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Abstract: Mycosporine-like amino acids (MAAs) are ultraviolet (UV)-absorbing substances 

biosynthesized by specific algae and cyanobacteria. MAAs are thought to contribute to protection 

against UV radiation in the cells of MAA producers. In addition, it has been reported that MAAs exhibit 

distinct physiological activities including antioxidant activity, suggesting that they are multifunctional 

substances. Due to their useful activities, MAAs are also expected to have industrial applications such 

as skin care, cosmetics and pharmaceuticals. We have focused on mycosporine-2-glycine (M2G), a 

sole MAA biosynthesized by the halotolerant cyanobacterium Halothece sp. PCC7418 (hereafter 

referred to as Halothece). In cyanobacteria, M2G is a rare MAA that has been detected only in 

halotolerant strains. We have elucidated the biosynthetic pathway of M2G in Halothece and partially 

revealed its intracellular dynamics. In addition, we have reported several important bioactivities of 

M2G from the viewpoints of skin care and antiaging. This review systematically summarizes the 

distribution, biosynthetic regulation, and bioactivities of M2G. 
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Abbreviations:  

MAA: mycosporine-like amino acids; 

M2G: mycosporine-2-glycine; 

4-DG: 4-deoxygadusol; 

NRPS: nonribosomal peptide synthetase; 

DDG synthase: demethyl 4-deoxygadusol synthase; 

HPLC: high performance liquid chromatography; 

SOD: superoxide dismutase; 

CAT: catalase; 

DPPH: 2,2-diphenyl-1-pycrylhydrazyl; 

ABTS: azinobis(3-ethyl-2,3-dihydrobenzothiazole-6-sulfonic acid); 

IC50: a half maximal (50%) inhibitory concentration; 

NF-κB: nuclear factor-κB; 

iNOS: inducible nitrogen monoxide synthase; 

NO: nitrogen monoxide; 

COX-2: cyclooxygenase-2; 

PGE2: prostaglandin E2; 

TNF-α: tumor necrosis factor-α; 

IL: interleukin. 

 

1. Introduction 

In the biosphere, UV light is perhaps the most influential abiotic factor [1]. UV rays are classified 

into UV-A (315–400 nm), UV-B (280–315 nm) and UV-C (100–280 nm) [2]. UV-C, which has the 

highest energy and is highly destructive to living organisms, is completely absorbed by ozone and 

oxygen molecules in the stratosphere, so it does not reach the Earth's surface. Most UV-B rays are also 

absorbed by the ozone layer and the atmosphere, so only a small amount reaches the Earth’s surface. 

As a result, the UV radiation that reaches the Earth’s surface consists of 95% UV-A and 5% UV-B [3]. 

Although the amount of radiation that reaches the Earth's surface is small, UV-B is more harmful to 

living organisms than UV-A due to its higher energy [4]. Both UV-A and UV-B are known to induce 

photochemical damage to biomolecules such as DNA and proteins [5,6]. Therefore, protecting oneself 

from UV irradiation is one of the most important survival strategies for living organisms on Earth. 

Certain organisms protect themselves from UV radiation by synthesizing UV-absorbing substances. 

M2G, a UV-absorbing substance, is the topic of this review. M2G belongs to a family of mycosporine-

like amino acids (MAAs) which are biosynthesized by various organisms, such as algae, cyanobacteria, 

and fungi [7]. MAAs are water-soluble low-molecular-weight compounds with a structure in which 

amino acids are substituted for the core structure of cyclohexanone or cyclohexenimine [8]. Figure 1 

shows the chemical structures of typical MAAs including mycosporine-glycine, which has a 

cyclohexenone structure, and M2G, shinorine, and porphyra-334, which have a cyclohexenimine 

structure. MAAs are characterized by absorption maxima from 310–362 nm depending on the chemical 

structures with large molar extinction coefficients (ɛ = 28, 100–50,000/(M·cm)) [9,10]. MAA’s 

biosynthetic pathways have been elucidated especially in cyanobacteria [11–24]. For a detailed 

explanation of these biosynthetic pathways, please refer to other reports [25]. Briefly, MAAs are 
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formed by the binding of amino acids to 4-deoxygadusol (4-DG), a common precursor of MAAs 

produced from intermediates in the shikimate or pentose phosphate pathways. Generally, the ATP-

grasp enzyme first attaches glycine to 4-DG to form mycosporine-glycine. D-Ala-D-Ala ligase or 

nonribosomal peptide synthetase (NRPS) then attaches another amino acid to mycosporine-glycine to 

form disubstituted MAAs (Figure 1). Differences in the substrate specificities of D-Ala-D-Ala ligase 

and NRPS lead to the binding of different amino acids to mycosporine-glycine, which contributes to 

the diversity of MAAs. 

 

Figure 1. Biosynthetic pathways of MAAs from 4-deoxygadusol (4-DG). 

The basic chemical structure of MAAs were revealed for the first time in the 1970s, and 

subsequently at least 60 kinds of MAA compounds have been discovered thus far [25]. Due to their 

strong UV absorbability, MAAs have been extensively studied as ingredients for sunscreen agents, and 

various physiological activities of MAAs have been reported. In such a background, we have 

developed research focusing on M2G accumulated in the halotolerant cyanobacterium Halothece. The 

purpose of this review is to summarize the findings about M2G that we have uncovered so far. We first 

characterize the distribution of M2G. Next, we describe the regulation of M2G biosynthesis in response 

to environmental stresses in Halothece cells. Lastly, we will explain the useful physiological activities 

of M2G that are important from an applied point of view. 

2. Distribution of M2G 

Among the known MAAs, M2G has a basic chemical structure in which two glycines are attached 

to a cyclohexenone ring. To date, only a limited number of species have been described that accumulate 

M2G and these species are listed in Table 1. The existence of M2G was first suggested in the sea 

anemone Anthopleura elegantissima [26].Analysis of zooxanthellate (including zooxanthellae) and 

apozooxanthellate (lacking zooxanthellae) specimens revealed similar concentrations of M2G-

containing MAAs in these specimens, indicating that these compounds do not require symbiosis with 
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algae for their presence in sea anemones [26]. It was also shown that the accumulation of MAAs in 

this sea anemone was not controlled by UV irradiation [26]. In other sea anemones, M2G was detected 

in Aulactinia marplatensis and Oulactis muscosa, but was not detected in Anthothoe chilensis [27]. In 

corals, M2G has been detected in several species [28]. In the coral Fungia scutaria, the M2G levels 

were significantly higher than other MAAs [28]. It was reported that M2G was also found in the 

dinoflagellate Symbiodinium sp., whose host is the rose coral Manicina areolata [29]. A trace amount 

of M2G was also detected in Maristentor dinoferus, a ciliate that hosts Symbiodinium sp. [30]. 

Symbiodinium species have been known to produce mycosporine-glycine, shinorine, porphyra-334, 

and palythine in addition to M2G, and their production ability is thought to be limited to these five 

MAAs [29]. M2G has also been detected in sea hares and sea urchins. Several MAAs including M2G 

were detected in the eggs of the sea hare Aplysia dactylomela [31]. Among them, mycosporine-glycine 

was the most abundant. Feeding MAA-rich red algae tended to increase the amount of MAAs in eggs, 

but it did not increase the M2G content [31]. Ovaries of the sea urchin Strongylocentrotus 

droebachiensis fed the red alga Chondrus crispus, which is rich in MAAs, contained shinorine, 

porphyra-334, M2G, and trace quantities of palythine and asterina-330 [32]. Among diatoms, the 

accumulation of MAAs has been confirmed in Thalassiosira sp. and Corethron criophilum, and trace 

amounts of M2G were detected in C. criophilum [33]. 

Table 1. List of species that accumulate M2G. 

Phylum Species Reference 

Cnidaria (sea anemone) 

Anthopleura elegantissima [26] 

Aulactinia marplatensis [27] 

Oulactis muscosa [27] 

Cnidaria (coral) 

Lobophyllia corymbosa [28] 

L. hemprichii [28] 

Favia pallida [28] 

F. stelligera [28] 

Fungia scutaria [28] 

F. repanda [28] 

Acropora gemmifera [28] 

A. formosa [28] 

A. danai [28] 

A. paniculata [28] 

Mollusca (sea hare) Aplysia dactylomela [31] 

Echinodermata (sea urchin) Strongylocentrotus droebachiensis [32] 

Myzozoa (dinoflagellate) Symbiodinium sp. [29] 

Ciliophora (algal-bearing ciliate) Maristentor dinoferus [30] 

Gyrista (diatom) Corethron criophilum [33] 

Cyanobacteria 
Halothece sp. PCC7418 [16] 

Euhalothece sp. [34] 

Bacillota (Gram-positive bacteria) Deinococcus radiodurans R1 [40] 

It should be noted that the chemical structure of M2G had not been determined by nuclear 

magnetic resonance (NMR) analysis in the reports above. In [26], the chemical structure of predicted 
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M2G, which showed absorption max at 331 nm, was based on the fact that only glycine was detected 

by alkaline hydrolysis (approximately twice the amount detected from mycosporine-glycine) and 

confirmation of the protonated mass [MH+ = 303] by electrospray mass spectrometry analysis. In the 

case of [30], in addition to the protonated mass, absorption max value (331 nm) was used to identify 

M2G. In the other reports [27–29,31–33], M2G was identified by comparison of retention time of high-

performance liquid chromatography (HPLC) analysis using standard samples. In prokaryotes, M2G 

has been detected in cyanobacteria and Gram-positive bacteria. In cyanobacteria, although many 

strains have been reported to biosynthesize and accumulate MAAs, only the halotolerant strains, 

Halothece and Euhalothece sp., were found to biosynthesize M2G [16,34]. The chemical structure of 

M2G was determined using NMR analysis for the first time on the sample produced by Euhalothece 

sp. [34]. After that, our research group found the accumulation of M2G in Halothece [16], and later 

conducted NMR analysis using M2G purified from Halohtece [35]. The NMR data we obtained, 

together with the NMR spectra, were published in the corresponding reference paper [35]. It also 

showed the protonation mass of M2G ([MH+ = 303.1187) obtained by high-resolution LC/MS (ESI-

TOF+) analysis and absorption spectrum data of M2G [35]. The genes involved in M2G biosynthesis 

have been identified in Halothece, and several reports have been published on their molecular 

regulation [16,36–39]. It has also been reported that MAAs including M2G were induced by UV 

irradiation in an extreme radio-resistant and non-pathogenic Gram-positive bacterium, Deinococcus 

radiodurans R1 [40]. 

3. Regulation of M2G biosynthesis and environmental stress response in Halothece cells 

3.1. Discovery of M2G biosynthetic genes in Halothece 

In 2010, four MAA synthesis genes (Ava_3855 to Ava_3858) from the cyanobacterium Anabaena 

variabilis ATCC 29413 were reported [12,13]. These genes were closely located in the genome (Figure 2). 

Ava_3858 and Ava_3857 encoded demethyl 4-deoxygadusol (DDG) synthase and O-methyltransferase, 

respectively, and were involved in the production of 4-DG. Ava_3856 and Ava_3855 encoded the 

above-mentioned ATP-grasp enzyme and NRPS, respectively, and produced shinorine. We 

investigated whether there are genes in the genome of Halothece that are homologous to these 

cyanobacterial MAA synthetic genes [16]. We found three Halothece genes, H1078, H1077, and 

H1076, which corresponded to the A. variabilis genes Ava_3857, Ava_3856, and Ava_3855, 

respectively. These three Halothece genes were adjacent to each other in the genome (Figure 2). On 

the other hand, the Halothece H1590 gene (encoding the DDG synthase), which corresponded to the 

A. variabilis Ava_3858 gene was present at a distant position in the Halothece genome (Figure 2). In 

addition, an extra sequence of unknown function was attached to the N-terminus of the Halothece 

H1590 protein (Figure 2). M2G biosynthesis was achieved by introducing these genes into Escherichia 

coli cells, confirming that these genes are responsible for M2G biosynthesis [16]. As for the MAA 

biosynthetic gene cluster structure, A. variabilis ATCC 29413 was the earliest example reported, so 

this structure tends to be recognized as a basic type, but in fact there are many exceptions such as 

Halothece. See other references for details [25,41]. 
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Figure 2. MAA biosynthetic genes in Anabaena variabilis ATCC 29413 and Halothece. 

3.2. Environmental factors involved in M2G accumulation in Halothece 

It has been previously reported that various cyanobacterial strains, such as A. variabilis, A. 

doliolum, Nostoc commune, and Arthrospira sp., increase the accumulation of MAAs after UV 

irradiation [42–45]. In general, UV-B appears to be more effective at inducing MAA biosynthesis than 

UV-A [7]. Similar to these cases, the accumulation of M2G in Halothece strains was also found to be 

significantly induced by UV-B irradiation [16]. 

In addition to UV-B irradiation, it was revealed that several environmental factors affected the 

accumulation of M2G in Halothece. Among them, the most significant inducer of M2G accumulation 

was salt stress. Under a low salinity condition (0.5 M NaCl), the amount of M2G accumulated in 

Halothece was small, but after shifting to a high salinity condition (2.5 M NaCl), the amount of M2G 

accumulation significantly increased [16]. The expression of all of the Halothece M2G biosynthetic 

genes H1590 and H1078-H1076 were induced when exposed to high salinity stress, suggesting that 

high expression of these genes is directly linked to the induction of M2G biosynthesis [36]. Sucrose-

mediated osmotic stress also significantly induced M2G, although not as much as NaCl stress [38]. In 

addition, temperature has been shown to be involved in inducing M2G accumulation. A high 

temperature shock from 30°C to 37°C did not significantly affect M2G accumulation, whereas a cold 

shock from 30 ℃ to 23 ℃ significantly increased M2G accumulation [37]. On the other hand, M2G 

biosynthesis in Halothece was suppressed under sulfur-, nitrogen-, or phosphorus-deficient stress [38]. 

Conversely, an excessive supply of nitrate and addition of an appropriate amount of glycine or serine 

increased the accumulation of M2G in Halothece [36]. 

3.3. Putative physiological roles of M2G in Halothece cells 

Intracellularly accumulated M2G is thought to perform multiple physiological functions in 

Halothece cells. First, as mentioned above, M2G was induced by UV-B irradiation [16], suggesting 

that it contributes to UV protection. Furthermore, it was recently found that M2G accumulation in 

Halothece circadianly oscillates. Intracellular accumulation of M2G increased during subjective 

daytime and decreased during subjective nighttime [39]. It is conceivable that M2G accumulates 

during the daytime UV exposure stress under natural environmental conditions to protect against UV 

irradiation. However, it should be noted that circadian oscillation of intracellular M2G accumulation 

was observed only under low salt conditions, and that the oscillation disappeared under high salinity 

conditions [39]. This is probably due to overexpression of M2G biosynthetic genes under high salinity 

conditions, which masked the circadian expression rhythm. 
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In addition to the UV protection role, M2G is thought to act as a compatible solute to regulate 

osmotic pressure in Halothece since M2G was significantly induced by salt stress and osmotic 

stress [16,38]. The introduction of M2G biosynthetic genes into E. coli cells conferred salt stress 

resistance of the transformed cells [46], supporting this hypothesis. It should be noted that M2G might 

not be the primary compatible solute in salt-stressed Halothece because glycine betaine, a major 

compatible solute, was accumulated to much greater levels than M2G in salt-stressed Halothece [36,47]. 

Since the biosynthesis of M2G responded more quickly to salt stress than that of glycine betaine [36], 

M2G may function early in the process of adaptation to a high salinity environment as an auxiliary 

compatible solute. 

M2G may also be involved in the oxidative stress resistance mechanism that accompanies UV 

irradiation stress and salt stress. We reported that M2G exhibited antioxidant activity (details will be 

described later). We also found that the model cyanobacterium Synechococcus elongatus PCC7942 

that was engineered to accumulate M2G by introduction of Halothece M2G biosynthetic genes 

exhibited resistance to oxidative stress induced by hydrogen peroxide. In this transformant strain, the 

upregulation of antioxidant defense-related genes for superoxide dismutase (sodB), catalase (cat), and 

2-Cys peroxiredoxin (tpxA) was observed under oxidative stress conditions [48]. This result suggested 

that M2G can regulate the expression of genes involved in antioxidant defense in cyanobacteria. 

4. Bioactivities of M2G from an application perspective 

4.1. Antioxidative activity 

Many MAA molecules have been reported to exhibit antioxidant activity [49]. Although the 

relationship between the chemical structure of MAA molecules and the degree of antioxidant activity 

has not yet been clarified, different types of MAAs have shown different degrees of activity. M2G 

exhibited radical scavenging activities using 2,2-diphenyl-1-pycrylhydrazyl (DPPH) and azinobis(3-

ethyl-2,3-dihydrobenzothiazole-6-sulfonic acid) (ABTS) radicals. Cheewinthamrongrod et al. reported 

a half maximal (50%) inhibitory concentration (IC50) value of 22 µM for the DPPH radical scavenging 

activity of M2G [50]. This value was lower than the IC50 value of 43 µM for mycosporine-glycine, 

which has been reported to have high antioxidant activity, and is comparable to the IC50 value of the 

well-known antioxidant ascorbic acid (2.8 µM) [50]. On the other hand, the IC50 value for porphyra-

334 was 3.4 mM, which was much higher than that for M2G, and palythine showed no activity [51]. 

Thus, the DPPH assay demonstrated the high antioxidant capacity of M2G. Similarly, the ABTS assay 

also detected excellent radical scavenging activity of M2G. We reported that the IC50 values for ABTS 

radical scavenging by M2G, porphyra-334, and shinorine were 40, 133, and 94 µM, respectively, using 

highly purified compounds [35]. Trolox, a potent antioxidant used as a control in this experiment, had 

an IC50 value of 10 µM [35]. Table 2 shows the IC50 values for other MAAs using similar assay systems. 

Although a simple comparison cannot be made due to distinct experimental environments from 

different research groups, the relatively low IC50 value of M2G suggests that M2G is a good antioxidant. 

It would be interesting to uncover the antioxidant mechanism of action of MAAs including M2G in 

detail. These future studies may include not only the radical scavenging assays described above but 

also analysis using other antioxidant activity assays, such as scavenging singlet oxygen molecules and 

inhibiting lipid peroxide formation. 
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Table 2. The radical scavenging activities (IC50 values) of selected MAAs 

Assay MAAs IC50 (µM) Reference 

DPPH Mycosporine-glycine 4.2 [52] 

  43 [50] 

 Mycosporine-alanine 7600 [19] 

 Shinorine - [52] 

  399 [53] 

 Porphyra-334 - [52] 

  3400 [50] 

  185 [53] 

 M2G 22 [50] 

 Palythine 21 [53] 

 7-O-(β-arabinopyranosyl)-porphyra-334 - [54] 

 Mycosporine-2-(4-deoxygadusol-ornithine)-

β-xylopyranosyl-β-galactopyranoside 

809 [54] 

ABTS Mycosporine-glycine 20 (pH6.0), 4 (pH7.5), 3 

(pH8.5) 

[51] 

 Mycosporine-GABA 600 [55] 

 Shinorine - (pH6.0), - (pH7.5), 100 

(pH8.5) 

[51] 

  94 [35] 

 Porphyra-334 1000 (pH6.0), 400 (pH7.5), 

80 (pH8.5) 

[51] 

  133 [35] 

  >72 (pH5.8), >72 (pH6.6), 

28 (pH7.4), 21 (pH8.0) 

[56] 

 M2G 40 [35] 

 Asterina-330 1000 (pH6.0), 60 (pH7.5), 

10 (pH8.5) 

[51] 

 Palythine >72 (pH5.8), >72 (pH6.6), 

23 (pH7.4), 12 (pH8.0) 

[56] 

 7-O-(β-arabinopyranosyl)-porphyra-334 9500 [55] 

 Hexose-bound porphyra-334 58000 [55] 

 Two hexose-bound palythine-threonine 

derivatives 

16000 [55] 

 Nostoc-756 515 [57] 

 {Mycosporine-ornithine: 4-deoxygadusol 

ornithine}-β-xylopyranosyl-β-

galactopyranoside 

510 [55] 

 Mycosporine-2-(4-deoxygadusol-ornithine)-

β-xylopyranosyl-β-galactopyranoside 

1040 [55] 

  144 [57] 

 13-O-(β-galactosyl)-porphyra-334 17000 [58] 
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Recently, it was found that application of M2G to the skin of mice affected the expression of 

genes involved in the antioxidant system in skin tissue. The reduction in SOD protein and CAT protein 

due to UV irradiation was inhibited by application of an emulsion containing M2G [59]. This result 

indicated that the application of M2G alleviates the UV irradiation-mediated decrease in reactive 

oxygen species scavenging in the skin tissue. In addition, when cultured human skin cells were 

subjected to oxidative stress using hydrogen peroxide, the addition of M2G to the medium restored the 

survival rate and alleviated DNA damage [50]. Thus, M2G is considered to be useful as a sunscreen 

agent and it also has an antioxidant effect. The molecular mechanism by which M2G regulates the 

expression of these antioxidant genes remains unknown. It is possible that the molecular activities of 

M2G, such as its antioxidant activity, may be related to regulation of the expression of antioxidant 

genes. This is one of the interesting research topics for future studies. 

4.2. Anti-inflammatory activity 

Inflammation is a physiological defense system against molecular and cellular damage induced 

by various stresses. Stress factors associated with inflammation include UV irradiation stress, oxidative 

stress, infection, and exposure to bacterial endotoxic lipopolysaccharides (LPS) [60]. The molecular 

responses induced by inflammatory stimuli are mediated by nuclear factor-κB (NF-κB)-regulated 

proteins, including inducible nitrogen monoxide synthase (iNOS), nitrogen monoxide (NO), 

cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), tumor necrosis factor-α (TNF-α), and cytokines, 

such as interleukin-1 (IL-1) and IL-6 [61]. For example, it has been reported that UV-B irradiation 

induced the expression of COX-2 and concomitantly stimulates the production of PGE2, which can 

induce inflammation and cancer [62]. Thus, compounds exhibiting anti-inflammatory effects are not 

only important for skin care but are also useful for treating various diseases. 

Several MAAs are known to exhibit anti-inflammatory effects. Tarasuntisuk et al. reported that 

M2G markedly inhibited NO production in RAW 264.7 macrophages treated with LPS [63]. In the 

same report, mycosporine-glycine, porphyra-334, and palythine did not show significant inhibitory 

effects against NO production [63]. In addition, M2G showed an inhibitory effect on the expression of 

iNOS and COX-2 genes [63]. It was also reported that M2G inhibited the hydrogen peroxide-mediated 

induction of NF-κB protein in cultured human skin cells [50]. Among other MAAs, porphyra-334, 

shinorine, and mycosporine-glycine showed anti-inflammatory effects. Becker et al. reported that in 

THP-1-Blue cells, the addition of porphyra-334 to the medium inhibited the LPS-mediated induction 

of NF-κB activity [64]. Ying et al. also showed that application of an aqueous solution containing a 

mixture of shinorine and porphyra-334 to the dorsal skin of mice inhibited the UV irradiation-induced 

NF-κB, IL-1β, and IL-6 gene expression [65]. Moreover, Suh et al. reported that addition of shinorine 

or mycosporine-glycine to the medium of HaCaT cells inhibited the upregulation of the COX-2 gene 

induced by UV irradiation [52]. Thus, MAAs, including M2G, have potential applications in the 

pharmaceutical field as compounds with anti-inflammatory effects. 

4.3. Anti-glycative activity 

Glycation, also known as the Maillard reaction, is a series of chemical reactions in which sugar 

molecules are nonenzymatically attached to free amino and hydroxyl groups of biological compounds 

such as proteins and lipids [66]. The final products of glycation reactions, which are formed when free 
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amino groups of proteins react with reducing sugars such as glucose, are called advanced glycation 

end products (AGEs) [67]. Accumulation of AGEs impairs the structure and function of intracellular 

proteins, reduces enzymatic activity, and affects biological phenomena such as tissue homeostasis and 

regulation of gene expression, leading to various diseases [68–70]. It is also known that the 

accumulation of AGEs increases with aging [71]. 

We reported for the first time that MAAs exhibited antiglycation activity. The first report by 

Tarasuntisuk et al. demonstrated the ability of M2G to inhibit glycation-dependent lysozyme cross-

linking. The IC50 values for M2G and porphyra-334 against cross-linking lysozyme dimer formation 

were 1.6 and 4.7 mM, respectively [72]. Considering that the IC50 value of aminoguanidine, a well-

known glycation inhibitor, was 4.7 mM, it was suggested that M2G has excellent antiglycation activity 

[72]. Recently, we examined the inhibitory effects of purified M2G, shinorine, and porphyra-334 on 

the glyceraldehyde-dependent glycation reaction of collagen, elastin, and bovine serum albumin (BSA) 

in vitro [59]. We confirmed that porphyra-334 inhibited the glycation of elastin, but M2G did not show 

significant activity [59]. The mechanism by which the degree of inhibitory activity changes depending 

on the type of MAA and the type of target protein is not well understood. Besides the results above, 

we reported that putative pentose-bound shinorine and arabinose-bound porphyra-334 inhibited 

glycation-dependent lysozyme cross-linking [73]. In addition, Hartmann's research group as well 

reported the inhibitory effect of 10 MAAs on BSA glycation [9]. 

4.4. Inhibitory activity against collagenase 

In vertebrates, collagen, a fibrous protein that constitutes various tissues such as skin and bones, 

accounts for 30% of the total human protein content [74]. Collagenase inhibitors are useful for 

antiaging because the reduction or degeneration of collagen causes tissue aging. MAAs are known to 

exhibit collagenase inhibitory activity. Hartmann et al. was the first to reveal that shinorine, palythine, 

and porphyra-334 inhibit bacterial collagenase activity [75]. Subsequently, we analyzed 10 additional 

MAAs and reported that asteria-330 showed the highest collagenase inhibitory effect (IC50 = 58.4 µM) 

[9]. We also performed experiments with M2G and porphyra-334 and reported IC50 values for 

inhibition of bacterial collagenase activity of 0.47 and >10 mM, respectively. Thus, our results 

indicated a greater collagenase inhibitory effect of M2G compared to porphyra-334. Since collagenase 

is a metalloprotease, it is speculated that the high metal chelating activity of M2G may be involved in 

the inhibition of collagenase activity [72,76]. 

5. Conclusions and future perspective 

MAAs are natural compounds that have been utilized as active pharmaceutical ingredients for 

cosmetics and they are attracting attention for other industrial purposes. In this review, we focused on 

M2G and introduced potential applications for this multi-functional MAA. These activities of M2G 

are important from the viewpoint of skin care and are expected to support the development of various 

applications of MAAs including M2G. However, since the mechanism of action of these activities has 

not been clarified, further detailed investigation is essential. In order to widely develop MAAs for 

industrial use, strategies for MAA production are also important. At present, chemical synthesis of 

MAAs is difficult, and the establishment of new basic technologies such as production process 

technology using microorganisms is desired. For example, recently, it has been reported that MAAs, 



305 

AIMS Molecular Science  Volume 10, Issue 4, 295–310. 

including M2G, could be efficiently bioproduced by the introduction of cyanobacterial MAA synthetic 

genes into yeast [23]. 
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