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ABSTRACT γ-Aminobutyric acid (GABA) is a non-protein 
amino acid that is widely distributed in plant and animal 
kingdom. GABA is found in tissues of the central nervous 
system (CNS) in animals. GABA functions as a the major 
inhibitory neurotransmitter in the CNS by acting through the 
GABA receptors. Clinical studies have revealed the relationship 
between an increased intake of GABA or analogues with several 
health benefits, including lowering of blood pressure in mildly 
hypertensive animals and humans. Furthermore, GABA would 
also has an inhibitory effect on cancer cell proliferation, stimulates 
cancer cell apoptosis and plays a role in alcohol-associated 
diseases and schizophrenia. In plants, interest in the GABA emerged 
mainly from experimental observations that GABA is largely 
and rapidly produced in large amounts in response to biotic and 
abiotic stresses. In this study, we speculated the properties and 
metabolism of GABA in plant and functions in relation to the 
responses to environmental stresses.
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GABA, a four-carbon non-protein amino acid, is a major 
component of the free amino acid pool and widely distribute in 
prokaryotic and eukaryotic organisms. GABA has an amino 
group on the γ-carbon rather than on the α-carbon, and exists 
in an unbound form. It is highly soluble in water; structurally it 
is a flexible molecule that can assume several conformations 
in solution, including a cyclic structure that is similar to proline. 
GABA is zwitterionic(carries both a positive and negative 
charge) at physiological pH values(Deborah, et al., 2004). In 
plant, GABA has been treated merely as a metabolite for decades, 
but the recent evidence points towards a new possible role of 
GABA as a signal molecule in response to various stress. The 
interest in GABA shifted to animals when it was revealed that 
GABA occurs at high levels in the brain, playing a important 
role in neurotransmission. Clinical studies have related increased 

intake of GABA or analogues to several health benefits, including 
regulation of blood pressure and heart rate, and alleviation of 
pain and anxiety(Mody et al., 1994). GABA is implicated in a 
number of neurological disorders including epilepsy, depression, 
anxiety, Alzheimer’s disease, Parkinson’s disease, schizophrenia 
and Huntington’s chorea(Deborah, et al., 2004). Furthermore, 
GABA would also have an inhibitory effect on cancer cell proliferation, 
stimulate cancer cell apoptosis(Oh, & Oh, 2004), and play a 
role in alcohol associated diseases and schizopherenia(Caputo, 
Vignoli, Maremmani, Bernardi, & Zoli, 2009; Oh & Oh 2003). 
Recent studies show that GABA is also a strong secretagogue 
of insulin from the pancreas and effectively prevents diabetes 
(Adeghate & Ponery, 2002; Hagiwara et al.,2004). 

Nowadays, there is a growing interest in natural, minimally 
processed, nutritional and healthy foods. A plant-based diet, 
focussing mainly on whole grains, has become one of the most 
important guidelines for lowering the risk of chronic human 
diseases(Lawrence & Machlin, 1995). Public interest in nutraceutical 
foods has led to investigations by biochemical technology to 
enhance nutritious compositions in cereals and fermentation food. 
Although, enough amount of GABA is secreted naturally, 
there are various obstracles e.g. excess ingestion of estrogen, 
salicylate and food additives, low-protein diet, deficiency of 
zinc and vitamin B. Inspite of the supplement quantity of GABA 
is 500-3000 mg/day, the amount of GABA in cereals is 1-4 
mg/100 g in rice, 4-8 mg/100 g in brown rice and 10-100 mg/g 
in germinated brown rice(BioWave, 2007). To increase amount 
of GABA in plant, various methods has been applied..

 It was discovered in plants more than half a centrury ago 
(Steward, 1949) and the pathway, called GABA shunt, was 
first reported in potato(Solanum tuberosum) tuber(Dent et al., 
1947). The pathway starts with the decarboxylation of glutamate 
by gultamate decarboxylase(GAD) to produce GABA and CO2 
in the cytosol. GABA is then presumably transported to the 
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Fig. 1. The γ-aminobutyric aicd(GABA) shunt metabolic pathway
and its regulation in plants. The glutamine-sysnthetase/ 
glutamate-synthase(GS/GOGAT) cycle is the principal 
nitrogen assimilation pathway into glutamate and amino
acids in plants. The glutamate dehydrogenase(GDH) is 
thought to function primarily in glutamate catabolism 
but can also function in the opposite direction. The GABA
shunt is composed of three enzymes (purple). Glutamate
decarboxylase (GAD) is a cytosolic enzyme regulated(green)
by the Ca2+/calmodulin(CaM) complex, which catalyses
the irreversibl decarboxylation of glutamate to produce
GABA. GABA is transported into the mitochondria, where
it is converted into succinic semialdehyde by GABA 
transaminases using either α-ketoglutarate(by GABA-TK)
or pyruvate(by GABA-TP) as amino acid acceptors. 
Succinic semialdehyde is then reduced by succinic semialdehyde
dehydrogenase(SSADH) to form succinate, which enters
the tricarboxylic acid(TCA) cycle. Both ATP and NADH
can inhibit the activity of the SSADH enzyme(green). 
The succinyl-CoA ligase and the α-ketoglutarate dehydrogenase
(α-KGDH) are two enzyme(pink) of the TCA cycle 
bypassed by the GABA shunt and sensitive to oxidative
stress. Succinic semialdehyde can instead be reduced 
to γ-hydroxybutyric acid(GHB) via a succinic semialdehyde
reductase(SSR) localized in the cytosol in animal cells 
and possibly in plants as well. In mammals, GHB is 
thought to be a neurotransmitter, whereas its role in 
plants in unkwon(Ref from Fig 1. Nicolas Bouche and 
Hillel Fromm, 2004).

mitochondria by an as yet unidentified GABA transporter, 
where it is converted to succinic semialdehyde(SSA). The 
presence of GAD activity and GABA in plants was first detected 
at least half a century ago(Satyanarayan and Nair, 1990; Bouche 
and Fromm, 2004). The pathway is composed of the cytosolic 
enzyme GAD and the mitochondrial enzymes GABA transaminase 

(GABA-T) and succinic semialdehyde dehydrogenase(SSADH). 
The regulation of this conserved metabolic pathway seems to 
have particular characteristics in plants.

In response to environmental stresses, GABA production 
often increases so much that cellular levels of this non-protein 
amino acid exceed that of amino acid involved in protein 
synthesis(Shelp et al., 1999; Kinnersley, 2000). This situation 
also has been reported in drought-stressed cotton(Hanower 
and Brzozowsak, 1975), heat-stressed cowpea cells(Mayer et 
al., 1990), and soybeans subjected to cold stress and mechanical 
damage(Wallace et al., 1984).

In 1990s reviews have opinions that functions of GABA 
shunt associated with pH regulation, N storage, plant development, 
plant defense, and a role in carbon metabolism(Bown and Shelp, 
1997; Satya Narayan and Nair, 1990). A couple of year later, it 
was suggested that GABA could function as an osmolyte and 
mitigate water stress(Shelp et al., 1999)

Metabolism of GABA

As mentioned above, GABA metabolism can described by 
GABA shunt, simply. The first step of this shunt is the direct 
and irreversible α-decarboxylation of glutamate by glutamate 
decarboxylas(GAD). GAD is specific for L-glutamate, pyridoxal 
5’-phosphate-dependent, inhibited by reagents known to react 
with sulfhydryl groups, possesses a calmodulin-binding domain. 
In E. coli GAD activity is stimulated by low pH with maximal 
activity at 3.8. A function of GAD in E. coli appears to be the 
control of cellular pH. For nearly 20 years, plant GADs were 
thought to function by reducing cellular acidosis in a manner 
similar to bacterial GADs(Reggiani et al., 1988: Satya Narayan 
and Nair, 1990: Snedden et al., 1992). This hypothesis was 
based on observations that: (1) all plant GADs have maximal 
activity in the acidic range, at approximately pH 5.8; (2) elevated 
GAD activity has been identified in tissues with low cytoplasmic 
pH; and (3) the synthesis of GABA consumes a proton and 
raises pH. exhibits a sharp acidic pH optimum of～5.8, and 
12% of maximal activity at pH 7.0. 

There are two independent investigation to support the 
proposal that stress-induced GAD synthesis can contribute to 
pH regulation(Tsushida and Murai, 1987; Reggiani et al., 1988; 
Snedden et al., 1992). That investigations monitored changes 
in cytosolic pH and rates of GABA accumulation. A fluorescent 
pH probe and an enzymatic assay for GABA were employed 
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Table 1. Stress-Related Kinetics of GABA Accumulation in Plants

Plant Stress GABAa % 
of Control Time Ref

Asparagus cells Acidosis 300 15s Crawford et al., 1994
Soybean leaves Mechnical damage 1800 1min Ramputh and Bown, 1996
Soybean leaves Mechanical damage 2700 5min Wallace et al., 1984
Soybean leaves Cold(6℃) 2000 15min Wallace et al., 1984
Asparagus cells Cold(10℃) 200 4h Cholewa et al., 1996
Radish leaves Anoxia 10,000 12h Streeter and Thompson, 1972

Tea leaves Anoxia 4,000 24h Tsushida and Murai, 1987
Rice root Anoxia 750 24h Aurisano et al., 1995

Rice shoot Anoxia 1,000 24h Aurisano et al., 1995
Cowpea cells Heat 1,800 24h Mayer et al., 1990
Bean leaves Drought 200 3d Raggi, 1994

Turnip leaves Drought 1,000 3d Thompson et al., 1996
Tomato root Salt 200 4d Bolarin et al., 1995

Tomato leaves Salt 300 5d Bolarin et al., 1995
Tomato leaves viral 130 13d Cooper and Selman, 1974

a for each stress the time to reach the greatest reported GABA accumulation relative to unstressed controls
Ref. from Table 1. Alan M. Kinnersley & Frank J. Turano, 2000

to measure cytosolic pH changes and GABA accumulation in 
photosynthetic asparagus cells exposed to permeant weak 
acids. A cytosolic pH decrease of 0.6 occurred with a half-time 
of 2 sec, and 200-300% increase in GABA levels was observed 
within 15 sec. 

The second enzyme involve in the GABA shunt, GABA 
transaminase(GABA-T), catalyses the reversible conversion 
of GABA to succinic semialdehyde using either pyruvate of α
-ketoglutarate as amino acceptors. Use of the former leads to 
alanine production, whereas the latter leads to Glu formation 
and thus would potentially set up a futile cycle, since at least 
part of the Glu recycled by the transamination of GABA 
would eventually feed back into the GABA shunt.

The last step of the GABA shunt is catalysed by succinic 
semialdehyde dehydrogenase(SSADH), irreversibly oxidizing 
succinic semialdehyde to succinate. The partially purified 
plant enzyme has and alkaline pH optimum of～9; 

Control of GABA accumulation is mediated primarily via 
GAD, decreased catabolism by GABA-T and SSADH cannot 
be ruled out. In vitro activity ratios of GAD:GABA-T are 
15-20: 1, and GABA-T and SSADH have much higher in vitro 

pH optima than GAD. This suggests that GABA-T restricts 
GABA metabolism in vivo, contributing to GABA-T accumulation. 
Under conditions that influence the cells energy status, such as 
hypoxia, it is possible that a decrease in the NAD: NADH ratio 
might limit or cause competitive inhibition of SSADH activity(Shelp 
et al., 1995). The resultant succinic semialdehyde accumulation 
might, in turn, inhibit GABA-T activity. but, more information 
is needed on the role of GABA-transaminase and succinic 
semialdehyde dehydrogenase. 

Mechanisms of GABA Accumulation

The first report of a dramatic increase in GABA accumulation 
in response to stress was made by Naylor and Tolbert(1956). 
By feeding C14 labeled glutamic acid to barley leaves, the effects 
of oxygen deprivation on glutamate metabolism were determined. 
Under aerobic conditions 32.2% of the C14 was recovered from 
glutamine and 1.4% from GABA. Under anaerobic conditions, 
only 0.6% of the C14 was found in glutamine and 32.3% was 
recovered from GABA. Table 1 have been selected to illustrate 
the GABA accumulation induced by different stresses over 
time. As showed in Table 1 the time period available to elicit 
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Fig. 2 . Proposed roles of GABA in plant stress responses. Hypothetical
pathways by which GABA may function as a cellular 
barometer and transduce of environmental stress signals. 
The nature and severity of stress in sensed through cellular 
changes in Ca2+ and /or H+ that activate GAD(shaded) 
producing GABA. GABA binds to a GABA-like receptor, 
which releases Ca2+ from an intracellular store (a). An 
increase in cytosolic Ca2+ amplifiesthe Ca2+/CaM stress 
response signal and induces stress response genes(cold 
acclimation/anoxia). GABA-like receptors may also be involved
in acquisition of minerals (b) that activate enzymes in stress-related
metabolic pathways. GABA-mediated activation of genes 
for ethylene biosynthesis (c) induces physiological responses
associated with “stress” ethylene. Non-signaling stress -related
roles for GABA (d) include possible functions as an osmolyte,
as and insect deterrent and within mitochon-dria GABA catabolism
may provide carbon skeletons to replenish carboxylic 
acids depleted as a result of stress-related metabolism.(Ref 
from Figure 7., Alan and Frank, 2000)

effective stress responses against animal feeding, frost of 
flooding is likely to be shorter than that to protect plants from 
heat, drought, or salt stress. Differences in patterns of GABA 
accumulation may reflect differences in stress-related metabolism.

Calcium/Calmodulin

Glutamate decaboxylase(GAD) catalyzes the formation of 
GABA from glutamic acid and is activated by increases in the 
cytosolic concentration of H+ or Ca2+(Ramputh and Bown, 1996). 
Cytosolic levels of Ca2+ are elevated in response to cold shock, 
heat shock, salinity, drought, touch, and osmotic stress(Sanders 
et al., 1999). Increased cytosolic Ca2+ forms complexes with 

calmodulin(CaM) and Ca2+/CaM activates GAD in the physiological 
pH range. Anoxia causes cytosolic acidosis(Aurisano et al., 
1995), giving the greatest increases in GABA accumulation. 
Mechanical damage that ruptures vacuolar membranes will 
release organic acids into the cytosol, increasing cytosolic 
acidification and the likelihood of GAD activation. 

In plant, Ca2+ released by response of various environmental 
stress, and make complex CaM. This Ca2+/CaM stimulate the 
activity of GAD, but not by Ca2+ or CaM alone(Snedden et al., 
1995; 1996; Turano and Fang, 1998; Yun and Oh, 1998). This 
found suggest that GAD and GABA is part of signal transduction 
pathway when plant exposed to stress. Differently from other 
kingdom, GADs of plant have 22～25 additional amino acid 
at C-terminal. These domains have been shown to be sufficient 
for the binding of CaM in the presence of Ca2+. The hypothesis 
that GABA functions as a signaling molecule provides a plausible 
explanation for the existence of a CaM-BD on the enzyme 
responsible for its biosynthesis. It is likely that the CaM-BD 
provides a mechanism for the control of GABA biosynthesis 
at physiological pH(Alan and Frank, 2000). Ca2+/CaM-dependent 
stimulation provides several levels of control for the activation 
of GAD activity and thus GABA accumulation. One level of 
control is stress-induced release of Ca2+ into the cytosol that 
can be from various sources, e.g., apoplast, vacuole, and mitochondria. 
Recent studies have shown that there may be stress-specific 
routes of Ca2+ into the cytosol. For example, anoxia has been 
shown to release mitochondrial Ca2+ into the cytosol(Subbaiah 
et al., 1998), while wind and cold shock produce Ca2+ signaling 
pathways that are predominantly in the nucleus and cytoplasm, 
respectively(van der Luit et al., 1999).

GAD in acidosis

Various reports for nearly 20 years, stress-induced GABA 
synthesis results from cytosolic acidosis and the consequent 
activation of GAD, and GADs were thought to function by 
reducing cellular acidosis in a manner similar to bacterial 
GADs(Davies, 1980; Tsushida and Murai, 1987; Reggiani et 
al., 1988, Satya Narayan and Nair, 1990; Snedden et al., 1992; 
Crawford et al., 1994).

The pH optimum for E. coli is approximately 3.8(Shukuya 
and Schwert, 1960), in fungi it is 5.0(Hao and Schmidt, 1991) 
for plants it is 5.8(Snedden et al., 1996), and mammal GADs 
have pH optima of 7.0(Wu et al., 1974). These data suggest 
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Fig. 3. Biphasic regulation fo GAD activity. At physiological pH, 
stress-induced increases in cellular Ca2+ complex with 
CaM and GAD is activated by Ca2+/CaM. Intracellular 
stores of Ca2+ release Ca2+into the cytosol further amplifying
the stress response. Below pH 6.8, acid pH activates GAD 
with a pH optima at 5.8 at which GAD activity is 3 to 9 
times higher that at 7.3 in the presence of Ca2+/CaM. (Ref 
from Figure 4. Alan and Frank, 2000.)

two hypotheses (1) there was strong selective pressure in 
mammals against acidic pH stimulated activity and (2) there 
was strong selective pressures to maintain the acidic pH stimulation 
of GAD in plants and other organisms(Alan and Frank, 2000). 
It’s difficult to prove above hypotheses, but there are data to 
support for latter one. First, in lower organisms, such as bacteria, 
GAD does play a role in protection against low pH(Castanie 
-Cornet et al, 1999), so there is a biological rationale for functional 
acidic pH-stimulated activity. Second, there are examples of 
decreases in cytosolic pH due to biotic stresses(Aurisano et 
al., 1995A, Roberts et al., 1984; Roos et al., 1999) and examples 
of acidic pH-dependent activation of various enzyme and 
protein systems in plants(Togniloli and Basso, 1987). Third, 
there are data to support acidic pH stimulation of plant GADs 
(Ramputh and Bown, 1996; Crawford et al., 1994), coupled 
with the occurrence of maximal GAD activity at pH 5.8, in 
purified preparations of the enzyme(Snedden et al., 1995; 
1996) and in the absence of Ca2+/CaM. In fact, GAD activity at 
5.8 is 3 to 9 times higher than activity at 7.3 in the presence of 
saturation Ca2+ and CaM(Snedden et al., 1995; 1996).

BI-phasic Control
It’s clear that GAD activity has been linked to increases in 

cytosolic Ca2+ concentrations, and has been associated with 
decreases in pH. There are suggest that plants have bi-phasic 
control to the response of environmental stresses. From results 
of several investigations Alan and Frank(2000) divided the 
stimulation of GAD activity into two phases based on Ca2+/CaM 
-dependent(Phase I) and acidic pH-dependent(Phase II) activity. 
Each phase may occur continuously or both phases may occur 
as distinct events in no predetermined order, depending on the 
factors discussed above. The stimulation of GAD by Ca2+/CaM 
in Phase I may serve as a rapid or initial response to stress and 
/or a response to a mild or transient stress. As cytosolic pH 
decreases due to the extended duration and/or severity of the 
stress, then GAD activity could be stimulated by acidic pH in 
a Ca2+/CaM-independent manner in Phase II. However, if the 
stress were transient and/or mild, Phase II may not be reached 
and the cells would revert to normal metabolism directly from 
Phase I. Alternatively, under severe conditions Phase II may be 
the only type of control(pH-dependent) of GAD activity. This 
is likely under conditions of severe anoxia where pH approaches 
6.0, after exposure to a bacterial elicitor that decreases cytosolic 
pH, or where cellular damage results in disruption of vacuolar 
membranes releasing acids into the cytosol. but this is not 
clear at this time, and there is a need for continued research to 
determine the factors that may contribute to acidic pH-stimulated 
GAD activity and to the factors that interact with Ca2+/CaM 
-dependent stimulation of GAD activity. 

Conclusion

GABA accumulation occurred in responds of biotic-abiotic 
stresses. In metabolism and mechanism, GABA accumulation 
related GAD activity, and GAD activity associated with signal 
molecules Ca2+ complex and CaM, also with decreased pH(acidosis). 
Although various results lead us step forward to understand 
the process, it is not yet clear how the factors contribute to both 
phases and these phases interrelate.
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