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In recent years, it has become increasingly obvious that dietary fiber or nondigestible carbohydrate (NDC) consumption is critical for maintaining
optimal health and managing symptoms of metabolic disease. In accordance with this, the US FDA released its first official definition of dietary
fiber in 2016 for regulation of Nutrition and Supplement Facts labels. Included in this definition is the requirement of an isolated or synthetic NDC
to produce an accepted physiologic health benefit, such as improved laxation or reduced fasting cholesterol concentrations, upon consumption.
Even though NDC fermentation and production of short-chain fatty acids elicit many physiologic effects, including serving as a source of energy for
colonocytes, curbing glycemic response and satiety, promoting weight loss, enhancing mineral absorption, reducing systemic inflammation, and
improving intestinal health, the process of fermentation is not considered a physiologic endpoint. Instead, expensive and laborious clinical trials
must be conducted and an accepted physiologic benefit observed. In this review, we discuss the physiologic importance of NDC fermentation
through extensive examination of clinical evidence and propose that the degree of fermentability of an NDC, rather than the endpoints of a clinical

trial, may be appropriate for classifying it as a dietary fiber. Adv Nutr 2019;10:576-589.
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Introduction

In 2016, the USA FDA released its first official definition of
dietary fiber in the regulations governing nutrition and sup-
plement facts labels. According to the ruling, dietary fiber is
defined as nondigestible soluble and insoluble carbohydrates
with >3 monomeric units and lignin that are either intrinsic
and intact in plants or isolated and synthetic and demonstrate
a physiologic health benefit in humans (1). Dietary fiber
includes a large collection of compounds that vary greatly in
physicochemical properties, such as solubility, viscosity, and
fermentability, and contribute to a variety of health benefits
(2). Based on the 2016 definition of dietary fiber and the 2018
Declaration of Certain Isolated or Synthetic Nondigestible
Carbohydrates as Dietary Fiber on Nutrition and Supplement
Facts Labels, 15 isolated and synthetic nondigestible car-
bohydrates (NDCs) have been identified through scientific
review by the FDA to provide > 1 beneficial physiologic effect.
Those include cellulose; pectin; guar gum; locust bean gum;
hydroxypropylmethylcellulose; S-glucan; psyllium husk;
mixed plant cell wall fibers; arabinoxylan; alginate, inulin,
and inulin-type fructans (fructooligosaccharides); high-
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amylose starch/soluble corn fiber (resistant starch 2, RS2);
galactooligosaccharides;  polydextrose; and  resistant
maltodextrin/dextrin (1, 3, 4). Several isolated and synthetic
NDCs are still being evaluated for accepted physiologic
effects.

The 2015-2020 Dietary Guidelines for Americans rec-
ommend a daily intake of 14 g dietary fiber per 1000 kcal,
although the majority of Americans fall far below this goal
(5, 6). In the 1970s, it was hypothesized that a dramatic
reduction in dietary fiber intake may be, in part, responsible
for the increased incidence of many Western diseases (7).
Since then, epidemiologic, preclinical, and clinical studies
have demonstrated the beneficial effects of adequate dietary
fiber intake on metabolic health. Currently, the FDA-
accepted physiologic health benefits from fiber are the
following: I) attenuation of blood glucose or insulin; 2) lower
fasting cholesterol concentrations; 3) improved laxation; 4)
increased gastrointestinal (GI) mineral absorption; and 5)
reduced energy intake (increased satiety) (4). Production of
fermentative end-products and changes in the GI microbiota
are not currently considered physiologic endpoints, but
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rather mechanisms by which a health benefit is produced
(1). Until recently, the FDA only considered evidence from
healthy populations when determining if an isolated or
synthetic NDC confers a physiologic health benefit. This
is especially problematic in cases of glycemic control and
inflammation because healthy individuals generally do not
have a physiologic need to curb these responses. Fortunately,
in the 2018 guidance, the FDA announced that clinical
trials in certain diseased populations would be considered
and, thus, have been included in this review (4). All
data summarized below were reported as being statistically
significant (P < 0.05) unless stated otherwise. The purpose
of this review is to discuss the physiologic importance of
NDC fermentation through extensive examination of clinical
evidence and propose that degree of fermentability should
qualify NDCs to be labeled as dietary fibers.

Fermentation and Short-Chain Fatty Acids

Dietary fibers and NDCs vary greatly in their
physicochemical properties, particularly fermentability.
Although NDCs resist digestion by mammalian enzymes,
many serve as substrates for fermentation by bacteria in the
GI tract (2, 8). Collectively, the resident bacteria and other
microorganisms in the GI tract are termed the “microbiota.”
The GI microbiota is one of the most densely populated
microbial communities on earth, and contains ~150 times
more genes than the human genome (2, 9, 10). Insoluble
NDC:s (i.e., cellulose, hemicellulose, lignin) are generally low
to moderate in fermentability and soluble NDC:s (i.e., pectin,
B-glucans, FOS, inulin, gums) tend to be highly fermentable,
although the extent of fermentation varies greatly (11). The
process of fermentation involves the hydrolysis of NDCs to
their constituent sugars, which are subsequently fermented to
produce primarily SCFAs, as well as H, and CO, gases (2, 12).
Bacteria can hydrolyze numerous fibers through an extensive
set of enzymes that are not produced in mammals—these
belong to a large family of carbohydrate-active enzymes or
“CAZymes” (2,13). The degree of polymerization (also called
chain length) and branching influence the rate and location
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of NDC fermentation. Greater degree of polymerization and
branching are associated with a more sustained fermentation
pattern throughout the large intestine, whereas shorter, less-
branched NDCs are fermented more rapidly and proximally
(2, 14, 15).

SCFAs produced from NDC fermentation include pri-
marily acetate, propionate, and butyrate produced in an
overall molar ratio of ~60:20:20, respectively (11, 16). Table
1 reports the molar ratios of SCFAs produced by in vitro
fermentation with human fecal inoculum of some of the
NDCs discussed in this review. SCFAs provide an energy
source for microbial growth and a variety of physiologic
effects for the host; thus, >90% of SCFAs are either
metabolized by the microbiota for energy or absorbed by
enterocytes (2, 10). Most SCFAs that are not metabolized
by the microbiota are absorbed by enterocytes via passive
diffusion or monocarboxylate transporter 1-mediated trans-
port and into the circulation via solute carrier (SLC) family
transporters, SLC5A8 and SLC5A12 (17). Once absorbed,
SCFAs may be used by the enterocyte for energy or released
into the portal circulation for utilization by peripheral tissues.
Although acetate is the predominant SCFA found in the
colon, butyrate is preferentially utilized by enterocytes as
a source of energy and serves as a regulator of cellular
proliferation and differentiation (11). On average, SCFAs
provide ~10% of daily caloric requirements of humans (18).
However, this depends greatly on the amount of dietary fiber
consumed daily, the proportion of fermentable fiber, and the
composition of the GI microbiota.

Physiologic Benefits of Fermentation

Dietary fiber intake reduces the risk and symptoms of many
metabolic and inflammatory diseases, including inflamma-
tory bowel disease (IBD), cardiovascular disease, colorectal
cancer (CRC), obesity, and diabetes (19). Fermentable NDCs
elicit these benefits through production of SCFAs, which in
addition to providing energy to colonocytes and resident
bacteria, reduce GI luminal pH to directly limit pathogen
growth, enhance mineral absorption, and promote bile acid
excretion. SCFAs also act as secondary messengers that
regulate gene expression and stimulate hormone and gut
peptide synthesis [i.e., glucagon-like peptide 1 (GLP-1)],
and initiate other signal transduction pathways in peripheral
tissues (i.e., increased glucose utilization, reduced cholesterol
synthesis) (10, 12, 20, 21). Although beyond the scope of this
review, dietary fiber fermentation and SCFA production have
been suggested to prevent neurodegeneration and promote
regeneration (10, 22, 23). Butyrate specifically has been
shown to act as a histone deacetylase inhibitor, increasing
the expression of genes related to neural regeneration and
plasticity (10, 23). Additionally, circulating SCFAs are able
to cross the blood-brain barrier and alter neurotransmitter
and hormone concentrations, affecting appetite (10, 22).
The ability of fermentable NDCs and SCFAs, namely pro-
pionate, to reduce blood and hepatic lipid content has been
extensively reviewed, and will thus not be discussed here
(11, 16, 24). SCFAs also act as signaling molecules through
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TABLE 1 In vitro fermentation profiles of NDCs obtained with the use of human fecal inoculum’
Ac:Pr:Bu Total SCFA
NDC Product/substrate (% total SCFA) (mmol/g NDC) Time (h)  Reference
Arabinoxylan Wheat bran, Now Foods 60:33:07 494 8 Rumpagaporn et al. 2015 (25)
Corn bran, Bunge Milling 75:17:08 751 8 Rumpagaporn et al. 2015 (25)
AXOS (wheat) 278 kDa, Megazyme 67:13:20 6.14 12 Hughes et al. 2007 (26)
COS (low molecular wt) 50-190 kDa, Aldrich 72:21:07 N/A 24 Vernazza et al. 2005 (27)
FOS (short chain) NutraFlora, Ingredion 53:16:31 6.71 8 Hernot et al. 2009 (15)
FOS (medium chain) Beneo P95 55:14:31 6.91 8 Hernot et al. 2009 (15)
Beneo HP 58:14:28 6.46 24 Kaur et al. 2011 (28)
GOS Vivinal GOS, Friesland Campina 59:15:26 7.15 8 Hernot et al. 2009 (15)
Domo
Guar gum Sigma 53:33:14 6.85 24 Bourquin et al. 1996 (29)
PHGG Taiyo Kagaku Co Ltd 27:59:14 NA 8 Noack et al. 2013 (30)
BeneFibra, GSK 35:27:38 NA 8 Carlson et al. 2015 (31)
Inulin Oliggo-Fiber, Cargill 39:51:10 NA 8 Noack et al. 2013 (30)
Oliggo-Fiber, Cargill 47:14:39 4.82 8 Hernot et al. 2009 (15)
Beneo ST 44:13:43 5.91 8 Hernot et al. 2009 (15)
Beneo HP 48:14:38 4.64 8 Hernot et al. 2009 (15)
Beneo HP 58:14:28 3.2 24 Kaur et al. 2011 (28)
Inulin (FOS-enriched) Beneo Synergy 1 45:14:41 6.16 8 Hernot et al. 2009 (15)
Pectin Sigma 74:09:17 797 12 Campbell et al. 1997 (32)
Polydextrose STA-LITE, Tate & Lyle 69:18:13 4.73 8 Hernot et al. 2009 (15)
Psyllium husk Psyllium husk, P&G 56:32:12 0.76 12 Campbell et al. 1997 (32)
Soluble corn fiber Promitor, Tate & Lyle 60:17:23 NA 72 Maathuis et al. 2009 (33)
Wheat dextrin BeneFiber, GSK 34:52:14 NA 8 Noack et al. 2013 (30)
BeneFiber, GSK 33:33:34 NA 8 Carlson et al. 2015 (31)

TAc, acetate; AXOS, arabinoxylanoligosaccharide; Bu, butyrate; COS, chitosanoligosaccharide; FOS, fructooligosaccharide; GOS, galactooligosaccharide; NA, not available; NDC,

nondigestible carbohydrate; PHGG, partially hydrolyzed guar gum; Pr, propionate.

the activation of G-protein coupled receptors (GPCRs),
namely GPR41 and GPR43, and directly enhance nutrient
absorption by reducing luminal pH and promoting growth of
enterocytes. Based on our extensive review of clinical trials,
it is becoming increasingly clear that these mechanisms play
an important role in the ability of fermentable NDCs to
help curb glycemic response, increase satiety and subsequent
weight loss, increase mineral absorption, reduce chronic
systemic inflammation, and promote GI health.

Glycemic Control, Satiety, and Weight Loss

One of the hallmark claims of dietary fiber consumption
is the curbing of glycemic response and promotion of
weight loss via increased satiety and decreased energy intake.
Although reductions in postprandial glucose and energy
intake are FDA-approved benefits of dietary fiber, some
isolated, fermentable NDCs that may elicit these benefits
are not currently considered by the FDA to be dietary fiber.
Such NDCs include isomaltooligosaccharides, wheat fiber,
glucomannan, and chitooligosaccharides. Although already
considered fiber by the FDA, inulin and inulin-type fructans,
GOS, high-amylose starch, pectin, guar gum, and S-glucan
have been included in this review to support the position
that glycemic control, satiety, and subsequent weight loss
are mediated, in part, by fermentative end-products. The
impact of fibers on glycemic response can be broken down
into acute effects (those that occur within the same meal)
and secondary effects (those that occur at a later meal, also
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called the second-meal effect). It is important to note that
fiber viscosity has been shown to attenuate acute glycemic
response by delaying gastric emptying and producing a
physical barrier to nutrient absorption in the small intestine
(34), and should be taken into consideration. However, the
second-meal effect is thought to be mediated by SCFAs
(35). As mentioned previously, SCFAs may bind GPCRs on
enterocytes, enter the cells via diffusion or SLC5A8-mediated
transport and act intracellularly, or enter circulation to bind
GPCRs on distant tissues (10, 16, 36). Of particular relevance
to glycemic control is the ability of SCFAs, particularly acetate
and propionate, to bind and activate GPR43 and GPR41
on the brush border membrane. Upon activation, GPR41
and 43 stimulate the release of 2 satiety hormones: GLP-
1 and peptide YY (PYY) from enteroendocrine L-cells (10,
36, 37). In addition to promoting satiety, these hormones
stimulate insulin secretion and decrease glucagon secretion
from the pancreas (16). Outside of the gut, SCFAs activate
GPR41 and 43 on adipocytes, inducing expression of the
anorexigenic hormone leptin (8, 10, 16, 36). Together, these
actions of SCFAs implicate consumption of fermentable
fibers with glycemic homeostasis and satiety that may result
in subsequent weight loss.

Subjects with impaired glucose homeostasis

Perhaps the most important population of interest re-
garding glycemic control are individuals with impaired
glucose homeostasis; those with prediabetes, type 1 and 2



diabetes mellitus (T1DM, T2DM), hyperinsulinemia, and
often metabolic syndrome. Zhao et al. (38) observed that
participants with T2DM who consumed ~1900 kcal/d of a
high-fiber diet (~37 g fiber/d, 40% soluble fiber) for 12 wk
lost more body weight (—4.2% compared with —1.5%) and
had lower glycated hemoglobin (HbA1c) values (6.36% com-
pared with 7.01%) than found in low-fiber diet controls
(~2000 kcal/d, ~16 g fiber/d, 40% soluble fiber) with T2DM.
Although both groups exhibited an increase in fecal acetate
and a decrease in fecal pH, only the high-fiber group had
greater concentrations of fecal butyrate as well as increased
fecal abundance of genes involved in butyrate production.
In the high-fiber group, the increase in SCFAs coincided
with significantly greater postprandial GLP-1 compared with
controls and fasting PYY concentrations compared with
baseline. In a study conducted by Guess et al. (39), FOS-
enriched inulin supplementation (30 g/d) in prediabetic
subjects for 2 wk did not change postprandial glucose or in-
sulin responses overall. Inulin-FOS supplementation resulted
in greater weight loss than observed in cellulose controls
(—7.6% compared with —4.9%, respectively), which corre-
sponded with a decrease in kcal/d intake. Additionally, breath
hydrogen concentration, an indicator of fermentation, was
increased in the experimental group compared with control.
However, when participants were split into either impaired-
fasting glucose (IFG) or impaired-glucose tolerance (IGT),
post-hoc analysis revealed that the IFG group had a reduced
HOMA-IR and decreased fasting insulin concentration
following FOS/inulin supplementation compared with IGT.
A 2015 study conducted by the same group (40) observed that
the same FOS-enriched inulin (30 g/d) did not affect insulin
response in overweight or obese prediabetic individuals after
6 wk. However, the inulin-FOS again resulted in moderate
but greater weight loss compared with controls, —0.42 kg
compared with +0.38 kg. No difference in energy intake
was observed at a single ad libitum meal at the end of the
study, but it is unclear if regular dietary records were col-
lected to assess differences in energy intake throughout the
18-wk intervention period. Although the glucose incremen-
tal area under the curve (IAUC) was lower in the inulin-FOS
group following intervention, this effect was not present once
adjusted for weight loss. Additionally, after 18 wk, breath
hydrogen concentrations were greater in the FOS-enriched
inulin group compared with control, indicative of increased
fermentation.

Chitosanoligosaccharides (COSs) are derived from nat-
urally occurring chitosan polymers in the chitin shells of
crustaceans. Low-molecular-weight COSs have been shown
to produce SCFA profiles similar to FOS in vitro (41).
In adults with prediabetes, daily supplementation with
just 1.5 g COS for 12 wk reduced body fat, waist cir-
cumference, postprandial glucose at 30 and 60 min, and
plasma HbAlc concentrations compared with a matched
roasted-barley meal control. Total energy intake was not
different between groups (42). With promising findings at
such a low dose, additional clinical trials are warranted
to further understand the effects of COS on glycemia

and weight loss in populations with impaired glucose
homeostasis.

In a randomized controlled trial (RCT) parallel study
with 90 T2DM participants, Kwak et al. (43) observed that
supplementation of 6.5 g/d resistant corn starch for 4 wk
reduced fasting insulin, HOMA-IR, and both glucose and
insulin TAUC in response to a standard meal following
the intervention period. Freeland et al. (44) supplemented
hyperinsulinemic adults with 24 g/d wheat fiber for 12 mo
and observed increased postprandial plasma GLP-1, acetate,
and butyrate concentrations, but no changes in postprandial
glucose or insulin. Lastly, Hartvigsen et al. (45) reported
that a test meal containing a 5 g mixture of concentrated
arabinoxylan (AX) and rye kernels (RKs), also high in AX,
reduced acute glucose and insulin responses (IAUCq_120 min)
and feelings of hunger (IAUCj_360 min) compared with the
control meal. Plasma SCFA concentrations, specifically ac-
etate and butyrate, were also greater after 360 min in the
AXRK group compared with controls. However, no effect on
the second-meal glucose response was observed following
one-time supplementation with 5 g of AX, RK, or AXRK.
Long-term supplementation with AX may affect glycemic
response via adaptation to fiber consumption.

Overweight or obese subjects without impaired
glucose homeostasis

Other populations of interest are overweight or obese
individuals who do not have impaired glucose homeostasis.
Interventions with FOS, GOS, and inulin have shown mixed
results in this population. Savastano et al. (46) observed
that a daily mixture of FOS and pectin, 5 g each, did not
produce any changes in energy intake, satiety, or glucose
tolerance in overweight or obese adults after 22 d. Another
study observed that 8 wk of FOS supplementation, at
30 g/d distributed across 3 meals, increased circulating
SCFAs and tended to increase PYY IAUC. However, there
were no effects on glucose or insulin IAUC. Hunger scores
and motivation to eat were decreased following the FOS
supplementation (47). Morel et al. (48) reported that ¢GOS
dose (6, 12, or 18 g/d), but not degree of polymerization
(high content of DP2 compared with DP3 compared with
DP4), increased satiety and decreased energy intake in
overweight adults after 2 wk. Additionally, those in the 12-
and 18-g/d treatment groups had a greater reduction in
weight, BMI, and fat mass after 2 wk than observed in the
control group. In a study by Chambers et al. (49), primary
human colonic cells in culture were used to determine that
propionate administration promotes the production of PYY
and GLP-1. Following this, the group developed a novel
inulin-propionate ester for targeted delivery of propionate
to the colon and conducted both an acute, 6-h clinical
trial and a 24-wk RCT crossover trial in overweight adults.
They demonstrated that acute supplementation of 10 g of
the novel ester increased postprandial plasma propionate,
PYY, and GLP-1 concentrations, and reduced energy intake
compared with 10 g of inulin alone. Following the 24-wk
intervention, the inulin-propionate ester group had reduced
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weight gain and intra-abdominal adipose tissue (—0.1%
compared with +0.5%) compared with the inulin control
group. Interestingly, the ester group prevented the deterio-
ration in insulin-sensitivity that was observed in the inulin
control group.

Few experiments have investigated the effectiveness of RS
and nonfructan fermentable NDCs in improving satiety and
acute glycemic homeostasis in overweight, normoglycemic
adults. Bodinham et al. (50) reported that 4 wk of 40 g/d
high-amylose-resistant starch supplementation resulted in
increased first-phase insulin secretion, which is usually im-
paired in individuals with T2DM, following an intravenous
glucose tolerance test. The increase in insulin secretion
was not accompanied by a significant reduction in blood
glucose concentrations following the intravenous glucose
tolerance test, which would suggest a decrease in insulin
sensitivity. However, when insulin sensitivity was measured,
there was no difference between groups. In overweight
women, Lafond et al. (51) observed that meals containing
15 g of either enzyme-hydrolyzed or intact AX in flax
increased postprandial GLP-1 and PYY compared with a
low-fiber, isocaloric control. Additionally, the 4-h insulin
IAUC was lower in both fiber treatments than in the low-
fiber, nonisocaloric control, but not compared with the
isocaloric control. Li et al. (52) observed that 34 g/d of
NUTRIOSE, a glucose polysaccharide derived from maize
and wheat, decreased fasting glucose, insulin, HOMA-IR,
and HbAlc in overweight men after 12 wk. A recent study
conducted by Rahat-Rozenbloom et al. (53) reported that
one-time supplementation with 24 g inulin increased serum
SCFA concentrations, but did not affect acute or second-meal
glucose and insulin responses. One-time resistant cornstarch
supplementation at 28 g, however, reduced second-meal
glucose and insulin responses without increasing serum
SCFAs. Steady fermentation of RS over a long period of time,
rather than rapid fermentation of fructans such as inulin,
may provide sustained SCFA production that elicits a second-
meal effect without influencing nonportal circulating SCFA
concentrations.

Healthy subjects

The majority of clinical trials involving dietary fiber, weight
loss, and glycemic response have been conducted in healthy
individuals. This is problematic when studying glycemic
control because healthy individuals generally do not have
a physiologic need to curb the glycemic response or lower
fasting concentrations of related metabolites and hormones.
Nevertheless, it is important to consider evidence from all
populations. Inulin and FOS have been heavily studied in
healthy individuals, and have been found to increase satiety
and postprandial circulating GLP-1 (54-56). Tarini et al. (55)
reported that a single meal containing 24 g inulin increased
plasma GLP-1 after 30 min, and resulted in decreased ghrelin
concentrations after 4.5 h. An increase in serum SCFA
concentrations was also observed after 4 h, but postprandial
glucose and insulin remained unaffected. In 2015, Morris
et al. (57) reported that one-time supplementation with 8 g
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FOS or inulin was insufficient to reduce satiety, ghrelin,
or energy intake. Because an increase in breath hydrogen
following inulin supplementation was observed compared to
the control, a longer intervention period may have influenced
these parameters. Two parallel RCTs demonstrated that FOS
supplementation at 16 g/d for 2 wk increased postprandial
plasma GLP-1 and PYY and decreased hunger rates (54, 56).
In one of the studies, these findings were strongly correlated
to positive breath hydrogen tests, suggesting the role of
fermentation (54).

Nonfructan type NDCs have also been shown to be
effective in healthy populations. AXOS supplementation at
6 or 12 g for a single meal reduced glucose and insulin IAUC
in a dose-dependent manner. Reduction in both glucose and
insulin suggest improved insulin sensitivity (58). Wanders et
al. (59) reported that 10 g gelled pectin, a less viscous form
of pectin, decreased hunger and desire to eat after both a
single meal and 2 wk of daily intervention. Reduced energy
intake and elevated breath hydrogen concentrations were
only observed after a single meal. A 1-d supplementation of
60 g RS (Novelose 260) produced a second-meal effect of
reduced plasma glucose and insulin and improved insulin
sensitivity the following morning when a controlled fiber-
free breakfast was consumed. Breath hydrogen concentra-
tions were greater during the breakfast meal in the RS group,
suggesting sustained fermentation throughout the night.
Despite this, nonportal plasma SCFAs were not different
between groups; however, this is unsurprising for steady,
sustained fermentation of RS (60).

Summary

Collectively, these findings suggest that fermentable NDCs
have the ability to improve insulin resistance/sensitivity,
decrease postprandial glucose elevation, and reduce HbAlc
in populations with impaired glycemic homeostasis. Fer-
mentable NDCs also increase satiety and reduce energy
intake with accompanied weight loss in otherwise healthy
overweight or obese individuals. In healthy, lean individ-
uals, fructan-type NDCs are effective in increasing satiety
and postprandial GLP-1. However, many previous studies
investigating the effect of viscous fermentable fibers in
several different populations have not measured indicators
of fermentation, such as circulating or fecal SCFAs, fecal
pH, or breath hydrogen concentration (61-70). Thus, future
clinical trials are warranted. Additionally, viscous fibers (guar
gum and hydroxypropyl methylcellulose) have been shown to
reduce adiposity/fat mass in rats regardless of fermentability,
suggesting that fermentation does not have an additive effect
with viscosity with regard to weight loss (71). Therefore,
clinical interventions with fibers having both low- and high-
viscosity forms (i.e., guar gum compared with PHGG) are
needed to isolate the effects of fermentation on glycemic
response and satiety from those of viscosity for NDCs such
as guar gum, pectin, and some RSs.



Mineral Absorption and Balance

Mineral consumption and absorption is essential for main-
taining health and growth. Increasing mineral absorption,
retention, and balance is an additional function of fer-
mentable NDCs. Studies have shown that fermentable fibers
may increase the absorption of several minerals in humans.
Proposed mechanisms for the enhancement of mineral
absorption by fermentable NDCs predominantly involve the
production of SCFAs. Some of these mechanisms include:
increased solubility of minerals due to decreased luminal
pH; trophic effects of SCFAs on enterocytes, increasing
absorptive surface area; and increased folate production
via increases in Bifidobacterium, which is associated with
higher bone mineral density and bone mineral content in
postmenopausal women (21, 72). Evidence from humans
most strongly supports enhanced absorption of Ca and Mg,
and possibly Fe.

Postmenopausal women

These benefits are particularly important in women’s health
due to increased bone demineralization and total bone loss
following menopause (73). Although Tahiri et al. (74) did
not observe an increase in Ca absorption with the use of
stable-isotope methods in postmenopausal women following
short-chain FOS supplementation at 10 g/d, Slevin et al.
(75) observed that short-chain FOS + Ca supplementation
(derived from algae) for 2 y reduced the decline in bone
mineral density. Additionally, a slowed rate of total bone loss
was observed in a subgroup of the participant pool that had
osteopenia, compared with the maltodextrin control group.
These data suggest that in postmenopausal women, pro-
longed fermentable NDCs and mineral cosupplementation
may be an effective method for slowing loss of bone and
mineral density. Holloway et al. (76) observed increased Ca
and Mg absorption, as well as increased bone formation,
in postmenopausal women receiving 5 g/d of FOS-enriched
inulin for 6 wk, compared with the maltodextrin control
group. SCFE, at 10 or 20 g/d for 50 d, also has been shown
to increase bone Ca retention and bone Ca balance in a
dose-dependent manner in postmenopausal women (77).
In contrast, 15 g wheat dextrin/d was observed to have no
impact on Ca or Mg absorption in a group of pre- and
postmenopausal women (78).

Children and adolescents

Children and adolescents are populations of interest regard-
ing mineral absorption to ensure development of optimal
peak bone mass to prevent risk of osteoporosis later in life
(79). Paganini et al. (80) reported that cosupplementation of
Fe (a mixture of ferrous fumarate and sodium iron EDTA)
and 7.5 g GOS/d increased Fe absorption in Kenyan infants
compared with Fe supplementation alone. This change was
negatively correlated with fecal pH, suggesting a potential
role of SCFA production. Sanwalka et al. (81) showed that
1 dose of a FOS/GOS blend (8 g) with a meal increased Ca
absorption in adolescent girls. Other RCT crossover studies
have also shown increases in Ca absorption following FOS

or inulin-enriched FOS supplementation in both male and
female healthy adolescents (age 9-16 y) at doses ranging from
8 to 15 g/d, compared to maltodextrin or sucrose controls
(82-85). Abrams et al. (84) found the absorptive benefit of the
inulin-enriched FOS was comparable to an increase in daily
Ca intake by 250 mg (~19% of the RDA for this age group).

The degree of polymerization (DP) affects the fermenta-
tive behavior of fermentable NDCs, with longer-chain fibers
being fermented slowly throughout the distal small intestine
and large intestine compared with the rapidly fermented
fibers that largely disappear in the proximal region (86).
Griffin et al. (85) reported that 3 wk of supplementation with
8 g FOS/d alone did not affect Ca absorption; however, 8 g/d
of inulin-enriched FOS (ORAFTI Synergy 1) increased Ca
absorption compared with the placebo group (38.2% com-
pared with 32.3%, respectively). Because long-chain inulin
(DP: 25) was used in this blend, it may be hypothesized
that slower rates of fermentation and, thus, prolonged SCFA
production, contribute to increases in mineral absorption.
However, a RCT parallel study conducted by Martin et al. (87)
demonstrated that the same inulin-FOS blend had no impact
on Ca absorption or retention in adolescent girls. Another
study reported that 10 g/d of FOS supplementation did not
impact Ca, but increased Mg absorption in adolescent girls
with habitual low Ca intake (79).

SCF has also been shown to improve Ca absorption
in adolescent boys and girls. In a double-blinded RCT
crossover trial, Whisner et al. (88) reported that 12 g/d
supplementation of SCF to diets containing suboptimal Ca
increased absorption of Ca by 12% compared with the control
group; however, Ca retention, fecal Ca, and urinary Ca
were unaffected. The observed increase in Ca absorption
was positively correlated to an increase in Bacteroides,
highlighting the potential link between absorption and
fiber fermentation. In 2016, the same group demonstrated
that supplementation of 10 or 20 g SCF/d in free-living
female adolescents increased Ca absorption by 13.3% and
12.9%, respectively. Fecal pH was lower in the 20-g/d group,
although fecal SCFA concentrations did not differ (89).

Healthy subjects

Many studies performed in healthy adult humans support the
previously described findings. Coudray et al. (90) observed
an increase in Ca absorption following inulin supplementa-
tion (40 g/d) in healthy young men, with no changes in Mg,
Fe, or Zn absorption. Conversely, van den Heuvel et al. (91)
observed that 15 g/d of inulin, FOS, or GOS did not impact
Ca or Fe absorption in the same population. These data
suggest that in healthy young males, 15 g/d fermentable NDC
supplementation may not be sufficient to produce significant
results. In women with low Fe status, inulin supplementation
(20 g/d) tended (P = 0.10) to increase Fe absorption, but
did not reach statistical significance despite producing a
lower fecal pH and increasing fecal Bifidobacterium (92).
Weinborn et al. (93) observed that as little as 2 g/d of a
prebiotic blend (inulin, polydextrose, arabic gum, guar gum)
supplemented with 3 mg/d of labeled heme Fe (isolated from
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Holstein Friesian calves) increased the bioavailability of the
heme Fe by 56% compared with the group supplemented
with labeled heme Fe alone. Vermorel et al. (94) reported
that a 5-d supplementation (following a 20-d adaptation) of
100 g/d of NUTRIOSE FB, a purified, fermentable wheat
dextrin, distributed across 6 meals and snacks increased
Mg absorption (%) and retention (mg/d), and tended to
increase Ca absorption (P = 0.09). The NUTRIOSE FB
supplementation had no impact on Zn balance. Although
some participants experienced digestive symptoms, such as
excessive gas and abdominal pain, these diminished after
20 d of adaptation. In the only study investigating the
impact of pectin on Ca balance, 36 g/d did not result
in any effect. However, this was a nonrandomized, con-
trolled trial with only 5 participants, so these results may
have been confounded by several sources of variation
(95).

Nonfermentable and poorly fermentable fibers

Some studies testing insoluble or poorly fermentable fibers,
such as bran and psyllium (96, 97), have demonstrated a lack
of effect, or even a negative effect on mineral absorption,
further suggesting that enhancement of mineral absorption
is a benefit of fermentation and SCFA production. Heaney
et al. (98) demonstrated that 3.4 g psyllium supplementation
for 4 wk (Metamucil) in postmenopausal women did not
affect Ca absorption. Balasubramanian et al. (99) showed that
supplementation of 10 g of bran at each meal (30 g/d total)
decreased Ca absorption from 22.1% to 8.6% in adults aged
59-76 y. O’'Brien et al. (100) showed that high-fiber diets
(13.4 g fiber/kg diet) rich in bran also resulted in reduced
Ca absorption in healthy males aged 21-33 y compared
with low-fiber diet (2.8 g fiber/kg diet) controls despite
no differences in daily energy intake (37.1% compared
with 60.6%, respectively). Other studies investigating bran
supplementation in adult men at 22 g/d (101) and 10.9 g/d
(102) showed no change in overall mineral balance. Lack of
or negative effects are likely mediated by the phytate content
of these fibers (103).

Summary

The current evidence indicates that nonfermentable and
poorly fermentable fibers do not improve mineral absorp-
tion. Instead, it is clear that highly fermentable fibers
enhance mineral absorption and retention—particularly Ca
and Mg. Some studies have shown that increased mineral
absorption is correlated to increases in specific microbial
taxa and decreases in fecal pH, supporting the notion that
these effects are a direct result of SCFA production. Future
clinical studies would benefit from implementing more of
these correlative analyses. Further investigation is needed
regarding the impact of fermentable fibers on absorption
of other minerals, such as Fe, Zn, K, and P. Although the
existing evidence supports the ability of fermentable fibers to
increase some mineral absorption and retention, the majority
of this research has been conducted in healthy or nonrisk
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participants who typically do not have a physiologic need for
increasing mineral status.

Gut Health and Inflammation

It has become increasingly evident that the GI tract,
particularly the colon, is involved in much more than
simple digestive and absorptive functions. Compromised GI
health and chronic, low-grade inflammation often occur
together, and are linked to a decline in overall health and
an increased risk of disease development (11). Gut health
is commonly assessed by measures of motility (transit time,
stool frequency, stool consistency), histology (morphology,
epithelial proliferation, immune cell infiltration), perme-
ability (lactulose:mannitol excretion ratio), endoscopy, fecal
metabolites (ammonia, BCFAs, SCFAs, IgA), and serum
metabolites (zonulin). More recently, GI health also has
been assessed via microbiota taxonomy, namely by increases
in abundance of potentially beneficial taxa such as Bifi-
dobacterium and Lactobacillus, and decreases in abundance
of potentially harmful taxa such as Clostridia. Systemic
inflammation is most commonly assessed by measuring
circulating immunologic molecules, including cytokines
(TNF-«, INF-y), interleukins (IL-18, IL-6, IL-8, IL-10),
and acute phase proteins [C-reactive protein (CRP), serum
amyloid A], endotoxins (LPS), and markers of oxidative
stress (oxidized LDL, malondialdehyde). SCFAs produced
from NDC fermentation contribute to maintenance of GI
health and inflammation. Butyrate is the preferred en-
ergy source of colonocytes and stimulates growth of the
colonic epithelium. SCFAs also activate GPR41, GPR43, and
GPR109A in the small intestine, colon, and immune cells to
mediate gut and immune cell growth and differentiation, gut
motility and permeability, and production of immunologic
proteins (10). In contrast, products of protein fermentation—
ammonia, BCFA, H,S, phenols, and indoles—are generally
considered toxic for gut health as they have been shown to
increase gut permeability and are associated with increased
incidence of CRC (104-106). However, recent evidence
suggests that some tryptophan-derived indoles, particularly
indole-3-propionic acid, may improve gut barrier function
(107, 108).

Inflammatory bowel disease

Inflammatory bowel disease, which primarily includes ul-
cerative colitis (UC) and Crohn’s disease (CD), is a group
of chronic inflammatory disorders affecting the GI tract
(109). In IBD, increased gut permeability results in increased
translocation of inflammatory stimuli in the lamina pro-
pria, triggering an immune response (110). Because SCFAs
have multiple beneficial effects on the gut barrier, it has
been hypothesized that SCFA enemas or consumption of
fermentable fibers may help to relieve symptoms of IBD
and prevent relapse. SCFA enemas, which have been studied
since the 1990s, have been shown to be particularly beneficial
in UC patients specifically because this disease primarily
affects the distal colon. In 1992, Scheppach et al. (111)
demonstrated that 100 mL sodium butyrate enemas twice



per day for 2 wk decreased stool frequency and stopped
discharge of blood in 9 out of 10 patients with unresponsive
UC. Further evidence to support the use of butyrate enemas
in treating UC was published in 2002 by Lihrs et al.
(112). They observed that, compared with placebo enemas,
60-mL doses (100 mM sodium butyrate), twice daily for

8 wk, reduced activation of NF-«B in lamina propria
macrophages (11.5% compared with 72.4%) as well as the
number of neutrophils in the crypt (—0.8 compared with
+0.3) and surface epithelia (—0.5 compared with 0.0) and
lymphocytes in the lamina propria (—0.6 compared with
—0.3). Additionally, these findings were correlated with lower
disease activity indices (DAIs) compared than the placebo
group after 8 wk (~0.5 compared with ~5.0, on a scale of 0-
10). A few studies have also investigated the success of mixed
SCFA enemas in treatment/management of UC. Vernia et
al. (113) reported that a mixed 100-mL enema of sodium
acetate, sodium propionate, and sodium butyrate (120 mM
total) twice daily for 6 wk led to a decrease in bowel move-
ment urgency and improved endoscopic scores, histologic
scores, and self-evaluations compared with baseline, whereas
the placebo group showed no differences from baseline. In
contrast, another study reported that neither mixed SCFAs
(130 mM) nor butyrate (100 mM) enemas dosed twice daily
at 60 mL for 8 wk had an effect on humoral parameters
of inflammation, including erythrocyte sedimentation rate
and serum CRP, O-acid glycoprotein, haptoglobin, and Fe in
patients with distal UC (114). However, the butyrate enema
group had fewer patients with affected colonic segments than
the placebo group at the end of the study.

In addition to SCFA enemas, dietary supplementation
of fermentable fibers, particularly FOS or germinated
barley foodstuff (GBF), have been shown to be effective
in modulating symptoms and remission of CD and UC.
Benjamin et al. (115) showed that supplementation with
15 g FOS/d decreased the proportion of IL-6-positive and
increased the proportion of IL-10-positive dendritic cells
in the lamina propria (0.7 compared with +0.2 intensity
ratio) of CD patients compared with baseline. The placebo
group showed no changes from baseline. GBF is a prebiotic
product derived from fractions of germinated barley and
produces predominantly butyrate when fermented in the GI
tract (116-118). In 1998, Mitsuyama et al. (116) conducted
a pilot study in which 10 UC patients were given 30 g GBF/d
in addition to conventional drug therapy for 4 wk. They
observed improved clinical activity indices (6.9 to 2.8) and
endoscopic scores (6.1 to 3.8), as well as increased fecal
butyrate concentrations, at the end of the study. In a
12-mo randomized, controlled trial, 20 g/d GBF
supplementation resulted in improved clinical activity
indices at 3-, 6-, and 12-mo time points compared with
controls. In addition, the cumulative recurrence rate
was lower in the GBF group than controls, suggesting
that GBF supplementation may prolong remission in
UC patients (119). Supplementation of 30 g GBF/d for
2 mo also has been shown to decrease abdominal pain
and cramping, as well as serum IL-6, IL-8, and CRP

compared with baseline, whereas the control group
showed no change (117, 118). It is important to note
studies have also shown that a diet low in fermentable
oligosaccharides, disaccharides, monosaccharides, and
polyols (FODMAP) may be beneficial in modulating
symptoms, particularly abdominal pain and bloating, in
patients with IBD (120). Although a low-FODMAP diet
reduces the severity of GI symptoms, SCFA enemas and
fermentable fibers reduce indices of GI inflammation and
prevent relapse.

Metabolic dysfunction

Individuals with excessive body fat, metabolic syndrome, or
diabetes often exhibit systemic, low-grade inflammation and
oxidative stress, indicated by an increase in proinflammatory
biomarkers such as serum CRP, complement C3, IL-6, TNF-
a, and LPS, and decreased anti-inflammatory markers such
as serum IL-10. Chronic low-grade inflammation is often
implicated in the development of chronic diseases, including
diabetes, cardiovascular disease, fatty liver disease, and
cancer (48, 121-123). Thus, dietary interventions that reduce
chronically elevated systemic inflammation are of great inter-
est to promote health. Several studies have investigated the
impact of fermentable fiber consumption on markers of in-
flammatory status in individuals who are overweight, obese,
or have metabolic syndrome. Consumption of legumes rich
in fermentable fibers has been associated with decreased
waist circumference and lower blood pressure (121, 124).
Hermsdorff et al. (121) reported that a hypocaloric diet rich
in legumes resulted in greater loss of body weight (—7.8%
clinical activity indices —5.3%) as well as a greater reduction
in serum CRP (—1.2 clinical activity indices 4+-0.4 mg/dL)
and complement C3 concentrations compared with the con-
trol hypocaloric diet after 8 wk. These reductions in inflam-
matory markers remained greater in the legume diet group
even when adjusted for weight loss. A different study exam-
ined the impact of single experimental meals—black bean
meal, fiber-matched meal, or antioxidant-matched meal—on
markers of oxidative stress and inflammation in adults with
metabolic syndrome. Although no differences were observed
in postprandial plasma oxidized LDL among groups, the
black bean meal resulted in greater plasma concentrations of
VCAML], an adhesion molecule used as a marker of vascular
inflammation, than found in the other meals. However, it has
been suggested that adhesion molecules are not consistently
altered following meals, and therefore they may not be
the most accurate indicators of postprandial inflammation
(125).

Prebiotic GOSs have been shown to modulate inflam-
mation in overweight adults. In a randomized, controlled,
double-blind, crossover trial, a mixture of trans-GOS sup-
plemented at 5.5 g/d for 12 wk decreased plasma CRP and
fecal calprotectin, a marker of neutrophil infiltration in the
GI mucosa. Trans-GOS also increased fecal concentrations of
bifidobacteria and IgA, which are involved in fiber fermen-
tation and protection of gut barrier function, respectively
(126). Additionally, variable doses (6, 12, or 18 g/d) of
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TABLE2 Summary of key findings'

Glycemic control, satiety, and weight loss
Subjects with impaired glucose homeostasis

Overweight or obese subjects without impaired
glucose homeostasis
Healthy subjects
Mineral absorption and balance
Postmenopausal women

Children and adolescents
Healthy subjects

Gut health and inflammation
Inflammatory bowel disease

Metabolic dysfunction

Healthy subjects

Improved insulin resistance/sensitivity, decreased postprandial glucose elevation, reduced
HbATc
Increased satiety and reduced energy intake with accompanied weight loss

Increased satiety and postprandial GLP-1 concentrations

Reduced decline in bone mineral density, slowed rate of total bone loss, and increased Ca and
Mg absorption, bone formation, bone Ca retention, and bone Ca balance

Increased absorption of Fe, Ca, and Mg

Increased Ca and Mg absorption, increased Mg retention, increased heme Fe bioavailability

Improved DAl and histologic scores, prolonged remission, decreased stool frequency, reduced
proportion and activation of Gl-resident inflammatory cells, reduced circulating
inflammatory marker concentrations

Weight loss, reduced circulating inflammatory and oxidative stress marker concentrations,
reduced immune-cell infiltration in the Gl tract

Decreased fecal ammonia concentrations, decreased 8-glucuronidase activity, improved
measures of Gl permeability, reduced circulating inflammatory marker concentrations,
decreased protein fermentation

DA, disease activity index; Gl, gastrointestinal; GLP-1, glucagon-like peptide 1; HbA1c, glycated hemoglobin.

a-GOS all have been shown to reduce plasma LPS and
CRP compared with a glucose control after only 2 wk of
intervention in overweight adults (48).

The ability of inulin alone or inulin enriched with FOS
to attenuate inflammation in women with impaired glycemic
control has been well documented. Supplemented at 10 g/d
for 8 wk, FOS-enriched inulin was shown to reduce serum
IL-4,1L-12,and INF-y in one study (127), and reduce plasma
IL-6, TNF-«, and LPS in another (128), both in overweight
women with T2DM. Inulin supplementation (10 g/d) for
8 wk was also shown to decrease fasting concentrations of
high-sensitivity CRP (—2.7 compared with —1.1 ng/mL),
TNF-o (—3.0 compared with —1.4 pg/mL), and LPS
(—=5.4 compared with 4-0.1 EU/mL) in overweight women
with T2DM (122). Additionally, in a randomized, controlled,
parallel trial, women with T2DM who consumed resistant
dextrin (10 g/d) for 8 wk had reduced concentrations
of plasma IL-6, TNF-¢, and malondialdehyde, as well as
reduced serum endotoxin, compared with those in the
placebo group (129).

Healthy subjects

In cases of chronic inflammation, as with IBD and many
metabolic diseases, reducing proinflammatory metabolites
is clearly a beneficial endpoint. However, is it healthy to
reduce inflammatory markers in a population that does not
have elevated inflammation? This also raises the question:
should healthy populations be used to determine whether
fermentable fiber results in anti-inflammatory responses?
Many clinical trials have investigated the effects of fer-
mentable fibers on GI health and inflammation in healthy
human populations, and the results are more mixed. In-
ulin and FOS are among the many fibers studied. Inulin
supplementation at 20 g/d for 3 wk has been shown to
increase fecal Lactobacillus relative abundance and decrease

584 Alexander et al.

both fecal ammonia concentrations and S-glucuronidase
activity, which have both been positively associated with
increased risk of CRC (130). Inulin also was observed to
improve measures of GI permeability (lactulose:mannitol
excretion ratio, lactulose recovery, serum zonulin) compared
with a control group when supplemented at 11 g/d for 5 wk
(131). When given a combination of inulin (3 g/d) and XOS
(1 g/d) for 4 wk, healthy participants exhibited an increase
in fecal SCFAs, decreased circulating LPS, and decreased
LPS-induced IL-18 expression. XOS alone (5 g/d) did not
produce these effects (132). However, a FOS/inulin blend did
notalter immune cell populations, activation, or proliferation
when consumed by healthy individuals for 8 wk at 8 g/d
(133).

Arabinoxylanoligosaccharides (AXOS) and GOSs have
been shown to improve markers of GI health and inflamma-
tion in healthy individuals, particularly in low doses. AXOS
supplemented at only 2.14 g/d for 3 wk increased fecal SCFAs,
especially butyrate, bifidobacteria relative abundance, and
stool frequency (134). Wheat bran extract (WBE) contains
~79% AXOS and up to 15% B-glucans. A dose of 10 g
WBE (8 g/d AXOS) increased fecal bifidobacteria relative
abundance and SCFA concentrations, with a corresponding
decrease in fecal pH. Urinary p-cresol was also reduced
following WBE supplementation, indicating a reduction in
protein fermentation (135). WBE has also been shown to
reduce protein fermentation compared with a maltodex-
trin placebo when supplemented at 10 g/d for 3 wk in
healthy participants (104). In contrast, another study that
gave healthy participants 5 g/d AXOS, as WBE, for 3 wk
observed no changes in fecal SCFAs or pH. However, they
observed a decrease in fecal BCFA, supporting previous
results of reduced protein fermentation (136). In healthy,
elderly individuals, supplementation with 5.5 g GOS/d for
10 wk resulted in an increase in relative abundance of



bifidobacteria, which was correlated with increased lactic
acid in fecal water. Additionally, stimulated peripheral blood
mononuclear cells obtained at the end of the study showed a
greater production of IL-10 (114 compared with 62 pg/mL)
and IL-8 (4140 compared with 3171 pg/mL) and a lower
production of IL-18 (954 compared with 1281 pg/mL) in
the GOS group compared with the placebo group. Although
serum CRP concentrations were higher following GOS
treatment than with placebo, these concentrations remained
substantially lower than those associated with negative effects
(137).

Summary

Consumption of highly fermentable fibers have been shown
to improve biomarkers of GI health and systemic inflamma-
tion as well as endoscopic and histologic scores of GI health
in individuals with IBD, metabolic disease, overweight, and
obesity. For patients with IBD, the use of SCFA enemas
has been shown to be beneficial in attenuating symptoms
and prolonging remission. The data in healthy participants,
although large, are less conclusive. However, the ability of
fermentable fibers to modulate inflammation is arguably
better assessed in populations that have chronic, elevated
systemic inflammation rather than healthy populations
who may not stand to benefit from decreased immune
activity.

Conclusions

Fermentation of dietary NDCs produce SCFAs that curb
the glycemic response, promote satiety and weight loss,
increase mineral absorption, reduce biomarkers of chronic
systemic inflammation, and improve intestinal health and
integrity. Table 2 provides a summary of key findings for each
population discussed in this review. Although production
of SCFAs by NDC fermentation is not itself a physiologic
endpoint, it has become increasingly evident that many of
the clinical effects elicited by fermentable NDCs are directly
mediated by fermentative end-products, such as SCFAs.
Due to the obvious systemic physiologic importance of
fermentation, we argue that the degree of fermentability of
an NDC, rather than the outcome of a clinical trial, may be
sufficient in classifying it as a dietary fiber.
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