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ABSTRACT
The immediate and well-documented benefits of carbohydrate restriction include
improved glycemic control in individuals with diabetes mellitus. Starch, a significant
source of carbohydrates, is categorized as rapidly digestible, slowly digestible, or resistant
starch (RS). RS, which is a non-viscous fermentable fiber, has shown promise in animal
studies for antidiabetic effects by improving glucose metabolism. Although the exact
mechanism by which RS affects glucose metabolism remains unclear, it is expected to
positively impact glucose tolerance and insulin sensitivity. The fermentation of RS by
colonic microbiota in the large bowel produces short-chain fatty acids, which exert
multiple metabolic effects on glucose regulation and homeostasis. Moreover, RS may
influence glucose metabolism via bile acid modulation, independent of its fermentation.
Diets rich in RS could aid in blood glucose homeostasis. However, it is uncertain whether
they can alter the metabolic pathology associated with glucose regulation. In essence, RS
has the potential to lower postprandial glucose levels similarly to a low-glycemic index
diet. Yet, its efficacy as a medical nutrition therapy for type 2 diabetes needs further
investigation. To confirm the role of RS in glycemic control and to possibly recommend it
as an additional dietary approach for people with type 2 diabetes mellitus, a well-
designed, large-scale intervention is required.

INTRODUCTION
One of the primary goals in treating diabetes mellitus is to pre-
vent cardiovascular complications. Blood glucose control has
been suggested as an effective means to prevent or slow down
the progression of diabetic complications. Numerous random-
ized controlled trials have demonstrated that intensive glycemic
control in patients with diabetes reduces the risk of microvascu-
lar complications, such as nephropathy and retinopathy. How-
ever, it may not improve patient survival or alter the course of
macrovascular complications. In the UK Prospective Diabetes
Study (UKPDS), participants with newly diagnosed type 2 dia-
betes followed for 10 years showed that intensive glycemic con-
trol (median HbA1c 7.0%) reduced the overall microvascular
complication rate by 25% compared with conventional treat-
ment (median A1C 7.9%)1. In other words, each 1% reduction
in HbA1c was associated with a 25% reduction in the risk of
microvascular complications. The ADVANCE trial, which

randomized 11,140 patients with diabetes and had a median
follow-up of 5 years, found that the intensive treatment group
(mean HbA1c 6.5%) had a 14% reduction in microvascular
events compared with the standard treatment group (mean
HbA1c 7.3%), with diabetic nephropathy, in particular, being
significantly reduced2. In the ACCORD trial, 10,251 individuals
with type 2 diabetes were assigned to one of two glycemic con-
trol strategies over a 3.5 year follow-up. The intensive therapy
group aimed for an HbA1c level of <6.0%, while the standard
therapy group targeted an HbA1c range of 7–7.9%. The inten-
sive therapy group showed a 21% lower incidence of microal-
buminuria and a 32% risk reduction for macroalbuminuria
incidence compared with the standard therapy group3. Optimal
management of glycemic control may involve diet, exercise
therapy, and anti-diabetic medications. Non-adherence to life-
style regimens or medications in people with diabetes is associ-
ated with increased hospitalization and mortality4. Among the
methods for achieving good glycemic control, exercise and diet
are fundamental. However, lifestyle modification involves alter-
ing long-term habits, and sometimes medication adherence is
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more effective for people with diabetes than lifestyle changes5.
But anti-diabetic agents cannot always control blood glucose
adequately due to limited efficacy and contraindications. For
example, metformin typically reduces HbA1c by 1–2%, sulfo-
nylureas by 1–2%, thiazolidinediones by 0.5–1.4%, DPP-4
inhibitors by 0.5–0.8%, and SGLT2 inhibitors by 0.5–1.0%6.
Although insulin has no intrinsic limitation in controlling blood
glucose, more than 50% of subjects in studies did not reach the
glycemic goal with insulin therapy7. Therefore, diet control and
exercise are required to achieve the target glycemic goal in type
2 diabetes. Lifestyle modification is challenging, and maintain-
ing a dietary regimen can often be more difficult than sustain-
ing an exercise routine8. The control of carbohydrate intake is
a crucial aspect of regulating blood glucose levels in people with
diabetes and the healthy population alike. One study reported
that an increase in white rice consumption correlated with a
higher risk of developing diabetes. Other studies have shown
that replacing highly polished white rice with other cereals,
healthier varieties of rice, or adding appropriate legumes can
lower the glycemic index of a meal and, subsequently, blood
glucose levels9.
Health professionals exert considerable effort to successfully

administer dietary regimens in real life10. One such effort
involves controlling blood glucose levels through dietary fiber
intake. Dietary fiber, which is a non-digestible complex,
bypasses digestion in the small intestine and proceeds to the
large intestine, where it is fermented by colonic microflora11.
Fiber is considered a total carbohydrate, but not an available
carbohydrate, meaning it is not absorbed in the same way as
simple sugars. In practical terms, ‘fiber’ usually refers to all
fibrous components found in food, including non-starch poly-
saccharides, resistant starch (RS), short-chain oligosaccharides,
among others12. Of these, RS is a non-viscous, highly ferment-
able fiber that can be readily incorporated into food products.
There has been growing interest in the role of resistant starch

in glucose metabolism and insulin sensitivity. Numerous studies
suggest that RS can lower postprandial glucose levels when it
replaces the available carbohydrate in a meal12,13. However,
some studies have not observed these beneficial effects on gly-
cemic control14,15. Therefore, the purpose of this article is to
review the impact of RS on blood glucose management in type
2 diabetes.

STARCH
Starch is a major carbohydrate produced by plants, consisting
of a pure glucose polymer. It is present in granular form in
various foods and is primarily stored in plant seeds or roots.
Foods rich in starch include cereals, legumes, potatoes, wheat,
maize, rice, bananas, and mangoes. Starch is composed of linear
amylose and highly branched amylopectin molecules. Amylose
is a linear molecule made up of D-glucopyranosyl units, which
naturally twist within starch granules into a helical conforma-
tion, with six anhydroglucose units per turn13. In contrast,
amylopectin is a branched molecule composed of

anhydroglucose chains with many D-glucose branch points and
does not form a helical coil16.
In the gastrointestinal tract, starch granules are digested by

salivary and pancreatic a-amylase, as well as by brush border
glucogenic enzymes such as maltase, glucoamylase, and
sucrase-isomaltase17,18. The catalysis of starch by a-amylase rep-
resents the initial step in starch digestion after food consump-
tion. The primary products of this process, b-limit dextrins,
and oligosaccharides, are subsequently cleaved into glucose by
brush border enzymes. These glucose molecules are then
absorbed via the sodium-glucose cotransporter (SGLT1) at the
luminal surface of enterocytes18. The susceptibility of natural
food starch to amylolysis varies among botanical species and
can be altered by home cooking and commercial food
processing18,19. Additionally, the passage of food through the
gastrointestinal tract involves other physiological processes that
affect digestion and absorption, including gastric emptying, the
presence of enzyme inhibitors, viscosity, and gut microbiota20.
Despite these complexities, starches are generally classified into
three types based on in vitro amylolysis and digestion rates:
rapidly digestible starch (RDS), slowly digestible starch (SDS),
and resistant starch (RS). As indicated by their names, these
starch types differ in the time they take to digest in the small
intestine.

CLASSIFICATION OF STARCH
Rapidly digestible starch
RDS is defined as a type of starch that is rapidly converted to
glucose within 20 min through enzymatic digestion21. Consum-
ing foods high in RDS can quickly release glucose into the
bloodstream, leading to a rapid increase in blood glucose and
insulin levels. RDS has a significant correlation with the glyce-
mic index, which is based on the in vivo postprandial glycemic
response22. Foods subjected to moist-heat cooking techniques,
such as bread and potatoes, typically contain high proportions
of RDS23.

Slowly digestible starch
SDS is a type of starch that takes more than 20 min to convert
to glucose through enzymatic digestion21. Unlike RDS, which is
also completely digested in the small intestine, SDS is digested
slowly, resulting in a more sustained release of glucose. This
gradual release is different from the concept of the glycemic
index, which measures the glycemic response from 0 to
120 min and does not account for the carbohydrates contained
within the food20,24. Physically inaccessible amorphous starches,
most raw cereal starches, and retrograded forms found in
cooked foods are classified under the RS2 category.

Resistant starch
RS is defined as a type of starch that is resistant to hydrolysis
by enzymatic digestion. RS remains unhydrolyzed even after
120 min of incubation with a-amylase and pullulanase21,24.
Unlike RDS and SDS, which are hydrolyzed in the small
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intestine to produce glucose, RS passes through the small intes-
tine intact and is fermented similarly to dietary fiber in the
large intestine by intestinal microorganisms. While RDS and
SDS are digestible forms of starch, RS is non-digestible, non-
viscous, and highly fermentable. Therefore, RS is classified as a
type of dietary fiber due to its similar physiological effects on
humans25. For instance, like other dietary fibers, RS can poten-
tially slow the rate of gastric emptying. RS also mirrors the
effects of dietary fiber in reducing the motility of the gastroin-
testinal tract through the short-chain fatty acids (SCFAs) pro-
duced during its fermentation in the large intestine25,26. SCFAs
have been studied for their physiological functions, including
their ability to reduce gastrointestinal motility by inducing the
secretion of incretin hormones such as glucagon-like peptide 1
(GLP-1) and peptide YY (PYY)27,28. Figure 1 illustrates the

mechanisms by which RS exerts beneficial effects on glucose
metabolism.
The resistance of starch to digestion is influenced by the

ratio of amylose to amylopectin. Amylose is digested more
slowly, while amylopectin is rapidly digested, particularly after
retrogradation. Generally, the RS content in granular starch has
a positive correlation with its amylose content. It has been
reported that a strong correlation exists between the amylose
and RS content in maize starch31.

CLASSIFICATION AND STRUCTURE OF RS
Based on structure and properties, resistant starch is classified
into five subtypes: RS1, RS2, RS3, RS4, and RS5, as detailed in
Table 1. The initial classification of RS encompassed only three
types – RS1, RS2, and RS3. The categories RS4 and RS5 were
added in later years31,32.

RS1
RS1 refers to starch that is physically inaccessible to digestion.
This includes whole or partially milled grains and seeds, as well
as certain highly processed starchy foods. RS1 can be
completely digested in the small intestine if it is properly
milled. As it is heat-stable, RS1 does not break down during
normal cooking processes32.

RS2
RS2 is a form of raw granular starch. In such granules, the
starch molecules are tightly packed in a radial pattern and are
relatively dehydrated31,32. This compact structure shields RS2
from various digestive enzymes, including amylases. In our
diets, we consume raw starch in foods such as green bananas,
raw potatoes, and high-amylose maize starch. The mechanisms
behind the resistance properties of raw starch are not fully
understood yet. Factors such as the size and shape of the starch
granules, the surface texture of the granules, amylose content,
starch crystallinity, and pore size all vary and can influence

Figure 1 | Mechanism of beneficial effects of RS on glucose
metabolism. RS may stimulate the microbial production of SCFA and
enhance the secretion of PYY and GLP-1 by intestinal cells. PYY and
GLP-1 contribute to reduced gastrointestinal (GI) motility and stimulate
insulin secretion, which can lead to improved glucose metabolism29,30.
GLP-1, glucagon-like peptide 1; PYY, peptide YY; RS, resistant starch;
SCFA, short-chain fatty acids.

Table 1 | Classification of types of resistant starch (RS)

Type
of RS

Description Example

RS1 Physically inaccessible
starch

Whole or partly milled grains and
seeds

RS2 Raw granular starch Uncooked potato starch, green
banana starch, gingko starch,
high-amylose maize starch

RS3 Retrograded starch Cooked and cooled potatoes
and cornflakes

RS4 Chemically modified starch Cross-linked starch and octenyl
succinate starch

RS5 Amylose–lipid complexes Stearic acid-complexed high-
amylose starch
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resistance. Therefore, the resistance of RS2 to digestion is multi-
faceted and depends on a combination of these factors.

RS3
RS3, also known as retrograded starch, is the most resistant
starch fraction. It primarily consists of retrograded amylose that
forms when gelatinized starch cools to room temperature. Con-
sequently, most foods prepared with moist heat contain some
physically modified starches, including RS3. As RS3 remains at
room temperature over time, the amylose double helices aggre-
gate to form a highly thermostable crystalline structure. This
structure cannot be rehydrated at temperatures below 150°C
and does not dissociate during cooking. RS3 is a significant
starch fraction due to its thermal stability, and it is commonly
used as an ingredient in a variety of foods33. Compared with
granular starch, RS3 has a higher water-holding capacity.
Cooked and cooled potatoes and cornflakes are typical exam-
ples of foods containing RS323.

RS4
RS4 refers to chemically modified starch. This category
includes starches that have been etherized, esterified, or
cross-linked with chemicals to reduce their
digestibility31,32. Chemical modifications alter the structure
and composition of starch granules, making them resistant
to amylolytic enzymes. These modifications disrupt the
normal arrangement of the starch chains through substitu-
tion, rendering the starch inaccessible to these enzymes.
The primary types of modifications that contribute to this
resistance are conversion, substitution, and cross-linking of
the starch molecules, all of which hinder enzymatic
hydrolysis.

RS5
RS5 is a type of resistant starch that arises from the formation
of amylose–lipid complexes. These complexes can form during
the processing of food and can also be produced under con-
trolled laboratory conditions23,31. Amylose-lipid complexes typi-
cally originate from starches that have a high amylose content.
The structure and development of RS5 differ based on the
botanical source of the starch. RS5 consists of water-insoluble
linear poly-a-1,4-glucan polysaccharides, which are resistant to
degradation by a-amylase34. These polysaccharides encourage
the production of short-chain fatty acids (SCFAs), particularly
butyrate, which is considered the most beneficial SCFA.

CLINICAL STUDIES OF RS IN TYPE 2 DIABETES
MELLITUS
RS is considered a type of fiber resistant to the action of diges-
tive enzymes and is thought to play an important role in the
body’s glucose and insulin responses to food. However, there
have been few human studies on the effects of RS on glycemic
control and hormonal responses, such as insulin and GLP-1.
Moreover, studies on the effects of RS on glucose responses in
patients with diabetes are extremely rare, and the results are
inconsistent, as shown in Table 2. Since this review focuses on
individuals with type 2 diabetes, three articles have been
selected for further discussion as follows.

Study by Lin et al.
Lin et al.40 conducted a randomized, two-regimen, crossover,
comparative study with 44 subjects with type 2 diabetes who
were given either the new resistant starch formula, PPB-R-203,
or a control diet. PPB-R-203 is a novel RS3 product. Addition-
ally, 40 healthy subjects were administered PPB-R-203 or a

Table 2 | Summary of human studies using resistant starch

First author (year
of publication)

Subjects (number) Intervention/duration RS Insulin Prandial
glucose

Others

Roberson et al.
(2005)35

Healthy (10) Randomized, crossover
trial/4 weeks

30 g RS2 ↓ NS No effect on fasting glucose levels

Bodinham et al.
(2010)15

Healthy (20) Randomized, crossover
trial/two meals

48 g HAM-RS2 ↓ NS No significant change of insulin
sensitivity

Bodinham et al.
(2014)41

T2DM (17) Randomized, crossover
trial/12 weeks

40 g HAM-RS2 NS ↓ No significant change of HbA1c
Reduced GLP-1 on RS regimen

Hallstr€om et al.
(2011)37

Healthy (14) Randomized, crossover
trial/12 weeks

7.7 g RS ↑ ↓

Li et al. (2010)38 Healthy (16) Crossover trial/one meal 8 g RS ↓ ↓
Al-Tamimi et al.
(2010)39

Healthy (13) Randomized, crossover
trial/one meal

20 g RS4XL ↓ ↓

Lin et al. (2015)40 Healthy (40) Randomized, 2-regimen,
crossover/one meal

PPB-R-203 RS3
Matched daily
energy needs

↓ ↓ Reduced AUC on RS regimen
T2DM (44) NA ↓

Kwak et al.
(2012)36

IFG, IGT, T2DM (90) Randomized, placebo
controlled

6.51 g RS NS ↓ Improved surrogate markers of
endothelial function on RS regimen

AUC, area under the curve; HAM, high-amylose maize; NA, not applicable; NS, not significant; RS, resistant starch.
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control diet under identical conditions. A single portion of
PPB-R-203 contains 20 g of carbohydrates, consisting of 10%
degraded starch, 20% amylase, and 70% amylopectin. Since
both test and control diets had the same dietary composition,
they differed only in starch content. The glucose levels of the
diabetic patients were continuously monitored for 3 days using
a glucose monitoring system. In patients with type 2 diabetes,
the mean blood glucose level and the area under the curve
(AUC) for total blood glucose and hyperglycemia (blood glu-
cose >180 mg/dL) were significantly reduced on the PPB-R-203
diet compared with the control diet. A similar effect was
observed in healthy participants. They also measured insulin
levels in healthy participants, finding that those on the PPB-R-
203 diet had lower insulin levels than those on the test diet.
Unfortunately, insulin levels were not measured in patients with
type 2 diabetes.

Study by Bodinham et al.
Bodinham et al.41 conducted a study with 17 individuals with
type 2 diabetes who received 40 g of RS2 or a control diet for
12 weeks, followed by a 12 week washout period. This single-
blind, randomized, crossover study aimed to compare the
effects of increased RS intake on glycemic control, insulin sensi-
tivity, postprandial metabolites, and body fat changes in
patients with type 2 diabetes. The RS2 test diet (HAM-RS2)
consisted of 67 g of Hi-maize 260 (60% RS and 40% rapidly
digestible starch), while the control diet was made up of 27 g
of Amoica (100% rapid digestible starch). Both were provided
in ready-to-use sachets. There was no difference in total calorie
and carbohydrate intake between the groups during the study.
At the study’s conclusion, no significant difference was
observed in fasting plasma glucose, HbA1c, insulin sensitivity,
or beta-cell function, as assessed by the Homeostasis Model
Assessment (HOMA), between the RS2 diet group and the
control group.
Hepatic glucose production and insulin sensitivity were mea-

sured using a euglycemic hyperinsulinemic clamp, showing no
differences between the groups. Additionally, insulin concentra-
tions throughout the clamp study were comparable. A meal tol-
erance test required participants to consume one of the
supplements, resulting in a significantly lower glucose area
under the curve for 0–120 min (AUC0–120 min) in the RS2
group compared with the control during the test. However, this
did not lead to a reduction in plasma insulin concentration.
The RS2 diet did show a tendency to increase glucose uptake
into muscle tissue and significantly raised glucagon-like peptide
1 concentrations compared with the control diet (P = 0.009).
The authors suggested that the reduction in glucose AUC0–

120 min observed during the meal tolerance test was due to an
incretin effect, and GLP-1 also appeared to enhance muscle
glucose uptake. In conclusion, the RS2 diet improved meal glu-
cose handling without improving insulin sensitivity. However,
there was no improvement in HbA1c after 12 weeks in

well-controlled individuals with type 2 diabetes mellitus (mean
HbA1c 6.4%).

Study by Kwak et al.
Kwak et al.36 sought to determine whether a 4 week diet of rice
containing resistant starch would reduce blood glucose and oxi-
dative stress and improve endothelial function. They recruited
90 subjects with prediabetes or newly diagnosed type 2 diabetes.
In the test group, 41 subjects consumed rice with 6.51 g of
corn starch-derived RS, while 44 subjects in the placebo group
received rice without RS. Following the 4 week dietary interven-
tion, the test group exhibited significant decreases in HOMA-
IR, postprandial glucose at 60 and 120 min, and glucose areas
under the response curve during a standard meal test compared
with the placebo group. Different markers of endothelial func-
tion were assessed in this study than in the previous two. The
test group saw significant improvements in malondialdehyde
levels, the reactive hyperemia peripheral arterial tonometry
(RH-PAT) index, and serum total nitric oxide concentrations.
This suggests that a 4 week dietary intervention with RS-
containing rice may improve endothelial function by reducing
oxidative stress.

CONCLUSION
Resistant starch has recently been recognized as an important
source of fiber. With the decline in natural fiber consumption,
RS-enriched foods present a new and exciting potential as a
source of fiber. It is technically feasible to produce RS-enriched
foods by modifying processing conditions, such as heating and
cooling, making RS an ideal ingredient for creating palatable
carbohydrate-rich foods, compared with those made with natu-
ral fibers. Additionally, RS is anticipated to have beneficial
effects on glucose metabolism, similar to fiber.
The impact of RS on glycemic control in patients with type

2 diabetes remains unclear. Animal studies have shown prom-
ising results, suggesting that an RS-enriched diet could be
incorporated into diabetes management regimens. However,
the outcomes of using an RS diet in healthy individuals and
diabetic patients do not always align with animal data. More-
over, the types of RS used, the amounts of RS, and the dura-
tion of the studies, which are often very short, vary greatly.
These factors complicate the interpretation of the glucose and
insulin response to an RS diet. Another variable to consider is
the gut microbiota. RS intake has been shown to significantly
affect microbiota changes. The interplay between gut micro-
biota and RS metabolism is crucial in determining the meta-
bolic benefits of RS on glucose and insulin response. Given the
differences between animals and humans in gut anatomy and
microbiota composition, the direct translation of animal study
results to human contexts is challenging. Therefore, further
well-designed, high-quality human research is necessary to
establish the effects of RS on glucose metabolism in people
with type 2 diabetes.
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