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Abstract: Managing diabetes is challenging due to the complex physiology of the disease and the
numerous complications associated with it. As part of the ongoing search for antidiabetic chemicals,
marine algae have been demonstrated to be an excellent source due to their medicinal properties.
In this study, Ulva reticulata extracts were investigated for their anti-diabetic effect by examining its
inhibitory effects on α-amylase, α-glucosidase, and DPP-IV and antioxidant (DPPH) potential in vitro
and its purified fraction using animal models. Among the various solvents used, the Methanolic
extract of Ulva reticulata (MEUR) displayed the highest antidiabetic activity in both in vitro and
in vivo; it showed no cytotoxicity and hence was subjected to bioassay-guided chromatographic
separation. Among the seven isolated fractions (F1 to F7), the F4 (chloroform) fraction exhibited
substantial total phenolic content (65.19 µg mL−1) and total flavonoid content (20.33 µg mL−1),
which showed the promising inhibition against α-amylase (71.67%) and α-glucosidase (38.01%).
Active fraction (F4) was further purified using column chromatography, subjected to thin-layer
chromatography (TLC), and characterized by spectroscopy techniques. Upon structural elucidation,
five distinct compounds, namely, Nonane, Hexadecanoic acid, 1-dodecanol, Cyclodecane methyl,
and phenol, phenol, 3,5-bis(1,1-dimethylethyl) were identified. The antidiabetic mechanism of
active fraction (F4) was further investigated using various in vitro and in vivo models. The results
displayed that in in vitro both 1 and 24 h in vitro cultures, the active fraction (F4) at a concentration
of 100 µg mL−1 demonstrated maximum glucose-induced insulin secretion at 4 mM (0.357 and
0.582 µg mL−1) and 20 mM (0.848 and 1.032 µg mL−1). The active fraction (F4) reduces blood glucose
levels in normoglycaemic animals and produces effects similar to that of standard acarbose. Active
fraction (F4) also demonstrated outstanding hypoglycaemic activity in hyperglycemic animals at a
dose of 10 mg/kg B.wt. In the STZ-induced diabetic rat model, the active fraction (F4) showed a (61%)
reduction in blood glucose level when compared to the standard drug glibenclamide (68%). The
results indicate that the marine algae Ulva reticulata is a promising candidate for managing diabetes
by inhibiting carbohydrate metabolizing enzymes and promoting insulin secretion.

Keywords: Ulva reticulata; diabetes; α-amylase; α-glucosidase; bioactive compounds

1. Introduction

Diabetes mellitus (DM) is the most common metabolic disorder affecting various body
organs and is associated with other complications such as coronary heart disease, stroke,
liver damage, nephropathy, retinopathy, and peripheral neuropathy [1]. Since DM has
become more prevalent in recent years, it has significantly impacted individual health [2].
The disease is characterized by hyperglycemia due to abnormalities in insulin production
or action or a combined effect of both [3]. The reduction of postprandial hyperglycemia
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(PPHG) is the best therapeutic approach for early DM treatment and is associated with
chronic vascular complications [4]. Currently, enzyme inhibitors of important carbohy-
drate digesting enzymes such as α-glucosidase and α-amylase in combination with other
hypoglycemic medications or insulin, or alone, can manage PPHG, but it is associated with
a variety of gastrointestinal adverse effects [5]. Carbohydrate absorption from the small
intestine is inhibited by α-amylase and α-glucosidase inhibitors like acarbose, miglitol, and
Voglibose, as they block enzymes that transform complex non-absorbable polysaccharides
into simple absorbable carbohydrates by competing with them and delaying their absorp-
tion, thereby helping in managing postprandial hyperglycemia [6]. Another strategy is to
reduce the action of the ubiquitous enzyme DPP-4 by using oral anti-diabetic medicines
such DPP-4 inhibitors like sitagliptin, vildagliptin, which boost the activity of incretins
from the intestine [7]. Delaying the degradation of incretin hormones enhances insulin
secretion and glycogenesis by promoting α and β cell functions, consequently suppressing
the PPHG [8]. Current synthetic drugs with this action, however, have unfavorable side
effects, including abdominal distension, flatulence, meteorism, diarrhea, upper respiratory
tract and urinary infections, renal dysfunction, metabolic acidosis, including diabetic ke-
toacidosis, cirrhosis, inflammatory bowel disease, ulcers of the intestine, partial intestinal
obstruction, and digestive problems [9–11]. Another developing area in diabetes therapy
is the use of sugar derivatives and iminosugars to precisely modify carbohydrate struc-
tures and regulate in vivo glycosidase activity [12,13]. Hence, there is considerable interest
in searching for better and safer antidiabetic agents from natural resources, particularly
seaweeds, which remain an active area for pharmaceutical research [14].

Various industrial and medical applications can be derived from marine algae [15].
Marine macroalgae or seaweeds are a rich source of bioactive compounds and have great
potential in pharmaceutical, functional food, and biomedical sectors [16–18]. Several
studies have reported seaweed’s bioactivities, including anti-inflammatory, antioxidant,
antitumor, and antidiabetic activity [19–25]. Nevertheless, most of the studies on the
bioactivities of seaweed are carried out in crude extracts, and thus characterization of
active compounds is lacking. Ulva is one of the most widely distributed green algae and
collected for consumption in worldwide due to its special valued nutrients with a long
history. Specifically the species of Ulva are rich in bioactive compounds and the species
Ulva lactuca reported for its hypoglycemic effect in aged diabetic models [26]. In this regard,
the present study aims to isolate individual constituents from edible seaweed Ulva reticulata
through bioassay-guided fractionation and to evaluate its respective antidiabetic activity
using in vitro and in vivo models.

Ulva reticulata is edible green seaweed with a high content of minerals, vitamins, and
other phytoconstituents. Its balanced amino acid profile makes this a potential dietary
alternative [27,28]. This seaweed is widely distributed in Asian countries and consumed
as fresh, dried ingredients in prepared foods [27–30]. As part of our ongoing research on
seaweeds, this study describes the antidiabetic effects (α-amylase, α-glucosidase, and DPP-
IV inhibition) of Ulva reticulata followed by bioactivity-guided isolation and characterization
of compounds using chromatographic and spectroscopic techniques.

2. Results
2.1. In Vitro α-Amylase, α-Glucosidase, and DPP-IV Inhibition Study

The inhibitory effect of U. reticulata extracts on α-amylase, α-glucosidase, and DPP-IV
was investigated, and its respective IC50 values were given in Figure 1a–c. Among the five
extracts, the methanolic extract of U. reticulata (MEUR) displayed significant inhibitory
activity against α-amylase (61%) at 1000 µg/mL concentration, against α-glucosidase (97%)
at 1000 µg/mL concentration and against DPP-IV (44%) at 80 µg/mL concentration. The
IC50 values for MEUR against α-amylase (377.5 µg/mL), α-glucosidase (147.2 µg/mL),
and DPP-IV (42.12 µg/mL) were compared with standard acarbose (171.8 µg/mL−1) and
Diprotin A (2.45 µg/mL) (Figure 1d).
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Figure 1. In vitro antidiabetic (α-amylase, α-glucosidase, and DPP-IV) and antioxidant activity of U.
reticulata. (a) α-amylase, (b) α-glucosidase, (c) DPP-IV inhibitory, (d) Diprotin A and (e) antioxidant
activity of seaweed extracts. Absorbance was measured at 540, 405, and 517 nm, respectively. All the
extracts were compared with standards acarbose, Diprotin A, and BHT, where n = 3 for each sample
with S.E.M. The mean values were analyzed using two-way ANOVA (Tukey’s multiple comparisons
test). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 considered as significant.

2.2. Free Radical Scavenging Activity (DPPH)

The free radical scavenging activity (DPPH) of U. reticulata was moderate. Among
the various extracts studied, the ethyl acetate extract of U. reticulata (1000 µg/mL) showed
the highest free radical scavenging activity (41%) against DPPH, whereas the standard
BHT exhibited 97% (Figure 1e). Benzene (33%), methanol (30%), and petroleum ether (23%)
extracts showed less scavenging activity when compared to ethyl acetate.
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2.3. Measurement of Cell Viability and In Vitro Hemolytic Activity of MEUR

The toxicological evaluation of MEUR was assessed by measuring the cell viability
and hemolytic activity using mouse macrophage cells (J774) and human red blood cells,
respectively. The results showed that a lower concentration of 250 µg/mL MEUR showed
maximum viability (99%) for 24 h (Figure 2a). Similarly, MEUR did not show any hemolysis
or erythrocyte membrane damage against human red blood cells at all the tested concentra-
tions. There was only 6.92% cell lysis at 1000 µg/mL, and at a concentration of 250 µg/mL,
MEUR showed 2.81% lysis against human red blood cells (Figure 2b).
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Figure 2. Measurement of cell viability (MTT assay) and hemolytic activity of U. reticulata. (a) Cell
viability was determined by MTT assay. J774 cells treated with MEUR. Absorbance was measured
at 630 nm. Values are mean ± S.D (n = 3). (b) The hemolytic activity of MEUR, Absorbance was
measured at 630 nm. Values are means ± S.E.M. (n = 3). The mean values were analyzed using
Dunn’s multiple comparison test. * p < 0.05 considered as significant.

2.4. Effect of MEUR on STZ-Induced Diabetic Rats

We examined the hypoglycaemic effect of MEUR (250 mg kg−1 B.wt.) on STZ-induced
diabetic rats (Table 1). Fasting blood glucose (FBG) level was measured at regular intervals
(0, 7, 14, 21 & 28 days) in normal and diabetic rats treated with MEUR and standard
antidiabetic drug glibenclamide (0.25 mg kg−1 B.wt.). The FBG level of untreated rats
(diabetic control) remained significantly increasing (>329 mg/dL) throughout the study.
Oral administration of MEUR (46.21%) and glibenclamide (73.05%) in treated rats showed
a notable reduction in the blood glucose level compared to the untreated diabetic rats.

Table 1. Effect of MEUR on fasting blood glucose level. The effect of MEUR on fasting blood
glucose levels of STZ-induced diabetic rats. Glibenclamide served as a positive control. Each value is
expressed as mean ± S.E.M. (n = 6).

Group (n = 6) Experimental Group
Fasting Blood Glucose Level (mg/dL)

0th Day 7th Day 14th Day 21st Day 28th Day

I Normal control 96 ± 3.7 97 ± 4.06 74 ± 1.78 83 ± 3.14 85 ± 4.69
II Diabetic control 389 ± 20.08 359 ± 25.84 345 ± 12.7 334 ± 21.72 329 ± 14.75

III Diabetic + glibenclamide
(0.25 mg/kg) 349 ± 57.37 267 ± 75.32 197 ± 28.2 131 ± 24.59 87 ± 4.83

IV Diabetic + MEUR
(MEUR extract, 250 mg/kg) 450 ± 12.01 430 ± 23.34 333 ± 20.81 242 ± 31.09 177 ± 27.3

The body weight of diabetic rats was reduced compared to normal rats; however,
after administration of MEUR and glibenclamide for 28 days, their body weight increased
compared to the untreated diabetic rats (Figure 3). There was also a change in serum
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parameters, including cholesterol, triglycerides, urea, and liver markers (ALT & AST) in
STZ-induced diabetic rats (Table 2). After the administration of MEUR and glibenclamide,
there was a significant reduction in the amount of cholesterol, triglycerides, ALT, and
AST compared to untreated diabetic rats. Other parameters such as total protein, urea,
albumin, and globulin were similar to normal control. Histopathology analysis reveals an
extensive alteration in the morphology of the kidney, liver, and pancreas of diabetic rats
(Figure 4). The pathological changes observed in diabetic rats were retained to normal after
administering MEUR and glibenclamide for 28 days.
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Among the 5 extracts, the methanolic extract of Ulva reticulata (MEUR), exhibiting
the highest antidiabetic activity in both in vitro and in vivo studies, was subjected to
chromatographic separation using a silica gel column (60–120 mesh).

2.5. In Vitro α-Amylase and α-Glucosidase Inhibitory Activity of Isolated Fractions from MEUR

MEUR loaded onto silica gel column (60–120 mesh) were eluted with various sol-
vents, starting with less polarity solvent in the sequence, such as hexane (F1), benzene (F2),
Dichloromethane (F3), chloroform (F4), ethyl acetate (F5), methanol (F6), and finally, with
water (F7). Each fraction was further tested for in vitro anti-diabetic activities (α-amylase
and α-glucosidase) (Figure 5a). Among the seven isolated fractions (F1–F7), the F4 (chloro-
form) fraction showed the highest inhibition against α-amylase (71.67%) and α-glucosidase
(38.01%), followed by F6, F5, F3, F7, F1, and F2.
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Figure 5. In vitro α-amylase, α-glucosidase inhibitory activity, and determination of total phenols and
flavonoids of isolated fractions from MEUR. (a) In vitro α-amylase, α-glucosidase, (b) total phenols,
and (c) flavonoids of various fractions of MEUR. Absorbance was measured at 540 nm (α-amylase)
and 405 nm (α-glucosidase). Mean values were analyzed using two-way ANOVA (Tukey’s multiple
comparisons test). **** p < 0.0001 considered as significant.

2.6. Determination of Total Phenols and Flavonoids

The total phenolic and flavonoid content of chloroform fraction (F4) of MEUR was
estimated by using gallic acid (GA) and quercetin (Q) as standard (Figure 5b,c). The results
showed that the total phenolic content (65.19 µg mL−1) was higher than the total flavonoid
content (20.33 µg mL−1).
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2.7. Purification of Compounds from the Active Fraction (F4)

The active fraction (F4) was further separated using a silica gel column (60–120 mesh)
and subjected to thin-layer chromatography (TLC). Among the various solvents, petroleum
ether: ethyl acetate in varying ratios yielded five individual compounds. The compounds
were purified and characterized using spectrometry using GC-MS, HR-MS, and NMR (13C
and 1H NMR).

2.7.1. Isolation of Compound 1 (Nonane)

A colorless liquid compound (39 mg) was eluted from 100% petroleum ether fraction
(Figure 6a) and subjected to various spectroscopic analyses for structural determination.
The 1H NMR (Figure 6b) (CDCl3, 400 MHz) δ: 0.74–0.82, (m, 2× CH3, 6H), 1.18 (s, 7 × CH2,
14H) ppm; 13C NMR (Figure 6c) (CDCl3, 100 MHz) δ: 14.1, 22.7, 29.3, 29.7, 31.9 ppm. HRMS
(Figure 6d): Calculated for C9H20: 128.2551; found: 128.2551.
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100% petroleum ether, (b) 13C NMR, (c) 1H NMR, (d) HRMS, (e) molecular weight and structure.

2.7.2. Isolation of Compound 2 (Hexadecanoic Acid)

A white solid compound (75 mg) was eluted from petroleum ether: ethyl acetate (8:2)
fraction (Figure 7a). The 1H NMR (Figure 7b) (CDCl3, 400 MHz) δ: 0.79–0.82, (m, CH3, 3H),
1.52 (s, 29 H) ppm; 13C NMR (Figure 7c) (CDCl3, 100 MHz) δ: 14.1, 22.6, 24.7, 29.0, 29.2, 29.3,
29.4, 29.5, 29.6, 29.7, 31.9, 33.8, 178.99 ppm. HRMS (Figure 7d): Calculated for C16H32O2:
256.4241; found: 256.4240.
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Figure 7. Isolation of compound 2 (Hexadecanoic acid). (a) TLC showing a single spot of compound
eluted at petroleum ether:ethyl acetate (8:2), (b) 13C NMR, (c) 1H NMR, (d) HRMS, (e) molecular
weight and structure.

2.7.3. Isolation of Compound 3 (1-dodecanol)

A pale yellow solid compound (18 mg) was eluted from petroleum ether: ethyl acetate
(7:3) fraction (Figure 8a). The 1H NMR (Figure 8b) (CDCl3, 400 MHz) δ: 0.79–0.82, (m,
CH3, 3H), 1.19–1.26 (m, 17H), 1.52–1.59 (m, 4H), 4.02–4.06 (m, 1H, OH) ppm; 13C NMR
(Figure 8c) (CDCl3, 100 MHz) δ: 14.1, 22.7, 24.7, 25.8, 27.0, 29.0, 29.3, 29.7, 31.9, 33.8, 48.7,
65.8 ppm. HRMS (Figure 8d): Calculated for C12H26O: 186.3342; found: 186.3342.
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and structure.
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2.7.4. Isolation of Compounds 4 and 5 (Cyclodecane Methyl and Phenol, Phenol,
3,5-bis(1,1-dimethylethyl))

The compounds Cyclodecane methyl (15 mg) (petroleum ether: ethyl acetate (4:6)) and
a group of phenols (98 mg) (petroleum ether 100%) were eluted in the respective factions
(Figure 9a,c). GC-MS analysis confirmed the presence of two compounds and identified
them based on the data library available in NIST. The chromatograms obtained are shown
in Figure 9b,d.
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Figure 9. Isolation of compounds 4 and 5. (a) TLC showing a single spot of compound eluted at
petroleum ether:ethyl acetate (4:6), (b) GC-MS chromatogram of cyclodecane methyl, (c) molecular
weight and structure (d) TLC showing a single spot of compound eluted at petroleum ether (100%),
(e) GC-MS chromatogram of phenol and phenol, 3,5-bis(1,1-dimethylethyl). (f,g) molecular weight
and structure.

2.7.5. In Vitro α-Amylase and α-Glucosidase Inhibition Study of Isolated Compounds and
Its Active Fraction (F4)

Five different isolated compounds (nonane, hexadecanoic acid, 1-dodecanol, cyclode-
cane methyl and phenol, phenol, 3,5-bis(1,1-dimethylethyl), and the active fraction (F4)
exhibited significant α-amylase and α-glucosidase inhibition [Figure 10a,b]. Among them,
the active fraction (F4) showed the highest α-amylase (60.58%) and α-glucosidase (47.18%)
inhibition at a concentration of 100 µg mL−1. Similarly, n-hexadecanoic acid and phenol,
phenol, 3,5-bis(1,1-dimethylethyl) showed α-amylase (38.51 and 37.63%) and α-glucosidase
(40.54 and 36.85%) inhibition at a concentration of 100 µg mL−1. The results were compared
with standard acarbose for α-amylase and α-glucosidase (56.35 and 42.14%), respectively.
The IC50 value obtained for α-amylase inhibition of active fraction and acarbose was 22.82
and 47.39 µg mL−1%, respectively.
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Figure 10. In vitro α-amylase and α-glucosidase inhibitory activity of pure compounds. (a) α-amylase
and (b) α-glucosidase inhibition of isolated compounds and its active fraction (F4). Absorbance was
measured at 540 nm and 405 nm. Values are means ± S.E.M (n = 3). Mean values were analyzed
using two-way ANOVA (Tukey’s multiple comparisons test). **** p < 0.0001, ** p < 0.01, * p < 0.05
were considered significant.
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2.8. In Vitro Insulin Secretion Studies

The isolated pancreatic islets treated with the test compounds (nonane, hexadecanoic
acid, phenol, phenol, 3,5-bis(1,1-dimethylethyl)) and an active fraction (F4) for a period
of 1 and 24 h showed significant insulin secretion in both normal (4 mM) and diabetic
(20 mM) condition (Figure 11a–d). The two compounds (1-dodecanol, cyclodecane methyl)
did not show any effect against pancreatic islets. The results were compared with standard
drugs acarbose and glibenclamide (Figure 11e,f). Active fraction (F4) at a concentration
of 100 µg mL−1 showed maximum glucose-induced insulin secretion at 4 mM (0.357 and
0.582 µg L−1) and 20 mM (0.848 and 1.032 µg L−1) concentration in both 1 and 24 h
in vitro culture. Similarly, glibenclamide (100 µg mL−1), a standard antidiabetic drug, also
showed a significant increase in glucose-induced insulin secretion at both 4 mM (0.297
and 0.345 µg/L) and 20 mM (1.27 and 1.2 µg L−1) glucose concentration in 1 and 24 h
time intervals (Figure 11g). Comparatively, acarbose showed less insulin secretion when
compared with an active fraction and glibenclamide.
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Figure 11. In vitro insulin secretion studies. Effect of isolated compounds and its active fraction
(F4) on glucose-induced (4 mM and 20 mM) insulin secretion from pancreatic islets in 1 h and 24 h
in vitro culture. Insulin secretagogue activity of isolated compounds and standard drugs (a–f), the
concentration of insulin released in glucose-induced (4 and 20 mM) insulin secretion at 1 and 24 h
in vitro culture (g). Values are means ± S.E.M (n = 3). Mean values were analyzed using two-way
ANOVA (Tukey’s multiple comparisons test). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05
considered as significant.
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2.9. In Vivo Antidiabetic Mechanism of Active Fraction (F4)

Based on the in vitro results obtained from the active fraction (F4) against enzyme
inhibition (α-amylase and α-glucosidase) and insulin secretion studies, the fraction F4 was
further tested for its hypoglycaemic effect in normoglycaemic animals, glucose-loaded hy-
perglycemic animals, and STZ-induced diabetic animals. The results obtained from normal,
glucose-loaded hyperglycemic, and diabetic rats are shown in Tables 3–5. In normogly-
caemic, the active fraction (F4) controlled the blood glucose level and showed a similar
result as standard acarbose (Table 3). The active fraction (F4) showed a remarkable hypo-
glycaemic effect at 10 mg/kg B.wt. concentration in glucose-loaded hyperglycemic animals.
After 60 min administration of test samples, the blood glucose level was reduced gradually
for both active fraction (F4) and acarbose (Table 4). In STZ-induced diabetic rats, the active
fraction (F4) showed a 61% reduction in blood glucose level compared to the standard drug
glibenclamide (68%). The biochemical parameters of active fraction (F4) were similar to
that of the standard drug glibenclamide (Table 5). The serum insulin level of the diabetic
control was significantly low when compared to the control. After 14 days of treatment,
serum insulin levels of active fraction (1.09 µg L−1) and glibenclamide (1.12 µg L−1) treated
rats were near to normal rats when compared to diabetic rats (Figure 12).

Table 3. Hypoglycemic effect of active fraction (F4) in normoglycemic rats.

Parameters Time Point Normal Control Test
(Active Fraction) Acarbose Glibenclamide

FBG (mg/dL)

30 min 71 ± 5.46 81 ± 5.57 77 ± 2.6 71 ± 1.85
60 min 72 ± 3.53 64 ± 0.9 68 ± 3.05 66 ± 1.73

120 min 67 ± 1.45 58 ± 1.52 66 ± 1.32 55 ± 0.87
240 min 69 ± 7.84 54 ± 1.73 61 ± 0.28 47 ± 2.51

The glucose levels were analyzed at 30, 60, 120, and 240 min in normal rats. Acarbose and glibenclamide served
as positive control. Each value is expressed as mean ± S.E.M. (n = 6).

Table 4. Effect of active fraction (F4) on glucose-loaded hyperglycemic animals.

Parameters Time Point Normal Control
Test

(Active
Fraction)

Acarbose

FBG (mg/dL)

30 min 89 ± 3.21 87 ± 1.45 77 ± 5.36
60 min 114 ± 2.33 105 ± 3.6 117 ± 4.78

120 min 122 ± 2.31 77 ± 5.57 72 ± 1.2
240 min 96 ± 1.73 61 ± 4.67 56 ± 4.37

The glucose levels were analyzed at 30, 60, 120, and 240 min in rats loaded with 2 g/kg B.wt of glucose. Acarbose
served as a positive control. Each value is expressed as mean ± S.E.M. (n = 6).

Table 5. Effect of active fraction (F4) on STZ-induced diabetic animals.

Parameters Normal Control Test
(Active Fraction) Glibenclamide Diabetic Control

FBG (mg/dL)

1st day 95 ± 3.60 257 ± 9.24 301 ± 20.71 292 ± 11.85
7th day 90 ± 2.08 212 ± 7.00 229 ± 44.08 363 ± 15.6

14th day 88 ± 1.2 141 ± 14.82 115 ± 7.67 356 ± 19.17
Net reduction = 61% Net reduction = 68%

Total protein (g/dL) 9.22 ± 0.249 9.32 ± 0.05 11.37 ± 0.18 4.54 ± 0.37
Triglycerides (mg/dL) 65.91 ± 7.53 103.81 ± 1.24 117 ± 5.35 215 ± 21.73

Urea (mg/dL) 8.52 ± 0.39 17 ± 2.23 17.76 ± 0.72 21.71 ± 1.63
ALT (IU/L) 7.65 ± 1.55 14.13 ± 2.56 15.9 ± 2.04 24.16 ± 2.79
AST (IU/L) 7.65 ± 1.55 22.36 ± 0.57 17.67 ± 1.01 31.82 ± 3.60

Cholesterol (mg/dL) 59.22 ± 2.95 79.56 ± 0.75 72.63 ± 3.02 99.22 ± 2.83

The effect of active fraction (F4) on fasting blood glucose and serum parameters of STZ-induced diabetic rats.
Glibenclamide served as a positive control. Each value is expressed as mean ± S.E.M. (n = 6).
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3. Discussion

The treatment of diabetes with natural products has been an integral part of traditional
medical systems for centuries [31]. In natural resources, phytochemicals with diverse
structures belonging to different chemical classes, such as flavonoids, phenols, tannins,
alkaloids, terpenoids, steroids, saponins, and polysaccharides are present, which exhibit
various bioactive properties [32]. Numerous research findings demonstrate that these
natural bioactive compounds can prevent and treat diabetes and obesity by focusing on
multiple targets, such as inhibiting carbohydrate-digesting enzymes, targeting activities
to improve insulin resistance, insulin secretion, etc. Seaweeds are a potential source of
novel compounds exhibiting various bioactivities that could be used in the quest for
effective anti-diabetic treatments. An in vitro enzyme inhibitory study was conducted to
evaluate the anti-diabetic potential of Sargassum polycystum and Sargassum wightii, which
showed significant inhibitory effects against α-amylase and α-glucosidase and DPP-IV [33].
There were substantial antioxidant activities reported in various seaweed extracts [34–36].
Identifying novel antidiabetic compounds with high biomedical value can be accomplished
by isolating and characterizing the bioactive compounds and investigating marine algae.

Inhibiting major carbohydrate-digesting enzymes like α-amylase and α-glucosidase
and incretin-inhibiting enzymes results in a decrease in glucose absorption rate and, as a
result, helps control postprandial hyperglycemia [37]. As part of our previous studies, we
have conducted various in vitro and in vivo tests on different marine seaweeds that target
this primary mechanism of enzyme inhibition [24,25,33,38–40].

In this study, Ulva reticulata extracts were investigated for their inhibitory effects on
α-amylase, α-glucosidase, and DPP-IV and antioxidant (DPPH) potential using in vitro
assays. Among the various extracts tested, the methanolic extract of U. reticulata (MEUR)
displayed a significant α-amylase (61%), α-glucosidase (97%), and DPP-IV (44%) inhibitory
activity among the five extracts. This could be because the seaweed may contain a high
concentration of polar bioactive chemicals soluble in highly polar solvents such as methanol.
Methanol has been reported to be more efficient in extracting polyphenols with lower
molecular weights [41,42]. These findings suggest that methanol is the most effective
solvent for extracting bioactive chemicals from Ulva reticulata.

Ulva reticulata showed moderate free radical scavenging activity. The ethyl acetate ex-
tract of Ulva reticulata (41%) exhibited the highest free radical scavenging activity, followed
by benzene (33%), methanol (30%), and petroleum ether (23%) extracts when compared
with the standard BHT (97%).

Seaweed exhibiting potential antidiabetic activity must be evaluated for its efficacy
and toxicity to avoid potential dangers such as unwanted side effects, overdose, and toxicity.
Measures of cell viability and hemolytic activity of potentially bioactive compounds are
essential for developing new drug treatments [43,44]. Furthermore, the measurement of
cell viability and in vitro hemolytic activity of MEUR revealed 99% cell viability after 24 h
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of treatment at 250 µg mL−1 and showed no signs of hemolysis or erythrocyte membrane
damage. Even at a higher concentration (1000 µg mL−1), the MEUR showed significantly
less (6.92%) cell lysis, and in the presence of (250 g mL−1) MEUR, only 2.81% of human red
blood cells were lysed. The extracts have a low to hemolytic impact on human erythrocytes.
The obtained results from the study suggest that the MEUR is non-toxic and safe.

Research in animal models is crucial in discovering innovative and effective treatments
for chronic diseases like diabetes [45]. The oral administration of MEUR on STZ-induced
diabetic rats demonstrated a significant reduction in blood glucose levels (46.21%) com-
pared with glibenclamide (73.05%). Diabetic rats had reduced body weight compared
to normal rats, but after administering MEUR and glibenclamide for 28 days, their body
weight significantly increased. MEUR- and Glibenclamide-treated rats reduce triglycerides
and total cholesterol compared to the untreated, which inhibits hypercholesterolemia and
decreases the risk of atherosclerosis [46]. Treated extracts and the standard group also
showed a gradual reduction in ALT and AST. This marked the hepatoprotective effect
of MEUR. Other parameters like total protein, urea, albumin, and globulin were similar
to normal control. In our earlier studies, we have reported the antidiabetic activity of
methanolic extract of Chaetomorpha antennina in S.T.Z-induced rats model, with results
suggesting that at a period of 28 days (250 mg kg−1 B.wt) concentration reduced the fasting
blood glucose level to 39.97% and that of positive control glibenclamide (0.25 mg kg−1

B.wt) was 73.05%, respectively [24].
In our study, MEUR, which exhibited the highest antihyperglycemic activity, was

selected for Bioactivity-guided isolation of active compounds responsible for antidiabetic
action, and seven fractions were separated (F1–F7). Among the fractions, F4 (chloro-
form) exhibited considerable α-amylase (71.67%) and α-glucosidase (38.01%) inhibition.
Additionally, the fractions were found to be rich in total phenolic (65.19 µg mL−1) and
total flavonoid content (20.33 µg mL−1). The α-amylase and α-glucosidase inhibition is
attributed to the presence of phenols and flavonoids. The enzyme inhibition is due to phe-
nols and flavonoids directly binding to enzyme amino acid residues (AARs), preventing
substrate binding, or interacting with AARs around the active site, preventing substrate
binding [47–49].

The active fraction (F4) was further purified by column chromatography and subjected
to thin layer chromatography (TLC) using Petroleum ether; ethyl acetate was used in
varying ratios as the solvent, and the purified compounds were characterized by employing
GC-MS, HR-MS, and NMR (13C, 1H NMR), techniques. Upon characterization, five distinct
compounds—nonane, hexadecanoic acid, 1-dodecanol, cyclodecane methyl, and phenol,
3,5-bis(1,1-dimethylethyl) were identified.

In vitro α-amylase and α-glucosidase inhibition study of isolated compounds and its
active fraction (F4) was carried out, revealing active fraction (F4) showed the α-amylase
(71.67%) and α-glucosidase (38.01%) inhibition at a concentration of 100 µg mL−1 as
compared to the individual identified compounds. Carbohydrate-digesting enzymes α-
amylase and α-glucosidase are associated with postprandial hyperglycemia; as a result,
inhibition of these major enzymes helps reduce glucose release and absorption in the small
intestine [50].

Insulin secretagogues lower blood glucose by promoting insulin secretion, boosting
insulin levels in the blood, and thereby managing diabetes [51]. Multiple research attempts
have been carried out over the last three decades to produce an insulin-secreting beta cell
line that maintains normal insulin secretion control, but only a few have been successful [52].
In the present study, non-toxic concentrations of nonane, hexadecanoic acid, phenol, phenol,
3,5-bis(1,1-dimethylethyl), and the active fraction (F4) stimulated concentration-dependent
insulin release from isolated mouse pancreatic islets, for a period of 1, and 24 h showed
significant insulin secretion in both normal (4 mM) and diabetic (20 mM) condition. Ac-
tive fraction (F4) at a concentration of 100 µg mL−1 showed maximum glucose-induced
insulin secretion at 4 mM (0.357 and 0.582 µg L−1) and 20 mM (0.848 and 1.032 µg L−1)
concentration in both 1 and 24 h in vitro culture. The results of the insulin secretagogue
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activity were compared with standard drugs acarbose and glibenclamide, where maximum
glucose-induced insulin secretion was seen in Active fraction (F4) and glibenclamide, and
comparatively, acarbose showed less insulin secretion. Moreover, similar results were also
previously reported with fucoidan extract of the seaweed Fucus vesiculosus, stimulating
insulin secretion [51].

The in vivo antidiabetic mechanism of active fraction (F4) was further investigated us-
ing various Male albino wistar rat models. The results demonstrated that the active fraction
(F4) reduces blood glucose levels in normoglycaemic animals and produces effects similar
to that of standard acarbose. Active fraction (F4) demonstrated outstanding hypoglycaemic
activity in hyperglycemic animals at a dose of 10 mg/kg B.wt. In the STZ-induced diabetic
rat model, the active fraction (F4) showed (61%) reduction in blood glucose level when
compared to the standard drug glibenclamide (68%). Significant increase in serum insulin
was also observed compared to the diabetic control. Our findings suggest that among
the various solvents used, the methanolic extract of Ulva reticulata (MEUR) displayed the
highest antidiabetic activity in both in vitro and in vivo; it showed no cytotoxicity and
hence was subjected to bioassay-guided chromatographic separation. Among the seven
isolated fractions (F1 to F7), the F4 (chloroform) fraction exhibited substantial total pheno-
lic content (65.19 µg mL−1) and total flavonoid content (20.33 µg mL−1), which showed
demonstrated the promising inhibition against α-amylase (71.67%) and α-glucosidase
(38.01%). Active fraction (F4) was further purified and characterized. Upon structural
elucidation, five distinct compounds, namely nonane, hexadecanoic acid, 1-dodecanol,
cyclodecane methyl, and phenol, 3,5-bis(1,1-dimethylethyl) were identified. Active fraction
(F4) at a concentration of 100 µg mL−1 showed maximum glucose-induced insulin secretion
at 4 mM (0.357 and 0.582 µg L−1) and 20 mM (0.848 and 1.032 µg L−1) concentration in both
1 and 24 h in vitro culture, and also exhibited promising antidiabetic activity in various
in vivo models. The study’s findings strongly imply that Ulva reticulata has the potential to
help manage diabetes.

4. Materials and Methods

Porcine pancreatic α-amylase, dinitrosalicylic acid (DNSA), acarbose, p-nitrophenyl
α-D-glucopyranoside, Diprotin A (Ile-Pro-Ile), DPP-IV from porcine kidney, gly-pro-p-
nitroanilide (GPPN), streptozotocin, glibenclamide were purchased from Sigma-Aldrich Pvt.
Ltd., Bangalore, India. DPPH, butylated hydroxytoluene (BHT), [3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide] (MTT) were obtained from HiMedia Laboratories Pvt.
Ltd., Maharashtra, India. α-glucosidase and dimethyl sulfoxide (DMSO) were obtained
from Sisco Research Laboratories Pvt. Ltd., Maharashtra, India. Silica gel GF 260 plates
were purchased from Merck, Darmstadt, Germany. All other chemicals used were of
analytical grade, which was available commercially.

4.1. Collection of Seaweeds

Fresh seaweed, U. reticulata, was collected from intertidal and subtidal regions of
Karunagappalli (Latitude 9◦3′16” N; Longitude 76◦32′7” E) Kollam, Kerala (India) in
November 2012. It grows attached to rocky substrates, and after it gets mature, thalli easily
detach and become free living vegetative algae. Mature thalli have irregular shapes, are light
to dark green in color, and range in size from a few centimeters to approximately a meter.
(Figure 13). The collected seaweed was identified and authenticated by Dr. P. Kaladharan,
Principal Scientist and Scientist In-Charge, Calicut Regional Center of Central Marine
Fisheries Research Institute, Kerala (India). A voucher specimen (VMBL-06) was deposited
in the Marine Biotechnology and Bioproducts Laboratory, Vellore Institute of Technology.
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4.2. Preparation of Seaweed Extracts

Collected seaweeds were cleaned, holdfasts were removed, shade dried, and finely
powdered. The powdered seaweed (25 g) was extracted with various solvents (250 mL)
based on polarity (petroleum ether, benzene, ethyl acetate, acetone, and methanol) using
the Soxhlet apparatus for 24 h. Each filtrate was concentrated to dryness under reduced
pressure using a rotary evaporator (model-PBU-6, Superfit Continental Pvt. Ltd., Mumbai,
India). The samples were lyophilized using a freeze dryer (Penguin Classic Plus, Lark
Innovation Fine Technology, Chennai, India) and stored in a refrigerator at 2–8 ◦C for
further use in subsequent experiments.

4.3. In Vitro α-Amylase and α-Glucosidase Inhibition Study

The α-amylase and α-glucosidase inhibitory activity of the extracts (250–1000 µg mL−1)
were determined as described earlier by [40]. Acarbose (250–1000 µg mL−1) was used as a
positive control. The tests were performed in triplicates, and the inhibitory activity was
calculated as percentage inhibition using the formula.

% Inhibition = [(Abscontrol − Abs*samples)/Abscontrol] × 100

4.4. In Vitro Dipeptidyl Peptidase-IV (DPP-IV) Inhibition Study

DPP-IV inhibitory activity was determined according to the method by [53]. Seaweed
extracts of various concentrations (2.5, 10, 40, and 80 µg mL−1) were prepared in Tris-HCl
buffer (50 mM, pH 7.5). The assay was performed according to the standardized procedure
of Diprotin A (0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 µg mL−1) as standard. The tests were performed
in triplicates, and the percentage of DPP-IV inhibition was calculated as follows:

% Inhibition = [(Abscontrol − Abs*samples)/Abscontrol] × 100

4.5. Free Radical Scavenging Activity (DPPH)

Free radical scavenging activity was determined according to the method of [54]. Sea-
weed extracts of various concentrations (250–1000 µg mL−1) were prepared. Butylated hy-
droxytoluene (BHT) was used as a positive control. The tests were performed in triplicates.
Scavenging activity was expressed as percentage inhibition using the following formula.

% Inhibition = [(Abscontrol − Abs*samples)/Abscontrol] × 100

4.6. Maintenance of Cell Line

J774 cell line (mouse macrophage) was obtained from National Center for Cell Science,
Pune, India. The cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine,
and 100 U mL−1 of penicillin/streptomycin with 5% CO2 at 37 ◦C in a humidified incubator
till passage no. 4. Exponentially growing cells were used for the experiment.
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4.7. Cytotoxicity Assay

Briefly, cells were seeded at a density of 5 × 104 cells mL−1 and allowed to attach for
24 h in 300 µL of medium incubated at 37 ◦C supplied with 5% CO2. After 24 h, various
concentrations of seaweed extracts (250–1000 µg mL−1) were added to the medium and
incubated for 24 h. After incubation, cells were treated with MTT [3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] (5 mg mL−1) for 4 h. The formazan crystals formed
were dissolved in DMSO (Dimethyl sulfoxide) after aspirating the medium. The extent
of cytotoxicity was measured spectrophotometrically at 630 nm with a microplate reader
(Bio-TEK, Santa Clara, CA, USA).

4.8. In Vitro Hemolytic Activity

The hemolytic activity of the crude extracts (250–1000 µg mL−1) was evaluated as
described by [55].

4.9. Experimental Animal

Male albino Wistar rats between 2 and 3 months of age, weighing 180–280 g, were
used for the study. Animals were maintained in the animal house, Center for Biomedical
Research, VIT, Vellore. Rats were housed in polypropylene cages, maintained under
standard temperature conditions (22 ± 2 ◦C) on a 12 h light and dark cycle. They were
fed with a standard rat pellet diet and water ad libitum. Animals were maintained as the
principles and guidelines of the Institutional Animal Ethical Committee (IAEC) following
the Committee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA) guidelines on animal care. All animal experiments were approved by the IAEC,
VIT/IAEC/10th/14 March/No.26.

4.10. Experimental Design

Twenty-four rats were divided into four equal groups (n = 6) as follows:

(1) Normal control: Rats fed with normal food and water
(2) Diabetic control: Rats were made diabetic by a single intraperitoneal injection of

streptozotocin (STZ) at a concentration of 45 mg kg−1 body weight.
(3) Diabetic rats treated with glibenclamide (Positive control): Rats were made diabetic

by STZ (45 mg kg−1 body weight) and treated orally with standard antidiabetic drug
glibenclamide (0.25 mg kg−1 body weight) once daily for 28 days.

(4) Diabetic rats treated with methanolic extract of U. reticulata (MEUR): Rats were made
diabetic by STZ (45 mg kg−1 body weight) and treated orally with methanolic extract
of U. reticulata (250 mg kg−1 body weight) once daily for 28 days.

After 3 days of STZ-injection, fasting blood glucose (FBG) values above 250 mg dL−1

were considered diabetic. The treatment started on the third day, and diabetic animals were
considered for further study and continued for 28 days. FBG levels were measured with a
One Touch Select simpleTM glucometer, and body weights were checked in regular intervals
(0, 7, 14, 21, and 28 days) during the experimental period. At the end of the experiment, the
animals were made to fast overnight, and the blood was collected. The collected blood was
incubated for 15–30 min at room temperature, the serum was separated by centrifugation
(3000 rpm), and the collected serum was used for various biochemical parameters using
standard kits (Span Diagnostics Ltd., Surat, India). The animals were sacrificed on the 28th
day, and organs, kidneys, liver, and pancreas were collected for histopathological studies.

4.11. Bioassay-Guided Fractionation and Isolation of Active Compounds from MEUR

Methanolic extract of Ulva reticulata (MEUR), which showed the highest antidiabetic
activity in both in vitro and in vivo, was subjected to chromatographic separation using
a silica gel column (60–120 mesh). Initially, the powdered seaweed material (200 g) was
extracted using Methanol, and the extract was evaporated to dryness under a vacuum using
a rotary evaporator (Super Fit-Rotavap, model-PBU-6, India). The methanolic extract (10 g)
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was further subjected to column chromatography. MEUR loaded onto silica gel column
(60–120 mesh) were eluted with various solvents, starting with less polarity solvent in the
sequence, such as hexane (F1), benzene (F2), Dichloromethane (F3), chloroform (F4), ethyl
acetate (F5), methanol (F6), and finally, with water (F7). Further, each fraction was assayed
for in vitro antidiabetic activity (α-amylase and α-glucosidase). Finally, the active fraction
(F4) was subjected to TLC, and the individual compounds were separated using column
chromatography (60–120 mesh). Later these discrete compounds were identified and
characterized based on spectroscopic methods, including NMR (C-13, H-NMR), GC-MS,
and HR-MS spectrometry.

4.12. Determination of Total Phenols and Flavonoids

The concentration of total phenolic present in the active fraction was determined using
Folin–Ciocalteu’s reagent [56]. Briefly, 100 µL of active fraction (F4) of MEUR and 500 µL of
Folin–Ciocalteu’s reagent, and 1 mL of Na2CO3 (20%) were mixed and incubated at room
temperature for 90 min. The absorbance was measured at 760 nm. Results were expressed
as µg gallic acid equivalents per mg of extract (µg GAE/mg). Similarly, the concentration of
total flavonoids in the active fraction was determined according to the aluminum chloride
colorimetric method [57]. Briefly, the active fraction (F4) 100 µL was mixed with 95%
alcohol, 10% aluminum chloride hexahydrate, 0.1 mL of 1 M potassium acetate, and 2.8 mL
of deionized water. After incubation for 40 min at room temperature, the absorbance was
measured at 415 nm. Results were expressed as µg quercetin equivalents per mg of extract
(µg QE/mg).

4.13. In Vitro α-Amylase and α-Glucosidase Inhibition Study of Isolated Compounds and Their
Active Fraction (F4)

The α-amylase and α-glucosidase inhibitory activity was determined as described by [58].
Purified compounds and the active fraction (F4) of varying concentrations (25–100 µg/mL)
were used for the assays, and acarbose was used as a positive control. The experiments
were performed in triplicates, and the inhibitory activity was calculated as percentage
inhibition using the formula described previously.

4.14. In Vitro Insulin Secretion Studies Using Isolated Pancreatic Islets

Pancreatic islets were isolated from adult male Wistar rats by using the standard
collagenase digestion method [59]. Islet cells having viability greater than 90% were chosen
for the studies. Insulin secretion study was determined in both 1 and 24 h time intervals to
evaluate the effect of isolated compounds and its active fraction against pancreatic islet cells.
Therefore, the isolated islets (150 cells/mL medium) were incubated with 5% CO2 at 37 ◦C
in a humidified incubator. Test samples of varying concentrations (25–100 µg/mL) were
treated with normal (4 mM glucose) and diabetic (20 mM) conditions, respectively. After
incubation, cells were centrifuged at 1500× g for 15 min at 4 ◦C. The supernatant obtained
was subjected to measure insulin secretion according to the manufacturer’s instruction
(Mercodia ultrasensitive rat insulin ELISA, Uppsala, Sweden).

4.15. In Vivo Antidiabetic Mechanism of Active Fraction (F4)
4.15.1. Effect in Normoglycemic Animals

Rats fed with normal food and water were made to fast overnight with water ad
libitum. The control group received distilled water, and at the same time, positive control
(acarbose & glibenclamide) and test samples at a concentration of 10 mg/kg B. wt. were
administered using the exact vehicle. FBG levels of each rat were measured at 1/2, 1, 2, and
4 h after the administration of samples.
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4.15.2. Effect in Glucose-Loaded Hyperglycemic Animals

Rats that fasted overnight were administrated glucose (2 g/kg B.wt) after the oral
administration of the test and positive control at a concentration of 10 mg/kg B.wt. FBG
was measured just before and after the administration of the test samples.

4.15.3. Effect in STZ-Induced Diabetic Animals

Rats were made diabetic by a single intraperitoneal injection of streptozotocin (STZ)
at a concentration of 45 mg/kg body weight. After 3 days of STZ injection, fasting blood
glucose (FBG) values above 250 mg/dL were considered diabetic. The treatment started on
the third day, and animals with diabetes were treated with test samples and the standard
antidiabetic drug glibenclamide at a concentration of 10 mg/kg B.wt. FBG levels were
measured with a One Touch Select simpleTM glucometer, and body weights were checked
in regular intervals (0, 7, and 14 days) during the experimental period. At the end of the
experiment, the animals fasted overnight, and blood was collected. The collected blood was
incubated for 15–30 min at room temperature, the serum was separated by centrifugation,
and the collected serum was used for analyzing the insulin content (Mercodia ultrasensitive
rat insulin ELISA, Uppsala, Sweden) and various other biochemical parameters using
standard kits (Span Diagnostics Ltd., Surat, India).

4.16. Statistical Analysis

One-way analysis of variance (ANOVA) and two-way ANOVA followed by Tukey’s
multiple comparison tests and Dunn’s multiple comparisons test was used to compare
results. Graph-Pad Prism, Version 5, was used for all the statistical analysis. Values were
expressed as mean ± SEM, and the level of statistical significance was taken at p < 0.05.

5. Conclusions

Diabetes is one of the most prevalent pathological conditions affecting healthy living
globally and is accompanied by multiple side effects [60]. It is reported that Diabetes
mellitus is frequent in both the elderly and the young population [61]. To effectively and
efficiently lower postprandial glycemic levels, novel inhibitors with improved preclinical
and clinical trial profiles should be found and produced from natural substances. Ma-
rine algae (seaweed) can be considered as one of the prospective sources, with highly
bioactive unexplored compounds in the ongoing hunt for effective anti-diabetic medicines.
Antidiabetic effectiveness profiles for a variety of marine algae have been previously
reported [39,40,62–64].

Findings from this study indicated that the extract of MEUR (Ulva reticulata) and its
active fraction F4 examined could be a promising therapeutic agent with better therapeutic
efficacy. The extracts and the active fraction exhibited potential anti-diabetic activity with
strong inhibitory activity against α-amylase and α-glucosidase, DPP-IV, and antioxidant
(DPPH) potential. Active fraction (F4) displayed a prominent in vivo antidiabetic activity
due to the presence of five distinct compounds, namely, nonane, hexadecanoic acid, 1-
dodecanol, cyclodecane methyl, and phenol, 3,5-bis (1,1-dimethylethyl). The presence
of phenols and flavonoids and the isolated compounds in the fractions also validate the
antidiabetic action of the active fraction (F4). The in vivo antidiabetic mechanism of active
fraction (F4) was investigated, and it was found to have a significant hypoglycemic impact
in glucose-loaded, hyperglycemic rats and STZ-induced diabetic animals. Conclusively,
our research findings suggest that Ulva reticulata and the bioactive chemicals extracted from
it are potentially effective and that safe inhibitors of diabetes mellitus can be used to reduce
postprandial hyperglycemia.
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PPHG Postprandial hyperglycemia
B.wt Body weight
FBG Fasting Blood Glucose levels
ALT Alanine transaminase
AST Aspartate transaminase

References
1. Marcovecchio, M.; Mohn, A.; Chiarelli, F. Type 2 Diabetes Mellitus in Children and Adolescents. J. Endocrinol. Investig. 2005, 28,

853–863. [CrossRef] [PubMed]
2. Wei, H.; Sun, J.; Shan, W.; Xiao, W.; Wang, B.; Ma, X.; Hu, W.; Wang, X.; Xia, Y. Environmental Chemical Exposure Dynamics and

Machine Learning-Based Prediction of Diabetes Mellitus. Sci. Total Environ. 2022, 806, 150674. [CrossRef] [PubMed]
3. The American Diabetes Association. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 2009, 32, S62. [CrossRef]

[PubMed]
4. Park, M.H.; Ju, J.W.; Park, M.J.; Han, J.S. Daidzein Inhibits Carbohydrate Digestive Enzymes in Vitro and Alleviates Postprandial

Hyperglycemia in Diabetic Mice. Eur. J. Pharmacol. 2013, 712, 48–52. [CrossRef] [PubMed]
5. Joshi, S.R.; Standl, E.; Tong, N.; Shah, P.; Kalra, S.; Rathod, R. Therapeutic Potential of α-Glucosidase Inhibitors in Type 2 Diabetes

Mellitus: An Evidence-Based Review. Expert Opin. Pharmacother. 2015, 16, 1959–1981. [CrossRef]
6. Akmal, M.; Wadhwa, R. Alpha Glucosidase Inhibitors—StatPearls—NCBI Bookshelf. Available online: https://www.ncbi.nlm.

nih.gov/books/NBK557848/#_NBK557848_pubdet_ (accessed on 3 August 2022).
7. Kang, S.M.; Park, J.H. Pleiotropic Benefits of DPP-4 Inhibitors Beyond Glycemic Control. Clin. Med. Insights Endocrinol. Diabetes

2021, 14. [CrossRef]
8. Fehmann, H.C.; Habener, J.F. Insulinotropic Hormone Glucagon-like Peptide-i (7-37) Stimulation of Proinsulin Gene Expression

and Proinsulin Biosynthesis in Insulinoma Btc-1 Cells. Endocrinology 1992, 130, 159–166. [CrossRef]
9. Ganesan, K.; Sultan, S. Oral Hypoglycemic Medications; StatPearls—NCBI Bookshelf. Available online: https://www.ncbi.nlm.nih.

gov/books/NBK482386/ (accessed on 30 October 2022).
10. Ling, F.; Guo, D.; Zhu, L. Pneumatosis Cystoides Intestinalis: A Case Report and Literature Review. BMC Gastroenterol. 2019,

19, 176. [CrossRef]
11. Monami, M.; Iacomelli, I.; Marchionni, N.; Mannucci, E. Dipeptydil Peptidase-4 Inhibitors in Type 2 Diabetes: A Meta-Analysis of

Randomized Clinical Trials. Nutr. Metab. Cardiovasc. Dis. 2010, 20, 224–235. [CrossRef]
12. Rajasekaran, P.; Ande, C.; Vankar, Y.D. Synthesis of (5,6 & 6,6)-Oxa-Oxa Annulated Sugars as Glycosidase Inhibitors from

2-Formyl Galactal Using Iodocyclization as a Key Step. Arkivoc 2022, 2022, 5–23. [CrossRef]
13. Nash, R.J.; Kato, A.; Yu, C.-Y.; Fleet, G.W. Iminosugars as Therapeutic Agents: Recent Advances and Promising Trends. Future

Med. Chem. 2011, 3, 1513–1521. [CrossRef]

http://doi.org/10.1007/BF03347581
http://www.ncbi.nlm.nih.gov/pubmed/16370570
http://doi.org/10.1016/j.scitotenv.2021.150674
http://www.ncbi.nlm.nih.gov/pubmed/34597539
http://doi.org/10.2337/dc09-S062
http://www.ncbi.nlm.nih.gov/pubmed/19118289
http://doi.org/10.1016/j.ejphar.2013.04.047
http://www.ncbi.nlm.nih.gov/pubmed/23669248
http://doi.org/10.1517/14656566.2015.1070827
https://www.ncbi.nlm.nih.gov/books/NBK557848/#_NBK557848_pubdet_
https://www.ncbi.nlm.nih.gov/books/NBK557848/#_NBK557848_pubdet_
http://doi.org/10.1177/11795514211051698
http://doi.org/10.1210/endo.130.1.1309325
https://www.ncbi.nlm.nih.gov/books/NBK482386/
https://www.ncbi.nlm.nih.gov/books/NBK482386/
http://doi.org/10.1186/s12876-019-1087-9
http://doi.org/10.1016/j.numecd.2009.03.015
http://doi.org/10.24820/ark.5550190.p011.809
http://doi.org/10.4155/fmc.11.117


Molecules 2022, 27, 8827 20 of 21

14. Tyagi, T.; Agarwal, M. GC-MS ANALYSIS OF INVASIVE AQUATIC WEED, PISTIA STRATIOTES L. AND EICHHORNIA
CRASSIPES (MART.) SOLMS. Int. J. Curr. Pharm. Res. 2017, 9, 111. [CrossRef]

15. Veluchamy, C.; Palaniswamy, R. A Review on Marine Algae and Its Applications. Asian J. Pharm. Clin. Res. 2020, 13, 21–27.
[CrossRef]

16. Lee, S.H.; Kang, S.M.; Sok, C.H.; Hong, J.T.; Oh, J.Y.; Jeon, Y.J. Cellular Activities and Docking Studies of Eckol Isolated from
Ecklonia Cava (Laminariales, Phaeophyceae) as Potential Tyrosinase Inhibitor. Algae 2015, 30, 163–170. [CrossRef]

17. Ko, S.C.; Jeon, Y.J. Anti-Inflammatory Effect of Enzymatic Hydrolysates from Styela Clava Flesh Tissue in Lipopolysaccharide-
Stimulated RAW 264.7 Macrophages and in Vivo Zebrafish Model. Nutr. Res. Pract. 2015, 9, 219–226. [CrossRef]

18. Samarakoon, K.W.; Elvitigala, D.A.S.; Lakmal, H.H.C.; Kim, Y.M.; Jeon, Y.J. Future Prospects and Health Benefits of Functional
Ingredients from Marine Bio-Resources: A Review. Fish. Aquat. Sci. 2014, 17, 275–290. [CrossRef]

19. El Shafay, S.; El-Sheekh, M.; Bases, E.; El-Shenody, R. Antioxidant, Antidiabetic, Anti-Inflammatory and Anticancer Potential of
Some Seaweed Extracts. Food Sci. Technol. 2022, 42. [CrossRef]

20. Corsetto, P.A.; Montorfano, G.; Zava, S.; Colombo, I.; Ingadottir, B.; Jonsdottir, R.; Sveinsdottir, K.; Rizzo, A.M. Characterization
of Antioxidant Potential of Seaweed Extracts for Enrichment of Convenience Food. Antioxidants 2020, 9, 249. [CrossRef]

21. Namvar, F.; Mohamed, S.; Fard, S.G.; Behravan, J.; Mustapha, N.M.; Alitheen, N.B.M.; Othman, F. Polyphenol-Rich Seaweed
(Eucheuma Cottonii) Extract Suppresses Breast Tumour via Hormone Modulation and Apoptosis Induction. Food Chem. 2012,
130, 376–382. [CrossRef]

22. Iwai, K. Antidiabetic and Antioxidant Effects of Polyphenols in Brown Alga Ecklonia Stolonifera in Genetically Diabetic KK-Ay
Mice. Plant Foods Hum. Nutr. 2008, 63, 163–169. [CrossRef]

23. Khan, M.N.A.; Cho, J.Y.; Lee, M.C.; Kang, J.Y.; Nam, G.P.; Fujii, H.; Hong, Y.K. Isolation of Two Anti-Inflammatory and One
pro-Inflammatory Polyunsaturated Fatty Acids from the Brown Seaweed Undaria Pinnatifida. J. Agric. Food Chem. 2007, 55,
6984–6988. [CrossRef] [PubMed]

24. Unnikrishnan, P.S.; Jayasri, M.A. Antidiabetic Studies of Chaetomorpha Antennina Extract Using Experimental Models. J. Appl.
Phycol. 2017, 29, 1047–1056. [CrossRef]

25. Unnikrishnan, P.S.; Suthindhiran, K.; Jayasri, M.A. Inhibitory Potential of Turbinaria Ornata against Key Metabolic Enzymes
Linked to Diabetes. BioMed Res. Int. 2014, 2014, 783895. [CrossRef] [PubMed]

26. Chen, Y.; Wu, W.; Ni, X.; Farag, M.A.; Capanoglu, E.; Zhao, C. Regulatory Mechanisms of the Green Alga Ulva Lactuca
Oligosaccharide via the Metabolomics and Gut Microbiome in Diabetic Mice. Curr. Res. Food Sci. 2022, 5, 1127–1139. [CrossRef]

27. Ratana-arporn, P.; Chirapart, A. Nutritional Evaluation of Tropical Green Seaweeds Caulerpa Lentillifera and Ulva Reticulata.
Kasetsart J. Nat. Sci. 2006, 40, 75–83.

28. Anh, H.T.L.; Kawata, Y.; Tam, L.T.; Thom, L.T.; Ha, N.C.; Hien, H.T.M.; Thu, N.T.H.; Huy, P.Q.; Hong, D.D. Production of Pyruvate
from Ulva Reticulata Using the Alkaliphilic, Halophilic Bacterium Halomonas Sp. BL6. J. Appl. Phycol. 2020, 32, 2283–2293.
[CrossRef]

29. Thahira Banu, A.; Uma Mageswari, S. Nutritional Status and Effect of Seaweed Chocolate on Anemic Adolescent Girls. Food Sci.
Hum. Wellness 2015, 4, 28–34. [CrossRef]

30. Chee, S.Y.; Wong, P.K.; Wong, C.L. Extraction and Characterisation of Alginate from Brown Seaweeds (Fucales, Phaeophyceae)
Collected from Port Dickson, Peninsular Malaysia. J. Appl. Phycol. 2011, 23, 191–196. [CrossRef]

31. Dinda, B.; Dinda, M. Natural Products, a Potential Source of New Drugs Discovery to Combat Obesity and Diabetes: Their
Efficacy and Multi-Targets Actions in Treatment of These Diseases. In Natural Products in Obesity and Diabetes; Springer: Cham,
Switzerland, 2022; pp. 101–275.

32. Dinda, B.; Dinda, S.; Chakraborty, M. Pharmacology of Anti-Obesity and Antidiabetic Phytochemicals Isolated from Various
Natural Sources (Plants, Seaweeds, Mushrooms, Marine Animals, and Microorganisms). In Natural Products in Obesity and
Diabetes; Springer: Cham, Switzerland, 2022; pp. 277–467.

33. Unnikrishnan, P.S.; Suthindhiran, K.; Jayasri, M.A. Antidiabetic Potential of Marine Algae by Inhibiting Key Metabolic Enzymes.
Front. Life Sci. 2015, 8, 148–159. [CrossRef]

34. Vega, J.; Álvarez-Gómez, F.; Güenaga, L.; Figueroa, F.L.; Gómez-Pinchetti, J.L. Antioxidant Activity of Extracts from Marine
Macroalgae, Wild-Collected and Cultivated, in an Integrated Multi-Trophic Aquaculture System. Aquaculture 2020, 522, 735088.
[CrossRef]

35. El-Sheekh, M.M.; El-Shenody, R.A.E.K.; Bases, E.A.; El Shafay, S.M. Comparative Assessment of Antioxidant Activity and
Biochemical Composition of Four Seaweeds, Rocky Bay of Abu Qir in Alexandria, Egypt. Food Sci. Technol. 2021, 41, 29–40.
[CrossRef]

36. Al-Araby, S.Q.; Rahman, M.A.; Chowdhury, M.A.H.; Das, R.R.; Chowdhury, T.A.; Hasan, C.M.M.; Afroze, M.; Hashem, M.A.;
Hajjar, D.; Alelwani, W.; et al. Padina Tenuis (Marine Alga) Attenuates Oxidative Stress and Streptozotocin-Induced Type 2
Diabetic Indices in Wistar Albino Rats. S. Afr. J. Bot. 2020, 128, 87–100. [CrossRef]

37. Okechukwu, P.; Sharma, M.; Tan, W.H.; Chan, H.K.; Chirara, K.; Gaurav, A.; Al-Nema, M. In-Vitro Anti-Diabetic Activity and
in-Silico Studies of Binding Energies of Palmatine with Alpha-Amylase, Alpha-Glucosidase and DPP-IV Enzymes. Pharmacia
2020, 67, 363–371. [CrossRef]

38. Lankatillake, C.; Huynh, T.; Dias, D.A. Understanding Glycaemic Control and Current Approaches for Screening Antidiabetic
Natural Products from Evidence-Based Medicinal Plants. Plant Methods 2019, 15, 105. [CrossRef]

http://doi.org/10.22159/ijcpr.2017.v9i3.19970
http://doi.org/10.22159/ajpcr.2020.v13i3.36130
http://doi.org/10.4490/algae.2015.30.2.163
http://doi.org/10.4162/nrp.2015.9.3.219
http://doi.org/10.5657/FAS.2014.0275
http://doi.org/10.1590/fst.20521
http://doi.org/10.3390/antiox9030249
http://doi.org/10.1016/j.foodchem.2011.07.054
http://doi.org/10.1007/s11130-008-0098-4
http://doi.org/10.1021/jf071791s
http://www.ncbi.nlm.nih.gov/pubmed/17665931
http://doi.org/10.1007/s10811-016-0991-4
http://doi.org/10.1155/2014/783895
http://www.ncbi.nlm.nih.gov/pubmed/25050371
http://doi.org/10.1016/j.crfs.2022.07.003
http://doi.org/10.1007/s10811-020-02035-1
http://doi.org/10.1016/j.fshw.2015.03.001
http://doi.org/10.1007/s10811-010-9533-7
http://doi.org/10.1080/21553769.2015.1005244
http://doi.org/10.1016/j.aquaculture.2020.735088
http://doi.org/10.1590/fst.06120
http://doi.org/10.1016/j.sajb.2019.09.007
http://doi.org/10.3897/pharmacia.67.e58392
http://doi.org/10.1186/s13007-019-0487-8


Molecules 2022, 27, 8827 21 of 21

39. Gunathilaka, T.L.; Samarakoon, K.; Ranasinghe, P.; Peiris, L.D.C. Antidiabetic Potential of Marine Brown Algae—A Mini Review.
J. Diabetes Res. 2020, 2020, 1230218. [CrossRef]

40. Unnikrishnan, P.; Jayasri, M.; Suthindhiran, K.; Jayasri, M. Alpha-Amylase Inhibition and Antioxidant Activity of Marine Green
Algae and Its Possible Role in Diabetes Management. Pharmacogn. Mag. 2015, 11, 511. [CrossRef]

41. Dai, J.; Mumper, R.J. Plant Phenolics: Extraction, Analysis and Their Antioxidant and Anticancer Properties. Molecules 2010, 15,
7313–7352. [CrossRef]

42. Nguyen, T.V.L.; Nguyen, Q.D.; Nguyen, N.N.; Nguyen, T.T.D. Comparison of Phytochemical Contents, Antioxidant and
Antibacterial Activities of Various Solvent Extracts Obtained from ‘Maluma’ Avocado Pulp Powder. Molecules 2021, 26, 7693.
[CrossRef]

43. Stoddart, M.J. Cell Viability Assays: Introduction. Methods Mol. Biol. 2011, 740, 1–6.
44. Garg, S.; Huifu, H.; Kaul, S.C.; Wadhwa, R. Integration of Conventional Cell Viability Assays for Reliable and Reproducible

Read-Outs: Experimental Evidence. BMC Res. Notes 2018, 11, 403. [CrossRef]
45. Kottaisamy, C.P.D.; Raj, D.S.; Prasanth Kumar, V.; Sankaran, U. Experimental Animal Models for Diabetes and Its Related

Complications—A Review. Lab. Anim. Res. 2021, 37, 23. [CrossRef] [PubMed]
46. Taskinen, M.R. Diabetic Dyslipidemia. Atheroscler. Suppl. 2002, 3, 47–51. [CrossRef] [PubMed]
47. Tadera, K.; Minami, Y.; Takamatsu, K.; Matsuoka, T. Inhibition of α-Glucosidase and α-Amylase by Flavonoids. J. Nutr. Sci.

Vitaminol. 2006, 52, 149–153. [CrossRef] [PubMed]
48. Aleixandre, A.; Gil, J.V.; Sineiro, J.; Rosell, C.M. Understanding Phenolic Acids Inhibition of α-Amylase and α-Glucosidase and

Influence of Reaction Conditions. Food Chem. 2022, 372, 131231. [CrossRef]
49. Zhu, J.; Chen, C.; Zhang, B.; Huang, Q. The Inhibitory Effects of Flavonoids on α-Amylase and α-Glucosidase. Crit. Rev. Food Sci.

Nutr. 2020, 60, 695–708. [CrossRef]
50. Akinyede, K.A.; Oyewusi, H.A.; Hughes, G.D.; Ekpo, O.E.; Oguntibeju, O.O. In Vitro Evaluation of the Anti-Diabetic Potential of

Aqueous Acetone Helichrysum Petiolare Extract (AAHPE) with Molecular Docking Relevance in Diabetes Mellitus. Molecules
2022, 27, 155. [CrossRef]

51. Hemmingsen, B.; Sonne, D.P.; Metzendorf, M.; Richter, B. Insulin Secretagogues for Prevention or Delay of Type 2 Diabetes
Mellitus and Its Associated Complications in Persons at Increased Risk for the Development of Type 2 Diabetes Mellitus. Cochrane
Database Syst. Rev. 2016, 2016, CD012151. [CrossRef]

52. Skelin, M.; Rupnik, M.; Cencic, A. Pancreatic Beta Cell Lines and Their Applications in Diabetes Mellitus Research. ALTEX 2010,
27, 105–113. [CrossRef]

53. Al-Masri, I.M.; Mohammad, M.K.; Tahaa, M.O. Inhibition of Dipeptidyl Peptidase IV (DPP IV) Is One of the Mechanisms
Explaining the Hypoglycemic Effect of Berberine. J. Enzyme Inhib. Med. Chem. 2009, 24, 1061–1066. [CrossRef]

54. Mensor, L.L.; Menezes, F.S.; Leitão, G.G.; Reis, A.S.; dos Santos, T.C.; Coube, C.S.; Leitão, S.G. Screening of Brazilian Plant Extracts
for Antioxidant Activity by the Use of DPPH Free Radical Method. Phyther. Res. 2001, 15, 127–130. [CrossRef]

55. Malagoli, D. A Full-Length Protocol to Test Hemolytic Activity of Palytoxin on Human Erythrocytes. Invertebr. Surviv. J. 2007, 4,
92–94.

56. Meda, A.; Lamien, C.E.; Romito, M.; Millogo, J.; Nacoulma, O.G. Determination of the Total Phenolic, Flavonoid and Proline
Contents in Burkina Fasan Honey, as Well as Their Radical Scavenging Activity. Food Chem. 2005, 91, 571–577. [CrossRef]

57. Chang, C.C.; Yang, M.H.; Wen, H.M.; Chern, J.C. Estimation of Total Flavonoid Content in Propolis by Two Complementary
Colometric Methods. J. Food Drug Anal. 2002, 10, 178–182. [CrossRef]

58. Nampoothiri, S.V.; Prathapan, A.; Cherian, O.L.; Raghu, K.G.; Venugopalan, V.V.; Sundaresan, A. In Vitro Antioxidant and
Inhibitory Potential of Terminalia Bellerica and Emblica Officinalis Fruits against LDL Oxidation and Key Enzymes Linked to
Type 2 Diabetes. Food Chem. Toxicol. 2011, 49, 125–131. [CrossRef]

59. Howell, S.L.; Taylor, K.W. Effects of Glucose Concentration on Incorporation of [3H]Leucine into Insulin Using Isolated Mam-
malian Islets of Langerhans. BBA—Gen. Subj. 1966, 130, 519–521. [CrossRef]

60. Ansari, P.; Tabasumma, N.; Snigdha, N.N.; Siam, N.H.; Panduru, R.V.N.R.S.; Azam, S.; Hannan, J.M.A.; Abdel-Wahab, Y.H.A.
Diabetic Retinopathy: An Overview on Mechanisms, Pathophysiology and Pharmacotherapy. Diabetology 2022, 3, 159–175.
[CrossRef]

61. Animaw, W.; Seyoum, Y. Increasing Prevalence of Diabetes Mellitus in a Developing Country and Its Related Factors. PLoS ONE
2017, 12, e0187670. [CrossRef]

62. Unnikrishnan, P.S.; Jayasri, M.A. Marine Algae As A Prospective Source For Antidiabetic Compounds—A Brief Review. Curr.
Diabetes Rev. 2018, 14, 237–245. [CrossRef]

63. Li, X.; Yu, Z.; Long, S.; Guo, Y.; Duan, D. Hypoglycemic Effect of Laminaria Japonica Polysaccharide in a Type 2 Diabetes Mellitus
Mouse Model. ISRN Endocrinol. 2012, 2012, 507462. [CrossRef]

64. Rajakani, M.; Muthulingam, M.; Karuppasamy, R. Padina Gymnospora (Kutzing) on Streptozotocin Induced Diabetics in Male
Albino Wistar Rats. Int. J. Pharm. Biol. Sci. 2018, 8, 845–850.

http://doi.org/10.1155/2020/1230218
http://doi.org/10.4103/0973-1296.172954
http://doi.org/10.3390/molecules15107313
http://doi.org/10.3390/molecules26247693
http://doi.org/10.1186/s13104-018-3512-5
http://doi.org/10.1186/s42826-021-00101-4
http://www.ncbi.nlm.nih.gov/pubmed/34429169
http://doi.org/10.1016/S1567-5688(01)00006-X
http://www.ncbi.nlm.nih.gov/pubmed/12044586
http://doi.org/10.3177/jnsv.52.149
http://www.ncbi.nlm.nih.gov/pubmed/16802696
http://doi.org/10.1016/j.foodchem.2021.131231
http://doi.org/10.1080/10408398.2018.1548428
http://doi.org/10.3390/molecules27010155
http://doi.org/10.1002/14651858.cd012151.pub2
http://doi.org/10.14573/altex.2010.2.105
http://doi.org/10.1080/14756360802610761
http://doi.org/10.1002/ptr.687
http://doi.org/10.1016/j.foodchem.2004.10.006
http://doi.org/10.38212/2224-6614.2748
http://doi.org/10.1016/j.fct.2010.10.006
http://doi.org/10.1016/0304-4165(66)90250-9
http://doi.org/10.3390/diabetology3010011
http://doi.org/10.1371/journal.pone.0187670
http://doi.org/10.2174/1573399812666161229151407
http://doi.org/10.5402/2012/507462

	Introduction 
	Results 
	In Vitro -Amylase, -Glucosidase, and DPP-IV Inhibition Study 
	Free Radical Scavenging Activity (DPPH) 
	Measurement of Cell Viability and In Vitro Hemolytic Activity of MEUR 
	Effect of MEUR on STZ-Induced Diabetic Rats 
	In Vitro -Amylase and -Glucosidase Inhibitory Activity of Isolated Fractions from MEUR 
	Determination of Total Phenols and Flavonoids 
	Purification of Compounds from the Active Fraction (F4) 
	Isolation of Compound 1 (Nonane) 
	Isolation of Compound 2 (Hexadecanoic Acid) 
	Isolation of Compound 3 (1-dodecanol) 
	Isolation of Compounds 4 and 5 (Cyclodecane Methyl and Phenol, Phenol, 3,5-bis(1,1-dimethylethyl)) 
	In Vitro -Amylase and -Glucosidase Inhibition Study of Isolated Compounds and Its Active Fraction (F4) 

	In Vitro Insulin Secretion Studies 
	In Vivo Antidiabetic Mechanism of Active Fraction (F4) 

	Discussion 
	Materials and Methods 
	Collection of Seaweeds 
	Preparation of Seaweed Extracts 
	In Vitro -Amylase and -Glucosidase Inhibition Study 
	In Vitro Dipeptidyl Peptidase-IV (DPP-IV) Inhibition Study 
	Free Radical Scavenging Activity (DPPH) 
	Maintenance of Cell Line 
	Cytotoxicity Assay 
	In Vitro Hemolytic Activity 
	Experimental Animal 
	Experimental Design 
	Bioassay-Guided Fractionation and Isolation of Active Compounds from MEUR 
	Determination of Total Phenols and Flavonoids 
	In Vitro -Amylase and -Glucosidase Inhibition Study of Isolated Compounds and Their Active Fraction (F4) 
	In Vitro Insulin Secretion Studies Using Isolated Pancreatic Islets 
	In Vivo Antidiabetic Mechanism of Active Fraction (F4) 
	Effect in Normoglycemic Animals 
	Effect in Glucose-Loaded Hyperglycemic Animals 
	Effect in STZ-Induced Diabetic Animals 

	Statistical Analysis 

	Conclusions 
	References

