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Engineered mesoporous silica reduces
long-term blood glucose, HbA1c, and
improves metabolic parameters in
prediabetics
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Aim: To investigate the effect of oral consumption of engineered mesoporous silica particles, SiPore15!R ,
on long-term blood glucose levels and other metabolic parameters in individuals with prediabetes and
newly diagnosed Type 2 diabetes. Method: An open-label, single-arm, multicenter trial was conducted
in which SiPore15 was consumed three times daily for 12 weeks. Hemoglobin A1c (HbA1c, primary
end point) and an array of metabolic parameters were measured at baseline and throughout the trial.
Result: SiPore15 treatment significantly reduced HbA1c by a clinically meaningful degree and improved
several disease-associated parameters with minimal side effects. Conclusion: The results from this study
demonstrate the potential use of SiPore15 as a treatment for prediabetes that may also delay or prevent
the onset of Type 2 diabetes.
Lay abstract: Prediabetes is a health condition in which blood sugar levels are higher than normal but
below diabetes diagnosis level. Without intervention, prediabetic adults and children are most likely
to progress to Type 2 diabetes. To try and prevent this progression, the authors of this article are proposing
an innovative solution with an engineered material called SiPore15!R . SiPore15 is classified as a medical
device, and is made up entirely of porous silica particles. It has been proven to be safe to take orally. The
effects of SiPore15 were investigated in people with prediabetes and newly diagnosed Type 2 diabetes.
SiPore15 was taken three times a day for 12 weeks. It significantly reduced long-term blood glucose
levels and improved other factors related to the disease with minimal side effects. The results from this
study show that SiPore15 has the potential to be used as a treatment for prediabetes. This may help
to delay or prevent the onset of Type 2 diabetes.
Clinical Trial Registration: NCT03823027 (ClinicalTrials.gov)
Tweetable abstract: #Prediabetes is a silent threat. Read about #SiPore15!R , a carefully engineered silica
powder, and its potential to control blood sugar levels in individuals with prediabetes.
First draft submitted: 22 June 2021; Accepted for publication: 11 November 2021; Published online:
2 December 2021
Keywords: diabetes prevention • HbA1c • medical device • mesoporous silica particles • prediabetes • Type 2

diabetes

Prediabetes, also termed ‘intermediate hyperglycemia’, is characterized by blood glucose levels that are above normal
but below diabetes threshold (6.1–6.9 mmol/l). Approximately 70–90% of individuals with prediabetes will
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eventually progress to Type 2 diabetes (T2D) [1]. Prediabetes is also associated with an increased risk of developing
other medical conditions, collectively termed ‘metabolic syndrome’, including obesity, hypertension, nonalcoholic
fatty liver disease, hypertriglyceridemia and cardiovascular disease [2]. T2D is increasing and accounts for an
estimated annual medical expenditure of US$827 billion worldwide [3]. Therefore, maintaining blood glucose
levels within the normal range is critical for preventing diabetes and its comorbidities.
Despite prediabetes being a high-risk state for the development of T2D, there are no approved therapies or
medical devices available for the treatment of this condition. The standard of care for individuals with prediabetes
is lifestyle interventions, which includes a healthy diet and increase in moderate physical activity [4]. Nevertheless,
in practice, only approximately 10% of individuals adhere to a healthy lifestyle, which means that the majority of
individuals with prediabetes are left without treatment [5]. Metformin, the first-line pharmacological treatment for
T2D, is occasionally prescribed off-label to individuals with prediabetes, but up to 25–30% of patients suffer from
undesirable metformin-related gastrointestinal side effects. Of these patients, some are unable to tolerate metformin
at all [6]. It is evident that there is a compelling need for safe and effective treatments for prediabetes.
To design novel and well-tolerated solutions to halt the progression of prediabetes and T2D, the authors have
R
that consists entirely of amorphous silicon dioxide (silica)
developed an engineered material called SiPore15!
particles, with a particle size in the µm range. Synthetic amorphous silica is approved as a food additive (E551)
under EU regulations and is ‘generally recognized as safe’ by the US FDA. In addition, it has been proven safe for
oral consumption [7–9]. SiPore15 particles have pores with an average diameter of 10 nm. Therefore, SiPore15 is
categorized as mesoporous silica particles as per the International Union of Pure and Applied Chemistry, which
defines mesoporous materials as materials with pores with diameters in the range of 2–50 nm.
The biological effect of SiPore15 has been shown in several in vitro and in vivo studies [10–13]. These studies
demonstrate that SiPore15 functions as a mechanical sieve in the gastrointestinal tract and entraps digestive enzymes, including pancreatic α-amylase and lipase. The entrapment of these digestive enzymes is highly dependent
on the pore diameter of the material [12]. As the mode of action for SiPore15 is mechanical (physically separating
digestive enzymes from food), it is classified as a medical device, class IIb [14]. Whether in animals (in vivo), conditions mimicking the intestinal environment (ex vivo) or laboratory settings (in vitro), SiPore15 treatment has
been shown to reduce the concentrations of these digestive enzymes, with a concomitant reduction in apparent
enzymatic activity [10–12]. In addition, the authors have previously shown that treatment of diet-induced obese
mice with SiPore15 significantly reduces body weight and fat composition [10]. Furthermore, SiPore15 treatment
has been shown to suppress weight gain in diet-induced obese mice, thereby slowing down the development of
obesity, with a positive effect on glucose tolerance [11]. In the first-in-human trial (Clinical Trial Registration:
NCT03667430), 12 weeks of SiPore15 treatment significantly decreased the levels of long-term plasma glucose, as
measured by HbA1c, and low-density lipoprotein (LDL) cholesterol in obese subjects. It was also demonstrated that
SiPore15 is safe and well tolerated [12,13]. The aim of the current study was to confirm that the oral consumption
of SiPore15 could safely reduce the long-term blood glucose level and explore the impact of SiPore15 treatment on
the improvement of other metabolic parameters in individuals with prediabetes or newly diagnosed T2D.
Methods
A two-site clinical trial was conducted investigating the performance and safety of SiPore15 in obese and overweight subjects with prediabetes or newly diagnosed T2D (Clinical Trial Registration: NCT03823027). Necessary
approvals of the protocol by the local ethics committees (Finland registration no: 1109/13.02.00/2018; Sweden registration no: 2019-00412), subject information sheet and informed consent form were obtained before
enrollment of any subject in the trial.
SiPore15 material production & characterization

SiPore15 was manufactured by modification of a synthesis previously reported by Hagman et al. [13]. In brief, P123
triblock copolymer (average molecular weight = 5800 g/mol; EO20 PO70 EO20 ), a mesostructured templating agent,
was dissolved in aqueous hydrochloric acid. Complete dissolution of P123 was followed by the addition of the
silica source tetraethyl orthosilicate under vigorous stirring at 40◦ C. The synthesis was kept static at 40◦ C followed
by hydrothermal treatment. Filtered, washed and dried material was subjected to calcination (550◦ C in air) to
remove the organic template and generate the open porous network. Nitrogen sorption analysis was performed
to characterize SiPore15 in terms of surface area, pore volume and pore diameter. The analysis was performed at
liquid nitrogen temperature (-196◦ C) using a TriStar II volumetric adsorption analyzer (Micromeritics Instrument
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Corporation, GA, USA). Brunauer–Emmett–Teller surface area was calculated from adsorption isotherm at a
relative pressure (p/p˚) of <0.2. Total pore volume was recorded at a relative pressure (p/p˚) of 0.99. Pore diameter
was obtained by applying the density functional theory method assuming a cylindrical pore model. Pore structure
was characterized by low-angle x-ray diffraction (XRD) on a powder PANalytical diffractometer (PANalytical,
Karlsruhe, Germany) operated at 45 Kv and 40 mA, with 0.02˚ step size and equipped with a Cu Kα radiation
source. Scanning electron microscopy using a JSM-7401F (JEOL Ltd., Tokyo, Japan) was used to characterize the
particle size and morphology. The mean particle length and diameter were analyzed from ≥100 particles using
ImageJ (Fiji) [15]. High-resolution transmission electron microscopy images of materials were collected using a
JEM-2100 (JEOL Ltd.) operated at 200 kV.
During the production of the clinical batches by a Contract Development and Manufacturing Organization,
pieces of blue glass were found in the last batch. Following investigation, it was discovered that the glass fragments
had originated from a defect in the glass lining of the process vessel. During the production, the lining of the
process vessel had shattered, and shards of glass had been mixed with the mesoporous silica particles. Following
guidelines published by the Active Pharmaceutical Ingredients Committee relating to ‘handling of insoluble matter
and foreign particles in active pharmaceutical ingredients’, all batches were sieved through a 900-µm sieve for safety
reasons to ensure that any particles present were below 1 mm prior to dispatch. Following the sieving procedure,
all batches conformed to pre-established release purity and safety standards. However, during the clinical trial, it
was discovered that the last batch had been sieved before calcination, unlike other batches, which were sieved after
calcination in the production process. It is well known that the calcination process is a crucial step in the synthesis
of ordered mesoporous silica particles, as it allows for the determination of the textural and physical properties of
these materials depending on the adopted conditions [16–18]. The difference in the production process of the last
batch, together with initial analysis of the patient data, indicated that the last batch was nonconforming. According
to FDA regulations on how nonconforming issues should be handled within the medical device field, the authors
declared the last batch nonconforming [19].
Participants & overall design

This was a 24-week, open-label, single-arm, multicenter trial intended to evaluate the efficacy and safety of SiPore15.
The treatment period with SiPore15 was 12 weeks, and participants were followed off treatment for another 12
weeks. Participants with prediabetes or newly diagnosed T2D were enrolled if they met the study eligibility criteria.
The study was designed to assess changes over time, comparing baseline measurements with measurements taken
after 6 and 12 weeks of treatment. A total of 3 g of SiPore15 was mixed in water and taken before each main
meal for 12 weeks (three meals/day). The primary end point was change in the level of HbA1c. Exploratory
end points included total cholesterol, sagittal abdominal diameter (SAD) and Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR). As part of the exploratory end points, the treatment effect of SiPore15 on levels
of HbA1c, LDL cholesterol, fasting plasma glucose and insulin was also evaluated during the 12-week follow-up
period. In addition, biometric measurements, such as body weight and BMI, were taken. After approval by the local
ethics committees (Finland registration no: 1109/13.02.00/2018; Sweden registration no: 2019-00412), informed
consent forms were obtained from the participants, and a total of 43 individuals were enrolled between January
and April 2019. The baseline characteristics of the 43 participants are summarized in Supplementary Table 1.
The study was conducted according to Good Clinical Practice [20] and ISO 14155 [21], and conformed to the
Declaration of Helsinki [22]. The study has been registered in the clinical trials registry (Clinical Trial Registration:
NCT03823027).
Eligibility criteria

Participants with prediabetes or newly diagnosed T2D (not on blood glucose-lowering medications) were identified
from local general practitioner registers or as a response to advertisements. Prediabetes was based on the American
Diabetes Association’s definition: HbA1c level of ≥39 to ≤46 mmol/mol or ≥5.7 to ≤6.4% according to
the Diabetes Control and Complications Trial (DCCT) [23]. The upper threshold for participants with newly
diagnosed T2D was HbA1c of ≤57 mmol/mol or ≤7.5% according to DCCT. Additional key inclusion criteria
included BMI between 25 and 40 kg/m2 and a stable weight for 3 months (± 5 kg). No extreme changes in diet
for the last 6 months were allowed. Exclusion criteria were previous or current treatment with metformin (within 3
months prior to screening visit) and/or statin (within 12 months prior to screening visit) as well as any medication
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known to cause weight loss or gain (within 1 month prior to screening visit). Participants who stopped smoking
within 6 months prior to the screening visit were also excluded.
Study procedures & outcome measurements

Prior to treatment, participants were evaluated with detailed medical history, physical examination, vital signs,
HbA1c measurements and BMI. Safety laboratory sampling was also performed for the measurement of biochemical
and hematological variables. SiPore15 was given to participants as a powder in stick packs, each containing a single
dose of 3 g of material. Two weeks’ worth of SiPore15 (42 stick packs) was provided at week 1. Then, at weeks
2 and 6, participants’ supplies were replenished with 105 stick packs of SiPore15 each week. A total of 252 stick
packs were given to each participant. Participants were instructed to add the contents of each stick pack to a glass
of water, stir and drink the mixture immediately before each of their three main meals. At the screening visit, the
investigator and participant agreed on which of the participant’s daily meals were their three main meals. Prior to
enrollment, participants were asked to keep the same diet and exercise pattern throughout the study duration. To
avoid intolerance issues, the dose of SiPore15 was increased in a stepwise fashion during the first week. Briefly, on
day 1 and 2, participants took 1 g of SiPore15 with each of their three main meals. From day 3 to 5, the dose was
increased to 2 g per main meal. From day 6 until week 12, participants took the full dose of 3 g per main meal.
Following the screening and baseline visits, participants were seen at week 1 to confirm compliance and then
at weeks 6 and 12 for outcome measurements. On each occasion, participants underwent physical examination
and were carefully monitored for adverse events (AEs). In addition, two phone calls were made to collect AEs and
treatment compliance. Outcome measurements of HbA1c and LDL cholesterol levels and body-fat mass as well as
local safety laboratory measurements were taken after 6 and 12 weeks of treatment. HbA1c, LDL cholesterol, total
cholesterol and fasting blood glucose and insulin were analyzed at a central laboratory in Sweden. Trial product
compliance was followed during the treatment period with the assistance of a participant’s diary. Compliance with
>75% of doses was required for inclusion in the per-protocol analysis. Throughout the 12-week treatment period,
reminders were sent out to participants via weekly email. AEs and adverse device effects were collected during the
treatment period. All AEs were coded using the MedDRA dictionary (version 21.1) and broken down to severity
and/or causality.
After 12 weeks of treatment, participants were followed until week 24. During this period, participants were
seen for two visits (6 and 12 weeks after end of treatment), at which measurements for HbA1c, LDL cholesterol,
fasting plasma glucose and insulin were done to evaluate duration of effect after treatment with SiPore15. Safety
laboratory samples were also collected at these visits to monitor for any delayed safety effect.
Statistical analysis

Since the last batch was determined to be nonconforming, patient data were analyzed post hoc in two groups. The
first, all-participants group, as per the prespecified statistical analysis plan, encompassed all participants treated with
SiPore15, including the nonconforming material (n = 38), and the second, conformant-batch group consisted of
participants who exclusively received conforming material (week 6: n = 27; week 12: n = 9). All data were analyzed
and are presented on these two groups throughout this article. Data were analyzed using the Wilcoxon signedrank test, with the null hypothesis being that there was no change from baseline (i.e., a two-sided hypothesis).
Two-sided 95% CIs were calculated for the change from baseline using the normal approximation methods. A p
< 0.05 was considered statistically significant. Regression analyses were done to determine the trend in the levels
of parameters measured across the whole 12-week treatment period and to determine the relationship between the
baseline measurement and its respective changes by the end of the 12-week treatment period. Regression analyses
were performed to determine the trends of the SiPore15 treatment, not the effect size. All data were analyzed using
Prism 9.0 (GraphPad Software, CA, USA).
Results
SiPore15 material characteristics
SiPore15 material characteristics are presented in Table 1. The material properties of SiPore15 were selected based
on previous studies in which SiPore15 efficiently sequestered digestive enzymes and thereby showed efficacy in both
animals and humans [10–13].
The nitrogen adsorption–desorption isotherm and pore diameter distribution data of a representative batch
are presented in Figure 1A & B. The nitrogen sorption isotherm curve is typical of mesoporous silica materials
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Table 1. Physicochemical properties of Sipore15!R .
Characteristic

Value range

BET surface area (m2 /g)

740–1030

Total pore volume (cm3 /g)

1.0–1.3

Mean pore diameter (nm)

9.6–10.6

d100 spacing (nm)

10.1–10.7

Mean particle length (µ m)

1.1–1.5

Mean particle diameter (µ m)

0.2–0.4

600
400
200
0
0.0

0.5
1.0
Relative pressure (p/pº)

0.3
lntensity (a.u.)

800

lncremental pore volume
(cm3/g)

N2 quantity adsorbed
(cm3/g)

BET: Brunauer–Emmett–Teller.

0.2
0.1
0.0
0

10
20
Pore diameter (nm)

30

0.5

1.0

1.5

2.0

2.5

3.0

2Ѳ

R
Figure 1. Physicochemical characterization of Sipore15!
. (A) Nitrogen adsorption–desorption isotherm. (B) Pore
diameter distribution calculated via density functional theory. (C) Low-angle x-ray diffraction patterns with peaks 110
and 200 raised by a factor of 3 for clarity purposes. (D & E) TEM images showing pores perpendicular (D) and parallel
R
(E) to the beam direction. (F) Scanning electron microscopy image of SiPore15!
.
TEM: Transmission electron microscopy.

and exhibits a clear type HI hysteresis loop that is associated with well-defined cylindrical pores (Figure 1A) [24].
SiPore15 has a narrow pore diameter distribution (Figure 1B). The low-angle XRD pattern of a representative
batch shows peaks that can be indexed to a 2D hexagonal pore geometry (Figure 1C). The interplanar distance in
the plane 100 (d100 spacing) calculated from low-angle XRD is shown in Table 1. The hexagonal pore geometry
was also confirmed by transmission electron microscopy observation of a representative batch (Figure 1D & E).
Particle morphology determined by scanning electron microscopy revealed large agglomerates of several micrometers
composed of rod-shaped particles of approximately 1.3 µm in length and 0.3 µm in diameter (Figure 1F).
SiPore15 improved the metabolic profile of individuals with prediabetes & T2D

Analysis of an array of metabolic parameters revealed that SiPore15 improved the metabolic profile of participants
with prediabetes or newly diagnosed T2D. The overall effect of SiPore15 treatment was analyzed by regression
analysis, and the results are shown in Figure 2 (all-participants group) and Figure 3 (conformant-batch group)
and summarized in Table 2. In the all-participants group, 12 weeks of SiPore15 treatment resulted in significant
decreasing trends in the levels of HbA1c (p = 0.0209) (Figure 2A), total cholesterol (p = 0.0147) (Figure 2D), LDL
(p = 0.0432) (Figure 2E) and SAD (p < 0.0001) (Figure 2F & Table 2). In the conformant-batch group, significant
decreasing trends were observed in the levels of HbA1c (p = 0.0002) (Figure 3A), total cholesterol (p = 0.0330)
(Figure 3D) and SAD (p = 0.0105) (Figure 3E & Table 2). Taken together, most disease-associated parameters
showed statistically significant downward trends over the course of 12 weeks of SiPore15 treatment.
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∆ HbA1c from baseline
(mmol/mol)

##

-0.5

-1.0

0

BMl

0.3
0.2
0.1

6
12
Treatment period (weeks)

Total cholesterol

*p = 0.0308

0.0
∆ total cholesterol
from baseline (mmol/l)

∆ BMl from baseline
(kg/m2)

0.5

0

*p = 0.0147

##

-0.1

-0.2

-0.3

0.0

LDL
0.1

*p = 0.0432

0.0
-0.1
-0.2
-0.3
0

0

6
12
Treatment period (weeks)

6
12
Treatment period (weeks)

lnsulin

-1

-2

0.0

**** p < 0.0001

-0.5
####
-1.0

-1.5
0

6
12
Treatment period (weeks)

HOMA-lR

0.4
∆ HOMA-IR score
from baseline

0

6
12
Treatment period (weeks)

SAD
∆ sagittal abdominal diameter
from baseline (cm)

0

∆ LDL cholesterol
from baseline (mmol/l)

1.0

6
12
Treatment period (weeks)

0.4

∆ insulin from baseline
(mlE/l)

*p = 0.0243

0.0

-1.5

1

Weight

1.5

*p = 0.0209
∆ body weight
from baseline (kg)

HbA1c

0.0

0.0

-0.4

-0.8
0

6
12
Treatment period (weeks)

0

6
12
Treatment period (weeks)

R
Figure 2. Effect of SiPore15!
treatment in all-participants group. (A) HbA1c level was significantly decreased after 6
weeks of SiPore15 treatment compared with baseline. Regression analysis showed a significant decreasing trend over
the entire 12-week treatment period. (B & C) Body weight and BMI showed increasing trends for the all-participants
group during the 12-week treatment period. (D) Total cholesterol level was significantly decreased after 6 weeks of
SiPore15 treatment compared with baseline. Regression analysis showed a significant decreasing trend over the
entire 12-week treatment period. (E) A significant decreasing trend was also observed in the LDL cholesterol level
following 12 weeks of SiPore15 treatment. (F) Twelve weeks of SiPore15 treatment significantly decreased SAD.
Regression analysis showed a significant decreasing trend over the entire 12-week treatment period. (G & H)
Decreasing trends were observed in the level of insulin and HOMA-IR. All data are presented as mean ± SEM (n = 38)
and p-values are listed in the order of appearance in the figures. p-values from Wilcoxon signed-rank test and
regression analysis are presented with # and *, respectively.
*p = 0.0209; *p = 0.0243; *p = 0.0308; ## p = 0.0025; *p = 0.0147; ****p < 0.0001; *p = 0.0432; #### p < 0.0001; ## p =
0.0063.
HbA1c: Hemoglobin A1c; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; LDL: Low-density
lipoprotein; SAD: Sagittal abdominal diameter; SEM: Standard error of the mean.
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∆ HbA1c from baseline
(mmol/mol)

-0.5

##

#

-1.0

Weight

*** p = 0.0002

-1.5
-2.0

1.0
∆ body weight
from baseline (kg)

HbA1c
0.0

0.5
0.0
-0.5
-1.0
-1.5

-2.5
0

0

6
12
Treatment period (weeks)
BMl
∆ total cholesterol
from baseline (mmol/l)

∆ BMl from baseline
(kg/m2)

0.0

-0.2

#

-0.1

-0.2

-0.3

-0.4
0

0

6
12
Treatment period (weeks)
LDL

0.1

0.0

-0.1
0

6

12
Treatment period (weeks)

lnsulin

1

-1
-2
-3
-4

0.0

*p = 0.0105

-0.5
-1.0
-1.5
-2.0
0

6
12
Treatment period (weeks)
HOMA-lR

0.5
∆ HOMA-lR score
from baseline

0

6
12
Treatment period (weeks)
SAD

∆ sagittal abdominal diameter
from baseline (cm)

0.2
∆ LDL cholesterol
from baseline (mmol/l)

6
12
Treatment period (weeks)
Total cholesterol *p = 0.033

0.0

0.2

∆ insulin from baseline
(mlE/l)
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0.0
-0.5
-1.0
-1.5

0

6
12
Treatment period (weeks)

0

6
12
Treatment period (weeks)

R
treatment in conformant-batch group. (A) HbA1c level was significantly decreased
Figure 3. Effect of SiPore15!
after 6 and 12 weeks of SiPore15 treatment compared with baseline. Regression analysis showed a significant
decreasing trend over the entire 12-week treatment period. (B & C) Body weight and BMI did not change following
12 weeks of SiPore15 treatment. (D) Total cholesterol level was significantly decreased after 6 weeks of
SiPore15 treatment compared with baseline. Regression analysis also showed a significant decreasing trend over the
entire 12-week treatment period. (E) LDL cholesterol level did not change following 12 weeks of SiPore15 treatment.
(F) A significant decreasing trend in SAD was observed over the entire 12-week treatment period. (G & H) Decreasing
trends were observed in the level of insulin and HOMA-IR. All data are presented as mean ± standard error of the
mean (baseline and week 6: n = 27; week 12: n = 9) and p-values are listed in the order of appearance in the figures.
p-values from Wilcoxon signed-rank test and regression analysis are presented with # and *, respectively.
##
p = 0.0028; # p = 0.0391; ***p = 0.0002; # p = 0.0279; *p = 0.033; *p = 0.0105.
HbA1c: Hemoglobin A1c; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; LDL: Low-density
lipoprotein; SAD: Sagittal abdominal diameter.
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Table 2. Overall effect of 12 weeks of SiPore15!R treatment as analyzed by post hoc analysis.
Parameter

All-participants group p-value

Conformant-batch group p-value

HbA1c

0.0209*

0.0002*

Insulin

0.1574

0.2380

HOMA-IR

0.2693

0.4807

Total cholesterol

0.0147*

0.0330*

LDL

0.0432*

0.4636

SAD

! 0.0001*

0.0105*

Body weight

0.0243*

0.7916

BMI

0.0308*

0.7196

Post hoc analysis revealed downward trends for most of the parameters following 12 weeks of SiPore15 treatment. Parameters that showed a decrease are indicated with
green downward arrows ( ), whereas parameters that showed an increase are indicated with red upward arrows ( ). All-participants group: n = 38. Conformant-batch
group: n = 27 at week 6 and n = 9 at week 12.
*Significant changes.
HbA1c: Hemoglobin A1c; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; LDL: Low-density lipoprotein; SAD: Sagittal abdominal diameter.

∆ HbA1c from baseline
(mmol/mol)

All-participants group
Conformant-batch group
0.0
-0.5
-1.0
*

-1.5
-2.0
-2.5
0

6
12
Treatment period (weeks)

R
Figure 4. Effect of SiPore15!
treatment on HbA1c level. The
reduction in HbA1c was significantly greater in the
conformant-batch group compared with the all-participants
group. All data are presented as mean ± standard error of the
mean (all-participants group: n = 38; conformant-batch group: n
= 27 at week 6 and n = 9 at week 12).
*p = 0.0159.
HbA1c: Hemoglobin A1c.

SiPore15 treatment significantly reduced HbA1c level in prediabetes & T2D

The HbA1c level was already significantly reduced in the all-participants group after 6 weeks of SiPore15 treatment
(## p = 0.0025) and showed a significant decreasing trend over the entire 12-week treatment period (*p = 0.0209)
(Figure 2A). In the conformant-batch group, the HbA1c level was significantly decreased by 1.04 mmol/mol
from baseline after 6 weeks (## p = 0.0028) (Figure 3A) and was further reduced by 1.44 mmol/mol after 12
weeks of SiPore15 treatment (# p = 0.0391). Notably, the reduction in HbA1c level was significantly greater in the
conformant-batch group than in the all-participants group (slope for all-participants group -0.0465 ± 0.0197 vs
-0.1429 ± 0.0338 for conformant-batch group) (p = 0.0159) (Figure 4). Furthermore, regression analysis revealed
that HbA1c level was reduced to a greater extent in participants with a higher baseline HbA1c level, though this was
not statistically significant (all-participants group: p = 0.0803; conformant-batch group: p = 0.1531) (Figure 5). In
the conformant-batch group, HbA1c was maintained at a lower level compared with baseline for up to 12 weeks
after discontinuation of SiPore15 treatment (Supplementary Figure 1A).
Reduction in HbA1c level in prediabetes & T2D was independent of body weight & BMI

Body weight and BMI showed increasing trends for the all-participants group during the 12-week treatment period
(body weight: *p = 0.0243; BMI: *p = 0.0308) (Figure 2B & C). However, it is important to note that the level
of HbA1c was significantly reduced despite increased body weight and BMI in all participants (Figure 2A). The
conformant-batch group did not show any changes in body weight or BMI (Figure 3B & C); however, the HbA1c
level was significantly reduced (Figure 3A). Furthermore, in the conformant-batch group, both body weight and
BMI continued to decrease for up to 12 weeks after discontinuation of SiPore15 treatment, though this was not
statistically significant (Supplementary Figure 1B & C).
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Figure 5. SiPore15!
treatment had a greater effect on HbA1c in participants with a higher baseline level.
Regression analysis revealed that following 12 weeks of SiPore15 treatment, HbA1c level decreased to a greater
extent in participants with a higher baseline level in both the (A) all-participants group (n = 38; p = 0.0803) and the (B)
conformant-batch group (n = 9; p = 0.1531).
HbA1c: Hemoglobin A1c.

SiPore15 treatment significantly reduced cholesterol level & SAD in prediabetes & T2D

Significant decreasing trends were observed in total cholesterol level in both the all-participants group and the
conformant-batch group following 12 weeks of SiPore15 treatment (*p = 0.0147 and 0.033, respectively) (Figures 2D & 3D). Total cholesterol level was already significantly decreased after 6 weeks of SiPore15 treatment
(all-participants group: ## p = 0.0063; conformant-batch group: # p = 0.0279) (Figures 2D & 3D). A significant
decreasing trend was also observed in LDL cholesterol level in the all-participants group following 12 weeks of
SiPore15 treatment (*p = 0.0432) (Figure 2E). Interestingly, SiPore15 treatment had a substantial influence on
SAD (all-participants group: ****p < 0.0001; conformant-batch group: *p = 0.0105) (Figures 2F & 3F), which
was significantly decreased by an average of 1.2 cm in the all-participants group (#### p < 0.0001) (Figure 2F).
The conformant-batch group also showed an average reduction of 1.2 cm (p = 0.0703) (Figure 3F). Total cholesterol level and SAD remained decreased during the follow-up period for both the all-participants group and the
conformant-batch group (Supplementary Figure 1D & F).
Effect of SiPore15 on the level of insulin & HOMA-IR

There were large variations in the insulin level and HOMA-IR score. However, decreasing trends were observed for
both parameters, though this was not statistically significant (Figures 2G & H & 3G & H & Table 2). The insulin
level and HOMA-IR score remained low compared with baseline during the follow-up period (Supplementary
Figure 1G & H).
SiPore15 was well tolerated without major AEs

Safety and tolerability were evaluated by assessing clinical, biochemical and hematological variables and by examining
the incidence and severity of AEs and adverse device effects. Overall, SiPore15 demonstrated a good safety and
tolerability profile after 12 weeks of treatment with no adverse device effects or severe AEs. Most AEs were of mild
severity and gastrointestinal in origin (Table 3). Abnormal/hard feces and abdominal distention were the most
common events (Table 4). No changes were observed in the levels of vitamins and minerals or blood pressure or
pulse during the treatment period, and no indications of any delayed safety risk were observed during the 12-week
follow-up period (data not shown).
Discussion
This study investigated the effect of SiPore15 treatment on the level of HbA1c and the metabolic profile of
individuals with prediabetes and T2D. The results showed that 12 weeks of SiPore15 treatment safely reduced
HbA1c level in people with prediabetes and newly diagnosed T2D. Specifically, HbA1c level was already significantly
reduced after 6 weeks of SiPore15 treatment and showed a significant decreasing trend over the entire 12-week
treatment period in all participants. Participants who received the conformant SiPore15 batches throughout the
trial showed even greater reduction in HbA1c level, with a level that was reduced by 1.04 mmol/mol by 6 weeks
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Table 3. Frequency of incidence of adverse events during SiPore15!R treatment period.
Parameter

Participants, n (%)

Any AEs
AEs by relatedness

Conformant-batch group (n = 11)

35 (81.4)

11 (100.0)

Definitely related

3 (7.0)

1 (9.1)

Probably related

12 (27.9)

8 (72.7)

Possibly related

14 (32.6)

0 (0)

Unlikely related

2 (4.7)

1 (9.1)

Not related
AEs leading to discontinuation
Severe AEs
AEs by severity

All-participants group (n = 43)

4 (9.3)

1 (9.1)

4 (9.3)

2 (18.2)

0 (0)

0 (0)

Mild

25 (58.1)

6 (54.5)

Moderate

10 (23.3)

5 (45.5)

0 (0)

0 (0)

0 (0)

0 (0)

Severe
Deaths

No severe AEs were observed, and the majority of AEs were mild/moderate gastrointestinal events.
AE: Adverse event.

Table 4. Frequency of incidence of gastrointestinal adverse events during SiPore15!R treatment
period.
Parameter

Participants, n (%)
All-participants group (n = 43)

Conformant-batch group (n = 11)

Abdominal distention

8 (18.6)

3 (27.3)

Abnormal feces

9 (20.9)

2 (18.2)

Constipation

4 (9.3)

2 (18.2)

Diverticulum

1 (2.3)

1 (9.1)

Dry mouth

1 (2.3)

1 (9.1)

Flatulence

3 (7.0)

1 (9.1)

Frequent bowel movements

4 (9.3)

1 (9.1)

Gastrointestinal pain

1 (2.3)

1 (9.1)

Hematochezia

1 (2.3)

0 (0)

Hard feces

7 (16.3)

3 (27.3)

Nausea

1 (2.3)

0 (0)

Oral pain

1 (2.3)

0 (0)

Upper abdominal pain

2 (4.7)

0 (0)

Vomiting

1 (2.3)

0 (0)

and by 1.44 mmol/mol by the end of the 12-week treatment period. This degree of reduction in HbA1c level is
comparable to what has been achieved by a currently advised scheme for the treatment of prediabetes [25]. Although
a placebo group was not included in this trial, the treatment effects of individual participants were compared
with their own baseline measurements. Since post-treatment (week 12) values were compared with pretreatment
(baseline) values for individual participants and significant changes were observed, the authors are confident that
the observed changes can be attributed to SiPore15 treatment. Nevertheless, a placebo group will be included in an
upcoming clinical trial.
At present, first-line treatments for individuals with prediabetes are lifestyle modifications such as diet and
increased physical activity, but medications can also play a role. Four medications are currently prescribed for
the prediabetes subpopulation: metformin, pioglitazone, acarbose and liraglutide [26]. In particular, metformin, a
biguanide antihyperglycemic agent, has been used in a number of clinical studies and shown benefits in patients
with prediabetes [27–30]. However, the rate of gastrointestinal AEs related to metformin treatment is high [27], and
when taken long-term, there is a moderate increase in the incidence of kidney disease [31].
Thus far, the largest clinical trial performed with regard to prediabetes is the Diabetes Prevention Program
(DPP) (Clinical Trial Registration: NCT00004992) [27,28], along with its follow-up study, the DPP Outcome
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Study (Clinical Trial Registration: NCT00038727) [31]. The DPP study was a multicenter, randomized clinical
trial to determine whether intensive lifestyle modification or metformin treatment could prevent or delay the onset
of diabetes in individuals with impaired glucose tolerance who were at high risk of the disease [27]. It was found
that after 6 months of interventions, both lifestyle modification and metformin treatment reduced HbA1c level by
1 mmol/mol [28]. By comparison, the current study demonstrated a reduction in HbA1c of 1 mmol/mol after only
6 weeks of SiPore15 treatment, and an even greater reduction (1.44 mmol/mol) was achieved by the end of the
12-week treatment period, indicating that SiPore15 is highly effective in lowering the level of HbA1c in individuals
with prediabetes.
One of the most important aspects of the management of prediabetes is preventing the progression to T2D.
The DPP study revealed that, after 3 years, the lifestyle intervention reduced the incidence of diabetes by 58%
and metformin treatment reduced it by 31% compared with placebo [27]. It was recently announced that, after
22 years, long-term follow-up participants from the DPP study continued to have a significant reduction in the
risk of developing T2D [31]. Despite a much shorter treatment duration in the present study (12 weeks), a greater
reduction in HbA1c level was accomplished compared with what was achieved by 6 months in the DPP study [27].
Taken together, a cautious speculation can be made that long-term use of SiPore15 will effectively lower HbA1c
level, which may in turn delay or prevent the onset of T2D and serve as an important tool for battling the growing
diabetes epidemic.
Twelve weeks of SiPore15 treatment resulted in increasing trends in body weight and BMI in the all-participants
group, whereas the level of HbA1c was significantly reduced. It is most likely that the increase in body weight
and BMI was not due to a direct effect of SiPore15, but rather to an indirect effect, as participants admitted that
they thought they could indulge themselves with some extra sweets and/or fatty foods because they were taking
SiPore15.
A reduction in the levels of total and LDL cholesterol was observed in all participants following 12 weeks of
SiPore15 treatment. A similar degree of reduction in total cholesterol was observed in participants who received
conformant batches. There was no significant change in LDL cholesterol level in this group. A vast number of
studies have shown an association between prediabetes and macrovascular disease [32]. Indeed, a meta-analysis of
38 prospective studies in which cardiovascular disease or mortality was the end point concluded that blood glucose
levels above normal but below the diabetes threshold is a risk marker for cardiovascular disease in otherwise apparently healthy individuals [33]. Interestingly, macrovascular complications typically result from atherosclerosis, which
increased levels of total and LDL cholesterol are well-known risk factors for. In this context, the observed significant reductions in total and LDL cholesterol levels following SiPore15 treatment in participants with prediabetes
suggest that prolonged SiPore15 treatment may have the potential to reduce the risk of developing macrovascular
complications as well as progression to T2D.
It is interesting that 12 weeks of SiPore15 treatment had a significant influence on SAD, which was decreased by
an average of 1.2 cm in both the all-participants group and the conformant-batch group. SAD is an anthropometric
measure that aims to evaluate visceral adipose tissue. It is considered to be superior for cardiovascular disease risk
prediction in persons with T2D compared with other anthropometrics [34–36] as well as a possible surrogate marker
for insulin resistance [37–39]. Although the association between abdominal obesity and insulin resistance has been
well established [40–42], it has also been shown that SAD is strongly associated with hyperglycemia [43]. Taken
together, the significant reduction in SAD observed in the current study may imply that the better control of blood
glucose level accomplished by SiPore15 treatment could positively affect abdominal obesity where visceral fat lies.
Another great aspect of SiPore15 is its safety and tolerability. In agreement with a previously published first-inhuman study [13], the results from the current study demonstrated that treatment with 9 g of SiPore15 per day
for a period of 12 weeks was safe, with tolerable and transient gastrointestinal side effects. Importantly, the pore
volume available in 3 g (single consumption) of SiPore15 is finite; therefore, only a fraction of the available digestive
enzymes are permitted to be sequestered, thus preventing complete depletion of digestive enzymes, vitamins or
minerals. No delayed risks associated with the use of SiPore15 were observed after completing the treatment. With
this great safety profile and the efficacy in lowering HbA1c level, SiPore15 has the potential to prevent or delay
the transition of prediabetes to diabetes and thereby serve as a unique strategy in the prevention and treatment of
diabetes.
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Conclusion
The main finding of this study was that SiPore15 treatment in individuals with prediabetes or newly diagnosed
T2D significantly reduced HbA1c levels to a clinically relevant degree. This level of reduction was equivalent to or
greater than 6 months of metformin treatment or lifestyle change. SiPore15 treatment also improved several diseaseassociated parameters with minimal side effects. Importantly, clinically relevant HbA1c reduction was achieved after
only 6 weeks of SiPore15 treatment and was independent of body weight and BMI. The results are promising on
several levels. However, because of complications in material production, a follow-up study is planned. To further
investigate and validate the trends and results observed in this study, a double-blind, placebo-controlled study with
a larger number of prediabetic or T2D individuals will be carried out in the near future. Nevertheless, the results of
the current study highlight SiPore15 as a safe and promising treatment strategy for prediabetes that can positively
impact the growing diabetes epidemic.
Summary points
R
• Oral consumption of SiPore15!
significantly reduced HbA1c level to a clinically relevant degree that was
equivalent to or greater than 6 months of metformin treatment or lifestyle change in individuals with
prediabetes or newly diagnosed Type 2 diabetes (T2D).
• Reduction in HbA1c level in prediabetes and T2D was independent of body weight and BMI.
• Oral consumption of SiPore15 improved the metabolic profile of participants with prediabetes and T2D.
• Oral consumption of SiPore15 was safe and well tolerated.
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