Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 24: 732, 2021

Theories behind the effect of starch- and sucrose-reduced diets on
gastrointestinal symptoms in irritable bowel syndrome (Review)

BODIL OHLSSON

Department of Internal Medicine, Lund University, Skane University Hospital, 20502 Malmé, Sweden

Received July 1,2021; Accepted July 22,2021

DOI: 10.3892/mmr.2021.12372

Abstract. Increased amounts of starch and sugar have been
added to the diet in the Western world during the last decades.
Undigested carbohydrates lead to bacterial fermentation and
gas production with diffusion of water, causing abdominal
bloating, pain and diarrhea. Therefore, dietary advice is the
first line of treatment of irritable bowel syndrome (IBS), a
disease characterized by abdominal pain and altered bowel
habits without any organic findings. Recently, a diet with
a reduction of starch and sucrose led to a marked effect
on gastrointestinal (GI) symptoms. The mechanism is
unknown, but three possible mechanisms are presented in
the present review. First, functional variants of the enzyme
sucrase-isomaltase (SI) have been described in IBS. A
subgroup of patients with IBS may thus suffer from partial
SI deficiency with reduced digestion of starch and sucrose.
Second, fructose absorption is less efficient than glucose
absorption, which may lead to a physiological fructose
malabsorption when ingesting high amounts of sucrose. A
third mechanism is that high-sugar diets causing hypergly-
cemia, hyperinsulinemia and weight gain have led to painful
neuropathy in animal models; whereas, improved metabolic
control in humans has led to improvement of neuropathy.
Starch- and sucrose-reduced diets lead to decreased levels
of C-peptide, insulin, gastric inhibitory peptide, leptin and
weight reduction. These metabolic changes may reduce the
excitability of the hypersensitive nervous system often found
in IBS and, thereby, lead to the reduced symptoms found after
the diet. In conclusion, further studies are needed to investi-
gate the pathophysiology behind development of symptoms
after starch and sucrose intake, and the mechanisms behind
symptom relief after reduced intake.
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1. Introduction

Gastrointestinal (GI) symptoms without any organic changes
are called functional gastrointestinal disorders (FGID).
The most common of these disorders is irritable bowel
syndrome (IBS) (1). The pathophysiology behind FGID is
unknown, but visceral hypersensitivity, psychological factors,
low-grade inflammation, alterations in gut microbiota compo-
sition, or hormonal profile have been discussed (2).

IBS symptoms are frequently experienced during food
intake, and as such, dietary interventions are usually prescribed
to improve the symptoms (3). Also, patients with IBS have
been found to have altered expression of endocrine cells in
the GI tract and different levels of circulating hormones (4-6).

Dietary changes may influence the production of gut
hormones since the production is predominantly influenced
by food ingestion and food nutrient content (7). Hormones
such as C-peptide, gastric inhibitory peptide (GIP),
glucagon, glucagon-like peptide-1 (GLP-1), and insulin are
key hormones in regulation of glucose homeostasis. These
hormones control energy and glucose metabolism by acting
on the function of the digestive system in glucose regulation,
motility, and pancreatic function (8,9). Leptin controls appe-
tite and food intake, thereby regulating energy intake (10).
Thus, the improvement of IBS symptoms with dietary
changes may possibly be linked to the effect of changes in
gut hormones (11).

The first line of dietary advice is the National Institute for
Health and Care Excellence (NICE) guidelines, which recom-
mend regular meal patterns and decreased intake of mineral
water, caffeine, fat, and spicy foods (12), or the low FODMAP
diet, which advocates exclusion of fermentable oligo-, di- and
monosaccharides and polyols (13). These diets have an effect
in 20-50% of IBS patients (14).
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Recently, a diet with starch and sucrose reduction (SSRD)
has been shown to markedly reduce the GI symptoms in IBS
patients with a response rate of 74% (15,16). The reduction in
GI symptoms correlated with the reduction in intake of carbo-
hydrates, disaccharides, starch, sucrose, and sugar (17). We
found decreased levels of C-peptide, insulin, GIP, and leptin
after introduction of the SSRD, but the hormonal changes only
correlated with the decrease of carbohydrate intake and weight,
not with the decrease of GI symptoms (18). Circulating levels
of inflammatory factors were not affected by the diet (17).
Although the dietary changes led to corresponding changes in
feces microbiota, this was not correlated with the changes in
GI symptoms (unpublished data).

The mechanisms behind the effect in IBS of SSRD is not
determined, but three different theories are plausible expla-
nations to GI symptoms after intake of starch and sucrose,
i.e., sucrase-isomaltase (SI) deficiency, overloading of the
physiological absorptive system, or food-induced dysfunction
of the nervous system (Table I).

2. Genetic variants of sucrase-isomaltase deficiency

Sucrose, or saccharose, consists of one glucose and one
fructose molecule. The bond between these two molecules
is broken by the membrane-bound enzyme SI. The same
enzyme also hydrolyzes the glucose molecules in the short
oligosaccharides and starch (Fig. 1). This a-glucosidase
enzyme consists of two enzyme domains of the glycoside
hydrolase family GH31, one serving as isomaltase, the
other as sucrase (19). Severe congenital sucrase-isomaltase
deficiency (CSID) is an autosomal recessive unusual condi-
tion with mutations of the SI gene on chromosome 3q25-26.
Lack of the SI enzyme leads to impaired ability to hydrolyze
sucrose, maltose, short glucose oligomers, and branched
dextrins. More than 25 different mutations have been
described (20). CSID was unknown among the indigenous
people of Greenland as long as they lived on fish. After the
introduction of the Western diet with a high proportion of
sugar and starch in the latter half of the last century, the
prevalence of CSID in Greenland has risen to between
5 and 10% (21). The prevalence of CSID varies but has been
described as 5-10% in Greenland, 3-7% in Canada and 3% in
Alaska. The prevalence in North America and Europe varies
between 1/500 and 1/2,000 (22).

Functional variants appear to be more common in the popu-
lation than CSID and can lead to similar maldigestion (22).
These functional variants of this mutation have previously
been described in high prevalence in IBS (23,24). In addition
to the degree of enzyme deficiency, the type of dietary intake
also influences the efficiency of hydrolysis, since naturally
phytochemicals can inhibit the enzyme activity (25).

Undigested sugars are fermented by the gut microbiota
with ensuing gas production and water diffusion, which lead to
symptoms in the form of abdominal tension, abdominal pain,
and diarrhea (14). The classic CSID manifests itself during
infancy when one begins to introduce fruits and juices into the
diet and leads to severe diarrhea, poor weight gain, irritability,
and diaper rash. The treatment mainly consists of avoiding
starch and sucrose, which reverses the symptoms. Milder
forms of mutations can present clinically later in life with the

same symptoms as in other carbohydrate intolerances, espe-
cially diarrhea, and can be misdiagnosed as IBS in adults (26).

3. Monosaccharide absorption in the small intestine

Glucose, galactose, and fructose are the most common mono-
saccharides. The absorption of monosaccharides at the luminal
brush border membrane (BBM) and transportation out of the
cells at the basolateral membrane (BLM) are mediated by
transport molecules. Glucose and galactose are absorbed at the
BBM by sodium-glucose cotransporter 1 (SGLT1), driven by
the Na* gradient, and by glucose transporter 2 (GLUT?2), driven
by diffusion. SGLT1 is the rate limiting transporter for glucose
absorption (27). GLUT2 is mainly expressed in the BBM during
presence of high luminal glucose concentrations, and not between
the meals, when the glucose concentration is low. Glucose and
galactose leave the cell at the BLM by GLUT?2. Fructose is trans-
ported by GLUTS both at the BBM and the BLM (Fig. 2) (28).

The absorptive capacity varies in nonspecific ways, e.g.,
depending on the absorptive surface, number of enterocytes,
and their degree of differentiation. This slow adaption has been
observed in response to changed nutritional supply, during
diabetes, and after surgery (29,30). Specific adaptions of mono-
saccharides are rapid and may occur within minutes or hours but
may also develop during days. They include changes in the amount
of transport molecules and are due to transcriptional and/or post-
transcriptional regulations. They have been described following
diurnal rhythm, after up-take of carbohydrate-rich meals, and in
response to carbohydrate content, hormone levels, and neuronal
activation (28). The capacity for glucose absorption peaks in the
late light/early dark phase in rats during free access to food (31).
This is consistent with the peaking of SGLT1 mRNA expres-
sion (32) and sucrase activity at the same time point (33). This
may be considered physiologically since 90% of the ingestion in
rodents are during the night (32). High glucose concentration in
the small intestine leads to short-term upregulation of SGLT1 in
human and rodents. Both glucagon, GLP, insulin, EGF, and pros-
taglandins upregulate SGLT1, whereas cholecystokinin (CCK)
and leptin downregulate the transport molecule (28).

Several mechanisms are involved in the long-term regu-
lation of SGLT1 and include both a direct effect of glucose,
galactose, and fructose and an indirect effect through taste
reception and hormonal changes. The effect is mainly exerted
through translational and posttranslational levels, but also on
mRNA level (34,35).

The expression of GLUT? is coordinated with the expres-
sion of SGLT1 regarding diurnal rhythm, glucose concentration
in the small intestine, and hormonal effects (32). Specific food,
such as strawberries and blueberries containing flavonoids and
other phenolic compounds, downregulate both the transport
and mRNA levels of SGLT1 and GLUT?2 (36). The expression
of GLUTS is coordinated with the expression of SGLT1 and
GLUT?2 regarding diurnal rhythm and fructose intake (32).
A great portion of the absorbed fructose is converted in the
enterocytes to glucose through gluconeogenesis.

4. Gastrointestinal effects of monosaccharide absorption

Malfunction of monosaccharide transporters. Glucose-
galactose malabsorption (GGM) is a rare congenital autosomal
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Table I. Possible explanations for gastrointestinal symptoms after starch and sucrose intake.

Etiology

Possible mechanisms

Symptoms

Sucrase-isomaltase
deficiency
Fructose intolerance

Endocrine and metabolic
effects in the tissue and
nerves

Unabsorbed carbohydrates lead to fermentation, gas
production, water diffusion and distention
Unabsorbed carbohydrates lead to fermentation,
gas production, water diffusion and distention
Hyperinsulinemia, increased release of GIP and
GLP-1, dyslipidemia, oxidative stress, advanced
glycemic end products and other metabolic changes

Abdominal bloating, flatulence, pain and
diarrhea

Abdominal bloating, flatulence, pain and
diarrhea

Abdominal bloating, pain, constipation
and diarrhea

affect the central and peripheral nerves with altered

motility and perception

GIP, gastric inhibitory peptide; GLP-1, glucagon-like peptide-1.
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Figure 1. Digestion of sucrose and starch to monosaccharides by the enzymes sucrase and isomaltase in the intestinal brush border.

recessive disorder with severe diarrhea in newborn, depending
on defect Na*-glucose cotransport in the small intestine (37).
The therapy is removal of glucose and galactose from the diet.
Malabsorption of glucose and galactose may also depend on
mutations in gene encoding neurogen-3 and leads to deple-
tion of endocrine cells and cause general monosaccharide
malabsorption (38). Fanconi-Bickel syndrome is another rare
congenital disease with impaired absorption of glucose and
galactose (39).

The dramatic increase of nutrients and beverages which
are enriched with sucrose has led to higher amount of fructose
in the food (40). In humans, the capacity of fructose absorption
is much smaller than the glucose absorption (41). In a popula-
tion of healthy adults, an intestinal load of 25 g fructose was
only absorbed completely by one-half of the individuals (42).
Isolated fructose intolerance due to defects in GLUTS, or over-
loading of the physiological capacity of fructose absorption,
may be one reason to symptoms of abdominal pain, cramps,
and diarrhea after ingestion of high amounts of fructose. This
condition may be mistaken as FGID (43).

Effects of transport molecules on hormone secretion and
local inflammation. Since SGLT1 is involved in membrane
polarization, this includes activation of several Ca* channels,
activation of PKCfII, and phosphorylation of myosin II and
MAP kinases, among several other proteins (28). An increased

SGLTI1-mediated glucose transport may protect from lipo-
polysaccharide (LPS)-induced apoptosis (44). Further, SGLT1
influences the effects of cytotoxic drugs in the small intestine
and seem to have the same protective effect regarding these
drugs as concerning LPS (44 ,45).

High luminal glucose concentrations involve SGLT1 and
GLUT?2 in the glucose-dependent stimulation of GLP-1 and
GIP secretion, which also involves sweet taste receptors. A
high intracellular glucose level increases carbohydrate metab-
olism, which lead to openings of Ca* channels and exocytosis
of vesicles containing GLP-1 and GIP (27), hormones with
effects on GI motility (9).

5. Effect of sugar-rich diets on the development of poly-
neuropathy

The pathophysiology behind polyneuropathy is multifacto-
rial and involves hyperglycemia and metabolic disturbances.
The mechanisms involve oxidative stress, accumulation of
advanced glycation end products, P13K/Akt signaling path-
ways, and chronic inflammation (46-49). Animal models
with diets high of fat and/or sugar have been acknowledged
for decades to study metabolic effects and their complica-
tions. A diet for 4 weeks with high sucrose intake to rats
showed a progressive increase in blood glucose levels,
insulin levels, and Homeostatic Model Assessment for
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Figure 2. Mechanisms of monosaccharide absorption. Absorption of monosaccharides by enterocytes at the luminal BBM with SGLT1, GLUT2 and GLUTS,
and transportation out of the cells at the BLM by GLUT2 and GLUTS. Na* and K* pumps (ATPase) drive the Na* gradient, enabling the absorption of glucose
and galactose. Modified from ref. (28). SGLT1, sodium-glucose cotransporter 1; GLUT, glucose transporter; BLM, basolateral membrane; BBM, brush border

membrane.

Insulin Resistance (HOMA-IR) (50). In similarity, a high
fat-sucrose diet for 3 months led to increased fasting glucose
levels after 25 days, although the levels were not defined as
hyperglycemia. In parallel, the insulin levels, free fatty acid
levels, and HOMA-IR were also elevated (51). Increased
mechanical pain sensitivity was found ~1 month later (51),
which indicates that the neuropathy may occur after chronic
exposure to hyperinsulinemia, dyslipidemia, and impaired
glucose tolerance, as has been suggested in humans (52-54).
Histopathological examinations revealed myelin breakdown,
axonal degeneration, and small fiber neuropathy in the
periphery. Also, the spinal dorsal column was affected with
loss of inter-fiber matrix and dramatic reduction of myelin and
axonal degeneration (51). A cafeteria diet (CAD) including
cakes, biscuits, meat pies, and potato chips for 3 months to
rats led to increased body weight and increased glucose and
insulin levels consistent with prediabetes. Although the nerve
conduction tests were normal, a superexcitability was found in
the tibial motor nerve (55). Excitability parameters are electro-
physiological measure of axonal membrane and ion channels,
and the finding of superexcitability indicates an early func-
tional change in the peripheral axon (56). The superexcitability
correlated with weight, insulin levels, HOMA-IR, and leptin
levels (55), which suggest that metabolic changes may drive
early axonal dysfunction.

In line with these animal studies, changes in motor excit-
ability have been demonstrated in human prediabetes (57)
and found prior to overt polyneuropathy (58). Improvement

of the metabolic control leads to regression of painful
neuropathy (59).

6. Discussion

During the last decades, the sugar intake has been markedly
increased (40). The higher luminal sugar concentrations, the
more upregulation of the enzymatic and absorptive systems,
with higher glucose absorption consequently (28). Accordingly,
the increased sugar consumption has several effects on the
homeostasis and thereby on health (60). Decreased intake
of starch and sucrose does not only influence the GI symp-
toms (17), it also leads to weight reductions and a less risk of
metabolic syndromes (61). Since reduction of carbohydrates
correlated with the reduction of GI symptoms (17), there must
be a direct effect of the diet on the bowel. Although no changes
in circulatory inflammatory factors were found (17), local
inflammation in the GI tract may occur (62).

Elevated levels of C-peptide and hyperinsulinemia have
been described in IBS (63,64). Numerous patients with IBS
also suffer from metabolic syndromes (63,65). The lower
values of C-peptide, insulin, GIP, and leptin and reduced
weight after introduction of the SSRD may have several
effects in the body (28). A healthier diet should probably
improve not only the GI symptoms but also the general health
status (66). The animal models described above stress the
metabolic changes following high sugar intake with ensuing
painful neuropathy (50,51,55). Also, human studies stress the
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impact of hyperglycemia, hyperinsulinemia, and metabolic
syndrome on neuropathy (52-54). As described in several
publications, IBS is in most cases characterized by central
and/or peripheral hypersensitivity (67). This hypersensitivity
may explain the experience of pain in the absence of organic
changes (1). Neural function tests are seldom performed in
IBS patients, but dietary trials including neural function tests
are warranted in IBS. The effect of SSRD also on the experi-
ence of extra-intestinal symptoms support the role of a general
hypersensitivity in IBS, possible to reverse by a diet with
reduced content of starch and sucrose (16).

There is a close relation between luminal and intracellular
glucose concentrations, expression of glucose transporters,
and the release of gut hormones (28,34,35). The endocrine
changes observed in IBS may be secondary to a diet with high
contents of sugar (16,18) and represent markers of disturbed
metabolism (18,28) and does not necessarily mean that the
symptoms are related to the endocrine differences (3,6,11).
The balance between different hormonal systems may be
of greater importance than the effect of single hormones.
Further, local factors due to impaired metabolic control such
as oxidative stress, accumulation of advanced glycation end
products, and chronic low-grade inflammation may be of
importance for pain perception and experience of different
symptoms (46-49).

In the SSRD study, there was a correlation both between
carbohydrates, disaccharides, starch, sucrose, and total sugar
with the total burden of GI symptoms (17). Thus, not only
fructose intolerance could explain the improvement after the
diet. The GI symptoms may depend on SI deficiency in some
cases and fructose intolerance in other cases. In the SSRD
intervention, some IBS patients with functional variants did
not have any effect of the diet, and some patients without vari-
ants had a prompt effect of the diet (data not shown). Although
a few of the patients with functional variants of SI did not have
any effect of SSRD, this may depend on poor compliance to
the diet, and does not prove that the genetics is of no impor-
tance. The marked effect of SSRD in IBS patients without any
functional variants point to several different mechanisms. An
overloading of glucose has not been described in the literature,
but fructose intolerance could be one possible hypothesis.

In addition to SGLT1, GLUT?2, and GLUTS, several other
monosaccharide transporters exist in the GI tract. The regula-
tion of these transporters is extremely complex, and a number
of more in-depth studies are needed in vitro as well as in vivo,
to understand the interaction between food load, absorption,
and GI symptoms. The overconsumption of carbohydrate-rich
food in the society requires that we learn more about these
mechanisms to improve health and diminish the risk of meta-
bolic syndrome and GI symptoms (68).
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