. Progressive
studies with larger patient numbers and long-term data will guide further knowledge
pertaining to the use of these relatively novel agents in clinical practice.
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Surgical Management and Intestinal Transplantation

Among the most important surgical procedures for consideration in SBS is the
reanastomosis of SI to residual colon [4]. Non-transplant autologous intestinal
reconstruction surgeries, such as longitudinal intestinal lengthening and tailoring
(LILT) and serial transverse enteroplasty (STEP), have been described in SBS, with
the goals of increasing absorptive surface area and decreasing intestinal transit time.
Several other surgical procedures have been proposed including tapering entero-
plasty, construction of recirculating loops or intestinal valves, reversal of a short
intestinal segment, and colonic interposition [4]. However, limited experience, pre-
cise patient selection, technical complexities, and suboptimal outcomes may pre-
clude the use of such procedures [50].

Experience in intestinal transplantation (IT) has increased worldwide over
time. The surgery has evolved through advancements in both organ procurement/
preservation and multidisciplinary intensive care at dedicated centers. Three
types of transplant surgeries include isolated IT, liver plus IT, and multivisceral
transplantation including intestine, liver, stomach, duodenum, and pancreas.
Surgical choice is based upon the presence of liver disease and extent of abdomi-
nal pathology. IT recipients require lifelong immunosuppression, the degree of
which can predispose to several post-transplant complications including sepsis.
Rejection, the most common cause of graft loss in IT recipients, reveals no bio-
chemical markers [50]. Surgical management options in SBS have been described
elsewhere [4, 51-53], and the details of IT are covered in a separate chapter of
this book.

An approach to the management of SBS in Crohn’s disease is presented in Fig. 11.1.

Conclusion and Future Directions

Despite recent developments in the management of SBS and IF, the conditions remain
associated with limited treatment options. Nutritional and pharmacotherapeutic strat-
egies vary broadly and must be individualized based on structural and functional
intestinal anatomy, capacity for intestinal adaptation, clinical presentation, and
response to therapy. Intestinal rehabilitation goals are to maximize absorptive poten-
tial of the remnant intestine and to reduce PN/IV requirements, with hopeful restora-
tion of nutritional autonomy and enhancement in QOL [54]. Surgical interventions,
particularly IT, are performed in a select SBS subset but remain costly options with
substantial morbidity and mortality. Advancements in surgery and pharmacotherapy
demonstrate promise in promoting intestinal rehabilitation and nutritional autonomy
and provide growing areas of active research.
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a) Determine SBS Etiology
- Prenatal
- Postnatal
- Post-Surgical

- Functional

b) Treat Inciting Conditions (if possible)

- Optimize medical therapy for Crohn’s disease

c) Determine Remnant Anatomy
- lleocolonic anastomosis*
- Jejunocolonic anastomosis’

- End-Jejunostomy, End-ileostomy

d) Anticipate Parenteral Nutrition, Fluid and Electrolyte Requirements

Small Intestinal Remnant Length Long-Term Nutritional and Fluid Support

0-50 cm SI with colon-in-continuity: PN
<100 cm Sl with jejunostomy: PN + IV fluids (saline +/- electrolytes)

(85-100 cm SI may require IV fluid support only)

>50-100 cm S| with colon-in-continuity:
>100-150 cm SI with jejunostomy:

>150-200 cm SI with jejunostomy:

Oral or enteral nutrition

Oral or enteral nutrition + ORS

ORS

e) Determine Dietary, Hydration, and Nutrient Needs'
- Macronutrients and oral fluid intake
« Promote hyperphagia with multiple meals throughout day
- Proteins (1.0-1.5 g/kg/day); intact proteins +/- peptide-based formula
- Carbohydrates (30-35 kcal/kg/day)

- Fats (20-30% of daily energy intake); linoleic acid as 2-4% of total absorbed calories to
prevent essential fatty acid deficiency

« Colon present: ORS and/or hypotonic solution; restrict oxalate; complex
carbohydrates/starches (metabolized to SCFAs in colon); soluble fiber for net secretors;
medium- and long-chain triglycerides

« Colon absent (jejunostomy/ileostomy): ORS; limit simple sugars; soluble fiber for net secretors;
long-chain triglycerides

- Micronutrients (fat- and water-soluble vitamins, minerals, and trace elements)
« Monitoring and repletion as needed

Fig. 11.1 Approach to the management of short bowel syndrome (SBS) in adults with Crohn’s
disease
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f) Optimize Pharmacotherapy*
- Diarrhea: Anti-motility agents (diphenoxylate, loperamide, opiates); bile acid resins; octreotide

- Gastric acid hypersecretion (initial 6-months post-operatively): Proton pump inhibitors; histamine (H,)

receptor blockers
- Small intestinal bacterial overgrowth: Antibiotics
- Fat malabsorption: Pancreatic enzyme replacement

- Hormonal therapy for PN/IV dependence: r-hGH; GLP-2 analog

g) Consider Surgical N nent (select SBS cases)

- LILT; STEP; Intestinal transplantation

h) Address Home PN and Catheter Care Needs
- Promote patient education in PN, catheter care, and aseptic technique
- Establish routine office visits and lab monitoring
- Cycle total PN at home

- Address patient awareness of common catheter-related complications, emergency contacts, and access to

medical care

- Identify quality of life issues and ancillary support

i) Health Care Maintenance
- Follow patients over time based on SBS severity and clinical course
- Assess for bone health with DEXA scan; calcium and vitamin D supplementation
- Monitor vitamin, mineral, and trace element levels and replete as needed

- Encourage multidisciplinary care**

Fig. 11.1 (continued) Abbreviations: DEXA dual-energy X-ray absorptiometry, GLP glucagon-like
peptide, LILT longitudinal intestinal lengthening and tailoring, ORS oral rehydration solution, PN
parenteral nutrition, ~-AGH recombinant human growth hormone, SCFAs short chain fatty acids, S/
small intestine, STEP serial transverse enteroplasty. “Common with limited Crohn’s disease resec-
tions. Mejunoileal anastomosis is less common and infrequently associated with undernutrition;
management is generally similar to patients with jejunocolic anastomosis. TAlthough general guide-
lines are provided, assessment and management approaches must be individualized. Close, frequent
monitoring is recommended with appropriate modifications over time based on clinical response
and progression. “Primary medical and specialist physicians; gastroenterologist; surgeon; psychia-
trist; nutritionist; nurses and home health care workers; social workers; support groups, family/
friends
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Introduction

Some conditions are more prone to developing intestinal failure (IF) than others; the
risk of IF is inherent within inflammatory bowel disease (IBD), in particular in
Crohn’s disease (CD). In this chapter, we summarise the risk of developing IF in
IBD, the history behind small bowel intestinal transplantation, the types of opera-
tions undertaken, the indications for having a transplant, and the risks and outcomes
associated with transplantation.

Overview of IF

IF develops when a person’s gut is unable to absorb sufficient water, electrolytes,
macro- or micronutrients to maintain health. This typically occurs following gastro-
intestinal obstruction, resection, disease-related compromise of gut function, or
dysmotility. Three IF types exist: Types 1, 2 and 3 [1, 2], where Type 1 is self-
limiting and typically due to post-operative complications such as an ileus; Type 2
typically includes patients who develop sepsis and require a prolonged period on
PN to provide nutritional stability prior to definitive reconstructive surgery; patients
with Type 3 require long-term PN. It is this final category, type 3 that is the focus of
the role of transplantation in patients with IBD in this chapter.

Risk of IF Development in IBD

The point prevalence of type 3 IF in IBD as a proportion of all IF cases is for
Ulcerative Colitis (UC) 3 % and CD 29 % [3], but the overall incidence of patients
with IBD developing IF is low. In UC, this is typically due to complications in those
who were immunocompromised at the time of surgery, had a delayed timing of
colectomy, required a reoperation or due to surgical complications following an
unrelated event later in life [4]. In contrast, type 3 IF in CD results from three main
reasons: recurrent uncomplicated operations removing bowel sequentially, compli-
cations following surgery for intra-abdominal sepsis or extensive disease in the
small bowel uncontrolled by available therapy [4]. Following a first operation for
CD, the risk of developing IF at 5, 10, 15 and 20 years is 0.8, 3.6, 6.1 and 8.5 % [5]
and associations with developing IF are a younger age at diagnosis, stricturing dis-
ease at first operation or a family history of IBD [6, 7].

A Historical Perspective on Small Bowel Transplantation

Transplantation of tissue or organs has been part of modern medicine for the past
60 years. It was born out of the surgical and immunological knowledge at the time,
but there were key medical developments that enabled it to become a reality.
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The first key development was the ability to join blood vessels together, developed
by a French surgeon Alexis Carrel in 1902. Following this, the first tissue trans-
plant occurred in 1905 when Eduard Zirm transplanted a cornea in Moravia, mod-
ern day Czech Republic. Lastly, the regular use of blood transfusions during the
First World War in 1918 brought an understanding of the requirement to match
blood groups. However, it was not until 1954 when Joseph Murray transplanted a
kidney as the first solid organ transplant in Boston, Massachusetts, and this was
followed in 1963 by the first liver transplant by Thomas Starzl in Denver, Colorado.
The first adult intestinal transplant reported was a combined liver and small bowel
in 1988 by Grant and colleagues from London, Ontario, and the patient success-
fully survived over a year post-transplantation [8]. This had been preceded by pae-
diatric experience [9, 10] and was followed in quick succession by others producing
results of large series, especially from one of the most prolific centres, Pittsburg
[11]. The advent of tacrolimus in 1989 brought improved immunosuppression and
this, along with improved surgical techniques, led to an increase in the number of
transplant performed each year until 2005, where it has remained stable [12]. In the
UK, the number of intestinal transplants has risen from single figures (2000-2008)
to 14-22 per annum (2011-2013) [13]. Outside North America and Europe, the
number of transplant centres is increasing and with increasing activity. Of the
worldwide transplants carried out between 2006 and 2011, 13 % were for patients
with CD [12].

Types of Intestinal Transplantation

There are a number of different types of graft available, and the type transplanted is
determined by the disease processes of the recipient. Some organs, such as the
stomach and colon, may not be transplanted if during the preparatory operation in
the recipient compromises are made during difficult dissection in a potentially hos-
tile abdomen, in particular ensuring adequate access to the portal venous system and
arterial blood supply. The donor organ quality and anatomical organisation may
also impact on the final organs transplanted.

Small Bowel Transplant Alone

This is the simplest procedure as it requires insertion of jejunum and ileum attached
to native duodenum, jejunum or stomach, and then the formation of distal ileostomy.
If native colon remains in situ, then the option remains for a future return of intesti-
nal continuity. In some instances, a donor ileum-native colon anastomosis will occur
at transplantation and an access point or ‘chimney’ will be formed with ileum to
facilitate access to the small bowel that can then be removed at a later date. Arterial
supply is often via the abdominal aorta, mesenteric arteries or internal iliacs. Venous
drainage may be either via the portal system (ideal) or via the inferior vena cava.
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Modified Multivisceral

Extensive disease, in particular, affecting stomach, small bowel, colon, kidneys or
pancreas would necessitate a modified multivisceral transplantation, incorporating
multiple organs without the liver. Initially, it was thought that the colon proved
problematic with increased risk of graft loss or recipient mortality [11]; however, it
remains a very useful adjunct in salt and water management in the long run and is
now being more commonly transplanted [14]. Arterial and venous supply would be
dependent on the anatomy and required organs.

Multivisceral

This encompasses both combined liver with small bowel and full multivisceral
including other organs such as stomach, colon, pancreas and kidneys. This is often
reserved for those who have developed IF associated liver disease (IFALD) or, in the
cases of patients with IBD, in those who have coexisting liver disease, such as pri-
mary sclerosing cholangitis (PSC). The advantage of a multivisceral is the provision
of the organs en bloc with portal drainage already included, but this surgical advan-
tage is tempered by patients who often have abdominal varices and a poorer physi-
ological state at the outset that complicate the peri- and post-operative phase.

Abdominal Wall

In SBITX cases, the closure of the abdominal wall has frequently proved challeng-
ing, requiring plastic surgical techniques to assist in abdominal wall closure; in one
study, 33 % of cases required plastic surgical techniques to provide satisfactory
closure [15]. Patients who have suffered from complex CD, in particular those who
have had multiple resections over a number of years or those who have complex
fistulating disease requiring resection of significant abdominal surface area, are
becoming better served through abdominal wall grafts, which were first reported in
2003 [16]. The lack of internal abdominal capacity could prevent sufficient closure
of the abdominal wall at grafting. This would put the graft at risk, as arterial leak-
age, for example due to infection of the anastomosis, would result in graft loss and
may be fatal. We have had good success with a number of patients requiring abdom-
inal wall grafts [17] aided by the use of remote revascularisation of abdominal wall
graft on the forearm whilst the intestinal graft is inserted to reduce cold ischaemia
time during prolonged operations [18]. The presence of a sentinel skin flap on the
forearm or the abdominal wall graft provides a visual checkpoint for patients to alert
them to early signs of transplant rejection (see section ‘Rejection’) if a rash devel-
ops on the grafted skin but not on the body, or graft versus host disease (GVHD)
(see section ‘Graft Versus Host Disease’) where the rash develops on the body but
not on the graft.
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IBD

For the majority of patients with IBD with type 3 IF, an isolated small bowel will
suffice, unless there is evidence of other organ dysfunction, such as diabetes mel-
litus (where a pancreatic graft may be needed) or renal impairment due to condi-
tions such as recurrent dehydration or oxalate nephropathy. In those with PSC or
who have developed IFALD, then combined liver and small bowel would be
required. In those with complex fistulating Crohn’s disease or in those who have
contraction of the abdominal cavity, abdominal grafts are proving a useful adjunct
in their management.

Indications

The current choice between HPN and SBITx as the primary therapeutic options for
patients with Type 3 IF is currently determined by predicted survival outcome. If a
patient remains well and complication free, then HPN remains the superior long-
term option; if complications develop or the patient has a high risk of death due to
their underlying disease, then SBITx is the option of choice. Patients with IBD
accounted 11 % of the SBITX in one centre [19], but account for 29 % of HPN cases
in the UK [3]. The indications for transplantation are summarised in Table 12.1 and
include both the American Gastroenterology Association and European guidelines
for transplantation [20-23]. A recent joint publication between Oxford and Berlin
has suggested a method to identify patients with CD for whom transplantation
should be considered. The authors used a modified scoring system based on the
American Gastroenterology Association SBITx referral guidelines. Each compo-
nent of the scoring system was weighted according to the impact it might have on
morbidity or lead to a poorer outcome post-SBITx (see Table 12.2): a score <2000
would not initiate a referral to a SBITx centre, a score 2000-5000 would initiate
referral and a score >5000 would result in an urgent referral for SBITx [24]. In the
authors’ retrospective assessment of their combined 20 patients, the mean (standard
deviation) score was 19350 (8397). As an example, any patient with CD on HPN
who develops a single fungal central venous catheter (CVC) infection warrants a
referral for consideration of transplantation.

Overall, among all groups undergoing SBITx, HPN failure accounts for 62 %
cases, risk of dying due to underlying disease in 26 % of cases and low acceptance
of HPN at 12 % [25]. A recent European 5-year multicentre study prospectively eval-
uated 545 patients with Type 3 IF assigned to two groups according to candidacy for
SBITx based on the American Gastroenterology Association guidelines [25]. The
authors found that only desmoids and IFALD were associated with increased risk of
death on HPN and referral should be mandatory for patients with these conditions.
However, recurrent CVC infections, venous thrombosis or ultrashort gut were not
associated with an increased risk of death on HPN and so the authors concluded that
patients with these conditions should only be considered for transplantation on a
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Table 12.1 Indication for transplantation [20-23]

North American indications European indications

1. Failure of home parenteral Irreversible, benign, chronic intestinal failure
nutrition (HPN) with no possibility of bowel rehabilitation associated
(a) Impending or overt liver failure | With life-threatening complications of HPN
(b) Central venous thrombosis Individual case-by-case decision for all patients

of >2 central veins

(c) Frequent and severe central
venous catheter-related sepsis

(d) Frequent episodes of severe
dehydration despite intravenous
fluids in addition to HPN

2. High risk of death attributable
to the underlying disease

(a) Intra-abdominal invasive
desmoid tumours

(b) Congenital mucosal disorders
(c) Ultrashort bowel syndrome

3. Intestinal failure with high morbidity
and low acceptance of HPN

(a) Need for frequent
hospitalisation, narcotic
addiction or inability to function

(b) Patient’s unwillingness
to accept long-term HPN

Non-indication

High risk of death due to underlying disease
Chronic dehydration

Significantly impaired quality of life

Table 12.2 Scoring criteria for determining if patients with Crohn’s disease warrant referral for
SBITx [24]

Criteria Points
HPN for irreversible intestinal failure 1000
Loss of catheter access

Loss of 1 supracardiac catheter 500
Loss of >2 supracardiac catheters 5000
Catheter infection

>1 Life-threatening catheter infection in 12 months 5000
1 fungal infection 5000
Impending or overt liver failure due to HPN 5000
Frequent dehydration leading to a decrease in eGFR by 20 mL/min at each 1000
episode

Overt renal failure requiring renal replacement therapy 5000

(continued)
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Table 12.2 (continued)

Criteria Points
No ECF or stoma but <50 cm of good-quality bowel from duodenojejunal 2500
flexure (ultrashort gut)

Proximal ECF or stoma and >100 cm of poor-quality distal bowel 5000
(strictured, matted, and obstructed and/or dilated)

Persistence or recurrence of ECF after conservative management or 5000
attempted conventional surgical excision despite having optimal nutrition

Prolonged hospital stay with organ dysfunction after last attempt at closure 5000

of ECF or any conventional surgical procedure to treat CD

Presence of active CD 1000
Karnofsky performance status score >70 % 1000
Sensitisation status

Unsensitised 1000
Sensitised 2500
Score analysis

ITx not yet indicated: conventional surgical and medical management until <2000
score increases

ITx indicated: patient referral pathway should be considered and initiated 2000-5000
ITx definitely indicated: urgent referral should be made >5000
ITx no longer indicated: transplantation does not represent a survival benefit >30,000

case-by-case basis. Furthermore, no patient with poor quality of life or chronic dehy-
dration died whilst remaining on HPN during the follow-up period of the study, lead-
ing the authors to suggest that such patients should not be considered for
transplantation. Within the 545 patient cohort, only 22 underwent transplantation
with a 54 % 5-year survival with all deaths occurring as a direct consequence of the
transplant itself or immunosuppression. The wisdom of the subsequent position
taken by the European Society of Parenteral and Enteral Nutrition to suggest restric-
tion of SBITx to those indicated in Table 12.1 has been questioned by North American
colleagues who have highlighted the worse survival rate in this European study com-
pared to outcomes from larger series of patients (n=182) with 75 % 5-year survival
[26]. Whilst it is true that high volume centres may have better outcomes than low
volume centres in SBITX, the same is the case for HPN care of Type 3 IF patients. At
whatever stage of the patient journey, whether on HPN or awaiting SBITx, it is
clearly important that care takes place in expert centres with good outcomes [20].

Outcomes of SBITx

In this section, we will review the complications associated with SBITx, survival,
quality of life and risk of IBD recurrence. Any complication places the graft at risk
of failure and the patient at risk of death. Graft failure will lead to patients resuming
HPN and consideration of re-transplantation, even though the risk of success is less
than the index transplant [27].
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Complications
Rejection

Rejection is divided into acute rejection or chronic rejection. Acute rejection is fur-
ther subdivided into hyperacute/accelerated acute, acute antibody mediated
(humeral) rejection or acute cellular rejection. The interplay between innate and
adaptive immune systems will be key to understanding the cause of rejection but
also for directing therapy in the future.

Acute Rejection

Hyperacute and Accelerated Acute Rejection

In any transplant, the first principle is to ensure the recipient does not reject the
graft. An initial hyperacute rejection is B-cell mediated and occurs within hours of
transplantation, whilst an accelerated acute rejection occurs within days of trans-
plantation. Clinical presentation involves marked vascular congestion, necrosis and
inflammation of the graft. These rejections are caused by preformed antibodies from
the recipient towards the donor; with good serological matching by tissue typing
laboratories, such rejections are becoming less commonplace. In consideration of
any candidate for transplantation, it is advisable to avoid the use of blood products
if at all possible as this increases the exposure of the candidate to antigens that can
contribute towards sensitisation.

Acute Antibody Mediated Rejection

A rising donor-specific antibody titre is important in diagnosing acute antibody
mediated rejection. However, despite its name, T-cells may also be implicated in the
underlying pathogenesis and may occur with or without acute cellular rejection.
The antibodies initiate a cascade of inflammation associated with coagulation that
results in intestinal injury.

Acute Cellular (T-Cell Mediated) Rejection

This is caused when effector immune T-cells overcome regulatory T-cells in both
number and function. It is characterised by both superficial and deep inflammation
and apoptosis of the mucosal surface. Acute rejection can occur at any point post-
transplantation and has been reported to occur in 50-75 % (1990-2008) of intestinal
transplants [28]. In patients transplanted with CD, acute rejection has been reported
as the main reason for graft failure at 3 months (33 %) [19].
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Chronic

In 15 % of cases, chronic rejection occurs [28], though in a report of patients trans-
planted with CD it occurred in 28 % [19]. It typically presents with increased stoma
output or worsening nutritional status as the transplanted gut fails; it is the common-
est cause of graft loss. Chronic rejection results in an insidious fibrosis that is medi-
ated by the adaptive immune system that attacks the arterial blood supply to the
graft. It is very challenging to diagnose and often goes undetected at the mucosal
surface, in particular on histological assessment. Yet macroscopically on endo-
scopic assessment, it can cause villous flattening or loss; the whole graft becomes
matted and thickened with widespread adhesions, irregular mucosal surface and
intermittent ulcerations. The appropriate histological diagnosis is then made via a
full thickness sample to assess the vasculature within the serosal surface and look
for the pathognomonic signs: concentric intimal thickening of small to large-sized
arteries with fibrous changes, medial hypertrophy of smooth muscle cells inter-
spersed with foam cells and fibrosis in the adventitium [29]. Unfortunately, due to
the fibrotic nature of chronic rejection, operating in such a hostile environment risks
creating enterotomies or entero-cutaneous fistulae. Increasing immunosuppression
can reduce some symptoms, but often the only course of action is to retransplant.

Infection

The risk of immunosuppressing a patient to control the risk of rejection is balanced
by the risk of developing infections. These can be any pathogen, and often are com-
mensal or ubiquitous pathogens. The risk of infection from one series [30] has been
reported to be at a rate of 2.6 episodes per patient, with bacterial infections occur-
ring in 61 % of infections and bacterial septicaemia in 15 %. Other infections
include both fungal or parasites. Graft failure is caused by infections in 11 % in
general series [28] and 18 % in a CD SBITx series [19].

Viral

Cytomegalovirus (CMV) and Epstein Barr Virus (EBV) are perhaps the two most
important viruses in transplantation, mainly due to their almost ubiquitous nature
within human communities.

cmMv

CMV status is important in both the risk of developing de novo infection in a non-
infected recipient from the donor or from another source, and through reactivation
of a quiescent infection. As CMV is resident throughout the body, it can present in
many ways including bone marrow suppression, CMV retinitis or CMV encephali-
tis and, perhaps most importantly, CMV enteritis. The presentation of a high output



224 P.J. Allan et al.

and fever should alert physicians to the risk of CMV enteritis. CMV prophylaxis
using preparations such as oral ganciclovir is typically continued for 1-year
post-transplantation. The risk associated with CMV is reducing with better immu-
nosuppressive regimes, viral monitoring, prophylaxis and donor/recipient status
matching [28, 31, 32].

EBV

EBV is associated with, but not exclusively the cause of, development of post-
transplantation lymphoproliferative disorder (PTLD); where PTLD occurs, 97 %
have a high EBV viral titre, but immunosuppression and splenectomy are the
other main causes [28]. PTLD is treated with a mixture of reduction in immuno-
suppression to aid recovery of the recipient’s immune surveillance strategies at
keeping EBV under control and, in some cases, with chemotherapy, such as ritux-
imab. The risk of developing PTLD is 50 %, but more recent larger series have
shown a reduction in PTLD from 36 % at 5 years to 7 % [28]. It has also been
associated with a high mortality risk where 29 % of those who contract it die
(1990-1995) [28, 33, 34] but this again has not been reported in recent series
where risk of death is related to age at diagnosis, 19 % if less than 5 years old, 0 %
if over 10 years old [35].

Other Pathogens

Enteric

Patients are no less at risk of enteric infections. However, unusually high stoma
outputs should alert health professionals to send stool samples for seasonal viral
infections, such as adenovirus and norovirus, Clostridium difficile toxin and normal
enteric infections, such as Salmonella, Shigella, Campylobacter among others.

Graft Versus Host Disease

As the intestine is resident to more white blood cells than any other non-lymphoid
organ in the body, there is a fine line between acute rejection and GVHD. GVHD
can affect a number of organs, but in particular seems to affect the skin, the liver (in
non-liver transplants), the respiratory system and the bone marrow. GVHD has been
reported in a large series (1994-2007, n=241) [36] to occur in 9 % of recipients,
with children at greater risk than adults (12.4 % vs. 4.6 %, p=0.05), and isolated
small bowel grafts at less risk than multivisceral grafts (4.4 % vs. 13.2 %, p=0.05).
However, the mortality associated with contracting it is high with 18 % dying in one
large series (1990-2008, n=500) [28]. There are no data looking at GVHD in
patients with CD.
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Renal Dysfunction

As already indicated, short bowel syndrome accounts for 65 % of SBITx indications
[12], and renal impairment for patients on HPN is variably reported as occurring in
6-52 % [37, 38]. Whilst recurrent dehydration may be an indication for SBITx in
North America, it is rare as a referral criteria [20]. Indeed, the risk of developing
chronic renal failure is higher following SBITx than in patients remaining on HPN
[37], which is most likely due to tacrolimus, though 80 % of adult SBITx patients
experience an episode of acute kidney injury in the first year post-transplant [39]. In
addition, in one centre, 9 % of surviving adults required renal replacement therapy
during a median follow-up of 7.6 years with 50 % of these being dialysed and 50 %
undergoing renal transplant [35].

Chylous Ascites

The lymphatic drainage is disrupted during explant and engraftment. In the first few
days of commencing enteral nutrition, chylous ascites is not a common problem due
to the use of medium chain triglycerides in polymeric feeds that are both absorbed
through the lymphatics. However, delayed presentation can occur and should be
treated by commencing a low fat diet.

Survival

As experience grows worldwide, there is an increased understanding of how best to
manage these patients.

In contrast to graft failure rates reported in the North American Registry at 1-,
3- and 5-years of 26 %, 46 % and 48 %, respectively [40], graft loss at 1-, 3- and
S5-years in CD patients is seen in 10 %, 35 % and 48 % for isolated small bowel
grafts or 35 %, 43 % and 43 % in liver-intestinal grafts [19]. In large series in high
workload centres (1990-2008, n=453 [28]; 1987-2009, n=687 [27]), 1-year
patient survival is in excess of 80 %, 5 year of 51-61 % and 10 year 42 %. Patients
with CD fair similarly, with one series (1987-2009, n=86) reporting 1 year 79 %
and 5 year 43 % [19].

The survival benefits for those remaining on HPN is better; survival in those with
short bowel syndrome on HPN at 1-, 5- and 10-years was 94 %, 70 % and 52 %
determined from a large cohort (n=268) [41]. A smaller cohort (n=40 [42]) reported
1-, 3- and 5-year survival on HPN as 97 %, 82 % and 67 %. In both of these cohorts,
malignancy as primary cause for IF had been excluded. This data is supported by a
literature review of survival on HPN, which did include patients with cancer in 6/10
papers reported, where the 1-, 5- and 10-year survival was 91 %, 70 % and 55 %
[43]. There is a perception that the comparison of patients who are on HPN to those
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who undergo SBITx is nonsensical as these are widely different groups; those
undergoing SBITx have by definition developed complications from
HPN. Alternatively, once the transplant outcomes improve to being close to HPN
data then the question of timing of transplantation will be brought forward to mak-
ing these equivalent options rather than merely being regarded as a life-saving
option once HPN has failed or brought complications.

Quality of Life

The only study assessing some degree of quality of life (QoL) in CD patients pre-
and post-SBITx used a modified Karnofsky performance status score and found that
the mean pre-transplant score of 55.6 % rose to 74.4 % (p <0.001) post-transplantation
[24]. Previous understanding of QoL in patients with IBD undergoing SBITx had to
rely on extrapolation of data from a study investigating pre- and post-SBITx in other
conditions using the SF36 and an adapted HPN-QoL questionnaire [44]. In this
study by Pironi and colleagues, SBITx patients faired better at ability to holiday/
travel, fatigue, gastrointestinal symptoms, stoma management/bowel movements
and global health/QoL but not significantly better for eating ability and had worse
sleeping patterns, which may be related to the immunosuppression. Others have
found that SBITx recipients have similar QoL to those who are stable on HPN but
both are better than those with complicated IF on HPN [45]. Larger multicentre
studies into those on HPN compared to those undergoing SBITx are needed to
resolve the impact on QoL that SBITx has. Furthermore, specific large-scale studies
on QoL for IBD patients are also required.

Risk of IBD Recurrence

There are case reports of 2 patients, transplanted in 1994, who develop recurrent
CD, both clinical and histological evidence, at 7 months and 8 years post-SBITx
[46, 47]. Yet others have reported 19 % [35] and 50 % [48] recurrence rates, though
often this was histological recurrence but without clinical symptoms, which may be
due to the underlying immunosuppression regimes.

Economic Impact

The cost of intestinal failure is high, and mainly through the forward costs of pro-
viding PN. Typically in the UK provision of PN for 5 days per week costs £35—
40,000 if self-caring and £55,000 in those with nursing care [49]. In contrast, in the
US may appear to be as high as $64,000 on HPN [50], and in Europe €9006 set up
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fee then €63,000 annually for HPN but €73,000 for initial SBITx and then €13,000
annually [51].

Whilst this is expensive for health care systems, and indirectly therefore to soci-
ety, the personal cost varies. Unfortunately, heterogeneity in studies looking at QoL
makes direct comparisons unclear. Yet having PN or a SBITx does affect an indi-
vidual’s ability to live a normal life, earn money and pay taxes. For example,
employment on HPN can be anything from 0 to 52 % [52], 31 % of 151 adult SBITx
patients in Pittsburgh were in work or education [28], and 35 % (41 patients) were
in employment in a longer follow-up study from Pittsburgh [35]. The only compara-
tive study looking at HPN and SBITx found that 56 % (6 % unemployed) of SBITx
patients were in full- or part-time employment compared to 30 % (52 % unem-
ployed) of HPN patients [44]. This may suggest that either patients who undergo
SBITx are more motivated or do feel more able to undertake gainful employment
than those who remain on HPN.

Conclusion

IBD is commonly associated with IF especially in CD. Most patients do well on
HPN to maintain their physical, nutritional and personal well-being. Yet complica-
tions develop in some individuals, such as multiple CVC infections or venous
thrombosis, or they have other complications —such as IFALD—that predispose
them to require transplantation. The benefits of SBITx are improving year on year,
and as expertise grows—both surgically and in better immunosuppression proto-
cols—SBITx in time will be on a par with HPN. Encouragingly for patients with
IBD, when required, transplantation is successful and patients often do well.
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