Graduate Theses and Dissertations

Iowa State University Capstones, Theses and
Dissertations

2018

Effect of increased ratio of butyrate to physiological
concentrations of acetate and propionate on
intestinal integrity and IL-8 secretion in Caco-2
cells
Nidhi Shah
Iowa State University

Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Biochemistry Commons, Cell Biology Commons, and the Human and Clinical
Nutrition Commons
Recommended Citation
Shah, Nidhi, "Effect of increased ratio of butyrate to physiological concentrations of acetate and propionate on intestinal integrity and
IL-8 secretion in Caco-2 cells" (2018). Graduate Theses and Dissertations. 16463.
https://lib.dr.iastate.edu/etd/16463

This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.

Effect of increased ratio of butyrate to physiological concentrations of acetate and
propionate on intestinal integrity and IL-8 secretion in Caco-2 cells

by

Nidhi Shah

A thesis submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE

Major: Nutritional Sciences
Program of Study Committee:
Suzanne Hendrich, Major Professor
Matthew Rowling
Nancy Cornick
The student author, whose presentation of the scholarship herein was approved by the
program of study committee, is solely responsible for the content of this thesis. The Graduate
College will ensure this thesis is globally accessible and will not permit alterations after a
degree is conferred.

Iowa State University
Ames, Iowa
2018
Copyright © Nidhi Shah, 2018. All rights reserved.

ii
TABLE OF CONTENTS
LIST OF TABLES

iii

LIST OF FIGURES

iv

ACKNOWLEDGEMENTS

vi

ABSTRACT
CHAPTER 1: GENERAL INTRODUCTION
Inflammatory Bowel Diseases
Dietary Fiber
Short Chain Fatty Acids (SCFA)
Interleukin-8 (IL-8)
Overall summary and rationale
Rationale for methods used
References
CHAPTER 2: EFFECT OF INCREASED RATIO OF BUTYRATE TO
PHYSIOLOGICAL CONCENTRATIONS OF ACETATE AND PROPIONATE ON
INTESTINAL INTEGRITY AND IL-8 SECRETION IN CACO-2 CELLS
Abstract
Introduction
Materials and methods
Results
Discussion
Conclusion
References
CHAPTER 3: GENERAL CONCLUSIONS

viii
1
1
6
21
30
33
34
36

45
45
46
49
53
64
67
68
79

iii
LIST OF TABLES
CHAPTER 1
Table 1. Butyrate enema studies conducted in humans.

22

iv
LIST OF FIGURES
CHAPTER 1
Fig.1. Broad overview of the genetic architecture of inflammatory bowel
disease giving examples of confirmed and candidate genes implicated in
each pathway.

2

Fig 2: (Left) Cartoon representation of how an insert divides the well into
two chambers – apical and basolateral. (Right) The apical and basolateral
surfaces found in the intestinal epithelium as mimicked in the Transwell
plates. 35
CHAPTER 2
Fig 1: Cartoon representation of how an insert divides the well into two
chambers – apical and basolateral.

50

Fig 2: Basolateral concentration of Lucifer Yellow before inflammation
and after SCFA-exposure for designated amount of times (0h, 12h, 24h).

54

Fig 3: Basolateral concentration of Lucifer Yellow of all inflamed and
non-inflamed cells, irrespective of the SCFA ratio and the time of
exposure to SCFA mix.

55

Fig 4: Basolateral concentration of Lucifer Yellow of all the cells exposed
to SCFA ratio containing lower butyrate (10mM Bu) or higher butyrate
(20mM Bu), irrespective of inflammation and the time of exposure to
specific SCFA mix.

56

Fig 5: Basolateral concentration of Lucifer Yellow of all the inflamed and
non-inflamed cells that were exposed to SCFA ratio containing lower
amount of butyrate (10 mM Bu) or higher amount of butyrate (20 mM Bu),
irrespective of the time of exposure to SCFA. This graph shows the
interaction effect between inflammation and SCFA mix ratio on
basolateral concentration of LY.

57

Fig 6: Basolateral concentration of Lucifer Yellow of all the cells exposed
to SCFA for specific time-points, irrespective of inflammation and the
SCFA ratio they were exposed to.

58

Fig 7: Concentration of IL-8 secreted from all inflamed and non-inflamed
cells, irrespective of the SCFA ratio used and the time of exposure to
SCFA mix.

59

v
Fig 8: Concentration of IL-8 secreted from all the cells that were exposed
to SCFA mix containing lower amount of butyrate (10mM Bu) or higher
amount of butyrate (20mM Bu), irrespective of inflammation and
the time of exposure to specific SCFA mixes.

60

Fig 9: Concentration of IL-8 secreted from all the cells exposed to SCFA
for specific time-points, irrespective of inflammation and the SCFA mix
ratio they were exposed to.

61

Fig 10: Post-inflammation, activity of lactate dehydrogenase of inflamed
and non-inflamed cells.

62

Fig 11: Post-SCFA exposure, activity of lactate dehydrogenase of the cells
that were exposed to SCFA mix containing lower amount of butyrate
(10 mM Bu) or higher amount of butyrate (20 mM Bu), irrespective of
inflammation and the time of exposure to specific SCFA mixes.

63

Fig 12: Post SCFA exposure, activity of lactate dehydrogenase of cells that
were exposed to SCFA mixes for specific amount of times, irrespective of
inflammation and SCFA ratio they were exposed to.

64

vi
ACKNOWLEDGEMENTS
Success of one cannot be achieved without the sacrifice and support of many. My
family is a testament to this statement. They have sacrificed their joy of living with me for
my goal to attain higher education. I am grateful to them for their love, care, concern,
kindness of heart and constant support. I thank them for everything that they have done for
me.
I would like to thank my major professor, Dr. Suzanne Hendrich, for her kindness,
encouragement, guidance, support, feedback to help me improve, care and concern. She has
stood by me during the toughest times of my life and believed in me even when I had lost
faith in myself. I am grateful to her for reaching this stage in my career.
I would like to thank my POS committee member, Dr. Matthew Rowling for being
there for me, supporting me, standing up for me and for the helpful advice about life and
career.
I would like to thank my POS committee member, Dr. Nancy Cornick for her
teachings. It was her class about gut microbiome that inspired me to pursue research in the
field of inflammatory bowel diseases and colorectal cancer.
I would like to thank the honorary POS committee members – Dr. Diane Birt, Dr.
James Hollis and Dr. Manju Reddy, who have given me advice and guidance to become a
better researcher.
I would like to thank Dr. Wendy White and Dr. Stephanie Hansen for being my
teaching mentors. I learned some great ways to teach and mentor other students from them.

vii
I would like to thank the staff of the department of Food Science and Human
Nutrition, especially Brenda Emery, Jeff Fletcher and Jeanne Stewart for their support and
help that made it easier to complete my degree.
I would like to thank all my colleagues, especially Dr. Seth Armah, Dr. Gar Yee Koh,
Dr. Esther Haugabrooks, Dr. Dan Chen, Kirsten Larson, Bridget Nelson, Nicole Cray, Dr.
Yongfeng Ai, Nicole Sun, Dr. Hong You, Amanda Bries, Isaac Agbemafle and the
undergraduate research assistants – Dana Pralle, Reed Faldet, Kylie Thompson, Michele
Ries, Kacey Klemesrud, Marco Benitez and Ashley Curtis for being there for me especially
when I needed some motivation to keep pushing forward and for helping me with my
research when needed.
I would like to thank all my friends (too many to list) for their constant support and
encouragement. They have been there to always put a smile on my face when I needed it the
most.
I would like to thank the department of Food Science and Human Nutrition as well as
the Iowa State University community.
Lastly, I would like to thank my fiancé, Kartik Subbu for being my rock and constant
support system.
Thank you everyone for all your help, support and encouragement. I wouldn’t
have been able to do it without you!

viii
ABSTRACT

Background: Inflammatory bowel diseases (IBD) are a growing global health problem.
Current pharmacological therapies are not effective in all IBD patients, tend to cause side
effects and in some cases lose effectiveness when used for a prolonged period of time.
Hence, there is a need to develop dietary interventions that are safe and be applicable to all.
Chronic inflammation of the gut could be combated by increasing the consumption of dietary
fiber which would lead to an increased butyrate production in the colon. Butyrate has been
shown to improve intestinal integrity and suppress the secretion of pro-inflammatory
cytokine, IL-8 – which is commonly found at high concentrations in IBD patients.
Hypothesis: When inflamed human intestinal cells (Caco-2) are exposed to an increased
ratio of butyrate to physiological concentrations of acetate and propionate, the intestinal
integrity would be improved and the secretion of IL-8 would be suppressed.
Experimental Design: Caco-2 cells were grown to 90-100% confluence on Transwell plate
inserts for 4 days. Then, inflammation was induced for 24h. The inflamed and non-inflamed
Caco-2 cells were then exposed to: (i) 60 mM acetate (Ac): 10mM propionate (Pr): 10mM
butyrate(Bu) (lower butyrate ratio) or (ii) 60 mM Ac: 10mM Pr: 20mM Bu (higher butyrate
ratio) for 0h, 12h or 24h. Intestinal integrity was measured by amount of Lucifer yellow
transported from the apical to basolateral chamber of Transwell plates. IL-8 secretion was
measured by ELISA and cell damage was measured by the lactate dehydrogenase
cytotoxicity assay.
Results: Cells that were inflamed significantly decreased the intestinal integrity (p=0.0094),
increased the secretion of IL-8 (p<0.0001) and induced higher cell damage (p<0.0001) than
non-inflamed Caco-2 cells, n=54. SCFA mix containing higher butyrate ratio (20mM)
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significantly reduced the intestinal integrity of inflamed cells (p=0.0238, n=27). Higher
butyrate ratio did not affect the secretion of IL-8; but it led to greater cell-damage (p=0.0161,
n=54). Prolonged exposure to SCFA improved intestinal integrity (p<0.0001), increased the
secretion of IL-8 (p<0.0001) and led to greater cell damage (p<0.0001), n=36.
Conclusion: Our hypothesis was disproved. But the important lesson to be learned is that the
effect of butyrate in colonocyte models should be studied in the presence of other SCFA, to
assure physiological relevance.
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CHAPTER 1: GENERAL INTRODUCTION
INFLAMMATORY BOWEL DISEASES (IBD)
What is IBD and its burden on society?
Chronic inflammation of the large intestine leads to development of inflammatory bowel
disease (IBD). There are two kinds of IBD, namely, Ulcerative Colitis (UC) and Crohn’s
Disease (CD). According to Centers for Disease Control and Prevention (CDC), 1 – 1.3
million people suffer from IBD in USA. Although the prevalence of IBD is higher in the
developed nations, the incidence and prevalence of IBD is growing in the developing nations
as well (Molodecky et al., 2012). USA spends more than $6 billion in direct medical costs
associated with IBD (Kaplan, 2015a). With the growing incidence rate in developing and
developed nations, the direct and indirect medical cost is only going to increase, making IBD
a global health problem that needs attention.
Which factors contribute towards development of IBD?
The pathogenesis of IBD is attributed to the complex interaction between genetics,
environment, gut microbes and the immune system. With the advent of inexpensive ways of
DNA sequencing, it has become easier to find the genes that might be associated with IBD or
other diseases. Henderson and Satsangi (Henderson & Satsangi, 2011) have neatly
summarized the genes and pathways that have been implicated in the etiology of IBD, as
shown in Fig. 1.
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Fig.1. Broad overview of the genetic architecture of inflammatory bowel disease giving
examples of confirmed and candidate genes implicated in each pathway. Treg - regulatory T
cell. (Adapted from Henderson & Satsangi, 2011).
Several environmental factors have been shown to be associated with the risk of IBD. For
example, consuming fruits and vegetables that is rich in dietary fiber is associated with
decreased risk of developing both UC and CD (Molodecky & Kaplan, 2010;
Ananthakrishnan, 2013). Similarly, cigarette smoking, appendectomy, psychosocial stress,
depression, use of non-steroidal anti-inflammatory drugs (NSAID), dietary animal protein
and usage of contraceptive pills have been associated with increasing the risk of developing
CD; and on the other hand, consumption of vitamin D and dietary fiber have been associated
with decreasing the risk of developing CD (Molodecky & Kaplan, 2010; Ananthakrishnan,
2013). The factors that increase the risk of developing UC are dietary arachidonic acid and
linoleic acid, usage of NSAID, psychosocial stress, depression and post-menopausal
hormonal use; and the factors that decrease the risk of developing UC are cigarette smoking,
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appendectomy and dietary n-3 fatty acids (Molodecky & Kaplan, 2010; Ananthakrishnan,
2013).
The role of the immune system in developing IBD has been studied extensively (De Souza &
Fiocchi, 2016). The gut microbiota plays an important role in the development of host
immune system. Due to this connection between the immune system and the gut microbiota,
it is safe to presume that the gut microbiota may play a role in pathogenesis of IBD.
Joossens et al. determined that when the fecal microbial composition of patients with CD
was compared with that of their unaffected relatives, there was a significant decrease in the
commensal bacteria like Firmicutes and increase in pathogenic ones like Escherichia coli
(E.coli) (Joossens et al., 2011). Similar such studies (Andoh et al., 2011; Gong et al., 2016)
have found reduced microbial diversity and microbial composition are involved in the
development of IBD – suggesting that the microbial composition could be manipulated to
improve the effects of IBD.
In a nutshell, IBD is a growing global health problem. Genetic, environmental,
immunological and gut microbial factors contribute towards the development of IBD. These
factors could be targeted and modulated to develop effective strategies to prevent and cure
IBD.
What can be done to prevent or treat IBD?
Disruption of the delicate equilibrium between the luminal microbial flora, intestinal
epithelium and the immune system leads to inflammation of the gut. If the immune system
becomes over-active, chronic inflammation persists that result into development of IBD.
Hence, altering the microbial flora, improving the intestinal epithelial barrier function or
targeting the immune system may be effective in treating or preventing IBD.
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Caballero-Franco et al. determined the effect of a probiotic mixture, VSL#3, containing
species from Lactobacillus, Bifidobacteria and Streptococcus genera on the mucus layer
protein (mucin) secretion and expression of mucin secretion genes in 4-6 weeks old Wistar
rats. The rats were fed 0.15 mg/kg (3 x 109 bacteria) of live VSL#3 probiotic formula
dissolved phosphate-buffered saline (PBS) or PBS alone as a negative control,
intragastrically for 7 days. VSL#3 treatment led to a 5-fold increase in the expression of
mucin secretion gene, MUC2 and concomitantly, 60% increase in mucin secretion in the rat
colons, in comparison with the control rat colons (Caballero-Franco et al., 2007). This
indicates how addition of beneficial microbes to the gut led to an improvement in
development of the mucus layer which is the first line of defense for the gut.
In a randomized, placebo-controlled, cross-over study, Karczewski et al. determined the
effect of duodenal administration of 1012 cells of Lactobacillus plantarum (L.plantarum)
strain WCFS1or placebo for 6h on secretion of tight junction proteins – zonula
occludens(ZO)-1 and occluding (OC), in healthy volunteers (n =7). Tissue biopsies were
obtained after each treatment by gastroduodenoscopy and then stained to be analyzed by
using the confocal laser scanning microscopy. They found that the tissues obtained from the
volunteers when L. plantarum was administerd, were significantly highly stained for OC and
ZO-1 when compared with tissues obtained from the volunteers during the placebo treatment.
The researchers also determined the effect of 100 colony forming units (cfu) L.plantarum on
tight junction proteins and permeability of Caco-2 BBe cell monolayers. They found that
Caco-2 cells treated with L.plantarum for 6h stained significantly high for ZO-1 in
comparison with those that were not treated with L.plantarum. They did not find the same
result for OC. They also found that pre-treatment of Caco-2 cells with L.plantarum for 6h led
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to significant protection against barrier dysfunction caused by phorbol 12,13-dibutyrate
(PDBu) (Karczewski et al., 2010). These results indicate that L.plantarum improves the
intestinal barrier function and may prevent the entry of antigens or pathogens present in the
colonic lumen.
Kelly-Quagliana et al. determined and compared the effect of diets containing10g/100g
cellulose (C), oligofructose (OF) or inulin (I) food on the immune function of 32-35 days old
B6C3F1 female mice. They found that mice that were fed OF and I diets had higher natural
killer cell activity from splenocytes and greater phagocytic activity of peritoneal
macrophages in comparison with mice fed C diet. Mice fed OF and I diets also up-regulated
macrophage-dependent (T-helper 1 type) immune responses (Kelly-Quagliana et al., 2003).
In conclusion, these studies are examples of how IBD could be prevented or treated through
various mechanisms – changing the microflora, improving the intestinal barrier function or
improving the immune response. One of the best ways to influence these changes is by
increasing the intake of dietary fiber.
Diet has a major influence on the gut microbiome and intestinal epithelium. The gut
microbiome can be altered by consumption of fiber-rich diet. The fiber-rich diet provides the
necessary source of energy for the microbiome to thrive and the short chain fatty acids
(SCFA) that are produced through microbial fermentation are used by the intestinal
epithelium in the form of energy. Butyrate is one of the SCFA produced by microbial
fermentation. Butyrate plays an important role in the growth, proliferation and differentiation
of gut epithelial cells (Guilloteau et al., 2010) It helps in protection against colorectal cancer
by either causing the neoplastic cells to differentiate or by inducing apoptosis in them
(Brouns et al., 2002; Guilloteau et al., 2010). Butyrate has anti-inflammatory properties and
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has been shown to suppress the pro-inflammatory marker, IL-8 and it also improves the
intestinal barrier function (Gibson & Rosella, 1995; Gibson et al., 1999; Guilloteau et al.,
2010). Hence, improving the dietary fiber consumption of IBD patients might be an effective
strategy combating the disease.
DIETARY FIBER
What is dietary fiber (DF)?
The definition of DF has evolved over time. Numerous countries and organizations define
DF in different ways. But the definition developed by CODEX Alimentarius Commission
(CAC) is accepted by 180 countries, making it an international standard for food and
international trade (Jones, 2014). The definition states that:
Dietary fibre means carbohydrate polymers1 with 10 or more monomeric units2, which are
not hydrolysed by the endogenous enzymes in the small intestine of humans and belong to the
following categories:
1. Edible carbohydrate polymers naturally occurring in the food as consumed.
2. Carbohydrate polymers, which have been obtained from food raw material by physical,
enzymatic or chemical means and which have been shown to have a physiological effect of
benefit to health as demonstrated by generally accepted scientific evidence to competent
authorities.
3. Synthetic carbohydrate polymers, which have been shown to have a physiological effect of
benefit to health as demonstrated by generally accepted scientific evidence to competent
authorities.
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Footnote 1 states, “when derived from a plant origin, dietary fibre may include fractions of
lignin and/or other compounds associated with polysaccharides in the plant cell walls. These
compounds also may be measured by certain analytical method(s) for dietary fibre.
Footnote 2 states that, “Decision on whether to include carbohydrates of 3 to 9 monomeric
units should be left up to national authorities.”
Most governments accept this definition, with slight modifications in the inclusion criteria
for carbohydrates with more than two monomeric units, non-starch polysaccharides, resistant
starch, resistant oligosaccharides and resistant maltodextrins.
Non-starch polysaccharides are defined as “the skeletal remains of plant cells that are
resistant to digestion by enzymes of man measured as non α-glucan polymers measured by
the Englyst (Type 2 Method). It includes NSP, which is comprised of cellulose,
hemicelluloses, pectin, arabinoxylans, beta-glucan, glucomannans, plant gums and mucilages
and hydrocolloids, all of which are principally found in the plant cell wall. It does not include
oligosaccharides, resistant starch and resistant maltodextrins” (Jones, 2014).
Codex Alimentarius Commission issued a new definition in 2009, for dietary fiber to include
resistant starch under carbohydrate polymers obtained from food raw material by physical,
enzymatic or chemical means.
How is dietary fiber characterized?
Dietary fiber can be categorized based on various characteristics like: (a) chemical structure
(sugar identity, linkage type, size) (b) food properties (biological origin, food processing) (c)
gastrointestinal fate (rate of digestion and absorption) (d) metabolic properties (Glycemic
index, substrate metabolism, fermentability and fermentation products, prebiotic effect) and
(e) health effects (Englyst et al., 2007).
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There are different types of dietary fibers with varying chemical structures that would alter
its properties like water-solubility, viscosity, digestibility and fermentability. For example,
cellulose found in foods like whole grains, fruits and vegetables is a polysaccharide
consisting of β-(1→4)-linked glucose molecules. Cellulose polymers linked this way forms a
rigid, insoluble and poorly fermentable structure. In the gastrointestinal tract cellulose has
little impact, because as per an in vitro study by Barry et al., only 6-7% of cellulose was
found to be fermentable. On the other hand, β-glucan found in cereals like oats and barley are
made up of β-(1→4)-linked glucose molecules, with intermittent β-(1→3)-linkages every 2-4
glucose units. The β-glucan produced by yeast and mushrooms consists of β-(1→3)-linkages
as the backbone and β-(1→6)-branches. This chemical structure makes β-glucan a soluble
and highly fermentable dietary fiber. In the gastrointestinal tract, β-glucan increases the
viscosity of the digesta which in turn reduces the rate of gastric emptying from the stomach
to the small intestine; lowers absorption of nutrients and motility of small intestine; increases
satiety; and increases fermentability in the large intestine(Mälkki & Virtanen, 2001).
Other types of dietary fibers that are insoluble include resistant starch, chitin, inulin and
arabinoxylan and those that are soluble include chitosan, arabinogalactan, pectins, guar gum,
xanthan gum, gellan, alginate, carrageenan, polydextrose, fructo-oligosaccharides, galactooligosaccharides and lactulose. These dietary fibers also vary in viscosity, fermentability and
digestibility. Thus they have different effects in the gastrointestinal tract. For example,
pectins and gums are soluble, viscous and highly fermentable fibers. The viscous nature of
pectins and guar gum may enhance the mucous layer that protects the gastric lining from
ulceration. The soluble nature of these dietary fibers also delays gastric emptying because of
their water-holding capacity – leading to increased satiety, slower absorption of glucose and
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fecal bulking. On the other hand, prebiotics like inulin and fructooligosaccharide are
indigestible in the small intestine but highly fermentable in the colon. These dietary fibers
selectively stimulate the growth of beneficial bacteria in the colon and thus improve the
colon health (Rose & Hamaker, 2011).
To summarize, dietary fibers can be characterized by its physico-chemical properties,
gastrointestinal fate, or the physiological or health effect they impart.
How is dietary fiber digested in the gut?
In the process of digestion, carbohydrates are first broken down by the salivary α-amylase in
the mouth. Digestion of the carbohydrates in the stomach is limited. Carbohydrates are
mainly digested in the small intestine. The pancreas secretes α-amylase which is delivered to
the small intestine. The pancreatic α-amylase breaks down carbohydrates to
monosaccharides, disaccharides like maltose and sucrose and oligosaccharides. The brush
border enzymes of the small intestine break down the disaccharides and oligosaccharides into
monosaccharides like glucose, galactose and fructose. However, not all carbohydrates
present in the food is digestible in the small intestine. So the indigestible carbohydrates reach
the large intestine, which is then fermented by the gut microbiota present there. The gut
microbes break down the indigestible carbohydrates to short chain fatty acids (SCFA) like
acetate, propionate, butyrate, iso-butyrate and more. 85% - 95% of the SCFA thus produced
consists of acetate, propionate and butyrate. These short chain fatty acids have been known to
have positive effect on the health of the host(Cummings & Macfarlane, 1991; Guilloteau et
al., 2010).
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What is the physiological significance of dietary fiber?
Dietary fiber has been shown to exert beneficial effects on body weight, food intake, glucose
homeostasis, and insulin sensitivity (Den Besten et al., 2013). In a review by Galisteo et al.,
several human and animal studies were summarized to indicate a correlation between higher
fiber intake and a reduced risk of metabolic syndromes - obesity, cardiovascular disease and
diabetes (Galisteo et al., 2008). An inverse relation between fiber intake and the risk of
developing IBD has also been established (Ananthakrishnan et al., 2013). Ananthakrishnan et
al. collected and analyzed data from 170,766 women who had participated in the Nurse’s
Health Study. Dietary information was collected by administration of semi-quantitative food
frequency questionnaire every 4 years, for up to 26 years. Additionally, medical records were
checked to confirm self-reported CD or UC. Using the Cox proportional hazards models,
they concluded that the cohort of women who consumed the highest amounts of dietary fiber
had 40% lower risk of developing CD in comparison with women who consumed lowest
amount of dietary fiber. No such association was observed for UC (Ananthakrishnan et al.,
2013). For the purpose of this study, we will focus on the physiological effect of dietary fiber
only on IBD.
Several cell culture, animal and human studies have been conducted to determine the role of
dietary fiber in IBD:
Human Studies: Hallert et al. found that UC patients in remission who were fed 60g oat
bran every day for 12 weeks as compared to UC patients in remission who did not receive the
oat bran treatment, adapted to the diet leading to reduction of butyrate concentration. They
observed 1.3 fold increase at 4wk and 8wk, but the concentration of butyrate normalized by
12 weeks and returned to its original concentration (Hallert et al., 2003).
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In an 8-week, randomized, single blind, cross-over study, James et al. compared the effect of
increased dietary fiber in ulcerative colitis (UC) patients in remission with healthy subjects
on food intake, bowel symptoms and tolerability, fecal indices and whole gut transit time
(WGTT). During the dietary intervention period designated as ‘low RS/WB’, the participants
consumed breads, cereals and muffins containing 2-5 g resistant starch (RS) and 2-5 g wheat
bran (WB) per day, for 17 days. During the period of dietary intervention designated as 'high
RS/WB', participants consumed breads, cereals and muffins containing 15g RS and 12g WB
per day, for 17 days. There was a wash-out period of 14 days between each dietary
intervention period, in this cross-over study.
At baseline, there were no significant differences between the UC patients and healthy ones
in terms of fecal weight, pH, SCFA and phenolic compounds or WGTT. But at baseline, UC
patients consumed significantly less iron and zinc. UC patients also consumed 1.5 times
lesser amount of dietary fiber, which was not statistically significant. In spite of lower
consumption of dietary fiber, output of fecal starch and NSP was three-fold higher in UC
patients (James et al., 2015).
Post-intervention, the researchers observed that during the ‘high RS/WB’ intake period, both
subject groups consumed significantly higher amount of fiber as compared to the baseline, as
expected. Both groups tolerated the ‘low RS/WB’ and ‘high RS/WB’ diets well. During the
‘high RS/WB’ intervention period, healthy controls excreted more than double amount of
fecal starch and NSP as compared with baseline, but no differences were found in UC
patients. Post-intervention, there were no significant differences between the UC patients and
healthy ones in terms of fecal weight, pH, SCFA and phenolic compounds or WGTT. But
usage of NSP was significantly reduced in UC patients as compared with healthy ones,
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during either dietary intervention periods. Abundance of microbiota was similar in UC
patients and healthy ones, but the composition was different, with UC patients having more
diverse microbiota in their Clostridium cluster XIVa (James et al., 2015).
Both groups tolerated both diets well. The only changes that were observed in this study were
– two-fold increase in excretion of fecal starch and NSP in healthy patients, as compared
with baseline; reduction in the usage of NSP in UC patients compared with the healthy ones;
and differences in the diversity of gut microbiota. The researchers attributed these differences
to lower fermentative capacity of NSP in UC patients as compared with healthy ones (James
et al., 2015).
In conclusion, increasing the dietary fiber intake of UC patients increased the butyrate
concentration in the colon, which was normalized during long-term usage. High consumption
of resistant starch also alters the microbial numbers and diversity in both – healthy and UC
patients in remission. However, James et al. did not observe any significant changes in the
fecal indices of UC patients when they were on high RS/WB diet. This could be because of
dosage and type of fiber was not effective. The type and dosage of fiber may also have an
effect on IBD markers.
Animal Studies: Zhou et al. found that when 21 days old, weaned Huanjiang piglets were
fed standard diet supplemented with 0.5% soybean oligosaccharide (n=5, experimental
group) as opposed to 0.5% corn starch (n=5, control group), the concentration of butyrate
increased by 1.5 fold and the mRNA expression of IL-8 decreased by 26%, in the colonic
contents obtained from the piglets after 14 days (Zhou et al., 2014b).
Le Blay et al., found that when Wistar rats were fed a standard diet supplemented with
9g/100g diet of fructooligosaccharide (FOS), there was 1.3 fold increase in the cecal SCFA
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concentration after 2 wk, 8wk and 27wk; and, 3 fold increase in the butyrate concentration
after 2 wk, and 27 wk, but 5 fold increase after 8 wk. Reduction in the butyrate concentration
at 27 wk suggests that the rats adapted to the FOS supplemented diet and may have an
increased number of FOS degrading gut bacteria (Le Blay et al., 1999). Similar results of
adaptation leading to decreased butyrate concentration were observed in the human study by
Hallert et al., 2003.
Nishitani et al. determined the anti-inflammatory effect of Lentinan - Letinula edodes
derived β-1,3; 1,6-glucan on 7-week old C57BL/6CrSlc mice that were induced to develop
colitis when treated with 2% DSS w/v in drinking water for 7 days. Through intragastric
administration, different doses of lentinan - 50, 100 or 200 µg/mouse, were administered
daily for 7 days prior to colitis induction via DSS and continued until sacrifice - 3 days after
stopping the DSS-treatment. DSS- treated mice that received 100µg lentinan through oral
administration, had significantly reduced weight loss (by 1.1-fold), colon shortening (by 1.2fold) and histological score (by 60%), as compared with DSS-treated mice that did not
receive lentinan. Additionally, lentinan treated DSS-mice significantly reduced the mRNA
expression of pro-inflammatory cytokines IL-1β by 50% in 200µg/mouse lentinan group and
INF-γ by 40% in 100 and 200µg/mouse lentinan group as compared with untreated mice.
This study suggests that the dietary fiber, β-glucan has anti-inflammatory properties that may
help in ameliorating IBD (Nishitani et al., 2013).
Majumder et al. determined the effect of isomaltodextrin (IMD) on the inflammatory
markers found in DSS-induced colitis mouse model. Mice were provided with one of the
doses - 0.5,1.0,2.5,5.0 % w/v IMD in drinking water for 23 days. On day 15, 5% DSS was
added to the water until end of the experiment (day 23) to induce acute colitis. In contrast
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with Nishitani et al., IMD was not effective in improving the weight loss or colon shortening
that occurs due to colitis. But, all doses of IMD was effective in reducing the concentration
of pro-inflammatory cytokines TNF-α and IL-6 in DSS-treated mice as compared with those
who did not receive IMD treatment. They also observed a tendency but not significant
difference in reduction of other pro-inflammatory markers IL-1β, MCP-1, and IL-17 and an
increase in anti-inflammatory marker IL-10 – suggesting that IMD may be protective against
colitis-induced gut inflammation (Majumder et al., 2017).
Le Leu et al., determined the effect of consumption of red meat with and without resistant
starch on severity of DSS-induced colitis induced in male Balb/c mice. Colitis was induced
in mice through 3% DSS in drinking water for the first 5 days of the dietary treatment. For
the remaining 7 days of the treatment, they received plain drinking water. The daily disease
activity index (DAI) increased in all dietary groups: control, red meat (RM), resistant starch
(RS) and RM+RS. DAI was higher in the red meat group as compared with control and RS
groups on most of the experimental days. But by 11th and 12th day of the experiment, there
were no significant differences in any dietary groups. Histology scores were also
significantly higher in the red meat group as compared with control and RS groups. Resistant
starch appeared to be protective against the deteriorating effect of red meat, as indicated by
the lower DAI scores than the RM group, but there was no statistical significance (Le Leu et
al., 2013). Although the researchers concluded that red meat aggravates DSS-induced colitis
in mice, it should be noted that this was a short term study and the differences in DAI scores
were not significant on last two days of the experiment. Hence, this study cannot be
extrapolated to long term effects of red meat.
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Scarminio et al. determined the protective effect of feeding green dwarf banana flour that is
rich in type 2 resistant starch to male Wistar rats for 21 days. Colitis was induced by
administration of trinitrobenzenesulfonic acid (TNBS)- for last 7 days of the experiment.
Biochemically, the colonic damage caused by colitis was characterized by a reduction in
colonic glutathione (GSH) levels and an increase in alkaline phosphatase (AP) and
myeloperoxidase (MPO) activity. GSH is a marker of anti-oxidation and MPO and AP are
markers of inflammation. The researchers found that feeding 20% banana flour diet
significantly lowered the macroscopic and microscopic colonic damage score, maintained
GSH levels and decreased AP and MPO levels in diseased mice as compared with nondiseased ones. They concluded that green dwarf banana flour helps in prevention and
treatment of IBD mediated by its anti-oxidant and anti-inflammatory properties (Scarminio et
al., 2012).
Bassaganya-Riera et al. compared the protective effect of various soluble fibers and resistant
starch against gut inflammation in wild type (WT) and IL-10 (IL-10-/-) deficient C57BL/6J
mice. IL-10-/- mice tend to develop IBD, due to the lack of anti-inflammatory cytokine, IL10. The researchers tested how diet supplemented with 4g fiber/100g diet affected the
development of IBD in WT and IL-10-/- mice. The fibers tested were PROMITOR soluble
corn fiber (SCF), STA-LITE III polydextrose (PDX), Biogum (BG), Pullulan (PI-20),
PROMITOR resistant starch-75 (RS-75), SCF&BG, RS-75&BG and inulin. They used
dietary disease index (DAI), histology scores and cytokine production as biomarkers of gut
inflammation. In IL10-/- mice RS-75, SCF, RS-75&BG, and inulin suppressed IBD
development by decreasing DAI. RS-75 and inulin were the only fibers that decreased
inflammatory lesions in ileum and the colon of IL10-/- mice. RS-75, SCF, and inulin
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suppressed the production of pro-inflammatory cytokine interferon-γ (INFγ) and RS-75
increased the production of IL-10-expressing cells in WT mice. These results suggest that
RS-75, SCF and inulin are protective against gut inflammation (Bassaganya-Riera et al.,
2011).
Moreau et al. compared the effect of time and type of dietary fiber supplementation on the
efficiency of improving intestinal mucosa through SCFA production, in DSS-induced colitis
model of male Sprague-Dawley rats. The diets compared were basal diet (BD), basal diet
supplemented with type-3 resistant starch (BD+RS) and basal diet supplemented with
fructooligosaccharide (BD+FOS). Colitis was induced by adding 50g DSS/L to the water of
the DSS group for 7 days and all of them were fed the basal diet during this time. The control
group received only water. Then, the DSS concentration was reduced to 30g DSS/L for rest
of the experiment, and during that time, the mice received the experimental or basal diets.
The effect of different diets was observed at 7 days and 14 days after starting the dietary
intervention. Therefore, at each time point 6 groups were compared: BD-control, FOScontrol, RS-control, BD-DSS, FOS-DSS and RS-DSS. In the control group, there were no
significant changes due to diet on any parameters - food intake, body weight, disease activity
index (DAI) or histological score. Between day 7 and day 14, there was a 1.2-fold reduction
in food intake only in the FOS-DSS group, when compared with RS-DSS group (p = 0.047).
At day 7, the body weight gain was 4-times and 6-times lower in the FOS-DSS compared
with BD-DSS and RS-DSS groups, respectively (p<0.05). At day 14, the body weight gain
was 4-times and 9-times lower in the FOS-DSS when compared with BD-DSS and RS-DSS
groups, respectively (p<0.05). There was a 2-fold decrease in the DAI score in the RS-DSS
group as compared with BD-DSS and FOS-DSS groups. At day 14, the histological score of
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the RS-DSS group was 3 times lower than BD-DSS (p=0.0082) and FOS-DSS (p=0.0306)
groups. The total histological score was significantly lower for RS-DSS when compared with
BD-DSS (p=0·0008 at day 7, p=0·0124 at day 14) and FOS-DSS (p=0·0195 at day 7,
p=0·0406 at day 14). DSS treatment decreased the SCFA concentration in the cecal-colonic
contents of RS-DSS and FOS-DSS groups when compared with healthy controls; and, the
butyrate concentration was higher in the cecum of rats in the RS-DSS group as compared
with BD-DSS and FOS-DSS groups. In conclusion, RS diet seemed to improve the condition
of inflamed colons, but FOS did not (Moreau et al., 2003).
In a double-blind, placebo-controlled, randomized trial in canines, Segarra et al. determined
the effect of a dietary supplement that contained chondroitin sulfate (CS) and prebiotics
(resistant starch, β-glucans and mannanoligosaccharides (MOS)) on clinical disease activity,
intestinal histology, gut microbiota, and selected serum biomarkers in dogs suffering from
IBD, over 180 days. There were no significant differences in clinical disease activity and
fecal gut microbiota between the placebo group and the supplemented group at any time
point. However, there was a significant decrease (1.53-fold; p< 0.01) in the median overall
histology score of the supplemented group, after treatment. Although the median overall
histology score decreased by 1.07-fold in the placebo group after treatment, the difference
was not significant. Higher concentration of serum cholesterol has been associated with
better histologic score and they found significantly higher serum cholesterol (p <0.05) after
60 days of treatment in the supplement group. Increased serum concentration of
paraoxonase-1 (PON1), an antioxidant enzyme is associated with decreased oxidative stress
and inflammation. The researchers found that after 60 days of dietary supplementation, there
was a significant increase in the serum concentration of PON1 as compared with the placebo
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group. The placebo group also showed significantly reduced serum total antioxidant capacity
(TAC) levels after 120 days (p< 0.05), which could also be associated with increased
oxidative stress. These results suggest that dietary supplements made of natural
glycosaminoglycan – chondroitin sulfate and prebiotics helped in reduction of oxidative
stress caused by IBD (Segarra et al., 2016).
To summarize, SCFA production is increased with increased intake of DF. DF intake leads to
an increased concentration of butyrate in the colon, probably because of the presence of high
numbers of butyrate-producing microbes (Le Blay et al., 1999; Zhou et al., 2014a). DF has
anti-inflammatory effect in vivo (Nishitani et al., 2013; Majumder et al., 2017) against colitis
induced gut inflammation. DF may also impart its protective effect against IBD through its
anti-oxidant properties (Scarminio et al., 2012); and, resistant starch may be protective
against the aggravation of IBD due to red meat consumption (Le Leu et al., 2013).
Cell culture: The study done by Chen et al. is very similar to our experimental design. Chen
et al. subjected four dietary fibers – raw potato starch (RS2), fructooligosaccharides (FOSs),
sorghum arabinoxylan (SAX) and corn arabinoxylan (CAX) to in vitro digestion by
sequentially exposing them to human salivary α-amylase, pepsin and pancreatin. The digesta
(except for FOS) was then dialyzed against purified water for 24h and then freeze-dried.
Fecal samples were obtained from three healthy individuals and mixed equally in phosphatebuffered saline to prepare a fecal inoculum. 50mg of each fiber was fermented with 5% fecal
inoculum for 12h. The fermenta products were collected and centrifuged. The supernatants
were filter-sterilized and subjected to the cell monolayers. SAX fermentation produced
highest amount of total SCFA followed by FOS then CAX and then RS2. In terms of
butyrate concentration, FOSs produced highest amount of butyrate, followed by SAX, then
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CAX and then RS2. Chen et al. claim that RS2 did not ferment well in this experiment.
Among the dietary fibers, they found that the intestinal integrity of the cells was improved by
FOS, SAX, CAX when compared with RS2.
They then grew Caco-2 cells to confluence on Transwell plates for 7 days and subjected them
to either pure SCFA mixture or sterilized fiber-fermented supernatants for 48h and measured
the trans-epithelium resistance using a volt-ohm meter and paracellular permeability using
fluorescent spectrophotometry. Caco-2 cells were exposed to one of the SCFA mixes
(combination of acetate, propionate and butyrate) containing 10, 20 or 50% butyrate while
maintaining the total SCFA concentration at 40mM for all mixes. They found that SCFA
mixes containing 20% (8mM) and 50% (20 mM) butyrate had increased the TEER values by
1.3-fold and 1.5-fold, respectively, as compared to control (no SCFA added). Only butyrate
showed a positive correlation with TEER values, suggesting that butyrate improves the
intestinal barrier function (Chen et al., 2017).
To determine the reparative effects of SCFA, Caco-2 cells were inflamed by addition of
10µg/ml LPS on apical side and 50ng/ml TNFα on the basolateral side for 48h. Inflamed
Caco-2 cells were then exposed to one of the SCFA mixes (combination of acetate,
propionate and butyrate) containing 5, 20 or 50% butyrate while maintaining the total SCFA
concentration at 40mM for all mixes. To determine the protective effects, Caco-2 cells were
exposed to the inflammatory stimulus and SCFA mixes simultaneously. Increasing
proportion of butyrate improved barrier function in both –inflamed and non-inflamed Caco-2
cells (Chen et al., 2017).
In order to determine the molecular mechanism through which IMD imparts its antiinflammatory effect, Majumder et al. subjected ~80% confluent intestinal epithelial cells,
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HT-29 to 0.01, 0.05, 0.1, 0.5 or 1 mg/ml IMD for 2h, followed by 10 ng/ml TNF-α induced
inflammation for 4h and measured the secretion of pro-inflammatory marker IL-8 in the
supernatant. To determine the role of Toll-like receptor (TLR)-4 in the anti-inflammatory
effect of IMD, HT-29 cells were pre-treated with TLR-4 inhibitor – CL-095 for 6h before
being exposed to different concentrations of IMD for 2h and then TNFα for 4h, as mentioned
before. They found that 0.05 mg/ml – 1mg/ml IMD inhibited the expression of IL-8 in
inflamed cells, as compared to inflamed cells that were not treated with IMD. They also
determined that the presence of TLR-4 inhibitor along with IMD, further reduced the
expression of IL-8 in inflamed HT-29 cells. After this observation, they tested for expression
of TLR-4 receptors in the mouse colonic tissue and found that there was a significant
reduction in it in the DSS-induced colitis mice that were treated with 5% w/v IMD. These
results indicate that IMD imparts its anti-inflammatory effect by suppressing TLR-4
receptors (Majumder et al., 2017).
To summarize, dietary fibers have been shown to be protective against inflammation, in
vitro. This protective effect of dietary fiber was attributed to the increased production of
butyrate due to microbial fermentation. To prove this Chen et al. tested the effect of pure
SCFA on the intestinal integrity of Caco-2 cells and found that SCFA mixes containing 20%
and 50% butyrate improves the intestinal integrity of inflamed Caco-2 cells.
General conclusions regarding dietary fiber and IBD
SCFA production is increased with increased intake of DF. DF intake leads to an increased
concentration of butyrate in the colon, probably because of the presence of high numbers of
butyrate-producing microbes (Le Blay et al., 1999; Zhou et al., 2014a). DF has antiinflammatory effect in vivo (Nishitani et al., 2013; Majumder et al., 2017) against colitis
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induced gut inflammation. DF may also impart its protective effect against IBD through its
anti-oxidant properties (Scarminio et al., 2012). Resistant starch may also be protective
against the aggravation of IBD due to red meat consumption (Le Leu et al., 2013). These
beneficial effects of dietary fibers have been attributed to increased concentration of SCFA,
specifically butyrate (Chen et al., 2017). The studies that looked at the effect of SCFA on
symptoms or markers of IBD are reviewed below.
SHORT CHAIN FATTY ACIDS (SCFA)
What are SCFA?
The gut microbiota in the large intestine ferment indigestible dietary fiber and resistant
starches into SCFA. SCFA are one to six carbon organic acids; and the most abundant SCFA
in the large intestine are acetate (C2), propionate (C3) and butyrate (C4). They are found in
an approximate molar ratio of 60:10:10 in the gut (Cummings, 1981).
What is the role of butyrate in IBD?
Several studies have been conducted to determine the role of butyrate in IBD:
Human studies: The butyrate enema studies conducted in humans are summarized in
Table1. Most of the studies listed here indicate either an improvement or no effect of butyrate
enema on disease activity, histology score, endoscopic score and alleviation of symptoms
related to IBD.
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Table 1: Butyrate enema studies conducted in humans.
Reference

Patients

Methods

Results

(Guillemot

Diversion

Randomized, placebo-controlled,

↔ Endoscopic score at

et al.,

colitis

double blind study

the end of treatment

Placebo: saline enema, n = 6

period

Trt: Mix of 60 mM Ac, 30 mM Pr and

↔ Histology score at

40 mM Bu enema, n=7

the end of treatment

Dose and frequency: Twice a day for

period

1991)

14 days
(Steinhart

Distal

Randomized, placebo-controlled,

↔ Disease Activity

et al.,

Ulcerative

double blind study

Index (UCDAI) score

1996)

colitis

Placebo: saline enema, n = 19

at the end of treatment

Trt: 60 ml of 80 mM butyrate enema,

period

n = 19

↔ Endoscopic score at

Dose and frequency: Once a day for 6

the end of treatment

weeks

period
↔ Histological score
at the end of treatment
period
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(Table 1 continued)
(Talley et
Radiation

Double-blind, placebo-controlled,

↔ Endoscopic score at

al., 1997)

crossover study

the end of treatment

Placebo: 60 ml saline enema, n=12

period

Trt = 60 ml of 40 mM butyrate enema,

↔ Histological score

n =12

at the end of treatment

Dose and frequency: Twice per day

period

for 2 weeks; Washout period: 1 week

↔ Symptom score at

proctitis

the end of treatment
period
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(Table 1 continued)
(Pinto et
Radiation

Randomized, placebo-controlled, double TP: Compared with

al., 1999)

blind study

baseline, ↓ number of

Placebo (C): saline, n = 5

days/week for rectal

Trt (T): 60 mL mix of 60 mM Ac +30

bleeding (p<0.01) in

mM Pr + 40 mM Bu enema, n= 9

treatment group

Dose and frequency: Twice daily for 5

compared to placebo

weeks (therapeutic phase - TP)

group

Follow up for up to 6 months after

Follow up: Compared

treatment

with baseline, ↓ number

proctitis

of days/week for rectal
bleeding but not
significant (p =0.13)
TP: ↓ Endoscopic score
(p < 0.001) for SCFA
group, ↓ Endoscopic
score (p<0.01) for
placebo
Follow up: ↔
Endoscopic score , ↔
Histological score at
the end of the treatment
period
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(Table 1 continued)
(Lührs et
Ulcerative

Randomized, placebo-controlled

↓ Disease activity

al., 2002)

Placebo: Saline enema, n = 5

index (DAI) after 4

Trt: 60ml of 100 mM butyrate enema,

wks (p=0.011 ) and 8

n =6

wks (p=0.001) of

Dose and frequency: Twice daily for 8

treatment in the

weeks

butyrate-treated

colitis

patients
↓ Endoscopic score
only after 8 wks of
treatment (p=0.007) in
the butyrate-treated
patients.
↔ Overall histological
score between groups
at any time point

26
(Table 1 continued)
(Vogt &
Healthy

Crossover study, placebo controlled

% absorption of

Wolever,

10 trts: 3 saline infusions (at the start,

butyrate > %

middle and end of the study) and

absorption of acetate

7 SCFA infusion in random order: Ac,

% absorption of

Pr, Bu, Ac+Pr, Ac+Bu, Pr+Bu,

butyrate not greater

Ac+Pr+Bu

than % absorption of

Concentration used for trts Ac: 60

propionate

mM, Pr: 20 mM, Bu: 20 mM

Total SCFA absorbed

Volume: 300 ml of test solution;

was positively

Washout period: 3 days

correlated to the total

2003)

adults

SCFA concentration
infused, except for
APB
Amount of Ac
absorbed from APB
solution was
negatively correlated
with fecal molar % of
Ac
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(Table 1 continued)
(Hamer et Healthy

Double blind, placebo-controlled,

↔ Histological score

al., 2009)

crossover study

at the end of the

Placebo: 60 mL saline, n =16

treatment period

Trt: 60 mL of 100 mM butyrate

↓ Oxidative stress at

enema, n = 16

the end of the

Dose and frequency: Once a day for

treatment period

two weeks
(Hamer et

Ulcerative

Randomized, placebo-controlled,

↑ Colonic IL-10/IL-12

al., 2010)

colitis

double-blind study

ratio in butyrate-

patients in

Placebo: 60 mL saline, n = 18

treated group

remission

Trt: 60 mL 100 mM butyrate enema, n

compared with

= 17

baseline (p=0.022)

Dose and frequency: Once a day for

↔ Histology score

20 days

between the treatment
and placebo groups
Minor effects on
inflammatory and
oxidative stress
parameters
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(Table 1 continued)
(Luceri et Enterostomy

Randomized, placebo-controlled,

↓Endoscopic score in

al., 2016)

double blind study

butyrate-treated

Placebo: 30 ml saline enema, n = 7

patients, as compared

Trt: 30 ml of 600 mM butyrate enema,

with baseline (p =

n = 10

0.0083)

Dose and frequency: Twice daily for

↔ Histological score

30 days

in either groups

patients

↓ Atrophy score in trt
group as compared
with baseline, but not
significant

Animal studies: Argenio et al. tested the effect of 80 mM butyrate enema in trinitrobenzenesulphonic acid (TNBS) colitis induced model, in Wistar rats. 2 weeks of butyrate treatment
led to a 2.5-fold reduction in the macroscopic score and nearly 3-fold reduction in the
histological scores when compared with rats that received only saline enema. They also
tested for the effect of 80 mM butyrate on development of colitis associated colorectal
cancer. One week after induction of colitis with TNBS in Wistar rats, the researchers
administered azoxymethane (AOM) for 5 weeks and continued treatment until 27 weeks.
They found that butyrate treatment led to a 2-fold reduction in the number of tumors formed
and >3-fold reduction in the size of the tumors when compared with saline treatment (D'
Argenio et al., 2007).
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Vieira et al. determined the effect of oral administration of 0.5% butyrate for 14 days on the
histological score and cytokine profile and DSS-induced colitis C57BL/6 mice. The crypt
length was reduced by 50% in the UC-mice that were fed the standard diet, when compared
with control mice that were on standard diet. But the UC-mice that were fed the diet
containing butyrate, the crypt length was 1.5-fold longer than UC-mice on standard diet.
They also found that UC-mice that were fed butyrate-supplemented diet had half the
concentration of neutrophils and eosinophils when compared with UC-mice on standard diet.
They also observed an improved inflammatory cytokine profile in the butyrate-fed UC-mice
(Vieira et al., 2012).
General conclusions from human and animal butyrate enema studies
The human studies suggest that for the treatment to be effective the butyrate concentration
should be ≥100 mM and the treatment should be given for at least 6-8 weeks to observe an
improvement in the severity and symptoms of colitis. The concentration and number of days
for treatment is reduced in the rodent studies, probably because of lower body weight and
size. But it is important to note that dietary fiber fermentation also produces other SCFA like
acetate, propionate. Additionally, other branched chain-fatty acids like iso-butyrate, valerate
etc., which are fermentation products of amino acids; organic acids like lactate and succinate
and products like indoles, phenols, amines and ammonia are also present in the colonic
lumen(Cummings & Macfarlane, 1991). Although, 85% - 95% of the products contain
acetate, propionate and butyrate – indicating that they are present in highest amounts in the
colon (Cummings & Macfarlane, 1991).
Most of the enema studies reviewed above have looked at the effect of only butyrate on the
mucosal damage caused by IBD. Only 3 groups of researchers reviewed above tested for the
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effect of enemas containing acetate, propionate and butyrate (Guillemot et al., 1991; Pinto et
al., 1999; Vogt & Wolever, 2003). Hence, to determine the protective effect of dietary fibers
more realistically, it is important to study the effect of its fermentation byproducts in the
presence of other colonic lumen particles. However, only the concentrations of acetate,
propionate and butyrate are well characterized in the colon. Hence, the focus of our research
is to determine the effect of increased butyrate in the presence of acetate and propionate on
the intestinal integrity and secretion of pro-inflammatory chemokine, IL-8 in Caco-2 cells.
INTERLEUKIN-8 (IL-8)
What is IL-8?
IL-8 is an pro-inflammatory marker belonging to IL-1family (Guan & Zhang, 2017). IL-8
belongs to the class of chemokines that have the cysteine – amino acid – cysteine (CXC)
structure and binds to CXC receptors (CXCR) on the cells. IL-8 binds to CXCR1 and
CXCR2 (Kobayashi, 2006). The primary role of IL-8 is the activation and migration of
neutrophils from the peripheral blood into the tissues (Műzes et al., 2012). When acute
inflammation occurs, IL-8 is secreted from the epithelial cells that bind to the CXCR2 on
neutrophils. IL-8 thus acts as a chemo-attractant for neutrophils, which then migrate and
infiltrate the injured tissue (Kucharzik & Williams, 2003; Kobayashi, 2006).
What is the role of IL-8 in IBD?
One of the inflammatory markers used to characterize IBD is IL-8. Gibson and Rosella
isolated colonic crypt cells from the resected mucosa of patients with varied colon diseases:
normal (n=16), colorectal cancer (CRC) (n = 20), Ulcerative colitis (UC) (n=17) and Crohn’s
Diseases (CD) (n=14). The isolated cells were then cultured for 16-24 hours and IL-8
secretion was measured in the supernatant by ELISA. They found that IL-8 secretion was 2.5
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times higher from the uninflamed mucosa of colonic crypt cells that were isolated from UC
and CD patients, as compared with that of normal patients (Gibson & Rosella, 1995).
In a recent study by Rodriguez-Peralvarez et al. the serum cytokine profile of UC patients
(n=67), was characterized and compared with that of healthy ones (n=21), with the goal of
determining the serum biomarkers that could be used to diagnose UC. Using the univariate
analysis they determined that IL-6 was 1.8-times higher (p=0.007), IL-8 was 1.3 times higher
(p=0.002) and IL-10 was 1.3 times higher (p=0.008) in UC patients when compared with
healthy ones. Using the multiple logistic regression model they showed that UC patients were
characterized by higher concentration of IL-8 (odds ratio [OR] = 1.37, p=0.002) and IL-10
(OR = 3.88, p=0.012) and lower concentration of IFN-γ (OR = 0.95, p=0.002). This serum
profile had 74.6% sensitivity, 85.7% specificity, and 77.3% accuracy in discriminating
between UC patients and controls. When the data from only newly diagnosed patients were
used, the accuracy of the model increased to 96.4% accuracy. Higher serum concentration of
IL-8 was also related to moderate to severe disease clinical activity (OR=1.16, p=0.012);
endoscopic (OR=1.10, p=0.026) and histology (OR = 1.33, p=0.017) severity (RodríguezPerálvarez et al., 2012)
In conclusion, IL-8 concentration is high in the serum and colonic crypt cells of UC patients
and could possibly be used as a biomarker for diagnosis.
How is IL-8 affected by butyrate?
Several studies indicate that butyrate suppresses the secretion of IL-8 from colonic cells:
Gibson and Rosella isolated uninflamed colonic crypt cells from the resected mucosa of
patients with varied colon diseases: normal (n=16), colorectal cancer (CRC) (n = 17),
Ulcerative colitis (UC) (n=13) and Crohn’s Diseases (CD) (n=10). The isolated cells were
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then cultured for 24 hours with 1 mM acetate, propionate or butyrate. While acetate and
propionate had no significant effect on the secretion of IL-8 from the cells, butyrate
significantly reduced the secretion of IL-8 in from the cells isolated from normal patients by
20%, from CRC patients by 25%, from UC patients by 30% and from CD patients by 22% ,
when compared with cells that were not treated with butyrate. There was no significant
difference across disease groups (Gibson & Rosella, 1995).
In a different study by Gibson et al. they tested the effect of butyrate and TNFα alone and
effect of butyrate after pre-incubating the cells with TNFα for 24h, on IL-8 secretion. They
found that when the cells were incubated with 2mM butyrate alone or 10-7 M TNFα for 24h,
IL-8 secretion more than doubled. But, when Caco-2 cells were pre-incubated with TNFα for
24h, washed and then subsequently exposed to 2 mM butyrate for 24h, IL-8 secretion was
suppressed by 34% from the basal levels (p = 0.03).
The Caco-2 cell-line is an in vitro model that is used to determine the mechanisms and
effects of various compounds on enterocytes or colonocytes. Caco-2 cells are a good model
for IBD because they secrete high amounts of IL-8 when stimulated by inflammatory stimuli.
The secretion of IL-8 is also dependent on the differentiation phase of the cells. Mariadason
et al. determined the effect of butyrate treatment on secretion of IL-8 from Caco-2 cells at
various phases of differentiation. In a 21-day growth period, they found that 5-days old cells
secreted highest amount of IL-8 (1352% ± 166% above control), after being treated with 2
mM butyrate for 72 hours. The secretion of IL-8 was high until the Caco-2 cells were 7 days
old and this trend seemed to wear off by day 21. Huang et al. observed similar amount of
secretion in 5-days old (pre-confluent) cells that were stimulated by IL-1β for 4 hours. They
also observed a 6-fold decrease in the secretion of IL-8 in 18-days old (post-confluent) cells
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and in 5-days old (pre-confluent) cells that were treated with 2.5 mM sodium butyrate for 72
hours, in comparison with untreated 5-days old cells (Huang et al., 1997).
Through these studies, it can be concluded that exposure of inflamed Caco-2 cells to 2mM
butyrate leads to a significant suppression of IL-8 concentration when compared with
untreated, inflamed Caco-2 cells.
OVERALL SUMMARY AND RATIONALE
Increasing the intake of dietary fiber has been proven to reduce the risk of developing CD
(Ananthakrishnan et al., 2013) and resistant starch has been shown to be protective against
development of UC (Le Leu et al., 2013). These effects could be attributed to the antiinflammatory (Nishitani et al., 2013) or anit-oxidant (Scarminio et al., 2012) properties of
dietary fiber.
It has been proposed that dietary fiber imparts its protective effect against IBD through its
fermentation byproduct – butyrate (Guilloteau et al., 2010). Several studies have been
conducted to determine the mechanisms through which butyrate is protective against IBD
(Hamer et al., 2010). However, these studies have limited implications because only the
effect of butyrate has been studied alone. But other major fermentation products like acetate
and propionate are also present in the colon (Cummings & Macfarlane, 1991). It is unknown
if the effect of butyrate is affected by the presence of other short chain fatty acids. Hence, to
fully understand the effect of butyrate against IBD, it is important to study its effect in the
presence of other short chain fatty acids – acetate and propionate.
Brouns et al. suggested that increasing the consumption of resistant starch would lead to an
increase in the concentration of butyrate in the gut. Butyrate plays an important role in
growth, proliferation and differentiation of gut epithelial cells. Butyrate has have anti-
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inflammatory and anti-oxidative properties (Guilloteau et al., 2010). Butyrate enemas have
been shown to be protective against the mucosal damage caused due to IBD (Hamer et al.,
2010; Luceri et al., 2016). Gibson and Rosella have showed that butyrate suppresses the
secretion of the pro-inflammatory chemokine, IL-8. Since high concentrations of IL-8 has
been proven to be a characteristic of UC and CD patients (Gibson & Rosella, 1995),
suppression of secretion of IL-8 by butyrate may help in attenuating the effects of IBD.
Hence, we hypothesized that an increased ratio of butyrate in the presence of physiological
concentrations of acetate and propionate (as produced after fermentation of dietary fiber),
would imporve the intestinal integrity and suppress IL-8 secretion in Caco-2 cells.
RATIONALE FOR METHODS USED
Caco-2 cells are human adeno-carcinoma cells that behave as colonocytes when grown in
vitro for up to 7 days (Engle et al., 1998). To understand the protective effect of dietary fiber,
it is important to study its effect on colonocytes and not enterocytes, because dietary fibers
are highly fermented to SCFA in the colon (Cummings, 1981; Cummings & Macfarlane,
1991). Caco-2 cells also secrete high concentrations of IL-8 when inflamed - similar to what
occurs in IBD patients (Gibson & Rosella, 1995). Suppression of IL-8 by butyrate has also
been observed in Caco-2 models (Huang et al., 1997; Mariadason et al., 2001). Due to all
these characteristics, we selected to use Caco-2 cells as our model.
Caco-2 cells were grown on Transwell plates such that it separated each well into two
chambers – apical and basolateral. The apical chamber represents the apical surface of the
intestinal epithelial cells and the basolateral chamber represents the basal and lateral surfaces
of the intestinal epithelium. The apical surface of the epithelial cells faces towards the
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colonic lumen, where the gut microbes are present and the basolateral surface faces towards
the blood vessels (Fig 2).

Apical

Insert
Well

Basolateral

Fig 2: (Left) Cartoon representation of how an insert divides the well into two chambers –
apical and basolateral. (Right) The apical and basolateral surfaces found in the intestinal
epithelium as mimicked in the Transwell plates.

To mimic the chronic inflammation observed in IBD patients, we used lipopolysaccharide
(LPS) as an inflammatory stimulus on the apical side. LPS represents the microbial
community found on the apical side of the epithelium. On the basolateral side, we used a
mixture of pro-inflammatory cytokines tumor necrosis factor α (TNFα), interleukin-1β (IL1β) and interferon-γ (INF-γ) as used previously in our lab to inflame the cells (Qiang et al.,
2011).
The intestinal integrity of the cells was tested by the colorimetric method using Lucifer
Yellow (LY). When the cells are highly permeable, the LY is easily transported from the
apical chamber to the basolateral chamber. Hence, when high concentration of LY is
measured in the basolateral chamber, it is concluded that the intestinal integrity of the cells is
compromised. Several other researchers have used this method to test the intestinal integrity
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of Caco-2 cells (Kadota et al., 2013; Nemoto et al., 2015). Cell integrity was also measured
by the quantifying the damage caused to the cells, by measuring the lactate dehydrogenase
(LDH) activity. LDH is a soluble enzyme located in the cytosol. When the cell is damaged or
lysed, LDH is released in the surrounding culture medium. LDH activity in the culture
medium can therefore be used as an indicator of cell integrity (Haslam et al., 2000). Several
other researchers have used this method to test for cell damage/cell permeability of Caco-2
cells (Carrasco-Pozo et al., 2010; Chen et al., 2017).
Hence, our objective was to determine the effect of increased ratio of butyrate in the presence
of physiological concentrations of acetate and propionate on the intestinal integrity and IL-8
secretion in inflamed and non-inflamed Caco-2 cells.
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CHAPTER 2: EFFECT OF INCREASED RATIO OF BUTYRATE TO
PHYSIOLOGICAL CONCENTRATIONS OF ACETATE AND PROPIONATE ON
INTESTINAL INTEGRITY AND IL-8 SECRETION IN CACO-2 CELLS
Nidhi Shah, Suzanne Hendrich
Food Science and Human Nutrition, Iowa State University
ABSTRACT
Background: Chronic inflammation of the gut could be combated by increasing the
consumption of dietary fiber which would lead to an increased butyrate production in the
colon. Butyrate has been shown to improve intestinal integrity and suppress the secretion of
pro-inflammatory cytokine, IL-8.
Experimental Design: Caco-2 cells were grown to 90-100% confluence on Transwell plate
inserts for 4 days, then inflammation was induced for 24h. The inflamed and non-inflamed
Caco-2 cells were then exposed to: (i) 60 mM acetate (Ac): 10mM propionate (Pr): 10mM
butyrate(Bu) (lower butyrate ratio) or (ii) 60 mM Ac: 10mM Pr: 20mM Bu (higher butyrate
ratio) for 0h, 12h or 24h. Intestinal integrity was measured by amount of Lucifer yellow
transported from the apical to basolateral chamber of Transwell plates. IL-8 secretion was
measured by ELISA and cell damage was measured by the lactate dehydrogenase
cytotoxicity assay.
Results: Cells that were inflamed significantly decreased the intestinal integrity (p=0.0094),
increased the secretion of IL-8 (p<0.0001) and induced higher cell damage (p<0.0001) than
non-inflamed Caco-2 cells, n=54. SCFA mix containing higher butyrate ratio (20mM)
significantly reduced the intestinal integrity of inflamed cells (p=0.0238, n=27). Higher
butyrate ratio did not affect the secretion of IL-8; but it led to greater cell-damage (p=0.0161,
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n=54). Prolonged exposure to SCFA improved intestinal integrity (p<0.0001), increased the
secretion of IL-8 (p<0.0001) and led to greater cell damage (p<0.0001), n=36. Conclusion:
Our hypothesis was disproved, but the important lesson to be learned is that the effect of
butyrate in colonocyte models should be studied in the presence of other SCFA, to assure
physiological relevance.
Key words: inflammatory bowel disease, IBD, butyrate, IL-8, Caco-2, inflammation
INTRODUCTION
Inflammatory bowel diseases (IBD) are a global health problem. According to
Centers for Disease Control and Prevention (CDC)1, 1 – 1.3 million people in USA, 2.5-3.3
people in Europe and nearly 200,000 people in Canada suffer from IBD (Kaplan, 2015b).
The direct health care cost in these three countries is nearly $13 billion (Kaplan, 2015b). Due
to the influence of industrialization from Western civilizations, the incidence of IBD is on the
rise in developing nations of Asia, South America and the Middle East. By 2025, the
prevalence of IBD in the developing nations will match the current prevalence rate of the
western civilizations (Molodecky et al., 2012; Kaplan, 2015b).
There are two types of IBD. Chronic inflammation of the large intestine (colon and
rectum) leads to development of Ulcerative Colitis (UC) and chronic inflammation of the
digestive tract leads to development of Crohn’s disease (CD). IBD has been treated with
pharmacological drugs like non-steroidal anti-inflammatory drugs (NSAIDs), mesalazine,
sulfasalazine, aminosalicylic acid, TNF-inhibitors or COX-inhibitors. While these drugs are
effective in alleviating the symptoms of IBD in several individuals, the effects could be
short-term; the sufferers of IBD may develop side-effects to these drugs; or these drugs are
not equally effective in all individuals suffering from IBD (Meyer et al., 2006; Paiotti et al.,
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2012). Hence, there is a need to develop therapies that are effective in all individuals without
causing the development of side-effects. This can be achieved through therapeutic dietary
interventions.
Increasing the consumption of dietary fiber (DF) among IBD patients is one of the
tested dietary intervention strategies. Dietary fiber has been proven to impart antiinflammatory properties and alleviate some of the IBD symptoms in several animal studies
(Bassaganya-Riera et al., 2011; Le Leu et al., 2013; Nishitani et al., 2013; Majumder et al.,
2017). The hypothesis is that by increasing the consumption of DF, the gut microbiota would
receive more of it and they would ferment the DF to produce butyrate and other short chain
fatty acids (SCFA).
. Butyrate is the main energy source for colonocytes; promotes the expression of antiinflammatory cytokines and suppresses the expression of pro-inflammatory cytokines
(Guilloteau et al., 2010). Moreover, butyrate enema studies in humans have shown that
butyrate is anti-inflammatory and tends to reduce the symptoms related to UC (Hamer et al.,
2009; Hamer et al., 2010; Luceri et al., 2016). Similarly, treatment of induced-colitis with
butyrate in mice (Vieira et al., 2012) and rats (D' Argenio et al., 2007) have shown similar
alleviation properties of butyrate. Moreover, D’ Argeniao et al. also showed that butyrate
treatment reduced the number and size of tumors against colitis induced colorectal cancer, in
rats. The anti-inflammatory and anti-oxidative properties of butyrate make it an attractive
form of treatment against UC.
Gibson et al. determined that the colonic crypt cells obtained from UC and CD
patients have increased concentration of pro-inflammatory cytokine IL-8, which can be
suppressed by butyrate. Other researchers have found similar suppressive effect of butyrate
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against IL-8 (Huang et al., 1997; Pedersen et al., 2000; Lin et al., 2015; Pedersen, 2015).
Hence, IL-8 is a good marker to test the effects of butyrate.
Caco-2 cells are human adenocarcinoma cells, which when grown in the lab for seven
days, retain the characteristics of colonocytes (Huang et al., 1997; Engle et al., 1998;
Mariadason et al., 2001). This is important because the fermentation of dietary fiber occurs
in the colon and the greatest amounts of SCFA are produced in the colon (Cummings, 1981;
Cummings et al., 1987). Additionally, Caco-2 cells can be inflamed by exposing them to proinflammatory cytokines like tumor necrosis factor α (TNFα), interleukin-1β (IL-1β) and
interferon-γ (INFγ) (Qiang et al., 2011). Hence, Caco-2 cells are a good model for ulcerative
colitis and to determine the effect of SCFA on both – inflamed and non-inflamed cells.
Most of the studies conducted so far have determined the effect of only one short
chain fatty acid - butyrate on IL-8 (Gibson & Rosella, 1995; Mariadason et al., 1999;
Mariadason et al., 2001). But physiologically, acetate and propionate are also present in high
amounts in the colonic lumen (Cummings, 1981; Cummings et al., 1987). Hence, to make it
physiologically relevant, we aimed to determine if an increased ratio of butyrate with respect
to physiological concentrations of acetate and propionate would suppress the secretion of IL8 from inflamed and non-inflamed Caco-2 cells.
At the time of designing this experiment, there were no published studies that
determined the effect of butyrate on intestinal integrity in the presence of other SCFA. But
recently, Chen et al. published a paper that determined the effect of exposing inflamed and
non-inflamed cells to total SCFA concentration of 40 mM containing 5, 10, 20 or 50%
butyrate for 48h on intestinal integrity. However, there are differences between the two
studies. For this study, inflamed and non-inflamed Caco-2 cells were exposed to either 60
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mM acetate: 10mM propionate: 10mM butyrate or 60 mM acetate: 10mM propionate: 20mM
butyrate SCFA mix for 24h, which is more physiologically relevant. To inflame the Caco-2
cells Chen et al. exposed them to 10 µg/mL lipopolysaccharide (LPS) on the apical side of
the Transwell plates and 50 ng/mL TNFα on the the basolateral side of the Transwell plates
for 48h. In this study, the Caco-2 cells were exposed to 1 µg/mL LPS on apical side and a
cocktail of 25 ng/mL IL-1β , 50 ng/mL TNF-α and 50 ng/mL IFN-γ on the basolateral side
of the Transwell plates for 24h. Due to these differences in the ratio of SCFA, time of
exposure to SCFA, concentration and composition of the inflammatory stimulus and time of
exposure to the inflammatory stimulus, the two studies are comparable but not same.
Our hypothesis is that when inflamed Caco-2 cells are exposed to an increased ratio
of butyrate to physiological concentrations of acetate and propionate (as produced after
fermentation of dietary fiber), intestinal integrity is improved and IL-8 secretion is reduced.
The aim of this study is to determine the effect of increased ratio of butyrate to physiological
concentrations of acetate and propionate on intestinal integrity and suppression of IL-8
secretion.
MATERIALS AND METHODS
Chemicals
Dulbecco’s Modified Eagle’s Medium (DMEM), 0.5% trypsin - EDTA, antibioticantimycotic, L-glutamine, HEPES and Hank’s Balanced Salt Solution (HBSS) were
purchased from Life Technologies Corp. (Carlsbad, California). Interferon γ – (INFγ), Tumor
Necrosis Factor α (TNF α), Interleukin – 1β (IL-1β) , lipopolysaccharide (LPS) and Lucifer
yellow (LY), sodium acetate, sodium propionate and sodium butyrate were purchased from
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Fisher Scientific (Hanover Park, Illinois). The ELISA kit to determine the concentration of
IL-8 was purchased from Qiagen (Valencia, California).
Study design
Colorectal carcinoma (Caco-2) cells were used to determine the effect of an increased
butyrate concentration in a mixture of butyrate, acetate and propionate, on secretion of IL-8.
To assure that Caco-2 cells retained the characteristics of a colorectal cell (Engle et al.,
1998), Caco-2 cells were grown for 3 days on inserts of a Transwell plate such that the
inserts divided the wells into two chambers: apical and basolateral (Fig. 1).

Apical

Insert

Well
Basolateral
Fig 1: Cartoon representation of how an insert divides the well into two chambers – apical
and basolateral.

On the fourth day, Lucifer Yellow transport experiment was conducted to determine the
intestinal integrity of the Caco-2 cell monolayer formed on the inserts. On the fifth day, half
of wells were inflamed for 24 hours, by exposing the Caco-2 cells to a cocktail of
inflammatory stimuli. Following inflammation, the Caco-2 cells were exposed to two
different ratios of acetate: propionate: butyrate (Ac : Pr : Bu) for 0h, 12h and 24h. The media
was collected after each time point, to determine the concentration of IL-8 secreted by the
Caco-2 cells. In this 2 X 2 factorial design, there were four experimental groups. For every
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group, there were three replicates and the entire experiment was conducted three times.
Hence, n = 9 for each of the four experimental groups.
Cell culture
Caco-2 cells were purchased from American Type Culture Collection (ATCC) at
passage number 17. Once received, Caco-2 cells were revived and further grown to
confluence on 25 cm2 flasks. The cells were grown in Dulbecco’s Modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS), 10 mM HEPES buffer, 2 mM Lglutamine and 1% antibiotic-antimycotic reagent. The cells were incubated at 37 ̊ C in an
atmosphere of 5% CO2 (Hubatsch et al., 2007).
For the experiments, cells were grown on 75 cm2 flasks. Passage numbers 31-36 were
used for the experiments. On day 1, the cells were seeded on 12mm polyester membrane
inserts with pore size of 0.4 μm. These inserts were fitted in the chambers of a 12-well plate
at 1.2 × 105 cells/cm2. The fitted inserts would divide the wells into two chambers – apical
(AP) and basolateral (BA) as shown in figure 1. By day 3, the cells were ready for the
experiment as they were 80% – 90% confluent (Borthakur et al., 2008; Lecona

et al.,

2008). On day 4, Lucifer Yellow Transport Experiment was conducted to assess the
permeability of Lucifer yellow from the AP chamber to the BA chamber. This experiment
helped us determine the permeability of the cells. On day 5, DMEM containing an
inflammatory stimuli composed of IL-1β (25 ng/mL), TNF-α (50 ng/mL) and IFN-γ (50
ng/mL) was added to the BA chamber of half of all the wells, and LPS (1 µg/mL) was added
to both – AP and BA chambers of those wells. The other half of wells received only DMEM.
After 24 hours, the media was replaced with media containing one of the two ratios of freshly
prepared short chain fatty acid (SCFA) mixes: (1) 60 mM acetate: 10 mM propionate: 10
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mM butyrate (2) 60 mM acetate: 10 mM propionate: 20 mM butyrate. The medium was
collected after 0, 12 or 24 hours of exposure to SCFA mixes from all wells. This medium
was then analyzed using ELISA, to determine the concentration of secreted IL-8. In every
experiment, three replicates were used for each of the experimental groups: Non-inflamed +
SCFA Mix 1, Non-inflamed + SCFA Mix 2, Inflamed + SCFA Mix 1, Inflamed + SCFA Mix
2. The entire experiment was conducted three times. Hence, n = 9 for each experimental
group.
Lucifer Yellow Transport Experiment
Lucifer Yellow transport experiment was conducted on the fourth day of every
experiment to determine the integrity of the barrier function of Caco-2 cells. To conduct the
experiment, DMEM in the AP chamber was replaced with 100 µM Lucifer yellow (LY) in
HBSS and only HBSS in the BA chamber. After incubating the plates for one hour at 37 ̊ C,
the solution from each chamber was collected separately. Absorbance of each sample was
measured in duplicates, at 450 nm using the microplate reader (Biotek, Synergy2). Using the
standard curve for LY, the absorbance values were then converted to concentration of LY
present in each sample to determine the amount of LY that was transported from the AP
chamber to the BA chamber (Qiang et al., 2011).
Determination of IL-8 concentration using ELISA
On the fifth day of the experiment, the cells were exposed to inflammatory stimuli for
24 hours, and then treated with SCFA for 0h, 12h or 24h. At the end of each time-point, the
medium was collected from each of the AP and BA chambers and stored at -80 ̊ C until
further analysis. Following the manufacturer’s protocol, the medium collected from AP
chamber was analyzed using an enzyme-linked immunosorbent assay (ELISA) kit from
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Qiagen (Valencia, California), in duplicates. The amount of IL-8 secreted from Caco-2 cells
was then calculated using a standard curve.
Cell viability test
The lactate dehydrogenase (LDH) cytotoxicity assay kit was purchased from Cayman
Chemical, Michigan. The kit was used to measure the LDH activity as an indicator of cell
death, as suggested in the protocol. Supernatant was collected twice, from the plates during
the experiment- post-inflammation and post SCFA exposure. 100µl of the supernatant from
each well was transferred to a 96-well plate and then 100µl of the LDH reaction solution
(prepared as per the protocol) was added. The plates were gently shaken on an orbital shaker
at 37 ̊ C for 30 minutes. Then absorbance was read at 490 nm using a microplate reader
(Biotek, Synergy2).The absorbance values were compared between treatments.
Statistical Analysis
The data was analyzed using the ANOVA and MIXED models to determine the
statistical significance of the differences between the treatments using SAS 9.4 software. Pvalues < 0.05 were considered to be significant.
RESULTS
Effect of inflammation, SCFA ratio and time on intestinal integrity
LY transport experiment was conducted twice – before inflaming the cells (before
inflammation) and after SCFA-exposure. When the concentrations of basolateral LY of all
the wells were combined (12 wells for each time point X 3 time points (0h,12h,24h) X 3
repetitions of the experiment), the average concentration of basolateral LY before
inflammation was 3.08 ± 2.41 mM (n=108) and after SCFA exposure was 2.44 ± 1.94 mM
(n=108). One way ANOVA showed that the average basolateral concentration of LY after
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SCFA-exposure was significantly lower than the average basolateral concentration of LY
before inflammation (p=0.0327, n=108), indicating an improvement in the intestinal integrity
(Fig 2).

Basolateral concentration of
Lucifer Yellow (mM)

6.00

a

5.00

p = 0.0327, n = 108
b

4.00
3.00
2.00
1.00
0.00

Before inflammation

After SCFA-exposure

Fig 2: Basolateral concentration of Lucifer Yellow before inflammation and after SCFAexposure for designated amount of times (0h, 12h, 24h). p = 0.0327, n = 108. Different letters
indicate a significant difference at p<0.05 (Tukey comparison).

In order to determine how the experimental treatments would have contributed
towards improving the intestinal integrity, the basolateral concentrations of LY after SCFAexposure were analyzed by 3-way ANOVA with respect to the three independent variables –
inflammation, SCFA ratio and time and interactions between them. Statistical analysis
showed that the average basolateral concentration of LY of inflamed cells was significantly
greater than the average basolateral concentration of LY of non-inflamed cells (p=0.0094,
n=54), indicating that the intestinal integrity of the cells was weakened (Fig 3).
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p = 0.0094, n = 54

Basolateral Concentration of
Lucifer Yellow (mM)

6.00

a

5.00
4.00

b

3.00
2.00
1.00
0.00
Non-inflamed

Inflamed

Fig 3: Basolateral concentration of Lucifer Yellow of all inflamed and non-inflamed cells,
irrespective of the SCFA ratio and the time of exposure to SCFA mix. Different letters
indicate that the treatments were significantly different from one another. p = 0.0094, n = 54.

Post-SCFA exposure, 3-way ANOVA analysis showed that the average basolateral
concentration of LY exposed to the SCFA ratio containing higher amount of butyrate (20
mM) was greater than the average basolateral concentration of LY exposed to the SCFA ratio
containing lower amount of butyrate (10 mM), but it was not statistically significant
(p=0.1020, n=54). This indicates that the increased amount of butyrate did not have any
significant effect on the intestinal integrity of the cells (Fig 4).
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p = 0.1020, n = 54

Basolateral Concentration of
Lucifer Yellow (mM)

6.00

a

5.00
4.00

a

3.00
2.00
1.00
0.00
10 mM Bu

20 mM Bu

Fig 4: Basolateral concentration of Lucifer Yellow of all the cells exposed to SCFA ratio
containing lower butyrate (10mM Bu) or higher butyrate (20mM Bu), irrespective of
inflammation and the time of exposure to specific SCFA mix. Different letters indicate that
the treatments were significantly different from one another. p=0.1020, n = 54.
Although there was no significant effect of SCFA ratios on the basolateral concentration of
LY, there was an interaction effect between inflammation and the ratio of SCFA mix used,
on the basolateral concentration of LY (p =0.0238, n=27). The average basolateral
concentration of LY of inflamed cells that were exposed to the SCFA ratio containing higher
(20mM) concentration of butyrate was significantly greater than that of inflamed cells that
were exposed to the SCFA ratio containing lower (10mM) concentration of butyrate (p =
0.0387, n = 27), indicating that the intestinal integrity of the cells was weakened (Fig 5). The
basolateral concentration of LY of the inflamed cells exposed to the SCFA ratio containing
higher (20mM) butyrate was significantly greater than that of non-inflamed cells exposed to
the SCFA ratio containing higher (20mM) butyrate (p=0.0103, n=27), indicating that the
intestinal integrity of the cells was weakened (Fig 5).
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Basolateral Concentration of
Lucifer Yellow (mM)

6.00

a

p = 0.0238, n = 27

5.00
4.00

b

b
b
Non-inflamed

3.00

Inflamed
2.00
1.00
0.00
10 mM Bu

20 mM Bu

Fig 5: Basolateral concentration of Lucifer Yellow of all the inflamed and non-inflamed cells
that were exposed to SCFA ratio containing lower amount of butyrate (10 mM Bu) or higher
amount of butyrate (20 mM Bu), irrespective of the time of exposure to SCFA. This graph
shows the interaction effect between inflammation and SCFA mix ratio on basolateral
concentration of LY. Different letters indicate that the treatments were significantly different
from one another. p=0.0238, n = 27.
The basolateral concentration of LY of inflamed and non-inflamed cells that were
treated with SCFA for 12h or 24h, was significantly lesser (p<0.0001, n=36) than that of
inflamed and non-inflamed cells that were treated with SCFA for 0h. However, there was no
significant difference between the cells that were treated with SCFA for 12h and the cells
that were treated with SCFA for 24h. These results indicate that the intestinal integrity of the
cells improved when they were exposed to SCFA for a longer time (Fig 6). There was no
significant interaction effect between time and inflammation or time and SCFA ratio on the
basolateral concentration of LY. Also there was no significant interaction effect between
inflammation, SCFA ratio and time on the basolateral concentration of LY.
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Lucifer Yellow (mM)
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p < 0.0001, n = 36
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0.00
0

12
Time (h)

24

Fig 6: Basolateral concentration of Lucifer Yellow of all the cells exposed to SCFA for
specific time-points, irrespective of inflammation and the SCFA ratio they were exposed to.
Different letters indicate that the treatments were significantly different from one another.
p<0.0001, n = 36.

Effect of inflammation, SCFA ratio and time on IL-8 secretion
In order to determine the effect of the independent variables (inflammation, SCFA
ratio and time) and interactions between them on the secretion of IL-8, the concentrations of
IL-8 determined by ELISA were analyzed using 3-way ANOVA. Statistical analyses showed
that cells that were inflamed, secreted significantly greater amount of IL-8 (p<0.0001, n=54)
than the non-inflamed cells (Fig 7), which was expected because IL-8 is a pro-inflammatory
chemokine.
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p < 0.0001, n = 54
a

Concentration of secreted IL-8
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b

0.0
Non-inflamed

Inflamed

Fig 7: Concentration of IL-8 secreted from all inflamed and non-inflamed cells, irrespective
of the SCFA ratio used and the time of exposure to SCFA mix. Different letters indicate that
the treatments were significantly different from one another. p<0.0001, n = 54.

Post-SCFA exposure, 3-way ANOVA analysis showed that the cells that were
exposed to SCFA mix containing higher (20mM) amount of butyrate slightly increased the
secretion of IL-8, but was not significantly different (p=0.1162, n=54) when compared with
the cells that were exposed to SCFA mix containing lower (10mM) amount of butyrate. This
indicates that the ratio of SCFA mixes used did not have any significant effect on secretion of
IL-8 (Fig 8).
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p = 0.1162, n = 54
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35.0
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0.0
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Fig 8: Concentration of IL-8 secreted from all the cells that were exposed to SCFA mix
containing lower amount of butyrate (10mM Bu) or higher amount of butyrate (20mM Bu),
irrespective of inflammation and the time of exposure to specific SCFA mixes. Different
letters indicate that the treatments were significantly different from one another. p=0.1162,
n=54.

Post-SCFA exposure, the time for which the cells were exposed to specific SCFA
ratios had a significant effect (p<0.0001, n=36) on the secretion of IL-8; and, the secretion of
IL-8 increased with an increase in the amount of time for which the cells were exposed to the
SCFA mixes (Fig 9).
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Fig 9: Concentration of IL-8 secreted from all the cells exposed to SCFA for specific timepoints, irrespective of inflammation and the SCFA mix ratio they were exposed to. Different
letters indicate that the treatments were significantly different from one another. p<0.0001,
n=36.

Statistical analysis showed that there was a significant 2-way interaction effect
between inflammation and time on the secretion of IL-8 (figure not shown). However, there
were no significant 2-way interaction effects between inflammation and the SCFA ratio or
time and SCFA ratio, on the secretion of IL-8. Also there was no significant 3-way
interaction effect between inflammation, SCFA ratio and time, on the secretion of IL-8.
Effect of inflammation, SCFA ratio and time on LDH activity
LDH activity of the cells from each well was measured from the medium collected
after inflammation and after SCFA exposure, using the LDH cytotoxicity assay. Postinflammation, one-way ANOVA showed that the LDH activity of inflamed cells was
significantly higher than the LDH activity of non-inflamed cells (p<0.0001, n=54), indicating
that the inflamed cells were more damaged than the non-inflamed cells (Fig 10).
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p < 0.0001, n = 54
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0.40
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0.20
0.00
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Inflamed

Fig 10: Post-inflammation, activity of lactate dehydrogenase of inflamed and non-inflamed
cells. Different letters indicate that the treatments were significantly different from one
another. p<0.0001, n = 54.

Post-SCFA exposure, 3-way ANOVA analysis showed that the LDH activity of the
cells that were exposed to SCFA mix containing higher (20mM) amount of butyrate was
significantly greater (p=0.0161, n=54) than the LDH activity of the cells that were exposed to
SCFA mix containing lower (10mM) butyrate, indicating that the cells that were exposed to
higher butyrate containing SCFA mix were more damaged than the cells that were exposed to
lower butyrate containing SCFA mix (Fig 11).
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a

0.90
Absorbance at 490 nm

0.80

0.70
0.60

b

0.50
0.40
0.30
0.20
0.10
0.00
10 mM Bu

20 mM Bu

Fig 11: Post-SCFA exposure, activity of lactate dehydrogenase of the cells that were exposed
to SCFA mix containing lower amount of butyrate (10 mM Buor higher amount of butyrate
(20 mM Bu), irrespective of inflammation and the time of exposure to specific SCFA mixes.
Different letters indicate that the treatments were significantly different from one another.
p=0.0161, n=54.

Post-SCFA exposure, the LDH activity significantly increased with increased time of
exposure to SCFA (p<0.0001, n=36). This indicates that the cell damage increased with an
increase in the amount of time the cells were exposed to SCFA mixes (Fig 12). All the
pairwise interactions between inflammation, SCFA ratio and time also had a significant
effect on LDH activity.
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Fig 12: Post SCFA exposure, activity of lactate dehydrogenase of cells that were exposed to
SCFA mixes for specific amount of times, irrespective of inflammation and SCFA ratio they
were exposed to. Different letters indicate that the treatments were significantly different
from one another. p < 0.0001, n=36.

DISCUSSION
Transfer of Lucifer Yellow from the apical chamber to the basolateral chamber has
been measured as a marker to determine intestinal integrity in Caco-2 cells by several
researchers (Kadota et al., 2013; Nemoto et al., 2015). According to this study, inflammation
compromised the intestinal integrity of Caco-2 cells, as measured by the transfer of the
permeability marker - Lucifer yellow, which was expected. Research has shown that TNF-α,
IL-1β and INF-γ decrease the intestinal integrity and make them more permeable (Ma et al.,
2004; Beaurepaire et al., 2009; Pedersen, 2015). But in this study, the time of exposure to
SCFA, tended to improve the intestinal integrity of the cells between 0h to 12h and 0h to
24h, but not between 12h to 24h (Fig 6). While there was no significant effect of the ratio of
SCFA used, the interaction effect of inflammation and the SCFA ratio tended to affect the
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intestinal integrity of the cells, in this study. Chen et al. saw a similar increase in the
intestinal integrity of Caco-2 cells as measured by trans-epithelial electrical resistance
(TEER), when they were exposed to SCFA over 48h. Moreover, they found that the TEER
values were significantly correlated to total SCFA concentration (r = 0.923, p = 0.009),
acetate (r = 0.953, p = 0.003), and butyrate (r = 0.813, p = 0.049). They found that when
Caco-2 cells were exposed to the SCFA ratios: 24mM (60%) acetate: 8mM (20%)
propionate: 8mM (20%) butyrate or 15mM (37.5%) acetate: 5mM (12.5%) propionate:
20mM (50%) butyrate, the TEER values at 48h were increased by 1.4-fold and 1.7-fold,
respectively (Chen et al., 2017). Contrary to our hypothesis, the results of our study indicated
that inflamed cells that were exposed to the ratio of 60 mM Ac: 10mM Pr: 20mM Bu (higher
butyrate) increased the transport of Lucifer Yellow from the apical side to the basolateral
side. This would be possible only when the Caco-2 cell monolayer was more permeable due
to compromised intestinal integrity. These results in contrast with Chen et al. suggest that the
ratio and concentration of SCFA used may influence the intestinal integrity of the cells. The
other thing to note is that butyrate may act differently in the presence or absence of SCFA.
Peng et al. found that when Caco-2 cells were exposed to 8mM butyrate, the TEER values
were not significantly different from that of Caco-2 cells not treated with butyrate for 24h.
But by 48h the TEER values of Caco-2 cells exposed to 8 mM butyrate was 1.25-fold lower
than the TEER values of untreated Caco-2 cells and it kept declining until it was lower by 8fold at 96h. Whereas the TEER values of Caco-2 cells that were exposed to 2mM butyrate
for 72 hours, were 1.5-fold significantly higher than that of untreated Caco-2 cells at 48h and
they remained steady until 96h (Peng et al., 2007). These results are in contrast with that of
Chen et al. While Peng et al. reported that cells treated with 8 mM butyrate had lower TEER
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values by 48h, Cheng et al. observed an improvement in the TEER values in cells treated
with 8mM butyrate containing SCFA mix for 48h. These differences in the TEER values
may be due to the presence of other SCFA. Hence, it is crucial that future projects that aim to
study the effect of butyrate on intestinal integrity, be conducted in the presence of other
SCFA.
Similar to the LY results, inflammation and the time of exposure to SCFA increased
the secretion of IL-8 but as opposed to our hypothesis, the ratio of SCFA used did not have
any effect on the secretion of IL-8. These results are different from that of previous
researchers. Huang et al. found that when 5-days old Caco-2 cells that were inflamed by
exposure to 5 ng/ml IL-1β for 4hours, they secreted high concentrations of IL-8. When these
inflamed cells were then treated with 2.5 mM sodium butyrate for 72 hours, the IL-8
secretion was reduced by 6-fold (Huang et al., 1997). Gibson et al. observed that when Caco2 cells were exposed to 10 µM TNF-α for 24h, the secretion of IL-8 doubled in comparison
with untreated Caco-2 cells. IL-8 secretion nearly doubled even when the Caco-2 cells were
exposed to 2mM butyrate for 24h. However, when Caco-2 cells were pre-treated with 10 µM
TNF-α, washed and then exposed to 2 mM butyrate, IL-8 secretion decreased by 34% below
basal levels (p = 0.03). These differences could probably be because these researchers used
only butyrate as opposed to the mixture of acetate, propionate and butyrate used for this
study. The difference in our results from that of previous researchers could also be attributed
to the concentration of butyrate and the inflammatory stimuli used. We used the specific
SCFA ratios to mimic the physiological concentrations found in a human being (Cummings,
1981; Cummings et al., 1987). To be able to mimic the aspect of consuming higher-fiber
diet, we decided to double the concentration of butyrate in the SCFA mix, because
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fermentation of dietary fiber leads to increased production of butyrate. The inflammatory
stimulus that we used was a mixture of TNFα, IL-1β and INF-γ for basolateral side and LPS
for the apical side, to represent acute inflammatory reactions and mimic chronic and severe
inflammatory bowel disease (Chavez et al., 1999; Qiang et al., 2011).
The LDH activity results also showed that inflammation, higher butyrate containing
SCFA mix and increasing amount of time of exposure to SCFA increased the LDH activity,
indicating that these factors led to more cell-damage. LDH cytotoxicity test is a measurement
of the amount of cytosolic lactate dehydrogenase in the supernatant that is released from cells
that are damaged. This assay has been used by several researchers as a test of cytotoxicity or
cell viability (Carrasco-Pozo et al., 2010; Kadota et al., 2013; Pedersen, 2015). Huang et al.
did not report the results but mentioned that Caco-2 cells treated with 20 mM butyrate led to
increased toxicity. Peng et al. also found that Caco-2 cells exposed to 8 mM butyrate for 72
hours, led to a 5-fold increase in the number of cells that were floating (indicator of dead
cells) in comparison with Caco-2 cells that were not treated with butyrate. They did not find
a similar apoptosis rate in cells that were exposed to 2 mM butyrate for 72 hours (Peng et al.,
2007). These results suggest that the concentration of butyrate used in the mixture or the
presence of other SCFA could have influenced the amount of cell damage incurred by the
Caco-2 cells.
CONCLUSION
Although our hypothesis - when inflamed Caco-2 cells are exposed to an increased
ratio of butyrate to physiological concentrations of acetate and propionate (as produced after
fermentation of dietary fiber), intestinal integrity is improved and IL-8 secretion is reduced
was disproved, several lessons can be learned from this study. Firstly, butyrate may behave
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differently in the presence of other SCFA. So for future studies it is important to study the
effects of the combination of SCFA as opposed to butyrate alone. Secondly, the ratio and
concentration of SCFA used should be carefully selected such that it is physiologically
relevant and not highly toxic to cells in vitro. This would be extremely important while
simulating the effects of consumption of high-fiber diets that would lead to increased
butyrate concentration in the colon. Future work is required to determine the concentrations
of SCFA and change in the concentration of SCFA in the colon due to high-fiber
consumption and the effect of these changes on the intestinal epithelial cells.
REFERENCES
ANANTHAKRISHNAN, A. N. Environmental risk factors for inflammatory bowel
disease. Gastroenterology &amp; hepatology, v. 9, n. 6, p. 367, 2013. ISSN 1554-7914.
ANANTHAKRISHNAN, A. N. et al. A Prospective Study of Long-term Intake of
Dietary Fiber and Risk of Crohn's Disease and Ulcerative Colitis. Gastroenterology, v. 145,
n. 5, p. 970-977, 2013. ISSN 0016-5085.
ANDOH, A. et al. Comparison of the fecal microbiota profiles between ulcerative
colitis and Crohn's disease using terminal restriction fragment length polymorphism analysis.
J Gastroenterol, v. 46, n. 4, p. 479-86, Apr 2011. ISSN 0944-1174.
BASSAGANYA-RIERA, J. et al. Soluble fibers and resistant starch ameliorate
disease activity in interleukin-10-deficient mice with inflammatory bowel disease. J Nutr, v.
141, n. 7, p. 1318-25, Jul 2011. ISSN 0022-3166.
BEAUREPAIRE, C.; SMYTH, D.; MCKAY, D. M. Interferon-[gamma] regulation of
intestinal epithelial permeability.(Report). Journal of Interferon & Cytokine Research, v.
29, n. 3, p. 133, 2009. ISSN 1079-9907.

69

BORTHAKUR , A. et al. Regulation of Monocarboxylate Transporter 1 (MCT1)
Promoter by Butyrate in Human Intestinal Epithelial Cells: Involvement of NF-κB
Pathway v. 103, n. 5, p. 1452-1463, 2008.
BROUNS, F.; KETTLITZ, B.; ARRIGONI, E. Resistant starch and "the butyrate
revolution". Trends in Food Science & Technology, v. 13, n. 8, p. 251-261, 2002. ISSN
0924-2244.
CABALLERO-FRANCO, C. et al. The VSL3 probiotic formula induces mucin gene
expression and secretion in colonic epithelial cells. American journal of physiology.
Gastrointestinal and liver physiology, v. 292, n. 1, p. G315, 2007. ISSN 0193-1857.
CARRASCO-POZO, C.; GOTTELAND, M.; SPEISKY, H. Protection by apple peel
polyphenols against indometacin-induced oxidative stress, mitochondrial damage and
cytotoxicity in Caco-2 cells. The Journal of pharmacy and pharmacology, v. 62, n. 7, p.
943, 2010.
Centers for Disease Control and Prevention (CDC) (https://www.cdc.gov/ibd/ibdepidemiology.htm). Accessed on October 26, 2017.
CHAVEZ, A. M. et al. Cytokine-induced intestinal epithelial hyperpermeability: role
of nitric oxide. Critical care medicine, v. 27, n. 10, p. 2246, 1999. ISSN 0090-3493.
CHEN, T. et al. Dietary fibre-based SCFA mixtures promote both protection and
repair of intestinal epithelial barrier function in a Caco-2 cell model. Food Funct, v. 8, n. 3,
p. 1166-1173, Mar 22 2017. ISSN 2042-6496.
CUMMINGS, J. H. Short chain fatty acids in the human colon. Gut, v. 22, n. 9, p.
763-79, Sep 1981. ISSN 0017-5749.

70
CUMMINGS, J. H.; MACFARLANE, G. T. The control and consequences of
bacterial fermentation in the human colon. J Appl Bacteriol, v. 70, n. 6, p. 443-59, Jun 1991.
ISSN 0021-8847.
CUMMINGS, J. H. et al. Short chain fatty acids in human large intestine, portal,
hepatic and venous blood. Gut, v. 28, n. 10, p. 1221, 1987. ISSN 0017-5749.
D' ARGENIO, G.; MAZZONE, G.; CAPORASSO, N. Butyrate in the treatment of
experimental models of colitis. Digestive and Liver Disease Supplements, v. 1, n. 1, p. 1317, 2007.
DE SOUZA, H. S. P.; FIOCCHI, C. Immunopathogenesis of IBD: current state of the
art.(Report). Nature Reviews Gastroenterology &amp; Hepatology, v. 13, n. 1, p. 13,
2016. ISSN 1759-5045.
DEN BESTEN, G. et al. The role of short-chain fatty acids in the interplay between
diet, gut microbiota, and host energy metabolism. J Lipid Res, v. 54, n. 9, p. 2325-40, Sep
2013. ISSN 0022-2275.
ENGLE, M.; GOETZ, G.; ALPERS, D. Caco-2 Cells Express a Combination
of Colonocyte and Enterocyte Phenotypes v. 174, p. 362-369, 1998.
GALISTEO, M.; DUARTE, J.; ZARZUELO, A. Effects of dietary fibers on
disturbances clustered in the metabolic syndrome. The Journal of Nutritional
Biochemistry, v. 19, n. 2, p. 71-84, 2008. ISSN 0955-2863.
GIBSON, P.; ROSELLA, O. Interleukin 8 secretion by colonic crypt cells in vitro:
response to injury suppressed by butyrate and enhanced in inflammatory bowel disease. Gut,
v. 37, n. 4, p. 536, 1995. ISSN 0017-5749.

71
GIBSON, P. R. et al. Colonic epithelial cell activation and the paradoxical effects of
butyrate. Carcinogenesis, v. 20, n. 4, p. 539-544, 1999. ISSN 1460-2180.
GONG, D. et al. Involvement of reduced microbial diversity in inflammatory bowel
disease.(Report). Gastroenterology Research and Practice, 2016. ISSN 1687-6121.
GUAN, Q.; ZHANG, J. Recent Advances: The Imbalance of Cytokines in the
Pathogenesis of Inflammatory Bowel Disease. Mediators Inflamm, v. 2017, p. 4810258,
2017. ISSN 0962-9351.
GUILLEMOT, F. et al. Treatment of diversion colitis by short-chain fatty acids.
Diseases of the Colon & Rectum (Berlin/Heidelberg), v. 34, n. 10, p. 861-864, 1991.
ISSN 0012-3706.
GUILLOTEAU, P. et al. From the gut to the peripheral tissues: the multiple effects
of butyrate. Nutrition Research Reviews, v. 23, p. 366-384, 2010.
HALLERT, C. et al. Increasing fecal butyrate in ulcerative colitis patients by diet:
controlled pilot study. Inflammatory bowel diseases, v. 9, n. 2, p. 116, 2003. ISSN 10780998.
HAMER, H. M. et al. Butyrate modulates oxidative stress in the colonic mucosa of
healthy humans. Clinical nutrition (Edinburgh, Scotland), v. 28, n. 1, p. 88, 2009.
HAMER, H.M. et al. Effect of butyrate enemas on inflammation and antioxidant
status in the colonic mucosa of patients with ulcerative colitis in remission. Clinical
Nutrition, v. 29, n. 6, p. 738-744, 2010. ISSN 0261-5614.

72
HASLAM, G.; WYATT, D.; KITOS, P. A. Estimating the number of viable animal
cells in multi-well cultures based on their lactate dehydrogenase activities. Cytotechnology,
v. 32, n. 1, p. 63-75, Jan 2000. ISSN 0920-9069.
HENDERSON, P.; SATSANGI, J. Genes in inflammatory bowel disease: lessons
from complex diseases. Clinical medicine (London, England), v. 11, n. 1, p. 8, 2011. ISSN
1470-2118.
HUANG, N. et al. Inhibition of IL-8 gene expression in Caco-2 cells by compounds
which induce histone hyperacetylation.Cytokine, v. 9, n. 1, p. 27-36, 1997. ISSN 10434666.
HUBATSCH , I.; RAGNARSSON, E. G. E.; ARTURSSON, P. Determination of
drug permeability and prediction of drug absorption in Caco-2 monolayers. v. 2, p. 21112119, 2007.
JAMES, S. L. et al. Abnormal fibre usage in UC in remission. Gut, v. 64, n. 4, p.
562-70, Apr 2015. ISSN 0017-5749.
JONES, J. M. CODEX-aligned dietary fiber definitions help to bridge the fiber
gap.(Report). Nutrition Journal, v. 13, n. 1, 2014. ISSN 1475-2891.
JOOSSENS, M. et al. Dysbiosis of the faecal microbiota in patients with Crohn's
disease and their unaffected relatives. Gut, v. 60, n. 5, p. 631, 2011. ISSN 0017-5749.
KADOTA, T. et al. Comparative study of deoxynivalenol, 3-acetyldeoxynivalenol,
and 15-acetyldeoxynivalenol on intestinal transport and IL-8 secretion in the human cell line
Caco-2. Toxicology in Vitro, v. 27, n. 6, p. 1888-1895, 2013. ISSN 0887-2333.

73
KAPLAN, G. G. The global burden of IBD: from 2015 to 2025. Nature reviews.
Gastroenterology & hepatology, v. 12, n. 12, p. 720, 2015a.
KAPLAN, G.G. The global burden of IBD: from 2015 to 2025. Nature reviews.
Gastroenterology & hepatology, v. 12, n. 12, p. 720, 2015b.
KARCZEWSKI, J. et al. Regulation of human epithelial tight junction proteins by
Lactobacillus plantarum in vivo and protective effects on the epithelial barrier. American
journal of physiology. Gastrointestinal and liver physiology, v. 298, n. 6, p. G851, 2010.
KELLY-QUAGLIANA, K. A.; NELSON, P. D.; BUDDINGTON, R. K. Dietary
oligofructose and inulin modulate immune functions in mice. Nutrition Research, v. 23, n.
2, p. 257-267, 2003. ISSN 0271-5317.
KOBAYASHI, Y. Neutrophil infiltration and chemokines. Critical Reviews in
Immunology, v. 26, n. 4, p. 307-316, 2006.
KUCHARZIK, T.; WILLIAMS, I. R. Neutrophil Migration across the Intestinal
Epithelial Barrier – Summary of in vitro Data and Description of a New Transgenic Mouse
Model with Doxycycline-Inducible Interleukin-8 Expression in Intestinal Epithelial Cells.
Pathobiology, v. 70, n. 3, p. 143-149, 2003. ISSN 1015-2008.
LE BLAY, G. et al. Prolonged Intake of Fructo-Oligosaccharides Induces a ShortTerm Elevation of Lactic Acid-Producing Bacteria and a Persistent Increase in Cecal
Butyrate in Rats. The Journal of Nutrition, v. 129, n. 12, p. 2231, 1999. ISSN 0022-3166.
LE LEU, R. K. et al. Dietary red meat aggravates dextran sulfate sodium-induced
colitis in mice whereas resistant starch attenuates inflammation. Dig Dis Sci, v. 58, n. 12, p.
3475-82, Dec 2013. ISSN 0163-2116.

74
LECONA , E. et al. Kinetic analysis of butyrate
adenocarcinoma

cells

transport in human colon

reveals two different carrier-mediated mechanisms., v. 409, n. 1, p.

311-320, 2008.
LIN, M. Y. et al. Redirection of Epithelial Immune Responses by Short-Chain Fatty
Acids through Inhibition of Histone Deacetylases. Frontiers in Immunology, v. 6, 2015.
ISSN 1664-3224.
LUCERI, C. et al. Effect of butyrate enemas on gene expression profiles and
endoscopic/histopathological scores of diverted colorectal mucosa: A randomized trial.
Digestive and liver disease : official journal of the Italian Society of Gastroenterology
and the Italian Association for the Study of the Liver, v. 48, n. 1, p. 27, 2016.
LÜHRS, H. et al. Butyrate Inhibits NF-κB Activation in Lamina Propria
Macrophages of Patients with Ulcerative Colitis. Scandinavian Journal of
Gastroenterology, v. 37, n. 4, p. 458-466, 2002. ISSN 0036-5521.
MA, T. Y. et al. TNF-alpha-induced increase in intestinal epithelial tight junction
permeability requires NF-kappa B activation. American journal of physiology.
Gastrointestinal and liver physiology, v. 286, n. 3, p. G367, 2004. ISSN 0193-1857.
MAJUMDER, K. et al. Intervention of Isomaltodextrin Mitigates Intestinal
Inflammation in a Dextran Sodium Sulfate-Induced Mouse Model of Colitis via Inhibition of
Toll-like Receptor-4. J Agric Food Chem, v. 65, n. 4, p. 810-817, Feb 01 2017. ISSN 00218561.
MARIADASON, J. M. et al. Effect of butyrate on paracellular permeability in rat
distal colonic mucosa ex vivo. Journal of Gastroenterology and Hepatology, v. 14, n. 9, p.
873-879, 1999. ISSN 0815-9319.

75
MARIADASON, J.M. Resistance to butyrate-induced cell differentiation and
apoptosis during spontaneous Caco-2 cell differentiation. Gastroenterology, v. 120, n. 4, p.
889-99, Mar 2001. ISSN 0016-5085.
MEYER, A. et al. Relapse of Inflammatory Bowel Disease Associated With Use of
Nonsteroidal Anti-Inflammatory Drugs. Digestive Diseases and Sciences, New York, v. 51,
n. 1, p. 168-172, 2006. ISSN 0163-2116.
MOLODECKY, N. A.; KAPLAN, G. G. Environmental risk factors for inflammatory
bowel disease. Gastroenterology & hepatology, v. 6, n. 5, p. 339, 2010. ISSN 1554-7914.
MOLODECKY, N. A. et al. Increasing incidence and prevalence of the
inflammatory bowel diseases with time, based on systematic review. Gastroenterology, v.
142, n. 1, p. 46, 2012.
MOREAU, N. M. et al. Restoration of the integrity of rat caeco-colonic mucosa by
resistant starch, but not by fructo-oligosaccharides, in dextran sulfate sodium-induced
experimental colitis. Br J Nutr, v. 90, n. 1, p. 75-85, Jul 2003. ISSN 0007-1145.
MÄLKKI, Y.; VIRTANEN, E. Gastrointestinal Effects of Oat Bran and Oat Gum: A
Review. LWT - Food Science and Technology, v. 34, n. 6, p. 337-347, 2001. ISSN 00236438.
MŰZES, G. et al. Changes of the cytokine profile in inflammatory bowel diseases.
World journal of gastroenterology, v. 18, n. 41, p. 5848, 2012.
NEMOTO, R. et al. Effect of chum salmon egg lectin on tight junctions in Caco-2
cell monolayers. Molecules (Basel, Switzerland), v. 20, n. 5, p. 8094, 2015.

76
NISHITANI, Y. et al. Intestinal Anti-Inflammatory Activity of Lentinan: Influence
on IL-8 and TNFR1 Expression in Intestinal Epithelial Cells.(Research Article). PLoS ONE,
v. 8, n. 4, p. e62441, 2013. ISSN 1932-6203.
PAIOTTI, A. P. R. et al. The role of nonsteroidal antiinflammatory drugs and
cyclooxygenase-2 inhibitors on experimental colitis. In vivo (Athens, Greece), v. 26, n. 3, p.
381, 2012.
PEDERSEN, G. Development, validation and implementation of an in vitro model for
the study of metabolic and immune function in normal and inflamed human colonic
epithelium. Danish medical journal, v. 62, n. 1, p. B4973, 2015.
PEDERSEN, G. et al. Cultures of human colonic epithelial cells isolated from
endoscopical biopsies from patients with inflammatory bowel disease. Effect of IFNgamma,
TNFalpha and IL-1beta on viability, butyrate oxidation and IL-8 secretion. Autoimmunity,
v. 32, n. 4, p. 255-63, Dec 2000. ISSN 0891-6934.
PENG, L. et al. Effects of butyrate on intestinal barrier function in a Caco-2 cell
monolayer model of intestinal barrier. Pediatric research, v. 61, n. 1, p. 37, 2007. ISSN
0031-3998.
PINTO, A. et al. Short chain fatty acids are effective in short-term treatment of
chronic radiation proctitis: randomized, double-blind, controlled trial. Diseases of the colon
and rectum, v. 42, n. 6, p. 788, 1999. ISSN 0012-3706.
QIANG , Z. et al. Permeability of Rosmarinic acid in Prunella vulgaris and Ursolic
acid in Salvia officinalis Extracts across Caco-2 Cell Monolayers. . v. 137, n. 3, p. 11071112, 2011.

77
RODRÍGUEZ-PERÁLVAREZ, M. L. et al. Role of serum cytokine profile in
ulcerative colitis assessment. Inflammatory bowel diseases, v. 18, n. 10, p. 1864, 2012.
ROSE, D. J.; HAMAKER, B. R. Overview of dietary fiber and its influence on
gastrointestinal health. In: PAESCHKE, T. M. e AIMUTIS, W. R. (Ed.). Nondigestible
Carbohydrates and Digestive Health: Blackwell Publishing Ltd. and Institute of Food
Technologists 2011. cap. 8, p.185-222.
SCARMINIO, V. et al. Dietary intervention with green dwarf banana flour (Musa sp
AAA) prevents intestinal inflammation in a trinitrobenzenesulfonic acid model of rat colitis.
Nutr Res, v. 32, n. 3, p. 202-9, Mar 2012. ISSN 0271-5317.
SEGARRA, S. et al. Oral chondroitin sulfate and prebiotics for the treatment of
canine Inflammatory Bowel Disease: a randomized, controlled clinical trial. BMC Vet Res,
v. 12, p. 49, Mar 10 2016. ISSN 1746-6148.
STEINHART, A. H. et al. Treatment of left-sided ulcerative colitis with butyrate
enemas: a controlled trial. Aliment Pharmacol Ther, v. 10, n. 5, p. 729-36, Oct 1996. ISSN
0269-2813.
TALLEY, N. et al. Short-chain fatty acids in the treatment of radiation proctitis.
Diseases of the Colon & Rectum (Berlin/Heidelberg), v. 40, n. 9, p. 1046-1050, 1997.
ISSN 0012-3706.
VIEIRA, E. L. M. et al. Oral administration of sodium butyrate attenuates
inflammation and mucosal lesion in experimental acute ulcerative colitis. The Journal of
Nutritional Biochemistry, v. 23, n. 5, p. 430-436, 2012. ISSN 0955-2863.

78
VOGT, J. A.; WOLEVER, T. M. Fecal acetate is inversely related to acetate
absorption from the human rectum and distal colon. J Nutr, v. 133, n. 10, p. 3145-8, Oct
2003. ISSN 0022-3166.
ZHOU, X.-L. et al. Dietary supplementation with soybean oligosaccharides increases
short-chain fatty acids but decreases protein-derived catabolites in the intestinal luminal
content of weaned Huanjiang mini-piglets. Nutrition Research, v. 34, n. 9, p. 780-788,
2014a. ISSN 0271-5317.
ZHOU, X.-L. et al. Dietary supplementation with soybean oligosaccharides increases
short-chain fatty acids but decreases protein-derived catabolites in the intestinal luminal
content of weaned Huanjiang mini-piglets. Nutrition research (New York, N.Y.), v. 34, n.
9, p. 780, 2014b.

79
CHAPTER 3: GENERAL CONCLUSIONS
Several studies have been conducted to determine the effect of dietary fiber and short chain
fatty acids on general health and in diseased states. While there is evidence from
epidemiological studies regarding the inverse relationship between dietary fiber intake and
the risk of developing inflammatory bowel diseases, more research needs to be done to prove
if dietary fiber acts as a preventative measure or a therapeutic one. Also, one should note that
there are different types of dietary fibers that have different gastrointestinal fate. Hence, the
protective or reparative effects of dietary fibers need to be characterized by its type.
An increased concentration of butyrate due to higher fermentation of dietary fiber is one of
the mechanisms that has been attributed towards it’s the protective effect. Several studies
have been conducted to determine the effect of butyrate on intestinal epithelial cell in vivo
and in vivo. However, it is important to note that the colonic lumen contains other byproducts
of microbial fermentation that may impact the effect of butyrate. Hence, future studies should
be mindful about determining the effect of butyrate in the presence of other luminal products
like short chain fatty acids like acetate and propionate which are also to be found at high
concentrations in the lumen. Moreover, the ratio and concentrations of these SCFA should be
carefully selected such that it is physiologically relevant and not highly toxic to cells in vitro.
This would be extremely important for in vitro studies that would like to simulate the effects
of consumption of high-fiber diets that leads to an increase butyrate concentration in the
colon.
Future work is required to determine the in vivo concentrations of SCFA and change in them
due to high-fiber consumption and the effect of these changes on the intestinal epithelial cells
in healthy and diseased states.

