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Abbreviations 

67LR 67 kDa laminin receptor 

ACE Acetone 

AChE Acetylcholine esterase 

ACN Acetonitrile 

Ado Adenosine 

ADP Adenosine diphosphate 

AMP Adenosine monophosphate 

ATP Adenosine triphosphate 

CDNB 2,4-dinitrochlorobenzene 

ECIS Electric cell-substrate impedance sensing 

ESI Electrospray ionization 

EtOH Ethanol 

FAc  Formic acid 

FBS Foetal bovine serum 

GSH Glutathione 

GST Glutathione S-transferase 

HILIC Hydrophilic interaction liquid chromatography 

HTS High-throughput screening 

iAP Intestinal alkaline phosphatase 

IPA isopropyl alcohol 

KM Michaelis-Menten constant 

LC-MS Liquid chromatography-mass spectrometry 

LDH Lactate dehydrogenase 

logD Distribution-coefficient 

logP Partition-coefficient 

LPS Lipopolysaccharide 

MeOH Methanol 

MS Mass spectrometry 

NED N-(1-naphthyl)ethylendiamine  
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PBS Phosphate buffer saline 

PF Perilla frutescens 

PFP Pentaflourophenyl 

Pi / PPi Inorganic phosphate / inorganic pyrophosphate 

RA Rosmarinic acid 

ROS Reactive oxygen species 

RP Reversed phase 

RT Retention time 

RT-qPCR Quantitative reverse transcription 

SPE Solid-phase extraction 

Tof-MS Time-of-flight mass spectrometer 

Vmax Maximum reaction velocity 

XOD Xanthine oxidase 
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Abstract 

The exploration of natural sources for the extraction of promising remedies has gained 

increasing acceptance and interest in recent years. Hence this study focused on the 

establishment of suitable methods for the investigation of enzymatic activity and regulation 

as well as for the detection of proliferation and gene expression changes of a porcine jejunal 

epithelial cell line in the presence of Perilla frutescens (PF) extracts. The first main part 

encompassed (bio-)analytical methods used for the comparative characterization of PF 

extracts in terms of molecular composition, total reducing potential and extraction yield. 

Furthermore several analytical techniques were employed for the investigation of PF extract 

effects on three health-related enzymes, namely intestinal alkaline phosphatase (iAP), 

xanthine oxidase (XOD) and glutathione-S-transferase (GST). Enzymatic activity was 

comparatively assessed using photometric and mass spectrometric (MS) detection, either 

without or in the presence of individual regulatory compounds or PF extracts. The process of 

bioanalytical method establishment was approached in detail, in this manner highlighting 

advantages and disadvantages of the employed setups. The power of MS for the detection 

of enzymatic regulation was eventually depicted by means of coupling a chromatographic 

separation with a biochemical assay in the form of an online coupled continuous flow mixing 

system. Comprehensive control experiments were performed, which included the injection 

of known enzymatic inhibitors as well as alternative substrates. The observation of the 

system´s response to the presence of known enzyme-regulatory molecules allowed the 

distinction between MS signal suppression and actual inhibitory events after the injection of 

PF to the system. In this regard, an inhibition could be identified after introducing 

chromatographically separated PF extract to the enzymatic assays of iAP and XOD.  

The second main part of this study included the assessment of PF effects on cell proliferation 

of a porcine jejunal epithelial cell line as well as the detection of gene expression regulation 

of a panel of cell cycle and cancer-related genes. Cell proliferation was found to be inhibited 

by physiologically relevant PF extract concentrations. Administered extracts exerted their 

effects to various degrees but with a good correlation to their respective total reducing 

potential. Additional experiments to assess gene expression changes revealed a 

downregulation of cell cycle and cancer related genes, thus being in agreement with the 
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detected cell growth alterations. In order to verify the results comprehensive controls were 

established to assess artificial effects, which may arise with in vitro experiments. In this 

regard H2O2 generation was investigated, but was found negligible at low PF extract 

concentration. Furthermore PF extract addition to cell culture medium revealed an impaired 

stability for a variety of different PF compounds. The observed immediate response of cell 

proliferation and gene expression to the presence of PF extracts however still suggested 

their potential to affect cell physiology at the onset of the experiments. 
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Zusammenfassung 

Die vorliegende Arbeit beleuchtet detailliert die Etablierung und Anwendung verschiedener 

Methoden, um die Wirkung von Perilla frutescens (PF) Extrakten auf die Aktivität 

gesundheitsrelevanter Enzyme und auf die Physiologie einer Zelllinie aus dem Epithel des 

porzinen Jejunums zu untersuchen.  

Neben der Extraktionsausbeute wurden die PF Extrakte bezüglich ihres Gehalts an 

reduzierenden Verbindungen und ihrer molekularen Zusammensetzung charakterisiert. Dies 

ermöglichte die Korrelation der analysierten Extrakteigenschaften mit detektierten 

Enzymaktivitäts-, Zellproliferations- oder Genexpressionsänderungen. 

(Bio-)analytische Untersuchungen umfassten die photometrische und massen-

spektrometrische (MS) Detektion der enzymatischen Aktivitäten von intestinaler alkalischer 

Phosphatase (iAP), Xanthinoxidase (XOD) und Glutathion-S-Transferase (GST) in Gegenwart 

von PF Extrakten oder auch bekannten enzymregulatorischen Verbindungen. Hierbei wurden 

sowohl Vor- als auch Nachteile der angewendeten Techniken herausgestellt und notwendige 

Schritte im Rahmen der Assayetablierungen diskutiert. Für die MS Untersuchung der 

Enzymreaktionen und –regulationen fanden zwei verschiedene methodische Ansätze 

Verwendung: Eine direkte Injektion der Assays (continuous flow assay) und ein System, das 

die kontinuierliche Onlinekopplung einer chromatographischen Trennung mit einem 

biochemischen Assay erlaubte (online coupled continuous flow mixing system). Für die 

Untersuchung der Effekte von PF Extrakten auf die Aktivität von iAP, XOD und GST wurde im 

Vorfeld eine mit dem Online-Kopplungssystem und den Enzymen kompatible 

chromatographische Trennung etabliert. Zusätzliche Kontrollexperimente beinhalteten die 

Injektion bekannter Enzyminhibitoren und alternativer Enzymsubstrate. Dies erlaubte 

schlussendlich eine umfassende Verifikation der im XOD und iAP Assay in Gegenwart von 

chromatographisch getrenntem PF Extrakt detektierten Inhibitionen. 

Neben der Etablierung (bio)analytischer Experimente zum Zwecke der Extrakt-

charakterisierung und der Detektion von Enzymreaktionen, wurde der Effekt von PF auf die 

Proliferation und Genexpression der Zelllinie IPEC-J2 untersucht. Dabei konnte eine 

Inhibition der Proliferation durch physiologisch relevante PF Konzentrationen festgestellt 

werden. Die Regulation variierte bezüglich ihrer Ausprägung abhängig vom eingesetzten PF 
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Extrakt und offenbarte eine gute Korrelation mit dem jeweils festgestellten Gehalt an 

reduzierenden Verbindungen. Die Untersuchung der Genexpression in Gegenwart von PF 

Extrakt zeigte außerdem, in Übereinstimmung mit der detektierten Inhibition der 

Zellproliferation, die Herunterregulierung einiger zellzyklus- und krebsassoziierter Gene.  

Um die Ergebnisse der Zellproliferations- und Genexpressionsstudie zu verifizieren wurden 

zusätzlich umfassende Kontrollexperimente durchgeführt. Diese dienten zum einen der 

Beurteilung einer möglichen H2O2-Bildung in vitro und zum anderen der Erfassung der PF 

Extraktstabilität in Zellkulturmedium. In Gegenwart physiologisch relevanter PF 

Extraktkonzentrationen konnte keine signifikante und potentiell regulative Konzentration 

von H2O2 nachgewiesen werden. Im Gegensatz dazu wurde eine Beinträchtigung der 

Stabilität einiger PF Extraktkomponenten festgestellt. Nichtsdestotrotz konnten die 

unmittelbar auf die Zellproliferation und Genexpression festgestellten Effekte von PF zum 

Zeitpunkt 0h auf das Vorhandensein regulativer Verbindungen zurückgeführt werden. 
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1. Introduction 

The in vitro investigation of enzyme kinetics and cell physiological processes is a common 

approach in a plethora of different studies to investigate the impact of e.g. pharmaceuticals, 

toxins, natural compounds or complex mixtures like plant extracts on the activity of health- 

and disease-related enzymes, cell proliferation or gene expression, respectively. These 

studies support the finding of new and promising compounds, which may also exert 

beneficial effects in vivo, thus eventually contributing to the successful development of 

drugs for the treatment and alleviation of a variety of diseases. In this regard Perilla 

frutescens (PF) extracts were investigated on their activity towards health-related enzymes 

as well as on their effects on cell proliferation and gene expression of a porcine jejunal 

epithelial cell line.  

1.1. Investigation of enzyme kinetics and enzymatic regulation 

The understanding of enzymatic catalysis is essential not only for gaining a comprehensive 

picture of physiological processes. To benefit from the unique specificity of enzymes their 

activity has to be analyzed in detail. For this purpose many researchers rely on spectroscopic 

method like photometry or fluorescence-based detection. Those techniques allow the study 

of enzyme kinetics as well as the finding of new substrates or the identification of molecules, 

which may inhibit or activate an enzyme. However, enzymatic reactions are often complex, 

involving e.g. multiple intermediates. Their detection is usually disregarded with 

spectroscopic techniques, unless further downstream identification steps are included. In 

contrast, by applying MS detection the course of enzymatic substrate degradation, possible 

intermediate and product formation can be comprehensively investigated in one single run 

[1]. 

Back more than two decades, first enzymatic assays, measured with low accuracy mass 

spectrometers, consisted of immobilized proteases and the detection of their peptide 

products for the purpose of protein sequencing [2, 3]. Thereafter MS enzymatic assay 

detection has been employed in a plethora of different studies, e.g. for the investigation of 

further protease catalyzed reactions [4], for the assessment of enzymatic activity in organic 

solvents [5], for the elucidation of multiple reaction intermediates during hydrolysis of 

oligosaccharide substrates [1, 6, 7] or of stepwise nucleotide dephosphorylation (Appendix 
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I), for the elucidation of catalytic mechanisms [8-10] and for the determination of enzyme-

substrate and enzyme-product complexes [6, 8, 11]. Basically two different general setups 

are utilized for the determination of enzymatic reactions with MS. They are either captured 

continuously [1, 6, 7, 12] or by measuring substrate degradation and product generation at 

defined time points. For a non-continuous determination, the assay is usually quenched, 

followed by the introduction of the mixture to the MS source either via direct infusion [13, 

14] or chromatographically separated [15]. However, several studies also employ rapid 

mixing devices to determine the assay composition at defined time points by means of 

different flow rates or capillary length variation [16, 17].  

Besides the straightforward assessment of enzymatic activity towards its substrate, MS 

detection has also been employed for the comprehensive determination of enzymatic 

inhibition kinetics [8, 9, 13, 14] and the screening of libraries for their inhibitory potential 

[18-22]. However, screening of large libraries is still usually conducted by means of well-

established and fast photometric assays, which is the most common method for finding 

effective enzymatic regulators. This led to an increasing number of nowadays approved 

therapeutic substances stemming from natural sources [23]. Compared to the established 

and fast library screenings of small, chemically synthesized molecules, the identification of 

new regulatory compounds from natural sources struggles to meet demands in terms of 

speed, efficiency and quantity [24]. Due to the overall procedure of initially testing the crude 

natural extract on its activity, followed by chromatographic fractionation to eventually 

isolate an active compound, it is more elaborate and therefore cost-intensive. Nevertheless 

the potential to find promising compounds for the alleviation and cure of diseases is still 

enormous due the structural and chemical diversity present in nature. The development of 

effective screening methods is therefore required for the successful discovery of new 

substances from natural sources in a preferably fast, easy and low-cost manner.  

The need for reliable and efficient methods for the assessment of potentially regulatory 

compounds resulted in the development of online coupled continuous flow methods, which 

allow the consecutive injection of individual compounds to a continuously delivered 

biochemical assay. The feasibility of the setup for the study of enzymatic inhibition has 

already been shown for various enzymes, amongst others cytochrome P450, acetylcholine 

esterase, GST, several proteases and XOD [25-30]. The detection is usually either based on 
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UV, fluorescence, MS or a combination of them. Furthermore, the online coupling of 

chromatographically separated natural extracts with an enzymatic assay enables the finding 

and identification of new inhibitors. This approach is comprehensively described in several 

reviews [31-33]. The functionality of the concept has already been proven with regard to 

different natural extracts as well as enzymatic assays by several researchers. De Jong et al. 

and Ingkaninan et al. observed an inhibition of acetylcholine esterase after the injection of a 

narcissus extracts to the system [27, 34], whereas de Boer et al. investigated the effect of a 

red clover extract on the activity of cathepsin [35]. Furthermore the coupling of 

chromatographically separated Chinese herb extracts, MS, UV detection and ɑ-glucosidase 

assay allowed Zhao et al. the identification of several inhibitory compounds [36].  

The enzymes investigated in this work were selected due to their physiological functions, 

association with diseases, inflammatory processes, involvement in oxidative stress and 

detoxification processes. They furthermore differ in terms of their photometric as well as MS 

detectability, which allows the comparative assessment of the utilized methodologies. 

1.1.1. Intestinal alkaline phosphatase 

Intestinal alkaline phosphatase (iAP) is an extracellular enzyme of the brush border of 

enterocytes, which has multiple roles with regard to the maintenance and protection of 

intestinal homeostasis [37, 38]. This includes the regulation of local surface pH to protect the 

mucosa against acid injury [39, 40]. iAP activity is distinctly dependent on pH with a 

suppressed substrate degradation at low pH and vice versa [41], which is the key aspect of 

its ability to adjust the intestinal pH value. At normal conditions iAP dephosphorylates ATP 

to adenosine in a stepwise manner [42] (see Appendix I) . Acidic pH however results in the 

local accumulation of ATP in the intestine, which binds its specific purinergic receptor. 

Hereby ATP stimulates the secretion of bicarbonate from enterocytes and therewith the 

increase of pH. Consequently iAP activity increases and ATP is again degraded to adenosine. 

Associated with iAPs ability to regulate intestinal pH might be its contribution to the 

regulation and maintenance of normal intestinal microbial homeostasis, which was reported 

by Malo et al. [43]. A further aspect of iAPs protective effects is its ability to dephosphorylate 

pro-inflammatory extracellular nucleotides [44-47] or gram-negative bacterial endotoxin 

lipopolysaccharides (LPS) [48-50], thus attenuating inflammatory responses. In fact 
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inflammatory bowel disease (IBD), a misregulated response towards bacterial components, 

has been observed to be associated with decreased iAP levels in areas of inflamed tissue 

[51]. Administration of iAP has been shown to attenuate LPS induced inflammatory 

processes [48, 52], to reduce inflammation-associated intestinal epithelial damage [53], to 

downregulate pro-inflammatory cytokines [54] as well as to suppress the recruitment of 

inflammatory cells [51]. iAP activity in inflammatory control manifests itself also in 

regulatory processes, which prevent transmucosal passage of luminal bacteria into the body 

[48, 55].  

iAP expression has been shown in animal studies to be affected by various dietary 

components including proteins [56], carbohydrates [57, 58] and vitamins [59]. Fasting or a 

fat-free diet were found to distinctly reduce iAP activity, which results in susceptibility to 

LPS-induced inflammation [60, 61]. Moreover, the absence of iAP activity in knock-out mice 

revealed enhanced fat absorption, which suggests an important role of iAP in the regulation 

of intestinal lipid processing [62, 63]. 

1.1.2. Xanthine oxidase 

Xanthine oxidase (XOD) is one of two interconvertible forms of the enzyme xanthine 

oxidoreductase, which catalyzes the degradation of hypoxanthine to xanthine to uric acid, 

the end product of purine metabolism. In vivo most xanthine oxidoreductases exist in the 

form of xanthine dehydrogenase, which can be reversibly or irreversibly transformed into 

xanthine oxidase by proteolytic cleavage depending on conditions such as oxygen availability 

[64-66]. In contrast to xanthine dehydrogenase, XOD generates superoxide and other 

reactive oxygen species (ROS) as by-products of substrate degradation [67]. The enzymatic 

product uric acid is primarily excreted via the kidneys with the remainder being degraded by 

intestinal bacteria [68]. Uric acid serum level is highly dependent on the food intake, with 

the intake of ethanol or fructose potentially increasing its level, either by reducing renal 

excretion or by stimulation of uric acid production [69-71]. The accumulation of excessive 

quantities of uric acid results in hyperuricemia, which is widely discussed to be associated 

with a variety of health risk factors such as hypertension, increased occurrence of 

cardiovascular diseases, metabolic syndrome and kidney diseases [72-74]. Moreover high 

uric acid levels can result in the development of gout, which is characterized by the 
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occurrence of an acute inflammatory reaction in response to the formation of urate crystals 

[75]. Nevertheless uric acid has also been described as one of the most important natural 

antioxidant compounds. On the one hand uric acid is capable of scavenging various ROS, but 

also acting as potent iron chelator, which prevents the generation of ROS through metal-

catalyzed Fenton reaction [76, 77]. However uric acid possesses contradictory properties, 

since various studies also reported an induced ROS generation [74, 78, 79], which is related 

with its ability to form free radicals [80]. Besides uric acids potential pro-oxidative 

properties, XOD activity is a major source for the generation of adverse ROS, which are 

associated with oxidative damage of tissue and dysregulated inflammation [81, 82]. In fact, 

Liu et al. observed an overactivation of XOD accompanied by high levels of ROS in 

complications associated with diabetes mellitus, which caused injury to renal cells and 

eventually the induction of inflammatory processes [83]. Consequently, the administration 

of XOD inhibitor allopurinol has been proven to have positive effects on various conditions 

like ischemia, reperfusion injury, chronic heart failure and inflammatory diseases such as IBD 

or gout [84-87].  

1.1.3. Glutathione S-transferase 

Glutathione S-transferases (GST) are a large superfamily of soluble or membrane-bound 

mitochondrial, cytosolic and microsomal enzymes, which are part of biotransformation 

phase II processes [88]. Whereas phase I biotransformation involves the oxidation of 

xenobiotics by cytochrome P-450s, phase II is usually associated with a conjugation reaction 

catalyzed by a variety of enzymes including GSTs [89, 90]. In this regard reduced glutathione 

(GSH) is added to non-polar substrates containing an electrophilic carbon, nitrogen or sulfur 

atom [91]. The conjugation with GSH usually results in the metabolic inactivation and in an 

increase of the compounds polarity and thus facilitates its removal from the cell [92]. In 

general this cell defense mechanism results in the detoxification of endogenous and 

exogenous substrates or their metabolic products, which include amongst others adverse 

oxidative stress derived molecules like quinones, epoxides, α,β-unsaturated aldehydes and 

DNA or lipid hydroperoxides, but also environmental pollutants and chemical carcinogens 

[93]. For instance GST-dependent reduction of hydroperoxides prevents the generation of 

highly reactive and unstable peroxyl radicals and thus the chain reaction mechanism of free 
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radical propagation and progressive lipid peroxidation [94, 95]. Consequently GST 

transcriptional induction is regulated by the occurrence of ROS and by a variety of different 

(prooxidant) xenobiotic chemicals [89, 96, 97].  

Apart from their capability to detoxify compounds by means of GSH-conjugation, GSTs are 

involved in intracellular transport processes of hormones, drugs, some xenobiotics and 

various cellular metabolites [98]. GSTs are also able to act as a peroxidase towards 

hydroperoxides, which prevents ROS induced cell damage [89]. Furthermore, however not 

considered as detoxification reaction, but rather as part of the normal metabolism, GSTs are 

involved in the synthesis of prostaglandins and leukotrienes [97, 99, 100], which makes them 

an interesting target for the treatment of inflammation associated diseases.  

1.2. Investigation of cell physiology and phytoconstituents 

Natural sources are widely and extensively investigated in order to find amelioration for a 

plethora of different health threats. Desired effects range from antioxidant, anti-allergic, 

anti-inflammatory, antimicrobial, antiviral, and anti-carcinogenic to the prevention and 

treatment of obesity and diabetes, to the improvement of wound healing processes, to anti-

toxic effects e.g. in case of snake or scorpion bites and eventually to the alleviation of mental 

disorders and stress. Historically, plants have been the most important source for natural 

drugs, which led to the development of traditional medicinal treatments administered either 

by ingestion, topical application or subcutaneous injection. In former times, due to the lack 

of physiological and biochemical knowledge, therapies were necessarily approached by 

applying herbal medicines and observing the outcome, which then may have resulted in 

coincidental findings of effective plants. The development of diagnostic investigation and the 

increase of scientific understanding of matters connected to the body however led to more 

specific and targeted searches. In this regard, cell culture studies are widely used for the 

finding of natural extracts with proliferation-inhibiting properties, in order to identify new 

possibilities for the treatment of cancer. In this context, various extracts of botanical origin 

have been reported with inhibitory effects on cell growth and cell survival [101-104], 

including traditional Asian medicines like Masson pine pollen extracts [105], Ginkgo [106, 

107], Ginger [108, 109], Perilla [110-112] or Ginseng [113-115] but also common herbs like 

Sage [116] and a variety of berries and fruits like blackberries, cherries, apples and plums 
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[117]. The effect of extracts can be detected by means of various methods. This includes the 

direct observation of tumor size and number of tumor incidents [113, 118], the assessment 

of cell cycle and apoptosis related gene expression [105, 110], the continuous long-term 

observation of cell growth [105], the determination of proliferating or apoptotic cells at 

specific time-points after treatment [116] or the detection of specific metabolic activities 

within the cells [101, 110-112] or in the medium, which are e.g. due to apoptotic events 

[119, 120]. 

1.2.1. Cell line IPEC-J2 

The fate of secondary plant metabolites like polyphenols within the body is widely 

investigated due to their potential health-promoting effects with regard to the alleviation of 

a plethora of diseases ranging from cancer to cardiovascular diseases and inflammation-

related disorders such as IBD or allergic reactions. Nevertheless the abundance of their 

intact forms in the plasma, i.e. their bioavailability, has been found to be low. Since most 

polyphenols are poorly absorbable in their glycosylated form, compounds demonstrated to 

enter the systemic circulation underwent preceding metabolic conversion by the 

gastrointestinal microbiota or by endogenous deglycosylating enzymes [121-123]. They are 

absorbed in the form of aglycones or microbial metabolites and can undergo further 

bioconversion to form e.g. glucuronic acids, glucuronide or sulfate conjugates, before 

exerting biological activity and being eventually excreted in the urine or transported back 

into the small intestine. The conversion of a particular compound is dependent on a variety 

of factors, including its chemical structure but also on the composition of the gastrointestinal 

tract microbiota. Although some compounds are likely to lose their ability to exert positive 

effects after the generation of conjugates or their metabolic conversion to smaller molecules 

like phenolic acids, some of them have been found to partly retain their biological activity, 

whereas others possessed even more beneficial potential [122, 124, 125].   

In order to determine the fate of natural compounds as unambiguously as possible, in vivo 

animal or human intervention studies are considered the method of choice. It is however 

still not feasible to factor in all aspects of bioconversion due to the complexity of the system 

and individual microbial diversity. For these reasons initial screenings for the finding of 

active compounds or natural extracts are usually performed using well-established, fast and 
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more economical in vitro experiments. Although most studies rely on the utilization of 

cancer cell lines, non-transformed and non-tumorigenic cell lines may serve as in vitro model 

to mimic physiological conditions more precisely as it would be possible with transformed 

cell lines, which are likely to respond differently to external stimuli. One of only few non-

transformed small intestinal cell lines is IPEC-J2, which is derived from the porcine jejunum. 

IPEC-J2 cell line has been employed in a variety of different studies, including the detection 

of interactions between intestinal cells and microbial pathogens or probiotic microorganisms 

[126-128]. Moreover the cell line was employed for the assessment of mycotoxin [120, 129, 

130] or essential oil component cytotoxicity [131] and for the detection of cell proliferation 

in the presence of plant tannin extracts [132]. The impact of infections by enteric pathogens, 

diet-induced cellular responses and the regulation of inflammatory parameters have been 

determined as well using IPEC-J2 cell line. The latter comprises the expression of 

inflammatory key genes like proinflammatory IL-6, IL-8 or TNF-α iŶ the pƌeseŶĐe of Ŷatuƌal 

compounds such as apigenin by means of LPS-challenged IPEC-J2 cells [133-137]. IPEC-J2 cell 

line was also used for the determination of intracellular oxidative stress in the absence or 

presence of e.g. antioxidants like ascorbic acid [138-141]. Furthermore Kolodziejczak et al. 

performed experiments with different cell lines including IPEC-J2 for the investigation of 

prion protein uptake to enterocytes by means of 67kDa laminin receptor (67LR), which is 

believed to take part in their internalization and thus in the development of 

neurodegenerative disorders like bovine spongiform encephalopathy (BSE) [142].  

Although some differences between in vitro cell culture and in vivo experiments have been 

observed using IPEC-J2 cells in comparison to native epithelium [143, 144], they possess an 

overall similar morphology and functionality to in vivo intestinal epithelial cells, including 

their ability to form microvilli as well as tight junctions [133], which makes them an 

appropriate tool to address various physiological questions. The knowledge acquired by 

means of employing porcine gastrointestinal epithelial cells may also be considered 

transferable on the human gastrointestinal tract, due to a highly similar physiology and 

anatomy [145-147]. 
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1.3. Perilla frutescens 

Perilla frutescens (PF) is an annual herbaceous plant belonging to the family of Lamiaceae, 

which has been used in traditional Asian medicine for millennia. Whereas its leaves are a 

popular garnish, food coloring and seasoning, its seeds are commonly used for the 

pƌoduĐtioŶ of oil ƌiĐh iŶ α-linolenic acid [148]. In traditional Chinese medicine PF is often 

applied in the form of mixtures containing different herbs for the treatment of mental 

disorders such as depression and depression-associated diseases [149-151]. Various in vitro 

and animal studies indicate a variety of promising effects of PF, which range beyond the 

alleviation of mental disorders to the treatment of stomach and bowel discomfort, to the 

amelioration of cold and flu-like symptoms, to beneficial effects in terms of food or fish 

allergy or poisoning as well as to the administration as sedative [112, 152-156].  Although in 

vitro experimental results might not unconditionally be transferable to the impact of PF on 

human health in vivo, there are indications for diverse wholesome properties of PF and its 

constituents, which are ascribed to its antioxidant, anti-allergic, antiviral and anti-

inflammatory effects. PF exerts is antioxidant activity either by direct scavenging of ROS or 

via metal-chelating activity [112]. Moreover the expression of antioxidant enzymes was 

found to increase in macrophages [157], whereas ROS generation was decreased in 

stimulated human neutrophils after the application of PF extract [158, 159]. PF is also able to 

downregulate a variety of inflammatory markers, including the expression of 

proinflammatory TNF-α, IL-17A and IL-6 in vitro and in vivo [160-163] as well as the 

neutrophil-recruiting chemokine IL-8 and cyclooxygenase-2 [157, 162]. Amongst others the 

suppression of inflammatory processes has been observed by researchers with regard to 

airway and colon inflammation in mice [164-166]. Furthermore distinct anti-allergic 

properties of PF could be demonstrated in several in vivo rat or mice model studies, 

respectively [167-170]. Its application was found to cause the suppression of the Th2 

immune response towards an allergen. Moreover the downregulation of allergy-associated 

cytokines and chemokines and the reduction of eosinophils and histamine release was 

reported after the administration of PF or the major PF compound rosmarinic acid (RA) in a 

murine model of allergic asthma [165, 168]. Consequently some studies attribute the anti-

allergic activity of PF to high quantities of RA [167, 168]. However Asada et al. also suggested 

an isolated PF glycoprotein as active macromolecular compound against allergy-related 
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processes [171]. Besides PF anti-inflammatory and anti-allergic effects, suppression of 

human lung and colon cancer cell line [111, 112] as well as a human hepatoma cell line 

proliferation [110] and apoptosis-inducing genes was observed [110]. In rat or mice model 

studies as well as in in vitro cell culture experiments PF has furthermore been observed to 

possess beneficial effects on disorders affecting the kidneys [172-174] and on obesity and 

hyperlipidemia, thus potentially protecting against arteriosclerosis [175]. A high-fat diet 

animal model in combination with PF extract application caused less weight gain as well as 

lower triglyceride and less total cholesterol and LDL levels in the plasma. This finding was 

accompanied with the downregulation of related adipogenic genes [175, 176]. Kishi et al. 

reported a lowered glucose level and a decelerated development of diabetes in vivo after 

the application of PF tea in rats [177]. Moreover PF compounds luteolin and RA have been 

demonstrated to be effective inhibitors of α-glucosidase and aldose reductase in vitro, both 

of which potential targets for the treatment of diabetes [178, 179]. Apart from the 

administration of total PF extracts, a plethora of studies focus on RA as the major active 

component in PF due to its potent antioxidant activity [180, 181], its anti-carcinogenic, anti-

allergic and anti-inflammatory effects. RA was observed to suppress the release of histamine 

from mast cells, neutrophilic infiltration in inflammation and the tumorgenesis of murine 

skin carcinogenesis [182-186]. Moreover suppression of mesangial cell proliferation in vitro 

was partly due to the presence of RA, which also caused the downregulation of cytokines 

and further genes involved in the development of various renal diseases [187]. Beyond that, 

RA was found to protect against liver injury, due to its antioxidant activity [188] and its 

ability to suppress proliferation genes in cells activated during liver injury [189]. However 

hepatic protection was found to be more pronounced by simultaneous administration of 

caffeic acid (CA), which resulted in the upregulation of de novo GSH synthesis and 

antioxidant enzymes [190]. CA was furthermore reported to enhance the activity of ɣ-

glutamylcysteine synthetase [191], thus contributing to cellular protection mechanisms 

against ROS as well as to the detoxification of xenobiotics and adverse ROS reaction 

products. Protection against oxidative stress and inflammation in ethanol induced liver injury 

was also reported for perillyl alcohol, which downregulated proinflammatory cytokine TNF-α 

as well as restored alcohol related suppression of antioxidant enzyme and non-enzyme 

cellular defense systems [192]. Luteolin, a further PF compound, has been demonstrated to 
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possess anti-inflammatory, anti-allergic and antioxidant effects [193, 194] and was found to 

alleviate carcinogenesis of induced skin tumor in mice [118]. It also inhibited several 

proinflammatory cytokines including TNF-α and IL-6 [166] as well as allergic edema in vivo 

[193]. In addition PF compound apigenin exerted its effect on inflammation via the 

upregulation of anti-inflammatory cytokine IL-10 [166]. Since effects of PF have been 

observed in vitro and in vivo, it became a popular functional food within recent years. 

However, further in vivo studies will be necessary to include intestinal absorption and 

metabolism and thus the generation of metabolic products into the equation. 
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2. Aim of the study 

The study is divided into four main chapters, which include several (bio-)analytical as well as 

biomolecular experiments to elucidate natural compounds effects on the activity of three 

enzymes with distinct functions in health and disease, on cell proliferation as well as on gene 

expression of a panel of cell cycle and cancer-related genes (Figure 1). The study of 

promising natural sources like plants and their extracts is of particular interest to researches 

and pharmaceutical companies to exploit their potentially beneficial effects on human 

health. In this regard, aim of this study was to establish methods and suitable control 

experiments, which eventually allow the disclosure of health-promoting properties of PF 

extracts.  

In order to diversify PF extract compositions and encompass a wide range of compounds, 

extracts were prepared with different solvents, which ranged from polar to non-polar, thus 

resulting in different extraction yields, molecular compositions and reducing potentials. 

Experiments performed by means of a HILIC-RPLC coupling with MS detection moreover 

facilitate the comparative molecular characterization of PF extracts. The employed 

chromatographic separation provides insight into the composition of extracts by means of 

the detection of highly accurate molecular weights as well as retention times. Both of which 

may be used to correlate different PF extract polarity fractions with the observed outcome 

of enzymatic assays, cell proliferation or gene expression experiments.   

To be able to identify enzyme-regulatory compounds assays of intestinal alkaline 

phosphatase, xanthine oxidase and glutathione-s-transferase ought to be adapted from 

photometric to MS detection to benefit from advantages provided by MS, which include the 

possibility to capture all assay components simultaneously and continuously. Later on the 

necessity of combining biochemical assay detection with chromatographic separation of PF 

extracts consequently results in the establishment of an online coupled continuous flow 

mixing system method. Requirements for the successful implementation of this setup 

include the assessment of organic solvent tolerance of employed enzymes as well as the 

optimization of a chromatographic separation.  

Besides the detection of enzymatic activity, this study targets the investigation of PF extracts 

impact on cell proliferation and gene expression of a porcine jejunal epithelial cell line. Due 
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to artificial effects, which may arise in in vitro experiments, a comprehensive verification in 

the form of various control experiments ought to be implemented and discussed in this part 

of the study. This includes the generation of H2O2 and the stability of natural compounds in 

cell culture medium.  

 

Figure 1 Overview of the four parts of the study, which includes the assessment of enzymatic activity using 

photometric and MS detection, the characterization of PF extracts and the determination of gene expression 

and cell proliferation in the presence of PF extracts. 
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3. Materials & Methods 

3.1. Perilla frutenscens extract  

PF water extract, which was provided as evaporated powder (͞VS PF water eǆtƌaĐt͟Ϳ as ǁell 

as PF var. crispa freeze-dried and milled leaves were supplied by Vital Solutions GmbH 

(Langenfeld, Germany) and Amino Up Chemicals Co., Ltd (Sapporo, Japan). VS PF water 

extract was specified with a given extraction yield of 1:5 (extraction residue after 

evaporation : freeze-dried and milled PF leaves). Further extracts from freeze-dried PF leaves 

were prepared with water, 50% ethanol (EtOH), 100% EtOH or 90% Methanol (MeOH) with 

0.5% FAc. The procedures are depicted in Table 1. Further details on chemicals and 

instrumentation can be found in Appendix IV and V. 

Table 1 Methods used for the extraction of freeze-dried and milled PF leaves  

 Method 1 Method 2 

Freeze-dried & milled leaves 20 mg 500 mg 

Extraction solvents & 

redissolution solvents 

Extraction 

solvent 

Redissolution 

solvent 

Extraction 

solvent 

Redissolution 

solvent 

Water  80% MeOH Water  Water 

90% EtOH  80% MeOH 50% EtOH  50% EtOH 

90% MeOH, 

0.5% FAc  

80% MeOH 100% EtOH  100% EtOH 

  90% MeOH, 

0.5% FAc  

100% EtOH 

Extraction solvent volume 0.75 mL 1 mL 

Extraction procedure 

3 times: 

ice-cooled ultrasonic bath (10 

min), centrifugation (3 000 rpm, 

10 min), withdrawal and 

pooling of supernatants in 

another tube, evaporation 

3 times:  

ice-cooled ultrasonic bath (10 

min), centrifugation (1 500 rpm, 

20 min), withdrawal and 

pooling of supernatants in 

another tube, evaporation 

Storage temperature -20°C -20°C 
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The majority of experiments were performed using extracts prepared with method 2 (unless 

stated otherwise). Here, evaporated extracts were redissolved in the solvent used for 

extraction, except for 90% MeOH, 0.5% FAc extract, which was redissolved in 100% EtOH to 

maintain physiological relevance and avoid cytotoxic effects of MeOH in biomolecular 

experiments.  

3.1.1. Extraction yield and total reducing potential 

For extracts prepared by means of method 2, extraction yields as well as total reducing 

potentials were determined. Details on the experimental procedure can be found in 

Materials & Methods chapter of Appendix V. 

3.2. Chromatographic analysis of Perilla frutescens extracts 

PF extracts, which were prepared with different organic solvents, were analyzed in terms of 

differences in their molecular composition. For this purpose a chromatographic setup 

comprised of the serial coupling of a RPLC- and a HILIC column was used. The experimental 

setup was also employed for the investigation of PF stability in cell culture medium. Further 

details on the system can be found in the publication of Greco et al. [195] and in the 

following chapter.  

3.2.1. General methodology 

Two columns, i.e. Poroshell 120 EC-C18 (50.0 × 3.0 mm, 2.7 µm) (Agilent Technologies, 

Waldbronn, Germany) and ZIC® - HILIC column (150 × 2.1 mm, 5 µm, 200 Å) (Merck SeQuant, 

Umeå, Sweden) were coupled for the investigation of polar and non-polar compounds 

contained in PF extracts in one single run. In order to obtain highly accurate masses, 

chromatographically separated compounds were detected by means of a Time-of-flight (Tof) 

mass spectrometer series 6230 equipped with a Jet stream electrospray-ionization (ESI) 

source (Agilent Technologies). Mobile phases for RPLC separation were a mixture of solvent 

A, which was 10 mM NH4Ac:ACN (90:10, v/v) and solvent B composed of 10 mM NH4Ac 

aqueous solution:ACN (10:90, v/v). Mobile phases employed for HILIC separation were ACN 

and water, i.e. solvent C and D, respectively. Sample injection volume was 10 µL. Details on 

HPLC gradients and flows can be found in Table 2.  
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Table 2 Conditions applied for the chromatographic separation of PF extracts 

Reversed-phase separation HILIC separation 

Time [min] B % Flow [mL/min] Time [min] D % Flow [mL/min] 
0 0 0.05 0 0 0.4 
7 0 0.05 6 0 0.4 

12 50 0.05 13 40 0.4 
13 50 0.10 32 40 0.4 
22 100 0.10    
32 100 0.10    

 

Samples were detected in positive and negative ionization mode, respectively, with the 

following ToF-MS parameters: Gas temperature 325 °C, drying gas flow 10 L/min, nebulizer 

gas pressure 45 psi, sheath gas temperature 325 °C, sheath gas flow 7.5 L/min, capillary 

voltage 3000 V, fragmentor 100 V and m/z range 60-1700. MS calibration was performed 

beforehand and a calibration mixture (G1969–85001, Agilent Technologies) was delivered 

continuously throughout the entire run by means of an additional pump, thus enabling mass 

correction and accuracy of less than 20 ppm. 

Data evaluation 

Data were processed using MassHunter Qualitative Analysis Version B.02.00 (Agilent 

Technologies) as well as Agilent ProFinder Version B.06.00 (Agilent Technologies), the latter 

utilized for the automatic extraction of PF compounds. Further data evaluation was 

conducted with Windows Excel 2007 (Microsoft Inc). More details can be found in Appendix 

IV and V. 

3.2.2. Molecular characterization of Perilla frutescens extracts  

Extracts prepared from 500 mg freeze-dried and milled PF leaves were redissolved in 1 mL of 

the respective redissolution solvent (≙ ͞ϱϬϬ ŵg͟/ŵL) listed in Table 1. They were then 

diluted iŶ oƌdeƌ to oďtaiŶ a fiŶal saŵple ĐoŶĐeŶtƌatioŶ of ͞ϭϲ.ϱ ŵg͟/mL of which 10 µL were 

injected to be chromatographically separated by means of the method depicted in Table 2.  
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3.2.3. Stability of Perilla frutescens extract in cell culture medium 

The stability of VS PF water extract in cell culture medium was investigated compared to 

extract solved in water. For this purpose VS PF water extract was mixed with either cell 

culture medium or water and incubated at 37°C. At time points 0, 1, 2, 6 and 24 h the 

mixtures were purified of proteins and high salt concentrations by means of solid-phase 

extraction (SPE) to be chromatographically separated afterwards by means of the method 

described in Table 2. Prior to SPE and LC-MS analysis samples were spiked with four different 

natural compounds in order to correct the experimental data for loss during SPE or for MS 

signal inconstancies, respectively. Consequently evaluated peak areas of PF extract 

compounds were corrected by means of the added spike compounds. Sample preparation 

procedures, details about data correction as well as cell culture medium composition and 

further chemicals utilized can be found in Appendix V.  

3.3. Photometric determination of enzymatic activity 

Enzymatic assays of intestinal alkaline phosphatase (iAP), xanthine oxidase (XOD) and 

glutathione-S-transferase (GST) were analyzed by means of photometric methods.  

3.3.1. General methodology 

Enzymatic activities were determined using a SLT Spectra plate reader (SLT Instruments, 

Crailsheim, Germany). Assay concentrations and additives, i.e. inhibitors, PF extracts or 

organic solvents can be found in Table 3. In all cases, assay components except for the 

enzyme were pipetted into a reaction tube or directly into a 96-well plate. Reaction was then 

started by addition of the respective enzyme. Unless stated otherwise all assays were 

conducted in 10 mM NH4Ac pH 7.4. Suitable control measurements were performed in order 

to verify the absorption signal changes are due to enzymatic activity. These included the 

detection of all assay component combinations without the presence of the respective 

enzyme as well as the determination of assay formulation background absorption.  
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Table 3 Overview of photometric determination of iAP, XOD and GST assays (ACN = acetonitrile, IPA = isopropyl 

alcohol, ACE = acetone).  

 Formulation of stock solutions Assay concentrations Additives 

Enzyme Substrate(s) Enzyme Substrate(s) Inhibitor / Extract / 

Solvent 

iAP assay, 

discontinuous 

detection at 

620 nm 

10 mM NH4Ac 

pH 6.0, 7.4 or 

9.0 

ATP, ADP or 

AMP in 10 

mM NH4Ac pH 

6.0, 7.4 or 9.0 

0.2 

U/mL 

40 µM ATP, ADP or 

AMP 

- 

XOD assay, 

discontinuous 

detection at 

492 nm 

10 mM NH4Ac 

pH 7.4 or  

200 mM 

phosphate 

buffer pH 7.4 

Xanthine in 

0.1 M 

NH3:H2O 

(30:70 v/v),  

NH2OH in 10 

mM NH4Ac pH 

7.4 

0.0125 

or  

0.04 

U/mL 

0.5 mM xanthine,  

1 mM NH2OH  

- 

GST assay, 

continuous 

detection at 

340 nm 

 

10 mM NH4Ac 

pH 7.4 

CDNB in 100% 

EtOH, GSH in 

10 mM NH4Ac 

pH 7.4 

0.1 

U/mL 

0.2 mM GSH &  

0.1/0.2/0.3/0.5/ 

1.0 mM CDNB  

or  

1 mM CDNB &  

0.02/0.05/0.07/0.1/ 

0.2/0.5 mM GSH 

10, 20 or 30% 

MeOH/ACN/IPA/ 

ACE/EtOH  

or 

0.2/0.5/0.8/1.0% (v/v) 

PF water, 90% MeOH, 

0.5% FAc or 100% EtOH 

extract (prepared 

according to Method 1, 

Table 1) 

 

Data evaluation 

Data were analyzed using Microsoft Office Excel 2007 (Microsoft Inc). Data interpretation 

was conducted by comparing the slopes of trend lines, which were applied within the linear 

range of either substrate degradation or product generation curve at the onset of the 

enzymatic assay detection. Possible enzymatic activity changes in the presence of e.g. 

organic solvents or PF extracts were assessed by comparing assays containing those 

additives with the respective control assays without additives. Average values of control 
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assays were set as 100%. Further details can be found in the Materials & Methods chapter of 

Appendix I.  

3.3.2. Intestinal alkaline phosphatase 

Activity of iAP was determined with its physiological nucleotide substrates ATP, ADP and 

AMP in 10 mM NH4Ac pH 6.0, 7.4 or 9.0. The enzymatically released inorganic phosphate (Pi) 

was detected by means of a color reaction at seven time points within 90 min. Detailed 

information about chemicals, assay procedure, instrumentation, data evaluation and 

statistics can be found in Appendix I. 

3.3.3. Xanthine oxidase 

Xanthine oxidase activity was determined either in 200 mM phosphate buffer pH 7.4 or 10 

mM NH4Ac pH 7.4 using photometric detection. In order to estimate the amount of nitrite 

generated by the reaction of NH2OH and the secondary enzymatic product superoxide a 

calibration curve was prepared beforehand. 

Calibration 

Calibration was performed by preparing NaNO2 stock solutions (Sigma-Aldrich) in 10mM 

NH4Ac pH 7.4 or 200 mM phosphate buffer pH 7.4 (Ŷ≥ϯ each) (Table 4). 80 µL of the 

respective NaNO2 concentration was added to 80 µL 0.02% sulfanilamide (Merck Chemicals, 

Darmstadt, Germany) solution followed by the addition of 80 µL 1% NED solution (Merck 

Chemicals) to a 96-well plate. After thorough mixing, the plate was incubated in the dark for 

15 minutes at room temperature. The absorption was determined at 492 nm.  

Table 4 Overview of chemicals and concentrations utilized for calibration measurements 

Chemicals Solved in Final concentrations 

NaNO2 10 mM NH4Ac pH 7.4  

or 200 mM phosphate 

buffer pH 7.4 

100, 50, 25, 12.5, 6.25, 3.13 

1.56, 0 µM 

Sulfanilamide 

0.2 mg/mL (0.02%) 

8% HCl 0.067 mg/mL 

N-(1-naphthyl)ethylendiamine (NED) 

10 mg/mL (1%) 

H2O (bidest.) 3.33 mg/mL 
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Assay detection 

XOD activity was determined in aqueous solution 10 mM NH4Ac pH 7.4 or 200 mM 

phosphate pH 7.4, respectively, by detecting enzymatically generated nitrite after 30 

minutes with a XOD concentration of 0.0125 U/mL and 0.04 U/mL XOD (solely in 10 mM 

NH4Ac pH 7.4Ϳ ;Ŷ≥ϯͿ. Generated nitrite quantity was calculated by means of the respective 

calibration curves either prepared in 200 mM phosphate buffer pH 7.4 or 10 mM NH4Ac pH 

7.4.  

Progress of xanthine degradation was furthermore assessed by means of capturing the 

generation of nitrite in 10 mM NH4Ac pH 7.4 at time points 0, 20, 40 and 60 minutes. After 

starting the enzymatic reaction, the assays were incubated at 37°C. 80 µL of the respective 

assay corresponding to the time point of interest were withdrawn from the tube and added 

to 80 µL 0.02% sulfanilamide to stop the reaction. The addition of 80 µL 1% NED solution 

then started the color reaction. The plate was incubated in the dark at room temperature for 

15 minutes and the absorption was measured at 492 nm. Controls containing xanthine 

substrate and/or NH2OH but not the enzyme and vice versa were performed to control the 

results. 

3.3.4. Glutathione S-Transferase 

GST activity was investigated using CDNB and GSH as substrates. The impact of different 

organic solvents and solvent concentrations as well as increasing concentrations of PF 

extracts on the generation of the enzymatically generated GSH-CDNB conjugate was tested. 

Due to its hydrophobicity CDNB stock was solved in 100% EtOH. Consequently all GST assays 

contain a small proportion of 2.5% EtOH, which was kept constant in all experiments.  

Determination of enzyme kinetics 

GST kinetics was determined by measuring various concentrations of CDNB with a constant 

concentration of GSH and vice versa (Table 3). Data were plotted as Lineweaver-Burk 

diagram with 1/v corresponding to the slopes of linear trend lines applied within the initial 

linear range of substrate generation.   
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GST assay in the presence of organic solvents 

10, 20 and 30% of either MeOH, acetonitrile (ACN), isopropyl alcohol (IPA), acetone (ACE) or 

EtOH were added to the assay and the activity was determined in comparison to standard 

assays in 10 mM NH4Ac pH 7.4.  

GST assay in the presence of PF extracts 

PF extracts used were prepared by means of extraction method 1 (Table 1). For the 

conduction of GST assays two extracts per treatment (water, 90% EtOH or 90% MeOH, 0.5% 

FAc) were redissolved in 200 µL 80% MeOH each and pooled. Thus extract of 40 mg freeze 

dried and milled PF leaves was redissolved in 400 µL 80% MeOH (≙ ͞ϰϬ ŵg͟/ϰϬϬ µLͿ. Since 

the final GST assay volume was 250 µL, the addition of 0.2, 0.5, 0.8 or 1.0 % (v/v) redissolved 

PF eǆtƌaĐt ͞ϰϬ ŵg͟/400 µL corresponded to extract prepared from 0.05 mg, 0.1025 mg, 0.2 

mg or 0.25 mg freeze-dried & milled leaves respectively. Control experiments included the 

assessment of GST activity in the presence of the respective proportions of 80% MeOH as 

well as the progress of absorption of GSH and CDNB individually and combined in the 

absence of the enzyme.  

3.4. Mass spectrometric assays of enzymatic activity 

Enzymatic assays were established to be measured with a real-time online continuous flow 

system and an online coupled continuous flow mixing system with MS detection. 

Measurements were either conducted with an MSQ Plus single quadrupole MS 

;WisseŶsĐhaftliĐhe Geƌäteďau Dƌ. IŶg. Heƌďeƌt KŶaueƌ, BeƌliŶ, GeƌŵaŶǇͿ oƌ ǁith aŶ E“I−Tiŵe-

of-Flight (ToF) MS series 6230 (Agilent Technologies). MS parameters along with flow rates 

applied in both assays can be found in Table 5 and Table 6. Experimental setups are 

displayed and explained in Appendix I, III and IV. 
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Table 5 Single quadrupole parameters and flow rates applied for the detection of enzymatic assays using a real-

time online continuous flow setup of an online coupled continuous flow mixing setup. 

Single quadrupole MS Real-time online continuous flow 

setup 

Online coupled continuous flow 

mixing setup 

m/z range 100-1000 

ESI mode positive 

Needle V 3.5 kV 3.5 kV 

Cone V 75 V 75 V 

Temperature 225 °C 300 °C 

Flow [µL/min] 10 (GST, iAP) or 20 (XOD)  Enzyme: 25 

Substrate: 50 

Inhibitor carrier flow / 

chromatography: 25 

 

Table 6 ToF-MS parameters and flow rates applied for the detection of enzymatic assays using an online 

coupled continuous flow mixing setup. 

Time-of-Flight MS Online coupled continuous flow mixing setup 

m/z range 100-1700 

ESI mode positive 

Gas temperature 300°C 

Drying gas flow 7 L/min 

Sheath gas temperature 250°C 

Sheath gas flow 5.5 L/min 

Nebulizer operating pressure 45 psig 

Capillary voltage 2000 V 

Nozzle voltage 2000 V 

Skimmer voltage 65 V 

Fragmentor voltage 175 V 

Flow [µL/min] Enzyme: 25 

Substrate: 50 

Inhibitor carrier flow / chromatography: 25 
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3.4.1. Real-time online continuous flow setup 

iAP, XOD and GST activity was investigated with a real-time online continuous flow setup in 

the presence of either individual compounds or PF extracts in order to characterize 

enzymatic regulation.  

3.4.1.1.  General methodology 

Enzymatic activity was investigated with a single quadrupole MS. The enzymatic assay was 

continuously delivered by a syringe pump, which was connected to the ESI source through a 

PEEK Tubing (Figure 4). MS detection was started simultaneously with the addition of the 

enzyme to a reaction tube containing all further assay components. MS parameters are 

listed in Table 5, enzyme and substrate concentrations, assay formulations as well as 

additives like regulatory compounds or PF extracts are listed in Table 7. Further information 

about the experimental setup can be found in Appendix I. 

Table 7 Overview of enzymatic assays measured with the real-time continuous flow setup 

 Stock solution formulations Assay concentrations Additives 

Enzyme Substrate(s) Enzyme Substrate(s) Inhibitor / Extract / 

Solvents 

iAP, 

continuous 

detection 

iAP in 10 mM 

NH4Ac pH 6.0, 

7.4 or 9.0 

ATP, ADP or AMP 

in 10 mM NH4Ac 

pH 6.0, 7.4 or 9.0 

0.2 U/mL 40 µM ATP, 

ADP or AMP 

50, 100, 250, 400, 

500, 750 µM GSH 

XOD, 

Continuous 

detection 

XOD in 10 mM 

NH4Ac pH 7.4  

Xanthine in 

0.1 M NH3:H2O 

30:70 (v/v) 

0.02 or 

0.04 U/mL 

25 µM 

xanthine 

1.25, 2.5, 6.25, 12.5, 

25.0, 50.0 µg VS PF 

water extract in 500 

µL assay volume 

GST, 

continuous 

detection 

GST in 10 mM 

NH4Ac pH 7.4 

CDNB in 100% 

EtOH, GSH in 10 

mM NH4Ac pH 7.4 

0.3 U/mL  25 µM GSH  

&  

25 µM CDNB  

- 

 

Data evaluation 

Data were processed using Xcalibur software 2.1.0.1139 ;Theƌŵo Fisheƌ “ĐieŶtifiĐ IŶĐ, 

Waltham, MA, USA) for assays captured with the MSQ Plus single quadrupole mass 

spectrometer (Wissenschaftliche Gerätebau Dr. Ing. Herbert Knauer) and Microsoft Office 
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Excel 2007 (Microsoft Inc). All detectable and identified EICs of individual assay components 

(substrate(s), intermediate(s) and product) were taken into account for data evaluation 

(Table 8). Abundances of evaluated m/z of each individual assay component were summed. 

Due to the assay procedure, which causes a time delay between start of MS recording and 

assay detection, the first 2 to 3 minutes of the assay detection were excluded from data 

evaluation. Further details on this can be found in Appendix I.  

Data normalization was conducted by setting the highest value of each individual assay to 

100%. For graphical depiction the average of each scan of substrate, intermediate or product 

traces of measured replicates was then calculated along with the respective standard 

deviations. Unless stated otherwise data evaluation procedure involved the application of an 

exponential trend line to the substrate degradation curve, thus allowing the numerical 

comparison of enzymatic activity, e.g. in the presence and absence of regulatory 

compounds. Detailed description hereto can be found in the Materials & Methods chapter of 

Appendix I.  

Table 8 Overview of evaluated m/z detected with the MSQ Plus single quadrupole MS. 

Enzyme 

Substrate, 

intermediate(s) 

& product 

Monoisotopic 

mass [g/mol] 

m/z 

[M+H]+
 [M+Na]+

 [M+K]+
 

[M–

H+2Na]+
 

[M–

H+Na+K]+
 

iAP 

Adenosine 267.1 268.1 290.1    

AMP 347.1 348.1 370.1 386.0 392.0 408.0 

ADP 427.0 428.0 450.0 466.0 472.0 488.0 

ATP 507.0 508.0 530.0 546.0 552.0 568.0 

XOD 
Xanthine 152.0 153.0     

Uric acid 168.0 169.0     

GST 

GSH 307.1 308.1 330.1    

CDNB 202.0 Not detectable 

GSH-CDNB 

conjugate 

473.1 474.1 496.1 512.1   
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3.4.1.2.  Intestinal alkaline phosphatase 

Activity of iAP was determined by means of utilizing its physiological nucleotide substrates 

ATP, ADP and AMP in 10 mM NH4Ac pH 6.0, 7.4 or 9.0 as well as in the presence of 

increasing concentrations of GSH (Table 7). Further details on iAP assay formulations, sample 

preparation and data evaluation can be found in Appendix I. 

3.4.1.3.  Xanthine oxidase 

Xanthine oxidase activity was investigated without extract as well as in the presence of 

increasing quantities of VS PF water extract (Table 7).  

Data evaluation 

Contrary to data evaluation using an exponential trend line, numerical values to compare 

XOD regulation were obtained by applying a linear trend line applied to the linear range of 

substrate and product traces between minute 3 and 15 of the measurement. Slopes of trend 

lines were utilized as numerical values, which allowed the comparison of XOD activity in the 

presence and absence of additives. 

3.4.1.4.  Glutathione S-transferase 

Enzymatic assay of GST was adapted to be measured with a real-time online continuous flow 

setup. Mass spectrometric setting and assay concentrations can be found in Table 5 or Table 

7, respectively.   

3.4.2. Online coupled continuous flow mixing system 

By means of the online coupled continuous flow mixing system biochemical assays were 

coupled to either the injection of individual compounds to be investigated on their 

regulatory activity or to a chromatographic separation of PF extracts in order to detect 

enzyme regulators. 

3.4.2.1.  General methodology 

The setup is described in detail in Appendix II, III and IV. The majority of measurements were 

conducted with an MSQ Plus single quadrupole MS (Wissenschaftliche Gerätebau Dr. Ing. 

Herbert Knauer) with crucial measurements being ƌepeated ǁith aŶ E“I−ToF-MS (Agilent 
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Technologies) in order to obtain accurate molecular weights of unknown PF extract 

compounds. MS parameters and setup flow rates are listed in Table 5 and Table 6.  

In order to verify the stability of the measurements, e.g. with regard to the occurrence of 

mass spectrometric signal suppression after the injection of compounds to the enzymatic 

assay, histidine was added as internal standard. 80 µM histidine were continuously delivered 

along with the enzyme by means of a syringe pump throughout the entire experimental run. 

It was priorly tested negative for regulatory activities towards the enzymes employed. 

Table 9 Overview of enzymatic assays measured with the online coupled continuous flow mixing system 

 Stock solution formulations Assay concentrations Additives 

Enzyme Substrate(s) 
Enzyme 

[U/mL] 
Substrate(s) 

Inhibitor / Extract / Solvents / 

Alternative substrate 

iAP, 

continuous 

detection 

iAP in 10 mM 

NH4Ac pH 7.4 

ATP, ADP or 

AMP in 10 mM 

NH4Ac pH 7.4 

2.4 U/mL  40 µM ATP, 

ADP or AMP 

1, 2, 3, 4 mM GSH, PF extracts,  

160 µM, 320 µM, 1 mM and 2 

mM of alternative nucleotide 

substrates ATP, ADP or AMP 

XOD,  

Continuous 

detection  

XOD in 10 mM 

NH4Ac pH 7.4  

Xanthine in 

0.1 M NH3:H2O 

(30:70 v/v) 

0.032 U/mL 50 µM 

xanthine 

50, 100, 200 µM allopurinol or 

PF extracts 

 

Chromatographic separation  

The injection volume was 2 µL and the chromatographic separation was conducted with a 

Luna PFP(2) column (100 Å, 2 mm IDx100 mm length, Phenomenex, Aschaffenburg, 

Germany). To improve the applied isocratic elution, different organic solvents and solvent 

proportions were added to the mobile phase and a moderate temperature gradient up to 

70°C was applied to the column (Table 10). Detailed description on the method can be found 

in Appendix IV. 
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Table 10 Temperature gradient applied to the chromatographic column 

Temperature 30 °C  50 °C  60 °C  70 °C 

Temperature 

increase [°C/min] 
 1  0.5  0.5  

Duration [min] 1 20 1 20 1 20 40 

Overall duration 

[min] 
103 

 

Data evaluation 

EICs of all adducts of substrate, possible intermediates and products were evaluated and 

summed (Table 8). Data were then normalized to the highest intensity value, which was set 

100%. In case of the emergence of an enzymatic regulation after injection of PF extract, data 

were manually scanned for m/z eluting during the respective time range of regulation. Peaks 

of the respective PF molecules were displayed along with assay EICs. Their peak widths and 

shapes were manually compared with the peak shape of enzymatic regulation in order to 

conclude on the regulatory compound. If necessary, peak areas were evaluated using 

Achroma software tool [196]. The procedure of peak evaluation by means of Achroma is 

described in detail in Appendix II.  

In case of data evaluation for experiments with the online coupled continuous flow mixing 

system coupled to the ESI-ToF-MS, procedure of automatic extraction of eluting m/z using 

Agilent ProFinder Version B.06.00 (Agilent Technologies) can be found in Appendix IV along 

with applied parameters. The calculation of logD values and the drawing of chemical 

formulas were realized with MarvinSketch 14.8.25.0 (http://www.chemaxon.com 

ChemAxonLtD, Budapest, Hungary). 

3.4.2.2.  Intestinal alkaline phosphatase 

The activity of iAP was investigated by means of the online coupled continuous flow mixing 

system in the presence of GSH and after the injection of alternative nucleotide substrates. 

Furthermore PF extracts were injected to the system, followed by their chromatographic 

separation and introduction to the enzyme.  
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Injection of alternative substrates 

iAP activity was observed after the injection of alternative nucleotide substrates, e.g. when 

AMP was used as substrate, ADP and ATP were injected to the system and so on. The 

experimental approach was conducted in order to investigate potential substrate preference 

of iAP as well as the system´s response to compounds interfering with the enzymatic 

reaction. In order to obtain numerical values, peak areas were evaluated with Achroma 

software tool. Detailed description of the experimental setup, assay concentrations, data 

evaluation and interpretation can be found in Appendix II. 

Injection of iAP inhibitor GSH 

iAP activity was investigated in the presence of increasing concentrations of GSH injected to 

the system, i.e. 1, 2, 3 and 4 mM ǁith Ŷ≥ϯ eaĐh. Due to M“ sigŶal suppƌessioŶ effeĐts, 

control experiments were established to correct the data.  

For the purpose of data correction, ionization factors (IF) of enzymatic assay components 

were determined. Mixtures of defined substrate, intermediates and product concentrations 

were prepared (Table 11), filled into the superloop (compare Appendix IV, Figure 1) and 

introduced to the online coupled continuous flow mixing system. Furthermore heat-

inactivated iAP was pumped to the system by means of a syringe pump. All further 

experimental conditions were comparable to the detection of iAP enzymatic assays (Table 5 

and 7).   

Table 11 Composition of mixtures for the determination of ionization factors prepared in 10 mM NH4Ac pH 7.4. 

MIX ATP [µM] ADP [µM] AMP [µM] Ado [µM] 
1.0 10 10 10 10 
1.1 20 20 20 20 
1.2 40 40 40 40 
2.0 

 
10 10 10 

2.1 

 
20 20 20 

2.2 

 
40 40 40 

3.0 

  
10 10 

3.1 

  
20 20 

3.2 

  
40 40 
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The average mass spectrometric intensity was calculated for each individual nucleotide of 

each mixture. Intensity ratios of all assay components per mixture were then calculated by 

normalization of the average values with AMP = 1. The ratio values were then used to 

calculate the average of nucleotide IFs over all mixtures along with the standard deviations. 

Intensities of nucleotide substrate, intermediate and product contained within an iAP assay 

could then be corrected by means of the calculated IFs, which ultimately allowed the 

calculation of their approximate concentrations. Based on this calculation, a nucleotide 

mixture was prepared, which was filled into the superloop and pumped into the online 

coupled continuous flow mixing system along with heat-inactivated iAP to mimic the assay 

concentrations in the absence of enzymatic activity. This approach allowed the observation 

of nucleotide EIC responses to the injection of increasing GSH concentrations to the control 

assay.  

Peak areas obtained by measuring the assay as well as the control in the presence of 

injected GSH were evaluated using Achroma software tool (Appendix II). Peak areas of 

controls were then subtracted from assay areas. Average values and standard deviations 

were calculated out of n=3 GSH injections per concentration. 

Injection of PF extracts 

VS PF water, water, 50% EtOH, 100% EtOH and 90% MeOH, 0.5% FAc extracts were 

redissolved so as to obtain a concentration of 0.5 g extracted freeze-dried and milled leaves 

solved in 1 mL redissolution solvent (Table 1, Method 2), i.e. ͞Ϭ.ϱ g͟/ŵL. The injection 

volume was 2 µL, i.e. an equivalent of extract prepared from 1 mg freeze-dried and milled 

leaves was introduced into the system per run to be chromatographically separated with a 

5% MeOH:95% NH4Ac pH 7.4 (v/v) mobile phase and a temperature gradient applied to the 

column (Table 10). Comparable to the injection of iAP inhibitor GSH described above, control 

measurement using the calculated IF of nucleotides were included here as well. 

3.4.2.3.  Xanthine oxidase 

XOD activity was investigated in the presence of increasing concentrations of allopurinol as 

well as after the injection of PF extracts. For the latter purpose a chromatographic 

separation was established using different organic solvents and solvent contents. Controls 

included the injection of 90% MeOH, 0.5% FAc PF extract redissolution solvent 100% EtOH 
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(Table 1) to the enzymatic assay as well as the chromatographic separation of 90% MeOH, 

0.5% FAc extract in the presence of xanthine substrate but without XOD. Further details 

about the applied method and conditions as well as data evaluation and interpretation can 

be found in Appendix IV. 

3.5. Determination of cell proliferation 

The porcine jejunal epithelial cell line IPEC-J2, which originates from neonatal piglets, was 

employed for the study of cell proliferation and gene expression changes in the presence of 

PF extracts in comparison to control extracts containing no PF matter. Cells were kindly 

provided by Dr. Karsten Tedin (FU Berlin). The quantity of PF extracts administered to the 

cells was chosen as to mimic physiological conditions with the volume of cell culture medium 

(= 400 µL) atop of the adherent cells representing the jejunal lumen containing PF extract 

(Figure 2).  

The general maintenance of cells is described in Appendix V along with growing conditions, 

cell culture medium composition and materials and chemicals utilized.  

 

Figure 2 Transfer of in vivo to in vitro conditions in order to investigate the effect of PF extracts on cell 

physiology 
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3.5.1. Cell treatment with Perilla frutescens extracts 

Cell proliferation was investigated by means of electric Đell−suďstƌate impedance sensing 

(ECIS) in order to assess the effects of PF extracts. ECIS allows the monitoring of impedance 

change, which is due to adherent cells overgrowing electrodes at the bottom of a well. 

Hence by means of seeding a low number of cells, their proliferation over time up to a 

confluent layer can be detected. For the assessment of cell proliferation the quantity of 

organic solvents, which is used to redissolve PF extracts (Table 1) was minimized to 1% of the 

total assay volume. Furthermore the effect of 1% of utilized redissolution solvents was 

tested beforehand in order to assess potential effects on the cells. Cells were then treated 

with increasing quantities of VS PF water extract, which corresponded to extract obtained 

from 4.0, 2.0, 1.6, 1.0 and 0.4 mg freeze-dried and milled PF leaves ǁith Ŷ≥ϰ teĐhŶiĐal 

replicates eaĐh ;heƌeafteƌ ƌefeƌƌed to as ͞ϰ.Ϭ ŵg͟ , ͞Ϯ.Ϭ ŵg͟, etĐ.Ϳ. Further extracts, i.e. 

ǁateƌ, ϱϬ% EtOH, ϭϬϬ% EtOH aŶd 9Ϭ% MeOH, Ϭ.ϱ% FAĐ ǁeƌe applied iŶ a ƋuaŶtitǇ of ͞4 mg͟ 

aŶd ͞Ϭ.ϰ ŵg͟ to the cells with n=9 technical replicates. PF quantities were calculated 

assuming the intake of a 400 g meal containing a specific amount of 10 or 1% PF, 

respectively. Figure 3 depicts the corresponding derivation of cell tƌeatŵeŶt usiŶg ͞Ϭ.ϰ ŵg͟ 

PF extracts, i.e. intake of a 400 g meal containing 1% PF.  

 

Figure 3 Application of PF extracts on IPEC-JϮ Đells eǆeŵplaƌilǇ ĐalĐulated foƌ ͞Ϭ.ϰ ŵg͟ PF eǆtƌaĐt tƌeatŵeŶt.  
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1:1000
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mMeal  = 400 mg

Extract of 0.4 mg re-
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„Ϭ.ϰ ŵg͞ / ϰϬϬ µL 
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3.5.2. Generation of H2O2 in cell culture medium 

Possible generation of H2O2 in cell culture medium in the presence of PF extracts was 

detected in the absence of cells with ͞Ϯ.Ϭ ŵg͟ V“ PF ǁateƌ eǆtƌaĐt aŶd ͞Ϭ.ϰ ŵg͟ VS PF water, 

water, 50% EtOH, 100% EtOH and 90% MeOH, 0.5% FAc extracts. For this purpose the 

respective PF extract quantity was solved in cell culture medium and H2O2 generation was 

measured photometrically at several time points within 80 hours along with negative 

controls containing no PF extract. Details about chemicals and experimental procedure can 

be found the Material & Methods chapter of Appendix V. 

3.5.3. Cytotoxicity of Perilla frutescens extracts 

Cytolysis of IPEC-J2 cells in the presence of PF extracts was determined by measuring the 

activity of released lactate dehydrogenase (LDH) with Cytotoxicity Detection KitPLUS (Roche, 

Mannheim, Germany). For this purpose FBS content of cell culture medium had to be 

reduced to 1%. Preliminary experiments were therefore conducted to comparatively 

investigate cell proliferation with 5 % or 1 % FBS. 10,000 cells/well were seeded to 48-well 

plates with 400 µL cell culture medium containing either 5 % or 1 % FBS. Cell proliferation 

was investigated at several time points within 72 h using a Neubauer chamber.  

For the assessment of cell toxicity in the presence of extracts, a confluent epithelial cell layer 

was mimicked by seeding 40,000 cells in 400 µL cell culture medium per well to 48-well 

plates. Cell treatment was conducted after cell adherence as described in Appendix V with 

͞Ϭ.ϰ ŵg͟ ͞V“ ǁateƌ eǆtƌaĐt͟, ǁateƌ, ϱϬ % EtOH, ϭϬϬ % EtOH aŶd 9Ϭ % MeOH, Ϭ.ϱ % FAĐ 

extracts in comparison to an untreated control at time points 0 h, 2 h, 6 h and 20 h. Cell 

toxicity assay was performed according to the manufacturers guidelines. Absorption was 

measured at 490 nm and 620 nm as reference wavelength. 

3.6. Determination of gene expression 

The effect of PF extracts on the expression of a panel of genes involved in cell cycle and 

cancer was investigated (Table 12). For this purpose cells were seeded at a concentration so 

as to obtain a confluent cell layer after adherence. Treatment was conducted as described in 

the Materials & Methods chapter of AppeŶdiǆ V usiŶg ͞Ϭ.ϰ ŵg͟ PF eǆtƌaĐts ;Figure 3). 

Controls included pure cell culture medium or 1% extract redissolution solvent (Table 1), 

respectively.  At time point 0, 6 and 24 h after treatment cells were transferred to reaction 
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tubes, whereupon mRNA was extracted. In order to assess gene expression changes of 

reference and target genes a reverse transcription of extracted mRNA was conducted prior 

to RT-qPCR experiments. Further information about detailed experimental procedures, 

chemicals, data evaluation and calculation of significance can be found in Appendix V. 

Table 12:  Forward (fwd) and reverse (rev) primers of reference genes and target genes along with respective 
fragment length. 

 
Gene Primer Fragment length 

Reference 

genes 

Ubiquitin  
 

fwd  AGATCCAGGATAAGGAAGGCA 
rev   GCTCCACCTCCAGGGTGAT  

198 

GAPDH  
 

fwd  AGCAATGCCTCCTGTACCAC 
rev   AAGCAGGGATGATGTTCTGG 

187 

Actin beta 
 

fwd  AACTCCATCATGAAGTGTGAC 
rev   GATCCACATCTGCRGGAAGG 

234 

Histon H3 
 

fwd  ACTGGCTACAAAAGCCGCTC 
rev   ACTTGCCTCCTGCAAAGCAC 

232 

Target 

genes 

Caspase 9 
 

fwd  CTGACTGCCAAGCAAATGG 
rev   GCCTGACAGCCGTGAGAG 

104 

Cyclin B1 
 

fwd  GGATCACCAGGAACACGAAA 
rev   GCTTCCTTTTTCAGAGGCAGT 

187 

Cyclin D1 
 

fwd  GACGAGCTGCTGCAAATG 
rev   GAAATGAACTTCACGTCTGTGG 

188 

c-Jun 
 

fwd  ATGACTGCAAAGATGGAAACG 
rev   TCACGTTCTTGGGGCACA 

310 

67 kDa laminin 
receptor (67LR) 

fwd  AGCGAGCTGTGCTGAAGTTT 
rev   GTGAGCTCCCTTGTTGTTGC 

257 

 

Data evaluation and statistical analysis was performed using Windows Excel 2010 (Microsoft 

Inc). To  determine  the  relative  mRNA  gene  expression changes,  the  previously  

desĐƌiďed ΔΔCq  method  was applied (Livak and Schmittgen, 2001). For the presentation of 

data the gene expression is shown as log2 scale to depict the regulative impact of various PE 

extracts in comparison to the respective control experiments. Further information about 

detailed experimental procedures, chemicals, data evaluation and calculation of significance 

can be found in Appendix V. 
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4. Results & Discussion 

A multitude of wholesome effects of PF are already established and are being discussed in a 

variety of scientific publications. Putting together further puzzle pieces may provide an 

increasingly complete picture to eventually gain full understanding of PF in vitro and in vivo 

modes of action. The effectiveness of PF extracts on three health and disease related 

enzymes – intestinal alkaline phosphatase, xanthine oxidase and glutathione S-transferase- 

was directly assessed using photometric as well as MS detection. In doing so, advantages 

and disadvantages as well as the distinctness of the employed methods could be examined 

in detail. The diversity of selected enzymes in terms of their physiological functionality and 

thus assay composition imposed specific requirements for successful assay adaptions. The 

applied experimental methods were consequently assessed with regard to their suitability 

for the detection of enzymatic activities. The comprehensive monitoring of substrate 

degradation as well as intermediate and product generation could be accomplished by 

means of real-time online measurements coupled to MS detection (Appendix I). 

Furthermore the assay transfer to an online coupled continuous flow mixing system enabled 

the investigation of individual PF compounds effects on enzymatic activity by means of 

combining biochemical assay detection with chromatographic separation (Appendix III). 

Necessary optimization steps include the establishment of a chromatographic separation 

and the finding of enzyme-compatible organic solvents (Appendix IV). Particular attention 

was given to assay validation, which was achieved by developing suitable control 

measurements and by employing a special software tool for the evaluation of atypical data 

(Appendix II). The here applied bioanalytical methods eventually enabled the investigation of 

enzymatic activity. Although being crucial biological catalyst, enzymes are merely a small 

part of a bigger picture, which is a cell, a tissue, an organ or an entire organism. For these 

reasons further experiments were performed to investigate the impact of PF on the 

proliferation of a porcine jejunal epithelial cell line and on the expression of a panel of genes 

involved in cell cycle and – if malfunctioning – in cell cycle dysregulation and cancer 

development. This chapter also approached drawbacks arising with in vitro tissue culture 

experiments like stability of extract compounds and hydrogen peroxide generation in cell 

culture medium. Bringing together both experimental moieties thus allows a circumspect 
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assessment of PF extract effects on cell physiology.  

4.1. Enzymatic assay development – Adjustment of method parameters 

Photometric detection of enzymatic activity is often employed for routine high-throughput 

screenings (HTS). Those standardized methods can be utilized for the discovery of new 

inhibitory molecules, which regulate enzymes e.g. involved in pathological conditions. The 

possibility to conduct enzymatic assays in physiological buffers, e.g. phosphate buffer, is one 

of the major arguments in favor of photometric detection. However, natural enzymatic 

substrates and their respective degradation products may not always be photometrically 

detectable. Although the utilization of chromogenic or fluorogenic and therewith artificial 

substrates is a possibility to overcome this issue, those have been shown to affect enzymatic 

specificity [197, 198]. A technique, which allows the use of most physiological substrates and 

simultaneously provides comprehensive knowledge of enzymatic action, is MS. By means of 

this detection method following the course of an enzymatic assay may not just include 

monitoring the physiological substrate degradation as well as the product generation, but 

also the increase and decrease of possible enzymatic intermediates [4] (Appendix I). To 

successfully adapt photometrical assays to MS detection several imperative optimization 

steps have to be executed (Figure 4). This includes the decrease of substrate and enzyme 

concentrations, the selection of a volatile buffer, the determination of a suitable pH value, 

the reduction of ion strength as well as the investigation of kinetic parameters [6, 14]. In the 

following those steps are exemplarily described by means of enzymatic assays of XOD, GST 

and iAP.  

 

Figure 4 Enzymatic assay adaptation from photometric to MS detection (i.e. continuous flow assay) 
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4.1.1. Determination of buffer and pH impact 

The selection of a suitable buffer or salt system is not only important with regard to its 

compatibility with the respective enzyme of interest, but must also meet the requirements 

and restrictions related to the analytical technique employed.  

MS is a reliable and powerful method for the comprehensive analysis of enzymatic assays. 

However, the application of non-volatile buffers and high concentrations of salts have to be 

avoided in order to prevent contamination, impaired ionization and signal suppression 

effects [14, 199]. Nevertheless buffer-related difficulties can also emerge in photometric 

enzymatic assays. Side-reactions between assay components and buffer may falsify assay 

result using photometric detection. For instance the use of phosphate buffer is unsuitable 

for the determination of phosphatase assays like e.g. iAP, which assess enzymatic activity via 

phosphate release. Moreover additives like TRIS or ethanolamine have been shown to act as 

good phosphate acceptors for transphosphorylation reactions catalyzed by phosphatases 

[200, 201]. Although the presence of latter chemicals has been reported to also be able to 

enhance enzyme activity [202, 203], they nevertheless interfere with photometric phosphate 

detection and result in a lower quantity of detectable phosphate.  

In general, alterations  of the buffer system have been observed to affect enzymatic activity 

insofar as they can cause enzymatic inhibition, enzyme conformational changes or shifts of 

the enzymes pH optima [200, 202-208]. Thus, a successful assay adaption to MS detection 

requires the assessment of potential adverse effects of the MS-compatible buffer of choice 

on the enzyme. In this context, a reduction of enzymatic activity in MS-compatible volatile 

buffers compared to phosphate buffer has already been reported by de Jong et al. with 

acetylcholine esterase [34].  

XOD activity has been widely investigated with photometric methods using phosphate buffer 

at pH 7.5 [209]. Therefore the activity of XOD was comparatively investigated using 

photometric detection in either well-established physiological phosphate buffer or volatile 

NH4Ac buffer, which is suitable for MS detection (Figure 5).  
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Figure 5 Photometrically detected XOD assay with 0.5 mM xanthine and 1 mM NH2OH conducted either in 200 

mM phosphate buffer pH 7.4 (A, dark grey colum) with 0.0125 U/mL XOD or in 10 mM NH4Ac pH 7.4 with 

0.0125 U/ml or 0.04 U/mL (A, light and mid-grey column). Columns represent relative generation of nitrite at 

time point 3Ϭ ŵiŶ ǁith Ŷ≥ϯ.  

 

The activity of XOD was therefore comparatively assessed by means of measuring the 

absorption at time point 30 min (Figure 5). XOD activity can be observed by means of the 

superoxide released during xanthine substrate degradation to uric acid. Superoxide then 

oxidizes hydroxylamine to nitrite, which is followed by the formation of a colored complex 

after the addition of sulfanilamide and the azo dye NED [210, 211] (Figure 10). Nitrite 

formation was found to be slightly reduced in NH4Ac solution compared to phosphate buffer 

(Figure 5, light and dark grey column respectively). Upon raising the enzyme concentration, 

the activity increased to a level comparable to assays conducted in phosphate buffer (Figure 

5, mid-grey column). Furthermore XOD activity towards its substrate could be captured at 

several time points within 60 min in 10 mM NH4Ac solution pH 7.4, which is reflected by an 

increase of absorption over time (Figure 6). However the amount of enzymatically generated 

nitrite in comparison to the quantity of xanthine available to the enzyme was found to be 

only minor throughout the whole experimental time (data not shown). Since the pH value of 

the buffer solution was 7.4, this finding may be attributed to minor superoxide stability, 

whose half-life highly depends on the pH value of the solution. It undergoes fast dismutation 

to H2O2 at physiological pH [212], which makes it a crucial factor for the here employed 

photometric XOD assay detection. 
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Figure 6 Relative nitrite generation within 60 minutes reaction time with 0.04 U/mL, 0.5 mM xanthine and 1 

mM NH2OH in 10 mM NH4Ac pH 7.4. 

 

Although various publications are available, which utilize radiolabeled substrates [213], 

employ fluorimetric quantification [214, 215] or follow XOD activity by means of UV 

detection [215, 216], the here employed assay might be considered particularly useful in 

terms of finding not only XOD inhibitors but also compounds able to scavenge the released 

superoxide [211]. Both would be reflected by the decrease of the absorption in comparison 

to XOD assay without the addition of an individual compound of interest or a complex 

mixture like e.g. a plant extract. Based on the pH-dependent superoxide dismutation 

reaction, the employed assay may not result in quantitative assessments of XOD activity, but 

would still allow qualitative assertion of the extent of an enzymatic regulation. 

Consequently, in the context of the described photometric XOD assay, the selection of a 

suitable pH value was found to be crucial in order to ensure adequate detection of 

enzymatic activity. Apart from considerations regarding effects of pH on the overall assay 

detection, enzymatic activity can also be affected directly by pH changes. Assay adaption 

may therefore be a compromise between maintaining sufficient enzymatic activity as well as 

assay detectability (Appendix I) [6, 14, 217] (Figure 7). Beyond that, the selection of a 

suitable pH value is an important factor in the context of MS measurements, since it 

distinctly affects ionization efficiency and thus the overall detection of assay components 

[14]. In this regard the activity of the highly pH dependent enzyme iAP, which shows its 

fastest substrate degradation at alkaline pH [41, 218, 219], was comparatively assessed by 
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means of a photometric as well as a MS approach. Using its physiological nucleotide 

substrates ATP, ADP or AMP [37, 220] the progress of catalysis was observed at alkaline pH 

9.0, neutral/physiological pH 7.4 and acidic pH 6.0 by means of capturing inorganic 

phosphate released through enzymatic stepwise dephosphorylation reaction [42] (Figure 7 & 

Appendix I). 

 

Figure 7 Enzymatic phosphate release from nucleotide substrates ATP (), ADP () or AMP () at pH 9.0 (A), 

7.4 (B) or 6.0 (C) with 0.2 U/mL iAP and 40µM of ATP, ADP or AMP. Enzyme assay with ATP substrate in pH 9.0 

was set to 100% with the phosphate release of the other assays calculated accordingly. Standard deviations of 

all time points, all employed substrates and pH values are 9.3% ± 4.7. Final concentrations of enzymatically 

released phosphate at time point 90 min: pH 9.0 (A): 120 µM ± 4.6 with ATP substrate, 67.9 ± 6.9 with ADP and 

39.7 µM ± 1.8 with AMP; pH 7.4 (B): 76.8 µM ± 5.5, 54.9 µM ± 8.8 and 30.1 µM ± 1.1; pH 6.0 (C): 2.7 µM ± 0.4, 

2.5 µM ± 0.2 and 2.0 µM ± 0.3. 

 

At pH 9.0 the enzyme was observed to catalyze a fast and total dephosphorylation of its 

substrates, which is reflected by the initial steep increase of detectable phosphate followed 

by a nearly constant absorption. iAP is still active in pH 7.4 (B), whereas dephosphorylation is 

distinctly decreased in pH 6.0 (C). The release of phosphate was however not completed 

within the observed experimental time neither at neutral nor at acidic pH for all substrates 

(B, C). The reduced activity was discussed in previous publications, in which it is attributed to 

an inhibition of iAP by Pi and PPi at low pH values [221]. The photometrically observed pH 

dependency of enzymatic activity was also confirmed by iAP assays transferred and adapted 

to MS detection (Table 13 & Appendix I). However MS also allowed the observation of a 

stepwise enzymatic dephosphorylation with details about the progress of enzymatically 
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degraded substrate, generated intermediates as well as the final product adenosine (Figure 

10, C(2) & Appendix I, Figure 4). Data evaluation of both, photometric as well as MS 

measurements, furthermore suggested a substrate preference of iAP towards ATP and ADP 

compared to AMP (Table 13 & Appendix I).  

Table 13 iAP activity towards ATP, ADP or AMP substrates at pH 6.0, 7.4 or 9.0 detected photometrically or 

mass spectrometrically. Data is presented as substrate degradation rates [relative substrate degradation/min] 

for mass spectrometric assays or as slopes of tƌeŶd liŶes [ΔaďsoƌptioŶ/Δtiŵe] foƌ photometric assays. 

Photometric assay  

Average value of Ŷ≥ϲ: Δabsorption/Δtime ± standard deviation (SD)  

 
pH 6.0 SD pH 7.4 SD pH 9.0 SD 

ATP 1.350 x 10-3 0.164 x 10-3 5.856 x 10-3 0.949 x 10-3 19.73 x 10-3 2.976 x 10-3 

ADP 1.650 x 10-3 0.197 x 10-3 5.033 x 10-3 1.476 x 10-3 12.27 x 10-3 1.133 x 10-3 

AMP 1.083 x 10-3 0.075 x 10-3 2.467 x 10-3 0.711 x 10-3 7.133 x 10-3 0.561 x 10-3 

Mass spectrometric assay  

Average value of Ŷ≥ϱ: relative substrate degradation/min ± standard deviation (SD) 

 

pH 6.0 SD pH 7.4 SD pH 9.0 SD 

ATP 10.17 0.734 38.1 13.63 575.6 58.12 

ADP 8.43 4.379 27.42 15.47 751.7 128 

AMP 7.001 1.175 11.48 5.379 121.9 32.33 

 

4.1.2. Determination of a suitable substrate concentration  

The understanding of enzymatic activity requires the consideration of certain kinetic 

parameters like Michaelis-Menten constant (KM) or the maximum reaction rate (Vmax). The 

determination of those is exemplarily presented for a photometrically detected GST assay. 

GSTs are part of the biotransformation phase II metabolism, which involves the 

detoxification of electrophilic xenobiotics by their conjugation with GSH to increase the 

water-solubility and thus facilitate excretion of harmful substances [222]. Consequently the 

assay contains two substrates, with CDNB mimicking the xenobiotic compound, which is 

͞detoǆified͟ ďǇ the eŶzǇŵatiĐ ĐoŶjugatioŶ to the second substrate, reduced GSH [223-225]. 

Kinetic parameters were determined either with constant GSH and increasing CDNB 

concentrations or vice versa (Figure 8, A and B, respectively). Taking into account the 

calculated standard deviations, KM values for both approaches were observed not to differ 

distinctly, which reflects a similar enzymatic substrate affinity towards GSH as well as CDNB. 

This is in accordance with previous findings of Enache et al. aŶd Boušoǀá et al., who detected 
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a similiar KM for CDNB and GSH of ~0.100 mM or ~0.176 mM, respectively, for equine liver 

GST, albeit in phosphate buffer pH 6.5 [224, 225]. Although the here calculated Vmax is not 

directly comparable due to its expression as abs/min (Figure 8) rather than µmol/min, the 

Vmax values for varying GSH as well as varying CDNB concentrations were found also to lie in 

a similar range [224]. However the slight increase in Vmax at a constant and high 

concentration of 1 mM CDNB (Figure 8, B) might be accounted to an enhanced accessibility 

of CDNB for the enzyme, since the availability of CDNB at low concentrations is presumably 

reduced based on the molecules hydrophobicity, which necessarily results in a poor 

solubility and a preferred aggregation of the compound in aqueous solution [226].  

 

Figure 8 Lineweaver-Burk plots of GST assays with 0.1 U/mL GST in 10 mM NH4Ac pH 7.4 with either constant 

0.2 mM GSH and varying CDNB concentration (0.1, 0.2, 0.3, 0.5 and 1.0 mM) (A) or constant 1 mM CDNB and 

varying GSH concentration (0.02, 0.05, 0.07, 0.1, 0.2, 0.5 mM) (B).  

 

Ge et al. performed kinetic analysis of GST using both a photometric and MS approach. 

Assays were conducted in 10 mM NH4Ac pH 7.0 with 1 mM CDNB and increasing 

concentrations of GSH, making their study results comparable with the data presented in 

Figure 8 B [227]. They calculated a KM value of 0.11 mM with photometric and 0.13 mM with 

MS detection, which for one is in high accordance to the results obtained here and for 

another shows the potential of MS and photometric detection to obtain highly comparable 

results for some enzymatic assays.  
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4.1.3. Determination of activity in the presence of organic solvents 

To overcome the issues arising with hydrophobic enzymatic substrates like CDNB, the 

addition of low concentrations of organic solvent to an assay has already been proven to be 

a helpful means to enhance the solubility of non-polar assay components and 

simultaneously increase the substrate availability and thus the product formation [228-231]. 

The appropriate solvent, advantageous regarding CDNB solubility as well as maintenance of 

sufficient enzymatic activity, has to be evaluated by measuring the assay in the presence of 

different solvents and solvent concentrations (Figure 9). Besides being helpful in terms of 

enhancing the solubility of non-polar assay compounds, organic solvents are also a common 

requirement for chromatographic separations as they are for instance implemented into 

online coupled continuous flow mixing systems as discussed in chapter 4.4.. 

 

Figure 9 Photometric determination of GST tolerance to different organic solvents and solvent concentrations 

using 0.1 U/mL GST, 0.2 mM GSH, 1 mM CDNB in 10 mM NH4Ac pH 7.4. Data is presented as relative slopes of 

linear trendlines of GST product formation with the average value of GST assays in purely aqueous solution (= 

aq.) set as 100%.  

 

With most solvents and solvent concentrations, the activity of GST is decreased with up to 

merely 45% activity left with 30% EtOH compared to GST assays in purely aqueous solution 

(Figure 9, dark grey column). However a general tendency could be observed, whereupon 

the enzymatic product generation is increasing with decreasing solvent polarity [232]. This 

would confirm the assumption of a poor CDNB availability in entirely aqueous solution as 

discussed in chapter 4.1.2.. Nevertheless by improving the solubility of CDNB, organic 
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solvents also negatively affect the enzymatic activity, which leads to a reduction of product 

generation with the exception of 10% and 20% ACN and 10% ACE. Those solvents and 

concentrations can be assumed to enhance CDNB solubility and simultaneously maintain or 

even increase enzymatic activity. In contrast to the findings here, Scheerle et al. mostly 

observed distinctly lowered substrate degradation in the presence of organic solvents and 

no correlation between organic solvent polarity and enzymatic activity, however employing 

polar substrates [5]. In this case sufficient availability of the substrate is given in purely 

aqueous solution, wherefore the addition of organic solvents can be assumed to negatively 

affect the enzymatic activity without the advantage of improved substrate solubility. 

Nevertheless they also found an enhanced activity of glycoside hydrolases chitinase and 

lysozyme with assays containing EtOH or ACN and MeOH, respectively. The possibility for a 

preserved or even increased enzymatic activity in the presence of organic solvents has 

already been described and is amongst others ascribed to a stabilization of the enzymatic 

structure [228, 233-235]. 

4.2. Photometrically vs. mass spectrometrically detected enzymatic assays 

Photometric determination of enzymatic activity revealed distinct differences regarding the 

detectable assay components, whether it may be a direct detection of enzymatic substrate-

formation with GST or the indirect determination of assay by-products like enzymatically 

released inorganic phosphate with iAP or superoxide with XOD (Figure 10, left column, grey 

shaded components). GST product generation was captured continuously via the direct 

detection of absorption changes caused by the formation of the GSH-CDNB conjugate 

(Figure 10, B(1)). In contrast, with iAP and XOD assays neither the decrease of substrate or 

the increase of the primary product is photometrically detectable. Both assays required the 

addition of mediator compounds, which eventually led to the formation of a colored 

complex via the reaction with secondary assay products Pi or superoxide, respectively (Figure 

10, left column) [210, 211, 236-238]. Enzymatic activity was therefore investigated by means 

of quenching the enzymatic reaction at defined time points, which consequently resulted in 

a non-continuous assay detection (Figure 10, A(1) and C(1)).  
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Figure 10 Comparison of XOD (A), GST (B) and iAP (C) photometric (1) and MS (2) assays. All assays were 

conducted in 10 mM NH4Ac pH 7.4. MS-detectable assay components are marked red (left colum). Assay 

concentrations were as follows: A (1) with 0.5 mM xanthine, 1 mM NH2OH, 0.04 U/mL XOD, A(2) with 25 µM 

xanthine, 0.02 U/mL XOD; B(1) with 0.2 mM GSH, 1 mM CDNB, 0.1 U/mL GST, B(2) with 25 µM GSH, 25 µM 

CDNB, 0.3 U/mL GST; C(1) 40 µM ATP, 0.2 U/mL iAP, C(2) 40 µM ATP, 0.2 U/mL iAP 

 

In contrast the assay adaption to the real-time online MS setup allowed the continuous 

observation of enzymatic activity (Figure 10, A(2), B(2), C(2)). The utilization of MS detection 

furthermore enabled the reduction of most concentrations as well as a decrease of the 

overall experimental time. The necessary assay components could be limited to the 

respective enzyme and the corresponding substrate(s). Color-forming compounds like 

sulfanilamide and NED or malachite green molybdate, which were essential for the 

photometric detection, could be omitted entirely. Moreover, the reduction of 

concentrations to achieve MS compatible conditions enabled the measurement in purely 

aqueous solution, despite the presence of poorly water-soluble GST and XOD substrates, 

respectively (Figure 10, A(2), B(2)). 
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As already discussed in chapter 4.1.1. photometric assay of XOD might result in ambiguous 

findings with regard to the extent of enzymatic activity or inhibition, which can be ascribed 

firstly to the minor stability of the enzymatically released superoxide and secondly to the 

poor distinguishability between actual enzymatic inhibition and mere superoxide scavenging 

by compounds added to the assay. In contrast, by employing MS detection for the 

investigation of XOD activity both issues can be avoided. First results indicate that by adding 

the specific superoxide scavenger dihydroethidium (DHE) to the assay, a differentiation 

between enzymatic inhibition and released superoxide might be feasible in the presence of 

PF extract (data not shown). Furthermore by means of MS detection it became possible to 

directly capture substrate and product without the necessity of relying on superoxide 

stability. The benefits of being able to follow all assay components are also especially 

obvious for iAP assay. Besides the detection of the ATP substrate, the measurement 

revealed two intermediate products (ADP and AMP) and the generation of the final product 

Ado (Figure 10, C(2)) [42] (Appendix I), all of which non-detectable with the utilized 

photometric method (Figure 10, C(1)). Although Moss et al. already showed the formation of 

intermediates during ATP stepwise dephosphorylation, they had to perform a time-

consuming multiple-step experimental procedure. Their method resulted in a non-

continuous determination of iAP activity, which did not include the observation of adenosine 

product generation [42]. However, the determination of phosphate within iAP assay or 

superoxide within XOD assay, respectively, could not be realized with MS, but only via 

photometric detection. Hence it might be beneficial to conduct both methods to gain a 

comprehensive picture of enzymatic activity. In their studies Deng et al. and Ge et al. 

highlighted the competitiveness of MS detection with regard to the determination of 

enzymatic kinetics and inhibition analysis in comparison to classical spectroscopic 

approaches [227, 239]. Therefore photometric and MS measurements of enzyme kinetics 

can be considered to be complementary for certain assays.  

4.3. Enzymatic activity in the presence of regulatory compounds  

The regulation of enzymes involved in the development and progress of diseases is a 

common therapeutical means for a successful alleviation, e.g the suppression of XOD activity 

with allopurinol for the treatment of gout [87]. Inhibition kinetics are usually investigated via 
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well-established and robust photometric approaches, which also offer the possibility for an 

automatized HTS. Those methods however lack important information in terms of observing 

all assay components. Therefore efforts have been made to use MS detection for the 

sensitive and quantitative HTS of enzymatic regulators [20, 21, 240, 241]. By utilizing MS 

detection a more comprehensive picture of enzymatic regulation can be obtained. This is of 

special interest with regard to multi-component assays, which include the generation of 

several intermediates (Figure 11).  

 

Figure 11 Direct comparison of individual iAP assay traces ATP, ADP, AMP and Ado in the presence (dotted 

traces) and in the absence (solid traces) of 200 µM GSH (left) as well as determination of IC50 value with 

increasing GSH concentrations (right). Assay composition was as follows: iAP assay with 0.2 U/mL iAP and 40 

µM ATP in 10 mM NH4Ac pH 7.4.  

 

The stepwise ATP substrate dephosphorylation by iAP results in the generation of ADP and 

AMP intermediates as well as the final enzymatic product adenosine. Changes in the 

progress of individual nucleotide traces could be continuously followed, whereupon a 

distinctly decelerated degradation of ATP and ADP as well as generation of ADP, AMP and 

Ado was observed in the presence of the iAP inhibitor GSH (Figure 11, left, dotted traces) 

compared to assays without an inhibitor (solid traces). The addition of increasing GSH 
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concentrations to iAP assays revealed an IC50 of about 200 µM with the here applied 

conditions (Figure 11, right).  

Besides the investigation of effects of single molecules on enzymatic activity, the addition of 

complex mixtures like e.g. plant extracts to enzymatic assays provides insight into possible 

regulatory effects. Although drawing conclusions about individual regulators is not possible 

in this case, the addition of a plant extract of interest to an enzymatic assay is an easy means 

to assess a mixtures regulatory potential. In this regard PF extracts, prepared with different 

organic solvents, were added to photometrically measured GST assays in 4 different 

concentrations (Figure 12, A). In contrast to EtOH extract, which lacked inhibitory effects, 

water and MeOH extracts were found to distinctly suppress GST activity. Due to the polarity 

of extraction solvents used, GST is inhibited rather by polar than moderately polar PF 

compounds as they would be present in the here applied non-inhibitory EtOH extract. 

Rohman et al. investigated the activity of different GSTs in the presence of onion bulb 

extracts and detected the most pronounced effects in the presence of a polar water extract 

compared to only minor inhibition caused by a non-polar hexane extract [242]. In contrast, 

no correlation between compound polarity and regulatory activity was found by Iio et al., 

who detected a distinct GST inhibition after addition of individual and mainly poorly water-

soluble flavonols and flavones to the assay [243].  

However, as fast and easy photometric determination of enzymatic activity may be, it can 

also lead to ambiguous results. The addition of complex mixtures or even individual 

compounds might be capable of interfering with photometric assay detection, either by 

overlaying absorption of mixture compounds at the wavelength of assay detection or by 

affecting the formation of a colored complex. Moreover, considering the photometric 

investigation of XOD assay, a distinction between an actual enzymatic inhibition and the 

scavenging of released superoxide by extract molecules is not feasible with the applied assay 

procedure. MS detection, which directly observes xanthine substrate and uric acid product 

may therefore help to elucidate enzymatic action without relying on the release of 

superoxide (Figure 10, A(2)). Xanthine oxidase assay was therefore measured in the 

presence of increasing concentrations of VS PF water extracts. Data evaluation revealed an 

extract concentration-dependent enzymatic inhibition (Figure 12, B), which is reflected by 

decreasing substrate degradation and product generation.   
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Figure 12 A: Photometrically determined GST activity with 0.1 U/mL GST, 0.2 mM GSH, 1 mM CDNB in 10 mM 

NH4Ac pH 7.4 without extract (left dark grey colum) or 0.2, 0.5, 0.8 or 1.0% (v/v) of extract redissolution solvent 

80% MeOH as controls ;= ͞MeOH [%]͟Ϳ or 0.2, 0.5, 0.8 or 1.0% (v/v) water, 90% EtOH or 90% MeOH, 0.5% FAc 

PF extract (= ͞ǁateƌ eǆtƌaĐt [%]͟, ͞EtOH eǆtƌaĐt [%]͟ oƌ ͞MeOH eǆtƌaĐt [%]͟respectively). PF extracts were 

prepared using method 1 described in Table 1. B: Mass spectrometrically determined xanthine degradation and 

uric acid generation. Depicted columns represent the slopes of trend lines applied to the initial linear decrease 

(xanthine) and increase (uric acid). Assay composition were as follows, 0.004 U/mL XOD and 25 µM xanthine in 

90% 10 mM NH4Ac pH 7.4, 10% IPA (v/v) in the presence of increasing quantities of VS PF water extract 

redissolved in water in a total assay volume of 500 µL. PF extract quantities given here refer to the weight of 

the powder, which is obtained after extraction and extraction solvent evaporation.  

 

Finding promising enzymatic regulation after applying a complex mixture consequently 

results in the isolation of single compounds, which are then further tested for their 

individual regulatory potential. The procedure mainly employed for this purpose is the so-

called bioassay guided fractionation (Appendix III, Figure 5). This technique has been used 

e.g. by Huo et al. for the isolation of PF molecules, whereupon they were added to XOD 

assay to assess their impact on the enzymatic activity, which resulted in the finding of 

several inhibitory compounds including caffeic acid, rosmarinic acid and apigenin [244]. The 

employed procedure usually involves repeated fractionation, followed by the fractions 

exposure to the enzyme. Therewith the quantity of extracts compounds can be gradually 

narrowed down to eventually isolate enzyme-regulatory substances [191].  
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4.4. Online coupled continuous flow mixing setup 

A setup, which combines the chromatographic separation of a mixture with the direct MS 

detection of enzymatic activity, is the online-coupled continuous flow mixing setup (Figure 

13, Bottom). The system has already been employed for a variety of different enzymes and 

applications, ranging from the screening of complex mixtures on enzyme regulatory 

molecules [27] to the determination of IC50 values of known enzymatic inhibitors [35, 245]. A 

comprehensive overview of publications regarding online coupled continuous flow mixing 

systems along with the investigated enzymes and the chromatographic methods used can be 

found in a recent publication (Appendix III, Table 2).  

Again concentrations of enzyme and substrate have to be adapted from real-time 

continuous flow assays to the online coupled continuous flow mixing setup in order to 

detect the substrate as well as the generated product at sufficient MS intensity. The extent 

of substrate degradation is dependent on the reaction time provided by the length of 

reaction coil 2 (Appendix IV, Figure 1), which ensures the sufficient mixing of substrate and 

enzyme. Furthermore the interaction time between a regulatory compound injected to the 

system and the enzyme is dependent on the length of reaction coil 1, in which the flow 

containing the enzyme (Appendix IV, Figure 1, upper trace) is mixed with the 

chromatographically separated extract or with individual compounds injected to the system, 

respectively (Appendix IV, Figure 1, middle trace). Both reaction coils are knitted to improve 

the mixing of flows [246-248] and their length has to be adjusted in order to achieve the 

desired interaction time. However, opposed to the introduction of a single compound to the 

system, which is a straightforward means to investigate its regulatory potential on an 

enzyme of interest, the injection of a complex mixture requires the implementation of a 

chromatography. In this context several points have to be considered. Most importantly the 

addition of organic solvents, which are necessary for a chromatographic separation, has to 

be kept low and constant in order to maintain sufficient and consistent enzymatic activity 

(Figure 13). The separation was therefore established as isocratic elution, which however 

has the drawback of limiting the overall quantity of elutable compounds.  
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Figure 13 Enzymatic assay adaption from real-time continuous flow to the online coupled continuous flow 

mixing system 

 

Method establishment is described in the following chapters, starting with the molecular 

characterization of PF extracts (chapter 4.4.1.) and proceeding with the enzymatic assay 

adaption (chapter 4.4.2.), which included comprehensive control experiments in order to 

validate the results after the injection of a known inhibitor (chapter 4.4.3.). The merging of 

established enzymatic assays and chromatographic separation of PF extracts is eventually 

discussed in chapter 4.4.4.. 

4.4.1. Molecular characterization of Perilla frutescens extracts & chromatographic 

method development   

In order to estimate the quantity of elutable PF compounds within the online coupled 

continuous flow mixing system, molecular composition of extracts was characterized  

beforehand using a HILIC-RPLC coupling with UV and MS detection [195, 249]. By means of 

this method non-polar as well as polar compounds can be captured in a single run, which 

allows a comprehensive overview of the entirety of contained molecules. Knowledge about 

the polarity distribution of extract compounds is eminently important for the establishment 

of the chromatographic separation implemented into the online coupled continuous flow 

mixing system.  
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Figure 14 Exemplarily displayed chromatographic separation of PF water (A) and 100% EtOH extract (B) using 

the HILIC-RPLC coupling. Mass spectrometrically detected m/z of contained molecules are plotted against their 

RTs. 

 

The molecular characterization of PF extracts revealed clear differences between the 

extracts, which can be ascribed to the use of different solvents for the extraction (Figure 14). 

The determination of the water extract composition showed distinctly more molecules to 

elute within the first 17 minutes of the chromatographic run, in which mainly compounds 

with logD values below 0, i.e. polar ones, can be found [195]. In contrast the separation of 

100% EtOH extract was detected with an increase of eluting non-polar compounds after 25 

minutes and a distinctly lower quantitǇ ǁithiŶ the ͞polaƌ tiŵe ƌaŶge͟ up to minute 17, 

compared to PF water extract. Nevertheless both extracts contain polar compounds, which 

are potentially separable with the chromatographic method to be adapted for the utilization 

within the online coupled continuous flow mixing system. Due to the need of avoiding (high) 

organic solvent concentrations, which may negatively affect the enzyme, the 

chromatographic separation of PF extracts was first tested with an entirely aqueous isocratic 

elution. Chromatographic columns, which are stable to run with a 100% aqueous mobile 

phase, are available (Appendix IV, Supplementary material). However the quantity of eluting 

compounds as well as the MS intensities were found to be low (Figure 15, ). An efficient 

method to shorten the experimental time and to enhance the solubility and thus the elution 

of extract components is the application of a temperature gradient to the column [245]. The 

gradual heating of the mobile phase causes a decrease of its static permittivity, i.e. polarity, 
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which results in an increase of elution strength [250]. In accordance with the column 

specifications a moderate temperature gradient up to 70°C was applied (Figure 15 & 

Appendix IV, Figure 2). Due to the enhanced solution in the heated mobile phase an 

increasing quantity of eluting compounds (Figure 15, gray-shaded) and a distinct shift of 

retention times (Figure 15, arrows) was detected. Nevertheless also late-eluting compounds, 

like e.g. 623.1 or 639.1 (Figure 15), were still highly polar with logD values distinctly below 0 

(Appendix IV, Table 3). 

 

Figure 15 Chromatographic separation of PF water extract using a 100% aqueous mobile phase without () 

and with () the application of a moderate temperature gradient (TG) up to 70°C. Shaded compounds only 

elute after the application of a TG. Arrows mark the shifts in RT of a selection of eluting compounds, which are 

due to the increasing temperature applied to the column.  

 

Consequently a low amount of eluting compounds is expected after the injection of semi- to 

non-polar extracts with a 100% aqueous mobile phase. To extent the polarity spectrum and 

to further accelerate the separation low organic solvent proportions were added to the 

mobile phase and tested for their suitability within the online coupled continuous flow 

mixing system (Appendix IV, Figure 2). Besides being a necessary stability requirement with 
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most chromatographic columns, the use of organic solvents may also contribute to the 

improvement of MS intensities and signal stability (Appendix IV, Supplementary material, 

Figure S1) [14, 251]. Since organic solvents are likely to interfere with the enzyme´s catalytic 

activity (Appendix IV, Table 2, Figure 2 and Supplementary material) [5], their proportion has 

to be kept constant. This can either be achieved by performing an entirely isocratic 

separation (Appendix IV) or by the application of a counter gradient. By means of 

antagonizing the organic solvent proportion of the chromatographic gradient a constant 

solvent exposure to the enzyme can be preserved [26, 28, 29, 252, 253]. The additional flow 

will however cause the dilution of assay components and analytes, which potentially reduces 

the MS signal, wherefore a counter gradient was not applied here. Consequently a balance 

has to be found between the improvement of the separation by addition of an organic 

solvent and sufficient remaining enzymatic activity, wherefore the assessment of the 

enzymes compatibility with diverse organic solvents is a prerequisite for further 

measurements (Figure 9 & Appendix IV, Supplementary material). Moreover the injection of 

different PF extract polarities allows the comparison of chromatographic elution efficiency in 

terms of the contained polar, semi- and non-polar compounds (Appendix IV, Table). Due to 

the mostly polar properties of the employed mobile phases and the high content of polar 

compounds, most elutable features were found after the injection of PF water extract, 

followed by 50% EtOH extract and 90% MeOH, 0.5% FAc extract (Appendix IV). Injection of 

PF water extract revealed the best results with the applied most polar mobile phase 

containing 5% EtOH, whereas most elutable compounds of 50% EtOH and 90% MeOH, 0.5% 

FAc extract were observed with 5% IPA. Due to a higher static permittivity of the 10% EtOH 

and 5% IPA mobile phase [250], the finding of an improved elution efficiency for less polar 

extracts is reasonable. Consequently the lowest amount of compounds was found to elute 

with the non-polar 90% MeOH, 0.5% FAc PF extract and the most polar mobile phase of 5% 

EtOH (Appendix IV). Overall the applied chromatographic method was found to result in a 

good separation of PF extracts (Appendix IV, Figure 2). The plotting of known PF compound 

RTs vs their logDs revealed a logarithmic increase (Appendix IV, Figure 3). This correlation 

could then be utilized to tentatively assign unknown compounds e.g. like luteolin-6,8-di-C-

glucoside (Appendix IV, Figure 3, B). Based on the observed logD values, the range of eluting 

molecule polarities can be determined. This is of special interest with regard to the detection 
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of enzymatic regulation by means of the online coupled continuous flow mixing system. The 

classification of inhibitors in terms of their chemical properties may be insightful for the 

finding and identification of further promising regulatory compounds. 

4.4.2. Detection of an enzymatic assay 

In terms of enzymatic assay detection various methods have been employed with the online 

coupled continuous flow mixing system, which range from UV [27, 248] to fluorescence [26, 

28, 29, 252-255], MS detection [34, 35, 245] or a combination of UV or fluorescence with MS 

[27, 254] (Appendix III, Table 2). However UV and fluorescence detection methods require 

the use of artificial chromogenic or fluorogenic substrates, both of which can affect the 

enzymatic activity compared to the physiological substrate(s) [197, 256-258], which in most 

cases can be used with MS detection. Nevertheless a combination of UV or fluorescence 

with MS detection may facilitate a direct quantification of substrate degradation and 

product generation as well as the simultaneous determination of a regulatory compounds 

molecular weight. The elaborateness of those setups, which bring together multiple flows to 

be introduced, mixed and directed to the respective detection devices, requires equipment, 

which is not always available to the researcher. In this work a straightforward setup was 

therefore employed, which captured the assay traces as well as the injected compounds or 

the chromatographically separated mixtures by means of MS detection (Appendix II, III & IV). 

To be able to characterize unknown enzyme-regulatory compounds from complex mixtures, 

MS is a suitable method, since it provides the accurate molecular mass of a molecule of 

interest (Appendix IV, Table 3).  

4.4.3. System characterization and control measurements 

Prior to the merging of an enzymatic assay and a chromatographic separation using the 

online coupled continuous flow mixing system, the injection of known inhibitor(s) or an 

alternative enzymatic substrate served as control [27, 34, 35, 245, 254] to characterize the 

systems response to the presence of an enzyme-affecting molecule (Appendix IV, 

Supplementary material & Appendix II). Control measurements are presented by means of 

iAP assay. Its activity was determined in the presence of the inhibitor GSH as well as after 

the injection of alternative nucleotide substrates (Appendix II, Figure 4 and 5). The latter 

approach is exemplarily presented in Figure 16 using AMP as substrate. iAP degrades AMP to 
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adenosine, which results in a constant MS signal of the remaining AMP substrate and the 

adenosine product formed (Figure 16, Minute 5 to 10) [25, 35, 259]. 

 

Figure 16 iAP assay detected with the online coupled continuous flow mixing system. Concentrations 

introduced to the system were 2.4 U/mL iAP, 80 µM AMP and 80 µM of the internal standard histidine (IS). 

Assay components formulation was 10 mM NH4Ac pH 7.4, as were all used solvents. 160 µM, 320 µM, 1 mM 

and 2 mM ADP were successively injected to the system twice each (vertical lines). A: iAP assay, in which AMP 

substrate is dephosphorylated to adenosine. B: iAP assay with AMP substrate and injection of the alternative 

substrate ADP. ADP is primarily degraded to AMP by iAP, which results in an increase of AMP signal and a 

decrease in the final product adenosine (Ado). 

 

Due to the enzyme´s preference towards ADP compared to AMP, the introduction of ADP to 

the system results in an increase of the AMP signal. Furthermore less AMP can be degraded 

to adenosine in the presence of high ADP concentrations, thus consequently causing a 

decrease of the Ado signal (Figure 16). Previous experiments, in which iAPs activity towards 

ATP and ADP was reported to be more pronounced compared to AMP (Appendix I) could 

thus be confirmed with the online coupled continuous flow mixing system (Appendix II). 
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Moreover, the application of this setup allowed a faster analysis of iAP activity towards 

nucleotide substrates due to the possibility of a consecutive injection of a multitude of 

samples in one experimental run.  

Besides the investigation of alternative substrates, the iAP inhibitor GSH was injected to the 

system in increasing concentrations. As already observed by de Jong et al. [34] and de Boer 

et al. [35, 245] for acetylcholine esterase and cathepsin B, the presence of an inhibitory 

compound causes a temporary increase of substrate and simultaneous decrease of product 

signal. However injected concentrations of the GSH caused both, the ATP substrate as well 

as the dephosphorylation product traces of ADP and AMP to drop in intensity (Figure 17, A).  

 

Figure 17 iAP assay (A) and control (C) in the presence of GSH injected (vertical dashed lines, GSH peaks are not 

shown for clarity reasons) to the online coupled continuous flow mixing system. Control and assay component 

intensities were corrected using ionization factors (B and D, respectively), which were determined priorly. 

Adenosine trace was omitted due to inferior intensity.    
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This has to be ascribed to MS signal suppression, since the inhibitory effect of GSH on iAP 

activity has already been determined in previous experiments by means of continuous flow 

assays (Figure 11). To be able to address the issue of MS signal suppression and to correct 

the assay data, control measurements were conducted. For this purpose the ionization 

efficiency of all assays components was determined by introducing mixtures containing 

known concentrations of the substrate ATP, the intermediates ADP and AMP as well as the 

product adenosine to the MS. Thusly determined ionization factors were used to correct 

assay intensities (Figure 17, B). Based on the resulting intensity proportions in B, 

concentrations of ATP, ADP, AMP and adenosine were calculated and used to prepare a 

͞ĐoŶtƌol ŵiǆtuƌe͟. To mimic the same conditions as present in the assay, iAP was heat-

inactivated and introduced to the online coupled control system along with the nucleotide 

͞ĐoŶtƌol ŵiǆtuƌe͟ (Figure 17, C). Finally the correction of the control by means of the 

ionization factors resulted in highly similar intensities and intensity proportions of the 

control (D) and the assay (B) for all assay components. Using Achroma Software Tool 

(Appendix II, Figure 4) [196], correction of signal suppression in the presence of increasing 

GSH concentrations was conducted by calculating GSH-induced peak areas within the assay 

(Figure 17, B) and the control measurements (Figure 17, D). The subtraction of control peak 

areas from assay peak areas resulted in a GSH-concentration-depeŶdeŶt positiǀe ͞peak 

sigŶal͟ foƌ ATP aŶd Ŷegatiǀe ͞peak sigŶals͟ for ADP and AMP, which reflects the inhibition of 

iAP by GSH (Figure 18).  

 

Figure 18 Normalized and corrected assay component peak areas after subtraction of control peak areas. 

Adenosine trace was omitted due to its inferior intensity.    
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The measurement of suitable controls is especially important in the presence of organic 

solvents, which are necessary for the implementation of a chromatographic separation into 

the online coupled continuous flow mixing system (compare chapter 4.4.1). They may alter 

enzymatic activity [5, 260], e.g. by causing denaturation of the enzyme [261, 262], enzymatic 

structure stabilization or alterations of substrate specificity [263]. In case of XOD assay to be 

adapted to the online continuous flow mixing system, several different organic solvents 

were tested for their suitability in terms of maintaining sufficient enzymatic activity 

(Appendix IV, Supplementary material). Furthermore prior to the introduction of PF extract 

to the system, XOD assay response towards the injection of the known XOD inhibitor 

allopurinol [87] was determined (Figure 19 & Appendix IV, Figure 4). The measurement was 

conducted in the presence of 10% IPA, which was found to distinctly affect XOD activity 

(Appendix IV, Supplementary material), in order to investigate its impact on the detection of 

XOD inhibition. The results clearly illustrate the capability of the system to capture an 

enzymatic regulation despite the presence of an organic solvent, which has been priorly 

shown to reduce XOD activity.  

 

Figure 19  XOD xanthine substrate and uric acid product trace responses to the presence of the enzymatic 

inhibitor allopurinol. Assay concentrations as introduced to the system were as follows: 0.032 U/mL XOD, 50 

µM xanthine and 80 µM histidine, which served as internal standard (IS). Allopurinol was injected in the 

following concentrations: 50 µM, 100 µM or 200 µM (dashed lines). All online coupled continuous flow mixing 

system flows contained 10% IPA. 
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4.4.4. Coupling of chromatography and enzymatic assay 

Control measurements using IF data correction described in the previous chapter were also 

conducted for the detection of iAP activity after the injection of PF extract to the online 

coupled continuous flow mixing system. Using a mobile phase containing 5% MeOH for the 

chromatographic separation as well as a moderate temperature gradient up to 70°C, an 

enzymatic inhibition was captured approximately 45 minutes after injection of VS PF water 

extract to the system (Figure 20, A). The regulatory event was depicted by an increase of the 

ATP substrate trace and a decrease of dephosphorylation products ADP and AMP. Several 

compounds eluting within the time range of regulation could be found. Still none of them 

possessed the exact peak shape and retention time of the inhibition (Figure 20, A). Control 

experiments were therefore conducted to verify the presence of the captured inhibition (B).  

A control mixture of iAP assay components was prepared and introduced to the system 

along with heat-inactivated iAP (compare chapter 4.4.3.). During the early stages of the 

experiment up to approximately 10 minutes, the ratio between ATP, ADP and AMP 

intensities is similar for the assay and the control mixture. The clear negative peak apparent 

for all traces at 13 to 15 minutes after injection of VS PF water extract can be found in both 

experiments (A & B) and is due to the elution of non- or barely retained polar extract 

compounds. In contrast to the control, injection of PF extract has a distinct effect on the 

subsequent course of iAP assay measurement, with the assay trace intensities of ADP and 

AMP remaining at a distinctly lower level (A) compared to the control (B). Compounds 

eluting during the time point of regulation are comparable within control and assay, with the 

control however not showing the observed inhibition. Hence the positive substrate and 

negative product peak captured during iAP assay detection are very likely not due to eluting 

compounds interfering with mass spectrometric intensity. Consequently, iAP can be 

assumed to be regulated by the presence of eluting VS PF water extract compound(s), 

although the inhibitor could not be identified, which might e.g. be due to the molecule not 

being ionizable. 
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Figure 20 iAP assay (A) and control (B) measured with the online coupled continuous flow mixing system in the 

presence of VS PF water extract injected to the system. Assay concentrations introduced to the system were as 

follows 2.4 U/ml and 40 µM ATP substrate, whereas control measurements were performed using a mixture of 

iAP assay components (compare chapter 4.4.3.). PF extract is injected to both the assay and control 

measurement and is chromatographically separated using an isocratic elution with 5% MeOH and a 

temperature gradient up to 70°C. EICs of compounds eluting in the time range of regulation are displayed for 

iAP assay as well as control. Adenosine product trace was detected with minor intensity and is therefore not 

displayed. 
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Whereas iAP revealed a regulation after the injection of VS PF water extract, XOD assay was 

detected with an inhibition in the presence of chromatographically separated 90% MeOH, 

0.5% FAc PF extract and a mobile phase organic solvent content of 5% IPA at approximately 

18 minutes after extract injection (Figure 22, A & Appendix IV, Figure 5). The comparative 

assessment of PF extract chromatographic separation with 5% IPA revealed only a minor 

quantity of eluting compounds after the injection of water extract (Figure 21, A) or 50% 

EtOH extract (C) in comparison to 90% MeOH, 0.5% FAc extract (B) during the time range of 

XOD regulation.  

 

Figure 21 Elution of compounds in the time range of XOD inhibition between minute 17.5 and 18.5 (grey box) 

after injection of water (A), 90% MeOH, 0.5% FAc (B) or 50% EtOH extract (C) using a mobile phase containing 

5% IPA and a temperature gradient up to 70°C.  

 

Potential regulators could be limited to only a few, which possessed a retention time and 

peak shape similar to the observed inhibition (Appendix IV, Figure 6). An inhibitory activity of 

PF towards XOD has already been reported by Nakanishi et al. and Huo et al. [244, 264]. 

However, none of the therein mentioned compounds could be assigned to the here 

measured effect. This might be an indication for the finding of a new regulator with the 

applied setup. To verify the results, control measurements were conducted, which included 

a blank solvent injection (Figure 22, B). Neither the m/z´s eluting within the time range of 
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enzymatic regulation (Figure 21) nor an increase of substrate or a decrease of product signal 

were detected within the relevant time range. The control thus allowed ruling out the 

possibility of the observed regulation being due to the presence of the organic solvent or 

due to solvent impurities.    

 

Figure 22 Online coupled continuous flow mixing system employed for the detection of XOD assay (A) and 

control measurements (B, C). Injection of 90% MeOH, 0.5% FAc PF extract to XOD assay. Chromatographic 

separation was conducted with a mobile phase of 5% IPA:95% 10 mM NH4Ac pH 7.4 (v/v) and the application of 

a temperature gradient (A). Control measurement included the injection of 100% EtOH to XOD assay (B) or the 

introduction of 90% MeOH, 0.5% FAc PF extract to the system using solely xanthine substrate and no XOD (C). 

 

An additional control was measured with solely xanthine substrate and chromatographically 

separated 90% MeOH, 0.5% FAc PF extract (Figure 22, C). By means of this measurement, 

the effect of eluting compounds on the substrate trace could be determined in order to 

exclude the possibility of an extract molecule with the same m/z as the substrate to be 

responsible for the observed positive peak signal. However both control measurements 

were found with no response to the presence of the extract, which confirms the finding of a 

XOD regulation.  

4.5. Conclusion - Enzymatic assays and Perilla frutescens extracts 

The previous chapters comprehensively described the effect of PF extracts on the activity of 

the enzymes GST, iAP and XOD (Figure 12 A & B, Figure 20, Figure 22). In this regard the 

regulation of XOD can assumed to be of special interest, due to its involvement in several 

adverse health conditions. Excessive generation of its product uric acid causes hyperuricemia 

and gout. Moreover high levels of uric acid are extensively discussed as risk factors for 

hypertension and cardiovascular diseases amongst others [265, 266]. XOD was also 
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determined as source of oxidative stress due to the release of superoxide during (hypo-) 

xanthine degradation [267]. Due to its multiple roles in health and disease efforts have been 

made into the finding of natural substances able to suppress its activity [268, 269]. PF may 

therefore possess potential for the treatment of uric acid as well as superoxide associated 

diseases without the often adverse side effects of chemically synthesized medicinal drugs. 

Nevertheless severe pathological diseases like cancer unquestionably require the 

administration of drugs within the context of chemotherapeutical treatments. The utilization 

of those xenobiotic substances however triggers the action of enzymes involved in 

biotransformation processes including phase II GSTs. This family of enzymes is able to 

convert hydrophobic drugs to more hydrophilic derivates by conjugation to GSH, which 

results in the substances inactivation and facilitated elimination. This usually favored 

defense mechanism against potentially harmful chemicals may however lead to the 

premature clearance of administered drugs, which results in them being barely or non-

effective towards the e.g. cancer afflicted target location [270]. Overexpression of GST in 

cancer cells is discussed to be related to decreased drug sensitivity due to an enhanced 

conversion and removal of the therapeutics [271, 272]. Besides targeting the regulation of 

GST on gene expression level, the finding of inhibitory substances might provide solutions 

for overcoming drug resistance [273].  

A link between gene expression and cancer may also be existing for iAP. Some indications 

were found, which allow the conclusion of a tentative connection of its transcription to the 

tumorigenicity of HeLa x fibroblast cell hybrids [274]. A cancer-associated regulation has also 

been reported for further enzymes of the alkaline phosphatase type, including placenta AP 

and germ cell AP, which are closely related to iAP [275]. Besides its potential role in 

tumorigenesis, an enhanced presence of an intestinal AP variant has been found in patient 

with liver cirrhosis and diabetes mellitus [276]. However the significance of APs connection 

with pathological conditions and their contribution to the development and progression 

remains to be clarified.  

iAPs multiple physiological functions have been unveiled during the last couple of decades. 

Its activity is linked to a variety of important regulatory processes, like the 

dephosphorylation and thus detoxification of bacterial LPS or the regulation of intestinal pH 

via the pH-dependent degradation of ATP [37, 39, 50, 277]. Its susceptibility to the inhibition 
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by natural substances like GSH [278] or L-phenylalanin [218, 279] may however imply a 

physiological relevance of iAP suppression, which has yet to be elucidated.  

The inhibitory potential of PF extracts of the activity of XOD, GST and iAP could be 

investigated by means of the employed analytical methods. The detailed adaption and 

development of assays as well as the establishment of a chromatographic separation and the 

implementation of suitable controls were successfully conducted in order to 

comprehensively and critically investigate the activity of enzymatic assays with and without 

the addition of PF.  

4.6. Biomolecular assay development 

In the following, the effect of PF extracts on the physiology of the porcine jejunal epithelial 

cell line IPEC-J2 was assessed. PF extracts were prepared with various organic solvents or 

solvent proportions, respectively, which results in distinct differences regarding their 

molecular composition, polarity of contained compounds (Figure 14) and total reducing 

potential (Appendix V, Figure 1). Thus their application in cell tissue experiments provides 

insight in terms of the most effeĐtiǀe ͞polaƌitǇ fƌaĐtioŶ͟. Experiments were conducted using 

electric cell-substrate impedance sensing (ECIS), which allows the observation of kinetics of 

adherent cells. By means of electrodes on the bottom of each well, AC impedance 

alterations, which result from the overgrowing of the electrodes by the cells, are captured 

(Figure 23). The cell proliferation can be measured continuously and in real-time in a non-

invasive and label-free manner. The detection is reliable and the experimental preparation is 

easy and less time-consuming compared to manual counting or photometric determination 

of cell numbers.  

Depending on the respective aspect to be investigated, cells are seeded either in a low or 

high density. By starting with a high cell number e.g. to obtain a confluent cell layer, the 

initial impedance signal is highest due to entirely covered electrodes. This approach is widely 

used for the assessment of cytotoxic effects of drugs or other substances, as it has been 

done by Pradhan et al. [280, 281] or Mueller at al. [131], who administered an anticancer 

drug on a breast cancer line or the compound 1,8-cineole, a common odorant, on the 

porcine jejunal epithelial cell line IPEC-J2, respectively. A low cell count may however be 

used in order to obtain a low impedance signal at the beginning of the measurement, which 
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allows to follow the slow overgrowing of the electrodes. In this regard, Masanetz et al. 

investigated the effect of different pine pollen extracts on the cell proliferation of a porcine 

ileal epithelial cell line (IPI-21) [105]. Hence, this approach is most suitable for the 

assessment of changes in cell proliferation after the application of a substance or a complex 

mixture [282-284].  

 

Figure 23 A: Scheme of ECIS slide with 8 wells. B: Electrodes on the bottom of each well, which C: detect the 

impedance alterations caused by cells gradually overgrowing the well bottom surface. D: The signal is displayed 

as continuous increase of impedance over time. 

 

Apart from assessing the cell proliferation in the presence of PF extracts, a panel of genes 

involved in cell cycle progression and apoptosis and if misregulated in cancer development 

processes, was investigated to hint at prospective health-relevant areas of application for PF 

(Figure 24). Additionally cell toxicity of PF extracts was assessed by means of lactate-

dehydrogenase (LDH) release. Comprehensive control experiments were established to 

address artificial effects arising with the conduction of in vitro cell culture experiments 

(Figure 24). Since various studies discuss not just the antioxidant, but also the in vitro and in 

vivo prooxidant activity of polyphenols, additional experiments were performed to capture a 
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potential generation of ROS and H2O2. In the presence of cell culture media constituents like 

transition metal ions, natural compounds are prone to degradation [285, 286]. The stability 

of PF extract under the applied experimental conditions was therefore investigated using a 

HILIC-RPLC coupling with MS detection [195, 249].  

 

Figure 24 Assessment of cell proliferation in the presence of PF extracts and determination of cell toxicity 

(green) were performed with an initial cell concentration of 10 000 cells/well. Initial cell concentration for gene 

expression detection was 40 000 cells/well (green). Treatment with PF extracts was performed 20 h after 

seeding of cells for all experiments. Control measurements (grey) included the assessment of H2O2 generation 

in the presence of PF extract as well as the determination of PF compound stability in cell culture medium. 

Controls were conducted without cells.  

4.6.1. Determination of cell proliferation 

A suitable time point for the treatment of cells was determined by measuring the increase of 

impedance of untreated control cells (Figure 25, A, solid line) and simultaneously assessing 

the total cell number by manual counting using a Neubauer cell chamber (Figure 25, B). This 
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approach enabled the correlation of cell quantity with the impedance signal detected with 

ECIS. The initial slight increase of impedance (A) was found to be due to the adhesion of 

cells, which started proliferating only after approximately 25 hours (B). Comparable results 

were found by Mueller et al., who determined a cell settlement period of about 20 hours 

accompanied by an increase of impedance with the non-transformed porcine ileal epithelial 

cell line IPI-21 [287]. Hence cells were treated 20 hours after seeding to allow for a complete 

adherence and recovery.  

 

Figure 25 A: Cell proliferation iŶ the pƌeseŶĐe of ͞ĐoŶtƌol eǆtƌaĐts͟ compared to an untreated control detected 

with ECIS. Time point of cell treatment is marked 20 h after seeding (red dashed line). For the treatment 1% of 

the total assay volume (= 400 µL) were ƌeplaĐed ďǇ ͞ĐoŶtƌol eǆtƌaĐt͟ (= 4 µL), i.e. water, 50% EtOH, 100% EtOH 

or 90% MeOH, 0.5% FAc. In comparison a control was measured containing pure cell culture medium. B: Cell 

counting was done using a Neubauer cell chamber at defined time points. For this purpose cells were prepared 

in pure cell culture medium. In either case, standard deviation is calculated out of n=3. 

 

Due to PF extracts being redissolved in water, 50% EtOH or 100% EtOH (Table 1, Method 2), 

respectively, a possible effect of the solvents on the cells was investigated by means of 

applying control extracts, which were prepared like PF extracts but without the addition of 
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PF matter (Appendix V). No significant effect of the solvents on the cell proliferation in 

comparison to cells in pure cell culture medium was detected (Figure 25, A).  

In the following PF extract concentrations applied to the cells were chosen as to mimic 

physiological relevant quantities of 1 % to 10 % PF proportion of a whole meal (Figure 3). 

Decreasing concentrations of V“ PF ǁateƌ eǆtƌaĐt, ƌaŶgiŶg fƌoŵ ͞ϰ.Ϭ ŵg͟ ;≙ 10% of total 

food iŶtakeͿ to ͞Ϭ.ϰ ŵg͟ ;≙ 1% of total food intake), were administered to the cells 

(Appendix V, Figure 2, A). The treatment revealed a pronounced effect at PF quantities 

aďoǀe ͞ϭ.Ϭ ŵg͟, which was reflected by an immediate drop of the impedance signal after 

treatment (Appendix V, Figure 2, A).  A low physiological quantity of ͞Ϭ.ϰ ŵg͟ was therefore 

used for all further measurements (Figure 26). 

 

Figure 26 Assessment of cell proliferation after tƌeatŵeŶt ǁith ͞Ϭ.ϰ ŵg͟ PF eǆtƌaĐts. Tiŵe poiŶt of PF 

application at 20 h after seeding is marked (red dashed line). Positive SEM is displayed and was calculated out 

of n=9 for treatment and n=12 for untreated control measurements with pure cell culture medium (A) and n=8 

for treatment with VS PF water extract and respective untreated controls in pure cell culture medium (B). 
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All PF extracts caused an inhibition of cell proliferation within few hours after treatment, 

which is reflected by the delayed increase of impedance signal (Figure 26) as well as by an 

immediate decrease of calculated p-values (Appendix V, Figure 3) compared to the control.  

VS PF water, self-made water and 50% EtOH extracts caused a long-term significant cell 

growth suppression, which correlates with the extent of their observed total reducing 

capacity (Appendix V, Figure 1). Nevertheless the results may be considered inconclusive, 

since the delayed increase of impedance can either be attributed to an actual suppression of 

cell proliferation or to apoptotic events occurring to a proportion of the cells. The latter 

event may reduce the number of cells to a point at which enough would still remain to 

slowly overgrow the electrodes, thus mimicking cell growth inhibition. Therefore potential 

ĐǇtotoǆiĐ effeĐts of ͞Ϭ.ϰ ŵg͟ PF eǆtƌaĐts ǁeƌe assessed ďǇ ŵeaŶs of ŵeasuƌiŶg the ƌelease of 

lactate dehydrogenase (LDH) from the cells afteƌ tƌeatŵeŶt ǁith ͞Ϭ.ϰ ŵg͟ PF eǆtƌaĐts, which 

would be associated with cells undergoing apoptosis (Figure 27). 

 

Figure 27 DeteƌŵiŶatioŶ of LDH ƌelease afteƌ tƌeatŵeŶt of Đells ǁith ͞Ϭ.ϰ ŵg͟ PF eǆtƌaĐts 20 h after seeding (= 

0 h). Time points of LDH detection were 0 h, 6 h and 20 h after PF application. Standard deviation is given and 

was calculated out of n=3. Percentage of cytotoxicity was calculated according to the manufacturer guidelines.  
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Compared to the untreated control no distinct release of LDH at time point 0 h, 6 h and 20 h 

after treatment could be detected. This finding supports the conclusion of an actual 

inhibitory effect of PF extracts on the cell proliferation (Figure 26) rather than apoptosis. 

4.6.2. Determination of gene expression 

The results obtained with the detection of cell proliferation were furthermore verified by 

measuring the expression of a panel of genes involved in cell cycle and apoptosis (Figure 28, 

blue boxes). They are part of a wide network with the tumor suppressor p53 as key regulator 

of cell cycle progression. p53 is able to induce cell growth arrest by means of cyclin B1 and 

D1 suppression as well as by controlling cyclin-dependent kinase (CDK) inhibitor p21 [288]. It 

furthermore regulates pro-apoptotic proteins of the Bcl-2 family, leading to cytochrome c 

release from mitochondria, which eventually induces caspase 9 and thus apoptosis [289]. 

The absence or impairment of p53 regulatory functions result in the development and 

progression of cancer [290].  

In contrast, an important gene product required for cell cycle progression is c-jun, whose 

influence on cell proliferation includes the induction of cyclin D1 transcription as well as the 

suppression of anti-proliferative tumor suppressor p53 [291, 292]. Cyclin D1 in association 

with CDK4 and 6 promotes G1 phase progression as well as the transition to the S phase of 

the cell cycle. Cyclin B1, after forming a complex with CDK1, also plays a crucial role in the 

control of cell cycle progression and is predominantly expressed throughout G2 phase and 

mitosis [293].  

Additionally the regulation of 67kDa laminin receptor (67LR) was determined. In normal cells 

this cell-surface receptor has crucial functions in cell adhesion and signal transduction, but 

has moreover been observed to be involved in pathological conditions like cancer or prion 

disease [294].  
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Figure 28 PaŶel of geŶes, ǁhose eǆpƌessioŶ ǁas deteƌŵiŶed afteƌ the appliĐatioŶ of ͞Ϭ.ϰŵg͟ PF eǆtƌaĐts ;ďlue 

boxes), embedded into a regulative network [288, 292, 295-304] 

 

The expression of target genes was determined at 0, 6 at 24h after PF extract application to 

a confluent cell layer of IPEC-J2 cells. Caspase 9 was found to be non-regulated at all time 

points, which supports the findings obtained by LDH cytotoxicity assessment of PF being 

non-toxic to the cells (Figure 27). Cell cycle regulator genes cyclin D1, B1 and c-jun were 

detected to be downregulated (Appendix V, Figure 4) with cyclin D1 revealing an immediate 

response to the presence of PF extract at time point 0. In contrast downregulation of cyclin 

B1 became only apparent at time point 6h and 24h.  

Several studies observed an inhibition of cancer cell proliferation in the presence of PF 

extract [110, 186, 305] or by PF compounds like RA [116], luteolin [118, 306], triterpene 

acids [307] and apigenin [308]. Since cyclin B1, D1 and c-jun expression has been reported to 

be increased in tumor cells [309-311], the capability of PF extract to downregulate those 

genes may be considered promising in the alleviation of cancerogenesis.  

Furthermore, expression of 67LR was assessed. 67LR was detected to be downregulated by 

PF extracts at time point 0, 6 and 24 h, with PF 50% EtOH extract showing the most 

consistent effect (Appendix V, Figure 4). A connection between reduced 67LR expression and 
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cell cycle arrest has also been observed by Scheiman et al. [303]. The receptor gained 

particular interest due to its widely discussed association with cancer development and 

progression [312, 313], tumor-cell migration [314, 315] and angiogenesis [316]. Beyond that 

67LR is involved in several pathological conditions by serving as cell-surface receptor for 

prions and various viruses [317, 318].  

Although the observed suppression of genes was found to be not consistent with regard to 

the time points or the PF extract used (Appendix V, Figure 4), the results are in general 

agreement with the inhibition of IPEC-J2 cell proliferation after application of PF extracts 

(Figure 26).  

4.6.3. Determination of H2O2 generation in cell culture medium 

In vitro studies of cell lines in the presence of promising natural compounds and extracts is a 

common means to assess their effects on cells [102, 105]. However it has been found that 

significant quantities of H2O2 may be generated in cell culture [319], often due to high non-

physiological partial oxygen pressure. The presence of moderate H2O2 concentrations has 

been found to result in cells undergoing apoptosis and to cause necrosis at more elevated 

levels [320]. However apart from being toxic, effects of H2O2 on cell physiology are wide 

ranging and often opposing. It may exert its effect on cells on many different levels, ranging 

from cytotoxicity [321-323] to the stimulation or inhibition of cell growth [324-327], to 

alterations of gene expression [328-330]. Studies applying H2O2 to cells to evaluate its effects 

however found distinctly different concentrations to result in the observed effects [324, 331, 

332].  

A major concern when dealing with H2O2 generation is its involvement in the formation of 

ROS. The oxidation of Fe(II) to Fe(III) via Fenton reaction is accompanied by the generation of 

highly reactive hydroxyl radicals formed from H2O2. Those are known to cause cell damage 

e.g. by means of lipid peroxidation [333]. Laughton et al. reported the generation of hydroxyl 

radicals from H2O2 [334]. They also found indications for superoxide released through 

oxidation of flavonoids, which can then contribute to the reduction of Fe(III) to Fe(II) via 

Haber-Weiss reaction [335], which again catalyzes the generation of hydroxyl radicals. 

Several publications are available, which discuss experimental findings in this context, often 

coming to the conclusion that the published effects in studies dealing with effects of natural 
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substances on cell physiology might not be due to the substance or extract applied, but 

rather due to H2O2 or ROS generation [336]. Halliwell et al. provide a comprehensive 

overview, which clearly summarizes the problematic nature of disregarding the matter of 

H2O2 generation by listing a distinct quantity of studies, which might have unknowingly 

encountered this issue [286, 337]. Promising in vitro results obtained in the presence of 

(natural) compounds like e.g. the widely investigated epigallocatechin gallate (EGCG) appear 

in a new light and are critically discussed accordingly [338]. Nakagawa et al. attribute the 

regulation of caspase-3 gene expression as well as the finding of apoptotic cell death in the 

presence of EGCG to H2O2 and ROS formation [339]. But also other compounds like catechin, 

quercetin, gallic acid and many more have been proven to form significant levels of H2O2 in 

cell culture  [285, 319].  

However, neither LDH release (Figure 27) nor regulation of caspase 9 gene expression were 

detected after treatment of IPEC-J2 cells with low physiological PF extract concentration of 

͞Ϭ.ϰ ŵg͟, which is consistent with the here detected absence of distinct H2O2 generation 

(Appendix V, Figure 2 B). In contrast PF eǆtƌaĐt additioŶ of ͞Ϯ.Ϭ ŵg͟ resulted in a 

pronounced quantity of H2O2 up to ~130 µM with a steep initial increase during the first 24 

hours of experiment. Cai et al. challenged the here employed cell line IPEC-J2 with increasing 

H2O2 concentrations and determined only low suppressive effects on cell viability of less 

than 10% below 500 µM H2O2 compared to up to 40% suppression beyond approximately 4 

mM H2O2. However, in contrast to the experiments conducted here, they used a distinctly 

higher cell density, resulting in a confluent layer of cells, which for one thing might possess 

an improved resistance and for another thing results in an overall lower H2O2 exposure per 

cell [141]. In contrast other researchers observed apoptosis related DNA fragmentation after 

treatment of another cell line with merely 100 µM H2O2 [332]. Hence considering previous 

experimental findings regarding the effect of H2O2 on cells, the here detected concentration 

can be assumed to be at least partly responsible for the decreased cell proliferation detected 

ǁith ͞Ϯ.Ϭ ŵg͟ (Appendix V, Figure 2).  

The application of higher VS PF water extract quantities (Appendix V, Figure 2A) is probably 

even more likely to cause H2O2 formation beyond the determined level. Consequently the 

determination of H2O2 formation is crucial for the validation of in vitro cell culture 

experiments. Its formation in cell culture is often related to oxidation and thus degradation 
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of extract compounds. However some compounds have been found to be unstable under in 

vitro conditions without generating significant H2O2 levels [285]. The absence of detectable 

H2O2 with ͞Ϭ.ϰ ŵg͟ PF eǆtƌaĐt is therefore not necessarily associated with the absence of 

natural compound degradation, wherefore PF extract stability was also examined using a 

HILIC-RPLC chromatographic separation (Appendix V, Table 2) [195, 249]. 

4.6.4. Determination of Perilla frutescens compound stability 

The assessment of cell proliferation after treatment revealed an immediate effect on the 

cells for all PF extracts, which is reflected by the drop of p-values (Appendix V, Figure 3). The 

most pronounced and long-lasting significant effeĐt ǁas Đaptuƌed ǁith ͞Ϭ.ϰ ŵg͟ V“ PF water 

extract (Appendix V, Figure 3 A). The stability of PF in cell culture medium was therefore 

exemplarily assessed by the detection of the molecular composition of VS PF water extract 

at time points 0, 1, 2, 6 and 24h in comparison to control samples of extract prepared in 

water (Appendix V, Table 2). A variety of different molecules could be found in the employed 

extract based on previous findings of Buchwald-Werner et al., who analyzed the same PF 

material [163]. In addition to this, the development of a chromatographic separation 

discussed in a previous publication, allowed the tentative identification of further 

compounds based on their logD vs. retention time behavior (Appendix IV, Figure 3). In the 

following the stability of those known and tentatively identified PF compounds, i.e. RA or 

apigenin and luteolin as well as their O- or C- glucuronide or glucoside conjugates (Appendix 

V, Table 2 A-C & Figure 29), was investigated in order to draw conclusions on their potential 

to affect the physiology of IPEC-J2 cells. In comparison to PF extract controls prepared in 

water, which showed a stable abundance of all compounds within 24 h, in cell culture 

medium most of the compounds were found with decreasing abundance over time 

(Appendix V, Table 2 & Figure 29).  
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Figure 29 Stability of VS PF water extract compounds in the absence of cells either solved in cell culture 

medium (dashed grey) or water (bold black) as control at time points 0, 1, 2, 6 and 24 h. For clarity reasons, 

only positive standard deviations are given, which were calculated out of n=3. Diglu = diglucuronide moiety. 

 

Apigenin has been demonstrated to be readily oxidized to form a reactive phenoxyl radical, 

but only in the presence of H2O2 or xanthine oxidase [340-342]. In contrast to the here 

captured distinct decrease of apigenin abundance (Appendix V, Table 2 A & Figure 29), Long 

et al. detected only a slight degradation in pure cell culture medium within the same time 

period [285]. However, they measured the stability of individual substances as opposed to 
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the mixture of a plethora of different compounds contained in PF extract. Those may 

chemically react with one another or with cell culture medium components, thus forming 

undesired decomposition products like e.g. H2O2 [336, 343-345]. This effect might 

furthermore be enhanced due to the here conducted experimental procedure, which 

included several purification and dilution steps prior to LC-MS analysis. The required 

quantity of VS PF water extract solved in cell culture medium was therefore increased 

compared to cell proliferation and gene expression experiments. Consequently, the 

generation of distinct quantities of H2O2 can be assumed. In the presence of transition metal 

ions H2O2 would be converted to hydroxyl radical, thus enhancing oxidation processes and 

therewith the degradation of PF extract compounds. Those aspects likely contribute to the 

degradation of apigenin with the here applied experimental conditions (Appendix V, Table 

2). In contrast to apigenin and luteolin -the latter also revealing a fast degradation- their 

conjugates were detected with enhanced stability, which is especially apparent for apigenin 

7-O-glycosides and 7-O-(di)glucuronides (Appendix V, Table 2 A & Figure 29 B). This would 

imply the involvement of the C7-OH group in the instability of non-conjugated apigenin and 

luteolin in cell culture medium. Musialik et al. determined the highest OH-acidity for C7-OH 

in polar organic solvents. This in turn may result in a deprotonation of the group and the 

formation of a phenolate anion, which was detected to readily react with radicals [346]. 

However C-conjugated apigenin, in which C7-OH is not blocked, was still detected to be 

stable during the experimental time range, which might be attributed to steric effects. In 

contrast the here observed O-conjugated luteolins were found to degrade over time. The 

presence of the B-ring catechol moiety might therefore contribute to their susceptibility to 

degradation compared to O-conjugated apigenin, which merely contains one OH-group in its 

B-ring (Appendix V, Table 2 A & B). In fact, O-substitution with glycosides or glucuronides 

was reported to stabilize flavonoids by Zenkevich et al. and Shirai et al., since it blocks OH-

groups involved in antioxidant as well as pro-oxidant activities [347, 348]. Nevertheless, 

further mechanisms seem to be crucial for the stability of conjugated flavonoids. 

Comparable to findings of Long et al., RA is rapidly degraded. Of all the compounds 

observed, it was found to be the most prone to decomposition in cell culture medium 

(Figure 29, E). Two catechol groups within its structure most likely result in the generation of 

two quinone moieties [349]. RA was furthermore reported to produce H2O2 and superoxide 
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[285, 350] and an iron catalyzed oxidation of RA was captured by Fujimoto et al., however in 

EtOH solution [349]. Some studies discuss the issue of a heightened oxygen partial pressure 

present in in vitro experiments as one of the main problems causing polyphenol oxidation 

and generation of H2O2 [351, 352]. However conducted control measurements, in which PF 

extract was solved in water, but otherwise treated like PF extract samples in cell culture 

medium, revealed no decrease of compounds within 24 h (Figure 29, A-D, bold black line). 

Although the presence of a non-physiological high oxygen concentration might contribute to 

the degradation of PF extract, it may only destabilize the compounds in combination with 

cell culture media. Components like metal catalyst are however more likely to impair PF 

extracts compound stability. In this regard, iron or copper ions, which are essential 

components of cell culture media, catalyze the generation of ROS via Haber-Weiss and 

Fenton reaction [334, 335, 353]. Jungbluth et al. proposed the degradation of flavonols in 

aqueous media in the context of a metal-catalyzed oxidation by Cu(II), Fe(II) or Fe(III) [354]. 

The possibility of flavonoid autooxidation was also described, whereupon phenoxyl radicals 

are generated [355, 356], which react with oxygen to form quinone products and superoxide 

in the presence of transition metals [334, 357]. In contrast flavonoids have also been 

observed to be able to chelate transition metals to form flavonoid-metal complexes at 

physiological pH, in this regard preventing metal catalyzed reactions [358-360]. The 

formation of those complexes is favored e.g. by a catechol moiety in the B-ring, as it is 

present in the structure of luteolin and rosmarinic acid [361, 362]. Metal-flavonoid 

complexes were even found to possess an enhanced superoxide scavenging activity 

compared to the parent flavonoid, in this manner e.g. exerting increased cytoprotective 

effects [363].  

Beyond that, most wholesome properties ascribed to flavonoids are connected with their 

antioxidant activity. Their capability to capture ROS was found to be especially pronounced 

in the presence of some structural features, like a catechol moiety in the B-ring, a C3 and C5 

hydroxyl substitution, a double bond between C2 and C3 and a C4 keto group [361, 364]. 

Luteolin and apigenin possess the latter three structural features, whereas only luteolin has 

a catechol moiety in the B-ring. However the processes causing a fast degradation of PF 

extract compounds in cell culture medium are apparently outbalancing their capability to 

scavenge ROS or chelate metal ions in the employed experimental setup. Consequently the 
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detected loss of flavonoid abundance would result in the generation of degradation 

products. In this regard Kern et al. detected the appearance of small phenolic acid 

degradation products like gallic acid after the rapid decrease of anthocyanidines in cell 

culture. Since gallic acid itself has been reported to inhibit cancer cell proliferation in vitro 

and in vivo, its generation will likely result in data misinterpretation [345, 365-367].  

Oxidation mechanisms of flavonoids and the related generation of products were proposed 

by Zenkevich et al. and Jorgensen et al. by means of quercetin [348, 368]. Zhou et al. 

tentatively identified further oxidation products of quercetin, which included taxifolin, low 

molecular weight compounds and dimers. They moreover proposed the respective 

degradation pathways [369]. Dimerization, hydroxylation and the increase of decomposition 

products were also found by Sang et al. [343, 344], Zenkevich et al. [348]  and Ramesova et 

al. [351] for EGCG, quercetin and luteolin. Furthermore adjacent hydroxyl-groups, as present 

in catechol type flavonoids like luteolin, facilitate a fast degradation via the formation of 

potentially harmful quinones and semiquinones [285, 368, 370-372]. With regard to the 

described literature, MS data was assessed for newly generated compounds (Appendix V, 

Table 2). Although some m/z were found to increase over time, they couldn´t be assigned to 

oxidation products discussed in the studies above. However, polar degradation products of 

PF extract compounds may not be present within the sample anymore due to the SPE 

purification procedure employed in this study. Increasing abundances of m/z were however 

not limited to low molecular weight products, which are likely to occur after chemical 

decomposition reactions. Compounds with high m/z were also found to increase, which 

might be due to chemical polymerization of the PF extract compounds in cell culture 

medium (Appendix V, Table 2, D).   

4.7. Conclusion - Effects of Perilla frutescens on cell proliferation and gene 

expression 

The potential of PF extracts in terms of cell proliferation inhibition has been reported. Their 

effects were immediate and correlated with the observed reducing potential. The results 

were verified by the determination of PF cytotoxicity and by the measurement of a panel of 

cell cycle key-regulator genes. In this regard, the absence of LDH release and the non-

regulated expression of caspase 9 confirmed the suppression of cell proliferation not to be 

due to cell toxicity or apoptosis-inducing effects of PF. This is furthermore supported by the 
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downregulation of cell cycle regulator genes c-jun, cyclin C1 and cyclin B1, the latter showing 

an immediate decrease at time point 0h. 67LR, which is mainly discussed for its connection 

to cancerogenesis, was also detected to be downregulated at time points 0, 6 and 24h. 

Moreover, control measurements were conducted, which included the detection of H2O2 

generation, which was found to be aďseŶt at the applied loǁ PF ƋuaŶtitǇ of ͞Ϭ.ϰ ŵg͟. The 

assessment of PF extract stability in cell culture medium revealed PF compounds to be partly 

unstable in cell culture medium, which was reflected by a decrease of their abundance over 

time. However, effects of VS PF water, 50% EtOH and water extract on cell proliferation and 

the expression of cyclin D1 and 67LR were found to be immediate, i.e. at a time point at 

which non-degraded compounds would still be present in the medium. Furthermore PF 

concentration employed for the stability study was higher due to the implementation of 

several sample preparation procedures and thus dilution steps. For this reason a distinct 

generation of H2O2 as well as hydroxyl radicals, which would impair the compound 

stabilities, can be assumed. Although an effect of PF degradation products on the 

experimental outcome in the latter stages of experiments cannot be ruled out, the observed 

immediate impact of PF on cell proliferation and gene expression at time point 0 h is due to 

the presence of the extract rather than oxidation products.  
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5. Conclusion 

This study is comprised of two main experimental parts, which consequently resulted in the 

establishment and employment of various methods in order to explore effects of PF extracts 

on enzymatic activity as well as on cell physiology. The impact of PF extract on the activity of 

three health-related enzymes was comparatively investigated by photometric as well as MS 

detection. Special emphasis was placed on the enzymatic assay adaption to MS detection as 

well as on the conduction of suitable control measurements to verify the results. In this 

regard MS revealed its great potential for the observation of multiple reaction intermediates 

as well as for enzymatic products non-detectable with classical photometric methods. For 

the finding of individual enzyme-regulatory compounds from complex mixtures an online 

coupled continuous flow mixing setup, which connects the advantages of MS detection, the 

implementation of a chromatographic separation and the ability to capture enzymatic 

activity in one single run, was employed. Eventually an inhibition of XOD and iAP was 

observed in the presence of chromatographically separated PF extracts. Results were 

verified by means of comprehensive control experiments, which included the injection of 

known inhibitors and alternative substrates.  

Although the employed system required an extensive process of method establishment, 

online coupled continuous flow mixing system may prospectively obviate the need to 

conduct elaborate and time-consuming extract fractionation procedures, which are 

commonly performed in order to isolate and identify promising compounds from complex 

mixtures.  

Apart from the observed regulation of enzymatic activity, further studies were conducted in 

order to identify the regulatory potential of PF extracts on the cell physiology of a porcine 

jejunal epithelial cell line. It was found that cell growth and gene expression of a panel of cell 

cycle and cancer related genes were downregulated by PF extracts, with a good correlation 

to the applied extracts respective reducing potentials. Based on the possible occurrence of a 

variety of artificial effects, which have often been neglected in past studies, comprehensive 

control experiments were conducted to verify the results. This included the determination of 

PF extract toxicity, which was measured by means of LDH release from the cells. Moreover 

H2O2 generation in cell culture medium and the stability of individual PF extract compounds 
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was assessed. In this regard H2O2 generation and PF toxicity could be excluded to be 

responsible for the detected inhibition of cell proliferation and regulation of gene 

expression. In contrast, PF compound stability was impaired in cell culture medium, which 

assumingly results in the generation of unknown degradation products. Nevertheless the 

detected immediate effect of PF extracts on cell physiology supports the assumption of 

regulatory potential of PF. Future investigations may however focus on the investigation of 

individual PF compounds and their effects on health and disease. Since most available 

studies investigate well-known PF components apigenin, luteolin or rosmarinic acid, whose 

beneficial effects are already established, the impact of e.g. glucuronidated and glucosylated 

flavonoids on physiological processes has yet to be determined. Moreover a comprehensive 

investigation of individual compounds promising with regard to enzyme-regulatory activity is 

required in vitro as well as in vivo. In order to assess the probability of them reaching their 

specific enzymatic target, their bioavailability in vivo has to be examined. This is of particular 

importance since a variety of flavonoids have been found to be metabolized and conjugated 

upon intestinal resorption.   

Embedded in the context of detailed method establishment procedures, the here presented 

results thus reveal promising properties of PF. Various aspects of MS and photometric 

detection for the observation of enzymatic activities as well as PF effects on cell physiology 

have been discussed to outline advantages, but also various drawbacks of the employed 

methods.  
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Utilization of real-time electrospray ionization mass spectrometry to gain further insight 

into the course of nucleotide degradation by intestinal alkaline phosphatase 

 

Christine M. Kaufmann, Johanna Graßmann, Dieter Treutter and Thomas Letzel 

 

Rapid Communications in Mass Spectrometry 2014, 28, 869–878 

 

The following work was conducted in order to study the activity of intestinal alkaline 

phosphatase towards its physiological nucleotide substrates using a continuous flow setup 

and mass spectrometric detection. 

The enzymatic activity was investigated at three different pH values, namely pH 6.0, 7.4 and 

9.0, to be able to comparatively assess the substrate degradation, intermediate 

generation/degradation and product generation in detail. The experimental planning, 

conduction, data evaluation, literature research and the writing was done by me.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Utilization of real-time electrospray ionization mass spectrometry
to gain further insight into the course of nucleotide degradation
by intestinal alkaline phosphatase

Christine M. Kaufmann1, Johanna Graßmann1, Dieter Treutter2 and Thomas Letzel1*
1Chair of Urban Water Systems Engineering, Technische Universität München, Am Coulombwall 8, 85748 Garching, Germany
2Institute of Fruit Science, Technische Universität München, Dürnast 2, 85354 Freising, Germany

RATIONALE: Related with its ability to degrade nucleotides, intestinal alkaline phosphatase (iAP) is an important
participant in intestinal pH regulation and inflammatory processes. However, its activity has been investigated mainly
by using artificial non-nucleotide substrates to enable the utilization of conventional colorimetric methods. To capture
the degradation of the physiological nucleotide substrate of the enzyme along with arising intermediates and the final
product, the enzymatic assay was adapted to mass spectrometric detection. Therewith, the drawbacks associated with
colorimetric methods could be overcome.
METHODS: Enzymatic activity was comparatively investigated with a conventional colorimetric malachite green
method and a single quadrupole mass spectrometer with an electrospray ionization source using the physiological
nucleotide substrates ATP, ADP or AMP and three different pH-values in either methodological approach. By this means
the enzymatic activity was assessed on the one hand by detecting the phosphate release spectrometrically at defined time
points of enzymatic reaction or on the other by continuous monitoring with mass spectrometric detection.
RESULTS: Adaption of the enzymatic assay to mass spectrometric detection disclosed the entire course of all reaction
components – substrate, intermediates and product – resulting from the degradation of substrate, thereby pointing out
a stepwise removal of phosphate groups. By calculating enzymatic substrate conversion rates a distinctively slower
degradation of AMP compared to ADP or ATP was revealed together with the finding of a substrate competition
between ATP and ADP at alkaline pH.
CONCLUSIONS: The comparison of colorimetric and mass spectrometric methods to elucidate enzyme kinetics and
specificity clearly underlines the advantages of mass spectrometric detection for the investigation of complex multi-
component enzymatic assays. The entire course of enzymatic substrate degradation was revealed with different
nucleotide substrates, thus allowing a specific monitoring of intestinal alkaline phosphatase activity. Copyright © 2014
John Wiley & Sons, Ltd.

The sphere of the enzymatic activity of intestinal alkaline
phosphatase (iAP) is already known to bemultifaceted, ranging
from adjustment of intestinal pH-value to downregulation of
lipid intestinal absorption[1] and to effects on immunity and
inflammation.[2] The impact of iAP on immunity includes its
capability to dephosphorylate lipopolysaccharide (LPS), the
regulation of intestinal bacterial entry into the body and its
involvement in the formation of adenosine by the breakdown
of adenosine-5’-triphosphate (ATP), either possessing regu-
latory effects on inflammatory processes.[2–4]

Besides the modulatory function of iAP in inflammation,
the enzyme takes part in intestinal pH regulation, whereby a
drop in pH-value leads to a reduction in the activity of the
enzyme and with that to an accumulation of ATP in the
intestine, in this manner provoking bicarbonate secretion by

the stimulation of ATP receptors on enterocytes. The conse-
quent rise in pH coincidently increases the activity of iAP,
thus inducing an enhanced ATP breakdown followed by a
reduced bicarbonate secretion.[1]

The investigation of enzymatic substrate degradation is
usually conducted by means of applying colorimetric methods,
which are often well established and therefore easy to handle.
However, they predominantly provide information solely about
either substrate degradation or product generation, resulting in a
picture lacking important information or that is ambiguous.

In this regard, mass spectrometry (MS) has already proved its
advantageous features, attested by the presence of a variety of
studies investigating a considerable amount of different
enzymes. Studies range from the determination of the kinetics
of enzymes, including the assessment of inhibitor constants,[5–7]

to the elucidation of noncovalent complexes[8,9] and confor-
mational fluctuations associated with enzymatic catalysis.[10]

Besides, elaborate setups like online coupled continuous flow
approaches coupled with mass spectrometric detection have
been applied for the finding of regulatory molecules in complex
mixtures affecting enzymatic activity.[11,12]
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Engineering, Technische Universität München, Am
Coulombwall 8, 85748 Garching, Germany.
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Concomitantly, MS detection provides the possibility to
entirely capture the substrate and product trace conti-
nuously in real-time.[13] Moreover, detailed information
about multiple reaction intermediates may be unveiled,
which are usually not measureable with colorimetric
methods.[14]

In fact the degradation of ATP by iAP has been shown to
include the formation of intermediates, but in an elaborate
and time-consuming procedure only monitoring single time
points of enzymatic reaction and also disregarding the
generation of adenosine.[15]

Because of its pH dependence, the activity of iAP has
already been investigated in a wide range of pH-values using
mainly the artificial substrate p-nitrophenyl phosphate.[16,17]

However, it has been shown that the use of chromogenic
substrates may significantly affect enzymatic specificity.[18]

Due to the variety of important functions associated with
the ability of iAP to degrade nucleotides and in view of the
possibility provided by MS detection to employ a non-
chromogenic substrate, enzymatic activity was tested with
physiological substrates. An MS-compatible enzymatic assay
was developed to enable the specific monitoring of all
reaction intermediates present in the course of the reaction
and to gain further insight into the enzymatic degradation
of several substrates.

EXPERIMENTAL

Reagents and chemicals

Ammonium heptamolybdate (#RDHA31402) was purchased
from Riedel de Häen (Seelze, Germany); malachite green
oxalate (#3076) was purchased from VWR BDH prolabo
(Darmstadt, Germany); poly(vinyl alcohol) (#363138),
ammonium acetate (#A7330), ATP (#A2383), ADP (#A2754),
AMP (#A1752), intestinal alkaline phosphatase from bovine
intestinal mucosa (Enzyme Commission (EC) number
3.1.3.1., molecular weight (MW) ~160kDa) (#P7640), water
LC-MS CHROMASOLV(R) (39253-1L-R) were purchased
from Sigma-Aldrich (Steinheim, Germany).

Instrumentation

Photometric measurements were performed with a SLT
Spectra plate reader (SLT Instruments, Crailsheim, Germany).
Mass spectrometric measurements were conducted with

a MSQ Plus single quadrupole mass spectrometer
(Wissenschaftliche Gerätebau Dr. Ing. Herbert Knauer,
Berlin, Germany) equipped with an ESI source in the
positive ionization mode. Mass spectrometric needle voltage
was set at 3.5 kV, cone voltage at 75 V and temperature at
225°C. All samples were detected with a mass range of
100 to 1000m/z.

Sample preparation for colorimetric determination of
enzymatic activity

Reagents for malachite green assay, adapted from Henkel
et al.[19] were always prepared freshly by thoroughly mixing
a proportion of 16.7% of a 5.72% (w/v) ammonium
heptamolybdate solution solved in 6 M HCl, 16.7% of a
2.32% (w/v) poly(vinyl alcohol) solution dissolved in

water (Milli-Q), 33.3% of a 0.081% (w/v) malachite green
oxalate solution dissolved in water (Milli-Q) and 33.3%
of water (Milli-Q).

Activity of iAP was investigated by means of colorimetric
detection of inorganic (free) phosphate. Due to the reaction
between malachite green molybdate and inorganic phosphate
under acidic conditions a malachite green phosphomolybdate
complex is formed that can be directly related to the
phosphate released by the enzyme’s activity.

The assay was conducted in 10 mM ammonium acetate
solution (pH 6.0, 7.4 or 9.0) with either ATP, ADP or AMP
employed as enzymatic substrates. Ammonium acetate
was selected according to the work of Hogenboom et al.[20]

and Dennhart and Letzel,[21] who have already been able
to demonstrate its applicability for the investigation of
enzymatic activity.

For each experiment phosphate release was determined at
seven time points within 90 min. Therefore, seven indi-
vidual enzymatic assays were prepared in 10 mM
ammonium acetate solution with the respective pH-values
with 0.2U/mL (≜ 44.64nM) iAP and 40 μM of the respective
substrate (500 μL total volume). The reaction was started
simultaneously by the addition of the enzyme to all assays.

In the case of time point 0, the enzyme was added to the
assay, whereupon an aliquot was removed immediately and
the enzymatic reaction was terminated by addition of
malachite green reagent.

In case of time points 15, 30, 45, 60, 75 and 90 min an
aliquot of one preliminarily prepared enzymatic assay was
withdrawn and mixed with malachite green reagent to
terminate the enzymatic reaction. The remaining assay was
discarded. The aliquot/malachite green mixture was
incubated for 20 min at room temperature and absorption
was measured at 620 nm to detect the released phosphate.
All experiments were performed six to nine times on two
different days at room temperature.

Data evaluation in colorimetric experiments

Controls measured with the respective substrate in 10 mM
ammonium acetate solution pH 6.0, 7.4 or 9.0 without
enzyme revealed no increase in absorption. Therefore, an
auto-dephosphorylation of the substrates could be excluded,
whereupon a blank value correction was not implemented.

Data interpretation was conducted by comparing the slopes
of trend lines within the initial linear range of phosphate
release. The time interval for data evaluation was minutes 0 to
15 for enzymatic assays in pH 9.0, due to the faster reaction
and minutes 0 to 30 for enzymatic assays in pH 6.0 or 7.4
(cf. Supplementary Table S1, Supporting Information).

Sample preparation for MS determination of enzymatic
activity

Initially, different substrate and enzyme concentrations were
tested with ATP substrate at pH 7.4. The most suitable
combinationwas identified as thatwhich resulted in a complete
degradation of the substrate within 30 min and therewith in a
considerable flattening of ATP substrate trace. iAP assays were
performed in positive ionization mode, to maintain com-
parability to other enzymatic assays already established and
in this context to prospectively conduct experiments with
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multiplex enzymatic assays.[22] Even though higher intensities
may be anticipated in negative mode, initial intensities of
the nucleotides substrates between at least 150 000 counts
for ATP substrate in pH 9.0 and up to 400 000 counts for
AMP in pH 7.4 were obtained in positive mode.
Due to the pH-values applied and the disparity of available

phosphate groups of the substrate, intermediates and of the
product, different charge states of the assay components
might be present. Therefore, the negatively charged groups
might lead to a signal intensity underestimation of ATP and
ADP towards AMP or adenosine. Nevertheless, the intensities
of all assay components were exceedingly sufficient, thus
enabling the assessment of the substrate degradation bymeans
of an exponential trend line approach, also taking into account
that quantification was not intended. The activity of iAPs was
examined towards ATP, ADP or AMP in 10 mM ammonium
acetate solution at pH 6.0, 7.4 or 9.0, respectively. The pH-value
of the 10 mM ammonium actetate solution was checked daily
and was readjusted to the respective value if necessary. All
experimentswere conducted 5 to 11 times on two different days
at 21°C.
Initially, 40 μM of the respective substrate was mixed with

10 mM ammonium acetate solution pH 6.0, 7.4 or 9.0. The
enzyme concentration of assays conducted at pH 6.0 or 7.4
was set to 0.2 U/mL (≜ 44.64 nM). Due to a distinct higher
enzymatic activity at pH 9.0 (see Results, Figs. 4(a) and 4(b)),
the concentration of enzyme was quartered to 0.05 U/mL
(≜ 11.16 nM) to retain the viability of the data-evaluation
procedure via the application of an exponential trend line.
Controls were measured with all possible substrate-pH assay
combinations but without enzyme to be able to exclude
phosphate release related to mass spectrometric settings.
Reactions were always started together with mass

spectrometric recording by pipetting the enzyme into the
substrate/ammonium acetate solution, followed by a thorough
and brief mixing. The assay was then drawn up into a 500 μL
glass syringe (Hamilton-Bonaduz, Switzerland), clamped into
a syringe pump (model 11 Plus, Harvard Apparatus, Hugo
Sachs Elektronik, Hugstetten, Germany) and continuously
pumped with 10 μL/min through a Peek tubing (1/16" × i.d.
0.13 mm, length 410 mm) into the source of the mass
spectrometer. This procedure caused a time delay until the first
signal could be detected and therefore the first 3 min of MS
measurements were not considered for further data evaluation.
Enzymatic reaction was recorded for 30 min.

Data evaluation in MS experiments

Data were processed using Xcalibur software 2.1.0.1139
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The
extracted ion chromatograms (EICs) of each assay
component, obtained by using a m/z range of ±0.5 Da to
the respective calculated m/z-value, were summed for the
following compounds: Adenosine with m/z 268.1 and
290.1, i.e. [Adenosine+H]+ and [Adenosine+Na]+; AMP
with m/z 348.1, 370.1, 386.0, 392.0 and 408.0; ADP with
m/z 428.0, 450.0, 466.0, 472.0 and 488.0; ATP with 508.0,
530.0, 546.0, 552.0 and 568.0, i.e. [M+H]+, [M+Na]+,
[M+K]+, [M–H+2Na]+ and [M–H+Na+K]+. The EICs were
smoothed with a Gaussian function using a 15-points
function width. Further processing was conducted with
Microsoft Office Excel 2007.
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At first each individual assay was normalized to 1
whereupon an exponential trend line was applied to the
respective substrate trace from minute 3 to 30 for assays at
pH 7.4 and 6.0 and minute 3 to 15 for assays at pH 9.0
(Table 1) resulting in Eqn. (1). The substrate degradation
was observed until a plateau at a remaining intensity of 0.05
was reached, which reflected the termination of the reaction.
y = 0.05 was therefore set as the end point of the reaction. By
using Eqn. (1), the time (x) required for the enzyme to
completely degrade the substrate (y = 0.05) was calculated,
which was then inserted into Eqn. (2) to determine the
enzymatic conversion rate.

y ¼ a* exp bxð Þ (1)

conversion rate min–1
� �

¼ c substrate½ �=c enzyme
� �� �

=x (2)

Statistics

Statistical analysis was performed in the same way for
photometric and mass spectrometric data sets by applying
Welch’s t-test, which takes into account the extent of the
respective standard deviations. Assays conducted with the
same substrate at different pH or assays with ATP, ADP or
AMP at the same pH-value were compared pairwise.
Statistical significance was assumed for p-values of 0.05 to
0.01 (*), very significant for p-values of 0.01 to 0.001 (**) and
extremely significant for p-values <0.001 (***).

RESULTS AND DISCUSSION

Intestinal pH regulatory mechanisms and the enzyme’s
contribution to inflammatory processes along with a variety
of other functions are associated with the ability of iAP to
dephosphorylate nucleotides.
Since ATP is naturally degraded to adenosine by the

stepwise removal of its three phosphate groups,[15] possible
intermediate products ADP and AMP were also used as
substrates (Fig. 1).
Moreover, enzymatic activity was examined at three

different pH-values (pH 6.0, 7.4 and 9.0). pH 9.0 was chosen,
since the enzyme possesses its highest activity in alkaline
medium.[17] Besides, the alkaline pH was selected to
prospectively investigate regulatory compounds affecting
enzymatic activity, which was similarly done previously by
Vovk et al., who studied inhibition of iAP at pH 9.0.[23] In

contrast, acidic pH 6.0 was selected due to pH-values
present in the small intestine, that range from 5.5 to 7.5,
and might even locally decrease further during intestinal
inflammation.[24] In addition, pH 7.4 was chosen to
represent the standard pH of physiological relevance.

Besides the employment of three different nucleotide
substrates as well as three different pH-values, the activity
of iAP was determined using on the one hand mass
spectrometric detection and on the other a well-established
photometric method. The absorption values obtained hereby
are attributed to the overall release of phosphate. Besides its
advantageous features like being well established and easy
to handle, a main disadvantage of this procedure is the
indistinguishability of the actual origin of released
phosphate. A mass spectrometric assay was therefore
established to comprehensively examine the course of the
reaction, to obtain insight into the generation of all interme-
diates and to detect the final product adenosine. The gain in
information provided by mass spectrometric measurements
may thereby help to further elucidate pH-dependent
substrate degradation and substrate preferences of iAP in a
physiological context.

Colorimetric determination of iAP activity

The photometrical determination of enzymatic activity was
conducted by observing the phosphate released from either
ATP, ADP or AMP substrate at pH 6.0, 7.4 or 9.0.[25]

By comparing the initial increases of absorption of all assay
compositions (data not shown) the most obvious differences
in slopes between the substrates used were measured at pH
9.0, where the increase is highest for ATP, followed by ADP
(62% compared to ATP) and lowest for AMP (36% compared
to ATP) (Fig. 2). Due to the fact that nearly all phosphate is
released during the first 15 min at pH 9.0, the differences in
slopes may be explained by the availability of phosphate
groups with either ATP or ADP or AMP substrate. This
hypothesis was confirmed by finding the highest final amount
of phosphate using ATP as substrate, followed by ADP and
AMP at pH 9.0 (data not shown).

At pH 7.4 the increases in phosphate are considerably
slower in case of all substrates compared to pH 9.0 (Fig. 2).
However, just as at pH 9.0, most phosphate is released
from ATP, followed by ADP and AMP. Although the
difference in phosphate increase during the first 30 min
is not significant between ATP and ADP substrate at pH
7.4, the mean value was detected to be slightly lower for
ADP (86%) compared to ATP (100%), whereas it was

Figure 1. Enzymatic hydrolysis and stepwise removal of inorganic phosphate
leads to the generation of the final iAP product adenosine. Nucleotide
structures are given along with the average molecular weights of the
respective neutral compounds.
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significantly reduced with AMP substrate (42%) (Fig. 2).
That is because the amount of available phosphate groups
does not decrease markedly during the early stages of

reaction using ATP or ADP, since the breakdown of ATP
or ADP substrate again results in the generation of
ADP/AMP or AMP, respectively, which in turn serve as

Figure 2. Box-and-whisker plot of numeric values of slopes of linear trend lines
of initial phosphate increase photometrically detected; positive and negative
whisker, first quartile, median and third quartile, mean value (♦), significant
for p-values of 0.05 to 0.01 (*), very significant for p-values of 0.01 to 0.001 (**)
and extremely significant for p-values <0.001 (***), not significant for values
>0.05 (n.s.), n = 6–9.

Figure 3. Assay component’s signal changes within the m/z range 200 to 550 at
pH 7.4 at the beginning of enzymatic conversion (a: average intensity of time
range minute 3 to 6 corresponding to light grey area) and the end of the
measurement (b: average intensity of time range minute 27 to 30 corresponding
to dark grey area). Spectrum intensity maximum ’100’ corresponds to 2.63 × 105

counts. Prominent m/z within spectrum: [Ado+H]+: 268.0; [AMP+H]+: 348.0,
[AMP+Na]+: 369.9; [ADP+H]+: 428.0, [ADP+Na]+: 450.0; [ATP+H]+: 507.9,
[ATP+Na]+: 529.8.
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substrate. In contrast with AMP substrate merely the final
product adenosine is generated. Therefore, with ATP or
ADP compared to AMP substrate, it is more likely for
the enzyme to encounter a substrate during the first stages
of the reaction, indicating the availability of substrate as
the rate-limiting step with AMP substrate at pH 7.4 and
ATP, ADP and AMP substrate at pH 9.0.
At pH 6.0 enzymatic activity is distinctly reduced

compared to alkaline or neutral pH, resulting in a consi-
derably slower phosphate release from ATP (7% compared
to pH 9.0), ADP (13% compared to pH 9.0) and AMP (15%
compared to pH 9.0) (Table 1).
However, the differences in slopes (Fig. 2) between the

three substrates are significant, with ADP leading to a
faster increase in detectable phosphate (122%) than ATP
(100%) and AMP (80% compared to ATP). At acidic pH
the pyrophosphate synthesis by iAP is enhanced,[26,27]

probably leading to an excess production of pyrophosphate
with ATP compared to ADP substrate. Since the malachite

green assay does not respond to pyrophosphate,[28] its
formation would lead to an underestimated phosphate
release in the case of ATP substrate. In fact, mass spectro-
metric measurements (see below) revealed a tendency for
faster degradation of ATP compared to that of ADP (83%)
at pH 6.0.

Although the application of a colorimetric method to detect
the enzymatic activity provides information about the effect
of pH on the degradation of different nucleotide substrates,
it also reveals several drawbacks. First of all a differentiation
between the phosphate released from initial substrate or
intermediate products is not achievable. Additionally, it
cannot be clarified whether the phosphate groups are
removed in a stepwise manner or if, for instance, pyrophos-
phate is released. This matter was first addressed by Moss
et al., who proved a stepwise removal from ATP resulting in
ADP and AMP as intermediate products.[15] Nevertheless,
this investigation was conducted at one pH-value, i.e. pH
9.5, and solely ATP was used as substrate. So to our best

Figure 4. Mass spectrometric determination of enzymatic degradation of 40 μM
ATP substrate: (a) iAP concentration 44.64 nM, pH 9.0; (b) iAP concentration
11.16 nM, pH 9.0; (c) iAP concentration 44.64 nM, pH 7.4; (d) iAP concentration
44.64 nM, pH 6.0; m/z evaluated, summarized and displayed here: Ado with m/z
268.1 and 290.1, i.e. [Ado+H]+ and [Ado+Na]+; AMP with m/z 348.1, 370.1, 386.0,
392.0 and 408.0; ADP with m/z 428.0, 450.0, 466.0, 472.0 and 488.0; ATP with
508.0, 530.0, 546.0, 552.0 and 568.0, i.e. [M+H]+, [M+Na]+, [M+K]+, [M–H+2Na]+

and [M–H+Na+K]+; n = 5–11.
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knowledge, no information about detailed reaction kinetics,
the degradation of ADP or AMP as substrates and also about
the activity of iAP towards these three substrates at different
pH-values is available. For these reasons, a mass spectro-
metric assay was established to obtain detailed data of the
overall course of the reaction. In this regard Fig. 3 exemplarily
shows the results of enzymatic ATP conversion at pH 7.4.
Traces of ATP substrate, intermediates ADP and AMP and
the final product adenosine are presented along with spectra
revealing the shift of m/z signals associated with the
degradation of ATP substrate (m/z 507.9, 529.8) and the
generation of ADP (m/z 428.0, 450.0), AMP (m/z 348.0, 369.9)
and adenosine (m/z 268.1).

MS determination of iAP activity

Applying the same concentrations as in the photometric
assay, a nearly complete degradation of ATP within the first
5 min at pH 9.0 was revealed (Fig. 4(a)), that could not be
assessed with photometric detection, due to merely detecting
the overall phosphate release.
To enable the calculation of conversion rates by applying

exponential trend lines to the substrate degradation trace,
enzyme concentration at pH 9.0 was quartered to 11.16 nM,
resulting in a quartering of enzymatic activity visible by
the shift of AMP detection maximum from minute 4.18
with 44.64 nM (Fig. 4(a)) to minute 16.33 with 11.16 nM
iAP (Fig. 4(b)). Figure 4 furthermore provides an overview of
the ATP substrate degradation, the formation of ADP and
AMP intermediates and the generation of the final product
adenosine in 10 mM ammonium acetate solution at pH 9.0
(Figs. 4(a) and 4(b)), pH 7.4 (Fig. 4(c)) and pH 6.0 (Fig. 4(d)).
In contrast to the photometric approach, for which the slopes
of linear trend lines were used to obtain numeric values to
enable the comparison of phosphate releases, in the case of
MS-detected assays conversion rates were calculated and are
presented in Fig. 5.

At pH 9.0 (Fig. 4(a), high enzyme concentration) the
degradation of both ATP andADP is completedwithin the first
7 to 8 min, whereas AMP slightly increases till minute 5 before
also decreasing until minute 30. Furthermore, the AMP curve
reveals a flattening, that is also reflected by the curve of the final
product adenosine, both indicating a decelerated degradation
of AMP at the end of the measurement.

By comparing the substrate degradation at pH 9.0 the
conversion rate determined by mass spectrometry is highest
for ADP (131%) and lowest for AMP (21% compared to
ATP) (Fig. 5 and Table 1). The inferior conversion rate for
ATP in comparison to ADP substrate might be associated
with an initial substrate competition between ATP and the
product ADP and AMP, eventually leading to a decreased
degradation and therewith conversion rate of ATP.

Enzymatic assays with ADP substrate revealed a similar
progress of fast enzymatic substrate degradation and
related intermediate and product generation as those
assays measured with ATP substrate (see Supplementary
Figs. S2(a)–S2(c), Supporting Information). Like ATP
substrate at pH 9.0, ADP substrate is completely degraded
within approximately 10 min, revealing a comparable
substrate preference for ATP and ADP. In contrast with
AMP substrate at pH 9.0 a continuous decrease was
observed over the whole measurement time, uncovering
AMP as a comparatively poor substrate (21% compared to
ATP, Supplementary Fig. S1(a), Supporting Information).

At pH 7.4 the degradation of ATP and simultaneously the
generation of ADP are distinctively slower compared to
assays conducted at pH 9.0 (Fig. 4(c)). After approximately
12 min a plateau is reached for ADP, i.e. formation from
ATP and degradation to AMP is of similar velocity. Contrary
to assays at pH 9.0 no decrease in AMP intensity was detected
at neutral pH. However, generation of adenosine is apparent
during the whole time of measurement, testifying to the
degradation of AMP to adenosine, which in conclusion
indicates a higher generation of AMP from ADP than
degradation of AMP to adenosine.

Figure 5. Box-and-whisker plot of substrate conversion rates calculated from
exponential trend lines applied to the respective substrate traces mass
spectrometrically detected; positive and negative whisker, first quartile, median
and third quartile, mean value (♦), significant for p-values of 0.05 to 0.01 (*),
very significant for p-values of 0.01 to 0.001 (**) and extremely significant for
p-values <0.001 (***), not significant for values >0.05 (n.s.); n = 5–11.
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Compared to ATP substrate the conversion rate with ADP
substrate at pH 7.4 is decreased to 72% (Fig. 5), pointing out
a less pronounced substrate competition at pH 7.4 in contrast
to pH 9.0. This is attributed to a lower conversion rate of ATP
at pH 7.4 (7%, Fig. 5) compared to the conversion rate of ATP
at pH 9.0, resulting in a minor quantity of ADP generated at
pH 7.4, which is insufficient to provoke substrate competition.
Furthermore, a much more pronounced increase in AMP at
pH 9.0 was detected from the beginning of the measurement
compared to the increase in AMP at pH 7.4, which results in
a higher amount of competitive substrate AMP at pH 9.0.
At pH 6.0 the average conversion rate with ATP substrate

was calculated to be even slower (2%) than at pH 7.4 (7%)
compared to pH 9.0 (Fig. 5). Nevertheless, an increase in
products ADP, AMP and also a slight increase in adenosine
was observed (Fig. 4(d)). Average conversion rate at pH 6.0
is highest for ATP, followed by ADP (83%, not significant)
and AMP (69%), the latter significantly reduced compared
to average ATP substrate conversion rate.
WithADP substrate, conversion rate at pH 6.0was calculated

to be only 1%, whereas at pH 7.4 it is 4% compared to the
conversion rate of ADP at pH 9.0. Conversion rates with
AMP substrate are 6% at pH 6.0 and 9% at pH 7.4 compared
to conversion rate of AMP at pH 9.0. So the relationship
between average values of conversion rates for assays at pH
6.0, 7.4 and 9.0 with ADP and AMP substrate is comparable
to those obtained with ATP substrate (2% at pH 6.0, 7% at pH
7.4 compared to pH 9.0, Table 1), suggesting a similar response
of the enzymatic activity to a decline in pH-value, which is
independent of the nucleotide substrate used.

CONCLUSIONS

The mass spectrometric results revealed conversion rates that
are considerably lower at pH 7.4 as well as pH 6.0 compared
to pH 9.0, which is consistent with the data obtained
photometrically (Table 1) and mostly also with data from
the literature.[31,32] Furthermore, these findings are in
accordance to results of Chappelet-Tordo et al. who observed
a rise in enzymatic activity and a higher dissociation constant
for the enzyme-inorganic phosphate complex with increasing
pH-values.[17] Also Cocivera et al. demonstrated an increase
in activity at alkaline pH and a considerably lower rate
constant for the decomposition of the covalent enzyme-
inorganic phosphate intermediate at acidic pH-values,
thereby causing a lower availability of the enzyme’s active
site for further breakdown of substrate, indicating this step
as rate-limiting.[29] Furthermore, Fernley and Walker
demonstrated a decrease in Kia for Pi and PPi at less alkaline
pH, suggesting a stronger inhibition of iAP by Pi and PPi at
lower pH-values.[30]

However, in contrast to our results, Chappelet-Tordo et al.[17]

found a considerably higher activity towards AMP substrate
compared to ATP substrate at pH 10.0 and a comparable
activity at pH 8.0. This indicates a preferred degradation of

AMP compared to ATP, although the substrate concentrations
of AMP and ATP resulting in maximal velocity (Vm) of
substrate conversion detected by Chappelet-Tordo et al. are
comparable to those applied in this study.

It has been demonstrated in several investigations that
diverse factors like type of buffer, ionic strength, metal
ions, in particular Mg2+ and Zn2+, may influence activity
and specificity of iAP.[33,34] For instance, it has been shown
that the order of degradation of ATP, ADP and AMP is
reversed by addition of magnesium.[31] In this work no
cations like Mg2+ or Zn2+ were added. However, it is
unclear whether Chappelet-Tordo et al. used any additives,
which in turn impedes a final conclusion regarding the
disparity of experimental results. Anyhow, they applied
buffers containing Tris in the case of pH 8 and
ethanolamine at pH 10, both additives being good
phosphate acceptors[35] which may result in a lower level
of detectable phosphate with ATP.

Moreover, as mentioned before, the ’side reactions’ of
pyrophosphate formation may also mimic a lower phosphate
release from ATP compared to AMP in the measurements of
Chappelet-Tordo et al. More probably, however, is a difference
in the enzyme used. In the study presented here iAP from
bovine intestine was employed, whereas Chappelet-Tordo
et al. used an enzyme originating from calf intestine. This
enzyme however was proven in a later study to be
heterogenic, i.e. to consist of different forms of the enzyme.[36]

These, moreover, possess considerable different activities
towards AMP.[37] So it may be assumed that, although a
purification step was conducted, a heterogenic mixture of
enzymes was used, probably showing markedly different
substrate specificity.

In our opinion a lower degradation rate of AMP is more
conceivable since the proximity of both the sugar residue
and also the base of AMP may cause a steric hindrance or
even the formation of interfering hydrogen bridge linkages
between the nucleotide base and amino acids of the enzyme
active site.

By further comparing the photometric and mass
spectrometric measurements at pH 7.4 the results are similar,
both revealing the highest enzymatic activity – reflected
either by phosphate release or conversion rate – with ATP
substrate, followed by ADP substrate (not significant) and
AMP substrate (significant). AMP was again detected to be
the poorest degradable substrate at pH 6.0, pointing out the
clear substrate preference of iAP towards ATP and ADP.
Nevertheless, substrate competition between ATP and ADP
could be shown only by mass spectrometric detection, due
to the ambiguous nature of colorimetric phosphate release
detection. Mass spectrometric experiments clearly revealed a
higher degradation rate for ADP compared to ATP at pH
9.0, but not at pH 7.4 or 6.0. Furthermore, mass spectrometric
detection allowed a detailed investigation of the pH
dependence of iAP by elucidating the degradation of substrate,
intermediates and the generation of the final product. Increase
or decrease of the catalytic activity of iAPdue to pH-value shifts
is of special interest since iAP takes part in intestinal pH
regulation and is furthermore involved in inflammatory
processes. In inflammation pH-values tend to become more
acidic,[38] thus causing a lowered activity of iAP and therefore
a tendency for higherATP concentration, that would contribute
to the progression of inflammatory processes.

aKi = inhibition constant (Ki = E½ � I½ �
EI½ � ) with [E] = concentration of

the enzyme; [I] = concentration of the inhibitor and [EI] =
concentration of the enzyme–inhibitor complex). Pi =
inorganic phosphate and PPi = inorganic pyrophosphate.
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Interestingly, the degradation of AMP to adenosine was
demonstrated to be distinctively slower, but mainly in very
alkaline medium. Nevertheless, a reduced degradation rate
of AMP substrate compared to ATP or ADP degradation
rates was also observed at physiological pH, although the
difference was less pronounced. Physiological consequences
in the context of this disparity that may be related to a more
outstanding role for AMP in the context of inflammation or
pH regulatory processes in the intestinal tract have to be
enlightened in the future.
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Table S1  
 

Overview of data evaluation procedures and enzyme concentration applied for colorimetric 

and mass spectrometric experiments. 
 

Assay Concentration of 

substrate/enzyme 

Data evaluation 

Colorimetric pH 6.0 

40µM/44.64nM 

 

Linear trend line within 

minute 0 to 30 pH 7.4 

pH 9.0 Linear trend line within 

minute 0 to 15 

Mass 

spectrometric 

pH 6.0 
40µM/44.64nM 

Exponential trend line 

within minute 3.0 to 30 pH 7.4 

pH 9.0 40µM/11.16nM Exponential trend line 

within minute 3.0 to 15 
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Figure S1  

All assays were conducted in 10mM ammonium acetate buffer with 40µM AMP substrate; a: iAP 

concentration 11.16nM, pH 9.0; b: iAP concentration 44.64nM, pH 7.4; c: iAP concentration 

44.64nM, pH 6.0; m/z evaluated, summarized and displayed here: Ado with m/z 268.1 and 290.1, i.e. 

[Ado+H]
+
 and [Ado+Na]

+
; AMP with m/z 348.1, 370.1, 386.0, 392.0 and 408.0, i.e. [M+H]

+
, 

[M+Na]
+
, [M+K]

+
, [M-H+2Na]

+
 and [M-H+Na+K]

+
; n = 5 – 11. 
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Figure S2 

 All assays were conducted in 10mM ammonium acetate buffer with 40µM ADP substrate; a: iAP 

concentration 11.16nM, pH 9.0; b: iAP concentration 44.64nM, pH 7.4; c: iAP concentration 

44.64nM, pH 6.0; m/z evaluated, summarized and displayed here: Ado with m/z 268.1 and 290.1, i.e. 

[Ado+H]
+
 and [Ado+Na]

+
; AMP with m/z 348.1, 370.1, 386.0, 392.0 and 408.0; ADP with m/z 428.0, 

450.0, 466.0, 472.0 and 488.0, i.e. [M+H]
+
, [M+Na]

+
, [M+K]

+
, [M-H+2Na]

+
 and [M-H+Na+K]

+
; n = 

5 – 11. 
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Abstract

Data evaluation of mass spectrometric raw data is an essential step to obtain high-quality results. In our days 

an exorbitant amount of raw data are produced in analytical (bio)chemistry due to the utilization of sophisticated 

experimental setups. The recently published free software Achroma has been developed to overcome increasing 

data processing challenges by providing the possibility of a comprehensive data analysis (http://openmasp.hswt.

de/pages/project/achroma.php). To illustrate (a-)typical data evaluation, an online coupled continuous low system 
hyphenated with mass spectrometric detection was applied to investigate enzymatic activity changes in the presence 

of regulatory molecules and alternative substrates. The extended software strategy, the processing as well as 

evaluation of data is presented in detail based on enzymatic assays of intestinal alkaline phosphatase (iAP) and 

acetylcholine esterase (AChE). Different Achroma data evaluation modules enabled a high quality analysis. This 

included the elucidation of enzymatic substrate preferences by means of the calculation of negative and positive 

peak areas as well as the identiication of an inhibitory molecule by comparing different mass spectra with regard 
to their overall composition. The possibility of an automatically performed validity control to monitor the systems 

robustness furthermore emphasized the usefulness of Achroma software regarding its applicability in the area of 

'functional proteomics' data handling.

Graphical Abstract

Challenges regarding (a-)typical data processing and their overcoming by applying Achroma Software are outlined. 

Data evaluation includes e.g. the assessment of data quality and the calculation of peak area. 
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Introduction

Mass spectrometry (MS) combined with liquid chromatography 
(LC) is nowadays a key technology in the ield of analytical chemistry. 
Research areas like ‘small compound screening’ in food and 
environmental chemistry and also the investigation of large molecules 
like proteins may lead to a plethora of data, which need to be processed, 
evaluated and interpreted. Beyond that, (LC-) MS is a key technology in 

the ield of ‘functional proteomics’, as part of experimental setups used 
to monitor enzymatic reactions in real-time or to study the formation 
of non-covalent complexes [1-6]. 
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he rapid improvement of analytical instruments and thereby the 
emergence of new and complex experimental setups further contribute 
to an increasing amount of data and in this manner to data evaluation 
challenges. One single experiment may result in thousands of mass 
spectra and extracted ion chromatograms (EIC), depending on the 
complexness of the analyzed mixtures, the measurement time and the 
number of substrate and product traces, especially in multiplexing 
approaches. 

In this regard, the application of an online coupled continuous 
low system to detect changes in enzymatic activity in the presence 
of regulatory molecules may result in the emergence of complex data 
sets. his well-established technique has already been applied for the 
detection of interactions between proteins and compounds of interest 
[7], for the detailed investigation of enzyme inhibitors [8,9] or even 
on the screening of complex mixtures for unknown enzyme regulatory 
compounds [8-10]. he applicability of this systems has already been 
proven for the investigation of several enzymes, i.e. acetylcholine 
esterase (AChE) [9,8], phosphodiesterase [10], glutathione S-transferase 
[11] and cathepsin B [8]. In the presented work the setup was applied 
for the investigation of AChE and iAP enzymatic assays, either to ind 
regulatory molecules from complex mixtures or to detect the enzymatic 
response to alternative substrates. Both applications were found to 
result in unusual data sets, which enclose the presence of positive and 
negative peaks within the assay EICs. he introduction of complex 
mixtures with unknown composition furthermore necessitated a fast 
and easy identiication of potential enzyme regulatory compounds. 
Standard sotware provided by LC/MS hardware vendors is usually 
expensive and oten does not comprise all functions required for entire 
data analysis. Researchers may have to conduct additional procedures 
like the export of data and further handling with common spread 
sheet sotware. his sotware type however in most cases lacks certain 
requirements for a detailed data evaluation. hus, the development of 
new sotware allowing automated data handling and rapid as well as 
easy data interpretation and data evaluation is essential. Consequently, 
a special free sotware–Achroma–was developed and applied to clearly 
visualize, process and analyze a large amount of chromatographic 
and mass spectrometric data. So far, the Achroma sotware includes 
several independent data handling modules, like a) ‘chromatogram 
comparison’ for the calculation of a quotient of particular EICs to track 
signal inconstancies, b) ‘signal recognition’ of positive and negative 
peak signals (incl. signal area calculation) and c) ‘signal comparison’ 
tool. Latter enables the discovery of diferences between two spectra 
at two diferent deined time points, e.g. comparing the EICs baseline 
range with a signal of enzymatic regulation. In contrast to common 
data evaluation sotware the possibility of a data quality examination 
was implemented into Achroma sotware to obtain helpful information 
about the robustness of the applied experimental setup. Automatically 
performed signal recognition and signal comparison furthermore 
provide a distinct reduction of elaborate manual data processing time. 

In contrast to other available sotware tools for selective or multiple 
reaction monitoring (SRM/MRM) [12], e.g. like Skyline [13] or 
ATAQS [14], Achroma provides the calculation of negative peak areas, 
which may occur in continuous low experiments of enzymatic activity 
determination in the presence of regulatory compounds. By adding 
the possibility of a diference spectrum calculation, Achroma sotware 
tool further stands out from classical SRM/MRM sotware regarding 
helpful features for functional proteomics data evaluation. Achroma 
sotware and its features were exemplarily employed on AChE and 
iAP enzymatic assays to evaluate data quality features and to illustrate 
application-oriented data evaluation. he enzymatic assay data were 

processed with respect to a) performing data quality control and signal 
robustness assessment via EIC correlation of an internal standard (IS) 
and the EIC of an assay component, b) monitoring signal changes of 
iAP enzymatic assay induced by the injection of competitive substrates 
and c) screening of single compounds contained in complex mixtures 
on their regulatory efect on AChE, e.g. inhibitory efects. 

Materials and Methods

Reagents and chemicals

All compounds for the enzymatic assays were purchased from 
Sigma-Aldrich (Steinheim, Germany): AChE from Electrophorus 
electricus type VI-S (AChE, Enzyme Commission (EC) number 
3.1.1.7, M

w
 ~280 kDa), acetylcholine chloride (AChCl, M

w
 181.7 Da), 

galanthamine hydrobromide from Lycoris sp. (M
w
 368.3 Da), iAP 

from bovine intestinal mucosa (EC 3.1.3.1., M
w
 ~160 kDa), Adenosine 

5′-triphosphate (ATP, M
w
 507.2 Da), Adenosine 5’-diphosphate 

(ADP, M
w
 427.2 Da), Adenosine 5’-monophosphate (AMP, M

w
 

347.2 Da), LC-MS grade reagent water, LC-MS grade methanol and 
ammonium acetate (M

w
 77.1 Da, >98%). L-histidine (M

w
 155.16 Da) 

served as internal standard and was obtained from Merck Chemicals 
(Darmstadt, Germany). 

A house dust extract sample was used for screening experiments. 
he sample was taken from a household with visible mould infestation 
and was prepared as follows: 0.5 g house dust was sieved and the particle 
fraction ≤ 63 µm was extracted with 5 mL methanol/H

2
0 (84:15). 1 mL 

was evaporated to dryness, resolved in methanol/H
2
0 (20:80), iltered 

with a 45 µm RC-ilter and used for application in enzymatic assays.

Instrumentation

Online coupled continuous low system: he experiments were 
performed using an online coupled continuous low system with 
sample introduction part (Injector, Rheodyne, California, sample loop 
volume: 2 µL) as presented in Figure 1. 

In setup 1 (Figure 1, middle trace: light grey dashed line), the 
enzymatic activity of iAP was measured towards its nucleotide 
substrate AMP. Activity changes in AMP substrate degradation along 
with adenosine (Ado) product generation, caused by the introduction 
of additional AMP substrate as well as increasing concentrations 
of the competitive nucleotide substrates ADP and ATP [15], were 
investigated. Concentration of the enzyme and the AMP substrate 
introduced to the system were 2.4 U/mL and 80 µM, respectively. Both 
were solved in 10 mM ammonium acetate pH 7.4. 

Setup 2 (Figure 1, middle trace: black solid line) was used for 
the determination of the AChE activity with regard to an enzymatic 
regulation potentially caused by a chromatographically separated 
house dust mixture of unknown molecules. Initial concentrations were 
set to 0.05 nM of AChE and 10 µM of acetylcholine, either solved in 
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Figure 1: Schematic setup of the online coupled continuous low system.
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10 mM ammonium acetate pH 7.4. Internal standard L-histidine was 
introduced to the systems along with the enzyme solutions and was 
set to an initial concentration of 80 µM. In both setups the enzyme 
was provided in a syringe (2.5 mL, Hamilton-Bonaduz, Switzerland) 
located in a syringe pump with a low rate set to 25 µL/min (Figure 
1, upper trace) (Model 11 Plus, Harvard Apparatus, Hugo Sachs 
Elektronik, Hugstetten, Germany). Substrate solution was illed 
in a superloop (volume 10 mL, Amersham Biosciences, Uppsala, 
Sweden) and introduced to the system with a low rate of 50 µL/min 
(Figure 1, bottom trace). Samples were injected into the continuous 
low delivered by the quaternary pump via an injector (Rheodyne, 
California, sample loop volume: 2 µL). he quaternary pump low 
rate (1100 series, Agilent Technologies, Waldbronn, Germany) was 
set to 25 µL/min, taking the sample either directly to the irst reaction 
coil (setup 1) or along to the chromatographic column (setup 2). 
he isocratic pump (1260 series, Agilent Technologies, Waldbronn, 
Germany) was connected to the superloop for pumping the substrate 
solution to the system (Figure 1, bottom trace). Pumps were controlled 
by ChemStation sotware (version B.04.03, Agilent Technologies, 
Waldbronn, Germany). Reaction coils 1 and 2 (Telon, 0.25 mm ID) 
were knitted as described in literature [16] to provide a suicient 
mixing of enzyme and injected sample (reaction coil 1, low-through 
time of ~1.3 min) and of the enzyme-sample mixture with the substrate 
(reaction coil 2, low-through time of ~2.9 min), respectively. Apart 
from reaction coil 1 and 2 all further modules in both setups were 
connected with PEEK tubing. In setup 1, 10 mM ammonium acetate 
pH 7.4 was delivered continuously by the quaternary pump (Figure 
1, middle trace). In setup 2 an isocratic eluent low with 90% 10 mM 
ammonium acetate pH 7.4 with 10% methanol was used to separate 
the sample on a high temperature-compatible Zirchrom PBD column 
(100x1 mm, 3 µm) (ZirChrom Separations, Inc., Anoka, MN, USA), 
which was integrated into a column oven (HT HPLC 2000, Scientiic 
Instruments Manufacturer GmbH, Oberhausen, Germany) (Figure 1, 
middle trace). he organic solvent concentration tolerable for AChE 
was preliminarily tested [17], whereupon 10% methanol was found to 
be suitable to maintain suicient enzymatic activity. A temperature 
gradient was applied to improve the chromatographic separation. 
Initial temperature was set 30°C, followed by a linear temperature 
increase up to 120°C within a time range of 20 min, whereupon 120°C 
was held for 10 min. Ater completion of the gradient, the column was 
automatically reconditioned to the starting temperature of 30°C. 

Mass spectrometric assay detection: Samples were analyzed using 
a single quadrupole mass spectrometer (MSQ Plus, Wissenschatliche 
Gerätebau Dr. Ing. Herbert Knauer GmbH, Berlin, Germany) 
equipped with an electrospray ionization source in positive ionization 
mode. Mass spectrometric parameters were as follows: 300°C probe 
temperature, 3.5 kV needle voltage and 75 V cone voltage. In setup 1, 
the mass range for the iAP assay component detection was 100-1000 
m/z, whereas in setup 2, the mass range for experiments performed 
with AChE was 100-800 m/z. 

he following signals were analyzed in the AChE assay with the 
substrate acetylcholine: substrate signal m/z 146 (M)+ and product 
signal m/z 104 (M–CH

3
COOH)+.

For data evaluation of iAP assays, related m/z signals were 
summarized, using m/z 268.1 and 290.1, i.e. (Ado+H)+and (Ado+Na)+; 
m/z 348.1, 370.1, 386.0, 392.0 and 408.0, i.e. (AMP+H)+, (AMP+Na)+, 
(AMP+K)+, (AMP-H+2Na)+ and (AMP-H+Na+K)+ and m/z 428.0, 
450.0, 466.0, 472.0 and 488.0, i.e. (ADP+H)+, (ADP+Na)+, (ADP+K)+, 
(ADP-H+2Na)+ and (ADP-H+Na+K)+.

Data evaluation

Mass spectrometric data was acquired using Xcalibur sotware 
2.1.0.1139 (hermo Fisher Scientiic Inc., Waltham, MA, USA). For 
data evaluation with Achroma sotware either an entire Xcalibur data 
ile was processed directly with an Xcalibur-implemented ile converter 
tool, followed by a further conversion step with Achroma converter 
sotware or individual EICs of interest were transferred to Oice Excel, 
whereupon further processing was again performed with Achroma 
converter (Figure 2). 

he latter procedure leads to a minor amount of information, only 
containing data of particular EICs, which is suicient in case of known 
m/z values of interest and advantageous regarding the reduction 
of the inal data volume and ile sizes. In contrast by converting the 
entire Xcalibur data ile the mass spectrometric information recorded 
is entirely preserved. A more detailed explanation regarding the 
conversion of raw data is provided on the Achroma web page [18].

Data interpretation of enzymatic assays was accomplished 
by applying several Achroma modules ater smoothing the data: 
‘Chromatogram comparison’ tool allows the calculation of a quotient 
of two independent EICs, e.g. the traces of an internal standard and an 
assay component. Hence, the ratio obtained enables the correction of 
experimental data for intensity irregularities. 

Moreover, enzymatic regulation manifested as negative or positive 
peaks present in the EIC traces was detected with ‘signal recognition’ 
module to assess peak areas, thereby obtaining numerical values 
that correspond to an alteration of enzymatic activity, whether it is 
inhibitory or activating. Further evaluation of data was carried out using 
‘spectra comparison’. By means of this module, regulatory molecules 
afecting enzymatic activity can be easily identiied by comparing the 
mass spectrum of a time point of altered enzymatic activity with the 
mass spectrum of a non-regulated time range. In doing so, diferences 
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regarding the total composition of both spectra or merely the alteration 
of single m/z signal intensities respectively can be revealed. Temporarily 
emerging m/z values or m/z values with a distinct increase of intensity 
are presented as negative signals and vice versa. 

Results and Discussion

A continuous low system coupled with MS detection (Figure 1) 
was applied to study enzymatic activity of iAP and AChE, respectively. 
Temporary increases or decreases of mass spectrometric substrate or 
product traces in the presence of inhibiting or activating molecules 
can be used to identify regulatory molecules from complex mixtures. 
In the absence of regulatory molecules, a constant trace of substrate 
and product is continuously detected, which relects an unchanged 
enzymatic activity.

he presence of e.g. an inhibiting molecule is relected by a temporary 
increase of substrate intensity (positive peak) and a simultaneously 
occurring decrease of product intensity (negative peak). In this regard, 
the evaluation of positive as wells as negative peak signals to assess 
enzymatic activity changes is inevitable. To address this need a former 
Achroma sotware version was developed and recently published 
[19]. Data quality and also the overall data evaluation procedure 
was considered applying three modules of Achroma sotware-‘signal 
recognition’, ‘spectra comparison’ and ‘chromatogram comparison’. 

he handling and processing of raw data with a new Achroma 
version (incl. additional functionality like an extended ile converter 
tool) is demonstrated by means of iAP enzymatic activity measured 
with the online coupled continuous low system in section 3.1 (Figure 1 
and Setup 1). A further veriication of proper data analysis is shown by 
the evaluation of AChE enzymatic assay measured in the presence of a 
chromatographically separated complex real house dust extract, which 
was introduced to the system (Figure 1 and Setup 2).

Intestinal alkaline phosphatase assay data evaluation

iAP is able to dephosphorylate the nucleotide AMP, thereby 
generating the nucleoside product adenosine. iAP (Figure 1, upper 
trace) and AMP (Figure 1, bottom trace) were introduced to the 
online coupled continuous low system, resulting in a constant AMP 
substrate trace and an enzymatically dephosphorylated Ado product 
trace. Enzyme and substrate concentrations were chosen to obtain 
an enzymatic substrate conversion rate that results in a suicient 
mass spectrometric substrate as well as product trace intensity. he 
injection of diferent concentrations of substrate AMP or alternative 
substrates ADP or ATP led to the generation of intermediates and an 
altered Ado product generation, which is due to the enzyme´s ability to 
dephosphorylate its substrates in a stepwise manner [15]. 

As previously investigated, iAP activity measurements towards 
AMP compared to ADP and ATP revealed the enzyme´s preference 
to dephosphorylate the latter two with a rate about twice and thrice as 
high, respectively [15].

ADP and ATP injections (Figure 1, middle trace) consequently 
caused a reduced generation of the inal product Ado, which is solely 
formed through AMP dephosphorylation. Additionally, injected ADP 
or ATP are largely degraded to AMP or AMP and ADP by the removal 
of one or two phosphate groups, respectively [20].

Assessment of signal stability and overall data quality: Ater 
successfully adapting iAP enzymatic assay to the online coupled 
continuous low system, irst experiments showed recurring drops 
within assay component traces. To investigate whether these 

inconstancies are due to mass spectrometric detection or related to 
changes of enzymatic activity, data was assessed with Achroma sotware 
module ‘chromatogram comparison’. he extent of signal inconstancies 
within the course of internal standard and assay component traces 
(substrate, intermediates or product) can easily be displayed, compared 
and corrected (Figure 3). By doing so, actual enzymatic activity changes 
due to the presence of regulatory molecules and events of system-
related intensity loss can be distinguished. his data correction step 
is therefore particularly important, since signal inconstancies might 
lead to a feigning of enzyme regulation. ‘Chromatogram comparison’ 
tool hence provides the possibility to monitor and correct assay EICs 
for signal detection irregularities and potentially assign them either 
to signal suppression efects due to injected molecules, pumping 
inconsistencies, system leakage or others. 

Assay traces of the internal standard (IS) and the substrate AMP 
(Figure 3) are selected by entering the respective masses into the 
provided input ield of Achroma sotware (Figure 3, solid black 
line, exemplary m/z range 155 to 156 and 347 to 348). By means of 
chromatogram comparison the data were edited by calculating the 
quotient of those molecule EICs, resulting in a constant and consistent 
ratio which is corrected for signal inconstancies (Figure 3C). 

A tolerance interval can be additionally selected (Figure 3, dashed 
line box and Figure 3C) to control the resulting EIC ater correction. 
he tolerance interval is shown as additional lines below and above 
the calculated quotient chromatogram (Figure 3C). he correction 
procedure applied to the data might therefore also reveal further 
inconstancies beyond the events of obvious signal losses, which would 
be clearly revealed as signals ranging out of the tolerance interval set. 
hose exceeding signals might therefore be accounted to enzymatic 
regulation events, which were previously concealed by the more 
dominant signal inconstancies. In case of the data set exemplarily used, 
no further irregularity is apparent, visible by the trace´s course lying 
within the tolerance limit of 10%. 
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signal inconstancies in all assay traces, which could be corrected with 

Achroma software tool ‘chromatogram comparison’. The respective software 

interface comprises of ields to enter m/z ranges of two molecules of interest 
(Box, black solid line), e.g. m/z range 347 to 348 of assay substrate AMP (A) 

and internal standard (IS) m/z range 155 to 156 (B). An intensity minimum 
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output of the calculated correction (Box, dashed line). The calculation of a 

quotient of AMP EIC (A) and IS EIC (B) resulted in a corrected and constant 

EIC (C). Tolerance value is set to ±10% and is displayed in C as solid line 

below and above the corrected EIC.
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injections of ADP was calculated for Ado, AMP as well as ADP. he 
decrease of trace intensities is presented as negative bars, whereas the 
intensity increases are displayed as positive bars (Figure 4D). 

Injection of 80 µM and 160 µM ADP solutions to the iAP assay 
with AMP substrate led to a preferred and complete degradation of 
ADP in reaction coil 1 (Figure 4C) and in this manner to an associated 
slight increase of AMP (Figure 4B) and of the inal product Ado (Figure 

Ater successfully examining the quality of the data set, evaluation 
regarding the efects of an alternative substrate introduced to iAP assay 
as well as the inding of regulatory molecules were accomplished by 
applying additional Achroma sotware modules. 

Enzymatic regulation in the presence of alternative substrates: 

he activity of iAP towards its substrate AMP was investigated in the 
presence of diferent concentrations of injected AMP and alternative 
substrates ADP and ATP. Changes in Ado product and intermediate 
generation as well as enzymatic preferences regarding nucleotide 
substrates ought to be detected and analyzed. Data processing is 
exemplarily described by means of iAP enzymatic assay with AMP 
substrate and ADP injections to the online coupled continuous low 
system (Figure 4). Evaluation was performed by entering the m/z of 
an assay component of interest into the respective input ield (Figure 
4, I) to display the corresponding EIC traces of the product (Ado), the 
substrate (AMP) and the competitive substrate (ADP) (Figure 4A-
C). EIC smoothing was conducted with a moving average algorithm, 
similar to the Savitzky-Golay algorithm (Figure 4, III) [18]. 

Subsequently, peak recognition was automatically performed with 
Achroma sotware by selecting the provided option “negative signals” 
(Figure 4, II) in case of data showing mainly negative peaks (Figure 4A) 
and vice versa (Figure 4B and C). If necessary, the sotware provides the 
possibility to manually adjust the starting and end point of individual 
peaks (Figure 4, IV). Alterations of trace intensities of product Ado 
(Figure 4A), substrate AMP (Figure 4B) and competing substrate ADP 
(Figure 4C) were further evaluated using the peak areas obtained from 
Achroma Sotware (Figure 4D). A peak area average value of four 
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peak signals respectively (II), further options to edit data like smoothing of 

EICs, signal calculation with smoothed graph and displaying of automatically 

calculated peak areas (III), manual adjustment of peak starting and end 

points and possibility to include or exclude non-detected or false detected 

peaks respectively (IV).  
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Figure 5: Dependency between calculated peak areas of Ado (■), AMP (), 

ADP (♦) and ATP () and the injection of AMP, ADP or ATP in different 

concentrations (80 µM, 160 µM, 320 µm, 1 mM and 2 mM); internal standard 

(IS) peak areas are presented as well (O). Standard deviations shown are 

calculated out of n=4.

http://dx.doi.org/10.4172/jpb.1000328


Citation: Krappmann M, Kaufmann CM, Scheerle RK, Grassmann J, Letzel T  (2014) Achroma Software-High-Quality Policy in (a-)Typical Mass 

Spectrometric Data Handling and Applied Functional Proteomics. J Proteomics Bioinform 7: 264-271. doi:10.4172/jpb.1000328

Volume 7(9) 264-271 (2014) - 269 
J Proteomics Bioinform
ISSN: 0974-276X JPB, an open access journal 

4A). ADP concentration above 160 µM caused a more pronounced and 
gradual increase of AMP intensities and a progressive decrease of the 
Ado level, which can be explained by the availability of non-degraded, 
enzymatically favored substrate ADP. High levels of competing ADP 
therefore resulted in the generation of mainly AMP and a further 
reduced Ado generation. Detailed data evaluation with AMP, ADP and 
ATP injections was performed in the same manner as described and is 
comparatively displayed in Figure 5. 

he injection of additional AMP to the system led to a distinct 
increase of AMP peak areas, which is likely due to the inability of iAP 
to degrade the majority of AMP injected to the system. he rise of Ado 
product level was consequently found to be minor and only slightly 
increased for all AMP concentrations (Figure 5A).

In contrast, data examination with ADP injections revealed a more 
pronounced increase of AMP intermediate product peak areas (Figure 
5B), which relects the enzymatic substrate preference towards ADP 
compared to AMP. he simultaneous decrease of Ado furthermore 
indicates the preferred degradation of ADP to AMP rather than 
AMP to Ado (Figure 5B). he non-linearity of AMP peak areas with 
increasing ADP concentrations injected might be accounted to a 
substrate saturation occurring above a certain level of injected ADP 
(Figure 5B). his results in an increasing amount of non-degraded 
ADP and concurrently less generated AMP, due to the systems 
limited reaction time span (Figure 1, 2nd reaction coil). To verify the 
thesis of actual substrate saturation and to exclude the possibility of 
mass spectrometric signal suppression efects, controls containing 
no enzyme were measured in the online coupled continuous low 
system. 80, 160, 320, 1000 and 2000 µM AMP was injected respectively, 
investigating the peak area progression with increasing concentrations. 
Data evaluation of AMP peak areas with Achroma showed a linear 
increase up to 2 mM of injected AMP (data not shown), which in turn 
supports the assumption of the non-linear AMP increase visible in 
Figure 5B to be due to substrate saturation.

he injection of ATP to the system furthermore reduces the 
generation of Ado, which is again due to the enzymes substrate 
preference towards ATP and ADP. Minor concentrations of injected 
ATP resulted in a distinct increase of AMP and only a slight rise of 
ADP levels, which is accounted to the enzyme´s ability to rapidly 
degrade ATP as well as a major proportion of the thereby generated 
ADP to AMP within the reaction time span provided (Figure 1, 2nd 
reaction coil) (Figure 5C). ATP injections of 1mM and beyond led to a 
lattening of AMP, ADP and Ado peak area progression, which is again 
attributed to substrate saturation. 

Within the time ranges of assay component peak calculations, also 
the peak areas of the internal standard were assessed (Figure 5A-C). 
he absence of distinct intensity changes in the course of the internal 
standard EIC furthermore conirms the inding of negative peaks 
within the EIC of Ado to be an actual alteration in enzyme activity 
rather than mere signal suppression. 

In this manner the signal recognition tool of Achroma sotware 
supports a more detailed data interpretation by providing the possibility 
to calculate positive and negative peak areas as well as regulation efects. 

Identiication of regulatory molecules and diferences in spectra 

composition and intensities: Injection of alternative substrates to iAP 
enzymatic assay resulted in the emergence of negative and positive 
peaks within the assay component EICs. To be able to investigate the 
spectra composition, which corresponds to the time point of altered 
substrate degradation, ’spectra comparison’ module was exemplarily 

applied for the data evaluation of ADP injections (compare Figure 4 
and 5B). he module is convenient in terms of investigating diferences 
between two diferent spectra or even provides the possibility to identify 
signal intensity changes, e.g. caused by the injection of a competitive 
molecule like ADP. To illustrate the procedure of data evaluation with 
spectra comparison, two independent signals present in the AMP 
substrate trace were exemplarily selected (Figure 6A, dashed lines, 
corresponding to the injection of 80 µM ADP and 2 mM ADP). In both 
cases the time point of the respective assay baseline spectrum is marked 
as solid black line (manually set to 80 seconds prior to the respective 
peak maximum; see Figure 6, top right). 

A spectra comparison was automatically performed by subtracting 
the spectrum corresponding to the selected peak maximum (Figure 6A, 
dashed lines) from the reference baseline spectrum corresponding to 
the selected minimum (Figure 6A, solid lines). Molecules possessing 
higher intensities within the selected peak spectrum compared to the 
reference peak spectrum are therefore displayed as negative signal 
and vice versa (Figure 6B and 6C) [19]. he injection of 80 µM ADP 
(Figure 6A, let dashed line) results in an increase of Ado and AMP 
signal and no detectable ADP signal (Figure 6B). As already discussed 
and displayed in Figure 4 at low ADP concentrations, the total amount 
of ADP can be enzymatically degraded to AMP and Ado, therefore 
causing negative signals for both molecules in the spectra comparison 
data evaluation.

Injection of 2 mM ADP (Figure 6A, right dashed line) however 
reveals a decrease of Ado and an increase of AMP as well as the 
emergence of ADP signals and co-occurring increases of ADP and 
AMP Na- and K adducts (Figure 6C). 

With high ADP concentrations introduced to the system, ADP 
can be only partially degraded to AMP, resulting in a negative signal 
of remaining ADP and a distinctively higher negative signal for AMP. 
he positive Ado signal visible in the spectrum relects the reduced 
amount of the inal enzymatic product Ado, which is generated in 
lower quantity due to the presence of the favored ADP substrate.

Acetylcholine esterase assay data evaluation

he identiication of regulatory substances from complex mixtures 
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Figure 6: ‘Spectra comparison’ interface of the Achroma software and data 

evaluation of signal peaks: Injection of 80 µM (A, left dashed line) and 2 mM 

ADP (A, right dashed line) with no injection baseline time points (A, dark solid 

lines); difference spectrum of 80 µM ADP injection (B); difference spectrum 

of 2 mM ADP injection (C). AMP and ADP appeared as positively charged 

ions, either with proton, sodium or potassium. Ado was solely detected as 

protonated ion.
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is an emerging research area, which becomes more and more important 
within the scope of pharmaceutical, environmental or nutritional issues 
[1,8,21]. In a current project diferent house dust extracts were used 
for the screening of their regulatory inluence on enzymatic systems. 
he investigation of the extract and especially their partially unknown 
molecular composition led to a large amount of data that had to be 
evaluated.

Enzymatic activity response and identiication of regulatory 

molecules from complex mixtures: he identiication of negative 
and/or positive EIC peak areas, indicating enzymatic regulation, and 
simultaneously the evaluation of the related mass spectra detected at 
time points of regulation, serve as a basis for the inding of enzyme 
regulatory compounds. In this regard, the efects of house dust extracts 
were investigated on their inluence on AChE activity.

A positive control was included by spiking the house dust extract 
with the known AChE inhibitor galanthamine. he spiked extract 
sample was injected to the system and chromatographically separated 
by HT-HPLC (Figure 1, setup 2, middle trace) before it was introduced 
to the continuous low containing AChE (Figure 1, upper trace). Data 
evaluation with the Achroma ‘signal recognition’ module revealed 
two negative peaks, which were automatically identiied and tagged 
in the continuous trace of the assay product choline (Figure 7A, 
light and dark grey area). he negative peaks may therefore indicate 
the presence of an AChE regulatory compound contained in the 
house dust sample. he peak areas in the product trace can be easily 
calculated with Achroma and may also provide further information 
about the strength of an enzymatic regulation. Ater calculating and 
analyzing the recognized negative signal peaks, sotware module 
‘spectra comparison’ was applied. By comparing the spectrum 
underlying a negative peak signal time range with a constant signal 
time range spectrum (baseline), information about diferences between 
their compositions was obtained (Figure 7B and 7C). Subsequently 
regulatory extract compounds can be easily identiied by means of their 

m/z. he spectrum comparison of the negative signal 1 (Figure 7A, 
7B and 7D, light grey area) with the constant non-regulated baseline 
spectrum (Figure 7A, dashed line) revealed no signiicant characteristic 
diference of m/z signals. In contrast, the comparison of the negative 
peak 2 spectrum (Figure 7A and 7C, dark grey area) with the baseline 
spectrum (Figure 7A, dashed line) showed a distinct diference, which 
is displayed as negative spectrum signal with a m/z of 288 (Figure 7C). 
he signal is only apparent in the spectrum of the negative peak 2 area 
and seems to afect the activity of AChE. To verify this inding, the 
EIC of m/z 288 was visualized (Figure 7E), hereby revealing a retention 
time, which is identical with the time point of the negative EIC peak 
signal within the (choline) product trace. Since the house dust extract 
was spiked with a known AChE inhibitor, m/z 288 could be assigned 
to galanthamine (M+H)+, therewith clearly showing the applicability of 
the experimental setup as well as the beneits of Achroma sotware for a 
comprehensive data analysis. 

Conclusion

Achroma sotware features were presented in detail, in this manner 
demonstrating the sotware to be a powerful and beneicial tool. It 
supports a fast and wide-ranging interpretation of (a-)typical mass 
spectrometrically detected enzymatic assay data, e.g. data which are 
obtained with an online coupled continuous low system. he three 
modules ‘signal recognition’, ‘signal comparison’ and ‘chromatogram 
comparison’ discussed in this work provide several possibilities 
regarding data evaluation. Negative and positive signal peak areas 
within the trace of a substrate, intermediate and/or product EIC could 
be assessed for iAP enzymatic assay with ‘signal recognition’ module. 
Detailed examination of the recorded mass spectrometric data thus 
revealed the enzyme´s substrate preference towards ADP and ATP in 
comparison to AMP. Besides the injection of alternative substrates, 
negative and positive peaks are oten related to events of enzymatic 
regulation, e.g. caused by an inhibitor. In this context AChE activity was 
investigated in the presence of chromatographically separated house 
dust extracts, spiked with a known AChE inhibitor as positive control. 
An enzymatic assay response related to the inhibitor added could be 
detected and evaluated with Achroma modules ‘signal recognition’ and 
‘spectra comparison’. he latter provided the comparative assessment 
of mass spectrometric spectra, detected at diferent time points to 
identify the compound responsible for AChE inhibition. Besides the 
inding of newly emerging molecule signals, e.g. like enzyme inhibiting 

or activating compounds from complex mixtures, also intensity 

changes could be easily identiied. 

he third module, ‘chromatogram comparison’, provides an easy 

means to control and correct mass spectrometric data for signal loss 

or signal inconstancies. It was therefore employed to assess signal 

inconstancies within iAP enzymatic assay traces in comparison to the 

course of an internal standard also taken along. he calculation of a 

quotient and in this manner the correction of assay EICs revealed the 

nature of signal loss events as related to mass spectrometric detection 

rather than enzymatic regulation.

Achroma sotware was shown to be eicient for the analysis of 

mass spectrometric data, whose evaluation has been too complex, time 

consuming or even impossible heretofore. However, further adaptions 

are necessary to fully exploit the improvement potential. For this 

purpose the functionality of Achroma sotware will be transferred into 

an open source modular analytical sotware platform (openMASP) to 

revise and expand the modules explained in this work. By switching 
to the open source platform the implemented code of Achroma will 

baseline

negativepeak1 productsingnalcholine

negativepeak2

spectrum baseline

spectrum negative peak2

characteristic signal at m/z 288

product signal choline

EIC m/z 288

Time [min]

re
la

tiv
e
 in

te
n
s
ity

 [
%

]

E

re
la

tiv
e
 in

te
n
s
ity

 [
%

]

C

Time [min]

spectrum baseline

re
la

tiv
e
 in

te
n
s
ity

 [
%

]

B

D

A

re
la

tiv
e
 in

te
n
s
ity

 [
%

]

spectrum negative peak1

no singnificant and

characteristic signals

0                   5                   10                 15                   20                  25              30

100

Figure 7: Screening of a house dust extract on its regulatory inluence on 
AChE activity. Detection of negative signals and calculation of signal areas 

present in the course of the product trace was performed with the ‘signal 

recognition’ software tool (A). Comparison of the product EIC baseline 

spectrum with the spectra corresponding to the negative peak areas was 

done with ‘spectra comparison’ tool (B,C). No signiicant difference of baseline 
spectrum to negative peak 1 spectrum was detected (B,D). A potentially 

enzyme regulatory substance was identiied, relected by a characteristic 
difference between baseline spectrum and negative area spectrum (m/z 288, 

C). EIC of regulatory substance revealed the concurrence of the compound´s 

retention time and the time point of regulation (D). 
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be free, open and downloadable for users, in this manner enabling the 
participation of external sotware developers/analysts in improving 
and adjusting the sotware functions or even adding new modules to 
the analytical sotware platform. Until then every potential user can 
download the Achroma sotware for free and may use it as helpful as it 
is. Further information regarding sotware and hardware requirements 
can be found in a previous publication [19] or on the Achroma web 
page [18].
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Enzymatic Assays Coupled with Mass Spectrometry with
or without Embedded Liquid Chromatography

Therese Burkhardt, Christine M. Kaufmann, Thomas Letzel,* and Johanna Grassmann[a]

Introduction

Enzymatic reactions are of interest because their catalysis not

only reflects biological function, but also enables the effective

chemical production of various organic molecules (in so-called

“white biotechnology”). As a result of their individual and

unique properties in terms of specificity and catalytic efficiency,

enzymes play essential roles in the fields of environmental and

water research[1] and of food and nutrition,[2] as well as in the

chemical,[3] pharmaceutical,[4] and biotechnological[4a,5] indus-

tries.

Conventionally, enzymatic reactions are analyzed either con-

tinuously with spectroscopic techniques (e.g. , photometry,

fluorescence) or offline by LC-MS, GC-MS, or CE-MS techniques

using the inactivated reaction solutions. Nowadays, the condi-

tions for these enzymatic reactions can also be designed in

a manner in which they are coupled directly and online to

mass spectrometric detection.[6] The apparent advantage of MS

detection is the opportunity to use physiological substrates.

Artificial or labeled substrates, which are usually necessary in

spectroscopic measurements, might alter the enzymatic activi-

ty.[7] In addition to this, MS detection allows for the utilization

of low substrate and enzyme concentrations. Combined with

low flow rates (nLmin¢1 up to 5 mLmin¢1) a cost-effective mea-

surement is enabled. This sensitive technique further offers the

potential for simultaneous and online detection of all ionizable

assay components: substrate, product(s), and potential inter-

mediates.

With respect to MS requirements, volatile buffer systems are

needed for direct coupling, resulting in partially non-physiolog-

ical conditions. However, despite this modification of the “con-

ventional” assay conditions, enzymes still remain active, so that

their reactions can be monitored. MS-compatible additives,

often mandatory for enzymatic reactions, can be used as well,

but in significantly lower concentrations. Addition of organic

solvents, to prevent surface sticking of assay components and

to lower surface tension (in the desolvation process of the MS

ion source), might improve the experimental outcome.[8] How-

ever, limitations such as signal suppression or denaturation

processes in the electrospray ion source should also be taken

into account. Table 1 provides an overview of representative

enzymatic assays established with mass spectrometric detec-

tion along with their potential areas of application. Further ex-

amples can be found in the literature.[6a–f]

Determination of Reaction Profiles and Cleav-
age Specificities by Using a Continuous-Flow
Assay (without HPLC)

Single assays

A basic way to measure enzymatic reactions coupled to MS is

direct injection by means of a (syringe) pump (Figure 1A, top).

In this setup, buffer, substrate, enzyme (and additives) are

mixed and filled into a syringe. Subsequently, the reaction mix-

ture is directly introduced into the mass spectrometric source.

Syringe-pump assays provide the opportunity to assess enzy-

matic kinetics as a result of the continuous nature of the mea-

surement. The simultaneous measurement of substrate, prod-

uct, and intermediates furthermore gives additional insight

into the enzyme’s mode of action.

A selection of studies is discussed in the forthcoming section

and summarized in Table 1. This highlights the wide range of

possibilities for studying the behavior of different enzymes

with MS. In this regard, the investigation of different dephos-

This article reviews monitoring strategies for enzymatic assays

coupled with mass spectrometric detection. This coupling has

already been shown to be helpful in providing versatile and

detailed knowledge about enzyme kinetics. Various available

publications address two general approaches. 1) The continu-

ous-flow setup allows real-time determination of substrate

degradation. Simultaneously, resulting product or potential in-

termediates can be detected. 2) The online coupled continu-

ous-flow mixing assay allows the direct coupling of an enzy-

matic assay to chromatographic separation of complex mix-

tures. The latest efforts in improving the methodology have

been made with regard to miniaturization. This is especially ad-

vantageous with regard to reducing costly consumption of

chemicals. Finally, these developments are applicable for di-

verse bioanalytical purposes in the realms of pharmaceutical,

biotechnological, food, and environmental research.
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phorylation products of intestinal alkaline phosphatase is

presented as an example. The degradation of the initial sub-

strate, ATP, to the first product, ADP, can be observed. Subse-

quently, ADP is further degraded to AMP and finally to adeno-

sine (Figure 2). Thus, mass spectrometric detection has the po-

tential to identify enzymatically generated intermediates that

would likely be disregarded with use of conventional spectro-

scopic methods.[9]

Table 1. Selection of enzymatic assays established with mass spectrometric detection and their application area.

Enzyme Possible application Application area

acetylcholinesterase[11,24]
screening for pesticides[25] environmental analysis

Alzheimer’s disease therapy[26] pharmaceutical industry

chemical weapon screening[27] defense and safety industry

chitinase and chitosanase[11] design of new chemotherapeutics,[28] production of antimicrobial

agents,[29]

production of agricultural control chemicals,[29–30]

preparation of d-glucosamine for osteoarthritis therapy[28b]

pharmaceutical industry, food industry, agri-

culture

chymotrypsin[11] diagnostic test for pancreatic exocrine insufficiency[31] medical research

cytochrome p450 (not published) bioremediation of trace organic chemicals[32] environmental applications

elastase[11] skincare products and chronic obstructive pulmonary disease thera-

py

cosmetics industry, pharmaceutical industry

intestinal alkaline phosphatase[9] anti-inflammatory regulation, maintenance of intestinal homeosta-

sis[33]
pharmaceutical industry

laccase (not published) bioremediation of trace organic chemicals[1a, 34] environmental applications

myeloperoxidase (not published) Parkinson’s disease therapy[35] pharmaceutical industry

xanthine oxidase (not published)

screening for antioxidants[36] food chemistry and analytics, cosmetics in-

dustry

gout therapy[37] pharmaceutical industry

glutathione S-transferase (not pub-

lished)

cancer treatment[38] pharmaceutical industry

pepsin[39] mucosal damage after gastric reflux[40] pharmaceutical industry

trypsin[39] involvement in pancreatitis[41] pharmaceutical industry

Figure 1. Overview of coupling techniques for studying enzymatic reactions by continuous-flow measurements. Basic approaches, miniaturization, and result-

ing data are shown schematically for A) a syringe pump assay, and B) the online coupled continuous-flow setup. Adapted from R. K. Scheerle, PhD thesis, TU

Mìnchen.
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Another study elucidated the hydrolysis profiles of chitosa-

nases and chitinases. In the process, different cleavage pat-

terns for these hydrolyzing enzymes could be evaluated with

the aid of the continuous-flow technique.[10]

Multiplex assays

Mass spectrometric real-time

online detection of enzymatic re-

actions can also be employed to

assess enzymatic binding and

catalytic preferences in the pres-

ence of multiple substrates. Vice

versa, multiplex assays—that is,

the simultaneous measurements

of two or even more enzymes—

can also be conducted in one

single experiment. This approach

is not only time- and cost-effi-

cient but provides high informa-

tion value with regard to kinetics

and mutual enzymatic interac-

tions. Figure 3 presents a multi-

plex experiment using chitinase

and chymotrypsin in comparison

with their single enzymatic

assays. In this way, substrate

degradation and product forma-

tion could be detected for both

enzymes simultaneously. More-

over enzymatic activities were found to be almost as

high in the multiplex approach as in the single assays

(78% for chitinase and 94% for chymotrypsin). Fur-

ther examples can be found in Scheerle et al.[11]

Investigation of Inhibitors by Using
a Continuous-Flow Assay or the Online
Coupled Continuous-Flow Mixing Assay

Determination of kinetic parameters

The described continuous-flow setup allows the addi-

tion of individual compounds to an assay for investi-

gation of their capability in regulating an enzyme of

interest. Those regulatory compounds can either in-

hibit or enhance the catalysis efficiencies of the enzy-

matic reactions. Figure 4 representatively illustrates

the effect of the inhibitor (¢)-epigallocatechin 3-gal-

late (EGCG) on the formation of nitrotyrosine by the

enzyme myeloperoxidase and the remaining enzyme

activity. The introduction of increasing concentrations

of, for example, inhibitors provides an easy screening

method for single compounds with respect to their

regulatory potential and enables the determination

of IC50 values. Regulator-associated changes in kinetic

parameters such as Km and vmax can furthermore elu-

cidate the character of inhibition—whether it is com-

petitive, noncompetitive, or uncompetitive. In recent years, in-

terest has emerged in identifying enzymatic regulators from

complex natural sources, such as plant extracts. For this pur-

pose, an online coupled mixing assay can be applied, as dem-

onstrated in the next section.

Figure 2. Direct syringe pump infusion assay with intestinal alkaline phosphatase and its

substrate ATP. Mass spectra A) at the beginning, and B) at the end of measurement time.

Time courses of substrate ATP and of intermediates ADP and AMP, as well as of the final

product adenosine, are shown at the bottom.

Figure 3. Direct syringe pump infusion assay with the enzymes chitinase and chymotrypsin. A) Individual enzymat-

ic reactions of chitinase and chymotrypsin in the presence of their corresponding substrates, in comparison with

B) the multiplex approach, in which both enzymes were measured simultaneously in one assay.
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Complex mixtures

Usually, complex mixtures are tested on contained enzyme

regulators by high-throughput screening techniques, which in-

volve time-consuming isolation and sample-processing proce-

dures. This entails extract fractionation followed by the expo-

sure of the enzymatic target to the collected fractions

(Figure 5; “Conventional Screening”).[12] In this manner the

number of compounds is gradually narrowed down, thus pro-

viding the possibility to reveal a potential new drug. Other

studies represent a combination of identification (by MS) and

functionality (by spectroscopy)[13] (Figure 5; “Combined Bioas-

says”). However, the need for fast and integrated analytical

methods led to the development of new screening ap-

proaches. These setups would

ideally enable the identification

of a regulator by its molecular

weight (i.e. , chemical informa-

tion) and simultaneously allow

the determination of its func-

tionality, both detected by mass

spectrometry (Figure 5; online

coupled bioassay). This resulted

in the development of a so-

called “online coupled continu-

ous-flow mixing assay” (Fig-

ure 1B; top).[14]

The combination of chromato-

graphic separation with a bio-

chemical assay offers the possi-

bility to screen for regulators in

complex matrices (Table 2). To couple chromatography and

bioassay, one has to face some challenges. Primarily, a chroma-

tographic separation typically needs addition of an organic sol-

vent to the mobile phase for effective elution of hydrophobic

compounds from the reversed-phase chromatographic

column. Beyond this, most chromatographic columns require

the addition of at least small proportions of organic solvents

to maintain stability. On the other hand, organic solvents affect

enzymatic activity, through denaturation, interference with

substrate binding, direct inhibition, and other negative ef-

fects.[11,14–15] For this reason various solvents have to be tested

for their influence on the enzyme(s) of interest before applica-

tion in the mixing assay.[11] In order to maintain constant or-

Figure 4. Inhibition studies with the enzyme myeloperoxidase (MPO), tyrosine as substrate, and EGCG as inhibitor.

A) Product formation (nitrotyrosine, NitroTyr) in the presence of different inhibitor concentrations (0–100 mm

EGCG). B) Relative myeloperoxidase activity plotted against the EGCG concentration for determination of the IC50

value.

Figure 5.Workflow comparison for three different methodological approaches with regard to the assessment of functional bioassays.
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ganic solvent exposure to the enzyme, isocratic separation

over the entire measurement time is favored, to ensure a con-

sistent substrate and product signal.[15] Isocratic elution, how-

ever, distinctly decreases the amount of compounds that can

be eluted from the chromatographic column. A considerable

improvement in chromatographic performance—even when

an isocratic flow is applied—can be achieved by means of

a temperature gradient.[16] With increasing temperature, the

Table 2. Publication overview of online coupled continuous-flow setups previously employed to investigate the activities of various enzymes in the pres-

ence of known inhibitors and/or complex mixtures. Chromatographic separation parameters and methods of assay detection are given.

Enzyme(s) Injection of/separation of Chromatographic

column

Eluent Enzymatic

assay detec-

tion

T [8C] Ref.

acetylcholine esterase narcissus extract, known inhibitors phys-

ostigmine, galanthamine, and carbachol

LiChrospher RP

SelectB (Merck)

40% MeOH or 30% MeOH (iso-

cratic)

UV n.s. [15a]

phosphodi-esterase natural products extracts, known inhibi-

tors theophylline and papaverine

Luna C18 (Phe-

nomenex)

5–95% MeOH (gradient) fluorescence n.s. [13a]

acetylcholine esterase narcissus extract, known inhibitor gal-

anthamine

Luna C18 (Phe-

nomenex)

21.5–78.5% MeOH (gradient) MS n.s. [20]

cathepsin B five flavonoids, known inhibitors E-64 and

leupeptin

ODS Hypersil RP-

C18 (Agilent

Technologies)

45.5% MeOH (isocratic) MS 25 (con-

stant)

[14]

red clover extract (Trifolium pratense L.),

known inhibitors E-64 and leupeptin,

fungi sample

9.5–90.5% MeOH (gradient) MS 25 (con-

stant)

[14]

xanthine oxidase Perilla frutescens extract Synergi Polar-RP

(Phenomenex)

100% aqueous (isocratic) MS 30–70

(gradient)

unpub.

data

xanthine oxidase, in-

testinal alkaline phos-

phatase

Perilla frutescens extract Luna PFP (Phe-

nomenex)

5% isopropyl alcohol, 5% etha-

nol, 10% ethanol or 5% MeOH

(isocratic)

MS 30–70

(gradient)

unpub.

data

cathepsin B tea extract, known inhibitors CA-074, E-

64, leupeptin

DiamondBond

C18 (ZirChrom)

10% MeOH (isocratic) MS 90–208 [16]

trypsin, thrombin inhibitors of the benzamidine type Luna C18 (2)

(Phenomenex)

5–95% MeOH (gradient and

countergradient)

fluorescence n.s. [18a]

cytochrome P450 various inhibitors Luna C18 (2)

(Phenomenex)

5–95% MeCN (gradient and

countergradient)

fluorescence n.s. [18d]

estrogen receptor a bioaffinity profiling with 14 different me-

tabolites

Prodigy C18 (Phe-

nomenex)

5–95% MeOH (gradient and

countergradient)

fluorescence n.s. [18c]

acetylcholine binding

protein

bioaffinity profiling Xterra C18 MS

column (waters)

�70% MeOH (isocratic) or

�20% MeOH to �100% MeOH

(gradient)

fluorescence n.s. [42]

glutathione S-transfer-

ase

eight ligands and synthesized GST inhibi-

tors

Luna C18 (2)

(Phenomenex)

5–95% MeOH (gradient and

countergradient)

fluorescence n.s. [18b]

protease two inhibitors n.a. n.a. fluorescence

(FRET)

n.s. [43]

protease two inhibitors size-exclusion

guard column

Biosep S-2000

(Phenomenex)

100% aqueous fluorescence

(FRET)

n.s. [19b]

microperoxidases microperoxidases Prontosil 120-5-

phenyl column

(Bischoff Chroma-

tography)

10% MeCN to 30% MeCN (gradi-

ent)

fluorescence n.s. [44]

angiotensin-convert-

ing enzyme

inhibitors: for example, hydrolyzed whey

proteins

Altech Ultima C18 2–95% MeOH (gradient and

countergradient)

fluorescence RT [45]

proteases proteases ion-exchange

(CM-825 cation-

exchange

column, Shodex)

or size-

exclusion chroma-

tography (TSK-Gel

G2000SWXL

column, Tosoh)

100% aqueous UV n.s. [19a]

glutathione S-transfer-

ase

mycotoxin patulin Supelco Discovery

RP18 column

(Sigma–Aldrich)

50% MeOH (isocratic) or �5%

MeOH to 85% MeOH

fluorescence n.s. [46]

n.a. : not available, n.s. : not specified.
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static permittivity or dielectric constant, and hence the polarity,

of the chromatographic eluent decreases.[17] This results in en-

hanced solubility of rather nonpolar compounds and thus in

reduced retention times and finally in increasing numbers of

eluting compounds. In assays with enzymatic reactions, the

employment of a temperature gradient can therefore serve as

an effective substitute for an organic solvent gradient. Howev-

er, high-temperature liquid chromatography (HTLC) necessi-

tates thermally stable column materials. Conventional silica col-

umns are unsuitable for HTLC application due to their compa-

ratively low temperature stability of up to 70–80 8C. Neverthe-

less, they do enable the use of moderate temperature gradi-

ents, which can also result in distinct reductions of retention

times.

A different approach, which has already been employed in

several studies, is the introduction of a so-called countergradi-

ent[18] (Table 2). By antagonizing a gradient with increasing or-

ganic solvent concentrations necessary for LC separation, a con-

stant and low amount of solvent can be maintained to ensure

stable enzymatic activity.

To avoid the use of organic solvents entirely, whilst never-

theless maintaining the capacity of the system for separation,

ion-exchange or size-exclusion chromatography columns

might represent the means of choice, although only a few

studies are yet available[19] (Table 2). Subsequently to successful

chromatography, the separated compounds are successively

introduced into the flow containing the enzyme (Figure 1B,

top). The enzyme/compound mixture is then introduced

into the substrate flow. A change in mass spectrometrically

detected substrate degradation and product formation indi-

cates a regulatory event (Figure 2B). These alterations in

enzymatic activity can be captured in various ways, by

colorimetric,[15a] fluorimetric, or mass spectrometric recording

(Table 2).[14,15b,16, 20]

With use of colorimetric detection at a defined wavelength,

information about either the substrate or the product might

be lost. Additional assay components absorbing at the detec-

tion wavelength might furthermore lead to incorrect data in-

terpretation. Fluorescence detection might be used for meas-

urements focusing on known reaction products, for which it is

a very sensitive and selective method. However, only mass

spectrometric detection provides the possibility to detect all

ionizable compounds simultaneously (Figure 6), including

known and unknown enzymatic intermediates, as well as the

corresponding enzymatic inhibitor or stimulator. The regulato-

ry compound is captured as a mass spectrometric peak within

the timespan of enzymatic regulation (Figure 6, black trace). In

this regard, the elution of, for example, an inhibitor leads to an

increase in the substrate trace (Figure 6, dark gray trace) and

a decrease in product formation (Figure 6, light gray trace).

With the aid of an internal standard (IS), the stability of the

system can be assessed (Figure 6, black dotted trace), to allow

distinction between actual regulation events and mass spectro-

metric signal suppression.

Miniaturization: Directions for Future Research

The various advantages of the described coupling techniques

can further be enhanced by miniaturization. The consumption

of enzyme and substrate can be distinctly decreased. With

regard to the components to be investigated, enzymatic

assays can be conducted with use of lower quantities, in order

to achieve environmentally or physiologically relevant concen-

trations.

For continuous-flow assays a nanoliter mixing/spraying

device that combines a robot part with an ESI chip can be

used (Figure 1B, bottom). Previous investigations have already

shown the great potential of robotic automation as a routine

device for studying enzymatic reactions.[21]

Miniaturization of the online coupled continuous-flow

setups can be achieved on a microfluidic chip device (Fig-

ure 1B, bottom). The possibility of conducting enzymatic reac-

tions on a chip in continuous-flow mode has also already been

demonstrated.[15b,22] Current research focuses on the develop-

ment of a microfluidic chip for the analytical, zero-death-

volume investigation of enzymatic reactions. This reaction chip

is designed in such a manner as to enable direct coupling to

a mass spectrometer.[23]

Conclusion

The application of real-time online continuous-flow setups fa-

cilitates comprehensive analysis of enzymatic reactions and

their regulation. The use of mass spectrometric detection usu-

ally allows easy and fast assessment of all ionizable assay com-

ponents, including enzymatically formed intermediates. Experi-

ments to investigate substrate cleavage specificities, substrate

preference, multiplex approaches, or the determination of IC50

values represent further promising areas of application.

Beyond that, the continuous-flow coupling of a bioassay to

a chromatographic separation enables the screening of com-

plex mixtures for their potential to inhibit or stimulate en-

zymes of interest. Various adaptations, meeting different re-

quirements in terms of separation and detection, might sup-

port the application of online coupled continuous-flow setups

for a wide range of enzymatic assays, inhibitor screenings, and

Figure 6. Online coupled xanthine oxidase bioassay after a double injection

of the known inhibitor allopurinol. The uric acid product trace decreases

and the xanthine substrate trace increases when allopurinol is present. IS is

the internal standard.
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investigation of complex (natural) mixtures in functional pro-

teomics and metabolomics. Further development with regard

to assay miniaturization should result in time- and cost-effi-

cient methods to analyze and assess functional enzymatic reac-

tions in nanoflow ranges.
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The publication comprehensively describes the development and special requirements of a 

chromatographic method, which is to be implemented into an online coupled continuous 

flow system. The separation of PF extracts was tested with two different columns, the 

application of a temperature gradient and different low organic solvent contents added to 

the mobile phase. PF extract were injected to the system in order to identify compounds 

able to regulate xanthine oxidase. Moreover the established method allowed the tentative 

identification of unknown m/z contained in PF. Conduction of data and evaluation and 

writing were done on my part. 
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Inhibition

a  b  s t  r a  c t

Enzyme-regulatory  effects  of compounds  contained  in complex mixtures  can  be  unveiled  by  coupling
a continuous-flow  enzyme  assay  to a chromatographic  separation.  A  temperature-elevated  separation
was developed  and the  performance was tested using  Perilla frutescens  plant extracts  of  various  polarity
(water, methanol, ethanol/water).  Owning  to the  need  of maintaining sufficient  enzymatic  activity,  only
low  organic solvent  concentrations  can be added to  the  mobile  phase.  Hence,  to broaden  the  spectrum
of eluting  compounds,  two  different  organic solvents and various  contents  were tested. The chromato-
graphic  performance and elution was further  improved  by  the  application  of a  moderate  temperature
gradient  to the  column.  By  taking the  effect of eluent  composition  as well  as  calculated  logD  values
and  molecular structure  of known extract  compounds  into  account, unknown features were  tentatively
assigned.  The method used  allowed  the  successful observation  of an enzymatic  inhibition  caused  by  P.

frutescens  extract.
© 2016  Elsevier B.V.  All  rights  reserved.

1. Introduction

The assessment of health-promoting properties of natural
extracts with regard to  their antioxidative and anti-inflammatory
capacity or their capability to regulate the activity of health- or
disease related enzymes is  a  developing field of research. Most stud-
ies either focus on the investigation of whole extracts or on single
known compounds to assess their impact on physiological param-
eters [1,2]. Especially the extent of an immunological response or
changes in cellular gene expression of health-related enzymes may
indicate the benefits of extracts or single compounds. Nevertheless
those alterations are  not necessarily correlated to the abundance
of the proteinaceous gene product or  to the activity of the trans-
lated enzyme [3]. This realization consequently eventuated in
a major interest in  the direct assessment of enzyme-regulatory
effects of an extract or single compound. The investigation of whole
extracts however results in only incomplete information about
actual molecules able to inhibit or activate enzymatic catalytic
activity. Most researchers therefore initially focus on the study of

Abbreviations: XOD, xanthine oxidase; IS, internal standard; ROS, reactive oxy-
gen species; RC, reaction coil.

∗ Corresponding author.
E-mail address: T.Letzel@tum.de (T. Letzel).

extract compositions by employing LC-UV or LC–MS techniques,
followed by the isolation, purification and identification of single
molecules [4].  Subsequently, these compounds can be investigated
by introducing them successively to enzymatic assays to determine
their regulatory potential.

By employing the so called online coupled continuous flow sys-
tem, drug screening and determination of enzymatic activity can
be combined [5,6].  Therewith the effects of chromatographically
separated mixtures on enzymatic activity can directly be assessed.
Alterations of substrate degradation and product generation, due
to  the presence of regulatory compounds, can be observed with
mass spectrometric detection. This system has already been uti-
lized in  order to  determine biochemical interactions [7] and assess
IC50 values of single compounds [8–10]. In contrast to the injection
of single molecules, the injection of mixtures necessarily resulted
in the implementation of a chromatographic separation to the sys-
tem [10].  This setup was thus applied to screen complex extracts for
inhibitory molecules affecting the activity of enzymes like cathep-
sin B [10] or acetylcholine esterase [8,11].

On this basis, the effects of Perilla frutescens leave extracts
towards xanthine oxidase (XOD) were investigated in the current
study. In this regard a  suitable HPLC method was developed to
enable the direct coupling of extract separation and XOD enzymatic
assay.

http://dx.doi.org/10.1016/j.jpba.2016.03.011
0731-7085/© 2016 Elsevier B.V. All rights reserved.
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Perilla is frequently used as herbal medicine, herb or garnish in
the Asian region and has been found to  possess a variety of health-
promoting effects [12], like working anti-allergic [13],  antioxidative
[14] and anti-inflammatory [15]. Perilla’s advantageous features
are related to a plethora of different phenolic compounds, whose
individual impact on health has been extensively investigated as
well [16,17]. Flavonoids like luteolin, apigenin as well as their gly-
cosides and glucuronides or phenolic acids like caffeic acid and
rosmarinic acid are known to  possess health-promoting proper-
ties (e.g. alleviating the progress of inflammatory processes) [18].
Extract compounds may  also be  able to avert the exposure of harm-
ful reactive oxygen (ROS) to cells by  direct scavenging [19] or by
inhibiting enzymes [20] involved in  the generation of ROS, like
e.g. XOD. Besides its participation in  the release of superoxide
during substrate degradation [21],  XOD is  part  of the nucleotide
metabolism and is also known to be involved in the development
of hyperuricemia, in  this manner also contributing to  the patho-
genesis of gout [21]. Molecules able to inhibit the activity of XOD
would therefore not only reduce the accumulation of uric acid but
also alleviate oxidative stress. Since several extracts as well as nat-
ural phenolic compounds have already been shown to  regulate the
enzyme [22,23],  in this study Perilla extracts were screened in  order
to unveil molecules potentially affecting its activity.

2. Experimental

2.1. Reagent and chemicals

Xanthine oxidase from bovine milk, xanthine, allopurinol, ros-
marinic acid, water LC–MS CHROMASOLV®, isopropyl alcohol (IPA)
CHROMASOLV® for HPLC, formic acid and ammonium acetate
were purchased from Sigma-Aldrich (Steinheim, Germany). His-
tidine was obtained from Merck (Darmstadt, Germany). Absolute
ethanol, acetic acid (#A0820) and ammonia 32% were purchased
from AppliChem (Darmstadt, Germany). Methanol HiPerSolv
CHROMANORM® for LC–MS and acetonitrile were obtained from
VWR  (Darmstadt, Germany). P. frutescens water extract as well as
P. frutescens (var. crispa) freeze-dried Perilla leaves were kindly
provided by Vital Solutions GmbH and Vital Solutions GmbH (Lan-
genfeld, Germany) and Amino Up Chemicals Co., Ltd (Sapporo,
Japan).

2.2. Preparation of P. frutescens extracts

P. frutescens freeze-dried and milled leaves were extracted with
ethanol (EtOH)-water (50:50, v/v) or methanol (MeOH)-water-
formic acid (FAc) (90:9.5:0.5, v/v/v), respectively. For  this purpose
500 mg freeze-dried and milled leaves were weighed, followed by
the  addition of 5 mL  extraction solvent. After thorough mixing,
the Perilla-solvent mixture was sonicated for 10 min  at 4 ◦C and
centrifuged afterwards for 20 min  at 1500 rpm. The supernatant
was transferred to  another tube and the extraction procedure was
repeated twice. The collected supernatant was evaporated to  dry-
ness (miVac Duo concentrator, GeneVac, Ipswich, England) and
stored at −20 ◦C until use. Perilla water extract was provided in
form of extracted and evaporated powder. Extracted Perilla was
redissolved as required, whereby water extract was redissolved in
water, 50% EtOH extract in EtOH-water (50:50, v/v) and 90% MeOH,
0.5% FAc extract in 100% EtOH.

2.3. Instrumentation and experimental setup

The online coupled continuous flow setup is  comprised of three
traces, each of which delivering either enzymatic assay compo-
nents (Fig. 1,  upper and bottom trace) or potentially regulatory

compounds introduced to  the system individually or as chromato-
graphically separated mixture (Fig. 1,  middle trace).

Enzyme solution was  provided in  a  syringe (2.5 mL,  Hamilton-
Bonaduz, Switzerland) located in a syringe pump (Model 11 Plus,
Harvard Apparatus, Hugo Sachs Elektronik, Hugstetten, Germany),
which was set to a  flow rate of 25 �L/min (Fig. 1, upper trace).
Substrate solution was  filled in a  superloop (volume 10 mL,  Amer-
sham Biosciences, Uppsala, Sweden) and introduced to  the system
with a  flow rate of 50 �L/min (Fig. 1,  bottom trace). Samples were
injected (Injector, Rheodyne, California, sample loop volume: 2  �L)
into a  continuous flow of 25 �L/min delivered by a  quaternary HPLC
pump (1100 series, Agilent Technologies, Waldbronn, Germany)
and thus taken along (Fig. 1,  middle trace).

Pumps were controlled by ChemStation software (version
B.04.03, Agilent Technologies). Reaction coils (RC) 1 and 2 (Teflon,
0.25 mm ID) were knitted as described in  literature [24] to pro-
vide a  sufficient mixing of enzyme with the sample injected (RC
1,  reaction time ∼1.3 min) or of the enzyme-sample mixture with
the substrate (RC 2, reaction time ∼2.9 min), respectively. XOD
and histidine stock solution were prepared in ammonium acetate
(NH4Ac) (pH 7.4, 10 mM),  whereas xanthine stock was dissolved in
water-NH3 (0.1 M)  (70:30, v/v), due to  its low solubility in neutral
aqueous solutions. Initial concentrations of the assay components
were 0.032 U/mL for the enzyme XOD along with 80 �M histidine,
latter serving as internal standard, (Syringe, Fig. 1,  upper trace) and
50 �M xanthine (Superloop, Fig. 1, bottom trace). Due to the con-
fluence of continuously delivered flows (Fig. 1, upper, middle and
bottom trace), final concentrations of assay components in RC2
were 0.008 U/mL of XOD, 20 �M of histidine and 25 �M of xanthine,
respectively.

2.3.1. Separation of P. frutescens extracts

Dried Perilla extracts were redissolved to a final concentration
of 0.5 g extracted freeze-dried leaves/mL and introduced to  the sys-
tem equipped with chromatographic column (Fig. 1,  middle trace,
injection valve with 2 �L sample loop). The chromatographic per-
formance of Luna PFP(2) column (100 Å, 2 mm IDx100 mm  length,
Phenomenex, Aschaffenburg, Germany) was  tested with an iso-
cratic elution using different low organic solvent concentrations
and the application of a  moderate temperature gradient up to  70 ◦C
(Table 1), thus without conflict to the column specifications. The
column was installed into a  column oven (HT HPLC 2000, Scien-
tific Instruments Manufacturer GmbH, Oberhausen, Germany) and
equipped with a  SecurityGuard Cartridge System (Phenomenex)
with PFP(2) material precolumn (Phenomenex). It was flushed
after each extract injection using a gradient up  to Acetonitril
(ACN):water (50:50, v/v), followed by the reconstitution to the
respective eluent.

The temperature gradient was  started simultaneously with the
Perilla extract injection. The heated chromatographic eluent flow
was cooled down to 30 ◦C before it was mixed with the flow con-
taining the enzyme (Fig. 1, RC1). Chromatographic separation was
performed using either EtOH NH4Ac (pH 7.4, 10 mM)  (5:95, v/v),
EtOH NH4Ac (pH 7.4, 10 mM)  (10:90, v/v) or isopropyl alcohol
(IPA)-NH4Ac  (pH 7.4, 10 mM) (5:95, v/v). In case of a chromato-
graphic separation performed with 5%  EtOH or  5% IPA, the enzyme
was solved in  NH4Ac solution (pH 7.4, 10 mM)-the respective sol-
vent (95:5, v/v). This led  to an organic solvent concentration of 5% in
RC1. The substrate was solved in NH4Ac solution (pH 7.4, 10 mM)-
respective solvent (85:15, v/v), resulting in a  final organic solvent
concentration of 10% in  RC2 (Fig. 1). For a  chromatographic separa-
tion using 10% EtOH, XOD as well as xanthine substrate were solved
in NH4Ac (pH 7.4, 10 mM)-EtOH (90:10, v/v), resulting in a  solvent
concentration of 10% in RC1 and RC2. Final organic solvent propor-
tion of 10% in RC2 was  chosen for all experiments to maintain a
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Fig. 1. Online coupled continuous flow system.

Table 1

Temperature gradient applied to  the  column.

Temperature 30 ◦C 50 ◦C 60 ◦C 70 ◦C
Temperature increase/min 1 ◦C/min 0.5 ◦C/min 0.5 ◦C/min
Duration 1 min  20 min 1 min  20 min  1 min  20 min  40 min
Overall  duration 103 min

comparable efficiency of in-source solvent evaporation, compound
detection and intensity in mass spectrometry.

2.3.2. Injection of xanthine oxidase inhibitor allopurinol

The enzymatic response to  the presence of 50, 100 and 200 �M
of the known XOD inhibitor allopurinol [21] was tested without the
implementation of a chromatographic column.

Allopurinol was manually injected with a  100 �L syringe
(Hamilton-Bonaduz) into the sample introduction part of the online
coupled continuous flow system (Fig. 1,  middle trace). The contin-
uous flow (to take the inhibitor along) contained 10% IPA, as were
the enzyme and substrate solution (Fig. 1,  upper and bottom trace).
This resulted in a  final solvent proportion of 10% IPA in  RC2.

2.3.3. Mass spectrometric detection

Development and establishment of the experimental setup
and the majority of experiments were performed using a sin-
gle quadrupole mass spectrometer (MSQ Plus, Wissenschaftliche
Gerätebau Dr. Ing. Herbert Knauer GmbH, Berlin, Germany)
equipped with an electrospray ionization (ESI) source in  positive
ionization mode. Mass spectrometric parameters were as follows:
300 ◦C probe temperature, 3.5 kV needle voltage and 75 V cone
voltage and a  mass range of 100–1000 m/z. Crucial measurements
were repeated by  hyphenating the online coupled continuous flow
system to a ESI −Time-of-Flight (ToF) mass spectrometer (Agilent
Technologies) as detector. Measurements were again detected in
positive ionization mode with a mass range of 100–1300 m/z. Here,
the parameters were as follows: 300 ◦C gas temperature, 7 L/min
drying gas flow, 250 ◦C sheath gas temperature, 5.5 L/min sheath
gas flow, 45 psig nebulizer operating pressure, 2000 V capillary
voltage, 2000 V nozzle voltage, 65 V skimmer voltage and 175 V
fragmentor voltage. Assessment of ToF-MS measurement accuracy
was determined by calculating the molecular weight deviations
from at least five of a  total of eight known masses present in each
measurement. This included assay components xanthine and uric
acid, the internal standard histidine as well as several known and
verified P. frutescens compounds.

2.3.4. Data evaluation

Data were processed using Xcalibur software 2.1.0.1139
(Thermo Fisher Scientific Inc., Waltham, MA,  USA) in case of  mea-
surements detected with the single quadrupole MS. The extracted
ion chromatograms (EIC) were obtained by using an m/z range
of ± 0.5 Da  to the respective calculated m/z value of substrate and
product: xanthine with m/z  153, i.e. [M +  H]+ and uric acid with
m/z  169, i.e. [M +  H]+ and internal standard histidine with m/z  156,
i.e. [M +  H]+.  Compound peaks originating from the injection of P.

frutescens extracts were evaluated manually with Xcalibur soft-
ware. Assay as well as extract compound EICs were smoothed
with a Gaussian function using a 15 points function width. Further
processing was conducted with Microsoft Office Excel 2007. For
comparative data evaluation, time point of plant extract injection
was set as time  point 0.

In case of allopurinol inhibitor injections, negative and positive
peak areas within the product and substrate trace were calculated
with Achroma software tool [25].

Data (for experiments conducted with ToF-MS) was processed
using MassHunter Qualitative Analysis Version B.02.00 (Agilent
Technologies) and Agilent ProFinder Version B.06.00 (Agilent
Technologies). ProFinder parameters applied for the automatic
extraction of Perilla extract compound retention times (RT) and
molecular weights were set to a peak filter of 600 counts peak
height, ion species to  “positive ions” with H+,  Na+ and K+, “charge
state” to  1 and the “expected RT” to ±4.00 min. The extracted EICs
were smoothed with a  Gaussian function using 9 points function
width and 5000 points Gaussian width and then exported to Win-
dows Excel 2007 for further data evaluation. LogD of compounds
at pH 7.4 was  determined with MarvinSketch Calculator Plugin
14.8.25.0 (ChemAxonLtD, Budapest, Hungary).

3. Results and discussion

The direct and continuous-flow coupling of the chromato-
graphic separation (Fig. 1)  of a P. frutescens extract to  an enzymatic
assay required the consideration of various optimization steps.
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They are described in the following to be able to unveil potential
enzyme-regulatory compounds.

3.1. Selection of suitable organic modifiers

Organic solvent gradients, commonly applied for purposes
of chromatographic separation, are of limited suitability for the
applied experimental setup [10]. In order to  maintain a constant
and sufficient enzymatic activity the solvent content has to be kept
constant and low. Preliminary tests with several organic solvents
in different concentrations were conducted to identify the most
suitable ones (compare Supplementary material) [26].  Using low
concentrations of MeOH, ACN, EtOH and IPA, respectively, added
to the assay, MeOH was found to be the most negatively affect-
ing  one. 10% EtOH and 10% IPA revealed a  comparably medium
suppression of XOD activity, with EtOH showing slightly less reduc-
tion of activity (Supplementary material). Following experiments
were therefore conducted using low EtOH or IPA concentrations as
organic modifier for the separation of Perilla extracts.

3.2.  Implementation of a chromatographic separation

To encompass a  wide range of different Perilla compounds and
to comprehensively examine the chromatographic separation, a
polar water extract, a semi-polar 50% EtOH extract and a  non-polar
90% MeOH, 0.5%FAc Perilla extract were injected into the system.
Experiments were conducted with a  Quadrupole mass spectrome-
ter or a Time-of-flight mass spectrometer (ToF-MS) for detection,
respectively. The latter has to be used for compounds with similar
molecular weight to distinguish them by  their empirical formula.

To improve the chromatographic separation and simultaneously
increase the amount of eluting compounds, a  moderate temper-
ature gradient up to 70 ◦C  was applied. Initial experiments, with
a column that allows a  100% aqueous mobile phase, enabled the
utilization of temperature gradients in the absence of organic sol-
vents [9]. Most compounds revealed distinctly earlier RTs (up to
approximately forty minutes) compared to measurements with-
out temperature gradient (Supplementary material, Table S1). This
effect is reflecting the decreasing static permittivity and therewith
an enhanced elution strength of the heated mobile phase [27].

Since the addition of low organic solvent concentrations may
further augment the amount of compound elution, either 5% EtOH,
10% EtOH or 5% IPA, respectively, were added to the mobile phase.
The associated increase of elution strength, the decrease of sur-
face tension as well as the improvement of mass spectrometric
signal were found to increase the quantity of detectable Perilla
compounds compared to a  purely aqueous mobile phase (Supple-
mentary material, Fig. S1).

However, data analysis revealed the highest total amount of
eluting compounds for water extract, followed by  50% EtOH extract
and 90% MeOH extract, independent of the organic modifier applied
(data not shown). The decreasing polarity of extracts, with water
extract molecules being the most polar, followed by 50% EtOH and
90% MeOH extracts, necessarily results in  an increased proportion
of retained compounds on the unpolar column.

The evaluation of the retention time distribution however
revealed a decreasing amount of total eluting features in  the order
5% IPA > 10% EtOH> 5% EtOH for 50% EtOH and 90% MeOH extract
(Table 2, “number of eluting compounds”). In contrast water extract
was observed with a  similar quantity for 5% IPA and 10% EtOH and
a distinct increase with 5% EtOH content. These observations can
be explained by the different polarities of the extracts in combina-
tion with the elution strength of the mobile phases employed. In
this regard, the mainly non-polar properties of 90% MeOH extract
resulted in the least effective elution using 5% EtOH mobile phase

content, which possesses the lowest elution strength (Table 2,
“number of eluting compounds”) [27].

Considering the systems flow-through time (Fig. 1, RC1 and
RC2), compound elution in time range of minute 14–20 was defined
to comprise of highly polar, non- or barely retained molecules
(Table 2, “non-retained compounds”). Due to a  higher proportion
of polar compounds, most compounds were detected at that  time
range within the water extract, followed by 50% EtOH extract and
90% MeOH extract. This fact was  true for all organic solvents and
contents applied (data not shown).

In the following, the effect of the mobile phase was investigated
in more detail by focusing on the behavior of individual known and
unknown compounds contained in Perilla water extract (Fig. 2).
This extract was selected due to  the highest quantity of  eluting
features. The majority revealed a similar elution profile for mobile
phase 10% EtOH and 5% IPA with only few exceptions (Fig. 2, e.g.
Cp6), whereas RTs were distinctly higher with 5% EtOH (Fig. 2,
e.g. Cp3, Cp7 and Cp8). Some compounds were also found to be
absent with the more polar eluent, compared to  10% EtOH or  5%
IPA (Fig. 2, e.g. m/z Cp1, Cp2 or Cp6). Beyond the examination
of RT behavior, the observation of mass spectrometric in source
fragmentation allowed the structural ‘feature prediction’ of  sev-
eral compounds [28].  Compounds Cp4 and Cp5 could be ascribed
to be apigenin 7-O-diglucuronide (Cp4) and luteolin-diglucuronide
or scutellarein-diglucuronide (Cp5), by means of their respective
monoglucuronide and flavonoid-core fragments (Fig. 2, F1 and
F2 and Table 3 ). Moreover, features Cp1 and Cp2 correspond
to apigenin-glucuronide and luteolin- or scutellarein-glucuronide.
The finding of monoglucuronides as well as diglucuronides was  fur-
thermore verified by a  previous study, in which the same Perilla
water extract had been used as here [29].  Due to their high similar-
ity in terms of molecular weight, structure and logD, diglucuronide
constitutional isomers (Table 3 and Fig. 2,  Cp4 and Cp5) could only
be sufficiently separated with 5%  EtOH eluent. logD provides a  good
measure to  predict the water solubility of a compound dependent
on the pH of the solution. In this regard, the calculated low logD
values for either diglucuronide are attributed to  the occurrence of
three negatively charged functional groups within the molecules
at pH 7.4.

The employment of 10% EtOH or 5% IPA consequently led to a
shift of RTs, which resulted in a  nearly co-elution of those highly
water-soluble compounds (Table 3,  compare also m/z 611.1619).
Hence, with the applied setup, an isomeric separation might only
be realizable with the employment of 5% EtOH organic modifier.

Further compounds, which were already verified to  be present
within the injected Perilla water extract [29], are a C-glycosylated
flavonoid (Fig. 2 and Table 3,  Cp5) and the rosmarinic acid (Table 3).
Both could be captured with 5% EtOH, 10% EtOH and 5% IPA elu-
ent along with the respective fragment ions described in literature
(Table 3). Apart from this, a detailed molecular characterization
of unknown compounds was  accomplished by an extensive litera-
ture research, which included mainly studies dealing with Perilla in
particular or its plant family Lamiaceae or subfamily Nepetoideae
(Table 3). Furthermore their accurate m/z,  which was determined
in this study using a ToF-MS, was employed for the calculation of
chemical formulas. Based on the logD vs. RT behavior of  known
compounds (Table 3,  No. 1–7 and 12 and Fig. 3A), unidentified
features were then tentatively assigned (Fig. 3B)  [30].

Since the logD values for most known (and detected) com-
pounds increase with RT in  a nearly logarithmic manner
(exemplarily presented for 10% EtOH mobile phase, Fig. 3,  A),
unknown compounds were assumed in  this study to  fit into the
observed trend. Therefore literature described compounds con-
tained in Lamiaceae or Perilla, which are not  possessing logD values
fitting into the logarithmic trend (Table 3, e.g. No. 8, 9,  10 with
logD values −2.02, −2.1,  −2.48) were disregarded. In  contrast, the
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Table  2

Comparison of number of eluting extract compound in relation to extract and organic modifier; < or >: the amount of eluting compounds differs between 15 and 25  features,
comparing the respective organic solvents, «  or »  for difference, that exceeds 25 features and ≤ or ≥  for differences between 5 to 15  features, =for differences lower than 5
features.  * First compounds can  be mass spectrometrically detected after approx. 14 min  due to the systems volume and thus flow-through time.

Elution Extract Eluting compounds with organic modifier

Number of eluting
compounds

Water extract 5% EtOH »  10% EtOH ≤ 5% IPA
50%  EtOH extract 5% EtOH < 10% EtOH «  5% IPA
90%  MeOH extract 5% EtOH < 10% EtOH «  5% IPA

Non  retained compounds
(initial time- minute 14*-20)

Water extract 5% EtOH < 10% EtOH =  5% IPA
50%  EtOH extract 5% EtOH = 10% EtOH ≤  5% IPA
90%  MeOH extract 5% EtOH < 10% EtOH «  5% IPA

Fig. 2. Results of isocratic separation of Perilla water extract with 5% EtOH (A), 10% EtOH (B) and 5% IPA (C)  displayed by means of exemplarily selected compounds (Cp)
and  their fragments (F) if available. m/z’s of light grey peaks Cp6-8 refer to the secondary y-axis, due to  their inferior intensities. 100% relative intensity of primary y-axis
corresponds to 1.2 ×  106 (A), 7.0 × 105(B) and 7.0  ×  105 (C); 100% relative intensity of secondary y-axis corresponds to  2.0 × 104 (A, B) and 1.8  ×  104 (C).

Fig. 3. Plot of logD values at pH 7.4  (primary y-axis) against RT  (x-axis) of known Perilla compounds (A) and unassigned compounds found in Lamiaceae/Nepetoideae
literature sources (B). Chromatographic separation was carried out  isocratically with 10%  EtOH. Progress of temperature gradient is presented as bold black line (secondary
y-axis). Due to the time delay caused by  the systems dead volume, first compounds are mass spectrometrically captured with a  RT of approx. 13 min. Temperature gradient
is  therefore adjusted accordingly with a gradient starting point of minute 13.

presence of luteolin di-C-glucoside with m/z 611.1606 (Table 3, No.
11) can be reasonably assumed, considering its logD of −4.85 as
well as its connaturality to  the contained compound apigenin di-

C-glucoside (Table 3) [29]. The absence of related fragmentation
products in  this case might be due to  the low abundance.
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Table  3

List of observed m/z values detected in Perilla water extract with a ToF–MS along with the calculated accurate m/z values, calculated molecular formula and calculated
in-source fragment m/z values along with respective deviations in ppm and logD values at pH 7.4. RTs of compounds are given for 5% EtOH, 10% EtOH and 5% IPA mobile
phase.  References are marked as (*) for literature dealing with Perilla, (+) for literature discussing compounds from Lamiaceae family and/or Nepetoideae subfamiliy and (x)
for  literature in which the core-flavonoid was found without glycosylation or glucuronisation.

No. 

Observed 

m/z/calculated 

m/z (deviation 

[pp m]) 

Calculated  

molecular 

formula 

RT with eluents  Observed 

fragment m/z 

/ calculated 

m/z 

(deviati on 

[ppm]) 

 

Fragment 

m/z from 

literature 

Perilla/Lamiacea e 

compounds from 

literature 

logD 

at pH 

7.4 

 
  5% 

E 

10% 

E 

5% 

I 

    

1 

639.1203 / 

639.1192 

(-1.72) 

Cp5 

C27H26O18 18.8 

27.1 

16.3 16.2 287.0551 / 

287.05500  

(0.35) 

F2 

287 [45 ]  Luteoli n   7-O-

diglucuronide [44 , 

45]* 

-8.32  

2 
Scutellarein 7-O-

diglucuronide 

[45 ]* 

-8.23  

3 

623.1254 / 

623.1243 

(-1.77) 

Cp4 

C27H26O17 21 .0   17 .2 17 .0  271.0607 / 

271.06009   

(-2.3) 

F1, 

447.0927 / 

447.09217 

(-1.2) 

271 [45 ]  Apigenin 7-O-

diglucuronide [18 , 

44, 45 ]* 

-8.02  

4 

447.0927 

/44 7.0922  

(-1.12) 

Cp1 

C21H18O11   56 .2 55 .7  271.0607 / 

271.06009 

(-2.3) 

F1 

  Apigenin 7-O-

glucuronide [44 , 

46]+* 

-3.1 

5 

463.0874 / 

463.0871 

(-0.65) 

Cp2 

C21H18O12  43.5 41.8  

 

287.0555 / 

287.05500 

(-1.74) 

F2 

287 [45 ]  Luteoli n   7-O-

glucuronide [18 , 

44, 45 ]* 

-3.41  

6 

Scutellarein   7-O-

glucuronide [18 , 

44, 45 ]* 

-3.3 

7 

595.1658 / 

595.1657 

(-0.17) 

Cp3 

C27H30O15 46.6  29.1 29.7 577.1534 / 

577.1553 

(3.3), 

475.1219 / 

475.1236 

(3.6)  

577  

[M-

H2O]+, 

475  

[M-120]+ 

[47 , 48 ] 

Apigenin 6,8-di-C-

glucoside (Vicenin 

2) [44 , 49 ]* 

-4.54 

8 

611.1619 / 

611.1606  

(-2.13) 

 

C27H30O16 37 .5 

43.9  

24.6 

 

 

24.8 

 

 

    Quercetin-rhamno -

glucoside (Rutin) 

[50 ]+ 

-2.02  

9 
Morin O-

rutinoside [51 ]*x 

-2.1 

10 
Luteoli n-di -O-

glucoside [52 , 53]+ 

-2.48  

11 

Luteoli n 6,8-di-C-

glucoside  

(Lucenin-2) [54 ]+ 

-4.85  

12 

361.0931 / 

361.0920  

(-3.05) 

C18H16O8 46 .5 31 .3 30 .5  163.0397 / 

163.0390  

(-4.3), 

161 [M-

H]-, 

179 [M-

Rosmarinic acid 

[14 , 18 , 44]* 

-0.46  
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Table  3 (Continued)

For some m/z  values observed in Perilla, various possibilities
were found in literature, e.g. m/z 479.0815 with calculated logDs
of −3.61, −3.88, −4.56 and −4.48 (Fig. 3B and Table 2, No. 13–16).

Since the flavonoid Morin has already been demonstrated to be
contained in  Perilla, two options were taken into consideration
to tentatively assign the feature. Either one was  calculated with
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Fig. 4. Injection of either 50 �M, 100 �M or 200 �M allopurinol. EIC substrate and product trace responses to  the presence of the inhibitor (A). Peak areas of substrate and
product of n = 3 allopurinol injections per concentration were calculated with Achroma software [41] and displayed along with their respective standard deviations (B).

slightly different logD value depending on the site of glucuronida-
tion (Table 3, −4.56 and −3.88, No. 13, 14).

In general, glycosylated and glucuronidated features were found
to be the most prominent species of molecules to be eluted from
the column (Fig. 3A). Their observed logD values range from −8.32
to −3.1 and is clearly indicating high water solubility. The diver-
gence of rosmarinic acids logD vs. RT behavior (Fig. 3A, logD
−0.46), might be explained by  its different molecular structure
and thus chemical properties. Its elution is  assumed to  be depen-
dent on parameters like different charge state and quantity of
potential hydrogen bond donors compared to  glycosylated and
glucuronidated flavonoids. The molecules discontinuous conju-
gated system in  comparison to the continuous conjugated system
of flavonoids luteolin, apigenin and scutellarein may  furthermore
explain the different elution behavior. The increase of potential
hydrogen-bond-forming hydroxyl-groups with the addition of glu-
coside or glucuronide side chains can be assumed to  result in an
enhanced formation of hydrogen bonds, which would result into
a stronger interaction of the compound with the stationary phase
of the column in comparison to rosmarinic acid. As revealed by
the elution of rosmarinic acid, also compounds with less water
solubility could be captured with the setup applied. Hence, the
employment of low organic solvent mobile phases was shown to
be a good means to  elute promising Perilla extract compounds for
the further investigation of their effect on enzymatic activity.

3.3. Injection of a known xanthine oxidase inhibitor

Initially, the systems response to  a  regulatory molecule was
evaluated by injecting three concentrations of the known XOD
inhibitor allopurinol [21].  This validation was carried out under
“worst case conditions”; i.e.  tests were performed with a  final
concentration of 10% IPA in  RC2 (Fig. 1), since it was  found to
significantly reduce XOD activity (Supplementary material). The
system’s consistency was furthermore controlled by  the addition
of an internal standard (Fig. 4A, IS).

The injection of all three allopurinol concentrations resulted
in an enzymatic inhibition, which is  reflected by an increase of
mass spectrometric substrate intensity and a concurring decrease
of the product signal (Fig. 4, A). The calculation of peak signal areas
showed an inhibitor concentration dependent response with only
minor peak areas after 50 �M allopurinol injection and a  distinctly
superior effect with 200 �M (Fig. 4, B). Internal standard EIC in
turn was detected with negligible fluctuation, which can be con-
sidered without ‘signal suppression’ to the substrate and product
trace response in  the presence of the inhibitor. Allopurinol was only
slightly detectable during the measurement (Fig. 4),  which might
either be due to its stable and complete binding to XOD and/or to

Fig. 5. Xanhine oxidase assay (A) in the presence of 90% MeOH, 0.5%FAc Perilla
extract, chromatographically separated with 5% IPA  eluent and the application of a
temperature gradient (B). RTs of eluting extract compounds are presented in B (©).
Dark grey area corresponds to an event of signal suppression, due to  the elution of a
considerate number of non-retained extract compounds. Light grey area highlights
the time point of regulation (A) and the respective eluting extract compounds (B).

a minor protonation and therefore detection efficiency with the
experimental conditions applied. Due to  the finding of an assay
response to  the introduction of an inhibitory molecule, despite the
presence of activity-affecting organic solvents, the applicability of
the system for the detection of enzyme-regulatory molecules could
be demonstrated. Hence, the optimized chromatographic separa-
tion was  employed for the investigation of effects of P. frutescens

extracts on the enzyme

3.4. Online coupled continuous flow  system—enzymatic assay of

xanthine oxidase

Enzymatic assay traces were examined with regard to  a  poten-
tially regulation after injection and separation of P. frutescens

extracts. A clear drop in intensity of all assay traces including
the internal standard was observed due to  a  considerable amount
of non-retained extract compounds, which elute approximately
13–15 min  after injection to  the system (Fig. 5,A and B,  dark grey
area).

In contrast, an increased substrate amount accompanied with a
decline in product generation could be found between minute 17
and 20 with 90% MeOH, 0.5% FAcPerilla extract and 5% IPA eluent
(Fig. 5A). No decline in  signal intensity of the internal standard was
observed within the respective time range of potential enzymatic
regulation, which would furthermore confirm the presence of an
inhibitor.
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By plotting the m/z  values of eluting extract compounds at that
time range, the number of molecules potentially responsible for
XOD inhibition could be limited (Fig. 5B,  light grey area). Peak shape
and peak width of possible regulatory molecule EICs were exam-
ined with regard to  similarities to the peaks of enzymatic regulation
(Fig. 6). Peaks of m/z 117, 120.1, 126, 136, 195.2 and 427 were found
to possess the most fitting peak shape, whereas e.g. peaks of m/z
406.1, 410.7 and 227.2 revealed a  different shape and RT as peaks
within the substrate and product trace.

A majority of compounds, which eluted within the time range
of inhibition could be subsequently assigned to accurate m/z by
employing a ToF-MS (Table 4).  After calculating possible molecu-
lar formulas, followed by literature and database research, various
purine base derivatives similar to xanthine could be found (Table 4).
The potential for those compounds to inhibit XOD has already been
described by Hsieh et al., which includes the capability of adenine
to act as inhibitor of XOD [31]. m/z value 136.0622, detected to elute
within the relevant time range, was therefore considered to  be the
purine base adenine. Enzymatic activity towards adenine results in
the generation of 2,8-dihydroxyadenine with an m/z of 168.05159,
which ultimately prevents the enzyme from degrading further xan-
thine [31].  Despite indications of adenine to be  present within the
extract, no generation of m/z 168.05159 could be observed, which
is  either indicative of high enzyme-product-complex stability or  of
adenine not being responsible for the observed inhibition.

Nakanishi et al. and Huo et al. detected potent XOD inhibitors in
P. frutescens extracts [32]. The reported m/z values were however
not observed within the experimental polarity range after injection
of Perilla extracts to the online coupled continuous flow system.
Compounds discussed by  Nakanishi et al. were probably not cap-
tured with the online-coupled continuous flow system due to  the
rather poor water solubility having a  logD of 3.39. This also applies
for flavonoids luteolin and apigenin, both are already known as
potent XOD inhibitors [33,34].  Nevertheless their logD was calcu-
lated to be above 0, which may  prevent both molecules, although
present in Perilla water extract (data not shown), from eluting in
the here applied setup. Huo et al. reported further compounds, e.g.
caffeic acid, to possess inhibitory effects on XOD activity. Although
being water soluble, they were not detected to  elute, which might
be  due to a relatively low concentration and/or them being not
ionized in the experimental setup applied here.

Due to detection of a  variety of different possible structures
and the quantity of co-eluting compounds within the range of
inhibition, no final statement can be made about a  single com-
pound responsible for the inhibition. Moreover, a  synergistic effect
of different molecules might as well be the cause of the observed
inhibition.

4. Conclusion

The applicability of an online coupled continuous flow system
for the determination of XOD activity in the presence of com-
pounds from a  chromatographically separated P. frutescens extract
was investigated.

The separation was performed isocratically, using only low
concentrations of organic solvent in  order to maintain a  con-
stant enzymatic activity. A temperature gradient was successfully
applied to shorten the overall experimental time and to increase
the  amount of eluting molecules.

The profile of captured extract molecules could be evaluated
in  detail by calculating the logD of selected compounds. Taking
the  logDs of known and tentatively identified substances into
account, the applied setup mainly provides the possibility to inves-
tigate compounds with high to good water solubility. Nevertheless
the separation of glucuronidated and glucosylated flavonoids was

Fig. 6. EICs  of potentially regulatory compounds found within the time span of
enzymatic inhibition of XOD detected with a  single quadrupole MS.
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Table  4

m/z found within the range of XOD inhibition ascribed to  accurate m/z  obtained with a ToF-MS (if detected). Molecular formulas calculated from  ToF derived m/z are listed.

SQ-MS ToF-MS Molecular formula(s) Data base search results

427.1 427.1379 C20H14N10O2C21H20N3O7C7H22N8O13 No structures found
195.2 195.0987 C6H14N2O5 C5H8N9 C7H10N6O e.g. derivatives of adenine or guanine
120.1  120.0809 C8H9N e.g. derivatives of pyridine or indoline
126  – – –
136  136.0622 C7H7N2O/C5H5N5 Adenine
117  117.0692 – –

found to be satisfactory, even providing a good separation of highly
similar compounds like scutellarein 7-O-diglucuronide, luteolin 7-
O-diglucuronide and apigenin 7-O-diglucuronide with a  mobile
phase containing 5% EtOH. Due to  their chemical similarity and
hence their poor separation, those molecules are  likely to remain
disregarded in other experimental setups. By changing the organic
solvent proportion of the mobile phase, the profile of eluting com-
pounds can be diversified in  order to find enzyme regulatory
molecules. In this regard an enzymatic regulation was  captured
with the 5% IPA mobile phase after the injection of 90% MeOH,
0.5% FAc extract. The amount of potentially responsible compounds
could be narrowed down by  aligning their peaks with the shape of
the enzymatic inhibition.
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Supplementary material 
 

Experimental 

Instrumentation and experimental setup 

Real-time online measurement of enzymatic activity in the presence of organic solvent 

 

Xanthine oxidase activity was investigated in the presence of different concentrations of 

various organic solvents. The substrate degradation as well as product generation was 

observed in real-time by continuously pumping the assay into the mass spectrometric source.  

Enzyme concentration was set to 0.004 U/mL with a xanthine substrate concentration of 25 

µM in ammonium acetate (NH4Ac) solution (pH 7.4, 10 mM). Enzyme stock solution was 

prepared in NH4Ac (pH 7.4, 10 mM). Substrate was solved in water/NH3 (0.1 M) (70:30, v/v), 

due to the poor solubility of xanthine in water. The volume of xanthine added to the assay was 

therefore kept minor, to preserve the pH value. Besides the detection of enzymatic assays in 

100% aqueous solution, enzymatic activity was also tested in the presence of 2%, 5% and 

10% methanol (MeOH), ethanol (EtOH), acetonitrile (ACN) or isopropyl alcohol (IPA) (v/v), 

respectively. Detailed description of the experimental setup can be found in a previous 

publication [42]. Mass spectrometric data was recorded with a mass range of m/z 100 to 1000, 

a needle voltage of 3.5 kV, a temperature of 225 °C and a cone voltage of 75 V. Flow rate of 

the syringe pump was set to 20 µL/min. 

mailto:T.Letzel@tum.de
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Data evaluation 

 

Data  were  first processed  using  Xcalibur  software  2.1.0.1139 (Thermo  Fisher  Scientific  

Inc.,  Waltham,  MA,  USA). The extracted ion chromatograms (EIC) of xanthine substrate 

and uric acid product were obtained by using an m/z range of ±0.5 Da to the respective 

calculated m/z value. After smoothing the EICs with a Gaussian function using a 15-points 

function width further processing was conducted with Microsoft Office Excel 2007. After 

data normalization, a linear trend line was applied to approach the linear range of substrate 

degradation curves. A y-value of 0.05 was assumed to represent the completion of enzymatic 

substrate degradation. Calculated x-values, representing the time point of complete substrate 

depletion, were thereupon compared for assays with different organic solvents in comparison 

to those without the addition of organic solvent.   

 

Online coupled continuous flow system with 100% aqueous chromatographic separation 

 

The employment of Synergi column (4u Polar-RP, 80A, 2mm ID x 100mm length, 

Phenomenex, Aschaffenburg, Germany) allowed a 100% aqueous chromatographic 

separation. Due to the column´s restricted pH range up to pH 7, the isocratic chromatography 

was performed with NH4Ac pH 5.5 (10 mM). To regain the physiological of pH 7.4 in RC1, 

the enzyme was prepared in NH4Ac pH 8.45 (10 mM) (Figure 1, upper trace), whereas the 

substrate was solved in NH4Ac pH 7.4 (10 mM) (Figure 1, bottom trace). Alkaline pH 

sufficient to neutralize pH 5.5 to pH 7.4 was experimentally determined prior to the online 

coupled continuous flow system experiments. Chromatographic separation was performed 

with and without the application of a temperature gradient (Table 1).  

Data evaluation 

 

Data were processed using Xcalibur software 2.1.0.1139 (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) in case of measurements detected with the single quadrupole MS. The 

EIC were obtained by using an m/z range of ± 0.5Da to the respective calculated m/z value of 

substrate and product: xanthine with m/z 153, i.e. [M+H]
+
, uric acid with m/z 169, i.e. 

[M+H]
+
 and internal standard histidine with m/z 156, i.e. [M+H]

+
. Compound peaks 

originating from the injection of Perilla frutescens extracts were evaluated manually with 
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Xcalibur software. Assay as wells as extract compound EICs were smoothed with a Gaussian 

function using a 15 points function width. Further processing was conducted with Microsoft 

Office Excel 2007. For comparative data evaluation, time point of plant extract injection was 

set as time point 0. 

Results 

Enzymatic activity in the presence of organic solvent 

 

Prior to the adaption of xanthine oxidase assay to the online coupled continuous flow system, 

the enzyme´s tolerance towards different organic solvents was tested as shown before by 

Scheerle et al [42]. The extent of the solvent effect on substrate degradation was assessed with 

regard to the employment of organic solvents for the chromatographic separation of Perilla 

extract in the presence of xanthine oxidase (XOD). The addition of 2% EtOH, IPA or ACN 

resulted in a similar decrease of enzymatic substrate degradation to a remaining activity of 

68%, 74% and 70% respectively, whereas addition of 2% MeOH distinctly affected the 

enzyme with only 24% activity left compared to the assays in 10 mM NH4Ac pH 7.4.  

5% organic solvent proportion of MeOH resulted in the complete inhibition of enzymatic 

activity, whereas EtOH and IPA revealed a less pronounced and comparable effect on the 

enzyme with a remaining activity of 69% and 65% respectively. 10% EtOH and 10% IPA 

were observed to suppress the enzymatic activity to 48% and 37% respectively, whereas 5% 

and 10% ACN caused a decrease to 52% and 32%. Hence, the most suitable organic solvents 

were identified to be EtOH and IPA.  

 

Online coupled continuous flow system  

 

The application of a 100% aqueous eluent altogether prevented the enzymatic activity to be 

affected by the addition of organic solvent. Expecting more compounds to elute, first 

experiments with purely aqueous eluent were performed with the injection of polar water 

extract rather than semi-polar 50% EtOH or non-polar 90% MeOH, 0.5% FAc Perilla 

extracts. To enhance the solubility of plant compounds and to accelerate the separation, a 

moderate temperature gradient up to 70°C was applied, thus not conflicting with the column 
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specifications (Table 1). The chromatographic results were then examined in comparison to 

results obtained with a constant temperature of 30°C (Table S1).  

According to Teutenberg et al. [43] water features a static permittivity at 70°C, which is 

comparable to an eluent containing approximately 25% MeOH or 20% ACN (mol/mol) at 

25°C. Due to the decrease of the aqueous eluent´s permittivity with elevating temperature and 

the coherent decline in polarity [43], the temperature-related modification of the elution 

strength resulted in an enhancement of solubility of most compounds and hence in a shift to 

earlier retention times (Table S1, RT).  

Table S1 Retention time of selected compounds with 100% NH4Ac (pH 7.4, 10 mM) eluent at constant 30°C (RT30) and 

with the employment of a temperature gradient up to 70°C (RT70) as well as eluent temperature at RTs for measurement 

with temperature gradient (TE). Virtual MeOH and ACN concentrations (mol/mol) at 25°C were calculated according to 

Teutenberg et al. [43]. m/z of compounds are given as obtained by single quadrupol-MS experiments. logD was 

calculated for known compounds m/z 623.1 and 639.1 (Table 3). 

m/z 

 

RT30 RT70 RT TE mol% of organic solvent (mol/mol) logD 

MeOH ACN 

325.1 13.7 13.6 -0.1 30.0 0 3 - 

179.0 14.3 14.6 0.3 30.6 1 4 - 

144.1 16.2 16.1 -0.1 32.1 2 4 - 

154.1 29.0 24.9 -4.1 40.9 8 8 - 

351.9 32.5 28.5 -4.0 44.5 10 9 - 

136.0 39.8 33.5 -6.3 49.5 14 11 - 

209.2 54.2 38.4 -15.8 51.7 15 12 - 

191.3 54.5 38.3 -16.2 51.6 15 12 - 

427.0 66.5 42.2 -24.3 53.6 16 13 - 

623.1 - 55.3 - 60.2 21 16 -8.02 

639.1 86.7 48.2 

63.2 

-38.5 

- 

56.6 

63.6 

19 

22 

14 

17 

-8.32 

-8.23 

333.9 - 88.7 - 70 25 20 - 

 

Highly polar, slightly retained or non-retained compounds, which elute between minute 13 

and 20, revealed no distinct change of retention time (Table S1, white area, RT). However, 

the further the progress of experimental time and temperature gradient, the more pronounced 

alterations in retention times were observed (Table S1, light and dark grey areas). 

In this regard a slight shift was detected for those compounds eluting between minute 20 and 

40 with 30°C constant temperature (Table S1, light grey area), whereas a rise in temperature 

to values between 50 and 70°C resulted in a distinct time shift of up to 38.5 minutes (Table 

S1, dark grey area).  

Compounds 623.1 and a second peak for 639.1, both not detectable without the application of 

a temperature gradient, elute at 60.2 and 63.6°C respectively, which corresponds to an organic 
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solvent proportion of approximately 21% and 22% MeOH (mol/mol) (Table S1). By 

employing a ToF-MS in combination with a literature research, features could be identified as 

Apigenin 7-O-diglucuronide, Luteolin 7-O-diglucuronide and tentatively Scutellarein 7-O-

diglucuronide (compare Table 3) [44]. Calculation of their respective logDs revealed distinct 

negative values (Table S1), which is corresponding to high water solubility.  

Although the application of a temperature gradient was proven to be a helpful means to speed 

up the chromatographic separation, the amount of detectable extract compounds was found to 

be minor and is composed of mainly highly water soluble compounds with a purely aqueous 

mobile phase, even with the application of a temperature gradient (Figure S1, upper graph).  

 

Figure S1 Comparison of Perilla compound elution with Luna column (5% EtOH mobile phase and temperature gradient) 

and Synergi column (100% aqueous mobile phase and temperature gradient); overview of eluting compounds (upper 

graph) and differences in retention time and intensity for m/z 623.1 and 639.1 (bottom graph). Due to its inferiority, 

intensity of m/z 623.1 (light grey EIC) is displayed as secondary y-axis. 

 

Besides the low quantity, peak intensities were observed to be only menial, which might 

impair or even prevent the detection of low-abundance Perilla compounds (Figure S1, bottom 

graph). The finding of the late-eluting compounds to possess highly negative logD values 

(Table S1) furthermore confirms the necessity of organic solvents to extent the spectrum of 

compound polarities. Due to Synergi column specifications, which limit the pH range 



6 

 

maximum to pH 7.0, the mobile phase pH was set to 5.5 from the first. However, the 

employment of an acidic pH necessarily involved a neutralization step by consequently 

preparing the enzymatic solution in an alkaline pH to regain a value of pH 7.4 in RC2 (Figure 

1) for the enzymatic substrate degradation. The overall procedure did not prove to be 

reasonable in terms of practicability and reliability, which led to the employment of another 

column for further experiments. 



 

 

Appendix V 

 

Effect of Perilla frutescens extracts on porcine jejunal epithelial cells 

 

Christine M. Kaufmann, Thomas Letzel, Johanna Grassmann and Michael W. Pfaffl 

 

Phytotherapy Research 2017, 31(2), 303–311 

 

The publication characterizes PF extracts with regard to their reducing potential. Moreover 

the extracts were applied to the porcine jejunal epithelial cell line IPEC-J2 to capture their 

effects on cell proliferation as well as on the expression of a panel of key genes, amongst 

others involved in cell growth and apoptosis. Comprehensive control measurements were 

conducted, which included the assessment of the extract´s cytotoxic effects, the potential 

generation of H2O2 and the stability of PF compounds in cell culture medium. Conduction of 

RT-qPCR experiments was kindly done by Angela Sachsenhauser. Beyond that, all 

experiments, data evaluation and the writing were done on my part. 

 

 

 

 

 

 

 



Effect of Perilla frutescens Extracts on Porcine
Jejunal Epithelial Cells

Christine M. Kaufmann,1,2* Thomas Letzel,1 Johanna Grassmann1 and Michael W. Pfaffl2

1Chair of Urban Water Systems Engineering, Technical University of Munich, Am Coulombwall 3, 85748 Garching, Germany
2Institute of Animal Physiology and Immunology Weihenstephan, Technical University of Munich, Weihenstephaner Berg 3, 85354
Freising, Germany

Green-leaved Perilla frutescens extracts were investigated on their effect on cell proliferation of the porcine

jejunal epithelial cell line, IPEC-J2, as well as on the gene expression of cell cycle or cancer-related genes. Some

extracted compounds were, however, susceptible to degradation in cell culture medium, whereas others were

found to be stable during the entire experimental time. Control experiments also included the assessment of

H2O2 generation in cell culture medium caused by oxidation of natural extract compounds, which was proved

to be absent at low extract concentrations. A fast and significant inhibition of cell growth at low physiological

extract concentrations could be observed. This finding, along with an immediate downregulation of 67 kDa

laminin receptor and cyclin D1 expression, can be accounted to the presence of Perilla frutescens extract.

Copyright © 2016 John Wiley & Sons, Ltd.

Keywords: Perilla frutescens; cell proliferation; RT-qPCR; 67 kDa laminin receptor; natural compound stability; reactive oxygen species.

INTRODUCTION

Perilla frutescens (PF) is widely used as traditional
medicinal plant in large parts of Asia. It has gained
interest during the last couple of years, because of its
high phenolic content and therefore elevated antioxida-
tive properties (Muller-Waldeck et al., 2010). Besides its
protective effect against reactive oxygen species (ROS)
(Lee and Han, 2012), individual PF compounds like
rosmarinic acid, luteolin or apigenin as well as the whole
extract were found to exert a variety of positive effects,
ranging from anti-allergic (Chen et al., 2015),
antiinflammatory (Jeon et al., 2014) to the inhibition of
cancer promotion and progression due to its anti-
proliferative properties (Kwak and Ju, 2015). To test
the specific effects of PF on cell proliferation or apopto-
sis in the gastrointestinal tract (GIT), the application of
a jejunal cell culture model is useful. The knowledge
obtained by employing a porcine gastrointestinal cell
line may also be considered transferable on the human
GIT, because of a highly similar physiology (Guilloteau
et al., 2010). To reinforce findings, the influence of PF on
the induction of a panel of key genes involved in cell
cycle progression and cell survival should be deter-
mined. This includes the assessment of cyclin B1 and
D1, both of which reported to be overexpressed in
various types of cancer (Begnami et al., 2010). More-
over, the expression of 67kDa laminin receptor
(67LR) is of special interest, because of its involvement
in the metastasis of tumour cells (Nelson et al., 2008).
Besides being elevated in different cancers (de Manzoni
et al., 1998), it has been identified as a receptor for the
attachment and entry of viruses and bacteria or prion
protein into mammalian cells (Morel et al., 2005). In

literature, the levels of cyclins and 67LR have been
shown to be responsive towards polyphenols. Cyclins
have been found to be regulated, for example, by quer-
cetin (Shan et al., 2009), resveratrol (Wolter et al., 2001)
or whole pomegranate fruit extract (Malik et al., 2005),
whereas 67LR was found to serve as a receptor for the
tea polyphenol epigallocatechin gallate (EGCG)
(Muller and Pfaffl, 2012). The aim of this study was to in-
vestigate the effects of different extracts prepared from a
green-leavedPF variety on the proliferation properties in
a porcine jejunal epithelial cell line (IPEC-J2) using elec-
tric cell-substrate impedance sensing (ECIS). Further-
more, the quantitative mRNA gene expression levels of
upper mentioned cell cycle and cancer-related genes
were observed after cell treatment with PF extract via
quantitative real-time RT-PCR (RT-qPCR). The effect
of a plant extract on cell growth and gene expression
might, however, be inconclusive without suitable control
experiments to take into account artificial effects, which
might arise with the conduction of in vitro cell culture
experiments. Several studies reported the partial degra-
dation of natural compounds like flavonoids in cell
culture medium during cultivation , as well as the genera-
tion of cell toxic concentrations of H2O2 (Long et al.,
2010). Therefore, additional experiments were per-
formed herein, to assess the stability of PF extract com-
pounds alongwith the assessment ofH2O2 concentration.

EXPERIMENTAL

Preparation of Perilla frutescens extracts

Perilla frutescens var. crispa freeze-dried and milled
leaves (provided by Vital Solutions GmbH, Langenfeld,
Germany, and Amino Up Chemicals Co., Ltd.,
Sapporo, Japan) were extracted with water (LC-MS

* Correspondence to: Christine Kaufmann, Technical University of
Munich, Am Coulombwall 3, 85748 Garching, Germany.
E-mail: c.kaufmann@tum.de
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grade, VWR, Darmstadt, Germany), 50% ethanol
(EtOH), 100% EtOH (Ethanol absolute, AppliChem,
Darmstadt, Germany) or 90% methanol (MeOH) (LC-
MS grade, VWR) with 0.5% formic acid (FAc) (Sigma-
Aldrich, Steinheim, Germany) (n=5). For this purpose,
500mg freeze-dried and milled leaves were weighed,
followedby the addition of 5mLextraction solvent.After
thoroughly mixing, the PF-solvent mixture was sonicated
for 10min at 4 °C and centrifuged for 20min at 1500 rpm.
The supernatant was transferred to a further tube, and
the extraction procedure was repeated twice. The col-
lected supernatant was then evaporated to dryness. The
remaining extractable matter (i.e. extraction residue)
was stored at �20 °C until use. The extraction residue
was determined by weighing the glass tubes prior to ex-
traction and after evaporation. Furthermore, the extrac-
tion yield was calculated according to Equation 1.

Extraction yield ¼
evaporated extractable matter g½ �

freeze � dried and milled leaves g½ �
x100

(1)

‘Empty extracts’, which served as control, were pre-
pared in the exact same manner as described earlier
but without the addition of PF matter.
Extracted PF as well as empty control extracts were

redissolved as required, whereby water extract was
redissolved in water, 50% EtOH extract in 50%
EtOH, 100% EtOH and 90%MeOH, 0.5%FAc extracts
in 100% EtOH. A further PF water extract, provided in
the form of a powder by Vital solutions GmbH and
Amino Up Chemicals Co., Ltd. (‘VS water extract’),
was redissolved in water. The latter was extracted differ-
ently by using hot water extraction as opposed to cold
extraction, which was performed here. However, no fur-
ther information about the detailed method was
available.

Determination of extract phenolic contents

The total extract reducing potentials were determined
using Folin–Ciocalteau (FC) reagent (Merck Chemicals,
Darmstadt, Germany) (Singleton et al., 1999). Three
calibration curves were prepared with increasing gallic
acid (Acros Organics, Nidderau, Germany) concentra-
tions solved in either water, 50% EtOH or 100%
EtOH (n=6); 20μL of the extract were mixed with
100μL 10% FC reagent and 100μL 7% Na2CO3 (Acros
organics); the assays were incubated for 60min in the
dark (total volume of 220μL). Absorption was
measured at 620nm. The result is given as gallic acid
equivalence (GAE) with n>25.

Assessment of cell proliferation

Cell culture experiments were performed using a
porcine jejunal epithelial cell line isolated from neonatal
piglet (IPEC-J2). Cells were kindly provided by Dr
Karsten Tedin (FU Berlin). Cell culture medium
employed consisted of Dulbecco’s modified Eagle’s
medium (DMEM)/Ham’s F12 (1:1), 5% Foetal calf
serum (FCS), 1mM L-glutamine and 100U/mL
penicillin/streptomycin (Life technologies, Gaithers-
burg, MD, USA). All reagents to come in contact with

the cells were pre-warmed to 37 °C for all experiments
described. Cells were maintained at 37 °C, 5% CO2 in
25 cm2 or 75 cm2 cell culture flasks (Greiner Bio-One,
Frickenhausen, Germany), and routine cell passaging
procedure was performed every 72h at 80% to 90%
confluence by removing cell culture medium and wash-
ing with Phosphate buffered saline (PBS) (Life technol-
ogies) twice, followed by cell detachment with trypsin
(0.25%) (PAA, Pasching, Austria). Cell proliferation
was assessed using ECIS (Applied Biophysics, Troy,
NY, USA), employing eight-well slides (#8W10E;
Applied Biophysics). Electric cell-substrate impedance
sensing wells were pre-incubated with cell culture
medium for at least 5 h. The medium was removed,
and 10000 cells/400μL cell culture medium were trans-
ferred randomly into the wells and allowed to adhere
for 20h. Because of the layout of the employed ECIS
slides, a total of 16 wells were available per experiment,
wherefore neither randomization nor blinding was
implemented for the treatment of cells with PF extracts.

Control measurements using redissolved empty
control extracts were conducted beforehand to assess
possible effects of the redissolution solvents on cell
physiology. Cells were treated with redissolved ‘VS wa-
ter extract’ corresponding to 4.0, 2.0, 1.6, 1.0 and 0.4mg
freeze-dried and milled PF leaves in a total volume of
400μL cell culture medium (hereafter referred to as
‘4.0’, ‘2.0’, ‘1.6’, ‘1.0’ and ‘0.4’mg) (n≥ 4). For self-made
water, 50% EtOH, 100% EtOH and 90% MeOH, 0.5%
FAc extracts solely ‘4mg’ and ‘0.4mg’ were applied to
the cells (n=9). Proliferation was assessed in compari-
son to untreated control cells (n=12) in three indepen-
dent repetitions. In all cases, the final total organic
solvent proportion per well, either with empty control
or plant extracts, did not exceed 1% of the total well
volume.

Assessment of H2O2 generation

H2O2 generation with ‘2.0mg’ PF was determined with
‘VS water extract’, whereas determination of H2O2 in
the presence of ‘0.4mg’ PF was measured using both
‘VS water extract’ as well as self-made extracts (n≥ 3).
Experiments were performed in the absence of IPEC-
J2 cells. Working solution, formulated out of 250μM
(NH4)2Fe(SO4)2 (Merck Chemicals), 100mM Sorbitol
(Sigma-Aldrich), 125 μM Xylenol Orange (Sigma-
Aldrich) and 25mM H2SO4 (Merck Chemicals), as well
as H2O2 stock solutions (Sigma-Aldrich), were freshly
prepared each day. Calibration curves were performed
by mixing 10μL of H2O2 stock solution with 390μL cell
culture medium containing PF (n≥ 3). For the assess-
ment of H2O2 generation with PF, ‘2.0mg’ or ‘0.4mg’
extract was solved in cell culture medium. At several
time points, 30μL were withdrawn and mixed with
300μL working solution, incubated for 30min and mea-
sured at 595nm. Negative controls containing no extract
were measured simultaneously.

Perilla frutescens stability in cell culture medium

Stability of PF compounds in cell culture medium
(without L-glutamine) was exemplarily investigated
using ‘VS water extract’. For this purpose, 2.5mg

C. M. KAUFMANN ET AL.
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powder (≙ 12.5mg freeze-dried and milled PF leaves)
was either solved in 200μL cell culture medium or
bidistilled water in triplicate. Samples and controls were
then incubated at 37 °C. After 0, 1, 2, 6 and 24h, the
sample was diluted 5:1 with bidest. H2O. The solution
was cleaned from proteins, salts and glucose using pre-
conditioned Strata C18-E solid phase extraction (SPE)
columns (Phenomenex, Aschaffenburg, Germany).
Compounds were eluted with MeOH, which was evapo-
rated afterwards (miVac Duo concentrator, GeneVac,
Ipswich, England). Residues were redissolved in
EtOH/water (50:50) prior to LC-MS (liquid chromatog-
raphy-mass spectrometry) setup analysis. Details about
the employed LC-MS setup and HPLC gradient can be
found in the publication of Greco et al. (2013). Each sam-
ple was spiked with 20μM resveratrol (Sigma-Aldrich,
≥99% purity) and 4μM rutin (Sigma-Aldrich, ≥95% pu-
rity) prior to SPE and 10μM taxifolin (Sigma-Aldrich,
>90% purity) and 10μM galangin (Sigma-Aldrich) prior
to LC-MS analysis to enable data correction for loss dur-
ing Solid phase extraction (SPE) and mass spectrometric
signal inconstancies, respectively. Samples and controls
were detected with a ‘time-of-flight’ mass spectrometer
(Agilent Technologies, Waldbronn, Germany), equipped
with an electrospray ionization source. Samples were de-
tected in positive and negative ionization mode applying
the following conditions: gas temperature 325 °C, drying
gas 10L/min, nebulizer gas pressure 45 psig, sheath gas
temperature 325 °C, sheath gas flow 7.5L/min, capillary
voltage 3kV and Fragmentor 100V. The mass range
was set to m/z 60–1700. Data was analysed with Agilent
MassHunter Qualitative Analysis B.03.01 (Agilent Tech-
nologies) and Microsoft Excel 2010 (Microsoft Inc,
Seattle, WA, USA). Peak areas of PF extract compounds
were corrected by means of the added spike compounds.

Assessment of gene expression

Per well 40000 IPEC-J2 cells in 400μL cell culture
medium were seeded randomly using 48-well plates
(Greiner Bio-One). After adherence, cells in each well
were treated in a non-blinded manner either with
‘0.4mg’ PF VS water, PF water, PF 50% EtOH, PF
100% EtOH or PF 90%MeOH, 0.5% FAc extract by re-
placing 1% of the cell culture medium with redissolved
PF extract (‘0.4mg’/400μL total volume). Controls were
prepared simultaneously and included non-treated cells,
which remained in pure cell culture medium as well as
cells treated with 1% PF extract redissolution solvent
water, 50% EtOH or 100% EtOH. At time point 0, 6
and 24h wells containing equally treated cells were ran-
domly pooled by twos and transferred to reaction tubes.
RNA of all samples was then extracted according to the
manufacturer’s guidelines using RNeasy® Plus Mini Kit
(Qiagen, Hilden, Germany), and RNA concentration
was determined using the NanoDrop ND-1000 spectro-
photometer (PEQLab Biotechnologie GmbH, Erlangen,
Germany). RNA integrity (RIN) was tested with 2100
Bioanalyzer (Agilent Technologies) using randomly
selected samples (Becker et al., 2010). Total RNA sam-
ples were stored at �80 °C until use; 300ng RNA were
reversed transcribed in a final volume of 30μL containing
5× buffer, 0.5mM deoxyribonucleoside triphosphates
(dNTPs) (Life Technologies), 2.5μM random hexamer
primers (Invitrogen, Darmstadt, Germany) and 100U

Moloney Murine Leukemia Virus (M-MLV) reverse
transcriptase (Promega, Mannheim, Germany). Reverse
transcription was carried out using the following temper-
ature cycles: 21 °C for 10min, 48 °C for 50min and 90 °C
for 2min (Tgradient cycler, Biometra, Goettingen,
Germany). RT-PCR was performed using SSoFast Eva
Green Kit (Bio-Rad Laboratories, Hercules, CA,
USA). The sample volume was 10μL containing 1μL
cDNA (≙ 10ng), 0.2μL forward and 0.2μL reverse
primer (≙ 0.4μM) (Table 1), 5μL SSoFast and DEPC-
water. Temperature cycle (CFX 384, Bio-Rad) were as
follows: 95 °C for 30 s, 95 °C for 5 s and 60 °C for 20 s
(40 cycles), followed by a melting curve analysis. Data
evaluation and statistical analysis was performed with
Windows Excel 2010 (Microsoft Inc) with n=3 indepen-
dent repetitions per treatment and control.

To determine the relative mRNA gene expression
changes, the previously described ΔΔCq method was
applied (Livak and Schmittgen, 2001). For ΔCq, the gene
expression data of the target genes were normalized with
the arithmetic mean Cq values of all four reference genes
(ubiqitin, Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), β-Actin and Histon H3). It was verified that
the reference genes were stable and not regulated, by
using theGenorm algorithm implemented inGenEx ver-
sion 5.1 (MultiD, Gothenburg, Sweden) (Logan et al.,
2009). To get ΔΔCq relative mRNA expression values,
ΔCq values of treatment groups were corrected for the
ΔCq values of the respective negative control group
treated with the pure extract redissolution solvent. In
graphs, the regulative impact of various PE extracts on
the gene expression is shown on log2 scale.

Statistics

An unpaired t-test was performed for experiments
investigating PF compound stability, cell proliferation
as well as gene expression assuming equal variances.

Table 1. Forward (fwd) and reverse (rev) primers of reference

genes and target genes with respective fragment length

Gene Primer

Fragment

length

Ubiquitin

(reference gene)

fwd AGATCCAGGATAAGGAAGGCA 198

rev GCTCCACCTCCAGGGTGAT

GAPDH

(reference gene)

fwd AGCAATGCCTCCTGTACCAC 187

rev AAGCAGGGATGATGTTCTGG

Actin beta

(reference gene)

fwd AACTCCATCATGAAGTGTGAC 234

rev GATCCACATCTGCRGGAAGG

Histon H3

(reference gene)

fwd ACTGGCTACAAAAGCCGCTC 232

rev ACTTGCCTCCTGCAAAGCAC

Caspase 9

(target gene)

fwd CTGACTGCCAAGCAAATGG 104

rev GCCTGACAGCCGTGAGAG

Cyclin B1

(target gene)

fwd GGATCACCAGGAACACGAAA 187

rev GCTTCCTTTTTCAGAGGCAGT

Cyclin D1

(target gene)

fwd GACGAGCTGCTGCAAATG 188

rev GAAATGAACTTCACGTCTGTGG

c-Jun

(target gene)

fwd ATGACTGCAAAGATGGAAACG 310

rev TCACGTTCTTGGGGCACA

67 kDa laminin

receptor

(target gene)

fwd AGCGAGCTGTGCTGAAGTTT 257

rev GTGAGCTCCCTTGTTGTTGC
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In the former case, samples containing extract solved in
DMEM were compared with the respective control
sample containing extract solved in H2O. Because of
the chemical complexity of a whole plant extract, data
correction with spike compounds may necessarily lead
to an underestimation or overestimation of some
compounds. Level of significance was therefore p≤ 0.01.
Gene expression and cell proliferation experiments

were assessed by comparing PF treated cells with the
control containing the respective PF redissolution sol-
vent. A significant regulation was assumed for p≤ 0.05,
a highly significant regulation for p≤ 0.01 and a non-
significant trend towards significance for 0.05<p≤ 0.1.

RESULTS

Characterization of Perilla frutescens extracts

To encompass a wide range of different compounds,
ranging from polar to non-polar, freeze-dried PF leaves
were extracted with different organic solvents and sol-
vent contents.
Highest extraction yield for VS water extract (Fig. 1,

right dark grey column) is in accordance with a previous
publication of Makino et al. (2003), whereas yields of
self-made extracts were found to range between 16.3%
for extraction with water and 2.7% with 100% EtOH.
Good extraction efficiency for PF has already been
reported with EtOH:water solvent mixtures by Hong
et al. (2010), because they are more likely to encompass
a wide range of different compounds. In this regard,
50% EtOH extract was detected with the second highest
phenolic content (GAE equivalence), which was only
exceeded by VS water extract.
The latter extract, that is, VS water extract, has been

chemically characterized by Buchwald-Werner et al.
They report the presence of a variety of glucuronidated
and glucosylated compounds as well as apigenin,

luteolin, rosmarinic acid and caffeic acid to be present
within the extract (Buchwald-Werner, 2012). In our pre-
vious study, which focused mainly on the polar fraction
of PF extracts, we were able to confirm some of their
findings (Kaufmann et al., 2016). All extracts employed
here were furthermore characterized using an LC-MS
setup, which allowed the simultaneous detection of
polar and non-polar compounds (Greco et al., 2013) (data
not shown). An elevated abundance of highly polar
compounds like hydroxycinnamic acids such as caffeic
acid as well as glucuronidated and glucosylated flavo-
noids such as Apigenin 6,8-di-C-glucoside (Vicenin 2)
or Luteolin 7-O-diglucuronide, respectively, were
detected in water and 50% EtOH extract compared
with less polar extracts 100% EtOH and 90% MeOH.
Moderately polar compounds like rosmarinic acid and
hydrophobic flavonoids like apigenin or luteolin were
increasingly detected in 50% EtOH extract (data not
shown).

In general, polar as well as non-polar PF compounds
were detected in minor quantities in 100% EtOH and
90% MeOH extract, which consequently results in the
observed low phenolic content or reducing capacity
(Fig. 1). However, in relation to its extraction yield,
100% EtOH extract reducing capacity is higher than
that of 90% MeOH extract. Because the reactivity of
FC reagent differs towards various compound classes
(Everette et al., 2010), the discrepancy between yield
and reducing potential with 90% MeOH extract might
be related to an increased extraction efficiency of PF
compounds with low reactivity. Similar GAE values as
found here have been reported by Hong et al., despite
using a purple type of PF. They found the highest
amount of reducing compounds for PF extracts obtained
with water, followed by 100% MeOH and 100% EtOH
(Hong and Kim, 2010), which is comparable with the re-
sults presented here. In contrast, Song et al. and
Mueller-Waldeck et al. reported distinctly higher GAE
values using a methanolic extraction of purple PF
leaves, which are however still comparable with the
values obtained here after extraction with water (VS
and self-made) and 50% EtOH (Muller-Waldeck et al.,
2010). In general, PF water and 50% EtOH extract pos-
sess more reducing potential than most vegetables or
fruits as detected by Wu et al. (2004).

Assessment of cell proliferation

Initial experiments were performed to assess possible
effects of the employed extract redissolution solvents
on cell proliferation, wherefore redissolved empty
control extracts were added to the cells. Data evaluation
revealed no significant regulation in comparison to
untreated cells in pure cell culture medium.

In the following, cells were treated with increasing
concentrations of VS water extract (Fig. 2A). The
extract quantities applied to the cells were chosen as to
emulate physiologically relevant concentrations. The
application of ‘4.0’, ‘2.0’ and ‘1.6mg’ VS water extract
in a total volume of 400μL cell culture medium caused
a drop of signal, which reflects the complete cell death
and cell detachment within ~4h.

The treatment with ‘1.0’ and ‘0.4mg’ extract resulted
in a delayed cell proliferation, with ‘1.0mg’ revealing a
more pronounced effect. Previous studies reported the

Figure 1. Perilla frutescens (PF) extraction yield and gallic acid
equivalence (GAE), that is, total reducing capacity of PF water,
50% EtOH, 100% EtOH, 90% MeOH, 0.5%FAc and ‘VS water
extract’. Information about the extraction yield of externally
produced VS water extract was provided with an extraction ratio
of 20%, (5:1, freeze-dried leaves: extraction residue (w/w)),
wherefore no standard deviation is known). Standard deviations
for self-prepared extracts shown here were calculated from n=5
(extraction residue, dark grey columns) and n>25 for the calcula-
tion of total reducing capacity of PF (GAE, light grey columns).
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occurrence of H2O2 in cell culture medium after the
addition of phenolic compounds (Halliwell, 2008).
H2O2 generation was therefore measured with ‘2.0’
and ‘0.4mg’ VS water extract (Fig. 2B) as well as
‘0.4mg’ of all further PF extracts (data not shown) in
the absence of cells. A maximum quantity of approxi-
mately 110μM was captured with ‘2.0mg’ VS water
extract (Fig. 2B). In contrast, Long et al. detected
H2O2 levels of more than 500μM after addition of up
to 1mM of natural compounds like EGCG, quercetin
or rosmarinic acid in DMEM within a mere 2h (Long
et al., 2010). Because the addition of F12 and FCS has
been observed to distinctly reduce the amount of gener-
ated H2O2 in the presence of polyphenols (Bellion et al.,
2009), the applied medium formulation here may have
resulted in the lowered H2O2 concentration. Neverthe-
less, the oxidation of polyphenols does not only cause
the generation of H2O2 but also generates ROS like
O2

� (Sang et al., 2007) and hydroxyl radicals (OH•),
the latter derived from H2O2 via fenton reaction
(Halliwell et al., 2000). The contribution of H2O2, ROS

as well as polyphenol oxidation products like
semiquinones and quinones (Awad et al., 2001) to the de-
tected cell death within ~4h after treatment can be as-
sumed. The amount of PF extract was therefore
considerably reduced to ‘0.4mg’, where only ~5μM
H2O2 were constantly detected for VS water extract
(Fig. 2B) as well as for all further PF extracts (data not
shown). Cells were thereupon treated with ‘0.4mg’ self-
made water, 50% EtOH, 100% EtOH and 90% MeOH
extract, respectively, to comparatively assess the effect of
different extract polarities on cell growth (Fig. 3A and B).

A distinct decrease of p-values, which reflects a decel-
erated cell proliferation compared with control experi-
ments, was observed within 24h after application of
‘0.4mg’ of all extracts to the cells (Fig. 3: “treatment”
at 20h). The impact of VS water extract was however
the most pronounced with the detection of a significantly
reduced cell growth within only ~2h. Considerable ef-
fects on cell proliferation were also found with 50%
EtOH extract and self-made water extract in the early
stages (Fig. 3A); 100% EtOH and 90% MeOH extract

Figure 2. (A) Effects of different concentrations of ‘VS water extract’ on IPEC-J2 cell proliferation within 72 h. Time point of
treatment=20h after seeding. Standard deviations for each treatment concentration were calculated from n>3; (B) H2O2 generation
was determined with ‘0.4’ (○) and ‘2.0mg’ ( ) VS water extract as well as ‘0.4mg’ water, 50% EtOH, 100% EtOH and 90% MeOH extracts
(data not shown) in cell culture medium in the absence of cells. Standard deviations were calculated from n ≥3 for the determination of H2O2

generation in the presence of ‘2.0’ and ‘0.4mg’ VS water extract.

Figure 3. p-values of each time point of IPEC-J2 cell proliferation after treatment with ‘0.4mg’ VSwater, self-made water and 50% EtOH ex-
tract (A) as well as 100% EtOH and 90%MeOH, 0.5% FAc extracts (B) in comparison to the respective control measurement containing 1%
of extract redissolution solvent. Standard deviations are calculated out of n=9 repetitions (not shown for clarity reasons). Significance level
is depicted at p=0.05 (horizontal black line) as well as ‘non-significant trend towards significance’ at p=0.1 (horizontal dashed black line).
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were found with a comparable progress of p-values, both
however showing no significance during the entire mea-
surement (Fig. 3B). While p-values increased again with
water, 100%EtOH and 90%MeOH extracts after ~48h,
VS water and 50% EtOH extracts maintained a signifi-
cant deceleration beyond ~48h. The results are in good
accordance to the determined phenolic contents (Fig. 1),
with a low reducing potential for 100% EtOH and 90%
MeOH extract, which in turn showed a less pronounced
regulation of cell growth compared with the applied
more polar extracts. Cytotoxic effects of the extract
could be excluded to be responsible for the observed ef-
fects by the assessment of lactate dehydrogenase (LDH)
release, which was detected to be on a constant and mi-
nor level within 20h after treatment with ‘0.4mg’ of all
PF extracts (data not shown).

Gene expression

Perilla frutescens extract was able to inhibit cell prolifer-
ation even at low concentrations (Fig. 3). Several studies
has already observed an inhibitory effect on cell growth
of human cancer cell lines and mouse skin carcinogene-
sis (Kwak and Ju, 2015) as well as the induction of
apoptosis (Kwak et al., 2009), either by individual
compounds present in PF or whole PF extract. As
already mentioned, cell lysis and LDH release could
be excluded to be responsible for the delayed cell prolif-
eration. The absence of notable apoptotic events was
furthermore supported by a non-significant regulation
of caspase-9 gene expression (data not shown). The
decelerated proliferation can therefore be accounted

to the downregulation of cyclin D1 and cyclin B1. The
former was observed with an immediate response after
treatment at time point 0 h, which is partly maintained
up to 6h (Fig. 4C and D).

Cyclin D1 revealed a downregulation at time points
6 and 24h after treatment (Fig. 4D). Equally downreg-
ulated pro-proliferative protein c-Jun is known to af-
fect a variety of genes involved in cell proliferation
and cell survival, including proto-oncogene p53
(Schreiber et al., 1999) and cyclin D1 (Shaulian and
Karin, 2001). The observed downregulation of c-Jun
at 0 and 6h is consequently accompanied by a down-
regulation of cyclin D1 (Schreiber et al., 1999)
(Fig. 4B). Moreover, decreasing levels of c-Jun are
likely to result in an upregulation of p53 (Schreiber
et al., 1999), which in turn has been reported to sup-
press cyclin B1 (Yu et al., 2002) (Fig. 4C), therewith
as well regulating the progression of cell cycle. Most
interestingly, cyclin B1, D1 as well as c-Jun have been
observed to be overexpressed in tumour cells (Maeda
and Karin, 2003). Furthermore, their susceptibility to
natural cancer chemopreventive compounds and natu-
ral extracts make them potential therapeutic targets
for the treatment of cancer (Shan et al., 2009). This
also applies to 67LR, which has been discussed to be
involved in various steps of cancer development, in-
cluding tumour-cell migration (Wewer et al., 1987),
cancer progression (Ozaki et al., 1998) and angiogene-
sis (Bernard et al., 2009). The downregulation of 67LR
has been reported to be in close association with a
variety of different genes involved in cell cycle arrest
including a lowered expression of cyclin B1 (Scheiman
et al., 2010) as detected here (Fig. 4A and C). In

Figure 4. Regulation of 67 kDa laminin receptor (67LR), cyclin B1, c-Jun and cyclin D1 after treatment of IPEC-J2 cells with ‘0.4mg’ Perilla
frutescens extracts expressed as “expression ratio/2

-△△Ct
”. Significance was calculated compared with the respective controls containing 1%

extract redissolution solvents. **for highly significant (p ≤ 0.01), *for significant (p ≤0.05) and+ for non-significant trend towards
significance (0.05< p ≤0.1). Standard deviations were calculated from n=3 independent repetitions.
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contrast to recent reports, which describe tea polyphe-
nol ECGC to bind to 67LR and thus exerting its
anticancer activity (Umeda et al., 2008), PF extract
was found to mediate its effects through 67LR gene
regulation (Fig. 4A). Although no general tendency
with regard to the most effective PF extract could be
observed for the investigated genes, the most consis-
tent results were determined with 50% EtOH extract
with significant regulations for cyclin B1 at 0 and
24h, for cyclin D1 at 0 and 6h, for 67LR at 0, 6 and
24h and for c-Jun at 0 h.

Stability of Perilla frutescens extracts in cell culture
medium

With regard to effects of natural extracts and com-
pounds on physiological parameters, several studies
are available that critically discuss the stability of said
compounds in cell culture medium, referring to the
elevated exposure to oxygen compared with in vivo
conditions (Long et al., 2010). The occurrence of
considerable amounts of H2O2 and ROS, which are
likely to be generated during the auto-oxidation and

Table 2. Stability of natural Perilla frutescens (PF) extract compounds in cell culture medium. Significance was calculated in comparison to

PF extract solved in water for each individual time point with p ≤ 0.01 as level of significance (n= 3 independent repetitions)

A

Compound and molecular formula R1 R2 R3

Apigenin C15H10O5

Apigenin-7-O-glucuronide C21H18O11

Apigenin-7-O-diglucuronide C27H26O17

Apigenin 6,8-di-C-glucoside C27H30O15

Apigenin 7-O-glucoside C21H20O10

H H H

H H Glu

H H Diglu

Glc Glc H

H H Glc

B

.

Compound and molecular formula R1 R2 R3

Luteolin C15H10O6

Luteolin 7-O-glucuronide C21H18O12

Luteolin 7-O-diglucuronide C27H26O18

Luteolin 7-O-glucoside C21H20O11

H H H

H H Glu

H H Diglu

H H Glc

C

Rosmarinic acid C18H16O8

D

Unknown compounds with increasing peak areas

Molecular weights (with a mass spectrometric accuracy of<1 ppm)

111.0787Da

145.0847Da

288.0856Da

497.1502Da

696.2070Da
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therewith degradation of natural compounds might be
responsible for plenty of observed cell growth
inhibitions detected throughout the years (Halliwell,
2008). The stability of VS water extract in cell culture
medium was therefore investigated by mainly focusing
on known PF compounds described in literature
(Buchwald-Werner, 2012) (Table 2A–C).
Because of necessary sample preparation procedures

and dilution steps, extract concentrations used here
were elevated compared with experiments assessing cell
and gene expression. Nevertheless, the results may pro-
vide insight into the stability of phenolic compounds re-
lated to their chemical structure. Apigenin and luteolin
were detected with a significant (p≤ 0.01) degradation
at time points 2, 6 and 24h. Interestingly, apigenin con-
jugated either with glucose (Api-glu, Api-di-D-glc) or
glucuronide unit(s) (Api-glc, Api-diglc) was found to
be stable throughout the observed time range. In con-
trast, conjugated luteolin (Lut-glu, Lut-diglu, Lut-glc)
was detected to decrease, however, not significantly ex-
cept for Lut-glu and Lut-glc at 24h. A more likely oxida-
tion and release of H2O2 has been observed for
polyphenols containing catechol moieties like luteolin
(3’, 4’ ortho hydroxyl groups) (Bellion et al., 2009) and
rosmarinic acid (Long et al., 2010) (Table 2C). Because
flavonoid glycosides have already been reported with a
comparably lower H2O2 release (Bellion et al., 2009),
the conjugation presumably improves the compounds
stability in cell culture medium, which is especially ap-
parent for apigenin conjugates (Table 2A). Apigenin,
which lacks the presence of adjacent OH groups, has
been reported to be only minorly degraded without an
accompanied release of significant amounts of H2O2

(Long et al., 2010). As opposed to this, a fast and distinct
degradation for apigenin was observed here (Table 2A
and B). Potential oxidation products like semiquinones,
quinones (Bellion et al., 2009), dimers (Sang et al., 2005)
or small phenolic acids (Kern et al., 2007) were not
detected. This might be partly due to the SPE purifica-
tion procedure, which results in the loss of highly polar
compounds like phenolic acids. Nevertheless, several
unidentified masses have been observed to increase,
with a significant difference at 24h for 497.1511Da and
696.2081Da compared to the respective controls
(Table 2D). Further compounds displayed were also
detected with an increase over the time for all experi-
mental repetitions, but were calculated with a non-
significant behaviour due to high standard deviations.

DISCUSSION

Perilla frutescens extracts have been investigated on
their potential to regulate cell proliferation and gene ex-
pression. At a concentration of ‘0.4mg’/400μL medium,
only negligible H2O2 generation was detected, which
might support the conclusion of a sufficient stability of
extracted compounds and the absence of ROS and po-
tentially toxic polyphenol oxidation products. At a con-
centration of ‘0.4mg/400μL medium, PF extracts were
demonstrated to inhibit cell proliferation with the most
pronounced effect for VS water and 50% EtOH extract,
both of which determined to possess high phenolic con-
tents. The cell growth regulation was immediate, which
is reflected by the drop of p-values directly after cell

treatment. The study of relevant genes involved in cell
cycle regulation concurrently revealed an immediate
downregulation of cyclin D1. The 67LR expression
was also observed to decrease at 0 h, but in contrast to
cyclin D1, maintains the decrease permanently. Because
of the presence of non-degraded polyphenols at 0 h, the
observed early alteration of cell cycle progression can
be accounted to the extract compounds. Cyclin D1 as
well as 67LR are promising targets for the treatment
of cancer, whereby the latter also serves as receptor
for several viruses and the prion protein (Gauczynski
et al., 2001). It is therewith directly involved in the
development and progression of prion disease.

Because of the preparation of extracts with different
solvents in combination with the determination of their
respective reducing potentials, conclusion can be drawn
on the most effective PF polarity fractions. The
employed LC-MS setup (data not shown) furthermore
allowed the detection of the overall composition as well
as an estimation of the quantity of polar and non-polar
compounds contained within the different PF extracts
(Greco et al., 2013).

Knowledge about the extraction procedure, extrac-
tion yield, reducing potential and the phytochemical
nature of an extract is essential in order to guarantee
comparability as well replicability of experiments. This
is also particularly important considering the often
contradictory results between different clinical studies
(Izzo et al., 2016).

However, the conduction of LC-MS analysis does not
necessarily result in the identification of individual com-
pounds, but rather provides a general overview of the
chemical composition of an extract. With regard to PF,
only a portion of compounds have been identified yet,
which includes some glucuronidated and glucosylated
flavonoids (Kaufmann et al., 2016; Buchwald-Werner,
2012). Still, only little research is available with regard
to the effects of those compounds on physiological
parameters. Despite the observed reduction in stability
of some PF compounds in cell culture medium, several
have been detected with a constant abundance.
Consequently, subsequent research may focus on the
most effective PF extract fractions or on single
molecules isolated from PF to eventually identify
individual compounds, which are able to affect the
expression of health-related and disease-related genes
as well as the proliferation of cells. This study thus
provides first results about promising effects of whole
PF extracts on cell physiology in combination with the
respective reducing potential of applied extracts as well
as a critical assessment of obtained results.
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