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Lactobacillus fermentum HP3–Mediated
Fermented Hericium erinaceus Juice as
a Health Promoting Food Supplement
to Manage Diabetes Mellitus
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Abstract
The current study investigated the antidiabetic property of Lactobacillus fermentum HP3–mediated fermented Hericium erinaceus
juice (FHJ) using male Wistar rats with streptozotocin-induced diabetes mellitus (DM). FHJ was prepared using boiled mushroom
juice and L. fermentum HP3. Amino acid and g-aminobutyric acid (GABA) content of FHJ was analyzed. Streptozotocin-induced
DM rats were supplemented with FHJ in a pre- and posttreatment method. The changes in plasma insulin, plasma glucose level,
glycated hemoglobin (HbA1c), representative cytokines, and the antioxidant system were assessed in experimental rats using
spectrophotometric methods and enzyme-linked immunosorbent assay. The supplementation of FHJ improved the body mass,
insulin level, and recovery progress of hyperglycemia. HbA1c level was altered by the FHJ intervention. The inflammatory
cytokines level was suppressed in FHJ supplemented group compared with control. Intervention of FHJ and insulin improved the
production of interleukin-10 and transforming growth factor-–b1 in DM rat. The study suggested that fermented H erinaceus juice
may be used as one of the food-based health-promoting supplement to manage DM along with medication.
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Insulin is a primary metabolic hormone secreted by the pan-

creas.1,2 The secretion of insulin multiplies rapidly after a meal.

Insulin permeates the blood-brain barrier via a saturable trans-

port.3 The insulin secretion and functionality is influenced by

several nutritional compounds mainly amino acids.4,5 g-Ami-

nobutyric acid (GABA) is a broadly distributed amino acid

with a lot of notable functionality in human health particularly

as antidiabetic agent.6 Adeghate and Ponery7 examined the

localization and function of GABA in the pancreas of normal

and streptozotocin (STZ)-induced diabetes mellitus (DM) rat

and revealed that the secretion of insulin was induced by

GABA in normal and DM male Wistar rat.7

Researchers studied the role of glucose concentration in the

effect of GABA (1-1000 mmol/L) on insulin secretion from the

beta cell and reported that the membrane depolarization was

induced by GABA in a dose-depended manner at a low glucose

concentration, whereas hyperpolarization was induced by

GABA at high glucose concentration.8 At different glucose

levels, GABA regulated the insulin secretion in beta cells by the

bi-directional mode, which indicated that GABA plays an

important role in modulating the islet hormone secretion.8 The

daily supplementation of GABA (20 mmol/mouse) reversed

the type 1 DM (T1DM) and supported the regenerative and

protective effects on islet beta cells of mice.6 The GABA
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intervention improved the insulin sensitivity and glucose toler-

ance via hindering the inflammation and significantly decreased

the starving blood glucose level in high-fat diet–fed mice.9

Hericium erinaceus is a widely used edible mushroom spe-

cies in Asian countries.10 The methanolic extract of H. erina-

ceus has been reported to reduce the blood glucose level in

STZ-induced DM rats.11 H. erinaceus is a suitable natural sub-

strate to produce GABA-rich fermented juice12,13 because of its

high protein content (8.01%) and free amino acid.14 Recently,

the lactic acid bacteria (LAB), a well-known probiotic bacteria,

have been reported for the antidiabetic nature.15 In our previous

studies, we have reported Lactobacillus fermentum, and Enter-

ococcus faecalis–mediated fermentation of H. erinaceus and

also demonstrated that the LAB-mediated fermented H. erina-

ceus juice contains a high concentration of GABA.12,13

Recently, several studies have reported regarding the antidia-

betic property of parts (leaf, root) of the terrestrial plants.16,17

The information about the impact of fermented juice with high

GABA content on DM, however, is limited. Thus, in the cur-

rent study, we report on the health-promoting property of L.

fermentum HP3–mediated fermented H. erinaceus juice using

male Wistar rats with STZ-induced DM.

Materials and Methods

Preparation of Lactic Acid Bacteria and Boiled Mushroom
Juice

The dried H. erinaceus (10 g) was boiled in 90 mL of potable water for

5 minutes, and the boiled mushroom juice (BMJ) was filtered through

a filter cloth to remove the matrix of mushroom.12 The clear boiled

mushroom juice was used for the experiment. L. fermentum HP3 was

propagated in the mixture of MRS (de Man, Rogosa, and Sharpe)

medium and 10% cane sugar in a ratio of 1:1, and 5 g/L of peptone

(Himedia, Cat No M369) at 37�C for 18 to 24 hours; then fresh cells

were harvested by centrifugation at 5000 rpm for 10 minutes. L. fer-

mentum HP3 culture was diluted with sterile water to the concentra-

tion of 109 colony-forming units/mL before use.

Preparation of GABA-Rich Fermented H Erinaceus Juice

The fermented H. Erinaceus Juice (FHJ) was prepared as detailed in

our previous study and 10% of H. erinaceus was used for the prepara-

tion of FHJ.13 Then, the GABA-containing FHJ was subjected to

vacuum evaporation (Rotavapor R-210, BUCHI) at 55�C for 5 min-

utes and the concentration of GABA was analyzed by high-

performance liquid chromatography. FHJ was diluted with sterile

potable water to achieve the net GABA concentration of 450 mg/mL.

Analysis of Amino Acid Composition

Amino acid profile of the dry mushroom and FHJ was determined

according to Association of Analytica Chemists official method

994.12 and 988.15 by Central Laboratory (Thailand) Co Ltd.18

Animal Groups and Induction of Diabetes Mellitus

About 6 weeks old male Wistar rats were obtained from the National

Laboratory Animal Centre, Mahidol University, divided into 13 groups,

each group consisting of 10 rats (weight: 150-170 g/rat) and coded as

detailed in Table 1. LAB, FHJ (containing GABA and LAB), and BMJ

are the test supplements that were administered to the respective rat along

with normal standard diet (Commercial Food No. C.P. 082, Perfect

Companion Group Co, Ltd, Bangkok, Thailand) as described in Table 1.

Single intraperitoneal injection of STZ (55 mg/kg) was used for the

induction of diabetic condition in rats.19 After 14 days, the rats with

the fasting plasma glucose level of �250 mg/dL (hyperglycemia) was

considered as a DM rat and used in the experiment. Normal control

rats were injected with citrate buffer pH 4.7. The body weight of the

animals was measured once a week throughout the experimental

period.20 Rats in the pretreatment group and normal group were fed

with the particular test supplements for 14 days before the induction of

DM. The test supplements were administered to the respective rats in

the posttreatment group after the induction of diabetic condition. The

animals were freely allowed to access the diets and water ad libitum

throughout the 12 weeks of the experiment. The animals were sacri-

ficed under chloral hydrate general anesthesia (7% chloral hydrate 6

mL/kg of body weight) after overnight fasting (8-12 hours) at the end

of the experimental period.7 All aspects of this study were conducted

according to the standards of the Animal Ethics Committee of the

Institution (Chiang Mai University Ethical Certification No. 23/2558).

Determination of Plasma Insulin Level

Blood samples were collected in microcentrifuge tubes coated with

ethylene diamine tetraacetic acid. The plasma insulin concentration

was determined using Sandwich ELISA (enzyme-linked

Table 1. Grouping of Wistar Rats and Dosage of Test Supplements.

Groups Codes Treatmentsa
Dosage (per

Day)

Normal rat
(control)

NC Water 1.27 mL/kg
LabC LAB 109 CFU/mL
GabaC FHJ containing

GABA and LAB
GABAb 1.27 g/kg

BmjC BMJ 1.27 mL/kg
DM rat (control) DMC Water 1.27 mL/kg
DM rat

(pretreatment)
LabPre LAB 109 CFU/mL
GabaPre FHJ containing

GABA and LAB
GABAb 1.27 g/kg

BmjPre BMJ 1.27 mL/kg
InPre Insulin (Humurin N) 6 U/kg

DM rat
(posttreatment)

LabPost LAB 109 CFU/mL
GabaPost FHJ containing

GABA and LAB
GABAb 1.27 g/kg

BmjPost BMJ 1.27 mL/kg
InPost Insulin (Humurin N) 6 U/kg

Abbreviations: LAB, lactic acid bacteria; FHJ, fermented Hericium erinaceus
juice; BMJ, boiled mushroom juice; GABA, g-aminobutyric acid; DM, diabetes
mellitus; NC, normal control; LabC, LAB supplemented to naive rat; GabaC,
FHJ supplemented to naive rat; BmjC, BMJ supplemented to naive rat; DMC,
DM rat control; LabPre, LAB supplemented to naive rat and induced DM;
GabaPre, FHJ supplemented to naive rat and induced DM; BmjPre, BMJ sup-
plemented to naive rat and induced DM; InPre, insulin supplemented to naive
rat and induced DM; LabPost, LAB supplemented to DM rat; GabaPost, FHJ
supplemented to DM rat; BmjPost, BMJ supplemented to DM rat; InPost,
insulin supplemented to DM rat.
aThe test supplements were administered to the rats along with the normal
standard diet and normal drinking water.
bThe dose of GABA supplement was calculated based on the previous study.9
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immunosorbent assay) kit as per the manufacturer’s instructions (Rat/

Mouse Insulin ELISA kit) (EMD Millipore, Cat No. EZRMI-13K).

Quantification of Plasma Glucose

The plasma glucose concentration was determined once a month by an

enzymatic colorimetric method using the commercial kit (ERBA diag-

nostic Mannheim GmbH, Germany). The blood samples were col-

lected in the microcentrifuge tubes containing 2.5 mg/mL of sodium

fluoride (NaF). The experiment was performed as per the manufac-

turer’s instructions. Glucose concentration was calculated by compar-

ing with the glucose standard curve.

Measurement of Hemoglobin A1c

The blood glycated hemoglobin (HbA1c) was determined at the

laboratory service center of Faculty of Medicine, Chiang Mai Univer-

sity by turbidimetric immunoassay method using whole blood (Roche

Diagnostics Ltd).

Profiling of Selected Cytokines

The selected circulating cytokines (interferon-g [IFN-g], interleukin-6

[IL-6], IL-17, transforming growth factor–b1 [TGF-b1], and IL-10) pro-

file was measured using commercial rat IFN-g (Cat No. DY585), IL-6 (Cat

No. DY506), IL-17 (Cat No. DY421), TGF-b1 (Cat No. DY1679), and IL-

10 (Cat. No. DY522) ELISA kit purchased from R&D Systems, Minnea-

polis, MN, USA. The serum samples were obtained from experimental

rats and were subjected to ELISA as per the manufacturer’s instructions.

Profiling of Antioxidant Enzymes and Malondialdehyde

The antioxidant enzyme (total superoxide dismutase [SOD],

Mn-SOD, Cu-Zn-SOD, glutathione peroxidase [GPx], catalase) levels

in the blood samples of experimental rats was measured. Three forms

of SOD were assayed. GPx was determined according to the previous

description with some modification.21 Catalase activity was deter-

mined by measuring the rate of disappearance of H2O2.21 Malondial-

dehyde (MDA) level in serum was determined according to the

previous description with some modification.21,22

Statistical Analysis

All in vitro experiments were executed in triplicates, and all data were

expressed as mean + standard deviation (SD). All in vivo experi-

ments were expressed as mean + standard error (SE). Dissimilarities

between the mean values of multiple groups were evaluated by 1-way

analysis of variance (ANOVA) using Duncan’s test. The variations

were considered significantly different when P value was <.05.

Results

The Amino Acid Profile of FHJ and Dry H. erinaceus

A sum of 21 amino acids and GABA were observed in both

dried mushroom and its fermented juice. Dried mushroom

showed a high content of phenylalanine, leucine, lysine,

glutamine, isoleucine, glutamic acid, and tyrosine than that

of the FHJ. The amount of GABA was found to be higher in

FHJ than that of the raw mushroom because of the

biotransformation of glutamic acid to GABA by the starter

culture, L. fermentum HP3 (Table 2).

Impact of Treatment on Body Weight of the Animal

Body weight (BW) was recorded every week throughout the

experimental period (Figure 1). After DM induction, the rapid

decline of BW is one of the common symptoms of DM. The

initial BW of rats was found to be anything between 260 and

300 g and then gradually increased to 480 to 530 g in normal

rats (NC, LabC, GabaC, and BmjC) and insulin treatment

groups (InPre, and InPost). In contrast, the BW of the diabetic

rats (LabPre, GabaPre, BmjPre, LabPost, GabaPost, and

BmjPost) were found to fluctuate throughout the experiment

period. The BW of GabaPre, LabPost, GabaPost, BmjPost

group rats showed a slight increase when compared to that of

the LabPre and BmjPre group animals.

Changes in Plasma Glucose Level

The effects of test supplements on the fasting plasma glucose

levels in experimental rats are summarized in Table 3. The

fasting plasma glucose levels in normal rats (LabC, BmjC, and

GabaC) was not affected by the administration of test supple-

ments including LAB, BMJ, and FHJ containing GABA and

LAB, respectively. No significant differences in plasma glu-

cose levels were observed between the DM groups at the base-

line (0 months).

Table 2. Amino Acid Profile and GABA Content of Dry Hericium
erinaceus and FHJ

Amino Acid Dry H erinaceus (mg/100 g) FHJa (mg/100 mL)

GABA 22.00 211.00
Alanine 160.90 17.70
Arginine <5 <5
Aspartic acid 204.30 23.60
Cystine 48.44 <5
Glutamic acid 329.50 15.40
Glutamine 350.00 37.00
Glycine 107.30 7.90
Histidine 254.10 <5
Hydroxylysine <5 <5
Hydroxyproline <5 <5
Isoleucine 346.60 36.20
Leucine 771.00 76.80
Lysine 436.60 33.20
Methionine 10.08 <5
Phenylalanine 824.10 96.50
Proline 131.90 10.40
Serine 38.99 <5
Threonine 61.95 <5
Tryptophan 32.09 <5
Tyrosine 324.20 69.90
Valine 247.30 25.30

Abbreviations: FHJ, fermented Hericium erinaceus juice; GABA, g-aminobutyric
acid.
aFHJ was prepared using 10% (w/v) dried H erinaceus juice.
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In the pretreatment study, the plasma glucose levels were

significantly reduced in GabaPre and BmjPre group animals

when compared with that of the DMC group (P < .05) at the

end of the experiment (third month) (Table 3). The experimental

animals in GabaPre group displayed the lowest level of plasma

glucose (363.00 mg/dL) compared with BmjPre group (373.85

mg/dL, P > .05) and LabPre group (481.45 mg/dL, P < .05).

While the plasma glucose level of the InPre group was found to

be comparable to that of the normal rats. Plasma glucose levels

in the pretreatment groups was not analogous to the normal

control group. The progressive hyperglycemia (percentage of

progress of hyperglycemia in DM rats at the end of the third

month of the experiment compared with the respective group) in

DM rats at the end of the experiment were found to be signifi-

cantly (P < .05) lower (�13.38% and�10.39%) in GabaPre and

BmjPre groups than that of the DMC group (þ60.13%), respec-

tively. Lowering of plasma glucose (percentage of difference

between the plasma glucose level in the DM rats of the treatment

group and DMC group at the end of the third month of the

experiment) in DM rats of GabaPre and BmjPre groups were

found to be higher than that of the LabPre group (33.69%,

31.70%, and 12.05%, respectively) (Table 3).

In the posttreatment study, the DM rats of GabaPost treat-

ment group showed significantly (P < .05) lower fasting plasma

glucose level (365.59 mg/dL) than that of the DM rats in DMC

group (547.41 mg/dL) at the end of the third month of the

experiment. Likewise, BMJ treatment in diabetic rats signifi-

cantly (P < .05) decreased the plasma glucose level (435.64

mg/dL) when compared with that of the DM rats in DMC

group. LabPost group (470.12 mg/dL) showed no significant

impact on fasting plasma glucose compared with that of the

DMC group rats. Insulin treatment successfully corrected the

fasting plasma glucose levels in diabetic rats. As shown in

Table 3, the progressive hyperglycemia of DM rats in the

posttreatment groups (GabaPost and BmjPost) were found to

be lower when compared with that of the DMC group

(þ21.37%, þ41.51%, and þ60.13%, respectively). Plasma

glucose lowering the ability of DM rats in posttreatment groups

was found to be in a similar pattern as shown by the DM rats in

the pretreatment study. As expected, the DM rats of GabaPost

treatment group showed the highest percentage of plasma glu-

cose lowering ability (33.21%, P < .05) compared with that of

the DMC group rats.

Plasma Insulin, and HbA1c

The plasma insulin concentration was measured at before and

after the treatment. The plasma insulin levels of normal rats were

observed to be not affected by the test supplements (Table 4).

The low plasma insulin concentration was detected in DMC

group rats than in the NC group rats. In the pretreatment study,

the plasma insulin level in DM rats of GabaPre group slightly

increased than that of the DMC, LabPre, and BmjPre groups but

there was no significant difference among them. The insulin

injection in diabetes rats fully restored the plasma insulin levels

in both pretreatment and posttreatment groups. In the posttreat-

ment study, the plasma insulin concentrations in DM rats of

LabPost, GabaPost, and BmjPost groups did not alter when

compared to that of the DMC group (Table 4). HbA1c was

measured at the end of the experiment. HbA1c in normal rats

of NC, LabC, GabaC, and BmjC groups was in the normal

nondiabetic range (Table 4). The increased amount of Hb1Ac

(9.95% + 0.82%) was observed in DM rats of DMC group.

HbA1c in DM rats of insulin group (InPre and InPost) was found

to be reduced (6.55% + 0.34% and 5.83% + 0.29%, respec-

tively) when compared with that of the DMC group. Impor-

tantly, HbA1c in the DM rats of both GabaPre group (6.80%
+ 1.16%) and GabaPost group (7.80% + 1.42%) were found to

be not significant when compared with that of the insulin treat-

ment groups (Table 4). DM rats of BmjPost group showed a

slight insignificant reduction in HbA1c range when compared

with that of the DMC group. LAB intervention in both pretreat-

ment and posttreatment study failed to reduce the HbA1c value

in DM rats of LabPre and LabPost group (Table 4).

Regulation of Selected Cytokines

The expression level of inflammatory cytokines (IFN-g, IL-6,

and IL-17) in rats of normal group (LabC, GabaC, and BmjC)

was observed to be not affected by the test supplements when

compared to that of the NC group (Figure 2A-C). The DM

control group rats showed significant increase in IFN-g
(115.19 + 9.34 pg/mL), IL-6 (82.84 + 11.30 pg/mL), and

IL-17 (128.84 + 14.20 pg/mL) levels. All the test supplements

showed the significant suppressive effect on selected inflamma-

tory cytokines in DM rats of both pretreatment and posttreatment

group compared to that of the DMC group rats (Figure 2A-C).

Selected anti-inflammatory cytokines (IL-10 and TGF-b1) lev-

els in normal rat group (NC, LabC, GabaC, and BmjC) were

found to be in a range of 38.56 + 2.80 to 43.14 + 2.91 pg/mL

and 28.07 + 4.20 to 37.05 + 7.14 pg/mL, respectively. While,

selected anti-inflammatory levels in DM rats of DMC group

dropped to 13.35 + 2.50 and 30.53 + 4.85 pg/mL, respectively

(Figure 2D-E). Notably, the intervention of FHJ (containing

Figure 1. Alteration in the body mass of the experimental animals.
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GABA and LAB) and insulin improved the production of IL-10

and TGF-b1 in DM rats of treatment group (GabaPre and Gaba-

Pro) than that of the other tested reagents.

Regulation of Antioxidant Enzyme and MDA

Three forms of SOD in rats of normal group were not affected

by the test supplements when compared to that of the NC

group rats (Figure 3A). While GPx and catalase were found

to be not affected only in the normal rats of BmjC group when

compared to that of the NC group rats (Figure 3B). LAB and

FHJ significantly (P < .05) increased the GPx and catalase

production in normal rats of LabC and GabaC group. The

intervention of LAB significantly (P < .05) increased the

Cu-Zn-SOD and GPx production in DM rats of both pretreat-

ment and posttreatment group when compared with that of the

DMC group. LAB significantly (P < .05) increased the cata-

lase in DM rats of LabPre group and increased the total SOD

in DM rats of LabPost group. Supplementation of FHJ

increased the total SOD and catalase in DM rats of both

GabaPre and GabaPost group than that of the DMC group,

while Cu-Zn-SOD and GPx were found to be increased only

in the DM rats of GabaPre group, and Mn-SOD was signifi-

cantly increased only in the DM rats of GabaPost group. BMJ

elevated the total SOD production in DM rats of both pretreat-

ment and posttreatment group when compared with that of the

DMC group, while Mn-SOD and GPx were significantly

increased only in DM rats of pretreatment group, CuZn-

SOD and catalase were increased only in the DM rats of the

posttreatment group. Insulin increased the production of SOD

and reduced the production of GPx in the DM rats of both

InPre and InPost group. The intervention of test supplements

showed a significant (P < .05) reduction of MDA levels in the

DM rats of both pre- and posttreatment group when compared

with that of the DMC group. LAB and FHJ supplementation

also suppressed the production of MDA in DM rats of

Table 4. Summary of a Physiological Parameter of DM Rat and Nor-
mal Rat at the End of the Experiment (3 Months).a

Groups
Treatment
code

Assessed Parameters in
DM Rats During Study

Plasma Insulin
(ng/mL) HbA1c (%)

Normal rat NC 5.05 + 1.39 4.87 + 0.22
LabC 5.03 + 1.03 4.67 + 0.19
GabaC 3.34 + 0.91 5.63 + 0.26
BmjC 5.46 + 1.30 4.87 + 0.27

DM rat (control) DMC 1.10 + 0.18 9.95 + 0.82
DM rat (pretreatment) LabPre 0.61 + 0.16 11.08 + 0.35

GabaPre 1.40 + 0.86 6.80 + 1.16
BmjPre 0.94 + 0.06 10.78 + 0.48
InPre 10.00 + 0.00 6.55 + 0.34

DM rat (posttreatment) LabPost 1.22 + 0.53 10.60 + 0.53
GabaPost 1.23 + 0.64 7.80 + 1.42
BmjPost 1.08 + 0.44 8.75 + 1.39
InPost 10.00 + 0.00 5.83 + 0.29

Abbreviations: LAB, lactic acid bacteria; FHJ, fermented Hericium erinaceus
juice; BMJ, boiled mushroom juice; GABA, g-aminobutyric acid; DM, diabetes
mellitus; NC, normal control; LabC, LAB supplemented to naive rat; GabaC,
FHJ supplemented to naive rat; BmjC, BMJ supplemented to naive rat; DMC,
DM rat control; LabPre, LAB supplemented to naive rat and induced DM;
GabaPre, FHJ supplemented to naive rat and induced DM; BmjPre, BMJ sup-
plemented to naive rat and induced DM; InPre, insulin supplemented to naive
rat and induced DM; LabPost, LAB supplemented to DM rat; GabaPost, FHJ
supplemented to DM rat; BmjPost, BMJ supplemented to DM rat; InPost,
insulin supplemented to DM rat.
aData are presented as mean + standard error.

Table 3. Plasma Glucose Level, Progress of Hyperglycemia, and Reduction of Plasma Glucose in Normal and DM Rats at the End of Experiment
(3 Months).

Groups Treatment Code Plasma Glucose (mg/dL)
Hyperglycemia Progress (%)

(Within Group)a
Reduction of Plasma Glucose (%)

(Compared With DMC)b

Normal rat NC 162.35 — —
LabC 157.07 — —
GabaC 134.64 — —
BmjC 158.65 — —

DM rat (control) DMC 547.41 þ60.13 00.00
DM rat (pretreatment) LabPre 481.45 þ8.21 12.05

GabaPre 363.00 �13.38 33.69
BmjPre 373.85 �10.39 31.70
InPre 98.69 �78.74 81.97

DM rat (posttreatment) LabPost 470.12 þ61.13 14.12
GabaPost 365.59 þ21.37 33.21
BmjPost 435.64 þ41.51 20.42
InPost 119.50 �60.31 78.17

Abbreviations: LAB, lactic acid bacteria; FHJ, fermented Hericium erinaceus juice; BMJ, boiled mushroom juice; GABA, g-aminobutyric acid; DM, diabetes mellitus;
NC, normal control; LabC, LAB supplemented to naive rat; GabaC, FHJ supplemented to naive rat; BmjC, BMJ supplemented to naive rat; DMC, DM rat control;
LabPre, LAB supplemented to naive rat and induced DM; GabaPre, FHJ supplemented to naive rat and induced DM; BmjPre, BMJ supplemented to naive rat and
induced DM; InPre, insulin supplemented to naive rat and induced DM; LabPost, LAB supplemented to DM rat; GabaPost, FHJ supplemented to DM rat; BmjPost,
BMJ supplemented to DM rat; InPost, insulin supplemented to DM rat.
aIndicates the increase (þ) or decrease (�) in the percentage of progress of hyperglycemia in DM rats within the respective group.
bIndicates the reduction of plasma glucose level (%) in DM rats of each group when compared with that of the DMC group.
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treatment group (LabPre, LabPost, GabaPre, and GabaPost)

than that of the insulin group (InPre and InPost) rats

(Figure 4).

Discussion

H. erinaceus has been reported to contain protein content

(8.01 %) and free amino acids, mainly glutamic acid

(1468.12 mg%).14 Researchers have reported the chemical

composition of many medicinal mushrooms including H.

erinaceus that consist of essential amino acids like threo-

nine, methionine, leucine, valine, isoleucine, lysine, pheny-

lalanine, histidine, and arginine.23 Some nonessential amino

acids such as glutamic acid and aspartic acid were also

found in H. erinaceus.23 In the present study, the amino

acid composition of H. erinaceus was estimated before and

after the fermentation. The results revealed that the fermen-

tation by L. fermentum HP3 enhances the richness of GABA

in H. erinaceus juice (Table 2) and the reason behind the

nutritional nourishment was due to the conversion of gluta-

mic acid to GABA by L. fermentum HP3.13

The impact of FHJ was assessed by administration of test

supplements along with the normal standard diet to normal and

DM-induced rats, and by measuring several parameters. BW

index is one of the commonly used biomarkers for DM. Among

the DM rats of treatment groups except for insulin treatment

group, the BW of DM rats of GabaPre and GabaPost groups

was slightly greater than that of the diabetic rats of other treat-

ment groups, which indicated the potential efficiency of GABA

on the reduction of metabolic disturbances (Figure 1).

Insulin is a physiological modulator of glucagon secretion.

Both insulin and glucagon are primary endocrine factors

responsible for regulating the glucose homeostasis in the body.

The STZ injection destructs the pancreatic beta cells and leads

to the deficiency of insulin secretion and the onset of DM.24,25

This leads to hyperglycemia due to the disturbance of autore-

gulation within the islets of Langerhans, which cause the

hypersecretion of glucagon hormone.25 In the present study,

a single dose of STZ efficiently induced DM in rats, which

was confirmed by the progress of hyperglycemia (Table 3) and

constant low plasma insulin concentration (Table 4) in DM rats

of DMC group than that of the NC group rats throughout the

experimental period. In both pre- and posttreatment groups, the

intervention of FHJ (containing GABA and LAB) slightly

increased the plasma insulin level in DM rats of treatment

group when compared to that of the DM rats of DMC group

(Table 4). The results suggested that the antihyperglycemic

effect of GABA may not involve the activation of pancreatic

insulin secretion.

Supplementation of GABA (daily intraperitoneal injection:

20 mmol/mouse) protected and showed the regenerative effects

on an islet beta cells and reverses diabetes in T1DM.6 GABA

therapy prevents the progress of T1DM by suppression of

insulitis (lymphocytic infiltration) and inflammatory cytokine

production.6 In the present study, the results of pre- and

post-treatment studies suggested that the supplementation of

GABA potentially decreased the fasting plasma glucose level,

thereby it impedes the progress of hyperglycemia (Table 3) and

decreased the HbA1c concentration without enhancing the

pancreatic insulin secretion (Table 4). Therefore, proposed

mechanisms of antihyperglycemic effect of FHJ (containing

GABA) in DM rats may involve the improvement of insulin

sensitivity and / or reduction of glucagon secretion from pan-

creatic cells.

Tian et al9 reported the effect of GABA on obesity-related

insulin resistance and type 2 DM and revealed that the ad

libitum oral treatment with GABA (2 mg GABA per milliliter

of water) improved the glucose tolerance and insulin sensitivity

by significantly reducing the concentration of fasting blood

glucose and inhibiting inflammation in high-fat diet–fed mice.

They also reported the reduction of frequency of macrophage

infiltrate, adipocyte size and epididymal fat mass in the adipose

tissues of high-fat diet–fed mice as a result of oral treatment

with GABA.9 Likewise, von Blankenfeld et al26 reported that

the activation of GABAA receptors leads to depolarization of

plasma membrane and then activate the voltage-gated Ca2þ

channels that lead to increased cytosolic calcium, enhancing

Figure 2. The regulation of selected cytokines in experimental ani-
mals. (A) interferon-g (IFN-g), (B) interleukin-6 (IL-6), (C) IL-17,
(D) IL-10, (E) transforming growth factor–b1 (TGF-b1). a-f represents
the significant variations among the experimental groups (P < .05).
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autocrine process and finally resulting in pancreatic insulin

release.26 The exogenous GABA was absorbed through the

intestinal epithelial membrane via the Hþ/GABA symport.27

Moreover, the intestinal absorption of GABA by co-transport

with a proton is operated under the acidic condition. Therefore,

supplementation of FHJ containing GABA and LAB may facil-

itate the adequate absorption of GABA via cotransport

mechanism by the acid environment created by LAB through

lactic acid production.

HbA1c, the key indicator of glycemic status over the long

term, reflects average plasma glucose over the period of 8 to 12

weeks.28 HbA1c could be used as an objective measure of

glycemic control. The supplementation of FHJ reduces the

HbA1c level, which indicates the positive effect of FHJ in

DM rats of GabaPre and GabaPost group (Table 4).

Supplementation of FHJ that contains GABA significantly

reduces the circulating inflammatory cytokine (IL-1b, tumor

necrosis factor–a [TNF-a], IFN-g, and IL-12) levels and

increases the anti-inflammatory cytokine, IL-10 level in STZ-

induced DM rat. Soltani et al6 revealed that GABA suppressed

the IFN-g production of CD4þ/CD8þ T cells and suppressed

IL-12 production by macrophages in in vitro assays. Besides,

GABA induces the increased production of TGF-b1 in the

unstimulated splenic T cells and the activated splenic T cells

by anti-CD3 and anti-CD28 antibodies.6 Tian et al29 investi-

gated the effect of GABA pellet (600 mg of GABA released

daily) implanted in the T1DM mouse model. Progression of the

disease and the development of proinflammatory T cell

responses were inhibited with the GABA treatment. Tian

et al9 reported that oral treatment with GABA is effective in

treating the obesity-related T2DM. The regulatory T cells

(Tregs) are a potent inhibitor of macrophage activation and

function. GABA promotes the proliferation and maturation of

Tregs.9 GABAA receptors are expressed by the macrophages, T

cells, and adipocytes, and these receptors may play a role in the

therapy of DM.9,29 The possible mode of GABA action is

Figure 3. Effect of test supplements on the antioxidant enzyme levels of the experimental animals. (A) Changes in total superoxide dismutase
(SOD), Mn-SOD, Cu-Zn-SOD levels. (B) Alterations in glutathione peroxidase, and catalase. a-f represents the significant variations among the
experimental groups (P < .05).

Figure 4. Effect of test supplements on the level of malondialdehyde
(MDA) in experimental animals. a-g represents the significant varia-
tions among the experimental groups (P < .05).
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through the activation of GABAA receptors on the macro-

phages and adipocytes to inhibit the macrophage activation and

migration. Thereby it reduces the chronic inflammation in adi-

pose tissues.

The aqueous extract of H. erinaceus (AEHE) significantly

reduced the serum glucose level, increased the serum insulin

level, and also exhibited antioxidant properties in the experi-

mental DM rat model.30 Wang et al11 evaluated the health-

promoting effect of H. erinaceus extract (fruiting bodies

extract) on the blood glucose levels in an experimental diabetic

rat model. They found that feeding of methanol extract of H

erinaceus (HEM) to STZ-induced DM rats significantly

diminishes the elevation of blood glucose levels.11 L. rhamno-

sus GR-1 and L. fermentum RC-14 are bile tolerant probiotics

that can survive the gastrointestinal transit.31 The chronic

inflammation induced by gut-derived endotoxin is one of the

key incidents in the onset and development of T2DM, and

Zhang et al32 found that L. casei reduced the endotoxin lipo-

polysaccharide release induced by STZ injection, and

decreased the pro-inflammatory cytokines (IFN-g and TNF-

a).32 The probiotic bacterium L. casei Zhang also suppresses

the hyperglycemia and prevents the T2DM onset via a

microbiota-based bile acid-chloride exchange mechanism.32

T2DM rat fed with fermented Thai indigenous plant juice

showed a slight reduction in the fasting plasma glucose level.33

The results of the current study suggested that L. fermentum

HP3–mediated fermented H. erinaceus juice efficiently sup-

pressed the pro-inflammatory markers and induced the

anti-inflammatory markers (Figure 2), which indicates the pro-

tective role of FHJ against STZ-induced DM in rats.

Yeap et al34 reported that the fermented mung bean extracts

significantly reduces the blood sugar levels and increased the

plasma antioxidant levels in alloxan-induced hyperglycemic

mice. Antihyperglycemic effect of fermented mung bean

extracts might be due to the presence of high content of GABA

and amino acid in the extract.34 GABA could alleviate the

oxidative damage by increasing the total antioxidation capacity

and reduced the MDA levels in the intestinal mucosa of heat

stress-induced Wenchang chicken.35 Besides, Hu et al36 found

that GABA significantly increases the activities of GPx, SOD,

and decreased the MDA level in serum of pigs. The results of

the present study also found that fermented H. erinaceus juice

containing GABA increased the production of 3 forms of SOD,

GPx, and catalase level in blood and reduced the serum MDA

in DM rat.36

Conclusion

The antidiabetic property of L. fermentum HP3–mediated fer-

mented H. erinaceus juice was evaluated in the present study.

The supplementation of FHJ (containing GABA and LAB)

positively regulated the plasma insulin, plasma glucose level,

HbA1c, representative cytokines, and antioxidant system in

experimental DM rats compared with that of the other supple-

ments. The study revealed that the fermented H. erinaceus

juice might be used as a food-based therapeutic supplement for

the treatment of DM along with medication. Further in-depth

research is required to reveal the molecular mechanism

behind the glucose-lowering ability of FHJ (containing GABA

and LAB).
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