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Abstract

Introduction: Traditional Chinese Medicine (TCM) represents one of the first holistic
approaches in the world to treat and prevent disease. Herbal medicine is one of the major
therapeutic remedy in TCM. It often involves multi-herb therapies instead of single herb
preparations. Parallel to western medicine, hundreds of herbal formulas have been made
available as finished products. Currently, the use of herbal products is popular as treatment
option or to complement western medicine. Indications of the herbal formulas were
established by TCM terms such as “heat-clearing and/or detoxifying” which lack modern
pharmacological meanings. It is difficult for people without relevant background to
understand such terms and their implications for treatments. Furthermore, due to the quality
control issues of herbal medicines which contain multiple constituents, consumers may be
confronted with the risk of using unstandardized products. Hence, in this thesis, the
modernization of TCM is discussed through employing scientific pharmaceutical
approaches to a traditional formula, called Erding formula (EF). The aim was to investigate
if a new indication, hyperuricemia, can be assigned to a heat-clearing and detoxifying
formula. Our hypothesis was: Can Erding formula be used for hyperuricemia treatment and
is esculetin a bioactive marker for this new indication?

Methods: A hypoxanthine and potassium oxonate-induced hyperuricemic mouse model, a
xylene-induced inflammatory mouse model, and an acetic acid-induced pain model were

used to investigate EF and its constituent herbs. The quantity of esculetin was measured by



high-performance liquid chromatography. The therapeutic effect of esculetin was assessed
using potassium oxonate induced hyperuricemic mouse model, and esculetin and its
metabolites were characterized in serum via ultra-performance liquid chromatography-
quadrupole time-of-flight mass spectrometry. To develop a modern dosage form, a
laboratory-scale wet bead milling approach was employed to prepare esculetin
nanocrystals. The formulation was further optimized by design of experiment, and an
optimized formulation was then characterized for its saturation solubility and short-term
stability.

Results: The study showed that EF and Viola yedoensis Makino (Viola) lowered uric acid
(UA) levels, while EF and all four individual herbs had anti-inflammatory and analgesic
activities. These findings revealed that EF was able to treat hyperuricemia and suggested
that Viola was the main herb in EF on reducing UA levels. The study showed that esculetin
significantly reduced UA levels and six metabolites of esculetin were identified in serum.
This confirms that esculetin was absorbed and is a suitable bioactive and quality control
marker for EF in hyperuricemia treatment. An esculetin-Povacoat nanocrystal formulation
with a 200 nm particle size was successfully prepared. The formulation presented up to a
1.5-fold increase in saturation solubility compared to the bulk esculetin and it was stable
for 180 days.

Conclusion: The studies proved that Erding formula can be used for hyperuricemia

treatment with esculetin as bioactive quality control marker. As well, a new nano-sized



formulation of the bioactive marker, esculetin, was created. This presented the possibility
to develop an innovative nanotechnological product of the active substances derived from
herbal medicine. The findings facilitated a better understanding of TCM terms and concept
through mechanistic scientific experiments. This study revealed a potential pathway and
an idea to modernize TCM without setting aside its unique concepts. This might increase
the global acceptance of TCM products. Furthermore, the TCM concept might be useful in

the development of multi-component drug products.



Resumo
Medicina Tradicional Chinesa (MTC) representa uma das primeiras abordagens holisticas
em ambito global para tratar e prevenir doengas. A fitoterapia consiste na principal
terapia na MTC. Frequentemente, envolve terapias com multiplas ervas em vez de
preparacgdes individuais. Paralelamente a medicina ocidental, centenas de formulas
herbais foram disponibilizadas como produtos acabados. Atualmente, o uso de produtos
fitoterapicos € popular como opc¢ao de tratamento ou para complementar a medicina
ocidental. As indicagdes das formulas fitoterapicas foram estabelecidas pelos termos da
MTC, tais como "limpeza pelo calor e / ou desintoxicante", que ndo t€m significados
farmacologicos modernos. E dificil para a populagdo em geral e mesmo para
profissionais sem historico relevante na area entender tais termos e suas implicagdes para
os tratamentos. Além disso, devido as questdes de controle de qualidade dos
medicamentos fitoterapicos que contém multiplos constituintes, os pacientes podem ser
confrontados com o risco de usar produtos nao padronizados. Assim, nessa tese, a
modernizacdo da MTC ¢ discutida por meio da utiliza¢ao de abordagens farmacéuticas
cientificas para uma formula tradicional, denominada férmula de Erding (FE). O objetivo
foi o de investigar se uma nova indica¢ao, a hiperuricemia, pode ser atribuida a uma
formula desintoxicante e de compensagdo de calor. Nossa hipotese foi: a formula de
Erding pode ser usada para tratamento de hiperuricemia e a esculetina ¢ um marcador

bioativo para essa nova indica¢ao? Foi empregado modelo de camundongo
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hiperuricémico induzido por hipoxantina e oxonato de potassio, outro modelo de
camundongo inflamatorio induzido por xileno e, adicionalmente, modelo de dor induzida
por acido acético. Esses modelos foram usados para investigar a FE e suas ervas
constituintes. A quantidade de esculetina foi determinada por cromatografia liquida de
alta eficiéncia. O efeito terapéutico da esculetina foi avaliado utilizando modelo de
camundongo hiperuricémico induzido por oxonato de potassio, € a esculetina e seus
metabdlitos foram caracterizados no soro por cromatografia liquida de alto desempenho -
espectrometria de massa. Para desenvolver forma farmacéutica moderna, uma abordagem
de moagem em escala imida reduzida foi empregada tendo em vista a preparacao de
nanocristais de esculetina. A formulacao foi ainda otimizada empregado planejamento
experimental. Essa formula foi caracterizada quanto a sua solubilidade de saturagdo e
estabilidade a curto prazo. O estudo mostrou que a FE e a Viola yedoensis Makino
(Viola) reduziram os niveis de acido urico (AU), enquanto a FE e as quatro plantas
individuais apresentaram atividades antiinflamatoria e analgésica. Esses resultados
revelaram que a FE foi capaz de tratar a hiperuricemia e sugeriu que a viola foi a
principal erva da FE na redug¢do dos niveis de AU. O estudo mostrou também que a
esculetina reduziu significativamente os niveis de AU e os seis metabolitos da esculetina
foram identificados no soro. Tal resultado confirma que a esculetina foi absorvida e pode
ser usada como marcador de controle bioativo e de qualidade para FE, no tratamento da

hiperuricemia. A formulagao de nanocristais de esculetin-povacoat® apresentou tamanho
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de particula de 200 nm. A formulagao apresentou aumento de 1,5 vezes na solubilidade
de saturagdo em comparag@o com a esculetina em escala micrométrica € manteve-se
estavel durante 180 dias. Os estudos comprovaram que a formula de Erding pode ser
utilizada no tratamento da hiperuricemia empregando a esculetina como marcador
bioativo de controle de qualidade. Além disso, foi desenvolvida formula¢ao inovadora,
em escala nanométrica, do marcador bioativo, a esculetina. Esse resultado permitiu
desenvolver produto com base nanotecnologica das substancias ativas derivadas do
fitoterapico, assim comol permitiram melhor compreensao dos termos e dos conceitos da
MTC por meio de experimentos cientificos mecanicistas. Esse estudo revelou potencial
para a modernizacao da MTC sem excluir seus conceitos inicos. Isso pode aumentar a
aceitagdo global dos produtos MTC. Além disso, o conceito de MTC pode ser util no

desenvolvimento de medicamentos de multiplos componentes.
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Chapter 1 General Introduction



1.1 Traditional Chinese Medicine (TCM)

Ancient Chinese people believed the universe and all natural phenomena could be
classified into two opposite, complementary, interdependent aspects, Yin and Yang ([ H)
(Figure 1.1). They believed that the universe was made up of five basic elements (F.17)
(wood, fire, earth, metal, and water, Figure 1.1), and the universe was constantly changing
to maintain and restore harmony between these elements. TCM is derived from these

philosophies and they have been applied to understand, prevent, and cure disease (1, 2).

Figure 1.1 The schematic diagram of the laws of promotion and restriction among five



elements. Dotted arrow: promotion (one of five elements promotes and helps another one),
solid arrow: restriction (one of five element restricts or restrains another one), further
details can be found in reference (2).

As one of the mainstream medical practices in the Chinese healthcare system, TCM was
developed and used to treat and prevent diseases (3, 4). The history of TCM dates back
more than 2,500 years to the Warring States period (475-221 B.C.) when the first written
work on the subject, Huang Di Nei Jing (¥ 77 N4, Yellow Emperor’s Inner Canon), was
compiled (5). Before English missionaries entered the country in the 19" century, TCM
was the only medicinal method used in China. (6).

As a holistic and complex medical approach, TCM reflects traditional Chinese culture and
philosophy; TCM uses dialectical thought to address the human body and focuses on
bringing people back into balance to restore their health (7). The fundamentals of TCM,
namely, the Qi1 system, Yin-Yang balance and five element theories, guide the therapeutic
principles and goals of TCM and cause TCM to focus mainly on the integrity of the human
body and the relationship between the body and the environment (8). TCM regards Qi as
the root of life, and its motion and change reflect the activity of the body. In TCM, optimal
health is achieved when the systems are balanced, since the human body is regarded as a
holistic and endlessly changeable progression (9). Diseases occur when the harmony is
disrupted by the invasion of pathogens and is cured when the dynamic balance is re-

established (3).



To restore harmony, the therapeutic goals and principles of TCM concentrate on the overall
state of the patient and patterns that reflect multi-system changes (7). TCM practitioners
diagnose diseases based on the patient symptoms via four examinations: wang (=),
inspection of skin complexion, physique and tongue condition; wen ([&]), listening to the
patient’s voice and sniffs and noting body odors that can indicate illnesses; wen (1),
asking how the patient feels; and qie (V)]), palpation to feel the patient’s pulse and assess
overall health. After these examinations, the practitioners prescribe one or several
therapeutic remedies to cure the diagnosed disease (6).

TCM comprises a series of therapeutic remedies including acupuncture, Chinese Material
Medica (medical material), moxibustion (the burning of herbs on acupuncture points), tui
na (therapeutic massage), tai chi and qi gong (movement and breathing exercises), dietary
therapy, cupping (local suction on the skin using a heated cup) and gua sha (scraping the
skin to produce light bruising) (6).

Among the therapeutic remedies discussed above, Chinese Material Medica is the most
related to modern pharmaceuticals. Material medica has been used in China for more than
3,000 years, as relevant documents were written starting at least as far back as 1,100 BC
(10). Chinese Material Medica consists of herbs, minerals and animal parts, and herbs make
up the majority (90%) of the more than 10,000 known medicinal species (11). In this thesis,

the studies focused on the herbal medicines.



1.2 Herbal medicine

Herbal medicines (phytomedicine) are used worldwide as home remedies, dietary
supplements, over-the-counter drug products and pharmaceutical products. They constitute
a substantial proportion of the global market of medicines. In recent years, the use of herbal
medicines has increased markedly, and as many as 80% of people throughout the world
have been exposed to herbal medicines (12). As well, the use of herbal medicine is well
established in European countries (13). However, in those countries, herbal medicines are

typically standardized extracts of single herbs for particular conditions (14).

1.3 Traditional Chinese Herbal medicine

More than 8,000 medicinal herbs are known in TCM, and 500 of those are commonly used.
TCM uses four properties and five tastes to describe and classify the characteristics of
medicinal herbs. Raw materials of herbs must be processed using different methods to
enhance their therapeutic effects, eliminate toxicity, modify their efficacy, change their
properties and remove any impurities before they can be used. Processing methods are
chosen according to the features of plants and the requirements of the therapy, prescription
and preparations (15).

With thousands of years of accumulated therapeutic experience, TCM practitioners

gradually realized that many diseases are regulated by multiple pathogenesis. Single herbs



are not sufficient to address the complex symptoms of severe diseases. To achieve better
treatment results with fewer side effects and/or to broaden the scope of treatments,
traditional Chinese herbal medicines (TCHMs) often involve herbal formulas (fufang, &
77) with a combination of up to 50 herbs (thousands of compounds). During the past
centuries, more than 100,000 multi-herb formulas have been described. (16-21)

The selection of the herbal formula composition follows the rules of “compatibility”
(peiwu, Acff). Rather than a random list of herbs in formulations, the compatibility in the
formulation is guided by the properties of the herbs and treatment required for the diseases.
The principle that governs multi-herb formulas is based on the basic structure of the
formula of “Jun-Chen-Zuo-Shi”. The herbs in multi-herb formulas are classified and
described by these four categories according to their functions in specific formulas. “Jun”
(emperor) is/are the herb(s) that perform major pharmacological functions and is/are the
essential herb(s) in the formula. “Chen” (minister) herb(s) aid the action of emperor herbs
and/or have additive effects. In general, “Zuo” (assistant) herb(s) present detoxifying
effects for both emperor and minister herbs or are used to treat accompanying symptoms.
“Shi” (guide) herb(s) mainly work to help other herbs reach their targets (22-24).

TCHMs are traditionally administered orally or percutaneously. The sublingual. inhalation,
mucosal absorption or rectal administrations are alternative administration routes. Recently,

because of the influence of western medicine, more administration routes have been



adopted, such as subcutaneous, intramuscular, intravenous and acupuncture point injection
(15, 25).

TCHMs are typically taken in forms such as decoctions, pills, powders, ointments,
medicinal wines, dan (a preparation made of precious or marked effects drugs or different
crystals made by firming certain types of minerals in high temperature), medicinal teas,

distillates, troches, medicinal sticks, medicinal threads and suppositories (15, 25).

1.4 TCM Modernization

TCM and herbal medicines have attracted the attention of researchers and have become
popular throughout the world. However, it is still difficult for people without relevant
background to accept TCM as a scientific based medicine, because of its unique theories,
diagnose, and treatment system. To address TCM scientifically, efforts to modernize TCM
were started in the 1950s (26). Since then, the Chinese government has begun to establish
its national network of TCM universities, hospitals, and research institutions. In the early
years (1950s-1980), researchers mainly attempted to isolate active compounds from TCM
remedies to treat diseases. Numerous promising compounds were discovered, such as
artemisinin from Artemisia annua L. for malaria and camptothecin from Camptotheca
acuminate Decne for cancer. (27-31) In the following decades (1980-present), the
regulation, standardization, quality control and globalization of Chinese herbal medicine

represent the main efforts and achievements. Instead of isolating individual active



compounds to treat diseases, researchers became interested in the synergistic effects among
the active compounds isolated from herbs and/or formulas, such as realgar-indigo to treat
promyelocytic leukemia (32-34). In order to the globalize TCM and elucidate complex
components of herbal medicines, studies of commonly used herbs and formulas mainly
focused on clarifying the chemical composition, structures, and functions. Modern
analytical separation methods have been developed to identify herbs and characterize their
components (35-37).

However, TCM modernization not only involves combining TCM with modern
technologies, modern concepts, and modern scientific approaches but also involves
advancing its traditional advantages and characters (38). It is important to use modern

scientific technologies to test if TCM works as intended by its principles.

1.5 Tested herbal formula

The well-established formula of Erding granules is listed in the Chinese Pharmacopeia
(ChP) and is commercially available in Chinese markets. This formula is made of four
individual herbs (Viola yedoensis Makino, Taraxacum mongolicum Hand.-Mazz., Lobelia
chinensis Lour., and the root of Isatis indigotica Fort.) in equal quantities (Figure 1.2) (39).
Due to its heat-clearing and detoxifying properties, this formula was originally used to treat

furuncle, carbuncle, sore throat, and wind burn-related eye inflammation.



Viola yedoensis Makino

Taraxacum mongolicum Hand.-
Mazz.

Lobelia chinensis Lour.

Isatidis Radix (Dry root of Isatis indigotica
Fort.)

Figure 1.2 The consist of the herbal formula, Erding granules.

Recently, several TCM practitioners have used this product to treat the patients with gout.
Gout is a painful inflammatory form of arthritis which is caused by hyperuricemia and
deposition of monosodium urate crystals into joints (40). Therapeutically, the actions of
heat clearing and detoxifying can be considered as antipyretic and anti-inflammatory (41,
42).

Therefore, at the beginning of the study, we focused on how herbal medicines are used in
managing inflammatory pain of arthritis, which is presented in Chapter 2.

However, after further investigating the formula under the TCM framework, we recognized
that TCM considers the root cause of the gout, hyperuricemia, as the major treatment focus.
The inflammation and pain of gout are considered as accompany symptoms in TCM. TCM
practitioners will therefore treat and prevent high uric acid (UA) levels together with
controlling pain and inflammation. Hence, in Chapter 3, we investigated the urate lowering,

anti-inflammatory and analgesic activity of Erding formula (EF) using mouse models.



1.6 Hyperuricemia in TCM

As far as TCM is concerned, hyperuricemia is a modern disease because the UA levels in
blood can be only determined by analytical techniques. The ancient written records of TCM
relevant to hyperuricemia are more about gout, which is a type of arthromyodynia (bi
syndrome, #5JiE). TCM practitioners believe that hyperuricemia is caused by a “turbid
toxin” (7£7F). The pathogenesis of simple hyperuricemia is deficiency of Qi in the kidney
and the dysfunction of spleen and kidney. Qi stagnation, blood stasis, and phlegm
obstruction imply that turbid phlegm and blood stasis are at the root of the problem. Finally,
the stasis becomes toxic and obstructs the channel, leading to the disease. If the toxin stays
in the kidney, it can damage the vital essence of the kidney and become dysfunction.

Blocking of the channel by toxin can lead to acute swelling and joint pain. (43, 44)

1.7 Scientific view of hyperuricemia

UA is the final oxidation product of human and hominoid purine metabolism, during which
xanthine oxidase catalyzes the hypoxanthine and/or xanthine into UA, as shown in Figure
1.3. In other mammals, the enzyme uricase can further oxidize UA to a more soluble
compound, allantoin, which can be excreted in urine (Figure 1.3). Mammals with uricase
do not develop hyperuricemia (45). Hyperuricemia is an abnormally high level of UA in

the blood caused by either overgeneration of UA from hepatic metabolism, renal

10



underexcretion, or a combination of the two. Hyperuricemia observed in most patients (80-
90%) is due to renal underexcretion. A serum UA level of 6.8 mg/dL or 7.0 mg/dL is
considered the threshold for hyperuricemia (46-49). Hyperuricemia is a result of age,
gender, race, genetic factors, environmental factors and dietary habits (45, 50-51). The
global prevalence of hyperuricemia has rapidly increased from 8.5% (2005) to 21.0%
(2017) in the western world and13.3% in mainland China in 2014 (52, 53). Long-term
hyperuricemia has been identified as a risk factor for gout, nephrolithiasis and chronic
nephropathy and is known to be associated with metabolic syndromes such as hypertension,
obesity, diabetes and cardiovascular diseases (54, 55). Long-term hyperuricemia is also

predicted to become the second most common metabolic disease after diabetes (56).
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Figure 1.3 The production and excretion of uric acid in human and other mammals.
Allopurinol inhibits xanthine oxidase activity to block the conversion of hypoxanthine to
xanthine and xanthine to uric acid.

1.8 Hyperuricemia treatment
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Currently, the therapies for managing hyperuricemia are mainly aimed at modulating the
enzymes involved in the metabolism and excretion of UA. Due to the pathological
condition, treatments for hyperuricemia can be divided into two main classes: xanthine
oxidase inhibitors (XOlIs) and uricosurics (57, 58). According to the British, American and
European guidelines for the management of gout, XOIs, which reduce UA production
through competitive xanthine oxidase inhibition in the liver, are the most commonly used
type of UA treatment (40, 58-59). Due to its efficacy, availability, and low cost, allopurinol,
a structural isomer of hypoxanthine (Figure 1.2), is the most commonly prescribed XOI.
However, allopurinol has side effects including gastrointestinal intolerance, rashes, and
allopurinol hypersensitivity syndrome (60). The guidelines advised to be careful when
prescribing allopurinol to Asians and Blacks because their high risk of allopurinol-related
skin reactions (40, 61). Uricosurics (probenecid and benzbromarone) are the other major
class of compounds used to lower UA levels and function via the blocking of renal tubular
reabsorption to enhance urinary UA excretion through the kidneys (Figure 1.4) (62). This
type of agent is used for patients who are intolerant to allopurinol or cannot reach the target
serum UA level in monotherapy with XOlIs. The use of probenecid increases the risk of the
development of kidney stones and urate nephropathy. Although benzbromarone is more
potent than probenecid and equally as effective as allopurinol, the approval of
benzbromarone has been withdrawn in several countries due to its liver toxicity (63, 64).

Another group of UA-lowering agents available other than XOIs and uricosurics are

13



uricases, comprised of a group of enzymes lost during human evolution. Uricases are
enzymes that break down UA into more water-soluble allantoin (Figure 1.3). Pegloticase
is a porcine recombinant polyethylene glycol-conjugated uricase that was approved by the
Food and Drug Administration (FDA) in 2010 for patients for whom conventional therapy
was ineffective (40, 57, 65). The use of pegloticase is limited because of the side effects
that accompany with rapid UA reduction including higher frequency of cardiovascular

events, formation of antipegloticase antibodies, and acute gout flares (66-68).

In general, modern mono-chemical drug products are successful in curing diseases in the
short term due to the fast and accurate targeting actions of these products. When long-term
and indefinite therapies are needed for chronic conditions, those treatments may cause
serious side effects. If the disease is complex, each drug component may be able to solve
only one specific aspect of the disease. Therefore, researchers are gaining interest in
identifying potential herbal medicines that can act as alternative agents to improve the

efficacy and reduce the side effects of drugs.
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Figure 1.4 Simplified schema of the mechanism of uricosuric drugs on renal anion
transporters involved in urate reabsorption and excretion in the proximal tubules of the

kidney.

1.9 Quality control of herbal medicine

Controlling the consistency and quality of the material is a key issue for TCM
modernization and the worldwide growth of the herbal medicine industry due to the
multiple constituents. Until now, a universal quality control system of TCM has not been
established. The ChP is the main reflection of TCM quality standards. However, in the ChP,
the integral quality standards for the majority of crude herbs are still lacking, and some of

them miss specific markers (69). According to Liu et al, the quality marker (Q-marker) of
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TCM should be defined by following features: 1) they are the natural chemical compounds
in herbs, decoction slices, extracts, and finished formulations, or they are resultant during
the processing; 2) they could be determined and characterized through either qualitative or
quantitative approaches; 3) they are chemical substances, which have definite structure and
functional properties; 4) For the herbal formula, Q-marker could be the representative
substances of the emperor herb or selected following the compatibility theory (69, 70). The
traditional and simple identification and quantitative analysis techniques for chemical
markers in herbal medicines, such as thin layer chromatography is not sufficient to
determine the quality of the product (71). In this case, comprehensive analytical methods
are recommended to ensure the quality and proper concentration of the herbal medicines.
These methods include fingerprint hyphenated techniques, such as HPLC-MS and HPLC-
diode array detection, UPLC-ESI-MS/MS (72-74). However, the ideal quality control
markers should be characteristic constituents that not only can be used for quantification
but are also responsible for the biological or even therapeutic effects of the herbal medicine
(75). The traditional method for screening bioactive compound is to isolate them and then
evaluate their activity through animal, organ, tissue, cellular, and receptor models (76).
Other methods that can be used to screen bioactivity are affinity chromatography,
biofingerprint analysis, and metabolic fingerprint analysis (76-78). Another important
aspect is that TCM practitioners frequently use the same herbal formula to treat different

diseases. Instead of using a generic marker for analytical purposes only, determining an
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appropriate marker for each indications of the formula will ensure the therapeutic efficacy
for the treatment. A new indication of EF was verified in Chapter 3. Now the question was
if the original quality control marker, esculetin, is still a suitable bioactive marker. This

aspect was assessed in Chapter 4.

1.10 TCM dosage form development

With the development of pharmaceutical techniques, TCM dosage forms evolved from
decoctions, pills, powders, ointments and pellets into tablets, capsules, emulsion,
liposomes, and nanoparticles (79). Some of the herbal formulas are difficult to be absorbed
effectively in the body due to their large size and/or poor solubility (80,81). This may limit
their oral bioavailability and impact negatively the treatment. Most herbal medicines are
made as decoction. Modern formulation processes such as salt formation, co-solvents,
emulsion and solid dispersion technology can improve solubility problems (82-86). Hence,
in order to improve the therapeutic effect and increase patient’s compliance, developing
new dosage form for herbal formula is another important direction in TCM modernization.
Nano-size milling technology is a new approach that reduces the particle size into the
nanometer scale. The particle size of a drug substance or a colloidal dispersion, which are
no more than 1000 nm, can be defined as nanoparticles according to recent FDA guidelines
(87, 88). Nanotechnology can change the properties of matter, such as electrical, reactivity,
and behavior characteristics, in vivo, due to an increased surface area (38). The application
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of nanotechnology in TCM is an important part of TCM modernization because
nanotechnology might enhance the bioavailability, achieve sustained release, enabels
target drug delivery, increases the pharmacological effects, and enables new routes of
administration (38). The term nanotechnology in the context of TCM includes processing
the bioactive ingredients, bioactive components, and herbal formulations of TCM into the
nanoscale (89). There are eleven different types of nano-based drug delivery systems (90):
1) nanocrystals and nanosuspensions, 2) nanotubes and nanowires, 3) ceramic
nanoparticles, 4) liposomes, 5) solid lipid nanoparticles, 6) polymeric nanoparticles, 7)
hydrogel nanoparticles, 8) copolymerized peptide nanoparticles, 9) polymeric micelles, 10)
dendrimers, and 11) functionalized nanocarriers. Most systems consist of at least two
components, and one of these should be the drug substance (91, 92).

Compared with other nanotechnologies, drug nanocrystals, which are composed purely of
the drug substance, have the advantage of high drug loading with no other carrier materials.
Drug nanocrystals require only a small quantity of surface-active agent for stabilization
and a dispersion media (usually water) (93). The typical size at which a drug powder is
considered a nanocrystal is in the 200-600 nm range (94). Stabilizers (polymers and/or
surfactants) are used to prevent aggregation and agglomeration of the nanocrystals through
ionic and/or steric stabilization by covering the surface of the nanoparticles in certain
systems (95). In cases such as these, there are two categories of stabilizers that are

commonly used. One is electrostatic repulsion stabilizers such as sodium dodecyl sulfate;
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the other is steric stabilizers such as polyvidone and polyvinyl alcohol. Combinations of
these two types are often used for the preparation of nanocrystals for their synergistic
stabilizing effects (96, 97). Nanocrystals can be prepared in three ways: bottom-up methods
(precipitation), top-down methods (media-milling and high-pressure homogenization), and
combination methods (98-101). In general, the top-down approaches are the most
commonly used industrial methods because they avoid the use of organic solvents, they are
easy to scale up, and they allow high drug loading (102, 103). However, they are energy
intensive. For screening formulations, characterizing the crystals, and investigating
stability, a small-scale wet milling approach is desirable due to its low cost and high
efficiency.

Because some herbs within the herbal formula, such as rhizomatic and fibrous root herbs
may be difficult to be milled, the property of active ingredients may change during the
production, and the difficulty in quality control and characterization of multi-components,
nano-system for herbal medicine still remains challenges (38). Poor solubility of
compounds is also an issue when manufacturing medicine products from isolated and
purified single active constituents. In order to investigate the possibility of nanocrystals to
be applied to herbal medicine, a nanocrystal formulation of esculetin, a poorly water-

soluble compound in EF was developed and described in Chapter 5.
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1.11 Hypothesis

In this thesis, the modernization of TCM is discussed through employing modern
pharmaceutical approaches to investigate if a new indication can be assigned to an existing
TCM formula. We preserved the TCM information of the herbal formula and scientific
experiments were used to confirm or reject the TCM concept.

Our hypothesis was: Can Erding formula be used for hyperuricemia treatment and is

esculetin a bioactive marker for the new indication?

1.12 Objectives

The study covers the following objectives:

(1) To evaluate the effects of Erding formula on hyperuricemic mice model.

(2) To determine whether the experimental data of a herbal formula can be used to advance

and understand TCM characters in hyperuricemia treatment.

(3) To investigate if the original quality control marker of Erding formula, esculetin, is still

an appropriate bioactive marker for the new indication of formula.

(4) To develop a nanocrystal formula for esculetin, a bioactive and poor water-soluble

compound in the Erding formula.
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1.13 Study Details

Because the content of chapter 2, 3, 4 has been published, some details and explanations
were not included in the manuscripts. The following paragraphs present several details

beyond the content of the publications.

1.13.1 Dose calculation

Safety and efficacy are the guiding tenets in drug development. Erding granules is a
commercially available product. The initial dose for the animal studies should be a
clinically equivalent dose used in humans. The daily dose of Erding granules is 12 g, which
is equivalent to 60 g of raw materials per day if the manufacturing protocol in ChP is
followed (39). According to the FDA guideline (104), in general, the clinically equivalent
doses for mice can be calculated based on the human dose using Equation 1:

Human dose mg/kg = Animal dose mg/kg * (animal weight in kg / human weight in kg)?33
Equation (1)

However, body weight is not the only important factor for calculating the dose. The
correction factor (Km), a constant for each species, is estimated by dividing the average
body weight (kg) of species by its body surface area (m?) (105). This gives the following
equation:

Human dose mg/kg = Animal dose mg/kg * (animal Km / human Km) = Animal dose

mg/kg * Km ratio Equation (2)
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In this thesis, the animal study was conducted using a mouse model. The Km ratio used in
Equation 2 to convert the human dose to the mouse dose was 0.081 (104, 105). Hence, the
clinical equivalent dose of Erding granules for mice is 12 g raw material/kg. After several
tests, the results showed the dose of 12g is not efficient in the hyperuricemia mouse model
in this study. Therefore, the experimental determined dose of Erding extract for

hyperuricemia treatment was set to 24 g raw material/kg.

1.13.2 Sample size determination

The sample size in an animal study should be determined before the experiment to avoid
bias in the interpretation of results, such as not properly representing the size of the target
and/or not detecting differences between test groups (106). The sample size for a study
impacts the confidence criteria, power of the study, size of the expected effect, and standard
deviation in the population.

Generally, for most studies, the power should be larger than 80%, and for animal tests, 90%
is desirable (107). In this study, the sample size was calculated by a statistics software,
Minitab 17 (State College, PA, USA), and the sample size for the animal study with a
power of 90% was determined to be 6 to 9. To improve the statistical power the sample

size of the animals using in this thesis was 10 per treatment group.
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Chapter 2 Traditional Chinese Medicine for Managing

Inflammatory Pain of Arthritis with Herbal Medicines

This study has been published as Jieyu Zuo, Qin Zheng, Hui Jian, Tasha Porttin,
Chanelle Willson, Fiona Misquita, Jordan Capicio, Raimar Lobenberg. Traditional
Chinese Medicine for Managing Inflammatory Pain of Arthritis with Herbal Medicines in

Current Traditional Medicine. 2016,2(2):80-93. Reference (108)
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2.1 Introduction

This review focuses on traditional Chinese herbal treatment of Osteoarthritis (OA) and
Rheumatoid (RA) published before July 2015 were identified using computer-based
searches of the Scopus database, PubMed database and CNKI database (in Chinese). The
following combination of keywords was used: “Traditional Chinese Medicine (' [%)
[Title/Abstract] and arthritis (5<77 %) [Title/abstract] and/or (osteoarthritis (‘& 4575 %%)
[All fields] or rheumatoid arthritis (XA IETT 42) [All fields]”. Publication titles were
initially reviewed for suitability, and relevant abstracts were then obtained and reviewed
for retrieving suitable full-text articles. Finally, data were extracted from suitable articles;
they are described here in relevant sections. Ethical approval was not necessary because

the pooled data from individual studies had received ethics approval.

2.2 Traditional Chinese Medicine

Traditional Chinese Medicine (TCM) comprises a series of therapeutic remedies developed
and used in China to cure illnesses in the population (2). The history of TCM dates back to
the Warring States period (475-221 B.C.), when the first surviving written work on Chinese
medicine, Huang Di Nei Jing (377 4, Yellow Emperor’s Inner Canon), was compiled
(5). Over time, the underlying principles of TCM have remained consistent, whereas

Western Medicine has evolved from folk medicine to a focus on scientific breakthroughs
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(109). TCM maintains that vital energy (Q1) is the root of life and that its motion and change
explain the life activity of the human body (110). In addition to Qi, Chinese philosophy
uses Yin-Yang, five phases, visceral organs and channel systems to de- scribe our life and
health: optimal health is achieved when the systems are balanced. TCM maintains that a
human being is an organic entity and that life is an endlessly changeable progression.
Pathogens invade and cause disease by disrupting harmony; therefore, TCM cures disease
by re- establishing the dynamic balance of harmony (2).

Diagnosis and treatment in TCM require advanced skill, with an emphasis on logical
thinking with a deep understanding of the factors that differentiate syndromes (111). With
the growing popularity of TCM, the need for standardized education is increasingly
important. For example, in Canada, numerous regulatory bodies have established training
programs to qualify those who practice TCM (112). Although a regulatory examination is
required at the end of a training program to ensure that patients receive standardized, safe
and reliable care, considerable heterogeneity exists in training programs, and few programs

have achieved full autonomy (112).

2.3 Use of herbs in TCM

In TCM, more than 8000 herbs are believed to have medicinal value; however, only 500
are commonly used (15). The basic medicinal properties of herbs are characterized by their
nature, flavor, and meridian tropism (15). This means that herbs with different properties
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and functions can have specific effects on certain diseases to reestablish the Yin-Yang
harmony in the body (2).

To achieve better curative efficacies with fewer side effects, the herbs in TCM are
commonly combined as a formulation to produce synergistic effects in the body (25).
According to the TCM concept, the composition of an herb formulation may include four
types of herbs according to their properties and the stage of the disease: [1] a primary
(emperor) herb is the main therapeutic agent and the essential component in each formula;
[2] a secondary (minister) herb will work to reinforce the primary one or to act on an
accompanying disease; [3] an adjuvant herb may reinforce the primary or secondary herb
as well as reduce side effects; [4] a guide herb is employed to facilitate the action of all of
the other herbs, increasing the overall effect and helping to deliver the herbs to their site of
action (25, 113). Due to the complexity of the chemical constituents in herbs and formulas,
the active compounds and their exact therapeutic mechanisms of action remain largely
unknown. Traditional Chinese Herbal Medicine is increasingly used to manage

inflammatory pain for chronic diseases, such as arthritis (114-117).

2.4 Arthritis

Arthritis is one of the leading chronic conditions causing disability and work limitations
among the general population. In 2010-2012, 22.7% (52.5 million) US adults were
estimated to suffer from arthritis, and 43.2% of these individuals reported limitations to
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activity (118). Similarly, 16.6% of Canadians (4.3 million) 15 years and older were
reported to be affected by arthritis in 2010-11 (119). Individuals suffering from arthritis
may experience a poorer quality of life compared to those suffering from other chronic
diseases because they are likely to require more assistance in daily activities. These patients
experience relatively more pain and have poorer health (120). In addition, the economic
bur- den of medical expenditures and lost earnings attributed to arthritis is large: estimated
to be $6.4 billion in Canada in 2000, with medical expenditures estimated to be $2.1 billion
(121). In the US, medical expenditures among arthritis patients totaled $353 billion in 2005,
a $100 billion increase compared to 1997 (122).

This type of disease can affect anyone at any age; however, the most frequent onset is in
the elderly, particularly in women (123). Arthritis represents more than 100 conditions that
involve the joints, and the disease can be classified as OA, RA, childhood arthritis, and
systemic lupus erythematosus (124). This report focuses on two major forms of arthritis,

OA and RA.

2.5 Osteoarthritis

OA is the most common type of joint disease and, for the most part, affects weight-bearing
joints, such as the knees and hips, as well as the Traditional Chinese Medicine for
Managing Inflammatory Pain hands (125). The characteristic feature of OA is progressive
cartilage breakdown with concomitant joint space narrowing, osteophyte formation,
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subchondral sclerosis and synovitis (126). This condition causes bones to rub against each
other, eventually resulting in joint stiffness, pain, tenderness, loss of movement, crepitus,
variable degrees of inflammation, and physical disability (127). The disease is
characterized by progressive loss of articular cartilage. Due to the debilitating degenerative
nature of arthropathy, current clinical treatment modalities for OA can only slow disease
progression but cannot provide a cure (128). Risk factors contributing to the development
and onset of OA include gender, genetics, obesity, cartilage injuries, repetitive movements,
and muscle weakness (129, 130).

OA results from cartilage degradation, which is characterized by degeneration of the
extracellular matrix and cell death, processes that are controlled by catabolism and
anabolism in chondrocytes. Both synovial cells and chondrocytes within joints can secrete
specific enzymes termed matrix metalloproteinases (MMPs), which can degrade all of the
components of the extracellular matrix (127, 131). The levels of these enzymes are
normally tightly regulated to ensure balance; however, this homeostasis can be
compromised by interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-a), which
ultimately leads to the loss of joint cartilage. As powerful pro-inflammatory cytokines, IL-
1 and TNF-o stimulate synovial cells and chondrocytes to secrete excess MMPs.
Additionally, during pro- inflammatory states in articular cartilage, prostaglandin E2
(PGE2), the major contributor to arthritic inflammatory pain, is produced and released from

OA chondrocytes stimulated by IL-1B (131). Each of the above mediators stimulates the
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degenerative and nociceptive pathways associated with OA progression. Other cytokines,
such as IL-6, which drives persistent inflammation and joint destruction, fibroblast growth
factor 2, and nitric oxide (NO), may also contribute to this inflammatory and degradative

disease (131).

2.6 Rheumatoid arthritis

RA is a systemic autoimmune disease accompanied by recurrent inflammatory flares. The
painful inflammatory episodes are characterized by robust infiltration of inflammatory
cells, resulting in hyperplasia of the synovial lining, edema, long-term cartilage erosion,
articular destruction and pain (132, 133). RA can also affect extra-articular organs (125).
RA afflicts 0.5-1.0% of the world’s population and occurs most commonly in women and
elderly individuals (134). Although the exact cause of RA is unknown (135), genetic and
environmental factors have been identified as risk factors for its development (136).

Interactions between T and B lymphocytes, synovial-like fibroblasts, and macrophages can
lead to overproduction of pro-inflammatory cytokines (TNF-o, IL-1, and IL-6) via
overexpression of TNF, thus contributing to synovial inflammation and joint destruction
during the development and onset of RA (136). In response to inflammatory stimuli,
mitogen-activated protein kinases (MAPKs) are expressed in the synovial tissues of
patients with RA. Activated MAPKSs increase secretion of MMPs and pro-inflammatory
cytokines (137, 138). NF-kB, another transcription factor associated with cytokines, MMP,
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cyclooxygenase (COX)-2 and inducible nitric oxide (iNOS) are also overexpressed in RA
(139).

The cytokines IL-1 and TNF-a play a major role in early joint swelling as well as in
inflammation and are therefore key players in joint inflammation and cartilage and bone
destruction (140). IL- 6 is a pro-inflammatory cytokine responsible for the presence of
many rheumatoid factors (141). NO, a mediator in RA synthesized by iNOS, plays a major
regulatory role in inflammation (142). COX- 2, which is commonly expressed in response
to inflammatory signals, is involved in the production of another important mediator of RA:
PGE2 (143).

Accordingly, suppression of COX-2, NO production, and TNF-a, PGE2, NF-kB and
MAPK expression may be important in treating RA.

In Western Medicine, RA is currently treated with non-biological, disease-modifying, anti-
rheumatic drugs (DMARD:s), such as methotrexate, to reduce synovitis and inflammation
instead of the previously used non-steroidal anti-inflammatory drugs. Biologic DMARD:s,

such as TNF-a inhibitors, are used in cases of uncontrolled disease (144).

2.7 The TCM view of arthritis

In TCM, arthritis belongs to the category ‘bi syndrome,” which is attributed to the
obstruction of qi and blood in the meridians following invasion of climatic pathogens
‘wind,” ‘damp,’ ‘cold,” and ‘heat’ (145, 146). The characteristics of bi disease are pain,
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soreness and numbness of the muscles and tendons; swelling, stiffness, and deformity of
joints; and limitations of movement (147). According to TCM theory, ‘wind,” ‘damp,’
‘heat,” and ‘cold’ belong to ‘six evils’, or the exogenous pathogen. Under normal
conditions, they represent climatic changes in nature and do not cause disease, becoming
pathogens only in instances of severe weather change and decreased immunity. Each
pathogen may cause disease alone or together with other pathogens. Therefore, ‘bi
syndrome’ can be classified as the ‘wind-cold-damp’ type or the ‘wind-damp-heat’ type.
‘Wind-cold- damp’ bi is also denoted ‘wind’ bi, ‘cold’ bi and ‘damp’ bi depending on
which pathogen predominates. ‘Bi syndrome’ is diagnosed by differentiating its principal
symptoms. ‘Wind’ bi is the sudden and acute onset of disease; its symptoms are wandering,
erratic and variable. ‘Wind’ is a Yang pathogen; thus, it prominently affects the upper body
and occurs primarily in the early stage of arthritis. ‘Damp’ is a Yin pathogen and easily
blocks the activity and movement of Yang. Symptoms of ‘damp’ bi are heaviness and
swelling of the joints or even the entire body as well as fluid retention. Instead of the sharp
and sudden appearance of pain, patients experience pain that is deeper and progressively
worsens. ‘Damp’ bi can be initiated or aggravated by wet weather and the environment, for
example, rainy weather or damp localities. ‘Cold’ is a Yin pathogen and relates to the
worsening of symptoms, especially severe pain. ‘Wind-damp-heat’ bi can simply result
from an attack of exterior wind-damp-heat and can be transformed by invasion of wind-

cold-damp with signs of interior heat (2, 145). The principal symptoms of ‘wind-damp-
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heat’ bi are predominantly heat, such as fever, irritability, restlessness, painful swollen
joints, redness, heat sensation and difficulty moving, which are different from the
symptoms of ‘wind-damp-cold’ bi (145). Therefore, according to TCM theory, if qi and
blood are circulating normally without obstructions in the meridians, there will be no pain

(146).

2.8 Herbs for arthritis

The fundamental principle of TCM is to treat the disease by applying treatment according
to syndrome differentiation (2). Selected herbs work together or alone to restore balance
according to the requirements of different syndromes and diseases. In TCM, these herbs
can be used to treat certain syndromes due to their specific properties (15). Table 2.1 list
the herbs that could be used for the treatment of RA and OA. The following paragraphs
discuss key herbs that are traditionally and most frequently employed for treating RA and
OA. The scientific evidence is discussed in addition to the traditional basis for use in TCM.
Based on the characteristics of arthritis in TCM and the intended effects of the herbs,
commonly used herbs can be divided into the following types: promoting blood circulation
and removing stasis, dispelling wind and eliminating dampness, nourishing blood,

invigorating Q1, and dispersing wind and cold.
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Table 2. 1 Key herbs that are most frequently employed in the treatment of RA and OA in

TCM
Latin Name Chinese Medicinal ~ Dose/day TCM TCM Collected Reference
Name use Nature Flavor season
Myrrh Mo Yao (% Blood- 3-10g Neutral ~ Pungent,  Winter 148-151
24) activating Bitter
and stasis-
resolving
Rhizoma Chuan 3-10g Warm Pungent ~ Summer 152-159
Chuanxiong ~ Xiong (/]|
=)
Olibanum Ru Xiang 3-10g Warm Pungent,  Spring,S 160-163
(A Bitter ummer
Radix Wei Ling Wind- 6-9g Warm Pungent,  Autumn 164-167
Clematidis ~ Xian (J&{;x  dampness- Salty
filry dispelling
Tripterygium  Lei Gong 1-5¢g Cool Pungent, Late 168-184
Wilfordii Teng (5~ Bitter autumn,
Hook. f. J#%) Early
Winter
Radix Dang Gui  Blood tonic 3-15¢g Warm Pungent, Late 185-194
Angelicae YD Sweet autumn
Sinensis
Radix Paeonia  Bai Shao 6-15g Slightly  Bitter, Sour Summer, 195-207
Alba (HAT) cold autumn
Licorice Gan Cao Qi tonic 1.5-9¢g Neutral Sweet Autumn, 208-215
(CHED Spring
Radix Fang Feng  Wind-cold- 5-10g Slightly Pungent, Spring, 216-222
Saposhnikovia ) effusing warm Sweet Autumn
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2.8.1 Blood-activating and Stasis-resolving Herbs

Blood-activating and stasis-resolving herbs are used to promote blood flow and eliminate

blood stasis.

Myrrh - Mo Yao

Myrrh is the dried resinous exudate of Commiphora myrrha Engl. It is known to Chinese
practitioners as ‘Mo Yao’ (148). In TCM, myrrh was first used in the Tang Dynasty in 600
AD. Traditionally, myrrh is used for skin ulcers, wounds, pain, tumors, arthritis,
inflammatory diseases, and diseases caused by blood stagnation, such as rheumatism,
hemiplegia, and acroanesthesia. Clinically, myrrh is generally prescribed in combination
with Ru Xiang to treat arthritis. The common dose of myrrh raw material is 3-10 g per day.
Scientific studies have shown that extracts of myrrh have anti-tumor, anti-inflammatory,
analgesic and anti-oxidant pharmacological activities (149-151). The anti-inflammatory
mechanism of myrrh involves decreasing PEG2 levels, inhibiting NO production and

suppressing COX expression (150).

Rhizoma Chuanxiong - Chuan Xiong

Rhizoma Chuanxiong (RC), called ‘Chuan Xiong’ in China, is the dried rhizome of

Ligusticum chuanxiong Hort. from the Umbelliferae family (15). It was first listed in Shen
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Nong Ben Cao Jing (f4¢ &K #.£2), the oldest Materia Medica book in China. In TCM, RC
is generally used to stimulate blood circulation and remove blood stasis. It is frequently
combined with Dang Gui as an herbal formula to treat OA and RA (152). This herb is
commonly administered at a dose of 3-10 g as a decoction (15).

One study reported that RC exerts anti- inflammatory effects by inhibiting NO production
in lipopolysaccharide (LPS)- and interferon y (IFNy)-stimulated RAW264.7 cells (153).
Three of the major bioactive constituents of RC are phenols and organic acids, phthalides,
and alkaloids (154). One of the primary compounds, also used as a quality control marker,
is ferulic acid, which exerts anti-inflammatory activity by suppressing IL-8 production
(155-157). Two phthalides, Z-ligustilide and senkyunolide A, have been demonstrated to
have an anti-inflammatory effect by inhibiting TNF-a production and NF-«xB activation in

vitro (158, 159).

Olibanum - Ru Xiang

Olibanum, called “Ru Xiang” in China, is the dried resin of Boswellia carterii Birdw; it
was first used as a TCM herb in the Han Dynasty in 498 AD (15). Olibanum is commonly
used in China to reduce swelling, alleviate inflammatory pain and

invigorate blood circulation (160). The typical dose is 3-10 g of raw material per day (15).
This herb is frequently combined with myrrh to treat diseases associated with inflammatory

pain. The anti-inflammatory mechanism of action of Olibanum may be related to
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suppressing the overproduction of inflammatory mediators, such as PEG2 and NO (160).
Boswellic acids in Olibanum are believed to act on the immune system (161). Boswellia is
used as an anti-arthritic agent in Indian Ayurveda Medicine (162) and as a dietary

supplement in the US for patients with arthritis and inflammatory pain disorders (163).

2.8.2 Wind-dampness-dispelling (anti-rheumatic) herbs

Wind-dampness-dispelling herbs can expel wind and remove dampness from muscles,

tendons and joints to treat bi syndrome resulting from wind-damp invasion.

Radix Clematidis - Wei Ling Xian

Radix Clematidis, which is called “Wei Ling Xian” in Chinese, is the root and rhizome of
Clematis chinensis Osbeck (15). It is primarily distributed in southern China and is widely
used in TCM for treating rheumatic disease and alleviating pain (164,165). This herb is
generally used either alone as Weilingxian powder or as an ingredient in a formulation
(166). Raw herbal material is available at an oral dose of approximately 6-9 g per day or at
an appropriate dose for external use (15).

Triterpenoid saponins are the major active components in Clematidis. AR-6, a triterpene
saponin, can be isolated from this herb and is thought to possess numerous biological
activities (167). Studies conducted on this compound have demonstrated its ability to

inhibit production of IL- 18, IL-6, and TNF-a in rats with adjuvant arthritis and to
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significantly suppress serum inflammatory mediators (IL-1p and TNF-a) in rats with
collagen-induced arthritis. The anti-inflammatory mechanism of action occurs via
inhibition of NF- kB p65 subunit, TNF-a and COX-2 expression. These characteristics
render AR-6 a potential agent for the treatment of RA.

Another study concluded that the saponin fraction from Clematidis exerts preventative
effects with regard to extracellular matrix degradation and chondrocyte injury in rats with
monosodium iodoacetate-induced OA. This fraction represents a potential agent for

treating osteoarthritis by inhibiting inflammation and protecting articular cartilage (164).

Tripterygium Wilfordii - Lei Gong Teng

The dried root of Tripterygium wilfordii Hook. f. (TwHF), which is known to TCM
practitioners as “lei gong teng” or “thunder god vine,” is abundant in southern China (168).
It has been used medicinally in China for approximately 400 years to treat autoimmune
and inflammatory conditions, including RA, ankylosing spondylitis, systemic lupus
erythematosus, psoriasis, and idiopathic IgA nephropathy (169, 170).

Triptolide, tripdiolide, and triptonide are the three most abundant components in TwHF
extracts, and several studies have reported that these three components contribute to the
majority of the herb’s immunosuppressive and anti-inflammatory effects. Among these
components, triptolide is the major biologically active constituent in RA treatment (171,
172).
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Extracts of TwHF and triptolide inhibit expression of pro-inflammatory genes, such as
those that result in PGE2, NO and TNF-a production, to significantly lower concentrations
of inflammatory mediators (173, 174). However, the herbal components only suppress
COX-2-regulated PGE2 production (175). An additional proposed mechanism of action of
TwHF extracts and triptolide is inhibition of T cell proliferation and suppression of MMP
production, thereby alleviating RA symptoms (173, 176). Another proposed mechanism of
action of TWHF is suppressing antibody formation. In RA, B cell activity is increased due
to secretion of numerous autoantibodies, whereas inhibiting autoantibody generation
decreases the symptoms of RA (177, 178).

TwHEF is a toxic herb, and it should be carefully administered orally. The suggested dose
of raw material is 1-5 g per day (15). The side effects of this plant include GI discomfort,
hair loss, headache, skin rash, myelosuppression, decreased bone density in women (with
prolonged use), decreased male fertility and even death (168-169, 179). To minimize
toxicity and maximize the therapeutic benefits, several preparations have been developed
and are commercially available in China (180-182). Clinical trials of TWHF extracts for
RA treatment report that daily doses greater than 360 mg and up to 570 mg appear to be

safe and elicit a better clinical benefit (183, 184).
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2.8.3 Blood Tonic Herbs

The function of blood tonic herbs is to replenish the blood and treat blood deficiency

syndromes.

Radix Angelicae Sinensis - Dang Gui

Radix Angelicae Sinensis (AS) is the dried root of Angelica sinensis (Oliv.) Diels. AS,
which is also known as ‘dang gui’ in China, has been commonly used by TCM practitioners
since 200 B.C (15). AS is from the Umbelliferae family, as is RC. The usual daily oral dose
varies from 3 g to 15 g as a decoction (15). Due to its ability to enrich the blood, invigorate
blood circulation and harmonize vital energy, this herb is also known as “female ginseng”
in China and is used to treat female reproductive problems, such as menstrual disorders
and the need to recover from blood loss after childbirth or surgery (139, 185). This herb
can be used as a medicinal food cooked with meat or prepared in soup (185). In TCM, AS
can be used alone or together with other herbs for inflammatory-related diseases, nerve
pain and bone injuries (186, 187). It is also well known for its beneficial therapeutic effects
regarding RA and OA (188, 189).

Studies have found that an ethyl acetate fraction of AS decreases inflammation by
inhibiting IL-1B-induced cell proliferation, COX-2 expression, PGE2 production and NO

secretion via suppression of MAPK phosphorylation and NF-kB path- way activation in
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both LPS/IFN-y-induced murine peritoneal macrophages and synovial fibroblasts from RA
patients (189, 190). The ethyl acetate extract inhibits the production of cytokines, including
TNF-a and IL-6, in LPS/IFN-y-simulated RAW 264.7 cells, (191) and similar anti-
inflammatory mechanisms of action were also demonstrated in mice (191).

Phthalides, ferulic acid, and polysaccharides are believed to be the major groups of active
compounds in AS (185). Ferulic acid is the functional compound contributing to the herb’s
therapeutic properties, (192) exerting anti-arthritic effects by inhibiting hydrogen peroxide-
induced pro-inflammatory cytokine (IL-1p and TNF-a) and metalloproteinase (MMP-1
and MMP-13) gene expression in chondrocytes (186).

It should be noted that many scientists are concerned about the potential risk of bleeding

when this herb is used concurrently with anti-coagulant agents, such as warfarin (193, 194).

Radix Paeonia Alba - Bai Shao

Radix Paeonia Alba (PA), the dried root without bark of Paeonia lactiflora Pall, is a
common medicinal herb used in TCM for centuries (15). The decoction has long been used
to treat pain or inflammatory disorders and autoimmune diseases, including headache,
spasmodic pain, fever, anemia, menstrual disorders, RA, systemic lupus erythematosus,
and hepatitis (195, 196). The common dosage of this herb is a decoction of 6-15 g raw

material per day (15).
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Total glucosides of peony (TGP), the active compound extracted from PA, comprises more
than 15 components. In 1998, a preparation of TGP was approved by the China Food and
Drug Administration to enter the market as a disease- modifying agent for RA. Paeoniflorin,
a water-soluble glucoside, is the standardization for PA because it constitutes more than
90% of TGP and 0.05-6.01% of PA. This glucoside also accounts for the pharmacological
effects observed for TGP (195-197).

Considering the above mentioned symptoms and pathological changes associated with RA,
numerous studies have reported potential therapeutic effects of PA in RA by demonstrating
analgesic, anti-inflammatory, immunomodulatory and protective cartilage effects of TGP
or paeoniflorin. The analgesic effect of paeoniflorin, inhibition of the extracellular signal-
regulated protein kinase pathway, is mediated through the adenosine A1 receptor (198).

It is now believed that PA suppresses both acute and chronic inflammation as follows: by
inhibiting production of chemokines; suppressing production of pro-inflammatory
cytokines and inflammatory mediators PGE2, leukotriene B4, NO, and reactive oxygen
species; decreasing microvascular permeability; inhibiting proliferation of lymphocytes;
suppressing activation of neutrophils; and inducing apoptosis of lymphocytes (195, 199-
205).

Several studies have reported that TGP effectively inhibits synovial hypertrophy and
neovascularization and protects against joint destruction by suppressing synoviocyte

proliferation, inflammatory cell infiltration, new blood vessel formation, and cartilage-

41



degrading enzyme production (195, 206-207). Nonetheless, the protective activity of PA

against joint destruction requires clinical support involving RA patients.

2.8.4 Qi Tonic Herb

This type of herb, for the most part, functions by replenishing Qi.

Licorice - Gan Cao

Licorice, or ‘Gan Cao’, as it is known in Chinese to TCM practitioners, is derived from the
root of Glycyrrhiza uralensis Fisch (15). The first recorded medicinal use of licorice in
China is in 200 B.C. in the earliest Materia Medica book called Shen Nong Ben Cao Jing
(208). In TCM, licorice is a widely used herb that appears in approximately 60% of herbal
formulas (209). Historically, it has been used not only as a sweetening and flavoring agent
but also as a treatment for various health ailments, such as asthma, cough, fever, spasms,
and pain (210). In both traditional and modern TCM formulations, licorice is most
commonly used as a guide agent to harmonize the characteristics of other herbs, such as to
decrease toxicity and reduce side effects (208). Among the 300 compounds isolated from
licorice, triterpenoid saponins and flavonoids are the primary constituents (211).

Licorice has traditionally been indicated for the treatment of arthritis, and it is the most
commonly used herb in herbal formulas for the treatment of both RA and OA (212, 213).

Patients are prescribed 1.5-9 g daily as a decoction (15).
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One study demonstrated that licorice extract has anti-inflammatory activity against
collagen-induced arthritis in mice (214). Licorice functions by blocking production of the
inflammatory cytokines TNF-a and IL-1p.

The anti-inflammatory activities of the flavonoids isolated from licorice have been tested
(210, 215). These flavonoids suppressed production of inflammatory cytokines, such as
NO, IL-1B IL-6 and PGE2, by down-regulating iNOS and improving COX-2 expression in

LPS-induced macrophages.

2.8.5 Wind-cold Effusing Herbs

Wind-cold effusing herbs primarily disperse wind-cold to treat the exterior syndrome of

wind- cold.

Radix Saposhnikovia - Fang Feng

Radix Saposhnikovia is the dried root of Saposhnikovia divaricata (Turcz.) Schischk and
is known to Chinese practitioners as ‘Fang Feng.” Traditionally, the herb induces
diaphoresis to expel wind, dispel damp, stop pain and relieve spasms (15). According to
Chinese Pharmacopeia, the suggested daily dose of Radix Saposhnikovia is 5-10 g (216).
Radix Saposhnikovia can be combined with other herbs to treat bi syndrome due to wind-
cold-damp (15, 216). This herb possesses analgesic, anti-pyretic, anti-inflammatory, anti-

oxidant and anti-platelet aggregation properties (217, 218). Studies have shown that the
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active ingredients of Radix Saposhnikovia include essential oils, mannitol, glycosides,
chromones, natural coumarins, polyacetylenes, and polysaccharides, of which chromones
are considered to be the major bioactive constituents (219-221). One study reported that
the chromone extract of Saposhnikovia divaricate suppressed secretion of cytokines (TNFa,
IL-1, and IL-6) and production of mediators (PGE2); furthermore, this suppression was
demonstrated to be, at least in part, due to inhibition of NF-kB and MAPK activities (222).
This scientific evidence to date provides support for the traditional use of this herb in the

treatment of RA.

2.9 Multi-ingredient formulations

To generate synergistic therapeutic effects and neutralize potential side effects of
individual substances, formulas are commonly used in traditional Chinese herbal practice
(25). Herbal formulas have been well documented in both ancient and modern Chinese
literature (223). The ingredients, dose, and dosage can be modified according to the
individual patient. In TCM, an herbal formula is selected according to the different type of
bi syndrome. For ‘wind-cold-damp’ bi, the typical formulas are Du Huo Ji Sheng Tang (Jit
1527 421%), Fang Feng Tang (B X3%), Wu Tou Tang (%:k7%), and Yi Yi Ren Tang (i
Bi{~%). For “wind-damp-heat’ bi, Bai Hu Jia Gui Zhi Tang ([ & IIH:451%) is used for
the syndrome caused by ‘wind-damp-heat’, and Gui Zhi Shao Yao Zhi Mu Tang (FEFZA]
Zj5tE7) is selected for ‘wind- damp-heat’ bi syndrome transformed by invasion of
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‘wind-damp-cold.” (224). In the following section, a description of Du Huo Ji Sheng Tang

is presented as a representative herbal formula.

Du Huo Ji Sheng Tang (DHJST)

A famous formulation in TCM for the treatment of arthritis is DHJST, also known as Du
Huo Ji Sheng Wan in another dosage form. DHJST is an herbal formula first described by
the Chinese physician Sun Simiao to treat lower back and knee pain in Essential Recipes
for Emergent Use Worth a Thousand Gold (Bei Ji Qian Jin Yao Fang) in the Tang Dynasty
(652 AD). DHJST formulations contain 15 main ingredients: Du Huo (Radix An- gelica
Pubescentis), 9 g; Sang Ji Sheng (Ramulus Loranthi), 6 g; Qin Jiao (Radix Gentiana
Macrophylla), 6 g; Fu Ling (Poria), 6 g; Gan Di Huang (Radix Rehmannia), 6 g; Gan Cao
(Radix Glycyr- rhiza), 6 g; Rou Gui (Cortex Cinnamon), 6 g; Xixin (Herba Asari), 6 g;
Fang Feng (Radix Lede- bouriella), 6 g; Du Zhong (Cortex Eucommia), 6 g; Bai Shao
(Radix Paeonia Alba), 6 g; Huai Niu Xi (Radix Achyranthes Bidentata), 6 g; Chuan Xiong
(Rhizoma Ligusticum Chuanxiong), 6 g; Ren Shen (Radix Ginseng), 6 g; and Dang Gui
(Radix Angelica Sinensis), 6 g. The combination of these herbs is prescribed in TCM to
dispel wind and eliminate dampness to treat lingering arthralgia syndrome and to relieve
joint pain, stiffness and lethargy (25).

Due to actions of expelling wind and damp, stopping numbness and pain due to bi
syndrome, nourishing the liver and kidney, invigorating Qi and blood, and clearing
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channels and collaterals, this formulation is commonly used in TCM to treat OA and RA
caused by ‘wind-damp-cold’ with deficiencies of the liver, kidney, Qi and blood (225, 226).
Furthermore, Du Huo is the emperor herb in the formula when it is used to dispel wind,
cold and damp for relieving pain. The minister herbs are Fang Feng, Qin Jiao, Rou Gui,
and Xi Xin, which free and warm the meridians to reduce pain. Nine herbs, Sang Ji Sheng,
Du Zhong, Niu Xi, Dang Gui, Chuan Xiong, Gan Di Huang, Shaoyao, Ren Shen, and Fu
Ling, act as assistant herbs to nourish the liver, kidney, Q1 and blood. Gan Cao functions
as the guide herb to harmonize the properties of all of the herbs. In DHIST therapy, the
ingredients and/or dosages are altered as necessary (25).

One study tested the effectiveness of DHJST and reported significant reductions in patient
scores for pain, stiffness, and physical functioning (227). In a study evaluating the safety
of DHIJST for treating OA, no cases of severe adverse events or adverse drug reactions
were reported (228). During the four-week treatment, liver and kidney function was not
significantly affected, and there was no renal tubular damage. Both research and clinical
studies have proven that DHJST plays a significant role in regulating pro-inflammatory
factors (TNFa, MMP-3, IL-1, IL-6, and NO) in the treatment of OA (128, 229-332).
Similar to most TCM formulations, more research and clinical studies must be performed.
When treating patients with a particular herbal formula, restriction according to the initial
formulation is not necessary. Indeed, the herbs and their dosages in the formula can be

modified in accordance with the requirements of the disease.
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2.10 Safety and efficacy of TCM herbs

In general, herbs are considered to be safe because they are ‘natural’ products and because
their use has been verified by anecdotal experience. However, due to a lack of consistent
manufacturing practices, such as collecting, processing and storage, quality standards,
scientific validation and well-designed clinical trials, the use of herbs may put consumers
at risk for adverse or toxic effects (233).

TCM herbal formulas are gaining popularity in the Western world as a basis for the
professional development of new medications. However, acceptance by Western
mainstream health care remains minimal due to concerns regarding the safety and efficacy
of herbs (234).

To recognize the growing concern over the regulation of herbal medicinal products, Health
Canada released Natural Health Product Regulations in 2004 (235), the purpose of which
was to standardize natural health products. According to these regulations, all natural
health products recognized by Health Canada will be assigned a natural health product
number and will require a license prior to sale in Canada. In the US, the US Pharmacopeial
Convention publishes raw material and product monographs (236). Such monographs can
help make herbal medicines safer and more standardized, thus supporting the ability of
consumers to make decisions regarding products for health self-management. In the US,

herbal products are commonly sold as dietary supplements, which are regarded as special
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foods instead of medications; as such, these products do not require regulatory approval
before they are marketed unless they contain a new dietary ingredient (237).

Additionally, single-active-ingredient therapeutics are representative of Western chemical
medicine, and pharmaceutical industries and regulatory institutions are skeptical of natural
product mixtures (233). Therefore, single-ingredient products derived from herbs,
supported by adequate phytochemical, pharmacological and safety data, are at present more
widely acceptable and available than multi-herb formulas. This is troublesome because
multiple-ingredient formulations take advantage of synergistic and additive properties to

improve the overall therapeutic effect.

2.11 Conclusion

When considering the use of TCM herbals for the treatment of arthritis, it is important to
focus on individualized results because the efficacy of herbs varies from patient to patient.
Clearly, more research on the safety and efficacy of TCM herbs is necessary to generate a
more accurate and safe list of alternative treatments for inflammatory pain accompanying
arthritis. Future studies should identify additional drug-herb and disease-herb interactions
in clinical settings. Finally, additional research is needed to provide patients with the
opportunity of utilizing a holistic treatment plan that incorporates alternative and Western

Medicine to optimally manage arthritis.
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Chapter 3 Erding Formula in hyperuricemia treatment:
unfolding traditional Chinese herbal compatibility

using modern pharmaceutical approaches

This study has been published as Jieyu Zuo, Hongming He, Zhengyun Zuo, Nadia Araci
Bou Chacra, Raimar Lobenberg, in Journal of pharmacy and pharmacology.

2018;70(1):124-132. Reference (238)
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3.1 Introduction

As an integral part of Chinese culture, Traditional Chinese Medicine (TCM) has been used
as a holistic medical system for the diagnosis, prevention and treatment of diseases over
thousands of years. (26) Rather than a monotherapy, TCM frequently creates multi-herb
formulas based on the symptoms and characteristics of patients. The combination is guided
by TCM theories to produce synergistic effects or modulate pharmacological outcomes.
(239, 240) Herbal compatibility (Peiwu, EC/f), in which two or more herbs are prescribed
in combination according to clinical experience and herb properties, is one of the
fundamental principles in traditional Chinese herbal formula. (17, 20, 22) Over the past
2,000 years, more than 100,000 multi-herb formulas have been described. (21, 241) Most
of these formulas are based on long-term clinical practice and are described by TCM
theories, such as Yin-Yang balance and Five phases. (17, 25) However, understanding the
composition is difficult for researchers without knowledge of the Chinese language and an
appropriate TCM and cultural background. (22) Over several decades scientists tried to
modernize TCM by isolating active compounds from TCM plants. This approach had
several successes but could not explain how TCM works and if TCM treatments are
scientifically justified.

In present study, we took an alternative new approach to TCM. The Erding formula (EF)

is a traditional Chinese formula containing Viola yedoensis Makino (Viola), Taraxacum
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mongolicum Hand.-Mazz. (Taraxacum), Lobelia chinensis Lour. (Lobelia), and Isatis
indigotica Fort. (Isatidis) root in the same quantities. The formula has been officially listed
in the Chinese Pharmacopoeia (ChP) since 2005. (39) The EF is commonly used to treat
sore throats, carbuncles and boils. However, according to modern TCM practitioners, the
formula should be able to treat gout due to its herbal combination.

Hyperuricemia is an abnormally high concentration of uric acid (UA) in the body. This
disease appears to be rapidly increasing worldwide. It is also regarded as a risk factor of
several chronic diseases, such as hypertension, diabetes, kidney disease, and cardiovascular
diseases (242, 243). UA is the final product in the metabolism of endogenous and dietary
purine. High levels of UA mainly occur due to insufficient UA excretion via the kidneys
(244, 245). The protein responsible for tubular reabsorption of urate, URATI, and organic
anion transporter, OAT3, are kidney located transporters that are involved to UA excretion.
Additionally, the long-term continually high UA levels may promote inflammation and
pain in joints such as gout. (245-248).

Animal models for hyperuricemia, inflammation and analgesia were used to evaluate the
effects of individual herbs and EF. In addition, their effects on the expression of URAT1
and OAT3 were measured by real-time (RT) PCR.

In this study, we focused on the potential hypouricemic effect of the formula and the

individual herbs instead of isolating individual actives. Our study investigated herbal
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compatibility of the formula when used to treat hyperuricemia which is a new indication

for this formula.

3.2 Materials and methods

3.2.1 Reagents and materials

Oxonic acid potassium salt (Lot: BCBN6836V) and hypoxanthine (Lot: SLBH5921V)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Benzbromarone tablets (Lot:
150313) and indomethacin tablets (Lot: 140901) were obtained from Excella GmbH
(Feucht, Germany) and Guangzhou Huanan Pharmaceutical Group Co. Ltd. (Guangzhou,
China), respectively. The UA assay kit was obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Standards for esculetin (BCTG-0523), chicoric
acid (BCTG-0328), caffeic acid (BCTG-0353) and epigoitrin (BCTG-0042) were received
from Jiangxi Herbfine Co. Ltd. (Nanchang, China). Lobeline reference standard (001852)
was purchased from European Pharmacopiea (Strasbourg, France). Other reagents were of
analytical grade and synthesized in China. All primers (Table 3.1) used in this study were
designed following Zhou’s paper (249) and were synthesized by Genscript Co. Ltd.

(Nanjing, China).
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3.2.2 Plant materials

The commercially available dry matter of EF, Huizhongtang®, [whole plants of Viola
yedoensis Makino (Viola, lot: 150309), whole plants of Taraxacum mongolicum Hand.-
Mazz. (Taraxacum, lot: 150420), whole plants of Lobelia chinensis Lour. (Lobelia, lot:
150417), and Isatis indigotica Fort. roots (Isatidis, lot: 150317)] were obtained from Jiangxi
Provincial Hospital of Traditional Chinese Medicine, Nanchang, China. The voucher
specimens of four herb materials were deposited at the Herbarium of Jiangxi University of

Traditional Chinese Medicine under number 150705.

3.2.3 Preparation of EF aqueous extracts and individual plant extracts

EF extract was prepared according to the Chinese Pharmacopoeia (39). The raw materials
of all four herbs were mixed at equal quantities. The mixed raw materials were decocted
with distilled water (1:10, w/v) under reflux for 2h. The supernatant was filtered and
collected. The residue material was immediately extracted for another 1.5h using the same
quantity of menstruum followed by filtering. The two filtrates were combined and
concentrated under vacuum to half of the volume. The remaining solution was spray-dried.
The yield of EF extract was 32.20%. The aqueous extracts of the individual herbs were

prepared using the same process as the EF extract and presented yields of21.30% for Viola,
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25.10% for Taraxacum, 26.80% for Lobelia and 35.60% for Isatidis. The extracts were

characterized according to the ChP and complied with the pharmacopeial specifications.

3.2.4 Analytical methods

3.2.4.1 High performance liquid chromatography (HPLC) condition

A Waters E2695 HPLC system with Welch Ultimate® XB-C18 column (4.6mm*250mm,
Sum) was used for analyze of Erding extract. The mobile phase consisted of buffer A (water
containing 0.1% phosphoric acid) and buffer B (methanol) and the elution gradient was set
as follows: 2% B (10min), 15% B (25 min), 24% B (40 min), 100% B (60 min), 2% B (65
min), 2%B (70min). The flow rate was 1.0 mL/min and the column temperature was 30 °C.

The wavelength of detection was set at 245 nm. All data were acquired and processed using

Waters Empower3 software (Milford, MA, USA).

3.2.4.2 Standards and sample preparation

Stock solutions of esculetin, chicoric acid, caffeic acid, epigoitrin, and lobeline, was
prepared in methanol. Aliquots of the standards were combined at 19.6 pg /mL, 12.0 ug/mL,
9.6 ug /mL, 9.6 pg /mL and 8.0 pg /mL, respectively. Erding extract was dissolved in
water at the concentration of 6.21 mg/mL. All sample solutions were filtered through
0.45um filters (Merck Millipore, Germany) and transferred into auto-sampler vials. A 10

ul aliquot was injected into system for analysis.
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3.2.5 Animals

All studies were performed in accordance with the Regulations of Experimental Animal
Administration issued by the State Committee of Science and Technology of the People’s
Republic of China, and they were approved by the University Committee on the Use and
Care of Animals, Jiangxi University of Traditional Chinese Medicine (No: JXUTCM-
20140311). Male Kunming mice (16+2 g) were purchased from the Shanghai Slac
Laboratory Animal Co. Ltd. (Shanghai, China). These animals were housed in an air-
conditioned room at a temperature of 22+2°C and relative humidity of 50%+20%. They
were provided standard chow and water under a natural light-dark cycle and were allowed

to acclimate to their environment prior to the experiments.

3.2.6 Treatment

All of the extracts were re-dissolved in distilled water, and the doses were expressed as
grams of raw material per kilogram of body weight. The dose of EF extract was determined
by pilot dose selection study. The doses of the individual plants were equal to their
corresponding dose in the EF extract. Therefore, in the present study, the dose for each
group was as follows: EF extract, 24 g raw materials/kg; Viola, 6 g raw material/kg;
Taraxacum, 6 g raw material’kg; Lobelia, 6 g raw material/kg; and Isatidis, 6 g raw

material/kg. Briefly, mice were administered with a volume of 20 mL/kg by gavage once
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daily for five consecutive days. Food (but not water) was withdrawn from the mice 1 h
prior to the administration except on the last day, when food was withdrawn 12 h before

administration.

3.2.7 Evaluating the anti-inflammatory and analgesic effects of EF extract.

3.2.7.1 Effects on xylene-induced auricle inflammation in mice

Xylene-induced ear edema was performed with modifications to assess the anti-
inflammatory effects in the mouse model. (250) Seventy male Kunming mice were
randomly divided into seven groups (n=10): untreated disease, positive control
(indomethacin 5 mg/kg) (251), EF extract, Viola extract, Taraxacum extract, Lobelia
extract and Isatidis extract. Except for the untreated disease group, all of the mice were
administered their respective dose by gavage once daily for five consecutive days. One
hour after the final administration, 50 pL of xylene was applied on the posterior and
anterior surface of the right ear of each mouse to induce inflammation while maintaining
the left ear as a control. Thirty minutes after xylene application, all of the mice were
sacrificed by cervical dislocation. Both the left and right ears were removed, and earplugs
(diameter 8 mm) were obtained by circular section from the ears by a cork borer. Then, the
degree of edema was assessed by the weight difference between the left and right ears of

the same mouse and the data are presented with a boxplot. One-way ANOVA followed by
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a Dunnett’s test (Minitab 17, State College, PA, USA) was performed, and a p value<0.05
under 0=0.05 considered to be a significantly difference compared with untreated disease
mice. The anti-inflammatory ratio was evaluated as follows:

Anti-inflammatory ratio (%) = (1-edema degree of each group/edema degree of untreated

disease group) *100%

3.2.7.2 Effects on acetic acid-induced writhing response in mice

The mice were treated according to the method described by Collier’s et al. (252) with
minor modifications. Seventy Kunming male mice were randomly divided into seven
groups of ten each. The mice were orally administered the substances described above once
daily for five consecutive days. One hour after the final dose, 0.2 mL of 0.75% acetic acid
in saline was injected intraperitoneally into all mice. During the next 20 minutes, the
number of writhing responses that occurred in each mouse was recorded to calculate the
analgesic ratio. Compared with the writhing response of the untreated disease control group,
a significant reduction in the writhing response of each treatment group was considered to
be a positive analgesic effect. The writhing response times are presented in a boxplot. A t-
test was performed to evaluate the differences between positive control group and untreated
group. Statistically significant differences of writhing response among residual treated

groups versus untreated group were tested by one-way ANOVA followed by Dunnett’s
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test. The differences with a p value<0.05 under 0=0.05 were considered significant. The
following formula was used to calculate the analgesic ratio:
Analgesic ratio (%)=(1-number of writhing response of each group/number of writhing

response of untreated disease group)*100%

3.2.8 Hyperuricemic mouse model

A hyperuricemic animal model was induced by hypoxanthine combined with potassium
oxonate with modification. (253) The mice were randomly divided into eight groups (n=10):
untreated (healthy), untreated disease, positive control (Benzbromarone, 20 mg/kg) (254),
EF extract, and four individual plant extract groups (Viola, Taraxacum, Lobelia, and
Isatidis). Both hypoxanthine and potassium oxonate were freshly suspended in 0.5% w/v
CMC-Na before use. The mice were intraperitoneally injected with hypoxanthine (375
mg/kg) and subcutaneously administered with potassium oxonate (62.5 mg/kg) 1 h before

gavage administration once daily for five consecutive days to enhance the serum UA levels.

3.2.8.1 Blood and kidney sample collection of hyperuricemic mouse model

The blood samples were collected 1 h after the final dose and then allowed to clot at room
temperature for 1 h before centrifugation at 1,400 x g for 10 min to obtain the serum, which
was collected and stored at -20°C until analysis. After the blood sample collection, all of

the mice were sacrificed by cervical dislocation. The kidneys were rapidly and carefully
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separated on an ice plate, immediately frozen in liquid nitrogen, and stored at -80°C until

assayed.

3.2.8.2 Determination of UA in serum of hyperuricemic mouse model

The UA levels in serum were determined by the phosphotungstic acid method (255) as
described in the manufacturer’s protocol. The UA levels of all the tested groups are
illustrated in a boxplot. Statistically significant differences of the UA levels between the
untreated disease group and treated groups were evaluated by one-way ANOVA followed
by a Dunnett’s test. Differences were considered to be statistically significant with an o

equal to 5% (p < 0.05).

3.2.8.3 Assessing the expression of mRNA for URAT1 and OAT3 by real-time PCR

in hyperuricemic mouse model

Real-time (RT) PCR was performed to evaluate the effects of the extracts on mRNA levels.
Total RNA was extracted from homogenized mouse kidney using TRIzol® Reagent (Life
Technologies, CA, USA) according to the manufacturer’s protocol. The RNA
concentration was determined by measuring the absorbance at a wavelength of 260 nm.
Two micrograms of total RNA was used to synthesize cDNA by using SuperScript™ III
Reverse Transcriptase (Invitrogen, CA, USA) following the manufacturer’s

recommendation. URATI1 and OAT3 mRNA levels were measured on a 7500 RT-PCR
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system (Applied Biosystems®, CA, USA) with SYBR® Green PCR Master Mix (Life
Technologies, CA, USA). The endogenous housekeeping gene GAPDH was used as a
control for normalization. The primer sequences used in the PCR amplification are listed
in Table 3.1. The cycle threshold (CT) levels of mRNA were measured and normalized
with the individual GAPDH control CT values which presented as ACT. Each primer
template for the individual samples was measured three times (n=3). The data of ACT are
presented in scatterplots, and power of the sample size was calculated. Statistically
difference between treated group to untreated disease group was evaluated by one-way
ANOVA followed by a Dunnett’s test. P-values lower than 0.05 were considered to be
significant with 0=0.05.

Table 3.1 Summary of the gene-specific real-time PCR primer sequences used in the

experiments

Descriptio  Gene Forward primer (5'-  Reverse primer (5'-3") Product

n bank 3" size (bp)

mURATI NM 001 CCATGGCCTCCA TGCTGAGTCACAGC 93
012363.3 GATTACCAC CAGTCAAG

mOAT3 NM 031 GCCAGGACACTC GCAGTCATTAGCTCT 120
194.5 AGCTTGGA GTGGTTGATA

mGAPDH NM 008 TGTGTCCGTCGT TTGCTGTTGAAGTCG 150
084.2 GGATCTGA CAGGAG
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3.3 Results

3.3.1 HPLC profile of Erding extracts and standards

The ChP only specifies esculetin as quality control marker for Erding Formula (39).
Chicoric acid is another published compound found in EF (256) and is present in
Taraxacum and Viola. Caffeic acid and epigoitrin, are markers for Taraxacum and Isatidis
as per ChP monographs (39). Esculetin and lobeline are markers for Viola and Lobelia
respectively (257-259).

Figure 3.1 shows chromatograms of the five standard solutions and Erding extract. As seen
the five markers are well separated. Each marker can be found in the Erding Extract:
epigoitrin (peak 1), esculetin (peak 2), caffeic acid (peak 3), chicoric acid (peak 4) and

lobeline (peak 5).
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Figure 3.1 Chromatograms of five chemical marker compounds in reference mixture (a)
and Erding extract (b) at detection wavelength (245 nm). 1, epigoitrin; 2, esculetin; 3,

caffeic acid; 4, chicoric acid; 5, lobeline.

3.3.2 Effects on xylene-induced auricle inflammation in mice

The resulting ear edema of each group are presented in Figure 3.2. Compared with the
untreated disease group, EF, Viola, Taraxacum, Lobelia and Isatidis extracts significantly
inhibited the ear swelling caused by xylene (P<0.05) with inhibition ratios (%) of 52.0,
45.3, 45.3, 38.0, and 53.2, respectively. The positive control group (indomethacin) also
exhibited a reducing ear swelling with an inhibition ratio of 28.3% but did not show a

statistically significant difference from the untreated disease group.
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Figure 3.2 Effects of the EF extract and associated herbs on mice ear swelling induced by
xylene (n = 10). The box represents the data from the 25th to 75th percentiles, and the line
in the middle of box is the median. The end of bars represents the minimum and maximum
values. EF, Erding Formula; Viola, Viola yedoensis Makino; Taraxacum, Taraxacum
mongolicum Hand.-Mazz.; Lobelia, Lobelia chinensis Lour.; Isatidis, Root of Isatis

indigotica Fort.

3.3.3 Effects on acetic acid-induced writhing responses in mice

The numbers of body writhing were recorded for 20 min after diluted acetic acid injection.
The results are presented in Figure 3.3. Statistical analysis revealed that all treated groups
(positive, EF, Viola, Taraxacum, Lobelia, Isatidis) significantly decreased the body
writhing times caused by acetic acid (P<0.05) compared to the untreated disease group.

The observed analgesic ratios (%) were 92.3, 61.3, 72.0, 58.7, 67.6, and 86.1, respectively.
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Figure 3.3 Effects of EF and associated herb extracts on the mouse acetic acid writhing
model of pain (n = 10). The box represents the data from the 25th to 75th percentiles, and
the line in the middle of box is the median. The end of bars represents the minimum and
maximum values. EF, Erding Formula; Viola, Viola yedoensis Makino; Tarax- acum,
Taraxacum mongolicum Hand.-Mazz.; Lobelia, Lobelia chinensis Lour.; Isatidis, Root of

Isatis indigotica Fort.

3.3.4 Effects of the EF extract and the constituent herb extracts on the serum UA

levels in the hypoxanthine and potassium oxonate-induced hyperuricemic mice

The effects of each extract group on the serum UA levels in hypoxanthine and potassium
oxonate-induced hyperuricemic mice are shown in Figure 3.4. Statistical analysis showed
that intraperitoneally injected hypoxanthine and subcutaneously administered potassium
oxonate significantly enhanced the serum UA levels in the untreated disease group
compared with the untreated mice. The EF and Viola groups significant decreased UA
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levels (P<0.05) compared with untreated disease mice. The other treatments (positive
control, Taraxacum, Lobelia, and Isatidis) did not reveal statistically significant differences
from the untreated disease mice.
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Figure 3.4 Effects of the EF extract and associated herbs on the serum UA levels in
hypoxanthine and potassium oxonate-induced consecutive hyperuricemic mice (n = 10).
The box represents the data from the 25th to 75th percentiles, and the line in the middle of
box is the median. The end of bars represents the minimum and maximum values. EF,
Erding Formula; Viola, Viola yedoensis Makino; Taraxacum, Taraxacum mongolicum

Hand.-Mazz.; Lobelia, Lobelia chinensis Lour.; Isatidis, Root of Isatis indigotica Fort.

3.3.5 Effects of the extracts on mURATI1 and mOAT3 mRNA levels in

hyperuricemic mice

The effects of the EF extract and associated individual herb extracts on the renal URAT1
and OAT3 mRNA levels in hyperuricemic mice are shown in Figure 3.5. Hypoxanthine
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and potassium oxonate significantly inhibited the OAT3 (P<0.05) mRNA expression but
did not show a significant effect on the URAT1 mRNA expression when untreated mice
were compared to untreated disease mice. The positive control was benzbromarone, which
significantly inhibited the URAT1 mRNA levels (P<0.05) but did not alter the OAT3
mRNA levels compared with those of the untreated disease group. EF and Viola down-
regulated the expression of renal URATI mRNA (P<0.05) in hyperuricemic mice.
Furthermore, EF, Taraxacum, and Isatidis significantly up-regulated the OAT3 mRNA

levels (P<0.05) in hyperuricemic mice.
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Figure 3.5 Effect of the EF extract and associated herbs on the mURAT1 (a) and mOAT3
(b) mRNA expression normalized to GAPDH in hyper- uricemic mice (n= 3). Abbreviation
in the figure: EF, Erding Formula; Viola, Viola yedoensis Makino; Taraxacum, Taraxacum
mongolicum Hand.-Mazz.; Lobelia, Lobelia chinensis Lour.; Isatidis, Root of Isatis indig-

otica Fort.
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3.4 Discussion

Inflammation is a potent symptom accompanied hyperuricemia. Long-term continually
high UA levels will lead to inflammatory arthritis in joints, which called gout. Generally,
non-steroidal anti-inflammatory drugs (NSAID) are the first choice for the treatment of the
pain and inflammation caused by gout. Hence, one NSAID, indomethacin, was chosen as
the positive control in the study of anti-inflammatory and pain controlling effects. In our
study, the anti-inflammatory effect of indomethacin was not statistically different from the
untreated disease group. However, it had a statistically significant effect on relieving pain.
From TCM view, all four herbs (Viola, Taraxacum, Lobelia, and Isatidis) have heat-
clearing properties. The original indication of EF mentioned in ChP is also heat clearing.
The main actions of heat clearing are clearing away interior heat, purging fire, drying
dampness, cooling blood and relieving toxic material. Thus, therapeutically, they can be
considered as antipyretics (41, 42). According to these properties, both EF and four tested
herbs should have the anti-inflammatory and analgesic effects. Hence, our results confirm
the TCM properties with modern pharmacological experiments.

In rodents, the presence of uricase, which is not found in humans, maintains blood urate at
a low level. (260) A high-purine diet can be another reason for hyperuricemic condition in
humans. To simulated human’s hyperuricemia condition in an experimental mouse model,

the uricase inhibitor potassium oxonate was administered. The sole use of an inhibitor as a
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model agent cannot completely simulate high purine uptake and induce a consistently high
UA levels in mice. (261, 262) Therefore, in this study, we induced hyperuricemia in mice
by administering the precursor of UA, hypoxanthine, together with potassium oxonate.
This study was primarily focused on the effects of the extracts on the urinary excretion of
UA. Therefore, we selected benzbromarone, a uricosuric agent and an inhibitor of the
URAT]I transporter as positive control (263). In Figure 3.4, the benzbromarone only
exhibited a trend towards reduced UA levels, but a statistically significant compared to
untreated disease group was not observed. This finding may be due to the effects of
potassium oxonate which exceeded the hypouricemic effect of benzbromarone. A similar
finding was reported by Kou et al. (264).

URATI and OATS3 are transporters relevant to uric acid reabsorption and excretion, which
occur in the renal proximal tubule. Uric acid precursor, hypoxathine, and uricase inhibitor,
potassium oxonate might not have an effect on UA reabsorption, this might be the reason
why there was no difference in the URATI1 expression between the untreated mice and
untreated disease mice, as shown in Figure 3.5A. However, the inhibition of uricase by
postassium oxonate is relevant to UA excretion, which explained the detected OAT3
expression difference between untreated mice and untreated disease mice (Figure 3.5B).
The positive control agent, benzbromarone, is an inhibitor of URAT1. Hence, it inhibited

URAT]I expression but had no impact on OAT3 (Figure 3.5A and 3.5B). However, EF
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reduced UA levels by inhibiting the UA reabsorption and enhancing the excretion of UA,
which revealed a synergistic effect.

Our findings (Figures 3.2 to 3.5) indicated that the EF extract was the only treatment to
show effects on all tested aspects: reducing serum UA levels, suppressing inflammation
and pain, inhibiting URAT1 mRNA expression and enhancing OAT3 mRNA expression
using modern pharmacological tests. In contrast, the individual herbs, Viola, Taraxacum,
Lobelia and Isatidis, only showed partial effects. Similarly, the positive control drug,
benzbromarone and indomethacin only work as uricosuric and NSAIDs, respectively. In
addition, the findings of EF show the potential to treat gout through controlling the
inflammation, pain and down-regulate the uric acid level at the same time.
Jun—Chen—Zuo—Shi is the basic theory of the properties of each medicinal herb, and it is
used to guide the compatibility of traditional herbal formulas originating from Huang Di
Nei Jing (Yellow Emperor’s Classic). (23) Jun (emperor) herbs represent the principal
component that targets the main cause or major symptom of a disease. The Chen (minister)
herbs can enhance the therapeutic effects of Jun herb(s) and may be used to treat secondary
symptoms. The possible adverse or toxic effects of Jun and Chen herbs can be reduced by
Zuo (assistant) herbs, which can enhance the pharmacological effects of Jun and Chen
herb(s) and may be used to treat accompanying symptoms. Shi (courier) herbs facilitate the
delivery of the principal components to the target sites and harmonize the properties of

other components in the formula. (23, 265)
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Jun herbs are often easy to be identified because they present in a larger dose. In the tested
EF, identifying the Jun herb is difficult because all four herbs are used in the same quantity.
When EF is used to treat hyperuricemia, TCM practitioners regard Viola as the Jun herb,
Taraxacum and Lobelia as the Chen herbs and Isatidis as the Zuo herb based on their
properties and the patterns of the disease. In this study, Viola was the only herb that shows
a significant effect on reducing UA levels. Thus, Viola may be regarded as the main herb
of the formula in hyperuricemic treatment. Inflammation and pain are potent
accompanying symptom of hyperuricemia, and all four herbs showed anti-inflammatory
and analgesic effects. Therefore, Taraxacum, Lobelia and Isatidis could belong to the Chen

and/or Zuo and/or Shi herb categories. For their classification, additional studies are needed.

3.5 Conclusion

TCM frequently uses complex herbal formulations (Fufang, &) to maximize treatment
efficacy. Our study confirmed herbal compatibility of EF when used to treat hyperuricemia
which is a new indication for this formula. These findings provide pharmacological insights
into the effects of EF and the individual herbs on the excretion of UA. This study facilitates
better understanding of TCM principles and theories using modern pharmaceutical

approaches.
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Chapter 4 Esculetin as bioactive marker: towards a
rational scientific approach for the treatment of

hyperuricemia using Traditional Chinese Medicine.

This study has been accepted as Jieyu Zuo, Wugang Zhang, Hui Jian, Nadia Araci Bou
Chacra, Raimar Lobenberg. Esculetin as bioactive marker: towards a rational scientific
approach for the treatment of hyperuricemia using Traditional Chinese Medicine in

Brazilian journal of Pharmaceutical Sciences.
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4.1 Introduction

Traditional Chinese Herbal Medicine (TCHM) has been used in China for centuries to
prevent and cure disease (266). TCHM generally uses several medicinal herbs together,
which is quite different from the monotherapies used in Western medicine (266, 267). As
herbal medicines are gaining popularity worldwide, medicines of consistent and
controllable quality are required (71). However, because the composition of herbal
products is complex, defining appropriate markers for herbal products remains a challenge
for scientists, regulators, and manufacturers (268). Markers are chemically defined
constituents of herbal products used for quality control (QC) purposes. Accordingly, there
are two categories of markers; active markers, which are accepted to contribute to the
therapeutic effect; and analytical markers, which only serve analytical purposes (269). The
use of bioactive markers in an herbal product is recommended for QC purposes (270).
Therefore, for orally administered TCHMs, the components that are absorbed into the
systemic circulation and contribute to the therapeutic effect should be considered QC
markers (271).

Erding granules are an herbal formula containing Viola yedoensis Makino (Viola),
Taraxacum mongolicum Hand.-Mazz. (Taraxacum), Lobelia chinensis Lour. (Lobelia),
and root of Isatis indigotica Fort. (Isatidis) in equal quantities. According to the Chinese

Pharmacopeia (ChP), the Erding formula is used to treat sore throat, carbuncles and boils
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due to its heat-clearing and detoxifying properties. Esculetin is a QC marker for the original
Erding granule indications listed above, based on content (39). This substance is a
coumarin that exhibits antibacterial, anti-inflammatory, sedative, anticonvulsive, analgesic,
antitussive, expectorant, and antiasthmatic effects (272). Hence, for the original indication
of the Erding formula, esculetin could be regarded as an active marker. Previous studies
found that this formula has the potential for treating hyperuricemia (273, 238).
Hyperuricemia is an abnormally high concentration of uric acid (UA) in the body caused
by a purine metabolic disorder. This disease is a risk factor for gout, hypertension, diabetes
mellitus, stroke, kidney failure and cardiovascular events (53). Population-based studies
have estimated a prevalence of up to 21.0% for hyperuricemia in Western countries, and
the prevalence of hyperuricemia in mainland China is 13.3% (52, 53). In treating
hyperuricemia, esculetin might only be an analytical marker instead of a relevant marker
of in vivo activity.

Ultra-high performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UHPLC/Q-TOF-MS/MS) is a very rapid, sensitive, powerful and reliable
analytical method for characterizing the absorbed constituents and metabolites of TCHMs.
This method can provide excellent chromatography separation with accurate mass
measurements of precursor and metabolite ions to identify the main and/or trace substances

in herbal formulas (274, 275).
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Therefore, in this study, we aimed to identify whether the pre-existing marker esculetin is
a potential bioactive and QC marker for the Erding formula when used to treat
hyperuricemia by investigating its therapeutic effects in an animal model and identifying

its metabolites in serum.

4.2 Materials and methods

4.2.1 Reagents

Oxonic acid potassium salt (Lot: BCBN6836V) was purchased from Sigma Aldrich (St.
Louis, MO, USA). Allopurinol tablets (Lot: 05150603) were purchased from Shanghai
SINE Pharm Co., Ltd. (Shanghai, China). The UA assay kit was obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The esculetin (Figure 4.1) (BCTG-
0523) standard was obtained from the Jiangxi Herbfine Co., Ltd. (Nanchang, China).
Methanol and acetonitrile used in the experiments were of high-performance liquid
chromatography (HPLC) grade and were obtained from Fisher Scientific (Pittsburgh, PA,

USA). Other reagents were of analytical grade.

75



HO

HO O O

Esculetin

Figure 4. 1 Chemical structure of esculetin.

4.2.2 Plant materials

The commercial available dry components of Erding granules including Viola (lot:
150309), Taraxacum (lot: 150420), Lobelia (lot: 150417), and Isatidis (lot: 150317) were
obtained from the Jiangxi Provincial Hospital of Traditional Chinese Medicine, Nanchang,
China. The voucher specimens of the four herb materials were deposited at the Herbarium

of the Jiangxi University of Traditional Chinese Medicine with the number 150705.

4.2.3 Preparation of the Erding aqueous extract

The Erding extract composition was based on the recipe in the ChP (39). All four herbs
were mixed in equal quantities. The mixtures were decocted with distilled water (1:10, w/v)
under reflux for 2 h, and the supernatant was filtered. The extraction process was
immediately repeated with the residue material for another 1.5 h with the same quantity of
menstruum and was followed by filtering. The combined two filtrates were concentrated
under vacuum, and the remaining solution was spray-dried. The extract yield was 32.20%

(W/w).
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4.2.4 HPLC assessment of esculetin content in the Erding extract

The HPLC assay was performed with a slight modification in accordance with the ChP
chapter on Erding granules (39). The esculetin content in the Erding extract was determined
using a Shimadzu LC-20ADXR HPLC instrument (Kyoto, Japan) with a Welch Ultimate®
(Shanghai, China) XB-C18 column (4.6 mm*250 mm, 5 pm). The mobile phase consisted
of acetic acid: water: methanol (0.4:70:30, v/v). The flow rate was 1.0 mL/min, the column
temperature was 25°C, and the injection volume was 10 pL.. The UV detector wavelength
was set to 353 nm according to the ChP (39). The run time for each sample was 20 min,
and the retention time of esculetin was approximate 10.8 min. The standard esculetin
solutions were prepared in methanol at concentrations ranging from 0.0042 to 0.042 pg/uL.
The Erding extract was completely dissolved and prepared in water at 9.98 pg/uL. Then,
all the solutions were filtered (0.45 pm) and transferred into auto-sampler vials. A 10-uL
aliquot was injected into the system for analysis. Three replicates were performed on
independent samples (n=3). The peak area was used to quantify the esculetin content in the
Erding extract. All the data were acquired and processed using Lab Solution software

(Shimadzu, Kyoto, Japan).
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4.2.5 Animals

All the studies were performed in accordance with the Regulations of the Experimental
Animal Administration issued by the State Committee of Science and Technology of the
People’s Republic of China and were approved by the University Committee on the Use
and Care of Animals, Jiangxi University of Traditional Chinese Medicine. Specific
pathogen-free male Kunming mice (body weight 14-16 g) were obtained from the Shanghai
Slac Laboratory Animal Co., Ltd. (Shanghai, China). These animals were housed in an air-
conditioned room at 22+2°C with a relative humidity of 50+20%. Standard food and water
were provided under a natural light-dark cycle for 3 days to allow the animals to adapt to

their environment before the experiment.

4.2.6 Hyperuricemic mouse model

The hyperuricemic animal model was induced by a uricase inhibitor, potassium oxonate
(276). The mice were randomly divided into 5 groups (n=10): the untreated (healthy mice),
untreated disease, positive control (allopurinol), Erding extract, and esculetin groups.
Potassium oxonate was freshly suspended in 0.5% (w/v) sodium carboxymethyl cellulose
(CMC-Na) solution before use. Except for the normal control mice, which received a 0.5%
(w/v) CMC-Na solution, the mice were intraperitoneally injected with potassium oxonate

(450 mg/kg) 1 h before the last dose to enhance the serum UA level.
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4.2.7 Treatment

The extract was dissolved in distilled water, and the administered volume to mice was
20mL /kg body weight. The dose to mice was expressed as gram of extract per kilogram
of body weight. In this study, the Erding extract dose was 7.73 g/kg body weight. The
esculetin dose was equal to its content in the Erding extract. The esculetin was freshly
suspended in water before use. The extract and esculetin were administered to the mice for
five consecutive days by gavage. Simultaneously, allopurinol was administered orally at
15 mg/kg body weight as a positive control. The untreated and untreated disease groups
were orally administered water for five consecutive days. Food but not water was
withdrawn from the mice 1 h prior to administration except for the last day, on which the

food was withdrawn 12 h before administration.

4.2.8 Blood sample collection and UA assay of hyperuricemic mice

Blood samples were obtained from eyes and collected in 1.5mL Eppendorf tubes 1 h after
the last dose. All blood samples were allowed to clot at room temperature for 1 h before
centrifugation at 1,400 x g for 10 min to obtain serum. The serum was collected and stored
at -20°C until analysis. After blood sample collection, all the mice were sacrificed by
cervical dislocation. The serum UA level was determined using the phosphotungstic acid

method following the manufacturer’s protocol (255). Except for the untreated and the
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positive control groups, residual serum (untreated disease, Erding extract, and esculetin

groups) were stored at -80°C until metabolite analysis.

4.2.9 Assessing Erding extract metabolites by UPLC/Q-TOF-MS/MS

4.2.9.1 UHPLC/Q-TOF-MS/MS system conditions

The esculetin metabolites of both Erding extract group and esculetin group were identified
using a Shimadzu UHPLC LC-30AD system (Kyoto, Japan) coupled with an AB Sciex
Triple TOF™ 5600* mass spectrometer (Foster City, CA, USA) with a DuoSpray™ ion
source. The serum samples were separated using a Waters ACQUITY® UPLC BEH C18
column (2.1 mmx100 mm, 1.7 pm, Milford, MA, USA) with an acetonitrile gradient at
room temperature. The mobile phase consisted of phase A (water containing 0.1% formic
acid) and phase B (acetonitrile), and the elution gradient was set as follows: 5%-65% B at
0.1-15.0 min, 65-100% B at 15.1-37.0 min, and 5% B at 37.1-40.0 min. The flow rate was
0.3 mL/min, and the injected sample size was 5 pL. The mass spectra were acquired in
negative ion mode with the following parameters: ion spray voltage: -4500 V (negative
ion), nebulizer gas: 50 psi, turbo gas: 50 psi, curtain gas (nitrogen): 25 psi, mass range: m/z
50-1250, accumulation time: 300.0 ms. The obtained data were analyzed using PeakView®

Software 1.2 (Foster City, CA, USA).
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4.2.9.2 UHPLC/Q-TOF-MS/MS sample preparation

The serum samples (100 pL each) from untreated disease, Erding extract, and esculetin
groups were mixed with 500 pL. of methanol in a 1.5-mL Eppendorftube. The mixture was
vortexed for 5 min and then centrifuged at 16,000 x g for 10 min. The supernatant was
transferred to a new 1.5-mL Eppendorf tube and evaporated to dryness under nitrogen. The
dry residue was re-dissolved in 100 pL of acetonitrile: water (50:50, v/v) and vortexed for
5 min. Finally, the resulting solution was filtered (0.45 um) and transferred to an auto-
sampler vial. A 5-uL aliquot was injected into the system for analysis. Three independent

replicates were performed for each group (n=3).

4.2.10 Statistical analysis

All data are expressed as the mean + standard deviation of the mean from 10 mice per
group. Statistical comparisons were performed by a t-test with a=0.05 using Minitab 15

(State College, PA, USA).

4.3 Results and discussion

4.3.1 HPLC profile of the Erding extract

The correlation coefficient of the calibration curve (y=50054193.1217x-6563.9444, n=6)

was 0.9999 over the 0.0042-0.042 pg/uL concentration range, with a coefficient variation
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0f 0.27%. The HPLC profile of the esculetin in the Erding extract is shown in Figure 4.2.
The esculetin content in the Erding extract was 0.26+£0.05% (w/w). For the QC of the
Erding formula in the ChP, the content of esculetin should be no less than 0.09% (w/w)
(39). In the present study, the esculetin quantity is sufficient for the QC of the Erding
formula. As such, the extract could be used to evaluate therapeutic efficacy in a

hyperuricemic animal model.
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Figure 4. 2 Chromatogram of the esculetin (retention time: 10.8 min) in the Erding extract

at the detected wavelength, 353 nm.

4.3.2 Effects of esculetin and the Erding extract in mice with potassium oxonate-

induced hyperuricemic mice

The oxonate-induced hyperuricemic mouse model was used to investigate the
hypouricemic effect of esculetin and Erding extract. This model has been used for decades

to evaluate potentially medicinal substances that influence UA levels (242, 277).
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Throughout evolution, humans have lost uricase, an enzyme that breaks down UA to
allantoin, while other mammals, such as rodents, have not. To mimic this human condition
in a rodent model, a uricase inhibitor, such as potassium oxonate, which blocks the
conversion of UA to allantoin, was chosen to accumulate and increase UA levels in rodents
(264). In this study, we used a colorimetric method in which a phosphotungstic reagent
oxidized the UA to allantoin (255) to determine the UA levels. This method was used
because other existing methods for measuring UA may be impacted by potassium oxonate,
as it is used to determine the concentration of hydrogen peroxide formed by oxidizing UA
to allantoin under the catalysis of uricase (278, 279).

According to the dose of Erding (7.73 g/kg body weight) and the content of esculetin in
the Erding extract (0.26+0.05% w/w), the esculetin dose administered to mice was 20
mg/kg body weight. The effects of esculetin on the UA levels are shown in Figure 4.3.
Examination of the results demonstrates that intraperitoneally injected potassium oxonate
significantly elevated the serum UA levels (p-value<0.01, a=0.05). However, allopurinol
and the Erding extract significantly decreased the UA levels in hyperuricemic mice (p-
value<0.01, 0=0.05). The orally administered esculetin suspension also reduced the UA
levels compared with the untreated disease group (p-value<0.05, 0=0.05). The results
showed the treatment with either the Erding formula or esculetin was determined to exert

hypouricemic effects by measuring the UA levels. The effect of Erding formula on
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reducing UA levels has been shown in previous study (238). Esculetin can be one of the

active compounds when Erding formula was used to treat hyperuricemia.
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Figure 4.3 Effects of esculetin and the Erding extract on the serum UA levels in mice with
potassium oxonate-induced hyperuricemia. *p-value<0.05 and **p-value <0.01 compared

with the untreated disease group.

4.3.3 Identification of esculetin and its metabolites in serum using UPLC/Q-TOF-

MS/MS

UHPLC/Q-TOF-MS/MS was employed to identify the metabolites of esculetin in dosed
serum of mice. It is a very reliable analytical method for identifying trace amounts of
absorbed constituents and metabolites of TCHM formulas. The method can provide
excellent chromatography separation with accurate mass measurements of precursor and

metabolite ions to identify the main and/or trace substances of herbal formulas. The

84



electrospray ionization-MS and collision-induced dissociation-MS/MS conditions were
optimized to obtain suitable fragment ions for the identification of esculetin and its
metabolites in serum. Welch UHPLC C18 (100 mm x 2.1 mm, 1.8 um) and Waters
ACQUITY UPLC BEH C18 (100 mm x 2.1 mm, 1.7 um) columns were investigated to
obtain a better resolution and peak shape from the substances. Finally, the negative ion
mode and Waters ACQUITY UPLC BEH C18 column were selected according to the
higher MS response of esculetin and its metabolites and the better separation efficacy.
Formic acid was added to the mobile phase to inhibit insufficient substance ionization.

The full-scan mass spectrum of fragment ions in mouse serum after administration of the
Erding extract or esculetin was compared with the spectra obtained from untreated disease
serum samples to identify esculetin and its possible metabolites. As shown in Figure 4.4,
the peaks detectable in the serum of Erding extract- and esculetin-treated hyperuricemic
mice, but not in the serum of mice in the untreated disease control group, could be as
attributed to esculetin and its metabolites. Using the PeakView 1.2 software EIC function,

we obtained the relative peak areas (Figure 4.4) of esculetin and possible metabolites (M1 -

M6).
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Figure 4.4 Total ion chromatogram and extract ion chromatogram of esculetin and
metabolites from mice serum samples in negative ion mode. (A) Untreated hyperuricemic
mice; (B) Erding extract-treated hyperuricemic mice; (C) esculetin-treated hyperuricemic
mice. P: parent esculetin CO9H604; M1: glucuronide metabolite C15H14010, M2:
sulfation metabolite COH607S; M3: sulfation and methylation metabolite CIOH8O7S; M4:
glucuronide and methylation metabolite C16H16010; MS5: diglucuronide metabolite
C21H22016; M6: glucuronide and sulfation metabolite CISH14013S.

The spectra of esculetin and its metabolites (M1-M6) exhibited [M-H] at m/z 177.019,
353.051, 256.976, 270.992, 367.067, 529.084, and 433.008, respectively, which indicated

the formulas were CoHesO4 (esculetin), CisH14010 (M 1), CoHsO7S (M2), Ci6H16010 (M3),
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C21H22016 (M4), C21H22016 (M5) and CisH14013S (M6), as shown in Table 4.1 and Figure
4.5.
Table 4. 1 Accurate mass measurement of protonated metabolites in mouse serum samples

in negative ion mode.

. . Ion Measured Error Metabolite
No. Formula Tr (min) ..
mode  mass (ppm) description

P C9H604 3.52 [M-H]" 177.019 1.4 Parent esculetin

M1  CI5H14010 3.10 [M-H]- 353.051 -0.4 Glucuronide

M2  CY9H607S 3.52 [M-H]- 256.976 -1.0 Sulfation

Sulfati d
M3  CI0H8O7S 4.01 [M-H]" 270.992 32 u alon‘ an
methylation

M4 CIGHIGO10 372  [M-H] 367.067 09  _vewomdeand
methylation

M5  C21H22016 2.07 [M-H]  529.084 0.8 Diglucuronide

1 .
M6 CISHI4013S 2.54  [MH] 433.008 06  Olucuromideand
sulfation
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Figure 4.5 Mass spectra (MS/MS) of esculetin and its possible metabolites. (A) Esculetin,

(B) M1, (C) M2, (D) M3, (E) M4, (F) M5, and (G) M6.

When a substance is absorbed into the circulation, enzymes cause further metabolization.

Generally, the metabolism can be divided into two phases. Phase I reactions mainly include

modification via oxidation, reduction, hydrolysis, cyclization, and decyclization, as well as

oxygen addition or hydrogen removal. Phase II reactions mainly occur at carboxyl,
hydroxyl, amino, and sulfhydryl groups via conjugation with such molecules as glutathione,
sulfate, glycine, and glucuronic acid. (275)

Esculetin is the simplest coumarin, with two hydroxyl groups at carbons 6 and 7 (as shown

in Figure 4.1), which suggests that the metabolism of esculetin in vivo is probably mainly
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a phase II reaction because the hydroxyl groups may be easily substituted. In the MS/MS
spectra (Figure 4.5), M1, M4, and M6 lost 176 Da to produce fragments at m/z 177, 191,
and 257, respectively. M5 could lose 176 Da twice to produce fragments at m/z 353 and
177. These results indicate that one or two glucuronic acids were dissociated with
metabolites. For M2, M3, and M6, the loss of SO3 (80 Da) suggests sulfate group
conjugation. The loss of 14 Da (CH2) in M3 and M4 suggests the occurrence of
methylation. Therefore, each or both of the hydroxyl groups of esculetin were modified by
glycosylation, sulfation and/or methylation after drug administration and absorption from
the gastrointestinal tract. The identification and characterization of M1-M5, as shown in
Figure 4.5, is consistent with previously reported data from Ding et al. (280). We
hypothesized that the glucuronide (M1) and sulfation (M2) metabolites of esculetin
observed in serum may be the major metabolites in the circulation, depending on the
intensity of the responses, as shown in Figure 4.4. These findings demonstrate that
esculetin is one of the compounds within the Erding extract that is absorbed into the
systemic circulation.

As the use of herbs and natural-origin products becomes more common not only in Asia
but also in Western countries, proper product identification and QC is becoming
increasingly necessary (281). For TCHMs, an ideal QC marker should not only be a high-
content analytical marker but also a constituent responsible for the biological and/or

therapeutic effects of the treatment (71). When a new therapeutic use for a formula is added,
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whether the original marker is still a suitable bioactive marker or a new marker is required
should be investigated. For the treatment of hyperuricemia, flavonoids are a group of
phytochemicals that are potent alternatives to allopurinol (282-284). However, for the
Erding formula, the content of flavonoids and/or a specific representative flavonoid are not
clear. Additionally, according to the ChP and a previous study, esculetin is a pre-existing
and relatively high-content QC marker for the Erding formula (39, 256). In this case,
esculetin is an appropriate bioactive and QC marker for the Erding extract in treating
hyperuricemia.

Most herbal products are orally administered; however, phytoequivalence is somewhat
theoretical when herbs and their products are developed or compared with other products.
In addition to the lack of established reference products, some specific issues should also
be considered. Unlike conventional/orthodox Western medicines containing one or a few
combinations of defined active pharmaceutical ingredients, herbal formulas are more
complex, and most of the ingredients are unknown. Herbal extracts can contain constituents
solely responsible for the therapeutic activity, chemically defined constituents possessing
active markers, or chemical markers only. Hence, it is valuable to confirm that the most
appropriate biomarker is chosen to ensure the quality of herbal products upon the addition

of a new indication (268).
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4.4 Conclusion

In this study, a rational scientific approach based on UHPLC/Q-TOF-MS/MS revealed that
esculetin is an appropriate bioactive QC marker for Erding formula in hyperuricemia
treatment. These findings will not only contribute to improve the modern TCHM

preparations quality but also will help to ensure therapeutic efficacy for patients.
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Chapter S Development of esculetin nanocrystals using
wet media milling, DoE and subsequent solidification

approaches

Partial of this study has been deposited in a patent (BR1020180695118) approved in
Brazil.

95



5.1 Introduction

Over the last decade, nearly half of potential drug candidates have shown poor aqueous
solubility (285). For the same reason, many active molecules originating from medicinal
plants have not entered the drug development pipelines. The study in Chapter 4 proved that
esculetin is a bioactive compound in an herbal formulation for the treatment of
hyperuricemia. In addition, it has been shown to present antibacterial, anti-inflammatory,
sedative, anticonvulsive, analgesic, antitussive, expectorant, and anti-asthmatic effects
(272). However, to the best of our knowledge, esculetin has not been developed into novel
drug products.

Nanosizing is a promising approach to improve the bioavailability of drug substances by
increasing the surface area, reducing the diffusion layer thickness, and enhancing the
saturation solubility (286-288). In recent years, among various nanosized drug delivery
systems, nanocrystals have become recognized as an attractive approach due to their
considerably simple components (drug substance, stabilizer and dispersion medium), easy
production and high drug loading (97, 289). However, the smaller the particles are, the
higher the surface free energy will be, leading to an increasing tendency for aggregation,
which is a risk to the solubility and the dissolution rate (290). As reported by Ochi et al.,

the interaction between the drug and stabilizer molecules on the surface of the particles can
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prevent aggregation (291). However, finding a suitable stabilizer is a challenging and
critical step in the development of nanocrystals (292, 293).

In developing a new formulation, the process parameters and the interactions among them
play an important role. Design of experiments (DoE) is a structured and organized
statistical tool for providing in-depth knowledge of the relationships among the
independent and dependent variables affecting the process and the output of that process
(294). These relationships can be expressed by a mathematical and statistical equation,
allowing the definition of a process and/or a product that consistently meets its quality
characteristics with a high degree of assurance. The designed experiments and predictive
equations are required to achieve a design space, which is defined by International Council
for Harmonization (295).

Typically, the nanocrystal formulation is obtained in its liquid form, a nanosuspension.
However, dried particulates are more stable and convenient for shipping and dispensing
than liquids. To achieve a product with long-term stability, the production of powders via
water elimination from the resulting suspension is a promising strategy. This solidification
can prevent Ostwald ripening, subsequent agglomeration and/or chemical changes by
hydrolysis (296). Spray-drying and freeze-drying are two commonly used solidification

approaches to prepare ready-to-dissolve powders.

97



The aim of this study was to develop esculetin nanocrystals through stabilizer screening
using laboratory-scale wet bead milling. The formulation and selected stabilizer was

optimized by DoE and further characterized.

5.2 Materials and Methods

5.2.1 Materials

Esculetin (purity>98%) was purchased from Chengdu Herbpurify Co., Ltd. (Chengdu,
China). Vitamin E polyethylene glycol succinate (trade name Kolliphor® TPGS), alkyl
polyglucoside C8-C10 (trade name Plantacare® 2000 UP), poloxamer 407 (trade name
Kolliphor® P407), poloxamer 188 (trade name Kolliphor® P188) and polyvinyl
caprolactam—polyvinyl acetate—polyethylene glycol graft copolymer (trade name
Soluplus®, MW=90,000-140,000) were kindly provided by BASF, Brazil (Sao Paulo,
Brazil). A polyvinyl alcohol copolymer (Povacoat™, Type F, MW=40,000) was supplied
by Daido Chemical Corporation (Osaka, Japan). Polysorbate 80 and sodium dodecyl
sulfate (SDS) were purchased from Synth (Sao Paulo, Brazil). Ultrapurified water was
obtained from a Milli-Q Millipore water apparatus (Sao Paulo, Brazil). All other reagents

were analytical grade.
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5.2.2 Methods

5.2.2.1 Nanocrystal preparation by small-scale wet milling

The esculetin nanocrystals were produced by a wet bead milling method using 3 cross
stirring bars (Big Science, Inc., USA) layered vertically one over the other in a 10 mL glass
vial (Figure 5.1) on a magnetic stirring plate (IKA-Werke GmbH & Co. KG, Germany) at
800 rpm at room temperature. The total suspension before milling was 7 g and consisted
of esculetin, stabilizer and water. The milling beads were 0.1lmm yttria-stabilized

zirconium oxide balls, and the proportion of beads to suspension was 1.0:2.3 (v/v).

Figure 5.1 Picture of the device used for small-scale wet media milling and resulted

nanosuspension.
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5.2.2.2 Stabilizer screening

To select the most suitable stabilizer for esculetin nanocrystals, different surfactants and
polymeric stabilizers were screened. The components of the different suspensions were 3.0%
w/w esculetin, 3.0% w/w different stabilizers (0.2% w/w for SDS) and purified water added
to a total of 7 g. The samples were withdrawn after 3 days of processing. The particle size
and polydispersity index (PdI) were measured using a Zetasizer Nano ZS90 (Malvern
Instruments, Malvern, UK). All samples were stored at 4°C for 7 days in capped glass vials

to investigate stability.

5.2.2.3 Optimization of formulation parameters for esculetin-Povacoat™

nanocrystals

DoE was employed to investigate the influence variables on the response (particle size)
and their relationships to obtain an optimized esculetin nanosuspension. The three
independent variables selected were the esculetin content (% w/w), the Povacoat™ content
(% w/w), and the milling time (days). The variables were studied at two levels, and the
actual values for each level are shown in Table 5.1. A total of 14 experiments including 6
center points were conducted independently using a factorial design. Minitab 17 software
(State College, PA, USA) was used for the regression and graphical analysis of the data

and to estimate regression equation coefficients. For estimation of the quadratic terms, 6
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axial points were added to the experiment, yielding a total of 20 formulations. The obtained
regression equation was further verified by two independent confirmatory experiments.
Multiple linear regression analysis and ANOV A were employed to develop a mathematical
model. The general form of the model is represented by Equation (1):

Y = bo + biXi + b2Xz + b3X3 + baXi? + b5X2? + beX3? + brX1X2 + bsXiX3 + boXoX3 +
b1oX1X2Xs (1)

where Y is the response (particle size), bo is the mean response (intercept), and bi-10 are the
regression coefficients derived from the experimental values. X1, X2, and X3 are individual
independent variables. Xi?, X2?> and X3? are quadratic effects indicating nonlinear
correlations. X1X2, X2X3, X1X3 and X1X2X3 are interaction effects revealing variations in
the responses when 2 or more factors change simultaneously (297).

Table 5.1 Independent variables used for the experimental design of esculetin-Povacoat™

nanosuspensions.
Variables Levels
-1 0 1
Esculetin (% w/w) 1.5 3.0 45
Povacoat™ (% w/w) 1.5 3.0 45
Milling time (days) 20 3.0 40
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5.2.2.3 Solidification of optimized esculetin nanosuspensions

5.2.2.3.1 Spray-drying

A B-190 mini spray-dryer (Buchi, Flawil, Switzerland) was employed to spray-dry 40 mL
of nanosuspension containing 5.0% w/w mannitol. The conditions were set as follows: inlet
temperature, 120°C; feed rate, 3.5 mL/min; and air flow rate, 800 L/h. The resulting outlet
temperature was 80°C. The nanosuspension was under constant stirring during the spray-

drying process (298).

5.2.2.3.2 Freeze-drying

Approximately 1.5 mL of the final nanosuspension was immediately transferred into 10
mL glass flasks after preparation by wet milling. The bulking agent mannitol (5.0%, w/w)
was added to prevent aggregation, and the flasks were partially closed with rubber stoppers.
Then, samples were placed in a Dura-Stop MP & Dura-Top MP Tray Dryer MNL-031-A
system (FTS system, New York, USA) individually for slow freezing (1°C/min) until the
product temperature reached -40°C, where it was held for 5 min. The annealing heat
treatment was applied with heating to -10°C and a 5-min hold at this temperature. Then,
the primary drying was conducted at a product temperature of -25°C and a pressure of 100
mTorr for 24 h. In the secondary drying stage, the product was held at 10°C and the same

pressure for 8 h.
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5.2.2.4. Characterization

5.2.2.4.1 Particle size and size distribution analysis

5.2.2.4.1.1 Dynamic light scattering (DLS)

The particle size of the freshly prepared nanosuspension, spray-dried (SD) powder, and
freeze-dried (FD) powder was measured in triplicate by photon correlation spectroscopy
using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK). The SD and FD
powders were redispersed in Milli-Q water to the same detected concentration of the fresh
suspension. The z-average diameter and size distribution in terms of PdI were measured in

triplicate for each sample.

5.2.2.4.1.2 Particle distribution of nanocrystals using laser diffraction (LD)

The initial size distribution of the drug substance, esculetin, and nanosuspension was
measured by the LD method using a Cilas 1090 granulometer (Cilas, Orleans, France). The
saturated esculetin solution was used as the dispersing medium, and insoluble esculetin

was filtered prior to the measurements.
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5.2.2.4.2 Morphological study of nanocrystals using transmission electron microscopy

(TEM) and scanning electron microscopy (SEM)

The morphology and particle size of the SD and FD nanocrystals was observed using TEM
(FEI Tecnai™ G2 Spirit Twin, Thermo Scientific, Hillsboro, OR, US) at 120 kV. After the
powders were resuspended in water, one drop was placed on a 300-mesh ultrathin Formvar
film grid. The grid was left to dry at room temperature before the test.

The morphology of the raw materials, SD and FD powder were observed respectively using
SEM (FEI Quanta™ 250, Thermo Scientific, Hillsboro, OR, US). Samples were measured
at an acceleration voltage of 15 kV, and images were acquired at a magnification of 400-

6000x.

5.2.2.4.3 Thermal analysis

The crystallinity of solid-state of the esculetin, Povacoat™, mannitol, FD nanocrystal
powder and SD nanocrystal powder was measured by differential scanning calorimetry

(DSC) and thermogravimetric (TG).

5.2.2.4.3.1 DSC

DSC curves were obtained using a DSC-50 cell (Shimadzu, Kyoto, Japan). Approximately
2 mg of sample was weighed into an aluminum pan and hermetically sealed. The samples
were heated to 350°C from 25°C at a rate of 10°C/min under nitrogen flow (100 mL/min).
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52.2432TG

TG was performed using a TGA-51H model thermobalance (Shimadzu, Kyoto, Japan) in
the temperature range 25-600°C at a heating rate of 10°C/min. Approximately 5 mg of
sample was weighed into a platinum pan. The test was conducted under nitrogen flow (50

mL/min).

5.2.2.4.4 X-ray powder diffraction (XRPD)

The XRPD patterns of the esculetin, Povacoat, mannitol, FD nanocrystal powder and SD
nanocrystal powder were measured using a Siemens/Bruker D5000 diffractometer
(Billerica, MA, USA) to further investigate crystallinity (299). The radiation was generated

by a Cu Ka filter with a wavelength of 1.54 A at 40 kV and 40 mA. The diffraction angle

range was set to 4° < (2°0) <40° with a step time of 5 s and a step size of 0.02° per second.

5.2.2.5 Determination of saturation solubility

The saturation solubility of the esculetin, physical mixture (esculetin, Povacoat™ and
mannitol at the same nanocrystal concentration), and dried nanocrystal powders was
analyzed in different media (simulated gastric fluid (SGF), acetate buffer (pH 4.5 USP),
and simulated intestinal fluid (SIF)) by the shake-flask method (300). The buffers were
prepared without enzyme following the United State Pharmacopeia procedure (301). The

excess quantity of sample powder was added into 10 mL of aqueous medium and then
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shaken at room temperature and 200 rpm for 72 h. The test for each medium was performed
in triplicate. Then, the supernatant was obtained after centrifugation at 100,000 * g using
an Airfuge® Air-Driven ultracentrifuge (Beckman Coulter, Brea, CA, USA) for 15 min
and filtered through a 0.22 um syringe filter (Millex GM, Millipore, Billerica, MA, USA).
Finally, the content of esculetin in the samples was detected by high-performance liquid
chromatography (HPLC) using a slightly modified Chinese Pharmacopeia HPLC method
for esculetin (39). The mobile phase was methanol: water: acetic acid (30:70:0.4). The flow
rate was 1 mL/min, and the injected sample size was 10 pL. UV detection was performed
at 353 nm. The run time was 6.0 min, and the retention time was 3.5 min. A LiChrospher®
100 RP-18 column (12.5 x 5 mm, Merck, Darmstadt, Germany) with a guard column was
used. The saturation solubility of each tested group is expressed as the mean + standard
deviation of the mean, respectively. A t-test was performed to evaluate the differences
between nanocrystal group and raw material group of the same media using Minitab 18
(State College, PA, USA). The differences with a p value<0.05 under 0=0.05 were

considered significant.

5.2.2.6 Stability

The stability of the esculetin suspension, FD powder and SD powder was assessed in a
short-term storage study. The samples were stored in capped glass vials at 4°C for a period

of 6 months. The dried powders were redispersed in Milli-Q water before each
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measurement. The particle size and PdI of the samples were measured on the day after

preparation and after 30, 90 and 180 days.

5.3 Results

5.3.1 Stabilizer selection

Table 5.2 shows the mean particle size and PdI of all freshly produced suspensions
prepared with Polysorbate 80, Poloxamer 188, Poloxamer 407, TPGS, Soluplus®,
Plantacare® 2000, Povacoat™ or SDS as a stabilizer. Povacoat™ (size: 187.7+1.4 nm, PdI:
0.179+0.029) was selected as the stabilizer for use in the preparation of esculetin

nanocrystals.
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Table 5. 2 Formulation, preparation parameters, particle size and PdI of tested formulas,

meantstandard deviation (n=3). (Tested aliquots withdrawn immediately after preparation).

Stabilizer Esculetin Stabilizer = Milling Particle PdI After 7
type (% wiw) (% wiw) time size days
(days) (nm)
Polysorbate 3.0 3.0 3.0 228.5£2.3 0.185+0.008 Precipitation
80
Poloxamer 3.0 3.0 3.0 249.1+6.1  0.248+0.041 Precipitation
188
Poloxamer 3.0 3.0 3.0 185.740.7 0.180£0.020 Precipitation
407
TPGS 3.0 3.0 3.0 193.543.3  0.177£0.013 Precipitation
Soluplus® 3.0 3.0 3.0 197.4+4.6  0.305+0.009 Precipitation
Plantacare® 3.0 3.0 3.0 161.5£1.9 0.203+0.007 Precipitation
2000
Povacoat™ 3.0 3.0 3.0 187.7¢1.4 0.179+£0.029  195.3£1.6
SDS 3.0 0.2 3.0 259.6+2.4 0.241+0.010 Precipitation

TPGS: vitamin E polyethylene glycol succinate; SDS: sodium dodecyl sulfate

5.3.2 Experimental design for esculetin-Povacoat™ nanocrystals

The influence of the esculetin concentration (% w/w), Povacoat™ concentration (%w/w)
and milling time (days) on the particle size was evaluated using 14 independent
experiments. The experimental particle size (nm) values at the design points are shown in
Table 5.3. The average particle sizes for the nanocrystal formulations varied from 183.9 to
337.3 nm, and all PdIs were <0.3 (data not shown).

ANOVA (Table 5.4) revealed both linear and nonlinear significance (p<0.001, 0=0.05).

Thus, the existing factorial design was modified into a response surface methodology
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(RSM) by adding face-centered axial points (Table 5.5) in order to analyze a model with
quadratic terms.
Table 5.3 Composition and particle size of esculetin-Povacoat™ nanocrystals. The sizes

are presented as the meantstandard deviation (n=3).

Formulation Esculetin Povacoat™ Milling time lixzﬂet:;:(;lilzt:l
(% w/w) (Yow/w) (days)
(nm)
1 4.5 4.5 2.0 308.4+1.3
2 3.0 3.0 3.0 190.4+0.9
3 3.0 3.0 3.0 189.3%+1.2
4 4.5 4.5 4.0 224.2+4.0
5 4.5 1.5 4.0 295.2+4.3
6 3.0 3.0 3.0 183.9+1.7
7 1.5 1.5 4.0 195.4+1.3
8 3.0 3.0 3.0 178.9£2.6
9 3.0 3.0 3.0 192.5+1.3
10 4.5 1.5 2.0 337.3+6.4
11 1.5 1.5 2.0 233.7+0.9
12 3.0 3.0 3.0 189.6+1.7
13 1.5 4.5 2.0 309.0£5.5
14 1.5 4.5 4.0 203.9+1.9
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Table 5.4 ANOVA test for significance in the evaluation of esculetin nanocrystal particle
size containing the esculetin concentration (% w/w), Povacoat™ concentration (% w/w)

and milling time (days) as variables in a factorial design.

Source DF SS(adj) MS(adj) F-value p-value
Model 6  40826.5 6804.4 197.8 <0.001
Linear 3 15346.4 5115.5 148.7 <0.001
Esculetin (% w/w) 1 6221.7 6221.7 180.9 <0.001
Povacoat™ (% w/w) 1 324 324 0.9 0.364
Milling time (days) 1 9092.3 9092.3 264.4 <0.001
2-Way interactions 2 5700.6 2850.3 82.9 <0.001

Esculetin (% w/w) *

1 4218.2 4218.2 122.6 <0.001
Povacoat™ (% w/w)

Povacoat™ (% wiw) *Milling 07 4 14804 431 <0.001

time (days)
Curvature 1 19779.6 19779.6 575.1 <0.001
Error 7 240.8 34.4
Lack-of-fit 2 112.8 56.4 2.2 0.206
Pure error 5 128.0 25.6
Total 13 41067.3

DF: degrees of freedom; SS (adj): adjusted sum of squares; MS (aj): adjusted mean

square; F-value: statistics F-test; p-value: level of significance.
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Table 5.5 Added face-centered axial points in the existing factorial design: composition

and particle size of esculetin-Povacoat™ nanocrystals.

Formulation Esculetin Povacoat™ Milling time pr‘i‘et:?eles?zt:l
(% w/w) (Yow/w) (days)
(nm)
15 1.5 3.0 3.0 209.7+0.7
16 4.5 3.0 3.0 260.8+1.0
17 3.0 1.5 3.0 188.5+1.3
18 3.0 4.5 3.0 189.6+1.2
19 3.0 3.0 2.0 207.0£1.5
20 3.0 3.0 4.0 163.4+0.6

The average particle size for the nanocrystal formulations varied from 163.4 to 337.3 nm,
and the PdIs were <0.3 (data not shown). An outline of ANOVA for the response surface
model of the esculetin nanocrystals is shown in Table 5.6. The p-value of 0.058 (0=0.05)
indicated that the lack-of-fit is non-significant compared to the pure error. As shown in
Table 5.6, the esculetin concentration, milling time and their quadratic terms showed the
significant effect on the response (p<0.05, 6=0.05), while the impact of the Povacoat™
concentration was not significant (p=0.596, 0=0.05) in the studied range (1.5 to 4.5% w/w).
Both the interaction of esculetin with Povacoat™ and Povacoat™ with milling time
illustrated significant effects (p<0.05, a=0.05) on particle size. The residual analysis in
ANOVA revealed constant variances, random variables and normal distributions (data not
shown).

The best-fitting model was selected from the regression analysis according to a comparison

of the following statistical parameters: the coefficient of determination (R?), adjusted
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coefficient of determination (adj-R?), and predicted coefficient of determination (pred-R?).
The R? shows how well the terms fit a curve or line. The adj-R? not only indicates how
well terms fit a curve or line but also adjusts for the number of terms in a model. The pred-
R? indicates the probability of the experimental value being close to that calculated from
the model (302). The R?(98.33%), adj-R?(97.11%), and pred-R? (92.86%) values indicated
that the model was suitable (Table 5.7). Thus, this model was selected for the response

surface analysis.
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Table 5.6 ANOVA to test for significance in the evaluation of esculetin nanocrystal particle
size containing the esculetin concentration (% w/w), Povacoat™ concentration (% w/w)

and milling time (days) as variables in the response surface design.

Source 55 MS F- P
(adj) (adj) value  value
Model 8 48812.1 6101.5 80.85 <0.001
Blocks 1 418.5 418.5 5.55 0.038
Linear 3 17356.8 5785.6  76.66 <0.001
Esculetin (% w/w) 1 7518.6  7518.6  99.63 <0.001
Povacoat™ (% w/w) 1 22.5 22.5 0.30 0.596
Milling time (days) 1 9815.7 9815.7 130.07 <0.001
Square 2 22539.3 11269.7 149.33 <0.001

Esculetin (¢ * Esculeti
seuletin (Vo wiw) * Eseuletin o571 11957, 15844 <0.001

(% wiw)
Milling ti * Milli
illing time (days) *Milling 100 4155 550 0.039
time (days)
2-Way interactions 2 5700.6 28503  37.77 <0.001

Esculetin (% w/w) *
Povacoat™ (% w/w)
Povacoat™ (% w/w) * Milling

time (days)

1 42182 42182 5590 <0.001

1 14824 14824 19.64  0.001

Error 11 830.1 75.5
Lack-of-fit 6 702.2 117.0 4.57 0.058
Pure error 5 128.0 25.6

Total 19 49642.2

DF: degrees of freedom; SS (adj): adjusted sum of squares; MS (aj): adjusted mean

square; F-value: statistics F-test; p-value: level of significance.
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Table 5.7 Test for significance of the coded regression coefficients and fit indices of the

selected model in the assessment of esculetin nanocrystal particle size containing the

esculetin concentration (% w/w), Povacoat™ concentration (% w/w) and milling time

(days) as variables in the response surface model.

Term Coefficient C-SD T-value p-value VIF
Constant 183.99 2.93 62.75 <0.001
Blocks
| 5.15 2.19 2.36 0.038  1.06
Esculetin (% w/w) 27.42 2.75 9.98 <0.001  1.00
Povacoat™ (% w/w) -1.50 2.75 -0.55 0.596 1.00
Milling time (days) -31.33 2.75 -11.40 <0.001 1.00
Esculetin (% w/w) *
sculetin (% wi/w) 61.51 4.89 12.59 <0.01 1.8
Esculetin (% w/w)
Milling time (days) *
illing time (days) 11.46 4.89 2.35 0.039  1.58
Milling time (days)
E 1 3 0 *
sculetin (% w/w) 222.96 3.07 -7.48 <0.001  1.00
Povacoat™ (% w/w)
P tTM (V) / *
ovacoat™ (% w/w) -13.61 3.07 443 <0.001  1.00

Milling time (days)

C-SD: coefficient of standard deviation; p-value: level of significance. Standard deviation

(SD)=8.69; coefficient

of determination (R?)=98.33%;

adjusted coefficient

of

determination (adj-R?)=97.11%; predicted coefficient of determination of the adjusted

model (pred-R?)=92.86%.
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Equation (2), the regression equation for the particle size in terms of uncoded variables,
was derived as follows:

Particle size = 411.8 — 115.1 X1 +56.8 X2 —72.9 X3 +27.3 Xi2 + 11.5 X352 - 10.2 XiX2
-90.1X2Xs (2)

Where X is the concentration of esculetin (% w/w), X2 is the concentration of Povacoat™
(% w/w), and X3 is the milling time (days).

From the contour plot of the regression model, as well as the surface plot (Figures 5.2 and
5.3), when the milling time was set to 3 days, particles smaller than 200 nm were revealed
using esculetin concentration between 1.5 and 3.5% w/w, while the Povacoat™
concentration in the tested range did not have an influence. When the Povacoat™
concentration was held at 3.0% w/w and the esculetin concentration was within 1.5-3.5%
w/w, particles smaller than 200 nm were obtained with 2.5-4.0 days of milling. When the
esculetin concentration was kept at 3.0% w/w, within the tested range, only the milling

time (more than 2.5 days) affected the particle size.
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Figure 5.2 Contour plot of the regression model for particle size (nm) containing the
following three variables: esculetin concentration (% w/w), Povacoat™ concentration (%
w/w) and milling time (days). Each figure illustrates two of three variables, with the other

variable fixed at 3.0.
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Figure 5.3 Three-dimensional surface plots of the regression model for particle size (nm)
containing the following three variables: esculetin concentration (% w/w), Povacoat™
concentration (% w/w) and milling time (days). Each figure illustrates two of three
variables, with the other variable fixed at 3.0.

The experimental and predicted values of particle size of the two independent experiments
used to verify equation (2) are shown in Table 5.8. The values predicted from the equation
are similar to the experimental values. From the tested ranges of the three variables, 3.0%
w/w esculetin, 3.0% w/w Povacoat™ and 3.0 days of milling time were selected for further

characterization.
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Table 5. 8 Independent confirmatory experiments used to verify the model equation.

Esculetin (% Povacoat™  Milling time L
Particle size (nm)
W/W) (% wi/w) (days)
Experimental Predicted
4.5 4.5 3.0 261.4+1.4 258.4
1.5 1.5 3.0 210.0£3.7 206.4

5.3.3 Characterization of optimized esculetin nanocrystals

5.3.3.1 Particle size and size distribution

The mean particle size of the freshly prepared esculetin nanosuspension was 191.9+1.6 nm
(PdI: 0.162+0.008), as determined by DLS. LD revealed that the diameter at 10, 50 and 90%
of the cumulative population distribution was 60.0+0.0 nm, 220.0+10.0 nm and 500.0+70.0
nm, respectively.

The particle size and PdI of the esculetin nanosuspension before and immediately after
spraying-drying and freeze-drying are shown in Table 5.9. The results show that the
particle size remained similar after the solidification process.

Table 5.9 Particle size and PdI of nanocrystals before and immediately after spray-drying

and freeze-drying, respectively.

Before drying Immediately after drying
Sampl
ample Size (nm) PdI Size (nm) PdI
Spray-drying 199.1+2.8 0.172+0.035 213.7+4.0 0.174+0.033
Freeze-drying  194.4+1.2 0.178+0.006 194.5+0.7 0.164+0.008

PdI: polydispersity index.
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5.3.3.2 Morphological study

Particles within the range from 100-500 nm were observed in both redispersed SD and FD
powder under TEM (Figure 5.4). The particles were uniform, and no agglomeration was
observed in either redispersed powder. Figure 5.5 illustrates SEM images of esculetin raw
material (Figure 5.5A), SD nanocrystal agglomerates (Figure 5.5B), and FD nanocrystal
agglomerates (Figure 5.5C). From the particle morphology, SD yielded nearly spherical
agglomerates with depressions evident on the external surface, while the FD particles were

flat, angular and irregularly shaped.
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Figure 5. 4 Transmission electrons micrograph of spray-drying nanocrystal (A) and freeze-

drying esculetin nanocrystal (B).
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Figure 5. 5 Scan electron micrograph of esculetin raw material (A), spray-drying

nanocrystal powder (B), and freeze-drying nanocrystal powder (C).

5.3.3.3 Thermal analysis

The thermal properties of the esculetin raw material, excipients, and formulations were
evaluated by TG and DSC, and the curves are shown in Figures 5.6 and 5.7. From the DSC
curves, the melting temperature (Tonset) of esculetin and mannitol were detected at 270°C
and 165°C, respectively. The DSC curve of Povacoat™ presented a broad endothermic
event in the range of 50 to 100°C, which was associated with a mass loss of approximately
2.0% observed by TG. An additional endothermic event was observed between 160 and
211°C.

Similar thermal behavior was observed for both SD and FD powders, with two endothermic
events in the DSC curves; the first was between 133°C and 160°C (Tpeak=154°C), and the
latter was in the range from 160-170°C (Tpeak=164°C). In both samples, the characteristic

melting peak of esculetin was not observed. However, the loss of residual moisture in the
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range from 25-70° (~2.0%) was revealed by TG for the FD powder, and it was not observed
in the TG curve of the SD sample. The thermal decomposition process of the esculetin raw
material occurs in two stages in the following temperature ranges with the respective
weight losses: 200-360°C (Ami=70%) and 360-600°C (Am2=30%). The thermal
decomposition process of SD nanocrystals occurs as follows: 200-330°C (Am1=60%) and
330-600°C (Am2=30%). For the FD nanocrystals, the thermal decomposition process also

occurs in two weight loss steps: 200-330°C (Ami1=60%) and 330-600°C (Am2=40%).
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Figure 5. 6 Differential scanning calorimetry curves for esculetin (a), Povacoat™ (b),

mannitol (c), spray-dried nanocrystals (d) and freeze-dried nanocrystals (e).
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Figure 5. 7 Thermogravimetric curves for esculetin (a), Povacoat™ (b), mannitol (c),
freeze-dried nanocrystals (d), and spray-dried nanocrystals (e) obtained under dynamic

nitrogen (50 mL/min) at a heating rate of 10°C/min.
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5.3.3.4 XRPD

The XRPD patterns are shown in Figure 5.8. The normalized diffractogram of crystalline
esculetin exhibited characteristic peaks at 20 values of 10.8, 13.5°, 15.2°, 17.2°, 28.0° and
29.8°. Several esculetin peaks were reduced, shifted or not observable in the patterns of

either the FD or SD nanocrystals.
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Figure 5. 8 Normalized X-ray powder diffractograms of esculetin (a), Povacoat™ (b),

mannitol (c), freeze-dried nanocrystals (d), and spray-dried nanocrystals (e).
5.3.4 Saturation solubility

The saturation solubility of the esculetin raw material, physical mixture, and nanocrystal
powders in different media (SGF without enzyme, pH 4.5, and SIF without enzyme) are
listed in Table 5.10. Compared with the esculetin raw material, no increased was observed
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in the saturation solubility of the physical mixture. In different media (SGF, pH 4.5, and
SIF), the saturation solubility of esculetin in the nanocrystals significantly increased (*p-
value<0.05, 0=0.05) by 1.2-fold, 1.4-fold and 1.5-fold, respectively, compared with the
esculetin raw material.

Table 5. 10 Saturation solubility of the esculetin raw material, physical mixture and

nanocrystals in different media (mean+standard deviation, n=3).

Esculetin solubility (ug/mL)

i Fold i
Media Raw Physical Esculetin ( © 1nctrela >
material mixture nanocrystals nanocrys. a-raw
material)
SGF 140.0+3.3 140.4+4.2 172.3£7.4%* 1.2
pH 4.5 146.3£7.4 142.8+3.1 203.6+2.6* 1.4
SIF 184.54+3.6 180.2+5.0 270.6+2.6* 1.5

SGF: simulated gastric fluid, pH 4.5: acetate buffer, SIF: simulated intestinal fluid. *p-

value<0.05 under 0=0.05 when compared with the raw material group in the same media.

5.3.5 Stability

The particle size and PdI of the nanosuspension, SD powder and FD powder stored at
4°C were assessed over a period of 180 days. Samples were collected after preparation
and after 30, 90 and 180 days, and the results are summarized in Table 5.11. Both the
particle size and PdI were similar for the nanosuspension, SD powder and FD powder

stored at 4°C throughout the testing period.
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Table 5.11 Short-term physical stability study of the esculetin nanosuspension, spray-

drying powder and freeze-drying powder at 4°C over 180 days.

Sample 0 days 30 days 90 days 180 days

Size (nm) PdI Size (nm) Pdl Size (nm) PdIl Size (nm) PdI

Nanosuspension 188.9+1.7 0.185+0.020 192.0+3.9 0.219+£0.015 184.0+£3.8 0.213+0.005 188.0+1.4 0.199+0.024
Spray-drying  213.7+4.0 0.174+0.033 209.3£2.1 0.176+0.022 203.4+1.8 0.202+0.010 197.0+3.9 0.218+0.012
Freeze-drying  205.8£2.1 0.183+0.025 208.6+2.8 0.174+0.014 211.1+3.9 0.187+£0.026 210.4+3.5 0.210+0.028

PdI: polydispersity index.

5.4 Discussion

The stabilizer type and concentration play an important role in nanocrystal preparations,
which contain only the drug substance and stabilizer. A stabilizer can provide a steric
and/or ionic barrier to form a physically stable formulation. Surfactants and/or polymers
are frequently used stabilizers. Ionic surfactants (e.g., SDS) stabilize drug nanocrystals
electrostatically, while nonionic surfactants (e.g., Polysorbate 80, Poloxamer 188,
Poloxamer 407, TPGS, and Plantacare®) and polymeric stabilizers (e.g., Soluplus® and
Povacoat™) facilitate steric stability through both their molecular length and molecular
weight.

However, compared to surfactants, polymeric stabilizers are adsorbed on particles and/or

form a thick surface layer to prevent Ostwald ripening, and they will not affect the crystal
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structure (303-305). Hence, different types of stabilizers were evaluated in this study to
select the most suitable stabilizer for esculetin nanocrystals.

The particle size and PdI are relevant not only to the stability of the system but also to the
rate and extent of drug release. The PdI is an indication of the size distribution, and
generally a small PdI (<0.2) illustrates the uniformity and homogeneity of a nanosized
system (306).

As shown in Table 5.2, all tested stabilizers yielded nanoscale particles smaller than 300
nm. The esculetin nanosuspensions prepared with Polysorbate 80 (PdI=0.185+0.008),
Poloxamer 407  (PdI=0.180+0.020), TPGS (PdI=0.177+0.013), Plantacare®
(Pd1=0.203+0.007) and Povacoat™ (PdI=0.179+0.029) all exhibited PdI values less than
0.2. However, except for the esculetin nanosuspension prepared with Povacoat™, which
presented a monomodal distribution, all other nanosuspensions showed precipitation
within 7 days after sample collection. Thus, Povacoat™ was chosen as the most suitable
stabilizer for esculetin nanocrystal preparation.

Povacoat™ is an aqueous polymer comprising polyvinyl alcohol, polyacrylic acid and
polymethyl methacrylate groups. As mentioned by Yuminoki et al., Povacoat™ has high
dispersion and redispersion stability for preventing the aggregation of nanoparticles in
nanocrystal formulations of several poorly water-soluble compounds (e.g., griseofulvin,

hydrochlorothiazide, and tolbutamide) prepared via wet milling (307).
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In this study, the RSM allowed the identification and characterization of a design space in
which the esculetin concentration and milling time were optimized to provide the lowest
particle size (Figures 5.2 and 5.3). A second-order polynomial equation described the
relationships among the independent variables (esculetin concentration, Povacoat™
concentration, and milling time) and the response (particle size). As the R? (98.33%), adj-
R? (97.11%), and pred-R? (92.86%) values were all greater than 90%, it showed that the
predicted (theoretical) data estimated by the model were close to the practical values. In
this way, the mathematical model can be used to optimize the process. The coefficients
indicate the direction and magnitude by which each independent variable impacts the
response (297). In equation 2, the esculetin concentration and milling time have negative
coefficients, meaning that increases in these two variables will decrease the particle size.
However, the quadratic coefficients of the parameters (esculetin concentration and milling
time) revealed positive values. The milling time, the interaction of esculetin with
Povacoat™, and the interaction of Povacoat™ with the milling time could reduce the
particle size because of their negative coefficients. Optimized formulation and processing
time to yield the smallest mean particle size were identified within the design space. A
similar DoE approach was performed in the development of a meloxicam nanosuspension
prepared by high-pressure homogenization (297).

For the solid preparations, both approaches, spray-drying and freeze-drying, have their own

advantages. Spray-drying is a conventional industrial process and preferred over freeze-
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drying because of the simple operation and cost and time effectiveness (308). Freeze-
drying is suitable for heat-sensitive and delicate materials because of the low processing
temperatures compared to the hot air (above 80°C) needed in spray-drying (308). The
melting point of esculetin is 278°C; thus, it was theoretically possible to apply an SD
approach to solidify the esculetin nanosuspension in this study.

In this study, mannitol was added in both processes as a supporting agent to inhibit particle
aggregation and achieve adequate redispersion. In order to facilitate the crystallization of
mannitol during the freeze-drying process, a thermal treatment called annealing should be
incorporated into the freeze-drying process. The annealing step recrystallizes smaller ice
crystals to form larger ice crystals and shorten the primary drying time (309).

As observed by TEM (Figure 5.4), similar particle morphology was detected in the
redispersed SD and FD powders. Both samples exhibited a uniform particle size (100-500
nm), and no agglomeration was observed. However, when comparing the morphology
(Figure 5.5) of the raw material with the SD and FD nanocrystals by SEM, the SD
technique yielded nearly spherical and microsized agglomerates of nanocrystals (Figure
5.5B), while FD (Figure 5.5C) yielded irregularly shaped nanocrystals. The dissimilarities
observed in the shape and surface morphology of the SD and FD powders have also been
reported by Toziopoulou et al. and Fini et al. (292, 310). As mentioned by Fini et al., the
depressions in the external surface of SD particles are because of the rapid evaporation of

the solvent during the spray-drying process (310). Additionally, the spherical shape of the
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SD particles enables flowability (292, 310). In this case, the spray-drying technique
resulted in particles with better particle performance than freeze-drying in the preparation
of dry esculetin-Povacoat™ nanocrystals.

The broad endothermic event observed in the DSC and TG curves of Povacoat™ (Figures
5.6 and 5.7) was assigned to the moisture content. This broad peak may also have
contributed to the glass transition event, as previously reported, at 82°C (311). Furthermore,
as confirmed by XRPD (Figure 5.8), this polymer is completely amorphous. The additional
endothermic event between 160 and 211°C was associated with intramolecular ester
condensation (cyclic anhydride formation) induced by the heating, as reported by Lin et al.
(311).

When nanocrystals are prepared, a change in the crystalline state can occur during both the
milling and drying processes (312). The XRPD (Figure 5.8) results showed a suggestive
broad peak associated with an increase in the background, indicating an increase in the
degree of disorder due to amorphization and a reduction in the crystallite size. As shown
in Figure 5.6, the melting temperature of the dried nanocrystal formulations was shifted
and reduced compared with that of bulk esculetin and mannitol. This melting point
depression for the nanocrystals is expected according to the Gibbs—Thomson relationship
and has been previously reported (313); the melting point of a substance is proportional to
its cohesive energy, and physical milling and drying can reduce the cohesive energy and

introduce crystalline defects (312, 314). Therefore, the esculetin nanocrystals need less
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energy to be melted than bulk esculetin. The results of all three characterization methods
(DSC, TG, and XRPD) showed no significant differences between the FD and SD samples,
indicating that both processes resulted in formulations with a similar solid-state structure.
In this study, the saturation solubility of the esculetin nanocrystals was 1.2- to 1.5-times
higher than that of the esculetin raw material (Table 5.10) which revealed statistic
significantly differences (*p-value<0.05, 0=0.05). The highest increase occurred in SIF.
No increase in the saturation solubility of esculetin was observed in physical mixtures,
which revealed that the increase observed for the nanocrystals was not relevant to the
addition of the stabilizer, Povacoat™. A similar finding was reported by Barbosa et al.
(315). The increase in the saturation solubility of the nanocrystal powders was relevant to
the particle size reduction, as the nanocrystals were approximately 700-times smaller than
the raw esculetin particles (150.1 um).

Dry powders should be shelf-stable, pharmaceutically elegant and able to instantly re-
dispersed into a suspension (316). In this study, the powders produced by both drying
processes re-dispersed instantly in water. According to Tables 5.9 and 5.11, the particle
size remained unchanged after drying and was stable for 6 months at 4°C. Hence, stable

esculetin nanocrystals were prepared in this study.
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5.5 Conclusion

An esculetin-Povacoat™ nanocrystal formulation with a particle size of 200 nm was
successfully prepared by a reduced-scale wet milling process. The design space approach
allowed the description of the particle size performance of the formulation as a
mathematical function of the stabilizer and esculetin concentrations and the milling time.
Furthermore, it was possible to identify the critical components, factors and the limits
within which variations in the component concentrations have minimal or no effects on the
particle size. The formula containing 3.0% (w/w) esculetin and 3.0% (w/w) Povacoat™
presented up to a 1.5-fold increase in saturation solubility compared to the micronized
esculetin powder. A new nano-sized formulation with physical-chemical property changes
was created. This approach has the potential to enable the development of innovative

commercial products for the treatment of hyperuricemia.

132



Chapter 6 General discussion and conclusion
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6.1 Discussion

In this thesis, we investigated TCM through extending the therapeutic scope of a heat-
clearing and detoxifying herbal formula (Erding Formula (EF)) to hyperuricemia using

modern pharmaceutical techniques.

6.1.1 TCM and modern pharmaceutical approaches

6.1.1.1 Extend the therapeutic application of EF to hyperuricemia/gout

Hyperuricemia was chosen as model disease which shows an abnormal high uric acid (UA)
level in the blood. UA levels in the body are diagnosed using modern analytical
technologies, so the hyperuricemia is a modern disease term. Long-term hyperuricemia can
cause gout, an inflammatory form of arthritis that involves UA crystal deposition in tissues
especially joints.

Generally, gout can be classified into two forms: acute gout attack and chronic tophaceous
gout (40). Acute gout can be characterized by the sudden onset of pain associated with
swelling, warmth, redness, and a decreased range of motion of the affected joints. Chronic
gout is multiple severe attacks that occur within short intervals associated with significant
UA tophi, joint destruction, and deformation. (40, 317)

According to “Criteria of diagnosis and therapeutic effect of diseases and syndromes in

traditional Chinese medicine”, gout can be classified into four types: 1) accumulation and
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coagulation of dampness-heat (¥ #4Z545); 2) obstruction of blood stasis and heat CJE#
FH# ) ; 3) obstruction of phlegm turbidity CEE#FH#) ; 4) yin deficiency of liver and
kidney (FF'EFBHEE) (318). Based on the symptoms described in the criteria, the TCM type
1 gout should belong to acute gout and all other types belong to chronic gout. In this case,
TCM practitioners treat acute gout mainly through clearing heat, alleviating dampness, and
detoxifying as well as relieving pain and eliminating swelling (319-321). For chronic gout,
a TCM treatment would focus on warming the spleen and kidney (i #M¥# '), activating
collaterals and relieving pain (7 %% 11:9f), and nourishing blood and harmonizing the ying
level (FRIMLATE) (321, 322).

As described in Section 2.7, heat is one of the climatic pathogens in TCM and it is a yang
pathogen. Toxin in TCM refers to substances and/or waste products from the body’s
metabolic activities and/or environmental pollutants including microorganisms which
upset the body out of balance and lead to illness. When it is rising and out of balance, heat
toxin can lead to red faces, anger, irritability, fever, inflammation condition, sore throat,
and dizziness. (323-325)

In order to re-harmonize the balance, clearing therapy which refers to the use of cold herbs
to clear heat and purge fire, clear heat and nourish yin, clear heat and detoxify (25). This
is a frequently used therapy to treat various heat syndromes. For heat-toxin syndromes, the
treatment is heat clearing, detoxifying, alleviating dampness and combining with blood

cooling, edema relieving and urination promoting (325).
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EF is a formula consisted by Viola yedoensis Makino (Viola), Taraxacum mongolicum
Hand.-Mazz. (Taraxacum), Lobelia chinensis Lour. (Lobelia), Root of Isatis indigotica
Fort. (Isatidis) which are all cold herbs and have heat clearing and detoxifying properties.
Hence, when the syndrome of gout is diagnosed as accumulation and coagulation of
dampness-heat, EF can be used as the treatment.

In Chapter 3, modern pharmaceutical experiments were designed to investigate the efficacy
of the formula to treat hyperuricemia. In the study, EF showed anti-hyperuricemic, anti-
inflammatory and analgesic effects. The symptoms that can be relieved by EF in this study
such as swelling and pain are similar to the symptoms of the type 1 gout. Hence, the results
from Chapter 3 confirmed that hyperuricemia/acute gout can be a new indication of EF
which is in agree with TCM.

When combining the results of Chapter 3 with TCM views, the interpretation of using EF
to treat hyperuricemia/acute gout could be described as following: the high UA level is a
toxin and it further results inflammation and pain. The property of heat clearing works as

controlling the inflammation while pain and detoxifying works as lowering the UA levels.

6.1.1.2 Treating different diseases using the same formula

From the results of Chapter 3, EF showed a hypouricemic, anti-inflammatory and analgesic
effects in the study. Originally, EF was used to treat furuncle, carbuncle, sore throat, and

wind-burn-related eye inflammation (conjunctivitis) (39). Other researchers proved EF was
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able to treat acute pharyngitis (syndrome of lung and stomach heat) and chronic bronchitis
(326, 327). Researches also reported that EF has bacteriostatic, anti-inflammatory,
immunomodulating and antiviral effects (328, 329).

All these are totally different disease and application in western medicine, while in TCM,
they could be treated using the same formula. This is because TCM emphasizes “treatment
based on syndrome differentiation” which aims to target the root of the illness as their
essential principle to guide the treatment and selection of herbal formulas (330). Syndrome
is a unique and key concept in TCM which reflects the essence of pathological changes at
a certain stage during the disease and it is an outcome after analyzing the symptoms and
signs. TCM believes that one disease may have different syndromes, and different diseases
may be categorized by the same syndrome. In this case, TCM emphasizes one of its
therapeutic principles is "treating different diseases using the same formula" (575 [F]7R).
(331, 332)

As shown in Figure 6.1, the diseases such as furuncles, sore throat, wind-burn-related eye
inflammation (conjunctivitis) which are characterized by warmth, swelling, redness and
pain. They are considered as a result of wind, heat and/or toxin (39, 325). As mentioned in
section 6.1.1.1, the cause of the acute gout can be wind, dampness, and/or heat (Figure 6.1).
When TCM diagnoses of diseases where heat and toxin are the cause, the herbal formulas
with heat-clearing and detoxifying properties will be considered as the treatment (Figure

6.1). This is the reason why TCM practitioners might use EF to treat the gout in clinic. The
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results from the chapter 3 confirmed that the EF can be used to treat hyperuricemia/acute
gout which are totally different diseases from the original indications in the western
medicine viewpoint.

To further confirm the concept of “treating different diseases using the same formula”,

additional studies should be conducted using other herbal formulas.
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Figure 6. 1 Examples of “treating different diseases using the same formula” under TCM

framework.
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6.1.1.3 Preventive treatment of disease

The “preventive treatment of disease” which emphasizes "preventing before the occurrence
of disease, preventing the further development and transmission to next stage of disease,
and preventing the recurrent attacks” is another important principle in preventing and
treating diseases in TCM (2). This is why sometimes TCM practitioners treat people who
seem to be healthy or are not yet sick.

TCM considers the human body as a whole entity and focuses on removing the root cause
of illness to promote healing and health, which is different from western medicine that
treats symptoms. For the patient with extremely high UA levels but without symptoms,
western doctors might not prescribe routine prophylactic urate lowering medicine (333).
However, TCM practitioners may prescribe remedies to control UA levels and to prevent
potential symptoms and/or disease that may resulted from high UA levels. Based on TCM,
we investigated the anti-inflammatory and analgesic activity of EF in a preventive treated

mouse model.

6.1.1.4 Clinical treatment of gout

In western medicine, the initial treatment of acute gout is to settle the symptoms with
suggested indicators such as colchicine and non-steroidal anti-inflammatory drug (59, 334).
The urate lowering therapy, such as allopurinol and uricosuric drugs, will not be initiated

during the attacks due to the risk of aggravating or prolonging the attack (334) which is
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also included in guidelines from European League Against Rheumatism (59). A recent
published guideline from the American college of Rheumatology recommends to initiate
urate lowering prophylaxis concurrent with anti-inflammatory agents to prevent recurrent
attacks (335). TCM practitioners consider the original causes and prescribe herbs according
to syndrome differentiation. It has been found in clinical trials that the Chinese herbal
formulas were able to control serum UA level and inflammation severity for the patients
with gout (336). The data in Chapter 3 also revealed that EF can control UA levels, pain

and inflammation in mouse models.

6.1.1.5 Principle of compatibility

In TCM, the “Jun, Chen, Zuo, Shi” (& Fiffff) structure is the fundamental principle for
herbal compatibility in a formula. From the TCM explanation of EF in hyperuricemia
treatment, Viola is cold in nature which clears blood heat, removes toxicity, cools blood,
and alleviates joint swelling pain. It is used as emperor herb in EF. Taraxacum and Lobelia
can be considered as minister herbs because they clear dampness through diuresis to assist
the emperor herb in detoxifying and eliminate swelling. Isatidis works as adjuvant herb to
strength the activities of other herbs in clearing heat, removing toxicity, cooling blood,
removing edema and pain.

In Chapter 3, Viola was determined as the emperor herb to treat hyperuricemia /acute gout

because it was the only herb which has UA lowering effect. As Taraxacum, Lobelia and
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Isatidis all presented anti-inflammatory and analgesic effects, it is difficult to determine
their exact TCM role in EF based on the results in Chapter 3. However, Taraxacum,
commonly known as Dandelion in western countries, its diuretic utility is well-known in
both eastern and western cultures (337-342). This is in agree with the TCM description of
Taraxacum activity which suggests that it works as minister herb in EF. Further studies are
necessary to determine the TCM role of Lobelia and Isatidis in EF.

In general, compatibility is applied to reinforce mutual effects, enlarge the therapeutic
scope, and avoid antagonism. As stated in the introduction: instead of random listing, the
herbs in the formula are selected according to the diseases and herbal properties. This is
also guided by certain considerations such as mutual reinforcement (#8751, combine herbs
with similar properties and efficacy to reinforce clinical effects), mutual assistance (FH1%,
combine herbs with similar or different property and efficacy to treat the same syndrome),
mutual restraint or mutual suppression (fH£2/4H7%, when combine two herbs, the toxicity
of one herb can be reduced by another one) , mutual inhibition (#1:%, when combine herbs,
the medicinal efficacy can be reduced and/or neutralize), and mutual antagonism (#H <,
when use two herbs together, can become toxic or reinforce toxicity) (15).

In order to understand the compatibility principle used for EF, additional experiments were
conducted to investigate the effects of single herb and combined herbal groups on serum
UA levels in hyperuricemic mice. EF is consisted of four different herbs: Viola, Taraxacum,

Lobelia, Isatidis. Viola and Taraxacum are frequently used as a herbal pair (343). In this

141



case, three combinations (Viola + Taraxacum, Viola + Taraxacum + Lobelia, Viola +
Taraxacum + Isatidis), were grouped and decocted following ChP protocols (39). In this
case, the mice were randomly divided into 11 groups (n = 10): untreated (healthy),
untreated disease, positive control (Benzbromarone, 20 mg/kg), EF extract, four individual
plant extract groups (Viola, Taraxacum, Lobelia, and Isatidis), and three combination
groups. All experiments were conducted and analyzed following the materials and methods
in Chapter 3. The effects of each extract group on the UA levels in hyperuricemic mice are
shown in Figure 6.2. Statistical analysis showed that the serum UA level in the untreated
disease group was significantly increased compared with the untreated mice. The EF, Viola
+ Taraxacum + Lobelia, and Viola + Taraxacum + Isatidis groups significantly decreased
UA levels (P < 0.05) compared with untreated disease mice. From the statistical results,
the single herb group and the herbal pair (Viola + Taraxacum) group didn’t significantly
decrease the UA levels. However, when additional one/two more herbs were added to the
pair, the combination was able to reduced UA levels in hyperuricemic mice. In summary,
the herbal formulation showed a good efficacy, herbal compatibility was verified and the
property of all four herbs in EF were heat-clearing and detoxifying, which was showed as
UA lowering, anti-inflammatory and analgesic in the data of Chapter 3. The herbal

combination in EF was prescribed under mutual reinforcement action.
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Figure 6. 2 Effects of the extract groups on the serum uric acid levels in hypoxanthine and
potassium oxonate-induced consecutive hyperuricemic mice (n = 10). The box represents
the data from the 25th to 75th percentiles, and the line in the middle of the box is the median.
The end of bars represents the minimum and maximum values. Positive control,
Benzbromarone; EF, Erding Formula; Viola, Viola yedoensis Makino; Taraxacum,
Taraxacum mongolicum Hand.-Mazz.; Lobelia, Lobelia chinensis Lour.; Isatidis, root of
Isatis indigotica Fort; Viola+Taraxacum: combination of Viola yedoensis Makino and
Taraxacum mongolicum Hand.-Mazz; Viola+Taraxacum+Lobelia: combination of Viola
yedoensis Makino, Taraxacum mongolicum Hand.-Mazz and Lobelia chinensis Lour.;
Viola+Taraxacum+Isatidis: combination of Viola yedoensis Makino, Taraxacum

mongolicum Hand.-Mazz and root of Isatis indigotica Fort.
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6.1.2 Quality control of herbal formula

Quality control of herbal formulas is a challenge for the development of herbal preparations
because of their complex composition. As stated before, TCM frequently uses the same
herbal formula to treat different diseases which makes the quality control of herbal formula
more difficult. The research question of Chapter 4 was: Is a pre-existing quality control
marker of formula in the ChP suitable for the new indication of that herbal formula. Hence,
esculetin, the marker used by the ChP monograph of Erding granules, was investigated for
the hyperuricemica treatment.

As mentioned by Guo DA, the key issues for studying and establishing quality standards
were described in four aspects: “a) analysis and characterization of the chemical
components in TCMs herbs and formulas; b) development of a comprehensive quality
control model instead of single marker approach is necessary for the quality control of
TCMs multiple component system, c) clarification of active or even effective components
in TCMs, and d) elaboration of scientific, practical and feasible quality standards.”

In this case, some researches recommended to discover the effect-associated maker using
an integrated multidiscipline based triarchic theory of “property-effect-component”. The
strategy includes the study of phytochemistry, analytical chemistry, computer-aided design,
pharmacology, system biology, and pharmacodynamics (70). There are several cases

which followed this strategy to determine the Q-marker. Zhang et al. confirmed the main
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alkaloids as Q-marker of Corydalis Rhizoma through a specific biosynthesis pathway
analysis of the chemical composition, pharmacodynamics, pharmacokinetics and network
pharmacology studies. In their study, to further confirm a specific alkaloidal compound,
the fingerprint method, the similarity analysis, and principle compound(s) analysis were
conducted among 11 batches (344, 69). Yao et al. (345) and Da et al. (346) used a similar
process to develop the quality standards of Panax Notoginseng Radix and Ganoderma
lucidum, respectively (345, 346). A similar research strategy was also extended to herbal
formulations. For example, in the Q-markers study of Yuanhu Zhitong Dropping Pill,
identified 51 components from the formula by HPLC-MS/MS. Then the prototype
components and metabolites were identified by HPLC-Q/TOF-MS and metabolomics.
Lately, computer-aided design, pharmacodynamics, pharmacokinetics, network
pharmacology approaches were employed to investigate the efficacy and mechanism of the
formula and principle components. Finally, they determined d-corydaline, dI-
tetrahydropalmatine, protopine, imperatorin, and isoimperatorin as the Q-markers for the
formula (347).

However, when a herbal formula was used for different diseases, it’s difficult to perform
the above strategy to determine bioactive quality control marker for each indications that
can be treated. An accurate and more practical strategy to discover bioactive quality control

markers needs to be developed for each indication of a herbal formula.
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6.1.3 Development of new TCM dosage form

The stability is one of the most important aspects for a nanocrystal formulation due to the
size reduction which increases the surface energy. In our study, the selection of stabilizers
was performed among common pharmaceutical excipients. However, during the screening,
we experienced difficulties to find a suitable excipient which resulted a stable esculetin
nanocrystal formulation. Recently, studies suggested the use of natural surfactants from
plants as novel “friendly” stabilizers for nanocrystal preparations. For example, saponins,
which are a widely distributed group of plant compounds. It has been reported that saponins
are present in more than 100 plant families. (348) This group of compounds exhibits
surfactant properties, such as detergent, wetting, emulsifying, and foaming properties, due
to the lipid-soluble aglycone and water-soluble sugar component in their structure (349-
352). These compounds are frequently used in the food industry as surface-active agents,
as a “label friendly” alternative for synthetic ingredients (353-355). Xie, et al (356) and
Chen, et al (357) used Panax Notoginseng saponins (PNS) and the triterpenoid saponin
(glycyrrhizin) as stabilizers to prepare Baicalein nanocrystals and andrographolide
nanocrystals, respectively. From their studies, both PNS and glycyrrhizin were not only
able to maintain the dispersion of nanocrystals in suspension but were also able to prevent
agglomeration during the drying process, given their interfacial properties, gel formation

properties, and electrostatic effects. To date, only a few studies on the use of natural
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compounds as stabilizers for nanocrystals have been reported (356, 357). Parallel to a guide
herb in a TCM formula, saponins help (emulsify; stabilize) others (esculetin) to reach their
targets and harmonize the properties (stabilize nanocryctals). The use of saponins derived
from the EF or from the individual herbs as stabilizer for esculetin nanocrystals should be

further investigated.

6.2 Conclusion

In this thesis, we presented an approach to apply a new indication, hyperuricemia, for a
traditional used EF. First, we proved that EF could lower the UA levels, control
inflammation and pain using modern pharmacological studies. At the same time, the study
confirmed the advantage of the compatibility concept by comparing the efficacy of the
herbal formula with the individual herbs from the formula in the treatment of
hyperuricemia. The study also revealed a rational approach to determine a bioactive marker,
esculetin, to ensure the therapeutic efficacy for patients when the same herbal formulation
was applied to treat a different disease. Furthermore, the study presented an approach to
develope a nanocrystal formulation of esculetin which is an active compound derived from
the herbal formulation.

The in vivo studies concluded that the therapeutic scope of EF can be extended to
hyperuricemia with esculetin as bioactive quality control marker. As well, the study
presents the possibility to develop an innovative nanotechnological product of the active
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substance derived from herbal TCM medicine. Our findings facilitate a better
understanding of TCM terms and concept through mechanistic scientific experiments. This
study revealed a potential pathway and an idea to modernize TCM without setting aside its
unique concepts. This might increase the global acceptance of TCM products. Furthermore,

the TCM concept might be useful in the development of multi-component drug products.

6.3 Future direction

In order to further confirm the effects of EF in acute gout treatment, a study should be
conducted in a UA crystal induced gout arthritis mouse model. The effects of EF on
enhancing UA excretion is reported in Chapter 3, while this pathway needs to be studied
in more detail. The other pathway, production of UA also needs to be studied. Here the
mechanism of suppressing xanthine oxidase activities needs to be evaluated for the EF.
This may further confirm the advantage of compatibility concept in TCM. Additional
studies to determine the mechanistic pharmacological activity and the TMC role of
Taraxacum, Lobelia and Isatidis in EF for hyperuricemia treatment are necessary.

The TCM concept that “Using the same formula to treat different diseases” should be
further investigated and confirmed using other formulas. To ensure the quality and efficacy,
an accurate and practical strategy needs to be developed to discover bioactive quality

control markers for each indication of a herbal formula.
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Chapter 5 demonstrated that the created nanocrystal formulation increased the saturation
solubility of esculetin, and the dosage form was robust and stable. The purpose to prepare
esculetin nanocrystals was to enhance the bioavailability and eventually efficacy of
esculetin. In this case, dissolution tests, cytotoxicity assessments and/or in vivo studies
should be conducted to further investigate the viability of esculetin nanocrystals. The use
the natural compounds derived from the plants as stabilizers for nanocrystal formulation
should be considered in the future. The concept of multi-herb therapy in TCM might be a
good model to apply to the development of multi-drug fixed dose combination therapies;

this approach needs be investigated further.
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1. Introduction

Dissolution testing has been recognized as an important tool for both drug development
and quality control because it determines the rate and extent of the drug release from orally
administered pharmaceutical products. In addition, dissolution testing can also provide an
in vitro prediction of the in vivo drug absorption in certain cases. Biowaivers utilize
dissolution testing to assess similarity between two products, if proven to be equivalent,
then bioequivalence studies are deemed to be unnecessary (359, 360). However, when a
new oral dosage form is developed, one must ensure that the drug release occurs as desired
by the product specification. Mathematical models can be applied to express the dissolution
data as a function of parameters related to pharmaceutical dosage to characterize the in
vitro drug release behavior (361).

A dissolution profile is a measurement of in vitro drug release from a preparation in a
receptacle media over a period of time. Multiple samples are normally collected at several
time points. The resulting curve represents the mean cumulative drug dissolved over time.
The dissolution test procedure can be differentiated into two categories: (1) if the collected
sample volume is not replaced with equal amount of receptacle media, both the receptacle

volume and drug are lost during sampling, and the equation for drug release quantity is

F_Ct* [Vor—(n—1)Vg] .
t—1 »
Dose—Y1"" Ct*Vs

(2) if the collected sample volume is replaced with equal amount of

receptacle volume, only the amount of drug removed must be considered, and the equation

CexVor
Dose-Yt™1 CpxVg

for drug release quantity at each time point is F= . In these equations F is the
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quantity of drug release, Ct is the concentration at this time point, and Vor and Vs are
original receptacle volume and the collected sample volume, respectively. As seen, the
sample correction might be necessary and should not be omitted to achieve the actual
dissolution profiles (362).

Dissolution data analysis is performed by comparing dissolution profiles statistically or
using mathematical models to quantify or characterize the drug release from a
pharmaceutical dose form. Most commercial statistical software programs which are used
in pharmaceutical R&D are not designed for the statistical evaluation of dissolution pro-
files but evaluate pharmacokinetic parameters. To reduce the calculation time and to
eliminate calculation errors, researchers designed the DDSolver program (363), which is a
free and ready-to-use Excel plug-in program that allows the modeling of the dissolution
data using 40 built-in dissolution models. In addition, this software allows a similarity
analysis to be performed using well-established profile comparison approaches. The
program provides an efficient data analysis report to summarize the dissolution data
analysis.

This report aims to evaluate the application of the DDSolver program for analyzing
dissolution data from different drug release systems. A particular focus is on the application
of DDSolver to compare the dissolution profiles as described in leading regulatory
guidelines (364-369). Similarities between the different dissolution profiles were

investigated according two different aspects: (1) characterization of drug release, (2) in
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vitro similarity of profiles for biowaivers applications (370). The similarity factor (f2) (371)
is a comparison method that is recommended by regulatory guidelines. As a simple
measure of profile similarity, f2 is obtained by comparing the mean percentage of the drug
released at each sampling time point for two curves and is defined as the logarithmic
reciprocal square root transformation of 1 plus the averaged squared mean differences as

follows:

f, =50-log {”li(& _TI)ZT'S xlOO}
=1
where n is the number of time points and Rt and Tt are the average percentage of active
pharmaceutical ingredients (API) dissolved in the reference and test products, respectively,
at time t. The value of f> falls between 0 and 100, and two profiles are considered to be
similar when f> ranges between 50 and 100. The FDA guideline (365) suggests that f>
could be used to compare dissolution profiles when the following criteria are satisfied: (1)
sufficient sampling times are available with a minimum of 3 excluding t = 0; (2) the
individual dosage unit for each product should be 12; (3) only a single sampling time
should be considered when the percent drug release exceeds 85%; (4) the sampling times
should be the same for the two products; and (5) the within-batch coefficient of variation
(CV) should be below 20% for the early time points and below 10% for other time points.

An f2 comparison is unnecessary when both the test and reference products exceed 85%

dissolved within 15 min. Products are considered to be similar because they meet the “very
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rapidly dissolving” standards set by the European Medicines Agency (368). When the
within-batch CV exceeds 15%, multivariate confidence region, procedures are
recommended over f2 (365, 372). This comparison approach is built into the DDSolver
program as well; however, because our study does not feature any data with a CV above
15%, this approach is not discussed in this report.
Mathematical modeling of drug release can be used in optimizing the design of novel
dosage forms, elucidate the underlying drug release mechanisms, and adequately estimate
the required parameters and preparation procedures for different dosage forms (373). Many
mathematical theories on dissolution behavior have been described in the literature (374-
376). The DDSolver software features 40 models built into its library that can be used to
directly calculate the parameters and the appropriateness of each model. Our report
investigated the drug release mechanism for gelatin nanoparticles by fitting the dissolution
data with the Korsmeyer-Peppas (K-P) (377) model and its modified forms using
DDSolver.
The K-P model, the so-called power law, has frequently been used to describe the drug
release phenomena of various modified-release pharmaceutical dosage forms. The
following equation is used for the K-P model:

F=kt™"
where F is the cumulative quantity of drug released at time t, k is a constant that

incorporates the structural and geometric characteristics of the device, and n is the release
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exponent. The value of n helps to define the mechanism of drug release. The K-P model is
a decision parameter to identify drug transport mechanism. The value of n is used to
differentiate between the various drug release mechanisms (378, 379) as described in Table
1. The use of the n value as a criterion to discriminate dissolution mechanisms is influenced
by the nature and geometries of the drug delivery system. Generally, an early portion of a
release profile (F < 60%) is used in the model.

Table 1. Exponent n of the power law and drug release mechanism from polymeric

controlled delivery systems of different geometries.

Exponent, n Drug release
mechanism
Thin film Cylinder Sphere
0.5 0.45 0.43 Fickian diffusion
0.5<n<1.0 0.45<n<0.89 0.43<n<0.85 Anomalous transport
1.0 0.89 0.85 Case-II transport

According to Table 1, the drug release mechanism could be separated into three cases: (1)
Fickian diffusion, which could be observed in nonswelling systems or in cases where the
relative relaxation time of polymer is much shorter than the characteristic diffusion time in
water with water transport controlled by a concentration gradient; (2) case II transport,
which refers to the erosion of the polymer chain; and (3) anomalous transport, which is
intermediate to Fickian and case II transport (380).

Two modified forms of the K-P equation are used to describe the late onset in the release
rate (T'lag) at the beginning of the release profile (376) and the initial burst release effect

(F0), respectively (381). The equations are modified in the following manner:
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F=k(t—"Tyqg)"
and
F=kt" —Fp

Several issues should be considered when fitting the dissolution data to a suitable model.
The theoretical calculations should be compared with the experimental results to perform
a simulation adjustment of the model parameters. It is possible to obtain a good fit even if
the model is inappropriate for the drug delivery system. In addition, if adequate
experimental evidence is provided, one should use that evidence no matter how well
theoretical models agree with the dissolution results (373). The selection of suitable criteria
for fitting a model from a number of statistical criteria that are featured in the DDSolver
program is critical. The three most important criteria for the selection of a dissolution
model include the following: the adjusted coefficient of determination (R2, justea) (361),
the Akaike Information Criterion (AIC) (382), and the model selection criterion (MSC)
(383). These criteria produce different values for assessing the appropriateness of a model.
In addition, several other useful and efficient modules are built into the DDSolver program,
including a dissolution sampling-volume correction and a calibration curve analysis. This
report focuses on the analysis of dissolution data to evaluate the application of the
DDSolver program to two dissolution studies: (1) the comparison of dissolution profiles
between different products, (2) fitting of drug release data to the K-P model and its

modifications.
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2. Materials and Methods

The model data used in this paper were obtained from two recent research projects of the
authors.

The data used to evaluate the dissolution profiles were obtained from the dissolution study
of three different 250 mg amoxicillin capsules purchased from China, which are labeled A,
B, and C. The test units were placed in a VK 7020 dissolution tester with six vessels, a VK
8000 autosampler station (Agilent Technologies, Carey, NC), and a USP apparatus 2. The
Japanese Pharmacopeia Basket Sinkers (Quality Lab Accessories, Brigewater, NJ) which
are compliant with USP were utilized. In the dissolution process, 1.25 mL sample was
collected at 10, 15, 20, 30, 45, and 60 min without sample replacement from a 900 mL
receptacle volume, respectively. The profiles after sample correction are shown in Figure
1 and used for profile comparison. Figure 2 shows profiles in the presences and absences

of sample correction.
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Figure 1. Dissolution behavior of three 250 mg amoxicillin products in simulated intestinal

fluid.
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Figure 2. Dissolution profiles of three 250mg amoxicillin products in simulated intestinal

fluid before or after sample correction.

237



Two groups of gelatin nanoparticle data were used to determine which K-P model provides
the best fit. The detailed materials and methods of this study were published by Gao, et al.
(384). In brief, the drug release from gelatin nanoparticles was determined in the presence
of trypsin named as group 1, whereas in the second case, drug release from gelatin
nanoparticles was measured in the absence of trypsin regarded as group 2, as shown Figure
3. All of the other conditions were held constant; it was expected to see different drug
release from these nanoparticles because trypsin will cause a forced degradation of the
nanoparticles. The cutoff values of the exponent n used to distinguish between the different
drug release mechanisms were n = 0.43 and n = 0.85. An Excel (Microsoft Corporation,
Redmond, WA, USA) worksheet was used as a control computing method for comparison
with the results obtained using the DDSolver program. All data were entered into Excel
according to the example format for each built-in module of the DDSolver. The relevant
parameters were calculated following the equations step-by-step utilizing an Excel
spreadsheet. The R2, justea vValue was used as the model selection criterion with the best

model exhibiting the Rjjysceq Value closest to 1.
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Figure 3. Dissolution profile of gelatin nanoparticles in the presence or absence of trypsin.
3. Results and Discussion

3.1. Sample Correction.

Figure 2 shows that slight differences will be observed in the presence or absence of sample
correction which is expected. In general, the amount of sample volume removed without
replacement impacts the dissolution result. The sample correction can be applied
mathematically either to the raw concentration (obtained from sample analysis) or as
percent released, as performed in this study.

3.2. Profile Comparison.

The profiles in Figure 1 were compared with f2 statistic in which only one drug release
measurement of the tested product is allowed to exceed 85%. Therefore, the time points
chosen for tested products, A and B, A and C, and B and C groups, were 10 to 30min, 10

to 20 min, and 10 to 20 min, respectively. The values of /2 were 23.21, 46.66, and 17.91
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for these groups, respectively, which suggests that the three products were dissimilar.
However, if all of the data points collected during the dissolution process were considered,
values of 24.08, 52.81, and 19.67 were observed, which differs from those obtained using
only one measurement over 85%. A comparison of the products A and C reveals that the
dissolution results were similar. The same results were obtained with Excel and DDSolver.
When using Excel to calculate the f2 value, the number of time points n used in the
equation must be carefully accounted for, because n can vary among comparison groups
and may not equal the number of time points collected during the experiment. Excel
calculates the f2 value step-by-step using the equation and can thus only compare two
products at once. Accordingly, with several different products, the calculations between
each product may require a significant amount of time. Hence, when generating a profile
comparison, the DDSolver program could reduce the errors and calculation time that are
necessary with Excel.

f2 is actually insensitive to the shape of the dissolution profiles and is difficult to assess
both type I and type II errors because there is no mathematical formula included for the
statistical distribution of f2 (363, 385), which is the major drawback of f2 (386).

The bootstrap method is proposed as a tool to estimate the statistical distribution of the data
and employ a confidence interval approach of f2 (385). Bootstrap of f2 generates a new
population of dissolution profiles through random samples with replacement from 12 units

of the test and reference batches, respectively (385, 386). It is possible to assess the
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similarity of dissolution profiles with large variability if the data populations are identically
distributed. Compared to f2, bootstrap-based f2 is more accurate in similarity comparison
of dissolution profiles and especially important if the f2 value is less than 60 (387).
Building the bootstrap based f2 module into DDSolver makes the similarity comparison
of dissolution profiles convenient and accurate.

3.3. Model Fitting.

Most of in vitro kinetics of drugs released from nanoparticles under various conditions can
be described by the K-P model.

The K-P and the modified K-P models were investigated to identify the most appropriate
model to describe the in vitro drug release kinetics for the selected nanoparticle
formulations. The tested drug delivery system was gelatin-nanoparticles in which gelatin
was used as a hydrophilic carrier, which is bioerodible and can swell.

From the results, n values outputted by K-P, K-P Tlag, and K-P F0O models for group 1
(gelatin nanoparticles in the presence of trypsin) were 0.343, 2.942, and 2.291 with

RZ, justea Were 0.812, 0.899, and 0.995, respectively. For group 2 (gelatin nanoparticles
in the absence of trypsin), the K- P, K-P Tlag, and K-P FO models that outputted the n as
0.392, 0.322, and 0.055 with Rﬁdjusted were 0.949, 0.958, and 0.968, respectively. The n
value used to discriminate between diffusion, anomalous transport, and erosion was 0.43
and 0.85, respectively. According to the results, the K-P FO model and drug release by

erosion were appropriate for group 1, whereas the K-P Tlag model should be used for group
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2. This is because FO value of the model for group 2 is negative (FO = —199.0), even if
Réajustea is the most close to 1.

For group 1, with the presence of trypsin, the enzymatic degradation of nanoparticles
should be taken into consideration. Generally, two erosion mechanisms exist:
heterogeneous and homogeneous erosion of a polymer matrix. The heterogeneous erosion
is surface erosion with degradation, which only happens at the surface of a polymer matrix.
This erosion most likely takes place in hydrophobic polymers, as water is excluded. As
hydrophilic polymers absorb water, they favor homogeneous erosion (bulk erosion) which
is the result of degradation occurring through the polymer matrix (388, 389). As gelatin is
a kind of hydrophilic polymers, the degradation of gelatin nanoparticles induced by trypsin
could be defined as homogeneous erosion, and the dissolution behavior of group 1 can be
characterized as having an initial burst release (373). Thus, the K-P FO model exhibited
drug release by erosion mechanism which is a more appropriate model for group 1.

For group 2, in the absence of trypsin, polymer swelling may play an important role in the
control of drug release from the gelatin nanoparticles. Then polymer swelling should also
be taken into consideration because it may increase the length of the diffusion pathways,
decrease the drug concentration gradients, and potentially decrease the drug release rate
(373). Therefore, the K-P Tlag model was found to be an appropriate model to describe the
drug release from gelatin nanoparticles form group 2 as well as the statistical result

obtained by DDSolver.
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When Excel was used to obtain the n value for the K-P model, the experimental data were
plotted on a logarithmic scale according to the equation, and the n value was determined
using the slope (390). The DDSolver program uses the nonlinear least-squares curve-fitting
technique to estimate such parameters by fitting the nontransformed dissolution data to the
model. DDSolver employs the Nelder-Mead simplex algorithm, which is considered to be
the most robust minimization algorithm (391), to minimize the objective functions, sum of
squares or weighted sum of squares, and then obtain the best parameters.

The results for the two groups obtained by Excel using the K-P model were 0.309 and
0.794 and 0.437 and 0.963 for the n and R2, justea Vvalues, respectively. The results
obtained using Excel differed slightly from those obtained using the DDSolver program.
In particular, the n values in the K-P model estimated by Excel and DDSolver for group 2
were 0.437 and 0.392, respectively. Because the n value used to assess the drug release
mechanism of the nanoparticles was 0.43, the difference in the n values indicated that the
drug release mechanism of group 2 was either anomalous transport (according to Excel) or
the Fickian diffusion mechanism (according to the DDSolver). As explained earlier, the
different results from two methods are because when using Excel, the nonlinear data were
first transformed to create a linear relationship and then were analyzed with linear
regression while DDSolver used nonlinear optimization methods to facilitate the modeling

of dissolution data (362). For nonlinear data, using nonlinear regression is more sensitive
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than transforming the data to create a linear relationship because the transformation may
distort experimental errors (360).

In addition, the use of Excel to estimate the modified K-P model parameters proved to be
difficult. Future work has to focus on additional calculation approaches that can minimize
the errors in the model parameter values while describing the dissolution behavior.

3.4. Model Selection.

Several other mathematical dissolution models are built into the DDSolver program to
estimate the drug release mechanisms, such as the Hixson-Crowell (H-C) model (391, 392),
Baker-Lonsdale (B-L) model (393, 394), and Hopfenberg model (395). Because the
degradation of gelatin nanoparticles is characterized by a homogeneous erosion as
mentioned above, the H-C model, which describes the release profile of drug particles with
a diminishing surface area during dissolution (396), and the Hopfenberg model, which
describes the heterogeneous erosion (397), cannot be applied. Thus, this report only
discusses the B-L model.

The B-L model was developed from the Higuchi Model (398, 399) to describe drug release
as a diffusion process based on the Fickian law. It can be represented by the following

expression:

— — t

2
3 (1 F)§ F  3DC,
100 12C,

244



where F is the cumulative quantity of drug released at time ¢, D is the diffusion coefficient,
Cs is the saturation solubility, 7o is the initial radius of a sphere, and Co is the initial drug

loading in the matrix. DDSolver, uses kBL rather than Bf—c

% in the equation. As these
T'O CO

parameters are all constants, when using DDSolver to fit the data to the B-L model, it is
not necessary to consider and input the value of these parameters and the output only
provides the value of ksL.

The R2, justea  values obtained for group 1 (gelatin nanoparticles in the presence of
trypsin) using the B-L. model and B-L model were 0.376 and 0.798, respectively, and the
values were 0.945 and 0.940 for group 2 as determined by DDSolver. The results showed
that the B-L model did not provide a good fit for group 1, which means that it did not
follow Fickian diffusion. In contrast, RZ, justea value of the B-L model for group 2
(gelatin nanoparticles in the absence of trypsin) was nearly 1, which illustrated that this
group may follow Fickian diffusion. Both of these findings were consistent with the
kinetics of drug release from gelatin nanoparticles defined by the K-P model using case 11
transport and diffusion mechanisms, respectively.

3.5. Report Features in DDSolver.

Outputs of DDSolver are displayed for each analysis as text and graphic mode in Microsoft
Excel dataset or as text only in Word which is very convenient for the user because it can
be incorporated in customized reports. The copies of DDSolver reports of a spreadsheet for

profile comparison and model selection are shown in Figures 4 and 5, respectively.
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DDSolver 1.0 In-vitro Dissolution Profile Comparison

Analyst Jieyu

Time Unit min Date B
Method Similarity factor, f2 Time 23:24:26
Time Ref.1
(min) F(%) Mean SD RSD(%)
10 60.79 60.79
15 73.48 73.48
20 80.13 80.13
30 86.97 86.97
Time Test.1
(min) F(%) Mean SD RSD(%)
10 33.82 33.82
15 38.66 38.66
20 42.63 42.63
30 50.01 50.01
f2 Ref.1
Test.1 23.21
Mean_Rvs Individual _T Mean_Rvs Mean_T
Mean SE
f2 23.21 23.21
Isf20 [50,100] betweenMean_RandMean_T No
Similarity of Rand T Reject

Mean Dissolution Profiles with SD

90 —e—Reference
80 —m—Test

30 A

Fraction dissolved (%)

20 ]
10 3

0 : : : : ; ;
0 5 10 15 20 25 30 35
Time (min)

Figure 4. Example DDSolver report of profile comparison.
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DDSolver 1.0 Dissolution Data Modeling of Korsmeyer-Peppas Model

Time Unit h Analyst Jieyu
Model Korsmeyer-Peppas Date 2013-3-23
Equation F=kKP*t"n Time 23:50:21
Time No.1
(h) F(%) Mean SD RSD(%)
0.5 34.57 34.57
1 37.30 37.30
1.5 44.56 44.56
2 54.10 54.10
Time No.1
(h) F(%)_Pre Mean SD RSD(%)
0.5 31.93 31.93
1 40.51 40.51
1.5 46.56 46.56
2 51.40 51.40
Parameter No.1 Mean SD RSD(%)
kKP 40.511 40.511
n 0.343 0.343
Parameter No.1 Mean SD RSD(%)
T25 0.245 0.245
T50 1.845 1.845
T75 6.009 6.009
T80 7.252 7.252
T90 10.218 10.218
Parameter No.1
N_observed 4
DF 2
R _obs-pre 0.9357
Rsqr 0.8748
Rsqr_ad;j 0.8122
MSE 14.3114
MSE_root 3.7830
Weighting 1
SS 28.6227
WSS 28.6227
AlIC 17.4168
MSC 1.0780

Figure 5. Example DDSolver report of model selection.
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4. Conclusion

DDSolver is a free calculation and/or statistic program used to analyze dissolution data or
fit drug release data. Because DDSolver can aid in reducing calculation errors and
calculation time, it is a suitable tool for day-to-day comparisons of dissolution data.
Researchers must understand each part of the program and the various models prior to

using the program from both statistical and pharmaceutical aspects.
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Appendix 2 Challenges and opportunities to use

biowaivers to compare generics in China

This study has been published as Jieyu Zuo, Yuan Gao, Nadia Bou Chacra, Raimar
Lobenberg. Challenges and Opportunities to Use Biowaivers to Compare Generics in
China in AAPS PharmSciTech. 2014;15(5):1070-5.Reference (400)
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Introduction

Most developing countries adopt national medical policies that (401) provide their
residents access to essential medicines. The World Health Organization’s (WHO) vision
for essential drugs is (402) that people worldwide have the right to healthcare under the
“principles of accessibility, availability, appropriateness, and assured quality to medical
goods and services.”

To achieve this goal, it is important to accelerate drug approval and make generics available.
Usually, a generic manufacturer must conduct clinical bioequivalence testing of the generic
product. This is done by comparing it with an innovator product and establishing
therapeutic equivalence. These studies can be extremely expensive and time consuming.
The United States (US) Food and Drug Administration (FDA) introduced biowaivers based
on the biopharmaceutical drug classification system (BCS) in 2000 (403). Bioequivalence
between products can be established using dissolution testing as surrogate (404). In 2006,
the WHO published a proposal (405), which allows generic drug approval based on
biowaivers. This proposal is based on the availability of innovator products or well-
documented generics as reference products. However, many innovator products or their
therapeutical equivalents are unavailable in many countries, particularly in developing
countries. Generally, an interchangeable multisource (generic) product is therapeutically
equivalent when exhibiting both pharmaceutical equivalence and bioequivalence to an

innovator product (406). Moreover, a pharmaceutically equivalent product contains the
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same active ingredients and salt form, requires the same dosage form and route of
administration, and has the same strength as its comparator product (407).

Currently, governments worldwide struggle to offer high efficacy health-care services at
affordable costs. For many countries, producing generic products instead of buying
innovator products provides an efficient mechanism for reducing drug costs by
approximately 50 to 89% (408, 409).

China is the world’s largest developing country and accounts for 20% of the global
population. The Chinese domestic drug market is growing rapidly. In 2011, China overtook
Germany to become the third largest pharmaceutical market in the world, and it is predicted
to overtake Japan by 2015 to become the second largest pharmaceutical market after the
USA (410, 411). From 2013 to 2020, the Chinese market will continue to rapidly expand
(410, 412-413). However, the size of the Chinese pharmaceutical market primarily results
from its large population and increasing aging population rather than its maturity, as it is
still an emerging market (410, 412).

A previous study suggested that if Chinese public hospitals exchange four different
innovator products with their generic equivalents, they could reduce medical costs by
US$370 million (409). Therefore, the use of generic products can reduce the cost of drug
therapy. In the next 5 years, patents worth US$77 billion are estimated to expire for certain
innovator products. This wave of patent expirations will significantly boost generic

manufacturers and generic sales (412).
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The centralized drug regulatory authority in China, the China Food and Drug
Administration (CFDA), is responsible for supervising the regulations related to food,
drugs, medical devices, and cosmetics in the provinces, autonomous regions, and
municipalities. The CFDA correlates to the FDA in the USA. Specific to China, the CFDA
classifies the generic products into the following categories: (1) generic products based on
traditional Chinese medicines or natural drug injections, (2) generic chemical products, and
(3) biosimilars (414). The presented research only focuses on generic chemical products.
In fact, generic drugs are the mainstay of China’s pharmaceutical market and are likely to
remain so for a long time. There are 7,019 pharmaceutical companies in China (415), most
of which produce generic drugs. China will most likely continue to rely upon the
widespread prescription of generics through its public insurance plan to maintain overall
healthcare expenditures (412). The CFDA approved 644 domestic drug registrations in
2011, 67.7% of which were for generic drugs (416). Thus, ensuring that large amounts of
pharmaceutical products in the market are therapeutically equivalent is a challenge for the
different level regulatory agencies in China. The practitioners have no knowledge which
reference product was used to make a generic since no reference products are officially
listed.

The objective of this study was to evaluate the performance of two widely used BCS I drug

products, amoxicillin and metronidazole, which are marketed in China. The dissolution
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behaviors of these products were compared to establish bioequivalence between products
as used for biowaivers.

Methods

Chemicals

The amoxicillin (KOH332) and metronidazole (HOF263) reference standards (RS) were
obtained from US Pharmacopeia (USP, Rockville, MD, USA). Acetonitrile HPLC Grade,
potassium phosphate, potassium hydroxide, and sodium acetate were purchased from
Caledon (Georgetown, ON). Hydrochloric acid, glacial acetic acid, sodium hydroxide,
sodium chloride, and HPLC-grade phosphoric acid were purchased from Fisher Scientific
(Fairlawn, NJ). All chemicals were USP grade except where specified.

Test Products and Media

All products were purchased from a pharmaceutical market in China and were tested prior
to their expiration dates. The various strengths of the amoxicillin capsules and
metronidazole tablets are listed in Tables I and II, respectively. The authors used three 250-
mg amoxicillin products, A, B, and C and two 500-mg amoxicillin products, D and E, for
the evaluation. Four metronidazole tablets were tested, A, B, C, and D. Simulated gastric
fluid (SGF), acetate buffer (pH 4.5 USP), and simulated intestinal fluid (SIF) were prepared

without enzymes according to the procedure for USP test solutions.
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Table I. Amoxicillin capsules

Product Manufacturer Lot number  Expire Date  Approval
Number

Amoxicillin Liaoyuan 120302 02/15 H22025159
250mg Yulongyadong

Pharmaceutical

Co., Ltd.
Amoxicillin Shijiazhuang 120310 02/15 H13020051
250mg Kanghewei

Pharmaceutical

Co., Ltd.
Amoxicillin Hong Kong 18858 02/16 HC20090039
250mg United

Laboratories

Co., Ltd.
Amoxicillin Zhuhai United 20505011 04/16 H20003263
500mg Laboratories

(Zhongshan)

Co., Ltd.
Amoxicillin North China 1111203 10/14 H20043535
500mg Pharmaceutical

Group

Corporation
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Table II. Metronidazole tablets

Product Manufacturer Lot number Expire Approval
Date Number

Metronidazole Feiyunling 120401 03/14 H52020150
200mg Pharmaceutical

Co., Ltd.
Metronidazole Shanxi Tongda 111201 11/14 H14022863
200mg Pharmaceutical

Inc.
Metronidazole Grand Pharm 120543 04/15 H42021947
200mg (China) Co.,

Ltd
Metronidazole Huazhong 20120524  04/14 H42040388
200mg Pharmaceutical

Co., Ltd.

Dissolution Test

A VK 7020 dissolution tester with six vessels, a VK 8000 auto-sampler station (Agilent
Technologies, Carey, NC), and a USP apparatus 2 were used for the studies. For the capsule
products, the Japanese Pharmacopeia Basket Sinkers (Quality Lab Accessories, Brigewater,
NJ) which are compliant with USP were utilized. Preheated and degassed media (900 mL)
were used to fill each vessel without the inclusion of air. The test was initiated at 75 rpm
once the temperature was confirmed in all vessels. The medium (1.25 mL) was collected
and filtered, and 1 mL was transferred into a vial from each vessel at 10, 15, 20, 30, 45,
and 60 min. The remaining fluid was discarded, and the drug concentration was

computationally corrected because the medium was not replaced after sampling.

HPLC Assay
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The quantity of drug released from the products was determined using a high-performance
liquid chromatography (HPLC) system. The flow rate was 1 mL/min, and the injected
sample size was 10 puL. The run time for each drug was approximately 3—3.5 min. The
retention time ranged from 2 to 2.5 min. A LiChrosphere RP 60 Select B column (12.5% 5
mm) (Merck, Darmstadt) with a guard column was used.

Amoxicillin

For the HPLC assay of amoxicillin, UV detection occurred at 219 nm. The mobile phase
was 5% acetonitrile and a 95% pH 5.0 buffer. The pH 5.0 buffer was 6.8 g KH2PO4 in 900
mL water with the pH was adjusted to 5.040.1 to yield 45% KOH with an adjusted volume
of 1,000 mL. The correlation coefficient of the calibration curve was at least 0.999 for each
medium over the expected concentration range from 3.75 to 120% with a coefficient of
variation (CV%) of 1.95 in SGF, 2.00 in pH 4.5 buffer, and 2.56 in SIF.

Metronidazole

The HPLC assay of the metronidazole utilized UV detection at 228 nm, and the mobile
phase consisted of water/ acetonitrile (66:34). The calibration curve was linear for the
concentration range between 3.75 and 120% with a correlation coefficient of at least 0.999
for each medium and CV%s of 1.73 in SGF, 2.02 in pH 4.5 buffer, and 1.59 in SIF.
Uniformity of Dosage Units

Weight variation was used to assess uniformity between test units; homogeneous drug

distribution was assumed, and weight variation was used to link potential drug release
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differences to weight differences of the test units. The weights of 18 to 36 capsules or
tablets were recorded for each tested product. The weight variations were calculated as

relative standard deviations (RSD) using the following equations:

Xi—X)?
5 &%

n—-1

b

100s

RSD (%)== ,

in which s represents the standard deviation, Xi is the individual weight, X is the mean of
all weights, and n is the number of samples measured (417). Generally, the RSDs are <
6.0%.

Data Analysis

All dissolution data were evaluated using an Excel spreadsheet, and the results were plotted
for each product. If two products both exhibited a drug release above 85% within 15 min,
indicating a very rapidly dissolving product as defined by the WHO (404), then they were
considered similar for that medium. Therefore, if the average drug release for six units of
a drug product at 15 min was below 85%, an additional six samples were evaluated for that
product, and the similarity factor (f2) was calculated for two products which were compared
with each other using DDSolver, an Excel-plug-in module (418). The in vitro equivalence
among the various test products was established when the dissolution profiles were similar
in all three test media according to the f> evaluation.

Results

Amoxicillin
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No innovator product could be identified for the Chinese market. Therefore, the available
products were compared only to each other.

The 250-mg amoxicillin capsules varied in weight between 369.3 and 388.5 mg, with an
observed RSD between 1.0 and 2.6%. The mean weights of the two 500-mg amoxicillin
products were 693.6 and 684.4 mg, with RSDs of 0.7 and 1.7%, respectively.

The drug release profiles of the three 250-mg amoxicillin capsules are shown in Figure 1.
Figure 2 presents the dissolution behavior of the 500-mg amoxicillin products. Both figures
indicate that the amoxicillin is chemically unstable in SGF, which is consistent with the
findings of Loebenberg et al. (419) who studied amoxicillin products in the Americas.

As shown in Figure 1, the 250-mg amoxicillin products A, B, and C dissolved rapidly in
SGF only. All three products were less than 85% dissolved in 15 min in the pH 4.5 buffer
and in SIF. All three products failed their f> comparisons in SIF (f2 = 23.21, 46.66, and
17.91). In the pH 4.5 buffer, product B was unlike products A and C (/2 =24.12 and 20.27),
whereas product A was similar to C (2 = 60.84).

Figure 2 provides the drug release profile of the 500-mg amoxicillin product E, which
rapidly dissolved in all three media. The 500-mg product D dissolved rapidly only in SGF
with a drug release of less than 85% after 15 min in the pH 4.5 buffer and SIF. The two
500-mg products were also different.

Therefore, the 250- and 500-mg amoxicillin capsules were not equivalent to the other

products of the same strength in vitro.
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Figure 1. Dissolution behavior of 250-mg amoxicillin capsules.
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Figure 2. Dissolution behavior of 500-mg amoxicillin capsules
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Metronidazole

The variations in the weights of all tested metronidazole tablets ranged from 249.2 to 289.9

mg, with an RSD ranging from 1.1 to 3.5%. The in vitro drug release behavior of the 200-

mg metronidazole tablets is presented in Figure 3. Products B, C, and D dissolved very

rapidly in all three media, and they were considered equivalent to each other in vitro.

Product A dissolved rapidly only in the pH 4.5 buffer and SIF, with less than 85% dissolved

after 15 min in SGF. Therefore, the drug release profile of product A was unlike the other

three products.
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Figure 3. Dissolution behavior of metronidazole tablets

For amoxicillin, neither an amoxicillin comparator pharmaceutical product (CPP) listed in

the WHO Guidance on the selection of comparator pharmaceutical products for

260



equivalence assessment of interchangeable multisource (generics) products (420), Amoxil
from SmithKline Beecham, nor the listed reference drug in the FDA’s Orange Book (407),
Amoxicillin from TEVA, was available on the pharmaceutical market in China (421) or
Canada where the study was undertaken (422). For metronidazole, the strength of the
metronidazole purchased from China is 200 mg, different to the strength of 250 mg that
sold in North America. According to the WHO guidance (420), the innovator product for
metronidazole cannot be identified and no specific CPP exists. In 2007, the CFDA defined
that the reference products used for generics development in China should be innovator
products if they are available on the domestic market; otherwise, market-leading products
can be used instead (423). Identifying market-leading products as reference products for
generics remains challenging when the innovator products are discontinued or unavailable
in a country’s pharmaceutical market (424). Therefore, this study can only determine
whether the tested products are in vitro equivalents to each other.

Based on the results, none of the amoxicillin products were in vitro equivalents at the same
dose and dosage form tested. To ensure the therapeutic equivalence of these products, an
in vivo study must be performed despite the possibility to request a biowaiver.

All of the tested products were approved by the regulatory agency, and they are presumably
bioequivalent in vivo. However, our results illustrate that the in vitro behaviors of various
amoxicillin brands were not similar. If an innovator product is discontinued or is

unavailable on the Chinese market, then it is impossible to know for the practitioner which
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reference product was used. Furthermore, it is not known whether different reference
products exist and whether these products are bioequivalent to each other.

Figure 3 also indicates that product A of metronidazole dissolves slower in SGF than in
the pH 4.5 buffer and SIF, which is surprising because metronidazole is a weak base with
a maximum dissolution at approximately pH < 2.0 (425). This result may depend on the
excipients used in the formulation.

Generally, establishing a reference product and applying a biowaiver for equivalence
assessment simplify the approval process for several generic products, aid generic
manufacturers in reducing their drug development costs, and eliminate the ethical question
raised by hundreds of bioequivalence studies necessary if biowaivers are not used.
According to the Regulation on the Drug Registration promulgated by the CFDA in 2007
(414), once the drug quality is controlled by defined processes and standards, 1824
subjects are typically required for each chemical generic product in a bioequivalence study.
According to the Pharmacopoeia of the People’s Republic of China, there are three
different strengths (125, 250, and 500 mg) of amoxicillin capsules (426) and three different
strengths (100, 200, and 250 mg) of metronidazole tablets (427) sold in China. Therefore,
as expected, the CFDA lists 372 types of amoxicillin capsules and 692 types of
metronidazole tablets marketed in China from different manufacturers with different
strengths (428). For each product, the overall approval process may take 1 to 2 years. Even

if the cost of clinical testing performed in China is only half or one fifth of that in the USA
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(429), for the massive amount of generic products marketed in China, the overall cost of
clinical trials remains large. These costs could be saved by establishing the reference
products and in vitro equivalences to waive the in vivo bioequivalence studies for
qualifying generic drug products.

During this study, the CFDA released (December 2012) a recommendation that suggested
reforming the drug approval review process by enhancing its efficiency (430), providing
more effective and safe medical services, and ensuring citizen rights to high-quality health
care. Based on this initial statement, the CFDA (February 2013) issued a scheme to
evaluate generic quality consistency and establish a standard to reevaluate and control the
quality of the essential generic products that were approved prior to 2007 (431). In this
scheme, the CFDA will define the standard in vitro evaluation methods of generics by 2015,
identify the universal standard reference products, and allow biowaiver studies. All
essential generic products that were approved prior to 2007 will be reevaluated according
to the new regulations. After being reevaluated, the generic approval time in China will
decrease 8 to 12 months.

Therefore, establishing a reference product is valuable for the development of
pharmaceutical manufacturers in China. This benefits both the government, which may
reduce the approval processing time, and the manufacturers, who may reduce their
development costs. These reference products may also aid the regulatory agencies in

overseeing the quality of various product batches.
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Conclusion

Three of the four tested metronidazole tablets exhibited in vitro equivalence, whereas none
of the amoxicillin products tested exhibited in vitro equivalence. To determine the
bioequivalence of these amoxicillin products, clinical trials must be performed. Compared
with clinical trials, the in vitro equivalence studies are a less time-consuming and a
lowercost method of ensuring bioequivalence of between drug products. The difficulty in
identifying a reference product on the Chinese domestic market may result in the use of
different reference products by different generic manufacturers. It is not known whether
such reference products are bioequivalent to each other. Establishing a universal reference
product for interchangeable multisource products is valuable and may aid governments in
providing high-quality generics. Establishing nationally or even globally accepted
reference products may also provide the regulatory agencies with an efficient mechanism

for approving high-quality generics.
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Appendix 3 In vitro release kinetics of anti- tuberculosis
drugs from nanoparticles assessed using a modified

dissolution apparatus

This study has already been published as Yuan Gao, Jieyu Zuo, Nadia Bou-Chacra,
Terezinha de Jesus Andreoli Pinto, Sophie-Dorothee Clas, Roderick B. Walker, and
Raimar Lobenberg. In Vitro Release Kinetics of Antituberculosis Drugs from
Nanoparticles Assessed Using a Modified Dissolution Apparatus in BioMed Research

International. vol. 2013, Article ID 136590, 9 pages, 2013. Reference (384)
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1 Introduction

Over the past decade, NPs have received significant attention as drug delivery systems,
due to significant advantages, including increased drug solubility and bioavailability,
reduced toxicity and ability to behave as a drug depot in addition to providing a delivery
system using targeting vectors. However, there are no standard methods for the evaluation
of the in vitro release behaviour of molecules loaded into NPs.

A variety of methods have been reported for in vitro drug release evaluation for
colloidal drug carriers (432, 433). Also several methods have been tried to standardized the
in vitro release test such as a modified USP Apparatus 4 (flow through cell) equipped with
a dialysis adapter (434) and a modified USP Apparatus 1 (basket) fixed with a glass
cylinder cell to investigate ibuprofen NPs (435)- The data reported for these methods have
low standard variations and show different release profiles for different formulations.

In this study, to further investigate the applicability of the modified USP Apparatus 1
that was equipped with a membrane diffusion cylinder, we have assessed in vitro release
of RIF an MX and the mechanism of drug release from the drug loaded NPs using this
method (Figure 1). Gelatin B and PBCA were selected as the model nanocarriers,
respectively. MX is a modified fluoroquinolone antibiotic that is amphoteric with two
protonation sites (Figure 2A). The pKa values are 6.25 for the carboxylic acid group and

9.29 for the piperazine moiety and it has an isoelectric point of 7.9 (436). The presence of
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both a carboxyl and the amine functional group indicates that the molecule will exhibit pH
sensitive attributes (437). RIF is one of the first line antituberculosis agents that also
exhibits pKa values at 1.7 (hydroxyl group at position C8) and 7.9 (protonation at the
piperazine moiety at position N4). The isoelectric point occurs at a pH of 4.8 (438) (Figure
2B). Gelatin B is a protein with both carboxylic and amine functional groups with its
isoelectric point between pH 4.6 and pH 5.2. PBCA NPs are the oldest known
pharmaceutical NPs (439) and possess a negative charge on their surface. They undergo
enzymatic hydrolysis to yield a primary alcohol, butanol, and water-soluble, poly (2-

cyanoacrylic acid).

Figure 1 Modified dissolution apparatus for NPs.
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Figure 2 Structures of MX (A) and RIF (B).

The aim of this study was to investigate whether the use of the modified cylinder
approach permits discrimination between different in vitro release patterns and
mechanisms of release of RIF and MX. Drug release was assessed in media of different pH
and enzymatic degradation of gelatin NPs was induced with trypsin. The resultant drug
release profiles were fitted to the Korsmeyer-Peppas model (440) to establish the

predominant drug release mechanisms.

2 Materials and methods

2.1 Materials

Gelatin B (225 Bloom), glutaraldehyde (25% w/w aqueous solution) and trypsin were
obtained from Sigma-Aldrich (Ontario, Canada). N-butyl cyanoacrylate monomer was a
gift from Loctite Ltd. (Dublin, Ireland). RIF was obtained from PCCA (Ontario, Canada)
and MX from Wanquan Pharmaceuticals (Beijing, China). Dialysis membranes were from
Spectrum Laboratories Inc. (Rancho Dominguez, CA, USA). All chemicals were of
analytical grade.

2.2 Preparation of drug loaded gelatin NPs
MX loaded gelatin NPs (MX-Gel-NPs) and RIF loaded gelatin NPs (RIF-Gel-NPs)
were manufactured following a two-step desolvation process as has been previously

described (441). In brief, 1.25 g gelatin was dissolved in 25 mL double distilled water
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(ddH20) under constant heating in the temperature range 30-40 °C. A 25 mL aliquot of
acetone was added to the gelatin solution as a desolvating agent to precipitate the gelatin.
The supernatant was discarded and the gelatin was redissolved by adding 25 mL ddH20
and stirring at 600 rpm under constant heating. The pH of the gelatin solution was adjusted
to 2.5. Acetone (75 mL) was added dropwise to facilitate the formation of NPs.
Approximately 10 mg of MX or 5 mg RIF was dissolved in acetone at concentration of 1
mg/mL or 2 mg/mL, respectively, and was added to the NPs after 1 h. At the end of the
process, 250 puL of 25% w/w glutaraldehyde solution was added to the solution as a cross-
linking agent, and the mixture was stirred for 12 h at 600 rpm. Acetone was removed by
evaporation using a rotary evaporator (IKA, Staufen, Germany). The resultant NPs were
purified by centrifugation at 8000 rpm for 30 min (Beckman L8-M ultra-centrifuge, CA,
USA) and washed three times with ddH20. The NPs were collected and filtered through a
hydrophilic 0.45 um polyvinylidene fluoride filter (Millipore, Billerica, MA, USA),

followed by lyophilization for 24 h at -50 °C and 45 Pa.

2.3 Preparation of drug loaded PBCA NPs

MX loaded PBCA NPs (MX-PBCA-NPs) and RIF loaded PBCA NPs (RIF-PBCA-
NPs) were manufactured by anionic polymerization as previously described (442). Briefly,
a 1% v/v solution of n-butyl-2-cyanoacrylate was added dropwise to a 1% m/v dextran in

0.01 N HCI solution with constant stirring at 600 rpm for 30 min after which drug was
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added to the mixture. After 3 h of exposure the reaction was stopped by neutralization with
0.1 N NaOH. The particles were purified by centrifugation at 8000 rpm for 30 min and
washed three times with ddH20. The NPs were collected and filtered through a 0.45 um

filter prior to lyophilization at -50 °C and 45 Pa and further studies.

2.4 Drug loading

MX-Gel-NPs or RIF-Gel-NPs powders were dispersed in 5 mL of a trypsin solution
(0.2 mg/mL) in a 10 mL flask and shaken until a clear colorless solution formed, indicating
that complete digestion of the gelatin NPs and release of all MX or RIF encapsulated in the
matrices of the NPs had been achieved. Methanol was added to the flask and the solution
was made up to volume, filtered through a 0.45 pum filter and analyzed using a validated
HPLC method.

For the PBCA NPs, the drug loading was calculated as the difference between the
initial drug concentration and the drug concentration found in the supernatant of unwashed
NPs suspension using HPLC (443).

The drug loading of the MX-Gel-NPs, MX-PBCA-NPs and RIF-PBCA-NPs was,
6.622 £ 0.1124% w/w, 50.41 + 2.323% w/w, 5.157 £ 1.231% w/w, respectively and that
of the RIF-Gel-NPs was 21.60 + 1.861% w/w and 56.71 £ 1.280% w/w.

2.5 In vitro drug release using the modified cylinder method and dialysis bag technique

270



Two methods based on membrane separation techniques were used to evaluate the in
vitro release of RIF and MX from the NPs formulations. One approach was the use of the
modified cylinder method and the other the use of dialysis.

The modified cylinder method required that 5 mg of NPs were suspended in 2 mL of
release media and placed into a flat-bottom cell (internal diameter 2 cm) with the opening
covered using dialysis membrane (MWCO: 12-14 kDa). The in vitro release study was
performed using USP dissolution Apparatus 1 by fixing the modified cylinder onto a basket
shaft and operating the apparatus at 100 rpm. A 100 mL aliquot of release media was used
at 37 °C. At designated time intervals, 1 mL of samples were collected and the withdrawn
media was replaced with fresh media. The release media were phosphate buffer solution
(PBS) of pH 7.4, acetate buffer of pH 4.0, and HCI buffer of pH 1.2, respectively. The drug
concentrations were measured using a validated HPLC assay.

The dialysis bag technique entails dispersing 5 mg of the NPs in 2 mL of the release
medium and placing in a dialysis bag (MWCO: 12-14 kDa, surface area of 22.5 cm?), which
was then submerged in a conical flask that contained 100 mL of the test media maintained
at 37 °C and that was stirred at 100 rpm. At designated time intervals, 1 mL aliquots were
collected and replaced with fresh media. The drug concentrations were determined using a

validated HPLC assay.

2.6 Drug diffusion behaviour through the dialysis membrane
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Solutions of MX and RIF as free drug were prepared in different release media of pH
1.2, 4.0, and 7.4. Solutions of drug containing an equivalent dose to that in the NPs (2.6
mg MX, 1.1 mg RIF or 2.9 mg RIF) were placed in the modified cylinder apparatus. The
dialysis membranes of MWCO 12-14, 25 and 50 kDa have been used for the experiment.
The diffusion experiments were performed in 100 mL of the specific release media
maintained at 37 °C and agitated at 100 rpm. At pre-determined time intervals, 1 mL
samples were withdrawn and analyzed using a validated HPLC assay to determine the

amount of drug that had been released.

2.7 Kinetic analysis of drug release profiles

The drug release data were computed using DDSolver, which is an Excel-plugin
module (444) and the resultant data were fitted to the Korsmeyer-Peppas exponential
equation (1) to establish the mechanism of drug release.

Q=kt" (D
Where Q is the percentage of drug released at time t and £ is a constant incorporating the
structural and geometric characteristics of the device under investigation. The diffusional
exponent n is an important indicator of the mechanism of drug transport from the dosage
form. A value of n < 0.43 indicates that drug release is controlled by Fickian diffusion,

whereas a value of n = 0.85 suggests that drug release is dominated by an erosion
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mechanism. For values 0.43 < n < (.85, the release is described as anomalous, implying

that a combination of diffusion and erosion contributes to the control of drug release.

2.8 HPLC analysis

The concentration of MX and RIF was determined by reversed-phase HPLC using a
LiChrocart-LiCrospher® 100 RP-18, 5 um stationary phase (Merck, Darmstadt, Germany).
The mobile phase consisted of a mixture of methanol and 0.3% v/v triethylamine-0.02 M
PBS (pH 3.0) (40:60 v/v) for the analysis of MX and a 20 puL sample was injected at a flow
rate of 0.9 mL/min with UV detection at 295 nm as reported (445). In 0.1 N HCI buffer
with pH 1.2, acetate buffer with pH 4.0 and PBS with pH 7.4, the linear regression
equations obtained were: A = 94.48 C +31.29 (r>=0.9996, n=5), A =90.31 C — 62.53 (r?
=0.9994, n = 5) and y = 84.69 C — 16.35 (r> = 0.9997, n = 5), respectively. A is the
absorbance and C (ug/mL) is the concentration.

The mobile phase used for the analysis of RIF comprised of a mixture of methanol and
10 mM ammonium acetate (60:40 v/v) as previously reported (446). The RIF samples were
analyzed at a flow rate of 0.9 mL/min with UV detection at 337 nm. The linear regression

equation was: A =28.25 C+ 15.17 (r* = 0.9990, n = 5).

3 Results and discussion

3.1 Diffusion rate of free drug solutions using the modified cylinder method
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The advantage of using dialysis membranes is that they can be used to separate the
dialyzed solution containing drug from NPs matrices. However dialysis membranes may
limit drug release (447, 448) and therefore, to prevent the impact of the membrane on drug
diffusion, a large pore size dialysis membrane should be selected. Thus, the diffusion of
MX and RIF from solution through the membrane with MWCO of 12-14, 25 and 50 kDa
in different media was tested. As shown in Table 1, only a very slightly but not significantly
increase of t50% was observed for MX and RIF upon increasing the membrane pore size
(p > 0.01). When membrane of MWCO of 12-14 kDa was used, t50% of the free MX
solution in different release media of pH1.2, 4.0 and 7.4 was achieved within 7-9 min.
t50% values of free RIF solution in media of pH 7.4 and 4.0 were within 13-16 min. The
results confirm that dissolved drug molecules readily pass freely through the dialysis
membrane. This may be because the molecular weight of the MX and RIF was much
smaller than the pore sizes of membrane (435, 447). Accordingly, MWCO of 12-14 kDa
membranes were selected for all future release tests. In addition, the maximum
concentration in the dialysate of free RIF solution in medium of pH 1.2 reached 52.82 %
at 2 h, which maybe due to the formation of an ion pair between RIF and C1- when the pH
is < 2.6 (449). Another reason for this observation may be due to degradation of RIF in

aci (450, 451). Similar results were reported by Abdel-Mottaleb and Lamprecht (435).
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Table 1 Comparison of t50% for free drug diffusion through dialysis membranes with

different MWCO in media.

Free drug/t50% MWCO of membrane (kDa)

12-14 25 50
MX 7-9 min 5-7 min 5-7 min
RIF 13-16 min  12-14 min 11-13 min

3.2 In vitro release of MX from MX-Gel-NPs

The release of MX from MX-Gel-NPs was performed in buffers of different pH in the

presence or absence of the enzyme, trypsin at 37 °C. The MX release profiles over time are

shown in Figure 3A at different pH values in the absence of trypsin. Approximately 26—

44% MX is released within 1 h. In contrast, the release of MX in media containing 0.05%

w/w trypsin increases significantly (p < 0.05), with more than 80% of MX releases after 1

h in all media. The forced degradation of NPs using digestive enzymes produces a

significant increase in the extent of MX released in both media. In addition, as shown in

Figure 3A, the drug release tends to be lower at high pH values. This may in part be due to

the lower solubility of MX at this pH. Langlois et al. reported that MX is most lipophilic

at pH 7.4 due to the presence of neutral and zwitterions forms, which may explain the slow

dissolution rate observed (436).
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Figure 3 In vitro release curves of MX-NPs in media with different pH using the
modified cylinder method. A) MX-Gel-NPs in the presence and absence of trypsin; B)

MX-PBCA-NPs. Data shown is the mean = S.D. (n = 4).

3.3 In vitro release of MX from MX-PBCA-NPs

All in vitro release profiles from MX-PBCA-NPs show an initial burst release within
the first 10 minutes (Figure 3B), which may be associated with the distribution of MX on
the surface of PBCA NPs. The location of the drug on the surface of the particles permits
instantaneous dissolution when it comes in contact with the dissolution medium. Surface
adsorption seems to be a predominant interaction between this fraction of MX and surface
of PBCA particles. The remaining fraction is located inside the NPs matrix and is released
slowly which supports reports that PBCA NPs exhibit a biphasic release pattern with an

initial burst effect followed by a sustained release of the drug contained in the particle (452).

3.4 In vitro release of RIF from RIF-Gel-NPs

276



The in vitro release profiles of RIF from RIF-Gel-NPs over time in different media are
shown in Figure 4A and 4B. In the absence of trypsin, RIF is released extremely slowly
when compared to the release profiles observed when digestive enzymes are present in the
dissolution medium. It is also established that the release of RIF is also dependent on drug
loading (Figure 4C). A higher drug loading results in a slower rate of drug release. In
addition RIF release is found to be pH dependent. As shown in Figure 4A, the higher extent
of drug release is observed in buffer of pH 7.4 with a lower amount of drug release
occurring in a medium of pH 4.0. The concentration of RIF in medium of pH 1.2 in which
trypsin is omitted is below the limit of detection and approximately 1-5% RIF is released
from RIF-Gel-NPs when trypsin is present (Data not shown), which is similar to the results

reported by Bhise and Mookkan (453).
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Figure 4 In vitro release curves of RIF-NPs using the modified cylinder method. A) RIF-

Gel-NPs with drug loading of 21.6% w/w in the presence and absence of trypsin; B) RIF-

Gel-NPs with drug loading of 56.7% w/w in the presence and absence of trypsin; C) RIF-

Gel-NPs with different loadings in PBS with pH 7.4; D) RIF-PBCA-NPs in buffers with

different pH values. Data shown is the mean = S.D. (n = 3).

The loading efficiency of NPs is dependent on the properties of the polymer used and

the physicochemical characteristics of the drug to be incorporated into the particles. The

interaction of RIF with gelatin NPs is dependent on three factors, namely, hydrogen
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bonding, electrostatic interaction and hydrophobic forces (454, 455). Firstly, hydrogen
bonding occurs in the presence of hydroxyl functional groups of the RIF molecule and
carboxyl groups of gelatin B. Secondly, there are electrostatic interactions between
molecules (namely, molecules of the gelatin B and molecules of RIF). Gelatin exhibits a
net negative charge at a pH of 7.4 due to the predominance of negative -COO" functional
groups which repel the partly anionic RIF at this pH (456). Therefore electrostatic repulsion
may facilitate a greater extent of drug release in these solutions. Similar results were
reported by Bajpai and Choubey (457). The greater solubility of RIF at pH 7.4 than that at
pH 4.0 may also explain the higher dissolution rate observed from RIF-Gel-NPs at this pH.
Due to the fact that the molecule exhibits two pKa values, a biphasic solubility curve is
expected. The solubility of RIF has been reported as 125-127.2 mg/mL at pH 1.0-1.4 (458),
3.35 mg/mL at pH 7.4 and 0.99 mg/mL at pH 4.0 (459). However, the slowest rate of RIF
release is observed at a pH of 1.2 despite its relatively high solubility at this pH. Part of the
reason for this observation may be due to degradation of RIF in acid. Another possible
explanation for this behaviour may be that RIF and CI- form an ion pair when the pH is <
2.6 (459). This effect seems to play a significant role in respect of drug release in a solution
of pH 1.2. Finally, hydrophobic forces might also impact drug release and it has been
reported that hydrophobic forces were responsible for binding of RIF to bovine serum

albumin (460). In our study, the high drug loading w/w is accompanied with slow drug
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release and this might be due to the presence of hydrophobic interactions between RIF and

gelatin.

3.5 In vitro release of RIF from RIF-PBCA-NPs

The release profiles of RIF released from RIF-PBCA-NPs are shown in Figure 4D.
The rate of drug release is slower when compared to that observed for the gelatin NPs and
this may be due to the hydrophobic interactions of RIF with the PBCA matrix leading to a
slower and lower extent of drug release.

The pH dependent release of RIF from RIF-PBCA-NPs can be explained by a similar
mechanism as that proposed for RIF release from RIF-Gel-NPs. At pH 1.2, RIF is able to
form an ion pair with Cl ions, which in turn decreases the extent of drug release from
PBCA NPs. The higher solubility observed at pH 7.4 compared to pH 4.0 contributes a
higher drug release of RIF at this pH. In addition, the zwitterionic RIF molecule (~ 40%
anionic) is repelled from the anionic PBCA matrix, which increases the drug release rate

atpH 7.4.

3.6 Comparison of dialysis bag technique for release from MX-Gel-NPs and RIF-Gel-NPs

The pH dependent dissolution behaviours of MX and RIF are similar using both
methods of drug release that were investigated (Figure SA and 5B). However when the
modified cylinder method was used, a much slower drug and no burst release was observed.

This might be caused by the relatively smaller release area compared to dialysis bags.
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Similar results were reported by Abdel-Mottaleb and Lamprecht (435). The release profiles
of MX-Gel-NPs (Figure 6A) and RIF-Gel-NPs (Figure 6B) in buffers with or without
trypsin using the dialysis bag technique are shown in Figure 6. It is clear that use of the
dialysis bag technique does not permit differentiation between studies in which trypsin was

included (forced) in the dissolution medium or not (non-forced) for MX-Gel-NPs.
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Figure S In vitro release curves of gelatin NPs using the modified cylinder method and
the dialysis bag technique. A) MX-Gel-NPs; B) RIF-Gel-NPs with drug loading of 21.6%

wW/w.
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Figure 6 In vitro release curves of gelatin NPs in the presence and absence of trypsin. A)
MX-Gel-NPs using dialysis bag; B) RIF-Gel-NPs with drug loading of 56.7% w/w. Data

shown is the mean = S.D. (n = 3).
3.7 Kinetic assessment and release mechanisms

The regression coefficients (r-values) generated following fitting of drug release data
to the Korsmeyer-Peppas model equation are summarized in Tables 2-4 for all formulations
tested. As observed in Table 2, the release data of MX-Gel-NPs without trypsin using the
modified cylinder method is fitted to the Korsmeyer-Peppas equation with a Fickian release
exponent (n= 0.2538-0.3640), suggesting that the drug release from the NPs occurs
primarily via diffusion. The significant MX release observed in the presence of trypsin at
pH 4.0 and pH 7.4 are best described by an anomalous transport mechanism (n= 0.6910—

0.6918) and the release at pH 1.2 is described by a Case II transport process (n= 0.8966).
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This transport is characterized by polymer relaxation due to polymer erosion when
enzymatic degradation occurs (461).

The release data observed for the RIF-Gel-NPs manufactured using different drug
loading fit well to the Korsmeyer-Peppas equation with an n value of from 0.3543 to 0.4254,
which suggest that a Fickian diffusion process is predominant (Table 3). In the presence of
trypsin, RIF release from RIF-Gel-NPs is best described as anomalous transport (n=
0.5432-0.5728) due to the erosion of the gelatin matrix by enzymatic degradation.

From above, the use of the modified cylinder method permits differentiation between
the presence and absence of trypsin in the cases of the MX-Gel-NPs (Table 2) and RIF-
Gel-NPs (Table 3). However, the use of the dialysis bag technique results in poor
differentiation between forced and non-forced drug release studies in all the cases. The
release of MX from gelatin NPs using the dialysis bag is best fitted to a Fickian diffusion
model in both cases (n=0.1899-0.3902) (Table 2) and there is no obvious difference in the
release profiles in the presence or absence of trypsin (Figure 6A). Though the release
profiles of RIF from gelatin NPs with high drug loading using dialysis bag can be
differentiated in the presence or absence of trypsin for RIF-Gel-NPs (Figure 6B), their
kinetics mechanism can only be described by Fickian diffusion (n=0.2555-0.2994) in both
cases (Table 3).

The release mechanisms of MX-PBCA-NPs and RIF-PBCA-NPs are summarized in

Table 4. The release of MX-PBCA-NPs is found to be Fickian diffusion controlled (n=
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0.1054-0.2256) for the first 10 mins after which sustained release is observed. Furthermore,
the mechanism of RIF release from RIF-PBCA-NPs is best described by an anomalous
transport mechanism (7= 0.4531-0.4612). This is different to the release observed for the
RIF-Gel-NPs which exhibit Fickian diffusion. The different release mechanism of RIF
from gelatin NPs and PBCA NPs may be due to hydrophobic interactions between the two
nanocarrier matrices and RIF.

Table 2 Kinetic assessment of release data of MX-Gel-NPs in diverse buffers (Q < 0.6)

Methods Media Korsmeyer-Peppas
nb R2a
Modified cylinder method pH 7.4 0.3640  0.9956
pH 4.0 0.2538  0.9765
pH 1.2 0.2944  0.9631

pH 7.4-trypsin  0.6918  0.9503
pH 4.0-trypsin  0.6910  0.9979
pH1.2-trypsin  0.8966  0.9780

Dialysis bag technique pH 7.4 0.3032  0.9875
pH 4.0 0.1899  0.9893
pH 1.2 0.2891  0.9863

pH 7.4-trypsin  0.3902  0.9825
pH 4.0-trypsin  0.2678  0.9824
pH 1.2-trypsin  0.3614  0.9122

4Squared correlation coefficient
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Table 3 Kinetic assessment of release data of RIF-Gel-NPs in diverse buffers (Q < 0.6)

Method Drug loading Media Korsmeyer-
(W/w) Peppas
n b RZ a
Modified cylinder 21.6% pH 7.4 0.4254  0.9541
method pH 4.0 0.3543  0.9478

pH 7.4-trypsin  0.5501  0.8854
pH 4.0-trypsin  0.5728  0.9636

56.7% pH 7.4 0.3911  0.9245

pH 7.4-trypsin  0.5432  0.9774

Dialysis bag technique 21.6% pH 7.4 0.6764  0.9721
pH 4.0 0.5472  0.9760

56.7% pH 7.4 0.2779  0.9397

pH 4.0 0.2555  0.9842

pH 7.4-trypsin  0.2994  0.9098
pH 4.0-trypsin  0.2744  0.9772

?Squared correlation coefficient and ? diffusional exponent

Table 4 Kinetic assessment of release data of MX-PBCA-NPs and RIF-PBCA-NPs in

diverse buffers (Q < 0.6)
Model Media Korsmeyer-
drug Peppas
n b RZ a

MX pH7.4 02256 0.9697
pH4.0 02165 0.9653

pH12  0.1054 0.8442
RIF  pH74 04531 0.9762

pH 4.0 0.4612 0.9510

?Squared correlation coefficient and ? diffusional exponent

3.8 Advantages of the modified cylinder method
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To evaluate the in vitro release mechanisms of pharmaceutical dosage forms, a
dissolution system should operate under sink conditions and be able to discriminate release
characteristics that may be a consequence of variation in formulation composition. Ideally
the in vitro release profiles should mimic the in vivo release mechanisms as much as
possible. The modified cylinder method described and used in our study is able to
discriminate and facilitate the elucidation of the in vitro release mechanism of drug from
NPs formulation in different media, whereas the dialysis bag technique is not useful in this
respect in these cases. In addition, the standard deviation of the release data using the
modified cylinder method is tighter compared to that observed for the dialysis bag
technique (Figure 5A and 5B). These findings may be attributed to the constant surface
area as well as constant hydrodynamic conditions that exist at the surface of the membrane
used in the modified cylinder apparatus. The hydrodynamic conditions at the surface of
dialysis bags might vary slightly when the bags are stirred and use of the modified cylinder

in standard dissolution equipment may also be an advantage.

4 Conclusions

The drug release profiles observed for the different NP formulations manufactured in
these studies exhibited different mechanisms of release. The dialysis bag technique was
compared to a modified cylinder method using a standard dissolution apparatus. The use

of the modified cylinder method facilitated identification of the release kinetics of the two
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model drugs depending on their pH dependent solubility, electrostatic interaction with the
nanocarriers and the impact of hydrophobic forces. In addition the impact of enzymatic
degradation on drug release was readily observed. Use of the dialysis bag technique did
not permit differentiation between forced and non-forced drug release from gelatin NPs in
these cases. Though the modified cylinder method has not yet used to mimic in vivo
conditions, it offers an alternate evaluation tool to investigate in vitro drug release from
NPs. This approach and apparatus can be considered and used as a performance test for
quality control testing of nanosized delivery systems. The utility of this new method to

establish in vitro / in vivo relationships needs to be further investigated.
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Appendix 4. Investigation of the Disintegration

Behavior of Dietary Supplements in Different Beverages

This study has already been published as Jieyu Zuo, Yuan Gao, May Almukainzi, Raimar
Lobenberg. Investigation of the Disintegration Behavior of Dietary Supplements in

Different Beverages in Dissolution Technologies. 2013, 20(4):6-9. Reference (462)
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Introduction

Disintegration is a prerequisite for dissolution of immediate-release oral dosage forms. The
disintegration test is often used to determine whether tablets or capsules disintegrate within
the desired time when placed into a liquid medium at given experimental conditions (463,
464). This test is a useful tool for quality control and can be a critical parameter for drug
release in certain scenarios like highly soluble drugs (465, 466). However, disintegration
is not a universal surrogate for dissolution as shown in the 1970s for drugs like digoxin. At
that time, disintegration was the only required performance test for oral solid dosage forms.
Several studies showed that tablets with similar disintegration times failed bioequivalence
tests due to different dissolution behaviors of the drug (467, 468). However, these early
studies showed the value of disintegration and dissolution testing.

Dietary supplements that contain a specific dietary ingredient or ingredients are designed
to supplement the diet and enhance nutritional supply. Dietary supplements may include
vitamins, minerals, herbs or other botanicals, amino acids, and substances such as enzymes,
organ tissues, glandular tissues, metabolites, or probiotics (469).

United States Pharmacopeia (USP) General Chapter <2040> is devoted to dietary
supplements, and it divides dietary supplement dosage forms into three categories:
vitamin—mineral dosage forms, botanical dosage forms, and other dosage forms (463). The
products used in this project included vitamin—mineral dosage forms and botanical dosage

forms. The only difference between these two dosage forms is in the use or omission of
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disks for the disintegration tests (463). Previous studies conducted by Almukainzi et al.
(470) and Schmid et al. (471) found that the disintegration time was sensitive to the change
of the disintegration apparatus conditions. Both studies contributed to the update of USP
General Chapter <2040>.

Due to the variety of the excipients and the formulation procedures, different disintegration
phenomena may be observed for various dietary supplements. This may lead to differences
in the bioavailability of the active ingredients. However, very few comprehensive studies
are available that show the bioavailability of dietary supplements linked to the
biopharmaceutical properties of the dosage form. From a scientific point of view, it is clear
that the contents of a dosage form can dissolve and get absorbed to be bioavailable only if
it disintegrates. Therefore, disintegration is the most basic step to ensure bioavailability,
but as mentioned before, it is not a universal surrogate for bioavailability.

It is well established that drugs should be taken with a glass of water, while many dietary
supplements do not give any further instructions except for the units per serving. No
beverage (e.g., water) is specified, and it can be assumed that any available beverage,
including pop, juices, and alcoholic beverages, might be used for the administration of
dietary supplement dosage forms.

The aim of this study was to investigate the impact of beverages, particularly beverages

containing different concentrations of alcohol, on the disintegration time of commercially
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available dietary supplements and to evaluate the effect of beverage temperature on the
disintegration behaviors.

Materials and methods

Materials

This study investigated the influence of beverages on the three commercial tablets: calcium
citrate (Kirkland, Lot# 398597-01, exp. 09/14), Ester-C (American Health, Lot# 306041-
01, exp. 11/13), Boswellia serrata extract (The Vitamin Shoppe, Lot# 121674, exp. 05/15),
and cinnamon extract (The Vitamin Shoppe, Lot# 108010, exp. 08/13).

Media

All tests were performed with six test beverages including alcoholic beverages, regular
Pepsi-Cola, and orange juice (Minute Maid) compared with water, which is the USP
reference medium for tablets. The alcoholic beverages were prepared by diluting 95%
ethanol to different concentrations (40%, 20%, 10%, and 5%) to mimic commercial spirits
(liquor, wine, and beer). The tests were performed in 750 mL of the various liquids with
SIX units.

Methods

A disintegration tester (model ED-2 L, Electrolab, Betatek, Ontario) was used with
Apparatus A without disks for botanical tablets smaller than 18 mm and Apparatus B with
disks for vitamin—mineral tablets larger than 18 mm (464). Beakers (1000 mL) with an

inside diameter of 102 = 0.5 mm (PYREX, No. 1003) were used, satisfying the USP beaker
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specification for disintegration in Chapter <701>, which states that the inside diameter of
beakers should range from 97 to 115 mm when assessing the effects of media on the
disintegration time of dosage forms. The evaluated beverage temperatures were 37 + 2 °C
(USP) and 5 + 1 °C (simulating a refrigerated beverage) with a bath temperature at 37 +
2 °C.

Statistical Analysis

Individual disintegration times were noted and reported as the mean + SD. Minitab was
used to perform the statistical analysis. The Bartlett test (normal distribution) was used to
test the data that were normally distributed for equal variance. When the conditions of
normality and equal variance were met, a one-way ANOVA with an a-level of 0.05 was
used for the group data analysis. For data with unequal variance, the Kruskal-Wallis rank-
sum test was chosen. The independent t-test and Mann—Whitney test were used for two-
group data analyses with normally distributed data and data with unequal variance,
respectively. The statistical tests were conducted between different immersion media or
different temperatures in the same immersion medium.

Results

The study investigated four tablet formulations of dietary supplements: calcium citrate,
Ester-C, Boswellia serrata, and cinnamon extract.

The disintegration times of calcium citrate in different buffers at different temperatures are

shown in Figure 1A. Both the beverages and the low temperature delayed the disintegration

292



time of the calcium citrate. The mean disintegration times of calcium citrate in different
buffers ranged from 1.6 £ 0.2 to 6.0 = 0.8 min versus 1.4 = 0.2 min in water at 37 °C (p <
0.05) with the exception of 5% alcohol (p = 0.092). Additionally, low temperature at 5 °C
delayed the mean disintegration times of calcium citrate in all buffers (p < 0.05).

The disintegration of the Ester-C tablets differed from that of the calcium citrate tablets.
As shown in FigurelB, the mean disintegration times of the Ester-C tablets ranged from
27.6 = 2.1 min in cola to 49.8 + 6.4 min in 40% alcohol (Figure 1B) compared with 23.4 +
1.5 min in water. The disintegration time was significantly influenced by the test beverages
at the same temperature, with the exception of 5% alcohol at 37 °C (p = 0.6889). In addition,
although temperature had no significant effect on the Ester-C disintegration time in water
(p = 0.0927), orange juice (p = 0.2298), and 40% alcohol (p = 0.1735), it did significantly
affect the disintegration time in the remaining beverages (p < 0.05).

Figure 1C shows the disintegration time of cinnamon tablets in different buffers at different
temperatures. Orange juice (93.8 + 7.3 min), cola (72.9 £+ 1.3 min), and 40% alcohol (70.6
+ 7.8 min) significantly affected the disintegration time of cinnamon tablets when
compared with water (58.4 = 6.8 min) at 37 °C, while the other test beverages (5%, 10%,
and 20% alcohol) had no significant impact on the disintegration time (p > 0.05). In
addition, temperature did not influence the disintegration time of cinnamon tablets in the

beverages with the exception of cola and 10% alcohol (p < 0.05).
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The Boswellia serrata extract tablets did not disintegrate during the 3-h testing period in

any of the tested media including water at different temperatures.
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Figure 1. Disintegration times for (A) calcium citrate, (B) Ester C, and (C) cinnamon

extract in beverages and water at different temperatures (n = 6).

Discussion
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Dietary supplements are regulated differently in different regions of the world. For instance,
they are regulated as Natural Health Products (NHP) in Canada, and disintegration is the
only required performance test according to the Natural Health Product Regulation for
immediate- release dosage forms (472). Dietary supplements are regulated as foods in the
United States, and the FDA guidance does not require performance testing (473). The use
of dietary supplements has increased over the years. In the United States, 49% of the
population ingests a dietary supplement on a daily basis (474), while 73% of Canadians
regularly take NHPs according to a survey in 2010 (475).

Previous studies showed that the disintegration test can be a valuable performance test for
oral dosage forms (467); however, the apparatus setup and the volume of the immersion
medium must be considered because they impact the test results (470, 471). It is further
well established that oral solid dosage forms of drugs should be taken with 250 mL of water
(476). However, a study showed that most patients do not follow this recommendation
when they take medications such as capsules and tablets. A study by Fuchs (477) showed
that the average water intake for oral drug administration is 115 mL; 15.4 % of patients
took less than 60 mL, 20.6% between 61 and 100 mL, and the remaining 64% more than
101 mL. This behavior indicates poor compliance of patients with the recommendation of
250 mL for oral drug administration. Extrapolating the lack of compliance to dietary
supplements raises the question of what impact the nature of the beverage might have on

the disintegration of dietary supplements taken as dosage forms. To our best knowledge,
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no data is available to answer this question. Therefore, the study investigated different
popular beverages and their impact on the disintegration behavior of dietary supplements.

Mechanistically, the first step of the disintegration process is water uptake. A good
correlation between the penetration rate of a fluid into a tablet and the disintegration time
results from viscosity, contact angle, and surface tension as described by Anwar et al. (478).
This relationship can be explained by the Washburn equation (479), which is v 2 = ry cos
0 t, where v is the volume of liquid penetrating 2n at time t, y is the surface tension, 0 is
the contact angle, 1) is the viscosity, and r is the capillary radius. Increasing media viscosity
has been shown to cause a profound delay of drug disintegration time (478). Radwan et al.

(480), Chuong et al. (481,482), and Kalantzi et al. (483) have shown that product
disintegration is delayed in milk. The penetration rates for milk are also slow, which may
be a reflection of its relatively high viscosity and low surface tension (478). The viscosity
of orange juice is 4.9 MPa-s, whereas the viscosity of water is 1.0 MPa-s at 20 °C (284).

At 25 °C, the viscosities of ethanol and water are 1.074 and 0.89 MPa-s, respectively (485).

However, for most liquids, viscosity increases with decreasing temperature (485).

Therefore, the delay in the disintegration time caused by the test beverages in our study
may be associated with those factors.

Although the impact of the beverages on the disintegration time of tablets that disintegrate

in a short time was statistically significant, these results may not have a major clinical

impact because their disintegration times were less than 15 min, which is the average
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gastric emptying time when fluid is taken with a dosage form in the absence of food (486).
However, for tablets that disintegrate slowly, the results may have clinical relevance
because of a significant increase in disintegration time (up to 35.4 min), which was
observed between water and other beverages. While this study did not investigate
bioavailability, it is obvious that a delay in disintegration will result in a delayed dissolution
and absorption and consequently will affect bioavailability.

This study only focused on the effect of the beverages on the disintegration time of the
dietary supplements.

Conclusion

Disintegration is the most basic process that is required for the release of the contents of a
dosage form into the body. The results of this study suggest that water may be the best
beverage to be used for the administration of dietary supplements and that cola, orange
juice, and high alcoholic beverages should be avoided due to their impact on the
disintegration of dosage forms. The increasing use of dietary supplements and their
different regulatory status in different regions of the world make it necessary to implement
appropriate performance testing for these products. However, further studies on the

interaction between beverages and dietary supplement are warranted.
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