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Abstract

A primary function of the gastrointestinal tract is to provide the body with water, electrolytes and nutrients. It
accomplishes this by ingestion, mechanical shearing, mixing and movement of the food through the gastrointestinal tract
(motor events), secretion of digestive juices (= 6 liters per day) for degradation of complex nutrients into simple nutrients
(e.g. complex carbohydrate into simple sugars), absorption of simple nutrients, water and electrolytes, and bacterial
degradation of residue in the large bowel / elimination of waste. The small bowel is = 7 meters long with a mucosa that is
studded with millions of villi (each with microvilli), giving the small bowel a surface area approximately the size of a
tennis court. Most digestion/absorption normally occurs early in the proximal small bowel. Non-digested/absorbed chyme
arrives as a liquid in the cecum, and, under normal conditions, is gradually dehydrated as it slowly passes through the large
bowel until it is eliminated as formed stool. Different types of dietary fiber can exert specific mechanical effects on each of
these gastrointestinal functions, which can lead to local benefits (e.g. relief of constipation) as well as systemic benefits
(e.g. cholesterol lowering, improved glycemic control). Three characteristics of fiber (solubility, viscosity and
fermentation) are predictive of the health benefits of different fiber types. Based on these three characteristics, dietary fiber
can be divided into four clinically meaningful designations that support recommendations to address the specific
healthcare needs of each patient. This review will describe the four clinically meaningful designations for dietary fiber,
and provide a summary of the clinical studies that support the health benefits for each.
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1 Introduction

The gastrointestinal (GI) tract is designed to provide the body with an essential and continual supply of water, electrolytes
and nutrients. It accomplishes this via muscular contractions of the gut wall that mechanically shear food into smaller
particles, mix food with gastric acid and digestive enzymes, and propel contents to the next region of the gut ['). Nutrients
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and water are absorbed across the mucosa of the small bowel, which performs as both an absorptive membrane with a
surface area representing the largest exposure to the outside world, and a barrier, forming the largest immune organ in the
body . Components of the diet that are not digested and absorbed in the small bowel are delivered to the large bowel,
where further degradation can be facilitated by bacteria, which outnumber the cells in the human body by more than
10-to-1 1?1, The large bowel facilitates absorption of nutrients released by bacterial fermentation, and absorbs water,
turning liquid digesta into formed stool . All of these functions can be significantly affected by the physical
characteristics of dietary fiber, including particle size and shape for insoluble fiber, and viscosity as well as extent/rate of

fermentation for soluble fiber ™.,

2 Four clinically meaningful designations for dietary fiber

From the perspective of both GI physiology and therapeutic effect, dietary fiber can be thought of in four clinically
meaningful categories based on three characteristics (solubility, fermentation and viscosity):

Table 1. Four clinically meaningful fiber designations

Clinically demonstrated health

linicall ingful designati i
Clinically meaningful designation ..

Representative fibers

Wheat bran

Cellul
Laxative effect (if particles are erose

Comn b
sufficiently large, coarse) or oran

Fruit fiber
Rice bran fiber

Insoluble

Wheat dextrin

Inulin

Oligosaccharides
Soluble, non-viscous, readily a-Cyclodextrin

None at physiologic doses X .
Py g Resistant maltodextrins

fermented
Polydextrose
Resistant starch

Soy fiber

B-glucan (oats and barley)
Guar gum (raw, unhydrolyzed)

Cholesterol lowering Glucomannan (Konjac)

Soluble, viscous, readily fermented .
Improved glycemic control

Pectins
Gum arabic
Cholesterol-lowering
. Improved glycemic control .
Soluble, viscous, non-fermented P &Y Psyllium

Stool normalization
Weight loss

1) Insoluble / poorly fermented (e.g. wheat bran): not dissolved in water, poorly fermented, exerts a laxative effect by
mechanical irritation/stimulation of gut mucosa if particles are sufficiently large and coarse. Small smooth particles
(e.g. wheat bran flour/bread) have no laxative efficacy;

2) Soluble non-viscous / readily fermented (e.g. inulin, oligosaccharides, resistant starches, wheat dextrin): dissolves in
water, no significant increase in viscosity (no cholesterol lowering or improved glycemic control benefit), rapidly
fermented, (rapid gas formation, energy harvest [calorie uptake] from fermentation by-products), may be considered a
prebiotic if an associated clinical benefit is demonstrated;
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3) Soluble viscous / readily fermented (e.g. B-glucan, guar gum, gum Arabic, karaya gum): increased chyme viscosity
improves glycemic control by slowing carbohydrate degradation and glucose absorption, delivering nutrients to the
distal ileum to stimulate mucosal L-cells to release metabolically active peptides [e.g. glucagon-like peptide-1
(GLP-1)]; viscous chyme also captures and eliminates bile, stimulating bile production, resulting in lower serum
cholesterol; readily fermented by colonic bacteria (gas formation, energy harvest from fermentation by-products);

4) Soluble viscous / non-fermented (e.g. psyllium): increased chyme viscosity drives improved glycemic control and
cholesterol lowering as above, but the lack of fermentation results in no appreciable calorie harvest from fermentation
by-products, and the viscous gel remains intact throughout the large bowel, driving a stool normalizing effect (softens
hard stool in constipation, firms loose/liquid stool in diarrhea).

The following sections will describe how the physical characteristics of fiber affect the function of each region of the
gastrointestinal tract and the resulting therapeutic effects, with a focus on viscous fiber. A listing of example fibers found
in each of the four clinically meaningful designations for fiber can be found in Table 1.

3 Esophagus

Swallowing begins as a voluntary function, where the tongue moves a bolus of food up and back against the palate and into
the pharynx. From this point on, swallowing becomes automatic, and has the potential to become complicated '!. The food
bolus is pushed back into the pharynx, which is primarily involved in respiration but momentarily becomes a pathway for
swallowing. As the food bolus reaches the pharynx, it stimulates the swallowing reflex, which initiates a sequence of
events: 1) the soft palate is pulled upward, preventing food/liquids from entering the nasal cavities, 2) the palate-
pharyngeal folds are briefly (<1 s) pulled toward the midline, forming a narrow slit that restricts the size of the bolus that
can enter the esophagus, 3) the vocal cords and larynx pull together, and the epiglottis swings back, all of which prevents
the bolus from entering the airway (nose and trachea), 4) the bolus enters the esophagus through a relaxed upper
esophageal sphincter, which closes again once the bolus is past, preventing air from entering the esophagus during
respiration, 5) a primary peristaltic wave propels the bolus the length of the esophagus (5-8 s), 6) the lower esophageal
sphincter relaxes to allow the bolus to enter the stomach, then contracts again to keep stomach contents from refluxing
back into the esophagus . Disruption of this highly coordinated process (e.g. dysphagia secondary to stroke) can lead to
liquids and food particles entering the airway and lungs (aspiration), potentially causing choking and pneumonia. Highly
viscous soluble fiber can be used to thicken and form a cohesive gel-matrix in a concentration-dependent manner when
hydrated, increasing bolus viscosity and cohesion and facilitating passage of an intact bolus. This reduces the risk of

aspiration [,

4 Stomach

The stomach is divided into 4 anatomical regions (cardiac, fundus, corpus and pyloric antrum), but functionally the
stomach has two regions [proximal (storage) and distal (antral pump)]". The proximal portion of the stomach has rugae
(accordion-like folds) when empty that relax and stretch to accommodate meals. Tonic contractions of the proximal
stomach gradually force food into the distal portion of the stomach, where rugae give way to a smooth-walled muscular
antrum. The antrum has repeating aborad waves of contraction referred to as the “antral pump”. These phasic waves of
contraction drive discreet boluses of liquids and small particles into the small bowel through the pyloric sphincter when it
is open (1-2 mm) at the beginning of each wave, but when the pyloric sphincter closes midway through each contraction,
the contents trapped between the closed sphincter and the contraction are forced back through the ring of contraction. This
back-extrusion is responsible for mixing stomach contents with gastric acid and pepsin, and grinding large pieces into
small particles. The rate of gastric emptying is controlled by several factors, including caloric density (low calorie digesta
empties faster than high calorie) and meal composition (liquids empty faster than solids) “®. The data on the effects of

84 ISSN 2324-7940 E- ISSN 2324-7959



www.sciedupress.com/cns Clinical Nursing Studies, 2013, Vol. 1, No. 4

viscous fibers on gastric emptying are mixed, but the discrepancy is most likely due to the methods used to assess gastric
emptying. When added to a liquid test meal, viscous soluble fiber slows the rate of gastric emptying due to increased
viscosity. When added to a solid test meal, viscous soluble fiber can increase the rate of gastric emptying by decreasing the
viscosity of the solids.

5 Small intestine

The small intestine is =7 meters long and divided anatomically into three main regions: duodenum, jejunum and ileum.
The mucosa of the small intestine is studded with millions of villi, each covered with =1,000 microvilli per 0.1 micron?
(known as the brush border), making the small intestine the largest body surface exposed to the outside world
(approximately 250 square meters, roughly the size of a tennis court), and the largest immune organ in the body .
Delivery of acidic nutrients into the duodenum (proximal small bowel) stimulates gall bladder contraction (release of bile)
and pancreatic secretion (inorganic = water, bicarbonate and electrolytes; organic = digestive enzymes). The total quantity
of fluid absorbed by the small bowel each day is a combination of fluids consumed (=1.5 liters per day) and the digestive
juices secreted (=6 to 7 liters per day). Motor events in a fed state are predominantly segmental mixing waves, which mix
chyme for exposure to digestive enzymes and to the absorptive brush border of the mucosa . Due to the large surface area

and the low viscosity of chyme, digestion/absorption normally occurs early in the proximal small bowel.

Introduction of a viscous soluble fiber increases the viscosity of chyme, which slows the mixing of chyme, slows the
interactions of digestive enzymes with nutrients, and slows the degradation of complex nutrients to absorbable
components, all of which slows the absorption of glucose and other nutrients ©*!. This slowing of nutrient degradation and
absorption delivers nutrients to more distal regions of the small bowel (e.g. distal ileum), where nutrients are not normally
present, stimulating mucosal receptors to initiate several metabolic responses. One of these responses is the release of
GLP-1 into the blood stream, a short lived (=2-minute half-life) peptide that decreases appetite, increases insulin secretion,
decreases glucagon-secretion [peptide that stimulates glucose production (gluconeogenesis) primarily in the liver],
increases pancreatic B-cell growth (cells that produce insulin), improves insulin production and sensitivity, and slows
gastric emptying and small bowel transit (“ileal brake” phenomenon), all of which leads to improved glycemic control in
type 2 diabetes *¥'°!. It has been established for over 3 decades that the viscosity of a dietary fiber is highly correlated
with reducing postprandial glucose and insulin serum concentrations. In a study published over 3 decades ago !'®,
volunteers underwent 50-g glucose tolerance tests with and without the addition of several dietary fibers, including guar
gum, a highly viscous (gel-forming) fiber. High viscosity native guar gum was effective for flattening the glucose
response, but this effect was abolished when the guar gum was hydrolyzed (non-viscous). The study further showed that a
reduction in mean peak rise in blood glucose was highly correlated with viscosity (r=0.926; P <0.01) and a delay in
mouth-to-cecum transit time (r=0.885; P <0.02).

Numerous multi-week clinical studies have demonstrated consumption of a viscous soluble fiber supplement (e.g.
psyllium) before meals improves glycemic control (lower fasting blood glucose, insulin and HbAlc¢ concentrations) in
subjects at risk for type 2 diabetes (e.g. metabolic syndrome) and patients being treated for type 2 diabetes '), It is
important to note that consumption of viscous fiber will not cause blood glucose concentrations to drop below normal
limits (hypoglycemia), because the suppression of glucagon by GLP-1 does not occur at hypoglycemic levels. When
considered across studies, the effects of viscous fiber (e.g. psyllium) on glycemic control are a function of a subject’s
baseline glycemic control: the higher the baseline value for fasting blood glucose concentration, the greater the clinical
benefit of viscous fiber: no significant effect on normal blood glucose concentrations in healthy subjects with normal
glycemic control "% a moderate effect in patients with pre-diabetes / metabolic syndrome [e.g. -19.8 mg/dL for
psyllium 3.5 g bid; -9 mg/dL for guar gum 3.5 g bid *"'] and a larger effect in patients with type 2 diabetes [e.g. psyllium,
-35.0 mg/dL "' to -89.7 mg/dL **!]. Note that the glycemic benefit of psyllium in patients with type 2 diabetes is in
addition to the effects already conveyed by prescription drugs to treat hyperglycemia. Note that it is important to monitor
blood glucose concentrations when starting an effective fiber therapy, as it may decrease the required doses of
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hypoglycemic drugs. Taken together, these data support that the clinical benefit of a viscous soluble fiber is proportional to
loss of glycemic control: no significant effect on blood glucose in healthy subjects, a modest effect in pre-diabetes, and a
larger effect in type 2 diabetes. Further, the data support a role for viscous soluble fiber in health maintenance: when taken
before each meal, viscous soluble fiber can help maintain healthier blood glucose concentrations, thereby reducing the
risks associated with chronically elevated blood glucose levels.

Viscous soluble fiber also can trap and eliminate bile. Bile is secreted by the liver (normally 600-1,000 mL per day) to
emulsify large fat particles into many small particles for digestion by lipase enzymes and absorption across the mucosa !,
Bile is normally recovered in the distal ileum and recycled, potentially several times within a single meal. When bile is
captured by a viscous soluble fiber and eliminated via stool, the liver must produce more bile. Cholesterol is a component
of bile, and the liver uses serum stores of cholesterol to generate more bile, effectively lowering LDL and total serum
cholesterol without affecting HDL cholesterol *. As with glycemic control, the viscosity of a soluble fiber is a better
predictor of efficacy for cholesterol lowering than quantity of fiber ['”). A PubMed search of the terms ‘psyllium’ and
‘cholesterol” yielded 160 published articles, of which 21 were randomized, well-controlled clinical studies (totaling 1,568
subjects) that assessed the efficacy of psyllium (6-15 g/day; most studies 10 g/day) for lowering serum
cholestero] ['% 202127 28. 35501 ' yera]l, these 21 studies show that total cholesterol was decreased 2% to 20% versus
placebo, and LDL-cholesterol was decreased 6% to 24% versus placebo. As with glycemic control, the magnitude of the
observed benefit of psyllium on cholesterol concentration was a function of a subject’s baseline cholesterol concentration:
the higher the baseline cholesterol concentration, the greater the effect of psyllium for lowering serum cholesterol. Several
studies have also explored psyllium as a co-therapy with statin drugs, and found that there is a significant cholesterol
lowering benefit with psyllium beyond that provided by the statins °'*), Further, a low dose statin (simvastatin 10 mg)
plus psyllium (15 g/day) provided significantly better LDL-cholesterol lowering (-63 mg/dL) than a high dose of
simvastatin alone (20 mg, -55 mg/dL, p=0.03) 1**],

According to the International Diabetes Federation, Metabolic Syndrome is defined as a cluster of the most dangerous
heart attack risk factors: diabetes and raised fasting plasma glucose, abdominal obesity, high cholesterol and high blood
pressure !, The Federation also states that people with metabolic syndrome: are twice as likely to die from, and three
times as likely to have a heart attack or stroke compared with patients without the syndrome, and have a five-fold greater
risk of developing type 2 diabetes . The Federation estimates that % of adults worldwide have Metabolic Syndrome 5.
A 6-month study conducted in Italy assessed the clinical benefits of two soluble viscous fibers in 141 patients with
metabolic syndrome Y. In this randomized, controlled clinical study, patients were fed an American Heart Association
step-2 diet alone, or the same diet supplemented with psyllium or guar gum (3.5 g twice a day with breakfast and dinner).
After 6 months of treatment, both psyllium and guar gum showed significant improvement in body mass index
(BMI:-7.2% vs. -6.5%), fasting plasma glucose (-27.9% vs. -11.1%) and insulin (-20.4% vs. -10.8%), HbAlc (-10.4% vs.
-10.3%), and low-density lipoprotein (LDL) cholesterol (-7.9% vs. -8.5%), respectively. Only the psyllium
supplementation exerted a significant improvement in plasma triglyceride concentration (-13.3%) and systolic (-3.9%) and
diastolic blood pressure (-2.6%). After 2 months, the guar gum (readily fermented) treatment group showed a marked
weight reduction (-2.4 kg versus baseline), but this changed to weight re-gain over the following 4 months (see Figure 1).
In contrast, the psyllium (non-fermented) treatment group showed gradual and continued weight loss across the 6 month
test period. At 6 months, weight loss for the psyllium treatment group was -3.3 kg versus baseline, -2.1 kg versus placebo,
and -1.76 kg versus guar gum (p<0.01 for all 3 comparisons; Figure 1). At the conclusion of the study, 12.5% of patients in
the psyllium group no longer qualified for a diagnosis of Metabolic Syndrome, versus 2.1% of patients in the guar gum
group and 0% of patients in the diet-alone group !l Patients who are overweight or obese are at high risk for developing
Metabolic Syndrome and Type 2 Diabetes Mellitus. When recommending a high fiber diet to facilitate weight loss, the
fermentation characteristics of each fiber type should be taken into consideration.
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Figure 1. Sustained Weight Loss versus Weight Re-Gain While Maintaining a Healthy, High Fiber Diet — A Function
of Fermentation?

In a 6-month study in 141 patients with Metabolic Syndrome, all patients were on a restricted American Heart Association (AHA)
step-2 diet. Additionally, two groups added either guar gum (3.5g bid) or psyllium (3.5g bid) to the diet. The guar gum (readily
fermentable) group showed significant weight loss at 2 months, followed by weight re-gain. In contrast, the psyllium
(non-fermentable) group showed more gradual but sustained weight loss across 6 months of dosing. At 6 months, weight loss for the

psyllium treatment group was -3.3 kg versus baseline, -2.1 kg versus placebo, and -1.76 kg versus guar gum (p<0.01 for all 3

- (21]
comparisons) .

6 Large intestine

The large intestine is comprised of the cecum (most proximal portion, receives liquid chyme from ileum), the colon
(ascending, transverse, descending and sigmoid), the rectum and the anus. Approximately 1,500 mL of liquid chyme
arrives in the large intestine daily ", Normally, over 90% of the water and electrolytes are absorbed by the large intestine,
resulting in formed stool. The motor events of the large intestine are =~ 95% segmental (“mixing” waves) allowing for
water and electrolyte absorption, while the remaining ~ 5% are propagating contractions (peristalsis) >**!. Propagating
contractions in the large bowel occur across a wide range of amplitudes and propagating rates, and amplitude is inversely
proportional to propagating rate (high amplitude contraction = slow propagation rate; low amplitude contraction = fast
propagation rate), and propagating rate is proportional to event frequency (slow propagation rate = few events per day; fast
propagation rate = many events per day) °>>*/. At one extreme, high amplitude (>100 mmHg), slowly propagating (0.5-1
cm/s) contractions are infrequent (<6 per day) lumen-occluding events that propel all large bowel contents (gas, liquids,
soft to hard stool) **>>**1_ At the other extreme, low amplitude (10 mm Hg), rapidly propagating (>10 cm/s) contractions
are frequent events (>30/day) that propel only gas > **!. There are ‘medium amplitude and propagating rate’ contractions
that populate the middle of the range .

When considered in light of the different viscosities present in the large bowel (e.g. gas, liquid/loose/soft/formed/hard
stool), the rate of transit through the large intestine is a function of the frequency and amplitude/rate of propagating
contractions versus the viscosity of the substrate. For example, gas is propelled by all propagating contractions, from
infrequent high amplitude slowly propagating contractions to frequent low amplitude rapidly propagating contractions,
making gas the most rapidly propelled substrate in the gut. Gas can transit the entire gastrointestinal tract in less than an
hour (flatulence =~ 14 episodes/day) °*\. Liquid stool is propelled by all but the smallest/fastest propagating contractions
(gas only), resulting in rapid transit through the large bowel (e.g. diarrhea) and the potential for multiple bowel movements
a day ). In contrast, formed or hard stool is only propelled by infrequent high amplitude slowly propagating contractions,
and transit through the large bowel can require days (= 1 bowel movement/day) > >, This is why a fiber that exerts a
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significant stool softening (water-holding) effect can result in faster transit and more frequent bowel movements, which
provides clinical relief from constipation.

Insoluble fiber, which does not dissolve in water and has no water-holding capacity, exerts a mechanical stimulatory effect
on the gut mucosa that increases water/mucous secretion (stool softening) and propagating contractions (faster transit)
proportional to the size and shape (rough versus smooth) of the insoluble particles [°“**. Studies comparing the laxative
effects of wheat bran, milled to specific particle sizes, to plastic particles, cut to match the particle size of the wheat bran,
showed that large/coarse particles had a significant laxative effect while small/smooth particles had no laxative
effect %1, For wheat bran to exert a laxative effect, it must be coarse milled with large/rough particles. Soluble fiber that
is non-viscous (e.g. wheat dextrin, inulin) dissolves in water with no appreciable change to viscosity (does not gel), and is
rapidly fermented in the large bowel, resulting in significant gas production but no significant laxative benefit 1*). A
viscous soluble fiber that is readily fermented (e.g. B-glucan, guar gum) will also result in significant gas formation, but
loses its viscosity/water-holding capacity during fermentation, resulting in a negligible laxative effect at physiological
doses ** !, In contrast, a non-fermented ! (no gas formation) viscous soluble fiber (e.g. psyllium) that maintains its

viscosity/water holding capacity throughout the large bowel ©

can have a dichotomous, ‘stool normalizing’ effect:
decreasing the viscosity of hard stool in constipation (softer stool, increased transit rate, improved bowel movement
frequency), and increasing the viscosity of loose/liquid stool in diarrhea (firmer stool, slower transit rate, less frequent
bowel movements) ™ %! The gel-forming, water-holding capacity of psyllium has been shown to soften hard stool better
than docusate, a marketed stool softener ), and to firm loose/liquid stool in diarrhea, normalizing stool form [66-681 The
stool normalizing benefit (e.g. psyllium) also has been shown to be an effective co-therapy in normalizing stool form and

improving satisfaction with bowel habits in patients with Irritable Bowel Syndrome 17 %),

7 Discomfort associated with new/increased fiber regimen

Sensations ranging from mild discomfort to cramping pain, which can be associated with new/increased intake of dietary
fiber, are viscosity-related events associated with an objective measure of stool viscosity, the “stool viscosity ratio”
(SVR): highest stool viscosity divided by lowest stool viscosity within 24 hours °°. A high amplitude propagating
contraction that propels soft stool against more distal firm/hard stool can result in acute bowel wall distention (soft stool
causes bowel wall to ‘balloon’ out), stimulating circumferential mechanoreceptors and causing discomfort/pain (much
like balloon distention of the bowel wall in studies of pain threshold in patients with irritable bowel syndrome) %%,
Gradually introducing fiber to the diet can normalize stool form and minimize the risk of discomfort that can be associated
with increased fiber intake. A more detailed description of this phenomenon, including figures of bowel wall distention, is

provided in a previous review /.

8 Conclusions

Based on three fiber characteristics (solubility, viscosity and fermentation), there are four clinically meaningful
designations for dietary fiber:

1) Insoluble, poorly fermented (laxative benefit if particles are sufficiently large/coarse),
2) Soluble non-viscous, readily fermented (no clinically proven health benefits at physiologic doses),

3) Soluble viscous, readily fermented (cholesterol lowering, glycemic benefit), and

4) Soluble viscous, non-fermented (cholesterol lowering, glycemic benefit, stool normalizer: softens hard stool to relieve
constipation, firms loose/liquid stool to relieve diarrhea). The magnitude of the health benefit associated with soluble fiber
is proportional to both the viscosity of the soluble fiber and the baseline clinical value (e.g. cholesterol, fasting blood
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sugar): normal values are not significantly altered, but as clinical values increase above normal limits, the magnitude of the
observed health benefit also increases. Taken together, these data support a role for insoluble fiber in constipation, and
viscous soluble fiber as an effective co-therapy in Metabolic Syndrome and Type 2 Diabetes Mellitus. Additionally, if the
viscous soluble fiber is not fermented, the intact gel can also normalize stool form to relieve both constipation and
diarrhea, which can be particularly beneficial when treating the fluctuating bowel habits exhibited by patients with
Irritable Bowel Syndrome.
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