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 Abstract: Background: Salad vegetables are good sources of dietary fiber and are becoming in-
creasingly popular among consumers. Therefore, these plants have the potential to be developed as 
functional foods. 

Objective: Using an in vitro model, this study investigated the physical properties and intestinal 
glucose and lipid absorption capacities of dry dietary fiber from vegetables typically consumed in 
salads (types of lettuce, including red oak, red coral, green oak, butterhead, and cos). 

Method: Fiber was prepared from each type of lettuce using an enzymatic method and then charac-
terized. Physical properties, including solubility and water-binding, swelling, cation-exchange, and 
oil-binding capacities, and antihyperglycemic and antihypercholesterolemic effects of fiber were 
investigated. 

Results: The hydration capacity of total dietary fiber and insoluble fiber from the majority of 
sources was significantly different from that of cellulose. Adsorption and diffusion of glucose were 
directly proportional to incubation time, and the diffusion rate was significantly lower in the treat-
ments containing fiber compared to the cellulose control. Fiber from these vegetables also inhibited 
amylase and alpha-glucosidase activities. Moreover, fiber from all sources exhibited significantly 
higher sodium cholate and cholesterol-binding capacity compared to cellulose and also retarded 
pancreatic cholesterol esterase activity in a concentration-dependent manner. 

Conclusion: This study demonstrates that natural dietary fiber from salad vegetables can reduce 
glucose and lipid absorption and breakdown rates, thus preventing increases in postprandial blood 
glucose and cholesterol levels, which can be beneficial to human health. 
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1. INTRODUCTION 

 Dietary fiber, including soluble and insoluble fiber, is a 
diverse group of carbohydrates and lignin that is not hydro-
lyzed by human enzymes; therefore, it is either resistant to 
digestion or processed in the small intestine [1]. Soluble fi-
ber includes viscous fiber, such as glucans, fructans (inulin 
and fructooligosaccharides), gum, pectin, and mucilage, and 
non-viscous fiber, such as hemicelluloses. Insoluble fiber is 
found in whole grain, wheat, bran, nuts, seeds, and some 
fruits and vegetables. Although dietary fiber is indigestible, 
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it can be partly hydrolyzed by bacteria in the colon using 
colonic enzymes. It has several protective effects against 
chronic diseases, including reducing the risk of coronary 
heart diseases. It also lowers the levels of plasma cholesterol 
and reduces the glycemic response to meals in people with 
diabetes, and, therefore, decreases the risk of metabolic syn-
drome, inflammatory bowel syndrome, diverticular disease, 
obesity, colorectal cancer, and obesity [2-6]. 
 In recent times, eating patterns have changed toward in-
creased consumption of instant, fast, and prepared foods. 
These foods can lead to nutritional problems because they 
often provide high amounts of fat, sugar, refined carbohy-
drates, and energy while being low in dietary fiber. Numer-
ous health organizations have suggested that people should 
increase the consumption of dietary fiber, with the specific 
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recommendation of 15–38 g/day [7]. High-fiber products 
such as vegetables and wheat include a number of high-fiber 
ingredients. Several vegetable products have the potential for 
use as dietary fiber sources and should thus be investigated. 
 Lettuce is one of the most popular vegetables whose 
leaves are widely used to prepare salads. It is a rich source of 
bioactive compounds and nutrients important for human 
health and protection against diseases. These healthy proper-
ties of lettuce are attributed to a large supply of antioxidant 
compounds (e.g., vitamins C and E, carotenoids, and polyphe-
nols) as well as fiber content [8–10]. These vegetables are 
increasingly accepted by consumers because they are healthy 
and easy to find and prepare for fresh consumption. Therefore, 
dietary fiber from the lettuce family should be developed to 
become a functional food. However, information is not availa-
ble currently about the dietary fiber in these vegetables. 
 Therefore, the objective of this study was to evaluate and 
compare the physicochemical properties and in vitro antihy-
perglycemic and antihypercholesterolemic potential of differ-
ent fiber-rich meals prepared from types of lettuce consumed 
as salad vegetables (e.g., red oak, red coral, green oak, butter-
head, and cos lettuce). This study may facilitate the improved 
use of this resource by determining the functionality of dietary 
fiber and differences between total dietary fiber (TDF) and 
insoluble dietary fiber (IDF), as well as the potential applica-
tions of these vegetables as fiber sources. 

2. MATERIALS AND METHODS 

2.1. Plant Materials and Preparation of Selected Lettuces 
Consumed as Salad Vegetables 

 The vegetables included in this study were types of Lac-
tuca sativa var. crispa (red oak, red coral, and green oak 
lettuce), Lactuca sativa L. cv. Panama (butterhead lettuce), 
and Lactuca sativa longifolia (cos lettuce) were purchased 
from a local market. The vegetables were cleaned and dried 
at 40 °C for 15–20 h, and then ground into powder and de-
fined as TDF containing both soluble and IDF. The standard 
method of enzymatic extraction of the Association of Offi-
cial Analytical Chemists [11] was used for extracting insolu-
ble fiber. The vegetable powder was digested with heat-
stable alpha-amylase (100 °C, 1 h) and then with protease 
(60 °C, 1 h), followed by incubation with amyloglucosidase 
(60 °C, 1 h) to remove protein and starch. The enzyme-
treated mixture was then centrifuged at 5,000 rpm for 20 min 
at 25 °C. The residue recovered in this step, defined as IDF, 
was washed sequentially with 78% ethanol, 95% ethanol, 
and acetone. The residue was oven-dried overnight at 60 °C 
and stored for further analysis. Alpha-cellulose (Cat. No. C-
8200; Sigma Aldrich) was used as a control. 

2.2. Physicochemical Properties of Selected Lettuces 
Consumed as Salad Vegetables 

2.2.1. Solubility 

 Solubility was determined according to the method de-
scribed by Chau, Wang, and Wen [12]. In brief, TDF and 
IDF were mixed with distilled water (1:10 w/v) and left for 1 
h at room temperature. After centrifugation at 1,500 rpm for 
10 min, the supernatant	 was collected and dried at 100 ºC in 

a hot air oven. The residue was weighed to determine solu-
bility using the formula: 

Solubility  (%)  =  
Weight  (g)  of  supernatant  after  drying  ×  100

Weight  (g)  of  sample
. 

2.2.2. Swelling Capacity 

   Swelling capacity was investigated using a modification 
of Gorecka et al.’s [13] and Sowbhaya et al.’s [14] method. In 
brief, 0.5 g of TDF and IDF were allocated into three different 
15 ml containers with 1 M phosphate buffer, which main-
tained the pH value at 6.6, 1.8, and 8.7, and the mixture was 
allowed to swell for 7 min, 135 min, and 60 min, respectively, 
to assess experimental pH conditions that may be encountered 
in specific portions of the human gastrointestinal tract (GIT; 
i.e., oral cavity: pH 6.6, passage time 7 min; stomach: pH 1.8 
and 135 min; and duodenum: pH 8.7 and 60 min). The final 
volumes were determined and expressed as ml of swollen 
sample per gram of dry initial sample using the formula: 

Swelling  capacity  =  
Volume  (ml)  of  final  dietary  fiber  
Weight  (g)  of  initial  dietary  fiber

. 

 
2.2.3. Water-Binding Capacity (WBC) 

 WBC was determined using a modification of the method 
described by Gorecka et al. [13] and Sowbhaya et al. [14] by 
adding 0.5 g of TDF or IDF into different 15 ml containers 
with 1 M phosphate buffer, which maintained the pH at 6.6, 
1.8, and 8.7, and the mixture was allowed to swell in the 
water bath and was shaken at 37 °C for 7 min, 135 min, and 
60 min, respectively, to assess experimental pH conditions 
that may be encountered in specific portions of the human 
GIT. The mixture was subjected to centrifugation at 3,000 
rpm for 15 min, and the supernatants were carefully removed. 
The tubes were slanted for 30 min to drain off the excess wa-
ter. The wet mass in each tube was removed, weighed, and 
dried to achieve a constant weight (± 0.05 mg) at 100 °C. The 
data obtained were expressed as a gram of water-bound per 
gram of dry initial sample using the formula: 

Water binding  capacity  =  
Weight  (g)  of  water-bound  dietary  fiber
Weight  (g)  of  initial  dietary  fiber

. 

2.2.4. Cation Exchange Capacity (CEC) 

 Cation exchange capacity was determined using the 
method by Gorecka et al. [13] under the same conditions as 
for WBC. Three different cation exchange capacities were 
investigated by treating the fiber samples with excess 2M 
HCl for 48 hours. The wet residue was filtered, and 15 ml of 
5% NaCl in buffer, maintaining the pH at 6.6, 1.8, and 8.7, 
was added to each tube. The samples were incubated and 
shaken at 37 °C for 7 min, 135 min, and 60 min, respective-
ly. The process of water removal and drying was the same as 
for WBC. The results were expressed as meq per gram of dry 
initial sample using the formula: 

Cation  exchange  capacity  =  
Weight  (g)  of  water bound  dietary  fiber  
Weight  (g)  of  initial  dietary  fiber

. 
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2.2.5. Oil-Binding Capacity  

 The method for measuring binding capacity in oil was 
modified from that of Sangnark and Noomhorm [15]. In 
brief, 0.5 g of TDF or IDF was added to 15 ml of different 
oils (e.g., sunflower oil, rice bran oil, palm oil, soybean oil, 
and lard). The samples were incubated in a shaker water bath 
for 1 h at 37 °C. Each tube was subjected to centrifugation at 
3,000 rpm for 15 min, and the supernatants were carefully 
removed to drain off the excess oil. The data obtained were 
expressed as a gram of oil bound per one gram of dry initial 
sample using the formula: 

Oil binding  capacity  =  
Weight  (g)  of  oil-bound  dietary  fiber
Weight  (g)  of  initial  dietary  fiber

. 

2.3. Effects of Dietary Fiber on Antihyperglycemic Activity 

2.3.1. Determination of Glucose Adsorption Capacity 
(GAC) 

 The glucose adsorption capacity was determined accord-
ing to the method described by Ou et al. [16] with some 
modifications. First, 0.5 grams of TDF or IDF was added to 
containers with 15 ml of different glucose solutions (5, 10, 20, 
50, and 100 mM/L) and incubated in a shaker water bath at 37 
°C for 6 hours. After centrifugation at 5,000 rpm for 20 min, 
the glucose content in the supernatant was measured using the 
glucose oxidase method to estimate the amount of glucose 
adsorbed by the fiber sample. Each concentration of the glu-
cose solution was replicated without the addition of fiber as a 
control. Glucose binding was determined using the formula:  

Glucose  binding  =  
(G1h   −   G6h)

Weight  of  the  sample
, 

 
 where G1h was the initial glucose concentration, and G6h 
was the final glucose concentration after 6 h of incubation. 
2.3.2. Glucose Diffusion and Glucose Dialysis Retardation 
Index (GDRI) 

 The glucose diffusion assay was modified from the 
method of Ou et al. [16]. In brief, 0.1 and 0.5 g of TDF or 
IDF was added to a dialysis tube with a molecular weight 
cutoff value of 12,000 D. Then, 5 ml of a series of different 
glucose concentrations (5, 10, 20, and 100 mM) was mixed 
with the fiber in each dialysis tube. The mixture was then dia-
lyzed against 40 ml of distilled water and incubated in a shak-
er water bath at 37 °C for 3 h to mimic intestinal peristalsis. 
The amount of glucose in the dialysate was measured at regu-
lar time intervals (10, 30, 60, and 120 min) during incubation 
using a glucose oxidase–peroxidase method by means of spec-
trophotometry. A control test was performed without the addi-
tion of fiber. The glucose content in the dialysate was meas-
ured, and GDRI was calculated using the formula:  

GDRI  =  
100   −   (Glucose  content  in  dialysate  with  fiber  ×  100)

Glucose  content  in  dialysate  of  control
. 

2.3.4 Analysis of Alpha-Amylase Activity 

 The amylase inhibitory effect (%) was determined using 
0.5 g of TDF or IDF incubated in a shaker water bath at 
37 °C for 1 h with a mixture of 0.4% v/v alpha-amylase in 10 

ml of potato starch solution (4% w/v). Starch digestion was 
halted by the addition of 0.5 ml of 50% acetic acid. Each tube 
was subjected to centrifugation at 3500 rpm for 15 min fol-
lowed by measurement of the final glucose content in the mix-
ture using the glucose oxidase–peroxidase method. The amyl-
ase inhibitory effect (%) was defined as the decrease in OD 
compared to the control (without fiber) using the formula:  

Amylase  inhibitory  effect   %   =  
(OD  control   −   OD  test)  ×  100

OD  control
. 

2.3.4. Alpha-Glucosidase Inhibition 

 The working substrate for alpha-glucosidase inhibition 
was prepared by mixing 1 mM p-nitrophenyl α-D-
glucopyranoside with 0.1 M sodium phosphate buffer (pH 
6.9). The initial concentration of α-glucosidase was 1 U/ml. 
Then, 0.1, 0.5, and 1g of TDF or IDF was added to tubes 
containing 3,000 µl of α-glucosidase. The mixture was then 
incubated in a shaker water bath at 37 °C and 120 rpm for 10 
min, followed by the addition of 1,500 µl of p-nitrophenyl α-
D-glucopyranoside. The tubes were then incubated again in 
the shaker water bath at 37 °C and 120 rpm for 20 min. The 
reaction was halted by adding 6,000 µl of 1 M Na2CO3 fol-
lowed by centrifugation at 3,000 rpm for 10 min. The super-
natant was analyzed for α-glucosidase activity by measuring 
the yellow-colored paranitrophenol released from pNPG at 
405  nm. The results were expressed as a percentage of the 
blank control, as follows: 

% alpha-‐glucosidase  inhibition  =  
(OD  control  –  OD  test)  ×  100

OD  control
. 

2.4. Effects of Dietary Fiber on Antihypercholesterolemic 
Activity 

2.4.1 Sodium Cholate Binding  

 Sodium cholate binding was determined according to the 
method described by Zhang et al. [17], with slight modifica-
tions. First, 0.5 g of TDF or IDF was incubated with 15 ml of 
sodium cholate at a concentration of 0.25 mg/mL in phosphate 
buffer (pH 7.0). The mixture was then incubated in a shaker 
water bath at 37 °C at 120 rpm for 3h. Then, 50 µl of the su-
pernatant was transferred to the polypropylene tube, 800 µl of 
concentrated sulfuric acid was added, and mixed well using a 
vortex mixer and left for 10 min at RT. The amount of sodium 
cholate was determined via spectrometry at 389 nm. Sodium 
cholate binding was calculated using the formula:  

Sodium  cholate  binding  =  
(C  before  –  C  after)  ×  volume  of  solution

Weight  of  the  sample
, 

 where C before was the initial concentration of sodium 
cholate and C after was the final concentration of sodium 
cholate after 3 h of incubation. 
2.4.2. Binding of Cholesterol in the Yolk Sac 

 The solubility of fiber in cholesterol in yolk sacs was 
determined with a method modified from that of Matsuoka et 
al., [18]. In brief, 0.5 g of TDF or IDF was mixed with 15 ml 
of dilute 1:50 and 1:100 egg yolk sacs in distilled water. The 
mixture was then incubated at RT for 3 h. Then, 10 µl of the 
supernatant was used to determine the remaining cholesterol 
using cholesterol oxidase techniques. Cholesterol binding 
was calculated using the formula:         
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Cholesterol  binding  =  
(Cho  before   −   Cho  after)  ×  volume  of  solution

Weight  of  the  sample , 

 where Cho before was the initial concentration of choles-
terol and Cho after was the final concentration of cholesterol 
after 3 h of incubation. 

2.4.3. Pancreatic Cholesterol Esterase Inhibition 

 Pancreatic cholesterol esterase inhibition was determined 
via the addition of 0.5 g TDF or IDF (stirred well) into a 
mixture of 5.16 mM taurocholic acid, 0.2 mM p-NPB, 100 
mM sodium phosphate buffer, and 100 mM NaCl (pH 7.0). 
Porcine pancreatic cholesterol esterase (1 mg/mL) was added 
to this mixture, which was then incubated at 25 °C for 5 min. 
The supernatant was analyzed for pancreatic cholesterol es-
terase activity by measuring OD at 405 nm; simvastatin was 
used as a positive control. Analysis of cholesterol esterase 
inhibition (%) was calculated compared to the control (with-
out fiber) using the formula:  

% Cholesterol  esterase  inhibition  =  
(OD  control   −   OD  test)  ×  100

OD  control
. 

2.5. Statistical Analysis 

 Each measurement was made in triplicate. The results are 
expressed as mean ± SD. Data were statistically analyzed by 
one-way analysis of variance (ANOVA) for significance (p ≤ 
0. 05) and the Tukey’s test was used for multiple means 
comparisons at the 95% confidence level. SPSS (version 17) 
was used for all statistical analyses. 
 

3. RESULTS 

 The selected lettuces consumed as salad vegetables can 
be considered appropriate sources of dietary fiber. Physico-
chemical properties, including water solubility and swelling, 
water-binding, cation-exchange, and oil-binding capacities, 
of each dietary fiber are presented in Tables 1 and 2. When 
fiber was in the insoluble form, the oil-binding and swelling 
capacity increased, although water-binding capacity de-
creased. However, water solubility and cation-exchange ca-
pacity varied depending on the type of fiber. Water solubility 
was highest for red oak TDF (23.00 ± 0.01%), and swelling 
capacity was highest under oral cavity and duodenum condi-
tions for red coral IDF (8.11 ± 0.31and 6.58 ± 0.47 ml/g, 
respectively) and under stomach conditions for red oak IDF 
(9.23 ± 0.04 ml/g). Water-binding capacity under oral cavity 
conditions was highest for cos lettuce TDF (11.14 ± 1.22 
g/g) and under stomach and duodenum conditions for red 
coral TDF (8.53 ± 1.56 and 8.97 ± 0.34 g/g, respectively), 
whereas cation-exchange capacity under oral cavity and 
stomach conditions were highest for green oak IDF (8.98 ± 
0.08 and 6.48 ± 0.01 g/g, respectively) and under duodenum 
conditions for cos lettuce IDF (7.46 ± 0.00 g/g). The oil-
binding capacity of red oak IDF was highest for sunflower 
oil (9.81 ± 0.01 g/g), rice bran oil (9.75 ± 0.07 g/g), lard 
(7.91 ± 0.31 g/g), and palm oil (9.03 ± 0.14 g/g), whereas 
cos lettuce IDF showed the highest biding capacity in the 
case of soybean oil (7.67 ± 0.74 g/g). The majority of fiber 
samples from the lettuces studied showed significantly high-
er (p < 0.05) swelling, water-binding, and cation-exchange 
capacities and water solubility than cellulose. The oil-
binding capacities of the fiber from the selected lettuces were 
lower than that of cellulose.  

Table 1. Solubility and swelling capacity of total dietary fiber (TDF) and insoluble dietary fiber (IDF) from various types of lettuce 
were determined under experimental pH conditions that may be encountered in specific portions of the human gastroin-
testinal tract (i.e., oral cavity: pH 6.6, passage time 7 min; stomach: pH 1.8 and 135 min; and duodenum: pH 8.7 and 60 
min). Values are expressed as mean ± SD, n = 3. The significance of differences from the control (cellulose) was deter-
mined by ANOVA followed by Dunnett’s test (*p < 0.05). 

Treatment Type of fiber Solubility (%) 

Swelling capacity (ml/g) 

Oral Cavity pH 6.6 

Incubation Time 7 min 

Stomach pH 1.8 

Incubation Time 135 min 

Duodenum pH 8.7 

Incubation Time 60 min 

1. 
Red oak total dietary fiber 

insoluble fiber 

23.00 ± 0.01* 

19.00 ± 0.01* 

3.23 ± 0.05 

5.34 ± 0.01 

3.91 ± 0.01 

9.23 ± 0.04* 

3.67 ± 0.03* 

4.92 ± 0.12* 

2. 
Red coral total dietary fiber 

insoluble fiber 

7.50 ± 0.71* 

6.00 ± 0.83* 

3.61 ± 0.01 

8.11 ± 0.31* 

4.07± 0.54* 

5.50 ± 0.01* 

3.57 ± 0.37* 

6.58 ± 0.47* 

3. 
Green oak total dietary fiber 

insoluble fiber 

6.00 ± 0.00* 

7.50 ± 0.71* 

2.93 ± 0.12 

5.30 ± 0.28* 

3.6 ± 0.45 

6.79 ± 0.13* 

2.41 ± 0.14 

5.17 ± 0.03* 

4. 
Cos  total dietary fiber 

insoluble fiber 

2.00 ± 0.00* 

8.50 ± 0.71* 

4.00 ± 0.86 

6.15 ± 0.66* 

4.31 ± 0.75 

6.23 ±0.35* 

2.78 ± 0.01 

4.90 ± 0.68* 

5. 
Butterhead total dietary fiber 

insoluble fiber 

15.00 ± 0.01* 

17.00 ± 0.01* 

3.37 ± 0.05 

6.05 ± 0.07* 

4.35 ± 0.01 

6.19 ± 0.01* 

2.70 ± 0.04 

4.85 ± 0.22* 

Control Cellulose 1.25± 0.03 3.53 ± 0.17 2.47 ± 001 2.87 ± 0.01 

Table 2. Water-binding, cation-exchange, and oil-binding capacities of total dietary fiber (TDF) and insoluble fiber (IDF) from 
different types of lettuce under simulated conditions that may be encountered in specific parts of the human gastrointesti-
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nal tract (i.e., oral cavity: pH 6.6, passage time 7 min; stomach: pH 1.8 and 135 min; and duodenum: pH 8.7 and 60 min). 
The results are shown as mean ± SD. The significance of differences from the control (cellulose) was determined by ANO-
VA followed by Dunnett’s test (*p < 0.05). 

Treat
ment Type of Fiber 

Water-binding capacity (g/g) Cation-exchange capacity (g/g) Oil-binding capacity (g/g) 

Oral 
cavity 
pH 6.6 

incubation 
time 7 min 

Stomach 
pH 1.8 
incuba-

tion time 
135 min 

Duode-
num 

pH 8.7 
incuba-

tion time 
60 min 

Oral 
cavity 
pH 6.6 
incuba-

tion time 
7 min 

Stomach 
pH 1.8 
incuba-

tion time 
135 min 

Duodenum 
pH 8.7 

incubation 
time 60 

min 

Sunflower 
oil 

Rice bran 
oil Lard Soybean 

oil Palm oil 

1. 
Red oak total 
dietary fiber 

insoluble fiber 

7.40 ± 
0.11* 
2.93 ± 
0.04* 

3.71 ± 
0.01 

6.02± 
0.03* 

4.07 ± 
0.04* 
6.81 ± 
0.20* 

3.34 ± 
0.01* 
5.77 ± 
0.03* 

3.92 ± 
0.01* 
4.73 ± 
0.02* 

4.27 ± 
0.01* 
5.49 ± 
0.04* 

5.08 ± 
0.04 

9.81 ± 
0.01* 

5.37 ± 
0.03 

9.75 ± 
0.07* 

4.50 ± 
0.16 

7.91 ± 
0.31 

5.00 ± 
0.03 

7.12 ± 
0.04 

5.62 ± 
0.04 

9.03 ± 
0.14 

2. 
Red coral total 
dietary fiber 

insoluble fiber 

9.26 ± 
1.96* 
4.69 ± 
0.08* 

8.53 ± 
1.56* 
2.88 ± 
0.03 

8.97 ± 
0.34* 
3.26 ± 
0.17* 

5.36 ± 
0.08* 
3.44 ± 
0.01* 

5.62 ± 
0.03* 
4.80 ± 
0.76* 

5.74 ± 
0.01* 
5.38 ± 
0.40* 

3.99 ± 
0.01 

6.77 ± 
0.37 

3.98 ± 
0.01 

6.65 ± 
0.83 

4.06 ± 
0.01 

7.20 ± 
0.34 

3.97 ± 
0.42 

6.87 ± 
0.33 

4.20 ± 
0.23 

5.40 ± 
0.54 

3. 
Green oak total 

dietary fiber 
insoluble fiber 

10.30 ± 
1.12* 
5.69 ± 
0.35* 

5.49 ± 
1.32* 
5.84 ± 
0.11* 

2.79 ± 
0.12 

4.48 ± 
0.28* 

5.13 ± 
0.06* 
8.98 ± 
0.08* 

4.85 ± 
0.06* 
6.48 ± 
0.01* 

5.40 ± 
0.23* 
7.15 ± 
0.09* 

4.48 ± 
0.01 

5.60 ± 
0.81 

3.66 ± 
0.01 

5.84 ± 
0.58 

4.66 ± 
0.01 

5.79± 
0.33 

4.62 ± 
0.01 

6.10 ± 
0.74 

3.78 ± 
0.11 

6.20 ± 
0.47 

4. 
Cos total dietary 

fiber 
insoluble fiber 

11.14 ± 
1.22* 
2.60 ± 
0.15* 

7.66 ± 
0.13* 
2.60 ± 
0.40 

4.97 ± 
0.16* 
6.17 ± 
1.08* 

4.44 ± 
0.02* 
5.64± 
0.00* 

6.20 ± 
0.11* 
5.50± 
0.09* 

5.92 ± 
0.00* 
7.46 ± 
0.00* 

3.54 ± 
0.01 

7.32 ± 
0.53 

3.78 ± 
0.01 

6.78 ± 
0.81 

3.52 ± 
0.01 

6.99 ± 
0.52 

3.87 ± 
0.01 

7.67 ± 
0.74 

4.47 ± 
0.14 

7.17 ± 
0.65 

5. 
Butterhead  total 

dietary fiber 
insoluble fiber 

6.52 ± 
0.11* 
3.96 ± 
0.11* 

3.24 ± 
0.02 

2.46 ± 
0.09 

6.43 ± 
0.10* 
2.52 ± 
0.02 

4.27 ± 
0.01* 
3.73 ± 
0.01* 

3.24 ± 
0.01* 
3.70 ± 
0.01* 

3.52 ± 
0.01* 
4.45 ± 
0.01* 

6.35 ± 
0.01 

7.61 ± 
0.04 

6.13 ± 
0.04 

6.70 ± 
0.63 

5.34 ± 
0.06 

6.86 ± 
0.24 

5.46 ± 
0.04 

7.41 ± 
0.16 

5.96 ± 
0.25 

7.65 ± 
0.42 

Con-
trol Cellulose 1.67 ± 

0.01 
1.46 ± 
0.02 

1.65 ± 
0.01 

1.95 ± 
0.01 

1.85 ± 
0.01 

1.86 ± 
0.01 

9.11 ± 
0.02 

8.81 ± 
0.16 

8.81 ± 
0.16 

9.57 ± 
0.06 

9.66 ± 
0.06 

 
3.1. Effect on Glucose Adsorption 

 A series of different glucose concentrations (5–100 
mmol/L) were used to study the glucose adsorption capacity 
of the lettuces consumed as salad vegetables. As seen in Fig. 
(1), when a low glucose concentration was used (5 and 10 
mmol/L), the glucose adsorption capacity of dietary fiber 
(8.75 ± 0.02 and 17.29 ± 0.06, respectively) was lower than 
that of cellulose. At 5 and 10 mmol/L of glucose concentra-
tion, green oak TDF (1.50 ± 0.24 and 6.69 ± 0.02 mmol/g, 
respectively) had the highest adsorption capacity. However, 
when a high glucose concentration (20 and 50 mmol/L) was 
used, the adsorption capacity of dietary fiber was higher than 
that of cellulose. The glucose adsorption capacities of red 
coral TDF and green oak IDF at different glucose concentra-
tions (33.56 ± 0.98 and 37.59 ± 0.39 mmol/g) were signifi-
cantly higher (p < 0.05) compared to that of cellulose (15.25 
± 1.37 and 28.40 ± 1.18, respectively). At high glucose con-
centrations (100mmol/L), the highest adsorption capacity of 
green oak TDF (40.08 ± 1.77) was lower than that of cellu-
lose (44.38 ± 1.18).  

3.2. Effect on Glucose Diffusion  

 In this study, the effect of lettuce dietary fiber on glucose 
diffusion was compared to that of the control from 30 min to 
180 min. All types of fiber significantly decreased (p < 0.05) 
the diffusion of glucose across the dialysis membrane when 

compared to the control (see Table 3). The dialysate glucose 
content for lettuce fiber and cellulose ranged from 1.73 ± 
0.31 to 4.70 ± 0.06 µmol at 30 min and from 3.01 ± 0.00 to 
9.60 ± 0.08 µmol at 180 min. Glucose diffusion was lowest 
for green oak IDF at 30 and 60 min (1.77 ± 0.03 and 2.18 ± 
0.11µmol, respectively) compared to the control and the oth-
er fiber. After incubation for 180 min, the glucose content in 
the dialysate was significantly reduced (p < 0.05) by all 
types of fiber tested compared to the control; however, the 
reduction was highest for green oak IDF (3.39 ± 0.07 µmol). 
Moreover, glucose diffusion was low for the total fiber of 
each type of lettuce compared to IDF.  

3.3. Effect on the Glucose Dialysis Retardation Index 
(GDRI) 

 The effects of lettuce dietary fiber on GDRI over time are 
reported in Table 3. The maximum GDRI was reached after 
30 min for all types of fiber tested, and the values were re-
duced over time. At 30 min, the GDRI of all lettuces studied 
was 80.76 ± 0.97%. Furthermore, cos lettuce TDF had the 
highest GDRI value (80.76 ± 0.97%) among the lettuce fiber 
studied, which was significantly higher (p < 0.05) compared 
to that of cellulose (41.78 ± 0.09%) at 30 min. A similar 
trend was observed at 60, 120, and 180 min of incubation.  
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Fig. (1). Glucose adsorption capacities (GAC) of total dietary fiber (TDF) and insoluble fiber (IDF) from various types of lettuce were deter-
mined for different glucose concentrations (5, 10, 20, 50, and 100 mmol/L). Values are expressed as mean ± SD, n = 3. The significance of 
differences from the control (cellulose) was determined by ANOVA followed by Dunnett’s test (*p < 0.05). 

Table 3. Relationships between glucose diffusion, glucose dialysis retardation index (GDRI) (5, 10, 20, and 100 mmol/L) and time of 
incubation (30, 60, 120, and 180 mins) of total dietary fiber (TDF) and insoluble fiber (IDF) from various types of lettuce. 
Values are expressed as mean ± SD, n =3. The significance of differences from the control (cellulose) was determined by 
ANOVA followed by Dunnett’s test (*p<0.05). 

No. Type of Fiber 
Glucose Diffusion (Glucose Dialysis Retardation Index [GDRI]) 

30 mins 60 mins 120 mins 180 mins 

1. 
Red oak total dietary fiber 

insoluble fiber 

3.48 ± 0.11 (74.04 ± 
1.48) * 

1.73 ± 0.31 (36.80 ± 
6.96) 

4.52 ± 0.08 (67.62 ± 
0.96) * 

1.87 ± 0.06 (27.89 ± 
0.95) 

5.47 ± 0.03 (66.13 ± 
0.11) * 

4.11 ± 0.11 (49.70 ± 
1.18) * 

6.18 ± 0.03 (64.32 ± 
0.23) * 

4.50 ± 0.11 (46.89 ± 
0.78) * 

2. 
Red coral total dietary fiber 

insoluble fiber 

1.79 ± 0.00 (38.02 ± 
0.46) 

3.44 ± 0.00 (73.21 ± 
0.88) * 

2.44 ± 0.08(36.42 ± 
1.09) 

4.23 ± 0.00 (63.21 ± 
0.27) * 

2.93 ± 0.00 (35.42 ± 
0.12) 

4.84 ± 0.03 (58.51 ± 
0.54) * 

3.34 ± 0.03 (34.80 ± 
0.57) 

5.49 ± 0.00 (57.15 ± 
0.46) * 

3. 
Green oak total dietary fiber 

insoluble fiber 

2.83 ± 0.47 (60.16 ± 
9.35) * 

1.77 ± 0.03 (37.60 ± 
1.05) 

3.81 ± 0.08 (57.03 ± 
1.49) 

2.18 ± 0.11 (32.60 ± 
1.80) 

4.58 ± 0.00 (55.42 ± 
0.19) * 

2.59 ± 0.14 (31.37 ± 
1.79) 

4.98 ± 0.00 (51.82 ± 
0.42) * 

3.01 ± 0.00 (31.31 ± 
0.25) 

4. 
Cos total dietary fiber 

insoluble fiber 

3.80 ± 0.00 (80.76 ± 
0.97) * 

1.98 ± 0.00 (42.21 ± 
0.51) 

4.54 ± 0.06 (67.92 ± 
1.12) * 

2.55 ± 0.03 (38.19 ± 
0.58) 

5.76 ± 0.00 (69.70 ± 
0.24) * 

2.99 ± 0.08 (36.13 ± 
1.13) 

6.53 ± 0.03 (68.02 ± 
0.84) * 

3.39 ± 0.07 (35.31 ± 
1.01) 

5. 
Butter head total dietary fiber 

insoluble fiber 

2.34 ± 0.06 (49.76 ± 
1.78) 

2.85 ± 0.00 (60.64 ± 
0.73) * 

3.13 ± 0.00 (46.72 ± 
0.20) 

3.93 ± 0.03 (58.79 ± 
0.17) 

3.42 ± 0.14 (41.37 ± 
1.83) 

4.70 ± 0.00 (56.85 ± 
0.19) * 

3.81 ± 0.14 (39.71 ± 
1.13) 

5.23 ± 0.14 (54.48 ± 
1.01) * 

control Cellulose 1.96 ± 0.03 (41.78 ± 
0.09) 

2.69 ± 0.00 (40.25 ± 
0.17) 

3.22 ± 0.03 (38.99 ± 
0.47) 

3.76 ± 0.11 (39.11 ± 
1.48) 

 Only glucose in dialysis tube 4.70 ± 0.06 6.69 ± 0.03 8.27 ± 0.03 9.60 ± 0.08 
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Fig. (2). Inhibition of amylolysis (%) by total dietary fiber (TDF) and insoluble fiber (IDF) from different types of lettuce. Values are shown 
as mean ± SD, n = 3.  

 
Fig. (3). The percentage inhibition of alpha-glycosidase by total dietary fiber (TDF) and insoluble fiber (IDF) from different types of lettuce 
at varying fiber concentrations (0.1, 0.5, and 1 g). Values are shown as mean ± SD, n = 3. The significance of differences from the control 
(cellulose) was determined by ANOVA followed by Dunnett’s test (*p < 0.05). 

3.4. Effect on Alpha-amylase Activity 

 The effect of fiber on alpha-amylase activity is shown as 
enzyme inhibitory activity (%) in Fig. (2). The influence of 
lettuce dietary fiber on alpha-amylase activity was similar to 
that of cellulose (70.48 ± 0.45%). Red coral TDF exhibited a 
stronger effect in reducing alpha-amylase activity (by 63.83 
± 0.23%). These results showed that lettuces consumed as 
salad vegetables can decrease amylase activity.  

3.5. Effect on Alpha-glucosidase Inhibition 

 The effect of fiber on alpha-glucosidase is shown as en-
zyme inhibitory activity (%) in Fig. (3). Alpha-glucosidase 
activity was also influenced by dietary fiber. Moreover, the 
degree of inhibition was dependent on the amount of fiber. 
At 0.1 g of fiber, red coral TDF had a stronger effect on al-
pha-glucosidase activity and reduced it by 19.16 ± 7.44%, 
which was similar to the effect of cellulose (18.5 ± 0.00%). 
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On increasing the concentration of fiber to 0.5 and 1 g, cos 
lettuce TDF and red coral IDF significantly reduced (p < 
0.05) alpha-glucosidase activity (86.75 ± 0.62% and 96.72 ± 
3.35%, respectively) compared to cellulose (66.02 ± 0.00% 
and 85.62 ± 0.08%, respectively).  

3.6. Capacity to Bind Sodium Cholate 

 The percentage of sodium cholate binding to vegetable 
dietary fiber (mmol per g fiber) is presented in Fig. (4). All 
tested IDFs were capable of interacting with sodium cholate 
with varying degrees of binding higher than that of total fiber. 
The percentage of sodium cholate bound to fiber ranged from 
73.44 ± 1.72% to 97.59 ± 0.46% (18.34 ± 0.61 to 24.37 ± 0.12 
mmol/g). Green oak IDF was the most effective, with a signif-
icantly higher (p < 0.01) sodium cholate binding capacity of 
97.59 ± 0.46% (24.37 ± 0.12 mmol/g) compared to the other 
fiber sources. Furthermore, butterhead IDF, red coral IDF, and 
red oak IDF also exhibited comparatively higher sodium cho-
late adsorption values of 95.87 ± 0.94%, 94.48 ± 1.03%, and 
93.62 ± 0.18%, respectively (95.87 ± 0.94, 23.59 ± 0.48, 41.18 
± 3.02, and 40.26 ± 0.91 mmol/g, respectively).  

3.7. Capacity to Bind Cholesterol in Yolk Sac 

 The percentage of cholesterol binding to vegetable die-
tary fiber and cholesterol bound in terms of mg per g of fiber 
are presented in Table 4. Most of the tested IDFs were capa-
ble of binding cholesterol at varying degrees higher than that 
of total fiber in a dilution-dependent manner. The percentage 
of cholesterol bound to fiber ranged from 73.49 ± 0.13 to 

76.40 ± 0.03% (2957.81 ± 5.30 to 3074.99 ± 1.33 mg/g). 
Among the types of fiber, butterhead TDF was the most effec-
tive, with the highest cholesterol-binding capacity at 76.40 ± 
0.03% (3074.99 ± 1.33 mg/g) compared to that of cellulose 
(73.49 ± 0.13%; 2957.81 ± 5.30 mg/g). Furthermore, red coral 
IDF, butterhead IDF, and green oak IDF also exhibited compar-
atively higher adsorption of cholesterol at 75.91 ± 0.40, 75.77 ± 
0.33, and 75.15 ± 0.03%, respectively (3055.3 ± 15.91, 3049.68 
± 13.26, and 3024.37 ± 1.33 mg/g, respectively). 

3.8. Effect of Fiber on Cholesterol Esterase Inhibition 
 The effect of fiber on cholesterol esterase is presented as 
enzyme inhibitory activity (%) in Fig. (5). The activity of 
cholesterol esterase was also influenced by the type of vege-
table dietary fiber. Moreover, the degree of inhibition was 
dependent on the amount of fiber present. At 0.1 g of fiber, 
butterhead IDF reduced cholesterol esterase activity (by 
74.60 ± 1.23%) more strongly than did cellulose (by 53.64 ± 
9.47%). On increasing the amount of fiber to 0.5 g, cos let-
tuce IDF reduced cholesterol esterase activity (80.71 ± 
3.94%) more strongly than did cellulose (81.92 ± 0.12%).  

4. DISCUSSION 
 The results of this study demonstrated that each type of 
dietary fiber had its unique physicochemical characteristics 
depending on its form; fiber obtained with enzymes and 
thermal treatment exhibited elevated physicochemical prop-
erties. Enzyme digestion and heating may potentially modify 
the structural characteristics of the fiber, thereby facilitating 
its water uptake [19]. 

 
Fig. (4). Sodium cholate adsorption and percentage of sodium cholate binding by total dietary fiber (TDF) and insoluble fiber (IDF) from 
different types of lettuce. Values are expressed as mean ± SD, n = 3. The significance of differences from the control (cellulose) was deter-
mined by ANOVA followed by Dunnett’s test (*p < 0.05). 
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Table 4. Cholesterol adsorption and percentage of cholesterol binding at varying concentrations (dilution 1:50 and 1:100) by total 
dietary fiber (TDF) and insoluble fiber (IDF) from different types of lettuce. Values are expressed as mean ± SD, n = 3. 
The significance of differences from the control (cellulose) was determined by ANOVA followed by Dunnett’s test (*p < 
0.05). 

Treatment Type of fiber 

Cholesterol bound (% cholesterol binding) 

Dilution 1:100 

Control =134.16 ± 0.13 mg/dl 

Dilution 1:50 

Control = 147.66 ± 0.31 mg/dl 

1. 
Red oak total dietary fiber 

insoluble fiber 

2992.49 ± 1.33 (74.35 ± 0.03) 

2998.12 ± 19.89 (74.49 ± 0.49) * 

3163.59 ± 7.29 (71.42 ± 0.16) 

3402.65 ± 3.31 (76.81 ± 0.07) * 

2. 
Red coral total dietary fiber 

insoluble fiber 

2991.56 ± 2.65 (74.33 ± 0.07) 

3055.31 ± 15.91 (75.91 ± 0.40) * 

3202.96 ± 1.99 (72.31 ± 0.04) * 

3345.46 ± 0.66 (75.52 ± 0.01) * 

3. 
Green oak total dietary fiber 

insoluble fiber 

2974.68 ± 13.26 (73.91 ± 0.33) 

3024.37 ± 1.33 (75.15 ± 0.03) * 

3354.84 ± 4.64 (75.74 ± 0.01) * 

3444.84 ± 4.64 (77.77 ± 0.01) * 

4. 
Cos           total dietary fiber 

insoluble fiber 

3000.93 ± 2.65 (74.56 ± 0.07) * 

3046.87 ± 11.93 (75.70 ± 0.30) * 

3261.09 ± 0.66 (73.62 ± 0.01) * 

2167.02 ± 33. 81 (48.92 ± 0.76) * 

5. 
Butterhead total dietary fiber 

insoluble fiber 

3074.99 ± 1.33 (76.40 ± 0.03) * 

3049.68 ± 13.26 (75.77 ± 0.33) * 

3376.40 ± 3.31 (76.22 ± 0.07) * 

2927.34 ± 77.56 (66.08 ± 1.75) * 

control Cellulose 2957.81 ± 5.30 (73.49 ± 0.13) 3908.90 ± 23.20 (69.96 ± 0.52) 

 

 

Fig. (5). Percentage inhibition of cholesterol esterase activity by total dietary fiber (TDF) and insoluble fiber (IDF) from different types of 
lettuce at varying fiber concentrations (0.1 and 0.5 g). Values are expressed as mean ± SD, n = 3. The significance of differences from the 
control (cellulose) was determined by ANOVA followed by Dunnett’s test (*p < 0.05). 
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 Excessive sugar intake may lead to a greater risk of dia-
betes. However, fiber taken with meals may help reduce the 
absorption of sugar in the digestive tract. The effects of salad 
vegetable fiber on glucose adsorption in this study indicate 
that fiber could effectively bind to glucose at high glucose 
concentrations but does not disturb glucose absorption at 
lower concentrations, thereby reducing the amount of acces-
sible glucose in the small intestine. The glucose adsorption 
capacity of the fiber is directly related to the available glu-
cose concentration. Chau et al. [20] reported a similar ability 
of IDF-rich fractions from Averrhoa carambola to bind glu-
cose and further decrease available glucose. Thus, insoluble 
vegetable fiber may be beneficial with respect to reducing 
the amount of accessible glucose in the small intestine.  
 This study found that lettuce dietary fiber efficiently de-
creased glucose diffusion across a dialysis membrane with 
different degrees of diffusion, thereby controlling the glu-
cose level, depending on the duration of incubation and fiber 
source. Ahmed et al. [21] reported that IDFs obtained from 
wheat and psyllium husk have the ability to bind glucose up 
to 0.75 ± 0.03 and 0.59 ± 0.03, respectively.  
 GDRI is useful in vitro index for predicting the ability of 
fiber to delay glucose absorption in the GIT [16, 22]. The 
results for GDRI showed that vegetable dietary fiber from 
different sources exhibited high retardation index values and 
possibly aided in antihyperglycemic effects. Moreover, fiber 
from lettuces consumed as salad vegetables may also de-
crease alpha-glucosidase activity.  
 Cholesterol is another risk factor for obesity and chronic 
diseases associated with obesity. Excessive cholesterol has 
also been found to be associated with coronary risk factors. 
Many studies have suggested that a high-fiber diet can help 
reduce the risks of obesity and cardiovascular diseases. The 
observed variation in enzyme inhibition among the types of 
fiber studied demonstrates that inhibition depends on the 
source of vegetable fiber. This effect may be due to several 
possible factors, such as fiber concentration, the presence of 
an inhibitor in fiber, encapsulation of starch and enzymes by 
fiber, and direct adsorption of enzyme on fiber, which reduce 
the accessibility of starch, subsequently leading to decreased 
amylase activity [22, 23]. This differential reduction of en-
zyme activity could be due to compositional differences in 
IDFs from different sources. 
 The percentage of sodium cholate binding to lettuce die-
tary fiber varied. Binding is the result of hydrophobic inter-
action between IDF and sodium cholate [24]. Palanuvej and 
coworker [25] identified the binding capacities of IDFs from 
various seaweeds (7–27 mmol/g), which are comparatively 
lower than the capacities of the vegetable fiber investigated 
in this study (40.26–50.55 mmol/g). This result supports the 
notion that the lettuces studied have good antihypercholes-
terolemic effects. Furthermore, fiber from the lettuce varie-
ties strongly reduced cholesterol esterase activity, indicating 
that the vegetable fiber studied has a positive effect. This 
result was similar to that reported by Mäkynen and coworker 
[26], who demonstrated that soluble fiber from Abelmoschus 
esculentus inhibited pancreatic cholesterol esterase at IC50 = 
3.17 mg/ml, with the inhibitory effect evident in a dose-
dependent manner.  

 In vivo evidence shows that dietary fiber can reduce glu-
cose and lipid metabolism. Bennekum and coworker [27] 
demonstrated in vivo properties of insoluble dietary fiber 
with moderate to poor bile acid-binding capacities. The ac-
tion mechanism can contribute to its ability to suppress the 
intake of energy. Both satiation (i.e., reduction in the amount 
of a meal) and satiety (i.e., inhibition of the need for another 
meal) can be caused by dietary fiber [28]. Both effects can 
reduce the intake of some cholesterol from the diet. Moreo-
ver, some phytochemicals, such as antioxidants (vitamins C, 
E, and carotenoids), in lettuce increase the total cholesterol 
end-product excretion and improve antioxidant status [29]. 

CONCLUSION  

 The results of this study showed that the salad lettuce 
fiber studied has good physical properties and could effec-
tively adsorb glucose, retard glucose diffusion, and inhibit 
alpha-amylase and alpha-glucosidase activity. It also binds 
sodium cholate and cholesterol and inhibits cholesterol es-
terase. Notably, green oak lettuce fiber exhibited the highest 
antihyperglycemic effect followed by red coral lettuce and 
cos lettuce fiber. In the case of antihypercholesterolemic 
activity, green oak lettuce fiber showed the highest sodium 
cholate-binding capacity, while butterhead fiber had the 
highest cholesterol-binding capacity and inhibited cholester-
ol esterase. Therefore, this study suggests that natural dietary 
fiber from all salad vegetables may be promising and could 
help to avoid increased postprandial blood glucose and cho-
lesterol levels. Dietary fiber can be important for enhancing 
certain physiological effects (e.g., antihyperglycemic and 
antihypercholesterolemic effects) and can be beneficial to 
human health. 
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