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Abbreviations and Symbols  

 

Abs   Absorbance 

BBB   Blood-brain barrier 

Caco-2   Human epithelial colorectal adenocarcinoma cell line 

CHO   Chinese hamster ovarian cell line 

CNS   Central nervous system 

DAD   Diode array detector 

DCQA   Dicaffeoylquinic acid 

DMSO   Dimethylsulfoxide 

DPPH   2,2-diphenyl-1-picrylhydrazyl radical 

ESI   Electrospray ionization 

ESR   Electron spin resonance spectroscopy 

FCCP   Carbonyl cyanide-p-(trifluoromethoxy)phenylhydrazone 

FID   Flame ionization detector 

GCOSY  Gradient correlation spectroscopy 

GHMBCAD  Gradient heteronuclear multiple bond coherence spectroscopy  

   (adiabatic version) 

GHSQCAD  Gradient heteronuclear single quantum coherence spectroscopy  

   (adiabatic pulse version) 

HPLC   High-performance liquid chromatography  

HRMS   High-resolution mass spectrometry 

HSCCC  High-speed counter current chromatography 

HTS   High-throughput screening 

I%   Inhibition percentage 

IC50/EC50  Half maximal inhibitory/effective concentration 

LC   Liquid chromatography 

LOD   Limit of detection 

log BB   Logarithm value of brain tissue to plasma concentration ratio of a  

   given drug 

log D   Logarithm value of distribution coefficient 
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log k   Logarithm value of chromatographic retention factor 

log P   Logarithm value of partition coefficient (measure of lipophilicity) 

LOQ   Limit of quantitation 

MS   Mass spectrometry 

MDCK  Madin-Darby canine kidney epithelial cell line 

MW   Molecular weight (dalton) 

NCE    New chemical entity 

NMR   Nuclear magnetic resonance (spectroscopy) 

NP   Natural product 

ONOO
–
  Peroxynitrite anion 

PAMPA-BBB  Parallel artificial membrane permeability assay for blood-brain  

   barrier 

PBL   Porcine brain lipid extract 

PBS   Phosphate buffered saline 

Pe   Effective permeability (cm/s) 

PR   Pyrogallol red 

PTFE   Polytetrafluoroethylene (teflon) 

QQQ   Triple-quadruple mass analyzer 

ROS   Reactive oxygen species 

RP   Reversed phase  

RSD   Relative standard deviation 

SE   Standard error 

SIM   Single ion mode 

SPE   Solid phase extraction 

TFA   Trifluoroacetic acid 

TLC   Thin layer chromatography 

TMS   Tetramethylsilane 

tR   Retention time (min) 

UHPLC  Ultra-high pressure liquid chromatography 

UV   Ultraviolet light 

Note that bolded compound numbering refers to chromatographic retention order and 

indexes within are plant specific.  
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1. Introduction 

1.1. Paradigm and challenges of the current drug discovery  

Drug discovery is defined as the multidisciplinary process by which new medications 

for human diseases are discovered or designed. The complex process of modern drug 

discovery involves several distinct phases, such as the target identification (e.g., 

enzyme, receptor or ion channel, presumably involved in the pathological phenomenon 

of interest), the hit generation, and finally the lead generation and optimization. Hit 

generation can be based on a number of strategies, however since the advent of large 

chemical libraries produced by combinatorial synthesis in the 1990s, the high-

throughput screening (HTS) became the mainstream (primary) approach to identify 

chemical starting points for drug discovery programs. In parallel with the expansion of 

these two technologies, the practice of the “olden” natural product (NP)-based drug 

discovery has been increasingly de-emphasized by the pharmaceutical industry. Causes 

and consequences of this partly controversial situation have been extensively discussed 

and analyzed in the recent literature [1-5], and have been briefly summarized in the next 

chapter of this thesis.   

Nevertheless, it must be pointed out, that despite the significant advances in 

molecular biology, genomics, medicinal and analytical chemistry, the attrition rate and 

costs of drug development have reached an extremely high level: out of the 10 000 

compounds evaluated in discovery efforts, only 250 (2.5%) enter preclinical testing, 5 

(0.05%) move forward into clinical trials, and only 1 (0.01%) is granted approval by the 

Food and Drug Administration at a cost that is estimated between US$ 1.3-1.6 billion 

[6]. Combining this fact with the lengthening of the overall R&D time at around 12-15 

years, it has been concluded that the pharmaceutical industry is currently in a 

productivity crisis [7]. In such a difficult scenario, new and alternative methodological 

approaches and concepts that endeavor to accelerate and improve the drug discovery 

process are particularly needed.  It is noteworthy that some of these innovative efforts 

have been clearly directed to harmonize and reintegrate the “conventional” NP-based 

lead generation within today’s fast-paced, HTS-utilizing drug discovery paradigm.    

DOI:10.14753/SE.2014.1937



 

 8 

1.2. Status and relevance of natural products in drug discovery 

Chemical substances derived from animals, plants and microbes (i.e., natural products) 

have been used by mankind to treat diseases since the dawn of medicine: fossil records 

date use of plants as medicines at least to the Middle Paleolithic age some 60 000 BC 

[8], while the oldest record on the use of NPs in medicine was written in cuneiform in 

Mesopotamia on clay tablets approx. 2600 BC [9]. Chemical and pharmacological 

investigation of traditional medicines in the 19
th

 century, which were derived 

predominantly from plants, led to the discovery of most early drugs such as aspirin, 

digitoxin, codeine, morphine, quinine, and pilocarpine [1]. Turning to present times, as 

Fig. 1 clearly shows, NPs have served as an important source and inspiration for a 

significant fraction (approx. 40%) of the current pharmacopeia. In certain therapeutic 

areas the contribution is even higher: approx. 60% of anticancer remedies and 75% of 

drugs for infectious diseases are NPs or derivatives thereof [11]. 

 

 

Figure 1. Sources of small molecule new chemical entities (NCEs) by source/year from 1981 to 

2010. N: Natural product; NB: Natural product “Botanical” (defined mixtures); ND: Derived 

from a natural product and is usually a semisynthetic modification; S: Totally synthetic drug; 

S*: Made by total synthesis, but the pharmacophore is/was from a natural product; NM: Natural 

product mimic. (Adapted from [10] without modification). 
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Nevertheless, it has also been demonstrated on Fig. 1, that the number of NCEs 

reaching the pharmaceutical market has shown a downward trend over most of the past 

two decades. It was supposed that beside many other commercial factors, the coincided 

decreasing emphasis in the mainstream pharmaceutical industry on NPs as the source of 

novel lead compounds has contributed to this decline [12, 13]. What were the 

underlying reasons for this trend in the past, and what changes are taking place today? 

The advent of the HTS approach, followed by the introduction of combinatorial 

chemistry has fundamentally shifted the drug discovery paradigm in the 1990s. Practice 

of the NP-based lead generation has become incompatible, and thus uncompetitive with 

the HTS of large and pure synthetic compound libraries. First, NP extracts tend to be 

complex mixtures of secondary metabolites, containing hundreds or thousands of 

compounds, often including constituents (so called “nuisance compounds”) such as 

tannins, fatty acids, colored or autofluorescent chemicals, which are specifically 

interfering with routinely applied bioassays [14]. Thus, crude NP extracts cannot be 

screened directly in HTS campaigns. Second, once a NP extract has been identified as 

active, the principle responsible for the bioactivity must be isolated by a time-

consuming and laborious bioactivity-guided fractionation. This step is further burdened 

and lengthened by the identification and elimination of already known compounds 

(dereplication), to avoid the duplication of effort. Third, after a single biologically 

active compound has been obtained from an extract, the de novo structure determination 

of the novel NP lead must be carried out (Fig. 2).  

 

 

Figure 2. General scheme of HTS-based drug discovery and development. Unique processes of 

the NP-based approach within the hit-to-lead phase are enlarged and highlighted. 
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Furthermore, the complex nature of some NP chemical structures may present an 

obstacle for synthetic medchem modifications during the lead optimization phase and 

for total- or semi-synthesis in case of limited supply of the lead compound [1-3]. One 

can conclude, reviewing the above summarized drawbacks and concerns, that the NP-

based drug research has not kept pace with the modern HTS approach and thus is not 

worthy of being practiced in today’s drug discovery environment.  

However, the success (hit rate) of any HTS campaign is inherently dependent on 

the quality of the screened library and the quality is determined by three factors: 

chemical diversity, lead-likeness, and biological relevance [15, 16]. Without a more 

detailed discussion, in terms of these features, NPs are considered as superior to any 

synthetic chemical collection: NPs offer high and unique chemical diversity [17, 18], 

combined with high probability of lead-likeness (or even drug-likeness) [19], and of 

affinity to biological macromolecules [20]. 

Moreover, recent advancements in separation and structure elucidation 

technologies, and particularly in the hyphenation thereof, have greatly improved the 

processes of isolation, dereplication, and structure elucidation. Owing to reliable and 

robust ionization interfaces (e.g., electrospray ionization), directly coupled high 

performance liquid chromatography (HPLC) - mass spectrometer (MS) systems have 

assumed a pivotal role in this area [21]. In the field of nuclear magnetic resonance 

(NMR) spectroscopy, the advent of multidimensional pulse methods and sensitivity 

improvements (e.g., micro-probe technologies) have dramatically lowered the amount 

of material needed (in the sub-milligram range) for structural analysis [22-24]. 

Combining the above mentioned techniques with purification (e.g., solid phase 

extraction) and liquid handling solutions has led to the development of automated, high-

throughput fractionation systems, which were also capable of generating pure NP 

libraries in an efficient way [25-27]. Last but not least, innovative approaches, coupling 

of bioassays of interest to analytical procedures (typically to LC-MS) permitting the 

rapid and simultaneous separation and dereplication of active constituent(s) in NP 

extracts (i.e., activity profiling) have recently gained popularity as well. As the work 

presented in this thesis has focused on the same topic, detailed review of these profiling-

like concepts and technologies is provided in the next chapter.     
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1.3. Novel approaches to natural product lead finding: profiling by 

coupled techniques 

The major bottleneck (i.e., the rate limiting step) in the NP-based drug discovery is still 

the procedure of isolation and purification of the active principle (defined as the lead 

compound in this context) from an exceptionally complex matrix [2]. As can be seen in 

Fig. 3A, progression in the conventional bioactivity-guided route depends on the 

number of “cycles” of subsequent fractionation and bioassay steps required. As a result, 

the overall time needed to obtain a pure enough NP lead is the sum of the turnaround 

times of the three single steps multiplied by the number of cycles. In contrast, Fig. 3B 

depicts an alternative way: through simultaneous assessment and rapid correlation of the 

biological responses (e.g., on-line) to each constituent of the mixture, the synergistic 

melding of the bioassay and the analytical cascade is capable of shortening significantly 

the time needed to identify and/or isolate the bioactive agent(s).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison of the working schemes of the sequential (iterative) (A), and the more 

rapid and cost effective profiling approaches (B). 

 

In addition, coupling of such techniques/assays to biological screens can 

improve the quality and information content of the assay result. Interaction (e.g., 

synergism) between mixture constituents or lack thereof could also be revealed by such 
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methods. It must be noted, however, that this type of coupling may represent a 

significant challenge in practice and must be carefully validated from several aspects 

before it is used. Depending on the studied biological phenomenon, the separation and 

detection technique, a number of different terms have been created in the literature for 

these types of approaches. In practice, the coupling follows basically three major 

strategies (Table 1 and Fig. 4).   

 

Table 1. Summary of different types and setups of approaches applied for the profiling of 

complex mixtures (e.g., plant extracts) in NP-based drug discovery.  
 

Type of assay coupling 

(setup and example) 
Term and concept Application 

at-line (Fig. 4A) 

HPLC-based activity profiling 

(microfractionation) [14] or 

small-scale bioprofiling [28] 

 

 enzyme inhibition 

- COX-2 [29] 

- MAO-A [30] 

 receptor binding 

- GABAA [31] 

- β2AR [32] 

off-line (Fig. 4B) 

 

biological target interaction 

chromatography (“before-after” 

approach) [33] or ligand fishing 

[34] 

 plasma protein binding [35] 

 DNA binding [36] 

 interaction with tubulin [37] 

 

on-line 

 on-column  

      (Fig. 4C) 

 

 

 

 

 post-column 

      (Fig. 4D) 

 

 

 

affinity  chromatography  with 

immobilized targets: biological 

fingerprinting analysis (BFA) 

[33], missing peak 

chromatography [38] 

 

high-resolution screening 

(HRS) by biochemical 

detection (BCD) [42, 43] 

 

 

 liposome and biomembrane 

affinity [39] 

 plasma protein affinity [40] 

 receptor binding [41] 

 

 

 free radical scavenging 

- DPPH [44] 

- ABTS [44] 

 enzyme inhibition [45] 

 receptor binding [45] 

COX-2: cyclooxygenase-2; MAO-A: monoamine oxidase-A; GABAA: γ-aminobutyric acid; β2AR: β2 adrenergic 

receptor; DPPH: 2,2-diphenyl-1-picrylhydrazyl; ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid).  
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Figure 4. Instrumental configuration and one example from the literature of each profiling 

approach. (A) HPLC-based activity profiling [21], (B) Biological target interaction 

chromatography [36], (C) Affinity chromatography [41], (D) High resolution screening by post-

column biochemical detection [53]. 
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According to the first and simplest one, crude extracts are subjected to analytical 

or semi-preparative HPLC, and a portion of the effluent is collected into microplates 

(Fig. 4A). These microfractions are dried under vacuum, redissolved and assayed 

separately for bioactivity. The chromatogram and the activity profile are matched to 

identify active peaks [14]. Thus, this approach represents the miniaturized format of the 

conventional bioactivity-guided fractionation. 

In the second approach, the multi-component NP extracts are allowed to interact 

with the targeted biomacromolecule prior to the chromatographic step (Fig. 4B). Next, 

comparison of chromatograms of the sample before and after being treated with the 

target indicates clearly the “biointeractive” constituents of the extract [33]. 

The most integrated and complex solution has been achieved by the 

development of the so called on-line assay configurations. In some of these systems the 

targets are immobilized on the stationary phase of a column and the mixture is 

continuously infused through of this (Fig. 4C). Compounds with the highest affinity for 

the target will have the longest breakthrough times (frontal affinity chromatography) [2, 

33, 46]. 

Another group of on-line assays represents the high-resolution screening (HRS) 

methods (Fig. 4D), which utilizes continuous-flow biochemical detection in a so called 

post-chromatographic way: activity assessment of HPLC eluate is carried out in a post-

column reaction chamber [42-45]. 

Moving to techniques used for the steps of separation and dereplication in these 

setups, literature reflects on the unequivocal dominance of HPLC-coupled spectroscopic 

systems, such as LC-DAD-MS/MS [44], and LC-NMR [47]. It must be noted, however, 

that most profiling/fingerprint analysis have been developed with Reversed Phase-LC 

using a simple UV detector. Furthermore, the recent advent of ultra-high performance 

liquid chromatography (UHPLC) [48], and the spreading of analytical columns packed 

with fully porous sub-2 µm and superficially porous particles have created ideal 

conditions for conducting such studies in terms of superior separation efficiency and 

sensitivity [49]. Finally, NP-specific, comprehensive chemical and biological databases, 

such as the NAPRALERT [50], the Dictionary of Natural Products (DNP) [51], and the 

Plant Profiler of Sigma-Aldrich [52] are supporting even more efficiently the critical 

step of dereplication in these workflows. For example, the database of DNP documents 
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and organizes every, virtually known natural product in a searchable form up to date 

(approx. 230 000 compounds).  

Detailed analysis of strengths and limitations of the discussed approaches is 

beyond the scope of this thesis. Anyway, the following has been concluded in a very 

recent in-depth review: “Fully integrated systems represent technically impressive 

achievements, their implementation in other laboratories could be somewhat intricate. 

As a consequence many on-line assays have not been adopted outside of the lab where 

they were originally conceived. Compared to on-line assays, at-line and off-line 

approaches are more versatile, robust and probably have higher potential for broad 

implementation in NP-based drug discovery programs” [54]. In conclusion, the overall 

performance of a coupled system relies basically on two factors: on the resolving 

power/selectivity of the chromatographic separation as well as on the 

robustness/compatibility of the coupled bioassay. 

1.4. Review of targets and methods used in the screening and profiling of 

the plant extract library  

In this chapter, the biological background, the therapeutic impact and the 

methodological aspects of the two distinctive areas investigated in our screening and hit 

profiling studies are discussed: 

 First, general biochemistry of free radicals and antioxidants is shortly 

summarized (Chapter 1.4.1.). It is followed by the detailed bibliographic 

presentation of the in vitro radical scavenging assay (2,2-diphenyl-1-

picrylhydrazyl (DPPH)) used in our primary antioxidant screen. Next, an 

other reactive species (the peroxynitrite anion (ONOO
–
)), and the related 

methodologies used in a secondary/focused antioxidant screen are introduced. 

 Second, a biological barrier (the blood-brain barrier, (BBB)), with exceptional 

impact on the CNS drug discovery, and methodologies (in vitro mainly) 

investigating the permeation of molecules (e.g., drugs) through this barrier are 

reviewed (Chapter 1.4.2.). Finally, the last part of this chapter is devoted to 

the evaluation of the studied and applied permeability assay (parallel artificial 

membrane permeability assay for blood-brain barrier (PAMPA-BBB)).       
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 Since our entire work focused on the screening of the plant extract library of 

Gedeon Richter Plc., much emphasis was placed on the potential role and relevance of 

plant metabolites in both of the above mentioned two topics. Moreover, where it was 

available from the literature, particular case studies related to the coupling of the 

bioassays used by us to analytical processes (typically to HPLC or LC-MS) are 

summarized as well. 

1.4.1. Free radicals, oxidative stress and antioxidants 

Free radicals (species with one or more unpaired electrons), such as reactive oxygen 

species (ROS) are generated by normal metabolic processes in all aerobic organisms 

due to the incomplete reduction of molecular oxygen in the electron flow chain (Fig. 5). 

 

 

Figure 5. Production of ROS. (A) The stepwise transfer of electrons to O2 leading to the 

generation of superoxide anion (O2
•−

), then hydrogen peroxide (H2O2), and finally the highly 

toxic hydroxyl radical (HO
•
). (B) The Haber-Weiss reaction, and (C) the Fenton reaction for the 

formation of HO
•
. (Adapted from [55] without modification). 

 

As the so formed ROS are highly  reactive and deleterious towards other substances 

within cells (e.g., lipid membranes, proteins, and nucleic acids), endogenous antioxidant 

defense systems have been evolved during the course of evolution to minimize and 

repair free radical-induced damages [56]. These defensive mechanisms and molecular 

networks include enzymatic as well as non-enzymatic components, which are acting in 

concert to maintain the redox homeostasis of cells. For instance, superoxide dismutase, 

catalase, glutathione peroxidase, and glutathione reductase are enzymatic antioxidants 

in human plasma and erythrocytes, while bilirubin, melatonin, uric acid, glutathione, 

and ubiquinol belong to the group of small molecule antioxidant agents (i.e., radical 

scavengers) [56]. The efficiency, however, of this endogenous defence is considered as 
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incomplete, particularly under some pathophysiological conditions such as UV-

irradiation, heavy metal exposure, inflammation, and ischemia/reperfusion [56]. As a 

result, oxidative stress develops, in which free radicals are produced in excess and at the 

wrong time and place. This leads to the oxidative damaging of cellular macromolecules, 

promoting ultimately cell death. 

 It has been shown and confirmed recently that oxidative stress is involved in 

aging [57] and several degenerative diseases, including cancer [58], cognitive 

dysfunction [59], diabetes mellitus [60], and atherosclerosis [61]. Therefore, 

considerable efforts have been paid to the quest for effective, exogenous antioxidants in 

the pharmaceutical industry: it was found that more than 300 000 papers associated with 

antioxidants were published from 1980 to 2008 [62]. Some of these works are devoted 

to synthesize antioxidants with novel structures [63-65], and characterize the radical 

scavenging properties of existing drugs to enlarge the therapeutic application of these 

drugs as antioxidants [66, 67]. Other works focus on the screening and extraction of 

antioxidant compounds from natural products to identify and isolate the valid and most 

potent scavengers in these mixtures [68-70]. It must be noted at this point, that the 

research for radical scavenger agents in the pharmaceutical and food industry has been 

partially merged into each other (see nutraceuticals), since many dietary compounds, 

such as vitamins A, C, and E, carotenoids, and plant phenoloids play important role in 

the maintenance of human health as well as in the prevention and treatment of diseases 

[56, 71]. 

 Nevertheless, as phytotherapy and medicinal plant research are mainly focused 

on the areas of cancer and inflammatory diseases, huge number of studies have been 

published which are dealing with the screening and evaluation of the antioxidant/anti-

inflammatory potential of plant extract collections/libraries [68, 72-77]. First, a common 

feature of these investigations was the use of robust in vitro bioassays (photometric-

based) in the screening experiments. Second, it was revealed by mean of bioactivity-

guided isolation that phenoloid compounds, such as flavonoids, simple phenols and 

caffeic acid derivatives were basically responsible for the measured radical scavenging 

activities of the extracts. Third, it can be concluded that the IC50 values of crude or 

fractionated plant extracts which were considered as actives/hits in these screens fell in 

the range of 1-10 µg/mL. 

DOI:10.14753/SE.2014.1937



 

 18 

1.4.1.1. The DPPH (2,2-diphenyl-1-picrylhydrazyl) method 

DPPH is a stable N-centered radical discovered by Goldsmith and Renn in 1922 [78], 

and later utilized by Blois as a colorimetric reagent to evaluate the direct radical 

scavenging properties of small molecule antioxidants such as ascorbic acid, cysteine, 

and hydroquinone [79]. It is a paramagnetic compound with an odd electron and 

exhibits a strong absorption band at 517 nm, resulting a deep violet color in its alcoholic 

solution. Upon reduction by an antioxidant, the odd electron of DPPH becomes paired 

off (forming the stable, corresponding hydrazine): the violet color changes to yellow 

and the absorption of the solution decreases or vanishes (i.e., bleached out) (Fig. 6). 

This reaction is intended to mimic reactions taking place in oxidizing systems in vivo, 

such as the peroxidation of membrane lipids.         

 

 

 

 

 

 

 

Figure 6. Reaction scheme for scavenging the DPPH radical by an antioxidant (AH) through 

hydrogen atom transfer. 

 

 Because of the relative simplicity and robustness of the colorimetric assay based 

on this reaction, now it has gained widespread use in the free radical scavenging activity 

assessment: it has become a primary method to measure the total antioxidant potential 

(hydrogen donating ability) of natural compounds, plant extracts, foodstuffs or other 

biological sources [80]. Moreover, it is also widely implemented to elucidate the redox 

properties of newly synthesized compounds [81, 82]. As a result, several modification, 

extension, improvement, and hyphenation of the original assay setup have been 

published [80]. Developments of the DPPH method, with particular focus on the 

antioxidant screening of plant extracts by chromatographic techniques are reviewed 

briefly in the following. 

 Combination of thin layer chromatography (TLC) with the DPPH method was 

reported first by Glavind and Holmer in 1967: after TLC separation of the analyte, 

DOI:10.14753/SE.2014.1937



 

 19 

radical scavengers (tocopherols) were detected visually by spraying the TLC plates with 

DPPH solution [83]. Owing to its cost-effectiveness, this approach became very 

popular: Cieśla et al. have optimized and standardized it recently [84]. Since the 

spectrophotometric assay suffers from the interference with colored compounds 

frequently found in foodstuffs and plant extracts, HPLC-based quantitative methods 

have been proposed as alternatives to the original colorimetric assay to study such 

complex mixtures: Yamaguchi et al. developed a reversed phase HPLC method to 

selectively detect at 517 nm the remaining DPPH radical after off-line reaction of 

standard antioxidants with the probe [85]; while Boudier et al. optimized HPLC 

conditions to simultaneously quantify the reagent (DPPH) and the reaction product 

(DPPH-H) of the assay at 330 nm [86]. 

 In addition, off-line LC-MS approaches have been developed to rapidly identify 

the most potent radical scavenger constituents of plant extracts by simply monitoring 

the reduction or disappearance of the corresponding peaks after addition of the active 

radical to the samples (see Fig. 4B for the corresponding instrumental setup): by 

evaluating the radical scavenger properties of 14 phenolic compounds in the extract of 

Lonicerae japonica, Tang et al. demonstrated that compounds with peak areas 

significantly decreasing were natural antioxidants, whereas those with peak areas not 

changing presented no activities [87]; Helmja et al. applied the same “spiking” test to 

the analysis of a Solanum melongena extract, and revealed the radical scavenging ability 

each of the identified single 11 compounds as a contribution to the total activity of the 

extract [88]. For this purpose, an opposite calculation of EC50 was performed: 

compounds were characterized by the concentration of DPPH radical (mM) necessary to 

oxidize 50% of a compound in competition with all other oxidizable compounds in the 

mixture (Fig. 7). It was found that cinnamic acid derivatives corresponding to peaks 5-9 

in Fig. 7 possessed low EC50 values, thus, were mainly responsible for the antioxidative 

activity of the extract.      
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Figure 7. The HPLC–UV chromatograms of Solanum melongena extract and reaction products 

after treated with increasing concentrations of DPPH recorded at 280 nm. (Adapted from [88] 

without modification). 

 

 In contrast, van Beek and coworkers have created an on-line setup using the 

DPPH assay: a solution of the radical is added post-column and a second chromatogram 

is recorded paralelly at 517 nm. Thus, active compounds appeared as negative peaks 

(see Fig. 4D for the corresponding instrumental setup) [89]. Since then, a lot of 

successful examples of application have been reported [42, 90-93]. However, Zhang et 

al. have compared the performance of the on-line setup, to the pre-column off-line 

(spiking) method or to the at-line approach (microfractionation), and concluded that the 

reaction with DPPH prior to the separation gave the best resolution [94].  

 Off-line and on-line coupling of the prosperous high speed counter current 

chromatography (HSCCC) to the DPPH assay have also been solved recently by 

Chinese research groups. Numerous antioxidants have been rapidly identified and 

isolated from complex plant extracts by the guidance of DPPH-HPLC assays [95-98]. It 

must also be noted that the DPPH method has been adopted to microplate format, thus it 

became convenient to HTS [99]. 
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1.4.1.2. The peroxynitrite anion (ONOO–): biochemistry and methodologies for 

measurement of ONOO– scavenging activity 

The peroxynitrite anion (ONOO–), typically produced by the rapid diffusion-controlled 

reaction of nitric oxide (
•
NO) with superoxide radical (O2

•–) in vivo, is implicated in the 

pathogenesis of a wide variety of human diseases, such as atherosclerosis, obesity, 

diabetes mellitus, and Alzheimer-disease [56, 100]. Although not a free radical by 

chemical nature (it is an unstable structural isomer of the nitrate anion), ONOO
–
 is 

considered as a powerful oxidizing and nitrating species. Fig. 8 summarizes the major 

biochemical reactions (direct as well as indirect ones), which are leading to the complex 

and deleterious/cytotoxic effects of ONOO
–
 [101]. It must be pointed out, however, that 

only minor part of ONOO
–
 is transformed into radicals: it is mostly trapped in vivo by 

thiols and metalloproteins (Fig. 8A and B) [101]. 

 

 

Se-GPx: selenium-containing glutathion peroxidase, DNA: deoxyribonucleic acid.  

 

Figure 8. Biochemical reaction pathways of peroxynitrite. Peroxynitrite anion (ONOO
–
) is in 

equilibrium with peroxynitrous acid (ONOOH; pKa=6.8) and either one can undergo direct 

reactions with biomolecules as indicated (A and B). A fundamental reaction of ONOO
–
 in 

biological systems is its fast reaction with carbon dioxide (C), which leads to the formation of 

carbonate (CO3
•–

) and nitrogen dioxide (
•
NO2) radicals, which are good one-electron oxidants 

(D) that can readily oxidize amino acids such as cysteine and tyrosine to yield the corresponding 

cysteinyl and tyrosyl radicals. In addition, 
•
NO2 can undergo diffusion-controlled termination 
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reactions with biomolecule-derived radicals, resulting in nitrated compounds (D). Alternatively, 

ONOOH can undergo homolytic fission to generate one-electron oxidants hydroxyl (
•
OH) and 

•
NO2 radicals (E). However, this reaction is slow in biological systems compared with the other 

reactions of ONOO
–
 and ONOOH and therefore is a modest component of the in vivo reactivity 

of peroxynitrite in aqueous compartments. However, ONOOH readily crosses lipid bilayers (F) 

and its decomposition to 
•
OH and 

•
NO2 radicals seems to become relevant in hydrophobic 

phases to initiate lipid peroxidation and lipid and protein nitration processes (G). Moreover, 

ONOOH in the membranes may undergo direct reactions with metal centres such as hemin or 

membrane associated thiols. (Adapted from [101] without modification). 

  

 Since its half-life is less than a second under physiological conditions, direct 

detection of ONOO
–
 in biological systems is really difficult. Beside electron spin 

resonance (ESR) assays [102], fluorescent and luminescent spectroscopic probes have 

been used frequently for this purpose [103-105]. In addition, indirect approaches have 

focused on the detection of endogenous biomolecules modified by a ONOO
–
-dependent 

reaction, e.g., quantification of 3-nitro-tyrosine as a marker product of ONOO
–
-specific 

aromatic nitration of tyrosine by HPLC has gained popularity [106, 107]. Anyway, the 

specificity of these techniques is considered controversial due to several interfering 

factors. 

 In contrast, due to the relatively simple generation procedure and stability of 

ONOO
–
 at laboratory conditions [108], numerous in vitro assays (with lower biological 

significance obviously) assessing ONOO
–
 scavenging activity of single compounds or 

biological samples have also been developed. Among those, the most accepted method 

is based on the oxidation of dihydrorhodamine by ONOO
–
 to fluorescent rhodamine 

[109]. Being less sensitive, however, colorimetric bleaching assays have also been 

published: Balavoine and Geletii have developed a simple and robust colorimetric assay 

based on pyrogallol red dye bleaching for screening of ONOO
–
 scavenging activity of 

plant extracts and foodstuffs [110, 111].    

  Turning to the analyses of naturally occurring peroxynitrite scavengers, it can 

be concluded that a great number of biological samples and natural compounds have 

been reported as effective ONOO
–
 scavengers in vitro, however the number of 

comprehensive screening studies on this topic is rather limited. It was found that 

representative compounds of flavonoids (e.g., quercetin, kaempferol, luteolin, 

epicatechin) [112, 113], phenylpropanoids and derivatives thereof (e.g., caffeic acid, 

sinapinic acid, chlorogenic acid, and curcumin) [107, 114, 115], carotenoids [116], and 
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tocopherols [116] possessed significant ONOO
–
 eliminating activity. In the case of 

phenoloids, structure activity relationships have been revealed in further mechanistic 

studies (Fig. 9): it has been shown that the ortho-hydroxyl structure, especially the 

catechol group in the ring B seems essential for ONOO
–
 scavenging activity, and the 

2,3-double bond also plays an important role, while O-glycosilation reduces the radical 

scavenging activity (reviewed extensively in [117]). As a conclusion, two possible 

mechanisms for phenoloid-mediated ONOO
–
 scavenging have been proposed: 

monohydroxylated structures act as alternative substrates for nitration, whereas catechol 

moieties are oxidized to o-quinones (electron donation). 

   

 

 

 

 

 

 

Figure 9. Structural features of quercetin responsible for ONOO
–
 scavenging activity.  

 

 Although significant efforts have been made in medicinal plant research to 

identify and isolate compounds with ONOO
–
 scavenging potential from plant extracts, 

little or no attention has been paid to the effective coupling of antioxidant activity 

assays with advanced separation techniques (HPLC). Recent studies are still reporting 

the practice of the conventional bioassay-guided (sequential) isolation approach [118-

120], thus giving up the chance to characterize the contribution of the single 

components to the total activity.    

1.4.2. The blood-brain barrier (BBB) 

The BBB is a unique physical and metabolic barrier formed by brain capillary 

endothelial cells joined by tight junctions. It serves to isolate the cerebral parenchyma 

from the systematic circulation and helps to maintain the homeostasis of the brain 

microenvironment by allowing the entry of selected nutrients and macromolecules, 

while restricting the penetration of polar molecules [121, 122]. Features that distinguish 

the brain endothelium from that of other organs include complex tight junctions, 
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relatively low pinocytotic activity, and the expression of a number of specific uptake 

and efflux transport systems and metabolic enzymes (such as P-glycoprotein and 

cytochrome P450 enzymes) [123]. These properties greatly limit the transcellular and 

paracellular movement of drugs and xenobiotics to the CNS and make the BBB a highly 

selective regulatory interface: only 2% of the possible CNS therapeutic compounds can 

pass the BBB and reach their therapeutic targets [124]. It means that the BBB poses a 

major challenge for today’s CNS drug discovery, since CNS drugs must permeate the 

barrier, whereas compounds targeting peripheral tissues should be impaired in the 

passage.  

 The main molecular transport mechanisms, such as passive and active pathways 

across the BBB are summarized and illustrated in Fig. 10.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. The main routes for molecular traffic across the BBB. Note that most CNS drugs 

enter the brain by transcellular passive diffusion (also called the “pharma route”, highlighted in 

red bracket). (Adapted from [125] with minor modification). 

  

Since paracellular permeation is practically restricted by tight junctions in the 

BBB, and uptake transporters are basically intended to enhance the transport of 

nutrients and cofactors, most small molecule drugs enter the brain by transcellular 

passive diffusion. This process is driven by a concentration gradient between the blood 

and the brain, and is inherently affected by the physicochemical properties of discovery 

compounds, such as molecular size, lipophilicity (log P or log D), flexibility, and total 
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polar surface area (TPSA). The brain exposure of an individual drug, however, always 

needs to be considered as a resultant of multiple permeation and distribution 

mechanisms, including efflux transport, metabolism, and plasma protein binding [126]. 

As a consequence, the implemented methodology used for the assessment of brain 

penetration must appropriately reflect on these processes.    

1.4.2.1. Methodologies for measurement of blood-brain barrier transport  

Owing to the prominent role of BBB transport in CNS drug research, a wealth of new 

approaches and assays have been established over the years to measure and predict the 

brain penetration of drugs and discovery compounds (comprehensively reviewed in 

[126-129]). Among these, the cost-effective in silico models, based on correlations 

between compound permeation and physicochemical descriptors, have gained 

popularity in the early phase of drug discovery. However, their scope and predictive 

power are limited only to aid the design of synthetic libraries and to classify compounds 

with high and low brain penetration potency. The other end of the BBB-assay spectrum 

in terms of reliability and cost represents in vivo techniques. These involve traditionally 

low-throughput and labor-intensive measurements, such as brain microdialysis and 

brain perfusion studies preformed in rodents. They are designed to assess specific 

parameters of brain penetration, namely rate, extent and unbound drug concentration. 

 Since only a limited number of compounds can be evaluated by these in vivo 

techniques, robust and high-throughput in vitro approaches have emerged in the 

pharmaceutical industry. In vitro BBB methods could be classified into cell-based and 

noncell-based assays. Cell-based assays are utilizing either brain-derived (e.g., isolated 

brain capillaries, bovine brain microvessel endothelial cell culture) or non-brain-derived 

(e.g., Caco-2, MDCK) cells and are intended to indicate efflux/uptake potential and/or 

metabolic liabilities. In contrast, the principle of noncell-based models is strictly 

physicochemical by nature. Thus, they tend to mimic and predict exclusively the 

transcellular passive diffusion component of the whole brain disposition process. The 

immobilized artificial membrane chromatography (IAM), and the parallel artificial 

membrane permeability assay (PAMPA) form this latter group of methods [126-129]. 
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1.4.2.2. The parallel artificial membrane permeability assay for blood-brain 

barrier (PAMPA-BBB) 

The parallel artificial membrane permeability assay was first introduced by Kansy et al. 

in 1998 to model oral absorption processes [130]. Di and coworkers have modified the 

PAMPA system specifically for BBB application: they applied porcine brain lipid 

extract (PBL) dissolved in n-dodecane as PAMPA membrane, and demonstrated that 

using this method discovery compounds can be binned into CNS+ and CNS– classes 

[131]. It has also been reported that the PAMPA-BBB derived values display good 

correlation to cell-based models and to in situ brain perfusion measurements [132]. 

Since then, the PAMPA technique has become one of the most powerful and versatile 

physicochemical screening tool in early stage CNS-targeted drug discovery practice 

[133]. 

 The system consists of two multiwell microtiter plates, a donor and an acceptor 

compartment in a “sandwich” like configuration, separated by an artificial lipid 

impregnated filter membrane (Fig. 11). 

    

 

 

 

 

 

 

 

 

 

 
 

Figure 11. General scheme of the PAMPA-BBB system: setup of the “sandwich” plate (left), 

and schematic representation of passive diffusion in a well (right).  

  

Initially, the test drug is added in the donor plate and allowed to diffuse across 

the membrane. After incubation (typically for 4 hrs at 37 °C), PAMPA sandwich plates 

are separated and drug concentrations in donor and acceptor solutions are determined by 

UV spectroscopy or LC-MS. Thus, the rate of transcellular passive diffusion can be 

predicted by calculating the effective permeability (Pe, cm/s) of the tested drugs. 
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1.4.2.3. Rationale of studying natural products and plant extracts by PAMPA-BBB  

Plant extracts with traditionally known or ethnomedically proven neurobiological 

activity are attractive lead sources for CNS drug discovery [134-138]. However, for the 

vast majority of CNS-active herbal remedies the active principles and the exact 

molecular mechanism of action have not yet been elucidated [139]. Nevertheless, it can 

be assumed that certain constituents of such plant extracts are capable of crossing the 

BBB. 

 In silico calculations have been developed and validated mainly using large 

datasets of drugs [140, 141], and, as the NP chemical space significantly differs from 

that of therapeutic agents and synthetic compounds [142, 143], the predictive accuracy 

and reliability of these models for plant metabolites are questionable, whereas costly in 

vivo BBB techniques are considered as impractical for complex mixtures like plant 

extracts. 

 In contrast, the PAMPA-BBB assay is a single mechanism-based measurement, 

and when the complexity of a typical plant extract is considered, this feature has great 

importance, because evaluation and interpretation of multimechanism-type (i.e., active 

transport, metabolic transformation) assay results may be quite challenging. Moreover, 

PAMPA-BBB studies, conducted in cassette dosing (i.e., sample pooling, wherein the 

number of mixed components varies between three and 32) have indicated no 

significant interference or difference on effective permeabilities whether assessed with 

single compounds or mixtures thereof [144-148]. Tarragó et al. have evaluated earlier 

permeability values in a crude plant extract for baicalin and baicalein using a PAMPA-

BBB assay [149]. These features of the PAMPA-BBB system stimulated us to 

investigate its potential use on crude and pre-fractionated plant extracts in terms of 

screening and identifying compounds with high brain penetration propensity. 
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2. Objectives 

            

 

         “These materials have already been prepared 

      for humans, we should merely reach them.” 

 

Ivan Petrovich Pavlov 

 

 

The primary aim of our work was to design, adopt and/or validate, and perform 

screenings of a plant extract library. The screening assays included a cytotoxicity, an 

antioxidant, and a BBB permeability screening campaign. As the plant extract hits 

emerged from the latter two screenings proved to be complex mixtures of secondary 

plant metabolites, we attempted to couple the bioassays of particular screens to HPLC-

based analytical procedures. While doing this, our motivation was to shorten the 

bioassay-guided isolation route of the active principle(s), particularly in the lead 

compound identification and dereplication step. Therefore, much emphasis was placed 

on the methodological aspects of the assay couplings: analytical features such as 

resolution, throughput and applicability were studied and optimized in detail. Moreover, 

by mean of the case studies presented in this thesis, we have endeavored to contribute to 

the phytochemical and pharmacological characterization of the investigated plant 

species.   

 

The specific aims were the followings: 

 

 To screen the plant extract library for cytotoxic activity, and to analyze the 

dependence of the cytotoxic activity of plant extracts on the type (polarity) of 

the solvent extraction procedure. 

 

 To screen the plant extract library for antioxidant activity and to analyze the 

dependence of the antioxidant activity of plant extracts on the type (polarity) 

of the solvent extraction procedure. 
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 To analyze and prioritize (dereplicate) the resulted plant extract hits by LC-

MS, and to develop a LC-MS method that can be coupled with the DPPH 

assay in order to effectively identify the radical scavenger constituents in one 

antioxidant plant extract hit, namely in the methanolic extract of Artemisia 

gmelinii. 

 To isolate and elucidate the chemical structure of the most active radical 

scavenger compounds in the methanolic extract of Artemisia gmelinii. 

       

 

 To adopt and validate the pyrogallol red bleaching test for HPLC in order to 

screen and characterize chemical constituents with peroxynitrite (ONOO
–
) 

scavenging activity in alcoholic extracts of Salvia species, since Salvia 

extracts proved to be predominant among the antioxidant hits. 

 To demonstrate the performance of the developed HPLC-based ONOO
–
 

scavenging assay on the methanolic extract of Salvia miltiorrhiza Bunge. 

 

 To investigate the applicability of the PAMPA-BBB assay for NPs and plant 

metabolites, and to screen the plant extract library for NP compounds with 

high brain penetration propensity.   

 To couple the PAMPA-BBB assay to NMR experiments and to demonstrate 

the feasibility of this type of coupling on BBB+ plant extract hits (exemplified 

by the extracts of Tanacetum parthenium, Vinca major, Salvia officinalis, and 

Corydalis cava).   

 

In conclusion, our entire workflow focused on the acceleration of the lead generation 

phase in the NP-based drug discovery by coupling (integrating) bioassays with 

advanced separation and spectroscopic techniques in a valid and efficient way.  
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3. Materials and Methods 

3.1. Chemicals and reference compounds 

All solvents used were LC-grade. Acetonitrile (MeCN), ethanol (EtOH), methanol 

(MeOH), chloroform (CHCl3), dimethyl sulfoxide (DMSO), trifluoroacetic acid (TFA), 

acetic acid, glycine, sodium nitrite, hydrochloride were purchased from Merck 

(Darmstadt, Germany). All other reference compounds and reagents were analytical 

grade and purchased from Sigma-Aldrich (St Louis, MO, USA), except for 

adhyperforin, α-solanine, apigenin-7-O-glucoside, aucubin, betulin, chamazulene, 

catalpol, (+)-catechin, cynarin, galantamine, harpagoside, hyperforin, lupeol, luteolin-7-

O-glucoside, nicotinic acid, parthenolide, protopine, salvianolic acid A, scopolamine, 

sinapic acid, solasodine, and stigmasterol, which were obtained from PhytoLab 

(Vestenbergsgreuth, Germany). BBB specific porcine brain lipid (PBL) extract was 

purchased from Avanti Polar Lipids (Alabaster, AL, USA). Purified water (18 MΩ·cm) 

was obtained from a Millipore (Bedford, MA, USA) Milli-Q water-purification system 

and used for all aqueous solutions and eluents. 

 The reference compound collection used in the hit characterization and 

dereplication studies (LC-MS for antioxidant hits, LC-MS/MS for PAMPA-BBB hits) 

consisted of ubiquitous representatives of carboxylic acids, flavonoids, alkaloids, and 

terpenes and was identical with the list of Table A2 (Appendix). In addition to that list, 

gallic acid, caftaric acid, 4-O-caffeoylquinic acid (cryptochlorogenic acid), salvianolic 

acid B, cynarin, 5-hydroxyflavone, myricetin, carnosol, curcumin, and ursolic acid were 

included in the used reference substance collection (N=82). 

3.2. Plant material 

3.2.1. Plant extract library 

The plant extract library of Gedeon Richter Plc. was assembled mainly between 1999 

and 2001, in the course of a contractual cooperation with (i) the Institute of Ecology and 

Botany of the Hungarian Academy of Sciences, Vácrátót, Hungary; (ii) the Department 

of Pharmacognosy, Semmelweis University, Budapest, Hungary; (iii) the Department of 

Pharmacognosy, University of Szeged, Szeged, Hungary; and (iv) the Medicinal Plant 
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Research Institute, Budakalász, Hungary. This cooperation resulted in 4400 randomly 

collected individual extracts, originated from ca. 500 drugs of 300 plant species 

endemic or to-grow in the Carpathian Basin. The taxonomic composition of the 

collection shows a highly diverse profile, however, the representatives of the Lamiaceae 

and Asteraceae families are predominant. 

 The preparation of the extracts followed basically a general scheme: first, the 

dried and ground drug was extracted with CHCl3 or in some case with petroleum ether 

(this procedure yielded the apolar crude extracts). After filtration the residual plant 

material was dried and extracted successively with aqueous MeOH (this procedure 

yielded the polar crude extracts). Finally, the crude extracts were evaporated to dryness 

in vacuo, and were fractionated by open column chromatography according to standard 

protocols. Stock solutions of the resulted fractions were prepared uniformly in DMSO at 

40 mg/mL, filtered through 0.45 µm Millipore (Billerica, MA, USA) filters and stored 

at -19 °C in polypropylene deep-well plates (80 samples per plate, A2-H11) until 

required for screening experiments. 

3.2.2. Artemisia gmelinii Webb. ex Stechm. (Asteraceae) 

Aerial parts of A. gmelinii were collected before full 

blooming from the experimental field of the Institute of 

Ecology and Botany of the Hungarian Academy of 

Sciences, Vácrátót, Hungary. The plant material was 

identified by Dr. Vilmos Miklósi V. A voucher specimen 

(no. L8275) has been deposited in the Herbarium of the 

Institute. Dried and ground aerial parts of A. gmelinii (50 

g) were first extracted with 1×200 mL and 1×100 mL of 

CHCl3/MeOH 90:10 (v/v) using an ultrasonic bath for 

2×15 min (this procedure yielded the CHCl3 extract). After filtration the residual plant 

material was dried and extracted with 1×200 and 1×100 mL of 70% (v/v) aqueous 

MeOH at room temperature in an ultrasonic bath for 2×15 min. The filtered and 

combined aqueous methanolic extracts were evaporated to dryness in vacuo to yield 3.7 

g of brown oily material. This extract was fractionated by open column chromatography 

on silica gel (Kieselgel 60, 0.063-0.200 mm, 1.07734.100 Merck, Germany) (sorbent: 

Figure 12. Artemisia gmelinii [150]. 
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83 g, column size: 30 cm × 3 cm ) using a gradient system of CHCl3/MeOH/H2O 

(90:10:1, 90:15:1.5, 90:25:2.5, 90:35:3.5, 90:45:4.5, 90:60:6 v/v, each 200 mL). The 

last fraction (VI) was obtained in a yield of 705 mg. 60 mg of the obtained sample was 

dissolved in dimethyl sulfoxide, filtered through a 0.45-µm Millipore (Billerica, MA, 

USA) filter and stored at -19 °C in a deep-well plate until required for screening 

experiments. 

3.2.3. Salvia miltiorrhiza Bunge (Lamiaceae) 

Salvia miltiorrhiza Bunge was cultivated from seed 

exchange in the experimental field of the Research 

Institute of Ecology and Botany of the Hungarian 

Academy of Sciences (Vácrátót, Hungary). Herb was 

collected during the flowering period and was identified 

in the Institute, where herbarium specimen is also 

deposited. Air-dried and finely powdered aerial part of S. 

miltiorrhiza (50 g) was first ultra-sonicated with CHCl3 at 

room temperature and the dried residue was extracted 

with 70% MeOH. Methanol was evaporated under reduced pressure. The resulted 

sample was freeze-dried, weighed, and solved in DMSO at 2 mg/mL concentration, 

filtered through a 0.45 µm Millipore filter and stored at -19 °C until required for the 

experiments. 

3.2.4. Tanacetum parthenium (L.) Sch. Bip. (Asteraceae) 

Aerial parts of Tanacetum parthenium (L.) Sch. Bip. 

(Asteraceae) were cultivated as an ornamental plant in 

Debrecen, Hungary and collected in September 2011. The 

plant was identified by Prof. Ágnes Kéry, and a voucher 

specimen (no. TP108) was deposited at the Department of 

Pharmacognosy, Semmelweis University, Budapest, 

Hungary. The air-dried and finely powdered herb of T. 

parthenium (10.0 g) was extracted with cold 90:10 

CH2Cl2/MeOH (3×100 mL) at room temperature. The 

Figure 13. Salvia  miltiorrhiza [151]. 

Figure 14. Tanacetum 

parthenium [152]. 
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filtered extract was evaporated to dryness at 40 °C in vacuo to yield 500 mg of a brown 

oily material. 

3.2.5. Corydalis cava (L.) Schweig. & Kört. (Papaveraceae) 

Tubers of Corydalis cava Schweig. & Kört. 

(Papaveraceae) were collected at the hillside of the 

Dobogókő area near Budapest, Hungary, in May 2011. 

The plant was authenticated by Prof. Ágnes Kéry, and a 

voucher specimen (no. CC52) was deposited at the 

Department of Pharmacognosy, Semmelweis University, 

Budapest, Hungary. The air-dried and finely powdered 

tuber of C. cava (5.0 g) was extracted with boiling water 

(50 mL) for 3 min. After cooling, it was filtered and 

partitioned between H2O and 3×50 mL CHCl3 at room temperature. The CHCl3 extract 

after concentration in vacuo yielded a residue (180 mg) which was redissolved in dilute 

H2SO4 (2%, 20 mL) and extracted with 3×20 mL CHCl3 to afford a yellowish weakly 

basic alkaloid fraction after evaporation (50 mg). Due to its low DMSO solubility, this 

extract was dissolved in MeOH in the PAMPA-BBB experiments. 

3.2.6. Salvia officinalis L. (Lamiaceae) 

Leaves of Salvia officinalis L. (Lamiaceae) were 

collected in an experimental field of the Institute of 

Ecology and Botany, Vácrátót, Hungary, in May 1999. A 

voucher specimen (no. Miklóssy-S.o.-May1999) was 

deposited in the Institute and authenticated by Dr. Vilmos 

Miklóssy. The dried and ground leaves of S. officinalis 

(50.0 g) were ultra-sonicated with 2×100 mL CHCl3 for 

20 min. The filtered extract was concentrated to dryness 

at 40 °C in vacuo, redissolved in 1:1 CHCl3-MeOH (30 

mL), and fractionated by open column chromatography on polyamide gel (ICN cat. no. 

09602), using a gradient system of MeOH/H2O (40:60, 60:40, 80:20, 90:10, each 100 

mL). The third fraction (51 mg) was subjected to the PAMPA-BBB experiments. 

Figure 15. Corydalis cava [153]. 

Figure 16. Salvia officinalis [154]. 
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3.2.7. Vinca major L. (Apocynaceae) 

Aerial parts of Vinca major L. (Apocynaceae) were 

collected at an experimental field of the Institute of 

Ecology and Botany, Vácrátót, Hungary, in August 1999. 

A voucher specimen (no. Miklóssy-V.ma.-Aug1999) was 

deposited in the Institute and authenticated by Dr. Vilmos 

Miklóssy. The dried and ground herb (50.0 g) was 

extracted with 1×200 mL and 1×100 mL of 90:10 

CHCl3/MeOH using an ultrasonic bath for 2×15 min. After 

filtration, the residual plant material was dried and 

extracted with 1×200 and 1×100 mL of 70% aqueous MeOH at room temperature in an 

ultrasonic bath for 2×15 min. The filtered and combined aqueous methanolic extracts 

were evaporated to dryness in vacuo and fractionated by open column chromatography 

on silica gel (Kieselgel 60, 0.063-0.200 mm, cat. no. 1.07734.100 Merck, Germany) 

using a gradient system of CHCl3/MeOH/H2O (90:10:1, 90:15:1.5, 90:25:2.5, 90:35:3.5, 

90:45:4.5, 90:60:6, each 200 mL). The second fraction (57 mg) was subjected to the 

PAMPA-BBB experiments. 

3.3. Instrumentation 

Instrumentation common in all analyses are summarized below, whereas study-specific 

methods and conditions are provided after the section of each screening experiment. 

3.3.1. High performance liquid chromatography – mass spectrometry 

All experiments were performed on an Agilent 1200 liquid chromatography system 

(equipped with a vacuum degasser G1379B, a binary pump G1312B, a well-plate 

autosampler G1367C, a column temperature controller G1316B, and a diode array 

detector G1315C), coupled with an Agilent 6410 triple quadrupole mass spectrometer 

(QQQ-MS) equipped with an ESI source (Agilent Technologies, Waldbronn, Germany). 

MassHunter B.04.01 was used for data acquisition, and for qualitative and quantitative 

analysis. All analyses were carried out at 40 °C on an Ascentis Express C18 column (50 

× 3.0 mm, 2.7 µm).  

Figure 17. Vinca major [155]. 
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3.3.2. Nuclear magnetic resonance spectroscopy 

All NMR measurements were performed on a Varian 800 MHz spectrometer equipped 

with a 
1
H{

13
C/

15
N} Triple Resonance 

13
C Enhanced Salt Tolerant Cold Probe operating 

at 800 MHz for 
1
H and 201 MHz for 

13
C. All pulse sequences were taken from the 

VNMRJ-3.1 or 3.2 pulse sequence library without modification. 

3.4. Cytotoxicity screening campaign 

Cytotoxicity screening of the full plant extract library (N=4400) was performed by the 

fluorescent measurement of resazurin reduction (Promega, Madison, WI, USA) on an 

immortalized chinese hamster ovarian (CHO) cell line. This simple assay is based on 

the ability of living cells to convert a redox dye (resazurin) into a fluorescent end 

product (resorufin). Viable cells retain the ability to reduce resazurin into resorufin. 

Nonviable cells rapidly lose metabolic capacity, do not reduce the indicator dye, and 

thus do not generate a fluorescent signal. Fig. 18 shows the mechanism of the assay and 

a representative profile of a 384-well screening plate. 

 

 

 

 

 

 

 

 

Figure 18. Principle of the cytotoxicity assay [156], and a representative profile of a 384-well 

screening plate. Note that blue wells were indicating cytotoxic activity.  

3.4.1. Cell line 

Chinese hamster ovarian (CHO) cells were cultured in Dulbecco's Modified Eagle 

Medium (D-MEM) (Life Technologies, Budapest, Hungary) containing 10% foetal 

bovine serum, 1% non-essential amino acid solution and 1% antiobiotic-antimycotic 

solution. One day prior to treatment 2500 cells per well in 15 μL medium were seeded 

aseptically into tissue culture treated sterile 384-well plates (BD #353962) by a 
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Multidrop 384 dispenser (Thermo Labsystems). To eliminate edge effect, plates without 

lids were placed into sterile square Petri dishes (Nunc #166508). 

3.4.2. Procedure of screening  

384-well assay plates (Greiner #781 101) with diluted plant extract samples were 

prepared with a Biomek NX automated workstation (Beckman Coulter). 3 µL of plant 

extract stock solutions (40 mg/mL in DMSO) and 97 µL phosphate buffered saline 

(PBS, pH=7.4) were loaded quadrantwise into a barcoded 384-well plate. Between 

quadrants, tips were rinsed with DMSO and three times with distilled water. Completed 

sample plates were sealed and stored at 4 °C for less than 24 hrs.  

 On the day of the screening, 7.5 µL of plant extract samples were transferred 

quadrant-wise onto cell plates by a Biomek NX, using 20 µL tips washed once with 

DMSO and three times with distilled water between quadrants. Reference controls were 

prepared and loaded onto sample plates immediately before the Biomek transfer. Thus, 

the following plate/well distribution was used: in columns 3-22 320 pcs of plant extract 

samples; in wells A-B2, E-F2, I-L23, O-P23 8 pcs negative controls – DMSO; in wells 

C-D2, M-N2, C-D23, M-N23 8 pcs positive controls – 500 µM FCCP (carbonyl 

cyanide-p-(trifluoromethoxy)phenylhydrazone; in wells G-H2, G-H23 4 pcs partial 

positive controls – 50 µM FCCP. Afterwards, the 14 cell plates were returned into the 

Binder incubator (WTB Binder CB210) for 24-h incubation. Next day 5 µL of CellTiter 

Blue reagent (Promega #G8080) was added into each well with a Multidrop Micro 

dispenser (Thermo Labsystems), followed by gentle shaking of the plates. Then the 

plates in square Petri dishes were returned into the incubator for a further 4-h 

incubation. Finally, fluorescence was read out in the BMG POLARstar reader 

(excitation 544 nm, emission 590 nm). 

3.4.3. Data handling 

The quality of the HTS assay was evaluated by the calculation of the dimensionless 

parameters Z- and Z’-factor [157].   

Raw fluorescence read was taken from each well:  Iij 

The mean of 8 positive controls:    A 

The mean of 12 negative controls:    B 

The mean of 4 partial positive controls:   C 
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The calculation of Z (defined as the ratio of the separation band to the signal dynamic 

range of the assay):     
CB

SDSD
Z CB31   

The calculation of Z’:     
AB

SDSD
Z BA31'  

The calculation of cytotoxic activity:  
AB

IB
Activity

ij

ij 100(%)  

As a summary, a total of 14 plant extract plates were screened in a test concentration of 

400 µg/mL with 1% DMSO present. Samples with activity above 20% were considered 

as cytotoxic. 

3.5. Antioxidant activity screening campaign 

The antioxidant activity screening of the full plant extract library (N=4400) was 

performed according to the spectrophotometric DPPH method first described by Blois 

[79] and later modified for microplate format by Hu and Kitts [99]. Principle of the 

method was extensively discussed in Chapter 1.4.1.1.  

 Test parameters, such as the type of assay medium, DPPH and plant extract 

sample concentrations, incubation time and temperature were optimized in preliminary 

experiments: for avoiding the precipitation of plant extract samples in the DPPH test 

solution, buffer-free ethanol was used as test medium. Best reproduction of literary IC50 

values for two positive controls, namely quercetin and trolox, was achieved where test 

samples were incubated with 60 µM DPPH for 30 min at room temperature. Screening 

concentration of plant extract samples was set to the value of 66.7 µg/mL, after 

reviewing experimental conditions of analogous screening studies with crude plant 

extracts [68, 72-77].  

3.5.1. Procedure of screening 

Briefly, fresh DPPH stock solution was prepared by dissolving DPPH in ethanol on 

each day of analysis and kept at 4 °C in a refrigerator. On the day of the screening, 290 

µL DPPH solution (60 µM) was loaded into a 96-well microtiter plate (UV-Star, 

Greiner Bio-One, Frickenhausen, Germany) with Eppendorf multichannel pipettes 

(Hamburg, Germany). Afterwards, 10 µL of positive control (quercetin, 200 µg/mL), 

negative control (pure DMSO), and plant extract samples (2.0 mg/mL) were loaded 
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onto the test plates. Appropriate mixing of test solutions was performed in the 

multichannel pipettes (5 cycles). Thus, the following plate/well distribution was used 

(Fig. 19): in the first column 8 pcs negative control, in wells A2-H11 80 pcs plant 

extract samples, in the last column 8 pcs positive control (quercetin). Finally, 

absorbance of each well was read out against a blank at 517 nm after 30 min incubation 

at room temperature in the dark by a UV-visible plate reader (Multiskan Spektrum, 

Thermo Labsystem).  

 

 

 

 

 

 

 

Figure 19. Representative profile of a screening plate. Note that yellow wells were indicating 

samples with antioxidant activity (positive control in column 12 is unfortunately missing from 

the picture). 

3.5.2. Data handling and IC50 measurement 

The degree of radical scavenging activity was determined by the following formula: 

control

samplecontrol

Abs

AbsAbs
Inhibition 100(%)  

where Abscontrol is the absorbance of the control reaction (containing DMSO instead of 

the test compound/plant extract), and Abssample is the absorbance of the test compound/ 

plant extract at 517 nm. RSDcontrols < 10% per plate as quality control was checked in all 

test plates. Plant extracts with activity above 80% were considered as primary hits. 

 IC50 values for these hits were measured in a secondary experiment: DMSO 

solutions of hits were diluted in six concentrations, ranging from 0.5 to 300 µg/mL, and 

the same protocol was repeated with these samples as described above. IC50 values, the 

concentrations of the samples required to scavenge 50% of DPPH radical, were 

calculated by Prism 4 for Windows (Graph Pad Software, San Diego, USA) after 

sigmoidal dose–response curve fitting and were expressed as the mean of three 

determinations. 
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3.6. Antioxidant activity-guided phytochemical investigation of Artemisia 

gmelinii 

3.6.1. HPLC-based DPPH scavenging assay 

The modified method of Tang et al. [87] was applied to characterize the active 

constituents in the methanolic extract of Artemisia gmelinii. Briefly, 0.5 mL of A. 

gmelinii methanolic extract dissolved in DMSO and 0.5 mL of 1.5 mM DPPH stock 

solution were mixed and allowed to react for 30 min. The reaction mixture was then 

filtered through a 0.45 µm filter and injected for HPLC analysis. Ethanol was added to 

the extract to provide the unreacted control sample. 

 HPLC-MS experiments were performed on an Agilent 1200 liquid 

chromatography system equipped with a diode array detector and coupled with an 

Agilent 6120 MSD (Agilent Technologies, Palo Alto, CA, USA). Analyses were carried 

out at 40 °C on an Ascentis Express C18 column (50 x 3.0 mm, 2.7 µm) with a mobile 

phase flow rate of 1.1 mL/min. The composition of eluent A was 0.1% (v/v) 

trifluoroacetic acid in water, eluent B was the mixture of MeCN and water in 95:5 (v/v) 

with 0.1% (v/v) trifluoroacetic acid. A linear gradient of 2-25% B was applied at a 

range of 0-8 min, then 25% B held for 1 min. This was followed by a 2 min 

equilibration period prior to the next injection. The UV-vis spectra were recorded 

between 200 to 400 nm and chromatographic profiles were registered at 320 nm. The 

injection volume was set to 10 µL. The MSD operating parameters were as follows: 

negative and positive ionization mode, scan spectra from m/z 100 to 800, drying gas 

temperature 350 °C, nitrogen flow rate 13 L/min, nebuliser pressure 50 psi, quadrupole 

temperature 100 °C, capillary voltage 3000 V, fragmentors were in the range 60-180 V. 

3.6.2. Isolation of compounds 7a and 8a with preparative HPLC  

The applied preparative chromatographic system comprised of the following parts: a 

Gilson 305/306 (Middleton, WI, USA) pump, a Shimadzu SPD-10A (Columbia, MD, 

USA) UV-vis detector and a Büchi 684 (New Castle, DE, USA) fraction collector. 

Preparative separations were carried out on a Waters (Milford, MA, USA) X-Terra Prep 

RP18 (300 mm x 30 mm, 10 µm) column using water acidified with 0.1% (v/v) acetic 

acid as eluent A and acetonitrile acidified with 0.1% (v/v) acetic acid as eluent B in an 
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optimized gradient program (5-50% B in 160 min) at a flow rate of 15 mL/min. The 

detection wavelengths were 220 nm and 320 nm. 

 The last fraction (VI) obtained from column chromatography (620 mg) was 

dissolved in the 1:1 (v/v) mixture of eluent A and B, and injected into HPLC. The 

effluent containing the solute corresponding to the observed peaks of 7a and 8a was 

collected in the fraction collector. The collected fractions were concentrated and dried 

under vacuum to yield purified 7a (78 mg, tR=102 min) and 8a (25 mg, tR=122 min). 

Compound 7a: (1s,3R,4s,5S)-1,3-bis({[(2E)-3-(3,4-dihydroxyphenyl)prop-2-enoyl] 

oxy})-4,5-dihydroxycyclohexane-1-carboxylic acid. Pale yellow, waxy crystalline solid. 

UV-vis (MeCN) λmax: 218, 240, 296sh, 325 nm; 
1
H and 

13
C NMR (Table A1, 

Appendix); [M+H]
+
 (ESI): m/z 517.13457, calculated value for C25H25O12: 517.13405 

(delta: 1.0 ppm). Adduct ions of [M+Na]
+
, [2M+H]

+
 and [2M+Na]

+
 can be detected at 

m/z 539.11654, 1033.26313 and 1055.24460, respectively. The mass accuracy was 

between 1.0 and 2.2 ppm for the adduct ions.  

Compound 8a: Ethyl(1s,3R,4s,5S)-1,3-bis({[(2E)-3-(3,4-dihydroxyphenyl)prop-2-

enoyl]oxy})-4,5-dihydroxycyclohexane-1-carboxylate. Pale yellow, waxy crystalline 

solid. UV-vis (MeCN) λmax: 218, 240, 300sh, 325 nm; 
1
H and 

13
C NMR (Table A1, 

Appendix); [M+H]
+
 (ESI): m/z 545.16607, calculated value for C27H29O12: 545.16535 

(delta: 1.3 ppm). Adduct ions of [M+Na]
+
, [2M+H]

+
 and [2M+Na]

+
 can be detected at 

m/z 567.14793, 1089.32514 and 1111.30706, respectively. The mass accuracy was 

between 1.1 and 1.6 ppm for the adduct ions. 

3.6.3. High resolution mass spectrometry analysis 

High-resolution MS measurements were carried out on a Thermo LTQ FT Ultra mass 

spectrometer (ESI, 4.0 kV spray voltage, 295 °C capillary temperature, solvent: 

MeOH:H2O 1:1 + 1% (v/v) cc. acetic acid, direct infusion). 

3.6.4. NMR spectroscopy 

All NMR measurements were performed on a Varian 800 MHz spectrometer equipped 

with a 
1
H{

13
C/

15
N} Triple Resonance 

13
C Enhanced Salt Tolerant Cold Probe operating 

at 800 MHz for 
1
H and 201 MHz for 

13
C. Chemical shifts were referenced to TMS used 

as an internal standard. 
1
H-

1
H, direct 

1
H-

13
C, long-range 

1
H-

13
C spin-spin connectivities 

were established from 
1
H, 2D-GHSQCAD, GCOSY and 2D-GHMBCAD experiments, 
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respectively. All pulse sequences were used as available in the VNMRJ 3.1 pulse 

sequence library. All NMR measurements were performed in DMSO-d6 as solvent. 

3.7. HPLC-based peroxynitrite scavenging assay 

3.7.1. Synthesis of the peroxynitrite anion 

Peroxynitrite was synthesized daily according to literature [108], and was always treated 

by MnO2 to remove residual hydrogen peroxide. Briefly, a solution containing 0.5 M 

NaNO2 and 0.5 M H2O2 was freshly prepared and cooled on ice, and then 1 mL aliquot 

of pre-cooled 1 M HCl and 1 mL aliquot of pre-cooled 1.5 M NaOH were injected 

simultaneously (within approximately 0.5 s) into a rapidly stirred solution. The 

concentration of the resulting ONOO
-
 solution was determined by measuring the 

absorbance at 302 nm (ε=1670 M
-1

cm
-1

). The stock solution was diluted with 0.5% 

NaOH and kept frozen in the dark before used. The decomposed control solution of 

ONOO
–
 originated from one week long storage of the concentrated solution at room 

temperature. 

3.7.2. Preparation of the Salvia specific model mixture 

The artificial model mixture consisted of 17 analytical and/or chemotaxonomic marker 

compounds (in equimolar ratio) representative for alcoholic extracts of Salvia species. 

Gallic acid, caffeic acid and its derivatives (caftaric acid, scopoletin, sinapic acid, 

rosmarinic acid, salvianolic acid A, salvianolic acid B) [158-159], flavonoid aglycones 

(quercetin, apigenin, kaempferol, chrysin, 5-hydroxyflavone), flavonoid glycosides 

(rutin, luteolin 7-O-glucoside, apigenin 7-O-glucoside) and one major diterpene marker 

carnosol [160] were included in the mixture.  

 The model mixture was prepared in DMSO at a concentration of 600 µM for 

each phenolic component.  

3.7.3. HPLC conditions 

Experiments were performed on an Agilent 1200 liquid chromatography system 

(Waldbronn, Germany). Test solutions and samples were prepared in 96-well 

polypropylene plates with the total volume of 0.5 mL (Agilent, Waldbronn, Germany). 

Plates were sealed and incubated in the autosampler for 10 min at 20 °C before 
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analyzed. Analysis was carried out at 40 °C on an Ascentis Express C18 column (50 × 

3.0 mm, 2.7 µm) with a flow rate of mobile phase 1.1 mL/min. Composition of eluent A 

was 0.1% (v/v) trifluoroacetic acid in H2O (pH=1.9), eluent B was the mixture of 

MeCN and H2O in 95:5 (v/v) with 0.1% (v/v) trifluoroacetic acid. The gradient program 

with two isocratic parts was the following: a linear gradient of 0-15% B with the first 2 

min, then 15% B was held for 1 min, linear gradient of 15-35% B with the range of 3-5 

min, then 35% B was held for 2 min, linear gradient of 35-80% B with the range of 7-

10.5 min. This was followed by a 2.5 min equilibration period prior to the next 

injection. It gives a 13 min total analysis time per sample. The chromatograms were 

recorded at 220, 320 and 470 nm and the applied injection volume was 6 µL. 

3.7.4. Peroxynitrite scavenging activity measurement in 96-well plate 

Test solution was prepared in 96 well-plate by mixing the following reagents: 245 µL 

122.4 µM solution of pyrogallol red in glycine buffer (100 mM) pH=7.00 and 50 µL 

stock solution of the model mixture solved in DMSO (100 µM, final concentration for 

each compound) and finally 5 µL ONOO
–
 in desired concentration. In case of the real 

sample, 50 µL of methanolic S. miltiorrhiza extract dissolved in DMSO (2.0 mg/mL, 

final concentration) was added into each test solution. The control solution contained 

245 µL pyrogallol red in glycine buffer (100 µM, final concentration), 50 µL DMSO 

and 5 µL ONOO
–
 (1.5 mM, final concentration, =0% inhibition). The total shift of 

control pH, due to the addition of ONOO
–
 alkaline solution was within 0.4 unit. The 

blank of the assay was the same composition but mixed with 5 µL of decomposed 

solution of ONOO
– 

(=100% inhibition). The resulted mixture plate (containing test, 

control and blank solutions in triplicate) was mixed thoroughly, sealed and analyzed 

directly using the above described LC method. 

 The individual scavenging activities of the phenolic compounds were assessed 

the same way against 500 µM ONOO
–
 in eight concentrations between 0.2 µM and 500 

µM. Appropriate controls containing no antioxidants but the decomposed ONOO
–
, were 

also included to estimate pyrogallol red bleaching. Inhibition percentage was calculated 

in both study (scavenging activity of mixture and individual compounds) as follows: 

0][

][
100(%)

PR

PR
Inhibition  

DOI:10.14753/SE.2014.1937



 

 43 

where [PR] was the measured pyrogallol red concentration of the sample after reaction 

with ONOO
–
 and [PR]0 was the initial pyrogallol red concentration (blank). IC50 values 

were calculated as the concentration of single compounds required to protect 50% of 

pyrogallol red against 500 µM ONOO
–
 by Prism 4 for Windows (Graph Pad Software 

Inc., San Diego, USA) after sigmoidal dose – response curve fitting. 

3.8. Blood-brain barrier permeability screening campaign and related 

methods 

3.8.1. PAMPA-BBB procedures 

A slightly modified version of the PAMPA-BBB assay was used to asses the effective 

permeability (Pe, cm/s) of the NP and NP-like test set [131] (Table A2, Appendix). Test 

compounds were dissolved in DMSO (in the case of compounds with poor solubility 

MeOH was used) at 10 mM, then 3 µL of this stock solution was diluted 100-fold with 

297 µL 0.01 M phosphate buffered saline (PBS) at pH 7.4 to obtain the starting donor 

solutions (100 µM nominal concentration). Afterwards, the filter membrane of the 

donor (top) plate (96-well polycarbonate-based filter plate, Multiscreen-IP, 

MAIPN4510, pore size 0.45 μm, Millipore) was coated with 5 µL BBB specific lipid 

solution (16 mg PBL and 8 mg cholesterol dissolved in 600 µL n-dodecane) and the 

acceptor (96-well PTFE acceptor plate, Multiscreen Acceptor Plate, MSSACCEPTOR, 

Millipore) well was filled with 300 µL PBS buffer. The donor plate was filled with 150 

µL of the starting donor solution and was carefully placed on the acceptor plate to form 

a “sandwich”, which was incubated at 37 °C for 4 h. After incubation, sandwich plates 

were separated and the concentrations of each test compound in the starting donor 

solution, and in the acceptor and donor wells were determined in triplicate by 

chromatographic peak areas derived from a generic LC-MS method. Using these data, 

the effective BBB permeability (log Pe) of each test compound was calculated using the 

following equations [161]: 

)(
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where Pe is the effective permeability coefficient (cm/s), A is the filter area (0.3 cm
2
), 

VD and VA are the volumes in the donor (0.15 cm
3
) and acceptor phase (0.3 cm

3
), t is the 
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incubation time (s), τSS is the time (s) to reach the steady-state, CD(t) is the concentration 

(mM) of the compound in the donor phase at time t, CD(0) is the concentration (mM) of 

the compound in the donor phase at time 0, R is the membrane retention factor: 

 

where CA(t) is the concentration (mM) of the compound in the acceptor phase at time t. 

 The PAMPA-BBB screening of the plant extract library was performed 

according to a similar protocol as described above. Thus, 180 µL PBS buffer was added 

to 20 µL of each of the 1760 stock solutions of plant extracts (10.0 mg/mL in DMSO) in 

96-well polypropylene plates (Agilent, Waldbronn, Germany) (80 samples per plate, 22 

plates in total, 10% (v/v) DMSO as co-solvent in donor wells). After rigorous shaking, 

150 µL of these aliquots was transferred and used in the donor plates. After incubation, 

260 µL of the acceptor solution was transferred to a 96-well UV-Star microplate 

(Greiner Bio-one, Germany) and analyzed using a UV-vis reader (Thermo Multiskan 

Spectrum). The absorbance of each well was read in the range 240-400 nm, in 10 nm 

stepwise increments. Verapamil was used as high permeability control and prednisone 

was used as low permeability control on each plate (n = 4). Criteria for a primary hit 

(considered as BBB+ extract) were: Abssample > Absblank + 3×SDblank, if RSDcontrols < 

10% per plate as quality control was fulfilled. 

 In the case of the four BBB+ extracts studied, PAMPA-BBB experiments were 

repeated in deutero PBS buffer, starting from the most concentrated samples (50 

mg/mL) with 10% co-solvent. The resulting acceptor solutions were collected and 1 mL 

from each sample was subjected directly to NMR analysis. 

3.8.2. HPLC-MS analysis 

Instrumentation and experimental conditions used were as described in Chapter 3.3.1. 

Quantification of reference compounds in the PAMPA-BBB derived samples was 

achieved basically by two “generic” LC-DAD-MS methods: in the first one, eluent A 

was 0.1% TFA in H2O (pH=1.9) and eluent B was the mixture of MeCN and H2O in 

95:5 (v/v) with 0.1% TFA, while in the second one 10 mM NH4OAc/AcOH buffer 

(pH=5.8) was used instead of TFA in the mobile phases. The applied linear gradient 

profile and mobile phase flow rate were the same: 0-100% B at 0-4.5 min, then 100% B 
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for 3 min at 0.8 mL/min. Chromatographic profiles were recorded in all cases at the 

UV-maxima of each test compound (210 nm was considered as minimum). Moreover, 

where more sensitive detection was needed, single-ion mode (SIM) MS signals were 

acquired (see Appendix). 

 BBB+ plant extracts, identified as hits in the PAMPA-BBB screen were 

validated in the same LC-MS system. Retention data and corresponding molecular mass 

of randomly selected 140-140 pcs BBB+ and BBB− compounds were extracted by 

MassHunter Workstation Software (Agilent, Version B.04.00) and analyzed with 

Statistica version 10 (StatSoft, Tulsa, OK, USA). The logarithmic value of the 

chromatographic retention factor extrapolated to 0% organic modifier content was 

calculated as follows [162]: 

0

0
0

,0 ))3.2log((log
t

b
ttb

b

t
tk DgR  

where tR,g is the compound retention time in gradient mode (min); t0 is the dead time of 

the column (the peak of DMSO was used as the unretained marker t0 = tDMSO = 0.23 

min); tD is the gradient delay time (0.98 min); b is the gradient steepness parameter 

(0.215): 

Ft

SV
b

G

m
 

where Vm is the column dead volume (0.194 mL);  Δφ change in the volume fraction of 

the strong solvent in the mobile phase during the gradient run (0.95); S is a constant for 

a given analyte (approx. 4.2 for small molecules), tG is the gradient time (4.5 min); and 

F is the flow rate (0.8 mL/min). 

For detailed analysis of the four BBB+ plant extracts, the same column, eluents, 

and flow rates were used as in the first generic method. For the T. parthenium, V. major, 

and C. cava samples (stock and acceptor solutions) a linear gradient of 0-30% B was 

applied at a range of 0-7 min, then 30-75% B at 7-9.5 min and 75-95% B at 9.5-12 min. 

In the case of the S. officinalis sample, the gradient program was: 5-30% B at 0-2.5 min, 

30-75% at 2.5-10 min, 75-95% B at 10-12 min. The injection volume was set at 1 µL 

for stock solutions and 10 µL for acceptor solutions in order to compensate the dilution 

effect of the PAMPA-BBB assay. Chromatographic profiles were recorded at 220 nm 

except for the T. parthenium sample, where the ESI+ total ion chromatogram was 
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acquired. QQQ-MS conditions were: scan mode with the mass range of m/z 100-1000, 

drying gas temperature of 300 °C, nitrogen flow rate of 13 L/min, nebuliser pressure of 

40 psi, quadrupole temperature of 100 °C, and capillary voltage of 3000 V. UV spectra 

were collected in the range of 190-400 nm. MS fragmentation patterns were acquired 

for the eight reported BBB+ compounds (1-8) (MS conditions with the corresponding 

MS spectra are provided in the Appendix). 

3.8.3. Gas chromatography – flame ionization detector analysis of PAMPA-BBB 

co-solvents 

The DMSO and MeOH content of PAMPA-BBB-derived acceptor solutions were 

quantified on an Agilent 6890 Gas Chromatography system (Agilent Technologies, Palo 

Alto, CA), equipped with a split/splitless inlet and a flame ionization detector (FID). 

Analytes were separated on an Agilent DB-1MS UI capillary column (30 m × 0.32 mm, 

0.25 µm film thickness). Separation conditions: the oven temperature was programmed 

linearly from 80 °C to 230 °C at a rate of 20 °C/min and held at 230 °C for 2 min; 

helium was used as carrier gas at 1.1 mL/min, an injection volume of 1 µL and a split 

(ratio 10:1) injection mode were adopted; the injection port temperature and FID 

temperature were 250 °C with nitrogen as making up gas at 45 mL/min, and also 

hydrogen at 40 mL/min, and air at 450 mL/min. Retention times and calibration 

equations for DMSO and MeOH were: 3.67 min, area = 6311.6 × amount (v/v %) – 

11.1 and 2.56 min, area = 3272.8 × amount (v/v %) + 109.6, respectively. 

3.8.4. NMR spectroscopy 

All NMR spectra were recorded in a 5 mm sample tube at 298 K, using a Varian 800 

MHz NMR spectrometer equipped with a 
1
H{

13
C/

15
N} triple resonance 

13
C enhanced 

salt tolerant cold probe operating at 800 MHz for 
1
H. Chemical shifts were referenced to 

the residual co-solvent resonances (δH(MeOH) = 3.34 ppm or δH(DMSO) = 2.71 ppm). 

1
H-Presat and Presat-ZTOCSY spectra were recorded in all four cases while in the case 

of the T. parthenium sample an additional GHSQCAD spectrum was collected as well. 

All pulse sequences were taken from the VNMRJ-3.2 software library without 

modification. 
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3.9. Statistical analysis 

Statistical calculations and histogram generation were carried out with the Statistica 

9.0/10.0 software (StatSoft). Results are expressed as the mean ± S.E.M. of three 

parallel experiments. Student’s t-test was used for statistical analysis; p values > 0.05 

were considered to be significant. F-test and residual analysis was performed in all 

linear regression analysis.   
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4. Results 

4.1. Cytotoxicity screening 

A total of 14 plant extract sample plates were screened in 384-well format. Average Z’ 

was 0.87 ± 0.06, and all plates displayed Z’ above 0.4. Moreover, no serious 

positionwise inhomogeneity was observed. Thus, it can be concluded that the HTS 

assay was accurate and valid. More than half of the 4400 screened samples, 2508 

displayed citotoxic activity above 20% (Fig. 20). Therefore, these samples have been 

excluded from cell-based HTS campaigns run since that time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Results of the citotoxicity screening: histograms of the full, and the two sub-

libraries, respectively. Note that samples with activity above 20% were considered as cytotoxic.   
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The spectacularly bipolar nature of the resulted distribution has indirectly demonstrated 

that the used screening concentration (400 µg/mL with 1% DMSO present) was 

adequate. Moreover, the analysis of the polar and apolar subsets’ results has revealed 

that samples extracted with chloroform are twice as likely to show citotoxicity, than 

samples originated from alcoholic extraction. This finding is in accordance with the 

widely accepted impact of compound lipophilicity on drug development: compounds 

with higher log P values are more often affected by promiscuity and toxicity issues 

[163, 164].   

 Single plant extract “hits” (with cytotoxic activity above 90%) were not studied 

in detail, since toxicity was considered as an excluding feature. However, by the 

reduction in the number of false positive plant extracts the screening efficiency in 

subsequent HTS campaigns (where only the non-cytotoxic subset of the plant extract 

library was tested) was greatly improved (data not shown due to intellectual property 

rights).  

4.2. Antioxidant activity screening 

A total of 55 plant extract sample plates were screened in 96-well format. The quality 

criterion (RSDcontrols < 10% per plate) was fulfilled in all tested plates. Moreover, no 

serious positionwise inhomogeneity was observed. Thus, it can be concluded that the 

HTS assay was accurate and valid. Of the 4400 screened samples, only 251 extracts 

(5.7%) showed antioxidant activity above 80% (Fig. 21). In contrast to the citotoxicity 

campaign, the majority of plant extracts proved to be inactive and fell below 20%. This 

distribution profile has indirectly demonstrated that the used screening concentration 

(66 µg/mL) was adequate. This conclusion is also supported by the screening results of 

Pezzuto et al.: the antioxidant activity of 700 plant extracts has been evaluated in the 

same DPPH test system at 200 µg/mL screening concentration, and a hit rate of 14% 

has been obtained [68].     

 Moreover, analysis of the polar and apolar subsets’ results has revealed that 

samples extracted with methanol are three times as likely to show radical scavenging 

activity than samples originated from chloroformic extraction. 
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Figure 21. Results of the antioxidant activity (DPPH) screening: histograms of the full, and the 

two sub-libraries, respectively. Note that samples with activity (Inhibition%) above 80% were 

considered as actives (hits). 

 

This trend is also somewhat predictable, since it has been demonstrated a 

number of times that the phenoloid content positively correlates with the antioxidant 

capacity in NP extracts [76, 165]. 

 Cytotoxic antioxidant hits (N=130) have been excluded from further studies, and 

only non-cytotoxic antioxidant plant extracts (N=121, originated from 41 species) were 

characterized (dereplicated) by mean of LC-MS. Comparing the retention time, the UV 

and MS spectra of the major peaks with those of the reference compound library 

revealed that ubiquitous representatives of caffeic acid derivatives (e.g., caffeic acid, 

chlorogenic acid, rosmarinic acid), and flavon and flavonol glycosides (e.g., rutin) were 

abundant in these extracts, thus could be considered as frequent hitters in this sense.  
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 Taxonomical analysis of the 121 hits showed that representatives of the Salvia 

genus significantly accumulated among strong radical scavenging extracts: of the 14 

species of the full library (14/300=4.7%), 8 species (representing 28 extracts) were 

identified among the hits (8/41=19.5%). 

 Bearing these results in mind, our work was targeted toward two distinct 

objectives. First, an extract hit of a phytochemically less characterized plant, namely the 

methanolic extract of A. gmelinii was chosen to test the performance of the off-line 

DPPH-HPLC (spiking) assay. Second, the radical scavenging capacity of Salvia extracts 

was tested in an orthogonal antioxidant system. For this purpose, the pyrogallol red 

bleaching test used for ONOO
–
 scavenging acitivity assessment was adopted for HPLC.   

4.3. HPLC-based antioxidant activity profiling of the methanolic extract 

of Artemisia gmelinii 

4.3.1. Introduction 

Artemisia gmelinii Webb. ex Stechm. (Asteraceae), also known as Gmelin’s 

wormwood, is a perennial herb widespread in south and south-east Asia with several 

ethnopharmacological applications, however its phytochemical composition is not well 

studied. The leaf and stem are used in Korea to treat inflammatory liver conditions 

[166]; “tablets” made from flowers are taken in India to overcome cold, cough and fever 

[167]; pastes made from the fresh plant are used externally to cure headache, boils and 

pimples in Nepal [168, 169]. In contrast, the literature data regarding the chemical 

composition of A. gmelinii are limited only to three studies: caffeic acid, scopoletin, 

4’,7-di-O-methylapigenin, 4’,5,7-trihydroxy-3’,6-dimethoxyflavone, acacetin and 

velutin as phenolic compounds were isolated from the ethanolic extract [170], and some 

ubiquitous monoterpenes and sesquiterpenes (e.g. guaianolides) were identified in the 

petrol ether extract [171, 172], but no data regarding the bioactivity of the plant extracts 

has been reported. 

 We found one fraction of the methanolic extract of A. gmelinii as a hit in our 

antioxidant screening campaign (DPPH). Therefore, an LC-MS method was developed 

to separate and characterize the major constituents of the extract. Moreover, the LC 
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method was coupled offline with the DPPH assay, based on the work of Tang and co-

workers [87], to indicate the free radical scavenger molecules in the mixture.  

4.3.2. Phytochemical and antioxidant characterization 

Six compounds (1a-6a) were identified on the chromatogram of the extract (Fig. 22A 

and Table 2) by comparing the retention time, the UV and MS spectra of the major 

peaks with those of authentic reference compounds. Caffeic acid (1a) and scopoletin 

(4a) as ubiquitous secondary plant metabolites were described earlier [170], but 

chlorogenic acid (2a), 4-O-caffeoylquinic acid (cryptochlorogenic acid) (3a), luteolin-7-

O-glucoside (5a) and apigenin-7-O-glucoside (6a) are reported here for the first time in 

A. gmelinii. After spiking (i.e. overdosing) the sample with the DPPH radical solution 

(Fig. 22B) the peak areas of compounds 7a and 8a exhibited the most pronounced 

decrease, therefore the preparative HPLC purification was targeted to isolate 7a and 8a.   

 Afterwards, the two most active compounds (7a and 8a) were isolated with 

preparative HPLC and were tentatively identified as dicaffeoylquinic acid (DCQA) 

derivatives. During the detailed structure elucidation of the two species based on NMR 

and molecular modeling, we were faced however with difficulties regarding the 

unambiguous “resolvability” of the relative stereochemistry of these structures because 

of their inherent structural dynamics as well as due to ambiguities in the relevant 

literature data. Nevertheless, after extensive analysis of the stereochemical behaviour of 

the two species and the analogue compound cynarin (1,5-O-dicaffeoylquinic acid) we 

concluded that 8a is the ethyl ester derivative of 7a, where the latter is tentatively 

identified as 3,5-O-dicaffeoylquinic acid (Table 2). 
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Figure 22. HPLC-DAD chromatogram of fraction VI of methanolic extract of A. gmelinii 

before (A) and after reacted with 0.75 mM DPPH radical obtained at 320 nm (B). The index a 

in compound numbering denotes for the origin Artemisia. Key to peak identity is presented in 

Table 2. 
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Table 2. Retention times and chemical structures of the identified (1a-6a) and isolated (7a, 8a) 

compounds in the fraction VI of methanolic extract of A. gmelinii. 
 

Peak tR (min) Compound 

1a 1.43 caffeic acid 

 

2a 1.80 chlorogenic acid 

 

3a 2.21 4-O-caffeoylquinic acid 

 

4a 2.81 scopoletin 

 

5a 4.88 luetolin-7-O-glucoside 

 

6a 5.49 apigenin-7-O-glucoside 

 

7a 5.81 
3,5-O-dicaffeoylquinic 

acid 

 
8a 7.16 

ethyl-3,5-O-

dicaffeoylquinate 

 

 

 The decreasing trend of the IC50 values in Table 3 shows clearly that the radical 

scavenger components of A. gmelinii were enriched in the methanolic extract, especially 

in the last (VI) eluting fraction obtained by column chromatography. The isolated 
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DCQA’s (7a, 8a) possess great antioxidant capacities, which indirectly verified the 

efficiency of the DPPH-HPLC spiking assay. The IC50 values of compounds 7a and 8a 

were significantly lower than that of the positive control trolox, and were at a similar 

level as the outstanding activity of quercetin. The observed superior reactivity of the 

two DCQA derivatives toward the DPPH radical is in accordance with the findings of 

Saito et al. [173], who described the contribution of an intramolecular interaction of the 

two caffeoyl residues. Moreover, after comparing the IC50 values of compound 7a and 

8a to the value of cynarin it can be supposed that the radical scavenging potential of 

these species is not affected by the difference in the observed stereochemistry of the 

quinic acid core moiety. 

 
Table 3. DPPH radical scavenging activities of A. gmelinii extracts and isolated compounds. 

Sample 
IC50 

(µg/mL) 

CHCl3 extract > 300 

70% (v/v) aqueous MeOH extract: 76.6 ± 4.9 

 Fraction I of 70% (v/v) aqueous MeOH extract > 300 

 Fraction II of 70% (v/v) aqueous MeOH extract > 300 

 Fraction III of 70% (v/v) aqueous MeOH extract 109.9 ± 9.9 

 Fraction IV of 70% (v/v) aqueous MeOH extract 53.7 ± 7.4 

 Fraction V of 70% (v/v) aqueous MeOH extract 49.9 ± 4.1 

 Fraction VI of 70% (v/v) aqueous MeOH extract: 38.1 ± 4.2 

o Compound 7a (3,5-O-dicaffeoylquinic acid) 8.7 ± 0.9 

o Compound 8a (ethyl-3,5-O-dicaffeoylquinate) 10.63 ± 1.1 

cynarin 10.1 ± 1.1 

trolox 17.9 ± 1.1 

quercetin 9.4 ± 0.6 
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4.4. HPLC-based peroxynitrite scavenging activity profiling of Salvia spp. 

4.4.1. Introduction 

The aim of this study was to adopt the pyrogallol red bleaching test [110] for LC-DAD 

which is capable of characterizing chemical constituents and ONOO– scavenging 

activity of a large number of plant extracts in parallel without interference with 

pigments. The hypothesis is that upon reaction with ONOO–, the peak areas of 

compounds with potential radical scavenging activity in the LC chromatograms will 

significantly reduce or disappeare. Confirming the usefulness of our methodology we 

designed a model mixture of 17 phenolic reference compounds, which is representative 

for alcoholic extracts of Salvia species. 

The criteria of the marker compound selection were multilateral. First of all, 

they had to occur in alcoholic extracts of Salvia species as analytical or 

chemotaxonomic markers. Second, they had to be ubiquitous in plant extracts covering 

possibly wide lipophilicity range and finally they should be commercially available. 

Based on the literature we identified 17 phenolic compounds (Fig. 23) fulfilling these 

criteria including gallic acid (1s), caffeic acid (3s) and its derivatives (caftaric acid (2s), 

scopoletin (4s), sinapic acid (5s), rosmarinic acid (9s), salvianolic acid A (12s), 

salvianolic acid B (10s)) [158, 159], flavonoid aglycones (quercetin (11s), apigenin 

(13s), kaempferol (14s), chrysin (15s), 5-hydroxyflavone (16s)), flavonoid glycosides 

(rutin (6s), luteolin 7-O-glucoside (7s), apigenin 7-O-glucoside (8s)) and one major 

diterpene marker carnosol (17s) [160]. 
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Figure 23. The chemical structures of typical Salvia marker compounds including the substrate 

of the assay pyrogallol red (pyr). The index s in compound numbering denotes for the origin 

Salvia. 
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 Table 4 shows the chromatographic calibration data for all tested compounds. 

Calibration curves were constructed in six concentrations between 1-600 µM in 

triplicate. All the obtained calibration plots showed acceptable linearity (R
2
=0.998-

0.999) within the investigated concentration range. Limit of detection (LOD) was 

determined based upon the signal to noise ratio (S/N=3) of each analyte. The LOD for 

the 17 phenolic reference compounds ranged from 0.81 to 6.67 µg/mL. The amount of 

the marker compounds in scavenging activity measurements was calculated from these 

regression equations. 

 

Table 4. Components of the model marker mixture in polarity order and their retention time, 

detection wavelength, linear calibration equation and limits of detection (LOD). In the 

regression equation y = ax + b, y is the peak area (mAU*s), x is the concentration of the analyte 

(µg/mL), a is the slope and b is the intercept.  
 

No. Compound name tR (min) λ (nm) Regression equation R
2
 

LOD 

(µg/mL) 

1s gallic acid 0.646 220 y = 23.179x - 19.138 0.9997 0.90 

2s caftaric acid 2.223 320 y = 11.478x - 9.486 0.9995 1.25 

3s caffeic acid 2.566 320 y = 14.306x - 8.041 0.9994 0.81 

4s scopoletin 3.386 320 y = 7.822x - 14.735 0.9994 1.93 

5s sinapic acid 3.563 320 y = 12.758x - 11.296 0.9995 1.01 

6s rutin 3.866 320 y = 2.967x - 19.389 0.9995 6.67 

pyr pyrogallol red 3.999 470 y = 12.183x - 1.859 0.9996 0.46 

7s luteolin 7-glucoside 4.127 320 y = 7.07x - 15.084 0.9995 2.19 

8s apigenin-7-glucoside 4.746 320 y = 15.803x- 24.908 0.9993 1.60 

9s rosmarinic acid 4.966 320 y = 7.226x - 24.117 0.999 3.39 

10s salvianolic acid B 5.318 320 y = 3.666x - 6.293 0.9998 1.83 

11s quercetin 5.461 320 y = 5.124x - 28.186 0.9984 5.58 

12s salvianolic acid A 5.508 320 y = 7.08x - 9.525 0.9985 1.40 

13s apigenin 5.904 320 y = 14.801x - 15.214 0.9991 1.05 

14s kaempferol 5.981 320 y = 6.782x - 9.544 0.9994 1.47 

15s chrysin 7.420 320 y = 8.789x - 9.181 0.9996 1.10 

16s 5-hydroxyflavone 9.578 320 y = 6.153x - 27.306 0.9993 4.50 

17s carnosol 9.781 220 y = 9.187x - 19.12 0.9998 2.12 

 

 

 After validating assay parameters with the above described model mixture we 

applied the reported method to a real Salvia sample. Since S. miltiorrhiza is one of the 

most studied and widely used medicinal Salvia species containing representative 

antioxidant polyphenolic components [175], we chose the methanolic extract of its herb 

to demonstrate the benefits of the developed method. 

DOI:10.14753/SE.2014.1937



 

 59 

4.4.2. Optimization of the chromatographic conditions 

In the first step, we optimized the LC separation conditions and the UV-vis detection 

wavelengths for the selective detection of the test substrate pyrogallol red (pyr). 

Depending on the acidity of the solution, pyrogallol red can occur in six different 

ionized forms with significantly different spectrophotometric characters [176]. 

Therefore, in order to minimize the interference between the phenolic markers and 

pyrogallol red, UV-vis spectra of chemically representative compounds (caffeic acid 

(3s), luteolin 7-O-glucoside (7s), rosmarinic acid (9s), salvianolic acid A (12s), 

kaempferol (14s)) were recorded and analyzed at different pH values (pH=1.90 0.1% 

(v/v) TFA; pH=4.00 0.1 M citric acid/Na-citrate; pH=6.80 0.1 M AcOH/NH4OAc). The 

representative UV-vis spectra at pH=1.90 are shown in Fig. 24 below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. UV-vis spectra of five representative marker compounds (3s, 7s, 9s, 12s, 14s) and 

the substrate of the assay (pyr) at pH=1.90 acquired by the DAD detector in the HPLC runs 

(190-600 nm).  

 

 We found that at the most acidic pH the studied phenolic marker compounds had 

UV-vis maxima between 300-360 nm where pyrogallol red has minimum and vica 
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compounds containing phenolic functional groups, while at neutral pH the peaks of the 

used compounds became broad and tailed. Therefore, the pH of the eluents was adjusted 

with trifluoroacetic acid to pH=1.90 and phenolic markers were monitored at 220 and 

320 nm while pyrogallol red was detected selectively at 470 nm.  

 As the model mixture contained several chemical analogues (e.g. luteolin 7-

glucoside (7s) – apigenin 7-glucoside (8s); salvianolic acid A (12s) – salvianolic acid B 

(10s); apigenin (13s) – kaempferol (14s)), two isocratic parts were integrated into the 

gradient elution profile (the first with 15% and the second with 35% of eluent B). 

Furthermore, at the design of the gradient program, we considered that in the case of 

real samples the method must have “extra retention time windows” for other common 

compounds which can occur in alcoholic Salvia extracts. 

4.4.3. Calibration for pyrogallol red 

After the analysis of the UV-vis spectra of representative marker compounds (Fig. 24), 

we chose the detection wavelength of 470 nm for quantification of pyrogallol red (pyr). 

The four chromatograms on the right side of Fig. 25 showed that there was no 

interference with typical phenolic compounds and with the major degradation products 

of pyrogallol red after reaction with ONOO–. We found that the optimum injection 

volume for 100 µM pyrogallol red solution was 6 µL. The peak symmetry factors of 

pyrogallol red decreased below 0.85 at higher (8 and 10 µL) injection volumes. On the 

other hand, smaller (2 and 4 µL) injection volumes caused significant loss in detection 

range. Calibration curve for pyrogallol red was constructed under the optimized 

conditions in eight concentrations between 1-100 µM in triplicate. The calculated 

calibration equation was Peak Area = 12.183×[PR]−1.859 with a correlation coefficient 

value 0.9996. The LOD and LOQ values were 0.46 and 1.52 µg/mL, respectively.  

The repeatability and reproducibility of the analytical method was confirmed 

from the retention times and peak areas of the pyrogallol blank solution (100 µM). 

Results listed in Table 5 indicate excellent repeatability and inter-day precision with 

very low RSD (<2.3 RSD%). Therefore, we concluded that the LC-DAD method is 

robust and sensitive enough to quantify pyrogallol red in biological matrixes such as 

alcoholic plant extracts. 
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Table 5. Repeatability and reproducibility of the retention time and peak area of pyrogallol red 

(pyr) blank (100 µM) solution (n=6). 

 

 tR (min) RSD% Peak Area (mAU*s) 100 µM RSD% 

Day 1 4.026 ± 0.008 0.19 496.0 ± 11.4 2.31 

Day 2 3.995 ± 0.010 0.25 491.6 ± 5.6 1.15 

Day 3 4.018 ± 0.290 0.29 493.6 ± 7.2 1.45 

Mean 4.013 ± 0.016 0.40 493.7 ± 2.2 0.45 

 

4.4.4. Validation of the assay with a Salvia specific model mixture 

Fig. 25 summarizes the overlaid UV chromatograms of the model mixture of Salvia 

markers and the degradation products after treated with increasing concentration of 

ONOO–. All of the eight chromatograms (four runs) contain base-line separated and 

sharp peaks which demonstrate the excellent resolving power of the analytical method 

and enable simultaneous quantification of the constituents of the mixture. It can be 

obviously seen that areas of certain peaks named 4s, 7s, 8s, 13s, 15s and 16s (marked 

with ●) did not change significantly after treating the model mixture with increasing 

concentration of the radical reagent. On the other hand, peaks with number 2s, 5s, 6s 

and 17s (marked with ●) significantly reduced whereas peaks 1s, 3s, 9s, 10s, 11s, 12s 

and 14s (marked with ●) disappeared or almost disappeared in the chromatograms 

detected at the highest concentration of ONOO–.  

 Simultaneously, the concentration of the substrate pyrogallol red decreased 

gradually, which trend could be followed by the I% (inhibition percentages) on the right 

side of Fig. 25. These results indicate that the 17 phenolic components protected 

pyrogallol red from “bleaching” by ONOO– in a competitive and concentration 

dependent manner. Some minor degradation products (marked with * on Fig. 25C) 

could be seen in the retention time ranges between the signed peaks (between peak 1s 

and 2s, 3s-4s, 12s-13s, and after 17s) but their appearance did not disturb the detection 

of the marker compounds significantly. 
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Figure 25. Left side: The overlaid UV-chromatograms of the model mixture of Salvia markers 

(A), and the reaction products after treated with increasing concentrations of ONOO
–
 (B-D); 

Right side: The decreasing peak areas of pyrogallol red (pyr) in the same run and the calculated 

percentage of inhibition. Peak names, retention times and detection wavelengths are listed in 

Table 4. Activity categories: ● active/great degradation, ● moderate activity/moderate 

degradation, ● inactive/no degradation, * degradation products. 
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4.4.4.1. Comparison of degradation kinetics in mixture to individual scavenging 

activities 

Table 6 summarizes the obtained degradation kinetics parameters of the 17 compounds 

in equimolar mixture and their individual scavenging activities. The values of 

regression parameter a*10
3
 could be interpreted as the apparent stoichiometries. The b 

values of the regression equations are proportional to the standard deviation of the given 

measurements while n shows the number of concentrations used for linear curve fitting. 

Reciprocal IC50 values were reported for easier data analysis. 

  

Table 6. Components of the model marker mixture in polarity order and their degradation 

kinetics parameters after reaction with increasing concentrations of ONOO
– 

(0, 0.5, 1.5, 2.5, 5, 

10 mM) and their individual scavenging activities (n=3). Activity categories: ● active/great 

degradation, ● moderate activity/moderate degradation, ● inactive/no degradation. 

Peak Compound name 

Degradation kinetic in mixture    

Linear regression parameters* 

Individual scavenging 

activity Activity 

categories 
a*10

3
 b n R

2
 IC50 (µM) 10

3
/IC50 

1s gallic acid 16.54 - 5 0.988 88 ± 18 11.4 ● 

2s caftaric acid 5.90 - 6 0.906 1686 ± 211 0.6 ● 

3s caffeic acid 8.24 - 6 0.981 238 ± 19 4.2 ● 

4s scopoletin 0.35 5.58 5 0.901 n.a. n.a. ● 

5s sinapic acid 5.32 17.76 5 0.997 1225 ± 195 0.8 ● 

6s rutin 2.28 - 6 0.907 3058 ± 250 0.3 ● 

pyr pyrogallol red 9.86 - 6 0.986 - - - 

7s luteolin-7-glucoside 1.75 2.66 6 0.821 n.a. n.a. ● 

8s apigenin-7-glucoside 0.34 - 4 0.880 n.a. n.a. ● 

9s rosmarinic acid 9.07 - 6 0.972 134 ± 14 7.4 ● 

10s salvianolic acid B 10.11 - 6 0.997 73 ± 10 13.6 ● 

11s quercetin 16.79 - 5 0.938 49 ± 9 20.3 ● 

12s salvianolic acid A 18.78 - 5 0.952 25 ± 3 40.3 ● 

13s apigenin 0.57 10.27 5 0.877 n.a. n.a. ● 

14s kaempferol 14.12 - 5 0.988 96 ± 6 10.5 ● 

15s chrysin 1.91 32.39 4 0.905 n.a. n.a. ● 

16s 5-hydroxyflavone 3.82 51.14 4 0.836 n.a. n.a. ● 

17s carnosol 19.11 - 5 0.966 490 ± 111 2.0 ● 
In the regression equation Y = aX + b; Y is Δ[S]=[S]0-[S] where S is the concentration of the single 

compounds and X is [ONOO
–
]; n is the number of data points used for regression and R

2
 is the squared 

correlation coefficient; IC50 is the concentration which protects 50% of pyrogallol red against 500 µM 

ONOO
–
; n.a. = not active. *: Note that F-test and normal probability distribution of residuals was checked 

and fulfilled for every compound in the course of the regression analysis.  
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Fig. 26 represents the correlation between apparent degradation stoichiometries 

and individual scavenging activities. Components with no activity in the individual 

assay were scopoletin (4s), luteolin 7-glucoside (7s), apigenin 7-glucoside (8s), apigenin 

(13s), chrysin (15s), 5-hydoxyflavone (16s). These compounds were leaved out from 

the model because the apparent degradation stoichiometries were very low (below 

6.544, the intercept value of the regression equation), which confirmed the predictive 

power of the established method. On the contrary, carnosol (17s) demonstrated the 

limitation of the assay because this compound suffered aspecific degradation via 

alkaline hydrolization after treated with decomposed ONOO– solution (only 18% 

remained stable in the control solution). Therefore, carnosol was considered as an 

outlier and was excluded from the regression even if it showed moderate individual 

scavenging activity. After these considerations we found an acceptable linear 

correlation between the apparent degradation stoichiometries and individual scavenging 

activities (R
2
=0.693; F-test: F0.05(1,8)=5.32 <  F=18.03) indicating that the former (i.e., 

measured in mixture), is suitable for ranking the individual scavenging activities.   

 

 

Figure 26. Correlation between individual scavenging activity of Salvia marker compounds and 

apparent degradation stoichiometries against ONOO
–
 in their equimolar (100 µM) mixture. 

Note: carnosol (17s) was excluded from the regression due to an aspecific degradation. 
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4.4.4.2. Validation of the assay parameters with structure – activity relationships 

The resulted apparent stoichiometries and individual scavenging activities are listed in 

Table 6. Compounds without catechol moiety, namely scopoletin (4s), sinapic acid (5s), 

apigenin 7-glucoside (8s), apigenin (13s), chrysin (15s) and 5-hydroxyflavone (16s) 

were virtually inactive. In addition, phenolic compounds with one catechol function, 

gallic acid (1s), caftaric acid (2s), caffeic acid (3s), rutin (6s), kaempferol (14s) and 

carnosol (17s) showed strong ONOO–
 scavenging properties. The most active 

compounds (rosmarinic acid (9s), salvianolic acid B (10s), quercetin (11s), salvianolic 

acid A (12s)), however, contain two or three catechol groups per molecule. In the case 

of flavonols with hydroxyl group at position 3 and 5 (quercetin (11s) and kaempferol 

(14s) in our study) an intramolecular rearrangement could take place forming a 

catechol-like structure in ring C (see Fig. 9 on p. 23) [177]. The above described trend 

in structure - ONOO– scavenging activity relationship shows unambiguously the 

essential role of the catechol subunit. This relationship was thoroughly studied earlier 

[112, 177] and now confirms the new methodology reported here. 

4.4.5. Demonstration of the assay performance on the methanolic extract of 

Salvia miltiorrhiza 

Fig. 27 represents the overlaid UV chromatograms of S. miltiorrhiza extract and the 

protected amount of pyrogallol red in the same runs after treated with increasing 

concentration of ONOO–.
 
Six major compounds were tentatively identified in the 

mixture based on retention time and UV spectra (caffeic acid (3s), rutin (6s), apigenin 7-

glucoside (8s), rosmarinic acid (9s), salvianolic acid B (10s), salvianolic acid A (12s)). 

 Among the identified components of the extract, the peak areas of salvianolic 

acid A (12s), salvianolic acid B (10s) and rosmarinic acid (9s) decreased significantly, 

while the loss of caffeic acid (3s) and rutin (6s) was moderate and the amount of 

apigenin 7-glucoside (8s) did not change due to the increasing concentration of ONOO–.  
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Figure 27. ONOO
–
 scavenging activity profile of S. miltiorrhiza methanolic extract (2.0 mg/mL 

final concentration). (A) The UV-chromatogram of S. miltiorrhiza methanolic extract, and (B-

D) the reaction products after treated with increasing concentrations of ONOO
–
 acquired at 320 

nm; Right side: The decreasing peak areas of pyrogallol red (pyr) in the same run acquired at 

470 nm and the calculated percentage of inhibition. Key to peak identity as in Fig. 23. 
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 In general, the peaks with retention times greater than 4.7 min showed an 

unambiguous response to the radical reagent and therefore were considered as the 

ONOO– scavenger constituents of S. miltiorrhiza (i.e., active region). This experiment 

also showed that the screening dose of ONOO– should be higher than 1 mM but lower 

than 5 mM against Salvia extracts with concentration of 2.0 mg/mL in order to be able 

to differentiate effectively between active and inactive components. 

4.5. Blood-brain barrier (BBB) permeability screening and HPLC-based hit 

profiling 

4.5.1. Introduction 

While numerous natural products possess activity on central nervous system (CNS) 

targets, there has been no analytical approach to effectively identify compounds with 

high brain penetration potential in complex mixtures at the early stage of drug 

discovery. To overcome this issue, the performance of the in vitro PAMPA-BBB assay 

for NPs and for plant extracts has been validated and characterized. 

 Initially, a check was made on the predictive power of the PAMPA-BBB assay 

using a NP compound set, because this assay was developed originally with commercial 

drugs and validated on in-house compounds by Di and co-workers [131]. In contrast, 

the present validation set contained solely natural product drugs and natural product-like 

drugs [categorized as in 178] possessing experimental log BB values (the logarithmic 

value of brain tissue to plasma concentration ratio of a given drug) ranging evenly from 

−2.0 to 1.0 in value. Test compound selection was performed to ensure high chemical 

diversity and the predominance of alkaloids, representing the major phytochemical 

compound class known to act at the CNS [139]. In parallel, ubiquitous marker 

compounds of major NP compound classes were tested in order to characterize the 

“phytochemical selectivity” of the PAMPA-BBB system. 

 Next, the non-cytotoxic plant extract sublibrary was screened with the validated 

PAMPA-BBB assay and the resulting primary hits were confirmed and characterized by 

LC-MS. Moreover, as NMR spectroscopy has become an indispensable technique in the 

modern NP dereplication process [179], assay parameters were modified in order to 

obtain samples from permeability experiments directly suitable for NMR 

measurements, making the overall procedure more rapid and compact. Advantages and 
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limitations of this sequential approach were demonstrated in the case of four different 

types of representative plant extract hits (crude extracts; i.e., highly complex mixtures 

of 80-100 components in the case of Tanacetum parthenium and Vinca major, and 

semipurified (fractionated) extracts, i.e., less complex mixtures of 30-40 components in 

the case of Salvia officinalis and Corydalis cava), which emerged from the screening 

study.  

4.5.2. Validation of the PAMPA-BBB assay for natural products 

Experimentally determined effective permeability values (log Pe) for a diverse 

compound set correlated quite well with corresponding log BB values taken from the 

literature (Fig. 28, for details on logBB data see Table A2, Appendix). Moreover, it 

could be seen that the arbitrary cut-off value of −6.0 for log Pe discriminated effectively 

between compounds possessing log BB values greater (considered as BBB+) and less 

than −0.5 (considered as BBB−).  

 

Figure 28. Correlation between experimental log BB values and effective permeabilities 

determined by the PAMPA-BBB assay for the validation set, consisting of 23 NP and 20 NP-

like drugs. Compounds in the red zone are considered as BBB−, while the green zone shows 

predicted BBB+ compounds. SE values, all being under 0.1 log unit are not shown for clarity 

(for numerical values see Table A2, Appendix). 
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 These findings were in good agreement with the log Pe ranges published by Li et 

al., classifying CNS drug candidates with high, moderate, and low BBB permeation 

potential [131]. Thus, it was concluded that the PAMPA-BBB assay preserved its 

predictive power in the case of NPs and is a valid physicochemical screening approach 

to study solely NP-containing plant extracts. 

4.5.3. Characterization of the effective BBB-permeability potential of major 

phytochemical compound classes 

The available pharmacokinetic information on the brain distribution of several 

NPs and herbal medicines addressing targets in the CNS is limited and mostly not very 

comparable [180]. Therefore, prior to screening plant extracts with the PAMPA-BBB 

assay, we sought to characterize the BBB permeability potential of major metabolite 

classes, that can occur in plant extracts. Fig. 29 shows the results of the 72 tested marker 

compounds. The analytical and calculated physicochemical data of the test set are 

summarized in Table A3 (Appendix). As our aim was to explore the general BBB 

permeability potential of compound classes, individual results and rank orders within 

groups are not discussed in detail.  

Glycosides with sugar moieties and reference compounds containing a free 

carboxyl group showed a very low effective permeability potential and fell in the BBB− 

region (log Pe < −6.0). However, it must be noted that the log Pe values for the majority 

of these compounds (marked with asterisks) were calculated with the corresponding 

limit of quantification (LOQ) values, because the test compound concentration in the 

acceptor side fell below the detection limit. These results are consistent with the basic 

concepts used by medicinal chemists regarding physicochemical properties that are 

prerequisites for brain penetration [181, 182]: glycosides due to their hydrophilic nature 

(high polar surface area, negative log D7.4 value, relatively high MW) are unable to pass 

across lipid bilayers by passive diffusion, while the apparent exclusion of free 

carboxylic acid group-bearing compounds (acidic pKa values ranging from 2 to 4) from 

the acceptor phase reflect on the fact that the ionization state affects BBB permeability 

adversely in the case of negatively charged species [183]. 
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Figure 29.  Effective BBB permeability profile of major phytochemical compound classes        

(* test compound was not detected in acceptor side; log Pe values were calculated with LOQ 

values (LC-MS UV/SIM measurements; see Table A3 in Appendix). ** Not measurable due to 

very low aqueous solubility: stigmasterol, lupeol, betulin).  

  

 In contrast, representative molecules of flavonoids (as aglycones) fell in the 

moderate or high permeability range (BBB+), confirming the results of several in vitro 

and in vivo pharmacokinetic observations and studies [123, 180, 184, 185]. As could be 

generally expected from their significant CNS activity (even toxicity in some cases) 

[186], alkaloids fell uniformly in the high or extremely high BBB permeability range. 

Moreover, the group of miscellaneous compounds including terpenoids and coumarins 

showed significant BBB permeability potential, although some representatives of these 

groups were not measurable due to their extremely low aqueous solubility. 

Nevertheless, the observed trend and gradation on a logarithmic scale in Fig. 29 

indicated high “phytochemical selectivity” of the PAMPA-BBB system for the 
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compound classes investigated. The overall profile of this permeability map was 

consistent with the findings of Gomes et al. [139], who evaluated phytochemical 

compound classes responsible for the CNS activity of 84 plants (alkaloids 38%, 

flavonoids 16%, terpenoids 11%), and with the conclusions of Kennedy and Wightman 

[187], who reviewed human brain-affecting plant chemicals, thereby supporting the 

relevance of the present approach. This result prompted us to screen plant extracts in 

order to evaluate whether the 3-4 orders of magnitude difference in log Pe values of 

BBB+ and BBB− constituents could be exploited. 

4.5.4. Co-solvent retention profile of the PAMPA-BBB assay 

First, to select the most suitable co-solvent for the screening study, blank runs were 

performed with different starting volume ratios of DMSO and MeOH in the donor side. 

Gas chromatography with flame-ionization detector (GC-FID) analysis of the resulting 

co-solvent concentrations in the acceptor side revealed that the PBL membrane is 

practically impermeable for both organic solvents, although DMSO was significantly 

better retained (Fig. 30).  

 

 

Figure 30. Co-solvent retention profile of the PAMPA-BBB assay measured by GC-FID. 
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 Performing the PAMPA-BBB assay with 10 v/v % co-solvent content in the 

donor side resulted in 0.01 and 0.31 v/v % final nominal concentrations for DMSO and 

MeOH in the acceptor side, respectively. This phenomenon has important theoretical 

and methodological consequences: (i) log Pe is basically a kinetic parameter, however, it 

depends significantly on the aqueous solubility of test compounds, as the co-solvent 

content of the acceptor side is negligibly low during the assay. (ii) The co-solvent ratio 

of the acceptor and donor side creates practically an “anti-sink” condition (for definition 

of “sink” see [161]), making the assay setup physicochemically more strict. (iii) The co-

solvent content of the donor side and thereby the sample dose could be elevated without 

significantly interfering with spectroscopic detections, e.g., using even 10 v/v % DMSO 

in the donor side enabled sensitive UV detection of the acceptor wells at 240 nm during 

the screening experiments (for NMR applicability see below; for the effect of DMSO 

content upon UV detection see Table 7). 

 

Table 7. Effect of the DMSO co-solvent content of the donor side upon the UV-detectability of 

the acceptor side of the PAMPA-BBB assay. Absorbance values are expressed in arbitrary units. 
 

 

 

4.5.5. Screening of the plant extract library and tentative physicochemical 

characterization of BBB+ and BBB- plant extracts by LC-MS 

Bearing these results in mind, the non-cytotoxic plant extract sublibrary consisting of 

1760 individual samples was screened with the validated PAMPA-BBB assay at a 1.0 

mg/mL concentration (with 10 v/v % DMSO as co-solvent) using an UV-vis reader. 

The campaign resulted in a hit rate of 7.1% which also showed the strict nature of the 

PAMPA-BBB assay and suggest its practicality as an effective HTS tool. 

0 5 10 15 20 30 40

210 0.583 1.126 1.857 4.000 4.000 4.000 4.000

220 0.166 0.315 0.469 0.643 0.857 1.416 3.384

230 0.082 0.093 0.104 0.118 0.137 0.175 0.235

240 0.080 0.079 0.080 0.080 0.082 0.082 0.086

250 0.073 0.072 0.072 0.071 0.071 0.071 0.072

260 0.063 0.062 0.062 0.061 0.061 0.060 0.062

270 0.056 0.056 0.055 0.055 0.054 0.054 0.055

280 0.050 0.049 0.049 0.049 0.048 0.048 0.049

290 0.045 0.043 0.044 0.044 0.043 0.044 0.045

300 0.043 0.042 0.043 0.043 0.041 0.042 0.043

DMSO v/v% in the donor side at the start of the PAMPA-BBB assay

Absorbance of the acceptor side at the end of the PAMPA-BBB assay

wavelength (nm)
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 Primary hits (BBB+ extracts) were validated by LC-MS and the tentative 

physicochemical characterization of randomly selected BBB+ and BBB− compounds 

was performed by means of the logarithmic value of the apparent chromatographic 

retention factor (log k0 as an estimation of compound lipophilicity by gradient RP-

HPLC [162, 188]) as well as the detected molecular weight (Fig. 31).  

 

Figure 31. Physicochemical parameter histograms of randomly selected unique compounds 

from BBB+ and BBB− plant extracts measured by LC-MS. 

 

 In the case of both parameters, BBB+ compounds showed a significantly 

narrower distribution compared to the BBB− group. MW distribution of BBB+ 

compounds peaked out in the drug-like range of 200-400 daltons, but slightly extended 

to the 400-600 dalton range. In contrast, the MW distribution of BBB− compounds was 

more even in the tested MW range. Comparing the log k0 distributions of the two groups 
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revealed that compounds with moderate polarity (log k0 2.5-5.0) enriched significantly 

in the BBB+ group while NP’s with extremely low (log k0 < 2.5) or extremely high 

lipophilicity (log k0 > 5.0) were totally eliminated from the brain permeable group. This 

result suggests that brain penetrable compounds detected by the PAMPA-BBB assay 

from complex plant extracts were showing drug-like properties. 

4.5.6. Application of the PAMPA-BBB/LC-MS/NMR procedure to four BBB+ 

plant extracts    

In order to study the performance of the PAMPA-BBB system in detail, four typical 

BBB+ plant extracts were chosen from the validated hits of the PAMPA-BBB screen: T. 

parthenium and V. major were used as crude mixtures, while samples of S. officinalis 

and C. cava were selected to represent partially fractionated extracts. LC-DAD-ESI-

MS/MS analysis of the starting stock solutions and the PAMPA-BBB-derived acceptor 

solutions were performed and compared (Fig. 32).  

As the chromatographic profiles of Fig. 32A and B indicate, the sample 

complexity of crude extracts was alleviated due to the selective “filtering” effect of the 

PAMPA-BBB assay. Thus, BBB+ components of the mixtures were enriched in the 

acceptor side, while BBB− ingredients did not diffuse well and were practically 

eliminated from the samples. In contrast, in the case of the fractionated BBB+ extracts, 

the purifying effect was less pronounced (Fig. 32C and D). Identification (dereplication) 

of brain-penetrable components in acceptor samples could not be completed with high 

confidence solely on the basis of the acquired LC-DAD-ESI-MS/MS data, but revealed 

that in all four cases the detected BBB+ peaks corresponded to (very) closely related 

analogues (similar CID fragmentation patterns were detected). Hence, sesquiterpene 

lactones occurred in T. parthenium, indole alkaloids in V. major, phenolic diterpenes in 

S. officinalis, and isoquinoline alkaloids in C. cava (see Appendix for UV and MS 

characteristics of the most abundant BBB+ compounds). 
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Figure 32. LC-MS chromatograms of four representative BBB+ extracts: stock solution before 

(red) and acceptor solution after the PAMPA-BBB experiment (green), (A) Tanacetum 

parthenium (ESI+ total ion chromatogram), (B) Vinca major (UV trace at 220 nm), (C) Salvia 

officinalis (UV trace at 220 nm), and (D) Corydalis cava (UV trace at 220 nm). Compound 

identities are presented in Table 8 and in Fig. 33. 
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Instead of isolating the above-mentioned BBB+ compounds, a NMR 

spectroscopic study was undertaken to investigate whether modifications in the assay 

design could provide samples directly suitable for NMR measurement. First, this was 

achieved by changing only the assay medium from a protic to a deutero PBS buffer and 

subsequently conducting the assay with the most concentrated plant extracts possible 

(for experimental conditions see Chapter 3.8.1.), without prefiltering the donor samples 

to maximize the concentration of the targeted BBB+ compounds in the acceptor wells. 

It was found that the assay preserved its selectivity and filtering efficiency also in 

deuterated milieu with elevated plant extract doses. Second, as a consequence of the 

applied co-solvents in the donor wells, the most intense features in the 
1
H NMR spectra 

were the singlets at 3.34 and 2.71 ppm belonging to MeOH and to DMSO, respectively 

(see Chapter 4.5.4.).  Fortunately, the suppression of these signals was not necessary. 

 LC-DAD-MS data showed that, besides the numerous low-level components, 

each PAMPA-BBB “filtered” sample contained at least two major brain-penetrating 

(BBB+) components with individual concentrations ranging from 2.5 to 78.5 µg/mL 

(Table 8). Even though these concentrations were smaller than those in the starting plant 

extracts, the “reduced” sample complexity offered more structural information based on 

which the identification/confirmation (dereplication) of the major BBB+ components 

became possible (for the observed difference in complexity of NMR spectra see Figure 

A1, Appendix). Although the effect of the “purification” is evident in this comparison, 

it should be noted that signal overlaps caused by the presence of two structurally similar 

components in comparable concentration make the identification of the components 

more difficult (see below) especially when no reference data are available in a given 

medium. The four BBB+ extracts examined represented four different scenarios from an 

NMR perspective. Since all of the components discussed below (Fig. 33) have been 

identified earlier, NMR assignments are presented in the Appendix.  

 

 

 

 

 

DOI:10.14753/SE.2014.1937



 

 77 

Table 8. Summary of analytical and effective BBB permeability data of the four studied BBB+ 

plant extracts obtained by the PAMPA-BBB/LC-MS/NMR cascade. 
 

Plant extract 

(HPLC 

profile) 

Identified BBB+ 

compound 

tR 

(min) 
log Pe ± SE  

Concentration in 

acceptor solution 

subjected to 

NMR (µg/mL) 

Information 

obtained by 

direct NMR  

crude extract 

of T. 

parthenium 

herb (Fig. 

32A) 

parthenolide (1t) 8.23 −4.58 ± 0.05 78.5 

complete 
1
H, 

almost 

complete 
13

C 

assignment 

11,13-dihydro-

parthenolide (2t) 
8.34 −4.55 ± 0.04 14.4 

complete 
1
H 

assignment 

semicrude 

extract of V. 

major herb 

(Fig. 32B) 

vincamajine (1v) 5.36 −4.99 ± 0.01 9.7 

1
H assignment 

of 

characteristic 

structural 

moieties 

majdine (2v) 5.69 −5.05 ± 0.02 65.7 

1
H assignment 

of 

characteristic 

structural 

moieties 

fractionated 

extract of S. 

officinalis 

folium (Fig. 

32C) 

epiisorosmanol 

(1so) 
4.18 −5.32 ± 0.05 56.7 

complete 
1
H 

assignment 

methyl carnosate 

(2so) 
8.68 −4.96 ± 0.02 18.8 

complete 
1
H 

assignment 

fractionated 

extract of C. 

cava tuber 

(Fig. 32D) 

tetrahydropalmatine 

(1c) 
5.92 −4.70 ± 0.01 14.3 

complete 
1
H 

assignment 

corydaline (2c) 6.30 −4.93 ± 0.06 2.5 
partial 

1
H 

assignment 
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Figure 33. Chemical structures of the identified BBB+ compounds. In the case of compounds 

1c and 2c only one enantiomer is shown for clarity. The indexes t, v, so, and c in compound 

numbering denote for origin Tanacetum parthenium, Vinca major, Salvia officinalis and 

Corydalis cava, respectively. 

 

The most concentrated samples were obtained in the case of T. parthenium. 

Comparison of the LC-MS/MS data with available literature [189] suggested that the 

two main BBB+ components were two sesquiterpene lactone type compounds, 

parthenolide (1t) and 11,13-dihydroparthenolide (2t), in a ca. 4.5 to 1 molar ratio. Even 

if NMR assignments were not available in PBS buffer or D2O as solvents (in CDCl3 see 

[190]) for these two compounds, the suggested structures could be easily confirmed. 

The relatively high sample concentration enabled the acquisition of a 
1
H-Presat, a 2D-
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ZTOCSY and a HSQCAD spectrum during a 12-h measurement time. For the major 

component parthenolide (1t), these data enabled the complete 
1
H and the almost 

complete 
13

C NMR assignments.
41

 Although the 
13

C NMR assignment was not possible 

for the minor component, the complete 
1
H NMR assignment obtained proved that it was 

11,13-dihydroparthenolide (2t).  

 Besides the low concentration, signal overlapping due to the presence of 

structurally similar compounds could burden the identification/confirmation of BBB+ 

components. This drawback was most pronounced for the V. major extract sample, 

where the two main components, vincamajine (1v) and majdine (2v), were present in 

comparable amounts. In the absence of heteronuclear correlation data, analysis of the 

collected Presat and ZTOCSY spectra enabled only the 
1
H NMR assignments of the 

characteristic structural moieties (Table A5, Appendix). Nevertheless, in comparison 

with the literature [191, 192], these assignments confirmed the structures of the main 

components suggested by the LC-MS/MS analysis. 

 In the case of S. officinalis sample, LC-MS/MS data alone did not enable the 

unambiguous identification of the two main BBB+ components. Without a more 

detailed discussion, these data allowed only narrowing the most likely structures to a 

number of phenolic diterpene isomers (such as rosmanol, methyl carnosate, and 

isorosmanol), having the same molecular mass and similar fragmentation patterns [193]. 

Thus, for this extract, 
1
H NMR measurement based on the collected 

1
H-Presat and 

ZTOCSY spectra was necessary not only for the confirmation of a given structural 

proposition but for the unambiguous identification of the appropriate isomer. Based on 

the complete 
1
H NMR assignment (Table A6, Appendix) including a coupling constant 

analysis the two main BBB+ components in this case were identified as epiisorosmanol 

(1so) and methyl carnosate (2so). These data were in accordance with the NMR data 

reported for these components in MeOH as the solvent [194].   

 The least concentrated sample was the extract of C. cava. In this case, LC-

MS/MS data suggested that the two major BBB+ compounds were tetrahydropalmatine 

(1c) and corydaline (2c), at ca. 14 and 3 µM concentrations, respectively. Unfortunately, 

heteronuclear correlation data could not be collected in an appropriate time scale. 

Nevertheless, identification of the two alkaloids could still be performed. Based on the 

1
H-Presat and the two-dimensional homonuclear correlation data, complete 

1
H NMR 
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assignments were obtained for the major component, tetrahydropalmatine (1c), while 

for corydaline (2c) only a partial 
1
H assignment was possible (Table A7, Appendix). 

This was due to its low concentration, and to signal overlapping in the aliphatic region 

caused by its close structural similarity to the major component. Nevertheless, in 

combination with available literature [195], and the MS/MS data [196], corydaline (2c) 

was identified reliably. This could have been overcome by sample concentration 

(evaporation or the application of solid phase extraction). 

4.5.7. Evaluating the CNS-activity of the identified BBB+ compounds 

T. parthenium has been used as a prophylactic remedy for the treatment of migraine, 

and the anti-migraine effect is ascribed mainly to parthenolide (1t) [197, 198]. In 

contrast, pharmacokinetic data regarding the brain penetrability of the constituents of T. 

parthenium are lacking [199]. Regarding V. major and its constituents (1v, 2v), 

interestingly no CNS-related bioactivity has been reported to date [200]. The BBB+ 

identified phenolic diterpenes (1so, 2so) in S. officinalis may support a belief that sage 

extracts possess beneficial effects on memory disorders [201, 202]. In the case of C. 

cava, the reported sedative and analgesic effect [195], and also brain penetrability [203] 

of the alkaloids present (1c, 2c) are in accordance with the present results. 
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5. Discussion 

 

 

Since the methodological and phytochemical aspects of the results were discussed in 

detail in the previous chapter, general findings and novelties of the three case studies are 

summarized shortly in the following. 

5.1. HPLC-based antioxidant activity profiling of the methanolic extract 

of Artemisia gmelinii  

The applied off-line coupling of the DPPH assay to the LC-MS analysis allowed the 

effective identification/isolation of the most active constituents in the mixture. We have 

firstly identified chlorogenic acid (2a), 4-O-caffeoylquinic acid (3a), luteolin-7-O-

glucoside (5a), apigenin-7-O-glucoside (6a), 3,5-O-dicaffeoylquinic acid (7a) and its 

ethyl ester derivative (8a) in Artemisia gmelinii.  

 In addition, the identified constituents of A. gmelinii, namely caffeic acid, 

chlorogenic acid, luteolin-7-O-glucoside (cynaroside), and caffeoyl derivatives were 

described previously as the major hepatoprotective compounds of artichoke (Cynara 

scolymus L.) [174]. This similitude suggests that the identified phenylpropanoids and 

flavonoids may contribute via their free radical scavenging potential to the 

pharmacological effect of A. gmelinii, especially in inflammatory liver conditions. 

5.2. HPLC-based peroxynitrite scavenging activity profiling of Salvia spp. 

In this study we reported the successful adoption of a colorimetric ONOO– scavenging 

assay to LC-DAD. The assay parameters were optimized and validated with a model 

mixture of seventeen phenolic Salvia markers. A methanolic extract of S. miltiorrhiza 

was used successfully to demonstrate the applicability of the assay. The outstanding 

ONOO– scavenging activities of salvianolic acid A (12s) and B (10s) are reported here 

for the first time. Our results indicated that the individual depletion kinetics of 

compounds measured in mixture correlates moderately with the individual scavenging 

activities. Thus the apparent degradation stoichiometry, measured in complex mixtures, 

is suitable for ranking the components by individual scavenging activities. In addition, 

the established LC method covers wide lipophilicity range of phenolic compounds but 
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separates the analogues effectively. It enables baseline separation of 18 phenolic 

compounds in less than 10.5 minutes, hereby could be used as an excellent starting 

point for chemical fingerprint studies of Salvia species. The proposed LC coupled 

antioxidant assay could be applied to rapid and efficient screening for natural 

antioxidants derived from alcoholic extracts of Salvia species. Since the way of 

detecting ONOO– mediated effects differs from that of the tyrosine nitration assay 

[106], our LC based assay represents an alternative method from mechanistic point of 

view. The reported analytical approach is rapid and standardizable, thus well adoptable 

for other free radicals and plant species. 

5.3. Blood-brain barrier (BBB) permeability screening and HPLC-based hit 

profiling 

Recent approaches that endeavor to re-establish natural products in the modern, HTS-

based lead discovery paradigm, have focused on early compound selection driven by 

physicochemical properties associated with lead- and drug-likeness [204, 205]. In 

parallel with this concept, the presented PAMPA-BBB assay-based protocol 

incorporates two absorption-limiting physicochemical parameters, namely, solubility 

and BBB permeability. By mean of the presented relevance, selectivity and purifying 

effect, it was concluded that the PAMPA-BBB assay is worthy of being integrated in a 

CNS-targeted HTS workflow in two steps (Fig. 34).  

 

 

Figure 34. Flowchart of the proposed PAMPA-BBB assay/LC-MS/NMR screening cascade in a 

HTS-based CNS drug discovery environment. 
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 In the first step, after collecting the plant extract hits from a simple screen, the 

PAMPA-BBB assay affords a BBB+ NP screening set (sub-library), enriched in 

compounds with moderate to high solubility and brain penetrability. Moreover, as the 

LC-MS analysis revealed that the resulted concentrations of major BBB+ compounds 

ranged in the 10 to 100 µM (typical screen concentration of HTS), these samples could 

be transferred directly to an HTS campaign. In the second step, after screening this set 

in a CNS-targeted HTS, dereplication of the resulting plant extract leads (primarily 

major components) is also feasible using the PAMPA-BBB assay without the need for 

lengthy isolation procedures. It must be noted here that, cell-based assays would be 

inadequate for this purpose under such conditions (i.e., conducted in deuterated milieu 

with elevated dose of multi-component samples). Testing the active transport potential 

of PAMPA-BBB positive, isolated, and biologically validated leads is, however, 

recommended at the mid-to-late stage of drug discovery. Finally, beyond the 

methodological aspects, the present study has provided important in vitro information 

regarding the brain penetrability of several pharmacologically active NPs. 
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6. Conclusions 

 

 

Today’s drug discovery relies basically on the HTS-based approach and operates at an 

accelareted pace. To meet the demand of this industrial environment, innovative 

methods focusing on the improvement and acceleration of the NP-based lead generation 

have emerged and been implemented recently. Among those, HPLC-coupled assays 

used for both chemical and biological profiling of complex NP extracts have shown 

potential to significantly increase the efficiency of or even to fully substitute time-

consuming bioactivity-guided fractionation procedures. The essence and simultaneously 

the greatest challenge in the development of such HPLC-based profiling assays, beyond 

instrumentation issues, is the valid and efficient interfacing of biological data with 

chemo-analytical information.  

 The work described in this thesis is a contribution focusing on the 

methodological improvement of two distinctive, but therapeutically highly relevant NP 

research areas. 

 In the first part, a cytotoxicity and an antioxidant (DPPH) screening of a plant 

extract library were successfully designed and performed. It was found that more than 

the half of the library (57%) possessed cytotoxic activity, whereas the percent of 

samples with considerable antioxidant activity was only 5.7%. Moreover, we 

demonstrated that both the cytotoxic and the antioxidant activity were significantly 

dependent on the type of the solvent extraction procedure: samples extracted with 

chloroform were twice as likely to show citotoxicity than samples originated from 

alcoholic extraction, whereas radical scavenging activity was more pronounced among 

samples extracted with methanol. These general findings underpin retrospectively the 

impact of targeted extraction procedures on the plant extract library design. 

 Afterwards, in course of a case study, a DPPH-HPLC method was developed for 

the antioxidant-activity guided phytochemical investigation of a methanolic plant 

extract hit, namely Artemisia gmelinii.  

Methodological conclusions and novel findings: It was demonstrated that the off-line 

coupling of the DPPH assay with the LC method enabled the rapid and reliable 

identification of the free radical scavenger molecules in the mixture. This proved to be a 
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key advantage, since after the dereplication of 6 major constituents by LC-MS, the 

preparative HPLC purification was only targeted toward the isolation of the two most 

active compounds (3,5-O-dicaffeoylquinic acid (7a) and ethyl-3,5-O-dicaffeoylquinate 

(8a)). It must be noted, however, that the structure elucidation of the isolated DCQAs 

turned out to be an unexpectedly difficult task due to literature ambiguities. 

Phytochemical and pharmacological conclusions and novel findings: Out of the 

eight identified compounds (1a-8a) six, namely chlorogenic acid (2a), 4-O-

caffeoylquinic acid (3a), luteolin-7-O-glucoside (5a), apigenin-7-O-glucoside (6a), and 

the two DCQAs (7a, 8a) were first described in A. gmelinii. Moreover, based on the 

high degree of phytochemical similitude with major hepatoprotective compounds of 

artichoke, it was speculated that the identified phenylpropanoids and flavonoids may 

confirm by their antioxidant potential the ethnopharmacological usage of A. gmelinii in 

inflammatory liver conditions. 

 Next, the same off-line coupling concept was realized in the case of another 

radical species. The colorimetric pyrogallol red bleaching assay used for ONOO
–
 

scavenging assessment was successfully adopted for HPLC.   

Methodological conclusions and novel findings: We proved the theory by a thorough 

validation study that upon reaction with ONOO
–
, the peak areas of compounds in 

complex mixtures with radical scavenging potential will significantly decrease or 

disappear in the chromatograms. Aspecific degradation of carnosol (17s) represented 

the inherent limitation of the assay. Thus, it was demonstrated that the developed assay 

enabled simultaneously and reliably the rapid chemical characterization and the ONOO
–
 

scavenging activitiy profiling of alcoholic extracts of Salvia species.  

Phytochemical and pharmacological conclusions and novel findings: By studying 

the ONOO
–
 scavenging actvitiy of 17 phenoloid marker compounds of the genus Salvia, 

it was found that gallic acid (1s), caffeic acid (3s), rosmarinic acid (9s), salvianolic acid 

B (10s), quercetin (11s), salvianolic acid A (12s), and kaempferol (14s) possessed 

outstanding activity against ONOO
–
. Moreover, application of the developed assay on 

the methanolic extract of S. miltiorrhiza revealed that basically the phenylpropanoid 

constituents (9s, 10s, 12s) were responsible for the significant ONOO
–
 scavenging 

activity of this widely used medicinal herb. 
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 In the second part of our work, to narrow the gap between NP research and the 

demand of early stage CNS drug discovery, applicability of the PAMPA-BBB assay to 

NPs and plant extracts was thoroughly demonstrated.    

Methodological conclusions and novel findings: It was found that the PAMPA-BBB 

assay preserved its predictive power in the case of NPs and provided high 

phytochemical selectivity, which enabled its use as a unique filtering tool in terms of 

selecting brain penetrable compounds from plant extracts. We took advantage of the 

single mechanism-based (passive diffusion) as well as the in vitro nature of the 

PAMPA-BBB assay: it was demonstrated that simple modifications in the assay design 

(i.e., performed in deuterated milieu with an elevated dose of multicomponent extracts) 

allowed the direct (at-line) use of PAMPA-BBB filtered samples in a dereplication 

process, as performed by NMR and LC-MS. Finally, it was concluded that the 

developed PAMPA-BBB/LC-MS/NMR cascade is worthy of being integrated in a HTS-

based, NP-utilizing CNS drug discovery environment (see Fig. 34).   

Phytochemical and pharmacological conclusions and novel findings: By studying 

the effective BBB permeability profile of major phytochemical compound classes, it 

was revealed that, in accordance with basic concepts, glycosides and carboxylic acids 

were unable to pass across lipid bilayers by passive diffusion, whereas representative 

compounds of flavonoids (as aglycones), alkaloids, terpenes and coumarins showed 

moderate or considerable BBB permeability potential. Moreover, our work provided 

important in vitro evidences regarding the brain penetrability of the pharmacologically 

active constituents of T. parthenium, V. major, S. officinalis, and C. cava.       

 Based on the resolution and multi-dimensional information content provided by 

the presented HPLC-based profiling assays, we conclude that the marriage of advanced 

separation and spectroscopic techniques to robust bioassays is a viable and powerful 

approach to NP-based lead generation. In addition, the developed profiling assays could 

be superior for the quality, efficacy and safety assessment of medicinal plant extracts 

and herbal formulas. Finally, we believe that these novel approaches will be gradually 

naturalized also in the mainstream drug discovery. 
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7. Summary 

 

In the NP-based drug discovery, the rapid and reliable identification of bioactive 

compounds in complex mixtures presents a key step and a great challenge as well. 

Coupled analytical approaches, integrating modern spectroscopic and separation 

techniques with robust bioassays could represent an efficient solution for this issue. In 

the first part of our work, the cytotoxicity and the antioxidant (DPPH) HTS of the plant 

extract library (N=4400) of Gedeon Richter Plc. were designed and successfully 

performed. It was found that the apolar samples prepared by chloroformic extraction 

had significantly higher potential to show cytotoxic activity than polar samples 

originated from alcoholic extraction. In contrast, radical scavenging activity were more 

pronounced among polar samples. Afterwards, the phytochemically less characterized 

extract of Artemisia gmelinii was selected from non-cytotoxic antioxidant hits and 

analyzed by an off-line coupled DPPH-HPLC assay. It was demonstrated by mean of 

the rapid and efficient HPLC-coupled assay, that caffeic acid derivatives were 

responsible for the experienced outstanding radical scavenging activity of the sample. 

For further analysis of antioxidant hits emerged from the genus Salvia, the ONOO
-
 

scavenging assay based on pyrogallol red bleaching was successfully adopted for 

HPLC. Efficiency and validity of the developed off-line ONOO
-
-HPLC assay were 

deduced from the detailed analysis of a marker compound mixture of 17 phenoloids and 

of the extract of Salvia miltiorrhiza, respectively. In the second part of our work, 

applicability of the PAMPA-BBB system to plant extracts was thoroughly studied. It 

was found that the PAMPA-BBB assay preserved its predictive power in the case of 

NPs and provided high phytochemical selectivity. In addition, it was demonstrated that 

conducting the permeability assay in deuterated buffer with elevated sample doses could 

result in a filtrate, which was directly suitable for the dereplication of major brain 

penetrable compounds of the extracts, as performed by LC-MS and NMR. This 

perception of us was exemplified with the extracts of four hits emerged from the 

PAMPA-BBB screening of the plant extract library.    
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8. Összefoglalás 

A természetes anyagokból kiinduló gyógyszerkutatás folyamatában, a hatásosnak talált 

komplex kivonatok vizsgálata során kulcslépés és egyúttal jelentős kihívás az adott 

biológiai hatásért felelős komponens(ek) gyors és megbízható azonosítása. Erre a célra 

hatékony megoldást kínálnak a modern elválasztástechnikákat, illetve 

szerkezetazonosítási eljárásokat biokémiai tesztekkel ötvöző, úgynevezett kapcsolt 

analitikai megközelítések. Munkánk első felében a Richter Gedeon Nyrt. növényi 

kivonat gyűjteményének (N=4400) nagy áteresztőképességű citotoxikus, illetve 

antioxidáns (DPPH) hatásra irányuló szűrővizsgálatát terveztük meg és végeztük el. 

Kimutattuk, hogy a kloroformos kivonatolással készült (apoláros) minták esetén 

szignifikánsan nagyobb az esélye citotoxikus komponensek jelenlétének, mint a 

metanolos kivonatolással nyert poláros minták esetén. Az antioxidáns hatás ezzel 

szemben jellemzően a poláros mintákhoz volt köthető. Ezt követően, a fokozott 

antioxidáns hatású, nem citotoxikus kivonatok (találatok) közül a fitokémiailag kevésbé 

feltárt Artemisia gmelinii kivonatát elemeztük off-line módon kapcsolt DPPH-HPLC 

technikával. A HPLC-vel kapcsolt tesztrendszer révén gyorsan és megbízhatóan sikerült 

kimutatnunk, hogy különböző kávésav származékok feleltek a minta szabadgyök-fogó 

sajátságáért. Az antioxidáns találatok közül a Salvia nemzetségbe tartozó kivonatok 

további vizsgálatának érdekében, a pirogallol vörös színkioltásán alapuló, ONOO
-
 

semlegesítését mérő tesztet ültettük át HPLC-re. A kialakított off-line ONOO
-
-HPLC 

tesztrendszer hatékonyságát és validitását 17 fenoloid markervegyületből álló 

mesterséges keverék, illetve a Salvia miltiorrhiza kivonatának részletes elemzésével 

bizonyítottuk. Munkánk második felében a vér-agy gát permeabilitás mérésére szolgáló 

in vitro PAMPA-BBB tesztrendszer növényi kivonatokon történő alkalmazhatóságát 

vizsgáltuk. Bizonyítottuk, hogy a PAMPA-BBB teszt természetes anyagok esetén is 

megőrzi prediktív erejét, és jelentős szelektivitást mutat fitokémiai értelemben. Ezen 

felül kimutattuk, hogy a permeabilitási tesztet deuterált pufferben, megnövelt kivonat-

koncentrációval végezve, LC-MS és NMR vizsgálatra közvetlenül alkalmas szűrlet 

nyerhető, amelyben a fő, potenciálisan agyi penetrációval bíró komponensek 

azonosíthatóvá válnak. E felismerésünket a kivonat gyűjtemény PAMPA-BBB 

szűrésekor talált 4 db aktív minta példáján mutattuk be.  
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Table A1. 
1
H and 

13
C chemical shifts for compounds 7a, 8a and cynarin in DMSO-d6. 

 7a 8a cynarin 

Position 
1
H (ppm) 

13
C (ppm) 

1
H (ppm) 

13
C (ppm) 

1
H (ppm) 

13
C (ppm) 

1 - 72.4 - 72.4  79.3 

2 1.97 m 
34.6 

 

2.00 m 
34.4 

2.27 m 
31.7 

2 2.15 m 2.20 m 2.50 m 

3 5.20 m 70.5 5.18 m 69.9 5.29 q 71.0 

4 3.84 br 67.4 3.84 m 66.5 3.49 m 72.8 

5 5.12 m 70.9 5.08 m 70.9 4.00 t 65.8 

6 1.98 m 
34.6 

 

2.00 m 
34.4 

 

1.71 m  

6 2.15 m 2.20 m 2.29 m 39.4 

7 - 175.2 - 173.2  172.4 

1' - 166.1 - 166.0  166.0 

2' 6.26 d 114.7 6.26 d 114.5 6.05 d 114.4 

3' 7.48 d 144.8 7.49 d 144.9 7.39 d 144.8 

4' - 125.6 - 125.4  125.2 

5' 7.06 d 114.8 7.04 d 114.6 6.90 br 115.7 

6' - 148.3 - 148.5  148.0 

7' - 145.6 - 145.6  145.3 

8' 6.78 d 115.8 6.78 d 115.8 6.52 br d 115.8 

9' 7.01 dd 121.4 6.99 dd 121.2 6.61 br d 119.9 

1'' - 165.5 - 165.3  165.2 

2'' 6.16 d 114.1 6.13 d 113.6 6.20 d 113.9 

3'' 7.45 dd 145.1 7.43 dd 145.3 7.42 d 145.5 

4'' - 125.6 - 125.3  125.3 

5'' 7.04 d 114.8 7.03 d 114.6 7.01 d 115.3 

6'' - 148.4 - 148.3  148.5 

7'' - 145.6 - 145.6  145.6 

8'' 6.77 d 115.7 6.77 d 115.9 6.66 d 115.8 

9'' 7.00 dd 121.2 6.98 dd 121.3 6.87 br d 120.9 

4-OH 5.31 - 5.40 br  5.00 d  

5-OH 5.51 br - 5.74 br  4.95 br  

O-CH2-CH3 - - 3.99 m  
60.4 

  

O-CH2-CH3   4.07 m   

O-CH2-CH3 - - 1.15 t 13.8   

COOH 12.49 br - -  12.91 br  

6'-OH 9.17 s - 9.18 s  9.10 s  

7'-OH 9.56 s - 9.61 s  9.43 s  

6''-OH 9.17 s - 9.18 s  9.14 s  

7''-OH 9.60 s - 9.61 s  9.56 s  
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Table A2. Experimental log BB values taken from the literature and log Pe values measured by 

the PAMPA-BBB assay for the validation set of 23 NP and 20 NP-like drugs. 

 

Natural product drugs log BB log Pe 
a
 SE Number of reference 

atropine −0.06 −5.68 0.02 [A1] 

caffeine 0.01 −5.79 0.06 [A2] 

coumarin −0.30 −4.61 0.02 [A3] 

daidzein −0.15 −5.61 0.02 [A4] 

digoxin −1.23 −7.64 0.00 [A5] 

estradiol  0.32 −4.71 0.03 [A6] 

galantamine  0.32 −5.35 0.02 [A7] 

hydrocortisone −0.90 −5.68 0.02 [A5] 

levodopa −0.77 −6.35 0.01 [A8] 

mannitol −1.60 −7.14 0.02 [A9] 

morphine  −0.16 −5.97 0.02 [A10] 

naringenin −0.46 −5.20 0.03 [A11] 

nicotine 0.56 −4.47 0.03 [A12] 

physostigmine 0.08 −5.20 0.04 [A13] 

protopine −0.27 −5.82 0.10 [A14] 

quercetin  −1.70 −7.02 0.08 [A5] 

quinine 0.60 −4.92 0.04 [A15] 

salicylic acid −1.10 −7.45 0.09 [A16] 

scopolamine  0.23 −5.59 0.01 [A17] 

theophylline −0.38 −6.20 0.03 [A18] 

vinblastine −0.07 −5.02 0.06 [A5] 

vincamine −0.20 −4.63 0.04 [A19] 

vincristine −1.03 −6.01 0.06 [A5] 

Natural product-like drugs log BB log Pe SE Number of reference 

acetylsalicylic acid −1.30 −7.49 0.10 [A20] 

bromocriptine −0.59 −5.55 0.05 [A21] 

cefuroxime  −1.38 −7.83 0.08 [A22] 

codeine 0.54 −5.21 0.03 [A10] 

dextromethorphan 0.02 −4.56 0.01 [A23] 

doxorubicin −0.83 −7.27 0.04 [A5] 

etoposide −2.00 −6.95 0.05 [A1] 

gabapentin −0.19 −5.71 0.03 [A24] 

gemcitabine −1.05 −7.07 0.01 [A25] 

levetiracetam −0.21 −6.30 0.07 [A26] 

methamphetamine 0.90 −4.62 0.01 [A27] 

methotrexate −1.50 −8.10 0.10 [A28] 

pergolide 0.30 −4.95 0.05 [A1] 

phenserine 1.00 −4.58 0.01 [A29] 

prednisone −0.90 −6.04 0.03 [A30] 

quinidine 0.33 −4.96 0.04 [A31] 

selegiline 0.57 −4.63 0.07 [A30] 

topiramate −0.08 −5.34 0.01 [A32] 

tramadol 0.72 −4.57 0.01 [A32] 

verapamil  −0.40 −5.04 0.01 [A33] 
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Table A3. Measured effective BBB permeability values and calculated physicochemical 

properties of the tested marker compounds of major NP classes (Marvin, ChemAxon v5.10.2). 

Red colored values violate the basic medchem rules of brain penetration: CNS−: MW > 450; 

PSA > 90 Ǻ
2
; log D7.4 < 1 or > 3; CNS+: MW < 450; PSA < 90 Ǻ

2
; 1 < log D7.4 < 3. 

 

 

Compound class 

Test compound 

Measured properties       

(by PAMPA-BBB/LC-MS) 

Calculated properties     

(by Marvin) 

glycosides log Pe ± SE quantified by 
limit of quantification (LOQ) 

(ng/mL) 
MW 

polar surface 

area (Ǻ2) 
cLog D7.4 

α-solanine −6.52 ± 0.15  UV at 210 nm 23.4 868.1 240.7 −2.84 

apigenin-7-O-glucoside* −8.74 SIM m/z 433 3.8 432.4 166.1 −0.57 

aucubin −7.09 ± 0.01 SIM m/z 369 6.7 344.4 128.8 −1.98 

catalpol* −6.97 SIM m/z 385 13.5 362.3 161.6 −4.18 

harpagoside* −8.09 UV at 282 nm 2.4 494.5 175.4 −0.84 

isoquercitrin* −7.67 SIM m/z 488 7.4 464.4 206.6 −1.53 

luteolin-7-O-glucoside* −8.86 SIM m/z 449 6.7 448.4 186.4 −0.86 

rutin* −9.04 SIM m/z 303 17.1 610.5 265.5 −2.56 

carboxylic acids             

caffeic acid* −9.01 SIM m/z 179 0.9 180.2 77.8 −1.75 

chlorogenic acid*  −9.07 SIM m/z 353 1.5 354.3 164.8 −3.47 

cinnamic acid −7.05 ± 0.04 UV at 280 nm 40.9 148.2 37.3 −0.25 

ellagic acid* −8.80 SIM m/z 301 2.2 302.2 133.5 1.03 

ferulic acid* −8.43 SIM m/z 193 1.6 194.2 66.8 −1.69 

gentisic acid* −9.29 SIM m/z 153 0.2 154.1 77.8 −2.01 

nicotinic acid −7.01 SIM m/z 124 2.4 123.1 50.2 −3.11 

rosmarinic acid* −7.90 SIM m/z 359 1.8 360.3 144.5 0.17 

salicylic acid −7.45 ± 0.09 SIM m/z 137 3.1 138.1 57.5 −1.70 

salvianolic acid A −7.65 ± 0.01 SIM m/z 493 9.5 494.4 185 2.31 

sinapic acid* −9.13 SIM m/z 223 0.8 224.2 76 −1.98 

syringic acid* −8.70 SIM m/z 197  0.4 198.2 76 −2.49 

vanillic acid* −8.24 SIM m/z 167 0.7 168.2 66.8 −2.08 

flavonoid aglycons             

(+)-catechin* −7.87 SIM m/z 291 0.7 290.3 110.4 1.79 

apigenin −5.14 ± 0.03 UV at 320 nm 7 270.2 87 1.74 

chrysin −4.76 ± 0.01 UV at 270 nm 2.6 254.2 66.8 2.04 

cirsiliol −5.46 ± 0.09 UV at 345 nm 3 330.3 105.5 1.59 

daidzein −5.61 ± 0.02 UV at 250 nm 2.9 254.2 66.8 2.82 

galangin −6.44 ± 0.04 UV at 220 nm 2 270.2 87 -0.51 

genistein −5.29 ± 0.01 UV at 220 nm 1.9 270.2 87 3.07 

hesperetin −5.13 ± 0.05 UV at 220 nm 1.1 302.3 96.2 2.02 

kaempferol −5.02 ± 0.05 UV at 360 nm 6.8 286.2 107.2 −0.89 

morin* −7.10 SIM m/z 303 5.3 302.2 127.5 −1.47 

naringenin −5.20 ± 0.03 UV at 280 nm 0.6 272.3 87 2.27 

quercetin  −7.02 ± 0.08 SIM m/z 303 2.5 302.2 127.5 −1.31 

taxifolin* −7.90 SIM m/z 305 4 304.3 127.5 1.19 

alkaloids             

atropine −5.68 ± 0.02 UV at 210 nm 0.7 289.4 49.8 1.01 

caffeine −5.79 ± 0.06 UV at 210 nm 0.4 194.2 58.4 −0.79 
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codeine −5.21 ± 0.03 UV at 210 nm 0.8 299.4 41.9 −0.53 

colchicine −6.80 ± 0.03 UV at 250 nm 0.9 399.4 83.1 1.08 

corydaline (2c) −4.93 ± 0.02 UV at 220 nm 1.1 369.5 40.2 2.99 

ephedrine  −5.42 ± 0.03 UV at 210 nm 0.5 165.2 32.3 −0.80 

ergotamine −5.00 ± 0.03 UV at 220 nm 3.3 581.7 118.2 2.25 

galantamine  −5.35 ± 0.02 UV at 220 nm 0.9 287.4 41.9 −0.44 

morphine  −5.97 ± 0.02 UV at 220 nm 0.7 285.3 52.9 −0.57 

nicotine −4.47 ± 0.03 SIM m/z 163 0.04 162.2 16.1 0.1 

papaverine  −4.67 ± 0.02 UV at 220 nm 0.5 339.4 49.8 2.71 

physostigmine −5.20 ± 0.04 UV at 250 nm 1.5 275.3 44.8 2.49 

piperine −4.82 ± 0.07 UV at 320 nm 0.6 285.3 38.8 2.97 

protopine −5.82 ± 0.10 UV at 220 nm 1.5 353.4 57.2 2.41 

quinine −4.92 ± 0.04 UV at 220 nm 0.3 324.4 45.6 0.67 

reserpine −6.19 ± 0.06 UV at 220 nm 10.8 608.7 117.8 2.61 

scopolamine  −5.59 ± 0.01 UV at 210 nm 1.7 303.4 62.3 0.7 

solasodine −5.65 ± 0.11 SIM m/z 414 3.9 413.6 41.5 2.67 

theophylline −6.20 ± 0.03 UV at 280 nm 0.7 180.2 69.3 −1.03 

vinblastine −5.02 ± 0.06 UV at 220 nm 0.5 811 154.1 1.16 

vincamine −4.63 ± 0.04 UV at 220 nm 0.7 354.4 54.7 2.58 

vincristine −6.01 ± 0.01 UV at 220 nm 0.5 825 171.2 0.04 

miscellaneous             

adhyperforin −5.88 ± 0.11 SIM m/z 551 52.3 550.8 71.4 8.23 

caffeic acid 2-phenethyl ester  −5.01 ± 0.05 UV at 320 nm 0.2 284.3 66.8 4.59 

chalcone −5.83 ± 0.03 UV at 320 nm 2.7 208.3 17.1 3.92 

chamazulene* −7.02 SIM m/z 185 0.9 184.3 0 4.85 

coumarin −4.61 ± 0.02 UV at 280 nm 0.5 146.1 26.3 1.52 

epiisorosmanol (1so) −5.32 ± 0.04 UV at 210 nm 9.8 346.4 87 3.65 

esculetin −6.50 ± 0.05 UV at 320 nm 0.5 178.1 66.8 0.94 

hyperforin −5.99 ± 0.09  SIM m/z 537 34.5 536.8 71.4 7.82 

khellin −4.72 ± 0.02 UV at 250 nm 0.4 260.2 57.9 1.47 

methyl carnosate (2so) −4.96 ± 0.02 UV at 210 nm 4 346.5 66.8 5.3 

parthenolide (1t) −4.58 ± 0.02 UV at 210 nm 0.6 248.3 38.8 2.85 

scopoletin −5.74 ± 0.02 UV at 320 nm 0.5 192.2 55.8 0.98 

silibinin −6.19 ± 0.02 UV at 220 nm 0.7 482.4 155.1 1.72 

stigmasterol - 

Too low aqueous solubility 

412.7 20.2 7.34 

betulin - 442.7 40.5 6.43 

lupeol - 426.7 20.2 7.73 

* test compound was not detected in the acceptor side, log Pe values were calculated with corresponding 

LOQ values in this cases. 
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Figure A1. Demonstration of the purifying effect of PAMPA-BBB in NMR. Top: 
1
H-Presat 

NMR spectrum (deutero PBS buffer, 800 MHz) of the crude extract of V. major before (top), 

and after PAMPA-BBB experiment (bottom). Bottom: aromatic (A) and aliphatic (B) region 

enlarged. 
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Table A4. NMR assignment of parthenolide (1t) and 11,13-dihydroparthenolide (2t) in 

deutero PBS buffer at 800 MHz. 

 

parthenolide (1t) 

5

O

4 6

O 12

11

7

8

O

10

13

1 9

3

15

2

14

E

 
 

11,13-dihydroparthenolide (2t) 

5

O

4 6

O 12

11

7

8

O

10

13

1 9

3

15

2

14

E

 

Position 
1
H 

13
C 

1
H 

1 5.31 dd (12.0, 2.9 Hz) 126.4 5.27 dd (12.0, 2.9 Hz) 

2 
2.17 m 

25.3 
2.14 m 

2.48 m 2.46 m 

3 
1.26 m  

37.3 
1.22 m 

2.17 m 2.14 m 

5 3.17 d (9 Hz) 68.8 3.08 d (9.4 Hz) 

6 4.23 t (8.8 Hz) 84.9 4.17 t (9.4 Hz) 

7 3.04 m 48.7 2.12 m 

8 
1.83 m 

31.5 
1.77 m 

2.17 m 2.26 m 

9 
2.20 m 

42.2 
1.89 m 

2.35 dd (13.0, 6.0 Hz) 2.08 m 

12 - nd 2.56 dq (12.4, 6.9 Hz) 

13 
5.84 d (3.3 Hz) 

124.3 1.22 d (6.9 Hz) 
6.29 dd (3.7, 0.3 Hz ) 

14 1.71 s 17.9 1.70 s 

15 1.35 s 18.0 1.34 s 

 

UV and MS characteristics 

parthenolide (1t): UV (MeCN) λmax: 205 nm. MS ESI+ m/z (rel. int.): 249 (26%), 231 

(100%), 213 (12%), 203 (17%), 195 (19%). 

11,13-dihydroparthenolide (2t): UV:-. MS ESI+ m/z (rel. int.): 251 (30%), 233 (100%), 

215 (12%), 205 (18%), 187 (18%). 

QQQ-MS conditions: product ion mode, drying gas temperature 300 °C, nitrogen flow 

rate 13 L/min, nebuliser pressure 40 psi, quadrupole temperature 100 °C, capillary 

voltage 3000 V, fragmentor voltage 100 V, CID 2. 
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Table A5. Partial assignment of vincamajine (3) and majdine (4) in deutero PBS buffer 

at 800 MHz. 

 

 

majdine (2v) 

 

8

13

9

12

10

11

7

2

N
H
1

6

5

N
4

3

21

20

14
15

O

19

O

16
17

O
O

CH3
24

CH3
18H

H

O

CH3
23

O

CH3
22

 
 

vincamajine (1v) 

 

N
1

2

3
N
4 21

20

15

14

13

8 7

6

5

1617

12

11

10

9

CH3
19

CH3
18

O

OH O

CH3
22

H

H

 
 

 

Positio

n 
1
H 

1
H 

9 7.16 d (8.3 Hz) 7.24 d (7.3 Hz) 

10 6.84 d (8.3 Hz) 6.95 t (7.3 Hz) 

11 - 7.32 t (7.3 Hz) 

12 - 6.91 d (7.3 Hz) 

17 7.58 s  4.26 s 

18 1.41 d (6.2 Hz) 1.59 d (6.8 Hz) 

19 4.43 dq (10.0, 6.2) 5.43 q (6.8 Hz) 

20 1.77 dd (14.1, 9.7 Hz) - 

22 3.81 s 3.73 s 

23 3.89 s - 

24 3.59 s - 

N-Me  2.66 s 

 

UV and MS characteristics 

vincamajine (1v): UV (MeCN) λmax: 246, 292 nm. MS ESI+ m/z (rel. int.): 367 (100%), 

333 (15%), 182 (19%), 166 (11%), 158 (9%). 

majdine (2v): UV 228 nm. MS ESI+ m/z (rel. int.): 429 (100%), 397 (79%), 220 (45%). 

QQQ-MS conditions: product ion mode, drying gas temperature 350 °C, nitrogen flow 

rate 13 L/min, nebuliser pressure 40 psi, quadrupole temperature 100 °C, capillary 

voltage 4000 V, fragmentor voltage 135 V, CID 30 for vincamajine (1v) and CID 20 for 

majdine (2v). 
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Table A6. NMR assignment of epiisorosmanol (1so) and methyl carnosate (2so) in deutero PBS 

buffer at 800 MHz. 

 

 

epiisorosmanol (1so) 

 

OH

6

5

4

3

2

1

10

7

8

9

11

12

13

14

1819

O

O

OH

OH

15

16

17

H

 

methyl carnosate (2so) 

 

6

5

4

3

2

1

10

7

8

9

11

12

13

14

1819

OO

OH

OH

15

16

17

H

20

 

 

Position 
1
H 

1
H 

1 
2.54 td (13.5, 4.4 Hz) 1.02 m 

2.70 m 3.20 m 

2 
1.65 m 1.57 m 

1.75 m 1.77 m 

3 
1.37 m 1.28 m 

1.51 m 1.47 m 

5 1.41 d (4.2 Hz) 1.36 m 

6 4.45 t (4.2 Hz) 
1.83 m 

2.45 m 

7 5.37 d (4.2 Hz) 2.80 m 

14 6.92 s 6.71 s 

15 3.21 m  3.17 m 

16 1.19 d () 1.17 d 

17 1.21 d () 1.18 d 

20 - 3.73 s 

 

UV and MS characteristics 

epiisorosmanol (1so): UV (MeCN) λmax: 210, 230sh, 285 nm. MS ESI+ m/z (rel. int.): 

345 (40%), 301 (100%), 283 (20%). 

methyl carnosate (2so): UV (MeCN) λmax: 210, 230sh, 285 nm. MS ESI+ m/z (rel. int.): 

345 (100%), 301 (84%), 286 (36%). 

QQQ-MS conditions: product ion mode, drying gas temperature 350 °C, nitrogen flow 

rate 13 L/min, nebuliser pressure 40 psi, quadrupole temperature 100 °C, capillary 

voltage 4000 V, fragmentor voltage 135 V, CID 10. 
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Table A7. NMR assignment of tetrahydropalmatine (1c) and corydaline (2c) in deutero PBS 

buffer at 800 MHz. 

 

 

tetrahydropalmatine (1c) 

 

N
8

17

10

18

9

16

5

11

15

1
2

4

3

7

12 6

14

13

O

O

O

O

H

 

corydaline (2c) 
 

N
8

17

10

18

9

16

5

11

15

1
2

4

3

7

12 6

14

13

O

O

O

O

H

 

 

Position 
1
H 

1
H 

1 6.91 s 6.91 s 

4 6.99 s 6.95 s 

6 
2.86 m nd 

3.10 m nd 

7 
2.91 m nd 

3.37 m nd 

9 
3.82 br  nd 

4.31 d (15.8 Hz) nd 

13 7.06 m  7.10 d (9.1 Hz) 

14 7.08 m 7.15 d (9.1 Hz) 

16 
2.83 dd (16.8, 11.8 Hz) 

3.63 m 
3.58 dd (17.1, 3.5 Hz) 

17 3.93 m nd 

16-Me - 0.92 d (7.0 Hz) 

2-OMe 3.82 s 3.82 s 

3-OMe 3.86 s 3.86 s  

11-OMe 3.88 s 3.86 s 

12-OMe 3.88 s 3.89 s 

 

UV and MS characteristics 

tetrahydropalmatine (1c): UV (MeCN) λmax: 235, 282 nm. MS ESI+ m/z (rel. int.): 356 

(15%), 192 (100%), 165 (22%), 151 (9%). 

corydaline (2c): UV (MeCN) λmax: 235, 282 nm. MS ESI+ m/z (rel. int.): 370 (75%), 

192 (100%), 165 (65%), 151 (10%). 

QQQ-MS conditions: product ion mode, drying gas temperature 350 °C, nitrogen flow 

rate 13 L/min, nebuliser pressure 40 psi, quadrupole temperature 100 °C, capillary 

voltage 4000 V, fragmentor voltage 135 V, CID 20. 
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