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Hu et al.: Biomarkers and Metabolic Pathways of Gamma-Hydroxybutyric Acid

Gamma-hydroxybutyric acid is a kind of endogenous short-chain organic fatty acid, which has pharmacological 
effects such as euphoric and sedative, but its clinical use is strictly limited due to its high toxicity and easy 
addiction. In recent years, gamma-hydroxybutyric acid has been abused significantly and even used in drug-
assisted crimes. It is difficult to identify gamma-hydroxybutyric acid because of its physiological presence in 
vivo and it has fast entry and exit characteristics. In vivo, gamma-hydroxybutyric acid is synthesized by the 
biotransformation of gamma-aminobutyric acid, gamma butyrolactone and 1,4-butanediol, and is metabolized 
through the gamma-hydroxybutyric acid-gamma-aminobutyric acid, gamma-hydroxybutyric acid-succinic 
acid-tricarboxylic acid cycle, alpha- and beta-oxidation of gamma‐hydroxybutyrate, and xenobiotic metabolism 
of gamma-hydroxybutyric acid. A variety of gamma-hydroxybutyric acid metabolism-related compounds 
are produced in the metabolic process, among which, 2,3-dihydroxybutyric acid, 3,4-dihydroxybutyric acid 
and glycolic acid are stable in urine, easy to identify and have a long detection window, which is expected 
to solve the difficult problem of gamma‐hydroxybutyrate identification. The biosynthesis, catabolism and 
metabolism-related markers of gamma-hydroxybutyric acid were systematically and comprehensively sorted 
out and summarized in order to provide theoretical reference for related studies on gamma-hydroxybutyric 
acid identification.
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Gamma (γ)-Hydroxybutyric acid (GHB) is a 
central nervous system inhibitory short-chain 
organic fatty acid with neurotransmitter and 
neuromodulatory functions[1], which is found in 
the brain of mammals, in tissues and organs such 
as the heart, kidneys, liver, skeletal muscle and 
brown fat[2]. In 1960, GHB was first synthesised 
by French scientists and used as an anaesthetic[3]. 
In 1970s and 1980s, GHB was reported to 
increase the release of growth hormone and was 
used by body-builders as a dietary supplement to 
steroids[4]. After 1990, GHB was used as a sleep aid 
and recreational drug. Subsequently it was found 
that users of GHB were prone to toxic reactions 
and even dependence and withdrawal symptoms 
with prolonged use, so GHB gradually lost its 
medical value. However, because of its euphoric 
and sedative pharmacological effects, GHB has 
tended to be abused in recent decades[5]. The use 

of GHB is particularly evident in drug-assisted 
sexual offences. As a result, GHB was banned in 
the United States in 1990 and was classified as 
a Schedule I controlled substance by Food and 
Drug Administration (FDA) in 2000, followed 
by European countries. In 2007, GHB was placed 
under control as a class I psychotropic substance in 
China, and in 2021, its precursor, γ-Butyrolactone 
(GBL), was also placed under control as a chemical 
subject to drug control. Although GHB abuse is 
less reported than other substances of abuse, the 
number of people using it as a recreational pastime 
is increasing[6]. A comparison of the relative 
propensity to abuse triazolam, pentobarbital 
and GHB showed that it had the highest rate of 
overdose-induced intoxication, although the level 
of abuse was some-where between the first and 
second[7]. Additionally, because GHB is naturally 
present in the body and is rapidly metabolized, its 
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detection in blood and urine takes only 6 h and 12 
h, respectively[8]. As a result, GHB identification is 
often difficult to distinguish from its endogenous 
origin and rationalise its findings[9]. Currently, the 
study of biomarkers related to GHB metabolism 
is a hot topic in forensic toxicology research, 
and a large body of literature has focused on 
this aspect of research, and some progress has 
been made. The study of biomarkers requires the 
identification of the biometabolic pathways of 
GHB in vivo in order to establish the theoretical 
relationship between biomarkers and GHB blood 
concentrations. However, the current studies 
on GHB biometabolism are scattered, however 
due to the lack of systematic and comprehensive 
theoretical studies, this paper attempts to 
comprehensively sort out and summarize the major 
items of GHB in order to outline the complete 
biometabolic pathways and markers of GHB in 

vivo, and to lay a solid theoretical foundation for 
GHB identification-related studies.

FORMATION MECHANISM OF MDR
The formation mechanism of MDR is complex, 
which mainly includes transmembrane 
transporters such as Permeability-glycoprotein 
(P-glycoprotein), MDR Protein (MRP) and Lung 
Resistance Protein (LRP) mediated drug effective 
mechanism, abnormal enzyme activity mediated 
MDR, enhancement of Deoxyribonucleic Acid 
(DNA) repair function, increased apoptotic 
resistance, increased protein kinase C activity, 
MRP overexpression, etc.[7]. The main mechanism 
of cancer MDR is shown in fig. 1, and the key 
signaling pathways to overcome MDR through the 
regulation of natural drug derived components are 
shown in fig. 2.

Fig. 1: GHB biosynthesis and catabolic pathways in vivo
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Fig. 2: GBL, 1,4-BD is biotransformed to produce GHB in vivo

sedation and narcotic sleep, and >4 g may produce 
serious consequences such as coma and respiratory 
depression[14,15]. The mechanism of GHB 
intoxication mainly inhibits central nervous and 
respiratory system functions and less frequently 
affects cardiovascular and gastrointestinal system 
functions[16].

IN VIVO BIOSYNTHETIC PATHWAYS

GABA biosynthesis of GHB in vivo:

In the physiological state, endogenous GHB in 
humans is mainly produced by the metabolism 
of GABA[17] (fig. 1). In vitro experiments 
have confirmed that experimental mouse brain 
homogenates can convert glutamate to GHB. 0.125 
% of glutamate was converted to GHB within 60 min 
when the concentration of glutamate in the brain of 
experimental mice was 10-3 M, at which point the 
GHB concentration was approximately 10-6 M[18]. 
In this process, Glutamic Acid Decarboxylase 
(GAD) is a key enzyme in the metabolism of 
glutamate to GABA, which has a very similar 
distribution to GABA in vivo and is found not 
only in brain but also in the non-neural peripheral 
tissues such as the liver, kidney and pancreas[19]. In 
the GABA metabolic bypass, glutamate in the brain 

MOLECULAR STRUCTURE AND 
PHARMACOLOGICAL TOXICITY 
PROFILE
The molecular structure of GHB is similar to that 
of γ-Aminobutyric Acid (GABA), with only one 
hydroxyl group replacing one of the amino groups 
of GABA, with the structural formula HO-CH2-
CH2-CH2-CH2-COOH. GHB exists in pure form as 
a colourless, odourless liquid or as a white sodium 
salt crystal powder, often dissolved in water, 
beverages or alcohol[10]. The exact pharmacological 
effects and physiological metabolic mechanisms of 
GHB in humans have not yet been investigated[11].

It is generally accepted that GHB acts on GABAB 
receptors, some GABAA subtype receptors 
and GHB-specific receptors to produce its 
pharmacological effects[12]. GHB is a biphasic 
dose-dependent drug with toxic symptoms very 
similar to those of intoxication. Due to the steep 
dose-response curve and the narrow range of 
safe drug use, small dose deviations can cause 
toxic reactions[13]. Doses between 0.5 g and 1.5 
g can produce particularly stimulating, anxiety-
relieving and euphoric effects; doses up to 2.5 g 
can produce significant aphrodisiac and libido-
increasing effects; high doses can produce severe 
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remains unclear for the time being. Following 
intraperitoneal injection of [13C] GABA and [13C] 
1,4-BD in experimental rats, GBL was detectable 
in the brain although [13C] GBL was not detected, 
suggesting that GBL does not originate from GHB 
and not due to the metabolic production of GABA 
and 1,4-BD[26]. Thus, the substrate for in vivo 
endogenous GHB biosynthesis may be derived 
from GBL and 1,4-BD.

In the liver, Alcohol Dehydrogenase (ADH), the 
rate-limiting enzyme for the metabolism of 1,4-BD 
to GHB, plays a key role in the enzymatic reaction, 
but fomepizole has a significant inhibitory effect 
on ADH[28]. Disulfiram (DSF) reduces the reaction 
of 1,4-BD metabolism to GHB by 60 % and it 
does not completely inhibit the metabolism of 
1,4-BD suggesting that 1,4-BD production GHB 
has another enzyme involved which metabolises 
GHB aldehyde, which has since been identified as 
Acetaldehyde Dehydrogenase (ALDH)[29]. 1,4-BD 
is rapidly converted to GHB by the action of both 
ADH and ALDH (fig. 2). In vitro, 1,4-BD in rat 
brain homogenate cultures could also be converted 
to GHB, but pyrazole and DSF, which are the 
inhibitors of ADH and ALDH, could not block the 
conversion of 1,4-BD to GHB, suggesting that its 
conversion reaction in the brain may not be the 
same as that in the liver[30]. However, ethanol can 
competitively block the conversion of 1,4-BD to 
GHB in brain and liver, and some studies have 
found that the sedative and hypnotic effects of 1,4-
BD are mediated pharmacologically through its 
conversion to GHB in vivo[31]. GHB was not found 
in the striatal microdialysis fluid of experimental 
rats after intra-peritoneal injection of 1,4-BD 
preceded by fomepizole[32]. Thus, in the brain 1,4-
BD may not be converted to produce GHB.

A specific γ-lactonase, which is present in human 
and experimental rat blood and in rat liver 
microsomes in the form of a soluble protein, 
specifically hydrolyses aliphatic short-chain 
γ-lactones[33]. GBL is rapidly and completely 
absorbed after oral administration[34]. GHB is 
rapidly hydrolysed in vivo by γ-lactonase (fig. 
2), and this enzymatic reaction occurs only in the 
blood and liver, no similar enzymatic hydrolysis 
reaction is found in the brain[35].

In addition, Carter et al.[36] found that after direct 
intraventricular injection of GBL and 1,4-BD in 

cytoplasm is converted to GABA in the presence of 
GAD and Carbondioxide (CO2) is produced[20]. In 
the mitochondria of brain cells, GABA is produced 
in response to GABA-Transaminase (GABA-T), a 
pyridoxal-5'-phosphate-dependent cofactor, and 
Succinic Semialdehyde (SSA)[21]. The enzymatic 
degradation reaction has also been shown to be 
reversible[22].

The Nicotinamide Adenine Dinucleotide 
Phosphate Hydrogen (NADPH) dependent enzyme 
that converts SSA to GHB is located primarily in 
the cytoplasm of the brain. When SSA enters the 
brain cytoplasm it is reversibly converted to GHB 
by the enzymatic action of NADPH-dependent 
SSA Reductase (SSAR)[23]. In vitro experiments 
revealed that GHB could not be converted to SSA 
in the brain cytoplasm at pH 7.4, whereas trace 
amounts of GHB were converted to SSA at pH 
9.5 and with the involvement of NADPH[23], thus 
suggesting that the enzymatic conversion of SSA 
to GHB reversible reaction is dominated by the 
forward reaction. 

Although the biosynthetic precursor compound for 
GHB has been identified as GABA, indications 
are that GABA may not be the only precursor 
compound for GHB biosynthesis[24,25]. Because if 
GABA was the sole source of substrate for GHB 
biosynthesis, the regions of distribution of GABA 
and GHB in humans would be identical, but GHB 
concentrations in rat kidney and brown fat are 10 
times higher than GHB concentrations in brain[24] 
and the regions of distribution of GHB and GABA 
in the brain are also inconsistent, suggesting that 
GABA is not the only source of substrate for GHB 
biosynthesis[25]. 

Biosynthesis of GHB from GBL and 1,4-Butanediol 
(1,4-BD) in vivo:

In vitro, both GBL and 1,4-BD are relatively 
common industrial reagents that can be converted 
to GHB. Although the endogenous presence of 
these compounds has not been detected in humans, 
endogenous GBL and 1,4-BD has been detected 
in the brain and liver of experimental rats, 
respectively[26]. Bergelson et al.[27] suggest that 
this endogenous 1,4-BD in rat liver is actually a 
neutral diol ester produced by the metabolism of 
triglycerides in the liver. In addition, this neutral 
diol can also be produced in maize seeds and soil 
yeasts. However, the source of endogenous GBL 
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of GHB also converts D-glucuronide to L-gulonic 
acid, and the D-glucuronide catabolic pathway in 
turn directly regulates the catabolism of GHB[46]. 
When D-glucuronide and L-gulonic acid were 
injected into the body, respectively, the half-life 
of GHB in plasma and tissue cells was increased 
or decreased by 33 %, respectively, implying the 
existence of an enzymatic reaction other than the 
GHBDH reaction in the body to convert GHB 
to SSA[47]. In addition, when NADP+-dependent 
GHBDH activity was inhibited in the cytoplasm 
of experimental rat kidneys by specific antibodies 
or valproic acid, it was found that 50 % of [1-
14C] GHB could still be metabolized to 14 CO2, 
whereas the same specific antibody or valproic 
acid added to filtered mitochondrial debris from 
brain and kidney cells did not affect [1-14C] GHB 
catabolism to produce [14C] containing SSA and 
CO2

[48]. Since, this enzyme has been shown to be an 
oxidoreductase with HOT, which is mainly found 
in the kidney, liver and brain. It is found mainly in 
the mitochondria of cells such as the kidney, liver 
and brain[49]. HOT is a NAD+ or NADP+ cofactor-
independent oxidoreductase which is active only 
in the presence of both hydroxy and oxygenated 
acids. D-2-Hydroxyglutarate (D-2HG), or the 1st 
two compounds in the presence of both Kaufman et 
al.[49] and Struys et al.[50] confirmed the presence of 
HOT in human liver and fibroblasts was confirmed, 
and it was also found that the enzymatic activity 
was 5 times higher in the opposite direction when 
GHB and Alpha-Ketoglutaric acid (α-KG) were 
used as substrates to produce D-2HG and SSA. But 
only GHB could be produced in the presence of 
D-2HG and SSA as substrates, suggesting that this 
may be due to the inhibition of HOT activity by 
SSAR. In summary, endo- and exo-derived GHB 
can be metabolised in vivo to produce SSA by 2 
pathways, one through the action of GHBDH in 
the cytoplasm and the other through the action of 
HOT in the mitochondria.

GHB-GABA metabolic pathway: In the 
brain, GHB can be converted to GABA, but 
not via the GABA bypass pathway following 
the Tricarboxylic Acid (TCA) cycle, but rather 
by converting SSA to GABA in the presence of 
GABA-T (fig. 1). Vayer et al.[51] studied that the 
addition of (3H)-labelled GHB to in vitro cultures 
of rat cerebellar sections revealed that [3H]-GABA 
could be detected in the cultures, but the addition 
of SSA Dehydrogenase (SSADH) inhibitor did not 

adult male Sprague-Dawley (SD) rats where the 
rats’ behavior was not active. However, baclofen 
and GHB showed a dose-dependent reduction in 
behavioural reactivity regardless of intracerebral 
or peritoneal administration, further suggesting 
that GBL and 1,4-BD may not be converted into 
GHB in the brain. Thus, the enzymatic conversion 
of GBL and 1,4-BD to GHB occurs only in tissues 
other than the central nervous system.

GHB IN VIVO BIODEGRADABLE 
METABOLIC PATHWAYS AND THEIR 
ASSOCIATED BIOMARKERS

GHB biodegradable metabolic pathways: 

Exogenous GHB enters the body by a variety of 
routes, mainly through oral absorption into the 
bloodstream by the gastrointestinal system, but 
also partially through injection or inhalation into 
the lungs[37]. GHB enters the body and can be 
transported throughout the body via the erythrocyte 
membrane into the red blood cells[38], it can also 
cross the blood-brain barrier and enter the brain[39]. 
After entering the body it is rapidly broken 
down and metabolised, with <2 % of GHB being 
eliminated in the urine in its prototype state[40]. The 
catabolism of GHB in vivo is extremely complex 
and it is thought that there are 3 to 4 metabolic 
pathways due to which the exact metabolic pathway 
remains somewhat controversial[41,42].

SSA as a key intermediate in the metabolism 
of GHB: It is generally accepted that GHB 
catabolism is first converted to SSA by the action 
of GHB Dehydrogenase (GHBDH), which is the 
main metabolite of endogenous GHB degradation 
and metabolism in vivo[43]. The source of SSA 
in the mitochondrial matrix of liver and brain is 
threefold: From the extracellular gap into the inner 
mitochondrial membrane; conversion of GHB and 
ketoglutarate to hydroxyglutarate and SSA via 
Hydroxyacid-Oxoacid Transhydrogenase (HOT) 
and conversion of GHB to SSA by SSAR in the 
cytoplasm[20] (fig. 1). In hepatic mitochondria, 
GHB generates SSA via NAD(P)+-dependent 
oxidation of GHBDH[44]. GHBDH also has NADP+-
dependent D-glucuronide reductase (aldo-keto 
reductase 1A1) activity, which has been reported to 
be activated upon ingestion of high concentrations 
of exogenous GHB and accounts for 82 % of the 
total activity of GHBDH[45]. Thus, upon entry of 
exogenous GHB into the body, the dehydrolysis 
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has significantly inhibited their following use[47]. 
However, SSADH is the key enzyme in the GHB-
SA-TCA cycle metabolic pathway. When SSADH 
is inhibited, it can effectively block the metabolism 
of 2 central neuroinhibitory transmitters, GHB 
and GABA, in vivo, resulting in significant 
accumulation of GHB and GABA in vivo.

Patients with a rare genetic disorder, SSADH 
deficiency, also known as GHB aciduria, have 
significantly elevated levels of GHB in their 
blood and urine. The disease has been found to be 
caused by a defect in SSADH due to a mutation 
in the Aldehyde Dehydrogenase 5 family member 
A1 (ALDH5A1) gene, which encodes SSADH, 
resulting in a significant accumulation of GHB and 
GABA in the body due to impaired metabolism[57]. 
The impaired metabolism of GHB caused by 
SSADH deficiency further suggests the exact 
mechanism by which GHB is metabolized in vivo 
via the GHB-SA-TCA metabolic pathway.

α and Beta (β) oxidative metabolic pathways of 
GHB: In vivo, α or β oxidation of fatty acids is an 
important mode of their degradation in vivo, and 
a similar mode of degradation may exist for GHB 
as a short-chain fatty acid. If this hypothesis turns 
to be true, then GHB will eventually lose carbon 
atoms on C1 and C1-C2 on the carbon chain after 
α or β oxidation in vivo, respectively, and it is 
highly likely that 2 intermediate compounds, 
2,4-Dihydroxy Butyric Acid (OH-BA) and 3-Oxo-
4-Hydroxybutyric Acid (3,4-OH-BA), will be 
formed during the oxidation process. Lee et al.[58] 

found S-3,4-OH-BA and Glycolic Acid (GA) 
concentrations increasing in urine after a single 
dose of 1 g GHB was taken orally by 4 adults 
(M:F/1:1), and also found the presence of 4-OH-
BA which was a kind of hydroxy-epoxy isomers 
in excreted urine. This data strongly suggests 
that GHB is metabolised by β-oxidation in vivo. 
Although 3,4-OH-BA is available in humans 
through food[59], but the corresponding increase 
in concentration of 3,4-OH-BA in urine and the 
presence of 3,4-OH-BA after GHB administration 
are sufficient evidence that the urinary 3,4-OH-BA 
is derived from the in vivo metabolism of GHB. 
Zhang et al.[41] further investigated that GHB is 
metabolised in vivo via the TCA cycle and the 
GABA pathway, in addition to β-oxidation to 
produce glycolyl Coenzyme A (CoA) and acetyl-
CoA and two other parallel metabolic pathways. 

result in the accumulation of [3H]-GABA. GABA 
production was effectively blocked by the addition 
of the GABA-T inhibitor, demonstrating that GHB 
is metabolised in the cerebellum by transamines 
rather than by the TCA cycle.

During this transamine metabolism, SSA is 
converted to GABA via the reverse enzymatic 
reaction of GABA-T degradation of GABA, which 
in turn forms the GHB-GABA metabolic pathway. 
Therefore, it has been suggested that the reduced 
glutamate biosynthesis of GABA in the brain 
following GHB administration in experimental 
rats can be reasonably explained by the metabolic 
pathway of GHB synthesis of GABA. This is because 
in vivo GABA concentrations correlate with GAD 
activity and not so much with GABA-T activity[52]. 
GHB increases the concentration of GABA in the 
body through the GHB-GABA metabolic pathway, 
which in turn can affect GAD activity. However, 
it has also been suggested that while GABA-T has 
the ability to reverse the reaction in vitro. This 
reverse enzymatic reaction is often difficult to 
occur in vivo because both SSADH and GABA-T 
are located in the mitochondrial matrix[53]. SSADH 
is highly susceptible to converting SSA to Succinic 
Acid (SA) and reducing SSA concentration, in turn 
prevents the enzymatic reaction of SSA reverse to 
GABA. Because of the widespread presence of 
SSADH in the brain[54], it can be inferred that the 
GHB-GABA metabolic pathway in the brain may 
not be the main pathway of GHB biometabolism.

GHB-SA-TCA circulating metabolic pathway: 
In vivo, the catabolic pathway of GHB was 
investigated by using C-14-GHB isotope labelling, 
which revealed that half of the exogenous C-14-
GHB was catabolically cleared in <5 min, but also 
revealed an increase in radioactive C-14 isotopes 
in the TCA cycle and SA in brain neuronal cells[55]. 
SA eventually enters the TCA cycle to metabolize 
CO2 and water[56] which in turn forms the GHB-
SA-TCA metabolic pathway (fig. 1).

The metabolism of GHB to SA requires a 2-step 
enzymatic reaction, where the 1st step involves 
producing SSA in the presence of GHBDH while 
the 2nd step involves producing SA in the presence 
of SSADH. Both dehydrogenases are sensitive 
to inhibitors such as valproate, salicylate, 
α-ketoisocaproate and phenyl acetate, but GHBDH 
is more sensitive to these inhibitors and the 1st 
oxidative step in the metabolism of SA from GHB 
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produces Ethyl Glucuronide (EtG) and Ethyl Sulfate 
(EtS). EtG and EtS are often used as biomarkers 
for the detection of ethanol concentrations because 
they are stably detected in urine[61]. Following the 
ethanol xenobiotic metabolic pathway, endo- and 
exo-derived GHB may also undergo a similar 
xenobiotic metabolic pattern in vivo. By testing the 
theoretical hypothesis, Petersen et al.[62] found that 
GHB-glucuronide (Gluc) was detected in urine, 
confirming that GHB has a similar xenobiotic 
metabolic pathway to ethanol in vivo.

In addition, Harrington et al.[63] found that the 
drugs ritonavir and saquinavir, which are used to 
treat Human Immunodeficiency Virus (HIV)-1, 
inhibit hepatic and intestinal cytochrome P450, 
and that small doses of GHB can cause lethal 
toxicity while treating HIV-1. This may block the 
metabolic pathway of GHB via cytochrome P450, 
which in turn increases the biotoxicity of GHB. The 
fact that cytochrome P450 is a key enzyme in the 
metabolism of xenobiotics phase I is thoroughly 
supported by the fact that GHB is metabolized in 
vivo via the xenobiotic metabolic pathway.

As research progressed, the phase II metabolites 
of exo- and endogenous GHB, GHB-S, GHB-
carnitine, GHB-glutamate and GHB-glycine, 
were discovered in vivo[64] and this GHB 
conjugate is produced on the basis of the phase I 
metabolism of GHB by various transferases such 
as sulfotransferase, carnitine acyl transferase and 
amino acid acyl transferase. The name of the product 
is assigned to a variety of transferases, including 
sulfotransferase, carnitine acyl transferase and 
amino acid acyl transferase[65] (fig. 1). GHB is 
metabolised in vivo by this xenobiotic pathway to 
produce various GHB conjugates, which are then 
transferred out of the cell membrane by specific 
transfer proteins on the cell membrane and finally 
enters the blood system and are excreted in the 
urine.

GHB metabolism related biomarkers:

According to the different metabolic pathways of 
GHB, the biomarkers related to GHB metabolism 
can be divided into 3 categories as GHB 
conjugates, organic acids and amino acids, and >10 
compounds. At present, some of these compounds 
have been studied in the relevant literature and 
some progress has been made. It has been found 
that the compounds related to GHB metabolism 
have their own characteristics, which can improve 

One is the removal of the C1 carbon atom from the 
GHB carbon chain by α-oxidation, and the other 
is the removal of the carbon atom from C4, but its 
exact mechanism is not known.

Sadhukhan et al.[42] added 13C-labelled 
[1,2,3,4-13C]-GHB to rat liver homogenates 
for incubation and found that only 8 %±2 % 
of the [1,2,3,4-13C]-labelled SA entered the 
TCA cycle and another 59 %±6 % of [1,2,3,4-
13C] was converted to GABA. The remaining 
GHB undergoes two pathways, α-oxidation and 
β-oxidation to produce 2,4-dihydroxybutanoyl 
CoA and 3,4-dihydroxybutanoyl CoA, respectively, 
with the β-oxidation metabolic pathway 
dominating, being 16.8 times more catabolic 
than the α-oxidation pathway. Further studies 
revealed that 2,4-dihydroxybutanoyl-CoA was 
again α-oxidized to produce 3-hydroxypropionyl-
CoA and formate, and 3-hydroxypropionyl-CoA 
was again metabolized to acetyl-CoA and formate. 
3,4-dihydroxybutanoyl-CoA was again β-oxidized 
to produce glycolyl-CoA and acetyl-CoA. Then, 
glycolyl-CoA was metabolised to formate and CO2.

GHB, a short-chain fatty acid and can be 
metabolised in human mitochondria through α- 
and β-oxidation, respectively, in three main ways 
as α-α-oxidation pathway; β-β-oxidation pathway 
and β-oxidation-decarboxylation pathway (fig. 1).

Xenobiotic metabolism pathway of GHB: 
Throughout life, humans continuously ingest 
exogenous compounds such as drugs, pesticides 
and food additives, commonly referred to as 
"xenobiotic substances". Xenobiotic substances 
follow a unique enzymatic detoxification 
metabolic pathway in the body called xenobiotic 
metabolism, which occurs mainly in the liver and 
is divided into phase I and phase II metabolism[60]. 
The phase I metabolism is mainly a molecular 
terminal "oxygenation" reaction, while the phase 
II metabolism is a "binding reaction" between 
xenobiotics and endogenous compounds. The 2 
phase enzymatic reaction produces less toxic, 
water-soluble, highly polar form of the xenobiotic 
conjugate, which is then eliminated from the body 
via bile, sweat and urine. 

Ethanol is a common xenobiotic that is ingested by 
humans. Some of the ethanol is excreted through 
the metabolism of xenobiotic substances by the 
enzymes such as ethanol dehydrogenase and 
Uridine Diphosphate (UDP)-glucuronidase, which 
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the identification of GHB to different degrees.

GHB metabolism related conjugates: GHB 
conjugates are metabolic intermediates produced 
in the GHB xenobiotic metabolic pathway and 
their concentrations are directly correlated with 
in vivo GHB concentration levels and therefore 
theoretically are the most potential biomarkers 
for GHB identification. In 2013, Petersen et al.[62] 
used liquid chromatography with tandem mass 
spectrometry to detect the presence of GHB-
Gluc in urine for the 1st time and determined 
its endogenous concentration range of 0.11-5 
µg/l. Subsequently, Mehling et al.[66] used liquid 
chromatography quadrupole time-of-flight mass 
spectrometry to simultaneously detect the presence 
of GHB-Gluc, GHB-S in urine, but found that only 
GHB-Gluc could be detected in blood and that its 
concentration did not change according to time-
dependent manner. Piper et al.[67] recommended 
exo- and endogenous reference values in urine of 
24 µg/ml and 56 µg/ml, respectively, and found 
that when the characteristic ratio of GHB-Gluc to 
β-citric acid-glutamate in urine was higher than 
its endogenous ratio of 40.8 (within the reference 
population, GHB-Gluc/β-citryl-glutamic acid was 
found in accordance with Gaussian-distributed 
after log transformation, at a ratio value of 40.8, 
which is calculated using a 99.7 % reference 
limit). It suggests that the current study of GHB-
Gluc is on the hydroxy-glycosylated fraction 
of GHB and does not take into account the 
carboxy-glycosylated fraction of GHB. Thus the 
study of GHB-Gluc is limited and needs further 
comprehensive study[68,69].

Steuer et al.[70,71] used an untargeted metabolomics 
approach to study GHB conjugates and found 
that urinary concentrations of GHB-glutamate, 
GHB-glycine, GHB-taurine and GHB-carnitine 
increased significantly after 4.5 h of GHB 
exposure, but decreased rapidly after 8 h. In 2022, 
Kraemer et al.[72] used liquid chromatography with 
tandem mass spectrometry in negative ion mode 
for blood or blood spot samples, and found that 
4-Palmitoyloxy butyrate, which is the palmitic 
ester of GHB (GHB-Pal) could be detected in 
plasma or serum at high GHB concentrations 
(>4 µg/ml), but GHB-Pal was found to be highly 
variable individually and susceptible to sodium 
fluoride and degradation. Recently, Thimm et 
al.[73] found that Phoshatidyl-GHB (P-GHB) was 

highly GHB concentration-dependent in blood, 
and that when 50 mM GHB was added to the blood, 
P-GHB concentrations continued to increase until 
peak concentrations occurred after 72 h (17.4 µg/
ml). However, as this is only an exploratory study, 
further research is needed. Therefore, based on the 
results of the current study, GHB conjugates are 
not yet effective in solving the problems associated 
with the direct identification of GHB.

Organic acids associated with GHB metabolism: 
2,4-OH-BA and 3,4-OH-BA are isomers of each 
other and are intermediates produced in the α and 
β oxidation pathways in GHB, respectively, while 
GA is a product of the β oxidation of 3,4-OH-BA[42]. 
The first 2 isotopes are relatively stable in both 
urine and blood, and their urinary concentrations 
are GHB exposure time dependent[71,74]. Jarsiah et 
al.[75] recommended endogenous cut-off values of 
4 mg/l and 5 mg/l for 2,4-OH-BA and 3,4-OH-BA, 
respectively, in whole femoral venous blood after 
studying 103 femoral venous blood and 80 urine 
samples in which none had a history of prenatal 
exposure to GHB and its precursors. Values 
>5 mg/l suggested that it might cause ingested 
exogenous GHB during life. Subsequently, Jarsiah 
et al. [14] recommended endogenous cut-off values 
of 2 mg/l, 3 mg/l, 25 mg/l and 50 mg/l for these 2 
isomers in serum and urine, respectively. Jarsiah 
et al. and Küting et al.[76] studied blood and urine 
samples from 5 patients taking GHB (1.86-3.72 
g/dose) sodium salts for narcolepsy using Gas 
Chromatography Mass Spectrometry (GC-MS) 
and found that the detection window for 2,4-OH-
BA in urine was only 4.5-9.5 h, while the detection 
window for 3,4-OH-BA in both biological matrices 
was also only 8 h and 12 h. However, when 
normalized to creatinine in urine the detection 
windows in urine for both isomers were extended 
to 11.5-22 h and 8.5-70 h, respectively, when 
treated with creatinine in urine.

After studying of 12 (6 males, 6 females) healthy 
volunteers using Nuclear Magnetic Resonance 
(NMR) techniques, Palomino-Schätzlein et al.[77] 
found that using a single low dose (25 mg/kg) 
of GHB for 1 h resulted in GA concentrations 
significantly increasing in urinary and that, 
despite the window of detection of GHB in urine 
for only 6 h, the GA decreased slowly compared 
to its pre-dose autologous concentration, and this 
high concentration state could be maintained for 
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up to 20 h, and even beyond 24 h could still be 
distinguished from its endogenous origin. Küting 
et al.[76] also demonstrated a detection window of 
up to 6.5-22 h for GA in urine, but its concentration 
in blood did not change significantly. To explain 
the identification of GA in GHB poisoning cases, 
Jarsiah et al.[14] recommended cut-off values for 
GA in blood and urine as 5 mg/l and 400 mg/l 
respectively. In addition, Seo et al.[78] found that 
the concentration of 2-Hydroxyglutarate (2-HG) 
in rat urine increased mostly significantly in GHB 
exposure experiments, with urine samples from 
single or multiple doses being >92 % and 81 % 
experimental controls, respectively, and significant 
alterations in citric acid, isocitric acid and cis-
aconitic acid concentrations were also observed, 
leading to the conclusion that these compounds 
are useful in identifying GHB exposure also has 
an important supporting role.

Amino acids associated with GHB metabolism: 
In vivo, amino acids are involved in GHB 
metabolism and the TCA cycle as precursors 
to organic acids. Seo et al.[79] established 3 
experimental models by intraperitoneal injection 
of GHB in single, multiple doses and experimental 
control groups. 28 amino acids were found in the 
urine of the three groups of experimental rats, 
of which 26 organic acids changed significantly, 
and five amino acids, including phenylalanine, 
glutamic acid, aspartic acid, asparagine and 
methionine, were recommended for study as 
alternative biomarkers for GHB identification. 
However, Steuer et al.[71] found little variability 
in the changes in concentrations of amino acids, 
acetylcarnitine, TCA intermediates, bile and fatty 
acids in blood before and after dosing, and it was 
difficult to distinguish GHB from other drug abuse, 
and in urine it was not effective in extending the 
window of detection of GHB, therefore Steuer 
et al. concluded that these compounds in plasma 
and urine are not suitable as biomarkers for GHB 
identification.

In addition, Lee et al.[80] found that urinary 
concentrations of N1-acetyl spermidine and 
spermine remained high after single and 
multiple GHB exposures after 1 dose (600 mg/
kg) of GHB was administered intraperitoneally 
to rats consecutively for 10 d, and therefore 
recommended the use of these 2 compounds as 
qualitative biomarkers in cases of GHB exposure 

and addiction identification.

Biomarker studies to decipher the difficulties of 
GHB identification:

Difficulties in the direct identification of GHB 
in biological matrices: In the practice of GHB 
identification, direct GHB identification is mainly 
based on the establishment of a cut-off value for 
endogenous GHB to differentiate between exo- 
and endogenous GHB and the interpretation of 
GHB identification results. The cut-off values for 
GHB in two biological matrices, blood and urine, 
are relatively consistent in the literature, being 
4 or 5 mg/ml and 6 or 10 mg/ml, respectively[81] 
and recommended their corresponding detection 
windows of 6 h and 12 h, respectively[8]. However, if 
5 mg/ml and 10 mg/ml are used as cut-off values for 
GHB in the 2 biological matrices, respectively, the 
exogenous GHB may only have an actual detection 
window of 3 h and 8 h[82] and thus cannot avoid 
false negative identification results. Therefore, 4 
mg/ml and 6 mg/ml have been recommended in the 
literature as GHB cut-off values in two biological 
matrices respectively[83] but Kankaanpaa et al.[84] 
concluded that setting a cut-off value of 10 mg/
ml for GHB in urine was safer and could avoid 
some of the false positive identification results. 
Elliott[85] also suggests that 4 mg/ml and 10 mg/
ml are the minimum cut-off values for GHB in the 
2 biological matrices, and that lower values would 
not distinguish between exo- and endogenous 
GHB. However, even if the cut-off values for GHB 
in blood and urine are adjusted to 4 mg/ml and 
10 mg/ml, respectively, the detection window for 
exogenous GHB in blood is only 2.5 h[66] and it 
may not be possible to identify it in vivo beyond 
4 h[86].

In addition, Guthery et al.[87] concluded that the cut-
off values currently recommended in the literature 
are only reliable within the GHB detection 
window, but it is difficult to sample within 4 h of 
GHB exposure in real cases, especially for drug-
assisted sexual offences. Attempts have been made 
to extend the detection window by detecting GHB 
in hair, chest hair and pubic hair[88,89]. However, 
although the detection of GHB in chest and 
pubic hair can assist in the confirmation of GHB 
in hair[89]. However, due to the wide range of 
endogenous GHB concentrations in hair (0.5-12 
ng/mg), as a result, no suitable cut-off values have 
been determined in the hair so far[90]. Therefore, 
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the likelihood of exogenous GHB being detected 
in GHB exposure cases is extremely low, and the 
GHB identification results lack sufficient scientific 
theoretical support.

Enhancement of GHB by GHB metabolism-related 
biomarker studies: Biomarkers are an effective 
tool with predictive, diagnostic and monitoring 
functions and are essential in diagnostic and 
research work in clinical, systemic pharmacology 
and forensic toxicology[80]. Following a study 
of metabolism-related markers of GHB in vivo, 
found that the detectable concentrations of GHB-
Gluc and GHB-S in urine were not significantly 
different from their endogenous concentrations, 
and that both concentrations in urine remained 
within the endogenous concentration range after 
GHB exposure[66]. GHB-Pal is GHB-specific, but 
it is unstable and easily degraded in biological 
matrices[72]. SA is extremely unstable in biological 
matrices and cannot be stored stably even at 
-20°[74]. In urine, the identification window for 
GHB conjugates with glutamate, glycine, taurine 
and carnitine was short and declined rapidly after 
8 h of GHB exposure, which did not effectively 
enhance the detection window for GHB[71]. 

However, in related studies, there are also subjects 
with high value studies. 2,4-OH-BA, 3,4-OH-BA, 
and GA are relatively stable in blood and urine 
sample matrices[71,74] and also have long detection 
windows in urine and can be distinguished from 
their endogenous and exogenous sources[14,76]. The 
cut-off values for 2,4-OH-BA, 3,4-OH-BA, and 
GA in blood and urine were 2 mg/l, 3 mg/l, 5 mg/l, 
25 mg/l, 50 mg/l and 400 mg/l, respectively[14] and 
the creatinine-normalized 2,4-OH-BA and 3,4-OH-
BA could respectively prolong GHB identification 
window to 11.5-22 h and 8.5-70 h[76] and high 
GA concentrations in urine can be maintained 
for 20 h, even after 24 h of dosing, and can still 
be identified with their autologous physiological 
concentrations[77]. In addition, phosphatidyl-GHB 
(16:0/18:1) has a concentration-dependent and 
time-dependent GHB exposure and it remains at 
high levels after 72 h of GHB exposure, but it has 
been studied relatively low. The results of GHB 
biomarker studies have demonstrated the correct 
direction of indirect identification of GHB[73], 
which can effectively solve the problems of short 
GHB identification window and differentiation 
between endogenous and exogenous GHB. Due 

to the limitations of the study, the statistical 
relationship between GHB metabolism-related 
biomarkers and GHB exposure has not been fully 
established, and the quantitative identification of 
GHB exposure by biomarkers is still not possible, 
and further research is needed.

CONCLUSION
GHB exists in the body as a physiological compound 
and is metabolised by a variety of pathways, 
creating a stable endostasis in the body. The entry 
of exogenous GHB into the body may alter the 
equilibrium of this endostasis, which is directly 
manifested by changes in the concentrations of 
various physiological compounds in biological 
samples. Therefore, it is theoretically possible to 
indirectly identify exogenous GHB by detecting 
compounds related to GHB metabolism. Currently, 
research on GHB identification has focused on the 
discovery of biomarkers that can be substituted for 
the detection of exogenous GHB[91], such as the 
search for biomarkers related to GHB metabolism 
in biological matrices such as blood and urine 
through targeted and untargeted metabolomics 
approaches, and the theoretical basis supporting 
such studies is a comprehensive compendium of 
GHB biometabolic pathways and their related 
biomarkers in vivo, therefore, this paper provides 
a review of the various possible pathways of 
GHB biometabolism and their biomarkers in vivo, 
with a view to provide theoretical references for 
the pharmacokinetics and pharmacology of GHB 
and indirect identification methods for the direct 
identification of GHB and the detection of its 
metabolism-related biomarkers.
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