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“We choose to go to the Moon in this decade and do the other 

things, not because they are easy, but because they are hard; because 

that goal will serve to organize and measure the best of our energies 

and skills, because that challenge is one that we are willing to accept, 

one we are unwilling to postpone, and one we intend to win, and the 

others, too.” 

 

 

From "We choose to go to the Moon", John F. Kennedy, September 12, 1962 
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Summary 

Autoimmunity is a pathological chronic inflammatory state that arises when the immune 

system mistakenly targets healthy cells and tissues in the human body. Clinically, there are 

more than 80 types of autoimmune diseases described, including well-known conditions 

like psoriasis, rheumatoid arthritis, type I diabetes, multiple sclerosis, and Crohn’s disease. 

The incidence of autoimmune diseases in the human population is around 5−10% and 

continues to rise. Although current treatment options with immunosuppressant drugs like 

cyclosporine or biologic agents have shown excellent efficacy, they are often associated 

with unwanted side effects such as increased susceptibility to infections and malignancies, 

drug-drug interactions, cytokine release syndrome, hypersensitivity reactions, or anti-drug 

antibodies. Additionally, current drugs often lose efficacy over time, which leads to non-

responsiveness, or to a lack of long-lasting relief of symptoms. Finally, the treatment of 

autoimmune diseases is very expensive and generates high treatment costs. Thus, there is 

a need for continued research into new therapies. 

In the pathogenesis of chronic inflammation and autoimmune diseases enhanced 

activation and proliferation of T cells plays a crucial role. To address this issue, targeted 

therapies that specifically enhance inhibitory pathways in T cells are an attractive approach 

to treat human autoimmune diseases. Thus, the first aim of this study was to discover 

novel immune-modulating substances from plant extracts that specifically inhibit human 

T cell activation and proliferation. To achieve this goal, an in-house library of 600 extracts 

from plants endemic to Panama was screened for potential T cell inhibition. As one of 

the hits, an ethyl acetate extract from the aerial parts of Hyptis brachiata Briq. (Lamiaceae) 

was found to have strong inhibitory effects on T cell activation and proliferation. Seven 

aryltetralin lignans, five arylnaphthalene lignans, two flavonoids, three triterpenes, and 

cinnamyl cinnamate were isolated using an HPLC-based activity profiling approach. The 

aryltetralin lignans inhibited T cell proliferation in a concentration-dependent manner 

without inducing apoptosis. Additionally, the ethyl acetate extract and isolated triterpenes 

weakly lowered the secretion of inflammatory cytokines like IL-2 and TNF-α by activated 

T cells. The suppressive effects on activated T cells could be attributed to a synergistic 

interplay between the aryltetralin lignans and triterpenes. These findings suggest that the 
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extract from Hyptis brachiata could be further investigated as a potential treatment for 

T cell-mediated inflammatory and autoimmune diseases. The findings of this study have 

been published in Biomedicine & Pharmacotherapy, 160 in 2023. 

Another aspect of this work aimed to explore the potential use of saffron corms (Crocus 

sativus L., Iridaceae) that arise as a waste product from saffron cultivation. A 70% ethanol 

extract of the corms and a sugar-depleted methanol fraction of the extract have been 

found to inhibit the TNF-α/IFN-γ-induced gene expression and secretion of the 

chemokines IL-8, MCP-1, and RANTES in human HaCaT keratinocytes. The effects 

were in part stronger than those of the positive control hydrocortisone. These 

chemokines are responsible for monocyte and T cell attraction, as well as for keratinocyte 

proliferation, making them critical in wound healing and in the development of 

inflammatory skin diseases like psoriasis and atopic dermatitis. A series of unusual 

bidesmosidic glycosides of echinocystic acid, which bear a 3,16-dihydroxy-10-oxo-

hexadecanoic acid residue attached to the glycosidic moiety at C-28, were isolated using 

centrifugal partition chromatography and different C18 and HILIC HPLC stationary 

phases. Two previously reported compounds, azafrines 1 and 2, and eight new 

congeners named as azafrines 3−10 were identified. Saffron saponins significantly 

inhibited TNF-α/IFN-γ-induced secretion of RANTES in human HaCaT cells at 1 μM 

(p < 0.001). In vitro data suggest that saffron saponins possess anti-inflammatory 

properties by affecting the expression and secretion of chemotactic cytokines, and could 

therefore potentially be used as topical agents for treating inflammatory skin diseases. 

These results have been published in the Journal of Natural Products, 84, 2021. 

The treatment of wounds is an increasingly important challenge, particularly in the case 

of chronic wounds associated with complex pathophysiology that may arise from 

autoimmune diseases such as psoriasis or type I diabetes. These wounds reduce the quality 

of life of many patients and current wound healing therapies are only partially effective. 

The lack of effective treatments for non-healing chronic wounds has become a growing 

clinical concern, and ongoing research is focused on obtaining more effective options to 

reduce treatment costs, provide long-term relief, and facilitate effective scar healing. 
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Historically, medicinal plants have been successfully used in wound treatment, and today 

they remain widely applied. Plant-based products have gained increasing interest as cost-

efficient treatment options for wounds, as they represent mixtures of various 

phytochemicals that could act beneficially in a synergistic manner during the complex 

wound healing process. In this context, the last project described in this work investigated 

the wound healing properties of Teucrium polium subsp. capitatum (L.) Arcang (syn. Teucrium 

capitatum L.; Lamiaceae), a plant traditionally used in Algeria as a decoction or ointment 

to treat hypertension, diabetes, and wounds. Initially, a wound excision model in rabbits 

confirmed beneficial wound healing effects of a methanol extract from the aerial parts of 

T. polium. An ointment prepared from the T. polium extract demonstrated significant 

wound healing properties, superior to those of the reference drug Cicatryl-Bio containing 

allantoin as the active ingredient. A comprehensive analysis by HPLC-PDA-ESIMS led 

to the isolation and identification of 12 flavonoids and two phenylethanoid glycosides as 

the main constituents of the extract. Further investigation led to the isolation of six 

acetoxylated neo-clerodane diterpenes, including 20-acetylauropolin and 6-

acetylteucjaponin A, along with four previously undescribed congeners. Some of the 

isolated diterpenes possess unusual structural features in the class of neo-clerodane 

diterpenes, such as a rare C-20 acetal function that forms an oxepane ring to C-7 of the 

trans-decalin core structure. The beneficial wound healing effect of T. polium is thought to 

be due to the combined effects of its polyphenolic constituents. Overall, the data support 

the use of T. polium as a wound healing agent in Algerian traditional medicine. The results 

have been published in the South African Journal of Botany, 137, 2021, and the Journal of 

Molecular Structure, 1284, 2023. 

In conclusion, various approaches have been employed to investigate plant extracts and 

their secondary metabolites in the context of T cell-mediated autoimmunity, inflammatory 

skin diseases, such as psoriasis and atopic dermatitis, and wound healing. These diseases 

are challenging to treat due to their complex pathophysiology, involving numerous 

mechanisms and targets. However, plants, with their complex mixtures of phytochemical 

substances, can exert their effects on various targets, offering a potential advantage in 

treating multifactorial diseases. Complementary modes of action from structurally diverse 
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substance classes may act synergistically on different target cell types or proteins, 

contributing to improved clinical outcomes. Therefore, preparations containing various 

phytochemical substances from plant extracts may have the potential as alternative 

treatment options for these complex disorders. This work provides insights into how 

extracts and pure substances from H. brachiata, C. sativus, and T. polium may exert beneficial 

effects in the treatment of multifactorial conditions such as T cell-mediated 

autoimmunity, inflammatory skin diseases, and wound healing. 

 



Zusammenfassung 

Autoimmunität ist ein pathologisch chronischer Entzündungszustand, der entsteht, wenn 

das Immunsystem fälschlicherweise gesunde Zellen und Gewebe im menschlichen 

Körper angreift. Klinisch gesehen gibt es über 80 Arten von Autoimmunerkrankungen, 

darunter bekannte Erkrankungen wie Psoriasis, rheumatoider Arthritis, Typ I Diabetes, 

Multiple Sklerose und Morbus Crohn. Die Inzidenz von Autoimmunerkrankungen in der 

Bevölkerung beträgt etwa 5−10% und steigt weiter an. Obwohl aktuelle 

Behandlungsmöglichkeiten mit Immunsuppressiva wie Cyclosporin oder 

Biopharmazeutika eine hervorragende klinische Wirksamkeit zeigen, sind sie oft mit 

unerwünschten Nebenwirkungen wie z. B. erhöhte Anfälligkeit für Infektionen und 

Malignitäten, Arzneimittelwechselwirkungen, Zytokin-Freisetzungssyndrom, 

Überempflindlichkeitsreaktionen oder der Bildung von Antikörpern gegen verabreichte 

Medikamente verbunden. Darüber hinaus verlieren aktuelle Medikamente oft im Laufe 

der Zeit ihre Wirksamkeit, was zu Nichtansprechen oder zu einem Verlust an 

langanhaltender Symptomlinderung führt. Ausserdem ist die Behandlung von 

Autoimmunerkrankungen sehr kostspielig und generiert hohe Behandlungskosten. Daher 

besteht ein Bedarf an weiterführender Erforschung neuer Therapien. 

In der Pathogenese von chronischen Entzündungen und Autoimmunerkrankungen spielt 

eine verstärkte Aktivierung und Proliferation von T-Zellen eine entscheidende Rolle. Um 

dieses Problem anzugehen, sind gezielte Therapien, die spezifisch hemmende Signalwege 

in T-Zellen verstärken, ein attraktiver Ansatz zur Behandlung menschlicher 

Autoimmunerkrankungen. Das erste Ziel dieser Arbeit war es, neuartige 

immunmodulatorische Substanzen aus Pflanzenextrakten zu finden, die spezifisch die 

Aktivierung und Proliferation von humanen T-Zellen hemmen. Um dieses Ziel zu 

erreichen, wurde eine interne Bibliothek bestehend aus 600 Extrakten von in Panama 

endemischen Pflanzen auf potenzielle T-Zell-Hemmung untersucht. Als einer der Treffer 

wurde ein Ethylacetat-Extrakt aus den oberirdischen Teilen von Hyptis brachiata Briq. 

(Lamiaceae) gefunden, der eine stark hemmende Wirkung auf die T-Zell Aktivierung und 

Proliferation aufwies. Durch einen HPLC-basierten Aktivitätsprofiling-Ansatz wurden 

sieben Aryltetralin-Lignane, fünf Arylnaphthalin-Lignane, zwei Flavonoide, drei 
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Triterpene und Cinnamyl-Cinnamat isoliert. Die Aryltetralin-Lignane hemmten die T-Zell 

Proliferation konzentrationsabhängig, ohne Apoptose auszulösen. Darüber hinaus 

senkten der Ethylacetat-Extrakt und isolierte Triterpene schwach die Sekretion von 

entzündlichen Zytokinen wie IL-2 und TNF-α durch aktivierte T-Zellen. Die hemmenden 

Effekte auf aktivierten T-Zellen konnten auf ein synergistisches Zusammenspiel zwischen 

den Aryltetralin-Lignanen und Triterpenen zugeschrieben werden. Diese Ergebnisse 

legen nahe, dass der Extrakt aus Hyptis brachiata als potenzielle Behandlungsmöglichkeit 

für T-Zell-vermittelte entzündliche Autoimmunerkrankungen weiter untersucht werden 

könnte. Die Ergebnisse dieser Studie wurden 2023 in Biomedicine & Pharmacotherapy, 160 

veröffentlicht. 

Ein weiterer Aspekt dieser Arbeit hatte zum Ziel, das Potenzial der Safranknollen 

(Crocus sativus L., Iridaceae) zu untersuchen, die als Abfallprodukt aus dem Safrananbau 

entstehen. Es wurde festgestellt, dass ein 70%-iger Ethanolextrakt der Knollen und eine 

zuckerfreie Methanolfraktion dieses Extraktes die TNF-α/IFN-γ-induzierte 

Genexpression und Sekretion der Chemokine IL-8, MCP-1 und RANTES in 

menschlichen HaCaT-Keratinozyten hemmten. Die Wirkungen waren teilweise stärker 

als die der Positivkontrolle Hydrocortison. Diese Chemokine sind für die Anlockung von 

Monozyten und T-Zellen, sowie für die Proliferation von Keratinozyten verantwortlich 

und spielen daher bei der Wundheilung, als auch bei der Entstehung entzündlicher 

Hauterkrankungen wie Psoriasis und Atopischer Dermatitis eine entscheidende Rolle. 

Mithilfe der Zentrifugalpartitions-Chromatographie und verschiedener stationären C18- 

und HILIC-HPLC-Phasen wurden eine Reihe ungewöhnlicher bidesmosidischer 

Glykoside der Echinocystinsäure isoliert, die an der glykosidischen Einheit an C-28 einen 

3,16-Dihydroxy-10-oxo-Hexadecansäurerest tragen. Es wurden zwei bereits bekannte 

Verbindungen namens Azafrin 1 und 2, sowie acht neue Verbindungen, die als Azafrin 

3−10 bezeichnet wurden, identifiziert. Safran Saponine hemmten die TNF-α/IFN-γ-

induzierte Sekretion von RANTES in menschlichen HaCaT-Zellen signifikant bei 1 μM 

(p < 0.001). Die in vitro Daten deuten darauf hin, dass Safran Saponine 

entzündungshemmende Eigenschaften besitzen, indem sie die Expression und Sekretion 

chemotaktischer Zytokine beeinflussen. Daher könnten sie möglicherweise als topische 
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Behandlung für entzündliche Hauterkrankungen verwendet werden. Diese Ergebnisse 

wurden im Journal of Natural Products, 84, 2021 publiziert. 

Die Behandlung von Wunden stellt eine zunehmend wichtige Herausforderung dar, 

insbesondere im Falle von chronischen Wunden, die mit komplexer Pathophysiologie 

assoziiert sind und durch Autoimmunerkrankungen wie Psoriasis oder Typ I Diabetes 

verursacht werden können. Diese Wunden beeinträchtigen die Lebensqualität vieler 

Patienten und die derzeitigen Therapien zur Wundheilung sind nur teilweise wirksam. Der 

Mangel an effektiven Behandlungen für nicht-heilende chronische Wunden ist zu einem 

wachsenden Anliegen in der Klinik geworden und laufende Forschungen zielen darauf 

ab, effektivere Behandlungsmöglichkeiten zu finden, um Behandlungskosten zu 

reduzieren, langfristige Linderung zu bieten und eine effektive Narbenheilung zu 

erleichtern. 

Historisch betrachtet wurden viele Heilpflanzen erfolgreich zur Wundbehandlung 

eingesetzt und auch heute finden sie dafür noch breite Anwendung. Pflanzenbasierte 

Produkte haben zunehmendes Interesse als kosteneffiziente Alternative zur 

Wundbehandlung gewonnen, da sie Mischungen verschiedener Phytochemikalien 

darstellen, die während des komplexen Wundheilungsprozesses auf synergistische Weise 

vorteilhaft wirken können. In diesem Zusammenhang untersuchte das letzte Projekt, das 

in dieser Arbeit beschrieben wird, die Wundheilungseigenschaften von Teucrium polium 

subsp. capitatum (L.) Arcang (syn. Teucrium capitatum L.; Lamiaceae), einer Pflanze, die in 

Algerien traditionell als Aufguss oder Salbe zur Behandlung von Bluthochdruck, Diabetes 

und Wunden verwendet wird. Zunächst wurde ein Wundexzisionsmodell an Kaninchen 

durchgeführt, das vorteilhafte Wundheilungseffekte eines Methanolextraktes bestätigte, 

welches aus den oberirdischen Pflanzenteilen von T. polium hergestellt wurde. Eine aus 

dem T. polium Extrakt hergestellte Salbe zeigte Wundheilungseigenschaften, die denen des 

Referenzmedikaments Cicatryl-Bio, das Allantoin als Wirkstoff enthält, überlegen waren. 

Eine umfassende Analyse durch HPLC-PDA-ESIMS führte zur Isolierung und 

Identifizierung von 12 Flavonoiden und zwei Phenylethanoidglykosiden als 

Hauptbestandteile des Extrakts. Weitere Untersuchungen führten zur Isolierung von 

sechs acetoxylierten Neo-Clerodan Diterpenen, einschliesslich 20-Acetylauropolin und 6-
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Acetylteucjaponin A, sowie vier zuvor unbeschriebenen Kongenern. Einige der isolierten 

Diterpene weisen ungewöhnliche strukturelle Merkmale in der Klasse der Neo-Clerodan 

Diterpene auf, wie beispielsweise eine seltene C-20 Acetal-Funktion, die einen Oxepan-

Ring zum C-7 des trans-Decalin Grundgerüstes bildet. Die vorteilhafte 

Wundheilungswirkung von T. polium wird vermutlich auf die synergistischen Effekte 

seiner polyphenolischen Bestandteile zurückzuführen sein. Insgesamt unterstützen die 

Daten die Verwendung von T. polium als Wundheilmittel in der algerischen traditionellen 

Medizin. Die Ergebnisse wurden im South African Journal of Botany, 137, 2021, und im 

Journal of Molecular Structure, 1284, 2023, veröffentlicht. 

Zusammenfassend wurden verschiedene Ansätze angewandt, um Pflanzenextrakte und 

ihre Sekundärenmetabolite im Kontext T-Zell-vermittelter Autoimmunität, in 

entzündlichen Hauterkrankungen wie Psoriasis und Atopischer Dermatitis, sowie der 

Wundheilung zu untersuchen. Diese Erkrankungen sind aufgrund ihrer komplexen 

Pathophysiologie, die zahlreiche Mechanismen und Zielstrukturen umfasst, schwierig zu 

behandeln. Pflanzen können jedoch aufgrund ihrer komplexen phytochemischen 

Zusammensetzung auf verschiedene Zielstrukturen einwirken und somit einen möglichen 

Vorteil bei der Behandlung multifaktorieller Erkrankungen bieten. Ergänzende 

Wirkeffekte durch strukturell unterschiedliche Substanzklassen können synergistisch auf 

verschiedene Zielzellen oder Proteine wirken, und so zu einer verbesserten klinischen 

Wirksamkeit beitragen. Daher könnten pflanzliche Zubereitungen, die aus verschiedenen 

Phytochemikalien bestehen, als alternative Behandlungsmethode für solch komplexe 

Erkrankungen in Frage kommen. Diese Arbeit gibt Einblicke darüber, wie Extrakte und 

isolierte Reinsubstanzen von H. brachiata, C. sativus und T. polium in der Behandlung 

multifaktorieller Erkrankungen wie T-Zell-vermittelter Autoimmunität, entzündlichen 

Hauterkrankungen und Wundheilung vorteilhafte Wirkungen entfalten können. 
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1.1 The Immune System 

Immunology is the study of the physiological mechanisms that mammals use to 

defend their bodies from invasion by other organisms. In response to an infection, 

the human body develops and produces tissues, cells, and molecules, which form 

together the immune system that serves as a defense against infectious agents. Thus, 

the immune system is crucial to protect the human body from invading pathogens 

and ensures human survival. In the absence of a working immune system, as it is 

the case in immune deficiencies, even minor infections take hold and can be fatal. 

The effective protection of the human body against invading microorganisms relies 

on the intricate and coordinated interaction among cells and tissues of the immune 

system. 

On the other hand, the immune system can also contribute to tissue damage and 

the development of diseases. This can occur in conditions where immune responses 

inadvertently target harmless environmental substances, like in allergies, or when 

the immune system mistakenly attacks the body's own tissues and cells, as seen in 

autoimmune disorders. The classical definition of immunity is therefore protection 

against infectious pathogens, but in a broader sense it includes also host reactions 

against cancers (tumor immunity), tissue transplants (transplant rejection), and self-

antigens (autoimmunity).  

The mechanisms of immunity are broadly distinguished by innate immunity and 

adaptive immunity. Innate immunity, alternatively referred to as native immunity, 

is characterized by immediate immune responses triggered by an infection, serving 

as the body's initial defense mechanism. It involves the activation of cells and 

molecules that recognize pathogens and dead cells, leading to a rapid and protective 

response by the host. Adaptive immunity, also known as acquired immunity, 

includes mechanisms stimulated by invading microbes that are more slowly 

compared to those of innate immunity, but are more powerful in combating 

infections. 
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1.2 The Normal Immune Response 

1.2.1 Innate Immunity and Inflammation 

In confronting the microbial universe, the human body has developed several types 

of defense mechanisms to fight against pathogens. The first line of defense is 

mediated by innate immunity, which is always ready to provide immediate defense 

against microbes and to eliminate damaged cells within a few days. Innate immunity 

mainly comprises epithelial barriers that block the entry of microbes, a variety of 

plasma proteins, and different phagocytic and granulating cells. 

The overall effect of innate immunity is to induce a state of inflammation in the 

infected tissue. Inflammation is a response of vascularized tissues that delivers 

circulating leukocytes and molecules of host defense from the circulation to the 

sites of infection and cell damage aiming to eliminate the offending agents. Thus, 

inflammation is a crucial response that plays a vital role in ensuring human survival. 

Without inflammation, infections would not be effectively controlled, wounds 

would fail to heal, and damaged tissues could persist as chronic and unhealed sores. 

An ancient concept of inflammation is calor, rubor, tumor, dolor, and functio laesa: The 

Latin words for heat, redness (erythema), swelling (edema), pain, and disturbed 

function. Protective inflammatory reactions to infections during innate immunity 

are accompanied by vascular dilation of nearby blood capillaries, which results in 

higher blood volumes with slowly moving red blood cells that cause the inflamed 

tissue to warm and redden. Vasodilation increases the permeability of endothelium 

which causes the leakage of blood plasma resulting in the accumulation of fluid in 

the tissue. This exudation process causes swelling of the tissue, resulting in edema, 

which increases the pressure on tissue and nerves that finally generates pain. 

Furthermore, when tissue is injured, leukocytes leave the bloodstream and migrate 

to the affected site, where they eliminate the harmful pathogen and release 

molecules such as cytokines and proteases that can induce inflammation and tissue 

damage. As a consequence, this process often leads to local pain and potential 

impairment of the normal tissue function. Normally, these harmful effects remain 
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localized and resolve within a few days as the inflammation diminishes, causing little 

or no lasting damage. 

Nevertheless, there are numerous diseases in which the inflammatory response 

becomes misdirected, such as targeting the body's own tissues in autoimmune 

diseases, or inappropriately reacting to typically harmless environmental substances 

in allergies. In these cases, the typically beneficial inflammatory response becomes 

the primary contributor to the disease, and the resulting damage develops disease 

specific characteristic. Inflammatory reactions play a fundamental role in various 

chronic conditions like rheumatoid arthritis, psoriasis, and lung fibrosis, as well as 

in severe hypersensitivity reactions triggered by insect bites, foods, drugs, and 

toxins, which can pose life-threatening risks. 

1.2.2 Mechanisms of Innate Immunity 

The first type of protection of the innate immunity is the so-called immediate 

defense, which comprises physical and chemical barriers like the skin and mucosal 

epithelia with their commensal microorganisms. These barriers prevent most 

pathogens from gaining access to the cells and tissues and directly face them with 

soluble antimicrobial peptides, called defensins, that effectively destroy pathogens. 

On the other hand, actions such as touching, rubbing, and scratching the eyes, nose, 

and mouth can facilitate the entry of pathogens through mucosal surfaces. Similarly, 

inhaling polluted air, consuming contaminated food, and being in close proximity 

to infected individuals can also serve as pathways for pathogens to enter the body. 

Additionally, wounds create direct openings in the skin that can allow pathogens to 

penetrate. 

If pathogens can invade the soft tissues further defense mechanisms of the innate 

immunity get activated that are summarized as the induced innate immune 

response. Induced innate immune response comprises a series of sequential steps 

to develop a state inflammation that is needed to get rid of the pathogen. These 

steps include pathogen recognition, recruitment of effector immune cells, 

destruction of the pathogen, and finally repair of damaged tissues to restore normal 
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tissue function. All these processes are regulated by a variety of soluble plasma 

proteins and different immune cells. 

The initial step of the induced innate immune response is recognition, during which 

plasma proteins such as mannose-binding lectin, C-reactive protein, and the various 

proteins of the complement system function as opsonins. These opsonins attach to 

the surface structures of pathogens to aid in their identification. Opsonization 

marks invaders for effector immune cells as agents to kill and attracts further 

effector cells into the invaded tissue. The effector cells of the immune system are 

the white blood cells, called leukocytes. Beside plasma proteins also leukocytes of 

the innate immunity are involved in pathogen recognition. These cells include 

mainly tissue-resident sentinel cells like macrophages that are equipped with 

receptors that recognize microbial products and substances released from damaged 

cells. After sensing foreign substances, they produce and emit mediators of 

inflammation, which then trigger subsequent steps of innate immunity and 

inflammation. 

Macrophages are long-lived leukocytes that are resident in every tissue and are 

among the first cells that respond to any pathogen that invades the human body. 

Tissue-resident macrophages include the Langerhans cells in the skin, the Kupffer 

cells in the liver, the microglia in the brain, the histiocytes in spleen and lymph 

nodes, or the alveolar macrophages in the lungs. In infected tissues the resident 

macrophages orchestrate the induced innate immune response to infection by 

directly killing pathogens by phagocytosis and by recruiting other immune cells 

through secretion of inflammatory cytokines. Macrophages and other leukocytes of 

the innate immune system possess a wide range of cell surface, endosomal, and 

cytoplasmic receptors. These receptors recognize specific chemical characteristics 

found in macromolecules such as carbohydrates, lipids, peptides, proteins, and 

nucleic acids derived from pathogens, as well as from damaged or deceased human 

cells. Since these receptors recognize structural features that are common to many 

different types of pathogens, they are called pattern recognition receptors (PRRs) 

including Toll-like, NOD-like, or mannose receptors. 
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Once a pathogenic agent has been captured by such surface receptors of a resident 

macrophage, the next step of the induced innate immunity is initiated, namely the 

step of pathogen removal. The captured pathogen is internalized and killed by an 

acidic environment and enzymatic degradation, a process called phagocytosis. 

Phagocytosis by tissue-resident macrophages stops most incursions at an early stage 

before the aspiring pathogen can proliferate and disrupt tissue. If the tissue-resident 

macrophages fail to eliminate the invading microorganism, recruitment steps are 

initiated by emission of alarm signals that attract other effector cells of the immune 

system to the infected tissue helping to eliminate the pathogen. These alarm signals 

are messenger proteins called cytokines. In this case, the cytokines are called 

inflammatory or pro-inflammatory cytokines, because they will induce a state of 

inflammation throughout the infected tissue. 

Binding of pathogens by PRRs stimulates resident macrophages to synthesize and 

secrete inflammatory cytokines that alter the permeability of local blood vessels and 

actively recruit other leukocytes of innate immunity from the blood circulation to 

the infected tissue including neutrophils, monocytes, and natural killer (NK) cells. 

One of these cytokines is interleukin-1β (IL-1β), known as the master mediator of 

inflammation, since it activates different cells throughout the infected tissue, 

attracts leukocytes from blood circulation, and induces fever. The immediate effect 

of IL-1β is to activate further tissue-resident macrophages, which improves the 

speed and efficiency of phagocytosis, and hence the elimination of the pathogen. 

The second effect is triggering macrophages to secrete additional inflammatory 

cytokines including CC-chemokine ligand 2 (CCL2), CXC-motif chemokine 

ligand 8 (CXCL8), tumor necrosis factor-alpha (TNF-α), IL-6, and IL-12 that 

recruit further effector leukocytes and plasma proteins to the infected tissue, where 

they work together to create a state of inflammation at the site of infection (Fig. 1). 
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Fig. 1. Tissue resident macrophages respond to the presence of infection and IL-1β by generating and releasing 

inflammatory cytokines. Among these cytokines, TNF-α, IL-6, CXCL8, CCL2, and IL-12 play essential roles 

and are produced by macrophages following the release of IL-1β. The cytokines recruit effector cells and plasma 

proteins to the infected tissue, where they contribute to the development of a state of inflammation. Adapted 

from1; Created with BioRender.com. 

Under healthy conditions, leukocytes normally cannot leave the blood circulation 

and enter the tissue. However, the presence of IL-1β, followed by TNF-α, induces 

local blood vessel to dilate and become more permeable which decreases the blood 

flow, allowing fluid and cells to leave the blood and enter the tissue. Furthermore, 

TNF-α induces endothelial cells to express surface adhesion molecules, that support 

leukocytes to cross the endothelium to reach the infected tissue. CCL2  and CXCL8 

(also known as IL-8) are chemoattractant cytokines, called chemokines, which 

attract effector cells by chemotaxis from the blood circulation into the infected 

tissue. Guided by the chemokine CXCL8 neutrophils get recruited from the blood 

to sites of infection. 

Neutrophils are the first population of effector cells recruited to an infected tissue 

(during the first 6 to 24 hours) where they become the dominant leukocyte. The 

arrival of neutrophils is the start of the inflammatory response. Similar to tissue-

resident macrophages, neutrophils possess various PRRs which detect extracellular 

microbial components. Upon binding to these components, the neutrophils 

proceed to phagocytose and destroy the microorganisms. Neutrophils are short-

lived leukocytes and die directly after phagocytosing microorganisms by apoptosis, 
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thereby forming the creamy pus at infected wounds and other sites of infection. 

The remains of dead neutrophils are removed by phagocytosis through 

macrophages.  

After 24 to 48 hours neutrophils are replaced by monocytes. The chemokine CCL2, 

also known as monocyte chemotactic protein 1 (MCP-1), recruits monocytes from 

the blood to the site of infection. Upon entering the inflamed tissue, monocytes 

promptly undergo proliferation to increase their population and differentiate into 

macrophages. These newly formed macrophages exhibit functions and phenotype 

that are nearly identical to those of tissue-resident macrophages, thereby providing 

additional support in the phagocytosis of pathogens. Beside the neutrophils, the 

macrophages are the dominant cells in the development of inflammation. 

Phagocytic cells that engulf and kill microorganisms are the principal means by 

which the immune system destroys invading pathogens. 

Further effector cells of the innate immune system are granulocytes like eosinophils, 

basophils, and mast cells. Granulocytes contain cytoplasmic granules filled with 

reactive biochemical molecules that kill microorganisms and enhance inflammation. 

They play a significant role in allergic reactions and in protecting the body against 

parasites like helminth worms. To accomplish this, they release granules that 

contain various chemical mediators capable to induce inflammation and spasms of 

smooth muscles, which can effectively expel parasites from the respiratory and 

gastrointestinal tract. Degranulation of granulocytes releases histamine, 

prostaglandins, and other vasoactive substances that cause dilation of blood vessels, 

and increase vascular permeability, which facilitates the exit of plasma proteins and 

immune cells from the blood and their passage to sites of infection in the tissues.  

During the induced innate immune response, beside leukocytes also lymphocytes 

are involved, so-called innate lymphoid cells (ILCs). One type of ILCs are the helper 

innate lymphoid cells which are tissue-resident lymphocytes. They can be activated 

directly by a pathogen or by cytokines. Upon activation, they release additional 

inflammatory cytokines, which aid in the activation of other innate immune cells, 
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like macrophages and granulocytes, during the initial phases of an innate immune 

response. The other type of an ILC is the cytotoxic NK cell. Naïve NK cells 

circulate in the blood and are recruited by the inflammatory cytokines CXCL8 and 

IL-12 secreted by tissue-resident macrophages. Tissue cells that are infected with 

intracellular pathogens, such as viruses, bacteria, or protozoan parasites, 

start expressing and secreting the type I interferons, interferon alpha (IFN-α) and 

IFN-β. These cytokines induce naïve NK cells to differentiate and proliferate into 

cytotoxic effector NK cells that kill infected cells aiming to prevent the spread of 

the infection. The main weapons of NK cells are cytoplasmic granules, which are 

loaded with toxins and degradative enzymes. NK cells deliver the lethal contents of 

its granules directly into the cytoplasm of infected target cells, which induces their 

apoptosis. Finally, macrophages dispose what remains of the killed cells. If naïve 

NK cells get activated by IL-2, IL-12, and especially by IL-15 secreted by 

macrophages, in the concomitant absence of the type I interferons, they proliferate 

and differentiate into cytokine-producing effector NK cells that are not cytotoxic, 

and secrete the type II interferon IFN-γ instead. IFN-γ is a potent inflammatory 

cytokine and the principal cytokine produced by NK cells. The increasing presence 

of the cytokines IL-15 and IFN-γ produces a heightened state of inflammation. 

Especially, IFN-γ activates further macrophages to secrete more cytokines and 

improves the efficiency of phagocytosis, aimed at increased elimination of 

extracellular virus particles and virus-infected cells that have been killed by NK 

cells. In this way, NK cells provide defense against intracellular and extracellular 

pathogens. 

Dendritic cells (DCs) are specialized tissue-resident leukocytes that just sample the 

environment for infectious particles and form together with the tissue-resident 

macrophages the first line of induced innate immunity. Unlike macrophages, DCs 

are not key participants in the phagocytic destruction of microbes and in the 

creation of inflammation. Instead their critical function is to capture particles of 

pathogens, degrade and process them intracellularly, and take them to lymphoid 

tissues. There, DCs finally display processed pathogen-derived protein fragments 
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as antigens for recognition by T cells to initiate an adaptive immune response (see 

chapter 1.2.4). If the DC becomes infected by intracellular pathogens, it changes its 

protein expression and starts secreting IL-15, which is monitored by naïve NK cells. 

This results in activation of naïve NK cells resulting in increased proliferation and 

differentiation into cytotoxic effector NK cells that will kill pathogen-infected cells, 

including the DCs that successfully induced NK cell differentiation. But if the 

NK cell response is inadequate and fails to contain the infection, the NK cells 

secrete cytokines that induce the DCs to differentiate into a motile form that leaves 

the infected tissue and travels in the draining lymph to a secondary lymphoid tissue 

where they present the pathogen’s antigen to the cells of the adaptive immune 

system. This event marks the failure of the innate immune response to clear the 

infection and the initiation of the adaptive immune response. Within the infected 

tissue, interactions between NK cells and DCs determine whether the innate 

immune response is sufficient to clear the infection or if an adaptive immune 

response should be made. Therefore, DCs are the component of the immune 

system that connects the innate immune response with the adaptive immunity. 
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Fig. 2. This illustration summarizes the sequences of the inflammatory reaction during the innate immune 

response. Sentinel cells such as macrophages and dendritic cells recognize pathogens and damaged cells, and 

secrete inflammatory cytokines that trigger the vascular and cellular processes of inflammation. Adapted from2; 

Created with BioRender.com. 
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1.2.3 Adaptive Immunity 

Innate immunity usually terminates most infections within 4 days and keeps most 

humans healthy. However, some infections can evade the mechanisms of innate 

immunity. If the innate immune response is unable to effectively eliminate the 

infection, it aims to limit the spread of the infection and recruits assistance from 

lymphocytes, the white blood cells belonging to the adaptive immune system. The 

involvement of lymphocytes helps to enhance the potency and specificity of the 

immune response. This powerful contribution of lymphocytes is called the adaptive 

immune response, which is specific to the disease-causing pathogen, long-lasting, 

and complements the mechanisms of innate immunity. Adaptive immune 

responses progress through distinct stages, beginning with the recognition of 

antigens. This is followed by the activation of antigem-specific lymphocytes, which 

undergo proliferation and differentiation into effector and memory cells. These 

effector cells work together to eliminate the specific antigen, which finally leads to 

a gradual decline of the immune response. Memory cells remain as long-lived cells 

and provide immune protection for the future. 

The innate immunity uses the PRR cell surface receptors that are structurally of 

many different types, which recognize similar features shared by different groups 

of pathogens, but none of them is specific for a particular pathogen. In contrast, 

the lymphocytes of the adaptive immunity recognize pathogens specifically using 

only one type of cell surface receptor, but this one is made in billions of different 

versions. Billions of different receptor variants enable the immune system to 

recognize and eliminate all possible types of pathogens, and the high receptor 

specificity for a particular pathogen makes sure that only this specific pathogen will 

be killed, and that no immunity is provided against an unrelated pathogen. During 

an adaptive immune response only lymphocytes bearing receptors that recognize 

the specific pathogen are recruited to the site of infection. They then proliferate and 

differentiate to form an army of pathogen specific effector cells. Lymphocytes 

recognizing the same specific antigen are referred to as clones. This means that all 

the members of a single clone express identical surface receptors, which differ from 
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the receptors of other clone populations. The selective activation of a specific clone, 

and its subsequent proliferation are known as clonal selection and expansion, 

respectively. Consequently, each clone of a lymphocyte expresses a unique form of 

antigen receptor, but the clones themselves exhibit distinct specificities for antigens. 

To expand a few selected pathogen-specific lymphocytes into an army of effector 

cells takes time, and therefore the benefit of the adaptive immune response is 

noticed only 7–10 days after the onset of infection, while the innate immune 

response starts immediately within hours. Although slower, the adaptive immune 

response terminates almost all infections that outrun innate immunity. After 

successful elimination of a pathogen by the adaptive immune response, some of the 

contributing lymphocytes persist in the body and are selected to provide long-term 

immunological memory of the pathogen. These so-called memory cells enable rapid 

recognition of the same pathogen in a following infection and elicit an adaptive 

immune response, known as the secondary immune response, directly from the 

very beginning of the infection. Therefore, this secondary immune response is 

faster, stronger, and more effective than the primary response. Throughout the 

secondary response, innate immunity works in partnership with the adaptive 

immunity, which decreases both the time taken to clear the infection and the 

collateral damage to tissues caused by inflammation. Due to the high effectivity of 

the secondary immune response, the disease caused by a second infection is shorter 

and less severe than that arising from the first, and is often terminated before any 

significant symptoms of disease may occur. However, in some cases, the adaptive 

immunity fails to suppress the pathogen and the infected individual either dies of 

the acute infection (as it may occur for many infections with Ebola virus) or 

develops a chronic infection leading to premature death (as it was the case for the 

human immunodeficiency virus (HIV) in the era before effective drug therapy was 

available). 

Lymphocytes are distinguished by their cell surface receptors into B lymphocytes 

and T lymphocytes, commonly referred to as B cells and T cells. These two cell 

types are responsible for two types of adaptive immunity, humoral and cell-
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mediated adaptive immunity. The humoral adaptive immunity protects against 

extracellular pathogens and is mediated by B cells expressing a pathogen specific 

B cell receptor. Activated B cells, called plasma cells, secrete a soluble form of the 

B cell receptor which is called antibody or immunoglobulin (Ig). Secreted antibodies 

neutralize extracellular microbes and mark them for destruction by phagocytic cells, 

or activate the complement system to initiate the innate immune response and 

provoke inflammation. 

The cell-mediated or cellular adaptive immunity is responsible for defense against 

intracellular pathogens and is mediated by T cells. T cells have many functions 

ranging from activation of macrophages and supporting inflammation to directly 

killing of infected cells, and suppression or termination of the immune response. 

T cells are characterized by expressing the so-called T cell receptor (TCR), which 

differs from the B cell receptor, since TCRs are only expressed as cell surface 

receptors and not as soluble effector molecules. During adaptive immunity B and 

T cell receptors recognize and bind macromolecules, virus particles, or cell-surface 

components, which are referred to as their antigens. Therefore, B and T cell 

receptors are also called antigen receptors. 

1.2.4 Mechanisms of Cell-mediated Adaptive Immunity 

As many cells of the immune system also lymphocytes are not fixed to certain 

tissues, instead they constantly circulate among lymphoid and other tissues via the 

blood and the lymphatic system. This promotes immune surveillance throughout 

the human body and allows lymphocytes to home to any site of infection. Only a 

small fraction of lymphocytes is in the peripheral blood circulation. The great 

majority is present in specialized lymphoid tissues. Primary lymphoid tissues are the 

bone marrow and the thymus, and are the locations where lymphocytes develop 

and mature to the stage at which they become competent to recognize and respond 

to pathogens. After small lymphocytes have developed in primary lymphoid tissues, 

they enter the bloodstream as naïve lymphocytes, which describes lymphocytes that 

have not yet encountered their specific antigens, and therefore are inactive 
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(immunologically inexperienced). If they reach the blood capillaries in secondary 

lymphoid tissue like lymph nodes or spleen, they can leave the blood and enter 

these tissues. After a while they leave the secondary lymphoid tissues again and 

move back to the blood circulation. This movement between blood and lymphoid 

tissues is called lymphocyte recirculation. Secondary lymphoid tissues are the sites 

where naïve lymphocytes encounter pathogen-derived antigens and are activated to 

become effector cells that attack and eliminate the microbial invader. Thus, 

secondary lymphoid organs are the places where antigens are concentrated and 

brought together with B and T cells to initiate adaptive immune responses. 

T cells recognize and bind antigens through the highly variable and antigen-specific 

TCR. The TCR is a membrane-bound glycoprotein that consists of two polypeptide 

chains, the α and the β chain. The αβ TCR recognizes only small pathogen-derived 

peptide antigens that are bound to a glycoprotein, called major histocompatibility 

complex (MHC) molecule, presented on the cell surfaces of antigen-presenting cells 

(APCs). Therefore, the ligand for a TCR is not simply a peptide-antigen, it is the 

combination of a peptide and an MHC molecule, which is called the peptide-MHC 

complex. Thus, the function of MHC molecules is to display peptide fragments of 

protein antigens for recognition by antigen specific T cells (Fig. 3). 

At the site of infection, resident DCs capture pathogens and their protein antigens, 

and bring them via the lymph to secondary lymphoid tissues. During this transport 

the DCs mature, process the carried antigens, and display them in the secondary 

lymphoid tissues as antigenic peptide-MHC complexes to naïve T cells. Presented 

antigens are short peptide fragments, typically consisting of 8 to 25 amino acids, 

that are generated through a process called antigen-processing. During antigen 

processing, phagocytosed pathogen-derived proteins are degraded into small 

antigenic peptides, which are intracellularly loaded onto MHC glycoproteins to 

form the peptide-MHC complex. The antigenic peptide-MHC complexes are 

transported to the cell surface where they are presented to TCRs of circulating naïve 

T cells, which is referred to as antigen-presentation (Fig. 3, Fig. 6). 
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Fig. 3. Illustration of the TCR complex and the CD28-B7 co-stimulatory signal complex. The TCR 

heterodimer, consisting of an a and b chain, recognizes the antigen, which is bound as a peptide-MHC complex 

expressed on an antigen-presenting cell. The TCR is linked to the CD3 complex and the ζ chains, which 

together form the TCR complex. Both the TCR complex and the CD4 co-receptor are needed to elicit the 

antigen specific signal ("signal 1") for T cell activation. The co-stimulatory signal ("signal 2") is delivered when 

the CD28 co-stimulatory receptor of the T cell binds to the B7 co-stimulator on the antigen-presenting cell. 

Activation and clonal expansion of the antigen-specific naïve T cell occurs only if the antigen-specific and the 

co-stimulatory signals are delivered together. This applies for both naïve CD4+ and naïve CD8+ T cells. 

Adapted from1,2; Created with BioRender.com. 
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Naïve T cells continuously enter the lymphoid tissues through circulation where 

they undergo screening by antigen-presenting DCs. This screening process persists 

until the pathogen-specific naïve T cell is identified and binds to the peptide-MHC 

complex. Each naïve T cell that conjugates with a DC stays in the lymphoid tissue 

where it gets activated to proliferate and differentiate to form a clone of several 

hundreds of effector and memory T cells that will be recruited for the adaptive 

immune response against the invading pathogen. This process of T cell activation 

is the first stage of the primary adaptive immune response and takes around one 

week. This accounts for the delay between the onset of infection and the appearance 

of a primary adaptive immune response. Effector T cells are diverse in function and 

phenotype. Some effector T cells leave the secondary lymphoid tissues and migrate 

to sites of infection where they work together with the cells of innate immunity to 

terminate local infections. Other effector T cells remain in the secondary lymphoid 

tissues where they help antigen-activated B cells to become antibody-producing 

plasma cells (Fig. 6). 

During an adaptive immune response, antigen-activated T cells demonstrate diverse 

functions that are determined by several factors. These factors include the surface 

co-receptor glycoproteins known as cluster of differentiation (CD) ligands, the 

cytokines to which they respond, the cytokines they release, and the specific type 

of target cell with which they interact. The main subdivision of effector T cells is 

defined by the cell-surface expression of either CD4 or CD8, which are described 

as T cell co-receptors. Co-receptors cooperate with TCRs in the recognition of 

peptide-MHC complexes and are necessary to initiate signals needed for T cell 

activation (Fig. 3). Naïve T cells expressing CD8 recognize peptides that are 

presented as so-called peptide-MHC class I complexes. After binding to peptide-

MHC class I complexes they get activated to become cytotoxic CD8+ effector 

T cells. MHC class I molecules are expressed on all nucleated cells and display 

peptides that are derived from cytoplasmic proteins of intracellular pathogens. 

Thus, cytotoxic CD8+ T cells counter intracellular infections by killing the infected 

cells through induction of apoptosis. Naïve T cells expressing CD4 bind to peptides 
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displayed as peptide-MHC class II complexes and become activated to differentiate 

into helper CD4+ effector T cells. MHC class II molecules present the antigens of 

extracellular pathogens like bacteria, and their expression is restricted to 

professional APCs like macrophages, DCs, and B cells. The main function of helper 

CD4+ T cells is to secrete cytokines that enable other cell types, such as B cells and 

phagocytes, to become fully activated effector cells that respond to infection. CD4+ 

T cells stimulate B cells to differentiate into plasma cells and to produce pathogen-

specific antibodies. In addition, they stimulate macrophages to secrete cytokines 

that enhance the ability of other innate immune cells to phagocytose extracellular 

pathogens. Furthermore, CD4+ T cells support macrophages to secrete 

inflammatory cytokines and chemokines that facilitate and maintain the adaptive 

immune response. Finally, they also trigger mechanisms of tissue repair. 

To initiate the activation of naïve T cells, both the binding of the αβ TCR to the 

peptide-MHC complex and the interaction between the co-receptors CD4 or CD8, 

are necessary to generate an intracellular signaling cascade. The binding of the 

αβ TCR and the co-recpeptors to the peptide-MHC complex delivers a signal to the 

CD3 complex, which is a polypeptidic protein complex directly linked to the 

αβ TCR. The CD3 complex transmits this signal and initiates an intracellular 

signaling cascade that leads to the activation of the naïve T cell ("signal 1"). An 

additional signal needed for T cell activation is the co-stimulatory signal delivered 

by the engagement of the co-stimulatory receptor CD28 on the T cell surface and 

the co-stimulator B7 (also known as CD80 or CD86), a membrane protein 

expressed on activated antigen-presenting DCs ("signal 2"). Proliferation and 

differentiation of the antigen-specific naïve T cell occurs only if the intracellular 

signals of the αβ TCR, co-receptor, and co-stimulatory receptor are generated 

simultaneously (Fig. 3).  

Interactions of the MHC ligand with the αβ TCR and the co-receptor, as well as of 

the co-stimulatory receptor with the co-stimulator, activate within the naïve T cell 

an intracellular cascade of different cytoplasmic protein kinases, which finally 

triggers three different signaling pathways that drive T cell proliferation and 
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differentiation into the different effector T cells. One pathway leads to the 

activation of nuclear factor of activated T cells (NFAT) and involves inositol 

trisphosphate (IP3) as second messenger. The second pathway leads to the 

activation of protein kinase C theta (PKC-θ), which induces the transcription of 

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

(NFkB). The third pathway initiated leads to the activation of transcription factor 

activator protein 1 (AP-1). The combined effect of NFAT, NFkB, and AP-1 is to 

initiate the transcription of genes that direct T cell proliferation and differentiation, 

as well as the acquisition of effector functions like the expression and secretion of 

IL-2, and the expression of the high affinity IL-2 receptor. The pro-inflammatory 

cytokine IL-2 plays a crucial role in promoting the proliferation of activated naïve 

T cells in an autocrine manner ("signal 3"). It also facilitates the differentiation of 

these cells into effector T cells, resulting in an expansion of antigen-specific effector 

T cell populations. Intracellular signaling pathways are summarized in Fig. 4. 

How proliferating T cells differentiate into the different subsets of effector T cells 

is influenced by the nature of the pathogen, the anatomical site of infection, and 

the type of innate immune response stimulated by the pathogen. These factors 

influence the cytokine environment within the secondary lymphoid tissue and drive 

the production of effector T cells that are best suited for controlling the infection 

and eliminating the pathogen. The six types of effector T cells are the cytotoxic 

CD8+ T cells, and the helper CD4+ T cell subsets including the T helper cell 1 

(TH1), TH2, TH17, T follicular helper cell (TFH), and the regulatory T cell (Treg), 

which all have complementary roles during the immune response (Fig. 5). To get 

activated by APCs in infected tissues, fully differentiated effector T cells only need 

the engagement of the αβ TCR with the peptide-MHC complex, and the interaction 

with the co-receptor. Compared to the activation of naïve T cells in the secondary 

lymphoid tissues, the co-stimulatory signal of CD28 and B7 is not required anymore 

for the activation of T cell effector functions in the infected tissues. 
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Fig. 4. Summary of the intracellular signaling pathways initiated by the interaction of the αβ TCR complex and 

the CD8+ co-receptor with the APC (interaction with the CD28 co-stimulatory receptor is not shown). Similar 

pathways operate in CD4+ T cells, because CD4, like CD8, interacts with Lck. Interaction of the naïve T cell 

with the specific antigen, presented by an APC, sets different pathways of signal transduction in motion that 

lead to its clonal expansion and differentiation. First, Lck gets activated, which phosphorylates the ζ chains and 

the kinase Zap-70. Activated Zap-70 initiates a series of phosphorylations that finally lead to the activation of 

PLC-g. PLC-g cleaves PIP2 into DAG and IP3. DAG initiates two pathways: On one hand, DAG activates 

PKC-θ, which itself activates NFkB. On the other hand DAG activates RasGRP1, which in turn initiates a Ras-

induced MAPK cascade leading to the activation of AP-1. IP3 increases the intracellular Ca2+ concentration, 

which finally activates calcineurin phosphatase. Calcineurin activates NFAT. NFAT, NFkB, and AP-1 change 

the pattern of gene expression, resulting in T cell activation, proliferation, and differentiation into effector 

T cells. LcK, Lymphocyte-specific protein tyrosine kinase; Zap-70, Zeta-chain-associated protein kinase 70; 

LAT, Linker for activation of T cells; PLC-g, Phospholipase C-gamma; PIP2, Phosphatidylinositol 4,5-

bisphosphate; DAG, Diacylglycerol; IP3, Inositol trisphosphate; RasGRP1, Ras guanyl-releasing protein 1; 

MAPK, Mitogen-activated protein kinase. Adapted from1,3 and from "TCR Signaling Network" & "TCR 

Downstream Signaling" by BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-

templates. 

  



Introduction 

- 21 - 

After binding, the effector T cell delivers effector molecules that induce changes in 

the target cell. Cytotoxins delivered by cytotoxic CD8+ T cells kill the target cell 

directly by inducing its apoptosis, whereas helper CD4+ T cells deliver cytokines 

that help the target cell to either increase or decrease its immune response against 

the pathogen. The differentiation of activated naïve CD4+ T cells into various 

subsets of CD4+ T cells is influenced by the cytokine environment. These subsets 

are characterized by their unique surface receptors and the specific cytokines they 

produce, enabling them to carry out diverse immune effector functions. Compared 

to cytotoxic CD8+ T cells, helper CD4+ T cells only interact with other immune 

cells to support them fulfilling their specific effector functions aiming to eliminate 

the pathogen. After differentiation cytotoxic CD8+ T cells and helper CD4+ TH1, 

TH2, and TH17 cells leave the secondary lymphoid tissues, and travel to the 

infected tissue where they start to interact with the target cells. Some activated 

T cells remain in the lymphoid organs and either help B cells to produce antibodies 

or differentiate into long-lived memory T cells (Fig. 5, Fig. 6). 

During the innate immune response, DCs and macrophages secrete IL-12, and NK 

cells secrete IFN-γ, two cytokines that stimulate the differentiation of naïve CD4+ 

T cells towards TH1 cells. TH1 cells are producers of cytokines IFN-γ and IL-2, 

which increase in secondary lymphoid tissue the production of further TH1 cells in 

an autocrine manner. Both, IFN-γ and IL-2 are pro-inflammatory cytokines, that 

are involved in the activation of macrophages to make them more proficient in the 

uptake and killing of pathogens.  

Basophils, eosinophils, and mast cells secrete IL-4 during the innate immune 

defense against helminthic parasites, which induces naïve helper CD4+ T cells to 

differentiate into TH2 cells. Upon activation by IL-4, TH2 cells subsequently 

produce further IL-4 in an autocrine manner. Once TH2 cells start to secrete IL-4, 

IL-5, and transforming growth factor beta (TGF-β), the local environment becomes 

one that promotes anti-inflammatory mechanisms which decreases the production 

of TH1 cells, and therefore reduces their pro-inflammatory effects. Toxic 

microbicidal substances produced by TH1-activated macrophages can harm human 
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cells and tissues, which inevitably suffer collateral damage from the macrophage 

response to the pathogen. Regulatory mechanisms that suppress macrophage 

activation reduce this damage. These mechanisms are mainly regulated by IL-4 that 

promotes repair and recovery of damaged tissues by inducing the alternative 

pathway of macrophage activation, which causes macrophages to differentiate into 

so-called M2 macrophages (see chapter 1.3). Furthermore, IL-4, stimulates B cells 

to differentiate into IgE-secreting plasma cells, while IL-5 stimulates the production 

and activation of eosinophils. Eosinophils and mast cells bind to IgE-coated 

microbes such as helminthic parasites, and function together to eliminate them.  

The cytokines IL1-β, TGF-β, IL-6, IL-21, and IL-23, secreted by macrophages and 

DCs, lead to the development and proliferation of naïve CD4+ T cells into TH17 

cells, which are characterized by the secretion of IL-17 and IL-22. IL-17 activates 

fibroblasts, epithelial cells, and endothelial cells to secrete cytokines that recruit 

neutrophils to infected tissues, aiming to control fungal and extracellular bacterial 

infections. Additionally, IL-17 induces the secretion of colony-stimulating factors 

(CSFs), such as granulocyte-macrophage colony-stimulating factor (GM-CSF) or 

granulocyte-colony stimulating factor (G-CSF), which stimulate the growth, 

production, and recruitment of granulocytes, macrophages, and neutrophils. The 

CSFs stimulate leukocyte recruitment during immune and inflammatory responses 

to increase the amount of leukocytes, and to replace leukocytes that die during such 

responses at the site of infection. All these processes lead to inflammatory effects 

in infected tissues. Therefore, TH17 cells are the most inflammatory type of 

T helper cells, and are involved in the manifestation of many inflammatory 

autoimmune diseases. 

Under the influence of IL-6 and IL-21 naïve CD4+ T cells develop into TFH cells. 

In contrast to other effector T cell types, TFH cells are the only effector CD4+ 

T cell subtype that resides in secondary lymphoid tissues where they activate naïve 

pathogen-specific B cells to become antibody-producing plasma cells. After binding 

to naïve B cells, the TFH cell gets activated to secrete IL-4, IL-5, and IL-21, which 

support naïve B cells to proliferate, differentiate, and mature into plasma cells. 
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Therefore, TFH cells are responsible for initiating the antibody response against 

any infecting pathogen.  

In the presence of TGF-β and in the absence of inflammatory cytokines, such as 

IL-6, naïve CD4+ T cells differentiate into Treg cells. If IL-6 or IL-21 is present, 

naïve T cells develop into TH17 cells. Treg cells are not directly involved in the 

primary immune response against infections, but they help to control the response 

and regulate it down once the pathogen is defeated. They facilitate repair 

mechanisms in tissues that have been damaged by the immune response, and 

interact with other effector T cells with the aim to decrease pro-inflammatory 

effects. Treg cells produce immunosuppressive and anti-inflammatory cytokines 

like TGF-β and IL-10, which downregulate the immune response. In the absence 

of Treg cells immune responses targeting self-antigens can occur, which potentially 

result in attacks against various healthy tissues within the body, such as the gut, skin, 

and endocrine glands. Therefore, a reduced activity of Treg cells is assumed to be 

involved in the development autoimmune diseases. Fig. 5 summarizes effector 

T cell cytokines and their effector functions, and Fig. 6 gives an overview about the 

single steps of cell-mediated adaptive immunity. 

 

Fig. 5. Overview of the different effector T cell subtypes. Summarized are the cytokines that induce the 

differentiation into the specific T cell subtypes, the cytokines made by each effector T cell subtype, and the 

effector function of these subtypes during cell-mediated adaptive immune responses. The differentiation of 

CD4+ and CD8+ T cells is based on their co-receptor. Adapted from1; Created with BioRender.com. 
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Fig. 6. This illustration provides an overview of the single events involved in the cell-mediated adaptive 

immune response. Firstly, DCs capture and transport pathogenic antigens from the tissues to the lymph nodes. 

Naïve T cells recognize these antigens, which are displayed as peptide-MHC complexes by DCs. Upon binding, 

the naïve T cell is activated to proliferate and differentiate into effector and memory T cells. Effector T cells 

migrate to the site of infection and perform various functions in cell-mediated adaptive immunity. Helper 

CD4+ T cells recognize pathogen antigens displayed on phagocytes (e.g., macrophages) and secrete various 

cytokines to mediate different effector functions. Cytotoxic CD8+ T cells eliminate cells infected with 

intracellular pathogens. Some effector CD4+ T cells remain in the lymph node and support B cells to produce 

antibodies. Furthermore, some T cells differentiate into long-lived memory T cells (not shown). Adapted from2 

and from "Stimulated T Cells Migrate Out of Lymph Nodes and Enter Inflamed Tissue" by 

BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates. 
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1.3 Mechanisms in Wound Healing  

Critical to the survival of a human is the ability to repair tissue damage caused by 

pathogenic insults and inflammation. The inflammatory response to microbes and 

injured tissues not only serves to eliminate these dangers, but also sets into motion 

the process of repair. Thus, the last step of immune reactions includes mechanisms 

that consist of a series of events causing repair of damaged tissue. Repair of tissue 

damage, also called healing or wound healing, is a process that restores tissue 

architecture and its physiological function after an injury. During this process the 

injured tissue is restored by regeneration of surviving cells and by filling residual 

defects with connective tissue, a process called scarring. 

Inflammatory reactions typically have one of three outcomes, namely resolution, 

healing by fibrosis, or chronic inflammation. Healing by resolution refers to the 

restoration of normal physiological function at the site of inflammation after 

inflammatory mechanisms have successfully eliminated the offending agents. This 

is the usual outcome when the injury is limited, short-lived, or when only little tissue 

destruction has been caused. Resolution involves removal of cellular debris and 

microbes by macrophages, and resorption of edema fluid by lymphatics, followed 

by regeneration of the damaged tissue. The second possibility is healing by 

connective tissue replacement, also called scarring or fibrosis. This occurs after 

substantial tissue destruction and if the inflamed tissue is incapable of regeneration. 

In this situation, connective tissue grows into the area of damage, converting it into 

a mass of fibrous tissue, a process also called organization. The last case in wound 

healing is the progression from acute inflammation to chronic inflammation. Acute 

to chronic transition occurs when the acute inflammatory response cannot be 

resolved, because of either the persistence of the injurious agent or some 

interference with the normal healing process. 

The first step of tissue repair is regeneration, a process that replaces damaged tissue 

by healthy cells to restore normal physiological function. This involves cell 

proliferation and differentiation of tissue-resident stem cells, and tissue cells that 
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have survived the injury. However, humans possess a restricted ability to regenerate 

most of their damaged tissues and organs, and only certain parts of these tissues are 

capable of complete restoration. Therefore, very often scar formation is involved, 

which basically "patches" the tissue. Various cell types participate in tissue repair 

like remaining epithelial cells that strive to restore the normal tissue structure. 

Furthermore, vascular endothelial cells play a significant role in generating new 

blood vessels to supply nutrients that are essential for the repair process. 

Additionally, fibroblasts contribute to tissue repair by producing fibrous tissue, 

which fills up defects that cannot be repaired through regeneration, and which 

eventually forms a scar. Cell survival, growth, and proliferation during tissue repair 

is driven by various cytokines and growth factors. Growth factors like epidermal 

growth factor (EGF) and TGF-α, produced by macrophages and epithelial cells 

(e.g., keratinocytes), act on activated parenchymal cells and fibroblasts to stimulate 

cell proliferation and migration. Hepatocyte growth factor (HGF), produced by 

fibroblasts and endothelial cells, enhances proliferation and cell migration of other 

epithelial cells during wound healing in the skin. Fibroblast growth factors (FGFs) 

are mainly produced by macrophages at sites of injury, which promote proliferation 

and migration of fibroblasts that are involved in the synthesis of extracellular matrix 

proteins. Furthermore, FGFs stimulate angiogenesis. Thus, these growth factors 

play a crucial role in the formation of granulation tissue during the wound healing 

process. If repair of a tissue cannot be accomplished by the increased proliferation 

and differentiation of parenchymal cells alone, injured cells need to be replaced by 

connective tissue, leading to the formation of a scar. In general, the term scar 

describes the replacement of parenchymal cells in any tissue by collagen. 

In the case of a skin wound, the process of tissue repair starts within a few minutes 

after an injury with hemostasis, a process consisting of vasoconstriction and the 

formation of a hemostatic clot composed of platelets and polymerized fibrin, which 

stops bleeding. During clot formation the platelets granulate and release pro-

inflammatory molecules like prostaglandins and growth factors that contribute to 

the recruitment of innate immune cells, antimicrobial defense, and tissue repair. 
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Additionally, at the site of injury the mechanisms of the innate immune system start 

to develop a state of inflammation. 

The coagulation process is followed by a state of inflammation that endures around 

one week. Within the initial 6-48 hours, cytokines secreted by tissue-resident 

macrophages attract neutrophils and monocytes, which then work together to 

remove any harmful agents, including microbes that might have entered the wound. 

Tissue repair is primarily facilitated by macrophages, which perform multiple 

functions including the removal of offending agents and dead tissue, providing 

growth factors that promote proliferation of various cells, and secret cytokines, 

such as IL-1, that stimulate fibroblast proliferation and deposition of connective 

tissue. In the beginning, macrophages are mainly involved in developing and 

sustaining a state of inflammation. During the inflammatory phase, macrophages 

and neutrophils can cause so-called leukocyte-mediated tissue injury. This describes 

the damage of healthy tissue by mechanisms that are usually used to eliminate 

microbes and dead cells during innate immunity. Under normal circumstances, 

leukocytes produce lysosomal granules filled with reactive oxygen species (ROS) 

and various proteases that kill pathogens and remove cell debris. If phagocytes 

encounter particles that cannot be easily ingested these harmful substances may be 

released during phagocytosis into the extracellular space, a process called frustrated 

phagocytosis or respiratory burst. Released ROS and proteases potentiate further 

inflammatory processes that result in tissue damage. Plasma, tissue fluids, and host 

cells contain a system of anti-proteases that control harmful proteases, and possess 

antioxidant mechanisms including enzymes like superoxide dismutase, catalase, and 

glutathione peroxidase that protect healthy cells from destructive effects caused by 

ROS. If not adequately controlled, leukocyte-dependent tissue injury can lead to 

acute and chronic inflammatory diseases in humans. 

Because of the inherent capacity to cause tissue injury, it is essential to terminate 

acute inflammatory processes during wound healing. Inflammation declines after 

the offending agents are removed, because the mediators of inflammation like 

cytokines are produced for only as long as the stimulus persists. Furthermore, 
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neutrophils have short half-lives in tissues and die by apoptosis within several 

hours. In addition, as inflammation develops, the process itself triggers a variety of 

stop signals that actively terminate inflammatory reactions. These active 

termination mechanisms include an increase in anti-inflammatory cytokines like 

TGF-β, IL-4, IL-13, and IL-10 produced by TH2 and Treg cells. Especially, 

macrophages become influenced by IL-4 and IL-13, which gradually induce 

macrophages to differentiate into so-called M2 macrophages. These M2 

macrophages lose their pro-inflammatory activity, and instead start producing 

growth factors that serve important roles in the repair of injured tissues by 

supporting scar formation and fibrosis. 

Following intense inflammation, a process of increased cell proliferation and tissue 

growth starts. During the following 10−20 days damaged tissue is replaced by 

connective tissue which is accomplished by angiogenesis and fibrosis, two essential 

processes in wound healing and repair. In these processes several cell types, 

including endothelial cells, epithelial cells, and fibroblasts proliferate and migrate to 

close the wound. Locally produced growth factors stimulate epithelial cells, for 

example keratinocytes in the skin, to migrate and proliferate to cover the wound. 

Endothelial cells start to grow and proliferate to form new blood vessels, a process 

known as angiogenesis. Angiogenesis plays a crucial role in facilitating adequate 

blood supply to the healing tissue. This process is regulated by various growth 

factors, including vascular endothelial growth factors (VEGFs). VEGFs promote 

vasodilation, increase vascular permeability, and stimulate the migration and 

proliferation of endothelial cells, a process called capillary sprouting. The formation 

of connective tissue is mainly driven by migration and proliferation of fibroblasts 

at the site of injury, followed by production and deposition of extracellular tissue 

proteins. All these processes are orchestrated by locally produced cytokines and 

growth factors like platelet-derived growth factor (PDGF), FGF-2, and TGF-β, 

produced by various cells at the site of injury including macrophages, platelets, 

endothelial cells, mast cells, keratinocytes, and lymphocytes. Migration and 

proliferation of fibroblasts, along with the deposition of loose connective tissue, as 
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well as the formation of new and delicate blood capillaries, contribute to the 

formation of granulation tissue. Additionally, leukocytes that remain from the 

precedent inflammation process are still present within the granulation tissue. 

As the wound healing process progresses, fibroblasts increase their collagen 

production which re-builds the extracellular matrix, and the high vascularization 

within the granulation tissue regresses. These processes finally transform the highly 

vascularized granulation tissue into a pale, largely avascular scar. Some of the 

fibroblasts also acquire features of smooth muscle cells, and are called 

myofibroblasts, which contribute to the contraction of the scar over time. By the 

end of the first month, the scar comprises a cellular connective tissue largely devoid 

of inflammatory cells. The tensile strength of myofibroblasts in the wound increases 

with time, which helps to contract the wound.  

After intense cell proliferation, angiogenesis, deposition of collagen, and scar 

formation, a phase of scar remodeling takes place, also known as maturation phase. 

This process can take several weeks or even years and is characterized by 

modification and reorganization of collagen. A summary of the wound healing 

process is given in Fig. 7. 

 

 

Fig. 7. Overview of the single steps during tissue repair in the skin. Adapted from2,5 and from "Wound Healing" 

by BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates. 
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1.4 Autoimmunity 

When the adaptive immune system is misdirected to healthy cells and tissues, a 

pathologic chronic inflammatory state, known as autoimmunity, may develop. The 

cause of autoimmune diseases is the failure of mechanisms that regulate self- 

tolerance, which allows to develop responses of the adaptive immune system 

against normal components of the healthy human body, called self-antigens. Thus, 

the autoimmune response tries to eliminate all self-antigens (also known as auto-

antigens) from the body which generates a chronic state of inflammation, leading 

to comprised tissue functions. This results in the development of chronic diseases, 

in which the immune response remains in its destructive phase and never reaches 

the point at which inflammation is overcome by tissue repair and reconstruction. 

Although much is known of the molecular and cellular effects of autoimmune 

diseases, little is known of the events that break self-tolerance and initiate an 

autoimmune response. However, it is assumed that autoimmunity may arise from a 

combination of genetic predispositions (mainly human leukocyte antigens (HLA) 

gene polymorphisms), which may contribute to the breakdown of self-tolerance, 

and from environmental triggers, such as infections, tissue damage, and 

inflammation, that promote the activation of self-reactive lymphocytes. Once an 

autoimmune response is initiated, it usually continues throughout a person’s life 

and increases its severity. With cell death and tissue disruption physiological 

functions become compromised, and for some conditions this is the direct cause 

of death. 

There are clinically more than 80 different autoimmune diseases described, from 

which the most famous are psoriasis, rheumatoid arthritis, type I diabetes, multiple 

sclerosis, and Crohn’s disease. Autoimmune dysfunctions affect around 5–10% of 

the human population, with increasing incidence. For most autoimmune diseases 

the incidence differs between females and males, with females being more 

frequently affected. The clinical manifestation of autoimmune disorders varies 

widely in the tissues they affect and the symptoms they cause. Some are organ-

specific, and others act systemically on widespread antigens in the human body. 



Introduction 

- 31 - 

Examples for organ-specific autoimmune diseases are type I diabetes in which the 

autoreactive T cells and antibodies are specific for β-cells of the pancreatic islets, or 

multiple sclerosis, where autoreactive T cells react against myelin in the central 

nervous system. An example of a systemic autoimmune disease is systemic lupus 

erythematosus, in which auto-antibodies are made against different components of 

the cell nucleus (so-called anti-nuclear antibodies), including DNA, RNA, and 

nucleoproteins, resulting in the formation antigen-antibody complexes, also called 

as immune complexes. Such immune complexes get deposited in various tissues 

like blood vessels and kidney where they activate inflammatory reactions causing 

widespread lesions throughout the body. 

Autoimmune diseases can be classified as type II, III, and IV corresponding to the 

mechanisms of the damaging effects of hypersensitivity reactions type II, III, and 

IV, respectively. Since no autoimmune disease is mediated by IgE antibodies, type I 

does not exist for autoimmunity. The autoimmune diseases that correspond to 

type II hypersensitivities are caused by IgG antibodies that bind to antigens on cell 

surfaces or the extracellular matrix as in diseases like Pemphigus vulgaris, Graves’ 

disease, or myasthenia gravis. Autoimmune diseases corresponding to type III 

hypersensitivities are caused by the deposition of soluble antigen-antibody 

complexes in the walls of blood vessels like in systemic lupus erythematosus. 

Corresponding to type IV hypersensitivities are autoimmune reactions caused by 

effector T cells like type I diabetes, rheumatoid arthritis, or multiple sclerosis. The 

majority of chronic inflammatory autoimmune diseases are caused by effector 

T cells that lost tolerance against self-antigens. Especially excessive responses of 

CD4+ effector T cells like TH1 and TH17 are known to play crucial roles in the 

pathogenesis of type IV autoimmune diseases. 
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1.5 Treatment of T cell-mediated Autoimmune 
Diseases 

Many autoimmune diseases correspond to type IV, and thus increased activation, 

proliferation, and migration of T cells play an essential role in the pathogenesis of 

chronic inflammation and autoimmune diseases. Targeted therapies that specifically 

inhibit activating pathways in T cells are an attractive approach to improve disease 

resolution in human autoimmune diseases. For this purpose, various 

immunosuppressive drugs are clinically available that specifically interfere with 

T cell activity1. 

1.5.1 Glucocorticoids 

Autoimmune disorders are often treated with glucocorticoids like betamethasone, 

dexamethasone, or prednisone. Although glucocorticoids have wide-ranging 

physiological effects on different organs, they are mainly used for their anti-

inflammatory and immunosuppressive properties. The effect of glucocorticoids is 

based on inhibiting the expression of pro-inflammatory genes, whereas the 

expression of anti-inflammatory and immunosuppressive genes is increased. 

Glucocorticoids diffuse across the plasma membrane and bind to the specific 

cytosolic glucocorticoid receptor to form a glucocorticoid-receptor complex. The 

glucocorticoid-receptor complex binds to NFkB which reduces the expression of 

inflammatory mediators, including prostaglandins, nitric oxide, and some cytokines 

like IL-1b, IL-2, IL-6, and TNF-a. Furthermore, the glucocorticoid-receptor 

complex dimerizes, enters the nucleus, and binds specific DNA sequences in the 

promoter regions of glucocorticoid-responsive genes to activate the transcription 

of a wide variety of anti-inflammatory genes. For instance, they increase the 

expression of nuclear factor of kappa light polypeptide gene enhancer in B cells 

inhibitor alpha (IkBα), which is an inhibitory regulator that prevents the 

transcription factor NFkB from gaining access to the nucleus and initiating 

expression of genes that cause inflammation. Additionally, glucocorticoids prevent 

immune cell migration to sites of inflammation by inhibiting the expression of 
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adhesion molecules, and promote apoptotic death of leukocytes and lymphocytes. 

Because of their multifarious effects on gene expression and cellular metabolism, 

corticosteroids have many adverse side effects. Among them are fluid retention, 

weight gain, diabetes, loss of bone mineral, and thinning of the skin1,6. 

1.5.2 Inhibitors of T cell Receptor Signaling During T cell 
Activation 

Among the first immunosuppressive drugs found to selectively inhibit T cell 

activation were cyclosporine and tacrolimus. Cyclosporine, also known as 

cyclosporine A, is a cyclic peptide consisting of eleven amino acids derived from 

the soil fungus Tolypocladium inflatum. Tacrolimus, also called FK506, is a macrolide 

lactone isolated from the soil actinomycete Streptomyces tsukubaensis7. 

The binding of the TCR to its antigen induces the T cell to release calcium ions 

(Ca2+) from intracellular stores and promotes intracellular signaling leading to the 

activation of the transcription factor AP-1. Elevated cytosolic Ca2+ directly binds 

and activates calmodulin. Then, activated calmodulin induces the serine/threonine 

phosphatase calcineurin to dephosphorylate the transcription factor NFAT. Once 

dephosphorylated, the active NFAT migrates to the nucleus to form a complex 

with AP-1. The AP-1-NFAT complex initiates the transcription of genes required 

for T cell activation, including the genes encoding for IL-2 and TNF-a. 

Both, cyclosporine and tacrolimus suppress T cell activation by similar mechanisms 

of calcineurin inhibition, which interferes with AP-1 activation. In the cytosol, they 

bind peptidyl-prolyl isomerase enzymes called immunophillins. Cyclosporine forms 

a complex with the immunophillin called cyclophilin, and tacrolimus a complex 

with the immunophillin FK506-binding protein 12 (FKBP12). Both complexes 

bind to calcineurin, thereby blocking its phosphatase activity and preventing it from 

activating NFAT. Therefore, in the presence of cyclosporine or tacrolimus, IL-2 

and other T cell activating cytokines are not made, aborting T cell activation at an 

early stage. However, both drugs are associated with various side effects including 

nephro- and hepatotoxicity, and drug sensitization. Additionally, there are many 
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possibilities for drug-drug interactions with drugs that interfere with cytochrome 

P450 3A4 (CYP3A4). Therefore, therapies with these drugs are only made in 

experienced institutions1. 

Pimecrolimus is a semisynthetic derivative of ascomycin, which has been isolated 

from Streptomyces hygroscopicus var. ascomyceticus. Since pimecrolimus is structurally 

closely related to tacrolimus it shares the same mode of action by binding FKBP12 

and inhibiting calcineurin activity8,9. 

Rapamycin (syn. sirolimus) is an immunosuppressive macrolide produced by 

several actinomycetes, but was initially isolated from Streptomyces rapamycinicus 

(formerly, Streptomyces hygroscopicus ATCC 29253)7. As tracolimus and pimecrolimus, 

also rapamycin associates with FKBP12, but the FKBP12-rapamycin complex does 

not bind to calcineurin. Instead it interferes with T cell activation by directly binding 

to the FKBP12-rapamycin-binding (FRB) domain of the protein kinase mammalian 

target for rapamycin (mTOR). The resulting FKBP12-rapamycin-mTOR complex 

interferes with signals coming from the IL-2 surface receptor and causes a decrease 

in cyclin expression. As a result, the mTOR complex inhibits cell cycle progression 

from G1 to S, thereby suppressing T cell proliferation10. Currently, rapamycin is 

approved for clinical use of solid organ transplants. But due to its anti-proliferative 

effects, rapamycin and semi-synthetic analogs thereof become increasingly 

investigated in the treatment of various cancers and in autoimmune diseases like 

rheumatoid arthritis, systemic lupus erythematosus, or multiple sclerosis10–12. For 

example, its semi-synthetic derivative everolimus is approved for the prevention of 

organ rejection and for the treatment of different types of tumors. Furthermore, it 

is currently under investigation for use in rheumatoid arthritis12–14.  

Antibodies that bind to the TCR complex have the potential to inhibit the signaling 

that directly arises from antigen recognition. Most of these antibodies are initially 

discovered and used for inhibiting organ rejection, but become more frequently 

used in autoimmune dysfunctions. CD3-specific monoclonal antibody Ortho Kung 

T3 (OKT3), marketed under the name muromonab, binds the CD3 complex of the 
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TCR and induces T cell apoptosis, or causes internalization of the TCR, resulting 

in the effect that the T cell loses the abiliy to recognize its antigen, a process called 

antigenic modulation. Due to numerous severe side effects and its immunogenicity 

in humans OKT3 was withdrawn from the market in 2008. However, a new 

generation of anti-CD3 monoclonal antibodies is currently in clinical development 

showing reduced side effects that are particularly intended for the use in 

autoimmune diseases. For example, otelixizumab and teplizumab are investigated 

for the use in type I diabetes, and foralumab for the treatment of inflammatory 

bowel disease15,16. 

Beside the signal from the TCR complex, T cell activation also needs the signal 

coming from the CD28 co-stimulatory receptor ("signal 2"). The latter signal is 

generated when CD28 interacts with a B7 co-stimulator expressed on APCs. 

Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) is an additional surface 

receptor on T cells that binds to B7, resulting in inhibition of T cell activation. 

Therefore, CTLA4 is described as the negative regulator of T cell activation. 

Abatacept and belatacept are two fusion proteins that combine the extracellular B7-

binding domains of CTLA4 with the Fc fragment of the immunoglobulin IgG1. 

These fusion proteins use their CTLA4 component to bind to the B7, which 

prevents the CD28 receptors of naïve T cells from binding and thereby inhibit 

T cell activation. Abatacept is used in the treatment of autoimmune diseases and 

belatacept for graft rejection17,18.  

1.5.3 Blocking Cytokine Signaling Prevents Activation of T cells 

Once a naïve T cell has received activating signals from the TCR and the co-

stimulatory receptor, further signals from the IL-2 receptor are needed for 

activation ("signal 3"). High-affinity IL-2 receptors consist of three different 

proteins called α, β, and γ chain. Anti-CD25 antibodies like basiliximab bind 

specifically to the α chain (also called CD25) of the high-affinity IL-2 receptor, 

preventing IL-2 from interacting with the IL-2 receptor. This blocks intracellular 

signals necessary for stimulating the proliferation and differentiation of antigen-
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activated T cells. Basiliximab was primary developed for the treatment of organ 

rejection, but showed also beneficial effects in the treatment of immune-mediated 

bowel disease and lichen planus19–21. 

Tocilizumab is a monoclonal antibody that acts as an IL-6 receptor antagonist, and 

is used in the treatment of rheumatoid arthritis and Crohn’s disease. By binding to 

the IL-6 receptor, tocilizumab blocks the diverse effects of pro-inflammatory IL-6 

during innate immunity, such as induction of acute-phase response and fever, as 

well as the activation and differentiation of macrophages, B cells, and T cells during 

adaptive immunity22,23. 

1.5.4 Inhibitors of DNA Synthesis 

DNA synthesis inhibitors are cytostatic drugs that suppress T cell proliferation by 

interfering with different processes involved in DNA synthesis. These drugs are 

used as immunosuppressants in transplantation and autoimmunity, but also in the 

treatment of cancer. 

Azathioprine is a widely used purine analog in the treatment of rheumatoid arthritis, 

inflammatory bowel disease, multiple sclerosis, and in the prevention of transplant 

rejection24. Azathioprine is the pro-drug of 6-thioinosinic acid, which itself gets 

enzymatically further metabolized to afford the active metabolites 6-methyl 

thioinosine 5-phosphate and 6-thioguanosine. These metabolites interfere with 

different enzymes involved in purine and nucleic acid synthesis, and damage the 

newly synthesized DNA through the incorporation of thiopurine analogues. This 

inhibits DNA replication leading to reduced clonal expansion of B and T cells25. 

Methotrexate is widely used in cancer chemotherapy and as an immunosuppressant 

in the treatment of psoriasis, rheumatoid arthritis, and Crohn’s disease. Structurally, 

methotrexate is an analog of folate (vitamin B9) and acts as a folate antagonist by 

inhibiting dihydrofolate reductase, an enzyme essential for thymidine biosynthesis, 

and thereby it inhibits DNA replication. Recent investigations revealed that 

methotrexate further inhibits NFkB activity and reduces the production of pro-

inflammatory cytokines like IL-226. 
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Mycophenolate mofetil is a pro-drug that is metabolized to mycophenolic acid, a 

compound that has previously been isolated from different Penicillium sp. like 

Penicillium stoloniferum or Penicillium brevicompactum. Mycophenolic acid inhibits inosine 

monophosphate dehydrogenase, an enzyme necessary for guanine synthesis. This 

decreases the synthesis of guanine nucleotides, hinders DNA synthesis, and 

consequently reduces lymphocyte proliferation. Mycophenolate mofetil is used in 

organ transplantation and in autoimmune diseases like rheumatoid arthritis, 

systemic lupus erythematosus, or psoriasis27. 

Leflunomide is used in the treatment of rheumatoid arthritis. Its active metabolite 

teriflunomide is an inhibitor of dihydroorotate dehydrogenase a key enzyme 

involved in the biosynthesis of uridine and cytidine, which causes a decrease in 

T cell proliferation28.  

Cyclophosphamide is a pro-drug that is metabolized to phosphoramide mustard, 

which alkylates and cross-links DNA. Such disruption renders cells incapable of 

DNA replication and transcription, that finally leads to apoptosis. 

Cyclophosphamide has clinically been used in treatment of various cancers, and as 

an immunosuppressive agent in the treatment of transplant rejection and different 

autoimmune diseases like multiple sclerosis29. 

1.5.5 Direct Blocking of Cytokines 

In the treatment of autoimmune diseases, monoclonal antibodies that directly target 

and inhibit inflammatory cytokines can be used. For example, in the treatment of 

rheumatoid arthritis, Morbus Crohn, or psoriasis infusion with monoclonal 

antibodies specific for TNF-α are rather successful in alleviating symptoms by 

eliminating TNF-α. Widely used anti-TNF-α antibodies are infliximab and 

adalimumab30,31. Etanercept is a fusion protein consisting of a recombinant human 

TNF receptor that is bound to the Fc portion of an immunoglobulin, which binds 

strongly to soluble TNF-α32. 
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1.5.6 Complement-induced Depletion of T cells 

To achieve immune suppression antibodies can be given that broadly and 

unspecifically react with leukocytes, which causes leukocyte depletion resulting in a 

weakened immune system. The antibody preparations anti-thymoglobulin (ATG) 

and anti-lymphoglobulin (ALG) are obtained from purified serum of rabbits and 

horses that have been previously immunized with human thymocytes and 

lymphocytes, respectively33,34. Both ATG and ALG are polyclonal mixtures of high-

affinity IgG antibodies that specifically bind different antigens expressed on 

lymphocytes, which marks them for complement proteins for destruction. ATG 

and ALG are mainly used in preventing graft rejection, but have also successfully 

been studied in different autoimmune diseases like aplastic anemia, type I diabetes, 

or multiple sclerosis1,35–37.  

Alemtuzumab is an anti-CD52 antibody used to treat multiple sclerosis, which 

binds to CD52 expressed on the cell surface of lymphocytes. The physiological 

function of CD52 is unknown, but the cell-surface complex of CD52 and anti-

CD52 binds covalently to Cb3, and activates the complement system to induce 

phagocytosis of lymphocytes by the cells of innate immunity1,38. 

1.5.7 Inhibitors of Lymphocyte Migration 

After activation and differentiation in secondary lymphoid tissues effector T cells 

need to migrate to the infected tissue. For this purpose, they first must leave the 

lymphoid tissues in the efferent lymph. This departure is controlled by the 

sphingosine-1-phosphate receptor expressed on the surface of activated T cells that 

recognizes sphingosine-1-phosphate (S1P), a lipid made in all cells, which has 

chemotactic activity. Under the influence of an S1P gradient, T cells expressing an 

S1P receptor are directed to move out of the lymph node into the efferent lymph 

to join the blood circulation. If this signal is blocked, activated effector T cells do 

not enter the blood and remain in the lymph node, which prevents effector T cells 

to fulfill their actions during adaptive immunity. This principle is used in the 

treatment of multiple sclerosis with fingolimod. Fingolimod was synthesized by 
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chemical modification of myriocin, an immunosuppressive substance isolated from 

the entomopathogenic fungus Isaria sinclairii. As a pro-drug fingolimod gets 

phosphorylated by sphingosine kinase 2 to become fingolimod-phosphate, which 

is a high affinity agonist for the S1P receptor. Binding of fingolimod-phosphate to 

the S1P receptor causes internalization of the S1P receptor, which inhibits the S1P-

dependent egress of lymphocytes from lymphoid tissues. Consequently, this effect 

decreases the concentration of lymphocytes in the peripheral blood circulation and 

reduces infiltration of effector T cells into inflammatory sites of autoimmune 

diseases, which causes the immunosuppressive activity1,39. 

Another way to prevent infiltration of effector T cells into inflamed tissue is 

achieved by integrin inhibitors. The transition of T cells from the blood into the 

inflamed tissue is supported by adhesion molecules on T cell surfaces, called 

integrins, which bind to adhesion molecules on endothelial cells. At inflammatory 

sites endothelial cells are activated to express numerous cell adhesion molecules, 

such as vascular cell adhesion molecule-1 (VCAM-1), that allow T cells entering the 

tissue. Inhibition of this transition has been shown to be beneficial in the treatment 

of multiple sclerosis and Crohn’s disease. Natalizumab and vedolizumab are 

monoclonal antibodies that binds to the a4 subunit of integrins expressed on 

T cells. This prevents T cells from binding to adhesion molecules expressed on 

epithelial cells, and to leave the blood circulation to enter the tissues40,41. 

1.5.8 Immunosuppressive Agents with Different or Unclear 
Modes of Action 

Chloroquine and hydroxychloroquine, initially used as antimalarial drugs, are 

currently also used in the treatment of autoimmune diseases, primarily in 

rheumatoid arthritis and systemic lupus erythematosus. Despite the widespread use 

in clinics, the mode of action is still not completely understood. However, 

chloroquine and hydroxychloroquine have been shown to interfere with different 

processes during the immune response. They inhibit the process of antigen 

processing and subsequent presentation as MHC class II complexes in APCs. 

Through inhibition of Toll-like receptors both substances decrease the production 
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of pro-inflammatory cytokines including IFN-g, TNF-a, IL-1, IL-2, and IL-6. 

Additionally, these drugs also interfere with Ca2+ signaling in T cells, which 

consequently inhibits T cell activation. The combination of these effects result in a 

reduced T cell response, which consequently decreases the aberrant adaptive 

immune response in autoimmune diseases42. 

Sulfasalazine is a widely used drug in the treatment of autoimmune diseases like 

rheumatoid arthritis and ulcerative colitis. Its mode of action is not fully 

understood, and is believed to be mediated by several immunomodulatory and anti-

inflammatory effects. Among these effects sulfasalazine has been shown to inhibit 

the release of pro-inflammatory cytokines produced by various cell types, including 

IL-2 by T cells, which showed to reduce T cell activation and proliferation43,44. 

Therapy with IFN-b is commonly used in the treatment of multiple sclerosis since 

it reduces the relapse rates and slows the progression of the disease. The primary 

physiological effect of IFN-b lies in its antiviral activity by supporting NK cells to 

destroy virus infected cells. However, IFN-b also revealed immunosuppressive and 

anti-inflammatory effects whose mode of action is still not fully understood. The 

beneficial effect is explained by different mechanisms, such as the downregulation 

of MHC class II complexes in APCs, which diminishes T cell activation, the 

induction of IL-10 production by T cells, which shifts the balance towards anti-

inflammatory TH2 cells, and the inhibition of T cell migration based on decreased 

expression of adhesion molecules, which prevents T cells to leave the blood 

stream45. 

An additional treatment option applied in multiple sclerosis is the heterogeneous 

mixture of large synthetic polypeptides randomly composed of L-alanine, L-lysine, 

L-glutamic acid, and L-tyrosine, called glatiramer acetate. The mode of action is not 

fully understood, but multiple ways of action are discussed for its therapeutic 

activity, which are mainly explained by its effect on autoreactive T cells. It has been 

shown that glatiramer acetate binds directly to MHC class II molecules expressed 

by APCs, or displaces other peptides from the MHC binding groove. This prevents 
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the presentation of antigens and hinders T cell activation. Furthermore, glatiramer 

acetate binds as an antagonist directly to the TCR which inhibits T cell activation. 

Like the IFN-b, glatiramer acetate treatment promotes the differentiation of naïve 

T cells towards TH2 and Treg cells, which secrete anti-inflammatory cytokines and 

showed to reduce the number of pro-inflammatory TH1 and TH17 cells. Currently, 

glatiramer acetate is also investigated in transplant rejection and inflammatory 

bowel disease46. 

Dimethyl fumarate is a fumaric acid ester used in the treatment of multiple sclerosis 

and psoriasis. Initially, dimethyl fumarate has been synthesized from fumaric acid 

obtained from Fumaria officinalis (Papaveraceae), a plant that has traditionally been 

used for ailments of the skin such as chronic eczema and cutaneous eruptions. The 

mechanisms behind the immunosuppressive effect of dimethyl fumarate are 

multifactorial and are still being unraveled. In general, dimethyl fumarate has been 

shown to inhibit T cell activation and proliferation, and even induced T cell 

apoptosis, resulting in reduced number of lymphocytes in blood circulation. This 

could be explained by inhibition of the NFkB pathway in activated T cells through 

blocking PKC-θ, which leads to inhibition of IL-2 secretion. Furthermore, dimethyl 

fumarate can deplete circulating glutathione levels and subsequently induces heme 

oxygenase 1 (HO-1), which reduces pro-inflammatory cytokine secretion in 

activated T cells. Dimethyl fumarate also interferes with glycolysis of T cells by 

inhibiting glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which reduces 

the capacity of T cells to proliferate, to survive, and to produce cytokines47–49. 
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Fig. 8. Overview of immunosuppressive drugs and their target structures in T cells. CDK, Cyclin-dependent 

kinase. Adapted from1; Created with BioRender.com. 
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1.6 Treatment of Wounds 

The treatment of wounds depends on the wound type (abrasion, cut, burning, 

bruise), the degree of infection, and the state of health of the patient (e.g., diabetes, 

edema). However, wound treatment usually follows the TIME principle. 

"T" for tissue means wound cleaning and debridement, "I" stands for 

infection/ inflammation and means the treatment of the infected wound with 

topical antiseptics or oral antibiotics, "M" stands for moisture and includes 

measures to manage wound exudate and wound moistening, and "E" means edge, 

which describes the assessment of wound edges and the surrounding skin50,51. 

Wound cleaning describes the procedure of removing microbes, foreign bodies, 

and necrotic tissue (called debridement) from the wound using isotonic saline or 

antimicrobial wound irrigation solutions (autolytic debridement), or in more severe 

cases surgical measures. Antiseptic wound irrigation solutions contain 

antimicrobials such as polihexanide, octenidine dihydrochloride, or hypochlorous 

acid52. In chronic non-healing wounds with necrotic tissue like in diabetic foot ulcer, 

autolytic or surgical debridement methods sometimes fail. In such cases bio-surgery 

can be used, also known as maggot debridement therapy. Medical grade live larvae 

of the common green bottle fly Lucilia sericata are given onto the wound where they 

remove the sloughy, necrotic tissue. They secrete proteolytic enzymes that 

extracorporeal digest and remove infected and dead tissue of the wound. 

Concomitantly, this proteolysis promotes tissue repair and reconstruction by 

inducing collagen degradation, keratinocyte migration, and activation of endothelial 

cells and fibroblasts. Furthermore, maggots exhibit antimicrobial activity by directly 

ingesting bacteria and secreting antimicrobial substances like defensins53. 

During the disinfection phase different antiseptics are directly applied onto the 

wound for approximately 2−6 days. The different substances used as antiseptics are 

polihexanide, octenidine dihydrochloride, alcohols (e.g., ethanol, iso-propanol, 

phenoxyethanol), quaternary ammonia compounds (e.g., benzoxonium chloride), 

iodine (e.g., povidone-iodine) and chlorine containing compounds (e.g., triclosan, 
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chlorhexidine), as well as silver containing substances (e.g., elemental silver, silver 

chloride, silver sulfate, silver sulfadiazine)52,54. 

To support fast regeneration of the injured tissue it is important to keep the wound 

moistened. The goal is to balance the moistening of the wound and skin by retaining 

the right amount of moisture to support epithelization, cell migration, and neo-

angiogenesis, and by removing excessive exudate that could lead to wound 

maceration or biofilm formation51. To regulate the moistening in the skin, various 

wound dressings have been developed. To prevent drying of the wound, hydrogel 

dressings containing antiseptics can be used. If the wound is wet and bleeding, 

hydroactive dressings like sodium carboxymethyl cellulose, polyvinyl alcohol, or 

calcium alginate dressings, containing alginic acid obtained from brown algae, can 

be applied, which are able to soak a lot of wound exudate and stop bleeding to 

prevent wound maceration51,55. If the wound is wet and wound maceration has been 

developed, wound healing is impaired and delayed. In this case, the wound must be 

treated dry with a dry dressing. This can be supported with zinc oxide containing 

ointments or medicinal honey (e.g., Manuka honey from New Zealand obtained 

from Leptospermum scoparium nectar), which have skin drying, antiseptic, and wound 

healing promoting properties56,57. To re-moisten the wound afterwards, often 

therapeutic moisturizers like petrolatum or siloxane-based ointments, which 

contain dimethicone and related siloxane polymers (also called silicone oils) are used 

to build-up a firm film that regulates skin hydration and supports re-

epithelization58,59. A more recent therapeutic moisturizer is a spray containing red 

oil from Hypericum perforatum (oleum hyperici) and neem oil from the seeds of 

Azadirachta indica (oleum azadirachtae). It is believed that the oil constituents work 

synergistically to aid the wound healing process. They exhibit antimicrobial 

properties and create a moist wound environment that facilitates cell proliferation 

while preventing wound maceration60–62. 

Further possibilities to treat non-healing wounds include skin replacement therapies 

with biosynthetic and tissue-engineered living skin transplants. For example, 

Apligraf® is a tissue-engineered human skin product which consists of an 
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epidermal layer of living human keratinocytes and of a dermal layer made out of 

bovine collagen containing human fibroblasts. Once transplanted, tissue-

engineered human skin adapts to the physiological and structural environment at 

the site of the wound and supports tissue repair by secreting growth factors63. 

Improved wound healing is also achieved with acellular fish skin transplantation, 

which enhances wound healing by promoting angiogenesis and collagen deposition 

based on different growth factors, and reduces the state of inflammation due to the 

high content of omega-3 fatty acids5,64. A further type of therapy in the treatment 

of non-healing wounds is the vacuum-assisted closure therapy (VAC). The wound 

is airtight sealed and is connected to a vacuum pump which aspirates continuously 

wound exudate. The applied vacuum stabilizes the wound environment, reduces 

wound edema and bacterial load, improves tissue perfusion, and stimulates 

granulation tissue and angiogenesis. All this improves wound closure and reduces 

the need of plastic surgeries65. 

To support wound healing of smaller wounds and scars often special ointments, 

gels, creams, or adhesive silicone bandages are locally applied. The goal of such 

topical dosage forms is to regularly disinfect the wound and support its re-

epithelization while avoiding hypertrophic scarring and hyperkeratosis. Usual active 

ingredients include heparin sodium, allantoin, dexpanthenol, zinc oxide, vitamins, 

antiseptics, hyaluronic acid, collagen, siloxane polymers, and herbal remedies66,67. 

Heparin is a natural occurring glycosaminoglycan mostly obtained from porcine 

intestine mucosa and is used as an anticoagulant that binds antithrombin III. In 

wound healing it is used for its antithrombotic, anti-inflammatory, analgesic, and 

collagen remodeling properties68. Often, heparin sodium-containing topical dosage 

forms are combined with substances that support re-epithelization like 

dexpanthenol (pantothenic acid) and allantoin. 

Dexpanthenol is a skin moisturizer and prevents skin irritation, stimulates skin 

regeneration, and promotes wound healing. When applied topically, dexpanthenol 

as a prodrug gets enzymatically transformed to pantothenic acid (vitamin B5), a 
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constituent of coenzyme A. Coenzyme A is involved in many metabolic processes 

including fatty acid and sphingosine synthesis, which promotes epidermal 

regeneration. Furthermore, pantothenic acid increases fibroblast proliferation, 

collagen synthesis, accelerated epithelialization, and induces fibroblasts to produce 

cytokines involved in wound healing mechanisms69. 

Allantoin is a natural occurring degradation product of nucleic acids and from 

purine metabolism in various organisms, but can be found in higher concentrations 

in certain plants, especially from the genus Symphytum, such as Symphytum officinale70,71. 

Furthermore, it is also produced during maggot debridement by the larvae of Lucilia 

sericata53. Allantoin exhibits wound regeneration promoting effects by its slightly 

keratolytic and skin hydrating properties. Additionally, allantoin supports 

granulation tissue formation by stimulating fibroblast proliferation and collagen 

synthesis71,72. 

Beside heparin, dexpanthenol, and allantoin, it is quite common that wound healing 

ointments contain onion extract (Allii cepae extractum) or the oil of Hyoscyamus niger 

(Hyoscyami maceratum oleosum, Grünöl in German). Allium cepa extract shows 

anti-inflammatory effects, and reduces proliferation and collagen synthesis by 

fibroblasts, which prevents hypertrophic scarring during wound healing. The 

effects of Allium cepa are believed due to its increased flavonoid content, mainly due 

to quercetin73,74. Topical formulations containing oil of Hyoscyamus niger in the 

treatment of wounds and scars are commonly used in Austria and Switzerland75. 

Even though, no scientific data is available about its wound healing effects, it seems 

to be rather effective against hypertrophic scar formation. Active constituents are 

believed to be the parasympathic-blocking tropane alkaloids atropine, scopolamine, 

and hyoscyamine76. 

Adhesive silicone bandages and siloxane polymer-containing ointments can be used 

with or without other active ingredients to reduce pain and itching of wounds. 

Silicone based wound treatment supports re-epithelization by keeping the wound 
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occluded, hydrated, and smooth, and additionally silicone reduces fibroblast 

proliferation preventing hypertrophic scar formation77. 

Hyaluronic acid is a human glycosaminoglycan that is used in tissue regeneration 

alone or in combination with other drugs due to its wound healing promoting 

effects. By its hydrating effect, it supports wound moistening, which promotes re-

epithelization, neo-angiogenesis, and granulation tissue formation. As an essential 

component of the extracellular matrix hyaluronic acid supports cell differentiation, 

proliferation, adhesion, and migration of keratinocytes, fibroblasts and immune 

cells during tissue regeneration. Additionally, hyaluronic acid binds to hyaluronic 

acid receptors on skin and immune cells, which supports the production of 

cytokines, chemokines, and growth factors that regulate the wound healing 

process78. 

Collagens are the most abundant structural proteins in the extracellular matrix 

found throughout connective tissues in mammals and contribute to hydration, 

mechanical strength, and elasticity of the skin. In their native and fibrillar 

conformation, or as soluble components in the wound milieu, they are important 

in the regulation of the different wound healing phases. In the healing wound, 

collagens are synthesized by fibroblasts and are involved in immune cell activation. 

Collagens stimulate immune cells to secrete cytokines, which influence the 

migration of fibroblasts, endothelial cells, and epithelial cells within the wound. 

Simultaneously, collagen degradation releases fragments that promote fibroblast to 

proliferate and to synthesize growth factors that support angiogenesis and re-

epithelialization. One driving factor in the development of chronic wounds is 

persistent and increased destruction of extracellular matrix by elevated levels of 

matrix metalloproteinases. Beside the ability to support the recruitment of immune 

cells, fibroblasts, and keratinocytes to sites of healing wounds, collagens applied on 

wounds have been shown to bind matrix metalloproteinases which reduces 

destructive and inflammatory processes. Furthermore, collagens promote neo-

angiogenesis in granulation tissue, and support wound healing by their moisturizing 

properties79. 
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Beside dexpanthenol or rather pantothenic acid, different other vitamins are applied 

topically to support wound healing. Vitamin A (retinol) is used in the treatment of 

skin diseases like acne and psoriasis where it supports the healing of skin lesions. 

The beneficial effects during wound healing are explained by promoting 

keratinocyte migration, collagen synthesis by fibroblasts, and by inhibiting matrix 

metalloproteinases, which supports re-epithelization. Vitamin C (ascorbic acid) 

supports wound healing by promoting collagen synthesis, modulating immune cell 

functions, and by its antioxidative effects. Vitamin E (tocopherols) is believed to 

act similarly as vitamin C as an antioxidant, which counteracts the elevated level of 

tissue damaging ROS in inflamed wounds caused by neutrophils during the 

processes of innate immunity. Vitamin D3 is known to accelerate wound closure 

by promoting re-epithelization through increasing proliferation and differentiation 

of keratinocytes and fibroblasts80,81. 
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1.7 Traditional Natural Products in Autoimmune 
Diseases and Wound Healing 

Many of the immunosuppressive drugs currently used in clinics are natural products 

like cyclosporine, tacrolimus, or rapamycin, or are natural product-derived semi-

synthetic derivatives like mycophenolate mofetil, pimecrolimus, everolimus, 

fingolimod, and dimethyl fumarate. The modern idea of the immune system, its 

components, and how they interact do defeat pathogens started to develop in the 

middle of the 19th century. However, the understanding on how immune reactions 

develop, what type of cells are involved, and how they interact, especially also the 

idea of autoimmune diseases in which immune cells attack own body structures 

only emerged in the middle of the 20th century. Therefore, to have traditional natural 

remedies with the intention to treat autoimmune diseases specifically does basically 

not exist. However, the clinical manifestation of autoimmune diseases like psoriasis 

or rheumatoid arthritis was already known many hundred years before the cellular 

and molecular understanding of these diseases developed. Hence, such clinical 

pictures have commonly been treated symptomatically with traditional medicinal 

products, mainly with traditional medicinal plants. 

Rheumatic disorders comprise diseases causing chronic pain in the joints and 

connective tissues, which can develop a chronic joint inflammation, as it is the case 

in rheumatoid arthritis. Therefore, inflammatory rheumatic disorders affecting the 

joints have mainly been treated traditionally with herbal preparations having 

analgesic properties. Typical oral applications include devil’s claw root of 

Harpagophytum procumbens (Harpagophyti radix), willow bark (Salicis cortex) from 

different Salix sp. (e.g., Salix alba, Salix purpurea), preparations made out of Populus 

tremula, Solidago virgaurea, and Fraxinus excelsior (Phytodolor®), or green-lipped 

mussel (Perna canaliculus). As topical treatment options Capsicum fruit (Capsicum 

annuum, Capsicum frutescens) or Arnica montana (Arnicae flos) containing ointments are 

applied. More recently, olibanum (Boswellia carteri, Boswellia serrata) or rose hip fruits 

(Rosa canina, Cynosbati fructus) as oral preparations gained more interests in the 

usage for rheumatic disorders82–84. 
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The effects of H. procumbens, Salix sp., and Phytodolor® are mainly described as 

anti-inflammatory and analgesic by influencing the expression of different pro-

inflammatory cytokines and the inhibition of cyclooxygenases82–84. 

The capsaicinoids of Capsicum-containing drugs interfere directly with nerves 

resulting in the analgesic effect. The beneficial effects A. montana in rheumatoid 

arthritis are explained due to the sesquiterpene lactones helenalin and its derivatives 

that directly inhibit the activation of transcription factors NFkB and NFAT, which 

reduces the activation of T cells and the secretion of pro-inflammatory cytokines 

like TNF-α and IL-282–84. 

Green-lipped mussel preparations are used for their analgesic, anti-inflammatory, 

and joint protective properties. The effects are explained by omega-3 fatty acids 

interfering with cyclooxygenases, as well as by glucosamine and chondroitin which 

promote chondrocyte proliferation and collagen production counteracting cartilage 

degradation85. 

Olibanum is used in traditional ayurvedic medicine to treat rheumatic diseases. 

Boswellic acids were identified as active ingredient showing anti-inflammatory, anti-

proliferative, and immunosuppressive properties, and demonstrated in vivo 

promising effects in the treatment of autoimmune diseases, such as rheumatoid 

arthritis, inflammatory bowel disease, and psoriasis. The beneficial effects of 

boswellic acids are mostly explained by the inhibition of cathepsin G and 

microsomal prostaglandin-E-synthase 183,84,86,87. Cathepsin G is a serine protease 

mainly produced by neutrophils and stored in their granula. During the normal 

innate immune response, it is involved in the intra- and extracellular destruction of 

pathogens. As a component of the neutrophil proteolytic machinery, cathepsin G 

regulates inflammatory responses by stimulating the production of cytokines and 

chemokines, which are responsible for the activation and mobilization of immune 

cells to the site of infection. Furthermore, during inflammation, cathepsin G plays 

an important role in the degradation of extracellular matrix in the tissues, and is 

crucial for the formation of neutrophil extracellular traps88. Through inhibition of 
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microsomal prostaglandin-E-synthase 1, boswellic acids reduced the synthesis of 

prostaglandin E2 (PGE2), resulting in reduced inflammation86. Furthermore, 

similarly to the sesquiterpene lactones of A. montana, boswellic acids can inhibit 

NFkB and NFAT pathways, and thereby inhibiting T cell activation and 

proliferation84,89. 

Food supplements containing rose hip fruits to treat rheumatic disorders are gaining 

interests in Switzerland. Despite promising clinical outcomes, including decreased 

joint damage and pain with concomitant improved joint mobility, the active 

constituents of rose hip preparations and their mode of action remain unclear. In 

various in vitro studies, extracts have shown to possess anti-inflammatory properties, 

which are mainly explained by the reduced expression of pro-inflammatory 

cytokines and chemokines, the inhibition of NFkB signaling, and the suppression 

of cyclooxygenases and pro-inflammatory metalloproteases90. 

For the treatment of inflammatory skin diseases like psoriasis, as well as for wound 

treatment, a wide range of different traditional medicinal products have been 

effectively used in clinics91–93. Skin diseases and wounds are mostly topically treated 

with ointments, creams, or gels, and the base for such dosage forms often contains 

excipients coming from natural products. Often these base substances are not only 

intended to be inert excipients, they also have supporting effects like moistening or 

greasing of the skin, which may be beneficial in certain circumstances, or they have 

antioxidant and anti-inflammatory properties that support health promoting effects. 

For dry and scaly skin, as it may be the case in diseases like psoriasis or atopic 

dermatitis, often oily base excipients are used, such as olive oil (Olea europaea) peanut 

oil (Arachis hypogaea), avocado oil (Persea americana), almond oil (Prunus dulcis var. 

dulcis), sesame oil (Sesamum indicum), soy oil (Glycine max), linseed oil (Linum 

usitatissimum), coconut oil (Cocos nucifera), palm oil (Elaeis guineensis), castor oil (Ricinus 

communis), and wheat germ oil (Triticum aestivum). Beside the plant oils also plant fats 

like cacao butter (Theobroma cacao) and shea butter (Vitellaria paradoxa), or waxes, 

such as jojoba wax (Simmondsia chinensis), carnauba wax (Copernicia prunifera), beeswax 
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(Cera flava, Cera alba; Apis mellifera), or sheep wool wax (lanolin, Adeps lanae; Ovis 

aries) are applied onto dry skin. To keep the skin moistened, especially in the 

treatment of wounds and burns, gels containing Aloe vera (syn. Aloe barbadensis) are 

used. Compared to the fatty base excipients, Aloe vera is often also used as the active 

ingredient, because beside its skin hydrating properties, polysaccharides such as 

acemannan showed to have anti-inflammatory and wound healing promoting 

effects by stimulating collagen synthesis and neo-angiogenesis83,84,94. 

Smaller wounds and slight inflammation on the skin are traditionally treated with 

herbal-based ointments containing marigold (Calendulae flos, Calendula officinalis), 

witch-hazels (Hamamelidis folium, Hamamelis virginiana), chamomile (Matricariae 

flos, Matricaria chamomilla, syn. Matricaria recutita), oak bark (Quercus cortex, Quercus 

robur, Quercus petraea, Quercus pubescens), Arnica montana (Arnicae flos), comfrey roots 

(Symphyti radix, Symphytum officinale), yarrow (Millefolii herba, Achillea millefolium), 

and red oil from Hypericum perforatum (oleum hyperici)82–84. 

For chronic skin inflammation, like in the various types of dermatitis, oral herbal 

preparations containing bittersweet stems (Dulcamarae stipites, Solanum dulcamara) 

or evening prime rose seed oil (Oenotherae seminis oleum, Oenothera biennis) are 

commonly used. For the topical treatment of dermatitis and psoriasis, traditionally 

used medicinal products contain chrysarobin (Andira araroba; syn. Vataireopsis 

araroba), wild pansy (Violae tricoloris herba, Viola tricolor), lesser balloon vine 

(Cardiospermum halicacabum), Mahonia aquifolium bark, birch bark (Betula pendula, Betula 

pubescens), olibanum (Boswellia carteri, Boswellia serrata), or Indian pennywort (Centella 

asiatica). In the psoralen plus UV-A (PUVA) photo chemotherapy of psoriasis, 

furanocoumarins obtained from plants like Psoralea corylifolia (syn. Cullen corylifolium) 

or Ammi majus have traditionally been used82–84,91. 

The beneficial effects on skin inflammation and wound healing of marigold are 

explained by antibacterial, anti-inflammatory, and granulation tissue promoting 

effects caused by triterpene alcohols like faradiol and their fatty acid 3-monoester 

derivatives of lauric, myristitic, and palmitic acid, as well as by flavonoids and 
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triterpene saponins. The antibacterial, anti-inflammatory, and wound healing 

properties of chamomile are mainly due to inhibitory effects on lipoxygenases and 

cyclooxygenases by flavonoids, sesquiterpenoids, the sesquiterpene lactone 

matricin, chamazulene, and chamazulene carboxylic acid. The use of yarrow in skin 

lesions is also mainly explained by its content of sesquiterpene lactones. The 

advantageous effects of witch-hazels and oak bark are caused by the astringent and 

anti-inflammatory effects of the tanning agents82–84. 

Evening primrose seed oil contains a high amount of γ-linolenic acid and is mainly 

used as an oral treatment for atopic dermatitis. The pathophysiology of atopic 

dermatitis is still not understood and it is thought to be multifactorial. One of the 

discussed pathological pathways is a decreased activity of δ-6-desaturase, an enzyme 

that converts linoleic acid, which is taken up by diet, into γ-linolenic acid. A decrease 

in γ-linolenic acid results in a decrease of prostaglandin E1 (PGE1). PGE1 exhibits 

anti-inflammatory properties by promoting the differentiation of Treg cells, leading 

to decreased activity of effector B cells and reduced production of IgE. An 

increased level of IgE is a typical indicator of atopic dermatitis. Hence, the 

supplementation of γ-linolenic acid through evening primrose seed oil is thought 

to enhance the levels of PGE1. This, in turn, is believed to amplify Treg cell activity, 

leading to a reduction in inflammatory processes caused by effector B cells 

producing IgE. Finally, this improvement in PGE1 levels and the resulting Treg cell 

activity helps to ameliorate the clinical symptoms of atopic dermatitis. However, 

different clinical studies provide conflicting results about the effectivity of evening 

primrose seed oil82–84.  

Extracts of the stems of Solanum dulcamara are used for the oral treatment of 

inflammatory skin diseases. The effect is explained by anti-inflammatory effects 

caused by steroid alkaloids and steroid saponins. However, literature about 

bittersweet stems is scarce82–84.  

One of the oldest traditional treatments specifically indicated for psoriasis was the 

topical application of Goa-powder obtained from the medullary rays of the 
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heartwood of Andira araroba. Extraction of the Goa-powder with benzene afforded 

so-called crude chrysarobin, a crystalline powder consisting of several anthrone 

derivatives, which substituted the Goa-powder in the treatment of psoriatic skin. 

Crude chrysarobin contains mainly pure chrysarobin (syn. chrysaphanol anthrone, 

3-methyl-1,8-dihydroxyanthrone), as well as its enol form chrysaphanol anthranol, 

and physcion anthrone with its enol form physcion anthronol. In a smaller amount 

the oxidation product of chrysarobin the chrysophanic acid (syn. chrysophanol, 1,8-

dihydroxy-3-methylanthraquinone) is found. Chrysarobin and chrysophanic acid 

are considered as the active constituents of the Goa-powder. Due to side effects 

and limited availability in the early 20th century, chrysarobin was replaced by the 

synthetic analog dithranol (syn. anthralin, cignolin). Since 2022, dithranol has been 

withdrawn from the market for the treatment of psoriasis due to the availability of 

more effective and less toxic alternatives95,96. The mode of action of anthrone 

derivatives is described by their low stability and their ability for fast oxidation to 

form danthrone derivatives. The oxidation process releases ROS and anthrone 

radicals that interfere with the respiration process in mitochondria and with DNA 

replication, resulting in anti-proliferative and anti-inflammatory effects in psoriatic 

skin83,84,97. Recently, there has been growing interest in the use of chrysophanic acid 

derived from Rumex crispus or Rheum palmatum for treating atopic dermatitis and 

inflammatory bowel disease. Chrysophanic acid demonstrated anti-inflammatory 

effects by reducing keratinocyte and T cell activation and proliferation. These 

effects are based on directly inhibiting NFkB signaling, which leads to a decrease 

in the secretion of pro-inflammatory cytokines98–101. 

A further treatment option used in psoriasis is the PUVA photo chemotherapy. 

PUVA is a therapy which applies UV-A light (380−315 nm) in combination with 

the previously administered psoralen derivative methoxsalen (8-methoxypsoralen, 

8-MOP, xanthotoxin) to destroy psoriatic plaques. The cytotoxic and anti-

proliferative effect of linear furanocoumarins of the psoralen type is based on their 

ability to interact directly with the DNA double strand. Firstly, furanocoumarins 

intercalate with pyrimidine bases. After applying UV-A light thymidine bases get 
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activated to bind covalently to intercalated furanocoumarins, which finally results 

in cross-linking of the single DNA strands. This prevents DNA replication and 

transcription, and leads finally to the apoptosis of affected cells. Furanocoumarins 

were usually obtained from Psoralea corylifolia or from the fruits of Ammi majus. 

However, furanocoumarins can also be obtained from other plants, such as 

Heracleum mantegazzianum, Heracleum sphondylium, Angelica archangelica, Ficus carica, or 

from several Citrus-species (e.g., pericarp or essential oils of bergamot orange Citrus 

bergamia)83,84. 

The beneficial anti-inflammatory, anti-proliferative, and keratolytic effects in the 

topical treatment of psoriasis with Mahonia aquifolium bark is explained by its content 

of bisbenzylisoquinoline, protoberberine (e.g., berberine), and aporphine alkaloids. 

It is assumed that the alkaloids may inhibit keratinocyte proliferation by reversible 

intercalation with DNA. Additionally, the whole extract reduced the activity of 

cyclooxygenases and lipoxygenases, in vitro. However, data about the effects of 

Mahonia bark is scarce91,102. 

Wild pansy contains flavonoids, salicylic acid ester derivatives, cyclotides, and 

mucilage. Its traditional use in inflammatory skin diseases may be explained by anti-

inflammatory and keratolytic effects caused by salicylic acid ester derivatives. 

However, recent research demonstrated that Viola extracts reduce neutrophil 

infiltration into the skin, and that isolated cyclotides inhibit T cell activation and 

proliferation91,103,104. Willow bark has traditionally been used as anti-inflammatory, 

analgesic, and keratolytic treatment option for psoriasis. These beneficial effects are 

explained by the content of salicyl alcohol derivatives. Still to date, salicylic acid is 

routinely used as active ingredient in ointments for its keratolytic effects to treat 

psoriasis. Salicylic acid is often combined with urea, which is also frequently applied 

for its good keratolytic properties105,106. 

Cardiospermum halicacabum is traditionally applied topically for treating inflammatory 

skin diseases due to its anti-inflammatory and antipruritic effects. Beneficial 

properties are explained by its content of flavonoids and triterpene saponins107. The 
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ethanolic extract showed in vitro an inhibition of NFkB signaling, and reduced the 

expression of cyclooxygenases in macrophages and T cells. However, so far, no 

secondary metabolites have been identified that could be involved in these 

effects108. In small clinical studies beneficial effects could be shown, but more 

investigation is needed to assess the effectivity of lesser balloon vine 

preparations107,109. 

In the last few years two further plants gained interest in the treatment of 

dermatological issues, namely Indian pennywort (Centella asiatica) and Betula pendula. 

Indian pennywort showed in vitro and in vivo improvements in wound healing, scar 

treatment, and in psoriatic skin. As active constituents the triterpenes asiaticoside, 

madecassoside, asiatic acid, and madecassic acid have been identified. In wound 

healing C. asiatica extracts and isolated triterpenes promoted neo-angiogenensis, and 

induced fibroblast activation and proliferation, which resulted in increased collagen 

synthesis. Additionally, inhibitory effects on keratinocyte proliferation was shown. 

Asiatic acid and madecassic acid demonstrated anti-inflammatory potential by 

reducing the secretion of pro-inflammatory cytokines in macrophages110,111. 

Furthermore, asiatic acid and madecassoside improved psoriatic skin lesions by 

reducing the activity of TH17 cells, in vivo112,113. 

In 2016 the ointment Episalvan®, which contains a triterpene-enriched extract 

obtained from birch bark got approval for the treatment of wounds, and is also off-

label used in psoriasis. The effects are not fully understood, but are explained by a 

high concentration of betulin. The betulin-containing ointment improved wound 

closure and re-epithelization in clinical studies. The dry triterpene-enriched extract 

demonstrated anti-inflammatory and keratinocyte migration promoting 

properties114. 

In the treatment of skin disorders, especially of wounds, resins and balsams are 

commonly used. Resins are brittle solids or highly viscous lipophilic exudates with 

yellow, brown, or red colors from plants with low essential oil content. If resins 

contain a high content of essential oil, the resin becomes more ductile and less 
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viscous, and is then called balsam. Emulsions of resins with mucilage are called gum 

resins. Resins and balsams contain mainly resin acids, which include carboxylic acids 

of terpenes (especially diterpene and triterpene acids), resin alcohols (lignans or 

benzyl alcohols), resin esters (esters of resin acids), benzoic and cinnamic acid 

derivatives, and essential oils. In history resins and balsams such as olibanum, myrrh 

(the gum resin from different Commiphora sp., mainly of Commiphora myrrha), 

turpentine and rosin (the resin of different conifers, especially of Pinus and 

Larix sp.), styrax benzoin (siam-benzoin from Styrax tonkinensis, sumatra-benzoin 

from Styrax benzoin), mastic (Pistacia lentiscus), and the Myroxylon balsams Peru balsam 

(Myroxylon balsamum var. pereirae) and tolu balsam (Myroxylon balsamum var. balsamum) 

are used for various ailments including skin irritations and wounds83,84,115–117. The 

beneficial effects for skin disorders and wounds are mainly explained by their 

greasing, anti-bacterial, anti-inflammatory, and granulation-tissue promoting 

properties, and their ability to support wound closure118. Recent research in this 

field demonstrated that lignans and diterpene resin acids, as main constituents of 

different conifer balsams, are able to support re-epithelization by increased 

migration and proliferation of keratinocytes in vitro119,120. Additionally, clinical trials 

revealed beneficial outcomes if wounds are treated with coniferous resins118,121,122.  

Propolis, or bee glue, is a natural resinous substance made by honey bees (Apies 

mellifera) that has traditionally been used to treat inflammatory skin diseases and 

wounds. The composition highly varies and comprises balsams, waxes, essential oil, 

and pollen components. Propolis is rich in flavonoids, phenylpropanoids, 

terpenoids, and lignans. The beneficial effects for the treatment of skin disorders 

and wounds are mainly explained by its anti-bacterial, anti-inflammatory, and 

wound healing promoting properties. Recent research, supported its traditional use 

in wound healing, since propolis has shown to accelerate tissue repair by stimulating 

hyaluronic acid synthesis, which is necessary for granulation tissue formation and 

wound closure123,124. 

In the last few years, in the field of traditional medicinal natural products a lot of 

herbal preparations have been investigated for possible immunosuppressive effects. 
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Some of the investigated plant species gained quite some interests for further 

investigation and development in the field of autoimmunity7,125–129.  

Curcuma longa extracts and its active ingredient curcumin has been shown to reduce 

T cell activation and proliferation in the mixed lymphocyte reaction. Curcumin 

exhibits anti-inflammatory effects by interfering with cyclooxygenases and NFkB 

signaling, and showed to interfere with the differentiation of effector T cells 

towards inflammatory TH1 and TH17 cells. In in vivo studies and small randomized 

controlled clinical studies, both C. longa extracts and curcumin showed beneficial 

effects in autoimmune diseases like psoriasis, inflammatory bowel disease, and 

multiple sclerosis. The mode of action is not fully understood and believed to be 

multifactorial by influencing different molecular targets. However, more clinical 

data is needed to confirm its effectivity in autoimmune diseases127,128,130–133. 

Triperygium wilfordii, a plant widely used in traditional Chinese medicine to treat 

rheumatoid arthritis, is currently undergoing intensive research to explore its 

potential in treating autoimmune diseases. The investigation comprises different 

extracts of the plant, as well as its major constituent triptolide and derivatives 

thereof, along with the triterpene celastrol. Extracts and triptolide effectively 

reduced activation and proliferation of T cells by inhibition of IL-2-mediated signal 

transduction. Additionally, inhibition of expression and secretion of various pro-

inflammatory cytokines by T cells could be demonstrated. Furthermore, effectivity 

in rheumatoid arthritis could be established in in vivo and clinical studies. However, 

during clinical studies some toxic side effects have been identified7,127,134–138.  

A few years ago the traditional Chinese medicinal plant Dichroa febrifuga gained some 

attention in the media for the treatment of autoimmune diseases. The semi-

synthetic drug halofuginone, synthesized from quinazoline alkaloid febrifugine, 

which has been isolated from the hydrangea roots, was found to exhibit strong 

inhibitory effects on the development of TH17 effector T cells without affecting 

other types of T cells. Therefore, halofuginone is considered as a new treatment 
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option for diverse autoimmune diseases and has been studied in animal models for 

rheumatoid arthritis and multiple sclerosis139–142. 

Due to high media influences in the last few years also cannabis (Cannabis sativa) 

and cannabinoids gained interest in autoimmunity research. Cannabis and its active 

ingredients demonstrated immune modulating effects by reducing the expression 

and secretion of pro-inflammatory cytokines through interaction with the 

cannabinoid-2 receptor (CB2R), which is mainly expressed on immune cells. The 

binding to cannabinoid receptors has been shown to reduce immune system 

activation and the migration of immune cells. Furthermore, the binding to 

cannabinoid receptors in immune cells induces apoptosis, suppresses transcription 

factors, and inhibits the release of cytokines. Tetrahydrocannabinol (THC) and 

cannabidiol (CBD) decreased in vitro the activation of TH17 cells resulting in a 

reduced secretion of pro-inflammatory IL-17. In murine models cannabinoids 

reduced T cell activation, proliferation, and the secretion of pro-inflammatory 

cytokines like IL-2. Even though, in vitro data and animal studies indicated beneficial 

effects in terms of autoimmunity, the mode of action is not fully understood and 

clinical studies for multiple sclerosis, rheumatoid arthritis, and inflammatory bowel 

disease are still lacking of clinical evidence143,144. 

More rather recent efforts in natural product research for autoimmune diseases are 

nicely summarized in the publications of Asadi-Samani et al. and Saurin et al.127,128.  
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1.8 Current Research on Natural Products in 
Autoimmunity and Wound Healing 

Currently, research in finding new therapeutics in the treatment of autoimmunity is 

mainly driven by the developments of novel biologics, such as monoclonal 

antibodies and fusion proteins, that are specific for certain targets. Due to this target 

specificity, it is assumed that such therapeutic interventions cause less side effects 

through hitting off-targets. Despite great specificity and effectivity, biologics have 

been shown to cause a variety of adverse side effects, such as cytokine release 

syndrome, hypersensitivity reactions, anti-drug antibodies, or loss of efficacy over 

time145–149. Therefore, huge efforts are undertaken to develop novel biologics that 

are less immunogenic, and more specific for certain targets. In this regard, a lot of 

research is done to unravel the modes of action involved in the pathogenesis of 

autoimmune diseases, aiming to find new target structures that can be tackled with 

novel therapeutics145,147,150,151. This, for example, led to the development of novel 

molecules interfering with Janus kinases (JAK) and phosphoinositide 3-kinases 

(PI3K), or to investigations how targeting sialic acid-binding immunoglobulin-type 

lectins (Siglecs) could impact the progress of autoimmune diseases152–154. Another 

recent approach comprises the usage of cellular therapies in which Treg cells or 

chimeric antigen receptor (CAR) Treg cells are investigated as potential novel 

therapeutics in the treatment of autoimmunity155. 

In the field of wound healing research a similar trend is observed, which is based 

on exploring in more detail the physiological interplay between immune cells, 

extracellular matrix, and epidermal cells, aiming to unravel novel molecular 

pathways or targets that are involved in the wound healing process156–159. When it 

comes to wound treatment, the emphasis is less on discovering new drugs and more 

on developing innovative formulations to enhance drug accessibility to the skin. 

This involves for example the improvement of wound dressings that incorporate 

components of the extracellular matrix, such as hyaluronic acid and collagen, along 

with growth factors. Additionally, the use of stem cells is explored as they have the 

potential to stimulate neo-angiogenesis, keratinocyte proliferation, and fibroblast 
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activity. Further approaches are aimed to develop new skin transplants, or to 

improve physical interventions like cryotherapy, pressure therapy, or laser 

therapy78,79,158,160–163. 

In order to address complex multifactorial diseases, such as autoimmunity and 

wound healing, researchers are exploring additional approaches that focus on 

identifying novel multi-target therapeutics. Such therapeutics have the potential to 

simultaneously hit multiple targets involved in disease pathogenesis, which may 

offer a more comprehensive approach to treat this group of diseases. The goal is 

either to develop one molecule that interferes on multiple molecular targets, or to 

use a therapeutic interventions that are composed of several substances, which may 

act synergistically on the same or on different targets151,164–166. 

One approach that goes into the direction of multi-component treatments includes 

the investigation of natural products and extracts coming from herbals, fungi, 

bacteria, or animals92,94,167–170. Natural products and their diverse chemical scaffolds 

remain a crucial and valuable source for the discovery of novel chemical entities in 

the field of drug development. Therefore, such approaches have the potential to 

uncover novel chemical structures from nature that could be used as single drug 

treatments or serve as lead structures for subsequent improvements by medicinal 

chemistry, leading to the development of new semi-synthetic derivatives39,171,172. 

This natural product based approach led to the discovery of some of the most 

famous and most frequently used drugs in the treatment of autoimmune diseases 

like cyclosporine, tacrolimus, rapamycin, fingolimod, or mycophenolate mofetil173. 

The search of novel potential immunosuppressive natural products often starts with 

an in vitro lymphocyte proliferation assay. In such assays human peripheral blood 

mononuclear cells (PBMCs) or the mixed lymphocyte reaction (MLR) is used. 

These assays can be combined by evaluating the expression and secretion of various 

cytokines with fluorescence-activated cell sorting (FACS) or enzyme-linked 

immunosorbent assay (ELISA) based approaches1. Natural extracts that are able to 

reduce the activation and proliferation of T cells can be further investigated in 
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additional in vitro, ex vivo, or in vivo test systems that are specific for certain 

autoimmune diseases174–178. Follow-up steps often include the chemical 

characterization of active extracts using chromatographic and spectroscopic 

methods, which can be combined with dereplication strategies, such as advanced 

MS/MS-based annotation, to identify and annotate the compounds present in the 

extract179–186. Chemical components of the extract can be isolated by an activity-

guided approach with the goal to identify the specific compounds responsible for 

the observed effects of the extract89,187–194. A recent successful case by applying this 

approach is the identification of novel immunosuppressive cyclotides derived from 

Oldenlandia affininis and Viola tricolor, that are now entering early stage clinical trials 

for the treatment of multiple sclerosis and ulcerative colitis, respectively103,195,196. 

A wide range of in vitro, ex vivo, and in vivo test systems specific to autoimmune 

diseases are available, offering diverse experimental endpoints. For example, 

extracts that may have an impact on psoriasis can be explored in vitro on HaCaT 

keratinocytes, in different ex vivo test systems, and in animal models with 

experimental endpoints ranging from keratinocyte migration and proliferation, 

expression and secretion of inflammatory cytokines, up to in vivo plaque 

formation197–201. Similar approaches are followed for different autoimmune diseases, 

such as multiple sclerosis, rheumatoid arthritis, and type I diabetes202–205. 

The study of natural products in the field of wound healing is basically similar to 

that described for autoimmune diseases. However, the goal is not focused on 

finding new and extraordinary drugs as it might be the case for autoimmunity. The 

primary objective is to explore natural preparations that have a well-established 

traditional usage in promoting wound healing, since these preparations are sought 

as cost-effective and affordable alternatives for wound treatment94,206. Due to the 

well-established foundational knowledge gained from traditional use, research on 

herbal preparations for wound healing predominantly focuses on in vitro or ex vivo 

studies, which is in contrast to the research in the field of autoimmunity that often 

places greater emphasis on in vivo studies206. The most routinely used in vitro assays 

are scratch and proliferation assays using different types of cells, such as 
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keratinocytes, fibroblasts, endothelial cells, and immune cells, to examine cell 

migration and proliferation. Scratch assays are often combined with ELISAs to 

study expression and secretion of various cytokines that are involved in the wound 

healing process199,206–213. Frequently, fibroblasts are investigated in 3D in vitro models 

to study their migration, as well as their influence on the production of collagen and 

other components of the extracellular matrix206,212,213. Although in vitro and ex vivo 

models offer valuable insights into the potential mechanisms of action in wound 

healing, it is recommended to further investigate herbal preparations in in vivo and 

clinical studies. Such attempts are crucial to assess the influence of herbal 

preparations on all phases of the wound healing process, and to confirm their 

traditional usage. Unfortunately, despite promising effects in in vitro and ex vivo 

studies, many herbal preparations remain largely unexplored in the pre-clinical stage 

without further investigation206. Therefore, the next phase includes in vivo studies 

using animal models, such as wound incision, excision, or burn models. These 

models are employed to examine tissue repair, assess the time-dependent reduction 

of wound size, and evaluate histological changes. Furthermore, in vivo models are 

used to study granulation tissue formation, neo-vascularization, extracellular matrix 

remodeling, wound contraction, and scar formation206,213,214. 
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Autoimmune dysfunction affects around 5–10% of the human population, with 

increasing incidence. Increased activation and proliferation of T cells plays an 

essential role in the development of chronic inflammation and autoimmune 

diseases. Currently used immunosuppressive drugs often do not provide long-

lasting relief of symptoms and show a gradual loss of efficacy over time. Moreover, 

they are frequently associated with various side effects. Certain autoimmune 

diseases, such as psoriasis or type I diabetes, are commonly accompanied by the 

formation of chronic and non-healing inflammatory wounds. Worldwide, millions 

of people suffer from difficult-to-treat wounds, and currently available treatment 

options provide only partial effectiveness. The treatment of non-healing wounds 

often needs hospitalization and generates steadily increasing healthcare costs. 

Therefore, for both, autoimmunity and wound healing novel therapies are needed. 

The first goal of this work is to discover novel immunosuppressive lead substances. 

For this purpose, an in-house library consisting of 600 extracts of plants from 

Panama should be screened for inhibition of human T cell proliferation. Given that 

plant extracts are complex mixtures of chemical substances, HPLC-based activity 

profiling will be performed, aiming to identify substances that are considered to be 

responsible for effects, observed with the whole extracts. After bioactivity-guided 

and scaled-up isolation procedures through a combination of various 

chromatographic techniques, obtained compounds will be characterized by high-

resolution mass spectrometry (HRMS) and spectroscopic methods, such as UV 

spectroscopy, nuclear magnetic resonance (NMR), electronic circular dichroism 

(ECD), optical rotation, and single X-ray crystallography. As autoimmune diseases 

are influenced by different inflammatory cytokines, next steps include to explore 

the impact of plant extracts and isolated secondary metabolites on the expression 

and secretion of cytokines by activated T cells. 

The second project aims at the valorization of saffron corms, that currently arise in 

significant amounts during saffron spice production as a biowaste product without 

any use. Extracts and isolated substances from corms will be tested in HaCaT 

keratinocytes for possible effects on the expression and secretion of pro-
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inflammatory cytokines. Potential active substances will be further characterized 

with the goal to find compounds that may exert beneficial effects in the treatment 

of inflammatory skin diseases, such as psoriasis or atopic dermatitis.  

For the last project, an ethnopharmacological approach is followed to search plant 

extracts that might be useful alternatives in the treatment of wounds. In this regard, 

the wound healing activity of a plant used in Algerian traditional medicine should 

be confirmed in a rabbit excision model. The active extract should then be 

phytochemically characterized to identify compounds, which might be involved in 

the observed beneficial wound healing effects.  

Thus, the primary objective of this work is to identify and isolate secondary 

metabolites from plant extracts that possess wound healing and 

immunomodulatory properties. Both, in vitro and in vivo approaches will be applied 

to discover and identify plant-based preparations and novel molecules that might 

have the potential to be further developed for the treatment of inflammatory 

conditions, such as autoimmunity or non-healing wounds. 
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The chapters "Results" and "Discussion, Conclusion, and Outlook" is based on 

following peer-reviewed publications: 

 

 

Publication 1 
Aryltetralin lignans from Hyptis brachiata inhibiting T lymphocyte 

proliferation 

Keller M., Winker M., Zimmermann-Klemd A. M., Sperisen N., Gupta M. P., Solis P. N., 

Hamburger M., Potterat O., Gründemann C. 

 

Publication 2 

Saponins from saffron corms inhibit the gene expression and secretion of 

pro-inflammatory cytokines 

Keller M., Fankhauser S., Giezendanner N., König M., Keresztes F., Danton O., Fertig O., 

Marcourt L., Hamburger M., Butterweck V., and Potterat O. 

 

Publication 3 

Teucrium polium – wound healing potential, toxicity and polyphenolic profile 

Chabane S., Boudjelal A., Keller M., Doubakh S., Potterat O. 

 

Publication 4 

New neo-clerodane diterpenes from Teucrium polium subsp. capitatum 

Keller M., Chabane S., Boudjelal A., Danton O., Prescimone A., Hamburger M., Potterat O.  
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3.1 Publication 1 

Aryltetralin lignans from Hyptis brachiata inhibiting T lymphocyte 

proliferation 

Morris Keller‡, Moritz Winker‡, Amy Marisa Zimmermann-Klemd, Nino Sperisen, Mahabir P. Gupta, 

Pablo N. Solis, Matthias Hamburger, Olivier Potterat, Carsten Gründemann 

Biomedicine & Pharmacotherapy 160, 114328 (2023) 

doi: 10.1016/j.biopha.2023.114328 

 

An in-house library of 600 plant extracts from plants endemic in Panama was screened to find 

extracts that inhibit T lymphocyte proliferation, with the aim of discovering potential leads for 

autoimmune disease treatment. As one of the hits, an ethyl acetate extract of Hyptis brachiata 

exhibited strong inhibitory effects and was further investigated. Seven aryltetralin lignans, five 

arylnaphthalene lignans, two flavonoids, three triterpenes, and cinnamyl cinnamate were isolated 

and tested for their inhibitory effects on T lymphocyte proliferation. The aryltetralin lignans were 

particularly effective, inhibiting T lymphocyte proliferation without inducing apoptosis and 

causing cell cycle arrest in G2/M phase. The extract and isolated triterpenes showed weak 

suppression of IL-2 and TNF-α production. H. brachiata could be further studied as an herbal 

alternative for treating T lymphocyte-mediated autoimmune diseases. 

‡ These authors contributed equally 
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A B S T R A C T   

Increased activation and proliferation of T lymphocytes plays an essential role in the development of chronic 
inflammation and autoimmune diseases. Currently used immunosuppressive drugs often do not provide long- 
lasting relief of symptoms and show a gradual loss of efficacy over time, and are accompanied by various side 
effects. Therefore, novel immunosuppressive lead substances are needed. For this purpose, an in-house library 
consisting of 600 extracts of plants from Panama was screened for inhibition of human T lymphocyte prolifer-
ation. As one of the hits, an ethyl acetate extract from the aerial parts of Hyptis brachiata (Lamiaceae) exhibited 
strong inhibitory effects. Subsequent investigation resulted in the isolation of seven aryltetralin lignans, five 
arylnaphthalene lignans, two flavonoids, three triterpenes, and cinnamyl cinnamate. Aryltetralin lignans 
inhibited T lymphocyte proliferation in a concentration-dependent manner without induction of apoptosis. No 
relevant inhibition was observed for the arylnaphthalene lignans, flavonoids, and triterpenes. Additional cell 
cycle arrest investigations revealed that isolated aryltetralin lignans potently inhibited cell division in G2/M 
phase similarly to podophyllotoxin. Multifluorescence panel analyses of the extract also showed weak sup-
pressive effects on the production of IL-2 and TNF-α. Therefore, preparations made out of H. brachiata could be 
further explored as an interesting herbal alternative in the treatment of autoimmune diseases.   

1. Introduction 

Autoimmune dysfunction affects 5% of the population and refers to a 
disorder in which the body’s immune tolerance is impaired, resulting in 
a reaction to the body’s own cells and tissues [1]. Autoimmune diseases 
are treated symptomatically, as no causal therapy is currently available 
[2]. Moreover, therapy with current drugs suffers from several limita-
tions, such as various side effects, nonresponding, increased suscepti-
bility to infections, and high treatment costs [3–6]. Therefore, continued 
research into new therapies is mandatory. 

Enhanced activation and proliferation of T lymphocytes is known to 
play a crucial role in the pathogenesis of autoimmune diseases and 
chronic inflammation, such as type I diabetes, rheumatoid arthritis, 

psoriasis, or multiple sclerosis [7]. Therefore, targeted therapies that 
specifically enhance inhibitory pathways in lymphocytes are an attrac-
tive approach to augment disease resolution in an attempt to effectively 
treat human autoimmune diseases [8]. In this context, we started a 
project aimed at the discovery of new plant-derived immune-modulat-
ing substances which specifically inhibit the activation and proliferation 
of human T lymphocytes. For this purpose, an in-house library consist-
ing of 600 extracts of plants from Panama was screened for potential T 
lymphocyte inhibition. As one of the hits, an ethyl acetate extract from 
the aerial parts of Hyptis brachiata Briq. (Lamiaceae) exhibited strong 
inhibitory effects. 

H. brachiata is native to Central America. In Venezuela the infusion of 
the whole plant is traditionally used as an antiseptic, a wound-healing 
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agent, and as a treatment of ulcers and cancers [9]. Pharmacological 
data on H. brachiata are scarce. Recently, an ethyl acetate extract of the 
aerial parts showed moderate inhibition of aberrant AKT signaling in 
MM121224 human melanoma cells, and the methoxylated flavonoid 
sideritoflavone was identified as active compound [10]. Apart from that 
very little is known about chemical constituents from H. brachiata. In a 
study on the essential oil obtained from the leaves of H. brachiata, 
various compounds such as α-humulene, germacrene A, germacrene D, 
E-caryophyllene, and γ-cadinene were identified [11].

We report here on a comprehensive phytochemical profiling of
H. brachiata, and on the identification of the constituents inhibiting T
lymphocyte proliferation. The active aryltetralin lignans were further
investigated in a cell cycle arrest assay. In addition, the impact of the
extract and isolated substances on functional T lymphocyte suppression
was explored.

2. Material and methods

2.1. General chromatographic procedures

Flash chromatography was carried out on a PuriFlash® 4100 system 
equipped with an UV detector and fraction collector (Interchim, Mon-
tluçon, France). 

Preparative HPLC was done on a Preparative LC/MSD System (Agi-
lent Technologies, Santa Clara, CA, USA) consisting of a binary pump 
(1260 Prep Bin Pump), a quaternary pump (Infinity II 1290), a PDA 
detector (1100 Series), and a 6120 single quadrupole MS detector. A 
SunFire Prep C18 OBD column (5 µm, 150 × 30 mm i.d., Waters, Mil-
ford, MA, USA), equipped with a C18 Prep Guard Cartridge (10 × 30 mm 
i.d.) was used. MeCN and water, both containing 0.1% formic acid (FA), 
was used as mobile phase for all preparative separations. A flow rate of 
20 mL/min was applied. A 1290 Infinity II Valve Drive manual injection 
system (Agilent Technologies) was used for injection. Data acquisition 
and processing was done by ChemStation software (Agilent 
Technologies). 

For semi-preparative separations an Agilent HP1100 Series HPLC 
instrument (Agilent Technologies, Santa Clara, CA, USA) equipped with 
a binary pump (G1312A bin pump), auto sampler (G1357A WPALS), 
column oven (G1316A COLCOM), and a diode array detector (G1315A 
DAD), or an Alliance 2690 HPLC system equipped with a DAD 996 de-
tector (Waters, Milford, MA, USA) were used. Chromatography was 
performed either on a SunFire C18 column (5 µm, 150 × 10 mm i.d., 
Waters) or on a ReproSIL-Pur 120 C18-AQ column (3 μm, 150 ×10 mm i. 
d., Dr. Maisch GmbH, Ammerbuch-Entringen, Germany), both equipped 
with a guard column (10 × 10 mm i.d.). The mobile phases used con-
sisted of MeCN or MeOH and water, all containing 0.1% FA. The flow 
rate was 4 mL/min. Data acquisition and processing was performed 
using ChemStation (Agilent Technologies, Santa Clara, CA, USA) or 
Empower software (Waters, Milford, MA, USA). 

Microfractionation and HPLC-PDA-ELSD-ESIMS analyses were per-
formed on a LC-MS 8030 system (Shimadzu, Kyoto, Japan) consisting of 
a degasser, auto-sampler, quaternary pump (LC-20 CE), a column oven 
(CTO-20AC), a PDA detector (SPD-M20A) connected via a T-split to a 
triple quadrupole MS and an ELSD 3300 detector (Alltech, Deerfield, IL, 
USA). Separations were either carried out on a SunFire C18 column (3.5 
µm, 150 × 3 mm i.d., Waters, Milford, MA, USA), or on a ReproSIL-Pur 
120 C18-AQ column (3 μm, 150 × 3 mm i.d., Dr. Maisch GmbH, 
Ammerbuch-Entringen, Germany), both equipped with a guard column 
(10 × 3 mm i.d.). The mobile phases consisted of MeCN or MeOH and 
water, all containing 0.1% FA. The flow rate was 0.4 mL/min. The 
LabSolutions software (Shimadzu) was used for data acquisition and 
processing. 

TLC was performed on silica gel 60 F254-coated aluminum plates 
(ALUGRAM Xtra Nano-SIL G, Macherey-Nagel, Düren, Germany). 
Detection was with UV 254 nm, UV 366 nm, and after spraying with 1% 
ethanolic vanillin and 10% sulfuric acid in EtOH followed by heating at 

110 ◦C. 
Silica gel 60 (0.040–0.063 mm) used for flash chromatography was 

obtained from Merck (Darmstadt, Germany). HPLC-grade solvents 
MeCN, MeOH (Avantor, Radnor, PA, USA), and water from a Milli-Q 
water purification system (Merck Millipore, Billerica, USA) were used 
for HPLC separations. HPLC-grade formic acid (FA) and DMSO were 
obtained from Scharlau (Scharlab S.L., Spain). Technical grade EtOAc, 
MeOH, and n-hexane (Rheuss Chemie, Tägerig, Switzerland) were 
redistilled before use for extraction and MPLC. Rosmarinic acid was 
purchased from Sigma (Darmstadt, Germany). 

2.2. General procedures for physicochemical characterization 

NMR spectra were recorded on a Bruker Avance III NMR spectrom-
eter operating at 500.13 MHz for 1H and 125.77 MHz for 13C at 23 ◦C, or 
on a Bruker Avance NEO NMR spectrometer operating at 600.15 MHz 
for 1H at 25 ◦C (both Bruker BioSpin, Rheinstetten, Germany). 1H NMR, 
COSY, HSQC, HMBC, NOESY, and ROESY spectra were measured in a 1 
mm TXI, a 5 mm BBO, or a 3 mm TCI cryoprobe. Spectra were recorded 
in CDCl3 (Sigma-Aldrich, St. Louis, MO, USA) or DMSO-d6 (ARMAR 
Chemicals, Döttingen, Switzerland). Data were analyzed using Bruker 
Topspin 3.5 and ACD/Labs NMR Workbook suites software. Chemical 
shifts are reported as δ values (ppm) using the solvent signal (δH 2.50; δC 
39.51 for DMSO-d6 or δH 7.27; δC 77.00 for CDCl3) as internal reference; 
coupling constants (J) are given in Hz. 

Optical rotations were measured in CHCl3 or MeOH (1 mg/mL) on a 
JASCO P-2000 polarimeter (Brechbühler AG, Schlieren, Switzerland) 
equipped with a 10 cm temperature-controlled microcell and a sodium 
light source (589 nm). 

2.3. Plant material 

Aerial parts of Hyptis brachiata Briq. were collected in August 1990 in 
El Valle de Antón, El Pinar, Coclé Province (Panama) by CIFLORPAN. 
The taxonomic identity was confirmed by Carmen Galdames, botanist at 
CIFLORPAN, and a voucher specimen (no. 89710) deposited at the 
herbarium of the University of Panama. A voucher specimen is also 
available at the Division of Pharmaceutical Biology, Department of 
Pharmaceutical Sciences, University of Basel (no. 1181). 

2.4. HPLC-based activity profiling 

The EtOAc extract of H. brachiata aerial parts stored in our in-house 
library was used for HPLC-based activity profiling. Microfractionation 
was carried out by analytical RP-HPLC on an LC-MS 8030 system (Shi-
madzu, Kyoto, Japan) connected to an FC 204 fraction collector (Gilson, 
Mettmenstetten, Switzerland) adapted for 96-deep-well plates. Three 
injections of the extract (10 mg/mL in DMSO) were performed: 2 × 30 
µL (corresponding to 600 μg of extract) using only a PDA detector for 
collection of microfractions, and 1 × 10 µL with PDA-ELSD-ESIMS 
detection without collection. As mobile phase MeCN and water was 
used, both containing 0.1% FA. The gradient was 5–100% MeCN in 30 
min, followed by a final hold for 5 min at 100% MeCN. Fractions of 1 
min each were collected from 0 to 35 min. Microfractions of two suc-
cessive injections were collected into the same wells of a 96-deep-well 
plate. The plate was dried in a Genevac EZ-2 evaporator (Genevac, 
Ipswich, England). 

The dried microfractions were re-suspended in 25 µL of DMSO for use 
in the proliferation assays. 1 µL of this dilution was used in 100 µL of cell 
suspension (2 * 106 cells/mL) as maximal concentration, and 1:3 titra-
tions were performed for a total of six concentrations. With this 
approach the relative activity of the fractions was assessed in a 
concentration-dependent manner. The HPLC-PDA-ELSD-ESIMS chro-
matograms were correlated with the activity of the fractions to generate 
the activity profile. 
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2.5. Large scale extraction and isolation 

The ground plant material (712 g) was percolated with EtOAc (9 L), 
followed by MeOH (17 L) as previously reported [10]. Evaporation 
under reduced pressure yielded 9.4 g of EtOAc (1.3%) and 27.4 g of 
MeOH extract (3.8%). 

The EtOAc extract (9.3 g) was separated by flash chromatography. 
The sample was dissolved, mixed with 35 g of silica gel 60 (0.040–0.063 
mm) and dried, prior to loading onto a self-packed silica 60 glass column
(0.040–0.063 mm, column size: 46 × 7 cm, i.d.). A gradient of EtOAc in
n-hexane [2% (0–10 min), 2–70% (10–450 min), 70–100% (450–570
min), 100% (570–615 min)], followed by MeOH in EtOAc [0–50%
(615–735 min), 50–100% (735–750 min), 100% (750–810 min)] was
applied at a flow rate of 20 mL/min. A total of 808 fractions were
collected and combined into 28 fractions (F1–F28) based on TLC
analysis.

Further separation of F19 (206 mg) by preparative HPLC with a 
gradient of 30–100% MeCN in water in 30 min afforded 8 fractions 
(F19.1–F19.8). Follow-up purification of F19.1 (4.2 mg) by semi- 
preparative HPLC on a ReproSil-Pur 120 C18-AQ column eluted with 
a gradient of 30–60% MeCN in water in 30 min yielded compound 2 
(1.9 mg, tR 14.7 min). Compound 1 (25.2 mg, tR 13.3 min) was isolated 
by semi-preparative HPLC from F19.2 (37.2 mg) on a ReproSil-Pur 120 
C18-AQ column eluted with 38% MeCN in water. Further separation of 
F19.4 (12 mg) using a combination of semi-preparative HPLC with a 
SunFire C18 column with 37% MeCN in water, followed by semi- 
preparative HPLC using a ReproSil-Pur 120 C18-AQ column with 48% 
MeCN in water afforded a crude lignan mixture F19.4.3.1 (10.6 mg) and 
17 (1.3 mg, tR 10.2 min). F19.4.3.1 was further purified using semi- 
preparative HPLC on a SunFire C18 column with a gradient of 
45–70% MeOH in water in 30 min, yielding 3 (8.7 mg, tR 17.4 min) and 
4 (2.4 mg, tR 18.6 min). Separation of F19.7 (11.8 mg) by semi- 
preparative HPLC on a ReproSil-Pur 120 C18-AQ column with a 
gradient of 47–62% MeCN in water in 30 min gave 15 (5.5 mg, tR 14.9 
min) and 10 (6.3 mg, tR 15.8 min). F19.8 (10.3 mg) was further purified 
over a semi-preparative SunFire C18 HPLC column with 45% MeCN in 
water resulting in 9 (5.7 mg, tR 19.1 min). F20 (707 mg) was further 
fractionated by preparative HPLC applying a gradient of 30–100 MeCN 
in water in 30 min to yield fractions F20.1–F20.4. Fraction F20.3 (35.0 
mg) was purified by semi-preparative HPLC on a ReproSil-Pur 120 C18- 
AQ column using a gradient of 35–75% MeCN in water in 30 min 
yielding fraction F20.3.4 (22.4 mg). Further purification of F20.3.4 by 
semi-preparative HPLC on a ReproSil-Pur 120 C18-AQ column using a 
gradient of 55–75% MeOH in water in 30 min gave 7 (5.2 mg, tR 11.8 
min) and 8 (16.3 mg, tR 18.6 min). Fractionation of F21 (249 mg) by 
preparative HPLC with a gradient of 5–100% MeCN in water in 30 min 
gave 21 fractions F21.1–F21.21. F21.21 was identified as 13 (18.6 mg, tR 
29.6 min). Further separation of F21.11 (6.4 mg) by semi-preparative 
HPLC with a SunFire C18 column and a MeCN gradient in water of 
30–85% in 30 min afforded 12 (1.7 mg, tR 9.7 min), 11 (0.5 mg, tR 16.8 
min), and 18 (0.6 mg, tR 30.0 min). Further separation of F21.12 (7.1 
mg) using semi-preparative HPLC with a SunFire C18 column with 36% 
MeCN in water afforded 5 (3.3 mg, tR 11.1 min). Fraction F21.13 (17.9 
mg) was further purified using semi-preparative HPLC with a gradient of 
30–60% MeCN in water in 30 min on a ReproSil-Pur 120 C18-AQ col-
umn to yield 6 (2.5 mg, tR 15.2 min) and 16 (8.9 mg, tR 15.9 min). 
Purification of F21.16 (21.5 mg) by semi-preparative HPLC on a SunFire 
C18 column with a gradient of 42–62% MeCN in water in 30 min yielded 
14 (4.7 mg, tR 15.5 min). NMR and HPLC purity of the compounds was 
> 90% except for 11 and 14 (both approximately 85%), for 13
(approximately 80%), and for 15 (approximately 75%). The impurity in
compounds 11, 13, and 15 was an unidentified triterpene.

In addition, a minor peak at tR 12.2 min in the HPLC chromato-
graphic trace of the EtOAc extract was identified as rosmarinic acid (19) 
based on UV and MS data and chromatographic comparison with a 
commercial reference. Rosmarinic acid was a major peak in the UV 254 

nm trace of the MeOH extract (Data not shown). 

2.6. Ethics approval statement 

All adult, healthy blood donors gave written informed consent for 
blood collection. The blood samples were obtained in an anonymized 
and coded form, without any visible ID number, from the central blood 
donation of the University Hospital in Basel. The work therefore does 
not fall within the scope of the Swiss Human Research Act. Thus, no 
ethics vote by the Ethics Committee Central and Northwestern 
Switzerland is required for the methods used to work with the blood 
samples. 

2.7. Preparation and cultivation of human peripheral lymphocytes 

Isolation of PBMCs was performed by centrifugation over a Lym-
phoPrep™ gradient (1.077 g/cm3, 20 min, 500 g, 20 ◦C; Progen). White 
blood cells were isolated and washed twice with phosphate-buffered 
saline (PBS, GE Healthcare). Cultivation was performed in an incu-
bator at 37 ◦C, 5% CO2, and 95% air atmosphere using RPMI 1640 
medium supplemented with 10% fetal calf serum (FCS, GE Healthcare 
Life Sciences), 2 mM L-glutamine, 100 U/mL penicillin, and 100 U/mL 
streptomycin (all from Sigma-Aldrich). 

2.8. Treatment with extracts and compounds 

Isolated cells were treated with extracts (0.3–100 µg/mL) and com-
pounds (0.01–100 µM). Cyclosporine (5 µg/mL; Sandimmun®), staur-
osporine (0.3 µM; Tocris), and vinblastine (0.03 µM; Tocris) were used as 
controls. Commercial podophyllotoxin (Sigma-Aldrich) was also 
included as a reference substance and was named 5 in the manuscript. 
All cells were stimulated with soluble CD3 and CD28 monoclonal anti-
bodies (mAbs) (eBioscience) at 100 ng/mL, except the unstimulated 
controls. Experiments were repeated at least three times. 

2.9. T lymphocyte proliferation assay 

Isolated PBMCs (5 *106 cells/mL) were stained with carboxy-
fluorescein diacetate succinimidyl ester (CFSE; 5 μM: Sigma-Aldrich) for 
10 min at 37 ◦C with carboxyfluorescein diacetate succinimidyl ester 
(CFSE; 5 μM: Sigma-Aldrich). The staining was stopped by addition of 
RPMI complete medium. Excess of CFSE was removed by washing. Cells 
(2 * 106 cells/mL) were treated for 72 h and cell proliferation was 
analyzed by CytoflexS (Beckman Coulter) and FlowJo software (BD 
Biosciences). 

2.10. Cell death assay 

Isolated PBMCs (2 * 106 cells/mL) were treated for 72 h and then 
stained with Annexin V-FITC (eBioscience) as recommended by the 
manufacturer’s instructions. The percentage of apoptotic cells was 
determined using CytoflexS (Beckman Coulter) and FlowJo software 
(BD Biosciences). 

2.11. Cell cycle assay 

Isolated PBMCs (2 * 106 cells/mL) were treated for 72 h and sub-
sequently washed with 4 ◦C cold PBS. Cells were re-suspended in 3 mL 
ice cold 70% ethanol and fixed overnight at −20 ◦C. After fixation, cells 
were washed and stained in 200 µL staining solution (1 µL propidium 
iodide (1 mg/mL; Sigma-Aldrich) in 199 µL PBS) for 30 min at room 
temperature in the dark. The measurement was performed with a 
CytoflexS (Beckman Coulter). 
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2.11.1. Analysis of the activation status and cytokine production of human 
T lymphocytes 

Isolated PBMCs were treated with anti-CD3 and anti-CD28 mAbs for 
40 h before restimulation and afterwards re-stimulated with phorbol-12- 
myristate-13-acetate (PMA, 50 ng/mL; Sigma-Aldrich) and ionomycin 
(1 µg/mL; Sigma-Aldrich) (except the unstimulated control) for further 
4 h. To block the Golgi apparatus, cells were treated with GolgiPlugTM 
(1 µL/mL; BD Biosciences) and GolgiStopTM (0.65 µL/mL; BD Bio-
sciences) and incubated simultaneously due to the restimulation pro-
cess. The cell surface was stained with two separate panels (panel 1: 
CD3-APC AlexaFluor750, CD4-AlexaFluor700, CD69-PC7; panel 2: 
CD3-APC Alexa Fluor750, CD8-AlexaFluor700, CD69-PC7 (all Abs from 
Beckman-Coulter)) for 30 min at room temperature in the dark. Cells 
were re-suspended in 100 µL Cytofix/Cytoperm solution for 15 min at 
4 ◦C. Cells were intracellularly stained with two different panels (panel 
1: IFN-γ FITC (Beckman-Coulter), IL-2 APC (BD), TNF-α PE (Beckman- 
Coulter), IL-21 BV421 (BD); panel 2: IFN-γ FITC, TNF-α PE, MIP1-β 
BV421 (all Abs from Beckman-Coulter)) for 30 min at 4 ◦C. Afterwards, 
the cells were fixed with 2% paraformaldehyde (PFA; Electron Micro-
scopy Sciences) for 10 min at 4 ◦C. Analysis was performed using a 
CytoflexS flow cytometer (Beckman Coulter) and FlowJo software (BD 
Biosciences). 

2.12. Data analysis 

For statistical analysis, data were processed with PRISM software 
(version 9.3.1 for PC, GraphPad Software). The Shapiro-Wilk test was 
used to test for a normal distribution. A multiple group comparison was 
performed with the Brown-Forsythe and Welch ANOVA, followed by 
Dunnet́s T3 post-hoc test. Values are presented as mean ± standard 
deviation differences from controls (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.). 

3. Results

3.1. Effect of H. brachiata EtOAc extract on proliferation and apoptosis 
of human T lymphocytes 

An in-house library consisting of 600 extracts of plants collected in 
Panama was screened at a single concentration of 20 µg/mL for inhibi-
tion of human T lymphocyte proliferation using carboxyfluorescein 
succinimidyl ester (CFSE) staining and flow cytometric analysis. The 
active extracts were subsequently tested for suppression of T lymphocyte 
division at six concentrations ranging from 0.3 to 100 µg/mL. Among the 
hits, an ethyl acetate extract obtained from the aerial parts of 
H. brachiata significantly inhibited the proliferation of human T lym-
phocytes in a concentration range from 1 to 100 µg/mL (Fig. 1).
Apoptosis induction in the concentration range was excluded by annexin
V-FITC staining (Fig. 1). Cytotoxicity of the vehicle (DMSO) was also
tested. The data showed that the overall inhibitory effects of only the
highest tested concentrations (100 µg/mL for extract and 30 µM for
single substances) were mediated by the cytotoxicity of the DMSO sol-
vent. The data are provided as supplementary information (Fig. S1). To
identify the active constituents, the EtOAc extract was submitted to
HPLC-based activity profiling, a procedure which combines analytical
HPLC separation with on-line recorded spectroscopic data and with
biological information obtained in parallel from microfractions
collected from the column effluent. Separation of the extract into 35
one-minute microfractions and subsequent testing of the fractions on T
lymphocytes proliferation revealed a main active time window between
16 and 22 min (Fig. 2). Several peaks were detected which could be
tentatively assigned to lignans, flavonoids, and triterpenes based on
their UV and MS spectra, and with the aid of chemotaxonomic data.

3.2. Isolation of compounds, and effect on proliferation and apoptosis 
induction of human T lymphocytes 

For preparative isolation, a larger amount of aerial parts was 
extracted with EtOAc. Targeted fractionation of the extract by a com-
bination of chromatographic methods resulted in the isolation of 18 
compounds, including seven aryltetralin lignans (1–7), five arylnaph-
thalene lignans (8–12), three triterpenes (13–15), two flavonoids 
(16–17), and cinnamyl cinnamate (18). Compounds were identified 
with the aid of ESI-MS and NMR analysis. The absolute configuration 
was established by comparison of optical rotation data with literature 
values. In addition, rosmarinic acid (19) was identified in the extract 
from its UV and MS data, and by chromatographic comparison with a 
commercial reference sample (Figs. 2 and 3). Physicochemical and 
spectroscopic data of compounds 1-18 are provided as Supplementary 
Information (Tables S1-S18). 

The aryltetralin lignans 1–4 and 7, arylnaphthalene lignans 8–10, 
triterpenes 14 and 15, and flavonoids 16 and 17 were obtained in suf-
ficient amounts and purity to be tested for T lymphocyte proliferation 
inhibition and apoptosis induction. The lignan 5 identified as podo-
phyllotoxin was isolated as a minor substance of insufficient purity. 
Therefore, a commercially available reference of 5 was used for all 
bioassays. Except for 4, all aryltetralin lignans significantly inhibited 
proliferation in a concentration-dependent manner at concentrations of 
0.1 µM for 1 and 2, 0.3 µM for podophyllotoxin (5) and 7, and 3 µM for 3 
(Fig. 4A). Apoptosis correlated with proliferation inhibition, but these 
effects were weak and not significant. (Fig. 4 A). No effects on T 
lymphocyte proliferation were observed for arylnaphthalene lignans, 
triterpenes, and flavonoids (Fig. 4B). 

3.3. Effect of H. brachiata EtOAc extract and aryltetralin lignans on the 
cell cycle of human T lymphocytes 

To characterize the proliferation inhibition by the extract and the 
aryltetralin lignans in more detail, cell cycle arrest analyses were per-
formed. The distribution of stimulated T lymphocytes in different cell 

Fig. 1. Effect of the H. brachiata EtOAc extract on T lymphocyte proliferation 
and apoptosis. T lymphocyte proliferation is shown in gray (left y-axis) and 
apoptosis induction in red (right y-axis). Primary human lymphocytes were 
stained either with CFSE or Annexin V-FITC stainings in proliferation or 
apoptosis experiments, respectively. Lymphocytes were stimulated with anti- 
CD3 and anti-CD28 mAbs (except the unstimulated control) and incubated 
for 72 h in the presence of medium (unstimulated (unstim), stimulated (stim)), 
cyclosporine A (CsA; 4.16 μM), staurosporine (STS, 0.3 µM), or H. brachiata 
EtOAc extract (µg/mL). Both, proliferation and apoptosis induction were 
analyzed by flow cytometry. Only the proliferation results were normalized to 
stimulated control. Results are depicted as mean ± standard deviation. n = 3; 
*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001. The Shapiro-Wilk test 
was used to test for a normal distribution. A multiple group comparison was 
performed with the Brown-Forsythe and Welch ANOVA, followed by Dunnet́s 
T3 post-hoc test. 
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cycle phases was observed by flow cytometric sorting analysis. Cyclo-
sporine A and vinblastine were used as references that inhibit T 
lymphocyte proliferation via two different pathways to characterize the 
effects of our tested substances. As can be seen in Fig. 5, unstimulated 
cells remained mainly in G1 phase. Compared to unstimulated cells, 
stimulated cells showed an increased number in S and G2. The calci-
neurin inhibitor cyclosporine A inhibited cell division immediately after 
T lymphocyte activation, leading to an accumulation of cells in G1. The 
microtubule inhibitor vinblastine blocked cell division during mitosis 
and led to a higher accumulation of dividing T lymphocytes in S and G2 
compared to stimulated cells (Fig. 5). At concentrations between 0.003 
and 0.3 µg/mL the Hyptis extract showed a concentration-dependent 
increase of of T lymphocytes with a G2 phase arrest. However, this 
trend decreased again at higher concentrations (3–30 µg/mL). The same 
was observed for the pure compounds, since 1, 2, 5 and 7 showed as well 
an increased G2 arrest at concentrations between 0.01 and 1 µM for 1, 
and between 0.01 and 0.1 µM for 2, 5, and 7. At higher concentrations 
the number of cells in the G2 phase decreased similarly as seen for the 
extract. Only 3 showed a continuous dose-dependent G2 phase arrest 
over the whole tested concentration range between 0.01 and 10 µM 

(Fig. 5). 

3.4. Effect of H. brachiata EtOAc extract and isolated substances on the 
activation state and cytokine production of human T lymphocytes 

During an immune response, T helper cells (CD4+) and cytotoxic T 
cells (CD8+) secrete various cytokines that promote the immune 
response. In addition, the activation marker CD69 is expressed on the 
cell surface of both cell types [12]. To evaluate a functional T lympho-
cyte suppression by the H. brachiata EtOAc extract and the pure com-
pounds, the production of different cytokines and the expression of 
surface markers was investigated. A multifluorescence panel was used to 
examine the production of CD69, IFN-γ, IL-2, TNF-α, and IL-21 of CD4+

lymphocytes, and CD69, IL-2, TNF-α, and MIP1-β of CD8+ lymphocytes. 
The extract decreased the secretion of IL-2 (Fig. 6A) and IL-21 

(Fig. 6B) of CD4+ lymphocytes, and of IL-2 (Fig. 6C), TNF-α (Fig. 6D), 
and MIP1-β (Fig. 6E) of CD8+ lymphocytes in a concentration-dependent 
manner. The inhibition of IL-2 secretion of CD4+ lymphocytes by the 
extract was significant between concentrations of 30 and 100 µg/mL 
(Fig. 6A). The remaining effects are merely trends, without statistical 

Fig. 2. HPLC-based activity profile of the H. brachiata EtOAc extract. HPLC-PDA chromatographic trace at 254 nm (SunFire C18, 3.5 µM. 3.0 × 150 mm i.d.). 
5–100% MeCN (0.1% FA) in 30 min. The active one-minute microfractions are highlighted in grey. Numbers refer to the identified compounds. 

Fig. 3. Chemical structures of identified compounds.  
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significance. 
Of the isolated substances only the triterpenes 14 and 15 weakly 

inhibited the secretion of IL-2 (Fig. 6A) and IL-21 (Fig. 6B) by CD4+

lymphocytes, and of IL-2 (Fig. 6C), TNF-α (Fig. 6D), and MIP1-β (Fig. 6E) 
by CD8+ lymphocytes in a concentration range between 0.3 and 30 µM. 
Expression of IL-21 by CD4+ lymphocytes, and of TNF-α and MIP1-β by 
CD8+ lymphocytes was concentration-dependent, but not significant. 

The effects on IL-2 secretion of CD4+ and CD8+ T lymphocytes were not 
concentration-dependent. The other activation markers and cytokines 
were neither affected by the extract nor by the triterpenes (data not 
shown). No significant effects on the secretion of cytokines were 
observed for aryltetralin and arylnaphthalene lignans, as well as for 
flavonoids (data not shown). 

Fig. 4. Effects of compounds on T lymphocyte proliferation and apoptosis. Effects on proliferation is shown as black and gray bars (left y-axis), and apoptosis in-
duction as red dots (right y-axis). Primary human lymphocytes were stained either with CFSE or Annexin V-FITC stainings in proliferation or apoptosis experiments, 
respectively. Lymphocytes were stimulated with anti-CD3 and anti-CD28 mAbs and incubated for 72 h in the presence of isolated compounds or commercial 
podophyllotoxin. Concentrations tested in µM. Both, proliferation and apoptosis induction were analyzed by flow cytometry. Only the proliferation results were 
normalized to stimulated control. Results are depicted as mean ± standard deviation. The controls are shown in Fig. 1. n = 3; *p < 0.05; **p < 0.01; ***p < 0.005; 
* ** *p < 0.001. The Shapiro-Wilk test was used to test for a normal distribution. A multiple group comparison was performed with the Brown-Forsythe and Welch 
ANOVA, followed by Dunnet́s T3 post-hoc test. 

Fig. 5. Effects of H. brachiata EtOAc extract and arylte-
tralin lignans on the cell cycle of human T lymphocytes. 
Primary human lymphocytes were stimulated with anti- 
CD3 and anti-CD28 mAbs. Stimulated cells were incu-
bated for 72 h in the presence of H. brachiata EtOAc 
extract, or isolated aryltetralin lignans. PI staining of the 
DNA was performed. The mean number of lymphocytes in 
G2 phase ± standard deviation is shown above the x-axis. 
The proportions of lymphocytes in G1 and S phase are 
depicted below the x-axis. Concentrations tested for the 
extract in µg/mL and for substances in µM. Controls 
(unstim, stim, cyclosporine (CsA; 4.16 µM), vinblastine 
(Vinbl.; 0.03 µM)) are shown as pie charts and indicate the 
proportions of lymphocytes in each phase. n = 3. The 
Shapiro-Wilk test was used to test for a normal distribution. 
A multiple group comparison was performed with the 
Brown-Forsythe and Welch ANOVA, followed by Dunnet́s 
T3 post-hoc test.   
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4. Discussion 

Continued research into new therapies for the treatment of autoim-
mune diseases is of great importance to overcome current therapeutic 
limitations. Plants are a promising source for the discovery of novel 
immunosuppressive substances given the high structural diversity of 
their secondary metabolites. In the screening of a library of 600 plant 
extracts for T lymphocyte proliferation inhibition an EtOAc extract from 
the aerial parts of H. brachiata showed strong inhibitory effects (Fig. 1). 
Subsequent investigation resulted in the isolation of seven aryltetralin 
lignans, five arylnaphthalene lignans, three triterpenes, two flavonoids, 
and cinnamyl cinnamate (Figs. 2 and 3; Tables S1-S18). This study 
represents the first detailed report on the phytochemical composition of 
H. brachiata. However, most of the isolated lignans have already been 
identified in other species of the Hyptidinae subtribe, such as Condea 
verticillata (syn. Hyptis verticillata), Mesosphaerum suaveolens (syn. Hyptis 
suaveolens), or Eriope latifolia (syn. Hyptis latifolia) [13]. Lignans 6 and 
12 are described for the first time in a species of the Hyptidinae subtribe, 
but were previously isolated from Libocedrus chevalieri (Cupressaceae) 
[14], Dysosma versipellis (Berberidaceae) [15], and Sinopodophyllum 
hexandrum (Berberidaceae) [16,17]. Most of the triterpenes, flavonoids, 
and cinnamic acid derivatives have also been previously reported in 
other Hyptidinae species [13], except the flavonoid 17, which has been 
identified in various other Lamiaceae species [18,19] and the cinnamic 
acid derivative 18, a metabolite known for example from Cinnamomum 
cassia (Lauraceae) [20]. 

Of the isolated substances only the aryltetralin lignans strongly 
suppressed T lymphocyte proliferation, whereas the other compounds 
were inactive. Both the EtOAc extract and the aryltetralin lignans 
slightly increased the induction of apoptosis (Figs. 1 and 4). However, 
compared to unstimulated T lymphocytes the effect on apoptosis in-
duction was weak, and apoptosis as such could, therefore, not explain 
the observed proliferation inhibition. 

Podophyllotoxin is a widely investigated substance that mainly 
gained attention because of its antimitotic effects, and therefore for its 
anti-tumor properties [21]. Even though podophyllotoxin and its ana-
logues proved to be highly effective as antitumor agents they failed in 
clinical investigations mainly due to severe gastrointestinal side effects 
[22]. 

Aryltetralin lignans have also gained interest as immunosuppressive 
agents [23–25]. Proresid®, podophyllotoxin, and Reumacon® even 
reached the stage of clinical studies in the treatment of rheumatoid 
arthritis because they clearly improved the clinical manifestation of the 
disease by significant reduction of inflammatory activity through 
inhibitory effects on lymphocyte proliferation [23,26–36]. Additionally, 
podophyllotoxin was investigated in clinical studies for the treatment of 

psoriasis because it effectively reduced IL-1 and TNF-α serum levels, as 
well as lymphocyte activity [37]. All observed effects could be explained 
by aryltetralin lignans that bind to tubulin and inhibit microtubule 
formation [25,38,39]. 

From these findings we can conclude that the aryltetralin lignans 
from H. brachiata also inhibit T lymphocyte proliferation by binding to 
tubulin monomers and therefore inhibit the formation of the mitotic 
spindle. The most active lignans were 1 and 2, followed by 5, 7, and 3, 
while lignan 4 did not show any effect (Fig. 4A). The differences 
observed between the aryltetralin lignans on antimitotic activity can be 
explained in the light of reported structure-activity relationships. For 
tubulin polymerization inhibition, the almost co-planar orientation of a 
7′-(R), 8′-(R), and 8-(R) configuration at the C-ring and the trans-fused 
γ-lactone D-ring is important (Fig. 3) [40,41]. The most active arylte-
tralin lignans 1, 2, and 5 show the 7′-(R), 8′-(R), and 8-(R) configuration. 
Compound 3 shows a 7′-(R), 8′-(S), and 8-(R) configuration, resulting in 
a cis-fused γ-lactone D-ring. This changes the quasi-axial orientation of 
the E-ring in trans-fused ring systems to a quasi-equatorial orientation of 
the E-ring, which in turn results in a decreased activity (Fig. 4) [22,40, 
42]. The 7′-(S), 8′-(R), 8-(S) configuration of lignan 4 leads to an 
inversed spatial orientation of the E-ring that prevents binding to the 
colchicine binding site (Fig. 4) [22,43,44]. Although lignan 7 possesses a 
double bond between C-8 and C-8′ the almost co-planar disposition re-
mains, and the E-ring keeps a quasi-axial orientation. Therefore, it shows 
a comparable potency as the trans-lactone 5 (Fig. 4) [45]. Removal of the 
4′-O-methyl group of the E-ring and of the 7-hydroxy group at the 
C-ring, as well as an additional 6-hydroxy group at the B-ring is known 
to increase potency [40,46]. Accordingly, the 4′-O-demethyl lignan 1 
and the 6-hydroxy lignan 2 were the most active substances from 
H. brachiata (Fig. 4). Arylnaphthalene lignans show a rigid flat aromatic 
core structure resulting in a loss of activity [42,43], as seen with aryl-
naphthalenes 8–10 (Fig. 4). 

Since podophyllotoxin (5) and similar aryltetralin lignans are known 
to cause G2/M arrest in dividing cells [22,23,32,39,47,48], the isolated 
lignans were tested in a cell cycle arrest assay to get insight in their mode 
of action (Fig. 5). The distribution of cells in each cell cycle phase was 
determined using a flow cytometric analysis. Vinblastine was used as 
positive control, and cyclosporine A was included to compare different 
mode of actions. As expected, the EtOAc extract as well as the arylte-
tralin lignans 1, 2, 3, 7, and podophyllotoxin (5) showed a dose 
dependent accumulation of cells in G2 phase. The same was observed for 
vinblastine, thereby suggesting an interaction with microtubule assem-
bly in early stage of mitosis. For the extract as well as for 1, 2, 7, and 
podophyllotoxin (5) this G2 arrest was observed at only lower test 
concentrations. At higher concentrations the G2 phase arrest declined 
again, presumably due to cytotoxicity, because dead cells cannot be 

Fig. 6. Effects of H. brachiata EtOAc extract and triterpenes 
14 and 15 on the activation state and cytokine production 
of primary human lymphocytes. After treatment with 
extract and triterpenes for 44 h CD4+ lymphocytes and 
CD8+ lymphocytes were separately analyzed by their 
functional status using two flow cytometric staining panels. 
The effects of the extract and triterpenes 14 and 15 on the 
secretion of IL-2 (A) and IL-21 (B) by CD4+ lymphocytes 
and of IL2 (C), TNF-α (D), and MIP1-β (E) by CD8+ lym-
phocytes are shown as heat maps. n = 3; *p < 0.05; 
* *p < 0.01. The Shapiro-Wilk test was used to test for a 
normal distribution. A multiple group comparison was 
performed with the Brown-Forsythe and Welch ANOVA, 
followed by Dunnet́s T3 post-hoc test.   
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measured as G2 cells. Even though aryltetralin lignans increase 
dose-dependently apoptosis rate, apoptosis data of this study could not 
explain this decrease in G2 cells at higher test concentrations, because 
the change in apoptosis was not significantly different from that of 
unstimulated or stimulated cells (Figs. 1 and 4). Only lignan 3 showed a 
dose dependent increased G2 phase arrest without any decline over the 
investigated concentration range. Furthermore, the slight induction of 
apoptosis observed for 3 occurred only at higher concentrations 
compared to the other lignans. As expected, unstimulated, stimulated, 
and cells treated with cyclosporin A are accumulated mainly in G1 
phase. 

Beside antimitotic effects, the production and secretion of cytokines 
and the expression of surface activation markers of activated CD4+

lymphocytes, like CD69, IFN-γ, IL-2, TNF-α, and IL-21, and of activated 
CD8+ lymphocytes, like CD69, IL-2, TNF-α, and MIP1-β, was investi-
gated. Podophyllotoxin and other aryltetralin lignans have been shown 
to influence the expression and secretion of different cytokines [29,37, 
49,50]. The EtOAc extract showed a weak concentration-dependent 
decrease in the secretion of IL-2 and IL-21 by CD4+ lymphocytes, and 
a weak concentration-dependent decrease in the secretion of IL-2, 
TNF-α, and MIP1-β by CD8+ lymphocytes. To trace back the observed 
effects to single substances, we tested all isolated compounds. Even 
though effects of aryltetralin lignans on cytokines have been reported in 
literature, we did not observe any effects on expression of activation 
markers and on cytokine release for both aryltetralin and arylnaph-
thalene lignans. No effects were also found for flavonoids. Although they 
did not show any effects on proliferation and apoptosis, the triterpenes 
14 and 15 showed weak inhibitory effects on the secretion of IL-2 and 
IL21 in CD4+ lymphocytes, and of IL-2, TNF-α, and MIP1-β in CD8+

lymphocytes. From that we assume that the suppressive effects on T 
lymphocytes by the EtOAc extract from H. brachiata may be explained by 
synergistic effects between structurally different substance classes, the 
aryltetralin lignans inhibiting cell division and triterpenes reducing the 
secretion inflammatory cytokines. This is an interesting aspect since 
little is known about super additive and synergistic properties of 
different substance classes in this area. The groups of Onlamoon [51] 
and Gertsch [52] demonstrated that the flavonoids hispidulin and neptin 
as well as N-alkylamide combinations from different plants modulate 
immune cellular function of human peripheral lymphocytes in a syner-
gistic and superadditive manner, respectively. 

5. Conclusion

In conclusion, the EtOAc extract of H. brachiata exhibited strong
inhibitory effects on T lymphocyte proliferation. The observed effect 
could be traced back to a synergistic interplay between different aryl-
tetralin lignans and triterpenes. The aryltetralin lignans showed an 
antimitotic effect, while the triterpenes weakly lowered the production 
of inflammatory cytokines such as IL-2 and TNF-α by activated T lym-
phocytes. This makes the extract worthy of further investigation in the 
treatment of inflammatory and autoimmune diseases. Especially the 
aryltetralin lignans, which have already been investigated as antimitotic 
substances and as T lymphocyte proliferation inhibitors seem to be 
interesting candidates for further development in the field of T 
lymphocyte driven autoimmune diseases. In this context, research is 
ongoing on the development of new aryltetralin-like lignans, which 
combine the strong antimitotic effects with a decreased development of 
drug resistance and lower toxicity [53]. Beside single compounds, ex-
tracts of H. brachiata which contain both lignans and triterpenes with 
complementary modes of actions may also have a potential for future 
developments. 
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constituents of Stachys aegyptiaca, Phytochemistry 30 (1991) 1169–1173, https:// 
doi.org/10.1016/S0031-9422(00)95197-5. 

[20] X. Liu, J. Fu, X.J. Yao, J. Yang, L. Liu, T.G. Xie, P.C. Jiang, Z.H. Jiang, G.Y. Zhu, 
Phenolic constituents isolated from the twigs of Cinnamomum cassia and their 
potential neuroprotective effects, J. Nat. Prod. 81 (2018) 1333–1342, https://doi. 
org/10.1021/acs.jnatprod.7b00924. 

[21] H.N. Brandão, H.H.S. Medrado, J.P. David, J.M. David, J.F.B. Pastore, M. Meira, 
Determination of podophyllotoxin and related aryltetralin lignans by HPLC/DAD/ 
MS from Lamiaceae species, Microchem. J. 130 (2017) 179–184, https://doi.org/ 
10.1016/j.microc.2016.09.002. 

[22] M. Antúnez-Mojica, J. Rodríguez-Salarichs, M. Redondo-Horcajo, A. León, 
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During the cultivation of saffron (Crocus sativus L.), corms are obtained as a byproduct. In an effort 

to valorize this waste product, a 70% EtOH extract of the corms and a sugar-depleted MeOH 

fraction of this extract was found to inhibit the TNF-α/IFN-γ-induced gene expression and 

secretion of the chemokines IL-8, MCP-1, and RANTES in human HaCaT cells. The effects were 

in part stronger than those of the positive control hydrocortisone. The 70% EtOH extract was 

further studied, and a series of bidesmosidic glycosides of echinocystic acid with a 3,16-dihydroxy-

10-oxo-hexadecanoic acid residue were isolated. These saponins, including azafrines 1 and 2, and 

eight new congeners named as azafrines 3−10, significantly inhibited the TNF-α/IFN-γ-induced 

gene expression and secretion of RANTES in human HaCaT cells. These findings suggest that 

saffron corms could be further explored as a potential source for the development of topical 

agents for the treatment of inflammatory skin diseases, such as psoriasis or atopic dermatitis. 
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ABSTRACT: Corms are obtained as a byproduct during the cultivation of
saffron (Crocus sativus). In a project aimed at the valorization of this waste
product, we observed that a 70% EtOH extract of the corms and a sugar-
depleted MeOH fraction of the extract inhibited the TNF-α/IFN-γ-induced
secretion and gene expression of the chemokines IL-8, MCP-1, and RANTES
in human HaCaT cells. The effects were in part stronger than those of the
positive control hydrocortisone. For preparative isolation, the 70% EtOH
extract was partitioned between n-BuOH and water. Separation of the n-
BuOH-soluble fraction by centrifugal partition chromatography, followed by
preparative and semipreparative HPLC, afforded a series of bidesmosidic
glycosides of echinocystic acid bearing a 3,16-dihydroxy-10-oxo-hexadecanoic
acid residue attached to the glycosidic moiety at C-28. They include azafrines
1 and 2, previously reported in saffron, and eight new congeners named
azafrines 3−10. Saffron saponins significantly inhibited TNF-α/IFN-γ-
induced secretion of RANTES in human HaCaT cells at 1 μM (p < 0.001). Some of them further lowered TNF-α/IFN-γ-
induced gene expression.

Saffron (Crocus sativus L., Iridaceae) is an autumn-flowering
perennial geophyte forming underground corms.1 As a

triploid sterile plant, C. sativus only propagates by vegetative
multiplication of the corms.2 Saffron has been cultivated since
antiquity for its characteristic and aromatic red stigmata, which
are used as a precious spice, dye, herbal medicine, cosmetic
ingredient, and odor-active substance in perfumes.3 The earliest
reports about saffron cultivation in eastern Mediterranean
regions go back to 1700 to 1500 B.C.4 Today, saffron is globally
cultivated since it is one of the most expensive spices
worldwide.5 Top producers are Iran (90%), followed by
Afghanistan, India, Greece, Morocco, Spain, Italy, and France.6

In traditional medicine, the stigmata, as well as extracts and
tinctures, have been used to treat various health conditions such
as insomnia, depression, pain, stomach ailments, tumors,
asthma, sexual dysfunction, and kidney disorders. It has also
been used as an emmenagogue and abortifacient agent.7

The phytochemistry and pharmacological properties of the
stigmata have been extensively studied.8,9More than 160 volatile
and nonvolatile constituents that contribute to the characteristic
aroma and flavor of the spice have been identified.10−13 The
most characteristic secondary metabolites are carotenoids and
apocarotenoids, which give the characteristic yellow to orange-
red color, andmonoterpenoid aldehydes such as picrocrocin and
safranal, which are responsible for the bitter taste and the

characteristic aroma, respectively.10 In contrast, little is known
about the phytochemicals of corms. They contain high amounts
of sugars and amino and fatty acids.14,15 A rhamnose-rich
proteoglycan and several mannan-binding lectins were obtained
from corm tissue,16−18 and phytosterols, triterpenoid acids, and
phenolic acids have been reported.19 Crocetin and crocetin
glycosides have been detected in developing corms.20 The oil of
corms contains large amounts of 2-furanone and long-chain fatty
acids, along with smaller amounts of higher alkanes, volatile
bisabolene-type sesquiterpenoids, and aldehydes such as
safranal.21,22 Finally, two oleanane-type triterpenoid saponins,
azafrine 1 and azafrine 2, have been reported.23

Data on the pharmacological and biological properties of
saffron corms are scarce. Proteins inducing or inhibiting platelet
aggregation have been purified.24,25 A proteoglycan was found to
be cytotoxic against tumor cells in vitro26 and to exhibit
macrophage-activating effects at lower concentrations.27 The
triterpenoid saponins azafrines 1 and 2 showed cytotoxic activity
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in HeLa cells23 and were patented as adjuvants for protein-based
vaccines.28 Lipophilic fractions of an EtOH corm extract showed
antidepressant-like effects in animal behavioral models.29

For the production of saffron spice, significant amounts of
corms are generated as a side product, and only a portion of
them is replanted.30,31 The other corms are either discarded or
used as animal feed.32 In a project aimed at the valorization of
this biowaste product we observed that a 70% EtOH extract
(SACE) of saffron corms inhibited tumor necrosis factor α
(TNF-α)/interferon γ (IFN-γ)-induced gene expression of the
chemokines monocyte chemotactic protein 1 (MCP-1) and
regulated upon activation normal T-cell expressed and secreted
(RANTES) and slightly increased the expression of interleukin 6

(IL-6) in humanHaCaT keratinocytes (Figure 1). The secretion
of IL-6 significantly increased in a concentration-dependent
manner, while secretion ofMCP-1 and RANTES decreased only
at the highest concentration tested. IL-8 was not affected (Figure
2).
Keratinocytes produce a large number of pro- and anti-

inflammatory cytokines upon stimulation by environmental
triggers such as microorganisms, physical damage, or various
cytokines. Under normal physiological conditions, levels of pro-
and anti-inflammatory cytokines are balanced and highly
regulated to control inflammatory processes, to initiate tissue
repair, and to maintain cellular and intercellular homeostasis. A
dysregulation of cytokines and an alteration of their receptors in

Figure 1. Effect of 70% EtOH saffron corm extract (SACE), sugar-depleted MeOH fraction, and hydrocortisone (20 μM) on TNF-α/IFN-γ-induced
(20 ng/mL) gene expression of IL-6, IL-8, MCP-1, and RANTES in human HaCaT cells. Data represent changes in gene expression of the untreated
control compared to TNF-α/IFN-γ (20 ng/mL) stimulation (A, C, E, G) and changes in gene expression of SACE and MeOH fraction after TNF-α/
IFN-γ stimulation (B, D, F, H) compared to the TNF-α/IFN-γ (20 ng/mL)-stimulated control. The data represent the mean value of three
independent experiments (n = 3).

Journal of Natural Products pubs.acs.org/jnp Article

https://dx.doi.org/10.1021/acs.jnatprod.0c01220
J. Nat. Prod. 2021, 84, 630−645

631

https://pubs.acs.org/doi/10.1021/acs.jnatprod.0c01220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.0c01220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.0c01220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.0c01220?fig=fig1&ref=pdf
pubs.acs.org/jnp?ref=pdf
https://dx.doi.org/10.1021/acs.jnatprod.0c01220?ref=pdf


inflammatory skin diseases lead to hyperproliferation of
keratinocytes and infiltration of leukocytes, resulting in the
clinical manifestation of skin diseases such as atopic dermatitis
and psoriasis.33,34 TNF-α and IFN-γ are primary inflammatory
cytokines that activate the production of secondary inflamma-
tory cytokines such as IL-6, IL-8, RANTES, and MCP-1.35

Expression of IL-6 and IL-8 causes proliferation of keratinocytes
and plays an important role in epidermal hyperplasia, psoriasis,
and wound healing.35−38 RANTES and MCP-1 are potent
chemoattractants and activators for monocytes, granulocytes,

and T-cells and are known to play a crucial role in atopic

dermatitis, psoriasis, arthritis, and atherosclerosis.34,35,39,40

We here report on the activity-directed isolation and

characterization of a series of unusual bidesmosidic triterpenoid

saponins with a fatty acid residue attached to the pentasacchar-

ide moiety at C-28 and on the testing of these saponins for

inhibition of expression and release of proinflammatory

cytokines.

Figure 2. Effect of saffron corm extract (SACE), sugar-depletedMeOH fraction, and hydrocortisone (20 μM) on TNF-α/IFN-γ-induced (20 ng/mL)
secretion of IL-6, IL-8, MCP-1, and RANTES in human HaCaT cells. Data represent the mean± SEM of three independent experiments measured in
duplicates (n = 3). ##p ≤ 0.01 vs control, *p ≤ 0.05 vs TNF-α, **p ≤ 0.01 vs TNF-α, ***p ≤ 0.001 vs TNF-α.

Figure 3. Effect of fractions 1−6 and hydrocortisone (20 μM) on TNF-α-induced (20 ng/mL) gene expression of MCP-1 and RANTES in human
HaCaT cells. The data represent changes in gene expression of the untreated control compared to TNF-α (20 ng/mL) stimulation (A, C) and changes
in gene expression of fractions 1−6 (1.25 μg/mL each) after TNF-α stimulation (B, D) compared to the TNF-α (20 ng/mL) stimulated control. The
data represent the mean value of three independent experiments (n = 3).
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■ RESULTS AND DISCUSSION
Using a filtration of the 70% EtOH extract (SACE) over an HP-
20 Diaion cartridge the sugars accounting for approximately
80% of the extract were removed by elution with water, and
secondary metabolites were subsequently eluted with MeOH.
The effects of the sugar-depleted MeOH fraction on the TNF-
α/IFN-γ-induced gene expression and secretion of the chemo-
kines IL-6, IL-8, MCP-1, and RANTES are shown in Figures 1
and 2, in comparison with SACE. Compared to the control, the
expression of IL-6 was slightly increased, and it decreased for the
other three chemokines. The secretion of IL-8, MCP-1, and
RANTES was significantly decreased and comparable to or
more pronounced than the effect of the positive control
hydrocortisone. Given that the most prominent effects were
seen on MCP-1 and RANTES, these two chemokines were
subsequently used to track the active compounds in the MeOH
fraction.
A portion of the sugar-depletedMeOH fraction was separated

by semipreparative HPLC into six fractions, which were tested
for their inhibitory activity on the TNF-α/IFN-γ-induced
expression and secretion of RANTES and MCP-1 (Figures 3
and 4). An inhibition of expression of both chemokines was

mainly found in fraction 4 eluted between 15 and 20 min, and
this was also in line with a potent inhibition of secretion (Figure
4). HPLC-UV-ELSD-MS analysis revealed the presence in the
ELSD trace of a broad and non-UV-absorbing major peak
(Figure 5) that eluted in the time window of the chromatogram
corresponding to the active fraction.
For preparative isolation, a larger batch of corms was extracted

with 70% EtOH. Removal of the sugar constituents was

performed by liquid/liquid partition between water and
EtOAc, followed by water and n-BuOH. HPLC-UV-ELSD-MS
analysis of the n-BuOH-soluble fraction confirmed the presence
of the previously detected broad peak at tR 15−20 min in the
ELSD trace of the sugar-depleted MeOH fraction.
The n-BuOH-soluble fraction was separated by centrifugal

partition chromatography (CPC). Further fractionation by flash
chromatography on C18 and Diol cartridges, followed by
semipreparative HPLC on a HILIC column, afforded six
substances (I−VI) (Figure S2, Supporting Information). The
substances that appeared chromatographically pure according to
HPLC analysis on an RP-18 column were evaluated for their
inhibitory effects on expression and secretion of MCP-1 and
RANTES. Compared to the control, the substances increased
expression of MCP-1 to varying degrees, while expression of
RANTES was decreased (Figure 6). In contrast, no effect on
MCP-1 secretion was observed, while all substances significantly
decreased secretion of RANTES (Figure 7).
During structure elucidation, however, a close inspection of

the NMR spectra revealed that four of these substances (I−IV)
were in fact mixtures of two highly similar congeners, while
substances V and VI were single compounds, which were
subsequently identified as 1 and 2. A total of 10 compounds
were eventually obtained in pure form starting from a larger

Figure 4. Effect of fractions 1−6 (1.25 μg/mL) and hydrocortisone (20
μM) on TNF-α/IFN-γ-induced (20 ng/mL) secretion of MCP-1 (A)
and RANTES (B) in human HaCaT cells. The data represent the mean
± SEM of three independent experiments measured in triplicate (n =
3). ##p ≤ 0.01 vs control, *p ≤ 0.05 vs TNF-α, **p ≤ 0.01 vs TNF-α,
***p ≤ 0.001 vs TNF-α.

Figure 5. HPLC-PDA-ELSD-ESIMS analysis of the sugar-depleted
MeOH fraction. Chromatographic conditions: SunFire C18; 5−100%
MeCN in water (both containing formic acid 0.1%) in 30 min; 0.4 mL/
min; the region highlighted in gray corresponds to active fraction 4.
BPC: base peak chromatograms in positive and negative modes.
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portion of the n-BuOH-soluble fraction. CPC followed by
preparative HPLC on an RP-18 column afforded a saponin
fraction. This mixture was resolved into 10 saponins (1−10) by
preparative HPLC on a HILIC column followed by semi-
preparative HPLC on HILIC and C18-AQ columns. Com-

pounds 8 and 10 (and minor amounts of 7 and 9), 7 and 9 (and
minor amounts of 8 and 10), 4 and 6 (and minor amounts of 3
and 5), and 3 and 5 were contained in substances I−IV,
respectively. The successful combination of RP-18, HILIC, and
C18-AQ columns for the separation of this complex mixture of
structurally closely related saponins is shown in Figure 8 and in
Figure S3 (Supporting Information).
Compounds 1 and 2 both had a molecular formula of

C92H150O43(HRESIMS m/z 1965.9411 [M + Na]+ and
1965.9493 [M + Na]+; calcd for C92H150NaO43

+, 1965.9443).
1D and 2D NMR spectra (Tables S1 and S2, Supporting
Information) indicated that both compounds were bidesmosidic
glycosides of echinocystic acid with a 3,16-dihydroxy-10-oxo-
hexadecanoic acid residue attached to the pentasaccharide
moiety at C-28. Acid hydrolysis followed by GC-MS analysis
revealed the presence of L-rhamnose, D-fucose, D-xylose, L-
arabinose, and D-galactose in both compounds. In addition, D-
glucuronic acid was detected in the case of 1, and D-galacturonic
acid in that of 2. The compounds were identified after extensive
analysis of COSY, HSQC, HMBC, HSQC-TOCSY, and
ROESY spectra (Tables S1 and S2, Figures S4−S15, Supporting
Information) as azafrine 1 (1) and azafrine 2 (2), respectively.
These two saponins have been previously reported in saffron
corms.23 They differ from each other only by the presence of a D-
glucuronic acid or a D-galacturonic acid moiety at C-3. The key
HMBC correlations confirming the connectivities between the
aglycone, the sugar moieties, and the fatty acid residue in 1 are
shown in Figure 9.
Compounds 3−10 had the same aglycone and fatty acid

moieties as azafrines 1 (1) and 2 (2) but differed in their
glycosylation pattern.
Saponins 3 and 4 had a molecular formula of C86H140O38

(HRESIMS at m/z 1803.8844 [M + Na]+ and 1803.8916 [M +
Na]+; calcd for C86H140NaO38

+, 1803.8915), indicative of one
hexosyl moiety less than in 1 and 2. The 1D and 2D NMR data
were very similar to those of 1 and 2 but lacked the signals of the
galactosyl residue, which was obvious from the absence of the

Figure 6. Effect of compounds 1−10 and hydrocortisone (20 μM) onTNF-α/IFN-γ-induced (20 ng/mL) gene expression ofMCP-1 and RANTES in
human HaCaT cells. Data represent changes in gene expression of the untreated control compared to TNF-α/IFN-γ (20 ng/mL) stimulation (A, C)
and changes in gene expression of compounds 1−10 after TNF-α/IFN-γ stimulation (B, D) compared to TNF-α/IFN-γ (20 ng/mL)-stimulated
control. The data represent the mean value of three independent experiments (n = 3).

Figure 7. Effect of compounds 1−10 (1 μM) and hydrocortisone (20
μM) on TNF-α/IFN-γ-induced (20 ng/mL) secretion of MCP-1 (A)
and RANTES (B) in human HaCaT cells. The data represent the mean
± SEMmeasured as triplicates (n = 3). ##p ≤ 0.01 vs control, *p ≤ 0.05
vs TNF-α, **p ≤ 0.01 vs TNF-α, ***p ≤ 0.001 vs TNF-α.
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anomeric signals observed in 1 (δH 4.33, δC 104.0) and 2 (δH
4.33, δC 104.0) for this sugar moiety (Tables 1 and 2).
Compared to 1 and 2, shielding of C-2Ara and deshielding of C-
1Ara and C-3Ara were seen. GC-MS analysis of sugars confirmed
the absence of D-galactose and the presence of L-rhamnose, D-

fucose, D-xylose, and L-arabinose. In addition, D-glucuronic acid
was identified in the case of saponin 3, and D-galacturonic acid in
the case of 4. Compounds 3 and 4 were new compounds and
named azafrine 3 and azafrine 4, respectively.
A molecular formula of C86H140O39 was assigned to

compounds 5 and 6 (HRESIMS at m/z 1819.8827 [M + Na]+

and 1819.8901 [M + Na]+; calcd for C86H140NaO39
+,

1819.8864). When compared to 1 and 2, a difference of 146
amu suggested the lack of a deoxyhexosyl moiety. The 1D and
2D NMR data (Tables 1 and 2) were similar to those of 1 and 2
but without the signals of the rhamnosyl residue connected to
the long-chain fatty acid moiety at C-3′. This was apparent from
the absence of the anomeric signals for this sugar moiety
observed in 1 (δH 4.70, δC 98.8) and 2 (δH 4.70, δC 98.8).
Compared to 1 and 2, shielding of C-3′ and deshielding of C-2′
and C-4′ of the 3,16-dihydroxy-10-oxo-hexadecanoic acid
moiety were observed. The presence of L-rhamnose, D-fucose,
D-xylose, and L-arabinose was confirmed by GC-MS analysis
after acid hydrolysis. In addition, D-glucuronic acid was
identified in the case of compound 5, while D-galacturonic
acid was obtained from 6. Compounds 5 and 6 are new
compounds and were named azafrines 5 and 6, respectively.
Compounds 7 and 8 had a molecular formula of C80H130O34

(HRESIMS at m/z 1657.8340 [M + Na]+ and 1657.8340 [M +
Na]+; calcd for C80H130NaO34

+, 1657.8336), suggesting one
hexosyl residue less than in 5 and 6. The 1D and 2D NMR data
(Tables 3 and 4) were very similar to those of 5 and 6 but lacked
the signals of the galactosyl residue, and in particular the
anomeric signals (5; δH 4.34, δC 103.9; 6; δH 4.33, δC 103.9).
Compared to 5 and 6, shielding of C-2Ara and deshielding of C-
1Ara and C-3Ara were observed. Acid hydrolysis followed by GC-

Figure 8.Combination of different HPLC column chemistries and mobile phases for the separation of compounds 1−10. Evaporative light scattering
detection (ELSD) chromatographic traces of analytical separations are shown. Chromatographic conditions: A: SunFire C18 (3.5 μm, 3 × 150 mm
i.d.); 70−100% MeOH in water in 30 min; 0.4 mL/min; B: Nucleodur HILIC (5 μm, 3 × 150 mm i.d.); 83% MeCN in water; 0.4 mL/min; C−F:
Nucleodur HILIC (5 μm, 3 × 150 mm i.d.); 83% MeCN in water; 0.4 mL/min; G, H: Nucleodur HILIC (5 μm, 3 × 150 mm i.d.); 90% MeCN in
water; 0.4 mL/min; I, J: ReproSil-Pur 120 C18-AQ (3 μm, 3 × 150 mm i.d.); 39% MeCN in water; 0.5 mL/min. All mobile phases contained 0.1%
formic acid. Peak numbers 1−10 in red correspond to compound numbers 1−10.

Figure 9. Key HMBC correlations (green arrows) for azafrine 1 (1).
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MS analysis confirmed the absence of D-galactose and the
presence of L-rhamnose, D-fucose, D-xylose, and L-arabinose. In
addition, D-glucuronic acid was identified in the case of saponin
7, and D-galacturonic acid for 8. Compounds 7 and 8 are new
saponins and were named azafrine 7 and azafrine 8, respectively.
Compounds 9 and 10 both had a molecular formula of

C81H132O34(HRESIMS at m/z 1671.8415 [M + Na]+ and
1671.8479 [M + Na]+; calcd for C81H132NaO34

+, 1671.8493).
This suggested the lack of a pentosyl moiety compared to 3 and
4. The 1D and 2D NMR data (Tables 3 and 4) indicated that
both compounds differed from saponins 3 and 4 by the absence
of the arabinosyl residue.Weak anomeric signals of an arabinosyl
moiety (δH 4.23, δC 105.8) could be observed, which, given their
low intensities, belonged to unidentified minor saponins bearing
an arabinosyl moiety attached to the rhamnosyl residue as in 3
and 4. The presence of L-rhamnose, D-fucose, and D-xylose was
confirmed by GC-MS analysis, along with a minor amount of L-
arabinose due to the presence of these unidentified minor
saponins. In addition, D-glucuronic acid was identified for
compound 9, while D-galacturonic acid was found in the case of
10. Compounds 9 and 10 are new saponins named azafrine 9
and azafrine 10, respectively. The configuration at C-3′ of the
3,16-dihydroxy-10-oxo-hexadecanoic acid residue in com-
pounds 1−10 was not established.
From a chemotaxonomic perspective, the occurrence of

triterpenoidal saponins in monocotyledonous plants is un-
common, as they usually produce steroidal saponins. Saponins
bearing a long-chain fatty acid residue appear to be restricted to
the family Iridaceae and have so far been found only in C. sativus
and in the genus Crocosmia.41

The effects of the sugar-depletedMeOH fraction on the TNF-
α/IFN-γ-induced gene expression and secretion of chemokines
IL-6, IL-8, MCP-1, and RANTES in human HaCaT
keratinocytes could be linked to a series of complex
triterpenoidal saponins. Fractions and compounds overall
inhibited expression and secretion of RANTES more potently
than hydrocortisone. Expression but not secretion of MCP-1
was inhibited (Figures 6 and 7). Chemotactic cytokines
RANTES and MCP-1 contribute to the recruitment of
leukocytes to the skin and are involved in the pathogenesis of
psoriasis and atopic dermatitis.42−44 MCP-1 was shown to be
induced by lipopolysaccharides (LPS), interleukins, and tumor
necrosis factor (TNF-α). MCP-1 was observed in high
concentrations in psoriasis patients, but also in other skin
diseases. The expression of RANTES plays an active role in the
inflammatory response and has been linked to various
inflammatory diseases such as atopic dermatitis, psoriasis,
arthritis, atherosclerosis, and others.44

Anti-inflammatory activities of oleanane-type saponins such
as asiaticoside have been shown earlier. The compound was
found to decrease the generation of antigen-induced tumor
necrosis factor α, interleukin 4 (IL-4), IL-8, and IL-1β in RBL-
2H3 cells sensitized by IgE.45 Kimura et al. investigated the
effects of asiaticoside in burn wound exudates and demonstrated
that asiaticoside enhanced MCP-1 production in HaCaT cells,
but had no direct effect on VEGF production.46 The authors
concluded that the enhancement of burn wound healing by
asiaticoside was due to the stimulation of VEGF production
caused by an increased expression of MCP-1 in keratinocytes.
Cho et al. reported that Δ(11,13) oleanane-type triterpenoids
from Tetrapanax papyriferus significantly reduced the LPS-

Chart 1
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Table 1. 1H and 13C NMR Spectroscopic Data of the Aglycone and Fatty Acid Residue in Compounds 3−6 (DMSO-d6; 600
MHz for 1H and 151 MHz for 13C NMR; δ in ppm)

3 4 5 6

position δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

1 38.3, CH2 0.90a 38.4, CH2 0.87a 38.3, CH2 0.89a 38.3, CH2 0.89a

1.53a 1.53a 1.52a 1.52a

2 25.4, CH2 1.51a 25.5, CH2 1.48a 25.5, CH2 1.49a 25.5, CH2 1.49a

1.86a 1.85a 1.85a 1.83a

3 87.9, CH 3.05a 88.0, CH 3.01a 87.9, CH 3.03a 87.9, CH 3.01a

4 38.6, C 38.8, C 38.7, C 38.8, C
5 55.1, CH 0.70a 55.2, CH 0.68a 55.1, CH 0.70a 55.2, CH 0.69a

6 17.8, CH2 1.25a 17.9, CH2 1.25a 17.9, CH2 1.25a 18.0, CH2 1.25a

1.47a 1.45a 1.46a 1.46a

7 32.6, CH2 1.29a 32.6, CH2 1.32a 32.6, CH2 1.32a 32.6, CH2 1.31a

1.39a 1.38a 1.39a 1.38a

8 39.2, C 39.1, C 39.1, C 39.1, C
9 46.1, CH 1.52a 46.1, CH 1.51a 46.1, CH 1.52a 46.1, CH 1.51a

10 36.2, C 36.3, C 36.3, C 36.3, C
11 23.0, CH2 1.80a 23.0, CH2 1.80a 22.9, CH2 1.80a 22.9, CH2 1.80a

12 121.3, CH 5.25a 121.4, CH 5.25, m 121.6, CH 5.23, m 121.6, CH 5.22a

13 143.2, C 143.3, C 143.1, C 143.0, C
14 41.0, C 41.1, C 41.0, C 41.0, C
15 34.6, CH2 1.30a 34.7, CH2 1.29a 34.7, CH2 1.30a 34.7, CH2 1.30a

1.60a 1.56a 1.60a 1.62a

16 72.7, CH 4.32a 72.8, CH 4.30a 72.6, CH 4.33a 72.6, CH 4.31a

17 48.1, C 48.1, C 48.0, C 48.0, C
18 40.4, CH 2.84c 40.4, CH 2.83, d (12.3) 40.4, CH 2.84, d (12.2) 40.4, CH 2.84, d (12.7)
19 46.5, CH2 0.99a 46.6, CH2 1.00a 46.5, CH2 1.00a 46.5, CH2 1.00a

2.22c 2.21, dd (12.5, 12.5) 2.23, dd (12.5, 12.5) 2.24, dd (13.8, 13.8)
20 29.9, C 30.1, C 30.1, C 30.1, C
21 35.0, CH2 1.09a 35.1, CH2 1.08a 35.0, CH2 1.08a 35.0, CH2 1.09a

1.87a 1.88a 1.90a 1.89, m
22 30.4, CH2 1.66a 30.6, CH2 1.63a 30.6, CH2 1.64a 30.6, CH2 1.65a

1.82a 1.81a 1.80a 1.79a

23 27.6, CH3 0.98c 27.7, CH3 0.98a 27.6, CH3 0.98a 27.7, CH3 0.98a

24 16.4, CH3 0.76c 16.5, CH3 0.76, s 16.5, CH3 0.76, s 16.5, CH3 0.75, s
25 15.3, CH3 0.88a 15.5, CH3 0.88a 15.4, CH3 0.87a 15.4, CH3 0.87a

26 16.8, CH3 0.70c 16.9, CH3 0.69a 16.8, CH3 0.67a 16.8, CH3 0.67a

27 26.1, CH3 1.31a 26.2, CH3 1.30a 26.2, CH3 1.31a 26.2, CH3 1.30a

28 175.0, C 175.1, C 175.0, C 175.1, C
29 32.7, CH3 0.83c 32.8, CH3 0.82, s 32.8, CH3 0.84, s 32.8, CH3 0.83, s
30 24.2, CH3 0.91a 24.2, CH3 0.90a 24.2, CH3 0.90a 24.2, CH3 0.90a

C1′ 170.5, C 170.7, C 171.1, C 171.1, C
C2′ 38.4, CH2 2.48a 38.3, CH2 2.47a 42.6, CH2 2.46, m 42.6, CH2 2.45a

2.69a 2.71, dd (15.0, 4.1)
C3′ 72.5 3.92c 72.3, CH 3.91, tt (5.3, 5.3) 67.2, CH 3.83a 67.3, CH 3.82a

C4′ 34.2 1.54a 34.3, CH2 1.54a 36.7, CH2 1.41a 36.7, CH2 1.40a

C5′ 24.4, CH2 1.33a 24.5, CH2 1.32a 24.9, CH2 1.27a 24.9, CH2 1.27a

1.37a 1.37a

C6′ 28.6, CH2 1.23a 28.6, CH2 1.21a 28.7, CH2 1.21a 28.6, CH2 1.26a

C7′ 28.3, CH2 1.26a 28.6, CH2 1.25a 28.6, CH2 1.23a 28.6, CH2 1.23a

C8′ 23.1, CH2 1.44a 23.2, CH2 1.43a 23.2, CH2 1.44a 23.2, CH2 1.44a

C9′ 41.7, CH2 2.37c 41.8, CH2 2.37, t (6.7) 41.8, CH2 2.38, t (7.1) 41.8, CH2 2.37, t (7.1)
C10′ 210.3, C 210.6, C 210.6, C 210.6, C
C11′ 41.7, CH2 2.37c 41.8, CH2 2.37, t (6.7) 41.8, CH2 2.38, t (7.1) 41.8, CH2 2.37, t (7.1)
C12′ 23.1, CH2 1.44a 23.2, CH2 1.43a 23.3, CH2 1.45a 23.3, CH2 1.45a

C13′ 28.8, CH2 1.17a 28.7, CH2 1.19a 28.7, CH2 1.24a 28.6, CH2 1.20a

C14′ 25.5, CH2 1.27a 25.6, CH2 1.26a 25.6, CH2 1.28a 25.6, CH2 1.29a

C15′ 29.0, CH2 1.48a 29.0, CH2 1.47a 29.0, CH2 1.48a 29.0, CH2 1.48a

C16′ 66.4, CH2 3.31a 66.4, CH2 3.30a 66.3, CH2 3.30a 66.3, CH2 3.30a

3.52a 3.51a 3.52a 3.52a

aOverlapping signals. bSignal not visible. cSignals are split, possibly due to the viscosity of the sample.
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Table 2. 1H and 13C NMR Spectroscopic Data of the Glycosidic Moiety in Compounds 3−6 (DMSO-d6; 600 MHz for 1H and
151 MHz for 13C NMR; δ in ppm)

3 4 5 6

position δC, type δH (J in Hz) δC, type δH(J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

Sugar moiety at C-3
GalA
1 105.7, CH 4.11, br s 106.0, CH 4.07, br s
2 70.8, CH 3.30a b b

3 73.4, CH 3.24a 73.9, CH 3.17a

4 69.7, CH 3.86a 69.9, CH 3.87a

5 b b b b

6 b b

GlcA
1 105.2, CH 4.18c 105.3, CH 4.15, d (5.7)
2 74.0, CH 2.99a 73.9, CH 2.96, m
3 76.7, CH 3.10a 76.6, CH 3.13a

4 b b b b

5 b b b b

6 b b

Sugar moiety at C-28
Fuc
1 93.0, CH 5.31a 93.0, CH 5.30, d (7.8) 92.8, CH 5.32a 92.8, CH 5.32a

2 74.6, CH 3.50a 74.4, CH 3.47a 74.8, CH 3.48a 74.7, CH 3.49a

3 71.5, CH 3.80a 71.5, CH 3.80a 71.7, CH 3.81a 71.7, CH 3.80a

4 73.5, CH 4.94, br s 73.4, CH 4.91, br s 73.2, CH 4.92, br s 73.2, CH 4.91, br s
5 68.8, CH 3.84a 68.8, CH 3.85a 68.9, CH 3.85a 68.9, CH 3.84a

6 15.8, CH3 0.93c 16.0, CH3 0.92, d (5.9) 16.0, CH3 0.95, d (6.3) 15.9, CH3 0.94, d (6.0)
Rha3
1 98.7, CH 5.27a 98.7, CH 5.27, br s 98.6, CH 5.30a 98.5, CH 5.31a

2 79.0, CH 3.86a 79.3, CH 3.82a 78.1, CH 3.84a 78.2, CH 3.83a

3 70.4, CH 3.74a 70.5, CH 3.71a 70.3, CH 3.71a 70.2, CH 3.71a

4 81.9, CH 3.39a 81.7, CH 3.38a 82.1, CH 3.36a 82.0, CH 3.36a

5 67.1, CH 3.59a 67.0, CH 3.57a 67.0, CH 3.56a 66.9, CH 3.55a

6 17.8, CH3 1.18c 17.9, CH3 1.17, d (5.8) 18.0, CH3 1.19, d (5.9) 18.0, CH3 1.19, d (5.7)
Xyl
1 105.1, CH 4.42c 105.1, CH 4.41, d (7.3) 104.7, CH 4.48, d (7.5) 104.7, CH 4.48, d (7.3)
2 74.4, CH 3.03a 74.4, CH 3.01a 74.6, CH 2.99a 74.6, CH 2.98a

3 76.5, CH 3.15a 76.6, CH 3.13a 76.3, CH 3.18a 76.3, CH 3.17a

4 69.6, CH 3.29a 69.5, CH 3.26a 69.6, CH 3.25a 69.6, CH 3.24a

5 65.8, CH2 3.06a 65.9, CH2 3.03a 65.7, CH2 3.16a 65.7, CH2 3.14a

3.71a 3.70a 3.65a 3.65a

Ara
1 105.1, CH 4.32a 105.3, CH 4.28a 102.0, CH 4.56, d (5.4) 102.0, CH 4.56, d (4.8)
2 70.9, CH 3.42a 70.7, CH 3.39a 78.1, CH 3.69a 78.1, CH 3.69a

3 72.4, CH 3.37a 72.4, CH 3.34a 71.1, CH 3.63a 71.1, CH 3.62a

4 67.4, CH 3.64a 67.6, CH 3.61a 66.2, CH 3.70a 66.2, CH 3.70a

5 65.2, CH2 3.38a 65.5, CH2 3.37a 63.7, CH2 3.34a 63.7, CH2 3.33a

3.68a 3.66a 3.66a 3.66a

Gal
1 103.9, CH 4.34a 103.9, CH 4.33a

2 71.0, CH 3.35a 71.1, CH 3.33a

3 73.3, CH 3.31a 73.3, CH 3.29a

4 67.7, CH 3.67a 67.7, CH 3.66a

5 75.4, CH 3.38a 75.4, CH 3.38a

6 60.0, CH2 3.51a 59.9, CH2 3.50a

3.59a 3.58a

Sugar moiety at C-3′
Rha2
1 98.8, CH 4.72c 98.8, CH 4.70, br s
2 70.8, CH 3.58a 70.8, CH 3.54a

3 70.9, CH 3.42a 70.9, CH 3.39a

4 72.0, CH 3.19a 71.9, CH 3.18a
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induced expression of COX-2 and pro-inflammatory cytokines
such as TNF-α and IL-6.47

In summary, our in vitro data suggest that saffron saponins
possess anti-inflammatory properties by affecting expression and
secretion of chemotactic cytokines and thus could be possibly
used as topical agents against inflammatory skin diseases such as
atopic dermatitis and psoriasis. This is in line with findings
reported for other oleanane-type saponins such as asiaticoside.
However, hitherto no clinical trial has been published using
these triterpenoids in therapy.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Centrifugal partition chro-

matography was performed on an ARMEN SPOT centrifugal partition
chromatography instrument system (AlphaCrom, Switzerland) equip-
ped with a ProStar 210 solvent delivery module pump, a ProStar 325
UV/vis detector, and a ProStar 704 fraction collector (all Varian Inc.,
USA).
Flash chromatography was carried out on a Sepacore flash

chromatography system (Büchi, Switzerland) consisting of a C-660
fraction collector, a C-605 pumpmodule, a C-640 UV photometer, and
a C-620 control unit. Data acquisition and processing was carried out by
SepacoreRecord software. C18 (80 g, 40−63 μm) andDiol (80 g, 40−63
μm) Sepacore flash cartridges were used.
HPLC-PDA-ELSD-ESIMS analysis was performed on a chromato-

graphic system consisting of a degasser, quaternary pump (LC-20AD),
a column oven (CTO-20AC), a PDA detector (SPD-M20A), a triple
quadrupole mass spectrometer (LCMS-8030) (all Shimadzu, Kyoto,
Japan), and an ELSD 3300 detector (Alltech). Separations were carried
out on a SunFire C18 column (3.5 μm, 3 × 150 mm i.d., Waters)
equipped with a guard column (3 × 10 mm i.d.), a Nucleodur HILIC
column (5 μm, 3 × 150 mm i.d., Macherey-Nagel), or a ReproSil-Pur
120 C18-AQ column (3 μm, 3 × 150 mm i.d., Dr. Maisch GmbH). The
flow rate for analytical investigations was 0.4 or 0.5 mL/min. The
LabSolutions software (Shimadzu) was used for data acquisition and
processing.
Preparative HPLCwas carried out on a Preparative LC/MSD system

(Agilent Technologies, Santa Clara, CA, USA) consisting of a binary
pump (1260 Prep bin pump, 1290 Infinity II), a quaternary pump
(G1311A Quat pump, 1200 Series), a 1290 Infinity II valve drive
manual injection system, a PDA detector (1100 Series), and a 6120
quadrupole LC/MS. A SunFire Prep C18 OBD column (5 μm, 30× 150
mm i.d., Waters, Milford, MA, USA), equipped with a C18 Prep guard
column (10 × 30 mm i.d.), or a Nucleodur HILIC column (5 μm, 32 ×
150 mm i.d., Macherey-Nagel), equipped with a Nucleodur HILIC
guard column (10 × 32 mm i.d.), was used. MeCN (or MeOH) and
water, both containing 0.1% formic acid, were used as mobile phase.
The flow rate was 20 mL/min. Data acquisition and processing was
performed using ChemStation software (Agilent Technologies).
Semipreparative HPLC separations were performed on an HP 1100

Series system (Agilent Technologies, Santa Clara, CA, USA) consisting

of a binary pump (G1312A bin pump), auto sampler (G1367A
WPALS), column oven (G1316A COLCOM), and a diode array
detector (G1315A DAD). Separations were carried out on a SunFire
Prep C18 column (5 μm, 10 × 150 mm i.d., Waters) equipped with a
guard column (10 × 10 mm i.d.), a Nucleodur HILIC column (5 μm,
10 × 150 mm i.d., Macherey-Nagel) equipped with a guard column (8
× 10 mm i.d.), or a ReproSil-Pur 120 C18-AQ column (3 μm, 10 × 150
mm i.d., Dr. Maisch GmbH). MeCN and water, both containing 0.1%
formic acid, were used as mobile phase. The flow rate was 4 or 5 mL/
min, and detection was at 200 nm. Data acquisition and processing was
performed using ChemStation software (Agilent Technologies). GC-
MS was performed on a Hewlett-Packard GC/MS system (Agilent
G1503A) equipped with a 5973 mass selective detector (MSD) and a
59864B ionization gauge controller (Agilent Technologies). A J&W
DM-225 GC column (30 m; 0.25 mm i.d.; film thickness 0.25 μm;
Agilent Technologies) was used. Injector temperature was 280 °C.
Helium (0.7 mL/min) was used as a carrier gas. Transfer line
temperature was 240 °C. The following temperature program was
applied: 60 °Chold for 1min, increase to 240 °C at 10 °C/min followed
by 5 min at 240 °C. EI ionization was in positive ion mode (electron
energy: 2040 V; full scan: m/z 50−700). Data acquisition was
performed by MSD ChemStation D.03 software (Agilent Technolo-
gies), and data were processed with Spectrus Processor (ACD/Lab).

Optical rotations were measured on a JASCO P-2000 polarimeter
(Brechbühler AG, Switzerland) equipped with a 10 cm temperature-
controlled microcell. HRESIMS spectra were acquired on a LTQ
Orbitrap XL hybrid ion trap−Orbitrap mass spectrometer (Thermo-
Fisher Scientific). NMR spectra of 1, 2, and 3 were recorded on a
Bruker Avance III spectrometer (Fal̈landen, Switzerland) operating at
500MHz for 1H and 126MHz for 13C. Spectra of 1 and 2were obtained
with a 1 mm TXI probe, and those of 3 with a BBI probe at 23 °C. 13C
NMR/DEPT spectra were recorded at 23 °C with a 5 mm BBO probe.
NMR spectroscopic data for the remaining saponins were obtained on a
Bruker Avance Neo 600 MHz NMR spectrometer, operating at 600
MHz for 1H and 151 MHz for 13C, and equipped with a QCI 5 mm
Cryoprobe and a SampleJet automated sample changer (Rheinstetten,
Germany). Spectra were measured in DMSO-d6 (ARMARChemicals).
Chemical shifts are reported in parts per million (δ) using the solvent
signal (δH 2.50; δC 39.51) as internal reference; coupling constants (J)
are given in Hz. Data were analyzed using Topspin (Bruker) and
Spectrus Processor (ACD/Lab, Toronto, Canada) software.

TLC was performed on silica gel 60 F254-coated aluminum plates
(Merck, Germany). Detection was with UV 254 nm and after spraying
vanillin−sulfuric acid reagent followed by heating at 100 °C.

EtOH (96%) for extraction was from Brenntag Schweizerhall AG
(Switzerland). Methyl tert-butyl ether (MTBE) and glacial HOAc were
from Sigma-Aldrich (Germany). Ultrapure water was obtained from a
Milli-Q water purification system (Merck Millipore, Darmstadt,
Germany). HPLC-grade MeCN and MeOH were purchased from
Avantor Performance Materials (Radnor Township, PA, USA). HPLC-
grade n-BuOH, EtOAc, CHCl3, DMSO, and formic acid were obtained
from Scharlau (Scharlab S.L., Spain). Technical grade EtOAc was from

Table 2. continued

3 4 5 6

position δC, type δH (J in Hz) δC, type δH(J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

5 68.9, CH 3.46a 69.0, CH 3.44a

6 17.8, CH3 1.13a 17.9, CH3 1.12, d (6.0)
Sugar moiety at C-16′
Rha1
1 99.9, CH 4.53c 100.0, CH 4.50, br s 99.9, CH 4.51, br s 100.0, CH 4.51, br s
2 70.6, CH 3.59a 70.6, CH 3.57a 70.6, CH 3.57a 70.6, CH 3.58a

3 70.9, CH 3.42a 71.1, CH 3.41a 70.8, CH 3.40a 70.8, CH 3.40a

4 72.0, CH 3.19a 72.0, CH 3.16a 72.0, CH 3.18a 72.0, CH 3.16a

5 68.2, CH 3.39a 68.4, CH 3.36a 68.4, CH 3.37a 68.4, CH 3.35a

6 17.8, CH3 1.13a 17.8, CH3 1.11, d (6.0) 17.9, CH3 1.13, d (6.3) 17.9, CH3 1.13, d (5.3)
aOverlapping signals. bSignal not visible. cSignals are split, possibly due to the viscosity of the sample.
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Table 3. 1H and 13C NMR Spectroscopic Data of the Aglycone and Fatty Acid Residue in Compounds 7−10 (DMSO-d6; 600
MHz for 1H and 151 MHz for 13C NMR; δ in ppm)

7 8 9 10

position δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

1 38.4, CH2 0.90a 38.3, CH2 0.90a 38.4, CH2 0.89a 38.4, CH2 0.89a

1.52a 1.53a 1.52a 1.53a

2 25.4, CH2 1.49a 25.5, CH2 1.50a 25.5, CH2 1.49a 25.5, CH2 1.48a

1.91a 1.84a 1.89a 1.83a

3 87.8, CH 3.01a 87.9, CH 3.02a 87.8, CH 3.02a 87.8, CH 3.01a

4 38.7, C 38.8, C 38.7, C 38.7, C
5 55.1, CH 0.70a 55.2, CH 0.69a 55.1, CH 0.70a 55.2, CH 0.70a

6 18.0, CH2 1.25a 17.8, CH2 1.25a 18.0, CH2 1.25a 17.9, CH2 1.25a

1.46a 1.46a 1.45a 1.45a

7 32.5, CH2 1.31a 32.5, CH2 1.31a 32.5, CH2 1.33a 32.5, CH2 1.33a

1.39a 1.39a 1.38a 1.38a

8 39.1, C 39.1, C 39.1, C 39.1, C
9 46.1, CH 1.52a 46.1, CH 1.51a 46.1, CH 1.52a 46.1, CH 1.52a

10 36.2, C 36.2, C 36.2, C 36.2, C
11 22.9, CH2 1.80a 22.9, CH2 1.80a 22.9, CH2 1.80a 22.9, CH2 1.81a

12 121.5, CH 5.24 121.5, CH 5.24 121.5, CH 5.23a 121.4, CH 5.23a

13 143.1, C 143.1, C 143.1, C 143.1, C
14 41.0, C 41.0, C 41.0, C 41.0, C
15 34.7, CH2 1.30a 34.7, CH2 1.30a 34.7, CH2 1.28a 34.7, CH2 1.28a

1.59a 1.58a 1.61a 1.61a

16 72.6, CH 4.32 72.6, CH 4.32 72.6, CH 4.32 72.6, CH 4.32
17 48.0, C 48.0, C 48.1, C 48.1, C
18 40.4, CH 2.84, d (11.2) 40.4, CH 2.84, d (12.3) 40.3, CH 2.83, d (10.5) 40.4, CH 2.84, d (11.7)
19 46.5, CH2 1.01a 46.5, CH2 1.00a 46.5, CH2 0.99a 46.5, CH2 1.00a

2.22, dd (13.5, 13.5) 2.23, dd (12.8, 12.8) 2.22, dd (12.5, 11.4) 2.24, dd (12.8, 12.0)
20 30.1, C 30.1, C 30.1, C 30.1, C
21 35.0, CH2 1.09a 35.0, CH2 1.09a 35.0, CH2 1.09a 35.0, CH2 1.09a

1.89a 1.89a 1.89a 1.89a

22 30.6, CH2 1.63a 30.6, CH2 1.63a 30.5, CH2 1.65a 30.6, CH2 1.67a

1.80a 1.80a 1.83a 1.80a

23 27.7, CH3 0.97a 27.7, CH3 0.98a 27.7, CH3 0.97a 27.7, CH3 0.97a

24 16.5, CH3 0.75, s 16.5, CH3 0.76, s 16.5, CH3 0.75, s 16.5, CH3 0.75, s
25 15.4, CH3 0.88a 15.4, CH3 0.88a 15.4, CH3 0.87a 15.4, CH3 0.88a

26 16.7, CH3 0.67a 16.8, CH3 0.67a 16.8, CH3 0.67a 16.8, CH3 0.68a

27 26.2, CH3 1.30a 26.2, CH3 1.29a 26.2, CH3 1.30a 26.2, CH3 1.30a

28 175.0, C 175.0, C 175.1, C 175.3, C
29 32.8, CH3 0.83, s 32.8, CH3 0.83, s 32.8, CH3 0.83, s 32.8, CH3 0.83, s
30 24.1, CH3 0.89a 24.2, CH3 0.89a 24.2, CH3 0.90a 24.3, CH3 0.90a

C1′ 171.1, C 171.1, C 170.7, C 170.6, C
C2′ 42.6, CH2 2.46a 42.6, CH2 2.46a 38.3, CH2 2.47a 38.3, CH2 2.46a

2.71, dd (14.5, 3.4) 2.72, dd (14.9, 3.9)
C3′ 67.2, CH 3.82a 67.2, CH 3.82a 72.2, CH 3.91a 72.3, CH 3.91a

C4′ 36.6, CH2 1.37a 36.6, CH2 1.37a 34.3, CH2 1.53a 34.3, CH2 1.54a

1.44a 1.44a

C5′ 24.9, CH2 1.27a 24.9, CH2 1.26a 24.5, CH2 1.33a 24.5, CH2 1.34a

1.37a 1.36a

C6′ 28.6, CH2 1.22a 28.6, CH2 1.20a 28.6, CH2 1.22a 28.5, CH2 1.24a

C7′ 28.6, CH2 1.23a 28.6, CH2 1.24a 28.5, CH2 1.24a 28.6, CH2 1.22a

C8′ 23.2, CH2 1.44a 23.2, CH2 1.43a 23.2, CH2 1.43a 23.2, CH2 1.44a

C9′ 41.8, CH2 2.38, t (7.3) 41.8, CH2 2.38, t (7.3) 41.8, CH2 2.38a 41.8, CH2 2.38a

C10′ 210.6, C 210.6, C 210.5, C 210.5, C
C11′ 41.8, CH2 2.38, t (7.3) 41.8, CH2 2.38, t (7.3) 41.8, CH2 2.38a 41.8, CH2 2.38a

C12′ 23.3, CH2 1.45a 23.3, CH2 1.45a 23.2, CH2 1.43a 23.2, CH2 1.44a

C13′ 28.6, CH2 1.23a 28.6, CH2 1.22a 28.7, CH2 1.24a 28.6, CH2 1.24a

C14′ 25.6, CH2 1.28a 25.6, CH2 1.27a 25.6, CH2 1.27a 25.6, CH2 1.27a

C15′ 29.0, CH2 1.47a 29.0, CH2 1.48a 29.0, CH2 1.47a 29.0, CH2 1.48a

C16′ 66.3, CH2 3.30a 66.3, CH2 3.30a 66.3, CH2 3.30a 66.3, CH2 3.29a

3.52, dt (9.7, 6.6) 3.52, dt (9.6, 6.7) 3.52a 3.52a
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Scharlau and was redistilled before use. Diaion HP-20 resin was
purchased from Supelco Analytical (USA). Acetyl chloride, (S)-(+)-2-
butanol, and trifluoroacetic anhydride (TFAA) were bought from TCI
Chemicals (Japan). Reference sugars for sugar analysis were obtained
from Sigma-Aldrich (L-arabinose, D-fucose, D-galactose, D-xylose) or
from TCI Chemicals (D-galacturonic acid hydrate, D-glucuronic acid).
DMSO (purity >99.5%) and hydrocortisone solution (50 μM, 0.2% v/v
in EtOH) were purchased from Sigma-Aldrich. Human IL-8 and IL-6
ELISA kits, Dulbecco’s modified Eagle’s medium high glucose (1×),
Dulbecco’s phosphate-buffered saline without CaCl2 and MgCl2,
trypsin-EDTA 0.5% (10×), 10.000 units/mL penicillin, 10.000 μg/
mL streptomycin, and heat-inactivated calf serum (FCS) were provided
by LubioScience (Lucerne, Switzerland). E. coli-derived recombinant
human TNF-alpha (purity >98%), human MCP-1, and the RANTES
ELISA kit were purchased from BioLegend (San Diego, CA, USA).
CellTiter-Glo luminescent cell viability assay was obtained from
Promega (Madison, WI, USA). Primer and TaqMan probe sets for IL-6
(Hs00985639_m1) , IL -8 (Hs00174103_m1) , MCP-1
(Hs00234140_m1), RANTES (Hs00982282_m1), and GAPDH
(Hs02758991_m1) were obtained from Thermo Fisher (Reinach,
Switzerland).
Plant Material. Corms of C. sativus used for activity profiling were

obtained from Tagora (Aristau, Switzerland) in August 2017. Corms of
C. sativus used for preparative isolation were purchased in September
2017 fromWyss Samen und Pflanzen (Zuchwil, Switzerland). Voucher
specimens (No. 1232, Tagora, and No. 1016, Wyss) are deposited at
the Division of Pharmaceutical Biology, University of Basel, Switzer-
land.
Activity Profiling. A portion (2.0 g) of SACE was dissolved in

water (30 mL) and loaded onto a Diaion HP-20 cartridge (3.5 × 13
cm). The cartridge was eluted with water (1 L) followed by MeOH
(800mL). TheH2O fraction consisted of approximately 80% sucrose as
revealed byNMR analysis (data not shown). A portion (40.0 mg) of the
sugar-depleted MeOH fraction (155 mg) was separated by semi-
preparative HPLC by four injections of 10 mg each. The mobile phase
consisted of water with 0.1% formic acid (A) and MeCN with 0.1%
formic acid (B). A gradient of 5−100% B in 30 min followed by 100% B
for 10 min was applied. The flow rate was 4 mL/min. Five fraction of 5
min each and a fraction of 10 min (25−35 min) were collected. All
fractions were tested for their inhibition of TNF-α/IFN-γ-induced
secretion of RANTES and MCP-1. In order to correlate the activity
with additional chromatographic traces, the sugar-depleted MeOH
fraction was analyzed by HPLC-UV-ELSD-ESIMS using the mobile
phase and the gradient as described above. The flow rate was 0.4 mL/
min. The sample was dissolved in DMSO at a concentration of 10 mg/
mL, and 10 μL was injected.
Extraction and Isolation. Fresh corms (3.9 kg, including dry

tunics) were shredded and macerated 4×with 5.4 L of EtOH (70%) for
16 h. The extract was dried under reduced pressure to yield a sticky
residue (253 g). A portion of the residue (133 g) was suspended in
water (1.2 L) and partitioned with EtOAc (5 × 1 L), followed by n-
BuOH-saturated with H2O (5 × 1 L) to provide an EtOAc-soluble
fraction (5.5 g), an n-BuOH-soluble fraction (25.6 g), and a H2O-
soluble fraction (97.5 g).
For the purification of substances I−VI, a portion (5.3 g) of the n-

BuOH-soluble fraction was separated by CPC utilizing a two-phase
solvent system consisting of MTBE−n-BuOH−MeCN−H2O
(2:2:1:5). The sample was dissolved in a mixture of both phases (5
mL upper phase, 5 mL lower phase), and 10 mL was injected.
Centrifugal rotation was 2000 rpm (333 g), and the flow rate 5mL/min.
One-minute fractions were collected in descendingmode (69 fractions)
followed by ascending mode (38 fractions). Based on TLC analysis the
fractions were combined to 15 fractions (fractions A1−A15). The TLC
was developed with CHCl3−MeOH−H2O (65:35:5).

A portion of fraction A2 (316 mg) was further separated by flash
chromatography on a C18 Sepacore Flash cartridge. A gradient of 60−
100%MeOH in 60 min was used at a flow rate of 10 mL/min. A total of
60 1 min fractions were collected and combined to eight fractions
(fractions A2.1−A2.8) based on their TLC and HPLC profiles.

A part of fraction A2.3 (38 mg) was fractionated by flash
chromatography using a Diol Sepacore Flash cartridge eluted with
CHCl3−MeOH (8:2). A total of 240 1 min fractions were collected and
combined based on TLC analysis into seven fractions (fractions
A2.3.1−A2.3.7). Final purification of Fr. A2.3.1 and Fr. A.2.3.2 by
semipreparative HILIC-HPLC (90−75%MeCN in 30 min, flow rate of
4 mL/min) yielded substances I (tR = 16.6 min; 0.4 mg) and II (tR =
16.9 min; 0.5 mg). Final purification of Fr. A2.3.3−Fr. A2.3.7 by the
same procedure (85−75%MeCN in 30min) afforded substances III (tR
= 15.0 min; 1.3 mg), IV (tR = 15.5 min; 1.0 mg), V (tR = 19.5 min; 1.7
mg), and VI (tR = 20.2 min; 1.4 mg) (Figure S2, Supporting
Information).

For the isolation of 1−10 a larger portion of the n-BuOH-soluble
fraction (20.0 g) was separated by CPC with the two-phase solvent
system described above. The sample was dissolved in a mixture of both
phases (30 mL upper phase, 30 mL lower phase) and injected in six
portions of 10mL each. Centrifugal rotation was 2000 rpm (333 g), and
flow rate was 5 mL/min. Fractions were collected every minute. For
each injection, 62 fractions were collected in descending mode. The
fractions were combined to eight fractions (fractions B1−B8) based on
TLC analysis using CHCl3−MeOH−H2O (65:35:5) as eluent. A part
of Fr. B3 (3.3 g) was further separated by preparative HPLC (SunFire
C18 column, UV detection at 210 nm) with a gradient of 70−100%
MeOH in 30 min at a flow rate of 20 mL/min. A total of 11 fractions
(Fr. B3.1−Fr. B3.11) were obtained. Separation of a portion of Fr. B3.4
(300 mg) by preparative HPLC on a HILIC column (85−75% MeCN
in 30 min, detection at 198 nm) afforded crude 2 (tR = 29.5 min, 47.5
mg), crude 1 (tR = 30.6 min, 58.6 mg), and four fractions containing a
saponin mixture (Fr. B3.4.1, tR = 18.8 min, 10.7 mg; Fr. B3.4.2, tR = 19.9
min, 10.4 mg; Fr. B3.4.3, tR = 24.3 min, 40.8 mg; Fr. B3.4.4 tR = 25.2
min, 33.0 mg). Final purification of 1 and 2 by preparative HPLC on a
HILIC column (85−75% MeCN in 30 min) yielded pure 1 (47.1 mg)
and 2 (29.8 mg). Fractions B3.4.3 and B3.4.4. were separated by
preparative HPLC on a HILIC column (85−75% MeCN in 30 min).
Further fractionation by semipreparative HPLC on a ReproSil-Pur 120
C18-AQ column (39% MeCN, flow rate of 5 mL/min) afforded 4 (tR =
22.4 min, 9.9 mg) and 6 (tR = 26.1 min, 4.3 mg) from Fr. B3.4.3 and 3
(tR = 21.0 min, 13.9 mg) and 5 (tR = 23.5 min, 5.6 mg) from Fr. B3.4.4.
Final purification by semipreparative HPLC on a HILIC column (90%
MeCN, flow rate of 4 mL/min) yielded compounds 8 (tR = 48.7 min,
4.2 mg) and 10 (tR = 52.7 min, 2.0 mg) from Fr. B3.4.1 and compounds
7 (tR = 48.4 min, 4.8 mg) and 9 (tR = 52.9 min, 2.9 mg) from Fr B3.4.2
(Figure S3, Supporting Information). NMR and HPLC purity of the
compounds was >95% except for 3 and 5 (approximately 85%) and for
9 and 10, which contained about 40% of a further unidentified saponin.

Compounds 1 and 2 corresponded to the known substances VI and
V, respectively. Substances I−IV were mixtures of compounds 8 and 10
(and minor amounts of 7 and 9), 7 and 9 (and minor amounts of 8 and
10), 4 and 6 (and minor amounts of 3 and 5), and 3 and 5, respectively.

Azafrine 1 (1). White amorphous powder; [α]25D −31 (c 0.1,
MeCN−H2O (1:1)); 1H and 13C NMR, see Tables S1 and S2,
Supporting Information; HRESIMS m/z 1965.9411 [M + Na]+ (calcd
for C92H150NaO43

+, 1965.9443).
Azafrine 2 (2). White amorphous powder; [α]25D −31 (c 0.1,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables S1 and S2,
Supporting Information; HRESIMS m/z 1965.9493 [M + Na]+ (calcd
for C92H150NaO43

+, 1965.9443).
Azafrine 3 (3). White amorphous powder; [α]25D −28 (c 0.1,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 1 and 2; HRESIMS
m/z 1803.8844 [M + Na]+ (calcd for C86H140NaO38

+, 1803.8915).

Table 3. continued

aOverlapping signals. bSignal not visible.
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Table 4. 1H and 13C NMR Spectroscopic Data of the Glycosidic Moiety in Compounds 7−10 (DMSO-d6; 600 MHz for 1H and
151 MHz for 13C NMR; δ in ppm)

7 8 9 10

position δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

Sugar moiety at C-3
GalA
1 105.8, CH 4.10, d (6.3) 105.8, CH 4.08, d (6.8)
2 70.9, CH 3.30a 71.0, CH 3.30a

3 73.5, CH 3.22a 73.7, CH 3.19a

4 69.8, CH 3.75a 69.8, CH 3.73a

5 b b b b

6 b b

GlcA
1 105.4, CH 4.10, d (6.9) 105.4, CH 4.12, d (6.9)
2 74.0, CH 2.93a 73.9, CH 2.93a

3 77.0, CH 3.08a 76.9, CH 3.06a

4 b b 69.9, CH 3.75a

5 b b 74.7, CH 3.93a

6 b b

Sugar moiety at C-28
Fuc
1 92.9, CH 5.32a 92.9, CH 5.32, d (8.2) 93.0, CH 5.32a 93.0, CH 5.32, d (7.8)
2 74.4, CH 3.47, dd (8.7, 8.7) 74.4, CH 3.48, dd (8.6, 8.6) 74.2, CH 3.50a 74.3, CH 3.51a

3 71.6, CH 3.80a 71.6, CH 3.80a 72.0, CH 3.80a 71.8, CH 3.80a

4 73.2, CH 4.91, d (2.8) 73.2, CH 4.91, d (2.8) 73.5, CH 4.91a 73.5, CH 4.92, br s
5 68.9, CH 3.85a 68.9, CH 3.85a 68.7, CH 3.85a 68.7, CH 3.85a

6 15.9, CH3 0.94a 15.9, CH3 0.94, d (6.3) 16.0, CH3 0.92, d (5.8) 16.0, CH3 0.93a

Rha3
1 98.8, CH 5.26, br s 98.8, CH 5.26, br s 100.2, CH 5.07, d (2.9) 100.2, CH 5.06a

2 79.2, CH 3.84a 79.2, CH 3.84a 80.4, CH 3.78a 80.4, CH 3.78a

3 70.4, CH 3.71a 70.4, CH 3.71a 70.5, CH 3.62a 70.6, CH 3.62a

4 81.8, CH 3.38a 81.8, CH 3.38a 82.4, CH 3.38a 82.4, CH 3.38a

5 67.0, CH 3.57a 67.0, CH 3.57a 67.1, CH 3.57a 67.1, CH 3.57a

6 17.9, CH3 1.17a 17.9, CH3 1.18, d (5.9) 18.1, CH3 1.17a 18.1, CH3 1.17, d (5.6)
Xyl
1 105.1, CH 4.41, d (7.6) 105.1, CH 4.41, d (7.5) 105.4, CH 4.35, d (7.5) 105.4, CH 4.35, d (7.5)
2 74.5, CH 3.02a 74.5, CH 3.01a 74.4, CH 3.01a 74.4, CH 3.02a

3 76.5, CH 3.13a 76.5, CH 3.13a 76.6, CH 3.10a 76.6, CH 3.11a

4 69.5, CH 3.27a 69.5, CH 3.27a 69.5, CH 3.25a 69.5, CH 3.26a

5 65.9, CH2 3.04a 65.9, CH2 3.04a 66.0, CH2 3.03a 66.0, CH2 3.03a

3.69a 3.70a 3.68a 3.68a

Ara
1 105.3, CH 4.28, d (6.7) 105.3, CH 4.28, d (6.5)
2 71.0, CH 3.41a 71.0, CH 3.40a

3 72.4, CH 3.33a 72.4, CH 3.33a

4 67.5, CH 3.61 67.5, CH 3.61
5 65.4, CH2 3.37a 65.5, CH2 3.37a

3.66a 3.66a

Sugar moiety at C-3′
Rha2
1 98.7, CH 4.71, br s 98.7, CH 4.71, br s
2 70.8, CH 3.54a 70.7, CH 3.54a

3 70.7, CH 3.38a 70.7, CH 3.39a

4 72.1, CH 3.15a 72.0, CH 3.16a

5 68.7, CH 3.44, dd (8.7, 6.4) 68.9, CH 3.45
6 17.8, CH3 1.12, d (6.5) 18.0, CH3 1.12, d (5.6)
Sugar moiety at C-16′
Rha1
1 99.9, CH 4.51, br s 99.9, CH 4.51, br s 99.9, CH 4.51, br s 99.9, CH 4.51, br s
2 70.6, CH 3.57a 70.6, CH 3.57a 70.6, CH 3.57a 70.7, CH 3.58a

3 70.7, CH 3.40a 70.7, CH 3.39a 70.7, CH 3.38a 70.7, CH 3.39a

4 72.0, CH 3.16a 72.0, CH 3.16a 72.0, CH 3.17a 72.0, CH 3.18a
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Azafrine 4 (4). White amorphous powder; [α]25D −31 (c 0.1,
MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 1 and 2; HRESIMS
m/z 1803.8916 [M + Na]+ (calcd for C86H140NaO38

+, 1803.8915).
Azafrine 5 (5). White amorphous powder; [α]25D −19 (c 0.1,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 1 and 2; HRESIMS
m/z 1819.8827 [M + Na]+ (calcd for C86H140NaO39

+, 1819.8864).
Azafrine 6 (6). White amorphous powder; [α]25D −21 (c 0.1,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 1 and 2; HRESIMS
m/z 1819.8901 [M + Na]+ (calcd for C86H140NaO39

+, 1819.8864).
Azafrine 7 (7). White amorphous powder; [α]25D −24 (c 0.1,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 3 and 4; HRESIMS
m/z 1657.8340 [M + Na]+ (calcd for C80H130NaO34

+, 1657.8336).
Azafrine 8 (8). White amorphous powder; [α]25D −20 (c 0.1,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 3 and 4; HRESIMS
m/z 1657.8340 [M + Na]+ (calcd for C80H130NaO34

+, 1657.8336).
Azafrine 9 (9). White amorphous powder; [α]25D −37 (c 0.1,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 3 and 4; HRESIMS
m/z 1671.8415 [M + Na]+ (calcd for C81H132NaO34

+, 1671.8493).
Azafrine 10 (10). White amorphous powder; [α]25D −30.6 (c 0.08,

MeCN−H2O (1:1)); 1H and 13C NMR, see Tables 3 and 4; HRESIMS
m/z 1671.8479 [M + Na]+ (calcd for C81H132NaO34

+, 1671.8493).
Acid Hydrolysis and Sugar Analysis. Each compound (1 mg, 0.5

mg for 9 and 10) was hydrolyzed with 2 M HCl (1 mL) for 15 h at 100
°C. The hydrolysate was extracted with EtOAc (2 × 1 mL). The
aqueous phase was lyophilized to give a residue that was treated with a
mixture of (+)-2-butanol−acetyl chloride (10:0.5 (v/v); 1 mL) at 55
°C for 15 h. After drying under N2 the residue was derivatized with
TFAA−EtOAc (3:4 (v/v), 1 mL) at 55 °C for 10 min. Each sample (1
μL) was manually injected in split mode (1:10) into the gas
chromatograph.48 L-Arabinose, D-fucose, D-galactose, L-rhamnose, D-
xylose, D-galacturonic acid, and D-glucuronic acid (1 mg each)
derivatized in the same manner were used as references.
Cell Culture. All cell culture experiments were performed according

to our previous protocols.35,49 Human nontumorigenic HaCaT
keratinocytes (Cell Line Services, Eppelheim, Germany) were
maintained in Dulbecco’s modified Eagle’s medium high glucose 1×
(DMEM) supplemented with 1% (v/v) penicillin 10.000 U/mL/
streptomycin 10.000 μg/mL, and 10% (v/v) heat-inactivated FCS at 37
°C in a humidified atmosphere containing 5%CO2.

50 Experiments were
routinely conducted at approximately 80−90% confluency. Substances
were individually applied in the same concentrations with a
supplementation of 20 ng/mL TNF-α. This setup was used to simulate
an in vitro inflammatory condition.35,49 For RANTES determination,
20 ng/mL IFN-γ (R&DSystems,Minneapolis,MN,USA)was added in
addition to TNF-α. The results of each experiment were compared to
an untreated control signifying keratinocytes exposed to a treated
control composed of medium with 20 ng/mL TNF-α. All compounds
were tested in a final DMSO concentration of max. 0.1% (v/v), which
has been proven harmless for this cell line (data not shown).35,49

ATP Assay. The CellTiter-Glo luminescent cell viability assay was
carried out according to the manufacturer’s protocol. The following
alterations were made: cells were grown in a transparent, sterile 96-well
plate at a density of 1.5× 105 cells/mL. After an incubation period of 24
h (37 °C, 5% CO2), cells were washed with PBS, subsequently treated
accordingly with a 100 μL solution, and incubated for another 24 h. A
100 μL portion of CellTiter-Glo reagent was then added to each well,
resulting in a 1:1 dilution. The sample plates were agitated for 2 min by
an orbital shaker and incubated for 10 min. A 100 μL amount of each
well was then transferred to a white, opaque sterile 96-well plate and
immediately read by a microplate reader (SpectraMax L, Molecular
Devices, Sunnyvale, CA, USA).

RNA and Real-Time Quantitative RT-PCR. After cell treatment
and incubation in 12-well plates, mRNA was extracted using the
RNEasy mini kit by Qiagen (Valencia, CA, USA). After extraction,
RNA was treated with RNase-free DNase. Reverse transcription was
performed using the Biometra T3000 thermocycler. RNA (5 μL) was
incubated for 5min at 70 °Cwith 0.24 μg of oligo-dT primers (Qiagen),
followed by incubation for 1 h at 37 °C with 200 U of M-MLV reverse
transcriptase, 1 × M-MLV reverse transcriptase buffer, and 2 mM of
each dNTP. Quantitative real time PCR (qPCR) was performed using a
Rotor-Gene Q PCR cycler (Qiagen) under the following conditions: 2
μL of the master mix for the respective gene was pipetted into a rotor
gene tube for each reaction. In addition, 3 μL of the respective positive
sample was added. The negative samples (without enzyme) from the
Reverse Transcriptase PCR were only tested together with the
GAPDH-Taqman assay to establish whether DNA was present in the
samples or not. Biological duplicates were also measured for each
sample. At the beginning of the PCR the temperature was 95 °C for 10
min. This was followed by 45 cycles of 15 s each at 95 °C and 1 min at
60 °C. Ct values were determined using the Rotor-Gene 6000 Series
software connected to the real-time PCR device. A threshold line at
0.02619 was set for each measurement. The curve was set to “Dynamic
Tube” and “Slope Correct”. TheOutlier Removal was set to 3%. The Ct
values were then saved as an Excel table and transferred to a new Excel
file for evaluation or data analysis. All values were normalized to the
expression of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Measurement of IL-6, IL-8, RANTES, and MCP-1 Secretion.
The experimental setup including the TNF-α concentration was chosen
according to Wedler et al.35,49 For the samples and controls, cells were
seeded into 12-well plates at a density of 1.5 × 105 cells/mL. After an
incubation time of 24 h (37 °C, 5% CO2), DMEM with 10% (v/v)
serum was discarded, cells were washed with 1 mL/well PBS, and
medium was exchanged to DMEM containing 0% FCS or the test
solutions plus 20 ng/mL TNF-α. The second 24 h period happened
under the same conditions. Protein levels obtained from the untreated
control are regarded as the basal secretion of the designated target in
keratinocytes. In the end, supernatants were aspirated, stored in sterile
microcentrifuge tubes, and deep-frozen (−20 °C) immediately.
Absorbance was measured at 450 nm using a microplate reader
(Spectramax i3x Multimode detection platform, Molecular Devices).
All ELISA assays were performed in triplicate on three independent
days (N = 3).

Statistical Analysis. Data are shown as mean ± standard deviation
(SD). ELISA experiments were performed in triplicates; each
experiment was repeated at least three times (on different days). The
protein levels were then calculated according to a standard curve. PCR
experiments were executed in duplicates, a sample and one technical
replicate; experiments were repeated at least five times (on different
days). Results were processed according to the comparative Ct method
(ΔΔCt method51) with the following equations using Microsoft Excel
2013:

Δ = −Ct Ct CtTarget Reference (1)

ΔΔ = Δ − ΔCt Ct Cttest sample calibrator sample (2)

Δ = ΔΔSD( Ct) SD( Ct) (3)

= −ΔΔfold change 2 Ct (4)

= − ΔΔ ±fold change range 2 s( Ct ) (5)

Table 4. continued

7 8 9 10

position δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

5 68.4, CH 3.37a 68.4, CH 3.36a 68.4, CH 3.36a 68.4, CH 3.37a

6 17.9, CH3 1.12, d (6.2) 17.9, CH3 1.12, d (6.2) 17.9, CH3 1.12, d (6.5) 18.0, CH3 1.12, d (5.6)
aOverlapping signals. bSignal not visible.

Journal of Natural Products pubs.acs.org/jnp Article

https://dx.doi.org/10.1021/acs.jnatprod.0c01220
J. Nat. Prod. 2021, 84, 630−645

643

pubs.acs.org/jnp?ref=pdf
https://dx.doi.org/10.1021/acs.jnatprod.0c01220?ref=pdf


To process the results by the comparative Ct method, the replication
efficiency of the housekeeping gene and the targets have to be equal.
The manufacturer of the TaqMan gene expression assays (Applied
Biosciences) guarantees an amplification efficiency close to 100%.52

The term “down-regulation” refers to a gene expression level below the
untreated control (<1), whereas “up-regulation” describes a level >1.
Further statistical analysis was carried out by one-way analysis of

variance (ANOVA) followed by Dunnett’s multiple comparison test
using the software package GraphPad Prism (version 6.01, GraphPad
Software Inc.). In all cases, differences were considered significant if p
was below 0.05.
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showed a significant effect on wound closure compared to the allantoin and petroleum jelly 

treated groups. Toxicity was assessed in animal models, with no signs of toxicity observed in 

rabbits or mice following dermal or oral administration. HPLC-PDA-MS analysis identified 

14 flavonoids and phenylethanoid glycosides as the main polyphenolic constituents of the extract. 

The findings support the traditional use of T. polium as a wound healing agent in traditional 
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A B S T R A C T

The wound healing properties of Teucrium polium L., a plant used in the Algerian traditional medicine for the
treatment of wounds, have been investigated using an excision wound model in rabbits. An ointment was
prepared with two concentrations (5 and 10%) of a methanolic extract of the aerial parts. Both preparations
showed significant effect on the wound contraction when compared to the control and the group treated
with petroleum jelly. In addition, acute dermal and oral toxicity was assessed in animal models. The absence
of signs of toxicity on the skin of rabbits indicated the safety of the ointment. After oral administration in
mice at doses of 1000 and 2000 mg/kg b.wt, no signs of liver and kidney toxicity were detected by analysis of
biochemical parameters and by histological examination. The composition of the methanolic extract was
investigated by HPLC-PDA-MS analysis, and a comprehensive profile of phenolic compounds was established,
with 14 flavonoids and phenylethanoid glycosides identified as the main polyphenolic constituents. Overall,
the data support the use of T. polium as a wound healing agent in the Algerian traditional medicine.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

The genus Teucrium (family Lamiaceae) comprises approximately
300 species and is mainly distributed in Europe, North Africa and in
the temperate parts of Asia (Bahramikia and Yazdanparast, 2012;
Dehshiri and Azadbakht, 2012). Several species including T. chamae-
drys, T. montanum, and T. polium are used in traditional medicinal sys-
tems (Stankovic et al., 2011). T. polium L., known popularly as felty
germander (jâada or khayatit-lajrah in Arabic), is a deciduous shrub
native to the western Mediterranean region abundantly growing in
rocky places of the hills and deserts of Mediterranean countries up to
South Western Asia (Bahramikia and Yazdanparast, 2012). The plant
which includes many subspecies and varieties is very common in
Algeria where it grows particularly in the Algerian and Oranian high
plateaus and in the Oranian Saharian Atlas (Qu�ezel and Santa, 1963).
In Algerian traditional medicine, the aerial parts of the plant are used
for the treatment of diabetes, hypertension and, in the form of a pow-
der mixed with petroleum jelly or beeswax, as a wound healing agent
(Boudjelal et al., 2013).

Extracts of T. polium have been shown to possess various biologi-
cal activities including antioxidant, antibacterial, antiviral, antifungal,
cytotoxic, antimutagenic, antiinflammatory, analgesic, antispas-
modic, hypolipidemic, hypoglycemic, hepatoprotective, antiulcer,
and anticonvulsant effects (Jaradat, 2015). Wound healing properties
have been investigated in mice (Ansari et al., 2013) and rats
(Meguellati et al., 2019; Huseini et al., 2020).

Flavonoids, phenylethanoid glycosides, and various terpenoids
including neoclerodane diterpenes, sterols, and iridoids, have been
isolated from the plant which also contains an essential oil rich in
sesquiterpenes (Bahramikia and Yazdanparast, 2012; Basudan and
Abu-Gabal, 2018; Elmasri et al., 2015).

The aim of the present study was to determine the polyphenolic
composition of a methanolic extract of T. polium and to investigate its
wound healing properties for the first time in rabbits. Furthermore,
the acute cutaneous and oral toxicity were assessed. Wound excision
was selected as a representative model to study the traditional use of
the plant in the treatment of open wounds.

2. Materials and methods

2.1. Plant material and extraction

The flowering aerial parts of Teucrium polium (Subsp. capitatum)
were collected in May 2018, in M’sila, Algeria, at 35° 120 36.9700 N
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latitude and 4° 100 46.0800 E longitude. The plant was authenticated by
Dr. Sarri Dj., Department SNV/M’sila University, and a specimen (AB-
92) was deposited at the herbarium of the Department. The plant
material was rinsed and dried in the shade at room temperature and
finely ground into a powder with a grinder (sieve pore size 200mm).

The methanolic extract was obtained with a Soxhlet extractor. The
vegetable powder (50 g) was extracted with 500 ml of methanol for
6 h. The extract was filtered and evaporated under reduced pressure
to yield an oily residue (17.5%).

2.2. General experimental procedures

Medium pressure liquid chromatography (MPLC) was performed
on a Premium Flash-Prep LC system PuriFlash� 4100 (Interchim,
Montluçon, France). The sample was prepared as a dry load and
adsorbed on 25 g silica gel 60. Preparative HPLC was carried out on a
Preparative LC/MSD System (Agilent Technologies, Santa Clara, CA,
USA) consisting of a quaternary pump (1200 Series, 1290 Infinity II
1260 Prep Bin Pump), a PDA detector (1100 Series), and a 6120 Quad-
rupole LC/MS. A SunFire Prep C18 OBD column (5mm, 30£ 150 mm i.
d., Waters, Milford, MA, USA), equipped with a C18 Prep Guard Car-
tridge (10 £ 30 mm i.d.) was used. The flow rate was 20 ml/min. Data
acquisition and processing was performed using ChemStation soft-
ware (Agilent Technologies). For injection a 1290 Infinity II 1290
Valve Drive manual injection system (Agilent Technologies) was
used. Semi-preparative HPLC was carried out on an Agilent 1100
Series instrument equipped with a PDA detector. Separations were
carried out on a SunFire C18 column (5 mm, 150 £ 10 mm i.d.,
Waters) equipped with a guard column (10 £ 10 mm i.d.). A flow rate
of 4 ml/min was applied. Data acquisition and processing was per-
formed using ChemStation software. NMR spectra were recorded on
a Bruker Avance III spectrometer (Rheinstetten, Germany) operating
at 500.13 MHz for 1H and 125.77 MHz for 13C. 1H NMR and 2D NMR
spectra were measured in DMSO‑d6 or CDCl3 (ARMAR Chemicals)
with a 1 mm TXI probe at 23 °C. Data were analyzed using Topspin
(Bruker) and Spectrus Processor (ACD/Lab, Toronto, Canada) soft-
wares.

Silica gel 60 (0.040�0.063 mm) used for MPLC was from Merck
KGaA (Darmstadt, Germany). TLC was performed on silica gel 60
F254 precoated plates (ALUGRAM Xtra Nano-SIL G, Macherey-Nagel,
D€uren, Germany); detection under UV 254 nm and after spraying
with vanillin-sulfuric acid reagent followed by heating at 100 °C.
Ultrapure water was obtained from a Milli-Q water purification sys-
tem (Merck Millipore, Darmstadt, Germany). HPLC-grade acetonitrile
was purchased from Avantor Performance Materials (Radnor Town-
ship, PA, USA). Methanol for extraction was from Honeywell (Offen-
bach, Germany). Solvents used for liquid/liquid partition and column
chromatography were from Scharlau (Barcelona, Spain). Diosmin
(Alexis Biochemicals, San Diego, CA, USA), luteolin (AdipoGen, San
Diego, CA, USA), hyperoside (Carl Roth GmbH, Karlsruhe, Germany),
isoquercitrin (Carl Roth), and luteolin 7-O-glucoside (Extrasynth�ese,
Gernay, France) were used as chromatographic reference substances.

2.3. Total phenolic and flavonoid contents

Total Phenolic Content (TPC) of the extract was determined using
the Folin-Ciocalteu reagent according to the method of Singleton and
Rossi (Singleton and Rossi, 1965), with gallic acid as a standard.
200 ml of each sample dissolved in methanol was added to 1 ml of
Folin-Ciocalteu reagent (1:10 dilution in distilled water). The mixture
was shaken and, after 4 min, 800 ml of Na2CO3 (75 mg/ml) solution
were added. The mixture was kept for 2 h at room temperature and
the absorbance measured at 760 nm. Total phenolic content was
expressed in mg gallic acid equivalents per gram dry extract (mg
GAE/g DE) using a calibration curve with gallic acid. All measure-
ments were performed in triplicate.

Total Flavonoid Content (TFC) of the extract was measured
according to the aluminum chloride colorimetric method based on
the formation of a flavonoid-aluminum complex (Carocho et al.,
2014) using a quercetin calibration curve: 1 ml of methanol extract
was mixed with 1 ml of 2% AlCl3 methanol solution. After 10 min, the
absorbance was determined at 430 nm. The results were expressed
as mg quercetin equivalent per gram of dry extract (mg QE/g DE). All
measurements were performed in triplicate.

2.4. HPLC-PDA-MS analysis

HPLC-PDA-MS analysis was performed on a chromatographic sys-
tem consisting of a degasser, quaternary pump (LC-20AD), a column
oven (CTO-20AC), a PDA detector (SPD-M20A), and a triple quadru-
pole mass spectrometer (LCMS-8030) (Shimadzu, Kyoto, Japan). Sep-
aration was carried out on a SunFire C18 column (3.5 mm,
3.0 £ 150 mm i.d., Waters) equipped with a guard column
(3.0 £ 10 mm). The mobile phase consisted of water + 0.1% formic
acid (A) and acetonitrile + 0.1% formic acid (B). A gradient of 5�80% B
in 30 min followed by 80�100% B in 5 min was applied. The flow rate
was 0.4 ml/min. The extract was dissolved in DMSO at a concentra-
tion of 10 mg/ml and 10 ml were injected. The LabSolutions software
(Shimadzu) was used for data acquisition and processing.

2.5. Compound isolation

The methanolic extract of T. polium (32 g) was suspended in
500 ml water and then successively partitioned with EtOAc
(3 £ 500 ml) and n-BuOH saturated with H2O (4 £ 500 ml) to provide
a EtOAc-soluble fraction (8.2 g), a n-BuOH-soluble fraction (10.8 g),
and the H2O-soluble fraction (12.6 g). The EtOAc-soluble fraction was
fractionated by MPLC on a silica column (47 £ 5 cm, i.d.) with a n-
hexane/EtOAc/MeOH gradient [n-hexane/EtOAc 98:2 (0�10 min), n-
hexane/EtOAc 2�70% EtOAc (10�420 min), n-hexane/EtOAc
70�100% EtOAc (420�480 min), EtOAc/MeOH 0�20% MeOH
(480�540 min), 100% MeOH (540�600 min)] at a flow rate of 20 ml/
min. In total, 540 fractions were collected, which were combined
based on TLC analysis into 22 fractions (Fr.1-Fr.22).

Fr. 11 (85 mg) afforded 14 (1.3 mg, tR =29.3 min) after preparative
HPLC with a gradient of 5�80% acetonitrile in water (both containing
0.1% formic acid) in 30 min. Compounds 10 (12.5 mg, tR = 11.9 min),
11 (2.0 mg, tR = 12.6 min), and 13 (16.9 mg, tR = 19.3 min) were iso-
lated from Fr. 14 (327 mg) by preparative HPLC with a gradient of
45�60% acetonitrile in water (both containing 0.1% formic acid) in
30 min. Separation of Fr. 21 (247 mg) by preparative HPLC with a gra-
dient of 5�80% acetonitrile in water (both containing 0.1% formic
acid) in 30 min afforded 9 (6.1 mg, tR = 20.8 min) and 12 (3.0 mg,
tR = 23.9 min). Separation of Fr. 22 by preparative HPLC with a gradi-
ent of 15�50% acetonitrile in water (both containing 0.1% formic
acid) in 30 min gave compound 2 (11.4 mg, tR = 11.3 min) and a frac-
tion (25.6 mg) which was further purified by semi-preparative HPLC
with 16% aq. acetonitrile containing 0.1% formic acid to provide 3
(3.5 mg, tR = 21.4 min), a mixture of 4 and 5 (4.8 mg, tR = 23.4 min),
and 6 (3.3 mg, tR = 29.8 min). A portion (1.0 g) of the n-BuOH-soluble
fraction was separated by preparative HPLC with a gradient of 5�80%
acetonitrile in water (both containing 0.1% formic acid) in 30 min to
give 1 (373 mg, tR =11.6 min).

2.6. Animals

All animals (Swiss albino mice weighing 31�33 g and New Zea-
land albino rabbits weighing 1.9�2.1 kg) were obtained from Pasteur
Institute of Algiers. They were fed ad libitum with water and kibble
diet.

All experimental protocols were in accordance with the European
Community Council Directive (86/609/EEC) and approved by the
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National Committee for Evaluation and Programming of University
Research of Algerian Ministry of Higher Education and Scientific
Research (Registration N°: DO1N01UN280120150001).

2.7. Preparation of the ointment

The methanolic extract of T. polium was mixed with petroleum
jelly (PJ) (Unilever, France) at a concentration of 5% and 10% to obtain
the methanolic extract ointments OME 5% and OME 10%, respec-
tively. Cicatryl-Bio (CIC) (Pierre Fabre, Paris, France) was used as ref-
erence drug.

2.8. Acute dermal irritation

The acute dermal irritation assay was carried out on New Zealand
albino rabbits. The study was conducted according to the Organiza-
tion for Economic Co-operation and Development (OECD) guidelines
404 (OECD 2002a). OME 5% and 10% were applied topically on the
back of the animals at an amount of 0.5 g per rabbit. The animals
were observed for mortality and any toxic or deleterious effects with
special attention given to the first 4 hrs and then once daily for a
period of 14 days following the topical application. At the application
sites, the skin was observed for signs of erythema, edema and local
injury. The body weight and food intake were also recorded.

2.9. Acute oral toxicity

The acute oral toxicity was assessed in healthy young adult female
Swiss albino mice, nulliparous and non-pregnant. The study was con-
ducted according to the Organization for Economic Co-operation and
Development (OECD) guidelines 423 (OECD 2002b).

Twelve Swiss albino mice were divided into four groups of three
animals and treated orally with different doses of T. polium extract
for 14 days: Group I, control, received distilled water; Group II
received 1000 mg/kg b.wt; Group III received 2000 mg/kg b.wt and
Group IV received 5000 mg/kg b.wt as suspension by gavage. The
treated mice were observed individually. The main observations and
evaluations were external physical aspects (appearance and hair
loss), behavioral changes (posture, scraping, aggressiveness, sensitiv-
ity to noise and light, hypersalivation) and measurable clinical signs
(changes in heart and respiratory rhythms, abdominal contraction,
diarrhea) (Hussain Mir et al., 2013).

At the end of the experiment, mice were sacrificed. Blood samples
were collected to explore biochemical parameters (transaminases,
alkaline phosphatase, serum total protein, creatinine, urea and uric
acid). The parameters were measured by enzymatic colorimetric
methods using commercially available kits (Spinreact, Girona, Spain).
The livers and kidneys were excised from all experimental mice for
histopathological examinations (Gandhare et al., 2013).

2.10. Evaluation of wound healing activity

An area of 500 mm2 on the back of the New Zealand albino rabbit
was shaved with an electric razor. The animals were left in their cages
24 h to verify the absence of irritation of the shaved zone
(Hwisa et al., 2013). The animals were randomly divided into 5
groups of 4 rabbits as follows: first group was untreated (UT), second
group treated with the reference drug (CIC), third group with OME
5%, fourth group with OME 10%, and fifth group with petroleum jelly
(PJ).

2.10.1. Wound healing assay
Animals were anaesthetized using intraperitoneal injection of

ketamine (90 mg/kg)-xylazine (10 mg/kg) (Mashreghi et al., 2013). A
circle of 2.5 cm in diameter was drawn on the skin of the lumbar
region which was then excised.

Excisional wounds were immediately treated after surgical opera-
tion and the animals placed in individual cages with clean litters.
Preparations (CIC, OME 5%, OME 10% and PJ) were applied topically at
an amount of 0.5 g per rabbit once per day till complete healing
(Pipelzadeh et al., 2003).

The dimensions of excision wounds were measured every 4 days
during the trial period by tracing the wounds on a transparent paper
and measuring through the graph paper. The percentage of the evolu-
tion of wound contraction was calculated using the following formula
(Tamri et al., 2014):

%wound contraction

¼ Initial wound size �Specific day wound size
Initial wound size

� 100

2.10.2. Histological sections
At the end of the experiment, the animals were sacrificed. The tis-

sue slices (scarred skin and 0.5 cm of healthy skin) were fixed in for-
malin (10%) for 72 h. The samples were dehydrated by passing them
through three successive baths of ethanol. Then they were thinned in
two baths of xylene and embedded in paraffin by two successive
baths at 60 °C each one. The paraffin blocks obtained were then cut
with a microtome, rehydrated and stained with haematoxylin-eosin
(Marck, 2010).

2.10.3. Statistical analysis
The data were subjected to one-way analysis of variance (ANOVA)

for determining the significant difference (GraphPad, version 7). The
results are presented as means § SEM. The inter group significance
was analyzed using by Dunnett's or Tukey test whenever applicable
and differences were considered significant at p � 0.05.

3. Results

3.1. Polyphenolic profile

The methanolic extract of T. polium aerial parts had a total pheno-
lic content of 86.63§ 0.03 mg GAE/g DE, and a total flavonoid content
of 24.43 § 0.01 mg QE/g DE.

The polyphenolic profile of the extract was investigated by HPLC-
UV-MS (Fig. 1), and revealed the presence of several peaks corre-
sponding to flavonoids and caffeic acid derivatives. Compounds 7
and 8 were identified from their UV and MS data, and by chro-
matographic comparison with commercial reference samples as dio-
smin (Al Bahtiti, 2012) and luteolin (D’Abrosca et al., 2013;
Elmasri et al., 2015), respectively. Further compounds were identified
by 1H and 2D NMR analysis after isolation. They included poliumo-
side (1) (De Marino et al., 2012; Oganesyan et al., 1991), acteoside (2)
(Elmasri et al., 2015), hyperoside (3) (Rudakova et al., 2014), isoquer-
citrin (4) (Shammas and Verykokidou-Vitsaropoulou, 1987), luteolin
7-O-b-D-glucopyranoside (5) (D’Abrosca et al., 2013; De Marino
et al., 2012), luteolin 7-O-(5-O-syringoyl-b-D-apiofuranosyl)-(1!2)-
b-D-glucopyranoside (6) (D’Abrosca et al., 2013), cirsiliol (9), cirsi-
maritine (10) (Elmasri et al., 2015; Stefkov et al., 2011; Verykokidou-
Vitsaropoulou and Vajias, 1986), cirsilineol (11) (Stefkov et al., 2011),
eupatorin (12) (Verykokidou-Vitsaropoulou and Vajias, 1986), 5-des-
methylsinensetin (13) (Alwahsh et al., 2015; Harborne et al., 1986;
Kisiel et al., 2001; Topcu et al., 1996), and salvigenin (14)
(Elmasri et al., 2014) (Fig. 2). All compounds had been previously
reported in T. polium except flavonoid 13. The latter compound had
been previously described in other species of the genus Teucrium. To
our knowledge, this study represents the first report of a detailed
polyphenolic profile of T. polium.
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3.2. Acute oral toxicity

Acute oral toxicity was tested in mice at doses of 1000 to
5000 mg/kg b.wt. Even at the highest dose no mortality or specific
signs of toxicity were observed after oral administration of the
extract. In addition, there were no respiratory, nervous, cutaneous or
gastrointestinal symptoms. According to the toxicity scale of Hodge
and Sterner (1949) for mice and rats, the extract of T. polium can be
classified as a “practically nontoxic” substance (LD50 > 5000 mg/kg)
(Lu, 1992).

As to the biochemical parameters (Table 1), the mice treated with
the three doses showed non-significant differences compared to the
control group. The extract appeared to be well tolerated, as it did not
affect liver parameters and had no effect on transaminase protein lev-
els. The extract did not induce any significant changes in the renal
parameters (urea, uric acid and creatinine concentrations) in the
treated mice compared to the control group.

The different histological sections of liver and kidney from the
treated mice were compared to the section of the normal control
(Fig 3). The extract did not induce any changes, and the observations
revealed a typical normal kidney and hepatic lobule for all treated
mice. Slight dilation of the portal vein was observed with the doses of
2000 and 5000 mg/kg b.wt. While the reasons for this histological
peculiarity remain unclear, this should not be considered as a sign of
toxicity in the absence of any other abnormalities.

3.3. Acute dermal irritation

The animals were observed frequently during the 14 days follow-
ing the topical application of 0.5 g of OME 5% or OME 10%. No signs of
toxicity or mortality were seen. The rabbits were normal and did not
show any critical changes in behavior and breathing, or any disability
in feeding and water utilization, or postural irregularities and loss of
hair. There were no signs of cutaneous irritation, no erythema,
eschar, edema, or any other reactions on the skin of all animals after
topical application.

3.4. Wound healing

3.4.1. Evolution of the wound healing process
During the healing period, the wounds were measured every 4

days. The evolution of the surface of each wound excision was
assessed in the treated and untreated animals. The results are pre-
sented in Table 2. The photographic documentation of the wound
healing process is included as Supplementary Material. All treated
animals (CIC, OME 5% and OME 10%) showed very significant and sig-
nificant reduction in wound area when compared to untreated and PJ
groups (p <0.001and p <0.01, respectively). There was no significant
difference between groups treated with the ointment prepared with
the two concentrations (5 and 10%) of the extract and the reference
drug Cicatryl-Bio. The OME 10% ointment proved its effectiveness in
the healing process with 92.00 § 0.14% of contraction of excision
wounds in rabbits, which was better than 85.25 § 0.18% obtained
with the reference drug Cicatryl-Bio.

The daily visual observations indicated the presence of signs of
inflammation (redness and fever) around the wound in rabbits of the
different groups the first days after the excision of the skin. These
signs disappeared quickly in the treated groups (CIC, OME 5% and
OME 10%) and persisted in the rest of the groups for a few days (UT
and PJ).

3.4.2. Histological sections
Histopathological examination was performed at the end of the

experiment. Cicatricial zones of rabbits (treated or not treated) were
compared to a healthy zone on the same histological cut of the same
sample (Fig. 4).

The histological sections showed better healing and complete re-
epithelialization in animals treated with the reference drug (Cicatryl-
Bio), OME 5% and OME 10% compared to the untreated group and the
group treated with petroleum jelly. The healed skin showed normal
epithelialization, with thick mature epidermis and granulation tissue,
and also higher collagen deposition in treated groups with CIC, OME
5%, and OME 10%.

Fig. 1. Structures of the compounds identified in the methanolic extract of T. polium.
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The histological sections of the UT and PJ groups showed the pres-
ence of fleshy bud with more inflammatory cells, less collagen depo-
sition and incomplete maturation of the dermis or epidermis. This
indicates that, despite the contraction of the wound, petroleum jelly
does not have therapeutic properties. Indeed, during the healing pro-
cess, petroleum jelly is capable of inhibiting the evaporation of water
from the wound. The formation of a wet physiological environment
in the wound promotes skin repair and regeneration of damaged

tissue. However, therapy with petroleum jelly can cause alteration
and tissue maceration (Djerrou et al., 2011).

4. Discussion

Acute dermal toxicity corresponds to the adverse effects occurring
within a short time of dermal application of a single dose of a test
substance (OECD, 2017). Assessment of a single dermal dose toxicity

Fig. 2. HPLC-UV-MS analysis of the methanolic extract of T. polium. BPC: base peak chromatogram. Peak numbers refer to the identified compounds (Fig. 1).

Table 1
Biochemical parameters of the mice treated with the methanolic extract of T. polium at dif-
ferent doses.

Parameters Treatment (mg/kg b.wt)

Control 1000 2000 5000

Urea (mg ̸ l) 0.88 § 0.02 0.91 § 0.07 0.92 § 0.03 0.93 § 0.01
Creatinine (mg ̸ l) 4.09 § 0.15 5.43 § 0.36 4.29 § 0.47 4.05 § 0.15
Uric Acid (mg ̸dl) 41.90 § 4.49 42.32 § 3.80 51.89 § 7.63 25.98 § 0.74
AST (IU/l) 40.66 § 3.97 39.16 § 3.83 43.16 § 8.77 40.00 § 2.31
ALT (IU/l) 11.00 § 0.61 16.00 § 1.00 15.66 § 2.55 14.67 § 1.02
ALP (IU/l) 54.67 § 3.57 42.83 § 3.51 53.20 § 2.94 49.00 § 1.29
Total Protein (g/dl) 60.00 § 1.61 70.50 § 3.43 72.00 § 1.53 70.60 § 2.50

Values are expressed as means § SEM (n = 3).
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is an important part of any toxicology program for new pharmaceuti-
cal or cosmetic products to be applied on the skin (Vinardell and Mit-
jans, 2008). In our study, no signs of dermal toxicity were observed
after application of the T. polium ointment. As to the oral acute toxic-
ity, the methanolic extract of T. polium did not produce any signs of
toxicity in mice even at the highest dose (5000 mg/kg b.wt), and
none of the animals died after 14 days of observation. Also, no signifi-
cant changes were observed in biochemical parameters or histologi-
cal sections of liver or kidney except a slight dilation of the portal
vein. Similar observations have been reported in the study of
Meguellati et al. (2019). At the same time, it should be mentioned
that hepatotoxic and nephrotoxic effects of T. polium have been
shown in many case reports and experimental studies where vacuoli-
zation, destruction and degeneration of liver and kidney were the
most frequently described events (Akt€urk Esen et al., 2019; Rafieian-
Kopaei and Baradaran, 2013). The absence of toxicity observed in our
study may be explained by the relatively short duration of adminis-
tration (2 weeks). Indeed, the toxic effects of T. polium have been
related to the dose and duration of use (Bachtarzi et al., 2016; Da�g
et al., 2014). Based on our data, short-term treatment with a T. polium
extract appears safe.

The 5% and 10% ointments (OME 5% and OME 10%) prepared from
the methanolic extract of T. polium significantly improved the wound
healing process after excision in albino rabbits. On histological

examination, the treated groups (Cicatryl-Bio, OME 5%, and OME
10%) showed higher collagen deposition and complete re-epitheliali-
zation. The best results were obtained with OME 10%. Cicatryl-Bio
contains allantoin as active ingredient. In an open wound model,
allantoin was able to ameliorate and accelerate the repair of the skin.
The wound healing effect of allantoin occurred via the regulation of
inflammatory response and stimulation of fibroblastic proliferation
and extracellular matrix synthesis (Ara�ujo et al., 2010). The treatment
with the ointment produced a similar effect that the control drug and
had a strong impact on the granulation and epithelialization of
wounds, accelerated tissue repair and reduced the duration of this
process. This may be due to the combined effects of the polyphenolic
constituents, mainly flavonoids and caffeic acid derivatives. For
example, the flavonoid fraction from Ginkgo biloba has been shown
to enhance proliferation of normal human skin fibroblasts in vitro
(Kim et al., 1997). Fibroblasts are responsible for the synthesis of col-
lagen fibers and healing activity. The caffeic acid derivative acteoside
(2) has been recently reported to increase the activation of promatrix
metalloproteinase-2 and the expression of membrane type-1-matrix
metalloproteinase, thereby possibly facilitating a remodeling of
extracellular matrices (Si et al., 2018).

Our data confirm results obtained in previous studies performed
in other animal models. Meguellati et al. (2019) reported that the
treatment with an extract from callus tissue derived from T. polium

Fig. 3. Histopathological changes in liver and kidney of animals treated with T. polium methanolic extract at different doses (magnification x 10). 1: central vein; 2: surrounding
hepatocytes; 3: glomerulus; 4: dilation of the portal vein; 5: tubular.

Table 2
Effect of different treatments on the evolution of the percentage of excision wound con-
traction in New Zealand albino rabbits.

Groups Wound contraction (%)

Number of days

4 8 12 16

UT 15.73 § 0.37 23.93 § 0.24 25.57 § 0.50 42.62 § 0.38
CIC 19.87 § 0.13 29.48 § 0.28 58.33 § 0.24** 85.25 § 0.18***
OME 5% 11.33 § 0.31 36.33 § 0.64* 61.33 § 0.70*** 78.00 § 0.95 ***
OME 10% 15.63 § 0.85 38.18 § 0.64* 81.81 § 0.47*** 92.00 § 0.14***
PJ 17.91 § 0.25 26.86 § 0.17 32.83 § 0.47* 65.16 § 0.32**

Values are expressed as mean § SEM, (n = 4), * p<0.05, **, p< 0.01, *** p< 0.001 when
treated groups are compared to the UT group. UT: untreated group; CIC: group treated
with Cicatryl-Bio; OME 5% / 10%: groups treated with methanolic extract ointment; PJ:
group treated with petroleum jelly.
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had a strong impact on the granulation and epithelialization of
wounds, accelerated tissue repair, and reduced the duration of
wound healing process in an excision wound model in rats.
Huseini et al., 2020 found that a 10% T. polium ointment accelerated
the wound healing process in diabetic rats. Ansari et al. (2013) also
demonstrated the effectiveness of a 2% T. polium extract with 91.5%
of wound contraction against 75.3% for the reference drug silver sul-
fadiazine cream on experimental second degree burns in mice.

5. Conclusion

The 10% ointment obtained from the extract of T. polium showed
significant wound healing properties in our wound excision model
on rabbits, which were superior to those of the reference drug
Cicatryl-Bio.

Moreover, acute oral toxicity studies in albino mice, and acute
dermal toxicity assessment in albino rabbits indicated that the aerial

Fig. 4. Histological evaluation of wound skin sections stained with hematoxylin and eosin (10 and 40 x magnification) of various groups (CIC, OEM 5%, OEM 10%, PJ, and UT). UT:
untreated group; CIC: group treated with Cicatryl-Bio; OME 5% / 10%: groups treated with methanolic extract ointment; PJ: group treated with petroleum jelly. 1: thick mature der-
mis; 2: collagen; 3: granulosa cells; 4: epidermis; 5: fleshy bud; 6: angiogenesis 7: incomplete epidermis.
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parts of T. polium are potentially safe over a two-week treatment
period corresponding to a typical application time in the therapy of
open wounds. Overall, our data confirm the potential of T. polium
extract for the treatment of wounds and support the traditional use
of this plant as a wound healing agent. Further investigations with in
vitro models such as scratch assays are warranted to identify the
active constituents and unravel the mechanism of action. In addition,
the potential of T. polium for the treatment of other types of wounds
such as closed wounds and diabetic ulcer wounds could also be
explored.
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The methanolic extract of Teucrium polium subsp. capitatum was investigated for its chemical 

composition. Six acetoxylated neo-clerodane diterpenes, including 20-acetylauropolin and 6-

acetylteucjaponin A, have been isolated along with four new congeners. Silica gel column 

chromatography and preparative HPLC-ESIMS were used to isolate the compounds, and their 

structures were determined using NMR and HRESIMS. The absolute configuration of 20-

acetylauropolin was confirmed by X-ray crystallographic diffraction analysis. Some of the isolated 

diterpenes have unusual structural features not typically found in neo-clerodane diterpenes, such 

as a rare C-20 acetal function that forms an oxepane ring to C-7 of the trans-decalin core structure. 

Unfortunately, the acetal function was erroneously referred to as an hemiacetal function in the 

publication. 
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a b s t r a c t 

Phytochemical investigation of a methanolic extract from the aerial parts of Teucrium polium subsp. 

capitatum afforded six acetoxylated neo-clerodane diterpenes, including 20-acetylauropolin and 6- 

acetylteucjaponin A, along with four previously undescribed congeners. The compounds were isolated 

by a combination of silica gel column chromatography and preparative HPLC-ESIMS. Their structures 

were determined by extensive NMR analysis, HRESIMS, and by comparison with literature data of related 

compounds. The absolute configuration of 20-acetylauropolin was confirmed by X-ray crystallographic 

diffraction analysis. Some of the isolated diterpenes possess structural features unusual in the class of 

neo-clerodane diterpenes, such as a rare C-20 hemiacetal function which forms an oxepane ring to C-7 

of the trans -decalin core structure. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Teucrium polium subsp. capitatum (L.) Arcang (syn. Teucrium 

capitatum L.; Lamiaceae), also known as felty or golden german- 

der, is a perennial subshrub that natively grows in Mediterranean 

regions of Europe, Northern Africa, and Southwestern Asia [1] . The 

aerial parts of the plant are traditionally used in Algeria as a de- 

coction or ointment in the treatment of hypertension, diabetes, and 

wounds [ 2 , 3 ]. T. polium including subspecies and varieties is known 

to contain a wide variety of polyphenolic compounds including 

flavonoids and phenylethanoid glycosides, as well as various ter- 

penoids, such as triterpenes, sterols, sesquiterpenoids, iridoids, and 

diterpenoids [ 2 , 4 , 5 ]. In particular, these plants are a source of neo- 

clerodane diterpenes [4–10] , which are known for their antifeedant 

effects on insects and are thought to be responsible for the hepato- 

toxicity occasionally observed after the consumption of Teucrium - 

containing herbal products [11–16] . Recently, neo-clerodane diter- 

penes from T. yemense were shown to increase glucose-triggered 

release of insulin from murine pancreatic islets [17] . 

In a previous study we reported the wound healing properties 

of a methanolic extract from the aerial parts in a wound exci- 

sion model in rabbits. A comprehensive analysis of the polyphe- 

∗ Corresponding author. 

E-mail address: Olivier.potterat@unibas.ch (O. Potterat) . 

nolic profile of this extract led to the isolation and identification 

of 12 flavonoids and two phenylethanoid glycosides [2] . Herein, we 

report on the further investigation of the methanolic extract lead- 

ing to the isolation and structure elucidation of six furanoid neo- 

clerodane diterpenes including four new congeners. 

2. Experimental 

2.1. General procedures 

Normal phase flash chromatography was performed on a Pre- 

mium Flash-Prep LC system PuriFlash® 4100 equipped with an UV 

detector and a fraction collector (Interchim, Montluçon, France). 

Preparative HPLC was performed on a Preparative LC/MSD Sys- 

tem (Agilent Technologies, Santa Clara, CA, USA) consisting of a 

1260 binary pump, a 1100 diode array detector, and a 6120 single 

quadrupole MS detector. A SunFire Prep C18 OBD column (5 μm, 

150 × 30 mm i.d., Waters, Milford, MA, USA), equipped with a 

C18 Prep Guard Cartridge (10 × 30 mm i.d.) was used. Water (A) 

and MeCN (B), both containing 0.1% formic acid, were used as mo- 

bile phase. A flow rate of 20 mL/min was applied. A 1290 Infin- 

ity II Valve Drive manual injection system (Agilent Technologies) 

was used for injection. Detection was with ESIMS in positive scan 

mode in combination with UV at 210 nm. For ESIMS detection a 

Quicksplit TM adjustable nano flow splitter (Analytical Scientific In- 

https://doi.org/10.1016/j.molstruc.2023.135447 

0022-2860/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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struments Inc., Richmond, CA, USA) was used with a 1:100 flow 

split. A make-up flow of 0.4 mL/min (50% aqueous MeCN with 0.1% 

formic acid) generated by an Agilent 1290 Infinity II quaternary 

pump was added post-split. Data acquisition and processing was 

done by ChemStation software (Agilent Technologies). 

Semi-preparative separations were carried out on an HP1100 

Series HPLC instrument (Agilent Technologies) equipped with a bi- 

nary pump, auto sampler, column oven, and a diode array de- 

tector. Chromatography was performed on a SunFire C18 column 

(5 μm, 150 × 10 mm i.d., Waters) equipped with a guard column 

(10 × 10 mm i.d.). The mobile phase consisted of A and B as de- 

scribed above at a flow rate of 4 mL/min. Data acquisition and pro- 

cessing was performed using ChemStation software (Agilent Tech- 

nologies). 

HPLC-PDA-ELSD-ESIMS was conducted on a LC-MS 8030 chro- 

matographic system (Shimadzu, Kyoto, Japan) consisting of a de- 

gasser, auto-sampler, quaternary pump, a column oven, a diode ar- 

ray detector, a triple quadrupole MS, and an ELSD 3300 detector 

(Alltech, Deerfield, IL, USA). Analytical investigations were carried 

out on a SunFire C18 column (3.5 μm, 150 × 3 mm i.d., Waters) 

equipped with a guard column (10 × 3 mm i.d.). Solvents A and B 

(see above) were used as mobile phase. The gradient was 5–80% B 

in 30 min followed by 80–100% B from 30 to 35 min, and a final 

hold for 5 min at 100% B. The flow rate was 0.4 mL/min. The Lab- 

Solutions software (Shimadzu) was used for data acquisition and 

processing. 

TLC was performed on silica gel 60 F254-coated aluminium 

plates (Macherey-Nagel, Düren, Germany). Detection was at UV 

254 nm, and after spraying with 1% ethanolic vanillin and 10% sul- 

furic acid in EtOH followed by heating at 100 °C. 

HRESIMS spectra were recorded on a LTQ Orbitrap XL hy- 

brid ion trap −Orbitrap mass spectrometer (Thermo-Fisher Scien- 

tific, Massachusetts, MA, USA). Optical rotations were measured 

at 25 °C on a JASCO P-20 0 0 polarimeter (Brechbühler, Schlieren, 

Switzerland) equipped with a 10 cm temperature-controlled mi- 

crocell. UV and ECD spectra were recorded in MeOH (333 or 

400 μg/mL) on a Chirascan CD spectrometer using 1 mm path pre- 

cision cells (110 QS, Hellma Analytics, Müllheim, Germany). NMR 

spectra were recorded on a Bruker Avance III spectrometer (Bruker 

BioSpin, Rheinstetten, Germany) operating at 500.13 MHz for 1 H 

and 125.77 MHz for 13 C nuclei. 1 H NMR, 1 H, 1 H-COSY, HSQC, HMBC, 

and ROESY spectra were recorded in CDCl 3 (ARMAR Chemicals, 

Döttingen, Switzerland) in a 1 mm TXI or a 5 mm BBO probe at 

23 °C. Data were analysed using Bruker Topspin 3.5 and ACD/Labs 

NMR Workbook suites (Advanced Chemistry Development, Toronto, 

Canada) software. Chemical shifts are reported as δ values (ppm) 

using the solvent signal ( δH 7.27; δC 77.00, CDCl 3 ) as internal ref- 

erence; coupling constants ( J ) are given in Hz. 

Silica gel 60 (0.040–0.063 mm) used for flash chromatogra- 

phy was from Merck (Darmstadt, Germany). Methanol for extrac- 

tion was from Honeywell (Offenbach, Germany). HPLC-grade sol- 

vents MeCN, MeOH (Avantor, Radnor, PA, USA), and water from a 

Milli-Q water purification system (Merck Millipore, Billerica, USA) 

were used for HPLC separations. HPLC-grade n -BuOH, formic acid, 

and DMSO were obtained from Scharlau (Scharlab S.L., Barcelona, 

Spain). HPLC-grade isopropanol and EtOAc used for recrystalliza- 

tion were from Avantor and Scharlau, respectively. Technical grade 

EtOAc, MeOH, and n -hexane (Rheuss Chemie, Tägerig, Switzerland) 

were redistilled before use for preparative isolation. 

2.2. Plant material 

The flowering aerial parts of Teucrium polium subsp. capita- 

tum L. were collected in May 2018, in M’Sila Algeria, at 35 ° 12 ′ 
36.97 ′′ N latitude and 4 ° 10 ′ 46.08 ′′ E longitude. The taxonomic 

identity of the plant material was confirmed by Dr. Sarri Dj., 

botanist at the Department SNV/M’Sila, Mohamed Boudiaf Univer- 

sity. A voucher specimen (AB-92) has been deposited at the de- 

partment’s herbarium of the University of M’Sila. The plant ma- 

terial was cleaned, dried at room temperature, and subsequently 

powdered. 

2.3. Extraction and isolation 

The powdered plant material was extracted in 50 g portions 

with MeOH (500 mL, each) by Soxhlet extraction for six hours to 

afford after filtration and evaporation under reduced pressure an 

oily residue (yield 17.5%). A portion of 32 g of the MeOH extract 

was suspended in water and partitioned with EtOAc (3 × 500 mL) 

to yield an EtOAc-soluble fraction (8.2 g). The EtOAc-soluble frac- 

tion was prepared as a dry load adsorbed on 25 g silica gel 60 for 

flash chromatography. The sample was loaded onto a self-packed 

silica gel 60 glass column (47 × 5 cm i.d.) and fractionated by ap- 

plying a gradient of EtOAc in n -hexane [2% (0–10 min), 2–70% (10–

420 min), 70–100% (420–480 min], followed by MeOH in EtOAc 

[0–20% (480–540 min), 20–100% (540–600 min)] at a flow rate of 

20 mL/min. A total of 540 fractions were collected and combined 

based on TLC analysis into 22 fractions (F1-F22). 

Further preparative purification of F15 (363 mg) by HPLC-PDA- 

ESIMS with a gradient of 35–70% B (see General procedures) in 

30 min (ESIMS detection in positive mode at m/z 505–507) yielded 

1 (19.0 mg, t R 18.5 min) and 2 (4.7 mg, t R 21.3 min). Compound 3 

(9.1 mg, t R 23.2 min) was obtained from F12 (120 mg) by prepar- 

ative HPLC-PDA-ESIMS with a gradient of 15–90% B in 30 min, us- 

ing ESIMS detection in positive mode at m/z 378–380. Compound 

4 (1.8 mg, t R 24.8 min) was isolated from fraction F13 (49.4 mg) 

by preparative HPLC-PDA-ESIMS using a gradient of 5–80% B in 

30 min (ESIMS detection in positive mode at m/z 474–476). Com- 

pound 5 (9.6 mg, t R 22.5 min) was isolated from F10 (192 mg) 

using preparative HPLC-PDA-ESIMS with a gradient of 5–80% B in 

30 min, with ESIMS detection in positive mode at m/z 415–417. A 

second, later eluting peak ( 5a , t R 27.6 min) was collected which 

yielded, however, after evaporation to dryness also 5 (10 mg). 

Preparative HPLC-PDA-ESIMS of F17 (79.4 mg) with a gradient from 

5 to 80% B in 30 min and ESIMS detection in positive scan mode 

at m/z 402–405 afforded crude 6 (4.7 mg, t R 20.6 min). Final pu- 

rification by semi-preparative HPLC using a gradient of 5–80% B 

in 30 min (UV detection at 210 nm) yielded pure 6 (2.1 mg, t R 
17.7 min). 

((1 ′ S,2R,2 ′ R,4 ′ S,5a’S,9a’R,10 ′ S) −2 ′ -Acetoxy-1 ′ -((S) −2-acetoxy-2- 

(furan-3-yl)ethyl) −10 ′ -methyl-5 ′ -oxooctahydro-5a’H-spiro[oxirane- 

2,6 ′ -[1,4]methanobenzo[d]oxepin] −5a’-yl)methyl acetate (20- 

Acetylauropolin, 1 ) . White amorphous solid; [ α] 25 
D 

+ 55.0 (c 0.1, 

MeOH); UV (MeOH) λmax (log ε) 195 (3.8), 270 (3.0) nm; ECD 

(MeOH, c 0.79 mM, 0.1 cm) �ε + 3.13 (197 nm), −0.98 (214 nm), 

+ 0.54 (317 nm); 1 H and 

13 C NMR data: Table 1 and Supplementary 

Materials Figs. S7-S12; HRESIMS m/z 527.1889 [ M + Na] + (calcd for 

C 26 H 32 NaO 10 
+ , 527.1888). 

((2 ′ R,3R,4 ′ R,4a’R,5S,5 ′ R,8a’S) −4 ′ -Acetoxy-5-(furan-3-yl) −2 ′ - 
methyl-2-oxooctahydro-2H-dispiro[furan-3,1 ′ -naphthalene-5 ′ ,2 ′ ’- 
oxiran] −4a’(2 ′ H)-yl)methyl acetate (6-Acetylteucjaponin A, 2 ) . White 

amorphous solid; [ α] 25 
D 

−8.6 (c 0.06, MeOH); UV (MeOH) λmax (log 

ε) 195 (3.9), 217 (3.6, sh), 270 (2.9) nm; ECD (MeOH, c 0.90 mM, 

0.1 cm) �ε + 2.21 (195 nm), −0.24 (254 nm); 1 H and 

13 C NMR: 

Table 1 and Supplementary Materials Figs. S13-S18; HRESIMS m/z 

469.1832 [ M + Na] + (calcd for C 24 H 30 NaO 8 
+ , 469.1833). 

((1S,2R,4S,5aS,6R,9aR,10S) −2-Acetoxy-1-(2-acetoxy-2-(furan-3- 

yl)ethyl) −6-(chloromethyl) −6–hydroxy-10-methyl-5-oxooctahydro- 

1,4-methanobenzo[d]oxepin-5a(2H)-yl)methyl acetate (20- 

Acetylauropolin chlorohydrin , 3 ) . White amorphous solid; [ α] 25 
D 

+ 20.0 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 195 (3.9), 208 (3.8, 

sh), 272 (2.9) nm; ECD (MeOH, c 0.74 mM, 0.1 cm) �ε + 2.56 

2 
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Table 1 
1 H and 13 C NMR spectroscopic data of 1–3 (CDCl 3 ; 500 MHz for 1 H and 126 MHz for 13 C NMR; δ in ppm). 

1 2 3 

position δC , type δH , ( J in Hz) δC , type δH, ( J in Hz) δC , type δH , ( J in Hz) 

1 21.0, CH 2 1.70, qd (13.0, 13.0, 13.0, 4.1), (H α ) 23.0, CH 2 1.66, m, (H α ) 22.0, CH 2 1.46, qd (12.7, 12.7, 12.7, 3.6), (H α ) 

2.17, m, (H β ) 1.89 a , (H β ) 2.04 a , (H β ) 

2 24.5, CH 2 2.08, m, (H α ) 24.2, CH 2 2.05, m, (H α ) 22.6, CH 2 1.87, m, (H α ) 

1.48 a , (H β ) 1.58, m, (H β ) 1.30, m, (H β ) 

3 31.3, CH 2 2.48, m, (H α ) 32.7, CH 2 2.39, m, (H α ) 29.8, CH 2 1.69, td (15.0, 15.0, 5.0), (H α ) 

1.09, dd (14.2, 4.7), (H β ) 1.13, dt (14.1, 3.7), (H β ) 2.24, dd (15.0, 4.0), (H β ) 

4 62.3, C – 61.4, C – 76.8, C –

4-OH – – – – – 3.12, s 

5 52.8, C – 44.9, C – 57.4, C –

6 203.0, C – 69.7, CH 5.14, t (2.1, 2.1) 208.1, C –

7 91.0, CH 4.19, 

s 

30.7, CH 2 2.21, m, (H α ) 90.1, CH 4.18, s 

1.85 a , (H β ) 

8 46.4, CH 2.02 a 33.3, CH 1.87 a 46.7, CH 2.03 a 

9 53.1, C – 51.7, C – 54.0, C –

10 51.0, CH 2.02 a 47.3, CH 2.25, m 46.8, CH 1.80, dd (12.7, 1.2) 

11 31.1, CH 2 2.09 a 45.3, CH 2 2.43, dd (14.0, 8.8) 31.2, CH 2 2.06 a 

2.28, dd (15.6, 7.6) 2.52, dd (14.0, 8.8) 2.32, dd (15.9, 8.2) 

12 65.5, CH 5.85, dd (7.6, 4.9) 71.8, CH 5.40, t (8.8, 8.8) 65.8, CH 5.86, dd (8.2, 4.0) 

13 125.1, C – 125.1, C – 125.6, C –

14 108.5, CH 6.43, d (1.5) 108.0, CH 6.40, dd (1.6, 0.6) 108.7, CH 6.42, dd (1.7, 0.9) 

15 143.8, CH 7.42, t (1.5, 1.5) 144.2, CH 7.45, t (1.6, 1.6) 144.3, CH 7.42, t (1.7, 1.7) 

16 140.1, CH 7.44, s 139.5, CH 7.47, d (0.6) 140.3, CH 7.45, t (0.9, 0.9) 

17 14.7. CH 3 1.16, d (7.0) 16.2, CH 3 1.00, d (6.7) 15.2, CH 3 1.22, d (7.0) 

18 48.8, CH 2 2.38, d (5.2) 51.6, CH 2 2.28, m 48.3, CH 2 3.80, d (11.6) 

3.04, dd (5.2, 1.8) 2.98, dd (5.0, 2.0) 3.92, dd (11.6, 1.8) 

19 62.5, CH 2 4.82, d (11.3) 62.4, CH 2 4.97, d (13.1) 64.8, CH 2 4.42, d (11.3) 

5.24, d (11.3) 5.04, d (13.1) 4.85, d (11.3) 

20 97.7, CH 6.11, s 176.9, C – 98.3 6.31, s 

6-OAc-1 ′ – – 169.1, C – – –

6-OAc-2 ′ – – 21.6, CH 3 2.10, s a – –

12-OAc-1 ′ 170.0, C – – – 170.6, C –

12-OAc-2 ′ 21.5, CH 3 2.05, s – – 21.9, CH 3 2.07,s a 

19-OAc-1 ′ 170.8, C – 170.9, C – 170.2, C –

19-OAc-2 ′ 20.9, CH 3 2.09, s a 21.1, CH 3 2.10, s a 21.3, CH 3 1.98, s 

20-OAc-1 ′ 169.5, C – – – 169.7, C –

20-OAc-2 ′ 21.2, CH 3 2.10, s a – – 21.6, CH 3 2.09, s 

a Overlapping signals. 

(196 nm), −0.77 (217 nm), + 0.38 (311 nm); 1 H and 

13 C NMR: 

Table 1 and Supplementary Materials Figs. S19-S24; HRESIMS m/z 

563.1653 [ M + Na] + (calcd for C 26 H 33 ClNaO 10 
+ , 563.1654). 

((1S,2R,4S,5aR,6R,9aS,10S) −2-Acetoxy-1-(2-acetoxy-2- 

(furan-3-yl)ethyl) −6–hydroxy-10-methyl-5-oxodecahydro-1,4- 

methanobenzo[d]oxepin-6-yl)methyl acetate (Teupocapin A, 4 ) . 

white amorphous solid; [ α] 25 
D 

+ 2.8 (c 0.07, MeOH); UV (MeOH) 

λmax (log ε) 195 (3.9), 268 (3.1, sh) nm; ECD (MeOH, c 0.81 mM, 

0.1 cm) �ε + 0.08 (195 nm), −0.85 (207 nm), + 0.42 (311 nm); 
1 H and 

13 C NMR: Table 2 and Supplementary Materials Figs. S25- 

S30; HRESIMS m/z 515.1887 [ M + Na] + (calcd for C 25 H 32 NaO 10 
+ , 

515.1888). 

(5aR,6S,7R,9S,10S) −6-(2-Acetoxy-2-(furan-3-yl)ethyl) −9a–

hydroxy-10-methyl-3,4,5,5a,6,7,9,9a-octahydro-2H-6,9- 

methanooxepino[3,4,5-cd]isobenzofuran-7-yl acetate (Teupocapin 

B, 5 ) . Slightly yellow amorphous solid; [ α] 25 
D 

+ 58.0 (c 0.1, MeOH); 

UV (MeOH) λmax (log ε) 195 (4.0), 240 (3.4, sh), nm; ECD (MeOH, 

c 0.77 mM, 0.1 cm) �ε + 9.46 (201 nm); 1 H and 

13 C NMR: 

Table 2 and Supplementary Materials Figs. S31-S36; HRESIMS m/z 

455.1676 [ M + Na] + (calcd for C 23 H 28 NaO 8 
+ , 455.1676). 

2-((3R,5S,5aS,7aR,11R,11aS,12S,13S) −5a,7a-Dihydroxy-13- 

methyloctahydro-1H-3,11,5-(epiethane[1,1,2]triyl)[1,3]dioxepino[5,6- 

c]isobenzofuran-12-yl) −1-(furan-3-yl)ethyl acetate (Teupocapin C, 6 ) . 

White amorphous solid; [ α] 25 
D 

−22.0 (c 0.1, MeOH); UV (MeOH) 

λmax (log ε) 195 (3.8), 215 (3.5, sh) nm; ECD (MeOH, c 0.95 mM, 

0.1 cm) �ε −0.97 (198 nm), + 0.01 (218 nm), −0.33 (241 nm); 1 H 

and 

13 C NMR: Table 2 and Supplementary Materials Figs. S37-S42; 

HRESIMS m/z 443.1675 [ M + Na] + (weak, calcd for C 22 H 28 NaO 8 
+ , 

443.1676), 403.1758 [ M + H −H 2 O] + (calcd for C 22 H 27 O 7 
+ , 403.1757). 

2.4. Single-crystal X-ray crystallographic analysis of 1 

X-ray diffraction data were collected on a Stoe StadiVari 

diffractometer (STOE & Cie GmbH, Darmstadt, Germany) equipped 

with an Oxford Cryosystems low-temperature device operating at 

T = 150 K (OxfordCryosystems, Oxford, United Kingdom). Data 

were measured using rotation method, ω scans using a metaljet 

source with GaK α radiation ( λ = 1.34143 Å). 

Single colorless block-shaped crystals of 1 were recrystallized 

from a mixture of EtOAc and i -PrOH by solvent layering. A suit- 

able crystal 0.13 × 0.09 × 0.06 mm was selected and the crys- 

tal was mounted on a mylar loop in perfluoroether oil. The crystal 

was kept at a steady T = 150 K during data collection. The struc- 

ture was solved with the ShelXT [ 18 , 19 ] structure solution program 

using the Intrinsic Phasing solution method and by using Olex2 

[20] as the graphical interface. The model was refined with version 

2018/3 of ShelXL [ 18 , 19 ] using Least Squares minimization. 

Crystallographic data for the structure of 20-acetylauropolin 

( 1 ) were deposited at the Cambridge Crystallographic Data center 

(CCDC) as supplementary crystallographic data with number CCDC 

2,236,028. 

20-Acetylauropolin ( 1 ): C 26 H 32 O 10 , M r = 504.51, orthorhombic, 

P2 1 2 1 2 (No. 18), a = 17.3203(7) Å, b = 17.4805(9) Å, c = 8.3553(3) 

Å, α = β = γ = 90 °, V = 2529.71(19) Å 

3 , T = 150 K, Z = 4, 

Z’ = 1, μ(GaK α) = 0.547, 52,085 reflections measured, 5209 unique 

( R int = 0.1141) which were used in all calculations. The final wR 2 
was 0.1418 (all data) and R 1 was 0.0557 ( I > 2(I) ). The Flack param- 

eter was refined to 0.02(12). Additional information is available in 

Supplementary Materials. 

3 
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Table 2 
1 H and 13 C NMR spectroscopic data of 4–6 (CDCl 3 ; 500 MHz for 1 H and 126 MHz for 13 C NMR; δ in ppm). 

4 5 6 

position δC , type δH , ( J in Hz) δC , type δH , ( J in Hz) δC , type δH , ( J in Hz) 

1 22.4, CH 2 1.37 a (H α ) 24.0, CH 2 1.31, m, (H α ) 22.8, CH 2 1.44 a , (H α ) 

1.89 a , (H β ) 2.28, m, (H β ) 1.98 a , (H β ) 

2 28.1, CH 2 2.25 a , (H α ) 22.1, CH 2 2.00 a , (H α ) 24.7, CH 2 1.95 a , (H α ) 

1.36 a , (H β ) 1.55, m, (H β ) 1.22, m, (H β ) 

3 35.0, CH 2 1.94, m, (H α ) 22.2, CH 2 2.09 a , 

(H α , H β ) 

29.5, CH 2 1.63, m, (H α ) 

1.39 a , (H β ) 1.91 a , (H β ) 

4 73.4, C – 140.4, C – 80.3, C –

4-OH – 2.63, s – – – 3.69, s 

5 55.3, CH 2.79, d (11.9) 132.2, C – 51.4, C –

6 208.8, C – 108.7, C – 109.1, C –

6-OH – – – n.d. – 3.95, s 

7 89.2, CH 4.08, s 86.8, CH 4.05, s 86.5, CH 3.81, s 

8 44.7, CH 2.13 a 41.4, CH 2.57 a 46.4, CH 2.26, q (7.0, 7.0, 7.0) 

9 52.9, C – 53.2, C – 49.4, C –

10 43.4, CH 1.86 a 37.9, CH 2.54 a 45.5, CH 1.44 a 

11 31.0, CH 2 2.05, dd (15.9, 3.4) 30.9, CH 2 1.94, dd (15.4, 3.1) 34.7, CH 2 1.82, dd (15.5, 3.1) 

2.29, dd (15.9, 8.9) 2.10 a 2.46, dd (15.5, 10.1) 

12 66.2, CH 5.91, dd (8.9, 3.4) 66.4, CH 5.93, dd (8.5, 3.1) 66.3, CH 6.01, dd (10.1, 3.1) 

13 125.2, C – 125.8, C – 125.9, C –

14 108.8, CH 6.43, dd (1.5, 0.9) 108.6, CH 6.42, dd (1.5, 0.9) 108.9, CH 6.41, dd (1.8, 0.9) 

15 144.0, CH 7.41, t (1.5, 1.5) 143.6, CH 7.39, t (1.5, 1.5) 143.8, CH 7.39, t (1.8, 1.8) 

16 140.4, CH 7.49, t (0.9, 0.9) 140.1, CH 7.47, t (0.9, 0.9) 140.5, CH 7.46, t (0.9, 0.9) 

17 14.8, CH 3 1.18, d (7.0) 14.6, CH 3 1.10, d (7.0) 15.0, CH 3 1.01, d (7.0) 

18 64.5, CH 2 4.25, d (11.9) 75.4, CH 2 4.49, dd (13.1, 3.3) 79.2, CH 2 4.14, d (10,1) 

4.50, d (11.9) 4.73, dd (13.1, 3.3) 4.31, d (10,1) 

19 – – – – 59.0, CH 2 3.91, d (11.3) 

– – 4.11, d (11.3) 

20 98.2, CH 6.21, s 98.9, CH 5.87, s 106.8, CH 5.18, s 

12-OAc-1 ′ 170.4, C – 170.1, C – 170.2, C –

12-OAc-2 ′ 21.6, CH 3 
a 2.09, s a 21.3, CH 3 2.03, s a 21.7, CH 3 2.03, s 

18-OAc-1 ′ 171.6, C – – – – –

18-OAc-2 ′ 21.3, CH 3 2.09, s a – – – –

20-OAc-1 ′ 170.1, C – 169.9, C – – –

20-OAc-2 ′ 21.6, CH 3 
a 2.11, s a 21.4, CH 3 2.04, s a – –

a Overlapping signals, n.d. not detected. 

3. Results and discussion 

HPLC-PDA-ESIMS analysis of the MeOH extract of T. polium 

subsp. capitatum L. revealed, besides the previously reported 

flavonoids and caffeic acid derivatives [2] , the presence of a series 

of compounds that strongly ionized in the positive ESIMS mode 

but did not show any signals in the UV (254 nm) trace ( Fig. 1 ). 

Their MS data in conjunction with chemotaxonomic information 

suggested that these compounds were diterpenes. 

Targeted isolation of the corresponding peaks afforded six neo- 

clerodane type diterpenes ( Fig. 2 ), including four previously un- 

described compounds ( 3 –6 ). Compound 1 was identified as 20- 

acetylauropolin. This compound has been reported as an acetyla- 

tion product of auropolin, which has previously been isolated from 

several T. polium subspecies and T. asiaticum , but has never been 

directly isolated from plant material [ 12 , 21 , 22 ]. Optical rotation 

and NMR data of 1 were identical to those described in literature 

[ 21 , 22 ]. The absolute configuration of 1 was determined by X ray 

diffraction analysis ( Fig. 3 and Supplementary Materials). 

Compound 2 was identified as 6-acetylteucjaponin A based on 

NMR analysis and comparison with literature data (Supporting Ma- 

terial Fig. S19). It was originally obtained by acetylation of teuc- 

japonin A and later isolated from T. polium [23–25] . The structures 

of the previously undescribed neo-clerodanes 3 –6 were established 

by extensive 1D and 2D NMR analysis and by comparison with the 

NMR data recorded for 1 . 

Compound 3 had a molecular formula of C 26 H 33 ClO 10 deduced 

from the sodium adduct ion peak in HRESIMS at m/z 563.1653 

(calcd for C 26 H 33 ClNaO 10 
+ , 563.1654). The presence of a chlorine 

atom was confirmed by the isotopic pattern. Comparison of the 

NMR data of compounds 1 and 3 revealed that 1 H and 

13 C NMR 

chemical shifts and coupling constants of both compounds were 

very similar. The main difference was observed for C-4, which was 

more downfield shifted in 3 ( δC 76.8) compared to 1 ( δC 62.3). Ad- 

ditionally, while the 13 C NMR chemical shifts for C-18 were very 

similar in both compounds ( δC 48.8 in 1 vs δC 48.3 in 3 ) a clear 

difference was observed in the H-18 chemical shifts [ δH 2.38 ( d , 

J = 5.2 Hz, H a -18) and δH 3.04 ( dd , J = 5.2, 1.8 Hz, H b -18) in 1 , and 

δH 3.80 ( d , J = 11.6 Hz, H a -18) and δH 3.92 ( dd , J = 11.6, 1.8 Hz, 

H b -18) in 3 ]. The H-18 proton signals in 1 displayed the typical 

chemical shifts and coupling constants for a α, α-disubstituted oxi- 

rane ring system [ 21 , 26 ]. This pattern was not found in 3 , thereby 

indicating a different substitution at C-4. 1 H and 

13 C NMR shifts 

were in full agreement with the replacement of the oxirane ring 

in 1 by a chlorohydrin in 3 ( Table 1 and Supplementary Materi- 

als). The presence of the hydroxyl group at C-4 of the chlorohydrin 

could be clearly confirmed by 2 J , 3 J , and 

4 J HMBC correlations be- 

tween the hydroxyl proton ( δH 3.12, s ) and C-2 ( δC 22.6), C-3 ( δC 

29.8), C-4 ( δC 76.8), and C-5 ( δC 57.4) ( Fig. 4 ). Chlorinated neo- 

clerodane diterpenes have already been reported several times and 

were either described as artifacts resulting from the use of chlo- 

rinated solvents in the isolation procedure, or as naturally occur- 

ring compounds [26–33] . Indeed, the chlorohydrin 3 was detected 

by HPLC-ESIMS analysis in the crude methanolic extract, which 

was obtained by Soxhlet extraction. However, in a freshly prepared 

methanolic extract obtained by maceration of the same dried plant 

material the chlorohydrin was only detected in minute amounts 

(data not shown). Although no chlorinated chemicals were used 

in the isolation procedure, we assume that the chlorohydrin 3 is 

likely to be an artifact formed by the opening of the oxirane in 1 , 

4 
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Fig. 1. HPLC profile of the methanolic T. polium subsp. capitatum extract. The profile was obtained on a SunFire C18 column (3.5 μm, 150 × 3 mm i.d) applying a gradient of 

5–80% MeCN in water containing 0.1% formic acid in 30 min at a flow rate of 0.4 mL/min. The upper trace shows the base peak chromatogram (BPC) recorded with ESIMS in

positive mode. The lower trace shows the PDA chromatogram at 254 nm. Peak numbers refer to neo-clerodane diterpenes 1–6 . The black peaks correspond to polyphenolic

compounds [2] .

probably due to the presence of traces of chlorinated contaminants 

in the solvent used for Soxhlet extraction. Such oxirane opening re- 

actions in the presence of traces of chloroform and/or hydrochloric 

acid have been reported in 4 α,18-epoxy-neo-clerodanes from Teu- 

crium species and in epoxy-sesquiterpene lactones from Centaurea 

solstitialis [ 34 , 35 ]. 

Compound 4 had a molecular formula of C 25 H 32 O 10 (HRESIMS 

m/z 515.1887 [ M + Na] + ; calcd for C 25 H 32 NaO 10 
+ , 515.1888). As in 

1 –3 , the NMR data of 4 showed 

1 H and 

13 C NMR resonances of a 

β-substituted furan ring [( δH 6.43, dd , J = 1.5, 0.9 Hz, H-14; δH 7.41, 

t , J = 1.5, 1.5 Hz, H-15; δH 6.49, t , J = 0.9, 0.9 Hz H-16), ( δC 125.2 

(C-13), 108.8 (C-14), 144.0 (C-15), 140.4 (C-16))]. The furan ring was 

linked to an acetoxylated methine ( δH 5.91 dd , J = 8.9, 3.4 Hz, H- 

12; δC 66.2, C-12) further connected via a methylene carbon to C-9 

( δC 52.9) of the decalin core. The one-proton singlet at δH 6.21 (H- 

20) could be assigned to an acetal function containing an acetoxy

group ( δC 98.2) without vicinally connected protons. The ring clo- 

sure of this acetal function was corroborated by a 2 J HMBC correla- 

tion between H-20 and C-9, and a 3 J HMBC correlation from H-20

to C-7 ( δC 89.2). Compared to the spectra of compounds 1 –3 differ- 

ences were observed at positions C-4 ( δC 73.4) and C-5 ( δC 55.3). 

The 13 C NMR chemical shift of C-4 ( δC 73.4) indicated the presence 

of a hydroxyl group at this position. Furthermore, 2 J HMBC correla- 

tions between the methylene H-18 protons ( δH 4.25, d , J = 11.9 Hz, 

H a -18; δH 4.50, d , J = 11.9 Hz, H b -18) and C-4, in conjunction 

with 

3 J HMBC correlations from these protons to the acetyl car- 

bonyl at δC 171.6, suggested an acetoxymethylene group attached 

to C-4. The relative configuration at C-4 was indicated by a ROESY 

correlation between the methylene protons H 2 –18 and H β−10 ( δH 

1.86). HSQC correlations from C-5 ( δC 55.3) to H-5 ( δH 2.79, d , 

J = 11.9 Hz), and 

1 H, 1 H-COSY correlations of H-5 to H-10 revealed 

C-5 as a sp 

3 methine group with the proton in axial orientation.

Compound 4 was thus a 19-nor-neo-clerodane diterpene ( Fig. 5 ).

The presence of a hydroxyl group together with an acetoxymethy- 

lene group at C-4 is quite rare in neo-clerodane diterpenes and has 

been described so far only in picropolinol from T. polium subsp. 

capitatum, in alysin B and its 3-deacetyl derivative identified in T. 

alyssifolium , and in a neo-clerodane diterpene found in Ajuga de- 

cumbens [ 33 , 36 , 37 ]. Compound 4 was named teupocapin A in ref- 

erence to the name of the species and subspecies. 

Compound 5 had a molecular formula of C 23 H 28 O 8 (HRESIMS 

m/z 455.1676 [ M + Na] + ; calcd for C 23 H 28 NaO 8 
+ , 455.1676). The 1 H 

and 

13 C NMR spectra of 5 showed also the typical pattern of a β- 

substituted furan ring [( δH 6.42, dd , J = 1.5, 0.9 Hz, H-14; δH 7.39, 

t , J = 1.5, 1.5 Hz, H-15; δH 7.47, t , J = 0.9, 0.9 Hz, H-16), ( δC 125.8 

(C-13), 108.6 (C-14), 143.6 (C-15), 140.1 (C-16))]. As for 1, 3 , and 

4, 3 J HMBC correlations from H-12 ( δH 5.93 ( dd , J = 8.5, 3.1 Hz) 

to C-14 and C-16 revealed that the furan ring was linked to an 

acetoxylated methine group at C-12 ( δC 66.4) further connected to 

C-9 ( δC 53.2) of the decalin moiety via a methylene group. Fur- 

thermore, the cyclic acetoxylated acetal function at C-20 was also

present in 5 , as indicated by a 2 J HMBC correlation between H-

20 ( δH 5.87, s ) and C-9, and a 3 J HMBC correlation from H-7 ( δH

4.05, s ) to C-20 ( δC 98.9). Compared to the neo-clerodane diter- 

penes 1 –4 , the resonances of C-4 ( δC 140.4) and C-5 ( δC 132.2)

were observed at lower field. Diterpene 5 thus had a double bond

at this position and consequently a 19-nor-neo-clerodane diterpene

scaffold. Furthermore, the NMR dat a revealed the presence of an

allylic hemiketal function ranging from C-4 ( δC 140.4) to C-6 ( δC

108.7) with cyclization via the C-18 methylene group [( δH 4.49 ( dd ,

J = 13.1, 3.3 Hz, H a -18); δH 4.73 ( dd , J = 13.1, 3.3 Hz, H b -18); ( δC

75.4)]. The partial structure was supported by 2 J and 

3 J HMBC cor- 

relations ( Fig. 7 ). Such a hemiketal has so far only been reported

from the chemical transformation of eriocephalin into a series of

19-nor-neo-clerodane derivatives [38] . Initially, two well separated

peaks ( 5 and 5a ) were collected after preparative HPLC separation

of fraction F10 from the initial fractionation on a silica gel col- 

umn. However, after evaporation to dryness, both peaks afforded 

the same compound 5 as confirmed by HPLC and NMR analysis. 

We hypothesize that the acidic mobile phase used during isolation 
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Fig. 2. Structures of neo-clerodane diterpenes 1–6 .

Fig. 3. (A) COSY (red) and key HMBC correlations (blue arrows), (B) key ROESY correlations (black dotted arrows), and (C) ORTEP drawing obtained by single crystal X-ray

diffraction (ellipsoids at 50% probability) of 1 .

6

1 2 3

4 5 6

A CB
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Fig. 4. (A) COSY (red) and key HMBC correlations (blue arrows), (B) key ROESY correlations of 3 (structure depicted as (12 S ) isomer).

Fig. 5. (A) COSY (red) and key HMBC correlations (blue arrows), (B) key ROESY correlations of 4 (structure depicted as (12 S ) isomer).

Fig. 6. Putative formation of 5 from 5a under the acidic conditions used during

isolation.

catalyzed an intramolecular hemiketal formation by reaction of the 

hydroxyl group at position C-18 with the carbonyl group at C-6 in 

5a to form 5 ( Fig. 6 ). The structure of 5 was named as teupocapin 

B. 

Compound 6 had a molecular formula of C 22 H 28 O 8 as re- 

vealed by a minor HRESIMS peak at m/z 443.1675 [ M + Na] + 

(calcd for C 22 H 28 NaO 8 
+ , 443.1676) and further supported by an 

intense fragment ion peak at m/z 403.1758 ([ M + H −H 2 O] + ; calcd 

for C 22 H 27 O 7 
+ , 403.1757). Compound 6 also showed the chemi- 

cal shifts for a β-substituted furan ring attached at the C-12 ace- 

toxylated methine group [( δH 6.01, dd , J = 10.1, 3.1 Hz, H-12); ( δC 

66.3 (C-12)] and the C-11 methylene group [( δH 1.82, dd , J = 15.5, 

3.1 Hz, H a -11 and δH 2.46, dd , J = 15.5, 10.1 Hz, H b -11); ( δC 34.7 

(C-11))] connected to C-9 ( δC 49.4) of the decalin core structure. 

In addition, 6 also contained an acetal function at C-20 ( δC 106.8), 

with a ring closure to C-7, as revealed by the 3 J HMBC correlation 

from H-20 ( δH 5.18, s ) to C-7 ( δC 86.5) ( Fig. 8 ). However, in con- 

trast to the neo-clerodane diterpenes 1 and 3 –5 , the C-20 acetal 

function did not include an acetoxyl group, but showed a further 

ring closure to C-19 ( δC 59.0). The linkage was corroborated by 3 J 

HMBC correlations from the C-19 oxo-methylene protons ( δH 3.91, 

d , J = 11.3 Hz, H a -19 and δH 4.11, d , J = 11.3 Hz, H b -11) to C-20 

( δC 106.8), C-4 ( δC 80.3), C-5 ( δC 51.4), C-6 ( δC 109.1), and C-10 

( δC 45.5). Such a C-20/C-19 and C-20/C-7 bridged acetal function 
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Fig. 7. (A) COSY (red) and key HMBC correlations (blue arrows), (B) key ROESY correlations of 5 (structure depicted as (6 S ,12 S ) isomer).

Fig. 8. (A) COSY (red) and key HMBC correlations (blue arrows), (B) key ROESY correlations of 6 (structure depicted as (12 S ) isomer).

is a rare structural feature in neo-clerodane diterpenes and has so 

far only been described in a diterpene isolated from Salvia minata 

[39] . As in compound 5 , 2 J and 

3 J HMBC correlations in 6 revealed

a hemiketalic ring closure from C-6 ( δC 109.1) to C-4 ( δC 80.3) via

the C-18 methylene group [( δH 4.14, d , J = 10.1 Hz, H a -18 and δH

4.31, d , J = 10.1, H b -18); ( δC 79.2 (C-18))]. The relative configura- 

tion at C-4 was established by a ROESY cross-peak between the

methylene proton H b -18 and H β−10 ( δH 1.44). The same structural 

feature with an oxolane ring and a tertiary hydroxy group at C-4 

has been found in teulanigerin, teupolin V, teugnaphalodin and its 

derivatives, and teulepicephin [40–44] . Compound 6 was named as 

teupocapin C. 

Except compound 2 , all isolated neo-clerodanes contain a rarely 

occurring axial oxy-function at C-7 that forms a hemiacetalic 

bridge to C-20 [ 12 , 45 ]. Compound 2 possesses instead a five- 

membered lactone ring connecting C-20 to C-12, a structural fea- 

ture that is very often found in neo-clerodane diterpenes from Teu- 

crium species [ 7–9 , 45 ]. 

The absolute configuration of compounds 2 –6 could not be as- 

certained from the data above. Attempts at obtaining crystals suit- 

able for single X-ray diffraction analysis were not successful. How- 

ever, clerodane diterpenes found in the genus Teucrium so far all 

belonged to the neo-clerodane series [ 6 , 7 , 45 ]. Additionally, given 

that the absolute configuration of 1 could be established by X-ray 

crystallographic analysis it can be reasonably assumed that diter- 

penes 2 –6 are also neo-clerodanes. 

The vast majority of neo-clerodane diterpenes from Teucrium 

has been shown to possess the S configuration at C-12 [ 7 , 46 ]. Since 

the crystal structure of 1 revealed the S -configuration at C-12, it 

is likely that diterpenes 2 –6 possess the same configuration at 

this position. Moreover, a method based on NOESY spectroscopy 

in combination with molecular mechanics calculations of different 

conformers has been developed by Jiménez-Barbero for establish- 

ing the absolute configuration at C-12 in neo-clerodanes bearing a 

furanyl ethyl side chain with a hydroxyl or acetoxyl substituent at 

C-12, as found in 1 and in 3 –6 [47] . Thus, an S configuration at

C-12 leads to conformers in which H-12 shows strong NOE signals

with H-8 and H-17, while NOE cross-peaks with H β−1 and H-10

are weak or not detectable. An R configuration at C-12, in con- 

trast, leads to strong NOESY cross-peaks of H-12 with H β−1 and 

H-10, while signals with H-8 and H-17 are rather weak or absent.

In the ROESY spectrum of 1 , a strong cross-peak was detected be- 

tween H-12 and H-17, and between H-12 and H-8, while the signal 

with H β−1 was much weaker, in accord with the S configuration 

established by X-ray diffraction analysis. ROESY cross-peak intensi- 

ties observed in 3 –6 were similar to those detected in 1, thereby 
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supporting the S configuration at C-12 in these compounds. How- 

ever, confirmation by X-ray diffraction analysis will be needed for 

a definitive configurational assignment. As for neo-clerodanes con- 

taining a lactone ring, the absence of an NOE cross-peak between 

H-12 and H-17 has been found indicative of the S configuration at

C-12, since H-12 is located on the other face of the plane which is

spanned by the C-12/C-20 lactone [ 7 , 4 8 , 4 9 ]. This was also the case

for compound 2 , confirming the S configuration at C-12.

4. Conclusion

The genus Teucrium is a rich source of neo-clerodane diter- 

penoids, and the occurrence of this type of compounds is con- 

sidered as a chemotaxonomic marker [8] . Even though the phy- 

tochemistry of Teucrium species has been extensively investigated 

it was shown in several studies that the composition in neo- 

clerodane diterpenes can significantly vary depending on geo- 

graphic origin and environmental conditions [6–10] . This is con- 

firmed by the present study given that most diterpenes detected 

in the methanolic extract of T. polium subsp. capitatum collected 

in Algeria were previously undescribed compounds, while 20- 

acetylauropolin was known up to now only as a natural product 

derivative. X ray crystallographic data of 20-acetylauropolin sup- 

port the validity of a previously reported method based on molec- 

ular mechanic calculations and NOESY correlations for the deter- 

mination of the absolute configuration at C-12 in neo-clerodanes 

bearing a furanyl ethyl side chain. Taken together, the compounds 

described here extend the structural diversity of neo-clerodane 

diterpenoids, as they combine common structural characteristics 

with features that are rare in naturally occurring neo-clerodanes. 
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Despite their excellent efficacy, classic immunosuppressive small molecules like 

cyclosporine are accompanied by various limitations, such as unwanted side effects, 

gradual loss of efficacy over time, providing no long-lasting relief of symptoms, 

non-responding, and high treatment costs. Unwanted side effects include increased 

susceptibility for infections and malignancies, direct organ-specific toxicities caused 

by off-target effects, sensitization that may lead to hypersensitivity reactions, and 

high risk for drug-drug interactions. Therefore, during therapy the dose of 

immunosuppressive drugs are regularly monitored and adapted. This makes the 

treatment of autoimmune diseases quite challenging, and is therefore usually made 

in experienced institutions1,145–149. 

In this regard, the development of biologics like monoclonal antibodies and fusion 

proteins has revolutionized the treatment of systemic inflammatory autoimmune 

diseases. These types of drugs stand out due to their remarkable target specificity 

towards specific immune cells and cytokines. This target specificity significantly 

improved patient outcomes and reduced adverse events caused by off-target effects. 

The success achieved with existing biologic agents has sparked significant research 

interest in the identification of novel biologic agents that can target alternative 

pathways implicated in autoimmunity. Nevertheless, biologic agents have been 

shown to cause a variety of other types of adverse effects such as, cytokine release 

syndrome, hypersensitivity reactions, or anti-drug antibodies1,145–149. 

In the field of wound treatment the incidence of non-healing chronic wounds is 

increasing worldwide and impact tremendously the life quality of patients. Effective 

management of such wounds requires multiple clinic or hospital visits, which result 

in high cost treatments that have a large economic impact on health system budgets. 

Unfortunately, current available wound healing therapies are only partially effective, 

and thus more efficacious and cost-effective therapies are needed to decrease this 

burden50,166,215,216. 

Therefore, continued research into new therapies for both, autoimmunity and 

wound treatment is needed145–147,166. Considering that inflammation, autoimmunity, 
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and wound healing are complex and multifactorial conditions with diverse 

pathophysiological mechanisms, recent efforts are focused on discovering novel 

therapeutic interventions that can address these conditions more systemically. The 

goal is to target multiple modes of action simultaneously, with the intention of 

enhancing clinical outcomes by impacting several targets151,164–166,168. Plant extracts 

as complex mixtures of various phytochemical substances are known to have a 

beneficial impact in diseases with complex etiology and pathophysiology by acting 

in a synergistic manner on multiple targets93,168,169,217–220. Furthermore, certain 

treatment strategies that use a combination of different compounds can offer 

greater therapeutic effectiveness while reducing the likelihood of disease resistance 

and severe side effects compared to single drug treatments164,221–225. In this context, 

multicomponent plant extracts are assumend to improve the outcome of 

multifactorial conditions including autoimmunity or non-healing wounds by 

simultaneously targeting different cell types at different stages of disease 

progression. 

This is the approach that has also been followed during this work. Plant extracts 

have been investigated for possible beneficial effects in different in vitro and in vivo 

test systems of T-cell mediated autoimmunity and wound healing. Inhibitory effects 

on T cell activation, proliferation, and cytokine secretion caused by plant extracts 

and isolated phytochemical substances have been studied in a T cell proliferation 

assay using human PBMCs. PBMCs have been stimulated with soluble CD3 and 

CD28 monoclonal antibodies, stained with carboxyfluorescein diacetate 

succinimidyl ester (CFSE), and incubated with the extracts and isolated compounds. 

The influence on T cell proliferation was assessed with a FACS analysis. Among 

the tested extracts, a strong inhibitory effect was observed for an ethyl acetate 

extract derived from the aerial parts of H. brachiata. A subsequent HPLC-based 

activity profiling approach resulted in the isolation of aryltetralin lignans that 

significantly inhibited T cell proliferation in a concentration-dependent manner. To 

gain a better understanding of the mechanism of action, investigations into cell cycle 

arrest revealed an inhibition of dividing T cells in G2/M phase. Additionally, a 
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multi-fluorescence panel was used to examine the production of inflammatory 

cytokines by effector T cells. The extract and the isolated triterpenes weakly reduced 

the secretion of cytokines like IL-2 and TNF-α. In this work we could show that a 

plant extract can exert inhibitory effects on T cells by affecting different modes of 

action, simultaneously. The observed effect of the ethyl acetate extract from 

H. brachiata could be traced back to a complementary synergistic effect between 

structurally different substance classes. Aryltetralin lignans showed an antimitotic 

effect, while the triterpenes reduced the secretion of inflammatory cytokines. This 

makes herbal preparations of H. brachiata potentially interesting for future 

developments in the field of T cell-mediated autoimmune diseases and should 

encourage further investigations in additional test systems. 

In a further project, we looked at a sugar-depleted methanolic fraction of an EtOH 

extract from saffron corms that significantly inhibited the TNF-α/IFN-γ-induced 

gene expression and secretion of the inflammatory chemokines IL-8, MCP-1, and 

RANTES in human HaCaT keratinocytes. HaCaT cells represent an in vitro model 

to study wound healing and inflammatory skin diseases like psoriasis and atopic 

dermatitis. During innate immunity and wound healing keratinocytes get activated 

to migrate, proliferate, and produce inflammatory cytokines like MCP-1 and 

RANTES, which attract monocytes and effector T cells into the skin. Therefore, 

activated keratinocytes play a crucial role in autoimmune diseases, like for example 

in psoriasis, by sustaining an inflammatory environment, which can ultimately result 

in excessive keratinocyte proliferation and the formation of plaques. The effects of 

the sugar-depleted MeOH fraction on the TNF-α/IFN-γ-induced gene expression 

and secretion of the chemokines IL-6, IL-8, MCP-1, and RANTES in human 

HaCaT keratinocytes could be linked to a series of complex bidesmosidic 

triterpenoid saponins with a fatty acid residue attached to the glycosidic moiety at 

C-28. Activity-guided isolation procedures afforded azafrines 1 and 2, and eight 

new congeners named as azafrines 3−10. Saffron saponins significantly inhibited 

expression and secretion of RANTES more potently than the positive control 

hydrocortisone. Additionally, saffron saponins inhibited the expression but not 
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secretion of MCP-1. To summarize, in vitro data indicates that saffron saponins 

exhibit anti-inflammatory properties by influencing the expression and secretion of 

chemotactic cytokines. Therefore, saffron corm extracts and saponins have the 

potential to be further developed as topical agents for the treatment of 

inflammatory skin diseases like atopic dermatitis and psoriasis. 

Finally, the wound healing properties of a methanolic extract from the aerial parts 

of Teucrium polium subsp. capitatum, a traditional medicinal plant used in Algeria to 

treat wounds, have been investigated using a wound excision model in rabbits. For 

this purpose, the in vivo wound healing effect of an ointment made out of the 

methanolic extract was compared to a commercially available allantoin-containing 

ointment. Wound assessment after treatment showed that the Teucrium-containing 

ointment significantly improved the wound healing process after excision. 

Histological examination showed faster granulation and re-epithelization of the 

wound, as well as higher collagen deposition compared to the positive control. 

Thus, the duration of tissue repair and wound closure was shorter with the Teucrium-

containing ointment. A comprehensive phytochemical analysis of the extract led to 

the identification of flavonoids, phenylethanoid glycosides, and neo-clerodane type 

diterpenes as major components. Superior wound healing effects compared to the 

single drug treatment with allantoin might be explained due to the combined effects 

of the various polyphenolic constituents, which may act synergistically on different 

cell types and processes involved in tissue repair92,226–228. The overall data confirm 

the potential of the T. polium extract for wound treatment, and support the 

traditional use of this plant as a wound healing agent.  

In conclusion, within the scope of this work we demonstrated by applying different 

approaches that plant extracts as complex mixtures of phytochemical substances 

may have the potential to exert beneficial effects in the treatment of multifactorial 

conditions, such as autoimmunity and non-healing wounds. Compared to single 

drug treatments, the different secondary metabolites in an herbal preparation may 

act synergistically on different target cells and mechanisms that are involved in the 

pathogenesis of such diseases. The ethyl acetate extract obtained from H. brachiata, 
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along with the isolated aryltetralin lignans, demonstrated inhibition of T cell 

proliferation by directly disrupting spindle formation during mitosis. Additionally, 

the same extract and the identified triterpenes reduced the secretion of pro-

inflammatory cytokines by effector T cells. This demonstrated that different 

phytochemical substances of a single extract interact with different targets 

simultaneously, which may be beneficial in T cell-mediated autoimmune diseases. 

An additive synergistic effect is also assumed by a mixture of different saponins 

obtained from a sugar-depleted saffron corm extract. The sugar-depleted extract 

influenced the expression and secretion of various cytokines in keratinocytes more 

efficiently than the individual saponins alone. Moreover, it is assumed that these 

benefical in vitro effects on cytokines could affect leukocyte infiltration into the skin 

in vivo and mitigate the development of inflammation. And finally, the favorable 

outcomes observed in vivo from the T. polium extract in wound treatment, in 

comparison to the single drug treatment of allantoin, suggest that the enriched 

composition of diverse polyphenolic compounds likely plays a significant role in its 

beneficial wound healing properties. 

The results of our studies support the benefits of utilizing phenotype-based testing 

systems for studying complex substance mixtures like plant extracts. Such testing 

systems take into account the complexity associated with multifactorial diseases, 

offering a more natural environment. In many cases, the specific targets involved 

in the development of such diseases are unknown, and the underlying 

pathophysiological mechanisms are not fully understood. As a result, employing 

phenotype-based assays to investigate complex substance mixtures enables the 

identification of molecules or combinations of molecules that exhibit beneficial 

effects by interacting with novel potential targets and modes of action229,230. 

Therefore, adhering to this approach holds the potential to discover herbal 

preparations or phytochemicals that exert effects on different biological processes, 

associated with autoimmunity and wound healing, concomitantly, including cell 

activation, cell migration, angiogenesis, or apoptosis. Even the identification of 
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previously unknown mechanisms of action may be possbile, as it was the case with 

the discovery of fingolimod39.  

Nevertheless, additional investigations using supplementary in vitro and in vivo 

models are necessary to identify the specific targets and mechanisms of action that 

may underlie the observed effects of the plant extracts studied in this work. In the 

case of H. brachiata, an in vivo study using an animal model for chronic allograft 

rejection to assess long-term immunosuppression could be a follow-up possibility 

to investigate systemic effects of the extract174. In addition, disease-specific animal 

models, for example for rheumatoid arthritis or multiple sclerosis, could provide a 

opportunity to explore beneficial synergistic effects of H. brachiata in specific 

autoimmune diseases175,176.Saffron corm extracts or saponin-enriched fractions 

could be further studied in specific 2D and 3D in vitro skin models for inflammatory 

skin diseases177,178. Since the corm extracts are intended to be applied topically, 

cutaneous penetration and distribution could be examined ex vivo in porcine ear skin 

using the cutaneous biodistribution method (CBM) in combination with mass 

spectrometry imaging (MSI)231,232. If such investigations confirm beneficial effects 

for inflammatory skin diseases, next steps could include the testing of corm extracts 

and saffron saponins in mouse models for psoriasis, as it has been done for extracts 

and acetyl-11-keto-β-boswellic acid obtained from Boswellia carteri 87,197. The 

methanolic extract of T. polium and the isolated compounds should initially be 

further investigated in in vitro and ex vivo models of wound healing, because animal 

skin does not precisely replicate the structural characteristics of human skin. The 

combination of various 2D and 3D in vitro models, such as scratch assays to 

investigate cell migration of keratinocytes and fibroblasts, along with ex vivo human 

skin models to examine angiogenesis, can offer a greater understanding of the mode 

of action and aid in identifying the active compounds of the extract212,214. As a 

subsequent step, the evaluation of the wound healing effect of T. polium could 

include the consideration of small-scale clinical studies involving individuals with 

non-healing wounds as an additional possibility206,212–214. 
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79.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.0279.02

81.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.8881.88

87.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.9087.90

93.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.0093.00

99.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.8699.86

121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31121.31

143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17 143.17

170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53 170.53

174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96 174.96

210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33 210.33
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15.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.5115.51 16.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.0116.01
17.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.9317.93

22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96 22.96
23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24 23.24

24.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1925.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62 25.62

26.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.2326.23
27.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7027.7029.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05 29.05

30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15 30.15

32.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8432.8434.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30 34.30
38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29 38.29

39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09

40.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4241.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82 41.82

46.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.1446.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64
48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13 48.13

55.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.22

65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51 65.51
65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94 65.94

66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 66.37 67.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.0467.04 67.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.5667.56 68.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.4068.40
70.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.6070.60

70.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.7870.78
72.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.0172.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.4372.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.7872.78

76.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.5676.56
79.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.2879.28

81.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.7581.75

88.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.0488.04

93.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.0293.02

98.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.7198.71 98.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.7698.76
99.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.9699.96

105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09105.09
105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34105.34

121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40121.40

143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27 143.27

170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75 170.75

175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09 175.09

210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59 210.59
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15.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.43
15.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.9615.96

16.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.52
17.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.9217.92

22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.92 22.9223.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22 23.22

24.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1924.1925.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60 25.60

26.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.2426.24
27.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6527.6528.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65 28.65

29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03 29.03
30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14 30.14

32.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8132.8136.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26 36.26
36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66 36.66

39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09 39.09

40.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4240.4241.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81 41.81
42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56 42.56

46.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.12

46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52 46.52
48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03 48.03

55.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.1355.13

59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95 59.95
63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73 63.73

65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 65.72 66.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.1766.17

66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.35 66.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.9666.96 67.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.2467.24 68.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.3968.39
70.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.5870.58
70.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7670.7671.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9971.9973.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.3573.35

74.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.5574.55
75.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.4175.41

78.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.1378.13
82.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.0582.05

87.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.8887.88
92.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.8492.84

98.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.5898.58
99.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.9499.94

103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94103.94
104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71104.71

105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35105.35

121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55121.55

143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12 143.12

171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14 171.14
175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02

210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60 210.60
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41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80 41.80

42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57

46.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.1346.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48 46.48
48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00 48.00

55.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.2255.22

59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92 59.92
63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71 63.71

65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 65.73 66.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.1666.16

66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.32 66.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.9366.93 67.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.2567.25
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15.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.4315.43
15.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.9415.94

16.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.5216.52
17.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9017.9022.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.90 22.9023.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19 23.19
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42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57 42.57

46.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.1246.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49 46.49
48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01 48.01
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175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02 175.02

210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55 210.55
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66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33 66.33
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76.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.6276.62
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92.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.9792.97
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121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46121.46

170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70 170.70

175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11 175.11

210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47 210.47
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208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8 208.8

171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6 171.6
170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4 170.4
170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1 170.1

144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0144.0
140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4140.4

125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2 125.2

108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8108.8

98.298.298.298.298.298.298.298.298.298.298.298.298.298.298.298.298.298.298.298.298.298.2

89.289.289.289.289.289.289.289.289.289.289.289.289.289.289.289.289.289.289.289.289.289.2

73.473.473.473.473.473.473.473.473.473.473.473.473.473.473.473.473.473.473.473.473.473.4

66.266.266.266.266.266.266.266.266.266.266.266.266.266.266.266.266.266.266.266.266.266.2

64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5 64.5

55.355.355.355.355.355.355.355.355.355.355.355.355.355.355.355.355.355.355.355.355.355.3
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43.443.443.443.443.443.443.443.443.443.443.443.443.443.443.443.443.443.443.443.443.443.4

35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0
31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0 31.0

28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1 28.1

22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4

21.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.6
21.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.621.6
21.321.321.321.321.321.321.321.321.321.321.321.321.321.321.321.321.321.321.321.321.321.3

14.814.814.814.814.814.814.814.814.814.814.814.814.814.814.814.814.814.814.814.814.814.8
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