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S U M M A R Y

Most Western lifestyle diseases such as type 2 diabetes mellitus, cardio- Chapter 1

vascular disease and cancer have a chronic inflammatory process at its
base. Therefore, inflammation is an important therapeutic target. Due
to their potency, steroidal drugs dominate the current treatment of in-
flammatory disorders. However, steroidal drugs can also exert a broad
range of side effects. This thesis looks at the field of ‘natural prod-
ucts‘ to find alternatives. A natural product is a molecule produced
by a living organism. We performed a systematic literature review in Chapter 2

which we ranked the anti-inflammatory performance and bioavailabi-
lity of 102 natural products. Although many of these products do ap-
pear to show promise, bioavaibility is often poor. Furthermore, many
studies focus on single inflammatory pathways and single molecules,
making meaningful comparison difficult. Therefore, we compared the Chapter 3

response of multiple inflammatory mediators to eight well-known nat-
ural products. The steroidal drug prednisolone was included as golden
standard. We identified curcumin and berberine as promising alter-
natives to steroidal drugs. One strategy to improve the low aqueous Chapter 4

solubility of natural products is by loading them into nanoparticles.
Low-density lipoprotein (LDL) has many attractive properties with re-
gard to inflammation and bioavailability. For that reason, we developed
an effective new method to use LDL as a nanoparticle for drug deliv-
ery. Curcumin, with its favorable anti-inflammatory profile but poor Chapter 5

bioavailability, is a prime candidate for encapsulation in nanoparti-
cles. In an in vitro comparison of LDL and three other nanoparticles,
the former achieved the highest relative curcumin loading capacity.
Berberine has been described to have cardioprotective in addition to Chapter 6

anti-inflammatory properties. To enhance the aqueous solibility, we
prepared a liposomal formulation and showed that berberine, when
properly delivered, protects cardiac function after myocardial infarc-
tion in mice. Human safety and toxicity is an important concern in Chapter 7

the development of pharmaceuticals. However, there is still little atten-
tion for their (aquatic) environmental safety and the indirect impact
on human health after exposure. To emphasize this, we compared the
environmental impact of berberine and prednisolone. To conclude, we Chapter 8

have shown that natural products, especially when encapsulated in
nanoparticles, can indeed serve as potential alternatives for steroidal
drugs in inflammatory diseases.
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S A M E N VAT T I N G

De meeste ziekten in de Westerse samenleving, zoals type 2 diabetes, Hoofdstuk 1

hart- en vaatziekten en kanker, worden gekenmerkt door chronische
ontsteking. Steroïden domineren de huidige behandeling, zijn krachtig
maar hebben veel bijwerkingen. In dit proefschrift worden ’natuurlijke
verbindingen’ onderzocht om alternatieven te vinden. Een natuurlijke
verbinding is een molecuul geproduceerd door een levend organisme.
In een systematische literatuurstudie, hebben we de anti-inflamma- Hoofdstuk 2

toire werking en de biologische beschikbaarheid van 102 natuurlijke
verbindingen gerangschikt. Hoewel veel van deze verbindingen inder-
daad een zekere anti-inflammatoire acitviteit lijken te vertonen, is de
biologische beschikbaarheid in de meeste gevallen een probleem. Ver-
gelijking wordt bemoeilijkt doordat de meeste studies slechts een enkele
inflammatoire factor in combinatie met een enkel molecuul testen. We Hoofdstuk 3

hebben daarom een eigen studie uitgevoerd waarin we acht bekende
natuurlijke verbindingen op basis van meerdere inflammatoire factoren
vergeleken met het steroïd prednisolone als gouden standaard. Cur-
cumin en berberine bleken veelbelovende alternatieven te zijn. Om Hoofdstuk 4

natuurlijke verbindingen beter te laten opnemen door het lichaam,
kunnen ze ingebracht worden in nanodeeltjes. We hebben in eerste in-
stantie het lipo-proteïne LDL, een lichaamseigen deeltje met aantrekke-
lijke eigenschappen onderzocht. Allereerst hebben we een effectieve
nieuwe methode ontwikkeld van bereiding. Curcumin, met haar gun- Hoofdstuk 5

stige anti-inflammatoire werking maar slechte biologische beschikbaar-
heid, is een perfecte kandidaat voor belading in een nanodeeltje. In een
in vitro studie hebben we LDL en drie andere nanodeeltjes vergeleken.
LDL bleek de hoogste relatieve ladingscapaciteit te hebben. Berberine, Hoofdstuk 6

de andere aantrekkelijke verbinding, hebben we in een liposoom ge-
bracht. We hebben aangetoond dat liposomaal berberine de hartfunc-
tie bij muizen beschermt na een myocardiaal infarct. Als achtergrond- Hoofdstuk 7

studie hebben we de milieu-effecten van berberine en prednisolone
vergeleken. We vestigen hier graag de aandacht op, omdat bij de ont-
wikkeling van geneesmiddelen het (aquatisch) milieu nog maar nauwe-
lijks een factor is. Dit heeft indirecte gevolgen voor de volksgezondheid.
Onze algemene conclusie luidt dat natuurlijke verbindingen, vooral Hoofdstuk 8

wanneer ze omhuld zijn door een nanodeeltje, inderdaad kunnen die-
nen als mogelijke alternatieven voor steroïde geneesmiddelen voor in-
flammatoire ziekten.
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1 G E N E R A L I N T R O D U C T I O N

1.1 inflammation
The very first documented recognition of inflammation goes back to
the 1st century AD, when Aulus Cornelius Celsus noted that inflam-
mation has four key elements; rubor (redness), calor (heat), tumor
(swelling) and dolor (pain). In the 1850s a fifth element of inflamma-
tion was introduced by Rudolf Virchow; functio laesa (loss of function)
[11, 24]. Not much later, in 1899, the concept of phagocytosis was in-
troduced by Elie Metchnikoff, marking the beginning of knowledge on
innate immunity [24]. A full century later, a tremendous amount of re-
search has been performed on inflammation and its diseases associated
with uncontrolled inflammatory reactions.

In general, inflammation is the mechanism that responds to distur-
bances like tissue damage and infection to ultimately restore function-
ality and homeostasis [17, 1]. A first reaction is the arteriolar vasocon-
striction by smooth muscle cells, followed by arteriolar vasodilation,
which leads to an increased blood flow and local hyperemia [1]. As a
reaction, white blood cells and plasma proteins extravasate into these
tissues and subsequently the resident tissue cells are activated [24, 1].
This inflammatory response is a delicate balance between positive and
negative feedback loops and additional chemical checkpoints to pro-
mote tissue repair [5] A cell has four possible states, basal (normal
homeostasis), stressed (disturbed homeostasis), apoptotic (resolution
of inflammation) and necrotic (resolution has failed) [17]. Regulated
clearance of apoptotic cells by phagocytosis leads to the inhibition of
the inflammatory response and is necessary for successful resolution
of inflammation [1].

1.1.1 The acute inflammatory response

An acute and controlled inflammatory response is beneficial for the
body [17]. Triggered by infection or tissue injury, the innate immune
response is activated [5]. Exogenous inducers include pathogen asso-
ciated molecular patterns (PAMPs), like lipopolysaccharide (LPS), and
endogenous inducers include reactive oxygen species (ROS) produced
by stressed, damaged or malfunctioning tissues, giving rise to oxidized
low-density lipoprotein (oxLDL), oxidized RNAs and other oxidized
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2 general introduction

proteins [17]. Recognition is mediated by macrophages, residing in
the affected tissue [24, 17]. This leads to the production of, among
more, chemokines (like IL-8), cytokines (like TNF-α and IL-6) and
eicosanoids (like PGE2) and ROS [24, 17]. These inflammatory media-
tors amplify and sustain the inflammatory response [24]. Subsequently,
the activated local epithelial and mesenchymal cells respond to these
pro-inflammatory mediators and start participating in propagating the
inflammatory response by generating these same signals [24]. As a re-
sponse to this, there is an increased blood flow and enhanced vascular
permeability [1].

A successful acute inflammatory response includes the eliminationAcute
inflammation is
beneficial for the

body. For in depth
reading on the

consequences of
failure of resolution,

please see R.
Medzhitov, 2008

[17] and Buckley et.
al., 2014 [5].

of the inflammatory agent and is followed by resolution of the inflam-
mation and repair of the damaged tissue [17]. For the resolution of
inflammation it is crucial that endogenous programs switch from pro-
inflammatory mediators towards pro-resolving mediators like lipoxins
[17] and lipid mediators [1]. Furthermore, signaling pathways stim-
ulating leukocyte survival have to be switched off and recruited in-
flammatory cells have to undergo apoptosis and have to be cleared by
phagocytic cells. And, finally, the transformation of pro-inflammatory
macropahges (M1 type) into pro-resolution macrophages (M2 type)
has to take place [1]. If the acute inflammatory response fails to elim-
inate the cause of the inflammation, the inflammatory process contin-
ues, acquiring new characteristics and eventually evolving into chronic
inflammation [17]. Timely resolution of inflammation is thus of great
importance to prevent further tissue dysfunction or damage [1].

1.1.2 Chronic inflammation and disease

Acute inflammation can become detrimental when it is dysregulatedMacrophages have
a high plasticity,

with the extremes of
pro-inflammatory

(M1) and
anti-inflammatory

(M2). The same
macrophages can
initially promote

and in a later stage
resolve

inflammation. For
in depth reading,
see Stöger et. al.,

2010 [28] and
Allavena and

Mantovani, 2012
[3].

[17], uncontrolled or unresolved and it can give rise to chronic in-
flammation [1]. Chronic inflammation appears to be associated with
a homeostatic imbalance of one or more physiological systems, yet,
in contrast with acute inflammation, less is known about this process.
Chronic inflammation does not seem to be initiated by an acute trig-
ger [17]. Nonetheless, it is very clear that inflammation brings together
pathophysiological mechanisms underlying many chronic diseases [24,
17, 1]. Many chronic diseases maintained by low grade lingering in-
flammation [24].

Cardiovascular disease (CVD) is well-known for the chronic inflam-
mation at the base of the disease [17, 1]. CVD is among the leading
causes of death worldwide [21]. The chronic pro-inflammatory state
and chronic subclinical vascular inflammation, ultimately lead to the
development of atherosclerosis [13]. Complications of atherosclerosis,
like thrombosis or plaque disruption involve inflammation as well [24].
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Rupture of atherosclerotic plaques leads to thrombus formation and is
the most common cause of myocardial infarction (MI) in humans [14,
29]. Although there has been tremendous progress with cholesterol-
lowering drugs, CVD still persists, and thus there are unmet needs for
new therapeutics [14], which might be found in the field of natural
products.

Type 2 diabetes mellitus (T2DM) is, like CVD, also among the lead-
ing causes of death worldwide [21], and has chronic inflammation at its
base as well [17]. Chronic inflammation, maintained by macrophages
in adipose tissue, contributes to insulin resistance and the development
of obesity [28, 13]. Other diseases in which chronic inflammation plays
an important role include arthritis, asthma [17, 1], cancer [17, 4], and
autoimmune diseases [17]. ROS may have a role in the development of
these chronic inflammatory diseases [1].

1.2 metabolic syndrome
Metabolic syndrome (MetSyn) is the name for a group of metabolic
conditions that occur together and promote the development of CVD
and T2DM [14, 21]. These conditions include insulin resistance, central
or visceral obesity, atherogenic dyslipidemia, hypertension [10, 13, 21],
endothelial dysfunction [10, 13] and chronic stress [13] (Figure 1.1). In
MetSyn the body is in a state of chronic low grade inflammation [13].
MetSyn as a disease entity remains debated [6], however the concept
has practical advantages and allows easier identification of patients at
higher risk of the development of CVD or T2DM [10].

The origins of MetSyn lie in 1923, when E. Kylin demonstrated MetSyn is a
clustering of
metabolic
disturbances
including insulin
resistance, visceral
obesity,
dyslipidemia and
hypertension. These
promote CVD and
T2DM. For in
depth reading, see
O’Neill and
O’Driscoll, 2015
[21] and Kaur,
2014 [13].

that there is an association of hypertension with hyperglycemia and
gout. Two decades later, in 1947, J. Vague described the association
of metabolic abnormalities with visceral obesity in CVD and T2DM.
Again two decades later, in 1965, a syndrome was described by Avog-
aro and Crepaldi which comprised hypertension, hyperglycemia and
obesity [13]. These conditions were first introduced as ’metabolic syn-
drome’ in 1975 by Haller and Hanefeld [21]. However it took until 1988

for MetSyn to gain momentum, when it was discussed as ’Syndrome X’
or ’insulin resistance syndrome’ in the Banting Lecture of G.M. Reaven
[14, 13]. Since the late 1990s, multiple attempts for a single definition
of MetSyn have started from institutes like the World Health Organi-
zation (WHO) and the International Diabetes Federation (IDF). This
resulted in several overlapping however different definitions [13].

Because of these differences in definition, it is hard to measure the ex-
act prevalence of MetSyn. The IDF however, estimates that one quarter
of the adult world population is affected [13]. Nevertheless, regardless
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of definition, the prevalence of MetSyn is increasing with body mass
index (BMI) and age [21]. There is great variation in age of onset for
people with similar risk profiles, which suggests that not only environ-
mental, but also genetic factors play a role [13]. Furthermore, men are
more susceptible to MetSyn than women, which is caused by the dif-
ference of fat distribution. Women tend to have more subcutaneous fat,
whereas men more visceral fat. The latter is associated with insulin re-
sistance, which is possible caused by increased glucocorticoid receptor
and inflammatory cytokine secretion which is not present in subcuta-
neous fat [14]. MetSyn increases the risk of developing T2DM 5-fold,
and CVD 2-3 fold [14, 13, 21] and can be seen as a growing epidemic
[21].

1.2.1 Manifestation of metabolic syndrome

The main environmental risk factors for developing MetSyn are physi-
cal inactivity and a high calorie diet [14, 21]. The metabolic syndrome
traits are influenced by genetic factors with a heritability of about
40%, some factors like HDL levels and obesity have even a heritabil-
ity of about 70% [14]. In one of these main traits, i.e. insulin resis-
tance, adipose, muscle and liver cells do not respond adequately to
insulin, resulting in high blood glucose levels [10]. Normally, insulin
suppresses lipolysis in adipocytes and degrades apolipoprotein B on
(V)LDL, thus impaired insulin signaling increases free fatty acids (FFA)
levels and enhances the production of VLDL [13]. This leads to dyslipi-
demia, which is characterized by lipid abnormalities and perturbations
in lipid metabolism and biological activities [13] with high plasma
triglycerides, low HDL levels and increased LDL levels [10]. Glucose in-
tolerance and dyslipidemia are often associated with hypertension [13].
Systemically, MetSyn affects the kidneys, liver, skin, eyes, reproductive
system, cardiovascular system and certain cancers [13].

On the molecular level, macrophages infiltrated in adipose tissue
start overproducing adipocytokines and other biologically active meta-
bolites, including TNF-α, IL-6 and C-reactive protein (CRP) [14, 13].
This results in localized inflammation, however propagates an over-
all systemic inflammatory response. TNF-α inhibits the insulin recep-
tor substrate 1 signaling pathway, enhancing the insulin resistance.
Furthermore, high plasma levels are positively associated with body
weight and waist circumference, and negatively with HDL cholesterol
levels, enhancing even more the pathologies of MetSyn. IL-6 is linked
with a high BMI, low HDL cholesterol levels and impairs insulin sensi-
tivity. Furthermore, it is a major contributor of CRP production in the
liver. CRP, as well, is linked with increased waist circumference, insulin
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resistance and BMI. [13] Altogether, these inflammatory mediators sus-
tain and enhance the traits of MetSyn.

Figure 1.1: Metabolic syndrome schematic. Causes and consequences of
metabolic syndrome are closely related to inflammation and
chronic inflammatory diseases.T2DM = type 2 diabetes mellitus,
CVD = cardiovascular disease. Schematic based on Lusis, 2008 [14]
and Kaur, 2014 [13].
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1.2.2 Metabolic syndrome and disease

The homeostatic disturbances of MetSyn, enhance the risk of devel-
oping chronic inflammatory diseases like cancer [21], CVD [14] and
T2DM [13]. Tackling MetSyn would be beneficial in reducing the devel-
opment of these diseases and hence the economic burden they entail.
Such an approach would be multidisciplinary, tackling each and every
factor of MetSyn separately. Examples include lowering LDL choles-
terol levels using statins and weight loss diet programs [13].

Chronic use of glucocorticoids like prednisolone, can increase lipol-
ysis or lipid oxidation and can cause visceral fat accumulation in in-
dividuals with genetic predisposition [13]. This can lead to Cushing’s
Syndrome, in which fat redistribution is one of the main traits. The cen-
tral fat accumulation in Cushing’s Syndrome combined with glucose
intolerance and hypertension is similar to MetSyn [15]. Glucocorticoids
are associated with an extensive number of physiological changes in
MetSyn [19] and there is ever increasing evidence that glucocorticoid
signaling contributes to the pathogenesis of MetSyn and obesity. Nev-
ertheless, glucocorticoids are used in the therapy of MetSyn because
of the potent anti-inflammatory activity outweighs the metabolic ef-
fects [15]. Anti-inflammatory activity without the metabolic effects,
or another spectrum of anti-inflammatory activities are therefore of
high pharmaceutical interest. Compounds with such profiles might be
found within the field of natural products.

1.3 natural products
Natural products are chemical compounds or substances that are pro-
duced by living organisms like fungi, plants and bacteria [2]. Molec-
ular types of natural products include alkaloids, fatty acids, steroids,
terpenoids, flavonoids and stilbenes [8]. Natural products are found
in common food like cocoa, olive oil, wine and coffee [29] and are
often important metabolites in plants with key roles in antibiotic mech-
anisms, defense against herbivores, protection against UV radiation,
nutrition or growth of the plant [26].

Traditional medicines, in particular derived from plants, have beenNatural products
are single molecules

derived from a
natural source like

plants, fungi or
marine organisms

[2].

used for thousands of years [22]. The earliest records are from around
thousand plant-based substances in Mesopotamia, ~2600 BC, including
cedar, cypress, licorice, myrrh and poppy juice. These plants are still
in use today [20]. The Ebers Papyrus, dating from ~1500 BC, is the
largest record of ancient Egyptian medicine, which documents over
seven hundred plant based drugs [20, 9]. A bit later, in ~1100 BC, the
Chinese recorded their prescriptions on natural products as well in
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the Materia Medica, and also the Indian Ayurvedic system dates from
before 1000 BC. The Greeks and Romans contributed to the use of
herbal medicine in the ancient Western World [20]. Nowadays, around
80% of the global populations still relies on the use of botanical drugs
[27].

Natural products show a far greater structural diversity than syn- Drug development
programs often use
natural products as
lead compounds
because of their
structural variety.

thetic drugs [8, 26], and hence natural products play an important role
in drug discovery [8]. An well-known example is the discovery of as-
pirin, which is derived from the known analgesic and antipyretic prop-
erties of the bark of the willow tree, which was used by the Greeks and
Romans in ~400 BC [8]. Today, around half of the pharmaceuticals in
use are derived from natural products [23]. Presently, natural products
are especially known for their anti-oxidant properties and are under
investigation because of their beneficial impact on countering (chronic)
inflammation [29]. To increase their potency, target drug delivery is an
attractive strategy. This can be achieved by encapsulation into nano-
sized materials.

1.4 nanomedicine
The prefix ’nano’ is derived from the Greek ’νανoζ’ (nános) and refers
to the application of nanotechnology in medicine [12], the unit prefix
’nano’ means one billionth or 1−9. Nanomedicine is a key discipline
of the 21st century [18], including nanodiagnostics, nanopharmaceuti-
cals, nanorobotis and nanosurgery [12]. Although it is a young science,
which has only been actively researched since the 1990s [18], the roots
of nanotechnology go far back in time.

Colloidal gold and silver nanoparticles, used in church glass to give
its specific coloration when illuminated, dates from the 4th century
AD. The use of transmission electron microscopy (TEM), has advanced
the discovery of nanoparticle use, however, was not invented up until
the early 1930s [18]. The nanotechnological approach was first framed
by Richard Feynman in 1959, where he describes a new field of physics
with an enormous amount of technical applications [7], however, the
expression ’nano’ was not yet used.

The start of the field of nanopharmaceuticals (or nanocarriers), was
between 1955 with reporting a polymer-drug conjugate by H. Jatzke-
witz and 1965, with the discovery of liposomes by A. D. Bangham. In
1972, the first albumin-based nanoparticle was reported by U. Schef-
fel and can be seen as the precursor for protein-based nanoparticles.
In 1975, H. Ringdorf conceptualized targeted drug conjugates and de-
scribed key principles which are still valid and in use today. [25] The
field made a gigantic leap with the discovery of enhanced vascular
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endothelial permeability and impaired lymphatic drainage at inflam-
matory sites by Matsumura and Maeda in 1986, and was called the en-
hanced permeability and retention (EPR) effect [16]. Oncospar® (polymer-
drug conjugate PEG-L-asparaginase) in 1994 and Doxil® (liposomal
doxorubicine) in 1995, were the first nanopharmaceuticals to be ap-
proved by the American Food and Drug Administration (FDA) [25].
Since then the field of nanomedicine has evolved rapidly, mainly driven
by the progress in techniques [18].

1.4.1 Nanoparticles for drug delivery

Types of nanoparticles for drug delivery or diagnostics include lipo-
somes, polymeric nanoparticles, micelles, natural nanoparticles like
HDL and LDL, nanoemulsions, polymer drug conjugates, protein-drug
conjugates, hydrogels and RNA and DNA nanoparticles. New struc-
tures and hybrid variants continue to emerge. These nanoparticles are
generally used to extend the plasma half-life, improve the therapeutic
index and reduce immune response. Properties of nanoparticles, such
as size, surface characteristics and shape, play a key role in their biodis-
tribution. [25]

The size of a nanoparticle is very important to control its fate. ANanomedicines
are therapeutics

based on
nanoparticles. For

in depth reading on
history, applications
and modifications of
nanomedicine, read

Petros and
DeSimone, 2010

[25].

diameter of less than 5 nm results in rapid renal clearance or extrava-
sation from circulation. However, once larger than 1 µm, nanoparticles
accumulate primarily in the liver, spleen and bone marrow, if even
larger, they can be lethal in high dose by occluding capillaries. Spher-
ical nanoparticles with a diameter between 10 and 100 nm have the
ability to take advantage of the EPR effect for passive targeting of
macrophages at inflammatory sites. While nanoparticles between 100
and 200 nm have the highest potential for prolonged circulation. [25]
For these reasons, many nanoparticles have a diameter around 100 nm.

Surface chemistry, like a hydrophilic polyethylene glycol (PEG) coat-
ing, reduces the binding of plasma proteins to the particle. This process
of opsonization activates the clearance by phagocytic cells. Active tar-
geting to specific cell receptors, can be achieved by attaching matching
ligands and the release of the payload can be triggered for example
by heat and pH, or tailored using enzymatically degradable materials.
[25].
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Anti-Inflammatory Properties of Natural Products
– a Systematic Review1

Iris E. Allijn, René P. Brinkhuis, Gert Storm, Raymond M. Schiffelers.

abstract
Traditionally, natural medicines have been administered as plant ex-
tracts, which are composed of a mixture of molecules. The individual
molecular species in this mixture may or may not contribute to the
overall medicinal effects and some may even oppose the beneficial ac-
tivity of others. To better control therapeutic effects, studies that char-
acterize specific molecules and describe their individual activity have
been performed over the past decades. These studies appear to under-
line that natural products are particularly effective as anti-oxidants and
anti-inflammatory agents. In this systematic review we aimed to iden-
tify potent anti-inflammatory natural products and relate their efficacy
to their chemical structure and physicochemical properties. To identify
these compounds, we performed a comprehensive literature search to
find those studies, in which a dose-response description and a positive
control reference compound was used to benchmark the observed ac-
tivity. Of the analyzed papers, 7% of initially selected studies met these
requirements and were subjected to further analysis. This analysis re-
vealed that most selected natural products indeed appeared to possess
anti-inflammatory activities, in particular anti-oxidative properties. In
addition, 14% of the natural products outperformed the remaining nat-
ural products in all tested assays and are attractive candidates as new
anti-inflammatory agents.

2.1 introduction
Traditional medicines have been used for thousands of years [60]. Gen-
erally they are composed of plants or their extracts. Their continuing

1 Manuscript submitted
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popularity is indicated by the increasing number of publications in
scientific biomedical literature databases, like Pubmed [55].

These traditional medicines are composed of a mixture of molecules.
The individual molecular species in this mixture may or may not con-
tribute to their medicinal effects and some may even oppose their ben-
eficial activity. This makes interpretation of the therapeutic outcome
difficult as the exact composition of and ratio between the molecular
species is unknown. The composition and ratio may be affected by var-
ious factors like growth conditions, harvesting methods and extraction
procedures, which makes comparison and analysis of therapeutic ef-
fects challenging.

To better control the therapeutic effects, characterization of the molec-
ular species within extracts and description of their individual activ-
ity has been given emphasis over the past decades [26]. The picture
that emerges is that natural products appear particularly effective anti-
oxidant and anti-inflammatory agents [67, 30, 64]. However, given the
large number of pathways involved in inflammation and lack of stan-
dardization in inflammation assays, considerable variation exists in ex-
perimental conditions and reported outcomes. This makes the selec-
tion of specific natural products with potency for distinct inflammatory
pathways still demanding.

The aim of this study is to identify potent anti-inflammatory natural
products and to relate their activity to their physicochemical character-
istics and chemical structure. To allow the assessment of the relative
anti-inflammatory potency, we included only studies that addressed a
dose response relationship and the comparison with a positive control
compound. This selection formed the basis for the systematic review
presented here.

2.2 article selection
Two large scientific databases (Web of Knowledge [66] and Pubmed
[55]) have been used to find original research articles. In the first crude
search, articles were filtered on topic (natural products, natural com-
pounds, inflammation, in vitro, in vivo), document type (primary arti-
cle), and language (English). This initial search yielded 653 different
primary articles.

These articles were further filtered to obtain single plant-sourced
molecular species, excluding extracts and mixtures. Finally, for all pa-
pers meeting these requirements, the experimental setup was addressed.
We required a clear description of cellular or animal model systems
used, inclusion of controls, inclusion of a positive control reference
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compound and dose response studies (the entire article selection flow
and requirements are presented in Figure 2.1).

The final article selection comprises 45 articles, describing 102 differ-
ent natural products, 31 different reference compounds and 25 compa-
rable anti-inflammatory tests (Tables 2.1 and 2.2). This research origi-
nates mainly from Asia (52%), followed by Europe (22%), Africa (12%),
South America (9%) and North America (5%) and covers the period
2000 to 2013.

2.3 structural classification
The natural products (1-102) and the reference compounds (103-133)
from the selected articles, were divided in eight defined structural
classes and a miscellaneous group: coumarins, catechol derivatives,
porphyrins, sterols, diterpenoids, stilbenes, flavonoids and rest. Nat-
ural products containing one or more sugar moieties were placed in
the group of the corresponding chemical backbone. The group sizes
were as follows: coumarins = flavonoids > rest > sterols > catechol
derivatives > diterpenoids > porphyrins > stilbenes.

2.3.1 Coumarins

Coumarins are under investigation for their anti-inflammatory, anti-
microbi-al and anti-fungal properties [12]. In this analysis, the coumarin
group consists of twenty natural products (1-20) (Table 2.3, Figure 2.2).
Two compounds, siphonochilone (5) and methyl breviolincarboxylate
(16) are strictly speaking not coumarins, but do share important struc-
tural elements with this class. At the same time, their distribution coef-
ficients (logD at pH 7.4) do represent the extremes within this group.
Fraxetin (20) is exclusively used as a positive control reference com-
pound, however, since this compound is from plant origin, it is placed
with the natural products. The coumarin group is fairly homogeneous
in physicochemical characteristics with a median molecular weight
(MW) of 258.25 (186.17–334.32) and a logD at pH 7.4 of 1.78.

2.3.2 Catechol derivatives

Catechol groups have strong anti-oxidant effects, and the main func-
tion of these structures in plants is anti-oxidant activity. The catechol
derivatives group consists of thirteen natural products (21-33) (Table
2.4, Figure 2.3) and three reference compounds (103-105) (Table 2.5,
Figure 2.4). The natural product pyrogallol (33) is solely used as a ref-
erence compound. From the reference compounds, α-tocopherol (104)



14 systematic review

2. Pubmed search 

(July 22, 2013)

((((((((((((natural 

compounds OR natural 

products) AND 

inflammation AND (in 

vitro OR in vivo) NOT 

(functional food OR 

dietetics OR review OR 

cancer OR food 

additive))) AND English

[Language]))))) AND 

"journal article"[Filter])) 

AND (herbs OR plants))) 

(n = 510)

1. Web of Knowledge search (July 19, 2013)

Topic=(natural compounds) OR Topic=

(natural products) Refined by: Document 

Types=( ARTICLE ) AND [excluding] 

Document Types=( BIOGRAPHY OR 

CORRECTION OR OTHER OR 

RETRACTION OR REPORT OR REVIEW 

OR UNSPECIFIED OR EDITORIAL OR 

BIBLIOGRAPHY OR MEETING OR BOOK 

OR REFERENCE MATERIAL OR NEWS OR 

ABSTRACT ) AND Languages=( ENGLISH ) 

AND Topic=(inflammation) AND [excluding] 

Research Areas=( NUTRITION DIETETICS ) 

Timespan=All years.Topic=(natural 

compounds and natural products) NOT 

Topic=(synthesis of natural compounds) NOT 

Topic=(synthesis of natural products),  

Timespan=All years, Search 

language=English

(n = 153)

3. remove duplicates (n = 0)

5. exclude articles without 'inflammation' 

and/or 'inflammatory' in any field (n = 46)

starting selection 

(n = 663)

4. exclude review articles (n = 10)

6. exclude articles without 'in vitro', 'cells', 

'macrophages', 'in vivo' and/or 'animal' (n = 53)

7. include articles of step 6 which based on 

the abstract still seem relevant (n = 123)

8. exlude articles with irrelevant title (n = 119)

10. exclude articles for which �2 of the requirements are 

missing: a) compound, b) cell type, c) animal model, d) 

controls, e) reference drug, f) dose response/concentration 

dependent results, g) compound source (n = 116)

9. exclude articles in which an extract or mix is 

studied and not the pure compound (n = 253)

11. exlude articles with natural products 

from a non-plant source (n = 9)

12. remove articles without full text access (n = 1)

13. exclude articles which do not meet above 

requirements after reading full text (n = 31)

14. exclude articles with an irrelevant 

and/or a very different topic (n = 3)

selected articles 

(n = 45) (n = 102)

natural products

(n = 31)

reference compounds

Figure 2.1: Article selection flow diagram. Article search resulted in a final se-
lection of 45 articles containing 102 plant-sourced natural products,
of which 6were also used as reference compound, and 31 synthetic
reference compounds.
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Table 2.1: Content of selected articles A - H. Only the 25 comparable assays
are displayed (Tables S3-S7), additional assay list can be found in
Table S8. aNatural product used as reference compound.

First author, year Natural & Reference Anti-inflamamtory assays

Abdelwahab, 2011 [1] 47 & 114, 125, 131, 133 NO, COX-2, COX-1, r_paw

Ashalatha, 2010 [3] 48, 81 & - NF-κβ

Ban, 2009 [4] 84 & 125 NO, iNOS, COX-2, m_ear, r_paw

Bao, 2009 [5] 30, 31, 73, 75, 76, 79, 82 & 108 his, m_paw

Baolin, 2004 [6] 61, 71 & 71a TNF-α, LTB4, PDG2, his

Bas, 2007 [7] 91 & 108, 120 NO, iNOS, TNF-α, IL-1β, IL-2, LTB4, m_ear

Bose, 2011 [8] 2 & 108 IL-6, TNF-α

Capasso, 2008 [11] 102 & - only an incomparable assay used

Chandrasekaran, 2011 [12]
54, 55, 56, 58, 66, 68 & NO, IL-6, TNF-α, IL-1β, IL-2

108, 112, 113, 114, 129 PGE2, LTB4, TXB2, his

Chao, 2005 [13] 39, 10 & 100a, 123 DPPH, TNF-α, IL-1β

Chen, 2010 [14] 71 & 107 IL-6, TNF-α

Chi, 2003 [15] 65 & 107 mear

Chung, 2003 [16] 61, 62, 63 & 110, 125 NO, DPPH, LPO, iNOS, PGE2, r_paw

Corea, 2005 [17] 50 & 108 NO, iNOS, TNF-α, NF-κβ, PGE2, COX-2, r_paw

Dugasani, 2010 [21] 22, 23, 24, 25 & 104, 111 NO, DPPH, O2, OH, PGE2

Enomoto, 2007 [22] 65 & 108 r_paw, PGE2

Fang, 2008 [23]
16, 31, 53, 69, 79, 80

NO, DPPH, IL-6, TNF-α
87, 95, 99 & 104

Fernandez-Arche, 2010 [24] 44 & 108, 125 NO, PGE2, m_ear

Fouche, 2011 [25] 5 & 103, 121 his

Gao, 2009 [29] 49 & 106 NO, IL-6, TNF-α

Guo, 2008 [32] 97 & 108, 109, 125, 127 NO, iNOS, NF-κβ, PGE2, COX-2

Hernández, 2005 [34] 60 & 108, 120, 125 NO, LTB4, COX-2, COX-1, el, m_ear, m_paw

Hou, 2010 [35] 77 & 118, 133 NO, ROS
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Table 2.2: Content of selected articles I - Z. Only the 25 comparable assays
are displayed (Tables S3-S7), additional assay list can be found in
Table S8. aNatural product used as reference compound, bUnit of
measurement adjusted for comparison.

First author, year Natural & Reference Anti-inflamamtory assays

Jan, 2010 [37] 92, 93, 94 & - IL-6, TNF-α

Kenny, 2013 [41] 46, 51, 52 & 128, 132 NO, IL-2, IL-8

Khan I., 2011 [42] 41, 83 & 83a, 124 r_paw

Khan S., 2013 [43] 74 & 108, 109, 117, 127 NO, iNOS, TNF-α, PGE2, COX-2, m_paw

Kourounakis, 2002 [45] 85, 86 & 119, 125 LPO, m_paw

Lu, 2012 [47] 40 & 107 only incomparable assays used

Mengoni, 2011 [48] 38, 39 & 125 NO, m_earb

Mnonopi, 2011 [49] 57 & 114, 116 TXB2

Muhammad, 2003 [51] 26, 27, 28 & 115, 126 ROS

Nardi, 2007 [53] 72& 125 only incomparable assays used

Njamen, 2003 [56] 46, 51, 52 & 70a, 108, 125, 130 DPPH, LTB4, COX-1, m_ear, m_paw

Oh, 2011 [57] 100 & - NF-κβ

Okoye, 2010 [58] 42, 43, 45 & 107, 125 m_ear, r_paw

Olajide, 2009 [59] 96 & 125 r_paw

Ospina, 2001 [61] 20, 21 & 20a, 105, 125 O2, LPO, el, PGE2

Ren, 2007 [65] 29 & 125 NO, iNOS, PGE2, COX-2, r_paw

Sala, 2003 [70] 33, 64, 67, 78 & 33a, 108, 110, 125, 130 DPPH, O2, LPO, LTB4, m_ear, m_paw

Santa-Cecília, 2012 [71] 101 & 110, 115 DPPH

Subramoniam, 2012 [72] 34, 35, 36, 37, 100 & 100a O2, OH, NF-κβ

Taha, 2012 [73] 90 & 122 only incomparable assays used

Wang, 2000 [75]
1, 2, 3, 4, 6, 7, 8, 9, 10, 11

NO
12, 13, 14, 15, 17, 18, 19 & -

Zhang, 2006 [81] 88 & 104 m_ear
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Table 2.3: Coumarins - natural products (n=20).

Name CAS number MW logD (pH 7.4) tPSA

Psoralen (1) 66-97-7 186.17 1.94 39.44

Bergapten (2) 484-20-8 216.19 1.78 48.67

Xanthotoxin (3) 298-81-7 216.19 1.78 48.67

Isopimpinellin (4) 482-27-9 246.22 1.63 57.90

Siphonochilone (5) 438041-86-2 230.31 3.76 30.21

Cnidilin (6) 14348-22-2 300.31 2.99 57.90

Isoimperatorin (7) 482-45-1 270.28 3.15 48.67

Oxypeucadanin (8) 737-52-0 286.28 2.32 61.20

Oxypeucadanin hydrate (9) 2643-85-8 304.30 1.16 89.13

Heraclenol (10) 31575-93-6 304.30 1.16 89.13

Heraclenin (11) 2880-49-1 286.28 2.32 61.20

Phellopterin (12) 2543-94-4 300.31 2.99 57.90

Byakangelicol (13) 26091-79-2 316.31 2.17 70.43

Byakangelicin (14) 482-25-7 334.32 1.00 98.36

Angelicin (15) 523-50-2 186.17 1.94 39.44

Methyl breviolincarboxylate (16) 154702-76-8 306.23 −0.33 130.36

Isobergapten (17) 482-48-4 216.19 1.78 48.67

Sphondin (18) 483-66-9 216.19 1.78 48.67

Pimpinellin (19) 131-12-4 246.22 1.63 57.90

Fraxetina (20) 574-84-5 208.17 1.64 75.99

Median values 258.25 1.78 57.90
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is approved by the US Food and Drug Administration (FDA) [13] and
propyl gallate (105) is a registered, however restricted, food additive by
the European Food Safety Authority (EFSA) [14].

The physicochemical properties of this group are primarily deter-
mined by the length of the hydrocarbon chain. Longer hydrocarbon
chains increase theMW and lipophilicity and hence theMW and logD
at pH 7.4 have quite a wide range with median values of 294.39 (126.11
– 364.53) and 3.69 (−2.48 – 5.39), respectively.

2.3.3 Porphyrins

The porphyrins group consists of four natural products (34-37), there
are no reference compounds (Table 2.6, Figure 2.5). This is the group
with the largest structures, resulting in the highest MW. Also their
typical macrocyclic structure results in the highest LogD values of all
compounds in this dataset.

2.3.4 Sterols

Plant sterols are both structurally as well as functionally related to
cholesterol in animals [80]. They are an integral part of the cell mem-

Figure 2.2: Coumarins - natural products.
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Table 2.4: Catechol derivatives - natural products (n=13).

Name CAS RN MW logD (pH 7.4) tPSA

Rapanone (21) 573-40-0 322.45 3.69 74.60

6-gingerol (22) 23513-14-6 294.39 3.62 66.76

8-gingerol (23) 23513-08-8 322.45 4.50 66.76

10-gingerol (24) 23513-15-7 350.50 5.39 66.76

6-shogaol (25) 555-66-8 267.38 4.84 46.53

Maesanol (26) 156979-72-5 362.51 4.56 74.60

Maesanin (27) 82380-21-0 362.51 4.56 63.60

Dihydromaesanin (28) 21551-64-4 364.53 5.01 63.60

Linolenic acid (29) 463-40-1 278.44 3.68 37.30

Gallic acid (30) 149-91-7 170.12 −2.48 97.99

Methyl gallate (31) 99-24-1 184.15 0.99 86.99

Ethyl gallate (32) 831-61-8 198.17 1.35 86.99

Pyrogallola (33) 87-66-1 126.11 1.05 60.69

Median values 294.39 3.69 66.76

Figure 2.3: Catechol derivatives - natural products.
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Table 2.5: Catechol derivatives - reference compounds (n=3).

Name CAS RN MW logD (pH 7.4) tPSA

RO 20-1724 (103) 29925-17-5 278.35 1.99 59.59

α-tocopherolb (104) 50-02-9 430.72 10.51 29.46

Propyl gallatec (105) 121-79-9 212.20 1.87 86.99

Median values 278.35 1.99 59.59

Figure 2.4: Catechol derivatives - reference compounds.

Table 2.6: Porphyrins - natural products (n=4).

Name CAS RN MW logD (pH 7.4) tPSA

Chlorophyll A (34) 479-61-8 893.51 12.40 121.23

Chlorophyll B (35) 519-62-0 907.49 11.60 138.30

Pheophytin A (36) 603-17-8 871.22 12.48 127.03

Pheophytin B (37) 3147-18-0 885.20 11.67 144.10

Median values 889.36 12.04 132.67
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brane and are important regulators of membrane fluidity and perme-
ability and act as signal transductors.

The sterols structural group has sixteen natural products (38-53) (Ta-
ble 2.7, Figure 2.6) and three reference compounds (106-108) (Table 2.8,
Figure 2.7). Three natural products in this group, α-chaconine (51), α-
solanine (52) and daucosterol (53) carry one or more sugar moieties.

The reference compounds in this group are the widely known, ro-
bust and FDA approved [13] corticosteroids hydrocortisone (106), pred-
nisolone (107) and dexamethasone (108). Dexamethasone (108) is an
often used reference compound in this systematic review, featuring in
eleven studies.

The sterols have strongly variably logD values at pH 7.4 which are
determined by the molecules’ side groups. Sugar moieties confer a
strong hydrophilic character to the molecules whereas (branched) hy-
drocarbon side chains make the molecule very hydrophobic.

2.3.5 Diterpenoids

Diterpenoids are a subgroup of the terpenoids, the most abundant type
of natural products. Their main function in plants appears to be re-
pellents for bugs and insects [31]. This diterpenoids group has seven
natural products (54-60) (Table 2.9, Figure 2.8), none of the reference
compounds fall within this group (Table 2.9, Figure 2.8). All but dehy-
drocostic acid (60) are bicyclic diterpenoids. Neoandrographolide (59)
carries a sugar moiety, which explains why it has an aberrant MW.

Figure 2.5: Porphyrins - natural products.
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Table 2.7: Sterols - natural products (n=16).

Name CAS RN MW logD (pH 7.4) tPSA

Carnosic acid (38) 3650-09-7 332.44 2.17 77.76

Sugiol (39) 511-05-7 300.44 5.04 37.30

Kirenola (40) 52659-56-0 338.49 1.16 80.92

Taxusabietane A (41) 220785-02-4 344.45 4.28 63.60

5α-stigmast-23-ene-3,6-dione (42) 1274717-13-3 426.69 3.17 34.14

5α-stigmastane-3,6-dione (43) 22149-69-5 428.70 7.53 34.14

Tirucallol (44) 514-46-5 426.73 7.71 20.23

Pepostanol (45) 134887-29-9 414.72 7.80 20.23

Solanidine (46) 80-78-4 397.65 1.39 23.47

Cucurbitacin E (47) 18444-66-1 556.70 3.47 138.20

Lupeol acetate (48) 1617-68-1 468.77 7.89 26.30

Hederagenin (49) 465-99-6 472.71 2.71 77.76

Pepluanone (50) 869959-12-6 656.73 2.83 168.80

α-chaconine (51) 20562-03-2 852.07 −1.83 220.46

α-solanine (52) 20562-02-1 868.07 −2.87 240.69

Daucosterol (53) 474-58-8 576.86 6.07 99.38

Median values 491.39 3.91 85.21

Table 2.8: Sterols - reference compounds (n=3).

Name CAS RN MW logD (pH 7.4) tPSA

Hydrocortisoneb (106) 50-23-7 362.47 1.28 94.83

Prednisoloneb (107) 50-24-8 360.45 1.27 94.83

Dexamethasoneb (108) 50-02-2 392.47 1.68 94.83

Median values 362.47 1.28 94.83
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Figure 2.6: Sterols - natural products.

Figure 2.7: Sterols - reference compounds.

Figure 2.8: Diterpenoids - natural products.
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2.3.6 Stilbenes

Stilbenes are considered phytoalexins and are mainly present in grapes
[69]. This group is the smallest in this systematic review, consisting of
only three natural products (61-63) (Table 2.10, Figure 2.9). Mulberro-
side A (63) has a sugar moiety at both ends of the molecule, signifi-
cantly lowering its logD value at pH 7.4 compared to the other com-
pounds in this group.

Figure 2.9: Stilbenes - natural products

Table 2.9: Diterpenoids - natural products (n=7).

Name CAS RN MW logD (pH 7.4) tPSA

Andrograpanin (54) 82209-74-3 318.46 3.97 46.53

Andrographolide (55) 55208-58-7 350.46 1.66 86.99

Isoandrographolide (56) 4176-96-9 350.46 1.70 75.99

Marrubiin (57) 465-92-9 332.44 3.67 59.67

14-Deoxy-11,12-didehydroandrographolide (58) 42895-58-9 332.44 2.38 66.76

Neoandrographolide (59) 27215-14-1 480.60 2.20 125.68

Dehydrocostic acid (60) 100108-70-1 232.32 1.04 37.30

Median values 332.44 2.20 66.76

Table 2.10: Stilbenes - natural products (n=3).

Name CAS RN MW logD (pH 7.4) tPSA

Resveratrol (61) 501-36-0 228.25 3.37 60.69

Oxyresveratrol (62) 29700-22-9 244.25 3.06 80.92

Mulberroside A (63) 102841-42-9 586.53 −1.46 239.22

Median values 244.25 3.06 80.92
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2.3.7 Flavonoids

Flavonoids are responsible for the vivid colors in leaves, flowers and
fruits and play a role in pollination. Furthermore, their bitter taste
plays a role in the plant’s defense system [63]. The group representing
the flavonoids is large, consisting of twenty natural products (64-83)
(Table 2.11, Figure 2.10). Quercetin (70) and luteolin (71) are also used
as reference and baicalein (83) solely as reference (Table 2.11, Figure
2.10). Five members of this structural group, (78, 79, 80, 81 and 82)
carry at least one sugar moiety, causing these compounds to have the
highest water solubility in this group.

Table 2.11: Flavonoids - natural products (n=20). aNatural product also used
as reference compound, bNatural product only used as reference
compound.

Name CAS RN MW logD (pH 7.4) tPSA

Pinocembrin (64) 480-39-7 256.26 3.01 66.76

Wogonin (65) 632-85-9 284.27 2.37 75.99

7-0-methylwogonin (66) 3570-62-5 298.29 2.88 64.99

Gnaphaliin (67) 33803-42-8 314.29 2.09 85.22

Skullcapflavone I (68) 41060-16-6 314.29 2.52 85.22

Rhamnocitrin (69) 569-92-6 300.27 2.15 96.22

Quercetina (70) 117-39-5 302.24 1.00 127.45

Luteolina (71) 491-70-3 286.24 1.46 107.22

Catechin (72) 154-23-4 290.27 1.78 110.38

Tricetiflavan (73) 493-44-7 290.27 2.55 110.38

Capillarisin (74) 56365-38-9 316.27 2.65 105.45

(-)-tetrahydroxyflavan-7-gallate (75) 889447-89-6 442.38 3.51 177.14

(-)-epigallocatechin-7-gallate (76) 96658-18-3 458.38 2.44 197.37

Silymarin (77) 65666-07-1 482.44 2.47 155.14

Tiliroside (78) 20316-62-5 594.53 1.73 212.67

Quercitrin (79) 522-12-3 448.38 −0.25 186.37

Rutin (80) 153-18-4 610.52 −2.02 265.52

Choerosphondin (81) 81202-36-0 434.40 0.44 166.14

Myritricin (82) 17912-87-7 464.38 −0.60 206.60

Baicaleinb (83) 491-67-8 272.26 2.74 86.99

Median values 314.29 2.26 110.38
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Figure 2.10: Flavonoids - natural products
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2.3.8 Miscellaneous structures

This group contains all compounds that do not have structural simi-
larities to any of the above described groups. The rest group contains
nineteen different natural products (84-102) (Table 2.12, Figure 2.11)
and as much as twenty-five reference compounds (109-133) (Table 2.13,
Figure ??). Three natural products do have a sugar moiety: arbutin (90),
scrovalentinoside (91) and sesaminol triglucoside (92), none of the ref-
erence compounds have one. Cannabidiol (102) represents the active
compound in an approved drug (marketed as Sativex) [10], however
the compound has not been used as general reference compound. In-
domethacin (125), a very well known nonsteroidal anti-inflammatory
drug (NSAID), is the most used reference compound in this entire sys-
tematic review, featuring in thirteen studies. Because this group has a
high diversity in structures, the MW and logD at pH 7.4 have a very
wide range.

Figure 2.11: Miscellaneous - natural products.
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Table 2.12: Miscellaneous - natural products (n=19).

Name CAS RN MW logD (pH 7.4) tPSA

Thiacremonone (84) 96504-28-8 160.19 0.06 57.53

Alkannin (85) 517-88-4 288.30 2.98 94.83

Shikonin (86) 517-89-5 288.30 2.98 94.83

Phyllanthine (87) 20072-02-0 247.29 −1.27 38.77

Gaultherina (88) 490-67-5 446.41 −1.74 184.60

Carnasol (89) 5957-80-2 330.42 4.57 66.76

Arbutina (90) 497-76-7 272.25 −0.90 119.61

Scrovalentinoside (91) 214981-42-7 752.72 −0.40 247.96

Sesaminol (92) 74061-79-3 370.36 2.14 75.61

Sesaminol catechol (93) 1171818-97-5 360.36 1.93 108.61

Sesaminol triglucoside (94) 157469-83-5 856.78 −3.67 313.06

Trimethyl-3,4-dihydrochebulate (95) 154702-77-9 396.30 0.75 165.89

Cryptolepine (96) 480-26-2 232.29 3.86 17.82

Schisandrin (97) 7432-28-2 432.51 3.39 75.61

Erycristagallin (98) 92533-56-7 390.46 6.09 62.83

Phyltetralin (99) 123048-17-9 416.51 3.36 55.38

Curcuminb (100) 458-37-7 368.39 4.12 93.06

7-epiclusianone (101) 250275-46-8 502.70 7.41 71.44

Cannabidiolc (102) 13956-29-1 314.47 314.47 40.46

Median values 368.39 2.98 75.61
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Table 2.13: Miscellaneous - reference compounds (n=25).

Name CAS RN MW logD (pH 7.4) tPSA

AMT (109) 1121-91-1 130.21 −1.19 38.38

BHTc (110) 128-37-0 220.36 5.27 20.23

Tiron free acid (111) 149-46-2 270.23 −4.40 149.20

Captoprile (112) 62571-86-2 217.28 −2.42 57.61

1400W (113) 180001-34-7 177.25 −4.28 61.90

Aspirine (114) 50-78-2 180.16 −2.16 63.60

Ascorbic acide (115) 50-81-7 176.12 −4.83 107.22

Metformine (116) 657-24-9 129.17 −5.62 88.99

Celecoxibee (117) 169590-42-5 381.37 4.01 77.98

Trolox (118) 53188-07-1 250.29 0.38 66.76

Naphthazarin (119) 475-38-7 190.15 2.16 121.00

Zileutonf (120) 111406-87-2 236.29 1.99 66.56

Pyrilaminee (121) 91-84-9 271.36 1.54 28.60

Omeprazolee (122) 73590-58-6 345.42 2.43 77.10

SB 203580 (123) 152121-47-6 377.44 3.14 58.64

Tenidap sodium (124) 119784-94-0 343.74 −0.06 83.63

Indomethacine (125) 53-86-1 257.79 0.27 68.53

Cytochalasin B (126) 14930-96-2 479.62 4.08 95.86

TPCK (127) 402-71-1 351.85 3.89 63.24

Tacrolimuse (128) 104987-11-3 804.03 5.59 178.36

Ketotifen fumaratee (129) 34580-14-8 425.50 3.16 20.31

Cyproheptadinee (130) 129-03-3 287.41 3.65 3.24

Paclitaxele (131) 33069-62-4 853.92 3.54 221.29

L-NMMA (132) 17035-90-4 188.23 −4.56 111.23

L-NAME (133) 50903-99-6 233.23 −5.70 149.59

Median values 270.23 1.54 68.53
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Figure 2.12: Miscellaneous - reference compounds.
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2.4 oral bioavailability
The 102 different natural products as well as the 31 reference com-
pounds show considerable variation in physicochemical characteris-
tics. These characteristics in turn, determine the distribution over the
body after administration. The preferred administration route for sys-
temic anti-inflammatory agents is via the enteral pathway since this
offers highest patient convenience, lowest costs and minimal invasive-
ness. In general, small compounds with sufficient lipophilicity can
pass membranes by a concentration gradient driven diffusion, whereas
large, charged polar and/or protein-bound compounds cannot [77].
The physicochemical properties that are important for the prediction of
oral bioavailability are critical to identify lead compounds that already
possess drug-like properties [77, 10]. To predict the oral bioavailability
of the studied compounds, physicochemical properties were calculated
by ChemAxon’s Marvin software [36]. MW, logD at pH 7.4 and topo-
logical polar surface area (tPSA) can be found in Tables 2.3, 2.4, 2.5,
2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13 and a complete properties list in
supplementary Table S1.

2.4.1 Molecular weight

Large molecules cannot diffuse through cell membranes [10], therefore,
the first important parameter for oral bioavailability is the size of the
molecule. One way determining the size of a molecule is using its MW.
As defined by Lipinski, in his well-known ’rule of 5’, the MW should
preferably not exceed 500 Da [46].

The MW of all natural products in this dataset ranges from 126.11
to 907.49, with a median of 322.45. 85% is less than 500, staying within
Lipinski’s limit. For comparison, the MW of the reference compounds
is similar with a range of 129.17 to 853.92 and a median of 278.35.
However, the total percentage of reference compounds which is less
than 500, with 94% higher and only tacrolimus (128) and paclitaxel
(131) do exceed this limit.

The median MW of the stilbenes group is the smallest and that of
the porphyrins the largest. The median MW of the porphyrins is with
889.36 exceeding the 500 limit and therefore, this structural group is
not suitable for classical drug development. In summary the median
MW for the natural products is: porphyrins > sterols > flavonoidsditer-
penoids > miscellaneous > catechol derivativescoumarins > stilbenes.
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2.4.2 Lipophilicity

In order to have acceptable oral bioavailability, compounds should be
able to cross membranes. This requires an intermediate lipophilicity.
High hydrophobicity has been suggested to be more frequently asso-
ciated with adverse toxicological outcomes [76]. The lipophilicity of a
molecule is determined by the partitioning between the octanol and
water phase and is defined by the logarithm of this ratio as logP (for
the neutral molecular species) or as logD (for the molecular species at
a specific pH). Meaning that if a molecule is non-ionizable, the logP is
equal to the logD at every pH. Since the logD takes pH into account,
it is better to use this for comparison [76, 38] and hence is used in this
analysis.

As defined by Lipinski as part of his ’rule of 5’, the (calculated) logP
should be less than 5 for good oral bioavailability. There is no lower
logP limit set, since this can supposedly be rescued by medicinal chem-
istry modifications [46].

The median logD at pH 7.4 of this natural product dataset is 2.41,
ranging from −3.67 to 12.48 of which 84% is less than five and would
pass Lipinski’s rule. For comparison, the reference compounds have
a median of 1.68 with a similar percentage of reference compounds
(90%) that pass Lipinski’s rule for lipophilicity.

Examining the logD at pH 7.4 values in the various structural classes
of the natural products, shows that the coumarins are in general the
most hydrophilic and the porphyrins the most lipophilic structures.
The order of natural products sorted by median lipophilicity is: por-
phyrins > sterols > catechol derivatives > stilbenes > miscellaneous >
flavonoids > diterpenoids > coumarins.

2.4.3 Hydrogen bond donors and acceptors

The hydrogen bond donors and acceptors are also part of Lipinski’s
’rule of 5’ and should be less than five for the donors and less than ten
for the acceptors [46]. Hydrogen bonding is considered important for
the bioavailability because for a molecule to be able to cross a mem-
brane, the hydrogen bonds with the aqueous environment should first
be broken [77].

The number of hydrogen bond donors for the natural products is
ranging from 0 to 10. The vast majority, 88%, has equal to or less than
five donors. For comparison, the reference compounds all have less
than five donors. The number of hydrogen bond acceptors of the nat-
ural products ranges from 1 to 22, of which again the majority, 90%,
comply with Lipinski’s rule. Comparing to the reference compounds,
all but tacrolimus (128), 97%, have less than ten acceptors.
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The number of hydrogen bond donors and acceptors is for all nat-
ural products in the coumarins and the catechol derivatives structural
groups less than five or less than ten, respectively. In the remaining
groups, the compounds not complying to the rule all bear one or more
sugar moieties.

2.4.4 Polar surface area

The polar surface area (PSA), which is the surface sum of all polar
atoms (oxygen, nitrogen) in a molecule, provides, like the MW, infor-
mation on the size of the molecule. In general, the smaller the PSA, the
easier the molecule can travel through a membrane [62]. It has experi-
mentally been found by Veber et al., in testing more than thousand rats,
that the value for the PSA should be less than 140 Å2 for crossing nor-
mal cell membranes and less than 70 Å2 for crossing the blood brain
barrier [74].

2.4.5 Rotatable bonds

Together with the importance of the PSA, the number of rotatable
bonds is a good predictor of oral bioavailability and should not ex-
ceed ten, as defined by Veber et al.. In practice,it appears that only a
few compounds with a MW above 500 have a low number of rotatable
bonds [74].

The total range of rotatable bonds for the natural products is 0 to
23, with 85% having less than ten rotatable bonds. For comparison,
the reference compounds have a range of 0 to 14, with 94% less than
ten rotatable bonds. Only α-tocopherol (104) and paclitaxel (131) have
more rotatable bonds.

All natural products in the coumarins, diterpenoids, stilbenes and
flavonoids groups do comply to Veber’s rule and have less than ten
rotatable bonds. For the sterols, only pepluanone (50) has more than
ten rotatable bonds and for the rest group only scrovalentinoside (91)
and sesaminol triglucoside (94), notably with a sugar moiety, have less
than ten rotatable bonds. For both the catechol derivatives and the
porphyrins, most natural products have more than ten rotatable bonds.

2.4.6 Aromatic rings

Aromatic rings have a strong impact on water solubility, but there is
increasing evidence that the number of aromatic rings also influences
drug applicability within the appropriate logD range. As experimen-
tally determined, the optimal aromatic ring number should be equal
to or less than three [68].
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The total range of aromatic rings for the natural products is 0 to 4,
with only 6% with more than three rings. The reference compounds
show the same range and perform with 3% with more than three rings
slightly better than the natural products.

The few exceptional natural products that do exceed the maximum
optimal number of aromatic bonds are, again, all four porphyrins,
tiliroside (78) from the flavonoids and cryptolepine (96) from the mis-
cellaneous group. All but cryptolepine (96) have also a high MW and
do not pass Lipinski’s rule.

2.5 anti-inflammatory activity
Anti-inflammatory activity of the natural products tested in the papers
collected for this systematic review was generally assessed using sim-
ilar assays under comparable, albeit slightly different, conditions. In
total, 25 different assays were used in which the inhibitory activity of
at least two natural products was determined. Assays could be catego-
rized according to the different aspects of the inflammatory response
that were examined, including the in vitro inhibition of oxidation, inhi-
bition of the production of cytokines, eicosanoids, or various other in-
flammatory mediators and in in vivo edema experiments. Performance
of all natural products and reference compounds for all assays can be
found in supplementary Tables S2 -S8. Anti-inflammatory performance
of the natural products was determined using the median rather than
the mean values of the maximum inhibition and corresponding con-
centrations, to correct for outliers in the dataset. Every compound with
values higher than the median of the maximum inhibition and values
lower than the median of the corresponding concentration, performed
’better than median’.

2.5.1 Anti-oxidant capacity

In vitro anti-oxidant activity was mainly assessed by the ability of the
compounds to inhibit or scavenge free radicals (NO, DPPH, O2−· OH
and ROS), inhibit lipid oxidation (LPO) and iNOS enzyme upregula-
tion (Tables 2.14 and S3).

Nitric oxide (NO) regulates various physiological and pathophysio-
logical pathways, including host defense and immune responses. As
a reaction to inflammatory stimuli, high levels of NO are produced,
mediating pro-inflammatory and destructive effects [44]. In vitro NO
inhibition was the most often used assay in the studies, with 52 nat-
ural products from 17 different studies [1, 4, 7, 12, 16, 17, 21, 23, 24,
29, 32, 35, 41, 43, 48, 65, 75]. Of the natural products used in this as-
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say, 27% were better than median, none of the stilbenes performed
better and the porphyrins were not tested with this assay. Methyl bre-
violincarboxylate (16) of the coumarins was the strongest NO scav-
enger, whereas bergapten (2), heraclenol (10), heraclenin (11) of the
coumarins, α-chaconine (51) of the sterols, andrograpanin (54), 14-deoxy-
11,12-didehydroandrographolide (58), and neoandrographolide (59) of
the diterpenoids did not show any scavenging effects at the tested con-
centrations. Twelve reference compounds were included, originating
from ten different studies [1, 7, 12, 17, 24, 29, 32, 35, 41, 43] of which
33% performed better than the natural products median values.

The α,α-diphenyl-β-pycryl-hydrazyl (DPPH) free radical is an im-
portant and often used cell free assay that is used to determine the
scavenging activity of molecules [40]. DPPH radical inhibition was
the second most used assay with twenty-three natural products exam-
ined across seven studies [13, 16, 21, 23, 56, 70, 71] 78% was superior
over the median values. Erycristagallin (98) of the rest group was the
best performer and sugiol (39) of the sterols and pinocembrin (64) and
gnaphaliin (67) of the flavonoids did not show any scavenging effect at
the tested concentrations. Five reference compounds from four studies
[16, 21, 70, 71] were used, including the classic DPPH scavenging ref-
erence BHT (110). 80% of the reference compounds performed better
than the natural products median values.

The superoxide anion (O2−·) is a critical factor in several physiolog-
ical processes, such as signal transduction (through cGMP), smooth
muscle relaxation and control of ventilation. However, high concentra-
tions have detrimental effects and are associated with chronic inflam-
matory diseases [20]. This O2−· inhibition assay was used to test the
scavenging properties of fifteen natural products, from four different
studies [61, 70, 72, 21]. Of these natural products, 40% performed bet-
ter than the median values. The natural reference compound pyrogal-
lol (33), outperformed the median values, whereas the other natural
reference compound fraxetin (20) did not. However, the reported IC50
was in the same range as the IC50s of natural products 22, 23, 24 and
25 with high maximum inhibitory percentages. The only synthetic ref-
erence compound, tiron free acid (111), had a reported IC50 of such a
high concentration, that it did not seem to be a proper reference choice.

2.5.2 Cytokine/chemokine production inhibition

Inhibition of in vitro cytokine/chemokine (IL-6, TNF-α, IL-1β, NF-κβ,
IL-2 and IL-8) production was measured (Tables 2.15 and S4). In con-
trast to the anti-oxidant assays, the natural products from the catechol
derivatives were hardly tested, and if tested, these compounds were
not performing better than median. In general, both the natural prod-
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ucts and reference compounds were predominantly from the sterols
and rest groups.

IL-6 is an important mediator of the JAK/STAT pathway, and a regu-
lator of T-cell regulation and activation, promoting a pro-inflammatory
environment[54]. IL-6 production inhibition is most often used to estab-
lish the cytokine inhibiting performance of the natural products in this
systematic review. Twenty natural products from five different stud-
ies [8, 12, 23, 29, 37] were used, of which 35% performed better than
their median values. As reported before, 54, 58 and 59 of the diter-
penes did not show any inhibitory effect, as was also the case for
7-0-methylwogonin (66) of the flavonoids. The reference compounds
were two well-known synthetic corticosteroids, hydrocortisone (106)
and dexamethasone (108). 108 was used in two different studies, but
only once it performed better than the median inhibitory values of the
natural products.

TNF-α is a stimulator of NF-κβ, an important cytokine in inflam-
mation and associated with numerous chronic inflammatory diseases
[33]. In this systematic review, the ability to inhibit the production of
TNF-α in vitro was determined for nineteen different natural products,
from seven studies [13, 16, 21, 23, 56, 70, 71] of which 32% performed
better than median. Again, 16 was the strongest inhibitor. Four differ-
ent reference compounds were used from five studies [8, 13, 17, 29,
43]. 108 was used in two studies and performed both times better than
the median values of the natural products. Tested concentrations of
the well-performing reference compounds were around 1 µM, about
thirty times lower than the concentrations of the well-performing nat-
ural products. Only bergapten (2) in its dimeric form was in the same
concentration range, however its maximum inhibition percentage was
relatively poor.

Table 2.14: Anti-inflammatory performance of natural products in oxidation
assays. Natural products tested per assay are given and underlined
compounds always performed better than median.

Assay (n) Median values Better than median

NO (52) 57.8% & 63.0 µM 26.9%: 13, 16, 22, 23, 24, 47, 55, 56, 69, 77, 80, 87, 95, 99

DPPH (23) 73.5% & 100.0 µM 26.9%: 16, 22, 23, 24, 25, 31, 53, 61, 62, 63, 69, 70, 78, 80, 87, 95, 98, 99

O2
− (15) 32.1% & 100.0 µM 40.0%: 22, 23, 24, 25, 33, 78

OH (9) 90.0% & 551.0 µM 33.3%: 23, 24, 25

LPO (9) 50.0% & 100.0 µM 77.8%: 21, 61, 62, 63, 78, 85, 86

iNOS (7) 82.0% & 100.0 µM 43.9%: 50, 74, 84

ROS (4) 30.3% & 167.4 µM 0.0%: -
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2.5.3 Eicosanoids inhibition

Inflammatory mediators from the eicosanoids group include prostaglan-
dins and enzymes (PGE2, PGD2, LTB4 , TXB2, COX-1, COX-2 and
LOX) (Tables 2.16 and S5). The diterpenes group was largely repre-
sented in all assays and performed in 43% of the cases better than
median.

PGE2 is a lipid mediator from the arachidonic acid pathway, pro-
moting (among more) acute inflammation through vasodilation and
increased blood flow, leading to the typical inflammatory red flare and
heat [39]. PGE2 inhibition was determined for seventeen natural prod-
ucts from eight different studies [12, 16, 17, 21, 24, 32, 43, 65] of which
29% performed better than their median values. Notably, once again,
for 54, 58 and 59 no inhibition at all was reported, which was also
the case for tirucallol (44). The reference compounds from the miscel-
laneous group, AMT (109) and celecoxib (117), performed better than
the median of the natural products whereas 108 from the sterols group,
did not.

LTB4 is a small lipid molecule derived from arachidonic acid as well.
It is one of the most potent chemoattractants and activates leukocytes,
making it a key activator in inflammatory diseases [78]. Inhibition of
LTB4 was measured for fifteen natural products from six different stud-
ies [6, 7, 12, 34, 56, 70] of which 27% performed better than median.
Once more, all but one of the diterpenes including 54, 58 and 59 did
not show any inhibitory activity, only the IC50 reported for dehydro-
costic acid (60) was better than median. Pinocembrin (64) from the
flavonoids was the strongest inhibitor with a high maximum inhibitory
percentage at a low concentration. All used references were from the
miscellaneous group and performed better than the median of the nat-
ural products.

Table 2.15: Anti-inflammatory performance of natural products in cytokine
assays. Natural products tested per assay are given and underlined
compounds always performed better than median.

Assay (n) Median values Better than median

IL-6 (20) 62.0% & 57.0 µM 35.0%: 16, 55, 56, 80, 87, 95, 99

TNF-α (19) 69.5% & 50.0 µM 31.6%: 16, 71, 80, 87, 95, 99

IL-1β (9) 41.3% & 57.0 µM 33.3%: 39, 55, 56

NF-κβ (8) 55.2% & 62.4 µM 12.5%: 80

IL-2 (4) 28.0% & 13.2 µM 0.0%: -

Il-8 (3) 21.0% & 1.2 µM 33.3%: 51
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2.5.4 Other mediators

The commonly used histamine release inhibition assay and the less
known inhibition of elastase assay did not fit in any of the previous
inflammatory categories (Tables 2.17 and S6).

Histamine is extensively studied in medicine and important in acute
allergic inflammatory reactions. It is excreted by several cell types (i.e.
mast cells, lymphocytes) and can attract important effector cells, lead-
ing to chronic inflammation [2]. Histamine release inhibition in vitro
was determined for seventeen natural products from four different
studies [5, 6, 12, 25]. About a quarter performed better than median.
All natural products from the diterpenes, including again 54, 58 and
59 did not show any histamine release inhibition. The natural refer-
ence compound luteolin (72) from the flavonoids and the synthetic ref-
erence compounds pyrilamine (121) and ketotifen fumarate (129) from
the miscellaneous group performed better than the median values of
the natural products.

Table 2.16: Anti-inflammatory performance of natural products in
eicosanoids assays. Natural products tested per assay are
given and underlined compounds always performed better than
median.

Assay (n) Median values Better than median

PGE2 (17) 66.0% & 57.0 µM 23.5%: 23, 24, 25, 55

LTB4 (15) 25.1% & 57.0 µM 26.7%: 60, 64, 67, 71

TXB2 (8) 34.3% & 57.0 µM 33.3%: 55, 56

COX-2 (7) 68.7% & 100.0 µM 42.9%: 74, 84, 97

COX-1 (3) 8.1% & 100.0 µM 66.7%: 47, 60

LOX (2) 50.0% & 39.6 µM 50.0%: 83

PDG2 (2) 78.6% & 55.0 µM 33.3%: 71

Table 2.17: Anti-inflammatory performance of natural products in other as-
says. Natural products tested per assay are given and underlined
compounds always performed better than median.

Assay (n) Median values Better than median

His (17) 8.5% & 100.0 µM 17.6%: 61, 66, 71

Elas (2) 85.0% & 55.0 µM 0.0%: -
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2.5.5 In vivo edema inhibition

In vivo edema experiments, mimicking acute inflammation in either
paws (both mouse and rat) or ears (mouse only) had very similar ex-
perimental conditions in this systematic review and could be compared
to each other (Tables 2.18 and S7). In general, tested natural products
were from the sterols, flavonoids and miscellaneous structural groups,
and the reference compounds were exclusively from the sterols and
miscellaneous groups. Reference compound choice is comparable with
that of the IL-6 production inhibition assay.

Swelling of the mouse ear is a model that since the 1980s is regularly
used to show the inhibitory capacity of a drug in acute inflammation
[28]. For fourteen natural products, from nine different studies [4, 7, 15,
24, 34, 48, 56, 58, 70], the ability to reduce ear edema was determined.
Only 21% of the natural products performed better than median and
were mainly from the sterols. The reference compounds were identi-
fied in eight different studies [7, 15, 24, 34, 48, 56, 58, 70], in which
indomethacin (125) was used in six studies, prednisolone (107) in two
and dexamethasone (108) in one. Only 108 and one out of six times
used 125 did perform better than the median values of the natural
products.

Rat and mouse paw swelling, mostly carrageenan induced, is a wide-
ly used method to study acute inflammation [50]. Twelve natural prod-
ucts were tested for rat paw edema reduction, of which 25% performed
better than median. The inhibitory activity of the natural products was
measured in nine different studies [1, 4, 16, 17, 22, 42, 58, 59, 65], and
were mainly from the sterols. However, the strongest inhibitor was
linolenic acid (29) from the catechol derivatives. No less than ten ref-
erence compounds were used, all originating from either the sterols
or the rest groups. 50% of the reference compounds performed better
than the median values of the natural products, however, only AMT
(109) and TPCK (127) were used in multiple studies.

Reduction of mouse paw edema was examined for nine natural prod-
ucts, originating from six studies [32, 34, 45, 56, 70]. Interestingly, where-
as rat paw swelling reduction was mainly tested with natural products
from the sterols, none of the sterols group were included here. Natural
products were predominantly from the flavonoids and more than half
performed better than median. All but one reference compound per-
formed better than the median values of the natural products and are
from the sterols or miscellaneous groups.
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2.6 best performing and most promising
natural products

In this systematic review, a total of 102 natural products was studied.
42 natural products (41%) showed higher potency than the median in
at least one of the assays (Tables 2.14, 2.15, 2.16, 2.17 and 2.18, Figure
2.13). Of these, fourteen (14% of total population and 33% of selection)
performed better than median in all assays they were studied in.

These latter are: byakangelicol (13) and methyl breviolincarboxylate
(16) of the coumarins, 8-gingerol (23), 10-gingerol (24) and 6-shogaol
(25) and pyrogallol (33) of the catechol derivatives, quercetin (70), lu-
teolin (71), rutin (80) and baicalein (83) of the flavonoids and alkannin
(85), phyllanthine (87), trimethyl-3,4-dihydrochebulate (95) and phylte-
tralin (99) of the rest group (Figure 2.13). In order of anti-inflammatory
performance: 24 > 23 (5 assays) > 16 > 25 > 71 > 95 > 87 > 80 > 99 (4
assays) > 85 (2 assays) > 70 > 33 > 13 > 83 (1 assay).

Of these natural products that perform well in the anti-inflammatory
tests, several have a low predicted oral bioavailability, in decreasing or-
der 24 > 23 > 95 > 80 (Figure 2.14). These molecules require parenteral
administration, a medicinal chemistry approach to improve drug-like
characteristics or encapsulation into a nanoparticle to enhance avail-
ability. The natural products which do comply to all bioavailability
rules, as described in section 2.4, and even should be able to pass the
blood brain barrier [74] are in decreasing order: 87 > 25 > 99 > 33
(Figure 2.15). And since the natural reference compound pyrogallol
(33) was used in only one assay, the most promising anti-inflammatory
natural products with the most favorable bioavailability properties (i.e.
’best performers’) are 6-shogaol (25) from the catechol derivatives and
phyllanthine (87) and phyltetralin (99) from the miscellaneous group.
Narrowing this even further down, 25 and 99 are not in the defined
’Golden Triangle’ area (Figure 2.16). This leaves phyllantine (87), which
is on the border of the triangle, at the top of this natural product
dataset.

Table 2.18: Anti-inflammatory performance of natural products in edema as-
says. Natural products tested per assay are given and underlined
compounds always performed better than median.

Assay (n) Median values Better than median

m_ear (14) 65.8% & 0.375 mg/ear 21.4%: 42, 43, 98

r_paw (12) 44.5% & 15.2 mg/kg 25.0%: 29, 50, 62

m_paw (9) 62.6% & 80.0 mg/kg 55.6%: 60, 64, 74, 78, 85
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The anti-inflammatory activity of the natural products was com-
pared to well-known drugs. In general, the reference compounds were
fairly well chosen, in only two cases (L-NAME (133) for ROS inhibi-
tion and trolox (118) for NO scavenging) there was no inhibition at all
reported [35]. Half of the reference compounds performed in all tests
better than the median values of the natural products. In decreasing
order of anti-inflammatory performance: 125 (7 assays) > 108 (7 out of
8 assays) > 109 > 110 > 128 > 119 (2 assays) > 117 > 120 > 130 (1 assay)
> 121 > 104 > 129 > 115 > 112 > 105 (IC50, 1 assay). Of these, only α-
tocopherol (104), BHT (110) and tacrolimus (128) do have unfavorable
bioavailability predictions.

Principally, the ’best performing’ natural products are comparable to
the reference compounds in terms of anti-inflammatory activity. How-
ever, in terms of bioavailability, the reference compounds are better,
which might be obvious since these drugs are already designed to have
favorable characteristics and are already marketed.

Figure 2.13: Structures of best anti-inflammatory natural products. These
fourteen natural products performed better than median in the
all the assays they were tested in. Structures are from the
coumarins, catechol derivatives, flavonoids and miscellaneous
structural groups.
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Figure 2.14: Physicochemical properties of best anti-inflammatory natural
products. Displaying the physicochemical properties in flower
plots,83,84 reveals differences and similarities at first glance. The
heart of the flower contains the compound number and is col-
ored according to its structural group. The black line in the petals
marks the limit for ’good’ oral bioavailability of that specific prop-
erty. MW = molecular weight, cLogP = calculated logP, tPSA =
topological polar surface area, H-bond_a = hydrogen bond accep-
tor, H-bond_d = hydrogen bond donor, r_bond = rotatable bonds
and a_rings = aromatic rings



2.6 best performing and most promising natural products 43

Figure 2.15: LogD plotted against tPSA. The maximum desirable Lipinski
[46] and Veber [74] limits are indicated by the dashed lines. green
= ’good’ bioavailability, also passing the blood brain barrier, or-
ange = ’normal’ bioavailability, passing membranes but not the
blood brain barrier and red = ’bad’ bioavailability, one or more
properties are exceeding the provided limits.
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Figure 2.16: MW plotted against logD. The ’Golden Triangle’ is a visualiza-
tion tool to predict metabolically stable, permeable and potent
drug candidates [38] and is placed from logD 1− 5 with the top
at a MW of 450. The maximum desirable Lipinki limits [46] are
indicated with dashed lines. green = ’good’ bioavailability, also
passing the blood brain barrier, orange = ’normal’ bioavailabil-
ity, passing membranes but not the blood brain barrier and red
= ’bad’ bioavailability, one or more properties are exceeding the
provided limits.
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2.7 predicting anti-inflammatory activity
of natural products

Nowadays, drug discovery and development is driven by the use of
computer simulation and biological activity prediction models [52].
Training datasets are used to help predict the activity of unknown com-
pounds outside the training set. In order to build a robust structure ac-
tivity relationship it is important to have a homogeneity in the dataset:
experiments must have been performed with the same protocols with
the same cell lines. Furthermore, to be able to find a structure activity
relation, it is important that the dataset comprises the same chemical
classes, and if not, that they have the same mechanism of action [18].

The relatively small dataset of this systematic review does not com-
ply to these requirements because the anti-inflammatory activities were
not determined following the same experimental design. Furthermore,
the dataset has a large structural variety, which reflects the normal
state of natural products [19]. In addition, the mechanism of action of
most of the natural products in this systematic review remains elusive,
hence grouping them by mechanism is impossible. These considera-
tions make it impossible to build a single structure activity relation-
ship to predict the anti-inflammatory activity for natural products in
general. However, several structural and physicochemical correlations
can be found in this dataset and give insight in the anti-inflammatory
potential of natural products.

Existing parameters for predicting oral bioavailability are used in
this dataset to filter out those compounds which, purely based on these
properties, would not make good (anti-inflammatory) drugs. Since ad-
equate oral bioavailability is one of the main obstacles for natural prod-
ucts, this is an important aspect for success.

The ’Golden Triangle’, a drug visualization tool to predict metabol-
ically stable, permeable and potent drug candidates [38] was used to
aid in finding correlations (Figure 2.16). All best performing natural
products (depicted in green) are on the ’Golden Triangle’, or very close
to it. Rutin (80) is an exception, and lies even outside the Lipinski bar-
rier. However, it is safe to say that in general once a natural product
falls outside these barriers, the chances are substantial that it is not
a strong anti-inflammatory compound. As expected from the bioavail-
ability parameters and confirmed by the performed assays, the large
porphyrins are not able to inhibit inflammation.

Another way of displaying the dataset and find outstanding natural
products, is by plotting the logD at pH 7.4 against the tPSA as pro-
posed by Waring et al.. [76] This dataset showed a low correlation for
a linear relationship with R2 of 0.16, suggesting that the logD at 7.4
might be compromised at higher tPSA values. This correlation is even
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less obvious for the reference compound dataset, however, the trend is
similar (Figure 2.15). Looking at the specific structural groups, the cor-
relation becomes stronger in most cases; the sterols with R2 of 0.62, the
coumarins with R2 of 0.59 and the flavonoids, miscellaneous structures
and catechol derivatives with an R2 of respectively 0.46, 0.44 and 0.42.
The diterpenoids did not show any correlation and both the stilbenes
and the porphyrins had correlations close to 1, however, these groups
are extremely small.

Of the fourteen natural products that perform better than median
in all anti-inflammatory assays they participated in (Figure 2.13 and
2.14), ten (71% of selection) did comply to the set bioavailability rules
and four (29% of selection, 4% of total dataset, Figure 2.17) would even
be suitable to pass the blood brain barrier. This is probably not a coin-
cidence. Predicted suitable bioavailability enables these natural prod-
ucts to arrive at the desired place for their actions. Not all compounds
scoring less than median in the anti-inflammatory assays have a dis-
advantageous bioavailability profile however, vice versa, two thirds of
the well performing natural products do have an acceptable predicted
bioavailability (Figures 2.15 and 2.16). Twenty-two natural products
(22%) never performed better in any anti-inflammatory assay and have
very low predicted bioavailability (i.e. ’worst performers’). These in-
clude compounds from the catechol derivatives, porphyrins (all), sterols,
flavonoids and miscellaneous structural groups, but not from the cou-
marins, diterpenoids and stilbenes. By far the largest group (70%) in
this dataset are mediocre natural products, either with weak anti-inflam-
matory performance or weak bioavailability.

The non-uniformity of the dataset and hence of the ’best’ and ’worst’
performing natural products (Figure 2.17), makes it hard to come to
an unambiguous structure activity relationship. However we can con-
clude that, in order for a natural product to be a successful anti-inflam-
matory drug, it should not exceed the above mentioned oral bioavail-
ability criteria, should not have sugar moieties and should ideally have
one or more reactive enol moieties.

2.8 discussion
In this systematic review the anti-inflammatory potency of plant de-
rived natural products has been examined. The activity of 102 natu-
ral products was compared in 25 anti-inflammatory assays. The top
natural products, including both anti-inflammatory performance and
bioavailability, are phyllanthine (87) followed by 6-shogaol (25), phyl-
tetralin (99) and pyrogallol (33) (Figure 2.17). However, the majority of
tested natural products does not show anti-inflammatory efficacy in
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Figure 2.17: Performance spectrum. In the top left corner are the ’best’
anti-inflammatory natural products with superb bioavailability,
whereas in the bottom right corner are the natural products which
do not show any anti-inflammatory efficacy and have unsatisfac-
tory bioavailability.
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the tested assays and should probably not be further investigated. Nat-
ural products underperforming in the anti-inflammatory assays and
failing one or more bioavailability limits are in increasing order of in-
firmity: maesanol (26), maesanin (27), dihydromaesanin (28), lupeol
acetate (48), (-)-tetrahydroxyflavan-7-gallate (75), (-)-epigallocatechin-7-
gallate (76), quercitrin (79), choerosphondin (81), myricitrin (82), cryp-
tolepine (96), 7-epiclusianone (101), pheophytin A (36), pheophytin B
(37), carnosic acid (38), pepostanol (45), sesaminol triglucoside (94),
chlorophyll A (34), chlorophyll B (35), tirucallol (44), hederagenin (49),
α-solanine (52) and scrovalentinoside (91) (Figure 2.17). A full list of
the natural products from this analysis, ordered by anti-inflammatory
potency, can be found in supplementary Table S9.

2.8.1 Natural products as anti-oxidants

In the past decades, research has focused mainly on the anti-oxidant
capacity of natural products, and of polyphenolic structures in particu-
lar. For example, the scavenging activity of 51 tannins was determined
by Yokozawa et al. using the cell free DPPH radical assay [79]. The
scavenging ability of eight of these compounds which are also present
in this systematic review is as follows: quercetin (70) > gallic acid (30)
> rutin (80) > baicalein (83) > quercitrin (79) > myricitrin (82) > cate-
chin (72) > luteolin (71). Interestingly, 70, 71 and 80 belong to the ’best
anti-inflammatory performers’ of this dataset. For both 80 and 70, the
DPPH radical scavenging activity was determined, however, only for
80, an IC50 value was calculated which is twice as high (9.07 µM [79]
versus 19.84 µM [23]) in this analysis.

In a study by Burda and Oleszek, the anti-oxidant performance of
flavo-noids was determined and compounds were given an overall
percentage score in anti-oxidant activity [9]. In order of score from
the compounds also present in this analysis: BHT (110) > α-tocopherol
(104) > quercetin (70) > myricitin (82) > rutin (80). The highest scor-
ing compounds are used as reference compounds in this systematic
review, which is not surprising. Furthermore, 70 performs better than
80, which is consistent with the results of this study and as described
by Quideau et al. in his extensive review on polyphenols [64].

Structure-wise, it has been shown that compounds with a pyrogallol
moiety are five to nine times better in O2−· scavenging than structures
with a catechol. And as an example: myritricin (82) has an eight to nine
times higher scavenging activity than quercetin (70) [27]. Both natural
products were not tested for O2−· scavenging in this analysis, how-
ever, it is notable that the general results are the other way around:
quercetin (70) is among the ’best’ anti-inflammatory natural products,
while myritricin (82) is among the ’worst’. The natural reference com-
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pound pyrogallol (33) though, showed strong O2−· scavenging [70] as
can be seen in Table S3.

Moreover, the presence of a catecholic B ring stands out in anti-
oxidant activity [64]. In the flavonoids structural group about half
of the natural products have this ring and all have reasonably high
maximum inhibitory activities. In comparison, pinocembrin (64) and
gnaphalinn (67) lacking the catecholic B ring, do not show any inhibi-
tion in the tested anti-oxidant assays (Table S3).

2.8.2 Data collection and selection procedure

The data collection in this systematic review has been done following
a series of filtering steps as is depicted in Figure 2.1. Chosen was for
English literature from two large data bases (i.e. Pubmed and Web of
Knowledge), to ensure that the studies are available and understand-
able to a wide scientific community.

The first selection was made using the database’s own search engine
(for full inclusion criteria see Figure 2.1). Subsequently, further selec-
tion was done manually by screening keywords, titles and abstracts.
This selection procedure has been done with the greatest care.

Notably, a large fraction of the initial search was excluded based
on the fact that these papers reported effects of solvent extracts or
mixtures of medicinal plants. These studies were left out since the
anti-inflammatory effects of the individual components cannot be in-
terpreted. Another very important inclusion criterion was the use of
proper experimental design, including negative and positive controls,
preferably in the form of a known drug. Ideally a dose-response rela-
tionship was established for the compounds. This enables a fair com-
parison of anti-inflammatory activity of the natural products. Unfor-
tunately, because of this reason, a large part of the remaining articles
could not be included. This is consistent with the findings described
in the review of Fürst and Zündorf on natural products which made it
into clinical trials [26].

In the final selection of 45 articles, the experimental data were ex-
tracted from 102 natural products (of which six were also used as a
reference) and 31 synthetic reference compounds. In general, very sim-
ilar assays were used to determine the anti-inflammatory potency of
the natural products. In this manner, the efficacy of the natural prod-
ucts was compared using the maximum inhibition percentage at the
corresponding concentration. Compounds that performed better than
the median values were considered ’potent’ (Table performance assays).
The use of IC50 values would have been the ideal way to compare the
compounds, however, most studies did not determine the IC50, nor
provided the data, preventing us to calculate it ourselves. Furthermore,
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the way of calculating the IC50 (absolute vs relative 50% inhibition)
was doubtful, making it not a straightforward comparison parameter.

This systematic review compares natural products from studies from
2000 up until July 2013. The same search was performed in August
2015, yielding 204 new studies, underlining the popularity of natural
products as anti-inflammatory agents. Again, a large part of the se-
lection was aimed at studying plant extracts and mixtures, making it
impossible to elucidate the effectiveness of individual microspecies. It
would therefore be a welcoming new movement to the field to focus
more on the single molecules in the extracts for drug discovery and
drug development.

2.9 future perspectives and conclusions
To fully unlock the potential of natural products, well-structured re-
search on single molecular species, with well-defined assays is recom-
mended to enhance the collective advancements in the field. Another
hurdle to be overcome is the bioavailability challenge. As can be seen in
this study, many natural products have a low capacity for membrane
passage. This could be addressed by using delivery systems and/or
solubilizing agents. However, the existing bioavailability predictions,
as described in section 2.4, are a good measure as a first step in select-
ing truly potent and broadly applicable natural products.

In summary, we can come to three general recommendations in or-
der for a natural product to be a successful anti-inflammatory drug:

1. The natural product should adhere to the in section 2.4 provided bioavail-
ability rules. A compound within these limits is more likely to
be successful in inhibiting pro-inflammatory mediators. In this
dataset in the group ’always performing better than median’,
29% does not meet one or more of the provided bioavailability
rules, compared to 44% and 41% for the ’performing at least once
better than median’ and ’performing always worse than median’
groups (supplementary Table S9).

2. One or more sugar moieties reduces the chances to be a good anti-
inflammatory compound and to comply to the set oral bioavailability
rules. Of the thirteen natural products with one or more sugar
moieties, seven (54%) are in the ’worst performing’ group: not
passing the oral bioavailability limits and with no anti-inflamma-
tory activity. Furthermore, the sugar moiety makes it almost im-
possible to pass the bioavailability limits since it increases the
size (hence MW and tPSA) of the compound. Arbutin (90) is
the exception, since the sugar moiety is attached to a very small
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molecule. All sugar-bearing natural products are either in the
’worst-performing’ group or do exceed the limits. Rutin (80) is
the only one that passes all anti-inflammatory assays, however,
does not pass the bioavailability limits.

3. The reactive enol moiety is important in oxidation. 6 Most studied
natural products do indeed have one or more enol moieties, of-
ten presented as a phenol. It is no surprise that these compounds
perform relatively well in the oxidation assays compared to the
other assays. So, from the fourteen best anti-inflammatory nat-
ural products, ten (71%) have reactive enol moieties. The excep-
tions are byakangelicol (13), phyllantine (87) and phyltetralin (99).

In conclusion, present systematic review shows that phyllanthine
(87), 6-shogaol (25), phyltetralin (99) and pyrogallol (33) have strong
anti-inflammatory potency, whereas the majority of natural products
hardly shows any anti-inflammatory activity (a full list ordered by anti-
inflammatory potency can be found in supplementary Table S9).
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Head-to-Head Comparison of Anti-Inflammatory
Performance of Known Natural Products in Vitro1

Iris E. Allijn, Stefan F.C. Vaessen, Linda C. Quarles van Ufford, Kees J.
Beukelman, Menno P.J. de Winther, Gert Storm, Raymond M. Schiffe-
lers.

abstract
Inflammation is an important therapeutic target. Due to their potency,
steroidal drugs dominate the current treatment of inflammatory dis-
orders. However, steroidal drugs can also exert a broad range of side
effects and appear not always effective. This calls for the development
of alternative drugs with a different mechanism of action, which are
likely to be found in the field of natural products (NPs). For many
NPs, strong anti-inflammatory effects have been described, but usu-
ally investigating a single compound in a single assay. In this study,
eight promising NPs were selected and tested against the strong anti-
inflammatory drug prednisolone. For this head-to-head comparison,
in vitro assays were used which represent different pathways of the
inflammatory response: TNF-α and IL-6 expression by macrophages,
IL-8 expression by colon epithelial cells, ROS production in polymor-
phonuclear leukocytes and platelet activation in whole blood. Perfor-
mance profiles were established which allowed us to identify curcumin,
berberine chloride and epigallocatechin gallate as potential alternatives
for prednisolone or other glucocorticoids in inflammation.

3.1 introduction
Inflammation is an important process to defend against pathogens and
injuries. A controlled acute inflammatory response is beneficial for the
body. However, inflammation can become detrimental when the pro-

1 Published in PLoS ONE, 2016, 11(5), pp e0155325, DOI: 10.1371/journal.pone.0155325
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cess is dysregulated. Uncontrolled inflammation is underlying most
chronic diseases such as cardiovascular disease, arthritis, asthma and
type 2 diabetes mellitus [31] and is often linked to cancer development
[31, 1]. Inflammation is a complex process involving many mediators,
with TNF-α, IL-6, IL-8, ROS and platelet activation being key players
(Figure 3.1). Even though Figure 3.1 addresses only a limited number
of pathways, the complex nature of inflammation and the many medi-
ators involved is apparent.

Five important processes in inflammation are combined into one in-
terconnected pathway network (Figure 3.1):

TNF-α is part of the very extensive NF-κβ pathway [6]. TNF-α starts
multiple signaling cascades by recruiting the tumor necrosis factor re-
ceptor 1 (TNFR1), which is subsequently recruiting the TNFR1 associ-
ated death domain (TRADD) [15]. TRADD on one side activates the
caspase cascade which leads to apoptosis and ROS production [2]. On
the other side, the core component complex IKKα/β (Iκα/β kinase) of
the NF-κβ pathway is activated. The β part subsequently phosphory-
lates Iκβwhich in turn activates NF-κβ [15]. This leads to translocation
of NF-κβ dimers to the nucleus and upregulation of (among others) IL-
6, IL-8, TNF-α, and manganese superoxide dismutase (Mn-SOD) [15, 2,
14].

IL-6 is an important activator of the Janus kinase signal transducer
and an activator of transcription [5]. The JAK/Stat pathway is involved
in the upregulation of pro-inflammatory cytokines in inflammation,
cell proliferation and tumorigenesis [14, 5, 33]. IL-6 binds to the IL-6
receptor (IL-6R), which in turn associates with the gp130 protein com-
plex on the cell membrane and phosphorylates JAK. Only a few cell
types express the IL-6R on the cell membrane, however, all cells have
a soluble form of this receptor (sIL-6R) and the gp130 dimer, meaning
that JAK/Stat signaling can be activated in essentially all cell types.
The complexation of IL-6 with gp130 and consequently the phospho-
rylation of Stat3 is needed for a controlled inflammatory response [38,
41]. Activated Stat3 dimerizes and translocates to the nucleus, where
(among others) c-Myc and c-reactive protein (CRP) are upregulated
[41]. Furthermore, activated Stat3 stimulates NF-κβ [1] and the Ras
oncogene which is important in both the development of cancer [14, 5,
33, 38, 41] and stimulation of inflammation [14].

IL-8 is a pro-inflammatory chemokine whose expression is primarily
regulated by NF-κβ. IL-8 binds to G-coupled protein receptor CXCR1/2,
which in turn stimulates the Ras oncogene and promotes the nuclear
translocation of Stat3 [49]. It is the most powerful human neutrophil
chemoattractant and stimulates tumor growth. Furthermore, TNF-α
and ROS are potent inducers of IL-8 production [47].

At an inflammatory site, ROS (which include superoxide radicals,
nitric oxide and hydrogen peroxide [2]) are produced continuously (the
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Figure 3.1: Interconnection of inflammatory pathways. Five important me-
diators (TNF-α, green, IL-6, pink, IL-8, yellow, ROS, blue and
Platelets, orange) of inflammation are combined into one intercon-
nected pathway network.f = fibrinogen, Psel = P-selectin, EGF =
endothelial growth factor, α = α-granules, β3 = β-integrin recep-
tors, LPS = lipopolysaccharide, Plt = platelet, Nu = nucleus.
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oxidative burst) as one of the first lines of attack against pathogens
[9]. ROS production is vital in acute inflammation, however, a too high
production of ROS can cause DNA repair failure [14] and modifications
in proteins [9], and are carcinogenic [2]. Intracellularly, most ROS are
produced by the mitochondrial electron transport chain (ETC), which
is also stimulated in response to TNF-α [2]. These ROS are important
for apoptosis as well as cell maintenance, but also stimulate NF-κβ,
inflammation and cancer [9]. ROS can also activate platelets [48].

Platelets are derived from megakaryocytes, do not have a nucleus
and are essential for hemostasis and thrombosis. However, platelets are
also loaded with immune modulators, and can drive the inflammatory
response. Platelets express NADPH oxidase (NOX) and are an impor-
tant source of ROS. Upon activation by thrombin or ROS, α-granules
are secreted which contain (among others) fibrinogen, P-selectin and
EGF [21].

To modulate inflammatory responses, a variety of anti-inflammatory
drugs are used, which can be broadly categorized as non-steroidal
anti-inflamma-tory drugs and steroids. Glucocorticoids (GCs) are the
most robust anti-inflammatory agents known [50], widely used [3]
and the most effective drugs in many chronic inflammatory and im-
mune diseases [4, 10]. In general, GCs decrease the transcription of pro-
inflammatory cytokines and chemokines and increase the transcription
of anti-inflammatory cytokines [3, 4]. In addition, there are also non-
genomic actions described for GCs [50].

Despite their strong anti-inflammatory activities, a variety of sys-
temic side effects [3] can outweigh the benefits of GC treatment [11].
About 90% of patients with chronic GC treatment develop side effects,
ranging from mild (acne) to severe (Cushing Syndrome) and even life
threatening events (heart disease) [10]. Besides the adverse effects, in-
dividual patients can respond differently to GCs and, with chronic use,
many patients develop a form of GC resistance [50]. A small number
of patients is even completely resistant to initial GC therapy [4]. The
need for alternative treatments is therefore substantial [3, 4]. Partic-
ularly compounds with a different anti-inflammatory mechanism of
action would be attractive. Such compounds might be found in the
imminent field of natural products (NPs) because of their described
anti-inflammatory bioactivity and great structural variety [12].

NPs show an enormous structural diversity [12, 8]. They are impor-
tant metabolites in plants and play key roles in antibiotic mechanisms,
defense against herbivores, protection against UV radiation, nutrition
and growth of the plant [36]. NPs are an important source for new
drug development [12]. Indeed, half of the drugs in clinical use today
is of natural origin [12, 34].

In this study, in order to find active but less toxic alternatives for GCs,
we have selected eight NPs because of their alleged anti-inflammatory
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properties and popularity. We have compared their therapeutic in vitro
efficacy with that of the GC prednisolone (PLP, Figure 3.2.1). We chose
PLP, because it is an often prescribed GC which is with its intermedi-
ate potency a good representative of the GCs. As such, it serves as a
good benchmark for the potency of the natural products in compar-
ison to a strong anti-inflammatory compound. Although these eight
NPs are well known, and their anti-inflammatory activity has been de-
scribed, the head-to-head comparison in multiple anti-inflammatory
assays, usually applied in pharmacology, is novel in phytomedicine.

Epigallocatechin gallate (EGCG, Figure 3.2.2), the main constituent
in green tea leaves (Camellia sinensis) [22] has gained a lot of interest in
the past decade [37]. It is a good radical scavenger with chemopreven-
tive actions [36] and anti-inflammatory effects [37].

Berberine chloride (BBCl, Figure 3.2.3) is an alkaloid found in bar-
berry plants (Berberis spp.) [18], which have a long history in traditional
medicine [18, 35]. BBCl is used in diabetes mellitus against insulin re-
sistance [25]. Pharmacological properties of BBCl include antimicrobial,
antidiarrheal [35], anti-inflammatory and anti-oxidant [12, 35, 25].

Curcumin (Cur, Figure 3.2.4) is a pigment [36] isolated from Cur-
cuma longa which has been used in many ailments in traditional In-
dian medicine [24]. Cur has chemopreventive actions [36] and, de-
spite its poor bioavailability, is used in the development of new anti-
inflammatory and anti-cancer drugs [12].

Apocynin (Apo, Figure 3.2.5), isolated from (Picrorhiza kurroa) [46], is
well known in traditional medicine [44], and inhibits NADPH oxidase
[48, 44] and platelet recruitment [48]. Apo dimerizes upon entering
the cell, which enhances the effect [44]. Apocynin ester (Apo-e, Figure
3.2.6) is an ester form of apocynin making the molecule more lipophilic
to increase oral bioavailability.

Paeonol (PN, Figure 3.2.7), the main phenolic compound in paeony
roots (Paeonia spp.), is used in traditional medicine to treat inflamma-
tion [17, 7]. Other reported properties of PN are anti-oxidant and apop-
tosis inducing effects [17].

Pterostilbene (PTS, Figure 3.2.8) is an anti-oxidant with anti-cancer
properties found in berries (Vaccinium spp.) [30, 16]. PTS is an analogue
of resveratrol, however with an enhanced oral bioavailability [30].

Pravastatin sodium (PSS, Figure 3.2.9) is the only included NP of
microbial origin. PSS is part of the HMG-CoA reductase inhibitors,
generally referred to as statins, which lower low-density lipoprotein
(LDL) levels [45] and have anti-inflammatory effects in patients with
cardiovascular diseases [23].

One of the difficulties in interpreting the relative potency of NPs is
the fact that most studies investigate a single molecular species in a sin-
gle assay. In this benchmarking study, eight NPs are tested simultane-
ously in four in vitro anti-inflammatory assays representing five major
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pathways of inflammation (Figure 3.1) and are compared to the ref-
erence GC PLP. Inhibition of secretion of pro-inflammatory cytokines
TNF-α and IL-6 by macrophages, inhibition of secretion of proinflam-
matory chemokine IL-8 by colon epithelial cells, inhibition of ROS pro-
duction by polymorphonuclear leukocytes and inhibition of platelet
activation. From the collected results, anti-inflammatory profiles were
established and compared to PLP to identify potent alternatives.

Table 3.1: Identifiers and physicochemical properties of the selected com-
pounds. Full names, their abbreviations as used in the text and
CAS registry numbers (CAS RN) are given as compound identifiers.
Molecular weight (MW) and logD at pH 7.4 were predicted or cal-
culated using Marvins’ Calculater Plugins and Instant JChem 6.1.3
was used for structure database management (ChemAxon Kft. [20]).
Both the MW and the logD of the compounds fit within Lipinski’s
’rule of 5’ [26].

Name abbr CAS RN MW logD

Prednisolone disodium phosphate PLP 125-02-0 484.39 −2.42

Epigallocatechin gallate EGCG 989-51-5 458.38 2.97

Berberine chloride BBCl 633-65-8 371.82 −1.28

Curcumin Cur 458-37-7 368.39 4.12

Apocynin Apo 498-02-2 166.18 1.02

Apocynin ester Apo-e 448251-47-6 222.24 1.68

Paeonol PN 552-41-01 166.18 1.72

Pterostilbene PTS 537-42-8 256.30 3.69

Pravastatin sodium PSS 81131-70-6 446.52 −1.38

3.2 results

3.2.1 Properties of Selected Compounds

Molecular and structural properties of the selected compounds (Table
3.1 and Figure 3.2) reveal that BBCl, Cur, PN and PTS are present in
their neutral form at physiological pH as their logP and logD are the
same. Only PLP and PSS are negatively charged at physiological pH,
the other compounds can only be present in their cationic form at very
low pH. Furthermore, the molecular weight (MW) show that all com-
pounds are within the limits of Lipinski’s ’rule of 5’ [26].
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3.2.2 Capacity of the compounds to inhibit the production of pro-inflamma-
tory mediators

The compounds were tested in the following anti-inflammatory assays:
inhibition of secretion of pro-inflammatory cytokines TNF-α and IL-6
by macrophages, inhibition of secretion of pro-inflammatory chemokine
IL-8 by colon epithelial cells, inhibition of ROS production by polymor-
phonuclear leukocytes and inhibition of platelet activation (see Figure
3.1 for these inflammatory pathways).

Sigmoidal dose response curves were constructed as a measure of
performance in all in vitro assays. For this, the following parameters
were used: the maximum effect (Emax), the concentration at which
the compound achieved 50% of the maximum effect (IC50) and the
curve fit (R2). This means that the IC50 is not necessarily absolute 50%
inhibition (Figure 3). The curve fit is an important measure for the
significance of the result; 1.0 means a perfect fit, and 0.1 there is no fit,
which means in our case that there is no dose dependent concentration
and hence no dose response curve. Compounds which either had an
Emax of < 30% or an R2 of < 0.70 were considered inactive.

3.2.3 Cell viability

All cells in all four assays were still 100% viable at the highest concen-
trations used at the end of the incubation period as determined by the

Figure 3.2: Molecular structures. The main microspecies at pH 7.4 are de-
picted for the reference corticosteroid and the selected natural com-
pounds. PLP = prednisolone disodium phosphate, EGCG = epi-
gallocatechin gallate, BBCl = berberine, Cur = curcumin, Apo =
apocynin, Apo-e = apocynin ester, PN = paeonol, PTS = pterostil-
bene, PSS = pravastatin sodium. (drawn using MarvinSketch 6.1.7,
ChemAxon Kft. [20]).
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Alamar Blue assay. Also, the DMSO concentrations used to dissolve the
compounds even for the highest concentrations of NPs were so low (6
0.2% v/v) that it did not interfere with the viability of cells.

3.2.4 Inhibition of TNF-α and IL-6 Secretion by Macrophages

Inhibition by LPS stimulated murine RAW 264.7 macrophages of TNF-
α and IL-6 secretion was quantified. Inhibition of TNF-α secretion was
only observed in cells incubated with PLP and Cur. Although Apo-e
has an Emax of 30%, the low curve fit (R2 = 0.35) makes it a weak
and unreliable inhibitor (Table 3.2). For IL-6 secretion, PLP, BBCl and
Cur were inhibitory, whereas the other NPs were ineffective for both
cytokines (Table 3.3). Unstimulated macrophages did not secrete TNF-
α and IL-6.

3.2.5 Inhibition of IL-8 secretion by colon epithelial cells

In human Caco-2 epithelial cell cultures stimulated with a pro-inflam-
matory cytokine mix (TNF-α, IFN-γ and IL-1β) inhibition of IL-8 se-
cretion was measured. Inhibition was only achieved by the NPs EGCG
(used as reference), BBCl and Cur. PLP and the remaining NPs did not
inhibit cytokine induced IL-8 secretion by Caco-2 cells (Table 3.4).

Figure 3.3: Dose response curve explanation. Two dose response curves are
displayed. The first with a maximum effect (Emax) of close to 100%
and the second with an Emax of less than 50%. The IC50 is the con-
centration at which 50% inhibition of the Emax is observed. Com-
pounds with an Emax < 30% and/or R2 < 0.70 were considered
not to be inhibitory even if an IC50 could be calculated.
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Table 3.2: Inhibition of TNF-α secretion by RAW 264.7 macrophages. PLP
and Cur demonstrated an inhibitory effect on TNF-α secretion by
LPS stimulated RAW macrophages with IC50s of respectively 2.6
and 7.4 µM. The other compounds all had an Emax of < 30% and
were considered inactive.

Compound IC50 (µM) Emax (%) Fit (R2)

PLP 2.6 45 0.88

EGCG − < 30 −

BBCl − < 30 −

Cur 7.4 46 0.86

Apo − < 30 −

Apo-e 5.2 30 0.35

PN − < 30 −

PTS − < 30 −

PSS − < 30 −

Table 3.3: Inhibition of IL-6 secretion by RAW 264.7 macrophages. PLP, BBCl
and Cur demonstrated inhibitory effects on IL-6 secretion in LPS
stimulated RAW macrophages with IC50s of respectively 3.7, 10.4
and 22.5 µM. The other compounds all had an Emax of < 30% and
were not considered to be inhibitory.

Compound IC50 (µM) Emax (%) Fit (R2)

PLP 3.7 66 0.97

EGCG − < 30 −

BBCl 10.4 44 0.77

Cur 22.5 100 0.84

Apo − < 30 −

Apo-e − < 30 −

PN − < 30 −

PTS − < 30 −

PSS − < 30 −
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3.2.6 Inhibition of ROS production in human polymorphonuclear leuko-
cytes

ROS production in human PMNs was strongly inhibited by EGCG
(used as reference), BBCl, Cur, Apo, Apo-e and PTS. PLP, PN and PSS
did not have any inhibitory effect on the production of ROS (Table 3.5).

3.2.7 Anti-platelet effects in human whole blood

Platelet activation was determined as fibrinogen binding to platelet
GP IIb/IIIa integrin receptor and P-selectin expression on the surface
of plate-lets. Platelets were activated with endogenous TRAP-6. Com-
pounds that were able to reduce fibrinogen binding were PLP, EGCG,
BBCl and Cur. For P-selectin, PLP, BBCl and Cur were able to reduce
the expression. The remaining NPs; EGCG, Apo, Apo-e, PN, PTS and
PSS, could not prevent the activation of the platelets (Table 3.6).

3.2.8 Anti-inflammatory profiles of natural products in vitro

Performance of each of the compounds in every assay was compared
in a matrix, providing anti-inflammatory profiles (Figure 3.4). Differ-
ent potencies of anti-inflammatory effect were observed based on the
determined Emax, IC50 and R2 of the dose response curves. Anti-
inflammatory potency was classified as follows; strong inhibition (Emax

Table 3.4: Inhibition of IL-8 secretion by Caco-2 colon epithelial cells. EGCG,
BBCl and Cur demonstrated inhibitory effects on IL-8 secretion in
pro-inflammatory cytokine stimulated Caco-2 cells with IC50s of
respectively 78.3, 15.2 and 38.9 µM. The other compounds all had
an Emax of < 30% and were not considered to be inhibitory.

Compound IC50 (µM) Emax (%) Fit (R2)

PLP − < 30 −

EGCG 78.3 100 0.94

BBCl 15.2 52 0.79

Cur 38.9 86 0.76

Apo − < 30 −

Apo-e − < 30 −

PN − < 30 −

PTS − < 30 −

PSS − < 30 −
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Table 3.5: Inhibition of ROS production in human polymorphonuclear
leukocytes. ROS production was not inhibited by corticosteroid PLP.
Of the NPs, only PN and PSS did not inhibit ROS production. All
other tested compounds showed an inhibition of ROS production
with Emax values close to 100%.

Compound IC50 (µM) Emax (%) Fit (R2)

PLP − < 30 −

EGCG 5.9 92 0.91

BBCl 26.5 92 0.99

Cur 7.0 100 0.96

Apo 11.4 95 0.99

Apo-e 14.3 86 0.94

PN − < 30 −

PTS 22.2 100 0.83

PSS > 1000 100 0.53

Table 3.6: Inhibition of platelet activation in human whole blood. TRAP-6
induced platelet activation was determined as fibrinogen binding to
platelets and PE-selectin expression on platelets. PLP, EGCG, BBCl
and Cur inhibited fibrinogen binding with IC50s of respectively
22.1, 65.9, 7.7 and 4.6 µM. PLP, BBCl and Cur inhibited PE-selectin
expression with IC50s of respectively 83.2, 16.5 and 37.2 µM. The
other compounds all had an Emax of < 30% and were considered
to be unable to prevent platelet activation.

Fibrinogen expression PE-selectin expression

Compound IC50 (µM) Emax (%) Fit (R2) IC50 (µM) Emax (%) Fit (R2)

PLP 22.1 35 0.90 83.2 40 0.87

EGCG 65.9 52 0.84 − < 30 −

BBCl 7.7 64 0.89 16.5 38 0.91

Cur 4.6 60 0.87 37.2 33 0.79

Apo − < 30 − − < 30 −

Apo-e − < 30 − − < 30 −

PN − < 30 − − < 30 −

PTS − < 30 − − < 30 −

PSS − < 30 − − < 30 −
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> 90%, low IC50, R2 > 0.70), medium inhibition (Emax > 90%, medium
IC50 , R2 > 0.70 or Emax > 60%, low IC50, R2 > 0.70), weak inhibition
(Emax > 30%, low IC50, R2 > 0.70) and no inhibitory effect (Emax
< 30%, R2 < 0.70).

Cur displayed the broadest anti-inflammatory profile by showing in-
hibitory activity in all tests. This was followed by BBCl, which was
only unable to inhibit TNF-α secretion, but was inhibitory in the other
assays. PLP and EGCG have contrasting profiles, only fibrinogen bind-
ing to platelets was inhibited to the same extent. Most NPs showed
strong ROS production inhibition, whereas PLP was ineffective in ROS
production inhibition.

Figure 3.4: Anti-inflammatory profiles. Performance of the natural com-
pounds compared to the reference corticosteroid PLP is depicted in
a colored profile. Cur has an inhibitory effect in all assays, whereas
PN and PSS do not induce inhibition in any of the assays. PLP is
ineffective to inhibit ROS production, whereas most NPs are very
effective. (strong inhibition, green) Emax > 90%, low IC50, R2

> 0.70. (medium inhibition, yellow) Emax > 90%, medium IC50 ,
R2 > 0.70 or Emax > 60%, low IC50, R2 > 0.70. (weak inhibition,
orange) Emax > 30%, low IC50, R2 > 0.70. (no inhibition, red)
Emax < 30%, R2 < 0.70. PLP = prednisolone disodium phosphate,
EGCG = epigallocatechin gallate, BBCl = berberine chloride, Cur =
curcumin, Apo = apocynin, Apo-e = apocynin ester, PN = paeonol,
PTS = pterostilbene, PSS = pravastatin sodium.
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3.3 discussion
Inflammation is at the foundation of most chronic diseases and thus
an important target. GCs are very potent and robust anti-inflammatory
agents and widely used to treat inflammation [16], however they pos-
sess a broad range of adverse effects [3].

In this study, we have performed an in vitro head-to-head perfor-
mance comparison of eight NPs and prednisolone to identify the most
potent NP and best GC alternative. The anti-inflammatory performance
of each of the tested NPs has already been described before, however,
the approach of simultaneously testing multiple compounds in mul-
tiple assays, which is common practice in pharmaceutical research, is
novel in phytotherapy research. This way of testing and comparison al-
lows ordering of the (anti-inflammatory) activity and more important
the potency of NPs. In order to accomplish this, we have used five key
parameters of inflammation, i.e. inhibition of TNF-α, IL-6 and IL-8 ex-
pression, ROS production and platelet activation (as set out in Figure
3.1). We have chosen for in vitro comparison only since the complex-
ity of in vivo models is high and makes interpretation of inhibition of
multiple inflammatory pathways difficult.

Interestingly, our reference GC PLP, which is one of the most po-
tent anti-inflammatory drugs, does not affect all five pathways. The
observed in vitro inhibition of TNF-α and IL-6 is consistent with what
is described in literature, with prednisolone inhibiting TNF-α secre-
tion by macrophages [13] and lymphocytes [28] and both TNF-α and
IL-6 secretion by monocytes [29]. The observed result of PLP to affect
platelet function is consistent with what has been described before [32,
27]. Interestingly, both IL-8 secretion and ROS production were not in-
hibited by PLP in our experiments. In literature the inhibition of IL-8
secretion by nasal epithelial cells [39] and inhibition of ROS production
in platelets [40] is described, however both studies used different cell
lines and stimuli than we used in our assays. The profile of PLP gives
us room to select NPs with a similar or contrasting profile, addressing
different pathways of inflammation and ideally resulting in less side
effects.

Most of the tested NPs, except for PN and PSS, are strong ROS pro-
duction inhibitors, which is their most important property described
in literature [36]. However, for half of them, this is also the only inflam-
matory pathway they affect and such a narrow profile is unlikely to be
competing with that of PLP.

Nonetheless, three of the tested NPs, namely Cur, BBCl and EGCG, Please see chapter 5
for curcumin and
chapter 6 and 7 for
berberine.

do show interesting anti-inflammatory profiles. Cur truly stands out
with a stronger and broader anti-inflammatory profile than PLP, in-
hibiting all tested parameters. This broad profile is consistent with the
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ability of Cur to combat numerous inflammatory diseases via multiple
pathways [43]. This makes Cur a promising alternative for GCs like
PLP, even the more since PLP is the only GC to inhibit platelet activa-
tion so far [27], making the anti-inflammatory profile for GCs as a class
even narrower. The broad profile of Cur is followed by BBCl, which is
only ineffective in inhibiting TNF-α secretion. Another attractive NP
is EGCG, which has a positive performance on the same number of
parameters as PLP, addressing the opposite inflammatory pathways
except for platelet activation inhibition.

In conclusion, the broader or contrasting profile of the NPs curcumin,
berberine and epigallocatechin gallate makes these NPs possible at-
tractive alternatives for GCs like prednisolone disodium phosphate.
Because of the poor bioavailability and predominantly hydrophobic
nature of these NPs, solubilizers are indispensable. Drug delivery sys-
tems are therefore a promising approach to enhance the bioavailability
and boost the potency of curcumin, berberine and epigallocatechin gal-
late as anti-inflammatory compounds.

3.4 materials & methods

3.4.1 Ethical statements

Blood was collected from anonymous healthy human volunteers. All
volunteers have provided written informed consent prior to the first
donation. The medical ethical board of UMC Utrecht (Utrecht, The
Netherlands) and/or Sanquin Blood Supply Foundation (Amsterdam,
The Netherlands) provided approval for the experimental protocols.

3.4.2 chemicals

Berberine chloride form, Lipopolysaccharides from Escherichia coli
055:B5, Penicillin - Streptomycin, Hanks’ Balanced Salts, Zymosan A
from Saccharomyces cerevisia, luminol, resazurin sodium salt, sulfuric
acid, magnesium sulfate, potassium chloride and formaldehyde were
purchased from Sigma-Aldrich Chemie BV, The Netherlands. Pred-
nisolone disodium phosphate was obtained from Fagron BV, The Ne-
therlands. Apocynin, apocynin-ester and paeonol were provided by
PhytoGenix BV, The Netherlands. Pterostilbene was purchased from
Chromadex Inc., USA, pravastatin sodium from AK Scientific Inc, USA
and epigallocatechin gallate and curcumin from Chengdu Biopurity
Phytochemicals Ltd. Dimethyl sulfoxide, albumin bovine fraction V
and 1-step ultra TMB ELISA substrate were obtained from Thermo
Scientific BV, The Netherlands. Tween 20 and HEPES were purchased
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from Acros Organics, Belgium. TNF-α and IL-6 cytosets were acquired
from Life Technologies BV, The Netherlands, IL-8 cytoset from R&D
Systems, Minneapolis, Minnesota, USA and RPMI-1640 without L-gluta-
mine and L-glutamine 200 mM from PAA Laboratories GmbH, Ger-
many. Fetal bovine serum (FBS) was purchased from Lonza, Belgium,
heparine from Leo Pharmaceuticals, Denmark, gelatin from Genfarma,
Spain and Percoll from Amersham Pharmacia. Ammonium chloride,
potassium bicarbonate and sodium chloride were obtained from Merck
BV, The Netherlands. Ethylenediaminetetraacetic acid and sodium bi-
carbonate were purchased from Baker Inc., USA. TRAP-6 was acquired
at Bachem USA. Fibrinogen/FITC polyclonal rabbit anti-human was
purchased from DAKO, Denmark and PE mouse/anti-human CD62P
from BD Biosciences, USA. Cypridina luciferin analog was obtained
from TCI N.V. Europe. TNF-α, IFN-γ and IL-1β were purchased from
Immunotools, Friesoythe, Germany. Minimum Essential Medium, non-
essential amino acids and sodium pyruvate were acquired from Gibco,
Paisly, Scotland.

3.4.3 Incubation of RAW 264.7 cells with natural products and PLP

RAW 264.7 macrophages were a gift from the Department of Medi-
cal Biochemistry at the Academic Medical Center, Amsterdam, The
Netherlands. Cells were cultured in RPMI-1640 medium substituted
with 10% FBS, 2 mM penicillin/streptomycin and 2 mM L-glutamine.
Cells were split twice a week until maximum passage number 32.
10, 000 µM stock solutions of the NPs were prepared one day prior

to the assay. For BBCl, a stock solution of 5000 µM was used. All com-
pounds except PLP were first dissolved in DMSO, keeping a DMSO
concentration of 60.2% for use in the cell culture. Subsequently, the
compounds were dissolved to the desired stock concentration using
milliQ water.

Cells were seeded into 96-well cell culture plates at a concentration
of 5∗105 cells/mL and left to settle at 37 °Cin a humidified incubator
containing 5% CO2. After 6–8 h, the cells were tightly adhered to the
bottom of the wells. We have chosen the cell density to allow the cells to
reach confluency over the course of the experiment. Less dense seeding
of the macrophages resulted in poor and uneven growth of the cell
monolayer. The medium was taken off, and concentrations between 4
and 250 µM twice in triplicate per compound were added to the cells
and incubated for 2 h in the same incubator. Incubation with medium
only was used as a negative control and incubation with PLP served
as a positive control. Subsequently, the compound containing medium
was taken off and cells were incubated for 12 h with 250 ng/mL LPS
to induce an inflammatory response.
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To properly establish the incubation times in the RAW 264.7 macro-
phages, first we established the incubation and stimulation order with
different LPS stimulation times. First sample incubation followed by 12
h LPS stimulation proved best for a dose response effect. Precondition-
ing of the cells to an anti-inflammatory state by the chosen compounds,
produces a far more reproducible halt on the LPS stimulatory response,
that is in line with the described pharmacological activities of anti-
inflammatory compounds. In contrast, LPS stimulation first produces
an almost instantaneous activation that is difficult to control at mean-
ingful drug concentrations with a strong dependence of the timing of
the intervention.

Only one set of triplicates received LPS, the other set got plain me-
dium instead and served as a negative (unstimulated) control. After
LPS stimulation, supernatant was used for cytokine level determina-
tion using an ELISA assay (see section 3.4.5).

Cells were subsequently checked for their viability using Alamar
blue solution (440 µM resazurin salt in PBS). Medium containing Ala-
mar blue (1 : 10 v/v medium/Alamar blue) was added to the cells
and after 3 to 4 h incubation at 37 °C, fluorescence was measured at
excitation/emission 560/590 nm using a spectrophotometer and com-
pared to untreated cells. The experiment was repeated three times
(n = 3).

3.4.4 Incubation of Caco-2 cells with natural products and PLP

The human colon carcinoma cell line, Caco-2, was obtained from the
German Collection of Microorganisms and Cell Cultures (DSMZ ACC
169, Braunschweig, Germany). Caco-2 cells were cultured in MEM, sup-
plemented with 1% (v/v) non-essential amino acids, 1 M sodium pyru-
vate, 50 U/mL streptomycin, 50 U/mL penicillin and 10% (v/v) heat-
inactivated FBS. Cells were grown at 37 °Cin a humidified incubator
containing 5% CO2.

For experiments, Caco-2 cells were seeded in 96-wells cell culture
plates at 10, 000 cells/well and allowed to grow to confluence. After
four days, cells were incubated with the compounds at 37 °Cin a hu-
midified incubator for 2 h. Afterwards, a pro-inflammatory cytokine
mix of TNF-α, IFN-γ and IL-1β (final concentrations 10, 5 and 1 ng/mL,
respectively) was added and cells were incubated another 16 h at 37
°Cin the same incubator. After 16 h, supernatant was collected and
stored at −80 °Cfor subsequent determination of IL-8 concentrations
using a commercial ELISA (R&D Systems, Minneapolis, Minnesota,
USA). After aspirating the supernatant, cell viability was checked us-
ing Alamar blue (see section 3.4.3). The experiment was repeated three
times (n = 3).
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3.4.5 TNF-α, IL-6 and IL-8 ELISA

ELISAs were performed as per suppliers instructions with some minor
modifications. Briefly, immuno Maxisorp plates (Nunc art NO. 439454)
were coated with coating antibody in PBS, sealed and left to incubate
over night at room temperature (RT). Between each step, wells were
washed using 0.05% Tween 20 in PBS. After coating, cells were blocked
for at least 1.5 h using block buffer (0.5% BSA in PBS for TNF-α and
IL-6 and 1% BSA with 0.05% NaN3 in PBS for IL-8).

First incubation: wells were either incubated with standards (0–1000
pg/mL for TNF-α and IL-6 and 0–2000 pg/mL for IL-8) in 1 : 2 serial
dilutions in assay diluent (0.5% BSA and 5% FBS in PBS for TNF-α
and IL-6 and 0.1% BSA, 0.05% Tween 20 in Tris-buffered Saline for IL-
8) in duplicates or with samples (supernatant of incubation assay) in
triplicates for 1 h (TNF-α and IL-6) or 2 h (IL-8) at RT in the dark.
Second incubation: cells were incubated with detection antibody in
block buffer for 1 h (TNF-α and IL-6) or 2 h (IL-8) at RT in the dark.
Third incubation: wells were incubated with streptavidin-HRP solution
in block buffer for 1 h at RT in the dark.

Plates were developed by adding 1-step ULTRA TMB ELISA sub-
strate and the reaction was stopped after all concentrations of the
standard showed coloration, with the same volume of Stop Solution
(H2SO4, 1.8 M for TNF-α and IL-6 and 1 M for IL-8). Optical density
was measured at 450 nm using a spectrophotometer.

3.4.6 Isolation of polymorphonuclear leukocytes from human buffy coats

For the isolation of polymorphonuclear leukocytes (PMNs), human
buffy coats (Sanquin Noordwest, Amsterdam, The Netherlands) were
poured into 15 mL PBS/heparin solution (10 IE heparin/mL PBS) in a
50 mL tube and mixed carefully. 12 mL Percoll solution (0.15 M NaCl

in 1 : 1.6 Percoll diH2O) was put under the buffy without disturb-
ing the forming gradient. Tubes were spun at RT at 1200 g for 20 min
without break. The top layer containing plasma, mononuclear cells and
Percoll was taken off and discarded, leaving the pellet consisting of ery-
throcytes and PMNs undisturbed. Subsequently, cold lysis buffer (0.16
M NH4Cl, 10 mM KHCO3 and 0.1 mM Na2EDTA in diH2O) was
added, the tubes swirled carefully and kept on ice until the solution
was blackish red. Tubes were spun at 400 g for 5 min with break at RT
and the supernatant containing the lysed erythrocytes was taken off
and discarded. This step was repeated to remove as many erythrocytes
as possible. The pellet containing mostly PMNs, was taken up in 10 mL
HBSS-gel (4.2 mM NaHCO3 in Hank’s Buffered Salt Solution (HBSS)
substituted with 1% gelatin solution in diH2O) and the cell concentra-
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tion was determined using Türk solution and a hemocytometer. PMNs
were diluted until approximately 1∗107 cells/mL HBSS-gel and were
ready to use (see section 3.4.7).

3.4.7 Oxidative burst assay

All compounds except PLP were dissolved in DMSO and further di-
luted using HBSS buffer to the desired stock concentrations. These
concentrations were a 4-fold of the highest of the duplicate 1 : 2 se-
rial dilution series of the compounds: 4000 µM for PLP, PN and PSS,
1000 µM for BBCl, Apo, Apo-e and PTS, 200 µM for EGCG and Cur
and 1% for the DMSO control.

EGCG was used as a positive control and HBSS-gel as blank. 50 µL of
standards was pipetted in duplicates into white 96-well plates. To this,
50 µL luminol was added as an enhancer of the luminescence and 50 µL
PMNs were added. At last, 50 µL human serum opsonized zymosan
was added to start the reaction and luminescence was immediately
measured for 30 min at 3 min intervals at 37 °C(Titertek Luminoskan,
TechGen International, Zellik, Belgium). Inhibition of ROS production
compared to the blank was measured. The assay was repeated for four
different donors (n = 4).

3.4.8 Platelet activation assay in whole blood

In this assay, PE-anti-P-selectin and FITC-anti-fibrinogen were added
to drug stock concentrations made in HBS buffer (10 mM HEPES, 150
mM NaCl, 1 mM MgSO4 and 5 mM KCl) at pH 7.4. Blood from
healthy human volunteers was gently mixed with compound solutions
at specific concentrations at a ratio of 1 : 10 (v/v buffer/blood) and were
incubated 30 min at RT . Subsequently 60 µM of the platelet activator
Thrombin Receptor Activator Peptide 6 (TRAP- 6) was added. Fixative
solution (154 mM NaCl and 0.2% formaldehyde) was added to sam-
ples taken after 1, 10 and 20 min, with a sample to fixative solution
ratio of 1 : 20 (v/v). Fluorescence intensity of P-selectin (PE) and fib-
rinogen (FITC) was measured by flow cytometry with a FACS Canto
II apparatus (BD Biosciences, San Jose, CA, USA) and analyzed with
FACSDivaTM software (BD Biosciences, San Jose, CA, USA). 10, 000
events were recorded per sample. The assay was repeated for three dif-
ferent donors (n = 3). The area under the curve (AUC) was calculated
to determine the extent of platelet activation.
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3.4.9 Scientific calculations

Graphs and calculations were made using GraphPad Prism (GraphPad
Prism version 5.0 for Windows, GraphPad Software, Inc [19]). IC50s for
the assay parameters (i.e. TNF-α, IL-6, IL-8, ROS and platelets) were
calculated using the ’log(inhibitor) vs. response’ of the ’non-linear re-
gression of single data’ analysis function. The curve was fit following
the ’least squares (ordinary) fit’, the top of the curve was set to con-
stant equal to 1.0 (to which the data was normalized). Each replicate of
Y was considered as an individual point and the curve was fit with a
maximum of 1000 iterations and IC50s with R2 and span (as maximum
inhibitory effect, Emax) were used. For the RAW 264.7 and the Caco-2
cell cultures, data of three separate experiments were used (n = 3),
PMNs of four donors (n = 4) and whole blood from three donors
(n = 3).

3.4.10 Molecular structures and property calculation

Chemical structures and CAS registry numbers were resolved using
SciFinder [42]. Structures were drawn using MarvinSketch 6.1.5, prop-
erties were predicted and calculated using Marvins’ Calculater Plugins.
Instant JChem 6.1.3 was used for structure database management (all
from ChemAxon Kft. [20]).
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Gold Nanocrystal Labeling Allows Low-Density
Lipoprotein Imaging from the Subcellular
to Macroscopic Level1

Iris E. Allijn, Wei Leong, Jun Tang, Anita Gianella, Aneta J. Miesza-
wska, Francois Fay, Ge Ma, Stewart Russell, Catherine B. Callo, Ronald
E. Gordon, Emine Korkmaz, Jan Andries Post, Yiming Zhao, Hans
C. Gerritsen, Axel Thran, Roland Proksa, Heiner Daerr, Gert Storm,
Valentin Fuster, Edward A. Fisher, Zahi A. Fayad, Willem J. M. Mulder,
and David P. Cormode.

abstract
Low-density lipoprotein (LDL) plays a critical role in cholesterol trans-
port and is closely linked to the progression of several diseases. This
motivates the development of methods to study LDL behavior from
the microscopic to whole-body level. We have developed an approach
to efficiently load LDL with a range of diagnostically active nanocrys-
tals or hydrophobic agents. We performed focused experiments on
LDL labeled with gold nanocrystals (Au-LDL). The labeling procedure
had minimal effect on LDL size, morphology, or composition. Bio-
logical function was found to be maintained from both in vitro and
in vivo experiments. Tumor-bearing mice were injected intravenously
with LDL, DiR-LDL, Au-LDL, or a gold-loaded nanoemulsion. LDL
accumulation in the tumors was detected with whole-body imaging
methods, such as computed tomography (CT), spectral CT, and fluo-
rescence imaging. Cellular localization was studied with transmission
electron microscopy and fluorescence techniques. This LDL labeling
procedure should permit the study of lipoprotein biointeractions in
unprecedented detail.

1 Published in ACS Nano, 2013, 7(11), pp 9761-9770, DOI: 10.1021/nn403258w
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4.1 introduction
Low-density lipoprotein (LDL) plays an important role in the transport
of cholesterol to peripheral tissues, [6] which is crucial for the mainte-
nance of cell membranes. [3] LDL consists of a hydrophobic core con-
taining cholesteryl esters, which is covered by a phospholipid mono-
layer and is 20 - 25 nm in diameter. [6, 41, 12] One apolipoprotein
(ApoB100) per LDL nanoparticle is embedded into the phospholipid
monolayer, covering about half of its surface. ApoB100 is insoluble,
nonexchangeable, and recognized by the LDL receptor (LDLr). [41]
LDL is a key contributor to a variety of pathological processes. The
accumulation of oxidized LDL in the arterial wall and the consequent
induction of inflammation is a main factor in the formation of early
atherosclerotic lesions, which can progress into vulnerable plaques that
may rupture and cause detrimental events such as myocardial infarc-
tions or strokes. [1, 27, 36] In addition to cardiovascular diseases, LDL
also has a role in the progression of certain tumors as a result of the
high demand for cholesterol in tumorigenesis. [12] These important
roles of LDL motivate its study and imaging of its biointeractions, in
particular.

To facilitate imaging, the core of LDL can be substituted with hy-
drophobic small molecules by Krieger’s method, [26] which allows the
inclusion of fluorophores, [48] small molecules,[44] and triglycerides.
[19] Despite their high diagnostic and therapeutic potential, [34] to the
best of our knowledge, robust methods to load nanocrystals in the core
of LDL have not been reported. This is due to the difficulty of reconsti-
tuting LDL, as ApoB100 is insoluble and nonexchangeable. [41]

Gold nanoparticles have been used as therapeutics [17] to enhance ra-
diotherapy, for targeted drug delivery, [28] and for photothermal abla-
tion. [31] Gold nanoparticles have also a major role in imaging and are
used as contrast agents in subcellular transmission electron microscopy
(TEM), [35, 2] fluorescence imaging, [9] photoacoustics, [25] surface-
enhanced Raman spectroscopy (SERS), [21, 24] computed tomography
(CT), [16, 40] and most recently, spectral CT, a novel multicolor CT
technique. [7] Hence the ability to load LDL with gold nanoparticles
would allow LDL to be tracked using various imaging modalities or
act as a platform to deliver therapeutically active gold nanocrystals to
diseased tissue.

In this study, we report a novel method to label human LDL with
a variety of diagnostically active nanocrystals as well as amphiphilic
or hydrophobic fluorophores (Figure 4.1). The method relies on en-
capsulation of the aforementioned compounds in micelles and their
subsequent translocation into the LDL core using sonication and ul-
tracentrifugation procedures. We studied gold-loaded LDL (Au-LDL)
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in-depth, determining from analytical, in vitro, and in vivo experiments
that its properties are similar to that of native LDL. We will show how
these gold-labeled LDL nanoparticles can be tracked and exploited for
the visualization of lipoprotein biointeractions in vitro and in a tumor
mouse model.

chloroform

+

a

b c

gold nanocrystal ApoB100 phospholipid Cy5.5/rhodamine lipid triglyceride cholesteryl ester

Au-LDL

Au-MHPC

LDL

Figure 4.1: Labeling schematic of low-density lipoprotein. Dodecanethiol-
coated gold nanocrystals were mixed with phospholipids and
Cy5.5 lipids in CHCl3. (a) This solution was dripped into >70

°C H2O, forming micelles enclosing a gold nanocrystal. (b)
Phospholipid-coated gold nanocrystals were mixed with native
LDL in PBS and sonicated, yielding three different particles: free
phospholipid-coated gold nanocrystals, native LDL, and native
LDL with gold nanocrystals in the hydrophobic core. (c) This solu-
tion was purified on a dual-density gradient, resulting in a solution
of gold-labeled LDL nanoparticles (Au-LDL).

4.2 results and discussion

4.2.1 Labeling of Low-Density Lipoprotein

A novel and simple strategy was used to incorporate gold nanocrys-
tals in the lipid core of LDL. To that end, LDL was isolated from
human blood plasma via standard centrifugation procedures. [18] Do-
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decanethiol coated 2 - 3 nm gold nanoparticles were synthesized by
the method of Brust, [4] subsequently coated with phospholipids, and
added to the native LDL solution (Figure 4.2a,b). Sonication of this
solution resulted in labeling of LDL with gold cores (Figure 4.2c). A
density gradient centrifugation method was optimized to purify the
sample and remove unincorporated gold (Figure 4.1). The final product
contained LDL of which 77% was labeled with gold (with an average
of a 1.5 Au/LDL), as shown in Figure 4.2d. The incorporation of Cy5.5
or rhodamine-labeled phospholipids into LDL can be achieved by their
inclusion in the initial phospholipid coating of the gold nanocrystals.

This new labeling method was compared with the method of Krieger,
[26] which has been used to substitute the core of LDL with hydropho-
bic small molecules, such as photosensitizers. [48] We found the son-
ication method for labeling LDL with gold nanocores to be markedly
more efficient than the Krieger method and better preserved LDL’s
morphology (Figure 4.2e). Gold containing nanoemulsions (Au-NE)
(Figure 4.2f) were synthesized using a method we described previously
[23] and used as control particles with a similar morphology and di-
ameter as Au-LDL, but without apolipoprotein ApoB100.

To investigate the broader applicability of this labeling method, wePlease see chapter 5
curcumin-loaded

LDL.
performed test experiments with iron oxide nanocores (10 nm), quan-
tum dots (7.5 nm, Supporting Information Figure S1), and the hy-
drophobic fluorophores BODIPY and DIR, of which the latter two
acted as model drugs. Each of these compounds was encapsulated in
phospholipid micelles and sonicated with LDL to form IO-LDL, QD-
LDL, BODIPY-LDL, and DiR-LDL, respectively. BODIPY-LDL and DiR-
LDL were repurified via Havel’s centrifugation method [18] to isolate
them from any unincorporated label. TEM of these formulations (Fig-
ure 4.2g-i) indicated that the general morphology of LDL was main-
tained. LDL was found to be labeled with both iron oxides and quan-
tum dots; however, in the case of iron oxides, the nanocores were not
homogenously merged into the LDL core. This difference in labeling
is likely related to the differing ligands of the iron oxide (oleic acid) as
compared to the gold nanocrystals and quantum dots (dodecanethiol),
although potentially it could be due to the larger size of the iron oxides.

4.2.2 Characterization of Labeled LDL

Transmission electron microscopy (TEM) showed that Au-LDL has the
same morphology and size as native human LDL (Figure 4.2b-d and
Figure 4.3a), indicating little effect of sonication on these parameters.
Au-LDL typically was loaded with 8.3 mg Au/mg ApoB100. LDL can
be oxidized, which alters its selectivity [29] due to chemical changes
in ApoB100. [30] Importantly, an ELISA assay showed no significant
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Figure 4.2: LDL labeled with different payloads. Negative stain TEM micro-
graphs of (a) phospholipid-coated gold nanocrystals; (b) native hu-
man LDL; (c) unpurified Au-LDL; (d) purified Au-LDL; (e) TEM
of LDL labeled with 3 nm Au nanocrystals using Krieger’s recon-
stitution method.[26] Most LDL nanoparticles stay unlabeled, and
their morphology has changed. (f) TEM of Au-NE nanoemulsions,
the control particle used in the animal experiments. (g) TEM of 10
nm IO-LDL. Most LDL stays unlabeled, some cores seem to attach
to the side of the LDL, but not enter the core (arrowhead). (h) TEM
of QD-LDL. QDs are visible in the core of the LDL (arrowheads).
(i) TEM of BODIPY-LDL. Scale bar is the same for all TEM micro-
graphs. NE = nanoemulsion, IO = iron oxide, QD = quantum dot.
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difference in oxidation between LDL and Au-LDL (Figure 4.3b), indi-
cating that the sonication procedure did not affect the oxidation level.
LDL had 3.55 mg protein/mM phosphate, while Au-LDL had 2.85
mg protein/mM phosphate as determined by analytical methods. This
change is likely due to inclusion of the phospholipids used to coat the
gold cores in Au-LDL. Western blots for ApoB100 on LDL and Au-LDL
(Figure 4.3c) showed the same molecular weight of ApoB100, again in-
dicating no change from sonication. All together, these data corrobo-
rated that our labeling technique does not affect the physiochemical
integrity of the LDL nanoparticle. From phantoms of Au-LDL imaged
with CT, we found the attenuation to be linear in the 0 to 200 mM con-
centration range, with an attenuation rate of 4.3 HU/mM Au at 120 kV
(Figure 4.3d,e).

QD-LDL and BODIPY-LDL exhibited strong fluorescence under UV
irradiation, while Au-Cy5.5-LDL and DiR-LDL were strongly fluores-
cent when imaged with a fluorescence imaging system, confirming
successful labeling and that the process does not deactivate the fluo-
rophores (Figure 4.3f-h). Due to the hydrophobic nature of the BOD-
IPY and DiR dye molecules, we expect them to be loaded in the core.
We chose to perform in-depth in vitro and in vivo experiments with Au-
LDL, due to its potential for detection with high-resolution techniques
such as electron microscopy and computed tomography.

Figure 4.3: Characterization of labeled LDL. (a) Diameters of LDL and Au-
LDL derived from TEM. (b) ELISA for oxidation of LDL and Au-
LDL. (c) Western blot of ApoB100 of Au-LDL and LDL. (d) Gold
concentration-attenuation curve of Au-LDL phantom. (e) Phantom
of increasing Au-LDL concentrations. (f) Photograph of CTRL, QD-
LDL, and BODIPY-LDL in ambient light and under UV irradiation.
(g) Phantom of Au-Cy5.5-LDL compared with control PBS. (h) Flu-
orescence images of DiR-LDL.
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4.2.3 Labeled LDL Is Taken up in a Receptor-Dependent Fashion in
Vitro

In vitro competition inhibition assays were undertaken in three differ-
ent cell types known to express the LDLr, that is, hepatocytes (HepG2),
[14] macrophages (J774A.1), [38] and melanoma cells (B16-F10). [14]
LDLr upregulation was achieved by incubation in DMEM containing
1% BSA and confirmed by Western blotting (Figure S2). Fluorescence
microscopy of these cells incubated with rhodamine-labeled Au-LDL
revealed strong nanoparticle uptake, which was reduced when incu-
bations were performed with an excess of LDL (Figure 4.4a-i). The
uptake of Au-LDL could also be measured by CT imaging of pellets of
the cells (Figure 4.4j-l). Furthermore, TEM showed gold uptake in cells
incubated with Au-LDL only and reduced uptake in cells incubated
with Au-LDL in competition with an excess of native LDL (Figure S3a-
i). This reduced uptake of Au-LDL when incubated with native LDL
in the competition inhibition assay indicates that the nanoparticles are
taken up in a receptor-dependent manner, revealing that Au-LDL has
preserved biological functionality.

4.2.4 Labeled LDL Retains Its Function in Vivo

In order to ensure the in vivo biological functionality of Au-LDL, we
performed experiments in wild-type mice and LDLr knockout (KO)
mice. LDL has been established to have an extended blood circula-
tion half-life in LDLr KO compared with wild-type mice, as a result
of lack of uptake by the LDL receptor. [22] We injected Au-LDL into
these mice (n = 5/group), performed blood draws over 24 h, and mea-
sured the gold content of the blood with ICP-MS (Figure 4.5a). We
found the half-life of Au-LDL to be 2 h in wild-type mice and 4 h

in LDLr KO mice, closely matching literature figures of 2 and 5 h in
these animals. [22] Next, we examined the biodistribution of Au-LDL
in these mice. We found there to be 50% higher liver uptake in the
wild-type mice as compared to the LDLr KO mice, supporting our
findings from pharmacokinetics data (Figure 4.5b). On a cellular level,
the presence of the LDL receptor in wild-type mice should lead to sub-
stantial uptake in hepatocytes, the main cell type in the liver, whereas
the lack of this receptor in LDLr KO mice should result in low hepato-
cyte uptake and more uptake in Kupffer cells, a minority cell type in
the liver. We investigated the liver distribution of Au-LDL using light
microscopy of silver stained sections (silver staining makes accumula-
tions of gold nanoparticles visible in light microscopy) and TEM. In
light microscopy, we observed darker, diffuse staining of the liver in
wild-type mice, whereas we observed punctuate staining in LDLr KO
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Figure 4.4: In vitro competition inhibition assay. (a) Fluorescence microscopy
of LDL (control) (a-c), Au-LDL (test) (d-f), and LDL + Au-LDL (in-
hibition competition) (g-i) in HepG2, J774A.1 and B16-F10 cells. CT
of control and Au-LDL in HepG2 (j), J774A.1 (k), and B16-F10 (l)
cells. Red fluorescence is Au-LDL, blue fluorescence is DAPI.
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mice (Figure 4.5c,d). In TEM micrographs, gold cores were found in
more vesicles and in greater quantities in hepatocytes in the liver tissue
of wild-type mice than LDLr KO mice (Figure 4.5e-h). Thus the cellu-
lar distribution of Au-LDL in the liver is consistent with that expected
for native LDL. These experiments demonstrate the functionality of
Au-LDL in vivo.

4.2.5 Labeling Allows Macroscopic Imaging of LDL

Mice bearing tumors that overexpress the LDL receptor were used for
in vivo imaging studies (Lewis lung carcinoma or B16-F10). [14, 47]
When the tumors reached an average volume of 4 mm3, mice bearing
Lewis lung carcinoma tumors were injected intravenously with DiR-
LDL (DiR is a high quantum yield, near-infrared fluorophore, suited
for in vivo imaging). Twenty-four hours after injection, fluorescence
imaging of the mice (Figure 4.6a) revealed distinct accumulation in the
tumors and, when the mice were dissected, in the liver and spleen as
well (Figure S4).

Mice bearing B16-F10 tumors were injected with either Au-LDL or
Au-NE and imaged in vivo with CT and, after sacrifice, with spectral

Figure 4.5: In vivo functionality of Au-LDL in wild type and LDLr KO mice.
(a) Pharmacokinetics of Au-LDL in mice. (b) Biodistribution of Au-
LDL in mice at 2 h postinjection. (c,d) Light microscopy of silver
stained sections of mouse livers. Black arrowheads indicate intense
areas of silver staining. (e-h) TEM of hepatocytes in mouse livers.
White arrowheads indicate accumulations of gold nanoparticles.
(f,h) Higher magnification images of the boxed areas in panels e
and g, respectively.
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Figure 4.6: In vivo and ex vivo imaging. (a) IVIS of mice; arrowheads indicate
the B16-F10 tumor. (b) CT of mice; the tumors are circled. (c) Tu-
mor attenuation relative to control. Attenuation in the tumors of
the Au-LDL mice were higher than in the Au-NE mice (p = 0.009).
(d) FACS of tumor tissue. MACs, macrophages; TCs, tumor cells;
ECs, endothelial cells. (e) TEM of control tumor tissue; inset shows
no gold. (f) TEM of Au-LDL tumor tissue; inset shows gold parti-
cles in a vesicle. (g) TEM of Au-NE tumor tissue; inset shows gold
particles in a vesicle.
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CT (Figures 4.6b,c, 4.7, and S5). We observed the attenuation in the
tumors to be higher for Au-LDL than for Au-NE injected mice (p =

0.009, Figure 4.6c). Spectral CT showed clear accumulation of gold at
the rim of the tumor (Figures 4.7a and S5a) and accumulation in the
liver (Figures 4.7b and S5b); which is as expected considering the LDLr
expression in these tissues. Significant accumulations of gold in other
tissues were not observed.

4.2.6 Cellular and Subcellular Localization of LDL

FACS analysis of the tumors revealed that the majority of both Au-
LDL and Au-NE was taken up by macrophages, while smaller frac-
tions of the nanoparticles were found in endothelial cells and cancer
cells (Figure 4.6d). In TEM micrographs of tumor tissue of control
mice, tumor cells with melanosomes, tumor-associated macrophages
(TAMs), muscle cells, and endothelial cells could be identified. In tu-
mor tissue of mice injected with Au-LDL or Au-NE, highly electron
scattering regions were observed inside lysosomal structures in tumor
cells, macrophages, and endothelial cells. Such highly electron scat-
tering regions were absent in control tumor tissue, and EDX element
analysis confirmed that these were gold (Figure S6). Visual inspection
indicated that more gold nanospheres were observed in Au-LDL tumor

ba

Figure 4.7: Spectral CT of Au-LDL injected B16-F10 tumor-bearing mice.
Gold accumulation is displayed in yellow and overlaid on con-
ventional CT images. (a) Three-dimensional reconstruction of the
rear of a mouse injected with Au-LDL. Gold accumulation can be
observed in the tumor. (b) Three-dimensional reconstruction of the
front of a mouse with gold accumulation found in the liver.
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tissue than in Au-NE tumor tissue. Three-dimensional reconstructions
from electron tomography of tissue showed that tumor vesicles were
extensively loaded with gold nanoparticles (Figure S7).

We established a new LDL labeling method based on sonication fol-
lowed by ultracentrifugation purification. Using this method, we were
able to label native human LDL with a variety of payloads, and in this
study, we reported the first gold-labeled LDL (Au-LDL) for CT, fluo-
rescence techniques, and TEM. This sonication-based loading method,
compared to the Krieger method, [26] proved to be far more effective
in terms of labeling efficiency and morphology conservation (Figure
4.2a-e). We have shown Au-LDL to have similar characteristics to na-
tive LDL in terms of size, morphology, composition, oxidation state,
ApoB100 function, and molecular weight. Au-LDL was taken up in a
receptor-like, saturable manner and could be detected by fluorescence-
based techniques, TEM, and CT in a variety of LDLr-expressing cell
types. Experiments performed in LDLr KO and wild-type mice con-
firmed LDL-like behavior in vivo. In comparison to the currently avail-
able labeling methods, our method has the advantage that it can be
applied to a variety of nanocrystals, hydrophobic molecules, and, we
expect, lipoproteins, which makes it of broad relevance.

In the current study, the in vivo application in B16-F10 tumor-bearing
mice revealed that the gold nanoparticles were mostly associated with
TAMs. The uptake of Au-LDL in the TAMs is likely due to both LDLr-
mediated uptake and nonspecific uptake via phagocytosis after the
Au-LDL has accumulated in the tumor via the enhanced permeability
and retention effect. Recent studies have shown TAMs to be an inter-
esting therapeutic target, as their number is inversely correlated with
patient survival. [45] For example, Edris et al. showed that treatment
with antibodies against CD47, a factor signaling between tumor cells
and macrophages, resulted in a decrease in the size and the number of
metastases. [10] To be able to detect TAMs by CT imaging may allow
monitoring of early responses to anti-TAM therapy in a quantitative
fashion and may also allow predictions of therapeutic outcome.

We have clearly demonstrated that labeling LDL with gold cores
enables detection with CT, TEM, and fluorescence-based techniques,
permitting LDL localization from the whole-body level to the subcel-
lular level. Others have previously labeled LDL with radionuclides for
imaging with nuclear-based methods. [15, 43, 42] In addition, LDL has
been labeled with fluorophores for fluorescence imaging and gadolin-
ium chelates for MRI. [6, 14, 5, 49] Such imaging methods are more
sensitive than CT, but nuclear imaging has poor resolution and cel-
lular localization of injected LDL is difficult with the labels used for
either nuclear imaging or MRI. The use of spectral CT, as we showed
here, allows detection of Au-LDL accumulation in a “hot-spot” fashion,
without the need for comparison of pre- and postinjection images as
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for MRI. This work is notable also, as Au-LDL represents one of only a
few reports of targeted CT contrast agents. Potentially, Au-LDL could
be “retargeted” to other receptors or cell types by attaching additional
targeting ligands to the ApoB100 component, as has been reported by
Zheng et al.. [49]

LDL has been proposed as a drug delivery vehicle. For example,
Firestone et al. loaded LDL with cytotoxic cholesterol oleate appended
nitrogen mustards and observed specific uptake of the nanoparticles as
well as complete cell death in vitro. [11] The method used in the current
study (i.e., cosonication of LDL with gold nanocores coated with phos-
pholipids) could also be applied to load LDL with hydrophobic drugs,
as our experiments with BODIPY and DiR indicate. As we have shown,
iron oxides, quantum dots, hydrophobic fluorophores, or drugs could
also be included to create a multifunctional or “theranostic” platform.
[46]

4.3 conclusions
In this study, we established a novel sonication method for core la-
beling native LDL particles with 2-3 nm gold nanocrystals, which is
far more efficient than the well-established Krieger method. Further-
more, this sonication-based labeling method of LDL could be applied
to incorporate iron oxide nanocores, QDs, and hydrophobic drugs, al-
lowing LDL to be studied with MRI and optical imaging as well as be
used as a nanosized drug delivery system. Native LDL loaded with
gold nanocrystals has a comparable composition and morphology to
untreated LDL and, importantly, has no change in oxidation level. Gold
labeling permitted detection of LDL on the subcellular (TEM), cellular
(fluorescence), and anatomical level (CT and spectral CT). Au-LDL was
taken up by macrophages, hepatocytes, and a melanoma cell line in
vitro in a receptor-dependent manner as determined by the aforemen-
tioned techniques. Au-LDL has different pharmacokinetics, liver up-
take, and liver cellular distribution in wild-type compared to LDLr KO
mice, indicating that it has LDL-like functionality in vivo. Furthermore,
investigations in tumor-bearing mice with Au-LDL enabled study of
LDL uptake by tumors by both conventional and spectral CT, in vivo
fluorescence imaging, and ex vivo microscopy methods. Therefore, Au-
LDL can likely be used as a marker to study LDL interactions, choles-
terol metabolism, atherosclerotic plaque formation, and tumor growth
with the imaging techniques used herein and others such as photoa-
coustics as well as be used to deliver gold nanomaterials for therapeu-
tic purposes.
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4.4 materials and methods
For detailed materials and methods, please see Supporting Informa-
tion.

4.4.1 Synthesis

4.4.1.1 Au-Cy5.5-MHPC Nanoparticle Synthesis

MHPC-coated gold nanocores were synthesized in a similar method
to that described previously by Cormode et al.. [8] Typically, 100 mg
of MHPC dissolved in 10 mL of 20:1 CHCl3/CH3OH, 100 mg of do-
decanethiol coated gold nanocores (synthesized via the Brust method
[4] dissolved in 5 mL of CHCl3, and 1 mg of Cy5.5-DMPE in CHCl3
were mixed and dripped into 10 mL > 70 °C diH2O at 60 µL/min
speed. The resulting solution was concentrated to 7.2 mL and purified
by centrifuging 200 µL on 1 mL of 1.25 mg/mL KBr per vial at 14, 500
rpm for 1 h using an Eppendorf Minispin Plus. Afterward, the top 250
µL was taken off and discarded, the remaining solution was collected,
washed once with PBS using a 10, 000 MWCO tube, and concentrated
to 4.8 mL. The 1.25 g/mL gradient spin at 14, 500 rpm was repeated,
and again the top 250 µL was taken off and the remaining solution col-
lected. The solution was washed twice with PBS and concentrated to
500 µL. The Au concentration was determined using CT imaging, and
Au-Cy5.5-MHPC was stored in the dark at 4 °C.

4.4.1.2 LDL Labeling with Au-Cy5.5-MPHC

Native human LDL (1.7 mg, by protein content) in PBS was mixed with
Au-Cy5.5-MHPC in PBS, containing 4.74 mg of gold. PBS was added to
make a total volume of 2 mL, and the solution was sonicated in a water
bath for 5 min. Unlabeled LDL particles and Au-Cy5.5-MHPC aggre-
gates were removed via centrifugation on a dual (700 µL 1.06 mg/mL
on top of 300 µL 1.35 mg/mL) KBr density gradient. Then, 200 µL of
the sonicated sample was pipetted on top of the KBr gradient and spun
for 6 h at 10, 000 rpm in an Eppendorf Minispin Plus. Subsequently, the
top ~400 µL of light pink layer (containing unlabeled LDL and other
lipid residues) was removed and discarded, and the next ~700 µL was
collected, leaving the pellet (containing Au-Cy5.5-MHPC aggregates)
undisturbed. Au-Cy5.5-LDL (Au-LDL) was washed twice with PBS us-
ing 10, 000 MWCO tubes, concentrated to 100 µL, and stored at 4 °C.
This procedure was performed repeatedly, and the batches were com-
bined.
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4.4.1.3 LDL Labeling Using Core Reconstitution

LDL was also labeled using the well-known Krieger method [26] as a
comparison. To this end, 500 µL of native human LDL in diH2O and
25 mg of starch (Sigma-Aldrich), for LDL stability, were frozen with a
combination of ethanol and dry ice and subsequently lyophilized. The
core of LDL was not extracted; instead 6 mg of Au-MHPC in 200 µL
heptane was added to enter the core. The mixture was placed in the
freezer for 10 min and dried with N2 gas. Dried samples were kept on
ice and resuspended in 1 mL of 10 mM tricine (pH 4) and left for 20 h at
4 °C to release the LDL from the starch. Samples were then centrifuged
at 2, 000 rpm for 10 min in a 5810R Eppendorf centrifuge followed by
10, 000 rpm. Success of labeling was measured using negative stain
TEM (see Characterization section).

4.4.1.4 LDL Labeling with QD-MHPC

The preparation of the quantum dots (QDs) used has been previously
reported. [33] Their optical properties are displayed in Figure S1. Their
capping ligands were exchanged by incubation with an excess of do-
decanethiol in CHCl3 for 72 h and subsequent isolation by precipita-
tion with CH3CH2OH, centrifugation and repeated washing. Then 2.5
nmol of these QDs was dissolved in 5 mL of a 9:1 CHCl3/CH3OH
solvent mixture that contained 12 mg of MHPC. This solution was
dripped into >70 °C diH2O to form QD-MHPC and purified as per
the methods used for Au-MHPC. The volume of the solution was ad-
justed to 900, and 225 µL was mixed with 0.8 mg of LDL (by protein
content). The volume was increased to 1 mLwith PBS, and the solution
was sonicated for 5 min.

4.4.1.5 LDL Labeling with BODIPY or DiR

The hydrophobic fluorophores BODIPY (4,4-difluoro-1,3,5,7-tetrame-
thyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 505/515)) and DiR (1,1’-
diocta-decyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide) were pur-
chased from Invitrogen. In the case of BODIPY, 5 mg was dissolved
in 10 mL of a 9:1 CHCl3/CH3OH solvent mixture that contained 100
mg of MHPC. This solution was dripped into >70 °C diH2O to form
BODIPY-MHPC. Unincorporated BODIPY fluorophore was removed
by centrifugation at 4, 000 rpm for 5 min using a 5810R Eppendorf
centrifuge. Then, 160 µL of BODIPY-MHPC was mixed with 17 mg of
LDL (by protein content), and the volume was increased to 20 mL with
PBS. This solution was sonicated for 10 min and was then purified by
repeating the LDL isolation process (see section 4.4.1.2) to exclude any
BODIPY unincorporated into LDL. In the case of DiR, the same pro-
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cedure was used except 25 mg of MHPC was used and 338 µL of the
resulting solution was sonicated with LDL.

4.4.1.6 Nanoemulsion Synthesis

Control nanoemulsions (Au-NE) with a similar size and composition
to the LDL nanoparticles, but lacking the ApoB100 lipoprotein, were
prepared by first incubating 18 mg of dodecanethiol-coated gold cores
in CHCl3 with cis-9-octadene-1-thiol for 10 min for ligand exchange.
Next, 12 mg of DSPE-PEG, 5.6 mg of DSPC, 1.16 mg of cholesterol,
20 mg of soybean oil, and 0.176 mg of Cy5.5 in CHCl3 were mixed,
and the Au was added to this solution. A lipid film was made and
subsequently hydrated with 5 mL of 65 °C PBS. The solution was tip-
sonicated for 15 min and concentrated to 500 µL using 10, 000 MWCO
tubes.

4.4.2 Characterization

Nanoparticle size and morphology were determined by negative stain
TEM, [13] the ApoB100 concentration by a modified Lowry assay; [32]
the gold concentration was determined by CT, and the phosphorus
content with Rouser’s [37] phosphorus assay. Oxidation of LDL was
tested with ELISA, and Western blotting was performed for ApoB100.

4.4.3 In Vitro Experiments

HepG2 hepatocytes, J774A.1 macrophages, and B16-F10 melanoma cells
were cultured as per the supplier’s instructions. Prior to Au-LDL up-
take experiments, the cells were passaged into 6-well plates and washed
with 1% BSA DMEM medium (no FBS) and incubated with this prein-
cubation medium for 20 h to upregulate LDLr, [48] as confirmed by
Western blotting. Cells were incubated with LDL (control), Au-LDL
(test), or Au-LDL and a 5-fold excess of LDL (competition inhibition).
The concentrations used for in vitro experiments depended on the sen-
sitivity of the imaging equipment used. For TEM, LDL with a con-
centration of 100 µg of ApoB100/mL was used, for fluorescence, 20
µg of ApoB100/mL, and for CT, 500 µg of ApoB100/mL. Cells were
washed and harvested as pellets for either TEM or CT analysis. For
fluorescence microscopy, the same was performed with cells grown on
glass coverslips and mounted on slides with DAPI-containing mount-
ing medium.
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4.4.4 Animal Experiments

All experiments were approved by the Institutional Animal Care and
Use Committee. To investigate Au-LDL functionality in vivo, we used
wild-type C57BL/6 mice and LDLr KO mice from the same background
(Jackson Laboratories). For pharmacokinetics, Au-LDL was injected
into the mice via the tail vein (n = 5/group, 12 mg Au/kg) and blood
drawn via retro-orbital bleeds at 5 min, 30 min, 1 h, 2 h, 4 h, and 24
h. For biodistribution, Au-LDL was injected into the mice via the tail
vein (n = 5/group, 12 mg Au/kg). The mice were sacrificed, perfused
with PBS, and dissected. Small pieces of the livers were retained for mi-
croscopy analysis. The gold content of the blood samples and organs
was determined via ICP-MS performed by the Pennsylvania Animal Di-
agnostic Laboratory System, Kennett Square, PA. One millimeter cubes
of liver were fixed in 2.5% glutaraldehyde and prepared for TEM anal-
ysis by the normal methods, [20] and 3 mm cubes of liver were em-
bedded in paraffin, sectioned, and stained using a Silver Enhancer Kit
(Sigma Aldrich) according to the manufacturers instructions.

For fluorescence imaging, four 7 week old female NCR/NU mice
were injected in the right flank with 100 µL of DMEM containing 2
million Lewis lung cancer cells. On day 7, mice were injected with DiR-
LDL (n = 3) or PBS (n = 1). Fluorescence in the mice was measured
using a Xenogen IVIS Spectrum (Alameda, CA) at 24 h postinjection.
Tissue was excited at 745 nm, and the emission spectra were recorded
from 820 nm. The mice were subsequently sacrificed, perfused, and
their excised organs imaged under the same conditions.

For CT imaging experiments, eleven 7 week old female NCR/ NU
mice were injected in the right flank with 100 µL of DMEM containing
1 million B16-F10 cells. On day 7, tumors reached the size of 4 mm3 ,
and the mice were divided into four groups by tumor size and subse-
quently randomly divided into control (n = 4), Au-LDL (n = 4), and
Au-NE (n = 3) groups. The nanoparticles were injected in the tail vein
at 250 mg Au/kg doses 24 h before imaging and sacrifice. Mice were
scanned by CT (120 kV , 256-slice clinical scanner), imaging the distri-
bution of the nanoparticles in the mice. Of each group, two mice were
anesthetized with isoflurane and sacrificed using heart perfusion, and
tumors were removed. The remaining mice were sacrificed using CO2,
snap-frozen with liquid N2, and subsequently scanned with spectral
CT (a custom-built device, Philips Research Europe, Hamburg). [39]
This scanner uses photon-counting detectors that analyze the energy
of the incident X-rays to identify the materials in the field of view. In
this case, it was used to identify the gold distribution in the mice.
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4.4.5 Ex Vivo Experiments

Excised tumor tissue was used for FACS and TEM. FACS analysis
was performed against tumor cells (SSC anti CD31), endothelial cells
(CD31+CD-11b- Gr-1-), and macro phages (CD11b+ Gr-1+). TEM was
used to localize the gold in the cells and study the distribution, EDX
to confirm the nature of the gold nanoparticles, and ET to confirm that
the gold particles were inside vesicles in the cells.
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5 C U R C U M I N
N A N O F O R M U L AT I O N S

Comparison of Pharmaceutical Nanoformulations
for Curcumin: Enhancement of Aqueous Solubil-
ity and Carrier Retention1

Iris E. Allijn, Raymond M. Schiffelers, Gert Storm

abstract
Curcumin, originally used in traditional medicine and as a spice, is
one of the most studied and most popular natural products of the past
decade. It has been described to be an effective anti-inflammatory and
anti-cancer drug and protects against chronic diseases such as rheuma-
toid arthritis and atherosclerosis. Despite these promising pharmaco-
logical properties, curcumin is also very lipophilic, which makes its
formulation challenging. Ideally the nanocarrier should additionally
also retain the encapsulated curcumin to provide target tissue accumu-
lation.

In this study we aimed to tackle this aqueous solubility and car-
rier retention challenge of curcumin by encapsulating curcumin in dif-
ferent nanoparticles. We successfully loaded LDL (30 nm), polymeric
micelles (80 nm), liposomes (180 nm) and Intralipid (280 nm) with cur-
cumin. The relative loading capacity was inversely related to the size of
the particle. The stability for all formulations was determined in fetal
bovine serum over a course of 24 h.

Although all curcumin-nanoparticles were stable in buffer solution,
all leaked more than 70% of curcumin under physiological conditions.
Altogether, tested nanoparticles do solve the aqueous insolubility prob-
lem of curcumin, however, because of their leaky nature, the challenge
of carrier retention remains.

1 Published in International Journal of Pharmaceutics, 2016, 206(2016), pp 407-413,
DOI: 10.1016/j.ijpharm.2016.04.070
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5.1 introduction

5.1.1 Curcumin

Curcumin is isolated from Curcuma longa and used as a spice and in tra-
ditional medicine in Asia [16] and is together with quercetin and resver-
atrol among the most studied natural products. It has very potent phar-
macological capabilities, exhibiting pleiotropic effects including the in-
hibition of TNF-α, IL-1β, IL-12, INF-γ, EGF, HGF, Stat3 and NF-κβ
[16]. Furthermore, curcumin has been described to have anti-cancer, an-
tiviral, anti-fungal, antioxidant, anti-angiogenic and anti-inflammatory
properties [7] and shows activity in chronic diseases such as type 2

diabetes mellitus, rheumatoid arthritis, multiple sclerosis, Alzheimers’
disease and atherosclerosis [16].

Despite the promising anti-inflammatory effects shown in an exten-
sive collection of papers, there are some critical arguments concern-
ing the real pharmacological actions of curcumin. Curcumin is one of
the compounds that in drug screening assays easily gives positive hits,
caused by its chemical structure rather than real pharmacological ac-
tions [3, 4]. One of the reasons why curcumin is such a highly active
compound and acts like a drug in most assays is the fact that it alters
membrane properties. There is usually little evidence that curcumin
has a direct interaction with a protein [8], which would make it a bona
fide drug. Nevertheless, the non-specific membrane perturbations seem
to be beneficial in a variety of – inflammation associated conditions in
vivo, making curcumin an interesting pharmaceutical compound.

Of the physicochemical properties of curcumin (Figure 5.1) with a
molecular weight (MW) of 368.39, lipophilicity (logD at 7.4) of 4.12
and a topological polar surface area (tPSA) of 93.06 Å, especially the
low aqueous solubility stands out [11, 23]. Furthermore, in biological
systems, curcumin is an unstable molecule, with rapid metabolism and
degradation, for example into vanillin, and quick systemic elimination
in vivo [7, 24]. Additionally, curcumin has poor uptake after oral ad-
ministration with about 75% direct elimination via the feces [24].

Altogether these highly unfavorable characteristics of curcumin ask
for a solution to improve the bioavailability and insolubility. A po-
tential solution are nanomedicine formulations. Indeed, curcumin has
been encapsulated in a wide selection of nanocarriers to improve its sol-
ubility, but mainly to increase its bioavailability and protection against
systemic degradation [7, 15, 16]. Ideally, curcumin would also be re-
tained in the carrier to take advantage of the carrier’s ability to target
sites of disease.
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5.1.2 Nanoparticle selection

There is a variety of nanoparticles available that could potentially im-
prove delivery and bioavailability of curcumin. Nanoparticles which
are between 10 and 100 nm have the ability to take advantage of the
enhanced permeability and retention (EPR) effect [17]. The EPR effect
is the phenomenon of enhanced vascular endothelial permeability and
impaired lymphatic drainage at inflammatory sites [13]. Nanoparticles
passively diffuse through the endothelial lining and stay at the inflam-
matory site, because of poor lymphatic drainage, where they release
their contents.

Often used, best known and FDA approved nanoparticles are the
liposomes. These nanoparticles are typically 100-150 nm and consist
of a phospholipid bilayer which can vary in composition, surrounding
an aqueous core. Liposomes are suitable for hydrophilic compounds,
which can reside in the core of the particle. Lipophilic compounds can
nest in the fatty environment of the lipid bilayer, however, because of
the dynamic nature of lipid exchange, drugs can easily be extracted.
Liposomes are often the first of choice because of their ease of formu-
lation, lipid composition tuning possibilities and the extensive experi-
ence with the system [1, 17].

Micelles are made from a single layer of amphiphilic molecules, such
as phospholipids or polymers, surrounding a lipophilic core. These
nanoparticles are particularly convenient for lipophilic pharmaceuti-
cals because of their relatively high relative hydrophobic volume. An
example of a micelle, however not often employed for drug delivery, is
Intralipid. This micelle formulation is given as an intravenous nutrient.
It is around 270 nm in diameter, readily available, cheap and FDA ap-
proved [12]. Therefore it is an undemanding starting point for delivery
of lipophilic drugs.

Natural micelles which can be exploited as drug carriers are high Please see chapter 4
for LDL as a drug
carrier.

density lipoprotein (HDL) and low density lipoprotein (LDL). The first
one is a small (~10 nm) micelle consisting of a single lysophospholipid
layer and a lipophilic core. The particle is stabilized by the lipoprotein
ApoA1. A mimic of this nanoparticle can be synthesized in the lab, as
ApoA1 easily attaches itself to the phospholipid layer. This nanopar-
ticle is successfully used as drug carrier [6] and as contrast agent in

Figure 5.1: Molecular structure of curcumin.
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medical imaging [5]. LDL is slightly larger than HDL (~25 nm) and
also has a phospholipid monolayer with cholesterol and a lipophilic
core containing cholesteryl esters and triglyceride [14]. The lipoprotein
ApoB100 which is wrapped around the molecule is one of the largest
known monomeric proteins [19] and is not able to be exchanged, as is
the case for ApoA1. This makes the particle highly stable, and impos-
sible to mimic in the lab. LDL has been used as a drug carrier though,
by exchanging the core for a drug of choice using a core extraction
method [10, 25] or sonication [2].

Polymeric micelles are especially designed for drug delivery and
usually have a diameter below 100 nm. Like liposomes, these micelles
can be built from a variety of polymers and have been investigated ex-
tensively [17, 21]. Often, these micelles suffer from instability in biolog-
ical environments, due to exchange of the amphiphilic molecules with
other surfaces. A solution to this exchange, is the covalent coupling
of the micellar matrix within the core [18]. Still, these core-crosslinked
micelles suffer from rapid release of the lipophilic payload which can
be circumvented by also covalently linking these molecules to the co-
valently linked micelle matrix [22]. A recent advancement in micelle
formulations circumventing the need for covalent crosslinking are the
ππ-stacking micelles [21]. These micelles derive their stability from the
interactions between the π-orbitals of stacked aromatic rings. Since cur-
cumin contains two aromatic rings it appears a suitable molecule to be
employed in this strategy.

In this study, we compare four nanoparticles (Figure 5.2), namely li-
posomes, Intralipid, polymeric micelles and LDL as potential nanocar-
riers for their ability to enhance the aqueous solubility of curcumin
and to retain the drug in the presence of plasma.

Figure 5.2: Schematic representation of curcumin loaded nanoparticles. A)
LDL (cur-LDL), B) polymeric micelles (cur-mic), C) long circulating
liposome (cur-lip), D) Intralipid (cur-intra).
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5.2 results and discussion

5.2.1 Diameter of curcumin nanoparticles

The diameter of the cur-nanoparticles was determined using DLS (Fig-
ure 5.3 and Table 5.1). Control liposomes in HBS buffer measured a
diameter of 110 nm with a pdi of 0.043, whereas the diameter of cur-
lip was 180 nm with a pdi of 0.105. This increase of 60% in size and
even larger increase of pdi for the cur-lips presumably reduces the
ability of the liposomes to take advantage of the EPR effect. For this
nanoparticles should ideally have a diameter between 10 and 100 nm
[17]. However, an extra extrusion step through 0.1 µm filters did not
further reduce the size of these liposomes. It is possible that the cur-
cumin inside the lipid bilayer prevented the increased lipid curvature.

Unmodified Intralipid had a diameter of 270 nm with a pdi of 0.124,
reducing its size by extrusion through 0.2 and 0.1 µm filters to make
it suitable to take advantage of the EPR effect did not lead to a size
reduction but led to a marked decrease in number of particles and
induced phase separation. Sonication for 1 h in a water bath did not
affect the size of Intralipid. Cur-intra nanoparticles had a diameter of
280 nmwith a pdi of 0.194, which is only slightly larger than unloaded
Intralipid. The increase in pdi indicates a less homogeneous particle
populations after loading.

The natural (LDL) and synthetic micelles both displayed diameters
which were well within the range for passive targeting using the EPR
effect [17]. Unmodified LDL, had a diameter of 30 nm with a pdi of
0.272 which was unchanged for cur-LDL nanoparticles. Blank poly-
meric micelles had a diameter of 70 nmwith a pdi of 0.121 and cur-mic
was slightly larger with a diameter of 80 nm with a pdi of 0.093. This
is an increase in size of 11%, however a decrease in polydispersity of
26%.

Table 5.1: Size and curcumin concentration of cur-nanoparticles. pdi = poly-
dispersity index, Ratio = relative cur/nanoparticle ratio.

Diameter (µm) pdi Curcumin (mM) Ratio

Cur-lip 0.18 0.105 2.4 0.101

Cur-intra 0.28 0.194 0.7 0.013

Cur-LDL 0.03 0.208 1.7 1.000

Cur-mic 0.08 0.090 9.6 0.438
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Figure 5.3: Cur-nanoparticle size distribution by intensity as measured by
DLS.

5.2.2 Curcumin concentration in curcumin nanoparticles

Curcumin concentration in cur-nanoparticles was determined using
UV–Vis at the wavelength for maximum absorbance of curcumin (429
nm) and measured 2.4, 0.7, 1.7 and 9.6 mM for cur-lip, cur-intra, cur-
LDL and cur-mic respectively. When we determine the number of cur-
nanoparticles and calculate their respective volume (assuming a perfect
sphere, calculated using 1/6∗π∗diameter3) and relate this to the cur-
cumin concentrations, the loading capacity was shown to be inversely
proportional to the volume of the particle (Table 5.1). It is interesting
to note that the total curcumin loading is proportional to the surface-
volume ratio. This might indicate that the curcumin uptake into the
particle over the particle interface is the rate limiting step. Alternatively,
curcumin might have a preference of staying near the lipid membrane
interface rather than moving to the core. It is surprising that cur-lip
can accommodate a relatively large amount of curcumin despite the
small lipophilic compartment. This supports the notion that the inter-
face dictates the curcumin loading.

5.2.3 Lipid profile in the curcumin-nanoparticles

The lipid containing nanoparticles were characterized using a CAD
coupled to a UPLC. Calibration curves of DSPE-PEG2000, cholesterol,
DPPC and DSPC were included for comparison. Signals were detected
at 7.9, 8.8, 9.3 and 10.0 min for respectively DSPE-PEG2000, cholesterol,
DPPC and DSPC. For reference, a cur sample with a concentration of
0.5 mg/mL was included which showed a signal at 0.8 min (Figure
5.4).
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Since cur-lip was prepared from the same lipids, the exact concen-
tration could be calculated, using the lipid calibration curves, to be
9.9, 10.9 and 25.3 mg/mL for DPPC, DSPE-PEG2000, and cholesterol
respectively. This translates into a molar ratio of 1 : 0.10 : 0.82. The in-
crease in molar ratio of cholesterol in the total composition compared
to the feed ratio is significant. The loading of curcumin was 7% by
molecular weight compared to DPPC.

For cur-intra and cur-LDL the composition of our particles is less
well defined and consists of mixtures of phospholipids, cholesterol,
cholesteryl esters and triglycerides. The phospholipids in these nanopar-
ticles have similar structures as the reference DPPC and DSPC and
indeed they show peaks with these retention times.

5.2.4 Stability of cur-nanoparticles

A critical characteristic of nanoparticles to take advantage of the EPR
effect is to retain curcumin in the circulation. The retention of curcumin
inside nanoparticles was tested by dialysis in FBS to mimic behavior in
blood plasma. The temperature dependence of the process was tested
by comparing 37 °C to 4 °C. Macroscopically, all of the samples incu-
bated at 37 °C, showed loss of yellow color, indicating that the intensely
yellow-colored curcumin had escaped from the nanoparticle and en-
tered the plasma (Figure 5.5). The diameter of all cur-nanoparticles
was stable during the course of this stability experiment.

All cur-nanoparticles showed relative high leakage of curcumin at
both temperatures. Cur-mic showed the highest leakage at 37 °C, fol-
lowed by cur-intra, cur-LDL and cur-lip (Table 5.2). This is contrary
to expectations. Liposomes were not designed to be able to retain
lipophilic drugs inside their bilayer. The PEG layer may have prevented
interaction with plasma components, reducing extraction of the drug.
For the micelles, we previously demonstrated that drugs containing
aromatic groups, like paclitaxel, were stably retained within plasma in
vivo. Apparently, other physicochemical characteristics of the molecules,
beside aromatic groups, determine the extraction efficiency. Cur-lip
and cur-mic both showed more leakage at 37 °C incubated samples,
whereas for cur-LDL this difference was minimal.

The size of the cur-nanoparticles in FBS after incubation and dialysis
was determined as well. Cur-intra nanoparticles were the only of which
the diameter at both temperatures was increased. The other type of cur-
nanoparticles had reduced diameters in all incubation samples (Table
5.2).
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Figure 5.4: Lipid profiles of cur-nanoparticles. Lipid profiles of cur-
nanoparticles were compared to a lipid mixture calibration curve
containing DSPE-PEG2000 (2), cholesterol (3), DPPC (4) and DSPC
(5). A curcumin sample was included to identify the curcumin peak
(1) in the cur-nanoparticles.
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Table 5.2: Curcumin concentration and size of cur-nanoparticles after incu-
bation in FBS.

4 °C 37 °C 4 °C - 37 °C

mM µM mM µM µM nm

Cur-lip 0.9 (−62%) 0.16 (−12%) 0.5 (−78%) 0.16 (−13%) 15% 1%

Cur-intra − (> −90%) 0.31 (+7%) − (> −90%) 0.30 (+6%) − 1%

Cur-LDL 0.3 (−83%) 0.03 (−14%) 0.2 (−87%) 0.03 (−12%) 5% 3%

Cur-mic 1.8 (−82%) 0.06 (−17%) 0.6 (−93%) 0.05 (−31%) 12% 16%

5.3 conclusion
All cur-nanoparticles function as solubilizers of curcumin in aqueous
solutions, and make from this highly lipophilic compound an injectable
drug. However, although the cur-nanoparticles are reasonably stable in
buffer at 4 °C, they do rapidly leak their curcumin payload in plasma
at both 4 and 37 °C, and thus have limited opportunities to take advan-
tage of the EPR effect.

4 °C

37 °C

cur-lip cur-intra cur-LDL cur-mic FBS

Figure 5.5: Cur-nanoparticle-FBS solutions after 24 h incubation and 24 h
dialysis.
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5.4 materials and methods

5.4.1 Chemicals

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-Distearo-
yl-sn-glycero-3-phosphoethanolamine (DSPE-PEG2000) and 1,2-distea-
royl-sn-glycero-3-phosphocholine (DSPC) were purchased from Lipoid
GmbH, Germany. Cholesterol, methanol UPLC grade, tetrahydrofu-
ran (THF) and triethylamine (TEA) were acquired from Sigma-Aldrich
Chemie GmbH, Germany. Fetal bovine serum (FBS) was purchased
from Lonza, Belgium, curcumin from Chengdu Biopurity Phytochem-
icals Ltd, ethanol absolute from Merck KGaA, Germany, HEPES from
Acros Organics, Belgium, Intralipid from Fresenius Kabi Nederland
BV, 1-Myristoyl-sn-glycero-3-phosphocho-line (MHPC) was purchased
from Bachem, Germany and NaCl from Fisher Chemical, Fisher Scien-
tific GmbH, Germany. MilliQ water was obtained from a Merck Mil-
lipore Q-POD. mPEG-HPMA-Bz polymer was a kind gift from Aida
Varela Moreira of Utrecht University.

5.4.2 Curcumin property prediction and structure evaluation

The molecular structure of curcumin was identified in SciFinder (Chem-
ical Abstract Service (CAS) [20] and physicochemical properties were
calculated by ChemAxon’s Instant JChem [9].

5.4.3 Formulation of curcumin-liposomes

The liposomes were assembled with DPPC, DSPE-PEG2000 and choles-
terol in a molar ratio of 1:0.08:0.52. Lipids were placed in 1 mL EtOH
absolute and dissolved by applying heat. Maximum concentration of
curcumin was dissolved in EtOH absolute and 1 mL of this solution
was added to the lipid mixture. The curcumin-lipid solution in EtOH
was rapidly added to 9 mL HBS buffer (10 mM HEPES with 150 mM
NaCl) at pH 7.4 using a preheated 5 mL syringe (BD Plastipak, Ire-
land) and a G18 needle (BD Microlance 3, Ireland) under constant
heating and stirring. The orange-yellow solution was subsequently ex-
truded using a thermostat pump at 70 °C (Polystat 36, Fisher Scientific,
The Netherlands) coupled to an extruder (Lipofast LF-50, Avastin, Ger-
many). The sample was extruded using membranes (Nuclepore Track-
Etch Membrane, Whatman) with pore sizes of 0.4, 0.2 and 0.1 µm.
Curcumin liposomes (cur-lip) were dialyzed against HBS buffer pH
7.4 for about five days with three buffer changes. Any remaining free
curcumin was removed from the liposomes using a Sephadex desalt-
ing column (PD10 column, GE Healthcare). Finally, cur-lips were filter
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sterilized using a 0.45 µm filter (Merck Millipore Ltd, Ireland) and char-
acterized. Control liposomes without curcumin were prepared in the
same way.

5.4.4 Formulation of curcumin-Intralipid

Curcumin was added to Intralipid to a final concentration of 3 mg/mL.
The solution was vortexed well and subsequently sonicated in a water
bath (Branson 2510) for 1 h. To remove all unincorporated curcumin,
the particles were cleaned using a Sephadex desalting column (PD10
column, GE Healthcare). The curcumin-Intralipid nanoparticles (cur-
intra) were filter sterilized using a 0.45 µm filter (Merck, MilliQ) and
characterized.

5.4.5 Formulation of curcumin-LDL

Curcumin loaded LDL (cur-LDL) particles were prepared by a modi-
fied method as described before (Allijn2013). Briefly, cur micelles were
formed using a 1:1 (v/v) mixture of 20 mg/mL MHPC in EtOH abso-
lute and 2 mg/mL curcumin in EtOH in a total volume of 1380 µL. The
solution was drop-wise added to 5 mL 70 °C HBS buffer while stir-
ring, to let the EtOH evaporate and form micelles. This turbid solution
was subsequently purified using a 0.2 µm filter (Spartan 13 syringe
filter, Whatman) to remove curcumin aggregates. This cur-MHPC so-
lution was then mixed with LDL in a 1:1 (v/v) ratio and sonicated for
10 min in a water bath (Branson 2510). The solution was then con-
centrated using a 0.5 mL 30k MWCO centrifugal tube (Amicon Ultra,
ultracel regenerated cellulose, Merck Millipore Ltd, Ireland). The clear
go-through solution was discarded and the yellow solution in the filter
unit was kept at 4 °C until further characterization.

5.4.6 Formulation of curcumin-micelles

Micelles were prepared from synthetic mPEG-HPMA-Bz polymers by
dissolution in THF to get a final concentration of 5.6 mg/mL. Cur-
cumin was dissolved in THF as well and added under vigorously stir-
ring to mPEG-HPMA-Bz in a 1:9 ratio resulting in a final concentration
of 2.5 mg/mL curcumin and 5 mg/mL polymer. The solution was sub-
sequently added drop wise to milliQ water in a 1:1 (v/v) ratio and was
left stirring for approximately 1 min. After which it was left for 24 h
in a fume hood to let the THF evaporate. After 24 h, the micelles were
spun down at 100 g for 1 min to get rid of the biggest curcumin ag-
gregates and were subsequently filtered through a 0.45 µm nylon filter
(Acrodisc syringe filters, Pall Corporation). A total volume of curcumin
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micelles (cur-mic) of about 600 µL was obtained. Following the same
procedure, control micelles were prepared without curcumin.

5.4.7 Nanoparticle size

Size of the cur-nanoparticles was determined using dynamic light scat-
tering (DLS) (Malvern Instruments). Samples were diluted until the
solution was only slightly opalescent and measured at 20 °C, using a
173 ° scattering angle. Intensity results were selected and the diameter
and polydispersity index (pdi) of the nanoparticles was calculated by
the machine’s software (Zetasizer Software 7.02, Malvern).

5.4.8 Curcumin concentration in curcumin-nanoparticles

Curcumin concentration was determined using the UV-VIS function of
a spectrophotometer (NanoDrop ND-1000 spectrophotometer, Fisher
Scientific, The Netherlands). A standard curve of curcumin was made
of 1:2 serial dilution of curcumin in EtOH. To dissolve the lipid part for
no interference in the curcumin spectrum, cur-nanoparticles were di-
luted in MeOH. Furthermore, solvent controls included water (blank),
HBS buffer and EtOH and MeOH. Absorption was measured at 429
nm and the concentration of the curcumin in the nanoparticles was
deduced from the standard curve. FBS gave a background peak at 408
nm, just next to the curcumin peak, and curcumin concentrations in
the nanoparticles were corrected for this background.

5.4.9 Stability of curcumin-nanoparticles in plasma

Stability of the cur-nanoparticles in plasma was determined by incuba-
tion in FBS. 100 mL of cur-nanoparticles was added to 900 mL FBS and
cur-nanoparticle-FBS solutions were incubated for 24 h at both 4 and
37 °C. After 24 h, the solutions were dialyzed against FBS (1 : 14 v/v)
for 24 h at 4 °C using a 300 kDa float-a-lyzer (spectra/por, Spectrum
Laboratories, Inc.). Curcumin concentrations of the samples were de-
termined using nanodrop and were used to determine the leakage of
the nanoparticles.

5.4.10 Lipid profiling of cur-nanoparticles

The lipid content of the cur-nanoparticles was determined using a
charged aerosol detector (CAD, Corona Ultra eso, Thermo Fisher/-
Dionex) coupled to a UHPLC device (Ultimate 3000, Thermo Fisher/-
Dionex), using a BEH C18 1.7 mm 2.1 × 50 mm column (Acquity,
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Waters, Ireland). A standard lipid curve containing DSPE-PEG2000,
cholesterol, DPPC, and DSPC was prepared. A gradient run was used
with mobile phase A = 80% MeOH and 0.1% TEA in milliQ water and
mobile phase B = 100% MeOH and 0.1% TEA. Mobile phases were
degassed using a water bath sonicator (Branson 2510) for 5 min. The
UHPLC had a runtime of 15 min/sample at a flow of 0.200 mL/min.
The gradient was set as follows: 0.0–0.890 min = 100% A, 2.0–7.56 min
= 100% B, 7.840–15.00 min = 100% A. Injection volume was 4 mL and
column temperature was set to 50 °C. Lipids were detected with peaks
at 8, 8.9, 9.4 and 10.4 min respectively for DSPE-PEG2000, cholesterol,
DPPC and DSPC using the CAD. Lipid profiles were compared to the
known lipids and concentrations in the liposomes were determined
from a quadratic calibration curve. Concentrations were calculated us-
ing the accompanying software (Chromeleon Chromatography Data
System version 7.1.2.1713).
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Liposome encapsulated berberine treatment
attenuates cardiac dysfunction after myocardial
infarction1

Iris E. Allijn, Bertrand M.S. Czarny2, Xiaoyuan Wang, Suet Y. Chong,
Marek Weiler, Acarilia Eduardo da Silva, Josbert M. Metselaar, Gior-
gia Pastorin, Dominique P.V. de Kleijn, Gert Storm, Jiong-Wei Wang,
Raymond M. Schiffelers

abstract
Adverse left ventricular remodeling can be evaluated as a reduction in
ejection fraction after myocardial infarction (MI). This leads to heart
failure and is a main determinant of mortality and morbidity after MI.
To improve remodeling, anti-inflammatory compounds have shown
promise. Berberine has ascribed anti-inflammatory, anti-oxidative, and
cardioprotective properties. However, the poor solubility in aqueous
buffers and a short half-life in the circulation have been impeding the
usage of this natural product. We hypothesize that encapsulation of
berberine into long circulating liposomes could improve its therapeu-
tic availability and efficacy to protect cardiac function in vivo. Berberine
loaded liposomes (0.3 mg/mL and 0.11 µm in diameter) were prepared
and characterized. Subsequently they were tested for IL-6 secretion in-
hibition in RAW 264.7 macrophages and for cardiac function protection
against MI in C57BL/6J mice. In vitro, free berberine significantly inhib-
ited IL-6 secretion (IC50 = 10.4 µM), whereas encapsulated berberine
did not. In vivo, however, berberine loaded liposomes did significantly
preserve the cardiac ejection fraction at day 28 after MI by 64% com-
pared to control liposomes and free berberine. In conclusion, liposo-
mal encapsulation enhanced the solubility of berberine in buffer and
improved cardiac protective effects of berberine against MI. This out-
come indicates that delivery of berberine via liposomes significantly

1 Manuscript submitted
2 Shared first author
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improves its therapeutic availability and therefore treatment efficacy in
vivo.

6.1 introduction
Acute myocardial infarction (MI) as a result of coronary artery occlu-
sion can induce adverse left ventricular remodeling, which leads to
chronic congestive heart failure (CHF) [16]. CHF is a chronic disease
in which the heart cannot supply enough blood and thus oxygen and
pressure to the organs. This results in severe fatigue, breathlessness
and salt-water retention in the kidneys, which in turn can lead to kid-
ney failures [15]. Despite advances in the treatment of CHF over the
last decades, it remains one of the major causes of death worldwide [9].
Left ventricular remodeling is a complex process involving inflamma-
tion and infiltration of innate immune cells, in particular macrophages,
into the insulted heart tissue [4]. Although it is generally accepted that
inflammation plays crucial roles in adverse left ventricular remodeling
and subsequently CHF, there is no evidence-based therapy focused on
reducing inflammation yet.

Berberis spp. are plants from the Berberidaceae family [12]. These
plants are widely distributed over and known around the world [10]. It
is one of the many plants from which berberine, a small fluorescent iso-
quinoline quarternary alkaloid [17, 20] (Figure 6.1), can be isolated [10,
20]. Both berberine and the plant have a long history in Middle Eastern
[11], Ayurvedic [20], Chinese [12] and Native American [17] traditional
medicine. Berberine has been indexed in the Medical Subject Headings
(MeSH) since 1975 [14] and nowadays has extensive attention from the
Western scientific community [20]. Beneficial properties such as anti-
inflammatory, anti-microbial, anti-diarrheal [17] anti-oxidative [17, 8],
vasorelaxant [17, 11] and cholesterol lowering [11] effects have been
ascribed to this natural product.

Importantly, long term and high dose berberine treatment has been
reported to improve cardiac function [9, 12] and to exert cardioprotec-
tive effects [24] in murine heart failure models. Furthermore, berber-
ine was shown to improves survival in patients with CHF [23]. How-
ever, clinical use of berberine has been greatly impeded by its limited
bioavailability due to the low absorption rate in the intestine (less than
5%) and excretion by P-glycoprotein and multidrug resistance associ-
ated protein-1 [18].

In this study we investigated the use of berberine to reduce CHF
and protect heart function in a mouse MI model by ligation of the left
anterior descending artery. To overcome the low bioavailability of free
berberine (BBCl) in the affected heart, berberine was loaded in long
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circulating liposomes (BBCl-lip) and administered intravenously. Due
to enhanced vascular permeability [6], liposomes are expected to pas-
sively target the inflammatory site and subsequently release the drug
after uptake by macrophages present in the region. This process would
achieve to have better targeting and pharmacokinetics improving thera-
peutic effect and could decrease berberine exposure, reducing potential
adverse effects.

Figure 6.1: Molecular structure of berberine chloride.

6.2 results and discussion

6.2.1 Size of liposomes

DLS measurements on BBCl-lip showed an average diameter of 0.11
µm with a polydispersity index of 0.048, which indicates a homoge-
neous particle solution. The control liposomes were with a diameter
of 0.11 µm and a polydispersity index of 0.043, very comparable in
both size and distribution (Table 6.1). Over a period of two years, the
diameter of the BBCl-lip did not significantly change, demonstrating
the stable nature of the liposomes when kept at 4 °C (Figure 6.2).
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Figure 6.2: Particle size distribution of BBCl-lip. Measurements performed
in October 2013 compared to measurements in March 2015 on the
same samples.
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6.2.2 BBCl concentration in liposomes is higher than the saturated
concentration of free BBCl in buffer

A BBCl content of 0.3 mg/mL for the BBCl-lip was determined using
UV-VIS measurements. Of the initial 2.9 mg/mL berberine solution
in HBS, only 10.4% was incorporated. The remainder was lost during
extrusion and/or purification of the liposomes. BBCl could only be en-
tirely dissolved at a concentration of 2.9 mg/mL in buffer at 70 °C, the
temperature at which the extrusion took place. As soon as the solution
cooled down, BBCl started precipitating.

At a concentration of 0.3 mg/mL BBCl was not completely dissolved
at RT . In liposomes, the concentration of 0.3 mg/mL BBCl in was main-
tained even at 4 °C. The fact that BBCl poorly dissolves in buffer so-
lutions, underlines the importance of the introduction of a nanocarrier
like BBCl-lip for this natural product. BBCl could be dissolved at a con-
centration of 0.3 mg/mL by warming to 37 °C. This is of importance
for the in vivo experiments performed in this study as this allowed to
inject equal doses with equal injection volumes.

6.2.3 Lipid composition of BBCl-lip

The lipid composition of BBCl-lip was determined using UPLC-CAD
and a lipid mixture calibration standard containing the same lipids
as used in the preparation of BBCl-lip (Figure 6.3). In BBCl-lip we
recovered 57.8, 18.01 and 15.2 mg/mL for respectively DPPC, DSPE-
PEG2000 and cholesterol, which is a molar ratio of 1 : 0.08 : 0.50. This
is similar for what we recovered in the blank liposomes (Table 6.1),
making these liposomes a suitable control. The molar ratio of the lipids
in the liposomes shows that the liposomes become relatively enriched
with cholesterol compared to the feed ratio.

Table 6.1: Liposome characteristics. The diameters including the pdi and the
concentrations of the lipids and BBCl with molar ratio to DPPC are
given. Both liposomes are very similar in both composition and size.

Characteristics BBCl-lip Ratio Control-lip Ratio Feed ratio

Diameter (µm) 0.11 0.11

pdi 0.048 0.043

DPPC (mg/mL) 57.8 1 60.2 1 1

DSPE-PEG2000 (mg/mL) 18.1 0.08 17.7 0.08 0.08

Cholesterol (mg/mL) 15.2 0.50 15.7 0.50 0.28

BBCl (mg/mL) 0.3 0.01
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Figure 6.3: Lipid profile of BBCl-lip. Lipid composition of BBCl-lip was de-
termined using a lipid mixture calibration standard (highest stan-
dard shown) containing 1) DSPE-PEG2000 , 2) cholesterol and 3)
DPPC. The solvent gradient was included in the chromatogram of
the lipid standard with ’A’ = 80% MeOH with 0.1% TEA and ’B’ =
100% MeOH with 0.1% TEA.
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6.2.4 BBCl-lip does not inhibit pro-inflammatory cytokine IL-6 secre-
tion in vitro

As we have previously shown, free berberine inhibits IL-6 cytokine ex-
pression in RAW 246.7 macrophages (IC50 = 10.4 µM, Emax = 44% and
R2 = 0.77, Chapter 3, Table 3.3)[3]. Inhibition of IL-6 by BBCl-lip, follow-
ing the same protocol, showed no concentration dependent inhibition
(Figure 6.4). These results show that in vitro the liposomal formulation
does not increase the effectiveness of BBCl. This is likely due to the
fact that long circulating PEGylated liposomes are designed to have
a prolonged circulation time in vivo by avoiding cell interaction. This
is beneficial in vivo since it enhances the accumulation of drug-loaded
liposomes at the desired tissue. However, the reduced cellular uptake
in in vitro settings reduces efficacy.

Figure 6.4: In vitro IL-6 expression levels after incubation with BBCl or
BBCl-lip in RAW 264.7 macrophages. Incubation with BBCl
showed a dose dependent response with an Emax of 44%, a curve
fit of R2 of 0.77 and an IC50 of 10.4 µM. Incubation with BBCl-lip
did not result in a concentration dependent inhibition. Bars repre-
sent means + SEM.

6.2.5 Cy5.5-lip accumulates in myocardial infarction

Macrophages are known to infiltrate into the infarcted heart tissue
from circulation (Fig 6.5A-B) [21]. Since macrophages have been re-
ported to take up liposomes and to release the preloaded drug in vivo
(REF??), we hypothesized that encapsulation of berberine into lipo-
somes would enrich the berberine in the infarcted heart tissue and
therefore improve its local delivery and treatment efficacy. To prove
this concept, we directly visualized the distribution of liposomes in the
heart by injecting liposomes containing Cy5.5 fluorescent dye in mice.
As expected, the liposomes accumulated specifically in the infarcted
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heart tissue (3 days after MI) and likely in the infiltrated macrophages
(Fig 6.5C-D). Liposomes were also observed in the heart 1 day and 7

days after MI (data not shown). These results indicate that liposomes
are able to facilitate local delivery of specific drugs such as berberine
into the insulted heart tissue.

Figure 6.5: Infiltration of macrophages and accumulation of liposomes in
the infarcted heart tissue. Left ventricles were isolated 3 days after
MI and analyzed for liposomes and macrophages. A) H&E stain-
ing to indicate the infarcted area. B) Infiltration of macrophages
into the infarcted heart tissue. MAC3 is shown in brown. C) Li-
posomes visualized with confocal microscopy. Cy5.5 is shown in
green and merged with heart tissue obtained under bright field.
D) Accumulation of control liposomes in the infarcted tissue vi-
sualized with IVIS spectrum imaging system. E) Accumulation of
Cy5.5-liposomes in the infarcted tissue visualized with IVIS spec-
trum imaging system.

6.2.6 BBCl-lip protects heart function against myocardial infarction

Mouse heart function was evaluated by cardiac left ventricular ejection
fraction (LVEF). At day 28 after MI, BBCl-lip significantly preserved
LVEF, while free BBCl did not show any effect compared to control-lip
(29.5 ± 1.9 with p < 0.05 for BBCl-lip, 18.2 ± 3.2% for BBCl and 18.0
± 3.1% for control-lip). Furthermore, hypertrophy of the left ventricle
was less severe, though not statistically significant, in mice treated with
BBCl-lip (Figure 6.6). These results indicate that the delivery of BBCl by
long circulating liposomes via intravenous injection efficiently reduced
cardiac adverse remodeling and hence attenuated heart dysfunction in
mice subjected to MI.
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Berberine has shown therapeutic efficacy in CHF patients [23] and in
animal models of MI [24] or ischemic reperfusion injury [9, 5]. In these
studies, berberine was given orally or intraperitoneally in long term
high concentrations (3 – 66 times higher than our dosage). In animal
studies, berberine has mostly been given before MI induction, however,
in practice, patients are treated after the diagnosis of MI. To mimic the
clinical situation, we have chosen to treat our mice after the onset of
MI.

In our mouse MI model, the first week is dominated by the inflam-
matory response, including the production of reactive oxygen species,
inflammatory cell infiltration (like macrophages) in the heart and sub-
sequently cytokine expression [7, 4, 22]. To reduce the inflammatory
damage after MI and hence protect heart function, we ensured deliv-
ery of BBCl to the local inflammatory environment via long-circulating
liposomes. Since the blood circulation half-life of PEGylated liposomes
is around 16 − 24 h in mice [2, 1, 19], additional injections on day 3

and day 6 after MI ensured continued presence of BBCl during this
first week. The therapeutic effects in these conditions resulted in a sig-
nificant improvement 28 days after MI compared to the delivery of
control-lip and BBCl. In this manner, we have dramatically augmented
the treatment efficacy of berberine and improved cardiac function by
64% compared to the same dose of free BBCl (Figure 6.6). This is a
promising first step for translation to the clinic.

6.3 conclusions
Encapsulation of berberine into liposomes is crucial for improvement
of solubility in aqueous buffers and enhances the therapeutic availabil-
ity of this natural product. Intravenous administration via liposome
significantly improved the treatment efficacy of berberine to protect
cardiac function after MI.

6.4 materials and methods

6.4.1 Chemicals

Berberine chloride form, Lipopolysaccharides from Escherichia coli
055:B5, cholesterol and penicillin/streptomycin, sulfuric acid, triethy-
lamine, metha-nol LC-MS grade (Fluka Analytical) and resazurin so-
dium salt were purchased from Sigma-Aldrich Chemie BV, The Nether-
lands. Albumin bovine fraction V, sodium chloride and 1-step ultra
TMB ELISA substrate were obtained from Fisher Chemical, Thermo
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Scientific, BV, The Netherlands. IL-6 cytoset was acquired from Life
Technologies BV, The Netherlands. Prednisolone disodium phosphate
was obtained from Fagron BV, The Netherlands. Tween 20 and HEPES
were purchased from Acros Organics, Belgium. RPMI-1640 without L-
glutamine and L-glutamine 200 mM from PAA Laboratories GmbH,
Germany. Fetal bovine serum (FBS) was purchased from Lonza, Bel-
gium, dipalmitoylphosphatidylcholine (DPPC) and distearoylphospho-
ethanolamine-poly ethylene glycol 2000 (DSPE-PEG 2000 ) were ob-
tained from Lipoid GmbH, Germany. Ethanol absolute, ACS, ISO, Reag.
Ph Eur was purchased from Merck Millipore B.V., Amsterdam, The
Netherlands. MilliQ water was obtained from a Merck Millipore Q-
POD. Medetomidine and atipamezole were purchased from Phizer
Animal Health, Exton, PA, USA. Dormicum was purchased from sci-
encelab.com, Texas, USA, fentanyl from Phizer Pharmaceuticals Group,
New York, USA, flumazenil from Sagent Pharmaceuticals, Illinois, USA,
Temgesic from Hospira Inc., Illinois, USA, and isoflurane from Baxter,
Singapore.

Figure 6.6: Cardiac function and remodeling after MI. Mice are treated with
control liposomes (control-lip, n = 10), lipsome encapsulated
berberine (BBCl-lip, n = 10) or free berberine (BBCl, n = 6). A) Car-
diac LVEF was determined by echocardiography at baseline, 7 days
and 28 days after MI surgery, * p < 0.05 for BBCl-lip, free BBCl did
not preserve the ejection fraction compared to control-lip. B) Left
ventricular mass estimated by echocardiography at baseline, 7 days
and 28 days after MI surgery. Two-way ANOVA with Bonferroni
post hoc was performed for multiple comparisons. Bars represent
mean + SEM. LVEF = left ventricle ejection fraction, LV/BW = left
ventricle weight per body weight.
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6.4.2 BBCl-lip preparation

Liposomes were prepared by the ’ethanol injection method’. Briefly,
734.1 mg DPPC, 226.0 mg DSPE-PEG2000 and 209.0 mg cholesterol
(molar ratio: 1 : 0.08 : 0.28) were dissolved in 1 mL ethanol absolute
while stirring on a hot plate. BBCl, with a final concentration of ~ 3
mg/mL, was dissolved in 9 mL HEPES buffered saline (HBS, 10 mM
HEPES with 150 mM NaCl) at pH 7.4 while stirring on a hot plate.
Once both solutions were clear, the lipids were rapidly injected into
the BBCl solution using a preheated 5 mL syringe (BD Plastipak, Ire-
land) and G18 1 1/2 needle (BD Microlance 3, Ireland). The BBCl-lipid
solution was extruded multiple times at 70 °C with a final membrane
size of 0.1 µm (Nuclepore Track-Etch Membrane, Whatman) using a
thermostat pump (Polystat 36, Fisher Scientific, The Netherlands) cou-
pled to an extruder (Lipofast LF-50, Avastin, Germany). Subsequently,
the BBCl-lip solution was dialyzed against HBS buffer at pH 7.4 for
two days, changing buffer four times, to remove ethanol and free BBCl.
To remove the final free BBCl, BBCl-lips were cleaned using a PD10

Sephadex G-25M column (GE Healthcare, UK). BBCl-lips were stored
at 4 °C until further usage. Control liposomes (control-lip) without
BBCl were prepared in the same way. Cyanine 5.5 liposomes (Cy5.5-
lip) were prepared as described by Lobatto et al. [13].

6.4.3 Size determination of BBCl-lip

The diameter of the BBCl-lip was determined using dynamic light scat-
tering (DLS, Malvern Instruments). Samples were diluted until the so-
lution was only slightly yellow and measured at 20 °C using a 173 °
scattering angle. Intensity results were selected and the diameter and
polydispersity index (pdi) of BBCl-lip was calculated using the Zeta-
sizer Software (version 7.02, Malvern).

6.4.4 BBCl concentration in BBCl-lip

BCl concentration in BBCl-lip was determined using the UV-VIS pro-
gram of a nanodrop (NanoDrop ND-1000 spectrophotometer, Fisher
Scientific, The Netherlands). A standard curve of 10, 25, 50, 75 and 100
µg/mL of BBCl in water was used to determine the concentration in
BBCl-lip. BBCl-lip solution was diluted 1 : 10 and 1 : 20 in methanol
to dissolve the lipids. For lipid background controls, control liposomes
were diluted in methanol (1 : 10, 1 : 20) and control liposomes were
spiked diluted with methanol, with a final concentration of 25 µg/mL
BBCl. Furthermore, solvent controls included water (blank), HBS and
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methanol. Absorption was measured at 346 nm and the concentration
of BBCl in BBCl-lip was deduced from the standard curve.

6.4.5 Liposome composition of BBCl-lip

The lipid composition of BBCl-lip was measured using a charged aero-
sol detector (CAD, Corona Ultra eso, Thermo Fisher/Dionex) coupled
to an UPLC device (Ultimate 3000, Thermo Fisher/Dionex), using a
BEH C18 1.7 µm 2.1 × 50 mm column (Acquity, Waters, Ireland). A
standard lipid curve containing DPPC, DSPE-PEG2000 and cholesterol
was prepared with the following concentrations (DPPC:DSPE-PEG2000:
cholesterol in mg/mL): 0.015 : 0.009 : 0.0045, 0.150 : 0.09 : 0.045,
0.375 : 0.23 : 0.11, 0.600 : 0.360 : 0.180, 0.750 : 0.450 : 0.220 and
0.900 : 0.540 : 0.270. A gradient run was used with mobile phase A
= 80% MeOH and 0.1% TEA in milliQ water and mobile phase B =
100% MeOH and 0.1% TEA. Mobile phases were degassed using a
water bath sonicator (Branson 2510) for 5 min. The UPLC had a run-
time of 12 min/sample at a flow rate of 0.200 mL/min. The gradient
was set as follows: 0.0–0.890min = 100% A, 2.0–7.56min = 100% B,
7.840–12.00min = 100% A. Injection volume was 4 µL and column tem-
perature was set to 50 °C. Lipids were detected with peaks at ~7.52
min for DSPE-PEG2000, ~8.45 min for cholesterol and ~9.1 min for
DPPC using the CAD. Lipid concentrations in the liposomes were de-
duced from the standard curve. Concentrations were calculated using
the accompanying software (Chromeleon Chromatography Data Sys-
tem version 7.1.2.1713).

6.4.6 In vitro performance of BBCl-lip

RAW 264.7 macrophages were cultured in RPMI-1640 medium sub-
stituted with 10% FBS, 2 mM penicillin/streptomycin and 2 mM L-
glutamine. Cells were split twice a week until maximum passage num-
ber 32. Cells were seeded into 96-wells cell culture plates at a concen-
tration of 5∗105 cells/mL and left to settle at 37 °C in a humidified
incubator containing 5% CO2. After 6 − 8 h, the medium was taken
off and 5, 10 and 50 µM of BBCl-lip or 3.9, 15.6, 62.5 and 250 µM of
free BBCl in HBS were added twice in triplicate per concentration to
the cells and incubated for 2 h. Medium only and control liposomes
(control-lip) were used as negative control. After 2 h, the medium was
taken off and cells were incubated for 12 h with medium only (con-
trol) or medium containing 250 ng/mL LPS to induce an inflammatory
response. After LPS stimulations, supernatant was used for cytokine
expression determination using an ELISA assay.
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For cell viability measurements a 10% Alamar blue (440 µM re-
sazurin salt in PBS) solution in medium (v/v) was added to all wells
and incubated for ~ 3 h at 37 °C in a humidified incubator containing
5% CO2. Fluorescence was measured at 560/590 nm in a platereader
(Wallac 1420 Victor3, PerkinElmer). The experiment was repeated three
times (n = 3).

6.4.7 IL-6 secretion determination by ELISA

IL-6 ELISA was performed as per manufacturer’s instructions with
minor modifications. Briefly, immuno Maxisorp plates (Nunc art NO.
439454) were coated with coating antibody in phosphate buffered saline
(PBS), sealed and left to incubate over night at room temperature (RT).
Between each step, wells were washed using 0.05% Tween 20 in PBS.
After coating, cells were blocked for at least 1.5 h using block buffer
(0.5% BSA in PBS). First incubation: wells were either incubated with
standards (0 − 1000 pg/ml) in 1 : 2 serial dilutions in assay diluent
(0.5% BSA and 5% FBS in PBS) in duplicates or with samples (the su-
pernatant of the in vitro incubation assay) in triplicates for 1 h at RT in
the dark. Second incubation: wells were incubated with detection anti-
body in block buffer for 1 h at RT in the dark. Third incubation: wells
were incubated with streptavidin-HRP solution in block buffer for 1 h
at RT in the dark. Plates were developed by adding 1-step ULTRA TMB
ELISA substrate and the reaction was stopped after all concentrations
of the standard showed coloration, with the same volume of Stop So-
lution (1.8 M H2SO4). Optical density was measured at 450 nm using
a platereader (Multiskan GO, Thermo Fisher).

6.4.8 Animals

10 − 12 weeks old male C57BL/6J mice (InVivos, Singapore) with a
body weight between 20 and 25 g were used for all experiments. The
mice received a standard diet and water ad libitum. All the procedures
involving animal handling were performed with prior approval and
in accordance with the protocols and guidelines of the Institutional
Animal Care and Use Committee (IACUC) of the National University
of Singapore. Per experimental group, 6− 10 mice were used.

6.4.9 Surgical procedures and cardiac function assessment

MI was induced in mice as previously described [21]. Briefly, mice
were anesthetized with a mixture of 0.5 mg/kg medetomidine, 5.0
mg/kg Dormicum and 0.05 mg/kg fentanyl and subjected to perma-
nent ligation of the left anterior descending artery. Mice were recovered
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by a subcutaneous injection of 0.5 mg/kg atipamezole and 5 mg/kg
flumazenil followed by 0.1 mg/kg Temgesic. 100 µL/10 g body weight
of control-lip, 1.5 mg/kg BBCl or 1.5 mg/kg BBCl-lip was injected via
the tail vein immediately after chest closure. Additional drug injections
were given on day 3 and 6 after MI. The surgeon was blinded for drug
delivery.

Cardiac function was assessed with a high frequency ultrasound sys-
tem Vevo ® 2100 (Visualsonics) and analyzed with Vevo® 2100 soft-
ware, version 1.7.0. Echocardiography was performed on mice under
general anesthesia (1− 1.5% isoflurane) at baseline, day 7 and day 28

after MI. Body temperature was monitored with a rectal probe and
maintained at 36 − 37 °C. Volumes and functional parameters were
measured in parasternal long-axis view (LV trace mode) and analyzed
by a blinded researcher.

6.4.10 Imaging of the heart

The mice were injected with liposomes containing Cy5.5 dye (Cy5.5-lip)
via the tail vain immediately after MI surgery. Hearts were harvested at
day 1, 3 and 7 after surgery and snap frozen for analysis. Liposomes, ac-
cumulated in the heart were visualized with an IVIS spectrum-imaging
system (PerkinElmer). The frozen left ventricles were embedded with
FCS 22 Frozen Section Media (Leica Biosystems) for cryosectioning.
Cryosectioning of heart tissue (6 µm) were directly imaged for Cy5.5-
lip using a confocal microscope (FLUOVIEW FV10i Olympus) or used
for histological analysis. Cryosections were stained with rat anti-mouse
MAC3 monoclonal antibody (clone M#/84, BD Biosciences) followed
by horseradish peroxidase (HRP)-conjugated goat anti-rat secondary
antibody (Life Technologies). Sections were developed in ImmPACT
NovaRED Peroxidase (HRP) Substrate (Vector Laboratories) and coun-
ter stained with haematoxylin. The staining was analyzed with a Nikon
Eclipse Ti light microscope (Nikon Instruments Inc.).

6.4.11 Scientific calculations and statistical analysis

IC50, maximum effect (Emax), and curve fit (R2) of IL-6 secretion in-
hibition by free BBCl, were calculated in GraphPad Prism (GraphPad
Prism version 5.0 for Windows) using the ’log(inhibitor) vs. response’
of the ’non-linear regression of single data’ analysis function. The curve
was fit following the ’least squares (ordinary) fit’ and the top of the
curve was set to 1.0 (to which the data was normalized). Each replicate
of Y was considered as an individual point and the curve was fit with
a maximum of 1000 iterations.
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Comparisons between the groups of mice in time were performed us-
ing a two-way ANOVA with Bonferroni post hoc analysis using SPSS
software (IBM® SPSS® Statistics version 22.0). Values were reported as
mean ± SEM and a p-value 60.05 was considered statistically signifi-
cant.
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E N V I R O N M E N TA L R I S K
A S S E S S M E N T O F
P H A R M A C E U T I C A L S

Environmental impact of switching from the syn-
thetic glucocorticoid prednisolone to the natural
alkaloid berberine.1 2

Iris E. Allijn, Rik Oldenkamp3, Gert Storm, Ad M. J. Ragas, Raymond
M. Schiffelers

abstract
Low amounts of human pharmaceuticals in the (aquatic) environment
can affect bacteria, animals and ultimately humans. In this study, the
environmental consequences of a shift in prescription behavior from
prednisolone to berberine was modeled using an environmental deci-
sion support system based on four consecutive steps: emission, fate,
exposure and effect. This model provides estimates of the relative im-
pacts of alternative pharmaceutical prescriptions throughout Europe
for both the aquatic environment and human health. Since a Defined
Daily Dose (DDD) of berberine has yet to be formulated, the environ-
mental impact of one DDD of prednisolone was compared to one DDD
of berberine under the assumption of equal DDDs. Subsequently, the
calculated relative impact ratio indicates how many times higher the
actual DDD of berberine should be to be an environmentally better
alternative for prednisolone. For the aquatic environment, this ratio ex-
ceeds 1 in all tested countries in Europe, with a median of 24.54 and a
2.5 percentile of 6.09. This means that one DDD of berberine can be 6

times higher and still be less harmful for the aquatic environment than
prednisolone. For human health, these median ratios are for conven-
tional and advanced drinking water treatment respectively 5.87 and
22.8. However, this relative ratio does not exceed 1 in some regions in
Spain, Austria, Baltic States and Finland, meaning that berberine can
only be a better alternative for prednisolone as long as its DDD is lower
than that of prednisolone. We conclude that for most regions in Europe

1 Manuscript in preparation
2 Part of ’Risk Analysis and Technology Assesment’ (RATA) of NanoNextNL
3 Shared first author
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it is, up until a certain dose of berberine, beneficial for both the aquatic
environment as well as for human health to prescribe berberine over
prednisolone.

7.1 introduction
Low amounts of human pharmaceuticals in the environment, even be-
low the safety and efficacy test concentrations, can affect bacteria and
animals [7, 30]. Especially in the aquatic environment, there might be
an unacceptable risk due to chronic exposure to pharmaceuticals [10].
In particular, one of the main problems caused by (human) pharmaceu-
ticals in the environment is endocrine disruption. This includes disrup-
tion of fertility, development of feminized fish, disruption of the nor-
mal growth of fish, reptiles and aquatic invertebrates [7, 29]. Because
of their similarity in structure to endogenous hormones, endocrine dis-
ruption is often ascribed to steroidal drugs, but can be caused by non-
steroidal compounds as well [41, 17]. There is also a potential risk for
humans and although the environmental concentrations are generally
regarded as safe [7], it is generally unknown what fraction of pharma-
ceuticals eventually make their way back to humans [17]. This can be
through accumulation in the food chain [7, 41, 17] or via drinking wa-
ter [30]. The presence of human pharmaceuticals in the environment
appears an underestimated problem [7] with unknown consequences
[17].

Already in the 1960s, the presence of human pharmaceuticals in the
environment was anticipated [51] and proven in the 1980s [17]. It took
until the 1990s for water contamination by pharmaceuticals to become
an environmental issue [24, 53, 11]. In order to halt the environmental
damage caused by human pharmaceuticals, governments may install
laws to restrict the emission into the environment and provide edu-
cation and return programs [13]. Despite the increased attention for
the environmental impact of human pharmaceuticals since the start
of the millennium [7], little regulation is currently in place [23]. The
major programs that are in place, are the TSCA Chemical Substance
Inventory [3] of the USA and the REACH program [2] of the EU. How-
ever, the TCSA does not involve environmental risk management for
hazardous substances and the REACH does not include human phar-
maceuticals [23]. Furthermore, the mandatory Environmental Risk As-
sessment (ERA) from the European Medicines Agency (EMA) [8], says
that for all drugs the environmental impact should be assessed: the
substance should be pre-screened for consumption data and for the
octanol-water partitioning coefficient Kow. If the log kow < 4.5, addi-
tional persistence, bioaccumulation and toxicity screenings should be
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performed. In the second phase, aquatic toxicology, emission and fate
should be assessed in a refined risk assessment. However, from these
tests the vitamins, electrolytes, amino acids, peptides, proteins, carbo-
hydrates, lipids, vaccines and natural products are exempted. Further-
more, tests results cannot be a criterion for refusal for marketing [8].

To be able to predict the environmental consequences of specific
molecules, it is important to have proper fate and effect assessment
protocols in operation. These protocols can help to predict whether a
compound can reach hazardous concentrations in the aquatic, terres-
trial or atmospheric environment [17, 43, 42]. This would complement
the safety-testing of pharmaceutical companies since these tests are of
limited duration in mice and rats and therefore do not mimic the en-
vironmental conditions. Furthermore, no tests are performed on algae,
fishes and water fleas [30]. Up to now, pharmaceutical companies have
only to a limited extent included environmental impact in their selec-
tion of active pharmaceutical ingredients. Including this element in the
development and selection of new active pharmaceutical ingredients is
advocated to make the transition to green pharmacy and chemistry [13,
17, 40, 33].

Corticosteroids are the most potent anti-inflammatory agents and
are both prescribed as over-the-counter drugs in certain countries as
well as prescription-only medication in others. They are extensively
used for a variety of conditions. The prescribed dose and adminis-
tration route depends on the severity of the inflammatory symptoms
and medical condition [25, 59]. Prednisolone (Figure 7.1) is a well-
known synthetic corticosteroid, mainly prescribed in inflammatory dis-
eases such as rheumatoid arthritis. Available metabolism data of pred-
nisolone show that up to 24% is excreted in its unchanged form [6].
Furthermore, prednisolone is the active form of prednisone, which is
an often used pharmaceutical as well. Altogether, this implies that a
substantial amount of prednisolone ends up in the environment [6].
Synthetic steroids are designed to have strongly enhanced potencies
compared to natural hormones. As a result, they are likely to induce
endocrine disruption in aquatic organisms. But also immune depres-
sion and neurobehavioral changes have been reported [18, 27]. Their
synthetic nature may makes them less biodegradable, increasing envi-
ronmental concentrations [48].

Natural products are gaining interest because of their potent anti-
inflam-matory and anti-oxidant properties [22, 21, 52]. The therapeutic
window of natural products might be larger than for corticosteroids. A
promising anti-inflammatory natural product that is currently under
investigation is the isoquinoline quarternary alkaloid berberine [34]
(Figure 7.1). It has been shown to reduce inflammation in vitro via dif-
ferent pathways than prednisolone [5]. However, the impact of berber-
ine on the environment has not yet been investigated.
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In this study, we aimed to model the environmental consequences
of a shift in prescription behavior from the synthetic corticosteroid
prednisolone to the natural product berberine. We hypothesized that
berberine due to its natural source would have less environmental im-
pact than the synthetic drug prednisolone. Human and aquatic toxicity
and fate parameters of the compounds were fed into a model as previ-
ously described by Oldenkamp et al. [43] and used to assess the envi-
ronmental impact of pharmaceutical prescriptions throughout Europe.
This model was used to describe the relative impact of berberine and
prednisolone on the environment and quantifies the health benefits for
the general population to the risks caused by environmental exposure.

7.2 methodology

7.2.1 Description of the model

The environmental decision support system described by Oldenkamp
et al. [42] was used to model the environmental consequences of a shift
in prescription behavior from prednisolone to berberine. This method-
ology was originally developed for the location specific assessment and
comparison of the environmental impact of two alternative pharmaceu-
tical prescriptions, aiming to provide physicians with the opportunity
to include environmental considerations in their prescription practice.
The model provides regionalized estimates of the relative impacts of
alternative pharmaceutical prescriptions throughout Europe, for both
the aquatic environment and human health. It is based on the four con-
secutive steps of emission, fate, exposure and effect estimation (Figure
7.2).

As a first step, emissions into wastewater are calculated as the sum
of non-compliance and subsequent disposal via flushing, and of ac-
tual consumption and excretion as parent compound via urine or fe-
ces. Pharmaceutical residues in wastewater are estimated at the level of

Figure 7.1: Molecular structures of prednisolone (CAS RN = 50-24-8) and
berberine (CAS RN = 2086-83-1).
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individual Member States, before they are divided over individual ag-
glomerations, based on their population size. Generally, this wastewa-
ter is discharged into the surface water after passage through a sewage
treatment plant (STP). However, part of the wastewater might also be
discharged into the surface water directly, depending on the local level
of STP-connectivity. Indirect emissions (i.e. after passage through an
STP) are calculated at the level of the individual STPs, and depend
on STP design and active pharmaceutical ingredient (API)-specific re-
moval rates corresponding with the treatment techniques applied. Fur-
thermore, the model also estimates emissions of APIs to agricultural
soils, which depend on pharmaceutical levels in secondary sewage
sludge and Member State specific sludge disposal practices.

To enable multimedia fate calculations with the model SimpleBox
(e.g. Hollander et al., 2009 [26]), emissions to surface water and agri-
cultural soils are aggregated at the level of 100∗100 km environmental
grid cells, spatially parameterized with data from Pistocchi et al. [45].
These calculations result in yearly averages steady-state surface water
and soil concentrations. Relative aquatic risk quotients are calculated
as the ratio between these concentrations and API-specific HC50 val-
ues (i.e. the concentration at which 50% of the individuals in 50% of
the aquatic species is being affected). Finally, these risk quotients are
used to derive a grid-specific prioritization of the APIs assessed, based
on their relative aquatic impacts.

The calculation of relative human health risk quotients requires ad-
ditional exposure calculations, including estimations of the transfer
of pharmaceutical residues into foodstuffs and drinking water, and
age- and location-specific behavioral and consumption patterns. Hu-
man contact media taken into account are drinking water, fruits and
vegetables, meat products, milk products, fish, surface water, and soil.
The degree of exposure is determined by the concentrations in these
contact media as well as the intensity of the contact with them. Con-
centrations in food were estimated from those in surface water and
agricultural pore water using bioconcentration factors (BCFs) for fish
[20], root concentration factors (RCFs) for fruits and vegetables [55]
and biotransfer factors (BTFs) for meat and milk products [56].

Concentrations in drinking water depend on the source of the water
and the purification techniques applied. While data on the first were
available at the level of the individual EU Member States [15], spatially
explicit data on drinking water purification levels were not. The model
addresses this by formulating different purification scenarios: conven-
tional, advanced and no treatment. The conventional purification sce-
nario was regarded as the minimum scenario in order for the EU Mem-
ber States to meet the European quality standards (EU Council Direc-
tive 98/83/EC), and it consists of in series application of coagulation,
powdered activated carbon (PAC), chlorination and sand filtration. In
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addition to these techniques, the advanced treatment scenario also in-
cludes the application of membrane bioreactor (MBR), UV-treatment,
ozonation, reverse osmosis and nanofiltration. The scenario of no treat-
ment was specifically formulated to address small scale groundwater
sources and was excluded from the present study.

Then, the model derives average daily human exposure estimations
for a range of exposure groups, characterized by age, nationality and
other factors (e.g. drinking water purification level and food origin). In
a previous study, infants (0–1 years) that consumed locally produced
foodstuffs were identified as the most sensitive human exposure group
[43]. Therefore, we selected them as the human exposure group most
suitable for the calculation of the impact on human health. Human
health risk quotients were calculated similar to those for the aquatic
environment: as the ratio between the average daily exposure and API-
specific HD50 values (i.e. the dose at which 50% of the individuals in
50% of the mammalian species is being affected).

The environmental decision support system described by Oldenkamp
et al. [42] compares two alternative pharmaceutical prescriptions on the
basis of their Defined Daily Doses (DDDs). The study presented here,
however, aims to estimate the environmental consequences of a shift in
prescription behavior from prednisolone to berberine. However, DDDs
have yet to be formulated for berberine. Therefore, the environmental
impact of one DDD of prednisolone is compared with one DDD of
berberine, assuming that their DDDs would be equal. This is done for
each environmental grid cell throughout Europe. The ratio between the
impacts of the two prescriptions then indicates how many times higher
the actual DDD of berberine could be for it to form an environmentally
better alternative for prednisolone.

7.2.2 Parameterization of the model

Substance-specific parameters were consistently parameterized accord-
ing to a four-step preference approach:

1. Experimental or measurement data

2. Extrapolation from related data (e.g. from degradation rates in
other environmental media)

3. Structure or property based predictions (e.g. the use of quantita-
tive structure activity relationships (QSARs))

4. Worst-case assumptions

This enables an interpretation of the results through an analysis of
the input data for prednisolone and berberine (Table 7.1). When impor-
tant data gaps exist for prednisolone (i.e. worst-case assumptions are
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Figure 7.2: Schematic visualization of the processes used for the calculations.
Adjusted from Figure A1 from Oldenkamp et al., 2014 [42].
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used), its environmental impact might be overestimated and the suit-
ability of berberine as environmentally better alternative might then
also be overestimated. Similarly, when important data gaps exist for
berberine, the model might underestimate its suitability as environ-
mentally better alternative for prednisolone.

Table 7.1: API-specific input parameters. STP = sewage treatment plant,
aCalculated as the fraction removed during combined UV- and O3
treatment, minus the fraction removed after O3 alone.

Parameter BER (Pref#) PRED (Pref#)

Excretion as parent compound (-) 0.00014 (1) [44] 0.24 (1) [6]

Vapor pressure (Pa) 1.4∗10−7 (3) [14] 1.6∗10−12 (3) [50]

Water solubility (mg∗L−1) 0.354 (3) [57] 223 (3) [37]

log kow (-) 2.1 (3) [9] 1.62 (1) [37]

kbio,STP (h−1) 0 (4) 0.0070 (1) [16]

STP N-removal (-) 0 (4) 0 (4)

STP P-removal (-) 0 (4) 0 (4)

STP UV-treatment removal (-) 0.32a (1) [46] 0 (4)

STP ozonation removal (-) 0.50 (1) [46] 0 (4)

STP chlorination removal (-) 0 (4) 0 (4)

STP sand filtration removal (-) 0 (4) 0 (4)

STP microfiltration removal (-) 0 (4) 0 (4)

kbio,water (S−1) 0 (4) 0 (4)

kphoto,water (S−1) 0 (4) 4.15∗10−5 (1) [12]

khydro,water (S−1) 0 (3) [35] 0 (4)

kdeg,soil (S−1) 0 (4) 0 (4)

kdeg,sed (S−1) 0 (4) 0 (4)

DWT conventional removal (-) 0.35 (1/4) [47] 0 (4)

DWT advanced removal (-) 0.93 (1/4) [47, 58] 0 (4)

Aquatic HC50 (mg∗L−1) 14.26 (1) [4, 19, 32, 31, 38, 39, 49] 2.26 (1) [12]

Mammalian HD50 (mg∗kgbw−1∗d−1) 763.50 (1) [60, 28] 496.95 (1) [1, 36, 54]
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7.3 results

7.3.1 Aquatic environment

The ratios between the aquatic risk quotients for prednisolone and
berberine are given in Figure 7.3. A value of 1 indicates that, at equal
dose, a prescription of berberine and a prescription of prednisolone
have equal impacts on the aquatic environment. A value < 1 indicates
that berberine might only be an environmentally beneficial alternative
for prednisolone if its prescribed dose were lower. A value > 1 indi-
cates that berberine could still be considered an environmentally bene-
ficial alternative for prednisolone, even if it were prescribed at a higher
dose. In all grid cells throughout Europe, the ratio between relative
aquatic risk quotients for prednisolone and berberine exceeds 1, with
a median of 24.54 and 2.5th percentile of 6.09 (Table 7.2). This means
that as long as the equivalent therapeutic dose of berberine is approx-
imately 6 times that of prednisolone or less regardless of location, this
compound has less damaging impact on the aquatic environment and
is the environmentally prefered choice for prescription. However, if the
specific prescription location is known, the dosage of berberine might
be up until 24 times that of prednisolone.

7.3.2 Human health

Similar to the aquatic environment, the health impact on infants after
consumption of water after conventional DWT is given as the ratio
of relative risk quotient for prednisolone and berberine (Figure 7.4).
In most tested countries in Europe, berberine has a lower impact on
infants’ health than prednisolone with a median ratio 5.87 (Table 7.2).
This means that the therapeutic dose of berberine can be almost 6 times
higher than prednisolone and still be beneficial. However, the 2.5th per-
centile of the ratios throughout Europe is below 1 (0.61), meaning that
for at least 1 in 40 grid cells, berberine would only be environmen-
tally beneficial with a prescribed dose below that of prednisolone. This
holds for some regions in Spain, Austria, Baltic States and Finland. Pre-
scription of berberine over prednisolone is most beneficial in Sweden
and The Netherlands.

The impact on infants after consumption of water after advanced
DWT is again in favor of berberine over prednisolone in most tested
countries in Europe (Figure 7.5). In the countries where some regions
only were beneficial for prednisolone, the equilibrium has shifted more
towards the favor of berberine. Advanced water treatment enhanced
the favoring position of berberine over prednisolone in all countries
except for Austria. Again, Sweden and The Netherlands stand out. The
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Figure 7.3: Ratios between the relative aquatic risk quotients for pred-
nisolone and berberine. In white grid cells, the region is sparsely
populated without emission or there are no data available on the
STPs. In all grid cells prednisolone/berberine is larger than 1,
which means that it is beneficial to prescribe berberine over pred-
nisolone up until a certain dosage.
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therapeutic dose of berberine can now be 22.8 (median) times higher
than prednisolone (Table 7.2).

Figure 7.4: Ratios of human health risk quotients for prednisolone and
berberine after conventional drinking water treatment. In white
grid cells, the region is sparsely populated without emission or
there are no data available on the STPs. When prednisolone/ber-
berine is smaller than 1 (red grids), this means that for berberine
to form an environmentally beneficial alternative for prednisolone,
its therapeutic dose should be lower. In all grid cells with a value
larger than 1 the therapeutic dose of berberine might exceed that
of prednisolone up until a certain dose, and still be an environmen-
tally beneficial alternative.

Table 7.2: Ratios of risk quotients for prednisolone and berberine for the
aquatic environment and for infants after consumption of conven-
tional or advanced DWT. Sparsely populated grids without emis-
sions are not taken into account in these calculations. DWT = drink-
ing water treatment.

Aquatic environment Infants - conventional DWT Infants - advanced DWT

Average 663.27 174.73 775.56

2.5th percentile 6.09 0.62 0.62

Median 24.54 5.87 22.80
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Figure 7.5: Ratios of human health risk quotients for prednisolone and
berberine after advanced drinking water treatment. In white grid
cells, the region is sparsely populated without emission or there
are no data available on the STPs. When prednisolone/berberine
is smaller than 1 (red grids), this means that for berberine to form
an environmentally beneficial alternative for prednisolone, its ther-
apeutic dose should be lower. In all grid cells with a value larger
than 1, the therapeutic dose of berberine might exceed that of pred-
nisolone up until a certain dosage and still be an environmentally
beneficial alternative.
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7.4 discussion
Although several chemical substance regulation programs are in place
(TSCA Chemical Substance Inventory in the USA, REACH and ERA
in Europe), these programs are incomplete when it comes to protec-
tion of the (aquatic) environment and human health due to exposure
to this environment [23]. It is important to look beyond the impact of
pharmaceuticals on individual patients and include the environmental
impact as well. Therefore, in this study, we modeled the environmen-
tal consequences of a shift in prescription behavior from the synthetic
corticosteroid prednisolone to the natural product berberine. An envi-
ronmental decision support system [42] was used to map the results.

In order to predict the environmental impact of prednisolone and
berberine, this model was fed with API-specific parameters (Table 7.1).
To get to the most realistic results, experimental and calculated data
should be used to parameterize the model. However, in the case of both
prednisolone and berberine, only few data was available and worst
case assumptions (#4 of the parameterization of the model) had to be
made to model the fate of these APIs during STP and DWT processes.

Since the actual therapeutic dose of berberine is unknown, it is not
possible to say that the environmental impact of berberine over pred-
nisolone is per se less severe as long as the relative impact ratio > 1.
However, we can argue that as long as the ratio of the therapeutic
doses of prednisolone/berberine does not exceed the ratios of their
environmental impacts, that berberine is indeed the environmentally
friendly alternative. Similarly however, berberine could still be the en-
vironmentally friendly alternative if the impact ratio < 1, taken that
the therapeutic dose of berberine should then be lower than that of
prednisolone.

We showed that in all tested grid cells in Europe, the aquatic impact
ratios of prednisolone/berberine > 1, with a median of 24.54 (Figure
7.3, Table 7.2). This means that as long as the therapeutic dose of berber-
ine < 6 times the dose of prednisolone, it is indeed less damaging for
the aquatic environment in 97.5% of the EU regions modelled.

The impact on human health in infants after consumption of wa-
ter after (conventional and advanced) DWT is except for some regions
in Spain, Austria, The Baltic States and Finland a relative impact ra-
tio > 1, meaning that up to a defined dose (respectively 5.5 and 22

times the dose of prednisolone), indeed berberine is the environmen-
tally friendly alternative (Figures 7.4 and 7.5, Table 7.2).

In all three tested conditions, Sweden and The Netherlands stand
out, and can tolerate higher doses of berberine in order to be still ben-
eficial over prednisolone. This is due to the fact that in these countries
less pharmaceuticals are directly flushed through the toilet. Normally,



152 environmental risk assessment of pharmaceuticals

this route of emission does not have a great impact on the environ-
mental outcome. However, after consumption only 0.01% of berberine
against 24% of prednisolone is excreted from the body, and thus in this
case, it makes a clear difference.

7.5 conclusion
This study was performed to raise awareness in the pharmaceutical
community on the impact of pharmaceuticals on the (aquatic) envi-
ronment and that simple changing from one drug to another could
be beneficial for both aquatic as human health. As an example, the
synthetic corticosteroid prednisolone was compared to the natural al-
kaloid berberine. We showed that in most regions in Europe, it is up
until a certain dose of berberine, beneficial for both the aquatic envi-
ronment as well as for human health to prescribe berberine over pred-
nisolone. Additional regulations on the use of pharmaceuticals, taking
prescription of alternative drugs into account, would be a good start
towards a safer (aquatic) environment.
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8 S U M M A R I Z I N G
D I S C U S S I O N

natural products to target inflammation
Most modern, or Western lifestyle, diseases such as type 2 diabetes mel-
litus (T2DM), cardiovascular disease (CVD) and cancer have a chronic
inflammatory process at its base. Much is known about acute inflam-
mation, which is beneficial to respond to injury. However, less is known
on the pathways that, when the acute phase is unresolved, drive the
transition to chronic inflammation (Chapter 1). Acute inflammation,
the transition to chronic inflammation and the onset of these diseases
all can be linked to metabolic syndrome (MetSyn) (Figure 1.1).

To be able to reduce patient suffering and diminish the economic
and social burden these diseases pose, it is important to explore new
possible treatments. The fact that these diseases appear interlinked
through chronic inflammation provides attractive pathways to mod-
ulate a range of diseases. Although the reduction of chronic inflam-
mation may not be curative, it can act synergistically with other treat-
ment modalities. Of course, currently many potent anti-inflammatory
drugs have been identified. However, these potent established drugs
like prednisolone, have a substantial set of adversary effects associated
with chronic use. For corticosteroids, this may eventually even lead to
Cushing’s Syndrome. This condition, as it turns out, is well connected
with MetSyn and hence prescription of glucocorticoids could main-
tain the vicious circle of chronic inflammation. It is, therefore, of great
importance to find alternatives with preferably similar potency, but
without the side effects through a targeted inhibition of specific path-
ways (Chapter 3). For this, the overlapping and unique inflammatory
pathways activated in different diseases with a chronic inflammation-
component should be better delineated. That would allow to define
a priori a set of (in vitro) inflammation tests that define potency when
screening compound libraries. Also, new compounds with various and
potent anti-inflammatory activity profiles should be identified.

These alternatives could be found in the imminent field of natural
products (Chapter 2 and 3), because of their great structural diver-
sity and alleged anti-inflammatory properties. Plant extracts and mix-
tures have been used for centuries for diverse ailments in traditional
medicine. There have been renewed interest in these products, particu-
larly over the past decades. Nevertheless, plant extracts and mixtures
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are difficult to characterize. They contain thousands of molecules that
could have beneficial or detrimental effects to the overall therapeu-
tic outcome. Therefore, it is required that the individual molecules in
these extracts that are of importance for the therapeutic effect are iden-
tified and validated. These identified molecules are often used as drug
leads by pharmaceutical companies and still many validated drugs are
based on molecules of natural origin.

To map the status of the natural product field as inspiration for
anti-inflammatory medicine, a large systematic review was conducted
(Chapter 2). In this review, the objective was to provide predictive pa-
rameters that would allow to identify potent anti-inflammatory com-
pounds based on the physicochemical characteristics of the molecules.
The literature reviewed formed a substantial library of a variety of
structural classes of natural compounds. The strength of natural prod-
ucts as potent drugs or drug leads lies in their structural diversity, and
from this ’library’ we could distill some general rules for selecting po-
tent anti-inflammatory compounds (please see Bioavailability Rules).
Although these rules could be applied to most natural products show-
ing relative good anti-inflammatory activity, there were some excep-
tions In these cases, potent anti-inflammatory activity was reported
that was not predicted based on the molecular properties, for instance
rutin was one such compound (80, Tables 2.11 and 8.1). What also
emerged from the systematic review is an urgent need for standard-
ization of measurements. For many compounds we were unable to
extract from the data provided a clear estimate of the potency. Also,
the anti-inflammatory assays that were performed were similar but
not the same. These small differences could have significant impact on
the interpretation of the results. A recent review article concluded that
there is a reproducibility crisis in science [9, 3, 4]. Many compounds
with reported in vivo activity are not active when the experiments are
repeated in a different laboratory. Standardization of assays and report-
ing of data could be of significant benefit.

Another way of finding and defining potent anti-inflammatory natu-
ral products is by using head-to head benchmarking studies, which is
common in the pharmaceutical sciences and drug discovery programs.
This principle was followed for eight natural products with described
strong anti-inflammatory activity (Chapter 3). Using this method, we
could directly compare their anti-inflammatory performance to each
other and to the validated drug prednisolone (PLP) albeit for a selected
set of inflammatory pathways. Remarkably strong anti-inflammatory
profiles were shown by curcumin (Cur) and berberine (BBCl) (Figure
3.4). The broad activity can also be a regarded a point of concern. For
example, for curcumin, therapeutic activity had been reported in many
diseases and in many different assays [2, 1]. It has been argued that
curcumin does not act as a true pharmacological agent but rather as a
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membrane disruptor and there is usually little evidence that curcumin
specifically interacts with receptors ([5]).

Drawbacks of these natural products are the therapeutic availability
of curcumin and the relative high dosing of berberine. Indeed, if we
compare them to the established bioavailability rules (Chapter 2), we
quickly learn that some values are just within or even outside the mar-
gins (Table 8.1). The lipophilicity (LogD) of 4.12 of curcumin confirms
that difficult water solubility.

Table 8.1: Physicochemical properties for bioavailability predication and
druggability (calculated/predicted by ChemAxon’s Marvin soft-
ware [6]).

Property Prednisolone Rutin Berberine Curcumin

MW < 500 484.392 610.52 371.82 368.385

cLogP 6 5 1.15 −0.87 −1.28 4.12

logD at pH 7.4 6 5 −2.42 −2.02 −1.28 4.12

tPSA < 70/140Å 147.2 265.52 40.80 93.06

H-bond_a 6 10 7 16 4 6

H-bond_d 6 5 2 10 0 2

r_bonds 6 10 4 6 2 8

a_rings 6 3 0 3 3 2

sugar groups = 0 0 2 0 0

The table underlines that some natural products have a predicted
poor bioavailability, but they cuold still be potent anti-inflammatory
drugs provided that these bioavailability issues can be overcome. In
order to enable bioavailability of these natural products and enhance
their therapeutic availability or potency, it is desirable to make use of
nanoparticles for drug delivery.

An interesting nanoparticle is LDL (Chapter 4), which can be iso-
lated from human plasma and subsequently modified to carry a pay-
load (Figure 4.1). Although LDL is known as ’bad cholesterol’ and tar-
geting CVD is often done by reducing LDL using statins, it could po-
tentially also be used as a ’Trojan horse’, infiltrating the atherosclerotic
plaque or the LDL-receptor overexpressing tumor and subsequently
release its drug. Given its resemblance of micelles with a large hy-
drophobic compartment, LDL appears especially suited for delivery
of hydrophobic compounds such as curcumin. Although the isolation
from plasma allows this nanoparticle to display a difficult ligand such
as ApoB100 on the surface to engage in receptor mediated endocyto-
sis, the isolation procedure is quite elaborate. Other more conventional
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nanoparticles for drug delivery include liposomes and synthetic mi-
celles (Figure 5.2).

To unlock the full anti-inflammatory potential of curcumin, four
different nanoparticles (LDL, polymeric micelles, Intralipid and lipo-
somes) with a curcumin payload were prepared (Chapter 5). Encap-
sulation of curcumin was relatively easy and the particles could eas-
ily be dissolved in aqueous buffer, making them suitable for IV injec-
tions. And as such, the disadvantageous physicochemical properties
(Chapter 2), could be corrected for. However, the retention of the cur-
cumin payload in plasma remained a challenge. This is something that
is more frequently observed for hydrophobic compounds. The large hy-
drophobic surface area in plasma leads to efficient extraction of these
compounds from nanocarriers. Specific measures have been taken to
overcome this extraction. For example core-crosslinked polymeric mi-
celles have been prepared in which drugs are covalently coupled to the
hydrophobic domains in the micellar core. As a result, stable encapsu-
lation can be achieved up until the time point that the covalent bond is
broken [10].

Although berberine indeed showed promising anti-inflammatory ac-
tivity in the head-to-head comparison study (Chapter 3), still quite
high dosing was necessary to achieve those effects. Nanoparticles are
not only good at enhancing the aqueous solubility, but also in boosting
the potency. Truly a win-win situation. And thus, berberine was loaded
into liposomes (Chapter 6) and studied in a mouse myocardial infarc-
tion model. Encapsulated berberine was able to improve the cardiac
function in these mice, whereas free berberine or control liposomes
were not (Figure 6.6). This confirmed the superiority of nanoparticle
use for drug delivery as the free drug was administered at the same
concentration, albeit that the solution had to be warmed to 37 °C to be
able to achieve this solubility.

The fact that validated drugs, like prednisolone, often cause many
adverse effects, is an important incentive to continuously keep search-
ing for better alternatives and improving the health safety aspects. An
important and established aspect are the human health risk assess-
ments pharmaceutical companies have to perform before new drugs
can be marketed. However, subordinate to this are the safety concerns
for the (aquatic) environment and the threat they indirectly pose to
human health. Therefore, in this thesis, the environmental impact of
prednisolone was compared with that of berberine (Chapter 7). Indeed,
up to an established dose (Table 7.2), a shift in prescription from pred-
nisolone to berberine is favorable for the (aquatic) environment and
human health.

In conclusion, chronic inflammation and its related diseases can be
linked to all aspects which are studied in this thesis and related to the
general concept of MetSyn (Figure 8.1). Inhibition of pro-inflammatory
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Figure 8.1: Metabolic syndrome schematic. Causes and consequences of
metabolic syndrome are closely related to inflammation and
chronic inflammatory diseases. T2DM = type 2 diabetes melli-
tus, CVD = cardiovascular disease. Inflammatory mediators, anti-
inflammatory agents and LDL are drawn in according to findings
of associated chapters. Cur = curcumin, BBCl = berberine, PLP =
prednisolone. Schematic based on Lusis, 2008 [8] and Kaur, 2014

[7].
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cytokines, important in acute inflammation, by prednisolone, berber-
ine and curcumin, does also inhibit the onset of chronic inflammation
and hence MetSyn and its related diseases. Although prednisolone is
indeed a strong pro-inflammatory cytokine inhibitor, its use should be
limited since it not only promotes Cushing’s Syndrome, and hence en-
hances the onset of chronic inflammatory diseases, but it also poses a
threat to the (aquatic) environment. There is an abundance of chances
by combining anti-inflammatory natural products with nanocarriers to
arrive at potent nanomedicine.
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1.99

1.
99

1.99

1.
99

1.99

1.
99

1.99

59
.5

9 59.59 3 2 7 1 0

1959-02-09 430.72 10.51 10.51 10.51 10.51 29.46 2 1 12 1 0

121-79-9 212.20 1.95 1.87 1.93 1.95 86.99 4 3 4 1 0

50-23-7

36
2.

47

362.47

1.
28

1.28

1.
28

1.28

1.
28

1.28

1.
28

1.28

94
.8

3 94.83 5 3 2 0 0

50-24-8 360.45 1.27 1.27 1.27 1.27 94.83 5 3 2 0 0

1950-02-02 392.47 1.68 1.68 1.68 1.68 94.83 5 3 2 0 0

1121-91-1

27
0.

23

130.21

2.
43

0.73

1.
54

-1.19

0.
99

-1.58

0.
88

-1.68

68
.5

3

38.38 2 1 0 0 0

128-37-0 220.36 5.27 5.27 5.27 5.27 20.23 1 1 2 1 0

149-46-2 270.23 0.38 -4.40 -4.38 -4.37 149.20 8 4 2 1 0

62571-86-2 217.28 0.73 -2.42 -1.72 0.72 57.61 3 2 3 0 0

180001-34-7 177.25 0.17 -4.09 -4.83 -5.28 61.90 3 3 3 1 0

50-78-2 180.16 1.24 -2.16 -1.71 1.23 63.60 3 1 3 1 0

50-81-7 176.12 -1.91 -4.83 -4.04 -1.91 107.22 5 4 2 0 0

657-24-9 129.17 -0.92 -5.62 -5.73 -5.75 88.99 5 4 0 0 0

169590-42-5 381.37 4.01 4.01 4.01 3.99 77.98 3 1 4 3 0

53188-07-1 250.29 3.66 0.38 0.99 3.66 66.76 4 2 1 1 0

475-38-7 190.15 2.19 2.16 2.18 2.19 74.60 4 2 0 1 0

111406-87-2 236.29 2.01 1.99 2.00 2.01 66.56 2 2 2 2 0

91-84-9 271.36 2.87 1.54 0.68 -2.09 28.60 4 0 6 2 0

73590-58-6 345.42 2.43 2.43 2.43 0.74 77.10 5 1 5 3 0

152121-47-6 377.44 3.14 3.14 3.12 0.64 58.64 3 1 4 4 0

119784-94-0 343.74 2.32 -0.06 0.67 2.32 83.63 3 2 1 2 0

53-86-1 357.79 3.53 0.27 0.89 3.53 68.53 4 1 4 3 0

14930-96-2 479.62 4.08 4.08 4.08 4.08 95.86 4 3 2 1 0

1121-91-1 351.85 3.89 3.89 3.89 3.89 63.24 3 1 6 2 0

104987-11-3 804.03 5.59 5.59 5.59 5.59 178.36 11 3 7 0 0

34580-14-8 425.50 3.35 3.16 2.61 -0.15 20.31 2 0 2 2 0

0129-03-03 287.41 4.38 3.65 2.83 0.88 3.24 1 0 0 2 0

33069-62-4 853.92 3.54 3.54 3.54 3.54 221.29 10 4 14 3 0

17035-90-4 188.23 -2.87 -4.56 -5.34 -6.50 111.23 6 5 5 0 0

50903-99-6 233.23 -3.28 -5.43 -6.24 -8.73 149.59 8 4 7 0 0

coumarins catechol der. porphyrins sterols diterpenoids stilbenes flavonoids miscellaneous 'good'
'normal'
'bad'

Table S1. Physicochemical properties and bioavailability of all natural products and reference compounds per group. The median value (vertical) is given for most properties. CAS RN = 
Chemical Abstract Services Registry Number, MW = molecular weight, cLogP = calculated logP,  tPSA = topological polar surface area, H-bond_ a = H-bond acceptors, H-bond_d = H-bond donors, 
r_bonds = rotatable bonds, a_rings = aromatic rings, sugars = sugar groups

cLogP LogD 7.4 LogD 6.5 LogD 1.5

Psoralen (1) C
11

H
6
O

3

Bergapten (2) C
12

H
8
O

4

Xanthotoxin (3) C
12

H
8
O

4

Isopimpinellin (4) C
13

H
10

O
5

Siphonochilone (5) C
15

H
18

O
2

Cnidilin (6) C
17

H
16

O
5

Isoimperatorin (7) C
16

H
14

O
4

Oxypeucadanin (8) C
16

H
14

O
5

Oxypeucadanin hydrate (9) C
16

H
16

O
6

Heraclenol (10) C
16

H
16

O
6

Heraclenin (11) C
16

H
14

O
5

Phellopterin (12) C
17

H
16

O
5

Byakangelicol (13) C
17

H
16

O
6

Byakangelicin (14) C
17

H
18

O
7

Angelicin (15) C
11

H
6
O

3

Methyl breviolincarboxylate (16) C14H10O8

Isobergapten (17) C
12

H
8
O

4

Sphondin (18) C
12

H
8
O

4

Pimpinellin (19) C13H10O5

Fraxetin (20) C
10

H
8
O

5

Rapanone (21) C
19

H
30

O
4

6-gingerol (22) C17H26O4

8-gingerol (23) C
19

H
30

O
4

10-gingerol (24) C
21

H
34

O
4

6-shogaol (25) C17H24O3

Maesanol (26) C
22

H
34

O
4

Maesanin (27) C
22

H
34

O
4

Dihydromaesanin (28) C22H36O4

Linolenic acid (29) C
18

H
30

O
2

Gallic acid (30) C
7
H

6
O

5

Methyl gallate (31) C8H8O5

Ethyl gallate (32) C
9
H

10
O

5

Pyrogallol (33) C
6
H

6
O

3

Chlorophyll A (34) C55H72MgN4O5

Chlorophyll B (35) C
55

H
70

MgN
4
O

6

Pheophytin A (36) C
55

H
74

N
4
O

5

Pheophytin B (37) C
55

H
72

N
4
O

6

Carnosic acid (38) C
20

H
28

O
4

Sugiol (39) C
20

H
28

O
2

Kirenol (40) C
20

H
34

O
4

Taxusabietane A (41) C
21

H
28

O
4

5α-stigmast-23-ene-3,6-dione (42) C
29

H
46

O
2

5α-stigmastane-3,6-dione (43) C
29

H
48

O
2

Tirucallol (44) C
30

H
50

O

Pepostanol (45) C
29

H
50

O

Solanidine (46) C
27

H
43

NO

Cucurbitacin E (47) C
32

H
44

O
8

Lupeol acetate (48) C
32

H
52

O
2

Hederagenin (49) C
30

H
48

O
4

Pepluanone (50) C
35

H
44

O
12

α-chaconine (51) C
45

H
73

NO
14

α-solanine (52) C
45

H
73

NO
15

Daucosterol (53) C35H60O6

Andrograpanin (54) C
20

H
30

O
3

Andrographolide (55) C
20

H
30

O
5

Isoandrographolide (56) C20H30O5

Marrubiin (57) C
20

H
28

O
4

14-Deoxy-11,12-didehydroandrographolide (58) C
20

H
28

O
4

Neoandrographolide (59) C26H40O8

Dehydrocostic acid (60) C
15

H
20

O
2

Resveratrol (61) C
14

H
12

O
3

Oxyresveratrol (62) C14H12O4

Mulberroside A (63) C
26

H
32

O
14

Pinocembrin (64) C
15

H
12

O
4

Wogonin (65) C16H12O5

7-0-methylwogonin (66) C
17

H
14

O
5

Gnaphaliin (67) C
17

H
14

O
6

Skullcapflavone I (68) C17H14O6

Rhamnocitrin (69) C
16

H
12

O
6

Quercetin (70) C
15

H
10

O
7

Luteolin (71) C15H10O6

Catechin (72) C
15

H
14

O
6

Tricetiflavan (73) C
15

H
14

O
6

Capillarisin (74) C
16

H
12

O
7

(-)-tetrahydroxyflavan-7-gallate (75) C
22

H
18

O
10

(-)-epigallocatechin-7-gallate (76) C
22

H
18

O
11

Silymarin (77) C
25

H
22

O
10

Tiliroside (78) C
30

H
26

O
13

Quercitrin (79) C
21

H
20

O
11

Rutin (80) C
27

H
30

O
16

Choerosphondin (81) C
21

H
22

O
10

Myritricin (82) C
21

H
20

O
12

Baicalein (83) C
15

H
12

O
5

Thiacremonone (84) C
6
H

8
O

3
S

Alkannin (85) C
16

H
16

O
5

Shikonin  (86) C
16

H
16

O
5

Phyllanthine (87) C
14

H
17

NO
3

Gaultherin (88) C
19

H
26

O
12

Carnasol (89) C
20

H
26

O
4

Arbutin (90) C12H16O7

Scrovalentinoside (91) C
35

H
44

O
18

Sesaminol (92) C
20

H
18

O
7

Sesaminol catechol (93) C19H20O7

Sesaminol triglucoside (94) C
38

H
48

O
22

Trimethyl-3,4-dihydrochebulate (95) C
17

H
16

O
11

Cryptolepine (96) C16H12N2

Schisandrin (97) C
24

H
32

O
7

Erycristagallin (98) C
25

H
26

O
4

Phyltetralin (99) C24H32O6

Curcumin  (100) C
21

H
20

O
6

7-epiclusianone (101) C
33

H
42

O
4

Cannabidiol (102) C21H30O2

RO 20-1724 (103) C
15

H
22

N
2
O

3

α-tocopherol (104) C29H50O2

Propyl gallate (105) C
10

H
12

O
5

Hydrocortisone (106) C
21

H
30

O
5

Prednisolone (107) C21H28O5

Dexamethasone (108) C
22

H
29

FO
5

AMT (109) C
5
H

10
N

2
S

BHT (110) C
15

H
24

O

Tiron free acid (111) C
6
H

6
O

8
S

2

Captopril (112) C
9
H

15
NO

3
S

1400W (113) C
10

H
15

N
3

Aspirin (114) C
9
H

8
O

4

Ascorbic acid (115) C
6
H

8
O

6

Metformin (116) C
4
H

11
N

5

Celecoxib (117) C
17

H
14

F
3
N

3
O

2
S

Trolox (118) C
14

H
18

O
4

Naphthazarin (119) C
10

H
6
O

4

Zileuton (120) C
11

H
12

N
2
O

2
S

Pyrilamine (121) C
16

H
21

N
3
O

Omeprazole (122) C
17

H
19

N
3
O

3
S

SB 203580 (123) C
21

H
16

FN
3
OS

Tenidap sodium (124) C
14

H
9
ClN

2
NaO

3
S

Indomethacin (125) C
19

H
16

ClNO
4

Cytochalasin B (126) C29H37NO5

TPCK (127) C
17

H
18

ClNO
3
S

Tacrolimus (128) C
44

H
69

NO
12

Ketotifen fumarate (129) C23H23NO5S

Cyproheptadine (130) C
21

H
21

N

Paclitaxel (131) C
47

H
51

NO
14

L-NMMA (132) C7H16N4O2

L-NAME (133) C
7
H

15
N

5
O

4



identifiers oxidation cytokines eicosanoids other

NO (%, μM) O2 (μM) OH (μM) LPO (μM) iNOS (μM) ROS (μM) TNF-α (μM) IL-1β (μM) NF-κβ (μM) IL-2 (μM) IL-8 (μM) COX-2 (μM) COX-1 (μM) LOX (μM) his (μM) elas (μM) m_ear (mg/ear) r_paw (mg/kg) m_paw (mg/kg)

natural products

27.1 107.4

0.0 92.5 48.3 0.2 68.3 0.2

57.8 92.5

33.0 81.2

80.0 434.2

53.7 66.6

28.1 74.0

53.7 69.9

83.2 65.7

0.0 65.7

0.0 69.7

37.6 66.6

61.1 59.8

35.2 59.8

53.6 107.4

98.5 30.0 50.0 9.4* 97.2 30.0 96.3 30.0

8.8 92.5

85.3 92.5

64.7 81.2

50.0 3.1*

45.0 6.0 50.0 7.0* 50.0 48.1* 70.0 10.0

60.0 6.0 50.0 26.3* 79.5 6.0 80.7 6.0 58.0 6.0

75.0 6.0 50.0 19.5* 90.0 6.0 90.0 6.0 66.0 6.0

80.0 6.0 50.0 10.5* 95.4 6.0 98.6 6.0 73.0 6.0

50.0 8.1* 96.5 6.0 98.6 6.0 87.0 6.0

30.0 163.8

30.5 177.9

45.0 170.9

91.4 143.7 80.1 143.7 74.6 143.7 87.1 143.7 69.8 5.0

0.0 2939.1

49.7 50.0 50.0 10.2* 47.6 50.0 51.3 50.0

2.8 2523.0

91.2 100.0

51.4 559.6 98.9 559.6 19.0 22.4

27.1 551.0 48.6 551.0 20.7 22.0

98.3 574.0 98.3 574.0

60.2 564.8 60.2 564.8

87.0 75.2 64.1 0.0

0.0 66.6 68.7 30.0 59.4 30.0

50.0 57.0* 38.0 10.0

67.5 0.1 50.9 20.0

81.5 0.1 34.4 20.0

82.6 100.0 0.0 100.0 69.1 1.0

58.2 0.1 32.2 20.0

29.0 25.1 34.0 25.1 36.0 25.1

87.2 50.0 52.3 100.0 65.1 100.0 88.1 60.0

78.8 213.3

50.0 8.29* 50.0 8.6* 50.0 7.3*

98.0 100.0 87.0 10.0 73.0 100.0 33.0 10.0 52.0 100.0 29.0 10.0 60.0 1.3

0.0 1.2 22.0 1.2 21.0 1.2

15.0 1.2 9.6 1.2 3.1 1.2

22.6 50.0 50.0 74.2* 21.4 50.0 23.2 50.0

0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0

87.2 57.0 75.3 57.0 95.5 57.0 98.2 57.0 0.0 57.0 68.6 57.0 0.0 57.0

95.5 57.0 62.0 57.0 79.3 57.0 46.4 57.0 0.0 57.0 97.0 57.0 0.0 57.0

85.1 605.3

0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0

0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0 0.0 57.0

50.0 22.0* 30.0 50.0 8.1 50.0 100.0 100.0 51.0 0.5 64.0 50.0

50.0 21.7* 50.0 6.1* 72.9 100.0 99.4 100.0 71.2 100.0 89.1 100.0

75.2 100.0 50.0 15.1* 50.0 3.6* 50.0 3100.0* 100.0 100.0 66.1 10.0

50.0 91.3* 50.0 78.4* 61.1 50.0

0.0 100.0 0.0 100.0 0.0 100.0 96.0 0.1 81.0 0.5 62.6 80.0

38.2 1.0 9.6 10.3

28.9 67.0 0.0 67.0 41.3 67.0 96.4 67.0 19.6 33.5 0.0 67.0 63.3 67.0

0.0 100.0 0.0 100.0 0.0 100.0 94.0 0.1 72.0 0.5 48.7 80.0

20.0 63.0 47.2 63.0 0.0 63.0 34.9 63.0 30.5 63.0 72.0 63.0 0.0 63.0

58.5 50.0 50.0 23.0* 57.2 50.0 56.1 50.0

92.0 50.0

80.5 10.0 96.7 10.0 86.0 10.0 86.6 10.0

24.7 1722.5

90.4 100.0 83.3 100.0 59.1 100.0 83.8 100.0 89.3 100.0 73.8 80.0

31.2 1130.3

56.6 1090.8

60.0 20.0 30.0 20.0

91.1 100.0 73.5 100.0 97.2 100.0 0.0 0.8 80.0 0.5 67.4 80.0

27.8 1115.1

72.5 50.0 50.0 19.8* 77.2 50.0 70.3 50.0

83.1 230.0

8.5 1076.7

50.0 22.1*

52.5 62.4 87.6 62.4 58.3 62.4 68.7 62.4 64.1 0.0 31.2 2.0

50.0 52.0* 69.0 21.6

50.0 28.0* 42.0 12.1

78.3 50.0 50.0 65.7* 77.8 50.0 76.4 50.0

59.5 75.7 59.8 0.0

48.9 100.0 46.0 100.0 67.0 100.0 86.0 100.0 76.0 100.0 60.8 100.0 41.0 0.5

91.2 337.5 63.2 337.5

98.2 346.9 98.6 346.9

72.2 145.9 41.6 145.9

84.2 30.0 50.0 9.9* 85.3 30.0 86.2 30.0

15.2 20.0

88.7 100.0 71.3 100.0 55.2 100.0 85.1 100.0 80.4 100.0 57.4 200.0

96.0 50.0 100.0 100.0 0.0 100.0 95.0 0.3 51.0 5.0

72.3 50.0 50.0 72.6* 71.8 50.0 77.5 50.0

32.1 271.5 14.4 1357.3 26.5 1357.3 50.0 21.5*

50.0 887.8*

reference compounds

50.0 27.4*

50.0 4.9*

50.0 64.3* 50.0 63.8* 50.0 85.6*

63.9 48.0 20.0

71.8 77.6 88.1 50.0 0.1* 50.0 78.7 0.0 74.5 78.0

95.6 10.0 100.0 2.0

95.8 100.0 96.6

50.0 1000.0*

50.0 48.0*

50.0 10.7*

50.0 5.5* 88.8 100.0

50.0 39.2*

92.9 50.0

0.0 50.0 57.5 50.0

50.0 20.0* 71.0 7.0

84.0

50.0 0.0033*

77.3 1.0 62.9 1.0

50.0 41.6*

92.5 50.0 92.0 89.7 96.0 10.0 92.2 92.3 67.0 39.4

98.5 30.0 63.5 67.7 30.0 69.8 10.0 59.7

76.0 0.1 86.0 0.1

50.0 36.4*

73.3

85.0 150.0

84.5 0.0 20.0

* IC50 value bad no inhibition 0.01 – 6.25% 6.26 – 12.50% 12.51 – 18.75% 18.86 – 25.00% 25.01 – 31.25% 31.26 – 37.50% 37.51 – 43.75% 43.76 – 50.00% 50.01 – 56.25% 56.26 – 62.50% 62.51 – 68.75% 68.76 – 75.00% 75.01 – 81.25% 81.26 – 87.50% 87-51 – 93.75% 93.76 – 100.00%

average

good coumarins catechol derivatives porphyrins sterols diterpenoids stilbenes flavonoids miscellaneous

Table S2. Anti-inflammatory activity of all natural products and reference compounds per group. Maximum inhibition (%) at defined concentration (μM) of tested parameters for all compounds in this systematic review. his = histamine, elas = elastase, m_ear = mouse ear, m_paw = mouse paw, r_paw = rat paw.

overall 
performance

in vivo edema

Name (compound number) DPPH (μM) IL-6 (μM) PGE
2
 (μM) LTB

4
 (μM) TXB

2
 (μM) PDG

2
 (μM)

Psoralen (1)

Bergapten (2)

Xanthotoxin (3)

Isopimpinellin (4)

Siphonochilone (5)

Cnidilin (6)

Isoimperatorin (7)

Oxypeucadanin (8)

Oxypeucadanin hydrate (9)

Heraclenol (10)

Heraclenin (11)

Phellopterin (12)

Byakangelicol (13)

Byakangelicin (14)

Angelicin (15)

Methyl breviolincarboxylate (16)

Isobergapten (17)

Sphondin (18)

Pimpinellin (19)

Fraxetin (20)

Rapanone (21)

6-gingerol (22)

8-gingerol (23)

10-gingerol (24)

6-shogaol (25)

Maesanol (26)

Maesanin (27)

Dihydromaesanin (28)

Linolenic acid (29)

Gallic acid (30)

Methyl gallate (31)

Ethyl gallate (32)

Pyrogallol (33)

Chlorophyll A (34)

Chlorophyll B (35)

Pheophytin A (36)

Pheophytin B (37)

Carnosic acid (38)

Sugiol (39)

Kirenol (40)

Taxusabietane A (41)

5α-stigmast-23-ene-3,6-dione (42)

5α-stigmastane-3,6-dione (43)

Tirucallol (44)

Pepostanol (45)

Solanidine (46)

Cucurbitacin E (47)

Lupeol acetate (48)

Hederagenin (49)

Pepluanone (50)

α-chaconine (51)

α-solanine (52)

Daucosterol (53)

Andrograpanin (54)

Andrographolide (55)

Isoandrographolide (56)

Marrubiin (57)

14-Deoxy-11,12-didehydroandrographolide (58)

Neoandrographolide (59)

Dehydrocostic acid (60)

Resveratrol (61)

Oxyresveratrol (62)

Mulberroside A (63)

Pinocembrin (64)

Wogonin (65)

7-0-methylwogonin (66)

Gnaphaliin (67)

Skullcapflavone I (68)

Rhamnocitrin (69)

Quercetin (70)

Luteolin (71)

Catechin (72)

Tricetiflavan (73)

Capillarisin (74)

(-)-tetrahydroxyflavan-7-gallate (75)

(-)-epigallocatechin-7-gallate (76)

Silymarin (77)

Tiliroside (78)

Quercitrin (79)

Rutin (80)

Choerosphondin (81)

Myritricin (82)

Baicalein (83)

Thiacremonone (84)

Alkannin (85)

Shikonin  (86)

Phyllanthine (87)

Gaultherin (88)

Carnasol (89)

Arbutin (90)

Scrovalentinoside (91)

Sesaminol (92)

Sesaminol catechol (93)

Sesaminol triglucoside (94)

Trimethyl-3,4-dihydrochebulate (95)

Cryptolepine (96)

Schisandrin (97)

Erycristagallin (98)

Phyltetralin (99)

Curcumin  (100)

7-epiclusianone (101)

Cannabidiol (102)

RO 20-1724 (103)

α-tocopherol (104)

Propyl gallate (105)

Hydrocortisone (106)

Prednisolone (107) 0.32

Dexamethasone (108) 10.03 1.02 1.02 0.12 100.02 10.03

AMT (109)

BHT (110) 100.02

Tiron free acid (111)

Captopril (112)

1400W (113)

Aspirin (114)

Ascorbic acid (115)

Metformin (116)

Celecoxib (117)

Trolox (118)

Naphthazarin (119)

Zileuton (120) 1.02

Pyrilamine (121)

Omeprazole (122)

SB 203580 (123)

Tenidap sodium (124)

Indomethacin (125) 100.02 20.02 0.36 10.06

Cytochalasin B (126)

TPCK (127) 30.02 30.02

Tacrolimus (128)

Ketotifen fumarate (129)

Cyproheptadine (130) 80.02

Paclitaxel (131)

L-NMMA (132)

L-NAME (133) 250.02

n number of doubles for RCs, highest % mentioned



name max inhibition IC50 performance reference no inhibition
% inhibition median 0.01 – 6.25%

NO inhibition
6.26 – 12.50%
12.51 – 18.75%

natural products (n=52) median inhibition of 57.8% at 63.0 µM 18.86 – 25.00%
27.10 107.43 nd 25.01 – 31.25%
0.00 92.51 nd 31.26 – 37.50%
57.80 92.51 76.78 37.51 – 43.75%
33.00 81.23 nd 43.76 – 50.00%
53.70 66.60 58.94 50.01 – 56.25%
28.10 74.00 nd 56.26 – 62.50%
53.70 69.86 50.68 62.51 – 68.75%
83.20 65.72 51.92 68.76 – 75.00%
0.00 65.73 nd 75.01 – 81.25%
0.00 69.68 nd 81.26 – 87.50%
37.60 66.60 nd 87-51 – 93.75%
61.10 59.82 53.43 93.76 – 100.00%
35.20 59.82 nd
53.60 107.43 104.70 < median
98.5 30 nd ≥ median
8.80 92.51 nd
85.3 92.51 45.33 coumarins
64.70 81.23 63.36 catechol der.
45.00 6.00 nd porphyrins
60.00 6.00 nd sterols
75.00 6.00 nd diterpenoids
80.00 6.00 nd stilbenes
91.4 143.66 nd flavonoids
49.70 50.00 nd miscellaneous
87 75.2 nd
82.56 100.00 nd ng: data not given
29.00 25.15 nd nd: not determined
87.2 50 17.6 *of max. inhibition
ng ng 8.29
98 100 nd
0.00 1.17 nd
15.00 1.15 nd
22.60 50.00 nd
0.00 57.00 nd
87.2 57 21.3
95.5 57 5.8
0.00 57.00 nd
0.00 57.00 nd
75.20 100.00 46.80
28.94 67.00 nd
20.02 63.00 nd
58.50 50.00 nd
90.4 100 nd
60.00 20.00 nd
72.50 50.00 nd
52.50 62.40 8.00
78.30 50.00 nd
59.50 75.66 nd
48.90 100.00 68.77
84.20 30.00 nd
88.7 100 nd
72.30 50.00 nd

reference compounds (n=12), median inhibition: 78.2% at 25 µM
ng ng 64.30
71.76 10.00 nd
50.00 1.00 nd
34.40 5.00 nd
95.60 10.00 nd
ng ng 10.70
0.00 50.00 nd
92.50 50.00 nd
98.50 30.00 nd
85.00 150.00 nd
46.70 20.00 nd
84.54 250.00 nd

DPPH inhibition
natural products (n=23), median* inhibition of 32.1% at 100 µM

ng ng 9.36
ng ng 26.30
ng ng 19.47
ng ng 10.47
ng ng 8.05
ng ng 10.24
0 66.57 nd
ng ng 74.16
ng ng 21.70
ng ng 15.10
ng ng 91.30
0 100.00 nd
0 100.00 nd
ng ng 23.04
92 50.00 nd
91.1 100.00 6.00
ng ng 19.84
ng ng 65.68
ng ng 9.92
96 50.00 nd
ng ng 72.64
32.1 271.46 nd
ng ng 887.81

reference compounds (n=5), median* inhibition of 95.8% at 100 µM
ng ng 27.40
95.8 100.00 nd
ng ng 39.80
ng ng 168.60
ng ng 39.20

O2- inhibition
natural products (n=15), median inhibition of 73.5% at 100 µM

ng ng 3.10
ng ng 7.00
79.5 6.00 4.05
90 6.00 2.5
95.4 6.00 1.68
96.5 6.00 0.85
91.2 100.00 17.7
51.4 559.59 nd
27.1 550.97 nd
98.3 573.97 nd
60.2 564.84 nd
0 100.00 nd
0 100.00 nd
73.5 100.00 21.3
14.4 1357.28 nd

reference compounds (n=1)
ng ng 1000.00

OH inhibition
natural products (n=9), median inhibition of 90.0% at 550.97 µM

80.70 6.00 4.62
90.00 6.00 1.97
98.60 6.00 1.35
98.60 6.00 0.72
98.90 559.59 nd
48.60 550.97 nd
98.30 573.97 nd
60.20 564.84 nd
26.50 1357.28 nd

LPO inhibition
natural products (n=9), median inhibition of 58.340% at 100 µM

ng ng 48.10
ng ng 6.10
ng ng 3.60
ng ng 78.40
0.00 100.00 nd
0.00 100.00 nd
97.20 100.00 28.00
ng ng 52.00
ng ng 28.00

reference compounds (n=4), median inhibition of 96.6% at 100 µM
ng ng 4.90
ng ng 1.00
96.6 100.00 6.20
ng ng 20.00

iNOS inhibition
natural products (n=7), median inhibition of 81.7% at 100 µM

80.1 143.66 nd
87 10 nd
ng ng 3100.00
83.3 100 nd
87.6 62.40 nd
46 100.00 nd
71.3 100 nd

reference compounds (n=2), median inhibition of 51.3% at 17.5 µM
63.5 30.00 nd
39.1 5.00 nd

ROS inhibition
natural products (n=4), median inhibition of 30.25% at 167.36 µM

30 163.8 nd
30.5 177.92 nd
45 170.92 nd
30 20.00 nd

reference compounds (n=2), median inhibition of 28.8% at 35 µM
57.5 50 nd
0 20 nd

Table S3. In vitro oxidation assays.

µM µM

Psoralen (1) Wang et al.49

Bergapten (2) Wang et al.49

Xanthotoxin (3) Wang et al.49

Isopimpinellin (4) Wang et al.49

Cnidilin (6) Wang et al.49

Isoimperatorin (7) Wang et al.49

Oxypeucadanin (8) Wang et al.49

Oxypeucadanin hydrate (9) Wang et al.49

Heraclenol (10) Wang et al.49

Heraclenin (11) Wang et al.49

Phellopterin (12) Wang et al.49

Byakangelicol (13) Wang et al.49

Byakangelicin (14) Wang et al.49

Angelicin (15) Wang et al.49

Methyl breviolincarboxylate (16) Fang et al.19

Isobergapten (17) Wang et al.49

Sphondin (18) Wang et al.49

Pimpinellin (19) Wang et al.49

Rapanone (21) Dugasani et al.17

6-gingerol (22) Dugasani et al.17

8-gingerol (23) Dugasani et al.17

10-gingerol (24) Dugasani et al.17

Linolenic acid (29) Ren et al.44

Methyl gallate (31) Fang et al.19

Carnosic acid (38) Mengoni et al.34

Tirucallol (44) Fernandez-Arche et al.20

Solanidine (46) Kenny et al.28

Cucurbitacin E (47) Abdelwahab et al.21

Hederagenin (49) Gao et al.23

Pepluanone (50) Corea et al.16

α-chaconine (51) Kenny et al.28

α-solanine (52) Kenny et al.28

Daucosterol (53) Fang et al.19

Andrograpanin (54) Chandrasekaran et al.11

Andrographolide (55) Chung et al.15

Isoandrographolide (56) Chung et al.15

14-Deoxy-11,12-didehydroandrographolide (58) Chung et al.15

Neoandrographolide (59) Chung et al.15

Oxyresveratrol (62) Chung et al.15

7-0-methylwogonin (66) Chung et al.15

Skullcapflavone I (68) Chung et al.15

Rhamnocitrin (69) Fang et al.19

Capillarisin (74) Khan S. et al.30

Silymarin (77) Hou et al.26

Rutin (80) Fang et al.19

Thiacremonone (84) Ban et al.43

Phyllanthine (87) Fang et al.19

Carnasol (89) Mengoni et al.34

Scrovalentinoside (91) Bas et al.53

Trimethyl-3,4-dihydrochebulate (95) Fang et al.19

Schisandrin (97) Guo et al.24

Phyltetralin (99) Fang et al.19

Hydrocortisone (106) Gao et al.23

Dexamethasone (108) Fernandez-Arche et al.20

Dexamethasone (108) Corea et al.16

Dexamethasone (108) Bas et al.53

AMT (109) Khan S. et al.30

1400W (113) Chung et al.15

Trolox (118) Hou et al.26

Indomethacin (125) Guo et al.24

TPCK (127) Khan S. et al.30

L-NMMA (132) Kenny et al.28

L-NAME (133) Hou et al.26

L-NAME (133) Abdelwahab et al.21

Methyl breviolincarboxylate (16) Fang et al.19

6-gingerol (22) Dugasani et al.17

8-gingerol (23) Dugasani et al.17

10-gingerol (24) Dugasani et al.17

6-shogaol (25) Dugasani et al.17

Methyl gallate (31) Fang et al.19

Sugiol (39) Chao et al.12

Daucosterol (53) Fang et al.19

Resveratrol (61) Chung et al.15

Oxyresveratrol (62) Chung et al.15

Mulberroside A (63) Chung et al.15

Pinocembrin (64) Sala et al.45

Gnaphaliin (67) Sala et al.45

Rhamnocitrin (69) Fang et al.19

Quercetin (70) Njamen et al.38

Tiliroside (78) Sala et al.45

Rutin (80) Fang et al.19

Phyllanthine (87) Fang et al.19

Trimethyl-3,4-dihydrochebulate (95) Fang et al.19

Erycristagallin (98) Njamen et al.38

Phyltetralin (99) Fang et al.19

Curcumin  (100) Chao et al.12

7-epiclusianone (101) Santa-Cecília et al.46

α-tocopherol (104) Dugasani et al.17

BHT (110) Sala et al.45

BHT (110) Chung et al.15

BHT (110) Santa-Cecília et al.46

Ascorbic acid (115) Santa-Cecília et al.46

Fraxetin (20) Ospina et al.42

Rapanone (21) Ospina et al.42

6-gingerol (22) Dugasani et al.17

8-gingerol (23) Dugasani et al.17

10-gingerol (24) Dugasani et al.17

6-shogaol (25) Dugasani et al.17

Pyrogallol (33) Sala et al.45

Chlorophyll A (34) Subramoniam et al.47

Chlorophyll B (35) Subramoniam et al.47

Pheophytin A (36) Subramoniam et al.47

Pheophytin B (37) Subramoniam et al.47

Pinocembrin (64) Sala et al.45

Gnaphaliin (67) Sala et al.45

Tiliroside (78) Sala et al.45

Curcumin  (100) Subramoniam et al.47

Tiron free acid (111) Dugasani et al.17

6-gingerol (22) Dugasani et al.17

8-gingerol (23) Dugasani et al.17

10-gingerol (24) Dugasani et al.17

6-shogaol (25) Dugasani et al.17

Chlorophyll A (34) Subramoniam et al.47

Chlorophyll B (35) Subramoniam et al.47

Pheophytin A (36) Subramoniam et al.47

Pheophytin B (37) Subramoniam et al.47

Curcumin  (100) Subramoniam et al.47

Rapanone (21) Ospina et al.42

Resveratrol (61) Chung et al.15

Oxyresveratrol (62) Chung et al.15

Mulberroside A (63) Chung et al.15

Pinocembrin (64) Sala et al.45

Gnaphaliin (67) Sala et al.45

Tiliroside (78) Sala et al.45

Alkannin (85) Kourounakis et al.31

Shikonin  (86) Kourounakis et al.31

Propyl gallate (105) Ospina et al.42

BHT (110) Chung et al.15

BHT (110) Sala et al.45

Naphthazarin (119) Kourounakis et al.31

Linolenic acid (29) Ren et al.44

Pepluanone (50) Corea et al.16

Oxyresveratrol (62) Chung et al.15

Capillarisin (74) Khan S. et al.30

Thiacremonone (84) Ban et al.43

Scrovalentinoside (91) Bas et al.53

Schisandrin (98) Guo et al.24

TPCK (127) Khan S. et al.30

TPCK (127) Guo et al.24

Maesanol (26) Muhammad et al.36

Maesanin (27) Muhammad et al.36

Dihydromaesanin (28) Muhammad et al.36

Silymarin (77) Hou et al.26

Trolox (118) Hou et al.26

L-NAME (133) Hou et al.26



name max inhibition IC50 performance reference no inhibition
% inhibition median 0.01 – 6.25%

IL-6 inhibition
6.26 – 12.50%
12.51 – 18.75%

natural products (n=20), median inhibition of 62% at 57 µM 18.86 – 25.00%
48.25 0.23 nd 25.01 – 31.25%
97.20 30.00 nd 31.26 – 37.50%
47.60 50.00 nd 37.51 – 43.75%
ng ng 8.59 43.76 – 50.00%
21.40 50.00 nd 50.01 – 56.25%
0.00 57.00 nd 56.26 – 62.50%
75.30 57.00 33.30 62.51 – 68.75%
62.00 57.00 43.00 68.76 – 75.00%
0.00 57.00 nd 75.01 – 81.25%
0.00 57.00 nd 81.26 – 87.50%
0.00 67.00 nd 87-51 – 93.75%
47.19 63.00 nd 93.76 – 100.00%
57.20 50.00 nd
77.20 50.00 nd < median
77.80 50.00 nd ≥ median
91.20 337.50 nd
98.20 346.87 nd coumarins
72.20 145.90 nd catechol der.
85.30 30.00 nd porphyrins
71.80 50.00 nd sterols

reference compounds (n=3), median inhibition of 77.62% at 1.02 µM diterpenoids
ng ng 63.80 stilbenes
77.62 1.02 nd flavonoids
ng ng 0.06 miscellaneous

TNF-α inhibition ng: data not given
natural products (n=19), median inhibition of 69.5% at 50 µM nd: not determined

68.33 0.23 nd * used as reference
96.30 30.00 nd
51.30 50.00 nd
68.70 30.00 nd
ng ng 7.32
73.00 100.00 nd
23.20 50.00 nd
72.90 100.00 nd
56.10 50.00 nd
80.50 10.00 nd
59.10 100.00 nd
70.30 50.00 nd
76.40 50.00 nd
67.00 100.00 nd
63.20 337.50 nd
98.60 346.87 nd
41.60 145.90 nd
86.20 30.00 nd
77.50 50.00 nd

reference compounds (n=5), median inhibition of 73.65% at 1.01 µM
ng ng 85.60
88.13 1.02 nd
70.00 1.00 nd
77.30 1.00 nd
67.70 30.00 nd

IL-1β inhibition
natural products (n=), median inhibition of 41.3% at 57 µM

59.4 30.00 nd
0 57.00 nd
95.5 57 12
79.3 57 9.9
0 57.00 nd
0 57.00 nd
41.3 67.00 nd
0 63.00 nd
86 100.00 28.65

reference compounds (n=2), median inhibition of 62.9% at 1 µM
ng ng 0.07
62.9 1.00 nd

NF-κβ inhibition
natural products (n=8), median inhibition of 55.2% at 62.4 µM

19 22.38 nd
20.7 22.04 nd
78.8 213.30 nd
33 10 nd
83.1 230.00 nd
58.3 62.40 nd
55.2 100 nd
ng ng 21.50

reference compounds (n=1)
69.8 10.00 nd

IL-2
natural products (n=4), median inhibition of 28.0% at 13.16 µM

34.00 25.15 nd
22.00 1.17 nd
9.60 1.15 nd
76.00 100.00 15.74

reference compounds (n=1)
76.00 0.10 nd

IL-8
natural products (n=3), median inhibition of 21.0% at 1.174 µM

36.00 25.15 nd
21.00 1.17 nd
3.10 1.15 nd

reference compounds (n=1)
86.00 0.10 nd

Table S4. In vitro cytokine and chemokine production inhibition assays.

µM µM

Bergapten (2) (dimeric) Bose et al.54

Methyl breviolincarboxylate (16) Fang et al.19

Methyl gallate (31) Fang et al.19

Hederagenin (49) Gao et al.23

Daucosterol (53) Fang et al.19

Andrograpanin (54) Chandrasekaran et al.11

Andrographolide (55) Chandrasekaran et al.11

Isoandrographolide (56) Chandrasekaran et al.11

14-Deoxy-11,12-didehydroandrographolide (58) Chandrasekaran et al.11

Neoandrographolide (59) Chandrasekaran et al.11

7-0-methylwogonin (66) Chandrasekaran et al.11

Skullcapflavone I (68) Chandrasekaran et al.11

Rhamnocitrin (69) Fang et al.19

Rutin (80) Fang et al.19

Phyllanthine (87) Fang et al.19

Sesaminol (92) Jan et al.27

Sesaminol catechol (93) Jan et al.27

Sesaminol triglucoside (94) Jan et al.27

Trimethyl-3,4-dihydrochebulate (95) Fang et al.19

Phyltetralin (99) Fang et al.19

Hydrocortisone (106) Gao et al.23

Dexamethasone (108) Bose et al.54

Dexamethasone (108) Chandrasekaran et al.11

Bergapten (2) (dimeric) Bose et al.54

Methyl breviolincarboxylate (16) Fang et al.19

Methyl gallate (31) Fang et al.19

Sugiol (39) Chao et al.12

Hederagenin (49) Gao et al.23

Pepluanone (50) Corea et al.16

Daucosterol (53) Fang et al.19

Resveratrol (61) Baolin et al.52

Rhamnocitrin (69) Fang et al.19

Luteolin (71)* Baolin et al.52

Capillarisin (74) Khan S. et al.30

Rutin (80) Fang et al.19

Phyllanthine (87) Fang et al.19

Scrovalentinoside (91) Bas et al.53

Sesaminol (92) Jan et al.27

Sesaminol catechol (93) Jan et al.27

Sesaminol triglucoside (94) Jan et al.27

Trimethyl-3,4-dihydrochebulate (95) Fang et al.19

Phyltetralin (99) Fang et al.19

Hydrocortisone (106) Gao et al.23

Dexamethasone (108) Bose et al.54

Dexamethasone (108) Corea et al.16

SB 203580 (123) Chao et al.12

TPCK (127) Khan S. et al.30

Sugiol (39) Chao et al.12

Andrograpanin (54) Chandrasekaran et al.11

Andrographolide (55) Chandrasekaran et al.11

Isoandrographolide (56) Chandrasekaran et al.11

14-Deoxy-11,12-didehydroandrographolide (58) Chandrasekaran et al.11

Neoandrographolide (59) Chandrasekaran et al.11

7-0-methylwogonin (66) Chandrasekaran et al.11

Skullcapflavone I (68) Chandrasekaran et al.11

Scrovalentinoside (91) Bas et al.53

Dexamethasone (108) Chandrasekaran et al.11

SB 203580 (123) Chao et al.12

Chlorophyll A (34) Subramoniam et al.47

Chlorophyll B (35) Subramoniam et al.47

Lupeol acetate (48) Subramoniam et al.47

Pepluanone (50) Subramoniam et al.47

Choerosphondin (81) Subramoniam et al.47

Thiacremonone (84) Subramoniam et al.47

Schisandrin (97) Subramoniam et al.47

Curcumin  (100) Subramoniam et al.47

TPCK (127) Guo et al.24

Solanidine (46) Kenny et al.28

α-chaconine (51) Kenny et al.28

α-solanine (52) Kenny et al.28

Scrovalentinoside (91) Bas et al.53

Tacrolimus (128) Kenny et al.28

Solanidine (46) Kenny et al.28

α-chaconine (51) Kenny et al.28

α-solanine (52) Kenny et al.28

Tacrolimus (128) Kenny et al.28



name max inhibition IC50 performance reference no inhibition
% inhibition median 0.01 – 6.25%

6.26 – 12.50%
12.51 – 18.75%

natural products (n=17), median inhibition of 66.0% at 57.0 µM 18.86 – 25.00%
58.00 6.00 nd 25.01 – 31.25%
66.00 6.00 nd 31.26 – 37.50%
73.00 6.00 nd 37.51 – 43.75%
87.00 6.00 nd 43.76 – 50.00%
74.60 143.66 nd 50.01 – 56.25%
0.00 100.00 nd 56.26 – 62.50%
52.00 100.00 nd 62.51 – 68.75%
0.00 57.00 nd 68.76 – 75.00%
98.17 57.00 23.7 75.01 – 81.25%
46.44 57.00 nd 81.26 – 87.50%
0.00 57.00 nd 87-51 – 93.75%
0.00 57.00 nd 93.76 – 100.00%
100.00 100.00 19.1
96.40 67.00 19.7 < median
34.87 63.00 nd ≥ median
83.80 100.00 nd
85.10 100.00 nd coumarins

reference compounds (n=4), median inhibition of 71.45% at 1.5 µM catechol der.
50.00 0.12 nd porphyrins
50.00 1.00 nd sterols
100.00 2.00 nd diterpenoids
92.90 50.00 nd stilbenes

flavonoids
miscellaneous

natural products (n=15), median inhibition of 25.1% at 57.0 µM
0.00 57.00 nd ng: data not given
0.00 57.00 nd nd: not determined
0.00 57.00 nd * used as reference
0.00 57.00 nd
0.00 57.00 nd
ng ng 22.00
99.40 100.00 nd
96.00 0.06 nd
19.60 33.50 nd
94.00 0.06 nd
30.50 63.00 nd
96.70 10.00 nd
0.00 0.84 nd
60.80 100.00 62.03
100.00 100.00 23.40

reference compounds (n=3), median inhibition of 66.85% at 0.75 µM
ng ng 48.00
84.00 1.00 nd
49.70 0.50 nd

natural products (n=8), median inhibition of 34.3% at 57.0 µM
0.00 57.00 nd
68.60 57.00 45
97.00 57.00 25.4
85.10 605.28 nd
0.00 57.00 nd
0.00 57.00 nd
0.00 67.00 nd
72.00 63.00 27.7

reference compounds (n=1)
ng ng 5.50

COX-2
natural products (n=7), median inhibition of 68.7% at 100 µM

87.1 143.66 nd
52.3 100 69
29 10 nd
30 50 nd
89.3 100 nd
68.7 62.4 nd
80.4 100 nd

reference compounds (n=4), median inhibition of 54.1% at 25 µM
92 100 nd
48.4 20 nd
59.7 30 nd
29.7 5 nd

COX-1
natural products (n=3), median inhibition of 8.1% at 100 µM

65.1 100 90
8.1 50 nd
0 100 nd

reference compounds (n=2), average inhibition of 85.4% at 60 µM
89.7 20 nd
81 100 nd

LOX
natural products (n=2), average inhibition of 50% at 39.6 µM

ng ng 57.00
ng ng 22.10

reference compounds (n=1)
ng ng 41.60

natural products (n=2), average inhibition is 78.6% at 55 µM
71.2 100.00 nd
86 10.00 nd

Table S5. In vitro eicosanoids inhibition.

µM µM

PGE
2

6-gingerol (22) Dugasani et al.17

8-gingerol (23) Dugasani et al.17

10-gingerol (24) Dugasani et al.17

6-shogaol (25) Dugasani et al.17

Linolenic acid (29) Ren et al.44

Tirucallol (44) Fernandez-Arche et al.20

Pepluanone (50) Corea et al.16

Andrograpanin (54) Chandrasekaran et al.11

Andrographolide (55) Dugasani et al.17

Isoandrographolide (56) Chandrasekaran et al.11

14-Deoxy-11,12-didehydroandrographolide (58) Chandrasekaran et al.11

Neoandrographolide (59) Chandrasekaran et al.11

Oxyresveratrol (62) Chung et al.15

7-0-methylwogonin (66) Chandrasekaran et al.11

Skullcapflavone I (68) Chandrasekaran et al.11

Capillarisin (74) Khan S. et al.30

Schisandrin (97) Guo et al.24

Dexamethasone (108) Chandrasekaran et al.11

Dexamethasone (108) Corea et al.16

AMT (109) Dugasani et al.17

Celecoxib (117) Dugasani et al.17

LTB4

Andrograpanin (54) Chandrasekaran et al.11

Andrographolide (55) Chandrasekaran et al.11

Isoandrographolide (56) Chandrasekaran et al.11

14-Deoxy-11,12-didehydroandrographolide (58) Chandrasekaran et al.11

Neoandrographolide (59) Chandrasekaran et al.11

Dehydrocostic acid (60) Hernández et al.25

Resveratrol (61) Baolin et al.52

Pinocembrin (64) Sala et al.45

7-0-methylwogonin (66) Chandrasekaran et al.11

Gnaphaliin (67) Sala et al.45

Skullcapflavone I (68) Chandrasekaran et al.11

Luteolin (71) Baolin et al.52

Tiliroside (78) Sala et al.45

Scrovalentinoside (91) Bas et al.53

Erycristagallin (98) Njamen et al.38

Captopril (112) Chandrasekaran et al.11

Zileuton (120) Hernández et al.25

Zileuton (120) Bas et al.53

TBX2

Andrograpanin (54) Chandrasekaran et al.11

Andrographolide (55) Chandrasekaran et al.11

Isoandrographolide (56) Chandrasekaran et al.11

Marrubiin (57) Mnonopi et al.35

14-Deoxy-11,12-didehydroandrographolide (58) Chandrasekaran et al.11

Neoandrographolide (59) Chandrasekaran et al.11

7-0-methylwogonin (66) Chandrasekaran et al.11

Skullcapflavone I (68) Chandrasekaran et al.11

Aspirin (114) Chandrasekaran et al.11

Linolenic acid (29) Ren et al.44

Cucurbitacin E (47) Abdelwahab et al.21

Pepluanone (50) Corea et al.16

Dehydrocostic acid (60) Hernández et al.25

Capillarisin (74) Khan S. et al.30

Thiacremonone (84) Ban et al.43

Schisandrin (97) Guo et al.24

Indomethacin (125) Abdelwahab et al.21

Indomethacin (125) Hernández et al.25

TPCK (127) Khan S. et al.30

TPCK (127) Guo et al.24

Cucurbitacin E (47) Abdelwahab et al.21

Dehydrocostic acid (60) Hernández et al.25

Erycristagallin (98) Njamen et al.38

Indomethacin (125) Hernández et al.25

Indomethacin (125) Abdelwahab et al.21

Taxusabietane A (41) Khan I. et al.29

Baicalein (83) Khan I. et al.29

Tenidap sodium (124) Khan I. et al.29

PDG
2

Resveratrol (61) Baolin et al.52

Luteolin (71)* Baolin et al.52



name max inhibition IC50 performance reference no inhibition
% category median 0.01 – 6.25%

histamine
6.26 – 12.50%
12.51 – 18.75%

natural products (n=17), median inhibition of 8.48% at 100 µM 18.86 – 25.00%
80.00 434.20 245.32 25.01 – 31.25%
0.00 2939.10 nd 31.26 – 37.50%
2.79 2523.00 nd 37.51 – 43.75%
0.00 57.00 nd 43.76 – 50.00%
0.00 57.00 nd 50.01 – 56.25%
0.00 57.00 nd 56.26 – 62.50%
0.00 57.00 nd 62.51 – 68.75%
0.00 57.00 nd 68.76 – 75.00%
89.10 100.00 nd 75.01 – 81.25%
63.30 67.00 17.80 81.26 – 87.50%
0.00 63.00 nd 87-51 – 93.75%
86.60 10.00 nd 93.76 – 100.00%
24.68 1722.50 nd
31.20 1130.30 nd < median
56.61 1090.80 nd ≥ median
27.79 1115.13 nd
8.48 1076.71 nd coumarins

reference compounds (n=2), average inhibition of 18.2% at 50 µM catechol der.
ng ng 0.0033 porphyrins
ng ng 36.40 sterols

elastase
diterpenoids
stilbenes

natural products (n=2), average inhibition is 85% at 55 µM flavonoids
70 10 9.8 miscellaneous
100 100 43

reference compounds (n=1) ng: data not given
96 10 3.9 nd: not determined

* used as reference

Table S6. In vitro inhibition of other inflammatory mediators.

µM µM

Siphonochilone (5) Fouche et al.22

Gallic acid (30) Bao et al.51

Ethyl gallate (32) Bao et al.51

Andrograpanin (54) Chandrasekaran et al.11

Andrographolide (55) Chandrasekaran et al.11

Isoandrographolide (56) Chandrasekaran et al.11

14-Deoxy-11,12-didehydroandrographolide (58) Chandrasekaran et al.11

Neoandrographolide (59) Chandrasekaran et al.11

Resveratrol (61) Baolin et al.52

7-0-methylwogonin (66) Chandrasekaran et al.11

Skullcapflavone I (68) Chandrasekaran et al.11

Luteolin (71)* Baolin et al.52

Tricetiflavan (73) Bao et al.51

(-)-tetrahydroxyflavan-7-gallate (75) Bao et al.51

(-)-epigallocatechin-7-gallate (76) Bao et al.51

Quercitrin (79) Bao et al.51

Myritricin (82) Bao et al.51

Pyrilamine (121) Fouche et al.22

Ketotifen fumarate (129) Chandrasekaran et al.11

Rapanone (21) Ospina et al.42

Dehydrocostic acid (60) Hernández et al.25

Indomethacin (125) Ospina et al.42



name max inhibition IC50 performance reference no inhibition
% inhibition median 0.01 – 6.25%

mouse ear edema
6.26 – 12.50%
12.51 – 18.75%

natural products (n=14), median inhibition of 65.8% at 0.375 mg/ear 18.86 – 25.00%
64.1 0.01 0.0051 25.01 – 31.25%
67.5 0.1 nd 31.26 – 37.50%
81.45 0.1 nd 37.51 – 43.75%
69.1 1 nd 43.76 – 50.00%
58.16 0.1 nd 50.01 – 56.25%
51 0.5 nd 56.26 – 62.50%
81 0.5 0.061 62.51 – 68.75%
38.2 1 nd 68.76 – 75.00%
72 0.5 0.21 75.01 – 81.25%
80 0.5 0.357 81.26 – 87.50%
64.1 0.002 nd 87-51 – 93.75%
59.8 0.01 0.00535 93.76 – 100.00%
41 0.5 nd
95 0.25 nd < median

reference compounds (n=8), median inhibition of 74.85% at 0.375 mg/ear ≥ median
63.9 0.25 nd
34.87 0.1 nd coumarins
78.7 0.025 nd catechol der.
92.2 0.25 nd porphyrins
84.03 1 nd sterols
82 0.5 nd diterpenoids
79 0.5 0.125 stilbenes
71 0.5 nd flavonoids
23.29 0.1 nd miscellaneous

rat paw edema ng: data not given
Natural products (n=12), median inhibition of 44.45%at 15.15 mg/kg nd: not determined

69.8 5 nd
38 10 nd
50.9 20 nd
34.4 20 nd
32.2 20 nd
88.1 60 nd
60 1.3 nd
66.1 10 nd
61.1 50 nd
9.6 10.3 nd
31.2 2 nd
15.18 20 nd

reference compounds (n=9), median inhibition of 66.05% at 10 mg/kg
48 20 nd
74.5 100 nd
50 0.1 nd
88.8 100 nd
92.3 10 nd
73.3 5 nd
73.1 10 nd
59 10 nd
39.9 20 nd
13.43 10 nd

mouse paw edema
Natural products (n=9), median inhibition of 62.6% at 80 mg/kg

64 50 34
62.6 80 nd
48.7 80 nd
73.8 80 nd
67.4 80 nd
69 21.6 nd
42 12.108 nd
57.38 200 nd
51 5 nd

reference compounds (n=8), median inhibition of 71% at 10 mg/kg
78 10 nd
77.48 1 nd
37.7 50 nd
71 7.035 nd
67 39.356 nd
73.3 80 nd
66.3 5 nd

Table S7. In vivo edema reduction.

µM µM

Carnosic acid (38) Mengoni et al.34

5α-stigmast-23-ene-3,6-dione (42) Okoye et al.40

5α-stigmastane-3,6-dione (43) Okoye et al.40

Tirucallol (44) Fernandez-Arche et al.20

Pepostanol (45) Okoye et al.40

Dehydrocostic acid (60) Hernández et al.25

Pinocembrin (64) Sala et al.45

Wogonin (65) Chi et al.14

Gnaphaliin (67) Sala et al.45

Tiliroside (78) Sala et al.45

Thiacremonone (84) Ban et al.43

Carnasol (89) Mengoni et al.34

Scrovalentinoside (91) Bas et al.53

Erycristagallin (98) Njamen et al.38

Prednisolone (107) Chi et al.14

Prednisolone (107) Okoye et al.40

Dexamethasone (108) Bas et al.53

Indomethacin (125) Mengoni et al.34

Indomethacin (125) Fernandez-Arche et al.20

Indomethacin (125) Njamen et al.38

Indomethacin (125) Sala et al.45

Indomethacin (125) Hernández et al.25

Indomethacin (125) Okoye et al.40

Linolenic acid (29) Ren et al.44

Taxusabietane A (41) Khan I. et al.29

5α-stigmast-23-ene-3,6-dione (42) Okoye et al.40

5α-stigmastane-3,6-dione (43) Okoye et al.40

Pepostanol (45) Okoye et al.40

Cucurbitacin E (47) Abdelwahab et al.21

Pepluanone (50) Corea et al.16

Oxyresveratrol (62) Chung et al.15

Mulberroside A (63) Chung et al.15

Wogonin (65) Enomoto et al.18

Thiacremonone (84) Ban et al.43

Cryptolepine (96) Olajide et al.41

Prednisolone (107) Okoye et al.40

Dexamethasone (108) Enomoto et al.18

Dexamethasone (108) Corea et al.16

Aspirin (114) Abdelwahab et al.21

Indomethacin (125) Chung et al.15

Indomethacin (125) Khan I. et al.29

Indomethacin (125) Ren et al.44

Indomethacin (125) Ban et al.43

Indomethacin (125) Okoye et al.40

Indomethacin (125) Olajide et al.41

Dehydrocostic acid (60) Hernández et al.25

Pinocembrin (64) Sala et al.45

Gnaphaliin (67) Sala et al.45

Capillarisin (74) Khan S. et al.30

Tiliroside (78) Sala et al.45

Alkannin (85) Kourounakis et al.31

Shikonin  (86) Kourounakis et al.31

Schisandrin (97) Guo et al.24

Erycristagallin (98) Njamen et al.38

Dexamethasone (108) Khan S. et al.30

Dexamethasone (108) Bao et al.51

Dexamethasone (108) Guo et al.24

Naphthazarin (119) Kourounakis et al.31

Indomethacin (125) Kourounakis et al.31

Cyproheptadine (130) Sala et al.45

Cyproheptadine (130) Njamen et al.38



Table S8. Incomparable or orphan assays.
name max inhibition and concentration assay info reference coumarins

catechol der.
porphyrins

18.00% 100 µM human lymphocytes sterols
diterpenoids
stilbenes

71.00% 100 µM human lymphocytes flavonoids
miscellaneous

84.00% 100 µM human lymphocytes

*not significant
78.00% 434.2 µM cell free system ? not given
ng ng cell free system

72.00% ? µM contraction of mouse ileum

35.50% 10.4 mg/kg rat paw extract
56.60% 0.3 mg/kg rat paw extract
34.30% 1 mg/ear mouse ear edema
55.0% 0.25 mg/ear mouse ear edema

67.64% mouse skin injury
65.06% mouse skin injury
0.00% 1 mg/ear inflamed mouse skin
34.5%% 1 mg/ear inflamed mouse skin
69.30% 0.010 mg/kg (iv) cerebral ischemic reperfusion

44.30% 2 mg/kg (oral) serum of arthritis rats
60.30% 2 mg/kg (oral) serum of arthritis rats
98.24% 60 mg/kg (oral) rat gastric ulcer
80.67% ng rat gastric ulcer
42.90% 80 mg/kg (ip) mouse paw edema
57.60% 10 mg/kg (ip) mouse paw edema
77.60% 0.010 mg/kg (iv) CI/R
53.00% mouse skin injury
18.20% mouse skin injury
99.60% 1 mg/ear mouse ear edema
99.90% 1 mg/ear mouse ear edema
41.90% 50 mg/kg obese rat model
8.70% 50 mg/kg obese rat model
44.70% 50 mg/kg obese rat model

46.30% 2 mg/kg (oral) serum of arthritis rats
58.50% 2 mg/kg (oral) serum of arthritis rats

51.50% 2 mg/kg (oral) serum of arthritis rats
82.50% 2 mg/kg (oral) serum of arthritis rats

46.09% 30 mg/kg (ip) rat pleural excudate
0% 10 mg/kg (ip) rat pleural excudate
61.30% 30 mg/kg (oral) rat gastric ulcer
50% ? mg/kg (oral) rat gastric ulcer

0% 41.6 µM rat pleural excudate
61.6% 12.2 µM rat pleural excudate

Edema induction
39% 400 mg/kg mouse ear
44% 200 mg/kg mouse ear

95.73% 60 mg/kg (oral) rat gastric ulcer
87.32% ? mg/kg (oral) rat gastric ulcer

38.7% 0.010 mg/kg (iv) CI/R

81.3% 0.010 mg/kg (iv) CI/R

87.7% 0.010 mg/kg (iv) CI/R
100% mouse skin injury
100% mouse skin injury
92.2% 1 mg/ear mouse ear edema
88.2% 1 mg/ear mouse ear edema

0% mouse skin injury
0% mouse skin injury
0% 1 mg/ear mouse ear edema
0% 1 mg/ear mouse ear edema

59% 0.1 mg/ear (7x) mouse ear edema
67% 0.05 mg/ear (7x) mouse ear edema
53.80% 0.5 mg/ear mouse ear edema
31.20% 0.5 mg/ear mouse ear edema
87.30% 0.5 mg/ear mouse ear edema
95.40% 0.5 mg/ear mouse ear edema

In vitro IL-10 inhibition
Scrovalentinoside (91) Bas et al.53

In vitro IL-4 inhibition
Scrovalentinoside (91) Bas et al.53

In vitro IFN-γ inhibition
Scrovalentinoside (91) Bas et al.53

In vitro PDE IV inhibition
Siphonochilone (5) Fouche et al.22

RO 20-1724 (103) Fouche et al.22

Ex vivo contraction of mouse ileum
Cannabidiol (102)* Capasso et al.55

In vivo PGE2 inhibition
Wogonin (65) Enomoto et al.18

Dexamethasone (108) Enomoto et al.18

Wogonin (65) Chi et al.14

Prednisolone (107) Chi et al.14

In vivo IL-1β inhibition (serum)
Carnosic acid (38) 20 μg/cm2 Mengoni et al.34

Carnasol (89) 20 μg/cm2 Mengoni et al.34

Wogonin (65) Chi et al.14

Prednisolone (107) Chi et al.14

Silymarin (77) Hou et al.26

In vivo TNF-α inhibition
Kirenol (40) Lu et al.33

Prednisolone (107) Lu et al.33

Arbutin (90) Taha et al.48

Omeprazole (122) Taha et al.48

Capillarisin (74) Khan S. et al.30

Dexamethasone (108) Khan S. et al.30

Silymarin (77) Hou et al.26

Carnosic acid (38) 20 μg/cm2 Mengoni et al.34

Carnasol (89) 20 μg/cm2 Mengoni et al.34

Wogonin (65) Chi et al.14

Prednisolone (107) Chi et al.14

Marrubiin (57) Mnonopi et al.35

Aspirin (114) Mnonopi et al.35

Metformin (116) Mnonopi et al.35

In vivo IL-17a inhibition
Kirenol (40) Lu et al.33

Prednisolone (107) Lu et al.33

In vivo IFN-γ inhibition
Kirenol (40) Lu et al.33

Prednisolone (107) Lu et al.33

In vivo lipid peroxidation
Catechin (72) Nardi et al.37

Indomethacin (125) Nardi et al.37

Arbutin (90) Taha et al.48

Omeprazole (122) Taha et al.48

In vivo NO inhibition
Catechin (72) Nardi et al.37

Indomethacin (125) Nardi et al.37

Gaultherin (88) Zhang et al.50

Aspirin (114) Zhang et al.50

In vivo IL-6 inhibition
Arbutin (90) Taha et al.48

Omeprazole (122) Taha et al.48

In vivo NF-κβ inhibition
Silymarin (77) Hou et al.26

In vivo iNOS inhibition
Silymarin (77) Hou et al.26

In vivo COX-2 inhibition
Silymarin (77) Hou et al.26

Carnosic acid (38) 20 μg/cm2 Mengoni et al.34

Carnasol (89) 20 μg/cm2 Mengoni et al.34

Wogonin (65) Chi et al.14

Prednisolone (107) Chi et al.14

In vivo COX-1 inhibition
Carnosic acid (38) 20 μg/cm2 Mengoni et al.34

Carnasol (89) 20 μg/cm2 Mengoni et al.34

Wogonin (65) Chi et al.14

Prednisolone (107) Chi et al.14

In vivo MPO inhibition
Erycristagallin (98) Njamen et al.38

Dexamethasone (108) Njamen et al.38

Pinocembrin (64) Sala et al.45

Gnaphaliin (67) Sala et al.45

Tiliroside (78) Sala et al.45

Dexamethasone (108) Sala et al.45



Natural products always performing better than median: coumarins
catechol der.

'good' bioavailability assay pass assay fail porphyrins
4 0 sterols
4 0 diterpenoids
4 0 stilbenes
1 0 flavonoids

miscellaneous
'normal' bioavailability assay pass assay fail

4 0
4 0
2 0
1 0
1 0
1 0

'bad' bioavailability assay pass assay fail
5 0
5 0
4 0
4 0

Natural products performing at least one time better than median:

'good' bioavailability assay pass assay fail
3 2
3 3
3 3
3 3
2 4
1 6

'normal' bioavailability assay pass assay fail
5 2
3 3
3 3
3 4
2 2
1 1
1 3
1 5
1 5

'bad' bioavailability assay pass assay fail
5 2
4 2
3 1
2 1
2 2
2 3
1 1
1 1
1 1
1 2
1 2
1 3
1 4

Natural products performing always worse than median:

'good' bioavailability assay pass assay fail
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 2
0 2
0 3
0 3
0 7
0 7

'normal' bioavailability assay pass assay fail
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 2
0 2
0 2
0 4
0 7
0 7

'bad' bioavailability assay pass assay fail
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 1
0 2
0 2
0 2
0 2
0 2
0 3
0 3
0 3
0 3
0 3
0 7

Compounds which were only used in orphan or incomparable  assays:

'normal' bioavailability

'bad' bioavailability

Table S9. Performance of all natural products. 
Performance is ordered by both anti-inflammatory 
ranking as well as bioavailability. Bioavailability 
gradings: 'good' = passing all limits, 'normal' is passing 
all limits, but not the blood brain barrier, 'bad' = failing 
one or more limits.

Phyllanthine (87)
6-shogaol (25)
Phyltetralin (99)
Pyrogallol (33)

Luteolin (71)
Methyl breviolincarboxylate (16)
Alkannin (85)
Byakangelicol (13)
Quercetin (70)
Baicalein (83)

10-gingerol (24)
8-gingerol (23)
Trimethyl-3,4-dihydrochebulate (95)
Rutin (80)

6-gingerol (22)
Thiacremonone (84)
Dehydrocostic acid (60)
Resveratrol (61)
Pinocembrin (64)
7-0-methylwogonin (66)

Andrographolide (55)
Oxyresveratrol (62)
Capillarisin (74)
Isoandrographolide (56)
Rhamnocitrin (69)
Shikonin  (86)
Methyl gallate (31)
Gnaphaliin (67)
Schisandrin (97)

Pepluanone (50)
Tiliroside (78)
Rapanone (21)
Mulberroside A (63)
Cucurbitacin E (47)
Erycristagallin (98)
5α-stigmast-23-ene-3,6-dione (42)
5α-stigmastane-3,6-dione (43)
Silymarin (77)
Sugiol (39)
α-chaconine (51)
Daucosterol (53)
Linolenic acid (29)

Psoralen (1)
Xanthotoxin (3)
Isopimpinellin (4)
Siphonochilone (5)
Cnidilin (6)
Isoimperatorin (7)
Oxypeucadanin (8)
Heraclenin (11)
Phellopterin (12)
Isobergapten (17)
Sphondin (18)
Pimpinellin (19)
Marrubiin (57)
Carnasol (89)
Taxusabietane A (41)
Bergapten (2)
Solanidine (46)
Andrograpanin (54)
14-Deoxy-11,12-didehydroandrographolide (58)

Oxypeucadanin hydrate (9)
Heraclenol (10)
Byakangelicin (14)
Angelicin (15)
Fraxetin (20)
Gallic acid (30)
Ethyl gallate (32)
Tricetiflavan (73)
Wogonin (65)
Sesaminol (92)
Sesaminol catechol (93)
Curcumin  (100)
Neoandrographolide (59)
Skullcapflavone I (68)

Maesanol (26)
Maesanin (27)
Dihydromaesanin (28)
Lupeol acetate (48)
(-)-tetrahydroxyflavan-7-gallate (75)
(-)-epigallocatechin-7-gallate (76)
Quercitrin (79)
Choerosphondin (81)
Myritricin (82)
Cryptolepine (96)
7-epiclusianone (101)
Pheophytin A (36)
Pheophytin B (37)
Carnosic acid (38)
Pepostanol (45)
Sesaminol triglucoside (94)
Chlorophyll A (34)
Chlorophyll B (35)
Tirucallol (44)
Hederagenin (49)
α-solanine (52)
Scrovalentinoside (91)

Kirenol (40)
Catechin (72)
Arbutin (90)

Gaultherin (88)
Cannabidiol (102)
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