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Abstract. Aged garlic extract (AGE) is produced by aging 
raw garlic (Allium sativum L.) in an alcoholic solution for 
>10 months. AGE is rich in sulfur‑containing amino acids, 
such as S‑allylcysteine (SAC), S‑1‑propenylcysteine (S1PC), 
S‑methylcysteine (SMC) and S‑allylmercaptocysteine 
(SAMC). These sulfur‑containing amino acids exert various 
beneficial pharmacological effects and have different 
pharmacokinetic properties. For instance, SAC, S1PC and 
SMC are well absorbed in rats with high bioavailability 
(88.0‑95.8%), whereas SAMC is not detected in the plasma 
after oral administration. Orally administered SAC and S1PC 
are excreted in urine in their N‑acetylated forms and ~50% 
of SMC is excreted as inorganic sulfur compounds, whereas 
SAMC immediately reacts with blood and is metabolized into 
volatile sulfur compounds. The present review summarizes 
and discusses the pharmacokinetic profiles (absorption, 
distribution, metabolism and excretion) of sulfur‑containing 
compounds present in AGE and other garlic‑derived 
substances, such as allicin.
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1. Introduction

Garlic (Allium sativum L.), a plant belonging to the Allium 
genus, has been reported to exert pharmacologically beneficial 
effects in a variety of diseases (1). Garlic products have been 
prepared using diverse processing and preparation methods to 
enhance their medicinal benefits (2). Aged garlic extract (AGE) 
is a unique preparation produced by aging raw garlic in an alco‑
holic solution for more than 10 months (3). During aging, the 
odorous and irritating constituents of raw garlic are transformed 
into nontoxic compounds (3). Thus, AGE is a useful garlic 
product with few side effects (4‑7). As shown in Fig. 1, AGE 
is rich in sulfur‑containing amino acids such as S‑allylcysteine 
(SAC), S‑1‑propenylcysteine (S1PC™; Wakunaga Holdings Co., 
Ltd.), S‑methylcysteine (SMC), and S‑allylmercaptocysteine 
(SAMC), which are absent in raw garlic (3). These substances 
exhibit various pharmacological actions; for example, SAC 
has peripheral circulation‑improving (4,8-10) and anti‑inflam‑
matory effects  (11); S1PC has anti‑inflammatory  (12), 
anti‑hypertensive (13‑15) and anti‑atherosclerotic effects (16); 
SMC has anti‑cancer (17), anti‑diabetic (18) and anti‑parkin‑
sonian effects  (19); SAMC has anti‑inflammatory  (20), 
anti‑cancer (21), hepatoprotective (22) and nephroprotective 
effects (23). Because these components have unique metabolic 
profiles, it is important to clarify their pharmacokinetic proper‑
ties to understand whether their beneficial activities are affected 
by themselves or their metabolites. In other words, pharmaco‑
kinetic studies are essential to comprehensively understand the 
mechanisms underlying the pharmacological actions of AGE.

In this review, we will summarize and discuss the pharma‑
cokinetics of representative sulfur‑containing components of 
AGE and other garlic‑derived products.

2. Pharmacokinetics of SAC

SAC is a cysteine derivative that contains an allyl SH group 
(Fig. 1). Nagae et al (24) reported the pharmacokinetics of 

Pharmacokinetics of sulfur‑containing compounds in 
aged garlic extract: S‑Allylcysteine, S‑1‑propenylcysteine, 

S‑methylcysteine, S‑allylmercaptocysteine and others (Review)
MASATO NAKAMOTO,  KAYO KUNIMURA  and  MASAHIRO OHTANI

Central Research Institute, Wakunaga Pharmaceutical Co., Ltd., Akitakata, Hiroshima 739‑1195, Japan

Received September 26, 2024;  Accepted January 17, 2025

DOI: 10.3892/etm.2025.12852

Correspondence to: Mr. Masato Nakamoto, Central Research 
Institute, Wakunaga Pharmaceutical Co., Ltd., 1624 Shimokotachi, 
Koda‑cho, Akitakata, Hiroshima 739‑1195, Japan
E‑mail: nakamoto_ms@wakunaga.co.jp

Abbreviations: AGE, aged garlic extract; BA, bioavailability; CL, 
total clearance; Clint, intrinsic clearance; CLr, renal clearance; Cmax, 
maximum blood concentration; DASn, Diallylpolysulfides; GFR, 
glomerular filtration rate; NAc, N‑acetyl; SAC, S‑Allylcysteine; 
SAMC, S-Allylmercaptocysteine; SMC, S-Methylcysteine; S2CEC, 
S‑2‑Carboxyethylcysteine; S2CEG, S‑2-Carboxyethylglutathione; 
S3HPC, S‑3-Hydroxypropylcysteine; S3HPG, S‑3-Hydroxypropylg 
lutathione; S3OPG, S‑3-Oxopropylglutathione; t1/2, half-life; Vss, 
distribution volume at steady state

Key words: garlic, metabolism, pharmacokinetics

https://www.spandidos-publications.com/10.3892/etm.2025.12852


NAKAMOTO et al:  PHARMACOKINETICS OF SULFUR‑CONTAINING COMPOUNDS IN AGED GARLIC EXTRACT2

SAC in mice. They have shown that SAC has a half‑life (t1/2) of 
0.77 h and bioavailability (BA) of 103% after oral administra‑
tion, accounting for its high absorption efficacy. In contrast, the 
urinary excretion rate of N‑acetyl (NAc)‑SAC, the principal 
metabolite of SAC, was only 7.2%, suggesting the existence 
of unknown excretion routes via the bile duct, or metabolites 
other than the N‑acetylated form of SAC.

The pharmacokinetics and metabolic pathways of SAC 
in rats have been previously reported by Amano et al (25) 
(Fig. 2A). In this study, the BA of SAC and the urinary excre‑
tion rate of NAc‑SAC after oral administration were 92.1 and 
83%, respectively. The t1/2 value of SAC after oral administra‑
tion in rats was 1.2 h. The t1/2 value of SAC was similar to that 
reported Park et al (26); thus, the pharmacokinetic parameters 
after SAC administration were reproducible. The S‑oxidized 
(alliin) and N‑acetylated (NAc‑alliin) forms of SAC were also 
excreted in the urine, although their excretion rates were lower 
than those of NAc‑SAC. In other words, the majority of admin‑
istered SAC was excreted in its N‑acetylated form in urine. The 
t1/2 value and distribution volume at steady state (Vss) of SAC 
after intravenous administration to rats were 1.1 h and 1.0 l/kg, 
respectively. Vss is a value used to calculate the amount of a 
component in the body under equilibrium conditions, which 
allows for the estimation of its transferability to various tissues 
by comparing it with the total volume of water in the body. The 
Vss of SAC was higher than 0.62 l/kg of the total water volume, 
suggesting that SAC is distributed throughout the body. The 
total clearance (CL) of SAC was 0.91 l/h/kg, of which the renal 
clearance (CLr) was 0.0086 l/h/kg. The CLr value of SAC was 
only 0.9% of the CL value, indicating that the disappearance 
of SAC from the blood may depend on its metabolism rather 
than renal clearance. Furthermore, as evidenced by the smaller 
CLr value than the glomerular filtration rate (GFR) in rats (only 
3.6% of GFR), the majority of the SAC filtered through the 
glomerulus may be reabsorbed in the renal tubules. In contrast, 
the CLr value of NAc‑SAC administered intravenously to rats 
was higher than the GFR, suggesting that SAC is actively 
excreted in the urine after conversion to NAc‑SAC.

The pharmacokinetics and metabolic pathways of SAC 
in dogs have been previously reported by Amano et al (25) 
(Fig. 2B). As observed in mice and rats, SAC was well‑absorbed 
in dogs, with a BA of 92% after oral administration. In 
contrast, the t1/2 value of SAC in dogs was approximately 12 h. 
Nagae et al (24) also reported that oral administration of SAC 
resulted in high BA and a long t1/2 in dogs. One of the factors 
contributing to the large t1/2 value appears to be the substan‑
tially low CL of SAC in dogs (0.048 l/h/kg). In addition, 
Amano et al performed in vitro experiments using enzyme 
fractions from the kidney and demonstrated that the difference 
in N‑acetylation and deacetylation enzyme activities against 
SAC was due to its long t1/2 in dogs. The renal intrinsic clearance 
(CLint) values for N‑acetylation of SAC and for deacetylation 
of NAc‑SAC calculated in the dog renal enzyme fraction were 
5.9 and 460 µl/min/mg protein, respectively; while in the rat 
fraction they were 190 and 27 µl/min/mg protein, respectively; 
in other words, the N‑acetylation activity against SAC relative 
to the deacetylation one against NAc‑SAC was 80‑fold lower 
in dog, but 7‑fold higher in rat. These results suggest that a 
large proportion of NAc‑SAC is deacetylated to SAC in the 
canine kidney and then reabsorbed in the renal tubules and 

reintroduced into the systemic circulation, resulting in the 
prolonged residence of SAC within the blood in dogs rather 
than in rats. Another characteristic of SAC pharmacokinetics 
in dogs compared to that in rats is the proportion of metabo‑
lites excreted in the urine. In rats, the amount of identified 
metabolites excreted in the urine corresponded to 95% of the 
SAC administered, whereas only 14% was excreted in dogs. 
This finding suggests that there are unidentified metabolites 
of SAC or that the majority of metabolites are eliminated via 
biliary excretion in dogs.

In humans, amino acids are actively absorbed from the 
intestinal tract and reabsorbed from the urine via several 
types of transporters in the kidneys. Thus, SAC may also 
be absorbed orally and may undergo renal reabsorption in 
humans. Amano et al  (25) revealed that the deacetylation 
activity against NAc‑SAC was more than 10 times higher 
than N‑acetylation activity against SAC in experiments using 
hepatic and renal enzyme fractions from humans. These 
results suggest that SAC is retained in the blood for a long time 
because it is less susceptible to N‑acetylation in humans, as 
observed in dogs. Kodera et al collected blood samples from 
volunteers after AGE ingestion and measured SAC concentra‑
tions in the blood; SAC was still detected 24 h later (27).

In summary, these findings show that the similar and high 
BA of SAC after oral administration is similar in mice, rats, 
and dogs. Since SAC circulates in the blood in its intact form, 
its pharmacological effects may be exerted by SAC itself 
rather than its metabolites. However, it can be speculated that 
their metabolism and excretion differ among species, whereas 
those in dogs and humans may be similar. Clarification of 
species‑specific characteristics, such as metabolic enzyme 
activities and excretion routes, may explain why pharmacoki‑
netics, such as t1/2 and CL, for SAC differ widely among these 
animals.

3. Pharmacokinetics of S1PC

S1PC is the stereoisomer of SAC (Fig. 1). Owing to the pres‑
ence of a propenyl group, S1PC has cis and trans geometric 
isomers, with the trans form being the most abundant in 
nature. The pharmacokinetics and metabolic pathways of S1PC 
in rats have been previously reported by Amano et al  (28) 
(Fig. 3A). After oral administration of S1PC to rats, BA and 
t1/2 values were 88% and 0.56 h, respectively, indicating that 
S1PC disappears faster than SAC in the blood. The difference 

Figure 1. Chemical structures of major sulfur‑containing amino acids in aged 
garlic extract. SAC, S‑Allylcysteine; SAMC, S‑Allylmercaptocysteine; SMC, 
S‑Methylcysteine; S1PC, S‑1‑Propenylcysteine.
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in the t1/2 value between S1PC and SAC may attribute to the 
higher clearance rate of S1PC than SAC; CL value after the 
intravenous administration of S1PC was 1.4 l/h/kg, while that 
of SAC was 0.91 l/h/kg. Furthermore, as estimated from the 
higher CLr value of S1PC (0.03 l/h/kg) compared with that of 
SAC (0.0086 l/h/kg), the higher systemic clearance of S1PC 
than SAC is probably due to its fast elimination rate. The final 
metabolites of S1PC excreted in the urine were similar to those 
of SAC, with NAc‑S1PC™ (Wakunaga Holdings Co., Ltd.) 
accounting for 69% of the S1PC administered. The S‑oxidized 
(isoalliin) and N‑acetylated (NAc‑isoalliin) forms of S1PC 
were also excreted in the urine, although their excretion rates 
were lower than those of NAc‑S1PC. The in vitro experiments 
using enzyme fractions from the liver and kidney showed that 
N‑acetylation activity against S1PC in the liver and kidney was 
5.5‑ to 5.7‑fold higher than that against NAc‑S1PC, suggesting 
that S1PC is excreted into urine after conversion to NAc‑S1PC 
in rats.

Amano  et  al  (28) reported the pharmacokinetics and 
metabolic pathways of S1PC in dogs (Fig. 3B). Similar to rats, 
oral administration of S1PC resulted in a high BA in dogs 
(approximately 100%). However, the excretion routes of S1PC 
metabolites appeared to be different between rats and dogs, 
since the proportion of metabolites, including NAc‑S1PC, 
excreted in rat urine was 70% of the S1PC administered, 
whereas that in dogs was only 3.4%. The t1/2 of S1PC was 5.3 h 
in dogs. As observed in the in vitro experiments with SAC, renal 

Clint value for deacetylation of NAc‑S1PC (1,337 µl/min/mg 
protein) was about 40 times higher than that for N‑acetylation 
of S1PC (33 µl/min/mg protein) in the renal enzyme fractions, 
suggesting that S1PC is reabsorbed in the kidney similarly to 
SAC, thereby sustaining its blood concentration for long time 
after the administration in dogs. Additional findings regarding 
the enzyme activity against SAC and S1PC may also explain 
the differences in t1/2 values in dogs. The deacetylation activity 
of NAc‑SAC was 80‑fold higher than N‑acetylation activity 
against SAC in the kidneys; however, the deacetylation activity 
of N‑acetylation activity was lower than SAC in the case of 
S1PC (40‑fold). Thus, the low deacetylation activity of S1PC 
may contribute to lower renal reabsorption and a shorter t1/2 
value of S1PC than that of SAC in dogs.

Amano et al (28) examined the enzymatic activity of S1PC 
and NAc‑S1PC in human hepatic and renal enzyme frac‑
tions. The renal CLint values for N‑acetylation of S1PC and 
for deacetylation of NAc‑S1PC calculated in the human renal 
enzyme fraction were 61 and 172 µl/min/mg protein, respec‑
tively, and with the human hepatic enzyme fraction they were 
8.3 and 70 µl/min/mg protein, respectively; in other words, 
deacetylation activity against NAc‑S1PC was higher than 
N‑acetylation activity against S1PC in human. This indicates 
that S1PC ingested by humans may be retained in the blood for 
a long time, as in the case of SAC.

In summary, orally administered S1PC was well absorbed 
by both rats and dogs, although its metabolism and excretion 

Figure 2. Metabolic pathway of SAC in (A) rats and (B) dogs. The length of the arrows for the N‑acetylation and deacetylation processes indicates the intensity 
of the activity. NAc, N‑acetyl; SAC, S‑Allylcysteine.

Figure 3. Metabolic pathway of S1PC in (A) rats and (B) dogs. The length of the arrows for the N‑acetylation and deacetylation processes indicates the intensity 
of the activity. NAc, N‑acetyl; S1PC, S‑1‑Propenylcysteine.
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routes seemed to differ between the two species. This difference 
may depend on the enzymatic activities involved in the metabo‑
lism of S1PC, especially in the kidneys, as observed in the case 
of SAC. It is also conceivable that S1PC itself, rather than its 
metabolites, is responsible for its pharmacological effects, as it 
is retained in the blood in its intact form with high BA.

4. Pharmacokinetics of SMC

SMC is a cysteine derivative with a methyl group in its 
SH group (Fig. 1). Barnsley and Sklan and Barnsley (29) 
reported that approximately 50% of the administered SMC 
was excreted into the urine as inorganic sulfate when 
stable 35S‑labeled SMC was subcutaneously injected into 
rats. In addition, four sulfoxide derivatives, NAc‑Methiin, 
2‑hydroxy‑3‑methylsulphinylpropionic acid, methylsulfin‑
ylacetic acid and, unidentified compounds were found to 
be metabolites of SMC, and the proportion of metabolites 
excreted in the urine corresponded to 19% of the administered 
SMC. Amano et al (28). investigated the pharmacokinetics 
and metabolic pathways of SMC in rats (Fig. 4A). When 
SMC was orally administered to rats, BA and t1/2 values 
were 95.8% and 2.6 h, respectively, indicating that SMC 
disappeared from the blood circulation more slowly than 
SAC and S1PC. Since CL value of SMC after intravenous 
administration was lower (0.32 l/h/kg) than those of SAC 
and S1PC, it is assumed that the relatively slow clearance 
of SMC may contribute to its longer t1/2 value in rats than 
those of SAC and S1PC. The proportions of NAc‑SMC and 
NAc‑methiin excreted in urine corresponded to 13 and 
11% of the SMC administered, respectively, indicating that 
the amounts of N‑acetylated forms were smaller among 
the SMC metabolites excreted in the urine, in contrast to 
those of SAC and S1PC. In addition, N‑acetylation activity 
against SMC was weaker (hepatic Clint in liver enzyme frac‑
tions, not detected; renal Clint in renal enzyme fractions, 
36 µl/min/mg) as compared with those of SAC and S1PC 
in rats, leading to the low proportion of NAc‑SMC excreted 
in the urine.

Amano  et  al  (28) reported the pharmacokinetics and 
metabolic pathways of SMC in dogs (Fig. 4B). The BA of 
the SMC was 95.5% after oral administration. Interestingly, 
although the t1/2 of SMC was shorter (8.0 h) than that of 

SAC (12 h), the CL of intravenously administered SMC was 
comparable to that of SAC. As deduced from the small Vss 
value of SMC, the differences in the t1/2 values between SMC 
and SAC may depend on their transferability to tissues, but 
not on their clearance. As observed in rats, the N‑acetylation 
activity against SMC was similarly weak in dogs (hepatic 
Clint in liver enzyme fractions, not detected; renal Clint in 
renal enzyme fractions, 5.6  µl/min/mg). This result may 
account for the low urinary excretion of SMC metabolites in 
N‑acetylated forms, with NAc‑SMC being below the detec‑
tion threshold and NAc‑SMCS corresponding to 0.7% of the 
SMC administered.

Mitchell et al  (30) studied the metabolism of SMC in 
humans and reported its high oral absorption; the mean 
total recovery of 35S radioactivity in urine and 14C radio‑
activity in exhaled air was 95.9 and 77.2% of the orally 
administered 35S‑laveled and 14C‑labeled SMC, respectively. 
They also detected that several metabolites of SMC under‑
went S‑oxidation, N‑acetylation, and deamination and 
identified the majority of them as inorganic sulfate and CO2. 
Amano et al (28) evaluated the enzymatic activities of SMC 
and NAc‑SMCs using human hepatic and renal enzyme 
fractions. As observed in the case of dogs, deacetylation 
activity against NAc‑SMC was higher to N‑acetylation 
activity against SMC in both enzyme fractions from liver and 
kidney of human (CLint values for N‑acetylation of SMC were 
1.1 and 0.74 µl/min/mg protein in renal and hepatic enzyme 
fractions, respectively; CLint values for deacetylation of 
NAc‑SMC were 104 and 77 µl/min/mg protein, respectively). 
These findings suggested that the circulation of SMC may 
be maintained for a relatively long time after ingestion by 
humans.

In summary, the proportions of the major metabolites of 
SMC secreted in the urine are different from those of SAC 
and S1PC, as nearly 50% of SMC is excreted in the urine as 
inorganic sulfate after administration. The reason why the 
proportion of SMC excreted in urine as N‑acetylated form is 
low compared to that of SAC and S1PC may be due to the 
relatively weak N‑acetylation activity against SMC in major 
metabolic organs, such as the liver and kidney. However, 
similar to SAC and S1PC, SMC circulates in the blood in an 
intact form with a high BA; thus, SMC itself is likely respon‑
sible for its pharmacological effects.

Figure 4. Metabolic pathway of SMC in (A) rats and (B) dogs. The length of the arrows for the N‑acetylation and deacetylation processes indicates the intensity 
of the activity. NAc, N‑acetyl; SMC, S‑Methylcysteine.
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5. Pharmacokinetics of SAMC

SAMC is an SAC derivative with two sulfur atoms (Fig. 1), 
and its pharmacokinetics have been reported in rats by 
Yang et al (31) and Nakamoto and Kunimura (32). Yang et al 
showed that the t1/2 of SAMC administered intravenously 
was 3.8  min, which was much faster than that of other 
sulfur‑containing amino acids such as SAC and S1PC. 
It has also been demonstrated by Nakamoto  et  al that 
SAMC rapidly disappeared from the blood within 15 min 
of intravenous administration. Moreover, SAMC was not 
detected in the blood after oral administration. These results 
suggested that the various pharmacological actions of 
SAMC observed in vivo could be derived from its metabo‑
lites. Nakamoto et al proposed the metabolic pathways of 
SAMC by performing ex vivo experiments using rat plasma, 
in which SAMC immediately reacted with components 
in the blood and was converted into diallyl polysulfides 
(DASn). Additionally, the experiments using hepatic and 
renal enzyme fractions revealed the following metabolic 
pathways: DASn are converted to S‑3‑oxopropylglutathione 
(S3OPG) thorough reacting with glutathione and then 
undergo the oxidation/reduction reactions to form gluta‑
thione conjugates, S‑2‑carboxyethylglutathione (S2CEG) 
and S‑3‑hydroxypropylglutathione (S3HPG); the glutamic 
acid and glycine are desorbed from these metabolites 
in the kidney to form the cysteine conjugates, and they 
are ultimately excreted as N‑acetylated form into the 
urine (Fig. 5). Although two N‑acetylcysteine conjugates, 
NAc‑S‑3‑hydroxypropylcysteine (NAc‑S3HPC) and 
NAc‑S‑2‑carboxyethylcysteine (NAc‑S2CEC), were identi‑
fied as metabolites excreted in the urine after the intravenous 
administration of SAMC, the proportion of excreted metab‑
olites was only 8.1 and 2.6% of the total amount of SAMC 

administered, respectively. Nakamoto et al suggested that 
these low excretion rates in urine may be due to one or a 
combination of the following reasons: 1. The majority of 
DASn produced from SAMC is released through exhaled 
breath and skin; 2. SAMC and its metabolites readily bind 
to blood proteins; and 3. Finally, SAMC is converted to 
inorganic sulfate in a pattern similar to that of SMC.

In summary, after administration, SAMC immediately 
reacts with components in the blood and is converted to volatile 
sulfur compounds, resulting in a shorter t1/2 value than that of 
other sulfur‑containing amino acids, such as SAC and S1PC. 
This suggests that the pharmacological effects of SAMC are 
derived from its metabolites rather than from SAMC itself. 
The proportion of final SAMC metabolites identified after 
intravenous administration was only approximately 11%; thus, 
further investigations are required to clarify how SAMC is 
metabolized and excreted from the body.

6. Others

The chemical structures and amounts of sulfur‑containing 
compounds in processed garlic products vary markedly, 

Figure 5. Metabolic pathway of SAMC in rats. Dashed arrows indicate putative metabolic pathways. DASn, Diallylpolysulfides; NAc, N‑acetyl; SAMC, 
S‑Allylmercaptocysteine; S2CEC, S‑2‑Carboxyethylcysteine; S2CEG, S‑2‑Carboxyethylglutathione; S3HPC, S‑3‑Hydroxypropylcysteine; S3HPG, 
S‑3‑Hydroxypropylglutathione; S3OPC, S‑3‑Oxopropylcysteine; S3OPG, S‑3‑Oxopropylglutathione.

Figure 6. Chemical structures of other sulfur‑containing compounds in 
garlic.
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depending on the processing method used. Although less 
present in AGE, raw garlic and other processed garlic, such 
as garlic oil, contain other sulfur‑containing compounds, 
such as hydrophobic sulfur‑containing compounds (Fig. 6). 
In this section, we discuss pharmacokinetics of these 
compounds.

Diallyl sulfide. Diallyl sulfide is a sulfur‑containing hydro‑
phobic compound with one sulfur atom and two allyl groups. 
Diallyl sulfide has antimicrobial, antimetastatic, and antioxi‑
dant effects (33‑35). The pharmacokinetics of diallyl sulfide 
have been reported by Jin and Baillie (36), who identified 10 
species of glutathione conjugates as metabolites of diallyl 
sulfide in rats. The two identified metabolites of diallyl sulfide, 
S2CEG and S3HPG, are consistent with those of SAMC 
reported by Nakamoto and Kunimura  (32). The metabolic 
pathway of diallyl sulfide appeared to be partially similar to 
that of SAMC.

Allicin. Allicin has a structure in which one sulfur atom 
of diallyl disulfide is oxidized. Allicin exerts antifibrotic, 
anti‑inflammatory, and tissue‑protective effects on the 
lung (37‑39). The pharmacokinetics of allicin have been previ‑
ously reported by Lachmann et al (40). They administered 
35S‑labeled allicin (35S‑allicin) to rats and examined their 
blood profiles. The time required to reach the maximum 
blood concentration (Cmax) of 35S‑allicin administered was 
30‑60 min and it was still detectable in the blood at 72 h. 
The total proportion of 35S‑allicin excreted in both urine and 
feces for up to 72 h was 85.5% of the administered compound. 
However, Freeman  and Kodera  (41) reported that allicin 
is highly unstable, since it reacts immediately with some 
components in the blood.

Vinyldithiin. Vinyldithiins (3‑vinyl‑4H‑1,2‑dithiin and 
2‑vinyl‑4H‑1,3‑dithiin) are produced via the conversion of 
allicin molecules. Vinyldithiins have anti‑obesity effect (42). 
Lachmann et al  (40) reported on the pharmacokinetics of 
vinyldithiins. They orally administered 35S‑labeled vinyl‑
dithiins (35S‑vinyldithiins) to rats and evaluated their blood 
profiles. It took 120 min for 35S‑vinyldithiins to reach the Cmax, 
and the compound was still detectable in the blood after 72 h, 
similar to allicin. The total proportion of 35S‑vinyldithiins 
excreted in both urine and feces for up to 72 h was 92.3% of 
the administered compounds.

Alliin. Alliin is the S‑oxidized form of SAC. Alliin has renal 
protective, antihyperlipidemic, and mitophagy‑activating 
effects (43‑45). Lachmann et al (40) reported on the pharma‑
cokinetics of alliin. They orally administered 35S‑labeled alliin 
(35S‑alliin) to rats and evaluated their blood profiles. The blood 
concentration of 35S‑alliin reached Cmax within 10 min and was 
below the detection threshold after 6 h, demonstrating that the 
pharmacokinetics of alliin in blood were similar to those of 
SAC and S1PC.

Cycloalliin. Cycloalliin is a cyclic structure of the 
sulfur‑containing amino acid. Cycloalliin has fibrinolytic 
activity, anti‑obesity, and serum triglyceride‑lowering 
effects  (46‑48). The pharmacokinetics of cycloalliin has 

been reported by Ichikawa et al (49), who showed several 
differences in its metabolism and excretion patterns when 
administered intravenously or orally to rats. After intrave‑
nous administration, 97.8% of cycloalliin was excreted in 
the urine within 48 h without being metabolized. However, 
after oral administration, cycloalliin was metabolized by 
intestinal bacteria and subsequently excreted in the feces 
as (3R, 5S)‑5‑methyl‑1,4‑thiazane‑3‑carboxylic acid. Thus, 
cycloalliin is poorly absorbed after oral administration, as 
evidenced by its low BA (only 3.73%) when administered 
intravenously.

7. Conclusion

AGE contains a variety of organosulfur compounds, such 
as SAC, S1PC, SMC, and SAMC, and numerous studies 
have revealed that these compounds exert a wide range of 
pharmacological actions. Previous studies have examined 
the pharmacokinetic properties of SAC, S1PC, and SMC in 
mammals. Particularly, in dogs, they have high oral absorp‑
tion, and presumably undergo renal reabsorption, and circulate 
in the blood in an intact form, suggesting that the pharmaco‑
logical effects of these compounds are caused by themselves 
and not by their metabolites. Although the pharmacokinetic 
properties of SAMC have not been fully clarified, it has been 
suggested that after administration, its metabolites may exert 
pharmacological actions because of the instability of SAMC in 
the blood. It should be noted that the pharmacokinetics of these 
sulfur compounds in rodents and dogs, which are becoming 
clearer, might be different from those in humans due to their 
varied physiological characteristics. Further pharmacokinetic 
research especially in humans is required to precisely identify 
the active components responsible for the beneficial effects of 
AGE.
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