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1. INTRODUCTION 

1.1. Background 

Secondary metabolites are produced by plants primarily as part of their defense 

mechanisms; these specialized metabolites protect plants from a wide range of pathogens, 

pests, and predators. These metabolites also possess various therapeutic properties that 

can be exploited for medical applications (1). A significant part of commercially available 

therapeutic compounds has been derived from plants. The isolation of morphine from 

Papaver somniferum L. in 1803 marked the beginning of the drug discovery era from 

plant species (2). Later on, a wide range of well-known therapeutic agents, such as aspirin, 

paclitaxel, digitoxin, cocaine, pilocarpine, codeine, quinine, artemisinin, and silymarin, 

were isolated from medicinal plants, thereby contributing significantly to advancements 

in drug discovery (3, 4). Hence, investigating the phytochemical composition of 

underexplored plants holds a significant promise for novel drug discovery. 

Phenolic compounds are one of the largest groups of secondary metabolites found 

in plants, including phenolic acids and flavonoids as main subclasses. Phenolic acids are 

characterized by the presence of a carboxylic acid group (5). Hydroxycinnamic acids (6) 

are the most common phenolic acids, containing a phenyl ring (C6) linked to a propenoic 

acid side chain (C3), thus forming a phenylpropanoid (C6-C3) scaffold. The 

hydroxycinnamic acid derivatives can be differentiated based on the numbers and 

positions of hydroxyl groups and other substituents attached to the phenyl ring. The most 

common hydroxycinnamic acids include p-coumaric, caffeic, ferulic, and sinapic acids 

(7). Among these, caffeic acid is considered the most abundant hydroxycinnamic acid in 

plants (8). 

1.2. Chemical and structural features of caffeic acid and flavonoids 

Caffeic acid ((2E)-3-(3,4-dihydroxyphenyl)prop-2-enoic acid) was first identified 

in 1867 (9, 10). The phenyl ring of caffeic acid is substituted with two adjacent hydroxyl 

groups, thus forming a catechol moiety (Figure 1). The olefinic bond in the propenoic 

acid side chain predominantly exists in the trans (E) configuration (11). Caffeic acid 

commonly forms ester bonds with alcohols, yielding caffeic acid phenethyl esters; amide 

bonds with amines, producing caffeic acid amides; and glycosidic bonds with sugars, 
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generating caffeic acid glycosides, which altogether improve its solubility, stability, and 

pharmacological activities (11-13).  

Flavonoids contain C₆–C₃–C₆ skeleton, which is based on two 6-carbon aromatic 

rings (A and B) linked by a three-carbon heterocyclic ring (C) (Figure 1) (14). Based on 

the degree of oxidation, the extent of saturation in the C3 subunit, and the pattern of 

substitutions, flavonoids are categorized into several major classes, including flavanones, 

dihydroflavonols, flavones, isoflavones, flavonols, and anthocyanins (15). Moreover, 

flavonoids may undergo structural modifications such as glycosylation, methylation, and 

acylation, which alter their solubility, stability, and biological activities (16).  

             

Figure 1. Representation of (a) caffeic acid and (b) flavonoid core structure.  

Source: Structures drawn by the author based on the literature (11, 14). 

1.3. Biosynthesis of caffeic acid 

Caffeic acid is synthesized via the phenylpropanoid pathway from the amino acids 

phenylalanine or tyrosine. The deamination of L-phenylalanine is catalyzed by 

phenylalanine ammonia lyase (PAL), resulting in the formation of cinnamic acid, which 

is hydroxylated to p-coumaric acid under the action of cinnamate-4-hydroxylase (C4H). 

On the other hand, L-tyrosine is transformed into p-coumaric acid after the deamination 

mediated by tyrosine ammonia lyase (TAL) (17). Subsequently, p-coumaric acid is 

directly converted into caffeic acid after undergoing hydroxylation catalyzed by 

coumarate 3-hydroxylase (C3H). Alternatively, p-coumaric acid is transformed to 

coumaroyl-CoA by 4-coumarate:CoA ligase (4CL), which undergoes hydroxylation to 

yield caffeoyl-CoA mediated by C3H. Subsequently, the hydrolysis of caffeoyl-CoA by 

CoA thioesters results in the formation of caffeic acid (Figure 2) (9, 18). 

Caffeic acid acts as an activated acyl donor (caffeoyl-CoA), generating diverse 

secondary metabolites. The hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl 

transferase (HQT) mediates the transfer of the caffeoyl group from caffeoyl-CoA to 

quinic acid, forming caffeoylquinic acids (19). Caffeoyl-dihydroxyphenyllactic acids, 

such as rosmarinic acid, are produced by the condensation of caffeic acid with 3,4-
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dihydroxyphenyllactic acid catalyzed by rosmarinic acid synthase (RAS) (20). The 

biosynthetic pathway of caffeoyldaucic acids has not yet been reported. The specific 

acyltransferase(s) that attach the caffeoyl moiety to daucic acid have not been identified. 

 

Figure 2. Biosynthesis of caffeic acid from its precursor amino acids.  

Abbreviations: PAL; L-phenylalanine ammonia lyase, TAL; tyrosine ammonia lyase, 

C4H; cinnamate-4-hydroxylase, 4CL; 4-coumarate:CoA ligase, C3H; coumarate 3-

hydroxylase. 

Source: Illustration prepared by the author based on the literature (9, 17, 18, 19, 20). 

1.4. Caffeic acid derivatives and flavonoids studied in the present work 

The most common naturally occurring caffeic acid derivatives include caffeoyl 

ester derivatives, caffeic acid amide derivatives, caffeoyltartaric acid, caffeoyl shikimic 

acid, caffeoylquinic acid, and caffeoyl glycoside (21). We will discuss only those 

derivatives that are closely related to our research topic. 

1.4.1. Caffeic acid derivatives  

1.4.1.1. Caffeoylquinic acids  

Caffeoylquinic acids (CQAs) are formed by the esterification of quinic acid with 

one to four caffeic acid residues (21). Quinic acid has four esterification positions for 

caffeoyl groups, giving rise to 15 possible substitution patterns (four monoCQAs, six 

diCQAs, four triCQAs, and one tetraCQA), while assuming a fixed stereochemical 

configuration of quinic acid (22). Some commonly known CQAs include neochlorogenic 
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acid (5-CQA), cryptochlorogenic acid (4-CQA), isochlorogenic acid A, B, and C (3,5-

diCQA, 3,4-diCQA, 4,5-diCQA, respectively), and cynarine (1,5-diCQA) (23). In 

combination with caffeoyl groups, the quinic acid ring can also be substituted with 

additional acyl groups such as coumaroyl (24), feruloyl (25), succinyl (26), and malonyl 

(27). 

1.4.1.2. Caffeoyldaucic acids 

Daucic acid is a seven-carbon sugar-dicarboxylic acid that can be esterified by 

caffeic- and ferulic acids. Caffeoyldaucic acids (CDAs) may contain one or two caffeic 

acid residues (28). Daucic acids possess three stereocenters (29), which limit the number 

of their possible derivatives as compared to quinic acid. A very limited literature is 

available based on the derivatives of CDAs. To our knowledge, 4,5 dicaffeoyldaucic acid 

(28, 30), 4-O-caffeoyl-5-O-feruloyldaucic acid (28), 4,5-di-O-caffeoyldaucic acid methyl 

ester (31) are the only reported derivatives of CDAs.   

1.4.1.3. Caffeoyl-dihydroxyphenyllactic acids 

Caffeoyl-dihydroxyphenyllactic acids (CDHPLAs) are formed by the esterification 

of caffeic acid with its hydrated counterpart 3,4-dihydroxyphenyllactic acid (21). 

Rosmarinic acid is the most common dimer of caffeic acid and 3,4-dihydroxyphenyllactic 

acid. Salvianolic acids are oligomeric derivatives of both these subunits. Salvianolic acids 

are named alphabetically from salvianolic acid A to N, followed by salvianolic acids T, 

U, and Y (32). Representative chemical structures of CQA, CDA, and CDHPLA are given 

in Figure 3. 

 

Figure 3. Representative chemical structures of (a) CQA, (b) CDA, (c) CDHPLA, and 

flavonoids with subtypes; (d) flavonol, (e) flavone. 

Source: Structures drawn by the author based on the literature (15, 21, 28). 
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1.4.2. Flavonoid-glucosides  

Quercetin and kaempferol belong to the flavonol class, whereas luteolin is a 

flavone derivative (Figure 3) (15). These flavonoids predominantly occur as O-glycosides 

rather than as free aglycones (33). The glycosylation improves the bioavailability, 

stability, and therapeutic efficacy of flavonoids (34). The hydroxyl groups of the sugar 

moiety may be further acylated with malonyl, acetyl, coumaroyl, and feruloyl groups 

(35). 

1.5. Distribution of caffeic acid derivatives and flavonoid-glucosides in 

plants 

Coffea arabica L. (Rubiaceae family) and Camellia sinensis L. (Theaceae family) 

are the richest sources of chlorogenic acid (5-CQA) (36). A wide range of mono and 

diCQAs have been identified in Apiaceae species, such as Centella asiatica L. (37), 

Daucus carota L. (38), and Carum carvi L. (39). TriCQAs were found in the Asteraceae 

species, such as Duhaldea nervosa (Wall. ex DC.) Anderb. (40), Anthemis tinctoria L. 

(41), and Chrysanthemum morifolium Ramat. (42). TetraCQA is the least occurring CQA, 

which was reported in another species of the Asteraceae family, i.e., Pluchea indica L. 

(43). 

Reports on the presence of  CDAs are scarce, and they have been mainly identified 

in the Apiaceae family. These species include Oenanthe javanica (Blume) DC., featuring 

4,5-di-O-caffeoyldaucic acid (lyxo configuration) and 4-O-caffeoyl-5-O-feruloyldaucic 

acid (28), and Ligusticum chuanxiong Hort., containing methyl ester derivative of 4,5-di-

O-caffeoyldaucic acid (31). Moreover, 4,5-di-O-caffeoyldaucic (xylo configuration) was 

reported in Ipomoea batatas (L.) Lam. from the Convolvulaceae family (30), thus 

highlighting stereochemical variations across species. 

CDHPLAs are predominantly found in the Lamiaceae family, especially within the 

Nepetoideae subfamily, where rosmarinic acid serves as a key chemotaxonomic marker 

compound. Some of these species include Rosmarinus officinalis L. (44), 

Salvia officinalis L. (45), Melissa officinalis  L. (46), and Thymus vulgaris L. (47). 

Salvianolic acids are mainly distributed across Salvia species: Salvia miltiorrhiza Bge. is 

considered the most enriched source of salvianolic acids A, B, C, D, E, F, T, and U (48-

52). The other species include Salvia officinalis L., containing salvianolic acids L, and Y 
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(53, 54), Salvia cavaleriei H.Lév., containing salvianolic acids H, and I (55), Salvia flava 

Forrest ex Diels., containing salvianolic acid J (56), Salvia officinalis L., containing 

salvianolic acid K (57), Salvia deserta Schang., containing salvianolic acid M (58), and 

Salvia yunnanensis C.H.Wright., containing salvianolic acid N (59).  

The glucoside derivatives of quercitin, kaempferol, and luteolin have been 

identified across a wide range of plant families, including Polygonaceae, Solanaceae, 

Moraceae, Ranunculaceae, Leguminosae, Verbenaceae, Lamiaceae, Asteraceae, 

Scrophulariaceae, and Liliaceae (60).  

1.6. Therapeutic significance of caffeic acid derivatives and flavonoid-

glucosides  

Given the numerous studies on the biological activities of caffeic acid derivatives 

and flavonoids, the following subchapter focuses only on the main biological effects of 

the derivatives most closely related to our research topic (Table 1). 

Table 1. Anti-tumor and antioxidant activities of the caffeic acid and flavonoid 

derivatives. 

Effects Compounds Results References 

 3,5-O-dicaffeoyl-4-O-

malonylquinic acid 

The compound showed ~25% and ~80% collagenase 

inhibition at 50 and 250 µg/ml concentrations, respectively.   

(61) 

1,3-dicaffeoyl-5-

malonyl-δ-quinide 

The compound exhibited non-selective cytotoxicity toward 

leukemic cells (MOLM-13) and non-cancerous rat kidney 

epithelial cells with EC50 between 400 and 600 µM 

(62) 

Rosmarinic acid Rosmarinic acid showed 41.3%, 27.4%,  48.7%, and 50.8% 

inhibition of T98G, PANC1, HT-29, and MDA-MB 436 

cell lines, respectively, at 60 ng concentration. 

(63) 

Salvianolic acid B Savianolic acid B inhibited the growth of JHU-022, JHU-

013, MDA-MB-231, and MCF-7 cells with IC50 of 18, 50, 

125, and 120 µM, respectively. 

(64, 65) 

Quercetin-3-O-

glucoside  

The compound showed significant cytotoxicity against the 

Caco-2 cell line with an IC50 of 79 μg/mL and moderate 

cytotoxicity against the HepG2 cell line with an IC50 of 150 

μg/mL. 

(66) 

A
n

ti
-t

u
m

o
r 
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Kaempferol 7-O- 

glucoside 

The compound showed cytotoxic activities towards A-549 

and MIA-PaCa cell lines with IC50 of 35.34 and 48.43 

μg/mL, respectively. 

(67) 

Luteolin-7-O-glucoside The compound showed cytotoxic activities towards MCF-

7 and U87  with IC50 of 3.98 and 26.34 μg/mL, 

respectively. 

(68, 69) 

 

 

 

 

 

 

3,5-O-dicaffeoyl-4-O-

malonylquinic acid 

The compound showed an IC50 value of 2.29 µg/ml, which 

is comparable to that of ascorbic acid. i.e., 2.1 µg/ml. 

(61) 

3-O-malonyl-5-O-(E)-

caffeoylquinic acid 

Both compounds showed 1.34 and 1.65 mM TEs activity, 

while quercetin dihydrate (standard) showed  5.85 mM 

TEs activity. 

(27) 

4-O-(E)-caffeoyl-5-O-

malonylquinic acid 

4,5-dicaffeoyldaucic 

acid 

The compound exhibited 5.56 and 6.44 mM TEs activity 

in DPPH and FRAP assays, which was comparable to that 

of gallic acid, i.e., 4.55 and 5.67 mM TEs. 

(30) 

Rosmarinic acid 

 

Rosmarinic acid showed higher DPPH radical scavenging 

activity (IC50 10.09 μmol/L), than methyl rosmarinates 

and ethyl rosmarinate (IC50 12.5 and 16.5  μmol/L). 

(70) 

Salvianolic acid B Salvianolic acid B showed the inhibition of 18.59 mg/100 

ml for ABTS and 13.02 mg/100 ml for DPPH radicals. 

(71) 

Quercetin 3-O-(6”-O-

malonyl)-β-D-

glucoside 

The compound exhibited ~90% DPPH radical scavenging 

activity at 1000 µM concentration. 

(72) 

kaempferol-3-O-

glucoside 

The compound showed better DPPH inhibition (IC50 1.25 

µg/ml) than ascorbic acid (IC50 3.08 µg/ml). 

(73) 

Luteolin 7-O-β-

glucoside 

The compound showed DPPH inhibition with an IC50 of 

21.2 μM. 

(74) 

Abbreviations: TEs; Trolox equivalents, FRAP;  ferric reducing antioxidant power, ABTS; 2,2′-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid), DPPH; 2,2-diphenyl-1-picrylhydrazyl. 

1.7. Description of the studied plant species  

1.7.1. Apiaceae species 

The Apiaceae family includes 434 genera and nearly 3780 species, which are 

mainly distributed in northern temperate regions (75). 

1.7.1.1. Anthriscus cerefolium (L.) Hoffm. 

A. cerefolium (French parsley, chervil) is used as a seasoning herb for stews, soups, 

and sauces (76) (Figure 4). In folk medicine, A. cerefolium is used for its anti-

A
n

ti
o

x
id

an
t 
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inflammatory, hypotensive, and diuretic effects (77, 78). Several caffeoylquinic acids 

(CQAs), specifically malonyl-1,4-O-dicaffeoylquinic acid, malonyl-1,5-O-

dicaffeoylquinic acid, and malonyl-4,5-O-dicaffeoylquinic acid, were tentatively 

characterized in A. cerefolium aerial parts via HPLC combined with HR-MS/MS (79). 

However, their exact structural confirmations have not been performed. Flavonoids 

(luteolin 6-C-glucoside,  quercetin 3-O-glucoside, kaempferol 3-O-hexoside, apigenin 7-

O-glucoside) have also been identified in A. cerefolium (62, 80).  

1.7.1.2. Anthriscus sylvestris (L.) Hoffm. 

A. sylvestris  (wild chervil, cow parsley) is used as a spice in salad dressings and 

infused with cheese as a flavoring agent (Figure 4). The roots of A. sylvestris are used as 

food, while the stems are pickled (81, 82). It is traditionally used as a tonic, anti-tussive, 

antipyretic, analgesic, and diuretic (83). The roots of A. sylvestris are known as the main 

source of lignans, including deoxypodophyllotoxin, podophyllotoxin, podophyllotoxone, 

nemerosin, and yatein (84). 

1.7.1.3. Chaerophyllum bulbosum (L.) 

Tubers of C. bulbosum (tuberous-rooted chervil) are used as a vegetable in raw or 

cooked form (Figure 4) (85). Inhibitory activity of C. bulbosum extracts was investigated 

against various enzymes such as acetylcholinesterase, urease, tyrosinase, α-amylase, and 

α-glucosidase (86). Flavonoid glycosides, including quercetin-3-O-β-D-glucopyranoside, 

apigenin-7-O-β-D-glucopyranoside, and luteolin-7-O-β-D-glucopyranoside were 

isolated from aerial parts of C. bulbosum  (86). 

1.7.1.4. Myrrhis odorata (L.) Scop. 

M. odorata (sweet cicely) is used as a sweetener in desserts and to flavor liqueurs 

(Figure 4) (87, 88). The seeds are sprinkled over fruit salads, while the leaves are added 

to omelets and soups (88). M. odorata possesses antimalarial, antianemic, antiseptic, 

diuretic, expectorant, and tonic effects (88, 89). No comprehensive investigation of the 

non-volatile constituents has been reported for this species. 

1.7.1.5. Anthriscus caucalis (M.) Bieb., and Anthriscus nitida (Wahlenb.) Hazsl. 

The culinary uses of A. caucalis (burr parsley) and A. nitida (glossy cow parsley) 

have not been observed (Figure 4). Moreover, the ethnobotanical literature on these 

species is also limited, and the non-volatile phytochemicals are still underexplored. 



 17 

 

1.7.2. Salvia species 

Salvia is the largest genus in the family Lamiaceae, comprising approximately 

1,000 species distributed across temperate, subtropical, and tropical regions worldwide. 

Salvia species are well known for their medicinal, culinary, and ornamental importance 

(90). 

1.7.2.1.  Salvia  officinalis (L.) 

S. officinalis (sage) leaf is included in the European Pharmacopeia (Ph. Eur.), 

possessing strong antioxidant effects, which improve brain function, prevent depression, 

dementia, diabetes, and obesity (Figure 4) (91). S. officinalis is considered one of the main 

sources of rosmarinic acid, while salvianolic acid B and salvianolic acid K have also been 

identified (92).  

1.7.2.2. Other Salvia species 

In addition to S. officinalis, four Salvia species common in Europe and Central 

Asia including S. sclarea, S. nemorosa, S. pratensis, and S. verticillata, have been less 

extensively studied for their specialized metabolites(Figure 4). However, their aerial parts 

are also used in traditional medicine (93). These species possess well-developed root 

systems that, in addition to their aerial parts, may represent novel sources of bioactive 

compounds. 

1.7.2.2.1. Salvia nemorosa (L.) 

S. nemorosa (woodland sage) is traditionally used as an antiseptic, antidiarrheal, 

anti-flatulent, diuretic, and stomach tonic (94) (Figure 4). Various metabolites, including 

caffeic acid, luteolin-7-O-β-D-glucuronide, apigenin-7-O-β-D-glucuronide, and 

rosmarinic acid, have been identified (95). 

1.7.2.2.2. Salvia pratensis (L.) 

S. pratensis (meadow sage) tea is used to cure abdominal pain, skin diseases, and 

ulcers (Figure 4). Various phytochemicals, such as rosmarinic acid, apigenin-7-glycoside, 

and luteolin-7-glycoside, have been identified in S. pratensis extracts (96); however, the 

isolation of bioactive compounds has not yet been reported. 

1.7.2.2.3. Salvia sclarea (L.) 

S. sclarea (clary sage) tea is used as an antidiarrheal and a tranquilizer in folk 

medicine (Figure 4) (97). Rosmarinic acid, salvianolic acid K, and flavonoid glycosides 
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(apigenin 7-O-glucuronide, luteolin 7-O-glucuronide, and luteolin 4'-O-glucuronide) 

have been isolated from S. sclarea (98).  

1.7.2.2.4. Salvia verticillata (L.) 

S. verticillata (lilac sage) is used as a flavouring agent in cheese preparation and a 

preservative for meat products (Figure 4). S. verticillata tea is used as an expectorant, 

disinfectant for the oral cavity, and cataplasm for wound healing (99). Rosmarinic acid, 

salvianolic acid B, salvianolic acid C, and salvianolic acid K have been identified in aerial 

parts of S. verticillata extracts, while the root part is still not investigated (100). 

                 

           A.cerefolium                 A. sylvestris             C. bulbosum               A. caucalis  

        

       A. nitida                      M.odorata                 S. officinalis                S. pratensis    

       

       S. sclarea                  S. verticillata              S. nemorosa 

Figure 4. Illustrative photographs of selected plant species analyzed in the present study. 

Source: Original photographs captured by the author. 
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2. OBJECTIVES 

The primary aim of this study was the phytochemical characterization of selected, 

poorly investigated Apiaceae and Salvia species, followed by the isolation and structural 

elucidation of novel bioactive compounds, as well as the evaluation of their bioactivities. 

To achieve this, the following objectives were defined for this study: 

1) Identification of compounds in crude extracts prepared from different organs of 

selected Apiaceae and Salvia species through HPLC-UV-Orbitrap-HR-MS/MS analysis. 

2) Quantifying the compounds in the organs of selected species collected in 

different phases of the vegetation cycle by an HPLC-UV-based external calibration 

method.  

3) Identifying optimal tissues with relatively high levels of identified compounds, 

enabling their isolation using a one-step preparative HPLC method. 

4) Investigating the impact of various treatment/extraction conditions on the 

metabolite composition of  Salvia species, considering the consumption of these species 

in the form of teas and infusions. 

5) Optimizing the treatment/extraction conditions, enabling the isolation of 

conversion products. 

6) Detailed structural characterization of all the isolated compounds through NMR 

spectroscopy, with particular focus on the differentiation of regioisomers and 

stereoisomers. 

7) Analyze the MS/MS fragment ion profiles of compounds to identify diagnostic 

ions suitable for distinguishing isomeric compounds. 

8) Evaluate the in vitro antioxidant and cytostatic activities of the isolated 

compounds to demonstrate their potential for drug development. 
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3. MATERIAL AND METHODS 

3.1. Materials and reagents 

Formic acid, acetonitrile, distilled water, methanol-d4, and acetonitrile-d6 were 

acquired from Reanal (Hungary), while DMSO-d₆ and D₂O were sourced from VWR 

Chemicals (Belgium). DPPH (2,2-diphenyl-1-picrylhydrazyl), rutin, chlorogenic acid, 

kaempferol, quercetin, and trolox were purchased from Sigma‐Aldrich (Steinheim, 

Germany). PBS (phosphate-buffered saline), DMEM (Dulbecco’s Modified Eagle’s 

Medium), trypan blue, and L-glutamine were purchased from Lonza (Basel, Switzerland). 

Nonessential amino acids, penicillin, streptomycin, and trypsin were sourced from Gibco 

(Thermo Fisher Scientific, Waltham, MA), while FBS (fetal bovine serum) was obtained 

from EuroClone (Pero, Italy). 

3.2. Plant material 

Myrrhis odorata L., Salvia sclarea L., and S. officinalis L. were cultivated in home 

gardens from plants purchased from commercial horticultural nurseries and were likewise 

collected during the flowering stage and autumn between 2022 and 2025. Commercial 

filter tea of Salvia officinalis L. (Sample 2) was obtained from a local pharmacy and 

complied with pharmacopeial quality requirements. Other plant samples were collected 

from various locations in Hungary during different phases of the vegetation cycle between 

2022 and 2025. Plant parts (inflorescence, leaf, and root) were separated, washed, 

lyophilized, and ground to a fine powder. The voucher specimens of the plant samples 

were deposited in the Department of Plant Anatomy, Eötvös Loránd University, 

Budapest, Hungary. 

3.3. Preparation of extracts  

3.3.1. Preparation of untreated extracts 

Untreated extracts were prepared from both Apiaceae and Salvia species for 

metabolite identification and isolation. 

3.3.1.1. For HPLC-HR-Orbitrap-MS analysis 

The extraction of each powdered plant part (5-20 mg) was performed with 3 mL 

of methanol (Apiaceae tissues) or 80% (v/v) methanol (Salvia tissues) at 60 °C for 30 

minutes in 5 mL screw-capped vials. Thereafter, the extracts were centrifuged at 5,000 
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rpm, and diluted with methanol or 80% (v/v) methanol prior to HPLC-UV-HR-MS 

analysis. 

3.3.1.2. For the isolation of compounds 

Two consecutive extractions of pulverized plant tissues (2-10 g) were carried out 

with 10-60 mL of methanol (Apiaceae tissues) or 80% (v/v) methanol (Salvia tissues) at 

60 °C for 30 minutes each in screw-capped vials. Subsequently, the extracts were 

centrifuged at 5,000 rpm, while supernatants were combined and dried using a standard 

laboratory rotary vacuum evaporator. The dried extracts were dissolved in 5-10 mL of 

methanol, followed by centrifugation. The centrifuged supernatant was filtered using 

Minisart RC 15 syringe filters (0.2 µm pore diameter, Sartorius AG, Goettingen, 

Germany), and the filtrates were used for preparative HPLC separation of compounds. 

3.3.2. Sample treatments for investigating the effects of endogenous enzymes on 

metabolite composition 

These treatments were performed on the pulverized tissues of selected Salvia 

species.  

3.3.2.1. For HPLC-HR-Orbitrap-MS analysis 

Treatment 1. Pulverized plant tissues (20 mg) were incubated with 600 µL distilled 

water for 5, 15, 30, 45, and 60 min. 

Treatment 2. Pulverized plant tissues (20 mg) were suspended in 600 µL hot 

distilled water and incubated at 100 °C for 2 min, then kept at room temperature for an 

additional 45 or 60 min. 

 Following both treatments, 2.4 mL of absolute methanol was added to achieve a 

final methanol concentration of 80% (v/v) in each sample. Subsequently, samples were 

heated at 60 °C for 30 min, centrifuged at 5,000 rpm, and diluted with 80% (v/v) prior to 

analysis. The Treatment 1 samples were coded as DW5, DW15, DW30, DW45, and 

DW60 whereas the Treatment 2 samples were coded as 100 °C, DW45 and 100 °C, 

DW60. 

3.3.2.2. For isolation of conversion products 

Conversion products (18, 19, 21) were isolated from aqueous-treated extracts. 

Pulverized plant tissues (10 g) were incubated with 40 mL of distilled water for 30 min 

(18, 21) or 5 min (19). The resultant conversion products were extracted in two 

consecutive steps with 50 mL of methanol at 60 °C for 30 min each, following the same 
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subsequent extraction process as mentioned above for the compound isolation under 

section 3.3.1.2.  

3.4. Analysis of compounds by HPLC-HR-Orbitrap-MS 

A Dionex Ultimate 3000 HPLC system (3000RS diode array detector (DAD), 

TCC-3000RS column thermostat, HPG-3400RS pump, SRD-3400 solvent rack degasser, 

WPS-3000TRS autosampler) connected to an Orbitrap Q Exactive Focus Mass 

Spectrometer equipped with electrospray ionization (ESI) (Thermo Fisher Scientific, 

Waltham, MA, USA) was used.  

 Analysis of Apiaceae species; Gemini NX-C18 column (150 × 3 mm; 3 μm) 

(Phenomenex, Torrance, CA, USA). Eluents: eluent A, 0.1% v/v formic acid, eluent B, 

acetonitrile:0.1% v/v formic acid (80:20, v/v), while the analysis was repeated with eluent 

A, 0.3% v/v formic acid, eluent B, acetonitrile:0.3% v/v formic acid (80:20, v/v). Gradient 

program 1: 0.0 min, 20% B; 15.0 min, 90% B (linear gradient); 18.0 min, 90% B 

(isocratic). Gradient program 2 was employed for the improved separation of compounds 

5 and 6 from A. sylvestris extract: 0.0 min, 15% B; 15.0 min, 50% B (linear gradient); 

16.0 min, 90% B (linear gradient); 19.0 min, 90% B (isocratic). Flow rate: 0.4 mL/min; 

column temperature: 25 °C; injected volume: 1.0–5.0 μL.  

Analysis of Salvia species; Kinetex C18 column (75 × 3 mm; 2.6 μm) 

(Phenomenex, USA). Eluents: eluent A, 0.1% v/v formic acid, eluent B, acetonitrile:0.1% 

v/v formic acid (80:20, v/v). Gradient Program 3: 0.0 min, 10% B; 10.0 min, 50% B 

(linear gradient); 12.0 min, 90% B (linear gradient); 13.5 min, 90% B (isocratic). Flow 

rate: 0.3 mL/min; column temperature: 25 °C; injected volume: 2.0 μL. Ionization: ESI 

in positive and negative ionization mode (switching mode). 

Fragmentation of compounds 1–10: data-independent acquisition (DIA) with 

isolation widths of 100–300 m/z, 295–500 m/z, 495–800 m/z, and 795–1100 m/z; parallel 

reaction monitoring (PRM) method with an isolation width of 0.4 m/z, and collision-

induced dissociation (CID) energies ranging from 10 eV to 45 eV.  

Fragmentations of compounds 11–13: DIA with isolation widths of 50–300 m/z, 

50–500 m/z, 53–800 m/z, and 73–1100 m/z; PRM method with an isolation width of 0.4 

m/z, and CID energies ranging from 10 eV to 45 eV. 
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Fragmentations of compounds 14–17: DIA was recorded with an isolation widths 

of  100–300 m/z, 295–500 m/z, 495–800 m/z, and 795–1100 m/z,; PRM method with an 

isolation width of 0.4 m/z, and collision energies ranging from 10 eV to 45 eV. 

All the compounds were analysed with Resolution: full MS, 70,000; MS/MS, 

35,000. Full MS scans range: 100–1500 m/z. UV scan range: 230–600 nm.  

3.5. Quantification of compounds 

The quantification was carried out by employing an external standard method 

through HPLC-DAD technique. Linear regression analysis was performed for the isolated 

compounds in the following concentration ranges: 0.2670–100.0 µg/mL (1), 0.4120–

100.0 µg/mL (2, 3, 8), 0.240–300.0 µg/mL (4, 9), 0.1953–50.0 µg/mL (10), 0.20–50.0 

µg/mL (11), 0.2500–100.0 µg/mL (14), 0.2500–200 µg/mL (15), 0.20–400.0 µg/mL (16), 

0.40–200.0 µg/mL (17), 0.20–100.0 µg/mL (18), 0.16–100.0 µg/mL (19), and 0.20–100.0 

µg/mL (21).  

All compounds exhibited r² values greater than 0.999. The quantities of compounds 

5, 6, and 7 were calculated using the calibration curve of compound 4. Moreover, 

compounds 12 and 13 were quantified using the calibration equation of compound 11, 

while compound 20 was quantified using the calibration equation of compound 19.  These 

calibration standards were structurally related to the corresponding test compounds and 

exhibited quite similar UV spectra. Consequently, the concentrations reported for 

compounds 5, 6, 7, 12, 13, and 20 should be considered semiquantitative rather than 

absolute quantitative values. 

3.6. Isolation of compounds by preparative HPLC with UV detection 

A Dionex UltiMat 3000 HPLC System (VWD-3400RS photometer, HPG-3200BX 

pump, WPS-3000TSL autosampler, VF-F11-A-01 Fraction Collector F) (Thermo Fisher 

Scientific, Waltham, MA, USA) was used. Detection: 330, 336, and 348 nm. Initially, the 

extracts were purified by using RediSep Rf Gold C18 reversed column (Teledyne Isco, 

Lincoln, USA). Subsequent isolation was performed by using a Gemini NX-C18 column 

(250 × 10 mm; 5 μm) (Phenomenex, Torrance, CA, USA). Eluents: eluent A, 0.1% v/v 

formic acid, eluent B, acetonitrile. Flow rate: 5 mL/min.  

Gradient program 1 for compounds 1–13: 0.0 min, 15% B; 4.0 min, 15.0% B 

(isocratic); 32 min, 25% B (linear gradient); 42.0 min, 90% B (linear gradient). Gradient 
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program 2 for compounds 14–17: 0.0 min, 15% B; 5.0 min, 15.0% B (isocratic); 20.0 

min, 30% B (linear gradient); 25.0 min, 35% B (linear gradient); 26.0 min, 80% B (linear 

gradient); 30.0 min, 80% B (isocratic). Gradient program 3 for compounds 18, 19, and 

21: 0.0 min, 15% B; 5.0 min, 15.0% B (isocratic); 20.0 min, 30% B (linear gradient); 35.0 

min, 45% B (linear gradient); 37.0 min, 80% B (linear gradient); 40.0 min, 80% B 

(isocratic).   

3.7. Measurement of optical activity 

The specific absorbance, λmax values, and optical rotations were measured in 

MeOH at 25 °C through a Jasco V-550 UV/Vis spectrophotometer and a Jasco-P-200 

polarimeter (JASCO International Co., Ltd., Tokyo, Japan), respectively. 

3.8. Structural characterization of isolated compounds through NMR 

NMR spectra of isolated compounds were recorded by using a Bruker Avance III 

HD 500 (500/150 MHz) spectrometer at 295 K, while the HMBC spectra of compounds 

6 and 13 were recorded at 328 K and 313 K, respectively. The NMR spectra of compound 

12 were recorded with a Bruker Avance III HD 700 (700/176 MHz) spectrometer at 313 

K. The spectra of different compounds were recorded in various solvents, including 

compounds 1–10 in DMSO-d6, compounds 15, 17, 19 in DMSO-d6+D2O, compounds 

11–14, 16 in methanol-d4, and compounds 18, 21 in acetone-d6. The spectra were acquired 

through Bruker TopSpin 3.5 software using standard pulse sequences provided in their 

software library. Spectra were processed and analyzed by MestreNova NMR processor. 

1H and 13C chemical shifts (δ) are given in ppm, while coupling constants (J) are measured 

in Hz. The assignments were based on 1D 1H NMR, 13C NMR and 2D 1H–1H COSY, 1H–

1H ROESY,  2D 1H–1H NOESY,  1H–13C HSQC, and 1H–13C HMBC experiments. 

3.9. In vitro antioxidant activity test 

A previously published protocol was followed for the execution of DPPH radical 

scavenging assay (101). Serially diluted test compounds were incubated with 2.5 ml 

DPPH solution for 6 min. The absorbance was measured by a HITACHI U-2000 

spectrophotometer (Hitachi Ltd., Tokyo, Japan) at 515 nm. The triplicate analysis was 

performed, and results are reported as IC50 values (μM)± SEM. 
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3.10. In vitro cytostatic activity test 

In vitro, the cytostatic effect of the compounds was evaluated on numerous cell 

lines using Alamar Blue end-point viability assay. Cells were cultivated in DMEM 

medium consisting of 10% FBS, 2 mM L-glutamine, 50 IU/mL penicillin/50 µg/mL 

streptomycin antibiotic cocktail, 1 mM sodium pyruvate, and 1% non-essential amino 

acid mixture at 37 °C in a humidified atmosphere with 5% CO2. After reaching 

confluency, the cells were seeded into 96-well tissue culture plates at an initial count of 

5000 cells/well. Following 24 hours, cells were treated with serially diluted compounds 

and incubated overnight. Afterwards, cells were rinsed with a serum-free medium and 

cultured for another 72 hours. Subsequently, 22.5 µL Alamar Blue (resazurin sodium salt, 

Merck) solution (0.15 mg/mL in PBS) was added into each well, and after 4 hrs of 

incubation, the fluorescence was recorded at λEx = 530/30 and λEM = 610/10 nm using a 

Synergy H4 multi-mode microplate reader (BioTek). The assay was performed in 

quadruplicate, and results are represented as IC50 values (μM)±SEM. 

3.11. Structural characterization of isolated novel compounds (4−9, 12, 

17, 19) and previously misidentified compound (13) 

1,5-dicaffeoyl-3-malonylquinic acid (4). light yellow amorphous solid; [α]25D = -

110.2 (c 1.0, MeOH); UV (MeOH) λmax (log ε) 335 (4.49); for 1H NMR and 13C NMR 

data, see Table 6; HRESIMS (negative) m/z 601.1198 [M - H]- (calcd for 601.1199, 

C28H25O15).  

3,5-dicaffeoyl-1-malonylquinic acid (5). light yellow amorphous solid; [α]25D = -

147.5 (c 1.0, MeOH); UV (MeOH) λmax (log ε) 335 (4.49); for 1H NMR and 13C NMR 

data, see Table 6; HRESIMS (negative) m/z 601.1205 [M - H]- (calcd for 601.1199, 

C28H25O15). 

3,5-dicaffeoyl-4-malonyl-epi-quinic acid (6). light yellow amorphous solid; [α]25D 

= -141.5 (c 1.0, MeOH); UV (MeOH) λmax (log ε) 335 (4.49); for 1H NMR and 13C NMR 

data, see Table 6; HRESIMS (negative) m/z 601.1207 [M - H]- (calcd for 601.1199, 

C28H25O15). 

1,5-dicaffeoyl-4-malonylquinic acid (7). light yellow amorphous solid; [α]25D = -

114.3 (c 1.0, MeOH); UV (MeOH) λmax (log ε) 335 (4.51); for 1H NMR and 13C NMR 
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data, see Table 6; HRESIMS (negative) m/z 601.1201 [M - H]- (calcd for 601.1199, 

C28H25O15). 

Luteolin-7-O-(2'',6''-di-O-malonyl)-β-D-glucoside (8). yellow amorphous solid; 

[α]25D = -83.4 (c 1.0, MeOH); UV (MeOH) λmax (log ε) 348 (4.25); for 1H NMR and 13C 

NMR data, see Table 11; HRESIMS (negative) m/z 619.0943 [M - H]- (calcd for 

619.0941, C27H23O17).   

1,5-dicaffeoyl-3,4-dimalonylquinic acid (9). light yellow amorphous solid; [α]25D 

= -135.3 (c 1.0, MeOH); UV (MeOH) λmax (log ε) 335 (4.48); for 1H NMR and 13C NMR 

data, see Table 7; HRESIMS (negative) m/z 687.1205 [M - H]- (calcd for 687.1203, 

C31H27O18). 

4-caffeoyl, 5-feruloyldaucic acid (12). light yellow amorphous solid; [α]20D = +36 

(c 1.0, MeOH); UV (MeOH) λmax (log ε) 327 (4.33), 218 (3.89); for 1H NMR and 13C 

NMR data, see Table 8; HRESIMS (negative) m/z 541.0992 [M - H]- (calcd for 541.0988, 

C26H21O13). 

4-feruloyl, 5-caffeoyldaucic acid (13). light yellow amorphous solid; [α]20D = +35 

(c 1.0, MeOH); UV (MeOH) λmax (log ε) 330.5 (4.51), 219.5 (4.01); for 1H NMR and 13C 

NMR data, see Table 8; HRESIMS (negative) m/z 541.0994 [M - H]- (calcd for 541.0988, 

C26H21O13). 

Salvianolic acid O (17). light yellow amorphous solid; [α]25D = 56.9 (c 0.2, 

MeOH); UV (MeOH) λmax (log ε) 320.5 (4.19), 288 (4.12); for 1H NMR and 13C NMR 

data, see Table 9; HRESIMS (negative) m/z 555.1144 [M - H]- (calcd for 555.1144, 

C27H23O13). 

Salvianolic acid P (19). light yellow amorphous solid; [α]25D = -37.2 (c 0.2, 

MeOH); UV (MeOH) λmax (log ε) 331 (4.32), 300 (4.31), 249.5 (3.41); for 1H NMR and 

13C NMR data, see Table 10; HRESIMS (negative) m/z 509.1090 [M - H]- (calcd for 

509.1089, C26H21O11). 
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4. RESULTS 

4.1. HPLC-UV-Orbitrap-HR-MS analysis of extracts 

4.1.1. Identification of metabolites in Apiaceae species  

The HPLC-UV analysis of crude extracts from selected Apiaceae species showed 

thirteen peaks corresponding to the compounds of interest (Figure 5). Compounds with 

comparable retention times in the chromatograms of analyzed extracts showed identical 

HR-MS profiles, thus suggesting structural identity.  

Compounds 1–3 and 8 showed a UV absorption maximum in the range of 340–360 

nm, characteristic of flavonoids. Based on molecular formulas, compound 1 (C24H22O15) 

is the malonyl-glucoside of quercetin (102), while compounds 2 and 3 (both C24H22O14) 

are malonyl-glucosides of either kaempferol or luteolin (103, 104). Comparing the 

molecular formula of compound 8 (C27H24O17) with that of compounds 2 and 3, the 

presence of an additional malonyl subunit is depicted. Hence, compound 8 is identified 

as the dimalonyl-glucoside derivative of either kaempferol or luteolin. All these 

flavonoid-malonyl-glucosides (FMGls) were detected in C. bulbosum extracts. 

Compounds 4–7 exhibited a UV absorption maximum in the range of 280–330 nm, 

characteristic of caffeic acid-containing compounds. Moreover, these compounds possess 

the same molecular formula C28H26O15, which aligns with malonyl dicaffeoylquinic acid 

(MdiCQA) isomers (105, 106). Compounds 9 and 10 exhibited UV absorption 

characteristics similar to those of compounds 4–7, but their molecular formula, 

C31H28O18, suggests a more complex structure. Comparison of this molecular formula 

with those of compounds 4–7 indicated the presence of an additional malonyl unit in 

compounds 9 and 10, thereby supporting their identification as dimalonyl-

dicaffeoylquinic acid (DiMDiCQA) isomers. Compound 4 was present in A. cerefolium, 

C. bulbosum, and A. sylvestris. Compounds 5 and 6 appeared as an overlapped peak in A. 

sylvestris (at 7.56 min); hence, they were further separated by an improved HPLC method 

using gradient program 2. Compounds 7 and 9 were present in A. cerefolium and C. 

bulbosum, while compound 10 was detected in A. caucalis. 

The UV spectra of compounds 11–13 also showed the characteristics of caffeic 

acid with a UV absorption band at 280–330 nm. The molecular formula of compound 11 

(C25H20O13) suggested its identification as dicaffeoyldaucic acid (DiCDA) (28). The 

molecular formula of compounds 12 and 13 (C26H22O13) indicated the presence of an 
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additional methylene subunit, thus supporting their identification as feruloyl-

caffeoyldaucic acid (FCDAs) isomers (28). Compounds 11–13 were present in M. 

odorata, while compound 11 was also detected in A. nitida. 

 

Figure 5a. HPLC-UV (λ = 230–600 nm, total scan) analysis of the C. bulbosum (A–C) 

and A. cerefolium (D–F) extracts using gradient program 1, while A. sylvestris (G, H) 

extract using both gradient program 1 (G) and gradient program 2 (H). Peak numbers (in 

bold) correspond to the numbering of the identified compounds, with retention times 

indicated in italics.  

Source: (A–F) Author's own work; (G–H) reproduced with permission from Ausbüttel T 

(107). 
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Figure 5b. HPLC-UV (λ = 230–600 nm, total scan) analysis of A. caucalis (A, B), A. 

nitida (C), and M. odorata (D) extracts. Peak numbers (in bold) correspond to the 

numbering of the identified compounds, with retention times indicated in italics. 

Source: Author's own work. 

During the HR-MS analysis of caffeoylquinic acid (CQAs) (4–7, 9, 10) and 

caffeoyldaucic acid (CDAs) (11–13) derivatives, additional fragments were observed 

alongside parent ion peaks when using a commonly used eluent composition (0.1% 

formic acid). In the case of MdiCQAs (4–7), along with the predominant deprotonated 

ion [M-H]- at m/z 601.12, additional ions at m/z 597.10 and m/z 599.09 were also detected. 

In the case of DiMdiCQAs (9, 10), ions at m/z 685.10 and m/z 683.09 were more intense 

than the deprotonated ion [M-H]- at m/z 687.12. Similarly, the HR-MS spectrum of 

DiCDA (11) exhibited ions at m/z 523.05 and m/z 525.06, with higher intensity than the 

deprotonated ion [M-H]- at m/z 527.08. Both FCDAs (12, 13) also showed ions at m/z 

539.08 and 537.08, corresponding to mass losses of 2 and 4 Da, respectively, relative to 

their deprotonated ions at m/z 541.09. The ions with 2 and 4 Da less than the deprotonated 

ones were also detected in positive ionization mode, demonstrating that their formation 

is independent of the polarity of the ionization mode.  

Earlier HPLC-MS studies on catechol-containing molecules have revealed that 

oxidation in the ion source promotes the loss of two hydrogen atoms from the ortho-

hydroxy groups of the catechol moiety, leading to the formation of 2 Da lighter ions than 

the non-oxidized species (108). Currently, our identified compounds contain one or two 
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catechol residues. Based on these literature findings and the presence of two catechol 

units in our compounds, we suggest that one or both catechol units undergo in-source 

oxidation during MS analysis. This process produces singly and doubly oxidized ions at 

m/z values 2 and 4 Da lower than those of their deprotonated counterparts, respectively. 

We hypothesized that the pH of the HPLC eluents played a role in the formation of 

oxidized analogs. Therefore, HPLC-MS analysis was repeated using a higher formic acid 

concentration (0.3%), which suppressed the formation of oxidized ions, resulting in better 

spectral clarity, with deprotonated ions being predominant.  

4.1.2. Identification of metabolites in Salvia species  

4.1.2.1. Identification of metabolites in methanolic extracts 

The HPLC-UV analysis of crude extracts from selected Salvia species showed four 

major peaks, indicating the presence of main metabolites (Figure 6). 

 

Figure 6. HPLC-UV (λ = 230–600 nm, total scan) analysis of S. pratensis (A, B), S. 

nemorosa (C, D), S. verticillata (E, F), S. officinalis (G), and S. sclarea (H). Peak numbers 

(in bold) correspond to the numbering of the identified compounds, with retention times 

indicated in italics. 

Source: Author's own work. 
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Compound 16 exhibited two absorption bands at 265−300 nm (λmax 290 nm), 

310−360 nm (λmax 328nm), and a molecular formula of C18H16O8, consistent with 

rosmarinic acid (109). Rosmarinic acid was identified in all selected Salvia species. Based 

on the molecular formula of compound 14 (C24H26O13), the additional C6H10O5 subunit 

relative to rosmarinic acid indicates the presence of a glucosyl unit. This glycosylation 

induced a hypsochromic effect, with λmax values at 285 nm and 318 nm (110). Rosmarinic 

acid glucoside was detected in S. verticillata, S. pratensis, S. nemorosa, and S. officinalis. 

The UV spectra of compounds 15 and 17 showed two absorption bands at 280−290 nm 

and 320−330 nm, and both compounds possess the same molecular formula C27H24O13, 

suggesting the presence of salvianolic acid K (111) and its isomer. Compound 15 was 

present in S. pratensis, S. sclarea, and S. nemorosa, while compound 17 was detected in 

S. verticillata.  

4.1.2.2. Identification of conversion products in aqueous-pretreated extracts 

The powdered plant tissues were subjected to aqueous pretreatment for different 

time periods, such as 5, 15, 30, and 45 min, followed by methanolic extraction (Figure 

7).  

 

Figure 7. HPLC-UV (λ = 230–600 nm, total scan) analysis of aqueous-treated S. 

officinalis (A), S. sclarea (B), and S. verticillata (C) extracts. Blue peak numbers (in bold) 

correspond to the parent compound, and red peak numbers (in bold) refer to the 

conversion products, while the retention times are indicated in italics. 

Source: Author's own work. 
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During these aqueous pretreatments, the pulverized tissues were suspended in 

distilled water and incubated at room temperature for the periods specified above. Upon 

aqueous treatment, all identified metabolites (14–17) decomposed. Parallel to the 

decomposition of these compounds, amounts of their corresponding conversion products 

increased. The conversion products (18–21) are formed by the theoretical loss of a formic 

acid moiety through oxidative decarboxylation involving the concomitant removal of C-

8′ carboxyl group and C-7′ hydrogen from parent compounds (as detailed in section 

4.3.3). Rosmarinic acid (16) was transformed into two isomeric products with molecular 

formula C17H14O6, supporting their identification as nepetoidin A  (18) and nepetoidin B 

(21), respectively (112).  The transformation of rosmarinic acid glucoside (14) may 

involve loss of the glucose moiety, yielding rosmarinic acid. The conversion products (19, 

20), generated from the isomeric compounds 15 and 17, showed a similar molecular 

formula C26H22O11, which were named as salvianolic acid P (19) and salvianolic acid Q 

(20), representing the novel compounds (Figure 8). 
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Figure 8. Chemical structures of identified compounds (a) flavonoid malonyl-glucosides 

(1–3, 8),  (b) malonyl dicaffeoylquinic acids (4–7, 9, 10), (c) malonyl caffeoyldaucic 

acids (11–13), (d) caffeoyl-dihydroxyphenyllactic acids (14–17), and conversion 

products (18–21). 

Source: Author's own work. 
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4.2. Mass fragmentation study of metabolites by HPLC-HR-MS/MS  

The MS fragmentation profiles of identified compounds were analyzed in negative 

ionization mode at different CID energies (Table 2–5). 

4.2.1. MS fragmentation study of malonyl dicaffeoylquinic acids (4–7, 9, 10) 

Fragment ion profiles of MDiCQAs 4–7, generated from their deprotonated ions at 

m/z 601, showed identical fragment ions, thus confirming their isomeric structures 

consisting of identical structural units (Table 2). 

Table 2. Relative abundance of characteristic ions in the Tandem Mass Spectra of 

isomeric malonyl dicaffeoylquinic acids (4–7). 

No. CID 

(eV) 

Relative abundances (%) of characteristic ions (CIs) 

   

 
 

CIs→ 

[M
-H

]-  

[M
-H

-C
O

2
]-  

[M
-H

-M
A

]-  

[M
-H

-M
A

- 
H

2
O

]-  

[M
-H

-C
A

]-  

[M
-H

-C
A

-C
O

2
]-  

[M
-H

-C
A

-C
O

2
- 

H
2
O

]-  

[M
-H

-C
A

-M
A

]-  

[M
-H

-C
A

-M
A

- 
H

2
O

]-  

[M
-H

-2
×

C
A

-C
O

2
]-  

[Q
A

-H
]-  

[C
A

.A
-H

]-  

[Q
A

-H
- 

H
2
O

]-  

[C
A

.A
-H

-H
2
O

]-  

4  m/z→  601.12 557.13 515.12 497.11 439.09 395.10 377.09 353.09 335.08 233.07 191.06 179.03 173.04 161.02 

15  13.9 9.5 6.6 0.13 15.5 28.4 2.3 1.4 0.38 14.7 0.41 054 0.11 0.45 

25  - 0.30 0.74 - 0.98 11.1 1.0 3.9 1.2 65.6 1.4 1.9 0.70 1.6 

30  - - - - - 2.4 0.59 2.9 1.2 68.0 3.5 2.7 1.6 2.2 

35  - - - - - 0.41 0.28 1.3 1.1 60.9 4.9 3.3 3.3 3.0 

45  - - - - - - - 0.13 0.44 30.4 7.7 4.4 8.0 4.4 

7 15  14.

5 

6.8 3.9 - 8.7 35.5 2.5 0.87 0.17 18.8 0.18 0.8

0 

0.29 0.47 

25  0.1

0 

- 0.51 - 0.59 10.0 0.79 2.2 0.43 69.0 0.92 2.3 2.8 1.5 

30  - - - - 0.13 2.5 0.40 1.8 0.58 68.0 1.9 3.4 6.8 2.0 

35  - - - - - 0.44 0.23 0.77 0.55 59.1 3.5 4.1 15.2 2.3 

45  - - - - - - - - 0.13 28.0 4.3 3.9 38.7 2.8 

5 15  2.0 20.2 9.7 2.5 0.23 46.4 0.48 5.1 1.4 0.086 0.061 2.8 0.11 0.20 

25  - 0.26 0.56 1.2 - 35.2 1.1 12.8 11.1 1.4 0.85 18.

5 

0.61 1.1 

30  - - - 0.33 - 11.7 0.62 9.0 12.4 12.1 2.3 28.

9 

2.1 2.1 

35  - - - - - 1.8 0.23 3.4 5.6 5.4 2.8 24.

6 

2.3 1.6 

45  - - - - - - 0.12 0.93 3.4 1.5 6.9 42.

6 

4.3 5.4 

6 15  2.8 4.1 5.8 - 12.1 58.7 0.57 7.5 0.29 5.2 0.19 0.6

7 

0.33 0.30 

25  - - 0.46 - 0.71 32.3 0.10 15.2 1.2 36.4 2.1 2.8 3.3 0.71 

30  - - - - - 11.2 - 11.2 1.2 48.5 5.5 5.8 9.7 1.1 

35  - - - - - 2.7 - 6.5 1.1 40.9 10.0 10.

1 

18.7 1.9 

45  - - - - - - - 0.77 0.52 14.5 13.6 12.

7 

39.0 2.9 

Abbreviations: CID; collision-induced dissociation, CIs; characteristic ions, CA; caffeoyl group, MA; 

malonyl group, CA.A; caffeic acid, QA; quinic acid.  

Note: The values in bold provide the main basis for isomer differentiation. 
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These compounds formed fragment ions at m/z 515, m/z 439, and m/z 353, 

corresponding to the deprotonated dicaffeoylquinic acid, malonyl-caffeoylquinic acid, 

and caffeoylquinic acid subunits, respectively.  

The MS/MS spectra of DiMDiCQAs 9 and 10 generated from their identical 

deprotonated ions at m/z 687 showed a fragment ion at m/z 601 formed by the loss of a 

malonyl group (Table 3). All MDiCQAs (4–7) and DiMDiCQAs (9, 10) showed further 

fragment ions at m/z 557, m/z 439, m/z 395, m/z 377, and m/z 233. In MDiCQAs (4–7), 

these fragment ions were formed by the loss of CO₂, a caffeoyl group, a caffeoyl group + 

CO₂, a caffeoyl group + CO₂ + H₂O, and two caffeoyl groups + CO₂, respectively. In 

DiMDiCQAs (9, 10), there was an initial loss of a malonyl group, followed by the 

subsequent elimination of similar moieties as described for MDiCQAs (4–7). 

Furthermore, all MDiCQAs and DiMDiCQAs showed fragment ions at m/z 191 and m/z 

179 corresponding to deprotonated quinic acid and caffeic acid units, respectively. 

Table 3. Relative abundance of characteristic ions in the Tandem Mass Spectra of 

isomeric dimalonyl-dicaffeoylquinic acids (9, 10). 

No. CID 

(eV) 

Relative abundances (%) of characteristic ions (CIs) 
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9 

 m/z→ 687.12 643.13 601.12 557.13 481.10 439.09 437.11 395.10 377.09 275.08 233.07 215.06 191.06 179.03 173.04 161.02 

15  18.3 3.7 9.5 4.4 6.1 0.80 19.7 2.7 - 21.1 0.35 - - 0.25 - 0.48 

30  - - - - 0.22 0.26 0.84 4.8 0.33 67.3 13.3 1.2 - 2.5 0.19 1.4 

45  - - - - - - - - - 35.8 16.8 9.4 0.32 4.3 3.9 2.2 

10 15  2.6 6.7 5.7 3.6 3.6 0.86 45.4 3.3 1.4 0.5

6 

- - - 0.87 - 0.17 

30  - - - - - 0.30 23.4 11.7 15.8 2.0 4.1 1.1 0.1

0 

20.9 0.38 2.6 

45  - - - - - - 0.27 1.3 2.1 1.0 9.3 1.3 1.1 36.1 4.0 7.2 

Abbreviations: CID; collision-induced dissociation, CIs; characteristic ions, CA; caffeoyl group, MA; 

malonyl group, CA.A; caffeic acid, QA; quinic acid.  

Note: The values in bold provide the main basis for isomer differentiation. 

4.2.2. MS fragmentation study of caffeoyldaucic acids (11–13) 

The MS/MS spectra of the isomeric compounds 12 and 13, obtained from their 

deprotonated ions at m/z 541, exhibited fragments at m/z 379 and m/z 365, corresponding 

to the removal of caffeoyl and feruloyl groups, respectively (Table 4).  
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Table 4. Relative abundance of characteristic ions in the Tandem Mass Spectra of 

isomeric feruloyl-caffeoyldaucic acids (12, 13). 

No.a CIDb 

(eV) 
Relative abundances (%) of characteristic ions (CIs) 
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  m/z→ 541.09 379.06 365.05 203.01 193.04 185.00 179.03 149.05 141.01 135.04 

 

 
   12 

10  14.9 46.2 16.5 1.9 3.9 1.4 1.8 - 1.07 - 

15  2.5 52.3 14.7 9.3 10.1 5.8 3.3 - 3.0 - 

30  - 2.2 - 19.6 27.5 8.2 4.6 0.78 12.1 1.2 

45  - - - 9.2 18.4 0.73 3.0 2.3 5.4 3.9 

    13 10  6.3 83 - - 0.07 4.3 0.22 - 0.73 - 

15  0.51 68.7 - 0.46 0.51 15.5 - - 1.5 - 

30  - 3.2 - 1.9 3.0 29.6 0.49 0.22 6.7 - 

45  - - - 0.70 1.9 2.7 0.63 0.06 2.9 1.2 

Abbreviations: CID; collision-induced dissociation, CIs; characteristic ions, CA; caffeoyl group, MA; 

malonyl group, CA.A; caffeic acid, QA; quinic acid, FE; feruloyl group, FE.A; ferulic acid.   

Note: The values in bold provide the main basis for isomer differentiation. 

Further fragments at m/z 203, m/z 193, and m/z 179 correspond to deprotonated 

daucic acid, ferulic acid, and caffeic acid units, respectively. Moreover, the fragments at 

m/z 185 and m/z 141 refer to the loss of H2O, followed by CO2 from daucic acid, 

respectively. Fragment ions at m/z 149 and m/z 135 were generated by the removal of 

CO2 from ferulic acid and from caffeic acid, respectively. Compound 11 (m/z 527) 

generated a fragment ion at m/z 365 by the elimination of a caffeoyl group. Other 

fragment ions at m/z 203 and m/z 179, m/z 185, and m/z 141 and m/z 135 correspond to 

the same rationale as described for compounds 12 and 13. 

4.2.3. MS fragmentation study of caffeoyl-dihydroxyphenyllactic acids (14–17) and 

conversion products (18–21) 

The MS/MS spectra of nepetoidins A (18) and B (21), obtained from the precursor 

ion at m/z 313, displayed identical fragmentation patterns. The characteristic product ions 

included a dehydrated caffeoyl moiety at m/z 161, a deprotonated hydroxyvinyl catechol 

moiety at m/z 151, and its dehydrated fragment at m/z 133. The four structurally related 

trimeric phenylpropanoids, salvianolic acids K (15), O (17), P (19), and Q (20), exhibited 

highly similar MS/MS fragmentation pathways. The initial fragmentation step involved 

the sequential loss of H₂O and CO₂ from the common 3-(3,4-dihydroxyphenyl)-2,3-

dihydroxypropanoic acid moiety, generating product ions containing a vinylcatechol unit. 
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These product ions were detected at m/z 493 for salvianolic acids K and O (Table 5) and 

at m/z 447.11 for salvianolic acids P and Q. Subsequent cleavage of the vinylcatechol unit 

produced the characteristic ions at m/z 359 and m/z 313, respectively. The  MS/MS spectra 

of rosmarinic acid (16) and its glucoside derivative (14), generated from their 

deprotonated ions at m/z 359 and m/z 521, respectively, showed fragment ions at m/z 197 

and m/z 179 corresponding to the dihydroxyphenyllactic acid and caffeic acid, 

respectively.  

Table 5. Relative abundance of characteristic ions in the Tandem Mass Spectra of 

isomeric salvianolic acids (15, 17).  

No. CID 

(eV) 

Relative abundances (%)c of characteristic ions (CIs) 
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m/z→ 555.11 537.10 493.11  401.087  359.07  313.07 295.06  197.04 179.03 161.02 135.04 

15 10 
 

37.3 4.1 75.9 13.7 100 0.9 0.8 1.2 1.9 4.2 2.4 
 

12 
 

12.7 2.8 41.6 10.1 100 1.5 1.1 1.4 2.7 5.1 2.8 
 

15 
 

2.5 1.8 17.6 8 100 1.8 2.4 2.5 4.4 9.3 5.0 
 

30 
 

- - - - 13.2 0.6 9.3 32.5 17.7 100 55.1 
 

45 
 

- - - - - - 1 20.1 23.4 92.4 100 

17 10 
 

28.1 0.2 100 1.9 12.9 1.5 1.4 0.3 0.7 1.2 0.6 
 

12 
 

13.6 0.3 100 2.3 23.2 2.7 2.7 0.4 1.5 2 0.9 
 

15 
 

4.4 - 100 3.4 58.7 7.3 10.3 1.6 5.5 6.6 2.5 
 

30 
 

- - - - 18.9 3.6 65.2 33 26.4 100 83.6 
 

45 
 

- - - - - - 4.9 14.5 22.2 57.3 100 

Abbreviations: CID; collision-induced dissociation, CIs; characteristic ions, 3,4-DHB; 3,4-dihydroxy 

benzene, RA; rosmarinic acid, NP; nepetoidin A/B, 3,4-DPA; 3,4-dihydroxyphenyllactic acid, CA.A; 

caffeic acid. 

Note: The values in bold provide the main basis for isomer differentiation. 

4.2.4. MS fragmentation study of  flavonoid-malonyl-glucosides (1–3, 8) 

FMGls 1 (m/z 549), 2, 3 (both at m/z 533), and 8 (m/z 619) exhibited fragment ions 

at m/z 463, m/z 447, and m/z 533, respectively, which were generated after the loss of one 

malonyl group from each deprotonated flavonoid. Moreover, compound 1 showed a 

fragment ion at m/z 301 corresponding to quercetin, while compounds 2, 3, and 8 

exhibited the ion at m/z 285, suggesting the presence of either luteolin or kaempferol as 

an aglycone. 
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4.3. Structural characterization of isolated compounds through NMR 

The structural elucidation of isolated compounds (1–18, 19, 21) was based on 1D 

(1H, 13C) and 2D (1H–1H COSY, 1H–1H ROESY, 1H–1H NOESY, 1H–13C HSQC, and 

1H–13C HMBC) NMR experiments (Tables 6–11, Figure 8).               

4.3.1. Structural characterization of malonyl dicaffeoylquinic acids (4–7, 9, 10) 

The 1H NMR spectrum of compound 4 showed six aromatic proton signals δH  7.07 

(1H, d, J = 2.0 Hz, H-5'), 7.06 (1H, d, J = 2.0 Hz, H-5''), 7.03 (1H, dd, J = 8.2, 2.0 Hz, H-

9'), 7.01 (1H, dd, J = 8.2, 2.0 Hz, H-9''), 6.78 (1H, dd, J = 8.2 Hz, H-8''), 6.77 (1H, d, J = 

8.2 Hz, H-8') which appeared as two ABX systems (Table 6). Moreover, four trans-

oriented protons δH 7.50 (1H, d, J = 15.9 Hz, H-3''), 7.49 (1H, d, J = 15.9 Hz, H-3'), 6.28 

(1H, d, J = 15.9 Hz, H-2'), 6.23 (1H, d, J = 15.9 Hz, H-2'') formed two vinylene groups. 

HMBC correlations H-3'/C-1', H-3'/C-4', H-3'/C-5', H-3'/C-9' and H-3'/C-1'', H-3''/C-4'', 

H-3''/C-5'', H-3''/C-9'' confirmed these subunits form two caffeoyl groups. A pair of sp3 

methylene protons δH 3.29 (1H, d, J = 15.9 Hz) and 3.19 (1H, m (ov) was correlated with 

two carbonyl carbons at δC 166.6 (RCOOR') and 167.8 (RCOOH), thus forming a 

malonyl moiety. Four sp3 methylene protons δH 2.44 (1H, m (ov), H-6), 2.41 (2H, m (ov), 

H-2), 1.95 (1H, dd, J = 13.1, 9.9 Hz, H-6) and three oxymethine protons δH 5.32 (1H, q, 

J = 4.1 Hz, H-3), 5.19 (1H, td, J = 9.1, 4.1 Hz, H-5), 3.87 (1H, dd, J = 8.8, 3.4 Hz, H-4) 

were considered a part of 1,3,4,5-tetrahydroxycyclohexanecarboxylic acid. The protons 

were coupled as CH2-CH-CH-CH-CH2, while HMBC H-6/COOH correlation indicated 

that the carboxylic group is attached at position-1 of the cyclohexane ring.  

The H-4 was considered a diagnostic proton to determine the relative configuration 

of 1,3,4,5-tetrahydroxycyclohexanecarboxylic acid ring, which showed a large trans-

diaxial coupling constant 3J4/5 = 8.8 Hz, indicating that H-4 holds an axial position. This 

finding is consistent with earlier studies demonstrating that dicaffeoylquinic acids adopt 

a chair-like conformation in DMSO-d6 with the equilibrium slightly shifted towards the 

conformer holding H-4 and H-5 in axial positions (113-115). Consequently, δH 5.32 (q, J 

= 4.1 Hz) and 5.19 (td, J = 9.1, 4.1 Hz) were attributed to H-3 (equatorial) and H-5 (axial), 

respectively. The 1H NMR spectrum of compound 4 in D2O exhibited a higher trans- 

diaxial coupling constant 3J4/5 = 10.1 Hz, thus indicating that equilibrium is markedly 

shifted towards the conformer holding H-4 and H-5 in axial positions (Figure 9), as 
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previously described (115, 116). These findings indicate that 1,3,4,5-

tetrahydroxycyclohexanecarboxylic acid represents a quinic acid moiety.  

Table 6. 1H NMR and 13C data (δ in ppm, J in Hz) of the malonyl-dicaffeoylquinic acids 

(4–7) recorded in DMSO-d6 at 500/125 MHz. 

Position 4  5   6  7  

δH δC δH δC δH δC δH δC 

1 - 78.7 - 78.8** - 72.3 - 78.9 

2 2.41, m (ov) 31.7 2.42, m (ov) 31.6 2.21, m 

2.00, m 

35.1 2.39, m (ov) 

2.31, m 

33.7*** 

3 5.32, q (4.1) 71.7 5.34, q (3.8) 70.7 5.32, br s 67.3 4.27, q (3.4) 64.8*** 

4 3.87, dd (8.8, 3.4) 68.7 3.87, dd (8.3, 2.5) 68.7 5.15, dd (7.3, 3.3) 70.3 4.93, dd (9.1, 3.4) 74.4*** 

5 5.19, td (9.1, 4.1) 69.8 5.22, td (8.6, 3.9) 69.8 5.39, dt (7.2, 3.7) 67.8 5.46, td (9.3, 4.3) 66.3*** 

6 2.44, m (ov) 

1.95, dd (13.1, 9.9) 

35.6 2.38, m (ov) 

1.95, br t (11.1) 

35.6 2.28, dd (13.2, 3.2) 

1.95, dd (13.5, 7.6) 

35.1 2.40, m (ov) 

2.02, dd (13.0, 10.5) 

35.9*** 

7 - 172.0 - 171.6 - 175.2 - n.d. 

 1-caffeoyl 3-caffeoyl 3-caffeoyl 1-caffeoyl 

1' - 165.2 - 166.1 - 165.3 - 165.2 

2' 6.28, d (15.9) 113.8 6.29, d (15.9) 114.3 6.15, d (15.8) 113.5 6.22, d (15.8) 114.2 

3' 7.49, d (15.9) 146.0 7.47, d (15.9) 145.3/ 

145.2 

7.45, d (15.8) 145.64 7.47, d (15.8) 145.62/

145.58 

4' - 125.4 - 125.6/ 

125.5 

- 125.47/ 

125.53 

- 125.4 

5' 7.07, d (2.0) 115.1 7.06, d (2.0)/ 

7.05, d (2.0) 

115.0/ 

114.9 

7.06, d (1.9)/  

7.04, d (1.9) 

114.9 7.05, m 115.0/ 

114.9 

6' - 145.6 - 145.55/ 

145.58 

- 145.55 - 145.62/ 

145.58 

7' - 148.6 - 148.4/ 

148.3 

- 148.4/ 

148.5 

- 148.50/ 

148.48 

8' 6.77, d (8.2) 115.8 6.77, d (8.1)/ 

6.76, d (8.1) 

115.8 6.77, d (8.1)/ 

6.76, d (8.1) 

115.74/ 

115.77 

6.78, d (8.0)/ 

6.76, d (8.0) 

115.8 

9' 7.03, dd (8.2, 2.0) 121.4 7.02, d (2.0)/ 

7.00, d (2.0) 

121.4/ 

121.3 

7.00, dd (8.1, 1.9) 121.5 7.00, m (ov) 121.2 

 5-caffeoyl 5-caffeoyl 5-caffeoyl 5-caffeoyl 

1'' - 166.0 - 165.8 - 165.9 - 165.8 

2'' 6.23, d (15.9) 113.9 6.22, d (15.9) 114.0 6.20, d (15.8) 114.0 6.18, d (15.8) 113.6 

3'' 7.50, d (15.9) 145.4 7.49, d (15.9) 145.3/ 
145.2 

7.49, d (15.8) 145.4 7.46, d (15.8) 145.62/ 
145.58 

4'' - 125.5 - 125.6/ 

125.5 

- 125.47/ 

125.53 

- 125.4 

5'' 7.06, d (2.0) 114.9 7.06, d (2.0)/ 
7.05, d (2.0) 

115.0/ 
114.9 

7.06, d (1.9)/  
7.04, d (1.9) 

114.9 7.05, m 115.0/ 
114.9 

6'' - 145.6 - 145.55/ 

145.58 

- 145.55 - 145.62/ 

145.58 

7'' - 148.5 - 148.4/ 
148.3 

- 148.4/ 
148.5 

- 148.50/ 
148.48 

8'' 6.78, dd (8.2) 115.8 6.77, d (8.1)/ 

6.76, d (8.1) 

115.8 6.77, d (8.1)/ 

6.76, d (8.1) 

115.74/ 

115.77 

6.78, d (8.0)/ 

6.76, d (8.0) 

115.8 

9'' 7.01, dd (8.2, 2.0) 121.4 7.02, d (2.09)/ 
7.00, d (2.0) 

121.4/ 
121.3 

7.00, dd (8.1, 1.9) 121.3 7.00, m (ov) 121.2 

 3-malonyl 1-malonyl 4-malonyl 4-malonyl 

CH2 3.29, d (15.9) 

3.19, m (ov)* 

41.8 3.35, d (15.9) 41.9 3.36, s 41.6 3.31, d (15.7) 

3.25, d (15.7) 

42.6 

RCOOR' - 1166.6 - 166.2 - 166.2 - 167.1 

RCOOH - 167.8 - 167.3 - 167.7 - 168.2 

Note: *the signal overlaps with the signal of residual methanol; **signal deduced from the HMBC 

spectrum; *** chemical shifts deduced from HSQC and HMBC spectra; n.d., not detected. 
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Figure 9. Comparison of spin-spin coupling constants for diagnostic proton (H-4) of 

compound 4 in DMSO-d6 (A) and D2O (B), highlighting the solvent-driven 

conformational preferences of quinic acid (R1 = caffeoyl, R2 = malonyl). 

Source: Author's own work. 

The substitution positions of quinic acid core were confirmed based on the HMBC 

correlations. The H-3 was coupled with carbonyl carbon δC 166.6 (RCOOR'), indicating 

the substitution of malonyl group at position 3. Moreover, H-5 showed a correlation with 

a carbonyl carbon δC 166.0, confirming the attachment of caffeoyl group at position 5. 

The other caffeoyl unit was assigned at position 1 due to the absence of its carbonyl 

carbon δC 165.2 correlation with any quinic acid proton. Thus, compound 4 was identified 

as 1,5-dicaffeoyl-3-malonylquinic acid (Figure 8). 

The NMR spectra of compound 7 displayed the resonances corresponding to a 

quinic acid moiety, one malonyl, and two caffeoyl groups. Contrary to compound 4, in 

this case, H-3 was upfield-shifted, while downfield-shifted H-4 was coupled with 

carbonyl carbon δC 167.1 of malonyl subunit. Caffeoyl groups were substituted at the 

same positions as noticed in compound 4, thus leading to identification of compound 7 as 

1,5-dicaffeoyl-4-malonylquinic acid (Figure 8).  

The NMR analysis of compound  5 indicated the presence of two caffeoyl, one 

malonyl, and a quinic acid unit. The shift patterns of oxymethine protons were quite 

similar to those noticed in the case of compound  4, i.e., H-4 shifted upfield while H-3 

and H-5 shifted downfield. In this case, H-3 and H-5 were correlated with carbonyl 

carbons δC 166.1 and 165.8 of caffeoyl groups, respectively. The malonyl group was 
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assigned at position 1 based on the absence of carbonyl carbon δC 166.2 correlation with 

any oxymethine proton. Thus, compound 5 was identified as 3,5-dicaffeoyl-1-

malonylquinic acid (Figure 8). 

Compound 6 also possessed two caffeoyl and one malonyl group; however, signals 

corresponding to the 1,3,4,5-tetrahydroxycyclohexanecarboxylic acid showed variations 

in multiplicity patterns and spin-spin coupling constants compared to compound 4, 

indicating a different relative configuration of this core structure. The diagnostic H-4 

showed a relatively lower coupling constant value 3J (7.3 Hz), suggesting the presence of 

an epi-quinic moiety (117-119), which adopts a chair-like conformation in DMSO-d6 

(115) (Figure 10). Based on the coupling constants calculated for both conformers of 3,5-

dicaffeoyl-epi-quinic acid (115), compound  6 appears to adopt two major chair 

conformers in approximately 1:1 ratio. This equilibrium supports the multiplicity patterns 

observed for H-3 and H-5 protons, δH 5.32 (1H, br s) and 5.39 (1H, dt, J = 7.2, 3.7 Hz), 

respectively. The 1H NMR spectrum of compound 6 in D2O exhibited a markedly 

increased 3J3/4 value (8.9 Hz) and altered multiplicity patterns for H-3 (axial) and H-5 

(equatorial) protons, δH 5.66 (1H, m (ov)) and 5.69 (1H, q, J = 3.7 Hz). This indicates the 

equilibrium shift towards the conformer having both H-3 and H-4 in axial positions. 

Afterwards, the substituent positions of epi-quinic acid were assigned based on HMBC 

correlations. 

 

Figure 10. Comparison of spin-spin coupling constants for diagnostic proton (H-4) of 

compound 6 in DMSO-d6 (A) and D2O (B), highlighting the solvent-driven 

conformational preferences of epi-quinic acid (R1 = caffeoyl, R2 = malonyl). 

Source: Author's own work. 
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The H-3 and H-5 protons were coupled with carbonyl carbons δC 165.3 and δC 

165.9 of caffeoyl groups. Moreover, H-4 was correlated with carbonyl carbon δC 166.2 

of malonyl subunit. Thus, compound 6 was identified as 3,5-dicaffeoyl-4-malonyl-epi-

quinic acid (Figure 8). The NMR spectra of compounds 9 and 10 showed similar 

structural components to compound 4, along with an additional malonyl subunit (Table 

7). Based on HMBC correlations, compounds 9 and 10 were identified as 1,5-dicaffeoyl-

3,4-dimalonylquinic acid and 3,5-dicaffeoyl-1,4-dimalonylquinic acid, respectively 

(Figure 8). All the currently identified CQAs represent novel natural products. 

Table 7. 1H NMR and 13C data (δ in ppm, J in Hz) of the dimalonyl-dicaffeoylquinic 

acids (9, 10) recorded in DMSO-d6 at 500/125 MHz. 

Position 9 10 

δH δC δH δC 
1 - 78.2  n.d 

2 2.53, m (ov) 31.4 2.54, m (ov) 31.7 

3 5.47, q (3.8) 68.5 5.53, q (4.0) 67.6 

4 5.25, dd (9.6, 3.8) 71.2 5.25, dd (9.5, 3.6) 71.6 

5 5.41, td (9.8, 4.3) 66.5 5.42, td (4.2, 9.6) 66.4 

6 2.52, m (ov) 
2.12, dd (13.3, 

10.8) 

35.8 2.47, m (ov) 
2.13, d (12.2) 

 

*35.8 

7 - 171.5 - 171.00 

8 - - - - 

 1-caffeoyl 3-caffeoyl 

1' - 165.2  165.90 

2' 6.32, d (15.8) 113.6 6.32, d (15.8) 113.56 

3' 7.51, d (15.8) 146.2 7.48, d (15.8) 145.73 

4' - 125.43/125.36  125.46 

5' 7.09, d (1.9) 115.2 7.08, d (2.0) 115.25 

6' - 145.6  145.49 

7' - 148.7/148.6  148.43 

8' 6.78, d (8.1)/ 

6.76, d (8.1) 

115.81/115.76 6.77, d (8.1) 115.71 

9' 7.05, m (ov) 121.5 7.06, dd (8.2, 1.9) 121.33 

OCH3 - - - - 

 5-caffeoyl 5-caffeoyl 

1'' - 165.7  165.47 

2'' 6.20, d (15.8) 113.3 6.18, d (15.9) 113.36 

3'' 7.47, d (15.8) 145.9 7.45, d (15.8) 145.69 

4'' - 125.43/125.36  125.41 

5'' 7.04, d (1.9) 115.0 7.04, d (2.1) 114.9 

6'' - 145.6  145.52 

7'' - 148.7/148.6  148.48 

8'' 6.78, d (8.1)/ 

6.76, d (8.1) 

115.81/115.76 6.76, d (8.1) 115.71 

9'' 7.00, dd (8.1,1.9) 121.6 6.99, dd (8.2, 2.1) 121.45 

OCH3 - - - - 

 3-malonyl 1-malonyl 

CH2 3.28, m (ov) 

3.15, m (ov) 

41.6 3.26, m (ov) 

3.40, m (ov) 

41.3 

RCOOR' - 166.4  166.19 

RCOOH - 167.6  167.39 

 4-malonyl 4-malonyl 

CH2 3.28, s 41.5 3.31, m (ov) 41.3 

RCOOR'' - 166.3  166.04 

RCOOH - 167.7  167.16 

                  * Signals identified from HSQC and HMBC spectra. 
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4.3.2. Structural characterization of caffeoyldaucic acids (11–13) 

The NMR spectra of compound 11 confirmed the presence of two caffeoyl groups; 

however, it possessed a different core structure (Table 8). This structural unit was based 

on four protons, i.e., δH 5.98–5.99 (3H, br s (ov), H-3–H-5), and 5.10 (1H, br s, H-6), 

which were attached to oxygenated sp3 methine carbons δC 66.4 (C-4), 65.2 (C-5), 76.4 

(C-6), and a sp2 methine carbon δC 108.7 (C-3). These protons showed HMBC 

correlations with hydroxyl carbonyl carbons δC 164.8 (C-7), 170.4 (C-8), and a non-

protonated carbon δC 146.21 (C-2). These resonance values and coupling patterns support 

the presence of daucic acid moiety (28). Moreover, H-4 and H-5 protons were coupled 

with carbonyl carbons δC 167.77 and 167.84 of caffeoyl groups, respectively. Hence, 

compound 11 was identified as 4,5-di-O-(E)-caffeoyldaucic acid, which is an already 

known compound (Figure 8) (28). 

Table 8. 1H and 13C NMR data (δ in ppm, J in Hz) of daucic acid derivatives (11–13). 

Compounds 11 and 13 were recorded in Methanol-d4 at 500/125 MHz, while compound 

12 was recorded in Methanol-d4 at 700/176 MHz, 313 K. 

Position 11 12 13 

δH δC δH δC δH δC 
1 - - - - - - 

2 - 146.21 - n.d - *146.5 

3 5.98, br s (ov) 108.7 5.81, br s *105.4 5.97, m (ov) *108.2 

4 5.99, br s (ov) 66.4 5.98, br s *67.21 5.99, m (ov) 66.4 

5 5.99, br s (ov) 65.2 6.10, br s *65.03 6.01, m (ov) 65.2 

6 5.10, br s 76.4 4.90, br s 78.13 5.09, br s *76.7 

7 - 164.8 - n.d - n.d 

8 - 170.4 - n.d - n.d 

 4-caffeoyl 4-caffeoyl 4-feruloyl 

1' - 127.50 - *127.4 - 127.44 

2' 6.99, d (2.1) 114.84 6.97, d (2.1) *114.77 7.01, d (1.9) 111.9 

3' - 146.81 - *146.6 - 149.28 

4' - 149.78 - *149.2 - 150.7 

5' 6.69, d (8.2) 116.41 6.66, d (8.2) *116.19 6.72, d (8.1) 116.45 

6' 6.81, dd (8.2, 2.1) 123.52 6.77, dd (8.2, 2.1) *123.15 6.97, dd (8.2,1.9) 124.0 

7' 7.49, d (15.9) 147.8 7.46, d (15.9) *147.40 7.51, d (15.9) 147.7 

8' 6.16, d (15.9) 114.14 6.13, d (15.9) *114.24 6.25, d (15.9) 114.58 

9' - 167.77 - **167.40 - 167.61 

OCH3 - - - - 3.71, s 56.2 

 5-caffeoyl 5-feruloyl 5-caffeoyl 

1'' - 127.55 - *127.4 - 127.55 

2'' 7.03, d (2.1) 115.2 7.10, br s *111.8 7.03, d (2.0) 115.2 

3'' - 146.81 - *149.2 - 146.9 

4'' - 149.87 - *150.6 - 149.92 

5'' 6.76, d (8.2) 116.51 6.80, d (8.1) *116.43 6.75, d (8.2) 116.52 

6'' 6.91, dd (8.2, 2.1) 123.43 7.03, br d (8.1) *123.88 6.90, dd (8.2, 2.0) 123.4 

7'' 7.53, d (15.8) 148.3 7.55, d (15.8) *147.51 7.53, d (15.9) 148.4 

8'' 6.31, d (15.8) 114.01 6.34, d (15.8) *114.74 6.32, d (15.8) 114.11 

9'' - 167.84 - **167.45 - 167.89 

OCH3 -  3.86, br s *56.3 -  

*Signals identified from HSQC and HMBC spectra, **Shift values deduced from band-selective HMBC 

spectrum, n.d; not detected. 
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The NMR spectra of compound 12 indicated the presence of an additional methyl 

group, i.e., δH 3.86 (3H, s), *δC 56.3. This methyl group exhibited a long-range coupling 

with *δC 149.2, which is a superimposed resonance for C-3'' and C-4'. In COSY spectrum, 

the coupling of methyl protons with δH 7.10 (1H, br s, H-2'') suggested that the adjacent 

C-3'' hydroxyl of caffeic acid is methylated, thereby forming a feruloyl moiety. This 

feruloyl moiety was further differentiated based on the long-range couplings of β-vinylic 

proton δH 7.55 (1H, d, J = 15.8 Hz, H-7'') with aromatic carbon *δC 111.8 (C-2'') and 

carbonyl carbon *δC 167.45 (C-9''). Subsequently, H-4 proton showed long-range 

coupling with carbonyl carbon *δC 167.40 (C-9') of caffeoyl group, while H-5 proton was 

correlated with *δC 167.45 (C-9'') of feruloyl group. Thus, compound 12 was identified 

as 4-O-(E)-caffeoyl-5-O-(E)-feruloyldaucic acid (Figure 8). 

Compound 13 also contained a methyl group, i.e, δH 3.71 (3H, s), δC 56.2, which 

was correlated with δC 149.28 (C-3'), suggesting its substitution at this position. In this 

case, H-4 was coupled with carbonyl carbon δC 167.61 (C-9') of feruloyl, while H-5 was 

correlated with carbonyl carbon δC 167.89 (C-9'') of caffeoyl subunit. Thus, compound 

13 was identified as 4-O-(E)-feruloyl-5-O-(E)-caffeoyldaucic acid (Figure 8). One of 

these feruloyl derivatives is already reported (28), while the other one represents a novel 

compound. 

4.3.3.  Structural characterization of caffeoyl-dihydroxyphenyllactic acids (14–

17) and conversion products (18, 19, 21) 

The 1H NMR spectrum of compound 17 showed nine proton resonances δH 7.03 

(1H, br s, H-2), 6.66 (1H, m (ov), H-2'), 6.88 (1H, d, J = 2 Hz, H-2''), 6.8 (1H, d, J = 8.1 

Hz, H-5), 6.64 (1H, d, J = 8.0 Hz, H-5'), 6.67 (1H, m (ov), H-5''), 7.15 (1H, dd, J = 8.4, 

2.0 Hz, H-6), 6.53 (1H, dd, J = 8.1, 2.1 Hz, H-6'), and 6.73 (1H, dd, J = 8.2, 2.0 Hz, H-

6'') in form of three ABX systems (Table 9). Two vinylene protons δH 7.43 (1H, d, J = 

15.8 Hz, H-7) and 6.26 (1H, d, J = 16 Hz, H-8) were found. A pair of methylene protons 

δH 2.90 (1H, dd, J = 14.4, 8.5 Hz, H-7') and 2.98 (1H, dd, J = 14.4, 4.4 Hz, H-7') was 

coupled with an oxymethine proton δH 5.03 (1H, dd, J = 8.4, 4.5 Hz, H-8'), forming a 

CH2-CH(OH) subunit. Furthermore, two adjacent oxymethine protons δH 4.83 (1H, d, J 

= 5.8 Hz, H-7'') and  4.65 (1H, br s, H-8'') were noticed forming CH(OH)-CH(OH) unit. 
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Table 9. 1H and 13C NMR data (δ in ppm, J in Hz) of caffeoyl-dihydroxyphenyllactic 

acids (14–17). Spectra were recorded in Methanol-d4 (14, 16) and DMSO-d6+D2O (15, 

17) at 500/125 MHz. 

Positio

n  
14 15 16 17 

δH δC δH δC δH δC δH δC 

1  127.9  128.7  127.6  125.52 

2 7. 54, d (2.0) 118.05 7.09, d (2.1) 115.37 7.04, d (2.1) 115.2 7.03, br s **116.33 

3  147.1  *148.13  146.81  **151.1 

4  151.1  148.9  149.7  146.5 

5 6.87, d (8.3) 117.41 6.62, m (ov) 115.73 6.78, d (8.2) 116.49 6.80, d (8.1) 116.65 

6 7.19, dd (8.4, 2.0)  126.2 7.01, dd (8.5, 2.2) 121.2 6.95, dd (8.2, 2.1) 123.1 7.15, dd (8.4,2.0) 125.25 

7 7.59, d (15.9)  146.9 7.45, d (15.9) 145.73 7.55, d (15.9) *147.6 7. 43, d (15.8) 145.95 

8 6.38, d (15.9) 115.6 6.34, d (16.0) 115.58 6.27, d (15.9) 114.4 6.26, d (16.0) 114.1 

9  168.4  166.2  168.4  166.3 

1'  129.6  127.6  129.3  127.6 

2' 6.76, d (2.1) 117.65 6.67, m (ov) 116.9 6.75, d (2.1) 117.5 6.66, m (ov) 116.89 

3'  146.07  145.04  146.16  145.05 

4'  145.2  144.13  145.3  144.13 

5' 6.69, d (8.0) 116.3 6.64, m (ov) 115.73 6.70, d (8.1)  116.28 6.64, d (8.0) 115.74 

6' 6.62, dd (8.1, 2.1) 121.8 6.52, dd (8.1, 2.1) 120.5 6.61, dd (8.1, 2.1) 121.7 6.53, dd (8.1, 2.1) 120.5 

7' 2.99, dd (14.3, 8.6) 

3.09, dd (14.3, 4.1)  

38.07 2.89, dd (14.4, 8.5) 

2.97, dd (14.4, 4.3) 

36.3 3.00, dd (14.3, 8.4) 

3.10, dd (14.3. 4.3) 

37.9 2.90, dd (14.4, 8.5) 

2.98, dd (14.4, 4.4) 

36.3 

8' 5.16, dd (8.6. 4.0) *75.26 5.02, dd (8.3, 4.3) 73.2 5.18, dd (8.4, 4.3) 74.7 5.03, dd (8.4,4.5) 73.26 

9'  n.d  171.12  173.6  **171.16 

1'' 4.82, m (ov) 104.2  132.4    132.3 

2''  3.51, m (ov) 74.92/77.61/ 

78.52 

6.87, d (2.0) 115.01   6.88, d (2.0) 115.10 

3'' 3.51, m (ov) 74.92/77.61/ 

78.52 

 144.71/ 

144.72 

   144.69 

4'' 3.39, m (ov) 71.52  144.71/ 

144.72 

   144.71 

5'' 3.51, m (ov) 74.92/77.61/ 

78.52 

 6.66, m (ov) 115.16   6.67, m (ov) 115.10 

6'' 3.72, m 

3.97, dd (12.1, 2.2) 

62.54 6.72, dd (8.2, 1.9) 118.7   6.73, dd (8.2, 2.0) 118.7 

7''   4.81, d (6.0) 73.09   4.83, d (5.8) 73.13 

8''   4.49, br s *83.2   4.65, br s **83.2 

9''    *171.46    **171.49 

*Signals deduced from HSQC and HMBC spectrum; **Signals deduced from HSQC and HMBC spectra 

recorded at elevated temperature (328 K), n.d; not detected 

The 13C NMR resonances further confirmed these conclusions and showed three 

carbonyl carbons δC (166.3, 171.16, *171.49). The 1H–13C HMBC spectrum revealed that 

one ABX system was correlated with CH2-CH(OR)-COOH, corresponding to a 3,4-

dihydroxyphenyllactic acid (DHPLA) subunit. The next ABX system was coupled with 

CH=CH-COOR, forming a caffeic acid moiety. The third ABX system was correlated 

with CH(OH)-CH(OR)-COOH, yielding a (3,4-dihydroxyohenyl)glyceric acid residue. 

Afterwards, the connecting positions of these three subunits were confirmed. The α-

oxymethine proton δH 5.03 (1H, dd, J = 8.4, 4.5 Hz, H-8') of DHPLA was correlated with 

carbonyl carbon δC 166.3 (C-9) of caffeic acid, thus confirming the esterification between 

these two subunits. Moreover, α-glyceric acid proton δH 4.65 (1H, br s, H-8'') was coupled 

with H-2 of caffeic acid δH 7.03 (1H, br s) in 1H–1H NOESY spectrum. It indicates that 

the vicinal hydroxyl (C-3) of caffeic acid is attached to the (3,4-dihydroxyphenyl)glyceric 
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acid moiety. Compound 17 represents a novel natural product (Figure 8), which was 

named as salvianolic acid O. In case of isomeric compound 15, α-glyceric acid proton δH 

4.49 (1H, br s, H-8'') was coupled with H-5 of caffeic acid δH 6.62 (1H, m (ov), H-5), 

suggesting that C-4 hydroxyl of caffeic acid is connected with (3,4-

dihydroxyphenyl)glyceric acid moiety. Compound 15 was confirmed as salvianolic acid 

K (120) (Figure 8). Compounds 14 and 16 were verified as rosmarinic acid-3-O-β-D-

glucoside (121), rosmarinic acid (122) (Figure 8). The NMR assignments of conversion 

product 19 are in close agreement with its parent salvianolic acid K (15), apart from 

positions 7' and 8', which contained vinylic protons δH 5.67 (1 H, d, J = 7.2 Hz), δH 7.15 

(1H, d, J = 7.1 Hz) (Table 10). Conversion product 19 is a novel derivative (Figure 8) and 

was named as salvianolic acid P. The isomeric conversion products of rosmarinic acid 

(18, 21) also possessed olefinic protons at positions 7' and 8'. The conversion product 18, 

possessing m-positioned hydroxyls in ring B, was elucidated as nepetoidin A (Z, E) (112), 

while the conversion product 21 containing o-positioned hydroxyls was identified as 

nepetoidin B (Z, E)  (123) (Figure 8). 

Table 10. 1H and 13C NMR data (δ in ppm, J in Hz) of conversion products 19 (DMSO-

d6+D2O), 20, and 21 (Acetone-d6) at 500/125 MHz. 

Position 19 18 21 

δH δC δH δH 

1  129.9   

2 7.14, m (ov)  116.41 7.24, d (2.0) 7.26, d (2) 

3  150.55/150.61   

4  150.61/150.55   

5 6.48, d (8.4) 119.5 6.91, d (8.2) 6.91, d (8.2) 

6 7.01, dd (8.4, 2.1) 121.9 7.14, dd (8.2, 2.1) 7.14, dd (8.2, 
2.1) 

7 7.62, d (15.8) 147.6 7.71, d (15.9) 7.74, d (15.9) 

8 6.56, d (15.9) 115.41 6.39, d (16.1) 6.51, d (15.9) 

9  164.5   

1'  126.3   

2' 7.22, d (2.1) 116.94 6.80, s 7.38, d (2.0) 

3'  145.4   

4'  145.4 6.95, s  

5' 6.73, d (8.1) 116.37  6.82, d (8.2) 

6' 6.87, m (ov) 122.2 6.80, s 7.02, dd (8.2, 

2.1) 

7' 5.67, d (7.2) 113.1 6.40, d (12.6) 5.68, d (7.2) 

8' 7.15, d (7.1) 132.6 7.84, d (12.8) 7.27, d (7.2) 

1''  133.2   

2'' 6.85, d (2.0) 115.60   

3''  144.97   

4''  144.93   

5'' 6.67, d (8.1) 115.60   

6'' 6.70, dd (8.4, 2.0) 119.5   

7'' 4.78, d (6.3) 73.7   

8'' 4.21, Br (s) *86.8   

9''  173.9   

                      *Signal deduced from HSQC spectrum. 
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4.3.4. Structural characterization of flavonoid-malonyl-glucosides (1–3, 8) 

FMGls 1, 2, and 3 were identified as quercetin-3-O-(6''-O-malonyl)-β-D-glucoside 

(124, 125), luteolin-7-O-(6''-O-malonyl)-β-D-glucoside (126), and kaempferol-3-O-(6''-

O-malonyl)-β-D-glucoside (127, 128) (Figure 8, Table 11), based on the comparison of 

their NMR data reported in earlier studies.  

Table 11. 1H and 13C NMR data (δ in ppm, J in Hz) of the flavonoid-malonyl-glucosides 

1–3, 8 recorded in DMSO-d6 at 500/125 MHz. 

Position 1 2 3 8 

δH
 δC

 δH
 δC

 δH δC δH
    δC

 

2 - 156.7 - 164.8 - 156.7 - 164.8 

3 - 133.2 6.75, s 103.1 - 133.1 6.76, s 103.1 

4 - 177.3 - 181.9 - 177.4 - 181.9 

5 - 161.2 - 161.0 - 161.2 - 161.1 

6 6.20, d (2.0) 98.7 6.42, d (1.9) 99.8 6.21, d (2.0) 98.8 6.38, d (2.0) 99.8 

7 - 164.2 - 162.8 - 164.3 - 162.1 

8 6.40, d (2.0) 93.6 6.77, d (2.0) 94.5 6.43, d (2.0) 93.7 6.72, d (2.0) 94.9 

8a - 156.4 - 157.1 - 156.4 - 156.9 

4a - 103.9 - 105.5 - 103.9 - 105.8 

1' - 121.0 - 121.3 - 120.7 - 121.3 

2' 7.51, d (2.1) 116.2 7.53, br s 113.5 7.98, d (8.9) 130.8 7.51, brs 113.5 

3' - 144.9 - 146.2 6.88, d (8.9) 115.1 - 146.1 

4' - 148.6 - 150.0 - 160.1 - 150.1 

5' 6.83, d (8.4) 115.1 6.87, d (8.4) 115.9 6.88, d (8.9) 115.1 6.87, d (8.4) 115.9 

6' 7.49, dd (8.4, 2.2) 121.5 7.41, dd (8.4, 2.1) 118.9 7.98, d (8.9) 130.8 7.42, dd (8.4, 2.2) 119.0 

1'' 5.37, d (7.4) 101.1 5.07, d (7.3) 100.0 5.34, d (7.5) 101.3 5.38, d (8.1) 97.3 

2'' 3.24, m (ov) 73.9 3.29, m (ov) 73.1 3.20, m (ov) 74.0 4.84, dd (9.3, 8.4) 73.8 

3'' 3.24, m (ov) 76.2 3.32, m (ov) 76.1 3.22, m (ov) 76.1 3.58, t (9.2) 73.3 

4'' 3.18, m 69.5 3.17, m 69.7 3.14, m (ov) 69.5 3.31, m (ov) 69.7 

5'' 3.31, m (ov) 73.94 3.73, m 74.2 3.31, m (ov) 73.9 3.87, m 74.1 

  6'' 4.19, dd (11.8, 1.8)  

3.99, dd (11.9, 5.7) 

63.5 4.46, d (11.2) 

4.04, dd (11.9, 

7.5) 

64.0 4.16, dd (11.8, 1.7) 

4.00, dd (11.9, 5.7) 

63.4 4.46, d (11.0)  

4.12, dd (11.9, 7.1) 

63.8 

 2''-malonyl 

CH2 - - - - - - 3.38, m (ov) 41.8 

RCOOR' - - - - - - - 166.2 

RCOOH - - - - - - - 167.8 

6''-malonyl 

CH2 3.07, s 41.5 3.31, m (ov) 42.6 3.07, s 41.6 3.35, m (ov) 42.3 

RCOOR'' - 166.8 - 167.5 - 166.8 - 167.3 

RCOOH - 167.9 - 168.0 - 167.9 - 168.0 

Note: Ov, signals in the overlapped regions of the spectra and the multiplicities could not be recognized. 

The NMR spectra of FMGls 2 and 8 are quite identical, referring to the presence 

of luteolin-7-O-β-D-glucoside subunit. However, 8 is esterified with two malonyl units 

(δH 3.38; δC 167.8, 166.2, 41.8 and δH 3.35; δC 168.0, 167.3, 42.3). The HMBC 

correlations of glucoside protons, i.e., H-2'' and H-6'' with carbonyl carbons δC 166.2 and 

167.3 of malonyls, respectively, confirmed their substitution positions. Compound 8 was 

identified as luteolin-7-O-(2'',6''-di-O-malonyl)-β-D-glucoside (Figure 8), which 

represents a novel flavonoid. 
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4.4. Quantification of metabolites in selected Apiaceae species 

In addition to collecting inflorescences, the leaves and roots of A. cerefolium, C. 

bulbosum, and A. sylvestris were collected at the beginning of the vegetation cycle in 

early spring (BVC) and during the flowering stage (FS). The leaves of A. caucalis were 

collected during the FS along with its inflorescences. The roots and leaves of M. odorata 

and A. nitida were collected during their post-vegetative phase in autumn (PVP). The 

composition of FMGIs (1–3, 8), CQAs (4–7, 9, 10), and CDAs (11–13), was determined 

in these tissue samples (Table 12).  

Table 12. Quantification of flavonoid-malonyl glucosides (1–3, 8), malonyl 

dicaffeoylquinic acids (4–7, 9, 10), and caffeoyldaucic acids (11–13) in different organs 

of selected Apiaceae species. 

Plant Tissue Collection 

timea 

Sample 

codeb 

Amounts of compounds in the dried tissues (mg/g) 

    1 2 3 8 4 7 9 5 6 10 11 12 13 

A
. 

ce
re

fo
li

u
m

 

Leaf BVC AC-L-BVC - - - - 3.36 1.14 2.84 - - - - - - 

FS AC-L-FS - - - - 10.64 2.00 1.34 - - - - - - 

Inflrsc FS AC-I-FS-A - - - - 28.60 4.62 1.01 - - - - - - 

AC-I-FS-B     28.53 4.64 1.00 - - - - - - 

Root BVC AC-R-BVC - - - - 0.42 0.46 0.22 - - - - - - 

FS AC-R-FS - - - - 0.30 0.27 0.09 - - - - - - 

C
. 
b
u

lb
o

su
m

 

Leaf BVC CB-L-BVC - 10.64 - 2.42 8.64 1.76 1.18 - - - - - - 

FS CB-L-FS 2.73 5.63 - 0.76 4.62 0.99 1.59 - - - - - - 

I

Inflrsc 
FS CB-I-FS-A 25.61 1.92 9.98 0.79 20.22 4.57 30.21 - - - - - - 

CB-I-FS-B 25.87 1.84 9.66 0.82 20.29 4.56 30.97 - - - - - - 

Root BVC CB-R-BVC - - - - 1.34 0.49 0.22 - - - - - - 

FS CB-R-FS - - - - 0.82 0.36 0.12 - - - - - - 

A
. 

sy
lv

es
tr

is
 

Leaf BVC AS-L-BVC - - - - 1.79 - - 2.08 1.91 - - - - 

FS AS-L-FS - - - - 1.45 - - 0.12 0.23 - - - - 

Inflrsc FS AS-I-FS     2.93 - - 0.62 0.57 - - - - 

Root BVC AS-R-BVC - - - - 1.32 - - 0.28 0.15 - - - - 

FS AS-R-FS - - - - 3.52 - - 0.22 0.10 - - - - 

A
. 

ca
u

ca
li

s Leaf FS AC-L-FS - - - - - - - - - 2.05 - - - 

Inflrsc FS AC-I-FS - - - - - - - - - 3.24 - - - 

A
. 
n

it
id

a
 

Leaf PVP AN-L-PVP - - - - - - - - - - - - - 

Root PVP AN-R-PVP - - - - - - - - - - 4.39 - - 

M
. 
o

d
o

ra
ta

 

Leaf PVP MO-L-PVP - - - - - - - - - - - - - 

Root PVP MO-R-PVP - - - - - - - - - - 9.42 0.75 1.36 

a Plants were collected at the BVC (January to April), FS (May to June), PVP (September to December). 
b Sample codes refer to plant species (AC; A. cerefolium, CB; C. bulbosum, AS; A. sylvestris, AC; A. 

caucalis, AN; A. nitida, MO; M. odorata), analyzed tissues (L; leaf, I; Inflorescence, R; root), collection 

time (BVC; beginning of the vegetation cycle. FS; flowering stage, PVP; post vegetative phase). 

Note: Values in bold represent the main compound concentration and serve as the basis for selecting the 

corresponding plant tissue for isolation. Results of A. sylvestris are reproduced with permission from 

Ausbüttel T (107). The italic letters (A, B) in the sample names indicate the independent extraction parallels. 
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FMGls 1, 2, 3, and 8 were detected in C. bulbosum. The malonyl-glucosides of 

quercetin (1) and kaempferol (3) were mainly accumulated in inflorescences of C. 

bulbosum with 25.74 mg/g and 9.82 mg/g concentrations, respectively. On the other hand, 

the malonyl and dimalonyl-glucoside of luteolin (2, 8) were mainly present in leaves 

collected at the BVC with 10.6 mg/g and 2.42 mg/g amounts, respectively. 

MDiCQAs (4, 7) and DiMDiCQA (9) were present in all tissues of A. cerefolium 

and C. bulbosum. MDiCQAs (5, 6) were detected in all A. sylvestris samples, 

accompanied by compound 4. The inflorescences of A. cerefolium and C. bulbosum were 

found to be the most concentrated source of compounds 4 and 7, with 28.56 mg/g and 

4.63 mg/g in A. cerefolium, while 20.25 mg/g and 4.56 mg/g in C. bulbosum. The 

inflorescences of C. bulbosum also possessed the highest concentration of compound 9, 

i.e., 30.59 mg/g. The highest levels of compounds 5 and 6 were noticed in leaves of A. 

sylvestris samples collected at the BVC, i.e., 2.08 and 1.91 mg/g, respectively. 

DiMDiCQA (10) was accumulated in the inflorescences of A. caucalis up to 3.24 

mg/g. The highest amounts of DiCDA (11) were detected in the roots of M. odorata 

collected at the PVP, attaining up to 9.42 mg/g, while the same sample was the only 

source of FCDAs (12, 13) with 0.75 mg/g and 1.36 mg/g concentrations, respectively. 

4.5. Quantification of compounds in variously prepared extracts of 

Salvia species 

Extracts from pulverized Salvia tissues were prepared via three alternative 

procedures before HPLC-HR-MS-UV analysis. Method 1 used an initial room-

temperature incubation of pulverized tissues suspended in distilled water for 5, 15, 30, 

45, and 60 min (abbreviated as DW5–DW60 in sample abbreviations). Method 2 

incorporated a thermal pretreatment, in which the aqueous suspension was incubated at 

100 °C for 2 min and then left at room temperature for 45 or 60 min (abbreviated as 

100°C-DW45 or 100°C-DW60 in sample abbreviations). Following these aqueous 

incubation steps, absolute methanol was added to achieve an 80% (v/v) final 

concentration, and the samples were heated at 60 °C to extract the compounds. In method 

3, untreated tissue extracts were generated by directly extracting the pulverized samples 

with 80% MeOH at 60 °C, omitting any pre-water treatment (abbreviated as UT in sample 

abbreviations) (Table 13–15). 
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4.5.1. Enzymatic conversion of rosmarinic acid into nepetoidins A and B 

The untreated S. officinalis leaf contained rosmarinic acid (16)  up to 27.4 mg/g 

(sample 1; Table 13). Rosmarinic acid was rapidly decomposed during room-temperature 

aqueous incubation of pulverized tissues. Samples incubated in water at room temperature 

for 5, 15, 30, 45, and 60 min showed a noticeable reduction in rosmarinic acid content 

with increasing incubation time: 1.97 mg/g and 0.15 mg/g rosmarinic acid content were 

detected after 15 and 60 min of aqueous incubation, respectively. On the other hand, 

thermal pretreatment at 100 °C for 2 min, followed by a 60-min aqueous incubation at 

room temperature, resulted in a rosmarinic acid content comparable to that observed in 

untreated samples (sample 100°C-DW60, 29.3 mg/g). While untreated leaves contained 

negligible amounts of nepetoidin A (18) and B (21) (sample 1: 0.03 and 0.05 mg/g; 

sample 2: 0.11 mg/g and 0.08 mg/g, respectively), a room temperature water incubation 

elevated these values to 0.61 and 1.59 mg/ in sample 1 (5 min incubation), as well as 0.90 

and 3.93 mg/g in sample 2 (30 min incubation). Longer incubation periods caused a 

steady decline in the levels of both compounds (Table 13). 

Table13. Quantification of rosmarinic acid (16) and its conversion products (18, 21) in 

aerial tissues of S. officinalis. 

Species Sample 

No 

Treatment 

conditions 

Sample name Compounds, mg/g 

RA 

(16) 

NEP A 

(18) 

NEP B 

(21) 

S
. 

o
ff

ic
in

a
li

s 

1 UT SO/1/UT-A 27.1 0.03 0.04 

UT SO/1/UT-B 27.6 0.03 0.05 

DW5 SO/1/DW5 8.83 0.61 1.59 

DW15 SO/1/DW15-A 2.07 0.51 0.97 

DW15 SO/1/DW15-B 1.86 0.55 0.98 

DW30 SO/1/DW30 0.36 0.33 0.39 

DW45 SO/1/DW45 0.18 0.27 0.17 

DW60 SO/1/DW60 0.15 0.23 0.13 

100 ℃, DW60 SO/1/100℃-DW60 29.3 0.14 0.26 

2 UT SO/2/UT-A 13.9 0.11 0.08 

UT SO/2/UT-B 15.9 0.11 0.09 

DW5 SO/2/DW5 8.42 0.61 3.25 

DW15 SO/2/DW15-A 4.66 0.66 3.94 

DW15 SO/2/DW15-B 4.55 0.62 3.86 

DW30 SO/2/DW30 2.05 0.90 3.93 

DW45 SO/2/DW45 0.75 0.84 3.21 

Note: Values in bold represent the main concentration of compounds and serve as the basis for selecting a 

plant tissue for isolation.  

The italic letters (A, B) in the sample names indicate the independent extraction parallels. 

Abbreviations: RA; rosmarinic acid, NEP A; nepetoidin A, NEP B; nepetoidin B. 
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4.5.2. Enzymatic Conversion of salvianolic acid K into salvianolic acid P 

Salvianolic acid K (15) was determined in the root samples of S. pratensis, S. 

nemorosa, and S. sclarea, ranging from 40.0–43.2, 14.3–17.5, and 5.19–6.37 mg/g, 

respectively (Table 14A–C). Upon room-temperature aqueous treatment of root tissues, 

salvianolic acid K converted into salvianolic acid P (19). The highest amount of 

salvianolic acid P was determined after 5 min incubation, with concentrations of 0.55 

mg/g in S. sclarea (sample 2), 0.45 mg/g in S. nemorosa (sample 3), and 0.42 mg/g in S. 

pratensis (sample 1). Prolonged aqueous incubations resulted in a decrease in the levels 

of salvianolic acid P. In the case of heat-treated extracts (100℃, DW45), salvianolic acid 

K remained intact with levels comparable to those noticed in untreated (UT) samples. 

Table14A. Quantification of salvianolic acid K (15) and its conversion products (19) 

along with other identified metabolites in aerial tissues and roots of S. pratensis. 

Species Organ Sample 

No 

Treatment 

conditions 

Sample name Compounds, mg/g 

RA Gl 

(14) 

RA 

(16) 

NEP A 

(18) 

NEP B 

(21) 

SAA K 

(15) 

SAA P 

(19) 

S
. 

p
ra

te
n

si
s 

 

ro
o

ts
 

1 UT SP/R/1/UT-A 3.07 25.1 0.07 0.06 41.6 0.05 

SP/R/1/UT-B 3.14 24.7 0.06 0.06 40.4 0.05 

SP/R/1/UT-C 3.01 22.6 0.06 0.06 38.2 0.04 

SP/R/1/UT-D 3.16 23.5 0.06 0.06 39.8 0.05 

100 ℃, 

DW45 

SP/R/1/100℃-

DW45-A 

2.99 20.1 0.20 0.14 38.7 0.16 

SP/R/1/100℃-

DW45-B 

2.68 19.4 0.19 0.14 36.3 0.16 

DW5 SP/R/1/DW5 0.99 2.46 0.51 0.40 10.5 0.42 

DW15 SP/R/1/DW15 0.33 0.63 0.49 0.39 2.94 0.41 

DW30 SP/R/1/DW30 0.03 0.12 0.10 0.10 0.07 0.08 

DW45 SP/R/1/DW45 - 0.05 tr 0.05 tr tr 

2 UT SP/R/2/UT 2.41 16.2 0.07 0.05 43.2 tr 

3 UT SP/R/3/UT-A 2.02 16.4 0.07 0.07 41.9 0.05 

SP/R/3/UT-B 1.96 16.3 0.06 0.07 40.7 0.05 

ae
ri

al
 p

ar
ts

 

1 NT SP/AP/1/UT-A 0.13 22.2 tr tr tr - 

SP/AP/1/UT-B 0.13 21.2 tr tr tr - 

DW5 SP/AP/1/DW5 tr 5.82 0.22 0.06 tr - 

DW15 SP/AP/1/DW15 - 0.37 0.14 tr - - 

DW30 SP/AP/1/DW30 - 0.10 0.07 tr - - 

DW45 SP/AP/1/DW45 - 0.05 tr tr - - 

2 UT SP/AP/2/UT - 23.4 tr tr tr - 

3 SP/AP/3/UT tr 18.6 tr tr tr - 

Note: Values in bold represent the main concentration of compounds and serve as the basis for selecting a 

plant tissue for isolation.  
The italic letters (A, B, C, and D) in the sample names indicate the independent extraction parallels 

Abbreviations: RA Gl; rosmarinic acid glucoside, RA; rosmarinic acid, NEP A; nepetoidin A, NEP B; 

nepetoidin B, SAA K; salvianolic acid K, SAA P; salvianolic acid P; tr, trace amount. 
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Table14B. Quantification of salvianolic acid K (15) and its conversion products (19) 

along with other identified metabolites in aerial tissues and roots of S. nemorosa. 

Species Organ Sample 

No 

Treatment 

conditions 

Sample name Compounds, mg/g 

RA Gl 

(14) 

RA 

(16) 

NEP A 

(18) 

NEP B 

(21) 

SAA K 

(15) 

SAA P 

(19) 

 

S
. 

n
em

o
ro

sa
 

 
ro

o
ts

 

1 UT SN/R/1/UT 2.89 10.8 tr 0.05 14.3 0.04 

2 SN/R/2/UT-A 1.12 18.1 0.07 tr 17.7 0.05 

SN/R/2/UT-B 1.13 18.3 0.07 tr 17.3 0.05 

3 SN/R/3/UT-A 1.28 14.5 0.06 0.05 14.9 0.04 

SN/R/3/UT-B 1.30 15.3 0.06 0.05 15.0 0.04 

DW5 SN/R/3/DW5 0.43 2.60 0.54 0.61 5.41 0.45 

DW15 SN/R/3/DW15 0.06 0.59 0.34 0.35 0.78 0.28 

DW30 SN/R/3/DW30 tr 0.29 0.13 0.16 0.09 0.11 

DW45 SN/R/3/DW45 tr 0.18 0.07 0.09 0.05 0.06 

ae
ri

al
 p

ar
ts

 

1 UT SN/AP/1/UT 0.27 19.3 tr tr tr - 

2 SN/AP/2/UT-A 0.46 20.8 tr tr tr tr 

SN/AP/2/UT-B 0.46 21.8 tr tr tr tr 

DW5 SN/AP/2/DW5 0.35 4.42 0.23 1.24 tr tr 

DW15 SN/AP/2/DW15 tr 0.23 0.09 0.35 - tr 

DW30 SN/AP/2/DW30 - 0.18 tr 0.21 - tr 

DW45 SN/AP/2/DW45 - 0.27 tr tr - tr 

The footnote annotations are the same as those described for Table 14A. 

Table14C. Quantification of salvianolic acid K (15) and its conversion products (19) 

along with other identified metabolites in aerial tissues and roots of S. sclarea. 

Species Organ Sampl

e No 

Treatment 

conditions 

Sample name Compounds, mg/g 

RA Gl 

(14) 

RA 

(16) 

NEP A 

(18) 

NEP B 

(21) 

SAA K 

(15) 

SAA P 

(19) 

 

S
. 

sc
la

re
a
 

 
ro

o
ts

 

1 UT SS/R/1/UT-A 0.05 3.33 tr tr 5.29 tr 

SS/R/1/UT-B 0.05 3.08 tr tr 5.09 tr 

2 SS/R/2/UT-A 0.08 3.92 0.06 tr 5.68 0.04 

SS/R/2/UT-B 0.08 4.37 0.06 tr 7.05 0.05 

DW5 SS/R/2/DW5 - 0.57 0.22 0.45 0.10 0.55 

DW15 SS/R/2/DW15 - 0.11 0.14 0.36 tr 0.35 

DW30 SS/R/2/DW30 - 0.06 0.09 0.22 - 0.21 

DW45 SS/R/2/DW45 - tr tr 0.10 - 0.08 

ae
ri

al
 p

ar
ts

 

1 UT SS/AP/1/UT-A tr 20.0 tr tr 2.60 tr 

SS/AP/1/UT-B tr 20.1 tr tr 2.50 tr 

2 SS/AP/2/UT-A tr 17.2 tr tr 2.23 tr 

SS/AP/2/UT-B tr 16.9 tr tr 2.22 tr 

DW5 SS/AP/2/DW5 tr 3.46 0.29 0.86 0.32 0.12 

DW15 SS/AP/2/DW15 - 2.29 0.24 0.69 0.20 0.10 

DW30 SS/AP/2/DW30 - 1.40 0.18 0.53 0.05 0.07 

DW45 SS/AP/2/DW45 - 0.42 0.12 0.32 tr 0.05 

The footnote annotations are the same as those described for Table 14A. 

4.5.3. Enzymatic Conversion of salvianolic acid O into salvianolic acid Q 

Salvianolic acid O (17) accumulated in the roots of S. verticillata at concentrations 

ranging from 20.7–78.6 mg/g (Table 15).  
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Table 15. Quantification of salvianolic acid O (17) and its conversion products (20) along 

with other identified metabolites in aerial tissues and roots of S. verticillata. 

Species Organ Sample 

No 

Treatment 

conditions 

Sample name Compounds, mg/g 

RA Gl 

(14) 

RA 

(16) 

NEP A 

(18) 

NEP B 

(21) 

SAA O 

(17) 

SAA Q 

(20) 

S
. 

ve
rt

ic
il

la
ta

 

ro
o

ts
 

1 UT SV/R/1/UT-A 0.48 42.2 0.07 0.04 48.2 tr 

SV/R/1/UT-B 0.49 42.3 0.07 0.04 50.4 tr 

2 SV/R/2/UT-A 0.93 51.2 0.08 0.05 31.3 tr 

SV/R/2/UT-B 0.90 49.4 0.08 0.06 29.3 tr 

SV/R/2/UT-C 0.94 50.3 0.07 0.06 30.3 tr 

3 SV/R/3/UT-A 8.26 39.4 tr 0.06 46.7 tr 

SV/R/3/UT-B 8.18 38.6 tr 0.06 45.8 tr 

4 SV/R/4/UT 4.51 27.8 tr 0.05 20.7 tr 

5 SV/R/5/UT 0.31 27.7 tr 0.05 28.5 tr 

DW5 SV/R/5/DW5 0.11 5.08 0.13 0.41 10.1 0.07 

DW15 SV/R/5/DW15 tr 0.46 0.09 0.20 1.07 0.04 

DW30 SV/R/5/DW30 tr 0.42 0.08 0.19 0.96 0.03 

DW45 SV/R/5/DW45 tr 0.27 0.06 0.18 0.42 tr 

6 UT SV/R/6/UT-A tr 46.6 0.04 0.08 60.5 tr 

SV/R/6/UT-B tr 42.6 0.04 0.08 55.0 tr 

7 SV/R/7/UT-A 0.06 33.1 tr 0.05 59.0 tr 

SV/R/7/UT-B 0.06 31.6 tr 0.05 55.3 tr 

8 SV/R/8/UT-A 0.09 57.1 tr 0.07 80.1 tr 

SV/R/8/UT-B 0.08 53.8 tr 0.07 77.0 tr 

DW5 SV/R/8/DW5 0.04 14.2 0.24 1.35 33.3 0.42 

DW15 SV/R/8/DW15 - 1.92 0.19 0.67 6.77 0.29 

DW30 SV/R/8/DW30 - 1.11 0.11 0.43 1.87 0.19 

DW45 SV/R/8/DW45 - 0.19 0.05 0.12 0.25 tr 

9 UT SV/R/9/UT-A 3.09 45.8 tr tr 25.2 tr 

SV/R/9/UT-B 3.17 47.2 tr tr 24.4 tr 

DW45 SV/R/9/DW45 0.05 1.52 tr 0.09 0.20 tr 

100 ℃, 

DW45 

SV/R/9/100℃-

DW45-A 

2.58 38.4 0.05 0.20 22.7 tr 

SV/R/9/100℃-

DW45-B 

2.74 37.7 0.04 0.19 21.4 tr 

ae
ri

al
 p

ar
ts

 

2 UT SV/AP/2/UT tr 17.8 tr 0.03 0.52 - 

3 SV/AP/3/UT-A - 59.4 tr tr 1.34 - 

SV/AP/3/UT-B - 58.8 tr tr 1.33 - 

4  SV/AP/4/UT - 35.4 tr 0.03 4.09 - 

5 SV/AP/5/UT 0.31 13.0 tr tr 0.27 tr 

DW5 SV/AP/5/DW5 0.11 4.38 0.13 1.59 0.15 tr 

DW15 SV/AP/5/DW15 tr 0.42 0.12 1.32 0.10 tr 

DW30 SV/AP/5/DW30 tr 0.62 0.09 1.10 0.09 tr 

DW45 SV/AP/5/DW45 tr 0.51 0.08 0.99 0.07 tr 

The footnote annotations are the same as those described for Table 14A. The additional abbreviations: SAA 

O; salvianolic acid O, SAA Q; salvianolic acid Q. 

During aqueous incubations of root samples at room temperature, salvianolic acid 

O converted to salvianolic acid Q (20). The maximum concentration of salvianolic acid 

Q was observed after a 5 min incubation, reaching up to 0.42 mg/g (sample 8). Prolonged 

aqueous treatments resulted in a decrease in salvianolic acid Q content. Similar to 

rosmarinic acid and salvianolic acid K, salvianolic acid O also remained intact during 



 54 

 

room-temperature aqueous incubations when the samples were subjected to a prior 

thermal treatment at 100 °C for 2 min. 

4.6. Evaluation of biological activities of isolated compounds 

4.6.1. Determination of antioxidant potential 

MDiCQAs (4–7) exhibited comparable antioxidant activity (IC50 12.0 ± 0.8 µM–

12.9 ± 0.3 µM) to DiMDiCQA (9, 10) (IC50 10.1 ± 0.3 µM–13.6 ± 0.4 µM) (Figure 11). 

DiCDA (11) exhibited higher inhibitory potency (IC50 19.7 ± 0.4 µM) compared to its 

methylated derivatives (12, 13) (IC50 26.8 ± 0.18, 26.9 ± 2 µM).  

Rosmarinic acid (16) exhibited stronger antioxidant activity than its glucoside 

derivative, with IC₅₀ values of 11.2 ± 0.2 and 15.1 ± 0.3 µM, respectively. The isomeric 

compounds salvianolic acid K (15) and salvianolic acid O (17), together with the 

structurally related salvianolic acid P (19), displayed comparable antioxidant activities, 

with IC₅₀ values of 9.7 ± 0.2, 10.6 ± 0.2, and 8.9 ± 0.5 µM, respectively. Among the 

nepetoidins, nepetoidin B (21) exhibited higher DPPH radical-scavenging activity than 

nepetoidin A (18), with IC₅₀ values of 8.9 ± 0.1 and 14.9 ± 0.5 µM, respectively. 

FMGls 1, 2, and 8 showed remarkable antioxidant potential, with IC50 values of 

22.5 ± 0.6 µM, 7.8 ± 0.4, and 14.8 ± 0.6 µM, respectively. However, FMGl 3 displayed 

reduced potency, with an IC50 value of 233.9 ± 0.9 µM. The standards ascorbic acid,  

chlorogenic acid, and Trolox showed IC50 values of 19.1 ± 1.5 µM, 20.3 ± 0.2 µM, and 

18.5 ± 0.1 µM, respectively.  
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(b) 

Figure 11. The DPPH radical scavenging activity of isolated (a) caffeic acid derivatives 

(4–19, 21) and (b)  flavonoids (1–3, 8) compared with standard antioxidants (chlorogenic 

acid; CA, ascorbic acid; AA, Trolox, QCT; quercitin, RUT; rutin, KMP; kaempferol). 

Source: Author's own work. 

 The DPPH assay is a well-established screening method for evaluating the free 

radical-scavenging potential of compounds. However, this assay is based on a simplified 

chemical system and may not directly reflect cellular antioxidant activity or in vivo 

effects. 

4.6.2. Determination of cytostatic potential 

The antiproliferative effects of MDiCQAs (4–7, 9) and FMGls (1–3, 8) were 

assessed on five human cancer cell lines, including glioma (U87), colorectal carcinoma 

(HT-29), hepatocellular carcinoma (HepG2), promyelocytic leukemia (HL-60), and 

melanoma (A2058). Testing was also performed on non-tumorous Vero E6 cells (derived 

from African green monkey kidney epithelium) to evaluate the compound selectivity. 

Two MDiCQAs (4, 9) and the FMGl (3) showed a moderate cytostatic effect, whereas 

the other compounds showed no activity against the tested cells (Table 16). On the other 

hand, these compounds (4, 9, 3) also showed cytostatic effects on non-cancerous Vero E6 

cells. Especially, MDiCQAs (4, 9) showed a strong cytostatic effect (IC50 < 10 µM) 

while FMGl (3) had a weaker effect (IC50 ∼ 40 µM).  
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Table 16. Cytostatic effect of FMGl (3) and MDiCQA (4,9) on Vero E6 Cells and Human 

Colorectal Carcinoma (HT-29), Glioma (U87), Hepatoblastoma (HepG2), Leukemia 

(HL-60), and Melanoma (A2058) cells. 

Cell line 
IC50 (µM) 

3  4 9 Daunomycin 

Vero E6 39.8  9.9  9.5  1.7  

A2058 21.0  13.5  11.9  0.2  

U87 86.3  >100 48.5  0.6  

HL-60 51.4  29.7  >100 0.16  

HepG2 27.5  25.6  >100 0.54  

HT-29 >100 >100 47.9  0.9  

Note: The IC50 values of compounds 1, 2, and 5–8 exceeded 100 μM for all tested cell lines; therefore, they 

are not included in Table 16. Moreover, these compounds were not tested on HL-60 cells. 

The antiproliferative effects of MDiCQAs 10 and CDAs 11–13 remain to be 

elucidated in future studies. 

The cytostatic effect of CDPLAs (14–17) and their conversion products (18, 19, 

21) were evaluated on five human cancer cell lines: colorectal carcinoma (HT-29), 

monocytic leukemia (MM6), colorectal adenocarcinoma (HT-29), glioblastoma (U87 and 

U251), and lung adenocarcinoma (H838). All the conversion products, namely 

salvianolic acid P (19), nepetoidin A (18), and nepetoidin B (21), which lack a carboxyl 

group at the C8′ position, showed better cytostatic activity towards the cancer cell lines 

than the parent compounds rosmarinic acid (16), rosmarinic acid glucoside (14), 

salvianolic acid K (15), and salvianolic acid O (17) containing a carboxyl group at C8′ 

(Table 17).  

Table 17. Cytostatic effect of CDPLAs (14–17) and their conversion products (18, 19, 21) 

on colorectal adenocarcinoma (HT-29), glioblastoma (U87 and U251), lung 

adenocarcinoma (H838), and monocytic leukemia (MM6) cells. 

Compound 
IC50 (µM) 

MM6  HT-29 U87 U251 H838 

14 47.6 >100 >100 >100 60.5 

15 21.4 >100 >100 >100 56.6 

16 77.4 >100 >100 >100 45.6 

17 46.3 >100 >100 >100 77.8 

18 24.7 79.6 67.2 88.5 34.5 

19 17.6 24.7 34.0 24.7 25.6 

20 20.0 19.2 26.3 32.5 22.4 

 

 Cytostatic assays provide preliminary information on the antiproliferative activity 

of compounds. Therefore, further validation by using additional cancer cell lines and 

comprehensive biological models is required. 
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5. DISCUSSION 

5.1. HPLC-UV-Orbitrap-HR-MS  analysis of  extracts 

Three main classes of metabolites were identified in Apiaceae species, including 

caffeoylquinic acids (CQAs), caffeoyldaucic acids (CDAs), and flavonoid-malonyl-

glucosides (FMGls). Among CQAs, we identified four malonyl dicaffeoylquinic acid 

(MdiCQA) isomers (4–7) and two dimalonyl-dicaffeoylquinic acid (DiMDiCQA) 

isomers (9, 10). These malonyl-substituted CQAs were identified as novel natural 

products, with only a limited number of structurally related derivatives documented to 

date (27, 61). Therefore, isolation and structural elucidation of such analogues hold great 

potential for novel drug discovery. Among CDAs, dicaffeoyldaucic acid (DiCDA) and a 

feruloyl-caffeoyldaucic acid (FCDA) derivative have been reported (28). Currently, we 

have identified two isomeric FCDAs (12, 13); hence, at least one of these derivatives 

could be considered a novel compound. Among FMGls, luteolin and kaempferol 

glucosides substituted with a malonyl group have been reported (126). However, a 

dimalonyl derivative has not been reported; hence, the currently identified dimalonyl-

glucoside derivative of luteolin (luteolin-7-O-(2'',6''-di-O-malonyl)-β-D-glucoside) (8) 

could be considered a novel compound.  

Eight derivatives of caffeoyl-dihydroxyphenyllactic acid (CDHPLAs) were 

detected in Salvia species. Among isomeric compounds (15, 17), salvianolic acid K was 

identified as an already known compound (111). The isomer of salvianolic acid K, named 

salvianolic acid O, could be considered a novel derivative. The conversion products of 

salvianolic acid K and O, designated as salvianolic acid P (19) and Q (20), are also novel 

compounds. 

5.2. Mass fragmentation study to differentiate between isomeric 

compounds 

The isomeric compounds exhibited quite similar fragmentation profiles (Table 2–

5); however, the relative intensities of key fragment ions showed compound-specific 

differences enabling the differentiation of isomers. Two approaches were used for 

calculating the relative intensity of fragment ions: 1) peak area-based fragment-to-

precursor ratio analysis; each fragment’s peak area was normalized to the total fragment 

ion area. This approach was employed for MdiCQAs (4–7), DiMDiCQAs  (9, 10), and 
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FCDAs (12, 13), 2) base-peak–normalized MS/MS fragment intensity analysis, where the 

most intense fragment in the MS/MS spectrum was set to 100%, and all other fragment 

intensities were expressed relative to it. This approach was employed for isomeric 

salvianolic acids (15, 17). 

5.2.1. Differentiation of malonyl dicaffeoylquinic acid isomers (4–7) 

The fragmentation intensities of isomers 4 and 7 were mainly distinguished at 45 

eV CID (Table 2). In the MS/MS spectrum of compound 4, the fragment ion at m/z 173 

exhibited relatively lower intensity than the ion at m/z 233 (8% vs 30%, respectively). On 

the contrary, in compound 7, the fragment ion at m/z 173 exhibited the highest abundance, 

followed by the ion at m/z 233 (38% and 28%, respectively). At 25 eV CID energy, the 

fragment ion at m/z 233 exhibited the highest intensities for both compounds 4 and 7 

(65% and 69%, respectively).  

The isomers 5 and 6 exhibited significantly different fragment intensities at 25 eV 

CID. For compound 5, the ion at m/z 395 showed the highest relative intensity of 35%, 

while the fragment ion at m/z 233 was barely detectable. In compound 6, both fragment 

ions at m/z 395 and m/z 233 showed relatively higher intensities (32% and 36%, 

respectively). 

5.2.2. Differentiation of dimalonyl-dicaffeoylquinic acid isomers (9, 10) 

Using 15 eV CID energy, the fragment ions from compound 9 at m/z 275, m/z 437, 

and m/z 687 were most abundant, exhibiting relative intensities of 21%, 20%, and 18%, 

respectively (Table 3). On the other hand, the fragment ion from compound 10 at m/z 437 

was the most abundant with 45% relative intensity, while the other two fragments were 

present in trace amounts. Following the application of 30 eV CID energy, the fragment 

ion from compound 9 at m/z 275 showed significant relative intensity (67%), while the 

same fragment from compound 10 was barely detectable. At CID energy of 45 eV, the 

fragment ion from compound 10 at m/z 179 showed a higher relative intensity as 

compared to that of the same fragment from compound 9 (36% vs 4%, respectively). 

5.2.3. Differentiation of feruloyl-caffeoyldaucic acid isomers (12, 13) 

The MS/MS spectrum of deprotonated compound 12 showed the fragment ions at 

m/z 379 and m/z 365, with relative intensities of 46% and 16%, respectively, at 10 eV 

CID energy (Table 4). The MS/MS spectrum of deprotonated compound 13 showed a 

fragment at m/z 379 with a relative intensity of 83%, whereas the fragment ion at m/z 365 
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was not detected. Furthermore, compound 12 showed main fragments at m/z 203 and m/z 

193 with relative intensities of 20% and 27%, respectively, at 30 eV CID energy. On the 

other hand, compound 13 mainly possessed the fragment at m/z 185 with a relative 

intensity of 30%. 

5.2.4. Differentiation of isomeric caffeoyl-dihydroxyphenyllactic acids (15, 17) and 

conversion products (18–21) 

Because the MS/MS spectra of both nepetoidins A and B (18, 21) displayed 

identical product ions with comparable relative intensities, the two isomeric compounds 

could not be distinguished by HPLC-HR-MS/MS analysis. 

The relative intensity ratios of the fragment ion pairs m/z 493/359 and m/z 447/313 

provide reliable diagnostic markers for distinguishing the isomeric pairs SAAs K/O 

(15/17) and SAAs P/Q (19/20), respectively. In the MS/MS spectra of SAA K (15), the 

fragment ion at m/z 493 consistently exhibited lower relative intensity than the ion at m/z 

359.08 at CID energies of 10, 12, and 15 eV. By contrast, SAA O (17) showed the 

opposite fragmentation pattern, with the ion at m/z 493 being more abundant than the ion 

at m/z 359 (Table 5). Accordingly, the intensity ratio I₄₉₃/I₃₅₉ was consistently <1 for SAA 

K and >1 for SAA O. 

A similar fragmentation pattern was observed for salvianolic acids P (19) and Q 

(20). At CID energies of 10, 12, and 15 eV, the intensity ratio I₄₄₇/I₃₁₃ was consistently <1 

for salvianolic acid P and >1 for salvianolic acid Q, providing a reliable diagnostic 

criterion for differentiating these isomeric compounds. 

5.3. Structural characterization of isolated compounds through NMR 

All MdiCQAs (4–7) and DiMDiCQAs (9, 10) characterized in the present study 

were considered as novel compounds. Previously, one related derivative, i.e., 3,5-O-

dicaffeoyl-4-O-malonylquinic acid, was isolated from Centella asiatica (61). In our case, 

compound 6 showed similar substitution positions of malonyl and caffeoyl groups; 

however, the core structure possessed a different stereochemistry and was determined to 

be an epi-quinic acid. A spectroscopic comparison was provided for the differentiation of 

quinic and epi-quinic acid, where H-4 served as a diagnostic proton to decide the relative 

configuration of  1,3,4,5-tetrahydroxycyclohexanecarboxylic acid. A large trans-diaxial 

coupling constant (³J₄/₅ ≈ 9 Hz) in DMSO-d₆ indicated a quinic acid moiety, while a 
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smaller coupling constant (J < 8 Hz) pointed to an epi-quinic acid moiety. A 

comprehensive analysis was provided for the differentiation of quinic and epi-quinic 

acids for the first time in the present study. 

In earlier studies, 4,5-di-O-(E)-caffeoyldaucic has been identified possessing xylo 

(30) and lyxo (28) configurations of daucic acid subunit. In our study, the resonance 

values and multiplicity patterns of compound 11 align with the lyxo configuration (28). 

Previously, a methylated derivative, i.e., 4-O-caffeoyl-5-O-feruloyldaucic acid, has been 

reported by Muarat et al. (28). The NMR data of our compound 13 (4-O-(E)-feruloyl-5-

O-(E)-caffeoyldaucic acid) align with those of the reported derivative; however, our 

assigned positions of feruloyl and caffeoyl groups contradict the previous study. We 

noted that the key correlations from oxymethine protons of daucic acid with carbonyl 

carbons of feruloyl and caffeoyl groups are missing in the HMBC spectrum provided by 

Murata et al., suggesting the absence of spectroscopic support for their positional 

assignments. We were able to attain these diagnostic cross-peaks  by recording the HMBC 

spectra at higher temperature (313 K) (Figures 12, 13), which enabled the correct 

identification of both isomeric compounds 12 and 13. Hence, compound 12 is considered 

a novel derivative, while compound 13 is indicative of an already known analogue, which 

was mistakenly assigned the name of compound 12 in previous study. 

 

(a) 
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(b) 

 
(c) 

Figure 12. Zoomed-in (a) and band-selective (b) 1H–13C HMBC (MeOH-d4, 700/176 

MHz) spectrum of compound 12 recorded at 313 K with highlighted daucic acid proton 

peaks (c) indicating their correlations with carbonyls of caffeoyl and feruloyl groups. 

Source: Author's own work. 

 

(a) 
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(b) 

Figure 13. (a) Band-selective 1H–13C HMBC (MeOH-d4, 500/125 MHz) spectrum of 

compound 13 recorded at elevated temperature (313 K) with highlighted daucic acid 

proton peaks (b) indicating their correlations with carbonyls of feruloyl and caffeoyl 

groups. 

Source: Author's own work. 

The isomeric compound of salvianolic acid K (15) is identified for the first time in 

our study, which is named as salvianolic acid O (17). The conversion product of 

salvianolic acid K (15) also represents a new derivative, which is named salvianolic acid 

P (19). Among FMGIs, luteolin-7-O-(6''-O-malonyl)-β-D-glucoside (2) (129) was 

previously reported; however, its dimalonyl derivative (8), i.e.,  luteolin-7-O-(2'',6''-di-O-

malonyl)-β-D-glucoside, has been revealed for the first time. 

5.4. Quantification of metabolites in selected Apiaceae species 

Considering the organ- and vegetation phase-specific accumulation of metabolites, 

optimal tissues containing the highest levels of selected metabolites were identified, 

enabling their isolation through a one-step preparative HPLC method.  

We isolated 1) from C. bulbosum: MDiCQAs 4, 7, and 9 and FMGIs 1 and 3 from 

inflorescences, while FMGIs 2 and 8 from leaves collected at the beginning of the 

vegetation cycle (BVC), 2) from A. cerefolium: MDiCQAs 4 and 7 from inflorescences, 

while diMDiCQA 9 from leaves harvested at the BVC, 3) from A. sylvestris: MDiCQAs 

4, 5, and 6 from leaves collected at the BVC, 4) from A. caucalis: diMDiCQA 10 from 

inflorescences, 5) from A. nitida: DiCDA 11 from the roots collected at the post 

vegetative phase (PVP), 6) from M. odorata: DiCDA 11, FCDAs 12 and 13 from the 

roots collected at the PVP. 

5.5. Quantification of metabolites selected in Salvia species 

Enzymes require an aqueous environment to maintain their native structure and 

catalytic activity (130). However, exposure to heat and/or organic solvents can degrade 
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enzymes, thereby preventing their catalytic activity (131). Currently, metabolite 

transformation occurred upon aqueous incubation of powdered plant tissues at room 

temperature. In contrast, the metabolites remained intact when the powdered tissues were 

incubated in hot water at 100 °C. This observation suggests that the aqueous environment 

activates endogenous enzymes responsible for metabolite conversion, while heat 

treatment inactivates these enzymes and prevents the transformation of metabolites. 

Furthermore, the involvement of spontaneous non-enzymatic processes, such as 

hydrolysis or oxidation, can be excluded based on the lack of transformation following 

heat treatment. Further mechanistic studies are still required to identify the specific 

enzymes involved and to clarify the detailed biochemical pathways responsible for these 

conversions. 

Enzymatic conversion of compounds in aqueous media may also be a practical 

strategy for producing metabolites that are absent or occur only at trace levels in intact 

plant tissues. Thus, metabolites and their conversion products were isolated from optimal 

plant tissue after optimized aqueous incubations using a simple one-step preparative 

HPLC procedure. 

 Rosmarinic acid (16) was present in all selected species and was therefore isolated 

as a common compound from the untreated root of S. verticillata (Sample 8) together 

with rosmarinic acid glucoside and salvianolic acid O. S. officinalis (Sample 2) contained 

the highest amounts of nepetoidins A and B after 30 min of aqueous incubation. Using 

this incubation period for preparative-scale isolation, nepetoidins A (18) and B (21) were 

obtained in yields of 0.012% and 0.067%, respectively. We could isolate nepetoidins A 

and B from S. officinalis leaves in yields of 0.012% and 0.067%, respectively. These 

yields are 50-fold and 15-fold higher for nepetoidins A and B, respectively, as compared 

to previously reported yields of these compounds (132).  

Salvianolic acid K (15) was isolated from the untreated roots of S. pratensis 

(Sample 2), which contained significantly higher levels of this compound than those of 

S. nemorosa and S. sclarea. However, the relatively higher transformation efficacy of 

salvianolic acid K into salvianolic acid P (19) was determined in S. sclarea root; hence, 

this plant tissue was selected for the isolation of salvianolic acid P. Because the highest 

concentration of salvianolic acid P was detected in S. sclarea roots (sample 2) after 5 min 
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of aqueous incubation, this tissue was selected as the starting material for compound 

isolation. 

Salvianolic acid O (17) was isolated from the untreated roots of S. verticillata 

(Sample 8); however, we were unable to isolate its conversion product, salvianolic acid 

Q (20), in pure form because co-eluting impurities could not be separated by preparative 

HPLC.  

5.6. Evaluation of biological activities of isolated compounds 

5.6.1. Determination of antioxidant potential 

MDiCQAs (4–7, 9, 10) showed better antioxidant potential than standards, while 

DiCDA (11) exhibited comparable activity. However, FCDAs (12, 13) demonstrated 

relatively lower antioxidant activity as compared to the standards. The superior 

antioxidant activity of MDiCQAs and DiCDA is ascribed to their catechol moiety, which 

acts as a hydrogen donor to stabilize the DPPH radical (133). However, in FCDAs (12, 

13), the methylation of hydroxyl groups hinders the hydrogen-donating sites, resulting in 

reduced radical-scavenging activity (134). The antioxidant potential of all these 

compounds has been investigated for the first time, except for DiCDA (11). A previous 

study reported DPPH radical-scavenging activity of DiCDA (11) in terms of Trolox 

equivalents (mM) (30), whereas the present study expresses antioxidant activity as IC₅₀ 

values (µM). 

Consistent with a previous report (135), rosmarinic acid (16) exhibited stronger 

DPPH radical-scavenging activity than its glucoside derivative, with IC₅₀ values of 11.2 

± 0.2 and 15.1 ± 0.3 µM, respectively. This finding is consistent with the established 

structure–activity relationship of phenolic antioxidants, which identifies catechol 

moieties bearing free ortho-dihydroxyl groups as key structural determinants of DPPH 

radical-scavenging activity. Accordingly, glycosylation of one hydroxyl group within the 

catechol unit reduces antioxidant potency (136). 

Salvianolic acid K (15), salvianolic acid O (17), salvianolic acid P (19), together 

with nepetoidin B (21), displayed comparable antioxidant activities. These activities were 

comparable to those of rosmarinic acid and were consistent with previously reported data 

for nepetoidin B (137). Notably, all four compounds contain two catechol moieties, 

whereas nepetoidin A (18), which contains only one catechol moiety and one resorcinol-



 65 

 

type aromatic ring, exhibited significantly weaker activity. This comparison further 

supports the predominant role of catechol units in determining the antioxidant capacity 

of the isolated phenylpropanoids. Beyond providing the first experimental evidence for 

the antioxidant activities of salvianolic acid K and nepetoidin A, this study also reveals 

the antioxidant potential of the newly identified compounds, including salvianolic acid O 

and salvianolic acid P.  

The effective FMGls (1, 2, and 8) contain the B ring with o-substituted hydroxyls, 

whereas the least active FMGl (3) features only a single hydroxyl group in this ring, 

thereby limiting its radical-stabilization potential. Our findings for FMGls 1 and 3 are in 

close agreement with earlier studies (124, 138). Moreover, the DPPH inhibition potential 

of FMGl 2 and currently identified FMGI 8  has been demonstrated for the first time.  

5.6.2. Determination of cytostatic potential 

Both effective MDiCQAs (4, 9) share several comparable structural characteristics: 

their quinic acid core is substituted with caffeoyl groups at positions 1 and 5, and a 

malonyl group is present at position 3. The ineffective MDiCQA (7) possesses the 

caffeoyl groups at the same positions, but its malonyl group is substituted at position 4. 

Likewise, the other ineffective MDiCQAs (5, 6) possess caffeoyl groups at positions 3 

and 5, while a malonyl group at position 1 in compound 5 and at position 4 in compound 

6. Based on these findings, we can conclude that the substitution of malonyl group at 

position 3 and caffeoyl moieties at positions 1 and 5 is essential for the cytostatic activity 

of MDiCQAs. These results also demonstrated the involvement of isomer-specificity in 

exhibiting the cytostatic activity of MDiCQAs. Earlier, 1,3-dicaffeoyl-5-malonyl-δ-

quinide, a structurally related compound to the MDiCQAs, exhibited non-selective in 

vitro cytotoxicity against both human leukemia cells (MOLM-13) and non-cancerous rat 

kidney epithelial cells (NRK) (62). Our study revealed the non-selective cytostatic impact 

of MDiCQAs (4, 9) on different cancerous cells and non-cancerous Vero E6 cells, thus 

supporting this previous finding. 

The better cytostatic activity of conversion products (18, 19, 21) as compared to 

CDPLAs (14–17) may be attributed to higher apolarity of these compounds due to the 

absence of carboxyl groups, which may facilitate cellular uptake and thereby enhance 

their cytostatic effects. To our knowledge, the cytostatic effect of all the test compounds 

has been reported for the first time against the specific cancer cell lines. 
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6. CONCLUSIONS 

1) The present dissertation explored the phytochemical profile of various tissues 

from six Apiaceae species: A. cerefolium, C. bulbosum, A. sylvestris,  A. caucalis, A. 

nitida, and M. odorata, and from five Salvia species: S. officinalis, S. nemorosa, S. 

pratensis, S. sclarea, and S. verticillata. 

2) Metabolites were initially identified in different organs of the analyzed plant 

species through HPLC-UV-Orbitrap-HR-MS and quantified through an external 

calibration method. Based on this analysis, optimal tissue and treatment conditions were 

determined, enabling the isolation of selected compounds via a single-step preparative 

HPLC method. 

3) Thirteen compounds were isolated from Apiaceae species, which were classified 

as caffeoylquinic acids (CQAs) (4–7, 9, 10), caffeoyldaucic acids (CDAs) (11–13), and 

flavonoid-malonyl-glucosides (FMGls) (1–3, 8). 

4) Seven compounds (14–17) were isolated from Salvia species, belonging to the 

caffeoyl-dihydroxyphenyllactic acids (CDHPLAs) and related derivatives (18, 19, 21).  

5) The rapid degradation of rosmarinic acid, accompanied by the transient 

formation of nepetoidins A and B, followed by their subsequent decomposition, was 

demonstrated to be a common enzymatic process in Salvia species. Furthermore, 

salvianolic acid K, detected for the first time in the roots of S. nemorosa, S. pratensis, and 

S. sclarea, and salvianolic acid O, identified as a previously undescribed natural product 

in the roots of S. verticillata, underwent analogous enzymatic transformations in 

pulverized root tissues. These reactions resulted in the formation of two newly identified 

compounds, salvianolic acids P and Q, respectively, which were subsequently degraded. 

These findings demonstrate that extraction conditions can substantially influence 

the phytochemical composition and, consequently, the biological properties of extracts 

prepared from these plants.. 

6) The structures of all the isolated compounds were confirmed through 1D and 

2D NMR experiments, which enabled complete 1H and 13C assignments for these 

compounds. 

7) MS/MS fragment ion profiles of isomeric compounds were evaluated at 

different CID energies, and energy-dependent differences in diagnostic fragment ion 

intensities enabled isomer differentiation.  
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8) Among the twenty isolated compounds, ten compounds were considered novel 

derivatives, including six CQAs (4–7, 9, 10), a CDA (12), a FMGl (8), a CDHPLA (17), 

and a related derivative (19). 

9) Both the structure-specific radical scavenging capacity and the cytostatic 

activities of these compounds were confirmed. 
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7. SUMMARY 

Twenty compounds were isolated from eleven plant species belonging to two 

taxonomic groups: the Apiaceae family and the genus Salvia. The isolated compounds 

were classified as caffeoylquinic acids (CQAs) (4–7, 9, 10), caffeoyldaucic acids (CDAs) 

(11–13), caffeoyl-dihydroxyphenyllactic acids (CDHPLA) (14–19, 21), and flavonoid-

malonyl-glucosides (FMGls) (1–3, 8). Determining optimal tissues and treatment 

conditions allowed the isolation of these compounds. Among them, ten compounds were 

identified as previously undescribed natural compounds, including six CQAs (4–7, 9, 10), 

a CDA (12), a FMGl (8), a CDHPLA (17), and a related derivative (19). The structures 

of the isolated compounds were characterized through HPLC-UV-Orbitrap-HR-MS/MS 

and NMR analyses. All the isolated compounds showed promising DPPH inhibition 

potential with IC50 values of 7–27 µM, except compound 3, which showed an IC50 value 

of 233 µM. CQAs (4, 9) and FMGl (3) showed non-selective cytostatic effects. The 

conversion products (18, 19, 21) showed better cytostatic activity as compared to 

CDPLAs (14–17). 
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