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Popular scientific summary

* STZ-induced rats showed hyperglycemia, insulin deficiency, increased levels of oxidative stress
markers, and pancratic b-cell apoptosis.

* AHRE ameliorated b-cell impairement by reducing oxidative stress markers and apotosis and acti-
vating b-cell regeneration in pancreatic tissue.

Abstract

Background: Allium hookeri (AH), a traditional herb in Southeast Asia, has been documented for its signifi-
cant health benefits in metabolic diseases. This study was to explore the effects of AH root extract (AHRE) on
pancreatic B-cell regeneration in streptozotocin (STZ)-induced diabetic rats.

Methods: AHRE (100 mg/kg body weight) was administered daily to STZ-induced diabetic rats for 2 weeks.
Serum glucose and insulin levels, total-cholesterol, hemoglobin Alc, alanine transaminase, aspartate transam-
inase, and pancreatic peroxynitrite and thiobarbituric acid reactive substances were measured. Protein expres-
sion associated with pancreatic B-cell apoptosis and regeneration was analyzed through Western blotting.
Results: Diabetic rats exhibited hyperglycemia, insulin deficiency, increased levels of oxidative stress markers,
and pancreatic B-cell apoptosis and impairment. AHRE treatment reduced hyperglycemia, insulin insuffi-
ciency, and oxidative stress, implying a reduction in pancreatic B-cell apoptosis and restoration of pancreatic
B-cell regeneration-associated protein expression.

Conclusions: AHRE can facilitate B-cell regeneration in the impaired pancreatic islets through STZ by reduc-
ing oxidative stress markers and apoptosis in pancreatic tissue. Owing to pancreatic B-cells are susceptible to
oxidative stress, the protective and enhancing effects of AHRE on the apoptosis and regeneration of these
cells may be a significant mechanism for its hypoglycemic effect.
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iabetes mellitus (DM) is a prevalent disease glob-

ally, and its incidence is anticipated to increase

from 2.8% in 2000 to 4.4% in 2030 (1). DM is
featured in hyperglycemia, resulting from dysfunction in
insulin synthesis and secretion by pancreatic -cells and/
or impaired insulin sensitivity (2). Chronic hyperglycemia
activates numerous metabolic signaling pathways that
result in inflammation, cytokine secretion, and cell death,
thereby causing diabetic complications (3-5).

Streptozotocin (STZ) is the most extensively used
chemical agent for experimental type 1 diabetes mellitus
(T1DM) that generates reactive oxygen species (ROS) and
impairs glucose oxidation, insulin biosynthesis and secre-
tion, and DNA alkylation, thereby causing pancreatic
B-cell dysfunction and apoptosis (6-8). Caspase-3 regu-
lates an apoptotic signaling pathway that is stimulated
by oxidative stress, mitochondrial dysfunction, and auto-
phagy, and it is crucial in the pancreatic -cell apoptosis.
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B-cell lymphoma-2 (Bcl-2)-associated protein x (Bax)
triggers apoptosis by releasing mitochondrial cytochrome
¢, and Bcl-2 is a primary factor of the antiapoptotic pro-
tein (9). B-Cell homeostasis was determined by the bal-
ance between proliferation, differentiation, and death
under diabetic conditions. Pancreatic-duodenal homeo-
box-1 (PDX-1) and epidermal growth factor receptor
(EGFR) are key transcription factors that regulate pan-
creatic B-cell differentiation, proliferation, and survival
(10, 11). The inhibition of PDX-1 and EGFR signaling in
the pancreas by chronic hyperglycemia results in impaired
insulin synthesis and secretion and B-cell proliferation
(12, 13). Facilitating B-cell proliferation is an effective way
to regenerate f-cell in patients with diabetes.

Allium hookeri Thwaites (AH) is extensively cultivated
and used as medicinal purposes in Southeast Asia (14). Its
health benefits are attributed to various phenols, phytos-
terols, and organosulfur compounds, such as cycloalliin,
allicin, and S-allylcysteine (15, 16). AH exhibits antioxi-
dant (17-19), antimicrobial (20), hypoglycemic (21, 22),
anti-obesity (23-25), neuroprotective (26, 27), and anti-in-
flammatory (28) effects. Additionally, it can enhance bone
formation (29), gastritis (30), and immune responses
(31). In our previous studies, AH root extract (AHRE)
protected against pancreatic B-cell injury by downregu-
lating oxidative stress and inflammatory signaling path-
ways in STZ-induced type 1 diabetic rats (22). AHRE
also attenuated LPS-induced inflammatory responses

(a)

(b)

through inhibiting NF-kB activation (28) and upregu-
lated the antioxidant capacity and immune responses in
RAW264.7 cells and immune-depressed C57BL/6 mice.
AHRE extract showed higher antioxidant activities
and immunomodulatory effects than AH leaves (32).
Moreover, the hypoglycemic effects of AHRE resulted
from the reduction of B-cell compensation and hyperin-
sulinemia in type 2 diabetic animals and prediabetic sub-
jects (33, 34). The administration of aqueous and ethanol
extracts of AHR to type 2 db/db mice decreased fasting
glucose, insulin, and glycogen storage levels (35). Overall,
substantial evidence has demonstrated the antidiabetic
effects of AHRE; however, few studies have focused on
its effects on pancreatic islets or B-cell damage in diabetes.
Furthermore, the molecular mechanism by which AHRE
affects p-cell mass recovery remains unclear. Therefore,
this study was designed to investigate the potential role of
AHRE on pancreatic -cell recovery and regeneration in
STZ-induced diabetic rats.

Methods

Sample

AH was cultivated and harvested at Sunchang-gun,
Jeollabuk-do, Korea, and identified by Dr. Jung Bong Kim
(Fig. 1a). The voucher specimen (RDAAHI15) was kept
in the Functional Evaluation Lab in the Department of
Agro-Food Resources, Rural Development Administration
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Fig 1. A photograph of the AH (a) and schematic diagram of STZ-induced diabetic study (b).
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(Jeonju, Korea). Extraction method of AHRE was pre-
viously described (25). Briefly, dried AHR was extracted
in 10 volumes of H,O, for 16 h in a water bath at 96°C.
The residues were extracted three times under the same
conditions. The hot-water extracts were filtered through
decompression filtration with Whatman filter paper (grade
No. 2; Whatman International, Kent, UK). The extracts
were merged and concentrated with a rotary evaporator at
45°C under vacuuming, freeze-dried and kept on storing at
—20°C. The yield rate of AHRE was 20.93%.

Reagents

STZ, phenylmethylsulfonyl fluoride (PMSF), and
2’,7’-dichlorofluorescein diacetate were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Protease inhibitor cocktail and the bicinchoninic acid
(BCA) protein assay kit were obtained from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan) and Thermo
Scientific (Rockford, IL, USA), respectively. Rabbit poly-
clonal antibodies against Bax, cytochrome c, caspase-3,
PDX-1, p-EGFR, and cyclin E, and mouse monoclonal
antibody against p-actin, goat anti-rabbit, and goat anti-
mouse secondary antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA) and Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Enhanced
chemiluminescence (ECL) reagents were purchased from
GE Healthcare (Piscataway, NJ, USA).

Animal study

Animal experiments were followed by the Institutional
Animal Care and Use Committee (IACUC) of Daegu
Haany University (approval no. 2013-036). Fifteen male
Sprague-Dawley rats (7-weeks old) were obtained from
Daehan-Bio (Chungcheong, Korea) and housed at con-
trolled environmental conditions (temperature [23 + 2°C]
and humidity [50 £ 5%)]). In order to induction of diabe-
tes, STZ (45 mg/kg body weight [BW]) in a 10 mM citrate
buffer (pH 4.6) was intraperitoneally injected once. To
confirm diabetes, serum glucose levels, BW, and water
intake were measured after 5 days (36). The successful
induction of diabetes was confirmed by fasting plasma
glucose level above 250 mg/dL, reduction of BW, and
increase of food and water intake, which were monitored
for 3 days. The rats were allocated into two groups based
on BW and serum glucose levels: diabetic rats that received
water (STZ, n = 5) and diabetic rats that orally admin-
istered 100 mg/kg BW/day of AHRE (n = 5) daily. The
dose of AHRE was chosen based on an earlier study (22).
The non-diabetic group was orally administered distilled
water as the normal control (CON, n = 5). The photo of
AH and schematic diagram of this study were shown in
Fig. 1a and b. At 15 days of treatment, rats were fasted
for 18 h and anesthetized with injection of pentobarbital
(50 mg/kg BW) intraperitoneally (37), and then blood was
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drawn from the abdominal aorta; the serum was obtained
by centrifugation. After euthanasia, the pancreas was har-
vested and weighted, snap-frozen in liquid nitrogen, and
stored at —70°C.

Biochemical analyses in the serum

Serum glucose (AM201), total-cholesterol (TC, AM202),
aspartate aminotransferase (AST, AM103-K), and ala-
nine aminotransferase (ALT, AM102) levels were assessed
by Asan kit (Hwaseong-si, Korea), and serum insulin lev-
els (EZRMI-13K) and glycated hemoglobin Alc (HbAlc,
RK03710) were assessed by commercial ELISA kit from
EMD Millipore (Billerica, MA, USA) and ABclonal
(Woburn, MA, USA). Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR) was calculated by for-
mula of Matthews et al. (38).

Assessment of peroxynitrite anion (ONOO-) and thiobarbituric
acid reactive substance levels in the pancreas

Pancreatic ONOO~ was determined by the rhodamine
123 production method (39). Briefly, sample was added
to rhodamine buffer (pH 7.5) and incubated for 10 min
at 36.5°C. Optical density at 500 nm was measured for
rhodamine 123. Thiobarbituric acid reactive substance
(TBARS) concentration was measured by the Buege and
Aust (40) method. Briefly, 250 uLL of sample was added
to 750 uL of 0.4 TBA, 15 TCA (trichloroacetic acid),
and 2.5% HCI (hydrochloric acid) solution, boiled at
96~100°C for 15 min. Subsequently, the mixtures were
centrifuged at 1,000 X g at 25°C for 15 min to transfer the
supernatants. The TBARS levels were represented as nM
of malondialdehyde per milligram of protein. The protein
levels were assessed by the Itzhaki and Gill (41) method.

Immunoblotting

Western blotting was conducted as described by Jang et al.
(28). In brief, pancreatic tissue was homogenized with ice-
cold lysis buffer (pH 7.4) containing 137 mM NacCl, 20
mM Tris-HCl, 1% Tween 20, 10% glycerol, 1 mM PMSF,
and protease inhibitor mixture. The homogenate was then
centrifuged at 2,000 Xg for 10 min at 4°C. The protein
concentration was determined using a pierce BCA protein
assay kit (A55860, Thermo Fisher Scientific, Rockford,
IL, USA). Each 20 pg of protein was electrophoresed
with 4-20% sodium dodecylsulfate polyacrylamide gel
and transferred to a nitrocellulose membrane. The mem-
branes were cut based on the molecular weights of each
protein and incubated with primary antibodies against
Bax (#2772), cytochrome c (#4272), caspase-3 (#9662),
PDX-1 (#5679), p-EGFR (#3777), cyclin E (#20808)
(1:1000; Cell Signaling Technology, Danvers, MA, USA),
and B-actin (A5441) (1:10000; Sigma-Aldrich) for 12 h
at 4°C. The membranes were rinsed with washing buffer,
incubated with secondary anti-mouse or anti-rabbit IgG
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antibodies for 2 h, and visualized using ECL (Syngene,
Frederick, MD, USA). Band densities were normalized
with B-actin and quantified using an ImageJ Launcher.

Statistical analyses

Data are presented as mean £ SEM (standard error of
the mean). Significance was determined using a one-way
analysis of variance, followed by Dunnett’s multiple com-
parison test (SPSS, IBM, Chicago, IL, USA). Statistical
significance was set at P < 0.05. Correlation analysis of
type 1 diabetic parameters and proteins related to pan-
creatic B-cell functions were performed using Spearman’s
rank correlation analysis in JMP version 12.

Results

Effects of AHRE on body weights and food and water intake

Figure 2 illustrates the alterations in BW, and food and
water intake during the experiment. BW in the CON group
significantly increased by about 40 g/15 days compared to
STZ rats, while a marked reduction in BW of the STZ
group was recovered by about 2.2 folds through AHRE
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administration (P < 0.001), (Fig. 2a). This implies that
AHRE significantly protects the pancreatic -cell damage
and hypertrophy by STZ. The food and water intake was
significantly increased by polyphagia and polydipsia but
was unaltered through AHRE administration (Fig. 2b, ).

Effects of AHRE on fasting serum glucose, insulin, HOMA-IR, TC,
and HbAIc

As shown in Fig. 3, the STZ rats depicted hyperglyce-
mia (405.9 * 19.9 mg/dL at 0 day, 411.6 + 1.6 mg/dL at
15 days) by STZ injection during the experiment period;
however, it was significantly reduced by 12% through
AHRE administration after 15 days (402.8 = 15.0 mg/
dL at 0 day, 365.7 = 3.3 mg/dL at 15 days), (Fig. 3a).
HOMA-IR, a tool for the assessment of insulin resis-
tance based on fasting insulin and glucose levels, was
significantly decreased by about 4.3 folds compared to
CON rats, which was significantly recovered by AHRE
(Fig. 3b). Increased HbAlc, an indication of the aver-
age blood glucose concentration during the preceding
2-3 months, and TC levels by STZ were significantly
decreased in AHRE administration (Fig. 3¢ and d).
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Fig. 2. Effects of AHRE on body weight changes, pancreas weight, and food and water intakes in STZ-induced diabetic rats.
Body weight (a), food (b), and water intake (c) were measured at every day for the experiment. Data are expressed as mean *

SEM (n =5). **P < 0.01, ***P < 0.001 versus STZ.
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Fig 3. Effects of AHRE on fasting serum glucose (a), HOMA-IR (b), HbAlc (c), and serum total-cholesterol (d) in STZ-induced
diabetic rats. Data are expressed as mean = SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 versus STZ.

Effects of AHRE on AST and ALT levels

The serum ALT and AST levels were significantly higher
in the STZ rats by about 3.4 and 6.5 folds than those of the
CON rats, respectively, which was significantly reduced by
about 1.7 folds and 2.4 folds through AHRE treatment
(Fig. 4a and b).

Effects of AHRE on pancreatic ONOO- and TBARS levels

As illustrated in Fig. 5, compared to the CON rats, pan-
creatic ONOO-and TBARS levels in STZ rats could sig-
nificantly increase by about 2.4 and 1.5 folds, indicating
that STZ releases excessive NO, which destroys pancre-
atic islet cells through necrosis (7). In contrast, AHRE
treatment significantly reduced pancreatic ONOO- and
TBARS levels by 2.3 and 1.3 folds, respectively, compared
to STZ rats (Fig. 5a and b).

Effects of AHRE on pancreatic apoptosis-associated protein
expression levels

To assess the protective effect of AHRE on apoptosis
in the pancreas, the protein expression levels involved in
apoptosis were evaluated through western blotting. As
illustrated in Fig. 6, the protein expression levels of Bax,
cytochrome c, and caspase-3 were significantly increased
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by about 2.6, 2.4, and 2.1 folds in the pancreatic tissues
of STZ rats compared with those in CON rats, respec-
tively. However, AHRE significantly reduced those pro-
tein expression by 1.8, 2.2, and 1.8 folds, respectively,
to nearly the level in CON rats compared to STZ rats
(Fig. 6a—c).

Effects of AHRE on pancreatic regeneration-associated protein
expression levels

Based on the results of the aforementioned apoptosis-as-
sociated markers, we speculated whether AHRE can affect
the pancreatic B-cell regeneration system in STZ rats. As
illustrated in Fig. 7, the expression levels of regenera-
tion-associated proteins, such as PDX-1, p-EGFR, and
cyclin E, in STZ rats were significantly lower by about 2.1,
1.9, and 4.5 folds than those in the CON rats, respectively.
Although PDX-1 protein expression in the pancreas of the
AHRE-administered group was not significantly higher
by about 1.3 than that in the STZ rats (Fig. 7a), p-EGFR
and cyclin E levels were significantly higher by about 1.5
and 1.8 than those in the STZ rats (Fig. 7b and c). This
indicates that AHRE may enhance B-cell regeneration by
upregulating the protein expression of these transcription
factors in the pancreas of STZ rats.
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Fig 4. Effects of AHRE on serum ALT (a) and AST (b) in STZ-induced diabetic rats. Data are expressed as mean +* SEM

(n=15). *P <0.05, ***P < 0.001 versus STZ.
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Fig. 5. Effects of AHRE on pancreatic ONOO" (a) and TBARS (b) concentrations in STZ-induced diabetic rats. Data are
expressed as mean * SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 versus STZ.

Correlation analysis between diabetic biochemical parameters
and proteins related to pancreatic S-cell functions

To ascertain the interaction between diabetic biochemi-
cal parameters and proteins related to pancreatic B-cell
functions, Spearman analysis was performed (Fig. 8).
The fasting serum glucose, liver function, and pancreatic
oxidative stress had a positive relationship with protein
expression involved in apoptosis and a remarkable nega-
tive correlation with protein expression involved in -cell
regeneration, PDX-1, p-EGFR, and cyclin E (P < 0.05).

Discussion

This study aimed to assess alterations in the p-cell function
in TIDM condition and clarify the molecular mechanisms
regulating the adaptive increase in fB-cell regeneration in
response to AHRE. Our results demonstrated that AHRE
inhibits oxidative stress-induced apoptosis and activates
EGFR protein expression that leads to the restoration of
B-cell function in the pancreas of STZ-induced diabetic
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rats. Our previous study showed that AHRE supplemen-
tation attenuated hyperglycemia by mitigating the B-cell
compensatory response and insulin resistance in db/db mice
and human subjects with prediabetes (33, 34). This com-
pensatory response is imperative to keep normoglycemia
despite insulin resistance, thereby preventing the develop-
ment and progression of diabetes; however, its underlying
mechanisms remain ambiguous. We demonstrated that the
protective roles of AHRE on B-cell function in diabetic
rats were associated with the inhibition of oxidative stress
markers, downregulation of caspase-3, and upregulation of
p-EGFR and cyclin E protein expression in the pancreas.
As far as we know, this work is the first to assess the effect of
AHRE, specifically in pancreatic B-cells. This is supported
by our previous findings that AHRE treatment suppressed
oxidative stress-induced B-cell damage by downregulating
nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) signaling pathways in RAW264.7 cells in
lipopolysaccharide- and STZ-induced diabetic rats (22, 28).
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Fig 6. Effects of AHRE on pancreatic protein levels of Bax (a), Cytochrome C (b), and Caspase-3 (¢) in STZ-induced diabetic
rats. Protein level was determined by Western blot and normalized to B-actin. Data are expressed as mean * SEM (n = 3~5).

*P <0.05, **P <0.01, ***P <0.001 versus STZ.
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Fig 7. Effects of AHRE on pancreatic protein levels of PDX-1 (a), p-EGFR (b), and Cyclin E (c) in STZ-induced diabetic rats.
Protein level was determined by Western blot and normalized to f-actin. Data are expressed as mean £ SEM (n = 3~5). *P < 0.05,

* P <0.01, ***P < 0.001 versus STZ.

Overproduction of ROS/reactive nitrogen species by
hyperglycemia results in the imbalance of the antioxi-
dant enzyme system, causing pancreatic p-cell apoptosis
(42, 43). In addition, O, can react with NO to produce
ONOOr, which is a strong oxidizing agent that is signif-
icant in the pathogenesis of diabetic complications (44).
Moreover, oxidative stress inhibits the activation of tran-
scription factors, such as PDX-1 and V-maf musculoapo-
neurotic fibrosarcoma oncogene homolog A for B-cell
proliferation, differentiation, insulin production, and
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secretion, consequently resulting in apoptosis under dia-
betic conditions (45). In our earlier studies, we observed
significantly increased levels of oxidative stress and
inflammatory markers, as manifested by the decrease of
antioxidant enzymes and increase of ROS and NF-kBp65,
tumor necrosis factor-a, and interleukin-6 protein expres-
sion in STZ-induced diabetic rats, which were reversed
through the AHRE administration (22). Consistent with
the other studies, we showed that downregulation of
PDX-1 by increased oxidative stress was implicated with
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Fig. 8. Heat map of the Spearman ‘r’ correlation between the biochemical parameters and proteins related to pancreatic B-cell

functions.

S-, serum; HOMA-IR, homeostatic model assessment for insulin resistance; HbAlc, glycated hemoglobin Alc, TC, total-cholesterol; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; P-., Pancreatic;c ONOO:-, peroxynitrite; TBARS, thiobarbituric acid reactive substance; Bax, Bcl-2-
associated protein x; PDX-1, pancreatic-duodenal homeobox-1; p-EGFR, phospho-epidermal growth factor receptor. *P < 0.05, *P < 0.01, **P < 0.001

following the Spearman correlation.

significantly reduced levels of p-EGFR and cyclin E pro-
tein expression and increased levels of apoptotic proteins
in the pancreas of TIDM rats (10, 12).

In our previous studies, the primary compounds
of AHRE were identified as sulfur compounds, alliin,
cycloalliin, and phenolic compound, such as chlorogenic
acid and trans-ferulic acid, which were attributed to hypo-
glycemic effects on diabetes and its associated diseases
(22, 32-35).

The non-volatile and volatile organic sulfur compounds
from AHR were identified mainly methiin and cycloalliin
and allyl sulfides by HPLC-PDA and GC/MS systems,
which were attributed to its antioxidant activities, lipid
lowering, and antidiabetic effects (19, 46). In addition,
allicin content and 10 alkyl thiosulfinates were analyzed
in AHR by HPLC-ESI-MS (15). In our previous study, all
safety parameters such as AST, ALT, total bilirubin, cre-
atinine, and vital signs were within normal range during
AHRE supplementation in prediabetic subjects (33, 34).
Our study revealed that increased AST and ALT levels by
STZ-induced diabetic condition significantly decreased in
the AHRE group, suggesting that there was no adverse
effects in liver damage or hepatotoxicity by AHRE. In
addition, a new flavonoid compound isolated from the
methanolic leaf extract of AH was found to be no toxicity
effects and antidiabetic effect by interacting with sulfo-
nylurea receptor 1, which stimulates insulin secretion in
pancreatic p-cell of type 2 diabetic rat (21). On the other
hand, the investigation has yet to unveil the antidiabetic
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effects exerted by active compounds after the intake of
AHRE in diabetic animal models.

Specifically, in our previous studies, alliin and cycloalliin
of AHRE exhibit hypoglycemic effects through pancreatic
B-cell protection by reducing oxidative stress, f-cell compen-
sation, and insulin resistance in STZ-induced diabetic rats
and patients with prediabetes (22, 33, 34). Moreover, allicin
enhances insulin production and pancreatic B-cell function
by upregulating the AMP-activated protein kinase/mamma-
lian target of rapamycin-mediated autophagy pathway and
inhibits advanced glycation end products by upregulating
of antioxidant defense system in the STZ-induced TIDM
models (47, 48). In addition, the main flavor of AHR such
as diallyl trisulfide, dimethyl trisulfide, dipropyl trisulfide,
diallyl disulfides, and methyl allyl is responsible for lower-
ing blood glucose and insulin resistance in high-fat-induced
obese mice (49). Garlic extract upregulated genes involved
in proliferation and regeneration in the pancreas in TIDM
rats (50). Additionally, low-molecular-weight polyphenol
consumption reversed pancreatic damage by suppressing
apoptosis and increasing proliferation-associated protein
expression in T1IDM rats (51). In this study, the restoration
of p-EGFR and cyclin E protein expression levels through
AHRE administration indicated partial recovery of B-cell
damage caused by STZ that is corroborated by our pre-
vious study, which reported increased B-cell numbers and
the normalization of islet structure (22). A reduced PDX-1
expression in T2DM compared with that in non-diabetes
because of DNA methylation from hyperglycemia impairs
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the islet response to insulin sensitivity and exacerbates glu-
cose metabolism (10, 11, 52). Although the PDX-1 protein
expression in the pancreas of AHRE-treated rats did not
reach significance compared to that in diabetic control rats,
AHRE appears to recover the pancreatic 3-cell damage and
consequently stimulation of insulin secretion. Nilotinib, a
potent tyrosine kinase inhibitor member, and polyphenol
recover the pancreatic B-cell function through the increase
of antioxidant defense system and decrease of oxidative
stress as well as the increase of PI3K/Akt/PDX-1 signaling
in STZ-induced type 1 diabetic rat models (53, 54). EGFR
is predominantly expressed within the islets (55) and is crit-
ical for B-cell development, function, and proliferation in
diabetes (12, 13, 56). Our previous studies indicated that
AHRE may indirectly protect against -cell impairment by
alleviating oxidative stress and preventing overcompensa-
tion in the pancreas of patients with TIDM and T2DM
(22, 34). This study clearly indicated that AHRE directly
inhibited pancreatic damage through the regeneration
or proliferation of B-cells, as evidenced by restoring the
p-EGFR and cyclin E protein expressions. Consistent with
our study, impaired p-EGFR signaling pathway is directly
associated with the progression and development of dia-
betes (12, 13). Contrary to our results, EGFR inhibitor
ameliorates the progression of diabetic nephropathy and
enhances pancreatic insulin production, resulting in pre-
served B-cell function and reduced systemic oxidative stress
(57, 58).

Cell cycle phases are mediated by various cyclins
in a timely and orderly manner. Alterations in cyclin/
cyclin-dependent kinases complexes can be responsible
for impaired cell growth, thereby delaying tissue repair
(59). Due to the well-evidenced significance of PDX-1
and cyclin E in regulating cellular proliferation, we car-
ried out Western blot analysis in pancreatic tissues. In this
study, we observed that AHRE can enhance p-cell regen-
eration, increase insulin secretion, and alleviate hypergly-
cemia in TIDM rats, accompanied by the upregulation of
the protein expression of p-EGFR and cyclin E, which are
significant transcription factors in regeneration, develop-
ment, and maturation of pancreatic p-cells.

A weak point of this study is the absence of standard
drugs such as sulfonylureas and meglitinides, which act
as a booster of insulin production and secretion in pan-
creatic B-cells, to compare the hypoglycemic effect of
AHRE in the type 1 diabetic rats. Additionally, a con-
firmation in the dose-dependent effect of AHRE needed
to be explored in the future studies. Despite these limita-
tions, this study indicated that the AHRE administration
explicitly improved B-cell dysfunction by STZ injection.

Conclusions
Our results reveal that AHRE exerts a potential protective

mechanism on STZ-induced pancreatic B-cell apoptosis
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and dysfunction in TIDM rats. These effects are asso-
ciated with the attenuation of hyperglycemia, oxidative
stress, and apoptosis and activation of B-cell regenera-
tion. Future studies should clarify the exact mechanisms
underlying the hypoglycemic effect of AHRE and its pro-
tective effect against B-cell dysfunction in type 2 diabetes
models.

Ethics committee approval

All experimental processes were agreed with the
Institutional Animal Care and Use Committee of
Daegu Haany University (approval no. 12030) and
performed with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health,
eighth edition, 2011). All methods were performed
in accordance with the relevant guidelines and reg-
ulations. This study is reported in accordance with
ARRIVE guidelines.

Consent for publication
Not applicable.

Data availability statement
All data generated or analyzed during this study are
included in this published article.

Conflict of interest and funding

The authors declare that they have no competing inter-
ests. This research was supported by grants from
the Rural Development Administration (grant no.
PJ01049003), World Institute of Kimchi (KE2401-2) and
the Technology Innovation Program, which was funded
by the Ministry of Trade, Industry and Energy (grant no.
20012892), Republic of Korea.

Author contribution statement

KHIJ and LSH conceived the experiments. RSS col-
lected most data from rat. KMR, and JJS analyzed cor-
relation data. KHJ wrote and revised the article. All
authors read and approved the final manuscript.

Acknowledgments
Not applicable.

References

1. Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha
Fernandes JD, Ohlrogge AW, et al. IDF diabetes atlas: global
estimates of diabetes prevalence for 2017 and projections for
2045. Diabetes Res Clin Pract 2018; 138: 271-81. doi: 10.1016/
j.diabres.2018.02.023

2. Turner RC, Holman RR, Matthews D, Hockaday TDR, Peto J.
Insulin deficiency and insulin resistance interaction in diabetes:
estimation of theirrelative contribution by feedback analysis from
basal plasma insulin and glucose concentrations. Metabolism
1979; 28: 1086-96. doi: 10.1016/0026-0495(79)90146-x

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v69.12104
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1016/0026-0495(79)90146-x

Hyun Ju Kim et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Volpe CMO, Villar-Delfino PH, Dos Anjos PMF, Nogueira-

Machado JA. Cellular death, reactive oxygen species (ROS)
and diabetic complications. Cell Death Dis 2018; 9: 119-27. doi:
10.1038/s41419-017-0135-z

. Poitout V, Robertson RP. Glucolipotoxicity: fuel excess and

B-cell dysfunction. Endocr Rev 2008; 29: 351-66. doi: 10.1210/
er.2007-0023

. Bensellam M, Laybutt DR, Jonas JC. The molecular mecha-

nisms of pancreatic beta-cell glucotoxicity: recent findings and
future research direction. Mol Cell Endocrinol 2012; 364: 1-27.
doi: 10.1016/j.mce.2012.08.003

. Nukatsuka M, Yoshimura Y, Nishida M, Kawada J. Importance

of the concentration of ATP in rat pancreatic beta cells in the
mechanism of streptozotocin-induced cytotoxicity. J Endocrinol
1990; 127: 161-5. doi: 10.1677/j0e.0.1270161

. Szkudelski T. The mechanism of alloxan and streptozotocin

action in B cells of the rat pancreas. Physiol Res 2001; 50: 537—
46. doi: 10.1007/s00125-007-0886-7

. WuJ, Yan LIJ. Streptozotocin-induced type 1 diabetes in rodents

as a model for studying mitochondrial mechanisms of diabetic
B-cell glucotoxicity. Diabetes Metab Syndr Obes 2015; 8: 181-8.
doi: 10.2147/DMSO0.S82272

. Hui H, Dotta F, Di Mario U, Perfetti R. Role of caspases in the

regulation of apoptotic pancreatic islet beta-cells death. J Cell
Physiol 2004; 200: 177-200. doi: 10.1002/jcp.20021

Brissova M, Blaha M, Spear C, Nicholson W, Radhika A,
Shiota M, et al. Reduced PDX-1 expression impairs islet
response to insulin resistance and worsens glucose homeostasis.
Am J Physiol Endocrinol Metab 2005; 288: E707-14. doi:
10.1152/ajpend0.00252.2004

Yang BT, Dayeh TA, Volkov PA, Kirkpatrick CL, Malmgren S,
Jing X, et al. Increased DNA methylation and decreased expres-
sion of PDX-1 in pancreatic islets from patients with type 2 diabe-
tes. Mol Endocrinol 2012; 26: 1203-12. doi: 10.1210/me.2012-1004
Miettinen PJ, Ustinov J, Ormio P, Gao R, Palgi J, Hakonen E,
et al. Downregulation of EGF receptor signaling in pancreatic
islets causes diabetes due to impaired postnatal beta-cell growth.
Diabetes 2006; 55: 3299-308. doi: 10.2337/db06-0413

Song Z, Fusco J, Zimmerman R, Fischbach S, Chen C, Ricks
DM, et al. Epidermal growth factor receptor signaling regu-
lates B-cell proliferation in adult mice. J Biol Chem 2016; 291:
22630-7. doi: 10.1074/jbc.M116.747840

Sharma G, Gohil RN, Kaul V. Cytological status of Allium
hookeri Thwaites (2n = 22). Genet Resour Crop Evol 2011; 58:
1041-50. doi: 10.1007/s10722-010-9641-x

Rhyu DY, Park SH. Characterization of alkyl thiosulfinate in
Allium hookeri root using HPLC-ESI-MS. J Korean Soc Appl
Biol Chem 2013; 56: 457-9. doi: 10.1007/s13765-013-3069-x
Ayam VS. Allium hookeri, Thw. Enum. A lesser known terres-
trial perennial herb used as food and its ethnobotanical rele-
vance in Manipur. Afric J Food Agric Nutr Develop 2011; 11:
5389-412. doi: 10.18697/ajfand.47.9330

Hwang JS, Lee BH, An X, Jeong HR, Kim YE, Lee I, et al.
Total phenolics, total flavonoids, and antioxidant capacity in the
leaves, bulbs, and roots of Allium hookeri. Korean J Food Sci
Technol 2015; 47: 261-6. doi: 10.9721/KJFST.2015.47.2.261
Lee EB, Kim JH, Yang JH, Kim YS, Jun HI, Kim BH, et al.
Antioxidant and longevity properties of the root of Allium
hookeri in Caenorhabditis elegans. Kor J Pharmacogn 2015; 46:
234-42.

Kim S, Kim DB, Lee S, Park J, Shin D, Yoo M. Profiling
of organosulphur compounds using HPLC-PDA and GC/
MS system and antioxidant activities in hooker chive

10

(page number not for citation purpose)

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

(Allium hookeri), Nat Prod Res 2016; 30: 2798-804. doi:
10.1080/14786419.2016.1164700.

Li R, Wang YF, Sun Q, Hu HB. Chemical composition
and antimicrobial activity of the essential oil from Allium
hookericonsumedin Xishuangbanna,southwest China. NatProd
Commun 2014; 9: 863-4. doi: 10.1177/1934578X 1400900636
Singh KD, Chetia D, Gogoi N, Gogoi B, Rudrapal M. In vivo
and in silico based evaluation of antidiabetic potential of an
isolated flavonoid from Allium hookeri in type 2 diabetic rat
model. Chem Biodiversity 2024; 21: €202301299. doi: 10.1002/
cbdv.202301299.

Roh SS, Kwon OJ, Yang JH, Kim YS, Lee SH, Jin JS, et al.
Allium hookeri root protects oxidative stress-induced inflam-
matory response and f-cell damage in pancreas of streptozoto-
cin-induced diabetic rats. BMC Complement Altern Med 2016;
16: 63-72. doi: 10.1186/s12906-016-1032-1

Yang HS, Choi YJ, Jin HY, Lee SC, Huh CK. Effects
of Allium hookeri root water extracts on inhibition of
adipogenesis and GLUT-4 expression in 3T3-L1 adipocytes.
Food Sci Biotechnol 2016; 25: 615-21. doi: 10.1007/
$10068-016-0086-7

Park S, No K, Lee J. Anti-obesity effect of A/llium hookeri leaf
extract in high-fat diet-fed mice. J Med Food 2018; 21: 254-60.
doi: 10.1089/jmf.2017.3962

Kim HJ, Lee MJ, Jang JY, Lee SH. Allium hookeri root extract
inhibits adipogenesis by promoting lipolysis in high fat diet-
induced obese mice. Nutrients 2019; 11: 2262-77. doi: 10.3390/
nul1102262

Rho SH, You S, Kim GH, Park HJ. Neuroprotective effect of
Allium hookeri against H,0O,-induced PC12 cell cytotoxicity
by reducing oxidative stress. Food Sci Biotechnol 2020; 29:
1519-30. doi: 10.1007/s10068-020-00805-8

Choi JH, Lee EB, Jang HH, Cha YS, Park YS, Lee SH. A/lium
extracts improve Scopolamine-induced cognitive
impairment via activation of the cholinergic system and
anti-neuroinflammation in mice. Nutrients 2021; 13: 2890. doi:
10.3390/nu13082890

JangJY, Lee MJ, You BR, JinJS, Lee SH, Yun YR, et al. Allium
hookeriroot extract exerts anti-inflammatory effects by nuclear
factor-kB down-regulation in lipopolysaccharide-induced
RAW264.7 cells. BMC Complement Altern Med 2017; 17:
126-34. doi: 10.1186/s12906-017-1633-3

Park H, Jeong J, Hyun H, Kim J, Kim H, Oh HI, et al.
Effects of a hot-water extract of Allium hookeri roots on
bone formation in human osteoblast-like MG-63 cells in
vitro and in rats in vivo. Planta Med 2016; 82: 1410-5. doi:
10.1055/s-0042-108733

Lee HA, Hong S, Yoo JH, Chung Y, Kim O. Anti-Helicobacter
pylori activity and inhibition of gastritis by Allium hook-
eri extract. Lab Anim Res 2018; 34: 75-9. doi: 10.5625/
lar.2018.34.2.75

Lee YS, Lee SH, Gadde UD, Oh ST, Lee SJ, Lillehoj HS.
Allium hookeri supplementation improves intestinal immune
response against necrotic enteritis in young broiler chickens.
Poult Sci 2018; 97: 1899-908. doi: 10.3382/ps/pey031

Jeong UY, Jung J, Lee EB, Choi JH, Kim JS, Jang HH, et al.
Antioxidant and immune stimulating effects of Allium hookeri
extracts in the RAW264.7 cells and immune-depressed
C57BL/6 mice. Antioxidants 2022; 11: 1927. doi: 10.3390/
antiox11101927

Park SH, Bae UJ, Choi EK, Jung SJ, Lee SH, Yang JH, et al.
A randomized, double-blind, placebo-controlled crossover clin-
ical trial to evaluate the anti-diabetic effects of Allium hookeri

hookeri

Citation: Food & Nutrition Research 2025, 69: 12104 - http://dx.doi.org/10.29219/frv69.12104


http://dx.doi.org/10.29219/fnr.v69.12104
https://doi.org/10.1038/s41419-017-0135-z
https://doi.org/10.1210/er.2007-0023
https://doi.org/10.1210/er.2007-0023
https://doi.org/10.1016/j.mce.2012.08.003
https://doi.org/10.1677/joe.0.1270161
https://doi.org/10.1007/s00125-007-0886-7
https://doi.org/10.2147/DMSO.S82272
https://doi.org/10.1002/jcp.20021
https://doi.org/10.1152/ajpendo.00252.2004
https://doi.org/10.1210/me.2012-1004
https://doi.org/10.2337/db06-0413
https://doi.org/10.1074/jbc.M116.747840
https://doi.org/10.1007/s10722-010-9641-x
https://doi.org/10.1007/s13765-013-3069-x
https://doi.org/10.18697/ajfand.47.9330
https://doi.org/10.9721/KJFST.2015.47.2.261
https://doi.org/10.1080/14786419.2016.1164700.
https://doi.org/10.1177/1934578X1400900636
https://doi.org/10.1002/cbdv.202301299.
https://doi.org/10.1002/cbdv.202301299.
https://doi.org/10.1186/s12906-016-1032-1
https://doi.org/10.1007/s10068-016-0086-7
https://doi.org/10.1007/s10068-016-0086-7
https://doi.org/10.1089/jmf.2017.3962
https://doi.org/10.3390/nu11102262
https://doi.org/10.3390/nu11102262
https://doi.org/10.1007/s10068-020-00805-8
https://doi.org/10.3390/nu13082890
https://doi.org/10.1186/s12906-017-1633-3
https://doi.org/10.1055/s-0042-108733
https://doi.org/10.5625/lar.2018.34.2.75
https://doi.org/10.5625/lar.2018.34.2.75
https://doi.org/10.3382/ps/pey031
https://doi.org/10.3390/antiox11101927
https://doi.org/10.3390/antiox11101927

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

extract in the subjects with prediabetes. BMC Complement Med
Ther 2020; 20: 211. doi: 10.1186/s12906-020-03005-3

Kim JS, Kim HJ, Lee EB, Choi JH, Jung J, Jang HH, et al.
Supplementary effects of Allium hookeri extract on glucose
tolerance in prediabetic subjects and C57BL/KsJ-db/db mice.
Pharmaceuticals 2023; 16: 1364. doi: 10.3390/ph16101364

Choi JH, Kim SH, Lee EB, Kim JS, Jung JE, Jeong UY, et al.
Anti-diabetic effects of A/lium hookeri extracts prepared by dif-
ferent methods in type 2 C57BL/J-db/db mice. Pharmaceuticals
2022; 15: 486. doi: 10.3390/ph15040486

Kolb-Bachofen V, Epstein S, Kiesel U, Kolb H. Low-dose strep-
tozotocin-induced diabetes in mice: electron microscopy reveals
single-cell insulitis before diabetes onset. Diabetes 1988; 37:
21-7. doi: 10.2337/diab.37.1.21

Higgins GM, Anderson RM. Experimental pathology of the
liver. Arch Pathol Lab Med 1931; 12: 186-202.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher
DF, Turner RC. Homeostasis model assessment: insulin resis-
tance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 1985; 28: 412-9.
doi: 10.1007/BF00280883

Kooy NW, Royall JA, Ischiropoulos H, Beckman JS.
Peroxynitrite-mediated oxidation of dihydrorhodamine 123. Free
RadicBiolMed1994;16:149-56.doi:10.1016/0891-5849(94)90138-4
Buege JA, Aust SD. Microsomal lipid peroxidation. Methods
Enzymol 1978; 52: 302-10. doi: 10.1016/s0076-6879(78)52032-6
Itzhaki RF, Gill DM. A micro-biuret method for estimating
proteins. Anal Biochem 1964; 9: 401-10. doi: 10.1016/0003-
2697(64)90200-3

Robertson RP, Harmon J, Tran PO, Tanaka Y, Takahashi H.
Glucose toxicity in b-cells: type 2 diabetes, good radicals gone
bad, and the glutathione connection. Diabetes 2003; 52: 581-7.
doi: 10.2337/diabetes.52.3.581

Tangvarasittichai S. Oxidative stress, insulin resistance, dyslip-
idemia and type 2 diabetes mellitus. World J Diabetes 2015; 6:
456-80. doi: 10.4239/wjd.v6.13.456

Pacher P, Szabo C. Role of peroxynitrite in the pathogenesis of
cardiovascular complications of diabetes. Curr Opin Pharmacol
2006; 6: 136-41. doi: 10.1016/j.coph.2006.01.001

Robertson RP. Chronic oxidative stress as a central mechanism
for glucose toxicity in pancreatic islet beta cells in diabetes. J Biol
Chem 2004; 279: 42351-4. doi: 10.1074/jbc.R400019200
Kumari K, Augusti KT. Lipid lowering effect of S-methyl cys-
teine sulfoxide from Allium cepa Linn in high cholesterol diet
fed rats. J Ethnopharmacol 2007; 109: 367-71. doi: 10.1016/j.
jep.2006.07.045

Qian R, Chen H, Lin H, Jiang Y, He P, Ding Y, et al. The protec-
tive roles of allicin on type 1 diabetes mellitus through AMPK/
mTOR mediated autophagy pathway. Front Pharmacol 2023;
14: 1108730. doi: 10.3389/fphar.2023.1108730

Li L, Song Q, Zhang X, Yan Y, Wang X. Allicin alleviates
diabetes mellitus by inhibiting the formation of advanced gly-
cation end products. Molecules 2022; 27: 8793. doi: 10.3390/
molecules27248793

Citation: Food & Nutrition Research 2025, 69: 12104 - http://dx.doi.org/ 10.29219/fnrv69.12104

49.

50.

SIL.

52.

53.

54.

55.

56.

57.

58.

59.

AHRE restores pancreatic b-cell dysfunction

Yang MH, Kim NH, Heo JD, Rho JR, Ock KJ, Shin EC, et al.
Comparative evaluation of sulfur compounds contents and anti-
obesity properties of Allium hookeri prepared by different dry-
ing methods. Evid Based Complement Alternat Med 2017; 2017:
2436927. doi: 10.1155/2017/2436927

Al-Adsani AM, Al-Otaibi AN, Barhoush SA, Al-Qattan KK,
Al-Bustan SA. Expression profiling of PdxI, Ngn3, and MafA
in the liver and pancreas of recovering streptozotocin-induced
diabetic rats. Genes 2022; 13: 1625. doi: 10.3390/genes13091625
Park CH, Lee JY, Kim MY, Shin SH, Roh SS, Choi JS, et al.
Oligonol, a low-molecular-weight polyphenol derived from
lychee fruit, protects the pancreas from apoptosis and prolifera-
tion via oxidative stress in streptozotocin-induced diabetic rats.
Food Funct 2016; 7: 3056-63. doi: 10.1039/c6fo00088f

Okura T, Nakamura R, Ito Y, Kitao S, Anno M, Endo S, et al.
Significance of pancreaticduodenalhomeobox-1(PDX-1) genetic
polymorphism in insulin secretion in Japanese patients with type
2 diabetes. BMJ Open Diabetes Res Care 2022; 10: €002908. doi:
10.1136/bmjdrc-2022-002908

Samaha MM, Said E, Salem HA. Nilotinib enhances B-islets
integrity and secretory functions in a rat model of STZ-induced
diabetes mellitus. Eur J Pharmacol 2019; 860: 172569. doi:
10.1016/j.ejphar.2019.172569

El-Huneidi W, Anjum S, Saleh MA, Bustanji Y, Abu-Gharbieh E,
Taneera J. Carnosic acid protects INS-1 B-cells against strepto-
zotocin-induced damage by inhibiting apoptosis and improving
insulin secretion and glucose uptake. Molecules 2022; 27: 2102.
doi: 10.3390/molecules27072102

Herbst RS. Review of epidermal growth factor receptor biology.
Int J Rad Oncol Biol Phys 2004; 59: 21-6. doi: 10.1016/j.
jrobp.2003.11.041

Kulkarni RN, Mizrachi EB, Ocana AG, Stewart AF. Human
beta-cell proliferation and intracellular signaling: driving in
the dark without a road map. Diabetes 2012; 61: 2205-13. doi:
10.2337/db13-1146

Chen J, Chen JK, Harris RC. EGF receptor deletion in podo-
cytes attenuates diabetic nephropathy. J Am Soc Nephrol 2015;
26: 1115-25. doi: 10.1681/ASN.2014020192

Li Z, Li Y, Overstreet JM, Chung S, Niu A, Fan X, et al.
Inhibition of epidermal growth factor receptor activation is
associated with improved diabetic nephropathy and insulin
resistance in type 2 diabetes. Diabetes 2018; 67: 1847-57. doi:
10.2337/db17-1513

Nurse P. A long twentieth century of the cell cycle and beyond.
Cell 2000; 100: 71-8. doi: 10.1016/s0092-8674(00)81684-0

*Hyun Ju Kim

World Institute of Kimchi
86, Kimchi-ro

Nam-gu

Gwangju

Email: hjkim@wikim.re kr

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v69.12104
https://doi.org/10.1186/s12906-020-03005-3
https://doi.org/10.3390/ph16101364
https://doi.org/10.3390/ph15040486
https://doi.org/10.2337/diab.37.1.21
https://doi.org/10.1007/BF00280883
https://doi.org/10.1016/0891-5849(94)90138-4
https://doi.org/10.1016/s0076-6879(78)52032-6
https://doi.org/10.1016/0003-2697(64)90200-3
https://doi.org/10.1016/0003-2697(64)90200-3
https://doi.org/10.2337/diabetes.52.3.581
https://doi.org/10.4239/wjd.v6.i3.456
https://doi.org/10.1016/j.coph.2006.01.001
https://doi.org/10.1074/jbc.R400019200
https://doi.org/10.1016/j.jep.2006.07.045
https://doi.org/10.1016/j.jep.2006.07.045
https://doi.org/10.3389/fphar.2023.1108730
https://doi.org/10.3390/molecules27248793
https://doi.org/10.3390/molecules27248793
https://doi.org/10.1155/2017/2436927
https://doi.org/10.3390/genes13091625
https://doi.org/10.1039/c6fo00088f
https://doi.org/10.1136/bmjdrc-2022-002908
https://doi.org/10.1016/j.ejphar.2019.172569
https://doi.org/10.3390/molecules27072102
https://doi.org/10.1016/j.ijrobp.2003.11.041
https://doi.org/10.1016/j.ijrobp.2003.11.041
https://doi.org/10.2337/db13-1146
https://doi.org/10.1681/ASN.2014020192
https://doi.org/10.2337/db17-1513
https://doi.org/10.1016/s0092-8674(00)81684-0
mailto:hjkim@wikim.re.kr

