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ABSTRACT 
 

ANTI-INFLAMMATORY ACTIVITY OF HEAT-KILLED PROBIOTIC, 
LACTOBACILLUS PENTOSUS S-PT84 IN A C57BL/6J MOUSE MODLE WITH LPS-

INDUCED LOW-GRADE CHRONIC INFLAMMATION 
 
 

Yuhan Zeng         Advisor: 
University of Guelph, 2017                  Professor Yoshinori Mine 
 
 
 This study is aimed to identify the anti-inflammatory activity and mechanism of the heat-

killed probiotic, Lactobacillus pentosus S-PT84, in a mouse model with lipopolysaccharide 

(LPS)-induced systemic low-grade chronic inflammation.  

 The persistent increase of intestinal permeability contributes to the development of 

intestinal inflammation and systemic inflammation. Systemic low-grade chronic inflammation is 

tightly related to insulin resistance and metabolic diseases.  

 Pre-treatment of Lactobacillus pentosus S-PT84 decreased the production of pro-

inflammatory mediators, TNF-α and MCP-1, and stimulated the production of anti-inflammatory 

mediator, adiponectin in plasma by increasing the protein expression of peroxisome proliferator-

activated receptor gamma (PPAR-γ) in the white adipose tissues. Lactobacillus pentosus S-PT84 

maintained the structural integrity of intestines and homeostasis of intestinal permeability via 

modulating the expression of tight junction proteins. The intact integrity of mucosal barrier 

reduced the entrance and content of inflammatory stimulants in the circulating system. 

Moreover, Lactobacillus pentosus S-PT84 exerted the protective effects on preventing the insulin 

resistance by increasing the insulin sensitivity, glucose tolerance, and protein expression of 

insulin receptor subset-1 (IRS-1).  

 This study provides an evidence that Lactobacillus pentosus S-PT84 possesses anti-

inflammatory properties and exerts beneficial functions to prevent systemic low-grade chronic 



	

inflammation and reduces the risk of developing insulin resistance and associated metabolic 

diseases.  
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1. Literature review 

1.1 Gut health  

 “Gut” generally refers to the human gastrointestinal tract (GI tract), which is a long, 

multi-folding tube starting from the stomach and ending at the anus. The GI tract plays an 

important role in maintaining overall human health. First of all, it digests foodstuffs and absorbs 

nutrients which supply energy for human biological and physical activities. Secondly, the GI 

tract acts a barrier to prevent the bacteria, virus, and pathogens from entering human systems and 

causing diseases (Tortora & Derrickson, 2008; Turner, 2009b). Therefore, with the 

considerations of these two critical functions, it is important to maintain a healthy gut. The health 

of the gut majorly depends on three components: the intestinal mucosal barrier, the intestinal 

immune system, and the gut microbiota (Groschwitz & Hogan, 2009; Quigley, 2013).  

 First of all, the intestine composes of four major layers: mucosa, submucosa, musculairs 

externa, and serosa (Figure 1). The mucosa which faces the lumen is the most important layers, 

because nutrients absorption and defensive systems majorly take place in this layer. The mucosa 

is covered by mucus layer formed by glycoproteins, mucins, and water to avoid the direct contact 

with the luminal contents.  
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Figure 1. Four main layers of gut. The innermost layer is mucosa, then submucosa, muscular 
layer (musculairs exertna), and serosa. The fingerlike structures are named as villi, which 
increase the surface area to maximize the absorption efficiency. Epithelial cells line up the 
surface of the mucosa and tight junction secure the para-cellular space. Picture is adapted from 
(College, 2012). 
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 The intestinal mucosal regulates the barrier function of the GI track by establishing a 

selectively permeable membrane to ensure sufficient absorptions of nutrients while prevent the 

infections of luminal substances. The ability to maintain such two functions is defined as 

intestinal permeability (Turner, 2009a). The intestinal permeability is regulated by mucosal 

epithelium and tight junctions (TJs) (Anderson & Van Itallie, 2009) (Figure 1). The surface of 

mucosa is lined by the epithelial cells which form a continuous layer to protect the internal 

intestinal tissues from the external environment (Shirazi, Longman, Corfield, & Probert, 2000). 

Meanwhile, these epithelial cells are responsible for the intracellular movements including 

nutrients absorption and ion flux with specialized membrane transporters and channels. TJs seal 

the adjacent space on the apical side between two neighboring epithelial cells to prevent the 

unnecessary luminal substances slip through the para-cellular space while regulating the 

necessary para-cellular movements (Figure 1) (Anderson & Van Itallie, 2009). The TJ is a 

protein complex that consists transmembrane TJ proteins, cytoplasmic plaque TJ proteins, and 

cytoskeletal proteins. The transmembrane proteins, claudin, occluding, and junctional adhesion 

molecule (JAM), firstly constitute numerous branching protein strands on each side of the cell 

and individual protein attaches to another protein located on the opposite cell. The binding 

between two TJ proteins hold cells together and seal the open space. Within each side of the cell, 

cytoplasmic plaque proteins, zonula occludens-1 (ZO-1) and zonula occludens-2 (ZO-2), and 

cytoskeletal proteins, actin, bind to the cytoplasmic domain of the transmembrane proteins and 

anchor the TJ structure (Furuse, 2010). JAM proteins form a band to further anchor the structure 

and regulate the intestinal permeability (Laukoetter et al., 2007) (Figure 2). With certain 

arrangements and compositions of claudins, the TJ establishes small charge-selective pores and 

channels allowing the ion, such as Na+, Mg2+, pass through the barrier for the physiological 
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functions (Tang & Goodenough, 2003). To sum up, the epithelial cells and TJs establishes a 

selectively permeable mucosal barrier, which is responsible for regulating the intestinal 

permeability and physically protects the gut (Ulluwishewa et al., 2011).  

 

 

 

Figure 2. Schematic summary of tight junction structure. Transmembrane proteins occluding, 
claudin, and junctional adhesion molecule (JAM) seal the adjacent space between the 
neighboring epithelial cells. Cytoplasmic plaque proteins, zonula occludens-1 (ZO-1) and zonula 
occludens-2 (ZO-2), and cytoskeletal proteins, actin, bind to the cytoplasmic domain of the 
transmembrane proteins and anchor the TJ structure (Furuse, 2010).  Picture is from 
Ulluwishewa et al. (Ulluwishewa et al., 2011).  
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 Secondly, the intestinal immune system plays a critical role in maintaining the gut health 

by exerting immunological defensive functions against the invaded substances (Mason, 

Huffnagle, Noverr, & Kao, 2008; Wershil & Furuta, 2008). Both innate and adaptive immune 

system work concomitantly to regulate the intestinal immune system and monitor the gut health. 

The immune cells and gastro-intestinal associated lymphoid tissue (GALT) that locate below the 

epithelium in the mucosal luminal propria are involved in the intestinal immune responses 

(Wershil & Furuta, 2008). When enteric substances invade the intestinal tissues, the intestinal 

innate immune system launches a series of biological reactions to remove the invaded 

substances, repair damaged tissues and restore intestinal homeostasis. Immune cells detect the 

invaded substances, produce signaling molecules to initiate the innate immune response, and 

engulf the invaded substances to eliminate the threats. Dendritic cells present antigens by 

projecting the dendritic to the luminal side and communicate with the intestinal lymphatic tissues 

known as Peyer’s patches (PP) to initiate the adaptive immune response. The lymphocytes found 

in the PP generate antibodies to tag the antigens and recruit macrophages to eliminate the threats. 

More importantly, the antibodies create immunological memories to the specific antigens and 

prevent re-infections (Figure 3) (Mason et al., 2008).  
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Figure 3. The schematic summary of the intestinal mucosal immune system. In the gut lumen, 
mucus layer covers the epithelium layers to physically protect the bacterial and antigen 
infections. Immunologically, macrophages regulate the innate immune response. Intraepithelial 
lymphocyte (IELs), dendritic cells (DCs), microfold cell (M cells), lamina propria (LP) 
lymphocytes and Peyer's patches regulate the adaptive immune response in the gut. Picture is 
from (R.-Q. Wu, Zhang, Tu, Chen, & Chen, 2014). 
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 Furthermore, gut health is tightly linked to the gut microbiota, which is the community of 

bacteria living in the gut (Quigley, 2013). The populations of gut microbiota are over 1014 and 

make the intestine as the largest microorganism’s habitat in the human (Guarner & Malagelada, 

2003). The predominate genera of gut microbiota include bacteroides, bifidobacterium, 

eubacterium, clostridium, peptococcus, peptostreptococcus, ruminococcus, and lactobacillus. 

There are over hundred species of microbiota living in the human GI tract and the compositions 

vary among the individuals. Gut microbiota assists host in maintaining the integrity of the 

mucosal barriers, modulating the intestinal immune systems (Guarner & Malagelada, 2003; 

Nicholson et al., 2012). The microbiota metabolites, such as the short-chain fatty acids (SCFAs), 

could be directly absorbed and used by the hosts and play a role in enhancing and maintaining 

homeostasis of intestinal immune system (Clemente, Ursell, Parfrey, & Knight, 2012). 

Moreover, gut microbiota are capable to facilitate digestion and metabolism in the host 

(Tremaroli & Bäckhed, 2012). For example, they secret the carbohydrate-active enzymes 

(CAZymes), which break the non-digestible dietary fibers into the absorptive glucose molecules 

(Hehemann et al., 2010). However, such impacts from gut microbiota on the host depending on 

the diversity and the balance between the beneficial and pathogenic microbiota. In the healthy 

individuals, the numbers and diversities of beneficial gut microbiota overwhelm the pathogenic 

ones and establish symbiotic relations to exert beneficial functions in the host (Littman & Pamer, 

2011). Whereas, when the symbiosis is disturbed, dysbiosis of gut microbiota results in 

damaging mucosal barrier and challenges human health (Littman & Pamer, 2011).  

 In conclusion, the biological functions of the GI tract indicate the importance of gut 

health. The intestinal mucosal barrier, intestinal immune system and gut microbiota work 
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collectively to maintain the gut health. On the other hand, the functions of gut also imply that 

failure of maintaining a healthy gut could potentially result in developing health issues. 

 

1.2 Intestinal inflammation and impacts on human health 

 If the mucosal barrier fails to prevent the luminal substance entering the intestinal tissues, 

then the infections of foreign substances trigger the intestinal immune system launching serial 

biological reactions to eliminate the threats, repair the damaged tissues, and restore the 

homeostasis. Such process is known as inflammation.   

 

1.2.1 General aspects of inflammation 

 Inflammation is a self-defensive response regulated by the innate immune system, which 

involve various tissues, immune cells and protein in response to the invaded harmful substances 

and damaged tissues (Fujiwara & Kobayashi, 2005). At the site of infection, damaged cells 

release histamines to dilate blood vessels, increase blood flow, and recruit immune cells. At the 

same time, the tissues-resided immune cell, such as macrophage, recognizes and binds to the 

invaded substances via specialized receptors. The binding activates the transcription factor, 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), to initiate gene 

transcription of biologically active proteins known as pro-inflammatory cytokines and chemokines 

(Baldwin Jr, 1996). Pro-inflammatory cytokines, such as interleukin 1 (IL-1), interleukin 6 (IL-6), 

interleukin 8 (IL-8), and tumor necrosis factor-α (TNF-α), initiate the inflammatory response and 

activate more macrophages by binding to the corresponding receptors located on the macrophages. 

Activated macrophages engulf the harmful substances and remove the invaded substances. 

Meanwhile, pro-inflammatory chemokines also known as chemotactic cytokines recruit the 
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peripheral immune cells to the infected sites to progress the inflammatory responses by directing 

the cellular movement. Monocyte chemoattractant protein–1 (MCP-1) also known as chemokine 

(C-C motif) ligand 2 (CCL2) predominantly produced by macrophages is one of the important 

chemokines. MCP-1 establishes a concentration gradient with the highest concentration at the 

infected sites. C-C chemokine receptor type 2 (CCR2) found on the membranes of immune cells 

binds to MCP-1 so that immune cells could follow the gradients and move to the infected sites 

(Dinarello, 2000). Once the recruited peripheral immune cells arrive the infected sites, the 

invaded substances and pro-inflammatory mediators activate these cells to support the 

inflammatory responses. The inflammatory responses lead to display obvious signs including 

swelling, redness, and pain. When the clean-up process completes, immune cells no longer sense 

the foreign substances and begin to produce anti-inflammatory mediators and growth factors, 

which suppress the inflammatory response, repair damaged tissues and restore the homeostasis 

(Fujiwara & Kobayashi, 2005). 

 Inflammation could be classified as acute inflammation and chronic inflammation. Acute 

inflammation occurs quickly and lasts hours to days. However, if the acute inflammation could 

not successfully eliminate the invaded substances or the pro-inflammatory state could not be 

properly shut down, the persistent existence continuously stimulates the immune systems and 

restrain the inflammation at the pro-inflammatory state. Such inflammatory response is defined 

as chronic inflammation, which is characterized by the persistent elevation of pro-inflammatory 

mediators (Gabay, 2006).  

There are various factors involved in the pathogenesis of chronic inflammation and the 

persistent activation of macrophages is one of the important causes. Macrophages could be 

activated classically or alternatively. The pro-inflammatory cytokines, bacteria, and virus could 
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classically activate macrophages, which are defined as M1 and are responsible for producing 

pro-inflammatory mediators, eliminating invaded microbes, and scavenging dead cells and 

tissues. Alternatively activated macrophages defined as M2 produce anti-inflammatory mediators 

and growth factors to suppress the inflammatory response, repair damaged tissues, and restore 

homeostasis. The balance between two pathways impacts the actions and results of inflammation 

(Fujiwara & Kobayashi, 2005; Martinez, Helming, & Gordon, 2009; Schultze, Schmieder, & 

Goerdt, 2015). The persistent polarization of M1 contributes to the excessive accumulations of 

pro-inflammatory mediators and infiltrations of macrophages, which together cause chronic 

inflammation (Figure 4) (Schultze et al., 2015). While, the persistent polarization of M2 results 

in the excessive cell proliferation which is responsible for the development of tumor (Schultze et 

al., 2015).   
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Figure 4. Schematic summary of the two activation pathways in macrophages. Classically 
activated macrophages, M1, produce the pro-inflammatory mediators, such as TNF-α, 
interleukin-6 (IL-6), MCP-1 and so on. Alternatively activated macrophages, M2, produce anti-
inflammatory mediators, such as interleukin-10 (IL-10), transforming growth factor beta (TGF-
β) and so on. The polarity towards M1 promotes inflammation and cause tissue injury. While, 
M2 polarity suppress inflammation and initiate tissue repair. TNF-α can inhibit the M2 activation 
pathways and classically activate M1 to continue producing pro-inflammatory mediators, which 
create a positive feedback loop to amplify the inflammation (Martinez & Gordon, 2014). 
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1.2.3 Leaky gut and intestinal inflammation 

The causes of intestinal inflammation are complex. The damaged mucosal barrier plays 

one of the important roles triggering the intestinal inflammation. As mentioned above, the 

mucosal barrier is regulated by the epithelium and TJ, which together prevent the invasion of the 

enteric substances. Loss of epithelial cells, loss of TJ proteins, change of TJ proteins 

composition, and change of TJ proteins arrangement reduces the structural integrity of mucosal 

barrier and increases the intestinal permeability. The increased intestinal permeability allows 

large luminal molecules easily passing through the barrier and enteric bacteria trans-locating to 

the intestinal tissues. The infections of foreign substances initiate the intestinal inflammation 

(Michielan & D’Incà, 2015). If the damage of mucosal barrier is permanent, intestinal 

permeability increases persistently and establishes so-called “leaky gut”. Leaky gut fails to limit 

the invasion of foreign substance and contributes to the development of intestinal chronic 

inflammation (Arrieta, Bistritz, & Meddings, 2006). The causes of such permanent damage in 

the mucosal barrier are complex and involve various factors such as continuous expose to the 

inflammatory stimulants, genetically defected intestinal structure, unbalanced gut microbiota and 

so on (Schulzke et al., 2009).  

The bacterial, viral, and parasitic infections initiate inflammation in the intestines after 

passing the mucosal barrier. Bacteria possess the evolutionarily-conserved pathogen-associated 

molecular patterns (PAMPs), which can be recognized and bind by the pathogen recognition 

receptors (PRRs) such as toll-like receptor (TLR) located on the cell membrane of the innate 

immune cells. When enteric bacteria invade the intestine, macrophages detect the bacteria 

through the TLR-PAMP binding and become active to produce the pro-inflammatory cytokines 

and chemokines, such as IL-1, IL-6, TNF-α, MCP-1. Pro-inflammatory mediators initiate and 
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progress the inflammatory response to eliminate the invaded substances (Takeuchi & Akira, 2010). 

The continuous invasion of the enteric substances resulted from leaky gut persistently triggers 

the intestinal immune systems, in which macrophages are continuously activated as M1 to 

produce the pro-inflammatory mediators. Eventually, the pro-inflammatory mediators 

accumulate in the intestinal tissues and result in intestinal chronic inflammation (Zhang, Hu, 

Kovacs-Nolan, & Mine, 2015).    

Nowadays, a new term, “low-grade chronic inflammation” or “subclinical chronic 

inflammation” is created to describe a specific type of chronic inflammation, in which pro-

inflammatory cytokines and chemokines elevate only 2-4 folds comparing to the normal 

individuals. The minor elevations of the pro-inflammatory molecules rarely lead to display 

obvious signs but persists at long duration. The intestinal low-grade chronic inflammation shares 

similar pathogenesis with intestinal chronic inflammation. The only difference is that the 

inflammatory conditions develop at low-grade level and barely cause symptoms (Gökhan S. 

Hotamisligil, 2006).  

  

1.2.4 Intestinal inflammation and human health 

 Intestinal inflammation has become a critical health issue around the globe and 

challenges human health. Intestinal chronic inflammation could result in local diseases and 

contribute to the development of systemic diseases.  

 A typical example of intestinal chronic inflammation is inflammatory bowel diseases 

(IBD). IBD is characterized by the intestines that are at chronic and relapsing inflammatory 

conditions. Ulcerative colitis (UC) and Crohn's disease (CD) are two main forms of IBD. People 

with IBD experience abdominal pain, diarrhea, constipation and weight loss and usually require 
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surgical treatment. Complications associated with IBD include eye and joint inflammation, 

osteoporosis, primary sclerosing cholangitis (PSC) and so on. In 2015, an estimated 3 million 

U.S. adults have been diagnosed with IBD. Canada holds one of the highest incidences of UC 

and CD in the world and the incidences rates still keep rising significantly each year, Canadian 

health care systems annually spend $2.8 billions on IBD (CDC, 2017).   

 Intestinal low-grade chronic inflammation could result in systemic low-grade chronic 

inflammation, which is tightly linked with insulin resistance and metabolic diseases, such as type 

II diabetes, non-alcoholic fatty liver diseases (NAFLD) and so on (Minihane et al., 2015).  

 

1.3 Low-grade chronic inflammation and chronic diseases   

 Intestinal low-grade chronic inflammation contributes to the development of systemic 

low-grade chronic inflammation by continuously supplying inflammatory stimulants through 

leaky gut and increasing the pro-inflammatory mediators in the circulating system. As discussed 

above, the intestine plays a critical role in maintaining human health by acting as a barrier. When 

the intestine is at low-grade chronic inflammatory conditions, the intestinal permeability 

persistently increases so that the mucosal barrier fails to limit the inflammatory stimulants 

entering the intestinal tissues and circulating system (Arrieta et al., 2006). Once the substances 

enter the circulating system, they could travel through the human system and potentially trigger 

inflammation at systemic scale. Secondly, the intestinal low-grade chronic inflammation directly 

supplies the pro-inflammatory mediators, which are capable to classically activate the 

macrophages and progress the inflammatory responses by binding to the corresponding receptors 

and activating NF-κB signaling pathways. For example, TNF-α binds to TNF-α receptors, tumor 

necrosis factor receptor 1 (TNFR1) and tumor necrosis factor receptor 2 (TNFR2), located on 
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membrane of macrophages to classically activate the macrophages and NF-κB signaling 

pathways to firstly produce more pro-inflammatory mediators, secondly activate more 

macrophages, recruiting more macrophages, and contributing to the inflammation at systemic 

scale (Wajant & Scheurich, 2011). IL-1 and IL-6 activate NF-κB signaling pathways with the 

similar mechanisms by binding to the corresponding receptors (Figure 5) (Hoesel & Schmid, 

2013). Eventually, the increased inflammatory stimulants and pro-inflammatory mediators 

resulted from the intestinal low-grade chronic inflammation cause the development of systemic 

low-grade chronic inflammation.  
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Figure 5. Schematic summary of pro-inflammatory mediators induced NF-κB activation. TNF-α 
binds to TNFR. The bind phosphorylates and releases the inhibitory protein, inhibitor of kappa B 
alpha (IκBα) from the NF-κB complexes. Then NF-κB complexes become activate and bind to 
the target gene for transcription (Baldwin Jr, 1996; Ghosh, May, & Kopp, 1998). IL-6 and IL-1 
binds to IL-6 receptors (IL-6R) and IL-1 receptors (IL-1R) and exert similar functions to activate 
NF-κB.  
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 Moreover, intestinal inflammation alters the functions of white adipose tissue (WAT), 

which plays a critical role in developing systemic low-grade chronic inflammation (Xu et al., 

2003). In general, WATs act as the energy reservoir and release the fuel when needed. More 

importantly, WATs are immune organs, which can secret various types of hormones and 

inflammatory mediators to regulate the immune responses (Trayhurn & Beattie, 2001). Two 

main cells, adipocytes and macrophages, are found in the WATs. Adipocytes are the fat cells and 

are also capable to produce inflammatory mediators. A specific vocabulary “adipokine” is 

created to classify the proteins exclusively secreted by adipocytes (Trayhurn & Wood, 2004). 

Adiponectin is one of the important adipokines and possess the anti-inflammatory property that 

can alternatively activates macrophages to produce the anti-inflammatory cytokines (Matsuzawa, 

2010). Adipocytes are also capable to produce the common pro-inflammatory cytokines and 

chemokines, such as TNF-α, IL-6, and MCP-1. Within the healthy individual, the balance 

between the secretions of pro-inflammatory and anti-inflammatory mediators is well maintained. 

When the pro-inflammatory mediators or inflammatory stimulants from intestinal low-grad 

chronic inflammation continuously reach the WAT, they begin to classically activate the naïve 

macrophages to secrete pro-inflammatory mediators and recruit more peripheral macrophages 

infiltrating in the WATs. At the same time, the pro-inflammatory mediators inhibit the 

adiponectin productions and activities and alter the functions of adipocyte to produce more pro-

inflammatory mediators. Eventually, macrophage infiltrations and continuous productions of 

pro-inflammatory mediators contribute to the elevations of pro-inflammatory mediators and the 

development of low-grade chronic inflammation in the white adipose tissues. (Fujiwara & 

Kobayashi, 2005; Heilbronn & Campbell, 2008; Surmi & Hasty, 2008). The low-grade chronic 

inflammation of WAT then contributes to the increase the pro-inflammatory mediators in the 
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blood and progress the systemic low-grade chronic inflammation. In this case, intestinal low-

grade chronic inflammation indirectly triggers the systemic low-grade chronic inflammation by 

altering the functions of white adipose tissues. 

 To sum up, there are numerous factors involve in the development of systemic low-grade 

chronic inflammation. Intestinal low-grade chronic inflammation plays one of the important 

roles, which directly and indirectly initiate and progress the systemic low-grade chronic 

inflammation.  

 

1.3.1 Low-grad chronic inflammation and insulin resistance  

Systemic low-grade chronic inflammation has shown tight connection with insulin 

resistance by impairing the peripheral insulin sensitivity (Van Greevenbroek, Schalkwijk, & 

Stehouwer, 2013).  

Insulin is a critical anabolic hormone, which is widely involved in the metabolism of 

carbohydrates, proteins and fats. More importantly, it is responsible for regulating the blood 

glucose level. High blood glucose level triggers pancreatic beta cell to produce and secret insulin 

into the blood (Gokhan S. Hotamisligil, Peraldi, Budavari, & Ellis, 1996). Insulin binds to the 

transmembrane insulin receptors (IR) located on the cell surface to trigger the corresponding 

signaling pathways to uptake glucose into the cells and maintain blood glucose level at normal 

range. An insulin receptor consists two extracellular α insulin-binding subunits and two 

transmembrane β subunits with tyrosin. Insulin binds to the α subunits causing conformational 

change, in which tyrosin on the β subunits are autophosphorylated. Then, phosprotylated tyrosins 

bind to the phosphotyrosine-binding (PTB) domains of the adaptor proteins, such as insulin 

receptor subset 1 (IRS-1), and subsequently phosphorylate the proteins for further signaling 
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transduction. Eventually, the signaling pathways trigger the translocation of glucose transporter 

type 4 (GLUT-4) contained in the cytoplasmic vesicles so that GLUT-4 could move to the cell 

surface for glucose uptake (Figure 6) (White & Kahn, 1994).  

 During low-grade chronic inflammation, the accumulation of pro-inflammatory 

cytokines, such as TNF-α and IL-6, persistently inhibits the tyrosine autophosphorylation in the 

IRs and deactivates the downstream signaling pathways. Thus, GLUT4 could not be properly 

trans-located and blood glucose remains at high level (Figure 6) (Daniele et al., 2014; G. S. 

Hotamisligil, Murray, Choy, & Spiegelman, 1994). Such condition is defined as insulin 

resistance. Persistent high blood glucose and insulin resistance result in metabolic syndromes 

including hyperglycemia, hypertriglyceridemia and hypertension, which could eventually cause 

metabolic diseases, such as type II diabetes (T2D) and non-alcoholic fatty liver diseases 

(NAFLD) (Daniele et al., 2014; G. S. Hotamisligil et al., 1994).   
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Figure 6. Insulin signaling pathways. Insulin binds to IR to activate the phosphorylation of 
adaptor protein IRS-1. Then, signaling cascades are activated for translocation of GLUT4 
contained in the vesicle. GLUT4 eventually reaches the cell the surface and forms glucose 
transporter for glucose uptake. Pro-inflammatory mediators, such as TNF-α and IL-6, bind to the 
receptors and inhibit the phosphorylation of IRS-1.   
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1.3.2 Low-grade chronic inflammation and liver diseases 

 Low-grade chronic inflammation plays a role in progression of NAFLD. NAFLD has 

become a health issues in the western countries and is commonly characterized by the excessive 

accumulation of fat in the liver (Utzschneider & Kahn, 2006). However, recent studies have 

shown that patients with NAFLD also displayed increased concentration of pro-inflammatory 

mediators such as IL-6 and TNF-α in the blood (Utzschneider & Kahn, 2006). Hepatic chronic 

inflammation mediated by the hepatic macrophages known as Kupffer cells lead to develop 

nonalcoholic steatohepatitis (NASH), which damages the hepatic tissues and functions (Tilg & 

Diehl, 2000). NASH is a specific type of NAFLD. Moreover, insulin resistance as a result of 

low-grade chronic inflammation increases the flux of free fatty acids to the liver and disturbs the 

fatty acid oxidation and triglyceride synthesis. These conditions collectively contribute to the fat 

accumulation in the liver. The excessive fat accumulation in the liver causes NAFLD, which 

could progress to hepatic fibrosis and cirrhosis (Minihane et al., 2015).  

 

1.3.2 Low-grade chronic inflammation and cardiovascular diseases 

 Low-grade chronic inflammation plays a critical role in the development of 

cardiovascular diseases by causing atherosclerosis. Under the healthy condition, the endothelium 

that lines up the artery inner surface is resistance to adhesion of monocytes. When inflammation 

initiates, the increased pro-inflammatory mediators activate the NF-κB signaling pathways inside 

the endothelial cells to initiate the production of vascular cell adhesion molecule-1 (VCAM-1). 

VCAM-1 allows monocytes attach to the endothelium. Once the monocytes adhere to the artery 

wall, they penetrate the endothelium and mature into macrophages. Pro-inflammatory mediators 

classically activate the macrophages to produce more inflammatory mediators and recruit more 
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monocytes. More importantly, the activated macrophages engulf the lipid molecules and become 

the foam cells. As the low-grade chronic inflammation persists, the formation of foam cells 

continues in the artery wall and eventually develop plaque. The plaque narrows the artery and 

block the blood flow. Moreover, if the plaque is ruptured, the large size of foam cells could 

potentially block the arteries and contribute to the development of blood clot. The blocked blood 

flow results in cardiovascular diseases, such as heart attack or stroke (Libby, 2006). 

  
1.3.4 Low-grade chronic inflammation and obesity  

 Last but not least, low-grade chronic inflammation commonly associates with obesity. 

The epidemiologic study has showed that the increased concentration of pro-inflammatory 

mediators including TNF-α, IL-6, MCP-1 could be found in the obese individuals (Lee, Lee, & 

Choue, 2013). The causative relation between low-grade chronic inflammation and obesity is a 

chick-egg problem. Obesity could result in the development of low-grade chronic inflammation 

due to the hypertrophy of adipocytes and compromised function of white adipose tissues. 

Hypertrophic adipocytes alter the function of white adipose tissues by increasing the production 

of pro-inflammatory mediators whereas suppressing the production of anti-inflammatory 

mediator such as adiponectin. In addition, the pro-inflammatory mediators recruit more 

peripheral macrophages infiltrating the white adipose tissues and activate the macrophages to 

produce more pro-inflammatory mediators, which further amplifies the inflammatory response. 

(Gökhan S. Hotamisligil, 2006). On the other hand, as mentioned above, low-grade inflammation 

suppresses the secretion of adiponectin, which is an important anti-inflammatory mediator. 

Studies have shown the obesity is commonly associated with decreased concentration of 

adiponectin. Moreover, low-grade chronic inflammation is associated with increased leptin in the 

blood due to leptin resistance. Leptin is secreted by adipocytes for controlling food intake, 
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increasing energy expenditure, and maintaining energy balance by acting on the brain (Makki, 

Froguel, & Wolowczuk, 2013). When leptin resistance develops, brain could not properly control 

the energy intake. The energy intake excesses the energy expenditure and contributes to the 

development of obesity (Spiegelman & Flier, 2001). Leptin also plays a role in inducing 

inflammation. The binding between leptin and leptin receptors classically activates the 

macrophages and triggers the production of pro-inflammatory mediators, which eventually 

causes inflammation (Fantuzzi & Faggioni, 2000).  

   

1.4 LPS-mediated low-grade chronic inflammation  

 There are different types of animal models of low-grade chronic inflammation available 

for animal study depending on the objectives of research. For example, dinitro-benzene sulfonic 

acid (DNBS) was instilled into mice to induce local low-grade chronic inflammation in the colon 

(Martín et al., 2015). Dietary emulsifiers, carboxymethylcellulose or polysorbate-80, commonly 

found in the processed food were used to induce the gut low-grade chronic inflammation in the 

mouse by altering the composition of gut microbiota for the research of colon cancer (Viennois, 

Merlin, Gewirtz, & Chassaing, 2016).  

 In this present study, Lipopolysaccharide (LPS) also known as endotoxin is used to 

induce the systemic low-grade chronic inflammation in the mice (Nakarai et al., 2012). LPS is 

founded in the gram-negative bacterial outer membrane and possesses the pathogen-associated 

molecular patterns (PAMPs). LPS consists three major parts: an O-antigen polysaccharide, a core 

oligosaccharide and a lipid A moiety (Figure 7). The lipid A moiety is the source of toxicity and 

embeds the LPS into the bacterial membrane. When the bacterial membranes are lysed, LPS are 
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released and begin to exert its functions (Cani et al., 2007; Cani et al., 2008; Cani, Osto, Geurts, 

& Everard, 2012).  

 

 

 

 

 

Figure 7. Schematic summary of LPS structure. Toxic lipid A moiety is followed by core 
oligosaccharide and O-antigen polysaccharide. Picture is adapted from Ogawa et al. (Ogawa, 
Asai, Makimura, & Tamai, 2007) 
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 First of all, studies have shown that LPS is capable to increase the intestinal permeability 

by activating the NF-κB signaling pathways, which alter the expression and localization of TJ 

proteins ZO-1 (Guo, Al-Sadi, Said, & Ma, 2013).  The soluble LPS binding protein (LBP) firstly 

binds to LPS and transfers it to the membrane protein, cluster of differentiation 14 (CD14). The 

complex transfers LPS to the toll-like receptor 4 (TLR4) founded on the cell membranes of the 

immune cells and binds with the help of an accessory protein named myeloid differentiation-2 

(MD-2). The binding triggers the homo-dimerization of TLR4 to initiate the conformational 

change of the TLR4 complex, which triggers the dimerization of the cytoplasmic toll-like 

receptor 1 (TLR1). Activated TLR1 recruits and binds with the adaptor protein, MyD88, to 

activate the subsequent signaling pathways. The target of this signaling cascade is the 

transcription factor, NF-κB. At the normal status, NF-κB is sequestered by the inhibitor protein 

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor (IκB). The LPS-

TLR4 signaling cascade activates the IκB kinase (IKK), which phosphorylates and releases the 

IκB proteins from NF-κB complexes. Then NF-κB becomes active and translocate to the 

nucleus. Inside the nucleus, NF-κB binds to the target gene, and down-regulate the gene 

transcription of TJ proteins. Altered TJ structure increases intestinal permeability, in which 

luminal contents slip through the barrier and enter the system to initiate inflammation (Feng, 

Ling, & Duan, 2010; Takeuchi & Akira, 2010) (Figure 8).  

 Secondly, LPS is also capable to directly initiate inflammation. As mentioned above, LPS 

is capable to activates the NF-κB. The activated NF-κB up-regulates the production of pro-

inflammatory mediators, which directly trigger the innate immune response and inflammation 

(Figure 8) (Feng et al., 2010).  
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Figure 8. Schematic summary of the binding between LPS and TLR4 and the LPS-induced 
activation mechanism of NF-κB. Soluble LPS binding protein (LBP) firstly binds to LPS and 
forms a complex with a specialized protein named as cluster of differentiation 14 (CD14). Toll-
like receptors 4 (TLR4) forms a complex with lymphocyte antigen 96 also known as MD2 
protein to bind with the previous LBP-LPS-CD14 complex. The binding triggers the 
conformational change of TLR4–MD-2 complex. Then toll-like receptor associated adapter 
protein, TIRAP, becomes active and binds to Myeloid differentiation primary response gene 88 
(MYD88) to activate the NF-κB complex to initiate the subsequent productions of pro-
inflammatory cytokines (Takeuchi & Akira, 2010). 
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1.5 Anti-inflammatory activity of bioactive food compounds  

Low-grade chronic inflammation usually does not display symptoms. Therefore, it is hard 

to detect the onset. If the situation is untreated, it could possibly lead to metabolic disease. 

Medical treatments for metabolic diseases pose potential side-effects on the patients and cost 

relatively high amount of money (WHO, 2017).  

Scientists have found that using food bioactive compounds with the anti-inflammatory 

properties as the interventions is a potential method in preventing inflammation. In addition, 

food sourced bioactive compounds are likely safer and relatively cheaper comparing to the 

medications. Bioactive food compounds can exert biological functions including anti-

inflammatory activities to the cells, tissues and living organisms therefore are considered as the 

possible interventions in preventing inflammation (Zhang, Hu, et al., 2015).  

The possibly anti-inflammatory mechanisms of food bioactive compounds include 

inhibiting the production of pro-inflammatory mediators, promoting the production of anti-

inflammatory mediators, reducing the oxidative stresses, scavenging the reactive oxygen species 

(ROS), enhancing the humoral immune systems, interfering the signaling pathways, such as 

suppressing NF-κB activity and activating the peroxisome proliferator activated receptor gamma 

(PPAR-γ) (Zhang, Hu, et al., 2015). Activation of PPAR-γ inhibits the NF-κB activity. PPARγ is 

a member of the nuclear receptor superfamily and a ligand-dependent transcription factor. Due to 

the structural diversity of the ligand binding domain (LBD) in the PPAR-γ C-terminus, various 

molecules including endogenous metabolites, dietary compounds and synthetic drugs can be the 

ligands to activate PPAR-γ. The binding between the ligands and PPAR-γ forms a protein 

complex, which trans-locates to the nucleus and form a heterodimer with the retinoid X receptor 
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(RXR). Then, the complex inhibits the the gene transcription of pro-inflammatory mediators by 

binding to the specific DNA sequences, in which NF-κB binds to for gene transcriptions 

(Stienstra, Duval, Muller, & Kersten, 2007). On the other hand,  PPAR-γ-RXR complex 

promotes the production of anti-inflammatory mediators (Figure 9) (Stienstra et al., 2007). 

Moreover, ROS plays a critical role in inducing inflammation, in which the free radicals oxidize 

the crucial signaling molecules causing tissue dysfunctions and injuries. The ability of 

scavenging the free radicals eliminates the ROS, protects the cells and tissues and prevents the 

risk of developing deleteriously inflammatory conditions (Mittal, Siddiqui, Tran, Reddy, & 

Malik, 2014).  
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Figure 9. PPAR-γ inhibits NF-κB signaling pathway. Ligands activate PPAR-γ, which 
suppresses the phosphorylation of IκBα. PPAR-γ translocates to nucleus and binds with RXR to 
regulate the gene expression.    
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Polyphenols, polyunsaturated fatty acids (PUFA), peptides, amino acids, dietary fibers, 

and vitamin are the popular bioactive food compounds possessing the anti-inflammatory 

functions. Table 1 summaries several examples of the major food bioactive compounds and their 

associated anti-inflammatory functions.  

 

Table 1. Anti-inflammatory functions of food bioactive compounds. 
 

Groups of food 
bioactive 

compound 
Specific  types Source Anti-inflammatory 

functions & mechanism Reference 

Polyphenol 

β-Carotene 
Orange 

pumpkin 
berries 

1. Deactivates NF-κB  
2. Inhibiting the gene 
expression of inflammatory 
mediators. 

(Kang & 
Kim, 2017) 

Meso-zeaxanthin 

Orange 
pumpkin 

kale 
carrots 

1. Down-regulating the 
expression of TNF-α in the 
macrophages 

(Firdous, 
Kuttan, & 

Kuttan, 
2015) 

Lycopene Tomato 

1. Suppressing IL-6 
production 
2. Inhibiting the activation of 
NF-κB in macrophages 
 

(Feng et al., 
2010) 

Curcumin Spice 
turmeric 

1. Inhibiting pro-
inflammatory cytokine 
expression  
2. Inhibiting the NF-κB 
pathway. 
 

(Chen, Nie, 
Fan, & 

Bian, 2008) 

PUFA 

Docosahexaenoic 
acid (DHA) 

Fish 

1. Activating PPAR-γ 
2. Inhibiting the production 
of pro-inflammatory 
cytokines. 

(Li et al., 
2005) 

Eicosapentaenoic 
acid (EPA) 

Peptide 
γ-Glutamyl 

cysteine Bean 

1. Suppressing the production 
of pro-inflammatory 
mediators   
2. Inhibiting the activation of 
NF-κB in macrophages  

(Zhang, 
Kovacs-
Nolan, 
Kodera, 
Eto, & 

Mine, 2015) γ-glutamyl valine 
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3. Reducing the gene 
expression of pro-
inflammatory mediators 

Ovotransferrin Egg white 1. Inhibiting the NF-κB 
pathway 

(Majumder, 
Chakrabarti, 
Davidge, & 
Wu, 2013) 

 

Glycomacropeptide 
(GMP) 

Bovine 
milk 

1. Reducing the expression of 
pro-inflammatory mediators 

 
(Requena et 
al., 2010) 

 

 

Whey protein 
hydrolysates 

 
Whey 

 
1. Reducing the expression of 
IL-8 

(Iskandar, 
Dauletbaev, 
Kubow, 
Mawji, & 
Lands, 
2013) 

 

 
Soy derived di- and 

tri-peptides 
Soy  1. Reducing the expression of 

pro-inflammatory mediators 

 
(Young, 
Ibuki, 
Nakamori, 
Fan, & 
Mine, 2012) 
 

 

Tri-peptide VPY Soy 

1. Inhibiting the secretion of 
IL-8 and TNF-α 
2. Reducing the gene 
expression of pro-
inflammatory cytokines: 
TNF-α, IL-6, IL-1β, IFN-γ 
and IL-17 
 

(Kovacs-
Nolan et al., 
2012) 

Alanyl-glutamine 
dipeptide  

1. Reducing the expression of 
pro-inflammatory mediators 
 

(Zhang, Hu, 
et al., 2015) 
 

Amino acids L-Tryptophan Egg, bean 

 
1. Reducing the expression of 
pro-inflammatory mediators 
such as TNF-α, IL-6, IFN-γ, 
IL-8 
 

(C. J. Kim 
et al., 2009; 
Connie J. 
Kim et al., 

2010) 
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L-cysteine 

 
Egg, bean 

1. Inhibiting the production 
of pro-inflammatory 
mediators 
 

(C. J. Kim 
et al., 2009) 

Glutamine 

 
Meat, egg, 

bean 
 

1. Inhibiting the NF-κB 
pathway 

(Zhang, Hu, 
et al., 2015) 
 

Taurine chloramine Fish 

 
1. Inhibiting the activation of 
NF- κB 
 

(Zhang, Hu, 
et al., 2015) 

 

Dietary fibers 

Fructooligosacchari
-des 

Banana, 
beans 

1. Reducing the secretion of 
pro-inflammatory cytokines 

 

(Capitán-
Cañadas et 
al., 2016) 

Inulin 

Garlic, 
onions, 

artichokes, 
and leeks 

 

1. Reducing the pro-
inflammatory cytokines 

 
(Pituch-

Zdanowska, 
Banaszkiew

icz, & 
Albrecht, 

2015) 
 

Dextrin Whole 
grain 

1. Reducing the concentration 
of IL-6 and TNF-α 

(Aliasgharz
adeh, 

Dehghan, 
Gargari, & 
Asghari-

Jafarabadi, 
2015) 

α-
galactooligosacchri

-de 

Dietary 
fiber 

1. Reducing the pro-
inflammatory cytokine, C-
reactive protein 

(Morel et 
al., 2015) 

Vitamin Vitamin D 
 Cheese 

1. Inhibiting NF-κB pathway 
2. Suppressing the production 
of pro-inflammatory 
cytokines 

(Krishnan 
& Feldman, 

2011) 
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Vitamin A  

1. Inhibiting NF-κB pathway 
2. Suppressing the production 
of pro-inflammatory 
cytokines 
3. Enhancing mucosal barrier 

(Reifen, 
2002) 

 

Vitamin E  

1. Inhibiting NF-κB pathway 
2. Suppressing the production 
of pro-inflammatory 
cytokines 

(Jiang, 
2014) 

 
 

1.6 Anti-inflammatory activity of probiotics  

 Due to the causative relationship between the imbalanced gut microbiota and low-grade 

inflammation and the fundamental roles of gut microbiota in regulating host’s immune 

homeostasis, scientists proposed that introducing beneficial bacteria isolated from the fermented 

food into host’s gut could be the potential intervention in preventing inflammation and 

associated diseases (Sanz, Rastmanesh, & Agostonic, 2013). 

Consumable beneficial bacteria are named as probiotics, which are defined as “the living 

microorganisms, which upon ingestion in certain numbers exert health benefits in humans and 

animals beyond inherent basic nutrition” (Butel, 2014). Not all beneficial bacteria are considered 

as probiotics. Firstly, the genera of the bacteria should be also found in the human gut microbiota 

community. Secondly, bacteria classified as probiotics should have strong tolerance in terms of 

resisting low pH, bile and digestive enzymes when pass through the GI tract. Thirdly, the safety 

and the efficacy of the bacteria and their associated functions should have been studied and 

documented in detail (Ouwehand, Salminen, & Isolauri, 2002).  

Probiotics possess the anti-inflammatory functions (Cani et al., 2012; Cotillard et al., 

2013). A study from Delcenserie et al (2008) indicated that probiotics could enhance the 
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intestinal immune capacity and exert anti-infectious ability by promoting mucosal barrier 

functions. Secondly, probiotics are capable to produce a group of peptides called bacteriocins, 

which could inhibit the growth of pathogenic bacteria to balance the composition of gut 

microbiota and decrease the concentration of inflammatory stimulants in the gut (Ljungh & 

Wadstrom, 2006). Moreover, probiotics takes the non-digestible dietary fibers as food and 

metabolizes them through fermentation. The probiotics metabolites can exert anti-inflammatory 

functions. Short-chain fatty acids (SCFAs) are the common metabolites and possess anti-

inflammatory activities (Goldsmith & Sartor, 2014; Nicholson et al., 2012). SCFAs can act as the 

ligands to G protein–coupled receptor, GPR43, which is important in anti-inflammatory 

response. Experiments on the GPR43-deficient (Gpr432/2) mice showed increased production of 

pro-inflammatory cytokines and irreversible inflammatory response. Secondly, SCFA enhances 

the mucosal barriers in the intestines and binds to G protein–coupled receptor, GPR41, to 

deactivate the NF-κB signaling pathway and inhibit the production of pro-inflammatory 

cytokines (Ang & Ding, 2016; Segain et al., 2000). An in vitro study from Menard et al. showed 

that metabolites released by probiotics exert anti-inflammatory function by attenuating the 

inflammatory effects from TNF-α (Menard et al., 2004).  

The most commonly used probiotics are lactic acid bacteria (LAB), which are usually 

found in the fermented food such as pickles, cheese, yogurt and so on. LAB are an order of 

gram-positive bacteria, which have high tolerance of low pH and produce lactic acid as the 

metabolites (Tsai, Cheng, & Pan, 2012). Lactobacillus, Leuconostoc, Pediococcus, Lactococcus, 

and Streptococcus are the major genera of LAB. LAB genera can be found in the human gut and 

exert beneficial activities to the human hosts (Ljungh & Wadstrom, 2006).  
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Lactobacillus is the popular genus in LAB and is commonly used as the probiotics. There 

are more than 125 species in the genus of Lactobacillus and some of them display the anti-

inflammatory properties. Study from Trapecar et al. stated that by co-culturing the small 

intestinal cells with the mix of several Lactobacillus species and TNF-α, the concentration of 

pro-inflammatory cytokines decrease due to the inhibition of the NF-κB pathways (Trapecar, 

Goropevsek, Gorenjak, Gradisnik, & Rupnik, 2014).  

 Bifidobacterium is another major genus of gram-positive bacteria that are widely used as 

probiotics nowadays. Bifidobacterium that are majorly found in the human GI tract produce 

lactic acid as the products to lower the pH and inhibit the harmful bacterial growth. As the 

probiotics, Bifidobacterium is usually isolated from the fermented food and also possesses the 

anti-inflammatory functions.  

 Table 2 summarized the popular food-isolated probiotics and their associated anti-

inflammatory functions.  
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Table 2. Probiotics and associated anti-inflammatory functions and mechanisms. 

Probiotics Source Anti-inflammatory 
functions & mechanisms Reference 

Lactobacillus casei GG Cheese, 
yogurt 

1. Down-regulated the 
production of the pro-
inflammatory cytokines  
2. inhibiting the NF-κB 
pathway 
3. Promote the production 
of antibodies in the Peyer’s 
patch 
 

(Isolauri et 
al., 1993) 

Lactobacillus plantarum 
CGMCC1258 

 

Fermented 
food 

1. Reducing the expression 
of pro-inflammatory 
cytokines 
2. Inhibiting the NF-κB 
pathways 
 

(Y. Wu et 
al., 2016) 

Lactobacillus 
fermentum CECT5716 

Human 
breast milk 

1. Increasing the 
expression of anti-
inflammatory cytokines  

(Díaz-
Ropero et 
al., 2007) 

 

Lactobacillus acidophilus (LA5) AB-yogurt 

1. Reducing the expression 
of pro-inflammatory 
cytokines, IL-8 
2. Inhibiting the NF-κB 
pathways. 

(Yang, 
Chuang, 

Yang, Lu, 
& Sheu, 
2012) 

 

Lactobacillus casei Shirota Yakult 
1. Inhibiting the production 
of pro-inflammatory 
cytokine, IL-6 

(S. 
Matsumoto 

et al., 
2009) 

 

Lactobacillus pentosus b240 

Miang, a 
non-salted 
fermented 

tea  

1. Enhancing the 
production of the anti-
inflammatory agent, IgA, 
in the intestine 

(Spanhaak, 
Havenaar, 

& 
Schaafsma, 

1998) 
 

Lactobacillus 
casei subsp. rhamnosus (Lcr35) 

 
Unknown 

1. Decreasing the 
production of pro-
inflammatory cytokine, IL-
8 
 

(Fang et 
al., 2010) 
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Bifidobacterium animalis subsp. 
Lactis LKM512 Yogurt 

1. Inhibiting the production 
of pro-inflammatory 
cytokine in the 
macrophages 
 

(M. 
Matsumoto 
& Benno, 

2006) 

Bifidobacterium lactis LA 303 
Lactobacillus acidophilus LA 201 
Lactobacillus plantarum LA 301 
Lactobacillus salivarius LA 302 

 

Fermented 
food 

1. Stimulating the 
production of anti-
inflammatory cytokine, IL-
10 

(Drouault-
Holowacz 

et al., 
2006) 

Bifidobacterium longum NCC2705 Unknown 

1. Increasing the protein 
expression of IL-10  
2. Inhibiting the NF-κB 
dependent pathway to 
reduce the production of 
pro-inflammatory 
cytokines 
 

(Drouault-
Holowacz 

et al., 
2006) 

 

 

1.7 Lactobacillus pentosus S-PT84 

 A specific strain, Lactobacillus pentosus S-PT84, isolated from fermented Japanese 

pickle known as “Shibazuke” has shown to exert immune-regulating activities and defined as 

probiotic due to associated beneficial functions. Previous studies have shown that Lactobacillus 

pentosus S-PT84 possesses immunomodulatory properties by activating the helper T cells and 

dendritic cells to promote the productions of interleukin-12 (IL-12) and interferon gamma (IFN-

γ) in vivo. It also enhanced the activity of natural killer cell and promote the production of IgA in 

the Peyer’s patch to improve intestinal immunity. Such biological functions make Lactobacillus 

pentosus S-PT84 as a potential intervention in controlling allergy, infectious diseases and tumor 

(Izumo, Izumi, et al., 2011; Izumo, Maekawa, et al., 2011; Izumo et al., 2010; Koizumi et al., 

2008; Nonaka et al., 2008). Lactobacillus pentosus S-PT84 used in these studies were heat-killed 

probiotics. A study has compared and analyzed the differences of bioactivities between the heat-
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killed Lactobacillus pentosus S-PT84 and live Lactobacillus pentosus S-PT84 and concluded 

that the bioactivities between the heat-killed and live S-PT84 are the same in vivo (Izumo, Ida, et 

al., 2011). Heat-killed Lactobacillus pentosus S-PT84 is easy to handle and transport. Therefore, 

it is commonly used in the experiments.    

 However, there is lack of data to demonstrate the anti-inflammatory activities of 

Lactobacillus pentosus S-PT84.  

2. Hypothesis and objectives 

2.1 Hypothesis  

 The hypothesis of this study is that pre-treatment of heat-killed Lactobacillus pentosus S-

PT84 can suppress the inflammatory response in the mice with LPS-induced low-grade chronic 

inflammation. 

2.2 Objectives  

 The objectives of this study are firstly evaluating the anti-inflammatory activities of heat-

killed Lactobacillus pentosus S-PT84 in the mouse model with LPS-induced low-grade chronic 

inflammation, secondly identifying the anti-inflammatory mechanisms of Lactobacillus pentosus 

S-PT84, thirdly evaluating the protective abilities in preventing low-grade chronic inflammation 

induced metabolic disorders.  

 

3. Materials and methods 

3.1 Materials and reagents 

 Heat-killed Lactobacillus pentosus S-PT84 was provided by Suntory Wellness Ltd 

(Kyoto, Japan). Lipopolysaccharide (LPS) isolated from Escherichia coli (E. coli) 0111:B4 was 

used to induce inflammation (Sigma, Oakville, Canada).  
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 TNF-α, MCP-1, and adiponectin enzyme-linked immunosorbent assay (ELISA) kits 

(eBioscience, Affymetrix, Inc. San Diego, CA) were used. D-Mannitol Assay Kit (Colorimetric) 

(Abcam Inc. Toronto, Canada) was used to measure D-mannitol concentration in plasma. 

Alanine Transaminase (ALT) Activity Assay Kit, Aspartate Aminotransferase (AST) Activity 

Assay Kit (Abcam Inc.) was used to measure the ALT and AST in plasma.  LAL Chromogenic 

Endotoxin Quantitation Kit (Thermo Scientific, Whitby, Canada) was used to measure endotoxin 

concentration in plasma. 

 The following chemicals were used during protein extraction: phenylmethanesulfonyl 

fluoride (PMSF) (Sigma), phosphatase inhibitor tablets (Sigma), protease inhibitor tablets 

(Sigma) and radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific). 

 The following antibodies were used for western blot experiment of white adipose tissue 

homogenate: IRS-1 antibody (Santa Cruz Biotechnology, Mississauga, Canada), PPAR-γ 

antibody (Santa Cruz Biotechnology), HRP conjugated anti-rabbit IgG (Promega, Madison, WI), 

and HRP conjugated anti-mouse IgG (Promega).   

 AmershamTM ECL Prime Western Blotting Detection Reagent (GE Healthcare, 

Mississauga, Canada) was used for protein detection during western blot.   

 Total RNA extraction of small intestines was performed by using Aurum total RNA Mini 

Kit (Bio-Rad, Mississauga, Canada). Maxima H Minus First Strand cDNA Synthesis Kit 

(Thermo Scientific) was used for cDNA synthesis. Maxima SYBR Green/Fluorescein qPCR 

Master Mix (2x) (Thermo Scientific) was used in real-time reverse transcription polymerase 

chain reaction polymerase chain reaction (RT-PCR) experiment.   
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3.2 Animal study 

3.2.1 Animals 

  This animal study was approved by the University of Guelph Animal Care Committee 

and was executed in accordance with the Canadian Council on Animal Care Guide to the Care 

and Use of Experimental Animals. The Animal Utilization Protocol (AUP) number for the 

animal study is AUP3502. All mice were housed in the Central Animal Facility (CAF) at the 

University of Guelph (Guelph, ON) during the animal trial. Sixty-four female C57BL/6J mice 

(15-16 weeks, 18-20g; Charles River Laboratories, Montreal, QC) were housed on a 12h 

light/dark cycle with unrestrained access of food and water. 

 

3.2.3 Experimental design  

 Heat-killed Lactobacillus pentosus S-PT84 was added at 0.006 weight (wt)% (low dose), 

0.06 wt% (medium dose), or 0.6 wt% (high dose) to mouse chow. 

 There were 5 intervention groups (negative control (NC) group; positive control (PC) 

group; low-dose (TL) Lactobacillus pentosus S-PT84 group; medium-dose (TM) Lactobacillus 

pentosus S-PT84 group; high-dose (TM) Lactobacillus pentosus S-PT84 group) with 12 mice per 

group (n=12); and 1 vehicle control (TC) group, with 4 mice (n=4). 

 The entire animal trial lasted 20 weeks. From week 1 to week 20, mice in NC group 

received autoclaved water and regular mouse chow; mice in TC group received autoclaved water 

and mouse chow with 0.6 wt% Lactobacillus pentosus S-PT84. From week 1 to the end of week 

4, mice in PC group received autoclaved water and standard mouse chow; mice in TL group 

received autoclaved water and mouse chow with 0.006 wt% Lactobacillus pentosus S-PT84; 

mice in TM group received autoclaved water and mouse chow with 0.06 wt% Lactobacillus 



	 41	

pentosus S-PT84; mice in TH treatment group received autoclaved water and mouse chow with 

0.6 wt% Lactobacillus pentosus S-PT84. From week 5 to week 20, mice in PC, TL, TM, TH 

group received autoclaved water with 300µg/kg bodyweight (BW)/day LPS to induce gut 

inflammation. During the whole trial, water was changed twice a week to prevent bacterial 

growth. Figure 10 summarizes the experimental design.  

 

 

 

 

 

Figure 10. Experimental design. C57BL/6J mice in NC group received 14% protein mouse chow 
and autoclaved water from week 1 to week 20. Mice in PC group received 14 protein mouse 
chow for 20 weeks. Mice in TL, TM, and TH group were given 14% protein mouse chow with 
0.006 wt%, 0.06 wt%, or 0.6 wt% of Lactobacillus pentosus S-PT84 respectively for 20 weeks. 
From week 5, LPS (300µg/kg BW/day) was added to drinking water of PC, TL, TM, and TH to 
induce inflammation.  

  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20Week 

NC

PC

TL

TM

TH

14% protein mouse chow + autoclaved water  

14% protein mouse 
chow + autoclaved 

water  
14% protein mouse chow + LPS in autoclaved water

0.006 wt% S-PT84 
mouse chow + 

autoclaved water
0.006 wt% S-PT84 mouse chow + LPS in autoclaved water

0.06 wt% S-PT84 
mouse chow + 

autoclaved water
0.06 wt% S-PT84 mouse chow + LPS in autoclaved water

0.6 wt% S-PT84 
mouse chow + 

autoclaved water
0.6 wt% S-PT84 mouse chow + LPS in autoclaved water
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3.2.4 Glucose tolerance test 

 Glucose tolerance test was performed, and the results were considered as an index to 

determine the onset of insulin resistance in this study. Within each cage, mice were numbered as 

mouse cage #1, #2, #3 and #4. Glucose tolerance test was performed to mouse #1 and mouse #2 

(Total 6 mice). Mice were fasted precisely 6 hours before the test. After fasting, the tip of the 

mouse's tail was cut. A drop of blood was immediately squeezed to the cut and collected by a 

glucose meter (ONETOUCH Ultra, Burnaby, Canada). Blood glucose level was measured by the 

glucose meter and recorded as the initial glucose level. Each mouse was then immediately 

administrated 150µL bolus of 2g/kg BW glucose (Sigma) in autoclaved water by oral gavage. 

Glucose level was then measured and recorded at 15, 30, 60, and 120 minutes using the previous 

strategy. Data were used for future statistical analysis. 

 

3.2.5 Intestinal permeability test 

 Intestinal permeability test was performed by oral gavage of D-mannitol (Sigma). Within 

each cage, #3 and #4 were performed intestinal permeability test. Mice were fasted precisely 6 

hours before the test. After fasting, each mouse was administrated 150µL bolus of 0.6g/kg BW 

D-mannitol (Sigma) dissolved in the autoclaved water by oral gavage. Mice were then refrained 

from water and food. After exactly 2 hours, mice were euthanized by CO2 asphyxiation, and 

blood was collected. Blood was then centrifuged (2500g, 4°C for 20 minutes). Finally, plasma 

was collected for future ELISA experiment. The concentration of D-mannitol in plasma was 

measured by colorimetric assay kit and was considered as the index of determining intestinal 

permeability.  
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3.2.6 Blood collection 

 After glucose tolerance test or intestinal permeability test, mice were euthanized using 

CO2 asphyxiation. Blood was then immediately collected by cardiac puncture and temporally 

stored in the EDTA-coated tube. Tubes were then centrifuged (2500g, 4°C for 20 minutes). 

Plasma was aspirated into a 2mL screw-cap microtube (Sarstedt, Nümbrecht, Germany). Due to 

the limited amount of plasma available from each mouse, plasma samples of 2 mice in the same 

cage were pooled, for example, plasma of mouse #1 in cage #1 was pooled with plasma of 

mouse #2 in cage #1; plasma of mouse #3 in cage #1 was pooled with plasma of mouse #4 in 

cage #1, etc. Plasma was then snap-freezed in the liquid nitrogen and stored at -80°C for future 

ELISA experiment.  

 

3.2.7 Tissue collection  

 Abdominal white adipose tissues were collected and evenly separated into two parts. The 

first part was stored in the 2mL screw-cap microtube (Sarstedt) containing 10 % formalin for 

future immunohistochemical analysis, and the second part was snap-freezed in liquid nitrogen 

and stored at -80°C for future western blot analysis. One section of the small intestine was 

collected, snap-freezed in liquid nitrogen and stored at -80°C for future real-time RT-PCR 

analysis. The second section of small intestine was stored in the 10 % formalin for future 

histological analysis, Colon was collected and stored in the 10% formalin for future histological 

analysis. 
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3.3 Enzyme-linked immunosorbent assay (ELISA) 

  The concentration of TNF-α, MCP-1, adiponectin in plasma was measured by using 

Ready-SET-Go! Mouse TNF-α, MCP-1 or adiponectin ELISA kits (eBiosciences), respectively, 

according to the manufacturer's instructions. ELISA plates (96 wells) (Corning, Corning, NY) 

were coated overnight at 4°C with 100µL per well of capture antibody diluted in the coating 

buffer. Plates then were washed 4X with phosphate-buffered saline (PBS)-0.05% Tween 20 

(PBST) using the BioTek microplate washer (BioTek, Winooski, VT). Each well was then 

incubated with 200µL 1X ELISA diluent at 37°C for 1 hour on an orbital shaker. Standards for 

each specific ELISA assay were diluted according to the manufacturer's instructions. Plates were 

then washed 4X. The standard or plasma sample (100µL) was then added to the designated well 

and incubated at 37°C for 2 hours with gentle shaking. Plates were then washed 4X and 

incubated with 100µL per well detection antibody diluted in 1X ELISA diluent at 37°C for 1 

hour with shaking. Plates were then washed 4X. After that, each well was added 100µL avidin 

horseradish peroxidase (Avidin-HRP) diluted in 1X ELISA diluent and incubated at 37°C for 30 

minutes with gentle shaking. Plates were then washed 4X and added 100µL per well 1X 3,3′,5,5′-

tetramethylbenzidine (TMB) substrate solution. Subsequently, plates were immediately wrapped 

with aluminum foil and incubated at 37°C for color development. After proper color 

development, TMB reaction was terminated by adding 50µL 2N sulphuric acid (H2SO4) to each 

well. Finally, the absorbance of samples and standards was read at designated wavelength using 

a microplate reader (iMark model 550, Bio-Rad). Each sample and standard was duplicated 

using two wells per sample or standard. The two absorbance readings of each standard were 

averaged and generated the standard curve with the corresponding standard concentrations for 

the calculation of sample concentration.  The range of standard for TNF-α was 1000.00 pg/mL ~ 
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15.63 pg/mL; the range of standard for MCP-1 was 1000.00 pg/mL ~ 15.63 pg/mL; the range of 

standard for adiponectin was 2000.00 pg/mL ~ 31.25 pg/mL. 

 

3.4 Protein extraction  

  Proteins were extracted from white adipose tissue. Approximate 300mg white adipose 

tissues were added into 300µL ice-cold radioimmunoprecipitation assay (RIPA) buffer (Thermo 

Scientific) containing protease inhibitor (Sigma), phosphatase inhibitor (Sigma), and PMSF 

(Sigma). Tissues were then homogenized with a homogenizer (Polytron PT 1200, Kinematica, 

AG, Luzern, Switzerland) for 1.5 minutes on the ice and stored in a 2mL microcentrifuge tube 

(Thermo Scientific) at 4°C for 30 minutes. Tissue lysates were then centrifuged (2500g, 4°C for 

30 minutes). The supernatant was transferred to a 2mL microcentrifuge tube (Thermo Scientific). 

Protein concentration was measured using DC Protein Assay (BioRad). Samples were then 

diluted with PBS and 2X Laemmli loading buffer (Sigma) to the desired concentration. Samples 

were stored at -30°C for future western blot analysis. 

 

3.5 Western blot 

 Protein samples extracted from white adipose tissues were added to SDS-PAGE gels with 

10% resolving gel and 4% stacking gel for PPAR-γ experiment. Samples (30µg protein) were 

separated at 80V for 15 minutes and then at 120V for 1 hour. Samples were then transferred to 

nitrocellulose (Bio-rad) membranes at 300mA for 1.5h. After transfer, membranes were blocked 

with 10mL 5% bovine serum albumin (BSA) (Thermo Scientific) in 1X Tris-buffered saline 

(TBS) for 1 hour at room temperature with gentle shaking. Membranes contained white adipose 

tissue proteins were then incubated with primary antibody (Santa Cruz Biotechnology), anti-
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PPARγ, diluted (1:2000 (v/v)) in 5% BSA in 1X Tris-buffered saline with 0.1% Tween 20 

(TBST) overnight at 4°C on the orbital shaker. Then, membranes were washed 3X for 10 

minutes each in TBST at room temperature with shaking. Membranes were then incubated with 

HRP-conjugated secondary antibody (Promega) diluted (1:2000 (v/v)) in 5% BSA in TBST for 1 

hour at room temperature. Membranes were then washed 3X for 10 minutes each in TBST with 

shaking at room temperature. Membranes were then detected using ECL detection reagent (GE 

Health). After detection, membranes were stripped using following protocol: mild stripping 

buffer 2X for 10 minutes each, PBS 2X for 10 minutes and then TBST 2X for 5 minutes. 

Membranes were then blocked with 5% BSA in TBST for 1 hour at room temperature with 

shaking. Membranes were then incubated with HRP-conjugated β-actin antibody diluted (1:4000 

(v/v)) in 5% BSA in TBST overnight at 4°C. Membranes were then washed 3X for 10min each 

in TBST with shaking at room temperature. Membranes were then detected following the 

previous step. Protein concentrations were then semi-quantified by calculating densities of 

protein bands using ImageJ software (Image Processing and Analysis in Java, National Institutes 

of Health). 

 Protein samples for IRS-1 experiment were added to SDS-PAGE gels with 8% resolving 

gel and 4% stacking gel. The steps of separation and transfer were same as the previous protocol. 

After transferring, membranes were incubated with primary antibody, anti-ZO-1 (Santa Cruz 

Biotechnology), diluted (1: 2000 (v/v)) in 5% BSA in TBST overnight at 4°C on the orbital 

shaker. Then, the rest of steps were same as the previous protocols mentioned above.  
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3.6 Total RNA extraction and analysis of gene expression by real-time RT-PCR  

 Total RNA was extracted from the small intestine samples using the Aurum Total RNA 

Mini Kit (BioRad) according to the manufacturer's instruction. The quantity and quality of RNA 

were verified by measuring the absorbance at 260nm using a spectrophotometer (NanoDrop® 

ND-1000; Thermo Scientific, Wilmington, DE). The quality of the RNA in the samples were 

verified by A260/A280 ratio. The acceptable ration was around 2. Then, the mRNA was reverse 

transcribed at 100ng using a qScript™ cDNA Synthesis Kit (Quanta Biosciences). 

 Real-time RT-PCR was performed using Maxima SYBR Green qPCR Master Mix (2X) 

(Thermo Scientific) on a MyiQ Single Color Real-Time PCR Detection System (Bio-Rad 

Laboratories, Inc.). The thermal cycling conditions were shown in Table 3. Primers were 

synthesized by the University of Guelph Laboratory Services Molecular Biology Section 

(Guelph, ON). The sequence of primers is listed in Table. 4. 

 Relative gene expression was calculated by 2-ΔΔCT using glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as the reference gene. Results were presented as fold expression 

change relative to positive control (PC) group.  

 

Table 3. Real time RT-PCR thermal cycling conditions. 

Step Temperature (°C) Time (s) 
Denaturation 95 15 

Annealing 56 15 
Extension 72 30 

 
 
Table 4. Primer sequences used in this study 

Mouse 
gene 

Forward primer sequence  
(5’-3’) 

Reverse primer sequence   
(5’-3’) 

GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT 
 

Claudin 3 AAGCCGAATGGACAAAGAA CTGGCAAGTAGCTGCAGTG 



	 48	

 
JAM A 

 
ACCCTCCCTCCTTTCCTTAC CTAGGACTCTTGCCCAATCC 

ZO-1 
 

AGGACACCAAAGCATGTGAG GGCATTCCTGCTGGTTACA 

Mucin 2 CGACACCAGGGATTTCGCTTAAT CACTTCCACCCTCCCGGCAAAC 
 

3.7 Histological analysis   

  Small intestinal samples were immediately fixed and stored in 10% formalin after tissue 

collections and were destined for histological analysis. The fixed samples were then embedded 

into paraffin following the Formalin Fixation and Paraffin Embedding (FFPE) protocol. Then, a 

3µm-thick section of paraffin embedded samples was placed on the slide and stained with 

hematoxylin and eosin (H&E).  

 A light microscopy (Olympus Life Sciences, Toronto, Canada) was used to observe the 

morphological changes of samples.  

 

3.8 Immunohistochemical analysis  

 White adipose tissues initially stored in 10% formalin were destined for 

immunohistochemical analysis. The fixed samples were then embedded into paraffin following 

the FFPE protocol. A section of paraffin embedded white adipose tissue was then de-paraffined 

in xylene and rehydrated. Antigen retrieval buffer was pre-heated to 95°C. Then, the de-

paraffined samples were immersed into pre-heated antigen retrieval buffer for 10 min at 95°C. 

After immersing, samples were washed in the PBS three times for 5 min. The samples were 

blocked with 5% BSA in PBST for 30 min at 37°C, and then incubated with F4/80 antibody 

(Santa Cruz Biotechnology) diluted (1:1000 (v/v)) in 5% BSA in PBST for 1h at room 

temperature. Samples were washed three times with PBS for 5 min each. Samples were then 
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incubated with secondary antibody diluted (1:1000 (v/v)) in 5% BSA in PBST for 1h at room 

temperature. Washing steps were repeated as the previous protocol. After washing, the 3,3′-

diaminobenzidine (DAB) was used to stain the samples. Before samples dehydrated, 

hematoxylin was used for counterstaining and mounting was performed using nail polish 

(Crosby et al., 2016). 

 A light microscopy (Olympus Life Sciences) was used to take pictures of the slides. Total 

number of adipocytes and adipocytes with crown-like structure of macrophage infiltration on 

each picture were counted. The percentage of adipocytes with macrophage infiltration was 

calculated.  

 

3.9 Statistical analysis 

 Results are presented as mean values ± SEM. Data were analyzed by using one-way 

analysis of variance (ANOVA) followed by Tukey's multiple-comparison test or one-tailed, 

unpaired Student's t-test (GraphPad Prism version 5.0). One-way ANOVA followed by Tukey's 

multiple-comparison test was performed when comparing the means of more than two groups. 

One-tailed, unpaired Student's t-test was performed when comparing the means of two groups. 

Differences were considered significant if p-value<0.05. Symbol “*” was used to indicate p-

value<0.05; “**” indicated p-value<0.01; “***” indicated p-value<0.001; “****” indicated p-

value<0.00001.  
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4. Results 

4.1 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the concentration of pro-

inflammatory mediators in plasma 

In each cage, plasma of two mice selected for the glucose tolerance test was pooled and 

plasma of the other two mice selected for the D-mannitol test was pooled due to the limited 

amount of plasma in each mouse. Therefore, sample size of plasma is 6 in the negative control 

(NC), LPS (300 µg/kg BW/day) positive control (PC), low-dose (TL) Lactobacillus pentosus S-

PT84 (0.006 wt% of mouse chow), medium-dose (TM) Lactobacillus pentosus S-PT84 (0.06 

wt% of mouse chow), and high-dose (TH) Lactobacillus pentosus S-PT84 (0.6 wt% of mouse 

chow) intervention group. For vehicle control (0.6wt% of mouse chow) Lactobacillus pentosus 

S-PT84 group, sample size of plasma is 2 (n=2).  

 Administration of 300 µg/kg BW/day LPS in C57BL/6J mice for 16 weeks resulted in 

intestinal inflammation and systemic low-grade chronic inflammation with increased 

concentrations of pro-inflammatory mediators in plasma. Two pro-inflammatory mediators, 

tumor necrosis factor-alpha (TNF-α) and monocyte chemotactic protein-1 (MCP-1), induce the 

inflammatory response in the intestine and the whole system. The anti-inflammatory effects of 

heat-killed Lactobacillus pentosus S-PT84 on these two mediators were measured by ELISA. As 

shown in Figure 11, comparing to negative control (NC) group (water) (17.25 ± 5.74 pg/mL), the 

concentration of TNF-α in the LPS-treated (positive control, PC) (68.80 ± 6.05 pg/mL, p<0.001) 

mice significantly increased. LPS-treated mice with treatment of TL (32.89 ± 4.76 pg/mL, 

p<0.05), TM (36.45 ± 10.59 pg/mL, p<0.05), or TH (39.16 ± 4.15 pg/mL, p<0.05) Lactobacillus 

pentosus S-PT84 showed significant decrease of TNF-α in plasma comparing to PC using one-

way ANOVA test.  
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 There is significant increase of MCP-1 in PC (1351.66 ± 168.84 pg/mL) group 

comparing to NC (443.75 ± 92.83 pg/mL, p<0.001) group.  There is significant decrease of 

MCP-1 in TL (841.95 ± 160.05 pg/mL, p<0.05) group, TM (611.24 ± 42.98 pg/mL, p<0.01) 

group, and TH (586.98 ± 34.58 pg/mL, p<0.01) group comparing to PC group by using one-way 

ANOVA test.   



	 52	

 

 

 
 

 
Figure 11. The anti-inflammatory effects Lactobacillus pentosus S-PT84 on the concentrations of 
pro-inflammatory mediators, TNF-α and MCP-1, in plasma. NC represents negative control 
group; and PC represents positive control (LPS treated) group. Results are expressed as means ± 
SEM with n=6 samples per group in NC, PC, TL, TM and TH. Results are statistically 
significant when P-value is less than 0.05. *P <0.05, **P < 0.01 and ***P < 0.001 relative to PC. 
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4.2 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the concentration of 

anti-inflammatory mediator in plasma 

 As discussed previously, intestinal inflammation and systemic low-grade chronic 

inflammation reduce the production of anti-inflammatory mediators, such as adiponectin. The 

anti-inflammatory effects of heat-killed Lactobacillus pentosus S-PT84 on the concentration of 

adiponectin in plasma was measured by ELISA. As shown in Figure 12, comparing to the 

negative control NC (6.78 ± 0.08 ng/mL) group, the concentration of adiponectin in the PC (5.40 

± 0.30 ng/mL) group was decreased. LPS-treated mice with TL (10.06 ± 2.90 ng/mL, p<0.0001), 

TM (19.96 ± 0.33 ng/mL, p<0.0001), or TH (18.28 ± 0.44 ng/mL, p<0.0001) Lactobacillus 

pentosus S-PT84 showed significant increase of adiponectin in plasma. One-way ANOVA test 

was performed for statistical analysis. 
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Figure 12. The anti-inflammatory effects Lactobacillus pentosus S-PT84 on the concentrations of 
anti-inflammatory cytokine, adiponectin, in plasma. NC represents negative control group; and 
PC represents positive control group. Results are expressed as means ± SEM with n=6 samples 
per group in NC, PC, TL, TM and TH. Results are statistically significant when P-value is less 
than **** P< 0.0001 relative to PC. 
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4.3 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the concentration of 

endotoxin in plasma 

 Plasma used in endotoxin measurement was from week 16 instead of the endpoint. In 

each cage, two mice were randomly selected for plasma sampling. Due to the limited amount of 

plasma from each mouse, plasma of two mice in the same cage was pooled. Therefore, sample 

size was 3 (n=3) in each treatment group. 

 Administration of 300 µg/kg BW/day LPS in C57/6J mice for 16 weeks resulted in 

intestinal inflammation and systemic low-grade chronic inflammation with increased 

concentrations of endotoxin in plasma. The anti-inflammatory effects of heat-killed 

Lactobacillus pentosus S-PT84 on concentration of endotoxin was measured by colorimetric 

assay. As shown in Figure 13, comparing to the NC (0.59 ± 0.05 EU/mL, p<0.01) group, the 

concentration of endotoxin in the LPS-treated (PC) (1.91 ± 0.15 EU/mL) mice significantly 

increased. Comparing to PC group, LPS-treated mice with TH (0.91 ± 0.06 EU/mL, p <0.05) 

Lactobacillus pentosus S-PT84 showed significant decrease of endotoxin in plasma. LPS-treated 

mice with TL (1.35 ± 0.16 EU/mL) and TM (1.41 ± 0.22 EU/mL) Lactobacillus pentosus S-

PT84 showed a trend of decrease of endotoxin in plasma without statistical significance. One-

way ANOVA was used for statistical analysis.  
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Figure 13. The anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the concentrations 
of endotoxin in plasma. NC represents negative control group; and PC represents positive control 
group. Results are expressed as means ± SEM with n=3 samples per group in NC, PC, TL, TM 
and TH. Results are statistically significant when P-value is less than 0.05. *P <0.05 and **P < 
0.01 relative to PC. 
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4.4 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on intestinal permeability 

 In general, D-mannitol is a non-metabolic sugar, which can be passively up take via para-

cellular up take in the intestinal epithelial cells (Sequeira, Lentle, Kruger, & Hurst, 2014). The 

concentration of D-mannitol in plasma is considered as an index to measure intestinal 

permeability. Increased intestinal permeability results in high concentration of D-mannitol in 

plasma.  

 The anti-inflammatory effects of heat-killed Lactobacillus pentosus S-PT84 on intestinal 

permeability was evaluated by the concentration of D-mannitol in plasma using colorimetric 

assay. As shown in Figure 14, there is statistical significance between negative control (NC) 

group (271.48 ± 3.44 ng/mL, p<0.001) and LPS-treated (PC) (558.44 ± 5.86 ng/mL) group using 

Student t-test (p<0.001). Comparing to PC group, LPS-treated mice with TL (428.95 ± 18.79 

ng/mL, p<0.01), TM (458.02 ± 21.57 ng/mL, p<0.05), or TH (404.22 ± 49.82 ng/mL, p<0.05) 

Lactobacillus pentosus S-PT84 showed significant decrease of D-mannitol in plasma using 

Student t-test. Therefore, the intestinal permeability of LPS-treated mice with TL, TM, or TH 

Lactobacillus pentosus S-PT84 significantly decreased comparing to PC.   
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Figure 14. The anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the intestinal 
permeability. D-mannitol is used as the marker to test the intestinal permeability. Results are 
statistically significant when P-value is less than 0.05. *P <0.05, **P < 0.01 and ***P < 0.001 
relative to PC. 
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4.5 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on gene expression of tight 

junction proteins and mucin  

 
 Altered gene expression of tight junction could contribute the loss of mucosal integrity 

and result in increased intestinal permeability and inflammation. In this present study, gene 

expression of tight junction proteins and mucin was analyzed using real-time RT-PCR to 

evaluate the anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the intestinal 

mucosal.   

 As shown in Figure 15, LPS-treated mice with TL, TM, or TH Lactobacillus pentosus S-

PT84 showed significant increase of ZO-1 gene expression comparing to PC (PC vs. TL p<0.05, 

PC vs. TM p<0.05, PC vs. TH p<0.01).  

  Comparing to NC group, the relative expression of claudin 3 (Cldn 3) significantly 

decreased in PC (p<0.05). LPS-treated mice with TL, TM, or TH Lactobacillus pentosus S-PT84 

showed significant increase of Cldn 3 gene expression comparing to PC group (PC vs. TL 

p<0.05, PC vs. TM p<0.001, PC vs. TH p<0.01).  

 There is a significantly decreased gene expression of junctional adhesion molecule A 

(JAM A) in the PC group comparing to NC (p<0.05). Mice with pre-treatment of TL, TM, or TH 

Lactobacillus pentosus S-PT84 showed significant increase of JAM A gene expression 

comparing to PC (PC vs. TL p<0.01, PC vs. TM p<0.001, PC vs. TH p<0.01).  

 LPS-treated mice with TM, or TH Lactobacillus pentosus S-PT84 showed significant 

increase of mucin 2 gene expression comparing to PC group (PC vs. TM p<0.05, PC vs. TH 

p<0.05). 
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Figure 15. Relative gene expression of tight junction proteins. GADPH was used as reference 
gene. Fold expression change is relative to PC.  *P <0.05, **P < 0.01 and ***P < 0.001 relative 
to PC. 
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4.6 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the morphological 

changes of intestinal structure  

 
 The structural integrity of small intestines was illustrated by histological images.  

 The histological images were observed and analyzed. As shown in Figure 16, the LPS-

treated mice (PC) did not show significant loss of fingerlike structure (villi) and the integrity of 

the mucosal barrier. Mice pre-treated with TL, TM, or TH Lactobacillus pentosus S-PT84 

showed intact structure.  

 As shown in Figure 17, there is no appreciable change in the colon tissues among the 

groups. The structure remains intact.  
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Figure 16. Histological images of small intestines stained with H&E.  
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Figure 17. Histological images of colon stained with H&E.  
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4.7 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 in white adipose tissues  

4.7.1 PPAR-γ expression in white adipose tissue 

 PPAR-γ inhibits the activation of NF-κB, therefore, plays a critical role in suppressing 

the production of pro-inflammatory mediators and promoting the production of anti-

inflammatory mediators.  

 As shown in Figure 18, mice in PC group showed significant decrease of PPAR-γ 

expression in the white adipose tissues comparing to NC group (p<0.05). Mice in TM (p<0.01) 

and TH (p<0.05) Lactobacillus pentosus S-PT84 treatment group showed statistically significant 

increase of PPAR-γ protein expression comparing to PC group. The PPAR-γ protein expression 

in TL Lactobacillus pentosus S-PT84 group decreased comparing to PC group but the difference 

is not statistical significance.  
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Figure 18. PPAR-γ protein expression in the white adipose tissues. β-actin was used as the 
reference protein. Results are statistically significant when P-value is less than 0.05, *P <0.05, 
**P < 0.01 relative to PC. 
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4.7.2 Immuno-histochemical results of white adipose tissues 

 White adipose tissues regulate the fat storage and play a critical role in inflammation. 

Hypertrophy of adipocytes and macrophage infiltrations alter the function of WAT and result in 

increased production of pro-inflammatory mediators. We used immunohistochemistry with 

F4/80 antibody to detect the change of macrophages and adipocytes in the white adipose tissues.  

 As shown in Figure 19, the size of adipocytes in PC group is relatively larger than the 

size of adipocytes in NC group. Meanwhile, in PC group, macrophages infiltrated in the white 

adipose tissues and formed a crown-like structure around the adipocytes. Comparing to PC 

group, LPS-treated mice with TL, TM, or TH Lactobacillus pentosus S-PT84 showed smaller 

size of adipocytes and the crown-like structure of macrophages is less likely to be observed in 

the white adipose tissues. 

 As shown in Figure 20, There is significant difference of percentage of adipocytes with 

macrophage infiltration between PC group (4.23 ± 0.15 %) and NC group (0.52 ± 0.02 %, 

p<0.0001). There is significant difference of the percentage of adipocytes with macrophage 

infiltration between PC group and TL (1.20 ± 0.14 %, p<0.0001) Lactobacillus pentosus S-PT84 

group. There is significant difference between PC group and TM (0.90 ± 0.14 %, p<0.0001) 

Lactobacillus pentosus S-PT84 group. There is significant difference between PC group and TH 

(0.89 ± 0.18%, p<0.0001) Lactobacillus pentosus S-PT84 group. One-way ANOVA was 

performed for statistical analysis.   
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Figure 19. Immuno-histochemical images of white adipose tissues. On the image of PC group, 
red arrow indicates the adipocyte, black arrow indicates the crown-like structure of macrophage 
infiltration, which is stained brown.  
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Figure 20. Percentage of adipocytes with macrophage infiltration (crown-like structure) in the 
white adipose tissues. Results are statistically significant when P-value is less than 0.05, ****P < 
0.0011 relative to PC. 
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4.8 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on insulin resistance 

4.8.1 Insulin concentration in plasma 

 In each group, plasma of mice that were selected for the glucose tolerance test was used 

to measure insulin concentration. Plasma of 2 mice from the same cage was pooled. Therefore, 

plasma sample size was 3 (n=3) for each group.  

	  Systemic low-grade chronic inflammation contributes to the development of insulin 

resistance with high insulin concentration in the blood after administration of glucose. Therefore, 

in this study, the concentration of insulin in plasma was considered as an index for evaluating the 

insulin resistance. As shown in Figure 21, the concentration of insulin in the LPS-treated mice 

(PC) (909.33 ± 49.51 pg/mL) significantly increased comparing to the NC group (340.67 ± 22.18 

pg/mL, p<0.001). Comparing to the PC group, LPS-treated mice with TM (581.50 ± 64.50 

ng/mL, p<0.05) or TH (520.50 ± 25.50 ng/mL, p<0.01) Lactobacillus pentosus S-PT84 showed 

significantly decrease of insulin in plasma while insulin concentration in the TL (675.50 ± 74.45 

ng/mL) group decreased without statistical significance. One-way ANOVA was performed for 

statistical analysis.  
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Figure 21. The anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the concentration 
of insulin in plasma. NC represents negative control group; and PC represents positive control 
group. Results are expressed as means ± SEM with n=3 samples per group in NC, PC, TL, TM 
and TH. Results are statistically significant when P-value is less than 0.05. *P <0.05, **P < 0.01 
and ***P < 0.001 relative to PC. 
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4.8.2 Protein expression of IRS-1 in white adipose tissues  

 Decreased protein expression of adaptor protein IRS-1 interferes insulin signaling 

pathways and down-regulate the insulin sensitivity and glucose uptake. Therefore, the protein 

expression of IRS-1 in white adipose tissues using western blot was performed. As show in 

Figure 22, using β-actin as the reference protein, LPS-treated mice shown decreased expression 

of IRS-1 comparing to the NC group. LPS-treated mice with treatment of TL, TM, TH 

Lactobacillus pentosus S-PT84 showed significant increase of IRS-1 protein expression in the 

white adipose tissues.  

 
 

 
 

Figure 22. The anti-inflammatory effects Lactobacillus pentosus S-PT84 on the protein 
expression of insulin receptor substrate 1 (IRS-1) in the white adipose tissues. NC represents 
negative control group; and PC represents positive control group. Results are expressed as means 
± SEM with n=8 samples per group from the repeated experiments in PC, TL, TM and TH; n= 4 
samples per group in NC. Results are statistically significant when P-value is less than 0.05. *P 
<0.05, **P < 0.01 and ***P < 0.001 relative to PC. 
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4.8.3 Results of glucose tolerance test 

 Decreased insulin sensitivity reduces the ability of glucose uptake and results in high 

blood glucose. Glucose tolerance is considered as an important index of insulin resistance. 

 Therefore, to determine the ability of Lactobacillus pentosus S-PT84 in preventing 

insulin resistance. Fasting plasma glucose was measured to evaluate the insulin sensitivity after 

the oral gavage of glucose solution. As shown in figure 23 and Table 5, the basal plasma glucose 

levels were almost the same at 0 minute for all groups. After the oral gavage of glucose, plasma 

glucose level of LPS-treated mice (PC) reached highest level among all the treatment groups at 

15 minutes and decreased slowly at the following time. Mice from TL group showed similar 

peak level of glucose level with the NC group but the plasma glucose level decreased slower 

comparing to NC group. Comparing to PC group, TL showed lower peak level at 15 minutes and 

glucose level decreased quickly at the following time. Mice in TM showed similar trend with TL 

group. Mice in TH showed similar peak level of plasma glucose level with PC group at 15 

minutes but the level decreased quickly comparing to PC group at the following time. Table 5 

summarized the mean of glucose level and SEM for each group at different time.  
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Figure 23. The anti-inflammatory effects of Lactobacillus pentosus S-PT84 on glucose tolerance.  

 
 
Table 5. Glucose tolerance data. Mean of glucose level (mmol/mL) and standard error of mean 
(SEM) at different time 

 Glucose level (mmol/mL) 
 0 min 15 min 30 min 60 min 120 min 

Group Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
NC 6.0 0.4 15.1 0.6 10.8 7.2 7.2 0.3 6.0 0.4 
PC 6.1 0.3 16.7 1.0 13.6 0.8 10.1 0.7 6.8 0.4 
TL 6.8 0.2 14.5 0.6 11.3 0.4 8.8 0.3 7.2 0.2 
TM 6.0 0.2 15.9 1.0 13.1 0.7 8.2 0.5 6.7 0.4 
TH 6.4 0.2 16.5 0.6 12.7 0.6 8.7 0.3 7.2 0.4 

 
 
 
4.9 Anti-inflammatory effects of Lactobacillus pentosus S-PT84 on liver function  

 Alanine Aminotransferase (ALT) and aspartate transaminase (AST) are the enzymes 

majorly produced by liver. Normally, the ALT and AST level is low in the blood. When liver is 

damaged or develops diseases, high amount of ALT and AST is released into the blood. 

Therefore, ALT and ALT are commonly used to detect liver injury or diseases.  

 As shown in Figure 24, LPS-treated mice (PC) (0.71 ± 0.07 mU/mL) showed significant 

increase of ALT in plasma comparing to the NC (0.37 ± 0.02 mU/mL, p<0.01) group. LPS-

treated mice with TL (0.43 ± 0.04 mU/mL, p<0.01), TM (0.41 ± 0.04 mU/mL, p<0.01), or TH 
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(0.48 ± 0.09 mU/mL, p<0.05) Lactobacillus pentosus S-PT84 showed significant decrease of 

ALT concentration in plasma comparing to the PC group. One-way ANOVA test was used.  

 As shown in Figure 24, the difference of AST between NC (2.40 ± 0.09 mU/mL) and PC 

(2.389 mU/mL) is not significant. Also, LPS-treated mice with TL (2.22 ± 0.05 mU/mL), TM 

(2.16 ± 0.11 mU/mL) or TH (2.15 ± 0.09 mU/mL) Lactobacillus pentosus S-PT84 did not show 

significant changes of AST in plasma comparing to PC group.   

 

  
 

 
 

Figure 24. The anti-inflammatory effects of Lactobacillus pentosus S-PT84 on the liver. ALT 
and AST is hepatic enzymes and used as the markers to test liver damage. NC represents 
negative control group; and PC represents positive control group. Results are expressed as means 
± SEM with n=6 samples per group in NC, PC, TL, TM and TH. Results are statistically 
significant when P-value is less than 0.05. *P <0.05, and **P < 0.01 relative to PC. 
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5. Discussion  

 This study is aimed to identify the anti-inflammatory activity and mechanism of the heat-

killed probiotics, Lactobacillus pentosus S-PT84, in a mouse model with LPS-induced systemic 

low-grade chronic inflammation. We have demonstrated here that Lactobacillus pentosus S-

PT84 successfully prevented the LPS-induced systemic low-grade chronic inflammation.  

 The increased concentration of endotoxin (LPS) level in the blood potentially results in 

inflammation, which is commonly characterized by the elevated pro-inflammatory mediators, 

TNF-α and MCP-1 and decreased anti-inflammatory mediators such as adiponectin in the blood 

(Takeuchi & Akira, 2010). In the present study, LPS-treated mice with supplementation of 

Lactobacillus pentosus S-PT84 showed significantly lower concentration of endotoxin in blood 

comparing to the LPS-treated mice. Secondly, supplementation of Lactobacillus pentosus S-

PT84 induced significant decrease of TNF-α and MCP-1 and increase of adiponectin in the 

blood. Accordingly, the results suggest that Lactobacillus pentosus S-PT84 exert anti-

inflammatory properties in vivo by suppressing the concentration of LPS, inhibiting the 

productions of pro-inflammatory mediators, enhancing the production of anti-inflammatory 

mediators in the blood. Furthermore, as discussed above, PPAR-γ inhibits the NF-κB signaling 

pathways to suppress the production of pro-inflammatory mediators and enhance the production 

of anti-inflammatory mediators (Li et al., 2005; Stienstra et al., 2007). In the present study, 

Lactobacillus pentosus S-PT84 increased expression of PPAR-γ in the white adipose tissues. 

This result explains the decreased the concentrations of TNF-α and MCP-1and increased 

concentrations of adiponectin and indicates a potentially anti-inflammatory mechanism of 

Lactobacillus pentosus S-PT84.  
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 The intestinal permeability plays a fundamental role in the development of inflammation. 

LPS is capable to increase the intestinal permeability. Increased intestinal permeability allows 

LPS passing the mucosal barrier, circulating in the blood stream, and triggering inflammation 

(Vanheel et al., 2014). In the present study, low-dose (TL), medium-dose (TM) and high-dose 

(TH) Lactobacillus pentosus S-PT84 significant lowered the intestinal permeability by showing 

the decreased concentration of D-mannitol in the blood. The results suggest that Lactobacillus 

pentosus S-PT84 exerts protective effects and maintains the homeostasis of intestinal 

permeability, which successfully limits the entrance of LPS therefore prevents the development 

of inflammation. Moreover, as mentioned in the literature review, tight junction regulates the 

mucosal barrier function and intestinal permeability. Loss of tight junction proteins and changes 

of tight junction proteins’ composition interrupt the structural integrity of tight junction so that 

mucosal barrier function compromises, intestinal permeability increases, and eventually leaky 

gut establishes (Arrieta et al., 2006). Previous studies have concluded that decreased expression 

of ZO-1, Cldn 3, and JAM A interrupted the structural integrity of tight junction, resulted in 

significantly increase of intestinal permeability, and contributed to the development of 

inflammation (Hashimoto et al., 2008; Laukoetter et al., 2007; Poritz et al., 2007). This present 

study has shown that Lactobacillus pentosus S-PT84 significantly promoted the gene expression 

of ZO-1, Cldn3 and JAM A in the small intestines. The increased expression of such three tight 

junction proteins plays an important role in maintaining the structural integrity of tight junction 

which decreases the intestinal permeability and reduces the risk of developing leaky gut. To sum 

up, Lactobacillus pentosus S-PT84 promotes the expression of tight junction proteins, ZO-1, 

Cldn 3, and JAM A in the small intestines to maintain the mucosal barrier and intestinal 
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permeability, reduce the risk of developing leaky gut, limit the entrance of inflammatory 

stimulants, therefore prevent the development of inflammation. 

 In the small intestines, mucus layer acts as the physical defensive barrier to protect the 

mucosal barrier with the functional protein, mucin. Studies have concluded that decreased 

expression of mucin gene, such as mucin 2, resulted in intestinal inflammation (Mejias-Luque et 

al., 2010). In the present study, PC group showed decreased gene expression of mucin 2 whereas 

Lactobacillus pentosus S-PT84 significantly improved the mucin 2 expression. Consequently, 

this result further suggests that Lactobacillus pentosus S-PT84 possesses the protective effects on 

intestines to prevent the damage of intestinal tissues and development of inflammation.  

 Furthermore, as mentioned in the previous section, white adipose tissues play a 

significant role in regulating inflammation. Hypertrophy of adipocytes and macrophage 

infiltration alter the function of white adipose tissues and result in suppressing the production of 

adiponectin and increasing the production of pro-inflammatory mediators (Gregor & 

Hotamisligil, 2011). This study has demonstrated that Lactobacillus pentosus S-PT84 limited the 

hypertrophy of adipocytes by promoting the hyperplasia in the white adipose tissues. 

Hyperplasia is believed to be a protective mechanism of maintaining the function of adipocytes 

and white adipose tissues by increasing the number of small-sized adipocytes (Jang et al., 2016). 

Moreover, the immunohistochemical analysis has shown that Lactobacillus pentosus S-PT84 

decreased the numbers of crown-like macrophage infiltration around the adipocytes. The 

decreased number of macrophages infiltration and increased numbers of small-sized adipocytes 

together inhibit the production of pro-inflammatory mediators and stimulate the secretion of anti-

inflammatory mediators, such as adiponectin. The results demonstrate the anti-inflammatory 

mechanisms of Lactobacillus pentosus S-PT84 and also explain the concentration changes of 
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TNF-α, MCP-1, and adiponectin in the Lactobacillus pentosus S-PT84 intervention group. 

Furthermore, activated PPAR-γ triggers the adipogenesis, which promotes the hyperplasia and 

reduces the risk of developing hypertrophic adipocytes (Siersbæk, Nielsen, & Mandrup, 2010). 

In the present study, Lactobacillus pentosus S-PT84 promoted the PPAR-γ expression in the 

white adipose tissues. The increased expression of PPAR-γ explains the increased numbers of 

small-sized adipocytes, which further confirms the anti-inflammatory activities and mechanism 

of Lactobacillus pentosus S-PT84.  

  Systemic low-grade chronic inflammation results in insulin resistance and metabolic 

diseases by impairing the insulin sensitivity. Impaired insulin sensitivity results in increased 

insulin and glucose concentrations after the oral administration of glucose. (Gökhan S. 

Hotamisligil, 2006). This present study showed that Lactobacillus pentosus S-PT84 significantly 

lowered the insulin concentration comparing to the PC group. During glucose tolerance test, 

Lactobacillus pentosus S-PT84-treated mice showed lower peak of glucose level and relatively 

faster decrease of glucose comparing to the PC group. These two results suggest that 

Lactobacillus pentosus S-PT84 is potentially capable to enhance the insulin sensitivity. 

Moreover, pro-inflammatory mediators impair insulin sensitivity by interfering the insulin 

signaling pathways (Gokhan S. Hotamisligil et al., 1996). Whereas adiponectin is capable to 

promote the insulin sensitivity (Matsuzawa, 2010). The decreased concentration of TNF-α and 

MCP-1 and increased concentration of adiponectin in the Lactobacillus pentosus S-PT84 

intervention groups explain the mechanisms of such enhanced insulin sensitivity resulted from 

Lactobacillus pentosus S-PT84 intervention and consist with the beneficial effects of 

Lactobacillus pentosus S-PT84 on insulin sensitivity. Furthermore, systemic low-grade chronic 

inflammation induces the insulin resistance by decreasing the protein expression of adaptor 
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protein IRS-1 and inhibits the insulin signaling pathways (Carvalho, Jansson, Nagaev, Wenthzel, 

& Smith, 2001). In this present study, the expression of IRS-1 significantly increased in the 

Lactobacillus pentosus S-PT84-treated mice comparing to mice in PC, which suggests that 

Lactobacillus pentosus S-PT84 promotes the protein expression of IRS-1 to maintain the insulin 

sensitivity and prevent insulin resistance.  

 Last but not the least, low-grade chronic inflammation is capable to induce the liver 

damages and contributes to the development of NAFLD (Gökhan S. Hotamisligil, 2006). 

Increased concentration of hepatic enzyme, ALT and AST, in the blood indicates the potential 

liver damage and diseases (Hyder, Hasan, & Mohieldein, 2013). In this study, Lactobacillus 

pentosus S-PT84 significantly decreased the ALT concentration in plasma comparing to PC. 

However, the AST concentration did not significant change among all treatment groups. But, 

these results at least suggest that Lactobacillus pentosus S-PT84 potentially exert the protective 

function to the liver.  

 In conclusion, this study clearly demonstrated that Lactobacillus pentosus S-PT84 

possesses the anti-inflammatory activities in a mouse model with LPS-induced low-grade 

chronic inflammation by suppressing the production of TNF-α and MCP-1, promoting the 

secretion of adiponectin, maintaining the structural integrity of tight junction, preventing leaky 

gut, and stimulating the protein expression of PPAR-γ. Furthermore, the Lactobacillus pentosus 

S-PT84 intervention potentially prevents the insulin resistance and liver damages, which 

indicates that Lactobacillus pentosus S-PT84 may be a new treatment for preventing metabolic 

disorders.    
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6. Conclusion and future work  

 The present study has determined that the food-isolated heat-killed Lactobacillus 

pentosus S-PT84 has the anti-inflammatory activity in a mouse model of LPS-induced systemic 

low-grade chronic inflammation. The anti-inflammatory effects of Lactobacillus pentosus S-

PT84 are results of firstly inhibiting the production of pro-inflammatory mediators including 

TNF-α and MCP-1, secondly, promoting the production of anti-inflammatory mediator, 

adiponectin, at systemic level, thirdly, decreasing the concentration of inflammatory stimulant, 

endotoxin, in the blood, and lastly, promoting the PPAR-γ expression in the white adipose 

tissues. Moreover, Lactobacillus pentosus S-PT84 possesses the protective abilities to maintain 

the integrity of tight junction structure and regulate the homeostasis of intestinal permeability.  

 This study also provides evidences for the protective functions of Lactobacillus pentosus 

S-PT84 in preventing the development of inflammation-induced insulin resistance and liver 

diseases by maintaining insulin sensitivity and regulating the protein expression of IRS-1.  

 Future work of this study should focus on analyzing the molecular crosstalk signaling 

pathways that are responsible for the anti-inflammatory activities of Lactobacillus pentosus S-

PT84, for example, identifying if Lactobacillus pentosus S-PT84 or associated substances could 

act as an agonist for PPARγ and studying the molecular crosstalk signaling pathways. Secondly, 

the anti-inflammatory Lactobacillus pentosus S-PT84 could be further studied under obese state 

using a high-fat diet mouse model.  
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