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PINAR ENSTİTÜSÜ HAKKINDA
Gıda, sağlık ve beslenme konularında toplumu bilinçlendirmek için sosyal sorumluluk anlayışıyla ve toplumun sağlıklı gelişimine katkıda bulunmak amacıyla
kurulan, ticari bir faaliyeti olmayan ve kâr amacı gütmeyen Pınar Enstitüsü, 13
Haziran 2013 tarihi itibarıyla faaliyetlerine başlamıştır.

Misyonumuz

Gıda, sağlık ve beslenme konularında toplumu bilinçlendirmek ve kaliteli yaşam
farkındalığı yaratmak amacıyla bilimsel projelere destek vermek, bilgi ağlarında
yer almak ve eğitim faaliyetlerinde bulunmaktır.

En Büyük Hedefimiz

Gıda ve beslenme alanında bir referans noktası olmaktır.
İnsan sağlığı ve hayat kalitesi üzerinde doğrudan etkisi olan gıda ve beslenme
alanlarında hem toplumsal hem de bireysel düzeyde bir farkındalığa ihtiyaç duyduğumuz günümüzde, bu farkındalığa ulaşmamızı sağlayacak bilginin güvenilir
olması her şeyden önemlidir. Güvenilir bilginin sağlanması ise sivil toplum kuruluşlarından kamuya, özel teşebbüslerden akademisyenlere kadar toplumun
tüm kesimlerinin sorumluluğundadır. Pınar Enstitüsü, bu noktada topluma karşı
sorumluluğunu yerine getirmek gayreti içerisindedir.
Toplumun doğru beslenme bilincine sahip olmasına yardımcı olmak amacıyla
faaliyetlerine başlayan Pınar Enstitüsü, tüketicilerin bilimsel ve güvenilir kaynaklara ulaşmasına olanak tanıyacak, gıda, sağlık ve beslenmeye ilişkin konularda bireylere bilinç ve farkındalık kazandıracak çalışmaları hayata geçirmekte
ve kurumsal bir vatandaş olarak, bu alanlarda disiplinler arası etkin bir iş birliğini
desteklemektedir.
Pınar Enstitüsü; bilimsel araştırmalar yapmak, eğitimler düzenlemek, yapılan
araştırmalara ve eğitimlere destek vermek, araştırma sonuçlarını yayımlamak
ve bilgi ağlarında yer almak gibi çalışmalarla faaliyetlerini sürdürmektedir.
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ÖDÜL HAKKINDA
Pınar Enstitüsü; gıda, beslenme ve sağlık konularında toplumda oluşan bilgi
kirliliğinin, nitelikli bilimsel çalışmalarla minimum düzeye indirilmesi gerektiğine
inanmakta ve çalışmalarını bu doğrultuda şekillendirmektedir. Aynı zamanda
belirtilen konulardaki yeni teknolojilere dair yapılan yenilik ve iyileştirme çalışmalarının da toplumsal düzeyde duyurulması, desteklenmesi ve teşvik edilerek
örnek teşkil etmesi gerektiğine inanmaktadır.
Günümüz toplumunda sağlıksız beslenmeden kaynaklı sağlık sorunları gün
geçtikçe artış göstermekte ve bu konuda bireyler de hassaslaşmaktadır. Sağlıklı bir toplum için sağlıklı bireyler yetişmesine yönelik bilimsel bir altyapı ile hazırlanan çalışmaların uygulamada çok daha sağlıklı sonuçlar vereceğine inanan
Pınar Enstitüsü, bu proje ile bu alanda yapılan çalışmaları ödüllendirmek ve yeni
çalışmalar için araştırmacıları motive edici bir rol oynamak istemektedir.
Pınar Enstitüsü Bilimsel Makale Ödülü; gıda teknolojisi, beslenme-sağlık ilişkisi
(hipertansiyon, diyabet, osteoporoz, kardiyovasküler hastalıklar, obezite vb.) ve
gıda güvenliği konularında 2013-2018 yılları arasında hakemli dergilerde yayınlanmış makaleler arasından bilime katkı, toplumsal yarar, uygulanabilirlik gibi
kriterler dikkate alınarak seçilen makalelere verilir. Enstitünün temel amaçlarından olan, “toplumun sağlıklı gelişmesine katkıda bulunmak amacıyla araştırmaları ve eğitimleri desteklemek” misyonu çerçevesinde hareket edilmesi ve belirtilen disiplinlerde yapılan çalışmaları destekleyerek araştırmacıları ve ilerleyen
dönemlerde yapılacak çalışmaları teşvik etmesi amaçlanmaktadır.
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BİLİMSEL MAKALE ÖDÜLÜ DEĞERLENDİRME KURULU ÜYELERİ
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DEĞERLENDİRME KRİTERLERİ
KRİTER BAŞLIĞI

KRİTER DETAYI

PUAN

• Makalenin amaç ve hedeflerinin açık bir şekilde
tanımlanmış olması
Makalenin Amacı,
Literatüre Katkısı,
Yenilikçiliği ve Özgünlüğü

• Literatüre katkı sağlaması.
• Yapılan çalışmalara eleştirel bir yaklaşımda bulunan
derleme bir yazı olmaması

…/15

• Makalenin özgün ve yenilikçi bir içeriği sahip olması

Belirlenen Konulara ve
Enstitü Çalışma Alanlarına
Uygunluk

Çalışma Teknikleri ve
Yöntem

Bulgu ve Sonuçlar

• Belirlenen konularla makale içeriğinin bağlantısı
• Makalenin, Enstitü misyonu ve çalışma alanlarıyla ilgili
olma durumu
• Hedefe yönelik çalışma tekniklerinin ve yöntemlerin
uygunluğu
• Çalışmanın gerçekleştirilmesindeki amaç ile elde edilen
bulgular arasındaki bağlantı
• Elde edilen sonuç/sonuçlarla, gerekçe arasındaki
bağlantının uygunluğu

…/15

…/10

…/20

• Yapılan çalışmaların ve ulaşılan sonuçların yeni
araştırmaları teşvik etmesi
Yaygınlaştırma, Kapsayıcılık
ve Uygulanabilirlik

• Makale içeriğinin toplumsal anlamda yaygın bir konuya
hitap etmesi

…/20

• Ulaşılan sonuçların uygulanabilir olma durumu

Bilime ve Topluma Katkı
TOPLAM
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• Makalede kullanılan yöntemin yanı sıra, elde edilen
bulguların ve sonuçların bilime ve topluma katkısı

…/20
…/100

ÖDÜL ALAN
MAKALELER
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BİRİNCİLİK ÖDÜLÜ

Dr. Öğrt. Üyesi Şükrü Güleç

Şükrü Güleç lisans derecesini Ankara Üniversitesi
Fen Fakültesi Biyoloji Bölümünden aldı. Daha sonrasında Ankara Üniversitesi Biyoteknoloji Enstitüsünde yüksek lisansına başladı ve tez çalışmalarını
Prof. Dr. Nejat Akar’ın danışmanlığında Ankara Üniversitesi Tıp Fakültesi Pediatrik Moleküler Genetik
Laboratuvarında tamamladı. 2006 yılında araştırmacı olarak Florida Üniversitesi Gıda ve İnsan Beslenmesi Bölümünde Dr. Mitch Knustson’nun çalışma
grubuna katıldı. 2009 yılında aynı bölümde disiplinler arası insan beslenmesi doktora programında, Dr.
James F. Collins’in danışmanlığında insan beslenmesi üzerine doktora derecesini aldı. 2013 yılında aynı laboratuvarda doktora
sonrası araştırmacı olarak çalıştı. 2014 yılında, İzmir Yüksek Teknoloji Enstitüsü
Gıda Mühendisliğinde Doktor Öğretim Üyesi olarak göreve başladı. Halen, aynı
bölümde moleküler beslenme ve insan fizyoloji alanında çalışmalarını sürdürmektedir (daha fazla bilgi için http://sukruguleclab.iyte.edu.tr ziyaret edebilirsiniz).

Doktora Öğrencisi Tuğçe Boztepe

Tuğçe Boztepe lisans derecesini Dokuz Eylül Üniversitesi Buca Eğitim Fakültesi Biyoloji Öğretmenliği Bölümünden aldı. Daha sonra İzmir Yüksek
Teknoloji Enstitüsü Biyoteknoloji ve Biyomühendislik Ana Bilim Dalı, Biyoteknoloji yüksek lisansı
programına kabul edildi ve tez çalışmalarını Doktor Öğretim Üyesi Şükrü Güleç’in danışmanlığında
Gıda Mühendisliği Bölümü Moleküler Beslenme ve
İnsan Fizyolojisi Laboratuvarında tamamladı. 2017
yılında Arjantin Uygulamalı Biyoteknoloji Enstitüsü
CINDEFI ye (UNLP-CONICET, CCT La Plata) Prof.
Dr. Guillermo R. Castro’nun Nanobiomaterial Laboratuvarına doktora öğrencisi olarak kabul edildi ve halen kanser tedavisinde
kontrollü ilaç salımı için nanosistemlerin geliştirilmesi üzerine çalışmalarına devam etmektedir.
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YÜKSEK GLİKOZUN MOLEKÜLER VE GENETİK REGÜLASYONDAKİ ETKİSİNİN
İN VİTRO İNSAN İNCE BAĞIRSAK MODELİNDE ARAŞTIRILMASI

ÖZET
Vücudumuz mükemmeliyet için basit olmayı tercih eden kompleks bir sistemdir. Bu sistem direk olarak beslenme alışkanlıklarımız ile iç içedir. Yaşamın en
önemli temel gereksinimlerinden biri olan beslenme, insan için vazgeçilmez bir
gerekliliktir. Bizler günde en az üç kere bu gereksinimi yerine getirmekteyiz.
Beslenme şeklimiz yaşam kalitemizi belirleyen en önemli faktörler arasında yer
almaktadır. Besinler ile insan fizyolojisi arasında mükemmel bir uyum bulunmaktadır. Bu uyumun bozulması obezite, diyabet gibi metabolik hastalıkların
ortaya çıkmasına neden olmaktadır. Glikoz, beyin için gerekli enerjiyi sağlarken
fazla tüketilmesi obezite ve tip 2 diyabet oluşmasına öncülük etmektedir. Glikozun gıdalarda yaygın olarak kullanılması ve bu gıdaların ucuz ve kolay erişilebilir
olması, glikoz tüketiminin her yaş grubunda artmasına neden olmaktadır. Besin
ve insan fizyolojisi ilişkisinde yeme alışkanlıklarımızın yanında genetik yapımız
da çok önemlidir. Genlerimizin besin öğelerinin tüketimine bağlı olarak verdikleri fizyolojik cevap, metabolik hastalıkların besinlerle olan ilişkilerinin anlaşılmasında büyük öneme sahiptir. Vücudumuz, her gün tükettiğimiz besin öğeleri
ile direk temas halindedir. Bu fizyolojik temas, ilk olarak ince bağırsak enterosit
hücreleri ile olmaktadır. Bu hücreler bir çok besin öğesinin vücuda geçiş noktası olarak bilinmektedir. Yüksek glikoz tüketim sıklığına ve miktarına bağlı olarak
bu hücreler uzun süreli olarak glikoz ile karşı karşıya gelmektedirler. Bu hücrelerin artan glikoz miktarına verdikleri moleküler ve genetik yanıtların bilinmesi,
enterosit glikoz metabolizmasının obezite ve tip 2 diyabette anlaşılması adına
önemlidir. Yüksek lisans öğrencim Tuğçe Boztepe (UNLP-CONICET, CCT La
Plata, Argentina) ile yaptığımız TÜBİTAK (PID:214Z217) destekli bu çalışmamızda, insan ince bağırsak sistemi, hücresel düzeyde modellendi ve bu hücreler normal ve yüksek glikoz içeren besiyerlerinde 21 gün boyunca büyütüldü.
Sonrasında yüksek glikozun bu hücrelerdeki toplamda 679 genin ifadelenme
seviyesini ve bu genlere bağlı olarak fizyolojik açıdan önemli olabilecek bazı
moleküler yolakları etkilediği saptandı. Bu çalışmada ulaşmak istediğimiz nokta
ise bağırsak enterosit hücrelerinde yüksek glikoz emilimine bağımlı fizyolojik
olarak önemli olabilecek genlerin fonksiyonlarını ortaya koyarak, obezite ve tip
2 diyabette bağırsak enterosit hücrelerindeki glikoz metabolizmasını daha iyi
anlamaktır. Ayrıca bunun yanında bir diğer hedefimiz ise, glikoza bağımlı metabolik hastalıklar için ince bağırsak enterosit hücrelerinde glikoz emilimini genetik düzeyde kontrol edecek yeni klinik yaklaşımlar ortaya koymaktır.
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Open Access

Investigation of the influence of high
glucose on molecular and genetic
responses: an in vitro study using a human
intestine model
Tugce Boztepe and Sukru Gulec*
Abstract
Background: Dietary glucose consumption has increased worldwide. Long-term high glucose intake contributes to
the development of obesity and type 2 diabetes mellitus (T2DM). Obese people tend to eat glucose-containing
foods, which can lead to an addiction to glucose, increased glucose levels in the blood and intestine lumen, and
exposure of intestinal enterocytes to high dietary glucose. Recent studies have documented a role for enterocytes
in glucose sensing. However, the molecular and genetic relationship between high glucose levels and intestinal
enterocytes has not been determined. We aimed to identify relevant target genes and molecular pathways
regulated by high glucose in a well-established in vitro epithelial cell culture model of the human intestinal system
(Caco-2 cells).
Methods: Cells were grown in a medium containing 5.5 and 25 mM glucose in a bicameral culture system for
21 days to mimic the human intestine. Transepithelial electrical resistance was used to control monolayer formation
and polarization of the cells. Total RNA was isolated, and genome-wide mRNA expression profiles were determined.
Molecular pathways were analyzed using the DAVID bioinformatics program. Gene expression levels were
confirmed by quantitative reverse transcription polymerase chain reaction (RT-qPCR).
Results: Microarray gene expression data demonstrated that 679 genes (297 upregulated, 382 downregulated) were
affected by high glucose treatment. Bioinformatics analysis indicated that intracellular protein export (p = 0.0069) and
ubiquitin-mediated proteolysis (p = 0.024) pathways were induced, whereas glycolysis/gluconeogenesis (p < 0.0001),
pentose phosphate (p = 0.0043), and fructose-mannose metabolism (p = 0.013) pathways were downregulated, in
response to high glucose. Microarray analysis of gene expression showed that high glucose significantly induced
mRNA expression levels of thioredoxin-interacting protein (TXNIP, p = 0.0001) and lipocalin 15 (LCN15, p = 0.0016)
and reduced those of ATP-binding cassette, sub-family A member 1 (ABCA1, p = 0.0004), and iroquois homeobox
3 (IRX3, p = 0.0001).
Conclusions: To our knowledge, this is the first investigation of high glucose-regulated molecular responses in
an intestinal enterocyte model. Our findings identify new target genes that may be important in the intestinal
glucose absorption and metabolism during high glucose consumption.
Keywords: Obesity, Intestine, High glucose consumption, Caco-2, ABCA1, IRX3, TXNIP, LCN15
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Background
Consumption of high dietary glucose is a risk factor for
the development of obesity and type 2 diabetes mellitus
(T2DM) in humans [1, 2]. The total number of deaths
attributable to high blood glucose in 2012 was estimated
as 3.7 million, 1.5 million of which were due to diabetes
[3]. High glucose intake leads to postprandial glycemia,
insulinemia, and lipidemia in healthy overweight people
[4]. Moreover, longer exposure to dietary high glucose is
associated with the development of T2DM [5]. These
findings indicate that control of dietary glucose intake is
an important strategy to combat the development of
obesity and T2DM. Recent studies have focused on the
mechanisms controlling blood glucose turnover during
obesity and T2DM. For example, sodium-dependent glucose transporter 1 (SGLT1) is a protein that has been
targeted to control reabsorption of glucose from the kidney [6]. Moreover, hepatic glucose production from
glycogen has been studied as a therapeutic target molecular pathway in the development of T2DM [7].
Glucose-dependent molecular mechanisms contributing
to obesity and T2DM have been extensively studied in
the adipose tissue, liver, pancreas, and brain. The small
intestine may also be an important tissue to investigate
glucose metabolism during obesity and T2DM, as it can
contribute to systemic glucose production in fasted and
diabetic states [8]. Moreover, the gene expression and
morphology of the small intestine are altered during
obesity [9]. These adaptive changes of the small intestine
may be uncontrolled during high nutrient consumption
and metabolic disease states. The small intestine mainly
consists of enterocytes, which directly interact with dietary nutrients and transfer them into the circulatory system [10]. The rate of interaction between nutrients and
enterocytes varies depending on the eating habits of
individuals.
Recent studies suggest that there may be a physiological
interaction between enterocytes and glucose that contributes to intestinal dietary glucose sensing [9, 11, 12]. In
humans, high dietary glucose consumption elevates
glucose levels in the lumen of the intestine and in
the blood; hence, enterocytes are exposed to high
levels of glucose in both the diet and the blood. This
situation can be continuous in obese people, due to
the consumption of foods containing high levels of
glucose [13]. It is unknown how enterocytes respond
to high glucose levels in either the diet or the blood.
Hence, investigations to improve the understanding of
the adaptive physiological changes of enterocytes in
response to high glucose consumption are warranted.
In this study, we examined the genome-wide molecular responses of enterocytes to high glucose. Our results demonstrate that chronic high glucose exposure
influences specific molecular pathways and genes that
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may be important in the control of intestinal glucose
absorption during high glucose consumption.

Results
Effect of high glucose on cellular tight junctions and
measurement of glucose efflux

The monolayer structure formation and tight junction
permeability of Caco-2 cells are commonly evaluated by
measurement of transepithelial electrical resistance
(TEER) along with OCLN and ZO1 gene mRNA levels
[14, 15]. We grew Caco-2 cells in bicameral cell culture
chambers to mimic the human intestine and measured
TEER and OCLN and ZO1 mRNA expression levels to
evaluate the intestinal barrier function of our experimental model. The TEER levels of control and high
glucose-treated 21-day postconfluent Caco-2 cell groups
were not significantly different (Table 1) and neither
were OCLN and ZO1 mRNA levels significantly affected
by high glucose treatment (Table 1). These results demonstrate that high glucose did not interfere with barrier
formation by monolayer Caco-2 cells.
The function of enterocytes involves absorption of
dietary nutrients (nutrient uptake) and their transport
into the blood circulation (nutrient efflux). We tested
cellular glucose efflux under control and high glucose
treatment conditions. Glucose efflux was significantly
increased in the glucose-treated group relative to the
controls at the 90-min (p = 0.0031; 1.4-fold), 120-min
(p = 0.01; 1.4-fold), and 240-min (p = 0.0049; 1.9-fold)
time points (Table 2), suggesting that Caco-2 cells
mimic the human intestine in terms of glucose efflux
in our experimental model.
High glucose alters mRNA expression levels of glucoseregulated genes

Before genome-wide array analysis was performed, we
tested whether high glucose affected the regulation of
glucose-related genes in Caco-2 cells. Thus, we analyzed
mRNA expression of GLUT2, GLUT5, and SGLT1. mRNA
expression levels of GLUT2 (1.8-fold; p = 0.0001), GLUT5
(1.5-fold; p = 0.0004), and SGLT1 (1.4-fold; p = 0.0053)
Table 1 Effect of high glucose on cell permeability
Ctrl

+Glc

p value

Significance

TEER (ohm/cm2)

934 ± 32.35

809.5 ± 39.29

0.0707

NS

Normalized OCLN
mRNA levels

1 ± 0.095

0.93 ± 0.10

0.6096

NS

Normalized ZO1
mRNA levels

1 ± 0.064

1.05 ± 0.14

0.7336

NS

Caco-2 cells were grown on collagen-coated inserts in 5.5 and 25 mM glucose
containing DMEMs for 21 days. TEER value was measured before RNA isolation.
Occludin (OCLN) and Zoolin1 (ZO1) mRNA levels were measured by RT-qPCR,
and relative fold changes of gene expression levels were analyzed. Statistical
significance was determined by Student’s t test. Values are expressed as the
mean ± SD; n = 3 independent experiments with three technical replicates
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Table 2 Cellular glucose efflux
Time (min)

Ctrl

+Glc

p value

Significance

Table 4 Functional analysis of high glucose-regulated up- or
downregulated genes

0

105.5 ± 4.50

114.5 ± 2.5

0.2225

NS

Upregulated pathways

p value

Number of genes

30

104.5 ± 1.50

121.0 ± 7.0

0.1477

NS

Ubiquitin-mediated proteolysis

2.4 × 10−2

7

60

103.5 ± 5.50

128.0 ± 2.0

0.0526

NS

Protein export

6.9 × 10−3

3

Downregulated pathways

90

96.5 ± 2.50

135.5 ± 2.5

0.0031

Yes

120

105.5 ± 4.00

142.5 ± 3.5

0.0195

Yes

Glycolysis/gluconeogenesis

3.0 × 10−5

10

Yes

Pentose phosphate

4.3 × 10−3

5

Fructose and mannose metabolism

1.3 × 10−2

5

240

90.00 ± 5.0

169.5 ± 2.5

0.0049

The glucose efflux was measured from the basolateral surface of the two
experimental groups at 0-, 30-, 60-, 120-, 180-, and 240-min time points. Results
were given as milligrams per deciliter. Statistical significance was determined by
Student’s t test. Values are expressed as the mean ± SD; n = 3 independent
experiments with three technical replicates

were significantly lower in the high glucose-treated group
relative to the controls (Table 3).
Classification of differentially expressed genes and
confirmation of mRNA expression of genes from
molecular pathways

Microarray technology was used to identify genes that were
differentially expressed in experimental samples. When we
compared the control and high glucose-treated groups, we
identified a total of 297 and 382 genes that were significantly up- and downregulated, respectively (≥ 1.5-fold
change; p < 0.05) in response to high glucose treatment.
The list of high glucose-regulated genes is available under
GEO accession number GSE97977 ( https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE97977; Additional file
2: Table S2 and Additional file 3: Table S3). These genes
were used to identify high glucose-regulated molecular
pathways by DAVID bioinformatics program using KEGG
Pathways database. The gene IDs were converted to DAVID gene IDs that were associated with particular pathway
annotation terms. The enrichment of molecular pathways
was performed by Benjamini-Hochberg method, and p ≤ 0.
05 was used as a cutoff value in DAVID annotation model.
Intracellular protein export (p = 0.0069) and ubiquitinmediated proteolysis (p = 0.024) pathways were identified as
significantly induced, whereas glycolysis-gluconeogenesis
(p < 0.0001), pentose phosphate (p = 0.0043), and fructosemannose metabolism (p = 0.013) pathways were significantly downregulated by high glucose treatment in Caco-2
cell monolayers after 21 days (Table 4). The detailed
Table 3 mRNA expression levels of glucose-regulated genes
Genes

Ctrl

+Glc

p value

Significance

GLUT2

1.004 ± 0.035

0.5465 ± 0.055

0.0001

Yes

GLUT5

1.014 ± 0.064

0.6490 ± 0.044

0.0004

Yes

SGLT1

1.023 ± 0.083

0.7186 ± 0.040

0.0053

Yes

Total RNA was isolated from the control and the high glucose-treated (+Glc)
groups. RT-qPCR was performed to analyze relative expression levels of genes
from the two experimental groups. Statistical significance was determined by
Student’s t test. Values are expressed as the mean ± SD; n = 3 independent
experiments with three technical replicates

Microarray data showed a total of 297 upregulated and 382 downregulated
genes in response to high glucose treatment. The high glucose-regulated
genes were subjected in DAVID bioinformatics analyze program to describe
the functional molecular pathways along with the number of genes in
each pathway

information for high glucose-regulated pathways can be
found in Additional file 4: Figure S2, Additional file 5: Figure S2, Additional file 6: Figure S3, Additional file 7: Figure
S4, and Additional file 8: Figure S5.
Quantitative reverse transcription polymerase chain
reaction analysis of genes identified by microarray
analysis

Genome-wide mRNA array technology provides valuable
information about the genomic regulation of cells; however, technical procedures can affect microarray results
[16]. Therefore, we performed RT-qPCR experiments to
confirm the regulation of individual genes from the
identified molecular pathways. In the intracellular
protein export pathway, mRNA levels of SRP14 (1.4-fold;
p = 0.002) and SRP54 (1.8-fold; p = 0.0003) and in the
ubiquitin-mediated proteolysis pathway, mRNA levels of
UBE2L6 (2-fold; p = 0.0007), UBE2Q2 (1.6-fold; p = 0.01),
and SKP1 (1.5-fold; p = 0.03) were significantly increased
in the high glucose-treated group compared with the controls (Table 5). However, RT-qPCR analysis of the SRP72
gene in the protein export pathway did not indicate similar regulation to that determined by microarray analysis.
We also selected common genes from molecular pathways
that were downregulated by high glucose treatment and
found that mRNA levels of ALDOA (1.5-fold; p = 0.006),
ALDH2 (2.8-fold; p = 0.01), PFKP (2.9-fold; p = 0.0002),
PGAM1 (1.7-fold; p = 0.03), PGD (2.1-fold; p = 0.002), and
PFKFB3 (4.3-fold; p = 0.003) were significantly reduced in
pathways downregulated by high glucose treatment
(Table 5).
Investigation of microarray data on glucose-regulated
genes

We also searched our gene expression array data to find
relevant candidate gene(s) that may be important in enterocyte glucose metabolism under high-glucose conditions. High glucose significantly induced levels of
transcription of TXNIP (3.2-fold; p = 0.0001) and LCN15
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Table 5 Confirmation of mRNA expression of genes from
molecular pathways
Genes

Ctrl

+Glc

p value

Significance

Group1
SRP14

1.008 ± 0.046

1.419 ± 0.102

0.002

Yes

SRP54

1.038 ± 0.101

1.804 ± 0.113

0.0003

Yes

SRP72

1.095 ± 0.20

1.177 ± 0.101

0.7509

NS

Group 2
UBE2L6

1.002 ± 0.151

2.034 ± 0,185

0.0007

Yes

UBE2Q2

1.000 ± 0.136

1.578 ± 0.139

0.01

Yes

SKP1

1.005 ± 0.167

1.516 ± 0.151

0.03

Yes

Group 3
ALDOA

1.000 ± 0.087

0.6652 ± 0.042

0.006

Yes

ALDH2

1.000 ± 0.138

0.3593 ± 0.146

0.01

Yes

PFKP

1.000 ± 0.088

0.3360 ± 0.074

0.0002

Yes

PGAM1

1.000 ± 0,108

0.5777 ± 0.138

0.03

Yes

PGD

1.000 ± 0.101

0.4760 ± 0.066

0.002

Yes

PFKFB3

1.000 ± 0.179

0.2334 ± 0,082

0.003

Yes

The gene expression levels from molecular pathways were analyzed by RTqPCR method. The relative changes of mRNA expression levels in the protein
export (group1) and ubiquitin-mediated proteolysis (group2) pathways were
indicated in the table. The mRNA expression of common genes from molecular
pathways that were downregulated by high glucose treatment was shown as
group 3 in the table. Statistical significance was determined by Student’s t test.
Values are expressed as the mean ± SD; n = 3 independent experiments with
three technical replicates

(6-fold; p = 0.0016) genes whereas mRNA levels of ABCA1
(5.3-fold; p = 0.0004) and IRX3 (13-fold; p = 0.0001) were
downregulated in the high glucose treatment group
(Table 6).

Discussion
In this study, we used the established in vitro Caco-2
monolayer system to model the effects of high glucose
exposure on intestinal enterocytes. The results of TEER
measurement and evaluation of the expression of genes
encoding the tight junction proteins, OCLN and ZO1,
indicated that the cells successfully formed a monolayer
Table 6 Glucose-regulated mRNA levels of individual genes
Genes

Ctrl

+Glc

p value

Significance

TXNIP

1.000 ± 0.140

3.170 ± 0.146

0.0001

Yes

LCN15

1.000 ± 0.129

5.992 ± 1.270

0.0016

Yes

ABCA1

1.000 ± 0.145

0.1939 ± 0.045

0.0004

Yes

IRX3

1.000 ± 0.153

0.07723 ± 0.027

0.0001

Yes

Microarray data indicated individual candidate genes that might be important
for intestinal glucose metabolism during high glucose consumption. High
glucose treatment significantly induced TXNIP and LCN15 mRNA expression
levels relative to the control group while ABCA1 and IRX3 mRNA levels were
downregulated in the high glucose-treated group. Statistical significance was
determined by Student’s t test. Values are expressed as the mean ± SD; n = 3
independent experiments with three technical replicates
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barrier that was not disrupted by exposure to high glucose levels.
Initial experiments to evaluate the effects of glucose
on known glucose-regulated genes indicated that SGLT1,
GLUT5, and GLUT2 were downregulated in response to
high glucose exposure. The regulations of SGLT1 and
GLUT5 genes in this paper are in contrast with
Mahraoui et al. [17]. They reported that the glucose consumption of early (p29) or late (p198) passages of
Caco-2 cells was different, and the mRNA regulations of
SGLT1, GLUT5, and GLUT2 genes were affected by passage number of the cells and basal glucose consumption
rate. Northern blot analysis from the same study indicated that 21-day high glucose (25 mM) treatment of
Caco-2 cells can significantly induce SGLT1 and GLUT5
mRNA expression levels compared to low glucosetreated groups (1 mM). However, GLUT2 mRNA level
was reduced by high glucose treatment, which we
observed similar results for GLUT2 mRNA expression.
There are different steps of experimental approaches
between these two studies. We used polarized Caco-2
cells from 35 to 45 passages and maintained Caco-2 cells
under high-glucose condition for longer time periods.
Moreover, we compared mRNA expression results from
25 and 5.5 mM glucose treatment groups. It seems possible that these factors might affect the regulation of
SGLT1 and GLUT5 genes. It has been shown that SGLT1
and GLUT2 mRNA expression levels were induced when
glucose level was increased into the lumen of the intestine in in vivo [18, 19]. It has been indicated that intracellular and extracellular factors are involved in the
regulations of glucose transporters [20, 21]. The different
mRNA regulations of SGLT1 and GLUT2 in in vitro and
in in vivo might be due to those factors that are not
predominantly regulated in in vitro models under high
glucose treatment. Despite these differences, we may at
least conclude that high glucose influences the genetic
responses of Caco-2 cells.
Several molecular pathways, including intracellular
protein export and ubiquitin-mediated proteolysis
(upregulated), along with glycolysis/gluconeogenesis,
pentose phosphate, and fructose-mannose metabolism
(downregulated), were identified as responsive to high
glucose in our in vitro enterocyte model. Changes in
these molecular pathways under high-glucose conditions
should also be evaluated at the functional level to determine the physiological relevance of the findings of the
current study to enterocyte glucose metabolism during
high glucose treatment in vivo.
A search for genes of particular interest among those
identified as regulated by elevated glucose using
genome-wide microarray analysis detected several strong
candidates, including ABCA1, IRX3, TNXIP, and LCN15.
ABCA1 is involved in cellular cholesterol efflux and
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provides cholesterol to high-density lipoproteins (HDL).
The intestine expresses high levels of ABCA1, indicating
that this tissue is a major cholesterol source for
plasma HDL; indeed, intestinal ABCA1 contributes
30% of circulating HDL cholesterol [22]. High dietary
cholesterol intake in the intestine increases basolateral
ABCA1 mRNA and protein levels in enterocytes [23].
However, high glucose reduces ABCA1 mRNA and
protein levels in the macrophages, decreasing cholesterol flux from the macrophages to the blood; hence,
glucose influences cholesterol metabolism via control
of ABCA1 gene expression. Our results also demonstrate that high glucose can reduce ABCA1 mRNA
expression levels in intestinal enterocytes, and levels
of cholesterol efflux from the cells in our experimental model should be measured to allow definitive conclusions to be drawn from our results. Surprisingly,
IRX mRNA expression was also regulated in Caco-2
cells under high glucose treatment, since IRX3 is
highly expressed in the brain and involved in feeding
behavior [24]. Single nucleotide polymorphisms in the
IRX3 gene are reported as strongly associated with
BMI in human subjects [24]. Moreover, IRX3 knockout mice had body weights approximately 30% less
than their wild-type littermates [24], suggesting that
the IRX3 gene is closely related to obesity. Glucoseregulated IRX3 mRNA regulation was shown, for the
first time in our study; however, the function of intestinal IRX3 is unknown, and regulation of IRX3 in the
intestine under high glucose consumption requires
further investigation. High glucose significantly induced mRNA levels of the TXNIP and LCN15 genes.
TXNIP plays a role in glucose uptake and is involved
in glucose production in the mouse liver [25, 26].
TXNIP-mutant mice become hypertriglyceridemic and
hypoglycemic during fasting [27]. These observations
suggest that TXNIP may be an important candidate
intracellular regulator of enterocyte glucose metabolism. There is very limited information about LCN15
in the literature, and its physiological function is
unknown; however, it is a member of the lipocalin
gene family, of which LCN2 is a well-studied member
involved in obesity and diabetes. LCN2, also known
as an adipokine, is secreted from the adipose tissue,
and its expression is elevated in obese humans and
T2DM mouse models [28]. LCN2-null male mice are
protected from high fat diet-induced obesity and insulin resistance [29]. It was concluded that LCN2 may
be an adipose tissue regulator that modulates glucose
metabolism in murine tissues and in the 3T3-L1 adipocyte cell culture model [30]. These studies clearly
suggest that ABCA1, IRX3, TXNIP, and LCN15 may
physiologically interact with high glucose in enterocytes. An important finding of the current study is
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that intestinal glucose absorption may be controlled
via TXNIP and LCN15.

Conclusions
An important limitation of this study was the use of the
colon carcinoma cell line, Caco-2, as a model of the
human intestine. Although Caco-2 is a cancer cell line, it
is established in the literature as an in vitro model of the
human intestine system, and there are no alternative
non-cancerous human cell lines that function similarly.
The scope of this study was limited to enterocyte glucose metabolism gene regulation during high glucose
treatment; therefore, the study findings should be interpreted with caution. However, the results provide valuable information regarding the molecular and genetic
responses of enterocytes to high glucose levels, which is
the main nutritional contributor to the development of
obesity and T2DM. Studies of the intestine and obesity
have largely focused on intestinal glucose sensing and
reduced intestinal glucose absorption through delaying
the breakdown of carbohydrates in enterocytes, while
the mechanisms by which enterocytes respond to high
glucose levels have not been investigated previously.
Thus, the identification of candidate genes (for example,
TXNIP) involved in the control of intestinal glucose
absorption during high glucose consumption is important. Moreover, enterocytes exposed to high glucose may
communicate, possibly via LCN15, with endocrine cells
in the intestine or peripheral tissues. This screen of
glucose-dependent genetic regulation in enterocytes has
identified important target genes and will facilitate
further investigation of the control of glucose metabolism in enterocytes during high glucose intake, which is a
common cause of the progression of obesity and T2DM.
Methods
Culture of Caco-2 cells

The human colorectal adenocarcinoma epithelial cell line,
Caco-2, was purchased from the American Type Culture
Collection (ATCC, HTB-37). Caco-2 cells were maintained at 37 °C in a 5% CO2/95% O2 atmosphere. They
were grown in DMEM supplemented with 15% (v:v) fetal
bovine serum (Gibco, Cat. No.: 10500), 1% penicillin and
streptomycin solution with antimycotic (Sigma, Cat. No.:
A5955), and 1% (v:v) nonessential amino acids (Gibco,
Cat. No.: 11140). Cells were separated into two groups:
control (ctrl) and high glucose-treated (+Glc), which were
grown in DMEM cell culture medium containing different
glucose concentrations (selected based on a previous report [31]) as follows: ctrl group 5.5 mM glucose (Sigma,
Cat. No.: D6046) and +Glc group 25 mM glucose (Sigma,
Cat. No.: D6429). Cells were maintained in 5.5 and
25 mM DMEM cell culture media for three passages
(28 days) to acclimate to the different glucose conditions.
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The experiments were performed when Caco-2 cells were
between passages 35 and 45.
Modeling of the human intestinal system and glucose
treatment

When Caco-2 cells are grown in a bicameral cell culture system, they can polarize to produce apical and
basolateral surfaces [32], mimicking the human small
intestine [33, 34]. Caco-2 cells (106/cm2) from the
control and high glucose-treated groups were seeded
on collagen-coated polytetrafluoroethylene membrane
with 0.4-μm pore size and 1.12 cm2 diameter (Corning,
Cat. No.: 3493). After 3 days of confluent culture, the
cells were grown for an additional 21 days in the
bicameral cell culture system in the indicated DMEM
media. Media were changed every 2 days during the 21day experimental period. Transepithelial electrical resistance (TEER) was measured using an Epithelial Volt/
Ohm Meter (EVOM; World Precision Instruments,
USA) to confirm polarization of the monolayer and cell
integrity. The TEER value of polarized Caco-2 cells
should be at least 250 Ω/cm2 [34].
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ABI StepOnePlus instrument (Lifetech, CA, USA) by
SYBR-Green mix (Lifetech, Cat. No.: 4367659). The running method of RT-qPCR is as follows: 95 °C/10 min, 40 cycles (95 °C/10 s, 60 °C/1 min), and melt curve stage (95 °C/
15 s, 60 °C/1 min). Human cyclophilin A was used as a
housekeeping gene for normalization of mRNA expression
results. Primer sequences are listed in Additional file 1:
Table S1. The 2−ΔΔCt analysis method was applied to
calculate mean fold changes in mRNA levels [36].
Genome-wide microarray analysis

The integrity of RNA samples from each group was
assessed using an Agilent 2100 Bioanalyzer and RNA 6000
Nano reagent (Agilent). RNA samples were converted to
cRNA using an Ambion Illumina Total Prep RNA Amplification Kit. cRNA samples were loaded onto a microarray
(HumanHT-12 v4 Expression BeadChip) then left overnight for hybridization. Finally, the BeadChip was read
and analyzed using a microarray laser reader. The significance of the mRNA expression between the control and
the high glucose-treated groups was calculated Log2 fold
change of ± 1.5 with p < 0.05.

Measurement of cellular glucose efflux

Gene ontology and statistical analyses

We measured glucose efflux to the basolateral surface of
the Caco-2 cell monolayer to test the function of the small
intestine model. After ctrl and +Glc Caco-2 cells had been
cultured for 21 days, the apical surfaces of the polarized
cell monolayers were maintained in DMEM containing 5.
5 and 25 mM (modeling high dietary glucose consumption) glucose; the basolateral surfaces of both experimental groups were incubated in DMEM containing 5.5 mM
glucose. Samples were collected from the basolateral surfaces of the two experimental groups at 0-, 30-, 60-, 120-,
180-, and 240-min time points. The glucose levels on the
basolateral surfaces of the monolayers were measured
using a Glucose Oxidase Enzymatic Assay kit, according
to the manufacturer’s protocol (Sigma, Cat. No.:
GAGO20). Data were normalized to total protein levels.
Total proteins were extracted from cells using RIPA buffer
[35] and their concentrations determined using a BCA
protein assay kit (Pierce, Cat. No.: 23227).

Significantly regulated mRNAs between the control and
the high glucose-treated groups were conducted to DAVID Functional Annotation Bioinformatics Microarray
Analysis 6.7 (National Institute of Allergy and Infectious
Diseases), to determine statistically overrepresented molecular pathways. KEGG Pathways database was used for
functional annotation enrichment analysis. Fisher exact
test was used with selected value (p ≤ 0.05) in DAVID annotation system. All the results were expressed as means
± SD. Student t test was performed for relative gene expression to compare the two groups. GraphPad Prism
(version 6.0 for Windows, GraphPad. CA, USA) was used
to calculate significance between groups.

RNA isolation and RT-qPCR

Total RNA was isolated using RNAzol reagent (MRC, Cat.
No.: RN190), according to the manufacturer’s protocol.
Total RNA samples were dissolved in DEPC water,
followed by measurement of their concentrations using a
NanoDrop instrument (Thermofisher, MA, USA). Each
RNA sample was separated into two aliquots for microarray
analysis and RT-qPCR. One microgram of each RNA sample was converted to cDNA using a cDNA synthesis kit
(Lifetech, Cat. No.: 4368814). To determine the mRNA expression levels of genes, RT-qPCR was performed on an
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NOHUT VE DEMİR DİKENİNİN LİPAZ, α-AMİLAZ VE α-GLUKOSİDAZ ÜZERİNE
İNHİBİTÖR ETKİLERİ

ÖZET
Gıdalar ile alınan enerjinin önemli bir kısmının sağlandığı yağ ve karbonhidratların insan
vücudunda metabolizması sırasında görev alan enzimlerin inhibe edilmesi, dolayısı ile
yağ ve karbonhidrat emiliminin azaltılması yoluyla obeziteyi önleyici birtakım önlemler
alınabilir. Günümüzde obezite tedavisinde doğal ürünlerin potansiyel sindirim enzimlerini inhibe edici etkisi hala daha tam olarak keşfedilememiştir. İçerdikleri biyoaktif bileşikler ile doğal gıdalar, güvenli ve etkili bir tedavi için mükemmel bir alternatif strateji olabilir.
Obezite ve obeziteye bağlı olarak oluşan diyabet gibi hastalıkların oluşum riskini azaltıcı
fonksiyonel gıda geliştirebilmek için gıdalarda doğal olarak bulunan lipaz, α-amilaz ve
α-glukosidaz enzim inhibitörlerinin etkinliği ile ilgili daha fazla çalışma yapmaya gereksinim vardır. Bu çalışma kapsamında insan sindirim sistem enzimleri üzerine inhibisyon
etkileri olduğu bilinen biyoaktif bileşiklerden saponince zengin bazı gıda kaynaklarının
(demir dikeni, nohut), yağ ve karbonhidrat sindirim enzimleri olan α-amilaz, α-glukosidaz
ve lipaz üzerine inhibitör etkilerinin belirlenmesi, bu gıdaların toplam saponin içerklerinin
in vitro sindirim öncesi ve sonrası saptanması, bu biyoaktif bileşiğin ne kadarının emilim
hücrelerine erişebildiğinin (biyoerişebilirlik) belirlenmesi amaçlanmıştır. Nohutun saponin
içeriği (24.08±2.01 mg/g) demir dikeninden (Tribulus terrestris) (13.16±0.89 mg/g) daha
yüksek bulunmuştur (p<0.05). Çalışmamızda demirdikeni ve nohut örneklerinde sindirim sonrasında saponin miktarı önemli derecede düşmüştür (p < 0.05). Demirdikeninde
bulunan saponin biyoerişebilirlik değeri (% 51.84±2.85) nohut örnegi icin elde edilen
saponin biyoerişebilirlik değerinden (% 39.98±2.97) daha fazla bulunmuştur (p < 0.05).
Demirdikeni (Tribulus terrestris) ve nohut α-glukosidaz (IC50 6967±342.52 ve 2885±85.44
μg/mL, sırasıyla) ve α-amilaz enzimlerine (IC50 342.83±26.22 ve 166.97±6.12 μg/mL, sırasıyla) karşı inhibitör aktivite göstermiştir. Demirdikeni ve nohut lipaz enzimine karşı ise
sırasıyla 15.25±2.03 ve 9.74±1.09 μg/mL IC50 değerleri ile inhibitor aktivite göstermiştir.
Nohut demirdikenine göre α-glukosidaz, α-amilaz ve lipaz enzimleri için daha yüksek
bir inhibisyon etki göstermiştir (p < 0.05). Bunun nedeni nohutun demirdikenine göre
daha yüksek saponin içermesi olabilir. En yüksek DEIC50 (Diosgenin eşdeğer inhibisyon
kapasitesi) değerleri nohut ve demirdikeni için de α-glukosidaz ve α-amilaz enzimlerine
kıyasla lipaz enzimi için bulunmuştur. Nohut için elde edilen değerlerin demirdikeninden
daha yüksek olduğu saptanmıştır. Ayrıca en düşük DEIC50 değerleri nohut ve demirdikeni örneği için de α-glukosidaz enzimi için bulunmuştur. Bu değerlerin IC50 değerleri
ile uyumlu olduğu görülmüştür. Çalışmamızda saponince demir dikeni ve nohutun karbonhidrazlar ve lipaz üzerine inhibisyon etkileri araştırılarak obeziteyi önlemeye yeni bir
bakış açısıyla yaklaşılmıştır. Demir dikeni ve nohutun α-amilaz, α-glukosidaz ve lipaz
sindirim enzimlerini in vitro olarak inhibe etme potansiyeline sahip olduklarını ve düşük
kalorili bir diyet ile birlikte, vücut ağırlığı yönetiminde önemli bir rol oynayabileceğini
göstermektedir. Bu gıdalar, obezite ve diyabet için sentetik ilaçlara göre doğal, güvenli
ve uygun maliyetli alternatifler sağlayabilir. Çalışmadan elde edilen sonuçlar öncelikle
konu ile ilgili literatür eksikliğini tamamlamakta ve bu konuda planlanabilecek yeni çalışmalara kaynak oluşturmaktadır. İn vitro yöntemler ile elde edilen veriler de yapılabilecek
in vivo çalışmalara da bir ön bilgi niteliği taşımaktadır.
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a b s t r a c t
The total saponin content and its in vitro bioaccessibilities in Tribulus terrestris and chickpea were determined by a static in vitro digestion method (COST FA1005 Action INFOGEST). Also, in vitro inhibitory
effects of the chosen food samples on lipid and starch digestive enzymes were determined by evaluating
the lipase, a-amylase and a-glucosidase activities. The tested T. terrestris and chickpea showed inhibitory
activity against a-glucosidase (IC50 6967 ± 343 and 2885 ± 85.4 lg/ml, respectively) and a-amylase (IC50
343 ± 26.2 and 167 ± 6.12 lg/ml, respectively). The inhibitory activities of T. terrestris and chickpea
against lipase were 15.3 ± 2.03 and 9.74 ± 1.09 lg/ml, respectively. The present study provides the first
evidence that these food samples (T. terrestris, chickpea) are potent inhibitors of key enzymes in digestion
of carbohydrates and lipids in vitro.
 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Obesity is becoming one of the greatest threats to global health
in this millennium, with more than 1 billion overweight adults and
at least 300 million of them clinically obese (Arbeeny, 2004; Birari
& Bhutani, 2007; Yun, 2010). Obesity is a chronic disease caused by
the complex interactions of genetic, dietary, lifestyle, and environmental factors, which favor a chronic positive energy balance, and
lead to increased body fat mass (Mohamed, Ibrahim, Elkhayat, &
Dine, 2014). Obesity is considered to be a risk factor associated
with the genesis or development of major chronic diseases, including cardiovascular disease, high blood pressure, dyslipidemia, diabetes, osteoarthritis and some forms of cancer (Gu, Hurst, Stuart, &
Lambert, 2011; Moreno et al., 2003; Tucci, Boyland, & Halford,
2010). The potential of natural products for preventing and
⇑ Corresponding author.

E-mail address: sedef.el@ege.edu.tr (S.N. El).

treating obesity is still largely unexplored and may be an excellent
alternative strategy for developing future effective, safe antiobesity
treatments because of dissatisfaction with high costs and potentially dangerous side-effects of anti-obesity drugs. Many natural
products can induce body weight reduction and prevent dietinduced obesity (Birari & Bhutani, 2007; Mohamed et al., 2014;
Yun, 2010). One of the most important strategies in the treatment
or prevention of overweight- and obesity-related disease is the
development of natural inhibitors of digestive enzymes that interfere with the hydrolysis and absorption of dietary carbohydrates
and lipids (Garza, Milagro, Boque, Campión, & Martínez, 2011;
Gu et al., 2011; Wang, Du, & Song, 2010). Triglyceride is one of
the energy sources that is high in calories, and suppression of
triglyceride absorption is directly associated with the prevention
of obesity and obesity-related diseases (Sugiyama et al., 2007).
Alpha glucosidase, a-amylase and lipase are the major enzymes
involved in the hydrolysis of carbohydrates and fat (Gu et al.,
2011; Lowe, 1994; Nair, Kavrekar, & Mishra, 2013). Alpha amylase

http://dx.doi.org/10.1016/j.foodchem.2016.03.012
0308-8146/ 2016 Elsevier Ltd. All rights reserved.
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is involved in the breakdown of long chain carbohydrates and
a-glucosidase breaks down starch and disaccharides to glucose
and other monosaccharides (Nair et al., 2013). Pancreatic a-amylase
is an endoglucosidase that catalyzes the hydrolysis of starch to
maltose and maltotriose (Damager, Numao, Chen, Brayer, &
Withers, 2004; Gu et al., 2011). Pancreatic lipase is a key enzyme
for absorption of dietary triglycerides in the small intestine. This
enzyme is secreted from the pancreas and rapidly converts a
triglyceride to a 2-monoglyceride and two free fatty acids (Gu et al.,
2011; Lowe, 1994; Sugiyama et al., 2007). Therefore, the suppression
of triglyceride and carbohydrates absorption by these enzyme
inhibitions is a major approach for preventing obesity (Nair et al.,
2013; Sugiyama et al., 2007).
Saponin are compounds that can inhibit pancreatic lipase activity and may represent potential effective treatments for obesity
and related disorders (Garza et al., 2011; Tucci et al., 2010). Foods
rich in saponins have also been reported to reduce plasma cholesterol by binding to dietary cholesterol or bile acids, thereby
increasing their excretion through faeces (Jukanti, Gaur, Gowda,
& Chibbar, 2012; Messina, 1999). Saponins are a major family of
secondary metabolites that are known as non-volatile, surfaceactive compounds and widely distributed in plant kingdom
(Garza et al., 2011; Vincken, Lynn, Groot, & Gruppen, 2007; Wei,
2011). From a chemical viewpoint, saponins comprise a large family of structurally related compounds, which contain a steroid, or
triterpernoid aglycone attached to one or more oligosaccharide
moieties by glycosidic linkage (Hosstettman & Marston, 1995;
Vincken et al., 2007; Wei, 2011). Legumes (e.g. soya, beans, peas,
lentils, lupins) are the major sources of dietary saponins; nevertheless some other plants may also be of interest, such as asparagus,
spinach, onion, garlic, tea, oats, ginseng, liqorice (Lásztity,
Hidvégi, & Bata, 1998; Messina, 1999). Saponins are very poorly
absorbed (Messina, 1999). Saponins are glycosides known for their
soap-like foaming ability when mixed with water. This foaming
ability results from the combination of a lipophilic sapogenin and
a hydrophilic sugar part (Tucci et al., 2010).
Examples of natural sources of saponins include Tribulus terrestris and chickpea. T. terrestris is an annual herb belonging to
the Zygophyllaceae family, found around the world. It is native
to the Mediterranean region (Grigorova, Kashamov, Sredkova,
Surdjiiska, & Zlatev, 2008; Sidjimova et al., 2011). T. terrestris is
known as puncture vine or small calltrops, and is an annual herb,
with pinnate leaves and yellow flowers (Mohd et al., 2012). It is
a rich source of biologically active substances, such as saponins,
flavonoids, amides, alkaloids, vitamins and tannins and the therapeutic properties of the plant have been known for many years
(Grigorova et al., 2008; Sidjimova et al., 2011). T. terrestris has
reported to have antimicrobial, antihypertension, diuretic, antiacetylcholine and hemolytic activity. It stimulates spermatogenesis, libido, antitumor activity and has effects on cardiovascular
system (Mohd et al., 2012).
Chickpea (Cicer arietinum L.) is an important pulse crop, grown
and consumed all over the world, especially in the Afro-Asian
countries. Chickpea is cholesterol-free and a good source of carbohydrates, protein, dietary fiber, vitamins, minerals and antinutritional factors (alkaloids, tannins, saponins, etc.). Chickpea
has several potential health benefits, and, in combination with
other pulses and cereals, it could have beneficial effects in some
important human diseases, such as cardiovascular diseases, type
2 diabetes, digestive diseases and some cancers (Jukanti et al.,
2012).
The objectives of this study were to determine the saponin content and its in vitro bioaccessibilities in T. terrestris and chickpea
and to evaluate its inhibitory effects on lipid and carbohydrate
digestive enzymes (lipase, a-amylase and a-glucosidase). In this
study, a standardized static in vitro digestion method, recently
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proposed by the COST FA1005 Action INFOGEST, an international
network joined by more than 200 scientists from 32 countries
working in the field of digestion, was applied to analyze the
saponin in vitro bioaccessibilities of samples.
2. Materials and methods
2.1. Chemicals
Diosgenin (D1634), 4-nitrophenyl a-D-glucopyranoside (PNPG)
(N0877),
4-methylumbelliferyl
oleate
(4MUO)
(75164),
a-amylase (A1031), pepsin (P7012), pancreatin (P1750), lipase

(L3126), Pefabloc SC (76307) and n-Butanol (B7906) were purchased from Sigma (St. Louis, MO, US). Methanol (1586018) was
purchased from Merck. All reagents were of analytical grade.
2.2. Samples
T. terrestris and chickpea (Kabuli type, Cicer arietinum L.) were
purchased at different times from three different markets in Izmir,
Turkey. Dried leaves of T. terrestris (10 g) were infused in 250 ml of
boiling water for 10 min and filtered. Chickpea (100 g) was soaked
in 3 volumes of water at room temperature for 10 h and then
cooked in a Netlon pressure cooker with 150 ml of water for
15 min.
2.3. In vitro digestion
2.3.1. General
Samples were subjected to in vitro digestion analyses according
to the procedure recently described by Minekus et al. (2014). In
this consensus protocol, within the COST FA1005 INFOGEST Network, the practical static digestion method is based on human gastrointestinal physiologically relevant conditions. They concluded
that this protocol should be tested by different research groups
for a variety of application on different food samples (El et al.,
2015).
2.3.2. Simulated digestion fluids
Simulated digestion fluids are made up of the corresponding
electrolyte stock solutions, enzymes, CaCl2 and water. The
electrolyte stock solutions are 1.25  concentrated; i.e. 4 parts of
electrolyte stock solution + 1 part of water gives the correct ionic
composition in the simulated digestion fluids. The volumes are calculated for a final volume of 500 ml for each simulated fluid,
according to Table 1 for Simulated Salivary Fluid (SSF), Simulated
Gastric Fluid (SGF) and Simulated Intestinal Fluid (SIF).
2.3.3. Digestion procedure
2.3.3.1. Oral phase: final ratio of food to SSF of 50:50 (w/v). The 5 g of
solid or 5 ml of liquid food were mixed with 4 ml of SSF electrolyte
stock solution and minced together. Next, 25 ll of 0.3 M CaCl2 and
975 ll of water were added and thoroughly mixed. The sample was
incubated for 2 min at 37 C at 150 rpm in an orbital shaker (Stuart
S 1500, UK). In our study, salivary a-amylase was not added
because of the determining a-amylase inhibition activity of samples in the intestinal phase.
2.3.3.2. Gastric phase: final ratio of food to SGF of 50:50 (v/v). Oral
bolus was mixed with 8 ml of SGF electrolyte stock solution and
5 ll of 0.3 M CaCl2. The pH was adjusted to 3.0 with 3 M HCl.
1 ml of porcine pepsin stock solution (2000 U ml1 in the final mixture) was added and the volume was adjusted to 10 ml with water.
The sample was incubated for 2 h at 37 C at 150 rpm.
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Table 1
Composition of stock solutions of simulated digestion fluids.a–c
Salt solution
added

KCl
KH2PO4
NaHCO3
NaCl
MgCl2(H2O)6
(NH4)2CO3
CaCl2(H2O)2
HCl
a
b
c

Stock
conc.

SSF (pH 7)

SGF (pH 3)

SIF (pH 7)

mol/l

ml of Stock added to
prepare 0.4 l
ml

Final salt conc.
in SSF
mmol/l

ml of Stock added to
prepare 0.4 l
ml

Final salt conc.
in SGF
mmol/l

ml of Stock added to
prepare 0.4 l
ml

Final salt conc.
in SIF
mmol/l

0.5
0.5
1
2
0.15
0.5
0.3
6

15.1
3.7
6.8
–
0.5
0.06
–
0.09

15.1
3.7
13.6
–
0.15
0.06
1.5
1.1

6.9
0.9
12.5
11.8
0.4
0.5
–
1.3

6.9
0.9
25
47.2
0.12
0.5
0.15
15.6

6.8
0.8
42.5
9.6
1.1
–
–
0.7

6.8
0.8
85
38.4
0.33
–
0.6
8.4

SSF, Simulated Salivary Fluid; SGF, Simulated Gastric Fluid; SIF, Simulated Intestinal Fluid.
The concentrations correspond to 400 ml and final volume was up to 500 ml after addition of the enzymes, bile and CaCl2(H2O)2 during in vitro digestion.
The necessary volume of CaCl2(H2O)2 was added to the final mixture of the digestion medium to prevent precipitation.

2.3.3.3. Intestinal phase: final ratio of gastric chyme to SIF of 50:50
(v/v). Gastric chyme was mixed with 11 ml of SIF electrolyte stock
solution and pH was adjusted to 7.0 with 1 M NaOH. 40 ll of 0.3 M
CaCl2 and 2.5 ml of fresh bile (160 mM in fresh bile) were added to
the mixture. Pancreatin solution was prepared in SIF in order to
reach 100 U ml�1 of trypsin activity in the final mixture and additional pancreatic lipase (to obtain 2000 U ml�1 in the final mixture)
was added to the mixture according to the calculated lipase activity of the pancreatin. Final volume was made up with water to
40 ml. The sample was incubated for 2 h at 37 C at 150 rpm. After
2 h, 8 ll of 500 mM Pefabloc were added to the samples to stop the
enzyme reaction. The samples were stored at �18 C under nitrogen until analyzed.
Saponin digestibility was calculated as percentage of saponin
content of in vitro digested sample (S) and saponin content of sample (C).

% Bioaccessibility ¼ ðS=CÞ � 100

ð1Þ

where S = saponin content of in vitro digested sample (after in vitro
digestion) (mg saponin), C = saponin content of sample (before
in vitro digestion) (mg saponin).
2.4. Total saponins content
Total saponin content was measured by a spectrophotometric
method according to Wu, Zheng, Bi, and Zhu (2010) with some
modifications. Diosgenin was used as a standard compound to
determine the saponins content. The samples were dried to
approximately 6% water in the drying oven at a temperature of
50 C, and ground. The powder was passed through a 0.8 mm mesh
sieve. The powder was defatted in petroleum ether (60–90 C) by
ultrasonic wave processing for 1 h, and then the samples were
extracted twice with 5 ml of methanol (10,000 rpm 5 min homogenization, 5200g; 10 min centrifugation). The combined methanol
extracting solution was dried (60 C), extracted 4 times with
water-saturated n-butanol (40:4) (5200g, 10 min centrifugation),
and evaporated under reduced pressure. The extracts were dissolved in methanol and absorbance readings were taken at
408 nm. Saponin contents of samples were calculated with using
calibration curves (y = 0.0096x � 0.0292, R2 = 0.9997).
2.5. Enzyme inhibition assays
2.5.1. General
Enzyme inhibition assays were performed before and after
in vitro digestion of samples. Percentage of enzyme inhibition
was calculated with Eq. (2). The assay was performed in triplicate,

and a curve of percentage inhibition against inhibitor concentration was plotted with the averaged values. IC50 (concentration of
inhibitor required to produce a 50% inhibition of the initial rate
of reaction) of each inhibitor was determined by interpolation from
the curve.

Inhibition ð%Þ ¼ 100 � ½ðAcontrol � Acontrolblank Þ � ðAsample � Asampleblank Þ
=ðAcontrol � Acontrolblank Þ�

ð2Þ

where Acontrol, Acontrolblank, Asample and Asampleblank refer to the absorbance values of reaction vials containing live enzyme and buffer,
dead enzyme and buffer, live enzyme and inhibitor and dead
enzyme and inhibitor, respectively. Substrate was present in all
these vials.
Also the enzyme inhibitions of standard saponin, diosgenin,
were determined at the concentrations of 13.2 and 24.1 lg/ml of
saponin, and a curve of percentage inhibition against diosgenin
concentration (lM) was plotted.
The obtained curves for samples (inhibition against concentration) and the curves for diosgenin (inhibition against concentration
in lM) were fitted to exponential equations. Then, the slopes of the
equations, which are equal to the derivative of the equation at 50%
inhibition of each inhibitor were used to find diosgenin equivalent
inhibition capacity (DEIC50, mM/g) as shown in Eq. (3).

DEIC ¼ Slope of sample=ðSlope of diosgenin
� volume of sampleÞ

ð3Þ

2.5.2. a-Glucosidase inhibition assay
a-Glucosidase inhibition was measured by a spectrophotometric method according to Koh, Wog, Loo, Kasapis, and Huang (2010)
with some modifications. A 5 g of sample was vortexed in 10 ml of
phosphate buffer and centrifuged at 5000g for 5 min. Supernatant
was saved and the lower layer was re-extracted with 10 ml of
phosphate buffer and supernatants were combined. Reaction substrate [4-nitrophenyl a-D-glucopyranoside, (PNPG) (30 mM)] and
a-glucosidase (AGH) (25 mg/ml) solutions were prepared in phosphate buffered saline (PBS). After vortexing for 10 min, the AGH
mixture was centrifuged at 4 C (10000g) for 30 min. The clear
supernatant was subsequently utilized in the assay. 340 ll of inhibitors of different concentrations were pipetted into separate reaction vials and 20 ll of AGH solution was added to each vial,
followed by incubation at 37 C for 10 min. Then, 40 ll of PNPG
solution was added to initiate the digestion. After 15 min, 10 ll
of 0.1 M EDTA and 190 ll of 1 M Na2CO3 were added for reaction
termination. An aliquot of 200 ll was withdrawn from each vial
and placed in separate wells of a microplate reader. Absorbance
at 400 nm was measured by a microplate reader (Thermo Scientific
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Varioskan Flash, Finland). A control vial was prepared by replacing
the inhibitor solution with phosphate buffer. The entire experiment was repeated by substituting the live AGH with dead AGH
treated at 100 C for 10 min.
2.5.3. a-Amylase inhibition assay
a-Amylase inhibition was measured by a spectrophotometric
method according to Koh et al. (2010) and Yang et al. (2012) with
some modifications. 5 g of sample were vortexed in 10 ml of phosphate buffer and centrifuged at 5000g for 5 min. Supernatant was
saved and the lower layer was re-extracted with 10 ml of phosphate buffer and supernatants were combined. First, 820 ll samples of inhibitor (of different concentrations) were pipetted into
separate reaction vials and 100 ll of a-amylase enzyme solution
were added to each vial, and incubated at 37 C for 10 min. Next,
80 ll of potato starch solution (1%) were pipetted into each reaction vial. After a 12 min incubation in a 37 C water bath, 500 ll
of HCl (10%) were added to each vial for reaction termination. Next,
150 ll of iodine solution (0.0025 M I2/0.0065 M KI) and 500 ll of
distilled water were added. Upon the addition of 500 ll of deionized water, an aliquot of 200 ll (from each reaction vial) was pipetted into separate wells of a microplate. Absorbance at 620 nm was
measured by a microplate reader. A control vial was prepared by
replacing the inhibitor solution with phosphate buffer. The entire
experiment was repeated by substituting the live a-amylase
enzyme with denatured a-amylase enzyme solution treated at
100 C for 10 min.
2.5.4. Measurement of pancreatic lipase activity
Pancreatic lipase activity was measured according to Sugiyama
et al. (2007), using 4-methylumbelliferyl oleate (4MUO) as the substrate. 25 ll of the sample solution dissolved in water and 25 ll of
the pancreatic lipase solution (1 mg/ml) were mixed in the well of
a microtitre plate. 50 ll of 4MUO solution (0.1 mM) dissolved in
Dulbecco’s phosphate buffered saline (9.6 g/l) were then added to
initiate the enzyme reaction. After incubation at 23 C for 20 min,
100 ll of 0.1 M sodium citrate (pH 4.2) were added to stop the
reaction. The amount of 4-methylumbelliferone released by lipase
was measured, using a fluorescence microplate reader at an excitation wavelength of 320 nm and an emission wavelength of 450 nm.
2.6. Statistical analysis
All experiments were performed in triplicate and parallel. Six
values for each sample were averaged (n = 6). IC50 values were calculated with GraphPad Prism Version 5.01 (GraphPad Software,
Inc., San Diego, CA). The MINITAB Statistical Software package
(Version 17; State College, PA) was used for all statistical analyses.
The two samples t-test was performed for investigating statistically significant differences within two samples. The statistical
difference for more than two samples was determined by using
one-way ANOVA and the Tukey comparison test. A p value of
<0.05 was considered to be significant.
3. Results and discussion
The total saponin contents of T. terrestris and chickpea are
shown in Table 2. The content of total saponin in chickpea
(24.1 ± 2.01 mg/g, 2.41%) was higher than that in T. terrestris
(13.2 ± 0.89 mg/g, 1.32%) (p < 0.05).
Saponins have been reported in many pulses, lupin, lentil, and
chickpea, as well as various beans and peas. Soybean and chickpea
constitute major sources of saponins in the human diet. The total
saponin content of chickpea was 5.6% in the study of Fenwick
and Oakenfull (1983), and 3.6% in the study of Khokhar and
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Table 2
Saponin contents and bioaccessibilities of samples.
Samples

Saponin
content
(mg/g)

Saponin content
after in vitro
digestion (mg/g)

Bioaccesibility (%)

Tribulus terrestris
Chickpea

13.2 ± 0.89A,a
24.1 ± 2.01B,a

6.80 ± 0.17A,b
9.60 ± 0.68B,b

51.8 ± 2.85A
40.0 ± 2.97B

Values are means ± standard error (SE) (n = 6).
(a and b) Different letters within same row are indications of significant differences
(p < 0.05).
(A and B) Different capital letters within same column are indications of significant
differences (p < 0.05).

Apenten (2009). Jukanti et al. (2012) observed a higher saponin
content in chickpea (56 g/kg) than in other pulses such as green
gram (16 g/kg), lentils (3.7–4.6 g/kg), faba bean (4.3 g/kg) and
broad bean (3.5 g/kg). The values found in our study were lower
than these literature values because the total saponin content of
chickpea was determined, after the cooking process, as consumed.
Srivastava and Vasishtha (2013) reported an overall decrease of
66.3% in total saponin during cooking of chickpea.
Sidjimova et al. (2011) found that the steroidal saponin–protodioscin content of the samples of T. terrestris, (Zygophyllaceae)
which were collected from 16 localities in north Bulgaria was
5.0–22.1 mg/g. Lehmann, Halloran, Ozarko, and Penman (2013)
reported that total saponin contents of T. terrestris (Slovakian Herb,
Indian Herb, Australian Herb) were 1.98%, 0.54%, 3.96%, respectively. The values observed in this study are similar.
The bioaccesibilities of saponin in T. terrestris and chickpea were
also determined in this study by an in vitro method. The simulated
gastric/small intestinal digestion models are being extensively
used, at present, because they are rapid, safe and do not have the
ethical restrictions of in vivo methods. In vitro methods either simulate the digestion and absorption processes (for bioavailability) or
only the digestion process (for bioaccessibility), and the response
measured is the concentration of a nutrient or other dietary bioactive compounds in some kind of final extract (Prada & Aguilera,
2007). In our study, saponin bioaccessibilities were 51.8 ± 2.85%
and 40.0±2.97% in T. terrestris and chickpea, respectively (Table 2).
Saponin is generally regarded as having low biological availability.
The absorption of saponin in the human diet is highly variable and
relies on many factors, including the amount of saponin consumed
in a meal, interaction of saponin with bile acids, food processing
methods, and metabolic adaptation of individuals to dietary saponin. In addition, interaction of saponin with zinc and iron forms
insoluble phytate–mineral complexes and reduces the bioavailability of both saponin and the minerals (Shi et al., 2004). The zinc
and iron contents of T. terrestris leaves were found to be
0.10 ± 0.00 mg/100 g and 2.80 ± 0.7 mg/100 g, respectively (Gafar,
Itodo, Atiku, Hassan, & Peni, 2011). The zinc and iron contents of
chickpea were found to be 3.19 mg/100 g and 5.19 mg/100 g,
respectively (Akgün, Yücecan, & Kayakırılmaz, 1987).
Then, the inhibitory activities of T. terrestris and chickpea on aamylase, a-glucosidase and lipase were evaluated (by IC50 values)
and the results are shown in Table 3. Enzyme inhibition curves and
percent a-amylase, a-glucosidase and lipase inhibition of the samples were plotted as a function of concentration (as shown in
Supplementary materials 1–3).
Percent enzyme inhibition of the samples was positively correlated with the concentration of samples; a-glucosidase inhibition
(%) increased as concentration of samples increased (r2 = 0.99 for
T. terrestris and chickpea). Percent a-amylase inhibition and sample concentrations were significantly correlated as well
(r2 = 0.99). Similarly, the correlation between lipase inhibition
and concentration of samples was high (r2 = 0.99).
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Table 3
IC50 values of samples for a-glucosidase, a-amylase, lipase.
Samples

Tribulus terrestris
Chickpea

Table 5
Enzyme inhibitions of saponin standard diosgenin.

IC50 values (lg/ml)

Concentration of diosgenin

a-Glucosidase

a-Amylase

Lipase

6967 ± 343A,a
2885 ± 85.4B,a

343 ± 26.2A,b
167 ± 6.12B,b

15.3 ± 2.03A,c
9.74 ± 1.09B,c

Values are means ± standard error (SE) (n = 6).
(a–c) Different letters within same row are indications of significant differences
(p < 0.05).
(A and B) Different capital letters within same column are indications of significant
differences (p < 0.05).

T. terrestris and chickpea showed inhibitory activity against aglucosidase (IC50 6967 ± 343 and 2885 ± 85.4 lg/ml, respectively)
and a-amylase (IC50 343 ± 26.2 and 167 ± 6.12 lg/ml, respectively). The T. terrestris and chickpea exhibited inhibitory activity against lipase with 15.3 ± 2.03, 9.74 ± 1.09 lg/ml, respectively.
In the literature, there are two studies about a-glucosidase
and a-amylase inhibition of T. terrestris to date. Yoo et al.
(2014) found an IC50 value of 9.7 mg/ml for glucosidase inhibition
of T. terrestris. Ponnusamy, Ravindran, Zinjarde, Bhargava, and
Kumar (2011) found an IC50 value of 511 lg/ml for amylase
inhibition of T. terrestris. Chickpea showed greater inhibitions of
a-glucosidase, a-amylase and lipase than did T. terrestris. The
reason could be due to its higher saponin content than T. terrestris.
In humans, dietary carbohydrates are hydrolyzed by pancreatic
a-amylase and intestinal a-glucosidase enzymes responsible for
the breakdown of oligosaccharides and disaccharides into
monosaccharides which are suitable for absorption. The inhibition
of these enzymes is specifically useful for the treatment of
noninsulin- dependent diabetes because it will slow the release
of glucose into the blood (Podse˛dek, Majewska, Redzynia,
Sosnowska, & Koziołkiewicz, 2014). It is important to mention that
a-amylase breaks down starch into disaccharides that are acted
upon by isomaltase, especially a-glucosidase, to release glucose.
The presence of potent a-glucosidase inhibitory activity, therefore,
appears to be more important in controlling the release of glucose
from disaccharides in the gut than a-amylase inhibition. However,
moderate a-amylase inhibition with potent a-glucosidase
inhibitory activity may offer a better therapeutic strategy that
could slow the availability of dietary carbohydrate substrate
for glucose production in the gut (Kajaria, Ranjara, Tripathi,
Tripathi, & Tiwari, 2013). The major drawbacks associated with
synthetic a-glucosidase inhibitors are their strong a-amylase and
a-glucosidase inhibitory properties, resulting in excessive
inhibition of pancreatic a-amylase and leading to abnormal bacterial fermentation of undigested saccharides in the colon (Nagmoti
& Juvekar, 2013).
In this study, T. terrestris and chickpea showed very high
a-amylase inhibitory activity, but a moderate inhibitory effect
against a-glucosidase.

a-Glucosidase inhibition (%)
a-Amylase inhibition (%)
Lipase inhibition (%)

13.2 lg/ml

24.1 lg/ml

5.69 ± 0.36C,b
17.4 ± 0.86B,b
30.5 ± 0.65A,b

18.0 ± 0.83C,a
29.2 ± 0.78B,a
52.2 ± 00.96A,a

Values are means ± standard error (SE) (n = 6).
(a–d) Different letters within same row are indications of significant differences
(p < 0.05).
(A–C) Different capital letters within same column are indications of significant
differences (p < 0.05).

T. terrestris produced a slightly weak a-glucosidase enzyme
inhibition when compared with a-amylase and lipase. At the same
time, T. terrestris and chickpea, having a high affinity especially for
lipase, were associated with a low IC50 (15.3 ± 2.03 and
9.74 ± 1.09 lg/ml, respectively). Pancreatic lipase is the most
important enzyme responsible for digestion of dietary fat, so its
inhibition can lead to beneficial effects in overweight and obese
individuals (Podse˛dek et al., 2014).
In addition to evaluation of enzyme inhibition of T. terrestris and
chickpea before consumption, the enzyme inhibition assays were
done after in vitro digestion of samples at 1 mg/ml concentrations.
The percentages of enzyme inhibition are shown in Table 4. The
percentages of enzyme inhibition after in vitro digestion were
lower than those before in vitro digestion for each enzyme and
each sample. The reason for this could be the effects of the digestion process, temperature and pH change (acidic or basic environment). T. terrestris, at 1 mg/ml concentration, showed the lowest
enzyme inhibition of 8.13 ± 0.90% for glucosidase after in vitro
digestion. The highest percentage of enzyme inhibition was
85.4 ± 0.73% for lipase inhibition of chickpea after in vitro
digestion.
T. terrestris and chickpea, at 1 mg/ml concentration, had 13.2,
24.1 lg/ml of saponin, respectively. Therefore, the enzyme inhibitions of standard diosgenin were evaluated with 13.2 and 24.1 lg/
ml of saponin (Table 5). Enzyme inhibition (%) increased as concentration of diosgenin increased (r2 = 0.99). The standard of saponin
and diosgenin, exhibited the highest inhibitory activities against
lipase (compared to its inhibitory activity against a-amylase and
a-glucosidase activity (p < 0.05)). The percentages of lipase inhibition of standard saponin at the concentrations of 13.2 and 24.1 lg/
ml were 30.5 ± 0.65% and 52.2 ± 00.96%, respectively. While the
standard saponin at 13.2 and 24.1 lg/ml concentrations provided
17.4 ± 0.86% and 29.2 ± 0.78% a-amylase inhibition respectively,
the a-glucosidase inhibition with 13.2 and 24.1 lg/ml of standard
saponin was only 5.69 ± 0.36% and 18.0 ± 0.83%, respectively. However, T. terrestris and chickpea at 1 mg/ml concentration, which
included 13.2 and 24.1 lg/ml of saponin, showed higher enzyme
inhibitory activities against a-amylase, a-glucosidase and lipase

Table 4
Enzyme inhibitions of samples before and after in vitro digestion.
Samples (1 mg/ml concentration)
Chickpea

Tribulus terrestris

a-Glucosidase inhibition (%)
a-Amylase inhibition (%)
Lipase inhibition (%)

Before in vitro

After in vitro

Before in vitro

After in vitro

11.6 ± 1.77C,a
73.0 ± 1.63B,a
79.3 ± 1.03A,a

8.13 ± 0.90C,b
66.0 ± 1.86B,b
74.6 ± 1.08A,b

18.1 ± 1.75C,c
87.8 ± 2.20B,c
92.6 ± 1.27A,c

10.9 ± 1.32C,a
72.6 ± 0.84B,a
85.4 ± 0.73A,d

Values are means ± standard error (SE) (n = 6).
(a–d) Different letters within same row are indications of significant differences (p < 0.05).
(A–C) Different capital letters within same column are indications of significant differences (p < 0.05).
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Table 6
DEIC50 values of samples for a-glucosidase, a-amylase, lipase.
Samples

DEIC50 values (mM diosgenin/g sample)

a-Glucosidase

a-Amylase

Lipase

Tribulus terrestris
Chickpea

0.07
0.14

0.70
1.82

48.0
105

than did the standard saponin at the same concentration (Table 4).
The higher inhibitor activity may be due to other biologically active
substances and anti-nutritional factors.
Diosgenin equivalent inhibition capacity (DEIC50) was determined for each enzyme and sample (Table 6). Higher DEIC50 values
for both chickpea and T. terrestris were observed for lipase than for
a-amylase and a-glucosidase. Lowest DEIC50 values, for both
chickpea and T. terrestris, were for a-glucosidase. These values
were agreement with the IC50 values.
4. Conclusion
In this study, digestive enzyme inhibition in T. terrestris and
chickpea samples was determined by calculating the IC50 with
the lower numbers, indicating the higher enzymatic inhibition.
These results show that T. terrestris and chickpea are potent inhibitors of lipase, a-amylase and a-glucosidase activity. T. terrestris and
chickpea, having a high affinity especially for lipase, were associated with a low IC50 (15.3 ± 2.03 and 9.74 ± 1.09 lg/ml, respectively). Our study demonstrates that T. terrestris and chickpea can
inhibit digestive enzymes in vitro, and may, in conjunction with a
low calorie diet, play a role in body weight management. Extracts
from these foods are of value as a starting point for the further isolation and identification of active inhibitory compounds or for
developing an antiobesity functional food. These foods may provide safe, natural, and cost-effective alternatives to synthetic drugs
for obesity and diabetes.
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üzerinde atıf yapılmıştır. Prof. Gökmen halen Food Chemistry, Journal of Food
Composition and Analysis, Polish Journal of Food and Nutrition Sciences gibi
uluslararası bilimsel derginin yayın kurulu üyeliğinin yanı sıra Elsevier yayınevi
tarafından çıkarılan Food Research International dergisinin Asosiye Editörü olarak görev yapmaktadır.
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ÇÖZÜNMEZ BUĞDAY KEPEĞİ İLE ANTİOKSİDAN KAPASİTEYİ ARTTIRAN POLİFENOLLER
ARASINDAKİ ETKİLEŞİMİN MEKANİZMASI

ÖZET
Son zamanlarda yapılan çalışmalar obezite, diyabet, kanser gibi bir çok hastalığın oksidatif stress ile bağlantılı olduğunu göstermiştir. Bu noktada oksidatif
stresin önlenmesinde besinsel antioksidanlar ön plana çıkmaktadır. Besinsel
antioksidanlar gıda yapısında i) serbest çözünür, ii) karbonhidratlar, proteinler,
lipidler ve özellikle besinsel lifler gibi çeşitli iii) makromoleküllerle tutuklanmış,
iv) bu moleküllere bağlı ve çözünmez halde bulunurlar. Diyetle alınan serbest
çözünür antioksidan bileşikler ince bağırsakta hızla emilerek plazma antioksidan kapasitesini yükseltirler. Ancak çözünür antioksidan bileşiklerin bu etkileri
birkaç saat gibi kısa bir süre içerisinde ortadan kaybolur. Oysa besinsel liflere
bağlı durumdaki antioksidan bileşiklerin önemli bir bölümü ince bağırsaktan
sindirilmeden geçerek kolona ulaşır ve burada indirgen ortam oluşumuna katkı yapar. Life bağlı antioksidanların bir kısmı kolondaki mikrobiyal flora vasıtasıyla serbest forma dönüştürülür ve vücut tarafından emilerek bazal plazma
antioksidan kapasitesinin yükselmesini sağlar. Dolayısıyla, besinsel liflere bağlı antioksidanlar çözünür antioksidanlara kıyasla vücutta çok daha uzun süre
etki gösterirler. Bu nedenle diyetle alınan besinsel liflere bağlı antioksidanların
miktarının arttırılması insan sağlığı açısından potansiyel bir öneme sahiptir. Bu
çalışmanın amacı, çözünür antioksidan kaynakları ile buğday kepeği arasındaki
reaksiyon sonucunda yüksek bağlı antioksidan kapasiteye sahip besinsel lif
elde edilmesidir. Bu amaçla çözünmez buğday kepeği ile çözünür antioksidan
kaynakları (yeşil çay, siyah çay, kırmızı şarap, beyaz şarap) farklı reaksiyon koşullarında (pH, sıcaklık, süre) etkileştirilmiş ve reaksiyon mekanizması aydınlatılmıştır. Test edilen içecekler arasında toplam antioksidan kapasitesindeki en
yüksek artışa yeşil çay infüzyonununun neden olduğu görülmüştür. Sıcaklık, zaman, oksijen ve pH’nın çözünmeyen buğday kepeği ve polifenoller arasındaki
reaksiyonu önemli ölçüde etkilediği görülmüş ve bu reaksiyonun gerçekleştiği
optimum koşullar belirlenmiştir. Çözünür olmayan kepeklerin, optimum koşullarda (50 ° C, pH 9.0, sabit oksijen varlığında) yeşil çay infüzyonu ile muamele
edildikten sonra bağlı antioksidan kapasitesi 7 mmol TE. kg-1 değerinden 100
mmol TE.kg-1’ in üzerine çıkmıştır. Aynı zamanda buğday kepeği içinde bulunan
serbest amino gruplarının konsantrasyonu, reaksiyondan sonra önemli ölçüde
azalmıştır (% 59.5). Bu veriler ışığında, çözünmez buğday kepeğindeki antioksidan kapasite artışına sebep olan reaksiyon mekanizmasının polifenollerin,
alkali koşullarda kinonlara okside olarak buğday kepeğinin yüzeyinde bulunan
serbest amino gruplarına bağlanması şeklinde olduğu öne sürülmüştür. Çalışma sonunda fonksiyonel özellikleri geliştirilmiş besinsel liflerin elde edilmesi
üzerine önemli bilgiler ortaya çıkmıştır. Bağlı antioksidan kapasitesi yükseltilmiş
besinsel liflerin kahvaltılık gevrek benzeri ürünlerde fonksiyonel ingrediyen olarak kullanılması ve ticarileşme potansiyeli yüksektir.
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a b s t r a c t
This study aimed to provide an in-depth investigation of the interaction between insoluble wheat bran and polyphenols. Treatment with tannic acid, but not gallic acid, increased the bound antioxidant capacity of insoluble
wheat bran depending on its aqueous concentration (p b 0.05). Among the beverages tested (white and red
wines, black and green tea infusions), treatment with green tea infusion caused the highest increase in the
total antioxidant capacity. Temperature, time, air and pH were found to signiﬁcantly affect the reaction between
insoluble wheat bran and polyphenols. The bound antioxidant capacity of insoluble bran increased to above
100 mmol TE.kg−1 after treatment with green tea infusion at optimum conditions (50 °C, pH 9.0, no airﬂow).
Concentration of free amino groups available in wheat bran signiﬁcantly decreased (59.5%) after the treatment.
The results suggested that polyphenols are oxidized to quinones under alkaline conditions further bound to free
amino groups available on the surface of wheat bran.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Epidemiological studies have shown that diets rich in whole grains reduce the risk of type 2 diabetes, obesity, cancer and cardiovascular diseases (Jacobs, Slavin, & Marquart, 1995; Koh-Banerjee & Rimm, 2003;
Liu et al., 1999; Meyer et al., 2000). Whole grains, especially their bran
fraction (Chandrasekara & Shahidi, 2010), contain dietary ﬁbers in addition to antioxidant compounds. Antioxidant compounds in whole grains
may exist in free, soluble conjugate, and insoluble bound forms. Among
them, insoluble bound antioxidants, which are associated with cell wall
materials, are dominant (Bunzel, Ralph, Marita, Hatﬁeld, & Steinhart,
2001; Sosulski, Krygier, & Hogge, 1982). Soluble antioxidants that are
ingested with diet cause a rapid increase in plasma antioxidant capacity
upon absorption in the small intestine. However, this effect of soluble antioxidant compounds disappears within a few hours (Lotito & Frei, 2004).
On the other hand, a signiﬁcant part of the antioxidant compounds bound
to dietary ﬁber reach the colon without being digested through the small
intestine (Liyana-Pathirana & Shahidi, 2005) and contribute to the formation of reduced environment in the colon (Pérez-Jiménez & Saura-Calixto,
2005). Some part of the bound antioxidants is converted to free form by
the colon microbiota, and is released slowly and continuously (Kroon,
Faulds, Ryden, Robertson, & Williamson, 1997). It provides an increase
in the basal plasma antioxidant capacity via absorption through the system (Jacobs, Pereira, Stumpf, Pins, & Adlercreutz, 2002). Thus, antioxidants bound to dietary ﬁbers exert their effects much longer than
soluble antioxidants in living organisms. Therefore, an increase in the
⁎ Corresponding author. Tel./fax: +90 312 2977108.
E-mail address: vgokmen@hacettepe.edu.tr (V. Gökmen).

amount of antioxidants bound to dietary ﬁbers ingested in the diet has
a potential signiﬁcance in human health.
The importance of ‘dietary ﬁber–antioxidant compounds’ complex
has been recently emphasized by some researchers (Jiménez-Escrig,
Rincón, Pulido, & Saura-Calixto, 2001; Martinez-Tome et al., 2004;
Saura-Calixto, 1998; Yu et al., 2002). Increasing the amount of dietary
ﬁber or antioxidant compounds in food has also come into prominence (Acosta-Estrada, Lazo-Vélez, Nava-Valdez, Gutiérrez-Uribe, &
Serna-Saldívar, 2014; Anil, 2007). However, there is no in-depth
study about the mechanism of increasing the bound antioxidant capacity of dietary ﬁbers.
In a recent study conducted by our group, positive interaction between soluble antioxidants and antioxidants bound to insoluble dietary
ﬁbers was observed (Çelik & Gökmen, 2014). This kind of interaction
offer great advantages as it allows the design of new dietary ﬁber materials with increased antioxidant capacity. However, the mechanism behind such interactions remain unclear. Therefore, this study aimed to
investigate in-depth the mechanism of interaction between the insoluble wheat bran fraction and polyphenols. Insoluble wheat bran was
reacted with polyphenols from different sources under different conditions to better understand the reaction mechanism leading to increased
bound antioxidant capacity.
2. Materials and methods
2.1. Chemicals
All chemicals and solvents used were of analytical grade. Potassium
peroxydisulfate, 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)

http://dx.doi.org/10.1016/j.foodres.2014.12.037
0963-9969/© 2014 Elsevier Ltd. All rights reserved.
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(ABTS), 6-hydroxy-2,5,7,8 tetramethylchroman-2 carboxylic acid
(Trolox), 2,4,6-trinitrobenzene sulfonic acid (TNBSA), leucine, Folin–
Ciocalteu reagent, tannic acid, gallic acid and sodium carbonate were
purchased from Sigma-Aldrich Chemie (Steinheim, Germany). Ethyl
alcohol, methanol, n-hexane, sodium hydroxide, hydrochloric acid and
sodium bicarbonate were purchased from Merck (Darmstadt,
Germany). Wheat bran, red wine, white wine, black tea and green tea
were purchased from the local market. Powder of green tea extract
was purchased from Danisco (Copenhagen, Denmark).

12) as well as with or without O2 ﬂow. In this manner, the optimum
conditions for increasing the antioxidant capacity of insoluble wheat
bran were determined. In addition, the reaction kinetics was investigated by treating insoluble wheat bran with two concentrations of green
tea extract (0.5% and 1.0%) at optimum conditions. The reaction was
carried out up to 3 h and the antioxidant capacity of wheat bran was
measured after 0.5, 1, 2 and 3 h of treatment.
2.5. Determination of the binding of phenolic compounds to insoluble wheat
bran

2.2. Preparation of insoluble wheat bran
Wheat bran was used in this study due to its rich dietary ﬁber content. Ground wheat bran was subjected to washing cycles as described
in Çelik et al. (2013). After washing cycles, the wheat bran fraction,
which is free of water and alcohol soluble substances as well as lipid
phase and lipid soluble compounds, was prepared to obtain insoluble
powder (Celik, Gokmen, & Fogliano, 2013).
2.3. Preparation of beverages rich in antioxidants and pure solutions of
antioxidants
Red wine, white wine, black tea and green tea were selected as the
beverages rich in soluble antioxidant compounds. Red wine and white
wine were used in the treatments with insoluble wheat bran fraction
as it is or after ten-fold dilution (v/v) with distilled water. Green tea
and black tea were used after brewing. A total of 3 g tea was brewed
in 100 ml of boiling water for 15 min. Tea infusions were ﬁltered
through a coarse ﬁlter paper and used in the treatments with insoluble
wheat bran fraction as is or after ten-fold dilution (v/v) with distilled
water.
Aqueous solutions of green tea extract were prepared at concentrations of 0.5% and 1.0% (w/v) by dissolving appropriate amounts in
distilled water. Aqueous solutions of tannic acid and gallic acid,
representing polymeric and monomeric phenolic standard compounds,
respectively, were prepared at concentrations of 10, 20, 50, 100 and
200 μmol L−1.
2.4. Treatment of insoluble wheat bran with soluble antioxidants
Insoluble wheat bran was treated with beverages rich in soluble antioxidants (white wine, red wine, black tea and green tea) and aqueous
solutions of pure antioxidants (tannic acid and gallic acid) prepared as
explained above. A total of 50 mg insoluble wheat bran was weighed
into a tube. The reaction was initiated by adding 5 ml of beverages or
aqueous solutions of pure antioxidants. The reaction tube was mixed
using a magnetic stirrer at a speed of 350 rpm at 25 °C for 30 min.
After reaction, the tube was centrifuged at 6080 ×g for 2 min, and the
supernatant was removed. The remaining soluble antioxidant compounds that were not bound to insoluble wheat bran were removed
by washing four times with ethanol and water, respectively. The antioxidant capacity of the water used in the last step was measured in order
to be sure that ﬁnal precipitate was free of soluble antioxidant compounds. Then, the ﬁnal precipitate of insoluble wheat bran fraction
was lyophilized prior to measurement of antioxidant capacity. The
total antioxidant capacity was measured using the direct QUENCHER
procedure described elsewhere, and expressed as mmol Trolox equivalent kg−1 (mmol TE.kg−1) (Serpen, Gökmen, & Fogliano, 2012; Celik &
Gökmen 2013). In order to understand the effect of phenoxy radical formation on the reaction, insoluble wheat bran treated with ABTS•+ radical solution was reacted with aqueous solutions of tannic acid under
the conditions described above.
In order to investigate the effects of different parameters, the reaction between soluble antioxidant compounds in beverage (green tea)
and insoluble wheat bran fraction was carried out at different temperatures (25 °C or 50 °C), time (0.5 or 1 h) and pH values (2, 4, 6, 7, 8, 9, 10,
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Insoluble wheat bran fractions, untreated and treated with green tea
infusions at optimum conditions, were analyzed for bound phenolic
compounds. Analyses were performed using the QUENCHER method
with Folin–Ciocalteu reagent. Samples at 10 mg were transferred to a
test tube and 0.8 ml of 0.2 M Folin–Ciocalteu reagent was added for oxidation. After 5 min, the mixture was neutralized with 1.25 ml of 20%
aqueous Na2CO3 solution and kept in the dark for 1 h. After the mixture
was centrifuged at 6080 ×g for 2 min, the optically clear supernatant
was transferred into a cuvette and the absorbance was measured at
765 nm against the solvent blank using a Shimadzu model 2100
variable-wavelength UV-visible spectrophotometer (Shimadzu Corp.,
Kyoto, Japan). The bound phenolic content was determined by means
of a calibration curve prepared with gallic acid, and expressed as mg
of gallic acid equivalent per kg on a dry basis.
2.6. Determination of free amino groups in insoluble wheat bran
Insoluble wheat bran fractions, untreated and treated with green tea
infusion at optimum conditions, were analyzed for free amino groups.
Analyses were performed using TNBS assay as reported in Hermanson
(1996). Samples at 10 mg and 1 ml of 0.1 M sodium bicarbonate buffer
solution (pH 8.5) were transferred to a test tube and the reaction was
initiated by adding 0.5 ml of 0.01% (w/v) TNBSA. Following incubation
at 37 °C for 2 h, the mixture was centrifuged at 6080 ×g for 2 min.
After optically clear supernatant and 0.25 ml of the 1 N HCl was transferred into a cuvette, the absorbance was measured at 335 nm by
using a Shimadzu model 2100 variable-wavelength UV-visible spectrophotometer (Shimadzu Corp., Kyoto, Japan). The free amino content of
treated or untreated wheat bran was determined by means of a calibration curve prepared with leucine, and expressed as mmol leucine equivalent (LE) per kg on a dry basis.
2.7. Statistical analysis
The analytical data were reported as the mean ± standard deviation
of duplicate independent measurements and were subjected to oneway ANOVA. The signiﬁcance of mean differences was determined by
Tukey HSDa post hoc test using SPSS version 17.0. p values of b 0.05
were considered statistically signiﬁcant.
3. Results and discussion
3.1. Interaction of insoluble wheat bran with polyphenols
The wheat bran used in this study was found to have an initial total
antioxidant capacity of 63.0 ± 1.8 TE.kg−1. After washing with water
and alcohol, its antioxidant activity decreased to 6.8 ± 0.2 mmol
TE.kg−1.This insoluble fraction of wheat bran was treated with polyphenols in order to understand the mechanisms of reaction between insoluble wheat bran and soluble antioxidant compounds. As shown in
Fig. 1a, increasing the concentration of tannic acid during the treatment
(30 min at room temperature) led to a signiﬁcant increase (p b 0.05) in
the antioxidant capacity of insoluble wheat bran. However, there were
no statistically signiﬁcant differences (p N 0.05) in increasing antioxidant capacity when wheat bran itself or its radical pretreated form
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Fig. 1. Increase of the antioxidant capacity of insoluble wheat bran during treatment with
(a) different concentrations of tannic acid, and (b) antioxidant-rich beverages at room
temperature for 30 min.

was used as the insoluble material. This indicated that the reason for the
increased antioxidant capacity was not the radicals that formed on the
surface of insoluble wheat bran. Under similar conditions, treatment
with gallic acid, a monomeric form of tannic acid, did not cause any signiﬁcant increase in the antioxidant capacity (data not shown). This was
probably due to the fact that tannic acid, as a polymeric compound, produced more quinones that enhanced its binding ability to bran matrix
but gallic acid could not.
As shown in Fig. 1b, treatment with green tea infusion (3 g/100 ml)
signiﬁcantly increased (p b 0.05) the antioxidant capacity of insoluble
wheat bran from 6.8 ± 0.2 mmol TE.kg−1 (control) to 18.8 ±
0.4 mmol TE.kg−1. However, treatment with white wine had no statistically signiﬁcant effect (p b 0.05) on the antioxidant capacity of insoluble wheat bran. It is known that green tea infusions are rich in ﬂavan-3ols (epicatechin, epigallocatechin and epigallocatechin gallate) that can
be oxidized to quinones and polymerize easily during treatment (Wang
& Ho, 2009). Compared to controls, treatment with black tea infusion
and red wine also caused statistically signiﬁcant increases (p b 0.05)
in the antioxidant capacity of insoluble wheat bran, most probably
due to the presence of polymeric phenolic compounds in high quantities. The effects of red wine, black tea and green tea infusions were
found to be dependent on concentration. In fact, diluted forms of
these beverages were signiﬁcantly less effective (p b 0.05) than their
undiluted forms (Fig. 1b).
Since green tea infusion was the most efﬁcient beverage among
others tested, it was used as the source of polyphenols to determine
the effects of different conditions (temperature, time, pH and air ﬂow)

on the antioxidant capacity of insoluble wheat bran. Increasing the
treatment time from 30 min to 60 min caused 1.49 times and 1.96
times increase at 25 °C and 50 °C, respectively, in the antioxidant capacity of insoluble wheat bran. The highest level of antioxidant capacity
was attained after the treatment of insoluble wheat bran with green
tea infusion at 50 °C for 60 min (Fig. 2). At these conditions (50 °C,
60 min), changing the pH value of the reaction medium from 2.0 to
12.0 had a strong inﬂuence on the resulting antioxidant capacity
(Fig. 3). Increasing the pH of the reaction medium from 2.0 to 9.0 linearly increased the antioxidant capacity, reaching an apparent maximum
level of 126.8 ± 0.6 mmol TE.kg−1. However, further increase of pH to
10.0 and 12.0 caused a sharp decrease in the antioxidant capacity
(Fig. 3). It is a fact that polyphenols turn into phenolate ions at alkaline
conditions followed by quinone formation (Hurrell & Finot, 1984). This
might be affecting their binding ability onto insoluble bran matrix.
However, highly acidic and basic conditions (pH 2.0 or 12.0) were
found as the least effective probably due to loss of bound phenolic
acids as a result of hydrolysis.
The reaction medium was aerated to determine its effect on the
resulting antioxidant capacity of insoluble wheat bran treated with
green tea infusion. It was found that applying an air stream during the
treatment adversely affected the binding ability of soluble phenolic
compounds onto insoluble bran matrix. Compared to treatment with
green tea infusion for 1 h at 50 °C and pH 9.0, the antioxidant capacity
of insoluble wheat bran reached 81.3 ± 0.3 mmol TE.kg−1, which was
35.9% lower when the reaction medium was aerated (p b 0.05). It is
thought that applying an air stream caused soluble phenolic compounds
to polymerize in the liquid phase, but limited their binding to bran surface. The same procedure was repeated using black tea infusion instead
of green tea infusion as a source of soluble antioxidants in polymeric
forms. After reaction, antioxidant capacity of insoluble wheat bran treated with or without aeration of reaction medium was 31.8 ± 2.8 mmol
TE.kg−1 or 35.6 ± 1.9 mmol TE.kg−1, respectively. In this case, no statistically signiﬁcant difference (p N 0.05) was observed due to the fact that
black tea already had polymeric compounds, and aeration did not affect
polymerization in liquid phase.
In addition, wheat bran that contains both soluble and insoluble
fractions (unwashed wheat bran) also reacted with green tea infusion
at optimal conditions (50 °C, pH 9.0, no air ﬂow). After reaction, the antioxidant capacity of ﬁnal insoluble precipitate was found as 90.8 ±
2.9 mmol TE.kg−1. Interestingly, the level of resulting antioxidant capacity was lower when the reaction was started with unwashed
wheat bran instead of its insoluble fraction. It is thought that some
parts of polyphenols present in green tea infusion were bound to the
soluble fraction of wheat bran that was lost during the washing cycle.
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Fig. 2. Effect of temperature (25 °C and 50 °C) and time (30 min and 60 min) on the increase of antioxidant capacity of insoluble wheat bran during treatment with green tea infusion (3 g/100 ml).
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Total bound phenolic compounds were analyzed before and after
the treatment of insoluble wheat bran with green tea infusion to conﬁrm the binding of soluble phenolic compounds. The initial concentration of bound phenolic compounds was found to be 1099.1 ± 61.4 mg
gallic acid kg− 1 for untreated insoluble wheat bran. Treatment with
green tea infusion for 1 h at 50 °C and pH 9.0 caused an increase in
the bound phenolic compounds concentration of insoluble wheat bran
to 12,593 ± 170.5 mg gallic acid kg−1. Similarly, antioxidant capacity
of insoluble wheat bran also reached 126.8 ± 0.6 mmol TE.kg−1 from
6.8 ± 0.2 mmol TE.kg−1 after treatment with green tea. The coherence
between the increase of antioxidant capacity and bound phenolic compounds of insoluble wheat bran indicated the binding of phenolic compounds present in the green tea infusion (liquid phase) to the insoluble
wheat bran (solid phase).

determine their effect on the binding rate. A biphasic kinetic behavior
was observed for the increase of antioxidant capacity of insoluble
wheat bran during treatment with green tea extract. There was a very
sharp increase in the antioxidant capacity within the ﬁrst 15 min. In
the ﬁrst phase, the rate was independent of the concentration of soluble
phenolic compounds in the liquid phase. Afterwards, the antioxidant capacity continued to increase with a noticeably lower rate depending on
the concentration of soluble phenolic compounds. In the ﬁrst phase, the
sharp increase of the antioxidant capacity is thought to be due to the
binding of phenolic compounds via the formation of quinones that further react with free amine groups available in the bran matrix (Bittner,
2006; Hurrell & Finot, 1984; Zhang et al., 2011). In the second phase, it is
thought that soluble phenolic compounds continue to polymerize at the
solid surface, which further increases the bound antioxidant capacity of
insoluble wheat bran.

3.2. Determination of the binding mechanism and kinetics

4. Conclusion

The initial concentration of free amino groups was found as 2.62 ±
0.06 mmol LE.kg−1 for the insoluble wheat bran fraction. It signiﬁcantly
decreased to 1.06 ± 0.17 mmol LE.kg−1 after the reaction of insoluble
wheat bran with green tea infusion (p b 0.05). The reason for the
59.5% reduction in free amino groups of insoluble wheat bran should
be due to binding of polyphenols present in green tea infusion via
their oxidation to corresponding quinones. It has been previously reported that quinones, being a reactive electrophilic intermediate,
could readily undergo attack by nucleophiles such as lysine, methionine,
cysteine and tryptophan moieties in a protein chain reversibly or irreversibly (Bittner, 2006; Hurrell & Finot, 1984). As reported by others, insoluble wheat bran subjected to alkaline hydrolysis contained 1.4% of
protein (Zhang et al., 2011). Therefore, the results suggest that green
tea polyphenols are ﬁrst oxidized to quinones under alkaline conditions,
and then, they are further bound to free amino groups available on the
surface of wheat bran matrix as shown in Fig. 4.
The binding kinetics was investigated during the treatment of insoluble wheat bran with green tea extract (Fig. 5). Aqueous solutions of
green tea extract were used at two concentrations (0.5% and 1.0%) to

The required daily intake of dietary antioxidants is estimated as 9–
11 mmol TE.kg−1 to prevent postprandial oxidative stress relative to a
daily energy intake of 2000–2500 kcal (Prior et al., 2007). Researchers
previously reported that green tea polyphenols inhibit cyclooxygenase
and lipoxygenase activities in human colon mucosa cells and human
colon cancer cells (Hong, Smith, Ho, August, & Yang, 2001). On the
other hand, the importance of green tea polyphenols as radical and oxidant scavengers in vivo might be minor, based on their limited concentrations achieved in plasma and tissues for a few hours (Frei & Higdon,
2003). However, ﬁber-bound antioxidants may reach the colon without
being digested, and contribute to the formation of a reduced environment. Nevertheless, the levels of antioxidant capacity bound to naturally
occurring dietary ﬁbers are very limited. The present study revealed that
the antioxidant capacity of insoluble wheat bran could be increased from
a level less than 10 mmol TE.kg−1 to a remarkably high level exceeding
100 mmol TE.kg−1 by means of its treatment with free polyphenols
under alkaline conditions. The results suggest that the reaction between
oxidized polyphenols and free amino groups available on the surface of
bran might be responsible for the increased antioxidant capacity of

Fig. 4. Proposed mechanism for reaction between soluble antioxidants and insoluble wheat bran.
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insoluble wheat bran. The ﬁndings can be used to develop functional dietary ﬁbers rich in bound antioxidant capacity.
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