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Gamma-aminobutyric acid, GABA, can stimulate the growth and viability of pancreatic {3-cells, normalizing blood glucose
levels. Our study aimed to investigate the antidiabetic effects of a GABA-supporting mixture (GSM) containing asparagine,
glutamine, $-alanine, and ethanolamine-O-sulfate in a streptozotocin-induced diabetes model in rats. The animals with dia-
betes were injected with GSM daily for 5 days, followed by controlling glycemic status and measuring the activity of enzymes
involved in the synthesis of GABA, glutaminase (GLS), and glutamate decarboxylase (GAD). Glucose levels in healthy (Con-
trol), diabetes (STZ), and GSM treated (STZ-GSM) animals were 4.48+0.3, 23.09+2.3, and 12.9422.03 mM]/L, respectively.
The GAD activity in the same three groups was in homogenates of: brain 783+23,1022+34, 829+33 IU/mg; pancreas 793+34,
1079+55, 857+58 IU/mg; liver 643+33, 804+15, 690+35 IU/mg, respectively. The GLS activity in these groups was: in the blood
plasma 26+3,78+6,46+5[U/mg; in homogenates: brain 83+2, 71+3, 86+3 IU/mg; pancreas 150+20, 220+25,170+22 [U/mg; liv-
er 59+5, 52+6, 81+7 IU/mg, respectively. Increased liver GLS in the STZ-GSM group indicated GABA support by GSM through
an increase in GABA precursor glutamine. Conclusion: GSM improves glycemic status, GLS, and GAD activity in STZ-diabetic

animals, confirming its applicability in the treatment of diabetes.
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Introduction

Diabetes mellitus (DM) is an endocrine disease with
sustained high blood sugar levels. The major types
of diabetes are: insulin-dependent or type 1 diabetes
(T1IDM) and non-insulin-dependent or type 2 diabetes
(T2DM). TIDM is characterized by a severe deficiency
of insulin secretion from B-cells in the Langerhans is-
lets (absolute insulin deficiency) and patients need con-
stant, lifelong insulin treatment. The 90% of diabetes
patients are type 2 diabetics. In this case, the problem
is the resistance of peripheral tissues (and cells) to in-
sulin. In the experimental study, such chemicals as
streptozotocin (STZ), and alloxan damage B-cells in
laboratory animals, leading to the development of DM
models. Via GLUT2 transporters, these chemicals ac-

cumulate in B-cells as glucose analogs and exert cyto-
toxic effects causing diabetes through pB-cell death [1-3].
The harmfulness of alloxan consists of the generation
of superoxide anions both in the B-cells and extracellu-
lar environment. The absorbed by B-cells STZ is broken
down to glucose and methyl nitro-urea and exhibits a
cytotoxic effect on B-cells causing modification of bio-
logical macromolecules, fragmentation of DNA etc. [4].

y-Aminobutyric acid (GABA) is a non-proteinogen-
ic amino acid, the main inhibitory neurotransmitter
in the central nervous system of humans and other
mammals [3]. In addition to the nervous system, GABA
is also synthesized in relatively high levels in the insu-
lin-producing islet B-cells of the pancreatic islets and
inhibits secreting from islet a-cells of insulin coun-
teracting glucagon. GABA promotes the survival of
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B-cells and the conversion of a-cells to B-cells [3, 5-7].
Moreover, GABA inhibits and attenuates immune acti-
vations and inflammation in DM which results in the
regulation of glucose homeostasis and the reduction of
diabetic complications. Therefore, GABA is considered
one of the approaches in DM treatments [8, 9].
Currently, many drugs are used in the treatment
of diabetes and its complications. However, most pa-
tients do not have satisfactory results, so the develop-
ment of new medicines remains to be a biochemical
and pharmacological task. There are several registered
drugs composed of different amino acids and peptides
[10]. Particularly, to create an antidiabetic preparation,
Prof. Kamalyan compiled a GABA-supporting mix-
ture, which included GABA, glutamine (Gln), B-ala-
nine (Ala), and ethanolamine-O-sulphate (EOS). The
study showed the promising therapeutic effects of this
mixture on the function of the pancreas in the alloxan
diabetes model in rats [11]. Ala, a homolog of GABA, is
formed by B-decarboxylation of aspartic acid [12]. It is
provided with neuroprotective effects, immune system
activating, and antioxidant properties. The neuronal
uptake and neuronal receptor sensitivity to Ala were
demonstrated, suggesting that the compound may be a
false transmitter replacing GABA [13]. Gln is the most
abundant amino acid in the blood and participates in
the synthesis of several amino acids, vitamin D3, glu-
tathione, glucosamine, serotonin etc. It regulates blood
insulin levels and stabilizes glucose [14]. Gln is deami-
nated by the enzyme glutaminase, forming Glu and
releasing ammonia. This reaction is important in vari-
ous metabolic pathways, including the regulation of ni-
trogen balance in the body. The resulting neurotrans-
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mitter Glu is decarboxylated by the enzyme glutamate
decarboxylase to form GABA [15]. EOS is an inhibitor
of the enzyme GABA transaminase that prevents the
metabolism of GABA. Itis usually used as a biochemical
tool in the study of GABA-involved processes [16].

Figure 1 presents the classical (solid lines) and al-
ternative (dotted lines) pathways of GABA formation
from precursor amino acids, Gln and Glu.

Glutaminase (GLS, EC 3.5. 1.2), a regulator of glu-
taminolysis is abundant in the liver and pancreatic
B-cells [17]. There are two tissue-specific isoforms of
GLS, a kidney-type (GLSI, 70 kDa) and a liver-type
(GLS2, 58 kDa). GLS1 is expressed in the brain, heart,
kidney, muscle, intestine, lung, pancreas, and lymph
node, and increases in response to metabolic acidosis.
GLS2 is expressed in the liver and increases in starva-
tion, diabetes, and high protein diet [18,19].

Glutamate decarboxylase (GAD, EC 4.1.1.15) catalyz-
estheremoval of the a-carboxyl group from L-Glu to pro-
duce GABA and CO,. In humans, GAD is expressed in the
brain and f cells of the pancreas as isoenzymes GAD65
and GADG67. GADS65 is one of the strongest autoantigens
that triggers T-cell-mediated autoimmune diabetes in
the human pancreas [20]. GAD and GABA are present in
“GABA-ergic” nerve cells, but they are also detected in
certain non-neural cells and organs particularly in the
pancreas [21]. Both GABA and GAD are highly expressed
in various islets of Langerhans demonstrating the im-
portance of GABA in the biology of the pancreas [15].

Prof. Kamalyan proposed an alternative pathway
for the synthesis of GABA from Gln, bypassing the
formation of excitotoxic Glu. In this way, Gln is decar-
boxylated by isoenzyme GAD65 with the formation of
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Figure 1: GABA synthesis pathways; dotted - alternative path proposed by Prof. Kamalyan.
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GABA-amide, followed by its deamidation into GABA
(Scheme 1) [22]. GABA-amide, which is probably a stor-
age form of GABA, has been shown to exert an inhibi-
tory effect on neurons in both the substantia nigra of
the brain and interneurons in the spinal cord [23]. The
presence of GABA-amide in the brain and its alterna-
tive generation from Gln provides additional flexibility
to the amino acid transmitter system.

In the present research, we modified the offered by
Prof. R.G. Kamalyan mixture to reveal some enzymat-
ic mechanisms of the registered anti-diabetic effects of
the constituents. The modified mixture included ami-
no acid asparagine (Asn), a precursor of Gln [24].

The aim of this work was to investigate the anti-
diabetic effects of a GABA-supporting mixture (GSM)
containing asparagine, glutamine, B-alanine, and etha-
nolamine-O-sulfate in an STZ-induced diabetes model
in rats. The relative analysis of the activities of the GLS
and GAD enzymes might expand the understanding of
the pathogenesis of diabetes and offer new approaches
to improve the processes compromised by the disease.

Material and methods

Chemicals

Pyridoxal 5’-phosphate (PLP) was purchased from
MERCK (Germany), Streptozocin (STZ), y-aminobutyr-
ic acid (GABA), B-alanine (Ala), ethanolamine-O-sul-
fate (EOS), Asparagine (Asp), Glutamine (GIn), Glutam-
ic acid (Glu), bromocresol green, were purchased from
Sigma-Aldrich (USA). Other reagents were of the high-
est purity available.

Objects

In the studies, 150-190g weight laboratory white rats
are used. The animals are kept under normal nutritional
conditions providing a 12-hour light regime, and at the
ambient temperature of 22-24°C. Experiments were con-
ducted by a Guide for the Care and Use of Laboratory An-
imals by the European Parliament, Directive 2010/63/EU,
and were approved by the Local Bioethical Committee.

Procedures

The materials of the research were blood plasma,
pancreas, brain, and liver from rats. For experimental
diabetes, the animals were divided into three groups
of 7-10 rats each. The first group served as a control
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group. The animals of the other two groups were in-
jected with streptozotocin (STZ) at a dose of 40 mg/kg
of animal weight to develop a diabetes model. Animals
were weighed and blood glucose level was monitored
daily after night starvation using the glucometer.
When the blood glucose level exceeded 15 mmol/l, the
animals were considered diabetic. Half of the diabet-
ic animals 5 days were daily injected with 0.5 m1/100g
weight of physiological solution as the diabetic control
group (STZ). The other part of diabetic animals 5 days
were daily injected with 0.5 ml/100 g weight of fresh-
ly prepared GSM: 30mg Asn + 30mg Gln + 15mg Ala +
30 mg EOS in 3 ml water. The animals were anesthe-
tized by administration of 40-50 mg/kg Nembutal,
injected I.P., using a hypodermic needle, and were de-
capitated. Before decapitation, blood samples were col-
lected from the jugular vein of rats under general anes-
thesia using a syringe with heparin as an anticoagulant
and centrifuged at 6000 rpm for 10 minutes to separate
plasma. The brain, pancreas, and liver were isolated,
and washed in distilled water. All experimental sam-
ples were stored in a refrigerator at -20°C until use.

Preparation of homogenates

Each of the brain, pancreas, and liver tissues were
weighed and homogenized using a Potter-Elweheim
homogenizer in 1 mM EDTA and 5 mM DTT contain-
ing K-Na-phosphate buffer (pH 8.4) at a ratio of 1:9
(weight/volume). The homogenates were centrifuged at
10.000 rpm for 20 minutes. The supernatants were kept
in the refrigerator at - 20°C until assay.

Enzyme assay

Glutaminase (GLS) activity was determined by the
modified phenol-hypochlorite colorimetric method of
Chaney and Marbach measuring the amount of liber-
ated ammonia in the reaction of catalyzed enzymat-
ic deamination of Gln [25]. The assay mixture in the
volume of 0.4 ml contained 80 mM K-Na-phosphate
buffer (pH 8.4) and a homogenate sample under study
(20-100 pg protein). The enzymatic reaction was start-
ed by the addition of 0.1 m110 mM Gln and the mixture
was incubated for 40 min at 37°C. Then, per 1 ml each of
phenol-nitroprusside and hypochlorite reagents were
added and after 15 minutes incubation, the absorbance
at 630 nm was registered. Ammonium sulfate solution
was used as a standard. The enzyme activity was ex-
pressed in pmol of released ammonia per minute (IU)
per mg of protein in the test mixture [26].
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Glutamate decarboxylase (GAD) activity was eval-
uated by the modified colorimetric assay [27]. GAD
catalyzes a-decarboxylation of L-glutamic acid (Glu) to
GABA and needs pyridoxal 5’-phosphate (PLP) as a co-
factor. The enzymatic decarboxylation of Glu proceeds
with the release of CO, accompanied by the irreversible
incorporation of a proton and GABA formation. The
increase of pH due to the consumption of protons at
the proceeding of the GAD-catalyzed reaction was de-
tected. To record the change in pH, bromocresol green
was utilized. Shortly, the 1980 ul reaction mixture
contained 20 mM acetate buffer, pH 4.8, 70 uM bro-
mocresol green, 10 mM PLP, and a sample under study
(20-100 pg protein). The enzymatic reaction proceeded
after the addition of 20 pl Glu from a 1 M stock solution
in 20 mM acetate buffer, pH 4.8. The absorbance of the
assay mixture was measured at 620 nm (Ao). Then, the
mixture was incubated at 37°C for 20 min and the opti-
cal absorbance was recorded again at 620 nm (Ay). The
enzymatic reaction rate is calculated from the dA/dt,
where dA=(Ay-A), dt=20 min. Applying the extinction
coefficient for bromocresol green eg = 23.7 mM'cm™,
the Glu protonation was evaluated as an enzymatic ac-
tivity of GAD. It was expressed in IU per mg of protein
in the assay mixture [27].

Protein concentration

Protein concentration was evaluated using the
Coomassie Blue dye as described in [28].

Equipment

The spectral measurements were carried out at
25°C on the spectrophotometer Cary 60 (USA), using
quartz cuvettes with optical path of 0.5 or 1.0 cm.

Statistics

All data were analyzed using the GraphPad Prism
8.0.1 (244). Specific differences are examined using A
sample t-test and Ordinary one-way ANOVA (Multi-
ple comparisons). The data showing p-values of <0.05
were considered statistically significant. Results are
expressed as means+SEM.

Results

To studies experimental diabetes, the animals
were divided into three groups of 7-10 rats in each:
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1) Control, 2) STZ, 3) STZ+GSM. The glycaemic status
was controlled and the activities of the GLS and GAD
enzymes, participating in the synthesis of GABA, were
measured in the serum, brain, liver, and pancreas of all
three group animals.

Glucose level monitoring

In the animals of the control group, the mean
blood glucose level measured after overnight starva-
tion was 4.48+0.3 mM/L. In the animals of the STZ
control group (40 mg/kg STZ-induced diabetes), the
mean blood glucose level was 23.09+2.3 mM/L, which
was statistically higher compared to the healthy group
animals (p<0.0001) (Figure 2).

Glucose
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- |
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Control STZ STZ+GSM

Figure 2: Blood glucose levels in the Control, STZ-in-
duced diabetes animals (STZ) and the diabetic animals
treated with the GSM (STZ+GSM), (mean+SEM, n=7),
*%p<0.0001 vs. Control; **p=0.0024 vs. STZ; *p=0.01
vs. Control.

The present aimed to find out the therapeutic ef-
fect of GSM in animals with STZ-induced diabetes. For
this purpose, a part of diabetic animals was injected
with GMS (Asn/Gln/Ala/EOS in ratio 2/2/1/2, total con-
centration 35 mg/mL). Figure 2 demonstrates that a
5-day daily injection of 0.5 ml mixture per 100g animal
weight lowered the blood glucose level in the STZ+GSM
group animals down to 12.94+2.03 mM/L. This glucose
level is of statistical significance lower compared with
the animalsin the diabetic, STZ group (p=0.0024), how-
ever, remaining to be higher than in the healthy ani-
mals of the Control group (p=0.01).
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GLS Activity

It is believed that neuroactive GSM can promote
the regeneration of damaged B-cells, and their prolif-
eration, and enhance the synthesis and release of in-
sulin [11, 24]. Figure 3 A shows the effect of the studied
GSM on GLS activity in the blood plasma of rats. The
40 mg/kg STZ injection significantly increased not
only blood glucose level but also GLS activity. It was
statistically higher in blood plasma samples of diabetic
rats compared with the Control (78+6 IU/mg of protein
in animals of the STZ group and 26+3 IU/mg in animals
of the Control group p<0.0001). A 5-day injection of the
GSM led to the diminishing of the GLS activity down
to 46+5 IU/mg, (p=0.002), while remaining statistical-
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ly higher compared to healthy animals in the Control
group (p=0.038).

GLS is one of the key enzymes regulating GABA
levels in pancreatic cells, which is important for the
functioning of islet cells in the synthesis and secretion
of insulin [29]. Figure 3 B shows the effect of STZ-in-
duced diabetes and the studied GSM on the activity of
GLS in rat pancreatic homogenates. In the STZ group, a
1.5-fold increase in pancreatic GLS activity was record-
ed compared to the healthy Control group (220+20 and
150+201U/mg, respectively, p=0.04). A daily injection of
the GSM for 5 days diminished GLS activity in the pan-
creas down to 170+20 IU/mg (p=0.16). This difference
is not significant but is notable that the GLS activity in
the STZ+GSM group became closer to the value in the

Pancreatic tissue
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Control STZ STZ+GSM
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Figure 3: GLS activity in the blood plasma (A), pancreatic (B), brain (C), and liver (D) homogenates of rats in the

Control, STZ, and STZ+GSM groups (M+SEM, n=7).
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pancreatic homogenate of the Control group animals
(p=0.73).

Figure 3 C shows the effect of GSM on GLS activity
in rat’s brain homogenates. The STZ administration
decreased GLS activity in rat brain homogenate in a
statistically significant manner from 83+2 IU/mg in
the Control to 713 IU/mg in the STZ group (p=0.04).
For 5 days, daily injection of GSM led to an increase in
the GLS activity in the STZ+GSM group to 86+3 IU/mg,
which is significantly higher than the activity in the
STZgroup (p=0.007), and closer to the value in the brain
homogenate of animals in the Control group (p=0.72).

Figure 3 D shows the effect of diabetes induction
and GSM on the activity of GLS in rat liver homogen-
ates. In this case, injection of STZ resulted in a slight
increase in the activity of GLS in rat liver homogen-
ates from 52+6 [U/mg in Control to 59+5 IU/mg in STZ
group (p=0.72). A 5-day injection of the GSM resulted
in a 1.37-fold increase in GLS activity in the STZ+GSM
group up to 81+7 IU/mg (p=0.046). This GLS activity is
1.6-fold higher than in the Control group (p=0.009).

Glutamate Decarhoxylase (GAD) Activity

The equilibrium between L-Glu and GABA is regu-
lated by the enzyme GAD which catalyzes the removal
of the a-carboxyl group from L-Glu to produce GABA
and CO,. Inhibition/activation of GAD activity both in
vitro and in vivo is under close attention by a number
of researchers [30]. A five-day injection of the studied
GSM led to a decrease in enzyme activity by 18.8% in
the brain, 14.14% in the liver, and 20.5% in the pancreas
(Table1).

Discussion

GABA is a non-proteinogenic amino acid and neu-
rotransmitter, which is produced in the islets at levels
comparable to those in the brain. It is synthesized by
the enzyme GADS65, the major autoantigen in type 1 di-
abetes. When released, GABA influences the activity

of multiple islet cell types through its receptors. Being
an inhibitory neurotransmitter in the central nervous
system of humans, GABA is also known for its antidi-
abetic activity. However, while the function of GABA
in the nervous system is well understood, the role of
the islet GABA system is unclear due to dissimilarities
in describing reports [15]. The present study aims to
contribute to the elucidation of the mechanism of par-
ticipation of the islet GABA system in the pathology of
diabetes and the possibility of improving the course of
the disease using this system.

Islet GABA levelsarereduced in both typeland type
2 diabetes. The reason for this reduction is unknown,
but the deficiency of islet GABA correlated with the
pathogenesis of diabetes and led to alpha, beta, and del-
ta cell dysfunction. Understanding the role of GABA in
the pathology of diabetes may explain how GABA con-
tributes to the islet dysfunction that accompanies all
forms of diabetes.

GABA is known to be useful in treating diabetes,
because it prevents the destruction, stimulates the pro-
liferation and regulates the mass of pancreatic -cells,
and promotes the synthesis and release of insulin [3].
Earlier, Prof. R.G. Kamalyan proposed and successful-
ly tested the mixture, containing GABA, Ala, and Gln,
as well as the EOS to prevent the metabolism of GABA.
This mixture showed an antidiabetic effect in the allox-
an diabetes model in rats [11].

To elucidate the biochemical mechanisms contrib-
uting to the GABA-associated antidiabetic effects, the
present study tested a GABA-supporting mixture (GSM)
consisting of Asn, Gln, Ala, and EOS. The activity of the
GLS and GAD enzymes involved in GABA synthesis was
compared in tissue homogenates of the brain, pancre-
as, and liver of rats with STZ-induced diabetes, with
and without the injection of GSM. It was found that the
development of diabetes mellitus leads to a significant
increase in the activity of the GABA-synthesizing en-
zyme GAD in homogenates of all studied tissues com-
pared to those in healthy animals. A 5-day injection of
the studied GSM resulted in a significant decrease in
GAD activity in all homogenates, shifting the increased

Table 1: GAD activity (IU per mg protein) in organ homogenates of animals in the Control, STZ, and STZ+GSM

groups (M+SEM, n=7).

Tissue (n=7) Control STZ p vs. control STZ+GSM p vs. control pvs.STZ
Brain 783+23 1022+34 ***p=0.0001 829+33 p=0.56 **p=0.001
Liver 643+33 804+15 **p=0.003 690+35 p=0.49 *p=0.034
Pancreas 793+34 1079455 **p=0.002 857+58 p=0.64 *p=0.016
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values closer to the control ones (Table 1). Thus, the last
reaction of the classical pathway of GABA synthesis
from Glu (Figure 1) was impaired due to the develop-
ment of STZ-induced diabetes but is normalized by the
object of our study, GSM.

Glu, a precursor for the biological synthesis of
GABA, is formed in the GLS-catalyzed reaction of GIn
catabolism with the release of ammonia (Scheme 1)
[31]. The activity of GLS increased significantly in
the pancreatic homogenate of animals with diabetes
(p=0.04 vs. Control). The injection of GSM reduced it
to a level noticeably closer to the control value (p=0.73)
(Figure 3 B). Our study showed a significant decrease in
GLS activity in diabetic rat brain homogenate. A 5-day
injection of GSM brought this parameter closer to con-
trol values (Figure 3 C). Hence, in the brain and pan-
creas GSM injection normalizes GLS activity shifted by
the development of diabetes.

In contrast to these organs, GLS activity in the
liver increased only slightly in diabetic animals, con-
firming the results reported by Vijay with colleagues
and Squires with colleagues [31, 32]. Surprisingly, GSM
injection significantly increased GLS levels compared
to both control and STZ cases (Figure 3 D). This obser-
vation can probably be interpreted as a promotion by
GSM in the contribution of GLS to the enhancement of
GABA by increasing its precursor Glu in the liver.

We saw that the presence of GSM brought the stud-
ied activities of GABA synthesis enzymes closer to the
norm. Probably, the alternative pathway proposed
by Prof. Kamalyan also works in the case of our GSM,
when Gln is synthesized from the added Asn, and then
GABA-amide is formed from Gln, resulting in the syn-
thesis of GABA (Scheme 1, dotted paths). Besides, the
injection of a mixture containing the GABA transam-
inase inhibitor EOS, which interferes with GABA me-
tabolism, together with the GABA homolog Ala, pre-
sumably increases the concentration of GABA in the
rat tissues, providing a decrease in blood glucose levels.

Conclusion

Based on the results of the research, we can con-
clude that the studied GSM along with a significant
hypoglycaemic effect, is capable of restoring the activ-
ity of GLS and GAD, reduced in animals with diabetes
caused by STZ. Considering that increased GABA lev-
els are known to be beneficial in diabetes treatment,
we hypothesize that the new GABA-support mixture
may serve as an additional approach in the treatment

© 2024 The Authors
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of DM. Further studies are needed with longer-term
monitoring and possibly varying the ratios of the mix-
ture components.
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