
UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-3274-4 (Paperback)
ISBN 978-952-62-3275-1 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1668

A
C

TA
R

em
i K

am
akura

OULU 2022

D 1668

Remi Kamakura

A NOVEL SYSTEM FOR 
DELIVERY OF NUTRITIONAL 
COMPOUNDS TO REGULATE 
APPETITE

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF MEDICINE





ACTA UNIVERS ITAT I S  OULUENS I S
D  M e d i c a  1 6 6 8

REMI KAMAKURA

A NOVEL SYSTEM FOR DELIVERY OF 
NUTRITIONAL COMPOUNDS TO 
REGULATE APPETITE

Academic dissertation to be presented with the assent of
the Doctoral Programme Committee of Health and
Biosciences of the University of Oulu for public defence in
Auditorium F101 of the Faculty of Biochemistry and
Molecular Medicine (Aapistie 7), on 20 May 2022, at 12
noon

UNIVERSITY OF OULU, OULU 2022



Copyright © 2022
Acta Univ. Oul. D 1668, 2022

Supervised by
Professor Karl-Heinz Herzig
Professor Jukka Seppälä
Doctor Miia Kovalainen

Reviewed by
Professor Michael J. Sailor
Professor Anna Schwendeman

ISBN 978-952-62-3274-4 (Paperback)
ISBN 978-952-62-3275-1 (PDF)

ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)

Cover Design
Raimo Ahonen

PUNAMUSTA
TAMPERE 2022

Opponent
Professor Jens Juul Holst



Kamakura, Remi, A novel system for delivery of nutritional compounds to regulate
appetite. 
University of Oulu Graduate School; University of Oulu, Faculty of Medicine
Acta Univ. Oul. D 1668, 2022
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Obesity is a global health concern and a well-known major risk factor for several diseases
including type 2 diabetes mellitus (T2DM). Glucagon-like peptide-1 (GLP-1) is secreted from
enteroendocrine L-cells in the distal ileum and colon in response to food ingestion. GLP-1 plays
a crucial role in appetite regulation via the gut-brain axis, unfortunately it has a very short half-
life. GLP-1 analogs have been used in the treatment of obesity and T2DM, but side effects and the
cost of the treatment are limiting their broad use. Nutrients, such as fatty acids, can stimulate GLP-
1 secretion by activating receptors on L-cells. However, L-cells are mainly located in the distal
part of the gastrointestinal (GI) tract, which poses challenges for the nutrients to reach their site of
action, with regard to their therapeutic use. Hence, a novel system for the delivery of nutritional
compounds to the distal intestine could stimulate endogenous GLP-1 release in a sustained manner
and thus prolong food intake inhibition. α-Linolenic acid (αLA) and porous silicon (PSi) particles
were selected as a model nutrient and carrier, respectively. This thesis examined the
biodegradation and safety of several types of PSi particles, the in vitro characterization of αLA
loaded thermally hydrocarbonized PSi (THCPSi) particles, and their effects on the plasma GLP-1
level and food intake of mice.

In study I, different surface types of PSi particles were subcutaneously injected into mice with
biodegradation and biocompatibility being examined. The surface chemistry of PSi particles
significantly affected the biodegradation rate.

In study II, release kinetics of αLA loaded THCPSi particles and their effects on GLP-1
secretion from enteroendocrine cells were studied. αLA was released from the particles by
diffusion, and αLA loaded THCPSi increased in vitro GLP-1 secretion in a dose-dependent
manner.

In study III, the effects of orally administered αLA loaded THCPSi on the plasma GLP-1 levels
and food intake of mice were examined. αLA loaded THCPSi particles significantly increased and
prolonged the plasma GLP-1 levels, and their anorexigenic effect was observed approximately 5
hours after oral dosing in mice.

In conclusion, nutrient-loaded THCPSi particles could serve as a novel treatment method for
obesity, suppressing appetite by stimulating endogenous release of gastrointestinal hormones.

Keywords: appetite regulation, food intake, gastrointestinal hormones, GLP-1, PSi
particles, α-linolenic acid
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Tiivistelmä

Lihavuus on maailmanlaajuinen terveysongelma ja useiden sairauksien, kuten tyypin 2 diabetek-
sen (T2DM), riskitekijä. Glukagoninkaltaista peptidiä (GPL-1) eritetään enteroendokriinisistä L-
soluista distaalisessa ileumissa ja paksusuolessa vasteena syömiselle. GLP-1:llä on tärkeä merki-
tys suoli-aivoakselin välityksellä tapahtuvalle ruokahalun säätelylle, vaikka sen puoliintumisai-
ka on erittäin lyhyt. GLP-1:n analogeja on käytetty lihavuuden ja T2DM:n hoidossa, mutta nii-
den kustannukset ja sivuvaikutukset ovat esteenä laajemmalle käytölle. Ravintoaineet, kuten ras-
vahapot, stimuloivat GLP-1:n eritystä aktivoimalla L-solujen reseptoreita. L-solut sijaitsevat
pääasiassa ruoansulatuskanavan distaalisessa osassa, minkä vuoksi annostellut ravintoaineet
eivät pääse vaikutusalueelleen. Ravintoaineiden kuljetus suoliston distaaliseen osaan uudenlai-
sella kuljetusjärjestelmällä voisi stimuloida pitkäkestoisesti GLP-1:n vapautumista estäen ruo-
anottoa. Tässä tutkimuksessa kantajana käytettiin huokoista pii-partikkelia (PSi) ja esimerkkira-
vintoaineena α-linoleenihappoa (αLA). Väitöskirjassa tutkittiin PSi-partikkeleiden biohajoamista
ja turvallisuutta, karakterisoitiin αLA:lla pakattuja termaalisesti hydrokarbonisoituja PSi (THC-
PSi) -partikkeleita ja tutkittiin niiden vaikutuksia plasman GLP-1 –tasoon ja ruoanottoon hiirillä.

Tutkimuksessa I erilaisen pintarakenteen omaavia PSi-partikkeleita injektoitiin ihonalaisesti
hiiriin ja tutkittiin partikkeleiden biohajoavuutta ja -kompatibiliteettiä. PSi:n pintakemia vaikutti
merkitsevästi biohajoamisen nopeuteen.

Tutkimuksessa II tutkittiin αLA:n vapautumisen kinetiikkaa THCPSi –partikkeleista ja niiden
vaikutuksia GLP-1:n eritykseen enteroendokriinisistä soluista. αLA vapautui partikkeleista dif-
fuusiolla ja αLA:lla pakatut THCPSi:t lisäsivät in vitro annosriippuvaisesti GLP-1:n eritystä.

Tutkimuksessa III tutkittiin oraalisesti annostellun αLA:lla pakatun THCPSi:n vaikutuksia
plasman GLP-1 tasoon ja ruoanottoon hiirillä. αLA:lla pakatut THCPSi-partikkelit nostivat mer-
kitsevästi ja pitkäkestoisesti GLP-1:n tasoja ja pakattujen partikkelien anoreksigeeninen vaikutus
tuli esille viisi tuntia oraalisen annostelun jälkeen.

Väitöskirjatutkimuksen tulokset osoittavat, että THPCSi-partikkelit vähentävät ruokahalua
endogeenisten mahasuolikanavan hormonien stimulaation välittämänä ja edustavat uutta lupaa-
vaa hoitomuotoa lihavuuden hoitoon.

Asiasanat: GLP-1, mahasuolikanavan hormonit, PSi-partikkelit, ruoanotto, ruokahalun
säätely, α-linoleenihappo
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Abbreviations  

ACN acetonitrile 

αLA α-linolenic acid 

α-MSH α-melanocyte stimulating hormone 

ARC arcuate nucleus 

AUC area under the curve 

b.w. body weight 

cAMP cyclic adenosine monophosphate 

CART cocaine and amphetamine-regulated transcript 

CaSR calcium-sensing receptor 

CCK cholecystokinin 

CMC carboxymethylcellulose  

CNS central nervous system 

DAG diacylglycerol 

DHA  docosahexaenoic acid 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO dimethyl sulfoxide 

DPP4 dipeptidyl peptidase-4 

EEC enteroendocrine cell 

ELISA enzyme-linked immunosorbent assay 

EPA  eicosapentaenoic acid 

Epac  exchange proteins activated by cAMP 

EtOH ethanol 

FaSSGF fasted state simulated gastric fluid 

FaSSIF fasted state simulated intestinal fluid 

FBS fatal bovine serum 

FDA   Food and Drug Administration 

FFAR fatty acid receptor  

FTIR Fourier transform infrared spectroscopy 

GI gastrointestinal 

GIP gastric inhibitory polypeptide 

GLP-1 glucagon like peptide-1 

GLP-1R glucagon like peptide-1 receptor 

GLP-2 glucagon like peptide-2 

GLUT glucose transporter 

GPR G protein-coupled receptor  
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GRPP glicentin-related polypeptide 

HF hydrofluoric acid 

HMDS hexamethyldisilazane 

HPLC high-performance liquid chromatography 

i.p. intraperitoneal 

i.v. intravenous 

ICP-OES inductively coupled plasma optical emission spectroscopy 

IP-1 intervening peptide-1 

IP-2 intervening peptide-2 

IP3 inositol 1,4,5-triphosphate 

KREBS Krebs-Ringer bicarbonate  

LCFA    long-chain fatty acid 

LDH lactate dehydrogenase 

MC4R melanocortin 4 receptor 

MCFA     medium-chain fatty acid 

MPGF major proglucagon fragment 

MUFA monounsaturated fatty acid 

NEP neutral endopeptidase 

PBS phosphate buffered saline 

PEPT peptide transporter 

PIP2 phosphatidylinositol 4,5-bisphosphate 

PKA protein kinase A 

PLC phospholipase C 

POMC pro-opiomelanocortin 

PPARα peroxisome proliferator-activated receptor-α 

PSi porous silicon 

PUFA polyunsaturated fatty acid 

PYY peptide YY 

RER respiratory exchange ratio 

RIA radioimmunoassay 

s.c. subcutaneous  

SCFA short-chain fatty acid 

SCoF simulated colonic fluid 

SD standard deviation 

SEM standard error of the mean 

SGLT sodium-coupled glucose transporter 

Si silicon 
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STZ streptozotocin 

T2DM type 2 diabetes mellitus 

TCPSi thermally carbonized porous silicon 

TEM transmission electron microscopy 

TG thermogravimetry 

THCPSi thermally hydrocabonized porous silicon 

TNFα tumor necrosis factor-α 

TOPSi thermally oxidized porous silicon 

UnTHCPSi carboxylated thermally hydrocarbonized porous silicon 

XRD X-ray diffraction 
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1 Introduction  

The number of obese and overweight people, both adults and children, is increasing 

worldwide. According to the World Health Organization, 39% of adults (≥ 18 years 

old) were overweight, and in 2016, as many as 13% of these individuals were obese 

(WHO, 2021). The ultimate cause of obesity and overweight is an energy imbalance 

due to insufficient physical activity and increased energy intake. Obesity is a major 

risk factor for several illnesses, such as cardiovascular diseases, type 2 diabetes 

mellitus (T2DM), and metabolic diseases (Blüher, 2019). Hence, novel treatments 

and prevention approaches for obesity and overweight are urgently needed. 

Glucagon-like peptide 1 (GLP-1) is a gastrointestinal hormone, which is 

secreted from the L-cells in distal ileum and colon in response to the ingestion of 

nutrients (Karhunen et al., 2008). GLP-1 plays an important role in regulating 

appetite and food intake via the brain-gut axis, as well as glucose homeostasis by 

stimulating insulin secretion. In 2010, the United States Food and Drug 

Administration (FDA) approved a GLP-1 analog (liraglutide) for the treatment of 

obesity and T2DM, and lately, semaglutide has been approved in 2018, indicating 

that the GLP-1 pathway is a key player in appetite and weight management (Müller 

et al., 2019). Although GLP-1 is an effective appetite suppressor, it has a very short 

half-life (1–2 min) due to its rapid degradation by dipeptidyl peptidase-4 (DPP4), 

and less than 15% of endogenously secreted GLP-1 reaches the systemic 

circulation (Andersen et al., 2018). Moreover, the L-cells which secrete GLP-1 are 

mainly localized in the distal part of the small intestine and colon in humans, 

whereas the majority of digested food components are absorbed in the proximal 

small intestine (Spreckley & Murphy, 2015). These complications hamper the use 

of nutritional compounds for appetite regulation via stimulating endogenous gut 

hormones release. Thus, a novel system for delivery of nutritional compounds to 

the distal part of the intestine might enhance and prolong GLP-1 secretion, and lead 

to a reduction of food intake. 

α-Linolenic acid (αLA) is an omega-3 long-chain fatty acid (LCFA), highly 

abundant in seed and vegetable oils, such as canola, flaxseed, and soybean oils. 

αLA is an essential fatty acid and a precursor of eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) which have significant roles in brain development, 

inflammatory responses, and cardiovascular functions (Kim et al., 2014). αLA has 

been characterized as a potential native stimulator of GLP-1 via G protein-coupled 

receptor 120 (GPR120), which is also known as fatty acid receptor 4 (FFAR4) 

(Hirasawa et al., 2005). GPR120 is broadly expressed in the gastrointestinal (GI) 
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tract from the ileum to the large intestine, and highly expressed in L-cells 

(Anbazhagan et al., 2016; Offermanns, 2014). GPR120 has been discovered to be 

a receptor for LCFAs and medium-chain fatty acids (MCFAs); αLA posseses a high 

affinity for GPR120.  

Porous silicon (PSi) particles have been used in several biomedical 

applications including drug delivery and controlled delivery systems (Anglin et al., 

2008; McInnes et al., 2012). In humans, PSi particles are degraded into orthosilicic 

acid, which is the natural dietary form of silicon (Anderson et al., 2003). PSi has 

several advantages as a carrier material; gentle and mild loading procedures, a 

capability to deliver a high amount of payloads within a relatively small mass, as 

well as being a material which is biodegradable, non-toxic, and non-immune-

reactive (Kovalainen et al., 2015). These properties offer opportunities for using 

PSi particles in different biomedical applications. The surface of PSi particles needs 

to be chemically modified in order to stabilize the carrier particles. In addition, the 

surface modification of particles affects the interaction with the payload, i.e., 

lipophilic molecules have a higher affinity towards hydrophobic PSi particles 

(Salonen et al., 2005). Clarifying the behavior of the particles in a physiological 

condition is beneficial when choosing the correct carrier material. Therefore, it is 

important to select the optimal type of PSi particles for each payload if one is to 

achieve efficient loading and release at the targeted site.  

The objectives of this thesis were to investigate the biodegradation and 

biosafety of different types of PSi particles and then to study the in vitro and in vivo 

effects of αLA loaded thermally hydrocarbonized PSi (THCPSi) particles on GLP-

1 secretion and food intake of mice. 
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2 Review of the Literature  

2.1 Glucagon-like peptide 1 (GLP-1)   

GLP-1 is a 30-amino acid gastrointestinal hormone, secreted from enteroendocrine 

L-cells in the distal small intestine and colon in response to food ingestion 

(Karhunen et al., 2008). In the L-cells, GLP-1 is cleaved from the proglucagon 

molecule by prohormone convertase 1 as a form of posttranslational processing. 

GLP-1(7-36 amide) and GLP-1(7-37) can be detected as active forms in human plasma. 

The half-lives of both GLP-1 forms are less than 2 min due to inactivation by DPP4 

into GLP-1(9-36 amide) and GLP-1(9-37). Even though GLP-1 is rapidly degraded in the 

circulation, it plays a significant role in the regulation of food intake, appetite, and 

blood glucose via the gut-brain communication and stimulation of insulin secretion 

from pancreatic β-cells (Holst, 2007). Interestingly, GLP-1 long-lasting analogs, 

GLP-1 receptor agonists, and DPP4 inhibitors have been approved and successfully 

used for treating obesity and T2DM (Deacon, 2020; Sharma et al., 2018). In this 

chapter, the metabolic effects of GLP-1 and its important roles in appetite 

regulation and treatment of obesity are discussed. 

2.1.1 Discovery of GLP-1 

In the early 20th century, Bayliss and Starling identified the first gastrointestinal 

hormone, secretin, which is secreted from the duodenum and stimulates the 

secretion of pancreatic juice (Bayliss & Starling, 1902). In 1906, Moore reported 

that oral administration of a pig-derived intestinal mucosal homogenate alleviated 

glucosuria in diabetic subjects (Moore, 1906). He hypothesized that the intestinal 

mucosal membrane secretes a hormonal substance that was able to reduce blood 

glucose by stimulating the pancreas. This hypothesis was verified in 1929 by Zunz 

and La Barre who isolated a fraction from intestinal extracts that decreased blood 

glucose in a dog (Zunz & La Barre, 1929). It was postulated that this gut-extracted 

fraction could stimulate insulin secretion from the pancreas, and the substance was 

named incretin (La Barre, 1932). Identifying this intestinal substance(s) was 

delayed due to difficulties in detecting insulin and glucagon from blood and tissue 

samples until the first glucagon-detecting antibody was generated by Unger in 1959 

(Unger et al., 1959). This finding led to the development of the radioimmunoassay 

(RIA), and the insulinotropic action of extracts from the intestinal mucosa was 
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confirmed by insulin RIA in healthy humans (Dupré & Beck, 1966). Concurrently, 

several investigators demonstrated that the insulin secretion induced by orally 

administered glucose was much larger than by parenterally administered glucose 

stimulation, which is currently well known as the incretin effect (Elrick et al., 1964; 

Mcintyre et al., 1964). In 1965, Samols and colleagues had already hypothesized 

that the incretin effect would be in part mediated by an intestinal glucagon-like 

material (Samols et al., 1965), as they found that a glucagon-like material was 

present in extra-pancreatic tissues, particularly in the intestine (Samols & Marks, 

1967).  

The first incretin hormone, gastric inhibitory polypeptide (GIP), was identified 

in 1971 by peptide purification and protein sequencing methodology (Brown & 

Dryburgh, 1971). After the establishment of recombinant DNA technology in the 

1970s, Lund and colleagues determined the proglucagon amino acid sequences 

from cDNAs and genes isolated from anglerfish (Lund et al., 1981, 1982), and the 

corresponding mammalian and human proglucagon cDNA was identified by Bell 

and others (Bell et al., 1983; Lopez et al., 1983). The glucagon-like peptides which 

were identified from anglerfish and mammalian proglucagon cDNA resembled the 

GIP sequence, implying that these peptides might also possess insulinotropic 

properties (Lund et al., 1983). Mammalian preproglucagon contained glucagon and 

two additional glucagon-related peptides, named glucagon-like peptide-1 (GLP-1) 

and glucagon-like peptide-2 (GLP-2). GLP-1(1-36 amide) and GLP-2 did not induce 

insulin secretion, while a shortened GLP-1(7-36 amide) was found to enhance insulin 

secretion in experimental animals (Holst et al., 1987; Mojsov et al., 1987), and 

eventually in human studies, leading to the classification of GLP-1 as an incretin 

hormone (Creutzfeldt, 1979; Kreymann et al., 1987).  

2.1.2 Proglucagon and GLP-1 

The amino acid sequences of the proglucagon genes and GLP-1 have been highly 

conserved during the evolution of animal species. Seven mammalian species have 

identical amino acid GLP-1 sequences, emphasizing the important physiological 

activities of GLP-1 (Kieffer & Habener, 1999). The preproglucagon gene, that 

codes for proglucagon, is expressed in pancreatic α-cells, in enteroendocrine L-

cells, and in a population of neurons of the brainstem (Drucker & Asa, 1988; 

Mojsov et al., 1986). The proglucagon molecule is tissue-specifically cleaved into 

several fragments by the prohormone convertase enzymes (Drucker et al., 2017). 

In the intestine and brainstem, the following peptides are formed by prohormone 
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convertase 1 from proglucagon; GLP-1, GLP-2, oxyntomodulin, intervening 

peptide-2 (IP-2), and glicentin (oxyntomodulin and glicentin-related polypeptide 

(GRPP)) (Fig. 1). In pancreatic α-cells, glucagon, intervening peptide-1 (IP-1), and 

major proglucagon fragment (MPGF) are processed by prohormone convertase 2 

from proglucagon. Several forms of GLP-1 are produced from proglucagon, such 

as GLP-1(1-37) or GLP-1(1-36 amide), and their truncated forms GLP-1(7-37), or GLP-1(7-

36 amide). In humans, almost all of the circulating forms are the shortened GLP-1 

forms, and approximately 80% of them are GLP-1(7-36 amide) (Orskov et al., 1994). 

Both truncated forms have equivalent insulinotropic effects while GLP-1(1-37) has 

very low efficiency in insulin stimulation, hence GLP-1(7-37) and GLP-1(7-36 amide) are 

generally considered as the active forms of GLP-1 (Müller et al., 2019). In this 

thesis, GLP-1 refers to both GLP-1(7-37) and GLP-1(7-36 amide). 

Fig. 1. Structure and tissue-specific cleavage of proglucagon. 

2.1.3 Metabolic effects of GLP-1  

The metabolic effects of GLP-1 have been demonstrated in numerous tissues (Fig. 

2). Principally, GLP-1 improves glucose homeostasis by stimulating insulin 

secretion and glucose uptake; it also decreases gluconeogenesis, suppresses food 

intake via the gut-brain axis, and delays gastric emptying. The major metabolic 

effects of GLP-1 in these different tissues are discussed below. 
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Fig. 2. The major regulatory effects of GLP-1. The figure was drawn by using pictures 

from Servier Medical Art (smart.servier.com). 

Pancreas 

GLP-1 stimulates insulin secretion from pancreatic β-cells in numerous species 

(Ahrén et al., 1995; Orskov et al., 1988). When GLP-1 binds to the GLP-1 receptors 

(GLP-1R) in β-cells, the intracellular cyclic adenosine monophosphate (cAMP) 

level increases, which activates the protein kinase A (PKA) and Epac (exchange 

proteins activated by cAMP) pathways (Holz, 2004; X. Wang et al., 2001). PKA 

activation leads to depolarization of the cell membrane by closing the KATP 

channels, resulting in Ca2+ influx, while Epac stimulates Ca2+ release from the 

endoplasmic reticulum (Doyle & Egan, 2007). Both pathways elevate the 

intracellular Ca2+ concentration, which promotes the exocytosis of insulin granules 

and insulin secretion. GLP-1 also stimulates insulin synthesis via the PKA pathway. 
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GLP-1 activated PKA increases the expression and translocation of Pdx1 to the 

nucleus, which regulates insulin gene transcription (Wang et al., 1999, 2001). 

GLP-1 controls glycemia by suppressing glucagon secretion from α-cells, 

although the underlying mechanism is complex (Drucker, 2018). It has been shown 

that GLP-1 stimulates somatostatin secretion, which inhibits glucagon secretion via 

a paracrine effect (Gerich et al., 1974). In addition to somatostatin, several other 

substances secreted from β-cells are able to inhibit glucagon secretion, e.g. insulin, 

and amylin, both of which inhibit glucagon secretion (Müller et al., 2017). 

Theoretically, GLP-1 might directly inhibit the secretory ability of α-cells via GLP-

1R, however, expression of GLP-1R is very limited in a small subset (10%) of α-

cells (Segerstolpe et al., 2016; Waser et al., 2015). Therefore, the endocrine 

pathways are most likely the mechanisms involved in the suppression of glucagon 

secretion by GLP-1. 

Intestine 

The anorexigenic effect of GLP-1 on the intestine is mediated via vagal pathways. 

GLP-1 increases satiety by decreasing gastric emptying and by the suppression of 

gastric acid secretion (Verdich et al., 2001). In addition, the delay in gastric 

emptying decreases the need for insulin by reducing the amount of glucose released 

into the circulation (Nauck et al., 1997). This ileal brake helps in the efficient 

digestion of ingested foods and the absorption of released nutrients. The inhibitory 

effect of GLP-1 on gastric acid secretion was abolished in subjects who had a 

truncal vagotomy (Wettergren, Wøjdemann, et al., 1997). In addition, intravenous 

(i.v.) injection of GLP-1 failed to exert its effect on food intake in human subjects 

after truncal vagotomy (Plamboeck et al., 2013). These studies indicate that vagal 

nervus is mediating the actions of GLP-1 on the GI tract. Furthermore, it has been 

demonstrated that another gut hormone, peptide YY (PYY), secreted from L-cells 

in parallel with GLP-1, is also involved in the suppression of gastric acid secretion 

additively with GLP-1 (Wettergren, Maina, et al., 1997). Thus, both GLP-1 and 

PYY are considered to be the mediators of the ileal brake. 

Liver 

It is not completely clear how GLP-1R is expressed in the liver. Some research 

groups have reported that GLP-1R is expressed in hepatocytes (Gupta et al., 2010; 

Svegliati-Baroni et al., 2011), while others reported opposite findings (Bullock et 
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al., 1996; Flock et al., 2007; Panjwani et al., 2013). Even if there is a disagreement 

about GLP-1R expression in hepatocytes, it is evident that GLP-1 exerts beneficial 

effects on the liver both directly and indirectly (Jin & Weng, 2016). Infusions of 

GLP-1 reduced endogenous glucose production in healthy human subjects in a 

pancreatic clamp study, suggesting the possibility that the effect of GLP-1 is 

mediated either on hepatocytes or via a neural pathway (Seghieri et al., 2013). 

Furthermore, active GLP-1(7-36 amide) and its truncated GLP-1(9-36 amide) are further 

degraded by neutral endopeptidase 24.11 (NEP 24.11) into the nonapeptide GLP-

1(28-36 amide) and the pentapeptide GLP-1(32-36 amide), respectively (Sharma et al., 2013; 

Windeløv et al., 2017). Recently, it has been demonstrated that GLP-1(28-36 amide) 

directly suppresses glucose production in mouse primary hepatocytes, and an 

intraperitoneal (i.p.) injection of GLP-1(28-36 amide) reduced body weight gain and the 

expression of the gluconeogenic gene in the liver tissue of mice fed a high-fat diet 

(Ip et al., 2013). Moreover, a GLP-1(32-36 amide) infusion enhanced glucose utilization 

by stimulating whole-body glucose disposal in dogs (Elahi et al., 2014), and GLP-

1(28-36 amide) improved insulin sensitivity and prevented the development of obesity 

and hepatic steatosis in mice fed a high-fat diet (Tomas et al., 2011). These studies 

indicated that GLP-1(28-36 amide) and GLP-1(32-36 amide) could be transported into cells 

by penetrating into the plasma membrane and not via receptors (Jin & Weng, 2016). 

Hence, GLP-1(28-36 amide) and GLP-1(32-36 amide) might be contributing at least 

somewhat to the beneficial metabolic effects of GLP-1. 

Kidney 

The induction of natriuresis and diuresis by GLP-1 has been reported in rodents 

and humans (Gutzwiller et al., 2004; Moreno et al., 2002). These renal effects of 

GLP-1 are associated with decreasing the tubular sodium reabsorption, therefore, 

GLP-1 and GLP-1 based drugs have the potential to exert antihypertensive effects 

(Skov, 2014; B. Wang et al., 2013). In addition, GLP-1 and its metabolites are 

excreted mainly via the kidney by glomerular filtration, hence their clearance is 

delayed in patients with chronic renal insufficiency (Meier et al., 2004).  

Brain 

The anorexigenic effect is one of the metabolic effects of GLP-1, which is 

controlled via gut-brain communications. The secretion of GLP-1 in response to 

food ingestion is biphasic, the early phase occurs within 15 min due to a neural 
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reflex and/or circulating hormones, the second larger peak occurs after direct 

contact of digested nutrients with enteroendocrine L-cells (Prinz & Stengel, 2017). 

Secreted GLP-1 binds to the GLP-1R, which are expressed in several central and 

peripheral tissues such as the brain, pancreas, kidney, heart, and GI tract (Müller et 

al., 2019). The expression of GLP-1R in hypothalamus and brainstem is involved 

in GLP-1-induced appetite regulation (Berthoud, 2011). Especially, the arcuate 

nucleus (ARC) in the hypothalamus is a crucial area in the regulation of appetite 

control, with its two distinct populations of anorexigenic and orexigenic neurons 

(Koliaki et al., 2020). The anorexigenic neurons in ARC express pro-

opiomelanocortin (POMC) and cocaine and amphetamine-regulated transcript 

(CART) (Woods et al., 1998). When α-melanocyte-stimulating hormone (α-MSH) 

is released by POMC-expressing neurons, it activates the melanocortin 4 receptor 

(MC4R), which leads to a reduction of food intake, weight loss, and increasing 

energy expenditure (Rossi et al., 2011; Schwartz et al., 2000).  

Several investigators have demonstrated that GLP-1 reduces food intake and 

increases satiety via central mechanisms (Hansotia et al., 2007; Scrocchi et al., 

1996; Turton et al., 1996). When the GLP-1 analog was administered 

subcutaneously to central nervous system (CNS)-specific GLP-1R deficient mice, 

it did not produce its anorexigenic effect (Sisley et al., 2014). Similar results have 

been observed by others, supporting the hypothesis that the central GLP-1R is 

essential for peripherally administered GLP-1 analogs or GLP-1R agonists to exert 

their anorectic effects in rodents (Kanoski et al., 2011; Secher et al., 2014).  

2.1.4 GLP-1 and treatment of obesity and T2DM 

In 1993, Nauck and colleagues demonstrated the therapeutic effects of GLP-1 in 

human subjects, i.e. intravenously administered GLP-1 normalized fasting glucose 

levels in T2DM patients by stimulating insulin and inhibiting glucagon secretion 

(Nauck et al., 1993). However, subcutaneous (s.c.) injections of GLP-1 were not as 

effective as compared to the i.v. route, due to the rapid inactivation of the peptide 

by DPP4 (Deacon et al., 1995; Ritzel et al., 1995). In 1998, Holst and Deacon 

verified that inhibiting the enzymatic activity of DPP4 was able to prevent GLP-1 

degradation in T2DM subjects (Holst & Deacon, 1998), leading to the development 

of DPP4 inhibitors for clinical use in the treatment of obesity and T2DM. 

Furthermore, GLP-1 analogs and GLP-1R agonists have become available for 

therapeutic usage, after the proof of concept for GLP-1 therapy in T2DM subjects 

was provided (Drucker et al., 2017; Zander et al., 2002). 
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DPP4 inhibitors 

Sitagliptin (Januvia®, 100 mg once daily, peroral administration) is a DPP4 

inhibitor, approved by USFDA in 2006 for the treatment of diabetes. This drug 

shows high selectivity to DPP4 and good tolerability both in healthy and diabetic 

patients (Gallwitz, 2007; Kim et al., 2005). In humans, sitagliptin is not extensively 

metabolized, and it has a half-life of approximately 12.5 h (Deacon, 2011). More 

than 80% of the administered sitagliptin is found in the urine in an unchanged form, 

indicating that the main clearance route is the kidney, and thus it requires dose 

adjustment in individuals with renal impairment (Herman et al., 2005). On a 12-

week study in T2DM patients, monotherapy of sitagliptin significantly reduced 

fasting plasma levels of glucose, HbA1c, and mean daily glucose compared to the 

placebo group without significant adverse effects on the GI tract (Scott et al., 2007).  

Linagliptin (Carmelina®, and Carolina®, 5 mg once daily, oral administration) 

was approved in 2011, and it is now globally available for the treatment of T2DM. 

Its effective half-life is approximately 12 h (Deacon, 2020). It is not metabolized 

to any significant extent in humans, and eliminated mainly as the unchanged drug 

(Deacon, 2011). In contrast to sitagliptin, linagliptin is mainly excreted into the bile 

and eventually in the feces, and less than 6% of the administered drug is cleared 

via the kidney (Graefe-Mody et al., 2012). Due to its unique clearance route, there 

is no need to adjust the dose according to the renal function of subjects. On a 2-

year trial in T2DM patients, linagliptin significantly reduced HbA1c, and compared 

to a sulphonylurea (commonly used to improve glycemic control in T2DM) treated 

group, it evoked significantly fewer cardiovascular events (Gallwitz et al., 2012, 

2015). 

The most widely reported side effects of using DPP4 inhibitors are headache, 

nasopharyngitis, back pain, and allergic reactions which occur in approximately 5% 

of patients who are treated with DPP4 inhibitors (Aletti & Cheng-Lai, 2012; Pathak 

& Bridgeman, 2010). Incidents of hypoglycemia were increased when DPP4 

inhibitors were used in combination with a sulfonylurea, indicating that there is a 

need for caution when administering DPP4 inhibitors with insulin secretagogues in 

order to avoid the risk of hypoglycemia. The estimated annual cost of treatment of 

DPP4 inhibitors is approximately 800 dollars per patient (Canadian Agency for 

Drugs and Technologies in Health [CADTH], 2015).  
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GLP-1 analogs and GLP-1R agonists 

Exenatide (Byetta®, 5 µg, twice daily, s.c. inejction) is a synthetic 39 amino acid 

peptide; it was the first GLP-1R agonist approved by USFDA in 2005 for the 

treatment of T2DM. It has up to 53% sequence homology to mammalian GLP-1 in 

the first 30 amino acid residues with a difference at the second amino acid position 

at the N-terminus and 9 additional amino acids in the C-terminal end, which prevent 

rapid degradation by DPP4 and advanced efficiency at GLP-1R, respectively 

(Neidigh et al., 2001). In healthy subjects and T2DM patients, twice daily 

administered exenatide decreased the fasting and post-prandial blood glucose 

levels and reduced body weight by suppressing food intake (Edwards et al., 2001; 

Poon et al., 2005). The most common adverse effects were mild-to-moderate 

nausea and diarrhea, and there was a 19% dropout in the study with twice-daily 

exenatide for 30 weeks (DeFronzo et al., 2005). 

Liraglutide at doses of 1.2 and 1.8 mg in 2009 (Victoza®, once daily, s.c. 

injection), and a higher dose of 3 mg (Saxenda®, once daily, s.c. injection) in 2014 

were approved by USFDA for the treatment of T2DM. It has 97% homology with 

human GLP-1, but it has a fatty acid (palmitic acid) side chain at a lysine residue 

via a glutamic acid linker (Agersø et al., 2002; Joffe, 2010). This modification 

improves the bioavailability and half-life of liraglutide to ~12 h, which makes it 

possible for once-daily injection in humans. Monotherapy of liraglutide 1.9 mg 

reduced the body weight of T2DM patients by a mean of 2.5 kg for 14 weeks 

(Vilsbøll et al., 2007), and 3.0 mg decreased 5–10% of body weight over a 52-week 

treatment of non-diabetic obese patients (O’Neil et al., 2018). Gastrointestinal 

symptoms and nausea were the most frequently observed adverse effects of 

liraglutide. 

In 2018, semaglutide at doses of 0.5 and 1.0 mg (Ozempic®, once weekly, s.c. 

injection) was approved by USFDA for T2DM treatment. Semaglutide requires 

only once weekly application due to its long half-life of 160 h after s.c. injection in 

humans (Gotfredsen et al., 2014). Semaglutide is an analog of liraglutide, acylated 

with stearic diacid instead of palmitic acid at a lysine residue, which creates a much 

larger synthetic spacer, and a modification at the second amino acid from the N-

terminal end improves the stability against DPP4. Semaglutide dose-dependently 

reduced mean body weight of T2DM subjects (by 4.6 kg with 0.5 mg and 6.5 kg 

with 1.0 mg semaglutide) for 40 weeks of once-weekly injections (Pratley et al., 

2018). Like other GLP-1R agonists, gastrointestinal disorders were the most 
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frequently observed adverse events, and the most common reason for dropout from 

the clinical trials.  

The common adverse effects of GLP-1R agonists are nausea, vomiting, and 

diarrhea. Recently, a systemic study of the adverse effects of GLP-1R agonists 

revealed that GLP-1R agonists-induced adverse effects occur dose-dependently, 

and short-acting agonists such as exenatide were more associated with nausea and 

vomiting, whereas long-lasting GLP-1R agonists like liraglutide were linked more 

with diarrhea (Bettge et al., 2017). The estimated annual cost of GLP-1R agonist 

treatment varies from approximately 1400 to 2400 dollars/patient (CADTH, 2015). 

2.1.5 GLP-1 and enteroendocrine L-cells  

Enteroendocrine cells (EECs) are distributed through the GI tract from the stomach 

to the rectum. The EEC population is less than 1% of the intestinal epithelium, 

however, EECs play important physiological roles in the response to food ingestion 

(Spreckley & Murphy, 2015). At least 15 types of EECs have been identified, which 

were originally classified according to the major hormone that they secrete, such 

as gastrin-secreting G-cells, GLP-1, PYY-secreting L-cells, and cholecystokinin 

(CCK)-secreting I-cells (Gribble & Reimann, 2016). Recent studies have 

demonstrated co-expression of hormones within individual cells, and currently, it 

has become common knowledge that EECs secrete several combinations of 

different peptide hormones (Habib et al., 2012).  

Generally, L-cells are defined as EECs that express the preproglucagon gene. 

As summarized in Fig. 1, products obtained from proglucagon in the intestine are 

GLP-1, GLP-2, oxyntomodulin, IP-2, and glicentin (Dhanvantari et al., 1996; 

Tucker et al., 1996). L-cells are found from the duodenum down to the rectum with 

an increasing density towards the rectum (Gunawardene et al., 2011). The L-cells 

localized in the upper small intestine co-secrete GLP-1 and GIP, while the L-cells 

in the distal small intestine are thought to release GLP-1, PYY, and CCK (Spreckley 

& Murphy, 2015). Several transporters and receptors that mediate nutrient induced-

hormone secretion are expressed on the apical surface of L-cells e.g. sodium-

coupled glucose transporter 1 (SGLT1) and glucose transporter 2 (GLUT2) transfer 

glucose, peptide transporter 1 (PEPT1) which binds to amino acids, GPR40 

(FFAR1) and GPR120 (FFAR4) which mediate LCFA-induced signaling, and 

GPR43 (FFAR2) and GPR41 (FFAR3) that are involved in binding to short-chain 

fatty acids (SCFA) (Gribble & Reimann, 2016). When digested, nutritional 

compounds come into contact with L-cells via transporters/receptors in the 
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intestinal lumen, and this is the stimulus to elevate the intracellular Ca2+ and cAMP 

levels which subsequently induces the exocytosis of hormone-containing vesicles 

resulting in peptide secretion into the circulation from the basolateral side of L-

cells (Gribble & Reimann, 2017).  

There are three well-established enteroendocrine cell lines used in research: 

STC-1, GLUTag, and NCI-H716. All of these cell lines are capable of secreting 

several gut peptides, and hence they are widely used to study the mechanisms 

regulating gut hormones secretion. There are some differences between the cell 

lines such as origin, secreting hormones, and receptor expression (Kuhre et al., 

2016).  

STC-1 cells 

STC-1 cells are derived from murine enteroendocrine tumors, and originally the 

cell line was used as CCK-secreting I-cells due to their high immunoreactivity for 

CCK (Rindi et al., 1990). In addition to CCK, STC-1 cells have been confirmed to 

secrete other gut hormones, such as PYY, GLP-1, GLP-2, and GIP (Glassmeier et 

al., 1998; Hand et al., 2013; Larsson et al., 2003). Similar to native L-cells, STC-1 

cells secrete peptide hormones when cytoplasmic levels of cAMP and Ca2+ are 

increased. STC-1 cells express some GPRs, such as GPR40 and GPR120, which 

also evoke an elevation of intracellular Ca2+ levels (Tanaka, Katsuma, et al., 2008). 

In native murine I-cells, peptide secretion relies on GPR40, however, in STC-1 

cells, it seems to be dependent on GPR120 rather than GPR40 (Liou, Lu, et al., 

2011). It has been shown that ATP-sensitive K+ channels and transporters such as 

SGLTs and PEPTs, are involved in hormone secretion in EECs (Tolhurst et al., 

2009), however, STC-1 cells poorly express KATP channel subunits and PEPTs 

(Liou, Chavez, et al., 2011). While STC-1 cells secrete peptide hormones in 

response to physiological stimuli that evoke hormone secretion in vivo, this cell 

line displays some discrepancies. The consumption of whey has been reported to 

increase the plasma levels of CCK in human subjects, while whey protein 

hydrolysate did not induce CCK release from STC-1 cells (Foltz et al., 2008; Hall 

et al., 2003). The secretion of gut hormones from EECs occurs either in cells in 

direct contact with nutrients and through indirect mechanisms via vagal and 

humoral stimulation (Gribble, 2012). Thus, it is hard to observe peptide secretion 

in an in vitro model if it is mainly mediated by indirect mechanisms.  
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GLUTag cells 

GLUTag cells were derived from a colonic tumor in proglucagon-SV40 large T 

antigen transgenic mice, and the tumor cells were passaged in nude mice to 

establish a stable phenotype for glucagon gene expression (Drucker et al., 1994). 

The GLUTag cell line has become a widely used model of enteroendocrine cells 

when studying GLP-1 secretion due to their well-differentiated profile. Similarly, 

to the native intestinal L-cells, GLP-1(7-36 amide) is the predominant form of GLP-1 

that GLUTag cells secrete (Drucker et al., 1994). In addition to GLP-1, GLUTag 

cells have been confirmed to secrete GLP-2, oxyntomodulin, and CCK (Kuhre et 

al., 2016). Like native L-cells, GLUTag cells express transporters/receptors 

mediating nutrient-induced GLP-1 secretion, such as SGLT1, SGLT3a, GPR119, 

GPR40, GPR120, and GPR131 (TGR5) (Reimann et al., 2008; Tolhurst et al., 

2012). Both SGLT1 and SGLT3a are sodium-glucose co-transporters, while SGLT1 

plays an essential role in glucose-induced peptide secretion from GLUTag cells 

(Parker et al., 2012). Polyunsaturated fatty acids (PUFAs) and monounsaturated 

fatty acids (MUFAs) are potent stimulators of gut peptides from GLUTag cells via 

several GPRs (Iakoubov et al., 2007). However, SCFAs are not promising nutrients 

for studying in GLUTag cells due to their very low expression level of GPR43 

which mediates SCFAs signaling (Tolhurst et al., 2012). 

NCI-H716 cells 

The NCI-H716 cell line is the only available human-derived enteroendocrine cell 

model. NCI-H716 cells were originally collected from the ascites fluid of a 33-

year-old Caucasian male with colorectal carcinoma (Park et al., 1987). It was 

unclear what kind of hormones are produced from NCI-H716 cells when this cell 

line was discovered, but later Reimer and colleagues identified that it expresses and 

secretes GLP-1 (Reimer et al., 2001). It has been shown that NCI-H716 cells 

secrete GLP-1 in response to nutritional compounds, such as protein hydrolysate 

(Reimer et al., 2001), glucose (Jang et al., 2007), and fatty acids (Lauffer et al., 

2009). Interestingly, unlike the other two cell lines, NCI-H716 has only a minimal 

expression of GPR40 and GPR120 mRNA (Hirasawa et al., 2005). Hence, although 

the NCI-H716 cell line is established from a human sample and secretes GLP-1 in 

response to nutritional stimuli, it is derived from tumor cells and thus it has a 

relatively undifferentiated profile.  
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2.1.6 GLP-1 and DPP4 

DPP4 is a peptidase that cleaves at the position 2 alanine or proline from the N-

terminus of oligo- and poly-peptides with a typical length of less than 80 amino 

acids. It can also cleave other amino acid residues in this position, such as glycine, 

serine, and valine, although in these cases the catalytic speed is slower compared 

to that of alanine and proline (Deacon, 2019). DPP4 exists as a membrane-bound 

form in various tissues such as kidney, intestine, adipose tissue, vascular 

endothelium, and liver, and as a soluble form in the circulation (Mulvihill & 

Drucker, 2014); both forms are enzymatically active. The C-terminal loop of DPP4 

is fundamental for catalysis and for dimer formation, which is the predominant 

form of DPP4 (Chien et al., 2004). Tetramerization of DPP4 has also been observed 

between two soluble forms or two membrane-bound forms, which may 

functionalize DPP4 into a cell-cell communication molecule (Engel et al., 2003). 

In addition to acting as a peptidase, DPP4 is recognized as a multi-functional 

protein with various non-enzymatic properties, such as interacting with other 

proteins and extracellular matrix, working as a co-stimulatory molecule within the 

immune system, and regulating intracellular signal transduction (Mulvihill & 

Drucker, 2014). The cysteine-rich region and the glycosylation region in the 

extracellular domain of DPP4 are involved in these non-enzymatic DPP4 functions 

(Deacon, 2019). 

DPP4 has a broad variety of substrates; chemokines, neuropeptides, regulatory 

peptides, and gut peptides including GLP-1 (Table 1) (Mulvihill & Drucker, 2014). 

The two amino acids, His-Ala in the N-terminus of GLP-1(7-36 amide) and GLP-1(7-37) 

are cleaved by DPP4, and this turns the peptide into inactive GLP-1(9-36 amide) and 

GLP-1(9-37), respectively (Hansen et al., 1999). Inactive GLP-1 does not exert any 

insulinotropic effects, hence developing DPP4 inhibitors are highly targeted for the 

treatment of obesity and T2DM (Deacon, 2019). Due to its rapid degradation by 

DPP4, GLP-1 has a very short half-life (< 2 min), and only 10-15% of secreted 

GLP-1 reaches the systemic circulation (Andersen et al., 2018). Therefore, 

measuring active GLP-1 levels from in vivo samples has been challenging 

(Windeløv et al., 2017). Moreover, the plasma concentration of GLP-1 is relatively 

low, in the fasted human the plasma concentration of total GLP-1 is usually under 

20 pM, while the active GLP-1 concentration is less than 2 pM (Kuhre et al., 2015). 

The total GLP-1 levels in plasma increase up to 40 pM and active GLP-1 levels can 

reach to values as high as 5-10 pM in response to ingestion of a meal, nonetheless, 
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its concentration remains in the picomolar range which makes it difficult to 

measure the GLP-1 level in the circulation (Müller et al., 2019). 

Table 1. Gut peptides of DPP4 substrate. 

Gut peptides N-terminal amino acid sequence Physiological function of DPP4 cleavage gut 

peptides 

GLP-1 His-Ala-Glu- Inactive as an incretin hormone 

PYY Tyr-Pro-Ile- Altering the receptor selectivity 

GIP Tyr-Ala-Glu- Inactive as an incretin hormone 

Oxyntomodulin His-Ala-Gln- Unknown 

2.2 Nutrients and GLP-1 secretion 

2.2.1 Nutrient induced-GLP-1 secretion 

Saccharides 

As GLP-1 is secreted from L-cells in response to food ingestion, a variety of 

nutritional compounds have been identified as GLP-1 stimuli. Saccharides are one 

of the most potent nutrients stimulating GLP-1 release (Brubaker, 2006). Glucose 

is considered as a strong stimulator of GLP-1 release compared to other 

monosaccharides, such as fructose (Karhunen et al., 2008; Kong et al., 1999). 

Recent studies revealed that SGLT1 and GLUT2 can contribute to glucose-induced 

GLP-1 secretion, while the fructose transporter GLUT5 is involved in fructose-

induced GLP-1 release (Kuhre et al., 2014; Seino et al., 2016). It has been observed 

that GLP-1 secretion was increased by glucose in wild-type mice but not in the 

SGLT1 or GLUT2 knockout mice (Cani, Holst, et al., 2007; Gorboulev et al., 2012). 

Disaccharides, such as sucrose and isomaltulose, have been reported to stimulate 

GLP-1 secretion in healthy human subjects and rodents, respectively (Hira et al., 

2011; Sakurai et al., 2012). Chitosan is a polysaccharide that is widely used as a 

dietary supplement. Low molecular weight chitosan has been demonstrated to 

stimulate GLP-1 secretion in a dose-dependent manner in NCI-H716 cells (Liu et 

al., 2013), and streptozotocin (STZ) injected diabetic rats fed with a 7% chitosan 

diet for 10 weeks showed a higher plasma GLP-1 level than control diabetic rats 

(Hsieh et al., 2012). Several saccharides, especially glucose, have been 

demonstrated to increase GLP-1 secretion both in vitro and in vivo, however, 

glucose-induced GLP-1 release is considered most likely to occur due to the 
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indirect stimulation via the vagus nerve than through a direct action with L-cells 

because of their rapid absorption in the proximal small intestine (Lim & Brubaker, 

2006). 

Dietary fibers 

Dietary fibers are non-digestible carbohydrates that are classified into two main 

subtypes: soluble and non-soluble fibers. The soluble fibers are fermented into 

several SCFAs by the gut microbiota of the large intestine, while insoluble fibers 

are metabolically inert and non-fermented (Mortensen et al., 1988; Titgemeyer et 

al., 1991). In the human colon, the main components of SCFAs produced from 

dietary fibers are acetate, propionate, and butyrate with a ratio of approximately 

3:1:1 (Høverstad et al., 1984). These three main products from soluble fibers 

stimulate GLP-1 secretion via GPR43 and GPR41 in physiological concentrations 

of SCFAs (Brown et al., 2003; Nøhr et al., 2013; Tolhurst et al., 2012). It has been 

demonstrated that the SCFA-induced GLP-1 secretion was abolished in primary 

colonic cultures from GPR43 and GPR41 knockout mice (Tolhurst et al., 2012). Of 

three SCFAs, propionate is the most potent ligand for both receptors, while acetate 

has a higher affinity for GPR43 than GPR41, and butyrate is more active on GPR41 

than GPR43 (Bodnaruc et al., 2016; Le Poul et al., 2003). In STZ-treated rats, 6 

weeks treatment with soluble fibers enhanced GLP-1 synthesis by upregulating the 

mRNA expression of proglucagon and prohormone convertase 1 (Cani et al., 2005). 

In addition, the number of L-cells in the proximal colon and the expression of 

transcription factors that are involved in the differentiation of intestinal stem cells 

into EEC cells was increased in dietary fibers enriched food-fed rats (Cani, Hoste, 

et al., 2007). Recently, it has been reported that acute targeted delivery of 

propionate in the colon increased plasma GLP-1 and PYY concentrations and 

decreased food intake in overweight and obese subjects (Chambers et al., 2015). 

Chambers and colleagues used inulin-propionate ester for colon-targeted delivery, 

in which propionate is released when inulin polymer becomes fermented by 

microbiota at the colon. Moreover, supplementation with dietary fiber for 2 weeks 

in healthy humans reduced hunger and prospective food consumption and increased 

postprandial satiety (Cani et al., 2006). Hence, dietary fibers and SCFAs can be 

thought of as stimulators of GLP-1 secretion via GPR43 and GPR41 in the large 

intestine. 
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Proteins and amino acids 

Dietary proteins are digested into peptones, peptides, and single amino acids by 

protease and acid hydrolysis in the GI tract. Similar to the carbohydrates, dietary 

proteins stimulate GLP-1 secretion, however, their specific mechanism is not fully 

understood (Lejeune et al., 2006). The calcium-sensing receptors (CaSR) and GPR-

C6A are considered as possible pathways for the GLP-1 secretion induced by 

proteins and their digestion products (Diakogiannaki et al., 2013; Oya et al., 2013). 

Various amino acids, such as tryptophan, phenylalanine, arginine, asparagine, and 

glutamine, have been shown to stimulate GLP-1 secretion from isolated rat small 

intestine via CaSR, and their effect was eliminated by treatment with a CaSR 

inhibitor (Mace et al., 2012). It has been demonstrated that peptone, which is 

protein hydrolysate, stimulated GLP-1 secretion from L-cells of mouse primary 

small intestine, while CaSR inhibition abolished peptone-induced GLP-1 release 

(Pais et al., 2016). Arginine, ornithine, and lysine bind to GPR-C6A and increased 

GLP-1 secretion from GLUTag cells. This phenomenon was not observed in 

GLUTag cells after depletion of GPR-C6A by siRNA (Oya et al., 2013). In addition, 

skimmed milk and casein increased GLP-1 release from NCI-H716 cells whereas 

whey protein did not have any effect (Chen & Reimer, 2009). A high-protein diet 

(30%, 40%, and 30% of energy from protein, carbohydrate, and fat, respectively) 

increased the postprandial GLP-1 concentration in healthy women subjects more 

than an adequate-protein diet (10%, 60%, and 30% of energy from protein, 

carbohydrate, and fat, respectively) (Lejeune et al., 2006). Taken together, these 

data indicate that each protein, peptide, and amino acid has their own distinctive 

efficacy and mechanism affecting GLP-1 secretion. 

Free fatty acids 

Triglycerides are the main dietary lipids, which are emulsified by bile salts and 

hydrolyzed by lipases in the GI tract and absorbed in the form of glycerol and free 

fatty acids to enterocytes (Bodnaruc et al., 2016). Free fatty acids, especially 

unsaturated LCFAs, have been demonstrated to be potent stimulators of GLP-1 

secretion via GPR40 and GPR120 (Hauge et al., 2014; Hirasawa et al., 2005). αLA, 

the natural ligand of GPR120, has been one of the most widely studied unsaturated 

LCFAs due to its beneficial effects on GLP-1 secretion and β-cells.  

The LCFA derivative, oleoylethanolamide, was reported to increase GLP-1 

secretion from GLUTag cells via GPR119 (Lauffer et al., 2009). 5-Hydroxy-
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eicosapentaenoic acid, one of the metabolites of omega-3 unsaturated FAs, is also 

a GPR119 ligand and it increased GLP-1 secretion in vitro, an effect that was 

blunted by GPR119-specific siRNA (Kogure et al., 2011). In addition, 2-oleoyl 

glycerol activated GPR119, and a jejunal bolus of 2-oleoyl glycerol increased the 

plasma GLP-1 concentration in healthy human subjects (Hansen et al., 2011).  

Several studies have demonstrated that MUFAs and PUFAs are able to 

stimulate GLP-1 release (Bodnaruc et al., 2016; Mansour et al., 2013). The 

postprandial blood GLP-1 level was higher after a meal containing olive oil, 

consisting of high amounts of unsaturated FAs, compared to a meal with butter rich 

in saturated FAs in healthy and T2DM subjects (Thomsen et al., 1999, 2003). 

Subsequently, the long-term effects of olive oil and MUFAs have been studied in 

rodents. Rats fed with an olive oil-enriched diet for 5 weeks showed higher plasma 

GLP-1 levels and improved glucose tolerance (Prieto et al., 2005). Furthermore, 50 

days of treatment with a MUFA-rich olive oil diet improved insulin sensitivity, 

increased the GLP-1 level, and decreased weight gain in STZ-induced diabetic rats 

(Cancelas et al., 2006). These studies imply that MUFAs or PUFAs rich diets are 

more effective on GLP-1 secretion and improve insulin sensitivity and glucose 

tolerance as compared to saturated FAs rich diets in similar energy contents. 

2.2.2 αLA and GLP-1 secretion 

αLA is an omega-3 fatty acid, classified as LCFA with 18 carbons and 3 double 

bonds.  Humans cannot synthesize αLA, and therefore, αLA is an essential fatty 

acid (Burdge, 2006). The most common dietary source of αLA is vegetable and 

seed oils, especially, flaxseed oil, which contains more than 50% of αLA in its oil 

(Kim et al., 2014). αLA is the precursor of EPA and DHA, which are known to exert 

a variety of beneficial effects on cardiovascular disease and brain development; 

they have been claimed also to prevent the development of Alzheimer’s disease, 

and diabetes (Shahidi & Ambigaipalan, 2018). GPR40 and GPR120 are LCFA 

receptors with different affinities for each of the FAs: αLA has a higher affinity for 

GPR120 than GPR40 and oleic acid has a lower EC50 value to GPR40 than GPR120 

(Offermanns, 2014). 

In 2005, Hirasawa and colleagues demonstrated that αLA stimulated GLP-1 

secretion in vitro and in vivo via the GPR120 receptor and increased the plasma 

insulin level in mice (Hirasawa et al., 2005). One year later, the same group 

reported that colonic administration of αLA elevated plasma GLP-1 and insulin 

concentrations, and reduced blood glucose in both healthy and diabetic rats (Adachi 



40 

et al., 2006). Long-term (4 weeks) administration of αLA in high-fat diet-fed rats 

increased β-cell proliferation as well as plasma GLP-1 and insulin levels (Tanaka, 

Yano, et al., 2008). Moreover, αLA-rich fish and flaxseed oils upregulated GPR120 

expression in the rat colon and decreased the expression of the inflammatory 

marker, tumor necrosis factor-α (TNFα) (Cheshmehkani et al., 2015). A recent 

study revealed that short-term food intake could be reduced in rats by i.p. 

administered α-linolenoylethanolamide, which is enzymatically synthesized from 

dietary αLA in the small intestine in mammals (Ho et al., 2020). The detailed 

molecular mechanism underpinning the αLA-induced GLP-1 secretion is not yet 

fully understood. However, it has been shown that αLA can stimulate GLP-1 

release via GPR120 in the apical side of L-cells (Hirasawa et al., 2005). When αLA 

binds to GPR120, Gq-type α subunits of G proteins dissociate from the βγ subunits, 

which then activate phospholipase C (PLC) (Kimura et al., 2020). Activated PLC 

hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) 

and inositol 1,4,5-triphosphate (IP3) and subsequently, the activation of the IP3 

receptor leads to Ca2+ release from the endoplasmic reticulum. Increasing the 

intracellular Ca2+ concentration promoted exocytosis of GLP-1-containing vesicles 

(Fig. 3) (Gribble & Reimann, 2017). In STC-1 cells, activation of GPR120 boosted 

the stimulation of ERK1/2 and phosphoinositide 3-kinase pathways, however, the 

precise mechanism of the downstream signaling is still unclear (Katsuma et al., 

2005; Kimura et al., 2020). 
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Fig. 3.  Glucose and αLA-induced GLP-1 secretion from intestinal L-cells. The figure 

was drawn by using pictures from Servier Medical Art (smart.servier.com). 

2.3 PSi particles and nutrients delivery 

2.3.1 Materials for oral delivery  

When free drugs/molecules are administered into the blood circulation, they 

undergo metabolism, distributing in targeted and/or non-targeted tissues, and 

excretion mainly via the kidney (Mitragotri & Lahann, 2012). These processes 

could decrease the concentration of circulating drugs/molecules and be responsible 

for unwanted side effects. Thus, in attempts to deliver drugs/molecules to the 

desired site and enhance their therapeutic effects, carrier materials have been 

developed. In general, oral administration is the most preferred mode of drug 

administration by patients due to its non-invasiveness and ease of self-

administration. Moreover, the oral route is the most common way for drug 

administration to the GI tract (Homayun et al., 2019). Within the GI tract, the 

carriers encounter a wide variety of physiological conditions, i.e., pH, water 

contents, enzymes, and microbiomes. Hence, good oral delivery systems are 

required to protect the loaded compounds from the external environment and 

release their payloads at their targeted site of action (Hua, 2020). Oral delivery 

systems are designed to improve the solubility and permeability of a drug, to 
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increase its absorption from the enterocyte in the small intestine, and to increase 

the drug concentration in the circulations (Alqahtani et al., 2021; Bhutani et al., 

2021; Salah et al., 2020). However, these systems are not suitable for the purpose 

of delivering nutrients to the enteroendocrine L-cells in the distal GI tract. 

Therefore, it is essential to select the optimal delivery materials depending on the 

purposes of the delivery and loading molecules. 

Several delivery systems have been developed for oral drug delivery such as 

tablets, intestinal patches, lipid-based formulations, and mesoporous particles 

(Kaur et al., 2019). Some of the drug delivery technologies are already 

commercially available, although there are also challenges depending on their 

delivery purposes and the different types of loaded molecules (Vargason et al., 

2021). It is evident that the tablet is most common and convenient pharmaceutical 

form. Conventional tablets are made by compressing a powder which becomes 

dissolved after ingestion. Multilayered tablets have been developed as a way of 

controlling drug release; these are coated by polymer layers, controlling payload 

release in the GI tract (Choonara et al., 2014). The latest form of tablets is polymer-

based 3D printed tablets (Khaled et al., 2018; Kyobula et al., 2017). These tablets 

have a high loading capacity and fast release of loaded molecules. Some of the 

latest forms of tablets are undergoing clinical trials, however, there are still 

problems to resolve such as improving the mucoadhesive properties to achieve 

sustained release of drugs (Kaur et al., 2019). 

Intestinal patches are millimeter-sized devices that attach to the inner walls of 

the GI tract and provide site-targeted drug delivery (Homayun et al., 2019). These 

patches have been developed to protect loaded molecules from the gut’s harsh 

environments and thus avoid rapid degradation in the GI tract, leading to enhanced 

bioavailability (Banerjee & Mitragotri, 2017; Tao & Desai, 2005). These types of 

drug administration can also help to avoid painful injection of drugs like insulin in 

diabetes and anticancer drugs in cancer chemotherapy, respectively (Wong, 2010). 

Although intestinal patches have been studied with mucoadhesive polymers to 

prolong their resident time in the GI tract, several difficulties have been 

encountered (Banerjee et al., 2016). Digested food can cause detachment of patches 

from the intestinal wall. In addition, the turnover cycle of mucus (24–48 h) hinders 

the use of these devices for sustained delivery (Homayun et al., 2019).  

The most widely studied oral delivery carriers have been spherical carriers, 

such as micelles, liposomes, microparticles including mesoporous silicon particles. 

Micelles (10–100 nm) are composed of amphiphilic molecules which are usually 

applied to improve the solubility of hydrophobic compounds (Dabholkar et al., 
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2006). The small size of micelles (< 50 nm) allows them to permeate through the 

interstitium of tissues and contributes to their retention time and permeation 

efficiency (Cabral et al., 2011; Yu et al., 2015). In contrast to micelles, liposomes 

can encapsulate both hydrophilic and hydrophobic compounds (Homayun et al., 

2019). The lipid-based oral drug delivery systems including liposomes have been 

evaluated for lipophilic drugs (Porter et al., 2007). These delivery systems are 

designed to improve the solubility and bioavailability of their payloads by 

improving the absorption in the upper GI tract. However, these liposomes and 

micelles are often eliminated from the circulation and become accumulated in the 

liver, resulting in a short life cycle (He et al., 2019; Torchilin, 2005). Mesoporous 

silicon is one of the commonly studied materials for oral delivery, having several 

advantages as a carrier system. 

2.3.2 PSi particles as a carrier system 

Silicon (Si) is a macronutrient, the human daily intake is about 20–50 mg mainly 

from beverages and plant-derived foods, nevertheless, its physiological role is not 

completely clear (Jugdaohsingh, 2007). In humans, orthosilicic acid (Si(OH)4) is 

the only biologically available dietary form, and on average 40% of the ingested Si 

is excreted into urine (Popplewell et al., 1998; Sripanyakorn et al., 2005). In the 

1990s, Canham reported on the photoluminescence and bioactive characteristics of 

PSi particles, which sparked an interest in using PSi particles in biomedical 

applications (Canham, 1990, 1995). Subsequently, the potential of PSi micro and 

nanoparticles has been widely studied for different biomedical applications, such 

as cancer therapy, tissue engineering, and drug delivery (Coffer et al., 2005; 

Hernandez et al., 2012; Tabasi et al., 2012). 

PSi particles have several advantages as a carrier material. Their pore size and 

surface chemistry can be modified and optimized towards the properties of payload 

molecules (Li et al., 2018). High porosity and the large pore volume of the particles 

make it possible to achieve higher loading degrees. Furthermore, PSi particles can 

be loaded with sensitive molecules such as peptides due to the simple and gentle 

loading procedure. Indeed, PSi microparticles have been used for delivering 

peptides in rodents, and in these tests, prolonged effects of the peptide were 

observed when compared to a simple peptide solution (Kilpeläinen et al., 2009). 

Importantly, PSi particles are generally considered to be a safe material 

(Kovalainen et al., 2015). Ingested PSi particles are degraded into nontoxic 

orthosilicic acid, which is the natural form of Si in the human body (Anderson et 
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al., 2003). Moreover, the non-cytotoxicity of PSi particles and orthosilicic acid has 

been demonstrated in both in vitro and in vivo studies (Bowditch et al., 1999; 

Rosengren et al., 2000). These features have led to the exploitation of PSi particles 

in many biomedical applications, especially drug delivery and controlled delivery 

systems (Anglin et al., 2008; Kovalainen et al., 2012).  

2.3.3 PSi particles and oral delivery 

Although PSi has been investigated via several delivery routes, such as i.v., i.p., 

s.c., oral administration has proved to be the common method to administer PSi 

particles. Generally, PSi particles show more stability in acidic than alkali 

conditions, therefore, they are resistant to the gastric acids in the stomach (Kumeria 

et al., 2017). In rats, orally introduced particles passed through the GI tract without 

degradation, and most of the administered particles reached the distal colon in 6 h 

and finally were excreted in feces (Bimbo et al., 2010), indicating that orally 

administered THCPSi particles would be able to transport loaded compounds intact 

to the distal part of the GI tract.  

The release profile of payloads from PSi particles can be modified with 

polymer coating (Santos et al., 2011). When the particles are covered with 

specifically designed polymers such as pH-responsive forms or time-dependent 

polymers, and thus site-specific delivery can be achieved (Hua, 2020). An enteric 

polymer-coated PSi nanoparticle retaining their payload in simulated gastric fluid 

and released in simulated intestinal fluid and phosphate buffer, unlike uncoated 

particles in a capsule (Kumeria et al., 2020). Moreover, the surface chemistry of 

PSi particles can be optimized according to the loaded molecules, which makes it 

possible to achieve controlled release of payloads from PSi particles (Kovalainen 

et al., 2012; Li et al., 2018).   

2.3.4 Surface type of PSi particles 

PSi particles are commonly fabricated from silicon wafers by electrochemical 

etching. Freshly etched PSi particles are highly reactive due to their hydride 

terminated (Six-Si-Hy, 𝑥 𝑦 4 ) surface (Shabir et al., 2018). The unstable 

surface can cause unwanted reactions with payloads (Haidary et al., 2012). Hence, 

chemical modification of the PSi surface is needed to stabilize and optimize the 

particles, especially for biomedical applications.  
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Oxidation is one of the most widely used methods for surface modification of 

PSi particles. There are several oxidation approaches such as thermal, aqueous, and 

chemical oxidation, but thermal oxidation has been the most commonly used 

method (Riikonen et al., 2012). At low temperatures (250–400 °C), thermal 

oxidation generates a back-bond oxidized surface (Ox-Si-H), and the oxidation 

degree increases along with an elevation of temperature. At temperatures above 

600 °C, this causes complete oxidation (Si-O2) on the surface of PSi particles (Li 

et al., 2018). Thermally oxidized PSi (TOPSi) particles have a hydrophilic surface 

which improves the solubility of particles in aqueous solutions, whereas oxidation 

reduces pore volume and surface area (Jarvis et al., 2008).   

Thermal carbonization is another common method to stabilize the surface of 

PSi particles. This stabilization is performed via thermal decomposition of 

acetylene at 400–900 °C. When this modification is completed at lower 

temperatures (400–600 °C), the particles have a hydrocarbon-terminated surface, 

the yield particles are called thermally hydrocarbonized PSi (THCPSi), while 

higher temperatures (> 600 °C) produce a carbon terminated surface, and the 

particles produced are named as thermally carbonized PSi (TCPSi) (Fig. 4) (Li et 

al., 2018; Limnell et al., 2007). Carbonized PSi particles showed more stable 

characteristics as compared to TOPSi, and no reduction of surface area has been 

reported (Björkqvist et al., 2004; Makara et al., 2003). 

Hydrosilylation is conducted with unsaturated carbon-containing reagents by 

using different types of reaction energies e.g. thermal, light, catalyst, or microwave 

(Lee et al., 2018). The main advantage of this modification is that it enables the 

fabrication of PSi particles with various functional terminal substitutions including 

alkenes, amine groups, and carboxylic groups (Petit et al., 2008; Rytkönen et al., 

2012). Thus, this modification method can provide numerous options for surface 

chemistry which significantly expand the range of applications. In addition, some 

of these methods can be performed under mild reaction conditions (Small et al., 

2016). Similar to carbonization, hydrosilylation retains its porous structure and 

enhances the stability of the freshly prepared PSi particles (Lee et al., 2018). 
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Fig. 4. Common surface modifications of PSi. Parts of the figure were drawn by using 

pictures from Servier Medical Art (smart.servier.com). 
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3 Aims of the study 

The aim of this study was to deliver nutritional compounds to the distal ileum and 

colon by utilizing PSi particles and thus to increase endogenous GLP-1 secretion. 

The specific goals of this study were i) to evaluate in vitro and in vivo 

biodegradation properties of PSi, ii) to determine the ability of αLA loaded THCPSi 

to stimulate GLP-1 secretion in vitro, and iii) to investigate the applicability of αLA 

loaded THCPSi particles in an in vivo model. PSi has been studied in several 

biomedical applications, however, the information of its biodegradation after s.c. 

injection was missing. Since the surface modification of PSi affects its 

biodegradation, it was important to study the biocompatibility and biodegradation 

of different PSi particles and to select the PSi most suitable for loading αLA. 

Specific aims of this study were: 

1. To investigate the in vitro dissolution, and in vivo biodegradation, and 

biocompatibility of different surface types of PSi particles. 

2. To study the release kinetic of αLA loaded THCPSi particles and to determine 

their effect on the in vitro GLP-1 secretion from enteroendocrine cell lines. 

3. To examine the effects of αLA loaded THCPSi particles on the plasma GLP-1 

concentration and food intake of mice. 
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4 Materials and methods 

4.1 Materials (I-III) 

Silicon wafers (p+ type, 0.01–0.02 Ω cm) were donated by Okmetic Ltd. (Vantaa, 

Finland) in study I and II, and purchased from Siegert Wafer GmbH (Aachen, 

Germany) in study III. Ethanol (EtOH) was bought from Altia Oyj (Rajamäki, 

Finland). Hydrofluoric acid (HF), αLA, hexamethyldisilazane (HMDS), neutral 

buffered 10% formalin solution, DPP4 inhibitor, phosphate-buffered saline (PBS), 

Dulbecco’s Modified Eagle medium (DMEM), pancreatin, pepsin, lecithin, sodium 

taurocholate hydrate, dimethyl sulfoxide (DMSO), carboxymethylcellulose (CMC), 

Titrisol®, sitagliptin phosphate monohydrate, and GLP-1 (active) enzyme-linked 

immunosorbent assay (ELISA) kit for in vitro analysis were purchased from Merck 

(Darmstadt, Germany). Acetylene (99.6%) and nitrogen (99.999%) were bought 

from AGA (Espoo, Finland). Sodium chloride solution was acquired from B. Braun 

Melsungen AG (Melsunge, Germany), and acrylic glue was obtained from Henkel 

Nordern Ab (Bromma, Sweden). Methanol, fetal bovine serum (FBS), penicillin-

streptomycin, glutamine, horse serum, cell culture inserts, and Pierce LDH 

Cytotoxicity Assay kit were purchased from Thermo Fisher Scientific Inc. 

(Roskilde, Denmark). Glutaraldehyde solution and osmium tetroxide were bought 

from Electron Microscopy Sciences (PA, USA), and LX-112 resin was purchased 

from Ladd Research Industries, Inc. (VT, USA). D-(+)-Glucose was acquired from 

VWR International Oy (Helsinki, Finland), and EDTA-coated capillary 

(Minivette® POCT, 50 µl) was bought from SARSTEDT Oy (Vantaa, Finland). 

The active GLP-1 ELISA kits used in the analysis of plasma samples were 

purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). 

4.2 Fabrication and characterization of PSi particles 

4.2.1 PSi particle fabrication (I-III) 

PSi films were etched on silicon wafers using 1: 1 of HF: EtOH mixture with 40-

50 mA/cm2 current density. The films were milled into microparticles and sieved 

into 38–150 µm (I), 10–25 µm (II), and 25–75 µm (III) size fractions. The particles 

were briefly rinsed with the HF: EtOH electrolyte to replace the surface oxides with 

hydrogen-terminated Si species and dried at 65 °C for 2 h and divided into batches 
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for surface modification. Oxidation was performed for 7.5 min in the air at 700 °C 

(Riikonen et al., 2012). Thermal carbonization was completed first at 500 °C with 

the temperature being increased to 820 °C (Riikonen et al., 2009). The UnTHC 

surface modification was made by thermal hydrocarbonization at 500 °C and 

subsequent functionalization by undecylenic acid (Kovalainen et al., 2012). After 

the modification, particles were cooled down to room temperature under a nitrogen 

flow.  

4.2.2 PSi particle characterization (I-III) 

Nitrogen sorption analysis 

The structural characterizations of PSi particles (pore size, surface area, and pore 

volume) were analyzed with the Micromeritics Tristar instrument (USA) (Barrett 

et al., 1951; Brunauer et al., 1938). 

Scanning electron microscopy analysis  

The morphology of PSi particles was characterized with scanning electron 

microscopy Zeiss Sigma HD (Germany) in studies I and II, and Thermo Scientific 

Apreo S (Netherlands) in study III.  

Fourier transform infrared spectroscopy (FTIR) analysis 

The surface modifications of PSi particles were verified with FTIR spectrometry 

Thermo Scientific Nicolet (USA) in studies I and II, and Invenio R spectrometer 

(Germany) in study III.  

4.2.3 Loading αLA to THCPSi particles (II, III) 

The impregnation method was applied to load αLA into THCPSi particles (Charnay 

et al., 2004). αLA was dissolved in methanol and incubated for 1 h with pre-

weighted THCPSi particles under stirring conditions. The volume of αLA/methanol 

solution was calculated based on the targeted loading degree. After incubation, the 

remaining methanol solution was evaporated under a nitrogen flow and the loading 

degree was analyzed with thermogravimetry (TG). Loading degree is defined as  
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 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 % 𝑊a/𝑊psi 𝑊a 100   (1) 

where Wa is the mass of loaded αLA and Wpsi is the mass of THCPSi particles. 

4.2.4 Thermogravimetric analysis (II, III) 

To confirm the loading degree of αLA loaded THCPSi particles, the 

thermogravimetric measurements were performed under a flow of nitrogen (flow 

rate 200 ml/min, NETZSCH TG 209 F1 Libra®). The αLA loaded or unloaded 

empty THCPSi particles were placed into an aluminum pan and kept at 40 °C for 

30 min to remove adsorbed moisture. Subsequently, the measurement was 

completed up to 700 °C with a heating rate of 20 °C/min. 

4.3 In vitro analysis of PSi particles 

4.3.1 In vitro dissolution of PSi particles (I) 

The PSi particles were weighed into a tube and incubated in PBS buffer (pH 7.4) 

in a water bath shaker with mild agitation. The temperature was set to 34 °C since 

this matches the temperature in the s.c. tissue (Webb, 1992). At 1, 2, 3, 5, 7, and 14 

days for TOPSi, and 1, 7, 14, 21, 28, and 56 days for TCPSi and carboxylated 

thermally hydrocarbonized PSi (UnTHCPSi), 1.5 ml samples were withdrawn and 

stored at -70 °C. The Si content was measured with inductively coupled plasma 

optical emission spectroscopy (ICP-OES, Agilent Technologies).  

4.3.2 In vitro release of αLA loaded THCPSi particles (II, III) 

1 mg of αLA loaded THCPSi particles were incubated with 1 ml of PBS buffer for 

up to 12 h (II), or 1 ml of the following biorelevant media (III); fasted state 

simulated gastric fluid (FaSSGF, 1 h), fasted state simulated intestinal fluid (FaSSIF, 

1 h), FaSSIF without bile components (blank FaSSIF, 2 h), and simulated colonic 

fluid (SCoF, 20 h) (Fotaki et al., 2005; Klein, 2010; McConnell et al., 2008). The 

composition of the biorelevant buffers and the segment of simulating the GI tract 

are summarized in Fig. 5 (Garbacz & Klein, 2012). αLA (250 µg/ml) and each 

buffer were used as controls. The samples were incubated in a water bath shaker at 

37 °C with orbital shaking. At predetermined time points, samples were centrifuged, 

and supernatants were collected and stored at -20 °C prior to measuring the αLA 
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concentration. After the final sampling time point, the particles were washed with 

hexane to extract the unreleased αLA and the collected hexane solution was 

evaporated overnight. 

When evaluating the release kinetics, the Korsmeyer-Peppas equation 

 𝑀t/𝑀∞ 𝑘𝑡n 𝑏 (2) 

was applied, where Mt/M∞ is the released drug in time t, n is the release exponent, 

and k is the kinetic constant (Costa & Sousa Lobo, 2001). The n = 0.5 indicates a 

diffusional square root of time-release, 0.5 < n <1 refers to non-Fickian transport, 

n = 1.0 represents zero-order release.  

Fig. 5. Composition of biorelevant buffers. 

4.3.3 HPLC analysis (II, III) 

The αLA concentration in the collected samples from the release study was 

measured by high-performance liquid chromatography (HPLC) (Beckman System 

Gold, Ca, USA (II), and Shimadzu SCL-10Avp, Kyoto, Japan (III)). The samples 

were separated with a C18 column, at a flow rate of 1 ml/min of 87% acetonitrile 

(ACN), and αLA was detected at λ = 208 nm. 

Fasted state simulated
gastric fluid (FaSSGF)

Sodium taurocholate     80 µM
Lecithin                          20 µM
NaCl                           34.2 mM
Pepsin                     0.1 mg/ml
HCl                               qs ad

Volume                           1 L
pH                                   1.6
GI segment               Stomach

Fasted state simulated 
intestinal fluid (FaSSIF)

Sodium taurocholate              3 mM
Lecithin                                0.2 mM
NaCl                                  68.6 mM
Maleic acid                        19.1 mM
NaOH                                34.8 mM

Volume                                   1 L
pH                                           6.5
GI segment                      Proximal 

small intestine

Simulated 
colonic fluid (SCoF)

Acetic acid         170 mM
NaOH              ~157 mM

Volume                   1 L
pH                           5.8
GI segment           Colon
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4.4 Effects of PSi particles on enteroendocrine cells 

4.4.1 GLP-1 secretion from STC-1 and GLUTag cells (II, III) 

Pre-seeded STC-1 and GLUTag cells were washed with Krebs-Ringer Bicarbonate 

(KREBS) buffer (118 mM NaCl, 4.7 mM KCl, 25 mM NaHCO3, 1.25 mM CaCl2, 

1.2 mM MgSO4, and 1.2 mM KH2PO4) and incubated for 1 h with buffer for 

acclimatization. Samples containing 0.25% DPP4 inhibitor were added to the cells 

and incubated for 1 h. The supernatants were collected, and GLP-1 concentrations 

were measured by an ELISA kit.  

KREBS buffer, 50 µM αLA, empty THCPSi, and αLA loaded THCPSi 

particles were used for preparing samples. 2.0 mg particles and controls were 

incubated in the cell culture inserts which were inserted into the host plate. After 2 

h (III), or 3 h (II) incubation in a water bath shaker at 37 °C, sample solutions were 

collected from the host plate wells and used for GLP-1 secretion study with cells. 

The remaining buffer was stored at -20 °C prior to analyzing the αLA concentration 

by HPLC. 

4.4.2 Cytotoxicity test (II) 

The cytotoxicity of THCPSi particles was studied by measuring lactate 

dehydrogenase (LDH) release from STC-1 cells. STC-1 cells were incubated with 

the samples from the GLP-1 secretion study (buffer, 50 µM αLA, empty THCPSi, 

and αLA loaded THCPSi) for 1 h and the spontaneous LDH release and maximum 

LDH release (using lysis buffer) were examined with an LDH cytotoxicity assay 

kit. 

4.5 Animal study 

4.5.1 Ethical considerations (I-III) 

The animal experiments were approved by the National Animal Experiment Board 

of Finland (ESAVI/10110/04.07/2017). The studies were conducted following the 

guidelines based on the Finnish Act on Animal Experimentation, Animal Protection 

Legislation (62/2006, 36/2006, and HE32/2005), EU Directive (2010/63/EU), and 

EU Commission Recommendation (2007/526/EC). 
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4.5.2 Animals (I-III) 

Inbred C57BL/6NCrl male mice were purchased from the Laboratory Animal 

Center, University of Oulu, Finland. Mice were housed in an environment-

controlled room with a 12:12-h light-dark cycle. The temperature was set at 21 ± 

2 °C and humidity was 50 ± 2.5%. Mice were fed ad libitum with commercial 

rodent chow (Teklad Global Rodent Diet T.2018C.12, Harlan Teklad, USA), and 

tap water was freely available during the experiment.  

4.5.3 Biodegradation of PSi particles (I) 

The C57BL/6NCrl male mice (n=46, 26.4 ± 2 g) were divided into 4 groups; control, 

TOPSi, TCPSi, and UnTHCPSi. The mice were s.c. injected into their backs 

bilaterally with either particles (2 mg particles in 200 µl NaCl 0.9%, n=3) or NaCl 

0.9% (n=2) as the control. The samples were collected on days 1, 2, 3, 5, and 7 after 

the injections from the TOPSi group and on days 1, 7, 21, and 56 from the TCPSi 

and UnTHCPSi groups. 

After humanely killing the mice with CO2, the fur on the back of the mice was 

removed, and the injection sites were identified. Samples from one site from the 

bilateral injections were used for transmission electron microscopy (TEM), 

histopathology, µCT-scanning and X-ray diffraction (XRD) analysis. 

Transmission electron microscopy (TEM) 

The collected tissue samples were stored in EtOH, and prior to the analysis, samples 

were prefixed with 2.5% glutaraldehyde solution and post-fixed with 1% osmium 

tetroxide solution to avoid degradation. After drying samples with EtOH, samples 

were fixed with LX-112 resin for 2 days. The slices ca. 70 nm were prepared with 

a microtome (Leica EM UC7, Diatome diamond knife ultra 45°) and imaged with 

a JEOL JEM 2100F instrument with 200 kV voltage. 

Histopathology 

Samples were fixed with 10% neutral buffered formalin solution and subsequently 

embedded with paraffin and cut into 5 µm slices for hematoxylin and eosin staining. 

The degree of inflammation was evaluated as follows; 0 (no inflammation), 1 

(mild), 2 (moderate), and 3 (severe). In addition, the presence of inflammatory cells, 
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giant cell reaction, granulomatous inflammation, and location of the particles were 

recorded. 

µCT-scanning 

The tissue samples were rolled into small cylinders and closed with acrylic glue. 

Immediately after sample collection, samples were incubated for 2 h in each of the 

following solutions: 70%, 80%, 90%, 98%, and 99.5% EtOH, and HMDS for 

dehydration. Prepared samples were scanned with SkyScan1272 (Bruker microCT, 

Kontich, Belgium), and images were analyzed with CTAnalyser (Bruker microCT).  

X-ray diffraction (XRD) 

The samples from µCT scans were frozen in liquid nitrogen and cut into thin slices 

for X-ray diffraction measurements. The samples were analyzed with a Bruker 

AXS D8 Discover-diffractometer (Lynxeye 1D-linear detector), and the data were 

analyzed with TOPAS 4.2 software. 

4.5.4 Measuring plasma GLP-1 level of mice (III) 

The C57BL/6NCrl male mice (27.5 ± 0.25 g) were fasted for 5 h prior to the 

experiment. A DPP4 inhibitor (sitagliptin 25 mg/kg) was orally administered to 

mice to avoid degradation of active GLP-1 (Lasalle et al., 2017; Zheng et al., 2015). 

After 30 min, basal blood samples were collected (0 min), and the following 

samples were orally administered to mice; control (MQ water, n=7), glucose (3 

g/kg, n=6), αLA (200 mg/kg, n=8), αLA loaded THCPSi particles (providing an 

equivalent amount of αLA 200 mg/kg, n=7), and empty THCPSi particles (n=6). 

All samples, except for those intended for glucose assay, were dissolved in MQ 

water containing 2% DMSO and 0.5% CMC; the glucose samples were dissolved 

in MQ water. The blood samples were collected from the saphenous veins at 5, 15, 

30, 60, 120, 180, 240, and 300 min after dosing. Blood samples were collected from 

each mouse at predetermined time points. The experiment was divided into 2 weeks; 

in the first week, blood samples were collected from half of the indicated time 

points, and after 2 weeks of recovery time, samples were collected from another 

half of the time points (Fig. 6). The same mice received the same treatment each 

week. A second dose of sitagliptin (25 mg/kg, half-life < 2 h in mice) was given to 

the mice to allow for sampling at the longer time points; for 120 and 180 min (dose 
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at 90 min), and for 240 and 300 min (dose at 210 min) (Beconi et al., 2007). 

Samples were centrifuged at 4000 g, 4 °C, for 8 min, and the plasma active GLP-1 

concentration was measured by the ELISA kit. Blood glucose levels were also 

measured simultaneously up to 60 min with glucose strips (FreeStyle Freedom Lite, 

Yliopiston Apteekki Oy, Finland). 

Fig. 6. Determination of the effect of different treatments on plasma GLP-1 levels. Parts 

of the figure were drawn by using pictures from Servier Medical Art (smart.servier.com). 

4.5.5 Measuring food intake of mice (III) 

PhenoMaster® (WB 2000 KHL, TSE Systems GmbH, Germany) was used for 

monitoring the food intake of the mice. Phenomaster® is an automated system for 

measuring food and water intake, metabolic performance, and activity of mice in 

home cages (Kamakura et al., 2016; Kilpeläinen et al., 2009). Mice (27.3 ± 0.4 g) 

were acclimatized in training cages to the experimental conditions for 1 week. 

Freshly prepared sample solutions were orally administered to the mice 1 h before 

the lights were turned off and the food intake, water intake, activity, and energy 

consumption were measured for the next 48 h after dosing. An open circuit-

measuring system was used for monitoring the O2 consumption, CO2 production, 

and heat production (kcal/h), and the physical activity of mice was detected by 

infrared sensors. In the dose-response study, control (n=6) and αLA (100, 200, and 

500 mg/kg, n=6) were prepared in MQ water containing 2% DMSO. In the study 
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with THCPSi particles, control (n=6), αLA (200mg/kg, n=6), αLA loaded THCPSi 

particles (providing an equivalent amount of αLA 200 mg/kg, n=6), and empty 

THCPSi particles (n=7) were dissolved in MQ water containing 2% DMSO and 

0.5% CMC. The study was conducted with a cross-over design, with a 5-days’ 

washout period between the treatments. 

4.6 Statistical analysis (I-III) 

Statistical analysis was performed using GraphPad Prism (Graph Pad Software Inc., 

CA, USA), version 7.0 (I, II), and 8.0 (III), and SPSS (Statistical Package for Social 

Science, IBM SPSS Inc., IL, USA) (I). Comparisons of in vivo TCPSi and 

UnTHCPSi samples were conducted using multiple t-test followed by the Holm-

Sidak method, and the time course of the disintegration of individual PSi particle 

injections was tested with t-test (I). The inflammation score was analyzed using 

one-way ANOVA followed by Tukey’s post hoc test (I). The results of the in vitro 

release study with αLA loaded THCPSi particles (II, III), the GLP-1 secretion study 

(III), and cytotoxicity study (II) were analyzed using one-way ANOVA followed 

by Dunnett’s multiple comparisons test whereas those examining the in vitro GLP-

1 secretion experiments (II) were tested with one-way ANOVA followed by 

Tukey’s multiple comparisons test. The results from the dissolution study were 

analyzed using two-way ANOVA and Sidak’s multiple comparisons tests (I). In 

vivo blood glucose and plasma GLP-1 results were tested with mixed-effects model 

followed by Dunnett’s multiple comparisons test, and 24 h food intake and 

metabolic parameters of mice were analyzed with two-way ANOVA followed by 

Dunnett’s multiple comparisons test (III). The area under the curves (AUC) of 

GLP-1, 24 h food intake, and 24 h water intake were analyzed using one-way 

ANOVA followed by Dunnett’s or Tukey’s multiple comparisons test (III). The 

results of particle characterization are presented as mean ± standard deviation (SD) 

(I), and all other results are described as mean ± standard error of the mean (SEM) 

(I-III). A value of p<0.05 was considered statistically significant in all the analyses 

(I-III). 
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5 Results  

5.1 Dissolution and biodegradation of different surface types of 

PSi particles (I)  

5.1.1 Characterization of PSi particles 

Three different surface types of PSi particles were prepared: TOPSi, TCPSi, and 

UnTHCPSi in study I. The particles were characterized with FTIR, nitrogen 

sorption, and XRD (I, Fig. S1), and their morphology was examined in a scanning 

electron microscope (I, Fig. 1), revealing their irregular particle shape and the 

porous surface of the prepared samples. The surface chemistry was appropriately 

modified in order to provide chemical stability to the particles (I, Table 1). 

5.1.2 In vitro dissolution  

The surface chemistry of the particles significantly affected their dissolution (I, Fig. 

2). TOPSi particles, which have the most hydrophilic surface of the three evaluated 

particles, showed the fastest degradation, and could not be visually observed after 

10 days of incubation in the PBS buffer. The dissolution of TCPSi particles was 

initiated after 28 days of incubation, even at 56 days, the particles were still visible 

in the buffer, while UnTHCPSi particles did not dissolve throughout the 

experimental period. A summary of the results is shown in Table 2, indicating that 

TOPSi had the highest dissolution rate, followed by TCPSi, and finally UnTHCPSi. 

Table 2. Effect of surface chemistry of the PSi particles on their dissolution in PBS 

buffer (n=3, mean ± SEM). 

PSi sample Surface modification Si concentrations of the particles-incubated buffer (mg/L) 

 Day 1 Day7 Day14 Day28 Day56 

TOPSi oxidization 4.6 ± 0.5 21.2 ± 5.6*** 28.6 ± 6.0**** na na 

TCPSi carbonization 1.8 ± 0.4 3.2 ± 0.5 3.9 ± 0.6 8.9 ± 1.0* 31.8 ± 5.4**** 

UnTHCPSi carboxylated 

hydrocarbonization 

1.7 ± 0.2 1.3 ± <0.1 1.4 ± <0.1 1.5 ± 0.4 1.6 ± 0.2 

na: not analyzed 

Significant differences compared to UnTHCPSi particles, *P < 0.05, ***P < 0.001, ****P < 0.0001. 
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5.1.3 In vivo biodegradation and biocompatibility 

The tissue samples were collected from the backs of the mice where PSi particles 

had been s.c. injected, and the extent of degradation as well as the inflammation 

rate were examined with several methods. TEM analysis revealed the differences 

in the three-dimensional propagation of dissolution among the PSi samples (I, Fig. 

3, Fig. 4, & Fig. 5).  The dissolution of TOPSi particles started from the external 

surface and pore walls, which led to a rapid degradation of particles due to the 

collapse of the pore structure and the breakdown of particles into smaller pieces. 

On the other hand, the external surface of TCPSi particles initially remained intact, 

however, some dissolved areas were observed within the internal structure. 

UnTHCPSi particles were mostly intact up to 3 weeks after injection, and their 

dissolution was initiated from the external surface of the particles at the end of the 

experiment. 

The density of TOPSi and TCPSi decreased during the experiment, whereas 

UnTHCPSi particles remained stable (I, Fig. 6). The density of TOPSi particles on 

day 5 was less (P < 0.05) than the particles at the beginning of the study, and a 

similar result was observed with the TCPSi particles at the end of the experiment. 

In TOPSi and TCPSi particles, the particle median volume also gradually declined 

(I, Fig. 7). On day 5, TOPSi particles were more than 50% smaller than the sample 

at the beginning, and on day 7, only one out of three TOPSi samples could be 

collected due to the rapid degradation. TCPSi particles had retained approximately 

70% of the original volume at day 56, whereas UnTHCSPi particles appeared 

almost unchanged (ca. 95%). In addition, the µCT scanning analysis revealed that 

UnTHCPSi particles were localized in a denser manner at the injection site, while 

the TOPSi and TCPSi particles spread along with the injection vehicle (I, Fig. 8). 

The biocompatibility of different surface types of PSi particles was 

investigated with histopathology; no statistically significant differences were 

observed between the PSi samples (I, Fig. 10, Fig S3, & Table S2). A summary of 

the results from in vivo biodegradation and biocompatibility study is shown in Table 

3. 
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Table 3. Summary of the results from the in vivo biodegradation and biocompatibility 

study after s.c. injection of PSi particles.  

Parameters TOPSi TCPSi UnTHCPSi 

Starting area of degradation External Internal External 

Speed of degradation Rapid (started within 2 

days) 

Medium (started 

between 1-2 weeks) 

Slow (almost intact on 

day 56) 

Density ↓ ↓ → (stable) 

Median particle volume ↓ (<50% on day 5) ↓ (ca. 70% on day 56) → (unchanged, ca. 

95% on day 56) 

Localization after s.c. injection Spread Spread Dense 

Inflammation  Mild Mild Mild 

5.2 In vitro analysis of αLA loaded THCPSi particles 

5.2.1 Characterization of THCPSi particles (II, III) 

Several batches of THCPSi particles were prepared and utilized in the in vitro and 

in vivo studies. The characterization of THCPSi particles was analyzed with FTIR, 

scanning electron microscopy, and nitrogen sorption analysis (Fig. 7, II, Table 1, 

Fig. 1, Fig. 2, III, Fig. 1, & Fig. S1). The results demonstrated that the thermal 

carbonization had been successfully completed. 

 

Fig. 7. Secondary electron micrograph of the THCPSi particles. 
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5.2.2 Loading αLA to THCPSi particles (II, III) 

αLA was loaded into THCPSi particles by the impregnation method. The targeted 

loading degrees were 5% and 10% in study II and 20% in study III. The actual 

loading degrees of prepared αLA loaded particles were examined with TG (II, Table 

2, & III, Fig. S2).  

5.2.3 In vitro αLA release from THCPSi particles (II, III) 

The release kinetics of αLA from THCPSi particles were investigated with PBS 

buffer (II) and biorelevant buffers (III). In study II, αLA was gradually released 

from the particles into PBS buffer, with totals of 47.9 ± 3.8% and 30.7 ± 2.9% of 

αLA being released from 3.0% and 9.2% loading degree samples, respectively (II, 

Fig. 3A). No significant differences in the amounts of released αLA were observed 

between the two samples. In study III, 19.0% loading degree samples were 

incubated in several biorelevant buffers. The released amount of αLA from particles 

into each buffer were 15.3 ± 2.5% in FaSSGF for 1 h, 6.7 ± 0.5% in FaSSIF for 1 

h, 13.5 ± 1.0% in blank FaSSIF for 2 h, and 4.9 ± 0.8% in SCoF for 20 h (III, Fig 

2A). In both studies, the release mechanism followed Fickian diffusion, and the 

amounts of unreleased αLA in particles were detected from the hexane-washed 

solution (II, Fig. 3B). Along with αLA loaded THCPSi particles, αLA was 

incubated as a positive control for up to 6 h in PBS buffer (II) and for 24 h in 

biorelevant buffers (III). The measurable level of αLA by HPLC significantly 

declined after 6 hours’ incubation in both studies (II, Fig. 3C, & III, Fig. 2C).  

5.2.4 Effect of αLA on GLP-1 secretion from enteroendocrine cells 

(II) 

STC-1 and GLUTag cells were used to study the effect of αLA on in vitro GLP-1 

secretion. αLA significantly increased the GLP-1 secretion from both cell lines. 

However, STC-1 cells secreted a four times higher amount of GLP-1 as compared 

to GLUTag cells in response to αLA treatment (II, Fig. 4A, & 4B).  
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5.2.5 Effect of αLA loaded THCPSi particles on GLP-1 secretion (II, 

III) 

The effect of αLA loaded THCPSi particles on GLP-1 secretion was investigated 

in STC-1 cells. THCPSi particles loaded with either αLA at 10.2% (II) or 19.0% 

(III) significantly increased GLP-1 secretion i.e. the respective secretion amounts 

were approximately 1.5- and 3.7-times higher than that observed with the buffer, 

(II, Fig. 4C, & III, Fig. 2D). The empty THCPSi particles did not affect GLP-1 

secretion. The effect of αLA loaded THPCSi particles to stimulate GLP-1 secretion 

was dose-dependent (II, Fig. 4D). 

5.2.6 Cytotoxicity of αLA loaded THCPSi particles (II) 

No cytotoxicity effect was observed due to the treatment of αLA, αLA loaded 

THCPSi particles, and empty THCPSi particles on STC-1 cells as compared to 

buffer (II, Fig. S3). 

5.3 In vivo analysis of αLA loaded THCPSi particles (III) 

5.3.1 Effect of αLA on the food intake of mice 

The effect of αLA on the food intake was examined by administering 100, 200, and 

500 mg/kg αLA orally to mice. The doses of 200 and 500 mg/kg αLA significantly 

reduced the AUC of 24 h food intake as compared to control, while 100 mg/kg did 

not have any effect (III, Fig. 3B). There were no significant differences in AUC 

values of 24 h food intake between 200 and 500 mg/kg treated groups, hence, αLA 

200 mg/kg was selected as a reference dose for further study. Furthermore, no 

significant differences were observed between the groups with respect to 25–48 h 

food intake, 24 h water intake, total activity, energy expenditure, O2 consumption 

(VO2), CO2 production (VCO2), and average respiratory exchange ratio (RER) (III, 

Fig. 3C-G, Fig. S3A, & S3B). 

5.3.2 Effect of αLA and αLA loaded THCPSi particles on plasma 

GLP-1 level of mice 

The plasma active GLP-1 level was measured after the mice were dosed with 

control solution, glucose, αLA, empty THCPSi, and αLA loaded THCPSi particles 
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(Fig. 8). Glucose significantly increased the plasma GLP-1 concentration by 7.6 

times at 5 min and by 2.4 times at 15 min as compared to control; the level returned 

back to the basal line at approximately 1 h after dosing. αLA loaded THCPSi 

particles significantly elevated the GLP-1 level i.e. it was 1.5 and 2.7 times higher 

than control at 3 and 4 h after dosing, respectively, while empty THCPSi particles 

were ineffective (III, Fig. 4A). αLA 200 mg/kg elevated the plasma GLP-1 level 

with a significant difference evident at 15 min. In addition, αLA loaded THCPSi 

particles had significantly higher AUC values of the plasma GLP-1 concentration 

as compared to control (III, Fig. 4B). The AUC of plasma GLP-1 is shown in Table 

4. 

Fig. 8. Plasma active GLP-1 after administration of the different sample solutions. The 

values are presented as mean ± SEM for n=6 (glucose and empty THCPSi), n=7 (control 

and αLA loaded THCPSi), and n=8 (αLA). Significant differences compared to control 

(*P < 0.05). Modified from Paper III. 
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Table 4. The AUC of plasma active GLP-1 after sample administration. 

5.3.3 Effect of αLA loaded THCPSi particles on the food intake of 

mice 

A dose of 200 mg/kg αLA as such or loaded in THCPSi particles (19.0%) was used 

to investigate its effects on the food intake of mice. The food intake between -5 to 

24 h is shown in Fig. 8. It was observed that αLA and αLA loaded THCPSi particles 

significantly decreased the AUC values of 0–24 h food intake by 28.5% and 16.7% 

respectively, while empty THCPSi particles did not exert any effect (III, Fig. 5B). 

No significant difference was observed in 24 h total food intake between αLA and 

αLA loaded THCPSi particles. Interestingly, αLA reduced food intake immediately, 

while αLA loaded THCPSi particles demonstrated their anorexigenic effect 

approximately 5 h after particle administration (Fig. 9, & III, Fig. 5A). There were 

no significant differences in 24 h water intake, 25–48 h food intake, or in the total 

activity among groups, although during the dark phase (1–13 h) the αLA group 

showed significantly lower total energy expenditure, VO2, VCO2, and average RER 

compared to control (Fig. 5C-G, Fig. S5A, & S5B). 

 

 

Time  

(0-300 min) 

Control Glucose αLA Empty THCPSi αLA loaded 

THCPSi 

AUC 1071 ± 127 1575 ± 276 1198 ± 127 1165 ± 171 1756 ± 223* 

Significant differences compared to control, *P < 0.05. 

The values represent the mean ± SEM for n=6 (glucose and empty THCPSi), n=7 (control and αLA 

loaded THCPSi), and n=8 (αLA). 
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Fig. 9. The food intake of mice from -5 to 24 h after oral administration of control (n=6), 

αLA 200 mg/kg (n=6), empty THCPSi (n=7), or αLA loaded THCPSi particles (n=6). The 

values represent the mean ± SEM. No significant difference was observed between the 

groups. Modified from Paper III. 
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6 Discussion 

Our results demonstrated the importance of the PSi particles’ surface chemistry on 

their dissolution and degradation profile. In addition, αLA loaded THCPSi particles 

significantly reduced the food intake of mice by stimulating GLP-1 secretion by 

gradually releasing their payload in the distal part of the GI tract. Importantly, 

previously there was no knowledge of the biodegradation and biocompatibility of 

PSi particles after their s.c. injection. Therefore, understanding the behavior of the 

PSi particles in a physiological environment supports the selection of the correct 

carrier material.  

6.1 Surface chemistry of PSi particles as a delivery carrier (I) 

The hydrogen-terminated surface of freshly etched PSi particles is unstable and not 

useful for biomedical applications (Anglin et al., 2008; Hon et al., 2012). In study 

I, different types of PSi particles were investigated to examine the effect of surface 

chemistry on dissolution and biodegradation after s.c. injection in mice. The fastest 

rates of dissolution and degradation were observed with TOPSi particles, which 

have the most hydrophilic surface among selected PSi particles (I, Fig. 2, & Fig. 3). 

It was reported that the oxidation levels of PSi particles are increased as the 

treatment temperature is elevated during the oxidation process (Li et al., 2018). 

Among the different oxidation-level samples, faster dissolution was observed with 

lower oxidation degree particles, instead the higher oxidized particles became 

dissolved with a linear reduction in PSi mass due to their more stable surface nature 

(Wang et al., 2019). We observed that TOPSi particles could only occasionally be 

detected a week after s.c. injection, indicating that these particles would be suitable 

for short-term application while allowing the possibility to change the dissolution 

rate by altering the oxidation level of particles. 

TCPSi has also a hydrophilic surface due to the presence of a very stable 

carbide surface, which ensured both a slower dissolution and biodegradation rate 

as compared to the TOPSi particles (I, Fig. 2, & Fig. 6). The degradation of TCPSi 

started approximately 3 weeks after s.c. injection, with a decreasing of the density 

and particle volume at the end of the experiment, while the pore sizes remained 

stable (I, Fig. 7, & Table 2). These data indicated that unlike either TOPSi or 

UnTHCPSi particles, biodegradation of TCPSi was initiated locally inside the 

particles where the surface carbide layer might not have been complete, and the 

dissolution continued under the carbide layer which resulted in a slow erosion of 
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the particles’ structure. The hydrophilicity of TCPSi can be modified according to 

the treatment temperature. With carbonization at under 650 °C, this leads to the 

formation of Si-C and C-H bonds that remained on the hydrophobic surface, 

whereas with a treatment at over 700 °C hydrophilic Si-C bonds were produced 

(Jarvis et al., 2012). It has also been demonstrated that loading a thioamide 

antibiotic drug into TCPSi particles enhanced the solubility of the drug and reduced 

cytotoxicity compared to that of the pure drug (Vale et al., 2012). Hence, TCPSi 

particles can be used to improve the bioavailability, and control the release profile 

by tailoring the surface hydrophilicity. 

When one examines the three PSi particles prepared, UnTHCPSi particles had 

the lowest dissolution rate, and biodegradation was only slightly evident on the 

external surface at the end of the experiment without there being any change in the 

particle density and volume (I, Fig. 2, & Fig. 5). In contrast to TOPSi and TCPSi, 

THCPSi and UnTHCPSi particles have a hydrophobic surface, which affects their 

wettability (Limnell et al., 2007). This surface chemistry prevents spreading 

particles from the s.c. injection site where the hydrophilic environment keeps 

injected particles in a densely packed manner thus delaying their wetting and 

dissolution (I, Fig. 8).  

Hydrophobic PSi particles have higher loading efficiencies with lipophilic 

compounds such as FAs, whereas one can achieve a higher loading degree of 

hydrophilic molecules by using the more hydrophilic particles like TOPSi and 

TCPSi. The fundamental aim of surface modification of PSi particles is to provide 

stable surface chemistry while avoiding undesired reactions. However, when PSi 

particles are used as a carrier material, the surface type has a major effect on several 

parameters, such as the loading efficacy, the affinity and release profile of the 

payloads, the dissolution and degradation rate of particles, and therefore of the 

possibilities to achieve a controlled release (Jarvis et al., 2012). Thus, the surface 

modification method and the level of hydrophilicity/hydrophobicity need to be 

selected carefully taking into account the characteristics of the loading molecules. 

6.2 In vitro study of αLA loaded THCPSi particles  

6.2.1 Release characteristics of αLA loaded THCPSi particles (II, III) 

In vitro release kinetics of αLA from THCPSi particles was studied with PBS buffer 

(II) and biorelevant buffers (III). The biorelevant buffers were used as simulating 
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the GI tract. The transit time from the stomach to the large intestine and colon in 

mice has been reported to be 6 h (Padmanabhan et al., 2013). αLA was continuously 

released from particles by diffusion, and a total of 37.4 ± 2.5% of loaded αLA was 

released in 6 h, suggesting that loaded αLA would be released throughout the GI 

tract (III, Fig. 2).  

Pure αLA was also incubated simultaneously; in this experiment, the level of 

αLA as measured by HPLC was significantly reduced after 6 h, possibly due to its 

oxidation. Hence, THCPSi particles can also be used to shield their payloads from 

the external environment and prevent their rapid oxidation (Nettleton, 1991). When 

compounds are administered via the oral route, they need to withstand several 

dynamic environments in the GI tract, such as a broad range of pH, drastic changes 

in the water contents, as well as being subjected to numerous enzymatic reactions 

(Hua, 2020). PSi particles can improve the bioavailability of the payload, enhance 

the loading capacity by modifying the pore size and volume, which make it possible 

to control release by tailoring the surface chemistry (Li et al., 2018). These 

advantages mean that PSi particles could be exploited for oral delivery of 

challenging molecules, for instance, sensitive and rapidly metabolized, insoluble 

compounds, as well as those with poor bioavailabilities (Wang et al., 2010; Zhang 

et al., 2019). 

6.2.2 GLP-1 and enteroendocrine cells (II, III) 

αLA and αLA loaded THCPSi particles significantly increased GLP-1 release from 

enteroendocrine cell lines, STC-1, and GLUTag (II, Fig. 4C, & III, Fig. 2D). Both 

cell lines have been widely used for studying gut hormone release, however, they 

behaved differently to αLA stimulation. STC-1 cells secreted approximately 4 

times higher amounts of GLP-1 in response to 50 µM αLA when compared to 

GLUTag cells (II, Fig. 4A, & 4B). We have investigated the factors behind this 

phenomenon and demonstrated that the STC-1 cells express more GPR120 protein 

than the GLUTag cells in our experimental conditions (Kamakura et al., 2020). On 

the other hand, GPR40 which is also known as the LCFA receptor was expressed 

to a greater extent in GLUTag cells than STC-1 cells, although it is recognized that 

αLA has a higher affinity for GPR120 than GPR40 (Offermanns, 2014). The NCI-

H716 cell line is a widely used cell line to study the secretion of gut peptides and 

the only available human-derived enteroendocrine cell line, but it expresses hardly 

any GPR120 and GPR40 mRNA (Hirasawa et al., 2005). Several nutritional 

compounds have been demonstrated to stimulate in vitro GLP-1 secretion via a 
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different mechanism (Müller et al., 2019). Glucose is known to trigger GLP-1 

secretion via SGLT1 and GLUT2, several amino acids stimulate secretion via CaSR 

or GPR-C6A, and GPR41 and GPR43 have been shown to mediate signaling by 

SCFAs (Gribble & Reimann, 2016). Although all three model cell lines, STC-1, 

GLUTag, and NCI-H716, secrete GLP-1, this does not mean that all of these cell 

lines respond to the same ligands in a similar manner. These results emphasize that 

it is crucial when conducting an in vitro study to select the optimal cell line that 

expresses the targeted transporters or receptors, so that the applied compounds can 

activate the desired signalling pathway.  

6.3 In vivo effects of αLA loaded THCPSi particles (III) 

6.3.1 Endogenous GLP-1 release after administration of nutritional 

compounds  

In study III, we have demonstrated that delivering αLA to the distal part of the GI 

tract stimulates and prolongs the endogenous GLP-1 release, consequently 

reducing the food intake of mice. In clinical use, GLP-1 analogs and DPP4 

inhibitors have been utilized in the treatment of obesity and T2DM, however, their 

costs and side effects hamper their more widespread use, especially in preventing 

overweight and obesity. To date, bariatric surgery is still the most effective 

treatment for severe obesity, since it achieves a long-term weight loss as well as 

altering the circulating gastrointestinal hormone profile (Koliaki et al., 2020; le 

Roux et al., 2006). Recently, it has been reported that bariatric surgery is associated 

with adverse effects on mental health in a subset of patients, with an increased risk 

of suicide, self-harm, depression, and substance use disorders (Brown et al., 2021). 

The factors behind these undesired effects remain unclear, however, changes in gut 

hormones, bile acid, and gut microbiota profiles after bariatric surgery are related 

to mood and substance usage and also affect gut-brain communications. This study 

suggests the possibility of a novel treatment method for appetite and weight 

management by stimulating endogenous gut hormone release without evoking any 

drastic changes in a patient’s physiological homeostasis. 

In our study, orally administered αLA loaded THCPSi particles significantly 

elevated the plasma GLP-1 concentration and reduced the food intake of mice. 

Interestingly, it has been reported that i.p. injection of αLA was unable to inhibit 

the food intake in rats, while the ethanolamide of αLA exerted a short-term 
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anorexigenic effect (Ho et al., 2020). A similar phenomenon has been reported with 

oleic acid i.e. i.p. administration of the ethanolamide of oleic acid suppressed food 

intake, whereas oleic acid itself was ineffective (Rodríguez De Fonseca et al., 2001). 

The ethanolamide of FAs is synthesized from dietary FAs-derived N-

acylethanolamine phospholipids in enterocytes of the small intestine via several 

enzymatic pathways (Hansen, 2014). The FA ethanolamides activate peroxisome 

proliferator-activated receptor-α (PPARα) in the proximal small intestine, which 

stimulate afferent vagal fibers to the brain resulting in an enhancement of satiety 

by prolonging meal intervals and decreasing the frequency of feeding (Hansen, 

2014; Piomelli, 2013). These results indicate that endogenously formed dietary FA-

derived ethanolamides may additionally affect the food intake and appetite 

regulation via different signaling pathways than their parental FAs. 

6.3.2 GPR120 and obesity 

GPR120 is widely expressed in various tissues and cells and is highly expressed in 

the intestine, adipocytes, taste buds, and immune cells (Hara et al., 2013). After it 

was deorphanized as a fatty acid receptor for LCFAs and MCFAs by Hirasawa and 

colleagues in 2005, GPR120 has been well studied as a potential target for the 

treatment of obesity and T2DM, and various physiological functions of GPR120 

have been demonstrated (Hirasawa et al., 2005; Kimura et al., 2020). In addition to 

the L-cells in the distal ileum and colon, it has recently been reported that GPR120 

are also expressed in K-cells in the proximal small intestine of mice, which secretes 

another incretin hormone, GIP (Iwasaki et al., 2015). Moreover, the intra-jejunum 

administration of αLA increased plasma CCK concentration in mice, while αLA 

induced-CCK release was inhibited with a GPR120-specific short hairpin 

transfected STC-1 cells (Tanaka, Katsuma, et al., 2008).  

In addition to the effects on the secretion of gut peptides, GPR120 has been 

reported to correlate with insulin sensitivity and obesity. The gene expressions of 

GPR120 and GLP-1R were lower in human pancreatic islets isolated from diabetic 

or hyperglycemic patients than in non-diabetic subjects, and the expression level 

was positively correlated with both the secretion and intracellular level of insulin 

(Taneera et al., 2012). GPR120-deficient mice fed a high-fat diet developed obese 

phenotypes and had greater signs of glucose intolerance than their wild-type 

counterparts (Ichimura et al., 2012). Furthermore, a nonsynonymous mutation of 

GPR120 (p.R270H) in humans caused a failure of mediating LCFA signaling, and 

these European individuals displayed an increase obesity risk (Ichimura et al., 
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2012). These studies indicate that GPR120 is important in lipid sensing, lipid 

metabolism, insulin secretion, and glucose homeostasis in both rodents and humans.  

Due to its high potential as a target receptor for the treatment of obesity, several 

synthetic ligands of GPR120 have been created and tested in vitro and in vivo 

studies, however, no clinical trials have been performed (Kimura et al., 2020). 

TUG-891, a GPR120 agonist stimulated GLP-1 secretion from STC-1 and GLUTag 

cells and increased intracellular Ca2+ levels by activating GPR120 similar to the 

effects of αLA (Hudson et al., 2013). In addition, i.p. administered TUG-891 

increased fat oxidation and reduced fat mass and body weight of mice by 

stimulating brown adipose tissue activity (Schilperoort et al., 2018). Another 

selective agonist of GPR120, GSK137647, has been demonstrated to increase 

insulin secretion from rat-insulinoma-derived cells, and the oral administration of 

GSK137647 improved postprandial hyperglycemia in STZ-treated diabetic mice 

(Zhang et al., 2017). These studies support the idea of targeting GPR120 in the 

treatment of obesity and T2DM; however further studies will be necessary before 

GPR120 agonist-based drugs enter the market (Kimura et al., 2020). 

6.4 Future aspects 

In this study, αLA was used as a model nutrient to increase endogenous GLP-1 

release from L-cells in the distal part of the GI tract. There are other potential 

nutrients that can stimulate GLP-1 secretion such as carbohydrates, amino acids, 

and SCFAs (Karhunen et al., 2008). These nutritional compounds can be used in a 

nutrient-delivering system to stimulate endogenous GLP-1 release and thus to assist 

in appetite management. In addition to natural sources, synthetic ligands of 

receptors and transporters which are involved in the release of these gut hormones 

also have the possibility to be loaded into the delivery system. Nonetheless, in these 

cases, the targeted site of action and biocompatibility, and safety of the ligands will 

need to be assessed carefully to avoid unwanted effects. Moreover, one can 

envisage the possibility of combining multiple compounds that induce the release 

of individual gut hormones by different mechanisms or stimulate the release of 

different gut hormones such as PYY and GIP could be designed to enhance the 

effects on appetite regulation. Combination loading of αLA and amino acids such 

as glutamine has been speculated to stimulate GLP-1 secretion via different 

receptors, GPR120 and CaSR, respectively, which may well be able to exert a 

synergistic effect and boost GLP-1 secretion (Mace et al., 2012). Hence, applying 

these combinations together with optimized PSi particles for improving the 
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delivery of the potential compounds could serve as a novel prevention and 

treatment method for obesity and weight management. 

To validate and understand the behavior of αLA loaded THPCSi after oral 

administration, several analyses should be conducted in future studies. Measuring 

αLA concentrations in plasma samples as well as in adipose tissue could provide 

information about both the distribution and the accumulation of released αLA from 

particles. In addition, the metabolism of orally dosed αLA loaded THCPSi particles 

could be clarified by measuring αLA and orthosilicic acid concentrations in feces 

and urine samples, respectively. Moreover, in order to obtain a more detailed 

picture of the fluctuations of plasma GLP-1 levels, additional sampling time points 

could be determined.     

PSi particles have been selected for delivering αLA due to their several 

advantages as a carrier material (Kovalainen et al., 2015). In the future, αLA loaded 

THCPSi particles can be additionally optimized to prolong the GI tract transit time 

and site-specific delivery to the distal ileum and colon. Several systems are 

available for colon-targeted delivery, such as pH-dependent, time-dependent, and 

enzyme-sensitive systems (Lee et al., 2020). For example, Eudragit® polymers are 

a widely used colon-targeted delivery system. These polymers have a pH-

dependent payload release (Curcio et al., 2020; Hua, 2020). The surface charge of 

carrier particles has been modified to improve their mucoadhesiveness by 

electrostatic interactions with the negatively charged intestinal mucosa (Thirawong 

et al., 2008; Weerakody et al., 2008). Coating nutrient-loaded PSi particles with 

these polymers might prolong the GI transit time and achieve an efficient release 

of nutrients to the targeted site, delay excretion, as well as increasing the secretion 

of gut hormones (Kumeria et al., 2020). 

The fundamental goal of this research is to provide a novel prevention and 

treatment method for obesity and overweight by stimulating the release of 

endogenous gut hormones. Hence, once nutrient-loaded PSi particles are optimized 

for site-specific delivery, the next steps would involve confirming their biosafety, 

bioavailability, and effectiveness in human subjects. In the future, it is plausible 

that these kinds of novel nutrient-delivering systems could be served as a 

supplement to a meal to prevent obesity and overweight. 
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7 Conclusions 

The present study investigated a novel delivery system for appetite regulation using 

αLA as a model nutrient. THCPSi particles delivered and released loaded αLA to 

the distal GI tract and reduced food intake via GLP-1 release. The main conclusions 

are: 

1. The surface chemistry of PSi particles significantly affected their in vitro 

dissolution and in vivo biodegradation rate after their s.c. injection in mice.  

2. αLA was released from THCPSi particles by a diffusion-controlled mechanism. 

3. αLA loaded THCPSi particles dose-dependently increased GLP-1 secretion 

from STC-1 cells, whereas empty THCPSi particles were ineffective. 

4. αLA loaded THCPSi particles stimulated and prolonged the concentration of 

active GLP-1 in mouse plasma. 

5. Administration to mice of αLA loaded THCPSi particles was able to inhibit 

their food intake. 
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