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ABSTRACT 

The skin undergoes visible changes over time, reflecting the combined effects of intrinsic and extrinsic 

insults. Intrinsic ageing primarily results from natural physiological changes. Conversely, external 

factors, such as pollution, lifestyle habits, and exposure to ultraviolet radiation (UVR), play a 

significant role in extrinsic ageing. From all the insults, UVR is considered the primary contributor to 

skin ageing, accounting for 80% of its visible signs. Despite the highly effective barrier the skin layers 

provide, UVR can induce oxidative stress in human skin. 

When the load of reactive species in this organ is high, several pathways are activated, culminating in 

the degradation of extracellular matrix proteins such as collagen and elastin by the upregulation of 

metalloproteinases (MMPs) and other enzymes. Neutrophil elastase is considered one of the most 

destructive enzymes in this process due to its ability to degrade almost all extracellular matrix 

components by directly activating MMPs (pro- and active forms), facilitating their progression, and 

inactivating their activity regulators. 

The interplay of intrinsic and extrinsic factors shapes phenotypically distinct clinical manifestations. 

Chronological ageing leads to skin changes such as thinning, pallor, fine surface wrinkles, and reduced 

elasticity. In contrast, prolonged exposure to UVR results in more severe manifestations, including 

pronounced wrinkles, loss of elasticity, thickening, coarsening, dryness, telangiectasias, and uneven 

pigmentation. 

Hydrolysable tannins are recognised for their skin anti-ageing properties, particularly their strong 

antioxidant effects and their ability to inhibit elastolytic enzyme precursors. The genus Cytinus, 

described as one of the most enigmatic in the plant kingdom, has garnered attention for its potential as 

a source of bioactive compounds. While its properties were ascribed to its hydrolysable tannin content, 

the chemical composition of Cytinus hypocistis (L.) L. had not undergone thorough characterisation, 

and its active constituents remained undisclosed prior to the research conducted in the present thesis. 
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Therefore, the primary objective of this work was to valorise the underexplored parasitic 

species Cytinus hypocistis (L.) L. subsp. macranthus Wettst by conducting its comprehensive 

characterisation, followed by a more detailed investigation of its skin anti-ageing properties.  

The chemical and bioactive characterisation (Chapter 3) was performed by analysing the nutritional 

and phytochemical profile of C. hypocistis and evaluating its bioactive properties. To the author's best 

knowledge, there are no studies on this edible plant's nutritional characterisation. The whole plant and 

its nectar revealed being nutritionally balanced, shedding light on its significance as famine food in 

the past. Its nectar proved to be a good source of protein and unsaturated fatty acids, approximately 2-

fold higher than the whole plant. The phytochemical profile and bioactive properties of the whole 

plant, its petals, stalks, and nectar were also evaluated. Seventeen phenolic compounds were identified 

in all samples. Galloyl-bis-HHDP-glucose was the most abundant, with no significant difference in 

concentration between the petals and the whole plant. All extracts exhibited antidiabetic, anti-

tyrosinase, antibacterial, and cytotoxicity against four tested tumour cell lines, with no toxicity 

observed on a non-tumour cell line. The antioxidant capacity was the most prominent among the 

assessed activities, with no significant differences between the petals and the whole plant. 

The results from Chapter 3 suggested a relationship between phenolic compound concentration and C. 

hypocistis bioactive properties, rendering it necessary to investigate whether there is a phenolic 

compound exchange between the host and the parasite (Chapter 4). To the authors' best knowledge, 

this work was the first to compare the phenolic profile and bioactive properties of the parasite C. 

hypocistis and its host, Halimium lasianthum subsp. alyssoides (Lam.) Greuter. Except for one 

compound, trigalloyl-HHDP-glucoside, the phenolic profile of the host (both non-parasited and 

parasited) was different from that of the parasite, which possibly indicates the existence of a proper 

pathway of compound biosynthesis in the parasite. This hypothesis was supported by the PCA analysis, 

where three defined groups were identified: root extracts from H. lasianthum, aerial extracts from H. 
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lasianthum, and C. hypocistis extracts. This work also highlighted the correlation between C. 

hypocistis hydrolysable tannin content and its antioxidant and anti-tyrosinase activities. 

C. hypocistis' biological properties were potentially correlated with its high content in hydrolysable 

tannins; thus, studying their extraction optimisation would give comprehensive clues for recovering 

these high-added-value bioactive compounds (Chapter 5). This work applied Response Surface 

Methodology to optimise tannin extraction using Heat-Assisted (HAE) and Ultrasound-Assisted 

(UAE) methods. Two three-factor Rotatable Central Composite Designs were used to assess the 

independent variables' linear, quadratic, and interactive effects on the target responses. The results 

from both extraction systems revealed high ethanol percentages as the critical factor in increasing 

tannin content, with UAE being selected as the best technique for the recovery.  

The skin anti-ageing properties of C. hypocistis optimal extracts from three distinct years were 

assessed, followed by a biochemometric approach to identify the discriminant metabolites associated 

with the most relevant properties (Chapter 6). Among the studied bioactivities, the anti-elastase results 

exhibited a significant variation among the samples from different years. A bioassay-guided 

fractionation was performed to identify the discriminant features responsible for this variation, 

followed by its purification and structural elucidation. Remarkably, one of the purified subfractions 

exhibited a tenfold improvement in neutrophil elastase inhibition efficacy compared to the crude 

extract; its effectiveness fell within the same range as SPCK, a potent irreversible elastase inhibitor. 

Overall, this subfraction also presented better antioxidant and enzyme inhibitory properties 

(collagenase and tyrosinase) than the crude extract and the positive controls, with no phototoxicity and 

cytotoxicity against different skin cell lines. Upon NMR structural clarification, this subfraction was 

elucidated as a galloyl glucose congener as indicated by characteristic spectral resonances of 

pedunculagin. However, the purified fraction seems to remain a mixture of isomers with differences 

in glucose, which might indicate that the anti-ageing compound found in C. hypocistis could be 

pedunculagin configurational isomers. 
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The work developed in the present thesis comprehensively characterised the unexploited species C. 

hypocistis, offering insights into its use as famine food in the past and as a source of compounds with 

a broad spectrum of bioactive properties. Furthermore, it was possible to identify the compound class 

of utmost relevance for its bioactivities, validate its exclusive biosynthesis within the parasite, and 

maximise its recovery. Finally, C. hypocistis confirmed its potential as a source of anti-ageing 

compounds, revealing excellent antioxidant and enzyme-inhibitory properties, particularly its anti-

neutrophil elastase activity. 
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RESUMEN 

La piel experimenta cambios visibles con el tiempo, reflejando los efectos combinados de factores 

intrínsecos y extrínsecos. El envejecimiento intrínseco se debe principalmente a cambios fisiológicos 

naturales, mientras que la contaminación, hábitos de vida y la exposición a radiación ultravioleta 

(UVR) desempeñan un papel significativo en el envejecimiento extrínseco. De todas las agresiones 

que experimenta la piel, se considera que la UVR es la principal contribuyente a su envejecimiento, 

representando el 80% de sus signos visibles. A pesar de la barrera altamente efectiva que proporcionan 

las diferentes capas, la UVR puede inducir estrés oxidativo en la piel humana. 

Cuando la carga de especies reactivas en este órgano es alta, se activan varias vías que culminan en la 

degradación de proteínas de la matriz extracelular, como el colágeno y la elastina, mediante la 

sobreexpresión de metaloproteinasas (MMP) y otras enzimas. La elastasa de neutrófilos se considera 

una de las enzimas más destructivas en este proceso debido a su capacidad para degradar casi todos 

los componentes de la matriz extracelular mediante la activación directa de MMPs (formas proactivas 

y activas), facilitando su progresión e inactivando sus reguladores de actividad. La interacción de 

factores intrínsecos y extrínsecos da forma a manifestaciones clínicas fenotípicamente distintas. El 

envejecimiento cronológico conduce a cambios en la piel, como adelgazamiento, palidez, arrugas finas 

en la superficie y reducción de la elasticidad. En contraste, la exposición prolongada a la UVR resulta 

en manifestaciones más severas, que incluyen arrugas pronunciadas, pérdida de elasticidad, 

engrosamiento, rugosidad, sequedad, telangiectasias y pigmentación desigual. 

Los taninos hidrolizables son reconocidos por sus propiedades antienvejecimiento en la piel, 

especialmente por sus fuertes efectos antioxidantes y su capacidad para inhibir los precursores de 

enzimas elastolíticas. El género Cytinus (Cytinaceae), descrito como uno de los más enigmáticos en el 

reino vegetal, ha llamado la atención por su potencial como fuente de compuestos bioactivos. Aunque 

sus propiedades se atribuyeron a su contenido de taninos hidrolizables, la composición química de 
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Cytinus hypocistis (L.) L. no había sido todavía caracterizada a fondo, y sus constituyentes activos 

permanecían sin revelar antes de la investigación realizada en la presente tesis. 

Por lo tanto, el objetivo principal de este trabajo ha sido el de valorizar la especie parasitaria poco 

explorada Cytinus hypocistis (L.) L. subsp. macranthus Wettst mediante una caracterización química 

integral, seguida de una investigación más detallada de sus propiedades antienvejecimiento en la piel. 

La caracterización química y bioactiva (Capítulo 3) fue realizada a través del análisis del perfil 

nutricional y fitoquímico de C. hypocistis, así como con la evaluación de sus propiedades bioactivas. 

Hasta donde el autor sabe, este es el primer trabajo que estudia la caracterización nutricional de esta 

planta comestible. Toda la planta y su néctar demostraron ser equilibrados desde el punto de vista 

nutricional, arrojando luz sobre su importancia como alimento en tiempos de hambruna en el pasado. 

Se demostró que su néctar es una buena fuente de proteínas y ácidos grasos insaturados, 

aproximadamente el doble que toda la planta. También se evaluó el perfil fitoquímico y las propiedades 

bioactivas de toda la planta, sus pétalos, tallos y néctar. Se identificaron diecisiete compuestos 

fenólicos en todas las muestras. El galato-bis-HHDP-glucosa fue el más abundante, sin mostrar una 

diferencia significativa de concentración entre los pétalos y toda la planta. Todos los extractos 

mostraron actividad antidiabética, anti-tirosinasa, antibacteriana y citotoxicidad frente a las cuatro 

líneas celulares tumorales ensayadas sin observar toxicidad en una línea celular no tumoral. La 

capacidad antioxidante fue la más destacada entre las actividades evaluadas, también sin diferencias 

significativas entre los pétalos y toda la planta.  

Los resultados del Capítulo 3 sugirieron una relación entre la concentración de compuestos fenólicos 

y las propiedades bioactivas de C. hypocistis, haciendo necesario investigar si hay un intercambio de 

compuestos fenólicos entre el huésped y la planta parásita (Capítulo 4). Según el conocimiento de los 

autores, este trabajo también fue el primero en comparar el perfil fenólico y las propiedades bioactivas 

del parásito C. hypocistis y su huésped, Halimium lasianthum subsp. alyssoides (Lam.) Greuter 

(Cistaceae).  
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Excepto por un compuesto, el trigaloyl-HHDP-glucósido, el perfil fenólico del huésped (tanto no 

parasitado como parasitado) fue diferente al del parásito, lo que posiblemente indica la existencia de 

una vía adecuada de biosíntesis de compuestos en el parásito. Esta hipótesis fue respaldada por el 

análisis de PCA, donde se identificaron tres grupos definidos: extractos de raíces de H. lasianthum, 

extractos aéreos de H. lasianthum y extractos de C. hypocistis. Este trabajo también destacó la 

correlación entre el contenido de taninos hidrolizables de C. hypocistis y sus actividades antioxidantes 

y anti-tirosinasa. 

Las propiedades biológicas de C. hypocistis estuvieron potencialmente correlacionadas con su alto 

contenido de taninos hidrolizables; por lo tanto, estudiar la optimización de su extracción 

proporcionaría pistas completas para recuperar estos compuestos bioactivos de alto valor añadido 

(Capítulo 5). Este trabajo aplicó la Metodología de Superficie de Respuesta para optimizar la 

extracción de taninos utilizando los métodos de Asistencia Térmica (HAE) y Asistencia Ultrasónica 

(UAE). Se aplicó un diseño compuesto central y rotativo para la optimización, que constaba de tres 

factores para evaluar los efectos lineales, cuadráticos e interactivos de las variables independientes en 

las respuestas objetivo. Los resultados de ambos sistemas de extracción revelaron altos porcentajes de 

etanol como el factor crítico para aumentar el contenido de taninos, y se seleccionó UAE como la 

mejor técnica para la recuperación de los mismos. 

Se evaluaron las propiedades antienvejecimiento en la piel de los extractos óptimos de muestras de C. 

hypocistis recogidas en tres años distintos, seguidas de un enfoque bioquimiométrico para identificar 

los metabolitos discriminantes asociados con las propiedades más relevantes (Capítulo 6). Entre las 

bioactividades estudiadas, los resultados anti-elastasa mostraron una variación significativa entre las 

muestras de diferentes años, por lo que se realizó un fraccionamiento guiado por ensayos biológicos 

para identificar las características discriminantes responsables de esta variación, seguido de la 

purificación y elucidación estructural del compuesto responsable. Notablemente, una de las 

subfracciones purificadas mostró una mejora diez veces mayor en la eficacia de inhibición de la 
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elastasa de neutrófilos en comparación con el extracto crudo; su efectividad se encontró dentro del 

mismo rango que SPCK, un potente inhibidor irreversible de elastasa. En general, esta subfracción 

también presentó mejores propiedades antioxidantes e inhibidoras de enzimas (colagenasa y tirosinasa) 

que el extracto crudo sin mostrar fototoxicidad y citotoxicidad contra diferentes líneas celulares de la 

piel. Tras la validación estructural mediante RMN, esta subfracción se elucidó como un compuesto 

formado por una base de glucogalina, que muestra resonancias espectrales características similares a 

las de la pedunculagina. Sin embargo, la fracción purificada parece tener una mezcla de isómeros con 

diferencias en la glucosa, lo que podría indicar que el compuesto antienvejecimiento encontrado en C. 

hypocistis podrían ser isómeros configuracionales de la pedunculagina. 

El trabajo desarrollado en la presente tesis caracterizó de manera integral la especie poco explorada C. 

hypocistis, ofreciendo perspectivas sobre su uso como alimento en tiempos de hambruna en el pasado 

y como fuente de compuestos con un amplio espectro de propiedades bioactivas. Además, fue posible 

identificar la clase de compuestos de máxima relevancia para sus bioactividades, validar su biosíntesis 

exclusiva dentro del parásito y maximizar su recuperación. Finalmente, C. hypocistis confirmó su 

potencial como fuente de compuestos antienvejecimiento, revelando excelentes propiedades 

antioxidantes e inhibidoras de enzimas, especialmente su actividad anti-elastasa de neutrófilos. 
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ABBREVIATIONS AND ACRONYMS 

 
AAPH 2,2'-azobis-(2-methyl-propanimidamide) dihydrochloride 

AGEs Advanced glycation end products 

AGS Human gastric adenocarcinoma 

ANOVA Analysis of variance 

AOAC Official Methods of Analysis of AOAC INTERNATIONAL 

AP-1 Activator protein-1  

ATCC American Type Culture Collection 

BALB/3T3 A31 mouse embryo cell line 

CAA Cellular antioxidant activity 

Caco-2 Human colorectal adenocarcinoma 

CCD Central Composite Designs 

CFU Colony forming unit 

CH C. hypocistis extract 

CLS Cell Lines Service 

COX-2 Cyclooxygenase-2 

DAD                                           Diode-array detection 

DCFH-DA 2',7'-Dichlorodihydrofluorescein diacetate 

DEJ dermal-epidermal junction  

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DOPA Dihydroxyphenylalanine 

DPPH 2,2-Diphenyl-1-picrylhydrazyl 

dw Dry weight 

ECACC European Collection of Authenticated Cell Cultures 

ECM Extracellular matrix 

EGF Epidermal growth factor 

ERK Extracellular signal-regulated kinase 

FBS Foetal bovine serum 

FID Flame ionisation detection 

GC-FID Gas-liquid chromatography 

GDP Guanosine diphosphate 

GTP Guanosine-5'-triphosphate 

HaCaT Spontaneously immortalized keratinocyte cell line 

HAE Heat-assisted extraction 

HBSS Hank's Balanced Salt Solution 

HeLa Cervical carcinoma 

HepG2 Hepatocellular carcinoma 

HFF-1 Human foreskin fibroblasts 

HHDP Hexahydroxydiphenoyl 

HLAP Non-parasited H. lasianthum aerial extract 

HLR Non-parasited H. lasianthum roots extract 

HPLC       High-performance liquid chromatography 

HPLC-RI HPLC Refractive Index Detector 

IFN-g Interferon-gamma 

IL Interleukins 

IL    Interleukin 

iNOS   Inducible Nitric oxide synthase 

IκB Inhibitor of kappa B 

JNK c-Jun NH2-terminal kinase 

LC-HRMS Liquid chromatography-high resolution mass spectrometry 

max Wavelength (nm) of maximum absorption  

LOD Limit of detection 

LOQ Limit of quantification 
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LPS   Lipopolysaccharides 

MAPK Mitogen-activated protein kinase 

MBC Minimum bactericidal concentration 

MCF-7 Breast adenocarcinoma 

MDA Malondialdehyde 

MFC Minimal fungicidal concentration 

MIC Minimal inhibitory concentration 

MITF Microphthalmia-associated transcription factor 

MMP Matrix metalloproteinases 

MPE Mean photo effect 

MPLC Medium-pressure liquid chromatography 

MRSA Methicillin-resistant Staphylococcus aureus 

MS Mass spectrometry 

MS2 Fragment ions generated in MS2 spectra 

MUFA Monounsaturated fatty acids 

MW Molecular weight 

NADPH Nicotinamide adenine dinucleotide phosphate oxidase 

NCH C. hypocistis nectar extract 

NCI-H460 Non-small cell lung cancer 

NF-κB Nuclear factor κB 

NFκB                                                      nuclear factor kappa-light-chain-enhancer of activated B cells 

NMR Nuclear Magnetic Resonance 

NO Nitric oxide  

ns Non-significant 

O2
- Superoxide anion 

OECD Organisation for Economic Co-operation and Development 

OH-                                                         Hydroxyl ion 

OH˙ Hydroxyl radical 

OPLS Orthogonal partial least squares discriminant analysis 

OxHLIA Oxidative Haemolysis Inhibition 

P Ultrasonic power 

p16INK4a Cyclin-dependent kinase inhibitor 2A 

p21(WAF1) Cyclin-dependent kinase inhibitor 1 

p38 p38 kinase 

p53 Tumor protein p53 

PBS Phosphate buffered saline 

PC Principal components 

PCA Principal component analysis 

PCH C. hypocistis petals extract 

PGE2 Prostaglandin E2 

pH Potential of Hydrogen 

PHLAP Parasited H. lasianthum aerial extract 

PHLR Parasited H. lasianthum roots extract 

PIF Photo irritation factor 

PLP2 freshly harvested porcine liver cell line 

PLS-DA Partial least squares discriminant analysis 

pRB Retinoblastoma protein 

PTP Protein tyrosine phosphatase 

PUFA Polyunsaturated fatty acids 

r Radial distance  

R● Carbon-centred alkyl radical 

R2 Coefficient of determination 

R2
adj Adjusted coefficient of determination 

Rac GTP-binding protein Rac 

RAGE Receptor for advanced glycation end products 

RCCD Rotatable Central Composite Design 

RFU Relative fluorescence units 

RNA Ribonucleic acid 

RNS Reactive nitrogen species 

ROO● Lipid peroxyl radical 
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ROOH Lipid hydroperoxide 

ROS Reactive oxygen species 

RS Reactive species 

RSM Response Surface Methodology 

Rt Retention time 

S Solvent 

S/L Solid/liquid ratio 

SASP Senescence-associated secretory phenotype 

SCH C. hypocistis stalks extract 

SEM Standard error of the mean 

SFA Saturated fatty acids 

SPCK MeOSuc-Ala-Ala-Pro-Val-chloromethylketone 

SRB Sulforhodamine B 

t Time 

T Temperature in ºC 

TBA Thiobarbituric acid 

TBARS Thiobarbituric Acid Reactive Substances 

tc Traces 

TCA Trichloroacetic acid 

TGF-β Transforming growth factor β 

TIMP Tissue inhibitors of metalloproteinases 

TNF-α Tumor necrosis factor-α 

Trolox 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 

UAE Ultrasound-assisted extraction 

UFA Unsaturated fatty acids 

UFLC Ultra-fast liquid chromatography 

UPLC-ESI-QTOF-MS2 Liquid chromatography coupled to electrospray ionisation quadrupole 

UVA Ultraviolet A 

UVB Ultraviolet B 

UVC Ultraviolet C 

UVR Ultraviolet radiation 

VERO Kidney epithelial cell line of an African green monkey 
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THESIS LAYOUT 

Thesis organisation 

The present thesis is organised into three main parts, which are subdivided into eight chapters. The 

following scheme provides an illustrative overview of the thesis's organisation. 

 

 

 

Part I is composed of two chapters. Chapter 1 presents a literature review on skin ageing and the 

species Cytinus hypocistis (L.) L. as a promising source of bioactive compounds. Chapter 2 

corresponds to the work plan and objectives of the present thesis. 
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Part II, chapters 3 to 6, encompasses the experimental work to valorise this unexploited plant. 

Chapter 3 describes the results of this species' comprehensive chemical and bioactive characterisation. 

This work is followed by Chapter 4, which explores the potential phytochemical exchange between 

this parasitic plant and its host, Halimium lasianthum subsp. alyssoides (Lam.) Greuter. Chapter 5 

presents the extraction optimisation of the phenolic class more correlated to its bioactive properties 

and finally, Chapter 6 identifies the metabolites responsible for its most notable skin anti-ageing 

properties using a biochemometric approach. 

Part III includes two chapters. Chapter 7 provides an overall synthesis and interpretation of the thesis 

findings. The final chapter, Chapter 8, summarises this work's final remarks.   

Figures and Tables 

The Tables and Figures in this thesis are systematically numbered to facilitate easy reference. Each 

number is composed of two parts: the first indicates the chapter, and the second signifies the sequential 

order of the figure or table within that chapter. For instance, Figure 1.1 corresponds to the initial figure 

in Chapter 1.1. 
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PART I 

Introduction 

__________________________________________
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Chapter 1 

Chapter 1: An introduction to Skin ageing and Cytinus hypocistis (L.) L. as a 

promising source of cosmeceutical compounds 

The information presented in this chapter is currently being prepared for publication. 

EN ESTA VERSIÓN DE LA TESIS NO SE MUESTRA 
EL CAPITULO 1 POR CONFLICTO CON UNA 

POSIBLE PUBLICACIÓN FUTURA
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Chapter 2 

Chapter 2: Work Plan and Objectives 

The primary objective of this thesis was to valorise the underexplored parasitic species Cytinus 

hypocistis (L.) L. subsp. macranthus Wettst by conducting its comprehensive characterisation, 

followed by a more detailed investigation of its skin anti-ageing properties. According to this, the 

following specific objectives were established, each corresponding to a different Chapter in the 

present thesis.  

Specific objectives:  

1) Chemical and bioactive characterisation: Analyse the nutritional and phytochemical profile 

of C. hypocistis and evaluate its bioactive properties.  Chapter 3 

2) Comparative study between host and parasite: Investigate a possible phytochemical 

exchange between the host (Halimium lasianthum subsp. alyssoides (Lam.) Greuter) and the 

parasite (C.  hypocistis).  Chapter 4  

3) Optimisation of hydrolysable tannin extraction: Apply Response Surface Methodology 

(RSM) to optimise tannin extraction using Heat-Assisted and Ultrasound-Assisted methods.  

Chapter 5 

4) Investigate Cytinus hypocistis skin anti-ageing properties: Identify the compounds 

responsible for the skin anti-ageing potential of C. hypocistis using a biochemometric 

approach. Chapter 6 

Each of the four chapters follows a defined structure, beginning with the contextualisation and scope 

of the experimental work, followed by a graphical abstract, a material and methods section, and a 

detailed discussion of the results and conclusion. 
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PART II 

Cytinus hypocistis (L.) L. valorisation 

__________________________________________ 
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Chapter 3 

Chapter 3: Comprehensive chemical and bioactive characterisation 

I. Nutritional value  

II. Phytochemical profile and bioactive properties 

 

The information presented in this chapter was published in the following two publications: 

- A.R. Silva, Â. Fernandes, P.A. García, L. Barros, I.C.F.R. Ferreira, Cytinus hypocistis (L.) L. 

subsp. macranthus Wettst.: Nutritional Characterization, Molecules. 24 (2019) 1111. 

https://doi.org/10.3390/molecules24061111. 

- A.R. Silva, J. Pinela, M.I. Dias, R.C. Calhelha, M.J. Alves, A. Mocan, P.A. García, L. Barros, 

I.C.F.R. Ferreira, Exploring the phytochemical profile of Cytinus hypocistis (L.) L. as a source of 

health-promoting biomolecules behind its in vitro bioactive and enzyme inhibitory properties, 

Food and Chemical Toxicology. 136 (2020) 111071. https://doi.org/10.1016/j.fct.2019.111071.
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I. Nutritional value 

Contextualisation and Scope 

Wild edible plants have been a critical source of nutrition for humans since ancient times. Many species 

now considered weeds were used as food substitutes, especially during times of scarcity and famine 

across various cultures [175–177]. Indeed, all the early studies on the use of wild food plants in Europe, 

beginning in the 19th century to approximately the 1960s, captured the history of famine and the use 

of wild plants as a means of basic survival [177]. Despite agricultural societies' primary dependence 

on crop plants, the tradition of eating wild plants has not completely disappeared [171,178–180]. An 

example is the parasitic plant Cytinus hypocistis (L.) L. [159,171]. At least three studies on wild plants 

traditionally used for human consumption in Portugal and Spain quoted C. hypocistis as famine food, 

especially its sweet nectar eaten or spread on rye bread during the working day to avoid hunger pains 

[171,180,181]. Interestingly, according to a semi-quantitative approach comparing the cultural 

importance of ninety-seven wild edible plant species of the Iberian Peninsula, C. hypocistis occupies 

44 in the ranking [171]. 

Approximately 1% of flowering plants are parasitic [161,182,183], and Cytinus is one of the most 

extreme manifestations of this type of parasitism [159,184]. From a nutritional perspective, flowers 

can be divided into three major components: pollen, nectar, and petals [185]. The nectar is the second 

most important component; it is usually a sweetish liquid which contains a balanced mixture of sugars, 

proteins, lipids, and organic acids, among others [186]. Despite the cultural relevance of this plant, its 

chemical characterisation is mainly unknown [159,172,173], and to the author's best knowledge, its 

nutritional composition is not yet identified. Therefore, Cytinus hypocistis subsp. macranthus Wettst. 

was nutritionally characterised based on its protein, fat, ash, fibre, and carbohydrate content, following 

which its energetic value was calculated. Furthermore, its sugar, organic, and fatty acids content was 

also determined. 
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Graphical abstract 

 

Material and Methods 

Plant collection and processing  

Cytinus hypocistis (L.) L. subsp. macranthus Wettst plants were collected in July 2018 from the host 

species Halimium lasianthum subsp. alyssoides (Lam.) Greuter at three different locations in Castro 

Daire, Portugal. Plant identification was conducted by a botanical specialist. The fresh material was 

thoroughly cleaned with deionised water to remove all soil, drained on absorbent tissue, and frozen at 

-30 °C. After lyophilisation (FreeZone 4.5 model 7750031, Labconco, Kansas, USA), as shown in 

Figure 3.1, dried plants were separated into two different samples, whole plant (CH) and nectar 

(NCH). The plant material was reduced to a fine-dried powder (20 mesh) and stored at room 

temperature (protected from light) until further analysis.  
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Figure 3.1. Cytinus hypocistis subsp. macranthus Wettst. (L.) L.: (a) fresh plant; (b) lyophilised plant; 

(c) fresh flower; and (d) lyophilised nectar. 

Nutritional value of C. hypocistis 

The proximate composition (i.e., proteins, fat, ash, fibre, and carbohydrates) and energetic value of 

CH and NCH were evaluated following official procedures. The crude protein content of the samples 

was determined following the macro-Kjeldahl method [N × 6.25, AOAC (Official Methods of Analysis 

of AOAC INTERNATIONAL) 991.02], the total fat using a Soxhlet apparatus with petroleum ether 

as the extraction solvent (AOAC 989.05), and the ash content by sample incineration at 550 ± 15 °C 

(AOAC 935.42) [187]. The fibre content was determined based on the solubilisation of non-cellulosic 

compounds using sulfuric acid and potassium hydroxide solutions (FIWE Fibre Analyzers). Total 

available carbohydrates were calculated by difference, using the following equation: Total 

carbohydrates (g/100 g) = 100 − (gfat + gprotein + gash + gfibre). The total energy was calculated according 

to the following equation: Energy (kcal/100 g) = 4 × (gproteins + gcarbohydrates) + 9 × (gfat) + 2 × (gfibre). 
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Soluble Sugars 

To determine soluble sugar composition, 1 g of each sample (CH and NCH) was mixed with melezitose 

(internal standard - IS, 25 mg/mL) and extracted with 40 mL of 80% aqueous ethanol at 80 °C, 

followed by solvent evaporation and fat removal with consecutive ethyl ether washes as previously 

described by Pinela and colleagues [188]. High-performance liquid chromatography (Knauer, 

Smartline system 1000, Berlin, Germany) coupled to a refractive index detector (HPLC-RI) was the 

chosen methodology; the data were analysed using Clarity 2.4 Software (DataApex, Prague, Czech 

Republic). HPLC consisted of integrated equipment with a pump (Knauer, Smartline system 1000, 

Berlin, Germany), a degasser (Smartline manager 5000), an auto-sampler (AS-2057 Jasco, Easton, 

MD, USA), and an RI detector (Knauer Smartline 2300). The chromatographic separation was 

achieved with a Eurospher 100-5 NH2 column (4.6 × 250 mm, 5 µm, Knauer) operating at 30 °C (7971 

R Graceoven). The mobile phase was acetonitrile/deionised water (70:30, v/v) at a 1 mL/min flow rate. 

The compounds were identified by chromatographic comparisons with standards, and the 

quantifications were performed using the internal standard method. Soluble sugars were expressed in 

g per 100 g dry weight (dw).  

Organic Acids 

Metaphosphoric acid (4.5%) was added to 1 g of each sample; the mixture was then protected from 

light and incubated (with agitation) for 20 min at room temperature. After sample filtration, organic 

acids were determined using a Shimadzu 20A series UFLC (Shimadzu Corporation, Kyoto, Japan) 

coupled to a photodiode array detector (PDA) [189]. Separation was achieved on a SphereClone 

(Phenomenex, Torrance, CA, USA) reverse phase C18 column (5 μm, 250 mm × 4.6 mm) at 35 °C. The 

elution was performed with sulphuric acid (3.6 mM) using a flow rate of 0.8 mL/min. Detection was 

carried out in a PDA using 215 and 245 nm (for ascorbic acid) as preferred wavelengths. For the 

quantitative analysis, calibration curves with known concentrations of commercial standards were 
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constructed, and the organic acids present in the two samples were determined by peak area 

comparison at 215 nm and 245 nm (for ascorbic acid). The results were expressed in g per 100 g dw. 

Fatty Acids 

Fatty acid content was investigated after trans-esterification of the lipid fraction obtained through 

Soxhlet extraction, as described by Pinela and colleagues [188]. The samples were filtered with a 0.2 

µm nylon filter (Whatman) and analysed by gas-liquid chromatography (DANI 1000, Contone, 

Switzerland) with flame ionisation detection (GC-FID)/capillary column. The analysis was carried out 

with a split/splitless injector, an FID at 260 °C, and a Zebron-Kame column (30 m × 0.25 mm i.d. × 

0.20 µm df, Phenomenex, Torrance, California, USA). The oven temperature program was as follows: 

the initial temperature of the column (100 °C) was held for 2 min, then a 10 °C/min ramp to 140 °C, 3 

°C/min ramp to 190 °C, 30 °C/min ramp to 260 °C, held for 2 min. The carrier gas (hydrogen) flow 

rate was 1.1 mL/min, measured at 100 °C. Split injection (1:50) was performed at 250 °C. Fatty acid 

identification and quantification were achieved by comparing the relative retention times of the fatty 

acids methyl ester peaks with standards. The results were recorded and processed using CSW 1.7 

software (DataApex 1.7) and expressed in the relative percentage for each fatty acid. 

Tocopherols 

Hexane solutions of butyl-hydroxy-toluene (10 mg/mL; 100 μL) and tocol (internal standard, 400 μL 

at 50 μg/mL) were added to 500 mg of the sample before extraction, as formerly described [188]. The 

combination was then homogenised with 4 mL of methanol by vortex mixing (1 min), followed by 4 

mL of hexane (mixing for 1 min). After sample homogenisation, a saturated NaCl aqueous solution (2 

mL) was added, the mixture was combined (vortex mixed for 1 min), centrifuged (5 min, 4000 g), and 

the clear upper layer carefully transferred to a vial. Sample extraction with hexane was performed three 

times. The combined extracts (i.e., the clear layer) were dried under a nitrogen stream, dissolved in 2 

mL of n-hexane, dehydrated with anhydrous sodium sulphate, filtered through a 0.2 µm nylon filter 

(Whatman), transferred into a dark injection vial, and analysed by HPLC (Knauer, Smartline system 
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1000, Berlin, Germany) coupled to a fluorescence detector (FP-2020; Jasco, Easton, MD, USA) [38]. 

The chromatographic separation was achieved with a Polyamide II (250 mm × 4.6 mm i.d.) normal-

phase column from YMC Waters operating at 30 °C. The mobile phase was a mixture of n-hexane and 

ethyl acetate (70:30, v/v) at a flow rate of 1 mL/min; the injection volume was 20 µL. The fluorescence 

detector was programmed for excitation at 290 nm and emission at 330 nm. The compounds were 

identified by chromatographic comparisons with standards. Quantification was based on calibration 

curves obtained from commercial standards of each compound using the internal standard method. 

The results were expressed in µg/100 g dw. 

Statistical Analysis 

CH and NCH samples were used for all assays performed in triplicate, and the results were expressed 

as mean values and standard deviations (SD). The results were analysed using a Student’s t-test to 

determine the significant difference between two samples with a 5% significance level (IBM SPSS 

Statistics, version 22.0. SPSS, Armonk, NY, USA). 

Results and Discussion 

The nutritional characterisation of Cytinus hypocistis was performed for the whole plant and its nectar. 

While the nectar is more frequently mentioned as edible, there is also data suggesting the consumption 

of its shoots [159,172]. For a more comprehensive discussion, and since C. hypocistis nectar accounts 

for 70 ± 0.5% of its flower weight, the authors compared the obtained data with published results from 

other studies on different edible flowers. 

The nutritional profiles of the whole plant (CH) and its nectar (NCH) are shown in Table 3.1 and fall 

within the typical documented range for edible flowers. The humidity contents of CH and NCH were 

78% and 25%, respectively. Protein (9.4 versus 4.90 g/100 g dw) and fat (1.4 versus 0.67 g/100 g dw) 

values were approximately 2-fold higher in NCH than in CH. Unlike ash (2.87 g/100 g dw for CH and 

3.05 g/100 g dw for NCH) and carbohydrates (86.8 g/100 g dw for CH and 85.1 g/100 g dw for NCH), 

where the content in both samples was very similar, crude fibre was 4.6-fold higher in CH compared 



   
   

 
 

57 

to NCH (4.76 versus 1.03 g/100 g dw). Altogether, these factors contributed to a similar energetic value 

for both samples (382.4 kcal/100 g dw for CH and 392.9 kcal g/100 g dw for NCH). 

The soluble sugar composition of the two samples is also displayed in Table 3.1. Both samples 

presented two reducing (i.e., fructose and glucose) and two non-reducing (i.e., sucrose and trehalose) 

sugars. Fructose is known to be the sweetest of all naturally occurring carbohydrates [190] and was 

the main sugar present in CH, almost 9-fold higher (6.3 g/100 g dw) than in NCH (0.71 g/100 g dw). 

Glucose was also almost 9-fold more elevated in CH (1.92 g/100 g dw) than in NCH (0.22 g/100 g 

dw). Although sucrose was the main soluble sugar in NCH, its concentration was almost 2-fold lower 

(0.85 g/100 g dw) than in CH (1.37 g/100 g dw). Contrary to the other three sugars, trehalose content 

was similar for both samples, 0.95 g/100 g dw in CH and 0.80 g/100 g dw in NCH. The total sugar 

content was 4-fold higher in the whole plant (10.5 g/100 g dw versus 2.58 g/100 g dw), mainly due to 

the contribution of fructose. The literature describes plant nectar as containing a well-balanced sugar 

composition [185]. This characterisation was confirmed for NCH, which revealed a similar content of 

fructose, sucrose, and trehalose. 

Three different organic acids were identified in both samples (CH and NCH): oxalic (0.030 g/100 g 

dw versus traces), malic (0.40 g/100 g dw versus 0.45 g/100 g dw), and citric acid (0.41 g/100 g dw 

versus 1.48 g/100 g dw). Contrarily, ascorbic acid and traces of shikimic acid were only detected in 

NCH (0.180 g/100 g dw) and CH, respectively. The total organic acid content was 2.48-fold higher in 

NCH (2.11 g/100 g dw) than CH (0.85 g/100 g dw). Similarly, to the data published in the literature 

for edible flowers, water is its main constituent (CH: 78% vs literature: 70 to 95%), and carbohydrates 

its most abundant macronutrient (CH: 86.8 /100 g dw vs literature: 42.4 to 90.2 g/100 g dw) [191]. 

Regarding tocopherol content, only traces of the α-tocopherol isoform were detected in the whole plant 

(CH). 
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Table 3.1. Cytinus hypocistis whole plant (CH) and nectar (NCH) nutritional value, soluble sugars, 

and organic acids composition. Mean ± SD. 

Moisture (%) 
CH NCH p-value 

78 ± 1 25 ± 1 <0.001 

Nutritional value g/100 g dw  

Fat 0.67 ± 0.03 1.4 ± 0.1 <0.001 

Proteins 4.90 ± 0.07 9.4 ± 0.3 <0.001 

Ash 2.87 ± 0.02 3.05 ± 0.05 0.005 

Fibre 4.8 ± 0.1 1.03 ± 0.05 <0.001 

Carbohydrates 86.8 ± 0.2 85.1 ± 0.4 0.002 

Energy (kcal/100 g dw) 382.4 ± 0.1 392.9 ± 0.1 <0.001 

Soluble sugars g/100 g dw  

Fructose 6.3 ± 0.1 0.71 ± 0.01 <0.001 

Glucose 1.92 ± 0.05 0.22 ± 0.02 <0.001 

Sucrose 1.37 ± 0.05 0.85 ± 0.01 <0.001 

Trehalose 0.95 ± 0.02 0.80 ± 0.04 0.001 

Total 10.5 ± 0.2 2.58 ± 0.07 <0.001 

Organic acids g/100 g dw  

Oxalic acid 0.030 ± 0.001 tr. - 

Malic acid 0.40 ± 0.01 0.45 ± 0.02 0.007 

Shikimic acid tr. nd. - 

Ascorbic acid nd. 0.180 ± 0.002 - 

Citric acid 0.41 ± 0.01 1.48 ± 0.01 <0.001 

Total 0.85 ± 0.02 2.11 ± 0.03 <0.001 

dw: Dry weight basis, tr.: Traces, and nd.: not detected. 

The results regarding the fatty acids composition of CH and NCH are given in Table 3.2. The fatty 

acids profile showed twenty-five compounds for CH and twenty-six for NCH. Polyunsaturated fatty 

acids (PUFA) were the major group, followed by saturated fatty acids (SFA) and monounsaturated 

fatty acids (MUFA). PUFA corresponded to 46.95% of the fatty acids in CH and 49% in NCH, mainly 

due to the high linoleic acid content in both samples (40.08% and 39.90%, respectively). The body can 

produce most fatty acids, but two, known as essential fatty acids, cannot be synthesised by humans. 

These essential fatty acids are α-linolenic acid (n-3 PUFA) and linoleic acid (n-6 PUFA). While 

humans can convert dietary α-linolenic acid into longer chain n-3 PUFAs like eicosapentaenoic acid 

and docosahexaenoic acid, this process may not meet the body's requirements [192]. Therefore, it is 
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recommended to include good dietary sources of these fatty acids. High percentages of linoleic and α-

linolenic acids can be found in some edible flowers, including Calendula officinalis L. and Trifolium 

angustifolium L [193]. Similarly, CH and NCH presented 42.14% and 43.62%, respectively. SFA is 

the second group of fatty acids with similar predominance in CH (35.56%) and NCH (35.36%), largely 

due to the high content of palmitic acid (24.12 and 24.76%, respectively). Palmitic acid is one of the 

most common SFAs found in edible plants. Although SFAs are associated with an increased risk of 

developing cardiovascular diseases [194], oxidative DNA damage, DNA strand breakage, necrosis, 

and apoptosis in human cells in vitro [195,196], when consumed with other fatty acids, like PUFAs, 

SFA are unlikely to have any significant impact on human health [193,196,197]. CH and NCH also 

contain other saturated fatty acids in lower concentrations, such as stearic (CH: 5.19%, NCH: 4.79%), 

arachidic (CH: 1.87%, NCH: 1.453%), and behenic acids (CH: 1.86%, NCH: 1.57%). MUFA makes 

up the smallest contribution to the fatty acids content in CH (17.5%) and NCH (15.31%), mainly due 

to the presence of oleic acid (CH: 15.4%, NCH: 13.70%). Both samples presented small percentages 

of palmitoleic (CH: 0.662%, NCH: 0.628%), elaidic (CH: 1.10%, NCH: 0.861%), and eicosanoic acids 

(CH: 0.366%, NCH: 0.121%). The well-known hypotensive effect of olive oil is induced by oleic acid, 

and according to Fernandes and colleagues, one of the highest percentages of this fatty acid present in 

edible flowers was found in Gundelia tournefortii L. buds (28.5%) [193,198]. Due to the significant 

contributions of linoleic and palmitic acids, PUFA and SFA are the predominant fatty acids in both 

samples (Table 3.2). However, unsaturated fatty acids (UFA) prevail over SFA (64.44% versus 35.56% 

in CH and 6.9% versus 35.36% in NCH). According to the literature, with the exception observed in 

calendula flowers (23.3%), unsaturated fatty acids predominate over saturated ones for edible flowers, 

usually higher than 53% [199].  

Most edible flowers studied have shown ratios above 0.45 of PUFA/SFA, which can help reduce the 

risk of cardiovascular diseases [197]. C. hypocistis was no exception, with PUFA/SFA ratios for CH 

and NCH of 1.32 and 1.37, respectively. 
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Table 3.2. Cytinus hypocistis fatty acids composition (Mean ± SD). 

Fatty Acids (Relative Percentage; %) CH NCH p-value 

Caproic acid (C6:0) nd. 0.100 ± 0.001 - 

Caprilic acid (C8:0) 0.030 ± 0.003 0.033 ± 0.001 0.178 

Capric acid (C10:0) 0.037 ± 0.003 0.036 ± 0.001 0.011 

Undecylic acid (C11:0) 0.016 ± 0.001 0.042 ± 0.001 <0.001 

Lauric acid (C12:0) 0.315 ± 0.002 0.268± 0.001 <0.001 

Myristic acid (C14:0) 0.425 ± 0.001 0.384 ± 0.001 <0.001 

Pentadecylic acid (C15:0) 0.15 ± 0.01 0.13 ± 0.01 0.001 

Palmitic acid (C16:0) 24.12 ± 0.07 24.76 ± 0.02 <0.001 

Palmitoleic acid (C16:1) 0.662 ± 0.001 0.628± 0.001 <0.001 

Margaric acid (C17:0) 0.311 ± 0.004 0.305 ± 0.001 <0.001 

Stearic acid (C18:0) 5.19 ± 0.04 4.79 ± 0.01 <0.001 

Elaidic acid (C18:1n9t) 1.10 ± 0.02 0.86 ± 0.01 <0.001 

Oleic acid (C18:1n9c) 15.4 ± 0.1 13.7 ± 0.1 <0.001 

γ-Linolenic acid (C18:3n6) 2.16 ± 0.01 1.88 ± 0.01 0.001 

α-Linolenic acid (C18:3n3) 40.08 ± 0.02 39.90 ± 0.03 <0.001 

γ-Linolenic acid (C18:3n6) 1.088 ± 0.001 0.940 ± 0.005 <0.001 

α-Linolenic acid (C18:3n3) 2.07 ± 0.06 3.72 ± 0.02 <0.001 

Arachidic acid (C20:0) 1.87 ± 0.01 1.45 ± 0.01 <0.001 

Eicosanoic acid (C20:1) 0.366 ± 0.004 0.121 ± 0.004 <0.001 

cis-11,14-Eicosadienoic acid (C20:2) 1.471 ± 0.005 1.273 ± 0.001 0.001 

Heneicosanoic acid (C21:0) 0.22 ± 0.01 0.25 ± 0.01 0.001 

Arachidonic acid (C20:4n6) 0.028 ± 0.001 0.034 ± 0.002 <0.001 

Behenic acid (C22:0) 1.86 ± 0.06 1.57 ± 0.01 0.001 

cis-13,16-Docosadienoic acid (C22:2) 0.058 ± 0.001 0.037 ± 0.001 <0.001 

Tricosanoic acid (C23:0) 0.182 ± 0.003 0.191 ± 0.004 0.003 

Lignoceric acid (C24:0) 0.83 ± 0.03 2.60 ± 0.02 <0.001 

SFA 35.56 ± 0.09 35.36 ± 0.02 0.006 

MUFA 17.5 ± 0.1 15.3 ± 0.1 <0.001 

PUFA 46.95 ± 0.04 49 ± 1 0.022 

UFA 64.4 ± 0.1 63.8 ± 0.8 0.282 

PUFA/SFA 1.32 ± 0.01 1.37 ± 0.02 0.015 

dw: Dry weight basis; nd.: not detected; SFA: saturated fatty acids; MUFA: monounsaturated fatty 

acids; PUFA: polyunsaturated fatty acids; and UFA: unsaturated fatty acids. 
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Conclusions 

This study offered novel insights into the nutritional and chemical properties of the edible parasitic 

plant C. hypocistis, shedding light on its historical significance as food during famine.  Especially its 

nectar, which proved to be a good source of protein and unsaturated fatty acids, approximately 2-fold 

higher than the whole plant. 
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II. Phytochemical profile and bioactive properties 

Contextualisation and Scope 

For thousands of years, humans have harnessed the healing properties of medicinal plants, starting 

with rudimentary forms like teas, tinctures, and poultices [200]. As technology has advanced, the 

understanding of complex natural profiles has expanded, leading to the emergence of numerous 

blockbuster drugs through the isolation or chemical synthesis of natural product lead compounds [201].  

Phenolic compounds are the largest and the most widespread group of secondary metabolites in plants 

and have been reported to have multiple biological effects [202]. In addition to their fundamental 

activities, such as binding to proteins, large molecular compounds, and metallic ions, tannins chemical, 

biological, and pharmacological actions include superoxide anion scavenging, apoptosis, antitumor, 

anti-Epstein–Barr virus, anti-MRSA (Methicillin-resistant Staphylococcus aureus), and anti-plasmin 

inhibitory activities [203]. Galloyl moieties have been identified as the most bioactive components of 

tannin-rich plants, playing multiple functional roles such as antimicrobial, anti-inflammatory, 

antidiabetic, and antioxidant activities [158]. Its anti-tyrosinase properties have been attributed to its 

strong copper chelation properties, which can inhibit tyrosinase competitively by mimicking its 

substrate [204]. C. hypocistis extracts were reported as having cytotoxic, antimicrobial, antioxidant, 

anti-inflammatory, and enzyme-inhibitory properties [159,172,173].  Although its biological properties 

were potentially attributed to its hydrolysable tannin content, to the author's best knowledge, its 

chemical composition is largely unknown, and active biomolecules have not yet been identified 

[158,159,172]. Therefore, the present work aimed to determine C. hypocistis phytochemical profile 

and perform a bioactive screening of different properties.
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Material and methods 

Plant collection and extract preparation  

Cytinus hypocistis (L.) L. subsp. macranthus Wettst plants were collected in July 2018 from the host 

species Halimium lasianthum subsp. alyssoides (Lam.) Greuter at three different locations in Castro 

Daire, Portugal. Plant identification and preparation were conducted as previously described [205]. 

Figure 3.2 shows how lyophilised plants were separated into four different samples: whole plant (CH), 

petals (PCH), stalks (SCH) and nectar (NCH). Hydroethanolic extracts of the four samples were 

prepared using an ethanol:water solvent (80:20, v/v), as described by Bessada and colleagues [206]. 

 

Figure 3.2. Graphical representation of the four C. hypocistis studied samples. 

Phenolic compounds characterisation 

After preparation, the dry extracts (20 mg) were dissolved in a mixture of ethanol:water (20:80 v/v, 2 

mL) and filtered through a 0.2 µm nylon filter (Whatman). Phenolic compounds were determined by 

HPLC-DAD-ESI/MSn (Dionex Ultimate 3000 UPLC, Thermo Scientific, San Jose, CA, USA) as 

previously described [206]. Detection was carried out in the diode array detector (DAD) using 280 

nm, 330 nm, and 370 nm as the preferred wavelengths and a mass spectrometer connected to the HPLC 
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system. Mass spectrometric detection was performed using a Linear Ion Trap LTQ XL (Thermo 

Finnigan, San Jose, CA, USA) equipped with an ESI source. The spectrums were recorded in negative 

ion mode (m/z 100 – 1700). The phenolic compounds were identified according to their UV spectra, 

fragmentation pattern, retention times, and comparison with available standards. For quantification, 

calibration curves were obtained from commercial standards: gallic acid (y = 131538x + 292163; R2 

= 0.9998; LOD = 0.68 µg/mL; LOQ = 1.61 µg/mL); catechin (y = 84950x + 23200; R2= 0.9999; LOD 

= 0.17 μg/mL; LOQ = 0.68 μg/mL); ellagic acid (y = 26719x – 317255; R2 = 0.9996; LOD = 0.10 

μg/mL; LOQ = 0.48 μg/mL). The results were expressed in mg/g of extract. 

Bioactive properties characterisation 

Cytotoxic activity. MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell lung carcinoma), HeLa 

(cervical carcinoma), and HepG2 (hepatocellular carcinoma) were the tested human tumour cell lines. 

A cell culture previously prepared from a freshly harvested porcine liver (PLP2) was used as the non-

tumour cell line [207]. The cell lines were treated with different concentrations (0.125-0.4 mg/mL) of 

the samples dissolved in a mixture of ethanol:water (20:80 v/v, 2 mL). Cell density following 

incubation with C. hypocistis extracts was conducted using the sulforhodamine B method described 

by Guimarães and colleagues [207]. The cells were sub-cultured and plated in 96-well plates (density 

of 1.0×104 cells/well). Dulbecco’s modified eagle’s medium (DMEM) was supplemented with 10% 

fetal bovine serum (FBS), 100 U/mL of penicillin, and 100 μg/mL of streptomycin. Ellipticine was 

used as the positive control, and the results were expressed as the sample concentrations required to 

inhibit 50% of the cell growth (GI50: µg/mL). All results were confirmed using a phase-contrast 

microscope. 

Anti-inflammatory activity. The nitrite concentration produced by lipopolysaccharide (LPS)-

stimulation was tested in a murine macrophage RAW 264.7 cell line. Cells were treated with different 

concentrations (0.125-0.4 mg/mL) of the samples dissolved in a mixture of ethanol:water (20:80 v/v, 

2 mL), and the production of nitric oxide (NO) was measured using the Griess Reagent System kit as 
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formerly described [208]. Dexamethasone was used as the positive control. The results were expressed 

as IC50 values (μg/mL), corresponding to the extract concentration inhibiting 50% of NO. 

Antioxidant activity. The Oxidative Haemolysis Inhibition (OxHLIA) and Thiobarbituric Acid 

Reactive Substances (TBARS) formation assays were conducted using methodologies previously 

described by Lockowandt and colleagues [209]. Trolox was used as the positive control for both assays. 

OxHLIA assay: In a flat bottom 48-well microplate, 200 µL of erythrocytes in PBS (2.8% w/v) were 

mixed with 400 µL of the samples (0.0625-2 μg/mL in PBS); PBS was used as control and milli-Q 

water for complete haemolysis. After pre-incubation at 37 °C for 10 min with shaking, AAPH (200 

μL, 160 mM in PBS) was added, and the optical density (690 nm) was measured every 10 min in a 

microplate reader (Bio-Tek Instruments, ELX800) until complete haemolysis. The results were given 

as IC50 values, i.e., extract concentration (ng/mL) required to protect 50% of the erythrocyte population 

from oxidative haemolysis (Δt of 60 min and 120 min). 

TBARS assay: A porcine brain cell mixture (1:2, w/v; 0.1 mL) was incubated with 0.2 mL of the 

samples (0.0625-2 μg/), FeSO4 (10 μM; 0.1 mL), and ascorbic acid (0.1 mM; 0.1 mL) at 37 ºC for 1 

h. Then, trichloroacetic (28% w/v, 0.5 mL) and thiobarbituric (TBA, 2%, w/v, 0.38 mL) acids were 

added, and the mixture was heated at 80 ºC for 20 min. After centrifugation at 3000 g for 10 min, the 

malondialdehyde (MDA)-TBA complexes formed in the supernatant were monitored at 532 nm 

(Specord 200 spectrophotometer, Analytik Jena, Jena, Germany). The results were expressed as IC50 

values, i.e., extract concentration (ng/mL) providing 50% antioxidant protection. 

Antidiabetic assay. The α-glycosidase inhibitory assay was adapted from a previously described 

methodology [210,211]. The assay was conducted in a 96-well microplate with a reaction mixture 

containing 50 μL of extract diluted in 50 μL of 100 mM-phosphate buffer (pH 6.8) and 50 μL yeast α-

glucosidase (2 U/mL in the same buffer). The reaction mixture was then incubated for 10 min, and 50 

μL substrate (5 mM, p-nitrophenyl-α-D-glucopyranoside prepared in the same buffer) was added. After 
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20 min of incubation, the release of p-nitrophenol was spectrophotometrically measured at 405 nm. 

Acarbose was used as the positive control. The results were expressed as IC50 values (mg/mL), 

calculated using the formula: Inhibition (%) = [(Abscontro l- Abssample)/Abscontrol]x100. 

Tyrosinase inhibitory activity. Tyrosinase inhibitory activity of the extracts was determined as 

previously described [212], using a SPECTROstar Nano Multi-Detection Microplate Reader and 96-

well plates (BMG Labtech, Ortenberg, Germany). Each sample was dissolved in a 5% DMSO solution. 

Four wells were prepared for each sample: (A) 120 µL of 66 mM PBS (pH 6.8) and 40 µL of mushroom 

tyrosinase in PBS (46 U/mL); (B) 160 µL PBS; (C) 80 µL PBS, 40 µL tyrosinase and 40 µL sample; 

and (D) 120 µL PBS and 40 µL sample. After incubation (10 min at room temperature), 40 µL of 2.5 

mM L-DOPA dissolved in PBS was added to each well, and the mixtures were incubated at room 

temperature for 20 min. The absorbance of each well was measured at 475 nm, and the inhibition 

percentage of the tyrosinase activity was calculated using the equation: Inhibition (%) = ((A-B)-(C-

D))/((A-B)) x 100. Kojic acid (0.10 mg/mL) was used as the positive control. IC50 values (mg/mL) 

were then calculated from the obtained inhibition percentage values. 

Antibacterial activity. The extracts were tested against microbial strains isolated from patients 

hospitalised at the Hospital Center of Trás-os-Montes and Alto Douro (Vila Real, Portugal). Five 

Gram-negative bacteria (Escherichia coli, Proteus mirabilis, Klebsiella pneumoniae, Pseudomonas 

aeruginosa, and Morganella morganii) and four Gram-positive bacteria (Enterococcus faecalis, 

Listeria monocytogenes, and methicillin-sensitive Staphylococcus aureus (MRSA) were incubated at 

37 ºC (24 h) in suitable fresh medium before further analysis. The minimum inhibitory concentration 

(MIC) was determined using the microdilution method and the rapid p-iodonitrotetrazolium chloride 

(INT) colourimetric assay, following the methodology previously described [213,214]. The extracts 

were dissolved in Tryptic Soy Broth (TSB) at a final concentration of 100 mg/mL. The subsequent 

dilutions (10–60 mg/mL for Gram-negative bacteria and 1.25–20 mg/mL for Gram-positive bacteria) 

were prepared directly in the well. The lowest extract concentration that prevented colour change 
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(yellow to pink) by inhibiting bacterial growth is described as MIC. Positive controls ampicillin (20 

mg/mL) and imipenem (1 mg/mL) were used on Gram-negative bacteria, while ampicillin and 

vancomycin (1 mg/mL) were used on Gram-positive bacteria. The microplates were covered and 

incubated at 37 °C for 24 h. MIC was detected by adding 40 μL (0.2 mg/mL) of p-iodonitrotetrazolium 

chloride and incubating the mixture at 37 °C for 30 min. For minimum bactericidal concentration 

(MBC) determination, 50 μL of the different well mixtures (no colour change) were plated and 

incubated at 37 °C for 24 h. The lowest concentration showing no bacteria growth was defined as 

MBC. 

Statistical analysis 

All assays were carried out in triplicate. The results were expressed as mean values ± standard 

deviation (SD). Statistical analysis was conducted using SPSS v. 23.0 (IBM Corp., Armonk, NY, 

USA). Data were evaluated by a variance analysis (ANOVA) and a Turkey HSD test (α = 0.05). The 

results were analysed by t-Student test to determine the significant differences between the two 

samples, with p = 0.05. 

Results and discussion 

Phenolic compounds characterisation 

The phenolic compounds' peak characteristics and tentative identities are presented in Table 3.3, and 

the quantification is presented in Table 3.4. An example (petals: PCH) of C. hypocistis phenolic profile 

recorded at 280 nm is shown in Figure 3.3. 

Peaks 1-3 and 5-17 showed UV spectra consistent with hydrolysable tannins, and its galloyl and 

hexahydroxydiphenoyl (HHDP) derivatives. According to the literature, the main characteristics in the 

mass spectra of these compounds are the losses of a proton [M-H]-, one or more ellagic acids (302 u), 

gallic acids (170 u), and/or galloyl groups (152 u) [215]. 

Peaks 1 and 2 were tentatively identified as galloyl-glucose and digalloyl-glucose due to the loss of a 

galloyl moiety characterised by a typical MS2 fragment at m/z 331. The elimination of a glucose moiety 
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[162 u] and, subsequently, the formation of a deprotonated gallic acid at m/z 169 were also observed. 

The deprotonated gallic acid underwent decarboxylation with a mass loss of 44 to form a 

trihydroxyphenol moiety at m/z 125 [216]. Peaks 3 and 5 were tentatively deduced as trigalloyl-

glucose, with [M-H]– at m/z 635, and a typical MS2 fragment at m/z 483, indicating the loss of one 

galloyl group (152 u). Product ions at m/z 465 and 313, usually found on the fragmentation scheme of 

gallotannins, were also observed [216,217]. Peak 6 ([M-H]– at m/z 937; fragment ions at m/z 767, 637, 

467 and 301) was coherent with trigalloyl-HHDP-glucose isomers [215].  

Table 3.3. Phenolic compounds identified in C. hypocistis extracts. 

Peak 
Rt 

(min) 
max 

(nm) 

[M-H]- 

(m/z) 
MS2 (m/z) Tentative identification Ref. 

1 4.42 275 331 169(100), 125(9) Galloyl-glucose [216] 

2 4.83 275 483 331(100), 169(50), 125(9) Digalloyl-glucose [216] 

3 6.28 275 635 
483(22), 465(100), 421(6), 313(5), 169(38), 

125(5) 
Trigalloyl-glucose [216,217] 

4 7.03 280 289 245(100), 203 (10), 137(5) (+)-Catechin [215] 

5 9.25 275 635 
483(17), 465(100), 421(5), 313(5), 169(25), 

125(5) 
Trigalloyl-glucose [216,217] 

6 14.83 275 937 787(36), 767(100), 637(22), 467(41), 301(38) Trigalloyl-HHDP-glucose [215] 

7 15.46 275 787 635(26), 617(100), 465(5) Tetragalloyl-glucoside [218] 

8 16.7 278 783 765(65), 597(100), 301(15) 
Pedunculagin (bis-HHDP-

glucose) 
[219,220] 

9 19.14 275 939 
787(100), 769(70), 617(5), 601(5), 599(46), 

465(5), 301(4) 
Pentagalloyl-glucose [217,221] 

10 19.43 278 935 783(100), 765(13), 633(5), 301(5) Galloyl-bis-HHDP-glucose [215] 

11 20.79 275 939 787(100), 769(5), 465(8), 301(3) Pentagalloyl-glucose [217,221] 

12 21.8 278 935 783(100), 765(15), 633(8), 301(7) Galloyl-bis-HHDP-glucose [215] 

13 22.63 278 1087 935(100), 783(20), 633(3), 301(11) Digalloyl-bis-HHDP-glucose [222,223] 

14 24.11 277 1087 935(100), 783(18), 633(5), 301(14) Digalloyl-bis-HHDP-glucose  [222,223] 

15 25.2 277 1087 935(100), 783(18), 633(5), 301(14) Digalloyl-bis-HHDP-glucose [222,223] 

16 26.56 276 1259 1087(100), 935(66), 783(15), 633(5), 301(12) Trigalloyl-bis-HHDP-glucose [222,223] 

17 27.75 276 1259 1087(100), 935(55), 783(13), 633(5), 301(10) Trigalloyl-bis-HHDP-glucose [222,223] 

Rt: Retention time in minutes; λmax: wavelength (nm) of maximum absorption in the UV–visible 

region; [M-H]-: deprotonated ion (negative ion mode); MS2: fragment ions generated in MS2 spectra 

and relative abundance in brackets. 

Peak 7 (tetragalloyl-glucoside; m/z 787) presented a characteristic MS2 fragment at m/z 635 (trigalloyl-

glucose), correspondent to the loss of one galloyl group (152 u), and product ions at m/z of 617 and 

465, consistent with the loss of a gallate moiety (m/z 170), H2O (m/z 18), and galloyl (m/z 152), 

respectively [218]. Peak 8 presented a singly charged pseudo-molecular ion [M-H]– at m/z 783 and, 
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together with daughter ions at m/z 765, 597, and 301 allowed its identification as pedunculagin (i.e., 

bis-HHDP-glucose) isomers [219,220]. The UV spectra of peak 9 showed a precursor ion at m/z 939 

and product ions at m/z 787 and 769, attributed to the loss of a galloyl group [M-152-H]– and a water 

molecule [M-152-18-H]–, respectively. This ion fragment (m/z 769) underwent the loss of a galloyl 

and a water molecule, originating m/z fragments of 617 and 599, respectively. Although with the 

absence of two MS2 fragments (m/z at 617 and 599) present in the UV spectra of peak 9, peak 11 was 

also identified as pentagalloyl-glucose (m/z 939) due to the characteristic product ions at m/z 787, 769, 

and 465, which unveil the presence of homologous series of galloylglucose [217,221]. Peaks 10 and 

12 ([M-H]– at m/z 935) presented the same pseudomolecular ion and MS2 product ions at m/z 783, 765, 

633, and 301, likely due to the loss of a water molecule, HHDP, and galloyl-glucose moieties, 

respectively; thus being consistent with galloyl-bis-HHDP-glucose isomers [215]. The fragment ions 

at m/z 1087, 935, and 783 present in the UV spectra of peaks 13-17, show the consecutive loss of two 

galloyl moieties; that, together with pseudomolecular ions at 1087 and 1259 m/z allowed its 

identification as digalloyl-bis-HHDP-glucopyranose and trigalloyl-bis-HHDP-glucopyranose [223–

225]. 

Figure 3.3. Phenolic profile of C. hypocistis petals extract (PCH) recorded at 280 nm. 
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Regarding falvan-3-ols, (+)-catechin (peak 4: [M-H]– at m/z 289) was the only detected compound, 

being identified based on the characteristic MS2 fragments at m/z 245 (loss of CO2), and 203 (cleavage 

of the A-ring of flavan-3-ol) [215].  

Seventeen phenolic compounds were identified in all four samples, with galloyl-bis-HHDP-glucose 

identified as the main compound. PCH showed the highest concentrations of phenolic compounds, 

while NCH had the lowest (Table 3.4). 

Table 3.4. Phenolic compounds quantification in C. hypocistis extracts. 

Peak Tentative identification 
Content (mg/g extract) 

CH PCH SCH NCH 

1 Galloyl-glucose1 0.81  0.01c 1.9  0.05a 1.19  0.08b 0.77  0.05c 

2 Digalloyl-glucose1 0.99  0.01b 1.68  0.03a 0.335  0.004d 0.65  0.02c 

3 Trigalloyl-glucose1 1.47  0.04a 0.46  0.04b 1.49  0.07a 0.146  0.003c 

4 (+)-Catechin2 1.83  0.04c 2.9  0.1a 2.17  0.06b 1.69  0.03d 

5 Trigalloyl-glucose1 1.09  0.03b 1.41  0.06a 0.64  0.03c tr 

6 Trigalloyl-HHDP-glucose1 1.26  0.04c 1.88  0.03b 2.52  0.08a 0.29  0.01d 

7 Tetragalloyl-glucoside1 1.907  0.004b 1.13  0.02c 2.7  0.1a 0.114  0.005d 

8 Pedunculagin (bis-HHDP-glucose)3 2.23  0.03b 3.34  0.05a 1.63  0.04c tr  

9 Pentagalloyl-glucose1 5.10  0.04a 5.3  0.2a 3.7  0.2b 1.43  0.06c 

10 Galloyl-bis-HHDP-glucose3 42  1a 41  1a 34  1b 5.43  0.05c 

11 Pentagalloyl-glucose1 0.85  0.03b 2.80  0.01a 0.14  0.01c 0.114  0.004c 

12 Galloyl-bis-HHDP-glucose3 9.60  0.05b 11.1  0.3a 6.8  0.3c 2.1  0.1d 

13 Digalloyl-bis-HHDP-glucos3 6.45  0.0a 6.5  0.2a 5.1  0.1b 1.74  0.02c 

14 Digalloyl-bis-HHDP-glucose 3 18.3  0.4b 27.2  0.1a 11.4  0.2c 3.64  0.02d 

15 Digalloyl-bis-HHDP-glucose3 5.4  0.1b 7.7  0.1a 1.65  0.02c 1.78  0.02c 

16 Trigalloyl-bis-HHDP-glucose3 2.58  0.02c 13.1  0.7a 4.2  0.1b 1.30  0.01d 

17 Trigalloyl-bis-HHDP-glucose3 nd  7.4  0.3* 2.35  0.01* nd 

 Σ Phenolic compounds 102.0  0.6b 137  2a 82  2c 21.2  0.2d 
 

CH: whole plant extract; PCH: petals extract; SCH: stalks extract; NCH: nectar extract. Standard 

calibration curves recorded at 280 nm: (1)- Gallic acid (y = 131538x + 292163; R2 = 0.9998; LOD = 

0.68 µg/mL; LOQ = 1.61 µg/mL); (2)- catechin (y = 84950x + 23200; R2 = 0.9999; LOD = 0.17 μg/mL; 

LOQ = 0.68 μg/mL); (3)- Ellagic acid (y = 26719x - 317255; R2 = 0.9996; LOD = 0.10 μg/mL; LOQ 

= 0.48 μg/mL). Different letters correspond to significant differences (p < 0.05). *Means statistical 

differences obtained by a t-student test. 
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Bioactive properties characterisation 

Cytotoxic activity. Modern chemotherapy employs various plant-derived compounds with cytotoxic 

properties, working through diverse mechanisms, including induction of apoptosis, DNA damage, and 

inhibition of cell growth and topoisomerases I and II [226]. The sulforhodamine B colourimetric assay 

was applied to determine the inhibitory growth activity of C. hypocistis hydroethanolic extracts on 

four human tumour cell lines (NCI-H460, HeLa, HepG2 and MCF-7) and one non-tumour cell line 

(PLP2). Table 3.5 presents the results as GI50, i.e., the concentration of C. hypocistis extracts required 

to inhibit 50% cell growth. CH, PCH, and SCH presented good cytotoxic effects against all tumour 

cell lines, while the nectar (NCH) showed the least effective results. To the authors' best knowledge, 

there are only two studies on the cytotoxic activity of C. hypocistis extracts [159,172]. The data from 

the present study agree with that reported by Magiatis and colleagues, who found that the methanolic 

extracts of three Greek Cytinus species exhibited cytotoxic activity against several cancer cell lines 

[172]. These results led the authors to the fractionation of the methanolic extracts by medium-pressure 

liquid chromatography (MPLC), obtaining an inactive fraction (GI50 >400), containing mainly sugars 

and a fraction with increased cytotoxicity when compared to the total methanolic extracts. For the two 

species of C. hypocistis studied by Magiatis and co-workers, the methanolic extracts exhibited GI50 of 

100 and 98 μg/mL for human mammary adenocarcinoma (MDA-MB-231), in contrast with GI50 of 75 

and 77 μg/mL for the cytotoxic active fraction. Similar results were obtained for human bladder 

transitional cell carcinoma (BC3c), 110 and 105 μg/mL, in contrast with 71 and 67 μg/mL for the 

active fraction [172]. The authors attributed this cytotoxic activity to hydrolysable tannins without 

apparent dependence on their molecular weights. Although different cell lines were used in the present 

work, both studies exhibited a similar range of GI50s. 
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Table 3.5. Enzyme inhibitory, cytotoxic, and anti-inflammatory properties of C. hypocistis extracts 

and positive controls. 

  CH PCH SCH NCH Positive control 

 Antidiabetic activity (IC50, µg/mL) Acarbose 

-Glucosidase 40 ± 1a 46 ± 4a 39 ± 1a 214 ± 5 b 830 ± 20c 

 Tyrosinase inhibition activity (IC50, µg/mL) Kojic acid 

Tyrosinase 200 ± 10d 190 ± 10c 90 ± 20b >500 78 ± 1a 
 Cytotoxic activity (GI50, µg/mL) Ellipticine* 

HeLa 80 ± 7a 71 ± 2a 68 ± 4a 159 ± 5b 1.91 ± 0.06 

NCI-H460 102 ± 4a 93 ± 8a 100 ± 6a 175 ± 13b 1.03 ± 0.09 

MCF-7 117 ± 6a 103 ± 7a 98 ± 4a 206 ± 11b 1.1 ± 0.2  

HepG2 80 ± 2b 90 ± 6b 77 ± 2a 110 ± 3c 1.1 ± 0.2  

PLP2 >400 >400 >400 >400 3.2 ± 0.7 
 Anti-inflammatory activity (IC50, µg/mL) Dexamethasone* 

RAW 264.7 136 ± 11 b 127 ± 8a 127 ± 12a 277 ± 14c 16 ± 1 
 

CH: whole plant extract; PCH: petals extract; SCH: stalks extract; NCH: nectar extract. The results 

are presented as mean ± standard deviation and expressed as IC50 (extract concentration in mg/mL 

responsible for 50% enzyme inhibition), GI50 (extract concentration in µg/mL responsible for 50% of 

growth inhibition in human tumour cell lines and a liver primary cell culture) or IC50 (extract 

concentration in µg/mL responsible for 50% inhibition in NO production) values. Different letters 

correspond to significant differences (p < 0.05). *The positive control differs significantly from the 

plant extracts (p < 0.05). 

Anti-inflammatory activity. Macrophages play an essential role in the anti-inflammatory process and 

can be activated by interferon-gamma (IFN-), interleukins (IL-4, IL-10, IL-13), transforming growth 

factor beta (TGF-), and some structures from pathogenic microorganisms such as lipopolysaccharides 

(LPS) [227]. During pathogen invasion, immunocytes secrete inflammatory mediators, such as nitric 

oxide (NO) and prostaglandin E2 (PGE2), via the inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2). iNOS and COX-2 are involved in tumour progression through various 

mechanisms, including inhibition of apoptosis, stimulation of angiogenesis, and promotion of tumour 

cell proliferation [228]. All four C. hypocistis extracts successfully reduced the anti-inflammatory 

enzyme iNOS activity in LPS-activated murine macrophages. NO reduction was measured employing 

a Griess reagent system kit and expressed as lower IC50 values (Table 3.5). Among all extracts, the 

petals (PCH) and stalks (SCH) showed the highest inhibitory effects in NO production by LPS-
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stimulated RAW264.7 cells, with an IC50 of 127 µg/mL, followed by CH (IC50 = 136 µg/mL) and NCH 

(IC50 = 277 µg/mL). To the authors' best knowledge, this is a novel study regarding the anti-

inflammatory activity of C. hypocistis, and thus, no comparisons could be performed. 

Antioxidant activity. Lipid peroxidation is a sequence of destructive reactions in cell membranes. This 

autoxidation process is initiated when reactive species abstract an allylic H from a methylene group in 

the acyl chain of phospholipids. This leads to the rearrangement of double bonds into a conjugated 

diene form while simultaneously producing a carbon-centred alkyl radical (R●) [229]. This highly 

reactive radical will then react with paramagnetic molecular oxygen to form a lipid peroxyl radical 

(ROO●). If not neutralised by antioxidant defences, ROO● reacts with another lipid molecule to 

generate R● and lipid hydroperoxide (ROOH), which can easily be decomposed to form new ROO● 

radicals, starting a process known as the chain propagation reaction [230]. The lipid peroxyl radicals 

and their non-radical intermediates (lipid hydroperoxides) can undergo cyclisation and cleavage, 

forming secondary products such as malondialdehyde (MDA), known for its mutagenic and toxic 

effects [231]. The TBARS assay is an easy and low-cost method to screen lipid peroxidation. During 

this assay, MDA reacts with thiobarbituric acid (TBA) in acidic conditions and forms a characteristic 

pink chromogenic product, [MDA-(TBA)2], which is produced at high temperatures and 

spectrophotometrically detected at 532nm [232]. OxHLIA is a cellular antioxidant assay that assesses 

the ability of a sample to inhibit membrane damage in sheep erythrocytes induced by free radicals. 

During the thermal decomposition of AAPH, hydrophilic radicals are generated, which damage 

erythrocyte membranes and produce lipophilic radicals through lipid peroxidation. Since erythrocytes 

have no nucleus or mitochondria, they can be used as a simplified biological model [230]. The results 

of the antioxidant activity assays are presented in Table 3.6. Data are expressed as IC50 values, meaning 

the concentration of extract able to provide 50% of antioxidant activity (TBARS) or to protect 50% of 

the erythrocyte population from haemolysis caused by an oxidising agent (OxHLIA). The IC50 values 

in the OxHLIA assay were obtained at different times (Δt 60 min and Δt 120 min). In both assays, the 
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lower the IC50 values, the higher the antioxidant capacity of the extracts. All four tested extracts 

showed high antioxidant capacity and a lower IC50 than the tested positive control, trolox, a water-

soluble analogue of vitamin E. Concerning the OxHLIA assay, all the IC50 values of the tested extracts 

were approximately 30 to 73 times lower, and for TBARS around 9 to 16 times inferior to trolox. The 

petals obtained the lowest IC50 for both assays, 0.279 µg/mL (Δt = 60 min) for OxHLIA and 0.342 

µg/mL for TBARS. The only published study on the antioxidant activity of C. hypocistis, demonstrated 

the good antioxidant activity of its ethanolic extracts (DPPH: 6.8 g/mL) [158]. 

Table 3.6. Antioxidant activity of C. hypocistis extracts. 

 
OxHLIA (IC50, µg/mL) TBARS 

 (IC50, µg/mL) Δt = 60 min Δt = 120 min 

CH 0.285 ± 0.004bc 0.406 ± 0.005a 0.413 ± 0.009b 

PCH 0.279 ± 0.005ab 0.384 ± 0.009a 0.342 ± 0.002a 

SCH 0.306 ± 0.002c 0.458 ± 0.004b 0.634 ± 0.012d 

NCH 0.672 ± 0.015d 1.032 ± 0.028c 0.551 ± 0.013c 

Trolox* 20.4 ± 0.4 44.2 ± 1.5 5.4 ± 0.3 
 

CH: whole plant extract; PCH: petals extract; SCH: stalks extract; NCH: nectar extract. The results 

are presented as mean ± standard deviation and expressed as IC50 values, which correspond to the 

extract concentration in µg/mL required to protect 50% of the erythrocyte population from haemolysis 

for Δt of 60 min and 120 min or to provide 50% of antioxidant activity in the OxHLIA and TBARS 

assays, respectively. Different letters correspond to significant differences (p < 0.05). *Trolox differs 

significantly from the plant extracts (p < 0.05). 

Antidiabetic activity. α-Glucosidase breaks down glycosidic bonds of complex carbohydrates into 

absorbable monosaccharides; thus, α-glucosidase inhibitors display advantageous anti-

hyperglycaemic effects and can be an important strategy in the management of hyperglycaemia linked 

to type 2 diabetes [233]. The discovery of potent α-glucosidase inhibitors from natural sources has 

received great attention due to the highly abundant compounds in nature and their promising biological 

activities [234]. Table 3.5 shows the resulting IC50 values for the different extracts. SCH, CH, and 

PCH exhibited similar α-glucosidase inhibition, with IC50 values of 39 µg/mL, 40 µg/mL, and 46 

µg/mL, respectively. NCH was less effective, with an IC50 value of 214 µg/mL. SCH, PCH, and CH 

IC50 values were approximately 18 to 21 times better than the positive control acarbose, a commonly 
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used medication for managing type 2 diabetes mellitus. To the authors' best knowledge, this is the first 

report evaluating the anti-glucosidase activity of C. hypocistis extracts; therefore, no comparisons 

could be performed.  

Anti-tyrosinase activity. Tyrosinase is widely distributed in microorganisms, animals, and plants. It is 

involved in the biosynthesis of melanin, catalysing the ortho-hydroxylation of tyrosine to DOPA and 

the subsequent oxidation of DOPA to dopaquinone. Dopaquinone can be further converted into 

melanin through enzymatic and nonenzymatic reactions [235]. Products containing ingredients such 

as hydroquinone, kojic acid, and retinoids have been utilised to suppress the severity of 

hyperpigmentation; however, long-term exposure to these ingredients has been reported to cause 

cytotoxic, irritating, and mutagenic effects on the skin [236]. Therefore, the discovery of novel 

tyrosinase inhibitors is in great need for the pharmaceutical industry. Tyrosinase inhibition was 

determined using a mushroom-purified enzyme and expressed as IC50 values (Table 3.5), the extract 

concentration required to inhibit 50% enzyme activity. To the authors' best knowledge, this is the 

second study reporting a quantitative analysis of C. hypocistis anti-tyrosinase activity [158]. Although 

to different extents, all C. hypocistis ethanolic extracts were able to inhibit tyrosinase activity, with the 

stalks presenting the best result (SCH: 90 µg/mL), followed by the petals (PCH: 190 µg/mL) and whole 

plant (CH: 200 µg/mL). At the maximum tested concentration (500 µg/mL), the IC50 for NCH could 

not be determined. SCH was the extract exhibiting the closest IC50 (90 µg/mL) value compared to the 

positive control, kojic acid (78 µg/mL), one of the most intensively studied tyrosinase inhibitors [237]. 

C. hypocistis whole plant displayed a better IC50 (9.8 µg/mL) in a 2019 study [158]. Although both 

studies tested the capacity of the extracts to inhibit tyrosinase activity, the plant material from the other 

study was previously resuspended in cyclohexane, the collected supernatant lyophilised, and later 

subjected to a second extraction with ethanol. The pre-extraction step reported by Maisetta and 

coworkers and the different environmental conditions the plants were exposed to might also be 

accountable for the obtained MIC values due to differences in phenolic compound concentration. 
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Antibacterial activity. In recent years, antibiotic resistance has sparked increased interest in exploring 

plant-derived compounds as novel antibacterial agents [238]. The four hydroethanolic extracts (CH, 

PCH, SCH and NCH) of C. hypocistis were evaluated for their antibacterial potential against three 

Gram-positive bacteria (E. feacalis, L. monocytogenes, and MRSA) and five Gram-negative (E. coli, 

P. mirabilis, K. pneumoniae, P. aeruginosa, and M. morganii). All four C. hypocistis extracts were 

more effective against three Gram-negative bacteria than ampicillin, a beta-lactam antibiotic widely 

used to destroy Gram-positive and Gram-negative bacteria [158]. Considering K. pneumoniae, the 

extracts were 2 to 8-fold more effective, while for P. aeruginosa and M. morganii, they were 8 to 16-

fold more effective than ampicillin. MBC values were not obtained for any tested extracts (values > 

20 mg/mL). The MIC values shown in Table 3.7 indicate that the extracts were active against Gram-

negative and Gram-positive bacteria, being the former more sensitive to all the plant extracts. In 

general, the hydroethanolic extracts from the stalks were the most (SCH MIC = 0.625 - 2.5 mg/mL) 

and the nectar the least (NCH MIC = 2.5 - 10 mg/mL) effective to inhibit the growth of both Gram-

positive and Gram-negative bacteria. For three tested microorganisms (MRSA, K. pneumoniae, and P. 

aeruginosa), C. hypocistis ethanolic extracts displayed better MICs in a recent study [158]. This could 

be due to the use of clinical isolates in the present study, which might exhibit a higher resistance profile 

when compared with the ATCC strains tested by Maisetta and co-workers.  

Similarly, to the anti-tyrosinase activity, this could also be due to the pre-extraction step performed by 

Maisetta and colleagues or the different conditions to which the plants were exposed. Previous studies 

investigating the antimicrobial activity of tannin-rich plant extracts have attributed growth inhibition 

to their content in gallotannins and related compounds, which mainly act on the membranes of the 

bacteria and/or their ability to complex metal ions. Several studies have also shown that Gram-negative 

bacteria are more resistant to plant-derived biomolecules due to the strong repulsive negative charge 

of its lipopolysaccharides. Contrarily, in the present work, the extracts were more effective in inhibiting 

Gram-negative bacteria. 
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Table 3.7. Antibacterial activity of C. hypocistis extracts. 

 CH PCH SCH NCH Ampicillin Imipenem Vancomycin 

 MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

Gram-negative         

Escherichia coli 1.25 >20 1.25 >20 0.625 >20 2.5 >20 <0.15 <0.15 <0.0078 <0.0078 n.t. n.t. 

Klebsiella pneumoniae 1.25 >20 1.25 >20 1.25 >20 5 >20 10 20 <0.0078 <0.0078 n.t. n.t. 

Morganella morganii 1.25 >20 2.5 >20 1.25 >20 2.5 20 20 >20 <0.0078 <0.0078 n.t. n.t. 

Proteus mirabilis 1.25 20 1.25 20 1.25 20 5 >20 <015 <0.15 <0.0078 <0.0078 n.t. n.t. 

P. aeruginosa 2.5 >20 2.5 >20 1.25 >20 2.5 >20 >20 >20 0.5 1 n.t. n.t. 

Gram-positive         

Enterococcus faecalis 2.5 20 2.5 >20 2.5 >20 5 >20 <0.15 <0.15 n.t. n.t. <0.0078 <0.0078 

Listeria monocytogenes 2.5 >20 2.5 >20 2.5 >20 10 >20 <0.15 <0.15 <0.0078 <0.0078 n.t. n.t. 

MRSA 1.25 >20 1.25 >20 0.625 >20 2.5 >20 <0.15 <0.15 n.t. n.t. 0.25 0.5 
 

CH: whole plant extract; PCH: petals extract; SCH: stalks extract; NCH: nectar extract; n.t.: not tested; MRSA: Methicillin Resistant Staphylococcus 

aureus; MIC: Minimum inhibitory concentration in mg/mL; MBC: Minimum bactericidal concentration in mg/mL.  
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Conclusions 

In this study, the phytochemical profile of Cytinus hypocistis (L.) L. hydroethanolic extracts and their 

antioxidant, antibacterial, antidiabetic, anti-tyrosinase, cytotoxic, and anti-inflammatory properties 

were investigated. 

The petals extract exhibited the highest concentration of total phenolic compounds, followed by the 

whole plant, stalks, and nectar. Among the seventeen identified phenolic compounds, galloyl-bis-

HHDP-glucose was the most abundant, with no significant differences in its concentration in the petals 

and the whole plant. 

The plant demonstrated excellent antioxidant and tyrosinase inhibitory effects without any observed 

cytotoxicity. These findings accentuate the potential, briefly mentioned in the literature, of C. 

hypocistis as a source of compounds with anti-ageing properties. Before further investigation, 

additional research is required to explore a potential phytochemical exchange between the host and 

parasite. 
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Chapter 4 

 

Chapter 4: Comparative study between host and parasite 

 

The information presented in this chapter was published in the following publication: 

- A.R. Silva, M. Ayuso, C. Pereira, M.I. Dias, M. Kostić, R.C. Calhelha, M. Soković, P.A. García, 

I.C.F.R. Ferreira, L. Barros, Evaluation of parasite and host phenolic composition and bioactivities 

− The Practical Case of Cytinus hypocistis (L.) L. and Halimium lasianthum (Lam.) Greuter, 

Industrial Crops Production. 176 (2022) 114343. 

https://doi.org/10.1016/J.INDCROP.2021.114343. 
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Contextualisation and Scope 

Parasitism is an effective strategy exhibited by living organisms and an area that connects all Kingdoms 

of life [161]. Parasitic plants are characterised by the ability to obtain resources from another plant 

through a direct physical connection, invading both the roots and the shoots of the hosts via specific 

structures (haustorium) [161]. 

Cytinus hypocistis (L.) L. is an endophytic holoparasite that becomes visible during the blossoming 

season when it emerges through the host roots [159]. The subspecies macranthus Wettst, utilised in 

this study, is distinguished by its large, bright yellow flowers and has only been described as a parasite 

on plants from the Halimium genus [155,160,165]. Halimium belongs to the Cistaceae family; it 

comprises thirteen accepted evergreen or semi-deciduous small-to-large shrub species and occupies a 

specific niche in the Mediterranean biome with an increasingly appreciated ecological function. It 

improves water and light regimes, protects soil from erosion and desertification, and acts as a “nurse” 

species for tree seedlings [239]. Although, to date, most studies on plant parasitism were focused on 

nutrient transfer, a growing number of studies have recognised the transference of non-nutrient 

molecules. The transference of phytohormones, secondary metabolites, RNAs, and proteins suggests 

that hosts may significantly impact parasite physiology and ecology, essential processes for 

development and plant defence [163].  

C. hypocistis high tannin content has been associated with its bioactivities, yet no studies on the host's 

phytochemical profile and potential metabolite exchange have been conducted. Therefore, this study 

aims to assess the phenolic composition and bioactive properties of H. lasianthum and their potential 

impact on the parasite C. hypocistis phytochemical profile. This study will bring new insights regarding 

host bioactive potential and parasite-host interactions. 
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Material and methods 

Plant collection and extract preparation 

The parasitic plant Cytinus hypocistis (L.) L. subsp. macranthus Wettst and the two forms (parasited 

and non-parasited) of its host Halimium lasianthum subsp. alyssoides (Lam.) Greuter (Figure 4.1) 

were collected in July 2020 at three different locations in Castro Daire, Viseu, Portugal. Sample 

processing was conducted as formerly described [205]. The extracts were prepared using Heat-

Assisted Extraction: 0.8 g of each sample was mixed with 40 mL of a hydroethanolic solution (74.3% 

ethanol) and extracted for 95.1 minutes at 46.4°C. A total of five hydroethanolic extracts were 

prepared: C. hypocistis (CH); parasited H. lasianthum aerial parts (PHLAP); parasited H. lasianthum 

roots (PHLR); non-parasited H. lasianthum aerial parts (HLAP); and the non-parasited H. lasianthum 

aerial roots (HLR).  

 

Figure 4.1. (a) Multiple inflorescences of the parasitic plant Cytinus hypocistis (L.) L. subsp. 

macranthus Wettst growing on the roots of a single host. (b) Plant host: Halimium lasianthum subsp. 

alyssoides (Lam.) Greuter. 

Phenolic compounds characterisation 

The freeze-dried extracts were dissolved in a mixture of ethanol:water (20:80 v/v, 5 mg/mL) and 

filtered through a 0.2 µm nylon filter (Whatman). The phenolic composition was analysed by HPLC-

DAD-ESI/MSn as formerly described [206,240]. When no standards were available, the UV spectra, 

fragmentation pattern, and retention time were used for phenolic compound tentative identification. 

The commercial standards used for quantification were: gallic acid; ellagic acid; apigenin-6-C-
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glucoside; catechin; chlorogenic acid; naringenin; quercetin-3-O-glucoside; taxifolin; and p-coumaric 

acid. Their calibration curve, limit of detection (LOD), and limit of quantification (LOQ) are presented 

in Table 4.1.  Compound quantification was presented as mg/g extract. 

Bioactive properties characterisation 

Antioxidant activity. The inhibition of thiobarbituric acid reactive substances formation (TBARS) and 

oxidative haemolysis (OxHLIA) was evaluated as described in Chapter 3. The results for both 

methods were presented as IC50 (μg/mL), the extract concentration required to offer 50% antioxidant 

protection.  

Tyrosinase inhibitory activity. Tyrosinase inhibition was evaluated using L-dihydroxyphenylalanine 

(L-DOPA) as substrate and mushroom tyrosinase, as described in Chapter 3. The IC50S (µg/mL) were 

estimated from the inhibition percentage slopes using GraphPad Prism 9 (GraphPad Prism 9.1.1 for 

macOS, 2021 GraphPad Software, LLC). 

Cytotoxic activity. The cytotoxic activity was assessed as described in Chapter 3 for five cell lines, 

including the four tumour cell cultures: AGS (gastric adenocarcinoma), Caco-2 (colorectal 

adenocarcinoma), MCF-7 (breast adenocarcinoma), and NCI-H460 (large cell lung cancer). 

Additionally, a non-tumour cell line, the kidney epithelial cell line from an African green monkey 

(VERO - ECACC), was included in the study. The results were expressed as the sample concentrations 

required to inhibit 50% of the cell growth (GI50: µg/mL). 

Anti-inflammatory activity. The anti-inflammatory activity was evaluated in macrophages after 

lipopolysaccharide (LPS)-stimulation, as described in Chapter 3. The results were presented as extract 

concentration offering 50% NO inhibition (IC50: μg/mL). 

Antimicrobial activity. Different concentrations (0.1-20 mg/mL) of the five extracts were tested for 

antibacterial and antifungal activity against several microorganisms deposited at the University of 

Belgrade. As previously described, three Gram+ bacteria: Staphylococcus aureus, Bacillus cereus; and 
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Listeria monocytogenes, and three Gram- bacteria: Escherichia coli, Salmonella Typhimurium, and 

Enterobacter cloacae were used to assess the antibacterial potential of the extracts [241]. Additionally, 

the activity against 6 micromycetes was also evaluated: Aspergillus fumigatus (human isolate), 

Aspergillus niger, Aspergillus versicolor, Penicillium funiculosum, Penicillium verrucosum var. 

cyclopium, and Trichoderma viride [241,242]. The positive controls for antimicrobial and antifungal 

activity were streptomycin and ampicillin; and ketoconazole and bifonazole, respectively. The results 

were presented as the minimum concentration of extract (mg/mL) required to inhibit the growth of the 

microbes (MIC) or to exert a bactericidal (MBC) and fungicidal (MFC) effect. 

Statistical analysis 

The experiments were executed in triplicate, except for the antimicrobial activity, and the results were 

tested to their normal distribution and homogeneity of variance. The statistical analyses were 

performed using GraphPad Prism (GraphPad Prism 9.1.1 for macOS, 2021 GraphPad Software, LLC.). 

Significant differences were evaluated by variance analysis (ANOVA) and Tukey’s HSD test (α = 

0.05). The Student’s t-test was used when comparing two independent groups (α = 0.05). Principal 

Component Analysis (PCA) was performed as a pattern recognition technique to distinguish samples 

according to their phenolic profile and bioactivities. For a better interpretation of PCA, data from 

antioxidant, tyrosinase inhibition, cytotoxicity against tumour cells, anti-inflammatory, and 

antimicrobial (average MIC for Gram+, Gram-, and Micromycetes) activities were reciprocally 

(inverse) transformed (1/IC50, 1/GI50 or 1/MIC) before analysis since in bioactivity assays a lower 

value means higher activity. PCA was performed on standardised data, and the principal components 

(PCs) selection was executed using the Kaiser rule (eigenvalues higher than 1). Two PCs were selected 

and plotted to improve interpretation.  
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Results and discussion 

Phenolic compounds characterisation 

Table 4.1 displays the results of the tentative identification and quantification of phenolic compounds 

(also referred to as peaks) for both C. hypocistis and H. lasianthum extracts. The obtained profiles 

encompass a range of phenolic acids, flavonoids, and hydrolysable tannins. 

Phenolic acids 

Two hydroxycinnamic acids were identified in H. lasianthum roots. The 5-O-caffeoylquinic acid (Peak 

9) was identified in the HLR using a commercial standard and confirmed by its UV spectra and 

deprotonated ion (λmax 325 nm; m/z 353) [243]. The fragmentation pattern in MS2 gave a major ion at 

m/z 191, corresponding to the deprotonated quinic acid and a minor at m/z 179 [caffeic acid-H]-. 

Compound 31, present in PHLR, was tentatively identified as a p-coumaroyl-monotropein derivative. 

It occurred as a formate adduct at m/z 581 rather than as a molecular ion at m/z 535, with a minor ion 

at m/z 355, consistent with the loss of p-coumaric acid (−164 u) and oxygen (−16 u) [244]. 
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Table 4.1. Phenolic compounds identification and quantification in H. lasianthum and C. hypocistis extracts. 

Peak 
Rt 

(min) 

max 

(nm) 

[M-H]- 

(m/z) 
MS2 (m/z) Tentative identification 

Content (mg/g extract) 

Non-parasited H. lasianthum Parasited H. lasianthum C. hypocistis 

HLR HLAP PHLR PHLAP CH 

1 3.60 275 331 169(100), 125(9) Galloyl-glucose1 nd nd nd nd 0.512 ± 0.004 

2 4.03 275 483 331(100), 169(13) Digalloyl-glucose1 nd nd nd nd 3.5 ± 0.2 

3 4.51 259 1083 781(86), 721(21), 601(100), 575(25) Punicalagin isomer2 nd 7.4 ± 0.3 nd 7.8 ± 0.1 nd 

4 5.31 259 1083 1065(5), 785(62), 763(5), 721(23), 601(100) Gallagyl ester1 nd 8.0 ± 0.3 nd 11.3 ± 0.3 nd 

5 5.47 275 635 483(40), 465(100), 421(10), 313(5) Trigalloyl-glucoside1 nd nd nd nd 1.77 ± 0.09 

6 5.55 260 593 503(2), 473(100), 431(2), 311(1) Apigenin-C-dihexoside3 nd nd 0.010 ± 0.003 nd nd 

7 6.14 278 289 245(100), 203 (8) (+)-Catechin4 nd nd nd nd 2.23 ± 0.09 

8 6.20 376 1085 781(100), 721(13), 601(99), 575(23), 549(18) Digalloyl-gallagyl-hexoside1 nd 3.2 ± 0.1 nd 3.2 ± 0.1 nd 

9 6.35 325 353 191(100), 179(6), 173(1), 161(1), 135(0.2) 5-O-Caffeoylquinic acid5 1.87 ± 0.01 nd nd nd nd 

10 8.09 275 635 483(21), 465(100), 421(1), 313(1), 169(25) Trigalloyl-glucoside1 nd nd nd nd 0.46 ± 0.02 

11 9.33 217/317 421 403(17), 331(89), 301(100), 259(1) Mangiferin6 0.06 ± 0.02 nd nd nd nd 

12 11.88 352 611 593(16), 317(100), 271(14) Myricetin 3-O-arabinogalactoside7 nd 1.078 ± 0.004 nd 1.225 ± 0.001 nd 

13 12.84 350 465 447(57), 437(68), 303(43), 285(100), 259(32) Taxifolin-O-hexoside8 0.25 ± 0.02 nd 0.222 ± 0.002 nd nd 

14 13.36 338 431 341(4), 311(100), 283(3) Apigenin-C-hexoside3 nd nd 0.182 ± 0.004 nd nd 

15 13.90 277 937 785(64), 767(100), 465(70), 301(94) Trigalloyl-HHDP-glucoside2 nd 3.0 ± 0.1 nd nd 5.4 ± 0.1 

16 14.18 354 479 461(3), 316(100), 317(87) Myricetin-O-hexoside7 nd 1.23 ± 0.01 nd 1.15 ± 0.01 nd 

17 14.34 275 787 635(25), 617(100), 465(5) Tetragalloyl-glucoside I1 nd nd nd nd 6.6 ± 0.2 

18 15.40 275 787 635(25), 617(100), 465(5) Tetragalloyl-glucoside II1 nd nd nd nd 2.3 ± 0.1 

19 15.64 275 787 635(25), 617(100), 465(5) Tetragalloyl-glucoside III1 nd nd nd nd 8.5 ± 0.1 

20 16.33 351 463 316(100), 317(62) Myricetin-O-rhamnoside7 nd 4.7 ± 0.2 nd 3.829 ± 0.009 nd 

21 17.22 357 463 301(100) Quercetin-O-hexoside7 1.03 ± 0.02 nd nd nd nd 

22 17.55 352 463 317(42), 316(76), 301(100) Quercetin-3-O-glucoside7 1.02 ± 0.01 1.146 ± 0.002 nd 1.115 ± 0.005 nd 

23 17.90 275 939 787(50), 769(100), 617(10), 599(5)  Pentagalloyl-glucoside1 nd nd nd nd 10.4 ± 0.5 

24 18.30 278 935 783(100), 765(13), 633(5), 301(5) Galloyl-bis-HHDP-glucose I2 nd nd nd nd 26 ± 1 

25 19.06 272/353 505 463(23), 301(100) Quercetin-O-acetylhexoside7 nd 2.495 ± 0.005 nd 1.010 ± 0.004 nd 
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26 20.03 354 433 342(2), 307(1), 301(100) Quercetin-O-pentoside7 nd 0.987 ± 0.002 nd 1.024 ± 0.005 nd 

27 20.31 353 491 315(100) Isorhamnetin-O-glucuronide7 nd nd nd 1.16 ± 0.01 nd 

28 20.48 353 771 551(51), 533(59), 463(16), 317(100), 265(48) 
Myricetin-O-coumaroyl-deoxyhexoside-

hexoside7 
nd 1.000 ± 0.004 nd nd nd 

29 20.72 278 935 783(100), 765(15), 633(8), 301(7) Galloyl-bis-HHDP-glucose II2 nd nd nd nd 9.4 ± 0.4 

30 20.92 348 447 429(2), 343(1), 327(1), 301(100), 285(5) Quercetin-3-O-rhamnoside7 nd 1.13 ± 0.01 nd 1.204 ± 0.002 nd 

31 20.98 277 581 535 (100), 355(21) p-Coumaroyl-monotropein derivative9 0.32 ± 0.01 nd 0.141 ± 0.007 nd nd 

32 21.44 278 1087 935(100), 783(20), 633(3), 301(11) Digalloyl-bis-HHDP-glucose I2 nd nd nd nd 7.31 ± 0.07 

33 23.02 277 1087 935(100), 783(18), 633(5), 301(14) Digalloyl-bis-HHDP-glucose II2 nd nd nd nd 8.6 ± 0.1 

34 23.76 278 1087 935(100), 783(18), 633(5), 301(14) Digalloyl-bis-HHDP-glucose III2 nd nd nd nd 3.32 ± 0.01 

35 25.53 277 1257 1087(100), 935(66), 783(15), 633(5), 301(12) Trigalloyl-bis-HHDP-glucose I2 nd nd nd nd 5.9 ± 0.3 

36 26.77 277 1257 1087(100), 935(55), 783(13), 633(5), 301(10) Trigalloyl-bis-HHDP-glucose II2 nd nd nd nd 2.9 ± 0.1 

37 27.10 346 1187 901(68), 635(11), 593(100), 447(5) Kaempferol-coumaroyl-hexoside7 nd 0.976 ± 0.005 nd 0.996 ± 0.001 nd 

38 31.70 269/332 593 575(1), 447(13), 327(1), 307(7), 285(100) 
Kaempferol-O-rhamnoside-O-hexoside7 

Kaempferol-coumaroyl-hexoside7 
nd 1.122 ± 0.006 nd 1.001 ± 0.004 nd 

39 31.91 270/333 593 575(1), 447(14), 327(2), 307(8), 285(100) 
Kaempferol-O-rhamnoside-O-hexoside7 

Kaempferol-coumaroyl-hexoside7 
nd 1.057 ± 0.005 nd 0.985 ± 0.001 nd 

Ʃ Phenolic acids 2.19 ± 0.02a nd 0.141 ± 0.007b nd nd 

Ʃ Flavonoids 2.359 ± 0.002c 16.9 ± 0.2a 0.414 ± 0.006d 14.70 ± 0.01b 2.23 ± 0.09c 

Ʃ Hydrolysable tannins  nd 21.7 ± 0.2b nd 22.3 ± 0.5b 103 ± 2a 

Ʃ Phenolic compounds 4.55 ± 0.02c 38.6 ± 0.4b 0.55 ± 0.01d 37.0 ± 0.5b 105 ± 2a 

Rt: Retention time in minutes; max: wavelength (nm) of maximum absorption in the UV–visible region; [M-H]-: deprotonated ion (negative ion mode); 

MS2 fragment ions generated in MS2 spectra and relative abundance in brackets; CH: C. hypocistis extract; PHLAP: Parasited H. lasianthum aerial 

extract; PHLR: Parasited H. lasianthum roots extract; HLAP: Non-parasited H. lasianthum aerial extract; HLR: Non-parasited H. lasianthum roots 

extract. nd: not determined. Calibration curve: compound (equation; R2; LOD; LOQ both expressed in μg mL-1). 1Gallic acid (y = 131538x + 292163; 

0,9969; 8.05; 24.41); 2Ellagic acid (y = 26719x - 317255; 0.9986; 41.20; 124.84); 3Apigenine-6-C-glucoside (y = 107025x + 61531; 0.9989; 0.19; 0.63); 
4Catechin (y = 84950x - 23200; 1; 0.17; 0.68); 5Chlorogenic acid (y = 312503x - 199432; 0.9999; 0.20; 0.68); 6Naringenin (y = 18433x + 78903; 0.9998; 

0.17; 0.81); 7Quercetin-3-O-glucoside (y = 34843x – 160173; 0.9998; 0.21; 0.71); 8Taxifolin (y = 203766x - 208383; 1; 0.67; 2.02); 9p-Coumaric acid 

(y = 301950x + 6966; 0.9999; 0.68; 1.61). In each row, different letters mean significant differences between samples (p < 0.05).
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Flavonoids 

A total of eighteen flavonoids were tentatively identified: four flavones (peaks 6, 11, 14, and 27), one 

flavan-3-ol (peak 7), one flavanonol (peak 13), and twelve flavonols (peaks 12, 16, 20 to 22, 25, 26, 

28, 30, and 37 to 39). Compounds 6 and 14 were tentatively identified as apigenin derivatives (PHLR 

extract). Apigenin-C-dihexoside (Peak 6) presented a deprotonated ion at m/z 593 and a major peak at 

m/z 473 [M–H−120]−, characteristic of di-C-glycosyl flavones. The MSn fragment at 311 indicated the 

loss of a hexosyl moiety [M–H−162]− and the presence of apigenin (MW 270) as aglycone. Compound 

14 gave a [M−H]− ion at m/z 431, and its MSn spectrum yielded ions at m/z 341 [M−H−90]− and 311 

[M−H−120]−, thus being identified as apigenin-C-hexoside [245]. Compound 11 (HLR extract) was 

tentatively identified as mangiferin, a C-glycoside of monomeric xanthones with a pseudo-molecular 

ion at m/z 421, showing two characteristic ions ([M–H–90]− and [M–H–120]−) at m/z 331 and 301, 

corresponding to the different parts of the glucose moiety in the MS2 analysis. The two minor ions at 

m/z 403 and 259 correspond to a typical loss of a water molecule (−18 u) and a fragment of the glucose 

moiety (−72 u), respectively [246]. Compound 27 was tentatively identified as isorhamnetin-O-

glucuronide based on its deprotonated ion (m/z 491) and MS2 spectra, releasing fragments 

corresponding to isorhamnetin (m/z 315) and the loss of a glucuronide moiety (−176 u) [247]. 

Compound 7, present in the C. hypocistis extract, was identified as (+)-catechin, based on its MS2 

pattern, showing two typical ions corresponding to the loss of CO2 (major ion at m/z 245) and an A-

ring of flavan-3-ol (minor ion at m/z 203) [215]. Compound 13 ([M−H]− at m/z 465) present in the root 

extracts of the parasited and non-parasited H. lasianthum lost a fragment ion (m/z 303; [taxifolin−H]−) 

and a hexosyl moiety (−162 u), being identified as taxifolin-O-hexoside [248]. Peaks 12, 16, 20, and 

28 exhibited a UV spectrum and ion fragmentation similar to myricetin glycoside derivatives. These 

compounds presented a typical MS2 fragmentation of an ionised myricetin (m/z 317). Compound 12 

(m/z 611), identified as myricetin 3-O-arabinogalactoside in the PHLAP extract, presented a fragment 

ion at m/z 317 ([myricetin−H]−); the difference represented the loss of the sugar moiety (arabino-
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galactose; MW 312). This compound also exhibited a major fragment at m/z 316; however, m/z 317 is 

the fragment consistent with the cleavage into the aglycone myricetin; this anomalous fragmentation 

pattern has been reported previously for quercetin derivatives [249]. The minor ion at m/z 271 is 

characteristic of 3-O-monoglycosides [250]. Myricetin-O-hexoside (peak 16) and myricetin-O-

rhamnoside (peak 20) were tentatively identified in the non-parasited (HLAP) and parasited (PHLAP) 

aerial extracts of H. lasianthum, with deprotonated ions [M−H] − at m/z 479 and 463, respectively. 

Both compounds exhibited two common MS2 fragments of myricetin (m/z 317 and 316) after the 

release of a hexosyl (−162 u) and a rhamnoside (−146 u) moiety [250–253]. Compound 28 showed 

[M–H]− ion at m/z 771, and further fragmentation at 𝑚/𝑧 463 [M–H–308]– and 𝑚/𝑧 317 [(M–H)–

308+146]–, suggesting the losses of coumaric acid and deoxyhexoside-hexoside groups, and the 

presence of myricetin (MW 317) [252]. Compounds 21, 22, 25, 26, and 30 showed UV spectra and 

MS2 a fragment at m/z 301, typical of quercetin glycoside derivatives. Compound 21 (HLR extract) 

was identified as quercetin-O-hexoside by the presence of a pseudo-molecular ion [M−H]− at m/z 463 

and a major fragment at m/z 301 (loss of a hexosyl residue) [254]. Compound 22 (HLR, HLAP, and 

PHLR extracts) was positively identified as quercetin-3-O-glucoside using a commercial standard. 

Compound 25 (PHLAP) was assigned as quercetin-O-acetylhexoside ([M–H]− at m/z 505) according 

to its deprotonated ion and MS2 spectra, releasing fragments corresponding to the losses of an acetyl 

residue (−42 u) and a hexosyl moiety (−162 u) [254]. Quercetin-O-pentoside (compound 26; m/z 433; 

HLAP and PHLAP extracts) and quercetin-3-O-rhamnoside (compound 30; m/z 447; HLAP and 

PHLAP extracts) were identified using their deprotonated ions and MS2 fragments, consistent with 

quercetin (m/z at 301), and the loss of pentosyl (−132 u) and rhamnosyl (−146 u) moieties, respectively 

[253]. Compounds 37, 38, and 39 in HLAP and PHLAP extracts exhibited a UV spectrum and a MS2 

fragmentation typical of kaempferol glycoside derivatives. Compound 37 was identified as an isomer 

of a kaempferol-coumaroyl-hexoside by its deprotonated ion [M−H]− at m/z 593, artefact peak 

[2M−H]− at m/z 1187, and a MS2 fragment at m/z 447 [255]. Compounds 38 and 39 (O-rhamnoside-
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O-hexoside and kaempferol-coumaroyl-hexoside, respectively) had a molecular ion [M−H]− at m/z 593 

that generated one minor MS2 fragment at m/z 447 (rhamnose moiety release) and a major at 285 

(release of rhamnose and hexose moieties), which is in agreement with kaempferol-O-rhamnoside-O-

hexoside tentative identification [254]. Kaempferol-coumaroyl-hexoside is also a possible tentative 

identification for peaks 38 and 39 due to their [M-H]− at m/z 593, a MS2 minor fragment at m/z 447, 

and a major fragment at m/z 285 (loss of 308 u, M–coumaroyl–hexose moiety) [255]. The acylation of 

flavonoids increases their molecular size and changes the spatial structure of the flavonoid aglycone, 

as it occurs with anthocyanin compounds [256]. These structural changes decrease the polarity of the 

entire molecule, increasing their retention time in a reversed-phase column, as used in the present 

study. 

Hydrolysable tannins 

Gallotannins or galloylated esters of glucose show the elimination of multiple galloyl [M–H–152]− and 

gallate [M–H–170]− moieties in MSn analysis. Compounds 1 ([M–H]− at m/z 331) and 2 ([M–H]− at 

m/z 483) were deduced as galloyl-glucose and digalloyl-glucose, respectively. These CH compounds 

exhibited the release of one and two galloyl moieties, characterised by MS2 fragments at m/z 331 and 

169 and the loss of a glucose moiety (−162 u) [216,240]. Compounds 5 and 10 were tentatively 

identified as trigalloyl-glucose, exhibiting a [M–H]− at m/z 635 and a characteristic MS2 fragment at 

m/z 483, denoting the release of one galloyl group (−152 u). Fragment ions at m/z 465 and 313, 

frequently found on the fragmentation pattern of gallotannins  (loss of galloyl groups), were also 

observed [216]. Compound 3 (HLAP and PHLAP extracts) was tentatively identified as a punicalagin 

isomer, with a molecular ion [M−H]− at m/z 1083 that yielded a MS2 fragmentation pattern of punicalin 

(m/z 781), m/z 721, m/z 601, and m/z 575 [220,257]. Compound 4 (PHLAP extract) also exhibited a 

deprotonated molecular ion at m/z 1083. Still, the MS2 fragmentation pattern differed from punicalagin 

(Table 4.1). The presence of a specific major daughter ion (m/z 601) suggested the existence of a 

gallagyl derivative, most probably an ester [220]. Compound 8 (HLAP extract) was tentatively 
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identified as digalloyl-gallagyl-hexoside, with a deprotonated ion at m/z 1085, denoting the release of 

two galloyls [M–H–152+152]− and the presence of a gallagyl-hexose (m/z 781). The minor MS2 

fragment at m/z 601 (gallagyl) shows the consistent mass release of a hexose (−162 u) and a water 

molecule (−18 u) [220]. Compound 15 (HLAP and CH) was tentatively identified as trigalloyl-HHDP-

glucoside, exhibiting a [M−H]− at m/z 937 and a characteristic MS2 at m/z 301 (ellagic acid). The 

product ions at m/z 767 and 465 are coherent with the release of gallic acid and hexahydroxydiphenoyl 

(HHDP) + gallic acid  [258]. Isomers 17, 18, and 19 in the C. hypocistis extract were tentatively 

identified as tetragalloyl-glucoside I, II, and III, respectively. All compounds presented a pseudo-

molecular ion at m/z 787 and a representative MS2 fragment at m/z 635 (trigalloyl-glucose), coherent 

with the release of one galloyl group (−152 u). Their product ions at m/z of 617 and 465 correspond to 

the release of gallate (−170 u) and galloyl (−152 u) moieties, respectively [218]. Pentagalloyl-

glucoside (compound 23; CH extract) was tentatively identified based on its [M−H]− at m/z 939 and 

fragments at m/z 787 and 769, recognised as the release of a galloyl moiety [M–H–152]− and a water 

molecule, respectively. The major fragment (m/z 769) experienced the release of a galloyl and a water 

molecule, creating m/z at 617 and 599, respectively [259]. Compounds 24 and 29 in the CH extract 

were tentatively identified as galloyl-bis-HHDP-glucose I and II, respectively. Both compounds 

presented the same deprotonated ion at m/z 935, and MS2 fragments at m/z 783, 765, 633, and 301, 

possibly due to the release of a galloyl (–152 u), a water molecule (−18 u), and two HHDP moieties (–

301 u), respectively [215]. Digalloyl-bis-HHDP-glucose I, II, and III (compounds 32, 33, and 34, 

respectively) and trigalloyl-bis-HHDP-glucose I and II (compounds 35 and 36, respectively) were 

tentatively identified in the CH extract. The product ions at m/z 1087 and 1257 unveil the consecutive 

release of two and three galloyl moieties, respectively. This and a fragmentation pattern like galloyl-

bis-HHDP-glucose allowed its identification [215,240].  

Among the five studied extracts, thirty-nine compounds were tentatively identified. Flavonoids were 

the principal group of phenolic compounds identified in the host extracts, while hydrolysable tannins 
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were the major group in the parasite extract. These results are consistent with the available data for C. 

hypocistis and the only published study regarding Halimium genus phytochemical profile [240,260].  

Phenolic acids were only identified in the roots of H. lasianthum; the highest concentration was found 

in the non-parasited extract. The highest concentration of flavonoids was observed in the non-parasited 

H. lasianthum aerial parts and the lowest in the parasited H. lasianthum roots. CH extract exhibited 

the highest concentration of phenolic compounds, followed by HLAP/PHLAP, HLR, and PHLR.  

Bioactive properties characterisation 

Antioxidant activity. Lipid peroxidation is a sequence of damaging reactions in cell membranes. During 

OxHLIA, the hydrophilic radicals arise from AAPH and attack the membranes; this attack will then 

generate lipophilic radicals through lipid peroxidation. OxHLIA was used to evaluate the antioxidant 

ability of the extracts to capture radicals and, consequently, retard haemolysis in sheep erythrocytes 

[261]. The TBARS assay is a simple and low-cost method to screen lipid peroxidation. During this 

assay, malondialdehyde (MDA), a degradation product of polyunsaturated fatty acids (Sus scrofa 

domesticus brain tissue), reacts with thiobarbituric acid (TBA) and forms a characteristic [MDA-

(TBA)2] complex. The obtained results for both methods are presented in Table 4.2. Concerning 

OxHLIA, the CH extract (C. hypocistis) gave the best antioxidant effect, with an IC50 of 7.3 μg/mL. 

The extracts HLAP (IC50: 18 μg/mL) and HLR (IC50: 14 μg/mL), both from the non-parasited H. 

lasianthum, exhibited the second-best results and a similar IC50 to the positive control Trolox (IC50: 

21.8 μg/mL). The extracts from the parasited H. lasianthum were the least antioxidant, exhibiting the 

highest IC50 (PHLR: 307 μg/mL and PHLAP: 63 μg/mL).  

Similarly, to OxHLIA, the CH extract displayed the best result during TBARS, with an IC50 of 1.11 

μg/mL, followed by the non-parasited H. lasianthum roots and aerial extracts, 5.3 μg/mL and 5.7 

μg/mL, respectively. The root extract of the parasited H. lasianthum (PHLR: 9.5 μg/mL) and the 

positive control (Trolox: 9.1 μg/mL) presented similar results. For both antioxidant methods, the best 

result was obtained by C. hypocistis, followed by the non-parasited and parasited H. lasianthum 
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extracts. In previous work, C. hypocistis presented a lower IC50 for OxHLIA and TBARS [240]. 

Harvest time/year and extraction methodologies have been suggested to affect plants' phenolic 

composition and concentration [262–264]. Analysing the available phenolic profiles of C. hypocistis, 

it is possible to observe a decrease/increase in the concentration of certain phenolic compounds present 

in the extracts [240]. Galloyl-bis-HHDP-glucose, for example, was the major compound identified in 

the extract, but its extracted concentrations decreased from the sample harvested in 2019 to the present 

work (2020). These differences could be attributed to variations in foraging years and the extraction 

methodology employed (maceration at room temperature versus HAE at 46.4 °C). Plant extracts are 

complex, containing hundreds or even thousands of individual compounds. This complexity arises 

from the number of bioactive species in the extract and their synergistic, additive, or antagonistic 

properties [265]. Therefore, the variations in bioactivity results of the present work, when compared 

with the previous studies, might be accountable to the plant extract particularities mentioned above. 

Regarding the Halimium genus, this work confirms the good antioxidant activity exhibited by 

Halimium ethanolic extracts in previous studies [260,266]. 

Tyrosinase inhibitory activity. Besides being a target for the development of depigmenting agents, the 

involvement of tyrosinase in skin-related pathologies, such as hyperpigmentation and melanoma, is 

currently acknowledged [240,267]. The concentrations (µg/mL) required to inhibit 50% of tyrosinase 

activity were estimated from the slope of the obtained inhibition percentages (Table 4.2). All 

hydroethanolic extracts inhibited enzyme activity. CH exhibited the most significant result (8 µg/mL), 

followed by HLAP/PHLR/PHLAP (11, 9, and 9 µg/mL, respectively) and HLR (12 µg/mL). Although 

using different methods, in the present work, C. hypocistis displayed a better IC50 than in a previous 

publication and a similar result to Maisetta and colleagues (Maisetta et al., 2019; Silva et al., 2020).  

Cytotoxic activity. Phenolic compounds have shown promising antitumor properties in in vitro and in 

vivo studies. Their cytotoxic effect is typically associated with their effect as oxidative stress 
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modulators, apoptosis inducers, cell proliferation inhibitors, tumour cell cycle blockers, and 

angiogenesis/metastasis suppressors [268]. The results of the cytotoxic activity against the five tested 

cell lines are presented in Table 4.2. Ellipticine was highly effective against the four tumour cell lines; 

all values were significantly inferior to the extracts. Regarding the growth inhibition of the human 

gastric adenocarcinoma (AGS), the best results were obtained with CH (20.9 µg/mL) and HLAP (24 

µg/mL) extracts, followed by PHLAP (47.6 µg/mL), and PHLR (53 µg/mL). No cytotoxic activity (up 

to 400 µg/mL) was observed for the HLR extracts. For the human colorectal adenocarcinoma cell line, 

the two extracts of the parasited H. lasianthum exhibited the best results (PHLAP: 41 µg/mL and 

PHLR: 44 µg/mL), followed by HLR (55 µg/mL), CH (64.1 µg/mL), and HLAP (70 µg/mL). 

Concerning breast adenocarcinoma (MCF-7) and non-small cell lung cancer (NCI-H460), the PHLR 

extract obtained the lowest GI50 (23.8 µg/mL and 19.2 µg/mL, respectively) and HLAP the highest 

(175 µg/mL and 85 µg/mL, respectively). For MCF-7, PHLAP (53 µg/mL) and HLR (50 µg/mL) 

presented the second best GI50 values, followed by CH (90 µg/mL). The second best GI50 results for 

NCI-H460 were exhibited by the CH (50 µg/mL) and HLR (44 µg/mL) extracts, followed by PHLAP 

(62.4 µg/mL). In absolute terms, the parasited H. lasianthum roots extract (PHLR) was the most 

effective, exhibiting the lowest GI50 for three of the four tumour cell lines. NCI-H460 (GI50 = 19.2 

µg/mL) was the most susceptible cell line to PHLR.  

Although using different cell lines and extracts, in the present study (MCF-7: 90 µg/mL) and Magiatis 

and colleagues’ work (MDA-MB-231: 29 to 50 µg/mL), C. hypocistis presented similar cytotoxic 

activity against human breast adenocarcinoma [172].  
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Table 4.2. Antioxidant, enzyme inhibitory, cytotoxic, and anti-inflammatory activities of C. hypocistis and H. lasianthum extracts. 

 

HLR: Non-parasited H. lasianthum roots extract; HLAP: Non-parasited H. lasianthum aerial extract; PHLR: Parasited H. lasianthum roots extract; 

PHLAP: Parasited H. lasianthum aerial extract; CH: C. hypocistis extract; AGS: human gastric adenocarcinoma; Caco-2: human colorectal 

adenocarcinoma; MCF-7: breast adenocarcinoma; NCI-H460: non-small cell lung cancer; VERO: kidney epithelial cell line of an African green monkey. 

The results are presented as IC50 or GI50 mean ± SD. In each row, different letters mean significant differences between samples (p < 0.05). *The positive 

controls ellipticine and dexamethasone differ significantly from the plant extracts (p < 0.05).

 HLR HLAP PHLR PHLAP CH Positive control 

Antioxidant activity (IC50, µg/mL) Trolox 

OxHLIA (Δt: 60 

min) 
14.0 ± 0.1ab 18 ± 1ab 307 ± 12d 18 ± 1ab 7.3 ± 0.3a 21.8 ± 0.2b 

TBARS 5.3 ± 0.2b 5.7 ± 0.1b 9.5 ± 0.9d 7.10 ± 0.01c 1.11 ± 0.01a 9.1 ± 0.3d 

Enzyme inhibitory activity (IC50, µg/mL) Kojic acid* 

Tyrosinase 12 ± 1c 11 ± 1 bc 9 ± 1 bc 9 ± 2 bc 8 ± 1 b 1.7 ± 0.2 a 

Cytotoxic activity (GI50, µg/mL) Ellipticine* 

AGS >400 24 ± 1a 53 ± 4c 47.6 ± 0.8b 20.9 ± 0.9a 1.23 ± 0.03 

Caco-2 55 ± 1b 70 ± 2d 44 ± 2a 41 ± 1a 64.1 ± 0.7c 1.21 ± 0.02 

MCF-7 50 ± 1.2b 175 ± 8d 23.8 ± 0.8a 53 ± 2b 90 ± 7c 1.02 ± 0.02 

NCI-H460 44.0 ± 0.6b 85 ± 4d 19.2 ± 0.4a 62.4 ± 0.5c 50 ± 3b 1.01 ± 0.01 

VERO 184 ± 1c 159 ± 7b 61 ± 4a 163 ± 11b 286.2 ± 0.8d 1.41 ± 0.06 

 Anti-inflammatory activity (IC50, µg/mL) Dexamethasone* 

RAW 264.7 76 ± 2a 243 ± 14b 73 ± 4a 223 ± 11b 86 ± 4a 6.3 ± 0.4 
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The cytotoxic activity of C. hypocistis extracts against MCF-7 and NCI-H460 was also described in 

previous work [240], where its extracts exhibited higher GI50 (117 µg/mL and 102 µg/mL, respectively) 

compared with the current study (90 µg/mL and 49.8 µg/mL, respectively).  

To determine whether the tested extracts have a toxic effect on normal cells, they were tested against 

the non-tumoral VERO (kidney epithelial cell line of an African green monkey) up to the maximum 

concentration of 400 μg µg/mL. Except for the extract HLAP against MCF-7 and HLR against AGS, 

all the other extracts exhibited cytotoxic effects against VERO cells at higher concentrations than the 

optimal GI50 obtained for the tested tumour cell lines. The CH extracts obtained the best result, with a 

GI50 of 286.2 µg/mL. 

Anti-inflammatory activity. Inflammation is a non-specific immune response to neutralise external 

agents and repair tissues. Plants have been successfully employed worldwide in traditional medicine 

to treat inflammation processes within the body. Therefore, there is a constant pursuit of novel and 

more efficient naturally occurring molecules or their synthetic derivatives as anti-inflammatory agents 

[269,270]. The extracts exhibiting the lowest IC50 (Table 4.2) were CH (86 µg/mL), HLR (76 µg/mL), 

and PHLR (73 µg/mL), followed by HLAP (243 µg/mL) and PHLAP (223 µg/mL). In the present 

work, C. hypocistis exhibited an anti-inflammatory IC50 of 86 µg/mL, lower than the 136 µg/mL 

previously obtained [240]. 

Antimicrobial activity. Phenolic compounds are well-known plant-based antimicrobials by increasing 

their membrane permeability, acidifying the pH, and altering efflux pumping. Scientists have been 

collecting evidence that plant extracts enhance conventional antimicrobial and preservative activities, 

serving as adjuvants and replacements. Accordingly, searching for novel compounds derived from 

plants has become an emergent area of great interest for developing combined treatments 

[269,271,272]. The five hydroethanolic extracts were assessed for their antibacterial activity (Table 

4.3) against Gram-positive and Gram-negative bacteria. All the tested extracts exhibited antibacterial 
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activity. Streptomycin was shown to be the most effective antibiotic; all its MICs and MBCs were 

inferior to the tested extracts and ampicillin. Both H. lasianthum aerial extracts (PHLAP and HLAP, 

respectively) presented lower MIC (0.50 mg/mL) and MBC (1.00 mg/mL) than the antibiotic 

ampicillin (MIC: 0.75 mg/mL; MBC: 1.20 mg/mL) against S. Typhimurium. Similarly, the parasited 

H. lasianthum aerial extract (MIC: 0.25 mg/mL; MBC: 0.50 mg/mL) produced lower MIC and equal 

MBC than ampicillin (MIC: 0.40 mg/mL; MBC: 0.50 mg/mL) for E. coli. Concerning B. cereus, two 

of the tested extracts (CH and HLR) exhibited equal MICs (0.25 mg/mL) and slightly higher MBC 

(0.50 mg/mL) than ampicillin (MBC: 0.40 mg/mL). For all the other tested bacteria, ampicillin 

generated better results. Regarding two tested microorganisms (E. coli and L. monocytogenes), CH 

extracts exhibited better MICs and MBCs than in a preliminary study [240].  

The antifungal activity of the extracts (Table 4.3) was tested against five species capable of 

synthesising toxic metabolites. All the extracts exhibited antifungal activity against the tested 

micromycetes. Bifonazole was the most effective fungicide; all its MICs and MFCs were inferior to 

the tested extracts and ketoconazole. The aerial extracts from the non-parasited H. lasianthum 

exhibited identical MFCs (0.50 mg/mL) than ketoconazole and slightly higher MICs (0.20 mg/mL 

versus 0.25 mg/mL) against A. versicolor and P. funiculosum. Similarly, the parasited H. lasianthum 

root extract (PHLR) showed equal MFC (0.50 mg/mL) and slightly higher MIC (0.25 mg/mL) against 

P. funiculosum. C. hypocistis (CH) exhibited better MIC (0.25 mg/mL) and MFC (0.25 mg/mL) than 

the fungicide ketoconazole (MIC and MFC: 1.0 mg/mL) against T. viride.   
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Table 4.3. Antimicrobial activity of C. hypocistis and H. lasianthum extracts (mg/mL) 

 HLR HLAP PHLR PHLAP CH Ampicillin Streptomycin 

 MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

Gram-positive bacteria        

Staphylococcus aureus 1.00 2.00 0.50 1.00 0.50 1.00 1.00 2.00 1.00 2.00 0.25 0.45 0.04 0.10 

Bacillus cereus 0.25 0.50 0.25 0.50 0.25 0.50 0.50 1.00 0.25 0.50 0.25 0.40 0.10 0.20 

Listeria monocytogenes 1.00 2.00 1.00 2.00 0.50 1.00 1.00 2.00 1.00 2.00 0.40 0.50 0.20 0.30 

Gram-negative bacteria  

Escherichia coli 1.00 2.00 0.50 1.00 0.50 1.00 0.25 0.50 0.50 1.00 0.40 0.50 0.20 0.30 

Salmonella Typhimurium 1.00 2.00 0.50 1.00 1.00 2.00 0.50 1.00 1.00 2.00 0.75 1.20 0.20 0.30 

Enterobacter cloacae 1.00 2.00 1.00 2.00 0.50 1.00 1.00 2.00 1.00 2.00 0.25 0.50 0.20 0.30 

           Ketoconazole Bifonazole 

Micromycetes MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC 

Aspergillus fumigatus 0.50 1.00 0.50 1.00 0.50 1.00 0.50 1.00 0.50 1.00 0.25 0.50 0.15 0.20 

Aspergillus niger  0.50 1.00 0.50 1.00 0.50 1.00 0.50 1.00 0.50 1.00 0.20 0.50 0.15 0.20 

Aspergillus versicolor 0.50 1.00 0.25 0.50 0.50 1.00 0.50 1.00 0.50 1.00 0.20 0.50 0.15 0.20 

Penicillium funiculosum 0.50 1.00 0.25 0.50 0.25 0.50 0.50 1.00 0.50 1.00 0.20 0.50 0.20 0.25 

Penicillium verrucosum var. 

cyclopium 
0.50 1.00 0.50 1.00 0.50 1.00 0.50 1.00 0.50 1.00 0.20 0.30 0.10 0.20 

Trichoderma viride 0.50 1.00 0.50 1.00 0.50 1.00 0.50 1.00 0.25 0.50 1.00 1.00 0.15 0.20 
 

HLR: Non-parasited H. lasianthum roots extract; HLAP: Non-parasited H. lasianthum aerial extract; PHLR: Parasited H. lasianthum roots extract; 

PHLAP: Parasited H. lasianthum aerial extract; CH: C. hypocistis extract; MIC: Minimum inhibitory concentration in mg/mL; MBC: Minimum 

bactericidal concentration in mg/mL; MFC: minimal fungicidal concentration in mg/mL; Positive controls: ampicillin, streptomycin, ketoconazole, and 

bifonazole.
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Principal component analysis (PCA) 

Principal component analysis (PCA) was applied to analyse the differences between extracts according 

to their phenolic composition and bioactivities. The model explained 67% of the observed variance 

with the first two principal components (PCs). Score and loading plots on PC2 vs PC1 are shown in 

Figure 4.2.  

 

Figure 4.2. Biplot of the five hydroethanolic extracts as PC scores, and phenolic composition and 

evaluated bioactivities as loadings. 

PC1 explained 37.8% of the model total variance, with hydrolysable tannins, OxHLIA, TBARS, AGS, 

MCF-7, NCI-H460, and VERO the loadings with the biggest impact on this component. Flavonoids, 

RAW 264.7, and Gram- were the loadings with the highest impact on the PC2, explaining 28.1% of 

the model's total variance. Analysing Figure 4.2, it was possible to distinguish three groups: Group 1, 

containing the extracts from the host roots (HLR and PHLR); Group 2, comprising the aerial extracts 

of the host (HLA and PHLA); and Group 3, inclosing C. hypocistis extract (CH). Group 1 was 

characterised by high anti-inflammatory activity, low flavonoid content, high cytotoxic activity against 

MCF-7 and NCI-H460, and low cytotoxicity against AGS. Group 2 was defined by a high MIC against 
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Gram-negative bacteria, high flavonoid content, and good cytotoxic activity towards AGS cells. 

Finally, Group 3 was interpreted as having the best antioxidant activity, high tannin content, and low 

cytotoxicity against VERO cells. These results highlight the differences between host and parasite 

phenolic content and bioactivities.  

Conclusions 

To the authors' best knowledge, this work is the first to compare the phenolic profile and bioactive 

properties of the parasite C. hypocistis and its host, H. lasianthum. Except for one compound, 

trigalloyl-HHDP-glucoside, the phenolic profile of the host (both non-parasited and parasited) was 

different from that of the parasite, which possibly indicates the existence of a proper pathway of 

compound biosynthesis in the parasite. Trigalloyl-HHDP-glucoside was identified in the aerial parts 

of the non-parasitised H. lasianthum and C. hypocistis. This hypothesis is supported by the PCA 

analysis, where three defined groups were identified: root extracts from H. lasianthum (Group 1), aerial 

extracts from H. lasianthum (Group 2), and C. hypocistis extracts (Group 3).  

Concerning the bioactivities, this is the first work assessing the antioxidant, anti-tyrosinase, 

antimicrobial, cytotoxic, and anti-inflammatory activities of H. lasianthum. In absolute terms, the H. 

lasianthum extracts exhibited the best growth inhibition for three of the four tumour cell lines, and C. 

hypocistis presented the best antioxidant activity. The present work also highlighted the correlation 

between C. hypocistis hydrolysable tannin content and its antioxidant and anti-tyrosinase activities. 
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Chapter 5 

 

Chapter 5: Optimisation of hydrolysable tannins recovery  

 

The information presented in this chapter was published in the following publication: 

- A.R. Silva, J. Pinela, P.A. García, I.C.F.R. Ferreira, L. Barros, Cytinus hypocistis (L.) L.: 

Optimised heat/ultrasound-assisted extraction of tannins by response surface methodology, 

Separation and Purification Technology. 276 (2021) 119358. 

https://doi.org/10.1016/j.seppur.2021.119358. 
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Contextualisation and Scope 

The first known application of tannin-rich plant material dates to the Mediterranean region, 

approximately 1500 BC, where they were used to prevent animal skin degradation [273]. Tannins are 

classified into different categories based on their chemical properties and behaviour when exposed to 

certain conditions. Hydrolysable tannins, which are further divided into gallotannins and ellagitannins, 

can be broken down with hot water or tannases. On the other hand, non-hydrolysable tannins are 

grouped into oligomeric and polymeric proanthocyanidins as condensed tannins [274]. Another 

classification system, proposed in 2001 by Khanbabaee & van Ree, introduced a new category called 

'unclassified tannins', which are partially hydrolysable and combine elements of ellagitannins and 

condensed tannins. This system categorises tannins into four groups: gallotannins, ellagitannins, 

complex tannins, and condensed tannins [131,134–136]. 

Cytinus hypocistis (L.) L. biological properties have been correlated with its high content in 

hydrolysable tannins. Thus, studying its extraction optimisation will give comprehensive clues for the 

enhanced recovery of these high-added-value bioactive compounds and their future study as potential 

skin anti-ageing ingredients [275]. The present work aimed to assess and optimise hydrolysable tannins 

extraction from C. hypocistis using a conventional (Heat-Assisted Extraction – HAE) and a sustainable 

extraction method (Ultrasound-Assisted Extraction – UAE). During conventional extraction, plant 

material is homogenised and soaked in a solvent, often under constant stirring and with or without heat 

treatment [276]. These simple techniques present disadvantages, such as poor efficiency or high 

solvent consumption. Contrarily, more sustainable non-conventional extraction techniques such as 

ultrasound, microwave, supercritical fluids, and electrical/mechanical technologies can improve 

metabolite extraction efficiency and/or selectivity [277–279]. During UAE, different ultrasonic 

cavitation intensities are used to create micro-bubbles inside the solvent for a certain time; these 

bubbles expand and collapse, causing vibrations and breaking cell walls, favouring the penetration of 

solvents and consequent release of compounds [280]. 
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The solubility of tannins is variable; it depends on the target compound, and therefore, solvents with 

different relative polarities, such as water, ethanol, acetone, and/or methanol, are usually selected. 

Condensed tannins, for example, have limited solubility in polar organic solvents, whereas ethanol and 

water are the two generally used solvents for the extraction of hydrolysable tannins [280,281]. Solvents 

are key factors in determining the class of compounds extracted; in contrast, other independent 

variables, such as solvent ratio, temperature, pressure, power, and extraction time, affect compound 

extraction yield and stability [264,282]. These independent variables should be combined in 

experimental designs with an appropriate optimisation method, such as the Response Surface 

Methodology (RSM). Contrarily to one-factor-at-a-time approaches, RSM describes the relationship 

between independent variables and one or more dependent (or response) variables, allowing to 

determine interaction effects and optimise processes using a low number of experimental runs 

[283,284]. This study applied two Rotatable Central Composite Designs (RCCDs) to assess the 

independent variables' linear, quadratic, and interaction effects on the target responses (extract yield 

and tannin content). A Central Composite Design (CCD) is called rotatable if, at any point, the variance 

of the predicted response only depends on the distance from the design's centre point. All points at the 

same radial distance (r) from the centre point have the same magnitude of prediction error; the proper 

choice of α values is responsible for this uniformity [285]. 
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Graphical abstract 
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Material and methods 

Plant collection and extract preparation  

Cytinus hypocistis (L.) L. subsp. macranthus Wettst plants were collected in July 2019 from the host 

species Halimium lasianthum subsp. alyssoides (Lam.) Greuter at three locations in Castro Daire, 

Portugal. Plant identification, characterisation, and preparation were conducted as previously 

described [240]. After lyophilisation (Zirbus Technonoly VaCo 10-II, Bad Grund, Germany), plant 

specimens were milled to a fine powder (~40 mesh) and stored at room temperature for further 

analysis.  

Experimental design 

Two three-factor RCCD designs were implemented to optimise the extraction of tannins from C. 

hypocistis. The two designs (for HAE and UAE) investigated the relationship between the independent 

variables X1 [t (min): time], X2 [T (ºC): temperature or P (W): ultrasonic power], and X3 [S (%): solvent 

ratio (% of ethanol/water, v/v)], and the dependent variables Y1 to Y9. These independent variables and 

the respective range of values were selected based on previous optimisation studies and research group 

experience [276,280,286–292]. Considering the chosen design for a three-factor experimentation (X1, 

X2, and X3), eight (2k = 23) factorial points, six axial or star points (2×3), and six centre points were 

chosen. The software Design-Expert v11 (Stat-Ease, Inc., Minneapolis, MN, USA) was used to 

generate the 20 experimental runs by entering the factor ranges in terms of alphas (α = 1.68), where 

the α value was (8)1/4 = 1.68. Each variable to be optimised was coded at five levels: -1.68, -1, 0, +1, 

and +1.68. The correspondence between coded and natural variables is presented in Table 5.1. 

Extraction methods  

For HAE, 400 mg of plant material was mixed with 20 mL of solvent (hydroethanolic solution at 

different concentrations, 0–100%). The mixture was then sealed in a vial and positioned in a 

thermostatic water bath with continuous magnetic stirring. The powdered samples were extracted at 

different time (t) and temperature (T) intervals, 5 to 120 min and 25 to 95 ºC, respectively. For UAE, 
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1 g of plant material was mixed with 50 mL of solvent (hydroethanolic solution at different 

concentrations, 0 – 100%). The beaker containing the mixture was processed with an ultrasonic system 

(CY-500, Optic Ivymen System, Barcelona, Spain) equipped with a titanium probe. Samples were 

treated using different ultrasonic power (P: 5–500 W; at 20 kHz frequency) and time (t: 2–45 min) 

intervals; the temperature was maintained constant (ice was used to prevent samples heating). Both 

extraction methods, HAE and UAE, were performed with a solid/liquid ratio of 20 g/L. The RSM 

designs comprised 20 experimental runs (performed in randomised order) planned as mentioned above. 

After extraction, samples were centrifuged at 3000 g for 10 min and filtered through Whatman paper 

no 4. Two millilitres of each filtrate were added to ceramic crucibles and used to determine the 

extraction yield (extract dry weight or extracted solids, %, w/w) by removing the solvent in an oven at 

100 ºC until constant weight was achieved (~24 h); the remaining filtrate was frozen and lyophilised 

for total and individual tannin quantification. 

Table 5.1. Natural and coded values of the independent variables applied in the RCCD design for 

optimising tannins extraction from C. hypocistis. 

Coded values 

Natural values 

HAE UAE 

t (min) T (ºC) S (%) t (min) P (W) S (%) 

-1.68 5 25 0 2 5 0 

-1 28 39 20 11 106 20 

0 62.5 60 50 23.5 253 50 

+1 97 81 80 36 400 80 

+1.68 120 95 100 45 500 100 

t:time in min.; T: temperature in ºC; S: solvent percentage; P: ultrasonic power in watts. 

Tannin quantification 

Extracts were dissolved in a water/ethanol mixture (80:20, v/v) at a 20 mg/mL final concentration and 

filtered through a 0.22 µm nylon disposable filter. The seven major tannins present in the sample were 

analysed by HPLC-DAD-ESI/MSn (Dionex Ultimate 3000 UPLC, Thermo Scientific, San Jose, CA, 

USA). Tannins were characterised according to their UV spectra, fragmentation pattern, retention 
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times, and comparison with available standards [206,293]. For quantification, seven-level calibration 

curves were obtained from the most similar commercially available standard compounds, namely 

gallic acid (y = 131538x + 292163; r2 = 0.9998; LOD = 0.68 μg mL-1; LOQ = 1.61 μg mL-1) and ellagic 

acid (y = 26719x - 317255; r2 = 0.9996; LOD = 0.10 μg mL-1; LOQ = 0.48 μg mL-1). The results were 

expressed in mg tannins/g extract (E). 

Extraction modelling and statistical analysis 

The responses were expressed in the form of nine dependent variables (Y) and used to optimise the 

recovery of tannins from C. hypocistis: Y1, extraction yield (extract dry weight or extracted solids, %, 

w/w); Y2, mg of tetragalloyl-glucoside II per g of extract (E); Y3, mg of tetragalloyl-glucoside III per g 

of E; Y4, mg of pentagalloyl-glucoside per g of E; Y5, mg of galloyl-bis-HHDP-glucose II per g of E; 

Y6, mg of digalloyl-bis-HHDP-glucose II per g of E; Y7, mg of trigalloyl-bis-HHDP-glucose I per g of 

E; Y8, mg of trigalloyl-bis-HHDP-glucose II per g of E; and Y9, mg of tannins (total) per g of E. As 

extensively described by Rocha and colleagues [283], fitting procedures, coefficient estimates, and 

statistical verifications were performed using the software Design-Expert. The ANOVA (analyses of 

variance) was used to evaluate the significance of the models generated (polynomial equations) and 

the lack of fit. The test for statistical significance was performed by calculating the p-value from the 

F-value, acknowledging the significance of p-value < 0.05. Statistically non-significant terms (p-value 

> 0.05) were omitted to simplify the models (except those required to ensure hierarchy). The adequate 

precision, the coefficient of determination (R2), and the adjusted coefficient of determination (R2
adj) 

were used to assess the adequacy of the polynomial equations to the final responses. For adequate 

precision, which measures signal-to-noise ratio, the value must be greater than 4, whereas R2 and R2
adj 

must exhibit a value close to 1, illustrating an agreement between the theoretical and experimental data 

[294]. 
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Results and discussion 

Experimental data obtained with the two RCCDs 

In a previous study [240], a total of seventeen phenolic compounds (sixteen hydrolysable tannins and 

one catechin) were identified (HPLC-DAD-ESI/MSn analysis) in this species. The total tannin content, 

the most abundant seven hydrolysable tannins, and the extraction yield were the selected response 

variables for the present optimisation work. The HAE and UAE experimental results are presented in 

Table 5.2.  

The Y1 response corresponds to the extraction yield (extract dry weight, %, w/w). From the analysis of 

the experimental results for both methods (Table 5.2), it is possible to observe that the % yield and % 

of the solvent follow an inverse correlation. There is a tendency for the % yield to decrease as the 

ethanol % increases. For both methodologies, the lowest yield was obtained in run 14 (HAE: 62.5 min; 

60 ºC; 100% ethanol v/v and UAE: 23.5 min; 253 W; 100% ethanol v/v), which combined medium-

time and -temperature/-watts potency ( = 0) with a high-ethanol percentage ( = +1.68). The highest 

yield was obtained in run 3 for HAE (28 min; 81 ºC; 20% ethanol v/v) and run 4 for UAE (36 min; 400 

W; 20% ethanol v/v). Run 3 combined medium-high-temperature ( = +1) with medium-low-time and 

-solvent percentage ( = -1) and run 4 merges medium-low solvent percentage ( = -1) with medium-

high -time and -watts potency ( = +1).  

As presented in Table 5.2, the seven optimised hydrolysable tannins were: Y2 and Y3 - two tetragalloyl-

glucoside isomers (II and III); Y4, a pentagalloyl-glucoside; Y5, a galloyl-bis-HHDP-glucose II; Y6, a 

digalloyl-bis-HHDP-glucose II; Y7 and Y8, two trigalloyl-bis-HHDP-glucose isomers (I and II); and Y9, 

total tannins. From the analysis of the HAE experimental results for the 7 tannins (Table 5.2), it is 

possible to observe that, in 4 responses (Y2, Y6, Y7, and Y9), the lowest yield was obtained in run 13 

(HAE: 62.5 min; 60 ºC; 0% ethanol v/v), which combined medium-time and -temperature ( = 0) with 

a 0 % of ethanol ( = -1.68). Whereas the highest yield was obtained in run 6 (HAE: 97 min; 39 ºC; 

80% ethanol v/v), combining medium-high-time and -solvent percentage ( = +1) with medium-low-
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temperature ( = -1). For responses Y4, Y5, and Y8, the highest response value was obtained in run 14 

(HAE: 62.5 min; 60 ºC; 100% ethanol v/v), in a mixture of medium-time and -temperate ( = 0) with 

the highest ethanol percentage ( = +1.68). Responses Y4, Y5, and Y8 lowest experimental values were 

obtained in run 12 for Y4 and Y8 (HAE: 62.5 min; 95 ºC; 0% ethanol v/v) and run 13 for Y5 (HAE: 62.5 

min; 60 ºC; 0% ethanol v/v), both using 0 % of ethanol ( = -1.68), and high ( = + 1) to medium-

high-temperature ( = + 1.68), respectively. A general overview of the HAE experimental values 

revealed higher ethanol percentages as the critical factor in increasing the 7 hydrolysable tannins' final 

responses (response Y2 to Y8).  

Regarding UAE (Table 5.2), the lowest experimental values for all tannins were obtained in run 13 

(UAE: 23.5 min; 253 W; 0% ethanol v/v), combining medium-time and -watts ( = 0) with no ethanol 

( = -1.68). Equally to HAE, in UAE, low ethanol (0%) was linked to lower experimental response 

values for tannins (Y2 to Y9). For responses Y2, Y3, and Y5, the highest experimental values were 

obtained within the 6 centre points (UAE: 23.5 min; 253 W; 50% ethanol v/v), which combined 

medium t, P and S ( = 0). For responses Y4 and Y9, it was in run 5 (UAE: 11 min; 106 W; 80% ethanol 

v/v), with  = -1; -1; +1, respectively. Run 6 (UAE: 36 min; 106 W; 80% ethanol v/v) was the best 

result for Y6 response, with  = +1; -1; +1, respectively. Finally, the best result for responses Y7 and Y8 

was obtained in run 7 (UAE: 11 min; 400 W; 80% ethanol v/v), with  = -1; +1; +1. Similar to HAE, 

the experimental values for UAE indicated that ethanol percentage is a critical factor in achieving 

higher yields in responses Y2 to Y8. 

Models fitting and statistical verification  

The conventional one-factor-at-a-time strategy does not account for interactions, while RSM is a 

statistical tool suitable for modelling and optimising processes involving one or more response 

variables and determining optimal processing conditions [283,295]. To further analyse the 

experimental values, the polynomial model (Eq. 1) was applied to assess the impact of the independent 



   
   

 
 

115 

variables on a given response. The parametric values were estimated by fitting the second-order 

polynomial model to the obtained experimental responses (Table 5.3). The coefficients exhibiting 

confidence interval values (α = 0.05) higher than the parameter value were considered non-significant 

(ns) and were not used for model development; the significant values were assessed at a 95% 

confidence level. The results of ANOVA and regression analyses are also presented in Table 5.3, 

whereas the developed polynomial models are shown in Table 5.4 (Eq. 2 to Eq. 19). All models 

exhibited a non-significant (ns) lack of fit (p-values > 0.05) and adequate precision greater than 19.2, 

which shows that the model equations adequately describe the effects of the independent variables on 

the final responses [296]. As shown in Table 5.3, the coefficients R2 and R2
adj were  0.92 and 0.88, 

respectively, indicating that each response variability can be explained by the independent variables 

involved in the extraction processes. Although the model coefficients are empirical and do not reflect 

physical or chemical significance, they are valuable tools for predicting untested experimental 

extraction conditions [297].  

Analysis of the theoretical response surface models 

The parametric coefficients presented of each term in the mathematical models (Table 5.4) provide 

specific information on the impact of the linear, quadratic, and interaction effects of the independent 

variables (t, T/P, and S) on the extraction of tannins from C. hypocistis. The values express the expected 

change in response per unit change in factor value when all remaining factors are held constant. The 

higher the parametric value, the more significant is the variable term, regardless of its sign. 

Additionally, for interaction effects, a positive sign indicates a synergism, while a negative sign 

indicates an antagonism (since the effect of one independent variable is affected by another variable) 

[283,298]. The results are also presented as 3D response surface graphs to visually illustrate the 

independent variables' effect on extraction yield (Figure 5.1) and total tannins (Figure 5.2) for both 

HAE and UAE methods. The net surfaces were built with the model equations presented in Table 5.4. 

For each 3D graph, the excluded independent variable was positioned at its optimal value (Table 5.5). 
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Table 5.2. Experimental results for the nine response variables (extraction yield and tannin content).  

Run Experimental domain  Experimental responses 

 X1: t X2: T or P X3: S  HAE   UAE 

 (min) (ºC or W) (%, v/v)  Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9  Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 

1 -1 -1 -1  61.21 24.03 17.17 38.90 18.83 17.08 12.99 9.09 138.08  49.19 19.17 21.00 27.62 14.01 13.03 7.41 5.61 107.85 

2 +1 -1 -1  63.41 29.97 16.14 37.00 16.98 15.81 10.28 8.56 134.75  60.71 17.25 15.14 24.67 11.30 9.31 6.27 4.63 88.58 

3 -1 +1 -1  64.65 27.24 20.20 33.60 17.07 14.94 11.24 8.05 132.34  62.00 17.29 16.12 25.31 11.10 9.82 7.62 4.76 92.03 

4 +1 +1 -1  62.56 21.11 28.00 33.60 16.98 12.80 7.27 3.44 123.20  70.03 18.68 16.32 24.16 11.47 9.49 7.24 4.65 92.01 

5 -1 -1 +1  52.64 27.13 27.22 79.79 29.12 37.72 27.27 14.59 242.84  40.62 27.50 24.11 51.33 21.04 26.27 17.10 10.81 179.63 

6 +1 -1 +1  48.99 38.61 24.00 76.85 28.51 41.32 24.73 16.90 250.92  38.00 28.25 23.66 46.83 20.74 26.57 16.09 11.31 173.45 

7 -1 +1 +1  50.35 30.30 29.27 42.66 28.71 20.91 14.74 10.24 176.83  53.32 26.47 26.60 50.23 21.04 24.70 17.66 11.60 178.29 

8 +1 +1 +1  50.50 31.25 41.37 39.44 28.71 22.54 10.80 9.99 184.10  48.83 26.24 24.94 46.35 20.94 24.46 15.19 9.61 167.73 

9 -1.68 0 0  62.87 29.59 27.00 43.35 25.90 30.05 21.34 10.91 188.14  52.00 25.64 26.93 43.38 20.60 24.47 15.55 9.83 166.40 

10 +1.68 0 0  59.71 36.17 31.85 51.30 24.36 29.66 16.25 11.38 200.97  53.00 23.57 23.91 41.47 18.39 20.08 13.07 8.39 148.88 

11 0 -1.68 0  54.00 23.56 25.93 52.35 23.22 30.30 22.64 12.66 190.66  40.36 23.76 23.02 42.93 20.00 22.19 15.78 9.62 157.29 

12 0 +1.68 0  54.89 25.18 41.47 18.40 19.80 17.73 7.94 3.36 133.88  62.00 23.18 23.22 40.66 18.31 19.44 12.84 8.22 150.65 

13 0 0 -1.68  61.91 16.98 11.81 38.22 13.04 11.31 7.20 6.60 105.16  61.00 12.18 8.87 11.99 5.18 3.74 1.65 1.85 35.57 

14 0 0 +1.68  46.30 28.14 28.92 81.03 32.09 37.79 23.00 17.47 248.44  35.11 25.36 20.18 47.14 19.74 26.17 15.73 10.90 165.23 

15 0 0 0  54.78 26.74 25.54 46.49 25.34 19.80 12.87 10.00 166.79  53.11 25.13 24.24 37.87 16.86 21.09 12.90 7.76 145.85 

16 0 0 0  52.34 26.81 26.39 45.32 24.63 22.99 13.62 10.04 169.80  54.15 27.86 26.37 38.30 21.75 21.60 13.57 9.59 159.04 

17 0 0 0  53.33 25.32 25.82 45.72 21.50 23.18 15.20 11.54 168.29  54.19 24.59 25.85 40.32 19.33 22.27 14.75 7.90 155.01 

18 0 0 0  56.83 27.97 28.65 48.95 21.00 22.82 14.07 10.44 173.91  52.40 27.29 26.44 42.03 20.14 23.22 14.92 9.67 163.71 

19 0 0 0  54.39 26.20 30.04 48.74 20.26 22.62 13.02 9.67 170.55  56.00 25.40 23.11 40.78 19.17 21.85 13.34 9.30 152.96 

20 0 0 0  55.23 25.36 28.17 48.30 19.84 20.27 13.21 8.00 163.14  53.02 28.28 27.27 42.01 19.71 23.51 13.79 9.15 163.72 

Runs 1–8: factorial points; runs 9–14: axial or star points; runs 15–20: centre points. Response variables: Y1: extraction yield (extract weight); Y2: tetragalloyl-glucoside 

II; Y3: tetragalloyl-glucoside III; Y4: pentagalloyl-glucoside; Y5: galloyl-bis-HHDP-glucose II; Y6: digalloyl-bis-HHDP-glucose II; Y7: trigalloyl-bis-HHDP-glucose I; 

Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total tannins; Y1 units: % (w/w); Y2 to Y9 units: mg/g extract (E). 
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Table 5.3. Parametric coefficients and statistical information of the model fitting procedure for both 

extraction methods (HAE and UAE). Parametric subscripted 1, 2 and 3 represent the variables t, T/P 

and S, respectively. 

HAE Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 

Intercept b0 54.4±0.4 26.1±0.6 27.7±0.6 47.3±0.7 22.1±0.4 22.2±0.6 14.0±0.3 10.3±0.4 170±2 

Linear effect 

b1 -0.6±0.4* 1.7±0.4 1.8±0.5 ns -0.4±0.4* 0.1±0.6* -1.6±0.3 -0.2±0.3* 2±1* 

b2 ns -0.5±0.4* 4.4±0.5 -10.3±0.6 ns -4.5±0.6 -4.1±0.3 -2.4±0.3 -18±1 

b3 -5.5±0.4 3.2±0.4 5.1±0.5 12.3±0.6 5.7±0.4 7.8±0.6 4.6±0.3 2.3±0.3 42±1 

Quadratic 

effect 

b11 2.4±0.4 2.8±0.4 ns ns 1.1±0.4 2.0±0.6 1.4±0.3 ns 8±1 

b22 ns ns 1.7±05 -4.1±0.5 ns ns ns -0.8±0.3 -4±1 

b33 ns ns -3.0±0.5 4.4±0.5 ns ns ns 0.6±0.3 ns 

Interaction 

effect 

b12 ns -2.8±0.6 3.0±0.7 ns ns ns ns -0.8±0.4 ns 

b13 ns 1.6±0.6 ns ns ns ns ns 0.9±0.4 ns 

b23 ns ns ns -8.2±0.7 ns -3.8±0.8 -2.7±0.4 ns -14±2 

Statistics 

Model F-value 82.48 21.86 44.24 222.00 67.67 52.95 116.74 27.55 192.24 

Model p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Lack-of-Fit 0.6565 0.0847 0.4672 0.2349 0.9957 0.1343 0.2933 0.7060 0.1944 

R2 0.9393 0.9273 0.9533 0.9875 0.9269 0.9498 0.9766 0.9525 0.9912 

R2
adj 0.9279 0.8849 0.9318 0.9831 0.9132 0.9318 0.9682 0.9179 0.9860 

Ad. Precision 28.99 19.24 27.20 55.58 28.42 25.97 38.57 20.66 50.53 

C.V. (%) 2.56 5.88 6.97 4.30 6.57 9.35 6.97 10.16 2.77 

UAE Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 

Intercept b0 53.5±0.5 26.0±0.4 25.5±0.5 41.0±0.5 19.3±0.3 22.1±0.4 14.0±0.2 8.9±0.2 156±2 

Linear effect 

b1 1.0±0.5 ns -0.9±0.4 -1.2±0.4 ns -0.8±0.3 -0.7±0.2 -0.4±0.2 -5±1 

b2 6.0±0.5 -0.3±0.3* 0.1±0.3* ns ns -0.8±0.3 ns ns ns 

b3 -7.7±0.5 4.3±0.3 3.6±0.4 11.1±0.4 4.4±0.3 7.2±0.3 4.5±0.2 2.9±0.2 39±1 

Quadratic 

effect 

b11 ns ns ns ns ns ns ns ns ns 

b22 ns -0.9±0.3 -0.8±0.4 ns ns -0.7±0.3 ns ns ns 

b33 -1.5±0.4 -2.5±0.3 -3.9±0.4 -4.0±0.4 -2.6±0.3 -2.8±0.3 -2.0±0.2 -0.9±0.2 -20±1 

Interaction 

effect 

b12 ns ns ns ns ns ns ns ns ns 

b13 -3.3±0.6 ns ns ns ns ns ns ns ns 

b23 ns ns ns ns ns ns ns ns ns 

Statistics 

Model F-value 97.35 52.78 37.36 251.84 130.72 118.46 165.23 80.26 328.30 

Model p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Lack-of-Fit 0.1941 0.8314 0.7392 0.7002 0.9319 0.2429 0.4954 0.9365 0.9097 

R2 0.9720 0.9337 0.9452 0.9793 0.9389 0.9769 0.9687 0.9554 0.9840 

R2
adj 0.9621 0.9160 0.9199 0.9754 0.9318 0.9687 0.9629 0.9435 0.9810 

Ad. Precision 36.21 24.14 22.99 53.41 36.23 38.78 44.14 31.88 62.36 

C.V. (%) 3.27 5.44 6.11 4.20 6.71 6.06 6.52 7.61 3.70 

Y1: extraction yield (extract weight); Y2: tetragalloyl-glucoside II; Y3: tetragalloyl-glucoside III; Y4: 

pentagalloyl-glucoside; Y5: galloyl-bis-HHDP-glucose II; Y6: digalloyl-bis-HHDP-glucose II; Y7: trigalloyl-bis-

HHDP-glucose I; Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total tannins. R²: coefficient of determination; 

R²ajd: adjusted coefficient of determination; Ad. Precision: Adequate Precision; C.V.: coefficient of variation; 

ns: not significant. *Although statistically non-significant (p-value > 0.05), the terms were added to maintain 

the hierarchy.
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Table 5.4. Quadratic second-order polynomial model (Eq. 1) and the developed polynomial models (Eqs. 2–19) expressed in coded values. 

𝑌 = 𝑏0 + 𝑏1𝑋1 + 𝑏2𝑋2 + 𝑏3𝑋3 + 𝑏11𝑋1
2 + 𝑏22𝑋2

2 + 𝑏33𝑋3
2 + 𝑏12𝑋1𝑋2 + 𝑏13𝑋1𝑋3 + 𝑏23𝑋2𝑋3 Eq. (1) 

HAE  UAE  

Y1 = 54.4 – 0.6t – 5.5S + 2.4t2 Eq. (2) Y1 = 53.5 + 1.0t + 6P – 7.7S – 1.5S2 –3.3tP Eq. (11) 

Y2 = 26.1 + 1.7t – 0.5T + 3.2S + 2.8t2 – 2.8tT + 1.6tS Eq. (3) Y2 = 26 – 0.3P + 4.3S – 0.9P2 – 2.5S2 Eq. (12) 

Y3 = 27.7 + 1.8t + 4.4T + 5.1S + 1.7T2 – 3S2 + 3tT Eq. (4) Y3 = 25.5 + 0.1P – 0.9t + 3.6S –0.8P2 – 3.9S2 Eq. (13) 

Y4 = 47.3 – 10.3T + 12.3S – 4.1T2 + 4.4S2 – 8.2TS  Eq. (5) Y4 = 41 – 1.2t + 11.1S – 4.0S2 Eq. (14) 

Y5 = 22.1 – 0.4t + 5.7S + 1.1t2  Eq. (6) Y5 = 19.3 + 4.4S – 2.6S2 Eq. (15) 

Y6 = 22.2 + 0.1t – 4.5T + 7.8S + 2t2 – 3.8TS  Eq. (7) Y6 = 22.1 – 0.8t – 0.8P + 7.2S – 0.7P2 – 2.8S2 Eq. (16) 

Y7 = 14.0 – 16.6t – 4.1T + 4.6S + 1.4t2 – 2.7TS  Eq. (8) Y7 = 14 – 0.7t + 4.5S – 2S2 Eq. (17) 

Y8 = 10.3 – 0.2t – 2.4T + 2.3S – 0.8T2 + 0.6S2 – 0.8tT + 0.9tS  Eq. (9) Y8 = 8.9 – 0.4t + 2.9S – 0.9S2 Eq. (18) 

Y9 = 170 + 2t – 18T + 42S + 8t2 – 4T2 – 14TS Eq. (10) Y9 = 156 – 5t + 39S – 20S2 Eq. (19) 

Response variables: Y1: extraction yield (extract weight); Y2: tetragalloyl-glucoside II; Y3: tetragalloyl-glucoside III; Y4: pentagalloyl-glucoside; Y5: 

galloyl-bis-HHDP-glucose II; Y6: digalloyl-bis-HHDP-glucose II; Y7: trigalloyl-bis-HHDP-glucose I; Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total 

tannins
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HAE UAE 

  
(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 5.1. Response surface graphs illustrating the independent variables' binary effects on the 

extraction yield (Y1: extract weight) obtained with HAE and UAE. In each graph, the excluded variable 

was fixed at its optimum response value (Table 5.5). 
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HAE UAE 

  
(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 5.2. Response surface graphs illustrating the independent variables' binary effects on the total 

tannin content (Y9) obtained with HAE and UAE. In each graph, the excluded variable was fixed at its 

optimum response value (Table 5.5).
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Table 5.5. Optimal HAE and UAE conditions expressed as natural values that lead to optimal response 

values. 

 Optimal HAE conditions  
Optimum response 

 t (min) T (°C) S (ethanol %, v/v)  

For each response variable   

Y1 27.3 45.5 0.0  67±1% (w/w) 

Y2 104.0 51.3 65.9  36.4±0.9 mg/g E 

Y3 79.0 83.0 69.9  39.5±0.9 mg/g E 

Y4 62.5 48.7 83.7  76±1 mg/g E 

Y5 57.8 60.0 95.9  30.9±0.8 mg/g E 

Y6 89.9 50.7 96.1  40±1 mg/g E 

Y7 29.3 44.1 82.5  27.3±0.6 mg/g E 

Y8 70.8 48.0 85.4  16.6±0.6 mg/g E 

Y9 65.7 52.1 98.8  245±3 mg/g E 

Considering all response variables   

Y1 
95.1 46.4 74.3 

 53±1% (w/w) 

Y9  203±3 mg/g E 

 Optimal UAE conditions  
Optimum response 

 t (min) P (W) S (ethanol %, v/v)  

For each response variable   

Y1  28.4 456.0 22.7  69±1% (w/w) 

Y2 9.3 217.8 71.1  27.8±0.4 mg/g E 

Y3 17.4 289.1 64.4  26.9±0.5 mg/g E 

Y4 19.8 274.9 76.2  48.0±0.5 mg/g E 

Y5 15.7 240.2 70.9  21.1±0.4 mg/g E 

Y6 19.1 184.8 76.0  26.7±0.5 mg/g E 

Y7 18.3 231.4 74.2  16.6±0.3 mg/g E 

Y8 18.8 208.6 77.0  10.9±0.2 mg/g E 

Y9 19.5 405.1 72.4  176±2 mg/g E 

Considering all response variables   

Y1 
18.7 327.4 69.3 

 53±1% (w/w) 

Y9  173±2 mg/g E 

Y1: extraction yield (extract weight); Y2: tetragalloyl-glucoside II; Y3: tetragalloyl-glucoside III; Y4: 

pentagalloyl-glucoside; Y5: galloyl-bis-HHDP-glucose II; Y6: digalloyl-bis-HHDP-glucose II; Y7: 

trigalloyl-bis-HHDP-glucose I; Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total tannins.  
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The intercept is the expected mean value of Y (response) when all independent variables are equal to 

zero (X = 0). As shown in Table 5.3, although the two designs (HAE and UAE) present similar intercept 

values for all nine responses, for Y3, Y4, Y5, Y8, and Y9, the HAE values were slightly superior. 

Regarding the HAE-Y1 response, the variables S and t significantly affected the extraction yield. The 

negative linear effect of solvent (-5.5S) is perfectly illustrated by the surface curvature of the graphs, 

where this variable is represented (Figures 5.1b and c). The positive quadratic effect of time (2.4t2) is 

visible in Figures 5.1a and b. Apart from the variables S and t, P also influenced the UAE-Y1 response. 

The variables t and P had a positive linear effect (1t and 6P, respectively), which is visible in Figure 

1d; whereas S and its quadratic effect had a negative impact on Y1 (-7.7S and -1.5S2, respectively), 

evidenced by the curvature in graphs (d) and (e) of Figure 5.1. For both methods, it was possible to 

observe the importance of the solvent (S) variable; an increase in ethanol percentage presented the 

most significant impact (negative) on the two Y1 responses (Figure 5.1). 

Concerning total tannins, the response surfaces obtained for HAE were more complex than those of 

UAE (Figures 5.1 and 5.2), as predicted by the theoretical models (Eqs. 10 and 19 in Table 5.4). 

Considering tannins' final responses for HAE, the linear impact of ethanol (S) was positive for all 

responses, whereas the other variables presented both positive and negative effects on the final 

responses. The linear effect of t was positive for responses Y2 (1.7t) and Y3 (1.8t), negative for Y5 (-

0.4t) and Y7 (-1.6t), and non-significant for Y4, Y6, Y8, and Y9. The linear effect of T was positive for Y3 

(4.4T), negative for Y4 (-10.3T), Y7 (-4.5T), Y8 (-4.1T), and Y9 (-2.4T), and non-significant for the 

remaining two responses (Y2 and Y6). Concerning the quadratic effect of the independent variables t2, 

T2, and S2: t2 positively affected Y2 (2.8t2), Y5 (1.1t2), Y6 (2.0t2), Y7 (1.4t2), and Y9 (8.0t2) final responses; 

T2 affected positively the response Y3 (1.7T2) and negatively Y4 (-4.1T2), Y8 (-0.8T2), and Y9 (-4.0T2); 

while S2 positively impacted Y4 (4.4S2) and Y8 (0.6S2) and had a negative effect on Y3 (-3.0S2). For all 

the other responses, the quadratic effects of the independent variables were non-significant. Finally, 

for the interaction effects of the independent variables during HAE, it was possible to observe that the 
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interaction effect of T and S was either non-significant or had a negative effect on the tannin final 

responses (Y4: -8.2TS, Y6: -3.8TS, Y7: -2.7TS, and Y9: -14TS). The interaction effect of t and T negatively 

affected Y2: -2.8tT and Y8: -0.8tT responses; contrarily, it positively affected Y3 (3.0tT) response. The 

interaction effect between t and S also positively impacted Y2: 1.6tS and Y8: 0.9tS. For all the other 

responses, the interaction effect was non-significant. Similarly, to the values obtained for the 20 

experimental runs (Table 5.3), it was possible to infer the importance of the solvent (S) variable on 

tannins' final responses from the mathematical models presented in Table 5.4; S had the most 

significant impact (positive) on responses Y2 to Y9. Concerning total tannins (Y9), Figure 5.2 pictures 

the positive impact of both low T, perfectly noticeable in graphs (a) and (c), and high S, visible in 

graphs (b) and (c) and graphs (e) and (f) for HAE and UAE, respectively.  

During the UAE method, the linear effect of the variable S was responsible for the only positive effect 

in all tannin responses (Y2 to Y9). UAE of total tannins (Y9) was mainly affected by the independent 

variable S. The highest quantity of total tannins was obtained when C. hypocistis powder was sonicated 

with high ethanol percentages; this effect is noticeable on the surface graphs where this variable is 

represented (Figures 5.2e and f). The ultrasonic power (P) and time (t) variables had a non-significant 

or slightly negative effect (respectively) on this response (Figure 5.2d). Despite the positive linear 

effect of S, its quadratic effect (S2) was negative for all responses. When present, the linear effect of P 

(Y6: -0.8P) and the quadratic effect of P2 (Y2: -0.9P2; Y3: -0.8P2; and Y6: -0.7P2) had a minor negative 

or non-significant impact on all the final responses. The quadratic effect of S2 had a negative effect on 

all the responses, from -20.0S2 to -0.9S2. Differently, no interaction effects were observed in the UAE 

process. 

Although the linear effect of the solvent (S) had the most significant impact on the responses for both 

extraction methods, the use of RSM was important because it allowed for the assessment of the 

quadratic and interaction effects of the variables. The parametric values of the different variables 

facilitate the determination of the optimum conditions for each response. 
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HAE and UAE: Individual, global, and comparison of the two methods optimal conditions 

From the response surface graphs (Figures 5.1 and 5.2), it can be inferred that an optimal extraction 

value can be obtained as a single point in almost all combinations. Accordingly, the extraction 

conditions that lead to an absolute maximum were computed for both methods and are presented in 

Table 5.5. The optimal HAE conditions for tannin recovery were mainly characterised by longer 

extraction times (27.3 to 104 min) and medium to high temperatures (44.1 to 83 ºC). Regarding the 

solvent, the recovery of tannins from C. hypocistis was favoured by higher solvent percentages (65.9 

to 98.8%, v/v), which is easily perceived on the response surface graphs of Figure 5.2. The optimal 

UAE conditions for tannin recovery were characterised by short extraction times (9.3 to 28.4 min), 

medium to high ultrasound power (184.8 to 456 W), and increased ethanol percentages (64.4 to 77%, 

v/v). Since the industrial sector is interested in natural extracts, optimising processes to obtain higher 

amounts of extract weight and tannins using sustainable extraction methods is important. The global 

conditions that simultaneously maximise the extraction yield and the total tannins content were also 

determined by selecting “maximise” for these response variables and giving them equal “importance” 

in the Design-Expert analysis (Table 5.5). Based on this second optimisation step, 95.1 min processing 

at 46.4 ºC with 74.3% ethanol (v/v) and 18.7 min of sonication at 69.3 W using 69.3% ethanol (v/v) 

were the optimal HAE and UAE conditions, respectively, that maximised the target response variables. 

The HAE and UAE were compared to determine the most suitable method to facilitate tannin recovery. 

UAE has shown some advantages over HAE [299] for intracellular extraction, herein demonstrated by 

significantly shorter processing times. According to previous reports, acoustic cavitation promotes 

solvent penetration into the plant material and the consequent release of compounds, enhancing mass 

transfer faster than when using temperature as an intensification factor [299]. Interestingly, although 

the lower ethanol percentages gave rise to higher extraction yields (possibly due to greater recovery of 

water-soluble carbohydrates), the highest levels of tannins were achieved using higher ethanol 

percentages (Figure 5.3). 
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Therefore, the variable solvent effectively contributed to the selectivity of the extraction processes. 

These results are supported by those previously reported by Liang and colleagues [300], who optimised 

heat reflux and UAE methods to recover hydrolysable tannins from water caltrop (Trapa 

quadrispinosa) pericarps and found UAE as a time and energy-saving method when compared to heat 

reflux. The high temperature in heat reflux led to compound degradation, verified in the present study 

for HAE (Figure 5.3). The authors also reported ethanol/water mixtures (60:40, v/v) as preferable to 

other organic solvents. 

Experimental validation of the predictive models 

The global HAE and UAE conditions that maximise both the extraction yield and the recovery of 

tannins from C. hypocistis were experimentally tested to evaluate the predictive accuracy of the 

theoretical models.  

The experimental data for extraction yield and total tannins agrees with the model-predicted values, as 

confirmed by the post-analysis verification performed using the Design-Expert software (α = 0.05). 

The HAE and UAE processes yielded 54±1% and 52±2% of extract weight, values that did not differ 

significantly from the predicted 53±1% and 53±1%, respectively (Table 5.5). 

Furthermore, while each gram of extract obtained by HAE contained 200±4 mg of total tannins, the 

UAE resulted in 178±8 mg of target total tannins. The predictive capacity of the mathematical models 

was thus experimentally validated for these dependent variables. However, despite the good agreement 

for the extraction yields and total tannin contents obtained with the two extraction methods, the 

contents of some of the individual compounds were not within the model-predicted values, as shown 

in Table S5.1 provided in the supplementary material. 
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Figure 5.3. 2D response graphs for the effects of the independent variables on the extraction yield (Y1: 

extract weight) and total tannin content (Y9) obtained with HAE and UAE. The excluded variables 

were fixed in each graph at their optimal value (Table 5.5).
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Conclusions 

The present study demonstrated the capacity of the tested methods to extract tannins from C. hypocistis 

successfully. HAE offered slightly higher response values but required a longer processing time than 

UAE (95.1 versus 18.7 min, respectively). As an intensification factor, HAE needed 46.4 ºC and UAE, 

327.4 W. Both methods required high ethanol percentages, 74.3% and 69.3%, respectively, to 

maximise the extract weight and tannin content simultaneously. Although the solvent percentage was 

the most relevant variable in both extraction processes, all three tested independent variables (t, T/P, 

and S) significantly affected the analysed responses, justifying the use of RSM. Summarising, the 

optimum UAE conditions to obtain the maximum extraction yield (Y1) and the highest total tannin 

content (Y2) were: (Y1) 28.4 min, 456 W, and 22.7% ethanol; 19.5 min, 405.1 W, and 72.4% ethanol. 

Finally, 18.7 min, 327 W, and 69.3% ethanol were required to simultaneously maximise both 

conditions.   
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Chapter 6 

Chapter 6: Investigate Cytinus hypocistis skin anti-ageing properties 

The information presented in this chapter is currently being prepared for publication. 

EN ESTA VERSIÓN DE LA TESIS NO SE MUESTRA 
EL CAPITULO 6 POR CONFLICTO CON UNA 

POSIBLE PUBLICACIÓN FUTURA
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PART III 

Final remarks 

__________________________________________
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Chapter 7 

Chapter 7: Integrative discussion
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The thesis's primary objective was to valorise the parasitic species Cytinus hypocistis (L.) L. 

subsp. macranthus Wettst. This encompassed its thorough chemical and bioactive characterisation, the 

exploitation of its most bioactive compounds, and the investigation of their skin anti-ageing properties. 

The chemical and bioactive characterisations of C. hypocistis are unveiled in Chapters 3 and 4. The 

comprehensive nutritional analysis (Chapter 3) of the whole plant and its nectar unveiled a well-

balanced nutritional profile, shedding light on its historical significance as a source of sustenance 

during periods of scarcity [159,172]. Its nectar proved to be a good source of protein and unsaturated 

fatty acids, approximately 2-fold higher than the whole plant. Polyunsaturated fatty acids were 

significant, comprising approximately 47% of the total fatty acids in the entire plant and 49% in its 

nectar. This can be attributed to the high linoleic acid content in both samples, which accounted for 

40.08% and 39.90%, respectively. Interestingly, linoleic acid is an essential fatty acid that humans 

cannot synthesise [192]. High percentages of linoleic and α-linolenic acids have also been described 

in other edible flowers, including Calendula officinalis L. and Trifolium angustifolium L. [193]. 

The phytochemical profiles of the whole plant, its petals, stalks, and nectar were also evaluated. 

Seventeen phenolic compounds were identified in all samples, with the highest concentration observed 

in the petals and the lowest in the nectar. Galloyl-bis-HHDP-glucose was the most abundant compound 

in all samples, exhibiting its highest concentration in the petals and the whole plant. All extracts 

exhibited antidiabetic, anti-tyrosinase, antibacterial, and cytotoxicity against the tested tumour cell 

lines, with no toxicity observed on a non-tumour cell line. Among the assessed activities, the 

antioxidant capacity presented notable results, with no significant differences observed between the 

petals and the whole plant. Phenolic compounds represent a ubiquitous group of secondary metabolites 

in plants, known for their multifaceted biological effects [202]. Of particular significance, the presence 

of galloyl moieties has been recognised as a critical factor in the remarkable bioactivity of tannin-rich 

plants, playing multiple functional roles such as antimicrobial, anti-inflammatory, antidiabetic, and 

antioxidant activities [158]. 
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Chapter 4 delves into a comparative chemical and bioactive study between C. hypocistis and its host 

to decipher whether the bioactive properties of the parasite are linked to its high hydrolysable tannin 

content or a potential exchange of phenolic compounds with its host. A total of five hydroethanolic 

extracts were analysed: C. hypocistis (CH); parasited H. lasianthum aerial parts (PHLAP); parasited 

H. lasianthum roots (PHLR); non-parasited H. lasianthum aerial parts (HLAP); and the non-parasited 

H. lasianthum aerial roots (HLR). Flavonoids were the principal group of phenolic compounds 

identified in the host extracts, while hydrolysable tannins were the major group in the parasite. These 

results align with the data presented in Chapter 3 and the only published study regarding the Halimium 

genus phytochemical profile [260]. Except for one compound, trigalloyl-HHDP-glucoside, the 

phenolic profile of the host (both non-parasited and parasited) was different from that of the parasite, 

which possibly indicates the existence of a proper pathway of compound biosynthesis in the parasite. 

This hypothesis was supported by the PCA analysis, where three defined groups were identified based 

on phenolic composition and bioactivities: root extracts from H. lasianthum, aerial extracts from H. 

lasianthum, and C. hypocistis extracts. 

Interestingly, the phytochemical analysis conducted in Chapter 4 reveals variations in the 

concentration of specific phenolic compounds in the Cytinus hypocistis whole plant extract compared 

to Chapter 3. Galloyl-bis-HHDP-glucose, while still the predominant compound in the extract, 

displayed a notable decrease in concentration, nearly halving from the sample harvested in 2019 

(Chapter 3) to 2020 (Chapter 4). This discrepancy extended to the bioactivities, such as the 

antioxidant capacity, with a less favourable IC50 value. The variances observed may be attributed to 

the differences in foraging time and extraction methods (maceration at room temperature versus HAE), 

which have been recognised as factors influencing plant phenolic composition and concentration [262–

264]. It's important to note that plant extracts are complex, containing hundreds or even thousands of 

individual compounds. This complexity arises from the number of bioactive species in the extract and 

their synergistic, additive, or antagonistic properties [265].  
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Given the valuable insights gained within these Chapters (3 and 4), it is likely that hydrolysable 

tannins play a crucial role in the studied bioactivities. As such, increasing their concentration could be 

highly beneficial in enhancing the desired properties of the extract. However, it was also observed that 

the harvest year significantly impacts the final chemical composition, and it would be worthwhile to 

gain a deeper understanding of this effect. Hence, the forthcoming chapters of this thesis were 

committed to optimising the extraction of hydrolysable tannins (Chapter 5) and delving into the 

impact of the foraging year on extract composition, along with the potential implications of these 

compounds on C. hypocistis skin anti-ageing properties (Chapter 6). 

In the work described in Chapter 5, Response Surface Methodology (RSM) was applied to optimise 

tannin extraction using Heat-Assisted (HAE) and Ultrasound-Assisted (UAE) methods. The two 

experimental designs (for HAE and UAE) investigated the relationship between the independent 

variables X1 [t (min): time], X2 [T (ºC): temperature or P (W): ultrasonic power], and X3 [S (%): solvent 

ratio (% of ethanol/water, v/v)], and the dependent variables (Y). The Y was expressed in the form of 

nine responses: seven responses (Y2-Y7) corresponding to the tannins at the highest concentration in 

the extract, and two responses corresponding to the extraction yield (Y1) and the mg of tannins per g 

of extract (Y9). The results from both extraction systems revealed the variable solvent effectively 

contributed to the selectivity of the extraction processes. Interestingly, although the lower ethanol 

percentages gave rise to higher extraction yields (possibly due to greater recovery of water-soluble 

carbohydrates), the highest concentrations of tannins were achieved using higher ethanol percentages. 

Despite the solvent percentage being the most relevant variable in both extraction processes, all three 

tested independent variables (t, T/P, and S) significantly affected the analysed responses, justifying the 

use of RSM. UAE is known to have some advantages over HAE, demonstrated by significantly shorter 

processing times [299]. According to previous works, acoustic cavitation promotes the release of 

compounds faster than when using temperature as an intensification factor [299]. These results 

(Chapter 5) were supported by those previously reported by Liang and colleagues [300], who 
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optimised heat reflux and UAE methods to recover hydrolysable tannins from water caltrop (Trapa 

quadrispinosa) pericarps and found UAE as a time and energy-saving method when compared to heat 

reflux. Similarly to heat reflux, the high temperatures of HAE led to compound degradation. These 

authors also reported ethanol/water mixtures (60:40, v/v) preferable to other organic solvents, 

supporting the solvent selection of the present work  [300]. 

The impact of the foraging year on extract composition and the potential correlation of these 

compounds on C. hypocistis skin anti-ageing properties was assessed in Chapter 6. Nine extracts (3 

extraction conditions x 3 different years) were prepared using UAE following the optimum variables 

determined in Chapter. 5 These samples were bio-assayed for their cytotoxic, phototoxic, antioxidant, 

and enzyme-inhibitory properties (tyrosinase, collagenase, and elastase). Interestingly, among the 

studied bioactivities, the anti-elastase results exhibited a significant variation among the samples from 

the different years. A bioassay-guided fractionation was performed to identify the discriminant features 

responsible for this variation, followed by its purification and structural elucidation. Remarkably, one 

of the purified subfractions exhibited a tenfold improvement in neutrophil elastase inhibition efficacy 

compared to the crude extract; its effectiveness fell within the same range as SPCK, a potent 

irreversible elastase inhibitor. Overall, this subfraction also presented better antioxidant and enzyme 

inhibitory properties than the crude extract and positive controls, with no phototoxicity and 

cytotoxicity against different skin cell lines. Following dereplication, compounds exhibiting the 

molecular formula C34H24O22 emerged as the most discriminant features, a finding subsequently 

validated within the most bioactive subfraction (P19.9) through 2D NMR analysis and annotated as 

2,3:4,6-bis(hexahydroxydiphenoyl)glucose. The strong intensities of the HMBC cross peaks (H 

→ C) indicated a major compound with a S,S axial configuration as found in pedunculagin. 

Interestingly, pedunculagin was tentatively identified in Chapter 3 through HPLC-DAD-ESI/MSn in 

extracts from the first year (the same year that originated P19.9) but not in the second and third years 

[240,314,328]. However, the purified P19.9 seems to remain a mixture of configurational isomers that 
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could include differences in sugar found in different ellagitannins, such as (S,S)axial-α-D-pyranose in 

potentillin [333], (S,S)axial-β-D-pyranose in casuarictin, or indicate that the subfraction was not to fully 

purified [334]. Therefore, this might indicate that the anti-ageing compound found in Cytinus 

hypocistis could be a mixture of configurational isomers of pedunculagin.  

Pedunculagin has already been described as a potent neutrophil elastase inhibitor [339]. In fact, 

ellagitannins such as pedunculagin or the putative novel identified compound isolated in this study, 

present an ideal framework as innovative inhibitors of human neutrophil elastase. This is attributed to 

their glucosyl core linked to HHDP moieties, which play a crucial role in establishing π-π interactions 

with the aromatic side chains of the enzyme [340]. 
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Chapter 8 

 

Chapter 8: Conclusion 
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Prior to the conduct of the research presented in this thesis, a comprehensive characterisation of the 

chemical composition of Cytinus hypocistis had not been undertaken, and its active constituents had 

yet to be disclosed. Nonetheless, other authors pointed out hydrolysable tannins as the compounds 

responsible for the plant's bioactive properties. Interestingly, this class of tannins are renowned for 

their potent antioxidant effects and capacity to inhibit the precursors of elastolytic enzymes, making 

them attractive targets for delaying skin ageing. Therefore, the main objective of the work presented 

in this thesis was to valorise the underexplored parasitic species Cytinus hypocistis (L.) L. subsp. 

macranthus Wettst by conducting its comprehensive characterisation, followed by a more detailed 

investigation of its skin anti-ageing properties. According to this, each Chapter describes the work 

performed to achieve the proposed specific objectives described in Chapter 2. 

Thus, in Chapter 3, the underexplored species' chemical and bioactive characterisation shed light on 

its historical significance as famine food and its potential as a source of bioactive compounds with a 

broad spectrum of biological activities. Furthermore, it was possible to tentatively confirm the identity 

of the hydrolysable tannins behind its bioactive properties. 

Chapter 4 investigated the potential phytochemical exchange between the host and the parasite and 

provided insights into the intricate ecological relationship between these two plant species. Flavonoids 

were the principal group of phenolic compounds identified in the host extracts, while hydrolysable 

tannins were the major group in the parasite. Except for one compound, the phenolic profile of the host 

was different from that of the parasite, which possibly indicates the existence of a proper pathway of 

compound biosynthesis in the parasite. 

Chapter 5 involved optimising two methodologies to obtain extracts rich in hydrolysable tannins. 

Response surface methodology was used to maximise the extraction yield, total tannin content, and 

the average between both responses. The results revealed that the variable solvent effectively 

contributed to the selectivity of the extraction processes, with ultrasound-assisted extraction being 

selected as the better extraction methodology for further studies. 
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Finally, Chapter 6 sheds light on C. hypocistis's phytochemical profile variation and its correlation 

with the species' skin anti-ageing properties. The biochemometric analysis identified the compound 

2,3:4,6-bis(hexahydroxydiphenoyl)glucose, with a molecular mass of 784.075 Da, as the discriminant 

feature responsible for the outstanding human neutrophil elastase inhibition. Upon structural 

elucidation, all indications suggest that the compound might be a mixture of configurational isomers 

of pedunculagin. The subfraction containing this compound exhibited excellent inhibitory activity 

compared to the crude extract. However, chemical synthesis efforts followed by biological activity 

confirmation would be necessary to confirm the compound's stereochemistry specific to its anti-ageing 

properties. 

This thesis has significantly enhanced the understanding of this unexplored species, creating new 

opportunities for exploration across various scientific domains. The host-parasite relationship can be 

more thoroughly investigated through metabolomic methodologies to confirm the presence of any 

shared secondary metabolites and explore the specific metabolic pathways of the parasite. Moreover, 

the thesis underscores the pivotal role of ellagitannins as anti-ageing compounds, particularly as 

neutrophil elastase inhibitors. This enzyme extends its impact to intricate conditions such as psoriasis, 

chronic lung diseases, cancer, and cystic fibrosis. Consequently, the chemical synthesis of 

ellagitannins-based compounds holds promise for developing novel and potent inhibitors in skin 

ageing and other health-related domains.
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Table S5.1. Optimal processing conditions that maximize the HAE and UAE extraction of tannins 

from C. hypocistis, model-predicted and experimental response values. 

 OPTIMAL HAE CONDITIONS  OPTIMUM RESPONSE 

 t (min) T (°C) S (ethanol %, v/v)  Model-predicted Experimental 

For each response variable    

Y1 27.3 45.5 0.0  67±1% (w/w) - 

Y2 104.0 51.3 65.9  36.4±0.9 mg/g E - 

Y3 79.0 83.0 69.9  39.5±0.9 mg/g E - 

Y4 62.5 48.7 83.7  76±1 mg/g E - 

Y5 57.8 60.0 95.9  30.9±0.8 mg/g E - 

Y6 89.9 50.7 96.1  40±1 mg/g E - 

Y7 29.3 44.1 82.5  27.3±0.6 mg/g E - 

Y8 70.8 48.0 85.4  16.6±0.6 mg/g E - 

Y9 65.7 52.1 98.8  245±3 mg/g E - 

Considering all response variables    

Y1 

95.1 46.4 74.3 

 53±1% (w/w) 54±1% (w/w)* 

Y2  29.5±0.7 mg/g E 11.4±0.5 mg/g E 

Y3  26.4±0.7 mg/g E 24±1 mg/g E* 

Y4  60±1 mg/g E 65±7 mg/g E* 

Y5  24.0±0.4 mg/g E 41±2 mg/g E 

Y6  29.5±0.9 mg/g E 24.5±0.6 mg/g E* 

Y7  19±0.4 mg/g E 27.4±0.6 mg/g E 

Y8  13.2±0.4 mg/g E 8.5±0.4 mg/g E 

Y9  203±3 mg/g E 200±4 mg/g E* 

 OPTIMAL UAE CONDITIONS  OPTIMUM RESPONSE 

 t (min) P (W) S (ethanol %, v/v)  Model-predicted Experimental 

For each response variable    

Y1  28.4 456.0 22.7  69±1% (w/w) - 

Y2 9.3 217.8 71.1  27.8±0.4 mg/g E - 

Y3 17.4 289.1 64.4  26.9±0.5 mg/g E - 

Y4 19.8 274.9 76.2  48.0±0.5 mg/g E - 

Y5 15.7 240.2 70.9  21.1±0.4 mg/g E - 

Y6 19.1 184.8 76.0  26.7±0.5 mg/g E - 

Y7 18.3 231.4 74.2  16.6±0.3 mg/g E - 

Y8 18.8 208.6 77.0  10.9±0.2 mg/g E - 

Y9 19.5 405.1 72.4  176±2 mg/g E - 

Considering all response variables    

Y1 

18.7 327.4 69.3 

 53±1% (w/w) 52±2% (w/w)* 

Y2  26.5±0.5 mg/g E 11.0±0.5 mg/g E 

Y3  24.9±0.8 mg/g E 21.8±0.4 mg/g E* 

Y4  46±1 mg/g E 60±3 mg/g E 

Y5  21.2±0.8 mg/g E 36±2 mg/g E 

Y6  23.5±0.6 mg/g E 17.1±0.8 mg/g E 

Y7  15.6±0.4 mg/g E 25±1 mg/g E 

Y8  9.9±0.3 mg/g E 8.2±0.4 mg/g E* 

Y9  173±2 mg/g E 178±8 mg/g E* 

Response variables: Y1: extraction yield (extract weight); Y2: tetragalloyl-glucoside II; Y3: tetragalloyl-

glucoside III; Y4: pentagalloyl-glucoside; Y5: galloyl-bis-HHDP-glucose II; Y6: digalloyl-bis-HHDP-

glucose II; Y7: trigalloyl-bis-HHDP-glucose I; Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total 

tannins. *Good agreement between experimental and model-predicted values. 
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S6.1. Crude extracts, fractions, and subfractions preparation 

Plant extraction was conducted as described in a previous publication [314] to maximise the following 

conditions: (C1) extraction yield (extract dry weight, %, w/w); (C2) mg of tannins (total) per g of 

extract; and (C3) optimum response considering conditions C1 and C2. Samples (1g) from the three 

years were mixed with a hydroethanolic solution (v/v) and extracted in an ice bath: (C1) 22.7% (v/v) 

for 28.4 minutes at 456.0 W.; (C2) 72.4% (v/v) for 19.5 minutes at 327.4 W; and (C3) 69.3% (v/v) for 

18.7 minutes at 327.4 W. All extracts were lyophilised and stored at room temperature before use. The 

dried extracts were redissolved in a 20% (v/v) hydroethanolic solution and centrifuged; the resulting 

supernatants were utilised for further experiments.  

Fractionation of the hydroethanolic extracts exhibiting the best (extracts C1, C2, and C3 from the 1st 

year) and worst (extract C3 from the 2nd year) anti-elastase activity was performed using an HP20 

reverse-phase column. Portions of the extracts (2 g) were loaded onto the top of the adsorbent bed (250 

g) in an open glass column (30 cm × 3 cm). The samples were eluted with a mobile phase (5500 mL) 

and collected in 500 mL fractions as follows: 100% dH2O; 90:10; 80:20; 70:30; 60:40; 50:50; 40:60; 

30:70; 20:80; 10:90; 100% EtOH, resulting in 11×500 mL for each extract. Each fraction was 

individually concentrated using a rotary evaporator and freeze-dried using an Epsilon 2-4 LSCplus 

freeze dryer. The dried powder was dissolved in a 20% (v/v) hydroethanolic solution at a final 

concentration of 1 mg/mL, centrifuged, and the resulting supernatant was utilised for further 

experiments.  

Fraction 19 (year 1; extraction condition C2), collected at 50:50 dH2O:EtOH, was chosen for further 

purification using medium-pressure liquid chromatography (MPLC). A portion of Fraction 19 (100 

mg) was reconstituted in 2 mL of 20% MeOH and centrifuged. The supernatant was packed into an 

empty dry loader cartridge (Alltech, Carnforth, UK) to be transferred to a Grace Davison Reveleris® 

flash chromatography system (Alltech, Carnforth, UK) equipped with a dual-UV wavelength detector 

that was set at 254 and 280nm, an ELSD, and an automatic fraction collector. The flow rate was set at 

12mL/min in isocratic conditions with 75:15 HCOOH:MeOH for 5 min, then increasing to 100% 
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MeOH over 50 min and holding for 5 min. This process yielded subfractions F19.1 (9 mg) and F19.9 

(45 mg); F19.1 was obtained as a fine dark powder, while F19.9 was a fine yellow powder.  

S6.2. Cell lines and culture conditions  

Human foreskin fibroblasts (HFF-1; SCRC-1041) and mouse embryonic fibroblasts (BALB/3T3 clone 

A31; CCL-163) were purchased from ATCC (Manassas, VA, USA). The human immortalised non-

tumorigenic keratinocyte cell line (HaCaT; number: 300493) was acquired from CLS Cell Lines 

Service (Germany). HFF-1, BALB/3T3, and HaCaT cell lines were grown in Dulbecco’s modified 

Eagle’s medium (DMEM; ATCC; 30-2002) supplemented with 10% calf bovine serum iron-fortified 

(ATCC-30-2030), 2mM L-glutamine (ATCC-30-2214), and a Penicillin-Streptomycin-Amphotericin 

B solution (100 U/mL penicillin and 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B; 

(ATCC-PCS-999-002). All cells were maintained in T75 flasks (5% CO2; 37 °C) and routinely 

passaged at 80–90% confluence using trypsin (Gibco; 25200-056). Cells were passaged every three 

days with a maximal passage number of 27. Cell viability was assessed using the trypan blue dye 

(Gibco; 15250061) exclusion assay. 
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Table S6.1. Cytotoxic, phototoxic, antioxidant, and enzyme inhibitory properties of C. hypocistis optimum extracts. 

 Year 1 Year 2 Year 3 

 C1 C2 C3 C1 C2 C3 C1 C2 C3 

 Cytotoxic activity (IC50, µg/mL) 

HaCaT 265.8 ± 8.3 250.1 ± 4.9 317.2 ± 11.5 317 ± 8 306.2 ± 9.6 309.4 ± 11.9 332 ± 12 322.8 ± 13.2 289.4 ± 11.8 

HFF-1 >400 >400 >400 >400 337.3 ± 17.2 >400 282 ± 5 242.4 ± 7.5 258.1 ± 10.6 

BALB/3T3 3T3 Neutral Red Uptake (NRU) phototoxicity activity 

PIF 1.0 1.5 1.0 1.4 1.0 0.8 1.7 1.6 1.4 

MPE 0.04 0.13 0.11 0.01 0.03 0.05 -0.08 0.10 0.01 

 Cellular antioxidant activity (IC50, µg/mL) 

HaCaT 43.5 ± 4.3 29.0 ± 2.8 20.8 ± 1.2 30.9 ± 2.3 32.7 ± 4.0 33.3 ± 5.7 46.7 ± 3.6 21.8 ± 1.5 21.5 ± 1.3 

HFF-1 53.5 ± 4.1 28.2 ± 4.9 38.5 ± 3.7 36.1 ± 5.8 25.7 ± 3.7 23.9 ± 2.8 33.2 ± 3.5 23.7 ± 3.0 22.8 ± 4.4 

Bacterial collagenase 
Anti-collagenase activity (IC50, µg/mL) 

48.2 ± 3.7 28.7 ± 2.9 33.7 ± 4.2 18.4 ± 2.6 12.4 ± 1.5 11.1 ± 0.6 29.5 ± 2.0 13.0 ± 0.7 10.5 ± 0.6 

Human elastase 
Anti-elastase activity (IC50, µg/mL) 

13.2 ± 2.4 16.5 ± 1.0 21.6 ± 1.0 128.2 ± 3.5 119.7 ± 2.3 128.2 ± 6.8 102.8 ± 4.6 74.3 ± 3.5 109.1 ± 4.7 

Human tyrosinase 
Anti-tyrosinase activity (IC50, µg/mL) 

11.4 ± 0.1 33.3 ± 0.1 10.2 ± 0.1 15.9 ± 0.1 42.7 ± 0.1 19.6 ± 0.1 36.0 ± 0.1 26.4 ± 0.1 22.8 ± 0.1 
 

HaCaT: human immortalised non-tumorigenic keratinocytes; HFF-1: human foreskin fibroblasts; BALB/3T3: mouse embryonic fibroblasts; Extraction 

conditions - C1: 22.7% (v/v) for 28.4 minutes at 456.0 W; C2: 72.4% (v/v) for 19.5 minutes at 327.4 W C3: 69.3% (v/v) for 18.7 minutes at 327.4 W; PIF: 

photo irritation factor; MPE: mean photo effect; Non-phototoxicity (PIF < 2 or MPE < 0.1); Equivocal phototoxicity (2 < PIF < 5 or 0.1 < MPE < 0.15); 

Phototoxicity (PIF > 5 or MPE > 0.15). Except for the phototoxic activity presented in terms of PIF and MPE values, the remaining results are shown as 

IC50 mean ± SD. 
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Table S6.2. Elastase inhibition (%) for the forty-four fractions obtained after fractionation. 

Fractions % Inhibition SD 

1 83,47 1,01 

2 86,58 0,79 

3 87,69 0,42 

4 94,86 0,17 

5 96,43 0,49 

6 97,36 0,03 

7 96,66 0,35 

8 91,26 0,13 

9 89,80 0,32 

10 89,58 0,42 

11 82,36 0,94 

14 91,02 0,26 

15 90,72 0,07 

16 92,58 0,26 

17 92,51 0,29 

18 96,40 0,26 

19 97,05 0,19 

20 97,26 0,34 

21 95,05 0,66 

22 85,98 0,44 

23 89,84 0,19 

24 85,39 0,28 

25 90,23 0,20 

26 90,92 0,07 

27 91,90 0,28 

28 92,08 0,42 

29 95,70 0,36 

30 97,03 0,04 

31 96,31 0,24 

32 95,45 0,11 

33 95,26 0,57 

34 90,22 0,13 

35 84,00 0,49 

60 90,32 0,55 

61 89,77 0,11 

62 89,34 0,24 

63 87,50 0,28 

64 87,73 0,98 

65 92,00 0,30 

66 92,23 0,18 

67 88,68 0,26 

68 90,53 0,15 

69 88,73 0,11 

70 86,76 2,87 

Fractions in grey: Fractions with elastase inhibition superior to 96%. 

 




