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Abstract 

With an increase in elderly population, there is an increase in pathological conditions that 

accompany ageing, e.g. Alzheimer’s disease (AD). AD develops via several causes such 

as oxidative stress, cholinergic neurons apoptotic death and accumulation of abnormal 

proteins in the brain. Current medications are only palliative, so there is a need for a drug 

for this disorder. Plants from the Lamiaceae have been used traditionally to improve 

memory, suggesting neuroprotective/curative potential. Hence, the present study 

focussed on evaluation of extracts from Mentha taxa (Lamiaceae) against a number of 

factors implicated in development of AD. 

28 mint samples, representing nineteen Mentha taxa, were purchased (with nine taxa 

purchased twice from two nurseries). Plants were grown under identical conditions for 

two months, then leaves were collected, dried and extracted. Air-dried herbarium 

specimens were also prepared. Micromorphological analysis of leaves of the 19 taxa was 

undertaken to characterise the taxa. Dimensions of lamina and petiole were measured. 

Stomatal distribution and density and trichome density were determined using stereo and 

scanning electron microscopy. Taxa showed variations in leaf macromorphology, i.e. 

different lamina and petiole lengths. Species in section Pulegium were distinguishable by 

small lamina, long petiole percentage and high adaxial stomatal density. Non-glandular 

trichomes were diagnostic for some taxa. 

The 19 taxa were screened for their phenolic composition and in vitro bioactivities 

relevant to AD (antioxidant, acetylcholinesterase, butyrylcholinesterase and histone 

deacetylase inhibition). Mint extracts showed strong antioxidant activity, moderate 

acetylcholinesterase and butyrylcholinesterase inhibition, and good histone deacetylase 

inhibition, which strongly correlated to biophenol content. Apigenin-7-O-β-D-

diglucuronide, chicoric acid and isosakuranetin were tentatively identified as new 

compounds in Mentha. Principal component analysis (PCA) was carried out to select six 

Mentha taxa for further screening, which covered the broad spectrum of bioactivities 

exhibited by mints: Moroccan and Corsican mints, with the highest phenolic content, 

antioxidant capacity and histone deacetylase inhibition; white peppermint with the 

highest acetylcholinesterase inhibition, but lowest in other activities; the Australian mints, 
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M. australis and M. diemenica, as they represented most of the investigated taxa having 

moderate activities; and peppermint, of dietary significance. 

The six taxa were investigated for their β-secretase and amyloid β-aggregation inhibition, 

and their protective effect on H2O2-induced damage in SH-SY5Y cells through caspase 

activity. All six exhibited strong β-secretase inhibition. M. requienii showed excellent 

inhibition of amyloid β-aggregation, indicating that extracts have the potential to prevent 

the formation of amyloid β and also could prevent protein aggregation if already formed. 

M. diemenica and M. requienii lowered caspase activity in H2O2-induced oxidative stress 

and apoptosis indicating they could suppress apoptosis at cellular level. 

Real-time PCR and Western blot analysis were carried out for the two most promising 

extracts to determine their effects on signalling pathways in SH-SY5Y cells. M. 

diemenica lowered the expression of pro-apoptotic protein, Bax, and increased that of 

anti-apoptotic protein, Bcl-xL, which could be mediated by a down-regulation of ASK1-

JNK pathway. 

This study suggests that mints have potential neuroprotective effects. Further studies are 

recommended to address their possibilities for use in prophylaxis from AD or as 

treatment. 
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Chapter 1 

Phenolic extracts of Mentha and their role in 

managing Alzheimer’s disease 

(Introduction and literature review) 
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Phenolic extracts of Mentha and their role in managing Alzheimer’s 

disease 

1. Introduction to Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that causes a 

significant disruption of normal brain structure and function leading to memory loss 

(Korolev, 2014). The incidence of developing AD increases with age, especially after 65 

years (Korolev, 2014). Dementia is a syndrome that describes progressive deterioration 

of intellectual function. AD is the most common type of dementia (Korolev, 2014). 

The 2016 World Alzheimer Report estimates that worldwide there are nearly 47 million 

people living with dementia and this number is expected to increase to more than 131 

million by 2050, as populations age (Prince, Comas-Herrera, Knapp, Guerchet, & 

Karagiannidou, 2016).  Review of AD incidence data reveals that in the United States, 

AD is officially listed as the sixth-leading cause of death. An estimated 5.5 million 

Americans of all ages were living with Alzheimer’s dementia in 2017 (about 1.7%) 

(Alzheimer's Association, 2017). In Australia, more than 425,000 people (about 1.8%) 

are living with dementia and this number is expected to increase to an estimated 536,000 

by 2025 and 1,100,890 by 2050. Dementia is the second leading cause of death in 

Australia (https://www.dementia.org.au/media/key-facts-and-statistics, 2018). Statistics 

about the disease are very limited in the Middle East (Abyad, 2015). In Egypt, the 

percentage rate of AD and other types of dementias among the population over the age of 

60 years in Assiut governorate in Upper Egypt is 4.5% (Farrag, Farwiz, Khedr, Mahfouz, 

& Omran, 1998) and that in Sharkia governorate in Nile Delta is 3.66% (Zaitoun, Sarhan, 

Selim, & Mousa, 2008). 

An early symptom of AD is the worsening ability to remember new information due to 

loss or malfunction of neurons (Korolev, 2014). As damage spreads, patients experience 

other difficulties such as memory loss and language impairment, challenges in planning 

or solving problems, difficulty completing familiar tasks, confusion with time or place, 

trouble understanding visual images and spatial relationships, misplacing things and 

losing the ability to retrace steps, poor judgment, withdrawal from work or social 

activities and changes in mood and personality (Alzheimer’s Association, 2015). 
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AD develops from multiple causes (Korolev, 2014) and several hypotheses exist to 

explain the neurodegenerative process (Obied et al., 2012). Accumulation of abnormal 

proteins, amyloid-β (Aβ) deposits (senile plaques) outside the neurons and the 

hyperphosphorylated tau protein (neurofibrillary tangles) inside the neurons, are the 

major hallmarks of AD, which lead to a decline in cognitive function (Korolev, 2014). It 

was also found that oxidative stress occurs early in AD pathology (Obied et al., 2012). 

Aβ induces oxidative stress that is reflected by lipid peroxidation, protein and DNA 

oxidation, free radical formation and neurotoxicity (Obied et al., 2012). Overstimulation 

of glutamate NMDA (N-methyl-D-aspartate) receptors produces excitotoxic effects on 

neurons that can lead to neurodegeneration or apoptosis (Obied et al., 2012). Activation 

of inflammatory pathways was observed in the brains of individuals with AD (Wyss-

Coray & Rogers, 2012). Furthermore, alteration in some enzymes such as cholinesterase, 

β-secretase and histone deacetylase are involved in memory impairment and the 

pathophysiology of AD (Korolev, 2014; Sonnen et al., 2008; Xu, Dai, Huang, & Jiang, 

2011). 

No pharmacotherapeutics have yet been able to cure patients with AD (Korolev, 2014). 

Approved medications are three acetylcholinesterase inhibitors: rivastigmine, 

galantamine and donepezil and one NMDA (glutamate) receptor antagonist: memantine 

(Korolev, 2014). These approved medications are only symptomatic and palliative 

treatments (Korolev, 2014). Furthermore, adverse reactions to these drugs are frequently 

more serious than the disease itself (Obied, 2013), highlighting the need for more 

effective and safer alternatives. An example of the severe side effects that synthetic drugs 

may cause has been described as a consequence of treatment with tacrine (brand name 

“Cognex”). This was the first centrally acting acetylcholinesterase inhibitor (approved for 

the treatment of AD in 1993), but was discontinued in 2013 

(https://www.poison.org/articles/tacrine-171) because of its hepatotoxic effect (Declercq, 

Vandenberghe, Van Laere, Verbruggen, & Bormans, 2016).  

Medicinal plants provide a promising source for alternatives because they contain a 

variety of secondary metabolites that have a wide range of biological activities, including 

possible leads for treatment of neurodegenerative diseases (Vladimir-Knežević et al., 

2014). Plants have been the origin of about 50% of all new drugs recently introduced to 

the market (Obied, 2013). Moreover, traditional medicinal plants have been used to 

improve memory, thus linking them to treatment of neurodegenerative disorders, 

including AD. Galanthus nivalis L. (Amaryllidaceae) has been used traditionally in 
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Bulgaria and Turkey for the treatment of neurological disorders (Shu, 1998). This 

traditional use was the key for performing more studies on this plant, which resulted in 

the isolation of the alkaloid compound, galantamine. Researchers found that galantamine 

is an acetylcholinesterase inhibitor and it was approved in 2004 by the FDA as a 

medication for AD (Jones, Chin, & Kinghorn, 2006).  

Lamiaceae (Labiateae, mint family) is one of the largest flowering plant families in the 

world consisting of approximately 240 genera and 7000 species (Orhan, Senol, & Sener, 

2012). Plants from the Lamiaceae, which have been used in traditional medicines for 

improving memory, include Melissa officinalis L. (lemon balm), Salvia officinalis L. 

(sage) and Rosmarinus officinalis L. (rosemary) (Jivad & Rabiei, 2014; Orhan, Aslan, 

Kartal, Şener, & Başer, 2008). Mentha aquatica L. (water mint) has been used to treat 

mental illness in South Africa (Olsen, Stafford, van Staden, Christensen, & Jäger, 2008). 

Researchers found that these species possess a wide range of biological activities as well 

as phytochemical constituents. Extracts from many species of the Lamiaceae contain 

scavengers of reactive oxygen species (ROS). ROS, in excess, are implicated as initiators 

of degenerative processes and linked to cancer, cardiovascular and neurodegenerative 

diseases and ageing (Stagos et al., 2012). Many Mentha taxa, e.g. M. pulegium L. and M. 

x piperita L., have been found to possess an inhibitory effect on acetylcholinesterase 

(Vladimir-Knežević et al., 2014). Joshi and Bhadania (2014) also found that freeze-dried 

extract of M. x piperita protected mice from stress, amnesia and neurodegeneration in 

Aβ- and ageing-induced models and could be effective in the management and treatment 

of AD. Thus, mints are very good candidates for bioscreening as potential therapeutics 

against AD. 

2. Taxonomy and distribution of Mentha 

Mentha (commonly known as mint) is a genus in the Lamiaceae distributed mainly in 

temperate and sub-temperate regions across the world. Most of the Mentha species and 

varieties are found in Europe, Australia, Central Asia, and North Africa (Jabeen, Guo, 

Abbasi, Shinwari, & Mahmood, 2012). Species of Mentha can be found in diverse 

environments and generally grow best in wet and moist temperate conditions. 

Mentha is a taxonomically complex genus at the specific level because of variation in 

basic chromosome number, polymorphism in morphology and the occurrence of 
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polyploidy, aneuploidy and nothomorphs (Capuzzo & Maffei, 2014). The species are not 

clearly distinct as hybridization is quite common with more than 3000 named species 

described since the starting date of modern nomenclature (1753) (Tucker & Naczi, 2007). 

Polyploidy is common in Mentha, ranging from diploid to nonaploid and 0.63 to 4.15 

pg/2C DNA content (Bunsawat et al., 2004; Jedrzejczyk and Rewers, 2018). Few species 

have been morphologically or histo-anatomically investigated in order to be identified 

(Andro et al., 2011; El-Sayeda A. El-Kashoury, El-Askary, Kandil, & Salem, 2013). 

Micromorphological features such as type and distribution of stomata and trichomes have 

been examined using scanning electron microscope for the phylogenetic characterisation 

of some of the taxa (J.-S. Choi & Kim, 2013). Tucker and Naczi (2007) reclassified the 

genus Mentha on the basis of a phylogenetic analysis of morphology, chromosome 

numbers, and major essential oil (EO) constituents, to include 18 species and 11 named 

hybrids, placed in four sections (Tables 1, 2). 

Section Pulegium has three species: M. grandiflora Benth. is native to Australia (Tucker 

& Naczi, 2007); M. pulegium L. is native to Europe, North Africa, and the Middle East 

(Mahboubi & Haghi, 2008); and M. requienii Benth. is native to Corsica and Italy 

(Mucciarelli & Sacco, 1999). The two species, M. diemenica Spreng. and M. repens 

(Hook. f.) Briq., that belong to section Tubulosae are native to Australia (Cock, 2011; 

Tucker & Naczi, 2007). Section Eriodontes contains five species: M. australis R.Br., M. 

laxiflora Benth. and M. satureioides R.Br. are native to Australia (Cock, 2011; Tucker & 

Naczi, 2007); and M. cervina L. and M. gattefossei Maire are native to the Mediterranean 

(Tucker & Naczi, 2007). Within section Mentha, the five basic Eurasian and African 

species (M. arvensis L., M. aquatica L., M. spicata L., M. longifolia (L.) L., and M. 

suaveolens Ehrh.) have produced eleven, naturally occurring, named hybrids (Tucker & 

Naczi, 2007).
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Table 1 Mentha species according to Tucker and Naczi (2007) 

Botanical name Varieties/ subspecies Natural distribution 

I. Section Pulegium (Mill.) Lam. & DC.: 

1. M. grandiflora Benth.  Australia (Tucker & Naczi, 2007) 

2. M. pulegium L. (European 

pennyroyal) 

1. var. pulegium L. Southern, western, and central Europe, northwards to Ireland 

and central Poland and extending to western and southern 

Ukraine 

 2. var. micrantha (Fisch.) Benth. Southeast Russia, Kazakhstan 

3. M. requienii Benth. (Corsican mint)  Corsica, Italy (Mucciarelli & Sacco, 1999) 

II. Section Tubulosae (Briq.) Tucker.: 

4. M. diemenica Spreng. (Synonym: M. 

gracilis R.Br.) 

 Australia (Cock, 2011) 

5. M. repens (Hook. f.) Briq.  Australia (Tucker & Naczi, 2007) 

III. Section Eriodontes Benth.: 

6. M. australis R.Br.  Australia (Cock, 2011) 

7. M. cervina L. (Hart’s pennyroyal)  The Mediterranean (Tucker & Naczi, 2007) 

8. M. gattefossei Maire  The Mediterranean (Tucker & Naczi, 2007) 

9. M. laxiflora Benth.  Australia (Tucker & Naczi, 2007) 

10. M. satureioides R.Br.  Australia (Cock, 2011) 

IV.  Section Mentha: 

11. M. aquatica L. 1. var. aquatica (water mint) Throughout Europe (Tucker & Naczi, 2007) 

2. var. citrata (Ehrh.) Fresen. 

(Synonyms: M. citrata Ehrh. or 

M. x piperita L. var. citrata 

(Ehrh.) Rouy) (orange mint) 
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Table 1 (cont.) Mentha species according to Tucker and Naczi (2007) 

Botanical name Varieties/ subspecies Natural distribution 

12. M. arvensis L. (Cornmint) 1. subsp. arvensis Southern and western Europe (Tucker & Naczi, 2007) 

2. subsp. parietariefolia (Becker) 

Briq. (Synonym: M. gentilis L.) 

Northern and eastern Europe (Tucker & Naczi, 2007) 

13. M. canadensis L. (American 

cornmint, Japanese peppermint) 

(Synonym: M. haplocalyx Briq.) 

 North America and eastern Asia (Tucker & Chambers, 2002) 

14. M. dahurica Fisch. ex. Benth.  Siberia, Japan, north China (Tucker & Naczi, 2007) 

15. M. japonica (Miq.) Makino  Japan (Tucker & Naczi, 2007) 

16. M. longifolia (L.) L. 1. subsp. longifolia (Synonym: M. 

sylvestris L.) (horse mint) 

From western Europe to India to South Africa (Tucker & 

Naczi, 2007) 

2. subsp. dumortieri (Déséglise & 

Th. Durand) Briq. 

Belgium 

3. subsp. lavandulacea (Willd.) 

Briq. 

Spain 

4. subsp. erminea Briq. Greece, Turkey 

5. subsp. cyprica (Heinr. Braun) Cyprus mountains 

6. subsp. grisella Briq. Hungary, Rumania, Macedonia, Greece, Asia minor 

7. subsp. diabolina Briq. Eastern Europe, Asia 

8. subsp. mollis (Rochel) Briq. Romania, Yugoslavia 

9. subsp. minutiflora (Borbàs) Briq. Hungary, Macedonia, Crete 

10. subsp. typhoides (Briq.) Harley Iran, Iraq, Turkey, Syria, Lebanon, Egypt 

11. subsp. caucasica Briq. Caucasus 

12. subsp. calliantha (Stapf) Briq. Iran, Anatolia 

13. subsp. noëana (Boiss.) Briq. Iran, Iraq, Anatolia 

14. subsp. modesta Briq. Asia minor, Iran, Tibet 

15. subsp. royleana (Benth.) Briq. Asia minor, Iran, Afghanistan, Turkestan, Siberia, Tibet 

16. subsp. hymalaiensis Briq. Himalayas, Afghanistan 
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Table 1 (cont.) Mentha species according to Tucker and Naczi (2007) 

Botanical name Varieties/ subspecies Natural distribution 

16. M. longifolia (L.) L. 17. subsp. syriaca (Déséglise) Briq. Syria 

18. subsp. pellita (Déséglise) Briq. Syria, Ethiopia 

19. subsp. schimperi Briq. Ethiopia, Sinai Peninsula, Yemen 

20. subsp. capensis (Thunb.) Briq. 

(Wild mint) 

South Africa, Namibia, Zimbabwe, Lesotho 

21. subsp. polyadena Briq. South Africa, Lesotho 

22. subsp. wissii (Launert) Codd Namibia, South Africa 

17. M. spicata L. (Spearmint) 1. subsp. spicata (Synonym: M. 

viridis (L.) L.) 

Native of Africa, temperate Asia, Europe (Kedia, Prakash, 

Mishra, Chanotiya, & Dubey, 2014) 

2. var. crispata (Schrad.) Schinz & 

Thellung (Synonym: M. crispa 

L.) 

associated with cultivation 

3. subsp. condensata (Briq.) Greuter 

& Burdet (Synonyms: M. 

microphylla K. Koch or M. 

sylvestris L. var. stenostachya 

Boiss.) 

Italy, Sicily, Balkan Peninsula, and Aegean region 

4. var. undulata (Willd.) Lebeau associated with cultivation 

18. M. suaveolens Ehrh., M. 

rotundifolia Auct., non L. 

1. subsp. suaveolens (pineapple 

mint) 

Africa, Temperate Asia and Europe (El-Askary, El-

Kashoury, Kandil, Salem, & Ezzat, 2014) 

2. subsp. insularis (Req.) Greuter Islands of the western Mediterranean 

3. subsp. timija Morocco 
* Synonyms used in the present study 
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    Table 2 Mentha hybrids according to Tucker and Naczi (2007) 

Botanical name Hybrid of Varieties Synonyms 

1. M. x carinthiaca Host M. arvensis x M. suaveolens   

2. M. x dalmatica Tausch M. arvensis x M. longifolia   

3. M. x dumetorum Schultes M. aquatica x M. longifolia 

 

  

4. M. x gracilis Sole M. arvensis x M. spicata  M. gentilis Auct., non L. 

5. M. x maximilianea F.W. Schultes M. aquatica x M. suaveolens   

6. M. x piperita L. (Peppermint) M. aquatica x M. spicata 1. var. piperita (black and 

hairy peppermints) 

 

2. var. crispa (Benth.) W. 

Koch (curly mint) 

 

3. var. officinalis Sole 

(white peppermint) 

M. piperita L. var. officinalis W. Koch 

7. M. x rotundifolia (L.) Huds. M. longifolia x M. suaveolens   M. spicata L. var. rotundifolia L. 

 M. niliaca Juss. ex Jacq. 

 Mentha villosa Auct., non Huds. 

8. M. x smithiana R. (Red mint) M. aquatica x M. arvensis x 

M. spicata 

  

9. M. x verticillata L. M. aquatica x M. arvensis   
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Table 2 (cont.) Mentha hybrids according to Tucker and Naczi (2007) 

Botanical name Hybrid of Varieties Synonyms 

10. M. x villosa Huds. M. spicata x M. suaveolens 1. var. villosa M. niliaca Auct. 

2. var. alopecuroides (Hull) 

Briq. (apple mint, 

bowless mint, Egyptian 

mint) 

 

 M. rotundifolia Sole 

 M. sylvestris L. var. alopecuroides 

Baker 

 M. x niliaca Jacq. var. alopecuroides 

(Hull) Fraser 

 M. x villosa Huds. nm. alopecuroides 

(Hull) Harley 

 M. rotundifolia (L.) Huds. subsp. 

alopecuroides (Hull) 

3. var. nicholsoniana 

(Strail) Harley 

M. x niliaca Jacq. var. nicholsoniana 

(Strail) Fraser 

11. M. x villosa-nervata Opiz 

(American spearmint) 

M. longifolia x M. spicata   
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3. History and uses of Mentha

Mentha has a long history of cultivation and is widely known for its culinary, medicinal 

and aromotherapeutic properties. Since Ancient Egyptian times, peppermint has been 

used for indigestion. The ancient Greeks and Romans also used it for soothing stomach. 

In the Middle Ages, peppermint was used as a tooth polisher and to keep rats and mice 

out of storerooms because of its strong smell. Peppermint then became popular in the 

eighteenth century in Western Europe as a folk remedy for nausea, vomiting, morning 

sickness, respiratory infections and menstrual disorders (Peixoto, Furletti, Anibal, Duarte, 

& Höfling, 2010). In 1721, it was listed in the London Pharmacopoeia as a remedy for 

treating a wide range of ailments including sores, venereal disease, colds and headaches 

(Peixoto et al., 2010). 

Mint was used in Asia and the Mediterranean region for the treatment of gastric and 

intestinal colic and spasms (Naghibi, Mosaddegh, Mohammadi Motamed, & Ghorbani, 

2010). Different Mentha taxa have several enthnomedicinal uses (Table 3) such as the 

treatment of cold, cough, headache, indigestion and biliary disorders, cholera, bronchitis, 

tuberculosis, sinusitis and for their diuretic, carminative, antiflatulent, expectorant, 

antitussive and antimicrobial properties. As an example, decoctions of M. australis were 

traditionally used to treat colds and coughs. Inhaling the crushed mint was used as a 

treatment for headaches. It was also used as an abortifacient by Aboriginal people in 

Australia (Tang, Konczak, & Zhao, 2016). 

M. pulegium was used in Greece and the Mediterranean region for the treatment of 

dizziness, nausea, sea sickness, cough, diabetes, diarrhoea and dysentery, dysmenorrhoea, 

headache, migraine, hypertension, influenza, intestinal pains or inflammation, liver 

diseases, mouth and throat hygiene, obesity, pertussis, respiratory ailments, skin diseases 

and irritations, spleen ailments, syphilis, thrills and toothache. It was also used as anti-

convulsive, antiemetic, anaesthetic, heart stimulant, sedative, antiseptic, aphrodisiac, 

carminative, choleretic, digestive, diuretic, hepatoprotective and spasmolytic (Karousou, 

Balta, Hanlidou, & Kokkini, 2007). In Portugal, M. pulegium is commonly used as a 

stimulant and anti-asthenia agent (Mata et al., 2007). 

Mints are edible plants known for their refreshing taste and aroma. M. aquatica leaves 

are used as a spice and in the preparation of liqueurs (Conforti et al., 2008). M. pulegium 

was commonly used in Portugal as a spice in traditional food preparations (Mata et al., 
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2007). M. spicata and M. x piperita are consumed in the form of tea in the Mediterranean 

region, while their dry or fresh leaves are used as a flavour enhancer (Ayyobi, Peyvast, 

& Olfati, 2014; Fatiha et al., 2015). The essential oils (EO) of mints are also used both as 

medicinal agents and as flavouring agents in foods and confectionery (Ayyobi et al., 

2014). 

Mints had a history with the central nervous system (CNS) in traditional medicine. In 

South Africa, the dried leaves of M. aquatica are burned and the smoke inhaled for the 

treatment of mental illnesses and protection against and removal of ‘curses’ and ‘evil 

spirits’, which resemble symptoms of depression (Olsen et al., 2008). In Mediterranean 

countries, M. arvensis and M. x piperita are used to treat neuralgia (Biswas, Saha, & Ali, 

2014; Karousou et al., 2007), M. pulegium and M. suaveolens are used as anticonvulsives 

and M. longifolia, M. spicata and M. x villosa-nervata are used as sedatives (Karousou et 

al., 2007).
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Table 3 Ethnomedicinal uses of different Mentha taxa 

Botanical 

name 

Part 

used 

Preparation/ 

Application 
Ethnomedicinal use Where References 

M. aquatica L burned and 

the smoke 

inhaled 

anti-rheumatic, vermifuge, anti-inflammatory 

astringent, emetic, stimulant, for colds, respiratory problems, 

protection against evil spirits, depression-like conditions, difficult 

menstruation 

Mediterranean region 

(Italy), South Africa 

(Conforti, Sosa, 

et al., 2008; 

Jäger et al., 

2007; Olsen et 

al., 2008) 

M. arvensis L, 

W, 

A 

fresh-

chewed 

infusion, 

decoction-

drink, 

lotions, 

ointments 

and creams 

anaesthetic, anodyne, anthelmintic, antiseptic, antipyretic, 

antispasmodic, antipruritic, antipeptic ulcer, cardiotonic, 

carminative, contraceptive, counter-irritant, deodorant, digestive, 

diuretic, emmenagogue, expectorant, febrifuge, stimulant, 

stomachic, sudorific, thermogenic, vulnerary, for abdominal colic, 

arthralgia, asthma, cattle fever, coughs, colds, diarrhoea, 

dyspepsia, eye inflammation, headache, hysteria, influenza, 

inflamed joints, infantile troubles, jaundice, liver and spleen 

disease, nausea, neuralgia, pharyngitis, rheumatism, rhinitis, skin 

diseases, sore throat, vomiting 

India, Chinese 

medicine, Native 

American tribes, 

Bosnia and 

Herzegovina 

(Biswas et al., 

2014; 

Chanwitheesuk, 

Teerawutgulrag, 

& Rakariyatham, 

2005; 

Choudhury et al., 

2015) 

M. australis W decoction, 

inhaling 

crushed mint 

abortifacient, for colds, coughs, headache Australia (Tang et al., 

2016) 

M. 

cordifolia 

L  carminative, relieve headache Thailand (Chanwitheesuk 

et al., 2005) 

M. 

diemenica 

W  diuretic, insecticide, for menstrual disorders, stomach pain Australia (Cock, 2011) 
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Table 3 (cont.) Ethnomedicinal uses of different Mentha taxa 

Botanical 

name 

Part 

used 

Preparation/ 

Application 
Ethnomedicinal use Where References 

M. 

longifolia 

A, L  analgesic, antiemetic, anti-inflammatory, aphrodisiac, digestive, 

diuretic, haemostatic, hepatoprotective, sedative, spasmolytic, 

stimulant, tonic, for blood purification, cholesterol, constipation, 

diarrhoea, dysentery, fever, flatulence, gall disorders, 

haemorrhoids, headache, hypertension, intestinal parasites, kidney 

stones, mammal bite, migraine, mouth and throat hygiene, 

respiratory ailments, skin diseases and irritations, stomach 

ailments, sunstroke 

Greece, Italy, Spain, 

Turkey, Cyprus, 

Jordon, Portugal, 

Bosnia and 

Herzegovina 

(Karousou et al., 

2007) 

M. pulegium A, L  anaesthetic, anti-convulsive, antiemetic, antiseptic, aphrodisiac, 

carminative, choleretic, digestive, diuretic, heart stimulant, 

hepatoprotective, sedative, spasmolytic, stimulant, tonic, for 

cholesterol, dyspepsia and intestinal colic, cough, diabetes, 

diarrhoea and dysentery, dizziness, dysmenorrhoea, headache, 

heart disease, hypertension, inflammation, influenza, intestinal 

parasites and pains, jaundice, liver diseases, migraine, mouth and 

throat hygiene, nausea, obesity, pertussis, respiratory ailments, 

seasickness, skin diseases and irritations, spleen ailments, stomach 

ailments, syphilis, toothache, veterinary use 

Algeria, Bulgaria, 

Italy, Morocco, 

Spain, Greece, 

Cyprus, Portugal, 

Egypt, Tunisia, 

Bosnia and 

Herzegovina 

(Fatiha et al., 

2015; Karousou 

et al., 2007) 

M. 

rotundifolia 

  analgesic, antiemetic, antispasmodic, antidiarrheal, anti-

haemorrhoidal, anti-inflammatory, carminative, choleretic, 

hypotensive, insecticidal, sedative, stimulative, stomachic, tonic 

Algeria 

Bosnia and 

Herzegovina 

(Fatiha et al., 

2015) 

M. 

satureioides 

W  for aches, colds, coughs, pain Australia (Cock, 2011) 
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Table 3 (cont.) Ethnomedicinal uses of different Mentha taxa 

Botanical 

name 

Part 

used 

Preparation/ 

Application 
Ethnomedicinal use Where References 

M. spicata L, A decoction analgesic, anaesthetic, stomachic, abortifacient, antiemetic, 

antiseptic, carminative, choleretic, digestive, diuretic, 

hepatoprotective, sedative, spasmolytic, stimulant, tonic, for 

biliary disorders, constipation, convalescence after poisonings, gas 

pain, gingivitis, menstrual cramps, muscle pain, rheumatism, 

common cold, cough, cholera (prophylactic), diabetes, dizziness, 

earache, erysipelas, eye problems (swollen and inflamed eye), 

haemorrhage (internal), headache, heart disease, hypertension, 

intestinal pains or inflammation, intestinal parasites, jaundice, 

lactation (promoting), venomous animal bites and stings, 

migraine, mouth and throat hygiene, nausea, plague 

(prophylactic), respiratory ailments, seasickness, skin diseases and 

irritations, stomach pain, toothache 

Greece, Tunisia, 

Cyprus, Italy, 

Bulgaria, Jordon, 

Spain, Portugal, 

Morocco, Algeria, 

Egypt, Cyprus, 

Bosnia and 

Herzegovina 

(Fatiha et al., 

2015; Karousou 

et al., 2007; 

Padmini, 

Valarmathi, & 

Rani, 2010) 

M. 

suaveolens 

A  anti-convulsive, digestive, for cough, influenza, respiratory 

ailments, rheumatisms, skin diseases and irritations 

Spain, Greece, Italy (Karousou et al., 

2007) 

M. 

verticillata 

L  for arrhythmia, blood purification, diarrhoea, digestive disorders, 

gallbladder purification, gastritis and flatulence, gingivitis, 

headache, insomnia, migraine, obstipation, back pain, restlessness, 

rheumatism, stomach spasms, urinary bladder inflammations and 

purification, throat inflammation, regulation of menstruation 

Bosnia and 

Herzegovina 

(Šarić-Kundalić, 

Dobeš, Klatte-

Asselmeyer, & 

Saukel, 2011) 

M. x gentilis L  as per M. verticillata Bosnia and 

Herzegovina 

(Šarić-Kundalić 

et al., 2011) 

M. x gracilis L  as per M. x gentilis Bosnia and 

Herzegovina 

(Šarić-Kundalić 

et al., 2011) 
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Table 3 (cont.) Ethnomedicinal uses of different Mentha taxa 

Botanical 

name 

Part 

used 

Preparation/ 

Application 
Ethnomedicinal use Where References 

M. x 

piperita 

L, A, 

T 

 analgesic, anaesthetic, antiemetic, anti-inflammatory, antiseptic, 

antibacterial, choleretic, digestive, diuretic, hepatoprotective, 

promoter of gastric secretion, sedative, spasmolytic, for biliary 

disorders, dyspepsia, enteritis, flatulence, gastritis, intestinal colic, 

spasms of the bile duct, gallbladder and gastrointestinal tract, 

asthma, backache, common cold, constipation, cough, diarrhoea 

and dysentery, erysipelas, foot care, headache and migraine, heart 

disease, hypertension, influenza, intestinal parasites, jaundice, 

male hypersexuality, mouth and throat hygiene, neuralgia, 

respiratory ailments, skin diseases and irritations, stomach 

ailments, toothache, veterinary use 

Greece, Bulgaria, 

Italy, Jordan, 

Portugal, Spain, 

Cyprus, Bosnia and 

Herzegovina 

(Areias, 

Valentao, 

Andrade, 

Ferreres, & 

Seabra, 2001; 

Karousou et al., 

2007; McKay & 

Blumberg, 2006) 

M. x villosa-

nervata 

A  antiemetic, aphrodisiac, digestive, sedative, spasmolytic, 

stimulant, tonic, for blood purification, cholesterol, diarrhoea and 

dysentery, headache and migraine, hypertension, kidney stones, 

stomach ailments 

Greece (Karousou et al., 

2007) 

A=aerial parts, L=leaves, S=stems, T=herbal teas or tisanes, W=whole plant. 
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4.  Chemical composition and bioactivities of Mentha in modern medicine 

4.1. Essential oils (EO) 

Essential oils and polyphenols are considered the main chemical groups responsible for 

the pharmacological activities of Mentha (Kapp, 2015) (Appendix Table A1). Mints are 

well known for their EO, biosynthesized in specialized secreting structures, glandular 

trichomes, located on the surface of the leaves and stems (Fig. 1). The EO of Mentha 

include monoterpenes and sesquiterpenes, the content of which varies from species to 

species, in addition to the terpenoids, menthol, menthone, neomenthol, menthyl acetate, 

isomenthone, 1,8-cineole, linalool, α-pinene, β-pinene, limonene, carvone and pulegone 

(Brahmi, Khodir, Mohamed, & Pierre, 2017) (Appendix Table A1, Fig. A1). 

Essential oils of mints are commercially important for the pharmaceutical, food and 

cosmetic industries. They are often used as flavouring agents in toothpaste, candy canes, 

chewing gums and beverages (Brahmi et al., 2017). They are commonly used for their 

cooling, invigorating and anaesthetic qualities. They have been described as being 

effective in treating a wide range of gastrointestinal tract complaints including flatulence, 

indigestion, nausea, vomiting, anorexia, and ulcerative colitis (Brahmi et al., 2017). 

Mentha EO have been reported to have anti-inflammatory, hepatoprotective, hypotensive, 

vasorelaxant, antioxidant, analgesic, antibacterial, antifungal, antiviral, cytotoxic and 

insecticidal properties (Brahmi et al., 2017). 

Mentha EO also have an effect on the CNS such as M. suaveolens and M. pulegium EO 

which showed AChE inhibitory activity (Ferreira, Proenca, Serralheiro, & Araujo, 2006; 

Mata et al., 2007). M. aquatica EO have an affinity for GABA-benzodiazepine receptors 

indicating sedative or anticonvulsive activities (Jäger et al., 2007). Moreover, EO of M. 

x piperita enhanced memory in healthy participants (Moss, Hewitt, Moss, & Wesnes, 

2008). 

Mentha plants have a wide adaptability to different climatic conditions. Their chemical 

composition can vary with plant part, maturity, species and varieties, geographical region 

and processing conditions (Kapp, 2015; McKay & Blumberg, 2006; Riachi & De Maria, 

2015). For example, the EO content and compounds of M. x piperita, M. arvensis, M. 

spicata and M. longifolia are higher in summer than in winter (Kapp, 2015). Older leaves 

of M. x piperita contained higher amounts of EO than younger leaves (Riachi & De Maria, 

2015) and flowers contained a higher content of menthofuran than the leaves (Kapp, 
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2015). Mint plants harvested at the flowering stage have a higher concentration of 

menthol and a lower concentration of menthone than plants in the bud formation process 

(Riachi & De Maria, 2015). It was also found that regular watering and fertilization are 

preferred for higher yield of EO (Kapp, 2015). Furthermore, higher oil content has been 

obtained from plant material dried at room temperature than from fresh material or dried 

at higher temperatures (Kapp, 2015). 

The valuable bioactivities of Mentha EO have been known for a long time and they have 

become ingredients in a wide range of pharmaceutical preparations. However, with no 

cure so far for some diseases such as AD, further research into other components in 

Mentha may provide a potential treatment, especially given the historical uses of Mentha 

and other species in the Lamiaceae (see above). 

 

 
Fig. 1 Dissecting microscope images of the abaxial leaf surface of M. x piperita f. 

citrata “Basil” (Basil mint) (A, B) and transverse sections of leaves of M. x piperita var. 

citrata (Eau de Cologne mint) (C) and M. diemenica (D) A. Note the glandular 

trichomes (arrowed). Scale 1 mm. B. Detail of A. Scale 100 µm. C. Note glandular 

trichome (gt) on adaxial surface. D. Note glandular trichome on abaxial surface. pm, 

palisade mesophyll; sm, spongy mesophyll. 
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4.2. Polyphenols 

Plant phenols are commonly referred to as polyphenols or biophenols (Obied et al., 2012). 

In contrast to the EO of mints, which have been studied extensively (Stagos et al., 2012), 

the phenolic composition of mint extracts have gained the attention of researchers 

recently, especially after finding that their bioactivities are highly associated with their 

phenolic content (Fatiha et al., 2015). It is believed that the phenolic compounds are the 

main active ingredients of, for example, mint teas because they are prepared uncovered, 

so the volatile substances are lost in the process (Salin et al., 2011). Phenolic acids and 

flavonoids are the main phenolic classes identified in mints (Brahmi et al., 2017). 

Rosmarinic acid is a characteristic compound of Mentha, being present in almost all 

species (Brahmi et al., 2017). The main phenolic compounds so far reported in mints are 

luteolin, naringenin, apigenin, hesperitin and eriodictyol and their glycosides, as well as 

rosmarinic, caffeic, chlorogenic and salvianolic acids and their derivatives (Brahmi et al., 

2017) (Appendix Table A1, Fig. A2). 

It has been suggested that 75% of the phenolic compounds present in a mint infusion may 

be responsible for its biological activities (Kosar, Dorman, Can Baser, & Hiltunen, 2004). 

A strong correlation between the total phenolic content (TPC) of mints and their 

antioxidant capacity has been reported (Fatiha et al., 2015; Stagos et al., 2012) indicating 

that the biophenols may be responsible for the antioxidant activity. Conforti, Ioele, et al. 

(2008) and Conforti, Sosa, et al. (2008) found that a hydroalcoholic extract of M. 

aquatica, which showed antiproliferative activity on breast cancer cells in vitro and free 

radical scavenging and antioxidant activities, contained high amounts of phenolics. The 

flavonoids (apigenin and luteolin) and their glucosides (rutinoside and glucuronide) 

isolated from M. longifolia subsp. longifolia showed antimutagenic activity in vitro (Baris 

et al., 2011; F. Orhan et al., 2012). Peppermint teas that showed antichlamydial activity 

had a high content of luteolin and apigenin glycosides (Kapp et al., 2013). 

Water-soluble extracts from M. aquatica, M. haplocalyx, M. x dalmatica, M. x 

verticillata, M. arvensis var. japanensis, M. spicata var. crispa and M. x piperita 

ʻFrantsila’, M. ʻMorocco’ and M. ʻNative Wilmet’ cultivars showed antioxidative 

properties and the level of activity was strongly associated with the phenolic content 

(Dorman, Kosar, Kahlos, Holm, & Hiltunen, 2003). 
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Bioactivities of Mentha extracts related to CNS and AD correlated to their phenolic 

composition: Dietary flavonoids and phenolic acids have been reported to protect neurons 

from injury and to promote memory, learning and cognitive function indicating a 

neuroprotective effect (Kim, 2010). For example, the flavonoid quercetin, which is 

generally found in fruits and vegetables, has neuroprotective activity against agent-

induced toxicity and enhances the resistance of neurons to oxidative stress and 

excitotoxicity through a modulation in the mechanisms of cell death in vitro (Sabogal-

Guáqueta et al., 2015). Quercetin also ameliorates AD pathology and protects cognitive 

and emotional function in aged triple-transgenic AD-model mice (Sabogal-Guáqueta et 

al., 2015). 

Ethanolic extracts from M. longifolia, M. pulegium and M. x piperita and their phenolic 

constituents, rosmarinic, caffeic, chlorogenic and ferulic acids, showed antioxidant and 

AChE inhibitory activities (Vladimir-Knežević et al., 2014). Methanolic extracts of the 

above species and M. aquatica and M. suaveolens showed antioxidant activity as well as 

monoamine oxidase-A (MAO-A) inhibition activity indicating an antidepressant effect 

(López et al., 2010). Methanolic extracts of M. aquatica, M. longifolia and M. x piperita 

also showed an affinity to the GABA-benzodiazepine receptor indicating an anxiolytic 

effect (López et al., 2010). M. aquatica and M. x piperita had a neuroprotective effect 

against hydrogen peroxide (H2O2)-induced toxicity in pheochromocytoma (PC12 cells) 

(López et al., 2010). 

Freeze-dried extract of M. piperita had protective effects in mice against Aβ formation 

and ageing-induced stress, amnesia and neurodegeneration (Joshi & Bhadania, 2014). It 

improved acquisition and retention in both exteroceptive and interoceptive behavioural 

models, reversed amnesia and inhibited decreases in ACh levels in brains of ageing- and 

scopolamine-induced amnesic mice (Joshi & Bhadania, 2014). M. spicata extract with 

5% rosmarinic acid had beneficial effects on learning and memory and brain tissue 

markers of oxidation in the SAMP8 mouse model of accelerated ageing (Farr et al., 2016). 

Linarin (acacetin-7-O-β-D-rutinoside), isolated from a flower extract of M. arvensis, 

showed AChE inhibitory effects (Oinonen, Jokela, Hatakka, & Vuorela, 2006). It also 

had neuroprotective effects against Aβ25-35-induced neurotoxicity in cultured rat PC12 

cells through the activation of the PI3K/Akt pathway (Lou, Fan, Perez, & Lou, 2011). 

The ethanolic extract of the aerial parts of M. aquatica and the isolated flavanone, 
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naringenin, showed affinity for the GABA-benzodiazepine receptor suggesting an anti-

convulsive activity or a sedative effect (Jäger et al., 2007). Naringenin isolated from a 

70% ethanol extract of M. aquatica leaves inhibited MAO-A and MAO-B, indicating its 

antidepressant and anti-Parkinson’s disease effects, respectively (Olsen et al., 2008). 

Naringenin can pass the blood-brain barrier, so it can have an effect on the CNS (Jäger et 

al., 2007). Caffeic acid protected mice from neuronal loss and memory deficits induced 

by focal cerebral ischaemia, which includes a complex cascade of events such as 

inflammation and oxidative stress (Riachi & De Maria, 2015). Salvianolic acid A had a 

neuroprotective effect against acute ischemic stroke in mice as it enhanced their survival 

rate, improved their activity levels, and ameliorated the severity of brain infarction and 

apoptosis (Chien et al., 2016). Rosmarinic acid showed a neuroprotective effect against 

H2O2-induced neurotoxicity in SH-SY5Y cells (Lee et al., 2008) and against Aβ-induced 

damage in PC12 cells (Rong, Liang, & Niu, 2018). Hamaguchi, Ono, Murase, & Yamada 

(2009) found that rosmarinic acid prevented the development of AD pathology by 

decreasing Aβ deposition in the brain of AD model transgenic mice (Tg2576). 

As reviewed above, the literature shows that phenolic extracts and phenolic compounds 

present in Mentha species showed beneficial effects on the CNS. Hence, they may also 

provide a promising source for AD medications as crude extracts or through identification 

of novel bioactive compounds. 

Variation in phenolic composition: When investigating the potential of plant extracts for 

treatment of diseases, it is important to also understand the factors that may affect the 

levels of bioactive compounds in the plant. The total phenolic content (TPC) of different 

extracts of several Mentha species and their hybrids showed a wide range of variability 

from 0.124 to 246.7 mg gallic acid equivalent (GAE)/g (Table 4) with an average of 

approximately 100 mg GAE/g (Al-Juhaimi & Ghafoor, 2011; Benedec et al., 2013). For 

instance, the TPC of different extracts of M. spicata from India was 2.9-3.4 mg GAE/g 

(Biswas, Chatli, & Sahoo, 2012) and 2.0-11.8 mg GAE/g (Malik, Sharma, & Soni, 2013). 

Yi and Wetzstein (2010) reported higher contents for M. x piperita and M. spicata 

cultivated in a greenhouse (76 and 63 mg GAE/g DW, respectively) than those grown in 

field (39 and 55 mg GAE/g DW, respectively). 

Several factors could influence the variation in TPC. While variation between species is 

expected, variation due to sample preparation was also observed. Different extraction 

techniques and conditions will yield different phenolic contents qualitatively and 
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quantitatively for the same samples (Antolovich, Prenzler, Robards, & Ryan, 2000). 

Bimakr et al. (2011) found that different bioactive flavonoid compounds were obtained 

from M. spicata leaves by using conventional soxhlet extraction (CSE) and supercritical 

carbon dioxide (SC-CO2) extraction at different extraction parameters such as 

temperature, pressure and dynamic extraction time. CSE showed a higher crude extract 

yield than SC-CO2 extraction, however, SC-CO2 extraction contained more main 

flavonoid compounds at a higher concentration than CSE. Extraction using an accelerated 

solvent extractor, by hydrodistillation or by heating at 60°C gave high TPC (115-247 mg 

GAE/g) (Benedec et al., 2013; Dorman et al., 2003; Stagos et al., 2012). Also, the polarity 

of extracting solvents can influence the solubility of chemical constituents and alter the 

analytical estimation of TPC from the same sample (Sulaiman, Sajak, Ooi, Supriatno, & 

Seow, 2011). A 70% acetone extract of M. arvensis contained approximately 16 times the 

TPC of other solvents, i.e.: 70% ethanol, 70% methanol or water (Sulaiman et al., 2011). 

Moreover, the drying technique may have an influence on the estimation of TPC. Arslan, 

Özcan, and Mengeş (2010) found that drying M. x piperita in an oven at 50°C, or under 

direct sunlight at 20-30°C or in a microwave oven resulted in approximately 53% lower, 

16% higher and 45% higher estimates, respectively, in the TPC as compared to a fresh 

sample. The increase in estimated TPC could be due to the liberation of phenolic 

compounds from the matrix during the process, and drying might have facilitated the 

release of the bound compounds from the breakdown of cellular components, but the high 

temperature of oven drying might cause thermal degradation of the phenolic compounds, 

which lowers the TPC of the oven dried samples (Arslan et al., 2010). On the other hand, 

Riachi and De Maria (2015) reported that drying peppermint at 60°C in an oven led to a 

preserved total phenolic composition as compared to drying in shade, sunlight or at 75°C. 

Another factor that could explain the variations observed in the phytochemical content of 

plants is the different edaphoclimatic conditions to which they were subjected, which can 

influence plant secondary metabolism (Riachi & De Maria, 2015). Plants grown in 

temperate areas with long hours of daylight contained a high content of phenolic acids 

(Riachi & De Maria, 2015). As an example, M. spicata exposed to 16 hours day length 

contained a higher content of rosmarinic acid than that exposed to 12 hours (Fletcher, 

Slimmon, & Kott, 2010). Also, the main active constituent differed under different day 

lengths in M. x piperita (Riachi & De Maria, 2015). Peppermint grown under short day 
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length (8 hours) had gardenin B as the main constituent, while that grown under long day 

length (16 hours) had pebrellin (Voirin, Saunois, & Bayet, 1994). 

Table 4 Reported total phenolic content (TPC) for different Mentha taxa  

Plant* Place 
Extraction 

solvent 

TPC 

(mg GAE/g)# 
References 

M. aquatica Austria water 
153 

Dorman et al. 

(2003) 

Algeria 80% aq. 

MeOH 

43.2 

Benabdallah, 

Rahmoune, 

Boumendjel, 

Aissi, and 

Messaoud (2016) 

Greece MeOH 172 Stagos et al. 

(2012) water 185 

M. arvensis Algeria 80% aq. 

MeOH 
32.9 

Benabdallah et al. 

(2016) 

Malaysia 70% aq. 

acetone 
95.7 

Sulaiman et al. 

(2011) 

70% aq. 

EtOH 
5.7 

70% aq. 

MeOH 
6.1 

water 14.3 

Saudi 

Arabia 
diethyl ether 0.1 

Al-Juhaimi and 

Ghafoor (2011) 

M. arvensis 

var. 

japanensis 

Finland water 155 

Dorman et al. 

(2003) 

M. 

haplocalyx 
China water 157 

Dorman et al. 

(2003) 

M. longifolia Greece MeOH 115 Stagos et al. 

(2012)  water 216 

India MeOH 1.9-6.1 Malik et al. 

(2013) water 1.5-4.1 

Romania 70% aq. 

EtOH 
219 

Benedec et al. 

(2013) 

M. 

microphylla 

Greece EtOH 233 Stagos et al. 

(2012) water 217 

M. pulegium Algeria 99% aq. 

MeOH 

containing 

0.5% acetic 

acid 

73 

Khaled-Khodja, 

Boulekbache-

Makhlouf, and 

Madani (2014) 

80% aq. 

MeOH 
17.0 

Benedec et al. 

(2013) 

Greece 62.5% aq. 

MeOH 

containing 

0.1% BHT 

and HCl 

8.4 

Proestos, 

Chorianopoulos, 

Nychas, and 

Komaitis (2005) 

MeOH 138 Stagos et al. 

(2012) water 188 

M. 

rotundifolia 

Algeria 80% aq. 

MeOH 
17.0 

Benedec et al. 

(2013) 
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Table 4 (cont.) Reported total phenolic content (TPC) for different 

Mentha taxa 

Plant* Place 
Extraction 

solvent 

TPC 

(mg GAE/g)# 
References 

M. spicata Brazil acetone 1.9 Scherer et al. 

(2013) MeOH 6.0 

Georgia, 

USA 

80% aq. 

MeOH 
55-63 

Yi and Wetzstein 

(2010) 

India EtOH 3.4 Biswas et al. 

(2012); 

Malik et al. 

(2013) 

MeOH 2.0-11.8 

50% aq. 

EtOH 
3.4 

water 2.9-10.0 

M. spicata 

var. 

crispata 

Romania 70% aq. 

EtOH 
86 

Moldovan et al. 

(2014) 

Finland water 
214 

Dorman et al. 

(2003) 

M. 

suaveolens 

Morocco 25% aq. 

EtOH 
2.7 

Bichra, El-

Modafar, El-

Abbassi, 

Bouamama, and 

Benkhalti (2013) 

water 
1.5 

M. 

suaveolens 

var. 

variegate 

Romania 70% aq. 

EtOH 
76 

Moldovan et al. 

(2014) 

M. villosa Algeria 80% aq. 

MeOH 
14.7 

Benedec et al. 

(2013) 

Brazil water 
118 

Macedo et al. 

(2012) 

M. viridis Morocco 25% aq. 

MeOH 
2.1 

Bichra et al. 

(2013) 

water 0.9 

M. viridis 

var. crispa 

Romania 70% aq. 

EtOH 
247 

Benedec et al. 

(2013) 

M. x 

dalmatica 

Finland water 
188 

Dorman et al. 

(2003) 

M. x piperita Algeria 80% aq. 

MeOH 
31.4 

Benedec et al. 

(2013) 

Bulgaria 80% aq. 

MeOH 0.5 

Atanassova, 

Georgieva, and 

Ivancheva (2011) 

Georgia, 

USA 

80% aq. 

MeOH 
39-76 

Yi and Wetzstein 

(2010) 

M. x piperita 

var. 

officinalis f. 

rubrescens 

Romania 70% aq. 

EtOH 
51 

Moldovan et al. 

(2014) 

M. x piperita 

var. 

officinalis f. 

pallescens 

Romania 70% aq. 

EtOH 
96 

Moldovan et al. 

(2014) 
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Table 4 (cont.) Reported total phenolic content (TPC) for different 

Mentha taxa 

Plant* Place 
Extraction 

solvent 

TPC 

(mg GAE/g)# 
References 

M. x piperita 

ʻFrantsila’ 

Finland water 
231 

Dorman et al. 

(2003) 

M. x 

rotundifolia 

Romania 70% aq. 

EtOH 
98 

Moldovan et al. 

(2014) 

M. x 

verticillata 

Finland water 
128 

Dorman et al. 

(2003) 

M. 

ʻMorocco’ 

Finland water 
172 

Dorman et al. 

(2003) 

M. ʻNative 

Wilmet’ 

Finland water 
209 

Dorman et al. 

(2003) 
#mg GAE/g: milligrams of gallic acid equivalents per gram 

*Taxonomy as per original published articles 

aq.: aqueous, BHT: butylated hydroxytoluene, EtOH: ethanol, MeOH: methanol
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5. Investigation of the biophenols of Mentha 

Because AD is a multifactorial disease, so in this thesis, Mentha extracts were 

investigated for various bioactivities that are linked to AD along with chromatographic 

qualitative and quantitative determination of their phenolic composition. In this Section, 

literature relevant to sample preparation, bioactivity testing and chromatographic 

profiling is reviewed. 

Sample preparation: Isolation of phenolic compounds from the sample is the first step 

before any comprehensive analysis (Antolovich et al., 2000). Different methods have 

been applied for extraction of biophenols from mints. Alcoholic extraction has been 

widely used for recovery of biophenols from several Mentha taxa. For example, aqueous 

methanol has been used for extraction of phenolic compounds from M. arvensis (Oinonen 

et al., 2006; Salin et al., 2011), M. australis (Tang et al., 2016) and M. longifolia and M. 

piperita (Krzyzanowska et al., 2011). Cold extraction with ethanol (Biswas et al., 2014) 

and successive extraction using solvents ranging from non-polar to polar, i.e. petroleum 

ether (60-70℃), chloroform (60-70℃) and aqueous (90-100℃) in a Soxhlet apparatus 

(Londonkar & Poddar, 2009) have been used for extraction of phenolic compounds from 

M. arvensis. Also, aqueous methanol, acidified with 1% formic acid to prevent enzymatic 

activities, has been used for extraction of phenolic compounds from M. spicata (Cirlini 

et al., 2016). Methanol is the most frequently used solvent because some of the biophenols 

are found bound to the cell wall and methanol can disrupt cell walls and inhibit the 

enzymatic activities (Obied et al., 2005). Aqueous methanol is the most common solvent 

for extraction of biophenols followed by aqueous ethanol. Although methanol easily 

evaporates under vacuum, because of its lower boiling point than ethanol, which 

facilitates the recovery of biophenols; ethanol is preferred when dealing with hydrophobic 

biophenols as it is more lipophilic than methanol (Obied et al., 2005). 

Chromatographic analysis: No one method is completely satisfactory for the 

determination of the total phenol content in plants, therefore, chromatographic analysis is 

becoming essential for estimation of phenolic composition (Kamran, Hamlin, Scott, & 

Obied, 2015). High-Performance Liquid Chromatography (HPLC) is the most popular 

technique for analysis of biophenols (Obied et al., 2005). UV spectrophotometry is the 

most frequently used detection method for HPLC (Andersen & Markham, 2005). Coupled 
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HPLC–UV with diode array (DAD) and mass spectrometric detection (MS) allows the 

chromatographic eluent to be scanned for UV-visible and mass spectral data, which 

increases the power of HPLC analysis (Andersen & Markham, 2005). HPLC-DAD and 

HPLC-DAD-MS have been used for determination of the phenolic composition in 

different Mentha taxa (Fatiha et al., 2015; Hawrył, 2014; Kapp, 2015; Riachi & De Maria, 

2015; Shen et al., 2011). 

Total phenolic content: The principle of quantification of TPC is the interaction between 

phenolic compounds and a colourimetric reagent, that can be determined in the visible 

portion of the spectrum (Ainsworth & Gillespie, 2007). Folin-Ciocalteu is the most 

common assay for gross estimation of TPC (Kamran et al., 2015). This assay is based on 

the transfer of electrons from phenolic compounds to phosphomolybdic/ phosphotungstic 

acid complexes in an alkaline medium to form blue complexes, and the absorbance 

measured at 760 nm (Ainsworth & Gillespie, 2007). The degree of the change in colour 

is proportional to the concentrations of the antioxidant (Huang, Ou, & Prior, 2005). The 

results can be expressed as gallic acid, caffeic acid, tannic acid or tyrosol equivalents 

(GAE, CAE, TAE or TE, respectively) (Obied et al., 2005). The disadvantage of this 

assay is that Folin-Ciocalteu reagent is nonspecific to phenolic compounds as the reaction 

occurs through electron transfer mechanism, so the reagent can be reduced by non-

phenolic compounds as well. However, Folin-Ciocalteu assay is the most popular, 

convenient, simple and reproducible and it has become a routine assay for quantifying 

biophenols (Huang et al., 2005). 

Antioxidant activity: Along with TPC, it is recommended that two or more antioxidant 

assays be performed on plant extracts to more fully evaluate antioxidant capacity 

(Qawasmeh, Obied, Raman, & Wheatley, 2012). Antioxidant capacity assays can be 

divided into two types: hydrogen atom transfer (HAT) reaction based assays and single 

electron transfer (ET) reaction based assays (Huang et al., 2005). HAT-based assays 

depend on the competition between the antioxidant and the substrate for the peroxyl 

radical. They include inhibition of induced low-density lipoprotein autoxidation, oxygen 

radical absorbance capacity (ORAC), total radical-trapping antioxidant parameter 

(TRAP) and crocin bleaching assays (Huang et al., 2005). The inhibition of induced lipid 

autoxidation is a sensitive but complex and inefficient method due to micelle formation 

as the antioxidant distribution between two phases can be critical. ORAC, TRAP and 

crocin bleaching assays are much more convenient methods as they depend on the 
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competition between a molecular probe and the antioxidant for peroxyl radicals, without 

a chain propagation step which is required in lipid autoxidation (Huang et al., 2005). 

The ET-based assays measure the ability of the antioxidant to reduce the oxidant and 

involve the TPC assay by Folin-Ciocalteu reagent, Trolox equivalence antioxidant 

capacity (TEAC), ferric ion reducing antioxidant power (FRAP), total antioxidant 

potential assay using a Cu(II) complex as an oxidant, and 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) assay (Huang et al., 2005). Because there is no oxygen radical involved in the 

ET-based assays, it is assumed that antioxidant capacity is equal to the reducing capacity 

(Huang et al., 2005). TEAC assay has gained popularity because of its simplicity, but its 

values do not correlate with the structure of the compound or the number of electrons an 

antioxidant can give away (Huang et al., 2005). The drawback of FRAP assay is that it 

contains ferric ions which can be bound by metal chelators in food extracts and form 

complexes that can react with antioxidants (Huang et al., 2005). DPPH assay is simple 

but not reliable as the reaction kinetics between DPPH and antioxidants are not linear to 

DPPH concentrations and sometimes reversible (Huang et al., 2005). Different assays 

have been used to study the antioxidant capacity of some mints (Fatiha et al., 2015; Riachi 

& De Maria, 2015). 

Acetylcholinesterase (AChE) and Butyrylcholinesterase (BuChE) inhibitory activities: 

Based on the cholinergic hypothesis, that memory impairment in patients suffering from 

AD results from a defect in the cholinergic system (Francis, Palmer, Snape, & Wilcock, 

1999), an important approach to treat AD is to enhance acetylcholine (ACh) levels in the 

brain. This can be achieved by inhibition of cholinesterase (ChE), the enzyme responsible 

for hydrolysis of ACh (Adsersen, Gauguin, Gudiksen, & Jäger, 2006). There are two 

types of ChE in the central nervous system, AChE located mainly in neurons, and BuChE, 

which is primarily associated with and secreted from the glial cells that surround the 

neurons (Greig, Lahiri, & Sambamurti, 2002). Inhibition of BuChE in addition to AChE 

may provide a new therapeutic strategy for effective augmentation of cholinergic function 

in affected individuals (Greig et al., 2002). 

Based on Ellman’s method, the principle of evaluation of the AChE inhibition activity of 

extracts involves the measurement of the rate of production of thiocholine from the 

hydrolysis of acetylthiocholine (the enzyme specific substrate) (Ellman, Courtney, 

Andres, & Featherstone, 1961). This is accomplished by the continuous reaction of thiol 
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with 5,5`-dithiobis(2-nitrobenzoic acid) to produce the yellow anion of 5-thio-2-nitro-

benzoic acid, which can be measured spectrophotometrically as shown below: 

𝐴𝑐𝑒𝑡𝑦𝑙𝑡ℎ𝑖𝑜𝑐ℎ𝑜𝑙𝑖𝑛𝑒 
𝐴𝐶ℎ𝐸
→    𝑡ℎ𝑖𝑜𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 

𝑡ℎ𝑖𝑜𝑐ℎ𝑜𝑙𝑖𝑛𝑒 +  𝑑𝑖𝑡ℎ𝑖𝑜𝑏𝑖𝑠𝑛𝑖𝑡𝑟𝑜𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒 →  𝑦𝑒𝑙𝑙𝑜𝑤 𝑐𝑜𝑙𝑜𝑢𝑟 

BuChE is closely related to AChE but they differ in their substrate specificity (Greig et 

al., 2002). AChE is selective to the neurotransmitter ACh but BuChE can catalyse the 

hydrolysis of a wide range of choline and non-choline esters (Darvesh, Hopkins, & Geula, 

2003). The principle of evaluation of the BuChE inhibition activity is the same as AChE 

with the use of butyrylthiocholine as the enzyme substrate. Ellman’s method is the most 

applied technique for evaluation of ChE activity. It allows a wide scale of experiments, 

suitable for assessment of biological samples and determination of ChE inhibitors and 

their efficacy (Holas, Musilek, Pohanka, & Kuca, 2012). 

Histone deacetylase (HDAC) inhibitory activity: HDAC are a family of enzymes that 

catalyse the hydrolysis of acetyl groups from an N-acetyl lysine amino acid on a histone, 

which allows the histones to wrap the DNA more tightly (De Ruijter, Van Gennip, Caron, 

Kemp, & Van Kuilenburg, 2003). Histones are the building blocks of chromatin at which 

transcriptional regulation occurs. Post-translational modification of histones, such as 

methylation, phosphorylation and acetylation, affects transcriptional regulation (De 

Ruijter et al., 2003). Gene expression is regulated by acetylation and deacetylation (De 

Ruijter et al., 2003). 

Abnormal acetylation of histone is involved in the pathology of AD (Xu et al., 2011). 

HDAC inhibitors have been recently suggested to act as neuroprotectors by enhancing 

synaptic plasticity, and learning and memory in a wide range of neurodegenerative and 

psychiatric disorders, such as AD (Xu et al., 2011). HDAC inhibitors have been reported 

to improve the memory and cognition in an AD transgenic mice model (Yao et al., 2014). 

HDAC inhibitory activity can be evaluated by mixing the candidates with HeLa nuclear 

extract (as a source of the HDAC enzymes) and HDAC fluorometric substrate, which 

comprises an acetylated lysine side chain (Ksiksi & Hamza, 2012). Deacetylation of the 

substrate sensitizes the substrate to produce a fluorophore after treatment with the lysine 

developer. The fluorophore can be easily analysed using a fluorescence plate reader or a 

fluorometer. 
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β-secretase (BACE) and Aβ-aggregation inhibition activities: Deposition of abnormal 

proteins within and outside the neurons is one of the major hallmarks of AD that leads to 

neuronal damage (Korolev, 2014). Senile plaques are extracellular accumulations of 

amyloid protein and consist of insoluble Aβ. Normally, cells release soluble Aβ after 

cleavage of the amyloid precursor protein (APP). AD involves abnormal cleavage of APP 

that results in the deposition of Aβ into dense beta sheets and formation of senile plaques 

(Korolev, 2014). β-secretase (BACE) is a key protease that cleaves APP to produce Aβ. 

That is why it is believed that BACE inhibitors may help delay the progression of AD by 

reducing the rate of Aβ formation (May et al., 2015). 

BACE inhibition activity can be evaluated using a fluorescence resonance energy transfer 

(FRET) peptide derived from the BACE cleavage site on the Swedish APP mutation (May 

et al., 2015). When the FRET peptide is cleaved by BACE, fluorescence is recovered and 

can be monitored using a fluorometer. Aβ aggregation inhibition can be measured using 

Thioflavin T dye, which increases its fluorescence when bound to aggregated Aβ 

peptides. Polyphenols can bias thioflavin T fluorescence reading, but this can be 

overcome by assessing the fluorescence properties of the phenolic compounds in presence 

and absence of Aβ fibrils to ensure that there is no spectral activity at the excitation and 

emission wavelengths (Hudson, Ecroyd, Kee, & Carver, 2009). 

It was found previously that mint extracts possess variable TPC, antioxidant capacity and 

AChE inhibitory activity, which varies according to the extraction method and solvent 

and the concentration of the extracts (Oinonen et al., 2006; Stagos et al., 2012; Vladimir-

Knežević et al., 2014). Little is known about the BuChE inhibitory properties of mints. 

The only previous study was carried out on 80% aqueous MeOH extracts of air-dried 

leaves, stems, flowers and roots of M. pulegium, M. arvensis, M. x gentilis, M. x piperita 

var. officinalis, M. spicata and M. spicata var. crispa from Finland and these showed no 

BuChE inhibition activity except for the roots of M. x gentilis (Oinonen et al., 2006). 

No reported data were apparently available on the effect of mint extracts on HDAC, 

BACE or Aβ aggregation inhibition. However, many dietary biophenol compounds, such 

as caffeic acid, apigenin, luteolin, quercetin, curcumin, genistein, 3,2`,3`,4`-

tetrahydroxychalcone, epigallocatechin gallate, resveratrol and green tea polyphenols, 

have been reported to exert HDAC inhibitory activity (Ayissi, Ebrahimi, & Schluesenner, 

2014; Bassett & Barnett, 2014). Natural flavonoids, such as green tea catechins, 
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myricetin, quercetin, kaempferol, morin and apigenin inhibited BACE activity (Jeon, 

Bae, Seong, & Song, 2003; Shimmyo, Kihara, Akaike, Niidome, & Sugimoto, 2008). 

Grape seed polyphenolic extract and phenolic compounds, such as myricetin, morin and 

tannic acid, curcumin, ferulic acid, rosmarinic acid and nordihydroguaiaretic acid, have 

anti-Aβ aggregation effects in vitro (Hamaguchi et al., 2009). Nordihydroguaiaretic acid 

and rosmarinic acid can prevent the development of Aβ neuropathology in an AD 

transgenic mouse model (Hamaguchi et al., 2009). Hydroalcoholic extract of Salvia 

officinalis (Lamiaceae) and rosmarinic acid protected rat PC12 cells from Aβ-induced 

toxicity (Iuvone, De Filippis, Esposito, D'Amico, & Izzo, 2006). 

Oxidative stress, along with AChE, BuChE, HDAC and BACE, are linked to the 

development of AD. Although the ethnomedicinal use of Mentha taxa involved beneficial 

effects on the CNS, little is known in modern medicine about their effect against AD. 

Hence, the antioxidant capacity of Mentha taxa and their effect on the various enzymes 

that are involved in the development of AD were of interest for investigation. 

Characterisation of the phenolic composition of Mentha was also of interest, as the 

literature shows that natural phenolics had promising enzyme inhibition.  
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6. Cellular and molecular pathways implicated in AD 

Cell culture: The human neuroblastoma SH-SY5Y cell line is a widely used in vitro 

model to study neuronal function and oxidative stress-induced neuronal cell death (Choi 

et al., 2013; Désiré et al., 2005; Ismail et al., 2012). Also, the PC12 cell line is used as a 

model for studying injury and protection of neuronal cells (Cao, Du, & Wang, 2006). 

Generally, cells are grown in T-75 flasks and incubated at 37°C/5% CO2 in a humidified 

incubator in complete media. When cells reach 80-90% confluency, they are detached 

from the flask with trypsin-EDTA solution, and subsequently cultured in cell culture 

plates with a fresh medium where they can be subjected to various treatments. Viable and 

dead cells can be quantified using a haemocytometer following the addition of 10% trypan 

blue solution. 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is the 

most popular high-throughput assay for drug discovery screening by assessing cell 

metabolic activity (Han, Li, Tan, Sun, & Wang, 2010). This assay is based on the 

reduction of MTT into purple formazan crystals by mitochondrial dehydrogenase in 

living cells. The amount of formazan produced is proportional to the number of viable 

cells present and can be measured spectrophotometrically. However, it was found that 

polyphenols extracted from natural sources can also reduce the MTT in absence of living 

cells giving false positive screening results (Han et al., 2010).  Thus, this assay is 

unreliable for determining the activity of polyphenols (and possibly other anti-oxidants) 

in cell-based assays as they can interfere with the results. 

Apoptosis and AD: Neuronal death from apoptosis has been found in the brains of 

patients suffering from neurodegenerative diseases. Apoptotic cell death is characteristic 

in neurons and glial cells in AD (Shimohama, 2000). Apoptosis is a genetically 

programmed cell death (PCD). There are two pathways to PCD: stimulation of death 

receptors by external ligands (extrinsic pathway) and an internal mitochondrial pathway 

(intrinsic pathway) (Fig. 2). Both pathways lead to recruitment and activation of initiator 

caspases (that transmit the initial apoptotic signals) then effector caspase (responsible for 

the final phase of cell death) (Rang, Ritter, Flower, Henderson, & Henderson, 2015). The 

morphological characteristics of an apoptotic cell include chromatin condensation, DNA 

fragmentation, nuclear fragmentation and membrane blebbing (Portt, Norman, Clapp, 

Greenwood, & Greenwood, 2011). 
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Caspases (cysteine-aspartic proteases) are a family of protease enzymes that play the 

major role in apoptosis. Caspases have a cysteine protease activity, cleaves a target 

protein after an aspartic acid residue leading to a change in the function of the protein. A 

cascade involving activation of about nine different caspases is involved in the 

stimulation of the pro-apoptotic pathway (Rang et al., 2015). Caspase cleavage of APP 

and tau may promote the formation of Aβ and neurofibrillary tangles (Rohn & Head, 

2008). Therefore, preventing the activation and execution of apoptosis may provide an 

effective means of treating AD (Rohn & Head, 2008). 

The extrinsic pathway is activated when death receptors such as tumour necrosis factor 

receptor (TNFR) are stimulated, which recruit death-inducing signalling complex 

(DISC). The DISC, in turn, activates initiator caspase, e.g. caspase 8, which leads to 

activation of effector caspases, e.g. caspase 3 (Rang et al., 2015). 

The intrinsic pathway can be initiated by apoptotic stimuli such as DNA damage, 

chemotherapeutic agents, ROS, removal of survival factors and ageing. The cascade starts 

when apoptotic stimuli activate the p53 protein, which activates p21 and the pro-apoptotic 

members of Bcl-2 protein family (Bax (Bcl-2-associated X protein) and Bak (Bcl-2 

homologous antagonist killer)). Pro-apoptotic proteins form pores in the mitochondria 

affecting outer membrane permeability and induce the release of cytochrome C from the 

mitochondria. Cytochrome C binds with apoptotic protease activating factor 1 (Apaf1) to 

form an apoptosome. The apoptosomes then recruit and activate the inactive procaspase 

9. Once activated, this initiator caspase can then activate effector caspases and trigger a 

cascade of events leading to apoptosis (Portt et al., 2011; Rang et al., 2015). This process 

is still incompletely understood although studied extensively (Portt et al., 2011) (Fig. 2). 

The process of apoptosis is regulated through the anti-apoptotic members Bcl-2 and Bcl-

xL, which inhibit the mitochondrial pathway and prevent apoptosis. Anti-apoptotic 

proteins antagonize the effects of the pro-apoptotic proteins and prevent the release of 

cytochrome C. It was found that the level of both the pro-apoptotic and anti-apoptotic 

proteins is high in AD brains (Shimohama, 2000). The rise in the level of the anti-

apoptotic proteins could be a compensatory response in AD to protect the remaining 

neurons from apoptosis (Shimohama, 2000). Inhibiting apoptosis might prevent or treat 

a wide range of common degenerative disorders, but no successful treatment has been 

developed so far (Rang et al., 2015).  
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Fig. 2 A simplified diagram of the signalling pathways of apoptosis.
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The Bcl-2-associated death promoter (Bad) protein is another protein that can indirectly 

promote apoptosis through the intrinsic mitochondrial pathway (Howells, Baumann, 

Samuels, & Finkielstein, 2011). Active Bad heterodimerizes with anti-apoptotic proteins 

preventing their action, hence, Bad is considered as a pro-apoptotic protein. 

Phosphorylation of Bad by protein kinase B (Akt) causes its inactivation. Phosphorylation 

of Bad induces a conformational change in Bad, which allows binding with 14-3-3 

protein, which sequesters Bad in the cytoplasm and prevents its interaction with Bcl-2 or 

Bcl-xL. Dephosphorylation of Bad by phosphatases such as Ca2+-stimulated phosphatase 

calcineurin and protein phosphatase 2A (PP2A) drive its activation through its release 

from sequestration (Howells et al., 2011). 

The activity of caspases can be assessed as an indication of apoptosis. Caspase activity 

can be detected using a luminogenic caspase substrate, which upon addition to cells 

causes cell lysis and release of caspases. Caspases then cleave the substrate, which leads 

to the production of a luminescent signal. Luminescence is proportional to the amount of 

caspase activity (Law, Ling, Koh, Chye, & Wong, 2014). 

The redox system and AD: ROS are generated normally through cell metabolism. At 

physiological concentrations, ROS play normal functions such as regulation of signal 

transduction, induction of mitogenic response and involvement in defence against 

infectious agents (Li, Li, Jiang, & Ghanbari, 2013). Under normal conditions, the 

production of ROS is balanced with the antioxidant system. Imbalance by over-

production of ROS and/or insufficient antioxidants leads to oxidative stress. Excessive 

ROS can cause cell membrane damage through lipid peroxidation, modification of signal 

and structural proteins leading to misfolding and aggregation, and oxidation of 

RNA/DNA, which interrupts transcription and results in gene mutation. As the brain is 

the organ in which the consumption of oxygen occurs at the highest rate, it is highly 

susceptible to oxidative stress leading to neurodegenerative diseases (Li et al., 2013). 

At normal physiological concentrations, ROS are key components of cellular signalling 

cascades for controlling cell proliferation, survival and migration. As shown earlier (Fig. 

2), phosphorylation of Bad via Akt inhibits the pro-apoptotic cascade by making the anti-

apoptotic proteins available to exert their action. PP2A dephosphorylates Akt at threonine 

308 and serine 473 blocking the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. H2O2 
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can inactivate PP2A at the cysteine site and therefore activates the Akt pathway, which 

facilitates cell survival (Li et al., 2013). 

Mitogen-activated protein kinases (MAPK) are a family of serine/threonine kinases. 

There are three major MAPK pathways that induce a variety of cellular functions such as 

gene expression, mitosis, and apoptosis through the phosphorylation of specific serine 

and/or threonine residues of target proteins: p38 MAPKs (including p38α, p38β, p38γ and 

p38δ isoforms), c-Jun NH2-terminal kinases (JNK, including JNK1, JNK2 and JNK3 

isoforms) and extracellular signal-regulated kinases (ERK, including ERK1 and ERK2 

isoforms). MAPK kinase kinase (MAPKKK) phosphorylates and thereby activates 

MAPK kinase (MAPKK), and activated MAPKK, in turn, phosphorylates and activates 

MAPK, which regulates cell proliferation (Nagai, Noguchi, Takeda, & Ichijo, 2007). 

ROS can activate the ERK signal (Li et al., 2013), which downstream activates p90RSK 

(p90 ribosomal S6 kinase), which mediates binding of Bad to 14-3-3 and prevents Bad-

mediated cell death (Tan, Ruan, Demeter, & Comb, 1999). Generally, activation of 

ERK1/2 promotes cell survival, but under certain conditions, ERK1/2 can have pro-

apoptotic functions (Lu & Xu, 2006). 

Apoptosis signal-regulating kinase 1 (ASK1) is a member of the MAPKKK family that 

is activated by oxidative stress such as may be induced by ROS, tumour necrosis factor 

(TNF) α, lipopolysaccharide (LPS), endoplasmic reticulum (ER) stress and calcium 

influx; and selectively activates JNK and p38 MAPK pathways (Nagai et al., 2007). 

Oxidative stress activates ASK1, which activates JNK and p38 MAPK and decreases the 

activity of PP2A, which leads to tau hyperphosphorylation, one of the major hallmarks of 

AD brains (Li et al., 2013). Also, the activation of JNK and p38 stimulates BACE causing 

Aβ accumulation and neuronal cell death (Li et al., 2013; Song, Park, Lee, & Lee, 2014). 

Thioredoxin (Trx) and peroxiredoxin (Prx) (Fig. 3): Trx family proteins are 

oxidoreductases that act as cofactors in the activity of other enzymes and facilitate the 

reduction of many transcription factors and signalling molecules (Latimer & Veal, 2016). 

Mammalian genomes encode two Trx systems: Trx1 and TrxR1 (thioredoxin reductase 

1) present in the cytosol and Trx2 and TrxR2 in the mitochondria (Hanschmann, Godoy, 

Berndt, Hudemann, & Lillig, 2013). Trx1 contains two redox-active cysteine residues in 

their conserved active centres that can be oxidized to form intramolecular disulfide bonds 

(Trx-S2) (Fig. 3). Reduction of Trx-S2 is catalysed by TrxR, with NADPH as the electron 
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donor. The thiol oxidoreductase activity of Trx makes it suitable to reduce protein 

disulfides and H2O2, thus functioning as an electron carrier for the catalytic actions of 

peroxidases and as a protector protein against oxidant-mediated disulphide bond 

formation (Andoh, Chock, & Chiueh, 2002). Reduced Trx1 can bind to the N-terminal 

domain of ASK1, which inhibits its kinase activity preventing cell apoptosis (Nagai et al., 

2007). Thus, Trx1 can protect against oxidative stress and prevent cell apoptosis by 

removing H2O2. ROS, TNFα and Aβ oxidize Trx resulting in dissociation of the Trx-

ASK1 complex and activation of ASK1, which induces apoptosis via the JNK and p38 

MAPK pathways (Hanschmann et al., 2013; Zhang et al., 2004). ASK1 also induces a 

mitochondria-dependent apoptotic pathway, but this pathway is not well understood 

(Zhang et al., 2004). Treatment of SH-SY5Y cells with Aβ resulted in oxidation of Trx1 

(Hanschmann et al., 2013). Over-expression of Trx1 in SH-SY5Y cells and in rat primary 

hippocampal neurons resulted in a protective effect against Aβ-induced cell death 

(Hanschmann et al., 2013). It was found that Trx1 protein levels were decreased in 

patients during amnestic mild cognitive impairment and in several regions of AD-affected 

brains, however, in another study, there was no significant difference in the Trx levels 

between brains of control and AD patients, although TrxR1 activity was enhanced in AD 

patients (Hanschmann et al., 2013). 

Peroxiredoxins (Prx) are a family of thioredoxin peroxidase enzymes and their activity is 

linked to Trx (Latimer & Veal, 2016). There are six Prxs in mammalian cells that play 

important roles in response to H2O2 (Hanschmann et al., 2013). Prx are up-regulated by 

stress agents such as H2O2. Prx are able to reduce H2O2 to H2O, meanwhile, the 

peroxidatic cysteine becomes oxidised to a sulphenic acid. Sulphenic acid then reacts with 

the cysteine of a neighbouring Prx molecule forming an intermolecular disulphide bond. 

The resulting Prx disulphides are reduced by thioredoxin using electrons from NADPH 

(Latimer & Veal, 2016). Prx can also catalyse the oxidation of ASK1 in response to 

peroxide forming Prx-ASK1 disulfide complex, resulting in p38 phosphorylation (Jarvis, 

Hughes, & Ledgerwood, 2012). Altering the expression of Prx1 or Prx2 had different 

effects; a decrease in Prx1 expression with an increase in Prx2 inhibits the activation of 

ASK1/p38 induced by H2O2 (Hanschmann et al., 2013). The signalling pathways that 

regulate the expression of Prx are not clear (B. Li, Ishii, Tan, Soh, & Goff, 2002). 

Overexpression of Prx1 in PC12 cells and primary neurons attenuated Aβ-induced 

toxicity and protected dopaminergic neurons from apoptosis. Also, overexpression of 

Prx2 protected against Aβ-induced toxicity in a transgenic mouse model for AD. The 
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expression levels of Prx1, Prx2 and Prx6 were high in the brains of AD patients, while 

that of Prx3 was low (Cumming, Dargusch, Fischer, & Schubert, 2007; Kim, 

Fountoulakis, Cairns, & Lubec, 2001; Krapfenbauer, Engidawork, Cairns, Fountoulakis, 

& Lubec, 2003). The redox states of Prx2 and Prx6 were more oxidized in the brains and 

serum of AD patients (Hanschmann et al., 2013). 
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Fig. 3 A simplified diagram of the regulation of ASK1-mediated apoptosis by thioredoxin (Trx) and peroxiredoxin (Prx). 

means that this pathway is still unexplored 
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Heme oxygenase-1 (HO-1) (Fig. 4): HO is an enzyme responsible for the catalytic 

degradation of heme into biliverdin, ferrous ions and carbon monoxide. There are two 

forms of HO: HO-1 (an inducible form) and HO-2 (a constitutively expressed form) (Pae, 

Kim, & Chung, 2008). HO-1 can be expressed by a variety of stressors including H2O2. 

HO-1 has antioxidant, anti-inflammatory, anti-apoptotic and antiproliferative properties. 

Non-toxic phytochemicals, polyphenols and drugs stimulate the expression of HO-1 

through the three major MAPK pathways, ERK, JNK and p38 MAPK (Pae et al., 2008) 

(Fig. 4). HO-1 can also be up-regulated through the PI3K/Akt pathway (Mo et al., 2012). 

HO-1 is highly inducible under oxidative stress through nuclear factor (erythroid-derived 

2)-like 2 (Nrf2). Nrf2 is found in the cytoplasm bound to its inhibitor kelch-like ECH-

associated protein-1 (Keap-1), which leads to its ubiquitination and degradation under 

normal conditions. Oxidative stress stimulates the dissociation of Nrf2 from Keap-1 and 

its translocation into the nucleus, where it mediates HO-1 gene transcription (Dennery, 

2014). Preconditioning SH-SY5Y cells with a low concentration of H2O2 before inducing 

cell injury with a higher one, protected the cells against this injury through up-regulation 

of HO-1 via PI3K/Akt pathway (Mo et al., 2012). Overexpression of HO-1 with an 

increased serine phosphorylation on the HO-1 protein was found in AD, suggesting that 

it may be subjected to oxidative damage and undergo post-translational modifications in 

brain tissue (Dennery, 2014). 

Since AD is a neurodegenerative disease, which means that neuronal cells in the brain 

die, suppressing cell death and/or enhancing cell survival might be a useful aspect in the 

treatment of the disease. This can be evaluated by testing the effect of Mentha extracts on 

the signalling cascade of apoptosis and the redox pathways.
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Fig. 4 A simplified diagram of the signalling pathway leading to heme oxygenase-1 

(HO-1) expression.
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7. Conclusion 

The lack of a proper treatment of AD necessitates a search for one. The ethnomedicinal 

value of Mentha points to its potential role in neurological conditions. However, little 

research has been carried out to investigate this role. The exact aetiology of AD is still 

unexplored and multiple factors contribute to neuronal cell death. It could be oxidative 

stress, low level of the neurotransmitter acetylcholine or abnormal acetylation of histone. 

It could be the accumulation of abnormal proteins in the brain. With this in mind, it is 

worthwhile addressing various factors while searching for a potential treatment. 

Therefore, it will be beneficial to investigate the antioxidant capacity of Mentha together 

with its effect on the enzymes that control acetylcholine degradation, histone acetylation 

and the formation of abnormal proteins. Meanwhile, all mentioned factors lead to 

apoptotic cell death. Hence, therapeutics aimed at suppression of apoptosis might provide 

an effective means for the treatment of the disease. This can be evaluated by testing the 

effect of Mentha on the apoptotic regulators: caspases, pro-apoptotic proteins and anti-

apoptotic proteins. Also, their effect upstream and downstream of the transcription factors 

of the signalling cascades might provide further insight into their potential activity. 

The activities of Mentha have been attributed to various compounds. Analysis of the 

chemical composition of Mentha might identify novel lead compounds for the treatment 

of AD. Phytochemistry also might aid in the understanding and improving the taxonomy 

of Mentha. In this event, micromorphological characterisation of Mentha leaves is 

essential, otherwise, it may not be clear to future researchers which taxa of Mentha were 

the subject of this study. 
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8. Scope and objectives 

As Mentha has an established association with enhancing brain function, the scope of this 

thesis is the investigation of the chemical composition and bioactivities of a number of 

taxa covering all four sections with an aim to find a promising source for AD treatment. 

In addition, examination of leaf micromorphology may assist in identification and 

classification of this complex genus. 

The research presented in this thesis comprises the following objectives: 

1. Leaf micromorphological characterisation of Mentha taxa. 

2. Investigation of the phenolic composition of different Mentha taxa including two 

species that have never been studied previously. 

3. Determination of the in vitro antioxidant activity of Mentha extracts. 

4. Evaluation of the in vitro inhibitory activity of Mentha extracts against a number of 

enzymes involved in AD: acetylcholinesterase, butyrylcholinesterase, histone 

deacetylase and β-secretase. 

5. Evaluation of the in vitro inhibitory activity of Mentha extracts against amyloid-β 

aggregation for the first time. 

6. Evaluation of the neuroprotective activity of Mentha extracts at the cellular level 

against H2O2-induced oxidative stress and apoptosis. 

7. Determination of the possible mechanism of action of the active extracts through 

testing their effect on the gene expression of some pro-apoptotic and anti-apoptotic 

genes and antioxidant enzymes. 

8. Determination of the effect of the active extracts on the signalling pathway and 

expression of proteins involved in AD.
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Chapter 2 

 

Leaf micromorphology of Mentha taxa 

 

This chapter has been prepared for publication in “Flora”. 

It was of interest to investigate the micromorphological characters of the leaves of Mentha 

taxa prior to studying their chemical composition and bioactivities in order to better 

understand the investigated taxa. Therefore, in this chapter, macro- and 

micromorphological analysis of leaf surfaces of nineteen Mentha taxa was carried out. It 

is possible that leaf structural characters may be correlated with the chemical 

composition. 

 

 

 

 

 

 

 

 

63



 

 

 

 

 

 

 

 

  

64



Leaf micromorphology of Mentha taxa 

Doaa M. Hanafy a,c,d, Paul D. Prenzler b,c, Rodney A. Hill a, Geoffrey E. Burrows b 

 

a School of Biomedical Sciences, Charles Sturt University, Locked Bag 588, Wagga 

Wagga, NSW 2678, Australia. dhanafy@csu.edu.au, rhill@csu.edu.au 

b School of Agricultural & Wine Sciences, Charles Sturt University, Locked Bag 588, 

Wagga Wagga, NSW 2678, Australia. pprenzler@csu.edu.au, gburrows@csu.edu.au  

c Graham Centre for Agricultural Innovation (an alliance between Charles Sturt 

University and NSW Department of Primary Industries), Pugsley Place, Wagga Wagga, 

NSW 2795, Australia 

d Department of Pharmacognosy, National Research Centre, Dokki, 12622, Cairo, 

Egypt. 

  

65



ABSTRACT 

Mentha (mint) is a genus in the Lamiaceae with a worldwide distribution. It has a complex 

classification due to frequent hybridization at the interspecific level. While there have 

been many studies of Mentha leaf micromorphology, mostly only a few taxa have been 

described. The aim of this study was to characterize the micromorphology of Mentha 

leaves. Nineteen Mentha taxa, covering all four sections of the genus, were grown under 

controlled conditions and adaxial and abaxial leaf surfaces were examined using stereo 

and scanning electron microscopes. Lamina length varied from 3 mm (M. requienii) to 

34 mm (M. x niliaca) and leaves were sessile (M. spicata) to where petiole length was 

50% of total leaf length (M. requienii). Peltate and capitate glandular trichomes were 

found on both adaxial and abaxial leaf surfaces of almost all taxa. Most taxa were 

hypostomatous. A few taxa had amphistomatous leaves which was interesting given that 

Mentha is a mesophytic genus naturally found in moist fields. Two species in section 

Pulegium (M. requienii and M. pulegium) had small laminas, relatively long petioles and 

high adaxial stomatal density which distinguished them from taxa in the other three 

sections. This study included examination of the previously uninvestigated Australian 

species, M. australis and M. diemenica. Micromorphological characters, along with 

genetic fingerprinting and chemotaxonomic classification, might provide further insight 

to the classification and identification of Mentha taxa. 

Keywords: 

Glandular trichomes, hypostomatous, Lamiaceae, mint, stomata 
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1. Introduction 

The Lamiaceae, also known as the Labiateae and commonly known as the mint family, 

is a family of flowering plants that contains 236 genera and about 7000 species (Moon et 

al., 2009). It has a cosmopolitan distribution and includes many economically important 

aromatic and culinary herbs (Yi and Wetzstein, 2010). One of its commercially important 

features is the production of essential oils by glandular trichomes, a characteristic feature 

of the Lamiaceae (Baran et al., 2010). Mentha (mint) is a genus in the Lamiaceae that has 

a complex classification at the specific level (Capuzzo and Maffei, 2014). Hybridization 

within section Mentha frequently occurs with identification of these hybrids being 

difficult (Capuzzo and Maffei, 2014). With more than 3000 names for Mentha taxa, 

Tucker and Naczi (2007) reclassified the genus Mentha into 18 species and 11 named 

hybrids, placed in four sections. 

The bioactivities of Mentha are mainly linked to their phenolic compounds and essential 

oils (Fialová et al., 2015). The phenolic compounds are secondary metabolites that play 

an important role in plant protection against stress, toxicity, infection and insect attack 

(Kofidis and Bosabalidis, 2012). They mainly accumulate in the leaf epidermis as a first 

line of plant defence (Kofidis and Bosabalidis, 2012). Lipophilic phenolic compounds, 

such as flavonoid aglycones, can also be located in glandular trichomes (Voirin et al., 

1993). Essential oils are secreted by glandular trichomes present on the surface of the 

leaves and stems (Maffei et al., 1989). There are two types of glandular trichomes: larger 

peltate glandular trichomes (Pgt) having a short stalk, a basal cell and a large cuticular 

sheath enclosing an eight-celled head; and smaller capitate glandular trichomes (Cgt) with 

a single secretory head cell (Maffei et al., 1989). Pgt secrete only lipophilic substances, 

while Cpt mainly secrete polysaccharide products (Choi and Kim, 2013). Pgt are the 

primary site of the synthesis of monoterpenes which provide the minty smell (del Rosario 

Cappellari et al., 2015; Kamatou et al., 2013). Non-glandular trichomes (non-gt) are also 

found on the leaf surface of some Mentha species (Choi and Kim, 2013). Trichomes are 

important for plants as they act as physical barriers against external factors, such as 

animals, pathogens, extreme temperature and ultraviolet radiation and they can reduce 

water loss (Choi and Kim, 2013). The characteristics of trichomes vary between species, 

thus, they can be used in plant classification to differentiate between related genera or 

species (Choi and Kim, 2013). 
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There have been many studies of Mentha leaf micromorphology (Table 1), but mostly 

they have described only a few species or varieties (mainly on M. spicata (spearmint) and 

M. x piperita (peppermint)). The aim of this study is the characterization of various 

Mentha taxa based on micromorphological examination of their leaf surfaces. Samples 

from nineteen Mentha taxa, covering all four sections of Mentha, were collected and 

examined using stereo and scanning electron microscopes. The density of the stomata, 

glandular trichomes and non-glandular trichomes, as well as the dimensions of the 

trichomes, were measured on both the adaxial and abaxial leaf surfaces. This study is the 

most comprehensive with plants grown under common greenhouse conditions, which 

allows detection of the variability between taxa, and includes the previously 

uninvestigated Australian species, M. australis and M. diemenica. 
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Table 1 Studies on the micromorphology of Mentha taxa arranged from most 

recent to oldest. 

Reference 
No. of 

taxa 
Taxa names 

Place of 

collection 

Yu et al. (2018) 7 

M. asiatica, M. crispata, M. haplocalyx, 

M. rotundifolia, M. spicata, M. x 

piperita, M. vagans 

China 

Mishra et al. (2017) 1 M. arvensis India 

Búfalo et al. (2016) 1 M. x piperita Brazil 

del Rosario Cappellari 

et al. (2015) 
1 M. x piperita Argentina 

Fialová et al. (2015) 6 

M. aquatica, M. arvensis, M. longifolia, 

M. spicata (3 varieties), M. x gentilis, M. 

x piperita 

Slovakia 

Shelepova et al. 

(2014) 
2 M. arvensis (2 varieties), M. canadiensis Russia 

El-Kashoury et al. 

(2013) 
1 M. suaveolens Egypt 

Rodrigues et al. 

(2013) 
1 M. pulegium Portugal 

Choi and Kim (2013) 3 M. spicata, M. suaveolens, M. x piperita Korea 

Kofidis and 

Bosabalidis (2012) 
1 M. spicata Greece 

Kofidis et al. (2011) 1 M. spicata Greece 

Andro et al. (2011) 1 M. longifolia Romania 

Yi and Wetzstein 

(2010) 
1 M. x piperita USA 

Karray-Bouraoui et al. 

(2009) 
1 M. pulegium not specified 

Moon et al. (2009) 1 M. pulegium Kew 

Šarić-Kundalić et al. 

(2009) 
11 

M. aquatica, M. arvensis, M. longifolia 

(3 varieties), M. pulegium, M. 

rotundifolia, M. spicata (2 varieties), M. 

x gentilis, M. x gracilis, M. x piperita (2 

varieties), M. x vertcillata, M. x villosa 

Bosnia, 

Hercegovina 

and Slovakia 

Gersbach et al. (2001) 1 M. x piperita not specified 

Mucciarelli and Sacco 

(1999) 
1 M. requienii Italy 

Gavalas et al. (1998) 3 
M. longifolia, M. spicata, M. x villosa-

nervata 
Greece 

Voirin et al. (1993) 1 M. x piperita France 

Maffei et al. (1989) 1 M. x piperita Italy 

Gershenzon et al. 

(1989) 
1 M. spicata not specified 
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2. Material and methods 

2.1. Plant material 

Nineteen Mentha taxa were purchased from two nurseries in Australia. Thirteen taxa were 

obtained from Mudbrick Cottage Herb Farm, Mudgeeraba, Qld and the other six were 

purchased from Greenpatch Organic Seeds and Plants, Glenthorne, NSW (Table 2). Three 

samples of each were purchased which were then transplanted to 15 cm pots filled with 

Debco premium potting mix. Plants were kept in a glasshouse at Charles Sturt University, 

Wagga Wagga, NSW, Australia, under controlled temperature conditions (20-22°C) and 

watered uniformly. Two months later, the new fully expanded leaves that had developed 

in the greenhouse were collected and air-dried herbarium specimens were prepared. 

2.2. Leaf morphological evaluation 

The length and width of the leaf lamina, as well as the length of the petiole, were 

measured. The values were presented as the average for three different leaves from each 

pot for each sample (n = 9). The leaf shape was also recorded.  

2.3. Quantitative microscopic analysis 

Leaves were examined using a Nikon SMZ25 stereo microscope. The density of peltate 

glandular trichomes (Pgt) and non-glandular trichomes (non-gt) at three different 

locations in each sample were calculated (n = 9) on both leaf surfaces. Some samples 

showed very dense intertwining non-gt which made quantifying density difficult, so a 

subjective system of +, ++ and +++ was used; meaning sparsely present, moderately 

present and abundantly present, respectively. The diameter and length of Pgt and non-gt 

were measured on screen using NIS-Elements software (n = 27).  

Leaves from air-dried herbarium specimens were sputter coated with gold for two min at 

25 mA, using an Emitech K550X (UK), fitted with a 60 mm diameter x 0.1 mm thick 

gold quick change target and connected to vacuum pump 1 x 10-4 mbar (Edwards RV3, 

Australia) and argon supply. Subsequently, samples were examined in a JEOL Neoscope 

JCM-5000 Benchtop Scanning Electron Microscope (SEM) using high vacuum mode and 

10 kV accelerating voltage. Stomata and small capitate glandular trichomes (Cgt), on both 

leaf surfaces, were counted (n = 9) directly on the SEM output monitor. 
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Table 2 Mentha taxa studied, their origin and codes. 

Nursery Common Name Nursery Botanical Name Origin Code 

I. Section Eriodontes Benth.: 

Native M. australis or native 

peppermint 

M. australis R.Br. 
QLD Ma1-3 

II. Section Tubulosae (Briq.) Tucker.: 

Native M. diemenica M. diemenica Sprengel QLD Md1-3 

III. Section Pulegium (Mill.) Lam. & DC.: 

Corsican mint M. requienii Bentham QLD Mr1-3 

Pennyroyal mint M. pulegium L. NSW Pen4-6 

IV. Section Mentha and its hybrids: 

Mint – orange M. aquatica L. NSW MO4-6 

Eau de Cologne mint M. x piperita L. var. citrata 

(Ehrh.) Rouy or M. citrata 

Ehrh. 

QLD EM1-3 

Spearmint M. spicata L. QLD Sp1-3 

Mint - common M. viridis (L.) L. NSW Mv4-6 

Moroccan mint M. spicata L. var. crispa 

(Schrad.) Schinz & Thellung 
QLD MM1-3 

Mint – ginger M. gentilis L. or Auct., non 

L. 
NSW Mg4-6 

Mint - menthol ♦Menthol species or M. species NSW Men4-6 

Pineapple mint M. suaveolens Ehrh. or M. 

rotundifolia Auct. 
QLD Ms1-3 

Variegated apple mint M. suaveolens Ehrh. variegata 

or M. rotundifolia variegata 
QLD Var1-3 

Egyptian mint *M. x niliaca Jacq. or M. 

sylvestris L. 
QLD Mn1-3 

Mint - lime M. piperata NSW ML4-6 

Peppermint M. x piperita L. QLD MP1-3 

White peppermint M. x piperita L. var. officinalis 

Sole 
QLD WP1-3 

Chocolate mint M. x piperita f. citrata 

“Chocolate” 
QLD CM1-3 

Basil mint M. x piperita f. citrata “Basil” QLD BM1-3 
M. = Mentha 
Synonym to M. arvensis L. subsp. parietariefolia (Becker) Briq. or M. x gracilis Sole (a hybrid of M. 

arvensis x M. spicata) 
♦May be M. arvensis L. (Upadhyay et al., 2014). 

*Synonym to M. x villosa Huds. var. alopecuroides (Hull) Briq., a hybrid of M. spicata x M. suaveolens. 
A hybrid of M. aquatica x M. suaveolens (Shen et al., 2011) which is M. x maximilianea F.W. Schultz 

(Tucker and Naczi, 2007). 
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3. Results 

Leaves of the Mentha taxa showed a wide range of variation in their shapes and sizes 

(Table 3). The dimensions of average lamina length per taxon varied from 3 mm for Mr1-

3 to 34 mm for Mn1-3, and in width from 3 mm for Mr1-3 to 20 mm for Men4-6. The 

petiole was generally short (average length 4 mm) and was absent in SP1-3. Samples 

belonging to section Pulegium had the smallest lamina size (3 and 7 mm in length and 3 

and 5 mm in width for Mr1-3 and Pen4-6, respectively) and the greatest petiole percentage 

of total leaf length (50% and 30% for Mr1-3 and Pen4-6, respectively). 

Microscopical observation of the adaxial (Ad) and the abaxial (Ab) surfaces of the leaves 

was carried out and the number of stomata and trichomes/mm2 was counted (Table 3). 

Nine taxa had no stomata on the Ad surface (Fig. 1A) and eighteen taxa had fewer stomata 

on the Ad surface than on the Ab surface (Fig. 1C, D). Mr1-3 and Pen4-6 (section 

Pulegium) had the highest density of stomata on the Ad surface (71 and 75/mm2, 

respectively), while MM1-3 and SP1-3 had the highest number on the Ab surface (424 

and 425/mm2, respectively). 

Trichomes were found on both leaf surfaces of most mint samples (Table 3). Pgt consisted 

of a short stalk and a large eight-celled head that appeared smooth and rounded from 

above (Fig. 2). Pgt were found on both surfaces of all samples, except Ma1-3 where no 

Pgt were present on the Ad surface. The structure of Pgt was quite consistent across the 

19 taxa and very similar in shape and dimensions on the Ad and Ab surfaces for the 

individual taxa. The head of Pgt on both surfaces had an average diameter of 

approximately 60 µm. Most of the examined Mentha taxa also had small Cgt on both leaf 

surfaces, which had a single secretory head cell. The Ad surfaces of Md1-3 and MP1-3 

and the Ab surfaces of WP1-3 and Mn1-3 had no Cgt (Fig. 2). The average number of 

Cgt was 16 and 27/mm2 on the Ad and Ab surfaces, respectively. 

The leaf surfaces of Mentha taxa were generally glabrous, however, four taxa in section 

Mentha were distinctly villous (Ms1-3, Var1-3, Mn1-3 and WP1-3) (Table 3). Three 

types of non-gt were found: 

1. Small (approximately 100 µm in length) unicellular, with a warty surface, a 

swollen basal epidermal cell and acute apices present mainly on the veins on the 

Ab surfaces of Ma1-3 and Pen4-6 (Fig. 3A, B). 
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2. Short (approximately 150-400 µm in length) multicellular (2-4 cells), uniseriate, 

with a warty surface and acute apices supported by an enlarged base on the Ad 

surfaces of Mr1-3, SP1-3 and MO4-6 (Fig. 3C). 

3. Long (up to 1000 µm in length) thin multicellular (about 8 cells), uniseriate with 

acute apices, very dense on both leaf surfaces of Ms1-3, Var4-6, Mn1-3 and WP1-

3 (Fig. 3D). 

 
Figure 1 Scanning electron micrographs of leaf surfaces of Mentha taxa showing 

variation in stomatal densities. A: adaxial surface of M. australis (Ma1-3) showing no 

stomata. B: abaxial surface of M. australis (Ma1-3) showing stomata. C: adaxial surface 

of M. spicata (SP1-3) showing low stomatal density. D: abaxial surface of M. spicata 

(SP1-3) showing high stomatal density. Cgt, capitate glandular trichome; Pgt, peltate 

glandular trichome. Note stomatal apparatus (arrowed).
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Table 3 Micromorphological characteristics of different Mentha taxa 

#Sample 
Leaf 

Shape 

Lamina 
Petiole 

L (mm) 

♦Petiole 

% 

Stomata/mm2 Pgt/mm2 Pgt D (µm) Cgt/mm2 non-gt/mm2 non-gt L (µm) 

L 

(mm) 

W 

(mm) 
L/W Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab 

Ma1-3 
orbicular to 

ovate 

24 ± 

0.7 

15 ± 

4.2 
1.6 

4.0 ± 

1.2 
14.3 0 

324 ± 

26 
0 

6.9 

± 

2.4 

- 

62.7 

± 

4.7 

12 ± 

4 

76 ± 

29 
0 0 - - 

Md1-3 
ovate to 

elliptical 

12 ± 

1.6 

6.0 ± 

1.2 
2.0 3.0 ± 0 20.0 16 ± 3 

204 ± 

7 

1.8 

± 

1.0 

4.9 

± 

2.1 

63.4 

± 

5.8 

60.5 

± 

3.5 

0 7 ± 3 0 0 - - 

Mr1-3 
deltate to 

orbicular 

3.0 ± 

0.2 

3.0 ± 

0.2 
1.0 3.0 ± 0 50.0 

71 ± 

39 

96 ± 

47 

7.6 

± 

1.3 

11.5 

± 

3.0 

55.1 

± 

6.1 

54.6 

± 

7.2 

43 ± 

11 
23 ± 1 ++ + 

240 ± 

79 

87 ± 

9 

Pen4-6 oval 
7.0 ± 

1.8 

5.0 ± 

0.7 
1.4 

3.0 ± 

0.2 
30.0 

75 ± 

38 

243 ± 

70 

5.9 

± 

2.7 

10.4 

± 

5.5 

54.1 

± 

7.7 

59.7 

± 

4.5 

33 ± 

22 
17 ± 6 + + 

99 ± 

33 

78 ± 

20 

MO4-6 
oval to 

orbicular 

19 ± 

4.7 

15 ± 

4.3 
1.3 

5.0 ± 

2.8 
20.8 0 

314 ± 

34 

1.7 

± 

0.8 

6.0 

± 

2.9 

68.4 

± 

6.5 

63.2 

± 

5.6 

41 ± 

18 

31 ± 

18 
+ + 

336 ± 

82 

388 ± 

74 

EM1-3 
orbicular to 

oval 

22 ± 

2.2 

18 ± 

4.8 
1.2 

8.0 ± 

1.7 
26.7 17 ± 7 

137 ± 

49 

9.7 

± 

9.2 

4.3 

± 

1.1 

69.5 

± 

4.8 

69.7 

± 

6.6 

5 ± 

5 
14 ± 0 + 0 

191 ± 

78 
- 

SP1-3 

elliptical, 

oval, 

lanceolate 

31 ± 

1.7 

11 ± 

2.5 
2.8 0 ± 0.6 0.0 9 ± 14 

424 ± 

190 

4.2 

± 

2.3 

15.8 

± 

10.3 

47.7 

± 

6.0 

49.3 

± 

9.6 

38 ± 

21 

125 ± 

42 
+ + 

188 ± 

115 

149 ± 

48 

Mv4-6 ovate 
21 ± 

1.0 

15 ± 

0.8 
1.4 

3.0 ± 

1.0 
12.5 0 

182 ± 

29 

1.3 

± 

1.1 

5.2 

± 

1.4 

62.2 

± 

9.6 

59.7 

± 

7.3 

7 ± 

4 
13 ± 6 + + 

214 ± 

97 

194 ± 

64 

MM1-3 ovate 
23 ± 

9.2 

13 ± 

4.8 
1.8 

4.0 ± 

2.7 
14.8 0 

425 ± 

146 

3.4 

± 

1.7 

10.6 

± 

6.0 

58.5 

± 

6.9 

55.4 

± 

5.8 

22 ± 

14 

43 ± 

15 
0 0 - - 

Mg1-3 elliptical 
26 ± 

6.4 

12 ± 

1.8 
2.2 

3.0 ± 

1.2 
10.3 9 ± 4 

138 ± 

66 

2.6 

± 

0.8 

5.2 

± 

1.8 

60.4 

± 

6.5 

56.4 

± 

5.7 

4 ± 

1 
11 ± 3 0 + - 

174 ± 

108 
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Table 3 (cont.) Micromorphological characteristics of different Mentha taxa 

#Sample 
Leaf 

Shape 

Lamina 
Petiole 

L (mm) 

♦Petiole 

% 

Stomata/mm2 Pgt/mm2 Pgt D (µm) Cgt/mm2 non-gt/mm2 non-gt L (µm) 

L 

(mm) 

W 

(mm) 
L/W Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab 

Men4-6 oval 
33 ± 

4.2 

20 ± 

0.4 
1.7 

5.0 ± 

0.6 
13.2 0 

59 ± 

14 

3.6 

± 

0.8 

3.8 

± 

1.4 

67.2 

± 

4.8 

62.3 

± 

4.5 

13 ± 

8 
19 ± 6 + 0 

346 ± 

125 
- 

Ms1-3 
oval to 

ovate 

15 ± 

3.8 

10 ± 

2.8 
1.5 

2.0 ± 

0.7 
11.8 0 

262 ± 

114 

1.4 

± 

1.1 

9.6 

± 

0.7 

47.1 

± 

7.3 

47.5 

± 

5.9 

8 ± 

5 
9 ± 5 +++* +++* 

463 ± 

121 

376 ± 

106 

Var1-3 
elliptical to 

oval 

18 ± 

1.1 

9.0 ± 

0.5 
2.0 

2.0 ± 

0.5 
10.0 0 

246 ± 

87 

0.9 

± 

0.7 

4.8 

± 

1.3 

45.5 

± 

3.5 

48.2 

± 

7.2 

23 ± 

18 

41 ± 

29 
+++* +++* 

664 ± 

137 

616 ± 

172 

Mn1-3 
elliptical to 

oval 

34 ± 

7.2 

18 ± 

4.4 
1.9 

1.0 ± 

0.2 
2.9 0 

135 ± 

38 

0.8 

± 

0.8 

7.0 

± 

0.9 

47.2 

± 

5.9 

46.9 

± 

4.8 

12 ± 

3 
0 +++* +++* 

500 ± 

142 

642 ± 

169 

ML4-6 

broadly 

ovate to 

orbicular 

18 ± 

1.9 

17 ± 

1.2 
1.1 

7.0 ± 

2.1 
28.0 12 ± 6 

98 ± 

10 

1.6 

± 

0.3 

2.0 

± 

0.6 

70.6 

± 

7.1 

74.9 

± 

4.1 

11 ± 

6 
15 ± 4 0 0 - - 

MP1-3 ovate 
22 ± 

3.1 

12 ± 

0.3 
1.8 

6.0 ± 

0.5 
21.4 

41 ± 

33 

154 ± 

33 

7.5 

± 

1.7 

7.9 

± 

3.6 

59.0 

± 

6.9 

58.7 

± 

9.1 

0 23 ± 5 0 + - 
246 ± 

108 

WP1-3 
oval to 

elliptical 

25 ± 

0.2 
15 ± 0 1.7 1.0 ± 0 3.8 0 

158 ± 

72 

1.1 

± 

0.6 

3.8 

± 

0.8 

61.7 

± 

8.1 

57.2 

± 

8.7 

6 ± 

3 
0 +++* +++* 

594 ± 

206 

1096 

± 213 

CM1-3 
oval to 

ovate 

12 ± 

1.7 

8.0 ± 

1.5 
1.5 

2.0 ± 

0.7 
14.3 

37 ± 

10 

68 ± 

58 

2.2 

± 

1.7 

4.1 

± 

1.8 

58.7 

± 

5.7 

58.8 

± 

5.4 

18 ± 

16 

42 ± 

16 
0 0 - - 
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Table 3 (cont.) Micromorphological characteristics of different Mentha taxa 

#Sample 
Leaf 

Shape 

Lamina 
Petiole 

L (mm) 

♦Petiole 

% 

Stomata/mm2 Pgt/mm2 Pgt D (µm) Cgt/mm2 non-gt/mm2 non-gt L (µm) 

L 

(mm) 

W 

(mm) 
L/W Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab 

BM1-3 ovate 
21 ± 

3.0 

12 ± 

2.4 
1.8 

6.0 ± 

0.5 
22.2 

63 ± 

43 

57 ± 

52 

3.6 

± 

2.0 

5.4 

± 

2.4 

74.2 

± 

8.1 

71.1 

± 

8.2 

9 ± 

8 

11 ± 

10 
0 0 - - 

Mean ± SD 
20 ± 

8.0 

12 ± 

5.0 

1.7 ± 

0.4 

4.0 ± 

2.0 
17 ± 12 

18 ± 

26 

196 ± 

114 

3 ± 

3 

7 ± 

3 

60 ± 

9 

59 ± 

8 

16 ± 

14 

27 ± 

30 
- - 

349 ± 

184 

368 ± 

310 

Median 21 12 1.7 3.0 14 9 158 2 5 60 59 12 17 - - 336 246 

Ab: abaxial surface, Ad: adaxial surface, Cgt: capitate glandular trichome, D: diameter, L: length, non-gt: non-glandular trichome, Pgt: peltate glandular trichome, W: width, +: sparsely present, ++: 

moderately present, +++: abundantly present. Values are presented as means ± standard deviation (SD). 

*leaves had dense intertwining trichomes difficult to quantify density. 
#Refer to Table 2 for the full taxa names for the sample codes. 
♦petiole percentage of the total leaf length.
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Figure 2 Scanning electron micrographs of leaf surfaces of Mentha taxa showing 

glandular trichome structure and distribution. A: abaxial surface of M. spicata var. 

crispa (MM1-3) showing peltate glandular trichomes (Pgt) and capitate glandular 

trichomes (arrowed). B: adaxial surface of M. spicata var. crispa (MM1-3) showing 

peltate glandular trichomes and capitate glandular trichomes (arrowed). C: abaxial 

surface of M. x piperita var. citrata (EM1-3) showing peltate glandular trichomes from 

top view. D: abaxial surface of M. x piperita var. citrata (EM1-3) showing a peltate 

glandular trichome from side view. Note oil storage cavity of the eight secretory cells 

(arrowed). st, stoma.
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Figure 3 Scanning electron micrographs of leaf surfaces of Mentha taxa showing 

glandular and non-glandular trichomes. A: abaxial surface of M. australis (Ma1-3). 

Note small unicellular non-glandular trichomes (non-gt) on a vein. B: abaxial surface of 

M. pulegium (Pen4-6). Note small unicellular non-glandular trichome. C: adaxial 

surface of M. aquatica (MO4-6). Note short uniseriate non-glandular trichome. D: 

abaxial surface of M. x niliaca (Mn1-3). Note the long thin non-glandular trichomes 

(arrowed) that gave the leaf a woolly appearance. st, stomata.
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4. Discussion 

The taxonomy of Mentha is complicated and open to different interpretations (Capuzzo 

and Maffei, 2014). For example, variation occurred in the use of scientific and common 

names of some taxa by the nurseries that supplied the samples (see section 2.2 in Hanafy 

et al. (2017)). Micromorphological examination of mint samples was carried out in order 

to find parameters that can be characteristic to specific taxa for the identification and 

discrimination of different mints and detection of variability among taxa. The 

examination of 19 Mentha taxa, covering all four sections of the genus, grown under the 

same conditions, allows for an exploration of the micromorphological features of the 

genus. 

4.1. Taxonomical evaluation 

The Australian native mints, M. australis and M. diemenica, could be easily distinguished 

from each other, which supports their occurrence in two taxonomic sections, Eriodontes 

and Tubulosae, respectively. M. australis had a longer lamina (24 mm) than M. diemenica 

(12 mm). On the adaxial leaf surface, M. australis had neither stomata nor Pgt, while M. 

diemenica had no Cgt (Table 3). To the best of our knowledge, this is the first 

micromorphological examination of these species. 

The two species, M. requienii and M. pulegium, in section Pulegium had some distinctive 

differences from species in the other sections. They both had the smallest leaf lengths (3 

and 7 mm, respectively), the longest petiole percentage of total leaf length (50 and 30, 

respectively) and the highest density of stomata on the adaxial surface (71 and 75/mm2, 

respectively). They also had comparable Cpt/Pgt ratio (5.7 and 5.6 on the adaxial surface 

and 2.0 and 1.6 on the abaxial surface, respectively). For M. requienii from Italy, 

Mucciarelli and Sacco (1999) reported much higher densities for Pgt (23 and 34/mm2 on 

the adaxial and abaxial surfaces, respectively) and for Cgt on the abaxial surface 

(60/mm2). M. requienii has creeping stems and very small leaves that form a tight ground 

cover (Mucciarelli and Sacco, 1999). It had been reported previously that M. requienii 

and M. pulegium are grouped apart from the other species of the genus because they 

showed similarity of their calyx structure (Mucciarelli and Sacco, 1999) which was 

confirmed in the present study. 
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Mints from section Mentha showed a wide range of micromorphological characters. They 

had long lamina length (average 23 mm). Generally, their adaxial surfaces had lower 

stomatal density (average 13/mm2) than the abaxial (average 190/mm2). M. x piperita f. 

citrata “Basil”, Mint – menthol and M. x piperita f. citrata “Chocolate” showed the 

lowest stomatal density (57, 59 and 68, respectively) on the abaxial surface. All samples 

had glandular trichomes on the adaxial and abaxial leaf surfaces. The diameter of the head 

of Pgt had averages of 60 and 59 µm on the adaxial and abaxial surfaces, respectively, 

which is consistent with those previously reported in different Mentha taxa (Choi and 

Kim, 2013; Fialová et al., 2015; Gersbach et al., 2001; Šarić-Kundalić et al., 2009). Non-

gt were also present in varying degrees. The presence of villous non-gt on both adaxial 

and abaxial surfaces was characteristic to M. suaveolens, M. suaveolens variegata, M. x 

niliaca and M. x piperita var. officinalis. 

4.2. Ecological evaluation 

Mentha would be considered a mesophytic genus, with most species naturally found in 

moist areas and wet edges of rivers and lakes (Tucker and Naczi, 2007). Most mesophytic 

plants are hypostomatous (Camargo and Marenco, 2010), i.e. without stomata on the 

adaxial leaf surface, which was exhibited by nine of the investigated taxa (Table 3). The 

other ten taxa were amphistomatous, but with a much greater stomatal density on the 

abaxial leaf surface (with an average stomatal ratio adaxial/abaxial of 0.3). Other studies 

have shown that Mentha taxa have stomata on the adaxial surface such as M. pulegium 

(Moon et al., 2009), from very low (M. spicata (4.4/mm2)) to very high densities (M. x 

villosa-nervata (196.3/mm2)) (Gavalas et al., 1998). Kofidis et al. (2011) found that M. 

spicata grown in summer at low altitude (200 m) had lower stomatal densities (44 and 

559/mm2 on adaxial and abaxial surfaces, respectively) than at high altitude (950 m) (100 

and 720/mm2 on adaxial and abaxial surfaces, respectively) where the rate of 

photosynthesis is higher. Stomata play an important role in controlling gas exchange for 

photosynthesis and transpiration (del Rosario Cappellari et al., 2015). Stomatal density 

can be influenced by environmental factors such as light, humidity, water availability and 

atmospheric CO2 concentration (Camargo and Marenco, 2010). Amphistomatous leaves 

can have higher boundary layer conductance, which is useful for enhancing the rate of 

photosynthesis in leaves exposed to high light intensities (Camargo and Marenco, 2010). 

Increased stomatal density in plants under well-hydrated conditions could theoretically 

increase conductance for gas exchange at the leaf surface (del Rosario Cappellari et al., 

2015). 
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Pgt were present on both leaf surfaces as previously reported (Gavalas et al., 1998; Maffei 

et al., 1989) with an exception of adaxial surface of the newly investigated M. australis. 

Although great morphological variation occurs between Mentha taxa, the Pgt had very 

similar head diameter (average approximately 60 µm on both surfaces) which is 

consistent with previous studies (Choi and Kim, 2013; Fialová et al., 2015; Mucciarelli 

and Sacco, 1999; Šarić-Kundalić et al., 2009). However, Rodrigues et al. (2013) found 

Pgt of M. pulegium from Portugal had much larger head diameter of 88 and 92 µm on the 

adaxial and abaxial surfaces, respectively. 

Most Mentha taxa are glabrous (Table 3) but the adaxial and abaxial leaf surfaces of four 

taxa within section Mentha (M. suaveolens, M. suaveolens variegata, M. x niliaca, M. x 

piperita var. officinalis) were villous. Interestingly, all the four taxa had no stomata on 

the adaxial leaf surface. M. suaveolens grown in Egypt had also been recorded as having 

numerous non-gt on both leaf surfaces (El-Kashoury et al., 2013). Cultivated M. spicata 

is generally glabrous, while the wild form is hairy (Gobert et al., 2002). M. spicata grown 

in Greece in summer at low altitude (200 m) had much denser non-gt on the abaxial leaf 

surface than that grown at high altitude (950 m) (Kofidis et al., 2011). Non-gt can be an 

adaptation to low water supply conditions; they increase leaf reflectance which can reduce 

leaf temperature and water loss and protect against insect attacks (Kofidis et al., 2011). 

These trichomes increase boundary layer resistance to gas diffusion, which in turn reduces 

the transpiration rate (Amada et al., 2017; Mayekiso et al., 2009). However, the 

investigated villous taxa naturally occur along lakeshores and moist fields (Tucker and 

Naczi, 2007). The adaptive significance of the density of trichomes is still unclear (Amada 

et al., 2017).   

81



5. Conclusion 

Mentha taxa showed great diversity in their leaf macromorphological characters as can 

be seen by the different lamina and petiole length measurements. All taxa had large peltate 

and small capitate glandular trichomes, which are characteristic of the Lamiaceae. Most 

taxa had hypostomatous leaves, so amphistomatous leaves may be taxonomically and 

ecologically significant. The two species in section Pulegium, M. requienii and M. 

pulegium, can be easily distinguished by their small lamina, long petiole percentage of 

total leaf length and high adaxial stomatal density. The presence of non-glandular 

trichomes on leaf surfaces of some taxa may represent a diagnostic characteristic. The 

present study expanded the knowledge about Mentha taxa by studying the 

micromorphological characters of the Australian native mints, M. australis and M. 

diemenica, for the first time. Micromorphological parameters along with genetic 

fingerprinting and chemotaxonomic classification might provide further insight to the 

identity of Mentha taxa. 
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Chapter 3 

 

Biophenols of mints: Antioxidant, acetylcholinesterase, 

butyrylcholinesterase and histone deacetylase inhibition 

activities targeting Alzheimer’s disease treatment 

 

This chapter has been published in “Journal of Functional Foods”. 

The manuscript consists of two parts: part 1 included analysis of the bioactivities of 29 

mint samples, and part 2 included analysis of their chemical composition. Analysis of the 

bioactivities was carried out by determination of the total phenolic content, antioxidant 

capacity and acetylcholinesterase, butyrylcholinesterase and histone deacetylase 

inhibition activities in vitro. The chemical analysis was carried out through qualitative 

and quantitative identification of their phenolic profile using HPLC-DAD online ABTS˙+, 

HPLC-QQQ-MS and UHPLC-QTOF-MS. 
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Alzheimer’s disease (AD) is a progressive age-related brain disorder that slowly destroys memory, with
no cure for AD currently available. Plants from the Lamiaceae have been used traditionally for improving
memory. Nineteen Mentha taxa were screened for in vitro antioxidant and acetyl- (AChE) and butyryl-
cholinesterase (BuChE) and histone deacetylase (HDAC) inhibition activities. Total phenolic content
was assessed, together with chromatographic determination of the phenolic composition. Two species,
Mentha diemenica and M. requienii, were investigated for the first time. Mints showed strong antioxidant
and moderate AChE and BuChE inhibition activities. Mint extracts exhibited good HDAC inhibition activ-
ity which was strongly correlated to their biophenol content. Apigenin-7-O-b-D-diglucuronide, chicoric
acid and isosakuranetin were tentatively identified as new compounds in Mentha. Our results suggest
that mints provide a substantial basis for future research into AD treatment. Furthermore, we highlight
that biophenol composition and bioactivity can vary according to several factors within a single taxon.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction inefficient antioxidant defense, make the brain a major site for
Demographic ageing is a worldwide phenomenon due to the
success of improved health care over the last century (Ferri,
Sousa, Albanese, Ribeiro, & Honyashiki, 2009), but there are chal-
lenges due to greater demand for healthy ageing (Obied, 2013).
One challenge is the significant increase in the number of people
with Alzheimer’s disease (AD) and related dementias (Ferri et al.,
2009). The 2015 World Alzheimer Report estimates that there
are 46.8 million people living with dementia and this number is
expected to increase rapidly, with over 9.9 million new cases of
dementia each year (Prince et al., 2015).

AD is one of the most common neurodegenerative disorders,
which develops as a result of multiple factors rather than a single
cause. For example, oxidative stress is an early event in AD pathol-
ogy (Butterfield et al., 2002). An abundance of readily oxidizable
polyunsaturated fatty acids and catalytic metal ions, along with
oxidative damage (Butterfield et al., 2002). Excess formation of
reactive oxygen and nitrogen species (RONS) has been repeatedly
demonstrated in AD-affected brains in humans and in transgenic
mouse models (Sonnen et al., 2008). In addition, decreased levels
of acetylcholine in the brain areas related to memory and learning
(the cholinergic hypothesis) and accumulation or disposal of amy-
loid b (Ab) (the amyloid hypothesis) are believed to be some of the
main causes of AD (Korolev, 2014). It was also found that butyryl-
cholinesterase (BuChE) activity increases, mainly in areas of the
brain most affected by AD (Greig, Lahiri, & Sambamurti, 2002).
Abnormal acetylation of histone is also involved in the pathology
of AD. Histone deacetylase (HDAC) inhibitors have been reported
to improve memory and cognition in the mouse model of AD
(Xu, Dai, Huang, & Jiang, 2011).

Treatment of AD is limited to symptomatic and palliative med-
ications and, despite enormous effort aimed at understanding the
aetiology and pathogenesis of the disease (Vladimir-Knežević
et al., 2014), no pharmacotherapeutics have so far been able to stop
the progression of AD (Korolev, 2014). Furthermore, adverse reac-
tions to current drugs are frequently more serious than the disease
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itself (Obied, 2013), highlighting the need for more effective and
safer alternatives.

A promising source for alternatives is medicinal plants, which
are rich in structurally diverse secondary metabolites displaying
a wide range of biological activities, including possible leads for
treatment of neurodegenerative diseases (Vladimir-Knežević
et al., 2014). During the last two decades nearly 50% of the newly
introduced drugs have been of plant origin or analogues thereof
(Obied, 2013). Moreover, traditional medicinal plants have been
used for the treatment of memory dysfunction, thus linking them
to treatment of neurodegenerative disorders, including AD.

Mints (Mentha, Lamiaceae) are very good candidates for bio-
screening against AD. Extracts from many species of the Lamiaceae
are scavengers of reactive oxygen species (ROS), which in excess,
may lead to degenerative processes such as cancer, ageing, cardio-
vascular and neurodegenerative diseases (Stagos et al., 2012).
Plants from the Lamiaceae, such as Melissa officinalis L. (lemon
balm), Salvia officinalis L. (sage) and Rosmarinus officinalis L. (rose-
mary) have been used traditionally for improving memory (Jivad
& Rabiei, 2014; Orhan, Aslan, Kartal, S�ener, & Bas�er, 2008). Mentha
aquatica L. has been used to treat mental illness (Olsen, Stafford,
van Staden, Christensen, & Jäger, 2008). Many Mentha taxa, e.g.
M. pulegium L. and M. � piperita L., have been found to have acetyl-
cholinesterase inhibition activity (Vladimir-Knežević et al., 2014).
Joshi and Bhadania (2014) also found that freeze dried extract of
M. piperita protected Ab and ageing-induced animal models from
stress, amnesia and neurodegeneration, and could be effective in
the management and treatment of AD.

Mentha species are widely distributed across Europe, Africa,
Asia, Australia, and North America (Brickell & Zuk, 1997). Mints
are edible plants used as flavouring agents and M. aquatica is used
as a spice and in the preparation of liqueurs (Conforti et al., 2008).
Mints are well-known for their essential oils (Kapp, 2015); how-
ever there are few reports regarding their phenolic composition.

Plant phenols, commonly referred to as polyphenols or biophe-
nols, have several biological activities that may promote health,
fight disease, and delay the ageing process (Obied et al., 2012).
Phenolics have also shown inhibition of a-glucosidase and lipase
activity and may therefore aid in the prevention and/or manage-
ment of diabetes and obesity (de Camargo, Regitano-d’Arce,
Biasoto, & Shahidi, 2016). Dietary flavonoids and phenolic acids
are good antioxidants (Pereira, Valentão, Pereira, & Andrade,
2009) and have been reported to exert a neuroprotective effect
(Kim, 2010). The main phenolic compounds so far reported in
mints are luteolin, naringenin, apigenin, hesperitin and eriodictyol
and their glycosides, as well as rosmarinic, caffeic, chlorogenic and
salvianolic acids (Kapp, 2015).

The goals of this study were the discovery and evaluation of
potential new natural sources for treatment of AD from different
mint species, varieties and accessions. The antioxidant, acetyl- and
butyryl-cholinesterase and histone deacetylase inhibition activities
of 29mint samples, from19 taxawere tested. Their phenolic profiles
were also analysed through HPLC-DAD online ABTS�+, HPLC-QQQ-
MS and UHPLC-QTOF-MS. Two species, M. diemenica (Australia)
andM. requienii (Corsica, Sardinia, Italy), were screened for the first
time. Furthermore, the correlation between various bioactivities
and the phenolic content was evaluated. The current study is the
first to report the effect of mints on histone deacetylase activity.
2. Material and methods

2.1. Collection of plant material (Table 1)

Twenty eight mints, three plants of each, were purchased from
two nurseries in Australia. Fourteen mint taxa were obtained from
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Mudbrick Cottage Herb Farm, Mudgeeraba, QLD and another 14, in
addition to sage, were purchased from Greenpatch Organic Seeds
and Plants, Glenthorne, NSW. Each sample was transplanted to a
15 cm diameter pot filled with Debco premium potting mix. Plants
were kept in a glasshouse at Charles Sturt University, Wagga
Wagga, NSW, Australia, under controlled temperature conditions
(20–22 �C) and watered uniformly.

Two months later, the new leaves and stems that had developed
in the greenhouse were collected and then dried in an oven at 60 �C
for 3 h with the exception of sage, which was dried for 5 h. Dried
samples were ground in a coffee mill for 1.5 min. The ground plant
material was stored at �20 �C in sealed containers until extraction.

One mint sample was collected in September 2014 from the
Agricultural Research Centre, Cairo, Egypt. This plant was air-
dried in the shade then powdered and stored at room temperature.
A pilot study (data not published) showed no significant difference
between oven and air drying on total phenolic content, consistent
with the literature (Riachi & De Maria, 2015).
2.2. Taxonomy and plant preparation

Mentha is a taxonomically complex genus (Capuzzo & Maffei,
2014). Most of the taxa under investigation correlated with the
taxonomy of Tucker and Naczi (2007) with some exceptions
(Table 1). Tucker and Naczi (2007) reclassified Mentha on the basis
of a phylogenetic analysis of morphology, chromosome numbers,
and major essential oil constituents, to include 18 species and 11
named hybrids, placed in four sections. They also enumerated
about 1800 synonyms.

The NSW nursery indicated that M. aquatica is orange mint
(MO4-6, see Table 1 for abbreviation convention); while according
to Tucker and Naczi (2007), there are two varieties for M. aquat-
ica: M. aquatica var. aquatica which is water mint, and M. aquatica
var. citrata which is orange mint. In addition, M. � piperita var.
citrata (eau de cologne mint (EM1-3, EM4-6)) is a synonym of
M. aquatica var. citrata. Also, M. viridis (common mint (Mv4-6))
is a synonym of M. spicata subsp. spicata (spearmint (SP1-3,
SP4-6)). Moroccan mint (MM1-3) is a variety of M. spicata (M. spi-
cata var. crispa).

Mentha suaveolens (synonym M. rotundifolia) is pineapple mint
and it is the cultivated variegated form, with the name of the wild
green form being uncertain (Tucker & Naczi, 2007), whereas the
reverse was named by the nurseries: M. suaveolens is the green
form (Ms1-3) while M. suaveolens ‘‘variegate” is the variegated
form (Var1-3, Var4-6). M. gentilis (Mg4-6) is a synonym of M.
arvensis subsp. parietariefolia or M. � gracilis (a hybrid of M. arven-
sis and M. spicata). The NSW nursery did not provide a botanical
name for menthol–mint (Men4-6), however it was previously
reported that menthol–mint is M. arvensis (Upadhyay et al.,
2014).

Hybridization of Mentha species is quite common, especially
within section Mentha. M. � niliaca (Mn1-3) (synonym of M. � vil-
losa var. alopecuroides or M. sylvestris) is a hybrid of M. spicata and
M. suaveolens. M. � piperita (EGY, MP1-3, and MP4-6) is a hybrid
of M. spicata and M. aquatica. White peppermint (WP1-3) is
M. � piperita var. officinalis. Chocolate mint (CM1-3, CM4-6) and
basil mint (BM1-3, BM4-6) are forms of M. � piperita. Mint lime
(ML4-6) was called M. piperata by the NSW nursery. This botani-
cal name was not previously reported, however, Shen et al. (2011)
indicated that lime mint is a hybrid of M. aquatica and M. suave-
olens, which is M. �maximilianea according to Tucker and Naczi
(2007).

Salvia officinalis L. (sage) purchased from NSW (Sag4-6) was
selected as a reference spice to compare the bioactivities of mints
(see below).



Table 1
Common and botanical names of mints under investigation with their origin and codes using the taxonomic treatment of Tucker and Naczi (2007).

Nursery common name Nursery botanical name Origin

QLD NSW

I. Section Eriodontes Benth.:
Native M. australis or native peppermint M. australis R.Br. Ma1-3 Ma4-6

II. Section Tubulosae (Briq.) Tucker.:
Native M. diemenica M. diemenica Sprengel Md1-3 –

III. Section Pulegium (Mill.) Lam. & DC.:
Corsican mint M. requienii Bentham Mr1-3 Mr4-6
Pennyroyal mint M. pulegium L. Pen1-3 Pen4-6

IV. Section Mentha and its hybrids:
Mint – orange M. aquatica L. – MO4-6
Eau de Cologne mint M. � piperita L. var. citrata (Ehrh.) Rouy or M. citrata Ehrh. EM1-3 EM4-6
Spearmint M. spicata L. Sp1-3 Sp4-6
Mint - common M. viridis (L.) L. – Mv4-6
Moroccan mint M. spicata L. var. crispa (Schrad.) Schinz & Thellung MM1-3 –
Mint – ginger aM. gentilis L. or Auct., non L. – Mg4-6
Mint – menthol bMenthol species or M. species – Men4-6
Pineapple mint M. suaveolens Ehrh. or M. rotundifolia Auct. Ms1-3 –
Variegated apple mint M. suaveolens Ehrh. variegata or M. rotundifolia variegata Var1-3 Var4-6
Egyptian mint cM. � niliaca Jacq. or M. sylvestris L. Mn1-3 –
dMint - lime M. piperata – ML4-6
Peppermint eM. � piperita L. MP1-3 MP4-6
White peppermint M. � piperita L. var. officinalis Sole WP1-3 –
Chocolate mint M. � piperita f. citrata ‘‘Chocolate” CM1-3 CM4-6
Basil mint fM. � piperita f. citrata ‘‘Basil” BM1-3 BM4-6

M. =Mentha.
a Synonym of M. arvensis L. subsp. parietariefolia (Becker) Briq. or M. � gracilis Sole (a hybrid of M. arvensis �M. spicata)
b May be M. arvensis L. (Upadhyay et al., 2014).
c Synonym of M. � villosa Huds. var. alopecuroides (Hull) Briq., a hybrid of M. spicata �M. suaveolens.
d A hybrid of M. aquatica �M. suaveolens (Shen et al., 2011) which is M. �maximilianea F.W. Schultz (Tucker & Naczi, 2007).
e A third sample (EGY) was collected from Egypt.
f NSW nursery referred to it as M. basilicum.
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2.3. Chemicals and reagents

Reagents used without further purification were HPLC-grade
methanol (Burdick & Jackson, Morris Plains, NJ, USA); acetonitrile
for HPLC and HCl (VWR BDH Prolabo Chemicals (EC), Tingalpa,
QLD, Australia); formic acid, Folin-Ciocalteu reagent, 2,2-azino-b
is(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS�+), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), 2,4,6-tripyridyl-S-triazine (TPTZ), FeCl3�6H2O,
sodium acetate trihydrate, MgCl2�6H2O, 2-amino-2-hydroxyme
thyl-propane-1,3-diol (Tris), acetylcholinesterase (AChE) electric
eel (type VI-S), acetylthiocholine iodide (ATCI), butyryl-
cholinesterase (BuChE) from equine serum, S-butyrylthiocholine
chloride and 5,50-dithio-bis(2-nitrobenzoic acid) (DTNB or Ell-
man’s reagent), potassium phosphate monobasic and dibasic
(Sigma-Aldrich, Castle Hill, NSW, Australia); potassium persulfate,
glacial acetic acid and Na2CO3 (Univar, Taren Point, NSW,
Australia); galanthamine hydrobromide (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA); NaCl (MERCK Pty., Kilsyth, Victoria,
Australia) and NaHCO3 (Chem-Supply, Gillman, South Australia,
Australia). Water used was purified by BarnsteadTM GenPureTM

xCAD Plus Ultrapure Water Purification System (Thermo Scien-
tific, Waltham, MA, USA).

Phenolic standards used without further purification were:
chlorogenic acid, ferulic acid, o-coumaric acid, isoferulic acid, nar-
ingin, protocatechuic acid, homovanillic acid, hespiridin, salicylic
acid, catechin hydrate, naringenin, neohesperidin, homovanillyl
alcohol, p-hydroxymandelic acid, hesperetin, quercetin, gallic acid,
caffeic acid, p-coumaric acid, syringic acid, morin, rutin, vanillic
acid, isovanillic acid, 3,4-dihydroxymandelic acid, rosmarinic acid
and tyrosol (Sigma-Aldrich, Castle Hill, NSW, Australia); eriocitrin,
luteolin-7-O-glucoside, linarin, eriodictyol, apigenin, kaempferol,
diosmin, rhamnetin, myricetin and myricitrin (Extrasynthese,
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Genay, Cedex, France); sinapic acid, homogentisic acid, and
p-hydroxybenzoic acid (Fluka Chemie GmbH, Buchs, Switzerland).

Most standards were dissolved in 50% methanol to prepare
stock solutions of 0.1 mg/mL. The exceptions were eriocitrin,
luteolin-7-O-glucoside, linarin, rutin, catechin, ferulic acid, narin-
genin, myricitrin, myricetin, hesperidin, neohesperidin and narin-
gin which were dissolved in hot 80% methanol; quercetin,
chlorogenic acid, apigenin, morin, rhamnetin, hesperitin and
kaempferol were dissolved in absolute methanol; and diosmin,
which was dissolved in 0.01 M NaOH.

Histone deacetylase (HDAC) inhibitor drug screening kit (fluo-
rometric) was purchased from BioVision, Milpitas, CA, USA.

All the assays were performed in Corning� Costar� 3599, 96 well
cell culture plates, flat bottom (Corning Incorporated, Corning, NY,
USA), except forBuChE inhibitionassay,whichwasdone ina cuvette,
and HDAC inhibition assay done in 96-well plate, black Nunclon
delta surface with lid, flat bottomwells, individually wrapped, ster-
ile (Thermo Fischer Scientific, NUNC A/S, Roskilde, Denmark).

2.4. Preparation of crude phenolic extracts

One gram of the dried ground plant material was extracted with
10 mL of aqueous methanol (50% v/v) at room temperature (20–
22 �C) for 30 min with stirring. After filtration, the resulting raffi-
nate was re-extracted with 10 mL of the same solvent for 30 min
and filtered. The combined filtrate was defatted twice with 20 mL
of n-hexane, then filtered through a 0.22 lm nylon syringe filter.
All resulting crude extracts were stored at -16 �C until analysis.

2.5. Determination of total phenols using Folin-Ciocalteu reagent (TPC)

A modified version of the method described by Kendall et al.
(2009) was developed. Crude mint extracts were diluted 1 in 10
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with aqueous methanol (50% v/v) and 10 lL was added to a 96-
well microplate containing 100 mL water. Folin-Ciocalteu reagent
(50 mL) was added, and after 1 min aqueous sodium carbonate
solution (20% w/v, 90 mL) was added. The microplate was shaken
for 1 h at ambient temperature and the absorbance was read at
760 nm using a SpectraMax 190 Microplate Reader, Molecular
Devices, Sunnyvale, CA, USA (also used for TEAC, FRAP and AChE
inhibition assay, below). Results are expressed by reference to a
7-point regression curve (y = 0.0094x � 0.0009, R2 = 0.9994) as
milligrams of gallic acid equivalents per gram dry weight of dried
original material (mg GAE/g DW). The assay was performed in trip-
licate and repeated three times (n = 9).

2.6. Antioxidant activity

2.6.1. Trolox equivalence antioxidant capacity (TEAC) assay (ABTS�+

radical-scavenging assay)
The stock solution of ABTS�+ was prepared as described previ-

ously (Qawasmeh, Obied, Raman, & Wheatley, 2012). The working
solution of ABTS�+ was prepared by diluting an aliquot of ABTS�+

stock solution to a final absorbance of 0.80 ± 0.03 at 734 nm.
240 lL ABTS�+ working solution was added to 10 lL of plant
extracts (diluted 1 in 10 with aqueous methanol (50% v/v)). The
microplate was shaken for 10 min at ambient temperature and
absorbance at 734 nm recorded. Percentage scavenging of ABTS�+

was calculated using to the formula:

% scavenging ¼ ðAcontrol � AsampleÞ � 100
Acontrol

A 7-point calibration curve (y = 0.8441x + 0.0441, R2 = 0.9983)
was prepared using Trolox (30–240 lg/mL). Trolox equivalent
antioxidant capacity (TEAC) was determined as the amount of Tro-
lox equivalent to the amount of test substance that resulted in
equal scavenging of ABTS�+. The assay was performed in triplicate
and repeated three times (n = 9).

2.6.2. Ferric ion reducing antioxidant power (FRAP) assay
A modified version of the method described by Benzie and

Strain (1996) was developed. The working FRAP reagent was pre-
pared by mixing 300 mM acetate buffer pH 3.6, 5 mM TPTZ
(2,4,6-tripyridyl-S-triazine) in 40 mM HCl and 5 mM FeCl3�6H2O
solution. 25 mL acetate buffer, 2.5 mL TPTZ solution and 2.5 mL
FeCl3�6H2O solution were mixed together and warmed in water
bath at 37⁰C for 20 min prior to use. 190 lL FRAP reagent was
added to 10 lL of plant extracts (diluted 1 in 10 with aqueous
methanol (50% v/v)). The microplate was shaken for 30 min at
ambient temperature. The absorbance was read at 593 nm, after
shaking for 30 s.

An 8-point calibration curve (y = 1.1812x + 0.0385, R2 = 0.9995)
was prepared using Trolox (10–240 lg/mL). The final result was
expressed as the concentration of antioxidant having a ferric
reducing ability in 1 g sample (mM/g). Total reducing power was
expressed as Trolox equivalence. The assay was performed in trip-
licate and repeated three times (n = 9).

2.7. Enzymatic inhibition activity

2.7.1. Acetylcholinesterase (AChE) inhibitory assay
The activity was measured based on Ellman’s method as

described by López et al. (2010). Crude mint extracts were used
without further dilution and the final concentration in the assay
was 5 mg dry original material/mL solvent. The AChE inhibitor
galanthamine HBr was used as a positive control substance. The
assay was performed in triplicate and repeated three times
(n = 9). Percentage inhibition was calculated using the formula:
92
% inhibition ¼ ðAcontrol � AsampleÞ � 100
Acontrol
2.7.2. Butyrylcholinesterase (BuChE) inhibitory assay
The BuChE inhibitory assay was performed according to the

method previously described by Sharififar, Moshafi, Shafazand,
and Koohpayeh (2012) with slight modifications. 240 mL Ellman’s
reagent (3.96 mg of DTNB and 1.5 mg sodium bicarbonate dis-
solved in 10 mL potassium phosphate buffer pH 7.4) was added
to 110 mL of each extract followed by 60 mL of 7.5 mM S-
butyrylthiocholine chloride. Crude mint extracts were used with-
out further dilution and the final concentration in the assay was
1.8 mg dry original material/mL solvent. Potassium phosphate buf-
fer (0.1 M, pH 7.4) was used for all the preparations and reactions
except BuChE (2 Units/mL), which was prepared in 0.02 M potas-
sium phosphate buffer (pH 7). After incubation for 5 min at room
temperature, 20 mL BuChE was added to the reaction mixture and
the absorbance was measured at 412 nm (Cary 4000 UV–Vis spec-
trophotometer, Agilent Technologies, Santa Clara, CA, USA, Enzyme
Kinetics software version 4.20 (468), cycle time 1 min, end time
10 min, competitive study Y-X pair). Galanthamine HBr was used
as a reference inhibitor for the enzyme. The assay was performed
in duplicate and repeated twice (n = 4). Percentage inhibition was
calculated using the formula:

% inhibition ¼ ðAcontrol � AsampleÞ � 100
Acontrol
2.7.3. Histone deacetylase (HDAC) inhibition assay
The HDAC inhibitory assay was performed according to the

manufacturer’s protocol using HDAC inhibitor drug screening kit
(fluorometric, BioVision, Milpitas, CA, USA). Crude mint extracts
were diluted to 20 mg dry original material/mL with H2O and the
final concentration in the assay was 10 mg dry matter/mL solvent.
The fluorescence was measured by a fluorescence plate reader (Flu-
ostar Omega BMG Labtech, Ortenberg, Germany, software version
1.20) with excitation = 355 nm and emission = 460 nm. The assay
was performed in triplicate (n = 3). Inhibitor activity was expressed
as inhibition of relative fluorescence units (RFU) using the formula:

% inhibition ¼ 1� RFUsample

RFUpositive control
� 100

� �
2.8. Chemical analysis

Crude mint extracts were diluted 1 in 2 with aqueous methanol
(50% v/v) prior to chromatographic analysis.

2.8.1. HPLC-DAD online ABTS�+

High-Performance Liquid Chromatography�Diode Array Detec-
tion with online ABTS�+ scavenging (HPLC-DAD online ABTS�+) was
performed on a Varian 9012 solvent delivery system equipped
with a Varian Prostar 335 diode array detector (DAD) and a Varian
Prostar 410 autosampler. The HPLC system was controlled by Star
Chromatography workstation version 6.41 (Varian, Walnut Creek,
California, USA). A flow rate of 0.8 mL/min and an injection volume
of 5 lL were used. The outflow from the DAD was connected to a
reaction coil through a T-intersection. ABTS�+ (diluted from a stock
solution of 7 mM to result in absorbance = 0.70 ± 0.02 at 734 nm)
was pumped to the reaction coil as described by Qawasmeh et al.
(2012). Detection of ABTS�+ absorbance was monitored at 414 nm
by a Varian 9050 UV–vis detector. Data collected from the Varian
9050 UV–vis detector generated positive peaks by reversing the
polarity of the analogue signal.
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Separation was achieved using a Kinetex XB-C18 100A column
(100 � 4.6 mm i.d., 2.6 lm particle size, Phenomenex, Torrance,
CA, USA) with a SecurityGuard (Phenomenex) guard cartridge with
gradient elution. The mobile phases were freshly prepared,
degassed under vacuum using 47 mm nylon 0.2 lm Phenex filter
membranes (Phenomenex, USA), and sonicated in a Sanophon
ultrasonic bath (Ultrasonic Industries Pty. Ltd., Sydney, NSW, Aus-
tralia) for 15 min prior to HPLC analysis.

Solvent A was 1% formic acid in water and solvent B was 1% for-
mic acid in acetonitrile. A gradient elution for a total run time of
24 min was used as follows: initial condition, 10% solvent B;
increased to 40% over 15 min; then to 70% over 5 min; and finally
isocratic for 4 min. The systemwas allowed to equilibrate for 6 min
between runs.

Thephenolic compoundswere quantifiedbycomparisonwith ref-
erence compounds selected based on structural similarity. Values are
expressed as milligram equivalents of the corresponding reference
standard per gramdryweight of the dried originalmaterial (reported
below as mg/g DW). Calibration curves were constructed with refer-
ence standards (concentrations measured in ug/mL) and limit of
detection (LOD) and limit of quantification (LOQ) calculated as
3 � S/N and 10 � S/N, respectively: caffeic acid (y = 0.3337x
+ 0.3457, R2 = 0.9997, LOD = 0.18 mg/mL, LOQ = 0.58 mg/mL), chloro-
genic acid (y = 0.1004x + 0.0582, R2 = 0.9991, LOD = 0.63 mg/mL,
LOQ = 2.11 mg/mL), rosmarinic acid (y = 0.3782x + 0.3892,
R2 = 0.9989, LOD = 0.07 mg/mL, LOQ = 0.22 mg/mL), naringenin
(y = 0.1728x + 0.4592, R2 = 0.9969, LOD = 0.35 mg/mL, LOQ = 1.16 mg/
mL), luteolin-7-O-glucoside (y = 0.0648x + 0.1764, R2 = 0.9962,
LOD = 0.70 mg/mL, LOQ = 2.35 mg/mL), apigenin (y = 00.0783x
+ 0.0266, R2 = 0.9997, LOD = 0.79 mg/mL, LOQ = 2.63 mg/mL), linarin
(y = 0.0064x + 0.0614, R2 = 0.9960, LOD = 5.58 mg/mL,
LOQ = 18.60 mg/mL), hesperidin (y = 0.0216x + 0.0474, R2 = 0.9996,
LOD = 1.94 mg/mL, LOQ = 6.45 mg/mL), rutin (y = 0.0278x + 0.2567,
R2 = 0.9986, LOD = 1.61 mg/mL, LOQ = 5.38 mg/mL) and eriocitrin
(y = 0.1732x + 0.2927, R2 = 0.9989, LOD = 0.29 mg/mL, LOQ = 0.98 mg/
mL). Some compounds were detected, but did not reach the LOQ of
the corresponding reference compoundand thereforewerenot quan-
tified. The ABTS�+ radical scavenging activity of each compound was
quantified as millimolar Trolox equivalents per gram dry weight of
the dried original material (reported below as mM/g DW) based on
the regression line (y = 4.7591x + 0.0422, R2 = 0.9934,
LOD = 6.2 � 10�3 mM, LOQ = 0.021 mM).

2.8.2. High-Performance Liquid Chromatography–Diode Array
Detection–Mass Spectrometry (HPLC-DAD-MS)

Samples were analysed by Agilent 1200 series liquid chromato-
graphic equipment (Agilent Technologies, Santa Clara, CA, USA)
using the same conditions under HPLC-DAD online ABTS�+ but with
total run time of 24 min and the linear gradient was conducted as
follows: from 10% solvent B to 40% solvent B in 15 min; then to 70%
solvent B in 6 min; and finally isocratic for 4 min. The system was
allowed to equilibrate for 5 min between runs. The DAD was set to
record chromatograms at 235, 260, 280, 330, and 420 nm. The elu-
ent from the DAD was split into 0.3 mL/min directed to a 6410 tri-
ple quadrupole (QQQ) mass analyser (Agilent Technologies, Santa
Clara, CA, USA) equipped with electrospray ionization (ESI) inter-
face. MS analysis was performed in the negative ion mode (m/z
100–1200) under the previously published conditions
(Qawasmeh et al., 2012) and column temperature, 25 �C. Data were
analysed using Agilent MassHunter workstation version B.04.00
(Agilent Technologies, Santa Clara, CA, USA).

2.8.3. Ultra High-Performance Liquid Chromatography–Quadrupole
Time-Of-Flight Mass Spectrometry (UHPLC/Q-TOF MS)

Samples were further analysed using an Agilent 1290 Infinity
UHPLC/ 6530 Q-TOF MS (Agilent Technologies, USA) using the
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same column used for HPLC-DAD online ABTS�+. The flow rate
was 0.6 mL/min and the injection volume was 5 lL. The mobile
phase was a gradient of solvent A (0.2% formic acid in water) and
solvent B (0.2% formic acid in acetonitrile). The total run time
was 32 min. A linear gradient was conducted as follows: starting
from 10% solvent B; increased to 40% solvent B at 15 min;
increased to 70% solvent B over 5 min; remaining isocratic for
4 min; increased to 100% solvent B over 2 min; isocratic again for
another 4 min and finally decreased to 10% solvent B over the last
2 min. The system was allowed to equilibrate for 5 min between
runs. The DAD was set to record chromatograms at 235, 250,
260, and 280 nm. The eluent from the DAD was split into 0.3 mL/
min to be directed to a 6530 Accurate-Mass Q-TOF (Agilent Tech-
nologies, USA) equipped with an ESI interface. MS analysis was
performed in the negative ion mode (m/z 50–1700) under the fol-
lowing conditions: nitrogen gas; gas temperature, 300 �C; gas flow
rate, 10 L/min; nebulizer pressure, 45 psig; capillary voltage,
3.5 kV; column temperature, 25 �C, in the extended dynamic range
mode. Data were analysed using Agilent MassHunter workstation
version B.07.00 (Agilent Technologies, USA).

2.9. Data analysis

Data analyses were performed using Microsoft Excel and R x64
3.2.3 software. Statistical comparisons were made using analysis of
variance (ANOVA) methods and Tukey’s Multiple Comparison Test.
The samples were derived from equal variances in all assays except
BuChE inhibition where a weighted least squares analysis was car-
ried out. All other model assumptions were checked and met (i.e.
the residuals had a mean of zero, were normally distributed, had
constant variance and independent). A two-way ANOVA model
was fitted to the data with Replicate and Sample factors to get
the predicted values except in the HDAC inhibition assay where a
one-way ANOVA model was fitted as this assay was carried out
in triplicate once. Data were expressed as the predicted means of
each assay ± standard deviation (SD). Results were considered to
be statistically significant at p < 0.05. The Pearson correlation coef-
ficient (r) was used to describe the correlation between variables
with correlation significant at the 0.05 level (2-tailed). The pre-
dicted means from the ANOVAmodel were then used in a principal
component analysis (PCA) to establish statistically significant rela-
tionships between samples.
3. Results

3.1. Total phenolic content (TPC)

The TPC for all mints showed a reasonably narrow range of val-
ues from 2.82 mg (ginger mint (Mg4-6)) to 9.4 mg GAE/g DW (pep-
permint collected from Egypt (EGY)), with an average of 5.1 mg
GAE/g DW (Table 2).

3.1.1. TPC of the Australian native mints (sections Eriodontes and
Tubulosae)

This is the first report of the TPC of the Australian native mints,
M. australis and M. diemenica. They had a moderate TPC of 5.53,
4.47 and 5.69 mg GAE/g DW for Ma1-3, Ma4-6 and Md1-3, respec-
tively. The two different species from the same supplier, Ma1-3
and Md1-3, had non-significantly different TPC, while the same
species from two different supplier, Ma1-3 and Ma4-6, had signif-
icantly different TPC (p < 0.05) (Table 2).

3.1.2. TPC of mints from section Pulegium
The TPC of Corsican mint (M. requienii (Mr1-3, Mr4-6)) had not

been determined previously. Mr4-6 showed almost double the



Table 2
Total phenolic content (TPC), Trolox equivalent antioxidant capacity (TEAC) values in
ABTS�þ scavenging and FRAP assays for the studied mints.a

Sample TPC
(mg GAE/g DW)

ABTS�þ

(mM TE/g DW)
FRAP
(mM TE/g DW)

Ma1-3 5.53 ± 0.34gi 90.70 ± 1.97fhi 72.09 ± 3.29jk

Ma4-6 4.47 ± 0.10de 85.91 ± 1.48efg 59.08 ± 1.09fgh

Md1-3 5.69 ± 0.22hi 109.20 ± 1.23klmn 93.33 ± 4.59op

Mr1-3 4.91 ± 0.28eg 84.92 ± 2.14efg 67.67 ± 5.07ij

Mr4-6 8.57 ± 0.38l 149.40 ± 6.01p 127.93 ± 3.38q

Pen1-3 4.35 ± 0.03ce 84.95 ± 4.59efg 65.90 ± 2.01ij

Pen4-6 4.15 ± 0.05cd 78.25 ± 6.47ce 64.30 ± 1.81hi

MO4-6 5.93 ± 0.35ij 113.81 ± 2.74mn 75.91 ± 2.96kl

EM1-3 3.81 ± 0.38bc 68.13 ± 3.59bc 44.29 ± 2.18bc

EM4-6 4.65 ± 0.12def 92.90 ± 4.33ghj 57.49 ± 1.15eg

Sp1-3 6.95 ± 0.11k 119.66 ± 3.26n 96.07 ± 2.81p

Sp4-6 4.99 ± 0.30eg 90.14 ± 7.24fh 63.78 ± 2.23gi

Mv4-6 5.51 ± 0.17gi 101.83 ± 4.45ijl 79.08 ± 4.50lm

MM1-3 8.00 ± 0.23l 137.00 ± 5.10o 123.40 ± 3.86q

Mg4-6 2.82 ± 0.29a 67.67 ± 6.06bc 30.95 ± 1.04a

Men4-6 3.15 ± 0.11a 54.14 ± 5.22a 38.26 ± 1.67b

Ms1-3 5.69 ± 0.14hi 104.19 ± 1.78jm 97.96 ± 3.14p

Var1-3 5.86 ± 0.05ij 97.42 ± 3.11hj 84.88 ± 5.62mn

Var4-6 3.25 ± 0.17ab 65.34 ± 4.47ab 46.60 ± 2.10cd

Mn1-3 4.95 ± 0.08eg 86.03 ± 4.15efg 63.93 ± 3.22hi

ML4-6 4.22 ± 0.17cd 81.09 ± 5.69def 55.37 ± 3.05ef

MP1-3 6.65 ± 0.26k 119.07 ± 1.02n 92.04 ± 3.26op

MP4-6 3.37 ± 0.13ab 71.69 ± 2.93bcd 42.98 ± 1.67bc

EGY 9.40 ± 0.42m 148.21 ± 5.41op 141.10 ± 6.06r

WP1-3 3.24 ± 0.09ab 63.08 ± 0.53ab 44.02 ± 1.87bc

CM1-3 5.17 ± 0.14fgh 111.55 ± 1.02lmn 65.11 ± 0.16hi

CM4-6 4.97 ± 0.08eg 97.96 ± 2.63hjk 63.88 ± 2.16gi

BM1-3 4.22 ± 0.21cd 83.34 ± 1.94efg 51.68 ± 2.46de

BM4-6 3.33 ± 0.06ab 71.40 ± 2.48bcd 43.65 ± 1.81bc

Sag4-6 6.49 ± 0.36jk 114.29 ± 7.68mn 89.09 ± 3.92no

Mean ± SD of mints 5.10 ± 1.63 94.10 ± 24.53 70.78 ± 27.34

Results are presented as mean ± standard deviation (SD). Different superscripts in
the same column indicate significant difference at p < 0.05. DW: dry weight of
original material; GAE: gallic acid equivalent; TE: Trolox equivalent.

a Refer to Table 1 for the full taxa names for sample identification.
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TPC of Mr1-3 (8.57 mg GAE/g DW and 4.91 mg GAE/g DW, respec-
tively) and these values were significantly different. Pen1-3 did
not have a significantly different TPC (p � 0.05) from Pen4-6, and
neither were significantly different from the TPC of Mr1-3
(p � 0.05) (Table 2).

3.1.3. TPC of mints from section Mentha
Mints belonging to section Mentha had variable TPC (Table 2)

ranging from 2.82 mg (Mg4-6) to 8.00 mg GAE/g DW (MM1-3)
for mints grown in this study (EGY had TPC of 9.40 mg GAE/g
DW, but it was not prepared in the same way as the other sam-
ples). As a comparison, sage had a TPC of 6.49 mg GAE/g DW, which
was higher than the average for section Mentha, 4.80 mg GAE/g
DW. Most of the same species, from the different suppliers, showed
significantly different TPC (p < 0.001). Mints from QLD generally
had higher TPC than those from NSW except for eau de cologne
mint (M. � piperita var. citrata (EM)).

Pineapple mint (Ms1-3) showed no significant difference in TPC
from its variegated form fromQLD (variegated applemint (Var1-3)).
Peppermint fromQLD (MP1-3)was not significantly different in TPC
to its parent spearmint (SP1-3) (p � 0.05). AlsoM. � niliaca (Mn1-3)
and chocolate mints (CM1-3, CM4-6) were not significantly differ-
ent from their parent spearmint from NSW (SP4-6) (p � 0.05).

3.2. Antioxidant capacity (TEAC and FRAP assays)

Mints that showed high antioxidant capacity had high TPC
(Table 2). Thus, a Pearson correlation coefficient (r) was calculated
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in order to estimate the correlation between TPC and antioxidant
activities. A very strong positive correlation was found between
TPC and TEAC (r = 0.968, p < 0.001) and between TPC and FRAP
(r = 0.974, p < 0.001) (see Supplementary Material Figs. 1s, 2s).
The lowest activity was exhibited by Men4-6 (54 mM TE/g DW)
and the highest was 149 mM TE/g DW for Mr4-6 in TEAC assay,
with a mean of 94 mM TE/g DW (Table 2). TEAC and FRAP assays
showed comparable results.

3.2.1. Antioxidant capacity of the Australian native mints (sections
Eriodontes and Tubulosae)

The Australian native mint, M. australis, showed high antioxi-
dant capacity (Table 2) (90.70 and 85.91 mM TE/g DW for Ma1-3
and Ma4-6, respectively in TEAC assay, and 72.09 and 59.08 mM
TE/g DW in FRAP assay). The other native Australian mint, M. die-
menica (Md1-3), also showed high antioxidant capacity (109.2
and 93.33 mM TE/g DW in TEAC and FRAP assays, respectively).
This is the first report of the antioxidant activity for this species.

3.2.2. Antioxidant capacity of mints from section Pulegium
Mentha requienii from NSW (Mr4-6) had higher antioxidant

capacity (149.4 and 127.93 mM TE/g DW in TEAC and FRAP assays,
respectively) than Mr1-3 from QLD (84.92 and 67.67 mM TE/g DW
in TEAC and FRAP assays, respectively). This is the first study to
determine the antioxidant activity of M. requienii. There were no
significant differences in TEAC and FRAP values among Pen1-3,
Pen4-6 and Mr1-3 (Table 2).

3.2.3. Antioxidant capacity of mints from section Mentha
Mints belonging to section Mentha showed high antioxidant

capacity in both assays (Table 2) ranging from 54 mM TE/g DW
for Men4-6 to 137 mM TE/g DW for MM1-3 (148 mM TE/g DW
for EGY) in TEAC assay. In the FRAP assay the range was 31 mM
TE/g DW for Mg4-6 to 123 mM TE/g DW for MM1-3 (141 mM
TE/g DW for EGY). Some mints showed superior antioxidant capac-
ity in comparison to sage (114.29, 89.09 mM TE/g DW in TEAC and
FRAP assays, respectively). For TPC and TEAC results, only one sam-
ple was higher than sage, MM1-3; while for FRAP, three samples
were higher than sage (MM1-3, Ms1-3 and Sp1-3). As was
observed for the TPC results, the same mint species from QLD
showed higher antioxidant capacity than those from NSW except
EM. In addition, there was no significant difference between
MP1-3 and its parent SP1-3 (p < 0.05).

3.3. Enzymatic activity of mints

3.3.1. Acetylcholinesterase (AChE) and Butyrylcholinesterase (BuChE)
inhibition activities

Mints exhibited moderate AChE inhibitory activity, at 5 mg dry
original material/mL solvent, ranging from 15% for Ma4-6 and
Mr4-6 to 52% for EGY which was not significantly different from
sage (45%) (Table 3). The BuChE inhibitory activity of mints at
1.8 mg dry matter/mL solvent was weak, ranging from 0.4% for
WP1-3 to 21.5% for EGY. The BuChE inhibitory activity of mints
was found to be lower than that of sage (33.7%) (Table 3).

There was no statistically significant correlation between AChE
or BuChE inhibition activities and TPC, TEAC and FRAP (p > 0.5). No
correlations between TPC and inhibition of other enzymes has
been reported (Ambigaipalan, de Camargo, & Shahidi, 2016).

3.3.1.1. AChE and BuChE inhibition activities of the Australian native
mints (sections Eriodontes and Tubulosae). The AChE and BuChE
inhibition activities for the Australian native mints had not been
previously evaluated. Ma1-3 and Ma4-6 showed no significant dif-
ference in AChE (17% and 15%, respectively) and BuChE (5.8% and
9.8%, respectively) inhibition activities (p > 0.05) (Table 3). Md1-3



Table 3
Percentage inhibition of acetylcholinesterase (AChE), butyrylcholinesterase (BuChE)
and histone deacetylase (HDAC) of the studied mints.a

Sample AChE % inhibition BuChE % inhibition HDAC % inhibition

Ma1-3 17 ± 0%ac 5.8 ± 0%dgh 63 ± 1%bcfh

Ma4-6 15 ± 3%a 9.8 ± 2%hk 59 ± 3%acf

Md1-3 33 ± 7%dghi 2.7 ± 0%c 59 ± 1%acf

Mr1-3 20 ± 7%ac 20.7 ± 2%no 45 ± 1%acf

Mr4-6 15 ± 3%a 17.8 ± 3%klmo 74 ± 2%gh

Pen1-3 42 ± 9%il 5.5 ± 0%g 58 ± 0%ace

Pen4-6 46 ± 9%jl 8.4 ± 1%fhj 65 ± 0%cfh

MO4-6 47 ± 6%kl 6.2 ± 0%gh 71 ± 1%efh

EM1-3 21 ± 5%acd 10.8 ± 0%jk 61 ± 1%bcfg

EM4-6 21 ± 5%acd 5.2 ± 1%dg 63 ± 0%bcfh

Sp1-3 23 ± 9%acde 2.4 ± 0%bc 64 ± 2%bcfh

Sp4-6 29 ± 7%bcdfg 6.7 ± 0%gh 58 ± 2%acf

Mv4-6 36 ± 11%fijk 3.4 ± 0%cd 61 ± 2%bcfg

MM1-3 33 ± 6%dghi 5.8 ± 1%efg 67 ± 4%defh

Mg4-6 30 ± 9%cfgh 11.3 ± 0%jk 53 ± 0%ac

Men4-6 42 ± 8%hil 14.9 ± 0%lm 53 ± 3%ac

Ms1-3 37 ± 7%fijk 8.2 ± 1%ghj 62 ± 1%bcfh

Var1-3 40 ± 3%gil 4.9 ± 1%cdfg 60 ± 1%acf

Var4-6 24 ± 7%adef 3.6 ± 0%bd 55 ± 2%acd

Mn1-3 33 ± 7%dghi 3.9 ± 0%cde 67 ± 3%defh

ML4-6 34 ± 9%eghij 7.9 ± 1%ghi 63 ± 1%fh

MP1-3 37 ± 5%gijk 14.0 ± 0%l 64 ± 2%bcfh

MP4-6 42 ± 8%hil 11.2 ± 0%jk 52 ± 1%ac

EGY 52 ± 9%l 21.5 ± 1%o 75 ± 9%h

WP1-3 45 ± 12%il 0.4 ± 0%a 47 ± 1%a

CM1-3 48 ± 10%kl 15.4 ± 0%mn 60 ± 2%acf

CM4-6 34 ± 12%eghij 7.7 ± 0%hi 67 ± 3%gh

BM1-3 29 ± 9%bcdfg 14.6 ± 0%lm 51 ± 1%ab

BM4-6 16 ± 3%ab 10.7 ± 1%ijk 56 ± 2%acd

Sag4-6 45 ± 11%il 33.7 ± 3%p 74 ± 9%h

Mean ± SD of mints 32 ± 11% 9.0 ± 5% 61 ± 7%

Results are presented as mean ± standard deviation. Different superscripts in the
same column indicate significant difference at p < 0.05.

a Refer to Table 1 for the full taxa names for sample identification.
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showed higher AChE (33%) but lower BuChE (2.7%) inhibition activ-
ities than M. australis.

3.3.1.2. AChE and BuChE inhibition activities of section Pulegium. The
AChE and BuChE inhibition activities for M. requienii were evalu-
ated for the first time. Mr1-3 and Mr4-6 showed no significant dif-
ference in AChE (20% and 15%, respectively) and BuChE (20% and
17%, respectively) inhibition activities (p > 0.05). Although M. pule-
gium belongs to the same taxonomic section, it showed higher
AChE (42% for Pen1-3, 46% for Pen4-6) and lower BuChE (5.5% for
Pen1-3, 8.4% for Pen4-6) inhibition activities than M. requienii
(p < 0.05) (Table 3).

3.3.1.3. AChE and BuChE inhibition activities of section Mentha. The
highest AChE inhibition within section Mentha was from by CM1-
3 (48%) (cf EGY 52%, p > 0.05), while the lowest was BM4-6 (16%)
(Table 3). This is apparently the first report of the AChE inhibitory
activity of M. aquatica (MO4-6). Mints from different suppliers
showed no significant difference in inhibitory activity (p > 0.05).
CM1-3 also showed the highest BuChE inhibition activity (15.4%)
of the mints grown for this study (cf EGY 21.5%). WP1-3 showed
the lowest BuChE activity (0.4%). Mints from different suppliers
showed significant difference in inhibitory activity (p < 0.05)
except Var1-3 and Var4-6. Mints from QLD showed slightly higher
inhibition than those from NSW except SP4-6.

3.3.2. Histone deacetylase (HDAC) inhibition activity
Mints showed high activity against HDAC, with more than 45%

inhibition at 10 mg dry original material/mL solvent (Table 3). The
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standard inhibitor, trichostatin A (TSA), had 67% inhibition activity
at a final concentration of 0.006 mg/mL (20 mM). Mr4-6 showed the
highest inhibition activity (74%), with nine of the extracts having
non-significantly different (p > 0.05) activities above 62% inhibition
(including EGY 75% and Sag 75%). The Australian native mints,
Ma1-3, Ma4-6 and Md1-3 showed moderate activity, 63%, 59%
and 59%, respectively, which were not significantly different from
each other. M. requienii and M. pulegium from NSW showed higher
inhibition activity (74%, 65%, respectively) than those from QLD
(45%, 58%, respectively). EM, SP, Var, MP and BM from different
suppliers showed no significant difference in activity. CM from
NSW showed higher activity than that from QLD.

The enzymatic activities of the mints were poorly correlated
based on Pearson correlation coefficient. A very weak positive
non-significant correlation was found between AChE and BuChE
and HDAC inhibition activities (r = 0.007 and 0.034, respectively,
p � 0.863) and between BuChE and HDAC (r = 0. 179, p = 0.353).

A strongly positive correlation was found between HDAC inhibi-
tion activity and TPC, TEAC and FRAP as indicated by Pearson cor-
relation coefficient (r = 0.798, 0.783 and 0.746 respectively,
p < 0.001) (see Supplementary Material Figs. 3s, 4s, 5s). Further
insight into the bioactivities of mint taxa may be achieved by
studying the phenolic compositions of the extracts, below.

3.4. Phenolic composition of mints

Characterization of the phenolic composition of mint crude
extracts was performed using HPLC-DAD, together with HPLC-
DAD-QQQ-MS and UHPLC/MS Q-TOF. The contribution of individ-
ual phenolic components to the antioxidant activity of extracts
was evaluated by online ABTS�+ scavenging assay. Phenolic com-
pounds were tentatively identified by comparing the retention
times, UV spectra and molecular ions, either with respective refer-
ence standards or with literature data (Table 4). In the absence of
standards for most compounds reported here, the term ‘‘identifica-
tion” will mean ‘‘tentative identification” in the text below.

As far as the authors are aware, the phenolic compositions of
the native Australian mint M. diemenica (Md1-3) as well as M.
requienii (Mr1-3 and Mr4-6) (see Supplementary Material
Figs. 6s–8s) have not been previously reported. The phenolic pro-
files of the other taxa have been previously reported, so we will
focus on newly detected compounds.

Thirty-one compounds were identified along with seven
unknowns (Tables 4–7). Rosmarinic acid (compound no. 26) was
the most common and abundant compound and was present in
all mints, but at different concentrations among the taxa, ranging
from 0.03 mg/g DW in EM1-3, BM1-3 and BM4-6 to 1.13 mg/g
DW in MM1-3 (1.39 mg/g DW in EGY). It was also the main com-
pound contributing to antioxidant activity in most of the extracts,
as it was the main peak detected in HPLC online ABTS�+ (from <LOQ
in BM4-6 to 13.00 mM TE/g DW in MM1-3 (16.32 mM TE/g DW in
EGY)). Other phenolic compounds present in the extracts, although
possessing antioxidant activity, were either not detected in the
ABTS�+ chromatogram, or gave very small peaks, due to low con-
centration. Thus they would likely not make a significant individ-
ual contribution to the antioxidant activity of extracts, although
collectively the effect may be high.

Danshensu and luteolin-7-O-rutinoside were found in 21 sam-
ples, followed by luteolin-7-O-glucuronide and hesperidin, which
were found in 20 samples and apigenin-7-O-rutinoside in 15 sam-
ples. Three identified compounds and three unknowns were found
in single samples. To the best of our knowledge, this is the first
report of the identification of apigenin-7-O-b-D-diglucuronide, chi-
coric acid and isosakuranetin from Mentha. Mints from different
suppliers showed a slight variation in the chemical composition
and/or the amount of the compounds present (Table 7).



Table 4
Phenolic compounds tentatively identified in the investigated mints.

Peak (cpd) No. RT kmax (nm) aABTS�+

(mM TE/g DW)

bQ-TOF ESI- Tentative identification References

1 2.9 280 <LOQ � 1.81 197.0459 Danshensu (Salvianic acid A)g Xu, Shen, Cheng, and Qu (2008)
395.0984c

2 5.1 330, 304 <LOQ � 2.68 311.0411 Caftaric acid (Caffeoyltartaric acid)g Guarnerio et al. (2012)
(179.0347, 149.0090)
623.0883c

3 5.4 310 – 337.0888 Unknown 1
675.1910c

4 5.4 310 – 337.0924 dCoumaroylquinic acidg Vallverdú-Queralt, Jauregui, Medina-
Remón, Andrés-Lacueva, and
Lamuela-Raventós (2010)

675.1922c

5 6.1 326, 302 <LOQ 353.0882 Chlorogenic acidf

707.1830c

6 6.3 312 <LOQ 295.0320 eUnknown 2

7 6.7 330, 306 <LOQ � 3.73 281.0317 Unknown 3
563.0695c

8 7.1 323, 297 <LOQ � 3.94 179.0353 Caffeic acidf

359.0767c

9 8.1 349, 255 – 637.1045 Luteolin-7-O-b-D-diglucuronideg da Graça Campos and Markham
(2007)

1275.2154c

10 8.5 314, 279 <LOQ � 0.93 537.1034 Lithospermic acidg Ai, Deng, Song, and Li (1994)
1075.2149c

11 8.6 312 – 265.0339 Unknown 4
(177.0528)
531.0753c

12 9.3 328, 284 <LOQ � 2.89 595.1668 Eriocitrinf

1191.3418c

13 9.6 337, 266 – 621.1094 Apigenin-7-O-b-D-diglucuronideg Zimmermann, Walch, Tinzoh,
Stühlinger, and Lachenmeier (2011)

1243.2259c

14 9.7 348, 263 – 593.1510 Luteolin-7-O-rutinosideg da Graça Campos & Markham (2007)
1187.3085c

15 9.8 352, 303s, 255 0.64–1.39 609.1701 Rutinf

1219.2995c

16 10.4 350, 261 – 461.0727 Luteolin-7-O-glucuronideg Miron, Plaza, Bahrim, Ibáñez, and
Herrero (2011)

923.1518c

17 10.5 324, 284 – 579.1720 Nariruting Tang et al. (2016)
1159.3508

18 10.9 337, 266 – 577.1565 Apigenin-7-O-rutinosideg Brito, Ramirez, Areche, Sepúlveda,
and Simirgiotis (2014)

1155.3192c

19 11.4 333, 284 – 609.1823 Hesperidinf

1219.3709c

20 11.5 331, 306 1.39–6.91 473.0724 Chicoric acidg Lee and Scagel (2013)
947.1519c

21 11.6 339, 281 1.66–3.75 717.1467 Salvianolic acid B isomerg Barros et al. (2013)
1435.2948c

22 11.8 314, 274 – 717.1465 Salvianolic acid Ig Zhang and Li (1994)
1435.2964c

23 11.8 314, 291 – 715.1304 Unknown 5

24 12.1 337, 266 – 445.0777 Apigenin-7-O-glucuronideg Xiao, Ren, and Xu (2006)
(269.0452)
891.1621c

25 12.2 318, 290 – 313.0719 Salvianolic acid Fg Dalla and Cotelle (1999)

26 12.2 330, 302 <LOQ � 16.32 359.0773 Rosmarinic acidf

719.1610c

27 12.4 322, 298 – 537.1036 Salvianolic acid Hg Kapp (2015)
1075.2131c

28 12.9 328, 288 <LOQ � 1.18 717.1463 Salvianolic acid Eg Ai et al. (1994)
1435.2975c
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Table 4 (continued)

Peak (cpd) No. RT kmax (nm) aABTS�+

(mM TE/g DW)

bQ-TOF ESI- Tentative identification References

29 13.1 316 – 457.0775 Unknown 6
915.1627c

30 13.2 330, 288 <LOQ � 0.69 717.1462 Salvianolic acid Bg Kapp, 2015 and Xu et al. (2008)
1435.2937c

31 13.5 335, 266 – 795.2336 Acacetin-7-O-(600-O-acetyl)-b-D-
glucosyl(1? 2)[a-L-rhamnosyl]-
(1? 6)-b-D-glucosideg

Jung et al. (2012)

1591.4746c

32 13.7 335, 267 – 591.1715 Linarinf

1183.3496c

33 14.0 333, 284 – 593.1876 Neoponciring Tang et al. (2016)
(285.0772)
1187.3827c

34 14.3 321, 260 <LOQ � 2.24 491.0986 Salvianolic acid Cg Kapp (2015)
983.2030c

35 14.5 321, 289 <LOQ � 4.84 537.1031 Salvianolic acid Jg Ai et al. (1994)
(493.1138)
1075.2152c

36 15.3 326, 287 <LOQ 493.1144 Salvianolic acid Ag Kapp (2015) and Xu et al. (2008)

37 16.2 296 – 361.0932 Unknown 7
723.1926c

38 20.5 329, 289 – 285.0769 Isosakuraneting Extrasynthese (2015)

Cpd: compound; RT: retention time (min); TE: Trolox equivalent; DW: dry weight of dried original material; ESI�: negative ion mode; <LOQ: below limit of quantification; –:
no activity.
[M�H]� bolded; other major ions reported in brackets.

a Values represented as a range from lowest to highest in all the extracts.
b With a maximum mass error of ±5 ppm with UHPLC/MS Q-TOF analysis.
c Dimer.
d A fragment at m/z 163.1 in HPLC/MS QQQ supported the identification.
e A dimer at m/z 591.1 in HPLC/MS QQQ supported the molecular ion.
f Identification based on retention times and UV spectra of pure standard using HPLC-DAD.
g Identification based on the UV spectra, MS and comparison with literature data.

Table 5
Phenolic profile of the Australian native mints Mentha australis (Ma1-3 from QLD and Ma4-6 from NSW) (section Eriodontes) and M. diemenica (Md1-3) (section Tubulosae).

Peak no. Phenolic compounds Quantified as Ma1-3 Ma4-6 Md1-3

Concentration (mg/g DW)

Phenolic acids
1 Danshensu Caffeic acid <LOQ <LOQ <LOQ
2 Caftaric acid Caffeic acid 0.27 ± 0.02 0.11 ± 0.01 –
5 Chlorogenic acida Chlorogenic acid 0.52 ± 0.01 0.16 ± 0.05 –
10 Lithospermic acid Caffeic acid 0.07 ± 0.00 – 0.17 ± 0.02
22 Salvianolic acid I Caffeic acid – – <LOQ
26 Rosmarinic acida Rosmarinic acid 0.26 ± 0.02 0.18 ± 0.01 0.63 ± 0.03
27 Salvianolic acid H Caffeic acid – – 0.05 ± 0.00
36 Salvianolic acid A Caffeic acid – – <LOQ

Flavonoid aglycones
38 Isosakuranetin Naringenin 0.47 ± 0.04 0.44 ± 0.01 –

Flavonoid glycosides
9 Luteolin-7-O-b-D-diglucuronide Luteolin-7-O- glucoside – – <LOQ
16 Luteolin-7-O-glucuronide Luteolin-7-O- glucoside – – <LOQ
17 Narirutina Naringenin 0.47 ± 0.05 0.07 ± 0.02 –
18 Apigenin-7-O-rutinoside Apigenin – – 0.27 ± 0.09
32 Linarin Linarin 4.98 ± 0.43 5.59 ± 0.74 11.43 ± 0.57
33 Neoponcirina Naringenin 7.15 ± 0.54 5.14 ± 0.45 –

Unknowns
6 Unknown 2 Caffeic acid 1.21 ± 0.07 0.84 ± 0.04 –

Total identified compounds 9 8 10

Results are presented as mean ± standard deviation; values in bold are the major peaks having ABTS activity.
DW: dry weight of dried original material; <LOQ: below limit of quantification; –: absent.

a Previously reported by Tang et al. (2016) in M. australis.
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Table 6
Phenolic profile of mints belonging to Section Pulegium (M. requienii (Mr1-3 and Mr4-6) and M. pulegium (Pen1-3 and Pen4-6)).

Peak no. Phenolic compounds Quantified as Mr1-3 Mr4-6 Pen1-3 Pen4-6

Concentration (mg/g DW)

Phenolic acids
1 Danshensu Caffeic acid <LOQ <LOQ <LOQ <LOQ
2 Caftaric acid Caffeic acid 0.06 ± 0.01 0.19 ± 0.01 <LOQ <LOQ
5 Chlorogenic acida Chlorogenic acid – <LOQ – –
8 Caffeic acida Caffeic acid – <LOQ 0.03 ± 0.01 0.02 ± 0.01
20 Chicoric acid Caffeic acid 0.21 ± 0.01 0.64 ± 0.03 0.27 ± 0.02 0.28 ± 0.02
21 Salvianolic acid B isomera Caffeic acid 0.07 ± 0.03 – <LOQ –
26 Rosmarinic acida Rosmarinic acid 0.35 ± 0.02 0.87 ± 0.20 0.41 ± 0.05 0.52 ± 0.08
34 Salvianolic acid Ca Caffeic acid <LOQ 0.2 ± 0.03 0.03 ± 0.01 <LOQ

Flavonoid glycosides
9 Luteolin-7-O-b-D-diglucuronide Luteolin-7-O- glucoside – – <LOQ –
14 Luteolin-7-O-rutinonidea Luteolin-7-O- glucoside – – – 0.17 ± 0.03
15 Rutin Rutin 1.04 ± 0.17 3.38 ± 0.46 – –
16 Luteolin-7-O-glucuronide Luteolin-7-O- glucoside – – 0.13 ± 0.02 0.53 ± 0.06
24 Apigenin-7-O-glucuronide Apigenin – – 0.25 ± 0.05 1.02 ± 0.12
32 Linarin Linarin – – – 0.60 ± 0.07

Unknowns
7 Unknown 3 Caffeic acid 0.1 ± 0.00 0.29 ± 0.01 – 0.25 ± 0.01
29 Unknown 6 Caffeic acid – 0.02 ± 0.02 – –

Total identified compounds 7 8 10 10

Results are presented as mean ± standard deviation; values in bold are the major peaks having ABTS activity.
DW: dry weight of dried original material; <LOQ: below limit of quantification; –: absent.

a Previously reported by Kapp (2015) in M. pulegium.
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3.4.1. Phenolic profile of the Australian native mints (sections
Eriodontes and Tubulosae)

Eight phenolic acids and flavonoids were identified in the Aus-
tralian peppermint,M. australis (section Eriodontes), from both QLD
(Ma1-3) and NSW (Ma4-6). Four compounds were detected for the
first time in M. australis: danshensu, caftaric acid, linarin and
isosakuranetin. Isosakuranetin is the aglycone of neoponcirin
(isosakuranetin-7-O-rutinoside) and to the best of our knowledge
this is the first report of its identification in Mentha. An additional
compound, lithospermic acid, was detected only in Ma1-3
(Table 5).

The phenolic profile of the other native Australian mint, M. die-
menica (Md1-3) (section Tubulosae), differs from that ofM. australis
(Table 5, see Supplementary Material Fig. 6s). Its phenolic compo-
sition had not been studied before. Ten compounds were detected:
danshensu, luteolin-7-O-b-D-diglucuronide, lithospermic acid,
luteolin-7-O-glucuronide, apigenin-7-O-rutinoside, salvianolic
acid I, rosmarinic acid, salvianolic acid H, linarin and salvianolic
acid A.

3.4.2. Phenolic profile of section Pulegium
The phenolic composition of M. requienii (Corsican mint) had

not been reported before (Table 6). Both M. requienii from QLD
(Mr1-3) and NSW (Mr4-6) contained danshensu, caftaric acid, chi-
coric acid, rosmarinic acid, salvianolic acid C and rutin (see Supple-
mentary Material Fig. 7s). In addition, chlorogenic and caffeic acids
were found in Mr4-6 only, while salvianolic acid B isomer in Mr1-3
only.

The phenolic profile of M. pulegium (pennyroyal mint) resem-
bles to a large extent that of M. requienii, which supports their
inclusion within the same section (Table 6). Newly reported com-
pounds in M. pulegium include: danshensu, caftaric acid, chicoric
acid, luteolin-7-O-glucuronide and apigenin-7-O-glucuronide from
both QLD (Pen1-3) and NSW (Pen4-6); luteolin-7-O-b-D-
diglucuronide in Pen1-3; and linarin in Pen4-6.

3.4.3. Phenolic profile of section Mentha
The phenolic profiles of extracts of mints from section Mentha

(Table 7) have been widely reported for many taxa (Kapp, 2015).
98
Therefore, we mention here only compounds that have not been
previously reported (to the best of our knowledge) in this section.
Some of these new compounds are common across the species,
whereas others appear to be unique to a particular taxon.

For M. aquatica and its varieties (MO4-6, EM1-3, and EM4-6)
(Table 7) new compounds present across the species were:
luteolin-7-O-b-D-diglucuronide, apigenin-7-O-b-D-diglucuronide,
luteolin-7-O-glucuronide and apigenin-7-O-glucuronide. Orange
mint (MO4-6) and eau de colonge mint (EM4-6) contained sal-
vianolic acid J, and MO4-6 also contained danshensu and coumar-
oylquinic acid as unique compounds to this variety.

For M. spicata and its varieties (SP1-3, SP4-6, Mv4-6, and MM1-
3) new compounds present across the species were: danshensu
and hesperidin (Table 7). Salvianolic acid isomers F, B, C and J,
luteolin-7-O-b-D-diglucuronide, apigenin-7-O-b-D-diglucuronide,
luteolin-7-O-rutinoside, luteolin-7-O-glucuronide, narirutin,
apigenin-7-O-glucuronide and neoponcirin were identified for
the first time.

The phenolic profiles of M. suaveolens (Ms1-3), its variegated
form (Var1-3 and Var4-6) and its hybrids (Mn1-3 and ML4-6) are
presented in Table 7. Danshensu was detected in all, while coumar-
oylquinic acid was detected in all except the hybrids. Salvianolic
acid J was characteristic of the green form (Ms1-3) and was
detected also in the ABTS�+ chromatogram (4.84 mM TE/g DW),
thus contributing, with rosmarinic acid (8.45 mM TE/g DW), to
its antioxidant activity. Salvianolic acid E and neoponcirin were
detected only in Mn1-3. Luteolin-7-O-b-D-diglucuronide and
apigenin-7-O-b-D-diglucuronide were detected only in ML4-6.
Narirutin was detected in the two hybrids. Eriocitrin was also
detected in the ABTS�+ chromatogram of Mn1-3 (1.45 mM TE/g
DW), thus contributing, with rosmarinic acid (2.87 mM TE/g
DW), to its antioxidant activity.

The phenolic compositions of M. � piperita and its varieties are
presented in Table 7. Eriocitrin was detected in the ABTS�+ chro-
matogram of chocolate mints (CM1-3, CM4-6) (1.40 and 2.89 mM
TE/g DW; respectively) together with rosmarinic acid (3.18 and
1.97 mM TE/g DW; respectively), thus contributing to their antiox-
idant activity. This is the first report of the identification of sal-
vianolic acid isomers F and J and neoponcirin from M. � piperita.
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3.5. Principal component analysis (PCA)

Fig. 1 shows the resulting PCA biplot, in which 78% of the total
variance was explained by the first two components (Comp. 1 and
2). The biplot obtained from PCA showed that TPC, TEAC, FRAP,
HDAC and rosmarinic acid content were highly correlated. Most
mints showed a similar response pattern; having moderate activi-
ties and rosmarinic acid content. This was evidenced by mints
being located inside three quadrants: Q1, Q2 and Q4, except
Mr4-6, which was located in Q3. Mr4-6 was located far on the
other side of the origin as it showed very high TPC, antioxidant
capacity, HDAC inhibitory activity and rosmarinic acid content
but the lowest AChE inhibitory activity. The biplot also showed
that WP1-3 was located far from the origin in Q1 as it showed
low TPC, antioxidant capacity, BuChE and HDAC inhibitory activi-
ties and rosmarinic acid content but high AChE inhibitory activity.
Mr1-3 was different from other samples as it had moderate TPC,
antioxidant capacity and HDAC inhibitory activity along with high
BuChE inhibitory activity. MM1-3 had very high TPC, antioxidant
capacity, HDAC inhibitory activity and rosmarinic acid content,
and in this regard it was similar to EGY (data not shown).
4. Discussion

4.1. Total phenolic content (TPC)

Quantification and identification of biophenols in plant extracts
is the first step towards evaluation of antioxidant activity and can
also provide an insight into other biological activities (Obied,
Bedgood, Prenzler, & Robards, 2007). Despite its limitations and
lack of selectivity, Folin-Ciocalteu’s reagent is still the best tech-
nique for gross estimation of total phenol content (Kamran,
Hamlin, Scott, & Obied, 2015).

A relatively small variation in TPC of the mint taxa was recorded
in this study. The highest TPC value (9.4 mg GAE/g DW for EGY)
was three times greater than the lowest value (2.8 mg GAE/g DW
for Mg4-6). These results are consistent with the values previously
reported under similar extraction conditions for different extracts
of M. spicata from India (2.0–11.8 mg GAE/g) (Malik, Sharma, &
Soni, 2013) and M. arvensis from Malaysia (5.7–14.3 mg GAE/g)
(Sulaiman, Sajak, Ooi, Supriatno, & Seow, 2011). However, the
TPC of different extracts of several Mentha species and their
hybrids showed a wide range of variability from 0.124 to
246.7 mg GAE/g (Al-Juhaimi & Ghafoor, 2011; Benedec et al.,
2013). Yi and Wetzstein (2010) also reported higher contents for
M. piperita and M. spicata cultivated in a greenhouse (76 and
63 mg GAE/g DW, respectively) and 39 and 55 mg GAE/g DW,
respectively, for those grown in field.

It is well known that different extraction conditions will yield
different values for TPC of the same samples (Antolovich,
Prenzler, Robards, & Ryan, 2000). The polarity of extracting sol-
vents can influence the solubility of chemical constituents, for
example a 70% acetone extract of M. arvensis contained approxi-
mately 16 times the TPC of other solvents (Sulaiman et al., 2011).
Use of an accelerated solvent extractor also gave high TPC (115–
233 mg GAE/g) (Stagos et al., 2012). The different soils and climate
under which the plants are grown can also influence plant sec-
ondary metabolism and TPC (Riachi & De Maria, 2015).

This study is the most comprehensive to date, in terms of the
number of taxa studied across all four sections. All 19 Mentha taxa
were grown and processed together under the same conditions,
meaning that all results are directly comparable, whereas it can
be difficult to make comparisons across taxa in different studies
where such conditions may vary. The TPC of new taxa investigated
in this study, vis. Md1-3, Mr1-3 and Mr4-6, were within the range



comp.1 (63% of variation)

co
m
p.
2 

(1
5%

 o
f v

ar
ia

tio
n)

Fig. 1. PCA biplot illustrating separation of mint samples based on total phenolic content (TPC), antioxidant capacity (TEAC and FRAP), acetylcholinesterase (AChE),
butyrylcholinesterase (BuChE) and histone deacetylase (HDAC) inhibition assays and rosmarinic acid content (RA.AUC.million). Refer to Table 1 for the full taxa names for
sample identification.
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previously reported for other taxa and comparable to other values
found in the present study.
4.2. Antioxidant capacity

Along with TPC, it is recommended that two or more antioxi-
dant assays be performed on plant extracts to more fully evaluate
antioxidant capacity (Qawasmeh et al., 2012). In this study, TEAC
and FRAP assays were used; both assays are electron transfer-
based reactions but TEAC is carried out at neutral pH, with FRAP
under acidic conditions (pH 3.6).

Mints showed strong antioxidant capacity consistent with pre-
vious reports (Fatiha et al., 2015; Stagos et al., 2012). One of the
Australian native mints, M. australis, showed higher antioxidant
capacity than recently reported by Tang, Konczak, and Zhao
(2016), who found values of 0.398 and 1.932 mM TE/g DW in TEAC
and FRAP assays, respectively. Ivanova, Gerova, Chervenkov, and
Yankova (2005) found lower antioxidant activity of Bulgarian M.
piperita (1.27 mM TE) using ABTS�+ radical-scavenging assay.

The strong correlation between TPC and the antioxidant capac-
ity of mints indicates that biophenols may be responsible for
antioxidant activity (Fatiha et al., 2015; Stagos et al., 2012). Pheno-
lic compounds are widely known to act as free radical scavengers
by their reducing properties, acting as hydrogen or electron donat-
ing agents, singlet oxygen quenchers and metal chelators (Riachi &
De Maria, 2015).
10
As for TPC, newly investigated taxa reported herein showed
good antioxidant capacity. Their activity was within the range,
and consistent with, the previously reported capacities of other
investigated taxa.

4.3. Enzymatic activity of mints

4.3.1. AChE and BuChE inhibition activities of mints
Based on the cholinergic hypothesis, that memory impairment

in patients suffering from AD results from a defect in the choliner-
gic system (Francis, Palmer, Snape, & Wilcock, 1999), an important
approach to treat AD is to enhance the acetylcholine level in the
brain by inhibition of cholinesterase (ChE) (Adsersen, Gauguin,
Gudiksen, & Jäger, 2006). There are two types of ChE in the central
nervous system, AChE located mainly in neurons, and BuChE which
is primarily associated with and secreted from the glial cells that
surround the neurons (Greig et al., 2002). Inhibition of BuChE in
addition to AChE may provide a new therapeutic strategy for effec-
tive augmentation of cholinergic function in affected individuals
(Greig et al., 2002). Thus it was deemed of interest to evaluate
the activity of mints towards AChE and BuChE.

Mints exhibited moderate AChE inhibitory activity, which is
consistent with previously reported values (12.5–95%) at different
concentrations using different extraction methods and solvents
(Oinonen, Jokela, Hatakka, & Vuorela, 2006; Vladimir-Knežević
et al., 2014). We found that M. pulegium possessed a moderate
AChE inhibitory activity in contrast to Oinonen et al. (2006) who
2
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found that leaves and stems ofM. pulegium from Finland possessed
no activity. This may be because of the difference in geographical
and climatic conditions (Teles et al., 2013).

The BuChE inhibitory activity of the investigated mints was
weak. Little is known about the BuChE inhibitory properties of
mints. The only previous study was carried out on 80% aqueous
MeOH extracts of air-dried leaves, stems, flowers and roots of M.
pulegium, M. arvensis, M. � gentilis, M. � piperita var. officinalis, M.
spicata and M. spicata var. crispa from Finland and these showed
no BuChE inhibition activity except for the roots of M. � gentilis
(Oinonen et al., 2006). In the present study; M. pulegium, M. arven-
sis, M. spicata and M. spicata var. crispa showed weak BuChE inhibi-
tory activity, with extracts derived using a more polar solvent (50%
aqueous MeOH) and oven-dried plant material. Therefore, mints
may show improved BuChE inhibitory activity under different dry-
ing or extraction techniques, especially EGY, Mr1-3 and Mr4-6,
which had the highest inhibitory activities in the present study.

4.3.2. HDAC inhibition activities of mints
Abnormal acetylation of histone is also involved in the pathol-

ogy of AD (Xu et al., 2011). Histone deacetylase (HDAC) inhibitors
have been recently suggested to act as neuroprotectors by enhanc-
ing synaptic plasticity and learning and memory in a wide range of
neurodegenerative and psychiatric disorders, such as AD (Xu et al.,
2011). HDAC inhibitors have been reported to improve the mem-
ory and cognition in an AD transgenic mice model (Yao et al.,
2014).

No reported data were available on the effect of mints on HDAC.
Mints showed good activity against HDAC, more than 45% inhibi-
tion. EGY, Mr4-6 and MO4-6 showed higher inhibition activity
than the standard inhibitor, TSA. Increasing the TPC of mints by
using different extraction conditions may lead to a stronger HDAC
inhibitory activity which was evident from the strong correlation
between the HDAC inhibition activity and TPC. It was previously
reported that Acridocarpus orientalis (Malpighiaceae) with TPC of
184.24 mg GAE/g showed 52% HDAC inhibition activity at a con-
centration of 0.1 mg/mL (Ksiksi & Hamza, 2012).

4.4. Phenolic composition of mints

Characterization of the chemical composition of mints was car-
ried out to assist understanding the relationship between the
chemical composition and the observed bioactivities. No one
method is completely satisfactory for the accurate determination
of the total phenol content in plants, therefore, chromatographic
analysis together with determination of antioxidant activity is
becoming essential for accurate estimation of phenolic composi-
tion (Kamran et al., 2015).

Qualitative and quantitative differences were observed
between the profiles of Mentha taxa (Table 7). Rosmarinic acid
was the most abundant phenolic compound in mints. It was the
main compound contributing to the antioxidant activity as it was
the main peak detected by HPLC online ABTS�+ analysis. Rosmarinic
acid is a natural antioxidant commonly found in the Lamiaceae,
especially in Mentha species (Shekarchi, Hajimehdipoor, Saeidnia,
Gohari, & Hamedani, 2012). Rosmarinic acid is the caffeic acid ester
of salvianic acid A (danshensu). Danshensu was previously
detected in M. � piperita by Kapp (2015). In the present study,
we have extended the number of Mentha taxa containing dan-
shensu to 13.

No universally applicable phenolic markers for Mentha taxa
were found in this study. Challenges to chemotaxonomic classifica-
tion of mints include: Mentha is a taxonomically complex genus
(Capuzzo & Maffei, 2014) (Section 2.2, above); and the chemical
components of mints vary with plant maturity, species and variety,
geographical region and processing conditions (McKay &
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Blumberg, 2006). Isosakuranetin was detected only in M. australis,
which makes it a unique compound for this species, yet Tang et al.
(2016) did not report its presence. Lithospermic acid was only
detected in the Australian native mints (Ma1-3 and Md1-3). It
had been previously identified in M. pulegium and M. � piperita
(Kapp, 2015). Also, salvianolic acid H was detected only in Md1-
3, while it had been found previously in M. pulegium and M. �
piperita (Kapp, 2015). Rutin was detected only in M. requienii,
whereas it was previously reported in M. � piperita, M. spicata
and M. suaveolens (El-Kashoury et al., 2014; Kapp, 2015).

We report the identification of phenolic acids and flavonoid gly-
cosides from M. pulegium which is consistent with Fatiha et al.
(2015). This is the first report of the identification of chicoric acid
from Mentha and we found that it was a characteristic compound
for mints belonging to section Pulegium. Lee (2010) reported its
presence in Ocimum basilicum (basil) and Melissa officinalis (lemon
balm) (both Lamiaceae) and its absence fromMentha � piperita and
M. spicata, which was confirmed in the present study. Chicoric acid
and salvianolic acid B isomer were contributing to the antioxidant
activity of section Pulegium together with rosmarinic acid, as their
peaks were detected in the ABTS�+ chromatogram. These com-
pounds are known for their antioxidant activity (Fraisse, Felgines,
Texier, & Lamaison, 2011; Zhao et al., 2008).

4.5. Correlation between the phenolic composition of mints and their
bioactivities

The strong correlation between TPC and antioxidant capacity
supports the idea that the antioxidant activity of mints could be
attributed to their biophenols. Biophenols are well known for their
free radical scavenging and antioxidant activities (Obied, 2013).
The main phenolic compounds in mints such as danshensu, ros-
marinic, salvianolic and caffeic acids and quercetin and luteolin
glycosides have all been reported to have antioxidant activity
(Rice-Evans, Miller, & Paganga, 1997).

Mints exhibited weak to moderate AChE and BuChE inhibitory
activities with weak correlation to TPC. Biophenols (such as linarin,
rosmarinic, chlorogenic and caffeic acids) in mints were previously
reported for their AChE and BuChE inhibition activities (Oinonen
et al., 2006; Szwajgier, 2015). However, it was found that individ-
ual biophenols showed stronger AChE inhibitory activity (82–87%)
than the Mentha extracts (19–49%) at 0.5 mg/mL (Vladimir-Kneže
vić et al., 2014). It was also found that the combined phenolic acids,
as well as phenolic acids coupled with flavonoids, were less effi-
cient AChE and BuChE inhibitors than the sum of activities exerted
by phenolic compounds tested singly (Szwajgier, 2015).

Mint biophenols could be responsible for the HDAC inhibitory
activity as shown by the strong correlation between mints TPC
and their HDAC inhibitory activity. A number of phenolic acids
(caffeic, chlorogenic and rosmarinic) and flavonoids (quercetin
and luteolin) of some plants have been shown to possess HDAC
inhibitory activity (Senawong et al., 2013). The ethanolic crude
extract of Hydnophytum formicarum (Rubiaceae) with TPC of
316 mg GAE/g DW (which is approximately 30 times the TPC of
mints) exhibited 55% HDAC inhibition activity (Senawong et al.,
2013). Mints showed good HDAC inhibitory (45–74%) activity with
TPC 3–9 mg GAE/g DW. Therefore, mints may be new promising
sources for inhibition of HDAC.

4.6. Principal component analysis (PCA)

PCA was used to detect how theMentha taxa differed in terms of
the analysed variables. The variables were the results of TPC,
antioxidant capacity (TEAC and FRAP), enzymatic inhibitory activ-
ities (AChE, BuChE and HDAC) and the concentration of rosmarinic
acid as the compound present in all samples. The biplot obtained
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from PCA showed that TPC, antioxidant capacity, HDAC inhibitory
activity and rosmarinic acid content were highly correlated. There
was minor variation among mints as most of the samples were
clustered around the origin. The biplot also showed that Mr4-6
and Wp1-3 had opposite responses. Mr4-6 had high values in all
assays except AChE inhibition, while WP1-3 had a high value only
in the AChE inhibition assay. Thus, PCA results were consistent
with that of our data.

4.7. Comparison between mints and sage

Salvia officinalis L. (sage, Lamiaceae) purchased from NSW
(Sag4-6) was selected as a reference species to compare with the
bioactivities of mints. Sage has pharmacological activities relevant
to AD. It is well known for its antioxidant properties, which had
been attributed to its phenolic constituents (Lu & Foo, 2001).
Extracts of sage have been shown to inhibit AChE and BuChE
(Talić, Dragičević, Ćorajević, & Martinović Bevanda, 2014). Iuvone,
De Filippis, Esposito, D’Amico, and Izzo (2006) found that sage
had a protective effect against Ab-induced neurotoxicity. In a clin-
ical study, it was effective in the management of mild to moderate
AD (Akhondzadeh et al., 2003).

Some mints such as EGY, Mr4-6, MM1-3, SP1-3, MP1-3 and
MO4-6 showed TPC, antioxidant capacity and AChE and HDAC
inhibitory activities superior or comparable to that of sage (Tables
3 and 4). AChE inhibitory activities of more than half the mints
under investigation were not significantly different from that of
sage. EGY, Mr4-6, MO4-6 and sage had no significantly different
HDAC inhibitory activity. Hence, mints may have potential neuro-
protective activity at least equivalent to that of sage and further
research is recommended.
5. Conclusion

Our data expand the knowledge on the biophenol composition
of mints. There was a wide variability in regard to the biophenol
composition and the biological activities within Mentha. The phe-
nolic composition and the bioactivities of M. diemenica and M.
requienii were studied for the first time in the present work. Based
on the above results; mints had strong antioxidant activity and
contained several biophenols known for their antioxidant proper-
ties such as rosmarinic acid and apigenin and luteolin glycosides.
Apigenin-7-O-b-D-diglucuronide, chicoric acid and isosakuranetin
were newly reported for Mentha. Mints also showed high HDAC
inhibitory activity. Extracts from Mentha taxa are expected to be
able to counter oxidative stress and may be able to act as neuro-
protectors. Some mints showed TPC, antioxidant capacity and
AChE and HDAC inhibitory activities superior or comparable to that
of Salvia officinalis, a species that has improved cognition in
patients with mild to moderate AD. Therefore, our findings provide
further insight into the medicinal uses of mints. Further research
and clinical trials are required to explore the beneficial effect of
mints on managing AD.
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Supplementary material 

  

Fig. 1s: Correlation between TPC and 

TEAC. 

Fig. 2s: Correlation between TPC and 

FRAP. 
 

   

Fig. 3s: Correlation between HDAC and 

TPC. 

Fig. 4s: Correlation between HDAC and 

TEAC. 
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Fig. 5s: Correlation between HDAC and FRAP. 

 

 

 

 

 
Fig. 6s: HPLC chromatogram of M. diemenica from QLD (Md1-3) extract at 280 nm 

showing its phenolic composition. (1) danshensu (9) luteolin-7-O-β-D-diglucuronide 

(10) lithospermic acid (16) luteolin-7-O-glucuronide (18) apigenin-7-O-rutinoside 

(22) salvianolic acid I (26) rosmarinic acid (27) salvianolic acid H (32) linarin (36) 

salvianolic acid A. 
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Fig. 7s: HPLC chromatogram of M. requienii from NSW (Mr4-6) extract at 280 nm 

showing its phenolic composition. (1) danshensu (2) caftaric acid (5) chlorogenic acid 

(7) unknown 3 (8) caffeic acid (15) rutin (20) chicoric acid (26) rosmarinic acid (29) 

unknown 6 (34) salvianolic acid C. 

 

 

 

 

 
Fig. 8s: HPLC chromatogram of M. requienii from QLD (Mr1-3) extract at 280 nm 

showing its phenolic composition. (1) danshensu (2) caftaric acid (7) unknown 3 (15) 

rutin (20) chicoric acid (21) salvianolic acid B isomer (26) rosmarinic acid (34) 

salvianolic acid C. 
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The concentration and percentage inhibition of the positive control, galanthamine HBr, 

used in AChE and BuChE inhibition assays: 

100 µM galanthamine HBr showed on average 83% inhibition in AChE inhibition 

assay, while 1 mM galanthamine HBr showed on average 86% inhibition in BuChE 

inhibition assay.   
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Chapter 4 

 

Neuroprotective activity of Mentha species on 

hydrogen peroxide-induced apoptosis in SH-SY5Y 

cells 

 

This chapter has been submitted for publication in “Redox Biology”. 

In this chapter, six mint samples, out of the 29 studied in chapter three, were selected for 

further analysis. The selection was based on their bioactivities. β-secretase inhibition and 

Aβ-aggregation inhibition activities were carried out in a cell-free system. Also, the 

neuroprotective effect of the samples on H2O2-induced oxidative stress and apoptosis in 

SH-SY5Y cells was evaluated through measuring caspase activity. The mechanism of 

action of the extracts that showed promising results (two samples) was then investigated 

through determination of their effect on the signalling pathway of apoptosis and the redox 

system using real-time RT-PCR and Western blot analysis. 
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ABSTRACT 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that develops as a 

consequence of different factors such as oxidative stress and accumulation of the protein 

amyloid β (Aβ) in the brain, resulting in apoptosis of neuronal cells. The search for a 

treatment for this disorder is essential as current medications are limited to alleviating 

symptoms and palliative effects. Six Mentha taxa were investigated for their in vitro β-

secretase (BACE) and Aβ-aggregation inhibition activities. Also, their neuroprotective 

effect on H2O2-induced oxidative stress and apoptosis in SH-SY5Y cells were evaluated 

through caspase activity. All mint extracts had strong BACE inhibition activity. M. 

requienii showed excellent inhibition of Aβ-aggregation, while other extracts showed 

moderate inhibition. M. diemenica and M. requienii lowered caspase activity. Exposure 

of SH-SY5Y cells to M. diemenica extracts resulted in a decrease in the expression of 

pro-apoptotic protein, Bax, and an elevation in the anti-apoptotic protein, Bcl-xL, 

potentially mediated by down-regulation of ASK1-JNK pathway. These results indicate 

that mint extracts could prevent the formation of Aβ and also could prevent their 

aggregation if they had already formed. M. diemenica and M. requienii could suppress 

apoptosis at the cellular level. Hence, mint extracts could provide a potential source for a 

therapeutic approach for AD. 

Keywords: 

Alzheimer’s disease, amyloid β, β-secretase, caspase, Lamiaceae, mint, oxidative stress 

 

 

 

 

 

 

Abbreviations: Aβ, amyloid β; AD, Alzheimer's disease; ASK1, apoptosis signal-

regulating kinase 1; Bax, Bcl-2-associated X protein; Bak, Bcl-2 homologous antagonist 

killer; Bad, Bcl-2-associated death promoter; Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell 

lymphoma-extra large; EF1α, elongation factor 1-alpha; ERK, extracellular signal-

regulated kinases; PVDF, polyvinylidene difluoride; HO-1, heme oxygenase-1; JNK, c-

Jun N-terminal kinases; MAPK, mitogen-activated protein kinase; Nrf2, nuclear factor 

(erythroid-derived 2)-like 2; Prx, peroxiredoxin; ROS, reactive oxygen species; Trx, 

thioredoxin.  
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1. Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is 

characterized by memory impairment and cognitive decline due to loss of neurons [1]. 

One of the main causes of AD is the accumulation of amyloid β (Aβ) protein outside the 

neurons in the brain. This accumulation disrupts neuron-neuron communication and leads 

to neuronal death [1]. Aβ formation occurs through abnormal cleavage of amyloid 

precursor protein (APP) by secretases. Therefore, secretase inhibitors could delay the 

progression of AD through a reduction in the rate of Aβ generation [2]. AD pathology is 

also associated with oxidative stress [3]. Excess formation of reactive oxygen species 

(ROS) has been observed in human brains affected by AD as well as in transgenic mouse 

models of AD [4]. Aβ induces oxidative stress through increasing the formation of ROS 

[3]. Hence, it has been suggested that antioxidants could be beneficial in AD [4]. 

Oxidative stress, ROS and Aβ lead to neuronal death through apoptosis in AD [5]. These 

apoptotic stimuli activate pro-apoptotic members of the Bcl-2 protein family (Bax (Bcl-

2-associated X protein) and Bak (Bcl-2 homologous antagonist killer)) [6]. The apoptotic 

pathway involves the recruitment and activation of caspases, a family of cysteine-aspartic 

proteases that play the major role in apoptosis [7]. The apoptotic signalling cascade is 

regulated by the anti-apoptotic members, Bcl-2 and Bcl-xL, which antagonize the effects 

of the pro-apoptotic proteins [6]. The Bcl-2-associated death promoter (Bad) protein is 

another protein that can promote apoptosis indirectly [8]. Active Bad heterodimerizes 

with anti-apoptotic proteins and blocks their action, therefore, Bad is considered a pro-

apoptotic protein. Bad becomes inactive upon phosphorylation by protein kinase B (Akt) 

[8]. 

The pathogenesis of AD also includes the activation of apoptosis signal-regulating kinase 

1 (ASK1) by ROS and Aβ [5]. ASK1 is a member of the mitogen activated protein kinase 

(MAPK) kinase kinase which activates extracellular signal-regulated kinases (Erk), c-Jun 

NH2-terminal kinases (JNK) and p38 MAPKs pathways [5]. The activation of JNK and 

p38 MAPK stimulates β-secretase (BACE) causing Aβ accumulation and neuronal cell 

death [9, 10]. 

The production of ROS is normally balanced by the naturally occurring antioxidant 

enzymes such as thioredoxin (Trx), peroxiredoxin-I (Prx) and heme oxygenase-1 (HO-

1). The reduced form of Trx can bind to ASK1, which inhibits its activity and prevents 
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apoptosis. Oxidative stress induces the oxidized form of Trx, which cannot bind to ASK1 

leading to its activation [5].  

There is an urgent need for a prophylactic drug or cure for AD, especially with an 

increasing number of patients diagnosed with this disease [1]. Plants provide a promising 

therapy for AD being rich in antioxidants and compounds with other bioactivities. Dietary 

phenolic compounds have been reported to possess antioxidant and neuroprotective 

properties [3]. Plants from the Lamiaceae have been used traditionally to improve 

memory [11, 12]. Mentha (mint), a genus in the Lamiaceae, has been reported to have 

strong antioxidant and enzymatic inhibition activities relevant to AD and is rich in 

phenolic compounds [13]. For example, it has been shown that M. x piperita protected 

mice from stress, amnesia and neurodegeneration in Aβ-induced models [14]. 

Here we present evidence for the potential neuroprotective effect of extracts from 

different Mentha species in vitro. The impact of Mentha taxa on the prevention of Aβ 

formation through BACE inhibition has been evaluated for the first time, as well as on 

the inhibition of Aβ aggregation. The mechanism by which Mentha extracts protect SH-

SY5Y cells from H2O2-induced oxidative damage and apoptosis was examined through 

their effect on the signalling pathways associated with antioxidant proteins and apoptosis. 

This study is the first to report the neuroprotective effect of Mentha extracts and their 

possible underlying mechanism of action at the cellular level. 
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2. Material and methods 

2.1. Collection of plant material and preparation of crude extracts 

In a previous study [13], 19 Mentha taxa were screened for in vitro bioactivities linked to 

AD which included: antioxidant capacity, acetylcholinesterase (AChE), 

butyrylcholinesterase (BuChE) and histone deacetylase inhibition. To cover the broad 

spectrum of bioactivities exhibited by these mints and on the basis of principal component 

analysis (PCA) (see Fig. 1 in [13]), six Mentha taxa were selected for further 

investigation. Mentha australis R.Br. (Australian native mint (Ma1-3)), M. diemenica 

Sprengel (Australian native slender mint (Md1-3)), M. spicata L. var. crispa (Schrad.) 

Schinz & Thellung (Moroccan mint (MM1-3)), M. x piperita L. (peppermint (MP1-3)) 

and M. x piperita L. var. officinalis Sole (white peppermint (WP1-3)) were purchased 

from Mudbrick Cottage Herb Farm, Mudgeeraba, QLD and M. requienii Bentham 

(Corsican mint (Mr4-6)) was purchased from Greenpatch Organic Seeds and Plants, 

Glenthorne, NSW. MM1-3 and Mr4-6 had the highest phenolic content, antioxidant 

capacity and HDAC inhibition; WP1-3 had the highest AChE inhibition; and Ma1-3, 

Md1-3 and MP1-3 had more moderate activities. In addition, MP1-3 (peppermint) is the 

taxon that is most frequently consumed in food and drinks [13]. Samples were collected, 

dried and extracted with aqueous methanol (50% v/v) as described earlier [13]. 

2.2. Chemicals and reagents 

HPLC-grade methanol (Burdick & Jackson, Morris Plains, NJ, USA); NaCl (MERCK 

Pty., Kilsyth, Victoria, Australia); 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris), 

neuroblast cell line (SH-SY5Y), minimum essential medium eagle (MEM), nutrient 

mixture F-12 ham, foetal bovine serum (FBS), MEM non-essential amino acid solution 

(NEAA), L-glutamine solution 200 mM, penicillin-streptomycin solution (Pen-Strep) 

with 10,000 units penicillin and 10 mg/mL streptomycin, trypsin-EDTA solution, trypan 

blue, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), Dulbecco’s phosphate buffered saline (PBS), hydrogen peroxide (H2O2), 

rosmarinic acid, ascorbic acid, RIPA buffer, Laemmli buffer and Tween 20 were 

purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Water used was purified 

by Barnstead™ GenPure™ xCAD Plus Ultrapure Water Purification System (Thermo 

Scientific, Waltham, MA, USA). 

PureZol RNA isolation reagent, iTaq universal SYBR green supermix, 4-20% Mini-

PROTEAN® Precast gels and Immun-blot PVDF membranes were purchased from Bio-
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Rad (Gladesville, NSW, Australia). High capacity cDNA reverse transcription kit, 

Pierce™ protease and phosphatase inhibitor mini tablets and Pierce™ BCA protein assay 

kit were purchased from Thermo Scientific (Thornton, NSW, Australia).   

SensoLyte 520 β-secretase (BACE) assay kit (fluorimetric) and SensoLyte Thioflavin T 

amyloid-β (1-42) aggregation kit (fluorimetric) were purchased from AnaSpec, USA. 

BACE and Aβ-aggregation inhibition assays were carried out in 96-well plates, black F96 

cell culture surface with lid, flat bottom wells, individually wrapped, sterile (Nunclon 

delta, Thermo Scientific Nunc, Denmark). 

Corning® Costar® 3599, 96 and 24 well cell culture plates, flat bottom (Corning 

Incorporated, Corning, NY, USA) were used for cell culture. 

Caspase‑Glo® 3/7 kit was purchased from Promega Corporation, Sydney, NSW, 

Australia. The assay was carried out using white polystyrene Corning® Costar® 3917, flat 

bottom with lid, tissue culture treated 96 well plates (Corning® Incorporated, Corning, 

NY, USA). 

2.3. Primers and antibodies 

Primers were purchased from Sigma-Aldrich, Castle Hill, NSW, Australia, with the 

sequences presented in Table 1. 
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Table 1 Forward and reverse primer sequences used in RT-PCR  

Gene name Primer sequences Reference 

Elongation 

factor 1-alpha 

(EF1α) 

F: 5'-CTGAACCATCCAGGCCAAAT-3' 

R: 5'-GCCGTGTGGCAATCCAAT-3' [15] 

Bcl-2-

associated X 

protein (Bax) 

F: 5'-GGGGACGAACTGGACAGTAA-3' 

R: 5'-CAGTTGAAGTTGCCGTCAGA-3' [16] 

Bcl-2-

associated death 

promoter (Bad) 

F: 5'-CCCAGAGTTTGAGCCGAGTG-3' 

R: 5'-CCCATCCCTTCGTCGTCCT-3' [17] 

B-cell 

lymphoma 2 

(Bcl-2) 

F: 5'-CGACTTCGCCGAGATGTCCAGCCAG-3' 

R: 5'-ACTTGTGGCCCAGATAGGCACCCAG-3' [16] 

B-cell 

lymphoma-extra 

large (Bcl-xL) 

F: 5'-TTCAGTGACCTGACATCCCA-3' 

R: 5'-TCCACAAAAGTATCCCAGCC-3' [16] 

Thioredoxin 

(Trx) 

F: 5'-TGCTTTTCAGGAAGCCTTG-3' 

R: 5'-TGTTGGCATGCATTTGACTT-3' 
[16] 

Peroxiredoxin-I 

(Prx) 

F: 5'-TGCCAGATGGTCAGTTTAAA-3' 

R: 5'-CAGCTGGGCACACTTCCCCA-3' 
[16] 

Heme 

oxygenase-1 

(HO-1) 

F: 5'-CACGCCTACACCCGCTACCT-3' 

R: 5'-TCTGTCACCCTGTGCTTGAC-3' [16] 

 

Primary antibodies, raised in rabbits, were β-actin, Bax, Bcl-2, Bcl-xL, ASK1, p38 

MAPK, SAPK/JNK, Erk1/2 and Phospho-Erk1/2 (Thr202/Tyr204) (Cell Signaling 

Technology, Australian Biosearch, Karinyup, WA, Australia). Anti-rabbit IgG, 

horseradish peroxidase (HRP)-linked secondary antibody was also purchased from Cell 

Signaling Technology. 

2.4. β-secretase (BACE) inhibition activity 

The BACE inhibition assay was performed according to the manufacturer’s protocol 

(screening β-secretase inhibitors using purified enzyme). The fluorescence was measured 

by a fluorescence plate reader (Fluostar Omega BMG Labtech, Germany, software 

version 1.20) with excitation and emission wavelengths of 490 nm and 520 nm, 

respectively. Crude mint extracts were used at final concentrations in the assay of 50 and 

500 µg dry original material/mL solvent. The assay was performed in triplicate. Inhibitor 

activity was expressed as inhibition of relative fluorescence units (RFU). 

% inhibition =
(RFUcontrol − RFUsample) × 100

RFUcontrol
 

119



2.5. Aβ42-aggregation inhibition activity 

The amyloid-β (1-42) aggregation inhibition assay was performed according to the 

manufacturer’s protocol. The fluorescence intensity was measured by a fluorescence plate 

reader as above (section 2.4) with excitation = 460 nm and emission = 485 nm. Crude 

mint extracts were used in final concentrations in the assay 80, 320 and 1280 µg dry 

original material/mL solvent. The assay was performed in triplicate. Inhibitor activity was 

expressed as inhibition of RFU. 

% inhibition =
(RFUcontrol − RFUsample) × 100

RFUcontrol
 

2.6. Cell culture 

Human neuroblastoma SH-SY5Y cells were grown in T-75 flasks and incubated at 

37°C/5% CO2 in a humidified incubator in complete media composed of 50% MEM, 50% 

F-12 Ham, 10% FBS, 1% Pen-Strep, 1% L-glutamine and 1% NEAA. When cells reached 

80-90% confluency, they were detached from the flask with trypsin-EDTA solution, and 

subsequently cultured in a fresh medium. Viable and dead cells were quantified using a 

haemocytometer following the addition of 10% trypan blue solution. 

2.7.  Cell viability assay 

SH-SY5Y cells were seeded at a density of 5×104 cells per well in clear 96-well cell 

culture plates and maintained at 37°C/5% CO2 in a humidified incubator for 24 h. H2O2 

was freshly prepared prior to each experiment from a 30% stock solution in different 

concentrations ranging from 100-800 µM. In order to induce oxidative stress, cells were 

treated with the different concentrations of H2O2 for 90 min. The cell viability was 

determined using the conventional colourimetric MTT reduction assay, which is based 

on the conversion of MTT to purple formazan crystals by mitochondrial dehydrogenase. 

Briefly, after 90 min exposure to H2O2, 10 μL of MTT (5 mg/mL in PBS) were added to 

each well and the cells were incubated at 37°C for 60 min [16]. The supernatants were 

aspirated carefully and 60 μL of DMSO were added to each well to dissolve the 

precipitate and the absorbance at 570 nm was measured with a SpectraMax 190 

Microplate Reader (Molecular Devices, USA) and the data obtained were presented as 

the percentage of control. The LD50 (50% lethal concentration) of H2O2 toxicity against 

SH-SY5Y cells was determined. Cell viability, upon addition of different concentrations 
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of mint extracts, rosmarinic acid and ascorbic acid, was assessed through microscopic 

examination. 

2.8.  Caspase assay (neuroprotective and neurocurative potential) 

Detection of caspase-3 and -7 activity was performed according to the manufacturer’s 

instructions (detection of caspase-3 and -7 activities in cell-based assays). The cells were 

treated with various concentrations (80, 160, 320, 640 and 1280 μg/mL) of mint extracts 

for 24 h, prior to or after exposure to 500 μM H2O2 for 90 min to detect the 

neuroprotective or neurocurative potential, respectively. Another group of cells was 

treated, in the same manner, with ascorbic acid as a reference antioxidant compound or 

rosmarinic acid as the major antioxidant compound present in mint extracts [13]. The 

control cells were treated with the same medium without H2O2 or extracts. Luminescence 

was then detected using a luminometer (Fluostar Omega BMG Labtech, Germany, 

software version 1.20). The assay was performed in triplicate. Results have been 

presented as relative luminescence units (RLU), with luminescence directly proportional 

to caspase-3/7 activity. 

2.9. Reverse transcriptase-polymerase chain reaction (RT-PCR) 

The cells were treated with various concentrations of ascorbic and rosmarinic acids (10, 

20 and 80 μg/mL) and mint extracts (80, 320 and 1280 μg dry original material/mL 

solvent) for 24 h, prior to exposure to 250 μM H2O2 for 90 min. The control cells were 

treated with the same medium without H2O2 or extracts. Total RNA was extracted from 

cells cultured in the 24-well plates using PureZol reagent as described by the 

manufacturer. First-strand cDNAs were synthesised by reverse transcription of 1 µg RNA 

from each sample. 2 µL of the resulting cDNA was used for real-time PCR with primer 

sets as mentioned above (section 2.2) using the conditions: initial denaturation at 95°C 

for 3 min, denaturation at 95°C for 30 s then annealing at 55°C for 30 s for 39 cycles in a 

BioRad C1000 thermocycler with a CFX96 real-time fluorescence detection system. 

Acquired real-time data for each gene target was obtained through Bio-Rad CFX Manager 

version 3.0. Expression was normalised to that of EF1α expression and was calculated 

using ΔΔCt method [18]. 

2.10. Western blot analysis 

Cells were treated with various concentrations of ascorbic or rosmarinic acids (10, 20 and 

80 μg/mL) or mint extracts (80, 320 and 1280 μg dry original material/mL solvent) for 
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24 h, prior to exposure to 250 μM of H2O2 for 90 min. The control cells were treated with 

the same medium without H2O2 or extracts. Cells were lysed with RIPA buffer containing 

protease and phosphatase inhibitors. The lysate was incubated on ice for 5 min and 

centrifuged at 8000 ×g for 10 min at 4°C. The supernatant was collected and the protein 

concentration was determined using BCA protein assay. Protein lysate was mixed with 

Laemmli buffer (1:1) and heated at 95°C for 5 min. Cell lysates were electrophoresed in 

4-20% SDS-polyacrylamide gels and transferred onto PVDF membranes. The 

membranes were incubated overnight at 4°C with different primary antibodies, which 

were diluted in TBS-T (0.1% Tween-20 in 1× Tris-buffered saline) containing 5% non-

fat milk. Bound antibodies were distinguished by HRP-conjugated anti-rabbit IgG and 

the band intensities were determined using Bio-Rad Molecular Imager Gel Doc XR+ 

controlled by Image Lab software version 4.1. Band intensity was analysed by Image 

Studio Lite software Ver 5.2. 

2.11. Data analysis 

Data analyses were performed using Microsoft Excel, SigmaPlot 10.0 and R x64 3.2.3 

software. Statistical comparisons were made using analysis of variance (ANOVA) 

methods and Tukey’s Multiple Comparison Test. The samples were derived from equal 

variances. All other model assumptions were checked and met (i.e. the residuals had a 

mean of zero, were normally distributed, had constant variance and were independent). 

All assays were done in triplicate. A one-way ANOVA model was applied. Data were 

expressed as the predicted means of each assay ± standard error (SE). Differences 

between means were considered to be statistically significant at p < 0.05.  
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3. Results 

3.1. β-secretase (BACE) inhibition activity 

Mint extracts showed high BACE inhibition activity, with more than 64% inhibition at 

500 µg dry original material/mL solvent final concentration in the assay (Fig. 1). MM1-

3 and Ma1-3 showed the highest inhibition (93% and 90%, respectively), followed by 

Md1-3 and WP1-3 (85% and 81%, respectively). At 50 µg dry original material/mL 

solvent, the extracts had a poor BACE inhibition activity except MM1-3, which exhibited 

63% inhibition. The standard inhibitor, LY2886721, had 100% inhibition activity at 0.25 

µM final concentration. 

 
Fig. 1 Percentage inhibition of β-secretase (BACE) of Mentha australis (Ma1-3), M. 

diemenica (Md1-3), M. spicata var. crispa (MM1-3), M. x piperita (MP1-3), M. x 

piperita var. officinalis (WP1-3) and M. requienii (Mr4-6). Results are presented as 

mean ± standard error (SE) (n = 3). Different letters indicate a significant difference at p 

< 0.05. 50 µg/mL MP1-3 resulted in no inhibition. 

 

3.2. Aβ42-aggregation inhibition activity 

Mint extracts inhibited Aβ42-aggregation at final concentrations of 80, 320 and 1280 µg 

dry original material/mL solvent (Fig. 2). The highest Aβ42-aggregation inhibition was 

exhibited at 1280 µg/mL of Mr4-6 (93%), which is higher than the standard inhibitor, 100 

µM phenol red, which inhibited aggregation by 52%. The three concentrations of MM1-
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3 and WP1-3, 320 µg/mL Mr4-6 and 320 and 1280 µg/mL WP1-3 had inhibition activities 

(29 - 53%) that were not significantly different from that of the standard. 

 

 
Fig. 2 Percentage inhibition of Aβ42 (1-42) aggregation of Mentha australis (Ma1-3), 

M. diemenica (Md1-3), M. spicata var. crispa (MM1-3), M. x piperita (MP1-3), M. x 

piperita var. officinalis (WP1-3) and M. requienii (Mr4-6). Results are presented as 

mean ± standard error (SE) (n = 3). Different letters indicate a significant difference at p 

< 0.05. 80 µg/mL Ma1-3 and 80 µg/mL and 320 µg/mL MP1-3 resulted in no 

inhibition. 

 

3.3. MTT assay 

SH-SY5Y cells were exposed to H2O2 (100-800 µM) for 90 min and cell survival was 

assessed by MTT assay. As shown in Fig. 3, 100 to 800 µM of H2O2 induced significant 

decreases in cell survival in a dose-dependent manner with an LD50 of approximately 500 

µM (n = 3). Therefore, all subsequent assays were performed with the treatment of 500 

µM H2O2 for 90 min to induce SH-SY5Y cell injury unless otherwise specified. 
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Fig. 3 Dose-dependent toxic effects of H2O2 on SH-SY5Y cell viability (n = 3). 

 

3.4. Determination of the optimal concentrations of different treatments 

The toxicity of different concentrations of the mint treatments was assessed. We observed 

that the MTT assay interacts with antioxidants and phenolic compounds present in plant 

extracts reducing the MTT in absence of living cells leading to false positive results as 

reported previously by others [19]. Microscopic examination of the cells (Supplementary 

Fig. S1) showed that up to 1280 µg/mL mint extracts or ascorbic acid had no negative 

effect on cell viability, as well as up to 320 µg/mL rosmarinic acid. Hence, these 

concentrations were the maximum used in the assays. 

3.5. Effects of mint extracts on caspase activity 

The effectiveness of mint extracts as neuroprotective and neurocurative agents was 

further evaluated by determining the mechanism of apoptosis through caspase activation. 

The Caspase-Glo 3/7 assay is a luminescent assay that measures caspase-3 and -7 

activities. To evaluate the neuroprotective potential of mint extracts, SH‑SY5Y cells were 

pretreated with five concentrations (80, 160, 320, 640 or 1280 µg/mL) of mint extracts 

for 24 h. Upon completion of the treatment period, cell damage was induced using 500 

μM of freshly prepared H2O2. As shown in Fig. 4, 500 μM H2O2 increased the activity of 

caspases-3/7. Cells pretreated with Md1-3 showed a decrease in caspases-3/7 activity in 

a dose-dependent manner (p < 0.05) indicating a potential neuroprotective activity. 

Pretreatment of the cells with the three highest concentrations (320, 640 or 1280 µg/mL) 
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of Mr4-6 resulted in a significant (p < 0.05) decrease in caspases-3/7 activity. Rosmarinic 

acid at 320 µg/mL (890 µM) and all concentrations of ascorbic acid used were also able 

to protect the cells from H2O2-induced damage and significantly decreased the activity of 

caspases-3/7. The neurocurative potential was also evaluated by treating the cells with 

mint extracts after exposure to H2O2 for 90 min with none of the extracts being able to 

reverse the damage (Supplementary Fig. S2). 

 
Fig. 4 Neuroprotective effect of different concentrations of ascorbic acid, rosmarinic 

acid and mint extracts on caspases-3/7 activity in H2O2-induced damage in SH-SY5Y 

cells. Results are presented as mean ± standard error (SE) (n = 3). Different letters 

indicate a significant difference at p < 0.05. AA: ascorbic acid, RA: rosmarinic acid, 

Ma1-3: Mentha australis, Md1-3: M. diemenica, MP1-3: M. x piperita, MM1-3: M. 

spicata var. crispa, WP1-3: M. x piperita var. officinalis and Mr4-6: M. requienii. 

 

 

3.6. Effect of mint extracts on transcriptomic regulation of apoptotic and 

antioxidant genes in SH-SY5Y cells exposed to H2O2 

As Md1-3 and Mr4-6 showed potential neuroprotective effect by reducing caspase 

activity, quantitative real-time PCR was performed on total RNA isolated from pretreated 

cultured cells to quantify apoptotic and antioxidant gene expression levels. Cells were 

cultured in 24-well plates and cell damage was induced using 250 µM H2O2. H2O2-

treatment induced upregulation of the pro-apoptotic gene, Bax, in SH-SY5Y cells in 

comparison to untreated cells (Fig. 5). Pretreatment of SH-SY5Y cells with the highest 

concentration of ascorbic acid (80 μg/mL = 450 μM) or rosmarinic acid (80 μg/mL = 220 

μM) prior to H2O2 exposure increased the expression of the anti-apoptotic genes Bcl-2 

and Bcl-xL more than with H2O2 exposure alone or in untreated cells (p < 0.05), while 

only 80 μg/mL of ascorbic acid increased the expression of the antioxidant genes Trx and 

HO-1. 
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Pretreating the cells with the mint extract Md1-3 (80, 320 or 1280 μg/mL) resulted in 

downregulation of the expression of Bax (p < 0.05). Pretreatment with 1280 μg/mL Md1-

3 resulted in upregulation of the expression of the anti-apoptotic gene Bcl-xL and the 

antioxidant gene Prx, more than with H2O2 exposure alone or in untreated cells (p < 0.05). 

Cells pretreated with 80 or 320 μg/mL Mr4-6 showed a significant decrease in the 

expression of the pro-apoptotic gene, Bad (p < 0.05), while the concentration 1280 μg/mL 

showed a non-significant decrease. 

 

 

 

 

Fig. 5 Effect of different concentrations of ascorbic acid (A), rosmarinic acid (B), M. 

diemenica (C) and M. requienii (D) on the mRNA expression of Bax, Bad, Bcl-2, Bcl-

xL, thioredoxin, peroxiredoxin-I and heme oxygenase-1 in H2O2-induced damage in 

SH-SY5Y cells. Results are presented as mean ± standard error (SE) (n = 3). Different 

letters indicate a significant difference at p < 0.05 within a single gene. AA: ascorbic 

acid, RA: rosmarinic acid, Md1-3: M. diemenica, Mr4-6: M. requienii, Trx: thioredoxin, 

Prx: peroxiredoxin-I, HO-1: heme oxygenase-1. 
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3.7. Effect of mint extracts on the protein expression in SH-SY5Y cells exposed to 

H2O2 

Western blot analysis was used to further investigate the effect of Md1-3 and Mr4-6 

extracts, rosmarinic acid and ascorbic acid on protein expression and signalling pathways 

of apoptosis. Their effect on the expression of the proteins: Bax and Bcl-xL was the same 

as on mRNA expression (Fig. 6, Supplementary Fig. S3). Cell damage induced by H2O2 

increased the expression levels of both ASK1 and Erk1/2 significantly, and p38 MAPK, 

SAPK/JNK and P-Erk1/2 non-significantly (Figs 6, 7, Supplementary Fig. S4). Md1-3 at 

320 and 1280 μg/mL significantly decreased the expression level of ASK1, while only 

320 and 1280 μg/mL Mr4-6 significantly decreased the expression level of SAPK/JNK 

and Erk1/2, respectively. However, a non-significant decrease in the expression levels of 

p38 MAPK, Erk1/2 and P-Erk1/2 was observed upon pretreating the cells with the other 

concentrations of Md1-3 or Mr4-6. 
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Fig. 6 Western blot analysis of different concentrations of ascorbic acid, rosmarinic acid 

and mint extracts on the expression of Bax (A), Bcl-xL (B), ASK1 (C) and p38 MAPK 

(D) in H2O2-induced damage in SH-SY5Y cells. Results are presented as mean ± 

standard error (SE) (n = 3). Different letters indicate a significant difference at p < 0.05. 

AA: ascorbic acid, RA: rosmarinic acid, Md1-3: M. diemenica and Mr4-6: M. requienii. 
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Fig. 7 Western blot analysis of different concentrations of ascorbic acid, rosmarinic acid 

and mint extracts on the expression of SAPK/JNK (A) and Erk1/2 (p44/42 MAPK) (B) 

in H2O2-induced damage in SH-SY5Y cells. Results are presented as mean ± standard 

error (SE) (n = 3). Different letters indicate a significant difference at p < 0.05. AA: 

ascorbic acid, RA: rosmarinic acid, Md1-3: M. diemenica and Mr4-6: M. requienii. 
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4. Discussion 

4.1. Effect of mint extracts on Aβ generation and aggregation in a cell free system 

Extracellular deposition of amyloid (senile) plaques is considered the main pathological 

feature of AD [1]. Amyloid plaques are aggregates of Aβ40 and Aβ42 formed through 

the proteolytic cleavage of APP by secretases (β (BACE) and γ) [6]. BACE knockout 

mice showed a diminished production of Aβ [20]. Therefore, inhibition of BACE and/or 

inhibition of Aβ-aggregation could provide a potential therapy for AD. LY2886721 is a 

potent BACE inhibitor that reduced BACE activity by 50–75% and Aβ42 by 72% in 

phase I clinical trials but phase II trials were terminated because of liver toxicity in 

some patients [21]. Although some of the BACE inhibitors, such as verubecestat (MK-

8931), were efficient in suppressing Aβ production in preclinical and clinical trials, they 

showed failure in phase III in mild to moderate AD patients [22]. However, clinical 

trials of several other BACE inhibitors are still in progress as discussed in a 2018 

review by Volloch and Rits [22]. 

The inhibitory effect of mint extracts on BACE and Aβ42-aggregation had not been 

previously studied. The six mint extracts under investigation showed excellent BACE and 

Aβ42-aggregation inhibition at 500 µg/mL (64% for Mr4-6 – 93% for MM1-3) and at 

1280 µg/mL (22% for MP1-3 – 93% for Mr4-6), respectively. Mint extracts were rich in 

biophenols [13] and it has been found that natural flavonoids had BACE inhibitory 

activity in vitro [23]. Salvianolic acid, a phenolic acid present in mints, showed an effect 

against BACE [24]. Also, several phenolic compounds were found to inhibit Aβ-

aggregation and improve performance on learning and spatial memory tasks in a 

transgenic mice model of AD [24-27]. Rosmarinic acid, salvianolic acid and an extract 

from Salvia officinalis (Lamiaceae) reduced cell death induced by Aβ42 [24, 28, 29]. 

Freeze dried extract of M. piperita protected Aβ- and ageing-induced mice from stress, 

amnesia and neurodegeneration and improved acquisition and retention in behavioural 

models [14]. 

However, the activities of mint extracts cannot be assigned to a single class of 

compounds. Ma1-3 and Md1-3 possessed moderate total phenolic contents (TPC) (5.5 

and 5.7 mg gallic acid equivalent (GAE)/g DW (dry weight)) [13] but they showed a 

strong BACE inhibitory activity (91% and 86%), respectively. Mr4-6 had higher TPC 

(8.6 mg GAE/g DW), a lower BACE inhibitory activity (68%) but a higher Aβ42-

aggregation inhibition activity (93%). The activities of mint extracts are probably due to 
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a combination of several classes of compounds that present together in the extract rather 

than a single compound or a single class. 

4.2. Effect of mint extracts on apoptosis and redox pathways in SH-SY5Y cells 

AD is characterized by brain shrinkage due to programmed cell death; apoptosis [6]. 

Therefore, stimulation of endogenous anti-apoptotic pathways might provide a potential 

therapy by limiting apoptosis in neurodegenerative diseases such as AD [7]. This can be 

achieved by suppressing pro-apoptotic proteins and enhancing anti-apoptotic proteins. 

H2O2, as a major generator of ROS, can induce apoptosis and cell death in various cell 

lines [30]. As apoptotic cell death is associated with the activation of caspases, so, in the 

present study the activity of caspases was first assessed as an indication of apoptosis. 

Cells treated with H2O2 showed an increase in caspase activity. Ascorbic acid and 

rosmarinic acid were used as positive controls being known antioxidant compounds. 

Pretreating the cells with ascorbic acid showed a massive decrease in caspase activity, 

which is consistent with the findings of Huang and May [31]. Only the highest tested 

concentration of rosmarinic acid (320 µg/mL, 890 µM) decreased the activity of caspases 

under our experimental conditions. It has been found in another study that 56 µM 

rosmarinic acid could decrease the activity of caspases in H2O2-induced apoptosis in SH-

SY5Y cells [30]. Md1-3 and Mr4-6 extracts were able to decrease the activity of caspases-

3/7, which indicates a potential neuroprotective activity, so it was deemed of interest to 

further investigate their mechanism of action and their effect on gene regulation and 

protein signalling. 

Pretreating the cells with Md1-3 resulted in downregulation of the expression level of 

Bax and upregulation of the expression level of Bcl-xL at both mRNA and protein levels, 

providing evidence for its role in suppressing apoptosis. The upregulation of the 

expression level of the antioxidant gene Prx by 1280 μg/mL Md1-3 could be an 

endogenous antioxidant defence mechanism against H2O2-induced oxidative stress and 

apoptosis. The phosphorylation status of Bad determines its activity [8], hence, the effect 

of Mr4-6 on Bad could be due to an effect on its phosphorylation. To elucidate the signal 

transduction pathways involved in the effect of mint extracts on gene regulation, we 

examined their effect on upstream kinases. 

ROS, including H2O2, play a dual role in redox regulation of cellular signalling pathways 

[32]. This means that they can induce cell death or cell survival according to their effect, 

whether it is upstream or downstream of the transcription factors of the signalling 
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cascades. For example, H2O2 activates the three members of MAPK family: p38 MAPKs, 

JNK and Erk1/2. Activation of p38 MAPKs and JNK induces cell death [32], while 

activation of Erk1/2 generally promotes cell survival and proliferation [33]. JNK can 

promote apoptosis by enhancing the expression level of pro-apoptotic genes (Bax) and 

suppressing the effect of the anti-apoptotic genes (Bcl-2 and Bcl-xL) by phosphorylation 

[34]. In addition, activation of p38 MAPKs and JNK leads to Tau hyperphosphorylation, 

one of the major hallmarks in AD-affected brains, and stimulates BACE causing Aβ42 

deposition and neuronal cell death in AD [9]. Meanwhile, activation of Erk1/2 can 

promote cell survival through activation of the anti-apoptotic proteins, which occurs by 

downstream phosphorylation of the pro-apoptotic protein, Bad [33]. Phosphorylation of 

Bad sequesters Bad in the cytoplasm and blocks its interaction with Bcl-2 or Bcl-xL 

making them available to exert their anti-apoptotic effect [33]. It has been reported that 

the three MAPKs can induce the expression of a variety of antioxidant enzymes such as 

HO-1 through the phosphorylation of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) 

[35]. Phosphorylation of Nrf2 promotes its translocation into the nucleus where it 

mediates HO-1 gene transcription [36]. ASK1 is a member of the MAPK kinase kinase 

which activates the Erk, JNK and p38 MAPKs pathways. It can be activated by ROS and 

mediate cell death [5]. Normally, the reduced form of the antioxidant enzyme, Trx1, binds 

to ASK1 which blocks its kinase activity and inhibits apoptosis. However, ROS oxidize 

Trx1 and lead to the dissociation of the Trx1-ASK1 complex and activation of ASK1, 

which induces apoptosis [5]. Prx can have both positive and negative effects on the 

activation of MAPK pathway [37]. 

In the present study, cell damage induced by H2O2 increased the expression levels of both 

ASK1 and Erk1/2 significantly and p38 MAPK, SAPK/JNK and P-Erk1/2 non-

significantly. The increase in the expression levels of SAPK/JNK, Erk1/2 and P-Erk1/2 

in SH-SY5Y by H2O2 has been reported [38], but an increase in p38 MAPK was not 

found, although it was reported previously [39]. The effect of H2O2 on transcription 

factors varies by different concentrations and different times of exposure as well as 

different cell types [40]. The down-regulation of Bax and the up-regulation of Bcl-xL 

exerted by pretreating the cells with Md1-3 could be through the significant down-

regulation of ASK1, which led to down-regulation of JNK signalling cascade, but not 

Erk1/2, although non-significant under our experimental conditions. The down-

regulation of ASK1 could be due to the up-regulation of Prx by Md1-3. It has been 

reported by Latimer and Veal [37] that Prx inhibits the activation of MAPK by removing 
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peroxides. The increase in the expression level of Trx and HO-1 by Md1-3 could be useful 

as a natural defence mechanism to protect cells against H2O2-induced insult. This could 

be explained by its activation to Erk1/2, which phosphorylated Nrf2, which in turn 

mediated HO-1 gene transcription. The effect of Mr4-6 on Bad could be due to an effect 

on other kinases rather than the MAPK pathway. 

It was reported previously that the six mint extracts under investigation had antioxidant, 

acetylcholinesterase and histone deacetylase inhibition activities [13]. The present study 

expands these activities to BACE and Aβ-aggregation inhibition activities. Among these 

extracts, M. diemenica and M. requienii lowered caspases-3/7 activity indicating a 

potential role in suppressing apoptosis at the cellular level. Combining all these activities 

together we find that M. diemenica and M. requienii target multiple causes of AD. 
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5. Conclusion 

AD is a neurodegenerative disorder that currently has no treatment. The neuroprotective 

effect of extracts from Mentha species at the cellular level has not been investigated 

previously. All mint extracts in the present study showed a strong BACE inhibition 

activity indicating their potential to prevent the formation of senile plaques. M. requienii 

showed an excellent inhibition of Aβ-aggregation, while other extracts showed a 

moderate inhibition. M. diemenica and M. requienii showed a potential role in 

suppressing apoptosis in SH-SY5Y cells stressed by H2O2 as indicated by a decrease in 

caspase activity. The mechanism underlying this effect could be through a decrease in the 

expression level of pro-apoptotic protein, Bax, and/or an elevation in the anti-apoptotic 

protein, Bcl-xL, mediated by a down-regulation of ASK1-JNK pathway. Nevertheless, 

the underlying mechanisms are certainly more complex than described here and require 

further investigation. This study is the first at the cellular level to address the possibility 

of mint extracts to be used for the prophylaxis from AD or as a treatment, and based on 

our findings, further studies, in vivo and/or clinical trials, would appear warranted to 

further explore the potential of mint for treating AD. 
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Fig. S1 Representative images of SH-SY5Y cells. Untreated control cells (A). Cells 

treated with 1280 µg/mL ascorbic acid (B), 320 µg/mL rosmarinic acid (C), 1280 

µg/mL M. diemenica extract (Md1-3) (D) and 1280 µg/mL M. requienii extract (Mr4-6) 

(E). 
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Fig. S2 Neurocurative effect of different concentrations of ascorbic acid, rosmarinic 

acid and mint extracts on caspases-3/7 activity in H2O2-induced damage in SH-SY5Y 

cells. Results are presented as mean ± standard error (SE) (n = 3). Different letters 

indicate a significant difference at p < 0.05. AA: ascorbic acid, RA: rosmarinic acid, 

Ma1-3: Mentha australis, Md1-3: M. diemenica, MP1-3: M. x piperita, MM1-3: M. 

spicata var. crispa, WP1-3: M. x piperita var. officinalis and Mr4-6: M. requienii. 

 

 

 

 

 

 

 

 
Fig. S3 Western blot analysis of different concentrations of ascorbic acid, rosmarinic 

acid and mint extracts on the expression of Bcl-2 in H2O2-induced damage in SH-SY5Y 

cells. AA: ascorbic acid, RA: rosmarinic acid, Md1-3: M. diemenica and Mr4-6: M. 

requienii. 
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Fig. S4 Western blot analysis of different concentrations of ascorbic acid, rosmarinic 

acid and mint extracts on the expression of P-Erk1/2 (Phospho-p44/42 MAPK) in H2O2-

induced damage in SH-SY5Y cells. Results are presented as mean ± standard error (SE) 

(n = 3), p > 0.05. AA: ascorbic acid, RA: rosmarinic acid, Md1-3: M. diemenica and 

Mr4-6: M. requienii. 
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General conclusions and future directions 

 

People aged 60 years and over are vulnerable to ageing disorders such as AD. AD starts 

slowly with symptoms including difficulty remembering recent events and this worsens 

over time until there is difficulty performing familiar tasks, followed by a complete 

dependence on a carer. The outcomes of the pharmacological treatments currently used 

for AD are not promising; hence, the need for drug discovery in this area is essential. 

Plants from the Lamiaceae, such as Salvia officinalis L. (sage), have been used for 

cognition enhancement across a wide range of cultures. They are rich in structurally 

diverse metabolites that possess several bioactivities including neuroprotection. 

Therefore, this study focused on in vitro bioscreening of Mentha taxa (Lamiaceae) for a 

therapeutic approach for AD. 

Mentha is a taxonomically complex genus with frequent hybridization at the interspecific 

level. With over 3000 published names within the genus, the literature shows a wide 

variation in the use of scientific and common names; likewise for the samples purchased 

from nurseries. Therefore, micromorphological examination was used for 

characterisation of Mentha taxa to provide future researchers with much information as 

possible, at the macro- and microscopic levels, on the plants investigated in this research. 

Collection of 19 taxa covering all four sections of the genus and growing them under the 

same conditions, allowed for a direct comparison of phenotype, without environmental 

influences. Mentha taxa showed great diversity in their leaf macromorphological 

characteristics (sizes of lamina and petiole). Micromorphological parameters (stomatal 

distribution, stomatal density and trichomes density) were of taxonomical and ecological 

significance to Mentha. Most taxa were hypostomatous. A few taxa had amphistomatous 

leaves, which was interesting given that Mentha is a mesophytic genus naturally found in 

moist fields. M. requienii and M. pulegium (section Pulegium) had distinctive features 

compared to species in other sections of the genus. They both had the smallest leaf length, 

the longest petiole percentage of total leaf length and the highest density of stomata on 

the adaxial surface compared to other investigated taxa. The leaf micromorphologies of 

the Australian native mints, M. australis and M. diemenica, were examined for the first 

time. They could be easily distinguished from each other, which supports their occurrence 

in two different taxonomic sections, Eriodontes and Tubulosae, respectively. M. australis 

had a longer lamina than M. diemenica. On the adaxial leaf surface, M. australis had 
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neither stomata nor peltate glandular trichomes, while M. diemenica had no capitate 

glandular trichomes. Based on these findings, it will be worthwhile creating a complete 

profile based on various micromorphological parameters for each of the 18 species and 

11 hybrids of the genus; not only for the leaves but for stems, flowers and seeds as well. 

Meanwhile, future research on genetic fingerprinting along with the effect of different 

ecological conditions on these micromorphological parameters will be essential for the 

comprehensive characterisation of this complex genus. 

Preliminary bioscreening of the crude extracts of the 19 taxa (28 samples from two 

nurseries) was carried out, which included determination of their total phenolic content, 

antioxidant capacity and enzymatic inhibition activities relevant to AD including 

acetylcholinesterase, butyrylcholinesterase and histone deacetylase inhibition activities. 

There was a small variation in the total phenolic content of Mentha taxa. They all had 

strong antioxidant capacity and histone deacetylase inhibition, which were strongly 

correlated to their phenolic content, indicating that the phenolic compounds could be 

responsible for these activities. They showed moderate inhibition of acetylcholinesterase 

and butyrylcholinesterase, with no significant correlation to their phenolic content. Some 

mint extracts showed bioactivities superior or comparable to those of Salvia officinalis, a 

species that was shown to improve cognition in patients with mild to moderate AD. These 

results support the idea that mint extracts could be used to help manage AD. 

Characterisation of the chemical composition of mint extracts was carried out to assist in 

understanding the relationship between the chemical composition and the observed 

bioactivities and to contribute to the chemotaxonomic classification of the genus. To this 

end, their phenolic profiles were determined through HPLC-DAD, HPLC-QQQ-MS and 

UHPLC-QTOF-MS. The contribution of individual phenolic components to the 

antioxidant activity of extracts was evaluated by online ABTS˙+ scavenging assay. Two 

species, M. diemenica and M. requienii, had not been investigated previously. Qualitative 

and quantitative differences were observed among the profiles of Mentha taxa. 

Rosmarinic acid was the most abundant phenolic compound contributing to antioxidant 

activity in mint extracts. Chicoric acid, isosakuranetin and apigenin-7-O-β-D-

diglucuronide were tentatively identified as new compounds in Mentha. Isosakuranetin is 

the aglycone of neoponcirin and it was detected only in M. australis. Since neoponcirin 

was identified previously in M. australis (Tang et al., 2016), the presence of 

isosakuranetin might be due to the breakdown of neoponcirin which might have occurred 

during the extraction process or the ionisation step of mass spectrometric analysis. 
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Chicoric acid was a characteristic compound for mints belonging to section Pulegium, M. 

requienii and M. pulegium. Interestingly, these two species had distinct 

micromorphological features compared to species in the other sections. There could be a 

correlation between the micromorphological parameters and the synthesis of secondary 

metabolites. However, it was challenging to find universally applicable phenolic markers 

for Mentha taxa as the chemical components of mints vary with plant maturity, species 

and variety, geographical region and processing conditions. Even under controlled 

conditions of plant maturity, geographic region and processing conditions, it was difficult 

to find conclusive evidence of chemotaxonomic markers. It might be useful to try other 

chemical techniques or extraction solvents in future research to uncover features that are 

specific for each taxon.    

Over the last 20 years, the search for pharmacologically relevant bioactivity in plants has 

often incorporated antioxidant testing as a way to preliminary screen plant extracts and 

fractions. This approach has been based on the fact that oxidative stress is associated with 

many diseases. However, when dealing with a complex disease such as AD, which has 

multiple causes, relying on screening with antioxidant tests may lead to the rejection of 

extracts with other activities, which may be relevant to AD. Therefore, principal 

component analysis (PCA) (Chapter 3, Fig. 1) was carried out to represent the broad 

spectrum of bioactivities exhibited by mint extracts. Six Mentha taxa were selected for 

further in vitro studies based on their bioactivities and rosmarinic acid content, with 

selection based on the following principles. As most of the samples were clustered around 

the origin of the PCA biplot, indicating moderate activities, so the Australian native, M. 

australis and M. diemenica, and M. x piperita were selected from this group, as they are 

representative of most of the investigated taxa. In addition, M. x piperita (peppermint) is 

the taxon that is most frequently consumed in food and drinks. The biplot also showed 

that M. requienii and M. x piperita var. officinalis had opposite responses. M. requienii 

had high values in all tested bioactivities except acetylcholinesterase inhibition, while M. 

x piperita var. officinalis had a high value only in acetylcholinesterase inhibition. Lastly, 

M. spicata var. crispa also was selected as it showed high phenolic content, antioxidant 

capacity and histone deacetylase inhibition. 

These six mint extracts were investigated for their β-secretase and amyloid β-aggregation 

inhibition activities. Also, their neuroprotective effect on H2O2-induced oxidative stress 

and apoptosis in SH-SY5Y cells was evaluated through caspase activity. Neither of these 
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activities has been evaluated before in Mentha. All extracts possessed strong β-secretase 

inhibition activity. M. requienii showed excellent inhibition of amyloid β-aggregation, 

the major hallmark of AD, while other extracts showed moderate inhibition. These results 

indicated that mint extracts could prevent the formation of amyloid β and also could 

prevent their aggregation if they had already formed. Furthermore, M. diemenica and M. 

requienii lowered caspase activity, meaning that they could protect cells from H2O2-

induced oxidative damage while also suppressing apoptosis at the cellular level. These 

results revealed the importance of not depending on the antioxidant activity as a sole 

criterion for exploring activities of plant extracts in future research.  

To explore the mechanistic basis for protection of the cells by M. diemenica and M. 

requienii extracts, their effect on the signalling pathways of apoptosis was investigated. 

M. diemenica lowered the expression of the pro-apoptotic protein, Bax, and increased that 

of the anti-apoptotic protein, Bcl-xL, at both mRNA and protein levels. This effect might 

be mediated by a down-regulation of the ASK1-JNK pathway. Nevertheless, the 

underlying mechanisms are certainly more complex than described here and further 

research on the effect of mint extracts on the phosphorylation state of the proteins is 

required. It would also be beneficial to investigate whether their effects are upstream or 

downstream of the transcription factors of their signalling cascades. 

Mint extracts can have a potential neuroprotective effect and can also target multiple 

causes of AD. Drinking mint tea or adding mint in food preparations is useful for the 

stomach, but might be useful for brain health as well. How much is needed to exert its 

action is still to be discovered. Determination of the pharmacokinetics of mint extracts 

using physiologically based models might provide further insight into the use of mint in 

food for brain health. This study provides a substantial basis for future research, not only 

for AD treatment but also for other neurodegenerative diseases such as Parkinson’s 

disease. It opens up new areas for exploration of mint extracts such as their toxicity, 

bioavailability and their ability to cross the blood-brain barrier to reach the neurons in the 

brain. This study used in vitro and ex vivo methods, but animal studies then clinical trials 

are still required to confirm our findings and to assess the safety and efficacy of mint 

extracts. Mint extracts can be tested in genetically modified mice models of AD. 

Bioactivity-guided fractionation of the extracts might explore a potent compound for AD 

treatment that could be designed in a dosage form with the collaboration of 

pharmaceutical companies. It was the traditional use of Galanthus nivalis for neurological 

150



conditions that led to the development of the drug, galantamine, in the market, which 

emphasizes the importance of ethnopharmacology in drug discovery. 
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Table A1 Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. aquatica L anti-inflammatory, 

antioxidant, 

antiproliferative on 

breast cancer, free 

radical scavenger, 

sedative 

Phenolic acids: CA, FA, 

RA 

Flavonoids: 

5,4`-dihydroxy-6,7,8,3`-

tetramethoxyflavone 

5,6-dihydroxy-7,8,3`,4`-

tetramethoxyflavone, 5-O-

demethylnobiletin 

Ac, Apg, Dio, Er, Iso, Lt, 

Nar, Nrg, Rt, gardenin B 

pebrellin, salvigenin, 

sideritoflavone, 

xanthomicrol 

Other: eugenol 

 stigmasta-5,23-dien-

3β-ol, γ-sitosterol 

 (Conforti, 

Ioele, et al., 

2008; 

Conforti, 

Sosa, et al., 

2008; 

Hawrył, 

2014; Jäger et 

al., 2007; 

Tahira, 

Naeemullah, 

Akbar, & 

Masood, 

2011; Voirin, 

Bayet, Faure, 

& Jullien, 

1999) 

A antioxidant, protective 

against H2O2-induced 

toxicity in PC12 cells, 

MAO-A inhibitory 

activity, affinity to 

GABA-

benzodiazepine 

receptor 

Phenolic acids: CA, RA 

Flavonoids: 

Er, Iso, Nrg, Lt-7-O-

glucoside 

RA: anti-

inflammatory 

Nrg: affinity to 

GABA-

benzodiazepine 

receptor, MAO-

inhibitory activity 

 

oleanolic, ursolic 

acids 

sesquiterpene 

viridiflorol 

oleanolic, 

ursolic acids: 
anti-

inflammatory 

viridiflorol: 

affinity to 

GABA-

benzodiazepine 

receptor 

(Dorman et 

al., 2003; 

Jäger et al., 

2007; López 

et al., 2010; 

Olsen et al., 

2008; Shen et 

al., 2011) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. arvensis L AChE inhibitory 

activity, antioxidant, 

vasorelaxant, 

contraceptive, h 

Phenolic acids: CA, FA, 

RA 

Other: eugenol 

   (Oinonen et 

al., 2006; 

Patil & Mall, 

2012; 

Runnie, 

Salleh, 

Mohamed, 

Head, & 

Abeywarden

a, 2004; 

Sharma & 

Jacob, 2002; 

Sulaiman et 

al., 2011; 

Tahira et al., 

2011) 

A antichlamydial effect Phenolic acids: RA 

Flavonoids: 

Ac, Ln,  

Ac-acetylglucoside-

rhamnoglycoside 

RA, Ac, Ln: 
antichlamydial effect 

  (Salin et al., 

2011) 

F, S, R AChE inhibitory 

activity 

Flavonoids: Ln Ln: AChE inhibitory 

activity 

  (Oinonen et 

al., 2006) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. arvensis C analgesic, anti-

allergic, anti-

inflammatory, 

antimicrobial, 

cytotoxic, 

hepatoprotective, 

sedative, hypotonic 

    (Biswas et al., 

2014) 

W protective against acid 

secretion and gastric 

ulcers 

 Ln: prevents Aβ-

induced neurotoxicity 

through activation of 

PI3K/Akt pathway 

  (Londonkar 

& Poddar, 

2009; Lou et 

al., 2011) 

M. arvensis 

var. 

japanensis 

A antioxidant Phenolic acids: CA, RA 

Flavonoids: Apg, Er, Iso, 

Lt-7-O-glucoside, prunin 

   (Dorman et 

al., 2003) 

M. arvensis f. 

piperascens 

NS    isomenthone, 

menthol, menthone, 

menthyl acetate, 

myrcene, 

neomenthol, 

pulegone 

 (Rajeswara 

Rao, 1999) 

M. australis L and S 

in 

bunches 

antioxidant Phenolic acids: CA, ClA, 

RA 

Flavonoids: Apg, Nar, 

Nrg, biochanin A, 

hesperetin, neoponcirin 

   (Tang et al., 

2016) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. 

canadensis 

(syn. M. 

haplocalyx) 

A antioxidant Phenolic acids: CmA, 

RA, SA 

Other: 

3,4-dihydro-3,6,7-

trihydroxy-2(1H)-

quinolinone 

(E)-2-methoxy-2- 

oxethyl-3- 

(4-hydroxyphenyl) 

acrylate, 

esculetin, methyl 

rosmarinate, nepetoidin B, 

syringaresinol, methyl 

ester of caffeoyl glycollic 

acid 

2``,3``-

diacetylmartynoside 

bracteanolide A 

cis-3-[2-[1-(3,4-

dihydroxyphenyl)-1-

hydroxymethyl]-1,3-

benzodioxol-5-yl]-(E)-2-

propenoic acid 

RA: anti-

inflammatory 
oleanolic, ursolic 

acids, EO: 

α-pinene, β-pinene, 

β-bourbonene, 3-

octanal, eucalyptol, 

isopulegon, 

isomenthone, 

limonene, menthol, 

menthone, 

myrcene, 

piperitone, 

sabinene 

oleanolic, 

ursolic acids: 

anti-

inflammatory 

EO: antioxidant 

(Chen, liang, 

li, ren, & ma, 

2013; M. Li, 

Xu, Li, Qian, 

& Qin, 2013; 

Shen et al., 

2011; 

Zheljazkov 

& Astatkie, 

2012) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. citrata L  Flavonoids: 

5,6-dihydroxy-7,8,3`,4`-

tetramethoxyflavone 

5-O-demethylnobiletin 

Ac, Apg, gardenin B, 

pebrellin, salvigenin, 

xanthomicrol 

   (Voirin et al., 

1999) 

M. cordifolia 

(M. arvensis, 

a hybrid of 

M. 
rotundifolia 

× M. spicata) 

L antimutagenic   6,7-bis-(2,2-

dimethoxyethene)-

2,11-dimethoxy-

2Z,4E,8E,10Z-

dodecatetraendioic 

acid 

antimutagenic (Villaseñor, 

Echegoyen, 

& Angelada, 

2002) 

M. diemenica L    EO: menthone, 

neomenthyl acetate, 

pulegone, 

neomenthol, 

menthyl acetate, 

menthol, 

isomenthone 

 (Brophy, 

Goldsack, 

Lawrence, & 

Forster, 1996) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. 
haplocalyx 

A antioxidant Phenolic acids: CA, Dan, 

LA, LAB, RA, SalA, SalA 

J, magnesium 

lithospermate B, sodium 

lithospermate B 

Flavonoids: Er, Iso, Lt, Lt-

7-O-glucoside, prunin 

Dan, LA, RA, LAB, 

magnesium 

lithospermate B, SalA 

J, sodium 

lithospermate B: 

antioxidant 

Monoterpenoids: 
3,3,5-trimethyl-2-

oxabicyclo- 

[2.2.2]oct-5-en-4-ol 

4-methoxy-3,3,5-

trimethyl-2-

oxabicyclo[2.2.2]oct

- 

5-ene 

1,8- 

cineol-2-ol 2-(β-D-

glucopyranoside) 

petroside 

megastigm- 

7-ene-3,5,6,9-tetrol 

3-(β-D-

glucopyranoside) 

EO: 

carvone, 

isomenthone, 

linalool, linalool 

acetate, menthol, 

menthone, ocimene, 

terpineol, pulegone 

 (Dorman et 

al., 2003; G. 

She, C. Xu, 

B. Liu, & R. 

Shi, 2010; G. 

M. She, C. 

Xu, B. Liu, & 

R. B. Shi, 

2010; Zhao, 

Xu, Yang, 

Husaini, & 

Wu, 2013) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. longifolia L AChE inhibitory 

activity, antimicrobial, 

antioxidant 

Phenolic acids: CA, FA, 

RA 

Flavonoids: 

5,6,4`-trihydroxy-7,3`-

dimethoxyflavone 

Ac, Apg, Dio, Er, Iso, Lt, 

Nar, Nrg, Rt 

Lt-7-glucoside 

thymonin 

Other: eugenol 

 EO: 

camphor, carvone, 

cis-piperitone 

epoxide, 

isomenthone, 

menthone, 

piperitenone, 

piperitenone oxide, 

pulegone, thymol, 

trans-piperitone 

epoxide, β-

caryophyllene, γ-

muurolene 

antimicrobial, 

antioxidant 

(Gulluce et 

al., 2007; 

Hawrył, 

2014; 

Oinonen et 

al., 2006; 

Tahira et al., 

2011; Zaidi, 

Voirin, Jay, 

& Viricel, 

1998) 

A AChE inhibitory 

activity, antioxidant, 

MAO-A inhibitory 

activity, affinity to 

GABA-

benzodiazepine 

receptor, 

hepatoprotective 

Phenolic acids: CA, ClA, 

CmA, CtA, FA, RA 

dedihydro-SalA 

SalA L 

 

CA, ClA: AChE 

inhibitory activity, 

antioxidant 

RA: AChE inhibitory 

activity, antioxidant, 

anti-inflammatory 

 

longifone, longiside-

A and -B, oleanolic, 

ursolic acids 

 

oleanolic, 

ursolic acids: 

anti-

inflammatory 

EO: 
antioxidant 

(Baris et al., 

2011; Iqbal, 

Hussain, 

Chatha, 

Naqvi, & 

Bokhari, 

2013; López 

et al., 2010; 

F. Orhan et 

al., 2012; 

Shen et al., 

2011) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. longifolia A  Flavonoids: 

Apg, Lt, Rt 

Apg-7-O-glucoside 

Apg-7-O-glucuronide 

Apg-7-O-rutinoside 

longitin 

eriodictyol-

glucopyranosyl-

rhamnopyranoside 

isoquercitrin 

Lt-7-O-glucoside 

Lt-7-O-glucuronide 

Lt-7-O-rutinoside 

Lt-diglucuronide 

Lt-glucopyranosyl- 

rhamnopyranoside 

Apg-7-O-glucoside, 

Apg-7-O-rutinoside, 

Apg-7-O-

glucuronide, Lt-7-

O-glucoside, Lt-7-

O-rutinoside, Lt-7-

O-glucuronide: 
antimutagenic 

EO: 

1,8-cineole, 

borneol, 

calamenene, 

caryophyllene 

oxide, cis-jasmone, 

cis-𝛽-ocimene, 

germacrene D, 

limonene, linalool, 

piperitenone, 

piperitenone oxide, 

thymol, thymol 

acetate, 𝛼-

gurjunene, 𝛼-

Pinene, 𝛼-terpineol, 

𝛽-caryophyllene, 

𝛽-pinene, 𝛿-

terpinene 

 (Benedec et 

al., 2013; 

Krzyzanows

ka et al., 

2011; 

Mimica-

Dukic, 

Popovic, 

Jakovljevic, 

Szabo, & 

Gašic, 1999; 

Shaiq Ali, 

Saleem, 

Ahmad, 

Parvez, & 

Yamdagni, 

2002; 

Vladimir-

Knežević et 

al., 2014) 

F, S, R AChE inhibitory 

activity 

    (Oinonen et 

al., 2006) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. pulegium L antioxidant, 

antityrosinase activity 

Phenolic acids: CA, ClA, 

CmA, FA, RA, VA, 

4-hydroxybenzoic acid 

Flavonoids: 

5,6-dihydroxy-7,3`,4`-

trimethoxyflavone 

5-hydroxy-6,7,3`,4`-

tetramethoxyflavone 

5,6,4`-trihydroxy-7,3`-

dimethoxyflavone 

Apg, Dio, Lt, Nrg, 

catechin, chrysoeriol, 

jaceosidin, kaempferol 

ladanein, pectolinarigenin, 

pedalitin, sorbifolin, 

thymonin 

Other: eugenol 

 EO: 

4-methyl 

caryophyllene oxide, 

humulene epoxide 

II, isopulegone, 

piperitenone, 

piperitone epoxide, 

pulegone 

 

EO: 

antimicrobial 

(Ait-Ouazzou 

et al., 2012; 

Asghari, 

Johari, & 

Rezazadeh, 

2011; Fatiha 

et al., 2015; 

Tahira et al., 

2011) 

A AChE inhibitory 

activity, antioxidant, 

MAO-A inhibitory 

activity, affinity to 

GABA-

benzodiazepine 

receptor, antibacterial 

Phenolic acids: CA, ClA, 

CmA, LAA, RA, SA, 

dihydroxybenzoic acid 

isosalvianolic acid B 

SalA B, C, I, E, H 

CA, ClA, RA: AChE 

inhibitory activity, 

antioxidant 

citric, gluconic, 

isocitric, malic, 

oxodecenoic, 

sebacic, succinic, 

trihydroxy 

octadecadienoic, 

pimelic acids,  

EO: 
antioxidant, 

antimicrobial 

(López et al., 

2010; Stagos 

et al., 2012; 

Taamalli et 

al., 2015; 

Zaidi et al., 

1998) 

        

        

        
        

        

        

163



Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. pulegium A  Flavonoids: 

5,6,4`-trihydroxy-7,3`-

dimethoxyflavone 

5,6-dihydroxy-7,3`,4`-

trimethoxyflavone 

5-hydroxy-6,7,3`,4`-

tetramethoxyflavone 

Apg, Dio, Ln, Lt, Nar, 

catechin hydrated, catechin-

4-ol-O-glucopyranoside, 

chrysoeriol, gallocatechin, 

hesperidin, jaceidin 

jaceosidin, ladanein, Lt-O-

rutinoside, Lt-glucuronide, 

neoponcirin/poncirin, 

pectolinarigenin, pedalitin, 

sorbifolin, syringetin, 

thymonin 

Other: CA glucuronide, 

catechol, hydroxybenzoic 

acid hexose, caffeoyl quinic 

acid, dihydroxybenzoic acid 

hexose, eukovoside, SA 

hexose, vanillyl alcohol, VA 

hexose 

 isoleucine, leucine, 

phenylalanine, 

tryptophan, tuberonic 

acid glucoside, 

tyrosine, uridine 

EO: 

α-Pinene, α-

humulene, 1,8-

cineole, α-terpinenyl 

acetate, β-pinene, 3-

octanol, 3-octanol 

acetate, 

bicyclo[3.1.0]hexane, 

6-isopropylidene-1-

methyl- (CAS), 

caryophyllene, 

caryophyllene oxide, 

cis-isopulegone, 

isomenthone, 

menthone, piperitone, 

piperitenone, 

pulegone 

 (Cherrat, 

Espina, 

Bakkali, 

Pagán, & 

Laglaoui, 

2014; 

Rodrigues et 

al., 2013; 

Vilamarim et 

al., 2018; 

Vladimir-

Knežević et 

al., 2014) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. pulegium F AChE inhibitory 

activity 

    (Oinonen et 

al., 2006) 

M. 

microphylla 

(=M. 
sylvestris) 

A antioxidant, 

antinociceptive, 

antidiarrhoeal 

    (A. H. Atta & 

El-Sooud, 

2004; Attia 

H. Atta & 

Mouneir, 

2004; Stagos 

et al., 2012) 

M. requienii L    EO: 

(E)-β-ocirnene, 1,8-

cineole, α-pinene, α-

terpineol, β-pinene, 

gerrnacrene D, 

isornenthone, 

linalool, lirnonene, 

menthol, menthone, 

myrcene, 

neornenthol, 

piperitenone, 

piperitone, 

pulegone,  terpinen-

4-o1 

 (Mucciarelli 

& Sacco, 

1999) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. 

rotundifolia 

L antioxidant, 

antityrosinase activity 

Phenolic acids: CA, ClA, 

CmA, FA, RA, 

p-hydroxybenzoic acid 

Flavonoids: 

5,6-dihydroxy-7,8,3`,4`-

tetramethoxyflavone 

Apg, Dio, Lt, Nrg, 

cyanidin, delphinidin, 

diosmetin, esculetin, 

genkwanin, hispidulin, 

jaceosidin, kaempferol, 

ladanein, luteolinidin, 

nodifloretin, pelargonidin, 

petunidin, sorbifolin, 

thymonin, thymusin 

 EO: 

β-caryophyllene, 5-

acetyl thiazole, 

carveol, germacrene 

D, pulegone, 

piperitenone oxide 

EO: 

Antioxidant 

antimicrobial 

(Fatiha et al., 

2015; Riahi et 

al., 2013) 

A antioxidant     (Nickavar, 

Alinaghi, & 

Kamalinejad, 

2008) 

M. royleana L  Phenolic acids: CA, FA, 

RA 

Other: eugenol 

   (Tahira et al., 

2011) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. spicata L AChE inhibitory 

activity, antioxidant, 

antibacterial, anti-

inflammatory, DNA 

damage protecting, 

antityrosinase 

Phenolic acids: CA, ClA, 

CmA, CtA, Dan, FA, GA, 

LA, RA, SA, VA, 

1,2,6,7-tetrahydroxy-5H-

dibenzo[a,d]cycloheptene-

5-methyl-11-carboxylic 

acid 

3,4-dihydroxybenzoic, 4-

hydroxybenzoic acid 

dehydro-RA, dicaffeic acid 

dihydroxyphenylacetic acid 

feruloylquinic acid, 

hydroxybenzoic acid, 

hydroxyphenyllactic acid, 

neochlorogenic acid, 

protocatechuic acid 

hexoside, 

RA-O-CA, RA-rutinoside, 

sagerinic acid, salicylic 

acid 

SalA A, B/E, D, F, J 

Flavonoids: 

5,6,4`-trihydroxy-7,3`-

dimethoxyflavone 

 quinic, citric, malic 

acids 

EO: 

3,7,11,15-

tetramethyl-2-

hexadecenol, 1,2-

benzenedicarboxylic 

acid, 

cyclodecadiene, 

dodecatriene, 

isomenthone, 

menthone, n-

decanoic acid, 

octadecanol, phytol 

 (Cirlini et al., 

2016; Fatiha 

et al., 2015; 

Hawrył, 

2014; Kumar 

& 

Chattopadhya

y, 2007; 

Oinonen et 

al., 2006; 

Padmini et 

al., 2010; 

Tahira et al., 

2011; Voirin 

et al., 1999; 

Yi & 

Wetzstein, 

2010) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. spicata L  5,6-dihydroxy-7,8,3`,4`-

tetramethoxyflavone 

5-O-demethylnobiletin 

Ac, Apg, Dio, Er, Iso, Lt, 

Nar, Nrg, Qr, Rt, catechin, 

chrysoeriol, cirsilineol, 

diosmetin, Dio-7-

glucoside, epicatechin, 

eriodictyol, kaempferol, Lt-

glucoside, Lt-glucuronide, 

Lt-rutinoside, myricetin, 

naringin, orientin, 

scopoletin, sorbifolin, 

sideritoflavone, thymonin, 

thymusin 

Other: cyclolariciresinol, 

eugenol, rosmanol 

    

A antioxidant Phenolic acids: RA anti-inflammatory oleanolic, ursolic 

acids 

EO: 

β-myrcene, (E)-

caryophyllene, 

carvone, 

dihydrocarvone, 

isomenthone, 

limonene, 

menthofuran, 
menthol, trans-

pinocamphone 

oleanolic, 

ursolic acids: 
anti-

inflammatory 

EO: 
antifungal, 

antiaflatoxigenic, 

insecticidal 

(Curutchet, 

Dellacassa, 

Ringuelet, 

Chaves, & 

Viña, 2014; 

Kedia et al., 

2014; Shen et 

al., 2011; 

Nickavar et 

al., 2008) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. spicata F, S, R AChE inhibitory 

activity 

    (Oinonen et 

al., 2006) 

W    Monoterpenoid 

glycosides: 
spicatoside A and B 

 (Zheng, Wu, 

Zheng, Wu, 

& Song, 

2003) 

NS improves learning 

and memory and 

brain age markers of 

oxidation in mice 

    (Farr et al., 

2016) 

M. spicata 
subsp. 

crispata 

L antioxidant, 

antimicrobial 

Phenolic acids: CA, ClA, 

CmA, CtA, GnA 

Flavonoids: Apg, Lt, Rt, 

isoquercitrin, quercitrin 

   (Moldovan et 

al., 2014) 

M. spicata 

var. crispa 

L antihistaminic 

 

Phenolic acids: CA, RA 

Flavonoids: 

3,4-dihydroxylallylbenzene-

4-O-β-D-glucoside, 5,6-

dihydroxy-7,8,3`,4`-

tetramethoxyflavone, 5-

desmethoxynobiletin, Apg,  

 Hydrocarbons and 

terpenoids: 

1-octan-3-yl β-D-

glucopyranoside, 1-

octen-3-yl β-D-

primeveroside,  

 (Hawrył, 

2014; 

Yamamura, 

Ozawa, 

Ohtani, Kasai, 

& Yamasaki, 

1998) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. spicata 

var. crispa 

L  Dio, Er, Iso, Lt, Nar, Nrg, 

Rt, isoquercitrin, 

quercitrin, sideritoflavone, 

thymonin 

 benzylalcohol-β-D-

glucoside, carveol-

β-D-

glucopyranoside, 

icariside B5, octen-

3-yl β-D-

glucopyranoside-3-

hexenyl β-D-

glucopyranoside, 

phenethyl alcohol β-

D-glucoside, 

uroterpenol β-D-

glucoside 

  

A antioxidant 

 

Phenolic acids: CA, RA 

Flavonoids: Apg, Er, Iso, 

Lt, 

Lt-7-O-glucoside 

   (Dorman et 

al., 2003) 

S, L & F AChE inhibitory 

activity 

    (Oinonen et 

al., 2006) 

M. 

suaveolens 

L     EO: 

antiviral 

(Civitelli et 

al., 2014) 

A AChE inhibitory 

activity, analgesic, 

anti-inflammatory, 

antioxidant, 

Phenolic acids: CA, ClA, 

CmA, FA, GA, RA, VA 

 

RA: cytotoxic on 

liver carcinoma cell 

line 

Monoterepenes: 
dihydrolimonen, 7-

hydroxy-p-cymene 

 

EO: 
AChE inhibitory 

activity, 

analgesic, 

(Bichra et al., 

2013; López 

et al., 2010) 

 

 

 

 

 

170



Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. 

suaveolens 

A antibacterial, 

antimicrobial, 

cytotoxic on liver and 

larynx cancer cell 

line, hepatoprotective, 

MAO-A inhibitory 

activity, affinity to 

GABA-

benzodiazepine 

receptor 

Flavonoids: 

5,6,4`-trihydroxy-7,3`-

dimethoxyflavone, 5,6-

dihydroxy-7,8,3`,4`-

tetramethoxyflavone, Apg, 

Er, Lt, Rt, genkwanin, 

hispidulin, isoquercitrin, 

jaceosidin, ladanein, 

nodifloretin, sorbifolin, 

thymonin, thymusin 

 Triterpenes: 

[3β-acetyl-22α-

hydroxy ursa-12,20- 

diene 

2α, 3β-dihydroxy-

olean-18-en-29-oic 

acid, oleanolic acid 

Sterols: 
β-sitosterol, β-

sitosterol-3-O- β-D-

glucoside 

antifungal, anti-

inflammatory, 

antioxidant, 

candidacidal, 

cytotoxic, 

hepatoprotective 

(El-Askary et 

al., 2014; El-

Sayeda A El-

Kashoury et 

al., 2014; 

Ferreira et al., 

2006; Zaidi et 

al., 1998) 

M. 

suaveolens 
var. variegata 

L antioxidant, 

antimicrobial 

Phenolic acids: CA, ClA, 

CmA, CtA, RA, GnA 

Flavonoids: Apg, Dio, Er, 

Iso, Lt, Nar, Nrg, Rt, 

isoquercitrin, quercitrin 

   (Hawrył, 

2014; 

Moldovan et 

al., 2014) 

M. viridis L antioxidant Phenolic acids: CA, ClA, 

FA, GA, RA, VA 

Flavonoids: Apg, Er, Lt, 

Rt, catechin, Lt-7-

glucoside 

   (Bichra et al., 

2013; 

Proestos et 

al., 2005) 

M. viridis var. 

crispa 
A antioxidant Phenolic acids: CA, ClA, 

CmA, CtA, FA, sinapic 

acid 

Flavonoids: Lt 

   (Benedec et 

al., 2013) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. aquatica x 

M. 
suaveolens 

A  Phenolic acids: 

CA, RA 

anti-inflammatory oleanolic, ursolic 

acids 

anti-

inflammatory 

(Shen et al., 

2011) 

M. x 

dalmatica 

A antioxidant Phenolic acids: CA, RA 

Flavonoids: Er, Iso Lt-7-

O-glucoside 

   (Dorman et 

al., 2003) 

M. x citrata L  Flavonoids: 

5,6,7,4`-

tetramethoxyflavone, 

gardenin B, salvigenin 

   (Zaidi et al., 

1998) 

M. x gentilis L, F, S, 

R 

AChE inhibitory 

activity  

    (Oinonen et 

al., 2006) 

M. x gracilis A  Phenolic acids: RA anti-inflammatory oleanolic, ursolic 

acids 

anti-

inflammatory 

(Shen et al., 

2011) 

M. x piperita L AChE inhibitory 

activity, antiallergic, 

analgesic, 

antibacterial, 

antigiardial (parasite), 

anti-inflammatory, 

antimicrobial, 

antioxidant, 

antitumor, antiviral, 

fungicidal, GIT 

muscle relaxant, 

Phenolic acids: 
CA, ClA, CmA, Dan, FA, 

GA, LA, RA, SA, VA, 

cinnamic, o-coumaric 

acids, dehydro-SalA, p-

hydroxybenzoic acid, 

isosalvianolic acid A, 

medioresinol, medioresinol 

sulphate, prolithospermic 

acid, 

CA, Cla, FA, RA: 
AChE inhibitory 

activity, antioxidant 

luteolin-O-

glucuronide: radical 

scavenging, anti-HIV 

luteolin, luteolin-7-

O-glucoside, LA: 
antioxidant, anti-

inflammatory 

Fatty acids: 
linoleic, linolenic, 

palmitic acids 

EO: 

3,7,11,15-

tetramethyl-2-

hexadecen-1-ol, 

9,12,15-

octadecatrien-1-ol,  

Menthol: local 

anaesthetic, 

antitussive 

Terpenes: 
antioxidant 

EO: 
antibacterial, 

fungicidal, 

larvicidal, 

genotoxic,  

schistosomicidal,  

(McKay & 

Blumberg, 

2006; Riachi 

& De Maria, 

2015; Tahira 

et al., 2011; 

Vladimir-

Knežević et 

al., 2014) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. x piperita L increase the onset of 

barbiturate-induced 

sleep, for irritable 

colon or irritable 

bowel syndrome, 

catarrhs of the 

respiratory tract and 

inflammation of oral 

mucosa 

protocatechuic acid 

glucoside, SalA B, E, H/I, 

shikimic, sinapic acids, 

trans-resveratrol 

Flavonoids: 
4`-methoxykaempferol-7-

O-rutinoside, 5,4`-

dihydroxy-6,7,8,3`-

tetramethoxyflavone, 

5,6,4`-trihydroxy-7,3`-

dimethoxyflavone, 5,6-

dihydroxy-7,3`,4`-

trimethoxyflavone, 5,6-

dihydroxy-7,8,3`,4`-

tetramethoxyflavone, 5-

hydroxy-6,7,3`,4`-

tetramethoxyflavone, 5-O-

demethylnobiletin, Ac, 

Apg, Dio, Er, Iso, Lt, Nar, 

Nrg, Qr, Rt, catechin, 

epicatechin, 

epigallocatechin gallate, 

eriodictyol, eriodictyol-7-

O-glucoside,  

Er: antioxidant 

CA: protected mice 

from neuronal loss 

and memory deficits 

RA: radical 

scavenging, 

chemopreventive 

against colon 

carcinogenesis 

1,8-cineole 

(eucalyptol), 2,6-

cresotaldehyde, 2-p-

tolylpropene, α-

linolenic acid, β-

myrcene, β-

caryophyllene, β-

sitosterol, carvone, 

cis-verbenone, 

isomenthone, 

limonene, L-

perillaldehyde, 

menthol, menthone, 

menthyl acetate, 

menthofuran, p-

isopropenyl toluene, 

phytol, pulegone 

mosquito 

repellent, for 

spastic 

discomfort of the 

upper GIT and 

bile ducts, for 

myalgia and 

neuralgia 

(Ansari, 

Vasudevan, 

Tandon, & 

Razdan, 

2000; 

Hossain, Al-

Hdhrami, 

Weli, Al-

Riyami, & 

Al-Sabahi, 

2014; Singh, 

Shushni, & 

Belkheir, 

2011) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. x piperita L  gallocatechin gallate, 

gardenin B, gardenin D, 

hesperidin, kaempferol-7-

O-rutinoside, ladanein, Lt-

7-glucoside, Lt-7-O-

neohesperidoside, Lt-O-

diglucuronide, Lt-O-

glucuronide, Lt-O-

rutinoside, methylated Lt-

glucuronide, myricetin-O-

glucoside, naringin, 

pebrellin, prunin, Qr-4`-

glucoside, salvigenin, 

sideritoflavone, sorbifolin, 

thymonin, thymusin, 

tricetin-3`-O-glucoside-5`-

O-rhamnoside, 

xanthomicrol 

Other: eugenol 

    

A antioxidant, protective 

against H2O2-induced 

injury in PC12 cells, 

MAO-A inhibitory 

activity 

(antidepressant), 

affinity to GABA-

benzodiazepine 
receptor (anxiolytic) 

Phenolic acids: RA anti-inflammatory oleanolic, ursolic 

acids 

EO: 
(E)-caryophyllene, 

1,8-cineol, β-

copaene, 

isomenthone, 

isopulegon, 
menthofuran, 

menthol, menthone, 

piperitone, pulegone 

oleanolic, ursolic 

acids: 

anti-

inflammatory 

(López et al., 

2010; 

Nickavar et 

al., 2008; 

Shen et al., 

2011; 

Curutchet et 

al., 2014) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. x piperita T antioxidant, 

antichlamydial 

activity against the 

respiratory tract 

pathogen Chlamydia 
pneumonia 

Phenolic acids: CA, ClA, 

Dan, RA, isosalvianolic 

acid A, prolithospermic 

acid, protocatechuic acid 

glucoside, SalA B, E, H/I 

Flavonoids: Dio, Er, Nar, 

Apg-O-rutinoside, Lt-di-O-

glucuronide, Lt-O-

glucuronide, Lt-O-

rutinoside, myricetin-O-

glucoside 

Other: medioresinol, 

medioresinol sulfate 

 citric, malic acids 

EO: 
carvone, 

isomenthone, 

menthofuran, 

menthol, menthone, 

menthyl acetate 

 (Kapp et al., 

2013) 

NS protected mice from 

stress, amnesia & 

neurodegeneration 

    (Joshi & 

Bhadania, 

2014) 

EO     EO aroma: 
enhance memory 

in healthy 

persons 

(Moss et al., 

2008) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic 

constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

Mentha × 

piperita 

citrata 

L antiallergic Phenolic acids: RA 

Flavonoids: 

5,6,4′-trihydroxy-7,8,3′-

trimethoxyflavone, 5,6,4′-

trihydroxy-7,8-

dimethoxyflavone, 5,6-

dihydroxy-7,3′,4′-

trimethoxyflavone, 5,6-

dihydroxy-7,8,3′,4′-

tetramethoxyflavone, 5,6-

dihydroxy-7,8,4′-

trimethoxyflavone, Apg-7-

O-glucoside 

hesperidin 

Lt, Lt-7-O-glucoside 

5,6,4′-trihydroxy-7,8-

dimethoxyflavone 

5,6,4′-trihydroxy-

7,8,3′-

trimethoxyflavone 

5,6-dihydroxy-7,3′,4′-

trimethoxyflavone 

5,6-dihydroxy-7,8,3′,4′-

tetramethoxyflavone 

5,6-dihydroxy-7,8,4′-

trimethoxyflavone: 

antiallergic 

  (Sato & 

Tamura, 2015) 

M. x piperita 

var. officinalis  

L, F, R AChE inhibitory 

activity  

    (Oinonen et 

al., 2006) 

M. x piperita 

var. officinalis 

f. pallescens 

L antioxidant, 

antimicrobial 

Phenolic acids: CA, ClA, 

CmA, CtA, FA, GnA 

Flavonoids: Apg, Lt, 

isoquercitrin, Rt 

   (Moldovan et 

al., 2014) 

M. x piperita 

var. officinalis 

f. rubrescens 

L antioxidant, 

antimicrobial 

Phenolic acids: CA, ClA, 

CmA, CtA, FA, GnA 

Flavonoids: Apg, Lt, 

isoquercitrin, Rt 

   (Moldovan et 

al., 2014) 

M. x piperita 

ʻFrantsila’ 

A antioxidant Phenolic acids: CA, RA 

Flavonoids: Er, Iso, 

eriodictyol, Lt-7-O-

glucoside 

   (Dorman et 

al., 2003) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

Mentha x 

piperita 
(Lavender 

mint) 

L  Phenolic acids: CA, FA, 

RA 

Other: eugenol 

   (Tahira et al., 

2011) 

M. piperita 

var. 

cernolistnaja, 

var. perpeta 
and var. 

zgadka 

L  Phenolic acids: CA, RA 

Flavonoids: Apg, Dio, Er, 

Iso, Lt, Nar, Nrg, Rt 

   (Hawrył, 

2014) 

M. x 

rotundifolia 
L antioxidant, 

antimicrobial 

Phenolic acids: CA, ClA, 

CmA, CtA, GnA 

Flavonoids: Apg, Lt, Rt, 

isoquercitrin, quercitrin 

   (Moldovan et 

al., 2014) 

M. x 

smithiana 

A  Phenolic acids: RA anti-inflammatory oleanolic, ursolic 

acids 

anti-

inflammatory 

(Shen et al., 

2011) 

M. x 
verticillata 

A antioxidant Phenolic acids: RA 

Flavonoids: Er, Iso, Lt-7-

O-glucoside, prunin 

   (Dorman et 

al., 2003) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. x villosa L antioxidant Phenolic acids: CA, ClA, 

LA, RA 

coumaroyl-hexoside, 

coumaroylquinic acid, 

SalA A 

Flavonoids: Er, Apg-7-O-

glucuronide, chrysoeriol-7-

O-rutinoside, kaempferol-

3-O-glucuronide, 

hesperidin, Lt-7-O-

glucuronide, Lt-7-O-

glucoside, Lt-7-O-

rutinoside 

 quinic acid 

EO: 
germacrene-D, 

limonene, myrcene, 

rotundifolone 

trans-caryophyllene 

EO: 

larvicidal 

(Fialovaa et 

al., 2015; 

Lima et al., 

2014) 

A anthelmintic Phenolic acids: RA anti-inflammatory oleanolic, ursolic 

acids 

oleanolic, 

ursolic acids: 
anti-

inflammatory 

EO: 
hypotensive, 

vasorelaxant 

(Macedo et al., 

2012; Nunes 

Guedes, Silva, 

Barbosa-Filho, 

& Almeida de 

Medeiros, 

2004; Shen et 

al., 2011) 
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Table A1 (cont.) Chemical composition and bioactivities of Mentha 

*Botanical 

Name 

Part 

used 
Bioactivities Phenolic constituents 

Bioactivities of 

phenolic constituents 

Non-phenolic 

compounds 

Bioactivities of 

non-phenolic 

constituents 

References 

M. ʻMorocco’ A antioxidant Phenolic acids: CA, RA 

Flavonoids: Er, Iso, Lt-7-

O-glucoside 

   (Dorman et 

al., 2003) 

M. ʻNative 

Wilmet’ 

A antioxidant Phenolic acids: CA, RA 

Flavonoids: Er, Iso, 

eriodictyol, Lt-7-O-

glucoside 

   (Dorman et 

al., 2003) 

A=aerial parts, C=calyx, F=flowers, L=leaves, NS=not specified, R=roots, S=stems, T=herbal teas or tisanes, W=whole plant, Ac=acacetin, Apg=apigenin, CA=caffeic acid, 

ClA=chlorogenic acid, CmA=p-coumaric acid, CtA=caftaric acid, Dan=danshensu, Dio=diosmin, Er=eriocitrin, FA=ferulic acid, GA=gallic acid, GnA=gentisic acid, 

Iso=isorhoifolin, LA=lithospermic acid, Ln=linarin, Lt=luteolin, Nar=narirutin, Nrg=naringenin, Qr=quercetin, RA=rosmarinic acid, Rt=rutin, SA=syringic acid, SalA=salvianolic 

acid, VA=vanillic acid 

*Taxonomy as per original published articles 
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Stigmasta-5,23-dien-3β-ol  

γ-sitosterol
 

Menthol        Menthone  

Isomenthone Menthyl acetate  

Pulegone Isopulegone  

Oleanolic acid  

Ursolic acid  

Viridiflorol  

 

Myrcene  

 

α-pinene  
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Eucalyptol                  Limonene 

Piperitone Piperitenone  

 

Piperitone epoxide Piperitenone epoxide  

α-terpineol         Carvone  

Longifone
 

β-pinene  

 

3-octanal  

 

Linalool  

Linalool acetate
 

Ocimene  

β-Bourbonene  

Sabinene  
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Longiside A

 

Longiside B; n = 12

 

 

3,3,5-trimethyl-2-oxabicyclo-[2.2.2]oct-5-
en-4-ol; R = H

4-methoxy-3,3,5-trimethyl-2-oxabicyclo-
[2.2.2]oct-5-en-4-ol; R = CH3

 

 

(1R,2R,4S)-trans-1,8-cineol-2-ol 
2-(β-D-glucopyranoside)

 

Camphor
 

β-caryophyllene
 

γ-muurolene
 

Borneol
 

Citric acid
 

Malic acid
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Pteroside  

Megastigm-7-ene-3,5,6,9-tetrol 3-(β-D-glucopyranoside) 

6,7-bis-(2,2-dimethoxyethene)-2,11-
dimethoxy-2Z,4E,8E,10Z-dodecatetraendioic acid

 

Germacrene D
 

Quinic acid
 

Calamenene
 

 

Cis-jasmone
 

Fig. A1 Chemical structures of the main non-phenolic compounds reported in Mentha 

species. 
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Chlorogenic acid

 
 

Caftaric acid
 

Cinnamic acid; R = H

o-coumaric acid; R = OH

 

3,4-dihydroxyphenylacetic acid 

Shikimic acid
Hydroxyphenyllactic acid  

Gallic acid; R = H

Syringic acid; R = CH3

 

Danshensu (salvianic acid A)  

Salicylic acid; R = H

Gentisic acid; R = OH 

Rosmarinic acid; R = H

Methyl rosmarinic acid; R = CH3

 

Caffeic acid; R1 = R3 = R4 = H, R2 = OH

Caffeic acid glucuronide; R1 = R3 = R4 = H, R2 = O-glucuronic acid

Ferulic acid; R1 = CH3, R2 = OH, R3 = R4 = H

P-coumaric acid; R1 = R2 = R3 = R4 = H

Coumaroyl-hexoside; R1 = R2 = R3 = H, R4 = hexose

Sinapic acid; R1 = CH3, R2 = OH, R3 = OCH3, R4 = H  

4-hydroxybenzoic acid; R1 = R2 = H

Hydroxybenzoic acid hexose; R1 = H, R2 = hexose

Dihydroxybenzoic acid (protocatechuic acid); R1 = OH, R2 = H

Dihydroxybenzoic acid hexose; R1 = OH, R2 = hexose

Vanillic acid; R1 = OCH3, R2 = H  
 

Lithospermic acid

 

Prolithospermic acid

 

Salvianolic acid A
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Catechol  

Eugenol  

Vanillyl alcohol  

3,4-dihydroxy-allylbenzene-4-O-β-D-glucoside
 

Bracteanolide A

 

Medioresinol
 

Rosmanol
 

Isosalvianolic acid A

 

Lithospermic acid B 
(salvianolic acid B)  

 

Sodium lithospermate B

 

Salvianolic acid C

 

Salvianolic acid D

 

Salvianolic acid E
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Trans-resveratrol  

Syringaresinol

 

Feruloylquinic acid  

Eukovoside

Methyl ester of caffeoyl glycollic acid
 

 

(E)-2-methoxy-2-oxethyl-3-(4-hydroxyphenyl) acrylate  

Salvianolic acid F  
 

Salvianolic acid G  
 

Salvianolic acid J

 
 

Salvianolic acid L

 

Coumaroylquinic acid  
 

Sagerinic acid  
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Nepetoidin B

 
 

Esculetin; R = H

Scopoletin; R = CH3  
 

 

2'',3''-diacetylmartynoside
 

Cis-3-[2-[1-(3,4-dihydroxyphenyl)-1-hydroxymethyl]-1,3-
benzodioxol-5-yl]-(E)-2-propenoic acid

 

5,6,7,4'-tetramethoxyflavone; R1 = R3 = R4 = R8 = H, R2 = R6 = R7 = OCH3, R5 = CH3

5,4'-dihydroxy-6,7,8,3'-tetramethoxyflavone; R1 = R6 = R7 = R8 = OCH3, R2 = OH, R3 = R4 = R5 = H

5,6-dihydroxy-7,8,3',4'-tetramethoxyflavone; R1 = R2 = R7 = R8 = OCH3, R3 = R4 = R5 = H, R6 = OH

5,6,4'-trihydroxy-7,3'-dimethoxyflavone; R1 = R7 = OCH3, R2 =  R6 = OH, R3 = R4 = R5 = R8 = H

5,6-dihydroxy-7,3',4'-trimethoxyflavone; R1 = R2 = R7 = OCH3, R6 = OH, R3 = R4 = R5 = R8 = H

5-hydroxy-6,7,3',4'-tetramethoxyflavone; R1 = R2 = R6 = R7 = OCH3, R3 = R4 = R5 = R8 = H

5-O-demethylnobiletin; R1 = R4 = H, R2 = R3 = R6 = R7 = R8 = OCH3, R5 = CH3

5-desmethoxynobiletin; R1 = R2 = R6 = R7 = R8 = OCH3, R3 = R4 = R5 = H

Rutin; R1 = R2 = R7 = OH, R3 = R5 = R6 = R8 = H, R4 = O-rhamnoglucose

Gardenin B; R1 = R3 = R4 = R5 = H, R2 = R6 = R7 = R8 = OCH3

Gardenin D; R1 = OH, R2 = OCH3, R3 = R4 = R5 = H, R6 = R7 = R8 = OCH3

Pebrellin; R1 = R2 = R7 = R8 = OCH3, R3 = R4 = R5 = H, R6 = OH

Salvigenin; R1 = R3 = R4 = R5 = R8 = H, R2 = R6 = R7 = OCH3

Sideritoflavone; R1 = R2 = OH, R3 = R4 = R5 = H, R6 = R7 = R8 = OCH3

Xanthomicrol; R1 = R3 = R4 = R5 = H, R2 = OH, R6 = R7 = R8 = OCH3

Thymonin; R1 = R7 = R8 = OCH3, R2 = R6 = OH, R3 = R4 = R5 = H

Thymusin; R1 = R3 = R4 = R5 = H, R2 = R6 = OH, R7 = R8 = OCH3

Jaceosidin; R1 = R6 = OCH3, R2 = R7 = OH, R3 = R4 = R5 = R8 = H

Jaceidin; R1 = R4 = R6 = OCH3, R2 = R7 = OH, R3 = R5 = R8 = H

Syringetin; R1 = R3 = OCH3, R2 = R4 = R7 = OH, R3 = R5 = R6 = R8 = H

 
 

Diosmin  
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Diosmin-7-O-glucoside  
 

Eriodictyol; R1 = OH, R2 = R3 = H

Eriodictyol-7-O-glucoside; R1 = OH, R2 = H, R3 = glucose

Eriocitrin; R1 = OH, R2 = H, R3 = rhamnoglucose

Naringenin; R1 = R2 = R3 = H

Prunin (naringenin-7-O-glucoside); R1 = R2 = H, R3 = glucose

Narirutin/naringin; R1 = R2 = H, R3 = rhamnoglucose

Longitin; R1 = H, R2 = CH3, R3 = fucopyranosylglucose

Hesperetin; R1 = OH, R2 = CH3, R3 = H

Hesperidin; R1 = OH, R2 = CH3, R3 = rhamnoglucose

Neoponcirin/poncirin; R1 = H, R2 = CH3, R3 = rhamnoglucose

 

Quercetin; R = H

Quercetin-4'-glucoside; R = glucose 

Myricetin; R1 = OH, R2 = R3 = H

Myricetin-O-glucoside; R1 = O-glucose, R2 = R3 = H

Tricetin-3'-O-glucoside-5'-O-rhamnoside; R1 = H, R2 = rhamnose, R3 = glucose
 

  

3,4-dihydro-3,6,7-trihydroxy-2(1H)-quinolinone 

Diosmetin; R1 = OH, R2 = CH3, R3 = R4 = R5 = H

Genkwanin; R1 = R2 = R3 = R4 = H, R5 = CH3

Hispidulin; R1 = R2 = R3 = R5 = H, R4 = OCH3

Cirsilineol; R1 = R4 = OCH3, R2 = R3 = H, R5 = CH3 

Quercitrin; R = CH3

Isoquercitrin; R = CH2OH  

Orientin  

Ladanein; R1 = R3 = CH3, R2 = R4 = H

Pectolinarigenin; R1 = R4 = H, R2 = R3 = CH3

Pedalitin; R1 = CH3, R2 = R3 = H, R4 = OH

Sorbifolin; R1 = CH3, R2 = R3 = R4 = H

Nodifloretin; R1 = R2 = R3 = H, R4 = CH3  
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Apigenin; R1 = R2 = R3 = H

Apigenin-7-O-glucoside; R1 = R3 = H, R2 = glucose

Apigenin-7-O-rutinoside (isorhoifolin); R1 = R3 =H, R2 = rhamnoglucose

Apigenin-7-O-glucuronide; R1 = R3 = H, R2 = glucuronic acid

Acacetin; R1 = CH3, R2 = R3 = H

Linarin; R1 = CH3, R2 = rhamnoglucose, R3 = H

Kaempferol; R1 = R2 = H, R3 = OH

Kaempferol-7-O-rutinoside; R1 = H, R2 = rhamnoglucose, R3 = OH

Kaempferol-3-O-glucuronide; R1 = R2 = H, R3 = O-glucuronic acid

4'-methoxykaempferol-7-O-rutinoside; R1 = CH3, R2 = rhamnoglucose, R3 = OH

 

Luteolin; R1 = R2 = H

Luteolin-7-O-glucoside; R1 = H, R2 = glucose

Luteolin-7-O-neohesperidoside; R1 = H, R2 = rhamnoglucose

Luteolin-7-O-rutinoside; R1 = H, R2 = rhamnoglucose

Luteolin-7-O-glucuronide; R1 = H, R2 = glucuronic acid

Luteolin-7-O-diglucuronide; R1 = H, R2 = diglucuronic acid

Chrysoeriol; R1 = CH3, R2 = H

Chrysoeriol-7-O-rutinoside; R1 = CH3, R2 = rhamnoglucose

 

Gallocatechin gallate

 

 

Luteolinidin; R1 = OH, R2 = R3 = H

Pelargonidin; R1 = R2 = H, R3 = OH

Petunidin; R1 = OH, R2 = OCH3, R3 = OH  

Catechin; R = H

Gallocatechin; R = OH  

 

Biochanin A  

 

Cyanidin; R = H

Delphinidin; R = OH  

Fig. A2 Chemical structures of the phenolic compounds reported in Mentha species. 
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