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MODULATION OF INFLAMMATORY RESPONSES BY 

SUTHERLANDIA FRUTESCENS 

 

WEI LEI 

DR. KEVIN FRITSCHE, DISSERTATION ADVISOR 

 

 

ABSTRACT 

 

          Sutherlandia frutescens (L.) R. Br (Lessertia frutescens), commonly recognized as 

“cancer bush”, is a medicinal plant traditionally used in southern Africa. Infusions or 

decoctions of the S. frutescens leaf and bark have been used for patients suffering of 

cancers, infections, or inflammatory conditions. To investigate the potential immuno-

stimulatory activity of a decoction of S. frutescens (SFA) and a polysaccharide-enriched 

fraction (SFPS) from a decoction, RAW 264.7 cells (a murine macrophage cell line) were 

used to determine the activities of SFA and SFPS on macrophage function. The 

production of reactive oxygen species (ROS), nitric oxide (NO), and inflammatory 

cytokines was evaluated in the cells treated with or without SFA or SFPS. A TLR4-

specific inhibitor, CLI-095, was used to identify whether or not SFA or SFPS exerts its 

effects through TLR4. An endotoxin antagonist, polymyxin B, was used to evaluate 

whether endotoxin present in SFA or SFPS contributed to its immune-stimulatory 

activity. Both SFPS and SFA exhibited potent immune-stimulatory activity of 

macrophages. The production of ROS, NO, and tumor necrosis factor (TNF-α) were 
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increased upon exposure to SFPS or SFA in a dose-dependent manner. All of these 

activities were completely blocked by co-treatment with CLI-095, but only partially 

diminished by polymyxin B. We demonstrated for the first time potent immune-

stimulatory activity in a decoction prepared from S. frutescens. We believe that this 

immune-stimulatory activity is due, in part, to the action of polysaccharides present in the 

decoction that acted by way of TLR4 receptors and the nuclear factor-κB (NF-κB) 

signaling pathway.  

          To investigate the function of different compounds in S. frutescens, an ethanolic 

extract of S. frutescens (SFE) was used to treat murine macrophages. This study 

demonstrated that an SFE suppressed inflammatory responses in murine macrophages. 

Treatment of SFE dose-dependently decreased the production of ROS, NO, inducible 

nitric oxide synthase (iNOS), and various inflammatory cytokines and chemokines in 

murine macrophages co-stimulated with lipopolysaccharide (LPS) and interferon gamma 

(IFNγ). The reduction of inflammatory responses in macrophages by SFE was mediated 

via reductions in the activation of NF-κB, extracellular-signal-regulated kinase 1/2 

(ERK1/2), and signal transducers and activators of transcription 1 (STAT1).  

          Several possible biologically active compounds have been identified in S. 

frutescens, including L-canavanine, pinitol, and gamma-aminobutyric acid (GABA). 

Their biological function has been widely investigated. Two new groups of components 

unique to S. frutescens have been characterized: sutherlandiosides A-D and sutherlandins 

A-D. To test the function of S. frutescens unique compounds, semi-purified 

sutherlandiosides B, a mixture of sutherlandiosides A, C, D, sutherlandins A and B, 

sutherlandins C and D were used to evaluate their impact on the production of NO and 
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ROS as well as the activation of NF-κB. These compounds showed a modest effect on the 

generation of ROS, but had no impact on the production of NO and activation of NF-κB. 

To our surprise, chlorophyll isolated from S. frutescens exhibited the strongest anti-

inflammatory and anti-oxidant activity.  

          Even though the biological activities of various extracts made from S. frutescens 

have been determined, no research has reported the impact of SF on global gene 

regulation. To investigate the effects of SFE on gene expression, RAW 264.7 cells were 

exposed to SFE or a vehicle control for 1 h prior to activation with LPS and IFNγ. 

Immune-stimulation with LPS and IFNγ caused nearly 1500 genes to be up-regulated and 

another 1312 genes to be down-regulated at 8 h and at 24 h post-stimulation up- and 

down-regulated genes expanded to 1969 and 2350, respectively. The pretreatment with 

ethanolic extract of SF (SFE) for 1 h resulted in 50 differentially expressed genes at 8 h 

post-stimulation. A total of 715 genes were modulated by SFE at 24 h post-stimulation. 

Pathway analysis identified that many of these differentially expressed genes (e.g., TNF 

and IL-6) participate in inflammatory signaling pathways, such as NF-κB and MAPK, as 

well as signaling pathways associated with metabolism, insulin function, and numerous 

infectious diseases.  

          The impact of S. frutescens extraction on production of NO, ROS, and TNF-α may 

affect the in vivo anti-microbial activity. Therefore, this study also investigated the 

impact of oral consumption of this medicinal herb on in vivo inflammatory and anti-

microbial responses. For the initial experiments, rodent diets containing 0, 0.25 and 1.0% 

wt/wt of “finely-ground” S. frutescens (SF) were prepared.  These nutritionally-complete 

(i.e., AIN-93G) experimental diets were fed to weanling male and female C57Bl/6 mice 
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for 3 to4 wks. Further, in an effort to understand the differential in vitro activities of the 

aqueous and ethanolic extracts from S. frutescens, a group of mice maintained on a 

commercial control diet were gavaged with either an aqueous-or ethanolic-extract of SF 

for seven days. The incorporation of SF into the diet at up to 1% wt/wt or administration 

of SF extracts by gavage had no observable impact on the growth or general health of the 

mice in any of our studies. We found that female mice fed the higher level of S. 

frutescens (1% wt/wt) had ~10-fold more E. coli in their spleen compared with mice fed 

the control diet (p < 0.05). Unfortunately, we were unable to replicate this finding in a 

second experiment conducted just a few weeks after this initial study. In contrast, feeding 

S. frutescens to male C57Bl/6 mice had no significant impact on the clearance of E. coli 

following a similar challenge. Of the various cytokines and chemokines that we assessed 

following an in vivo LPS injection, consumption of S. frutescens only modestly reduced 

(~45%) the in vivo production of TNF-α (p = 0.08) and not any of the others we assessed. 

Macrophages isolated from mice fed the 0.25% S. frutescens diet produced significantly 

lower IL-1α (reduced by 37%, p < 0.01) when stimulated by LPS in vitro compared with 

those from mice fed the control diet. Finally, oral administration of either aqueous- or 

ethanolic-extracts of S. frutescens for 7 days failed to significantly impact in vivo 

production of inflammatory cytokines and chemokines in response to an LPS injection.  

          Overall, this study provide a better understanding on the beneficial therapeutic 

properties of S. frutescens using in vitro models, however these studies in a laboratory 

mouse model suggest that consumption of S. frutescens had only a modest impact on host 

anti-microbial and inflammatory responses to a gram-negative microbial challenge 

whether intact microbes or bacterial endotoxin (i.e., LPS) was used.  
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CHAPTER ONE 

INTRODUCTION 

 

 

          Sutherlandia frutescens (L.) R. Br (Lessertia frutescens) is a medicinal plant 

widely used in southern Africa including South Africa, Namibia, Botswana, and Lesotho 

(van Wyk and Albrecht, 2008). Several possible biologically active compounds have 

been identified in S. frutescens, including L-canavanine, pinitol, and gamma-

aminobutyric acid (GABA) (Faleschini et al., 2013; Tai et al., 2004). The unique 

components of S. frutescens were characterized: sutherlandiosides A-D (a group of 

cycloartane glycoside variants with structural differences denoted by the uppercase letter 

designations A, B, C, D) (Fu et al., 2008) and sutherlandins A-D (a group of flavonol 

glycosides derivatives of 3-hydroxy-3-methylglutarate) (Avula, 2010; Fu et al., 2010). 

Recently, polysaccharides extracted from hot water extracts of S. frutescens were found 

with comprising of many glucose and galacturonic acid units with a pectin-like structure 

(Zhang et al., 2014). Previous studies demonstrated that the L-canavanine, pinitol, and 

GABA were able to module the immune responses which might contribute to the 

medicinal properties of S. frutescens.  

          S. frutescens has been used for patients suffering from numerous types of cancer, 

infectious diseases (e.g., influenza A), and various inflammatory conditions, such as 

wound, rheumatoid arthritis, osteoarthritis, and gout (Ojewole, 2008). The potential 

mechanisms of anti-cancer, anti-oxidant, anti-stress, and some other function of S. 

frutescens have been reported in previous studies conducted in different model systems. 
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The anti-inflammatory activity was concluded to be dependent on its anti-oxidant 

function based on in vitro data, however, very limited studies have been conducted on the 

immune cells (e.g., macrophages) to investigate the anti-inflammatory activity of S. 

frutescens. Additionally, few animal studies were conducted to investigate this activity of 

S. frutescens in animal models (Sivakumar et al., 2010; van Wyk and Albrecht, 2008).  

          The inflammatory responses are part of innate immunity which is a rapid and non-

specific reactions to dangerous signaling (Bogdan, 2001). Macrophages are major innate 

immune cells and play critical role in immune responses. Macrophages can be activated 

by pathogen-associated molecule patterns (PAMPs), cytokines, and some other chemicals 

(Akira et al., 2013). These “activation signals” trigger the intracellular signaling 

pathways, such as NF-κB, MAPK, JAK-STAT. The activation of signaling pathways 

modulates the production of reactive oxygen species (ROS), nitric oxide (NO), and 

various inflammatory cytokines/chemokines. These immune mediators play important 

roles in inflammation, cancer, infectious diseases, and many chronic inflammatory 

conditions.  

          The mechanisms of the anti-inflammatory effect of S. frutescens in immune cells 

remain unclear. Few studies had been conducted on macrophages and the functional roles 

of the macrophages in anti-inflammatory activity of S. frutescens still remains to be 

understood. Further, the bioactivities of unique compounds, polysaccharides, and some 

common compounds (i.e., chlorophylls) present in S. frutescens are still unclear, even 

though the function of several compounds was investigated previously. As stated above, 

little research was conducted to investigate the anti-inflammatory activity of S. frutescens 
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in the animal models. In addition, no study has been reported to evaluate the impact of S. 

frutescens on the systemic transcriptomes. 

          This study aims to provide a better understanding of the anti-inflammatory activity 

and medicinal uses of S. frutescens. The objectives are to investigate the immune-related 

function of S. frutescens, to determine the impact of its impact on the global gene 

expression, and to test its effect on the in vivo inflammatory and antimicrobial activities. 

The overall hypotheses are that different compounds present in S. frutescens show 

diverse impact on the inflammatory responses, that S. frutescens modulates NF-κB, 

MAPK, JAK-STAT signaling pathways to affect the host defense, and finally that S. 

frutescens enhances the host responses for defending against the bacterial infection. The 

cell and animal models are used to test these hypotheses. In other words, the immune-

associated activities of S. frutescens are investigated in murine macrophage cell lines as 

well as mouse models.  

          Murine macrophage cell lines (i.e. RAW 264.7 and primary macrophages isolated 

from mice) have been widely used as a cell model in immune-related studies as well as 

research on function of thousands of botanicals. In this study, a murine macrophage cell 

line (i.e., RAW 264.7) and primary macrophages isolated from mice were used to 

investigate the impact of S. frutescens extracts on the production of various inflammatory 

mediators, on activation of certain intracellular signaling pathways, as well as on the 

global gene expression. Meanwhile, mouse models, such as C57BL/6 and BALB/c mice, 

were chosen to evaluate the effect of oral consumption of S. frutescens on in vivo 

inflammatory responses, including circulating inflammatory cytokines and chemokines, 

and bacterial clearance.  
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          In Chapter 2, we review the biological information on macrophages, including: 

function, activation, intracellular inflammatory signaling pathways, and production of 

inflammatory mediators. The biological information, chemicals compounds, and 

medicinal properties of S. frutescens are also summarized in Chapter 2. 
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CHAPTER TWO  

LITERATURE REVIEW 

 

 

Macrophage 

 

          Macrophages are tissue-based phagocytic cells derived from blood monocytes. 

Macrophages were firstly recognized as “large eaters”, and the term of “macrophage” had 

its origins in the later 19th century (Ovchinnikov, 2008). Blood monocytes, precursors of 

macrophages, arise from committed hematopoietic stem cells in the bone marrow 

(Murray and Wynn, 2011) and are released into circulation and continue to mature in the 

blood (Mosser and Edwards, 2008). Monocytes rapidly develop into inflammatory or 

resident macrophages.  

Functions of macrophages 

          Macrophages play important roles in immune responses, including host defense, 

wound healing, and immune regulation (Mosser and Edwards, 2008). Macrophages 

perform phagocytosis on invading pathogens (e.g., bacteria, fungi, and virus) or dead 

cells from damaged, senescent, and apoptotic cells (Aderem, 2003). After phagocytosis, 

macrophages generate phagosomes and activate a set of responses to clear the pathogens 

or unused particles (Flannagan et al., 2009). Macrophages produce several molecules to 

aid them in their effort to kill pathogens they engulfed. Hydrolytic and proteolytic 

enzymes are activated to degrade the microbes. The lysosomal compartment contributes 

numerous proteins (such as defensins and lysozyme) that function to prevent the growth 



6 

 

and/or destroy the engulfed microorganisms. In addition to anti-microbial proteins, 

macrophages also produce reactive oxygen species and nitric oxide which serve to kill 

the invading organism. After digested, the components of invading organisms are 

translocated to the surface of macrophages and are recognized by T lymphocytes which 

activate the adaptive immune responses (Mosser and Edwards, 2008).  

          Macrophages play critical roles in inflammation. Inflammation is a host response to 

pathogens, damaged cells, and irritants (Lawrence et al., 2002). The host cells, blood 

vessels, plasma proteins, and a wide array of mediators from both innate and adaptive 

immune system are involved in this host defense process.  

          Inflammation can be categorized into acute and chronic. Acute inflammation is the 

initial phase of host response. The acute phase of inflammation is associated with the 

migration of leukocytes (such as neutrophils and macrophages) into the invaded position 

(e.g., wound). After recognition of stimulatory signals, macrophages produce ROS, NO, 

and several cytokines/chemokines to modulate the functions of other immune cells which 

can trigger systemic responses to the infection.  

Recognition of invading pathogens or other stimuli 

          Macrophages recognize the invading pathogens via pattern-recognition receptors 

(PRRs) (Kumar et al., 2013). The PRRs play pivotal roles to initiate the host responses 

for clearance of the invading pathogens. They are several groups of extra- and intra-

cellular proteins. The PRRs share common characteristics to activate the specific 

signaling pathways resulting in appropriate responses to defend against invading 

pathogens (Akira et al., 2006). Several families of receptors have been characterized as 
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PRRs. Among them, TLRs are the first class of cellular PRRs to be identified and 

characterized, and my research is primarily focused on this group of receptors.   

          Numerous toll-like receptors have been characterized in humans and mice. Toll, 

the founding member of the TLR family, was discovered and characterized during 1980s 

(Anderson et al., 1985). Several years later, the first toll-like receptor was found, and its 

function on initialization of innate immune responses was characterized (Medzhitov et 

al., 1997). Until now, 10 and 12 members of the TLR family have been identified in 

humans and mice, respectively (Kumar et al., 2013). The TLRs are type I transmembrane 

integral glycoprotein receptors with varying numbers of leucine-rich-repeat (LRR) motifs 

in the extracellular domains and an intracellular cytosolic signaling domain, known as 

Toll/IL-1R, based on its homology of IL-1 receptor (IL-1R) (Bowie et al., 2000). The 

TLRs contain 19-25 LRRs that consist of a β-strand and a α-helix connected by loops. 

Toll-like receptors work as homo-dimers (i.e. TLR4) or hetero-dimers (i.e. TLR2/TLR6) 

(Bella et al., 2008; Kang and Lee, 2011). The TLR1, TLR2, TLR4, TLR5, and TLR6 are 

found on the plasma membrane, while TLR3, TLR7, TLR8, and TLR9 are localized in 

endosomal compartments (Kumar et al., 2011, 2009).   

          Toll-like receptors recognize specific pathogen-associate molecule patterns 

(PAMPs). The details of interaction of specific pathogen components with TLRs are 

shown in Figure 2-1. Toll-like receptor 4 was the first discovered and is the well-

characterized TLR. TLR4 recognizes LPS which is a component of gram-negative 

bacteria (Miller et al., 2005). The recognition of LPS by TLR4 requires several additional 

proteins:  lymphocyte antigen 96 (well known as MD-2), CD14, and LPS-binding protein 

(LBP). LPS in the bloodstream is bound by LBP to generate a complex of LPS-LBP. This 



8 

 

complex then binds to CD14 on the cell surface, and the LPS is transferred to MD2 

which then leads to oligomerization of TLR4. The downstream signaling pathways are 

activated in responses to the stimuli.   

          The TLR5 recognizes the central α helix chains (D1) of flagellin which is a major 

protein constituent of flagella of numerous microbial pathogens (Akira et al., 2006; 

Yonekura et al., 2003). The heterodimers of TLR2/TLR6 and TLR1/TLR2 play major 

roles to sense the components of gram-positive bacteria cell walls, such as lipoteichoic 

acid, lipoproteins. The genetic materials, DNA or RNA from viruses, can bind to TLR3, 

TLR7/TLR8, or TLR9 (Akira et al., 2006).   

          Other than TLRs, the NOD-like receptors, retinoic acid-inducible gene (RIG)-I-like 

receptors, C-type lectin receptors, and DNA-sensing molecules are able to sense some 

invading pathogens (Franchi et al., 2009; Kumar et al., 2011; Newton and Dixit, 2012).  

Intracellular signaling pathways  

          Pattern-recognize receptors sense the PAMPs which leading to activation of 

downstream signaling pathways, such as NF-κB and MAPKs (Kawai and Akira, 2005; 

Kim et al., 2015). 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

          The NF-κB is a dimeric transcription factor of Rel homology domain-containing 

proteins, including p65 (RelA), RelB, c-Rel, p105/p50 (NF-κB1), and p100/p52 (NF-

κB2) (Iwai, 2012). Under rest condition, NF-κB transcription factors are retained in the 

cytoplasm, and rendered inactive by an inhibitor of κB (IκB) molecule.  

          Stimulation of macrophages with TLRs activates the NF-κB via myeloid 

differentiation primary response gene 88 (MyD88)-dependent or independent signaling 
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(Kumar et al., 2011). The MyD88 is an adaptor molecule for all TLRs, except TLR3. 

With the stimulation of PAMPs via TLRs, MyD88 activates and recruits the interleukin-1 

receptor-associated kinase 4 (IRAK4) followed by the activation and recruiting of IRAK1 

and IRAK2 (Lin et al., 2010). The complex of IRAK1 and IRAK2 interacts with TNF 

receptor associated factor 6 (TRAF6). The activated TRAF6, together with E2 ubiquitin, 

ubiquitinates both itself and IRAK1 resulting in activation of transforming growth factor 

(TGF)-β-activated kinase 1 (TAK1), TAK1-binding protein 1 (TAB1), TAB2, and TAB3 

(Wang et al., 2001). TAK1 phosphorylates the inhibitor of nuclear factor kappa-B kinase 

subunit beta (IKK-β). The IKK-β forms an IKK complex with IKK-α and IKK-γ. The 

IKK complex then phosphorylation of IκB-α which is an inhibitory protein binding to 

NF-κB. After phosphorylation, IκB-α is ubiquitinated, degraded, and de-associated with 

NF-κB which translocates into the nucleus, and promotes the transcription of enzymes 

and inflammatory mediators for immune responses.  

          The NF-κB can also be activated via TIR-domain-containing adapter-inducing 

interferon-β (TRIF)-dependent signaling, a MyD88-independent pathway, in 

macrophages activated with TLR3 and TLR4 PAMPs (Kawai and Akira, 2007). Upon 

stimulation of TLR4 or TLR3, TRIF can directly bind to TRAF6 which activates the 

TAK1 in a manner similar to that in the MyD88-dependent pathway to induce the 

activation of NF-κB. In addition, NF-κB can be activated by TNF-α, IL-1β, as well as the 

ROS (Bonizzi et al., 1996; Fitzgerald et al., 2007; Kabe et al., 2005). 

          The activated NF-κB translocates into nucleus and binds to the consensus sequence 

which regulates the expression of a great variety of genes encoding immunologically 

relevant proteins, including inflammatory cytokines, chemokines, and other proteins 
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involved in immune functions (Barnes and Karin, 1997; Kabe et al., 2005). NF-κB 

signaling pathway is also involved in several other physiological processes, such as cell 

survival, proliferation and differentiation (Baeuerle and Henkel, 1994). 

Mitogen-activated protein kinases (MAPKs) 

          The MAPKs are a group of serine/threonine protein kinases presenting in 

eukaryotic species (Liu et al., 2007). There are three well-characterized MAPK pathways 

in mammalian cells: the extracellular-signal-regulated kinase 1/2 (ERK1/2), the c-Jun N-

terminal kinases/stress-activated protein kinases (JNK/SAPKs) and the p38 pathways 

(Pearson et al., 2001). Numerous extracellular signals can activate MAPK pathways 

through boosting various small-molecular-weight GTPases, including gamma activated 

sequence (GAS), RAC, cell-division cycle 42 (CDC42), and RAS homologue.  

          Activated MPAKs play important role in the processes of immune defense, 

apoptosis, stress responses, and cell proliferation. They are also deeply involved in the 

cellular differentiation, development, learning, memory and secretion of paracrine and 

autocrine factors (Johnson and Lapadat, 2002). The ERK1 and ERK2 pathways are 

activated by RAS upon stimulation from various extracellular signals, such as growth 

factors, cytokines, viral infection, ligands for hetero-trimeric guanine nucleotide-binding 

protein-coupled receptors, transforming agents, and carcinogens(Johnson and Lapadat, 

2002). The EKR1 and ERK2 regulate the functions of meiosis, mitosis, and post-mitotic 

in differentiated cells. Activated ERK1/2 also positively regulates the proliferation of 

tumor cells. The JNKs (JNK1, JNK2, and JNK3) are activated by environmental stress, 

radiation, and growth factors leading to activation of activator protein 1 (AP-1) complex. 

The AP-1 complex regulates numerous cytokine genes which encode protein associated 
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with apoptosis. The p38 MAPKs are key controllers of inflammatory cytokines 

production. Upon the stimulation with inflammatory cytokines, hormones, ligands for G 

protein-coupled receptors, and stress, the complex of TAK1, TAB1 and TAB2/3 in the 

MyD88 signaling pathway activates the MAP kinase cascades (Kawai and Akira, 2005).  

Janus kinase and signal transducer and activator of transcription (JAK-STAT) 

          The JAK-STAT is a classical signaling pathway activated by interferon (IFN). In 

the early stage of infectious conditions, natural killer cells and T cells are activated to 

produce the IFNγ in response to pathogens (Schroder et al., 2006). IFNγ is well-known as 

the “macrophage-activating factor”, and the classical activation of macrophages is co-

stimulation with IFNγ and TLR ligation.  

          Interferon gamma binds to hetero-dimeric receptors IFNγR1 and IFNγR2 on cell 

surface. Two receptor-associated tyrosine kinases, Janus kinase 1 (JAK1) and JAK2, are 

moving close proximity with one another followed by trans-phosphorylation of each 

other (Gough et al., 2008). The phosphorylated IFNγR1 and IFNγR2 then phosphorylate 

the tyrosine Y701 in the C-terminus of the STAT1s. The phosphorylated STAT1 forms 

homo-dimer as transcriptional activator complexes, IFNγ-activated factor (GAF) 

(Takaoka and Yanai, 2006). The complex translocates to the nucleus and binds to its 

specific DNA sequences leading to transcription of a large number of genes.  

Inflammatory responses 

          Macrophages recognize the PAMPs via intracellular or extracellular receptors and 

activate various intracellular signaling pathways (Kumar et al., 2013). These signaling 

pathways regulate the production of numerous immune mediators, such as reactive 

oxygen species (ROS), nitric oxide (NO), and inflammatory cytokines/chemokines, to 
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modulate the innate immune responses and to induce the activation of other cells 

involved in host defense (Koenderman et al., 2014).  

Reactive oxygen species (ROS) 

          Reactive oxygen species (ROS) are a set of highly reactive free radical (unpaired 

electron) and non-radical (two-electron) molecules, including superoxide (O2•-), 

hydrogen peroxide (H2O2), hydroxyl radicals (OH•), hypochloric acid (HOCl), and 

peroxynitrite (ONOO-) (Papaharalambus and Griendling, 2007).  

          Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases produce the 

majority of ROS and play a critical role in the antimicrobial activities in the immune cells 

(Lam et al., 2010). Reactive oxygen species are produced by numerous different 

physiological processes by mitochondria, xanthine oxidases, as well as NOXs. However, 

ROS produced by NOX2 are highly associated with the anti-microbial activities of 

phagocytes. Previous studies demonstrated that deficient NOX2 NADPH oxidase cause 

immunological disorders resulting in a higher susceptibility to numerous pathogens.  

          Superoxide (O2•-) is dominant initial ROS species with a short-lived time that can 

be converted to hydrogen peroxide by superoxide dismutase, or react with nitric oxide to 

generate peroxynitrite (Winterbourn, 2008). Hydrogen peroxide can cross cell 

membranes and react with Fe2+ or Cu+ to form highly reactive hydroxyl radicals through 

Fenton reaction. Peroxynitrite can oxidize proteins, lipids, and critical enzymatic 

cofactors that cause higher oxidative stress (Kizhakekuttu and Widlansky, 2010). The 

H2O2 and HOCl are able to kill the microbes in the phagosome of invaded macrophages 

(Spooner and Yilmaz, 2011). The ROS also oxidize the critical bacterial products for 

infection and induce a negatively charged environment in the lumen of the phagosome 
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which serves to boost pathogen clearance (Lam et al., 2010). Macrophage-derived ROS 

have capability of attenuating auto-reactive T-cell responses. ROS serve as secondary 

signaling molecules and modulate the pathways such as Ca2+ signaling. In addition, ROS 

are involved in the modulation of chemotaxis, antigen cross-presentation, and autophagy 

processes.  

          Reactive oxygen species are important for innate responses and intracellular 

signaling (Bae et al., 2011), however, the overproduction of ROS causes oxidative 

stresses which leads to the activation of nuclear factor-erythroid 2-related factor 2 (Nrf2) 

- intracellular antioxidant response element (ARE) (Xiang et al., 2014). The Nrf2 can also 

be activated by many chemicals, such as phytochemicals and derivatives (CDDO, 

sulforaphane), therapeutics, and endogenous chemicals (e.g., NO). The activated Nrf2 

dissociates from the complex of Nrf2/Keap1/Cul3 and translocates into the nucleus and 

binds to a DNA sequence called antioxidant response element (ARE) to induce the 

expression of antioxidant enzyme genes, such as glutathione S-transferase and NAD(P)H: 

quinine oxidoreductase 1 (NQO1) (Niture et al., 2014).  

Nitric oxide (NO) 

          Nitric oxide (NO) is low molecular weight, water-soluble, ubiquitous, reactive 

radical gas (Bogdan, 2001). NO is synthesized from L-arginine and molecular oxygen via 

a two-step oxidative reaction (Aktan, 2004) by a set of enzymes called nitric oxide 

synthase (NOS) in immune cells (e.g., macrophage) and other types of cells (e.g., 

endothelial cell). Three NOS have been characterized: endothelial NOS (eNOS, NOS I), 

inducible NOS (iNOS, NOS II), and neuronal NOS (nNOS, NOS III). Endothelial NOS is 

found in blood vessels and produces NO to regulate vascular function. Neuronal NOS 
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produces NO in the nervous system to perform a role in cell communication (Mosser and 

Edwards, 2008). Inducible NOS only presents in immune cells (e.g., macrophages) which 

are activated by immunostimulatory cytokines, bacterial products or infection (Aktan, 

2004).  

           Upon the stimulation of cytokines, microbial compounds or both, macrophages 

activate the signaling of NF-κB and/or JAK-STAT1 to promote the expression of iNOS 

to generate NO as an inflammatory mediator (Bogdan, 2001; Nathan, 1992).    

          Nitric oxide modulates the host immunity including antimicrobial acidity, signaling 

pathways, immune-regulation, and tumor cells growth (Alderton, 2001; Bogdan, 2001; 

Schmid et al., 2012). Similar to the ROS, the NO radicals or S-nitrosothiols (SNO) or 

peroxynitrite (ONOO-) are able to interact with DNA and protein to kill the microbes in 

the phagosome, as well as interfere the production of key compounds for reproducing of 

microbes (Bogdan et al., 2000). Nitric oxide has both promoting and inhibiting effects on 

tumor cells (Choudhari et al., 2013), affecting the processes of angiogenesis, apoptosis, 

cell cycle, invasion and metastasis which are highly associated with development of 

cancer. On the other hand, the tumoricidal activities of NO result from suppression of 

cellular respiration iron metabolism, and DNA synthesis, as well as alteration of caspase 

family proteases, p53, and apoptosis-associated proteins. The NO modulate the 

intracellular signaling cascades, such as MAPKs and NF-κB, and transcription factors 

(Bogdan, 2001). These activities impact the production and function of cytokines, 

chemokines, and growth factors which reduce the inflammatory and immune responses.   

Cytokines and chemokines  
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          Cytokines and chemokines are small soluble proteins produced by various cells 

(Stenken and Poschenrieder, 2015).  These molecules play vital roles in regulation of 

local and systemic immune responses in health and diseases (Arango Duque and 

Descoteaux, 2014). The concentrations of cytokines are widely used as biomarkers to 

investigate the progression of inflammation-related diseases and effects of treatments. 

          Cytokines have been categorized into pro-inflammatory and anti-inflammatory 

classes. Pro-inflammatory cytokines include: TNF-α, IL-6, IL-1, IL-12, and type I and II 

interferon (Torrado and Cooper, 2013). TNF-α is a pleiotropic cytokine produced by 

different immune cells including macrophage, and promotes responses to acute 

inflammation (i.e. fever) and other physiological challenges (i.e. cell proliferation, 

differentiation and apoptosis) (Baud and Karin, 2001). IL-1, similar to TNF-α, is a pro-

inflammatory cytokine and is involved in induction of fever as an endogenous pyrogen, 

as well as processes of cell proliferation, differentiation, and modulation on the function 

of various types of immune cells (Akdis et al., 2011). IL-1α is synthesized as a 

biologically active form and can be actively secreted or passively released from apoptotic 

cells (Akdis et al., 2011). On the other hand, IL-1β is translated as pro-IL-1β which has 

no pro-inflammatory activity. The pro-IL-1β has to be processed by inflammasome-

activated caspase-1. The IL-6 is a multifunctional cytokine which play important roles in 

regulation of immune responses, acute-phase responses, hematopoiesis, insulin 

resistance, and inflammation (Akdis et al., 2011).  IFNγ is a cytokine mainly produced by 

some T cells and natural killer cells to activate macrophages for killing microbes and to 

induce cytotoxic activities and apoptosis of other cells (Akdis et al., 2011). Interleukin 12 

(IL-12p70) is a heterodimeric cytokine consisting of a 35-K light chain (IL-12p35) and a 
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40-kd heavy chain (IL-12p40) (Barrie and Plevy, 2005). Both subunits stay at the ER 

after synthesized by macrophages stimulated with IFNγ and are released out of cells. IL-

12 plays critical roles on anti-tumor, anti-parasitic, and anti-microbial (e.g., Listeria 

monocytogenes) and activates cell-mediated immunity by modulating the development 

and maintenance of Th1 cells (Eitel et al., 2010).  

          Immune cells also produce a series of anti-inflammatory cytokines to regulate the 

pro-inflammatory cytokines responses (Opal and DePalo, 2000). Macrophages produce 

several anti-inflammatory cytokines, such as IL-6 and IL-10. IL-6 has been well known 

as a important pro-inflammatory cytokines, however, it is also exhibits the capability of 

down-regulating the production of IL-1 and TNF-α. As a key anti-inflammatory cytokine, 

IL-10 modulates numerous aspects of immune responses (Saraiva and O'Garra, 2010). 

Macrophages produce IL-10 following activation of specific pattern recognition receptors 

(e.g., TLRs). IL-10 plays important roles to control the immune response to pathogens 

and limit the autoimmune pathologies which can cause damage to the host. For example, 

IL-10 attenuates the production of TNF-α, IL-1β, IL-6, IL-8, IL-12, and IFNγ to suppress 

the immune responses (MacKenzie et al., 2014; Saraiva and O'Garra, 2010).  

          Upon the stimulation, macrophages also produce various chemokines primarily to 

promote the infiltration and activation of inflammatory cells into injured or infected 

tissues (Le et al., 2004). Macrophage inflammatory proteins (e.g., MIP-1α, MIP-1β, and 

MIP-2) are group of chemokines generated by macrophages and highly involved in the 

induction and modulation of inflammatory responses (Maurer and von Stebut, 2004; 

Moser et al., 1990).  Macrophages also produce chemokine (C-C motif) ligand (CCL) 5 

(RANTES), chemokine (C-X-C motif) ligand (CXCL) 1 (KC), and Interferon gamma-
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induced protein 10 (IP-10) to chemotactic immune cells (e.g., neutrophils and 

macrophages) to the inflammatory sites (Krensky and Ahn, 2007; Luster, 1998; 

Romagnani and Crescioli, 2012; Rot and von Andrian, 2004). In addition, macrophages 

also produce several growth factors, such as granulocyte-colony stimulating factor (G-

CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), and monocyte 

chemotactic protein 1 (MCP1). These growth factors are able to promote the process of 

proliferation and differentiation of immune cells, such as macrophages and neutrophils. 

 

 

Medicinal plants 

 

          Medicinal plants, also well-known herbs, haves been utilized as food, flavoring, 

medicine, or perfume to treat numerous types of diseases or to improve (maintain) human 

health via normalizing physiological function (Tyler, 1987). Herbal medicine have been 

used for thousands of years as drugs in many countries, such as China, India, Greece, and 

some countries in Africa (Vermani and Garg, 2002). They are also used as a dietary 

supplement in many developed countries (Yeung et al., 2008). The herbaceous 

perennials, some trees, shrubs, annuals, vines, primitive plants, and fungus are widely 

used as herb in different populations (Bown, 2001). It can be whole plants, leaves, roots, 

flowers, seeds, resin, root bark, inner bark, berries, pericarp, or other portions of plants.  

          Medicinal plants have several advantages: rare side-effects, better efficiency on 

chronic conditions, relatively low cost, widespread availability, and high acceptability 

(Brown et al., 2008). There are also some disadvantages for using the herb medicine, 
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including contamination with toxins, proper knowledge on the dosage, poor 

understanding of the medicinal interactions, and lack of regulation (Tyler, 1987). Even 

though they are still not fully understood, these advantages make the herbs widely used 

both in developing and developed countries (Bnouham et al., 2006).  

          With the development of the modern technologies, the chemical composition, 

biological functions, and mechanisms of medicinal properties have been investigated on 

more and more herbs. These findings not only provide a better understanding of herb 

medicine, but also form a lot of new implications for clinical treatment. In the United 

States, medicinal botanicals have been used for hundreds years. According to data from 

the year 2008, more than 40% of the population reported using the botanical dietary 

supplements (van Breemen, 2008). However, most of botanical products are consumed in 

the traditional ways without knowing the efficacy and safety (Yeung et al., 2008). 

Because there was less regulations on dietary supplement in the market, several cases 

were reported that some herb products caused serious physiological disorders (Tyler, 

1987). Since 1999, numerous interdisciplinary research centers have been funded by two 

components of the National Institutes of Health – the National Center for Complementary 

and Alternative Medicine and the Office of Dietary Supplements – to demonstrate 

mechanisms of action to clinical investigation examining efficacy and safety of 

botanicals, and to find new approaches for developing novel drugs (Coates and Meyers, 

2011; Yeung et al., 2008).  

          Herbal medicines have been traditionally used in Africa, and play important roles 

in culture and life of Africans (Fennell et al., 2004). Africa is rich in plant diversity, and 

about 3, 000 medicinal plants have been traditionally used in southern Africa (van Wyk, 
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2008). These plants are widely used for treatment of many types of diseases, such as 

cancer, inflammation diseases, and diabetes. However, little research has been conducted 

to investigate the mechanisms of the medicinal properties of these plants (Fennell et al., 

2004). 

 

 

Sutherlandia frutescens 

 

Introduction 

          Sutherlandia frutescens (L.) R.Br. (Lessertia frutescens) is native to southern 

Africa, including some parts of South Africa, Namibia, Botswana, and Lesotho 

(Faleschini et al., 2013). This plant is well-known by many different names including 

cancer bush, umnwele (Xhosa), insiswa (Zulu), and Phetola (Setswana) (van Wyk and 

Albrecht, 2008). S. frutescens is a small, perennial woody shrub growing prostrate to 

erect with height from 0.2-2.5 m (van Wyk and Albrecht, 2008). The leaves of S. 

frutescens, which are traditionally used as medicine, are short petiolate, stipulate and 

pinnate, with numerous small leaflets (Ojewole, 2008) (Figure 2-2). The leaflets appear 

to be silvery, ovate-oblong, elliptic to narrowly oblong with different density of hair 

(Ojewole, 2004). The flowers of S. frutescens are characterized as large, red, tubular, 

markedly compressed laterally, oblong, boat-shaped keel petals, two minute wing petals, 

apically recurved standard petal, typically marked with white lines (van Wyk and 

Albrecht, 2008). S. frutescens fruits are balloon- or bladder-like, papery pods, with 

numerous seeds (van Wyk and Albrecht, 2008). 
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Chemical components 

          Numerous studies were conducted to identify the ingredients of S. frutescens using 

different approaches. Several biological active compounds have been identified in 

different extracts of Sutherlandia, including: L-canavanine, pinitol, gamma-aminobutyric 

acid, methyl and propyl parabens, saponins, sigma-4-en-3-one, and γ-sitosterol (Tai et al., 

2004).  Fu and colleagues described two new groups of components that were unique to 

Sutherlandia:  Sutherlandiosides A, B, C and D (cycloartane glycosides) (Fu et al., 2008) 

and sutherlandins A, B, C and D (3-hydroxy-3-methylglutaro-yl containing flavonol 

glycosides) (Avula, 2010; Fu et al., 2010). The polysaccharides presented in S. frutescens 

have been recently characterized by Zhang et al. (2014). 

L-Canavanine 

          L-Canavanine (1-2-amino-[4-guanidinooxy]-butanoic acid) (Figure 2-3A) is a non-

protein amino acid, similar to L-arginine (Figure 2-3 B), commonly found in some 

leguminous plants. In plants, L-canavanine primarily is a natural toxin that inhibits the 

bacterial growth as a defense against predators. The anticancer and antiviral activities of 

L-canavanine have been well characterized since the 1990s, with the primary action 

being to dimish the activation of inducible nitric oxide synthase. As a leguminous plant S. 

frutescens leaves contains a significant amount of L-canavanine (about 3 mg/g dry 

weight), which may partially explain its medicinal properties. Previous studies have 

demonstrated that growing this plant in a media containing kinetin (a cytokinin) increased 

the concentration of L-canavanine in the shoots of S. frutescens (Colling et al., 2010).  

Pinitol (3-O-methyl-chiro-inositol) 
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          Other than L-canavanine, high levels of pinitol (up to 14 mg/g dry weight) have 

been found in Sutherlandia leaves. Pinitol is a type of sugar that is found in many 

legumes (Figure 2-3 C). Because of its well-known anti-diabetes and anti-inflammatory 

activities, pinitol has been characterized as another critical compound for the medicinal 

uses of S. frutescens. 

γ-aminobutyric acid (GABA) 

          GABA is well-known as an inhibitory neurotransmitter in the vertebrate brain, as 

well as other organs, such as lung, liver, gastrointestinal tract, sperm, testes, mammary 

gland, and colon, and its anticancer activity has been identified  (Ortega, 2003) (Figure 2-

3 D). The biological activity of GABA is mainly related to brain function, such as mood-

elevating activity and stress releasing activity (Smith and van Vuuren, 2013). GABA has 

been found in many plants as a defender against herbivorous pests or a cell signaling 

mediator (Park et al., 2010; Roberts, 2007).  Previous studies found that significant 

amounts of GABA are present in S. frutescens shoots, and this may explain the 

anticonvulsant, stress relieving activities of this medicinal plant (Ojewole, 2008; van 

Wyk and Albrecht, 2008).  

Sutherlandiosides and sutherlandins 

          Two groups of unique compounds, sutherlandiosides and sutherlandins, were found 

and characterized in the last few years (Avula, 2010; Fu et al., 2008; Fu et al., 2010). 

Sutherlandiosides A to D are cycloartanol glycosides found in S. frutescens, while 

sutherlandins A through D are flavonol glycosides. Their structures are shown in Figures 

2-4 and 2-5, and the differences on the structure are indicated by the black circles.  
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The authors also quantified the concentrations of these compounds, and found that 

sutherlandioside B is a major glycoside in S. frutescens (2.75%, weight by total weight of 

S. frutescens). The content (w/w) of other cycloartanol glycosides is 0.61%, 0.22%, and 

0.64%. There are 0.53%, 0.49%, 0.94%, and 0.54% of flavonol glycosides (w/w) present 

in S. frutescens. Fu et al. (2008) evaluated the anti-microbial and anti-malarial activities 

of sutherlandiosides, and none of them showed any impact on these activities. More 

research needs to be conducted to investigate the bioactivities of these specific 

compounds present in S. frutescens. 

Chlorophylls 

          As a green plant, S. frutescens contains chlorophyll even though there is no 

research on the presence of chlorophyll. Chlorophyll derivatives are the most ubiquitous 

natural pigments responsible for the characteristic color of green plants, algae, and 

bacteria. Natural chlorophylls are tetrapyrroles associated with a magnesium atom in the 

center and a side chain called phytol. Chlorophylls a and b are the most abundant 

derivatives in higher plants (Fernandes et al. 2007). Natural chlorophylls derivatives also 

include metal-free chlorins, pheophytins, and pyropheophytins, as well as metallo-

derivatives (zinc and copper complexes). Cu-chlorophyllin, pheophorbides, pheophytins, 

and pyropheophytins are major chlorophylls derivatives used as dietary sources (Ferruzzi, 

2002). Sodium copper chlorophyllsin (SCC) is a very common commercial-grade 

derivative (Ferruzzi and Blakeslee, 2007). 

          Antioxidant activity of chlorophylls has been studied for decades (Ma and Dolphin 

1999). The antioxidant activity of chlorophyll derivatives can be effective through 

various actions: participating in photooxidation of fats and oils, protecting against auto-
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oxidation of vegetable oils, reducing free radicals as electron donors, inhibiting lipid 

hydroperoxide formation, inducing antioxidant enzyme activity, or reducing 

inflammatory responses (Cho et al., 2000; Ferruzzi and Blakeslee, 2007). Ferruzzi and 

colleagues (2002) demonstrated that natural chlorophylls had lower antioxidant activity 

than commercial chlorophyllin, while the metallo-chlorophylls derivatives showed 

significantly higher activity compared to metal-free ones. 

Other compounds 

          S. frutescens leaves were identified to contain high levels of polysaccharides of the 

pectin type recently (Zhang et al., 2014). These polysaccharides were reported to promote 

complement fixation, which is a feature of the innate immune response. Zhang et al. 

(2014) found that the complement fixation activity is highly associated with regions rich 

with galactose. Some other compounds were reported previously, including triterpenoid 

saponins, hexadecanoic acid, γ-sitosterol, stigmast-4-en-3-one and some long chain fatty 

acids (Moshe, 1998; Tai et al., 2004). 

Dosage and toxicity 

          Consuming S. frutescens has been considered as safe since it has been traditionally 

used for a long time (van Wyk and Albrecht, 2008). The traditional dose of this herb is 

infusion or decoctions of 2.5 to 5 g of dry material per day. Infusion made from 2.5 g 

dried S. frutescens material was the minimum dosage for achieving the medicinal benefit. 

As reviewed by van Wyk and Albrecht (van Wyk and Albrecht, 2008), no side effect was 

shown after taking a decoction of 5 g of dried material daily (twice a day) for more than 

six years. The recommended dosage for the commercial preparation is 600 mg of dried S. 

frutescens leaves per day. In 2007, a phase I clinical trial was conducted on 25 healthy 
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adults in South Africa and found that orally taking 800 mg S. frutescens leaf powder had 

no side effect in the treated subjects (Johnson et al., 2007). Even though the appetite, 

respiration rate, platelet count, mean corpuscular hemoglobin, mean corpuscular 

hemoglobin concentration, total protein and albumin was affected by S. frutescens 

treatment, these changes were not clinically relevant since they were in the normal 

physiological range.  

          The safety of consuming S. frutescens was also evaluated in animal models. 

According to the recommended dosage of a commercial product (600 mg/day), a dose of 

9.0 mg/kg body weight was recommended for a monkey study. Monkeys were fed 0, 1, 3 

and 9 times the recommended daily dose administered as part of a carefully monitored 

standard diet for a period of 3 months, with no clinical significant side effects (Seier et al. 

2002). The acute toxicity of S. frutescens had been investigated on BALB/c mice 

(Ojewole, 2004). The median lethal dose (LD50) of graded aqueous extracts of S. 

frutescens (i.e., intraperitoneal injection) was 1280 ± 78 mg/kg body weight.  

Bioactivities of S. frutescens 

          In the last two decades, the bioactivity of S. frutescens has been widely 

investigated in various cell models. The primary actions are modulating the 

concentrations of reactive oxygen species (ROS), numerous inflammatory cytokines, and 

some intracellular signaling pathways.  

          Numerous studies have been conducted to investigate the impact of S. frutescens 

on the production of reactive oxygen species (ROS). Reactive oxygen species play 

important roles in inflammation, cancer, infectious diseases, and many chronic 

conditions. Several studies determined the capability of quenching ROS using the 2, 2-
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diphenyl-1-picrylhydrazyl free-radical scavenging assay (Chen, 2007; Fernandes et al., 

2004). The antioxidant activity was found in aqueous, ethanol, acetone, methanol, and 

chloroform extracts. S. frutescens extracts were also able to reduce the oxidative stress in 

neutrophils, microglial cells, Chinese hamster ovary cell, human hepatoma cell, human 

pulmonary alveolar carcinoma, as well as pancreatic beta-cells (Fernandes et al., 2004; 

Tobwala et al., 2014).  

          Other than ROS, S. frutescens also modulates the production of cytokines. 

Cytokines are involved in normal and unhealthy physiological conditions. Limited 

research has been done to investigate the impact of S. frutescens on the production of 

cytokines. An ethanolic extract of S. frutescens (i.e., 70% ethanol) had no impact on the 

mRNA expression of IL-1β and TNF-α in RAW 264.7 cells (Tai et al., 2004). Another 

study found that ethanolic extract (made by 96% of ethanol), aqueous extract, or their 

fractions, of S. frutescens did not affect the secretion of IL-1β, IL-6, IL-10, and IL12p70 

in HL60 cells (Faleschini et al., 2013). However, co-treatment with non-polar compounds 

and phorbol 12-myristate 13-acetate increased the production of IL-8 and TNF-α in HL60 

cells, while an opposite effect was found in the extracts and fractions rich in polar 

compounds.  

          The modulation activities of S. frutescens on production of ROS and cytokines are 

via altering the signaling pathways. A previous study reported that S. frutescens 

diminished the phosphorylation of STAT1α and ERK1/2 to reduce the inflammatory 

responses in microglial cells (Jiang et al., 2014). The ischemia/reperfusion induced 

ERK1/2 phosphorylation and p47phox expression was reduced by dietary S. frutescens in 

microglial cells or striatum (Chuang et al., 2014). Kundu et al. (2005) also found that S. 
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frutescens methanolic extract inhibited the catalytic activity of ERK, but not NF-κB, 

induced by TPA-stimulation in mouse skin. The anti-cancer activity of S. frutescens 

might be associated with modulating the signaling pathways of STAT1, ERK, NF-κB in 

MCF-7 cells (Stander et al., 2007).  

Medicinal properties and potential mechanisms of S. frutescens 

          S. frutescens has been traditionally used for patients suffering from cancers, 

infectious diseases, and various inflammatory conditions, such as rheumatoid arthritis 

(van Wyk and Albrecht, 2008). The possible mechanisms for the medicinal properties of 

S. frutescens have been studies in cell-free, cell, and animal models. 

Anti-inflammatory diseases 

          S. frutescens has been used in chronic inflammatory conditions, such as rheumatoid 

arthritis, osteoarthritis, and gout (Ojewole, 2008). The anti-inflammatory function of S. 

frutescens found in different models attracts more and more researchers to investigate this 

property in the immune system. Most previous studies have indicated the antioxidant 

activities of S. frutescens are, at least in part, due to its anti-inflammatory properties 

(Fernandes et al., 2004). The antioxidant properties of acetone extract (Katerere and 

Eloff, 2005), polar and non-polar extract (Chen, 2007), aqueous and some other extracts 

(Tobwala et al., 2014) were studied using the 2, 2-diphenyl-1-picrylhydrazyl free-radical 

scavenging assay. Another study reported that a hot water extract of S. frutescens had 

antioxidant and/or anti-inflammatory activities in human neutrophils, Chinese hamster 

ovary cells, human hepatoma cells, and human pulmonary alveolar carcinoma (Fernandes 

et al., 2004; Tobwala et al., 2014). Kundu et al. (2005) demonstrated that a methanolic 

extract of S. frutescens could decrease 12-O-tetra-decanoylphorbol-13-acetate (TPA)-
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induced cyclooxygenase-2 (COX-2) expression in mouse skin. The possible mechanism 

was to diminish the activity of extracellular signal-regulated protein kinase (ERK), and 

activator protein-1 (AP-1) (Kundu et al., 2005). Tai et al. ( 2004) investigated the 

function of a 70% ethanol extract of S. frutescens in RAW 264.7 cells. Neither nitric 

oxide (NO) nor inflammatory cytokines mRNA, such as interleukin-1 bate (IL-1β) and 

TNF-α, was significantly affected by treatment with S. frutescens. However, S. frutescens 

was reported to modulate cytokines and chemokines, such as IL-8 and TNF-α, to alter the 

inflammatory responses (Faleschini et al., 2013). An aqueous extract made from S. 

frutescens shoots significantly inhibited the inflammatory responses (i.e., pain and pedal 

oedema) and hypoglycemia induced by different agents in mice or rats (Ojewole, 2004). 

A previous study demonstrated that the anti-inflammatory activity of the ethanolic extract 

of S. frutescens was associated with reduced activation of the ERK and STAT1 signaling 

pathways in neurons and microglial cells (Jiang et al., 2014).  

Anti-microbial activity 

          The anti-microbial activity of S. frutescens has been reported for hundreds of years 

(van Wyk and Albrecht, 2008). Traditionally, the decoctions of S. frutescens were used 

for washing wounds to control in infection and promote healing processes. The 

antibacterial activity of a S. frutescens hexane extract was determined using a microtitre 

assay, and it showed strong antibacterial activity against S. aureus, E. faecalis and E. coli 

(Katerere and Eloff, 2005). S. frutescens tablets have become widely used for patients 

suffering from HIV-AIDS to relieve the symptoms (van Wyk and Albrecht, 2008). 

Several clinical trials confirmed that consuming S. frutescens tablets improved mood and 

appetite, body weight gain, CD4 counts, and decreased the viral load in AIDS patients 
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(Morris, 2001; van Wyk and Albrecht, 2008). Studies have investigated the potential 

mechanism of antiviral activity of S. frutescens. It was reported to activate the pregame X 

receptor (PXR), to regulate the expression of cytochrome P450 3A4 and to inhibit the 

expression of P-glycoprotein (Mills et al., 2005a; Mills et al., 2005b). Harnett et al. 

(Harnett et al., 2005) demonstrated that S. frutescens contains compounds that could 

inhibit activity of reverse transcriptase and HIV target enzymes, α- and β-glucosidase.  

Anti-diabetics 

          S. frutescens is one of the most important medicinal plants used for diabetes 

patients in South Africa (van Wyk and Albrecht, 2008). The effects and possible 

mechanisms of anti-diabetic properties have been investigated using different cell or 

animal models. S. frutescens extracts reduced the oxidative stress in pancreatic beta-cells 

from the insulitis of autoimmune diabetes which may be evidence of the anti-diabetics 

activity (Sia, 2004). Previous studies determined that prevention of insulin resistant 

activities of S. frutescens was via reducing glucose uptake in liver and intestine 

(Chadwick et al., 2007; Ojewole, 2004), reducing plasma free fatty acids and total 

cholesterol levels, reducing the ratio of low density lipoprotein and high density 

lipoprotein (MacKenzie et al., 2009), and increasing the glucose uptake in muscle and 

adipose tissues (Chadwick et al., 2007).  

Anti-cancer 

          S. frutescens has been well-known as “cancer bush” and the potential mechanisms 

of anti-cancer have been widely investigated. S. frutescens is able to diminish the growth, 

proliferation, and mutagenic activities and to promote the process of apoptosis in 

numerous cancer cell lines, such as: MCF7, MDA-MB-468, Jurkat, and HL60 (Tai et al., 
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2004). These activities may be due to its capability  for modulating the expression of 

genes associated with NF-κB and STAT1 signaling pathways, and by reducing the 

expression of several metalloproteinases (MMP) (Stander et al., 2007).  

Other function 

          S. frutescens has been used for several other diseases/symptoms.  It has been 

traditionally used for the stress-related ailments, shock, trauma, fits and severe depression 

in the country of Lelsoho (van Wyk and Albrecht, 2008), and this may due to its activity 

in diminishing the binding of substrate to cytochrome P450 21-hydroxylase and 

cytochrome P450 11beta-hydroxylase (Prevoo et al., 2004; Prevoo et al., 2008). The 

anticonvulsant and antithrombotic/anticoagulant activities of S. frutescens has also been 

reported (Kee et al., 2008; Ojewole, 2008). Recently, Chuang et al. (2014) reported that 

dietary S. frutescens reduced ischemia-induced neuronal cell death, and the mitigation of 

microglial activation in the ischemia/reperfusion was decreased by S. frutescens by 

reducing the expression of p47phox and the phosphorylation of ERK1/2. 

 

 

Summary and Conclusion 

 

          Macrophages are important immune cells in the inflammatory responses. They are 

activated by a variety of PAMPs, numerous inflammatory cytokines, and some foreign 

chemicals. These stimuli trigger the activation of downstream signaling pathways, such 

as NF-κB, MAPK, JAK-STAT, which are able to regulate production of immune 
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mediators (i.e. ROS, NO, cytokines).  In consequence, the host responses are modulated 

to defend against invading pathogens and to maintain homeostasis.  

          Several medicinal uses of Sutherlandia frutescens have been reported in southern 

Africa. Previously, the possible mechanisms of anti-cancer, anti-oxidant, anti-

inflammatory of S. frutescens have been investigated in cell free, and numerous cell lines 

(e.g., neutrophils, microgial cells, and human cancer cell lines). However, little research 

has been conducted to evaluate the impact of S. frutescens on functions of macrophage 

and on the in vivo inflammatory responses and antimicrobial activity. The experiments 

described in the following chapters were designed to determine the impact of S. 

frutescens on inflammatory responses.   
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Figure 2-1. Toll-like receptor signaling pathways (O'Neill et al., 2013). 
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Figure 2-2. Sutherlandia frutescens (van Wyk and Albrecht, 2008). 
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Figure 2-3. Structures of L-canavanine (A), L-arginine (B), pinitol (C), γ-

aminobutyric acid (D) (Avula, 2010). 

A B 

C D 
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        Figure 2-4. Structures of sutherlandiosides A to D (Fu et al., 2008). The circles 

indicate the structural differences of sutherlandiosides. 

1: Sutherlandioside A, 1S,3R,24S,25-tetrahydroxy-7S,10S-epoxy-9,10-seco-9,19-

cyclolanost-9(11)-ene 25-O-β-D-glucopyranoside,  

2: Sutherlandioside B, 3R,7S,24S,25-tetrahydroxycycloartan-1-one 25-O-β-D-

glucopyranoside,  

3: Sutherlandioside C, 3R,24S,25-trihydroxycycloartane-1,11-dione 25-O-β-D-

glucopyranoside,  

4: Sutherlandioside D, 7S,24S,25-trihydroxycycloart-2-en-1-one 25-O-β-D-

glucoyranoside.  
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       Figure 2-5. Structures of Sutherlandins A to D (Fu et al., 2010). The circles 

indicate the structural differences of sutherlandins. 

1: Sutherlandin A, quercetin 3-O-β-D-xylopyranosyl (1 → 2)-[6-O-(3-hydroxy-3-

methylglutaroyl)]-β-D-glucopyranoside,  

2: Sutherlandin B, 3R quercetin 3-O-β-D-apiofuranosyl (1 → 2)-[6-O-(3-hydroxy-3-

methylglutaroyl)]-β-D-glucopyranoside,  

3: Sutherlandin C, kaempferol 3-O-β-D-xylopyranosyl (1 → 2)-[6-O-(3-hydroxy-3-

methylglutaroyl)]-β-D-glucopyranoside,  

4: Sutherlandin D, kaempferol 3-O-β-D- apiofuranosyl (1 → 2)-[6-O-(3-hydroxy-3-

methylglutaroyl)]-β-D-glucopyranoside.  
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CHAPTER THREE 

 

IMMUNO-STIMULATORY ACTIVITY OF A POLYSACCHARIDE-

ENRICHED FRACTION OF S. FRUTESCENS OCCURS BY THE 

TOLL-LIKE RECEPTOR-4 SIGNALING PATHWAY 

 

 

Abstract 

 

          Sutherlandia frutescens (L.) R. Br. is an indigenous plant of southern Africa that 

has been traditionally used for various cancers, infections, and inflammatory conditions. 

Our aim was to investigate the potential immuno-stimulatory activity of a 

polysaccharide-enriched fraction (SFPS) from a decoction of S. frutescens. To achieve 

this goal, RAW 264.7 cells (a murine macrophage cell line) were used to determine the 

activities of SFPS on macrophage function. The production of reactive oxygen species 

(ROS), nitric oxide (NO), and inflammatory cytokines were evaluated in the cells treated 

with or without SFPS.  CLI-095, a toll-like receptor (TLR) 4-specific inhibitor, was used 

to identify whether or not SFPS exerts its effects through TLR4. An antagonist of 

endotoxin, polymyxin B, was used to evaluate whether endotoxin present in SFPS 

contributed to its immune-stimulatory activity. SFPS exhibited potent immune-

stimulatory activity by macrophages. The production of ROS, NO, and tumor necrosis 

factor (TNF-α) were increased upon exposure to SFPS in a dose-dependent manner.  All 
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of these activities were completely blocked by co-treatment with CLI-095, but only 

partially diminished by polymyxin B. In this study, we demonstrate for the first time 

potent immune-stimulatory activity in a decoction prepared from S. frutescens.  We 

believe that this immune stimulatory activity is due, in part, to the action of 

polysaccharides present in the decoction that acts by way of TLR4 receptors and the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling 

pathway.  These findings provide a plausible mechanism through which we can 

understand some of the medicinal properties of S. frutescens. 

 

 

Introduction 

 

          Sutherlandia frutescens is a medicinal plant of southern Africa.  Traditionally, 

infusions or decoctions of the S. frutescens leaf and bark have been used to treat patients 

with cancer, infections, and inflammatory conditions (van Wyk, 2008; van Wyk and 

Albrecht, 2008).  Fernandes et al. (2004) reported that a hot-water extract of S. frutescens 

had antioxidant and anti-inflammatory activities both in human neutrophils and in a cell-

free system, and these findings were confirmed by other groups (Chen, 2007; Tobwala et 

al., 2014).  A hot-water extract induces apoptosis and autophagic processes in neoplastic 

cells (e.g., cervical carcinoma and human breast adenocarcinoma MCF-7 cells (Chinkwo, 

2005; Stander et al., 2009), which may explain S. frutescens’ claimed activity toward 

certain cancers.  
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          Several plant polysaccharides have been recognized for their potent immune-

stimulating activities which are often related to their ability to enhance the activation of 

macrophages (Schepetkin and Quinn, 2006).  Polysaccharide-mediated immune cell 

stimulation can occur by way of binding to various cell surface receptors or following 

internalization and subsequent activation of intracellular signaling pathways (Hsu et al., 

2004).  Polysaccharides isolated from a variety of plants (e.g., Carthamus tinctoriu, 

Acanthopanax senticosus, Polyporus umbellatus, Astragalus membranaceus, Platycodon 

grandiflorum, and Ganoderma atrum) have been shown to activate the toll-like receptor 4 

(TLR4) signaling pathway (Ando et al., 2002; Han et al., 2003; Li and Xu, 2011; Shao et 

al., 2004; Yoon et al., 2003; Zhang and Deng, 2014).  Once TLR4 is activated a number 

of intracellular signaling pathways are triggered, including NF-κB and mitogen-activated 

protein kinases (MAPKs), eventually leading to the generation of reactive oxygen species 

(ROS), nitric oxide (NO), as well as inflammatory cytokines/chemokines (Ando et al., 

2002).   Though underappreciated, evidence suggests that the immune-stimulatory 

activity of some botanicals is, partially or entirely, due to the presence of small amounts 

of contaminating bacterial lipopolysaccharide (LPS) (Pugh et al., 2008; Tabanca, 2007), 

since LPS is a high-affinity agonist for the TLR4 signaling pathway (Miller et al., 2005), 

TLR4 signaling promotes increased production of ROS, NO, and cytokines/chemokines 

(Ando et al., 2002).  Therefore, the presence of LPS in botanical extracts that are being 

screened for immune-modulatory activity has been problematic.  

          Hot water extracts of S. frutescens are rich in plant polysaccharides comprised of 

many glucose and galacturonic acid units with a pectin-like structure (Zhang et al., 2014). 

These polysaccharides have been found to promote complement fixation, which is a 
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feature of the innate immune response (Zhang et al., 2014).  However, little is known 

about other immuno-modulatory activities of polysaccharides from S. frutescens.  The 

present study was designed to characterize the impact of a polysaccharide-enriched 

fraction (SFPS) from a decoction of S. frutescens on macrophage functions.  We 

hypothesized that treatment with SFA or SFPS would stimulate innate immune cells and 

that this activation would be independent of the presence of LPS.  To test this hypothesis 

a well-characterized murine macrophage cell line (i.e., RAW 264.7 cells) was chosen for 

our studies. We used CLI-095 (i.e., TLR4 antagonist) to explore the impact of SFPS on 

the TLR4 signaling pathway in these innate immune cells.  Furthermore, steps were taken 

to distinguish between the immune-stimulating activity that arises from the presence of 

very small amounts of endotoxin and that which is independent of this well-studied 

immune cell activator.  Removal of LPS in botanical extracts would be challenging and if 

attempted it would likely require extraction and/or fractionation steps.  Fortunately, there 

exists an effective method for neutralizing the bioactivity of LPS without actually 

removing it.  Polymyxin B is a cationic polypeptide antibiotic with a high affinity for the 

lipid A component of LPS, which results in neutralization of endotoxin-like bioactivity of 

most forms of LPS (Esteban et al., 2013). 

 

 

Materials and Methods 

 

Reagents 
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          Ultrapure lipopolysaccharide (LPS) (from E. coli 0111:B4), CLI-095 (Cat#: tlrl-

cli95), and polymyxin B (Cat#: tlrl-pmb) were purchased from Invivogen (San Diego, 

CA, USA).  Fetal bovine serum (FBS) was purchased from Thermo Scientific (Logan, 

Utah, USA).  5-and-6-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl 

ester (CM-H2DCFDA) was purchased from Invitrogen, Inc. (Carlsbad, CA, USA) and 

used for ROS detection.  For the cytokines and chemokines analysis, a Multi-Plex kit 

(Cat. MCYTOMAG-70K-PMX) was obtained from EMD Millipore (Billerica, MA, 

USA).  

Preparation of Sutherlandia polysaccharides enriched fraction (SFPS)  

          Ground powder of vegetative parts of S. frutescens (L.) R. Br. was purchased from 

Big Tree Nutraceutical (Fish Hoek, South Africa). The product identity was confirmed 

using HPLC/ELSD and HPLC/UV (Avula, 2010), which determined that the S. 

frutescens used in this study contained 3.3% (w/w) of sutherlandioside B, a specific 

biomarker of this medicinal plant (Avula, 2010; Fu et al., 2008).  An aqueous extract of 

S. frutescens was prepared using the method described by Fernandes (Fernandes et al., 

2004).  Briefly, 10 grams of finely ground S. frutescens was added to 250 mL of boiling 

water.  This mixture was kept in a 100 °C water bath for 1 h, with stirring every 10 min.  

This mixture was allowed to cool overnight, in the dark.  The decoction was transferred 

into 50 mL sterilized centrifuge tubes, and centrifuged at 2000× g for 15 min.  The 

supernatant was recovered, filtered with a sterilized 0.2 μm nylon filter (Fisher Scientific, 

Pittsburgh, PA, USA), and then stored in small aliquots at -80 °C until used.  

          A crude polysaccharide-enriched fraction was prepared from this decoction as 

described by Xie and coworkers (Xie et al., 2007).  In brief, 40 mL of 95% ethanol (Cat. 
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61509, Acros Organics, NJ, USA) was added to 10 mL aqueous extract of S. frutescens, 

and kept at 4°C overnight to precipitate the polysaccharides.  The polysaccharides were 

pelleted by spinning at 2000× g for 15 min, re-suspended in endotoxin-free H2O (Cat. 

7732, Alfa Aesar, Ward Hill, MA, USA), and then sonicated for 10 min to resuspend the 

pellet.  The resuspended polysaccharides were centrifuged (i.e., 2000× g for 1 h) to 

remove insoluble particulates. The supernatant was collected, and filtered with a sterile 

(0.2 μm) nylon filter.  To minimize the risk of endotoxin contamination during 

processing, we relied entirely on commercial sterile polypropylene tubes, bottles, and 

pipets for preparation of the aqueous extract and during polysaccharide enrichment.  A 

single 40 mL fraction was freeze-dried yielding a dry weight of 7.3% for our SFPS. 

Cell culture 

          RAW 264.7 cells were grown and maintained in Dulbecco's modified Eagle's 

medium (DMEM) containing 5% fetal bovine serum (FBS) at 37 °C with 5% CO2.  For 

most experiments, 2 x 105 cells were seeded in each well of a flat-bottom 96-well tissue 

culture-treated plate (BD Falcon, Franklin Lakes, New Jersey, USA), and cultured 

overnight.  Typically, this approach resulted in cell monolayers that were >90% 

confluent.  As indicated, some cells were pretreated with polymyxin B (10 μg/mL) or 

CLI-095 (1 μg/mL) for 1 h prior to incubation with various concentrations of SFPS in 

DMEM/1%FBS for 18 hours (for ROS experiments) or 20 hours (for NO and 

cytokine/chemokines).  

          RAW 264.7 cells stably-transfected with a luciferase reporter construct with five 

copies of the NF-κB promoter and a green fluorescent protein (GFP) reporter were 
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prepared as described previously (Mossine et al., 2013).  The transfected cells were 

treated with SFPS for 3 h to detect the impact of SFPS on NF-κB activation.  

Cell viability 

          The impact of treatments on cell viability was assessed using the resazurin assay 

(Wang, 2002).  Following overnight treatments of SFPS with/without CLI-095 or 

polymyxin B and the collection of the medium in each well, 100 μL of a 0.1 % resazurin 

solution in DMEM/5% FBS was added to incubate with cells.  The fluorescence 

(excitation 530, emission 590) was measured every 30 min for 3 h in a microplate reader 

(Biotek, Winooski, VT, USA).  

          When experiments were conducted with the stably-transfected RAW 264.7 cells, 

the cell viability was monitored by the expression of green fluorescent protein (GFP) as 

described by Elliott et al.(2000).  Cells were cultured and treated as described above, and 

then lysed using 70 μL cell lysis buffer.  Sixty microliters cell lysates were transferred 

into a 96-well plate with clear bottoms and black side-walls (Cat. 655096, Greiner bio-

one, Monroe, NC, USA), and the fluorescence was measured (excitation 485 nm, 

emission 528 nm).  The GFP fluorescence of lysates is a validated surrogate for cell 

enumeration (Elliott et al., 2000) and was used as an indication of cell loss due to 

treatment-induced apoptosis/death.  

Reactive oxygen species (ROS) assessment 

          ROS production by murine macrophages was measured using CM-H2DCFDA 

(Choi et al., 2007).  RAW 264.7 cells were seeded in 96-well plate with density of 1 × 

105 cells/well and cultured overnight as described previously.  Cells were treated with 

indicated concentrations of SFPS or 10 ng/mL of LPS as a positive control.  After 18 hrs 
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all culture medium was carefully removed, followed by the addition of 100 μL of CM-

H2DCFDA at 10 μM in PBS for 30 min.  After a 30 min incubation at 37°C the dye was 

removed and cells were washed with PBS.  Fluorescence in each well was measured 

using a microplate reader at 485 nm (excitation) and 520 nm (emission) every 10 min for 

3 h.  The production of ROS was indicated by the fluorescence units, and the data were 

expressed as percentage of positive control.   

Measurement of nitric oxide (NO) generation 

          The concentration of nitric oxide (NO) in the cell culture medium was measured by 

Griess reagents using sodium nitrite (NaNO2) as the standard (Schmidt, 1992).  RAW 

were transferred into a separate 96-well ELISA plate.  Griess reagents (i.e., sulfanilamide 

(7.5 mM); HCl (0.75 M);  napthyl ethylenediamine (7.5 mM)) were added to each well, 

and incubated for 10 min at room temperature.  The absorbance at 548 nm was measured 

with a microplate reader.  The nitrite concentration was calculated using a NaNO2 

standard curve that had a linear response in the range of 5-100 μM. 

Determination of inflammatory cytokine and chemokine production  

          Concentrations of tumor necrosis factor (TNF)-α, interleukin (IL)-6, granulocyte-

colony stimulating factor (G-CSF), macrophage inflammatory protein (MIP)-1β, MIP-1α, 

MIP-2, chemokine ligand 5, and keratinocyte chemoattractant were measured by 

multiplex magnetic bead panel kit (Milliplex murine cytokines/chemokines, Cat. 

MCYTOMAG-70K-  

cell culture medium were incubated with anti-cytokine or anti-chemokine antibody-

immobilized beads, detection antibodies, and streptavidin-phycoerythrin according to 
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manufacturer’s instructions.  Some samples were diluted with medium in order to bring 

the results into the linear portion of the standard curve. The plate was read by using a 

MAGPIX® reader running 4.2 xPONENT software (Luminex, Austin, TX, USA).  

Standards (with a range of 3.2 to 10,000 pg/mL) and high and low concentration quality 

controls were assayed in duplicate as provided by manufacturer. Data were analyzed 

using MILLIPLEX™ Analyst software version 3.5.   

Analysis of NF-κB activation 

          The impact of SFPS on NF-κB activation was investigated using the method 

described by Tabanca, et al. (2007).  RAW 264.7 cells stably-transfected with a luciferase 

reporter construct with five copies of the NF-κB promoter were seeded in 96-well plate, 

and cultured in DMEM/5% FBS at 37°C with 5% CO2 overnight to > 95% confluence.  

Cells were treated with various concentrations of SFPS for 3 h, then the medium was 

carefully removed and 70 μL of lysis buffer was added to each well.  Cell lysates (30 

immediately in a microplate reader.  Luminescence was normalized to the GFP 

fluorescence readings in the un-stimulated wells.  

Analysis of endotoxin in the SFPS 

          The presence and concentration of endotoxin in SFPS was quantified using the 

recombinant factor C endotoxin detection assay (Lonza Walkersville, Inc., Cat. 50-658U, 

Walkersville, MD, USA) following the instructions provided by the manufacturer.  

Aliquots of SFPS were mixed with fluorogenic substrate, assay buffer, and recombinant 

factor C (rFC) in an endotoxin-free plate.  Using a temperature-controlled plate reader set 

at 37oC fluorescence at excitation and emission wavelengths of 380 nm and 440 nm, 



45 

 

respectively, were measured immediately following mixing of the samples with the 

reagents and 60 min later.  The endotoxin concentration was calculated using a standard 

curve (0.01 to 10 endotoxin units/mL).  One endotoxin unit is equivalent to 0.1 ng/mL of 

LPS from E. coli 0111:B4 (Schwarz et al., 2014). 

Statistical Analysis 

          All data represent the mean ± standard error of the mean from at least three 

independent experiments with each treatment condition conducted in duplicate or 

triplicate. All treatment effects were analyzed by one-way ANOVA and Tukey’s multiple 

comparison tests using version 9.3 software from SAS (SAS Institute Inc., Cary, NC, 

USA). A p < 0.05 was considered to indicate statistical significance. 

 

 

Results 

 

SFPS increased the production of reactive oxygen species (ROS) by RAW 264.7 cells 

          RAW 264.7 cells were treated with/without SFPS for 20 h and cell culture medium 

was harvested to determine the NO concentration.  Cells without any treatment were 

included as a negative control, while those stimulated with 10 ng/mL of LPS served as a 

positive control.  The SFPS alone and in combination with other co-treatments (i.e., 

TLR4 inhibitor, CLI-095; LPS-neutralizer, polymyxin B) appeared to have no adverse 

effects on RAW 264.7 cell viability based on the results of the resazurin assay or GFP 

expression (Figure 3-1).  
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          SFPS significantly elevated the production of NO by RAW 264.7 cells, such that 

treatment with 200 μg/mL of SFPS (Figure 3-2A) caused about 18 times greater levels 

than produced by cells without treatment.  This NO-inducing activity was comparable to 

that induced by 10 ng/mL LPS (i.e., 50.9 ± 2.5 μM).  RAW 267.4 cells co-treated with 

SFPS and CLI-095 (1 μg/mL) produced NO at levels found in un-stimulated cells (i.e., < 

5 μM).  On the other hand, treatment with 10 μg/mL polymyxin B reduced NO 

production stimulated by SFPS by about 50% (Figure 3-2A). 

          SFPS also increased the production of intracellular reactive oxygen species (ROS) 

by RAW 267.4 cells.  Fig. 2 showed that the production of ROS was elevated by ~6-fold 

after administration of the highest concentration (200 μg/mL) of SFPS tested, however, 

this induction was 50% lower than that induced by 10 ng/mL of LPS (Figure 3-2B). 

Furthermore, the induced ROS production was inhibited by co-treatments of 1 μg/mL 

CLI-095 (reduced > 90%) and 10 μg/mL polymyxin B (reduced ~ 30%).    

SFPS-mediated induction of pro-inflammatory cytokines and chemokines 

          Exposure to SFPS increased the production of TNF-α, IL-6, G-CSF, MIP-1α, MIP-

1β, and MIP-2 (Table 3-1).  As expected, CLI-095 co-treatment completely (i.e., > 99%) 

prevented LPS-stimulated production of cytokines and chemokines by RAW 264.7 cells.  

Similarly, co-treatment with CLI-095 was effective at inhibiting >95% of SFPS-mediated 

production of these same inflammatory mediators.  Polymyxin B, an LPS neutralizing 

agent, was effective at inhibiting LPS stimulation of cytokine and chemokine 

biosynthesis.  In contrast, 14%, 20%, 26%, and 15% of SFPS-induced production of 

TNF-α, MIP-1α, MIP-1β, and MIP-2, respectively, were resistant to polymyxin B co-

treatment.  Surprisingly, co-treatment with either CLI-095 or polymyxin B inhibited 
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>95% of SFPS-induced production of IL-6 and G-CSF.  Finally, SFPS failed to impact 

the production of chemokine ligand 5 or keratinocyte chemoattractant (data not shown).  

SFPS activated NF-κB signaling pathway 

          NF-κB activation, a key transcription factor for inflammatory responses, was 

assessed using the RAW 267.4 cells stably-transfected with a luciferase reporter.  Our 

assays showed that LPS increased the activation of NF-κB by 5- and 17-fold at 

concentrations of 10 ng/mL and 100 ng/mL, respectively (Figure 3-3), and was 

completely blocked by 1 μg/mL CLI-095, and reduced by >95% with treatment of 10 

μg/mL polymyxin B.  While SFPS stimulated the activation of NF-κB by up to 9-fold in 

3 h compared to the cells without treatment with SFPS (Figure 3-3), only 80% of this 

activity was attenuated by co-treated with CLI-095, and co-treatment with polymyxin B 

inhibited SFPS-induced NF-κB activation by 57%.  

Role of LPS in SFPS-mediated activation of murine macrophages   

          Since co-treatment with 10 μg/mL of polymyxin B partially attenuated the SFPS-

mediated activation of murine macrophages we directly measured the concentration of 

LPS in SFPS.  Using the recombinant factor C endotoxin detection assay, we found ~2.3 

ng/mL endotoxin present in 200 μg/mL SFPS (Figure 3-4).  Therefore, a significant 

portion of the immune-stimulatory activity in the SFPS preparation is a consequence of 

endotoxin present in the extract.  However, there is clear evidence of immune-stimulatory 

activity present in the SFPS that is independent of LPS, but still dependent upon TLR4 

signaling.    
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Discussion 

 

          In this study, we demonstrate for the first time immune-stimulatory activity present 

in a decoction prepared from S. frutescens.  Using a well-studied murine macrophage cell 

line we noted dose-dependent elevations in the production of nitric oxide, pro-

inflammatory cytokines, and reactive oxygen species following treatment with a 

polysaccharide-enriched fraction from this medicinal plant.  Furthermore, we provide 

evidence that this immune-stimulatory activity is partly a result of the action of bacterial 

endotoxin (LPS), however, this extract also contained immune-stimulatory activity 

independent of the LPS that is probably from polysaccharides.  

          While this is the first report of immune-stimulation by SFPS, others have 

documented similar activities by polysaccharides present in many plants, mushrooms, 

lichens, and algae (Schepetkin and Quinn, 2006).  It is thought that plant polysaccharides 

may stimulate macrophages, and other innate immune cells, by binding to one or more 

cell surface receptors, including: TLR4, CD14, complement receptor 3, scavenger 

receptor, dectin-1, and mannose receptors.  Use of peritoneal macrophages isolated from 

C3H/HeJ mice, which possess a null mutation in the Tlr4 gene allowed others to 

demonstrate TLR4-dependent immuno-stimulation by polysaccharides from Carthamus 

tinctoriu, Acanthopanax senticosus, Polyporus umbellatus, Astragalus membranaceus, 

and Platycodon grandiflorum (Ando et al., 2002; Han et al., 2003; Li and Xu, 2011; Shao 

et al., 2004; Yoon et al., 2003).  In contrast, we used a novel and specific TLR4 inhibitor, 

CLI-095 (Takashima et al., 2009), to demonstrate that SFPS activated murine 

macrophages via the TLR4 signaling pathway.   



49 

 

         Lipopolysaccharide (LPS), a component of gram-negative bacteria, is one of the 

most potent and well-studied stimulators of innate immune cells.  LPS activity is entirely 

dependent upon activation of TLR4 signaling (Doyle and O'Neill, 2006) and can be 

detected in many botanical extracts, particularly in those botanicals reported to possess 

immune-stimulatory activity, such as Echinacea, American ginseng, alfalfa sprouts, and 

black walnuts (Pugh et al., 2008; Tamta et al., 2008).  We detected a small amount of 

endotoxin in SFPS, but we demonstrated the existence of an immune-stimulatory activity 

within the polysaccharide-enriched fraction from S. frutescens independent of LPS.  

          TLR4-mediated signaling in phagocytes involves several different pathways, 

including the NF-κB, extracellular signal-regulated kinase (ERK), c-Jun N-terminal 

kinase (JNK), and p38 (O'Neill et al., 2013).  Botanical polysaccharide activation of 

macrophages via TLR4 has been reported to occur through each of these signaling 

pathways (Hsu et al., 2004).  By using RAW 264.7 cells transfected with an NF-κB 

reporter we determined that much of the immune-stimulation by SFPS is mediated by 

NF-κB signaling. Whether other signaling pathways are involved in the immune-

stimulation activity of SFPS was not assessed.  Macrophage activation of NF-κB and/or 

signal transducers and activators of transcription (STAT) 1 signaling pathways promote 

the production of ROS, NO, and pro-inflammatory cytokines, which in turn boosts the 

anti-microbial and tumoricidal activities of these cells (Wynn et al., 2013). Such 

activities, taken together with the complement fixing activity identified previously by 

others (Zhang et al., 2014), is consistent with the claimed use of S. frutescens decoctions 

for cancers.  Unlike in the Zhang’s study, the polysaccharides-enriched fraction in this 

study was not characterized any further, therefore we are unable to speculate about which 
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type of polysaccharide(s) in S. frutescens contributes to the immune-stimulatory activities 

we observed.   

          The immuno-modulatory activity of polysaccharides (i.e., beta-glucans) has been 

studied previously. Beta-glucans can directly mediate the activation of immune cells 

(such as M cells) on the surface of small intestine (Suzuki et al., 1990). The activated 

cells produce cytokines and inducible nitric oxide synthase which enhance the host 

defense to infection (Hashimoto et al., 1997; Suzuki et al., 1990). Other than that, the 

beta-glucan can be taken up by intestinal macrophages or M cells and transported into the 

blood stream which could induce systemic effects (Sandvik et al., 2007). The 

polysaccharides in S. frutescens could modulate the in vivo immune responses by using 

similar mechanisms.  

          Besides the polysaccharides obtained from the aqueous extract, S. frutescens is also 

known to contain a number of other metabolites, including a number of flavonol 

glycosides (Fu et al., 2010), cycloartane glycosides (Fu et al., 2008), and even  

compounds possessing anti-inflammatory activities (e.g., L-canavanine).  This may help 

explain why we, and others (Jiang et al., 2014), have noted that ethanol extracts of S. 

frutescens inhibit LPS-induced NO and ROS production.  

 

 

Conclusions 

 

          In conclusion, we demonstrate that a crude polysaccharide-enriched fraction 

isolated from a decoction of S. frutescens possesses immuno-stimulatory activity 
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resulting in the activation of macrophages via TLR4 receptors and the NF-κB signaling 

pathway.  This extract increased production of NO, ROS, and inflammatory 

cytokines/chemokines by macrophages, a cell with a central role in shaping innate 

immune responses in the host.  These findings may help explain the use of S. frutescens 

for conditions where stimulating innate immune responses could be beneficial.   
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      Figure 3-1. Principles behind the two independent methods whereby cell viability 

was assessed in these experiments. (A) Cells were co-cultured with a permeable dye, 

resazurin, which in viable cells is readily reduced to resorufin, a highly fluorescent 

compound. The impact of experimental treatments on relative viability of cells was 

measured during and at the termination of each experiment. (B) In some experiments we 

used RAW 264.7 cells that had been stably-transfected with a luciferase reporter with 

five NF-κB-dependent response elements or “promoters” a constitutively expressed 

green fluorescent protein (GFP), a minimal cytomegalovirus (mCMV), an elongation 

factor 1 (EF1) gene.  Cell viability was monitored at the end of each experiment by 

measuring fluorescence in cell lysates.  

 

A 

B 



53 

 

  

 

 

     Figure 3-2. Polysaccharides-enriched fraction from S. frutescens (SFPS) was not 

toxic to murine macrophages, RAW 264.7.  SFPS showed no toxicity on murine 

macrophage (RAW 264.7 cells) after treated for 3 h (GFP, A) or 24 h (Resazurin, B).  

The resazurin and GFP fluorescent data was expressed as percentage of untreated 

control.  The data were from 4 independent experiments conducted in triplicate.  

A 

B 
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     Figure 3-3. Polysaccharides-enriched fraction from S. frutescens (SFPS) 

induced the production of nitric oxide (NO) and reactive oxygen species (ROS) 

by murine macrophage, RAW 264.7, via activation of TLR-4 signaling pathway.  

NO production induced by SFPS was partially inhibited by pre-treating cells with 

polymyxin B (PMB) (A).  Meanwhile, SFPS-induced ROS production was 

completely blocked by treatment with CLI-095, while polymyxin B (PMB) only 

partially inhibited it (B). Data were from three independent experiments each 

conducted in triplicate.   * p < 0.05, ** p < 0.01, *** p < 0.001. 

A 

B 
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  Table 3-1.  SFPS induced production of various cytokines and chemokines via the TLR4 

signaling pathway. 

TNF-α (ng/mL)  
    No inhibitors   + PMB   + CLI  

No treatment 0.47 ± 0.02 
 

 
LPS

a 139.35 ± 9.92  3.52 ± 0.85***  0.12 ± 0.01***  

SFPS 

(μg/mL) 

12.5 2.79 ± 1.51  1.57 ± 0.66  0.15 ± 0.03  
50 13.07 ± 3.85  2.50 ± 1.00  0.27 ± 0.01***  
200 43.65 ± 10.40  8.13 ± 1.21***  1.55 ± 0.06***  

IL-6 (ng/mL) 
  

    No inhibitors   + PMB   + CLI  
No treatment <0.01b  

 LPS
a 54.41 ± 3.71 <0.12b <0.12b 

SFPS 

(μg/mL) 

12.5 <0.12b <0.12b <0.12b 
50 0.18 ± 0.01 <0.12b <0.12b 
200 6.31 ± 1.75 <0.12b <0.12b 

 

G-CSF (ng/mL)  
    No inhibitors   + PMB   + CLI  

No treatment 0.90 ± 0.11 
 

 
LPS

a 754.94 ± 28.24 14.35 ± 7.20*** <0.14 

SFPS 

(μg/mL) 

12.5 1.95 ± 0.59 0.15 ± 0.00 2.43 ± 3.01 
50 44.19 ± 8.18 0.17 ± 0.00 2.70 ± 1.74 
200 459.60 ± 91.03 0.61 ± 0.12*** 29.46 ± 7.52*** 

MIP-1α (ng/mL) 
  

    No inhibitors   + PMB   + CLI  
No treatment >21.76b,c  

 LPS
a 1002.19 ± 15.82 76.77 ± 23.64*** 11.68 ± 1.44*** 

SFPS 

(μg/mL) 

12.5 55.71 ± 7.28 31.71 ± 7.51 12.56 ± 1.74 
50 250.64 ± 24.26 37.67 ± 6.29 16.29 ± 1.24 
200 816.70 ± 58.49 160.79 ± 9.00 31.86 ± 2.22* 
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Table 3-1.  SFPS induced production of various cytokines and chemokines via the TLR4 

signaling pathway (continued). 

MIP-1β (ng/mL)  
    No inhibitors   + PMB   + CLI  

No treatment 15.71 ± 0.80 
 

 
LPS

a 806.20 ± 125.22 45.01 ± 15.22*** 7.65 ± 0.98*** 

SFPS 

(μg/mL) 

12.5 54.61 ± 25.14 26.79 ± 8.83 8.79 ± 1.34 
50 245.62 ± 47.17 38.72 ± 14.71* 12.5 ± 0.90* 
200 497.67 ± 46.91 160.08 ± 20.74*** 25.21 ± 1.50*** 

MIP-2 (ng/mL) 
  

    No inhibitors   + PMB   + CLI  

No treatment >19.78b,c  
 LPS

a >988.86 b 66.70 ± 19.93 0.62 ± 0.04 

SFPS 

(μg/mL) 

12.5 19.45 ± 5.94 14.70 ± 7.49  1.36 ± 0.74 
50 107.34 ± 12.51 23.98 ± 8.72 0.68 ± 0.01 
200 612.22 ± 108.22 88.55 ± 35.64 1.58 ± 0.44 

 

         Data are expressed as means ± standard error of mean (n = 4).  Comparisons 

between no inhibitors values to either stimuli (i.e., LPS or SFPS).  * p < 0.05; ** p < 

0.01; *** p < 0.001.  a Ultrapure LPS from E. coli 0111:B4 used at 100 ng/mL was used 

as a positive control and to confirm the effectiveness of both inhibitors. b The 

concentrations were either lower or higher than the detection ranges of the kit.  c These 

concentrations are higher than the detection range, however, they are lower than some of 

data from other treatment, this is because of different dilution factors (control: 2-fold 

dilution, LPS: 100-fold dilution, SFPS: 10-fold dilution).  
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      Figure 3-4. Polysaccharides-enriched fraction from S. frutescens (SFPS) 

induced the activation of NF-κB in murine macrophage, RAW 264.7 cells. The 

activation of NF-κB was significantly increased by treatment of SFPS.  This 

activity was completely inhibited by CLI-095 and partially diminished by 

polymyxin B (PMB). * p < 0.05, ** p < 0.01, *** p < 0.001. 
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     Figure 3-8. Endotoxin concentrations indentified in polysaccharides-enriched fraction 

from S. frutescens (SFPS) and aqueous extract of S. frutescens (SFA). Endotoxin 

concentration in SFPS was analyzed in triplicate using Lonza endotoxin detection assay 

kit.  
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CHAPTER FOUR 

 

THE ANTI-INFLAMMATORY ACTIVITY OF AN                           

ETHANOLIC EXTRACT OF S. FRUTESCENS 

 

 

Abstract 

 

           Previously, we demonstrated that an ethanolic extract of S. frutescens (SFE) 

potently decreased the production of reactive oxygen species (ROS) and nitric oxide 

(NO) by murine microglia/cell line (i.e., BV-2 cells). In this study we sought to confirm 

anti-inflammatory activities of SFE on a murine macrophage cell line, RAW 264.7. 

Further, experiments were conducted to investigate the anti-inflammatory activity of 

some of the unique (i.e., sutherlandiosides and sutherlandins) as well as common 

compounds (e.g., chlorophylls) found in S. frutescens. We found that SFE exhibited 

similar anti-inflammatory activities on murine macrophages as that on microglia cells. 

However, sutherlandiosides and sutherlandins possessed little anti-inflammatory activity. 

In contrast, chlorophyll displayed significant anti-inflammatory activity in our 

macrophage-dependent screening assay. 
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Introduction 

 

          Sutherlandia frutescens (L.) R. Br, commonly referred to as “cancer bush”, is a 

medicinal plant traditionally used in southern Africa (van Wyk and Albrecht, 2008). S. 

frutescens has been used for patients suffering from various chronic inflammatory 

conditions, such as rheumatoid arthritis, osteoarthritis, and gout (Ojewole, 2008). 

Fernandes and coworkers( 2004) have suggested that antioxidant activities of S. 

frutescens might contribute to anti-inflammatory actions. Using the 2,2-diphenyl-1-

picrylhydrazyl (DPPH) free-radical scavenging assay antioxidant properties of acetone, 

aqueous, ethanol, methanol, and chloroform extracts (Chen, 2007; Katerere and Eloff, 

2005) were demonstrated without direct evidence of anti-inflammatory activity. Yet, the 

evidence of anti-inflammatory activity in S. frutescens is fairly limited and mostly 

indirect. Kundu et al. (2005) demonstrated that a methanolic extract of S. frutescens could 

decrease 12-O-tetra-decanoylphorbol-13-acetate-induced cyclooxygenase-2 (COX-2) 

expression in mouse skin. The proposed mechanism was a reduction in the activity of 

ERK activator protein-1 (AP-1). Previously, we reported that the anti-inflammatory 

activity of an ethanolic extract of Sutherlandia frutescens (SFE) in neuron and microglial 

was associated with reduced activation of ERK1/2 and JAK-STAT1 signaling (Jiang et 

al., 2014).   

          Several biologically active compounds have been identified in various extracts of 

S. frutescens, including: L-canavanine, pinitol, gamma-aminobutyric acid (GABA), 

methyl- and propyl-parabens, saponins, sigma-4-en-3-one, and γ-sitosterol (Faleschini et 

al., 2013; Tai et al., 2004). Fu and colleagues (2008) characterized two new groups of 



61 

 

components that were unique to S. frutescens: Sutherlandiosides A, B, C and D (a group 

of cycloartane glycoside variants with structural differences denoted by the uppercase 

letter designations A, B, C, D) and sutherlandins A-D (a group of flavonol glycosides 

derivatives of 3-hydroxy-3-methylglutarate). However, no study has been conducted on 

cells to determine the biological function of sutherlandiosides and sutherlandins.  

          Macrophages are innate immune cells that play critical roles in the inflammatory 

responses (Gordon, 2003). In inflammatory conditions, macrophages are activated by a 

complex of immune-mediators including pathogen associated molecules (such as LPS 

from gram-negative bacteria) and host factors (e.g. IFNγ) (Schroder et al., 2006). For 

mimicking the in vivo condition, co-stimulated with LPS and IFNγ has been widely used 

as classical activation of macrophages. Upon stimulation, the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidases are assembled and produce ROS to degrade 

the invading pathogens (Nauseef, 2004). Reactive oxygen species play critical roles in 

antimicrobial activity and serve as secondary signaling molecules to modulate the 

inflammatory responses (Lam et al., 2010). However, over produced ROS results in the 

oxidative stress which cause several health conditions (e.g., cancer) (Xiang et al., 2014). 

Other than that, the synergetic activity of LPS and IFNγ has been determined on the 

secretion of NO by induced nitric oxide synthase (iNOS), which can be induced by 

several signaling pathways including NF-κB, MAP kinase (e.g. ERK1/2), and JAK-

STAT1 (Chan and Riches, 2001; Hallman et al., 2001; Honda and Taniguchi, 2006).  

          The objective of this study was to investigate the bioactive compound(s) in the 

ethanolic extract of S. frutescens. First, we confirmed the anti-inflammatory activities of 

ethanolic extract of S. frutescens on the murine macrophage cell line, RAW 264.7. 
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Further, we determined the bioactivities of sutherlandiosides, sutherlandins, and 

chlorophylls isolated from S. frutescens on the production of inflammatory mediators 

(i.e., NO and ROS) and the activation of NF-κB.  

 

 

Materials and Methods 

 

Reagents 

          Lipopolysaccharide (LPS, from E. coli 0111:B4) was purchased from Sigma 

Chemical Co. (St. Louis, MO, USA). Murine interferon-γ (IFNγ) was purchased from 

R&D Systems (Minneapolis, MN, USA). Fetal bovine serum (FBS) was from Thermo 

Scientific (Logan, Utah, USA). Antibodies used for Western blotting include: goat anti-

rabbit IgG-horseradish peroxidase, goat anti-mouse IgG-horseradish peroxidase, and 

iNOS polyclonal from Santa Cruz Biotechnology (Santa Cruz, CA USA); phospho- and 

total-ERK1/2 antibodies from Cell Signaling Technology (Danvers, MA, USA); 

phospho-STAT1α antibody from Thermo Fisher Scientific (Rockford, IL, USA); and 

total-STAT antibody from Millipore (Billerica, MA, USA). The 5-(and-6)-chloromethyl-

2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) for ROS 

detection was purchased from Invitrogen, Inc. (Carlsbad, CA, USA). For the cytokines 

and chemokines analysis, a Multi-Plex kit (Cat. MCYTOMAG-70K-PMX) was obtained 

from EMD Millipore (Billerica, MA, USA). Protease inhibitor cocktail (P8340) was 

purchased from Sigma (St. Louis, MO, USA).  
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Preparation of ethanolic extract of S. frutescens (SFE) 

          S. frutescens (L.) R. Br. dessicated powder was purchased from Big Tree 

Nutraceutical (Fish Hoek, South Africa). For preparation of SFE, 10 g of S. frutescens 

was stirred into 250 ml 95% ethanol. The mixture were left to stand overnight at room 

temperature, after which it was centrifuged, filter sterilized (0.2 μm, Fisher Scientific, 

Pittsburgh, PA, USA) and then stored at -80°C until used. Fifty milliliters of extract was 

dried at 55 °C. The yield of dry matter from the SFE was 4.16 mg/mL. Prior to use in cell 

culture experiments, the ethanolic extract was dried at low temperature under a vacuum 

(CentrVap Concentrater, LABCONCO, Kansas City, MO, USA). The dried extract was 

then re-suspended in a volume of dimethyl sulfoxide (DMSO) that was one-tenth of the 

original volume of the ethanolic extract.  

Determination and isolation of sutherlandiosides, sutherlandins and chlorophylls 

from S. frutescens 

          Sutherlandioside B, a mixer of sutherlandiosides A, C, D, a mixer of sutherlandins 

A and B, and a mixer of sutherlandins C and D were isolated from S. frutescens by Dr. 

George Rottinghaus using modifications of the isolation procedure as described by Fu et 

al. (2008 and 2010) and high-speed counter-current chromatography (Tong et al., 2006). 

The sutherlandiosides and sutherlandins in the crude extracts and the quality of semi-

purified factions were determined using liquid chromatography (LC)-evaporative light 

scattering detectors or LC-UV as described by Avula et al. (2010).  

The concentration of chlorophylls in crude ethanolic extract of S. frutescens was 

estimated by a spectrophotometer (BeckMan, Brea, CA, USA) using method described 
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by Lichtenthaler, et. al (1982). The chlorophylls were isolated from S. frutescens using 

the methods described by Bidigare and colleagues (1991).  

Cell culture 

          The murine macrophage cell line, RAW 264.7, was purchased from the American 

Type Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco’s 

modified Eagle medium (DMEM, Gibco, Grand Island, NY, USA) supplemented with 

5% fetal bovine serum (FBS), and maintained at 37 °C in an atmosphere of 5% CO2.  

RAW 264.7 cells with nuclear factor-κB (NF-κB) reporter were prepared as described 

previously (Mossine et al., 2013). The NF-κB reporter construct contained five copies of 

the element from the promoter of NF-κB, a copy of green fluorescent protein (GFP), and 

puromycin resistance genes. Cells were maintained under the same condition as wild-type 

RAW 264.7 cells. 

Isolation of primary murine macrophages 

          Primary murine macrophages were obtained from healthy five to ten-week old 

male Balb/c mice (Jackson Laboratory, Bar Harbor, ME, USA) as described in a previous 

study (Hoover and Nacy, 1984). Briefly, mice were injected intraperitoneally with 1 mL 

of 5% thioglycollate broth (Cat. 7215576, BD Biosciences, Sparks, MD, USA). Three 

days later, elicited peritoneal cells were collected by flushing the peritoneal cavity with 

ice-cold phosphate buffered saline (PBS) (Gibco, Grand Island, NY, USA). Cells were 

pelleted by centrifugation at 400 x g for 10 min at 4 ºC. The cell pellet was washed with 

ice-cold PBS, and re-suspended in DMEM supplemented with 5% FBS prior to being 

enumerated in an electronic cell counter (Nexcelon Bioscience, Lawrence, MA, USA). 

Then, cells were diluted to a final concentration of 2 × 106 cell/mL, and were seeded in 
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96-well plates (Corning® Costar®, Corning, NY, USA) at a density of 2 × 105 cells/well. 

After incubation for 2 h, non-adherent cells (e.g., lymphocytes, erythrocytes) were 

removed by gently washing twice with DMEM, and the remaining monolayer of murine 

macrophages were ready for subsequent experiments. 

Cell viability 

          Cell viability was measured using resazurin assay as described by Wang and 

Mazza (2002). Briefly, the cells were exposure to different concentrations of SFE or 

fractions from S. frutescens for 1 h prior to co-stimulation with murine IFNγ and LPS for 

20 h. Fifty microliters of culture medium was harvested for NO detection, and 50 μL of 

resazurin solution (1%) diluted in DMEM was added to each well. Fluorescence was 

measured at 530 nm (excitation) and 590 nm (emission). Cells without any treatment 

(neither stimuli nor S. frutescens) was included as a negative control, while cells co-

stimulated with LPS and IFNγ but not treated with S. frutescens were considered as a 

positive control. 

Analysis of reactive oxygen species (ROS) production 

          Intracellular ROS was measured using the oxidant-sensitive fluorescent probe CM-

H2DCFDA (Choi et al., 2007). RAW 264.7 cells were cultured overnight in 96-well 

plates (1 x 105 cells/well) in DMEM contained 5% FBS to reach greater than 95% 

confluence. The cells were then cultured in DMEM with 1% FBS for 2 h, then pretreated 

with various dilutions of SFE for 60 min. Cells were then co-stimulated with LPS (100 

ng/mL) and IFNγ (1 ng/mL) for 18 h. The concentration of stimuli and treating time was 

optimized for the production of ROS and NO (data not shown). The medium was 

removed and replaced with CM-H2DCFDA (10 μM, in PBS) for 30 min to load cells. 
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After washing, 100 μL HBSS was added to each well, and the fluorescence of DCF was 

measured at 485 nm (excitation) and 520 nm (emission). 

Nitric oxide (NO) measurement 

          The concentration of NO in the cell cultural medium was measured using Griess 

reagents (Wang and Mazza, 2002). Fifty microliters of cell culture supernatants from 

each well were mixed with 50 μLof fresh DMEM medium in a 96-well ELISA plate. 

Fifty microliters of each Griess reagent (7.5 mM sulfanilamide solution, 0.75 M HCL, 7.5 

mM napthylethylenediamine solution) were added sequentially to the wells. The 

absorbance at 548 nm was determined with a filter-based multi-mode microplate reader 

(Biotek, Winooski, VT, USA), and nitrite concentrations were calculated from a sodium 

nitrite standard curve that had a linear response in the range of 5 to 100 μM. 

Cytokine analysis 

          RAW 264.7 cells were treated with SFE and co-stimulated with inflammatory 

mediators as described above. The conditioned media were collected and stored at -80ºC 

before analysis. Concentrations of cytokines/chemokines in culture media were measured 

using a MILLIPLEX magnetic bead panel kit (murine cytokines/chemokines, Cat. 

MCYTOMAG-70K-PMX, EMD Millipole, Billerica, MA, USA) according to the 

instruction provided by manufacturer. The plate was read by using the MAGPIX® plate 

reader with xPONENT software (Luminex, Austin, TX, USA). Data were analyzed using 

the MILLIPLEX™ Analyst software. 

Western blot 

          RAW 264.7 cells were plated in 6-well plates, and cultured overnight to>95% 

confluence. Cells were pretreated with various concentrations of ethanolic extract of S. 
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frutescens (SFE) for 1 h, and then co-stimulated with LPS and IFNγ for 30 min or 60 

min. Samples harvested at 30 min were used for analysis of ERK1/2, and those harvested 

at 60 min were used for STAT1α. The cells were washed with ice-cold PBS, and lysed in 

radio-immunoprecipitation assay buffer (50 mMTris-HCl, 150 mMNaCl, 1% Nonidet P-

40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate and a protease inhibitor 

cocktail). The protein concentrations of each cell lysate were then measured with the 

BCA protein assay kit (Pierce Biotechnology, Rockford, IL). Next, 2.4 μg of protein from 

each sample was loaded on a lane in the gel and separated by 8% SDS-PAGE. The 

proteins were transferred onto 0.45 μm nitrocellulose membranes (Bio-Rad Laboratories, 

Hercules, CA, USA) at 300 mA for 3 h. The membranes were blocked for 1 h with 5% 

non-fat dried milk in Tris-buffered saline. Subsequently, the blots were probed with the 

primary antibodies in TBS containing 5% non-fat dried milk at 4ºC overnight. After 

washing, antibody-antigen complexes were then detected using goat anti-rabbit or goat 

anti-mouse IgG-horseradish peroxidase (1:5000) conjugated antibodies and an enhanced 

chemiluminescence detection kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA). 

Monoclonal anti-β-actin peroxidase was used as the loading control. The blots were 

scanned, and the intensity of protein bands was quantified using the QuantityOne 

program (BioRad, Hercules, CA, USA). 

NF-κB activation assay 

          The impact of S. frutescens extract on NF-κB activation was investigated using 

RAW 264.7 cells with NF-κB reporter (Mossine et al., 2013) as described by Tabanca et 

al (2007). Transfected cells were cultured overnight to reach confluence. The cells were 

exposed to various concentrations of S. frutescens extract or enriched fractions for 1 h 
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prior to co-stimulation with IFNγ (0.1 ng/mL) and LPS (10 ng/mL) for 3 h to activate 

NF-κB signaling. After removing the medium, 70 μL lysis buffer was added to each well 

to lyse cells. Ten microliters of cell lysate was transferred into a white 96-well plate.  

Twenty microliters of BSA and 30 μL luciferase substrates were added and the plate was 

read immediately to detect light output using a microplate reader (Biotek, Winooski, VT, 

USA).  

Statistical analysis 

          All data shown represent the means ± standard error of means from at least three 

independent experiments with each treatment condition conducted in triplicate. The post-

comparisons were performed using the Tukey’s multiple comparison tests. A p < 0.05 

was considered to indicate statistical significance. 

 

 

Results 

 

ROS production  

          To evaluate intracellular ROS production, RAW 267.4 cells were treated with SFE 

for 1 h prior to co-stimulation with LPS and IFNγ for 18h. ROS production was measured 

every 10 min for 3 h. Cells co-stimulated with LPS and IFNγ, but without SFE, were 

included as a positive control. The extract did not affect cell viability as assessed by the 

resazurin assay and green fluorescent proteins (GFP) assay (Figure 4-1). The cell 

viability from all the treatments was always >95%. SFE significantly inhibited ROS 

production by RAW 264.7 cells co-stimulated with LPS and IFNγ in a dose-dependent 
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manner (Figure 4-2). The highest dose of S. frutescens extract reduced 70% of ROS 

production induced by LPS and IFNγ.  

NO production and expression of iNOS 

          RAW 264.7 cells produced 76.3 ± 6.8 μM NO after co-stimulating with LPS (10 

ng/mL) and IFNγ (0.1 ng/mL) for 20 h. When cells were pretreated with ethanolic extract 

of S. frutescens, the NO production was reduced in a dose related pattern (Figure 4-3A). 

Exposure to SFE (200 μg/mL) reduced NO concentration to 36.4 ± 7.4 μM, which is 

about 47% less than the positive control. In an effort to identify whether the reduction of 

NO was due to inhibition of the enzyme, iNOS expression was evaluated by Western 

Blot. The iNOS expression was reduced by 60% in RAW 264.7 cells that were pretreated 

with 200 μg/mL SFE and co-stimulated with LPS and IFNγ (Figure 4-3B). The effects of 

ethanolic extract of S. frutescens on iNOS expression were very consistent with the 

results of NO production. These data indicated that S. frutescens extract reduced NO 

production by diminishing the expression of iNOS. 

Cytokines and chemokines production 

          Treating cells with LPS/IFNγ boosted the production of cytokines and chemokines 

by RAW 264.7 cells (Figure 4-4). Exposure to 200 μg/mL SFE significantly decreased 

the production of interleukin (IL)-6 and TNF-α by 65% and 28%, respectively; on the 

other hand, treatment with SFE increased secretion of MIP-2 and RANTES. The SFE 

also modulated some other inflammatory cytokines and chemokines, such as IL-1α, IL-

10, and G-CSF. Treatment with SFE had similar effects on the production of most 

cytokines in LPS/IFN-γ stimulated primary murine macrophages (Table 4-1).  

NF-κB activation 
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          To evaluate the impact of SFE on NF-κB activation, RAW 267.4 cells containing a 

luciferase reporter were treated with SFE for 1 h, followed by 3 h stimulation with LPS 

and IFNγ, and cell lysates were analyzed using the luciferase assay protocol. Co-

stimulation with LPS and IFNγ increased NF-κB activation by ~50-fold. Exposure to 

SFE significantly diminished the activation of NF-κB (Figure 4-5). The highest dose of 

SFE (200 μg/mL) reduced the activation of NF-κB by 26%, and this modest effect of SFE 

on NF-κB activation can only partially explain its anti-inflammatory activity.  

Phosphorylation of ERK1/2 and STAT1α 

          In addition to the NF-κB signaling pathway, we also investigated the effect of SFE 

on the MAP kinase (i.e. ERK1/2) and JAK-STAT1 signaling pathways. Exposure to SFE 

significantly reduced the phosphorylation of ERK1/2 activated by LPS and IFNγ up to 

70% without changing the expression of total ERK1/2, and this reduction was observed 

in all doses used (25 to 200 μg/mL) (Figure 4-6). Similar to the effect on ERK1/2, SFE 

had no effect on expression of total STAT1α, however, SFE also significantly and dose-

dependently inhibited the activation of STAT1α induced by LPS and IFNγ (Figure 4-7). 

Effect of sutherlandiosides and sutherlandins on responses induced by co-

stimulation with LPS/IFNγ 

          To identify the bioactive compound(s) in S. frutescens, the effect of fractions 

isolated from S. frutescens on production of NO and ROS as well as the activation of NF-

κB in murine macrophage (i.e. RAW 264.7 cells) activated by LPS and IFNγ. The LC-

ELSD analysis determined that the ethanolic extract of S. frutescens contained about 

1442 ± 95 μg/mL sutherlandioside B, which was the most abundant cycloartanol 

glycoside in this medicinal plant. The concentrations of sutherlandioside C and 
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sutherlandioside D were about 400 μg/mL, which were lower than sutherlandioside B. 

There was no or little sutherlandioside A in ethanolic extract.  

          All the fractions had some level of reduction on the LPS/IFNγ-induced ROS 

production by RAW 264.7 cells. As shown in Figure 4-8A, the 6.25, 12.5, 25 μg/mL of 

sutherlandioside B (similar to the concentrations of sutherlandioside B in 18.3, 36.5, 73 

μg/mL of S. frutescens ethanolic extract) reduced 33%, 27%, and 16% of ROS induced 

by RAW 264.7 co-stimulated with LPS/IFNγ. Combination of sutherlandiosides A + C + 

D showed similar pattern on ROS production as sutherlandioside B (Figure4-8B). 

Treatment of fraction with sutherlandins A and B significantly reduced the ROS 

production by up to 41% (Figure 4-8C). On the other hand, fraction of sutherlandins C 

and D had much weaker activity on ROS production compared to sutherlandins A and B 

(Figure 4-8D). However, the ethanolic extract of S. frutescens contains no or few 

sutherlandins as indicated by the LC-UV analysis.  

          On the other hand, we found that sutherlandioside B had insignificant effect on 

LPS/IFNγ-induced NO production and NF-κB activation by RAW 264.7 cells (Figures 4-

9A and 10A). Similar results were found in the treatment with fractions of 

sutherlandiosides A + C + D (Figures 4-9B and 10B), sutherlandins A + B (Figures 4-9C 

and 10C), and sutherlandins C + D (Figures 4-9D and 4-10D).  

Anti-inflammatory activity of chlorophyll extracted from S. frutescens 

          To determine the contribution of chlorophyll in SFE, the SFE was fractionated 

using different portion of water : ethanol which yielded fractions with different level of 

green color. Then the fractions were used to treat RAW 264.7 cells co-stimulated with 

LPS and IFNγ, and the production of NO was investigated. We found that the reduction 
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activity on NO production was associated with the green color (Figure 4-11). Further, the 

chlorophylls were isolated from S. frutescens and used to treat cells. We found that 

chlorophylls exhibited the strongest activity on reducing the ROS production compared 

to the sutherlandiosides and sutherlandins (Figure 4-12A). Chlorophylls decreased the 

ROS production by >50% at all three concentrations tested.  In addition, the chlorophylls 

isolated from S. frutescens modestly, but significant, reduced the production of NO by up 

to 29% (Figure 4-12B), and this contributed to 60% (29% / 48%) of reduction activity of 

crude SFE on NO production. Chlorophylls showed similar activity on the activation of 

NF-κB as on NO production (Figure 4-12C).   

 

 

Discussion 

 

          In this study, we used a murine macrophage cell line (i.e. RAW 264.7) and primary 

murine macrophages to confirm and extend our previous findings that demonstrated that 

an ethanolic extract of S. frutescens (SFE) possesses potent anti-inflammatory activity 

(Jiang et al., 2014). Specifically, we demonstrated that SFE reduced the production of 

ROS and NO by RAW 264.7 cells, and this was consistent with reduced ERK and 

STAT1 signaling. Surprisingly, SFE showed only modest reductions in inflammatory 

cytokines (e.g., TNF-α and IL-6) production and that this activity reflected the weak 

effect of SFE on the NF-κB signaling pathway.  

          However, our primary objective was to investigate the bioactivity of various 

components found in SFE to better understand the immune-modulatory potential of this 
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medicinal plant. Sutherlandiosides and sutherlandins have been identified and 

characterized previously (Avula, 2010; Fu et al., 2008; Fu et al., 2010). Sutherlandioside 

B is the most abundant of cycloartanol glycoside, and is considered to be the biomarker 

of S. frutescens. In this study we found that sutherlandioside B had no impact on the 

production of NO or activation of NF-κB in RAW 264.7 cells following co-stimulation 

with LPS and IFNγ. It significantly reduced the production of ROS, however, this effect 

was not dose-dependent. In fact, the higher the concentration of sutherlandioside B used 

the lesser the inhibition. Similar results were found in the fraction with sutherlandiosides 

A, C, D. The sutherlandins had no impact on production of NO and activation of NF-κB, 

however, they were able to reduce the production of ROS. However, the LC-UV analysis 

indicated that there no sutherlandins in the ethanolic extract. Thus, the anti-oxidant 

activity of sutherlandins has no contribution to that of ethanolic extract.  

          To our surprise, chlorophylls isolated from S. frutescens were remarkably effective 

in reducing the production of NO and ROS by murine macrophages. Chlorophylls are a 

group of fat-soluble compounds and are tetrapyrroles associated with magnesium atom in 

the center with a phytolside chain. Previous studies have already demonstrated the anti-

oxidant and anti-cancer activity of both natural and commercial sodium copper 

chlorophyllin (Ferruzzi and Blakeslee, 2007).  The commercial chlorophyllin is water-

soluble, while the natural forms of chlorophylls are fat-soluble. We observed that the 

commercial chlorophyllin, a water-soluble derivate of chlorophyll, inhibited macrophage 

NO production with a potency ~100-times that of the natural form of chlorophyll (data 

not shown) which agreed with previous report (Ferruzzi and Blakeslee, 2007). The 

present study found that the dry weight of chlorophylls in the crude ethanolic extract was 
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268 μg/mg. Further, we confirmed that chlorophylls isolated from S. frutescens were able 

to reduce the production of NO and ROS induced by co-stimulation of LPS and IFNγ. By 

comparing the activity of chlorophylls to that of crude SFE, the chlorophylls played an 

important role in the anti-inflammatory activity of ethanolic extract of S. frutescens. The 

impact of chlorophylls on the signaling pathways (i.e., ERK and STAT1) should be 

investigated to clarify the functional roles of chlorophylls in bioactivities of S. frutescens 

ethanolic extract. 

          Even though the chlorophylls are contributing to the anti-inflammatory activity of 

ethanolic extract of S. frutescens in murine macrophages, the bioavailability of natural 

chlorophylls is very low, and their physiological function in the human body is not fully 

understood (Ferruzzi and Blakeslee, 2007). Therefore, the anti-inflammatory activity of 

chlorophylls obtained from the in vitro study is hard to translate into in vivo models or 

humans.  

          This study also found that the ethanolic extract of S. frutescens and compounds 

isolated from this plant showed greater impact on the production of ROS than production 

of NO. This might be due to the different mechanisms for producing ROS and NO by 

activated macrophages. Upon response to stimuli (e.g., LPS and IFNγ), several protein 

kinases, such as protein kinase C, ERK, and p38, are activated. The activated kinases can 

phosphorylate the subunits of NADPH oxidase, such as p47phox (Bae et al., 2011). The 

activated subunits are recruited to the membrane resulting in the activation of NADPH 

oxidase to produce ROS for host defense (Lam et al., 2010). This study determined that 

the phosphorylation of ERK was strongly reduced by treatment with SFE, and this 

reduction was correlates with the impact of SFE on the production of ROS. Stimulation 
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with LPS and/or IFNγ  can also activate the NF-κB pathway which induces the 

expression of iNOS to produce NO (Aktan, 2004). The modest effect of SFE and 

chlorophylls on the activation of NF-κB consists with the limited impact on NO 

production.  

          Interestingly, treatment with SFE showed a hormetic impact on the production of 

some inflammatory cytokines. Cells treated with 200 μg/mL SFE significantly reduced 

the production of IL-1α and IL-12p70, however, exposure to 100 μg/mL SFE increased 

the production of these cytokines. Unfortunately, there was no evidence found in this 

study to explain this activity. It might be an interesting question for future experiments. 

 

 

Conclusion 

 

          In conclusion, an ethanolic extract of S. frutescens (SFE) significantly diminished 

activation of NF-κB, STAT1α and ERK in murine macrophages, resulting in to 

suppression of the inflammatory responses induced by LPS and IFNγ co-administration. 

Further experiments found that the sutherlandiosides and sutherlandins had modest anti-

oxidant activity, while the chlorophylls played a major role in the anti-inflammatory 

activity of SFE. However, research should be designed to characterize the other bioactive 

compounds, other than chlorophylls, in SFE responsible for anti-inflammatory activity.  
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       Figure 4-1. Ethanolic extract of S. frutescens (SFE) showed no toxicity on 

murine macrophage cell line (RAW 264.7 cell). Cell viability was evaluated using 

resazurin assay and green fluorescent protein (GFP). Both assays indicated that there 

was no toxicity by treatment with SFE up to 200 μg/mL. Data were expressed as 

mean ± SEM from at least three independent experiments conducted triplicate. 
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      Figure 4-2. Ethanolic extract of S. frutescens (SFE) reduced reactive oxygen 

species (ROS) production by murine macrophage cell line (i.e. RAW 264.7 cells) in 

a dose-dependent manner. ROS production is expressed as percentage of that 

relative to cells co-stimulated with LPS (100 ng/mL) and IFNγ (1 ng/mL) after 

exposure to various concentrations of SFE for 18 h. The Y-axis is showing 

percentage of ROS production compared to the positive control, and X-axis shows 

different treatments. The data were from three independent experiments each 

conducted in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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      Figure 4-3. Ethanolic extract of S. frutescens (SFE) dose-dependently reduced 

nitric oxide (NO) production and inducible nitric oxide synthase (iNOS) expression 

murine macrophage cell line (i.e. RAW 264.7 cells) in a dose-dependent manner. 

Cells were pretreated with SFE, then co-stimulated with LPS (10 ng/mL) and IFNγ 

(0.1 ng/mL) for 20 h. NO production was significantly inhibited by exposure of 

SFE induced by inflammatory stimuli (A). Data were from three independent 

experiments each conducted in triplicate. The iNOS expression induced by the 

stimuli was significantly reduced by SFE (B). The Western blot figure is one 

reprehensive experiment, and the bar graph is data from three independent 

experiments.  * p < 0.05, ** p < 0.01, *** p < 0.001.  
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        Figure 4-4. Ethanolic extract of S. frutescens (SFE) modulated the production 

of inflammatory cytokines and chemokines by murine macrophage cell line (i.e. 

RAW 264.7 cells). Exposure to SFE (200 μg/ml) significantly reduced the 

production of G-CSF, IL-6, TNF-α, and IL-10 (A toD). SFE increased the 

production of IL-1α, IL-12p70 at 25 or 50 μg/mL, however, the highest 

concentration of SFE reduced them to similar or less than that of the group without 

SFE (E and F). SFE significantly increased the production of MIP-2 and RANTES 

(G and H). Data are from three independent experiments, and are expressed as 

mean ± SEM, and letters (a and b) are showing the difference between treatments 

based on the statistical analysis results. 
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       Table 4-1. The impact of ethanolic extract of S. frutescens (SFE) on the production of cytokines and 

chemokines by LPS-stimulated primary murine macrophages (ng/ml) 

 
       All the data were from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. GM-CSF, 

granulocyte-macrophage colony stimulating factor; IL, interleukin; IP, interferon gamma-induced protein; 

KC, chemokine (C-X-C motif) ligand 1, MCP, monocyte chemotactic protein, MIP, macrophage 

inflammatory protein, RANTES, regulated on activation, normal T cell expressed and secreted. 
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       Figure 4-5. Ethanolic extract of S. frutescens (SFE) inhibited NF-κB 

activation in RAW 264.7 cells. The NF-κB activity was measured using the 

luciferase reporter assay. SFE had modest reduction effect on NF-κB activation. 

The bars indicated the percentage of activated-cells treated with different 

concentration of SFE compared to that of cells stimulated with LPS/IFNγ 

without any S. frutescens treatment (100%) to calculate the percentage. * p < 

0.05. 
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        Figure 4-6. Ethanolic extract of S. frutescens (SFE) inhibited the 

phosphorylation of ERK1/2 activated by LPS and IFNγ. RAW 264.7 cells were 

pretreated with SFE for 1 h, followed by co-stimulation of LPS and IFNγ for 30 

min. The phosphorylated- and total- ERK1/2 was analyzed using Western blot. 

Phosphorylation of ERK1/2 induced by LPS/IFNγ was significantly reduced by 

treatment with SFE. The Western blot band graphs showing  a representative 

experiment of SFE pretreatment on the phosphorylation of ERK1/2  induced by 

LPS/IFNγ in RAW 264.7 cells. The bar graphs are showing the ratios of p-

ERK1/2 to total-ERK1/2 from four independent experiments using samples 

from co-stimulation of LPS and IFNγ as positive control (100%). Data were 

expressed as mean ± SEM. ** p < 0.01, *** p < 0.001. 
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         Figure 4-7. Ethanolic extract of S. frutescens (SFE) inhibited the 

phosphorylation of STAT1α activated by LPS and IFNγ. RAW 264.7 cells were 

pretreated with SFE for 1 h, followed by co-stimulation of LPS and IFNγ, or Pam2 

and IFNγ for 60 min. The phosphorylated- and total- STAT1α was analyzed using 

Western blot. Phosphorylation of STAT1α induced by LPS/IFNγ was significantly 

reduced by treatment with SFE. The Western blot band graphs showing  a 

representative experiment of SFE pretreatment on the phosphorylation of STAT1α  

induced by LPS/IFNγ in RAW 264.7 cells. The bar graphs are showing the ratios 

of p-STAT1α to total-STAT1α from four independent experiments using samples 

from co-stimulation of LPS and IFNγ as positive control (100%). Data were 

expressed as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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        Figure 4-8. Some specific compounds from S. frutescens had limited impact on 

the production of nitric oxide (NO) by murine macrophage cell line (i.e. RAW 264.7). 

Sutherlandioside B (SLDS-B) (A), combination of sutherlandiosides A + C + D 

(SLDSs) (B), combination of sutherlandins A + B (SLDN AB) (C), and  sutherlandins 

C + D (SLDN CD) (D) had limited impact on the production of NO induced by 

LPS/IFNγ. Data were expressed as mean ± SEM (n = 3). ** p < 0.01 
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        Figure 4-9. Compounds isolated from S. frutescens reduced the production of 

reactive oxygen species (ROS) by murine macrophage cell line (i.e. RAW 264.7). 

Sutherlandioside B (SLDS-B) (A), combination of sutherlandiosides A + C + D 

(SLDSs) (B) , combination of sutherlandins A + B (SLDN AB) (C), and  

sutherlandins C + D (SLDN CD) (D) significantly decreased the production of ROS 

induced by LPS/IFNγ. Data were expressed as mean ± SEM (n = 3). * p < 0.05, ** p 

< 0.01, *** p < 0.001.  

A B 

C D 
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      Figure 4-10. Compounds isolated from S. frutescens had limited impact on 

activation of NF-κB induced by LPS and IFNγ in murine macrophage cell line (i.e. 

RAW 264.7). Sutherlandioside B (SLDS-B) (A), combination of sutherlandiosides A + 

C + D (SLDSs) (B), combination of sutherlandins A + B (SLDN AB) (C), and  

sutherlandins C + D (SLDN CD) (D) had no impact on the NF-κB activation induced 

by LPS/IFNγ. Data were expressed as mean ± SEM (n = 3).  

A B 

C D 
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       Figure 4-11. The effect of fractions from ethanolic extract of S. frutescens on 

the production of nitric oxide (NO) was green color dependently in murine 

macrophage, RAW 264.7. The ethanolic extract of S. frutescens was fractionated 

using different concentrations of ethanol which can extract different levels of 

chlorophylls. These fractions had different reduction activity on NO production by 

RAW 264.7 cells.  
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       Figure 4-12. Chlorophylls (CHL) isolated from S. frutescens exhibited anti-

oxidant activity in murine macrophage cell line (i.e. RAW 264.7). Chlorophylls had 

modestly, but significantly, attenuated the production of NO (A) and activation of NF-

κB (C). The LPS/IFNγ-induced ROS production (B) was significantly reduced by 

treatment of chlorophyll. Data were from three independent experiments and were 

expressed as mean ± SEM (n = 3). *** p < 0.001. 
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CHAPTER FIVE 

 

RNA SEQUENCING REVEALS THE IMMUNO-MODULATION OF 

S. FRUTESCENS WITH AND WITHOUT CO-STIMULATION WITH 

LIPOPOLYSACCHARIDE AND INTERFERON GAMMA 

 

 

Abstract 

 

 

        Sutherlandia frutescens (SF) has been traditionally used as a beverage to 

ameliorate some of the symptoms associated with cancer, infectious diseases, and 

inflammatory conditions. To date, no research has reported the impact of SF on global 

gene regulation. This study was designed to evaluate the effect of SF treatment on gene 

expression in a murine macrophage cell line (RAW 264.7). Cells were exposed to SF 

extract or a vehicle control for 1 h prior to activation with lipopolysaccharide (LPS) and 

interferon gamma (IFNγ). Immune-stimulation with LPS and IFNγ caused nearly 1500 

genes to be up-regulated and another 1312 genes to be down-regulated at 8 h, and at 24 h 

post-stimulation up- and down-regulated gene number expanded to 1969 and 2350, 

respectively. The pretreatment with ethanolic extract of SF (SFE) for 1 h resulted in 50 

differentially expressed genes at 8 h post-stimulation. A total of 715 genes were 

modulated by SFE at 24 h post-stimulation. Pathway analysis identified that many of 
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these differentially expressed genes (e.g., tumor necrosis factor and interleukin-6) 

participate in inflammatory signaling pathways, such as NF-κB and MAPK, as well as 

signaling pathways associated with metabolism, insulin function, and numerous 

infectious diseases. These findings were consistent with previously reported anti-

inflammatory activity of SFE and will help us better understand the immune-modulating 

properties of this botanical.  

 

 

Introduction 

 

         Sutherlandia frutescens is a well-known medicinal plant widely used in southern 

Africa (van Wyk and Albrecht, 2008). Previous reports indicated that S. frutescens was 

used for treatment of different diseases, including: Cancer, tuberculosis, diabetes, 

inflammation, influenza, menopausal symptoms, and symptoms caused by stress (Brown 

et al., 2008). Numerous studies were conducted to investigate the mechanism of the 

medicinal properties of S. frutescens. Extracts made from S. frutescens showed anti-

cancer activity via inhibiting the proliferation of cancer cells, diminishing DNA binding 

of NF-κB, and inducing apoptosis (Chen, 2007; Chinkwo, 2005; Na et al., 2004; Reid et 

al., 2006; Stander et al., 2007; Tai et al., 2004). Previous studies have also determined 

that the anti-inflammatory activity of this plant is associated with signaling pathways of 

NF-κB, ERK, AP-1, JAK-STAT1 (Jiang et al., 2014; Kundu et al., 2005). However, those 

studies were mainly designed to investigate a few pathways. The effect of S. frutescens 
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on the global gene expression in immune cells, such as macrophage, is poorly 

understood.  

        Immune response is a complicated process to defend against foreign stimuli and 

plays critical roles in maintaining homeostasis (Huang and Wells, 2014; Wynn et al., 

2013). Macrophage plays important roles in both innate and adaptive immune responses. 

They can recognize the pathogen-associated molecular pattern (PAMP) and other 

immune stimuli via receptors on extra- and intra-cellular membranes, such as toll-like 

receptors (Akira et al., 2006). After binding, several classical signaling pathways, 

including NF-κB, MAPK, JAK-STAT, are activated resulting in the production of nitric 

oxide (NO), reactive oxygen species (ROS), and inflammatory cytokines/chemokines 

(Liu et al., 2007; O'Neill and Bowie, 2007). Cytokines and other mediators subsequently 

modulate systemic responses against inflammation and cancer (Hawiger, 2001; Newton 

and Dixit, 2012).  

        Microarray analysis is a powerful approach to evaluate the expression of thousands 

of genes in different conditions simultaneously (Wang et al., 2009). However, 

microarrays only investigate the known transcripts, instead of total genetic changes. The 

ribonucleic acid sequencing (RNA-Seq) is a recently developed technology to overcome 

the limitation of microarray. RNA-Seq measures the global characterization and 

quantification of transcriptomes using high-throughput sequencing technologies (Wang et 

al., 2009). The large sets of transcripts data can possibly allow for a deeper understanding 

of immune responses and provide new implications for clinical treatment (Benichou et 

al., 2012). Therefore, RNA-Seq has been used in many biomedical studies even though it 

is a high cost approach (Wang et al., 2009). For example, RNA-Seq revealed that lunasin 
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changed 502 (340 up-regulated and 162 down-regulated) or 1252 (397 up-regulated and 

855 down-regulated) genes in RAW 264.7 cells with or without the stimulation with LPS 

(Dia and de Mejia, 2011).  

       This study was designed to use RNA-Seq to investigate the immune-modulation 

activity of S. frutescens in murine macrophages with/without co-stimulation of LPS and 

IFNγ. The data from the current study provide molecular mechanisms related to the 

immune function affected by this plant. The gene expression information enables us to 

better understand the medicinal properties of S. frutescens.  

 

 

Materials and methods 

 

Reagents 

       The LPS (from E. coli 0111:B4) was purchased from Sigma Chemical Co. (St. Louis, 

MO, USA). Murine IFNγ was purchased from R&D Systems (Minneapolis, MN, USA). 

The FBS was from Thermo Scientific (Logan, Utah, USA). RNeasy Mini Kit (Cat. No. 

74104) was purchased from QIAGEN (Valencia, CA, USA).  

Preparation of ethanolic extract of S. frutescens 

        The powder of Sutherlandia frutescens (L.) R. Br. was purchased from Big Tree 

Nutraceutical (Fish Hoek, South Africa). The ethanolic extract of S. frutescens (SFE) was 

prepared as described previously (see Chapter 4). The dry matter concentration of SFE is 

4.2 mg/mL. Prior to being used in cell culture experiments, SFE was dried at 55°C under 

a vacuum (CentrVap Concentrater, LABCONCO, Kansas City, MO, USA). The dried 
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SFE was then re-suspended in a volume of DMSO that was one-tenth of the original 

volume of the ethanolic extract.  

Cell culture and treatment 

       Murine macrophage cell line, RAW 264.7 cells, was cultured in DMEM which 

contained 5% FBS at 37°C with 5% CO2. For all the experiments, RAW 264.7 cells were 

seeded in 6-well plate, and cultured overnight in DMEM/5%FBS to reach >90% 

confluence. Cells were pre-treated with or without SFE (8 or 80 μg/mL) for 1 h, then co-

stimulated with LPS (10 ng/mL) and IFNγ (0.1 ng/mL) for 8 or 24 h. The cell lysates 

were harvested for RNA extraction. 

RNA extraction 

          Total RNA was extracted using the RNeasy Mini Kit following the instruction. 

Cell lysates were transferred into microcentrifuge tubes with 600 μl of Buffer RLT. The 

RAW cells lysates were centrifuged at 13,000 rpm for 3 min, and the supernatant (~500 

μL/sample) was transferred into a new microcentrifuge tube. The RNA was precipitated 

by adding the same amount of 70% ethanol, and harvested using the column provided in 

the kit. The concentration and quality of total RNA was determined using Nano-Drop 

(Thermo Science, Wilmington, DE, USA) and adjusted concentration to 100 ng/mL by 

adding RNase-free water. The total RNA (2.5 μg) from each sample was sent to the DNA 

core at University of Missouri-Columbia.  

 Illumina library sequencing (Microarray data analysis) 

          The deep sequencing was performed at the DNA core in University of Missouri-

Columbia. The cDNA libraries were generated from the total RNA and qualified, and 

then the deep sequencing was performed using Illumina HiSeq 2000 (Illumina, Inc., San 
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Diego, CA, USA). The RNA sequencing reads were trimmed and filtered using FASTX-

Toolkit, and mapped to mouse reference genomes at the University of California, Santa 

Cruz (UCSC) genome browser in conjunction with the Ref Seq genome reference 

annotation using Bowtie and TopHat (Li et al., 2013; Pruitt et al., 2009). Genes with less 

than 40 reads were considered to be low expressed genes and were discarded for further 

analysis. 

Differentially Expressed Gene analysis using edgeR 

          RNA-Seq reads were mapped to mouse reference genomes in the UCSC genome 

browser in conjunction with the RefSeq genome reference annotation using TopHat and 

Bowtie2. Only reads mapped to a unique location on the genome were retained to 

calculate gene expression values under each condition. The gene expression values (raw 

counts and reads kilobase per million mapped reads (RPKM)) were calculated by 

MULTICOM-MAP. The gene expression values were loaded into edgeR in R program to 

identify differentially expressed genes (DEGs). The fold change (FC) was calculated 

using the average of RPKM from replicates of same treatment group. The genes with p < 

0.05, false discovery rate (FDR) <0.05, and fold change ≥ 2 was defined as differentially 

expressed genes.  

          The heatmaps were generated using function of “heatmap.2” through ‘gplot’ in R 

program. Original gene expression data were expressed as log2, and loaded into the 

program to create the heatmaps. The green color was set to indicate the down-regulated 

gene, while the red meant the up-regulated ones. The Venn diagram was generated using 

the VennDiagram package in R program as described by Chen and Boutros (Chen and 

Boutros, 2011). 
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Function of analysis of differentially expressed genes by edgeR and DAVID 

          The gene ontology analysis was conducted using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) (Imamichi et al., 2012). Briefly, the 

gene symbol of DEGs from different treatments was loaded in the online database, and 

the system generated the functional annotation. The terms with p < 0.05 was saved for the 

following analysis. 

Signaling pathway analysis by Kyoto Encyclopedia of Genes and Genomes (KEGG) 

          The KEGG pathway analysis was conducted to investigate the impact of S. 

frutescens on signaling pathways (Genini et al., 2008). The protein sequence of 

differentially expressed genes was imported to KEGG Automatic Annotation Server 

(KAAS) in the KEGG database for pathway prediction (Moriya et al., 2007). The KO-

gene relationships constructed were produced according to the KEGG database. The final 

pathways were visualized using the “Pathview” program based on the KO-gene-

assignment file and fold change value for each gene under multiple comparisons (Luo 

and Brouwer, 2013). The degree of log2 fold changes was highlighted with different 

colors. 

 

 

Results 

  

 S. frutescens treatment induced DEG in un-stimulated condition 

          RAW 264.7 cells were treated with 0, 8 or 80 μg/mL ethanolic extract of S. 

frutescens (SFE) for 8 h or 24 h. The RNA was isolated for sequencing to evaluate the 
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gene expression levels. As shown in Table 5-1 and Figure 5-1, there was no gene affected 

by the treatment of 8 μg/mL SFE for 8 h. After 24-h treated with 8 μg/mL SFE, the 

expression of Oasl2 and Slfn5 was down-regulated, and that of Ptgs1 and BC005764 was 

up-regulated.  

          Compared to the low dose of SFE (8 μg/mL), high dose of SFE exhibited stronger 

impact on altering the gene expression. Cells exposure to 80 μg/mL SFE for 8 h had 79 

differentially expressed genes (22 down-regulated and 57 up-regulated) compared to 

untreated cells. A total of 226 genes (123 were down-regulated and 103 were up-

regulated) were modulated by the treatment of 80 μg/mL SFE for 24 h in RAW 264.7 

cells (Table 5-1).  

Different expressed genes induced by S. frutescens under the stimulated situation 

          Co-stimulation with LPS and IFNγ for 8 h affected a total of 2803 genes of which 

1312 were down-regulated and 1491 were up-regulated (Table 5-1). The stimulation for 

24 h modulated 4319 gene expressed by RAW 264.7 cells (2350 down-regulated and 

1969 up-regulated). The gene expression was not affected by 8 μg/mL SFE for 8 h in 

RAW 264.7 cells under the simulated condition, while the expression of Rpph1 and Rmrp 

were increased by the treatment with this concentration of SFE for 24 h. Treatment with 

80 μg/mL SFE 1 h prior to the stimulation of LPS/IFNγ leaded to 50 genes affected by 

SFE including 28 down-regulated and 22 up-regulated. Exposure to 80 μg/mL SFE for 24 

h resulted in a total of 715 genes of which 266 were down-regulated and 449 were up-

regulated (Table 5-1). 

          The expression of eight genes, Tmem26, Tgm2, St6gal1, Ptgs1, Plin2, Mmp9, 

Mdm1, Cxcl14, was affected by treatment of 80 μg/mL SFE for 8 h in both un-stimulated 
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and stimulated conditions. Meanwhile, there were 61 genes changed by both activated 

and un-activated cells treated with 80 μg/mL SFE for 24 h, including Tgm2, Ptgs1, 

Mmp9, Cxcl14. 

The universal function of differentially expressed genes affected by S. frutescens  

          To evaluate the function of differentially expressed genes affected by SFE, the 

functional annotation analysis was performed using the online Database for Annotation, 

Visualization and Integrated Discovery (DAVID). There were no or just a few genes 

modulated by 8 μg/mL SFE in all conditions which were unable to be analyzed using 

DAVID, therefore, the functional annotation was mainly focused on the DEGs altered by 

the treatment of 80 μg/mL SFE. Under the un-stimulated condition, 79 genes were 

modulated by the treatment of SFE for 8 h, and their functions were mainly associated 

with the function of membrane, cytoplasm, glycoprotein, immune responses, and defense 

responses. The analysis of 224 genes affected by the 24-h treatment showed alternative 

splicing, glycoprotein, nucleotide binding, topological domain: cytoplasmtic, disulfide 

bond, membrane, nucleotide-binding, immune and inflammatory responses, and defense 

responses.  

          Under the co-stimulation with LPS and IFNγ, the analysis revealed that DEGs 

affected by SFE were involved in glycoprotein, signal, disulfide bond, extracellular 

region, and secreted at 8 h and 24 h. The DEGs at 24 h were also strongly associated with 

phosphoprotein, membrane, transmembrane region, topological domains, transferase, 

immune responses, and defense responses. This study also found that SFE partially 

resolved the impact induced by the stimulation with LPS/IFNγ via modulating genes 
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involved in the processes or function of signaling, membrane, glycoprotein, disulfide 

bond, and immune responses.  

S. frutescens affected genes associated with immune function 

          We first determined the differentially expressed genes affected by SFE treatment in 

RAW 264.7 cells under either the un-stimulation or stimulated condition. Without the 

stimulation, SFE inhibited the expression of genes related to the immune and 

inflammatory responses, including Cxcl10, Irf7, H2-T24, H28, Irgm1, after the 8-h 

treatment (Table 5-2). The gene expression of oxidoreductases, such as Nqo1, Gsr, 

Dhrs3, Aifm2, Ptgs1, was up-regulated by the treatment of SFE for 8 h.  

          After exposure to SFE for 24 h, the expression of immune associated genes, 

including Af251705, Cd300e, Clec4a2, Ddx58, Dhx58, Gbp9, Ifih1, Irf7, Irf9, Il18, Tlr3, 

Tlr8, Stat1, H2-T23, H2-T24, H28, Irgm1, Mx2, Oas2, Oas3, Oasl1, Oasl1a, Oasl1g, 

Tap1, was suppressed, while the expression of Bmp2, Ccl2, Ccl3, Ccl6, Clec7a, Cxcl14 

(Table 5-3) was promoted.  

          Upon the stimulation with LPS/IFNγ, exposure to SFE for 8 h inhibited the 

expression of Ifnb1 and Nod1 which are highly associated with the inflammatory 

responses, however, SFE also increased Il1a and Cxcl14. In 715 differentially expressed 

genes affected by the 24-h treatment with SFE, there were 117 of these genes are 

associated with immune function. Over these genes, SFE showed up-regulated activity on 

the expression of Nfkbia and Ikbke, which are inhibitors of NF-κB, resulting in a 

reduction of Il6 and Tnf. Meanwhile, numerous genes related with immune function, 

including Tlr7, Tlr8, Irf7, Nos2, as well as several inflammatory cytokines/chemokines, 

were up-regulated by SFE at 24 h.  
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Ingenuity network analysis of immune related genes affected by S. frutescens 

          The analysis of the pathways and networks of immune-related genes affected by S. 

frutescens with or without co-stimulation of LPS/IFNγ was performed using the database 

of Kyoto Encyclopedia of Genes and Genomes (KEGG).  

          SFE also modulated many signaling pathways highly associated with the immune 

function in RAW 264.7 cells with or without co-stimulation with LPS and IFNγ.  The 

analysis identified that the ethanolic extract of S. frutescens modulated signaling 

pathways of cytokine-cytokine receptor interaction, cancer, and TNF in RAW 264.7 cells 

under all the experiment conditions. The toll-like receptor, influenza A, herpes simplex 

infection, and endocytosis signaling pathways were affected by SFE at both 8-h and 24-h 

post-stimulation. Exposure to SFE for 24 h also affected the expression of genes in the 

JAK-STAT, NF-κB, MAPK, peroxisome proliferator-activated receptor (PPAR), 

cytokine-cytokine receptor interaction, and TNF signaling pathways (Figure 5-2). To 

simplify the changes of genes related with immune function under the un-stimulated 

condition, we proposed the TLR and JAK-STAT signaling pathways by which SFE can 

affect the anti-viral activity under the un-stimulated condition (Figure 5-3).  

          Present study also found that the treatment of SFE for 24 h modulated the signaling 

pathways involved in cancer (Appendix Figure 5-1A), rheumatoid arthritis (Appendix 

Figure 5-1B) in cells with or without stimulation. Ethanolic extract of S. frutescens (SFE) 

altered the expression of genes associated with several infection diseases, such as: 

Tuberculosis, Pertussis, Amoebiasis, Hepatitis B, Hepatitis C, and Chagas disease.  

          In addition, SFE also modulated the genes in the pathways involved in metabolic 

processes. The analysis revealed that SFE affected the signaling pathways associated with 
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hormone function, such as the insulin function (Appendix Figures 5-1 C and D). Genes 

involved in the metabolism of various amino acids, fatty acids, vitamins, and 

carbohydrates were affected by the treatment with SFE as well. 

Functional analysis of DEGs affected by SFE to reverse the impact of stimulation 

          GeneVenn diagram analysis was performed to compare the DEG affected by the 

stimulation and SFE treatment. There were seven out of 1312 genes down-regulated by 

co-stimulation of LPS/IFNγ were increased by treatment of 80 μg/mL SFE for 8 h, and 

19 out of 1491 genes up-regulated by the stimulation were suppressed by the treatment of 

SFE (Figure 5-4). In the 715 DEGs affected by 80 μg/mL SFE for 24 h, 267 of them 

reversed the effect induced by the stimulation of LPS/IFNγ (Figure 5-5).  

          The DAVID functional annotation analysis revealed genes that are mainly involved 

in the processes or functions of cell membrane, glycoprotein, cell signaling, disulfide 

bond, endoplasmic reticulum, transport, homeostatic process, apoptosis, immune 

(inflammatory) responses, regulation of cell proliferation, regulation of phosphorylation, 

cytokine-cytokine receptor interaction. The KEGG analysis demonstrated that these 

genes were associated with pathways of cancer, PI3K-AKT signaling, cytokine-cytokine 

receptor interaction, TLR, NOD-like receptor, MAPK, TNF, PPAR, RAS, RAP1, HTLV-

I infection, Herpes simplex infection, and fatty acid metabolism. 

          As shown in Figure 5-2, SFE significantly reversed the effect induced by the 

stimuli and those genes that were down-regulated are presented in the green color while 

the red is for the up-regulated genes. The impact of SFE treatment on the signaling 

pathways associated with inflammatory responses was summarized in Figure 5-6. SFE 

modulated the genes associated with NF-κB and MAPK signaling pathways, leading to 
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the immune response change under the simulated condition. SFE increased the expression 

of inhibitors or decreased the activator of NF-κB and MAPK signaling pathways. These 

effects lead to a reduction on the expression of several pro-inflammatory mediators, such 

as Tnf, Il6. However, the treatment of SFE also increased the expression of Il1a and Il1b.   

 

 

Discussion 

 

          The present study investigated for the first time the effect of an ethanolic extract of 

S. frutescens (SFE) on the systemic gene expression in murine macrophage in the 

presence or absence of LPS/IFNγ using RNA sequencing. Following analyses revealed 

that SFE exhibited capabilities to modulate the immune responses for several 

inflammatory conditions, cancer, as well as numerous infectious diseases. 

          RNA sequencing is designed to evaluate large number of transcripts, and it exhibits 

a global pattern of the transcriptome under various conditions (Wang et al., 2009). 

However, there are several challenges in this newly-developed technology, such as: 

inappropriate method for the library preparation, unsuitable approaches for the 

bioinformatic analysis, and the high cost. The cost is the main reason why the current 

study only included duplicate samples from each treatment. A recent report indicated that 

the sequencing accuracy of transcript abundance from one million reads is the same as 

that from > 30 million reads (Lei et al., 2015). This means that more samples could be 

included in each line of the RNA sequencing, which increases the replicates of samples 

without changing the accuracy of transcripts.  
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          The expression of thousands of genes was modulated by co-stimulation with LPS 

and IFNγ, and a majority of them are associated with the immune responses to 

inflammation, wound healing, infection diseases, and cancer.  The present study 

demonstrated that the co-stimulation of LPS (10 ng/mL) and IFNγ (0.1 ng/mL) induced 

2803 and 4319 DEGs at 8 h and 24 h, respectively. A previous study determined that LPS 

(100 ng/mL) exhibited impact on the expression of numerous genes, including TNF-α, 

IL-1β, and IL-10, and this effect was sustained for at least 18 hours in RAW 264.7 cells 

(Hald et al., 2012). However, the expression of several genes (e.g., IL-6) was not affected 

before 6 hours.   Hull et al. (2013) showed that the stimulation of 100 ng/mL LPS for 8 h 

resulted in a total of 1476 DEGs in bone marrow-derived macrophages from rats. The 

present study chose to investigate the impact of SFE on the global gene expression 8 h 

post-stimulation which could cover more genes activated by LPS and IFNγ. The gene 

expression at 24 h post-stimulation was chose to determine the impact of SFE on the 

early stage of resolution. 

          The treatment of ethanolic extract of S. frutescens (SFE, 80 μg/mL) increased the 

expression of Mmp9, Tgm2, Ptgs1, Cxcl14 in RAW 264.7 cells with or without 

stimulation for 8 and 24 h. Mmp9, Ptgs1, and Cxcl14 are involved in the immune 

responses. MMP9 enhances the immune responses by improving the migration of 

macrophages and neutrophils to the infection site (Khokha et al., 2013). Ptgs1, also well-

known as COX1, is a key enzyme for synthesizing of prostaglandins which are critical in 

several biologic processes including the regulation of immune function (Williams et al., 

1999). CXCL14 is a chemoattractant which plays a critical role in the activation of 

monocytes and immature dendritic cells, and the expression is inhibited in malignant 
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tissues (Starnes et al., 2006). The capability of SFE to increase the expression of these 

genes enhances the immune responses, which could explain the anti-cancer and anti-

microbial activities of S. frutescens. The expression of Il1a and Il1b was also up-

regulated by SFE. This agrees with that the exposure to 50 μg/mL SFE increased the 

production of IL-1α in RAW 264.7 cells (see Chapter 4). To confirm the expression of 

proteins encoded by these genes could be a future direction. Since the treatment with SFE 

showed a parabola-like activity on the production of IL-1α and some other cytokines in 

RAW 264.7 cells, the dose response of SFE on the production of MMP9, PTGS1, and 

CXCL14 needs to be further investigated. 

          This study revealed that the treatment of SFE significantly impaired the signaling 

pathways associated with immune responses, such as: NF-κB, MAPK, JAK-STAT. NF-

κB is a classic inflammatory signaling pathway which can be activated by a variety of 

stimuli, such as pathogen associated molecular pattern and inflammatory cytokines 

(DiDonato et al., 2012). The treatment of ethanolic extract of S. frutescens increased the 

expression of two inhibitors involved in NF-κB pathway, Nfkbia and Ikbke, and lead to a 

reduction on the expression of Tnf and Il6 in RAW 264.7 cells. Interestingly, these 

findings disagree with previous experiments that treated with 100 μg/mL SFE which had 

no impact on the activation of NF-κB and the production of TNF and IL-6 (see Chapter 

4). Therefore,  the current findings from RNA-Seq need be confirmed using some other 

approaches in future, such as the reverse transcription polymerase chain reaction (Costa 

et al., 2013). The MAPKs (including ERK, JNK, and p38) are a group of protein kinases 

playing a critical role in the physiological process, including the immune responses. 

MAPK pathways are activated via a cascade of sequential phosphorylation events upon 
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stimulation and leads to the expression of genes related with immune responses (Liu et 

al., 2007). SFE increased the expression of Spred-3, which could suppress the activation 

of MAPK (ERK). Other than that, Ptpn5, a phosphatase specifically inactivates MAPKs 

(Eswaran et al., 2006), was up-regulated by the treatment of SFE. Even though the 

expression of MAPKs is not changed, SFE attenuates the MAPKs signaling pathway via 

a reduction of the phosphorylation/activation of these proteins, which is consistent with 

our previous finding (unpublished data). The RNA-Seq data also indicated that SFE 

increased the expression of Socs3 (suppressor of cytokine signaling 3), which is a well 

known STAT-induced STAT inhibitor. The modulation effect of SFE on these genes may 

be helpful for a better understanding the anti-inflammatory property of S. frutescens.  

          Other than influencing the classic inflammatory related signaling pathways, the 

ethanolic extract of S. frutescens (SFE) was also able to modulate the signaling pathways 

of NOD-like receptor, p53, PI3K-AKT, and peroxisome proliferator-activated receptors 

(PPAR). All these signaling pathways are involved in the regulation of inflammatory 

responses (Cooks et al., 2014; Kanneganti et al., 2007; Williams et al., 2006; Zhang and 

Young, 2002), and the impact of S. frutescens has not been investigated in any cell or 

animal models. The current results also confirmed our previous findings that the anti-

inflammatory effect of SFE is via modulating multiple signaling pathways (Jiang et al., 

2014).  

          SFE showed significant impact on the signaling pathways associated with several 

infectious and inflammatory diseases. S. frutescens has been widely used for the patients 

who are suffering from rheumatoid arthritis and infection of viral infection (van Wyk and 

Albrecht, 2008). As a pro-inflammatory cytokines, TNF is widely involved in several 
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chronic inflammatory diseases, including rheumatoid arthritis, through modulating the 

production of inflammatory cytokines (i.e. IL-6) and growth factors (CSF-1) (Kim and 

Solomon, 2010). The SFE treatment reduced the production of TNF, IL-6, and CSF-1, 

which may contribute to relieve the symptoms of rheumatoid arthritis. Surprisingly, SFE 

affected a number of genes which are associated with various infectious diseases, such as: 

influenza A, Salmonella, Chagas disease, Hepatitis B, Hepatitis C, Herpes Simplex. It 

would be important to investigate the impact of S. frutescens on infectious diseases in the 

cell or animal models. 

          This study also found that S. frutescens treatment modulated several metabolic 

pathways in RAW 264.7 cells. S. frutescens has been used for the patients suffering from 

diabetes in southern Africa (van Wyk and Albrecht, 2008). This study found that the 

treatment with ethanolic extract of S. frutescens (SFE) significantly changed the 

expression of genes associated with the metabolism of carbohydrates, fatty acids, insulin 

function and secretion. These findings agree with previous studies via the possible 

mechanisms as follows: increasing the glucose uptake into muscle and adipose tissue, 

reducing the intestinal glucose uptake, decreasing plasma free fatty acid and triglycerides, 

and increasing the insulin sensitivity (Chadwick et al., 2007; MacKenzie et al., 2009; 

MacKenzie et al., 2012; Williams et al., 2013). However, the genes modulated by the S. 

frutescens treatment to achieve the anti-diabetic activity in the present study are different 

than the previous report by Williams et al. (2013). It is important to design experiments 

to investigate the functional roles of differentially expressed genes revealed by RNA-Seq 

using in vitro and in vivo diabetic models.  
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Conclusion 

 

          In conclusion, this is the first report that investigated the effect of an ethanolic 

extract of S. frutescens on global gene expression of murine macrophage cell line, RAW 

264.7. The RNA-Seq data revealed that S. frutescens modulated the genes associated with 

inflammatory signaling pathways which affected the immune responses for inflammation, 

cancer, and several infectious diseases. These results revealed a picture of the beneficial 

effect of S. frutescens on several specific diseases. This study also demonstrated that the 

ethanolic extract of S. frutescens affected genes involved in anti-oxidation, cell signaling 

responses to stress, and membrane function. These findings allow for a better 

understanding of the mechanisms of the medicinal properties of S. frutescens and provide 

information on the potential use of this plant. Hence, it is essential to conduct 

experiments to investigate the impact of S. frutescens on infectious diseases using the cell 

and animal models in future.  
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     Table 5-1. Differentially expressed genes in murine macrophages (RAW 264.7) following the treatment with the 

ethanolic extract of S. frutescens (SFE) with or without co-stimulation with LPS (10 ng/mL) and IFNγ (0.1 ng/mL). 

 

The gene expression values are from two biological replicates of different experiment conditions. The differentially 

expressed genes are defined as p < 0.05, false discovery rate < 0.05, fold change c 2. Unstim: Unstimulated group; Stim: 

Stimulated group; SFE: Ethanolic extract of S. frutescens. 
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      Figure 5-1. The different expression genes (DEG) affected by ethanolic extract 

of S. frutescens (SFE) in rest murine macrophages, RAW 264.7 cells. Gene 

expression values are represented by Log2 transformed normalized RNA-Seq reads. 

The figure is showing the gene expression values from 2 biological replicates of 

RAW 264.7 cells in different conditions as indicated in the diagram. Genes shown 

in this diagram are top 30 genes that are either up-regulated (red) or down-regulated 

(green). The black color means no change compared to the control (cells without 

SFE treatment). 
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       Table 5-2. Changes in the expression of genes related with immune function and 

anti-oxidative activity from the 8-h treatment with ethanolic extract of S. frutescens in 

un-stimulated murine macrophages. 

 

Murine macrophages (i.e., RAW 264.7 cells) were treated with 80 μg/mL ethanolic 

extract of S. frutescens for 8 h, and the cell lysates were extracted for RNA sequencing. 

The gene expression values were analyzed using edgeR. The gene expression values are 

from two biological replicates of different experiment conditions. The differentially 

expressed genes are defined as p < 0.05, false discovery rate (FDR) < 0.05, fold change 

(FC) ≥ 2. 
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     Table 5-3. Changes in the expression of genes related with immune function from 

the 24-h treatment with ethanolic extract of S. frutescens in un-stimulated murine 

macrophages (i.e., RAW 264.7 cells). 

 

 The gene expression values are from two biological replicates of different experiment 

conditions. The differentially expressed genes are defined as p < 0.05, false discovery 

rate (FDR) < 0.05, fold change (FC) ≥ 2. 
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    Figure 5-2. The ethanolic extract of S. frutescens (SFE) affected the cytokine-cytokine 

receptor interaction and TNF signaling in murine macrophages co-stimulated with 

LPS/IFNγ. Cells were treated with 80 μg/mL ethanolic extract of S. frutescens 1 h prior to 

the co-stimulation with LPS (10 ng/mL) and IFNγ (0.1 ng/mL) for 24 h, and cell lysates 

were subsequently harvested for the RNA sequencing. The differentially expressed genes 

(DEGs) were identified by the edgeR program, and the impact of S. frutescens on the 

signaling pathways was analyzed using by Kyoto Encyclopedia of Genes and Genomes 

(KEGG). In these diagrams, genes highlighted with colors are affected by SFE. In the 

box of affected genes, the analysis results were shown from three different comparisons: 

Un-stimulated control vs stimulated control, stimulated control vs stimulated + 8 μg/mL 

SFE, and stimulated vs stimulated + 80 μg/mL SFE. These genes that were down-

regulated are presented in green while red for the up-regulated genes.  
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        Figure 5-3. Ethanolic extract of S. frutescens modulated genes associated with 

viral infection related signaling pathway in un-stimulated RAW 264.7 cells. Cells 

were treated with 80 μg/mL ethanolic extract of S. frutescens for 24 h, and cell lysates 

were subsequently harvested for the RNA sequencing. The differentially expressed 

genes (DEGs) were identified by the edgeR program, and the impact of S. frutescens 

on the signaling pathways was analyzed using by Kyoto Encyclopedia of Genes and 

Genomes (KEGG). Further, the DEGs involved in different signaling pathways were 

collected and summarized. The symbol ↓ indicates the genes that were down-

regulated genes while ↑ is for genes that were up-regulated. 
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       Figure 5-4. Venn diagram of the overlap of RAW 264.7 genes affected by the 

ethanolic extract of S. frutescens (SFE). Genes either up-regulated or down-regulated 

by co-stimulation of LPS/IFNγ with 80 μg/mL SFE for 8 h were submitted to edgeR for 

overlap analysis, and to generate the Venn diagrams (A). The overlap genes were listed 

in the table (B). 

A 
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         Figure 5-5. Venn diagram and gene ontology of the genes affected by the ethanolic 

extract of S. frutescens (SFE) and co-stimulation with LPS/IFNγ for 24 h. Genes either up-

regulated or down-regulated by co-stimulation of LPS/IFNγ with 80 μg/mL SFE for 24 h 

were submitted to edgeR for overlap analysis, and to generate the Venn diagrams (A). The 

gene ontology was analyzed using the database of DAVID (B). 

A 
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        Figure 5-6. The 24-h treatment with the ethanolic extract of S. frutescens 

modulated the inflammatory mediators via NF-κB and MAPK signaling pathways 

in LPS/IFNγ co-stimulated RAW 264.7 cells. Cells were treated with 80 μg/mL 

ethanolic extract of S. frutescens 1 h prior to the co-stimulation with LPS (10 

ng/mL) and IFNγ (0.1 ng/mL) for 24 h, and cell lysates were subsequently 

harvested for the RNA sequencing. The differentially expressed genes (DEGs) 

were identified by the edgeR program, and the impact of S. frutescens on the 

signaling pathways was analyzed using Kyoto Encyclopedia of Genes and 

Genomes (KEGG). Further, the DEGs involved in different signaling pathways 

were collected and summarized. The symbol ↓ indicates the genes that were down-

regulated genes while ↑ is for genes that were up-regulated. 
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CHAPTER SIX 

 

IMPACT OF ORAL CONSUMPTION OF S. FRUTESCENS ON EX 

VIVO AND IN VIVO INFLAMMATORY RESPONSES INDUCED   

BY LIPOPOLYSACCHARIDE OR ESCHERICHIA COLI 

 

 

Abstract 

 

Background: My previous research demonstrated that an aqueous extract of S. frutescens 

was capable of enhancing some of the important functions of innate immune cells, 

specifically macrophages. In contrast, an ethanolic extract of S. frutescens possessed 

potent anti-inflammatory effects on murine macrophages. However, little is known about 

the impact of oral consumption of this medicinal herb on in vivo inflammatory and anti-

microbial responses.  

Methods: To investigate the impact of S. frutescens consumption on host inflammatory 

and anti-microbial responses in vivo, a series of experiments were conducted.  For the 

initial experiments, rodent diets containing 0, 0.25 and 1.0% wt/wt of “finely-ground” S. 

frutescens (SF) were prepared.  These nutritionally-complete (i.e., AIN-93G) 

experimental diets were fed to weanling male and female C57Bl/6 mice for 3 to4 wks.  

Some of these mice received an intraperitoneal injection with ~108 colony-forming units 

(cfu) of E. coli (K-12 strain) and host anti-microbial response was assessed by measuring 
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the bacterial load in the liver and spleen 72 h post-challenge. A separate group of mice 

fed SF-containing diets (n = 12/trt group) were injected with lipopolysaccharide from E. 

coli (LPS, 20 μg/mouse) to investigate the impact of consuming this botanical on the in 

vivo production of inflammatory cytokines and chemokines. Peritoneal macrophages 

were isolated from another cohort of mice fed SF-containing diets (n = 10 to 12) to 

investigate the impact of consuming this botanical on the ex vivo production of 

inflammatory cytokines and chemokines. Finally, in an effort to understand the 

differential in vitro activities of the aqueous and ethanolic extracts from S. frutescens, a 

group of mice maintained on a commercial control diet were gavaged with either an 

aqueous-or ethanolic-extract of SF for seven days. All mice were injected with LPS two 

hours after the last dose of S. frutescens. Serum samples were collected for evaluation of 

circulating inflammatory cytokines and chemokines.  

Results: The incorporation of SF into the diet at up to 1% wt/wt or administration of SF 

extracts by gavage had no observable impact on the growth or general health of the mice 

in any of our studies. We found that female mice fed the higher level of S. frutescens(1% 

wt/wt) had ~10-fold more E. coli in their spleen compared with mice fed the control diet 

(p<0.05). Unfortunately, we were unable to replicate this finding in a second experiment 

conducted just a few weeks after this initial study. In contrast, feeding S. frutescens to 

male C57Bl/6 mice had no significant impact on the clearance of E. coli following a 

similar challenge. Of the various cytokines and chemokines that we assessed following 

an in vivo LPS injection, consumption of S. frutescens only modestly reduced (~45%) the 

in vivo production of TNF-α (p = 0.08) and not any of the others we assessed. 

Macrophages isolated from mice fed the 0.25% S. frutescens diet produced significantly 
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lower IL-1α (reduced by 37%, p< 0.01) when stimulated by LPS in vitro compared with 

those from mice fed the control diet. Finally, oral administration of either aqueous- or 

ethanolic-extracts of S. frutescens for 7 days failed to significantly impact in vivo 

production of inflammatory cytokines and chemokines in response to an LPS injection.  

Conclusions: These studies in a laboratory mouse model suggest that consumption of S. 

frutescens had only a modest impact on host anti-microbial and inflammatory responses 

to a gram-negative microbial challenge whether intact microbes or bacterial endotoxin 

(i.e., LPS) was used.   

 

 

Introduction 

 

          Sutherlandia frutescens has been traditionally used to wash wound or other 

infectious conditions in southern Africa (van Wyk and Albrecht, 2008). Our previous 

studies demonstrated that the aqueous extract of S. frutescens had immuno-stimulatory 

activity, while the ethanolic extract exhibited an anti-inflammatory activity. This study 

was designed to investigate the impact of oral consumption of S. frutescens on the 

inflammatory responses and anti-microbial activity in animal model (i.e., mouse). 

          The immuno-modulation activities of S. frutescens have been explored in my 

previous experiments. An aqueous extract of S. frutescens and a fraction rich in 

polysaccharides activated macrophage leading to an increase of production of reactive 

oxygen species (ROS). ROS are a set of highly reactive free radical (unpaired electron) 

and non-radical (two-electron) molecules, including superoxide (O2•-), hydrogen 
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peroxide (H2O2), hydroxyl radicals (OH•), hypochloric acid (HOCl), and peroxynitrite 

(ONOO-) (Papaharalambus and Griendling, 2007). ROS production by innate immune 

cells can kill microbes and is believed to play a critical role in host anti-microbial defense 

(Lam et al., 2010). In addition, the aqueous extract and polysaccharides enriched fraction 

activated the NF-κB signaling resulting in an increased production of TNF-α (see Chapter 

3). TNF-α is an important pro-inflammatory cytokine and plays essential roles in host 

defense (Kim and Solomon, 2010). In contrast, the ethanolic extract of S. frutescens 

showed anti-inflammatory activities resulting in reduced production of ROS and some 

inflammatory cytokines (e.g., TNF-α and IL-6) (see Chapter 4).  

          The impact of S. frutescens extracts that we demonstrated in vitro using a murine 

macrophage cell line encouraged us to explore the potential effect of this botanical on the 

anti-microbial activity and inflammatory responses in an animal model. E. coli is a gram-

negative bacterium, that is commonly found in the gastrointestinal tracts of humans and 

animals (Kaper et al., 2004). However, some E. coli strains can under certain conditions 

cause intestinal and extra-intestinal diseases, including: diarrhea, respiratory and urinary 

tract infections, and systemic hemorrhagic sepsis.  E. coli (K12), a well characterized 

microorganism, has been widely used in research on host immunity (Blattner et al., 

1997).   

          Thus, the goal of the present study is to investigate the effects of consuming S. 

frutescens on the bacterial clearance, inflammatory cytokines and chemokines in 

C57BL/6 mice. We used E. coli as infectious model to determine the impact of dietary S. 

frutescens on host defense. This study also studied the effects of consuming S. frutescens 

on circulating inflammatory cytokines and chemokines induced by LPS challenge. In 
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addition, we also determined the dietary S. frutescens on the production of inflammatory 

cytokines and chemokines by the peritoneal macrophages.  

 

 

Materials and Methods 

 

Reagents 

          Lipopolysaccharide (from E. coli 026:B6 or E. coli 0111:B4) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Escherichia coli (K12) was obtained from 

American Type Culture Collection (ATCC). The bead-based cytokines and chemokines 

Multi-Plex kit (Cat. MCYTOMAG-70K-PMX) was obtained from EMD Millipore 

(Billerica, MA, USA). The diet ingredients were purchased from Dyets, Inc (Bethlehem, 

PA, USA). 

Animal care  

          All aspects of the animal-based elements described in this research were approved 

by the Animal Care and Use Committee at University of Missouri-Columbia. C57BL/6 

female and male mice (~4-week old) were purchased from Jackson Laboratory (Bar 

Harbor, Maine, USA), and housed in pairs in polycarbonate cages (WLD: 11.5 × 7.5 × 

5″) within an animal facility that maintained an environmental temperature of 21°C with 

a 12 : 12 h light : dark cycle. At all times, mice had free access to food and distilled 

water. The health and general well-being of the mice were assessed daily, and body 

weights were measured weekly.   
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Experimental diets 

          After a 7-day acclimation period, mice were randomly assigned into three dietary 

treatment groups: 0, 0.25 or 1.0% ground S. frutescens (Table 6-1) leaf powder in AIN-

93G basal rodent diet. The S. frutescens-containing diets were made using the 

commercial ground powder of vegetative parts of S. frutescens (L.) R. Br. which was 

purchased from Big Tree Nutraceutical (Fish Hoek, South Africa). The product identity 

was confirmed using HPLC/ELSD and HPLC/UV (Avula, 2010), which determined that 

the S. frutescens used in this study contained 3.3% (w/w) of sutherlandioside B, a specific 

biomarker of this medicinal plant (Avula, 2010; Fu et al., 2008).  

          According to previous reports (Chadwick et al., 2007; van Wyk and Albrecht, 

2008), the common dose of S. frutescens dry materials (leaf) is 2.5 g per day. For a 70 kg 

adult human, this range of S. frutescens intake would be equivalent to35.7 mg/kg per day. 

The low end of the human dose (36 mg/kg per day) was used to calculate the human 

equivalent dose for experimental diets to use in our mouse studies. The human equivalent 

dose was calculated using the formula as described previously (Sharma and McNeill, 

2009), and for mice this dose is 411 mg/kg body weight per day. The average body 

weight of our healthy adult mice is 25 g, therefore each mouse would need to consume 11 

mg S. frutescens to achieve the dosage of 411 mg/kg BW per day. Food consumption for 

these mice was estimated at 4-5 g/d based on previous experience, thus to deliver ~11 mg 

of S. frutescens per day, the diets should contain 0.25% (g/100 g) of the ground S. 

frutescens material. We also prepared a diet containing four times this low dosage (i.e., 

1%) of S. frutescens to increase the likelihood of seeing an effect of this treatment. 

However, Blanchard and Smoliga (Blanchard and Smoliga, 2015) recently reported that it 
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is inappropriate to conserve animal-to-human dosage using the body surface area. The 

authors stated that the body surface area conversion was based on data from several 

studies conducted more than 40 years ago which have little justification for current 

biomedical studies. They recommended the pharmacokinetic modeling for the conversion 

of animal-to-human dosage in a translational medical study. Unfortunately, the 

pharmacokinetic of S. frutescens has not been reported yet, and the body surface area 

conversion is the best way for us to estimate the human equivalent dose of S. frutescens 

in our mouse study.  

          All diets were nutritionally complete (i.e., AIN-93G diets) and identical, except for 

the presence of S. frutescens and the small amount of cornstarch that was removed to 

account for the addition of the botanical (Table 6-1). 

Organ collection 

          To investigate the impact of dietary S. frutescens on host defense against E. coli 

infection, a total of 48 C57BL/6 male and female mice from two independent trials were 

assigned into three groups and fed with one of the following diets: AIN-93G diet with 

0%, 0.25%, or 1.0% S. frutescens for 20 d. Mice from each diet group were 

intraperitoneal injected with ~108 colony-forming units (cfu) of E. coli (K-12 strain) in 1 

mL of sterile PBS.  Three days after E. coli infection, mice were anesthetized by 

intramuscular injection (0.1 mL/100g) of a xylazine (13 mg/mL)-ketamine (87 mg/mL) 

cocktail. Liver and spleen were collected aseptically and weighed. Whole livers were 

transferred to sterile 50 mL tubes and kept on ice. Spleens were transferred to sterile 1.5 

mL microcentrifuge tubes containing 0.2 mL sterile PBS and 100 mg glass beads and 

kept on ice. 
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          In order to determine the effect of dietary of S. frutescens on the production of 

circulating inflammatory cytokines and chemokines induced by LPS, sixty C57BL/6 

mice (20 mice per diet treatment group) were injected intraperitoneally with 1.0 mL of 

sterile endotoxin-free PBS with or without 20 μg of LPS (from E. coli 026:B6). Two 

hours after injection, mice were anesthetized by intramuscular injection with the 

xylazine-ketamine cocktail, and whole blood was harvested by cardiac puncture. Serum 

was separated by centrifugation and used for inflammatory cytokines/chemokines 

analysis. 

Measurement of bacterial load 

          Liver samples were homogenized in nine volumes of sterile PBS using the Tissue 

Grinder (Pyrex™, Greencastle, PA). Spleens were homogenized using the Bullet Blender 

(St. Louis Scientific, St. Louis, MO) at power setting "9" for 3 to 4 minutes, then adjusted 

to a total of eight volumes with PBS. One volume of 2.0% saponin was then added to all 

samples and mixed by inversion. Three 10-fold dilutions were prepared in 0.2% saponin 

for plating, 100 μL of each dilution was plated in duplicate on TSAY (tryptic soy agar 

with yeast extract) plates. The plates were incubated at 37°C overnight, and the bacterial 

colonies were manually counted. 

          The bacterial load in liver and spleen samples was also determined by a 

fluorescence-based microplate assay (Shiloh et al., 1997). Liver and spleen harvested 

from mice challenged with either E. coli were homogenized and diluted 100-fold using 

endotoxin-free PBS. Diluted samples (10 μL) were plated in triplicate in sterile 384-well 

black polystyrene plate, and 140 μL 10% resazurin in LB (Lysogeny) was added to each 

well. The fluorescence (excitation, 530 nm; emission, 590 nm) was read every 20 min for 
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10 h. The resazurin medium was included as blank. The average fluorescence from three 

wells was collected after subtracting the average fluorescence of blank wells. The time to 

8,000 fluorescence units (T8,000) was calculated using the slope and y intercept from the 

linear regression of fluorescence units versus time. The colony-forming unit (CFU) was 

calculated using the formulas as shown below, which were based on standard curves as 

described by Shiloh et al. (Shiloh et al., 1997). 

E. coli            Log10 (CFU) = (-0.0144) × T8,000) + 7.4884 

For those samples that had low fluorescence readings (failed to reach 8,000), the CFU 

was calculated using the bacterial colonies from the LB plates. 

Isolation and treatment of peritoneal macrophages 

          Peritoneal macrophages were isolated as described previously (Hoover and Nacy, 

1984). Briefly, mice were injected intraperitoneally with 1mL of a sterile 5% 

thioglycolate broth (Cat. 7215576, BD Biosciences, Sparks, MD, USA). After 72 h, mice 

were anesthetized, and the peritoneal cavity was flushed twice with 8 mL of ice-cold 

PBS.  The fluid with the peritoneal elicited cells was harvested, and centrifuged at 300 × 

g for 10 min. The cell pellet was washed with 10 mL ice-cold PBS, and counted in an 

electronic cell counter (Nexcelon Bioscience, Lawrence, MA, USA) using acridine 

orange staining (Invitrogen, Carlsbad, CA, USA). 

          The peritoneal elicited cells were re-suspended in DMEM with 5% FBS, and 

seeded into a 96-well plate with density of 1×105 cells/well. Cells were cultured in the 

incubator at 37°C with 5% CO2 for 3 h. The non-adherent cells were removed by 

washing with PBS, leaving behind a monolayer of macrophages (typically > 90% purity). 

The dose-responses of LPS (E. coli 0111:B4) on production of inflammatory 
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cytokines/chemokines by elicited cells were evaluated. Based on the results, 100 ng/mL 

LPS was chosen for stimulating the peritoneal macrophages (Appendix Figure 6-1). Cells 

were treated with LPS for 24 h, and the cell culture medium was harvested for cytokines 

and chemokines detection. 

Administration of SF extracts by gavage 

           To determine the impact of S. frutescens extracts (i.e., aqueous and ethanolic) on 

the production of inflammatory cytokines and chemokines induced by LPS, mice were 

assigned into three groups (n = 7-8 mice per group) and into three treatment groups: 1% 

whole milk (vehicle control), aqueous extract of S. frutescens, or ethanolic extract of S. 

frutescens each morning for a week. In order to increase the likelihood that we would 

observe treatment effects in this study we administered extracts at five-times the dosage 

that we estimated to be a human equivalence dosage (HED) (see Appendix 6-1). On day 

8, all mice were gavaged for the last time, and two hours later each were challenged i.p. 

with 375 μg LPS/mouse in 1 mL of room-temperature, sterile, endotoxin-free PBS (~15 

mg/kg BW). 

Analysis of the inflammatory cytokines and chemokines 

          The concentrations of inflammatory cytokines and chemokines in cell culture 

medium or mouse serum were detected using bead-based Multi-Plex kit (Cat. 

MCYTOMAG-70K-PMX, EMD Millipore, Billerica, MA, USA) following the 

instruction provided by the manufacturer. Briefly, samples were diluted by 2-, 10-, or 

100-fold using DMEM medium or a serum-matrix diluent (provided in the kit). Twenty-

five microliters of diluted samples were transferred into a black 96-well plate, and 

incubated with beads at 4°C overnight with shaking. Beads were immobilized using a 
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magnet and the liquid was removed, followed by two washes. Then the plate with beads 

was incubated with the detection antibody for 1 h, followed by streptavidin-phycoerythrin 

for 30 min. After the supernatant was removed, 150 μL drive fluid was added to each 

well, and the plate was read using the MAGPIX® plate reader with xPONENT software 

(Luminex, Austin, TX, USA). Data were analyzed using the MILLIPLEX™ analyst 

software. 

Statistical analyses 

          All the body weights, liver and spleen weights, and cytokines/chemokines data 

were analyzed by one-way analysis of variance (ANOVA) using SAS 9.3 software (SAS 

Institute Inc., Cary, NC, USA). The post-comparisons were performed using the Tukey’s 

multiple comparison tests. A p < 0.05 was considered to indicate statistical significance. 

 

 

Results 

 

Body weight, liver weight, and spleen weight 

          After consuming diets with 0.25% or 1.0% S. frutescens for 4 wks, the average 

body weights were 22.7 ± 0.8 g and 22.7 ± 0.8 g, respectively, which were not 

significantly different from that of control mice (23.3 ± 0.8 g). There were no significant 

differences in liver weight in mice consuming control, 0.25% or 1.0% S. frutescens-

containing diets (i.e., 1006 ± 46 mg, 982 ± 42 mg, and 1015 ± 42 mg, respectively). 

Similarly, spleen weights were not significantly affected by the diet treatments (i.e., 107 

± 7 mg, 110 ± 6 mg, and 108 ± 7 mg for control, 0.25%, and 1.0% S. frutescens-
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containing diets, respectively). Similarly, consumption of S. frutescens extracts had no 

effects on the body weight, liver and spleen weights.  

Anti-microbial activity of dietary S. frutescens 

          To evaluate the anti-microbial activity of S. frutescens, mice were fed with diets 

containing S. frutescens for 4 wks, and challenged with ~108 cfu E. coli. The bacterial 

loads in liver and spleen were measured at 72h post infection. As shown in Figure 6-1, 

there were no difference colonies of E. coli in liver and spleen in mice between control 

and both S. frutescens-containing diets in male mice. However, female mice fed the 

higher level of S. frutescens had on average a log more E. coli in their spleen compared 

with mice fed the control diet (p<0.05) in the first feeding trial (Figure 6-1A) but not 

found in the second trial (Figure 6-1B). 

Cytokines/chemokines production following an LPS-challenge 

          S. frutescens failed to modulate the host defense against the infection of E. coli, it 

is attractive to investigate whether or not dietary S. frutescens could alter the circulating 

inflammatory cytokines and chemokines. To determine the impact of S. frutescens on 

production of cytokines and chemokines, mice were fed the experimental diets for 4 wks 

and challenged with or without 20 μg LPS via intraperitoneal injection. The circulating 

inflammatory cytokines and chemokines were analyzed in serum samples harvested 2 h 

after LPS challenge. We found that consumption of S. frutescens-containing diets had no 

impact on the concentrations of circulating inflammatory cytokines and chemokines 

under basal conditions (i.e., without LPS challenge). Dietary 0.25% and 1.0% of S. 

frutescens reduced the production of TNF-α by 45% and 42% compared to mice 

consuming the control diet (Figure 6-2A). Meanwhile, mice fed 0.25% or 1% S. 
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frutescens showed no significant impact on circulating IL-6 following LPS challenge in 

vivo (Figure 6-2B). Additionally, the consumption of diets containing S. frutescens had 

no significant impact on the production of other inflammatory cytokines and chemokines 

induced by the LPS challenge (Table 6-2). 

Production of cytokines and chemokines ex vivo 

          S. frutescens showed no impact on circulating inflammatory cytokines/chemokines 

and anti-microbial in mice, and this might be due to that the change induced by S. 

frutescens was diluted by the body fluid (i.e., blood). To determine the effect of dietary S. 

frutescens, the peritoneal primary macrophages were isolated from the mice fed with 

experimental diets and treated with 100 ng/mL LPS for 20 h. The concentrations of 

inflammatory cytokines/chemokines in the cell cultural medium were measured.  

As shown in Figures 6-3 and 6-4, primary macrophages isolated from mice fed 0.25% S. 

frutescens produced 17.5 ± 3.1 ng/mL of IL-1α after stimulation with LPS, which is 37% 

less than that from mice fed the control diet. Dietary with 0.25% S. frutescens also 

increased, but not significant, production of IL-10 and MIP-1α by 41% and 33%. To our 

surprise, mice consuming 0.25% S. frutescens diet increased the production of TNF-α and 

IFNγ by 57% and 48% compared to control diet in primary macrophages stimulating with 

LPS. The production of IL-1α, IL-1β, IL-12p40, and IL-12p70 by the primary 

macrophages isolated from mice fed with 1.0% of S. frutescens was 30%, 26%, 21%, and 

22% less than cells from mice with control diet. The IL-10 production was 31% higher in 

cells from 1.0% S. frutescens dietary treatment group. However, none of these 

inflammatory cytokines/chemokines were significant.  
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Impact of S. frutescens extracts on the circulating inflammatory cytokines and 

chemokines 

          Dietary S. frutescens showed little effect on anti-microbial and production of 

cytokines/chemokines both in primary macrophages and in mice. This may be due to the 

presence of immuno-stimulatory and anti-inflammatory compounds in the S. frutescens 

plant powder as we determined previously. To evaluate the impact of S. frutescens 

extracts on host responses to a LPS challenge, C57BL/6 male mice were treated with 

aqueous or ethanolic extract of S. frutescens via gavage for one week. After a two hour 

challenge with LPS, serum samples were harvested for cytokine/chemokines analysis. 

Neither aqueous extract nor ethanolic extract of S. frutescens had significant effects on 

LPS-induced circulating inflammatory cytokines/chemokines (Table 6-3).  

 

 

Discussion 

 

          To our knowledge this is the first investigation into whether consuming S. 

frutescens impacted in vivo anti-microbial and inflammatory responses. We selected to 

use healthy male and female mice from the most common inbred strain for these studies.  

The amount of botanical used in these studies was based on conservative extrapolation 

from what was known about traditional use and dosage information for humans. Overall, 

we were disappointed that feeding healthy mice diets with S. frutescens seemed to have 

little to no impact on host defense against an infection of E. coli or in response to an 

inflammatory challenge from LPS. Furthermore, our efforts to discern the differential 
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bioactivities of S. frutescens extracts suggested that in vitro effects are not predictive of 

their in vivo impact on host inflammatory responses.  

          Bacterial infection stimulates the production of reactive oxygen species (ROS), and 

nitric oxide (NO) by innate immune cells to “clean” the bacteria or infected cells 

(Harrison et al., 2013). Our previous studies determined that a S. frutescens aqueous 

extract rich of polysaccharides was able to activate the murine macrophages resulting in 

an increase of production of ROS, NO, and TNF-α. These findings lead us to believe that 

S. frutescens could enhance the host defense against the infection of microorganisms. 

However, the present study found that dietary S. frutescens failed to enhance the host 

responses against the infection with E. coli in a mouse model.  

          Invading pathogens or their components also induce the production inflammatory 

cytokines/chemokines (Harrison et al., 2013). After challenge with LPS, the peaks of 

circulating inflammatory cytokines and chemokines occurred between 2 h and 6 h, 

followed by rapid decreasing to concentration under resting condition (Liu et al., 2012; 

Teeling et al., 2010). The present study demonstrated that oral consumption of S. 

frutescens had a modest impact on the circulating inflammatory cytokines or chemokines 

2 h after LPS challenge. The effect of S. frutescens on the in vivo production of cytokines 

and chemokines at different time points after LPS challenge should be investigated.  

          The possible impact of dietary S. frutescens on inflammatory responses was 

concentrated using the peritoneal macrophages ex vivo. Mice were fed with experimental 

diets and the elicited peritoneal macrophages were isolated. The cells were then 

stimulated with LPS which is the principal immune stimuli of E. coli to mimic the 

stimulation of E. coli infection in mice. LPS is able to bind to TLR4 and activate the NF-
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κB, MAPK, and interferon regulation factor 3 (IRF3) signaling pathways, leading to 

generation of multiple cytokines and chemokines by macrophages (Qureshi et al., 2012). 

This study demonstrated that dietary S. frutescens modestly reduced the production of IL-

1α by primary macrophages stimulated with LPS. In contrast, dietary S. frutescens 

increased the production of TNF-α and IFNγ. The opposite effect of effects of dietary S. 

frutescens on the production of inflammatory cytokines and chemokines may be due to 

presence of both anti-inflammatory and immune-enhancing components as our 

previously studies have shown (Chapters 3 and 4). Unfortunately, our effort to discern the 

unique bioactivities in the ethanolic and aqueous extracts following a week of oral 

administration failed to show any effect on circulating inflammatory cytokines and 

chemokines following an in vivo LPS challenge in mice. These results suggest that the 

oral consumption of S. frutescens has a very limited impact on LPS-stimulated 

production of inflammatory cytokines and chemokines which may explain why this 

botanical had no discernable effect on the host defense against an E. coli infection.   

          The RNA sequencing was conducted using the liver samples from mice treated 

with S. frutescens extracts. Unfortunately, the gene expression reads of the six control 

mice split evenly into two groups on the expression of about one third of the total genes. 

Two out of six samples from the aqueous extract treatment group were also were unable 

to be grouped together with the other four from this treatment. Therefore, the variation 

between biological duplicates made it hard to make any conclusion based on those results 

(see Appendix 6-2).   

          The present study measured the circulating inflammatory cytokines and 

chemokines as indicators of impact of S. frutescens on host responses, however, the 
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concentrations of cytokines and chemokines at different time points after LPS challenge 

should be investigated. Other than the inflammatory cytokines and chemokines, the 

impact on several other inflammatory mediators, such as ROS and NO, should be tested 

in mice body or in primary cells. In this study, mice were treated with S. frutescens 

before the challenge. However, the traditional way for using medicinal plants is given 

after recognizing the diseases/symptoms. For mimicking the traditional uses, cells or 

animals should be challenged with stimuli or microorganisms followed by treatment with 

S. frutescens, and then investigate the host responses to the challenge. With respect to 

nutrition study, the impact of S. frutescens on the resolution phases after challenge should 

also be investigated. The RNA-Seq results showed a high variation between biological 

replicates, and future study also needs to repeat the RNA-Seq experiment with larger size 

of animals from each group. 

 

 

Conclusion 

 

          In conclusion, this study demonstrated that oral consumption of S. frutescens failed 

to alter the clearance of gram-negative bacteria from the liver or spleen of mice after 

challenge with E. coli. S. frutescens also exhibited no impact on a variety of circulating 

inflammatory cytokines and chemokines induced by LPS, the principal immune stimuli 

of E. coli. Oral administration of either an aqueous or ethanolic extract of S. frutescens 

showed no discernable effect on the in vivo production of a wide array of inflammatory 

cytokines and chemokines following an acute challenged with LPS. Future study should 
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investigate the impact of S. frutescens on the resolution phases after challenge, or 

determine the effect of S. frutescens on inflammatory responses in the cells or animals 

pre-challenged with stimuli or microorganisms.   
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Table 6-1. Composition of AIN-93G based diets containing 0%, 0.25% or 1.0% 

S. frutescens (SF) for mouse studies (g/kg) 

Ingredient 0% SF (control) 0.25% SF 1.0% SF 

Cornstarch† 397.0 395.0 387.0 

Casein† 200.0 200.0 200.0 

Dextrose† 132.0 132.0 132.0 

Sucrose† 100.0 100.0 100.0 

Fiber (cellulose)† 50.0 50.0 50.0 

Mineral mix (AIN-93)† 35.0 35.0 35.0 

Vitamin mix (AIN-93G)† 10.0 10.0 10.0 

L-Cystine† 3.0 3.0 3.0 

Choline bitartrate† 2.5 2.5 2.5 

Soybean oil¶ 70.0 70.0 70.0 

Food dye (color varies) ¶ 0.0 0.2 0.2 

S. frutescens (SF) ‡ 0.0 2.5 10.0 

  †: purchased from Dyets, Inc (Bethlehem, PA, USA) 

  ¶: Purchased from Sensient Technologies (St. Louis, MO, USA) 

  ‡: Ground powder of vegetative parts of S. frutescens (L.) R. Br. which was purchased 

from Big Tree Nutraceutical (Fish Hoek, South Africa) 
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Figure 6-1. Impact of S. frutescens consumption on E. coli clearance from liver and 

spleen of healthy mice. A total of 48 C57BL/6 male and female mice were randomly 

assigned to one of three treatment groups:  0, 0.25, or 1.0% (wt/wt) S. frutescens in an 

AIN93G diet.  After consuming diets for 3-4 wks, all mice received an intraperitoneal 

injection of E. coli (K12 strain).  Liver and spleen samples were harvested three days 

after this challenge and colony-forming units (cfu) were determined by a 

fluorescence-based microplate assay of tissue homogenates. Data shown represent the 

means with SEM (n = 8 per diet treatment group) from pooled results from two 

independent trials. Statistical analyses of log10-transformed bacterial load data 

indicated that only a single significant diet treatment effect was noted (indicated by an 

asterisk). In the first feeding trial (A), female mice fed the higher level of S. 

frutescens had on average a log more E. coli in their spleen at 72 h post challenge 

compared with mice fed the control diet (p < 0.05), however, this effect was not 

found in the second trial (B). 
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Figure 6-2. Dietary S. frutescens (SF) reduced LPS-stimulated circulating TNF-α 

without impacting IL-6 in C57BL/6 male mice. Mice were fed experimental diets 

containing one of three doses of S. frutescens (0, 0.25 and 1% by wt) for 4 wks. All 

the mice were challenged for two hours with 20 μg of LPS in1 mL of PBS, 

administered via intraperitoneal injection. Blood samples were harvested via cardiac 

puncture for analysis of inflammatory cytokines/chemokines using a magnetic 

beads-based assay. Data were from 12 mice from each diet treatment group, and 

were expressed as mean ± SEM. Dietary S. frutescens showed a trend to reduce 

circulating TNF-α (A), without significantly impacting IL-6 (B). 

 

A B 
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        Table 6-2. LPS-induced circulating inflammatory cytokines and chemokines in 

C57BL/6 mice fed diets containing S. frutescens (SF) 

Cytokine Control 0.25% SF 1.0% SF 

IL-1α 1,424 ± 73 1,508 ± 73 1,534 ± 73 

IL-1β 195 ± 9 186 ± 9 177 ± 9 

IL-10 1,522 ± 300 1,478 ± 300 1,592 ± 300 

IL-12p40 185 ± 31 182 ± 31 229 ± 31 

IL-12p70 154 ± 16 147 ± 16 171 ± 16 

IFNγ 33 ± 2 33 ± 2 32 ± 2 

G-CSF 313 ± 19 267 ± 19 300 ± 19 

MCP-1 44 ± 3 41 ± 3 44 ± 3 

IP-10 3.29 ± 0.35 3.69 ± 0.35 3.70 ± 0.35 

KC 254 ± 16 260 ± 16 266 ± 16 

MIP-1α 14.4 ± 0.8 12.6 ± 0.8 14.2 ± 0.8 

MIP-1β 28.8 ± 1.3 25.7 ± 1.3 28.2 ± 1.3 

MIP-2 56 ± 4 49 ± 4 53 ± 4 

RANTES 1.64 ± 0.14 1.53 ± 0.14 1.49 ± 0.14 

Mice were fed experimental diets containing one of three doses of S. frutescens (0, 

0.25 and 1% by wt) for 4 wks. All the mice were challenged via intraperitoneal 

injection with 20 μg of LPS in1 mL of PBS. Blood samples were collected 2 h 

following the challenge for subsequent serum isolation and analysis of inflammatory 

cytokines/chemokines using a commercial multiplex beads-based assay system. Data 

were from 12 mice from each diet treatment group, and all values are expressed as 

pg/mL with values representing the mean ± SEM. 
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        Figure 6-3. The production of inflammatory cytokines by LPS-stimulated primary 

macrophages isolated from mice consuming the diets with/without S. frutescens. Mice 

were fed experimental diets containing one of three doses of S. frutescens (0, 0.25 and 

1% by wt) for 4 wks. The thioglycolate-elicited primary peritoneal macrophages were 

harvested three days after intraperitoneal injection.  Cells were treated with 100 ng/mL 

LPS for 24 h. The concentrations of inflammatory cytokines in the cell culture medium 

were analyzed using the magnetic beads-based assay. Data were from 10-12 mice from 

each dietary treatment group, and were expressed as mean ± SEM.  ** p < 0.01. 

** 
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        Figure 6-4. The production of inflammatory chemokines and growth factors by 

LPS-stimulated primary macrophages isolated from mice consuming the diets 

with/without S. frutescens.  
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          Table 6-3. Aqueous and ethanolic extracts had limited impact on circulating 

inflammatory cytokines and chemokines induced by LPS in BALB/c male mice 

(pg/mL) 

Cytokine Control (n = 8) SFE (n = 7) SFA (n = 7) 

TNF-α 1,443 ± 152 1,019 ± 163 1,218 ± 163 

IL-1α 312 ± 15 302 ± 16 307 ± 16 

IL-1β 246 ± 10 223 ± 10 263 ± 10 

IL-6a 220 ± 10 236 ± 11 220 ± 11 

IL-12p40 400 ± 21 397 ± 22 417 ± 22 

IL-12p70 174 ± 7 159 ± 8 185 ± 8 

IFNγ 78 ± 2 77 ± 2 78 ± 2 

IL-10 2,217 ± 219 2,196 ± 234 2,231 ± 234 

GM-CSF 0.54 ± 0.01 0.49 ± 0.01 0.54 ± 0.01 

MCP-1 21.9 ± 1.4 21.4 ± 1.5 20.5 ± 1.5 

IP-10 a 15.1 ± 0.6 15.2 ± 0.7 16.4 ± 0.7 

KC a 754 ± 33 855 ± 31 821 ± 31 

MIP-1α a 16.1 ± 0.9 14.8 ± 1.0 16.0 ± 1.0 

MIP-1β a 60 ± 3 61 ± 3 59 ± 3 

MIP-2 a 146 ± 6 153 ± 7 139 ± 7 

RANTES a 0.55 ± 0.03 0.57 ± 0.06 0.57 ± 0.03 

Mice were treated with S. frutescens via gavage for a week.  All the mice were 

challenged for two hours with LPS, administered via intraperitoneal injection. Serum 

samples were harvested for analysis of inflammatory cytokines/chemokines using a 

magnetic beads-based assay. Data were from 7-8 mice from each treatment group, and 

were expressed as mean ± SEM. a: The concentrations of IL-6, IP-10, KC, MIP-1α, 

MIP-1β, MIP-2, and RANTES are presented as ng/mL. 
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CHAPTER SEVEN 

 

CONCLUSIONS AND FUTURE DIRECTIONS FOR RESEARCH 

 

 

          As a medicinal plant, Sutherlandia frutescens has been traditionally used in 

southern Africa for a long time (van Wyk and Albrecht, 2008). Several possible 

mechanisms of the anti-cancer, anti-diabetes, and anti-oxidant properties of S. frutescens 

were determined in both cell and animal models. Most previous studies have indicated 

that the antioxidant activities of S. frutescens contribute, at least in part, to its anti-

inflammatory properties (Fernandes et al., 2004). However, very little research has been 

conducted to investigate the impact of S. frutescens on the inflammatory responses in 

activated macrophages and in animal models. In this dissertation, findings revealed by the 

in vitro studies provide a better understanding on the mechanism of the medicinal 

properties and potential uses of S. frutescens, while oral consumption of S. frutescens had 

only a modest impact on host anti-microbial and inflammatory responses.  

          The infusions or decoctions of the S. frutescens leaf and bark have been 

traditionally used for patients. This study demonstrated that a decoction of S. frutescens 

and a crude polysaccharide-enriched fraction isolated from this decoction exhibited 

immuno-stimulatory activity resulting in the activation of macrophages via TLR4 

receptors and the NF-κB signaling pathway (Chapter 3). On the other hand, the ethanolic 

extract of S. frutescens (SFE) significantly diminished activation of NF-κB, STAT1α and 
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ERK in murine macrophages activated by LPS and IFNγ co-administration (Chapter 4). 

These findings indicate that the S. frutescens have both immuno-enhancing and anti-

inflammatory activities, and this depends on compounds extracted from S. frutescens.  

          In order to determine further information on the mechanism of anti-inflammatory 

activity, the effect of an ethanolic extract of S. frutescens (SFE) on global gene 

expression of murine macrophage was investigated using RNA sequencing (Chapter 5). 

We found that SFE modulated the genes associated with signaling pathways (e.g., NF-κB 

and MAPKs) which affected the responses for inflammatory conditions. Some of these 

findings from RNA-Seq, such as the impact of SFE on the production of TNF and IL-6, 

are similar to the results determined in other experiments (Chapter 4). However, more 

experiments need to confirm the results from RNA-Seq, especially the expression of 

inhibitors for NF-κB, MAPKs signaling pathways.  

          The impact of S. frutescens extraction on production of NO, ROS, and TNF-α may 

affect the in vivo anti-microbial activity. To investigate the impact of S. frutescens on the 

in vivo inflammatory responses and antimicrobial activity,  In Chapter 6, we reported that 

oral consumption of S. frutescens had very limited or no impact on the inflammatory 

responses induced by LPS or the antimicrobial activity after infection of E. coli in mice. 

The only impact we found was that macrophages isolated from mice fed the 0.25% S. 

frutescens diet produced significantly lower IL-1α when stimulated by LPS in vitro 

compared with those from mice fed the control diet. Finally, oral consumption of either 

aqueous- or ethanolic-extracts of S. frutescens had no impact on in vivo inflammatory 

responses to LPS challenge. However, oral consumption S. frutescens may enhance the 

resolving processes after foreign challenges. Future experiments should test the impact of 
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S. frutescens on the factors associated with resolving processes in the host. On the other 

hand, the traditional way for using medicinal plants is given after recognizing the 

diseases/symptoms. For mimicking the traditional uses, cells or animals should be 

challenged with stimuli or microorganisms followed by given S. frutescens, and then the 

host responses to challenge should be evaluated.    

          This study evaluated the bioactivities of unique compounds, polysaccharides, and 

some common compounds presented in S. frutescens. We found that chlorophylls 

contribute to the majority of anti-inflammatory of S. frutescens ethanolic extract, while 

polysaccharides showed a strong immune-enhancing activity. However, sutherlandiosides 

and sutherlandins had no or modest effects on the inflammatory responses. More research 

should be conducted to characterize the other bioactive compounds, other than 

chlorophylls, in SFE responsible for anti-inflammatory activity. In addition, research also 

needs to determine which type of polysaccharide(s) in S. frutescens contributes to the 

immune-stimulatory activities we observed. 

          Future research should focus on investigating the effects of unique compounds 

(i.e., sutherlandiosides and sutherlandins) and consider them as biomedicine and/or 

dietary supplements. To achieve this goal, the first issue we should overcome is to find a 

more efficient way to isolate or produce purified sutherlandiosides and sutherlandins. The 

Analytical Core of MU Center for Botanical Interaction Studies had some success in 

purifying a large amount of sutherlandioside B (Brownstein et al., 2015). However, the 

similarity of structures of other suterhlandiosides makes it hard to purify them as a single 

compound, and this is also an issue for separation of sutherlandins. Therefore, synthesis 
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of these compounds using chemical approaches might be a better way to obtain the 

purified sutherlandiosides and sutherlandins. 

           Research needs to investigate the bioactivities of sutherlandiosides and 

sutherlandins associated with function of S. frutescens reported previously. This study 

failed to clarify the effect of sutherlandiosides and sutherlandins on inflammatory 

responses in murine macrophages. Future research need to extend the investigation on 

some other bioactivities which are associated with the medicinal properties of S. 

frutescens, such as anti-cancer and anti-diabetes activities.  

           In addition to the bioactivity of single compounds, the interaction of different 

compounds present in S. frutescens should be tested in future experiments.  The 

synergistic interaction of different compounds has been widely investigated in biomedical 

research (Tallarida, 2011). Previous studies determined that co-treatment of S. frutescens 

reduced the absorption of antiviral drugs, such as nevirapine and atazanavir (Brown et al., 

2008; Muller, 2012). This study has already demonstrated that endotoxin and chlorophyll 

played important roles in the immune-enhancing and anti-inflammatory of S. frutescens, 

respectively. Therefore, it is necessary to characterize the interaction between different 

sutherlandiosides or sutherlandins, or between these unique compounds and chlorophylls 

or endotoxin.  

          Overall, the findings from this dissertation provide a better understanding of the 

medicinal use of S. frutescens. Future studies should consider S. frutescens more as a 

medicine, and experiments should be designed following a pattern of pharmacological 

assessment.  
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Appendix 3-1  

 

Immuno-stimulatory Activity of Aqueous Extract of S. frutescens 

 

Materials and Methods 

(see Chapter 3, page 39-45) 

 

Results 

 

Production of ROS 

        RAW 264.7 cells were treated with/without various concentrations of aqueous 

extract of S. frutescens (SFA) for 20 h and the cell culture medium was harvested to 

determine NO concentration. Cells without any treatment were considered as a negative 

control, while those treated with 10 ng/mL of LPS served as a positive control. As shown 

in Appendix Figure 3-1, the SFA and in combination with other co-treatments (i.e., TLR4 

inhibitor, CLI-095; LPS-neutralizer, polymyxin B) appeared to have no toxic effects on 

RAW 264.7 cells based on the GFP data and the results of the resazurin assay. The 

aqueous extract of S. frutescens (SFA), up to 200 μg/mL, had no impact on the 

production of NO. SFA showed a modestly but significant effect on ROS production by 

RAW 264.7 cells (Appendix Figure 3-2). The ROS production by cells exposed to 200 

μg/mL was increased by 2-fold compared to untreated controls.  Subsequent experiments 

demonstrated that the SFA-induced ROS production was completely inhibited by co-

treatment with either 1 μg/mL CLI-095 or 10 μg/mL polymyxin B.  
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Production of TNF-α, G-CSF, and MIP-1β 

       The RAW 267.4 cells were treated with SFA for 20 h, and the concentrations of 25 

different inflammatory cytokines/chemokines in the cell culture medium were measured. 

The impact of SFA on the production of TNF-α, G-CSF, and MIP-1β was shown in 

Appendix Table 3-1. Treatment with SFA had less activity on inducing the production of 

TNF-α, G-CSF, and MIP-1β. Exposure to 200 μg/mL SFA increased their production 

by~2-fold, but the increase was not significant. Cells co-treated with SFA and CLI-095 

had very low concentrations of these cytokines/chemokines, even lower than the 

untreated cells. Polymyxin B had no significant impact on the production of TNF-α and 

G-CSF, but the production of MIP-1β was completely inhibited by co-treatment with 

polymyxin B. 

Activation of NF-κB signaling pathway 

       To assess the impact of SFA on NF-κB activation, RAW 267.4 cells containing a 

luciferase reporter were treated with SFA for 3 h, and cell lysates were analyzed using the 

luciferase assay protocol. Similar to previous findings, the SFA had modestly but 

significantly activated NF-κB (Appendix Figure 3-6). Treatment with 200 μg/mL SFA 

increased NF-κB activation by 1.8-fold in RAW 264.7 cells. The increase was completely 

suppressed by co-treatment with CLI-095 or polymyxin B.  

Role of endotoxin in SFPS-mediated activation of murine macrophages    

        As shown previously, co-treatment with 10 μg/mL of polymyxin B partially 

attenuated the production of NO, ROS, TNF-α, NF-κB activation, induced by SPA.  In 

order to determine the concentration of LPS in SPA, various concentrations of SPA was 
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analyzed using recombinant factor C endotoxin detection assay (Lonza Walkersville, 

Inc., Cat. 50-658U, Walkersville, MD, USA).   

        There was 0.83 ng/mL of endotoxin present in the 200 μg/mL (Figure 3-8).  These 

results suggest that a significant portion of the immune-stimulatory activity in the SPA 

preparation was a consequence of endotoxin present in the extract.  However, there is 

clear evidence of immune-stimulatory activity present in the SPA that is independent of 

LPS, but still dependent upon TLR4 signaling. 
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     Appendix Figure 3-1. Aqueous extract of S. frutescens (SFA) has no toxicity on 

murine macrophage, RAW 264.7.  SFA showed no toxicity on murine macrophage 

(RAW 264.7 cells) after treated for 3 h (GFP, B) or 24 h (Resazurin, A).  The resazurin 

and GFP fluorescent data was expressed as percentage of untreated control. The data 

were from 4 independent experiments conducted in triplicate.  
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        Appendix Figure 3-2. Aqueous extract of S. frutescens (SFA) induced reactive 

oxygen species (ROS) by murine macrophage, RAW 264.7.  ROS production was 

significantly increased by SFPS. The SFA-induced ROS was completely inhibited by 

pre-treating cells with CLI-095; polymyxin B (PMB) was less effective.  Data were from 

three independent experiments each conducted in triplicate, and were expressed as fold 

of untreated control.   * p < 0.05, ** p < 0.01, *** p < 0.0001. 
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        Appendix Table 3-1. Aqueous extract of S. frutescens (SFA) induced 

production of TNF-α, G-CSF, and MIP-1β via activating the TLR4 signaling 

pathway 
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       Appendix Figure 3-3. Aqueous extract of S. frutescens (SFA) increased the 

activation of NF-κB in murine macrophage, RAW 264.7 cells.  SFA-induced NF-κB 

activation was completely inhibited by CLI-095 and partially diminished by 

polymyxin B (PMB). * p < 0.05, ** p < 0.01, *** p < 0.0001. 
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     Appendix Figure 3-4. Endotoxin concentrations indentified in aqueous extract of S. 

frutescens (SFA). Endotoxin concentration in SFA was analyzed in triplicate using 

recombinant factor C endotoxin detection assay.  
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APPENDIX 4-1 

 

Determination and isolation of sutherlandiosides and sutherlandins from S. 

frutescens or extracts 

 

 

Materials and Methods 

 

Preparation of aqueous and ethanolic extracts of S. frutescens 

      The S. frutescens extracts were prepared as described in Chapters 3 (page 40-41) and 

4 (page 62). 

Isolation of sutherlandiosides and sutherlandins 

       Sutherlandioside B and a mixer of sutherlandiosides A, C, D were isolated from 

Sutherlandia frutescens by Dr. George Rottinghaus using modifications of the isolation 

procedure published by Fu et al. (2008) and high-speed counter-current chromatography 

(HSCCC) (Tong et al., 2006).  S. frutescens plant material was extracted with methanol 

and concentrated in vacuo.  The residue was re-dissolved in water and extracted with 

hexane, chloroform, followed by n-butanol (water saturated).  The n-butanol fraction was 

concentrated in vacuo.  The two phase solvent system consisted of ethyl acetate, n-

butanol, methanol, and water (15:1:3:15 v/v).  The solvents were thoroughly equilibrated 

in a 500 mL separatory funnel and the upper and lower phases were separated before use.  

The rotor was filled with the upper stationary phase and the lower stationary phase was 

pumped at 1 mL/min while the HSCCC apparatus (CC Biotech LLC, Rockville, MD) 
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was run at 830 rpm.  The sample was injected and 4-min fractions were collected.  

Seventy fractions were collected and samples were freeze dried and examined by thin 

layer chromatography (TLC) to identify the fractions containing the sutherlandiosides.  

Fractions were run on Analtech HL silica gel TLC plates using chloroform:toluene: 

methanol (20:10:10) as the mobile phase and visualization with  p-anisaldehyde spray.  

The sutherlandiosides from these HSCCC fractions were further purified by semi-

preparative reversed phase high-performance liquid chromatography (HPLC) to produce 

quantities of sutherlandioside B and a mixer of sutherlandiosides A, C and D. The 

isolation of sutherlandiosides for bioassays continues as well as efforts to isolate a mixer 

of sutherlandins A and B, and a mixer of sutherlandins C and D. 

Analysis of sutherlandiosides using LC-ESLD 

      The purity and quantitative of sutherlandiosides fractions were determined using 

liquid chromatography (LC)-evaporative light scattering detectors (ELSD) as described 

by Avula et al (2010) (Figures 1 and 3).  Twenty microliters samples were injected and 

separated in a discovery C18 column (150 mm × 4.6 mm; 5 μm particle size) using a 

mobile phase.  The mobile phase consisted of water (0.1% acetic acid) (A), and 

acetonitrile (0.1% acetic acid) (B) at a flow rate of 1.0 mL/min. A slightly concave 

gradient profile was used to maintain the gradient elution from 85% A/15% B to 65% 

A/35% B over 20 min.  Each run was followed by a 5 min wash with 100% B and a 

calibration period of 10 min.  The ELS detector was set up to a probe temperature of 

45°C and the Nitrogen was used as nebulizer gas.  The peaks were assigned by spiking 

the samples with standard sutherlandioside B and comparison of the retention times.  
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Analysis of sutherlandins using LC-UV 

       The sutherlandins fractions were analysis using LC-UV as described by Avula et al 

(2010) (Figures 2 and 4).  The HPLC system connected with a computerized data station 

to record the peaking information.  Twenty microliters samples were injected and 

separated by C18 column with the same mobile phase as described above. Analysis was 

performed using the following gradient elution: 85% A/15% B to 35% A/65% B over 35 

min.  The peaks were detected by spiking the samples with UV spectra at wavelength of 

220 nm.  Each run was followed by a 10 min wash with 100% B and an equilibration 

period of 15 min.   
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       Appendix Figure 4-1. Chromatograms of sutherlandioside B standard (A) and 

sutherlandiosides B, C, D in ethanolic (B) or aqueous (C) extract of S. frutescens 

detected by the LC-ELSD. S. frutescens crude extracts were made from 1 g grinded 

powder in 25 mL solvents. Twenty microliters extracts were injected into LC-ELSD for 

analysis. The purified sutherlandioside B was used as standard (A). Other than 

sutherlandioside B, sutherlandiosides C and D, but no sutherlandioside A, were detected 

in both extracts. 

A 

B 

C 

9.77, Sutherlandioside B 

9.77, Sutherlandioside B 

9.55, Sutherlandioside B 
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       Appendix Figure 4-2. Chromatograms of sutherlandins A, B, C, D in ethanolic 

(A) or aqueous (B) extract of S. frutescens detected by the LC-UV.  Twenty 

microliters extracts were injected into LC-ELSD for analysis. The sutherlandins were 

identified using the data published by Avula et al. (Avula, 2010). Based on the peak 

area, the aqueous extract of S. frutescens had much higher amount of sutherlandins 

compared to the ethanolic extract.  

A 

B 

From left to right: 

8.48,   Sutherlandin A 

9.03,   Sutherlandin B 

10.06, Sutherlandin C 

10.35, Sutherlandin D 

 

 

From left to right: 

8.77,   Sutherlandin A 

9.31,   Sutherlandin B 

10.30, Sutherlandin C 

10.59, Sutherlandin D 
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        Appendix Figure 4-3. Chromatograms of sutherlandioside B standard (A), 

purified sutherlandioside B (B) and sutherlandiosides A, C, D (C) fractions isolated 

from S. frutescens. Diluted fractions (by 100-fold) of sutherlandioside B and a mixer of 

sutherlandiosides C, A, D were analyzed using the LC-ELSD. These fractions had high 

quality and purification as indicated by the chromatograms.  

A 

B 

C 

11.81, Sutherlandioside B 

11.83, Sutherlandioside B 

14.67, Sutherlandioside D 

13.94, Sutherlandioside A 

12.33, Sutherlandioside C 



 

179 

 

  

 

        Appendix Figure 4-4. Chromatograms of sutherlandins A and B (A), and 

sutherlandins C and D (B) fractions isolated from S. frutescens detected by the LC-UV. 

Fractions were diluted by 100-fold and injected into the LC-UV. The chromatograms 

showed that both fractions had > 90% purification.  

A 

B 

8.08, Sutherlandin B 

7.56, Sutherlandin A 

9.00, Sutherlandin D 

8.66, Sutherlandin C 
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APPENDIX 4-2 

An ethanolic extract of S. frutescens acts as anti-inflammatory agents in endotoxin-, 

lipoprotein-, flagellen- and/or IFNγ-stimulated murine macrophages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Appendix Figure 4-5. Ethanolic extract of S. frutescens (SFE) dose-dependently 

reduced nitric oxide (NO) production and inducible nitric oxide synthase (iNOS) 

expression Pam2/IFNγ co-stimulated murine macrophage cell line (i.e. RAW 264.7 

cells) in a dose-dependent manner. Cells were pretreated with SFE, then co-stimulated 

with Pam2CSK (Pam2, 100 ng/mL) and IFNγ (0.1 ng/mL) for 20 hours. (A) NO 

production was significantly inhibited by exposure of SFE induced by inflammatory 

stimuli. Data were from three independent experiments each conducted in triplicate. (B) 

The iNOS expression induced by the stimuli was significantly reduced by SFE.  The 

Western blot figure is one reprehensive experiment, and the bar graph is data from three 

independent experiments.   * p < 0.05, ** p < 0.01, *** p < 0.0001.  
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       Appendix Table 4-1. The impact of ethanolic extract of S. frutescens (SFE) on the production of cytokines 

and chemokines by Pam2CSK/IFNγ-stimulated primary murine macrophages (ng/mL) 

 

       All the data were from three independent experiments. * p<0.05, ** p<0.01, *** p<0.001. GM-CSF, granulocyte-

macrophage colony stimulating factor; IL, interleukin; IP, interferon gamma-induced protein; KC, chemokine (C-X-C 

motif) ligand 1, MCP, monocyte chemotactic protein, MIP, macrophage inflammatory protein, RANTES, regulated on 

activation, normal T cell expressed and secreted. 
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      Appendix Figure 4-6. Ethanolic extract of S. frutescens (SFE) inhibited NF-

κB activation in RAW 264.7 cells co-stimulated with Pam2/IFNγ.  The NF-κB 

activity was measured using the luciferase reporter assay. SFE had modest reduction 

effect on NF-κB activation.  The bars indicated the percentage of activated-cells 

treated with different concentration of SFE compared to that of cells stimulated with 

LPS/IFNγ without any SFE treatment (100%) to calculate the percentage. * p < 0.05, 

** p < 0.01, *** p < 0.0001. 

 

 

 

 

 

 

 

 

              Appendix Figure 4-7. Ethanolic extract of S. frutescens (SFE) showed 

modest effect on the phosphorylation of ERK1/2 and STAT1α activated by 

Pam2 and IFNγ.  RAW 264.7 cells were pretreated with SFE for 1 h, followed by 

co-stimulation of Pam2 and IFNγ for 30 min (ERK1/2) or 60 min (STAT1α).  The 

phosphorylated- and total- ERK1/2 and STAT1α was analyzed using Western blot. 

The Western blot band graphs showing  a representative experiment of SFE 

pretreatment on the phosphorylation of ERK1/2 or STAT1α induced by Pam2/IFNγ 

in RAW 264.7 cells.  The bar graphs are showing the ratios of p-ERK1/2 or p-

STAT1α to total ERK1/2 or STAT1α from four independent experiments using 

samples from co-stimulation of Pam2 and IFNγ as control (100%). Data are 

expressed as mean ± SEM. * p < 0.05. 
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       Appendix Figure 4-8. Ethanolic extract of S. frutescens (SFE) reduced the 

reactive oxygen species (ROS) production by IFNγ-stimulated murine 

macrophage cell line (i.e. RAW 264.7 cells) in a dose-dependent manner. ROS 

production is expressed as percentage of that relative to cells stimulated with IFNγ 

(10 ng/mL) after exposure to various concentrations of SFE for 18 h. The Y-axis is 

showing percentage of ROS production compared to the positive control, and X-

axis shows different treatments.  The data were from three independent 

experiments each conducted in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.0001. 
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       Appendix Figure 4-9. Ethanolic extract of S. frutescens (SFE) dose-

dependently inhibited nitric oxide (NO) production and inducible nitric oxide 

synthase (iNOS) expression IFNγ-activated murine macrophage cell line (i.e. 

RAW 264.7 cells) in a dose-dependent manner. Cells were pretreated with SFE, then 

co-stimulated with IFNγ (10 ng/mL) for 20 hours. (A) NO production was significantly 

inhibited by exposure of SFE induced by IFNγ stimulation.  Data were from three 

independent experiments each conducted in triplicate. (B) The iNOS expression 

induced by the IFNγ was significantly reduced by SFE. The Western blot figure is one 

reprehensive experiment, and the bar graph is data from three independent 

experiments.  * p < 0.05, ** p < 0.01, *** p < 0.0001.  

A 
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          Appendix Figure 4-10. Ethanolic extract of S. frutescens (SFE) inhibited the 

production of IL-6 and TNF-α by murine macrophage cell line (i.e. RAW 264.7 cells) 

in a dose-dependent manner. Exposure to SFE significantly attenuated the production of 

IL-6 (A) and TNF-α (B) induced by IFNγ (10 ng/mL). Data are from three independent 

experiments and are expressed as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.0001. 
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       Appendix Figure 4-11. IFNγ failed to activate NF-κB in RAW 264.7 cells. The 

NF-κB activity was measured using the luciferase reporter assay. (A) Co-stimulated 

with LPS/IFNγ for 3 h increased the NF-κB activation by 24-fold, however, RAW 264.7 

cells stimulated with IFNγ for 3 h had failed to activate the NF-κB. (B) NF-κB was not 

activated by IFNγ in 11 h. 
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      Appendix Figure 4-12. Ethanolic extract of S. frutescens (SFE) had 

insignificant effect on the phosphorylation of ERK1/2 and STAT1α induced by 

IFNγ.  RAW 264.7 cells were pretreated with SFE for 1 h, followed by stimulation 

IFNγ for 30 min (ERK1/2) or 60 min (STAT1α). The phosphorylated- and total- 

ERK1/2 and STAT1α was analyzed using Western blot. The Western blot band 

graphs showing  a representative experiment of SFE pretreatment on the 

phosphorylation of ERK1/2 or STAT1α induced by IFNγ in RAW 264.7 cells. The 

bar graphs are showing the ratios of p-ERK1/2 or p-STAT1α to total ERK1/2 or 

STAT1α from four independent experiments using samples from stimulation of IFNγ 

as control (100%). Data are expressed as mean ± SEM.  
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     Appendix Figure 4-13. Ethanolic extract of S. frutescens (SFE) failed to 

affect the nitric oxide (NO) production induced by 1μg/mL LPS in murine 

macrophage cell line (i.e. RAW 264.7 cells). Cells were pretreated with SFE, and 

then stimulated with 1 μg/mL LPS for 20 hours. Exposure to SFE had no impact on 

1 μg/mL LPS-induced NO production by RAW 264.7 cells. Data were from three 

independent experiments each conducted in triplicate.  
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        Appendix Figure 4-14. Ethanolic extract of S. frutescens (SFE) had no 

significant effect on phosphorylation of ERK1/2 activated by LPS alone. RAW 

264.7 cells were pretreated with SFE for 1 h, followed by stimulation of LPS (10 or 

100 ng/mL) for 30 min. The Western blot band graphs showing  a representative 

experiment of SFE pretreatment on the phosphorylation of ERK1/2  induced by 10 

ng/mL (A) or 100 ng/mL (B) LPS in RAW 264.7 cells. The bar graphs are showing 

the ratios of p-ERK1/2 to total-ERK1/2 from four independent experiments using 

samples from stimulation of IFNγ as positive control (100%). Data are expressed as 

mean ± SEM.  
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     Appendix Figure 4-15. Ethanolic extract of S. frutescens (SFE) had modest 

effect on the phosphorylation of STAT1α induced by LPS alone.  RAW 264.7 cells 

were pretreated with SFE for 1 h, followed by stimulation of LPS (10 or 100 ng/mL) 

for 60 min.  Treatment of SFE had limited impact on the phosphorylation of STAT1α 

induced by 10 ng/mL(A) or 100 ng/mL(B) LPS.  The Western blot band graphs 

showing  a representative experiment of SFE pretreatment on the phosphorylation of 

STAT1α  induced by LPS/IFNγ in RAW 264.7 cells.  The bar graphs are showing the 

ratios of p-STAT1α to total-STAT1α from four independent experiments using samples 

from co-stimulation of LPS and IFNγ as positive control (100%). Data are expressed as 

mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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      Appendix Figure 4-16. Ethanolic extract of S. frutescens (SFE) showed limited 

effect on phosphorylation of ERK1/2 activated by IFNγ alone.  RAW 264.7 cells were 

pretreated with SFE for 1 h, followed by stimulation of IFNγ (0.1 or 1.0 ng/mL) for 30 

min.  The Western blot band graphs showing  a representative experiment of SFE 

pretreatment on the phosphorylation of ERK1/2  induced by 0.1 ng/mL (A) or 1.0 ng/mL 

(B) IFNγ in RAW 264.7 cells.  The bar graphs are showing the ratios of p-ERK1/2 to 

total-ERK1/2 from four independent experiments using samples from stimulation of IFNγ 

as positive control (100%). Data are expressed as mean ± SEM.  
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       Appendix Figure 4-17. Ethanolic extract of S. frutescens (SFE) had no effect 

on the phosphorylation of STAT1α induced by IFNγ alone. RAW 264.7 cells were 

pretreated with SFE for 1 h, followed by stimulation of IFNγ (0.1 or 1.0 ng/mL) for 60 

min. Treatment of SFE had no effect on the phosphorylation of STAT1α induced by 

0.1 ng/mL (A) or 1.0 ng/mL (B) IFNγ. The Western blot band graphs showing  a 

representative experiment of SFE pretreatment on the phosphorylation of STAT1α  

induced by IFNγ in RAW 264.7 cells. The bar graphs are showing the ratios of p-

STAT1α to total-STAT1α from four independent experiments using samples from 

stimulation of IFNγ as positive control (100%). Data are expressed as mean ± SEM.  
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        Appendix Figure 5-1. Effect of the ethanolic extract of S. frutescens on 

pathways involved in cancer, rheumatoid arthritis and insulin function in RAW 

264.7 cells co-stimulated with LPS and IFNγ. Cells were treated with 80 μg/mL 

ethanolic extract of S. frutescens 1 h prior to the co-stimulation with LPS (10 ng/mL) and 

IFNγ (0.1 ng/mL) for 24 h, and cell lysates were then harvested for the RNA sequencing. 

The differentially expressed genes (DEGs) were identified by the edgeR program, and the 

impact of S. frutescens on the signaling pathways was analyzed using by Kyoto 

Encyclopedia of Genes and Genomes (KEGG). We found that the ethanolic extract of S. 

frutescens modulated the expression of genes involved in pathways in cancer (A), 

rheumatoid arthritis (B), and pathways on insulin function (C and D). In these diagrams, 

genes highlighted with colors are affected by SFE. In the box of affected gene, three 

different comparisons were shown in the analysis results: Un-stimulated control vs 

stimulated control, stimulated control vs stimulated + 8 μg/mL SFE, and stimulated vs 

stimulated + 80 μg/mL SFE. Genes that were down-regulated are presented in the green 

color while the red indicates the genes that were up-regulated. 
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Appendix 6-1 Dosage of S. frutescens extracts for mouse study 

 

          According to Chadwick et al. (2007), van Wyk and Albrecht (2008), the traditional 

dose of sutherlandia dry materials (leaf) is 2.5 to 5 g per day (Chadwick et al., 2007; van 

Wyk and Albrecht, 2008).  

         Our experiment demonstrated that the hot water extract of S. frutescens powder had 

a dry residue of approximately 15%; thus the amount of S. frutescens solids consumed by 

humans was 375 to 750 mg/day. Assuming a body weight of 75 kg, the human dose is 5 

to 10 mg/kg BW. Based on the report of Reagan-Shaw et al. (2008), the body surface 

area (BSA) should be the factor for dose translation between human and animal, using 

the following formula (Reagan-Shaw et al., 2008). 

              Animal dose (mg/kg) = HED (mg/kg) × (human Km/animal Km)  

        (Km = Body weight (kg)/BSA (m2); Km of adult human is 37, Km of mouse is 3) 

          Using this formula, the HED of S. frutescens for mouse is 62 to 123 mg/kg BW. 

The average mouse body weight is approximately 25 g, so the daily dosage per mouse is 

1.55 to 3.1 mg. To increase the probability of an observable effect of S. frutescens, we 

used five times HED of the highest range which was 155 mg/mL (620 mg/kg BW). For 

comparison, a previous study demonstrated that the median lethal dose (LD50) was 1280 

± 71 mg of extract per kilogram via intraperitoneal injection (Ojewole, 2004). The 

ethanolic extract of S. frutescens was dried at room temperature under a stream of 

nitrogen, since there is no other efficient way to dry a large volume of a 95% ethanolic 

extract without damage to the compounds it contains. The extract could not be taken to 

complete dryness by this method due to the presence of 5% water in the ethanol, but the 
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final product was concentrated approximately 20-fold relative to the original extract.  

Since it was impossible to determine the dry weight, the dose of ethanolic extract was 

calculated according to volume, instead of dry matter concentration. Mice received a dose 

of 15.5 mg dry matter/day which was from about 540 μL original aqueous extract. The 

same volume of original ethanolic extract (540 μL) was used to mimic the dose of 

aqueous extract. The concentrated ethanolic extract was about 20 fold more concentrated 

than the original one, so the dose of concentrated ethanolic extract was 27 μL, which 

might be close to 5 × HED for this extract.  
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        Appendix Figure 6-1. Dose-response of LPS on the production of 

inflammatory cytokines/chemokines by primary macrophages ex vivo. Based on 

these results, the 100 ng/mL LPS was chosen to stimulate the production of 

informatory cytokines/chemokines by the primary macrophage. All the samples 

were diluted with different factors. The 2-fold diluted samples were used to detect 

the inflammatory cytokines and chemokines, such as MIP-1α and G-CSF, with 

relatively lower concentrations. Samples were diluted by 10- or 100-fold to measure 

the cytokines and chemokines with large amount, such IL-6, MIP-2. 
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Appendix 6-2 The impact of consuming S. frutescens extracts on gene expression in 

liver from mice challenged with LPS 

 

Mice were treated with S. frutescens extracts for one week followed by challenge of LPS 

via intraperitoneal injection. The liver samples were harvested for RNA extraction. To 

extract the total RNA, 20 to 30 mg liver was added to microcentrifuge tubes with 600 μL 

of Buffer RLT and beads, and homogenized using the Bullet Blender. The liver lysates 

were centrifuged at 13,000 rpm for 3 min, and the supernatant (~500 μL/sample) was 

transferred to new microcentrifuge tube. The RNA was precipitated by adding an equal 

volume of 70% ethanol, and harvested using the column provided in the kit. The 

concentration and quality of total RNA was determined using Nano-Drop (Thermo 

Science, Wilmington, DE), and the concentration adjusted to 100 ng/mL by adding 

RNase-free water. The total RNA (2.5 μg) from each sample was sent to the DNA core at 

University of Missouri-Columbia for deep sequencing. The identification of differentially 

expressed genes (DEGs), functional annotation of DEGs, and signaling pathways analysis 

were performed using edgR, DAVID, and KEGG as described in Chapter Five. 

The transcriptomic analysis was conducted using liver samples from mice treated with S. 

frutescens extracts. The 16 samples included six samples from the control group, six 

samples from the aqueous extract treatment (SFA), and four from the ethanolic extract 

(SFE)) group. The RNA-Seq was conducted by the DNA Core at the University of 

Missouri-Columbia. The data was analyzed using the edgR, DAVID, and KEGG 

programs.  Overall, the gene expression reads of the six control mice split evenly into two 

groups on the expression of about one third of the total genes. Two out of six samples 
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from the aqueous extract treatment group were also were unable to be grouped together 

with the other four from this treatment.  

         For the remainder I of the genes (~11,000), treatment with SFA resulted in no 

differentially expressed genes (p < 0.05, FDR < 0.05, FC ≥ 2). Treatment with SFE 

resulted in a total of 19 differentially expressed genes in liver (Appendix Table 6-1). The 

DAVID functional annotation analysis of these genes revealed that they were involved in 

phosphoprotein, RNA binding, insulin signaling, oxidoreductase, and metabolism 

(Appendix Table 6-2).   
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      Appendix Table 6-1.Differentially expressed genes affected by oral treatment with ethanolic extract of S. 

frutescens in the liver of LPS-challenged mice. 

 

RNA-Seq data were analyzed using the edgeR program. The differentially expressed genes were defined 

as fold change (FC) ≥ 2, p value < 0.05, false discovery rate (FDR) < 0.05. 



 

204 

 

204 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Appendix Table 6-2. Functional annotation of differentially expressed genes affected 

by consuming ethanolic extract of S. frutescens in liver of LPS-challenged mice 

 

The differentially expressed genes were uploaded in the Database for Annotation, Visualization 

and Integrated Discovery (DAVID). The gene ontology analysis was conducted to sort the 

functions of these genes. 
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