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Background: Metformin, sulfonylurea, and dietary fiber are known to affect gut microbiota in patients with type 2 diabetes melli-
tus (T2DM). This open and single-arm pilot trial investigated the effects of the additional use of fiber on glycemic parameters, in-
sulin, incretins, and microbiota in patients with T2DM who had been treated with metformin and sulfonylurea.

Methods: Participants took fiber for 4 weeks and stopped for the next 4 weeks. Glycemic parameters, insulin, incretins during
mixed-meal tolerance test (MMTT), lipopolysaccharide (LPS) level, and fecal microbiota were analyzed at weeks 0, 4, and 8. The
first tertile of difference in glucose area under the curve during MMTT between weeks 0 and 4 was defined as ‘responders’ and
the third as ‘nonresponders; respectively.

Results: In all 10 participants, the peak incretin levels during MMT T were higher and LPS were lower at week 4 as compared with
at baseline. While the insulin sensitivity of the ‘responders’ increased at week 4, that of the ‘nonresponders’ showed opposite re-
sults. However, the results were not statistically significant. In all participants, metabolically unfavorable microbiota decreased at
week 4 and were restored at week 8. At baseline, metabolically hostile bacteria were more abundant in the ‘nonresponders’ In ‘re-
sponders, Roseburia intestinalis increased at week 4.

Conclusion: While dietary fiber did not induce additional changes in glycemic parameters, it showed a trend of improvement in
insulin sensitivity in ‘responders. Even if patients are already receiving diabetes treatment, the additional administration of fiber
can lead to additional benefits in the treatment of diabetes.
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INTRODUCTION

Despite various up-to-date classes of antidiabetic agents, the
incidence of type 2 diabetes mellitus (T2DM) and its compli-
cations continue to increase. Because multiple factors such as
genetics, dietary habits, and physical activity influence glyce-
mic control and complications of T2DM, strategies for im-
proving diabetic care should include not only pharmaceutical

interventions but also the management of such conditions [1].
Notably, there are many reports suggesting that the consump-
tion of a fiber-rich diet or the use of a dietary fiber supplement
such as psyllium may be beneficial in controlling glucose level
[2-7]. Furthermore, the American Diabetes Association Posi-
tion Statement advised taking 14 g of dietary fiber per 1,000
kcal to prevent cardiovascular disease [8].

Gut microbiota can regulate host energy metabolism using
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several pathways, such as short-chain fatty acids (SCFAs) pro-
duction, gut barrier permeability, fasting-induced adipose fac-
tor expression, and the endocannabinoid system. Dietary fi-
bers are fermented into SCFAs by host gut microbiota and
SCFA receptors are expressed in both metabolic and immune
tissues [9]. Previous investigations have reported the relation-
ship of microbiota, SCFAs, and diseases related to chronic low-
grade inflammation (e.g., obesity, metabolic syndrome, and
T2DM) [10-13].

The compositions and abundance of microbiota are affected
by commonly used antidiabetic agents such as metformin and
sulfonylureas [12,14-20]. In the case of metformin, a large
number of reports indicate that it promotes SCFA-producing
bacteria in a diet-dependent manner. To the best of our knowl-
edge, there has been only one study published presenting sul-
fonylurea’s beneficial effect on gut metabolism in patients with
T2DM, based on their urine levels of hippurate, phenylalanine,
and tryptophan [19]. These changes induced by medications
could minimize the influences of other important factors such
as diet and genetic factors [11,12] on T2DM management.
However, previous studies completed were predominantly lim-
ited to considering the use of single antidiabetic drug, and no
studies have been performed in the setting of a combination
regimen. Importantly, combination therapy is a major compo-
nent of T2DM management, especially the combination of
metformin and sulfonylurea in Korea [21].

Based on existing data on the effects of dietary fiber, metfor-
min, and sulfonylurea on T2DM metabolism and gut microbi-
ota, we hypothesized that dietary fiber may additionally modi-
ty gut microbiota and consequently change glycemic control
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and systemic inflammation in patients with T2DM who were
already using metformin and sulfonylurea.

METHODS

Ethics

The present study’s protocol was approved by the Institutional
Review Board of Samsung Medical Center (SMC) in Seoul,
Republic of Korea and was performed according to the Decla-
ration of Helsinki. All participants were provided with written
informed consent forms and signed them voluntarily (IRB File
No. SMC 2012-08-074-002).

Study design

This study was a single center, open-label, single-arm pilot trial
without sample size calculation. Glycemic indexes and fecal
microbiota were analyzed before and after the administration
of a commercially available dietary fiber supplement, AGIO (a
mixture of 3.9 g of plantago seed and 0.13 g of ispaghula husk
in one package; Bukwang Pharmaceutical Co. Ltd., Seoul, Ko-
rea) for 4 weeks. All participants were given three packages of
the fiber supplement per day. After 4 weeks of fiber supple-
ment intake, participants stopped consumption for the next 4
weeks to evaluate restoration. They were asked to write in diet
diaries three times a week to estimate dietary fiber intake from
everyday meals. Mixed-meal tolerance test (MMTT; consist-
ing of 62% carbohydrate, 20% fat, and 18% protein) and fecal
sampling were performed at each visit to compare the effects of
fiber supplement consumption on incretin levels and microbi-
ota, respectively (Fig. 1).

Screening period AGIO Washout

Week —1 Week 0 Week 4 Week 8
Visit 1 2 3 4
Week Week —1 Week 0 Week 4 Week 8
Screening O
Informed consent O
AGIO intake Start Finish No
Diet diary Start O O Finish
MMTT O O O
Fecal smapling O O O

Fig. 1. Study design. Participants took fiber for 4 weeks and stopped for the next 4 weeks to evaluate restoration. Glycemic param-
eters, incretin levels during mixed-meal tolerance test (MMT'T), and fecal microbiota were analyzed at weeks 0, 4, and 8 to evalu-
ate baseline status, the immediate change after AGIO (Bukwang Pharmaceutical Co. Ltd.) intake, and restoration, respectively.
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Study outcomes

The primary outcome of this study was the effect of fiber sup-
plement use on insulin secretion and insulin sensitivity. Sec-
ondary outcomes were the changes of incretin levels (i.e., gas-
tric inhibitory polypeptide [GIP], glucagon-like peptide-1 and
-2 [GLP-1 and GLP-2], peptide YY [PYY]), systemic inflam-
matory status as represented by lipopolysaccharide (LPS) level,
and microbiota composition.

Study population

This study enrolled patients with T2DM who visited the Dia-
betes Center at SMC, Seoul, Republic of Korea in 2014. Eligible
participants were required to be older than 50 years of age and
meet the following three conditions: (1) have a presence of at
least two components of the National Cholesterol Education
Program Third Adult Treatment Panel (NCEP-ATP III) crite-
ria for metabolic syndrome; (2) have a glycosylated hemoglo-
bin (HbA1c) value of 7.0% to 9.0%; and (3) be taking combina-
tion therapy of metformin and sulfonylurea for at least the pre-
vious 6 months.

Conversely, patients who met at least one of following crite-
ria were excluded: (1) using insulin, alpha-glucosidase inhibi-
tors, meglitinides, thiazolidinediones, or incretin agents such
as dipeptidyl peptidase-4 inhibitors or GLP-1 receptor ago-
nists; (2) experienced acute complications of T2DM in last 6
months; (3) having significant cardiovascular disease; (4) hav-
ing a treatment history of oral or intravenous antibiotic agent
usage within the last 12 months; (5) having taken supplemen-
tary fiber agents within the last 6 months; and (6) having a
fasting C-peptide level of <1.0 ng/mL.

For subgroup analysis, two groups were defined by the dif-
ferences in area under the curve (AUC) of glucose during
MMTT between the first and second visits. The first and last
tertiles of the change ratio of AUC were defined as ‘responders’
and ‘nonresponders, respectively.

Clinical and biochemical measurements

We collected past medical history, family history, and current
smoking and alcohol consumption status via medical record
review and individualized questionnaires. During the partici-
pants’ three visits (at weeks 0, 4, and 8), venous blood sampling
was done after at least 8 hours of overnight fasting and ana-
lyzed at a certified central laboratory at SMC. Fasting plasma
glucose (FPG) level was determined by the hexokinase method
using the GLU kit (Roche Diagnostics, Basel, Switzerland) on a
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Roche Modular DP analyzer (Roche Diagnostics). Fasting
plasma insulin values were derived from an immunoradiomet-
ric assay (DIAsource Co., Louvain-la-Neuve, Belgium). LPS
was checked before each MMTT. During MMTT, venous
blood was drawn at 0, 30, 60 , 90, and 120 minutes for glucose,
C-peptide, insulin, and incretins. Serum was isolated and stored
at —80°C, then sent to an outside laboratory (BIOINFRA Inc.,
Seoul, Korea). Glucagon, total GIP, active GLP-1, and total
PYY were measured using a Millipore Human Metabolic Hor-
mone Magnetic Bead Panel (Merck Millipore, Darmstadt,
Germany) on a Luminex 200 system (Luminex Corp., Austin,
TX, USA). GLP-2 and LPS were detected by use of a Millipore
enzyme-linked immunosorbent assay (ELISA) kit (Merck Mil-
lipore) and a Cloud-Cone Corporation ELISA kit (Cloud-
Clone Corp., Houston, TX, USA), respectively, using the Emax
analyzer (Promega Corp., Madison, WI, USA).

Insulin secretion was evaluated with the insulinogenic index
(IGI) derived from the MMTT data, while insulin sensitivity
was determined by the quantitative insulin sensitivity check
index (QUICKI) and Matsuda index (MI). Disposition index
values were also evaluated [22-24].

Microbiota analysis

Microbiota analysis was conducted to reveal the changes of
abundance and composition according to each visit and to
compare that of ‘responders’ and ‘nonresponders’ Fecal sam-
ples were collected at each visit and stored at -80°C. DNA ex-
traction and 16S ribosomal RNA gene-based pyrosequencing
by the methods described previously [25] were conducted at
ChunLab Inc. (Seoul, Korea). Chimeric sequences were de-
tected using UCHIME [26] and the EzTaxon-e database [27],
and the latter was used to assign each read taxonomically. The
linear discriminant analysis of the effect size (LEfSe) algorithm
[28] was used to estimate taxonomic composition and to iden-
tify differences between paired comparisons.

Statistical analyses

Continuous variables were presented as medians and inter-
quartile ranges. The Mann-Whitney U test, Wilcoxon signed-
rank test, and chi-square test were used to compare laboratory
and clinical variables. Values of P<0.05 were considered to be
statistically significant. Multiple comparisons were corrected
with Bonferroni’s method. Statistical analyses were performed
using the SPSS version 24.0 for Windows software (IBM Corp.,
Armonk, NY, USA). Based on the relative abundance analysis
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using LEfSe from the results of the Kruskal-Wallis and Wilcox-
on tests, P<0.05 was considered to indicate statistical signifi-
cance, and the threshold on the logarithmic linear discrimi-
nant analysis (LDA) score was deemed to be 2.0.

RESULTS

Overall analysis

Fourteen patients with T2DM volunteered for the study. Two
participants withdrew consent, one was excluded due to low
C-peptide level, and one did not pass the quality check of fecal
samples. Therefore, the data of 10 participants were finally ana-
lyzed. Baseline characteristics of the study participants are pre-
sented in Table 1.

Table 1. Baseline characteristics of all participants (n=10)

Variable Value
Age, yr 61 (57-71.5)
Male sex 6 (60)
T2DM duration, yr 15(11.5-18.3)
Glycosylated hemoglobin, % 8.0 (7.6-8.3)

Glycoalbumin, % 19.8 (17.0-27.3)

Metformin, mg/day 1,000 (850-1,700)

Glimepiride, mg/day 2.5(1.8-6)

HIN 6 (60)

BMI, kg/m? 25.8(23.3-28.2)
SBP, mm Hg 139 (127.8-151.8)
DBP, mm Hg 87 (85-89)

FPG, mg/dL 161.5 (147.3-207.3)
Insulin, WIU/mL 5.7 (4.1-9.6)
C-peptide, ng/mL 1.9 (1.5-3.2)

Total cholesterol, mg/dL 158 (133.8-189.3)

Triglyceride, mg/dL 105 (85.5-153)

HDL, mg/dL 48 (38.5-62.8)
LDL, mg/dL 96 (80.3-124.3)
CRP, mg/dL 0.05 (0.03-0.06)

225.9(217.6-279.9)
45.0 (26.2-52.3)
25.6 (19.5-32.8)

Carbohydrate, g/day
Fat, g/day
Fiber, g/day

Values are presented as median (interquartile range) or number (%).
T2DM, type 2 diabetes mellitus; HTN, hypertension; BMI, body mass
index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
FPG, fasting plasma glucose; HDL, high density lipoprotein; LDL, low
density lipoprotein; CRP, C-reactive protein.
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Overall, IGI decreased at week 4, and the change was main-
tained at week 8 (0.2, 0.1, and 0.1 in serial; P>0.05). Mean-
while, QUICKI decreased at week 4 and was restored at week 8
(0.34, 0.31, and 0.34 in serial; P>0.05), while MI changed in
the same direction (4.1, 2.6, and 3.4 in serial; P>0.05) (Table 2).
For the above-listed outcomes, there were no statistically sig-
nificant differences between the visits.

Glucose, insulin, C-peptide, glucagon, GIP, GLP-1, GLP-2,
and PYY during MMTT were plotted for AUC calculation.
The AUC: of insulin, C-peptide, and PYY decreased at week 4
and increased at week 8. Total AUCs of GIP and GLP-2 tended
to increase, while those of glucagon and GLP-1 decreased
throughout the study period (Fig. 2). The peak value of GIP,
GLP-1, and GLP-2 during MMTT were higher at week 4 than
at baseline (data not shown). However, the above changes did
not explain the statistical significance. LPS decreased after 4
weeks of dietary fiber intake and then increased after 4 weeks
of interruption, without statistical significance (Table 2).

The abundance of family Coriobacteriaceae decreased at
week 4 and increased at week 8. The genera Blautia and Eubac-
terium, Blautia wexlerae, Bifidobacterium longum, and Entero-
bacter soli decreased after 4 weeks of dietary fiber supplement
intake. These microbiota composition changes were statistical-
ly significant.

Subgroup analysis: ‘responders’ and ‘nonresponders’

Three participants were assigned to each group of ‘responders’
and ‘nonresponders. ‘Responders’ showed a decrease by 3.57%
and ‘nonresponders’ showed an increase of 13.48% of change
ratio of glucose AUC. Table 3 demonstrates the baseline and
changes in laboratory data for each group at each visit. At base-
line, the ‘nonresponders’ group included patients with older
ages; longer durations of T2DM; and higher levels of HbAlc,
body mass index, FPG, total cholesterol, triglycerides, and low
density lipoprotein as compared with those in the ‘responders’
group. However, only HbA1c was statistically significantly dif-
ferent between the groups (7.8% in ‘responders’ and 8.2% in
‘nonresponders, P<0.05).

In both groups, IGI decreased at week 4 and re-increased at
week 8. In ‘responders, QUICKI and MI increased at week 4
and then decreased after the discontinuation of AGIO. In ‘non-
responders; the indexes changed in the opposite direction. Af-
ter 4 weeks of fiber intake, the median value of glycoalbumin
decreased in the ‘responders’ and increased in the ‘nonre-
sponders’ LPS levels in both groups dropped at week 4 and in-
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Table 2. Primary and secondary laboratory outcomes of all participants

Variable Week 0 Week 4 Week 8
Glycoalbumin 19.8 (17.0-27.3) 19.4 (17.4-25.7) 21.1 (17.3-25.5)
Insulinogenic index 0.2 (0.1-0.3) 0.1 (0.1-0.3) 0.1 (0.1-0.3)
QUICKI 0.34 (0.30-0.36) 031 (0.30-0.35) 0.34 (0.30-0.35)
HOMA2-IR 0.8 (0.6-1.5) 1.3 (0.8-1.6) 1.0 (0.6-1.5)
Matsuda index 4.1(2.3-5.2) 2.6(2.2-4.9) 3.4(2.5-4.9)
Disposition index 0.5 (0.39-0.90) 0.4 (0.4-0.9) 0.6 (0.4-0.9)
LPS (log) 81.0 (47.4-259.2) 72.0 (32.8-455.7) 93.7 (45.3-376.6)

Values are presented as median (interquartile range). Wilcoxon signed-rank tests were adopted for the analysis, all P>0.05.
QUICKI, quantitative insulin sensitivity check index; HOMA2-IR, homeostatic model assessment of insulin resistance model 2; LPS, lipopoly-

saccharide.

40,000

30,000

20,000

AUC during MMTT

10,000

Visit (wk)
1o
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0 s

Glucose Insulin C-peptide Glucagon GIP

GLP-1 GLP-2

x 100

PYY
x0.5

Fig. 2. Area under the curves (AUCs) during mixed-meal tolerance test (MMTT) by week. AUCs during MMTT were compared
at each week. Differences between each visit were analyzed by use of the Wilcoxon signed-rank test, and multiple comparisons
were corrected with Bonferroni’s method. There were no statistically significant changes in variables over the study period. GIP,
gastric inhibitory polypeptide; GLP, glucagon-like peptide; PYY, peptide YY.

creased at week 8. However, none of the behaviors of the vari-
ables listed above showed statistical significance.

There was a significant difference in the composition of gut
microbiota between ‘responders’ and ‘nonresponders’ from the
beginning of the study. The phylum Cyanobacteria, order Pro-
pionibacteriales, family Propionibacteriaeae, and genus Butyr-
icicoccus were more abundant in ‘responders, while ‘nonre-
sponders’ had more composition of the genera Blautia, An-
aerostipes, Dorea, Lachnospiracea, Coprococcus, and Clostridi-
um. In ‘responders, the family Propionibacteriaceae decreased
and Clostridiaceae increased after 4 weeks of fiber intake. The
species Blautia luti, Roseburia intestinalis, and Clostridium dis-
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poricum also increased at week 4. In ‘nonresponders, the abun-
dance of the family Coprobacillus decreased at week 4 and re-
increased at week 8. The changes in microbiota composition
were proven to be statistically significant.

DISCUSSION

In the present study, we evaluated how insulin secretion and
sensitivity, incretins, an inflammatory marker, and microbiota
presented before consumption, after 4 weeks of consumption,
and 4 weeks after stopping consumption of the dietary fiber
supplement AGIO in patients with T2DM who were already
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treated with metformin and sulfonylurea. When analyzing all
10 participants, IGI, QUICI, MI, and LPS showed a tendency
to decrease initially and then to increase during the study peri-
od. Additionally, after 4 weeks of taking the dietary fiber sup-
plement, QUICKI and MI increased in ‘responders’ and de-
creased in ‘nonresponders. These changes were statistically in-
significant.

Fiber that reaches the human colon are fermented by bacte-
ria and transformed to SCFAs. Acetate, propionate, and butyr-
ate are major SCFAs in the colonic environment. It has been
elucidated that SCFAs have essential roles not only as the local
energy source but also as the regulators of host metabolism and
inflammation [29,30]. SCFAs stimulate the secretion of GIP,
GLP-1, and PYY and inhibit insulin signaling in adipocytes,
leading to reduced fat accumulation through G-protein-cou-
pled receptors such as free fatty acid receptor 2 (FFAR2) and
FFAR3 [29,31]. In the current study, higher peak values of GIP
and GLP-1 during MMTT were observed at week 4, yet the dif-
ferences in these were not statistically significant and did not
result in metabolic improvement. SCFAs have an anti-inflam-
matory effect by regulating the differentiation and activation of
leukocytes, the inhibition of macrophage migration, and re-
duction in the neutrophil release of tumor necrosis factor alpha
[32,33]. As T2DM and insulin resistance are known to be relat-
ed to chronic low-grade systemic inflammation [34], SCFAs
improve insulin resistance, tissue glucose uptake, and serum
glucose level [29]. Although SCFAs levels were not directly
measured in the present study, LPS values reflecting systemic
inflammation tended to decrease after fiber administration.

At the initiation of this study, metabolic features were gener-
ally poorer in the ‘nonresponders’ as compared with in the ‘re-
sponders’ These two groups had different microbiota compo-
sitions from the baseline. The genera Blautia, Lachnospiraceae,
and Clostridium, which are known to be metabolically unfa-
vorable and enriched in T2DM samples [35], were observed
more frequently in ‘nonresponders’ In other words, the preex-
isting difference of microbiota composition between the
groups might have already influenced the baseline metabolic
phenotype, and such would have subsequently affected the lat-
er outcomes. A higher dose of metformin and glimepiride use
might have an impact on such a difference.

Previous studies have reported that R. intestinalis improved
insulin sensitivity [36,37]. We postulated that the higher abun-
dance of R. intestinalis in ‘responders’ might be associated with
the numerical improvement in insulin sensitivity seen at week
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4. Furthermore, the metabolically unfavorable family Coproba-
cillus decreased at week 4 in the ‘nonresponders’ Regardless of
the group to which participants belonged to, these results were
in accordance with those of previous studies demonstrating
that high fiber intake could reverse the ratio of microbiota into
the metabolically favorable direction [37,38].

While dietary fiber supplement consumption led to a change
in the composition of gut microbiota, it did not result in statis-
tically significant differences in glycemic indexes or other met-
abolic features, unlike in previous studies [2,4,39]. We hypoth-
esized that the number of participants in the current study was
too small to conclude statistical significance or that the study
duration was not long enough to translate changes of microbi-
ota into specific metabolic phenotypic results. Recently, the in-
fluence of metformin and sulfonylurea on microbiota compo-
sition and the consequent metabolic benefits have been em-
phasized [12,16,18,19]. We assumed that the change in micro-
biota composition by fiber supplement was not strong enough
to change the metabolic phenotype significantly, which might
have been already fixed by medication usage.

Since the most widely used oral antidiabetic regimen in Ko-
rea was dual combination therapy [21], this study was de-
signed to be more similar to the real-world setting, while other
studies involving dietary fiber consisted of patients without
T2DM or who were taking a single oral hypoglycemic agent.
Still, there were limitations in this study. First, as it was a pilot
trial, only a small number of participants was enrolled and
such could be a cause of statistical insignificance. Second, since
a placebo was unavailable, the interpretation of results was
complicated by the lack of a control group. Third, there was no
dietary control besides psyllium supplement. Future random-
ized controlled trials consisting of a larger number of patients,
a control group, and a more extended study period will be es-
sential to optimally assess the utility of the additional use of di-
etary fibers in patients with T2DM who are on combination
therapy. Besides, a research directly measuring SCFAs (e.g., ac-
etate, butyrate) would be helpful to correlate changes in micro-
biota composition with metabolic phenotypes.

In conclusion, while the dietary fiber supplement AGIO did
not induce statistically significant changes in insulin secretion
and sensitivity and metabolic markers, it altered the gut micro-
biota composition in a metabolically favorable direction with
statistical significance. Though the number of cases included is
small, the finding in this pilot study suggests that dietary fiber
supplementation could induce a change in gut microbiota and
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such might have a link with insulin sensitivity in particular pa-
tients with T2DM.
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